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LIST OF ABBREVIATIONS AND SYMBOLS 

 d Cavity depth 

 δ Boundary layer thickness 

 δ* Boundary layer displacement thickness 

 H Shape Factor 

 h Riblet height 

 h+ Non-dimensional wall units perpendicular to the direction of the flow with respect 

 to friction velocity 

 k Roughness height 

 θ Boundary layer momentum thickness 

 Red Reynolds number based on the cavity depth 

 Reδ* Reynolds number based on the displacement thickness 

 Rex Reynolds number based on the streamwise distance 

 s Riblet spacing 

 S Stokes Number 

 s+ Non-dimensional wall units in the spanwise direction of the flow with respect to 

 friction velocity 

 U∞ Freestream velocity 

 u’ Perturbation velocity in the x-direction of the flow 

 v’ Perturbation velocity in the y-direction of the flow 
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ABSTRACT 

 It is well known that proper surface patterning on a flat plate can decrease drag.  Whether 

it be the dimples on a golf ball or riblets on a flat plate, there are many proven ways to alter a 

smooth surface to decrease drag.   

Continuing the previous research related to biomimetic models of shark skin, this 

research focuses on finding similar, but simpler, geometries that could lead to a decrease in drag.  

This experiment studies an array of embedded hexagonal cavities on a flat plate in a water tunnel 

facility.  The flow over the modified flat plate generates vortices in the cavities which cause a 

partial slip condition that can alter boundary layer flow. 

Fluorescent dye in the cavities was illuminated with a UV lamp to capture images of the 

flow inside the cavities.  Digital particle image velocimetry, which uses a laser to illuminate 

particles in the flow and captures images with a high speed camera, was used to measure the 

velocity flow field over the cavities.  The flow fields were analyzed for the purpose of studying 

velocity profiles above the cavities, measuring partial slip velocities, calculating momentum 

thicknesses and shape factors, as well as determining the difference in boundary layer 

characteristics of the hexagonal cavities at two different orientations.  Finally, the Reynolds 

stresses over the hexagonal cavities were compared to those over the flat plate under turbulent 

conditions to attempt to discern the effect of orientation on turbulence augmentation. 

The results show that the hexagonal cavities cause the boundary layer to transition to 

turbulence sooner than the flow over a flat plate.  Also, in a turbulent flow, the cavities bring 

higher momentum fluid closer to the wall compared to the flat plate case, which is a proven 
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requirement for the prevention of boundary layer separation.  The results also suggested a 

decrease in the cavity circulation at the downstream portion of the model; confirming this trend 

should be a focus of future work.  If this result is indeed confirmed, only applying this pattern to 

local regions of incipient separation may prove to be most effective.      
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1.  INTRODUCTION 

 

 1.1  Drag Reduction  

 The goal of reducing the drag over objects is an important aspect of aerodynamics.  If 

drag can be decreased over airplanes, ships, or vehicles, this would reduce the amount of power 

needed to operate them.  This reduction in power can lead to a decrease in fuel consumption 

which would result in huge cost savings.  It is estimated that a decrease in the drag of an airplane 

of only 1% could save one airplane approximately $200,000 a year.  This could be over a billion 

dollar savings to the airline industry.  In addition, a decrease in fuel consumption can lead to 

decrease in pollution to the environment.  One can see the importance of research into different 

ways to reduce drag.   

 Two main ways of decreasing drag are delaying transition to turbulence and separation 

control.  The transition to turbulence is still not completely understood, and there are no all-

encompassing mathematical models to accurately define the transition process.  The Reynolds 

number, or the ratio of inertial forces to viscous forces, generally dictates the transition to 

turbulence. 

 Laminar flow has about five to ten times less skin friction on a flat plate than turbulent 

flow.  Therefore, if the flow can stay laminar for over a larger area of the plate than a normal 

transitioning flow, the skin friction would decrease.  Delaying the transition to turbulence would 

be a significant improvement in the drag reduction field of aerodynamics.  With research focused 
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on the effect of surface patterning on the transition to turbulence, better methods of attempting to 

delay the transition could be discovered. 

 By contrast, inducing early transition to turbulence can have significant benefits as well.  

Although the skin friction drag would increase in a turbulent boundary layer, there would be a 

possible decrease in the pressure drag if the flow remains attached compared to a separated 

laminar boundary layer.  While skin friction contributes to some of the drag, pressure drag also 

contributes to overall drag.  The pressure drag, or form drag, is caused by differences in pressure 

along the object surface with a low pressure wake typically forming behind the body.  Separation 

of the boundary layer, or the boundary layer detaching from the object, causes an increase in 

pressure drag.  Separation of the boundary layer was first defined by Ludwig Prantl in 1904.  

Sometimes the separation contributes much more to the overall drag than the skin friction.  

Therefore, controlling the separation of the boundary layer is another important goal in drag 

reduction and can be an important aspect to inhibiting stall and otherwise maintaining the 

effectiveness of lifting and control surfaces on aircraft.   

 Previous research has suggested that the denticles on the shortfin mako shark (Isurus 

Oxyrinchus) could decrease the drag over the shark skin allowing them to swim faster.  It is 

postulated that these sharks can bristle their denticles, making them possibly 30 to 40 degrees at 

angle of attack to the flow.  This bristling causes embedded vortices to be formed between the 

denticles (Lang et al. 2007).  This makes the shark skin similar to the dimples on a golf ball in 

that the embedded vortices inhibit the separation of the boundary layer causing the pressure drag 

to decrease.  The possible benefits of mimicking the shark skin are intriguing; however, 

replicating the denticles for use on objects could be too costly because of their intricate shape.  

For this reason, this experimental research has focused on studying simplified geometries that 
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could be more easily manufactured.  If more research is focused on simplified geometries, the 

benefits of each geometry can be studied to design an optimal geometry to reduce drag.   

 In this experiment, a hexagonal lattice was placed on a plate to create hexagonal cavities.  

These hexagonal cavities were embedded onto a flat plate and placed in the water tunnel to 

investigate the flow over the cavities.  The hexagonal cavities were studied at two different 

orientations to compare the boundary layer flow over them.  Also a flat plate section was tested 

to be compared to the hexagonal cavities. 

 1.2 Objectives 

 Surface patterning has been shown to be successful in separation control (e.g. Choi et. al. 

(2006) with the dimples on a golf ball).  More passive surface patterning techniques are being 

researched to determine their effect on the boundary layer flow.  The hexagonal cavities in the 

array are a d-type roughness geometry which has embedded vortices in the cavities as defined by 

Jiménez (2004).   

 The first objective of this research is to visualize the flow inside the cavities.  Since the 

hexagonal model in this study is not transparent, the flow inside the cavities cannot be visualized 

from the side.  A laser sheet cannot be directed into the cavity perpendicular to the camera, 

which is a requirement for the time-resolved digital particle image velocimetry (TR-DPIV) 

system in the water tunnel lab.  Therefore, only qualitative flow visualization using fluorescent 

dye could be used to study the embedded vortices in the model.   

 There is little research studying laminar boundary layer formation over d-type roughness 

geometries.  Most cavity flow research has been studied under lid driven conditions.  Many 

experiments have focused on flow over a single cavity, such as Bandyopandhyay (1988), Iwatsu 

et al. (1989), Shankar & Deshpande (2000) and Yao et al. (2001, 2004).   
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 The second objective of this research is to study the boundary layer flow over the cavities 

for laminar trials.  The partial slip velocities at the tops of the cavities were measured to give an 

indication of the magnitude of rotation of the embedded vortices in a laminar boundary layer.  

The magnitude of the partial slip velocity can indicate the transition occurring in the boundary 

layer.  

 The final objective of the research is to study the effect of the hexagonal cavities on a 

turbulent boundary layer.  The influx and efflux of flow into and out of the cavities can help to 

prevent the boundary layer separation and lead to turbulence augmentation such that higher 

momentum is achieved close to the surface as compared to a flat plate turbulent boundary layer.  

The partial slip velocities of the embedded cavities were measured, and the two orientations were 

compared at different downstream distances. The boundary layer profiles of the turbulent 

boundary layer were compared to the profiles over a flat plate at the same downstream distance.  

Also, the Reynolds stresses were determined over the two different orientations and over the flat 

plate.   
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2.  REVIEW OF LITERATURE 

 

2.1 Boundary Layer Control 

 Altering the boundary layer over an object can be a means of drag reduction.  Boundary 

layer control can be described as active or passive.  Active boundary layer control involves some 

type of feedback loop.  Active flow control introduces energy to the system to manipulate some 

control device when triggered by sensors.  Types of active flow control include blowing and 

suction of fluid into the main stream, heating and cooling at the wall, and 

microelectromechanical systems (MEMS).  Passive flow control, on the other hand, does not 

require any energy and involves no feedback loop or sensors.  Passive flow control typically 

involves the use of geometric protuburances into the flow (e.g. vortex generators) or applying a 

certain geometry or surface patterning to change the boundary layer flow over the object.  

Passive flow control can be a surface roughness, a change in the shape of the wall, or geometries 

such as denticles, riblets, or embedded cavities such as the ones in this study. 

A separated boundary layer greatly increases the pressure drag on an object so much that 

the skin friction drag is now negligible or comparable.  Therefore, if the separation of the 

boundary layer can be delayed or suppressed, the overall drag can be greatly decreased even if 

there is an increase in the skin friction drag.  A delay in separation is very important to 

aerodynamics in that it could decrease drag and improve lift coefficients for many types of 
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vehicles and aircraft.  Research into geometries that have possible separation control capabilities 

is therefore of great interest. 

2.2  Structure of Turbulent Boundary Layers 

 Jimenez and Pinelli (1999) found that pairs of counter-rotating vortices in turbulent flows 

increase the skin friction and cause the “lift up” effect.  The skin friction in a turbulent boundary 

layer is up to ten times greater than that of a laminar boundary layer.  If the skin friction in a 

turbulent boundary layer is to be reduced, the formation of these counter-rotating vortices and 

their interaction with the wall needs to be altered. 

        These counter-rotating vortices cause high and low speed streaks.  A turbulent burst is 

generated as a low-speed streak becomes unstable in the viscous sublayer and buffer zone in the 

boundary layer.  In the turbulent bursts, the production of kinetic energy is greater than its 

dissipation, causing energy to rise to the outer layer.  The increase in energy in the outer layer 

causes the sweep process in which high momentum fluid in the outer layer falls to the inner 

layer.   

 Jimenez and Pinelli studied the “streak” cycle and the “wall” cycle in a turbulent 

boundary layer to determine if the turbulence in the near wall region is self-maintaining.  In the 

“streak” cycle, high and low speed streaks generate the primary vorticity for the counter-rotating 

vortices.  The counter-rotating vortices can not be maintained without the presence of the streaks.  

In the “wall” cycle, a secondary vorticity is formed at the wall.  The no-slip condition on the wall 

is key to formation of this secondary vorticity.  The “streak” cycle is more predominant than the 

“wall” cycle. They found that the turbulence is self-sustaining between approximately y+ = 20 

and y+ = 60 (where y+ is the wall unit non-dimensionalized with respect to the friction velocity).   
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 Karniadakis and Choi (2003) reviewed experiments such as Jimenez and Pinelli (1999) 

and Shoppa and Hussain (1997, 1998, 2000, 2002) among others and determined that the high 

skin friction drag in a turbulent boundary layer is due to the vortex generation and streak 

instability.  They proposed that in order to decrease the skin friction, the creation of these 

counter-rotating vortices must be avoided.  If the vortices are unable to be generated, the flow 

would stay laminar, and thus a decrease in drag would be seen.    

 2.3 Surface Patterning 

 Whether it be the dimples on a golf ball, or riblets, or shark denticles, there are many 

ways to alter a surface to change the boundary layer flow over it.  Surface patterning is a passive 

way to achieve drag reduction.   There are three passive microgeometry techniques that have 

been proven to decrease the drag on an object.  Riblets, distributed roughness elements, and d-

type rough surfaces are all passive techniques that can lead to a reduction in drag. A review of 

some surface patterning geometries is presented here.   

  2.3.1 Riblets 

Riblets have been proven to decrease the skin friction by as much as 10% in a turbulent 

boundary layer.  An example of a plate with riblets attached is shown in figure 1 (Bechert et al. 

1997).  Walsh (1983) published an extensive study of the benefit of riblets as drag reducers.  For 

V-grooved riblets, a reduction in drag was found to occur when s+ (the non-dimensional wall unit 

with respect to friction velocity in the spanwise direction) is less than 30, and when h+ (the non-

dimensional wall unit with respect to friction velocity in the vertical direction) is less than 25. 



 
 

8 
 

 

Figure 1.  Schematic of riblets (Bechert et al. 1997). 

 Choi et al. (1993) studied V-grooved riblets at different ridge angles and different 

spacing.  They found that drag reducing riblets kept the streamwise vortices in the flow above 

the ridges.  Many experimental results (Suzuki and Kasagi, Goldstein et al., Lee and Lee, etc.) 

verified that the riblets lift the high shear stress above the peaks of the riblets and away from the 

wall.  If spacing of the riblets is too far (s+>30), the vortices drop into the valleys of the riblets 

and increase drag.   

 Karniadakis and Choi (2003) pointed out that riblets, which are shown to decrease the 

drag in a turbulent boundary layer by as much as 10%, work by preventing the displacement of 

the vortices in the spanwise direction.  The riblets cause the counter-rotating vortices to become 

smaller, and the distance between them decreases also. 

2.3.2 Patterns of d-type roughness  

Another technique that has been shown to decrease skin friction is that of d-type 

roughness geometries.  In a d-type roughness geometry, square transverse cavities are embedded 

on the flat plate.  D.M. Bushnell (1983) was the first to propose that vortices inside cavities that 

are embedded in a flat plate could act as “micro-air bearings” and cause the skin friction to 

decrease compared to a flat plate with no embedded cavities.  He stated that the embedded 

vortices would impose a slip condition at the top of the cavities, which would decrease the 
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velocity gradient compared to the flow over a flat plate.  Therefore, the embedded vortices would 

help reduce the drag.   

A thorough review of turbulent flow over these d-type rough walls is given by Jimenez 

(2004).  In 1993, Choi and Fujisawa investigated a single square cavity and its effect on the 

boundary layer.  They found that the flow over the cavity created a vortex inside the cavity, and 

this vortex is stable if the ratio between the depth of the cavity and the boundary layer thickness 

is small.  If this ratio is small, the turbulence is of a larger scale in comparison and it does not 

have a great effect on the flow in the cavity.  They found a small decrease in skin friction for a 

single cavity.  The largest reduction in drag was approximately 1%. 

 

Figure 2. Schematic of a d-type roughness geometry (Jimenez 2004). 

Djenidi et al. (1999) also studied a turbulent boundary layer over a d-type rough surface.  

They looked at the inflows and outflows between the cavities and the boundary layer.  This fluid 

exchange is caused by quasi-streamwise vortices and low speed streaks over the cavities.  The 

high momentum fluid enters the cavities, and the low momentum fluid in the cavities is forced 

out.  The fluid forced out of the cavities helps the self-preservation of the turbulent boundary 

layer.  They found that the Reynolds stress exhibited a local peak just above the cavities.  This 

was attributed to the strong inflows and outflows in this region.   
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2.3.3 Shark Skin 

Relevant to this experiment is the research of shark skin.  Sharks have placoid scales 

called denticles covering their bodies which can help in protecting from abrasion, defending 

against attacks, preventing parasites from attaching, housing sensory organs, and providing 

luminescence for help the radiation of light.  The denticles also have a hydrodynamic purpose.  

The denticles may play a key role in controlling the boundary layer.   

For fast-swimming sharks, the average denticle size is 200 microns, but denticles vary 

greatly in size and shape among shark species as shown in figure 3.  They also vary along the 

location of the body of the shark.  Usually, the denticles on the front area of the shark are larger 

than the ones on the rear area of the shark.  Like teeth, the denticles have a hard enamel shell.  

For fast swimming sharks, the thickness of the crown of the denticles is much less than on other 

species of sharks.  This way, a cavity opens up below the denticles which may play a major role 

in boundary layer control.  

 
Figure 3. Denticles for different shark species at different locations (Reif 1985). 
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One theory is that the shark skin is tensed when swimming at high speeds causing the 

denticles to bristle (Wainwright 1978), or they may be activated by the flow if loosely embedded 

in the skin.  When the denticles are bristled, cavities are formed causing a possible d-type 

roughness surface.  The denticles on shark skin may give insight into a passive way to control the 

boundary layer.           

 
Figure 4. The top view and a cross sectional view of shark denticles. 

Lang et. al (2007) performed an extensive study on mimicked shark denticles.  They 

determined the presence of embedded vortices between bristled denticles.  The model used in the 

study is shown in figure 5.  The shark skin showed possible benefits of separation control due to 

the partial slip velocities above the embedded vortices and the mixing of high momentum fluid 

near the wall which could prevent flow reversal. 

 

Figure 5. Mimicked shark denticles embedded on a flat plate. 
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2.4 Cavity Flows 

Cavity flows occur in a variety of applications including weapon bays in fighter planes, 

mixing cavities for polymer-based composite synthesis, among many others.  The study of cavity 

flow is an important area of fluid mechanics.  While the geometry of a cavity is simple, the flow 

inside and over it is complex.  The embedded cavities in the present study are of a hexagonal 

shape; however, the studies of other shapes of cavities are of note.  The cavity flow can include 

eddies, secondary motions, oscillations of the main vortex, three-dimensional movements, 

transitional regimes, and turbulence (Shankar and Deshpande 2000).  While most of the research 

in the past has focused on lid-driven cavity flow, there has been some research on shear driven 

cavity flow.  A few examples are Iwatsu et al.1989, Shankar and Deshpande 2000, Yao et al. 

2001 and 2004, and Isaev et al. 2002, which were all computational studies.  Some experimental 

trials on cavity flow that are of interest are Bandyopadhyay 1988, Nishimura and Kunitsugu 

2001, and Migeon 2002.  Shankar and Deshpande (2000) mapped the characteristic vortices 

within a cavity under shear driven flow in figure 6.  They noted that the secondary vorticity in 

the cavity flow is dependent on the Reynolds number based on cavity depth.  They showed that 

deeper cavities had more secondary vorticity under the same flow conditions. 

 

Figure 6. Drawing of primary and secondary vortices in a cavity. (Shankar and Deshpande 2000). 
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Bandyopadhyay (1988) performed experimental studies on transverse, square cavities 

under both laminar and turbulent flow in a wind tunnel.  Using a pitching airfoil, a disturbance 

was introduced into the turbulent boundary layer flow.  They found that the resonant frequency 

between the disturbance and the cavity flow oscillation frequency occurred at S = 1, where S in 

the Stokes number.  The Stokes number is non-dimensional number representing the frequency 

based on cavity length, defined as τU/dc , where τ is the relaxation time, U is the freestream 

velocity, and dc is the characteristic dimension of the object.  Therefore, S = 1 occurs when the 

Stokes layer is equal to the cavity height.  They concluded that the resonant frequency is 

independent of the height of the cavity.  For the case of a laminar boundary layer, when a 

disturbance was introduced, the T-S waves were amplified.  For the laminar experiment, the 

boundary layer thickness was about ten times the height of the cavity, and S was equal to 1.  

Previous research by Morokovin (1986) stated that for distributed roughness elements on 

surfaces, the transition to turbulence occurred without the appearance of T-S waves.  This is 

called “high intensity bypass.”  In Bandyopadhyay’s experiment, the T-S waves were present; 

therefore, they concluded that linear stability theory still applies.  There was no “high intensity 

bypass,” instead, the transition Reynolds number over the cavities decreased compared to that of 

a flat plate.   

 In 1989, Iwatsu et al. studied a cubic cavity.  By performing numerical calculations, they 

found that the flow inside the cavity was steady when the Reynolds number (based on cavity 

depth) was less than 2000.  They discovered that in three-dimensional simulations streamwise 

vortices appeared in the cavity for Red > 2000.  These vortices were not present in two-

dimensional simulations.  As the Reynolds number passes 2000, these streamwise vortices, 

known as Taylor-Görtler-like (TGL) vortices, begin forming at the forward wall of the cavity.  
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The TGL vortices are counter-rotating vortex pairs that form due to the concavity between the 

primary vortex in the cavity and the secondary vortex.  For Red > 2000, the solutions to the 

numerical simulations become unsteady because of the asymmetry of the flow caused by these 

TGL vortices. 

There are many benefits to performing 3-D calculations for simulating the flow over 

cavities.  While the 2-D calculations are useful in verifying a computer code, the 2-D cannot give 

a full insight into the motion in the cavity due to the end wall effects which are not taken into 

account in 2-D simulations.  Also, in 2-D calculations, primary and secondary vortices are 

isolated from each other, which is not the case in the actual flow.  The primary and secondary 

vortices are interconnected and can be observed when studying tracking plots in 3-D simulations.   

Shankar and Deshpande (2000) performed 2-D numerical calculations on square cavities.  

They showed the formation of secondary vortices as the Reynolds number increased.  They also 

performed 3-D numerical calculations of a rectangular cavity that had a square cross section with 

an aspect ratio of 3.  The aspect ratio is the length of the cavity in the spanwise direction divided 

by the length in the streamwise direction.  They found an initial symmetry of the flow at the mid-

span of the cavity, but as the Reynolds number increased the formation of TGL vortices was 

observed.  For an aspect ratio of 3, they found that the flow became unsteady at Red ~ 1000.  At 

this Reynolds number, the TGL vortices began to form.  At the onset, there were six TGL vortex 

pairs.  The number of vortex pairs grew to eight at Red = 3000, and eleven at Red = 6000.  

Around Red = 6000, the flow began to transition to turbulence, with a fully turbulent flow 

developed at Red = 10,000.  Using tracking plots for this 3-D simulation, Shankar and 

Deshpande (2000) showed that the primary and secondary vortices in the cavity are 

interconnected.  As shown in figure 7, a particle that starts in the principal vortex is taken down 
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to the end wall vortex and then through the centerline to the downstream secondary vortex.  

Therefore, they stated that there are no closed streamlines in the cavity because of the 

connectivity of the vortices.      

 

Figure 7.  Schematic of particle pathlines in a 3-D rectangular cavity (Shankar and Deshpande 
2000). 

 
Yao et al. (2001) numerically simulated the flow over a cavity with an aspect ratio of 3.  

As opposed to a lid-driven flow, this 3-D simulation was a boundary layer driven flow, or a shear 

driven flow.  In a lid-driven flow, the vortices in the cavities circulate faster than in a shear 

driven flow because of the larger velocity gradient above the cavities.  In the lid driven case of 

Shankar and Desphande, the flow transitioned to turbulence at Red = 6000.  For Yao et al. (2001) 

the boundary layer did not transition to turbulence until approximately Red = 50,000.  At Red = 

5000, there was no indication of a transitioning boundary layer.  They saw the presence of the 

Kelvin-Helmholtz (K-H) instability in the shear layer, and observed a weak crossflow of the 

fluid over the cavities.  At this Reynolds number the thickness of the boundary layer was 

approximately 10% of the length of the cavity.  As they increased the Reynolds number to 

50,000, the laminar boundary layer transitioned over the cavities and became fully turbulent.  In 

the early stages of transition, the KH instability was detected over the cavities.  They also saw 
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the lambda vortices form in the boundary layer prompting the breakdown to turbulence.  The 

turbulent boundary layer thickness was 3.5% of the length of the cavity.  

Yao et al. (2004) preformed more numerical simulations of shear driven cavity flow.  In 

this experiment, they analyzed the effect of the boundary layer thickness on the stability of the 

flow.  They kept the Reynolds number based on cavity depth to be 10,000 and varied the 

boundary layer thickness.  At a boundary layer thickness of 6% of the cavity depth, the KH 

instability is seen at the back wall of the cavity.  At a boundary layer thickness of 11%, the KH is 

still present but it is weaker and it appears at the end aft wall of the cavity.  With the boundary 

layer thickness at 21% no KH instability is observed.  Therefore, they concluded that as the 

boundary layer thickness increases, the cavity flow becomes more stable because of the decrease 

of the velocity gradient in the shear layer.   Figure 8 shows the cavity flow at two different 

boundary layer thicknesses. 

 
       (a) δ/D=0.06        (b) δ/D=0.21 
 

Figure 8.  Cavity flow at a Reynolds number of 10,000 for two different δ/D  
(Yao et al. 2004). 

     
Migeon (2002) performed experimental studies on the formation of TGL vortices to 

determine the cause of their formation.  He was interested in whether the TGL vortices form 

because of the concave separation between the primary eddy and the secondary eddy 

downstream, or if their formation was due to the separation between the primary eddy and the 
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secondary eddy upstream.  In this experiment, the cavity was under lid-driven conditions with an 

aspect ratio of 2.  Migoen studied the start up phase of the cavity flow.  By studying Red of 1000, 

2000, and 3200, Migeon observed the formation of the TGL vortices which he described in four 

phases.  The first phase of TGL formation is the decrease in mixing of the flow at the end wall 

vortices.  The second stage is the formation of a “converged-streamline structure” at the end wall 

vortices.  The first two stages were observed at all Reynolds numbers studied.  Next, the 

converged-streamline structure transforms into what Migeon describes as an “undulated-

streamline structure.”  This third stage was observed for Red of 2000 and 3200.  The fourth and 

final stage is the formation of TGL vortices which was only observed for a Reynolds number of 

3200.  Migeon noted that the upstream secondary eddy had not yet developed before the TGL 

vortices had formed.  Therefore, Migeon stated that the formation of the TGL vortices are due to 

the concavity of the primary eddy itself, and not the region between the primary and secondary 

eddies.  He noted that the TGL instabilities grew in the direction of the flow at the lower region, 

which is similar in nature to a Görtler instability.  The instability also showed similarities to the 

Taylor instabilities between two concentric cylinders where the inner cylinder is rotating.  The 

wavelength of the TGL vortices is similar to the wavelength of the Taylor instabilities.  Migeon 

therefore described the TGL vortices as having a Taylor and Görtler nature.  
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3.  THEORETICAL BACKGROUND 

 

 3.1 Reynolds Number 

Osbourne Reynolds first studied the transition from laminar flow to turbulent flow in 

pipes in the late 1800’s.  He proposed that the transition was induced by the growth of 

disturbances in the flow.  He defined the dimensionless number which is a ratio of the inertial 

forces over the viscous forces in the flow – now called the Reynolds number.  The equation for 

the Reynolds number is defined as Rel =  where U is the freestream velocity, l is the 

characteristic length, and v is the kinematic viscosity of the fluid.  When the inertial forces 

become larger compared to the viscous forces, the Reynolds number becomes larger and the 

transition to turbulence occurs. In flows over cavities it is custom to calculate the Reynolds 

number based on cavity depth, using the depth of the embedded cavities as the characteristic 

length. 

 3.2 Displacement Thickness 

 When analyzing the boundary layer profile above cavities one important property is the 

boundary layer’s displacement thickness.  The displacement thickness is defined as the distance 

away from the wall a boundary layer would have to be moved in order to achieve the same flow 

rate if the flow were inviscid.  Figure 9 shows the physical definition of the displacement 

thickness.   
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Figure 9.  Displacement Thickness (Banks 1999). 

Equating the shaded areas yields: 

                                                (1) 

where U is the freestream velocity.  The result is the formula for displacement thickness: 

                                                  (2) 

For this research the points on the boundary layer profile were converted to a graph of the 

function: 

                                                            (3) 

From this, the integral (or the area under the curve) was calculated using the points according to 

the trapezoidal rule (the boundary layers consisted of approximately 30 data points).  The profile 

was integrated from the wall to the edge of the boundary layer – as defined by 99% of the 

freestream velocity. For each boundary profile a displacement thickness can be calculated and is 

used to calculate the shape factor. 

u(y) u(y) 
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 3.3 Momentum Thickness 

 The momentum thickness, θ, of the boundary layer indicates the amount of momentum 

that is lost due to viscosity as compared to an ideal flow.  The momentum thickness is the 

distance that, when multiplied by the freestream velocity squared, is equivalent to the integral 

across the boundary layer of the loss of momentum, ρu(U-u).   

 
Figure 10. Momentum Thickness (Banks 1999). 

Equating the shaded areas yields: 

                                             (4) 

where ρ is the density of the fluid.  For an incompressible flow, the density cancels out and the 

momentum thickness, θ, is: 

                                             (5) 

For this experimental study, the boundary layer profile was converted to a graph of the function: 

                                                        (6) 

ρu(y)2 

θ 
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From this, the momentum thickness was calculated using the data points and calculating the area 

under the curve using the trapezoidal rule.  The profile was integrated from the wall to the edge 

of the boundary layer. The momentum thickness is also used in the shape factor calculation. 

 3.4 Shape Factor 

 The ratio of the displacement thickness to the momentum thickness, called the shape 

factor, if often used in boundary layer analysis.  The displacement thickness, , and the 

momentum thickness, , are shown graphically in Figure 11.   

 
Figure 11. Graphical representation of displacement thickness and momentum thickness (White 

2006). 
 
The displacement thickness is always larger than the momentum thickness.  The shape factor, H, 

is always positive. 

                                                              (7) 

The shape factor is an indication of how easily a boundary layer will separate.  A smaller H 

implies that it is less prone to separate.  A small H value indicates that the high momentum fluid 

in the outer portion of the boundary layer is being brought closer to the wall.  This higher 

momentum fluid closer to the wall reduces the likelihood of flow reversal and, thus, prevents 

boundary layer separation. 
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 3.5 Reynolds Stress 

 The Reynolds stress is a measure of the amount of momentum exchange in the flow.  

Where there is high momentum fluid being mixed with low momentum fluid, the Reynolds stress 

is large.  This large Reynolds stress is an indication that high momentum fluid is moving toward 

the wall or low momentum fluid is moving away from the wall, when considering an 

approximate 2D flow such as in the turbulent boundary layer. This would increase the possibility 

of controlling boundary layer separation.   

 The Reynolds stress comes from the time averaged Navier-Stokes equations in the form:  

                  (8) 

The Reynolds stress is the term .  The velocity in the x direction can be defined as the 

average velocity plus the velocity fluctuation: 

                                                              (9) 

Likewise, the velocity in the y direction can be described as: 

                                                            (10) 

Therefore, the Reynolds stresses are proportional to the average of the velocity fluctuation 

products and describes the momentum exchange.  The image processing software for this 

experiment uses this term to create a Reynolds stress field averaged over the number of 

images. 
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4.  EXPERIMENTAL SETUP 

 

 4.1  Water Tunnel Facility  

 All experiments were performed in the water tunnel facility at the University of Alabama.  

The 1500 gallon water tunnel has a test section that is 30” high, 16.25” wide, and 108” long.  

Made by Rolling Hills Research Corporation, the Eidetics 1520-EXT low freestream turbulence 

water tunnel has a maximum water velocity of 13 inches per second.   

 The flow first passes through the honeycomb screen, then two stainless steel porous 

plates, then three stainless steel mesh screens.  The flow then contracts by a ratio of 6 to 1 before 

passing through the test section.  After the test section, the water discharges below the tunnel 

through two porous cylinders.  The cylinders keep objects which might damage the impeller 

from going through the discharge.  The discharge is then pumped back under the tunnel, then up 

to the beginning of the tunnel. 

 There are many customizations for the University of Alabama water tunnel that sets it 

apart from the standard Eidetics 1520 water tunnel.  The test section is longer and deeper.  In the 

baffle inside the plenum, there are four concentric porous cylinders that reduce the turbulence 

level below that of the standard tunnel.  The turbulence intensity is calculated to be an average of 

0.41% at 2 in/s.  This intensity was calculated by measuring the instantaneous values of u’ at the 

centerline of the test section over 60 seconds and was averaged over four runs.  The 



24 
 

manufacturer calculated this turbulence intensity by measuring the freestream velocity using a 

hot film anemometer.   

 The tunnel has a pressurized injection system that can be used to introduce dye into the 

flow for illumination for flow visualization.  The injection system can also inject a mixture of 

water and particles for use with TR-DPIV.  It is important to remove all bubbles from the walls 

of the tunnel and the model in the test section before running any trials.  The flow conditioners 

must also be cleared of any bubbles or particles that may be clogging the honeycomb or the 

screens.     

 

Figure 12. University of Alabama water tunnel facility. 

 4.2 Time-Resolved Digital Particle Image Velocimetry (TR-DPIV) System 

 For all experiments, digital particle image velocimetry (DPIV) was used to characterize 

the flow over the microgeometries.  First used by Adrian in 1988 (Westerweel 1997), particle 

image velocimetry (PIV) is a measurement technique which can detect the displacement of a 

group of seeded particles in the flow from one frame to the next.  The particles must be small 

enough as to not alter the flow.  The particles are illuminated by a laser sheet, making the PIV 
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system non-intrusive.  By knowing the frame rate, and thus the time between consecutive 

images, and the displacement of a group of particles, the PIV system can determine the velocity 

field of the flow.  The use of high speed digital cameras, whose quality has greatly improved 

over the last two decades, has increased the accuracy of DPIV.  

 To use a DPIV system, first, the flow must be seeded with particles.  Then a laser sheet 

must be directed into the flow over the plan of interest.  A high speed camera must be aligned 

and focused to take images of the plane of particles that the laser sheet is illuminating.  The 

camera takes the images and stores them on the computer for processing. The images are divided 

up into windows called interrogation areas.  For each interrogation area, the processing software 

identifies the average displacement from one frame to the next of the particles in the window.  

After inputting the frame rate of the camera (and thus the time between images), the software 

will output an average velocity for the particles in each interrogation area.  Once the velocity 

field is known for the flow, the vorticity, Reynolds stresses, streamlines and other fields can be 

obtained.   

 Cross-correlation, first described by Willert and Gharib (1991) as it relates to PIV, is the 

method most often used in PIV systems to determine the average displacement of particles 

between consecutive images.  They reported an uncertainty of approximately 1% in translational 

displacements, and approximately 5% in rotational displacements.  They reported an uncertainty 

of 10% for vorticity due to the fact that vorticity is dependent on the velocity gradient.  Because 

cross-correlation is an averaging technique, the uncertainty of the vorticity is rather large.  The 

increase in camera resolution has begun to reduce this uncertainty. 

 To increase the accuracy of a PIV system it is important to make sure that few particles 

are entering or exiting the interrogation area in each frame.  If the group of particles can not be 
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identified from one frame to the next, the software can not output a velocity vector.  It is also 

important that the flow is seeded so that enough particles are in each interrogation area; a 

minimum of 7 particles per interrogation area is an average threshold.  If a flow is three-

dimensional, the accuracy of a 2-D PIV system is decreased.  In a 3-D flow, the flow into or out 

of the plane illuminated can not be obtained.  Therefore, particles may move into and out of the 

laser sheet, and therefore may not be identified from one frame to the next.  For this study, the 

window size, or interrogation area, for images was 32 by 32 pixels with a step size of 8 pixels.   

 

Figure 13. Schematics of DPIV technique (Dantec Corporation). 

 Because of the increase in frame rates of high speed cameras and increasing frequencies 

of pulsed lasers, there has been the introduction of time-resolved digital particle image 

velocimetry (TR-DPIV).  In TR-DPIV, the fluctuations of the velocity flow fields can be 

measured to determine the motion of transient structures (Fore et al. 2005). 

 In the water tunnel lab at the University of Alabama, where all experiments were 

conducted, the TR-DPIV system has the following components: a Quantronix Falcon 30 Nd:YLF 
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laser, a Basler A504K high speed digital camera, a Dell Precision workstation which has two 

Intel Xeon processors both at 3.2 GHz and a total of 3GB of RAM memory, and a National 

Instruments frame grabber (PCIe-1429) with an extension board.  The Dell Precision workstation 

consists of four 500 GB hard drives in an array, creating 2 TB of memory for data storage. The 

images were acquired using NI LabVIEW software and were processed via Pixelflow software. 

 4.2.1 Particle Seeding 

 The flow of interest must first be properly seeded with particles to begin a DPIV 

experiment.  The particles must be small enough to follow the flow without altering it.  Yet, they 

must be large enough to scatter the light from the laser when illuminated.    According to Melling 

(1997), the particles must be non-toxic, non-corrosive, non-abrasive, non-volatile, and 

chemically inert.  Melling also published a review of the most widely used seeding particles for 

gases and liquids.   

The seeding density must be adequate so that the DPIV software can identify groups of 

particles, however, if there are too many particles, the images may not be visible, due to the 

particles clouding up the water in front of the laser sheet.  The whole flow can be seeded or just a 

part of the flow can be seeded.  There may be instances where it is difficult to insert particles into 

the flow without altering the flow.  Therefore, for this research, it was determined that the whole 

flow would be seeded.  All experiments for this research have used Conduct-o-Fil silver coated 

hollow glass spheres made by Potters Industries, Inc.  These particles have been used in previous 

experiments in the University of Alabama water tunnel all with positive results.  The particles 

have a specific gravity of 1.6 and an average diameter of 14 µm.   
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4.2.2 Nd:YLF High Frequency Laser 

 The water tunnel lab has a high frequency, Quantronix Falcon Nd:YLF laser to illuminate 

the particles in the tunnel.  Shown in Figure 14 (a), it is a solid body laser that emits light at a 

527 nanometer wavelength.  The frequency can be set internally at increments of 100Hz up to 1 

KHz.  The frequency can also be set externally through TTL signals and can be synchronized 

with other devices.  All experiments for this research have used the laser set internally.  At 1 

KHz, the pulse width is 152 ns, and the output power is an average of 21 W.  The current to the 

laser can range from 7 amps to 29 amps, and the maximum power given to the laser at 1 KHz is 

29.9 W.  The 224 Power Supply Cooler controls the frequency and output power.  Also 

manufactured by Quantronix, the cooler can be seen in Figure 14 (b).  

      
(a)                                                                   (b) 

 
Figure 14.  Pictures of the Quantronix laser head (a) and 224 power supply cooler (b). 

 The laser system requires an external chiller to cool the distilled water running through a 

closed loop to the power supply cooler.  The chiller used in the lab is a NESLAB Merlin 

Recirculating Chiller M150.  Shown in Figure 15, the chiller consists of a reservoir, an air-cooler 

refrigeration system, a plate heat exchanger, a recirculating pump, and a controller.  The chilled 

water keeps the operating temperature of the laser between 27oC and 32oC.  
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Figure 15. NESLAB recirculating chiller. 

 The laser beam at the head has a diameter of approximately 5 mm.  The beam has a 

divergence of 0.017 radians.  Before exiting the laser system, the beam passes through 2 

spherical lenses which decreases the diameter and collimates the laser beam.  For all experiments 

in this research, a +100 mm focal length lens, then a +40 mm focal length lens were used to 

decrease the laser beam by 2.5 times.  Once focused, the beam had a measured diameter of 

approximately 2 mm.  The beam was directed using mirrors to the desired position for each trial.  

To generate a 2-D laser sheet, the beam then passed through a -6.4mm focal length spherical 

lens. 

  4.2.3 High Speed Camera 

 The camera used for all TR-DPIV experiments was an 8-bit Basler A504k.  The 

maximum resolution is 1280 by 1024 pixels at a frame rate of 500 fps.  If the resolution is 

decreased, the frame rate can be increased.  For example, the camera can take images at 1000 fps 

if the resolution is cut in half.  For all experiments the resolution was 1280 by 1024 pixels.  The 

pixel size is 12 µm2 by 12 µm2.  The camera can be synchronized by an external signal or can be 

run in free-run mode.  The Basler Camera Configuration Tool Plus (CCT+) is the software that 
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controls the functions of the camera.  The CCT+ software creates a camera file which can then 

be read by the image acquisition program.  The camera file can control the resolution, exposure 

time, and setting for free-run or ExSync mode.  The Basler camera has two 26 pin MDR 

connectors to transfer data and to allow the external signal for the ExSync mode.  In this 

experiment, a Nikkor 105 mm lens was used, which has a maximum f-number of 2.8.  The 

camera and 105 mm lens are shown in Figure 16. 

 

Figure 16.  Basler A504k high speed camera with Nikkor 105mm lense. 

 4.2.4 Frame Grabber and Image Acquisition 

 The computer has a National Instruments PCIe-1429 frame grabber with two camera-link 

connectors, which can transfer data between the camera and the computer at up to 680 MB/s.  

Using an input/output extension board, the TTL signals for synchronization purposes can be 

transmitted between the camera and computer.  The laser could be synchronized with the camera 

and exposure time; however, for this research, the laser and camera were operated separately 

with no synchronization.  The laser and the camera were set at the same frequency.  The 

exposure time for the camera was set at the maximum allowed to ensure a laser flash occurred in 

each frame.  The extension board is connected to the computer through a PCI slot in the 

motherboard, and the PCIe-1429 card is connected using a x4 PCIe slot.  A LabVIEW program 

is used to control the image acquisition.  The images are stored as BMP images which gives 

them the highest resolution.   
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 To use the DPIV software, the images must be first converted to binary files with 

extensions ending in ima and imb.  To calculate the velocity field at a certain time, the DPIV 

software requires two consecutive images that have the same file name, but the first image must 

have an ima extension and the second image must have an imb extensions.  First the images are 

run through a LabVIEW program that converts the images to binary files, increases the contrast 

of the images for better processing, and changes the images to consecutive pairs with the same 

name, but different extensions.  This is first done to create the odd numbered image pairs, and 

seen in Figure 17.  Another LabVIEW program is used to convert the images to even numbered 

image pairs.  Once all the images are converted into their image pairs, the post-processing 

software can be used to calculate the velocity fields and other measurements.     

         
Figure 17. Process for converting images for PixelFlow processing. 

 4.2.5 Post-Processing Software 

 Once the images are converted into image pairs, the Pixelflow 2.1 software is used to 

generate the velocity flow field, as well as other kinematic fields such as vorticity and Reynolds 

stresses.  To obtain the velocity of the flow, the software takes the image pairs and uses the 

cross-correlation method described in Willert and Gharib (1991).  Using the Interactive tab in 
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Pixelflow, images pairs can be uploaded to test the seeding and the frame rate to make sure the 

image pairs will produce a velocity field if run through the program.   

 If the image pairs have a high enough cross-correlation, the user can go to the Parameters 

tab.  Under this tab, the user must input the size of the image (how many pixels in height and 

width), the size of each interrogation area, the step size, the area to be measured, the time 

between images, the aspect ratio of the pixels, and the length conversion factor. 

 Once the parameters are properly set, the user can go next to the Batch Script Editor tab.  

In this tab, the user inputs the steps desired to be performed on the images.  The first step that 

must be input is the “cross-correlation” step.  Next is the “outlier” step which finds the outliers 

and replaces them with the interpolated values according to the surrounding displacements.  

Then the “smooth” step is performed which removes the high frequency jittering of the system.  

Next, the “window shifting” step is specified which will make sure the average displacement of 

the particles is not greater than one third of the window size.  This improves the accuracy of the 

displacement measurements.  The next steps are used to calculate specified outputs which are 

desired from the user.  For example, the “convert” step will generate the vector velocity field.  

Other outputs can be generated by using the “vorticity” step, “normal and shear strain” step, and 

the “streamlines” step. 

 Once the steps are specified and saved in the Batch Script Editor tab, the user can open 

the Run tab.  In this tab, the user must specify the input file for the images desired to be run, the 

output file, the parameter file, and the script file.  Now the images can be processed.  After the 

images are processed, which can sometimes take as long as four hours, the desired kinematic 

vector fields can be displayed.   
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 Under the Statistics tab, the user can select a batch of images and can ensemble average 

them to get and overall average flow field as opposed to instantaneous measurements.  In the 

PixelFlow software, the user can pull up the graphs of the velocity or vorticity fields.  These can 

be plotted with vectors, or by plotting contours.  A text file of the plot can be exported, which 

can then be opened by other programs such as Tecplot or Excel.      

 4.3 Experimental Models 

 The objective of this research was to study a hexagonal array of cavities, and their 

possible drag reduction capabilities.  The hexagonal cavities were embedded on a flat plate so as 

to compare the hexagonal cavities with previous research on dimples, square cavities, and shark 

skin replicas.  The hexagonal model was tested at two different orientations.  The test section 

consisted of the following sections is this order: leading edge flat plate, modular flat plate 

section, hexagonal cavities, trailing flap. 

 

Figure 18.  Experimental Setup. 

 4.3.1 Leading Edge Flat Plate 

 The leading-edge flat plate used with previous research in the University of Alabama 

water tunnel (Lang et al. 2007) was used for this experiment.  The leading-edge flat plate, which 

is 24 inches tall and 18 inches long, has an elliptical nose (Fransson 2004).  The leading edge 
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was built out of clear 1.5 inch thick Plexiglas by the University of Alabama machine shop using 

a high precision CNC machine.  A schematic and image of the leading edge flat plate are shown 

in Figure 19. 

          

Figure 19.  Leading edge flat plate. 

 4.3.2 Modular Section 

Connected to the flat plate is a modular section which is also 24 inches tall and 18 inches 

long.  The modular section is a flat plate with no curvature.  This modular section has a slit with 

a reservoir on the back to allow particles or dye to be injected into the boundary layer.  The slit 

has a width of 0.0314 inches and spans 20 inches.  The modular section is made out of matte 

black Plexiglas so as to decrease the amount of light reflected when directing the laser on it.  A 

schematic and image of the modular section is shown in Figure 20. 
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Figure 20.  Modular section. 

4.3.3. Hexagonal Cavities  

Connected to the modular section is the array of hexagonal cavities.  To build the 

hexagonal cavities, a hexagonal lattice was place on top of a clear Plexiglas plate.  The 

hexagonal lattice was 12 inches wide, 24 inches long, and 0.5 inches deep.  The cavities attached 

to the modular section so that the tops of the cavities were flush with the flat plate.  The cavities 

were also flush with another flat plate section that was 12 inches wide and 24 inches long which 

was positioned above the hexagonal cavity model.  Figure 21 shows the hexagonal cavities 

attached to the flat plate sections.   

 

Figure 21.  Hexagonal cavities. 
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The hexagonal cavities are 0.75 inches from wall to wall at the top of the cavity as shown 

in Figure 22.  The cavities have a parabolic profile, making the bottom of the cavities smaller 

than the top.  

 

Figure 22.  Dimensions of hexagonal cavities. 

The first trials were run with the cavities positioned as in Figure 23a.  This orientation 

will be referred to as Hex 1.  The other trials were run with the cavities rotated 30 degrees as 

shown in Figure 23b.  This orientation will be referred to as Hex 2. 

      
                         Hex 1 (a)                                            Hex 2 (b) 

Figure 23.  Orientation of cavities for first trials (a) and second trials (b). 
 
4.3.4 Trailing Flap 

At the end of the test section there is a trailing edge flap.  The trailing edge flap can be 

adjusted to impose a pressure gradient which will control the oncoming streamline.  For these 

trials the flap was set to prevent the formation of a separation bubble at the leading edge of the 

flat plate.  A schematic and image of the trailing flap is shown in Figure 24. 

3/4” 

1/2” 

 

¾” x ¾” x ½” 

Flow Flow 



37 
 

         

Figure 24. Trailing flap. 

4.4 Experimental Procedure and Driving Parameters 

First, dye was injected in a slit upstream of the cavities.  The dye was carried into the 

boundary layer and over the hexagonal cavities.  Some of the dye entered the cavities and a UV 

lamp was used to illuminate the dye for visualization purposes.  Images were taken of the dye in 

the cavities to analyze the motion of the fluid inside the cavities for both orientations of the 

hexagonal model.   

Also, time-resolved digital particle image velocimetry was used to capture the flow field 

over the cavities.  Cases of laminar and turbulent boundary layer formation over the cavities 

were examined.  The boundary layer profiles were compared to determine the change in the 

momentum over the cavities as compared to over a flat plate.  The partial slip velocities were 

measured above the cavities.  The partial slip velocities were taken from the velocity vectors 

over the cavity at the same height that the velocity over the cavity wall first becomes zero.         

The Red is the Reynolds number based on cavity depth and the freestream velocity; δ is 

the boundary layer thickness based on the theoretical Blasius approximation over a flat plate; k is 

the roughness height; d is the cavity depth.  The parameter δ/d is used to determine if the Kelvin-
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Helmholtz (K-H) instability will affect the flow.  For the trials the value of δ/d was greater than 

2.4.  Yao et al. (2004) showed that for a ratio of δ/d = 2.1 and a Reynolds number based on 

cavity height of 3200, the K-H instability did not affect the boundary layer flow.  Therefore, the 

Reynolds number in this experimental research would not be affected by the K-H instability.   

Trials for a laminar boundary layer were run at two different velocities, corresponding to 

Red of 1800, 2600.  Trials were also run with a rod placed in the boundary layer to trip it 

turbulent.  The 0.5 cm thick rod was placed on the flat plate 18 inches upstream of the model.  

These turbulent trials were run at velocities corresponding to Red of 2600 and 3300.  For the 

trials run in this experiment, the camera frame rate was set at 400 fps and the laser frequency was 

400 Hz.  The number of image pairs used for the overall averaging graphs for each trial was 

1200.   
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5.  RESULTS AND DISCUSSION 

 

 There were three main aspects of this study.  First was to qualitatively study the flow 

inside the cavities using dye visualization, noting similarities and differences in the two 

geometries.  Second was to study the partial slip velocities of the laminar boundary layer over 

the cavities.  The third objective was to study a fully turbulent boundary layer over the embedded 

cavities, comparing partial slip velocities, boundary layer profiles, and Reynolds stress.   

5.1  Dye Visualization   

 Because the hexagonal cavities are not transparent, DPIV data could not be taken inside 

the cavities.  Therefore, dye visualization was used to show the flow inside the cavities under 

laminar flow conditions.  Using pressurized dye ports, a reservoir behind the upstream flat plate 

was filled with dye.  The dye entered the boundary layer flowing over the flat plate via a 1/16th 

inch horizontal slit 10.75 inches upstream of the cavities as shown in Figure 16.  The dye was 

illuminated by a UV lamp.  The dye traveled slowly over the flat plate section and then over the 

embedded cavities.   

 5.1.1 Injection/Ejection Locations  

 As the first dye started flowing over the embedded cavities, it was easy to see the 

locations that the dye entered the cavities.  For the first orientation (Hex1), the dye entered the 

cavities from the bottom and top of the cavity as shown in Figure 25a.  For the second 

orientation, the dye entered the cavities at the downstream point as shown in Figure 25b. 
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                      (a) Hex 1                                                                          (b) Hex 2 
 

Figure 25. Fluid injection locations (flow is going left to right). 

Note that that Hex 1 orientation has 2 injection points, while the Hex 2 orientation has only 1 

injection point.  Figure 26 is an image of the Hex 1 orientation showing the dye being swept into 

the cavity at the bottom corner.   

 

Figure 26. Fluid injection for Hex 1 orientation. 

The ejection of flow from the cavity to the boundary layer flow was more difficult to observe.  

However, it was clear that the fluid was being ejected from the first orientation at the top and 

bottom of the downstream wall as shown in Figure 27a.  The ejection of the second orientation 

was at the top and bottom downstream corners as shown in Figure 27b.   

X 

X 
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                         (a) Hex 1                                                                    (b) Hex 2 
 

Figure 27. Fluid ejection locations (flow is going left to right). 

 The different injection and ejection locations for the two geometries suggest that the 

orientations may interact differently with the boundary layer flow.  Figure 28 is an image of the 

Hex 1 orientation showing the dye being ejected out of the cavity at the downstream corners.   

 

Figure 28. Fluid ejection for Hex 1 orientation. 

The location of the injection/ejection points is helpful in learning more about the interaction 

between the inside cavity flow and the outer boundary layer flow.  As shown in figure 29, when 

looking at the array of embedded cavities, the injections and ejections of the Hex 2 orientation 

seem to line up better than those of Hex 1.  Having multiple injections and having the ejection of 

one cavity so close to the injection of the next cavity, may cause Hex 1 to be more unstable and 
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more dependent on changes in velocity.  However, the ejection of one cavity to the injection on 

the trailing edge of the next cavity could aid in the feeding of the primary cavity vorticity.   

 

     

                        (a) Hex 1                                                             (b) Hex 2 

Figure 29.  Injection/ejection locations of arrays of cavities (flow is from left to right). 

 5.1.2 Interior Cavity Flow 

 Once the dye entered the cavity, the flow associated with the cavity vortices could be 

observed.  The flow over the cavity causes a primary vortex in both configurations that rotates 

clockwise when the freestream flow is left to right as shown in figure 30.   

 

Figure 30.  Primary rotation of cavity flow. 

This primary vortex resembles most cavity flows; the hexagonal shape did not alter this main 

rotation.  Similar to flow in circular cavities (dimples), secondary vortices were present and were 

visible using dye visualization.  Papers such as Choi et. al (2006) describe this horseshoe vortex 
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in a dimple.  With respect to the flow over the cavity, the right half of the cavity rotates counter-

clockwise, while the left half of the cavity rotates clockwise as shown in figure 31.   

       
 

Figure 31. Dye visualization showing secondary counter rotating vortices. 

There were no differences in the two orientations.  The primary vortex could be seen particularly 

at the onset of the injection of the dye.  The secondary horseshoe vortex was seen for both 

orientations.  The upper half of the horseshoe vortex and the lower half of the vortex did not 

appear to interact.  For instance, when the dye was not evenly flowing out of the dye slit, in some 

cavities dye was injected only into the top half of the cavity and the dye stayed in the top half of 

the cavity and did not seep into the bottom half (as shown in figure 32). 

 

Figure 32. Dye in the top half of a row of cavities. 

  5.1.3 Transition to Turbulence 

 The dye visualization showed that the flow over the flat plate part of the model remained 

laminar across the whole model.  However, when the dye started flowing over the cavities it was 

quickly apparent that transition to turbulence was being initiated.  For a Red of 1800, the flow 

Flow 
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was transitioning around the 8th to 12th cavities.  For a Red of 2600, the flow was transitioning 

around the 5th to 8th cavities.  For the flow with a Red of 3300, the fluid started transitioning 

about the 2nd to 4th cavities.  As the flow transitioned to turbulence, the dye was mixed and 

became no longer visible.  Therefore, a characterization of the flow inside the downstream 

cavities was not possible.  Also, it was not clear at exactly what point the flow was transitioning 

and no noticeable difference was seen between the two cavities.  What was clear was that the 

flow over the flat plate model (at the same downstream distance of the embedded cavities) was 

completely laminar, while the flow over the cavities was transitioning to turbulence.  This 

indicates that the embedded cavities caused the flow transition sooner than that over a flat plate.  

This early transition may be a key aspect to the use of embedded cavities for achieving 

separation control. 

 5.2 Laminar Flow Trials 

 A benefit to flow over cavities is that the flow can have still have some velocity at the 

bottom of the boundary layer as opposed to the required zero velocity of the flow at the wall over 

a flat plate.  Over a flat plate, the boundary layer must abide by the “no-slip” condition; however 

over embedded cavities, at the bottom of the boundary layer there is a partial slip velocity.  This 

partial slip velocity allows for higher momentum of the fluid to be near the wall, and this can be 

a deterrent to flow reversal near the wall which leads to boundary layer separation.   

For these trials, TR-DPIV was used, and the velocities at the very bottom of the boundary 

layer flow, yet at the top of the cavities, were extracted as the partial slip velocities.  The partial 

slip velocities are extracted from time averaged velocity fields (1200 images at 400 frames per 

second).  The maximum of the partial slip velocities was observed over each cavity.  For 

example, there may have been eight partial slip velocity vectors acquired from the beginning of 
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the cavity to the end of the cavity, and the maximum of those eight velocities was taken for that 

cavity’s maximum partial slip velocity.  The maximum velocity typically occurred at the 

midpoint of the cavity.  The partial slip velocities are taken from a cross-section of data at the 

centerline of the cavities.  The centerline should have a peak in partial slip velocities due to the 

secondary flow reversal observed in the dye visualization for the dominant cavity flow structure.  

Note that for Hex 2, the cross-section includes the cavity wall; therefore, the cavities are further 

spaced apart than those of Hex 1. 

                       
                               (a) Hex 1                                                                (b) Hex 2  

Figure 33. Cross-section for trials. 

 5.2.1 Partial Slip Velocities 

 For this experiment, the partial slip velocities were taken at the horizontal line where the 

velocity vectors above the cavity walls first indicated a zero velocity.  Figure 34 shows an 

example of the partial slip velocities over two cavities.  The maximum partial slip velocities 

typically occurred at the midpoint of the cavity.  Figure 34 is for the Hex 2 orientation showing 

the partial slip velocities above the 7th and 8th cavities at a trial of Red = 2600.   
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Figure 34.  Sample graph showing partial slip velocity variation above two cavities for Hex 2 

orientation: Red=2600. 
 

First, the partial slip velocities for the trials in which the boundary layer was able to grow and 

remain laminar, upstream of the cavities was studied.  Figure 35 shows the maximum partial slip 

conditions above the cavities for the case of Red = 1800.  The velocities are non-dimensionalized 

with respect to the freestream velocity.  The x-axis is shown in centimeters, with zero 

corresponding to the beginning of the hexagonal model.  One can see that the partial slip 

velocities are below 5% of the free stream velocity.  However, after about 17 cm in the 

streamwise direction along the model, the Hex 2 orientation partial slip velocity increases to 

about 11% of the free stream velocity.  This indicates that the flow over the second orientation is 

becoming turbulent at that point.    
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Figure 35.  Maximum slip velocities above each cavity for laminar trial: Red=1800. 

  When the velocity is increased, so that the new Reynolds number based on cavity depth 

is 2600, the partial slip velocities start out small, and then increase.  Figure 36 shows the 

maximum partial slip velocity over each cavity for both orientations.  The increasing partial slip 

velocities are indicative of a boundary layer transitioning from laminar over the first four 

cavities, to turbulent over the rest of the model.  It seems that the Hex 1 orientation is 

transitioning sooner and faster than the Hex 2 orientation as evidenced by Hex 1’s higher 

velocities in the range of 8 cm to 15 cm onto the embedded cavities.  

 These two Reynolds numbers give differing results in comparing the two geometries.  For 

Red = 1800, the second orientation appeared to transition first, for Red = 2600, the first 

orientation appeared to transition first.  Thus it cannot be determined clearly which orientation 

would be best to induce early transition.  However, it is clear that for the untripped cases, the 

boundary layer is changing from laminar to turbulent, which is not the case over the flat plate 

section which is at the same downstream distance from the leading edge.  
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Figure 36.  Maximum slip velocities above each cavity for laminar trial: Red=2600. 

 5.3. Turbulent Flow Trials  

 For the two geometries, trials were run in which the boundary layer was tripped to 

turbulence using a rectangular rod placed flat on the leading section, which protruded 0.5 cm 

from the wall.  The rod was placed 12 inches from the leading edge, which meant that it was 24 

inches upstream of the embedded cavities.  The rod was placed this far upstream to allow for the 

boundary layer to be fully turbulent once it reached the embedded cavities.  Before each trial, 

dye visualization was used to see that the boundary layer was completely turbulent.   

 5.3.1 Partial Slip Velocities 

 The maximum, time-averaged partial slip velocities for the turbulent case of Red=1800 is 

shown in figure 37.  It is seen that the partial slip velocities of the second orientation are 

significantly larger than those of the first orientation across most of the model.  This indicates 

that for this trial, the magnitudes of the embedded vortices are greater for Hex 2 than for Hex 1.  

It is also important to note that the partial slip velocities start decreasing dramatically towards the 

downstream areas of the model.  For Hex 1, the velocities start decreasing rapidly after about 18 

cm into the model.  For Hex 2 the velocities start decreasing after about 16 cm into the model.  
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This decrease in partial slip velocities could be an indication that the average circulation of the 

cavity vortices is decreasing in magnitude.  This could suggest that the model is more effective 

in generating a partial slip velocity (and thus more effective in controlling boundary layer 

separation) towards the front part of the model as opposed to the downstream section.   

 

Figure 37.  Maximum slip velocities above each cavity for turbulent trial: Red=1800. 

 For the case of Red=2600, Hex 2 again appeared to have larger partial slip velocities 

compared to Hex 1 for the first part of the model.  For this velocity, again, the partial slip 

velocities started decreasing at the downstream part of the model.  It appears that Hex 1 shows a 

significant decrease in partial slip velocities at about 17 cm, and Hex 2 starts to decrease at about 

16 cm.   

 Figure 39 shows the partial slip velocities at the highest velocity where Red=3300.  For 

this trial, unlike the others, Hex 1 had slightly higher velocities.  Once again one can notice the 

decline in partial slip velocities at downstream areas of the model.  Hex 1 exhibits a significant 

decrease in partial slip velocities at about 18 cm and Hex 2 at about 16 cm.    
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Figure 38.  Maximum slip velocities above each cavity for turbulent trial: Red=2600. 

   

 
Figure 39.  Maximum slip velocities above each cavity for turbulent trial: Red=3300. 

 The analysis of the partial slip velocities showed some important findings.  First, the 

partial slip velocities for Hex 1 increased with increasing Reynolds number.  However, the 

partial slip velocities for Hex 2 did not increase as much, staying in the range of 20% of the 

freestream velocity for most of the trials.   This suggests that Hex 1 is more dependent on 

Reynolds number, whereas Hex 2 acts more consistently for a range of Reynolds numbers and 
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thus the flow field behavior is approximately Re independent.  It is significant that in all three 

cases, and for both orientations, the partial slip velocities started to decrease towards the end of 

the model.  This indicates that the magnitude of the embedded vortex circulation is decreasing, 

which may suggest that the impact of the turbulent mixing being promoted into/out of the 

cavities is relaxing.  The boundary layer flow may be intially interacting significantly with the 

cavities in the first part of the model, but then settling in and not interacting as much with the 

cavities further downstream.  The Hex 1 orientation appeared to consistently exhibit decreasing 

partial slip velocities slightly further downstream than the Hex 2 orientation.  

 The partial slip velocities differ at different cross-sections, with larger partial slip 

velocities at the middle of the cavity.  One trial was run with the Hex 1 orientation at different 

cross-sections to compare the partial slip velocities.  Figure 41 shows the maximum partial slip 

velocities at three different cross-sections of the cavity.  The cross-sections taken are shown in 

figure 40.  As shown in figure 41, the partial slip velocities at the middle of the cavities are larger 

than those at the other cross-sections.      

 

Figure 40.  Different cross-sections for Hex 1 orientation. 

 

middle 
near bottom 

bottom 



52 
 

 
Figure 41.  Maximum partial slip velocities above first three cavities, turbulent trial: Red=3300. 

  5.3.2 Uncertainty Analysis 

 There should be a discussion of the uncertainty of the partial slip velocities.  As stated in 

the Experimental Setup section, the uncertainty in the TR-DPIV process is approximately 1% for 

displacement and velocity measurements (Willert and Gharib, 1991).  However that would be 

misleading for the case of the partial slip velocities.  The error in these velocities would arise by 

the case of the true top of the cavity not lining up with the velocity vectors given by the 

processing software. For example, the PixelFlow software computes one velocity vector 

averaged over a square 16 pixels by 16 pixels. This gives a velocity vector approximately every 

0.9 mm for these trials.  Therefore the error in the placement of the partial slip line from one trial 

to the next is less than 0.9 mm.   

 5.3.3 V-velocities 

 By looking at the velocity perpendicular to the flow, one can get an idea of some 

injection and ejection locations.  One instance where this was clear is the trial of the Hex 2 

orientation.  Figure 42 shows the time-averaged velocity perpendicular to the flow, v, over the 

first three cavities at approximately 1.8 mm above the tops of the cavities. 



53 
 

 
Figure 42.  Hex 2 perpendicular velocity over first three cavities for turbulent trial: Red=2600. 

The v-component of the velocity decreases as it goes over the cavity and becomes negative at the 

downstream area of the cavity.  At this downstream point more fluid is going into the cavity.  

This occurs at the downstream corner of the Hex 2 orientation – the location shown in the dye 

visualization to be the injection location.  Notice that the negative values reach to about 0.8% of 

the freestream U velocity, however, the positive values at the upstream area of the cavity only 

reach about 0.4% of the freestream.  This indicates that there is an injection point at the 

downstream corner, but not necessarily an ejection point upstream.  The ejection points of the 

Hex 2 orientation did not occur at the middle of the cavity where this cross section was taken.  

There were not clear trends of the v-velocities with downstream distance.     

 5.3.4 Boundary Layer Profiles 

 The analysis of the boundary layer profile is important to determine some characteristics 

that would help control boundary layer separation.  The shape of the boundary layer profiles 

above the two different orientations can be compared to the shape of the same boundary layer 

profile over the flat plate at the same downstream distance.  For the trials in which the boundary 

layer was tripped turbulent, the average velocity field was calculated using TR-DPIV.  From that 



54 
 

velocity field the boundary layer profiles can be extracted at certain downstream distances.  

Three boundary layers from the turbulent trial with a freestream velocity of 21 cm/s which 

corresponds to Red=2600 are shown in figure 43.        

                                                                  
             (a) Rex = 210,000                    (b) Rex = 211,000 
 

 
  (c) Rex =  214,000 

 
Figure 43.  Sample boundary layer profiles from turbulent trial: Red=2600. 

The first profile is at a distance 9.1 cm downstream from the beginning of the embedded 

cavities, the second is at 9.5 cm downstream, and the third at 11.1 cm downstream.  The 

Reynolds number based on downstream distance are shown in figure 43.  Because these are from 

the turbulent boundary layer, the shape of the profile is not quite smooth.  If the profiles were 

3 

2 

1 



55 
 

averaged over a larger time frame, the profiles would be smoother.  By comparing the three 

orientations, one can see where the momentum is in the boundary layer.   

 In all three plots, the flat plate profile has a larger velocity in the area of section 1 and 2 

of the bounday layer.  However, the flat plate had smaller velocities in section 3.  This shows 

that in sections 1 and 2, the flat plate has higher momentum than the hexagonal models’ 

boundary layers.  However, in section 3, the hexagonal models have a higher momentum.  This 

showed up in each boundary layer profile taken for the turbulent trial of Red=2600.  Having this 

higher momentum close to the bottom of the boundary layer indicates a deterrent to the reversal 

of flow at the wall, which would decrease the tendency of the boundary layer to separate.   

 Looking at the fully turbulent case of a velocity of 26 cm/s, which corresponds to 

Red=3300, similar results were observed. As the boundary layer flows over a cavity, there is 

more momentum at the section closest to the wall.  Figure 44 shows three boundary layer 

profiles: at 6.2 cm downstream, 7.7 cm, and 9.1 cm.     

 The velocity is larger so the turbulent fluctuations are of a smaller time step.  Therefore, 

when averaged over the same time frame (3 seconds) as the previous trial, they average out to a 

smoother boundary layer profile.  Like the previous velocity profiles, the flat plate has higher 

momentum fluid in section 1, but the hexagonal models have higher momentum fluid in section 

2, when they are going over a cavity.  This higher momentum in section 2 is more important in 

determining that the boundary layer is less prone to separation.  This trend was seen in each trial.  

Hex 2 seemed to show more consistently the least momentum in regions away from the wall.  
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          (a) Rex = 252,000                          (b) Rex = 256,000   
     
 

 
(c) Rex = 260,000 

 
Figure 44.  Sample boundary layer profiles from turbulent trial: Red=3300. 

 Also of interest is the boundary layer profile toward the end of the model where the 

partial slip velocities are decreasing.  To make sure the primary rotation in the cavity is not 

lifting out of the cavity, the boundary layer profile was studied over the cavities toward the end 

of the model.  Figure 45 shows one of those boundary layer profiles.   
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Figure 45.  Boundary layer profile over the 11th cavity for Hex 1 orientation: Red=2600. 

By looking looking at the shape of the boundary layer profile, it is observed that the rotation in 

the cavity is not lifting out of the cavity.  Using the same cross-sections as drawn in figure 36, 

the boundary layer profiles over three different cross-sections for the Hex 1 orientation at a 

Reynolds number of 2600 are shown in figure 46.    

 
Figure 46.  Boundary layer profiles over the 1st cavity for Hex 1 orientation: Red=2600. 
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As shown in figure 46, the boundary layer profile of the bottom cross-section has higher 

momentum fluid in section 1.  In section 2 the bottom and middle cross-sections have higher 

momentum fluid compared to the near bottom sections.  However, in section 3, the section where 

higher momentum is most important to prevent boundary layer separation, all three cross-

sections have similar boundary layers.  Thus, there is not a noticeable difference in the ability to 

prevent boundary layer separation for the different cross-sections of the cavity if the partial slip 

velocities are of similar magnitude. 

   5.3.5 Shape Factor 

 The shape factor, H, of a boundary layer is defined as the displacement thickness divided 

by the momentum thickness.  The shape factor is an indication of the tendency for a boundary 

layer to separate.  Larger H values are more prone to separation.  Laminar boundary layers have 

larger shape factors than turbulent boundary layers.  For smaller shape factors, the higher 

momentum fluid away from the wall is brought closer to the wall.  Figure 47 shows the shape 

factor for the Hex 1 orientation under a turbulent boundary layer for Red= 2600 and 3300.        

 
Figure 47.  Shape Factor for Hex 1 orientation. 
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 The peaks of the shape factors correspond to the partitions between cavities.  For the flow 

over the cavities, the shape factor decreases, indicating more momentum fluid closer to the wall, 

and a decrease in the tendency for the boundary layer to separate.  Also, for this Hex 1 

orientation, the trend is an increasing shape factor with downstream distance.  Figure 48 shows 

the shape factor for the Hex 2 orientation under a turbulent boundary layer for Red = 2600 and 

3300.  Again, there is a dip in the shape factor when traveling over the cavity from about 2cm to 

4cm and again when over the cavity from 5.2 to 7.2 cm.  For the Hex 2 orientation there is not 

the slight increase in shape factor over the range of the data.  For both orientations, the shape 

factor is decreasing over the cavities, indicating the cavities are causing the boundary layers to be 

less prone to separate.     

 

Figure 48.  Shape Factor for Hex 2 orientation. 

 5.3.6 Reynolds Stress    

 For turbulent flows, the Reynolds stress above the two different orientations was 

calculated in PixelFlow.  The Reynolds stress indicates the mixing of high momentum and low 
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momentum fluid.  Figure 49 shows the Reynolds stress above the Hex 1 orientation.  The 

partitions between each cavity have been drawn on the plot to visualize the location of the 

cavities.  The following plot shows the locations of the highest Reynolds stress.   

 
 

Figure 49.  Reynolds stress for Hex 1 orientation turbulent trial: Red=3300. 

The Reynolds stress is increasing above the cavities, which indicates that the cavities are causing 

a mixing of high momentum fluid and low momentum fluid.  The largest (negative) Reynolds 

stress is found above the 7th cavity.     

 

 
Figure 50.  Reynolds stress for Hex 2 orientation turbulent trial: Red=3300. 
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For Hex 2 orientation, the Reynolds stress is shown in Figure 50.  The Reynolds stress do 

not match up as well with the tops of the cavities as for the Hex 1 orientation.    The magnitude 

of the Reynolds stress is smaller for Hex 2 than for the Hex 1 orientation.  To compare the two 

orientations, the maximum (negative) Reynolds stress above each cavity is plotting in Figure 51.  

 

Figure 51.  Maximum Reynolds stress over each cavity for turbulent trial: Red=3300. 

Overall the Hex 1 orientation had higher Reynolds stresses than the Hex 2 orientation.  

This indicates that when comparing the two orientations (for this cross section)  the Hex 1 

orientation is better at mixing the fluid than the Hex 2 orientation.  It cannot be said this is true at 

every cross section of the model.  Note that the Reynolds stresses are smaller toward the 

beginning of the model; however, the partial slip velocities above the first few cavities were 

between 20 to 30% of the freestream velocity.  Also, the partial slip velocities decreased toward 

the end of the model, but the Reynolds stresses did not decrease the same way.  Large negative 

Reynolds stresses indicate mixing of fluid; however, the large Reynolds stresses do not 

correspond to large partial slip velocities.   



62 
 

Figure 52 shows profiles of the Reynolds stress magnitudes at three different downstream 

distances.  These distances were chosen because they could be compared to the flat plate 

Reynolds stress. 

           
       (a) 5 cm downstream: Rex = 249,000                  (b) 6.5 cm downstream: Rex = 253,000 

 

 
(c) 8.5 cm downstream: Rex = 259,000 

 
Figure 52.  Sample Reynolds stress profiles for turbulent trial: Red=3300. 

 The profiles show visually again that the Reynolds stress over the Hex 1 model is larger 

than the Hex 2 model.  Even at a point 8.5 cm downstream where the maximum Reynolds stress 

in the Hex 2 model was found, the Hex 1 model is still at or above the Hex 2 orientation.  

Therefore it could be said that the Hex 1 orientation has higher Reynolds stress than the Hex 2 



63 
 

model, but this is true for this cross section: different cross sections could yield different results.  

The shape of the Reynolds stress profile for the flat plate section corresponds well to that of the 

theoretical Reynolds stress for a flat plate (Gad-el-Hak 2000).  
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6.  CONCLUSIONS AND FUTURE WORK 

 

 6.1  Characterization of the Cavity Flow  

 The first objective of this experimental study was to qualitatively describe the motion of 

the fluid in the embedded hexagonal cavities.  It was shown that the fluid kept the primary cavity 

flow rotation of the top of the cavity flowing to the right (along the direction of the boundary 

layer flow) with reverse flow at the cavity bottom to sustain a primary, embedded cavity vortex 

with the same sign of vorticity as that in the boundary layer.  Also, a secondary rotation was seen 

in that the left half of the cavity rotated clockwise and the right half of the cavity rotated counter-

clockwise with respect to the freestream flow.  This horseshoe vortex rotation is the same as is 

seen in circular dimples.  This suggests that the embedded cavities may have flow properties 

similar to circular cavities (dimples).   

There was no significant difference in the primary rotation of the flow between the two 

orientations studied, however the cavity inflow/outflow areas were observed and there was a 

difference between the Hex 1 and Hex 2 orientations.  The inflows and outflows always occurred 

at a corner of the model, leading to the conclusion that the cavity flow is more likely to be 

interacting with the boundary layer flow at the points where there is a meeting of two walls.  

Also, the fact that there was a difference in the influx/efflux points between the two orientations 

suggests that there may be a difference in the behavior of the orientations. The locations of the 

injections/ejections of the Hex 2 orientation seemed to be more organized than the Hex 1 
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orientation.  This suggests that Hex 2 flow field is more consistent with respect to inflow/outflow 

location points; this observation is supported by two additional results.  First, the lower Reynolds 

stress levels observed for the Hex 2 orientation, and also the Re independence compared to Hex 

1 with respect to time-averaged partial slip velocity magnitudes.   

6.2  Separation Control Characteristics 

 It was observed that the flow over the hexagonal cavities transitioned to turbulence, while 

the flow over the flat plate model, which was at the same downstream distance as the cavities, 

did not transition to turbulence.  This shows that the hexagonal models do cause flow that would 

normally be laminar to change to turbulent.  From this we can conclude that the embedded 

hexagonal models would be beneficial in a flow that would be prone to boundary layer 

separation, since the turbulent boundary layer is less likely to separate.  However, the formation 

of partial slip velocities via embedded vortices make the surface patterning more beneficial to 

separation control than simply inducing early transition. 

 By studying the partial slip velocities of the turbulent boundary layer over the embedded 

cavities, it can be proposed that the magnitude of the vortices in the embedded hexagonal 

cavities starts to decline at around 16 cm downstream of the beginning of the cavities.  This 

suggests that there may be some “relaxation” of the interaction between the boundary layer flow 

and the cavities in the downstream part of the model.  This would indicate that the first part of 

the model would be better in preventing boundary layer separation.  There seems to be a drop off 

in effectiveness of the separation control capabilities of the model, which is a significant finding 

that should be verified and explored further.  One idea is that the first cavities receive the highest 

influx of momentum from the boundary layer flow away from the wall.  However, further 
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downstream this source of high momentum, available in the upper portion of the boundary layer, 

is depleted.  It is hypothesized that this leads to the observed decrease in partial slip velocities.   

 The shape of the velocity profiles for the turbulent trials indicate that the flow over the 

embedded cavities has higher momentum fluid closer to the wall than the flow over the flat plate.  

This high momentum fluid close to the wall is another indication that the embedded cavities 

would be a deterrent to flow reversal and to boundary layer separation.  Again, the shape of the 

boundary layer profiles did not show much difference in the two orientations that would lead to 

concluding that one is more effective than the other. 

 The graph of the shape factor calculation above each geometry shows a decrease in the 

shape factor above each cavity.  Again, this shows that there is higher momentum fluid closer to 

the wall above the cavities which would make a boundary layer less prone to separate. 

 The Reynolds stresses for the turbulent trials indicates the mixing of the high momentum 

and low momentum fluid.  At the cross sections compared, the Hex 1 model has higher Reynolds 

stresses than the Hex 2 and flat plate trials.  This would indicate that the Hex 1 model would be 

better at mixing at this orientation.  However, more cross sections should be compared to get a 

clearer picture of the Reynolds stresses over more cross sections of the cavity.  The peak in 

Reynolds stresses for the Hex 1 orientation occurred above each cavity.  This agrees with the 

observation of Djenidi et. al (1999) for 2-D transverse cavities.  However for the Hex 2 

orientation the peak in Reynolds stresses did not occur over each cavity.       

 The large partial slip velocities over the first few cavities do not correlate to large 

Reynolds stresses over those cavities.  This suggests that the exchange of momentum over the 

first part of the model is not due to high intensity turbulent fluctuations otherwise large Reynolds 

stresses in this region would have been measured.  The exchange of fluid from the boundary 
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layer to the cavities must be the result of a different flow-induced process which will be the topic 

of further study.  In addition, the maximum Reynolds stresses do not decrease dramatically 

towards the end of the model.  This is in contrast to the decreasing partial slip velocities at the 

downstream section of the model.  Therefore, the proposed declining effectiveness of the 

embedded cavities toward the downstream portion of the model needs to be verified with more 

trials.      

 All indications are that both hexagonal orientations would be good candidates for 

boundary layer control purposes by using two mechanisms to alter the flow.  First, the hexagonal 

cavities create a partial slip condition at the wall so that the fluid near the cavities has a non-zero 

velocity which prevents the reversal of flow leading to separation.  Secondly, the cavities alter 

the turbulent boundary layer to bring higher momentum fluid closer to the wall.  This turbulence 

augmentation also prevents boundary layer separation.  However, if the magnitude of the partial 

slip velocities is the primary indicator of higher momentum closer to the wall then the Hex 2 

orientation showed less Re dependence in maintaining these high partial slip velocities.     

 6.3 Future Work  

 More trials are to be run to verify the decreasing partial slip velocities.  If the partial slip 

velocities are shown to decrease toward the end of the model like in this study, other models 

should be studied further downstream to see if this is true for other models.   

 Also, different cross sections of the hexagonal model could be studied to determine 

differences in flow over different cross sections.  Studying boundary layer profiles, slip 

velocities, and Reynolds stresses at different cross sections may lead to a better understanding 

how the two orientations differ, and which orientation might be better in boundary layer control. 
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