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𝐴𝐼𝑃 = Aerodynamic Interface Plane 
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𝐴𝑖𝑛𝑙𝑒𝑡 = cross-section area upstream to the test section 
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𝛾 = specific heat ratio 

𝛿 = boundary layer thickness 

𝜃 = momentum thickness 

𝜌 = density 

Ω𝑥 = streamwise vorticity 
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ABSTRACT 

An experimental flow control investigation was conducted in two test articles: an S-

duct and a diffuser, both at high-subsonic conditions. 

The flow pattern in S-ducts with aggressive curvature has been shown to be, in 

some cases, asymmetric at the Aerodynamic Interface Plane (AIP).  It was hypothesized 

that the interaction between two mechanisms, flow separation and the presence of 

secondary structures, can lead to the asymmetry.  In the present work, a two-dimensional 

honeycomb mesh was added upstream of the curved duct to create a pressure drop across 

it, and therefore to an increased velocity deficit in the boundary layer.  This velocity 

deficit led to a stronger streamwise separation, overcoming the contribution of the 

secondary structures and eliminated the flow field asymmetry.  The experiments were 

performed at Mach numbers of M = 0.2, 0.44 and 0.58.  Steady and unsteady surface and 

AIP pressure measurements, together with Particle Image Velocimetry (PIV), were used 

to explore the effect of the inserting a honeycomb into the flow field by increasing its 

height from 0 to 2.2 times the local boundary layer thickness.  Using the honeycomb, 

flow symmetry was achieved for the specific geometrical configuration tested with a 

negligible decrease of the pressure recovery. 

As a result of the study on the compact S-duct inlet, it was decided to decouple the 

two mechanisms dominating the flow field – separation due to an adverse pressure 

gradient and secondary structures due to a radial pressure gradient.  This, therefore, 

facilitated an investigation at a more fundamental level of the interaction of various flow 

control actuators with the simplified flow field. 

The interaction of multiple flow control actuators with the flow field was 

investigated at two Mach numbers of M=0.7 and 0.4, and with and without the presence 

of side-walls suction.  Here, the wall suction was used to delay the formation of the 

secondary flow structures.  The flow control actuators included vortex generators, 

sweeping jets array, pulsed jets array, segmented jet, and 2-D steady and unsteady jets, 

which were placed at different streamwise locations relative to the separation point, and 

different throat widths in order to compare the effect of the momentum coefficient over 

the effect of the mass flow ratio.  Note that the segmented jet and the 2-D jets were 
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investigated under steady and unsteady injection with two different RMS values (low 

and high RMS). 

The highest pressure recovery achieved by the presence of the vortex generators was 

when they were erected into the flow at the height corresponding to the local boundary 

layer thickness (ℎ 𝛿⁄ = 1).  The sweeping jets array achieved similar performance as the 

pulsed jets arrays.  Moreover, they outperformed the 2-D jets, located at the same 

streamwise location, both in pressure recovery and in symmetry of the flow.  The 2-D jet 

and the segmented jet located closer to the separation point (at 𝑥 𝐿⁄ = 0.25) resulted in a 

more efficient flow reattachment, resulting in a higher pressure recovery than for the 2-D 

jets located at the beginning of the ramp.  Also, the effect of mass flow ratio and 

momentum coefficient was investigated, leading to the conclusion that both parameters 

are necessary to compare the effectiveness of flow control actuators.  Furthermore, the 2-

D jets and the segmented jet were investigated under two unsteady conditions - with a 

low RMS unsteady injection and a high RMS unsteady injection.  Independently to the 

actuator, the steady jet consistently resulted in a slightly asymmetric flow field.  Also, 

the low RMS unsteady jet performed slightly better than the steady jet, whereas the high 

RMS outperformed significantly the steady jet and the low RMS unsteady jet, 

independently to its actuation frequency.  Moreover, the performances of the high RMS 

unsteady jet were consistently higher at an actuation frequency of 200 Hz, which 

corresponds to the shedding frequency of the separated flow.  In addition, it was found 

that the 2-D jets located at the beginning of the ramp under steady and low RMS 

unsteady conditions, resulted in a lower pressure recovery compared to the baseline, and 

an asymmetric flow field.  Note that these actuators were also tested at M = 0.4 resulting 

in a different pressure recovery but in a similar flow field as at M = 0.7. 

Next, it was decided to take this study a step further, by enabling the secondary 

structures to develop.  This was achieved by removing the side-walls suction, and 

conducting detailed stereoscopic particle image velocimetry (SPIV) experiments on 

selected actuators at M = 0.4.  For this purpose, the 2-D Jet, located at the beginning of 

the ramp, was chosen since its efficacy was either detrimental or constructive, depending 

on the methods of its operation (i.e., steady jet, low RMS unsteady jet or high RMS 

unsteady jet).  These experiments showed that without flow control (baseline case), the 
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flow field exhibited a slight asymmetry where there was an initial spanwise velocity 

component with a magnitude on each side of ~2% of the freestream velocity, which 

could be due to secondary structures caused by the corners in a turbulent flow.  

Moreover, two counter-rotating streamwise vortices were developed in the separated 

region due to the radial pressure gradient.  The steady jet results showed that one side 

near the ceiling stayed attached, leading the flow to separate at midspan and develop 

asymmetry.  It is assumed that the local flow reattachment is due to a combination of the 

spanwise velocity as shown for the baseline, and a slightly non-uniform spanwise 

distribution of the steady jet at its exit plane.  Therefore, it causes a surplus of 

momentum in the upper corner leading to an entrainment of the flow field toward this 

direction.  Due to the asymmetry, only one vortex was observed near the ramp surface, 

and a second one was observed in the opposite corner in the bulk flow.  Measurements 

of the low RMS jet showed a slightly better uniformity along the span compared to the 

steady jet, and phase-locked measurements showed that the vortices shed from the jet 

orifice advected by the free stream, and decayed relatively fast without enough strength 

to reattach the flow.  The high RMS unsteady jet showed a symmetric flow field of 

mostly attached flow.  Furthermore, the rotation of the streamwise counter-rotating 

vortices flipped compared to the baseline flow field.  It is due to the flow being pulled 

upward from the floor, which leads to a rotational motion when it encounters the ramp 

and therefore formed these secondary structures in the opposite direction.  Finally, it is 

hypothesized that the high-RMS unsteady jet reattached the flow through two 

mechanisms: (1) momentum addition near the curved surface which kept the jet attached 

to the ramp through the Coanda effect, which in turn “pulled” flow upward, towards the 

ramp surface; and (2) actuating the jet with a sinusoidal waveform at frequencies that 

commensurate with the naturally unstable modes (frequencies) of the separated mixing 

layer led to larger vortical structures that increased the mixing, and tilted the flow; thus, 

mitigating the separation. 



1 

1. INTRODUCTION 

1.1 Overview 

Short and curved inlet ducts have been a topic of high interest over the years due to 

their potential to influence the overall design of aircraft.  Several factors related to 

engine and aircraft performance drive the use of short inlet duct designs, such as the 

overall airframe length reduction enabled by a shorter duct and reduction of frontal 

planform by incorporating the engine into the airframe.  These factors led to a reduction 

in weight and fuel consumption and allowed for innovative external and integrated 

aerodynamics, such as Blended Wing Bodies (Geiselhart et al. 2003).  However, as it 

will be explained in more details in the Literature Review section, using very short inlets 

results in massive separation and the presence of secondary structures, which lead to 

pressure loss, distortion, and unsteadiness at the engine cross-section (also called the 

Aerodynamic Interface Plane or AIP).  Another factor that must be taken into 

consideration is the stability margin for operation of a jet engine following the duct, 

where uneven pressure distribution and secondary flow structures lead to engine stall at 

the fan compressor stages (surge stall, Scribben et al. 2006; Mattingly 2002). 

The current inlet is the third generation of its kind, where the first generation had a 

length-to-diameter ratio of 𝐿 𝐷⁄ = 1.5 (Vaccaro 2011) and the second generation a 

length-to-diameter ratio of 𝐿 𝐷⁄ = 1.6 (Debronsky 2012; Gartner & Amitay 2014) in a 

compressible flow field at a Mach number of 𝑀 = 0.44.  In order to improve the 

efficiency of the flow control actuators on the flow field in such aggressive length-to-

diameter compact inlets, a deeper understanding of the flow physics, as well as the 

interaction, at a more fundamental level, between different flow control actuators and the 

flow field is required.  Therefore, a new diffuser with an upper ramp and a straight floor 

was designed and built so that the quasi two-dimensional separation and the formation of 

secondary flow structures can be isolated using a canonical flow field.  In order to 

remove the secondary structures, bleed plates, enabling a removal of the boundary layers 

using wall suction, were integrated to the tunnel.  This new ramp configuration, with a 
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length-to-diameter ratio of 𝐿 𝐷⁄ = 1.5, has the ability to explore the effectiveness of 

different flow control techniques in a high subsonic (up to Mach 0.83) diffuser.  To the 

best knowledge of the author, there is hardly any research conducted to control the flow 

in such an aggressive, compact diffuser. 

 

1.2 Literature Review 

In a sense, one could look at this unique wind tunnel being at the boundaries 

between a compact inlet, a three-dimensional diffuser, and a two-dimensional diffuser.  

A compact inlet due to the S-shape of the upper wall and the aggressive length-to-

diameter ratio; a three-dimensional diffuser due to its low aspect ratio (i.e., the height to 

width of the cross-sectional area) enabling the presence of secondary structures and their 

interaction with the massive separation; and finally a two-dimensional diffuser due to the 

ability to produce a quasi-two-dimensional flow field by using the bleed plates, which 

reduce the secondary structures.  Therefore, these three categories will be reviewed 

separately as well as the different flow control techniques that have been used to control 

these types of flow fields. 

 

1.2.1 Compact Inlets 

A considerable body of work is available in the literature concerning the analysis of 

the flow field in short inlet ducts (Bansod & Bradshaw 1972; Launder & Ying 1972; 

Enayet et al. 1982; Wellborn et al. 1992; Wellborn et al. 1993; Wellborn et al. 1994; Ng 

et al. 2006; Ng et al. 2008; Vaccaro 2011; Chen 2012; Harouni 2014; Tanguy et al. 

2016).  These research efforts shed light on the main features of the flow field present in 

aggressively curved ducts, where the rapid curvature in the duct results in a pressure 

gradient in the direction normal to the turn, leading to the onset of secondary flow 

structures in the form of two counter-rotating streamwise vortices.  In addition, other 

structures were present, such as cross stream flow at the internal surfaces, which invade 

the local boundary layer leading to further flow detachment disrupting the flow and 

creating recirculation zones in the duct.  The symmetric counter-rotating vortices can be 
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described by inviscid flow equations, caused solely by the turning of the flow.  These 

pressure driven counter-rotating vortices convect the low momentum fluid of the 

boundary layer towards the center of the duct impacting flow uniformity and pressure 

recovery at the face of the engine located downstream (i.e., the aerodynamics interface 

plane).  

The flow physics in rectangular or square cross-section S-ducts diffusers was 

investigated over the years by Rojas, Whitelaw, and Yianneskis (1983), Sullerey, 

Mishra, and Pradeep (2002), Sullerey and Pradeep (2004); however, all of them were for 

inlet ducts with low curvature and relatively low Reynolds numbers.  Taylor, Whitelaw, 

and Yianneskis (1982), Anderson et al. (1982), and Sugiyama, Akiyama, and Murakami 

(1997) also studied square S-ducts, but it was with a uniform cross-section, and with 

relatively low curvature or Reynolds numbers as well.  Ng et al. (2006, 2008) 

investigated the flow field in a square cross-section S-shaped duct at higher Reynolds 

numbers (Re = 1.47×105) and relatively high curvatures (with turning angle of up to 

53.1˚) compared to previous studies.  However, the mean free stream velocity was about 

only 15𝑚/𝑠, and the cross-section area was constant and therefore not acting as a  

diffuser.  Ng et al., (2006), Reynolds et al. (2006) and Reynolds and Reeder (2009) 

studied the effect of aspect ratio, in a S-duct with two 90˚ turns.  Their investigation 

included two rectangular ducts with different aspect ratio, finding (both experimentally 

and numerically), that the aspect ratio affects the development of secondary structures.  

Depending on the aspect ratio, different numbers of vortical structures developped along 

the duct. 

A survey of the available literature reveals that Vaccaro (2011) published the first 

study about an S-duct diffuser with a low aspect ratio of 𝐿 𝐷⁄ = 1.5, and in a 

compressible flow regime, at a Mach number of 0.44.  Vaccaro’s study, which was 

experimental, was complemented with numerical simulations by Chen (2012).  This 

study was continued by Debronsky (2012) and Gartner & Amitay (2014), on a similar S-

duct but with a slightly larger length-to-diameter ratio of 𝐿 𝐷⁄ = 1.6, such that the 

severity of the separation was decreased.  The flow analysis (Vaccaro 2011; Chen 2012; 

Vaccaro et al. 2013; Vaccaro et al. 2015), which was based on both the time-averaged 

flow field and spectral contents, revealed that the baseline flow was dominated by 
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secondary structures.  Experimentally, Vaccaro investigated the flow field utilizing SPIV 

and pressure measurements on the surface and at the AIP.  Also, in addition to the 

baseline, multiple flow control actuators were tested by Vaccaro.  A two-dimensional jet, 

a spanwise varying control jet, and a hybrid Coanda jet/vortex generator jet were used.  

Each of them was tested with steady blowing conditions (constant air flow), and the two-

dimensional jet was also tested with unsteady blowing.  Vaccaro and Chen showed that 

for the baseline flow, a massive separation was present at both turns, and was combined 

with secondary structures that were caused by the radial pressure gradient.  The 

interaction between those two flow mechanisms led to significant total pressure losses at 

the AIP.  Furthermore, they found that a wide range of frequencies was present in the 

flow, but the dominant frequency was identified to be 𝑆𝑡 = 0.26, based on the hydraulic 

diameter at the inlet.  Among the multiple actuators used, Vacarro and Chen focused  on 

the tangential two-dimensional jet, which eliminated the separation at the mid-span 

portion of the duct.  Moreover, they observed an improvement in pressure recovery at 

the lower half of the AIP of 13.3%, and an elimination of the dominant frequency.  

Despite the reattachment, secondary structures were still present and still dominated the 

flow field, but were displaced closer to the AIP.  Also, these streamwise vortices were 

shown to rotate in the opposite direction to those observed for the baseline case. 

Implementation of passive and active flow control techniques in short inlet ducts has 

been an active field of research, due to the high impact they could have on engine 

performances on airplanes with such systems (Reichert & Wendt 1994; Amitay et al. 

2002; Jirasek 2006; Scribben et al. 2006; Ng et al. 2006; Ng et al. 2008; Vaccaro 2011; 

Gissen et al. 2014; Chen 2012; Debronsky 2012; Gartner & Amitay 2014).  The 

predominant forms of actuation have been vortex generators, steady and unsteady jet 

blowing tangent to the surface, synthetic jet actuators, and much more.  

Reichert & Wendt (1994) studied the effect of passive vortex generators (VGs) 

experimentally in an S-duct.  Their study was parametric, varying the spacing between 

the VGs and the number of VGs used for each case, combining a total of seven different 

configurations in addition to the baseline.  The height of the VGs was constant and 

slightly greater than the local boundary layer thickness.  The intent of their research was 

to use the VGs in order to control the developing secondary flows, which contribute both 
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to the separation and to the distortion at the AIP. They found that all of the 

configurations improved both the distortion and pressure recovery.  Furthermore, they 

found that a wider spacing helped more to counter the distortion, independently to the 

numbers of vortex generators.  Using oil flow visualization, they observed that despite 

the fact that wide spacing did not eliminate flow separation, distinct vortices could create 

and develop without interacting with each other.  Regarding the pressure recovery, the 

best results were achieved with only two narrow spaced VGs, due to a stronger 

interaction, leading them to interact with each other without detrimental effect from 

additional VGs.  The results between a narrow and wide spacing with four VGs were 

very similar. 

Jirasek (2006) investigated the effectiveness of micro-vortex generators in S-ducts 

using CFD simulations.  He found that the VGs effectiveness is mainly determined by 

two flow parameters: the boundary layer thickness before the separation and the location 

of the separation.  The reattachment of the flow became therefore strongly dependent on 

the height of the VGs relative to the local boundary layer thickness and their position 

relative to the separation.  The distortion, however, showed a weak dependence on the 

spacing between the VGs and their lengths.  In addition, the pressure distortion was 

independent of the VGs inclination angle. 

Amitay et al. (2002) demonstrated the effectiveness of an array of synthetic jet to 

reattach the flow in a quasi-two-dimensional S-duct with an aspect ratio of 1.67.  They 

showed that the flow could be reattached entirely at M = 0.2, and partially at M = 0.3, 

therefore increasing the pressure recovery.  Note that the momentum coefficient was 

𝐶𝜇 = 2×10−3 per jet.  The main advantage of synthetic jets compared to other actuators 

is their ability to produce a zero net mass flux jet, therefore not requiring an external 

source of air such as bleed air from the engine to enable the require momentum.  

Periodic Coanda actuators were investigated experimentally in a one-sixth scale 

tactical aircraft diffuser at M = 0.65 by McElwain (2002), Luers (2003) and Tournier 

(2005).  They found that periodic injection was superior to steady injection.  More 

specifically, injecting a periodic flow at 𝐹+ = 1.03, when 𝐹+ =
𝑓𝑎𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛∙𝐿𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛

𝑉∞
, 

provided the most effective results to increase the pressure recovery and reduce the 

distortion.  Also, they found that the most important parameter was the location of the jet 
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relative to the separation point.  The investigation showed that injecting the jet upstream 

to the separation point was greatly superior to injecting exactly at the separation point.  

Injecting the jet too far upstream to the separation however, resulted in a decrease in 

performance.  Vaccaro (2011) investigated as well the effect of periodic over steady 

injection with a Coanda actuator.  However, the results for his specific S-duct geometry 

(length-to-diameter ratio of 1.5 as described previously) showed no improvement of the 

unsteady forcing over the steady forcing once the centerline reattachment was achieved.  

It was assumed that it is because of quasi-steady secondary flow structures that dominate 

the flow.  However, the present work suggests that the RMS level of the unsteady jet 

might have not been high enough (see the Results in Chapter 3 below). 

An additional type of active flow control actuator that was investigated over the 

years to reattach the flow in S-ducts is the microjet.  Microjets can be used either with 

continuous blowing or pulsating blowing, and depending on their orientation with 

respect to the freestream can yield Vortex Generator Jets (VGJs).  VGJs are jets with an 

injection angle, such that when the jets interact with the freestream, they create a 

streamwise vortex, which is similar to the vortex created by a conventional VG.  

Hamstra et al. (2000) compared the effectiveness of active microjets, producing the 

same vorticity signature as passive microvanes, in an S-duct.  They found that at a Mach 

number of 0.45 and with a jet-to-primary flow ratio of 1%, the pressure recovery 

performance achieved by the microjets was similar to that achieved by the microvanes.  

However, at higher Mach numbers (M = 0.55 and M = 0.65), the microjets performed 

better than the baseline but were less effective compared to the passive microvanes.   

Kumar & Alvi (2003) studied the effect of arrays of supersonic microjets, each array 

consisting of about 60 microjets, having a diameter of 400µm, over a Stratford ramp.  

They demonstrated that increasing the momentum of the jets from 𝐶𝜇 = 11.76% to 𝐶𝜇 =

39.71% have a beneficial effect on the pressure recovery.  Scribben et al. (2006) 

explored the effectiveness of microjets in an S-duct at a Mach number of 0.55, injecting 

air at a mass flow ratio of 1%.  Their pressure recovery was only increased by 2%, but 

the distortion was reduced by 70%. 

Debronsky (2012) investigated the effect of a steady Coanda jet, VGJs and a 

combination of VGJs with VGs (hence creating a fail/safe actuator) in a low aspect ratio 
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S-duct of 1.6.  He found that even though the Coanda jet provided the best pressure 

recovery results, the asymmetry in the flow field was enhanced, leading to a large 

vortical structure on one side of the duct.  This was mostly due to the reattachment of the 

flow, which enhanced the secondary flow structures.  This distortion, which was also 

present in the baseline flow field, became more severe with the steady Coanda jet; yet, 

the pressure recovery was improved.  Furthermore, a similar distortion was observed 

experimentally in the previous work conducted by Vaccaro (2011) in the S-duct with an 

aspect ratio of 1.5, numerically by (Chen 2012), and experimentally by Gartner and 

Amitay (2014) on the same S-duct that was used by Debronsky.  It was noted that even 

though the VGJs did not perform as well as the Coanda jet from a pressure recovery 

point of view, they did improve the pressure recovery compare to the baseline, and more 

importantly, eliminated the asymmetry at the AIP.  This was possible due to the 

interaction of the VGJs with the crossflow, which created counter-rotating vortices in the 

opposite directions to the ones naturally created by the secondary structures. 

As noted by Chen (2012), the secondary flow phenomenon (i.e., a turbulent flow 

with mean streamwise vorticity) is attributed to two mechanisms: (i) the skew-induced 

inviscid mechanism, which is caused by any bend in the flow path of ducts with any 

cross-sectional shape, as shown by Miller (1991) and in Figure 1-1 below, and (ii) a 

stress-induced mechanism occurring near the corners of any non-circular ducts, and it is 

widely accepted that this kind of secondary flows is induced by the imbalance of normal 

Reynolds shear stress even though it is still under debate (Yang 2009).  A more in-depth 

description of secondary flow can be found in Perkins (1970) and Bradshaw (1987).  

Also, note that further complexity in the flow structures is due to swirl development in 

the second bend of the S-duct.  This reverse in the curvature is accredited with the 

crossover of the transverse velocity component near the sidewalls, an essentially inviscid 

process. 

Another feature of short inlet ducts is the adverse pressure gradient caused by the 

opposite curvature of the second bend, which attenuates and reverses the secondary flow 

generated by the first bend.  Figure 1-2a (from Wellborn et al. 1993) shows a three-

dimensional perspective of the owl face separation topology with a counter-rotating pair 

of vortices orientated with upwelling along the centerline.  The skeleton drawing (Figure 
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1-2b) shows the schematic of a symmetric, but unstable owl face separation of the first 

kind.  Perry & Hornung (1984) suggested that this unstable symmetric distribution could 

exist due to slight variations in the flow field.  However, they stated that it was a special 

condition and that any asymmetry in the flow would cause the streakline pattern to shift 

to one side as shown in Figure 1-2c. 

 

Figure 1-1. Development of secondary flows in a pipe bend showing the (a) presence 

of an adverse pressure gradient, and (b) direction and orientation of the secondary 

flow. Source: (Miller 1991). 

 

 

Figure 1-2. Owl face separation of the first kind topology showing the (a) three-

dimensional perspective of the separation, (b) symmetric skeleton schematic of 
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streaklines, and (c) skeleton schematic of asymmetric streakline pattern. Source: 

(Wellborn et al. 1993). 

 

Based on the framework of Tobak and Peake (1982), there is a critical length to 

diameter ratio, which exists in a rectangular cross section compact inlet duct, below 

which the flow will become asymmetric while for ducts longer than this critical length, 

the flow patterns are asymptotically stable.  This critical aspect ratio depends on 

additional parameters such as offset, Reynolds number, boundary layer thickness, etc.  

The symmetric pattern becomes unstable due to the saddle–saddle connections existing 

in the topology of the flow, leading to a flow bifurcation, as explained by Tobak and 

Peake (1982).  As stated by Chen (2012): 

 “As the length further decreases to a critical value Lc, the streamwise 

pressure gradient increases to a higher order of magnitude, which can 

strongly interact with the transverse invasion.  On the bottom wall of the 

first bend, the transverse moving fluid coming from the two sides 

confronts each other at the center, and the forward moving main flow 

confronts the backflow of the streamwise separation.  The system can 

hardly adapt to another symmetric pattern to accommodate the 

accumulation of the energy in this region and to avoid the structurally 

unstable topology containing saddle-saddle connections.”  

 

1.2.2 Two-Dimensional Diffusers 

A two-dimensional diffuser is defined as a diffuser having a two-dimensional flow 

field, where no mean velocity or velocity gradient exists in the spanwise direction.  The 

two-dimensional diffusers of interest for this study and which will be discussed in this 

section are diffusers with a pressure-gradient induced separation, so with a gradually 

decelerating flow until the flow separates. In order to keep the flow two-dimensional, 

interaction from the side walls and/or the corners need to be avoided, resulting otherwise 

in secondary flows, which are three-dimensional due to streamwise vortices. 

Johansson & Alfredsson (1986) studied turbulent flow in straight rectangular ducts. 

They found that in order to not compromise the mean flow field by the secondary 

structures caused by the side-walls and the corners, the smallest aspect ratio is 5.  In such 



 

     10 

a case, the region of the duct cross-section that was not affected by the secondary flows 

was located at the center, having a width of twice the height.  

In the absent of the mechanisms causing three-dimensionality, the main flow 

features remaining and which have been studied in two-dimensional diffusers are 

separation and reattachment.  Separation occurs when the boundary layer is subjected to 

a strong enough adverse pressure gradient, which causes the flow to decelerate.  This 

momentum deficit causes the velocity gradient near the wall to approach zero, and 

finally to become negative, which means flow reversal and separation.  The most 

complete reviews on the general subject of separation and reattachment of two-

dimensional boundary layers have been provided by Simpson (Simpson 1981; Simpson 

& Young 1985; Simpson 1989; Simpson 1996).  Simpson divided the two-dimensional 

separated flow section of his 1996 review paper into two subsections, separating 

turbulent boundary layers and the nature of the backward facing step reattachment.  This 

was useful up to that time since most studies looked at separation and reattachment 

separately.  One of the first studies to explore simultaneously (through experiments and 

simulations) the separation and reattachment was by Obi and Masuda (1993). The inlet 

boundary condition was a two-dimensional turbulent channel flow at 𝑅𝑒 = 20,000, 

where the inlet aspect ratio was 35, with a diffuser divergence angle of 10 degrees.  They 

performed LDV measurements of the turbulent separating flow, in order to obtain 

information necessary to validate their numerical simulations of the flow field.  One of 

the biggest problems occurring when trying to reproduce these data numerically was that 

the experimental data set did not satisfy mass conservation, most likely because three-

dimensional effects near the walls that were not taken into account.  

The effect of flow control on the same two-dimensional diffuser was investigated 

experimentally by Obi et al. (1993).  They used alternating flow suction and injection 

through a spanwise slit on the diffuser wall.  The diffuser width was 860mm, and the slit 

span was 400mm and 2mm wide.  The suction/injection was introduced by a woofer, 

driven by a sinusoidal perturbation signal generated by a function generator.  The 

frequency was varied between 20Hz and 150Hz, and the velocity amplitude was up to 

~10 m/s, when the freestream velocity upstream to the diffuser was ~15 m/s.  A 

schematic of the test section with the woofer can be seen in Figure 1-3.  According to the 
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reported results, the flow control completely eliminated the separated region when the 

injected flow velocity was at its maximum amplitude (i.e., a blowing ratio of 0.66).  It 

was also found that the optimum injection frequency to prevent flow separation was the 

same as the characteristic shedding frequency of the separated mixing layer. 

 

Figure 1-3. Test section with flow control actuator. Source: (Obi, Ohizumi, et al. 

1993) 

 

Buice and Eaton (1997) investigated the flow field inside a diffuser with a similar 

geometry as the one used by Obi and Masuda (1993).  The incoming flow was fully 

turbulent, also at a Reynolds number of 𝑅𝑒 = 20,000, with an aspect ratio upstream of 

the diffuser of 40 and a diffuser angle of 10 degrees.  Through simple visual observation, 

they saw that the flow was separating on the side-walls upstream to the diffuser, causing 

a large recirculation region, which affected over one-third of the span of the tunnel.  

They mentioned this issue in order to emphasize the difficulty of experimentally 

obtaining a two-dimensional flow field in a turbulent duct, even with a relatively large 

aspect ratio of 40.  In order to remove this separation and increase the two-

dimensionality of the incoming flow field, they installed diverter plates with holes, to 

allow partial removal of the boundary layer through suction.  The main goal of their 

study, and based on the work from  Obi and Masuda (1993), was to collect sufficient 

information about the flow field in order to validate different numerical methods to 

recreate separation and reattachment in a turbulent flow in  a duct.  The different 

parameters that were measured during the experimental study were pressure, velocity 

and temperature.  It is worth mentioning that the numerical simulation attempts reported 

in this study were only partially successful.  For example, Large Eddy Simulation (LES) 

showed a good agreement with the experiments for the normal and shear Reynolds 
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stresses, and of the locations of the separation and reattachment points.  However, values 

such as maximum pressure coefficients and velocity peaks in the core flow differed from 

the measurements.  On the other hand, Reynolds Averaged Navier Stokes (RANS) 

equations did not provide such good results, predicting a larger region of separated flow. 

Another study was conducted by Tornblom (2006), who examined both 

experimentally and numerically turbulent separation in an asymmetric plane two-

dimensional diffuser with an 8.5 degrees divergence angle.  The goals of his study were 

turbulence modeling, and to control experimentally turbulent separation through passive 

vortex generators.  He showed an improvement of 10% in the pressure recovery.  In 

order to achieve a two-dimensional flow field, and based on the results reported by Obi 

and Masuda (1993), and the problems encountered by Buice and Eaton (1997) as 

reported previously in this section, Tornblom decided to use an even larger inlet aspect 

ratio of 50.  Interestingly, a similar separation as the one visualized by Buice and Eaton 

upstream to the diffuser occurred, extending over one-third of the inlet span.  Using 

boundary layer suction, Tornblom was able to eliminate this separation, resulting in a 

two-dimensional flow field.  

Suzuki, Colonius, and Pirozzoli (2004) studied numerically and theoretically vortex 

shedding in a two-dimensional diffuser, and separation control by periodic mass 

injection.  Figure 1-4, taken from Suzuki et al. (2004), shows a schematic of vortex 

shedding in a two-dimensional diffuser.  They developed a model, for a compressible, 

laminar, two-dimensional diffuser, permitting to predict the effect of injection frequency, 

aspect ratio and Mach number on the pressure recovery.  By calculating the net 

circulation accumulated in the separated region, a prediction of the vortex shedding 

frequency was possible.  According to this model, they found that the optimal injection 

frequency to increase the pressure recovery was twice the shedding frequency.  Caution 

should be used though before applying this model to a three-dimensional diffuser due to 

some limitations, as explained by Suzuki et al. (2004).  For example, this model assumes 

that the separation point does not significantly move due to the mass injection, which is 

not usually the case when a jet is injected tangentially to a surface. 
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Figure 1-4. Schematic of vortex shedding in a two-dimensional diffuser. Source: 

(Suzuki et al. 2004) 

 

1.2.3 Three-Dimensional Diffusers 

The different flow features present in three-dimensional diffusers are secondary 

flows from the first kind resulting in streamwise vortices due to the curvature of the 

diffuser, secondary flows from the second kind resulting in corner vortices due to sharp 

corners along the duct, separation, and reattachment.  

The first kind of secondary flows is called “skew-induced,” which is an essentially 

inviscid process generated by lateral deflection or skewing of a pre-existing shear layer, 

as explained by Bradshaw (1987).   An example of secondary flows from the first kind is 

presented in Figure 1-5.  This Figure shows an 180˚ bend pipe, with the streamlines of 

different cross sections along the turn.  Traditionally, two-dimensional diffusers with a 

straight ramp have a very small radius of curvature, if at all, making this effect 

negligible.  However, due to the strong curvature of the diffuser in our experiment, this 

type of secondary flows must be taken into account. 
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Figure 1-5. Secondary flow of the first kind along a bend pipe. Source: (Zhang et al. 

2012). 

 

Secondary flows of the second kind occur in non-circular channels and are due to 

the anisotropy of the Reynolds stresses.  Therefore, the second kind is called “stress-

induced.”  The turbulent flow through a square duct represents one of the simplest 

geometrical configurations that exhibit a secondary flow of the second kind, as classified 

by Prandtl (1927).  Secondary motions of the second kind are mean flows induced by 

turbulent fluctuations.  Secondary flows were first observed by Nikuradse (1926), but 

not measured at that time due to the error introduced by the presence of the yaw-meter 

when used in regions where mean velocity gradients were present.  The first explanation 

was suggested by Prandtl (1927), who hypothesized that secondary flows are caused by 

turbulent velocity fluctuations in regions of isotach curvatures (lines of constant axial 

mean velocity in planes normal to the axial flow direction).  In particular, Prandtl 

postulated that velocity fluctuations tangential to an isotach in regions of isotach 

curvature cause a transverse mean flow to develop, which is directed from the concave 

towards the convex side of the isotach, as shown in Figure 1-6.  Since then, many papers 

were published on this topic.  However, only selected ones, which are considered as 

stepping-stones, will be cited here. 
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Figure 1-6. Typical isotach patterns for flow along a corner. Source: (Gessner 1973). 

 

One of the earliest experimental investigations on the effect of a secondary flow in a 

rectangular straight channel was made by Hoagland (1960).  More than 30 years had to 

pass between Prandtl and Nikuradse’s observations before that first measurements 

became possible.  To measure the secondary structures, Hoagland developed an 

innovative method, which involved hotwires.  Hoagland stated in his thesis the level of 

knowledge available during this period:  

“From the academic viewpoint, the nature and cause of the secondary 

flows is still somewhat of a mystery.” 

Hoagland used ducts with aspect ratios of 1, 2 and 3.  He found that his secondary 

flow measurements agreed well with Prandtl’s prediction.  They had the same magnitude 

in the three ducts and a velocity of no more than 1.5% of the axial centerline velocity.  

However, these secondary flows by convection of axial momentum had a significant 

effect on the primary flow.  The main cause, according to Hoagland, is that the wall 

shear stresses are nearly uniform around the duct, except for the corner regions.  

Therefore, the major cause of the secondary flow is due near the wall to the transverse 

turbulent intensity components, in the presence of a transverse gradient of wall shear.  
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By relating these intensity components to a universal relation in the viscous wall region, 

it was shown that it is the wall shear gradients that produced the secondary motion 

driving forces of significant magnitude. 

An interesting method (presented by Hoagland 1960) to visualize the secondary 

flows was to inject cigarette smoke into the flow and to attach to the bottom of the tunnel 

wall black art paper with lines, which were drawn in parallel to the duct axis, as shown 

in Figure 1-7.  Therefore, the smallest deviations from the axial flow would have 

indicated secondary flow.  The interest of these images mostly resides in the fact that 

these are the first pictures ever taken showing secondary flows of the second kind in a 

straight rectangular channel. 

 

 

Figure 1-7: Smoke traces showing secondary flow. Source: (Hoagland 1960). 

 

Hoagland’s contribution to the understanding of secondary flows was undoubtedly 

one of the most important; not only due to his results but mainly due to his ability to 

visualize and measure secondary flows for the first time, which opened this field of 

research to many fluid mechanicians. 

The following important contribution was by Brundrett and Baines (1964), who 

explained the secondary flows through vortex analysis.  They concluded that the 

secondary motion resulted from the gradients of Reynolds stresses in the plane of the 

cross-section.  They derived the equation of motion defining the longitudinal component 

of vorticity in a turbulent flow and showed that they are composed of three terms giving 
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the rate of production, diffusion, and convection.  Since the expression for production is 

the second derivative of Reynolds stress components, they also concluded that secondary 

flows of the second type could not exist in a laminar flow.  Another important result was 

to show that the production of vorticity is zero along all the lines of symmetry.  

Brundrett and Baines’ experimental work included measurements of all six components 

of the Reynolds stress tensor as well as mean flow velocity distributions.  Through 

experimental evaluation of terms in the axial vorticity equation, they showed that 

convection and diffusion of secondary flow vorticity are balanced approximately by the 

production of vorticity from the Reynolds stresses. 

Gessner (1973) analyzed both theoretically and experimentally the mechanisms that 

initiate secondary flow along a corner in a developing turbulent flow.  His analysis was 

not exclusively derived from vorticity considerations as Brundrett and Baines’ was, but 

examined the flow on the basis of both energy and vorticity considerations.  To do that, 

he evaluated experimentally the terms of energy balance and vorticity balance applied to 

the mean motion along a corner bi-sector.  Prior to his work, the hypotheses about the 

formation of the secondary flows were all based on assumptions that presume cause and 

effect behavior of certain flow variables in the corner region.  In particular, all of these 

hypotheses assumed that anisotropy of the transverse normal Reynolds stresses is 

responsible for the generation of secondary flow.  However, Gessner showed that the 

normal Reynolds stresses do not have a dominant role in the generation of secondary 

flow; instead, secondary flows are due primarily to Reynolds shear stress gradients in the 

corner region.  This conclusion does not contradict the previous results; however, it 

means that other manifestations of the turbulent flow field are required to describe 

second order effects. 

The conclusion that the dominant role of the secondary flows is due to the Reynolds 

shear stresses gradient, and not to the Reynolds normal stresses gradient, has been a 

topic of discussion over the years.  For example, Melling and Whitelaw (1976) and 

Haque et al. (1983) stated explicitly that the dominant cause of the secondary structures 

is due to the Reynolds normal stresses gradient, in agreement with Brundrett and Baines 

and in contradiction with Gessner.  On the other hand, Madabhushi and Vanka (1991) 
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claimed that the Reynolds normal and shear stresses equally contribute to the production 

of mean streamwise vorticity. 

The picture that emerges from these studies (including the more recent studies such 

as Yang (2009), Pinelli et al. (2010), Yang et al. (2014) and Vinuesa et al. (2015)) is 

that, from averaging over time and streamwise distance, a small amplitude coherent 

motion exists, formed by eight vortices of very weak streamwise vorticity, symmetric 

about the duct diagonals and the bi-section lines.  Such vortices differ from those usually 

observed near walls in turbulent boundary layers due to their large-scale and are locked 

near the corners by the imposed geometric constraints (Bottaro et al. 2006).  

In 2010, which means 85 years after Prandtl’s and Nikuradse’s discovery of 

secondary flow structures of the second kind, a paper written by Pinelli et al. (2010) 

describes the different flow structures in a square duct, by increasing the Reynolds 

number.  The first paragraph reflects that despite the progress done since Hoagland in 

1960, our current level of understanding did not truly increase as stated: 

“The main motivation [of this study] stems from the relatively poor 

knowledge about the basic physical mechanisms that are responsible for 

one of the most outstanding features of this class of turbulent flows: 

Prandtl’s secondary motion of the second kind.” 

 

A three-dimensional diffuser is a diffuser that is associated with all the different 

mechanisms, as discussed.  Due to the complexity of the flow field, three-dimensional 

diffusers were mostly studied to explore their performance by checking the pressure 

recovery (ratio of the total pressure at the outlet cross section and the total pressure at the 

inlet cross section of the diffuser), the distortion, and the unsteadiness.  Only a few 

fundamental studies were performed experimentally to investigate the different flow 

mechanisms when most of the studies were done numerically. 

One of the first experimental studies of a three-dimensional diffuser, which had the 

goal of studying the three-dimensional structures of a turbulent separated flow, at a 

Reynolds number of 10,000, was published by Cherry, Elkins, and Eaton (2008).  Their 

goal, however, was mainly to support the CFD community, by providing data to 

rigorously test turbulence models for internal separated flows rather than to explore the 

flow physics.  In order to achieve that, they needed accurate measurements of the flow 
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field, in a diffuser with well-defined boundary conditions and in a geometry that could 

be replicated easily through numerical simulations.  Therefore, they built two three-

dimensional diffusers with the same cross-sectional area and aspect ratio at the inlet, but 

with slightly different divergence angles, as can be seen in Figure 1-8.  Magnetic 

Resonance Velocimetry was used to acquire the mean velocity across the diffuser.  This 

technique permits to measure the three components of the mean velocity in a 2D plane, 

and by scanning the entire diffuser can reconstruct the entire flow field.  The flow field 

described in the paper emphasizes the large difference in the separation bubble between 

the two diffusers, despite the fact that the two diffusers are very similar in geometry and 

differs by less than 6% in their outlet areas.  This study became a benchmark for the 

CFD community, as it gave the ability to compare different numerical models, and as 

further explained in this section led to interesting findings such that as the sensitivity of 

the entire flow field to the secondary flows in the corners.  
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Figure 1-8. Experimental setup used by Cherry et al. Source: (Cherry et al. 2008). 

 

Many numerical studies (Ohlsson et al. 2010; Jakirlić et al. 2010; Jeyapaul 2011; 

Schneider et al. 2011), just to cite a few, tried to reproduce the experimental results from 

Cherry et al. and found that the computed flow field was extremely sensitive to the 

representation of the corner vortices in the inlet, as they propagate into the diffuser, and 

govern the separation behavior.  This sensitivity was surprising as the peak secondary 

velocities were less than 5% of the bulk average velocity in the channel.  This suggests 

that controlling those secondary structures could impact the diffuser performance, as 

shown by the following studies that emerged due to these results and as detailed below.   

Grundmann, Sayles, and Eaton (2011) conducted experiments, on the exact same 

geometry of “Diffuser 1” from Cherry et al., but added dielectric-barrier discharge 
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(DBD) plasma actuators producing low-momentum wall jets, in an attempt to reattach 

the flow by taking advantage of the flow sensitivity to the corner vortices.  Pressure and 

hotwire measurements were used to quantify the flow field.  First, they placed several 

DBD actuators one after the other in the streamwise direction along the wall where the 

separation occurred, producing a control force pointing in the downstream direction.  It 

resulted in a very small effect on the flow field.  Then, they placed the DBD actuators 

upstream to the ramp, with a control force acting in the spanwise direction, producing a 

pair of streamwise vortices.  As they expected, it had a strong effect on the pressure 

recovery.  The improvement in pressure recovery was depended on the input parameters 

of the actuators such as modulation frequency, duty cycle, and drive voltage.  Moreover, 

there was an indication that the periodic nature of the actuator was important in order to 

enhance the pressure recovery.  Grundmann et al. (2012) investigated the effect of a pair 

of counter-rotating vortex generators (VGs), embedded near the center of the expanding 

wall, on the flow field.  In order to acquire the data, they used pressure measurements 

and also magnetic resonance velocimetry to measure the velocity field.  The goal of the 

VGs was to affect the secondary structures, first by generating vortices directing the 

flow toward the walls, then with vortices rotating in the opposite direction.  It appeared 

that while the first case showed an improvement of 13% in the pressure recovery, the 

second case resulted in a 17% decrease in the pressure recovery, therefore affecting the 

flow field negatively.  The vorticity created by the VGs for each of the cases was 

measured and can be seen in Figure 1-9.  The case with an improvement of 13% in 

pressure recovery is due to turbulent mixing.  This case, however, has a detrimental 

effect on the flow due to the vortices that move to the corners due to their sense of 

rotation, and then interact with the secondary flows developed upstream to the ramp.  

This interaction causes the separation bubble to grow faster than for the baseline on one 

side wall, while the other side eliminates the separation through turbulent mixing, 

creating an asymmetric flow field, as shown in Figure 1-10.  Despite the reattachment on 

one side, the overall effect is still detrimental and the pressure recovery reduced. 
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Figure 1-9. Iso-surfaces of vorticity 𝝎 = −𝟎. 𝟎𝟓 𝒎 𝒔𝟐⁄  and 𝝎 = 𝟎. 𝟎𝟓 𝒎 𝒔𝟐⁄ . Left – 

pair that increases the pressure recovery. Right – pair that decreases the pressure 

recovery. Source: (Grundmann et al. 2012) 

 

Figure 1-10. Iso-surfaces of x-velocity. From left: VGs increasing the pressure 

recovery, center: Baseline, and right: VGs decreasing the pressure recovery. 

Source: (Grundmann et al. 2012) 

 

1.3 Motivation and Objectives 

Due to the asymmetry developing at the AIP in the S-duct studied by Vaccaro 

(2011), and Vaccaro et al. (2013, 2015), then in the S-duct investigated by Debronsky 

(2012), a first attempt at controlling this asymmetry by varying the boundary layer 

thickness of the incoming flow was successfully achieved by Gartner and Amitay (2014) 

in the same S-duct used by Debronsky.  However, due to the complex interaction 
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between flow separation and secondary flow structures, it was necessary to understand 

each of the flow mechanisms, and how to control them at a more fundamental level.  

Therefore, a new diffuser with an upper ramp and a straight floor was designed and built.  

The first objective of the study conducted on this new diffuser, was to quantify the 

baseline flow field (i.e., without flow control) in a high subsonic (up to M = 0.7) diffuser 

so that the quasi-two-dimensional separation and the formation of secondary flow 

structure can be isolated using a canonical flow field (the two-dimensional flow field 

was obtained by applying suction normal to the side walls at locations where the 

secondary structures were susceptible to form).  Note that the geometry selection of the 

diffuser and the design of these bleeding plates were conducted in collaboration with 

Northrop Grumman Aerospace Systems who suggested the design of effective bleeding 

plates and with numerical simulations conducted by Professor Kenneth E. Jansen from 

the University of Colorado Boulder. 

The second objective of this work was to mitigate the separation by using different 

flow control actuators and understand the interaction between the flow field and the 

selected actuators.  
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2. EXPERIMENTAL SETUP 

As was discussed in the Introduction, this study started with Vaccaro (2011) and 

Debronsky (2012) who observed a complex interaction between a strong adverse 

pressure gradient and a radial pressure gradient, leading to separation and secondary 

structures in a compact inlet.  This interaction created a distortion of the flow field, 

adding another layer of complexity to the problem when trying to control and reattach 

the flow efficiently.  In an attempt to first reduce the distortion, prior to reattaching the 

flow, a honeycomb, creating an artificial pressure drop was inserted upstream to the test 

section to increase the boundary layer thickness.  As described in details in the Results 

chapter (Chapter 3), it created a momentum deficit in the incoming boundary layer, 

which increased the weighted contribution of the separation compared to the secondary 

structures.  It turned an asymmetric flow field at the AIP successfully into a symmetric 

one.  The experimental setup for these experiments is presented in section 2.1.1 below. 

Following this study, it was decided to decouple the two mechanisms and to focus 

on a more fundamental flow field and to investigate the interaction of various flow 

control actuators with each of these mechanisms.  For this purpose, and as detailed 

below, a new test section with a straight floor, a single aggressive turn creating a 

massive separation, and a mechanism to minimize the secondary structures was designed 

and built.  This new facility, which is associated with a smaller blockage than the 

compact inlet, permitted to achieve a Mach number of up to 0.83, which is detailed in 

section 2.2: “Experimental Setup for the Transonic Diffuser Investigation”. 

 

2.1.1 Wind Tunnel Facility – Short Inlet Duct 

The high subsonic facility at the Center for Flow Physics and Control (CeFPaC) at 

Rensselaer Polytechnic Institute was initially utilized for the preliminary study, and then 

was modified downstream of the contraction for the experiments presented in the present 

work.  The facility is a blow down, open return wind tunnel.  The original inlet duct 

                                                 

 Portions of this chapter previously appeared as: Gartner, J., & Amitay, M. (2014). Effect of boundary 

layer thickness on secondary structures in a short inlet curved duct. International Journal of Heat and 

Fluid Flow, 50, 467-478. 



 

     25 

geometry allowed for Mach numbers up to 0.6 although most of the data presented were 

conducted at a Mach number of 0.44 (mass flow rate up to 1.76 kg/s).  Figure 2-1 shows 

the facility that was designed by Dr. John Vaccaro during his Ph.D. work (Vaccaro, 

2011).  The figure shows the flow path of the facility and labels the major components.  

 

 

Figure 2-1. The experimental inlet duct facility. 

 

The blower used is a Cincinnati Fan model HP-12G29 run by a 100 HP motor that is 

controlled by a variable frequency drive.  The blower can produce a volumetric flow rate 

up to 170 m3/min.  The air exits the blower and enters the diffuser section that transitions 

the circular cross-section of the blower to the square cross-section of the settling 

chamber.  The air is slowed as it enters the settling chamber where the fluid is 

conditioned through a set of screens and a honeycomb.  Also, a thermocouple and a 

static pressure ring were used to monitor the air temperature and the pressure at the 

settling chamber for all experiments and were used in the calculation of the inlet Mach 

number.  The air then enters the contraction section with a contraction ratio of 142:1 

having a conventional 5th order polynomial curvature.  The contraction is followed by 

the inlet duct, which has a constant cross-section with a length of 304.8 mm for 

boundary layer growth as well as to measure the inlet Mach number.  Another static 

pressure ring, as well as a thermocouple, was instrumented in this constant cross-section 

section.  Utilizing a one-dimensional isentropic flow assumption, the inlet Mach number 

was found from the static pressure ring at the inlet as well as the static pressure ring at 

the settling chamber.  This assumption was validated in the previous work done by 
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Vaccaro (2011) utilizing a total pressure Kiel probe in the constant cross-section region 

of the inlet duct.  The total pressure at the inlet was very similar to the pressure 

measured of the static pressure ring at the settling chamber, where the air velocity is 

small enough to be assumed as zero; thus, allowing the pressure and temperature 

measured in the settling chamber to be taken as the total quantities.  From the total 

quantities measured in the settling chamber and the static pressure measured in the inlet, 

the Mach number was calculated using the isentropic flow assumption as follows: 

 

 

𝑀𝑖𝑛𝑙𝑒𝑡 = √[(
𝑃0

𝑃𝑖𝑛𝑙𝑒𝑡
)

𝛾−1
𝛾

− 1] ∙ [
2

𝛾 − 1
] (1) 

 

Following the constant area section of the inlet is the diffusing S-shaped section.  After 

the air goes through the inlet duct, it exits the wind tunnel through a diffuser, having a 

diffusion angle of 3o to reduce flow speed as it exits into the open room, and thus reduce 

the pressure loss.  

The inlet duct has a length-to-hydraulic diameter ratio of 1.6, where the initial 

rectangular cross-section area of 90 mm tall by 114.3 mm wide transitions to a square 

cross-section 114.3 mm by 114.3 mm resulting in an area ratio of Aexit/Ainlet of 1.27.  The 

design was modular to allow for easy removal and exchange of parts as can be seen in 

Figure 2-2, which shows an exploded view of the inlet duct.  For example, two sets of 

windows were fabricated: one set made of aluminum for most of the experiments and the 

other out of optical grade acrylic solely for the use of PIV.  This reduced the chance of 

scratches occurring on the windows that would have an adverse impact on the PIV 

quality and potentially causing glares and/or inaccuracies in the collected data.  
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Figure 2-2. Exploded view of the inlet duct assembly. 

 

The inlet duct was instrumented with 126 static pressure taps along the lower 

surface of the duct.  The static pressure taps were sampled using four pressure scanners 

(Scanivalve DSA3217, 16 channels each, ±5 psid full scale and accuracy of ±0.05% of 

full scale, or ±0.0025 psid).  Because only 64 ports could be sampled at a time, for each 

case, two runs were required to sample all of the static pressure taps.  

The static pressures, obtained from the differential pressure measurements and the 

measured barometric pressure, were used to calculate the pressure coefficient, 𝐶𝑃, at 

each location, defined as: 

 
𝐶𝑃 =

2

𝛾𝑀𝑖𝑛𝑙𝑒𝑡
2 (

𝑃

𝑃𝑖𝑛𝑙𝑒𝑡
− 1) (2) 

 

The coordinate system is defined such the origin is in the middle of the cross-section 

plane at the beginning of the curvature, where 𝑥 is the streamwise direction, 𝑦 is the 

cross-stream direction (i.e., normal to the surface) and 𝑧 is along the span.  Another axis 

was defined as 𝑦∗ in order to quantify the boundary layers, where 𝑦∗ is aligned with 𝑦, 

but is shifted such that it is defined to be zero on the floor (see Figure 2-3). 

In addition to the static surface differential pressure sensors, an Instrumentation Can 

was mounted at the exit of the inlet duct to acquire the total pressure field at the 

aerodynamic interface plane (AIP).  Figure 2-3 shows the Instrumentation Can mounted 
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in the inlet duct with eight rakes each containing five sensors (a total of 40 sensors).  

Each sensor location on the rake has a high-frequency pressure transducer (Kulite model 

XCQ-062, ±5 psid full scale, and repeatability of ±0.5% of full scale, or ±0.025 psid) 

as well as a steady total pressure tap that was sampled with the four Scanivalves.  The 

numbering scheme of the Kulite sensors at the AIP is shown in Figure 2-4.  The 

perspective of Figure 2-4 is the same orientation as Figure 2-3 where the observer is 

looking downstream toward the AIP. 

 

 

Figure 2-3. Inlet duct with the Instrumentation Can for AIP measurements. 

 

The 40 Kulites at the AIP were utilized to measure the steady and unsteady total 

pressures.  The steady pressure was used to create contours maps of the pressure 

recovery, which is the total pressure at the AIP normalized by the total pressure at the 

inlet.  The average pressure recovery, PRavg, and the lower half pressure recovery, 

PRlowerhalf, are defined respectively as: 

 
𝑃𝑅𝑎𝑣𝑔 =  

(∑ 𝑃0,𝑖 𝐴𝐼𝑃)/4040
1

𝑃0𝑖𝑛𝑙𝑒𝑡

 (3) 

 

 
𝑃𝑅𝑙𝑜𝑤𝑒𝑟ℎ𝑎𝑙𝑓 =  

(∑ 𝑃0,𝑖 𝐴𝐼𝑃)/1535
21

𝑃0𝑖𝑛𝑙𝑒𝑡

 (4) 

 

where the Kulites are numbered as represented in Figure 2-4. 
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Figure 2-4. Pressure sensors distribution at the AIP. 

 

Figure 2-5 shows the compact inlet with the honeycomb inserted inside it.  In 

order to provide some comparative perspective of the experiment’s scaling, a coin of a 

quarter of US dollar is situated next to the honeycomb mesh.  An additional internal 

view of the tunnel is presented in Figure 2-6, where the flow direction is out to the page 

with the same coin displayed in Figure 2-5. 
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Figure 2-5. Compact inlet with the honeycomb inserted. 

 

 

Figure 2-6. Internal view with the honeycomb inserted. 

Honeycomb Mesh 

Quarter of a dollar 
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2.1.2 Particle Image Velocimetry 

In this portion of the work, Particle Image Velocimetry (PIV) measurements were 

conducted in order to collect quantitative flow measurement of the velocity field at 

different streamwise and spanwise planes within the duct.  All PIV experiments 

conducted in this portion of the work utilized a commercial LaVision System of software 

and TSI hardware.  The hardware included two 120 mJ Nd:YAG lasers and a single 

1000x1016 pixel resolution TSI CCD camera.  Additional hardware was a Martin 

Magnum 850 fog machine that was used for seeding the flow with O(1µm) smoke 

particles.  An array of different optics included a cylindrical lens (to create the laser light 

sheet), a focal lens (to focus the sheet within the measurement field), and camera optics 

for focusing the camera at different focal lengths and desired fields of interest.  Also, the 

camera and the lasers were mounted on computer-controlled traverses (having a 

resolution of ±4 𝜇𝑚) to provide a precise location of the measurement planes. 

The velocity components were computed by the DaVis 7.1 software using the cross-

correlation technique of pairs of successive images with 50% overlap between the 

interrogation windows.  The successive images were processed using a multi-pass 

method in which the initial and final passes were 32 x 32 pixels and 16 x 16 pixels, 

respectively.  Lastly, the mean velocity field in each plane was averaged over 500 

instantaneous velocity fields.  The maximum velocity (approximately 150 m/s) 

corresponded to an average displacement of about 4 pixels with an approximate 

maximum error of ±0.1 pixel, which corresponds to an error of ±2.5% of the inflow 

velocity. 

 

2.2 Experimental Setup for the High Subsonic Diffuser Investigation 

2.2.1 Wind Tunnel Facility - Diffuser 

As was mentioned above, to decouple the two main flow mechanisms, a simplified 

test section was designed and built.  All the sections from the blower down to the settling 

chamber were re-utilized from the short duct facility (see section 2.1.1).  Everything else 

was modified, as described below.  The new inlet duct geometry allowed for Mach 

numbers up to 0.83 (mass flow rate up to 2.57 kg/s) although most of the experiments 
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were conducted at a Mach number of 0.7.  Figure 2-7 shows the flow path of the 

modified facility with each component labeled.  

 

Figure 2-7. Experimental diffuser facility. 

 

The air exits the blower and enters the diffuser section that transitions the circular 

cross-section of the blower to the square cross-section of the settling chamber.  The air is 

slowed as it enters the settling chamber where the fluid is conditioned through a set of 

screens and a honeycomb.  Also, a thermocouple and a static pressure ring were placed 

in the settling chamber to monitor the temperature and pressure in the settling chamber 

during all experiments.  The flow continues to the contraction section with a contraction 

ratio of 146:1 and a conventional fifth order polynomial curvature.  It then enters the 

inlet duct, which has a constant rectangular cross-section (66.7 mm x 152.4 mm cross 

section with a length of 300 mm) for boundary layer growth as well as to measure the 

inlet Mach number.  Another static pressure ring, as well as a thermocouple, were 

incorporated in this section.  Utilizing a one-dimensional isentropic flow assumption, the 

inlet Mach number was found from the static pressure ring in the inlet as well as the 

static pressure ring of the settling chamber.  This assumption was validated utilizing a 

total pressure Kiel probe, placed in the constant cross-section region of the inlet duct, as 

explained in the Results section (Section 3.2).  The total pressure of the inlet matched the 

pressure measured in the static pressure ring of the settling chamber with an accuracy of 

more than 99.9%.  The air velocity in the settling chamber is low enough to be assumed 

at rest, allowing the pressure and temperature measured in the settling chamber to be 

taken as the total quantities.  
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Following the constant area section of the inlet is the test section, which will be 

discussed in detail in the next section.  After the air goes through the inlet duct, it exits 

the wind tunnel through a diffuser.  This diffuser has a three-degree angle to reduce the 

flow speed as well as to reduce the total pressure head as the air exits into the open 

room. 

  

2.2.2 Test Section and Instrumentation 

The inlet duct has a length-to-hydraulic diameter ratio of 2.34, where the initial 

rectangular cross-section area of 66.7 mm tall by 152.4 mm wide transitions to a cross-

section measuring 145.5 mm by 152.4 mm resulting in an area ratio of Aexit/Ainlet of 2.18. 

Note that the ramp geometry was designed by Northrop Grumman, which is based on 

their numerical simulations to keep the pressure gradient on the ramp constant.  Figure 

2-8 shows a schematic of the ramp with its dimensions, including the bleeding plates 

locations, which will be discussed below. 

 

Figure 2-8. Ramp geometry. 

 

 The apparatus is modular to allow for easy exchange of parts as can be seen in 

Figure 2-9, which shows an exploded view of the inlet duct.  The test section was 

designed such that different flow control actuators could be inserted and the windows 

could be changed to enable the insertion of the bleeding plates to disrupt the formation 
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of the secondary flow.  There are also two sets of floors; one set is made of acrylic to 

enable PIV measurements, and the second set is made from aluminum incorporated with 

pressure ports to measure the steady and unsteady surface pressure distributions.  

 

 

Figure 2-9. Exploded view of inlet duct assembly. 

 

The diffuser ramp, the floor, and the AIP were fully instrumented with steady 

pressure ports (measured using four pressure scanners model Scanivalve DSA3217, 16 

channels each, ±5 psid) and with high-frequency pressure transducers (Kulite model 

XTL-140, Kulite model XCQ-062 and Endevco model 8510B-5) as shown in Figure 

2-12.  The diffuser ramp was instrumented with 68 steady pressure ports and seven 

Endevco dynamic pressure transducers.  Figure 2-10 shows a bottom view of the ramp, 

where the bottom represents the beginning of the ramp, and the top represents the end of 

it, which is the AIP.  The location of the 68 steady pressure ports and seven Endevcos, is 

shown in inches, with the origin located at the beginning of the ramp, on the centerline. 

The floor was instrumented with 79 steady pressure taps and seven Kulite dynamic 

pressure transducers.  A top-view of the floor can be seen in Figure 2-11 with the 

location of the pressure ports.  The distance shown is in inches and is from the origin, 

which is located at the same streamwise and spanwise location than for the ramp.  The 

locations of the seven Kulite on the floor are also similar to the streamwise and spanwise 

locations of the Endevco on the ramp.  At the AIP, total pressure measurements were 

acquired using steady and high-frequency sensors that were mounted on six specially 
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designed rakes.  Each rake (Figure 2-13) contained both steady and high-frequency total 

pressure transducers at five discrete locations (a total of 30 total pressure ports).  

 

 

Figure 2-10. Bottom-view of the ramp, with the distance between the origin and the 

pressure ports in inches. The origin is located on the centerline, at the beginning of 

the ramp, with the flow going from the bottom to the top. Note that the seven 

Endevco transducers are represented here with the large hollow circles. 
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Figure 2-11. Top-view of the ramp, with the distance between the origin and the 

pressure ports in inches. The origin is located on the centerline, at the same 

streamwise location than the beginning of the ramp. The flow is going from the 

bottom to the top. Note that the seven Endevco transducers are represented here 

with the large hollow circles. 
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Figure 2-12. Test Section. 

 

 

 

Figure 2-13.  Picture of a typical AIP high-frequency total pressure rake. 

 

The Kulites at the AIP were sufficient to measure the total unsteady pressure. 

However, the lack of sensors between the top rake and the bottom rake did not permit to 

fully quantify the total pressure distribution along the diffuser height.  These 

measurements were essential in order to measure the Pressure Recovery more accurately 

when different actuators were used.  To address this gap, the three rakes of Kulites 
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attached to the floor were removed, and three Kiel probes were inserted instead and were 

connected to the Scanivalves described previously.  The Kiel probes were connected 

rigidly to an aluminum bar, which was attached to a Velmex Bi-Slide traverse permitting 

the Kiel probes to be accurately traversed up and down the AIP.  This allowed 

measuring the total pressure, one point at a time, along the entire height as shown in 

Figure 2-14.  

 

 

Figure 2-14. Kiel probes measuring the total pressure distribution at the AIP. 

 

2.2.3 Suction/Blowing System 

One of the goals of this study is to decouple the two flow mechanisms (flow 

separation and secondary flow structures) and study the interaction of the various flow 

control actuators with a canonical flow field that is dominated by a quasi-two-

dimensional flow separation.  In order to disrupt the formation of the secondary flow 

structures, bleeding plates were inserted into the sidewalls near the upper and lower 
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corners, as shown in Figure 2-15.  These strategic locations were chosen with the help of 

CFD simulations, conducted at University of Colorado Boulder by Prof. Kenneth Jansen, 

our collaborator, which showed that the secondary structures start to develop naturally in 

the corners near the beginning of the ramp; however, with wall suction, the formation of 

these structures was delayed to farther downstream.  Flow was aspirated normally to the 

sidewalls (Figure 2-16), through a system of pipes that were connected to a suction 

pump (Tuthill 4007-21L2 Competitor) as shown in Figure 2-17 and Figure 2-18.  The 

suction pump was controlled via a Variable Frequency Drive (VFD), enabling a precise 

control of the suction flow rate, which was monitored using a Venturi flow meter 

(Dwyer 2000-20VF4).   

 

 

Figure 2-15. Bleed plates inserted into the side windows. 
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Figure 2-16. Bleed plates attached to the pipes. 

 

 

Figure 2-17. Suction system connected to the wind tunnel. 
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Figure 2-18. Air is drawn out of the wind tunnel through the suction pump. 

 

2.3 Actuation Air Supply System 

Flow control actuation was achieved through compressed air, injected into the inlet. 

In the previous flow control experiments conducted by Vaccaro (2011) and Debronsky 

(2012), the compressed air was supplied directly from a compressor to the flow control 

actuators, through ¾” pipes.  Due to the long distance between the compressor and the 

wind tunnel, it led to significant pressure losses, which in turn, considerably reduced the 

flowrate available to inject through the flow control actuators.  This flowrate was not 

sufficient for the new test section, mostly due to the higher Mach number (the current 

experiments were conducted at M = 0.7 for the new test section versus M = 0.44 for the 

previous test sections). 

Two main modifications were applied to decrease the pressure loss and to enable a 

higher flow rate.  First, pressure losses are inversely proportional to the diameter of the 

pipe.  Therefore, the ¾” pipes connecting the compressor and the flow control actuators 
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were replaced with pipes with a diameter of 2”.  Second, pressure losses are directly 

proportional to the length of the pipes.  Due to the fact that it was not possible to bring 

the compressor closer to the wind tunnel, a high volumetric pressure tank was built 

relatively close to the wind tunnel and was connected to the compressor to serve as a 

relay and a reservoir to supply the flow control actuators with compressed air.  

The tank was characterized by measuring different flow rates with a flowmeter 

downstream to the tank (Figure 2-19), as well as the pressure at the tank as a function of 

time.  Note that the air downstream to the flowmeter exited the line at atmospheric 

pressure.  These results show that at 30 CFM and 40 CFM, the pressure tank was filled 

up with compressed air at the same rate (from a time average point of view) as the flow 

left, meaning that under these conditions the experiments could be run continuously.  A 

flow rate of 60 CFM showed that after ten minutes the pressure at the tank decreased by 

10%, which means that under this flow rate (and for higher flow rates), there would be a 

time limitation for the experiments.   

 

 

Figure 2-19. Pressure tank characterization with the following flow rates: (a) 30 

CFM, (b) 40 CFM, (c) 60 CFM 

Before entering the inlet, the compressed air was conditioned and quantified.  A 

water separator (Wilkerson, WS0-0B-000B), and an air filter removing particles with a 
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diameter larger than 5 microns (Beach Filters, F-300C) were installed on the line to 

clean the air and remove the moisture present in the compressed air.  The airline was 

also equipped with a pressure regulator (Norgren, B74G), a flow meter (Omega FLMG 

series, 150 sCFM), a pressure transducer (Omega, 181B-100G5V) and a thermocouple 

(Omega, type T) to regulate the mass flow to the actuators as shown in Figure 2-20. 

These measurements allowed for the quantification of injected mass flow to the system. 

Plastic tubing (1/2” in diameter) was used to connect the supply air to the actuators. 

Pictures of the tank and the line are shown in Figure 2-21. 

 

 

Figure 2-20. Line connecting the pressure tank to the actuators. 

 

 

Figure 2-21. Pressure line with transducers. 
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2.4 Flow Control Actuators 

Several flow control actuators were used to mitigate the flow separation on the 

diffuser ramp and thus increase the pressure recovery at the AIP.  The actuators that 

were utilized in this study were: 

1. An array of pulsed jets located at 𝑥 𝐿 = −0.02⁄  

2. An array of sweeping jets at 𝑥 𝐿 = −0.02⁄  

3. A two-dimensional jet with an orifice width of 1mm, located at 𝑥 𝐿 = −0.07⁄  

with three air injection configurations: a) a steady jet, b) a low RMS unsteady 

jet, and c) a high RMS unsteady jet.  

4. A two-dimensional jet with an orifice width of 2mm, located at 𝑥 𝐿 = −0.07⁄  

with three air injection configurations: a) a steady jet, b) a low RMS unsteady 

jet, and c) a high RMS unsteady jet. 

5. A two-dimensional jet with an orifice width of 1mm, located at 𝑥 𝐿 = +0.25⁄  

with three air injection configurations: a) a steady jet, b) a low RMS unsteady 

jet, and c) a high RMS unsteady jet. 

6. A segmented jet composed of five independent slits, located at 𝑥 𝐿 = +0.25⁄  

with three air injection configurations: a) a steady jet, b) a low RMS unsteady 

jet, and c) a high RMS unsteady jet. 

7. An array of passive vortex generators, with different heights and spanwise 

spacing, resulting in ten different configurations. 

 

 Note that all the unsteady jets were generated via a rotary valve mechanism, as 

discussed in Section 2.4.2 below.  Moreover, each of the actuators listed above is 

discussed in detail in the sub-sections below. 

2.4.1 Pulsed Jets Array Actuator 

The pulsed jets array consists of 11 independent pulsed jets pairs, which was 

designed and fabricated by Advanced Fluidic LLC (Figure 2-22a).  Three of the pairs are 

shown on an enlarged picture in Figure 2-22b, including the dimensions of the jets at the 

outlet, where they interact with the flow.  A generic drawing of the inner geometry of the 

actuator is presented in Figure 2-22c; however, due to proprietary information, the 
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internal dimensions are not discussed in this document.  The pulsed jet was designed 

such that the steady air stream enters into a cavity with a bi-stable configuration, which 

causes the air to periodically switch from the left orifice to the right one and vice versa at 

high frequencies.  The exact frequency can change as a function of the flowrate, but 

during our experiments (where �̂̇� was 0.60%) the frequency was measured (with a 

kulite) to be associated with an actuation frequency range from 700Hz to 1350Hz with 

the highest peak at ~1200Hz.  In the present work, the pulsed jets array was placed along 

the span at the beginning of the ramp at 𝑥 𝐿 = −0.02⁄ .   

 

 

Figure 2-22. Pulsed jets array actuator: (a) physical actuator with 11 jets, (b) zoom-

in showing three pairs of pulsed jets with dimensions in mm, and (c) a sketch of the 

principle operation of the pulsed jet. 
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2.5.2 Sweeping Jets Array Actuator 

The sweeping jet actuator is an actuator that was also provided by Advanced Fluidic 

LLC (Figure 2-23a).  The principle operation of the actuator is similar to the pulsed jet, 

where a steady stream of air enters a cavity with a bi-stable configuration.  The outlet is 

composed of a narrow throat with a diffusion angle of 48.5˚, an orifice size of 2 mm, and 

a distance separating the jets of 3.8 mm.  The dimensions are shown on an enlarged 

picture with three sweeping jets, in Figure 2-23b.  As for the pulsed jets, due to 

proprietary information, the internal dimensions are not discussed in this document.  It 

causes the air to form a jet, which sweeps from the left to the right and vice versa at 

about the same frequency (~1200 Hz) than the pulsed jets array, as discussed above.  

The array of 11 sweeping jets was located at the beginning of the ramp at 𝑥 𝐿 = −0.02⁄ . 

 

 

Figure 2-23. Sweeping jets array actuator: (a) physical actuator with 11 jets, and 

(b) zoom-in showing three sweeping jets with dimensions in mm. 
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2.4.2 Steady and Unsteady Jet  

In order to obtain either a steady or an unsteady blowing, two rotary valves, and a 

cavity were designed and fabricated (Figure 2-24).  The low-RMS rotary valve had ten 

slits around its circumference with a width of 6.35 mm for each slit, and the high-RMS 

rotary valve had five slits with a width of 3.175 mm for each slit.  Compressed air was 

introduced through the side of the rotary valve body, which encased a cylindrical rotor 

that was driven by an electric DC-Micromotor (4490H024B-K1155 from Faulhaber). 

The rotor was hollow so that compressed air could flow through the interior of the rotor 

and pass through the slits that were machined on the rotor circumference.  As the rotor 

spun in the valve body, the rotor slots aligned periodically with a slot machined in the 

rotor housing (also called in this document: “cavity”), which connected the exit of the 

rotor housing to the actuator.  The rotors were machined from titanium and had a 

diametric clearance of 0.254 mm to minimize air leakage and to enable a smooth rotation 

of the rotor.  The DC-Micromotor was coupled to an encoder (MCBL3006S from 

Faulhaber), which connected to a computer and enabled adjustment of the frequency of 

the unsteady jet.  Note that inductors were added at the request of the manufacturer to 

smoothen the current spikes between the controller and the motor, potentially resulting 

otherwise in the destruction of the controller.  The different components are shown in 

Figure 2-25.  When steady blowing was desired, the rotor was removed.  The rotary 

valve could generate unsteady jets with a frequency from 0 to 450 Hz for the high-RMS 

rotary valve (with the five slits), and from 0 to 900 Hz for the low-RMS rotary valve 

(with the ten slits).  
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Figure 2-24. (a) High RMS rotary valve, (b) low RMS Rotary Valve, and (c) rotary 

valve housing. 

 

Figure 2-25. Picture showing the different motor components. 

 

2.4.3 Two-Dimensional Jets and the Segmented Jet 

The air from the rotary valve cavity entered the injector block (actuator), whose role 

was to reduce the flow path area to increase the jet velocity and to redirect the flow so 
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that it exits trough a rectangular slit as close to tangential to the inlet wall as possible 

(Figure 2-26).  The two-dimensional jet had one long rectangular slit, extending between 

the two sidewalls of the wind tunnel.  A jet with an orifice width of 1mm was used at 

two streamwise locations, upstream to the ramp at 𝑥 𝐿 = −0.07⁄  and closer to the 

separation point at 𝑥 𝐿 = +0.25⁄ .  Furthermore, an additional 2-D jet with an orifice 

width of 2 mm at 𝑥 𝐿 = −0.07⁄  was used, in order to compare the role of momentum 

flux ratio versus mass flow ratio, as explained further in the Results section.  The two-

dimensional jets located at 𝑥 𝐿 = −0.07⁄  were assembled from two different parts, and 

had an exit angle of 10.3˚.  Note that a previous version of the 2-D jet was built entirely 

from SLA, resulting in different performances (presented in the Results, Section 3.5.3.1), 

and was located at 𝑥 𝐿 = −0.05⁄  with an exit angle of 9.5˚.  The top part of the jet 

detailed in this document was machined from aluminum, and was used for both the 1 

mm and 2 mm orifices.  Two bottom parts with two slightly different slopes were 

fabricated from stereolithography, which had a tolerance of ±0.127 mm per 25.4 mm of 

material, in order to create the 1mm or 2mm gap between the top and bottom part once 

assembled together.  The top and bottom parts were assembled with screws in order to 

assure a solid and sturdy connection.  The two-dimensional jet located at 𝑥 𝐿 = +0.25⁄ , 

which was tangential to the ramp, was machined entirely from aluminum, as shown in 

Figure 2-27. 
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Figure 2-26. Cross-section showing the injected flow from the rotary valve through 

the injector block to the test section. Here, the jet location is at x/L = +0.25. 

 

The segmented jet, which was placed at 𝑥 𝐿 = +0.25⁄  (as shown on Figure 2-28), 

was composed of five independent rectangular slits, which are isolated from each other. 

Each of those five jets has a spanwise length of 25.4 mm, an orifice width of 1 mm and a 

spanwise distance of 6.35 mm between the edges of neighboring slits.  The rational of 

using a segmented jet is that a pressure difference between each of the segments is 

created, leading to the formation of streamwise vortices between slits.  It was assumed 

that those vortices would increase the flow reattachment by re-energizing the boundary 

layer, in addition to the reattachment caused by the momentum injection from the jets 

themselves.  The segmented jet was fabricated from stereolithography.  

At the minimum cross-section area of each of those jets, five static pressure ports, 

and two thermocouples were placed along the span to enable the calculation of the 

density (using the ideal gas equation), which was then used to obtain the velocity using 

an inline flow meter (Omega FLMG series, 150 sCFM).  These measurements were used 

to monitor the spanwise uniformity of the jets during the experiments.  Furthermore, the 

different actuators were calibrated with hotwire measurements, and the results are 

presented in Section 3.3. A schematics of the actuator mounted in the test section is 

presented in Figure 2-30. 
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Figure 2-27. Two-dimensional jet located at 𝒙 𝑳⁄ = +𝟎. 𝟐𝟓. 

 

 

Figure 2-28. Segmented jet located at 𝒙 𝑳⁄ = +𝟎. 𝟐𝟓. 
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Figure 2-29. Two-dimensional control jet actuator assembled on the rotary valve. 

 

 

Figure 2-30. Cross-section of the tunnel with a rotary-valve-based flow control 

actuator. 

 

2.4.4 Vortex Generators 

Vortex generators (VGs) are widely used as passive flow control devices and 

therefore permit a good comparison between the traditional approaches of passive flow 

control to the more novel active flow control techniques.  An array of 10 vortex 

generators was inserted into the flow, with the downstream edge of the VGs located at 
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𝑥 𝐿⁄ = −0.06, in order to generate streamwise vortices, increase mixing and reenergize 

the separated boundary layer.  The skew angle of the VGs was 𝛽 = 20˚ with respect to 

the free stream, the length of each VG was 𝑙 = 7 mm, and the spacing between VGs was 

Δ𝑧 = 13.65 mm, as shown in Figure 2-31.  The VGs on each side of the centerline were 

aligned such that they will generate vortices that counter the vortices created naturally 

due to the secondary flow structures. 

A parametric study of the height of the VGs was conducted by inserting them 

incrementally from h = 0 mm to h = 7 mm in increments of 1 mm into the flow (see 

Figure 2-32).  Note that the boundary layer thickness at the location of the VGs, 

according to PIV measurements, was 𝛿 = 4 mm.  In addition, the effect of spacing 

between the VGs was investigated by changing the number of VGs that were erected 

into the flow. 

 

 

Figure 2-31. Vortex generators array. 
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Figure 2-32. Picture taken from the AIP, showing the VGs located at the beginning 

of the ramp. The flow is coming out of the page. 

 

2.4.5 Schlieren Flow Visualization 

A schlieren imaging setup was used to visualize the change in density across the test 

section, which would aid in identifying flow structures, flow separation, etc.  Schlieren 

techniques were extensively documented over the years, as it was reported for the first 

time more than 340 years ago, in the 17th century, by Robert Hooke and Christian 

Huygens (Rienitz 1975).  The schlieren system that was used for the experiments 

presented in this document is known as a dual-field-lens schlieren arrangement (a 

diagram is shown in Figure 2-33).  A better arrangement would have been a Z-type 

schlieren arrangement, due to the large field of view that could have been possible and 

therefore permitting to capture the entire test section at once.  However, this arrangement 

was not feasible due to the lack of space around the wind tunnel.  Hence, a dual-field-

lens arrangement was used, permitting a field of view (limited by the lenses diameters), 
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which in the present work was 76.2 mm.  The different components of the schlieren 

setup were assembled on traverses on each side of the test section, which was controlled 

by a computer to move in synchronization.  Thirty-one interrogation windows were 

acquired across the test section and then reconstructed together into one single image. 

 

Figure 2-33. Dual-field-lens schlieren arrangement. Source: (Settles 2002) 

 

The light source was a 35W High-Intensity Discharge (HID) Xenon arc lamp, taken 

from a kit that is typically used for high beams illumination in cars.  Selecting a light 

source with a high enough brightness was critical in order to enhance the sensitivity of 

the images (Settles 2002), especially in our flow field, which did not have abrupt 

changes in density as in shock waves.  In order to condense the light, a camera lens was 

used.  The rectangular slit was created using an adjustable rectangular aperture (Ealing, 

61-1137-000), with a maximum open aperture of 12 mm × 12 mm.  The first field lens 

(before the test section as shown in Figure 2-33) was a 76.2 mm diameter plano-convex 

lens (Newport, KPX223-C) with a focal length of 100 mm.  The second field lens, 

placed after the test section, was also a 76.2 mm diameter plano-convex lens (Newport, 

KPX229-C) but with a focal length of 200 mm.  A knife edge was placed at an angle of 

45° relative to the freestream, in order to capture the change in density gradient in both 

the horizontal and vertical directions.  Finally, a Motion Pro X3 high-speed camera was 

used, with a speed of 1000 frames per second.  The software used to acquire the images 

was Motion Studio.  Additional pictures showing the experimental setup are shown in  

Figure 2-34, Figure 2-35 and Figure 2-36. 
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Figure 2-34. Schlieren experimental setup with a candle located in the test section, 

between the plano-convex lenses. 
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Figure 2-35. A side view of the tunnel test section with the different schlieren 

components. 

 

 

Figure 2-36. Top view of the schlieren components located before the test section, 

with a sketch of the light path. 
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2.4.6 Stereo Particle Image Velocimetry – Diffuser Testing 

For the flow measurement in the diffuser, Stereo Particle Image Velocimetry (SPIV) 

measurements were conducted in order to collect quantitative flow measurement of the 

velocity field at multiple streamwise and spanwise locations within the duct.  The 

streamwise planes were taken at seven locations along the span: the centerline, ±25.4 

mm (from the centerline, z/L = ±0.12), ±50.8 mm (z/L = ±0.23) and ±63.5 mm (z/L = 

0.29). The spanwise planes were taken at the AIP (x/L = 1), 59.94 mm (x/L = 0.17) 

upstream of the AIP, 80 mm ((x/L = 45) upstream of the AIP, 119.89 mm (x/L = 63) 

upstream of the AIP, and 180.09 mm (x/L = 72) upstream of the AIP. All SPIV 

experiments conducted here utilized a commercial LaVision System.  The hardware 

included a New Wave Solo double-pulsed 120 mJ Nd:YAG lasers and two LaVision 

Image Intenser thermo-electrically cooled 12-bit CCD cameras with a resolution of 

1376×1040 pixels.  Each camera was equipped with a Scheimpflug in order to correct 

for distortion caused by the angle between the cameras and the plane of view illuminated 

by the laser. Also, bandpass filters with a range of 532 ± 10 nm were mounted on the 

camera lenses in order to capture the light from the laser solely and not from the 

surrounding.  A picture of the experimental setup for the SPIV measurements is shown 

in Figure 2-37.  

The laser sheet was created using a -10 mm cylindrical lens, and the laser sheet 

thickness was controlled using a focal lens.  The laser beam was guided safely from the 

New Wave Solo to the cylindrical lens creating the laser sheet, using a LaVision Laser 

Guiding Arm.  Three independent sets, each composed of three Velmex Bi-Slide 

traverses controlled by a computer, were used to traverse the laser sheet and the two 

cameras.  The Velmex Bi-Slides traverses had an accuracy of ±4 𝜇𝑚.  Additional 

hardware was a Martin Magnum 850 fog machine that was used to seed the flow with 

O(1µm) smoke particles.  More information on the hardware and software of this system 

can be found in LaVision manuals (LaVision 2012). 
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Figure 2-37. SPIV experimental Setup. (a) cameras location relative to the wind 

tunnel, and (b) illumination of the Aerodynamic Interface Plane with the laser 

sheet. 

 

One of the main issues encountered during the acquisition of PIV data in this wind 

tunnel was the reflection of the laser sheet on the ramp.  It caused the light to reflect at a 

high intensity on the ramp, exceeding the luminosity threshold for the camera CCD, 

which could have damaged it.  This issue was addressed by using a paint with 

fluorescent properties, absorbing the green wavelength of 532 nm from the laser, and 

emitting it as a yellow color at a wavelength of ~570 nm, which was filtered by the 

band-pass filter attached to the camera lens.  The paint was created according to 

instructions provided by LaVision, mixing 3g of Rhodamine 6G in 10 ml of ethanol, and 

then with 500 ml of clear paint.  Figure 2-38 shows the laser reflecting on the tunnel 

surface, where the dark side is covered with the fluorescent paint, shifting the green 

color of the laser to a yellow color, and the right part is not painted and is reflecting the 

original wavelength of the laser.  
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Figure 2-38. Laser with a 532 nm wavelength reflecting on the tunnel surface. The 

left (black) part is coated with Rhodamine 6G-based paint, and the right 

(aluminum) part is not painted. 

 

The velocity components were computed by the DaVis 8.3 software using the cross-

correlation technique of pairs of successive images with 50% overlap between the 

interrogation windows.  The successive images were processed using a multi-pass 

method in which the initial and final passes were 64 by 64 pixels and 32 x 32 pixels (2 

passes), respectively.  Lastly, the mean velocity field in each plane was averaged over 

500 instantaneous velocity fields.  The maximum velocity (approximately 144 m/s) 

corresponds to an average displacement of about 8 pixels with an approximate maximum 

error of ±0.1 pixel, which corresponds to an error of ±1.25% of the inflow velocity. 
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3. RESULTS 

The Results chapter is divided into ten sections.  Section 3.1 presents the results 

obtained with the compact inlet, showing the effect of changing the boundary layer 

thickness on secondary structures.  Section 3.2 characterizes the new test section to 

ensure that the incoming flow field is uniform and that the isentropic flow assumption 

can be used to calculate the Mach number.  Section 3.3 presents the calibration of the 

different flow control actuators, obtained with a hotwire.  The baseline case (i.e., no flow 

control) is characterized at M = 0.7 in Section 3.4 through pressure measurements, with 

and without suction through the side windows.  Furthermore, the shedding frequency 

was found using the implementation of power spectra from total pressure data at the 

AIP, and from velocity measurements with a hotwire in the separated region.  Then, 

pressure measurements of the flow field at M = 0.7 with wall suction, were conducted in 

the presence of the different flow control actuators, and are presented in Section 3.5.  

Section 3.6 compares the performances between the flow control actuators.  Section 3.7 

discusses the momentum coefficient effect (instead of the mass flow ratio used so far) of 

a two-dimensional jet, to emphasize the importance of the different parameters in the 

study of fluidic flow control actuators.  Section 3.8 investigates the effect of the Mach 

number and the suction from the side windows on the pressure measurements.  The last 

set of experiments was conducted to show that PIV measurements could be acquired 

only at M = 0.4 and with solid windows (instead of at M = 0.7 with wall suction), due to 

experimental constraints.  The comparison includes the baseline case, the two-

dimensional jet located at 𝑥 𝐿 = −0.07⁄  for the steady jet, the low-RMS jet and the 

high-RMS jet cases.  In addition, Schlieren flow visualizations were conducted at M = 

0.7, with and without flow control, as presented in Section 3.9.  Finally, SPIV 

measurements of the baseline, and of the two-dimensional steady and unsteady jets can 

be seen in Section 3.10. 

 

                                                 

  Portions of this chapter previously appeared as: Gartner, J., & Amitay, M. (2014). Effect of boundary 

layer thickness on secondary structures in a short inlet curved duct. International Journal of Heat and 

Fluid Flow, 50, 467-478. 
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3.1 Effect of Boundary Layer Thickness on Secondary Structures in a 

Short Inlet Curved Duct 

The flow pattern in short inlet ducts with aggressive curvature has been shown to 

lead, in some cases, to an asymmetric flow field at the aerodynamic interface plane.  As 

explained in the Introduction and Experimental Setup Chapters, the compact inlet 

designed and built by Vaccaro (2011) and Debronsky (2012), was utilized to investigate 

the effect of boundary layer thickness on secondary structures.  A two-dimensional 

honeycomb mesh was added upstream of the curved duct to create a pressure drop across 

it, and therefore to an increased velocity deficit in the boundary layer profile.  This 

velocity deficit led to a stronger streamwise separation, overcoming the instability that 

can result in the asymmetric flow field at the aerodynamic interface plane.  Experiments 

were conducted at Mach numbers of M = 0.2, 0.44 and 0.58 in an expanding aggressive 

duct with a rectangle to a square cross section with an area ratio of 1.27.  Steady and 

unsteady pressure measurements, together with Particle Image Velocimetry (PIV), were 

used to explore the effect of the honeycomb on the symmetry of the flow field.  The 

effect of inserting a honeycomb was tested by increasing its height from 0 to 2.2 times 

the boundary layer thickness of the baseline flow upstream of the curve.  Using the 

honeycomb, flow symmetry was achieved for the specific geometrical configuration 

tested with a negligible decrease of the pressure recovery.  The results are divided into 

three sub-sections: 3.1.1- upstream of the curved duct, 3.1.2- along the curved duct, and 

3.1.3- at the AIP.  Both PIV and pressure measurements were conducted and are 

presented in this section. 

 

3.1.1 Upstream of the Curved Duct 

Prior to the analysis of the effect of the boundary layer thickness on the flow field 

downstream, we must ascertain that the incoming flow is uniform and symmetric.  Thus, 

the pressure distributions and the boundary layer velocity profiles were measured 

upstream of the curved section, i.e. prior to the inlet plane of the duct (x/D = 0). 
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Two techniques were utilized to quantify the incoming flow field.  The first method 

utilized a total pressure Kiel probe, which was traversed across the height and span 

upstream of the inlet plane at x/D = -1.56.  The traversing of the probe was computer 

controlled and stepped in 0.5 mm increments close to the wall, and 2.5 mm intervals 

towards the center of the duct.  The height and span were normalized by the inlet width 

(D = 114.3 mm), and the pressure measured by the Kiel probe was normalized by the 

total pressure in the settling chamber of the flow facility.  Figure 3-1 shows the total 

pressure at Mach 0.44, which is nearly uniform across the height as well as the span of 

the duct, except close to the duct walls, where a boundary layer exists. 

The second method utilized was the PIV, which captured the velocity flow field 

upstream of the turn (at x/D = -0.58) at three spanwise locations (z/D = 0, ±0.25) and 

enabled the extraction of the boundary layer profiles.  As presented in Figure 3-2, the 

flow field upstream of the turn is two dimensional.  

 

 

Figure 3-1. Inlet total pressure distributions; a) across the duct height, and b) 

across the duct span. 

a) 

 

b) 
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Figure 3-2. Cross stream distributions of the streamwise velocity profiles upstream 

of the turn, at M = 0.44. 

 

As was mentioned above, the main goal of the present work is to change the 

weighted contribution of the flow separation to affect the secondary flow structures.  

Thus, a honeycomb was inserted upstream of the turn at various heights (into the flow) 

to create a pressure drop across it which generated a velocity deficit.  As the honeycomb 

was inserted deeper into the flow (i.e., increase ℎ/𝛿0) the velocity deficit of the 

boundary layer increased, which made it more susceptive to separation.  Figure 3-3 

shows the velocity profiles at a streamwise location of 𝑥/𝐷 =  −0.58.  The velocity was 

normalized by the freestream velocity, 𝑈∞, and the height was normalized by the 

boundary layer thickness (𝛿0 = 0.99𝑈∞) of the baseline.  The value of 𝛿0 is defined at 

𝑥/𝐷 =  −0.58 for 𝑀 = 0.44 and is kept the same throughout the paper for all the 

different Mach numbers.  
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Figure 3-3. Effect of the normalized honeycomb height on the shape of the velocity 

profile at x/D = -0.58 and z/D = 0. 

 

The velocity profiles were also measured at a streamwise location of 𝑥/𝐷 =  −0.14 

and are shown in Figure 3-4. The same trend seen upstream is also present at this 

streamwise location, except that the flow accelerates due to the proximity to the turn. 

  

 

Figure 3-4. Effect of the normalized honeycomb height on the shape of the velocity 

profile at x/D = -0.14 and z/D = 0. 
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In order to quantify the results presented in Figure 3-3 and to show the momentum 

deficit, which increases due to the insertion of the honeycomb, the momentum thickness, 

θ, is presented in Table 1 for each velocity profile. 

 

Table 1. Momentum displacement at 𝒙/𝑫 =  −𝟎. 𝟓𝟖. 

 

𝒉/𝜹𝟎 𝜽 [mm] 

0 0.55 

0.74 0.95 

1.47 1.04 

2.2 1.16 

 

3.1.2 Along the Curved Surface 

Next, the distributions of the pressure coefficient, Cp, along the curved surface are 

presented at the three Mach numbers of 0.2, 0.44 and 0.58 (Figure 3-5, Figure 3-6 and 

Figure 3-7, respectively), at three spanwise locations of z/D = 0, ±0.25 for four different 

honeycomb heights.  These plots are divided into three regions: 

 

1) Region 1, where the flow accelerates around the turn and three dimensionalities 

develop for the baseline case.  However, when the honeycomb is introduced into 

the flow it results in quasi-two-dimensional flow acceleration, where the 

asymmetry decreases as ℎ/𝛿0 increases. 

 

2) Region 2 represents the region where the baseline flow is separated as indicated 

by the constant pressure.  The presence of the honeycomb affects the separation 

region by making it more two-dimensional and extends it farther downstream, as 

is expected since the velocity deficit of the incoming boundary layer was 

increased (as discussed above). 
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3) Region 3, where without the honeycomb, the flow on the left side of the duct 

(z/D = -0.25) reattaches first.  By increasing the honeycomb height, the 

difference in the pressure coefficient between z/D = -0.25 to the other two 

spanwise locations (z/D = 0 and 0.25) decreases.  This means that the 

reattachment point is farther downstream with the honeycomb than without it.  

Therefore, elevating the honeycomb increases the extent of the separation 

region. 

 

 

Figure 3-5. Streamwise pressure coefficient distribution for the three different 

honeycomb actuator heights at 𝑴 = 𝟎. 𝟐. 
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Figure 3-6. Streamwise pressure coefficient distribution for the three different 

honeycomb actuator heights at 𝑴 = 𝟎. 𝟒𝟒. 
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Figure 3-7. Streamwise pressure coefficient distribution for the three different 

honeycomb actuator heights at 𝑴 = 𝟎. 𝟓𝟖. 

 

3.1.3 At the AIP 

 Next, the pressure recovery at the AIP was measured and is discussed in this 

section.  Figure 3-8, Figure 3-9 and Figure 3-10 present the time-averaged pressure 

recovery at three Mach numbers and four honeycomb heights.  The red region represents 

a pressure recovery of 1, meaning that there are no pressure losses, and the blue region 

represents pressure losses.  As can be seen, without the honeycomb, the asymmetry, 

which is a result of the superposition of the separation and the secondary flow structures, 

is clearly present in all three Mach numbers.  Here, the lowest pressure recovery is on 

the bottom right side.  However, increasing the honeycomb height decreases the 

asymmetry, with minimal effect on the overall pressure recovery. 

Table 2 presents the pressure recovery values averaged over the entire AIP plane, 

𝑃𝑅𝐴𝑣𝑒𝑟𝑎𝑔𝑒, and over only the lower half of the AIP plane, 𝑃𝑅𝐿𝑜𝑤𝑒𝑟 𝐻𝑎𝑙𝑓, for the different 

honeycomb heights.  An important result from this study is the low impact of the 

honeycomb mesh on the pressure recovery while improving the symmetry of the 
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pressure distribution.  By looking at the values of Table 2, the largest impact on the 

pressure recovery is at M = 0.58 between the baseline case (without honeycomb) and the 

case with the honeycomb inserted at ℎ/𝛿0 = 2.2, where the difference is 0.68%. 

 

 

Figure 3-8. Pressure Recovery at the AIP for the baseline and the three different 

honeycomb heights at 𝑴 = 𝟎. 𝟐. 
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Figure 3-9. Pressure Recovery at the AIP for the baseline and the three different 

honeycomb heights at 𝑴 = 𝟎. 𝟒𝟒. 
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Figure 3-10. Pressure Recovery at the AIP for the baseline and the three different 

honeycomb heights at 𝑴 = 𝟎. 𝟓𝟖. 

 

Table 2. Pressure Recovery at the AIP. 

 

 M = 0.2 M = 0.4 M = 0.58 

ℎ/𝛿0 𝑃𝑅𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑅𝐿𝑜𝑤𝑒𝑟 𝐻𝑎𝑙𝑓 𝑃𝑅𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑅𝐿𝑜𝑤𝑒𝑟 𝐻𝑎𝑙𝑓 𝑃𝑅𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑅𝐿𝑜𝑤𝑒𝑟 𝐻𝑎𝑙𝑓 

0 0.9890 0.9819 0.9493 0.9163 0.9218 0.8750 

0.74 0.9892 0.9822 0.9491 0.9156 0.9212 0.8733 

1.47 0.9888 0.9813 0.9469 0.9107 0.9173 0.8651 

2.2 0.9886 0.9807 0.9452 0.9066 0.9156 0.8613 

 



 

     73 

In addition to the time-averaged pressure recovery, the effect of the honeycomb on 

the fluctuating total pressure was also explored. Figure 3-11 presents the standard 

deviation of the pressure recovery for the same cases showed in Figure 3-10.  For the 

baseline cases (i.e., without the honeycomb present) at all three Mach numbers, there is a 

large concentration of pressure fluctuations in the lower portion of the AIP, which is the 

region where the PR is the lowest.  When the honeycomb is inserted into the duct (where 

ℎ/𝛿0 = 2.2), the fluctuating pressure fields show symmetric distribution of the pressure 

fluctuations field. 

 

 

Figure 3-11. Standard deviation of the pressure recovery at the AIP at M = 0.2, 0.44 

and 0.58. Upper row: baseline flow (h/δ0 = 0), and lower row: the most symmetrical 

configuration achieved in the current experiments (h/δ0 = 2.2). 

 

In addition to a global evaluation of the fluctuating pressure field, more detailed 

examination was conducted where the power spectra at three spanwise locations (sensors 

23, 28, 33) at the AIP were calculated and are presented in Figure 3-12.  For all three 

Mach numbers, without the honeycomb in the flow, the power spectra at the three 

spanwise locations are different, whereas the spectral content on the left side and the 

middle of the AIP (sensors 23 and 28, the red and green lines, respectively) contains 

higher energy than that on the right side (sensor 33, blue line).  When the honeycomb is 
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inserted into the flow, there is a negligible change in the energy content in the left side of 

the AIP. Meanwhile, the energy on the right side increases considerably.  This 

modification in the amplitude of the power spectra further suggests that the introduction 

of the honeycomb induce a more symmetrical flow field (both the time average and the 

fluctuating).  Also, the magnitude of the peak, which represents the dominant shedding 

frequency of the separated flow, increases with the honeycomb inserted into the flow, 

corroborating the results shown previously.  The increase in amplitude, especially at the 

shedding energy, is another indication that the separation becomes more dominant and 

by doing so helps push the saddle-saddle point farther downstream in the duct.  This 

saddle-saddle point, as mentioned previously, causes the onset of the instability 

responsible for the asymmetry encountered in the flow without the honeycomb actuator. 

 

 

Figure 3-12. Power spectra on the bottom part of the AIP at three spanwise 

locations and for the three Mach numbers.  Upper row: h/𝜹𝟎 = 𝟎, and lower row: 

h/𝜹𝟎 = 𝟐. 𝟐. 
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3.2 Calibration of the High Subsonic Diffuser 

As explained previously, the Mach number was measured using the assumption that 

the total pressure at the inlet is identical to the total pressure in the settling chamber due 

to an isentropic flow between them.  Also, the dynamic pressure in the settling chamber 

is negligible compared to its static pressure due to the large cross-section area, enabling 

the measurement of the static pressure instead of measuring the total pressure.  In order 

to validate these assumptions, the total pressure was measured with a Kiel probe at the 

center of the cross-section area at the inlet, and the static pressure was measured at the 

settling chamber as shown in Figure 3-13.  The largest difference between the Kiel probe 

pressure measurement and the settling chamber pressure measurement was 0.015%, 

which validates the assumptions above. 

 

 

Figure 3-13. Tunnel total pressure validation. 

 

The Kiel probe was also used to measure the uniformity of the incoming flow, 

where the total pressure was measured along the centerlines across the span and the 

height.  In the spanwise direction, the pressure was measured in increments of 1.588 mm 
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near the walls and increments of 3.175 mm elsewhere.  In the cross-stream direction, the 

pressure was measured in increments of 1.588 mm throughout.  Figure 3-14 and Figure 

3-15 show the distributions of the total pressure along the inlet span and height, 

respectively.  Except near the walls, where boundary layers exist, the distributions of the 

total pressure are uniform. 

 

 

Figure 3-14. Spanwise distribution of the total pressure. 

 

 

Figure 3-15. Cross-stream distribution of the total pressure. 
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3.3 Characterization of the Flow Control Actuators 

The steady and unsteady jet actuators were calibrated by measuring their velocity 

distribution along the orifice span with a hotwire (Figure 3-16) to check their two-

dimensionality, with and without the two rotary valves.  In addition, the velocity 

waveform of the unsteady jet was measured for different driving frequencies, from 

which the power spectra were calculated. 

In order to check the uniformity of the jet along the span, the velocity was measured 

at five spanwise locations.  100,000 samples were acquired at each location at a 

sampling frequency of 10 kHz.  The jet was activated such that its mass flow rate would 

correspond to �̂̇� = 1.00%, once placed in the test section (at 𝑀 = 0.7), where �̂̇� is the 

normalized mass flow rate of the actuator and is defined as: 

 

 
�̂̇� =

�̇�𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟

�̇�𝑡𝑢𝑛𝑛𝑒𝑙
∙ 100% (5) 

 

 

For this case, Mach number of 0.7 corresponds to a volumetric flow rate of 13.06 CFM.   
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3.3.1  Calibration of the 2-D Jet (with the 1mm Orifice) 

3.3.1.1 Jet Located at 𝒙 𝑳⁄ = −𝟎. 𝟎𝟕 

 

Figure 3-16. 2-D Jet calibration with a hotwire. 

 

The spanwise distribution of the time-average velocity (with the standard deviation) 

for the steady 2-D jet located at 𝑥 𝐿⁄ = −0.07 is shown in Figure 3-17.  The average 

velocity varies from 85 𝑚/𝑠 to 94 𝑚/𝑠 with a standard deviation varying between 

2.2 𝑚/𝑠 to 3.2 𝑚/𝑠, respectively.  As can be seen, the jet’s mean velocity is gradually 

changing with a variation of ~10% between one side to the other.  It is assumed that the 

slight asymmetry is due to the tolerance of the parts assembling the 2-D Jet.  The top 

part of the jet was precisely machined from aluminum, while the bottom part is 3D 

printed with SLA, which is known to shrink and is susceptible to changes in shape when 

printed to such a size.  This inaccuracy could be enough to explain the change in the 

uniformity of the jet.  Moreover, a previous version of the 2D-Jet was entirely 3D 

printed as one single piece, and did show that the velocity distribution along the span 

was uniform, which reinforces the assumption that the ~10% difference in velocity was 

caused due to the lack of precision as just explained.  It might be that the difference in 

width between the two sides of the jet is about ~10%, so about ~0.1 mm, explaining the 

difference in velocity.  Feeler gauges were used in an attempt to check the uniformity of 

the orifice along the span and did show a uniform width.  However, due to the curvature 

of the jet upstream to the orifice, and due to the flexibility of the feeler gauge, a 
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tolerance of 0.1 mm was not achievable.  Note that the more uniform 2D-Jet was not 

used because it did not stand the high stresses caused by the high-RMS rotary valve and 

therefore broke. 

 

Figure 3-17. Spanwise distribution of the time-average velocity with the standard 

deviation.  Steady 2-D Jet. 

 

Figure 3-18, Figure 3-19, Figure 3-20 and Figure 3-21 show the jet’s unsteady 

velocity at its orifice for the high-RMS rotary valve case, with corresponding power 

spectral density at driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, 

respectively.  These figures show that the velocity varies from close to 0𝑚/𝑠 up to 

300𝑚/𝑠, with a high and narrow peak in the velocity profile and a prolonged period of 

time at low velocity for the 100Hz frequency, while the higher frequencies have a small 

peak in-between the main ones.  As can be seen from the power spectra figures, the 

energy is concentrated in the frequency associated with the rotary valve as expected, and 

concentrations of energy also appear at the higher harmonic frequencies (since the 

velocity waveform is not a sine wave).  Note also the presence of a peak at 1/5 of the 

actuation frequency, which is due to a combination of a slight misalignment between the 

rotary valve and its housing, and the number of slits around its circumference (five slits). 

Figure 3-22 shows the time-average velocity of the jet with its standard deviation 

for the different driving frequencies.  It can be seen that the standard deviation slightly 

decreases as the frequency increases.  Figure 3-23 shows the time-average velocity of 
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the jet (driven at 200Hz) with its standard deviation along the span.  Even though the 

spanwise distribution of the steady jet exhibited ~10% difference in the time-average 

velocity from side to side, the high-RMS rotary valve allows more time for the air to stay 

and mix in the rotor such that the jet is quasi-two-dimensional along the span. 

 

 

Figure 3-18. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-19. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-20. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density.  High-RMS rotary valve. 
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Figure 3-21. (a) Time history of the jet exit velocity at 400Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

Figure 3-22. Time-average velocity with standard deviation at different frequencies.  

High-RMS rotary valve. 
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Figure 3-23. Spanwise distribution of the time-average velocity with standard 

deviation.  High RMS rotary valve with driving frequency is 200Hz. 

 

Figure 3-24, Figure 3-25, Figure 3-26 and Figure 3-27 show the jet’s unsteady exit 

velocity with the low-RMS rotary valve, with corresponding power spectral density at 

driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, respectively.  These figures 

show that the velocity varies from close to 0𝑚/𝑠 up to 145𝑚/𝑠, with a relatively wide 

peak in the velocity profile.  The maximum velocity is lower than for the high-RMS 

rotary valve due to the slits width, which are twice the size, and the “off” time (in-

between the slits) which is twice less. 

As can be seen from the power spectra figures, the energy is concentrated in the 

frequency associated with the rotary valve as expected, and concentrations of energy 

also appear at the higher harmonic frequencies (since the velocity waveform is not a sine 

wave).  Note also the presence of a peak at 1/10 of the actuation frequency, which is due 

to a combination of a slight misalignment between the rotary valve and its housing, and 

the number of slits around its circumference (ten slits). 

Figure 3-28 shows the time-average velocity of the jet with its standard deviation 

for the different driving frequencies.  It can be seen that the standard deviation slightly 

decreases as the frequency increases.  Figure 3-29 shows the time-average velocity of 
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the jet (driven at 200Hz) with its standard deviation along the span.  The standard 

deviation is lower than the high-RMS rotary valve due to the difference in the slit size 

and the duty cycle which is much higher.  However, the standard deviation increases as 

the frequency increases up to 300Hz, which is probably due to the rotary valve 

expanding into its housing and therefore reducing the leak of air when the slits of the 

rotary valve are not aligned with the slit of its housing.  The difference in uniformity 

along the span is ~5%, which is just between the high-RMS rotary valve and the steady 

jet. 

 

 

Figure 3-24. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 

 

 

Figure 3-25. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 
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Figure 3-26. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 

 

Figure 3-27. (a) Time history of the jet exit velocity at 400Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve 
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Figure 3-28. Time-average velocity with the standard deviation at different 

frequencies.  Low RMS rotary valve. 

 

 

Figure 3-29. Spanwise distribution of the time-average velocity with the standard 

deviation. Low RMS rotary valve at 200Hz. 
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3.3.1.2 2-D Jet with a 1 mm Orifice Located at 𝒙 𝑳⁄ = +𝟎. 𝟐𝟓 

The spanwise distribution of the time-average velocity (with the standard deviation) 

for the steady 2-D jet located at 𝑥 𝐿⁄ = +0.25 is shown in Figure 3-30.  The average 

velocity is 96.3 𝑚/𝑠 with an average standard deviation of 3 𝑚/𝑠.  This 2-D Jet, in 

contradiction to the one located at 𝑥 𝐿 = −0.07⁄ , is entirely made from aluminum parts, 

which were machined and precisely assembled.  

 

 

Figure 3-30. Spanwise distribution of the time-average velocity with the standard 

deviation.  Steady 2-D Jet. 

 

Figure 3-31, Figure 3-32, Figure 3-33 and Figure 3-34 show the jet’s unsteady exit 

velocity with the high-RMS rotary valve, with corresponding power spectral density at 

driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, respectively.  These figures 

show that the velocity varies from close to 0𝑚/𝑠 up to 250𝑚/𝑠, with a high and narrow 

peak in the velocity profile and a small peak in-between the main ones.  As can be seen 

from the power spectra figures, the energy is concentrated in the frequency associated 

with the rotary valve as expected, and concentrations of energy also appear at the higher 

harmonic frequencies (since the velocity waveform is not a sine wave).  Note also the 

presence of a peak at 1/5 of the actuation frequency, which is due to a combination of a 
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slight misalignment between the rotary valve and its housing, and the number of slits 

around its circumference (five slits). 

Figure 3-35 shows the time-average velocity of the jet with its standard deviation 

for the different driving frequencies.  It can be seen that the standard deviation slightly 

decreases as the frequency increases.  Figure 3-36 shows the time-average velocity of 

the jet (driven at 200Hz) with its standard deviation along the span.  As can be seen, the 

jet is quasi-two-dimensional along the span. 

 

 

Figure 3-31. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-32. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 
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Figure 3-33. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

Figure 3-34. (a) Time history of the jet exit velocity at 400Hz and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-35. Time-average jet exit velocity with the standard deviation at different 

frequencies.  High RMS rotary valve. 
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Figure 3-36. Spanwise distribution of the time-average jet exit velocity with the 

standard deviation.  High RMS rotary valve. 

 

Figure 3-37, Figure 3-38, Figure 3-39 and Figure 3-40 show the jet’s unsteady exit 

velocity with the low-RMS rotary valve at its orifice, with corresponding power spectral 

density at driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, respectively.  These 

figures show that the jet velocity varies from close to 0𝑚/𝑠 up to 145𝑚/𝑠, with a 

relatively wide peak in the velocity profile.  The maximum velocity is lower than for the 

high-RMS rotary valve due to the double width of the slits on the rotary valve, whereas 

the “off” time (in-between the slits) is twice less. 

As can be seen from the power spectra figures, the energy is concentrated in the 

frequency associated with the rotary valve as expected, and concentrations of energy 

also appear at the higher harmonic frequencies (since the velocity waveform is not a sine 

wave).  Note also the presence of a peak at 1/10 of the actuation frequency, which is due 

to a combination of a slight misalignment between the rotary valve and its housing, and 

the number of slits around its circumference (ten slits). 

Figure 3-41 shows the time-average velocity of the jet with its standard deviation 

for the different driving frequencies.  It can be seen that the standard deviation slightly 
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decreases as the frequency increases.  Figure 3-42 shows the time-average velocity of 

the jet (driven at 200Hz) with its standard deviation along the span.  The standard 

deviation is lower than for the high-RMS rotary valve case due to the difference in the 

slit size and the duty cycle, which is much higher.  However, the standard deviation 

increases as the frequency increases up to 300Hz, which is probably due to the rotary 

valve expanding into its housing and therefore reducing the leak of air when the slit of 

the rotary valve is not aligned with the slit of its housing.  The difference in uniformity 

along the span is ~5%, which is comparable to the high-RMS rotary valve uniformity, 

while the steady jet is more uniform for this specific actuator. 

 

 

Figure 3-37. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 

 

 

Figure 3-38. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 
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Figure 3-39. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 

 

 

Figure 3-40. (a) Time history of the jet exit velocity at 400Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 
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Figure 3-41. Time-average jet exit velocity with the standard deviation at different 

driving frequencies.  Low RMS rotary valve. 

 

 

Figure 3-42. Spanwise distribution of the time-average velocity with the standard 

deviation.  Low RMS rotary valve at 200Hz 
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3.3.2 Segmented Jet with a 1mm Orifice Located at 𝒙 𝑳⁄ = +𝟎. 𝟐𝟓 

The spanwise distribution of the time-average velocity (with the standard deviation) 

for the steady segmented jet located at 𝑥 𝐿⁄ = +0.25 is shown in Figure 3-43.  The time-

average velocity is 168 𝑚/𝑠 with an average standard deviation of 4.1 𝑚/𝑠.  This 

segmented jet, in contrary to the other actuators, was entirely 3D printed in SLA and was 

made of a single part. 

 

 

Figure 3-43. Spanwise distribution of the time-average velocity with the standard 

deviation.  Steady segmented jet. 

 

Figure 3-44, Figure 3-45, Figure 3-46 and Figure 3-47 show the jet’s unsteady exit 

velocity with the high-RMS rotary valve, with corresponding power spectral density at 

driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, respectively.  Figure 3-44 

shows that the jet exit velocity varies from close to 0𝑚/𝑠 up to 300𝑚/𝑠 at 100Hz, with 

a high and double-peak in the velocity profile and a relatively short period of time at low 

velocity compared to the other actuators presented above.  As the frequency increases, 

the RMS decreases as shown in Figure 3-45, Figure 3-46 and Figure 3-47.  It may be due 

to the nature of the SLA material, which could cause a decay in amplitude at high 

frequencies due to energy absorption.  As can be seen from the power spectra figures, 
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the energy is concentrated in the frequency associated with the rotary valve as expected, 

and concentrations of energy also appear at the higher harmonic frequencies (since the 

velocity waveform is not a sine wave).  Note also the presence of a peak at 1/5 of the 

actuation frequency, which is due to a combination of a slight misalignment between the 

rotary valve and its housing, and the number of slits around its circumference (five slits). 

Figure 3-48 shows the time-average exit velocity of the jet with its standard 

deviation for the different driving frequencies.  It can be seen that the standard deviation 

slightly decreases as the frequency increases.  Figure 3-49 shows the time-average 

velocity of the jet (driven at 200Hz) with its standard deviation along the span, 

suggesting that the jet is quasi-two-dimensional along the span. 

 

 

Figure 3-44. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-45. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 
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Figure 3-46. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

Figure 3-47. (a) Time history of the jet exit velocity at 400Hz and (b) Power 

Spectral Density.  High RMS rotary valve. 

 

 

Figure 3-48. Time-average velocity with the standard deviation at different 

frequencies.  High RMS rotary valve. 
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Figure 3-49. Spanwise distribution of the time-average velocity with the standard 

deviation.  High RMS rotary valve at 200Hz. 

 

Figure 3-50, Figure 3-51, Figure 3-52 and Figure 3-53 show the jet’s unsteady jet 

exit velocity with the low-RMS rotary valve, with corresponding power spectral density 

at driving frequencies of 100Hz, 200Hz, 300Hz, and 400Hz, respectively.  These figures 

show that the jet exit velocity varies from about 70𝑚/𝑠 up to 200𝑚/𝑠 at 100Hz, but 

velocity variation is reduced as the frequency increases in a similar way as for the high-

RMS rotary valve case. 

As can be seen from the power spectra figures, the energy is concentrated in the 

frequency associated with the rotary valve as expected, and concentrations of energy 

also appear at the higher harmonic frequencies (since the velocity waveform is not a sine 

wave).  Note also the presence of a peak at 1/10 of the actuation frequency, which is due 

to a combination of a slight misalignment between the rotary valve and its housing, and 

the number of slits around its circumference (ten slits). 

Figure 3-54 shows the time-average velocity of the jet with its standard deviation 

for the different driving frequencies.  As can be seen, the standard deviation decreases 

slightly as the frequency increases.  Figure 3-55 shows the time-average jet exit velocity 
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(driven at 200Hz) with its standard deviation along the span.  The standard deviation is 

lower than the high-RMS rotary valve due to the difference in the slit size and the duty 

cycle, which is much higher.  However, the standard deviation increases as the 

frequency increases up to 300Hz, which is probably due to the rotary valve expanding 

into its housing and therefore reducing the leak of air when the slit of the rotary valve is 

not aligned with the slit of its housing.  The segmented jet shows a velocity distribution 

along the span that is more uniform than for the other actuators presented above, with 

and without rotary valves. 

 

 

Figure 3-50. (a) Time history of the jet exit velocity at 100Hz, and (b) Power 

Spectral Density. Low RMS rotary valve. 

 

 

Figure 3-51. (a) Time history of the jet exit velocity at 200Hz, and (b) Power 

Spectral Density.  Low RMS rotary valve. 
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Figure 3-52. (a) Time history of the jet exit velocity at 300Hz, and (b) Power 

Spectral Density. Low RMS rotary valve. 

 

 

Figure 3-53. (a) Time history of the jet exit velocity at 400Hz, and (b) Power 

Spectral Density. Low RMS rotary valve. 
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Figure 3-54. Time-average velocity with the standard deviation at different 

frequencies. Low RMS rotary valve. 

 

 

Figure 3-55. Spanwise distribution of the time-average velocity with the standard 

deviation. Low RMS rotary valve. 
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3.4 Baseline Case 

Figure 3-56(a) and (b) show contour maps of the pressure coefficient on the diffuser 

ramp for the symmetric and asymmetric cases, respectively, where the flow is from 

bottom to top.  The white dots indicate the pressure ports locations, and the dashed 

rectangle around the contour map represents the perimeter of the projected ramp.  The 

normalized streamwise and spanwise directions are indicated by 𝑥/𝐿 and 𝑧/𝐿, 

respectively, where L is the length of the ramp.  The difference between the two cases 

was that the side windows were removed and inserted back, which apparently led to a 

slight asymmetry from one of the sides.  Similar issue was obtained with the previous 

short inlet duct.  It was shown that a critical length to diameter ratio exists in a 

rectangular cross section short inlet duct, as explained in more details in the Introduction 

chapter.  For ducts longer than this critical length the flow patterns are asymptotically 

stable, whereas for duct lengths smaller than this critical value, the streamwise pressure 

gradient increases and interacts with the transverse invasion.  In the latter case, the 

symmetric pattern becomes unstable due to the saddle–saddle connections existing in the 

topology of the flow, leading to a flow bifurcation (Tobak and Peake 1982), which can 

cause asymmetric flow field.  Moreover, for both cases, there is a region, at the 

beginning of the ramp, of negative pressure coefficient indicating an acceleration of the 

flow due to the curvature of the ramp.  Farther downstream, there is a region of quasi-

constant pressure coefficient, suggesting flow separation. 
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Figure 3-56. Contour maps of the pressure coefficient on the ramp for the (a) 

symmetric, and (b) asymmetric distributions. Baseline case without suction. 

 

In order to quantify the pressure field for the symmetric case, streamwise 

distributions of the pressure coefficient, Cp, at different spanwise locations were 

calculated and are plotted in Figure 3-57.  Each subplot shows the distribution of Cp 

along the centerline and two additional spanwise locations at an equal distance from the 

centerline.  It can be seen from these plots that for the symmetric case, the separation 

occurs at about 𝑥/𝐿 ≈ 0.42 and that the flow is quasi two-dimensional. 
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Figure 3-57. Streamwise Cp distributions along various spanwise locations: (a) z/D 

= 0 and ±0.134, (b) z/D = 0 and ±0.257, (c) z/D = 0 and ±0.4, and (d) z/D = 0 and 

±0.467. 

 

As discussed previously, the main objective of this study is to explore the 

effectiveness of active flow control actuators to modify a canonical flow, without the 

presence of secondary flow structures.  Bleed plates were inserted at the four corners, 

where (based on CFD simulation conducted by Prof. Jansen of University of Colorado 

Boulder) they are the most susceptible to mitigate the formation of the secondary 

structures due to the corners and the radial pressure gradient.  The suction from the bleed 

plates successfully helped to increase the symmetry of the flow field in a repeatable 

manner, without compromising or changing the effect of the flow control actuators on 

the flow field as it will be shown in Section 3.8.  

Figure 3-58 shows the contour map of the pressure coefficient on the diffuser ramp 

of the baseline with suction at a volumetric flow rate of 100 ACFM.  There is a region, 

at the beginning of the ramp, of negative pressure coefficient indicating an acceleration 

of the flow due to the curvature of the ramp.  Furthermore and in contrast with the 

baseline without suction, the constant pressure coefficient lines at the beginning of the 

ramp have a slide curvature toward the side walls, where the bleed plates are located.  It 
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indicates that in addition to the initial acceleration due to the curvature of the ramp, there 

is higher velocity near the bleed plates than at the center of the ramp, due to the suction 

of the boundary layers.  Farther downstream, there is a region of quasi-constant pressure 

coefficient, suggesting flow separation.  Toward the end of the ramp (𝑥 𝐿⁄ ~0.8), two 

circular regions, indicating a constant pressure coefficient, can be seen on each side of 

the ramp.  It may indicate that secondary structures due to a radial pressure gradient start 

developing, due to the fact that the bleed plates do not extend along the entire length of 

the ramp, as was described in the Experimental Setup chapter.  

 

 

Figure 3-58. Contour map of the pressure coefficient on the ramp. (a) Contour map 

from the pressure data, and (b) sketch representing the location of the contour map 

in the test section. 

 

The distribution of the pressure coefficient on the straight floor was also measured 

and is presented in Figure 3-59, which shows contour maps of the pressure coefficient, 

where the flow direction is from the bottom to the top.  As previously, the white dots 

represent the locations of the pressure ports, and the rectangle dash line represents the 

perimeter of the projected ramp.  Note that the pressure measurements on the floor start 

upstream of the ramp.  As can be seen, there is no separation on the floor, but the 
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pressure increases as the area cross-section increases.  Moreover, the flow is quasi-two-

dimensional.  

 

Figure 3-59. Contour map of the pressure coefficient on the floor. (a) Contour map 

from the pressure data, and (b) sketch representing the location of the contour map 

in the test section. 

 

 

The Pressure Recovery, PR, was calculated and averaged along the height of the 

AIP (i.e., the streamwise cross-section plane at the end of the ramp) at three spanwise 

locations: 𝑧
𝐷⁄ = 0  (at the centerline), and at 𝑧

𝐷⁄ = ±1/3.  For these measurements, 

three Kiel probes were inserted and traversed across the height such that the PR was 

acquired at 22 heights for each of the Kiel probes.  The 𝑃𝑅𝑎𝑣𝑔 is defined as the averaged 

total pressure at the AIP normalized by the total pressure at the inlet, calculated as:  

 

 

 
𝑃𝑅𝑎𝑣𝑔 =  

(∑ 𝑃0,𝑖 𝐴𝐼𝑃
𝑛
𝑖=1 ) 𝑛⁄

𝑃0𝑖𝑛𝑙𝑒𝑡

 (6) 
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The pressure recovery of the baseline is presented in Figure 3-60.  The blue region 

in Figure 3-60(b) represents the separated flow, while the red region represents the free 

stream.  It is worth notifying that near the floor in Figure 3-60(a), there is a decrease in 

the pressure recovery, which is due to the presence of a boundary layer on the floor.  As 

was shown with the pressure coefficient on the ramp, the sides are slightly more 

energetic than the center due to the suction caused by the bleeding plates.  Also, similar 

to the pressure distribution on the ramp, even when applying suction, the flow is not 

perfectly symmetric, which is expected due to the low aspect ratio of the diffuser. 

 

Figure 3-60. Pressure Recovery at the AIP of the baseline with suction. (a) PR 

measured with each of the three Kiel probes across the height, and (b) contour map 

of the interpolated PR lines. 

 

Power spectra were obtained at the AIP by measuring the unsteady total pressure 

using the rakes at the AIP.  Data were collected at a sampling frequency of 5 kHz as was 

explained previously.  Figure 3-61(c) shows the power spectra for different Mach 

numbers increasing from M = 0.4 to M = 0.7 by increments of 0.1, and was measured 

with the sensor indicated with a red dot on Figure 3-61(a)(b).  Peaks can be observed at 

104Hz for all the Mach numbers, at 154Hz for all the Mach numbers but weaker at M = 
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0.7, between 186Hz to 196Hz for all the Mach number, and another one is observed at 

488Hz at M = 0.7.  In order to differentiate between the frequencies that are due to the 

flow and the ones that are due to structural vibrations, the structure vibrations were 

measured at the inlet near to the pressure ring using a laser displacement sensor at M = 

0.7.  The power spectra of these vibrations are shown in Figure 3-62, where there are 

peaks at 104Hz and 502Hz.  This suggests that those frequencies are probably related to 

the structural vibrations of the facility and are not due to the shedding frequency.  It can 

be observed that the peak at 154Hz decays in amplitude at M = 0.7, and can 

consequently be assumed that it is not the shedding frequency.  The reason is that the 

severity of the separation increases with the Mach number (as it is shown in Section 3.8, 

comparing the flow field at M = 0.4 and M = 0.7), leading therefore to the assumption 

that the energy of the separation would increase as well, which is not the case at 154Hz.  

Finally, the amplitude of the 196Hz peak increases with respect to the Mach number, 

and at M = 0.7 accumulates within a frequency window of 186Hz to 196Hz.  This 

window is caused by undulations in the total pressure, which could result from small 

vibrations of the structure at this Mach number.  Therefore, it can be assumed that 

196Hz is associated with the shedding frequency.  

In addition, the power spectrum was also calculated from velocity measurements 

obtained with a hotwire in the flow field, as presented in Figure 3-63.  The hotwire 

location, with the exact location shown in Figure 3-63(c), was on the centerline, at 

𝑥 𝐿⁄ = 0.73, and 𝑦 𝐻⁄ = 0.63.  The power spectrum was measured at M = 0.7, and 

exhibits two peaks: one at 180Hz, and another one at 500Hz.  The peak at 500Hz, which 

was shown to be associated with the structure frequency at M = 0.7, may result from 

vibrations induced on the hotwire, as it was physically connected to the ramp.  However, 

the second frequency, 180Hz, seems to correspond to the frequency measured with the 

Kulites at the AIP. 
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Figure 3-61. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP, with the total pressure sensors, and (c) power spectra 

measured from the total pressure at different Mach numbers.  The location of the 

sensor is shown with a red circle in (a) and (b). 
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Figure 3-62. Power Spectrum associated with structural vibrations at 𝑴 = 𝟎. 𝟕. 
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Figure 3-63. (a) Power spectrum associated with the velocity fluctuations, (b) 

hotwire inserted in the flow field (flow from right to left), and (c) CAD showing 

location of the hotwire with distances in inches from the beginning of the ramp. 

3.5 Surface Pressure Measurements for the Different Flow Control 

Actuators 

A multitude of active and passive flow control actuators was tested in order to 

understand the dominant parameters that allow the reattachment of a massively separated 

flow field.  The passive flow control actuator consisted of ten different configurations of 

vortex generators, as they are widely used in the industry (in contrast to the active flow 

control actuators), and therefore can serve as a reference to show the potential impact 

and effectiveness of the active flow control actuators.  The active flow control actuators 

used in this study were an array of sweeping jets, an array of pulsed jets, a 2-D jet with a 

throat of 1mm located at the beginning of the ramp at 𝑥/𝐿 = −0.07, a 2-D jet with a 
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throat of 2mm located at the beginning of the ramp at 𝑥/𝐿 = −0.07, a 2-D jet with a 

throat of 1mm located at 𝑥/𝐿 = +0.25 (close to the separation point) and a segmented 

jet located at 𝑥/𝐿 = +0.25.  The 2-D jets and the segmented jet were tested with a 

steady jet at different mass flow ratios, and an unsteady jet having a low-RMS or a high-

RMS waveform that was actuated at a range of frequencies. 

3.5.1 Vortex Generators 

As explained above, a parametric study of the vortex generators was conducted.  The 

two main parameters investigated were the height of the VGs (with respect to the local 

boundary layer thickness, which was 𝛿 = 4 𝑚𝑚 at the beginning of the ramp), and the 

spacing between them (with respect to the diffuser span) at a fixed height.  The effect of 

the array of VGs on the surface pressure on the ramp and the floor are presented from 

Figure 3-64(a)(b) until Figure 3-74(a)(b).  In Figure 3-64 to Figure 3-70, the height of 

the VGs was increased by increments of ℎ 𝛿⁄ = 0.25; from a normalized height of 

ℎ 𝛿⁄ = 0.25 to a normalized height of ℎ 𝛿⁄ = 1.75.  Figure 3-64(c)(d) to Figure 

3-74(c)(d) show the cross-stream distributions of the PR, where 𝑦 𝐻⁄ = 1 is at the upper 

wall (ceiling) and 𝑦 𝐻⁄ = 0 is at the floor.  In the plots with the pressure recovery lines 

(c), the pressure recovery of the flow control cases are plotted with solid lines and solid 

symbol, and are compared to the baseline cases, which are plotted with dashed lines and 

open symbols.  

At the height of ℎ 𝛿⁄ = 0.25, the total pressure distribution at the AIP (Figure 3-64) 

shows that the total pressure is increased and the pressure recovery is slightly higher on 

the positive side compare to the PR on the negative one, in contrast with the baseline.  

Furthermore, it can be seen that the four first pressure ports from the ceiling and 

downward are located in the separation region as the PR is constant.  However, the fifth 

pressure ports on the sides (located at 
𝑦

𝐻⁄ = 0.732  and 𝑍 𝐷⁄ = ±1/3), shows a higher 

PR indicating that the separation is reduced, and the presence of symmetric structures on 

each side of the centerline.  Note that this slight difference compared to the baseline 

affected the flow field in the entire cross section and not only near the ramp.  In order to 

explain this, the baseline PR near the floor should be observed first more carefully.  Note 

also that a Pressure Recovery with a value of one indicates that there is no losses in 
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energy, meaning that this is the region composing the freestream.  For the baseline, the 

PR line on the negative side (in red) increases to a value of one outside of the boundary 

layer and stays constant up to 
𝑦

𝐻⁄ = 0.4 before decreasing towards the ramp.  For 

𝑦
𝐻⁄ > 0.4, the flow is affected by the deceleration due to the expanding cross-section, 

or by the structures located near the ramp in the transverse direction, such as secondary 

flows interacting with the separation.  The PR line of the positive side however (in blue), 

showed that the freestream height for the baseline is 
𝑦

𝐻⁄ = 0.3, causing the flow to 

decelerate at a different height than the negative side, indicating that the secondary 

structures on each side interact differently with the separation, leading to this slight 

asymmetry.  Looking back now at the results when the VGs are erected into the flow, it 

can be observed that the PR freestream reaches the same height on both sides, and start 

to decelerate at the same location (
𝑦

𝐻⁄ = 0.3).  It implicates that the VGs create 

streamwise vortices in the opposite direction to the ones naturally form due to the radial 

pressure gradient; thus, induce a more symmetric pressure distribution. 

At the height of ℎ 𝛿⁄ = 0.5 at the AIP (Figure 3-65), the PR at the centerline 

increased compared to the ℎ 𝛿⁄ = 0.25 case, but not as much as on the sides (𝑍
𝐷⁄ =

±1/3).  In addition, the PR increases for 
𝑦

𝐻⁄ < 0.812, suggesting a smaller separation 

region than for the ℎ 𝛿⁄ = 0.25 case.  Furthermore, the contour map of the pressure 

coefficient on the ramp shows less asymmetry with regard to the centerline.  It could 

suggest that the intensity of the secondary structures decreased compared to the ℎ 𝛿⁄ =

0.25 case; thus, helping to stabilize the flow. 

Increasing the height of the VGs from ℎ 𝛿⁄ = 0.25 to ℎ 𝛿⁄ = 0.5, it was mostly the 

side lines that increased in pressure recovery (as shown in Figure 3-64c and Figure 

3-65c); however, at the VGs height is increased from ℎ 𝛿⁄ = 0.5 to ℎ 𝛿⁄ = 0.75, it is 

mostly the centerline which increases (Figure 3-66c), making the total pressure 

distribution at the AIP not only symmetric but also quasi-uniform.  The explanation may 

be that this height results in the complete cancellation of the secondary structures, and 

therefore leads to separation without the presence of the streamwise vortices.  It is 

important to note that while ℎ 𝛿⁄ = 0.75 (Figure 3-66) is the height resulting in the most 

uniform distribution; it is not the height with the highest pressure recovery.  
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Inserting the VGs to ℎ 𝛿⁄ = 1 results in an increase of PR at the centerline (Figure 

3-67c), but not the sides as much.  It results in a higher pressure recovery, but lower 

uniformity.  This might be due to the fact that at this VG height the cross-stream extent 

of the separated flow is reduced, which give rise to the secondary flow structures.  It 

should also be emphasized that if the previous case with VGs inserted at ℎ 𝛿⁄ = 0.75 

generated vortices strong enough to cancel the ones forming naturally in the flow field, 

inserting the VGS higher will generate vortices more powerful, rotating in the opposite 

direction than the ones observed in the baseline.  Secondary structures that rotate in the 

opposite direction could also help explain why they concentrate more toward the side 

walls and less toward the center.  Also, as was shown with the compact inlet previously 

investigated (Gartner and Amitay 2014), as the extent of the separation decreases, the 

flow becomes asymmetric.  Note that this non-uniformity keeps increasing when raising 

the height of the VGs as can be seen in the following figures (Figure 3-68, Figure 3-69 

and Figure 3-70).  

At the height of ℎ 𝛿⁄ = 1.25 and ℎ 𝛿⁄ = 1.5 (Figure 3-68 and Figure 3-69, 

respectively), the PR decreases, mostly due to increased separation near the mid-span of 

the duct, in addition to the sides.  Also, note that even though not quantified in this 

document, inserting the VGs deeper into the flow generates vortices larger in size, 

disrupting the fragile balance between secondary structures and separation, and therefore 

leading to a highly three-dimensional flow field with a continuously decreasing 

symmetry, as shown when VGs are inserted even further into the flow (at ℎ 𝛿⁄ = 1.75, 

Figure 3-70). 

At the height of ℎ 𝛿⁄ = 1.75 (Figure 3-70), losses in energy are more significant due 

to a slightly more severe separation than in the previous case, even though from a PR 

perspective solely the VGs still have a beneficial effect compared to the baseline case. 
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Figure 3-64. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟎. 𝟐𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-65. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟎. 𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-66. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟎. 𝟕𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-67. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-68. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏. 𝟐𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-69. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏. 𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 
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Figure 3-70. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏. 𝟕𝟓.  The dashed and solid lines represent the 

baseline and vortex generators, respectively. 

 

In addition to the effect of the VGs’ height, the effect of spanwise spacing between 

VGs was explored.  The case of VGs’ height of ℎ 𝛿⁄ = 1 was selected due to its highest 

pressure recovery compared to the other heights.  Figure 3-71 shows the different 

spacing that were tested, where the blue, black and red dots represent the spanwise 

location of the pressure sensors at the AIP relative to the VGs.  For the first 

configuration referred as “case a” with only eight VGs erected (Figure 3-71a), the VGs 

near the centerline were removed to minimize the effect of the two counter-rotating 

vortices possibly interacting with each other.  The goal of the second configuration 

referred as “case b” with only six VGs erected (Figure 3-71b), was to check if there is a 

destructive interference between neighboring vortices, if the VGs are too close to each 

other.  The third configuration referred as “case c” with only four VGs erected (Figure 

3-71c) was tested even further spacing between VGs. 
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Figure 3-71. Different spacing arrangements of VGs.  The blue, black and red dots 

represent the spanwise location relative to the VGs of the Kiel probes. 

 

The results presented in Figure 3-72(c)(d), Figure 3-73(c)(d) and Figure 3-74(c)(d), 

show the pressure recovery for the three cases presented in Figure 3-71 and are 

represented by the solid lines and close symbols.  The dashed lines and open symbols 

represent the case when all ten VGs are erected with a height of ℎ 𝛿⁄ = 1 as shown in 

Figure 3-67. 

Two main features can be seen when removing the two VGs located near the 

centerline (case a, Figure 3-72): (1) the relatively large deficit in pressure recovery, 

which decreased from 93.1% to 92.1%, and (2) the flow field is more symmetric.  It was 

shown in the previous figures (Figure 3-64 to Figure 3-70) that the asymmetry and non-

uniformity developed by erecting the VGs into the flow, therefore reducing the extent of 

separation, which might lead to the growth of asymmetric secondary structures.  It also 



 

     121 

explains why removing two of the VGs increase the symmetry of the flow field (by 

increasing the severity of separation).   

Figure 3-73 shows the results for “case b”.  It is interesting to see that even though 

four VGs were removed, the pressure recovery on the sides (blue and red lines) is higher 

than by removing only the two central ones as shown previously with “case a”.  It is 

speculated that a uniform distribution of VGs on each side of the centerline (unlike “case 

a”) is probably a more important parameter than the number of VGs in order to increase 

the PR.  This might be due to a constructive interaction among the VGs.  The centerline, 

though (black line) has still the same values as for “case a”.   

The results of “case c” (Figure 3-74) show a lower PR and a higher asymmetry 

compare to “case a”.  It is shown that the VGs reenergize mostly the flow on the sides 

without much effect near the center; therefore, increasing potential interferences that 

might lead to three-dimensionality in the flow. 

 

 

Figure 3-72. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 
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map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏 – case a.  The dashed and solid lines represent 

original 𝒉 𝜹⁄ = 𝟏 case and case a, respectively. 

 

Figure 3-73. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏 – case b.  The dashed and solid lines represent 

original 𝒉 𝜹⁄ = 𝟏 case and case b, respectively. 
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Figure 3-74. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  VGs with a height of 𝒉 𝜹⁄ = 𝟏 – case c.  The dashed and solid lines represent 

original 𝒉 𝜹⁄ = 𝟏 case and case a, respectively. 
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Table 3. Pressure Recovery summary for the different VGs configurations. 

 

 
VGs’ h/ PR 

% PR change 

from baseline 

Baseline 0 0.894 0 

VGs 

0.25 0.906 1.32 

0.5 0.919 2.72 

0.75 0.927 3.56 

1 0.931 3.97 

1.25 0.928 3.66 

1.5 0.922 3.04 

1.75 0.917 2.51 

1 (a) 0.921 2.93 

1 (b) 0.923 3.14 

1 (c) 0.915 2.30 

 

Power spectra were calculated from total pressure measurements at the AIP, as 

described in the Experimental Setup chapter.  Three sensors were chosen as shown in 

Figure 3-75(a)(b) to compare the energy distribution at the AIP when the VGs erected at 

the height of ℎ 𝛿⁄ = 1 with solid lines, to the energy distribution of the baseline (dashed 

lines) in Figure 3-75(c).  The trends are similar to those in Figure 3-67(c), that shows 

that the centerline is more energetic than the negative side, and that the negative side is 

more energetic that the positive side.  In addition to the fact that the power spectra lines 

of the VGs case exhibit more energy than for the baseline, the peaks that were associated 

with the baseline are not captured with the VGs inserted in the flow field, which simply 

show a smooth decay in energy as the frequency increases.  The reason is that vortex 

generators reattach the flow, and thus eliminate the shedding and the frequencies 

associated with it. 
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Figure 3-75. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP for the baseline and the case where 𝒉 𝜹⁄ = 𝟏. 

 

3.5.2 Pulsed Jets Arrays and Sweeping Jets Array 

Next, the effect of the pulsed jets array on the PR and the surface pressure on the 

ramp and on the floor is discussed.  Here, the pulsed jets array is associated with an 

actuation frequency range from 700Hz to 1350Hz with the highest peak at ~1200Hz, as 

shown in Figure 3-76.  Note that the frequency of pulsed and sweeping jets changes as a 

function of the mass flow rate, and the experiments were conducted at a mass flow ratio 

for both actuators of �̂̇� = 0.60%, at chocked conditions.  This frequency was measured 

at the AIP with the pulsed jet in quiescent conditions (no cross-flow from the tunnel), 

and at the highest mass flow possible (chocked flow condition) as was explained above.  
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The sweeping jets frequency was not measured in quiescent conditions; however, 

Advanced Fluidic LLC, which designed and fabricated the pulsed jets array and the 

sweeping jets array, confirmed that the frequency characteristics are very similar for 

both actuators.  Figure 3-77(a)(b) and Figure 3-78(a)(b) show the pressure coefficients 

on the ramp and the floor for the sweeping jets array and pulsed jets array.  Both 

actuators delayed flow separation compared to the baseline, kept the flow field 

symmetric, and increased the pressure coefficient on the ramp and on the floor.  Also, 

the pressure coefficient for the pulsed jets array was slightly higher than for the 

sweeping jets array.  Figure 3-77(c)(d) and Figure 3-78(c)(d) show the total pressure 

recovery lines and their interpolated contour map.  As can be seen, the positive and 

negative lines (blue and red) are almost aligned on top of each other and have a higher 

PR compared to the centerline, meaning that the flow field (at least up to the AIP) is 

symmetrical.  The pulsed jets array shows an average pressure recovery of 0.921, while 

the sweeping jets array results in an average pressure recovery of 0.919.  The power 

spectra and their measured locations for these cases are shown in Figure 3-79 and Figure 

3-80.  As can be seen, activation of either the pulsed jets array or the sweeping jets array 

results in power spectra that do not exhibit any noticeable peaks, due to flow 

reattachment, which eliminates the energy associated with the shedding frequency. 
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Figure 3-76. Power Spectra of the pulsed jet array at the AIP measured from the 

total pressure, without cross flow. 

 

Figure 3-77. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 



 

     128 

map.  Pulsed Jets actuated at �̂̇� = 𝟎. 𝟔𝟎%.  The dashed and solid lines represent the 

baseline and flow control case, respectively. 

 

 

Figure 3-78. Sweeping Jets actuated at �̂̇� = 𝟎. 𝟔𝟎%; (a) Contour map of the 

pressure coefficient on the ramp; (b) Contour map of the pressure coefficient on the 

floor; (c) PR measured with each of the three Kiel probes across the height; (d) 

Interpolation of the PR lines in a contour map.  The dashed and solid lines 

represent the baseline and flow control case, respectively. 
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Figure 3-79. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP.  Pulsed jets array case. 
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Figure 3-80. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the  

total pressure.  Sweeping jets array case. 

 

3.5.3 Two-Dimensional Jet Located at 𝒙/𝑳 = −𝟎. 𝟎𝟕 with a 1mm Throat 

In this section, the effect of a two-dimensional jet (either steady or unsteady) on the 

surface pressure as well as the PR is presented.  

3.5.3.1 Steady Jet 

Figure 3-81(a)(b), Figure 3-82(a)(b) and Figure 3-83(a)(b) show the contour maps 

of the pressure coefficient on the ramp and the floor at a mass flow ratio of �̂̇� = 1.00%, 

�̂̇� = 1.25% and �̂̇� = 1.40%, respectively.  In addition to the contour maps, the pressure 
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coefficient lines along the streamwise direction, at different spanwise locations, are 

shown in Figure 3-84.  The most visible difference between the 2-D steady jet actuation 

and the baseline is the asymmetrical pressure distribution that develops both on the ramp 

and on the floor when the jet is activated.  The positive spanwise side separates closer to 

the beginning of the ramp (upstream than for the baseline), while the negative spanwise 

side is reattached slightly farther downstream compared to the baseline.  The asymmetry 

of the flow field becomes more pronounced as the mass flow ratio increases.  Also, the 

pressure coefficient increases with the mass flow ratio, indicating that the flow 

reattaches more effectively, but is always inferior to the baseline.  The pressure recovery 

at the AIP, shown in Figure 3-81(c)(d) for a mass flow ratio of �̂̇� = 1.00%, further 

emphasizes the asymmetry shown on the ramp, meaning that this asymmetry is not 

localized near the surfaces of the tunnel but across the entire flow field.  Furthermore, 

even though the flow is attached for a longer distance on the negative side, the overall 

effect is detrimental to the pressure recovery, leading to an average value of 0.882 for a 

mass flow ratio of �̂̇� = 1.00%. 

The asymmetry associated with the activation of the 2-D steady jet at x/L = -0.07 

needs to be explained.  Since this actuator was assembled from two parts (one made of 

SLA and the other from metal), there were tolerance issues that resulted in a slightly 

non-uniform orifice, which might be the reason for the asymmetry in the flow field.  As 

was shown in Figure 3-17, this asymmetry led to a 10% difference in velocity between 

the sides of the jet. 

Note that prior to this actuator a different 2-D Jet at the same streamwise location 

was utilized, which was entirely 3-D printed and made from one single part.  This 

previous 2-D Jet was calibrated with a hotwire in steady jet conditions and showed a 

uniform velocity (no velocity difference across the span at the outlet of the jet).  It 

resulted in a better pressure recovery compared to the baseline (measured only with the 

Kulites and not across the entire height) and increased the pressure coefficient on the 

ramp when used in the tunnel as a steady jet.  Moreover, the flow field was more 

symmetric, as shown in Figure 3-85.  The reason for not using this 3-D printed actuator 

was that is broke when incorporated with the rotary valve (to achieve the high RMS 

unsteady jet) and thus was discarded. 
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In addition, the side that separates earlier on the ramp is the same side that was 

identified with the lower velocity during the calibration.  It could be then possible that 

instead of reattaching the flow on the ramp due to the Coanda effect, the jet is thickening 

the boundary layer, causing an early separation on the positive side.  Moreover, it is 

hypothesized that this velocity gradient in the spanwise direction at the exit of the jet 

contributed to partially reattach the flow by transferring some of the energy from the 

positive side, where the separation occurs, to the negative side where a partial 

reattachment occurs.  This explanation could be reinforced by the work of Grundmann et 

al. (2012) (as presented in the Introduction chapter), showing a similar effect, which was 

caused by a spanwise force interacting with the secondary structures at the corner.  Due 

to the fact that no further explanations can be concluded solely from pressure 

measurements, this discussion is continued in the PIV results section. 

 

 

Figure 3-81. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D Jet actuated at �̂̇� = 𝟏. 𝟎𝟎%. The dashed and solid lines represent the 

baseline and flow control case, respectively. 
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Figure 3-82. (a) Contour map of the pressure coefficient on the ramp, and (b) 

contour map of the pressure coefficient on the floor.  2-D Jet actuated at �̂̇� =
𝟏. 𝟐𝟓%. 

 

 

Figure 3-83. (a) Contour map of the pressure coefficient on the ramp, and (b) 

contour map of the pressure coefficient on the floor.  2-D Jet actuated at �̂̇� =
𝟏. 𝟒𝟎%. 
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Figure 3-84. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a) 𝒛 𝑳 = 𝟎⁄ ; (b) 𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 

𝒛 𝑳 = +𝟎. 𝟖⁄ ; (d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ . 
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Figure 3-85. (a) Contour map of the pressure coefficient on the ramp, and (b) 

contour map of the pressure coefficient on the floor, (c) PR measured with each of 

the Kulites probes.  Old 2-D Jet actuated at �̂̇� = 𝟏. 𝟎𝟎%. 

 

3.5.3.2 Low RMS Unsteady 2-D Jet 

The pressure measurements of an unsteady low RMS 2-D Jet that was located at 

𝑥 𝐿⁄ = −0.07 are presented in Figure 3-86 to Figure 3-89.  The mass flow ratio was kept 

constant at �̂̇� = 1.00%, and the frequency was changed from 100Hz up to 400Hz, with 
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increments of 100Hz.  The contour maps of the pressure coefficient on the ramp and the 

floor, as well as the pressure recovery distribution are presented in Figure 3-86, Figure 

3-87, Figure 3-88 and Figure 3-89.  The same asymmetry shown with the steady 2-D jet 

can be seen with the low-RMS unsteady jet.  The average pressure recovery at 100Hz 

and 200Hz is 0.890, and it is 0.888 at 300Hz and 400Hz, which is higher than for the 

steady jet but still lower than the baseline.  This suggests that the jet’s fluctuations are 

affecting beneficially the flow field compared to the steady jet, but not enough to 

overcome the asymmetry caused by it.  Figure 3-84, from the previous Section 3.5.3.1, 

shows the pressure coefficient lines for the different frequencies of the low-RMS 

unsteady jet, and different mass flow ratios utilized with the steady jet, superposed to the 

steady jets results.  It shows that the low-RMS jet with a mass flow ratio of �̂̇� = 1.00%, 

achieves similar performances in pressure coefficient as the steady jet with a mass flow 

ratio of �̂̇� = 1.40%.  

Power spectra of the total pressure at the AIP are presented in Figure 3-90, with the 

jet actuated at a frequency of 200Hz.  It shows that the different peaks from the baseline 

are not seen anymore, except for a peak at 106Hz, which is associated with structural 

vibrations.  In addition, the peaks that are present are associated with the unsteady 

actuation (at 200Hz), together with its first sub-harmonic and higher harmonics. 
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Figure 3-86. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low-RMS jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-87. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low-RMS jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-88. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low-RMS jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-89. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low-RMS jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-90. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP. 

 

3.5.3.3 High RMS Unsteady 2-D Jet 

As was shown in Section 3.3, using a different rotary valve was able to achieve high 

RMS values for the unsteady jet.  Injecting a jet with such a high RMS affected the flow 

field in a very different way than the steady jet or low-RMS jet.  As it can be seen from 

Figure 3-91 to Figure 3-96, activation of the high RMS 2-D jet resulted in flow 

reattachment along the entire ramp.  Furthermore, the flow stayed symmetric and quasi-

two-dimensional.  It is assumed that the high RMS jet reattaches the flow through two 

mechanisms- first, the jet stays attached to the ramp through the Coanda effect, which in 

turn “pulls” flow upward towards the ramp surface; and second, actuating the jet with a 
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sinusoidal waveform at frequencies that commensurate with the naturally unstable 

modes (frequencies) of the separated mixing layer that leads to larger vortical structures 

that tilt towards the ramp and increase the mixing; thus, eliminate the separation.  The 

contour maps of the pressure coefficient on the ramp show that actuating the jet at 

frequencies that are within the range of unstable modes of the flow yields similar results 

at the beginning of the ramp.  The flow accelerates due to the ramp curvature, indicated 

by a transition from a negative to a positive pressure coefficient.  However, at 𝑥 𝐿⁄ ~0.6, 

it can be observed that the flow becomes less uniform, especially near the sides.  Note 

that it corresponds to the end of the bleeding plates, which extend at the upper corners 

until 𝑥 𝐿⁄ = 0.6.  When the jet is actuated at a frequency of either 100Hz or 200Hz, 

downstream to this location, the pressure coefficient increases, while for 300Hz and 

400Hz the pressure coefficient increases but not as fast.  This can also be observed in 

Figure 3-95, where the same results are presented as pressure lines for each of those 

frequencies and at each of the spanwise locations.  This suggests that the flow does not 

separate, as it would be indicated by a constant pressure coefficient line.  Furthermore, 

the flow decelerates at a higher rate for 100Hz and 200Hz.  Also, as observed, 200Hz 

seems to be the frequency that provides the best performances in pressure recovery.  In 

addition, the contour map on the ramp also shows that structures develop near the side 

walls, downstream to 𝑥 𝐿⁄ = 0.6.  The actuation frequency of 200Hz is also a frequency 

associated with the shedding frequency.  It can therefore be assumed that naturally 

occurring vortical structures (associated with the separated flow) are amplified, which 

leads to a more effective reattachment, which might be the reason of the formation of 

streamwise vortices near the side walls.  A detailed explanation, supported with SPIV 

measurements, is presented in Section 3.10, where both time-averaged and phase-locked 

measurements were acquired.  The average pressure recovery is 0.913 at 100Hz, 0.919 at 

200Hz, 0.913 at 300Hz and 0.914 at 400Hz. 

Power spectra of the total pressure at the AIP are presented in Figure 3-96, with the 

jet actuated at a frequency of 200Hz.  It shows that the amplification of the shedding 

frequency attenuated the other frequencies.  Also, the peaks that are present are 

associated with the unsteady actuation (at 200Hz), together with its first sub-harmonic 

and higher harmonics.  In addition, the entire spectrum appears to increase compared to 
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the baseline, due to the larger unsteadiness, which is probably due to the increase in the 

size of the vortical structures when the jet is activated.  Furthermore, the centerline, 

which was less energetic than the sides for the baseline, still shows less energy but not as 

significantly. 

 

 

Figure 3-91. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high-RMS Jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  Dash line represent 

the baseline and the solid lines correspond to the actuated cased. 
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Figure 3-92. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high-RMS Jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  Dash line represent 

the baseline and the solid lines correspond to the actuated cased. 
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Figure 3-93. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high-RMS Jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  Dash line represent 

the baseline and the solid lines correspond to the actuated cased. 
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Figure 3-94. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  High RMS 2-D jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  Dash line represent 

the baseline and the solid lines correspond to the actuated cased. 
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Figure 3-95. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a)𝒛 𝑳 = 𝟎⁄ ; (b)𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ ; 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ . 
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Figure 3-96. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP, with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP. 

 

3.5.4 Two-Dimensional Jet Located at 𝒙/𝑳 = −𝟎. 𝟎𝟕 with a 2 mm Orifice Width 

Two 2-D jets, located at 𝑥 𝐿⁄ = −0.07, were built with an orifice width of 1 mm and 

2 mm.  Having similar actuators with different orifice widths enabled to study the effect 

and importance between the mass flow rate ratio and the momentum coefficient.  One 

could ask what is more critical in order to effectively reattach a separated flow and 

therefore to optimize the design of flow control actuators.  In this section, results are 

reported with a mass flow ratio of �̂̇� = 1.00, showing that the pressure recovery was 

higher for the jet with an orifice width of 1 mm compared to the 2 mm orifice case.  

More specifically, the pressure recovery for the high-RMS jet is 0.905 at 100Hz, 0.911 
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at 200Hz, 0.906 at 300Hz and 0.911 at 400Hz.  The results for the steady jet, low-RMS 

and high RMS jets with 2 mm orifice width are very similar to the results presented with 

the 1mm slit, but with slightly lower pressure recovery and pressure coefficients.  

Having the same mass flow ratio for both actuators implies that the exit velocity of the 1 

mm jet was twice of that for the 2 mm jet, implying a higher momentum coefficient with 

the 1 mm throat actuator.  Therefore, the first conclusion is that for the same mass flow 

ratio, a higher momentum coefficient is more effective in reattaching the flow.  The 

momentum coefficient between the two actuators was then matched by lowering the 

mass flow ratio of the 1 mm jet, and the results are shown below in Section 3.7.  The 

momentum coefficient is defined as the ratio between the momentum of the injected 

flow through the actuator to the momentum of the flow at the inlet: 

 
𝐶𝜇 =

𝜌𝑗𝑈𝑗
2𝑏ℎ

𝜌𝑖𝑛 𝑈𝑖𝑛
2𝐵𝐻

 (7) 

 

Here, 𝜌𝑗 and 𝜌𝑖𝑛  are the densities of the jet (at its orifice) and the main flow at the inlet, 

respectively; 𝑈𝑗 and 𝑈𝑖𝑛 are the jet exit velocity and the main flow velocity at the 

entrance to the inlet, respectively; 𝑏, ℎ, and 𝐵, 𝐻 are the dimensions of the jet orifice and 

of the inlet cross section, respectively.  For �̂̇� = 1.00, the momentum coefficient of the 

1 mm jet was 𝐶𝜇 = 0.006, and of the 2 mm jet it was 𝐶𝜇 = 0.004.  

3.5.4.1 Steady Jet 

Figure 3-97(a)(b), Figure 3-98(a)(b), and Figure 3-99(a)(b) show the contour maps 

of the pressure coefficient on the ramp and the floor at a mass flow ratio of �̂̇� = 1.00%, 

�̂̇� = 1.25% and �̂̇� = 1.40%, respectively.  Figure 3-97(c)(d) also show the cross-

stream distribution of the PR at a mass flow ratio of �̂̇� = 1.00%.  As can be seen, the 

pressure distribution is comparable to the one observed for the case where the jet orifice 

width was 1 mm.  The same asymmetry, both on the ramp and on the floor, and for the 

three mass flow ratios, can be seen.  The only major difference is in the pressure 

coefficient values, which are lower compared to the 1 mm jet.  This indicates that despite 

a similar mass flow ratio, injecting a jet with a lower momentum is less effective in 

accelerating the flow on the ramp.  Furthermore, the PR of the 2 mm jet at �̂̇� = 1.00% 
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is 0.876, which is lower than for the 1 mm jet that was 0.882.  Therefore, in addition to 

shifting the 𝐶𝑝 to lower values, the 2 mm steady jet shows inferior performance 

compared to the 1 mm steady jet. 

 

 

Figure 3-97. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D steady jet actuated at �̂̇� = 𝟏. 𝟎𝟎%.  The dashed and solid lines represent 

the baseline and flow control case, respectively. 
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Figure 3-98. (a) Contour map of the pressure coefficient on the ramp, and (b) 

contour map of the pressure coefficient on the floor.  2-D steady jet actuated at 

�̂̇� = 𝟏. 𝟐𝟓%. 

 

 

Figure 3-99. (a) Contour map of the pressure coefficient on the ramp, and (b) 

contour map of the pressure coefficient on the floor.  2-D steady jet actuated at 

�̂̇� = 𝟏. 𝟒𝟎%. 
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3.5.4.2 Low RMS Unsteady Jet 

Pressure measurements, due to the activation of an unsteady low RMS 2-D Jet with 

a 2mm slit that was located at 𝑥 𝐿⁄ = −0.07, are presented in Figure 3-100 to Figure 

3-104.  The mass flow ratio was kept constant at �̂̇� = 1.00%, and the frequency was 

changed from 100Hz up to 400Hz, with increments of 100Hz.  The contour maps of the 

pressure coefficient on the ramp and the floor, as well as the pressure recovery 

distribution are presented in Figure 3-100, Figure 3-101, Figure 3-102 and Figure 3-103.  

The pressure distributions on the ramp, on the floor, and at the AIP is very similar to the 

pressure distributions observed when the 1 mm jet was used, showing an asymmetric 

flow field.  Also, in a comparable way to the 1 mm jet, the asymmetry of the low RMS 

jet is less severe than the asymmetry observed with the steady jet.  The only difference is 

in the PR, which is ~0.880 for the 2 mm jet, while for the 1 mm jet it is ~0.890.  

Therefore, in agreement with the steady jet, the 2 mm jet shows slightly lower 

performance compared to the 1 mm jet. 

Figure 3-104 shows the 𝐶𝑝 lines on the ramp at each spanwise location, for the low 

RMS jet actuated at all four frequencies, as well as for the steady jet.  It can be observed 

that despite a slightly higher 𝐶𝑝 than for the steady jet, there is no difference in 𝐶𝑝 when 

different actuation frequencies were used.  It means that since the amplitude of the 

unsteady jet is too small and not enough to affect any frequency associated with the 

separated flow.  Furthermore, power spectra of the total pressure at the AIP are 

presented in Figure 3-105.  They show very little difference compared to the power 

spectra that was obtained when the 1mm jet was used, where the visible frequencies are 

the ones associated with the unsteady actuation (at 200Hz), together with its first sub-

harmonic, higher harmonics and a peak at 106Hz (which is likely associated with 

structural vibrations). 
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Figure 3-100. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady low RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 

 

 



 

     154 

 

Figure 3-101. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady low RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-102. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, (d) interpolation of the PR lines in a contour map.  2-

D unsteady low RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The dashed 

and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-103. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady low RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-104. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a) 𝒛 𝑳 = 𝟎⁄ , (b) 𝒛 𝑳 = −𝟎. 𝟖⁄ , (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ , 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ , (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ , (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ , and (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ . 
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Figure 3-105. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) Power spectra of the 

total pressure at the AIP. 

3.5.4.3 High RMS Unsteady Jet 

The high RMS unsteady jet with an orifice width of 2 mm shows a higher pressure 

recovery compared to the steady jet, the low RMS jet, and the baseline, similar to the 

case when the orifice was 1 mm.  Contour maps of the pressure distribution on the ramp, 

on the floor and across the AIP, at a mass flow ratio of �̂̇� = 1.00%, and with an 

actuation frequency from 100Hz to 400Hz with increments of 100Hz can be seen in 

Figure 3-106 to Figure 3-109. 

When comparing the data with the 1 mm jet case, two main differences can be 

observed.  First, the pressure recovery for all four actuation frequencies is consistently 

lower compared to the corresponding one for the 1mm jet case under the same 

conditions.  It leads to the conclusion that using a larger orifice width results in inferior 
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performance compared to the 1 mm jet under the same mass flow ratio.  Second, despite 

a similar pressure distribution for each of the frequencies, using the 2 mm slit width 

results in lower 𝐶𝑝 values, both on the ramp and on the floor.  Due to the similar pressure 

distributions between the two slit width cases, the mechanism by which the high-RMS 

jet reattaches the flow (through the Coanda effect and enhancement of the naturally 

occurring vortical structures) is the same.  Furthermore, using actuation frequencies of 

200Hz or 400Hz results in a better performance compared to than the other frequencies.  

The 1 mm jet case showed better performance only at 200Hz, which is associated with 

the shedding frequency, suggesting that the amplification of the naturally occurring 

vortical structures is more important than the Coanda effect, when the actuation 

frequency is associated with the flow’s unstable modes.  It should be noted that even 

though actuation at 400Hz exhibits the same pressure recovery as actuating the jet at 

200Hz, the pressure distribution on the ramp is different.  While the pressure distribution 

of the 200Hz case shows the footprint of structures on the sides, those same structures do 

not appear at 400Hz.  Furthermore, the 𝐶𝑝 lines, at each spanwise location and for all the 

frequencies (Figure 3-110), show that when the actuation frequency is 200Hz, the 

pressure coefficient is consistently higher that when the frequency is 400Hz.  It could 

also mean that for this specific case, probing the PR at three spanwise locations is not 

enough to capture the difference between those two actuation frequencies.  

Power spectra of the total pressure at the AIP are shown in Figure 3-111, with the 

jet actuated at a frequency of 200Hz.  Comparing those power spectra with the ones 

from the 1 mm jet case shows that there is no significant difference in the spectral 

content.  Therefore, even though the PR is somewhat smaller for the 2 mm jet case 

compared to the 1 mm jet, the spectral distribution is only slightly, if at all, affected by a 

lower momentum coefficient.  
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Figure 3-106. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady high RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-107. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady high RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-108. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady high RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-109. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D unsteady high RMS 2 mm jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-110. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a)𝒛 𝑳 = 𝟎⁄ ; (b)𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ ; 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ .   

 



 

     165 

 

Figure 3-111. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP. 

 

3.5.5 Two-Dimensional Jet Located at 𝐱/𝐋 = +𝟎. 𝟐𝟓 with a 1 mm Orifice Width 

For the baseline case, separation occurs at about 𝑥/𝐿 ≈ 0.4, which means that the 

flow control actuators upstream of the ramp are relatively far away from the separation 

point.  It was therefore assumed that re-energizing the boundary layer closer to the 

separation would be more effective in order to reattach the flow farther downstream, 

which could lead to a higher pressure recovery at the AIP.  Also, it was assumed that the 

low RMS unsteady jet would be more effective in taking advantage of the naturally 

unstable shedding frequency, due to the shorter distance that the unsteadiness would 

have to travel before reaching the separation point.   
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3.5.5.1 Steady Jet Located at x/L = +0.25 

The pressure recovery and surface pressure coefficients of the steady jet were 

investigated for different mass flow ratios: �̂̇� = 0.80%, 1.00%, 1.25% and 1.40% as 

shown in Figure 3-112 to Figure 3-115.  When the jet is activated at 𝑥 𝐿⁄ = +0.25 the 

surface pressure data exhibits an asymmetric distribution, although less severe, 

compared to the one that seen when the steady jet was located at 𝑥 𝐿⁄ = −0.07.  It is 

important to notice that this asymmetry grows in strength as the mass flow ratio 

increases, but is still not as significant as with the other two-dimensional steady jet.  Due 

to the close distance to the separation point, the mass and momentum injected are 

utilized to partially reattach the flow, which increases the pressure recovery.  The 

averaged pressure recovery increased linearly with the mass flow as shown in Figure 

3-116.  According to this equation, a mass flow ratio of 2.6% would eventually be 

needed in order to obtain a Pressure Recovery of 1, meaning that there would be a full 

reattachment and no losses in energy in the diffuser ramp.  Also, the power spectra 

presented in Figure 3-117 for the steady jet with a mass flow ratio of �̂̇� = 1.00%, show 

that the frequencies associated with the shedding were attenuated, due to the partial 

reattachment caused by the jet.  Furthermore, it can be clearly observed that each of the 

sides contains more power than the centerline, with a preference to the negative side, in 

agreement with the PR lines.  Note also that when the jet is activated the power is 

reduced throughout most of the spectrum. 

 

 

Figure 3-112. (a) PR measured with each of the three Kiel probes across the height, 

and (b) interpolation of the PR lines in a contour map.  2-D steady jet actuated at 

�̂̇� = 𝟎. 𝟖𝟎% at x/L = +0.25. 
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Figure 3-113. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D steady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% at x/L = +0.25.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-114. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D steady jet actuated at �̂̇� = 𝟏. 𝟐𝟓% at x/L = +0.25.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-115. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D steady jet actuated at �̂̇� = 𝟏. 𝟒𝟎% at x/L = +0.25.  The dashed and solid 

lines represent the baseline and flow control case, respectively. 
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Figure 3-116. Averaged Pressure Recovery as a function of the steady 2-D steady 

jet mass flow ratio. 
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Figure 3-117. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP. 

 

3.5.5.2 Low RMS Unsteady 2-D Jet located at x/L = +0.25 

Next, the effect of the unsteady low RMS 2-D jet (located at x/L = +0.25) is 

discussed and presented in Figure 3-118 to Figure 3-123.  As can be seen, for all 

actuation frequencies the effect is the same, suggesting that the unsteadiness is not 

taking advantage of the shedding.  Moreover, the average pressure recovery is slightly 

smaller than for the steady jet (0.921 at 100Hz versus 0.923 for the steady jet).  The 

pressure distributions on the ramp and the floor are also very similar to the pressure 

distributions from the steady jet.  Figure 3-122 shows the pressure coefficient lines on 

the ramp at different spanwise locations for the different frequencies and for different 
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mass flow rate ratios.  As can be seen, for all cases, the separation was delayed to 𝑥/𝐿 ≈

0.5.   

Furthermore, power spectra of the total pressure at the AIP are presented in Figure 

3-123.  The visible frequencies are the ones associated with the actuation frequency 

(200Hz), together with its first sub-harmonic, higher harmonics.  In a similar way to the 

other actuators, it means that the frequencies associated with the shedding were 

attenuated due to the partial reattachment.  Also, the power spectra show that the power 

distribution is more energetic on the negative side than on the positive side, and both 

sides are more energetic than the centerline. 

 

 

Figure 3-118. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 

𝟏𝟎𝟎𝑯𝒛.  The dashed and solid lines represent the baseline and flow control case, 

respectively. 
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Figure 3-119. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, (d) interpolation of the PR lines in a contour map.  2-

D low RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 

 

 

 

Figure 3-120. (a) PR measured with each of the three Kiel probes across the height, 

and (b) interpolation of the PR lines in a contour map.  2-D low RMS unsteady jet 

(at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The dashed and solid lines 

represent the baseline and flow control case, respectively. 
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Figure 3-121. (a) PR measured with each of the three Kiel probes across the height, 

and (b) Interpolation of the PR lines in a contour map.  2-D low RMS unsteady jet 

(at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The dashed and solid lines 

represent the baseline and flow control case, respectively. 

 

 

 

Figure 3-122. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect, (a)𝒛 𝑳 = 𝟎⁄ , (b)𝒛 𝑳 = −𝟎. 𝟖⁄ , (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ , 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ , (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ , (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ , and (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ .  2-D low 

RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎%, and steady jet at �̂̇� =
𝟏. 𝟎𝟎%, 𝟏. 𝟐𝟓% 𝐚𝐧𝐝 𝟏. 𝟒𝟎%. 
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Figure 3-123. (a) Overall view of the total pressure sensors in the flow, (b) cross-

section view at the AIP with the total pressure sensors, and (c) power spectra of the 

total pressure at the AIP. 

 

3.5.5.3 High RMS Unsteady Jet located at x/L = +0.25 

The high RMS 2-D unsteady jet at 𝑥 𝐿⁄ = +0.25, not only provided the best 

performances compared to the other actuators, but also showed a clear difference in 

average pressure recovery at 200Hz (Figure 3-124 to Figure 3-129).  The average 

pressure recovery is 0.924 at 100Hz, 300Hz and 400Hz, while at 200Hz, it is 0.932.  

Figure 3-124, shows the pressure measurements for actuation frequency of 100Hz, 

Figure 3-125 for 200Hz, Figure 3-126 for 300Hz and Figure 3-127 for 400Hz.  Also, 

Figure 3-128 compares the pressure coefficient lines at different spanwise locations, for 

the frequencies mentioned above, and for the steady jet with mass flow ratios of �̂̇� =
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1.00%, 1.25% 𝑎𝑛𝑑 1.40%.  As it was observed already, the actuation frequency of 

200Hz provided the best performance in PR, while the other frequencies showed the 

same PR (but lower than the 200Hz case).  It is therefore expected that actuation at a 

frequency of 200Hz will yield a different pressure field; however, despite a similar PR 

value for the other frequencies, the pressure distributions show two different 

distributions: one for actuation frequencies of 100Hz and 200Hz, and a different one for 

actuation frequencies of 300Hz and 400Hz.  First, the 𝐶𝑝 lines and the contour maps on 

the ramp, show that the pressure coefficient increases continuously at 100Hz and 200Hz 

up to the AIP, meaning that the flow stays attached for both of those frequencies.  Note 

that the shedding frequency being ~200Hz, activating the jet at a frequency100Hz still 

affects the shedding but not to the same extent at the 200Hz case.  It therefore leads to 

inferior performance, which can be observed with the 𝐶𝑝 values that are consistently 

lower than the pressure coefficient when the jet is actuated at 200Hz.  By comparing the 

PR lines between 100Hz and 200Hz, the main difference is on the positive side of the 

diffuser (blue line), which is significantly higher compared to the two other lines, 

resulting in a more symmetric flow field at 200Hz.  The reason is that the vortical 

structures from the shedding are amplified by the jet, which reattach the flow and in turn 

create stronger streamwise vortices. 

When the jet is driven with either 300Hz or 400Hz, two main features are observed: 

the first one is that the flow is attached only until 𝑥 𝐿⁄ ≈ 0.5, then separates (whereas for 

the 100Hz and 200Hz actuation frequencies cases the flow was completely attached), 

and the second observation is the PR near the floor, which shows higher values near the 

floor than for the 100Hz and 200Hz cases.  Therefore, in average, the PR for the 300Hz 

and 400Hz actuation cases is equal to the PR of the 100Hz case; however, it is due to the 

fact that the flow does not reattach on the ramp.  As a consequence, the mechanism by 

which the flow is “pulled” towards the ramp is much weaker, which reduces the pressure 

losses near the floor. 

Power spectra for the actuation frequency of 200Hz are presented in Figure 3-129.  

As it was observed for the other actuators, the frequencies associated with the vibrations 

and with the flow are considerably attenuated.  Furthermore, the power spectrum on each 

side of the diffuser is similar, suggesting that there is symmetry between the positive and 
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negative sides. It is assumed that it is due to the amplification of the vortical structures 

from the separated mixing layer, that leads to larger vortical structures that tilt towards 

the ramp and increase the mixing; thus, increasing the symmetry. 

  Note that in addition to the actuated frequency, peaks showing the first sub-

harmonic, as well as higher harmonics are present. 

 

 

Figure 3-124. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 

𝟏𝟎𝟎𝑯𝒛.  The dashed and solid lines represent the baseline and flow control case, 

respectively. 
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Figure 3-125. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 

𝟐𝟎𝟎𝑯𝒛.  The dashed and solid lines represent the baseline and flow control case, 

respectively. 
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Figure 3-126. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 

𝟑𝟎𝟎𝑯𝒛.  The dashed and solid lines represent the baseline and flow control case, 

respectively. 
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Figure 3-127. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎% and 

𝟒𝟎𝟎𝑯𝒛.  The dashed and solid lines represent the baseline and flow control case, 

respectively. 
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Figure 3-128. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a) 𝒛 𝑳 = 𝟎⁄ ; (b)𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ ; 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ .  2-D high RMS 

unsteady jet (at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎%. 
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Figure 3-129. (a) Overall view of the total pressure sensors in the flow; (b) Cross-

section view at the AIP, with the total pressure sensors; (c) Power spectra of the 

total pressure at the AIP. 

 

3.5.6 Segmented Jet Located at 𝒙/𝑳 = +𝟎. 𝟐𝟓 

The segmented jet was built with the intention of enhancing the performances of the 

two-dimensional jet, by generating two counter-rotating vortices between each of the 

segments.  These vortices are supposed to reattach the flow by re-energizing the 

boundary layer through mixing.  In addition to them, the five jets should aid in 

reattaching the flow by injecting mass and momentum to the boundary layer.  In order to 

gain a better understanding of the following results, it is necessary to understand the 

spanwise location of the segmented jet, especially relative to the Kulite sensors where 

the PR was measured.  For this purpose, a CAD drawing is included as Figure 3-130, 
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where the ramp is highlighted in green.  It can be observed that while the spanwise 

location of the Kulites at the centerline is exactly aligned with the center of a jet, the 

Kulites located on each side are aligned with the side wall of a jet, where it is assumed 

that a vortex should be generated as explained above. 

 

 

Figure 3-130. Sketch showing bottom view of the ramp with the segmented jet. 

3.5.6.1 Steady Segmented Jet Located at 𝒙/𝑳 = +𝟎. 𝟐𝟓 

The data associated with the segmented steady jet (Figure 3-131 to Figure 3-136) 

were acquired at mass flow ratios of �̂̇� = 0.80%, 1.00%, 1.25% and 1.40%.  The main 

difference in pressure recovery compared to the two-dimensional jet is that the pressure 

recovery on the positive and negative sides is considerably higher than for the centerline.   

Furthermore, increasing the mass flow ratio affects the sides more than the centerline.  

This is due to their respective locations, where the sides are more susceptible to be 

affected by the generation of vortices (which are assumed to increase in strength as the 

mass flow ratio increases) than for the centerline.  Also, a similar linear trend was found 

between the average pressure recovery and mass flow ratio, as shown in Figure 3-135.  

According to this trend, a mass flow ratio of 2.8% would be necessary in order to 

achieve a pressure recovery of 1, which is slightly less effective than the two-
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dimensional jet.  On the other hand, the pressure recovery is measured across the height 

only at three spanwise discrete locations, which is obviously not enough to measure 

accurately the performances of an actuator, which was especially designed to create 

three-dimensional structures.  Moreover, the surface pressure coefficients contour maps 

show that the segmented jet decreases the asymmetry on the surfaces.  Also, power 

spectra presented in Figure 3-136 show results that are very similar to the power spectra 

of the steady 2D jet at 𝑥 𝐿⁄ = 0.25.  The slope for the three sensors show the same decay 

in power, but a shift between the sensors can be observed, showing that the negative side 

contains the more power, followed by the negative side and finally the centerline. 

 

 

Figure 3-131. (a) PR measured with each of the three Kiel probes across the height, 

and (b) interpolation of the PR lines in a contour map.  Segmented steady jet 

(located at x/L = +0.25) actuated at �̂̇� = 𝟎. 𝟖𝟎%.  The dashed and solid lines 

represent the baseline and flow control case, respectively. 
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Figure 3-132. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented steady jet (located at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟎𝟎%.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-133. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented steady jet (located at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟐𝟓%.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-134. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented steady jet (located at x/L = +0.25) actuated at �̂̇� = 𝟏. 𝟒𝟎%.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-135. Pressure Recovery average as a function of the mass flow ratio. 

Segmented steady jet located at x/L = +0.25. 
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Figure 3-136. (a) Overall view of the total pressure sensors in the flow; (b) Cross-

section view at the AIP, with the total pressure sensors; (c) Power spectra of the 

total pressure at the AIP. 

3.5.6.2 Low RMS Unsteady Segmented Jet Located at x/L = +0.25 

The low RMS unsteady segmented jet results (Figure 3-137 to Figure 3-142) show 

the same performance as for the steady 2-D jet.  Moreover, where there is no visible 

difference of the effect for the various actuation frequencies.  

The mass flow ratio was kept constant at �̂̇� = 1.00%, and the frequency was 

changed from 100Hz up to 400Hz, with increments of 100Hz.  The contour maps of the 

pressure coefficient on the ramp and the floor, as well as the pressure recovery 

distribution at the AIP are presented in Figure 3-137, Figure 3-138, Figure 3-139 and 

Figure 3-140.  The average pressure recovery at 100Hz is 0.924, at 200Hz it is 0.925, 

and it is 0.926 at 300Hz and 400Hz.  The PR of the steady jet with a similar mass flow 

ratio was 0.925, meaning that the unsteady component of the low-RMS jet did not add 
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any improvement.  In addition to the contour maps showing the pressure distribution on 

the ramp, streamwise distributions of 𝐶𝑝 at the different spanwise locations are presented 

in Figure 3-141, comparing the four frequencies, as well as the steady jet at a mass flow 

ratios of �̂̇� = 1.00%, 1.25% 𝑎𝑛𝑑 1.40%.  Those pressure distributions show that the 

flow separates relatively uniformly between 𝑥 𝐿⁄ ≈ 0.5 to 𝑥 𝐿⁄ ≈ 0.75.  Then, the 𝐶𝑝 

increases again, suggesting that the flow reattached.  Note that no significant differences 

when different frequencies are use or when the steady jet was used.  

Power spectra of the total pressure at the AIP are presented in Figure 3-142.  The 

power spectra exhibit visible peaks that are associated with the unsteady actuation (at 

200Hz), together with its first sub-harmonic, higher harmonics.  Interestingly, the power 

distribution is very similar to the power spectra observed in Figure 3-123, with the low-

RMS 2D jet at 𝑥 𝐿⁄ = 0.25; the power spectra show that the power distribution is more 

energetic on the negative side than on the positive side, which both are more energetic 

than the centerline.  Also, the other frequencies are not present due to the partial 

reattachment, therefore affecting the shedding. 

 

Figure 3-137. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 
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Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented low RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 

 

 

Figure 3-138. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented low RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-139. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented low RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-140. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented low RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-141. Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a)𝒛 𝑳 = 𝟎⁄ ; (b)𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ ; 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ .  Segmented jet 

located at x/L = +0.25. 
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Figure 3-142. (a) Overall view of the total pressure sensors in the flow; (b) Cross-

section view at the AIP, with the total pressure sensors; (c) Power spectra of the 

total pressure at the AIP.  Segmented low RMS unsteady jet actuated at �̂̇� =
𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛. 

3.5.6.3 High RMS Segmented Unsteady Jet Located at x/L = +0.25 

The effect of the high RMS unsteady jet (located at = 0.25) on the pressure field is 

discussed in this sub-section.  Here, the mass flow ratio was kept constant at �̂̇� =

1.00%, and the driving frequency was varied from 100Hz up to 400Hz, with increments 

of 100Hz.  The contour maps of the pressure coefficient on the ramp and the floor, as 

well as the pressure recovery distribution are presented in Figure 3-143, Figure 3-144, 

Figure 3-145 and Figure 3-146.  The average pressure recovery at 100Hz is 0.924, 0.927 

at 200Hz, 0.928 at 300Hz and 0.929 at 400Hz (versus 0.925 for the steady segmented 

jet).  As explained above, due to the fact that the average pressure recovery was 

measured only at three spanwise locations, it is difficult to assess the exact effect of 
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driving frequency on the pressure recovery, and those results should be considered with 

caution.  However, it can be observed that the boundary layers on the floor contain more 

energy when the jet was driven with 300Hz or 400Hz compared to the 100Hz and 200Hz 

cases.  Also, it was shown that the high-RMS 2-D jets results in larger flow 

reattachment; thus “pulling” more effectively the layer from the floor, which increases 

the deficit in energy of the boundary layer near the floor.  It can therefore be concluded 

that despite a higher PR at 300Hz and 400Hz, the reattachment is less effective than at 

100Hz and 200Hz. 

In addition to the contour maps, the pressure coefficient distributions on the ramp at 

different spanwise locations are presented in Figure 3-147, comparing the four driving 

frequencies, as well as the steady jet at a mass flow ratio of �̂̇� =

1.00%, 1.25% 𝑎𝑛𝑑 1.40%.  As can be seen, the pressure distributions of 100Hz and 

200Hz are very similar, where the flow reattaches along the ramp.  It can also be 

observed that the flow is relatively spatially-uniform along the ramp.  Moreover, the 

magnitude of the pressure coefficients at the 200Hz case is higher than at 100Hz case, 

suggesting the PR at the AIP should be higher at 200Hz than at 100Hz.  Regarding the 

actuation of 300Hz and 400Hz, the pressure distribution shows a non-uniform 

reattachment, suggesting the presence of three-dimensional structures, which might be 

due to the vortices generated by the segmented jet. 

Power spectra with an actuation frequency of 200Hz are presented in Figure 3-148.  

Similar to the other actuators, the frequencies observed in the baseline case cannot be 

distinguished anymore, due to the entire power of this range of spectrum that increased.  

Note that in addition to the actuated frequency, peaks are present at the first sub-

harmonic, as well as higher harmonics. 
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Figure 3-143. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented high RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟏𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-144. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented high RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-145. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented high RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟑𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-146. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  Segmented high RMS unsteady jet actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟒𝟎𝟎𝑯𝒛.  The 

dashed and solid lines represent the baseline and flow control case, respectively. 
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Figure 3-147.  Pressure coefficient lines at each spanwise location comparing the 

frequency and mass flow ratio effect; (a)𝒛 𝑳 = 𝟎⁄ ; (b)𝒛 𝑳 = −𝟎. 𝟖⁄ ; (c) 𝒛 𝑳 = +𝟎. 𝟖⁄ ; 

(d) 𝒛 𝑳 = −𝟏. 𝟔⁄ ; (e) 𝒛 𝑳 = +𝟏. 𝟔⁄ ; (f) 𝒛 𝑳 = −𝟐. 𝟒⁄ ; (g) 𝒛 𝑳 = +𝟐. 𝟒⁄ .  Segmented 

high RMS unsteady jet located at x/L = +0.25, actuated at �̂̇� = 𝟏. 𝟎𝟎% 
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Figure 3-148. (a) Overall view of the total pressure sensors in the flow; (b) Cross-

section view at the AIP, with the total pressure sensors; (c) Power spectra of the 

total pressure at the AIP.  Segmented high RMS unsteady jet located at x/L = +0.25, 

actuated at �̂̇� = 𝟏. 𝟎𝟎% and 𝟐𝟎𝟎𝑯𝒛. 

 

3.6 Summary of the Rotary-Valve-Based Actuators 

A table summarizing the average pressure recovery of the rotary-valve-based 

actuators, presented in Sections 3.5.3 to 3.5.6 is shown in Table 4.  Note that the 

unsteady jet results are for a mass flow ratio of �̂̇� = 1.00.  These results show that the 

low RMS jet barely had any effect on the pressure recovery, compared to the steady jet 

case.  Regarding the high RMS jet, for all configurations and locations, the pressure 

recovery was significantly higher than for the steady jet and low RMS jet.  Moreover, 

except for the segmented jet, the frequency of 200Hz, which is associated with the 

shedding frequency of the separated shear layer, provided the best performance.  
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Table 4. Pressure Recovery summary for the different rotary valve based actuators. 

 

 

Steady Jet Unsteady Jet 

mass flow 

ratio 
PR 

Actuation 

frequency 

Low RMS 

jet: PR 

High RMS 

jet: PR 

2-D Jet, 

x/L = -0.07,  

1mm orifice  

0.8 
 

100Hz 0.890 0.913 

1 0.882 200Hz 0.890 0.919 

1.25 
 

300Hz 0.888 0.913 

1.4 
 

400Hz 0.888 0.914 

2-D Jet, 

x/L = -0.07,  

2mm orifice 

0.8 
 

100Hz 0.880 0.905 

1 0.876 200Hz 0.881 0.911 

1.25 
 

300Hz 0.881 0.906 

1.4 
 

400Hz 0.880 0.911 

2-D Jet, 

x/L = +0.25,  

1mm orifice 

0.8 0.913 100Hz 0.921 0.924 

1 0.923 200Hz 0.920 0.932 

1.25 0.936 300Hz 0.920 0.924 

1.4 0.941 400Hz 0.918 0.924 

Segmented 

Jet, 

x/L = +0.25 

0.8 0.917 100Hz 0.913 0.924 

1 0.925 200Hz 0.923 0.927 

1.25 0.935 300Hz 0.936 0.928 

1.4 0.941 400Hz 0.941 0.929 

 

3.7 Momentum Coefficient Effect 

In order to investigate the momentum coefficient effect (instead of the mass flow 

ratio), the two-dimensional jets located at 𝑥 𝐿⁄ = −0.07 with a slit of 1 and 2mm were 

used. In the previous sections, the mass flow ratio of �̂̇� = 1.00, leading to a momentum 

coefficient of 𝐶𝜇 = 0.006 for the 1 mm slit, and 𝐶𝜇 = 0.004 for the 2 mm slit.  In order 

to obtain the same momentum coefficient between the slits, the mass flow ratio of the 1 
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mm slit actuator was reduced to �̂̇� = 0.70, resulting in a momentum coefficient of 𝐶𝜇 =

0.004.  Therefore, the results presented in this section are for the 1 mm slit at �̂̇� = 0.70 

and are compared to the case with the jet having a 2 mm slit with a mass flow ratio of 

�̂̇� = 1.00 shown in dashed lines on the pressure recovery plot.  The pressure 

coefficients, on the ramp and the floor, as well as the pressure recovery are shown from 

Figure 3-149 until Figure 3-153. 

3.7.1 Steady Jet 

Figures 3.137a, b, and d show the pressure coefficient maps, where the pressure 

distribution is asymmetric (yet, slightly less pronounced than for the 2 mm slit jet case).  

As for the pressure recovery (Figure 3.137b), the difference between the 1 mm and 2 

mm slit jets is very small. 

 

Figure 3-149. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D steady jet (with 1mm orifice width) located at x/L = -0.07 and actuated 

with �̂̇� = 𝟎. 𝟕𝟎%.  Note that the dashed lines in (c) represent the 2-D steady jet 

with an orifice width of 2mm and �̂̇� = 𝟏. 𝟎𝟎%.   
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3.7.2 Low RMS 2-D Unsteady Jet 

When the low RMS 2-D jet is activated at 100Hz, the pressure coefficient 

distributions, as well as the pressure recovery at the AIP (Figures 3.138a, b and Figure 

3.138d, respectively), show a slightly more symmetric distribution compared to the 2-D 

steady jet.  Regarding the pressure recovery profiles (Figure 3.138c), they are almost 

identical to the 2mm slit jet case.  Moreover, the results are very similar when the jet is 

activated at a frequency of 200Hz (Figure 3.139). 

 

Figure 3-150. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low RMS unsteady jet (with 1mm orifice width) located at x/L = -0.07 

and actuated with �̂̇� = 𝟎. 𝟕𝟎% and a frequency of 100Hz.  Note that the dashed 

lines in (c) represent the 2-D unsteady jet with an orifice width of 2mm and �̂̇� =
𝟏. 𝟎𝟎%.   
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Figure 3-151. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D low RMS unsteady jet (with 1mm orifice width) located at x/L = -0.07 

and actuated with �̂̇� = 𝟎. 𝟕𝟎% and a frequency of 200Hz.  Note that the dashed 

lines in (c) represent the 2-D unsteady jet with an orifice width of 2mm and �̂̇� =
𝟏. 𝟎𝟎%. 

 

3.7.3 High RMS 2-D Unsteady Jet 

The pressure distribution from the high RMS unsteady jet shows a relatively symmetric 

flow field, as it was the case for the 2 mm slit.  However, the pressure recovery shows a 

maximum of 0.901 at 200Hz, which is significantly lower than the pressure recovery 

obtained with the 2 mm slit at 200Hz, which was 0.911.  Therefore, matching the same 

momentum coefficient led to better results in pressure recovery with a higher mass flow 

ratio.  However, it was shown in the previous Section 3.5.4, that matching the same mass 

flow ratio led to better results in pressure recovery with a higher momentum coefficient.  

The conclusion should be that both parameters are essential and should be considered to 

build effective flow control actuators. 
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Figure 3-152. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (with 1mm orifice width) located at x/L = -0.07 

and actuated with �̂̇� = 𝟎. 𝟕𝟎% and a frequency of 100Hz.  Note that the dashed 

lines in (c) represent the 2-D high RMS unsteady jet with an orifice width of 2mm 

and �̂̇� = 𝟏. 𝟎𝟎%. 
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Figure 3-153. (a) Contour map of the pressure coefficient on the ramp, (b) contour 

map of the pressure coefficient on the floor, (c) PR measured with each of the three 

Kiel probes across the height, and (d) interpolation of the PR lines in a contour 

map.  2-D high RMS unsteady jet (with 1mm orifice width) located at x/L = -0.07 

and actuated with �̂̇� = 𝟎. 𝟕𝟎% and a frequency of 200Hz.  Note that the dashed 

lines in (c) represent the 2-D high RMS unsteady jet with an orifice width of 2mm 

and �̂̇� = 𝟏. 𝟎𝟎%. 

 

3.8 Comparison Between M = 0.4 and M = 0.7, with and without 

Suction 

In order to perform PIV measurements, the Mach number needed to be reduced to M 

= 0.4, and the suction system had to be removed.  The Mach number needed to be 

reduced, due to limitation of the available smoke machine, where the size of the particles 

decreases in size at higher Mach numbers, resulting in a cloud-like distribution, which 

disabled the ability to obtain good correlations for the PIV measurements.  The suction 

system had to be removed and replaced by solid windows in order to enable an optical 

access to the cameras.  Due to those constraints imposed to perform the PIV 

measurements, it was necessary to compare the pressure data with these new conditions 
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(M = 0.4 and no suction) to the original experimental conditions presented above (M = 

0.7 with suction) to understand the differences.  In this section, pressure measurements 

are presented at M = 0.7 without suction, and at M = 0.4 with and without suction for the 

following conditions: the baseline, the two-dimensional jet located at 𝑥 𝐿⁄ = −0.07 with 

the 1mm slit with rotary valves (low RMS and high RMS unsteady jets driven at 200Hz) 

and a steady jet with a mass flow ratio of �̂̇� = 1.00%.  Note that the frequency was 

chosen to be 200Hz for the PIV measurements, due to its consistently high performance. 

It is also important to emphasize that the PR for the baseline case is much higher for 

M = 0.4 compared to M = 0.7 (0.964 and 0.894, respectively, with suction, and 0.962 

and 0.892, respectively, without suction).  Figure 3-154 and Figure 3-158 present the 

baseline case, where the flow is separated for both Mach numbers at the same location.  

Therefore, it is observed that independently to the Mach number, and due to the adverse 

pressure gradient caused by the geometry of the ramp, the flow separates at roughly the 

same streamwise location.  However, despite the fact that the flow has a higher 

momentum at M = 0.7, pressure losses are more significant for a higher Mach number.  

It can therefore be assumed that the transverse velocity component (caused by the radial 

acceleration on the ramp), which partially defines the reattachment point on the ceiling, 

is more significant at lower Mach numbers than the streamwise velocity component, 

leading therefore to a smaller separation region at M = 0.4 than at M = 0.7. 

 Due to this difference in PR, in the following figures (Figure 3-154 to Figure 

3-161), the scale of the pressure recovery, presented as Figures (a) and (d), is not the 

same between M = 0.4 and M = 0.7.  At M = 0.4, the range of the pressure recovery is 

from 0.85 to 1, whereas at M = 0.7 the range is from 0.65 to 1.  It would otherwise (with 

the same range than used at M = 0.7) make it hard to discern the features between the 

different cases. 

Note that the same mass flow ratio of �̂̇� = 1.00 was used for both Mach numbers.  

In order to match the same mass flow ratio, values such as density and velocity changed 

which led to a higher momentum coefficient at M = 0.4 (𝐶𝜇 = 0.007) compared to 𝐶𝜇 =

0.006 at M = 0.7.  
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3.8.1 M = 0.4 vs. M = 0.7 with Suction 

First, the suction flow rate at M = 0.7 was 100CFM and was decreased 

proportionally to 57CFM at M = 0.4.  Figure 3-154 presents a comparison between the 

baseline cases with suction at M = 0.4 and M = 0.7.  Figure 3-155 compares the steady 

jet, Figure 3-156 the low RMS unsteady jet and Figure 3-157 the high RMS unsteady jet.  

The baseline and the steady jet show a similar pressure recovery distributions at the AIP 

and a similar pressure distribution on the ramp.  For the baseline case (Figure 3.142), the 

sides are more energized than for the center, probably due to the boundary layer suction 

at that helps to prevent separation near the corners.  The suction also helps to mitigate 

the secondary structures that would have been formed due to the radial pressure gradient, 

which could otherwise interact and affect the centerline.  When the steady jet was used 

(Figure 3-155), the flow was separated on the positive side of the ramp and reattached 

farther downstream compared to the baseline case on the negative side.  Furthermore, the 

behavior is similar for M = 0.7 and M = 0.4.  For the low RMS and high RMS jets, at M 

= 0.4 (Figures 3.144 and 3.145, respectively), the pressure recovery of the centerline 

shows lower value than for the sides for 𝑦 𝐻 < 0.5⁄ , which this was not the case at M = 

0.7, suggesting that the severity of separation is smaller at a lower Mach number.  This 

might be because of the suction, which has a more significant effect at M = 0.4 than at M 

= 0.7.  The reason is that the suction was scaled down linearly with respect to the Mach 

number, to create a similar flow field to that at M = 0.7.  However, and as described, the 

suction does not create a similar effect on the freestream for the two Mach numbers, 

meaning that additional parameters such as the boundary layer thickness should be taken 

into account to scale correctly the suction rate.   Also, for the high RMS jet case at M = 

0.4, the separated region is smaller and is closer to the ceiling as can be seen from the 

pressure recovery (Figure 3-157b, e), and the reattachment is more significant than at M 

= 0.7 as can be seen from the pressure distribution on the ramp (Figure 3-157c, f).  It 

may be due to the higher momentum coefficient used at M = 0.4 for the same mass flow 

ratio than at M = 0.7.  Note that as explained and quantified in the introduction 

paragraph of Section 3.8, the parameter that was matched between the two Mach 

numbers was the mass flow ratio, leading therefore to different values in density and 

velocity, that slightly changed the momentum coefficient.  The pressure recovery 
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contour maps show also a higher energy near the ceiling, which means that it is pulling 

some of the flow upwards and therefore, decreases the energy near the floor.  In 

conclusion, with suction, the pressure field is similar between M = 0.4 and M = 0.7, 

suggesting that the flow field will be similar too. 

 

 

Figure 3-154. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Baseline comparison. 
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Figure 3-155. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Steady jet comparison. 
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Figure 3-156. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Low RMS unsteady jet (frequency of 200Hz) comparison. 

 

 



 

     214 

 

Figure 3-157. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

High RMS unsteady jet (frequency of 200Hz) comparison. 

 

3.8.2 M = 0.4 vs. M = 0.7 without Suction 

In this sub-section, the side windows with the bleeding plates were removed and 

replaced by solid windows from acrylic as described in the Experimental setup section.  

The baseline comparison is shown in Figure 3-158, the steady jet in Figure 3-159, the 

low RMS unsteady jet case in Figure 3-160, and the high RMS unsteady jet case in 

Figure 3-161.  Also, the pressure recovery lines plots in Figures (a) and (d) are 

represented with solid lines, whereas the cases with suction are shown with dashed lines 

for comparison.  For the baseline case (Figure 3.146), the pressure distribution on the 

ramp is slightly less symmetric than the case when suction was applied; however, at the 
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AIP, the PR lines across the height show that the sides are relatively symmetric to each 

other.  The freestream region, however, has less energy near the centerline than with 

suction.  This region of reduced pressure recovery near the centerline is present in all the 

cases (baseline, steady jet, low and high RMS jets), which is probably due to the 

secondary structures, which move closer to the corners due to the lack of suction.  The 

steady jet case (without suction) shows a pressure field that is very similar to the one 

seen with suction.  The low RMS jet case, however, which showed very little difference 

compared to the steady jet when suction was used, seems to affect the flow field 

differently when suction is not used.  As can be seen from the pressure distribution on 

the ramp, the flow seems to reattach near the negative side in a similar manner than it 

was before, but it is skewed at the beginning of the ramp in a more gradual way than 

with suction.  Again, though, there is very little difference between M = 0.4 and M = 0.7.  

As for the high RMS jet case, the flow field seems to be entirely reattached, but the 

pressure recovery at the AIP shows that contrary to the suction case, the centerline is 

more energetic than the sides.  This is due to the formation of streamwise vortices along 

the corners, which develop in the opposite direction than for the baseline, as is further 

explained in the PIV section (Section 3.10). 
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Figure 3-158. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Baseline comparison, no suction.  The solid lines represent PR lines without suction, 

while the dashed lines correspond to PR lines with suction. 
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Figure 3-159. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Steady jet comparison, no suction.  The solid lines represent PR lines without 

suction, while the dashed lines correspond to PR lines with suction. 
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Figure 3-160. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

Low RMS jet comparison (frequency of 200Hz), no suction.  The solid lines 

represent PR lines without suction, while the dashed lines correspond to PR lines 

with suction. 
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Figure 3-161. M = 0.4 (a), (b), (c) and M = 0.7 (d), (e), (f).  (a), (d) PR measured with 

each of the three Kiel probes across the height, (b), (e) interpolation of the PR lines 

in a contour map, and (c), (f) contour map of the pressure coefficient on the ramp.  

High RMS jet comparison (frequency of 200Hz), no suction.  The solid lines 

represent PR lines without suction, while the dashed lines correspond to PR lines 

with suction. 

 

3.9 Schlieren Experiments 

As explained in the Experimental Setup chapter, Schlieren experiments were 

conducted in order to identify flow patterns such as structures and separation.  In order 

to cover a large area of the inlet, thirty-one square interrogation windows were combined 

together, each measuring 25.4 mm for their side, and were assembled using Adobe 

Premiere Pro CC.  The frame rate of the camera was a thousand frames per second, 

which was not high enough to acquire consecutive images at M = 0.7.  At this frame rate, 

the time difference between two frames was 0.001 seconds, meaning that a flow particle 
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traveled 238 mm between two consecutive pictures, which did not permit the acquisition 

of time-resolved data.  Moreover, the illumination of the circular window was not 

perfectly uniform, leading to results that should be considered qualitative only.  

Therefore, due to a lack of conclusive observations associated with experimental 

constraints, as well as the fact that the flow was three-dimensional and only weakly 

compressible, this section is presented in the Appendix of the thesis. 

3.10 Stereo Particle Image Velocimetry 

In order to obtain a better understanding of the flow field, SPIV measurements were 

acquired at multiple streamwise and spanwise locations at M = 0.4.  Different cases were 

investigated, including the baseline, the steady jet, the low-RMS unsteady jet and the 

high-RMS unsteady jet cases.  The control jet had a mass flow ratio of �̂̇� = 1%, and the 

unsteady jets were driven at an actuation frequency of 200Hz.  In addition, phase-locked 

data, at six phases along the actuation cycle, were acquired for the two unsteady jets.  

Seven streamwise planes at spanwise locations of 𝑧 𝐿⁄ = ±0.29, ±0.23, ±0.12 and 0, 

and five spanwise planes at streamwise locations of 𝑥 𝐿⁄ = 0.17, 0.45, 0.63, 0.72 and 1, 

were measured.   

3.10.1 Baseline Flow 

Figure 3-162 shows color contour maps of the time-averaged normalized 

streamwise velocity component at twelve planes (seven streamwise planes and five 

spanwise planes).  All the planes are combined into a single image, showing their 

position relative to each other and their location.  While the spanwise planes captured the 

entire span and height of the diffuser, the streamwise planes did not capture the entire 

height of the diffuser; however, they start slightly downstream of the beginning of the 

ramp and extend downstream of the AIP.  Also, in order to understand how close to the 

side walls the two extreme streamwise planes were located (𝑧 𝐿 = ±0.29)⁄ , it is 

important to note that they were only at a distance of 12.5mm from each side window 

(the side windows of the diffuser are located at 𝑧 𝐿⁄ = ±0.33).  Moreover, the origin is 

at the beginning of the ramp, on the centerline, and on the ceiling.  The x-axis 

corresponds to the streamwise direction, where the y- and z-axes represent the transverse 
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and spanwise direction, respectively.  Also, the separation line, where the streamwise 

velocity is zero, is indicated with the white band.  As can be seen in Figure 3-162, where 

all of the twelve planes are assembled at their exact locations relative to each other, the 

flow in the freestream (i.e., outside of the separated region) decelerates with downstream 

distance since the diffuser height increases.  Furthermore, the separation does not extend 

(away from the ramp) the same on both sides of the tunnel, indicating that the flow field 

is asymmetric. 

In order to investigate more carefully the flow field, each of the twelve planes is 

shown separately in Figure 3-163, superimposed with streamlines.  The streamwise 

planes are presented in Figure 3-163(a)-(g), where Figure 3-163(a) represents the side 

that is the closest to the window on the positive side, and Figure 3-163(g) which 

represents the plane on the negative side near the opposite window.  Note that the color 

contours in the spanwise planes (Figure 3-163(h)-(l)) show the streamwise velocity 

component where the positive velocity represents velocity outside of the page.  Figure 

3-163(h) and (l) represent the most upstream and downstream streamwise locations 

measured, respectively.  By looking at the spanwise planes, it is possible to see that the 

streamwise vortices develop in the streamwise direction due to the radial pressure 

gradient associated with the diffuser upper curvature.  Moreover, from the streamwise 

planes, the presence of the spanwise vortex can be seen, which is due to the separated 

mixing layer.  At the spanwise extent between 𝑧 𝐿⁄ = +0.29 and 𝑧 𝐿⁄ = 0 (Figure 

3-163(a)-(d)) the streamwise location of the separation origin is similar, as well as the 

separation’s cross-stream extent and shape are similar.  However, on the negative side of 

the diffuser, the extent of the separation decreases towards the side wall, whereas the 

severity of separation is much larger on the positive side of the diffuser.  At the most 

upstream spanwise plane measured (𝑥 𝐿⁄ = 0.17, Figure 3-163(h)) the flow field is 

mostly uniform, with a slightly higher velocity on the negative side (right side of the 

image).  Note that, as discussed before, the severity of separation is much smaller on this 

side compared to the opposite side.  The streamlines indicate that the flow is from the 

floor toward the ceiling, due to the acceleration of the boundary layer over the ramp 

curvature, which is caused by the Coanda effect.  This is associated with a reduction in 

pressure on the ramp compare to the freestream, as shown in Section 3.4.  Farther 
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downstream (at 𝑥 𝐿⁄ = 0.45, Figure 3-163(i)), the velocity magnitude across the entire 

plane is reduced compared to the upstream plane due to the deceleration caused by the 

expanding cross-section of the diffuser.  Moreover, as can be seen, there is a very small 

region of separated flow near the ramp, which is more pronounced on the positive side.  

The streamlines indicate that the flow is toward the negative side, and that a recirculation 

region starts to develop on both sides, below the line which will (farther downstream) 

become the separation line.  As the downstream increases (Figure 3-163(j) and (k)), the 

cross-stream extent of the separated flow region becomes larger.  The severity of the 

separation is larger on the positive side, and the streamlines show that there is a 

stagnation line above which the flow is separated and below the flow is attached.  This 

horizontal line is associated with middle of the streamwise separated mixing layer.  

Finally, in the last streamwise location measured (at the AIP, Figure 3-163(l)), two 

counter-rotating vortices are present in the separated flow region, which are due to the 

radial pressure gradient created by the ramp curvature.  However, these vortices are 

confined to the separated region only (i.e., above the stagnation line), where the 

separation line creates a “virtual wall”. 
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Figure 3-162. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes and five streamwise planes, where the large blue 

arrow indicates the flow direction.  Baseline case. 
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Figure 3-163. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes (a-g), and five streamwise planes (h-l), 

superposition with streamlines. (a) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟗, (b) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟑, (c) 𝒛 𝑳⁄ = 𝟎. 𝟏𝟐, 

(d) 𝒛 𝑳⁄ = 𝟎, (e) 𝒛 𝑳⁄ = −𝟎. 𝟏𝟐, (f) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑, (g) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟗, (h) 𝒙 𝑳⁄ = 𝟎. 𝟏𝟕, 

(i) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, (j) 𝒙 𝑳⁄ = 𝟎. 𝟔𝟑, (k) 𝒙 𝑳⁄ = 𝟎. 𝟕𝟐, and (l) 𝒙 𝑳⁄ = 𝟏.  Baseline case. 
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Next, the cross-stream distributions of the streamwise velocity component at two 

streamwise locations, 𝑥 𝐿⁄ = 0.45 and 𝑥 𝐿⁄ = 1 (the AIP), are shown in Figure 3-164(a) 

and (b), respectively.  At each streamwise location, the velocity profiles at seven 

spanwise locations are presented.  Also, at the AIP (Figure 3-164(b)), the velocity 

profiles do not extend to the ramp surface due to experimental limitations.  Note that the 

same symbols and colors were selected for each spanwise location with the same 

distance from the centerline, except that the symbols representing the positive side are 

solid while the symbols of the negative side are hollow.  Also, the centerline is indicated 

with solid black circles.  Figure 3-164(a) shows that at 𝑥 𝐿⁄ = 0.45 the streamwise 

velocity near the ramp approaches zero, indicating that the flow is attached.  Near the 

floor, the velocity profiles show a spanwise-uniform boundary layer on the positive side 

and at the centerline, whereas the velocity profiles on the negative side show that the 

boundary layer is thicker.  Note that the negative side shows a maximum streamwise 

velocity of 𝑈 𝑈∞⁄ ≈ 0.87, and the positive side (at a similar height) a maximum 

streamwise velocity of 𝑈 𝑈∞⁄ ≈ 0.82.   

The corresponding velocity profiles of the transverse velocity component are 

presented in Figure 3-165(a) and (b) at the two streamwise locations, 𝑥 𝐿⁄ = 0.45 and 

𝑥 𝐿⁄ = 1, respectively.  The profiles at 𝑥 𝐿⁄ = 0.45 show that the velocity magnitude 

decreases at the centerline and at 𝑧 𝐿⁄ = +0.12 (solid blue diamonds) closer to the floor 

than for the other spanwise locations.  Furthermore, on the positive spanwise side (solid 

symbols), the velocity decreases in magnitude along the height faster than the negative 

side.  However, at the AIP (Figure 3-165(b)), the only velocity distributions showing a 

decrease in velocity near the floor are the centerline and 𝑧 𝐿⁄ = +0.12, and the extent of 

the separation is larger on the positive side than on the negative side. 
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Figure 3-164. Cross-stream distributions of the normalized streamwise velocity 

component at seven spanwise locations at (a) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, and (b) 𝒙 𝑳⁄ = 𝟏.  

Baseline case. 

 

 

Figure 3-165. Cross-stream distributions of the normalized transverse velocity 

component at seven spanwise locations at (a) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, and (b) 𝒙 𝑳⁄ = 𝟏.  

Baseline case. 

 

One of the main advantages of using SPIV instead of 2-D PIV revolves in its 

capability to measure the three velocity components in a selected plane simultaneously. 

In a symmetrical diffuser such as the one investigated in this study, where three 

dimensionalities develop, it is necessary to look at the three velocity components to 
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understand how the flow becomes three-dimensional and even asymmetric under certain 

conditions.  The streamwise velocity component was presented above, and the two other 

components, as well as the normalized total velocity, can be seen in Figure 3-166.  The 

streamwise planes are presented in Figure 3-166(a), (c) and (e), and the spanwise planes 

are shown in Figure 3-166(b), (d) and (f).  Figure 3-166(a) and (b) show the transverse 

velocity, Figure 3-166(c) and (d) the spanwise velocity, and Figure 3-166(e) and (f) 

depict the total velocity.  Note that a white band, representing the zero velocity, can be 

seen in the figures for the transverse and spanwise velocity components.  The 

streamwise planes with the transverse velocity Figure 3-166(a), show that the flow 

upstream of the separation line is being pulled upward due to the acceleration around the 

ramp.  The magnitude of the upward flow decreases with downstream distance due to the 

adverse pressure gradient.  Note that the maximum transverse velocity has a magnitude 

close to ~10% relative to the freestream velocity.  Moreover, Figure 3-166(b) shows that 

the zero velocity line at the AIP extends farther downward near the positive side wall 

than for the streamwise zero velocity line at the same location.  In order to understand 

the spanwise velocity component, the most upstream plane in the spanwise direction (as 

is shown in Figure 3-166(d)) should be discussed.  There is a line separating the positive 

and negative spanwise velocities, starting in the upper negative corner and ending in the 

bottom positive corner, creating two distinctive L-like shapes connected upside down.  

The origin of this separation line, dividing two of the corners and showing a velocity 

magnitude on each side of ~2% of the freestream velocity, could be due to secondary 

structures caused by the corners in a turbulent flow as explained in the Literature Review 

section (Cherry et al. 2008).  The spanwise velocity component also shows that at the 

ceiling, a thin layer is directing in the negative direction, while at the floor a thin layer is 

directing in the positive direction.  This velocity component, even though small in 

magnitude, could be the reason why under certain conditions the flow separates and 

reattaches asymmetrically.  It was also shown by Grundmann et al. (2012) that despite 

the fact that the spanwise velocity is only 2% of the freestream, it has the potential to 

affect the entire flow field, either beneficially or detrimentally.  As can be seen in Figure 

3-166(d), the two following planes downstream of the first one, show that the flow near 

the ceiling circulates from the center to the side windows.  This is due to the radial 
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pressure gradient leading to the formation of the secondary structures.  It is also possible 

to observe that those secondary structures are not symmetric about the center, whereas 

the negative velocity occupies a larger region than the positive velocity, due to the initial 

conditioning of the flow, which had a negative spanwise velocity component on the 

ceiling as was explained above.  The fourth plane, just upstream of the AIP, shows that 

the positive velocity component, due to the secondary structures that were near the 

ceiling, was displaced on the positive side wall below the corner.  Finally, at the AIP, the 

rotation of the secondary structures changed in direction, with the negative spanwise 

velocity component near the positive side wall and vice versa.  This is caused by the 

curvature of the ramp, which is opposite (to the beginning of the ramp) in this region; 

thus, leading to a radial pressure gradient that is opposite to its original direction.  These 

secondary structures can also be observed in Figure 3-166(c), showing how they develop 

in the streamwise direction, and how their direction is reversed at the AIP. 

Finally, color contour of the total velocity is presented in Figure 3-166(e) and (f).  

The total velocity at the streamwise planes (Figure 3-166(e)) indicates that near the 

separation location the flow decelerates uniformly on the ramp.  Looking at Figure 

3-166(f), which presents the total velocity on the spanwise planes, the flow at the first 

plane, located at 𝑥 𝐿⁄ = 0.17, seems to be uniform along the span, except for a slightly 

higher velocity near the negative side.  It should be noted that it does not depict the flow 

field at the inlet, as this plane is located downstream to the beginning of the ramp. 
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Figure 3-166. Time-averaged colors contour of the normalized velocity components. 

(a) Transverse velocity on streamwise planes, (b) transverse velocity on spanwise 

planes, (c) spanwise velocity on streamwise planes, (d) spanwise velocity on 

spanwise planes, (e) total velocity on streamwise planes, and (f) total velocity on 

spanwise planes.  Baseline case. 
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Next, the normalized spanwise vorticity Ω𝑧
∗, is discussed and is shown on the 

streamwise planes in Figure 3-167.  Here, streamlines are superposed to the color 

contours to illustrate the recirculation region.  As can be seen, at all seven planes, there 

is a region of high concentration of positive vorticity, which is associated with the 

shedding of the separated flow.  Also, the vorticity decays farther downstream since the 

width of the mixing layer increases with the downstream distance. 

In addition to the spanwise vorticity, Figure 3-168 presents the normalized 

streamwise vorticity Ω𝑥
∗ at the AIP plane using color contours that are superposed with 

the streamlines.  There are two large counter-rotating vortices on both sides of the ramp, 

which are associated with the secondary flow structures that were caused by the radial 

pressure gradient.  Those two counter-rotating vortices, which can be seen by the 

streamlines, can also be indicated by the opposite concentrations of streamwise vorticity 

at the top corners.  It is important to note that Ω𝑧
∗, which is associated with the shedding 

of the separated mixing layer, is an order of magnitude higher than the corresponding 

Ω𝑥
∗. 
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Figure 3-167. Time-averaged color of spanwise vorticity, superposed with 

streamlines contour, at seven streamwise planes.  Baseline case. 
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Figure 3-168. Time-averaged color contours of the spanwise vorticity, superposed 

with streamlines, at the AIP.  Baseline case. 

 

In order to evaluate the unsteadiness associated with this flow field, the normalized 

turbulent kinetic energy (𝑇𝐾𝐸 𝑈∞
2⁄ ) of the baseline case was calculated for each of the 

seven streamwise planes and for each of the five spanwise planes (Figure 3-169(a) and 

(b), respectively).  The spanwise planes show that the flow starts with very low 

fluctuation upstream of the separation location.  Then, the mixing layer develops near 

the ramp along the span, and is bent near the side walls with a slight asymmetry between 

the sides.  As the downstream distance increases (as well as the separation severity), the 

mixing layer grows in size, and the increase in the magnitude of TKE increases as well.  

Finally, at the AIP, large TKE magnitude, in access of 6% of the inlet velocity, can be 
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observed, where the highest fluctuations are on both sides of the symmetry line, which 

are probably associated with the two counter-rotating vortices, and exhibit a more 

elongated shape on the positive side.  The streamwise planes (Figure 3-169(b) show that 

the mixing layer starts to develop relatively at the same streamwise location on both 

sides of the ramp and grows in strength in the downstream direction.  Also, the core of 

each vortex, associated with stronger fluctuations (i.e., higher TKE), can be seen on each 

of the sides, in a similar manner to the TKE distribution on the spanwise planes. 

Showing TKE by itself provides valuable information regarding the unsteadiness of 

the flow; however, one needs to explore the individual components of turbulent 

Reynolds stresses to get a better appreciation on the fluctuations in the flow field.  Three 

components of the turbulence intensities at the AIP are presented in Figure 3-170.  Note 

that the scale of the streamwise component is from 0 to 0.02, of the transverse 

component from 0 to 0.01, and of the spanwise component from 0 to 0.06 (Figure 

3-170(a) to (c) respectively).  The color contours of the spanwise component of the 

Reynolds stresses (Figure 3-170(c)) exhibit a concentration of high-level fluctuations in 

the region associated with the streamwise secondary vortices.  Furthermore, their 

magnitude is three times higher than the magnitude of the streamwise and transverse 

turbulence intensities, shown in Figure 3-170(a) and (b), respectively.  The streamwise 

and transverse components, which are mainly associated with the shedding structures, 

show high fluctuations in the region of the separated mixing layer, in between the 

concentration of high spanwise fluctuations shown in Figure 3-170(c).  It could mean 

that while secondary structures develop along each side of the ramp, they constrain the 

shedding vortices to develop across the entire span. 
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Figure 3-169. Color contours of the normalized TKE. (a) spanwise planes, and (b) 

streamwise planes.  Baseline case. 

 

 

Figure 3-170. Color contours of turbulent intensities at 𝒙 𝑳⁄ = 𝟏: (a) streamwise 

component, (b) transverse component, and (c) spanwise component.  Baseline case. 

 

3.10.2 Steady Jet 

The pressure data presented above in Section 3.5 showed that introducing a steady 

jet at 𝑥 𝐿⁄ = −0.07 led to a detrimental pressure recovery and to an increased 

asymmetry of the pressure distribution on the ramp and on the floor surfaces.  In an 

attempt to explain the mechanism behind this significant difference in flow field 

compared to the baseline, an analysis of the SPIV measurements are presented.  Figure 
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3-171 shows the twelve SPIV planes combined in one single image, featuring color 

contours of the normalized streamwise velocity superposed with in-plane streamlines.  

Also, the zero velocity is indicated by a white band to better visualize the flow 

structures.  As can be seen, flow separation is much smaller on the negative side of the z-

axis compared to the opposite side.  Furthermore, a streamwise vortex can be observed 

on the positive side of the z-axis, below the separation line and closer to the bottom 

surface of the diffuser. 

In order to gain a better understanding of the flow field, each of the planes is 

separately presented in Figure 3-172, in a similar way to the baseline case, where Figure 

3-172(a)-(g) and Figure 3-172(h)-(l) present the streamwise and spanwise planes, 

respectively, whereas Figure 3-172(m)-(q) show the spanwise planes for the baseline 

case compare the flow fields of the steady jet and baseline cases. 
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Figure 3-171. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes and five streamwise planes, where the large blue 

arrow indicates the flow direction.  Steady jet case. 

 

Figure 3-172(a)-(c) show the streamwise planes on the positive spanwise side of the 

diffuser.  The separation line, separating the positive and negative velocity regions, is 

almost parallel to the floor.  At the centerline, Figure 3-172(d), the separation line is 

more inclined toward the ceiling; however, the center of the recirculation region not 

captured in the measured domain, contrary to the baseline case.  This suggests that the 

separation on the positive side of the diffuser extends farther downstream compared to 

the baseline.  On the negative side, however, presented Figure 3-172 (e)-(g), the 
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separation is significantly reduced, with only a small separation bubble on the ceiling 

downstream of the AIP, indicating a three-dimensional separation. 

The streamwise velocity in the spanwise planes is presented in Figure 3-172(h) to 

(l).  Note that the first measured spanwise plane is located at 𝑥 𝐿⁄ = 0.17, which is 

downstream to the injected jet (Figure 3-172(h)).  At this location, there is a small 

difference in the streamwise velocity distributions between the steady jet and the 

baseline case (shown in Figure 3-172(m)), where the streamlines show that the flow is 

directed towards the upper negative side for the steady jet case compared to the baseline 

case.  Farther downstream at 𝑥 𝐿⁄ = 0.45 (Figure 3-172(i)), the flow starts to separate 

near the positive side, creating an asymmetry that is more severe compared to the 

baseline case (Figure 3-172(n)).  Note that due to the jet slight non-uniformity (as 

described in Section 3.3) and the presence of small, but noticeable, spanwise velocity in 

the baseline case, there is an increase in momentum on the upper negative side, which 

prevents the flow from separating along the span as it was the case for the baseline flow.  

Due to this local surplus in momentum, the flow separates at mid-span; therefore, 

leading to the asymmetry observed with the steady jet case.  As the spanwise plane 

located at 𝑥 𝐿⁄ = 0.63, the difference between the baseline flow field and the steady jet 

one is more noticeable (Figure 3-172(j) and Figure 3-172(o), respectively).  First, for the 

baseline case, the separation region extends uniformly across the span, whereas for the 

steady jet case the separation line shows an enclosed area extending from the positive 

side wall to the centerline only.  Also, for the baseline case, there is a stagnation line at 

𝑦 𝐿⁄ ~0.1.  On this line, a stagnation point can be observed at 𝑧 𝐿⁄ ~0.2, where the 

stagnation line splits between the negative and positive side.  Due to the close location to 

the wall however, a strong convergence can be observed toward the negative side.  For 

the steady jet case, the streamlines converge toward the negative side of the ramp, but 

without forming the same strong concentration of streamlines as it was the case for the 

baseline.  Also, on the side wall of the positive side and at 𝑦 𝐿⁄ ~0, the streamlines of the 

baseline rotate back toward the wall, while for the steady jet case they continue 

horizontally toward the negative side wall.  There are two main differences between the 

flow field in this plane and the next one at 𝑥 𝐿⁄ = 0.72.  First, the streamlines of the 

steady jet case (Figure 3-172(k)) extend farther downward from the ceiling compared to 
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the baseline (Figure 3-172(p)), especially on the positive side of the plane.  Second, a 

streamwise vortex can be clearly seen in the bottom left corner.  As shown on the 

baseline case (Figure 3-172(p)), the streamlines from the floor are initially directed 

upward and toward the positive side wall, and then rotate in a clockwise direction toward 

the same convergence point on the negative side wall.  For the steady jet case however, 

the streamlines near the floor start a similar motion, but appear to be blocked while 

rotating in the counter-clockwise to form a vortex near the bottom left (positive) side of 

the diffuser.  Finally, for the steady jet case, at the AIP plane presented in Figure 

3-172(l), two counter-rotating vortices can be seen, one on the negative side focused 

near the ramp or the negative side of the diffuser, whereas the second vortex is near the 

surface centered at y/L, z/L) = (-0.15, +0.2).  Note that for the baseline (Figure 3-172(q)), 

the two counter-rotating vortices are confined between the ramp and the separation line, 

which extended across the entire span.  Therefore, these secondary structures were both 

located in the upper portion of the tunnel as opposite to what is observed with the steady 

jet case. 
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Figure 3-172. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes (a-g), and five streamwise planes (h-l), 

superposition with streamlines. (a) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟗, (b) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟑, (c) 𝒛 𝑳⁄ = 𝟎. 𝟏𝟐, 

(d) 𝒛 𝑳⁄ = 𝟎, (e) 𝒛 𝑳⁄ = −𝟎. 𝟏𝟐, (f) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑, (g) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟗, (h) 𝒙 𝑳⁄ = 𝟎. 𝟏𝟕, 

(i) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, (j) 𝒙 𝑳⁄ = 𝟎. 𝟔𝟑, (k) 𝒙 𝑳⁄ = 𝟎. 𝟕𝟐, and (l) 𝒙 𝑳⁄ = 𝟏.  Figures (a)-(l) 

represent the steady jet case, whereas Figures (m)-(q) show the baseline spanwise 

planes for comparison. 
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The other velocity components can be seen in Figure 3-173.  The normalized 

transverse velocity is presented in Figure 3-173(a) and (b), the normalized spanwise 

velocity in Figure 3-173(c) and (d), whereas the normalized total velocity in Figure 

3-173(e) and (f).  The first observation is that the asymmetry seen in the streamwise 

velocity component in Figure 3-172 is present in the other two velocity components.  

The streamwise planes with the transverse velocity Figure 3-173(a) show that the flow 

upstream to the separation line is pulled upward, due to the acceleration around the 

ramp, but asymmetrically.  The positive side shows a weak upward motion, whereas a 

strong upward velocity component can be observed on the negative side.  Further 

downstream, the negative side shows that the upward motion extends due to the 

reattachment of the flow on this side of the ramp, but the positive side exhibits an early 

transition to a negative velocity caused by the separation.  Moreover, the maximum 

transverse velocity upstream to the separation has on the negative side a magnitude close 

to ~9% relative to the freestream velocity, whereas the positive side has a magnitude 

close to ~4%.  This difference in magnitude can also be observed on the first spanwise 

plane at 𝑥 𝐿⁄ = 0.17 (Figure 3-173(b)), where the upward velocity near the ceiling is not 

distributed uniformly along the span.  Note that the calibration measurements of the 

steady jet with a hotwire, presented at the beginning of this chapter in Figure 3-5 

(Section 3.3), showed a difference in the steady jet velocity of ~10% between the sides, 

with the higher velocity located on the negative span side.  The following spanwise 

planes of the transverse velocity show that the negative velocity extends farther 

downward from the ceiling, on the positive side than on the negative side, due to the 

reattachment on the negative side described above.  In addition to the separated region, 

the secondary structures caused by the radial pressure gradient can be observed at the 

AIP, where the negative upper corner shows a positive velocity, whereas the positive 

bottom corner shows a negative velocity.   

The distribution of the spanwise velocity component is examined first at the most 

upstream spanwise planes shown in Figure 3-173(d).  As for the baseline, there is a 

negative spanwise velocity component at the ceiling and a positive spanwise velocity 

component at the floor.  The zero velocity line, separating those two regions, is as for the 

baseline across the height of the cross section, but closer to the negative side wall.  On 
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the second spanwise plane, the flow near the ceiling circulates from the center toward 

the side windows, due to the radial pressure gradient leading to the formation of 

secondary structures.  However, and as it was the case for the baseline, those secondary 

structures are not symmetric due to the initial conditioning of the flow which had a 

negative spanwise velocity component near the ceiling.  The two following planes (at 

𝑥 𝐿⁄ = 0.63 and 0.72, respectively) show that the positive velocity, which was near the 

ceiling at the top positive corner, is pushed to the side wall and away from the ceiling.  

Finally, at the AIP, the spanwise velocity at the ceiling, which was negative up to this 

point, suddenly reversed direction.  It is due to the aggressive reverse sense of the ramp 

surface gradient between the fourth and fifth plane, leading to secondary structures in the 

opposite direction.  Note that those structures can also be observed in Figure 3-173(c) 

near the ceiling downstream to the inflection point, which presents the spanwise velocity 

distributed along the streamwise planes.   

Next, color contours of the normalized total velocity are presented in Figure 

3-173(e) and (f).  The total velocity at the streamwise planes (Figure 3-173(e)) indicates 

that the flow does not decelerate uniformly as it was the case for the baseline.  The 

positive side exhibits a stronger deceleration that propagates downward in the 

downstream direction, as opposite to the negative side where the deceleration is quasi-

parallel to the floor.  Looking at Figure 3-173(f), which presents the total velocity on the 

spanwise planes, the flow at the first plane located at 𝑥 𝐿⁄ = 0.17, exhibits a slightly 

higher velocity near the negative side, which is the side where the flow reattaches farther 

downstream.  The following spanwise planes show the asymmetry developing, with a 

low velocity extending farther downward from the ceiling on the positive side than on 

the negative side. 
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Figure 3-173. Time-averaged contour colors showing the normalized velocity 

components. (a) Transverse velocity on streamwise planes, (b) transverse velocity 

on spanwise planes, (c) spanwise velocity on streamwise planes, (d) spanwise 

velocity on spanwise planes, (e) total velocity on streamwise planes, and (f) total 

velocity on spanwise planes.  Steady jet case. 
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The normalized spanwise vorticity, Ω𝑧
∗, superposed with in-plane streamlines, is 

shown on the streamwise planes in Figure 3-174.  This vorticity, which is associated 

with the separated mixing layer, decrease in magnitude along the streamwise direction as 

the transverse extent increases.  Looking at the planes on the positive side, the separation 

is much more severe than the negative side and thus the vorticity concentration occupies 

larger portion of the diffuser height, which emphasizes that the steady jet increases the 

separation instead of reattaching the flow to the ramp.  On the negative side of the 

diffuser, the mixing layer is closer to the ramp, causing to a milder separation.  

 

Figure 3-174. Time-averaged flow field at multiple streamwise planes showing 

contours of spanwise vorticity superposed with streamlines.  Steady jet case. 

 

The normalized streamwise vorticity, Ω𝑥
∗, superposed with in-plane streamlines, is 

shown in Figure 3-175(a) for the steady jet case and in Figure 3-175(b) for the baseline 

case.  All the five spanwise planes are shown to aid in understanding the effect of the 

steady jet compared to the baseline case.  At the most upstream plane, located at 𝑥 𝐿⁄ =

0.17, the region of negative vorticity near the ramp surface is larger when the steady jet 
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is activated compared to the baseline case, and it is skewed toward the negative side.  

The two following planes downstream exhibit similar vorticity features between the 

cases, with a diagonal line near the ceiling splitting between the negative vorticity and 

positive vorticity.  For the steady jet case, at the fourth plane, just upstream to the AIP, a 

concentration of negative vorticity is seen in the lower positive corner.  As shown 

before, this bottom corner vortex, which is out of the reverse flow region, is not present 

in the baseline.  Finally, the AIP plane shows a clear difference between the steady jet 

and the baseline.  The top negative corner shows in both cases a positive vorticity due to 

the radial pressure gradient leading to the formation of secondary structures.  The 

baseline shows that this vorticity region is contained vertically by its counter-rotating 

vortex pair, and horizontally by the separation line extending across the span.  On the 

other hand, the steady jet shows that this positive vorticity region is extending much 

farther downward and across the span, due to the larger separation area and the 

separation line extending at an angle from the top negative corner.  The positive upper 

side shows a negative vorticity region due to the radial pressure gradient leading to the 

formation of secondary structures, however, the positive side window constrains this 

vorticity from developing into a well-defined vortex.  Moreover, the vorticity region in 

the bottom positive corner of the steady jet is constrained by the separated line which is 

farther downward than for the baseline, leading to this additional secondary structure 

with a negative vorticity.  



 

     245 

 

Figure 3-175. Time-averaged streamwise vorticity superposed with in-plane 

streamlines: (a) steady jet case, and (b) baseline case. 

 

Figure 3-176(a) and (b), show the normalized TKE of the spanwise and streamwise 

planes, respectively.  The spanwise planes show that there are very little fluctuations on 

the most upstream plane since the flow is attached.  Farther downstream, fluctuations 

associated with the mixing layer can be observed, with stronger fluctuations in the area 

with the larger separation (the positive side).  Similarly, the streamwise planes show that 

the highest TKE magnitude is concentrated in the middle of the separated mixing layer.  

Moreover, the TKE grows in strength with the downstream distance on the positive side, 

which is the side associated with the strong separation.  The negative spanwise side, 

however, which is associated with mild separation, shows that the activation of the jet 

not only reduces significantly the separation but also decreases the fluctuations that are 

associated with the mixing layer. 

The turbulence intensities for each normal component are shown in Figure 3-177.  

Note that the scale of the streamwise component is from 0 to 0.02, of the transverse 

component from 0 to 0.01, and of the spanwise component from 0 to 0.04 (Figure 

3-177(a)-(c), respectively).  The spanwise fluctuations, shown in Figure 3-177(c) have a 

higher magnitude compared to the other two components of the normal Reynolds 
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stresses; however, the difference is less significant compared to the baseline case.  Also, 

the spanwise fluctuations are higher near the side where the streamwise vortex (located 

outside of the separated region) is present.  The streamwise component, shown in Figure 

3-177(a), exhibits a concentration around y/L = +0.05 and throughout most of the span 

farther toward each side wall (compared to the baseline), due to the streamwise vortices 

located differently. 

 

Figure 3-176. Normalized TKE in (a) spanwise planes, and (b) streamwise planes.  

Steady jet case. 

 

 

Figure 3-177. Color contours of turbulent intensities at 𝒙 𝑳⁄ = 𝟏: (a) streamwise 

component, (b) transverse component, (c) spanwise component. Steady jet case. 
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3.10.3 Low RMS Jet 

As was discussed in Section 3.5.3.2, activation of the low RMS unsteady jet 

exhibited a pressure recovery slightly higher than for the steady jet case; however, it still 

had a detrimental effect compared to the baseline case.  Here, the velocity fields are 

compared.  Color contours of time-averaged streamwise velocity component, superposed 

with in-plane streamlines, are shown in Figure 3-178.  As can be seen, the streamlines 

show similar patterns as for the steady jet case, where a streamwise vortex is present 

outside of the separated region, as well as a counter-rotating streamwise vortex in the 

separated region (on the opposite side).  These streamwise vortices are accompanied by 

a spanwise vortex, which is associated with the separation. 

Each of these planes is shown individually in Figure 3-179(a)-(l), and the velocity 

distributions in the spanwise planes are compared to those associated with the steady jet 

case (Figure 3-179(m)-(q)). 
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Figure 3-178. Color contours of time-Averaged streamwise velocity superposed 

with in-plane streamlines.  The large blue arrow indicates the flow direction.  Low 

RMS jet case. 

 

The velocity fields in the streamwise planes (Figure 3-179(a)-(g)) show that the 

recirculation region, which is due to flow separation, is significantly reduced from the 

positive to the negative sides of the diffuser.  Moreover, the center of the recirculating 

region moves closer to the ramp.  Furthermore, on the positive side wall, this center is 

downstream of the AIP due to the strong separation that causes a large recirculation 

region.  On the negative side wall, on the other hand, there is a significantly smaller 
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separation of the flow near the ramp, where the center of the recirculation region is 

slightly upstream to the AIP.  When comparing the spanwise planes of the low RMS jet 

and the steady jet cases, there are no noticeable differences between the cases, except at 

the AIP.  For the low RMS unsteady jet, the separation extends across the entire span at 

(Figure 3-179(l)), which is not the case for the steady jet case (Figure 3-179(q)).  

Moreover, the strength of the streamwise vortices appears to be larger for the low RMS 

unsteady jet, as it is shown in Figure 3-180.  

In addition to the streamwise velocity component, the time-averaged transverse and 

spanwise velocity components, as well as the normalized total velocity are presented and 

discussed in Figure 3-181(a)-(f).  The distributions of the time-averaged transverse 

velocity component in seven streamwise planes are presented in Figure 3-181(a), where 

a large negative velocity region is present near the positive side wall, then decreases in 

the spanwise direction until it reaches the negative side wall, where the flow is almost 

entirely attached.  However, the negative velocity region appears to be smaller than for 

the steady jet.  Also, the velocity distribution in the first spanwise plane (Figure 

3-181(b)) shows that the transverse velocity on the ceiling has a slightly more uniform 

distribution than for the steady jet case.  Note that the velocity measurements along the 

span with a hotwire, presented above in Section 3.3 (Figure 3-29) showed that the 

velocity on the negative side of the orifice is ~5% higher than the velocity on the 

positive side, compared to ~10% spanwise variation for the steady jet.  Farther 

downstream (Figure 3-181(b)), an additional concentration of transverse velocity, having 

a negative magnitude, can be observed on the positive side of the diffuser, near the floor.  

Note that this negative velocity is associated with the streamwise vortex in the 

freestream region. 

The color contours of the time-averaged spanwise velocity component, obtained 

when the low RMS jet is activated, is presented in Figure 3-181(c) and (d), whereas the 

distributions of the time-averaged total velocity are presented in Figure 3-181(e) and (f).  

As can be seen, the velocity fields are very similar to the steady jet results (presented in 

Figure 3-173). 

Despite this similarity, the pressure recovery is consistently slightly higher for the 

low RMS jet case compared to the steady jet case.  In order to investigate more in depth 



 

     250 

the reasons why the unsteady jet performs better than the steady jet, it is necessary to 

understand the unsteady flow field associated with the low RMS jet case.  Therefore, 

phase-locked data were acquired at 6 phases along the actuation cycle.  Here, the driving 

frequency of the unsteady jet was 𝑓𝑎𝑐𝑡 = 200𝐻𝑧.  

 

Figure 3-179. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes (a-g), and five streamwise planes (h-l), 

superposition with streamlines. (a) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟗, (b) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟑, (c) 𝒛 𝑳⁄ = 𝟎. 𝟏𝟐, 
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(d) 𝒛 𝑳⁄ = 𝟎, (e) 𝒛 𝑳⁄ = −𝟎. 𝟏𝟐, (f) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑, (g) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟗, (h) 𝒙 𝑳⁄ = 𝟎. 𝟏𝟕, 

(i) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, (j) 𝒙 𝑳⁄ = 𝟎. 𝟔𝟑, (k) 𝒙 𝑳⁄ = 𝟎. 𝟕𝟐, and (l) 𝒙 𝑳⁄ = 𝟏.  Figures (a)-(l) 

represent the low RMS jet case, whereas Figures (m)-(q) show the spanwise planes 

for the steady jet case for comparison. 

 

 

Figure 3-180. Color contours of the streamwise vorticity, superimposed with in-

plane streamlines, at the AIP: (a) steady jet, (b) low RMS unsteady jet. 



 

     252 

 

Figure 3-181. Time-averaged contour colors showing the normalized velocity 

components. (a) Transverse velocity on streamwise planes, (b) transverse velocity 

on spanwise planes, (c) spanwise velocity on streamwise planes, (d) spanwise 

velocity on spanwise planes, (e) total velocity on streamwise planes, and (f) total 

velocity on spanwise planes.  Low RMS unsteady jet case. 
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The phase-locked data are presented in Figure 3-182 and Figure 3-183 for the 

transverse velocity component and the spanwise vorticity.  These two parameters were 

selected to show the formation and advection of the phase-locked vortices.  Note that in 

order to discern more distinctively the different flow features, the aspect ratio between 

the x-y-z-axes was changed on purpose from 1:1:1 to 1:1:2.   

Figure 3-182 presents the color contours of the transverse velocity at seven 

streamwise planes and at six phases along the actuation cycle.  The normalized 

transverse velocity distributions show very distinctively concentrations of upward and 

downward pairs (marked by the dash lines), which correspond to the shedding of 

coherent vortices.  At the first phase (Figure 3-182(a)), a pair of vortices are present, 

marked as “1” and “2”, which are associated with vortices that shed in the previous two 

cycles.  As the cycle continues (phases 2 and 3, Figure 3-182(b) and (c), respectively), 

the vortices advect downstream, and by the fourth phase (Figure 3-182(d)), the vortex 

that was formed two cycles prior to the current cycle (vortex “1”) is advected outside of 

the measurement domain.  As the cycle continues (Figure 3-182(e)), the vortex from the 

prior cycle (vortex “2”) advects farther downstream, and a new vortex is formed (vortex 

“3”) near the beginning of the ramp.  Finally, as the cycle continues, the vortices advect 

downstream (Figure 3-182(f)).  Note that the size and streamwise and transverse 

locations of the vortices vary along the span, where the higher magnitudes of transverse 

velocity are present on the negative side of the diffuser, where the severity of separation 

is greatly reduced.  

Figure 3-183 presents the color contours of the spanwise vorticity at seven 

streamwise planes and at six phases along the actuation cycle.  The coherent vortices 

shedding downstream are marked with the same labels, “1”, “2”, and “3”, as previously 

described in Figure 3-182.  As can be observed, the vorticity of the shed vortices decays 

very quickly as they advect downstream due to the low RMS level of the induced 

unsteadiness by the unsteady control jet.  Note that as described in the pressure 

measurements section (Section 3.5.3), the effect of the low RMS unsteadiness only 

slightly improved the performances of the steady jet.  
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Next, the unsteadiness of the flow can be quantified using the normalized turbulent 

kinetic energy, as shown in Figure 3-184.  The color contours of the TKE exhibit regions 

of high concentration of TKE near the positive side wall where flow is more severely 

separated.  Note that it is also a region associated with a streamwise vortex as shown 

previously in Figure 3-179(f)(g).  Furthermore, the overall TKE intensity is higher 

compared to the TKE presented for the steady jet in Figure 3-176.  Also, the TKE on 

each side of the tunnel is more pronounced than for the steady jet, due to the secondary 

structures, which become more significant when the low RMS unsteady jet is used. 

The components of the normal Reynolds stresses are shown in Figure 3-185.  Note 

that for an easier comparison, the scales of the streamwise and spanwise components are 

similar to the scales used for the steady jet (Figure 3-177).  However, the scale of the 

transverse component was changed from 0-0.01 for the steady jet, to 0-0.018 for the low 

RMS unsteady jet due to the much higher fluctuations in the transverse direction 

associated with the inherent unsteadiness of the jet.  The first observation is that all the 

components exhibit a higher magnitude than for the steady jet case, which is expected 

due to the unsteadiness induced by the periodic jet excitation.  The streamwise 

component (Figure 3-185(a)) shows that the region with higher fluctuations extends 

along the entire span, and is asymmetric with respect to the centerline.  The transverse 

component, shown in Figure 3-185(b), is significantly larger (compared to the steady jet 

case), suggesting that the shedding vortices are amplified by the actuation of the low 

RMS unsteady jet.  Finally, in the spanwise component distribution, Figure 3-185(c), 

two concentrations of spanwise normal stresses can be seen, one on each side of the 

centerline, which are associated with the streamwise vortices.  The magnitude of these 

concentrations is larger than the corresponding ones for the steady jet case, indicating 

that the secondary structures are more significant when the low RMS unsteady jet is 

used. 

 

 



 

     255 

 

Figure 3-182. Color contours of phase-locked transverse velocity. (a) first phase, (b) 

second phase, (c) third phase, (d) fourth phase, (e) fifth phase, (f) sixth phase.  Low 

RMS unsteady jet case. 
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Figure 3-183. Color contours of phase-locked spanwise vorticity. (a) first phase, (b) 

second phase, (c) third phase, (d) fourth phase, (e) fifth phase, (f) sixth phase.  Low 

RMS unsteady jet case. 
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Figure 3-184. Color contours of the normalized TKE for the low RMS unsteady jet 

case.  

 

 

Figure 3-185. Color contours of the turbulent intensities at 𝒙 𝑳⁄ = 𝟏: (a) 

streamwise, (b) transverse, and (c) spanwise components.  Low RMS unsteady jet 

case. 
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3.10.4 High RMS Jet 

As was presented in Section 3.5.3.3 (pressure results), the activation of the high 

RMS unsteady jet resulted in the largest effect on the pressure field compared to the 

steady jet and low RMS jet cases.  The high RMS jet resulted in flow reattachment over 

a large portion of the span, and significantly improvement of the pressure recovery at the 

AIP.  The first obvious conclusion is that injecting the jet with a high RMS waveform, 

was the determining factor not just to increase the pressure recovery but also to 

redistribute the pressure more symmetrically across the test section.  Figure 3-186 shows 

color contours of the normalized streamwise velocity (superimposed with streamlines) in 

all of the twelve acquired planes together.  As can be seen, the flow reattachment around 

the mid-span (due to the activation of the high RMS jet) leads to the formation of 

counter-rotating vortices in each top corner.  This is associated with locally reversed 

flow near the corners that can be observed in the spanwise planes.  The flow is being 

funneled towards the middle of the diffuser and creates at the AIP these two counter-

rotating vortices, which are in the opposite direction to the ones observed in the baseline 

case. 

To better understand the flow field, in this case, each of the planes can be seen in 

Figure 3-187(a)-(l).  Note that the baseline spanwise planes were also added (Figure 

3-187(m)-(q)) for comparison.  The seven streamwise planes (Figure 3-187(a)-(g)) show 

that the flow is directed towards the ramp.  However, on both sides of the ramp, a 

separation region can be seen, which decreases in size toward the centerline.  At the 

centerline (Figure 3-187(d)), a small separation bubble can be observed near the AIP.  

The color contours of the streamwise velocity component in the spanwise planes are 

presented in Figure 3-187(h)-(l).  As the most upstream plane (Figure 3-187(h)), which 

is located at 𝑥 𝐿⁄ = 0.17, the velocity is relatively uniform and the streamlines are 

direction is toward the ceiling, similarly than for the baseline, as shown in Figure 

3-187(m).  In the following plane, Figure 3-187(i), located at 𝑥 𝐿⁄ = 0.45, the 

streamwise velocity decreases due to the expanding cross section.  However, there is no 

sign of separation near the ceiling as it is the case for the baseline at the same location, 

shown in Figure 3-187(n).  At 𝑥 𝐿⁄ = 0.63 (Figure 3-187(j)), the streamlines converge 

toward the same location on the ceiling near the center.  Away from the ramp, the 
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velocity keeps decreasing, with a slightly higher velocity region on the negative side.  

Also, separation starts to develop near the upper corners, with a slightly larger separated 

region on the negative spanwise side.  In the fourth plane, located at 𝑥 𝐿⁄ = 0.72 (Figure 

3-187(k)), the point of convergence of the streamlines, which was up to this plane at the 

ceiling, moved slightly downward and now forms a line instead of a point.  It is due to a 

thin layer of reversed flow near the ceiling, which starts to form an arch shape near the 

ramp.  Note also that the reversed flow occupies a larger region on the negative side 

compared to the positive side.  Finally, at the AIP (Figure 3-187(k)), the in-plane flow is 

still toward the ceiling; however, near the ceiling there is a stagnation point, that causes 

the flow to move to the side wall and thus creates the two counter-rotating vortices.  

Moreover, due to the flow reattachment at the mid-span, the vortices rotate in the 

opposite direction compared to the ones observed for the baseline case, as shown in 

Figure 3-187(q). 

The normalized time-averaged transverse and spanwise velocity components, as 

well as the total velocity, are presented with color contours in Figure 3-188(a) and (b), 

Figure 3-188 (c) and (d), and Figure 3-188(e) and (f), respectively.  The color contours 

of the transverse velocity, presented in Figure 3-188(a) and (b), show a large region of 

downward velocity near each side window, close to the ramp surface, below which the 

transverse velocity is positive (i.e., upward motion).  These regions are associated with 

the secondary counter-rotating streamwise vortices that were discussed in Figure 

3-187(l).  Moreover, the color contours of the transverse velocity in the spanwise planes 

(Figure 3-187 (b)) support this claim, where the negative velocity is at the top corners.  

This is also supported by the spanwise velocity component, shown in Figure 3-188(c) 

and (d).  Moreover, as can be seen from the spanwise velocity flow field, up to the 

second turn of the ramp, there is a positive velocity component on the negative spanwise 

side, and a negative velocity component is present on the positive side, meaning that the 

flow converges from each side toward the center.  Farther downstream at 𝑥 𝐿⁄ ≈ 0.75, 

which is near the inflection point on the ramp, the spanwise velocity is reversed, due to 

the reversed radial pressure gradient (leading the flow towards the side walls, and thus 

create streamwise vortices).  The color contours of the total velocity in both the 

streamwise and spanwise planes, presented in Figure 3-188(e) and (f), respectively, 
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show that at the beginning of the ramp the flow is uniform, then the velocity magnitude 

decreases due to the expanding cross section, and farther downstream form the arch 

shape, discussed above, due to the separation at the upper corners. 

 

 

Figure 3-186. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes and five streamwise planes, where the large blue 

arrow indicates the flow direction.  High RMS unsteady jet case. 
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Figure 3-187. Color contours map of the time-averaged normalized streamline 

velocity at seven spanwise planes (a-g), and five streamwise planes (h-l), 

superposition with streamlines. (a) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟗, (b) 𝒛 𝑳⁄ = 𝟎. 𝟐𝟑, (c) 𝒛 𝑳⁄ = 𝟎. 𝟏𝟐, 

(d) 𝒛 𝑳⁄ = 𝟎, (e) 𝒛 𝑳⁄ = −𝟎. 𝟏𝟐, (f) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑, (g) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟗, (h) 𝒙 𝑳⁄ = 𝟎. 𝟏𝟕, 

(i) 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓, (j) 𝒙 𝑳⁄ = 𝟎. 𝟔𝟑, (k) 𝒙 𝑳⁄ = 𝟎. 𝟕𝟐, and (l) 𝒙 𝑳⁄ = 𝟏.  (a)-(l) represent 

the low RPM jet case, whereas (m)-(q) show the spanwise planes for the baseline 

case for comparison. 
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Figure 3-188. Time-averaged contour colors showing the normalized velocity 

components. (a) Transverse velocity on streamwise planes, (b) transverse velocity 

on spanwise planes, (c) spanwise velocity on streamwise planes, (d) spanwise 

velocity on spanwise planes, (e) total velocity on streamwise planes, and (f) total 

velocity on spanwise planes.  High RMS unsteady jet case. 
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In order to better identifying the vortices present in the flow field, the time-

averaged, normalized spanwise and streamwise vorticity components are presented in 

Figure 3-189(a) and (b), respectively.  The spanwise vorticity field, associated with the 

separated mixing layer, exhibits a high concentration of vorticity near the ramp and 

along the separated mixing layer, which decays with downstream distance.  Note that in 

the regions where flow separation is present (i.e., near the side walls), the vorticity 

concentration is farther way from the wall.   

The streamwise vorticity field (Figure 3-189(b)) at the most upstream plane located 

at 𝑥 𝐿⁄ = 0.17 shows a region of negative vorticity near the ramp and near the floor, 

similar to the baseline case.  The following planes show regions of opposite vorticity in 

each top corner, which increase with downstream direction.  It is due to the radial 

pressure gradient leading to the formation of counter-rotating streamwise vortices.  Note 

that due to the reattachment and the symmetry of the flow field, the vorticity on each 

side keeps the same direction across the height (positive vorticity along the positive side 

and negative vorticity along the negative side). 

 

 

Figure 3-189. Time-averaged normalized vorticity.  (a) Spanwise vorticity, and (b) 

streamwise vorticity.  High RMS jet case. 
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Next, the phase-averaged flow is presented in Figure 3-190 where the color contours 

of the transverse velocity at seven streamwise planes and at six phases along the 

actuation cycle are shown.  Similar to the transverse velocity presented for the low RMS 

unsteady jet (Figure 3-182), very distinct concentrations of upward and downward pairs 

(marked by the dash lines), which correspond to the shedding of coherent vortices, can 

be observed.  At the first phase (Figure 3-190(a)), a single vortex is present, marked as 

“1”, which is associated with a vortex that shed in the previous cycle.  As the cycle 

continues (phases 2, 3, and 4, Figure 3-190(b), Figure 3-190(c), and Figure 3-190(d), 

respectively), the vortex advects downstream, and a new vortex is formed (vortex “2”) 

near the beginning of the ramp.  By the fifth phase, vortex “1” is advected outside of the 

measurement domain.  Finally, as the cycle continues, vortex “2” is advected 

downstream.  Note that the size, streamwise and transverse location of the vortices is 

similar for the three planes at the center (𝑧 𝐿⁄ = 0, ±0.12), whereas the planes near the 

side windows (𝑧 𝐿⁄ = ±0.23, ±0.29) are symmetric with respect to the center, but depict 

a separated flow near the ramp as described above. 

Figure 3-191 presents the color contours of the spanwise vorticity at seven 

streamwise planes and at six phases along the actuation cycle.  The coherent vortices 

shedding downstream are marked with the same labels, “1” and “2” than previously 

described in Figure 3-190.  At the first phase (Figure 3-191(a)), vortex “1” is attached to 

the ramp, propagating from the beginning of the ramp up to the AIP.  The second phase 

(Figure 3-191(b)) shows that the vortex is still attached to the ramp, advects farther 

downstream but has a weaker vorticity as it is increasing in size in the transverse 

direction.  The third phase (Figure 3-191(c)) shows vortex “1” detaching from the ramp 

but still spreading toward the ceiling.  Also, a new vortex (vortex “2”) begins to form at 

the beginning of the ramp, showing a vorticity layer attached to the ceiling.  As the cycle 

continues, the fourth and fifth phases (Figure 3-191(d) and Figure 3-191(e), 

respectively), show that vortex “1” is advected downstream, whereas vortex “2” grows, 

but stays near the ramp’s surface.  Finally, phase 6 (Figure 3-191(f)) shows that as 

vortex”2” advects downstream, it spreads in the transverse direction due to the adverse 

pressure gradient. 
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Next, Figure 3-192 shows the color contours of the time-averaged TKE at seven 

streamwise planes.  The planes located near the side windows, at 𝑧 𝐿⁄ = ±0.23, ±0.29, 

show the highest level of fluctuations due to the separated mixing layer concentrated in 

these regions, as well as due to the developing streamwise vorticity.  Moreover, the 

magnitude of the TKE increases with the downstream distance due to increased region of 

separation near the sides, as well as the unsteadiness of the secondary structures.  

However, at the three planes at the center where the flow is reattached (𝑧 𝐿⁄ = 0, ±0.12), 

much lower levels of fluctuations are observed since the flow is attached in this region. 

The components of the normal Reynolds stresses at the AIP are shown in Figure 

3-193.  Note that for an easier comparison, the scale of the streamwise component is 

similar to the scale used in the other cases, whereas the scales of the transverse and the 

spanwise components were increased relative to the steady jet and low RMS unsteady jet 

cases due to higher fluctuations observed.  The spanwise fluctuations (Figure 3-193(c)) 

have a higher magnitude compared to the other two components of the normal Reynolds 

stresses.  Also, the spanwise fluctuations are higher near the sides where the streamwise 

vortices (located outside of the separated region) are present.  The streamwise and 

transverse components (Figure 3-193(a) and Figure 3-193(b), respectively), which are 

mainly associated with the shedding structures, show a high level of fluctuations near the 

ceiling, in between the concentration of high spanwise fluctuations just described.  

Similar to the baseline case, it could mean that while secondary structures develop along 

each side of the ramp, they constrain the shedding vortices to develop across the entire 

span. 
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Figure 3-190. Color contours of the phase-locked of the transverse velocity 

component.  (a) first phase, (b) second phase, (c) third phase, (d) fourth phase, (e) 

fifth phase, and (f) sixth phase.  High RMS jet case. 
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Figure 3-191. Color contours of phase-locked spanwise vorticity.  (a) time-averaged, 

(b) first phase, (c) second phase, (d) third phase, (e) fourth phase, (f) fifth phase, (g) 

sixth phase.  High RMS jet case. 

 



 

     268 

 

Figure 3-192. Color contours of the normalized TKE for the high RMS jet case. 

 

 

Figure 3-193. Turbulent intensities at 𝒙 𝑳⁄ = 𝟏: (a) streamwise component, (b) 

transverse component, and (c) spanwise component.  High RMS jet case. 

 

3.10.5 Comparison 

In this section, a comparison of the four cases tested (i.e., baseline, steady jet, low RMS 

jet, and high RMS jet) is presented and discussed.  First, the streamwise velocity color 

contour maps at the AIP of the baseline, steady jet, low RMS jet and high RMS jet, are 
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shown in Figure 3-194(a)-(d), respectively.  Each of these plots was explained in details 

in each respective section; however, here, they are compared.  The baseline Figure 

3-194(a) showed a relatively symmetric flow field, with two counter-rotating streamwise 

vortices developing in the separated region.  The steady jet and low RMS unsteady jet 

(Figure 3-194(b) and Figure 3-194(c), respectively), showed that the jet created an 

asymmetric flow field, where the flow reattaches on the negative side whereas the 

severity of the separation increases on the positive side (compared to the baseline).  It is 

hypothesized that this asymmetry is caused by a surplus in momentum on the upper 

negative side, leading to a local reattachment, which causes the flow to separate 

asymmetrically from the mid-span.  The origin of the surplus in momentum is also from 

the negative spanwise velocity component near the ceiling, and from the jet itself, which 

is not perfectly uniform, as measured with the calibration measurements performed with 

the hotwire.  Note that a similar effect was described by Schneider et al. (2011).  

Moreover, while a streamwise vortex is present in the negative side, a recirculation in 

the opposite direction can be observed on the positive side but does not develop into a 

well-defined vortex due to the side window that constrains it.  For the steady jet and low 

RMS unsteady jet case, and similar to the baseline case, the spanwise planes upstream to 

the separation line show that the streamlines from the floor are initially directed upward 

and toward the positive side wall, and then rotate in a clockwise direction toward the 

same convergence point on the negative side wall.  However, for the steady jet case and 

the low RMS unsteady jet cases, the streamlines near the floor start a similar motion but 

appear to be blocked while rotating in the counter-clockwise to form a vortex near the 

bottom left (positive) side of the diffuser.  Finally, when the high RMS unsteady jet was 

used (Figure 3-194(d)), a highly symmetric flow field was obtained, which almost 

entirely reattached.  Regarding the counter-rotating streamwise vortices, it can be 

observed that they rotate in the opposite direction than previously described for the 

baseline, steady jet, and low RMS unsteady jet case.  The reason is that due to a full 

reattachment in the mid-span, there is no downward motion of the flow from the ceiling 

to the stagnation line.   
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Rather, the flow is pulled upward from the floor towards the ceiling, which leads to a 

rotational motion when it encounters the ceiling, and therefore form these secondary 

structures in the opposite direction. 

Next, the profiles of the streamwise and transverse velocity components at the 

spanwise locations, which correspond to the locations of the Kulites probes 

(𝑧 𝐿 = 0⁄ ,  𝑧 𝐿 = ±0.23⁄ ), are shown in Figure 3-195 to Figure 3-198.  Figure 3-195 and 

Figure 3-196 present the streamwise velocity profiles at 𝑥 𝐿⁄ = 0.45 and 𝑥 𝐿⁄ = 1, 

respectively, whereas Figure 3-197 and Figure 3-198 show the corresponding transverse 

velocity profiles at 𝑥 𝐿⁄ = 0.45 and 𝑥 𝐿⁄ = 1, respectively. 

At 𝑥 𝐿⁄ = 0.45, the streamwise velocity profiles (Figure 3-195) show that near the 

ramp, the velocity gradient (and the velocity magnitude) is higher, especially in the 

centerline (Figure 3-195(b)), when the high RMS jet is used compared to the other three 

cases.  This is due to the flow reattachment associated with the high RMS jet.  This, in 

turn, causes a slight reduction in the velocity magnitude in the mid-height of the diffuser, 

as well as near the floor.  This can be explained by the fact that when the flow directed 

toward the ramp surface, it moves away from the floor.  These trends are much more 

pronounced at 𝑥 𝐿⁄ = 1 (Figure 3-196). 

The transverse velocity profiles at 𝑥 𝐿⁄ = 0.45 (Figure 3-197) show that the velocity 

is not uniform across the span, as was already observed with the baseline case in Figure 

3-165.  Furthermore, when the high-RMS jet is activated, it leads to a higher positive 

(upward) transverse velocity due to the reduction in the separation severity, while for the 

steady jet and low RMS jet cases (where the severity in separation is increased) the 

transverse velocity is reduced.  Note that the effect is more pronounced on the negative 

side and the centerline (Figure 3-197(a) and (b), respectively).  Moreover, the negative 

side, Figure 3-197(c), which is associated with a less severe separation for the baseline, 

steady jet and low RMS jet, show that except for the high RMS jet the profiles are 

similar.  The transverse velocity profile of the high RMS jet is also very similar up to 

𝑦 𝐿⁄ ≈ −0.04, above which a higher magnitude transverse velocity can be observed. 

It was observed by Schneider et al. (2011), that introducing a small amount of 

mean-flow kinetic energy via the secondary structures caused by the corners into the 

flow, can either be beneficial or detrimental to the separation in a three-dimensional 
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diffuser.  Their main observation was that strengthening the corner vortices in their 

natural sense of rotation, led to an accumulation of higher momentum fluid near the 

corners.  

Finally, the transverse velocity profiles at the AIP are shown in Figure 3-198.  The 

velocity profile for the high RMS jet case shows that a positive transverse velocity is 

present for all three planes, across the entire height, whereas the steady jet and low RMS 

jet cases show that the velocity becomes negative (i.e., downward velocity away from 

the ramp) at the positive side, at 𝑦 𝐿⁄ ≈ −0.04 and 𝑦 𝐿⁄ ≈ +0.04, respectively, while for 

the baseline the velocity becomes negative higher, at 𝑦 𝐿⁄ ≈ +0.14.  However, at the 

centerline plane, the velocity profiles for the steady jet and low RMS jet cases are 

similar to the profile of the baseline case.  Finally, as expected, the steady jet and low 

RMS jet profiles exhibit a distribution on the negative side of the diffuser with higher 

magnitude velocity than the corresponding baseline profile, which is due to the reduction 

of the separation severity on the ramp. 
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Figure 3-194. Color contours of the streamwise velocity component at the AIP, 

superposed with in-plane streamlines. (a) baseline, (b) steady jet, (c) low RMS jet, 

and (d) high RMS jet. 
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Figure 3-195. Comparison of the streamwise velocity component profiles among the 

baseline case and the flow control cases at 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓. (a) 𝒛 𝑳⁄ = +𝟎. 𝟐𝟑, (b) 𝒛 𝑳⁄ =
𝟎, and (c) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑. 

 

 

Figure 3-196. Comparison of the streamwise velocity component profiles among the 

baseline case and the flow control cases at 𝒙 𝑳⁄ = 𝟏. (a) 𝒛 𝑳⁄ = +𝟎. 𝟐𝟑, (b) 𝒛 𝑳⁄ = 𝟎, 

and (c) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑. 

 

 

Figure 3-197. Comparison of the transverse velocity component profiles among the 

baseline case and the flow control cases at 𝒙 𝑳⁄ = 𝟎. 𝟒𝟓. (a) 𝒛 𝑳⁄ = +𝟎. 𝟐𝟑, (b) 𝒛 𝑳⁄ =
𝟎, and (c) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑. 
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Figure 3-198. Comparison of the transverse velocity component profiles among the 

baseline case and the flow control cases at 𝒙 𝑳⁄ = 𝟏. (a) 𝒛 𝑳⁄ = +𝟎. 𝟐𝟑, (b) 𝒛 𝑳⁄ = 𝟎, 

and (c) 𝒛 𝑳⁄ = −𝟎. 𝟐𝟑. 
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4. CONCLUSIONS 

 

The work presented in this thesis is an experimental investigation of the 

effectiveness of various active flow control techniques to improve the performance of 

two inlets.  The inlets investigated and presented in this document are the second and 

third generation of their kind.  The second generation is a compact inlet, with an 

aggressive length-to-diameter ratio of 1.6 and an aspect ratio of 1.27, while the third 

generation is a high-subsonic diffuser, with a short upper ramp and a straight floor and 

an aspect ratio of 2.18. 

The second generation compact inlet was designed with a length-to-diameter ratio 

slightly higher than the compact inlet from the first generation (𝐿 𝐷⁄ = 1.6 and 𝐿 𝐷⁄ =

1.5, respectively), to decrease the severity of the separation and to increase the 

effectiveness of the flow control actuators (Vaccaro 2011; Debronsky 2012). 

The work on the second generation compact inlet showed that, under some 

conditions, an asymmetric flow field could develop inside a short inlet duct due to the 

interaction between the separated flow and the secondary streamwise vortices that are 

formed due to a radial pressure gradient.  In order to correct this asymmetry, a two-

dimensional honeycomb mesh was inserted upstream of the curved duct to increase the 

velocity deficit of the incoming boundary layer.  It was shown experimentally, using 

steady and unsteady pressure measurements, and PIV, that the manipulation of the 

velocity deficit led to a more promptly flow separation, which, as a result, modified the 

secondary flow structures and corrected the flow asymmetry at the AIP.  The 

experiments were conducted at Mach numbers of 0.2, 0.44 and 0.58, and the effect of 

inserting a honeycomb was tested by increasing its penetration into the flow from 0 to 

2.2 times the boundary layer thickness of the baseline flow upstream of the curve.  Using 

the honeycomb, flow symmetry was achieved for the specific geometrical configuration 

tested with a negligible decrease of the pressure recovery at the AIP.  Moreover, the 

spanwise uniformity of the flow increased as the height of the honeycomb was 

increased.  

As a result of the study on the compact S-duct inlet, it was decided to decouple the 

two mechanisms dominating the flow field – separation due to an adverse pressure 
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gradient and secondary structures due to a radial pressure gradient.  This, therefore, 

facilitated an investigation at a more fundamental level of the interaction of flow control 

actuators with the simplified flow field. 

The work on the high-subsonic diffuser included the investigation of multiple 

parameters such as mass flow ratio and momentum coefficient, under two flow regimes: 

at M = 0.4 and M = 0.7.  To delay the formation of the secondary flow structures that 

develop due to the radial pressure gradient, wall suction was used and was compared to 

the case without wall suction.  Here, a multitude of flow control actuators, both passive 

and active, were tested and their performance was compared.  The effectiveness of the 

actuators was analyzed using time-averaged surface and AIP pressure measurements, 

and power spectra calculation from unsteady pressure sensors.  Also, the SPIV technique 

was used to visualize and understand the interaction of a steady and two unsteady two-

dimensional jets with the flow field. 

The baseline case showed that the shedding frequency of the separated flow was 

found to be between 180-200 Hz.  It was also observed that the streamwise location of 

the separation point on the ramp was independent of the Mach number; however, a 

higher Mach number resulted in a lower pressure recovery at the AIP.  

The flow without the application of side-walls suction showed that the pressure 

distribution on the surfaces was mostly symmetric, but was susceptible to become 

asymmetric as a result of very small perturbations due to a not perfect alignment 

between the surfaces (which could happen when removing and installing back the side 

windows due to operational requirements).  However, suction from the side windows 

helped to consistently obtain a more symmetrical flow field, due to the mitigation of 

secondary structures.  Pressure measurements (steady and unsteady) were acquired on 

the floor, the ramp, and at the AIP.  The experiments were conducted at M = 0.7 with 

side-walls suction, and for the different flow control actuators.  It included ten 

configurations of vortex generators located at 𝑥 𝐿⁄ = −0.06; an array of sweeping jets 

and an array of pulsed jets located at 𝑥 𝐿⁄ = −0.02, a two-dimensional jet located at 

𝑥 𝐿⁄ = −0.07 (which could be used either with a slit width of 1 mm, or with a slit width 

of 2 mm, in order to investigate the importance of mass flow ratio and momentum 

coefficient), a two-dimensional jet located at 𝑥 𝐿⁄ = +0.25, and a segmented jet located 
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at 𝑥 𝐿⁄ = +0.25.  Note that the two-dimensional jets and the segmented jet were 

actuated with three different configurations: steady jet, low RMS unsteady jet and high 

RMS unsteady jet.  

The vortex generators were oriented in such a way that they generated vortices 

rotating in the opposite direction to the ones formed by the secondary structures.  

Although the VGs showed an increase in pressure recovery (relative to the baseline) for 

all ten configurations, the best performance was obtained when all the VGs were 

inserted into the flow at the height corresponding to the boundary layer thickness 

(ℎ 𝛿⁄ = 1).  For this height, the PR was increased by 3.97% relative to the baseline.  

Also, it was observed that inserting the VGs at ℎ 𝛿⁄ = 0.75 resulted in the most uniform 

flow field, leading to the assumption that this height mitigated completely the secondary 

structures.  Furthermore, inserting the VGs at heights larger than ℎ 𝛿⁄ = 1, resulted in 

the development of three-dimensional structures in the flow field. 

The sweeping jets and pulsed jets arrays were actuated at their maximum mass flow 

ratio (chocked conditions) which corresponded to a mass flow ratio of �̂̇� = 0.60% at M 

= 0.7.  At this mass flow ratio, the sweeping frequency ranged from 700Hz to 1350Hz 

with the highest peak at ~1200Hz.  Both actuators showed very similar results, with a 

symmetric pressure distribution, and an increase of pressure recovery by 3.02% relative 

to the baseline case.  Moreover, the sweeping and pulsed jets arrays performed better 

than the high RMS 2-D jet located at 𝑥 𝐿⁄ = −0.07, which was actuated with a higher 

mass flow ratio. 

The actuation of the steady 2-D jet, regardless of its streamwise location, its slit 

width, its momentum coefficient or the mass flow ratio, resulted in an asymmetric flow 

field.  This asymmetry was more severe with the jet located at 𝑥 𝐿⁄ = −0.07, and even 

detrimental to the pressure recovery, where the flow reattached on the negative spanwise 

side of the ramp but separated on the other side.  Note that a slight asymmetry was also 

observed on the baseline, with one side slightly more energized than the other, which 

was also corresponding to the negative spanwise side. 

The unsteady low RMS jet consistently resulted in a slightly better performance 

than the steady jet.  However, one of the primary goals of the high-subsonic diffuser was 

to show that actuating the flow field at specific frequencies with an unsteady jet, could 
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significantly improve the performances compared to a steady jet.  Due to the fact that the 

unsteady low RMS jet did not achieve that purpose, a different rotary valve was 

designed and built, producing an unsteady high RMS jet with the same mass flow ratio. 

Activation of the unsteady high RMS jet (either the two-dimensional jets at the two 

locations or the segmented jet) resulted in much higher performances compared to either 

the steady or the low RMS jets.  Note that the actuation frequency of 200Hz, which 

corresponds to the shedding frequency, resulted in better performance than for the other 

actuation frequencies.  Moreover, while the 2-D steady jet at 𝑥 𝐿⁄ = −0.07 showed a 

detrimental flow field with a more significant separation, the high-RMS jet almost 

completely reattached the flow, and significantly increased the PR compared to the 

baseline (for the 1mm slit and for a mass flow ratio of �̂̇� = 1%, the PR relative to the 

baseline was increased by 2.80% for the high RMS jet, and was decreased by -0.45% for 

the steady jet).  Furthermore, the high-RMS jet resulted in a flow that is symmetric about 

the centerline.  From the SPIV results, it is hypothesized that the high-RMS jet 

reattached the flow through two mechanisms: (1) the jet stayed attached to the ramp 

through the Coanda effect, which in turn “pulled” flow upward, towards the ramp 

surface; and (2) actuating the jet with a sinusoidal waveform at frequencies that 

commensurate with the naturally unstable modes (frequencies) of the separated mixing 

layer led to larger vortical structures that tilted the flow towards the ramp and increase 

the mixing; thus, mitigating the separation.  Note also that due to the reattachment near 

the mid-span of the ramp, counter-rotating secondary structures were formed and were 

located near the upper corners.  These secondary vortices rotated in the opposite 

direction to those observed for the baseline case. 

The 2-D jet located at 𝑥 𝐿⁄ = +0.25, which is closer to the separation point, 

exhibited the highest performances.  The steady jet with a mass flow ratio of �̂̇� = 1%, 

showed that the PR was increased by 3.24%, and the high RMS jet, actuated at 200Hz 

with the same mass flow ratio, showed that the PR was increased by 4.25%. 

The effect of the segmented jet on the pressure recovery was obtained at three 

spanwise locations, in a similar way than the other actuators.  However, due to the three-

dimensional structures that develop from the segmented jet, it was difficult to assess the 

exact effect on the pressure recovery.  The results showed a higher PR compared to the 
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2-D jet at 𝑥 𝐿⁄ = −0.07; however, the performance was lower than the 2-D jet at 𝑥 𝐿⁄ =

+0.25.   

SPIV measurements (at M = 0.4 without wall suction) showed for the baseline that 

upstream to the separation point (𝑥 𝐿⁄ = +0.17), the transverse velocity has a magnitude 

close to ~10% relative to the freestream velocity, while the spanwise velocity has a 

magnitude close to ~2%.  Also, a line separating the positive and negative spanwise 

velocities started in the upper negative corner and ending in the bottom positive corner, 

creating two distinctive L-like shapes connected upside down.  It led to a thin layer near 

the ceiling with a negative spanwise component, and a thin layer with a positive 

spanwise component near the floor which farther downstream appeared to affect the 

symmetry of the flow field.  At the AIP, two counter-rotating vortices are present in the 

separated flow region, which are due to the radial pressure gradient created by the ramp 

curvature.  However, these vortices are limited only to the separated region, where the 

separation line creates a “virtual wall”.  Furthermore, the normal Reynolds stresses 

components were presented at the AIP.  The spanwise turbulence intensity, associated 

with the streamwise secondary vortices, showed a magnitude three times higher than of 

the streamwise and transverse turbulence intensities, which are mainly associated with 

the shedding structures.  Also, the streamwise and transverse turbulence intensities 

showed high fluctuations in the region of the separated mixing layer, in between the 

concentration of high spanwise fluctuations.  It could mean that while secondary 

structures develop along each side of the ramp, they constrain the shedding vortices to 

develop across the entire span.  

The SPIV measurements for the steady jet showed that the separation line on the 

positive side is almost parallel to the floor, whereas at the centerline the separation is 

more inclined toward the ceiling, and at the negative side the separation is significantly 

reduced.  Therefore, and as already observed with the pressure measurements, the steady 

jet is forming an asymmetric flow field with a severe separation on the positive side and 

reattachment on the negative side.  It is possible that this asymmetry is caused by the 

initial conditioning of the flow, which contained a thin layer with a negative spanwise 

component near the ceiling due to the secondary structures at the corners, combined with 

a 2-D jet which is not perfectly uniform.  Those two effects combined together, are 
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supposedly responsible for adding a surplus of momentum on the upper negative side, 

which leads the flow to separate asymmetrically, from the mid-span to the upper positive 

corner.  Moreover, a streamwise vortex formed on the positive side near the floor.  It is 

caused by the stagnation line on the positive side being displaced downward compared 

to the baseline, forcing the transverse velocity to rotate more aggressively (than for the 

baseline) in the spanwise direction, thus creating a streamwise vortex located in the bulk 

flow.  Note that an additional streamwise vortex is located in the upper negative side, 

due to the radial pressure gradient caused by the ramp.  Also, the TKE measurements 

showed that the activation of the jet not only reduced significantly the separation on the 

negative spanwise side but also decreases the fluctuations that are associated with the 

mixing layer. 

As already described with the pressure measurements, the low RMS unsteady jet 

only slightly improved the performance of the steady jet.  The SPIV measurements 

helped to understand the role of the unsteadiness in increasing the pressure recovery.  

First, from a time-averaged point of view, the velocity components did not show a 

significant difference between the steady jet and the low RMS unsteady jet.  However, 

all of the normal Reynolds stresses components exhibited a higher magnitude than for 

the steady jet, which is expected due to the unsteadiness induced by the periodic jet 

excitation.  Moreover, the transverse turbulence intensity component showed a 

significantly larger magnitude, suggesting that the shedding vortices are amplified by the 

actuation of the low RMS unsteady jet.  Also, the magnitude of the concentration of the 

spanwise normal stresses is larger than the corresponding ones for the steady jet case, 

indicating that the secondary structures are more significant when the low RMS 

unsteady jet is used. 

Finally, the SPIV measurements of the high RMS unsteady jet showed a flow 

reattachment over a large portion of the span, and significantly improved the pressure 

recovery at the AIP.  Moreover, due to the flow reattachment at the mid-span, the 

secondary vortices rotate in the opposite direction compared to the ones observed for the 

baseline, steady jet, and the low RMS jet cases.  Also, the spanwise component of the 

Reynolds stresses showed higher fluctuations than the other two components, and seem 

to prevent the fluctuations associated with the shedding (streamwise and transverse 
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turbulent intensities) to develop across the entire span, in a similar way than already 

observed for the baseline. 
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5. FUTURE WORK 

The present work demonstrated the ability of various flow control actuators to 

manipulate the flow field in a diffuser at high subsonic compressible conditions.  As was 

shown, some of the actuators performed better than others and the mechanisms by which 

the actuators affect the flow were explored.  Additional research is required in order to 

optimize flow control in the diffuser, which will later be implemented in an S-duct, 

which is the ultimate goal of this project.  A list of recommendation is detailed as 

following: 

 

1. Research from other groups (Cherry et al. 2008; Ohlsson et al. 2010; Jeyapaul 

2011; Grundmann et al. 2012), as well as the experimental results presented in 

this document in the SPIV section, indicate that secondary structures might 

develop along the corners of the diffuser, suggesting they could be the cause 

behind the asymmetrical state of the flow field.  Further investigation in this 

direction is recommended, in order to understand the effect of those secondary 

structures on flow symmetry, and in order to investigate how these corner 

vortices could be used to reattach the flow with less energy.  Moreover, the 

length of the inlet, upstream to the ramp, should be extended in order to permit a 

fully developed flow.  Johansson et al. (1986) mention that the fully developed 

regime of a turbulent flow in a rectangular channel begins approximately 60 

channel heights from the inlet.  Then, stereo-PIV measurements should be 

acquired at the corners to identify the secondary structures, and quantify their 

development in the streamwise direction when they are subjected to an adverse 

pressure gradient and downstream of the separation.   

 

2. It was found that the actuation waveform played a critical role in controlling the 

flow field.  The low RMS jet had a barely noticeable effect compared to the 

steady jet, while the high RMS jet significantly modified the flow by reducing 

the separation severity and increasing the flow symmetry.  The drawback with 

the high RMS rotary valve design was that the number of slits around the 

circumference of the rotor was reduced by half, compared to the low-RMS rotary 
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valve.  Thus, the maximum actuation frequency which is directly related to the 

RPM of the motor was also reduced by half to 400Hz, which limited the 

capability to explore the frequency effect.  Therefore, an experimental setup 

holding a different motor should be designed, which could achieve higher RPM 

to increase the range of frequencies.  Amitay et al. (2002) showed that an 

injection frequency of 𝐹+ = 10 led to a complete flow reattachment, without the 

same organized vortical structures observed at 𝐹+ = 1.  Therefore, injecting the 

flow with a high RMS unsteady jet at ~2000 Hz could potentially improve the 

flow control results.  It will also open the door to use pulse modulation 

waveform, where both frequencies (i.e., F+ ~O(1) and F+ ~ O(10)) are introduced 

to the flow, which showed (on an airfoil, Amitay et al., 2002) improved 

performance compared to driving the jet at each frequency separately.  

 

3. Using either the sweeping or the pulsed jets arrays resulted in a higher pressure 

recovery compared to the 2-D jet at the same location, despite the fact that they 

operated at a lower mass flow ratio.  Thus, a future study should emphasize the 

optimization of these actuators in terms of the different parameters such as the 

actuators location, the throat size to enable a higher mass flow ratio, the distance 

between actuators in an array, the diffusion angle of the sweeping jets, etc.    

 

4. The high subsonic diffuser was designed as a part of a bigger project, with the 

ultimate goal to successfully reattach the flow in an S-duct, and thus increase the 

pressure recovery at the AIP, as well as reduce the distortion.  It is in the opinion 

of the author that prior to conducting research on an S-duct, additional ramps 

with different pressure gradients should be investigated on the current 

experimental setup, in order to have a better understanding of flow reattachment 

under a larger spectrum of flow conditions. 

 

5. A stability analysis should be conducted in order to select the proper frequencies 

for the unsteady injection.  It would ensure a deeper understanding of the 

interaction between the actuated frequency of the actuators and characteristic 
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frequencies associated with the flow in the inlet.  This could be done by 

perturbing the Navier-Stokes equations, coupled to the energy equation and the 

equation of state (to take into account the compressibility of the flow).  In order 

to use this method, velocity profiles, as well as the temperature profiles, must be 

obtained.  The expected results from this study would be to find the most 

unstable modes (i.e., frequencies), which would then be used to excite the flow to 

more efficiently affect the flow field, and thus enhance the flow control 

performance with the different actuators. 

 

6. Numerical simulations could significantly help in understanding the baseline 

flow field and the interaction of the actuators with the flow.  The pressure 

measurements, as well as the SPIV results, could be used in order to validate 

CFD codes.  Furthermore, and as mentioned in recent papers (Sayles and Eaton, 

2014), several CFD studies have established the necessity of correctly 

representing the secondary flows due to the corners in the inlet duct.  Therefore, 

an emphasis on experimental measurements of these structures should be 

conducted. 
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7. APPENDIX 

Schlieren Experiments 

For each frame, 500 images were acquired and combined into a movie, where a 

motion created by the density difference between each image can clearly be observed, 

except in the region associated with separation where the frame does not move.  A 

picture with all the frames assembled together, superposed to a picture of the wind 

tunnel is shown in Figure 7-1.  The software Davis 8.3 from LaVision was used to 

compute the average shown in Figure 7-2 and the standard deviation shown in Figure 

7-3.  It should be reminded that those results are not derived from the velocity, but from 

the luminosity intensity which is a changing as a function of the gradient density.  The 

time averaged results for the baseline can be seen in Figure 7-2(a), for the steady jet in 

Figure 7-2(b) and for the high-RMS jet in Figure 7-2(c).  Note also that due to the non-

uniform brightness, there is no continuity between the boundaries of each frame.  

For the baseline, steady jet, and high-RMS jet, a high count of luminosity can be 

seen near the ceiling due to the boundaries conditions.  The top row of frames near the 

ceiling also shows a higher density change compared to the second row, probably due to 

the separation for the baseline and the steady jet case, and due to the injected jet which 

reattaches the flow near the ceiling for the high RMS jet case. Regarding the standard 

deviation, the baseline can be seen in Figure 7-3(a), the steady jet in Figure 7-3(b) and 

the high RMS jet in Figure 7-3(c).  Similar to the baseline, there is no continuity 

between each frame due to the non-uniformity in illumination.   For the baseline, high 

fluctuations can be seen in the transverse direction, downstream to the AIP.  It is 

assumed that those fluctuations are caused by the shedding.  The steady jet shows no 

high fluctuations across the measured area, except for the ramp where separation occurs 

which seems to be slightly higher than elsewhere.  Regarding the high-RMS rotary valve 

case, high fluctuations can be seen at the very beginning of the ramp, due to injected 

flow which is varying in amplitude with the rotary valve.  In addition, fluctuations near 

the same region than for the baseline can be seen but with lower intensity than for the 

baseline. 
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Figure 7-1. Schlieren images cropped and combined as one image, and superposed 

to the tunnel picture as a background 
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Figure 7-2. Time-Averaged - post-processed schlieren images with the flow going 

from the left to the right. (a) Baseline, (b) steady jet, (c) high RMS rotary valve. 

 



 

     294 

 

Figure 7-3. Standard Deviation - post-processed schlieren images with the flow 

going from the left to the right. (a) Baseline, (b) steady jet, (c) high RMS rotary 

valve. 

 

 


