
  

ABSTRACT 

GHOSH, SANTANU. An Immersed Boundary Method for Simulating the Effects of Control 
Devices used in Mitigating Shock / Boundary-Layer Interactions. (Under the direction of Dr. 
Jack R. Edwards). 
 

This work presents an immersed boundary (IB) technique for compressible, turbulent 

flows and applies the technique to simulate the effects of three different devices used in 

controlling oblique-shock / turbulent boundary-layer interactions – wedge shaped micro 

vortex generators (VG), an array of bleed holes, and aeroelastically deflecting mesoflaps.   

Both Reynolds averaged Navier-Stokes (RANS) and hybrid large-eddy / Reynolds-averaged 

Navier-Stokes (LES/RANS) turbulence closures are used with the IB technique.   

The approach is validated by comparing solutions obtained using the IB technique 

with solutions obtained on a body-fitted mesh and with experimental laser Doppler 

anemometry (LDA) data collected at Cambridge University for Mach 2.5 flow over a single 

micro VG.   RANS simulations performed for an impinging oblique-shock / boundary-layer 

interaction at Mach 2.5 indicate that three-dimensional effects initiated by the interaction of 

the oblique shock with the sidewall boundary layers significantly influence the flow patterns 

in the actual experiment. To assess the effectiveness of this device in the absence of side-wall 

effects, an idealized, nominally two-dimensional interaction using both the RANS and the 

LES/RANS models is also done. Results for the idealized interaction show that the 

LES/RANS model captures a faster recovery of the separated boundary layer and a broader 

influence of the vortices generated by the micro VG array, compared with the RANS model.  



  

Simulations of an impinging oblique-shock / boundary-layer interaction at Mach 2.45 

with and without bleed flow control predict Pitot-pressure distributions which are in good 

agreement with experimental data. Flow control at two different bleed rates is considered, 

with the maximum bleed rate completely removing the separation region. Swirl strength 

probability density distributions, and Reynolds-stress predictions indicate that an effect of 

strong bleed rates is to accelerate the recovery of the boundary layer toward a new 

equilibrium state downstream of the interaction region.  

Simulations are also performed for an impinging oblique-shock / boundary-layer 

interaction at Mach 2.46, with and without mesoflap control, based on experiments 

conducted at University of Illinois at Urbana-Champaign. To simulate the flow-control with 

the mesoflap array, a loosely coupled fluid-structure interaction problem is solved, in which 

the mesoflaps are modeled as cantilevered Euler-Bernoulli beams.  Results indicate that the 

transpiration caused by the mesoflap system does not eliminate axial flow separation. 

Analysis of the frequency content of the mesoflap deflection suggests that a correlation might 

exist between the dominant frequency of the flap deflection and the low-frequency shock 

motion observed in separated flows. 
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Chapter 1 

Introduction  

 

The phenomenon of interaction of shock waves with turbulent boundary layers [1] is 

common in high-speed engineering flows. Examples of such interactions include flows in 

engine inlets used in scramjet propulsion systems, control-surface deflection in supersonic / 

hypersonic flight and many others.  An area of prime interest in engineering applications is 

the separation of the boundary layer due to the adverse pressure-gradients induced by the 

interaction with a shock. Such interactions can be classified into two categories based on the 

nature of the shock, which might be oblique or normal. Oblique-shock interactions can be 

further classified into impinging oblique shock cases [2-3] or compression-corner type cases 

[4-6]. Historically the shock / boundary-layer interaction (SBLI) due to an impinging shock 

is less studied, and this work focuses on such interactions. Sandham et al. [2] give a nice 

description of an oblique-shock induced separated flow.  Figure 1.1 [2] shows a schematic of 

the structure of the flow in the vicinity of a separation region, which is formed due to 

interaction of a turbulent boundary layer with an impinging oblique shock. When the shock is 

sufficiently strong, which depends on the flow turning angle, the adverse pressure gradient 

associated with it can cause the boundary layer to separate. Compression waves are then 

formed at the leading edge of the separation bubble which coalesces to form the reflected (or 
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separation) shock. This results in the formation of the reflected shock upstream of the 

location predicted by inviscid theory. At the downside of the separation bubble, an expansion 

fan is formed as the flow bends away from itself. The flow then turns back toward the surface 

through a sequence of re-compression waves.   

 

 

 

The numerical study of the dynamics of SBLI and separation of the boundary layer is a 

challenging field. In the recent past, high fidelity approaches like direct numerical simulation 

(DNS) [7], large-eddy simulation (LES) [2, 8], and hybrid large-eddy simulation/Reynolds-

averaged Navier-Stokes (LES/RANS) [9] have been used to accurately account for the 

dynamics of SBLIs in numerical computations. These methods have shown the ability to 

Fig. 1.1 Schematic of an oblique shock/boundary-layer interaction; Figure from Sandham et 
al. [2] 
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capture the unsteadiness involved in such interactions and can also provide insight about the 

flow-physics. An example of an unsteady feature in such SBLIs is the low-frequency shock-

motion observed for separated flows [7, 9]. Of the three methods mentioned above, DNS is 

the most expensive and hybrid LES/RANS methods tend to be the least expensive. As such, 

use of DNS and LES in high Reynolds number (Re) wall bounded flows, as encountered in 

real engineering applications, may not be feasible. This is primarily due to the fact that in 

wall-bounded flows, the resolution of near-wall turbulence in DNS and wall-resolved LES 

can be very expensive, as the length-scales (even the large eddies) involved are very small.  

Since turbulence near the wall is modeled in hybrid LES/RANS approaches [10-12], this has 

the potential to be used for high Re flows. Such an approach has been adopted for this work 

and is based on the method due to Edwards et al.[9]. This method has been extensively 

validated for compressible boundary layers [13] and has been applied to SBLIs in 

compression corners [9]. 

In the aerospace engineering industry, an area of concern is the SBLI in mixed-

compression engine inlets used for supersonic transport. The shock-induced separation of the 

boundary layer, and associated unsteady effects, can cause general performance losses and 

even lead to engine unstarts. It is thus important to control the flow either before or during 

the interaction process [14].  A discussion of some of the methods and devices used in recent 

years in controlling SBLI can be found in the reviews by Raghunathan [15] and Srinivasan et 

al. [16].  As such, any numerical simulation of the flow-control process would require the 

generation of body fitted grids which would need to wrap around the control device. The 
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process of generating conventional body fitted grids for such flows can be complicated, and 

would generally require high mesh-density in the vicinity of the control-device. This in turn 

makes the use of high fidelity turbulence models more expensive.   

An alternative to using conventional body-fitted grids in simulating boundary-layer 

control devices is the use of immersed-boundary (IB) methods, which is the focus of this 

work. An immersed-boundary method is a non-boundary-conforming method, in which the 

effects on the flow due to the boundary are somehow mimicked by use of proper conditions 

near the boundary. This can reduce to a great extent, the complexity involved in grid-

generation or even grid-adaptation in simulating flows around complicated objects, 

especially when these objects are moving. Also the application of an immersed-boundary 

method allows for use of stretched Cartesian grids in many cases which in turn makes 

simulations of turbulent flows using high fidelity approaches like LES and DNS more 

feasible [17]. Thus, the potential advantages of an IB method in the simulation of boundary 

layer control devices include significant economy in the number of mesh points required to 

render the control device (compared with body-fitted meshes), ease with which different 

types of control devices can be interchanged and their effects assessed, and the ability to 

model moving control devices without mesh adaptation. 

 The immersed-boundary formulation was pioneered by Peskin [18] in order to study the 

fluid-structure interaction problem of blood flow in the human heart [19-20]. In those 

computations, the effects of the immersed object on the flow were represented by a set of 

body forces. The boundaries were treated as elastic – a set of solid elements linked by 
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springs, which made it easier to enforce the boundary conditions by means of using 

constitutive relations like Hooke’s law. To apply this method for rigid boundaries, Goldstein 

et al. [21] introduced a feedback forcing approach to impose the desired boundary conditions 

in an asymptotic sense at the solid (rigid) boundary. This method was successfully applied to 

the simulation of three-dimensional flows involving plane and ribbed channels [22-23]. 

These initial developments in the formulation of the immersed-boundary technique had the 

advantage of being easy to implement in existing flow-solvers, but at the same time tended to 

blur the interface separating the solid and the fluid. This reduced the order of accuracy of the 

scheme near the fluid-solid interface, or otherwise required a much higher resolution close to 

the body, which made it difficult to use this scheme for turbulent flows. In the recent past, 

Mohd-Yusof [24] and Fadlun et al. [25] introduced an immersed-boundary method which 

shares some common features with the immersed-boundary formulations previously used and 

also cut-cell formulations, but does not suffer from the blurring of the interfaces. Cut-cell 

approaches constitute another class of methods which are based on the tracking of solid 

boundary interfaces and reconstruction of grid cells at the interface to conform to the 

boundary [26-29].  In the method put forward by Fadlun et al. [25], the forcing was imposed 

in a discrete sense (not continuous as in the earlier methods [18-23]) by forcing the solution 

in the vicinity of the immersed object to obey the boundary conditions. In their approach, the 

fluid properties were reconstructed at the grid points in the vicinity of the immersed surface. 

A linear interpolation was adopted for the construction of the velocity at the first grid node 

external to the object. The simplicity of the implementation for this approach in existing 
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Navier-Stokes solvers, and the success achieved [25, 30] motivated a number of studies 

which were based on this method. The variations in the different approaches were primarily 

due to differences in the choice of interpolation method for the reconstruction of the solution 

near the immersed surface. Kim et al.[31] used, in a finite-volume formulation, bi-linear 

schemes to reconstruct the data in the vicinity of immersed surfaces, and also introduced 

mass source-sink forcing.  Gilmanov et al. [32] used an interpolation scheme along the well 

defined normal to the immersed surface which was different from the approach in Fadlun et 

al. [25] where the interpolations were done along an arbitrary grid line. This approach of 

interpolation [32] was applied successfully to the turbulent flow in a wavy channel [33], and 

also extended for the simulation of moving bodies, in which a quadratic interpolation scheme 

was used for the data reconstruction [34].   

The immersed-boundary method presented in this work is based on the work due to Choi 

et al. [35]. The method [35] was developed with the objective of being suitable for 

incompressible flow at all Reynolds numbers and arbitrary grid-topologies. The basic 

approach was similar to that due to Gilmanov, Balaras and Sotiropoulous [32-34]. In this 

work [35], the immersed-boundary objects are rendered as level sets in the computational 

domain. Each immersed surface was generated as a cloud of points, with the surface normal 

at each point specified. The solution was reconstructed near the surface as a function of the 

distance along the well-defined surface-normal. The velocity near the surface was 

decomposed into components parallel and normal to the surface, with the tangential velocity 

constructed as a power-law function of the normal distance from the surface. This method 
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was used for the simulation of human walking motion [35]  and LES of particulate re-

suspension due to human motion in an indoor setting [36]. In the present work this method 

has been extended to compressible flows and combined with both RANS and LES/RANS 

type turbulence closures suitable for wall-bounded internal flows. It is then validated and 

used to simulate the flow effects induced by several devices used to control SBLIs.  

  Several previous studies, both experimental and computational, have examined the  

effectiveness of different boundary layer control devices in altering the physics of SBLIs [37-

47].  Among these, all of the computational studies have used body-fitted grids, with most of 

them (barring a few exceptions [45-46]) using RANS type turbulence closures. In this work, 

three different control devices have been simulated using an immersed-boundary technique - 

wedge shaped vortex generator(s), 90° (hole-axis normal to plate) bleed-hole arrays, and 

aeroelastically deflecting mesoflaps. 

 A vortex generator (VG) is a boundary-layer control device, which acts by introducing 

streamwise vortices in the flow [48-49]. These vortices can energize the boundary layer by 

mixing the higher-momentum external flow with low-momentum flow near the wall [48]. 

Conventional VG(s) are of the height of the boundary-layer thickness whereas a micro or 

sub-boundary layer vortex generator (micro VG) is of a height approximately 40% or less of 

the boundary layer thickness. The potential of micro VGs in controlling shock / boundary-

layer interactions has received renewed attention in the recent past [47-51]. Anderson et al. 

[49] have performed optimization studies using RANS calculations that show benefits of 

micro VG arrays in terms of increased stagnation pressure recovery and improved boundary 
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layer characteristics.  More recently, Lee et al. [45-46] and Shinn et al. [52] have modeled 

shock / boundary-layer interactions with micro VG control using structured/ unstructured 

body-fitted grids with RANS and LES methods.    Several experimental investigations of 

micro VG control of oblique shock / boundary-layer interactions are underway worldwide, 

but possibly the most complete set of published experimental data is that collected at 

Cambridge University by Dr. Holger Babinsky and co-workers [37-39]. These experiments 

use Schlieren imaging, surface oil-flow measurements, Pitot-pressure surveys, and non-

intrusive laser Doppler anemometry (LDA) to arrive at a detailed characterization of the 

effects of micro VGs on boundary-layer properties with and without shock interactions.  In 

this work, a part of the data collected at Cambridge has been used to validate the proposed IB 

method [Chapter 6].  

 Control of shock-induced separation within the inlet has generally involved the use of 

bleed systems and slots to skim off a portion of the boundary layer [53-56].  The design of 

bleed-systems for high-speed inlets is an area in which experimentation and empirical 

correlations have played a dominant role [14, 55]. Most efforts in the simulation of boundary 

layer bleed for separation control have concentrated on single slot or hole effects [56-59], 

though some studies that consider multiple holes within a periodic array have been reported 

[60-61]. With the exception of a few three-dimensional studies involving resolution of 

individual holes using overset-grid [60] or unstructured-mesh [61] techniques, most studies 

have assumed two-dimensional flow, and all have used RANS models or simpler strategies.  

Given the fact that shock / boundary-layer interactions tend to be unsteady on a large scale, 
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and that local pressure differences can lead to periodic blowing / suction even in “active” 

control devices [42], it appears that accounting for the time-dependent nature of the control 

approach and its interaction with the flow may be critical to achieving better predictions. The 

geometric complexity of bleed systems complicates the application of techniques such as 

LES, as resolution of features such as individual holes would normally require a large 

number of clustered mesh cells.  The number of mesh points used could become excessively 

large, and the accuracy of the LES approach could diminish due to the presence of large 

numbers of irregular mesh cells. The immersed-boundary method used here makes the 

simulation of flow problems involving boundary layer suction through a large array of bleed-

holes possible, even with sophisticated hybrid LES/RANS turbulence models.  Experiments 

conducted at NASA Glenn Research Center involving boundary-layer flow over perforated 

plates [62] and shock / boundary-layer interactions with and without active bleed [63] are 

simulated as part of this work to assess the methodology [Chapter 7]. 

 An alternative mechanism to active suction as used in bleed systems is passive 

recirculation using mesoflaps [43-44, 64-68].  A mesoflap is a very thin (~ 100 microns) flap 

like device fixed at its upstream end, which deflects due to the aerodynamic loads acting on 

its surfaces. This method involves the placement of an array of mesoflaps in the interaction 

region over an otherwise enclosed cavity. The individual flaps are separated by gaps which 

basically create a porous region through which the pressure difference across the shock is 

communicated [65].  This results in transpiration without the need of an active suction 

system, with injection happening upstream and bleed downstream of the oblique-shock 
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impingement. The design and evaluation of mesoflap systems have been almost entirely 

experimental [64-66, 68] with some quasi-steady numerical simulations [44, 67] performed. 

Gefroh et al. [66] present details of the evolution of the mesoflap designs, which shows that 

development in design has resulted in shorter mesoflaps and wider gaps. In their work, Wood 

et al. [67] solved a fluid-structure interaction problem for the flow-control simulation of an 

(impinging shock) SBLI by adopting a loosely coupled approach, with finite-element 

modeling for both the structural (mesoflaps) and fluid solvers. A RANS turbulence closure 

was used in this case [67]. In this work, experiments conducted at University of Illinois at 

Urbana-Champaign involving SBLI with and without a mesoflap system [65] are used to 

assess the ability of the immersed-boundary method (proposed in this work) in simulating 

flow effects induced by moving devices [Chapter 8]. 

 The outline of the material presented in the remainder of this dissertation is as follows. 

Chapter 2 presents the governing equations of fluid motion. A brief description of the 

turbulence models used in this work is also provided. Chapter 3 provides some insight into 

the numerical techniques used for the discretization and solution procedure of the governing 

equations. The rescaling and recycling procedure used in the hybrid LES/RANS method is 

also explained in some detail. Chapter 4 explains in detail the methodology for the 

immersed-boundary approach proposed in this work. In Chapter 5, the methodology adopted 

for the fluid-structure interaction problem used for the simulation of the mesoflap study, is 

presented. Chapters 6, 7, and 8, as mentioned earlier, presents the results and some 
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discussions for the three different case studies performed in this work. In Chapter 9, which is 

also the final chapter, some general conclusions are made about the work presented here. 
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Chapter 2 

Governing Equations 

 

The governing equations for compressible viscous fluid flow are the Navier-Stokes equations 

which can be expressed using tensor notation as 
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∂
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where the viscous stress tensor,  ijt , is given by  
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is the strain rate tensor. The internal energy e and enthalpy h per unit mass, and the heat 

flux iq are defined as, 

 ve C T=  (2.6) 

 ph C T=  (2.7) 

 
Pr

P
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C Tq
x

µ ∂
=

∂
 (2.8) 

where molecular viscosity μ can be determined using Sutherland’s Law [69] and the 

assumption of a calorically perfect gas result in constant values of pC and vC .   

The system is closed with the assumption of a constant Prandtl number (Pr), and the 

equation of state for an ideal gas which is,   

 p RTρ=  (2.9) 

 These [(2.1) - (2.3)] are a set of conservation equations for the mass, linear momentum 

and energy in an Eulerian coordinate system. The next step is to discretize these equations 

and solve for the flow variables in space and time on a computational grid at discrete 

intervals of time. However the process of doing this i.e., obtaining a numerical solution for 

these equations (discretized) in this form in high speed turbulent flows, as encountered in 

engineering applications, would require resolution of very small temporal and spatial scales. 

What this implies is that the grid used should have a large number of points and the time 
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steps/intervals should be very small. This requires huge amount of computer memory and 

computational time [69] which can be very expensive if feasible. In general, for turbulent 

flows, the flow solver does not discretize and solve these equations but a set of time averaged 

as in Reynolds-averaged Navier-Stokes) or spatially filtered (as in Large Eddy Simulation) 

equations. 

2.1 Time Averaging: Reynolds-Averaged Navier-Stokes (RANS) 

Equations 

The most commonly used temporal averaging technique used is the Reynolds averaging 

which is defined for any flow property ξ as,                                                             

 ( )dtt
T T∫≡ ξξ
1

 (2.10) 

To employ Reynolds averaging for the fluid flow equations, any instantaneous flow property 

is split into a time averaged quantity plus some fluctuation, a process which is known as 

Reynolds decomposition  [69]  

 ξ ξ ξ ′= +   (2.11) 

Application of the averaging procedure leads to the corollary/fact that the time average of the 

fluctuation is equal to zero, i.e. 0ξ ′ =  

Another form of temporal averaging used primarily for compressible flows is the Favre 

averaging [70], which is like a density-weighted time averaging, 
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Similar to the Reynolds decomposition, any instantaneous flow variable can be decomposed 

into a Favre averaged and a fluctuating component, 

 ξξξ ′′+=
~  (2.13) 

However, unlike in Reynolds averaging, the time average of the fluctuating part is not equal 

to zero in this case. To perform the time-averaging of the compressible Navier-Stokes 

equation, the decomposition used for the variables is as follows [69], 
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The Favre averaged mean mass, momentum and energy equations for compressible flow are 

given below, 

 0
~

=
∂

∂
+

∂
∂

i

i

x
u

t
ρρ  (2.15) 

 ( )jiji
jij

jii uut
xx

P
x

uu
t
u ~~

~~~
ρ

ρρ
−

∂
∂

+
∂
∂

−=
∂

∂
+

∂
∂  (2.16) 



 
16

 

( )

2 2 2 2

2

i i i i i i i i
j j

j

j i i
i ij i j j j ji i

j j

u u u u u u u ue u h u
t x

u u u
u t u u q h u t u

x x

ρ ρ
ρ ρ

ρ
ρ ρ

   ′′ ′′ ′′ ′′∂ ∂   + + + + + =      ∂ ∂      
 ′′ ′′ ′′∂ ∂ ′′ ′′ ′′ ′′ ′′− + − − + +  ∂ ∂   

% % % %%% % %

%
 (2.17) 

 

The averaging operations on the Navier-Stokes equations lead to generation of new terms 

(for example Reynolds stresses- i ju uρ ′′ ′′  from the momentum equations) which are unknowns. 

These terms either need to be solved through additional equations or modeled using known 

or resolved quantities. However, the process to generate new (transport) equations for these 

unknowns result in the generation of more new terms [69]. This is thus a closure problem and 

needs modeling of some (or all) of the new unknown quantities in the Equations (2.15)-

(2.17), with or without any additional transport equation. An important term that is generated 

due to the averaging operations on the momentum equations is - i ju uρ ′′ ′′ which has the 

dimensions of a stress tensor. This is known as the Reynolds stress tensor. One commonly 

used modeling technique of the Reynolds stress tensor involves the concept of an eddy 

viscosity, Tµ , which relates the anisotropic part of the stress tensor to the mean strain rate 

tensor using the Boussinesq assumption [71]. This is analogous to the relationship between 

the viscous stresses with the strain rate tensor and molecular viscosity for a Newtonian fluid 

[71]. Using the Boussinesq assumption, the Reynolds stress tensor is defined as, 
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where kρ is the Favre averaged turbulent kinetic energy per unit volume  and is defined as, 

 1
2 i ik u uρ ρ ′′ ′′=   (2.19) 

The term 2
3 ijkρ δ  in Equation (2.18) is usually ignored in zero-equation turbulence 

models and is also ignored here. A zero equation model is one in which no additional 

transport equations are derived. Similarly, if for any turbulence model transport equations are 

developed for one quantity, for example the turbulent kinetic energy, the turbulence model is 

classified as a one equation model and so on.  For models involving a turbulent kinetic 

energy transport equation, kρ  is solved for. The parameter Tµ  introduced in Equation (2.18), 

is modeled in different ways based on the type of turbulence model used. The quantity h uρ ′′ ′′  

which is defined as the turbulent heat flux Tjq  is modeled as, 
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 (2.20)   

where PrT is the turbulent Prandtl number and considered a constant ~ 0.9. The remaining 

terms that need to be modeled are present in the energy equation and include the molecular 
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diffusion term, ji it u′′ , and the turbulent transport term 
2
j i iu u uρ ′′ ′′ ′′

. These terms are ignored for 

any zero-equation model and sometimes also for the higher equation models. 

Considering these simplifications, the Favre-averaged mean equations can be written in 

compact form as, 
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where E% and H% are the total energy and enthalpy, per unit mass, and given by 

 
2
i iu uE e= +

% %% %                  and                  
2
i iu uH h= +

% %%%   (2.24) 

In this work the turbulence models used are Menter’s hybrid k-ω / k-ε model [72] in its 

baseline (BSL) and shear-stress transport (SST) forms. Specifically, the BSL model is used 

for cases without shock impingement, and the SST model is used for the shock-interaction 

cases.  The SST model generally increases the extent of separation, relative to the BSL 

model, and for problems considered in this work, the adoption of the SST modification 

results in better agreement with experimental data. 
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2.2 Menter k-ω / k-ε Model 

Menter’s model is a two equation turbulence model [72], which is a combination of the k-

ω model [69] and the k-ε model. In this, the k-ω model is used in the near wall region, where 

it can be used all the way to the wall through the viscous sub-layer, and the k-ε model is used 

in the outer part of the boundary-layer region. The use of the k-ε model in the outer part of 

the boundary layer is needed as the k-ω model has been shown to be sensitive to freestream 

conditions [73]. The two equation Menter model in conservative form is given as, 
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In the above equations, 1F  is a blending function which is used to combine the k-ω model 

and transformed k-ε model [72] and is given by, 
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where, y is the distance from the nearest surface and the term  kwCD  is given  by, 
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The blending function in Equation (2.27) was designed to have a value of one in the near-

wall region and zero away from the surface. In Equations(2.25-2.28), *β , kσ , γ , β , σ ω , σ ω2  

are model constants which can be found in [72]. The eddy viscosity for the BSL model is 

given by  

 ,T BSL
k

ν
ω

=  (2.29) 

The equations for the Menter SST model are the same as those for the Menter BSL model, 

but the values of the constants are different [72]. However, the primary change for the 

Menter SST [72] model is in the definition of the eddy viscosity,  
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where, 1a  is a constant, Ω  is the absolute value of the vorticity, and 2F  is a blending 

function given by, 
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2.3 Large Eddy Simulation 

In the case of spatial averaging as used for LES methods, a filtered flow quantity is obtained 

by a filtering operation as shown here, 
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where the integration is performed over the entire flow domain and ( )xrG rr,  is a filtering 

function. The filtering function ( )xrG rr,  satisfies the normalization condition, whereby, 

 
( ) 1, =∫ drxrG rr

 (2.33) 

Any flow variable ξ can thus be decomposed into a filtered component and a residual part. 

The application of the filtering process on the Navier Stokes equations result in filtered set of 

equations which is similar to the time-averaged equations presented earlier and is shown here 

in a compact form. 
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The total energy and total enthalpy per unit mass are defined as 
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where k is a measure of the sub-grid scale kinetic energy defined as 

 »1 ( )
2 i i i ik u u u u= − ) )  (2.39) 

The filtered viscous stress ijt
)

 is given by, 
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The sub-grid scale stress and heat flux are defined as, 

 ¼( )ˆSGS
ij i j i ju u u uτ ρ≡ − − ) )  (2.42) 

 »( )ˆSGS
j j jq Tu T uρ≡ − −

) )  (2.43) 

The sub-grid scale stresses SGS
ijτ  and heat flux SGS

jq  cannot be directly evaluated but need 

to modeled. A common approach is to employ a subgrid scale (SGS) eddy-viscosity model, 

and using such an approach, the terms are modeled in this work as, 
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where Tµ is the eddy viscosity and Prt = 0.9 for turbulent flows. In this work a hybrid 

(LES/RANS) turbulence model has been used, and the eddy-viscosity Tµ  for the LES part of 

hybrid model is obtained using the mixed-scale model due to Leonormand et al. [74]. 

2.5 Mixed Scale Model 

The subgrid scale eddy viscosity of the LES part of the hybrid LES/RANS model 

(outlined in next section) used here is based on the mixed scale model due to Leonormand et 

al [74]. The sub-grid eddy viscosity for this model [74] is given as, 
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where 3 x y z∆ = ∆ ∆ ∆ is a filter width. An estimate of the subgrid kinetic energy 2q , is 

obtained from the equation, 

 2 21 ˆ( )
2 k kq u u= −% %  (2.47) 

where ˆ
ku% is a filtered velocity obtained by test-filtering the resolved-scale velocity data ku% . A 

box type filter is used for the test filtering.  

2.6 Hybrid LES/RANS Methodology 

In this work, a hybrid turbulence model developed for wall bounded flows  [9] has been used, 

which uses a RANS model close to the wall and an LES model away from it.  The Menter 
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BSL model is used as the RANS component of the hybrid LES/RANS model, as previous 

studies [9, 75] have found that this approach provides generally better results than the use of 

the SST model.  

 The hybrid LES/RANS model used in the present study [75] only involves modifications to 

the eddy viscosity description, which is given by, 

 

 ( ), ,(1 )t t T BSL T Mµ ρν ρ ν ν= = Γ + − Γ  (2.48) 

where Γ is a blending function. As the blending function Γ approaches one, the closure 

approaches its RANS (Menter BSL) description, and as it approaches zero, a subgrid eddy 

viscosity is obtained.  The blending function Γ is based on the ratio of the wall distance d to 

a modeled form of the Taylor micro-scale:  
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where φ  is set to  )98.0(tanh 1−  in order to fix the balancing position (where µκη C=2  ) to 

Γ  = 0.99. The Taylor micro-scale is defined as ωνχ µC= . The constant α is chosen to 

enforce the average LES to RANS transition ( Γ = 0.99 position) for equilibrium boundary 

layers at the point where the wake law starts to deviate from the log law.  To determine α for 

a given boundary layer, the following procedure is used. The first step is to obtain a 

prediction of the equilibrium boundary layer profile with the specified free-stream properties 

and wall condition (from the experiment), and the value of the boundary layer thickness at 
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inflow. This is done using Coles’ law of the wall/wake in conjunction with van Driest 

transformation: 

 ( ) 21 ln 2 sin ,
2

vd
w w

w

u du dd C d
u

τ

τ

π
κ κ δ ν

+ +Π  = + + = 
 

 (2.50) 

An estimate of the outer extent of the log-layer is made by determining the value of wd + such 

that, 

 ( )1 ln 0.98vd
w

ud C
uτκ

+   + =  
   

 (2.51) 

The value of 
u d

d τ

ν
+ = that correspond to this value of wd +  needs to be determined next which 

is dependent on the variation of the kinematic viscosity in the boundary layer and hence on 

the distribution of static temperature within the boundary layer. The static temperature 

distribution within the boundary layer is obtained using Walz’s relationship given by, 

 
( ) ( ) 2

21
2

aw ww T TTT u ur M
T T T u u

γ
∞

∞ ∞ ∞ ∞ ∞

− −  
= + −  

 
 (2.52) 

The model constant is then determined by equating d + to 2α  which is based on the inner 

layer scaling arguments for k  andω  [9]. When applied to the entire development of the 

boundary layer in the computational domain considered in this study, this procedure can lead 

to a spatially-varying form for the model constantα , i.e. ( )xα α= , with x  being the 

distance from the leading edge of the computational domain. The model constants for the 

different simulations performed in this work are listed in the table below. 
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Table 2.1 Model constant ( )xα for the different simulations performed in this work 

Case ( )xα  
Vortex generator simulations [Chapter 6] 227.35 39.02 19.21x x+ −  
Bleed-hole array simulations [Chapter 7] 53.90 11.04 x+  
Mesoflap simulations [Chapter 8] 38.46 49.78 x+  

   

To initiate and sustain large turbulent structures, a recycling / rescaling procedure, [12-13], 

applied to the fluctuating fields, is used.  This is explained in some detail in Chapter 3. The 

most current recycling technique [76] utilizes a random-walk procedure to shift the plane 

containing the fluctuating fields by some fraction of the incoming boundary layer thickness 

before super-imposing it onto the mean inflow plane, generated from a RANS flat-plate 

solution.   This modification reduces the tendency of the recycling methods to ‘fix’ the 

spanwise positions of longitudinal vortices (in the time average) that are generated within the 

upstream boundary layer. A detailed discussion on the random walk procedure is presented in 

[76]. 
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Chapter 3 

Numerical Methods 

 

3.1 Discretization of Fluxes 

A finite volume method of discretization has been used for the fluid solver in the work 

presented here. In a finite volume approach, the value of the flow variable is solved at the 

geometric center of the cell and not at the nodes. The integral or conservation form of the 

governing equations for a control volume V is given as follows, 

 ( )
CV CS CV

dV dA dV
t

∂
+ =

∂ ∫∫∫ ∫∫ ∫∫∫U F U n SiÒÓ Ó  (3.1) 

where F is flux of U, n is the normal at any point on the control surface and S is a source 

term.  Here U is the vector of conservative variables for the turbulent fluid motion and is 

given by,  
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u
v
w
E
k

ρ
ρ
ρ
ρ
ρ
ρ
ρω

 
 
 
 
 =  
 
 
 
 

U  (3.2) 

 

Although no over bar or tilde is used for the flow variables in the above equation, the 

variables are either time-averaged (RANS) or filtered (LES).  Integrating Equation (3.1) over 

the control volume in computational space results in a semi-discretized conservation equation 

which can be written as, 

 , ,
1/ 2, , 1/ 2, , , 1/ 2, , 1/ 2, , , 1/ 2 , , 1/ 2 , ,

i j k
CV i j k i j k i j k i j k i j k i j k i j k CVV V

t − + − + − +

∂
+ + + + + + =

∂

U
E E F F G G S (3.3) 

For a structured domain, as is used in this work, the flux vectors E, F, G are at the cell faces 

in the ‘i’, ‘j’, ‘k’ direction respectively. The residual vector , ,i j kR  at any point is given by, 

 , , 1/ 2, , 1/ 2, , , 1/ 2, , 1/ 2, , , 1/ 2 , , 1/ 2 , ,i j k i j k i j k i j k i j k i j k i j k i j k CVV−− + − + − += + + + + +R E E F F G G S    (3.4) 

 The fluxes E, F, and G can be split into inviscid and viscous parts.  For discretizing the 

viscous fluxes second order central differences are used. The discretization of the inviscid 

flux is done using LDFSS (Low Diffusion Flux Splitting Scheme) [77].  
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3.2 LDFSS 

 LDFSS is a method of flux splitting which is based on the van Leer method of flux 

splitting [78]. In this method, the inviscid flux is conveniently split into a convective part and 

a pressure part. The convective part is dependent on the wave speeds at the cell interfaces 

and requires the calculation of interface Mach numbers. This is in consideration of the 

hyperbolic nature of the convection process. Thus the inviscid flux at any face of a cell, for 

instance the ‘i+1/2’ face, can be expressed as, 

 ( )1/ 2 1/ 2 1/ 2 1/ 2
c p

i i n i iA u pρ+ + + += +E E E  (3.5) 

where c
nuρ E  is the convective flux, p pE  is the pressure flux (both per unit area), and nu is 

the velocity normal to the cell face. The subscripts ‘j’ and ‘k’ have been dropped here for 

convenience. Equations (3.6) and (3.7) give the convective and pressure components, cE and 

pE , 

  

1

c

u
v
w
H
k
ω

 
 
 
 
 =  
 
 
 
 

E  (3.6) 
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0

0
0
0

x

y
p

z

n
n
n

 
 
 
 
 

=  
 
 
 
 



E  (3.7) 

The normal velocity at the cell face, nu  is calculated by using the equation, 

 n x y zu un vn wn= + +  (3.8) 

where  xn , yn , zn  are the components of the unit normal vector at the cell face. The 

convective flux at the interface is constructed as 

 ( )1/ 2 1/ 2
c L c R c

n L Ru a C Cρ ρ ρ+ −= +E E E  (3.9) 

where the subscript ‘i’ has also been omitted  for simplicity of notation.  Here the suffixes ‘L’ 

and ‘R’ denote the fluxes at left and right neighbors of the interface (first order), and 1/2a is an 

interface speed of sound which is defined as, 

 ( )1/ 2
1
2 L Ra a a= +  (3.10) 

The coefficients C − and C + are based on the van Leer coefficients VLC − and VLC +  

respectively, 

 1/ 2VLC C M+ + += −  (3.11) 

 1/ 2VLC C M− − −= −  (3.12) 

where, 
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 ( )1VL L L L L LC M Mα β β+ += + −  (3.13) 

 ( )1VL R R R R RC M Mα β β− −= + −  (3.14) 

 1/ 2 1/ 2
2 L RR

R L L

p ppM M
p p p

δ+  −
= − + 

 (3.15) 

 1/ 2 1/ 2
2 L RL

R L R

p ppM M
p p p

δ+  −
= − + 

 (3.16) 

 
( ), ,max 0.0,1.0 intL R L RMβ  = − −   (3.17) 

 ( ), ,
1 1 sign
2L R L RMα ±  = +   (3.18) 

In Equations (3.15) and (3.16) the term δ is a weighting parameter [77] which is generally 

set to unity. The terms 1/ 2M  and ,L Rp  are given by, 

 ( )
2

2 2
1/ 2

1 1.0
4 2

L R
L RM M Mβ β  

= + −  
 

 (3.19) 

 ( ) ( )2
, , ,

1 1 2
4L R L R L Rp M M± = ± ∓  (3.20) 

In Equation (3.17), the function ‘int’ returns the integer part of the value passed to it, and in 

Equation (3.18), the function ‘sign’ returns a value of 1 for positive arguments and -1 for 

negative arguments. This makes ,L Rβ vanish if the flow is supersonic and behave like a sonic 

switch. The left and right state Mach numbers are given as follows,  

 , , ,
,

1 2

x L R y L R z L R
L R

n u n v n w
M

a
+ +

=  (3.21) 
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As shown in the preceding section, the calculation of the interface flux depends on the 

determination of the left (L) and right (R) states. For a first order reconstruction, ‘L’ and ‘R’ 

denote the fluxes at left and right neighbors of the interface. To achieve greater accuracy in 

computations the inviscid flux reconstruction is needed to be made second or higher order 

and this is done here using the Piecewise Parabolic Method (PPM) due to Colella and 

Woodward [79]. The implementation of this method in its baseline form has been outlined in 

[13] and is shown here. In the PPM method, the flux at any interface is first expressed as a 

function of the primitive variable vector, [ ], , , , , , Tp u v w T k ω=V as, 

 1/ 2 1/ 2 , 1/ 2 , 1/ 2( , )i i L i R i+ + + +=F F V V  (3.22) 

where, 

 ( ) ( ), 1/ 2 , 1/ 2 1 2 1
7 1

12 12L i R i i i i i+ + + + −= = + − +V V V V V V  (3.23) 

 for sufficiently smooth data. A condition is imposed such that the left and right states are set 

equal to the value at the cell center if a local extrema is detected. Thus, 

 
( )( ), 1/ 2 , 1/ 2

, 1/ 2 , 1/ 2

if sgn 1, thenL i i i R i

L i R i i

+ −

+ −

 − − = − 
= =

V V V V

V V V
 (3.24) 

Another limiting condition is evaluated to check for the monotonicity of the interpolation 

parabola that connects the interface states,  
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( )( )

( )
( )
( )

, 1/ 2 , 1/ 2

, 1/ 2 , 1/ 2 , 1/ 2 , 1/ 2

, 1/ 2 , 1/ 2

, 1/ 2 , 1/ 2

if sgn 1, then

1; 6
2

if  then 3 2

if  then 3 2

L i i i R i

L i R i i L i R i

R i i L i

L i i R i

C D

DC CC

CC DC

+ −

+ − + −

− +

+ −

 − − ≠ − 
 = − = − +  

> = −

− < = −

V V V V

V V V V V

V V V

V V V

 (3.25) 

This check resets the value at the interface (right or left depending on the shape of the 

parabola) of the cell such that the interpolation parabola is a monotone.     

3.3 Time Integration 

Second order temporal accuracy is achieved using a Crank-Nicholson time discretization. 

The Crank-Nicholson discretization leads to the formation of a residual vector which can be 

expressed as, 

 ( ) ( )
1,

1, 1 1,1
2

n k n
n k n k n

t

+
+ + +−  = + + ∆

U UR R U R U  (3.26) 

where the suffix ‘n’ denotes the time step or iteration level and ‘k’ is a sub-iteration index. A 

planar relaxation scheme is used to solve the system of linearized equations at each sub-

iteration [80]. The number of sub-iterations required is based on achieving a specified level 

of convergence at each time step. This is measured by the relative drop of the norm of the 

residual, such that if the iteration converges after ‘l’ sub-iterations, then it should satisfy the 

condition,  

 
1,

1, 1

n k l

n k
tol

+ =

+ =
<

R

R
 (3.27) 

where ‘tol’ is a predefined quantity and generally set to ~ 0.01.  
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3.4 LES/RANS: Initialization 

The LES/RANS simulations were initialized by superimposing scaled fluctuations from a 

previous 3-D LES computation, henceforward referred to as database, onto a converged 

RANS flat plate calculation. The RANS calculations were done as a 2-D flat plate simulation 

using the experimental free stream and wall (isothermal or adiabatic) conditions. A separate 

flat plate simulation was thus done for each experiment simulated and the fluctuations for the 

velocity components were scaled for the different simulations as follows, 

 

,

,

,

,

,

,

RANS
scaled data

data

RANS
scaled data

data

RANS
scaled data

data

u
u u

u
u

v v
u
u

w w
u

τ

τ

τ

τ

τ

τ

′ ′=

′ ′=

′ ′=

 (3.28) 

In the above equation, the subscript ‘data’ corresponds to the database and the subscript 

‘RANS’   refers to the 2-D flat-plate simulation. A scaling is also performed to obtain the x, y 

and z locations in the domain for the LES/RANS simulation which correspond to grid points 

(where the fluctuations are stored) in the domain for the database. This is given by,   

 

RANS
scaled data

data

RANS
scaled data

data

RANS
scaled data

data

x x

y y

z z

δ
δ
δ
δ

δ
δ

=

=

=

 (3.29) 
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With the scaled locations and fluctuations computed, the resulting initial values of the 

primitive variables ρ, u, v, w, T, at any point in the computational domain (for the 

LES/RANS simulation), are obtained as 

 
2 2 2

0,
1
2

1

RANS scaled

RANS scaled

RANS scaled

RANS

RANS

u u u
v v v
w w w

u v wT T
R

p
RT

γ
γ

ρ

′= +
′= +

′= +

+ +
= −

−

=

 (3.30) 

where, 0,RANST  is the stagnation temperature obtained from the RANS computation.  

3.5 LES/RANS Inflow Generation: Recycling/Rescaling   

To introduce and sustain large scale structures in the boundary layer a rescaling /recycling 

procedure is used which is based on the method due to Urbin and Knight [81]. This 

procedure is outlined in detail in [9, 12]. The fluctuations for the primitive variables u, v, w, 

T, ρ are determined at a recycle plane, which is typically located ~ 7-8 δ downstream of the 

inflow plane, by subtracting from the instantaneous profile a time- and span-averaged profile. 

The fluctuations are then rescaled and superimposed on the RANS mean profile at the 

inflow. For the turbulence variables [k, w, Γ], no decomposition into mean and fluctuating 

components is done, and the values are rescaled and recycled directly at the inflow plane.  

The rescaling is based on the boundary layer similarity laws. To do this, locations along the 

wall normal at the inflow plane are matched to their corresponding locations at the recycle 
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plane by matching the a) wall co-ordinates given by wd + , which  correspond to an inner-layer 

scaling and b) y
η

δ
= values which correspond to an outer layer scaling. This procedure 

results in two sets of fluctuating values given by, 

 ( )inn rec inl
q q u yτ ′ ′=    (3.31) 

 

 out out
inl

yq q
δ

  ′ ′=   
  

 (3.32) 

where the suffixes ‘inn’ and ‘out’ refer to the inner and outer boundary-layer scaling 

respectively. These set of values are then combined to get recq′ using a blending function 

which is given by, 

 ( )1rec inn outq W q Wq′ ′ ′= − +  (3.33) 

 ( ) ( )
( )

41 1min 1 tanh ,1
2 tanh 4 1 2

B
W

B B
η

η
η

   −  = +    − +     
 (3.34) 

where B is the value of  y
η

δ
=  where the boundary layer transitions from the inner to the 

outer layer and is set equal to 0.2 in this work. The rescaled value of the turbulence variables 

[k, w, Γ] are obtained in a similar fashion as in Equation (3.33) with the actual value of the 

variable being used in place of the fluctuations. With the rescaled value of the fluctuations of 

the primitive variables, and the rescaled values of the turbulence variables, in place, the 

primitive variables and turbulence variables at  the inflow can be obtained as, 
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 ( ), primitive variables in RANS Kleb recq q q′= + Γ  (3.35) 

 ( ), turbulence variables in RANS Kleb recq q q= + Γ  (3.36) 

In the Equations (3.35) and (3.36) the function KlebΓ  is a Klebanoff type intermittency 

function [69] given by, 

 

16

( ) 1 inl
Kleb

Kleb inl

yy
C δ

−
  
 Γ = +     

 (3.37) 

where KlebC  is a model constant and is set equal to 1.1 in this work. This intermittency 

function limits excessive accumulation of turbulence energy in the outer part of the boundary 

layer and also ensures that the free-stream fluctuations from the recycle plane are not 

superimposed at the inflow plane. 
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Chapter 4 

Immersed Boundary Methodology  

 

The immersed boundary (IB) method used here is an extension of the method developed 

by Choi et al. [35] (at NC State) for 3-D incompressible flows. This belongs to the class of IB 

methods based on the direct forcing technique proposed by Fadlun et al. [25].  The primary 

concept adopted in this approach is that the velocity of the fluid should be equal to the 

velocity of the moving body at its surface. This is achieved by use of a forcing approach in a 

discrete sense in which the flow in the vicinity of the immersed surface is reconstructed [17, 

24-25, 30, 33] by use of interpolation functions. This is done in a way which ensures that the 

boundary velocity is recovered as the solution at each time step for a time-dependant 

simulation. In this work, this original approach has been augmented and somewhat modified 

for use in compressible flows [82].  

4.1 Cell Classification  

The primary step in this method involves identifying the immersed surface boundaries and 

classifying the fluid cells into different categories, based on their location with respect to the 

immersed surface. The domain is classified into three categories of cells or computational 

nodes (cell center): field cells, which are sufficiently remote for the immersed surface, band 

cells which are very close to the immersed boundary but outside the immersed object (for a 
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closed surface) and interior cells which are inside the immersed object. Figure 4.1 shows a 

schematic of the cell classification. The classification is based on a signed distance function 

which gives the distance of any computational node from its nearest surface point and is 

derived from concepts of computational geometry. The sign associated with the distance 

indicates whether the node is inside or outside the immersed body. The first step is to render 

the immersed surface as a set of points (which may or may not be structured) with their 

surface normal provided. The immersed surface can be rendered as more than one level set 

depending on the complexity of the problem. 

 

 

 

 This becomes very useful for an object which might have different motion patterns in 

different parts of its surface as in the case of a walking human body. The rendition can be 

                 Fig. 4.1 Cell classification scheme for immersed boundary method 
 

 Field points             Band points               Interior points 

Immersed body surface 

Interior points 

Field points 

Points rendering IB surface 
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done using FORTRAN codes for simple geometries as used in this work or with the help of 

any CAD software like SOLIDWORKS for more involved geometries. The next step 

involves the calculation of distances of each computational node kx , within a bounding box 

of the domain Ω to its nearest surface point , ( )s l kx on the lth component of the immersed 

surface. This is done using an approximate nearest-neighbor algorithm (ANN) searching 

technique [83] which calculates the unsigned distance. The choice of the limits of the 

bounding box is somewhat ad-hoc but the idea is to include a region near the immersed 

surface which is likely to be influenced immediately by the presence of it. For all cells lying 

outside the bounding box, the distance function is assigned a high positive value. The basic 

formulation of the signed value of the distance, which is the signed distance function 

( ),l kx tφ , is given by, 

 ( ) ( ), ( ) , ( ) , ( ), sgnl k k s l k s l k k s l kx tφ  = − ⋅ × − x x n x x  (4.1) 

which is the product of the unsigned distance, with the sign of the dot product of the distance 

vector (oriented from the computational cell to the surface node) with the outward normal 

vector  at the nearest surface point. The function sgn (Φ) returns a value of 1 or -1 based on 

whether the argument is positive or negative. Figure 4.2 shows a schematic of the signed 

distance function for any band point kx  and its nearest surface point , ( )s l kx . Once the signed 

distances are computed for all the computational cells w.r.t. each of the immersed objects, a 

global signed distance is evaluated based on a simple algorithm. First the global signed 
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distance is assigned a high positive value and then global signed distance function at a 

particular point is  

 

  

 

 

chosen as the minimum of the signed distance functions for each component l of the 

immersed object at that point: 

 ( ) ( )( ), min ,k l kx t x tφ φ=  (4.2) 

Fig. 4.2 Schematic showing the approximate nearest surface point sx  for any band point 

kx and the signed distance function ( ),l k tΦ x ; open circles :  field nodes (cell centers), closed 
circles : surface node points; Figure from Choi et al. [35]   
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With the global signed distance function in place, the computational nodes/cells are classified 

into the three categories mentioned earlier: field cells, with, band cells, with ( ), 0kx tφ >  and 

( ), 0kx tφ ′ <  where kx ′  is a nearest neighbor of kx , and interior cells, with ( ), 0kx tφ < . A 

nearest neighbor in this context is the set of cells which share in the least an edge with the 

cell having its center at kx . A Heaviside step function ( )( ),kG x tφ  is also assigned to all the 

cells with its value set to 1 for interior and band cells, and 0 for field cells. The step function 

is used in the construction of the Navier-Stokes residual as shown later. Classification of the 

cells can thus be summarized as 

• Field cells:  ( ), 0kx tφ >  and ( )( ), 0kG x tφ =  

• Band cells:  ( ), 0kx tφ > and ( )( ), 1kG x tφ =  

• Interior cells: ( ), 0kx tφ < and ( )( ), 1kG x tφ =  

With the help of the Heaviside function, the residual vector R of the discretized governing 

equations, which include the (filtered or time-averaged) Navier-Stokes equations and 

turbulence transport equations, is expressed as 

 
1, 1,

,1, 1 1, 1
,(1 ( )) ( ) 0

n l n l
i B in l n n l n

i i NS

V V
R G R G

t

+ +
+ + + +  −

= − Φ + Φ = ∆ 
 (4.3) 

where 
T

u v wT kρ ω =  V %% % %  is the vector of primitive and  turbulence variables, n denotes the 

time level and l is a sub-iteration index. By using this form of the residual, the solution of the 
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system of equations governing the flow field at each time step relaxes the vector V at the 

band cells to its interpolated values. At each time, step sub-iterations may be used (denoted 

by the suffix l) to ensure better convergence and stability.  The determination of the 

interpolated properties at the band cells is discussed in the following sections.  

4.2 Interpolation Methods 

In this work, the primitive variables in the band and interiors cells are interpolated as a 

function of the solution at its neighboring field cells and the velocity (and in some cases 

temperature) at the surface. For the velocity reconstruction, the relative velocity at the band 

cell at Bx  with respect to the velocity at its nearest surface point, Sx  is split into a normal and 

tangential component,  

 ( ) ( ) ( ), , , ,B i S i T i N iu n u u n u n− = + , (4.4) 

where the subscripts T and N denote the tangential and normal components in a plane 

orthogonal to the immersed surface at Sx  , ,B iu  is the band cell velocity and ,S iu  is the 

surface velocity. 

To calculate the flow properties at the band cell, the flow properties at an interpolation 

point are used, the determination of which is outlined in the next section. The velocity at the 

interpolation point is also expressed in a similar way,  

 ( ) ( ) ( ), , ,i I S i T i I N i Iu d u u d u d− = + , (4.5) 

where the normal component of the relative velocity is derived as, 
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 ( ) ( )( ), ,N i I j I S j j iu d u d u n n= −   (4.6) 

where in is the normal to the surface at the nearest surface point. The subscript ‘s’ has been 

dropped from the notation earlier used for the normal [Equation (4.1)] for convenience and  

subscript ‘l(k)’ is omitted as the normal corresponds to the nearest point on the entire set of 

immersed surfaces. The tangential part of the relative velocity is therefore given by, 

 ( ) ( )( ) ( )( ), , ,T i I i I S i j I S j j iu d u d u u d u n n= − − −  (4.7) 

The tangential velocity ( ),T iu n  (relative to ,S iu ) in the vicinity of the surface, is chosen as a 

power law function of the normal co-ordinate n which is oriented along  the  normal n , 

 ( ) ( ), ,

k

T i T i I
I

nu n u d
d

 
=  

 
  (4.8) 

where the choice of the power law k allows the model to replicate a turbulent velocity profile 

(k = 1/7 or 1/9) or a laminar profile (k = 1).  The normal velocity (again, relative to ,S iu ) is 

given as 

 ( ), , ( ) '( , , )N i N i I I Bu n u d g d dρ= , (4.9) 

where '( , , )I Bg d dρ is a scaling function obtained by enforcing the normal velocity to satisfy 

a discrete form of the continuity equation. In the immersed boundary method of Choi et al. 

[35], a locally-parallel flow assumption is adopted so that all flow properties in the region 
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near the immersed surface are functions of the coordinate normal to the surface (n).     

Decomposing the velocity near the surface (relative to the surface velocity Su ) into tangential 

components 
1Tu and 

2Tu (in directions 1T  and 2T ) and normal component nu (in direction n), 

the steady continuity equation for a control volume moving with surface velocity Su  is 

written as: 

 1 2

1 2

( ) ( )( )( ) 0, with ( ) T TN
T T T T

u uu
n T T

ρ ρρ
ρ ρ

∂ ∂∂
∇ ⋅ + = ∇ ⋅ = +

∂ ∂ ∂
u u  (4.10)                                                                          

Applying the parallel-flow assumption and introducing the functional forms ( )f n and ( )g n  to 

describe the distributions in tangential velocity and density from the interpolation-point 

location Id  to the wall (ie. ( ) ( ) ( ), ( ) ( ) ( )T T I In d f n n d g nρ ρ= =u u ), we have 

 ( )( ( ) ( )) ( ) ( ) 0N
T I T I

ud d f n g n
n

ρ
ρ

∂
∇ ⋅ + =

∂
u  (4.11)                                                                                                               

Now consider the two control volumes 1Ω and 2Ω shown in Figure 4.3. Discretizing Equation 

(4.11) over each of the control volumes gives the following system: 

 
1

2

( ) ( ) ( ) ( )( ( ) ( )) ( ) ( ) 0,

( ) ( )( ( ) ( )) ( ) ( ) 0,

I N I B N B
T I I

I B
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Upon eliminating the common factor ( ( ) ( ))T I Id dρ∇ ⋅ Tu , the system of Equations (4.12) can 

be solved to obtain an expression for the normal velocity component at the band cell, 

( )N Bu d :   
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Fig. 4.3 Schematic of control volume used to define normal velocity component at band cells 
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Closure of this equation system requires specification of the functions f and g for which the 

distribution of the density near the immersed surface needs to be determined. To obtain the 

temperature distribution near the surface, Walz’s relation for the temperature distribution 

within a compressible boundary layer is used [84]: 
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In this r is the  recovery factor and 2
,[ ( )]T i Iu d is the kinetic energy associated with the 

tangential velocity component at the interpolation point. Returning to Equation (4.14), the 

closure is completed by substituting power-law and Walz / Crocco-type relations for 

( )f n and ( )g n : 
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T n
= (from Eq.(4.15)), (4.16)      

The result, for an adiabatic wall, is given as  
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The remaining flow quantities that remain to be determined are pressure and density. One 

equation for obtaining these quantities is the equation of state for ideal gases. The other 

equation depends on the choice of the primitive variable between pressure and density. In the 

original paper and in some part of the work (some of the vortex generator simulations, 

Chapter 6) presented here pressure is the variable of choice and is evaluated in the band cell 

as, 

 ( )B Ip p d=  (4.18) 

In such a case the density is obtained by using the equation of state. In most of this study 

though, the pressure extrapolation is replaced by a finite-volume solution of the continuity 

equation in the band cells. .   In the formulation of the continuity equation, the mass flux is 

set to zero at a cell interface if the distance function Φ  changes sign across the interface.    

The continuity equation in the band cells evolves according to this constraint and to the 
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specified velocity and temperature fields described above.   This procedure ensures exact 

mass conservation but can sometimes lead to pressure oscillations within the band cells. The 

pressure in this case is determined using the equation of state. 

The turbulence variables in the band cells are based on the law of the wall type assumptions 

and are defined as, 
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4.2 Interpolation Point: Location and Data Construction  

In the preceding section, the procedure outlined for the reconstruction of flow properties 

at the band cells made use of data determined at an interpolation point which is located at a 

distance Id from the surface point Sx  along the normal coordinate n. To determine the 

location and the properties at the interpolation point the first step is to define a merit function 

wl. For any band point kx  and its list of nearest neighboring points lx  as illustrated in the 

schematic (Figure 4.4)  the merit function wl is expressed as, 

             
( ) 22

1
l

l k l k

w
ε

=
 − − − + x x x x ni

, if ( ) 0l k− >x x ni , and 0lw = otherwise, (4.20) 

where ( )l k−x x ni is the projection of the distance vector oriented from kx  to lx  on the 

outward normal n and l k−x x  is the magnitude of the same. A small positive quantity ε  is 
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added to the denominator of the expression for the merit function to avoid any numerical 

singularity which might happen if the point lx  is located along the normal vector n  and 

away from the band point s.t. ( ) 0l k ⋅− >x x n . ε  is chosen as 1210−  in this work. Based on 

the calculated merit function a weight function for each nearest neighbor is determined as, 

 l

m
m

w
w

ω =
∑

, if 0m
m

w ≠∑ ,  (4.21) 

otherwise the process of finding lw  is repeated by considering both field and band points in 

the list of nearest neighbors. If this process also does not result in any non-zero lw  then the 

band point in question, kx , is treated as an interior point. The interpolation point, which has 

been referred earlier, (the location where the interpolated properties are calculated), is then 

derived as  

 ( )I l l l l k
l l

d w d w= = −∑ ∑ x x ni  (4.22) 

Also, any flow property at the interpolation point is calculated as, 

 I l l
l

q w q= ∑  (4.23) 

Figure 4.4 shows a schematic of the determination of the interpolation point. 
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Fig. 4.4 Schematic determination of the distance Id  between the interpolation point Ix and 
surface node point for a given band point kx using the projected distance ld  from neighbor 
points lx  to outward normal line based on surface normal vector n  at the immersed surface 
node sx ; blue filled circle - band point to be interpolated with the information at neighboring 
points, hatched black and grey circle – field and band points associated with the interpolation
point data construction respectively. Figure from Choi et al. [35] 
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Chapter 5 

Fluid-Structure Interaction 

 

In the present study one of the control devices simulated is an array of mesoflaps. To 

simulate the flow control induced by an array of mesoflaps, a fluid-structure interaction 

problem must to be solved. This is needed as the mesoflaps deform due to the loads acting on 

its surface because of the surrounding fluid, which in turn affects the flow field around it. 

Figure 5.1 shows a schematic of a mesoflap system and its mode of operation. In this work, a 

loosely coupled approach is adopted for the fluid-structure interaction problem with separate 

solvers for the fluid and structural domains. A loosely coupled approach is one in which the 

fluid and structural solvers advanced separately, with an exchange of information occurs 

between the two solvers at specified intervals. 

The fluid solver used for this problem is the same as used for the rest of this work, with 

some changes as necessitated by the fluid-structure interaction. A finite-difference based 

approach is used for the structural solver to compute the displacement (and also velocity and 

acceleration) of the mesoflaps, wherein the mesoflaps are modeled as cantilevered Euler-

Bernoulli beams. This is assumed to be a reasonable model based on the mesoflap-geometry 
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and observed deformation pattern of such devices [65]. For the fluid-solver the mesoflaps are 

rendered as immersed objects.   

 

 

The major areas into which this study can be divided are,  

• Development of the structural solver 

• Integration of the structural solver with the existing fluid solver 

• Changes to the fluid solver 

These are described in the following sections.  

5.1 Structural Solver 

The mesoflap is treated as an Euler-Bernoulli beam which is cantilevered at its upstream 

end and deflects due to the transverse (fluid) pressure loads acting on its surfaces. Figure 5.2 

shows a schematic of a mesoflap and its beam model. The beam rendered as 1-D mesh (for 

Fig. 5.1 Aeroelastic mesoflaps over a cavity for (a) subsonic flow and (b) supersonic flow 
with impinging oblique shock. Figure from Loth et al. [65] 
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each flap) has 101 equally spaced points and the mesh point distribution exactly matches that 

of the IB points on each mesoflap in the streamwise (x) direction. Two different governing 

equations are used for the structural problem, based on whether the interaction takes into 

account the inertia of the mesoflap system or neglects it. In general the static deflection of the 

elastic line for the Euler Bernoulli beam for a steady load is given by 

 ( ) ( ) ( ) Lxxf
x

xvxEI
x

<<=







∂

∂
∂
∂ 0,2

2

2

2

     (5.1)      

where ν is the deflection, E is the modulus of elasticity, I the area moment of inertia of the 

flap cross-section  about the neutral axis, f the applied transverse force/unit length and L is 

the  

 

 

beam or flap length.  For a prismatic beam, the neutral axis is an imaginary line passing 

through the centroid of the cross-section about which the first moment of area (of the cross-

Moving part of mesoflap 

a)  b)  

Fixed Spar 

Fig. 5.2 a) 2-D view of a mesoflap rendered as an IB, b) structural model of a mesoflap as a 
cantilevered beam 
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section) is zero. The beam cross-section, which is same as the flap cross-section, is uniform 

and rectangular. Here I is given by 31
12

bt , where b is the flap width and t is the flap 

thickness. As quantities are calculated on a unit width (of flap) basis for this work, f is 

derived on a per unit area basis, and I is given by 31
12

t . Since the beam-model used here 

accounts for deformation due to transverse loads only, shear forces on the mesoflap surfaces 

are not considered. The load f is thus the pressure acting on the flap surface. In the case when 

the dynamics of beam is considered, and time-varying loads are accounted for, the governing 

equation of beam motion is that of a vibrating beam, 

 ( ) ( ) ( ) ( ) ( )
2 22

2 2 2

,
, , 0

v x v x t
EI x m x f x t x L

x x t
 ∂ ∂∂

+ = < < 
∂ ∂ ∂ 

 (5.2) 

where ( )m x  is the mass per unit length of the beam. Central differences are used for the 

discretization of the fourth order Equation (5.2) [85], resulting in a semi-discretized system, 

 [ ]{ } [ ]{ }EI K v A I v fρ′ + =&&  (5.3) 

where [ ]K ′  is the discrete fourth order differential operator for the entire beam, ρ  is the 

density of the beam and A is the area of the beam per unit depth, which is effectively equal to 

the height or thickness (t) of the beam  in this case. The discretization of the temporal 

derivative for this problem is done using Newmark’s average acceleration method [86] 
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In the above equation, the superscript n denotes the time step, and β and γ  are the 

Newmark parameters. For the average acceleration method, which is fully implicit, 

unconditionally stable and is second order accurate, 1
4

β =  and 1
2

γ = . The use of the relation 

given in Equation (5.4) into Equation (5.3) results, after some rearrangement, in the 

following equation, 
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where [ ] [ ]K EI K ′=   is a coefficient matrix which is similar to the stiffness matrix as 

obtained in finite element computations. For the case of a quasi-steady problem, which does 

not involve any time dependant terms, the resulting matrix equation to solve is given by, 

 [ ]{ }K v f=  (5.6)  

  This results in a coefficient matrix [ ]K which is not diagonally dominant for the quasi-

steady case, and a direct solver using Gaussian elimination with partial pivoting is used to 

solve for the displacements. For the dynamic problem, the coefficient matrix is dependent on 
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the time step, in which case the matrix may or may not be diagonally dominant. The time 

step used in the simulations performed here ( 71.5 10t s−∆ = × ) does not lead to a diagonally 

dominant matrix, and a direct solver is used. 

For the dynamic simulation, the displacement is initialized with the values of the 

converged displacements from the quasi-steady simulation and the velocity is chosen as zero. 

The initial acceleration is then obtained from the relation [86], 

  { } { } [ ]{ }( )0 0 0
1 f K
A

ν ν
ρ

= −&&  (5.7) 

where { }0ν&& is the initialized displacement and { }0f  the initial force acting on the mesoflaps. 

5.2 Fluid-Structure Coupling  

A. Determination of Loads on Flap Surfaces from Neighboring Fluid Cells 

One of the primary steps involved in the coupling of the fluid and structural solvers is the 

determination of loads on the surface of the structure. As the mesoflaps are modeled as 

Euler-Bernoulli beams in this study, only the transverse loads acting on the top and bottom 

surface of the mesoflaps need to be determined. The procedure adopted in determining the 

load is as follows. Since the mesoflaps and supporting structures (Figure 5.2) are rendered as 

immersed objects in the fluid domain, this implies that there will be band points in the fluid 

domain that have as its nearest neighbor, point(s) on a flap surface. So for each band  point in 

the domain, it is checked if the nearest IB surface point is a mesoflap upper or lower surface. 

If this is true, then the value of pressure stored at the interpolation point (for the given band 
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point) is considered as the load acting at the corresponding surface point on the mesoflap.  In 

the case that a surface point (on the mesoflap) is closest to more than one band point, the 

pressure value from the interpolation point which is closer to the surface point is considered.  

This procedure results in a sparsely populated load data set for each of the mesoflap surfaces, 

which is then reconstructed using a bi-linear type interpolation to obtain a complete surface-

load data. This is elaborated in the next section.  

B. Interpolation of Loads 

A bi-linear interpolation approach - linear interpolation with sweeps in the streamwise and 

spanwise directions - is adopted for the reconstruction of the load on the mesoflap surfaces. 

This is done after a partially populated load is obtained on the mesoflap surface as outlined in 

the previous section. Figure 5.3 shows a schematic of the interpolation scheme used to 

reconstruct the load on the mesoflap surfaces. Figure 5.3 shows an array of IB points 

rendering the mesoflap surface, with ‘i’ denoting the streamwise direction and ‘j’ the 

spanwise direction. Load values are computed at all points not populated with any data (as 

outlined in previous section) by first doing a sweep in the ‘i’ direction and then in the ‘j’ 

direction. In the ‘i’ direction, an interpolation based on curved distances along the surface is 

used to compute the interpolated load with data available from the nearest populated right 

and left neighbors. This will populate the load values at all the points on those rows where 

there is some initial data but will not affect the ones without any initial load (for example row 

two top left in Figure 5.3) . Thus, following the ‘i’ sweep, a sweep in the ‘j’ direction is 

performed in which a linear interpolation is done using straight line distances. This sweep 
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ensures that all the IB points on the flap top and bottom surfaces are populated with load 

values.  The choice of using curvi-linear distances in the streamwise direction and linear 

distances in the spanwise direction is made as the flap has a curved shape in the ‘i’ direction  

 

 

 

but is flat in the ‘j’ direction.  For getting load values at the points which have only one 

populated neighbor, like the points at the edge, a first order extrapolation is used. 

 

 

‘i’ sweep 

‘j’ sweep 

j 

i 

IB point with no initial load information 
IB point with load obtained from nearest interpolation point
IB point with load obtained by interpolation

Fig. 5.3 Schematic representation of interpolation scheme used in the reconstruction of 
surface loads on mesoflap upper and lower surfaces 
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C. Fluid-Structure Iteration 

Once the interpolation of loads is done, a fully populated array of loads is obtained for the 

upper and lower surfaces of each mesoflap. A span-averaged 1-D load distribution is then 

obtained for each mesoflap which is transferred to the beam solver.  The beam solver updates 

the deflection of the beam based on the new loads by solving Equation (5.5) (quasi-steady) or 

5.6 (dynamic), which is then used to obtain a new configuration for the mesoflap.  As the 

number of points in the streamwise direction is same for both the mesoflap and its beam 

model, hence from the displacement of the beam a 1-D displacement map (which is along the 

‘i’ coordinate) is obtained for the corresponding mesoflap. This displacement is then copied 

on every set of points in the streamwise direction for the entire mesoflap span. This is done 

for the both the upper and lower surfaces of the mesoflap, which are considered in this study 

to have the same displacement. The process outlined above is henceforth called a structural 

iteration. To reiterate, a structural iteration constitutes the following: 

• Determination of loads at (some) discrete IB points on the flap surfaces using band 

point and interpolation point data. 

• Interpolation of loads to obtain a complete data set for the IB points rendering the 

mesoflap upper and lower surfaces. 

• Calculation of a span-averaged 1-D load distribution for the discretized beam. 

• Invocation of the structural solver to compute the new deflections of the beams and 

hence of the mesoflaps. 
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 After every structural iteration, the fluid solver performs a reclassification of the 

computational domain into field, band and interior cells. The frequency at which a structural 

iteration is done depends on whether a quasi-steady or fully dynamic FSI problem is being 

solved.  For the quasi steady 2-D simulation, this is done after every 2500 iterations of the 

fluid solver which is considered sufficient to obtain a reasonably converged intermediate 

fluid solution [67]. The process of updating the configuration of the mesoflaps (after every 

2500 fluid-solver cycles) is continued until a convergence criterion is met for the computed 

displacements. This is evaluated in the following way:  

• At each structural iteration, the maximum change in displacement of each mesoflap 

compared to the previous configuration is computed.  

• It is then checked whether this value is less than a specified tolerance, which is chosen 

as 10% of the flap thickness [67]. If this is true for all the mesoflaps, then the fluid-

structure interaction is assumed to be converged [67].    

• A final fluid solution is obtained for the converged configuration of the mesoflap 

system.  

For the fully dynamic approach, a structural iteration is done at each time step (every fluid 

iteration). An additional parameter that needs to be passed from the structural solver to the 

fluid solver in the case of the dynamic simulation is the velocity at each point on the 

mesoflap. This is obtained from the velocity of the beam model for each flap which is given 

by, 
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The procedure of getting the velocity on the mesoflaps from the velocity distribution on 

the beam is same as outlined above for the displacements. This is an additional step 

performed during each structural iteration compared to the quasi-steady case. In the fluid 

solver this velocity is treated as the surface velocity us [Chapter 4] for the IB points 

representing the mesoflaps. 

D. Fluid-Solver Changes 

A couple of changes are adopted for the fluid solver to facilitate the smooth running of the 

fluid-structure interaction problem when the dynamics of the structure is considered.  These 

are listed below, 

1. A reduced order of time integration, Euler implicit in place of Crank-Nicolson 

[Chapter 3] is used for the fluid cells in the vicinity of the immersed surfaces. 

2. For the baseline IB method used in all the earlier work done as a part of this study 

(vortex generator and bleed hole simulations), at every time step, the solution in the 

interior cells is reconstructed somewhat arbitrarily and not as function of the solution 

of neighboring cells. This approach has been found suitable for the flow simulations 

involving fixed immersed surfaces [82, 87] but was making the solution unstable in 

this case. The possible reason for this can be explained as follows. As the continuity 

equation is integrated for the band cells in this method, it is required to know the flow 

properties stored at these band cells at the previous time step for purpose of 



 
63

constructing the Navier-Stokes residual and updating the density. So in the case that a 

cell migrates from being an interior cell to a band cell, the values being used for the 

residual construction are not necessary physical. To address this issue, the 

reconstruction of the solution in the internal cells which are neighbored by a band cell 

has been modified. Thus if any interior cell has as its neighbor a band cell, then its 

properties are constructed by interpolating the values of its neighboring band  cells 

using an inverse distance weighting approach. This is similar in principle to the 

treatment used for simulation of moving bodies by Yang et al. [17]. 
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Chapter 6 

Flow Control: Vortex Generator 

 

The vortex generator (VG) is a device which acts by introducing streamwise vortices into the 

core flow as fluid moves over or around its surfaces. There can be different type of 

construction for these devices which includes vanes, wedges, etc. The vortices introduced by 

the device can energize the boundary layer by mixing the higher-momentum external flow 

with low-momentum flow near the wall [50], making the boundary layer more robust in the 

process. In this part of the study, flow control using wedge shaped vortex generator(s), 

smaller than the local boundary layer thickness is simulated. These types of VGs are termed 

micro VGs. Figure 6.1 shows a schematic of a wedge shaped vortex generator with the 

direction of flow indicated.  

 

, Fig. 6.1 A wedge shaped vortex generator

Flow 
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6.1 Case Studies 

The simulation of the flow effects due to single and multiple wedge shaped vortex  

generator(s) performed in this study can be broadly classified into three categories. 

1.  A validation study performed for the immersed boundary method proposed in this 

work. This was based on comparisons of flow characteristics for solutions (RANS) 

obtained using different formulations of the power law k with a solution obtained 

using a body fitted grid. This study was based on an experiment done at Cambridge 

University [50] of a supersonic flow over a single VG. Data comparison with 

experiment was done for the different methods used. A grid convergence (RANS) 

study and a hybrid LES/RANS (baseline grid) simulation were also done for one 

choice of the power law. 

2. The primary work focuses on comparing experimental data obtained at Cambridge 

University for supersonic flow over a single micro VG  (without oblique shock 

interaction), and an array of micro VGs (with oblique shock interaction), with 

computational data. For the cases without shock interaction, both RANS and hybrid 

LES/RANS based approaches are considered but only the RANS based simulation is 

done for the cases involving oblique shock impingement. This case showed strong 

influence of side-wall shock / boundary-layer interactions, and as such, required a 

computational domain including the side wall(s). Due to limitations of the hybrid 

LES/RANS technique used here, which at that point in time was not suitable for 

multiple walls, this method could not be employed for such a domain. 
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3. The third study compares the RANS and hybrid LES/RANS based computations of 

oblique shock/boundary-layer interaction control using an array of micro VGs in an 

idealized domain. The simulations used the same experimental conditions but neglect 

the side walls. 

6.2 Problem Setup  

A. Experiment Details 

Experiments involving the effects of micro VGs on shock interaction control have been 

performed at Cambridge University by Dr. Holger Babinsky and his students [50]. The 

experiments were performed at a nominal Mach number of 2.5, a stagnation temperature of 

290 K, and a Reynolds number / meter of 630 10× .  The test section in the wind tunnel is 90 

mm high and 110 mm wide.  Data collected in these experiments includes Pitot pressure 

surveys, wall static pressure distributions, and axial velocity profiles obtained at various 

streamwise and spanwise stations using laser Doppler anemometry (LDA).   This paper 

focuses on three of the Cambridge experiments:  

1. Mach 2.5 flow over single wedge-shaped micro VGs with h = 3 mm and h = 6 mm 

(LDA velocity data, Schlieren imaging, surface oil-flow) 

2. An oblique shock / turbulent boundary layer interaction at Mach 2.5 induced by a 7-

degree wedge placed on the upper wall of the wind tunnel (LDA velocity data, surface 

pressure measurements, Schlieren imaging, surface oil-flow) 

3. The same oblique shock / turbulent boundary layer interaction with the addition of an 

array of three micro VGs with h = 3 mm upstream of the shock impingement point 
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(LDA velocity data, surface pressure measurements, Schlieren imaging, surface oil-

flow)  

 

 

 

Figure 6.2 shows the general arrangement of the VG arrays within the wind tunnel.  For 

the experiments considered herein, the trailing edge of each micro VG was located 109 mm 

downstream of the start of the test section.  The leading edge of the shock generator was also 

placed at the start of the test section, resulting in a lower-wall shock-impingement position of 

159 mm, assuming inviscid flow.   Velocity profiles were collected at streamwise stations of 

X = 129 mm, X = 189 mm, and X = 249 mm. Additional profiles were collected at X = 89 

mm (in the absence of the VG) to determine the inflow boundary layer characteristics and at 

X = 159 mm for the shock-impingement cases.   The nominal boundary layer thickness at the 

Fig. 6.2 Schematic of Cambridge University wind tunnel showing the data stations, VG 
positions and shock generator (provided by H. Babinsky); inset shows IB rendition of a 3 mm 
VG 
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inflow plane (X = 89 mm) is around 6.5 mm. At each of the streamwise stations, laser 

Doppler anemometry (LDA) data was recorded at three or four spanwise stations as indicated 

in Table 6.1.  The dimensions and alignment of the wedge-shaped micro VGs in the 

experiments are based on [49-50].  The immersed boundary rendition of a single (h = 3 mm) 

vortex generator is shown as an inset in Figure 6.2. 

   

Table 6.1 Spanwise location of data stations for different micro VG sizes with/without shock 
interaction 

Experiment Spanwise data locations 
(Z, mm) 

Mach 2.5 flow over 6 mm micro VG 0.0, 4.5, 9.0, 18.0 
Mach 2.5 flow over 3mm micro VG 0.0, 2.3, 4.5, 9.0 
Mach 2.5 shock / boundary-layer interaction (no control) 0.0 
Mach 2.5 shock / boundary-layer interaction  
(3 x 3 mm micro VG array) 

0.0, 4.5, 9.0 

B. Computational Domain  

Three computational domains have been used for the simulations described in this work.   

The first domain (Domain I), used for the single micro-VG calculations, ranges from X = -

108.5 mm to X = 254.59 mm in the streamwise direction, from Y = 0 mm to Y = 90 mm in 

the normal direction, and from Z = -22.5 mm to Z = 22.5 mm in the spanwise direction.   The 

mesh spacing in the X and Z directions is 0.5 mm, and a minimum spacing of 0.005 mm is 

enforced at the lower wall.  The total mesh size is 747 × 200 × 90 = 13.45 million interior 

mesh cells. Slip wall conditions are prescribed on the upper boundary (Y = 90 mm), 

extrapolation conditions are prescribed at the outer boundary (X = 254.59 mm), periodic 

boundary conditions are applied at Z = +/- 22.5 mm, and no-slip, adiabatic-wall boundary 
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conditions are applied at Y = 0 mm. Figure 6.3 shows an X-Y view of the near wall grid with 

the distances normalized by the boundary layer thickness (at the inflow plane). 

   To assess the effects of mesh refinement in the vicinity of an immersed-boundary 

rendering of a micro VG, a second domain  (Domain II) having the same dimensions and 

boundary conditions as domain I is also considered.  The grid has same spacing as domain I 

in the Y (wall-normal) direction whereas in the X and Z directions, a uniform spacing of 0.25 

mm (one half of that used in domain I) is enforced within a region surrounding the IB (from 

X = 61.25 mm to X = 151.25 mm). A patched-mesh boundary condition [88] is used to 

connect this region with those upstream and downstream, which remain the same as in 

domain I.    This mesh contains 23.76 million interior mesh cells.    

 The third computational domain (Domain III) renders the Cambridge blow-down wind 

tunnel in two parts.   The first part encompasses one half of the entire wind tunnel, including 

the nozzle and test section.  Coordinates of the nozzle were provided by Dr. Babinsky and 

were spline-fitted for use in the mesh-generation exercise (Figure 6.4). The mesh is clustered 

to the upper wall, the lower wall (Y = 0 mm), and to one side wall (Z = 55 mm) (centerline 

symmetry being assumed) with a minimum spacing of 0.005 mm.    Uniform mesh spacing at 

a value of 0.5 mm is used from Z = 0 to Z = ~50 mm, and a power-law mesh-clustering 

function is then used to connect this spacing to the wall spacing of 0.005 mm.  The mesh 

spacing in the X direction is 1.0 mm, and the total number of interior mesh cells is 

840 × 225 × 130 = 24.57 million cells. A steady RANS calculation was performed on this 

mesh to obtain accurate inflow conditions for simulations of the flow in the test section. The 
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test-section computational domain extends from X = -121.75 mm to X = 252.75 mm and has 

a spacing of 0.5 mm in the streamwise direction.  The 7-degree shock generator is placed on 

the upper wall in this configuration (with the leading edge at the start of the test section as in 

 

 

 

Fig. 6.4 Plot of wind tunnel coordinates and spline fit
 

Fig. 6.3 X-Y view of grid (near wall) used in Domain 1 
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the experiment).  The numbers of mesh points and the stretching patterns in the Y and Z 

directions are identical to that used in the full wind-tunnel grid, and the total number of 

interior mesh cells is 750 × 225 × 130 = 21.94 million cells.    

The wedge-shaped micro VGs are rendered separately as immersed boundaries using a 

simple structured surface mesh for each VG.   The present implementation of the distance-

function calculation requires a relatively fine surface mesh for accurate results.  For the VG 

array (three 3 mm VGs), a total of 2234907 surface points  is used, while for the 3mm and  6 

mm single VGs,  721785 and  2964240 points, respectively,  are used.   

C. Calculation Details  

Convergence of the RANS calculations was ascertained using three measures:  relative 

decrease in residual norm, constancy of surface quantities, and constancy of the global mass 

flow rate.  All cases reached a steady-state solution.   For the cases performed on Domains I 

and II, a flat-plate simulation at the test-section conditions was performed to determine the 

place at which the predicted boundary layer properties most closely matched the 

experimental values at X = 89 mm.   The inflow plane used in the calculations was then 

extracted from the flat plate solution at a location 89 mm upstream of the matching position. 

The LES/RANS calculations were initiated by super-imposing scaled boundary-layer 

fluctuations from an earlier calculation onto part of a converged RANS solution.   After 

several flow-through times to eliminate initial transients, time-averaged statistics for the 

LES/RANS calculations were collected over a minimum of 0.007s (10.7 flow-through times 

based on a domain length of 371.25 mm and a free-stream velocity of 570 m/s). 
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6.3 Results 

The different cases considered in this study are summarized in Table 6.2 and are described 

in detail in the sub-sections that follow.  

Table 6.2 Summary of cases  
Case Domain Turbulence Model(s) IB details 

1. Mach 2.5 flow over 6 
mm micro VG I, II Menter BSL,  

LES/RANS 
k =  1, 1/7, 1/9  
k = 1/7 (mass conservative) 

2. Mach 2.5 flow over 3 
mm micro VG I Menter BSL,  

LES/RANS k = 1/7 (mass conservative) 

3. Mach 2.5 SBLI  III Menter SST None 
4. Mach 2.5 SBLI with 
micro VG array III Menter SST k = 1/7 (mass conservative) 

5. Mach 2.5 SBLI I Menter SST, 
LES/RANS None 

6. Mach 2.5 SBLI with 
micro VG array I Menter SST, 

LES/RANS k = 1/7 (mass conservative) 

 

A. Inflow Boundary Layer  

Inflow velocity profiles were measured at X = 89 mm in the absence of the micro VG 

array.  Figure 6.5 compares velocity profiles obtained on Domains I and III with 

experimental measurements. Compared with the experiment, the computed profiles show 

consistently larger values of velocity in the inner part of the boundary layer, which implies 

lower values of the displacement and momentum thicknesses.  The velocity profile obtained 

from the wind-tunnel calculation (Domain III) is somewhat thicker than the profiles obtained 

on Domain I.   The LES/RANS and RANS predictions (obtained on Domain I) are very 

similar, with the LES/RANS profile showing slightly higher values of velocity in the near-

wall region. 
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B. Immersed-Boundary Model Assessment 

To assess the immersed boundary technique, results obtained using variations of the IB 

method are compared with a solution obtained on a body-fitted grid and with experimental 

data for Mach 2.5 flow over a 6 mm micro VG. The effect of grid refinement on the 

performance of the IB method is also studied by using a locally refined grid in the vicinity of 

the VG (Domain II). The body-fitted grid was generated using the commercial software 

GRIDGEN and contains 13.2 million cells, clustered to each solid surface with a minimum 

spacing of 0.005 mm normal to the surfaces.  The X extent of the body-fitted mesh ranges 

from -108.5 mm to 224.5 mm.    Contour plots of Mach number at X = 111 mm and X = 199 

mm and centerline plots of axial velocity at X = 129 mm and X = 189 mm are used in the 

assessment. The scale for the contour plots range from 0.05 (darkest contours) to 2.85.  

Fig. 6.5 Inflow velocity profiles (X = 89 mm) 
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Mach number contours just downstream of the micro VG trailing edge at X = 111 mm 

(Figure 6.6) clearly show the initial growth of the primary vortex cores. The spanwise extent 

of the low momentum region is more pronounced for the k = 1 interpolation and is least for 

the solution obtained on the body-fitted mesh. The vortices lift off less in the IB solutions 

and spread more laterally, compared to the body-fitted mesh solution.  Also, the higher-

momentum flow reaches closer to the wall for the body-fitted mesh solution. This implies a 

stronger interaction between the vortex cores and the external flow.  The presence of a 

secondary pair of vortices formed in the near-wall region downstream of the micro VG 

trailing edge is indicated by darker contours near the surface. The exact shape of the wake as 

predicted on the body-fitted grid is not very well matched by any of the RANS IB solutions, 

but a trend toward improved results with lower values of k is evident. LES/RANS solutions 

using k = 1/7 (mass-conservative IB) also compare reasonably well. Localized X-Z mesh 

refinement in the vicinity of the IB seems to help in this context, with the wake behind the 

trailing edge of the VG being less diffused in this case compared to the other IB solutions. 

Overall the mass-conservative IB predictions using k = 1/7 (for both RANS and LES/RANS 

closures), are the closest to the body-fitted mesh RANS solutions, with the solution obtained 

on Domain II providing somewhat better results. 

At X = 199 mm (Figure 6.7), the vortex pairs generated behind the micro VG spread out 

and lift from the surface, and the lower-momentum core region becomes less pronounced, as 

suggested by the lighter contours. The body-fitted solution again shows a narrower and taller 

low-momentum region, but the differences between this solution and the IB solutions are less 
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apparent than at X = 111 mm. The low-momentum region is larger for the k = 1 interpolation 

than for the others, implying that this ‘laminar’ choice might not provide enough flow 

attachment to the micro VG surface. The solution obtained on the locally refined X-Z mesh is 

similar to the other RANS based solutions in this region.  The LES/RANS solution however 

shows generally higher velocities in the wake and close to the lower wall, which is indicative 

of a stronger vortex providing more entrainment of high-momentum fluid.  

Centerline velocity profiles in Figure.6.8 show that of all the methods using a RANS 

turbulence closure, the body-fitted grid solution seems to match the experimental data best 

for both the stations shown. The IB predictions approach the body-fitted solution for lower 

values of k, and interestingly, the mass-conservative IB method (RANS) is not as quite as 

accurate as the others.  From the comparisons at the X = 129 mm station, it appears that the 

effects of the primary vortex in energizing the near-wall boundary layer are somewhat under-

predicted by all of the IB methods using a RANS turbulence closure. The situation improves 

considerably for the solution using the LES/RANS closure. The shape of the wake deficit is 

not predicted well by any of the RANS methods at X = 129 mm but improves somewhat at X 

= 189 mm. The refined-mesh IB solution shows marginally better results for both stations in 

that the profiles seemed to have shifted somewhat towards the body fitted grid solutions.   

These results indicate that the IB rendering of the micro VG provides more of a momentum 

‘sink’ than does the body-fitted rendering. Considering that no effort is made to resolve the 

flow near the surfaces of the micro VG when the IB techniques are used, the level of 

agreement shown is still encouraging.  
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Fig. 6.6 Mach number contours at X = 111 mm for 6 mm VG placed in 
supersonic boundary layer; (+: continuity equation integrated in band cells) 
 

Body fitted grid k = 1/7 

k = 1 k = 1/9 

k = 1/7 (+) k = 1/7, grid refinement (+) 

k = 1/7 (+), LES/RANS 
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Fig. 6.7 Mach number contours at X = 199 mm for 6 mm VG placed in supersonic 
boundary layer; (+: continuity equation integrated in band cells) 
 

k = 1 k = 1/9 

k = 1/7 (+) k = 1/7, grid refinement  (+) 

k = 1/7 (+), LES/RANS 

    Body fitted grid 
 

                         k = 1/7 
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C. Detailed Data Comparisons for Mach 2.5 Flow over 6mm and 3mm Micro VGs 

Near-surface streamtraces shown in Figure 6.9 illustrate the formation of the dominant 

pair of counter-rotating vortices from the top surfaces of the 6mm micro VG.  Fluid very near 

the surface (black traces) either bypasses the micro VG entirely or is entrained into the cores 

Fig. 6.8 Comparison of centerline axial velocity profiles for different formulations of the IB 
method, a body fitted grid and experimental data.  (+: continuity equation integrated in band 
cells) 
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of the vortices.  Fluid further away from the surface either moves over the micro VG and 

then is forced toward the surface through the action of the vortices or is directly entrained 

into the vortices.  Not illustrated is the formation of a secondary vortex pair very near the 

surface.  This structure originates from a recirculation region formed just downstream of the 

micro VG trailing edge.  

 

 

Fig. 6.9 Near surface streamtraces illustrating formation of counter-rotating vortex pair 
(supersonic flow over a 6 mm micro VG) 
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z = 4.5 mm 

z = 0.0 mm 

z = 9.0 mm 

z = 18.0 mm 

Fig. 6.10 Comparison of axial velocity profiles for flow over 6 mm VG in idealized domain
(* = data averaged over a span wise filter of 2.5 mm, centered at the Z location) 
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z = 4.5 mm 

z = 0.0 mm 

z = 9.0 mm 

z = 18.0 mm 

Fig. 6.11 Comparison of axial velocity profiles for flow over 3 mm VG in idealized domain 
(* = data averaged over a span wise filter of 2.5 mm, centered at the Z location) 
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 Figure 6.10 compares velocity profiles obtained using the RANS and LES/RANS models 

(k = 1/7, mass-conservative IB) with LDA data collected at several X and Z positions behind 

the 6mm micro VG. (see Table 6.1) The energizing effects of the primary vortices are better 

captured by the LES/RANS model than by the RANS model. This is reflected in the fuller 

velocity profiles near the wall and close to the VG (Z = 0 mm and Z = 4.5 mm), which agree 

quite well with the experimental data. However there is a considerable disagreement in the 

level of the wake deficit found at the Z = 4.5 mm station at X = 129 mm and X = 189 mm.  

In the experiment, the wake deficit is almost absent at this Z station, either implying less 

lateral spreading of the vortices or a device misalignment that shifts the time-mean position 

of the vortex pair.   It should be noted that all measurements were taken on one side of the 

centerline.  In an attempt to determine whether uncertainties in the placement of the laser 

might play a role, both the RANS and LES/RANS velocity profiles were  averaged in the Z 

direction over the experimental positional uncertainty of 2.5 mm (H. Babinsky, personal 

communication).  These profiles show a slight improvement with respect to the experimental 

data.   The good agreement shown at the most downstream station (X = 249 mm) for the 

LES/RANS model lends support to the possibility of a slight misalignment of the micro VG 

with respect to the incoming flow.   The level of agreement found at the more outboard 

stations (Z = 9 mm and Z = 18 mm) is generally good, though near-wall discrepancies similar 

to those observed for the inflow velocity profile persist.   The LES/RANS predictions are in 

better agreement with experimental data at most stations.   
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Figure.6.11 presents a similar set of comparisons for Mach 2.5 flow over a 3 mm micro 

VG.   Centerline velocity profiles from the RANS and LES/RANS models do not agree 

particularly well with the data, in that the latter shows a much smaller wake deficit.    The 

spanwise extent of the vortex pair is predicted to be larger than indicated in the experiment, 

as the measured wake deficit seems not to exist at any station other than the centerline. 

Agreement with experimental data further away from the vortex pair is satisfactory for both 

models and again, the LES/RANS model provides more accurate predictions at most 

locations.     

D. Wind-Tunnel Shock / Boundary-Layer Interaction  

Flow Structure 

A simulated Schlieren image for the impinging shock / boundary-layer interaction without 

micro-VG control (computed at the centerplane using the vertical density gradient) is 

compared with an experimental image in Figure 6.12.  The wave patterns corresponding to 

the incident wave and the separation shock are comparable, but the re-attachment shock 

angle is different. This discrepancy may be the result of line-of-sight effects, as the extent of 

the separation region, and thus the position of the re-attachment shock, varies substantially in 

the spanwise direction.   

 Figures 6.13 and 6.14 present near-surface axial velocity contours and stream 

streamtraces. The vertical white lines in the velocity contour plots indicate the theoretical 

position of the shock impingement (X = 159 mm). The interaction of the oblique shock with 

the sidewall boundary layer results in a crossflow separation similar to that observed in sharp 
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fin interactions.  The downward motion of the crossflow is arrested by the flat plate, leading 

to the formation of vortical structures located in the sidewall/ flat plate junctures (indicated in 

 

 

 

Fig. 6.12 Schlieren images of SBLI in wind tunnel using RANS model (left), and experiment 
(right)  

Fig. 6.13 Near surface velocity contours at Y = 0.0025 mm  (range: -5 m/s (dark) to 35 m/s) 
for SBLI in wind tunnel (contours reflected about centerline for clarity) 
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dark contours near the upper and lower walls).   The displacement effects of these structures 

induce the formation of a pair of separation shocks and a general movement of the flat-plate 

boundary layer fluid toward the centerline. Part of the near-wall fluid lifts away from the 

surface at two foci of separation, located at the points of intersection of the separation shocks 

with the impinging oblique shock. (Figure 6.14) This fluid then spirals through the main 

separation region before exiting near the centerline.    The growth of the separation region 

toward the sidewall is prevented by the crossflow induced by the corner vortices, leading to a 

non-uniform region of low-momentum fluid that expands more near the centerline.  (Figure 

6.13)    The region of actual flow reversal is delineated by contours of zero axial velocity 

(shown in white lines). 

 

 

 

 

 

focus of separation 

separation region 

crossflow 

Fig. 6.14 Near-surface streamtraces for SBLI in wind tunnel  
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Comparisons with Experimental Data 

 Figure 6.15 compares centerline surface pressure distributions for the SBLIs with and 

without micro VG control with experimental data.   The separation shock strength and the 

level of upstream influence of the interaction are predicted well by the Menter SST model for 

the case without the micro VG array.   The predicted pressure distribution shows the start of a 

plateau behind the initial pressure rise. This feature is commonly observed in stronger SBLIs 

but is not seen in the experimental distribution.  Velocity profiles at different streamwise 

stations along the centerline are shown in Figure. 6.16. The first station (X = 129 mm) is 

within the region of upstream influence, and the predicted velocity profile contains a small 

region of reversed flow that is not shown in the LDA data.   The comparison at X = 159 mm 

indicates that the calculation does not quite capture the shape of the wake-like velocity 

profile near the re-attachment position. The recovery of the centerline velocity (X = 189 mm 

and X = 249 mm) is predicted very well, except for some deviations in the free-stream 

velocity similar to those noted earlier. 
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Fig. 6.16 Centerline axial velocity profiles for SBLI in wind tunnel 

Fig. 6.15 Centerline surface pressure distributions for SBLI in wind tunnel (with/ without 
micro VG array) 
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E. Wind-Tunnel Shock / Boundary-Layer Interaction with Micro VG Flow Control  

Flow Structure 

The effects of the micro VG array on the near-surface flow structure are illustrated in 

Figure 6.17 (near-surface velocity contours at Y = 0.0025 m) and in Figure 6.18 (near-wall 

streamtraces).  Darker regions in Figure 6.17 represent slower-moving fluid, while lighter 

regions represent faster-moving fluid. The major effect of the micro VG array is to induce the 

formation of longitudinal vortical structures (one pair per micro VG).  These structures force 

higher momentum fluid toward the surface, energizing the inner part of the boundary layer.  

The traces of the vortical structures are indicated as light bands in Figure 6.17.   The region 

directly behind the trailing edge of each micro VG is influenced by another pair of counter-

rotating vortices that act to move fluid away from the surface, resulting in low-momentum 

streaks that also persist downstream of the interaction region.   Comparing Figures 6.17 and 

6.13, it is clear that the vortices induced by the micro VG array deform the large separation 

region but do not significantly reduce its size.  The level of upstream influence is reduced in 

regions where the counter-rotating vortices energize the near-wall boundary layer but 

increases in the regions between the micro VGs.  The strengths of the vortices generated by 

the centerline micro VG appear to be reduced relative to the others, as a consequence of their 

interaction with the large separation region.   

 The black streamtraces in Figure 6.18 show that part of the near-wall fluid originating 

between the outer VGs and the (corresponding) sidewalls is entrained into the vortex pairs 

generated from these devices.  Another portion moves toward the centerline and lifts from 
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the surface at two foci of separation, where it is entrained into the vortices generated by the 

centerline microVG.  Some of the near-wall fluid originating between the micro VGs is also 

entrained into the low-momentum region and departs from the surface at these foci.  Fluid 

originating further away from the surface (red streamtraces) moves over and around the 

micro VGs but does not enter the low-momentum region.  Some of this fluid eventually 

migrates into the vortical structures.  

 

 

 

Fig. 6.17 Near-Surface velocity contours at Y = 0.0025 mm (range: -5 m/s (dark) to 35 m/s) 
for SBLI with micro VG array in wind tunnel (contours reflected about the centerline for 
clarity) 
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Comparisons with Experimental Data 

Pressure distributions shown in Figure 6.15 indicate that the effect of the micro VG array, 

at least at the centerline, is to reduce slightly the upstream extent of the separation region and 

to sharpen the pressure rise.  An overshoot in pressure is observed near the re-attachment 

location for both the calculated and measured distributions but is more pronounced in the 

former.  

Axial velocity predictions at several streamwise and spanwise stations are shown in 

Figure 6.19.  At the X = 129 mm and X = 159 mm stations along the centerline (Z = 0), the 

calculated velocity profiles show a pronounced low-momentum region that is associated with 

the vortex pairs.  This profiles show a pronounced low-momentum region that is associated 

with the vortex pairs.  This feature is not prominent in the experimental profiles, similar to 

the single micro-VG results.  The centerline profiles further downstream are in better 

vortical structures

foci of separation 

Fig. 6.18 Near-surface streamtraces for SBLI with micro VG array in wind tunnel
 



 
91

agreement with the experimental data.  The Z = 4.5 mm, X = 159 mm position is near the 

location where the centerline vortex divides the main separation region into a smaller one 

located near the centerline and a larger one located further away.   The topology of the flow 

in this region changes abruptly, and improved predictions are obtained by averaging the 

computed velocity profiles over the experimental laser-sheet positional uncertainty of 2.5 

mm.  The same is true for the data station at Z = 9.0 mm, X = 159 mm. Agreement with the 

experimental data at X = 189 mm and X = 249 mm can be considered as excellent.   
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z = 4.5 mm 

z = 9.0 mm 

z = 0.0 mm 

Fig. 6.19 Axial velocity profiles for SBLI with micro VG array in wind tunnel (* indicates 
data averaged over a spanwise filter of 2.5 mm, centered at the Z location)  
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F. Idealized Shock / Boundary-Layer Interaction 

It is clear from the preceding discussion that three-dimensional effects significantly 

influence the flow features in the Cambridge wind tunnel experiments, and the evaluation of 

the expected benefits of the micro VG array is made more complicated as a result.    To 

assess the behavior of the micro VG concept in an idealized setting and to compare the 

predictions obtained from the RANS and LES/RANS models, we consider an oblique shock 

interaction with and without micro VG control using the periodic domain (Domain I) 

discussed in Section III.   Here, the viscous side and top walls of the wind tunnel are 

neglected, and the incoming boundary layer is developed as a flat-plate solution at the test-

section conditions.  Periodic boundary conditions are imposed in the spanwise (Z) direction.  

The shock generator position is adjusted so that the oblique shock impinges at X = ~146 mm 

as discussed earlier.  The resolution of the interaction region in the streamwise and spanwise 

directions is the same as in the wind-tunnel calculations.   Both RANS and hybrid 

LES/RANS calculations are performed for this configuration.     

In the absence of the sidewalls and the VG array, the oblique shock interaction is 

nominally two-dimensional.   Centerline pressure distributions shown in Figure 6.20 imply 

that the upstream extent of the low-momentum region is much less in the idealized 

interaction than in the experiment.  As such, one cannot expect quantitative agreement with 

the experimental velocity profiles in the interaction region, and no such comparisons are 

presented.  Figure 6.21 compares centerplane Mach number contours for the steady RANS 

calculation with an instantaneous snapshot from the LES/RANS calculation. Features of the 
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interaction include the formation of small pocket of low-momentum fluid upstream of the 

impingement point, the generation of a separation shock, and the formation of a reattachment 

shock as the core fluid moves over the separation region.   More details of the idealized 

interaction are shown in the near-surface velocity contours of Figures 6.22 and 6.23.   To 

facilitate a direct visual comparison with the wind-tunnel interaction, the Z scale is expanded 

to approximate the actual width of the wind tunnel, and both the velocity contour levels and 

the X scale are the same as in Figure 6.13.  The extent of the low-momentum region is  

 

 

 

Fig. 6.20 Centerline surface pressure distributions for idealized SBLI 
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captured similarly by both modeling approaches, but the LES/RANS model predicts a 

smaller region of reversed flow with smaller velocity components (in magnitude).  The near-

surface boundary layer recovers more rapidly in the LES/RANS calculation, reaching span-

averaged values of ~27 m/s as compared with ~20 m/s for the RANS solution at the exit 

plane.   

One obvious feature is that traces of organized three-dimensionality are indicated in the 

time-averaged LES/RANS contours (Figure 6.23). These result from the combination of 

several factors, the most noteworthy of which is the tendency of the recycling / rescaling 

method to ‘fix’ the spanwise positions of longitudinal vortices (in the time average) that are 

generated within the upstream boundary layer.  Due to the action of shearing stresses, these 

structures become more elongated near the wall, and because of the absence of realistic 

turbulence in the logarithmic region and below, the ‘footprints’ of the outer-layer structures 

are imposed upon the near-surface velocity field.    The persistence of the structures for this 

particular calculation is also influenced by the relatively coarse mesh (ranging from about 9 

cells per boundary layer thickness in the wall-transverse (X and Z) directions at the inflow to 

15 cells per boundary layer thickness near the exit).  This level of resolution is probably sub-

marginal, but as shown in Choi et al. [13], reasonably accurate results for boundary-layer 

statistics have been obtained on similar meshes.   

Because of the dominant effect of the sidewall separation in the wind tunnel, it is difficult 

to draw any direct comparisons between the idealized and wind-tunnel cases.  It can be 

noted, however, that the area occupied by low-momentum fluid is similar in size for the two 
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cases (Figures 6.22 and 6.13),  indicating that the effect of the crossflow in the wind tunnel is 

to restrict the growth of the separation region in the spanwise direction while enhancing its 

growth in the streamwise direction. 

 

 

 

 

 

Fig. 6.21 Centerplane Mach number contours (idealized interaction without micro VG array) 

RANS (Menter SST) 

LES/RANS 
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RANS (Menter SST)  

Fig. 6.23 Surface velocity contours (range: -5 m/s (dark) to 35 m/s) for idealized SBLI 
(LES/RANS model) 
 

LES/RANS 

Fig. 6.22 Surface velocity contours (range: -5 m/s (dark) to 35 m/s) for idealized SBLI 
(Menter SST RANS model) 
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G. Idealized Shock / Boundary-Layer Interaction with Micro VG Flow Control 

Center plane Mach number contours corresponding to the idealized oblique shock / 

boundary-layer interaction with 3 mm micro VG control are shown in Figure 6.24 for the 

RANS and LES/RANS models.  The generation of an additional oblique shock wave by the 

micro VG is of note, as is the effect of the incident oblique shock in turning the vortex pair 

generated by the micro VG more toward the surface.   The instantaneous snapshot indicates a 

more energetic eddy structure downstream of the shock impingement position.   This may 

result from turbulence amplification through baroclinic torque, bulk compression, shock 

motion, and other mechanisms.   

Surface velocity contours are shown in Figures 6.25 and 6.26 for the RANS and 

LES/RANS models, respectively.  The vortices predicted by the LES/RANS model transfer 

more high-momentum fluid to the surface in the region directly behind the micro VGs, this 

being indicated by lighter contours.  As a consequence, the overall separation extent is 

reduced for the LES/RANS calculation, relative to the RANS calculation.  This is 

particularly evident for the low-momentum region directly behind each micro VG apex.   

Comparing Figures 6.25 and 6.26 with Figures 6.22 and 6.23, it is seen that the dominant 

effect of the micro VG array is to break up the nominally two-dimensional separation region 

into smaller pockets.  The micro VG array appears more effective in actually eliminating 

regions of low-momentum fluid in this idealized interaction than in the wind-tunnel case.  

The vortices generated by the micro VG array appear to broaden downstream of the  
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interaction for the LES/RANS model.  This could be a consequence of the turbulence 

amplification mechanisms noted earlier, and the effect is to homogenize the surface fluid in 

the spanwise direction.   The average surface velocity at the exit plane is about 30 m/s for the 

LES/RANS model and about 28 m/s for the RANS model, but the spanwise distribution of 

velocity for the LES/RANS model is much more uniform.  The region of low-momentum 

fluid directly behind the micro VG apex is smaller in the LES/RANS calculation, and the  

Fig. 6.24 Centerplane Mach number contours (idealized interaction with micro VG array)

RANS (Menter SST) 

LES/RANS 
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Fig. 6.26 Surface velocity contours (range: -5 m/s (dark) to 35 m/s) for idealized SBLI with 
micro VG control (LES/RANS model) 
 

Fig. 6.25 Surface velocity contours (range: -5 m/s (dark) to 35 m/s) for idealized SBLI with 
micro VG control (Menter SST RANS model) 
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minimum velocity in this region is higher (~25 m/s versus ~12 m/s). The fact that the vortices 

generated by the micro VGs continue to energize the boundary layer well downstream of the 

main interaction is noteworthy, as it indicates the potential of controlling weaker shock / 

boundary-layer interactions generated as a part of a shock train, even if the main separation 

region is not totally eliminated. 

Figure 6.27 presents span-averaged axial velocity profiles at X = 129, 159, 189, and 249 

mm for the RANS and LES/RANS models with and without micro VG control.  A general 

trend is that the LES/RANS model results in a faster recovery of the inner part of the 

boundary layer, compared with the RANS model.  The effect of the micro VG array is to 

produce a fuller velocity profile, especially near the wall. 

 

 

Fig. 6.27 Span-averaged axial velocity profiles for RANS and LES/RANS closures with and 
without micro VG array (idealized interaction)  
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6.4   Conclusions 

The following observations may be stated for the work presented in this chapter based on 

the simulations of experiments conducted at Cambridge University. 

1.  A comparison of IB predictions with those obtained on a body-fitted mesh for Mach 

2.5 flow over a single 6 mm micro VG indicates that the IB techniques tend to over-

predict the ‘momentum sink’ effect of the VG.  Results improve with the use of 

fractional powers (k=1/7 or k=1/9) in reconstructing the velocity field near the IB and 

with the use of an LES/RANS turbulence closure.  Good agreement with experimental 

laser Doppler anemometry (LDA) velocity data is generally achieved for the 

LES/RANS model, particularly at measurement stations further away from the VG. 

2.  Simulations of an oblique shock / turbulent boundary layer interaction in the 

Cambridge University wind tunnel indicate that blockage effects caused by corner 

vortices play a significant role in the topology of the interaction.   The corner vortices 

force boundary-layer fluid toward the centerline, leading to an elongation of the 

recirculation region at the centerline and a shortening of the region in the spanwise 

direction.   Surface-pressure and axial velocity predictions using the Menter SST 

model are in good agreement with experimental data, but the entire wind-tunnel flow 

path must be simulated for accurate results. 

3.  The effect of a 3 mm micro VG array on the wind-tunnel shock / boundary-layer 

interaction is to deform the region of flow separation but not to eliminate it entirely. 

The vortices generated by the micro VG array force higher momentum fluid toward 
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the surface, making the boundary layer more resistant to the adverse pressure gradient 

in regions directly contacted by the vortices.   The vortices also persist far downstream 

of the interaction.  Good predictions of axial velocity throughout the interaction region 

are obtained if computed velocity profiles are averaged over the experimental laser-

position uncertainty of 2.5 mm. 

4.   Shock / boundary-layer interactions have also been simulated on a spanwise-periodic 

domain to examine the ideal behavior of the micro VG array and to compare the 

RANS and LES/RANS models.  These two-dimensional interactions result in much 

less flow separation near the centerline for both models, with the LES/RANS model 

providing a more rapid recovery of the boundary layer downstream of the interaction.  

The primary effect of the micro VG array is again to break up the two-dimensional 

separation region into smaller pockets.  The strengths of the vortices generated by the 

array are sustained further downstream, and the LES/RANS model, in particular, 

predicts a broadening of the vortices that energizes the entire recovering boundary 

layer.   These trends suggest that the micro VG concept has the potential of controlling 

weaker shock / boundary-layer interactions (generated as part of a shock train) even if 

the primary separation region is not wholly eliminated. 
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Chapter 7 

Flow Control: Bleed Holes 

 

Bleed holes act as a passage through which low momentum fluid close to the wall is 

removed by active suction to a plenum chamber from where it is discharged [63]. This device 

is used in supersonic engine inlets to improve the health of the boundary layer by making it 

fuller and hence resistant to separation.  Figure 7.1 shows an array of bleed holes which are 

cut through plates (two) and have been rendered here as immersed surfaces. The work 

presented in this chapter studies the flow effects induced by multiple rows of normal bleed 

holes.  

 

 

 

Fig. 7.1 3-D view of bleed plate with an array of 90 degree through holes
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7.1 Case Studies 

In this work two different types of studies have been done. The first one involves a 

supersonic flow over a bleed plate which is done to evaluate the computed discharge rates 

through the bleed-hole array at different values of the plenum pressure. This was also done to 

look into the effects of the choice of power law for the IB surfaces rendering the bleed-hole-

array on the mass discharge coefficient. The second study is a simulation of an SBLI with 

control and without control. Both of these studies were based on experiments conducted by 

Willis et al. [62-63] at NASA Glenn Research Center. 

7.2 Problem Setup  

A. Experiment Details 

Experiments involving the effects of boundary layer bleed on shock interaction control 

were performed at NASA Glenn Research Center by Willis, et al. [63] .The experiments 

were performed at a nominal Mach number of 2.46, a stagnation temperature of 292 K, and a 

stagnation pressure of 172.4 kPa.  Other parameters are summarized in Table 7.1.    In the 

configuration, an eight-degree wedge was placed so that the generated oblique shock 

impinged in the middle of a 9.52 cm bleed region embedded within the wind-tunnel lower 

surface.  This region consisted of a regular array of one hundred circular holes with diameter 

D = 0.635 cm and length L = 0.635 cm, oriented 90 degrees with respect to the plate surface   

The bleed flow exited into a plenum chamber, and the rate of mass flow out of the system 

was controlled by a regulator and driven by a vacuum generated by a 450 psi air ejector 



 
106

system.  Both the plenum pressure and overall bleed mass flow were recorded in the 

experiments.   Data collected in these experiments included Pitot pressure surveys at different 

streamwise locations, wall static pressure distributions, and Pitot pressure surveys taken in 

the bleed-region exit plane, all as a function of the bleed mass flow rate.   In the experiments, 

the bleed mass flow rate is expressed as a discharge coefficient Q, representing the ratio of 

the actual bleed rate to the ideal value obtained under choked-flow conditions.   Data was 

obtained for three values of Q –   0.00, 0.0342, and 0.0685 – as well as for a baseline case 

where the bleed plate was replaced by a solid surface.  This case differs from the Q = 0.00 

case, as the latter allows bleed into, and injection out of the plenum.   Except for the zero 

bleed case (Q = 0.0), all other cases are considered in this study.    

In addition to the Willis, et al. shock / boundary-layer experiment [63], calculations were 

also performed for an experiment involving Mach 2.45 boundary-layer flow over a bleed 

plate [62]. This experiment focused on quantifying the discharge coefficient as a function of 

hole size, hole angle, plenum pressure, and free-stream conditions.  The hole shape is the 

same as in [63] but the spacing of the holes within the array is different.   Table 7.2 

summarizes the flow conditions for this experiment.   

B. Computational Domain  

The computational domain for the Willis, et al. [62] flat-plate boundary-layer simulations 

extends from X = -5.08 cm to X = 17.78 cm in the streamwise direction, from Y = 0 cm to Y 

= 7.62 cm in the wall-normal direction, and from Z = -1.905 cm to Z = 1.905 cm in the  
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Table 7.1 Free-stream and boundary-layer conditions for Willis, et al. [63] shock / boundary-
layer experiments 

M∞  2.46 

p∞  (kPa) 172.4  

0T  (K) 292.0  
Re/m 71.81 10×  

refδ  (cm) 2.63  
*
refδ  (cm) 0.727 

refθ  (cm) 0.196 

fC  31.43 10−×  
 

 

Table 7.2 Free-stream and boundary-layer conditions for Willis, et al. [62] flat-plate 
boundary-layer experiments 

M∞  2.46 

 p∞  (kPa) 172.4  

0T  (K) 293.0  
Re/m 71.75 10×  

refδ  (cm) 2.63  
*
refδ  (cm) 0.727 

refθ (cm) 0.198 

fC  31.29 10−×  
 

spanwise direction.   The bleed plenum for this case ranges from X = -1.905 cm to X = 9.525 

cm and from Y = -7.62 cm to Y = -0.635 cm, and the bleed-hole region extends from X = 0 

cm to X = 7.62 cm and from Y = -0.635 cm to Y = 0 cm.  To provide better resolution near 

the bleed ports, the meshes covering the bleed region are refined by a factor of two in the Z 

direction.  A patched-mesh boundary condition [88] is used to facilitate the coarse-to-fine 
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and fine-to-coarse information transfers in this region.   The X-Z resolution is sufficient to 

cover each circular bleed hole with a 10×10 square mesh.   The total number of cells is 3.24 

M, with 2.268 M located above the flat plate, 0.432 M within the bleed-hole region, and 

0.540 M in the plenum.    The bleed plate itself is generated as a combination of surfaces:  

two flat plates with cut-out holes for the top and bottom portions and 18 hollow cylinders (L 

= 0.635 cm, D = 0.635 cm) for the walls of the hole.  A relatively fine IB surface mesh, 

containing 1.32 M points, was used to ensure an accurate distance-function evaluation, as the 

method employed in this work does not search within individual panels for the true nearest-

distance.  Figure 7.2 shows the immersed-surface rendition of one circular cylinder (hole- 

wall) and the surrounding mesh.   

The computational domain for the Willis, et al. [18] shock / boundary-layer interaction 

simulations extends from X = -31.81 cm to X = 25.0 cm in the streamwise direction, from Y 

= 0.0 cm to Y = 21.5 cm in the wall-normal direction at the inflow plane, and from Z = -5.08 

cm to Z = 5.08 cm in the spanwise direction.   The upper boundary is aligned with the 

position of the 8-degree shock generator.  The nominal mesh spacing in the X and Z 

directions is 0.13 cm, decreasing to half of this value in the portions of the mesh covering the 

bleed region.  The meshes covering the bleed region range from X = -2.23 cm to X = 13.01 

cm and from Y = -2.5 cm to Y = 0.0 cm.  The plenum chamber extends from X = -14.5 cm to 

X = 26 cm at the upper end (end of bleed region, Y = -2.5 cm) and from X = -3.82 cm to X = 

15.82 cm at the exit (Y = -24.64 cm). The cross-section of the plenum is rectangular till about 

Y = -9.88 cm and then tapered to the dimensions at the exit using cubic fits. 
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The bleed ports for this case are the same size as in the flat-plate study and the X-Z 

resolution is sufficient to cover each port with 10 ×10 square cells.  The total number of mesh 

cells is 21.504 M, with 12.544 M located above the flat plate, 1.792 M located in the portion 

of the domain covering the bleed holes, another 1.792 M in the region between the bleed 

holes and the plenum and 5.376 M located in the plenum.   The bleed-plate surface mesh 

contains 4.367 M points and is comprised of two flat sections with cut-out holes and 68 

individual hollow cylinders. 

 

Fig. 7.2 Mesh around the IB rendition of a circular bleed hole

Points rendering the circular 
cylinder  
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C. Boundary Conditions  

No-slip, adiabatic-wall boundary conditions are imposed on all solid surfaces (excepting 

shock-generator and plenum walls where a slip wall condition is imposed) for both cases.  A 

linear power-law is used to define the near-surface velocity interpolation for the flat-plate 

portions of the immersed bleed-plate object, as the mesh spacing near the wall is sufficient to 

resolve the viscous sublayer.  The power-law for the portions representing the hole walls was 

varied as part of the flat-plate boundary-layer study, but in general, a fractional power law 

(1/7 or 1/9) is employed, as the mesh resolution near the hole surfaces does not extend into 

the viscous sublayer.    A subsonic outflow condition which imposes the experimental mass 

flow rate (using a relaxation technique) is used at the plenum exit. Pressure and temperature 

are extrapolated and density is calculated based on equation of state. The normal velocity is 

then fixed based on the value of mass flux imposed and the density. The tangential velocity 

components are also zeroed out. Periodic boundary conditions are imposed in the spanwise 

directions.  It should be noted that the experiments of Willis, et al. [63] used aerodynamic 

fences to isolate the interaction region from the corner flows developing in the wind tunnel.  

The spanwise extent of the computational domain does not extend to the positions of the 

fences (+/- 7.94 cm), and as such, the calculations represent an idealized shock / boundary-

layer interaction free from effects of mean three-dimensionality.   For the flat-plate 

boundary-layer simulations, flow properties are extrapolated from the interior on the upper 

boundary and the downstream boundary.  For the shock / boundary-layer interactions, slip-
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wall conditions are applied along the upper boundary, and properties are extrapolated from 

the interior at the downstream boundary.  

D. Calculation Details 

In all cases, a flat-plate simulation at the test-section conditions was performed to 

determine the place at which the predicted boundary layer properties most closely matched 

the experimental data.   Flow properties at the inflow plane of the computational domain 

were then extracted from the flat plate solution at a location consistent with the position of 

the inflow plane relative to the measurement location.  Convergence of the RANS 

calculations was ascertained using three measures:  relative decrease in residual norm, 

constancy of surface quantities, and constancy of the global mass flow rate and bleed mass 

flow rates.  The bleed mass flow rates were evaluated at the bleed-hole entrance and exit 

planes as well as the plenum exit plane.     The LES/RANS calculations were initiated by 

super-imposing scaled boundary-layer fluctuations from an earlier calculation onto part of a 

converged RANS solution.   After several flow-through times to eliminate initial transients, 

time-averaged statistics for the LES/RANS calculations were collected over a minimum of 

seven flow-through times, based on the domain length and free-stream velocity. 
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7.3 Results 

A. Flat-Plate Boundary Layer Simulations with Bleed 

 Simulations of Mach 2.5 flow over a perforated plate were performed to ascertain the 

ability of the methodology to predict the discharge coefficient as a function of plenum 

pressure.  The Menter BSL RANS model was used for these calculations.  Mach number 

contours in Figures 7.3 and 7.4 shows the characteristic pattern of flow entrainment into the 

bleed holes.  The immersed-boundary object that represents the bleed plate is shown in 

Figure 7.3. A large pocket of separated flow is formed at the upstream edge of each hole.  

The near-wall fluid accelerates to supersonic velocities within the bleed port and is forced to 

change direction, moving down into the plenum.  The separation region forms an effective 

converging / diverging nozzle that first slows the supersonic flow down, then expands it to 

higher supersonic velocities before entering the plenum.   Figure 7.5 plots the discharge 

coefficient (actual mass flow rate divided by ideal (isentropic) mass flow rate at sonic 

conditions) versus the ratio of the plenum pressure to the upstream stagnation pressure.    The 

predictions are seen to be in reasonable agreement with the experimental data.   The 

predicted mass flow rate is a strong function of the power used to define the band-cell 

velocity field near the hole surfaces.    Using a value of k = 1 (consistent with a linear near-

wall velocity field and laminar flow) leads to too much flow separation within the bleed 

holes and to a reduction in the discharge coefficient.   Values more consistent with a 

turbulent profile (k = 1/7 or k=1/9) promote more flow attachment and provide discharge 

coefficients more in accord with the experimental data.   The predicted discharge coefficients 
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at lower plenum pressures are somewhat smaller than indicated in the experiment and in an 

earlier calculation that used body-fitted meshes to resolve a small segment of the bleed hole 

array [61].   The effect of reducing the X-Z mesh resolution over each hole from 10×10 cells 

/ hole to 5×5 cells / hole is also shown for the lowest plenum pressure.   A reduction in 

predicted mass flow rate of about 17%, relative to the baseline 10×10 resolution, is observed. 

 

 

 

Fig. 7.3 3-D view of flow over a perforated plate with active suction (Mach number contours 
shown) 
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B. Oblique-Shock / Turbulent Boundary Layer Interaction without Bleed 

A snapshot of temperature contours along the X-Y centerplane is shown in Figure 7.6 for 

the baseline shock / boundary-layer interaction without bleed.  The results indicate a general 

thinning of the boundary layer downstream of the shock reflection as well as local ‘hot spots’ 

(darker contours) caused by turbulent separation and re-attachment as well as by shock 

interaction.   The shock wave is strong enough to induce mild separation of the turbulent  

Fig.7.4 X-Y view of flow over a perforated plate with active suction (Mach number contours 
shown) 
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boundary layer, as indicated in Figure 7.7, a plot of centerline wall pressure.  The better 

agreement with experimental data is provided by the Menter SST RANS model, which 

correctly predicts the degree of upstream influence shown in the experiment.  The 

LES/RANS model and Menter BSL RANS model (not shown) tend to under-predict the size 

of the separation region.   These results may be viewed with some caution, as computations  

No bleed 
Oblique shock 

Turbulent boundary layer 

Fig. 7.6 Snapshot of centerplane temperature contours for oblique shock interaction without 
bleed 

Fig. 7.5 Flow coefficient versus plenum pressure 
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based on the SBLI studies at Cambridge [50], which were presented in Chapter 6,  showed 

strong side-wall effects.   The aerodynamic fences employed in the NASA Glenn 

experiments should mitigate this effect to some degree, but they also induce their own wave 

interactions.   The level of mean three-dimensionality present in the NASA Glenn 

experiments should be quantified in future work.   

Centerline Pitot-pressure distributions throughout the interaction region are shown in 

Figure 7.8 for the LES/RANS and Menter SST model. The first trace of the incident oblique 

shock is captured at station 4, with the sharp pressure change at ~ 4 cm from the wall. 

Stations 5-8 (x = 3.8, 29.2, 54.5, 80.0 mm) form the core of the interaction of the oblique 

shock with the boundary layer. This is expected as these stations are within the bleed plate 

and the inviscid oblique shock impinges ideally at the center of the bleed region. The  

Fig. 7.7 Wall pressure distributions:  shock / boundary-layer interaction without bleed
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experimental data shows the onset of separation in profile 5.  Good agreement is generally 

observed, with some discrepancies in the wake-like profile noted in the LES/RANS 

predictions at the X = 3.8 mm and X = 29.2 mm stations.   These are related to the under-

prediction of axial separation noted earlier. In the recovery region, the LES/RANS and 

RANS predictions generally bracket the experimental data, with the former slightly over-

predicting the rate of recovery of the boundary layer. 

 

 Fig. 7.8 Pitot pressure distributions:  shock / boundary-layer interaction without bleed
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C. Oblique-Shock / Turbulent Boundary Layer Interaction with Bleed  

The cases detailed in this section involve suction through a 68-hole perforated plate, 

shown in Figure 7.9 as the zero iso-surface of the signed distance function.  Two different 

bleed rates, referred to henceforth as ‘full bleed’ (maximum bleed) and ‘half bleed’, which is 

basically half of the maximum bleed, were simulated. Both RANS and LES/RANS 

simulations were performed for the full bleed case while only the LES/RANS model was 

used for the half bleed simulation. The experimental and computed (averaged from 

LES/RANS simulations) values of the flow co-efficient are listed in Table 7.3.  Both the 

simulations were initialized with plenum pressures which correspond to those in the 

experiment for the respective bleed rates (5534 Pa for full bleed and 17413 Pa for half bleed).   

In the half-bleed case, the bleed mass flow rates are much more unsteady due to periodic 

blowing and suction  through the holes located upstream of the shock impingement position.  

 

Table 7.3 Flow coefficients for experiment and computation at different bleed rates 
Bleed Rate Experiment CFD 

Full Bleed 0.0685 0.062 
Half  Bleed 0.0342 0.034 

 

Temperature contours shown in Figure 7.9 reveal that the bleed array produces localized 

wave patterns associated with the formation of expansion waves as the near-wall fluid moves 

into each bleed port and with the formation of a re-compression shock located at the 

downstream edge of the bleed port. This response occurs for all the bleed ports in the full 

bleed case but only in the most downstream (last two) ports for the half bleed case. A general 
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thinning of the boundary layer within and downstream of the bleed region is evident, as is a 

re-compression shock located just downstream of the end of the bleed region.  Overall the 

effects are more pronounced for the full bleed case.  Higher temperatures are noted near the 

vicinity of the shock impingement position for the half bleed case.  These are associated with 

a recirculation region formed due to the shock impingement and enlarged somewhat by air 

blowing out from the plenum.  The free-jet expansion of the bleed-hole fluid as it enters the 

plenum is less pronounced for in the half-bleed case, due to the higher plenum pressure.    

Centerline surface pressure distributions in Figure 7.10 provide more evidence of the 

localized expansion / compression events induced by the suction effect.   The pressure levels 

at the surface plane over each bleed port are included in the computational distributions to 

provide an indication of the local flow patterns.  For the full bleed simulation, the 

LES/RANS and RANS predictions are very similar, and when averaged to the experimental 

data locations, are in reasonable agreement with the measurements. Surface pressure 

predictions for the half bleed case also compare reasonably well with the data. It is 

interesting to note that the localized compression/expansion effects are relatively absent in 

the upper part of the interaction region for the half bleed case compared to the maximum 

bleed scenario. This is due to the absence of active suction through the bleed ports in this 

region for the lower bleed rate. In Ref. [63], some discussion is made of the fact that the 

measured wall pressure for the maximum bleed simulation is higher in some places than the 

value obtained through oblique due to the suction effect, flow is directed into the static tap, 

causing it to read a higher value. 
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 Another explanation, furthered by the computational results, might be that some of the 

static taps are very close to a bleed hole and as such, the static taps measure an average value 

associated with the rapid compression / expansion process occurring at the downstream edge 

of each bleed hole.   It is clear that the bleed effects are highly localized, at least for this 

particular array. 

b) full bleed 

Full bleed 

a)  half bleed 

Half  bleed 

Fig. 7.9 Snapshot of temperature contours with inset bleed plate:  shock / boundary-layer
interaction with bleed 
 



 
121

 

 

Pitot-pressure distributions throughout the interaction region are shown Figures 7.11 and 

7.12 for the LES/RANS and RANS simulations.   The model predictions are very similar and 

agree well with the experimental data.   The LES/RANS model produces a slightly fuller 

a) half bleed 

b) full bleed 

Fig. 7.10 Wall pressure distributions:  shock / boundary-layer interaction with bleed; 
(*) - averaged at pressure tap locations 
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Pitot-pressure profile near the wall downstream of the bleed region for both the bleed rates.  

This result is consistent with that evidenced for the case without bleed, in that the 

LES/RANS model generally provides a more rapid recovery of the boundary layer 

downstream of a shock-induced disturbance.   Predictions within in the interaction region, 

specifically at the 80 mm station, are not quite as good, especially for the half bleed case 

(Figure 7.11). This is possibly due to the difference in the structure of the separation shock 

between experiment and that predicted by computation. 

Pitot-pressure distributions extracted at the bleed-hole exit plane (Figure 7.13) for the full 

bleed case indicate that the computations under-predict the measured peak pressure level at 

all axial stations, with the LES/RANS model providing slightly better agreement.   This trend 

is consistent with the under-prediction of the overall bleed mass flow rate mentioned above.  

It is possible that these results would improve with additional X-Z mesh refinement over the 

holes.  

Further details of the flow within the bleed holes are shown in Figures 7.14 and 7.15.   

The bleed mass flux distributions over the entire array for the full- and half-bleed LES/RANS 

simulations are displayed in Figure 7.14.  Of particular note is the increase in bleed mass flux 

in the region downstream of the shock-impingement location.  This is the expected trend, as 

the pressure level is higher in this region.   For the full-bleed case, the suction effect is much 

less for bleed ports located upstream of the shock impingement location. The mass fluxes in 

this this region are similar to those found in the flat-plate boundary layer simulations 

discussed above. Some localized entrainment of bleed-hole fluid into the boundary layer is  
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noted for the full-bleed case, but a much stronger blowing effect is present for the half-bleed 

case. This is due to a pressure differential within the plenum caused by the preferential 

injection of mass downstream of the shock impingement location.  Mach number contours 

and streamlines in Figure 14 indicate that the initial entrainment of fluid into the bleed port 

occurs through a supersonic expansion that is terminated by a ‘barrier shock’ [59] oriented 

normal to the flow direction. The lowermost portion of this shock wave interacts with the  

 
Fig. 7.11 Pitot pressure distributions:  shock / boundary-layer interaction with half-bleed
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fluid near the upstream edge of the bleed port, creating a region of separation that acts to 

reduce the cross-section area occupied by the core fluid.  The growth of this region creates an 

area minimum, which allows the subsonic flow behind the barrier shock to accelerate to 

supersonic speeds at the bleed-hole exit.  This under-expanded jet then relaxes to the plenum 

pressure level through a series of expansion and compression waves.   The uppermost portion 

of the barrier shock propagates out of the bleed port.  The fluid that passes through this part 

of the barrier shock is compressed to levels in excess of the average wall pressure and is then  

 
Fig. 7.12 Pitot pressure distributions:  shock / boundary-layer interaction with full-bleed
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expanded as it turns toward the flat-plate surface.  This provides the mechanism for the large 

spikes in the wall pressure distributions shown in Figure 7.10. 

 

 

 

 

 

 

 

Fig. 7.13 Pitot pressure profiles at exit of bleed holes with full bleed  
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a) half bleed 

Inviscid shock 
location 

Flow 
direction 

b) full bleed 

Inviscid shock 
location 

 
Flow 

direction 
 

Fig. 7.14 Bleed mass flux distribution
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D. Reynolds-Stress Evolution and Turbulence Structure 

Turbulence amplification is a well-known characteristic of shock / boundary-layer 

interactions.   Bulk compression, streamline curvature, shock oscillation, and the dynamics of 

separation / re-attachment all contribute to the amplification effect. [89]  Large bleed rates as 

used in the Willis, et al. experiments can essentially remove turbulent separation but also 

induce other disturbances that could potentially amplify turbulence   Figures 7.16 and 7.17 

plot span-averaged contours of resolved turbulence kinetic energy  and resolved Reynolds 

shear stress ( u vρ ′ ′ ) for the LES/RANS cases with and without bleed.  For the case without 

bleed, large Reynolds-stress values are found near the time-averaged position of the 

separation shock and downstream of the re-attachment location.  Further downstream, the 

stresses begin to relax to levels similar to, but larger than those in the incoming boundary 

Fig. 7.15 Mach number contours in bleed hole
 

Separation region 

Under expanded jet 

Sonic line 

Barrier shock 
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layer.   With full bleed, the separation / re-attachment response is eliminated, and very little 

Reynolds-stress amplification is observed.   The half-bleed results indicate that some initial 

amplification takes place near and upstream of the shock-impingement position, as there is 

no significant suction effect in this region.   Further downstream, the suction effect 

suppresses the shock system dynamics, and the Reynolds stresses again begin to relax to 

values similar to those in the upstream boundary layer. The wave patterns generated by flow 

into the bleed holes generate local disturbances in the Reynolds stresses, but these propagate 

out of the boundary layer.  This result indicates that the dominant source of Reynolds-stress 

amplification in impinging shock / boundary-layer interactions may be the dynamics of the 

separation region, which triggers the motion of the separation and re-attachment shocks.   

Figure 7.18 shows iso-surfaces of the swirl strength (10000 s-1) [90] for the interactions 

with and without full bleed.  Visually, the interactions are similar, displaying a general 

increase in structural content and the presence of more smaller-scale structures within and 

downstream of the interaction region.   A more quantitative measure, shown in Figure 7.19, 

is obtained by calculating the probability density function of the logarithm of the swirl 

strength at different streamwise locations.  The most probable value is indicated as the peak 

in the distribution, and a shift in the distribution to the right implies an increase in the 

population of more tightly-wrapped (finer-scale) vortical structures.   This can also imply a 

general decrease in turbulence length scales.  For the interaction without bleed, the most 

probable swirl strength value increases by about an order of magnitude as the flow separates,    
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Fig. 7.17 Evolution of Reynolds shear stress u vρ ′ ′  through the interaction region 

Full bleed 

Half bleed 

No bleed 

x [m] 

Fig. 7.16 Evolution of resolved turbulent kinetic energy through the interaction region

Full bleed 

Half bleed 

No bleed 

x [m] 
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then re-attaches. In the recovery region, the most probable swirl-strength value decreases, 

and the distribution approaches that of the upstream boundary layer.   With bleed, the 

distributions do not deviate as much in the interaction region, though the trend of an 

increasing population of finer-scale structures still holds.   The swirl-strength distributions in 

the recovery region are close to those in the incoming boundary layer, again showing that the 

bleed effect accelerates the recovery of the boundary layer to a new equilibrium state 

following the shock reflection. 

 

 

 

Bleed 
region 

Bleed 

No bleed 

Fig. 7.18 Iso-surfaces of swirl strength (10000 s-1) for interactions with full bleed and no 
bleed 
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Fig. 7.19 Evolution of swirl-strength probability density distributions 

a)  No Bleed 

b)  Full Bleed 
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7.4 Conclusions 

In this chapter, impinging oblique shock / turbulent boundary layer interactions with and 

without bleed have been simulated using the immersed-boundary method proposed in this 

work. The simulations are based on experiments performed at NASA Glenn Research Center 

by Willis and co-workers.  The following observations may be stated.  

The following observations about the work presented in this chapter may be stated  

1. The mass-conservative immersed-boundary method used in this work is an effective 

technique for simulating the effects of a large number of discrete bleed holes.  

Experimental discharge coefficients are slightly under-predicted but would probably 

improve with the use of a finer X-Z mesh over each bleed port. 

2. Both the Menter SST RANS model and the LES/RANS model provide excellent 

predictions of Pitot pressure distributions throughout the interaction region, with and 

without boundary-layer bleed.  Surface pressure distributions are better predicted by 

the Menter SST RANS model for the case without bleed. 

3. At high bleed rates, near-wall boundary layer fluid expands supersonically into the 

bleed ports.  A barrier shock compresses the fluid, and its interaction with the bleed-

wall boundary layer forms a vena contracta that accelerates the core fluid to 

supersonic speeds as it exits the bleed port.   The fluid that passes through the upper 

part of the barrier shock is compressed to levels in excess of the average wall pressure 

and is then expanded as it turns toward the flat-plate surface.   This leads to pressure 

‘spikes’ that are partially captured in the experimental distributions.  
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4. Reynolds-stress predictions obtained from the LES/RANS model indicate that the use 

of boundary-layer bleed suppresses the amplification of turbulence often noted in 

shock / boundary-layer interactions.  This result indicates that the dominant source of 

turbulence amplification in un-controlled interactions may be the dynamics of the 

separation / re-attachment event.  

5. Swirl-strength probability density distributions indicate that the shock / boundary-

layer interaction itself causes the formation of finer-scale vortical structures.  The use 

of boundary-layer bleed accelerates the recovery of the probability density 

distributions toward an equilibrium state similar to that in the incoming boundary 

layer. 

6. The disturbances initiated by the Willis, et al. bleed-hole array are highly localized and 

are not representative of a continuous suction effect.   This implies that existing 

models for boundary-layer bleed [91-92] may need to consider spatial variations in 

surface porosity, at least for arrays with larger bleed holes. 
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Chapter 8 

Flow Control: Aeroelastic Mesoflaps 

 

Mesoflaps are thin aeroelastic devices used for the passive control of SBLI in studies 

conducted at UIUC [64-66]. Figure 8.1 shows 3-D views of the mesoflap array and a single 

mesoflap, both of them rendered as immersed surfaces.  The simulation of flow control using 

this device required modeling of a fluid-structure interaction (FSI) problem. The 

methodology adopted has been outlined in detail in Chapter 5.  

 

 

 

Flow 

a) b) 

Fig. 8.1 3-D views of mesoflap; a) deflected mesoflap array with flow direction indicated, b) 
a single mesoflap (entire width in z direction not shown for compactness) 
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8.1 Case Studies 

As in the studies involving the wedge shaped vortex generators [Chapter 6] or bleed plates 

using arrays of 90° holes [Chapter 7], the present study involves simulations of SBLI with 

and without flow control. Both LES/RANS and RANS turbulence closures have been used 

for the studies as before. For the simulations with the mesoflap array, two different 

approaches have been adopted for the FSI problem,  

1. The first approach does not involve the dynamics of the mesoflaps and is computed as 

a 2-D quasi-steady simulation similar to the approach adopted by Wood et al. [67]. A 

RANS turbulence closure is used in this case.  

2. The second approach takes into account the dynamics of the flaps and is computed as 

3-D dynamic simulation using the LES/RANS turbulence closure for the fluid solver. 

8.2 Problem Setup  

A. Experiment Details 

Experiments involving mesoflap arrays having different thicknesses, layouts and 

arrangement to control SBLIs, have been performed at UIUC by Dr. Dutton and his group 

[Ref 8.1-8.4]. The experiments were performed at a nominal Mach number of 2.45, a 

stagnation temperature of 300 K, and a Reynolds number / meter of 657 10× .  The test 

section in the wind tunnel is 50.8 mm high and 50.8 mm wide.  Data collected in these 

experiments include centerline axial velocity at various streamwise stations using one 

component Laser Doppler Velocimetry (LDV) and wall static pressure distributions.  The 
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velocity data was used for generating profiles of streamwise normal stress intensity and 

boundary layer integral properties.   This work focuses on two of the UIUC experiments:  

1. An oblique shock / turbulent boundary-layer interaction at Mach 2.45 induced by a 8-

degree wedge placed on the upper wall of the wind tunnel (LDV velocity data, surface 

pressure measurements) 

2. The same oblique shock / turbulent boundary layer interaction with the addition of an 

array of six third generation [66] mesoflaps of thickness = 76.2 μm in the shock 

interaction region (LDV velocity data, surface pressure measurements).  

The mesoflap system, in the experiments simulated in this work, consisted of a steel 

frame, with supporting spars that ran across the entire span. The mesoflap array, which is 

made out of a plate of nickel-titanium (nitinol) [66], was bonded to the stringer plate. The 

mesoflaps were 4.63 mm long, spanned about three-quarters of the wind tunnel and had a 

thickness of 76.2 μm. The mesoflap array enclosed a cavity which was 44.5 mm wide and 

19.1 mm deep. The leading edge of the first mesoflap (counted from upstream to 

downstream) was located about ~22.25 mm upstream of the centre of the cavity (which was 

also the shock impingement location). The centre of the cavity was denoted as X0 in the 

experiment, and this convention has been followed in this work. For convenience, the 

computational domain used in this work (details in next section) has X0 = 0. The leading 

edge of the shock generator was placed at 19.4δ0 upstream of X0 where δ0 is the reference 

boundary layer thickness. This is also the location where the inflow boundary layer 

properties were calculated in the experiment. In the computational domain, the shock 
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generator position was adjusted such that the oblique shock impingement location was 

approximately at the center of the cavity, X0.  The boundary layer thickness at the inflow 

plane, δ0, was determined as 4.0 mm by fitting the velocity data to the experimental curve fit 

due to Sun and Childs [93]. The compressible displacement thickness and momentum 

thickness were also calculated from the curve fit as 0.27δ0 and 0.075δ0 respectively. Velocity 

profiles were collected at streamwise stations of ( )0 0X-X /δ 19.4= − , ( )0 0X-X /δ 0.12= − ,  

( )0 0X-X /δ 2.26= , ( )0 0X-X /δ 8.73=  and ( )0 0X-X /δ 15.0=  for the SBLI without any 

control. For the case with the mesoflap array in place, velocity data was collected at locations 

downstream of the mesoflap array at ( )0 0X-X /δ 8.73=  and ( )0 0X-X /δ 13.4=  [64].   

B. Computational Domain  

All the SBLI studies conducted in this work have a computational domain which renders a 

part of the test section in the experiment.  This is henceforth referred to as the upper or 

primary domain. For the cases with the mesoflap array in place, an additional domain for the 

cavity is also considered. The primary domain extends from ( )0X-X 99.05 mm= −  to 

( )0X-X 60.65 mm=  in the streamwise direction and from Y = 0 to Y = 58.0 mm in the wall 

normal direction at the start of the domain, which reduces to Y =~ 39.8 mm at the trailing 

edge of the shock generator and remains constant at that value till the outflow. For all the 

simulations which use a RANS closure, (which includes the case for a quasi-steady FSI 

simulation) the domain is 2-D (one cell thick). For the LES simulations, the domain extends 

from Z =-19.4 mm to Z =19.4 mm which is 9.7 δ0 wide. The streamwise and spanwise grid-
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spacing is ~ δ0/15, and spacing at the lower wall in the normal direction is 0.005 mm. The 

cavity (used for the SBLI interactions with control) extends from ( )0X-X 22.25 mm= −  to 

( )0X-X 22.25 mm= in the streamwise direction and Y = 0. mm to Y = -19.1 mm  in the wall 

normal direction.  The spanwise extent of the cavity is the same as for the upper domain i.e. 

from Z =-19.4 mm to Z =19.4 mm for the LES/RANS simulation. The number of cells (LES 

/RANS computations) for the upper domain is ~18.66M with the cavity having additional 

~1.55M cells. The array of mesoflaps (including the spars) is rendered as an IB surface. 

Figure 1(b) shows a single flap structure with the fixed spar. The number of points required 

in rendering the array structure is 791453. 

C. Boundary Conditions  

For the upper domain used in all the shock / boundary-layer interaction studies, no-slip 

wall conditions are applied along the lower wall, slip-wall conditions are applied along the 

upper boundary, and properties are extrapolated from the interior at the downstream 

boundary. For the domain used for the cavity, slip-wall conditions are used for the lower and 

side walls.  Periodic conditions are used in the spanwise directions for both the domains  

The value of power law chosen in different parts of the mesoflap is as follows – k = 1 for 

the flap upper and lower surfaces and k = 1/9 for all other surfaces. The primary criterion in 

the choice of the power law for any immersed surface was the grid resolution in the direction 

normal to the surface. A linear power-law is used to define the near-surface velocity 

interpolation for surfaces when the mesh spacing (normal) near the surface is sufficient to 

resolve the viscous sub-layer.  
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D. Calculation Details 

To determine the inflow conditions for all the SBLI studies, a flat-plate simulation at the 

test-section conditions was first performed to determine the streamwise location in the 

computational domain at which the predicted boundary layer properties most closely 

matched the experimental data at ( )0 0X-X 19.4δ = − . Flow properties for the inflow plane 

of the computational domain for the SBLI studies were then extracted from the flat plate 

solution at a streamwise location consistent with the position of the inflow plane relative to 

the measurement location. Convergence of the RANS calculations was ascertained using 

three measures:  relative decrease in residual norm, constancy of surface quantities, and 

constancy of the global mass flow rate. For the quasi-steady FSI simulation, the convergence 

of the mesoflap position was monitored by determining changes in the computed 

displacements of the flaps. This is explained in further detail in Chapter 5.  For the 

LES/RANS calculations of SBLI with no control, the computations were run for several 

flow-through times to eliminate initial transients, after which time-averaged statistics were 

collected over a minimum of seven flow-through times. The LES/RANS calculation 

involving the mesoflap array was run for a longer duration ~ at least 10 flow through times. 

This was done to figure out any dominant frequency in the response of the structure.   
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8.3 Results 

E.  Shock/Boundary-Layer Interaction  

Flow Analysis 

A 3-D view showing snapshots of pressure contours on a streamwise X-Y plane and axial 

velocity on a near surface X-Z plane is shown in Figure 8.2. The iso-surface of zero axial 

velocity is colored in blue. The figure shows the impinging and reflected shock structure 

showing that the zero axial velocity iso-surface originates approximately at the location of 

separation shock. The iso-surface of zero axial velocity is shown here to indicate the 

separation bubble. The separation bubble, when observed closely, can be seen to have 

‘bumps’ and ‘troughs’. These are due to streaks of high and low-momentum fluid close to the 

surface, resulting in some 3-dimensionality in a more or less 2-D separation region.  Figure 

8.3 shows Mach number contours on a 2-D close up view of the separation region with the 

white line indicating the zero axial velocity. From this figure, the location of the upstream 

extent of the separation bubble, ( )0 0X-X /δ 3−∼ , is more clear. This implies that the 

separation bubble possibly  originates further upstream compared to the experiment in which 

the separation bubble  originates at ( )0 0X-X /δ 2−∼  [65]. 
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Fig. 8.2 Snapshot of contour plots of axial velocity on an X-Z plane (close to surface) and
pressure on an X-Y plane; iso-surface of zero axial velocity shown in blue on the near surface 
plane 
   

Flow 

Fig. 8.3 Snapshot of Mach number contours showing in white the zero axial velocity 
boundary  
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Data Comparison 

Figure 8.4 shows the centerline wall pressure comparison with the experimental data for 

the SBLI with no control. The LES/RANS predictions in the interaction region, (until about 

the shock impingement location, X = 0 mm) is excellent. The level of upstream influence of 

the interaction is somewhat over predicted by the Menter SST calculations. In the 

experiment, a gradual rise in pressure is observed in the upstream region from about 

( )0 0X-X /δ 10= − , which has been attributed to effects of reduced free stream Mach number 

due to boundary  layer growth in the test section [65]. This is not reflected in the numerical 

data and might be due to the fact the boundary layer on the upper wall (treated as no-slip  in 

computations) is not resolved.   The computational data shows pressure values downstream 

of the interaction, which are higher than the experimental data until about ( )0 0X-X /δ 10= . It 

is not clear why this might be happening. Beyond this region the expansion fan generated at 

the trailing edge of the shock generator hits the lower wall, which is reflected by the drop in 

the surface pressure. The predictions in this region are accurate for both the computations. 

Figure 8.5 shows the experimental and computed centerline axial velocity profiles at 

different streamwise locations. The numerical predictions of velocity profile at the inflow 

( )0 0X-X /δ 19.4= −  match the experimental data well, with the computed profiles (both 

RANS and LES/RANS) having somewhat fuller profiles for 0/ 0.4y δ < . In the interaction 

region ( ( )0 0X-X /δ 0.12, 2.26= − ), the numerical predictions have significant differences with  
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RANS Expt. LES/RANS 

Fig. 8.5 Centerline axial velocities for shock/boundary layer interaction without control 

Fig. 8.4 Centerline wall pressure for SBLI without control 
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the experimental data. The wake like profile present in the experiment is less evident in the 

computed profiles, more so for the LES/RANS computations. This is most evident at the 

a)

   

b)

   

c)

   
Fig. 8.6 Streamwise turbulence intensity profiles at various streamwise locations; a) inflow, 
b) interaction region, and c) downstream    
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( )0 0X-X /δ 2.26=  station. This is possibly suggestive of differences in the shape and/or 

location of the separation bubble between the experiment and computation. The experimental 

profile is suggestive of a thicker separation bubble. A possible reason for this might be the 

fuller velocity profile at inflow (for the computations) which makes the flow more resistant 

to separation.  Another possible explanation might be that the location of the data station 

relative to the separation bubble might be different for the experiment and the computations. 

The last two stations are downstream of the interaction and here the computational 

predictions agree better with the LDV data. Even here, the LES/RANS method tends to over- 

predict the recovery rate of the boundary layer, displaying fuller profiles compared to the 

RANS solution. This trend has been observed in some previous applications of the 

LES/RANS method for oblique SBLI [82, 87].   

Figure 8.6 compares streamwise turbulence intensity profiles at different streamwise 

locations between experiment and LES/RANS computations. Three sub-plots are shown, 

categorizing the streamwise stations into inflow, interaction and downstream (post-

interaction) zones. Turbulence intensities are on the average under-predicted, although the 

location of the maximum intensity within each profile is reasonably well predicted. This 

trend is however not matched at the station ( )0 0X-X /δ 2.26=  within the interaction region. 

At this station, the magnitude of maximum turbulence intensity is higher compared to 

experimental data, and the location of the intensity peak is closer to the wall than shown in 

the experimental data. This is also the data station where the LES/RANS predictions for the 

axial velocity (Figure 8.5) showed the maximum discrepancy compared to data. The profiles 
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downstream of the interaction show better agreement with experimental data, with an 

excellent match at ( )0 0X-X /δ 8.73= . Overall the LES/RANS predictions fare reasonably 

well, with better predictions upstream and downstream of the interaction. This is again 

suggestive of differences in separation bubble geometry and possibly flow dynamics in the 

interaction region. 

F. Shock/Boundary-Layer Interaction with Flow Control using Mesoflap Array 

Two different approaches have been used for this case: a 2-D simulation which uses 

quasi-steady modeling for the structure and a RANS turbulence (Menter SST)  closure, and a 

3-D simulation which employs dynamic modeling for the structure and uses the hybrid 

LES/RANS turbulence closure. 

Flow and Structural Analysis:  Quasi-Steady 2-D Simulation 

  Figure 8.7 shows the Mach number contours for the converged configuration of the 

mesoflaps. This figure shows the fluid injection happening at the upstream flaps, and bleed 

occurring at the downstream flaps. The upstream and downstream locations are with respect 

to the impinging shock position, X0. As can be observed, the first two and last two flaps are 

primarily responsible for the flow moving out and going into the cavity. Flaps 3 and 4, from 

the upstream end, deflect very little, hardly allowing for any fluid exchange between the 

upper domain (test section) and the cavity. This trend is very consistent with what was 

observed in the experiments [64-66].   

Figure 8.8 shows the maximum deflection (which is also the edge deflection) of each 

mesoflap at each structural iteration [Chapter 5]. The mesoflaps are numbered from the 
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upstream end, so mesoflap 1 is the farthest upstream and mesoflap 6 is farthest downstream. 

To accelerate the convergence of the mesoflap-deflections, a first order (spatial) 

discretization was used for the fluid solver to begin with and when the deflection pattern 

showed a reasonable convergence a higher order extension was used. There is a sharp change 

in the deflection pattern of the upstream flaps at around the 34th structural iteration which 

roughly corresponds to this change in the order of accuracy as discussed above. The change 

in accuracy from first to higher order primarily changed the pressure distribution on the flaps 

(for example spreads the pressure rise across a shock over fewer cells) which changes the 

deflection pattern. This initially affects the upstream flaps and finally leads to a sudden 

change in the deflection pattern for the downstream flaps around the 48th structural iteration.  

It is interesting to note that the deflections of the upstream mesoflaps (1-2) tend to converge 

faster than the downstream (5-6) ones which might be due to the unsteadiness caused by the 

injection at the upstream flaps.  

Flow and Structural Analysis:   3-D Simulation 

The 3-D simulations were initialized by using the LES/RANS solution from the no-

control case for the fluid solver and the converged displacements of the mesoflaps from the 

quasi-2d simulations for the structure. The fluid solver was then run for at least a couple of 

flow through times to eliminate initial transients before invoking the structural solver.  Figure 

8.9 shows a 3-D view of the deflected mesoflap array with the Mach number contours shown 

on a near surface (X-Z) and a streamwise (X-Y) plane. This corresponds to the flow-solution  
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Fig. 8.7 Mach number contours for the converged configuration of the mesoflap array;
flaps are numbered from left (upstream) to right (downstream)  

Fig. 8.8 History of maximum deflection of each mesoflap             
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just before the structural iterations were started.  The trace of the leading edge shock can be 

seen on the X-Y plane with a low Mach number region being present over a reasonable 

extent (streamwise) of the mesoflap array indicating a region of separated flow. 

Two sequences of snapshots of contour plots of Mach number and pressure are shown in 

Figures 8.10 and 8.11 to illustrate dynamics of the flow with the mesoflap array in place. 

Both the sequences span ~4000 iterations which translate to about 0.60 ms. The first 

sequence of snapshots shows the Mach number contours. In this, it can be seen that injection 

and bleed happen simultaneously at the upstream and downstream mesoflaps, respectively. 

Fig. 8.9 Mach number contours for shock/boundary layer interaction with control by 
mesoflap array 

Mesoflap array 

Flow 
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The angle at which the fluid is injected from the cavity into the core flow or bleeds into the 

cavity from the core flow is dependent on flap configuration. As observed in the quasi-steady 

simulation, it is evident that the intermediate flaps (3, 4) hardly play a role in the 

transpiration process. Angled injection at the most upstream flap seems to primarily energize 

the flow, leading to a reduction in the low Mach number region, whereas at the second flap it 

tends to enlarge the separation bubble forming just downstream of it.  The maximum amount 

of bleed seems to occur at the most downstream mesoflap. 

The snapshot-sequence showing the pressure contour is added to illustrate the movement 

of the shock-system forming at the upstream edge of the flap array. The images show a 

movement of the oblique shock originating at the leading edge of the first flap. For some 

duration in time, the compression waves seem to originate upstream of the leading flap, 

somewhat smearing the leading edge shock (b, c, d, e), and then the shock becomes less 

smeared and forms at the leading edge (f, g, h).  Also evident is the presence of an oblique 

shock near the trailing edge of the most downstream flap. This shock is strongest when the 

mesoflap is near its maximum displacement, which causes the fluid approaching it to first 

bend away (expand) and then bend in (recompress) considerably as it tries to move around 

the fixed spar. 
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Fig. 8.10 Snapshots of Mach numbers contours; frames are spaced at intervals of 600 
iterations ~ 0.09 ms   

a) b) 

c) d) 

e) f) 

g) h) 
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Fig. 8.11 Snapshots of pressure contours; frames are spaced at intervals of 600 iterations ~ 
0.09 ms   

a) b) 

c) d) 

f) e) 

g) h) 
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Figure 8.12 shows the history of near-wall static pressure spanning 4200 iterations (about 

0.63 ms), with data spaced at 200 iterations. The time-averaged pressure distribution for this 

period is shown in red.  The figure also shows the location of the mesoflap array in the lower 

part of the frame to help identify patterns in the time-averaged data. The time-averaged data 

shows a compression followed by a sharp drop in pressure at a couple of locations upstream 

of the X = 0 position and one prominent expansion followed by a sharp compression near the 

end of the flap array. For the pattern noted upstream, the rise in pressure corresponds to 

compression of the fluid as it bends into itself at the upstream flaps, which in a time average 

sense deflect upwards (Figure 8.13). This is followed by an expansion at the trailing edge of 

the flap to average near-surface values. For the downstream location, an expansion occurs at 

the farthest downstream flap as the fluid bends away due to the downward deflection (Figure 

8.13) of the flap (in the time-average sense). The flow then recompresses to average values at 

the trailing edge. The pressure data does not reveal a clear pattern of pressure distribution for 

the remaining flaps which indicates lower values of deflections (in the time-average sense) 

for these flaps. 

 The deflection history (20 K iteration ~ 3 ms) of the mesoflaps is shown in Figure 8.13 

with the time average position shown in red.  The flaps, which are modeled by 1-D beams, 

are shown as lines,- which can be thought of as a projection of their upper surfaces on a plane 

normal to its edge. It is clear from the figure that the maximum deflections (again, in a time-

average sense) occur at two most upstream flaps and the farthest flap downstream. 
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This corroborates the observations made above for the near surface pressure data. Figure 8.14 

shows a comparison of the computed deflections of the mesoflaps between the quasi-steady 

and the dynamic computations. Also shown is the interpolated pressure loads (span-averaged 

for the 3-D calculations) acting on the flap surfaces. The data shown for the quasi-steady case 

corresponds to the converged solution, and for the dynamic (3-D LES/RANS) case, it is a 

time-averaged quantity. The figure shows that in general the mesoflaps deflect to a greater 

extent when the dynamics of the mesoflaps are considered. The net pressure load, which is 

based on summation (with proper sign) of span-averaged pressures on the upper (negative  

 

Fig. 8.12 Near surface (~ 1mm from wall) static pressure history with the time averaged 
values shown in red 
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Fig. 8.14 Deflection and interpolated net pressure load (on flap surfaces) comparisons for the 
quasi-steady and dynamic modeling of the mesoflaps; loads - symbol, displacement - solid 
lines. 

Fig. 8.13 Deflection history of the mesoflaps (represented by black lines) with the time-
averaged positions shown in red     
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pressure) and lower (positive pressure) surfaces of the flaps, show a similar trend. This is 

consistent, as higher loads would result in greater amount of deflection. It is also clear that 

magnitude of the net loads tend to increase as one moves away from the center which also 

corroborates the deflection patterns observed.   

Figure 8.15 shows a frequency response of the mesoflaps due to the time-varying loads 

acting on them. This is not a response spectrum in the sense used in structural mechanics [86] 

but more of an investigation of what frequencies might be playing a role in the dynamic 

response of the flaps. Since no damping has been added to the system and there is no 

algorithmic damping provided by the time integration method chosen [86], any initial 

transient or numerical noise would not be damped out. The reason for not using damping was 

to look into the maximum possible response of the system which would have been altered by 

the presence of damping. Also since we were not really focusing on obtaining a steady 

oscillation pattern for the mesoflaps, this was justified. As such the frequencies 

corresponding to peaks in the plot are considered to represent the driving frequencies 

responsible for the large scale flap response.  There are two predominant peaks in the plots 

for each of the flaps, and both of these are at frequencies less than the fundamental frequency 

of the mesoflap (first natural frequency of the modeled cantilevered beam). Some relevant 

frequencies (and also the first four natural frequencies) are also shown in the figure to 

evaluate whether any of these might have an impact on the flap dynamics. The line in black 

correspond to the low frequency shock motion characteristic of SBLI which is ~ 
0115

U
δ
∞ ;   
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  the green line represents the incoming boundary layer frequency 
0

U
δ

∞ ; and  the pink line is a  

frequency based on a quantity termed here as the recirculation time recτ ,  i.e. the time 

required for the fluid injected from the cavity into the core flow to re-enter the cavity and go 

out again. To estimate this quantity, average near wall (parallel to wall) velocities are 

Fig. 8.15 Frequency analysis of flap–response (blue) based on the displacement of the edge 
of the flap; red lines: natural frequencies (four shown), black line: low frequency shock 
motion, green line: boundary layer turbulence frequency, pink line: frequency based on 
recirculation time in cavity  
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calculated for all the three walls and top (near flap array) of the cavity using time and span-

averaged velocity data (computational). A further approximation is made about the velocity 

at the top wall (basically flap region) of the cavity which is calculated as the average of the 

free-stream velocity U∞  and velocity calculated as described above. recτ  is then calculated as 

the time it will take for any scalar to traverse the entire perimeter of the cavity based on the 

average velocities computed. The frequency is then given by 1/ recτ . As evident from the 

figure, it seems that the characteristic frequency which seems to correlate best with the flap 

response is that associated the low frequency shock motion. The physical time for which the 

3-D computation is run (after initial transients) is ~ 3.6 ms which is roughly equal to about 

4.45 times the time period of the low frequency oscillation. The magnitude of the dynamic 

response matches well, qualitatively, with the flap responses as evident in figure 8.15. For 

illustration, the maximum amplitude of the response as seen in figure 8.15 is for flap 2 which 

is also evident in figure 8.13 from the range of the displacements of flap 2. 

Data Comparisons 

Figure 8.16 shows the centerline wall pressure data for the experiment and computations. 

The numerical predictions are in reasonable accord with the wall pressure at the upstream 

and downstream regions of the cavity on the whole. The pressure rise starts further upstream 

in the domain than in the no-control case (Figure 8.4), which is due to the leading edge 

oblique shock. The somewhat higher pressure downstream of the interaction is still present in 

the numerical computation as it was for the no control case. The computed wall pressures at   
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the lower wall of the cavity match well with the data with the higher pressure region at the 

downstream corner (lower wall) captured. 

Centerline axial velocity profiles are shown for two downstream stations in figure 8.17.   

RANS predictions are in excellent agreement with the data with the LES/RANS 

computations predicting a somewhat fuller profile.  

Figure 8.18 shows streamwise turbulence intensity profiles at two streamwise locations. 

The predicted turbulence intensity is in good accord with the data at the ( )0 0X-X /δ 8.73∼  

station. At the second station the turbulence intensity seem to be over predicted in the outer 

region of the boundary layer. This is somewhat in contrast to the no-control case where the 

peak intensity values at the most downstream station was less compared to experimental data. 

Fig. 8.16 Centerline wall pressure for SBLI with control; pressure at the lower wall of cavity 
is shown for the region of the mesoflap array (-5.6 to 5.6 on the X axis) 
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Fig. 8.17 Centerline axial velocities for SBLI with control 
   

Fig. 8.18 Streamwise turbulence intensity profiles for SBLI with control at two streamwise 
locations downstream of interaction 
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On the whole, it seems that the maximum turbulence intensity in the downstream locations 

has increased when control is added.  

Figure 8.19 shows plots of near surface (~ 1mm from surface) static pressure for the time-

averaged LES/RANS simulations with and without control. The separation shock is formed 

further upstream in the presence of the mesoflap array compared to the no control case.  This 

is due to the blowing into the boundary layer, which increases the upstream extent of axial 

separation and results in higher pressure levels much upstream in the control case compared 

to the no-control case. It is interesting to note that the pressure for the control case, just 

downstream of the first flap, relaxes to values much higher than at the corresponding location 

in the no-control case. This suggests that the upstream influence of the impinging shock is 

Fig. 8.19 Time and span-averaged near surface (~ 1mm from wall) static pressure for the 
LES/RANS simulations; mesoflaps shown in red for reference 
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much greater when the mesoflap array is present. In general pressure levels are higher, 

upstream, and lower, downstream, of the location ( )0 0X-X /δ 0= , in the control case than in 

the simulation without control. This is due to the flow undergoing compression at the 

upstream flaps, and expansion at the downstream flaps in this case. 

Figure 8.20 shows time- and span-averaged contours of Mach numbers for SBLI 

simulations, with and without control. As can be observed from the Figures 8.20 (a) and 8.20 

(b), the upstream extent of the low Mach number region is much greater for the control case 

compared to the no-control case. This can be explained as follows. The upward deflection of 

flap 1 forces the incoming flow away from the surface. This is followed by tangential 

injection at the trailing edge of flap 1, which disrupts the near-surface low Mach number 

flow, but does not seem to energize the flow downstream of it.  As such, the flow remains 

separated downstream of the first flap, with the injection at the second flap just adding 

volume to the separation bubble. Bleed happens at flap locations further downstream, but not 

before the flow has already reattached. The reattachment location is similar for the flows 

with and without control. Based on the above observations, it can be stated that the mesoflap 

array is not effective in removing axial separation and actually enhances it. 
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Fig. 8.20 Time and span-averaged Mach number contours for the LES/RANS simulations

a) No control

   

a) Control
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8.4 Conclusions 

Simulations of flow control using mesoflaps, based on experiments conducted at UIUC have 

been presented in this chapter. The following observations can be made. 

1. Predictions of axial velocity and turbulence intensities, for the simulations with no 

control show good accord with experimental data upstream and downstream of the 

interaction. Predictions within the interaction zone are not very good, which possibly 

suggest of differences in the shape and/or location of the separation bubble between 

computational predictions and experimental data. 

2. For the simulations involving flow control, a fluid-structure interaction problem is 

solved. The results from these simulations show that the deflections of the mesoflaps 

result in transpiration – injection upstream, and bleed downstream of shock 

impingement. This is in qualitative agreement with the observations in the 

experiments.   

3. Comparisons between time and span-averaged LES/RANS predictions of flow with 

and without control show that the extent of the low Mach number region near the wall 

increases when flow control is used. The removal of near-wall boundary layer fluid by 

suction at the most downstream flaps seems to make the outgoing boundary layer 

more energetic, as reflected in the turbulence intensity profiles at the downstream data 

stations. 

4. The dynamic response of the flaps suggests that the dominant frequency present in the 

flap motion may be correlated to the characteristic frequency corresponding to the 



  
165

low-frequency shock motion observed in separated flows.  Both of these observations 

(3 and 4) suggest that the mesoflap device is not effective in mitigating SBLI as far as 

removal of axial separation is concerned. 

5.  Maximum deflections for the flaps 1, 2, and 6 are high compared to the flap thickness 

(~ few times the flap thickness) for the dynamic simulation. As such, the use of a 

linear model (like the Euler-Bernoulli beam model) for the mesoflap deflections is not 

a very good choice in this case, as geometric non-linearities become significant at such 

high deflections. However, considering the fact that determination of an accurate 

response of the mesoflap is not the primary objective of this study, the choice of 

adopting a simple Euler-Bernoulli model for the flap is fair from considerations of 

cost, and simplicity.  For the quasi steady simulations, the values of the mesoflap 

deflection are less compared to the dynamic case, and the results (flap deflections) for 

this case would be more accurate.  
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Chapter 9 

Summary and Conclusions 

 

An immersed-boundary method suitable for compressible flows has been presented in this 

work. This method is an extension of the immersed-boundary method proposed by Choi et al. 

[35] for incompressible flows, to compressible, turbulent flows. To extend the proposed IB 

method for wall-bounded turbulent flows, it has been combined with RANS turbulence 

models (Menter BSL and Menter SST) and with a hybrid LES/RANS turbulence model 

developed by Edwards et al. [9]. The method is then applied to simulate the effects due to 

three different control devices used in mitigating shock / boundary-layer interaction (SBLI): 

wedge-shaped micro VGs, bleed-hole arrays, and aeroelastic mesoflaps.  

 Experiments performed at Cambridge University [50] involving the supersonic flow 

over single micro VGs have been simulated in this work. Part of this work is used to perform 

a validation study for the IB method presented here. The results from this study indicate that 

the IB techniques tend to over-predict the ‘momentum sink’ effect of the VG.  Results 

improve with the use of fractional powers (k = 1/7 or k = 1/9) in reconstructing the velocity 

field near the IB.  Simulations of an oblique shock / turbulent boundary layer interaction in 

the Cambridge University wind tunnel also indicate that blockage effects caused by corner-

vortices play a significant role in the topology of the interaction. These contribute to the 
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enlargement of the primary zone of axial separation near the centerline of the wind tunnel. A 

quantitative assessment of the effects of the micro VGs is made more difficult because of 

these effects, but the general trend is that the vortices induced by the micro VGs deform the 

region of separation but do not eliminate it entirely.  Computations of idealized SBLIs with 

micro VG control show that the strengths of the generated vortices are maintained for a 

reasonable distance downstream of the interaction, and the LES/RANS model in particular 

predicts a broadening of the vortices that energizes the entire recovering boundary layer.   

These trends suggest that the micro VG concept has the potential of controlling weaker shock 

/ boundary-layer interactions (generated as part of a shock train) even if the primary 

separation region is not wholly eliminated. 

 Experiments involving impinging oblique shock / turbulent boundary-layer interactions 

with and without bleed performed at NASA Glenn Research Center by Willis and co-workers 

[63] have also been simulated as part of this work. The disturbances induced by bleed-hole 

arrays of the type used in the NASA Glenn experiments are highly localized to each bleed 

port and are not representative of a continuous suction effect.  The fact indicates that existing 

bleed models may have to consider variable porosity effects for better predictions. Reynolds-

stress predictions obtained from the LES/RANS model indicate that the use of high levels of 

boundary-layer bleed suppresses the amplification of turbulence often noted in shock / 

boundary-layer interactions.  This result indicates that the dominant source of turbulence 

amplification in un-controlled interactions may be the dynamics of the separation / re-

attachment event. Swirl-strength probability-density distributions show that the shock / 
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boundary-layer interaction itself causes the formation of finer-scale vortical structures.  The 

use of boundary-layer bleed accelerates the recovery of the probability-density distributions 

toward an equilibrium state similar to that in the incoming boundary layer. 

 A fluid-structure interaction study is also conducted to simulate the flow-effects due to 

an array of aeroelastically deflecting mesoflaps based on experiments conducted at 

University of Illinois at Urbana-Champaign [65]. The UIUC mesoflap concept as applied to 

oblique SBLIs is not a particularly effective means of control if the intent is to remove 

regions of axial separation. Strong blowing into the boundary layer occurring primarily at the 

first two mesoflap stations forces the boundary layer away from the surface, increasing the 

probability that the impinging shock will separate the boundary layer.  The suction occurs at 

the last two stations of the mesoflap-array, where the separated boundary layer would re-

attach naturally, and thus has little effect.    Turbulence levels in the recovering boundary 

layer are enhanced with mesoflap control, relative to the case without such control.  This may 

make the boundary layer more resistant to subsequent shock impingements.  An analysis of 

the structural response (dynamic) of the mesoflap system indicates that the dominant forcing 

frequency is comparable to the low-frequency modes naturally observed in uncontrolled 

SBLIs with flow separation.  This provides additional evidence that the mesoflap concept 

does not remove separation to any significant extent and may, in fact, increase separation. 

 Some general features of the studies conducted in this work are also noted here. The 

LES/RANS predictions of the mean flow structure of the interactions simulated in this work, 

with and without control, are generally good.  Second-moment predictions are also in fair 
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accord with available experimental results.  In general, though, the mean-flow results are no 

more accurate than those provided by the Menter SST RANS model, which performs 

excellently for this class of relatively weak shock / boundary-layer interactions.   Specific 

deficiencies noted in the LES/RANS model include a slight tendency to under-predict the 

axial extent of separation and a related tendency to over-predict the recovery rate of the 

boundary layer downstream of re-attachment.  The latter effect may be overcome by a new 

variant of the LES/RANS model [94]which is better able to respond to changes in the 

equilibrium structure of a boundary layer.  

 To summarize, an immersed-boundary method suitable for compressible high-speed 

turbulent flows has been implemented for simulation of flow-control devices (including a 

moving device) used in SBLIs. The results have been encouraging considering the fact that 

no attempt is made to resolve the flow close the surfaces of the devices. This makes the 

proposed immersed-boundary method a good candidate for future studies of this type.  
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