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1.    INTRODUCTION 

The flowfield created by the introduction of a gaseous fuel stream into a supersonic flow is 

of both fundamental and practical interest to the hypersonic propulsion community, as well as to 

those interested in the study of reaction control systems on high speed vehicles. In the propulsion 

engineering sector, an understanding of the mechanisms that govern the fuel dispersion and fuel/air 

mixing in this compressible shear flow is crucial for the successful development of an air-breathing 

supersonic combustion engine. As the name implies, the mixing and combustion processes must 

take place in a supersonic stream due to the undesirable effects associated with decelerating a 

supersonic flow (M > 6) to appropriate speeds for subsonic combustion. Residence times within 

such combustors will necessarily be short; thus, the mixing and combustion must occur rapidly to 

avoid the prohibitive weight penalty of a long combustion chamber. 

From a practical standpoint, transverse injection into a supersonic air stream represents one 

of several fuel injection concepts for these engines. A second basic injection concept under 

consideration involves parallel injection. Each configuration presents distinct advantages and 

difficulties. In parallel injection, the compressible free shear layer formed between the oxidizer and 

fuel streams suffers from a severely reduced growth rate compared to an incompressible shear 

layer of the same velocity and density ratios. ' Also, mixing between the two streams in this 

configuration is relatively slow. However, parallel injection produces the maximum thrust due to 

injection since the fuel stream is aligned with the combustor axis. Wall injection concepts, on the 

other hand, provide significant fuel penetration, which is vital for near-field mixing. However, 

transverse injection creates a strong disturbance in the freestream and requires that freestream 

momentum be used to turn the jet. Thus, gains due to near-field mixing are tempered by 

freestream momentum losses. Other injection concepts include the use of ramps or struts to 

promote flameholding regions and additional sources of vorticity generation designed to enhance 

the mixing between the fuel and air. These more complex geometries all utilize some variation of 

either parallel or transverse injection through which the fuel stream is introduced into the 
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supersonic crossflow. Thus, a fundamental understanding of the basic injection concepts will 

enhance the ability to incorporate them into more complicated configurations, ultimately leading to 

more intelligent and efficient combustor designs. The present investigation focuses on transverse 

injection flowfields. 

Schematics of the flowfield created by the transverse injection of an underexpanded gas 

stream into a supersonic flow appear in Figs. 1.1 and 1.2. Figure 1.1 illustrates the qualitative 

features of the flowfield in a plane through the spanwise jet centerline. A three-dimensional bow 

shock forms ahead of the injectant stream and interacts with the approaching turbulent boundary 

layer resulting in separation. A barrel shock also occurs as the underexpanded jet accelerates into 

the crossflow. Acceleration of the jet core flow continues until a normal shock, or Mach disk, 

forms. Directly downstream of the jet plume, another separated zone develops in the region 

between the jet exit and the boundary layer reattachment point. Figure 1.2 is a perspective view of 

the three-dimensional flowfield. This schematic shows the pair of counter-rotating vortices 

generated within the jet fluid as it flows out of the orifice. It also illustrates how the three- 

dimensional bow shock interacts with the separation shock as they sweep around the injector. A 

horseshoe vortex region forms near the jet exit and wraps around the injector as illustrated in the 

schematic. Finally, the Cartesian coordinate system established for the present investigation 

appears in Fig. 1.2 with the origin placed at the center of the injector exit. In this system, x, y, and 

z denote the streamwise, transverse, and spanwise directions. Both schematics depict time- 

averaged, rather than instantaneous, flowfields. 

The complex interaction between the injectant fluid and the freestream is investigated in the 

present study through the use of several experimental techniques in order to provide useful 

information regarding the flowfield. Shadowgraph photography using a pulsed light source offers 

instantaneous visualizations of the spatially-averaged compressible flowfield. Planar Rayleigh/Mie 

scattering images obtained from particles seeded into the freestream reveal more detailed 

information concerning the structural organization and large-scale mixing characteristics of the 

interaction, while probe-based measurement techniques document the important quantities of total 



pressure and time-averaged injectant concentration. The laser-based Rayleigh/Mie scattering 

technique used here is nonintrusive and provides good spatial resolution, while the probe 

measurements are intrusive to the flow. 

The primary objective of the present research is to gain a better understanding of the 

dominant features that govern the near-field mixing and structural characteristics in flowfields 

created by transverse injection into supersonic streams. Two specific injector configurations, 

namely jets with circular and elliptical orifice geometries, have been examined here and each 

injector was operated at one condition (governed by the jet-to-freestream momentum flux ratio) 

with two injectant gases. Thus, four distinct cases have been studied. Rayleigh/Mie scattering 

was performed for all cases while the probe-based measurements were conducted in one case for 

each injector. The scattering results obtained from the end view planes provide information 

regarding the growth and orientation of the counter-rotating vortex pair that develops in the 

injectant fluid. Additionally, these images show the development of the shear layer vortices around 

the periphery of the jet interface. The disintegration of the jet core region is also apparent, and 

averaged transverse and lateral jet penetration data are obtained. Temporally correlated side view 

images provide measurements of the convection velocity of the large-scale structures present within 

the shear layer formed between the injectant and freestream fluids. Ensembles of individual images 

from this view allow for statistical examination of the large-scale shear layer eddies. They also 

provide transverse penetration data and permit examination of the separation zone upstream of the 

jet exit. The intrusive measurements result in planar contours of two important quantities for 

consideration in supersonic combustion ramjet (SCRAMJET) engines: the pitot pressure (or total 

pressure) loss and the mixture composition in either mole or mass fraction. As described above, 

transverse injection provides rapid fuel penetration in the near-injector region which improves the 

near-field mixing but produces larger freestream total pressure losses than parallel injection. 

Finding an injector geometry that enhances the fuel/air mixing in the near-field while reducing the 

freestream total pressure losses would represent an improvement in terms of a practical injector 

design. To this end, the elliptical and circular nozzle geometries are investigated for comparison. 



The available literature concerning transverse jets in both supersonic and subsonic 

crossflows is summarized in Chapter 2. Also included throughout Chapter 2 is a review of the 

literature pertaining to elliptical jets. Chapter 3 contains a complete documentation of the 

experimental facility, while a discussion of the experimental techniques employed in the present 

investigation is given in Chapter 4. Results of the experiments are presented and discussed in 

Chapter 5, followed by conclusions and recommendations for future work in Chapter 6. 



2.   LITERATURE REVIEW 

This chapter contains a review of the available work performed in several injection 

flowfields. Consideration is given to both basic and complex injection schemes. Additionally, 

attention is paid to the differences that arise between circular and noncircular injection flowfields. 

First, analytical and experimental studies of transverse jet penetration are discussed. Information is 

gathered from circular injection into both subsonic and supersonic crossflows. This is followed by 

a survey of investigations into the injection flowfield structure. Again, both subsonic and 

supersonic crossflows are considered. Studies attempting to quantify the mixing characteristics of 

the jet/freestream interaction are presented. This information is gathered from several studies of 

basic and complex geometries. Finally, a brief review of several numerical investigations into the 

problem of transverse injection into a supersonic stream is provided. Computational fluid 

mechanics can provide a strong tool for both fundamental and practical investigations into these 

important flows. 

2.1   Jet Penetration 

Early analytical models of the flowfield created by sonic transverse injection into a 

supersonic stream, developed by Zukoski and Spaid and Schetz and Billig, used control volume 

analyses of assumed jet/freestream interface geometries. Zukoski and Spaid neglected the 

freestream boundary layer and any mixing between the injectant and freestream near the orifice. A 

momentum balance applied to a prescribed plume geometry resulted in an expression for the 

penetration depth of the locus of maximum injectant concentrations. A similar model developed by 

Schetz and Billig suggested that the jet-to-freestream momentum flux ratio, given by 

U2)   .    (ypM2)   . 
j = : 'iiL = : 'id. (2i) 



is the principal parameter controlling the jet's penetration. Another important idea introduced in 

this study is the "effective back pressure" (peb) concept. This pressure, analogous to the back 

pressure in a flowfield formed by a jet issuing into a quiescent environment,5 is the average 

pressure in the near-field region surrounding the injector orifice. Schetz and Billig4 suggested that 

pressure-matched injection (i.e., pej = peb) produced optimum penetration compared to simply 

operating the jet at underexpanded conditions. This is attributed to reduced shock losses within the 

jet fluid. Experimental results of Chrans and Collins6 verified these models concerning the 

penetration scaling3 and the role of the jet-to-freestream momentum flux ratio.4 

When injected into a supersonic crossflow, the transverse jet experiences a highly varying 

pressure field due to the presence of the bow shock and separation regions both upstream and 

downstream of the injector orifice. As was mentioned above, knowledge of the near-field pressure 

distribution may hold the answer to the problem of accurately predicting the jet's transverse 

penetration characteristics. Several experimental3,7"10 and numerical11"15 studies present wall 

static pressure data along the centerline of the jet extending both upstream and downstream of the 

injector orifice. However, since the circumferential variation of the pressure field is required to 

accurately determine the effective back pressure value, these centerline data do not shed much light 

on the issue of jet penetration. In a recent study, Everett, et al.16 experimentally determined the 

near-field wall static pressure distribution about a circular jet injected into a Mach 1.6 crossflow 

using pressure-sensitive paint. This technique afforded spatial resolution far superior to that 

obtained from conventional static pressure taps. The authors found a linear variation in the 

experimentally determined value of effective back pressure (obtained by circumferentially 

integrating the measured pressure field) with the jet-to-freestream momentum flux ratio, thus 

indicating that J is an appropriate parameter to use in correlating penetration results. 

Another model derived by Billig, et al.17 relied on the concept of effective back pressure to 

predict the penetration of the center of the Mach disk and the jet centerline trajectory. This model 

showed that increases in jet Mach number produce slight increases in transverse jet penetration. It 

also predicted that for constant mass flux ratio injection, increases in jet total pressure would 



produce little or no increase in penetration of the centerline profile, while increases in freestream 

Mach number reduced penetration. Data gathered by Cohen, et al.18 showed that this model 

performed quite well. Cohen, et al.18 also proposed a separate correlation of the form 

Z__J_/15,.  {'-**-*-LSI1 (2.2) 
d    1 + cosd [y = ymtf,.k = 1.05\ 

where 0 is the angle between the injector axis and the crossflow axis, d is the jet diameter, and ytop 

and ymid describe the top and middle of the Mach disk position. This expression adequately 

reduced all of the Mach disk data collected by the authors. 

Heister and Karagozian19 proposed a model based on the behavior of the counter-rotating 

vortex pair formed within a pressure-matched jet. The model accounted for changes in vortex 

strength along the jet trajectory and the effects of wave drag on the vortices. A force balance 

applied to the vortices, coupled with mass and momentum balances along the trajectory, closed the 

model. The computed results and trends observed for penetration, defined as the upper surface of 

20 the jet, compared quite well with experimental data taken at nearly pressure-matched conditions. 

In addition to the analytical results presented above, empirical methods for quantifying the 

penetration of wall jets injected into crossflows are widely used. In their investigation of round 

91 turbulent jets issuing into low speed streams, Pratte and Baines examined the effects of J on 

penetration and found that the jet's trajectory was of the form 

= /f-rWl- (2-3) 
dJ0-5 •'{d-J0-5, 

Application of this expression to penetration profiles obtained from photographs of a smoke-filled 

air jet resulted in descriptions for the top, middle, and bottom jet trajectories. The authors tried the 

scaling of Keffer and Baines and found it unsatisfactory for describing the far-field penetration 

characteristics, though the performance of the inverse J scaling suggested in Ref. 22 proved 

91 encouraging in the near-field. The correlations of Pratte and Baines    show promise for results 



obtained by means other than smoke visualization (e.g., planar laser-induced fluorescence 

(PLIF)).   '     Table 2.1 summarizes these and other incompressible data.25"28 

The penetration of sonic or supersonic jets in supersonic crossflows has been the subject of 

several experimental studies;6'18'20'29"40 Table 2.2 presents their empirical correlations and 

conclusions. Techniques used to determine the extent of penetration vary widely and include 

schlieren photography, probe-based concentration measurements, and laser diagnostics. 

Papamoschou and Hubbard used visual analysis of schlieren photos to identify the effects of 

such parameters as freestream and jet Mach numbers, jet-to-freestream density ratio, static pressure 

ratio, and momentum flux ratio on the extent of transverse jet penetration. Results showed that 

neither the density ratio nor the jet Mach number strongly affected the extent of penetration. A 

weak dependence on freestream Mach number was shown, but the jet-to-freestream momentum 

flux ratio was found to be the key parameter governing the jet's penetration. They also provided 

evidence for an optimum penetration at a certain static pressure ratio, thus supporting Schetz and 

Billig's effective back pressure idea.4 The effects of freestream and jet Mach numbers found by 

Papamoschou and Hubbard38 conflicted with earlier results17'31 where isolated effects of M« and 

Mj were not observed due to wide variations in J. It is noteworthy that Hersch, et al.41 cautioned 

against determination of the jet edge using visual analysis of schlieren photos. They used a visual 

technique and a densitometer to analyze schlieren photos and found that visual analysis often 

underestimated penetration of the jet by nearly 15%. 

Rothstein used PLIF to study a reacting transverse injection flowfield for a wide range of 

momentum flux ratios. The resulting penetration data correlated well with both the typical power 

law relation used by other authors (e.g., Rogers34'35) and the modified log law of McDaniel and 

Graves2 shown in Table 2.2. More recently, Gruber, et al.40 used planar Mie scattering from 

condensed ice crystals to determine the extent of penetration of a sonic helium jet injected into a 

Mach 2 freestream. A pseudo-velocity thickness definition for the jet edge (i.e., 90% of the mean 

freestream intensity) produced near-field results that compared well with both the PLIF data of 

Rothstein36 and the modified log law of McDaniel and Graves.20 For the three values of J studied, 



the data showed a high degree of collapse in the near-field using the scaling law suggested by 

Keffer and Baines.22 A plot illustrating the performance of several penetration correlations appears 

in Fig. 2.1. The equations from Table 2.2 were used to construct the curves shown for J = 2.9, 

Moo = 2, Mj = 1, and 0 = 90°. As is evident from the equations in the table and the plots shown in 

Fig. 2.1, wide variations in the correlations occur. Both Torrence32 and McClinton42 suggested 

that different freestream boundary layer thicknesses helped cause these variations. Closer 

examination of the experiments conducted by Rogers34'35 shows that his boundary layer 

thickness-to-jet diameter ratio was 2.7, while in Gruber, et al.,40 this value was approximately 

1.0. With a thicker layer of low momentum fluid upstream of the injector, one would expect a jet 

with the same value of J to penetrate farther into the freestream before being swept downstream by 

the crossflow fluid. This observation explains, at least in part, the differences observed in Fig. 

2.1. It should also be noted that the contours presented do not all use the same definition of the jet 

edge (see Table 2.2). However, the variation in the definitions is not very significant. In fact, the 

definition used by Torrence32'33 should actually produce a contour higher than the correlation of 

Rogers34'35 since Torrence32'33 uses the -0% level to define the jet edge. Thus, it is expected that 

these correlation curves should comparably describe the penetration of a sonic jet (J = 2.9) injected 

transversely into a Mach 2 freestream. 

2.2    Injection Flowfield Structure 

Studies demonstrating the formation of large-scale structures in the flowfield created by a 

jet injected into a low speed stream are widely available.   '' Fric and Roshko   ' 

conducted an experimental study using the smoke-wire visualization technique in an attempt to 

compose a complete picture of the development of large-scale structures in this flowfield. Their 

photos illustrate the emergence of four types of vortical structures near the injector: the shear layer 

vortices, the counter-rotating pair, the horseshoe vortices in the near-wall region, and the vortex 

system formed in the wake region. 



The shear layer vortices developed from vorticity contained in the jet boundary layer, and 

oriented themselves in such a way as to roll up into the freestream fluid. This indicates that the 

injectant fluid moved with a higher velocity tangent to the interface than the freestream fluid in the 

injector near-field. Figures 2.2-2.4 show selected photos from Fric and Roshko49'53 and Perry, et 

52 al. that illustrate the characteristics of these eddies in the near- and far-field regions of the 

transverse injection flowfield. The first two photos are from an interaction with J = 4 using 

smoke-wire visualization at the spanwise centerline of the flow (i.e., z/d = 0). In the first photo 

(Fig. 2.2), the periodic nature of the shear layer vortices situated at the interface clearly appears. 

Also apparent is the large-scale entrainment that occurs at the interface. The right edge of this 

photo is roughly four jet diameters downstream of the injector centerline. By this location, the 

vortices appear to lose their coherent structure and begin to break up. Figure 2.3 more clearly 

presents this occurrence. This photo distinctly shows the transition from highly organized 

structures near the jet orifice to much more disorganized eddies in the far-field (the right edge here 

is about nine diameters downstream). Significant intrusions of the freestream into the jet fluid 

occur as well. The use of a single stream of dye in the crossflow impinging on the issuing jet 

shows very similar behavior in the near-field (see Fig. 2.4). This photo of the flowfield created by 

a circular jet with a J ~ 5 again highlights the periodicity of the shear layer eddies and the large- 

scale mixing they cause. 

The counter-rotating structures, which also formed from vorticity present in the jet 

boundary layer, • appeared two-dimensional in nature and were oriented in the streamwise 

direction. These vortices persisted far downstream, although their strengths were reduced due to 

viscous dissipation. Other authors have presented evidence of the dominance of these counter- 

rotating vortices formed within the injectant.26'45 Horseshoe vortices formed in the near-wall 

region from vorticity within the crossflow boundary layer and vorticity generated due to the wall 

pressure gradient resulting from the jet/freestream interaction. These structures bent around the jet 

orifice before proceeding downstream. In a more recent study devoted to the examination of these 

vortices, Kelso and Smits    found that the horseshoe vortex system can be steady, oscillating, or 
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coalescing, depending on the flow conditions. In the unsteady modes, the authors found that the 

motions within the wake intermittently became coupled to the horseshoe vortex motions. 

The most interesting findings of Fric and Roshko4' were the vortices observed in the 

wake region downstream of the injector. McMahon, et al. obtained vortex shedding 

measurements from the wake region thereby acknowledging the presence of such structures, but 

the dynamics of their formation and their characteristic motions were unknown. By tagging 

different regions with smoke, Fric and Roshko49'53 found that the jet's vorticity did not contribute 

to the formation of wake vortices; rather, these structures formed from vorticity present in the 

crossflow boundary layer. They also showed a dramatically different wake structure compared to 

that formed behind a solid protrusion placed in the crossflow. Figure 2.5 is a photograph taken 

from their work that documents these eddies. Here, smoke injected directly into the wake of a 

flowfield with J = 100 distinctly shows these string-like vortices that form in the wake and attach 

themselves to the bottom of the jet. Another recent study by Kelso, et al. provides further 

support for these wake structures. These authors used a laser scanning system to obtain three- 

dimensional images of their water tunnel flow that readily show the structure in the wake region. 

Fundamental investigations of the structure of wall injection into a supersonic flow are less 

common than for the low speed case. As discussed in the previous section, Heister and 

Karagozian19 proposed a model of the flow based on the dominant counter-rotating vortex pair 

formed within the jet. Other experimental32'40'54"62 and numerical7'12'63"67 studies of basic and 

complex injection flowfields consistently document the presence of these characteristic eddies. 

However, the shock structures within the freestream and the underexpanded jet, along with the 

time-averaged features of the flow, received more attention than the role of this important vortex 

pair in the near-field region. Recently, instantaneous images obtained using PLIF of nitric 

oxide ' and acetone and Mie scattering ' °'70'71 have revealed large-scale vortices present 

within the shear layer at the jet/freestream interface. These vortices, similar to those observed by 

Fric and Roshko in that their orientation suggests faster injectant fluid tangent to the interface 

near the injector, appeared to contribute significantly to the near-field entrainment. Surface flow 
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7 ^9 70 visualization studies '   '    clearly illustrate the region where horseshoe vortices wrap around the 

injector orifice.   Both Gruber, et al.71 and VanLerberghe70 have presented some evidence 

indicating that the wake vortices found in incompressible transverse injection flowfields are 

preserved in their compressible counterparts. 

In addition to the vortex structure of the injection flowfield, recent studies of the velocity 

field also provide information concerning the structure of the jet/freestream interaction. In his 

study of a circular jet injected into a Mach 1.6 crossflow, Santiago72 used two-component laser 

Doppler velocimetry (LDV) to obtain extensive mean and fluctuating velocity information in the 

spanwise centerplane and two crossflow planes of the flowfield. The measured velocities clearly 

showed the shock structure within the jet/freestream interaction, including the barrel shock, Mach 

disk, and the bow shock.   Also evident in these results are the upstream and downstream 

separation regions. The measured turbulence intensities provide indications of the locations of the 

shear layers on the upper and lower edges of the jet as it turns due to the momentum of the 

freestream. In an earlier investigation, Gaillard, et al.73 used LDV to examine the development of 

the counter-rotating pair of vortices within the jet. By simultaneously measuring the streamwise, 

transverse, and spanwise components of velocity, the authors computed the component of vorticity 

oriented in the streamwise direction, i.e., 

dw    dv 
ö)^= —- —• (2.4) 

oy     oz 

By plotting contours of constant streamwise vorticity, the authors illustrated the cores of the 

counter-rotating vortices that form within the jet fluid. These measurements were carried out at 

four streamwise planes and the authors documented the decay of the streamwise vorticity within 

the cores of these vortices. Their measurements also identified the vorticity within the horseshoe 

vortices found near the wall of this flowfield. 

Circular and noncircular jets exhibit very different structural characteristics in the presence 

of both quiescent and co-flowing environments.74"78 Studies of a small aspect ratio elliptical jet 

showed that the boundary layer momentum thickness varied around the circumference of the jet 
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orifice.74 Ho and Gutmark75 found that the instability in the elliptic jet arose from the maximum 

vorticity associated with the smallest momentum thickness. This asymmetric instability led to the 

development of asymmetric vortices around the nozzle exit. An important result of this asymmetry 

was that the spreading characteristics in the major- and minor-axis planes became very different as 

the flow developed in the streamwise direction. At some point downstream, depending on the 

aspect ratio of the nozzle, the widths of the jet in the two planes were equal. However, 

downstream of this point an axis-switch occurred as the spreading of the minor-axis plane 

overtook that of the major-axis.76,77 Thus, the rate of spread in the minor-axis plane was larger 

than the rate of spread in the major-axis plane. This minor-axis spreading was significantly greater 

than the spread associated with a circular jet, where symmetric vortices form at the nozzle exit. 

The expansion ratio of the jet also affected the structure; underexpanded elliptical jets spread much 

faster than perfectly expanded or subsonic elliptical jets. The shock structure within the 

underexpanded jet contributed strongly to this result through acoustic feedback between sound 

waves and the large structures of the shear layer. Similar feedback effects occurred in circular 

underexpanded jets. However, these effects manifested themselves in mode changes within the jet 

structure and alterations of the near-field pressure fluctuations rather than in spreading 

78 enhancement. 

2.3    Injectant/Freestream Mixing 

Kamotani and Greber examined the mixing in a heated subsonic jet injected into a 

subsonic crossflow using thermocouple measurements. They compared results obtained from a 

free jet to those from two crossflow injection cases and found that the maximum temperature 

decayed faster within the crossflow cases. The authors examined the near-field behavior closely 

and showed that the maximum temperature decayed faster for smaller jet-to-freestream momentum 

flux ratios. However, the far-field decay was independent of J. The two transverse injection cases 

exponentially approached the same maximum temperature level in the far-field. More recently, 

Smith, et al.    and Lozano, et al.    used PLIF of acetone to study injectant concentrations in an 
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incompressible transverse injection flowfield. The acetone vapor provided the molecular seed for 

the fluorescence measurements. The resulting images of Smith, et al. produced a relative 

resolution of approximately 4.3 for their highest momentum ratio case far downstream (26 

diameters). The relative resolution is defined as the ratio of the characteristic probe dimension to 

the diffusion scale of the flow given by Batchelor80 as 

^"ite^ScV*' (2-5) 

where 8co is the vorticity thickness of the mixing layer, Re is the Reynolds number based on the 

mixing layer properties (i.e., the vorticity thickness, the mean kinematic viscosity, and the velocity 

difference), and Sc is the Schmidt number. Spanwise centerline concentration profiles obtained 

from the end views of the various cases demonstrated nearly Gaussian distributions. However, 

neither study provided any quantitative results for the maximum injectant concentration decay with 

downstream position. 

Several studies of mixing in both basic and complex supersonic injection flowfields exist. 

Zukoski and Spaid used a concentration probe to study mixing in the flowfield created by a single 

circular injector issuing transversely into a supersonic crossflow. Their measurements showed 

relatively rapid reduction of the maximum injectant concentration downstream of the orifice. The 

authors also found the concentration profiles to be insensitive to the state of the approaching 

boundary layer. Torrence and Rogers performed similar measurements in single circular 

transverse jet flows. Torrence32 showed that near-field mixing within the core of the jet decreased 

with increases in the jet-to-freestream momentum flux ratio. However, core concentration levels in 

the far-field approached the same values, with the higher J jets producing more lateral and 

transverse spreading. Rogers showed transverse concentration profiles with Gaussian-type 

shapes that were independent of J above the point of maximum concentration. Other mixing 

studies of single transverse injector flowfields7'54 showed similar characteristics. 

McDaniel, et al.20'55'56'58'61'62'81"87 conducted many investigations of complex 

supersonic flowfields including staged injection with and without a backstep, and swept and 
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unswept ramp injection. These studies include both experimental and numerical investigations into 

the time-averaged mixing characteristics associated with various combustor geometries. In staged 

injection flowfields without a backstep, the rate of near-field mixing appears to be critical. ' 

Since there are only two dominant types of vorticity that contribute to near-field mixing (i.e., shear 

layer and counter-rotating vortices), enhancing the growth of these structures directly leads to more 

rapid mixing between the injectant and freestream near the injector exit. Small-scale turbulent 

mixing dominates the far-field. Thus, an important method of achieving better mixing on the 

whole is to promote near-field vortex mixing. Enhancement of streamwise vorticity occurred in 

swept ramp flowfields61'86 where the vortices shed from the ramp interacted with the injectant 

fluid in the near-field. Results indicated slower mixing with increases in freestream Mach number 

due to concomitant increases in shear layer convective Mach number. Proposed by Bogdanoff, 

this parameter is given by either 

Vl-Vc      w        Uc-U2 ,nt.\ Mcl= — £-orMc2=— -, (2.6) 
a\ ' «2 

and characterizes the structure's velocity (Uc) relative to either the velocity of the high speed stream 

(Ui) or the low speed stream (U2). The convective Mach number plays an important role in the 

growth of compressible mixing layers1'2 as well as the mixing characteristics ' and 

stability91'92 of these shear flows. 

Schetz, et al.93"99 studied many types of transverse and oblique injection flowfields using 

concentration probes. Mixing enhancement techniques included combined tangential and normal 

injection,93 low angle injection,94 unsteady shock impingement, injector yaw, ' and multiple 

injectors.99 A summary paper95 presents the important results of many of these studies. Low 

angle injection studies showed increased downstream mixing with increased momentum flux ratio 

while near-field mixing decreased. Combining low angle transverse injection with injector yaw 

produced no increase in the rate of maximum injectant concentration decay, but the mixing region 

became larger due to the larger frontal area of the injectant plume. ' Multiple injectors were 

used to create an "aerodynamic ramp" in an attempt to avoid losses associated with a physical ramp 
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injector. Concentration decay results indicated that the array of injectors produced better mixing 

than simply low angle injection or ramp injection. 

Another supersonic mixing enhancement concept studied by Waitz, et al.67'100 involved 

creation of streamwise vorticity through the generation of baroclinic torque. A contoured step 

injector mounted in a supersonic flow produced a compression wave that interacted with the 

injectant stream. The pressure gradient created by the wave and the density gradient within the 

injectant combined to produce vorticity that lifted the injectant plume away from the wall. The 

authors found that approximately 35% of the injectant mass flux was mixed below the 

stoichiometric limit by 30 step heights downstream. 

In an attempt to quantify the mixing characteristics of parallel injection into the base region 

formed behind an extended strut in supersonic flow, Glawe, et al.101 computed statistics from 

planar Mie scattering images. These images showed the face-on view of the flowfield. Peak 

standard deviation contours provided both the cross-sectional area and the perimeter of the mixing 

zone. These quantities were combined to produce a shape factor that describes the mixing potential 

of the injection scheme. A novel mixedness parameter, M, defined as 

, — Z(7-7)2 
M = l-J-^1— -y (2.7) 

was used to quantify the small-scale mixing behavior. In this definition, N is the number of 

images collected, I represents the light intensity collected at a given pixel location, Ii is the 

maximum scattering intensity in the freestream, I2 is the minimum scattering intensity in the jet, 

and I is the mean intensity at a given pixel location. Results obtained using these techniques 

showed stark differences between various injection geometries and gave good indications 

concerning the best mixing configuration. The mixedness parameter defined by Eq. 2.7 is similar 

to the results of other studies, where the concepts of macromixing (large-scale mixing, 

engulfment), micromixing (molecular-scale diffusion), and mixedness are discussed.102'103 
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In their studies of jets formed by elliptical nozzles, Schadow, et al.74,77'104 found that the 

mixing characteristics, like the structural characteristics, differed substantially from those 

associated with circular jets. In the first study,74 thermocouples measured the mixing and 

combustion performance of circular and elliptical jets issuing into a co-flowing stream. Results of 

the centerline measurements showed that combustion temperatures achieved in a 3:1 aspect ratio 

elliptical jet flowfield were significantly higher than in the circular jet downstream of about two 

injector diameters, indicating better mixing by the elliptical jet. The development of asymmetric 

vortices in an elliptic jet also enhanced mixing in dump combustors,1 4 where gas sampling 

provided concentration measurements. The final study77 involved hot wire velocity measurements 

within circular and elliptical jets at various expansion ratios. Results showed faster amplification 

of the turbulence intensity in the core of the elliptical jet compared to the circular jet for all 

expansion ratios, leading to faster turbulent mixing. 

2.4    Time-Averaged Computations 

Injection of a secondary stream into a supersonic crossflow has also been the subject of 

several time-averaged numerical investigations. These simulations provide information regarding 

numerous fluid dynamic quantities of interest including injectant concentrations, static pressure 

distributions on the injector wall, velocity fields, and Mach number fields, among others. 
1 fx'X f\^ 8^ 

Injectant concentrations have been predicted in several numerical investigations. ' " ' 

87,105,106 xjenishi, et al.63'64 studied mixing and combustion in flowfields created by a single 

normal injector in a supersonic crossflow along with single and staged transverse jets injected 

downstream of a backstep into a supersonic crossflow. The authors used the three-dimensional 

Navier-Stokes equations and the algebraic eddy viscosity turbulence model of Baldwin and 

Lomax.107 Their results showed significant asymmetries developing in the counter-rotating vortex 

pair. Comparisons of their injectant mass fraction data to the experimental results of McDaniel and 

Graves20 showed good general agreement though the transverse penetration and lateral spread of 

the jet were usually overpredicted. In their simulation of an oblique jet issuing into a supersonic 
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crossflow, Riggins and McClinton105 focused mainly on the downstream portions of the flowfield 

(i.e., x/d > 20) and the comparison between relatively high and low enthalpy freestreams. 

Injectant gases were either helium or hydrogen. The results show significant effects of freestream 

enthalpy on the time-averaged concentration profiles and the jet penetration, although it should be 

noted that the jet-to-freestream momentum flux ratios of the two cases were very different (case 1, 

J = 0.56; case 2, J = 1.80). As discussed in §2.1, the jet-to-freestream momentum flux ratio is the 

key parameter describing the penetration of a transverse jet into the crossflow; therefore, the 

comparisons made in the aforementioned investigation are biased by the differences in J. 

Computed mass fractions reported in Aso, et al.7 focus mainly on streamwise positions near the 

injector exit (0 < x/d < 12) of an injection flowfield with J = 1.95. Their results, obtained using 

the three-dimensional Navier-Stokes equations with the Baldwin-Lomax turbulence model, indicate 

the emergence of the counter-rotating vortex pair in the jet fluid and they show the development of 

the jet as it exits the nozzle and is swept downstream. However, none of the contours presented 

are labeled making interpretation of the results quite difficult. 

Wall static pressure distributions are commonly reported results from numerical 

investigations into transverse injection flowfields. McDonough and Catton14 modeled a three- 

dimensional transverse injection flowfield using the full 3D Reynolds-averaged Navier-Stokes 

equations but were unable to accurately predict either the wall static pressure distribution at the 

spanwise centerline of the injector or the velocity field. The authors put forth several possibilities 

for the poor agreement of their results to those from experiments including poor resolution near the 

solid wall and insufficient shock-capturing capability of their numerical algorithm. Other authors 

have shown good agreement with experimental pressure data from both two- and three- 

dimensional injection configurations.7'11"13'15'85'106'108 In a recent study employing the time- 

averaged 2D Navier-Stokes equations coupled with the Baldwin-Lomax algebraic turbulence 

model, better accuracy was found in the wall pressure distribution along with the downstream 

characteristics of the jet flow than shown in a similar study using a two-equation (k-£) turbulence 

model and a compressibility correction.15  Despite the popularity of the wall static pressure 
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prediction, Segal, et al.85 noted that this quantity alone is not enough to validate the performance of 

the calculation. Their wall pressure predictions were in good agreement with experimental results 

but the injectant concentrations predicted in their simulation were unphysical in that increasing 

injectant concentration was observed with increasing streamwise positions. Only one of the 

aforementioned studies provides any information regarding the total pressure distribution found 

within the transverse injection flowfield, and this information is limited to a single streamwise 

plane located at 80 injector diameters downstream.105 This quantity, as mentioned in Chapter 1, is 

very important in terms of the practical application of any injection strategy in a supersonic 

combustor due to the significant losses that can be incurred in the freestream which essentially 

diminish the potential for thrust production. 

2.5   Summary 

Clearly, substantial efforts have been made to understand the flowfield created by 

transverse injection into a supersonic stream. Early work included analytical and experimental 

investigations of basic injector flowfields. More recently, experimental and numerical efforts have 

been directed largely at more complex flowfields; these studies have produced mainly qualitative or 

time-averaged results that shed little light on the fundamental mechanisms that control near-field 

mixing. Conspicuously lacking are detailed descriptions of the vortex dynamics that govern the 

initial mixing region. Large-scale structure has been visualized but no attempts to quantify either 

the growth and orientation of the dominant streamwise vortex pair or the characteristics of the shear 

layer eddies at the jet/freestream interface have been made. Many studies have alluded to the 

importance of vortex mixing in the near-field of the jet/freestream interaction and have even 

attempted to enhance the generation of streamwise vorticity by using injector arrays or intrusive 

hardware components. However, the characteristics of these near-field vortices are not understood 

in the basic transverse injection flowfield. 

The objective of this study is to add more detail to the understanding of the near-field 

vortex dynamics developing in simple transverse injection flowfields using shadowgraph 
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photography, planar Rayleigh/Mie scattering, and probe-based measurements. Of particular 

interest are the interfacial eddies formed in the mixing layers that develop at the windward edge of 

the jet fluid and the counter-rotating vortex pair generated within the injectant fluid. These two 

classes of vortices strongly influence the entrainment of freestream fluid into the jet. The 

influences of injectant molecular weight and compressibility on the structural and mixing 

characteristics found in the jet/crossflow interaction are also of significant interest. Potential fuels 

for these combustion concepts range from hydrogen to hydrocarbons making molecular weight and 

compressibility important issues. Also, geometric effects are of interest in that finding a passive 

means of increasing the mixing rate or reducing the total pressure losses associated with transverse 

injection would be advantageous. 

The following chapter describes the experimental facility used in the present study of 

transverse injection into a supersonic crossflow. Descriptions of the facility hardware and control 

system are included along with a summary of flow quality measurements made with no injection. 
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3.   EXPERIMENTAL APPARATUS 

The experiments documented herein were conducted in a continuous flow supersonic 

facility designed to allow studies of the basic fluid dynamic mechanisms that govern the fuel-air 

mixing in supersonic combustors using conventional and state-of-the-art nonintrusive diagnostic 

techniques. This facility is located at Wright-Patterson Air Force Base, Ohio. Further descriptions 

of the supersonic tunnel may be found elsewhere. 

3.1   Air Supply and Control System 

The wind tunnel used in these experiments requires several systems for operation. Various 

turbine and reciprocating compressors are available to produce approximately 15.4 kg/s of clean, 

compressed air at a maximum supply pressure of 5.27 MPa. All of this air can be heated to a 

maximum stagnation temperature of 922 K using a gas-fired heat exchanger. Two supply lines, 

one suited for high temperatures and one for ambient temperatures, transport the air to the test cells 

supported by the Advanced Propulsion Division. Remotely actuated routing valves isolate each 

test cell from this system. Each cell requires a separate air supply system to tap into the main lines, 

and a schematic of the existing system used by the supersonic research facility appears in Fig. 3.1. 

Once inside the test cell, the hot and cold lines merge in an insulated expansion loop that carries the 

resulting warm air through a supply manifold to the supersonic wind tunnel mounted inside a clean 

room with a controlled atmosphere. A pair of Masoneilan control valves (TVC-1902 and PVC- 

1903) provide the means for regulating the hot and cold air flow rates. The supply manifold has 

three active and two inactive exhaust branches, as shown in the schematic. One of the three active 

branches supplies the wind tunnel, while the other two provide atmospheric venting (during 

system idle through the vent valve W-1905) and pressure relief capabilities, respectively. The two 

inactive branches allow for future facility expansion. 

A Johnson-Yokogawa distributed control system allows the operation of the supersonic 

facility to be continually monitored and adjusted to maintain the desired stagnation conditions over 
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the entire duration of a run. This system has a variety of analog and digital input/output (I/O) 

boards used for monitoring such devices as the valve limit switches, electropneumatic transducers, 

pressure transmitters, and thermocouples. All of this information comes to the system operator 

and appears on a computer monitor for easy interpretation. Key measurements for proper system 

operation include the pressure and temperature in the supply manifold (p0;i and T0,i monitored 

during system start-up), and settling chamber pressure and temperature (p0,2 and T0;2 monitored 

during run-time). Typically, the system is allowed to idle until the desired conditions are achieved 

in the supply manifold. During this idle time, the air exhausts through the vent valve. Once the 

desired conditions have been obtained, the block valve (BV-1904) opens, initiating flow through 

the tunnel. At this time, the vent valve closes until the desired stagnation pressure results in the 

settling chamber. Small adjustments in valve positions may be made during the tunnel run to 

ensure nearly constant stagnation conditions. After setting the appropriate run conditions, the 

facility may be operated on a continuous basis. 

3.2   Wind Tunnel 

Five major components comprise the supersonic tunnel, including the inlet section, the 

settling chamber, the nozzle section, the test section, and the diffuser (schematic and photograph 

shown in Figs. 3.2 and 3.3, respectively). Descriptions of each component appear in 

corresponding order in the sections that follow. 

3.2.1    Inlet Section 

The inlet section transports the air from the supply manifold described above to the settling 

chamber. Four pieces make up this section, including the upper manifold, the lower manifold, the 

block valve, and the expansion section (see Fig. 3.2). Six stainless steel flexible hoses connect the 

upper and lower manifolds and allow for thermal growth in the upstream direction. The lower 

manifold, block valve, and expansion section mount onto support carts that roll on a pair of rails, 

which anchor to the bed plate of the test cell. These carts allow for roll-away maintenance and 
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additional thermal growth management. The 152 mm Masoneilan block valve prevents flow from 

entering the test section during system idle. Closing this valve and opening the vent valve allows a 

specific set of run conditions to be maintained while test section hardware modifications are made. 

A seed injection port found just downstream of the block valve provides a convenient location for 

the addition of seed media for laser sheet lighting diagnostics such as Mie scattering. This port can 

be fitted with numerous injection components to ensure a wide variety of potential seed types. 

Also, since injection occurs upstream of the settling chamber, the entire freestream flow may be 

seeded uniformly. Finally, the expansion section houses a rearward-facing perforated cone, Fig. 

3.4, to provide a means of evenly distributing the flow as it exits the block valve and enters the 610 

mm settling chamber. 

3.2.2    Settling Chamber 

The settling chamber conditions the air using an array of three mesh screens, one coarse 

(12 x 12 x 0.457 mm) and two fine (20 x 20 x 0.330 mm), and a 75 mm long section of 

honeycomb (6.35 mm cell size) to break up large-scale turbulence and straighten the flow before 

acceleration by the supersonic nozzle. This chamber withstands pressures up to 2.86 MPa at 

temperatures of 922 K. Additionally, the settling chamber size produces air velocities of 

approximately 15.2 m/s over the range of desired operating conditions for the combustion tunnel. 

Pressure and temperature sensors installed in the chamber provide feedback to the control system 

and documentation for the duration of a tunnel run. The entire chamber mounts to a support stand 

(fixed at the downstream end, rolling at the upstream end) which supports its weight and the force 

experienced due to the subatmospheric pressure of the exhauster system. This stand also anchors 

to the bed plate of the test cell. These features appear in Figs. 3.2 and 3.3. Also, a schematic of 

the settling chamber illustrating the flow conditioning devices appears in Fig. 3.4. 

Due to the change in geometry from the axisymmetric settling chamber to the planar nozzle 

section, a transition region between the two is required to prevent vortex shedding from the sharp 

corners that would exist without one. This transition takes place using four precision machined 
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pieces, each made from one-quarter of a 152 mm diameter stainless steel rod. When assembled, 

these pieces form a section 76.2 mm deep with outer edge dimensions of roughly 305 mm square 

and inner edge dimensions of roughly 152 mm square. The assembly then fastens inside the 

flange that separates the nozzle from the settling chamber to provide the desired contour. Figure 

3.4 includes a cross-sectional illustration of the nozzle flange, while Figs. 3.5 and 3.6 present 

further clarification of this part of the design. These figures are photographs of the transition with 

one piece and all four pieces installed (flow direction is into the page), respectively. 

3.2.3    Supersonic Nozzle and Test Section 

A planar two-dimensional nozzle, designed using a method of characteristics code 

119 developed by Carroll, et al. produces the desired expansion to a Mach number of 2.0 at the 

entrance to the test section. This code computes the contour of a continuous slope converging- 

diverging nozzle yielding a uniform exit flow aligned with the nozzle axis. Boundary layer growth 

is not accounted for in this inviscid code. However, corrections for viscous effects are 

accomplished using boundary layer displacement thickness calculations resulting from Burke's 
11-2 

equation, which relates the local turbulent boundary layer displacement thickness to the local 

Mach and Reynolds numbers as follows: 

* --1.311 <5V     | M 

Re 
^ = KM&>-zr^m. (3.1) 

x 

This correction procedure assumes that the displacement thickness is zero at the nozzle throat and is 

a linear function of the streamwise coordinate, x. Such a procedure introduces negligible errors 

into the correction. Applying the entire viscous correction to the upper and lower contoured 

walls of the nozzle preserves the parallel nature of the sidewalls and makes the final nozzle exit 

dimensions 131 mm high by 152 mm wide. Upstream of the nozzle throat is a contraction that 

provides a smooth transition between the exit of the nozzle flange discussed above and the throat. 

The sidewalls of the nozzle section are instrumented with a row of pressure taps on the transverse 
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centerline that permits documentation of the centerline wall pressure distribution from the entrance 

of the nozzle through the throat and to the exit. These taps appear in the schematic illustrated in 

Fig. 3.7. 

The constant area test section, shown in Fig. 3.7, provides a large degree of optical access 

so that a wide variety of nonintrusive diagnostic techniques may be used to examine the flow. A 

pair of fused silica windows mounted in the side walls and a single fused silica window mounted 

in the top wall provide the necessary access. The side windows allow direct viewing of the entire 

transverse dimension of the test section and approximately 445 mm in the streamwise dimension. 

The top window provides the same optical access length in the streamwise dimension with 

approximately 76.2 mm across the spanwise dimension. Because each window has two 

orientations, i.e., one upstream and one downstream, a total viewing length of 787 mm results in 

the streamwise dimension. A fourth fused silica window, mounted in the diffuser section of the 

facility, yields direct optical access to the plane perpendicular to the flow direction and allows for 

visualization of the entire span of the tunnel (see Figs. 3.2 and 3.3). 

An array of test inserts mounted in the bottom wall of the test section allows for a variety of 

injection configurations to be incorporated into the same hardware without the need for significant 

modifications. These inserts appear in Fig. 3.7. For the present injection experiments, two special 

inserts have been fabricated with nozzles having circular and elliptical exit geometries. Figure 3.8 

contains schematics of these injectors; photos appear in Fig. 3.9. Each convergent injector contour 

was precision machined with a contraction region fit by a cubic polynomial. For appropriate 

comparison between the two geometries, each has the same cross-sectional area. Thus, each 

injector has the same effective diameter, deff, defined by 

deff=2^Axs/K, (3.2) 

where Axs is the cross-sectional area.  Table 3.1 lists the pertinent geometrical features of the 

injectors used in this investigation, including the eccentricities (£), defined as 
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b2 
e = f—^> (3.3) 

and the semi-major (a) and semi-minor (b) axes of each orifice. 

A special piping system was constructed to supply the injectors with the desired gas. Tube 

trailers containing large volumes of high pressure (13.9 MPa) air or helium were available outside 

the test cell. A high-pressure regulator fed a 50 mm supply line with gas from the trailer. This line 

led to a manifold in the test cell, where a 25 mm line provided gas to the injector. A dome 

regulator placed in this line controlled the injectant pressure. A small amount of gas from the 

supply line loaded the regulator dome allowing very repeatable pressure conditions to be set at the 

jet exit. A pair of solenoid valves placed between the dome supply line and the regulator dome 

itself conserved the injectant gas and allowed rapid loading and unloading. A full-port shut-off 

valve was placed upstream of the low pressure regulator, and a master solenoid was installed just 

upstream of the injector exit to allow fast on/off capability once appropriate supply conditions were 

set. Figure 3.10 illustrates the jet gas supply system and its components. A pressure transducer 

fed from a small pressure tap (1.59 mm diameter) placed near the jet exit and a thermocouple 

installed in the jet gas supply line provided the instrumentation for monitoring the injectant 

operating conditions. 

3.2.4    Diffuser Section 

The final component of the supersonic research facility is the diffuser. This device 

connects the exit of the test section to the exhaust line of the facility. The simple dump diffuser 

was designed to slow and cool the air flow to appropriate velocities and temperatures required by 

the air coolers of the air facility. Water spray injection cools the flow as required. In addition to its 

role in deceleration and cooling of the flow, the diffuser houses the end-viewing port that allows 

visual investigation of the test section cross-sectional plane. The diffuser hangs from an A-frame 

support allowing a large unobstructed area beneath the test section for placement of necessary 

optical diagnostic equipment (see Figs. 3.2 and 3.3). 
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3.3    Flow Quality Measurements 

Prior to any injection experiments, a characterization of the new facility was required. 

Various conventional measurement techniques were used to characterize the facility. Pitot pressure 

rake studies examined the streamwise, transverse, and spanwise variations in the Mach number 

distribution within the test section. Wall static pressure measurements were obtained from the 

nozzle section to examine the symmetry of the flow through the nozzle. Finally, boundary layer 

rake profiles documented the boundary layer growth on the test section bottom wall. 

The pitot pressure rake used for the calibration studies was incorporated into one of the 

removable test inserts of the test section bottom wall. This allowed movement of the rake along the 

streamwise direction to any of the five available locations. The rake could also be traversed in the 

transverse direction. The probes connected to a bank of Pressure Systems Incorporated (PSI) 

pressure transducers. Signals from this system traveled to a personal computer for storage and 

future reduction. Figure 3.11 shows a photograph of the rake. As described earlier, the nozzle 

sidewalls were equipped with pressure taps (Fig. 3.7) that allowed documentation of the centerline 

wall static pressure distribution from the contraction region entrance to the nozzle exit. The 

boundary layer rake, shown via photograph in Fig. 3.12, was mounted in place of the pitot rake on 

one of the test inserts and could be moved in the streamwise direction. Only the bottom wall 

profiles could be obtained (due to the existence of the top wall window). The flow in the test 

section is essentially symmetric about the transverse centerline; thus the bottom wall profiles are 

representative of the top wall also. 

Results of the pitot pressure rake studies are illustrated in Figs. 3.13-3.15. These figures 

show Mach number distributions across the span of the test section at various streamwise and 

transverse positions. Figure 3.13 shows Mach number distributions at the transverse centerline for 

four streamwise positions. The Mach number distribution is uniform for each position, but 

slightly decreasing with downstream distance from about 1.98 at the nozzle exit to about 1.95 at 

the final station. Figures 3.14 and 3.15 show the Mach number distributions across the span and 

height of the test section at two streamwise measurement stations.  The position closest to the 
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nozzle exit is documented in Fig. 3.14. The Mach number distributions are very uniform across 

the entire span with a value of M = 1.98. This plot shows the symmetry of the flow about the 

transverse and spanwise centerlines as it exits the nozzle. Figure 3.15 presents the same three 

distributions at an intermediate streamwise location. Evidence of probe blockage is apparent at the 

highest transverse location; the two traces that do not exhibit this effect are again symmetric about 

the spanwise centerline and uniform across about 102 mm of the test section. 

Comparison of the two opposing nozzle sidewall pressure profiles gives some information 

concerning the symmetry of the nozzle flow about the spanwise centerline of the tunnel. Figure 

3.16 illustrates the profiles obtained for a stagnation pressure of 317 kPa. In the plot, the profiles 

of both the north and south sidewalls are presented. Both sidewall profiles collapse on each other. 

Combining this with the symmetric test section Mach number profiles presented above, these data 

suggest spanwise symmetry through the nozzle. 

Finally, the development of the bottom wall boundary layer is illustrated in Fig. 3.17. The 

boundary layer rake measured total pressures at enough transverse positions so that at least one 

measurement was made within the freestream, which yields the total pressure downstream of a 

normal shock at Mach 2. The plot in Fig. 3.17 shows transverse contours of measured total 

pressure normalized by the freestream measurement. The dashed lines show the individual 

streamwise measurement locations, and represent the locations where the pressure ratio takes a 

value of zero. Boundary layer development can be clearly observed. A pitot thickness definition 

describing the boundary layer thickness (i.e., 8 is equal to the transverse position where the 

measured p0 is -98% of p0,oo) indicates that the boundary layer grows from about 5.20 mm thick at 

the first measurement station to roughly 11.7 mm thick at the last downstream station. 

The following chapter describes the various diagnostic tools and experimental methods that 

were used in the present study of transverse injection into a supersonic crossflow. These 

techniques were used to gather the desired information regarding the near-field mixing and 

structural characteristics of the flowfield. They also helped to identify the global flowfield 

characteristics and to adjust hardware to provide a disturbance-free test section flow. 
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4.   EXPERIMENTAL METHODS 

This chapter presents descriptions of the various experimental tools used to examine the 

transverse injection flowfields studied in this investigation. The jet/freestream interactions were 

documented using shadowgraph visualizations, planar Rayleigh/Mie scattering images, and probe- 

based measurements. Additionally, a general data acquisition system recorded wind tunnel 

stagnation conditions, injectant stagnation temperature, and injectant exit pressure. 

4.1   General Data Acquisition 

Proper documentation of flow conditions is an important part of any experimental 

investigation. For the present study, two independent streams created the flowfield of interest. 

Thus, both the freestream and injectant flows required monitoring. This section presents a 

description of the instrumentation used for this purpose. 

The settling chamber of the supersonic tunnel had four instrumentation ports: two for 

stagnation temperature and two for stagnation pressure. As discussed earlier, the control system 

used one of each to maintain run conditions as constant as possible. However, the control system 

did not record these values for experimental documentation. The other two instrumentation ports 

allowed for this. A separate thermocouple (Type K with an ice-point reference module) and 

pressure transducer (0-690 kPa) were calibrated and installed to record chamber temperature and 

pressure. Signals from these devices went to a pair of Preston 8300 XWB signal amplifiers. The 

outputs of these amplifiers then traveled to a National Instruments A/D board that was controlled 

and read by a personal computer. A data acquisition code allowed either visual inspection of the 

raw and corrected data on the monitor, or recording of the data on disk at a specified sample rate. 

The personal computer reduced the data to a usable form for further analysis on another machine. 

A similar instrumentation scheme documented the operating conditions of the jet flow. A 

thermocouple (Type K with an ice-point reference module) placed in the jet supply line provided 

the injectant stagnation temperature, while a pressure transducer (0-690 kPa) connected to the 
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pressure tap at the exit of the jet nozzle measured the exit static pressure. Again, signals from these 

instruments went to a pair of Preston amplifiers and then to the A/D board. Figure 4.1 presents a 

schematic of the electronic configuration used for acquiring the pressure and temperature signals. 

Thermocouple calibration was achieved using one of two methods. The injectant 

thermocouple, because of the relatively low temperatures being measured, was calibrated using a 

three-point method. An ice bath, room temperature, and a boiling bath provided the points used in 

the calibration. A least-squares curve fit was obtained and the coefficients were used to convert the 

digital output of the A/D board to engineering units (here, °F). The settling chamber thermocouple 

was calibrated using an Omega temperature calibrator (Model CL-801) due to the potentially high 

temperatures experienced. Eight points were used from room temperature through about 533 K 

(500 °F). Again, a least-squares fit was obtained and the raw data were converted using the 

coefficients. This calibration device quotes an accuracy of ± 0.1% which translates to 

approximately ± 0.25 K at the high end of the present range. 

A Druck DPI 500 Digital Pressure Indicator was used to calibrate the pressure transducers. 

This device, which has a highly accurate internal pressure transducer calibrated using a secondary 

pressure standard, used supply pressure from a nitrogen bottle and a vacuum pump for absolute 

reference. Each transducer had the same range (0-690 kPa) and thus they were calibrated together. 

Here, hysteresis effects were taken into account by calibrating both up and down the range of the 

transducers. This procedure resulted in a 21 point calibration. Once again, a least-squares fit was 

performed and the resulting coefficients converted the data into useful engineering units (psia). 

4.2    Shadowgraph Photography 

Shadowgraph photography, which is a very common technique for observing second order 

density gradients in compressible flowfields, provided qualitative flow visualizations of the 

injection cases examined in this study. The character of the freestream flow was also examined. 

Figure 4.2 shows a schematic of the pulsed shadowgraph system used in this investigation while a 

photograph of the physical arrangement appears in Fig. 4.3. Here, a Xenon nanopulser with a 
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pulse duration of approximately 10 ns produced the light needed to illuminate the test section. 

Positioning the lamp at the focal point of a 100 mm diameter 500 mm focal length lens resulted in a 

collimated beam of light. After passing through the test section, another 100 mm diameter lens 

collected the light and focused it onto the film plane of a large format (102 mm x 127 mm) Polaroid 

back plane camera. Photographs were then taken of the flowfield using Polaroid ASA 3000 film. 

A pair of optical rails held all the components except the two large lenses which were fixed to the 

optical table. This allowed for easy alignment of the various optical components. 

4.3   Planar Rayleigh/Mie Scattering 

The principal diagnostic tool used in this investigation to gather fluid dynamic information 

is a planar imaging technique that relies on the scattered laser light from particles suspended in the 

flowfield of interest. This technique is nonintrusive in nature since the probe used is simply a thin 

sheet of laser light. Planar imaging techniques have become quite popular due to the relative 

simplicity of their implementation. Requirements for such measurements include a pulsed laser, 

sheet forming optics, optical windows in the test apparatus (unnecessary if the flowfield is open to 

the environment), some form of recording medium that is sensitive to light intensity, and support 

equipment including optical benches, optical mounts, etc. Also required for these measurements is 

a scattering medium within the flowfield of interest. This medium may be naturally occurring 

(such as ice crystals formed by expanding moist air to supersonic velocities), or it may be 

introduced into the flow from an outside source (for example, ethanol that will condense in a cold 

supersonic freestream or silicone oil droplets injected into the freestream through an atomizer). In 

either case, issues concerning the ability of the particles to follow the turbulent fluctuations within 

the flowfield arise. The following sections discuss this issue along with the theory and 

implementation of the technique, the method used for seeding the crossflow, and inherent errors 

arising due to the finite number of scattering particles in the probe volume. 
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4.3.1   Theory and Implementation 

A complete description of the theory of Mie scattering appears in van de Hülst's text.115 

Briefly, light scattered from a particle has an angular dependence given by 

W(fl) #.wi2+fe«»i2) 
h    "        sxVp 

(   ' 

where Si and S2 are the perpendicular and parallel polarization components of the total scattered 

light, X is the wavelength of incident and scattered light, and rp is the radius of the scattering 

particle. Wickramasinghe116 gives the solution to these equations as an infinite series of Ricatti- 

Bessel functions. This solution converges quickly for particles that are small compared to the 

wavelength of the incident light (i.e., dp « X) yielding the Rayleigh scattering solution. 

As alluded to above, experimental techniques based on Mie or Rayleigh scattering rely on 

the collection of light scattered by particles (and/or molecules in the case of Rayleigh scattering) 

suspended in the flowfield of interest. In the context of a typical experiment utilizing a planar 

scattering technique, a thin laser sheet illuminates the particle-laden flowfield. The pulse duration 

of the laser sheet is typically short (about 10 ns) so that the flow is effectively frozen in time. The 

pixel array of an intensified charge coupled device (ICCD) camera obtains a digital image of the 

flowfield by collecting the light scattered by the particles. The resulting image contains relative 

intensity information where high intensities correspond to particle-containing regions. This 

intensity information is directly related to seeded fluid concentration if the particles used for 

scattering are passive participants in the mixing. Nonpassive seeds can also produce concentration 

information if the local thermodynamic conditions are accurately modeled. However, in either 

case, the mixing information obtained is only spatially resolvable down to the scale of the imaging 

pixels. A finite amount of signal integration occurs in planar scattering techniques, as in 

conventional methods such as schlieren photography, since the light sheet has a finite thickness. 

The pixel array yields an averaged intensity over a pixel volume defined by the pixel area and the 

sheet thickness. When compared to the diffusion scale (i.e., the Batchelor scale defined in Eq. 
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2.5) of the high Reynolds number flowfields encountered in supersonic mixing investigations, the 

probe volume is quite large. This fluid dynamic length scale is critical in determining the molecular 

mixedness of compressible mixing flowfields. Since the probe volume attainable in the planar 

scattering technique is much larger than the diffusion scale, it is impossible to determine whether 

fluid is mixed on the molecularly scale or simply "stirred" at the macroscopic level. Thus, mixing 

117 118 
interpretations are limited to those involving large-scale "stirring" of the fluids.    ' 

For the present experiments, three optical arrangements provide the means by which the 

flowfield is interrogated. Figures 4.4-4.7 present schematics and photographs of the 

configurations used for single-shot images while Figs. 4.8 and 4.9 illustrate the double-shot 

arrangement. For the single-shot experiments, a Spectra Physics Quanta-Ray DCR-4 Nd:YAG 

laser provided the laser beam. The output of the laser passed through a second harmonic generator 

to produce a beam of light at 532 nm (approximately 400 mJ/pulse). A turning prism directed this 

beam to the three-axis traversable optical table mounted beneath the test section where a 

combination of mirrors, prisms, and lenses (-150 mm cylindrical and 500 mm biconvex) produced 

the collimated laser sheet used for illuminating the transverse injection flowfield. For end view 

images, the sheet entered the test section through one side window (see Fig. 4.4), while in the side 

view images, the sheet entered through the top window (see Fig. 4.6). The laser sheet produced 

had a width of approximately 50 mm and a thickness (measured using a photodiode and an 

oscilloscope) of roughly 200 |im at the long focal waist. 

In the single-shot experiments, a single Princeton Instruments ICCD camera (384 x 576 

pixel array) and image acquisition system (controller model ST-130) obtained the flowfield images. 

The camera was water cooled and purged with nitrogen to reduce dark current noise. A Nikon 

UV-Nikkor 105 mm f/4.5 telephoto lens placed in front of the pixel array improved the resolution 

associated with the pixel area. A Princeton Instruments pulse generator (model PG-10) 

synchronized the laser flash lamp and the camera so that only a single laser pulse was imaged, and 

a 486-based computer running the CSMA image acquisition software collected the images. All of 

these pieces appear in the schematics of Figs. 4.4 and 4.6. The instantaneous images were stored 
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on the internal hard drive of the computer and were later moved to tape for archival and processing 

purposes. Further image analysis was done using the acquisition computer and a Power 

Macintosh. 

For successful double-shot images, two single-shot systems were combined. Two 

Nd:YAG lasers (the DCR discussed above and a Spectra Physics GCR-170) produced two 

vertically polarized laser beams at 532 nm. This allowed both beams to be combined on a 50% 

beam splitter optic so that a single optical train could be used to produce the two coincident laser 

sheets required. Two independent camera systems, as described above, were placed on opposite 

sides of the test section. Careful adjustments of the cameras using a common transparent target led 

to identical imaging areas with identical resolutions. Each camera was gated around a single laser 

pulse so that two temporally correlated images could be obtained. The time delay between the 

arrival of the first and second laser sheets was set using a custom built delay controller coupled 

with a pulse generator. Figure 4.8 is a schematic of the optical components of the double-shot 

imaging experiments; a photograph appears in Fig. 4.9. 

Two distinct hurdles arose in setting up the double-shot experiments. First, the two 

individual computer systems had to be synchronized with respect to each other. That is, they had 

to have a master/slave relationship. Operating this way ensured that each system started from the 

same temporal reference. This also allowed a single operator to run the imaging part of the 

experiment rather than having one person directing each camera system. A computer code written 

for the CSMA acquisition software gave the two computers the ability to communicate with each 

other through their printer ports. Once the master machine was cued up to begin acquiring data, it 

was instructed by the code to wait for a ready response from the slave machine. A monostable 

multivibrator chip (DM74121) provided an adjustable time delay (from 2 to 20 sec) for the two 

systems and their individual software programs to come to equilibrium. Having the two systems at 

the same starting point brings up the next hurdle: controlling the time delay between the laser 

sheets. Another DM74121 chip was used to open a window for firing the master laser. Since it 

was operated in a free-running mode, the master laser fired at 10 Hz during the time the window 
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was opened (between 1 and 5 sec). The first electronic pulse from the lamp of the master laser 

traveled through a DM74LS08 "and" gate to the master imaging system trigger and to the delay 

pulse generator (Systron Donner, Model 100C). This device was used to fire the slave laser and to 

set the desired delay between the two laser sheets. A LeCroy 9314L digital oscilloscope received 

signals from each camera system and a photodiode (placed behind the 50% beam splitter) allowing 

the temporal separation of the laser sheets to be monitored and proper gating of each camera to be 

achieved. The first laser pulse from the slave laser triggered the slave imaging system resulting in 

the collection of two temporally correlated images separated in time by the delay set on the pulse 

generator. The acquisition software was allowed to loop until the desired ensemble size had been 

completed. The two-camera delay system appears in Fig. 4.10. 

4.3.2    Particle Response 

Particle response characteristics in Rayleigh/Mie scattering experiments are very important. 

The seed particles must follow the fluctuations within the turbulent flowfield so that the collected 

images may be accurately interpreted. Samimy and Lele found that accurate particle response 

for Mie scattering images required a Stokes number, defined as the ratio of the particle response 

time scale to the characteristic fluid dynamic time scale, of less than about 0.5. The particle 

response time is modeled using a Stokesian drag lawlz,u given by 

tB = (1 + 2.76-£>0^-A (4.2) 

and the characteristic fluid dynamic time used is the large-eddy rollover time that takes the form 

f6   =% (4-3) 

where AU is the velocity difference across the shear layer. Thus, both particle size and specific 

gravity play major roles in the ability of a seed medium to adequately follow the turbulent 

fluctuations within compressible flowfields. Maxwell's relation, given by 
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1 = 1.5-^-, (4.4) 
pa 

allows estimation of the mean free path and thus calculation of the Knudsen number, assuming a 

nominal particle diameter is available. 

4.3.3    Particle Seeding Technique 

As discussed above, the Rayleigh/Mie scattering technique requires some medium within 

the flow that scatters laser light. There are several options for introducing seed into the present 

facility. First, since the supply air contains water vapor, operating the freestream at a low enough 

stagnation temperature produces a uniform distribution of ice crystals within the test section. 

These ice crystals have been characterized by several authors in the past121"124 and are roughly 

0.02 u.m in diameter. Such particles provide excellent response to the turbulent fluctuations in 

several flowfields encountered in this facility (Stokes numbers of approximately 0.003 for present 

conditions). '101 However, since the existence of these particles is critically dependent on the 

thermodynamic conditions of the jet/freestream interaction, quantitative mixing interpretations are 

not well founded unless an effective model can be developed that describes the 

condensation/evaporation phenomena that occur. The present flowfield is far too complex from a 

thermodynamic standpoint to allow an accurate model to be developed, thus making images 

obtained using these particles somewhat qualitative. 

Another option for seeding the flowfield involves the use of solid particles. Such particles 

can either be generated through chemical reaction or can be obtained commercially. Two viable 

candidates for chemical reactions include titanium tetrachloride and silane. Titanium tetrachloride 

(TiCLO reacts rapidly with water vapor to form solid titanium dioxide (TiÜ2) and hydrochloric acid 

(HC1). Systems designed to regulate this reaction are currently in place at the present facility and 

this technique has been used extensively as a seeding method for laser Doppler velocimetry 

(LDV). ' Two disadvantages of this technique are the production of hydrochloric acid and 

the relatively high specific gravity of the particles (SG = 4). The hydrochloric acid is detrimental to 
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the stainless steel nozzles and test section. The specific gravity issue relates to the particle's ability 

to follow the turbulent fluctuations in the flow. The conditions expected in this investigation, 

assuming a nominal particle diameter of 0.4 |im, produce a Stokes number of approximately 0.6. 

This value lies slightly above the limit suggested by Samimy and Lele,119 thus removing this 

seeding method from consideration. 

Silane (S1H4) is a pyrophoric gas that, when exposed to oxygen, burns to form primarily 

solid silicone dioxide (SiC>2), water, and hydrogen. In their study of the silane/oxygen reaction, 

Hartman, et al.127 found that the stoichiometry for reactions with less than 30% silane in oxygen 

took the form 

3 SiH4 +7 02-4 3 Si02 + 6 H20 + 02. (4.5) 

Thus, unlike the reaction discussed above, the silane reaction produces no chemically detrimental 

byproducts. In another study, Rogers, et al.128 used an electron microscope to characterize the 

silicone dioxide particle sizes. The authors found that a nominal particle diameter of 0.2 |im results 

from this reaction. This is approximately half the size of the titanium dioxide particles. Also, the 

specific gravity of silicone dioxide is roughly 2.2, making the Stokes number, found using the 

expected operating conditions, approximately 0.09. Though this Stokes number is not nearly as 

low as that resulting from ice crystals, these solid particles are small enough to allow accurate 

interpretation of the images. Additionally, the particles are truly passive participants in the fluid 

dynamic mixing processes encountered in the jet/freestream interaction. Therefore, large-scale 

mixing information may be directly obtained from the images. As discussed previously, molecular 

mixing information cannot be directly inferred from the images obtained here since the relative 

resolution of pixel size to diffusion scale of the flow is large due to the high Reynolds numbers 

encountered. For such measurements, a molecular tracer must be used. Clearly, the silane seeding 

technique allows for the most accurate images of the flowfield among the methods considered here. 

During initial hot-flow experiments with this technique, acquired signal-to-background 

levels were found to be too low for acceptable data quality. Thus, the SiC>2 seeding technique was 
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supplemented by operating the facility at ambient temperatures so that the particles provided 

nucleation sites for condensation of naturally occurring water vapor in the freestream air. This 

technique provided adequate signal-to-background levels; however, the completely passive nature 

of the SiÜ2 particles was sacrificed making reliable quantitative measurements of injectant 

concentration unlikely. A separate examination of particle size, accomplished by rotating the 

polarization of the incident light, indicated that the combined seeding technique produced particles 

that reside in the Rayleigh scattering regime. Since the incident wavelength in these experiments 

was 532 nm, an upper bound on the particle size resulting from the combined seeding technique is 

-0.5 |im. Recomputing the Stokes number using this particle diameter yields a value of about 0.38 

suggesting that even the particles with this upper bound diameter accurately follow the turbulent 

fluctuations in the flowfield and give planar images that produce accurate information. 

The silane injection system appears via schematic and photograph in Figs. 4.11 and 4.12. 

The figures show key components of the system including check valves, regulators, shutoff 

valves, and remotely activated solenoid valves. Nitrogen provides the flush gas for the system. A 

regulator sets the outlet pressure of the nitrogen bottle and a solenoid valve opens while the silane 

is idle to allow flushing. A vacuum pump connects to another leg of the cross so that the entire 

system can be evacuated. Finally, the supply leg of the system consists of a shutoff valve 

followed by a regulator, a pair of check valves, and a solenoid valve. The check valves straddle 

the solenoid valve so that the silane reaction can be delayed until just prior to entering the tunnel. 

4.3.4    Noise  Considerations 

The signals recorded in the scattering experiments have noise levels associated with the 

finite number of particles within the probe volume. Assuming that Poisson statistics describe this 
1 OQ 

shot noise, then the signal-to-noise ratio is defined as S/N = (np)1/2 where np is the number of 

particles within the imaging probe volume. The effects of this shot noise arise in the measured 

experimental standard deviation.   Rosenweig130 found that the error induced due to random 
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fluctuations in the concentration field could be estimated using the measured standard deviation 

profile and the signal-to-noise ratio from 

where Gfd is the standard deviation from fluid dynamic turbulence and ameas is the measured 

standard deviation. High values of the signal-to-noise ratio therefore lead to the conclusion that the 

measured standard deviations are representative of the fluid fluctuations as long as no other outside 

effects (e.g., evaporation of seed media) complicate the measurement. 

4.4    Probe-Based Measurements 

This phase of the present work involves the use of two traversable probes coupled 

simultaneously with the measurements made using the general data acquisition system outlined in 

section 4.1. The traversable devices include a pitot pressure probe and a concentration probe. 

Descriptions of each of these probes and the data collection and processing techniques follow 

below; schematics of the probes appear in Fig. 4.13. 

4.4.1    Pitot Pressure Probe 

The pitot pressure probe used in this investigation was made from 3.18 mm OD stainless 

steel tubing. The wall thickness of the pitot tube was 0.406 mm resulting in a 2.36 mm inner 

diameter and a capture area of 4.38 mm . The tube was manufactured with an elbow allowing it to 

be placed in close proximity to the bottom wall of the test section. The tube was secured to the test 

section side wall using a stainless steel diamond shaped strut. This fixture had a height of about 

7.6 mm, a width of 25 mm, and a length of 203 mm. The probe slid into this strut and mounted to 

its end in a notched cradle using silver solder. This assembly fit directly into the test section side 

wall and was allowed to slide in the transverse direction using a dynamically sealing o-ring. 

Installation in this manner gave the probe freedom to move through the flowfield of interest along 
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the spanwise direction (the ± z-axis) as well as in the transverse direction (the ± y-axis). To 

adequately seal the probe mechanism, an aluminum canister fitted with an o-ring mounted to the 

side wall. This canister enclosed the strut when completely extracted from the tunnel. The open 

end of the canister contains nylon ferrules secured with stainless steel fittings that provide a 

dynamic seal for the probe tube's spanwise motion. Figure 4.14 illustrates the entire mechanism, 

which is common to all the traversable probes used herein. A programmable micrometer drive 

system and control unit (L.C. Smith Model TPP-02440) provided the means for the spanwise 

traversing capability of the probe while vertical traverses required the use of the optical table placed 

beneath the test section. Figure 4.15 is a photograph showing the hardware external to the test 

section. A pressure transducer (0-345 kPa) attached to the aft end of the pitot pressure probe. 

Signals from this device traveled to the data acquisition system. As with the pressure transducers 

used in the general data acquisition system, a Druck DPI 500 Digital Pressure Indicator provided 

the necessary calibration. 

4.4.2    Concentration Probe 

To measure the local steady-state gas concentration in the transverse jet flowfield using 

helium as the injectant, an aspirated probe based on previous designs was constructed. This probe 

analyzes a sample of the flowfield immediately after extraction, thereby reducing the time required 

for concentration data compared to probes that require post-collection analysis of a stored sample. 

The bases for the current probe's design are the works of Thomas and Schetz131 and Ninnemann 

and Ng; the details of the probe design appear below after a brief discussion of its operating 

principles. 

The model used to design the existing probe involves a small inlet followed by a divergent 

section containing a normal shock. Downstream of the divergent section is a constant area region 

containing the sensor plane followed by a choked orifice. These regions appear in the sketch 

shown in Fig. 4.16. Mass continuity for this system may be expressed as 
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pu = p0M 
RTn 

i+^V 
-(7+i)/2(7-i) 

(4.7) 

or 

{pu)' = PoC 
(4.8) 

since the flow through the choked orifice is sonic (M = 1). In this expression C* is the critical 

flow function defined by 

C* = . 
7 + 1. 

(y+l)/2(y-l) 
(4.9) 

Since, for steady state conditions, the mass flow rate through the sensor plane must equal that 

through the choked orifice the sensor plane mass flux may be expressed as a function of only the 

total pressure, total temperature, area ratio, and gas composition: 

p0C A pu = -Zj=^—. (4.10) 

Recall that C* is only a function of the gas properties (see Eq. 4.9). 

The rate of heat transfer from a hot-film probe placed at the sensor plane to the surrounding 

fluid may be determined from the film resistance (Rf) and the film current supplied by the 

anemometer (If) as 

Qf = i}Rf (4-ii) 

For a constant temperature anemometer, the film current can be related to the anemometer response 

voltage by the following expression, where Rs is the series bridge resistance: 

V 
'/=■ Rf + Rs 

(4.12) 

Defining the Nusselt number in terms of the heat transfer rate from the hot-film and the temperature 

difference between the film and the fluid gives 
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Nu=^i(Tf  r\ (4-13) 
Jtkl\Tf-T0) 

where k and 1 are the thermal conductivity of the gas mixture and the active sensing length of the 

film, respectively. Inserting the expressions for heat transfer rate and film current into the Nusselt 

number definition results in the following expression involving only system properties (Rs and 1), 

gas properties (k and T0), and constants (Rf and Tf): 

Rf v2 

(Rf + Rs)   Kkl[Tf-T0) 

The Nusselt number is also related to the Reynolds number using empirical constants that depend 

on the helium concentration in the volume of fluid being sampled. The appropriate length scale for 

use in the Reynolds number is the diameter of the hot-film (df); thus the relationship takes the form 

Nu = a\ - (4.15) 
V   V   J 

Equating the expressions in Eqs. 4.14 and 4.15 and inserting the expression for the mass flux at 

the sensor plane given by Eq. 4.10 yields the following governing equation for the anemometer 

response voltage: 

V2=- 
(Rs + Rf) (df   n     A*    *f, 

=LVuHfMc)(r'-r'')-       (4-i6) 

This expression contains several parameters; however, it is only a function of the sample gas total 

pressure, p0, the total temperature, T0, and the helium concentration, xne- Therefore, for known 

values of the system parameters (i.e., Rs, Rf, 1, df, and Tf) and the gas properties (i.e., k and u), 

the helium concentration in the sample may be uniquely determined from the anemometer response 

voltage once the total pressure and total temperature of the sample gas are found. 

Having outlined the principles behind the probe's operation, the details of the design are 

now addressed. In order for accurate measurements of stagnation pressure using a static port at the 

sensor location within the probe, the Mach number there must fall in the low subsonic range (i.e., 
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p = 0.999po for M < 0.05). Such a low value of the Mach number also ensures an accurate 

measurement of the stagnation temperature. Therefore, an appropriate area ratio A3/A1 must be 

specified to properly diffuse the incoming flow (see Fig. 4.16 for station references). A second 

consideration in choosing this area ratio is the shock location within the divergent section of the 

probe. A value of A3/A1 = 15 was selected based on these two requirements. Additionally, the 

area of the choked orifice must be specified to maintain both sonic conditions at the exit and 

reasonable pressures within the sensing region of the probe. To satisfy both of these conditions, a 

value of A4/A1 = 1 was chosen. The probe was made from stainless steel tubing with an outer 

diameter of 3.18 mm and an inner diameter of 2.36 mm. An inlet of 0.610 mm diameter is tapered 

over a length of 5.55 mm to the inner diameter of the tube. This gives the desired area ratio of 15. 

The sample extracted by this probe flows into the sampling vessel shown in Fig. 4.17. The vessel 

contains an inlet that accepts the sample from the flowfield, a sensor plane where the pressure, 

temperature, and hot-film measurements simultaneously occur, and a choked exit port that leads to 

an externally operated vacuum pump. 

A National Instruments AT-MIO-16X multifunction input/output board handles all the data 

acquisition for the concentration probe measurements including signals from the hot-film, the 

pressure transducer, and the thermocouple. This board connects to a Zenith 286-AT personal 

computer that runs the necessary data acquisition program. The hot-film anemometry system 

consists of a Thermal Systems Incorporated (TSI) 1220-20 hot-film sensor and a Dantec Type- 

55M01 constant temperature anemometer fitted with a DISA Type-55M10 CTA standard resistance 

bridge. A low-pass filter (Frequency Devices Model 9002) conditions the anemometer signal by 

removing the fluctuating components and retaining the DC portion (cut-off frequency set to 50 

Hz). This filtered signal then travels to the data acquisition board and into the computer. A digital 

oscilloscope monitors both filtered and unfiltered signals for visual signal verification. A calibrated 

pressure transducer (0-689 kPa) makes pressure measurements. Finally, a calibrated Type K 

thermocouple, referenced using an Omega Engineering Type K cold junction compensator, makes 

temperature measurements. 
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The calibration procedure for the concentration probe consists of two steps. First, Dalton's 

Law of Partial Pressures governs the filling of a small mixing tank containing the probe with a 

known molar concentration of helium in air. That is, the initially evacuated tank is filled to a 

specific pressure with air and then to a higher pressure with helium. The two gases are allowed to 

diffuse for a period of time resulting in a uniform mixture. The vacuum pump then begins to draw 

the pressure in the tank down allowing measurements of voltage and temperature to be made at 

different pressures for a given helium concentration. This procedure is then repeated for the range 

of helium concentrations expected in the experiment. The second step in the calibration process 

involves reducing the collected data to compute the empirical constants a and ß in Eq. 4.16. Also, 

the calibration data reduction code produces theoretical curves (logarithmic curve fits relating 

anemometer voltage to the sample stagnation pressure) at various helium concentrations for visual 

reference and interpolation in the final data reduction process. The calibration curves obtained in 

the present investigation appear in Fig. 4.18. Anemometer voltage was recorded over a wide 

sampling pressure range for helium mole fractions from 0% to 99%. Each of the 11 curves 

appears in the figure; these curves are used in the data reduction to obtain a unique value of the 

sampled helium concentration for the measured values of pressure and voltage. After generating 

the calibration curves shown in Fig. 4.18, known concentrations were sampled again to examine 

the measurement error. Over the range of helium concentrations, the probe measurements were 

found to be accurate to within ± 2% (i.e., XHe, act = XHe, meas ± 0.02). 

4.4.3   Data Reduction for Injectant Concentration 

The data obtained from the concentration probe require a specific reduction procedure to 

arrive at the mass and mole fractions of the sampled gas. This procedure uses the measurements 

from the sampling vessel (hot-film voltage, total pressure, and total temperature) and the 

logarithmic curve fit results of the probe calibration in an iterative process whereby the known 

calibration constants (a and ß) bound the computed voltage using Eq. 4.16 between two helium 

concentrations.    That is, for the measured total pressure and temperature, two helium 
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concentrations are used to compute two values of the hot-film voltage that lie above (V+) and 

below (V") the actual measured hot-film voltage value. Then, linear interpolation between these 

two voltages results in the determination of the measured helium mole fraction from 

( y 

xHe,meas ~ 
V        -V ymeas     r 

The code also computes the helium mass fraction and produces both sets of data for presentation. 

The following chapter presents the results of applying these experimental techniques to the 

flowfields created by injecting helium and air transversely through circular and elliptical nozzles 

into a nominally Mach 2 freestream. 
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5.    RESULTS AND DISCUSSION 

The sections that follow present the various results obtained in this investigation of circular 

and elliptical transverse injection into a supersonic crossflow. Operating conditions deduced from 

the pressure and temperature data collected appear first. Next, instantaneous shadowgraph photos 

of the four jet/crossflow interaction cases provide qualitative insight into the basic shock structure 

of the flowfields as well as the differences regarding injector geometry and injectant gas. Planar 

images obtained from two orthogonal flow planes produce a wealth of information about the jet's 

interaction with the freestream. Instantaneous images give indications of the highly intermittent jet 

interface and the three-dimensionality of the flow. These shots also illustrate the general features 

of the flowfields and how the large-scale structures affect those features. Statistical analyses of the 

image ensembles then produce more objective viewpoints for comparing the mixing characteristics 

of the four cases studied. Finally, mean flow measurements obtained using intrusive probes are 

presented and discussed. These results give quantitative measures of important practical quantities 

of interest and provide still more comparisons between the two injector geometries examined. 

5.1    Experimental Conditions 

The general data acquisition system described in §4.1 permitted monitoring of the flow 

conditions. For the six laser sheet interrogation planes examined for each case in this study, 1000 

samples of pressure and temperature data were obtained from each of the four channels of interest 

(namely, p0^, pej, T0;00, and T0j). These samples (totaling 6000 for each of the four cases) were 

analyzed to produce mean flow conditions for the injection flowfields examined in this 

investigation. Table 5.1 documents the various quantities that were either measured directly or 

computed from the measured values. The four cases listed in the table are numbered as follows: 

air and helium injection through the circular nozzle are cases CIA and C2H, respectively, while air 

and helium injection through the elliptical nozzle are cases El A and E2H.  Dynamic viscosity 
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values were found one of two ways depending on the gas. Sutherland's law of viscosity for air, 

given as 

1.458 xlO'6rL5 

P = (5.1) 
110.4+r 

where the units of T are Kelvin and |X are Pa-sec, was used for the freestream and injectant air. To 

arrive at viscosity values for helium (cases C2H and E2H), \i was assumed to be only a weak 

function of pressure allowing interpolation from a table of thermophysical gas properties at 

atmospheric pressure.133 Due to the fact that the wind tunnel used in these experiments drew its 

air from the ambient, day-to-day temperature variations occurred and affected the experimental 

conditions mildly; however, the freestream conditions shown in the table were essentially constant 

over the course of the experiments. Variations in the jet flow conditions between the two injectant 

gases were implemented such that the jet-to-freestream momentum flux ratios were held nearly 

equal. As found in the data presented in the table, a mere 1% variation in J occurred between the 

air and helium injection cases. For all practical purposes, the four cases examined in this study 

operated at the same value of J and are therefore comparable in terms of the expected values of jet 

penetration into the crossflow. Also, since the disturbance to the freestream flow depends directly 

on the jet's presence, no drastic changes in the fluid mechanics associated with these injection 

schemes are expected to result from this small variation in J. It should be noted that very 

substantial differences exist between the jet exit velocities and densities found using helium and air. 

The values in the table indicate that the helium exit velocity is nearly three times that of air while its 

density is roughly 13% of the exiting air density. 

The final rows of Table 5.1 include estimates of key mixing layer parameters for the 

circular injection cases including the Reynolds number, the Kolmogorov length scale given by 

XK~~-^, (5.2) 

and the convective Mach number (see Eq. 2.6). These properties were computed at a single point 

within the mixing layer where compressibility may have its largest effect (see the Appendix for 
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details concerning the convective Mach number calculation). Note that the Reynolds number 

appearing in the denominator of Eq. 5.2 is based on the mixing layer properties (i.e., the vorticity 

thickness, the mean kinematic viscosity, and the velocity difference). The Kolmogorov scale 

defines the size of the smallest turbulent scales that are produced in the turbulent cascade. This 

length scale is smaller than the Batchelor scale (shown in Eq. 2.5) for gaseous flows where the 

Schmidt number is generally of order one, while in liquid flows, X,K is larger than the Batchelor 

scale due to the relatively large Schmidt numbers encountered. The results presented in the table 

indicate that mixing layer compressibility issues cannot be ignored when assessing the mixing 

performance and structural characteristics associated with injection of simulated fuels. That is, 

because of the drastically different properties of the two injectant gases used in this investigation, 

the convective Mach number of the helium mixing layer in the near-field of the injector exit is 

nearly three times that of the air mixing layer. As discussed in §2.3, compressibility plays an 

important role in the growth, mixing, and stability of two-stream shear layers. Thus, simulating 

hydrogen fuel with air will likely lead to incorrect interpretations of the fundamental behavior of the 

large-scale eddies that form in the mixing regions of these transverse injection flowfields due to 

compressibility effects. 

Table 5.2 provides an overview of the flowfield planes examined in this study. All 

streamwise and spanwise locations are normalized by the effective jet exit diameter and are 

measured from the injector centerline (i.e., x/deff = 0 is at the streamwise centerline of the injector 

as shown in the flowfield schematic of Fig. 1.2). The information in the table includes 

interrogation location and diagnostic technique used for each case. Table 5.2 also includes the 

image ensemble sizes obtained in the single-shot end and side view experiments. 

5.2    Shadowgraph Flow Visualizations 

Instantaneous shadowgraph photos for each of the four cases appear in Figs. 5.1-5.4. The 

camera was focused at the spanwise centerline of the tunnel (i.e., z/deff = 0) though spatial 

integration effects occur across the entire span. The scale of the photographs is approximately 
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twice the actual scale of the injection flowfield. The freestream flows from left to right and the jet 

fluid enters vertically before being turned downstream. Clearly present in each photo is the 

freestream shock structure created by the presence of the jet. Both the bow shock and the 

separation shock formed ahead of the injector orifice are captured. It is interesting to note that the 

inclination of the bow shock changes with the injector geometry. Figures 5.1 and 5.2 illustrate the 

flowfield created by the circular jet (cases CIA and C2H). Compared to the bow shocks created in 

the elliptical cases (cases E1A and E2H in Figs. 5.3 and 5.4), those in the circular cases appear 

stronger, as judged by their inclinations to the freestream. The waves in the elliptical cases reach 

the tops of the photos at positions downstream of the waves generated in the circular cases. Also, 

comparing the behavior of the shock waves near the injector wall shows the circular cases having 

substantially larger regions of normal shock activity than cases El A and E2H. Another feature in 

these photos worth some attention is the area beneath the separation shock ahead of the injector 

orifice. The shadowgraphs suggest that the elliptical injector produces a smaller region than the 

circular orifice, while each jet has the same effective diameter and operates at essentially the same 

jet-to-freestream momentum flux ratio. In both photos of the elliptical injection flowfields, the 

separation shocks formed upstream of the bow shocks appear at lower elevations and do not 

extend as far upstream as those revealed in Figs. 5.1 and 5.2 for the circular jet cases. This is 

presumably due to the tapered geometry of the elliptical orifice. 

In addition to the freestream shock structure, the characteristics of the jet also appear in 

these photographs. In the cases where the injectant is air (Figs. 5.1 and 5.3), the jet shock 

structure is observed. The barrel shock created in case El A appears to be oriented at a steeper 

angle above the bottom wall than that associated with the circular orifice (case CIA). Also 

apparent in each case is the Mach disk at the downstream end of the barrel shock. Beyond the 

shock structure in these two figures, the large-scale eddies formed at the interface between the jet 

and freestream fluids are also visible. These structures form immediately as the jet exits into the 

freestream. The shadowgraphs indicate that the structures roll into the freestream in the near-field 

region as observed in previous work.   '   • 
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The photos of the helium injection cases (Figs. 5.2 and 5.4) appear quite different in 

comparison. Here, the jet's shock structure is not apparent in the shadowgraphs. However, the 

interface between the jet and freestream is clarified somewhat due to the density difference between 

the underexpanded helium and crossflow air. As the injectant gas expands into the crossflow, its 

density drops. Conversely, the freestream fluid experiences an increase in density as it passes 

72 through the bow shock. The results of Santiago show the Mach number in the mixing layer at 

the upper edge of an air jet with J = 1.7 injected into a Mach 1.6 freestream to be roughly 1.5. For 

the present case, a larger value within the shear layer is more probable since the jet has a higher 

value of J. Assuming a value of M = 2 in the mixing layer permits calculations of the density ratio 

between the jet fluid and freestream fluid downstream of the bow shock. For various shock angles 

(90° to -30° depending on the shock strength), the ratio Pj/poo takes values between 1.06 to 2.78 

when the injectant fluid is air. Similarly, the ratio falls between 0.16 to 0.43 for helium. Thus, the 

density difference between the freestream and injectant is much larger in the near-field (near 90° 

shock angle) for helium injection than for air resulting in a more visible interface. These density 

differences also explain the absence of the jet shock structure in the shadowgraphs of Figs. 5.2 and 

5.4 for helium injection. Spatial integration effects of the line-of-sight shadowgraph technique 

hide these features. The structures that reside at the helium interface look rather amorphous 

compared to those that form in the air cases. Nonetheless, large-scale behavior is clearly visible. 

Other features in the helium photos that are absent from those taken with air injection are curved 

shock waves in the region above the jet. These waves are most probably shocklets generated by 

the large-scale eddies. Some of these waves are relatively strong as indicated by the curvature 

change induced in the bow shock at their point of intersection. 

5.3   Planar Rayleigh/Mie Scattering Images 

The results of the planar imaging experiments are presented in the following sections. 

Before presenting any of the specific imaging results, issues regarding the image ensemble size and 

the basic image processing are discussed. Results of the end view imaging studies appear first 
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with instantaneous images followed by statistical results. Both ensemble-averaged and standard 

deviation analyses are discussed in detail. Following this discussion, images from the side view 

are shown. Three separate experiments for this particular view resulted in single-shot images, 

images of the near-field interaction between the bow shock and the jet boundary, and double- 

pulsed image pairs. Instantaneous results appear for each of these three experiments along with 

mean and standard deviation statistics from the single-shot and bow shock/jet boundary 

experiments. Two-dimensional spatial correlations were computed from the single-shot 

experiments while the temporally correlated image pairs resulted in measurements of large-scale 

convection velocities. 

Image ensemble size is an important issue that arises when examining the statistical 

properties computed within a given flowfield. For the present investigation, several factors 

required consideration before making the decision as to how many images were to be acquired. 

First, a large enough sample size (N) is desired for convergence of the mean and standard 

deviation computed from the images (on a pixel by pixel basis) using 

N 

X hi 
/;,■= —  (5-3) h}        N 

and CJJ = 
K'u-'uf 
71=1 (5.4) 

N-l 

However, each 14 bit image requires approximately 0.45 megabytes of disk space for storage. 

Also, consumption of silane used to seed the freestream flow and consumption of helium used as 

the injectant gas occur very rapidly in this flowfield. Therefore, large ensembles of images prove 

to be rather costly in terms of data storage and gas supplies. To make an appropriate compromise, 

the results of a sensitivity study guided the choice of ensemble size. Figure 5.5 presents these 

results, where an ensemble of 200 images from an end view of case CIA was obtained and 

analyzed for standard deviation. Typically, the first moment (i.e., the standard deviation about the 
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mean) should require a larger ensemble for statistical convergence than the ensemble-average. The 

curves shown in Fig. 5.5a are transverse data traces taken from the spanwise centerline of the jet at 

x/deff = 4. Here, the results of the standard deviation calculation using 25, 50, 100, and 200 

images are presented. A clear trend toward convergence of the statistics follows as the number of 

images used in the calculation increases. The general shapes of the four traces are similar and they 

seem to converge rather well for sample sizes above 50. The spanwise data traces from this 

streamwise imaging plane (taken from a transverse position of y/deff = 1.8) appear in Fig. 5.5b and 

give similar trends involving statistical convergence and shape similarity. Therefore, the bulk of 

the single-shot experiments conducted in this study used 100 images as the ensemble size for 

statistical computations. However, the two imaging planes at x/deff = 0 and 8 from each case of 

end view results contained only 20 images due to the economic issues mentioned earlier. 

The raw images collected in this investigation required that a correction procedure be used 

for removal of stray reflected light and nonuniformities in both the laser sheet and the detector 

response. Long134 presents details of the correction method used herein. This method requires 

that three sets of images be taken at each location: signal images, background images, and 

response images, all of which are represented in Eqs. 5.5-5.7 below. 

Signakj = R^j + B^ + FPij (5.5) 

Background^j = RtjBij + FPtj (5.6) 

Response^ j = R^- (i?. + BtJ) + FPtJ (5.7) 

In these expressions, i and j are pixel locations, R represents the two-dimensional detector 

response function, B is the background light, FP is the fixed-pattern level associated with the 

detector, I is the actual intensity incident upon the detector, and Is is the intensity incident upon the 

detector from a uniform (or known) concentration of scattering particles of value S. Then, the 

experimental scalar distribution can be determined by 
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Signali j - Background^ Iitj 
Scalar: ,• = S — ;— = J—• K~>-°) 

'J       Re sponsei ,• - Background^ j       I- ■ 

Note that this correction procedure assumes that the background intensity, camera response, and 

fixed-pattern noise remain constant throughout the various ensembles of collected images. In the 

present experiments, the value of S is unknown. However, the above correction technique results 

in images of the ratio 

Scalar^ = Ijj 

SI?- 

which takes values from nearly zero where the actual signal is zero to ideally unity where the actual 

signal is equal to that of the purely seeded freestream. Thus, using a truly passive scalar seed 

medium should result in corrected images with intensity values that are proportional to the amount 

of injectant fluid present at any given pixel location. These images were then multiplied by a 

constant value that maximized the dynamic range for conversion from the CSMA format to the 

TIFF format, permitting further image processing using software running on a Power Macintosh. 

5.3.1    End View Images 

Visualizing the jet/freestream interaction from the end provides a cross-sectional look at the 

flow such as that illustrated in Fig. 1.2. Moving the image plane in the direction of the freestream 

flow makes it possible to develop an understanding of the entire flowfield's development. True 

end views obtained using the access window sketched in Fig. 3.2 proved unacceptable due to very 

poor spatial resolution. Placing the camera at a shallow angle oblique to the laser sheet (about 65° 

from the direction of laser sheet propagation) resulted in significantly enhanced pixel resolution, 

but the signal-to-noise ratio was relatively low (S/N =10-12) due to the angular dependence of the 

scattered intensity. Spatial resolution in the transverse direction varied roughly ± 5 pixels across 

the 578 pixel span of the image due to the oblique camera placement. In the present arrangement, 

this translated to a variation of ± 455 u,m from the left side of the image to the right side. Effects of 

non-unity pixel aspect ratio (i.e., Ay/Az ^ 1) resulting from the camera's oblique angle with the 
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laser sheet were corrected simply by stretching the spanwise axis. This procedure resulted in 

images with pixel resolutions given by (Ax, Ay, Az) = (200 u\m, 90.7 (im, 90.7 |im). Each end 

view image displayed in this section covers approximately 6.4 effective diameters (40.6 mm) in the 

spanwise direction and 5.4 effective diameters (34.3 mm) in the transverse direction. The flow 

direction in all the images is out of the paper. Reversing the image gray scale yields images where 

pure seeded crossflow fluid appears black while pure unseeded jet fluid appears white. This 

procedure highlights the features at the jet/freestream interface. One final note regarding the 

experimental procedure involves the camera gain and laser power. These two parameters were set 

at the first measurement station in order to maximize the dynamic range of the initial image. As the 

image plane traversed downstream, no adjustments to these system parameters were made thus 

yielding similar freestream signal levels for all interrogation planes. 

Instantaneous images provide a great deal of information regarding the structure of the 

flowfield and the characteristics of the jet. Ensemble-averaged images reveal transverse jet 

penetration and lateral jet spread. Finally, analyses of standard deviations provide substantial 

information concerning the fluctuations in this highly turbulent, three-dimensional flowfield. From 

these images it will be shown that descriptions of the flowfield in the time-mean sense are not 

sufficient to gain an understanding of where the large-scale mixing regions form and how 

enhancement of those regions can be accomplished. 

5.3.1.1    Instantaneous Images 

Instantaneous end view images of case CIA obtained from streamwise locations x/deff = 0, 

4, 8, and 10 appear in Figs. 5.6-5.9, respectively. The four images of Fig. 5.6 at the streamwise 

centerline of the jet clearly show the shape of the bow shock and illustrate the three-dimensional 

nature of the flow by showing the intersection of the bow shock with the separation shock at the 

right and left sides of the images. The curved bow shock suddenly changes shape at the outer 

edges of the upper right image where the separation shock has wrapped around the injector orifice. 

Notice also the change in signal level across the bow shock. This phenomenon arises due to the 
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increased density across the sharp discontinuity created by the shock wave. Greater changes in 

signal level from the level in the approaching freestream occur as the shock strength increases. 

Prominent features in the images from this location are the large-scale eddies that form in the 

interfacial region between the jet and freestream fluids. These structures appear to form at the 

earliest stages of the flowfield's development and intermittently influence the position of the bow 

shock. The larger eddies reside at the upper edge of the jet while the sides of the jet show 

predominantly small-scale structures. 

As the image plane moves downstream, the vortical structure of the jet becomes quite 

dramatic. Figure 5.7 shows four select images from x/deff = 4 that give indications of the highly 

intermittent behavior found in this case. Large- and small-scale vortices appear regularly 

throughout these images although there appears to be no preferred pattern to their formation. 

Evidence of the counter-rotating vortex pair emerges now as the jet elevates entirely above the 

bottom wall of the test section. Large extrusions from the jet fluid into the freestream have been 

captured; these features increase the interfacial surface area and perimeter of the jet fluid thereby 

increasing the potential for diffusion of freestream fluid across the strained interface. Farther 

downstream, the jet becomes severely broken and highly convoluted. Increased intermediate gray 

levels observed at x/deff = 8 (Fig. 5.8) indicate that the jet and freestream fluids are mixing, 

although some areas of nearly pure jet fluid (white) remain near the core of the jet. Regions 

suggesting the presence of eddy shocklets appear (upper and lower right images of Fig. 5.8). 

Finally, by x/deff = 10 (Fig. 5.9), the gray levels dominate the mixing region and the jet's interface 

appears completely broken and inundated with small-scale structures that ride on the larger eddies. 

The circular injector fueled with helium (case C2H) produces a flowfield with some 

interesting differences compared to the above discussion. Figures 5.10-5.13 present four 

instantaneous images for this case taken from each of the four streamwise image planes. Features 

found in Fig. 5.10 at x/deff = 0 compare well with those shown in Fig. 5.6 from case CIA and 

include the bow shock contour and its intersection with the separation shock. Also, the large-scale 

structures at the upper edge of the interaction remain prominent with smaller eddies located at the 
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sides of the jet. However, as the image plane moves downstream, the helium jet appears to retain 

more of its identity than the air jet. Figure 5.11 shows the images from the second streamwise 

position (i.e., x/deff = 4). Here, the counter-rotating vortex pair becomes clear as freestream fluid 

fills the void created between them. The jet interfacial structure in these images is less broken than 

in case CIA (Fig. 5.7) and small-scale eddies are more frequent than large-scale extrusions. Thus, 

the increased compressibility level of the helium jet seems to detrimentally affect its structural 

characteristics. Figure 5.12 shows images from x/deff = 8. These shots indicate an increase in 

lateral spread from those just upstream. However, the imaged region contains sharper gradients 

between the jet and freestream fluids than were found in case CIA (Fig. 5.8). The interface 

appears highly broken and populated with small-scale mushroom-shaped eddies. Continuing 

downstream to x/deff =10, the images in Fig. 5.13 illustrate similar characteristics in that the 

intensity gradients between the jet and freestream fluids remain relatively sharp. These images 

continue to show the spatial development of the jet along with relative intensity decreases that are 

indicative of mixing between the two streams. The large-scale vortex pair within the jet fluid and 

small-scale interfacial eddies remain very prominent. 

Injection through the elliptical nozzle results in several similar characteristics, although 

important differences also arise. Figures 5.14-5.17 show the instantaneous results from case El A. 

Immediately visible in the images taken at x/deff = 0 (Fig. 5.14) is the lower transverse extent of 

the bow shock compared to either circular injection case. Measurements of the maximum vertical 

bow shock position in case CIA yield values between roughly 4.3 and 4.7 effective diameters 

above the bottom wall. Similar measurements from case E1A give values between 4.0 and 4.3 

effective diameters. This reduction in transverse extent indicates that the shock generated in the 

elliptical flowfield is weaker than the shock in the circular flowfield. This result follows from the 

smaller frontal area of the elliptical injector along with a slightly reduced transverse penetration 

(discussed in a later section). Nonetheless, the weaker shock found in the elliptical injection 

flowfield translates into smaller total pressure losses across the mixing region. This is a desirable 

feature when considering injector candidates for SCRAMJET combustors where mixing 
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performance and total pressure losses are both crucial factors. In addition to the bow shock 

features, the images from the first measurement location show similar large-scale structure 

development but shallower transverse penetration than their circular counterparts. The images also 

reveal a lateral spread that compares closely to that observed in case CIA. Recall that the orifice 

dimension in the spanwise direction of the elliptical injector is approximately half that of the 

circular injector (see Table 3.1). As the image plane moves downstream, this enhanced lateral 

spreading trend continues. In fact, images shown in Fig. 5.15 for x/deff = 4 reveal lateral spreads 

that exceed those from case CIA indicating that the elliptical orifice leads to more rapid spreading 

in the spanwise direction than the circular geometry. Structurally, the images from case El A 

contain similar large-scale eddies as those from case CIA. The counter-rotating vortex pair within 

the jet dominates the cross-sectional structure while several prominent interfacial eddies appear as 

well. Many of these interfacial structures appear mushroom-shaped and provide significant sites 

for freestream engulfment. Suppression of transverse penetration continues. By x/deff = 8 (Fig. 

5.16), the jet interface seems highly broken and small-scale eddies become more prominent as they 

ride on the counter-rotating pair. Again, mixing of the two streams is suggested by the shallower 

intensity gradients from the jet region to the freestream. Finally, images from x/deff = 10 (Fig. 

5.17) show the jet as completely broken with pockets of freestream fluid penetrating all the way 

into the core region. Lateral spread continues to be as large or larger than observed in case CIA. 

Figures 5.18-5.21 show selected instantaneous images obtained from injecting helium 

through the elliptical nozzle (case E2H). These images show characteristics that are similar to 

those presented above in that the transverse penetration of the jet seems suppressed compared to 

the circular cases, the lateral spread associated with the elliptical nozzle is greater than or equal to 

that achieved using the circular orifice (whose orifice dimension in the spanwise direction is twice 

that of the elliptical nozzle), and the helium injectant seems to mix relatively poorly when compared 

to using air as indicated by the lack of intermediate gray levels and prominence of sharp intensity 

gradients found in the images. Figure 5.19 shows images from x/deff = 4 that exhibit this lack of 

intermediate scales very well. These images consistently show the jet region characterized by large 
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areas that indicate nearly pure injectant fluid. By contrast, the images from case El A at x/deff = 4 

(Fig. 5.15) show the jet region being broken up by intrusions of freestream fluid. Small-scale 

interfacial eddies form more frequently than the large-scale protrusions commonly observed in air 

injection (low compressibility) cases, while the counter-rotating vortex pair created within the jet 

fluid continues to be prominent in Figs. 5.20 and 5.21 at x/deff = 8 and 10, respectively. Finally, 

bow shock strength in this flowfield, inferred from the images at x/deff = 0 (Fig. 5.18), again 

appears weaker than the shocks created in the circular cases, although not to the degree that was 

observed in the elliptical injection flowfield using air. The mean jet exit static pressure computed 

from the data taken during the image collection at this streamwise imaging plane was slightly 

higher (by about 5%) than the mean exit pressure computed using all the data obtained from this 

injection case. This larger value of the jet exit pressure caused the jet-to-freestream momentum 

flux ratio to be approximately 3.0 for the ensemble of 20 images collected at x/deff = 0 for case 

E2H. This discrepancy created a relatively stronger bow shock compared to the one at x/deff = 0 in 

case El A and resulted in the elevation of the bow shock at this image plane being higher. Further 

ramifications of this elevated pressure condition appear in the results that follow as well. 

5.3.1.2    Ensemble-Averaged Results 

Figures 5.22-5.29 present the normalized ensemble-averaged images and their respective 

penetration contours obtained from the four flowfields examined in this investigation. The 

ensemble sizes used for calculating these averages were either 20 or 100 images depending on the 

streamwise imaging plane (20 shots at x/deff = 0 and 8, 100 shots at x/deff = 4 and 10). The 

images presented are normalized by the average freestream intensity downstream of the bow shock 

(except for those from x/deff = 0, where an average from the freestream upstream of the bow shock 

is used due to the appreciable particle number density increase across the strong regions of the 

shock). This procedure results in normalized intensities decreasing from near unity in the 

undisturbed freestream (dark) to lower levels in the regions containing injectant fluid (light). 

Scales indicating the normalized mean intensity levels appear below each of the images. Each 
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penetration contour shown corresponds to a normalized intensity level of 90%. This arbitrary 

choice of an intensity threshold adequately describes the jet penetration in these flowfields. 

Actually, the definition used to select the penetration contour resembles the velocity thickness 

definition employed in the description of the edges of a compressible mixing layer. For the 

transverse injection flowfields, the 90% definition provides a boundary between essentially pure 

freestream fluid and mixed fluid at some intermediate mixture fraction. Thus, regions falling 

outside this contour contain either pure freestream fluid (values near 100%) or jet fluid mixed with 

the seeded freestream to a signal level above the 90% threshold. In contrast, fluid within the 

penetration contour can be either pure unseeded injectant (values near 0%) or injectant fluid mixed 

with the seeded freestream fluid to a level that brings the signal below the 90% threshold. 

The ensemble-averaged image presented in Fig. 5.22a shows the uniform freestream above 

the curved cross section of the bow shock found in case CIA at x/deff = 0. The jet fluid appears 

light in the image and extends from approximately z/deff = -1 to 1. Some freestream entrainment is 

indicated at the upper edge of the jet region by the intermediate gray scales found there. This is the 

location where large-scale eddies first appear as illustrated by the instantaneous images presented 

earlier. The sharp gradients along the sides of the jet fluid suggest that the small-scale eddies 

formed there do not provide significant freestream entrainment as the jet exits the orifice and 

interacts with the crossflow. Moving downstream to x/deff = 4 (Fig. 5.22b), the counter-rotating 

vortex pair formed within the jet fluid appears. These two structures create a void region within 

the central core of the jet allowing engulfment of freestream fluid. Peripheral mixing between the 

two streams seems to have increased by this station as suggested by the marked increase in gray 

levels at the edges of the jet. Figures 5.22c and 5.22d show the two average images computed for 

x/deff = 8 and 10, respectively. These two images illustrate characteristics similar to those from 

Fig. 5.22b, although the effects of the small ensemble size at x/deff = 8 are apparent in the image in 

Fig. 5.22c. By the final image plane location, the amount of mixed fluid appears to have 

substantially increased over that shown in the image from x/deff = 4. Intermediate gray scales 

dominate the entire central area occupied by the jet. 
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The penetration contours derived from these four ensemble-averaged images are plotted in 

Fig. 5.23. These contours show the progressive spatial development of the jet boundary found 

using the 90% definition discussed above. The kidney-shaped cross section becomes very 

apparent by roughly four effective diameters downstream of the jet exit. This cross-sectional shape 

is indicative of the pair of counter-rotating vortices formed within the jet from the vorticity present 

in the boundary layer of the injector nozzle. Other notable features in these contours include rapid 

elevation of the jet off the bottom wall, increasing transverse penetration until about x/deff = 8, and 

rapid lateral spreading very near the injector exit followed by what appears to be contraction farther 

downstream. This contraction trend is consistent with previous data obtained farther upstream40 

and suggests large-scale entrainment whereby seeded freestream (and therefore higher signal 

levels) propagates into the jet fluid. No appreciable contraction in the transverse direction occurs 

since mixing and penetration result in opposing trends. Once the jet's transverse momentum has 

vanished, no mechanism remains for further transverse penetration. Downstream of this point, the 

contour will contract in the vertical direction as more freestream is entrained into the jet. 

Globally, the averaged images from case C2H, shown in Fig. 5.24, present similar results 

to those just discussed from the air injection case. The uniform freestream and average bow shock 

contours appear clearly in Fig. 5.24a along with the areas where the bow shock and separation 

shock interact. The jet fluid behaves much like that shown in Fig. 5.22a where large-scale eddies 

contribute to freestream engulfment and to the intermediate gray levels found at the upper edge. 

Sharp gradients at the sides of the jet result from the small-scale eddies' inability to entrain such 

large quantities of freestream fluid. The ensemble-averaged images from farther downstream 

contain features similar to those for case CIA with the exceptions that larger areas of jet fluid occur 

and the normalized mean intensities are lower indicating less freestream fluid within the jet region. 

Thus, increased compressibility appears to result in substantially less entrainment of freestream 

fluid into the jet. Intermediate gray scales are common, but the core region of the jet remains very 

distinguishable at x/deff = 4 and 8. Figure 5.24d closely resembles its counterpart from air 

injection at x/deff =10 except that the jet appears to occupy more area and purer injectant cores 
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persist within the jet region.  Penetration contours obtained from these images, shown in Fig. 

5.25, reveal that the lateral contraction phenomenon occurring in air injection is not as pronounced 

for case C2H. Figure 5.25 illustrates many of the same features as the contours from case CIA in 

that kidney-shaped profiles develop and transverse penetration increases until roughly x/deff = 8. 

The magnitude of transverse penetration appears slightly larger than for case CIA, but this can be 

explained by the slightly larger value of J for the helium injection case. One observation is clear 

though: the helium (high compressibility) and air (low compressibility) injection cases result in 

different entrainment characteristics as inferred from the relative levels of lateral contraction of the 

penetration contours. 

Images displaying the ensemble-averaged flowfield from case El A are presented in Fig. 

5.26. The weaker bow shock generated in the elliptical injection flowfield at x/deff = 0 appears in 

Fig. 5.26a. The maximum transverse extent of the shock in this figure is about 4.0 effective 

diameters compared to approximately 4.5deff for case CIA. The jet is wider than the one created 

by the circular orifice but suffers from a suppressed transverse extent. This flatter appearance 

persists as' the image plane moves to x/deff = 4 where the counter-rotating structure becomes 

noticeable. Also observed in this image are the relatively unmixed jet cores on either side of the 

spanwise centerline. Farther downstream, the jet region becomes dominated by gray scales except 

for two areas of nearly pure injectant in the cores of the counter-rotating vortices. Actually, in Fig. 

5.26c, the jet nearly splits into two sides as the void region between the pair of streamwise- 

oriented vortices drives upward. The final image at x/deff = 10 (Fig- 5.26d) looks similar to Fig. 

5.26c in that the cores persist while the rest of the region occupied by the jet suggests some 

intermediate level of mixing. Applying the 90% intensity definition to these ensemble-averaged 

images results in the contours presented in Fig. 5.27. Immediately apparent from these contours is 

the reduced transverse extent of the jet in this case compared to either of the two previously 

discussed. However, the contours from x/deff = 0 and x/deff = 4 show the significant lateral spread 

associated with the elliptical geometry. Kidney-shaped contours indicating the presence of the 

counter-rotating vortex pair develop as expected with deep freestream protrusions into the central 
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jet region occurring downstream of x/deff = 4. The penetration contours contract with increasing 

streamwise distance in a similar manner to those obtained from the ensemble-averaged images of 

case CIA. 

Figure 5.28 shows the ensemble-averaged images obtained from the elliptical injection 

flowfield using helium, case E2H. As with the previous set of images from case El A, these 

indicate slightly reduced transverse penetration values compared to circular injection of helium 

(Fig. 5.24). Other features in these images are similar to those presented above including the 

relatively slow lateral contraction found in case C2H. Persistent core regions similar to those of 

case El A appear in Figs. 5.28c and 5.28d at x/deff = 8 and 10, respectively. Additionally, the jet 

region in these downstream positions contains slightly larger regions of nearly pure jet fluid than 

was found in the elliptical injection flowfield using air. Close examination of the penetration 

contours derived from these images shown in Fig. 5.29 confirms the observation that the rate of 

lateral contraction is smaller than that in case E1A. Figures 5.27 and 5.29 have several similarities 

including well-defined kidney-shaped contours downstream of x/deff = 4, rapid lateral spreading in 

the injector near-field, and suppression of transverse penetration compared to the respective 

circular injection cases. 

The results of analyzing the 90% contours for transverse penetration and lateral spread 

appear in Figs. 5.30-5.33. The penetration results in Fig. 5.30 indicate that the jets reach their 

maximum extent into the crossflow by roughly x/deff = 8. In fact, downstream of x/deff = 4, only 

slight changes occur. Results from each injector geometry demonstrate comparable values 

providing more evidence that the jet-to-freestream momentum flux ratio is a valid correlating 

parameter for transverse jet penetration (helium injection produces slightly deeper transverse 

penetration consistent with its slightly larger value of J). Also, elliptical injection produces 

somewhat shallower penetration levels. This fact is most likely a manifestation of the momentum 

thickness instability that leads to axis-switching. One other item worth noting concerns the data 

presented at x/deff = 0 that indicate case E2H having a substantially higher transverse penetration 

than case El A. As mentioned in the discussion of the instantaneous images from this streamwise 
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plane, the jet exit pressure for case E2H was about 5% higher than desired, resulting in a 

momentum flux ratio of approximately 3.0. This slightly elevated value of J produces the deeper 

penetration observed in Fig. 5.30 for case E2H at x/deff = 0. 

Figures 5.31 and 5.32 present the lateral spreading results where the data are normalized by 

deff and the physical spanwise nozzle exit dimension (2b), respectively. All four cases shown in 

Fig. 5.31 start with about the same absolute spanwise spread at x/deff = 0 and 4 with the elliptical 

cases being consistently wider than the corresponding circular cases. From here, the spreading 

trends are not completely clear, though all cases eventually indicate some lateral contraction 

occurring. Helium cases contract at a slower rate on average than the air injection cases, implying 

that the two injectant gases mix with the freestream air differently. Presumably, contours obtained 

from farther downstream would show sharp contraction trends in the helium injection cases as 

well. This being the case, mixing in the helium injection flowfields could then be described as 

slower than the mixing of freestream and injectant in the air injection cases. The near-field mixing 

layer convective Mach numbers (see Table 5.1) suggest that compressibility issues may contribute 

to this observation; this issue will be discussed further after the rest of the data are presented. One 

observation from these data is clear though: the jets created using elliptical nozzles spread laterally 

into the crossflow up to 25% more than corresponding jets from circular nozzles operated at the 

same jet-to-freestream momentum flux ratio. By normalizing the lateral spread data with the 

spanwise nozzle exit dimension, the differences in lateral spreading rate become even more 

apparent. Figure 5.32 presents these data and shows that indeed the lateral spread in cases E1A 

and E2H is at least twice as large as in cases CIA and C2H. It also provides strong evidence, 

when coupled with the reduced transverse penetration, that the axis-switching phenomenon 

1f\ 77 
observed in other elliptical injection studies is preserved here.   ' 

To further address the axis-switching issue, the ratio of the lateral spread to the transverse 

penetration appears for each injection case in Fig. 5.33. The solid horizontal line shown on the 

plot indicates where this ratio equals unity (i.e., that the lateral spread is equal to the transverse 

penetration). The two cases using the circular nozzle begin just above this line with values of 
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(z/deff)/(y/deff) < 1.20. Beyond this position, the transverse penetration increases more than the 

lateral spread causing the ratio to decrease to levels below unity by the farthest downstream 

measurement plane (i.e., x/deff = 10). Recall that the helium jet (high compressibility) contracts 

more slowly in the lateral direction than the air jet (low compressibility) resulting in the 

significantly larger value of (z/deff)/(y/deff) for case C2H by x/deff =10. The elliptical nozzle, on 

the other hand, demonstrates values well above unity in the region upstream of x/deff = 8. Again, 

due to the slower contraction of the helium case (case E2H) compared to the air case, the value of 

(z/deff)/(y/deff) for case El A is significantly smaller than for case E2H by ten effective diameters 

downstream. Also note the inconsistent behavior of case E2H at x/deff = 0 (compared to case El A) 

resulting from the overshoot in the exit static pressure of the helium jet (and concomitantly deeper 

transverse penetration). From these data, it seems quite clear that an axis-switching phenomenon 

is occurring in the elliptical injector flowfield. 

The areas enclosed by the 90% contours discussed above give further indications regarding 

the contraction phenomenon present in these four injection cases. Figure 5.34 presents the results 

of calculating the enclosed areas (A90) normalized by the injector exit area at each streamwise 

position. The data in the plot clearly follow two separate trends. Both air injection cases indicate 

increasing areas up to approximately x/deff = 4. After this position, the enclosed areas decrease 

monotonically. The trend for helium injection is quite different in that the area ratio data continue 

increasing beyond x/deff = 4, although case C2H experiences a decline beyond x/deff = 8 due to the 

lateral and transverse contraction shown in Figs. 5.30-5.32. The increases beyond x/deff = 4 for 

the helium cases are more gradual than the sharp change occurring between x/deff = 0 and 4. As 

discussed above, the area enclosed by the 90% contour becomes smaller as the number of 

scattering particles (i.e., the amount of freestream fluid) in the jet region increase. Thus, the sharp 

reduction in area observed for the air injection cases beyond x/deff = 4 suggests the presence of 

freestream fluid in the jet region. This is a strong indication of large-scale entrainment of 

freestream fluid. On the other hand, the fact that the helium contours do not experience the same 

decreasing trend in area within the present measurement domain suggests that freestream fluid (and 
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therefore scattering particles) is not as prominent within the jet region for these cases. The 

instantaneous images from the air injection cases (CIA and E1A) consistently showed a more 

broken structure downstream of x/deff = 4 and larger numbers of intermediate gray scales 

throughout the jet region than cases C2H and E2H using helium. Large-scale eddies also appeared 

more frequently in these cases than in their helium counterparts, where small-scale vortices seemed 

more common. Based on these observations and the trends produced from the analysis of the 

ensemble-averaged images and contours, the low compressibility air injection cases seem to result 

in better large-scale entrainment than the high compressibility helium injection cases. Further 

analysis of this phenomenon follows below as the intensity fluctuations are examined in detail. 

5.3.1.3    Standard Deviation Results 

Beyond the ensemble-averaged data, it is important to understand the fluctuations found in 

turbulent, compressible mixing flowfields. By examining the image standard deviation given by 

Eq. 5.4, more insight into the location, formation, and development of regions of fluctuating fluid 

can be gained. For example, the interface region between the jet and freestream fluids may be 

examined in more detail. The shear layer formed in this region can fluctuate intensely and is a 

prime contributor to the entrainment and mixing of freestream fluid. Additionally, the spatial 

lifetime of the undisturbed jet core can be identified in terms of streamwise position. 

To quantitatively compare the standard deviation results from the four cases examined here, 

a normalization scheme was employed to provide consistent interpretations of the data. Each 

standard deviation image computed using Eq. 5.4 contained low intensity levels in regions of the 

flow characterized by small fluctuations (i.e., the freestream and jet core) and high intensity levels 

in regions characterized by large fluctuations. These intensity levels were reassigned so that small 

fluctuations have high intensities while large fluctuations have low intensities. Then, each image 

was normalized by an average fluctuation level from the freestream (ä^) such that 

^normj j 1 ^ (5.10) 
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By reassigning intensity levels as described above, Eq. 5.10 could be meaningfully applied, 

resulting in processed images with intensity values ranging from essentially zero in the freestream 

and jet core regions to values near unity in the intensely fluctuating shear layers. Had the original 

convention been retained, the results of Eq. 5.10 would have been normalized improperly since the 

average freestream fluctuation would have been smaller than the mixing layer fluctuations. As with 

the ensemble-averaged images presented above, either 20 or 100 images were used to compute the 

normalized standard deviations shown (20 shots at x/deff = 0 and 8, 100 shots at x/deff = 4 and 

10). 

The normalized standard deviation images given in Fig. 5.35 are from the circular injection 

flowfield using air (case CIA). Each of the four images includes a scale that indicates the gray 

level corresponding to a certain value of Gn0rm- At the first measurement station, several details are 

worth noting. First, the bow shock appears to fluctuate slightly. The ensemble of instantaneous 

shots from this location revealed that the bow shock reacted to the presence of the large-scale 

eddies that intermittently formed at the jet's upper edge, as noted in §5.3.1.1. As expected, when 

a large eddy protrudes at the upper edge of the jet, the bow shock position changes slightly due to 

the concomitant change in frontal area of the jet plume. Second, the shearing region around the 

periphery of the jet is observed. As suggested by the ensemble-averaged image from this position 

in Fig. 5.22a, thin regions of fluctuating fluid characterize the sides of the jet compared to the 

thicker regions along the upper edge. Thus, most of the freestream entrainment that occurs at this 

location does so due to the large-scale eddies evolving at the upper edge of the jet. Third, the jet 

core and the crossflow are black indicating essentially undisturbed fluid. Moving downstream to 

x/deff = 4, the development of the mixing region around the periphery of the jet can be examined in 

closer detail. Here, the region of fluctuating fluid grows substantially on both the sides and the top 

of the jet. Note the region between the two counter-rotating vortices near the bottom wall where 

significant fluctuations appear. Also note that the central cores of the two counter-rotating vortices 

remain relatively devoid of fluctuating fluid compared to the region surrounding them. Thus, some 

regions of "unmixed" fluid (in terms of the turbulent fluctuations) still exist within the jet core. 
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Continuing downstream, similar characteristics are observed, although the spatial extent of the 

fluctuating fluid continues to increase. By x/deff = 10, essentially no undisturbed core remains. 

Figure 5.36 presents spanwise intensity traces taken from the standard deviation images of 

case CIA discussed above. These profiles give indications of the relative levels of fluctuations 

occurring across the span of the image at a given transverse position. All of the spanwise profiles 

presented in this section show a slight asymmetric character towards the negative z-direction. This 

phenomenon has been observed in several other experimental investigations of wall injection into 
'Xl />1 f\0 T\ QR 

supersonic streams where nonintrusive and probe-based instrumentation are used, ' ' ' ' 

and it is most likely the remains of some instability associated with the jet boundary layer. Despite 

this asymmetry, the profiles do reveal the desired information concerning the regions containing 

the majority of the fluctuations in these transverse injection flowfields. The trace at the upper left 

represents the intensity variation occurring at 1.3 effective diameters above the bottom wall at the 

streamwise centerline (i.e., x/deff = 0) of the injector. Two dominant peaks emerge at the spanwise 

edges of the jet fluid indicating the presence of the developing shear layers. These features provide 

the only evidence of intensely fluctuating fluid at the selected transverse position. By x/deff = 4, 

Fig. 5.36b, the levels of the fluctuations within these shear layers reduce somewhat as they widen. 

Also observed in this trace, taken at 1.8 effective diameters above the injector wall, is a region near 

the spanwise centerline of the jet where relatively strong fluctuations occur. This region 

corresponds to the void between the counter-rotating vortex pair where seeded fluid from the 

freestream enters the core of the jet. Downstream of this position, no distinct maxima appear, 

although remnants of these three features can be discerned. The trace in Fig. 5.36c at x/deff = 8, 

y/deff =1.8 indicates a smoothing trend in that the prominent regions of high and low fluctuations 

observed in the upstream traces diffuse into one another. The trace from the final measurement 

station at x/deff = 10> y/deff =1.8 demonstrates this effect even more clearly. Another noteworthy 

observation in this trace is that the fluctuation intensity level increases across the jet region from the 

previous station. This indicates that the effects of large-scale engulfment no longer dominate the 

mixing process; rather, small-scale turbulence takes over in the far-field of this injection scheme. 
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The curves shown in Fig. 5.37 present the distribution of fluctuating intensities obtained by 

cutting the flowfield created by injection of air through the circular nozzle (case CIA) in the 

transverse direction at the spanwise centerline of the jet (i.e., z/deff = 0). At the x/deff = 0 

measurement location, shown in Fig. 5.37a, the undisturbed jet core quickly transitions into the 

highly fluctuating shear layer positioned directly above the injector exit. This large-scale mixing 

region is substantially thicker than the two shear layers at either side of the jet observed in Fig. 

5.36a. Assuming that the thickness of this mixing layer serves as the local integral length scale of 

the flow, then the large-scale eddies formed within this layer are of the same order of magnitude in 

size. Since there is a significant peripheral variation in the shear layer thickness (and therefore the 

integral length scale) at the jet/freestream interface, it follows that the eddies at the upper edge of 

the jet are larger than those at the sides of the jet and therefore contribute more strongly to the near- 

field mixing by entraining larger quantities of freestream fluid. Another feature in this intensity 

trace is the fluctuating bow shock positioned near y/deff = 4.5. The region between the shear layer 

and the shock contains fluid with no appreciable fluctuations. Moving downstream to x/deff = 4, 

several features again become apparent. First, the fluctuations near the injector wall increase 

significantly due to the presence of the unsteady wake region behind the jet. A thin depression in 

the trace shown in Fig. 5.37b indicates the remaining core fluid at this location. Recall that two 

such depressions emerged in the corresponding spanwise trace (Fig. 5.36b) and were identified as 

the centers of the counter-rotating vortex pair. The fluctuation intensities rise again above the 

filament of core fluid at the upper shear layer. At this location, the mixing layer appears quite thick 

as it spans more than two effective diameters. Beyond this streamwise position (i.e., x/deff = 4), 

the transverse intensity traces are essentially the same shape. The fluctuating intensity traces 

smooth out across the jet region and the general level of the standard deviation increases slightly. 

Normalized standard deviation images from case C2H appear in Fig. 5.38. The image 

computed at the streamwise jet centerline, x/deff = 0, contains several features common to the 

corresponding image from case CIA, including the slight fluctuation in the bow shock position and 

the essentially unfluctuating nature of the freestream and jet core.   In contrast, however, the 
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fluctuations in the position of the bow shock are not as large and the peripheral mixing region 

seems thinner. The spanwise extent of this region also appears reduced compared to that shown in 

Fig. 5.35a. Proceeding downstream to x/deff = 4, the region of highest fluctuations around the 

periphery of the jet again appears thinner than its counterpart in case CIA. This observation is 

consistent with the results presented above which suggest that the helium injection flowfield gives 

rise to smaller and less frequent large-scale protrusions into the crossflow than air injection due to 

its larger convective Mach number. This image also suggests that the jet core occupies more area 

in the central region of the jet as compared to case CIA. Figures 5.38c and 5.38d appear 

qualitatively similar to the one from x/deff = 4 although the prominence of the jet core decays with 

increasing streamwise distance. The images from these last two planes suggest that the region of 

fluctuations occupies more total area than in case CIA. 

Spanwise profiles of normalized standard deviation taken from Fig. 5.38 are presented in 

Fig. 5.39. The upper two traces are quite similar to the profiles presented above for case CIA. 

However, the shear layer region located at the left edge of the jet in Fig. 5.39a is roughly 50% 

thinner than the corresponding feature from Fig. 5.36a. The spanwise separation between the two 

peaks is slightly smaller than the earlier trace as well. A three-lobed trace indicating the edge shear 

layers and the central entrainment region emerges at x/deff = 4. The features in this plot have very 

similar dimensions as those in Fig. 5.36b, although the core regions (intensity valleys between the 

two mixing layers) are somewhat wider as suggested by the standard deviation image from this 

streamwise position, Fig. 5.38b. As the image plane moves downstream in this case, the distinct 

three-lobed profile persists. Some diffusion effects appear by x/deff = 10, although far less 

compared to the trace in Fig. 5.36d for case CIA. This trend seems to indicate that the large-scale 

eddies forming in the helium injection flowfield do not provide the same entrainment characteristics 

as those formed in the case using air injection. This is most likely an effect of the increased 

compressibility associated with the helium injection flowfield. 

Examining the transverse traces from z/deff = 0 for case C2H shown in Fig. 5.40 provides 

more evidence supporting this idea. First, the trace from the streamwise centerline (i.e., x/deff = 0) 

69 



contains a shear layer at the upper edge of the jet that is approximately 20% thinner than the one 

from case CIA shown in Fig. 5.37a. This observation suggests that the fluctuations present in the 

helium injection case do not extend as far into the jet region compared to those observed in air 

injection. Figure 5.40b shows the trace from x/deff = 4. Here, the emergence of fluctuations from 

the unsteady wake region found below about y/deff = 0.8 appear. In a similar manner to the plot 

presented in Fig. 5.37b, a gradual decay occurs toward the core region within the jet (which is 

broader here than in case CIA) followed by an increase in the average level of fluctuations in the 

upper edge shear layer. At this streamwise location, however, the mixing layer above the core of 

the jet is even smaller compared to case CIA than was found at x/deff = 0. The two downstream 

positions display the gradual disappearance of the core region and a general increase in the level of 

the fluctuations. However, by x/deff = 10, a discernible region of relatively low fluctuations 

remains in the helium flowfield. In comparison, the trace from the corresponding air injection 

flowfield (Fig. 5.37d) provides no evidence of this phenomenon, suggesting that small-scale 

turbulence (i.e., diffusion) develops faster in the air injection flowfield. 

Figure 5.41 shows the normalized standard deviation images computed from the ensemble 

of instantaneous images of case El A. Bow shock oscillation remains a feature in the images from 

x/deff = 0. More evident in Fig. 5.41a, however, is the shear layer region around the jet core. 

This region of relatively high fluctuations appears very similar to that observed in the circular 

injection flowfield with air as the injectant shown in Fig. 5.35a. Some suppression occurs in the 

transverse direction, although the lateral extent of this zone appears slightly larger. By four 

effective diameters downstream of the jet centerline, similar features persist. This image further 

suggests that the region of fluctuations above the jet suffers some transverse suppression compared 

to the case of circular injection of air. However, compared to case CIA, the lateral extent of the 

fluctuating region appears larger. The distance between the undisturbed cores of the counter- 

rotating vortices is clearly larger here than in the circular case. Fluctuations in the wake region, 

where freestream fluid is entrained into the central core of the jet, are again observed. Intermediate 
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gray scales move into the vortex cores by x/deff = 8; indications of these cores essentially disappear 

by the final imaging location. 

Spanwise profiles taken from these images appear in Fig. 5.42. In the trace presented in 

Fig. 5.42a at x/deff = 0 and y/deff = 1.3, the two mixing layers positioned at the sides of the 

elliptical jet are clearly observed. These fluctuation zones are as thick or thicker than the 

corresponding mixing layers found in Fig. 5.36 for case CIA. An interesting feature in this trace 

is that the separation distance between the fluctuation maxima is essentially identical to the 

observed separation found in the circular injection case, even though the spanwise dimension of 

the elliptical nozzle is only about half that of the circular nozzle. This provides yet another piece of 

evidence for the axis-switching phenomenon characteristic of elliptical nozzles. By four effective 

diameters downstream, the three-lobed profile emerges with the mixing layers at the spanwise 

edges of the jet moving outward (peak-to-peak spread of about 4.0deff compared to 3.2deff in case 

CIA). The central entrainment region in this case is substantially larger than in case CIA as a 

result of the larger void created between the counter-rotating pair. Similar to the previous two 

cases, the effects of diffusion become more apparent as the image plane moves downstream of 

x/deff = 4. Remnants of the three-lobed profile remain in the two traces shown in Figs. 5.42c and 

5.42d. However, the smoothing trend indicative of high and low fluctuation levels diffusing into 

one another is very prominent. The fluctuation intensity level increases across the jet region 

indicating that the effects of small-scale turbulence become more important to the mixing process in 

the far-field than the large-scale vortex structure of the jet/freestream interaction. 

Figure 5.43 presents transverse profiles taken from the spanwise centerline (i.e., z/deff = 0) 

of the elliptical nozzle fueled by air. The mixing layer formed at the upper edge of the jet in case 

El A is somewhat thinner and lower in elevation than the one created by circular injection of air. 

Also, the region of bow shock fluctuations occurs at a lower elevation, consistent with previous 

observations. Again, the upper edge shear layer is slightly wider than those formed at the sides of 

the jet. However, the peripheral thickness variation is not nearly as profound in this case. Growth 

of the mixing layer occurs as indicated in the trace taken from four effective diameters downstream. 
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Also present in this trace is a uniform level of fluctuations below the small core region located at 

approximately y/deff = 2.4. Traces from farther downstream indicate similar observations as those 

discussed in the previous two cases in that the core region of the jet disappears, and is replaced by 

a roughly uniform fluctuation level across the entire jet region by x/deff = 10. The small peak 

centered around y/deff = 4.0 in Fig. 5.43d indicates that the upper edge mixing layer continues to 

have some identity. 

Examining the normalized standard deviation images from case E2H shown in Fig. 5.44 

reveals several features similar to those observed in the previous images. For example, the bow 

shock fluctuations in Fig. 5.44a appear about as intense as in case El A using air; however, the 

fluctuations occur over a larger spatial range. This is explained by the results from the 

instantaneous images that indicate less frequent large-scale protrusions in the helium injection 

flowfield. Some of these eddies are appreciably larger (see Fig. 5.18), leading to sharper 

adjustments in the position of the bow shock. In addition, the peripheral mixing region appears 

somewhat thinner at the spanwise edges in this case than in case El A, whereas the upper edge 

mixing layer seems to be thicker and deeper into the freestream. The former observation is 

consistent with the results of the two circular cases while the latter two conflict. Deeper penetration 

of the mixing layer is not too surprising since this case operated at a somewhat higher value of J. 

However, the data to this point indicate that the helium injection cases result in poorer development 

of large-scale eddies than the air injection cases in the region near the injector exit. The occasional 

presence of large-scale structures extending farther into the freestream than average would result in 

a wider shear layer than more frequently occurring eddies falling near the average. As mentioned 

above, the instantaneous images provide evidence for this very occurrence. The region containing 

the highest fluctuations in the image at x/deff = 4 is very similar to its corresponding image from 

case El A in terms of spanwise and transverse extent. However, the undisturbed vortex cores 

occupy more area in case E2H where helium is the injectant. This observation compares well with 

case C2H where a larger jet core region appeared relative to case CIA.   At the downstream 
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stations, the region containing fluctuating fluid widens further as in case C2H. Again, essentially 

no distinct jet core appears downstream of x/deff = 8. 

Figure 5.45 presents the spanwise data traces from the normalized standard deviation 

images computed for case E2H. The trace at the upper left confirms the observations from the 

x/deff = 0 centerline image that the shear layers positioned at the edges of the jet are somewhat 

thinner than in the air injection case El A. As mentioned in §5.1, the shear layers developing in the 

helium injection flowfield are characterized by higher convective Mach numbers than in the air 

injection cases (see Table 5.1). Several past studies of the growth characteristics of compressible 

mixing layers show that as compressibility effects increase, shear layer growth rates decrease for 

given values of the density and velocity ratios.1'2 These effects correlate well with the convective 

Mach number defined in Eq. 2.6 and likely manifest themselves in the near-field development of 

the transverse jet flowfield. Broadening of the region between the two counter-rotating vortices 

begins to appear in the trace from four effective diameters downstream of the injector centerline. 

Beyond this location, the traces demonstrate characteristics similar to the previous plots in that 

some discernible remnants of the three-lobed profile remain with diffusive effects becoming more 

important than the large-scale entrainment processes. 

Transverse intensity profiles at z/deff = 0 from case E2H appear in Fig. 5.46. The trace 

obtained from the first image plane shows a thicker mixing layer at the upper edge of the jet than in 

case El A. It also indicates that the bow shock positions itself higher off the bottom wall. The 

previous observations that indicate the flowfield imaged in this particular ensemble had a slightly 

larger J than the others offers an explanation of these phenomena. The upper edge mixing layer 

thickens somewhat by x/deff = 4. Comparing this trace to the one from Fig. 5.43b for case El A 

indicates that the core region in the helium injection flowfield remains relatively coherent for a 

longer spatial extent. Only a small region between approximately y/deff = 2.2 and 2.6 remains in 

the air injection case while a broad region between roughly 1.8 and 2.8 effective diameters exists in 

case E2H. Thus, the mixing layer in case El A appears significantly thicker suggesting a more 

dominant large-scale presence. Although somewhat indistinct, both of the final two traces from 
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case E2H show indications of the decaying influence of the helium core with increasing fluctuation 

levels occurring more slowly than in the previous case. 

An arbitrary intensity contour (here Gnorm = 0.30) was selected in the normalized data that 

gave an accurate representation of the region containing fluctuating fluid. This region can be 

thought of as an active mixing zone. It in no way attempts to quantify the amount of freestream 

fluid being entrained into the shear layer. Within this contour, however, either large- or small- 

scale mixing of the two fluids occurs as inferred from the presence of turbulent fluctuations. 

Large-scale mixing involves the large eddies actively entraining fluid from the crossflow, thereby 

initiating the turbulent energy cascade and giving the two fluids the potential to become molecularly 

mixed. Small-scale mixing, on the other hand, involves the two fluids diffusing into one another 

at scales smaller than the discernible pixel resolution. Thus, the contours obtained from this 

analysis lead to concepts regarding the "mixing potential" of a particular injection scheme since 

they essentially enclose the entire mixing region. 

Figure 5.47 presents the contours obtained from the images shown in Fig. 5.35 (case 

CIA). At x/deff = 0, the contour outlines the peripheral mixing region around the jet core. 

Obviously, the width of this region above the jet is significantly larger than at the sides due to the 

larger turbulent eddies residing there. As the image plane moves downstream, the region of 

fluctuations grows dramatically. Figure 5.47b shows the contour obtained at x/deff = 4. Here, the 

fluctuating fluid extends into the crossflow by roughly 5.3 effective diameters vertically and 4.8 

effective diameters laterally. Also apparent in this contour are the centers of the counter-rotating 

vortices where only small fluctuation levels occur. Evidence of the wake region develops directly 

below the jet cores at this location. By x/deff = 8, the cores of the jet disappear. The extent of the 

fluctuating region reduces somewhat in the lateral direction, and the fluctuations in the wake region 

lessen as well. Finally, Fig. 5.47d shows the last measurement station at x/deff = 10 where the 

contour fills the entire vertical dimension of the plot. 

Contours derived from the images in Fig. 5.38 for case C2H are shown in Fig. 5.48. The 

first two mixing zones shown confirm the observations discussed above in that the contours from 
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x/deff = 0 and 4 are thinner both at the spanwise and upper edges of the jet as compared to case 

CIA. Figure 5.48b also confirms that the unfluctuating jet cores for this helium injection case 

occupy a larger area than in case CIA. In fact, the cores within the counter-rotating vortices persist 

until approximately x/deff = 8. No evidence of the vortex cores remains by the final measurement 

station, where the fluctuation region again fills the entire vertical dimension of the plot. The final 

two contours presented in this case appear fuller in the spanwise direction than the corresponding 

contours from case CIA. 

Applying the 30% definition to the normalized standard deviation images in Fig. 5.41 for 

case El A produces the contours shown in Fig. 5.49. As observed in Fig. 5.41, the regions of 

fluctuation are wider than those from case CIA. This is expected since the instantaneous and 

ensemble-averaged data consistently provide evidence of the axis-switching phenomenon where 

spreading in the minor-axis plane becomes greater than spreading in the major-axis plane. The 

contours also confirm the observations from Fig. 5.41 that the transverse extent of the large-scale 

mixing zone is smaller in the elliptical case than for the circular case. Again, this result is not 

surprising since the elliptical jets were found to penetrate slightly less than the circular jets on 

average. The cores of the jet in case El A appear to remain coherent for a longer spatial period than 

in case CIA. Here, evidence for some core fluid is present as far downstream as x/deff = 8, 

although what little jet fluid remains is highly fractured. 

Finally, contours computed from the images in Fig. 5.44 for case E2H appear in Fig. 5.50. 

These contours essentially combine the results of cases C2H and E1A. The jet core is more 

prominent in the helium injection flowfield, and contours from elliptical injection are substantially 

wider than those from circular injection although they suffer from slightly reduced transverse 

extent. 

To quantify the mixing potential of the four cases studied here, further analysis of the 30% 

contours was undertaken. Large-scale eddies that form in the shear layer entrain freestream fluid 

and enhance the volume of fluid within the mixing zone along with both the interfacial surface area 

and perimeter between the two streams. The mixing zone cross-sectional area (Aa) and perimeter 
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(P) computed from the contours permit a geometric analysis involving a shape parameter (S), 

defined by 

5=^whereHif- <5-n) 

This shape parameter has been used in a recent investigation of parallel injection behind an 

extended strut in a supersonic stream with good success.101 It attempts to describe the relationship 

between the perimeter and area of a given contour by comparing them to a perfectly circular 

contour of radius r0. If the contour of interest were a perfect circle, the value of S produced would 

be unity. The circular geometry also leads to a minimum value of the shape parameter defined 

above. Thus, contours that yield shape parameters greater than unity are considered to have greater 

large-scale mixing potential than those having values of S near unity by virtue of increased mixing 

area and the presence of large-scale structures that enhance the surface area and perimeter of the 

mixing zone. Small-scale mixing does occur inside these contours along with large-scale 

entrainment. However, as small-scale effects increase, the fluctuations diffuse and become more 

uniform causing the contours to become more circular and the values of S to tend toward unity. 

The contours presented above permit calculations of their enclosed area and their perimeters 

leading to values of the area ratio and shape parameter. Plots of these quantities appear in Figs. 

5.51 and 5.52, respectively. Some very discernible trends appear in these data. First, Fig. 5.51 

shows the area ratio R<j resulting from the computations. This ratio is defined as the area enclosed 

within the standard deviation contour, Aa, divided by the area within the 90% contour computed 

from the ensemble-averaged images, A90 Thus, values of Ra near unity indicate that the mixing 

zone area is of the same size as the area enclosed by the penetration contour at a given streamwise 

position. When this ratio takes values greater than unity, the result is that the mixing zone has 

grown beyond the bounds of the penetration contour. The curves in Fig. 5.51 show all four cases 

with approximately the same value of R<j at x/deff = 0, though the elliptical cases both have slightly 

larger values than the circular cases. Downstream of the streamwise centerline (i.e., x/deff = 0), 
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two separate trends develop. Cases CIA and El A show increasing trends to values of 

approximately Ra = 1.5 by four effective diameters downstream while the two helium injection 

cases reach values near R<j = 1.2. Beyond this streamwise plane, the two sets of curves depart 

from each other more dramatically with air injection cases continually falling above the helium 

injection cases. Eventually, by the final measurement location (i.e., x/deff =10), the area ratios 

from cases CIA and El A reach a level of roughly Ra = 3.0 while the other two cases finish 

between Ra = 1.7 and 2.0. Thus, when compared to the penetration contours taken from the 

ensemble-averaged images, the mixing zones for the air injection cases are substantially larger than 

those for the helium injection cases. This observation provides further indications that the low 

compressibility cases (CIA and El A) provide substantially better entrainment characteristics than 

cases C2H and E2H where compressibility levels are significantly larger. 

Figure 5.52 illustrates the shape parameter data for each case. All four curves have similar 

characteristics in that a sharp decay is experienced in the far-field (between x/deff = 8 and 10). The 

plateau region occurs at or above a value of approximately S = 3.0 in the near-field region. This 

suggests that the near-field contours are highly convoluted when compared to a perfect circle. The 

sharp decay indicates that the contours tend to become more circular in the far-field mixing region. 

Given enough streamwise distance to mix, the shape parameters would most likely decay to a value 

of S = 1.13. This is the shape parameter of the 131.0 mm x 152.4 mm test section (i.e., the test 

section perimeter is 566.8 mm, while the cross-sectional area 19,974 mm leading to an effective 

radius of r0 = 79.7 mm). Thus, large-scale entrainment appears more prominent in the near-field 

regions of these injection flowfields. Glawe, et al. indicate that the combination of a large 

shape parameter and a large mixing zone area is desired for favorable large-scale mixing 

characteristics. On the basis of this observation and the data presented in Figs. 5.51 and 5.52, the 

air injection flowfields, characterized by relatively low levels of compressibility, appear to result in 

better large-scale mixing characteristics over the range of study than the helium cases since they 

produce larger area ratios while the shape parameters are approximately the same for air and 

helium. Thus, this analysis suggests that injection cases characterized by relatively high convective 
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Mach numbers remain relatively unmixed, while cases giving rise to mixing layers with lower 

levels of compressibility result in better mixing potential for x/deff < 10. This observation is 

consistent with the previous instantaneous and ensemble-averaged results. 

5.3.2    Single-Shot Side View Images 

Imaging the jet/freestream interaction from the side yields a more conventional look at the 

flow such as that illustrated in Fig. 1.1. Here, the camera is oriented directly 90° off the beam 

propagation direction resulting in improved signal levels (S/N ~ 40-50) compared to the end views 

presented earlier. The pixel resolutions in these visualizations were approximately (Ax, Ay, Az) = 

(87.6 (im, 87.6 |im, 200 jim). Each side view image displayed in this section covers roughly 5.6 

effective diameters (35.6 mm) in the streamwise direction and 5.3 effective diameters (33.7 mm) in 

the transverse direction. Ensembles of temporally uncorrelated images were acquired from two 

adjacent streamwise imaging planes (100 images each) positioned at the spanwise centerline of the 

jet (i.e., z/deff = 0) so that a wide field of view could be examined. A small gap (0.4 effective 

diameters = 2.5 mm) between the planes resulted; therefore, all the images from the downstream 

position presented in this section are separated from the upstream images by an amount consistent 

with this physical gap. The flow direction in all the images is from left to right. Due to the size of 

the test section, neither laser sheet position was influenced by reflections of the three-dimensional 

bow shock emanating from the top or side walls. Again, the gray scale palette highlights the 

features in the jet fluid by showing pure seeded fluid (freestream) as black and pure unseeded fluid 

(injectant) as white. 

Instantaneous images provide a great deal of information regarding the flowfield structure 

and the characteristics of the jet, with particular emphasis on the large-scale eddies that form at the 

interface between the jet and freestream fluids. Ensemble-averaged images computed with Eq. 5.3 

reveal near-field transverse jet penetration and yield some information regarding the mixing layer 

behavior at the upper edge of the jet. Finally, analyses of standard deviations computed using Eq. 

5.4 provide substantial information concerning the fluctuations in this turbulent, three-dimensional 

78 



flowfield. These images reveal further details about the behavior of the wake and upper edge 

mixing layer, as well as the spatial extent of the jet core fluid found at the spanwise centerline of 

the jet. Additionally, two-dimensional spatial correlations of the intensity fluctuations were 

computed at various positions within the images. These results provide quantitative measures of 

the large-scale structure size, shape, and orientation within the upper edge mixing layer. 

5.3.2.1    Instantaneous Images 

Figure 5.53 shows select instantaneous images of the flowfield created by injection of air 

through the circular nozzle (case CIA). Four pairs of images appear in the figure; several 

observations can be quickly made from them. First, the upstream image in each pair illustrates the 

formation of the bow and separation shocks ahead of the jet exit. Some small fluctuations in the 

bow shock's position are visible, consistent with the information produced in the various end view 

images presented in §5.3.1.1. Intermittent large-scale eddies influence the position of the bow 

shock near the injector wall. Secondly, the jet/freestream interface demands attention due to the 

fact that it is inundated with vortex structures that form rapidly as the jet fluid enters the freestream. 

As the jet bends downstream due to the momentum of the crossflow, these eddies grow, interact 

with each other, and apparently entrain large quantities of freestream fluid. Discernible braiding 

regions form between pairs of large structures. These regions highlight the role of large-scale 

eddies in the engulfment process, where the large, well-pronounced structures strain the interface 

between them and then wrap freestream fluid into their cores. Such interfacial strain leads to 

locally steep concentration gradients and molecular diffusion across the interface. As other 

investigations of transverse injection into low speed and supersonic crossflows have 

suggested,37'40'49'68"71 the predominant roll-up direction of the eddies in these images is into the 

freestream fluid (i.e., counter-clockwise). This implies that the jet fluid tangent to the interface 

moves with a higher velocity than the adjacent freestream fluid. The large-scale vortex motions 

appear highly diffused in the downstream portions of the flowfield. The first pair of images in 

Fig. 5.53 illustrates this observation clearly where the structure located at x/deff = 8 seems highly 
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broken and filled with gray levels indicative of intermediately mixed fluid. Comparing this eddy to 

the one positioned at x/deff = 3 in the same pair of images reveals that the jet fluid not only mixes 

with crossflow as it travels downstream, but the inclination angle of the eddies with respect to the 

freestream also rotates, becoming steeper. 

Downstream of approximately x/deff = 5, the jet core region in case CIA rapidly breaks up 

resulting in the increased gray areas shown in Fig. 5.53, which are indicative of fluid mixed to 

some intermediate level. The sharp intensity gradients between regions of jet and freestream fluid 

have weakened and some evidence of vortex structures in the wake region appears. As shown in 

Fig. 2.5, these eddies reach from the bottom wall up to the lower edge of the jet. The first, third, 

and fourth image pairs shown in Fig. 5.53 illustrate these vertical structures rather clearly, though 

they are not nearly as prominent as in the low speed case of Fric and Roshko.53 It is inconclusive 

at this point whether or not an ordered system of wake vortices similar to that documented in 
CO 

incompressible injection studies is established here. A final observation concerning these images 

involves the local velocities as inferred from the roll-up direction of the structures. As noted 

above, the large eddies at the interface predominantly roll into the freestream. However, the third 

pair of images in Fig. 5.53 shows a structure, formed near the point where the core breaks up 

(x/deff ~ 6), that has a reversed, clockwise direction. This particular vortex structure rolls toward 

the jet fluid indicating a local reversal of the high and low velocity streams. That is, in some 

instances near and beyond the point where the core breaks up, the jet fluid interacts with freestream 

fluid having a higher velocity. 

Circular injection using helium results in significant differences in structure size and shape 

compared to the air injection case just described. Recall from the data in Table 5.1 that helium 

injection, under the present conditions, leads to the formation of an upper edge mixing layer which 

is substantially more compressible than the one formed in air injection. The instantaneous images 

shown in Fig. 5.54 provide evidence of this effect. The structures in case C2H are much flatter 

and more amorphous than those found in air injection. No images of the helium injection flowfield 

contained any of the large, well-defined rollers present in case CIA. Also, the braiding regions are 
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not nearly as well-pronounced suggesting that less freestream engulfment occurs in case C2H as 

compared to case CIA. These regions appear as "finger-like" intrusions of freestream into the jet 

fluid. Small-scale eddies appear more common along the interface as they ride with the larger 

motions that predominantly roll-up into the freestream fluid. Compared to case CIA, the eddies in 

case C2H appear to diffuse more slowly in the downstream regions of the interaction. The same 

observation resulted when examining the images from the end view of this case (Figs. 5.10-5.13). 

White regions, indicating relatively pure jet fluid, persist even at the farthest downstream location 

(i.e., x/deff = 10) in Fig. 5.54. Structures present between the wall and the jet again suggest that 

some vertically oriented wake vortices emerge in this flowfield. These are clearest in the first, 

third, and fourth image pairs of Fig. 5.54. Also noteworthy are the features in several images that 

indicate the presence of eddy shocklets. The shadowgraph photos of case C2H (Fig 5.2) also 

showed these relatively strong waves. 

As mentioned earlier in this chapter (§5.1), the helium injection case C2H is characterized 

by a significantly larger convective Mach number than the air injection case CIA. Thus, based on 

the results from two-dimensional shear layers,89'90 one would expect the helium injection case to 

have structures that are flatter and more poorly defined than those from air injection. Examination 

of the instantaneous side view images provides exactly this observation. This issue will be 

examined in more detail in the discussion section following the presentation of the remaining data. 

Examination of the instantaneous side view images from case E1A (Fig. 5.55) reveals 

features similar to those found in case CIA. Well-defined large-scale eddies form at the interface 

between the jet and freestream fluids. These structures grow as they convect downstream 

presumably by some vortex pairing mechanism where the upstream vortices catch up with the 

downstream eddies as they decelerate. Again, the vortices roll into the freestream fluid, suggesting 

that the injectant fluid moves faster tangent to the interface than the freestream fluid. The wide 

braid regions created between any two consecutive structures appear to promote freestream 

entrainment and enhancement of local small-scale diffusion across the highly strained interface. 

The jet rapidly breaks up downstream of approximately x/deff = 5 resulting in intermediate gray 
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scales that indicate intermediately mixed fluid. The large-scale vortex motions again appear highly 

diffused in the downstream portions of the flowfield in a similar fashion to case CIA (Fig. 5.53) 

as the sharp gradients between regions of jet and freestream fluid weaken. Some evidence of 

vortex structures in the wake region appears in the second and fourth pairs of images shown in 

Fig. 5.55. In addition to the structural development of the interface, these images provide 

indications of the weaker bow shock formed in the elliptical injection flowfield along with the 

smaller region beneath the separation shock upstream of the injector nozzle. The upstream image 

in the third pair presented in Fig. 5.55 shows the separation shock extending above the bottom 

wall by about 1.4deff. In contrast, the separation shock in case CIA consistently stretches more 

than two effective diameters above the injector wall as observed in Fig. 5.53. A final observation 

from the images of case El A is the slightly reduced transverse penetration afforded by the elliptical 

injector. The end view data also indicated this trend; more quantitative descriptions of the 

transverse jet penetration from analyzing the ensemble-averaged images appear in the following 

section. 

Figure 5.56 presents select instantaneous images from the flowfield created in case E2H by 

injecting helium through the elliptical nozzle. As was observed in case C2H, the structures at the 

interface in this case appear rather flat and amorphous compared to those found in air injection. 

Thin filaments of freestream fluid intrude into the jet region between these large eddies. Compared 

to the significant braid regions between large structures in the air case (case El A), the "finger-like" 

features in this case seem to entrain far less freestream fluid into the jet region where small-scale 

mixing can begin. The eddies seem to diffuse as they convect downstream, though not to the 

degree that was observed in the air injection case shown in Fig. 5.55. Relatively sharp gradients 

between the freestream and jet fluids remain present even at the farthest downstream position (i.e., 

x/deff = 9.6). Evidence of wake structures is less common here than in other instantaneous side 

view images, although the third and fourth pairs in Fig. 5.56 contain some indications that these 

vortices are present. Finally, the bow shock located upstream of the jet exit is again weaker than 

was found in circular injection, and the intersection of the separation shock with the bow shock 
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appears to occur at a lower transverse elevation above the bottom wall. Both of these observations 

agree with earlier results from the shadowgraph photos shown in §5.2 and the end view images 

presented in §5.3.1. 

5.3.2.2    Ensemble-Averaged Results 

Figure 5.57 shows the images obtained from applying Eq. 5.3 to the ensembles of data 

from case CIA. These images present actual averaged intensity levels within the jet/crossflow 

interaction normalized by the average freestream intensity downstream of the bow shock. The bow 

shock wave standing ahead of the jet fluid is clearly revealed. The region containing jet fluid 

becomes difficult to determine by eye beyond the jet exit as the fluid mixes with the freestream. 

However, intensity profiles taken at various streamwise positions provide a much clearer look at 

the mixing layer behavior found at the upper edge of the jet. These profiles also illustrate the 

deficit region in the center of the jet that gradually diminishes as freestream fluid enters the core. 

Figure 5.58 presents transverse intensity profiles taken from numerous streamwise positions in the 

averaged images of case CIA. This plot includes profiles of normalized mean intensity taken from 

nine streamwise planes between x/deff = 0 and 8. Dotted lines in the plot indicate the locations 

where the normalized intensities reach values of unity as shown by the scale included on the plot's 

upper axis. The two profiles taken from x/deff = 0 and 1 illustrate the bow shock at the location 

where sharp jumps in the normalized intensity occur. Each of the nine profiles shows the 

development of the mixing layer at the upper edge of the jet. Normalized intensity levels gradually 

decrease from near unity in the freestream to well below unity in the jet region. By roughly three 

effective diameters downstream, the intensity levels in the wake region near the injector wall begin 

to rise toward freestream values providing strong indications of freestream fluid being entrained 

into the wake. Downstream of this location, the normalized intensity levels within the central 

region of the jet gradually increase as freestream fluid is entrained into the jet core. 

The normalized ensemble-averaged images from case C2H appear in Fig. 5.59. The bow 

shock is again very prominent and the jet appears to diffuse more slowly than in the air case. This 
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observation is inferred from the slight intensity gradient between the jet and freestream fluids that 

remains by the downstream portions of the field of view. To clarify the jet's behavior, normalized 

intensity profiles extracted from the images appear in Fig. 5.60. As observed in Fig. 5.58 for case 

CIA, the bow shock position is revealed in the first two profiles of Fig. 5.60 at x/deff = 0 and 1. 

The most obvious features in the profiles of case C2H are the very predominant jet region and the 

gentle growth of the wake region close to the injector wall. Figure 5.60 shows that the jet region is 

characterized by much smaller normalized intensity values for a longer streamwise spatial extent 

than what were observed for case CIA in Fig. 5.58. The profiles for case C2H show similar 

behavior near the freestream in that I/I^ drops from unity to much lower values within the jet 

region. However, the decay of the normalized intensity values into the jet core is much more 

pronounced. Also, the increase of the normalized intensity values found in the wake region is 

more gentle than in Fig. 5.58 for case CIA. Together, these two observations indicate that the 

helium jet core remains more coherent over a longer streamwise distance than the air jet core. 

Thus, the entrainment effects afforded by the large-scale eddies formed within the peripherally 

oriented mixing layer are less effective in the helium injection case (high compressibility) than in 

case CIA (low compressibility). This conclusion lends credence to the inferences from the 

instantaneous images shown in Figs. 5.53 and 5.54, where the eddies that form in case CIA 

appeared to provide more entrainment than the large, amorphous structures formed in the mixing 

layer of case C2H. This is also consistent with the results obtained from the end view imaging 

experiments where the helium injection flowfields were found to provide lower mixing potential 

than the air injection cases. Thus, increased convective Mach number (i.e., higher compressibility) 

appears to be detrimental to the interfacial structural development that leads to entrainment of 

freestream fluid into the jet. 

Ensemble-averaged images of the flowfield created by air injection through the elliptical 

nozzle (case El A) appear in Fig. 5.61. Rapid turning of the jet fluid can be seen in the upstream 

image along with the shallow bow shock characteristic of the elliptical injection flowfields. The 

downstream image shows increased gray levels indicative of mixing between the two streams. 
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Beyond that, the contrast between the jet and freestream fluids becomes too small to visually 

distinguish between the two regions. Normalized intensity profiles presented in Fig. 5.62 illustrate 

the jet's behavior more clearly. The two profiles at x/deff = 0 and 1 illustrate the bow shock by the 

intensity jump at roughly four and five effective diameters above the bottom wall. From these two 

profiles it is apparent that the shock is weaker in case El A than in either circular injection case 

since the shock's position is closer to the injector wall. The jet region appears prominently in the 

profiles near the injector (x/deff ^ 3). Beyond this location, the rapid growth of the wake region 

near the bottom wall coupled with the effects of entrainment from the eddies in the upper edge 

mixing layer account for the dramatic increase in normalized intensity values within the core region 

of the jet. These profiles have very similar characteristics compared to the normalized intensities 

shown in Fig. 5.58 for case CIA where the wake and upper edge mixing layer appear to promote 

mixing in the jet at the spanwise centerline (i.e., z/deff = 0) of the interaction. However, the 

transverse extent of the jet region is somewhat smaller and the normalized intensities contained 

within it are slightly higher in case El A as compared to case CIA. This suggests that, at the 

spanwise centerline, the elliptical injection flowfield mixes slightly better than the circular injection 

flowfield by x/deff = 8. 

Ensemble-averaged images from case E2H are shown in Fig. 5.63. As was the case in 

Fig. 5.59, where the ensemble-averaged images from case C2H were presented, specific 

information regarding the behavior of the helium jet cannot be obtained from visual inspection of 

these images. The weaker bow shock clearly appears in the upstream image, and, in general, the 

helium jet seems to require a longer streamwise extent to diffuse to the intermediate gray levels 

present in the air injection flowfield (case E1A). To better understand the jet's behavior, several 

normalized intensity profiles presented in Fig. 5.64 permit closer examination of the development 

of the mixing layer at the upper edge and the diffusive effects that take over in the downstream 

regions. As in Fig. 5.60 for case C2H, the profiles in Fig. 5.64 show the jet region remaining 

rather wide at positions upstream of x/deff = 5. However, downstream of this location, the 

elliptical injection case appears to produce somewhat better mixing as the jet region in Fig. 5.64 
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contains higher normalized intensity levels than in case C2H. Also, by x/deff = 8, the jet region in 

case E2H has become significantly smaller in transverse extent than in case C2H. As mentioned 

above, these observations suggest that the elliptical nozzle leads to better mixing between the 

injectant and freestream fluids than the circular nozzle, at least at the spanwise centerline of the 

jet/crossflow interaction. 

The results of analyzing the averaged side view images for jet penetration appear in Fig. 

5.65. The intensity of the jet boundary presented corresponds to 90% of the average freestream 

intensity behind the bow shock (i.e., outer edge of the jet). As explained in §5.3.1.2, this 90% 

definition provides a boundary between essentially pure freestream fluid and mixed fluid at some 

intermediate mixture fraction. Regions falling outside this contour contain either pure freestream 

fluid (values near 100%) or jet fluid mixed with the seeded freestream to a signal level above the 

90% threshold, while fluid within this contour can be either pure injectant (values near 0%) or 

injectant mixed with the seeded freestream to a level that brings the signal below the 90% 

threshold. Each of the plots in Figs. 5.65a and 5.65b compares the performance of an individual 

injector configuration, where circular and elliptical injection results appear in Figs. 5.65a and 

5.65b, respectively. Figure 5.65c directly compares the performance of the circular and elliptical 

injector geometries. Keffer and Baines found that the penetration profile data obtained from a 

low speed jet in crossflow for several values of the jet-to-freestream momentum flux ratio 

collapsed to a single curve in the near-injector region when the coordinate axes were scaled by J . 

Results of a recent study examining helium injection into a supersonic crossflow at various jet-to- 

freestream momentum flux ratios confirmed these results for the high speed case in the region near 

the injector orifice.     The data in Figs. 5.65 reflect the same axis scaling convention. 

The transverse penetration data from cases CIA and C2H, shown in Fig. 5.65a, collapse 

very well in the near-field region when the inverse J scaling is used. In this plot, circular symbols 

show the average upper boundary in case CIA while square symbols indicate the average upper 

boundary in case C2H. A power law curve fit applied to all the experimental data presented in the 

plot resulted in the following correlation: 
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y  
deffJ 

= 1.20 

f ^0.344 
JC + fl 

dejfj. 
(5.12) 

This expression fits the experimental data with a correlation coefficient of approximately 98%. 

Clearly, this equation can only be applied in the near-field region since it predicts the transverse 

penetration tending toward infinite levels as the streamwise position moves far downstream. 

Examining the experimental results obtained from the cases using the elliptical nozzle 

shown in Fig. 5.65b yields similar conclusions regarding the collapse of the air and helium 

injection data when the inverse J scaling is applied to the coordinate axes. This injector geometry, 

however, leads to smaller transverse penetration levels in the injector near-field. The power law 

correlation obtained for these injection cases is 

y  
dejfJ 

= 1.00 

f ^0.344 
JC + fl 

deff-J. 

(5.13) 

where the correlation coefficient is roughly 97%. Note that both correlations shown in Eqs. 5.12 

and 5.13 predict the same dependence on the streamwise distance from the upstream edge of the 

injector nozzle. This is also the exact form of the correlation found in a previous study undertaken 

in the same facility using a different diagnostic technique,40 indicating that the 90% intensity 

definition used to define the injectant boundary produces consistent predictions of near-field 

transverse penetration. In that study,40 the origin of the streamwise coordinate was the upstream 

edge of the injector orifice rather than the centerline used here (see Fig. 1.2). Thus, the 

expressions given in Eqs. 5.12 and 5.13 incorporate a shift of the streamwise coordinate to the 

upstream edge of the injector. Figure 5.65c is a plot showing both correlations. From this figure, 

it appears clear that the jets from the elliptical injector suffer significant reductions in transverse 

penetration compared to the circular cases. This is most likely a manifestation of the asymmetric 

instability created around the elliptical orifice that leads to axis-switching. As shown earlier in the 

analysis of the ensemble-averaged end view images (§5.3.1.2), the elliptical jet spreads more in the 

spanwise direction than the circular jet. Taken together, these observations of better lateral spread 
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with suppressed transverse penetration provide rather conclusive evidence that the axis-switching 

phenomenon is occurring in the two elliptical injection cases studied in this investigation. It is also 

worth noting that the transverse penetration is insensitive to the injectant molecular weight (air has 

greater than seven times the molecular weight of helium) making the jet-to-freestream momentum 

flux ratio (J) the most important parameter describing the penetration of a transverse jet into the 

crossflow. 

5.3.2.3    Standard Deviation Results 

Standard deviation statistics are important tools that aid in understanding the fluctuations 

found in turbulent, compressible mixing flowfields. Their utility was demonstrated in the end 

view analysis presented in §5.3.1.3. In a similar way, the intensity standard deviations from the 

side view images provide more insight into the location, formation, and development of regions of 

fluctuating fluid. The interfacial region between the jet and freestream fluids may be examined in 

more detail. The shear layer formed in this region can fluctuate intensely and has been shown in 

the material above to be a prime contributor to the entrainment of freestream fluid. The spatial 

extent of the undisturbed jet core at the spanwise centerline can be identified in terms of streamwise 

position, and the fluctuations within the wake region downstream of the injector can also be 

examined. In all of the results that follow, the visualization plane is the spanwise centerline (i.e., 

z/deff = 0) of the jet/crossflow interaction. The images and profiles presented are created using the 

normalized standard deviation results from the application of Eqs. 5.4 and 5.10 to the ensembles of 

instantaneous images. Recall that the normalization is accomplished by taking the absolute value of 

unity minus the quotient of the actual standard deviation and the average freestream standard 

deviation behind the bow shock. 

The upstream and downstream standard deviation images from air injection through the 

circular nozzle (case CIA) appear in Fig. 5.66. As with the ensemble-averaged images presented 

above, 100 instantaneous images were used to compute the standard deviation results shown. 

Regions that appear black in the images have normalized standard deviations of essentially zero 
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while lighter regions contain intensity fluctuations. The left image in Fig. 5.66 illustrates the slight 

fluctuation in the bow shock position. As in the end view image from x/deff = 0 (Fig. 5.35a), the 

intermittent large-scale eddies formed at the upper edge of the jet boundary were found to influence 

the shock's position. More intense fluctuations of the bow shock position localize themselves near 

the mixing layer where the large-scale eddies form, as indicated by the relatively light region just 

above the jet shear layer. Farther out in the freestream, the shock fluctuations appear to diminish in 

intensity. The most prominent feature observed in this image is the mixing layer that develops 

from the upstream edge of the injector orifice. This mixing region grows very rapidly as the jet 

bends due to the oncoming freestream flow. Other features visible in the left image include the 

freestream and jet core regions which contain relatively low intensity fluctuation levels. The jet 

core viewed at the spanwise jet centerline (i.e., z/deff = 0) exists until approximately x/deff = 6, 

where the fluctuations of the mixing layer above and wake below appear to coalesce. This 

observation is essentially consistent with the findings in the end view images that showed the jet 

core becoming indistinct somewhere between four and eight effective diameters downstream. 

Beyond this position, the entire jet region contains fluctuating fluid and the core cannot be 

distinguished. 

Transverse intensity profiles were used in the ensemble-averaged images to examine the 

behavior of the mixing layer, wake, and jet core. These profiles proved useful in that they allowed 

direct comparisons of the normalized intensity levels found within the four cases studied in this 

investigation. Similar profiles taken from the normalized standard deviation images allow closer 

inspection of these features in terms of the relative levels of fluctuations present and the gradual 

transition from large-scale mixing to small-scale diffusion effects. Figure 5.67 illustrates several 

of these profiles obtained from the images computed for case CIA (shown in Fig. 5.66). The plot 

includes intensity profiles from nine streamwise planes between x/deff = 0 and 8. Dotted lines in 

the plot indicate locations where the normalized standard deviations reach values of unity as 

indicated by the scale shown on the plot's upper axis. Also included in the plot is a dashed line 

that represents the penetration correlation given above in Eq. 5.12. Consistent with the ensemble- 
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averaged results shown in Fig. 5.58, the two profiles positioned at x/deff = 0 and 1 demonstrate the 

effects of the bow shock. The regions directly above and below this feature are essentially 

undisturbed as the normalized fluctuation levels found there fall to zero. Mixing layer fluctuations 

appear in both of these profiles as indicated by the two local peaks in the normalized intensity 

centered near transverse positions of y/deff = 2.2 and 2.9, respectively. Downstream of x/deff = 1, 

the bow shock influence no longer appears in the profiles leaving only the fluctuating shear layer, 

the jet core, and the growing wake region near the bottom wall. The presence of the core region 

decays gradually as the mixing layer and wake begin to coalesce. Downstream of about x/deff = 6, 

the distinct influence of the jet core disappears leaving only a slight depression in the profiles that 

are otherwise dominated by the mixing layer and wake. It should also be noted that the normalized 

fluctuation levels within the upper edge shear layer decrease with streamwise position downstream 

of approximately five effective diameters from the injector centerline. However, the mixing layer 

continues to display growth up to the final position shown at x/deff = 8. Interestingly, the peak 

values of normalized standard deviation generally fall well below the average penetration boundary 

of the jet. This indicates that the regions of high fluctuations in the upper shear layer occur closer 

to the jet core and therefore freestream fluid is entrained far into the jet region. 

The two normalized standard deviation images computed for case C2H appear in Fig. 5.68. 

Three main features demonstrate appreciable fluctuations in these images: the bow shock, the 

upper edge mixing layer, and the wake region developing near the injector wall. The images from 

case C2H contain several noticeable differences when compared to the results shown in Fig. 5.66 

for case CIA. First, the fluctuation of the bow shock in the helium injection case appears less 

intense than in Fig. 5.66, as suggested by its darker color. As noted in the instantaneous 

visualizations from these two cases, the air injection flowfield (low compressibility) fostered the 

development of periodic large-scale structures in the upper edge mixing layer that were long and 

well-defined compared to those in case C2H. Also, the braid regions that formed between two 

consecutive eddies in case CIA were rather wide compared to the narrow braiding regions formed 

between the flat structures found in the helium injection case (high compressibility). Thus, the 
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bow shock in case CIA had more oscillatory disturbances acting on it than in case C2H, leading to 

the observed differences in shock fluctuation levels. Secondly, the upper edge mixing layer 

developing in case C2H appears somewhat thinner in Fig. 5.68 than the corresponding feature in 

Fig. 5.66. For example, in Fig. 5.68, the mixing layer appears to extend from roughly y/deff = 

2.5 to y/deff = 4.6 at a streamwise position of x/deff = 3.2. In Fig. 5.66, a similar examination 

shows that the mixing layer exists between approximately y/deff = 2.3 to y/deff = 4.9. This 

comparison indicates that the shear layer formed at the upper edge of the helium injector is nearly 

20% thinner at this streamwise position than the same feature observed in case CIA. Because of 

its apparently slower growth, the upper edge shear layer in case C2H remains more distinct in the 

downstream regions of the image (see Fig. 5.68 at x/deff = 6 to 9) than in Fig. 5.66 for case CIA. 

The wake region that develops downstream of the injector orifice in case C2H, however, seems to 

grow in a manner similar to what appears in Fig. 5.66. As a result, the jet core region remains 

preserved for a longer streamwise distance in case C2H. That is, the fluctuations in the wake and 

shear layer do not coalesce as far upstream in the helium injection flowfield as they do in case 

CIA. 

Normalized intensity profiles from case C2H shown in Fig. 5.69 provide clearer evidence 

of these observations. Bow shock fluctuation intensities found in the profiles at x/deff = 0 and 1 

are slightly lower than those observed in Fig. 5.67 from case CIA. Also, the widths of the upper 

edge mixing layer indicated in these two profiles are significantly narrower than in Fig. 5.67. 

Moving downstream, the development of both the wake region and the upper edge shear layer are 

clearly shown. The low intensity region between these two features indicates the persistent core of 

the jet. As the profiles in Fig. 5.69 illustrate, the core remains relatively distinct as far downstream 

as x/deff = 8. This profile shows the peak-to-peak distance between the fluctuation intensities in 

the mixing layer and the wake to be about 2.8 effective diameters, while the same distance in the 

downstream profile of Fig. 5.67 for case CIA is about 1.8 effective diameters. In addition to the 

wider region in case C2H, the normalized intensities found within this region are appreciably lower 

than in case CIA indicative of slower turbulent diffusion into the jet core. This effect is primarily 
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due to the slower growth of the upper edge shear layer in the helium injection case. Also, the peak 

normalized intensity values within the mixing layer of case C2H occur at higher transverse 

positions relative to the mean jet penetration curve than shown in Fig. 5.67. This phenomenon 

contributes to the persistence of the jet core since the strongest turbulent fluctuations in the upper 

shear layer remain well above the central portion of the jet region for the helium injection case. 

This was also observed in the end view results shown in Figs. 5.37 and 5.40 from cases CIA and 

C2H, respectively. Thus, in the high convective Mach number case (C2H), the entrainment 

characteristics of the large-scale eddies appear significantly suppressed as compared to those of the 

low convective Mach number case (CIA). 

Figure 5.70 displays the two normalized standard deviation images computed for case 

El A. The relatively bright region found within the jet core of the upstream image results from 

intermittent near-wall reflections. This case was examined at a different time than the rest of the 

side view experiments such that slight differences in the spanwise position of the laser sheet within 

the test section may have existed. The alignment of the laser sheet is prone to such slight positional 

errors due to its thickness (-200 um). Had it been in exactly the same spanwise location as in the 

other experiments, the effect observed in this image would not be present. Nonetheless, both 

images highlight the development of the fluctuations within the mixing layer and the wake along 

with the slight changes in bow shock position. Rapid mixing layer growth appears at the interface 

between the jet and freestream fluids. The jet core seems to disappear between 4.2 and 5.4 

effective diameters downstream of the injector centerline, consistent with the end view standard 

deviation images from this case (Fig. 5.41) that showed the jet core at the spanwise centerline (i.e., 

z/dgff = 0) to be completely indistinguishable between x/deff = 4 and 8. Beyond this location, the 

entire jet region contains intermediate gray levels indicative of fluctuating fluid. Transverse 

intensity profiles permit closer examination of the various features illustrated in these images. 

Profiles of normalized fluctuation intensity from case El A are presented in Fig. 5.71. 

Normalized fluctuation levels in the freestream are consistently zero, and the fluctuations in the 

bow shock's position occur only in the two profiles at x/deff = 0 and 1 in the figure.   The 
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abnormally high normalized fluctuation levels that occur directly below the mixing layer result from 

the slight laser sheet positional errors associated with this particular case. Aside from these 

features, the profiles illustrate the development of the upper edge mixing layer and the gradual 

growth of the wake region. Fluctuation levels within the jet region rapidly increase as the mixing 

layer and wake coalesce just downstream of x/deff = 4. Farther downstream, the profiles show 

only a single peak occurring within the mixing layer. These profiles are very different from those 

found in case CIA shown in Fig. 5.67 where the bimodal nature caused by peaks in both the shear 

layer and the wake persisted even by eight effective diameters downstream of the jet exit. This 

suggests that, at least on the spanwise centerline of the jet/crossflow interaction, the elliptical 

nozzle leads to more rapid diffusion of the fluctuating regions into the jet core. The mixing layer 

revealed in Fig. 5.71 is also substantially thinner than observed in the results of case CIA shown 

in Fig. 5.67. End view standard deviation results from these two cases demonstrated similar 

trends (see Figs. 5.37 and 5.43). As in case CIA, the locations where peak values in the 

normalized standard deviation profiles occur are generally well below the average jet penetration 

contour of Eq. 5.12. This suggests that, in air injection, the large-scale eddies formed within the 

upper edge mixing layer provide deeper entrainment of freestream fluid into the jet region. 

The two images displaying the normalized standard deviations computed for case E2H 

appear in Fig. 5.72. As observed in all the other side view images of this statistical quantity, the 

images of case E2H illustrate the fluctuations in the bow shock position along with the turbulent 

fluctuations characteristic of the upper edge mixing layer and the wake region close to the injector 

wall. Mixing layer growth seems slower in this case as compared to case E1A shown in Fig. 

5.70. The development of the wake region, however, appears very similar to the other elliptical 

injection flowfield. Comparing the gray levels found in the downstream regions of the right hand 

image suggests that the fluctuation levels in the mixing layer remain larger than those found in the 

wake. 

Figure 5.73 presents the profiles of normalized standard deviation computed from case 

E2H using Eq. 5.10. These curves reveal some interesting differences between the two elliptical 
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injection flowfields. First, the fluctuations in the upper edge mixing layer in case E2H demonstrate 

a gradual reduction with streamwise position although the location of the peak value remains at 

higher transverse positions relative to the mean jet penetration contour than in case El A. Thus, 

helium injection cases (high compressibility) appear to suffer from a shallower extent of freestream 

entrainment into the jet region than the low compressibility air injection cases, resulting in a more 

prominent jet core. Also, as observed in the images presented in Fig. 5.72, the mixing layer 

appears significantly thinner and more distinct than the corresponding feature in case E1A. Both 

elliptical injection cases demonstrate the disappearance of the jet core at roughly the same 

streamwise location (i.e., near x/deff = 5). However, the depression in the central region of the 

profiles from x/deff = 6 to 8 in case E2H suggests slower diffusion of the fluctuations into the jet 

core than the profiles from case El A (Fig. 5.71). That is, the diffusion of wake and mixing layer 

fluctuations into the jet core occurs more rapidly for case E1A, resulting in relatively uniform 

normalized standard deviation profiles downstream of x/deff = 6. The profiles shown in Fig. 5.73 

for case E2H strongly resemble those obtained in the end view standard deviation images 

computed for this flowfield (Fig. 5.46). 

5.3.2.4    Spatial Correlation Results 

Structures with a wide variety of sizes and orientations appear in the ensembles of 

instantaneous side view images. To this point, the mixing layer thickness, as inferred from the 

standard deviation results, has provided a comparative measure of the large-scale structure size in 

the different cases examined. Another result that provides information about the behavior of the 

large eddies formed in the upper edge mixing layer is the two-dimensional spatial correlation field. 

This statistical property has been used by other authors to examine the development of large-scale 

structures in a variety of flowfields.136"139 The form used in this investigation is represented as 

1   N 

C(Ax,Ay) = -^I'(X,y)-r(x + Ax,y + Ay), (5.14) 
n=l 
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where the point (x, y) is the reference location about which the features are correlated. The 

correlations are computed using the intensity fluctuations and the two lag parameters, Ax and Ay. 

For the present calculations, the correlations are computed over a domain that is 256 pixels wide by 

256 pixels high corresponding to a box that is just over 3.5 effective diameters (22.2 mm) on a 

side. Each pixel location is used as a reference location in the calculation to avoid subjectivity. 

The center of the computational domain is placed at one location in each instantaneous upstream 

and downstream image obtained from the four cases studied in this investigation. For the upstream 

images, the center of the domain corresponds to a location on the theoretical near-field penetration 

curve (either Eq. 5.12 or Eq. 5.13 depending on the injector geometry). In the downstream 

images, the center of the domain is placed roughly in the center of the upper edge mixing layer at a 

given streamwise position. Finally, the results from the instantaneous images are averaged 

together over the entire ensemble producing an ensemble-averaged correlation map of the given 

spatial region. Note that the two-dimensional spatial correlation used in this way sheds no light on 

a structure's three-dimensionality. However, over a large ensemble of images, the use of the 

spatial correlation in the side view plane positioned at the spanwise centerline of the injector does 

provide measures of the average geometric features of the large-scale eddies that can be used for 

comparison between the four cases studied here. 

The correlation fields presented in Figs. 5.74-5.85 show contour lines that are in even 

increments of 0.125 about the central peak that was normalized to unity. Instantaneous spatial 

correlation results are shown along with the actual regions taken from the individual images in 

Figs. 5.74-5.81. Note that the instantaneous image/correlation pairs displayed here are taken from 

the instantaneous side view images shown in Figs. 5.53-5.56. Figures 5.74-5.81 provide 

evidence of the significant structural variation that occurs within a given ensemble. To quantify the 

geometric parameters of the large-scale eddies on average, the 50% contour lines in the ensemble- 

averaged correlation maps are used. Analyses of these ensemble-averaged contours, shown in 

Figs. 5.82-5.85, reveal that the structures are elliptical in shape with their major axes being 

inclined somewhat to the freestream direction.   These elliptical contours produce geometric 
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properties of the large-scale structures, including major and minor axis size (2a and 2b), elliptical 

eccentricity (e), and angular orientation with respect to the freestream direction (a). The 

expression used to compute the eccentricity appears in §3.2.3 as Eq. 3.3. All of this information 

obtained from the ensemble-averaged results appears in tabulated form in Table 5.3. Also present 

in the table are the center coordinates of the computational boxes. 

Instantaneous spatial correlation results from the side view images of case CIA appear in 

Figs. 5.74 and 5.75. These images and their respective contours illustrate the variety of structures 

that form in the mixing layer at the upper edge of the jet. The results from the upstream images in 

Fig. 5.74 show that the structures indeed appear elliptical in shape. The first image shows two 

complete eddies in the domain. The correlation field from this particular image reveals the 

dominant peak at the center of the domain and islands on either side of it containing secondary 

peaks that represent the separation between the pair of structures in the image. The other three 

image/correlation map pairs in Fig. 5.74 demonstrate variations in structure size and angular 

orientation with respect to the freestream. Correlation fields from the downstream image plane 

shown in Fig. 5.75 present additional results. Here, some structures appear highly elongated and 

flat (see the third correlation map) while others are more inclined to the freestream flow direction 

(see the second correlation map) than in Fig. 5.74. Generally, the images indicate that the 

structures have become less organized by the downstream position, and the correlations confirm 

this in that the 50% contours are somewhat smaller than those found in the upstream maps of Fig. 

5.74. 

Results computed from the upstream and downstream instantaneous images of case C2H 

appear in Figs. 5.76 and 5.77, respectively. In Fig. 5.76, the structures revealed in the correlation 

maps appear somewhat larger than those from the upstream results of case CIA. Several of these 

contours suggest flatter shapes, though the central regions of the contours look more circular than 

in Fig. 5.74. Also note the islands observed in the fourth correlation map that indicate the 

secondary peak associated with the other eddies in the corresponding instantaneous image. Again, 

the distance between the primary and secondary peaks indicates the spacing between the centers of 
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the structures. The downstream results shown in Fig. 5.77 suggest that, in general, the structures 

have rotated somewhat becoming more inclined to the oncoming freestream flow and have 

increased in size. The ensemble-averaged results will address these observations further. 

The correlation fields computed from instantaneous images of case El A are shown in Figs. 

5.78 and 5.79 for the upstream and downstream image positions, respectively. Similar features 

are found in the correlation fields of Fig. 5.78 compared to the others from the upstream region, 

though the structure inclination angle appears slightly lower than those found in circular injection. 

The existence of a secondary peak found in the second map indicates the presence of the two 

eddies appearing in the imaged domain. Rotation of the structures is suggested by the results 

shown in Fig. 5.79 from the downstream images. Also, the correlation contours suggest that the 

eddies in these results are somewhat smaller than those in Fig. 5.78 and they also appear more 

circular. As in case CIA, the structures from the images of this case appear to quickly become less 

organized as they travel downstream; the spatial correlation results confirm this observation by 

suggesting smaller contours of high correlation in the downstream regions of the flowfield. 

The final instantaneous results presented are those in Figs. 5.80 and 5.81 from case E2H. 

In the upstream results shown in Fig. 5.80, the correlation contours appear more skewed to the 

freestream than in case El A (Fig. 5.78). As with the circular injection case using helium (case 

C2H), the eddies in case E2H appear relatively flat and elongated compared to those formed in the 

air injection case. In contrast though, the correlation contours suggest that the vortices in case E2H 

are smaller than those in case El A. Indications of secondary peaks within the correlation fields 

appear most obviously in the fourth map. Figure 5.81 shows the correlation fields and image 

regions found in case E2H as the image plane moves downstream. The correlation contours in this 

figure suggest rotation of the structures to steeper inclination angles. They also indicate that the 

structures grow somewhat as they convect downstream. 

The ensemble-averaged correlation fields for case CIA are presented in Fig. 5.82. Here 

the upstream and downstream contour maps appear. Recall that the contour levels shown vary in 

increments of 0.125 from 0.125 to unity. The 50% contour from Fig. 5.82a yields a normalized 
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major axis of 2a/deff = 0.44 (see Table 5.3). The eccentricity of the elliptical structure is £ = 0.75 

where a circular contour has an eccentricity of zero, and the inclination angle above the freestream 

flow direction (i.e., horizontal) is about a = 24°. Moving downstream, the structure's inclination 

angle increases, as observed in the instantaneous results, to about a = 45°. The normalized major 

axis becomes shorter (2a/deff = 0.33) and the 50% contour becomes more circular with an 

eccentricity of e = 0.65. Thus, the structure loses some of its coherency and rotates significantly 

into the freestream as it convects downstream due to the mixing between the injectant and 

crossflow. 

Ensemble-averaged results from case C2H (Fig. 5.83) are somewhat different. The 50% 

contour in Fig. 5.83a indicates that the major axis is 0.43 effective diameters long and the 

structure's eccentricity is about e = 0.67. These values suggest that the average eddy in the helium 

case at this streamwise position is slightly smaller than in case CIA (by about 2%) while it takes a 

slightly more circular shape. It is also more inclined to the freestream flow with an inclination 

angle of about a = 29°. Figure 5.83b shows an increase in normalized structure size to 

approximately 2a/deff = 0.54. The average structure in the downstream position has an eccentricity 

of about £ = 0.73 and an inclination angle of nearly a = 64°. Thus, in the high compressibility 

helium injection case, the large-scale structures rotate more as they move downstream compared to 

case CIA, and they grow in size. Throughout the results presented to this point, helium injection 

consistently provides evidence of slower diffusion and break-up of the large-scale eddies as they 

move downstream than does air injection. The results of the present correlation analysis 

substantiate this observation further by showing growth of the average eddy in case C2H as it 

convects downstream, while the average eddy in case CIA shrinks. Apparently, increasing 

compressibility diminishes the entrainment effectiveness of the large-scale eddies that form at the 

jet/freestream interface leading to slower large-scale break-up. 

The ensemble-averaged correlation fields computed for the case of elliptical injection of air 

(case E1A) appear in Fig. 5.84. From the upstream position, the average structure is found to 

have a major axis of 2a/deff = 0.50 and an eccentricity of £ = 0.69. Also, the structure inclines 
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itself at approximately a = 14° above the freestream flow direction. Due to the imaged field of 

view and the correlation box size requirements, the streamwise position of the correlation domain 

in case E1A is farther upstream than in case CIA (see Table 5.3). Therefore, direct comparisons 

between the upstream cases cannot be made. However, the downstream results are obtained at 

positions identical to those in case CIA. Here, the resulting contour map appears in Fig. 5.84b. 

Results from the 50% contour indicate an average structure inclination of roughly a = 39° along 

with a normalized major axis of 2a/deff = 0.20 and an eccentricity of 8 = 0.60. Thus, compared to 

the upstream results of Fig. 5.84a, the downstream structure has again rotated into the freestream, 

become more circular, and contracted. Compared to case CIA, the downstream results show that 

the structure from case El A is smaller (by about 40%), more circular, and inclined at a shallower 

angle to the freestream. 

Finally, the results of analyzing the ensemble-averaged correlation fields for case E2H 

(Fig. 5.85) show similar trends to those already discussed. First, in the upstream position, the 

average eddy has an inclination angle of about a = 32° along with a major axis and eccentricity of 

2a/deff = 0.18 and e = 0.63, respectively. Thus, compared to case El A, the high compressibility 

helium injection case leads to smaller, more circular eddies oriented at steeper inclination angles. 

Circular injection of helium (case C2H) also produced steeper inclination angles and smaller, more 

circular structures than case CIA. Moving downstream, the 50% contour in Fig. 5.85b indicates 

structural growth to a major axis of about 0.24 effective diameters. The elliptical eccentricity 

increases from the upstream position to approximately £ = 0.74 while angular inclination increases 

to roughly a = 59°. Thus, in comparison to the upstream position in case E2H, the structures 

become larger, more inclined to the freestream, and more elliptical as they convect downstream. 

These are the exact same trends as observed for the two spatial locations from case C2H. Thus, 

the spatial correlation results presented above indicate that the large-scale structures formed in air 

injection flowfields are somewhat larger in the near-field and become less coherent as they convect 

downstream (indicated by the shrinking major axis). They also appear to become more circular in 

shape and rotate into the oncoming freestream, becoming more inclined to the horizontal direction. 
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Helium injection, on the other hand, produces eddies that grow and become more elliptical as they 

travel downstream. These eddies also tend to rotate into the approaching freestream fluid, 

becoming more inclined to the horizontal direction as they convect downstream. Comparing the 

two injector geometries indicates that the eddies formed in the jets issuing from the elliptical 

injector are typically smaller than those in the jets formed using the circular injector. 

5.3.3    Bow Shock/Jet Boundary Interaction Images 

The side view images presented in §5.3.2 provided clear visualizations of the large-scale 

vortices formed in the mixing layer that develops at the interface between the freestream and 

injectant fluids. These eddies were found to intermittently influence the position of the bow shock 

generated upstream of the injector orifice due to the blockage created by the jet itself. Side view 

images also showed the region enclosed by the separation shock ahead of the injector nozzle where 

the bow shock interacts with the turbulent boundary layer resulting in the creation of an adverse 

pressure gradient and incipient boundary layer separation (see Fig. 1.1). This region has been 

shown to produce locally high wall static pressures in both experiments7'16'140 and numerical 

predictions. " ' 8 Also, in their numerical investigation of a reacting two-dimensional 

transverse jet of hydrogen in a supersonic air stream, Takahashi and Hayashi141 found that the 

static temperatures occurring within this zone were significantly higher than in any other region of 

their computational domain. The potential for significant erosion of the injector wall exists due to 

this local high temperature zone. Though always present in flowfields created by transverse 

injection into a supersonic crossflow, reductions in the size of the region beneath the separation 

shock should diminish the effects of this local hot-spot. 

The side view images presented above indicated that the elliptical nozzle geometry produced 

an area below the separation shock upstream of the injector exit that was smaller in terms of its 

transverse and streamwise extent than the circular nozzle geometry, although the total extent of this 

region was not observed. The elliptical nozzle also resulted in a weaker bow shock than the 

circular nozzle implying that smaller total pressure losses are likely to exist across the elliptical 
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injection flowfield. By examining a smaller field of view positioned just upstream of the injector 

exit, these two phenomena, along with the interaction of the large-scale eddies with the bow shock, 

may be studied in more detail. The following sections present the results of this effort where 

instantaneous, ensemble-averaged, and standard deviation images illustrate the various features 

present in this region of the flowfield. In these images, the signal-to-noise ratios were typically 

S/N ~ 40-50 as the camera was placed 90° off the direction of laser sheet propagation. Pixel 

resolutions for these images were approximately (Ax, Ay, Az) = (47.0 p,m, 47.0 |im, 200 (im). 

Each side view image displayed in this section covers roughly 4.3 effective diameters (27.2 mm) in 

the streamwise direction and 2.8 effective diameters (18.0 mm) in the transverse direction. The 

freestream flow direction is from left to right while the injectant flow enters the field of view from 

the lower edge of the picture. Gray levels in these images were assigned using a convention 

opposite to the images presented previously so that the jet fluid appears dark while seeded 

freestream fluid appears light. Ensembles of 50 images were acquired for cases CIA and E1A, 

with the laser sheet positioned at the spanwise centerline of the jet (i.e., z/deff = 0). Since the 

characteristics of the separation shock formed ahead of the injector were found to be more 

dependent on injector geometry than injectant gas, the helium cases were not studied in these 

experiments. 

5.3.3.1    Instantaneous Images 

The instantaneous images from cases CIA and E1A appear in Figs. 5.86 and 5.87, 

respectively. Six images are presented from each case. The visualizations of case CIA shown in 

Fig. 5.86 are rather striking in appearance. The region of interest appears more clearly in these 

images as compared to the instantaneous shots displayed in §5.3.2 where a smaller magnification 

was used. Many images in the ensemble capture the upper edge of the approaching boundary 

layer. For example, all of the images except the second shot presented in Fig. 5.86 show some 

boundary layer fluid as it enters the region beneath the separation shock wave. Several other 

features can be easily observed in these images including the bow shock standoff distance (i.e., the 
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distance upstream of the injector leading edge where the bow shock intersects the lower edge of the 

image), the streamwise and transverse dimensions associated with the upstream separation shock 

wave, and the large-scale vortices that develop as the jet enters the crossflow behind the 

shock/boundary layer interaction. 

The behavior of the bow shock below the point of intersection with the separation shock 

appears strongly influenced by the intermittent large-scale eddies that form immediately after the jet 

fluid enters the crossflow. The six images shown in Fig. 5.86 illustrate the range of behavior 

clearly. Some instantaneous visualizations reveal the bow shock in this region to be essentially 

perpendicular to the wall. In these instances (see the first, fourth, and sixth images), large eddies 

do not appear very near the wall. In contrast, the fifth image of Fig. 5.86 contains a turbulent 

structure centered at roughly one effective diameter above the wall. In response to the presence of 

this eddy, the bow shock curves sharply upstream increasing its distance from the injector 

centerline. This upstream curvature is then followed by a region where the bow shock bends back 

downstream. Several images from the ensemble show characteristics similar to these as the large- 

scale eddies disturb the bow shock's behavior below the point of intersection with the separation 

shock. Another interesting occurrence is shown in the third image of the figure where the bow 

shock apparently lifts off the wall allowing boundary layer fluid and injectant fluid to mix 

subsonically upstream of the injector exit. This periodic lifting of the shock wave, caused when 

the approaching boundary layer is relatively thick and the sonic line occurs at a higher elevation off 

the bottom wall, probably exacerbates the hot-spot phenomenon associated with reacting transverse 

injection flowfields since fuel is allowed to propagate farther upstream. Despite the dynamic nature 

of the bow shock's behavior below the intersection with the separation shock, a standoff distance 

of approximately 0.5deff consistently occurs. In the region above the point where the separation 

shock and bow shock intersect, fluctuations in the bow shock's position continue to occur 

although they do not result in the dramatic curvature changes noted in the region of nearly normal 

shock behavior close to the injector wall. In all the images obtained from case CIA, the bow 

shock was found to intersect the top edge of the image between -0.50 < x/deff < 0. 
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The region found between the bow and separation shocks is an important feature in 

transverse injection flowfields in relation to its flame-holding capability in combusting situations. 

As noted above, this region has been found to contain the highest temperatures in the flowfield 

created by a hydrogen jet injected into air.141 At the spanwise centerline of the jet/crossflow 

interaction, two points describe the extent of the separation shock. The first is the point upstream 

of the injector where the separation shock intersects the bottom edge of the image. The second 

point is the intersection of the bow and separation shocks that defines the highest transverse 

elevation of this wave. In the ensemble of images collected for case C1 A, the position of the first 

point was found to fall between -3.0 < x/deff < -2.25. Examining these images shows that the 

transverse location of the second point varies from about 1.6 to 2.8 effective diameters above the 

bottom wall. 

In addition to these features, the images of Fig. 5.86 provide clear visualizations of the 

large-scale eddies that develop in the earliest stages of the flowfield created by transverse injection 

of air through a circular nozzle. A wide range of structures appear in the images presented, several 

of which are reminiscent of the two-dimensional rollers observed in low convective Mach number 

mixing layers.89'142'143 All of these shots illustrate the highly dynamic interface that occurs near 

the injector orifice. Large- and small-scale eddies are revealed in each image along with the 

braiding regions between consecutive eddies. Some structures resembling mushroom-shaped 

protrusions appear (see the sixth image in Fig. 5.86). In general, the eddies roll into the freestream 

fluid as expected since the underexpanded air accelerates rapidly out of the nozzle leading to much 

higher injectant fluid velocities compared to the local freestream fluid velocity near the exit. Some 

instances of oppositely oriented vorticity appear (as in the downstream half of the large eddy in the 

sixth image), though the predominant vortex wrap-up direction indicates vorticity in the + z- 

direction (i.e., out of the page). Intermediate gray scales found throughout the jet/freestream 

interface suggest that a significant amount of mixing between the two fluids occurs very near the 

orifice. Coupled with the large excursions of jet fluid and the relatively wide braiding regions that 

allow both freestream engulfment by the large eddies and diffusion across the highly strained 
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interface, these observations suggest that the large-scale vortices play vital roles in the near-field 

mixing in this flowfield. However, the bow shock near the injector wall appears quite strong and 

the area beneath the separation shock upstream of the jet is very pronounced, such that the near- 

field mixing may come at the high cost of significant total pressure losses and potentially 

detrimental hot-spots in a combusting flowfield. 

Figure 5.87 shows the instantaneous images obtained from case E1A. All of the images 

presented in Fig. 5.87 show the upper edge of the approaching crossflow boundary layer as it 

enters the region beneath the separation shock just upstream of the jet orifice. As in the results 

from the circular case examined above, several other features can be easily observed in the images 

of case El A, including the bow shock standoff distance, the streamwise and transverse extent of 

the separation shock, and the large-scale vortices that develop at the jet/freestream interface. 

Large-scale eddies formed near the injector wall appear to influence the behavior of the bow 

shock below the point of intersection with the separation shock in case El A, though not to the 

degree that was observed in the images from case CIA presented in Fig. 5.86. The images shown 

in Fig. 5.87 give some evidence of the curvature changes induced by the presence of eddies (see 

the second and fifth images). Also, the sixth image presented shows the shock lifting phenomenon 

that appeared in case CIA (Fig. 5.86). The bow shock standoff distance (i.e., the bow shock's 

intersection with the lower edge of the image) is approximately 0.25deff upstream of the jet 

centerline. This is about 50% closer to the injector leading edge than was observed for case CIA. 

This is explained by the asymmetric vortex development associated with the elliptical geometry that 

leads to more rapid spreading in the minor-axis direction than in the major-axis direction. 

Apparently, the jet fluid expands more in the spanwise direction than in the streamwise direction at 

the exit plane of the elliptical nozzle. This allows the shock to stand closer to the jet exit in the 

elliptical injector flowfield and still accomplish the necessary pressure correction. 

In the region above the point of intersection of the bow and separation shocks, some small 

fluctuations in the bow shock's position occur. These fluctuations are similar to those for case 

CIA in that no dramatic curvature changes appear.  However, the images shown in Fig. 5.87 
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indicate a substantially weaker bow shock in the elliptical injection flowfield than in case CIA as 

inferred by its slope. This observation was also made from both the end and side view images 

presented in §5.3.1 and §5.3.2. The ensemble of images obtained here for case El A indicates that 

the bow shock intersects the upper edge of the image at streamwise positions between -0.25 < 

x/deff < 0. Therefore, in addition to being weaker than the wave in case CIA, the bow shock 

formed in the elliptical injection flowfield appears to fluctuate over a smaller spatial range. 

As in case CIA, the ensemble of images from case El A allows the extent of the separation 

shock upstream of the injector to be defined. The upstream extent, found where the separation 

shock intersects the bottom of the image, falls between -2.75 < x/deff < -1.75, while the point of 

intersection of the bow and separation shocks is between 1.1 and 2.1 effective diameters above the 

bottom wall. These values are significantly lower than those obtained from case CIA indicating 

that the area beneath the separation shock associated with the elliptical injector is smaller than in 

circular injection at the spanwise centerline of the jet/crossflow interaction. 

Structural activity at the interface between the jet and freestream fluids appears very 

dynamic in the images shown in Fig. 5.87. Large-scale eddies rapidly develop and grow as the 

injectant fluid bends toward the downstream direction. These eddies appear smaller and more 

periodically spaced than in the images of case CIA presented in Fig. 5.86. Clear visualizations of 

the tightly wound eddies are shown in several of the six images from case El A. For example, the 

first image shows a large structure centered at about two effective diameters above the bottom wall. 

This structure demonstrates the entraining ability of these vortices as unseeded injectant fluid wraps 

the bright freestream fluid around and into its core. Small-scale eddies are very common 

throughout the images both within the braiding regions between pairs of large structures and 

around the periphery of the individual large-scale vortices. Close examination of the third image in 

Fig. 5.87 shows the birth of a small eddy at an elevation of roughly 0.9 effective diameters above 

the bottom wall. As in Fig. 5.86 from case CIA, the predominant direction of vortex roll-up is 

into the freestream fluid such that the vorticity of the eddies at the spanwise centerline of the jet is 

oriented out of the page (i.e., in the + z-direction). Finally, the intermediate gray levels found 
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within the interfacial region indicate significant near-field mixing as in case CIA. Thus, as in the 

circular injection flowfield, large-scale vortices appear to be key components in the near-field 

mixing that occurs in case El A, since they actively entrain freestream fluid into the jet and strain 

the interface leading to molecular diffusion. However, the weaker bow shock and smaller area 

beneath the separation shock upstream of the elliptical injector would make this geometry a better 

alternative to transverse injection through a circular nozzle if the mixing characteristics are 

equivalent. More quantitative information regarding such issues is presented in the results of the 

probe-based measurements given in a later section. 

5.3.3.2    Ensemble-Averaged and Standard Deviation Results 

Applying Eq. 5.3 to the image ensembles obtained for the bow shock/jet boundary 

interaction studies of cases CIA and E1A yields the two images shown in Figs. 5.88 and 5.89, 

respectively. The gray scale palette for these two images is the same as that for the instantaneous 

images of Figs. 5.86 and 5.87 where seeded freestream appears light and unseeded injectant 

appears dark. These images are rather vague in terms of their ability to produce specific 

information about the region below the separation shock upstream of the jet due to the small 

intensity gradient between the approaching freestream fluid and the fluid within this region. 

However, they do illustrate the average characteristics of the bow shock, including its standoff 

distance and its intersection with the upper edge of the image. These images also reveal the 

intensity decay through the upper edge mixing layer in each case, which is indicative of the mixing 

that occurs between the jet and freestream fluids. 

Figure 5.88 shows the average bow shock standoff distance to be approximately 0.5deff 

upstream of the nozzle leading edge in the flowfield of case CIA. It also indicates that the shock 

intersects the upper edge of the image at roughly x/deff = -0.25. The corresponding locations 

found in Fig. 5.89 for case El A are x/deff ~ -0.25 for the standoff distance and x/deff = 0 for the 

intersection of the bow shock with the upper edge of the image. These observations are consistent 

with the ranges of shock motion obtained from the ensemble of instantaneous shots discussed in 
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§5.3.3.1. Thus, as expected from the previous results, the bow shock in the elliptical injection 

flowfield is appreciably weaker than the one created by injection through a circular nozzle. 

Transverse mean intensity profiles taken from the streamwise centerline of each injector 

(i.e., x/deff = 0) appear in Fig. 5.90. These profiles provide a better comparison of the two jets 

than afforded by visual analysis of the images shown in Figs. 5.88 and 5.89. Because of the 

limited vertical field of view, the region of freestream fluid available for normalization occurs 

directly behind the bow shock and therefore suffers from higher than normal signal levels due to 

the increased particle number density. For this reason, only raw intensity levels are presented in 

the profiles. In Fig. 5.90, circular symbols indicate the circular injector geometry (case CIA) 

while squares represent the intensity values from the elliptical geometry (case El A). Each profile 

illustrates the behavior of the upper edge mixing layer. The profiles clearly indicate that the shear 

layer in the circular injection flowfield is slightly thicker by this streamwise position than the one in 

the elliptical injection flowfield. This was observed in the material presented in §5.3.2.2 also. 

Apparently, the eddies that form at the spanwise centerline of the upper edge mixing layer in case 

E1A are smaller than those formed in case CIA. 

Images showing the standard deviation results of cases CIA and El A appear in Figs. 5.91 

and 5.92, respectively. As in previous standard deviation images, regions appearing dark indicate 

fluid with relatively small fluctuations while light regions highlight the areas containing fluctuating 

fluid. These images show the near-field mixing layer development along with the bow shock 

oscillation and slight indications of the separation shock. Direct comparison of the two images 

reveals that the mixing layer in the circular injection case (Fig. 5.91) does appear to be wider than 

the corresponding feature in case E1A shown in Fig 5.92. The position of the bow shock 

fluctuates about a relatively wide spatial region in case CIA compared to the elliptical injection case 

as observed in the ensembles of instantaneous images. These observations suggest further that the 

large-scale eddies formed in the elliptical injection flowfield are smaller than those from case CIA 

in the very near-field of the jet/crossflow interaction. Finally, the regions beneath the separation 

shocks ahead of the injectors are quite different in size, although the actual extents of these regions 
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are difficult to discern in the images shown in Figs. 5.91 and 5.92. The fluctuations in the 

separation shock position are not very intense in either flowfield. Also, as observed in the 

instantaneous images, the density gradients across the separation waves are not nearly as strong as 

across the bow waves, making them fainter, and the turbulent boundary layer fluid present in 

several shots clouds the images somewhat. 

Intensity profiles taken from the streamwise centerline (i.e., x/deff = 0) of each standard 

deviation image are presented in Fig. 5.93. These profiles provide a more quantitative look at the 

mixing layer formed between the jet and freestream fluids. As with the profiles of Fig. 5.90, these 

contain raw intensity values rather than normalized standard deviations due to the lack of a large 

undisturbed freestream region behind the bow shock. Immediately apparent from the plot is that 

the upper edge shear layer formed in the circular injection case is markedly wider than in case El A. 

This provides strong evidence that the large-scale eddies formed in the elliptical injector flowfield 

are smaller than those that develop in the circular case at the spanwise centerline of the interaction. 

Another noteworthy observation in this plot is that the peak intensity fluctuations in the two shear 

layers occur at roughly the same transverse position. Also, the peak standard deviation in case 

CIA is slightly higher than in the elliptical flowfield at this particular streamwise position, 

indicating that the flowfield created in case CIA fluctuates more severely than in case El A. 

5.3.4    Double-Pulsed Side View Images 

The side view images presented in §5.3.2 and §5.3.3 provide convincing evidence for the 

existence of large-scale eddies in the mixing layer that forms at the interface between the freestream 

and injectant fluids. These eddies appear to significantly influence the entrainment and mixing 

characteristics in the near-field region of the jet/freestream interaction. The spatial correlation 

results presented in §5.3.2.4 indicated some substantial differences between the eddies that form in 

the four cases studied in this investigation. The convective Mach numbers that arise for the two 

injectant gases used seem to have a significant effect on the size, shape, and angular orientation of 

the structures, while the injector geometry affects these features to a lesser extent. Temporally 
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correlated image pairs should provide more information regarding the development of the large- 

scale vortices within the upper edge mixing layers of the four cases examined here, including the 

convection velocities and convection angles of these dominant near-field structures. 

To obtain these results, the optical and electronic arrangements shown in Figs. 4.8-4.10 

were used to capture two images of the same region within the flowfield at fixed temporal 

separations. Pixel dimensions in the images were roughly (Ax, Ay, Az) = (66.8 u\m, 66.8 |im, 

200 ^im). Each side view image displayed in this section covers roughly 5.2 effective diameters 

(33.0 mm) in the streamwise direction and 4.0 effective diameters (25.4 mm) in the transverse 

direction. The freestream flow direction is from left to right while the injectant flow enters the field 

of view from the lower edge of the picture. Gray levels in these images were assigned using the 

same convention as in the images presented in §5.3.3 so that the jet fluid appears dark while 

seeded freestream fluid appears light. Ensembles of 20 image pairs were acquired for all four 

cases (CIA, C2H, El A, and E2H) with the laser sheets positioned at the spanwise centerline of the 

jet (i.e., z/deff = 0). Temporal separations were set at 2 jxs in cases CIA and El A, and 1.0 (is and 

1.2 u\s in cases C2H and E2H, respectively. 

The two cameras used in this experimental arrangement produced images with significantly 

different signal-to-noise ratios making mathematical manipulation of the data using a cross- 

correlation technique entirely inconclusive. Thus, these images were analyzed manually such that 

individual structures were tracked from one shot to the next and their positions in the streamwise 

and transverse directions (i.e., xi, yi, X2, and y2 from images #1 and #2, respectively) were 

determined. In this tracking procedure, the position of the center of a particular feature was 

identified in each image. Once known, these positions yield the structure's displacement between 

images from 

Ar = ^(x2-Xl) +{y2-y\)  ; (5.15) 

and, for a known laser sheet time separation At, the convection velocity of the large-scale eddy is 

determined using 
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Ar 
Uc= — . (5.16) 

At 

Note that Eqs. 5.15 and 5.16 assume that the eddy moves only in the plane of the laser sheet for a 

given temporal separation. The convection angle (j) associated with this velocity magnitude may be 

computed from the following trigonometric relation. 

(j) = arctan 
( \ 

(5-17) 

Figure 5.94 provides a schematic that illustrates these quantities and the general method for 

obtaining them from the images. Analyzing the images in this way produces some subjectivity 

concerning the pixel location of a given structure in the two images. It is estimated that the error 

involved in measuring the structural displacements in the two coordinate directions was ± 1 pixel. 

This leads to potential errors in the reported values of Uc and <]). All of the results presented below 

that were computed from the images are qualified with error bars that represent this measurement 

uncertainty. The sections that follow present instantaneous image pairs obtained from the four 

injection cases and then the results of the convection velocity analysis. 

5.3.4.1    Instantaneous Image Pairs 

Select instantaneous image pairs from the four cases studied here appear in Figs. 5.95- 

5.98. A grid has been superimposed on the individual images so that structural movement from 

the first image to the second image is more easily identified. The problems associated with the two 

different cameras are readily apparent in all of the image pairs presented. The right hand images 

exhibit relatively poor definition in the very near-field of the injector exit, though structures in the 

downstream portion of these images are clearer. Figure 5.95 shows an image pair from case CIA, 

where a time delay of 2 (is was used. Three structures present in the first image are visible in the 

second image. These are located near x/deff = 1.75, 2.5, and 3.0 in the first image. Notice how, 

even after only 2 fxs, the structure positioned near x/deff =3.0 has moved downstream and rotated 

somewhat. The interfacial structure in the images of case C2H, shown in Fig. 5.96, is somewhat 
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clearer than that of case C1Ä. In this case, a time delay of 1 us was used. The smaller eddies that 

dominate the interface are all easily tracked from one image to the next allowing several convection 

velocity measurements to be made from one image pair. 

Image pairs obtained from the elliptical nozzle appear in Figs. 5.97 and 5.98. The first 

figure shows two images from case El A with a laser sheet time delay of 2 us. These images have 

three well-defined large-scale eddies positioned at the jet interface. Again, distinct movement of 

the structures can be observed so that the temporal displacement can be easily computed. Finally, 

images from case E2H appear in Fig. 5.98. Here, a time delay of 1.2 JJ.S was used and the 

resulting images again clearly show both interfacial structure and displacement. 

5.3.4.2    Large-Scale Convection Velocity Measurements 

The ensembles of image pairs have been analyzed using the methodology and expressions 

discussed above and shown in Fig. 5.94. This procedure results in measurements of large-scale 

convection velocity (Uc) and structure convection angle (<j)) for approximately 30 instantaneous 

eddies in each case. It should be emphasized that these measurements are instantaneous in nature 

(i.e., not ensemble-averaged); thus, scatter in the data is expected although general trends may be 

observed. Both of these quantities are functions of the streamwise and transverse positions of the 

individual structure; however, the results that follow are only plotted against the streamwise 

coordinate. This gives some indication of the behavior of the interfacial eddies as the jet is turned 

downstream. Again recall that these results assume that the large-scale eddies only move in the 

plane of the laser sheets (i.e., z/deff = 0) for the given time interval. 

Figures 5.99 and 5.100 present the results of analyzing the image pairs of case CIA. 

Large-scale convection velocities appear in Fig. 5.99. This plot contains two velocity reference 

lines that indicate the crossflow air velocity (Uoo = 516 m/s) and the velocity of the air jet at its exit 

(Ue j = 317 m/s). Also note that error bars are included on all of the measured values of Uc. In this 

case, the ± 1 pixel uncertainty in the structure's position translates into a measurement uncertainty 

of + 47 m/s. Initially, near x/deff = 0, the eddies that form at the jet/freestream interface convect 
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with velocities that are larger than the exit velocity of the jet. This phenomenon results from the 

fact that the jet is underexpanded and, as it expands out of the nozzle, the velocity of the jet fluid 

increases. As the jet turns toward the downstream direction, the convection velocities of the 

structures generally increase toward the freestream velocity. Several eddies, however, move with 

velocities close to the jet exit velocity downstream of x/deff = 1. Results of applying Eq. 5.17 to 

the eddy position measurements are presented in Fig. 5.100. In this plot, the crossflow direction 

is represented using a solid line at <j) = 0°. The circles that indicate the actual measured convection 

angles are bounded by horizontal error bars above and below that correspond to the ± 1 pixel 

accuracy of the measurements. As the air jet exits the circular nozzle, the structural convection 

angle is relatively high as evidenced by the values plotted near x/deff = 0. This is expected since 

the jet's momentum is originally perpendicular to the flow direction of the approaching freestream. 

With increasing streamwise position, the eddies begin to move at shallower angles to the crossflow 

direction. By the farthest downstream measurement station, however, the structure convection 

angles generally remain greater than zero suggesting that the transverse penetration of the jet fluid 

is still increasing. This is consistent with the ensemble-averaged end view results of §5.3.1.2 and 

the ensemble-averaged single-shot side view results presented in §5.3.2.2 that indicated transverse 

penetration increasing until roughly eight effective diameters downstream of the injector exit. 

Circular injection of helium (case C2H) results in significantly different trends regarding 

the convection velocities of the large-scale vortices. Figure 5.101 presents the convection velocity 

measurements from within this flowfield. Note the two reference lines on the plot that are the 

crossflow air velocity (Uoo = 515 m/s) and the jet exit velocity (ue,j = 882 m/s). In this case, the jet 

exit velocity is larger than the approaching freestream velocity as opposed to case CIA where the 

opposite was true. The error bars in this plot are twice as wide (+ 95 m/s) as in Fig. 5.99 since the 

temporal separation of the laser sheet is only 1.0 |is. Clearly, as the helium jet exits the circular 

nozzle, the large-scale eddies formed in the upper edge shear layer move markedly faster than the 

jet exit velocity. Comparing the performance of the two injectant gases in the very near-field of the 

jet/crossflow interaction (x/deff < 2) shows that the eddies in case C2H move roughly three times 
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faster than those from case CIA. This observation provides further evidence of the effects of the 

large value of convective Mach number (Mc « 1.9) for this case. The data in Fig. 5.101 suggest a 

local maximum in Uc occurring near x/deff = 1.0, downstream of which the convection velocity 

rapidly relaxes toward the freestream velocity. The plot of structure convection angles in Fig. 

5.102 for case C2H closely resembles Fig. 5.100 for case CIA in that the data show relatively 

large angles as the jet enters the freestream fluid, and these angles rapidly decrease in the 

streamwise direction becoming more parallel to the crossflow. 

Figures 5.103 and 5.104 illustrate the results obtained from analyzing the image pairs from 

case El A. The convection velocity data presented in Fig. 5.103 show the eddies rapidly reaching 

the crossflow velocity. Compared to Fig. 5.99 for case CIA, the near-field results in Fig. 5.103 

suggest a quicker acceleration up to the freestream velocity. However, as the flow develops farther 

downstream, the two cases behave very similarly in that each produces large-scale convection 

velocity magnitudes that hover around the velocity of the freestream. Examining the structure 

convection angles presented in Fig. 5.104 shows that the large-scale eddies move more shallowly 

with respect to the freestream fluid in the near-injector region than in case CIA (see Fig. 5.100). 

This observation provides additional support for the reduced transverse penetration characteristic of 

the elliptical injector as found in the analysis of the ensemble-averaged end view images (§5.3.1.2) 

and the ensemble-averaged side view images (§5.3.2.2). The angles plotted in Fig. 5.104 decay 

as expected toward the freestream flow direction ((j) = 0°) with increasing streamwise distance from 

the injector exit. It is suspected that the axis-switching phenomenon present in the elliptical injector 

flowfield causes the observed differences in the behavior of Uc and (|> in the near-field regions of 

cases CIA and El A. This phenomenon, caused by the asymmetric distribution of momentum 

thickness around the elliptical nozzle exit, results in faster spreading in the minor axis plane than 

in the major axis plane (see the results shown in Fig. 5.33). Another potential contributor to the 

observed differences in behavior of the convection velocity and convection angle results for the 

circular and elliptical injectors is the weaker bow shock present in the elliptical injector flowfield. 

The bow shock strength directly affects the velocity distribution of the freestream fluid behind it. 
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In addition, this fluid is one of the streams involved in the formation of the mixing layer at the 

upper edge of the jet fluid. Since the convection characteristics of the large-scale eddies that form 

within the mixing layer are highly sensitive to the velocities of either stream involved in its 

development, ' the differences in shock strength could result in the observed differences in 

Uc and (j) between circular and elliptical injection. 

Results from case E2H appear in Figs. 5.105 and 5.106. The very near-field of this 

injection case contains eddies that convect with velocities between the jet exit velocity and the 

freestream velocity as in case El A. As the eddies move downstream, their convection velocities 

begin to taper off toward the freestream velocity, though several of the instantaneous structures 

analyzed have measured values of Uc both higher and lower than Uoo. The near-field behavior in 

this case is substantially different from that observed in case C2H (Fig. 5.101) where the shear 

layer vortices moved much faster than the jet exit velocity. This difference is again thought to be 

caused by the axis-switching phenomenon associated with the elliptical nozzle geometry. 

Apparently, the momentum thickness asymmetry that leads to axis-switching also affects the 

development of the vortices in the mixing layer that forms at the jet/freestream interface. It is also 

possible that the weaker bow shock formed in the elliptical injection flowfield plays a role in the 

significantly different near-field convection velocity characteristics of the large-scale eddies. The 

structure convection angles presented in Fig. 5.106 appear very similar to those from case E1A that 

were shown in Fig. 5.104. The near-injector region contains relatively shallow convection angles 

compared to case C2H while the angles gradually tend toward the freestream flow direction as 

expected. The non-zero angles found by four effective diameters downstream of the injector exit 

are consistent with the other double-pulsed data and with the results of both the ensemble-averaged 

end view and single-shot side view images that indicate increasing transverse penetration at this 

streamwise position. 
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5.4   Pitot and Concentration Probe Measurements 

Probe-based measurement techniques permit the collection of important information 

regarding the time-averaged pressure losses and mixing characteristics present in transverse 

injection flowfields. Results from these measurements appear in this section for circular and 

elliptical injection of helium (cases C2H and E2H). Pitot probe measurements from two 

streamwise planes (x/deff = 4 and 10) are discussed first followed by helium mole and mass 

fraction results obtained using the concentration probe and reduction procedure described in §4.4.2 

and §4.4.3. Data were obtained from each probe at discrete points in the two measurement planes. 

In the upstream plane, 441 locations were sampled at increments of 0.4 effective diameters from 

z/deff = -4 to 4 and y/deff = 0.25 to 8.25. The downstream plane was sampled more sparsely at 

increments of 0.8 effective diameters over the same spatial area. Figure 5.107 shows the discrete 

measurement locations. At each streamwise measurement location, 1000 samples of data were 

obtained from each traversing probe along with 1000 samples of data yielding time-averaged 

measurements of the operating parameters p0,oo, pe,j, T0,o°, and T0,j. Two-dimensional arrays of 

these values permit the generation of contour plots using software running on a Power Macintosh 

computer. The pitot pressure measurements provide comparisons between the two injection 

geometries in terms of total pressure loss. Concentration measurements produce information 

regarding the time-averaged mixing characteristics of the two injection flowfields. Together, these 

measurements give excellent quantitative information regarding two critical performance 

characteristics associated with injection of fuel into a supersonic stream. 

5.4.1    Pitot Probe Results 

Figure 5.108 presents the pitot probe results from both streamwise planes for circular 

injection using helium (case C2H). Each plot in this figure shows contours of normalized pitot 

pressure, Il2,oo, defined as 

n2oo = ^-. (5.18) 
P0,oo 
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In this expression, the total pressure measured by the probe (p0,2> the stagnation pressure behind 

the normal shock that stands upstream of the probe) is normalized by the freestream total pressure 

measured in the settling chamber, p0)OO. Both contour plots presented appear very symmetrical 

about the spanwise centerline of the flow (i.e., z/deff = 0); recall from Fig. 5.107 that the 

measurements spanned the entire region and were not merely "mirrored" about the jet centerline. 

Contours in the upper portion of the plot in Fig. 5.108a indicate the presence of the bow shock 

formed upstream of the injector. The normalized pitot pressure increases from levels near 0.73 in 

the region above the upper 0.80 contour to a peak of approximately 0.88 between the two 0.80 

contour lines. For the freestream Mach number of 1.98, the normalized pitot pressure would 

theoretically have a value of 0.73 in an undisturbed region of the flow. This ratio is easily 

computed using the normal shock relation given by 

Po,2 _ 

Po,\ 

nlM2 
2       1 

1 + ^V 

7 
7-1 

2yM? -(r-1)' 
7 + 1 

1-7 
(5.19) 

where p0,2/po,l is the total pressure ratio across a normal shock at a Mach number of Mi. Thus, 

the region above the upper 0.80 contour contains essentially undisturbed freestream fluid. Clearly, 

the lowest measured pitot pressures occur in the vicinity of the helium jet. The central region of the 

jet has levels of 112,00 below 0.20 with a minimum value of approximately ri2,oo = 0.14. Contours 

near the center of the jet have shapes suggesting the presence of the counter-rotating vortex pair 

that forms in the jet fluid, and the total pressure ratio increases quickly into the surrounding 

freestream fluid that has passed through the bow shock. Results from the downstream plane (i.e., 

x/deff = 10) appear in Fig. 5.108b. Here, the normalized pitot pressures within the jet region have 

increased somewhat with the minimum value of roughly Il2,oo = 0.30. Compared to the upstream 

plot of Fig. 5.108a, all of the contours have moved outward toward the freestream by this 

streamwise position. 
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The results obtained from the elliptical injection flowfield using helium (case E2H) are 

presented in Fig. 5.109. In the upstream contour plot (Fig. 5.109a), the bow shock is again 

present in the upper region of the measurements and the normalized pitot pressures in the central jet 

region of this case are higher than in case C2H. The minimum value found in Fig. 5.109a is 

approximately Il2,oo = 0.20 compared to 0.14 from Fig. 5.108a for circular injection of helium. 

This represents an increase of over 40% and provides quantitative evidence that the pressure losses 

associated with the elliptical injection flowfield are smaller near the core of the jet than in circular 

injection. Other notable differences between the results from the two injector geometries are the 

spanwise and transverse extents of the various contours. For instance, the 50% contour in Fig. 

5.108a from case C2H extends from about -1.75 < z/deff < 1.75. It also extends upward to nearly 

2.75 effective diameters. The same contour line in the elliptical injection flowfield is slightly wider 

(from -1.90 < z/deff ^ 1-90) and shallower (up to y/deff = 2.6). Thus, relatively low total pressure 

regions extend farther out in the spanwise direction while relatively high total pressures exist above 

the jet in the near-field region of case E2H. Results from the downstream plane, shown in Fig. 

5.109b, indicate that the normalized pitot pressure levels increase from those obtained upstream. 

Here, the minimum value of 112,00 within the central jet region is found to be roughly 0.32. 

However, the 50% contour in this plot is again wider than the corresponding one in Fig. 5.108b 

for circular injection by about 7%. The transverse extent of the 50% contour in Fig. 5.109b is 

essentially equal to that of the same contour in Fig. 5.108b. Apparently, the elliptical injector 

causes a stronger disturbance to the freestream in the spanwise direction than the circular injector 

does due to its enhanced lateral spreading. This is another piece of evidence supporting the axis- 

switching phenomenon that was first observed in the images presented earlier. Aside from the 

wider character of the profiles in Fig. 5.109b, the data from circular and elliptical injection at x/deff 

= 10 are very similar. 

To better compare the performance characteristics of the two nozzles, the ratio of the 

measured pressure distributions from the two injectors is examined. Equation 5.20 is used to 

generate contours of the pitot pressure ratio lice. 
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(n2,oo (Po,2 Po,oo)r nce=7=—f = 7 : f (5.20) 
in2,co)e      [Po,2/Po,oo)e 

Regions in the measurement domain having values of nce greater than unity indicate locations 

where the pitot pressure in the circular injection flowfield is higher than in the elliptical injection 

flowfield, while regions having values of nce less than unity imply relatively high pitot pressures 

in case E2H. Contours of this ratio appear in Fig. 5.110 for both streamwise measurement planes. 

In these plots, contours of nce less than unity appear as dashed lines while contours of nce greater 

than unity are indicated with solid lines. Examination of the upstream results in Fig. 5.110a 

reveals some interesting observations. Total pressures in the central jet region are substantially 

lower in the circular injection flowfield than in case E2H. The contours from this region of the 

flow (-1 < z/deff < 1 and 0.25 < y/deff < 2.25) distinctly show the two cores of the circular jet. 

Inside these contour lines, minimum values of nce approximately equal to 0.50 appear. These 

elevated pitot pressures in the core of the elliptical jet may suggest a weaker Mach disk (i.e., that 

the elliptical jet accelerates to smaller Mach numbers within the barrel shock region). Two smaller 

regions located outside the central jet take values of nce greater than unity. These zones essentially 

correspond to the regions just above and outside the helium cores of the elliptical injection 

flowfield. In these regions, the normalized pitot pressures in case C2H are higher than those from 

case E2H by between 10-50%. Again, the existence of these regions may be related to the 

behavior of the Mach disks generated in these two injection flowfields. Finally, relatively high 

values of ITce also occur near the injector wall due to the rapid lateral spread and suppressed 

transverse penetration of the elliptical jet. 

Differences between the two measured pitot pressure fields are much smaller in magnitude 

at the downstream measurement plane. Figure 5.110b shows the results of applying Eq. 5.20 to 

the normalized circular and elliptical pitot pressure data at x/deff = 10. Here, the central region of 

the elliptical jet continues to show higher total pressure levels than the circular jet. Note that the 

minimum value of IIce is about 0.86 compared to roughly 0.50 in the upstream plane. Two wide 

bands formed beneath the central jet region contain values of Flee greater than unity. The maximum 
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level within these bands is about Ilce = 1.16. From examinations of the pressure ratio contours 

presented above, it seems that the elliptical injector provides slightly better performance, in terms 

of higher pitot pressure, than the circular injector in the near-field of the jet/crossflow interaction. 

By ten effective diameters downstream, however, the two pressure fields have become nearly 

equivalent with some slight differences arising due to the enhanced lateral spread associated with 

case E2H. 

An area-averaged total pressure provides another method for comparing the performance of 

these two injection cases. Fuller, et al.98 used probes to measure pitot pressure, injectant 

concentration, cone-static pressure, and total temperature in their study of oblique injection into 

supersonic crossflows. These data were combined using various gas dynamic relations to yield the 

density, velocity, and total pressure fields (among others). Then, a total pressure parameter, 

defined as 

pup0dA 

PtP=-r * . (5-21) 
J p00u00p000dA+pjUjPgjAj 
A 

was used to quantify the total pressure loss. Application of Eq. 5.21 in this investigation is 

impossible because the local density, velocity, and total pressure fields are not known (see 

numerator of Eq. 5.21). However, this fact does not preclude the use of a global parameter that 

provides a comparison of the two injection cases. Three such parameters were defined using the 

pitot pressure data that were available; these definitions are listed in Eqs. 5.22-5.24. 

- = ±\n2>„dA (5.22) 
Po-     A- 

A 

P°b     ~Po,2,--AA 

l—-\p0,2dA (5.23) 
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The first area-averaged total pressure, p0 , is computed using the entire measurement domain. 

This can lead to significantly biased results when the region of measurement within the jet is small 

compared to that in the freestream. The second parameter, p0 , uses a theoretical value of the 

pitot pressure from the freestream (i.e., the results of applying Eq. 5.19 to the undisturbed 

freestream flow) to provide the normalization and both numerator and denominator are integrated 

over the entire measurement area. Finally, the third total pressure parameter, ~p^~, relies on a 

predetermined area enclosing the jet region such as the area A90 computed from the ensemble- 

averaged end view images discussed in §5.3.1.2. Applying each of these expressions to the pitot 

pressure data obtained from the two measurement planes in each injection case results in the values 

presented in Table 5.4. From these results, it is easily seen that there are at most very small 

differences between the various area-averaged total pressure data computed for the circular and 

elliptical injection cases (C2H and E2H) at x/deff = 4 and 10. Equations 5.22 (p^~) and 5.23 

(p0b ) predict that the elliptical jet has slightly higher values of these total pressure quantities in the 

near-field region than the circular jet, while downstream, no differences are observed. Equation 

5.24 results in equal values of p0 for circular and elliptical injection at both measurement stations. 

Thus, at most, the elliptical injector provides slightly better (-1%) performance than the circular 

injector at x/deff = 4. 

5.4.2    Concentration Probe Results 

The concentration probe provides measurements of the helium mole and mass fractions 

within the jet/crossflow interaction at the same two streamwise planes as the pitot probe 

measurements (i.e., x/deff = 4 and 10). Anemometer response voltage, sampling pressure, and 

sampling temperature provide the input data for calculation of the helium molar concentration using 

the calibration curves shown in Fig. 4.18. The data reduction code also computes the helium mass 

fraction from a two-species mass balance as 

yHe = n/       1   He   w (5.25) 
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where fftfee and 3tfAir are species molecular weights and xne and yHe are helium mole and mass 

fractions, respectively. Contours of these mixture fractions yield information concerning the time- 

averaged distribution of helium across the mixing zone. 

Figure 5.111 presents helium mole fraction contours from both streamwise planes for case 

C2H. Contour levels marked on the curves appear in the key at the right side of each plot. Also 

included in this key is the maximum mole fraction encountered in the particular array of data. A 

slight asymmetry appears in the upstream contour plot from this case (Fig. 5.111a).   This is 

consistent with the results from the end view imaging experiments where a slight asymmetric 

nature existed in all of the statistical results presented. Despite this observation, the contours are 

generally very symmetric about the spanwise centerline of the flowfield. Examining the 10% mole 

fraction contour for its extent into the freestream reveals very comparable values to those obtained 

from the ensemble-averaged end view images.   The probe data indicate a lateral spread of 

approximately 4.5 effective diameters and a transverse penetration of about 4.4 effective diameters. 

Recall that the results of §5.3.1.2 showed corresponding values of z/deff = 4.6 and y/deff = 4.4 

obtained from the 90% penetration contour (see Figs. 5.30 and 5.31). Further, the kidney-shaped 

region in the center of the jet indicates the presence of the counter-rotating vortex pair. The centers 

of these vortices contain the peak helium concentration levels in the plot; values of 98% and 91% 

helium in air are found within the cores positioned at z/deff = -0.75 and 0.75, respectively. The 

downstream location (Fig. 5.11 lb) shows essentially no increase in the transverse penetration and 

only marginal increases in the lateral spread of the 10% contour. However, appreciable mixing 

between the freestream and injectant has occurred as indicated by both the reduced maximum mole 

fraction (here xjie, max = 0.71) and the reduced mole fraction levels throughout the mixing region. 

It should also be noted that these contours exhibit an even higher degree of spanwise symmetry 

than those from the upstream position. 

Results from the elliptical injection flowfield (case E2H) presented in Fig. 5.112 show 

several differences compared to the mole fractions measured in case C2H. In the upstream contour 

plot (Fig. 5.112a), the mixing region appears shallower and wider than in Fig. 5.111a. The 10% 

121 



contour indicates a lateral spread of approximately z/deff = 5 and a transverse penetration of about 

y/deff = 3-8.  As with the results presented above from case C2H, these values compare very 

closely to those obtained from the ensemble-averaged end view images shown in Figs. 5.30 and 

5.31. Mixing appears to occur slightly faster in the elliptical flowfield in the region between the 

two counter-rotating vortices that form within the jet fluid. Here, the 70% contour elevates into the 

relatively wide void region at the center of the jet. The maximum injectant mole fraction found 

within the jet region of Fig. 5.112a is about 98%. This is the same level observed in the flowfield 

created by injecting helium through the circular nozzle. The downstream results of Fig. 5.112b 

indicate that the elliptical jet remains wider than the circular jet. These contours also indicate an 

increase in transverse penetration of the elliptical jet as compared to those from the upstream 

location. Both of these observations are consistent with the imaging results presented earlier (see 

Figs. 5.30 and 5.31). The 50% contour in this plot encloses a smaller area (by about 13%) than 

the same contour in Fig. 5.11 lb for case C2H and the maximum injectant mole fraction is again 

about xHe, max = 0.71.   Apparently, the wider spacing of the counter-rotating vortices in the 

elliptical injection flowfield allows more freestream entrainment and faster mixing between the 

injectant and crossflow fluids in the central region of the jet than in circular injection. However, 

the region between the jet core and the injector wall contains higher mole fractions in the 

downstream plot from case E2H. The reduced transverse penetration in the elliptical injection 

flowfield likely inhibits crossflow fluid from entering the near-wall region. 

Figure 5.113 presents the results of using Eq. 5.25 to compute the helium mass fractions 

from the mole fraction data of case C2H. As with the mole fraction contours, the contour levels 

marked on the curves appear in the key at the right side of each plot. Also included in this key is 

the maximum mass fraction encountered in the particular array of data. Qualitatively, the contours 

in Fig. 5.113 show the same features as the mole fraction contours presented in Fig. 5.111. 

Evidence of the counter-rotating vortices are apparent and the mass fraction levels within their 

cores are higher than anywhere else in the jet region. The maximum mass fraction found in the 

upstream measurement plane (i.e., x/deff = 4) is about yHe, max = 0.86 and corresponds to the 
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central core located to the right of the spanwise centerline. As the measurement plane moves 

downstream to x/deff = 10, the measured helium mass fractions decrease dramatically (Fig. 

5.113b). By this location, the maximum injectant mass fraction within the jet core region is about 

yHe, max = 0.25. 

Mass fraction results obtained from the elliptical injection case are again significantly 

different from those of case C2H, as was the case with the mole fraction data. Figure 5.114 

presents the contour plots from the upstream and downstream locations where the same mass 

fraction levels as in the circular case are shown. Globally, the plot in Fig. 5.114a is very similar to 

both the ensemble-averaged end view images and the time-averaged mole fraction results presented 

earlier. The jet region is wider and shallower than in the circular injection case. The two counter- 

rotating vortices are very dominant and appear to be more coherent than those from case C2H. 

That is, the contours are tightly spaced around the central cores that contain the maximum mass 

fractions in this plot, indicating stronger concentration gradients in the radial direction out toward 

the jet boundary. However, faster mixing is suggested in the void region between the two cores as 

freestream fluid wraps upward. In Fig. 5.114a, two 32% contours appear, rather than the one 

shown in Fig. 5.113a from case C2H that envelops both cores and the entire central region of the 

jet. The maximum mass fraction computed at this streamwise plane is about yHe, max = 0.87. 

Figure 5.114b shows the results from the downstream measurement plane (i.e., x/deff = 10). 

Here, the maximum injectant mass fraction has decayed to the same level as was found in case 

C2H (i.e., yHe, max = 0.25). The contours again suggest faster mixing between the freestream and 

injectant fluids in the central region of the jet compared to Fig. 5.113b from case C2H. Evidence 

of this is contour number 4 (14% mass fraction) that encloses a smaller area of high values of yne- 

As was noted in the mole fraction results presented above, mixing in the region between the jet 

core and the injector wall appears relatively slow in case E2H as suggested by the relatively high 

mass fractions found in comparison to Fig. 5.113b. This is likely caused by the reduced 

transverse penetration of the elliptical jet. 
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The concentration results presented suggest that the two injector geometries provide slightly 

different mixing characteristics. In order to quantify these differences further, area-averaged mole 

and mass fractions are computed from the arrays of concentration data using 

= j-jxHedA (5.26) xHe       . 
JAj 

—    l r 
and yHe=-T \yHe<iA (5-27) 

A; J 

JAj 

where the area of integration is defined as that inside the 10% mole fraction contour. This 

corresponds to the area enclosed by the end view penetration contours defined in §5.3.1.2. Table 

5.5 presents the results of these calculations for both injection cases at each streamwise 

measurement plane. These tabulated values of the area-averaged concentrations indicate that indeed 

the two injector geometries lead to slightly different mixing characteristics. At the upstream 

measurement station (i.e., x/deff = 4), the area-averaged mole fraction from case E2H is about 6% 

lower than that from case C2H, suggesting that the elliptical nozzle produces slightly better mixing 

performance in the injector near-field. Similar results are observed for the area-averaged mass 

fractions from the two cases at this streamwise location although the difference is only about 8%. 

By ten effective diameters downstream, the two area-averaged mole fractions from cases C2H and 

E2H have reached the same level of roughly xHe = 0.26.  The area-averaged mass fractions at 

x/deff = 10 are also identical with values of yjje = 0.06. 

This concludes the presentation of the various results gathered in this investigation of 

transverse injection into a supersonic crossflow. The discussion section that follows attempts to 

bring all of the various observations and results together to produce specific conclusions regarding 

the global injection flowfield characteristics and the role of the large-scale turbulent structures in the 

mixing between the injectant and crossflow fluids. 
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5.5    Discussion 

This section presents a summary of the various results from this investigation as they apply 

to four categories: the shock structure present in the injection flowfields, the transverse penetration 

and lateral spread of the jet fluid, the large-scale structures formed within the jet fluid and at the 

jet/freestream interface, and the entrainment and mixing that occur between the injectant and 

freestream fluids. Each topic draws on the applicable results from the three diagnostic techniques 

used in these experiments including shadowgraph photos, Rayleigh/Mie scattering images, and 

probe-based measurements. The material presented in the following sections also appears in 

tabulated form in Table 5.6. 

5.5.1    Shock Structure 

As illustrated in Figs. 1.1 and 1.2, the shock structure created by transverse injection of an 

underexpanded gas into a supersonic crossflow is quite involved. In the present investigation, 

instantaneous shadowgraph photos and two-dimensional Rayleigh/Mie scattering images capture 

the various shock waves generated in the flow while the pitot probe measurements provide 

information about their effects on the flow in terms of total pressure loss. 

The bow and separation shock waves were observed in all four cases. Both the 

shadowgraphs and the Rayleigh/Mie images provide evidence suggesting that the bow shocks 

created in the elliptical injector flowfields are weaker than those generated in the circular injection 

cases. Shadowgraphs and side view images show that the region of normal shock behavior near 

the injector wall at the spanwise centerline of the flow extends farther from the wall in the 

transverse direction in the circular cases. Both techniques indicate that the region beneath the 

separation shock formed upstream of the injectors is larger in circular injection cases. Results of 

the side view images of the bow shock/jet boundary interaction show that this feature extends 

farther upstream in circular injection by approximately 17% and farther up in the transverse 

direction by about 38%. End view images from the plane at the streamwise centerline of the 

injector (i.e., x/deff = 0) clearly illustrate the cross-sectional shape of the bow shock and its 
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interaction with the separation shock as the two features wrap around the injector. Once again, 

these results indicate that the circular injection cases produce stronger bow shocks than the elliptical 

cases as inferred from their respective transverse extents. In addition to the average bow shock 

location, slight fluctuations in its position are observed. These positional variations arise due to the 

intermittent effects associated with the formation and passage of large-scale vortices within the 

jet/freestream mixing layer. The side view images of the bow shock/jet boundary interaction 

indicate that the normal shock region near the wall is very susceptible to such effects, but that the 

mixing layer behavior has less influence on the bow shock at higher transverse positions. Finally, 

both Rayleigh/Mie images and shadowgraph photos show curved shock waves propagating into 

the freestream behind the bow shock. These waves, thought to be shocklets emanating from the 

large-scale eddies formed in the mixing layer, are often strong enough to impart changes in the 

slope of the bow shock at their point of intersection. They are also more prevalent in injection 

cases using helium (high compressibility), where the large-scale eddies move supersonically with 

respect to the freestream fluid and appear to be more bulky and amorphous. 

The shock structure within the jet fluid, including the barrel shock and Mach disk, appears 

only in the shadowgraph photos of the air injection cases. These features are hidden in the helium 

injection cases due to the spatial integration effects associated with this line-of-sight technique and 

the large density gradients that occur at the outer edges of the helium jet. No jet shocks are found 

in the Rayleigh/Mie images since both the helium and air streams are dry and therefore devoid of 

any scattering media. Shadowgraphs indicate slight differences between the jet shock structure 

occurring in circular and elliptical injection cases. Apparently, the elongated major axis of the 

elliptical nozzle results in a barrel shock that orients itself with a steeper angle to the freestream than 

the same feature in circular injection. 

The pitot probe measurements show some interesting differences between the jets issuing 

from the two injector geometries in the near-field of the jet/freestream interaction. Elliptical 

injection, by virtue of an apparently weaker Mach disk, results in about 40% higher pitot pressures 

in the core region of the jet than does circular injection. However, injection through the circular 
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nozzle yields regions of relatively high pitot pressure just outside this central core. Measurements 

from farther downstream show the two pitot pressure fields becoming nearly identical with only 

small variations remaining. Computed values of an area-averaged pitot pressure indicate that the 

elliptical injection scheme has roughly 1% higher pitot pressure than the circular injection case at 

the upstream station (i.e., x/deff = 4), while the two configurations result in essentially equal values 

farther downstream. 

5.5.2   Transverse Penetration and Lateral Spread 

Ensemble-averaged end and side view images permit examination of the physical 

characteristics of the injectant stream in terms of its lateral spread and transverse penetration into 

the crossflow. Time-averaged mole fraction data obtained from the concentration probe also 

provide this information at the two streamwise measurement planes investigated in the two helium 

injection cases. Such information addresses the crucial issue of gaseous fuel dispersal into the 

freestream in supersonic combustor applications. In a fundamental sense, the lateral spread of a 

particular injection geometry will also affect the characteristics of the bow shock formed ahead of 

the injector due to the frontal area of the injectant plume. The lateral spread also influences the 

freestream flow around the injector plume, the mixing between the injectant and air streams, and, 

potentially, the vortex development both within the jet fluid and at the jet/freestream interface. In a 

more practical sense, lateral spreading affects the placement of injector nozzles in a multiple- 

injector combustor design. Conceivably, interference between two or more jets may prove either 

beneficial or detrimental to the mixing and pressure loss characteristics of a given design. 

The results obtained from analyzing the ensemble-averaged end view images for lateral 

spread, defined as the maximum width of the 90% normalized intensity contour, show very little 

effect of injectant gas (i.e., compressibility) in the injector near-field. Injector geometry has much 

more influence at the value of jet-to-freestream momentum flux ratio used in this investigation. 

Farther downstream, the lateral spreading trends appear sensitive to the injectant gas due to the 

different structural characteristics that develop in the helium and air injection flowfields. 
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Nevertheless, the effects of injector geometry remain most prominent. It was found that the 

elliptical nozzle produces jets that spread laterally into the crossflow much more than jets issuing 

from the circular nozzle. When scaled by the physical spanwise dimension of the injector, the 

elliptical jets show spreading levels that are greater than twice the levels associated with the circular 

jets. In terms of the effective diameter, the elliptical jet plumes remain up to 25% wider than the 

circular jet plumes. The probe-based concentration studies also allow investigation of the lateral 

spread of the jet. Defined in these measurements as the maximum width of the 10% injectant mole 

fraction contours, the absolute lateral spreading results compare well with those obtained from the 

imaging experiments. 

Transverse penetration data obtained from the images indicate that the jet issuing from the 

circular nozzle extends approximately 20% deeper into the freestream than the jet from the elliptical 

nozzle. Both jets experience increasing penetration until about eight effective diameters 

downstream of the jet exit. Power law correlations were developed from the side view images. 

These profiles demonstrate that the near-field penetration data from either nozzle collapse well 

when the inverse of the jet-to-freestream momentum flux ratio is used to scale the coordinate axes. 

Thus, injectant molecular weight appears to have a relatively insignificant effect on the transverse 

penetration of sonic jets injected into supersonic crossflows as long as the jet-to-freestream 

momentum flux ratio is held constant. Also, the forms of the correlations that result from the side 

view data compare very well to the results of other studies that use alternate methods to determine 

the upper edge of the jet (see the comparisons in Fig. 2.1 and Table 2.2). Again, transverse 

penetration results obtained from the 10% mole fraction contours of the probe measurements 

compare quite well with the imaging results. 

Combining the observed trends in lateral spread and transverse penetration associated with 

elliptical and circular injection leads to the conclusion that an axis-switching phenomenon, similar 

to that found in elliptical injection into quiescent and co-flowing environments,74"77 is retained in 

the transverse injection flowfield. When compared directly, the ratio of lateral spread to transverse 

penetration shows the axis-switch very clearly. In fact, at the streamwise centerline of the nozzle 
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(i.e., x/deff = 0), this ratio is roughly 40% larger in the elliptical injection cases than in the circular 

injection cases. 

5.5.3    Large-Scale Structures 

In flowfields created by transverse injection into a supersonic stream, large-scale vortex 

motions have been frequently observed using instantaneous imaging techniques.   '   ' In the 

present investigation, both shadowgraphs and instantaneous Rayleigh/Mie scattering images 

provide convincing evidence demonstrating the existence of large-scale vortex motions within the 

jet fluid. Additionally, the results of applying conventional statistical analyses to the ensembles of 

instantaneous images reveal more detailed information regarding the behavior of these vortices in 

terms of their sizes, shapes, and convection characteristics. 

Two dominant classes of vortices, namely, the counter-rotating vortex pair and the shear 

layer eddies, are found to be present in this flowfield while some indications of a wake vortex 

system are also found. Instantaneous end view images consistently show the emergence of the 

counter-rotating vortex pair as the jet lifts from the bottom wall of the test section. These vortices 

rapidly develop a void between them that fills with freestream fluid drawn in from the wake region 

beneath the jet plume. The counter-rotating structures that form in the air injection cases rapidly 

become inundated with pockets of freestream fluid while helium injection leads to structures that 

retain their identities for longer spatial extents. It is therefore thought that compressibility plays an 

important role in the organizational character of the large-scale vortices that form in transverse 

injection flowfields. Apparently, the high convective Mach numbers associated with the mixing 

layers formed in the helium injection flowfields act to delay the break-up of the largest structures. 

Injector geometry also affects the formation and behavior of the counter-rotating vortex pair. The 

axis-switch phenomenon that results in more rapid lateral spreading and suppressed transverse 

penetration in the elliptical injection cases also causes the centers of the counter-rotating vortex pair 

to move outward, creating a wider void between them than was found in the injection cases using 

the circular nozzle. This observation has significant implications where entrainment and mixing are 
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concerned; further discussion of these issues appears in the following section. End view images 

also illustrate the eddies that form around the periphery of the jet. Compressibility appears to affect 

these eddies also, as small-scale motions are more prominent in the helium injection cases (high 

compressibility) than in air injection cases (low compressibility). This leads to the regions of high 

fluctuation in the helium injection cases being markedly narrower than the corresponding regions in 

the air injection cases. 

Instantaneous side view images obtained from the spanwise centerline of the jet/freestream 

interaction clearly show the vortices that develop in the upper edge mixing layer. Those eddies 

observed in the air injection cases (low compressibility) appear long and well-defined. The braid 

regions that form between two consecutive structures are also well-defined, extending rather 

deeply into the jet fluid. Spatial correlation results indicate a loss of organization of the structures 

as they convect downstream by showing smaller structure sizes with increasing streamwise 

position. The correlation results further indicate that the eddies rotate to orientations more inclined 

to the freestream fluid and become increasingly circular as they travel downstream. Large-scale 

eddy sizes also appear influenced by the geometry of the injector, where elliptical injection 

produces smaller structure sizes than circular injection (when compared at the same streamwise 

position). It is thought that this observation results from the axis-switch present in the injection 

cases using the elliptic nozzle. 

Convection velocity measurements show that the large-scale eddies formed in the low 

compressibility cases (air jets) travel faster than the jet exit velocity in the near-field region, but 

slower than the freestream velocity. These measurements also indicate that the injector geometry 

influences the convection characteristics of the structures in the near-field since elliptical injection 

produces interfacial eddies that move slightly faster and more shallowly in the near-field than those 

generated by circular injection. Additionally, the large structures that form in the interfacial mixing 

layer generally roll into the freestream fluid (i.e., they predominantly have vorticity oriented in the 

+ z-direction). This implies that the injectant fluid moves with a higher velocity tangent to the 

interface than the freestream fluid.   However, near the location where the core of the jet 
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disintegrates, eddies are formed that occasionally experience an opposite roll-up direction. At this 

position, the freestream fluid above the eddy moves faster than the injectant fluid below the eddy. 

Thus, the streamwise extent of the high speed injectant core fluid affects the character of the eddies 

that form adjacent to it. 

In the helium injection cases (high compressibility), the large-scale eddies appear rather 

amorphous in comparison to the air injection results, and the braid regions are stringy with thin 

filaments of freestream entering the jet fluid. The structures continue to roll-up into the freestream 

fluid indicative of vorticity in the + z-direction. Correlation results show significantly different 

trends regarding the organizational and behavioral characteristics of these amorphous eddies 

compared to those vortices formed in the low compressibility air injection cases. For example, 

these structures become larger as they propagate downstream. Additionally, the orientations of the 

eddies become more inclined to the freestream flow direction (same as air injection results) and 

they become more elliptical (opposite to air injection results) with increasing streamwise distance 

from the injector exit. Thus, increased levels of compressibility give rise to large-scale eddies that 

remain more coherent and more elliptical in shape as they convect downstream. Injector geometry 

also influences the sizes of the large-scale eddies formed in the upper edge mixing layer of the 

helium injection flowfield. Elliptical injection again leads to smaller structure sizes, in general, 

than circular injection. Convection velocity measurements show that the large-scale eddies formed 

in the high compressibility cases travel much faster in the near-field region than their low 

compressibility counterparts while they decelerate toward the freestream velocity in the far-field. 

These measurements also indicate that the injector geometry influences the convection 

characteristics of the structures in the near-field. Elliptical injection, apparently as a result of the 

axis-switching phenomenon, produces interfacial eddies that move slower and more shallowly in 

the near-field than those generated by the circular injector. 

Another class of vortices that forms periodically in the transverse injection flowfields 

studied in this investigation are the wake vortices. These vertically oriented structures, which are 

only intermittently observed in the side view images, form in the wake region between the injectant 
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fluid and the injector wall. They do not appear highly organized; however, the instantaneous side 

view images do not provide the optimum perspective for investigating their behavior. Planar 

images showing the top view would shed more light on the structural characteristics of these 

vortices. 

5.5.4   Entrainment and Mixing Issues 

Finally, the important issues of entrainment and mixing are discussed in the material to 

follow. The planar images obtained in this investigation produce a wealth of information that leads 

to quantitative comparisons of the entrainment characteristics associated with transverse injection 

into a supersonic crossflow. However, due to the combination of the relatively poor spatial 

resolution of the images (i.e., the smallest resolvable scales are much larger than either the 

Kolmogorov or Batchelor scales) and the nonpassive nature of the combined seeding technique 

used, molecular mixing information cannot be inferred from the Rayleigh/Mie scattering results. 

However, the probe-based concentration measurements reveal, at least on a time-averaged basis, 

the injectant mole and mass fractions throughout the jet/crossflow interaction. 

As noted above, the counter-rotating vortices open a void in the injectant fluid that fills with 

freestream fluid. Thus, these eddies are strong contributors to the freestream entrainment that 

occurs in the near-field of the transverse injection scheme. Penetration contours derived from the 

ensemble-averaged end views show this central entrainment region to be significantly wider in the 

elliptical injection cases than in circular injection. These contours also indicate that the level of 

compressibility affects the entrainment characteristics of a particular injection scheme. Recall that 

the helium and air plumes were found to experience variable rates of contraction whereby the area 

enclosed by the penetration contour decreased as the image plane moved downstream. The 

contours contract rapidly in the air injection (low compressibility) cases while this phenomenon 

was delayed in cases using helium. It was shown that this observation indicates that the low 

compressibility injection cases using air provide better entrainment characteristics than the high 

compressibility cases using helium. This result is further substantiated by examining the standard 
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deviation end view data. Through the use of a shape parameter and an analysis of the mixing zone 

contours obtained from the standard deviation images, the low compressibility cases were shown 

to provide more mixing potential by way of the large-scale fluctuations than the high 

compressibility cases. This is principally due to the increased mixing zone area in the cases using 

air as the injectant. Further analysis of the normalized fluctuation levels in these flowfields reveals 

that the mixing layers that develop in the high compressibility cases are thin compared to those 

found in air injection cases. Also, the fluctuations in the upper edge mixing layer appear to intrude 

deeper into the jet core and diffuse more rapidly for the low compressibility cases. Thus, the end 

view images indicate that high compressibility acts to suppress the entrainment characteristics of 

the mixing region by changing the behavior of the eddies that form in the upper edge mixing layer. 

Also, the elliptical injector geometry provides a larger central entrainment region where freestream 

fluid from the wake is drawn up into the jet core. This result is particularly important considering 

the findings of VanLerberghe,70 who investigated transverse injection using PLIF of acetone. It 

was found in this study that the central entrainment region provided the best mixing characteristics 

in the transverse injection flowfield. Thus, enlargement of this region using passive (such as 

elliptical injection) or active methods could lead to better entrainment and mixing characteristics. 

The side view images indicate that the eddies forming in the upper edge mixing layer also 

greatly influence the amount of freestream entrainment that occurs in these flowfields. These 

images indicate the significant effects of compressibility in this region. Instantaneous 

visualizations clearly show the lack of entrainment in the cases using helium (high compressibility) 

while air injection (low compressibility) appears to generate large vortices with distinct braid 

regions forming between consecutive eddies. Ensemble-averaged and standard deviation data also 

indicate this suppression of the entrainment characteristics of the high compressibility cases. The 

jet core region, on average, remains coherent over a longer spatial extent when helium is used as 

the injectant. The standard deviation results show that the maximum normalized fluctuations 

occurring in the upper edge mixing layer remain localized near the upper edge of the jet in helium 

injection cases while they intrude far into the jet core region in air injection cases.  Thus, the 
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freestream entrainment provided by the shear layer eddies is more effective in the low 

compressibility cases. 

As mentioned above, these results can only be extended to the entrainment of freestream 

fluid into the jet by the large-scale eddies present in the mixing regions of the flowfield. The large- 

scale eddies act in this capacity in two ways. First, they actively engulf fluid from the freestream 

into their cores. Secondly, they strain the interface between the two fluids and create more 

interfacial surface area across which diffusion may occur. However, the descriptions just 

presented cannot necessarily be extended to those involving the molecular mixedness of the two 

fluids since molecular mixing occurs at length scales that are irresolvable using the current imaging 

technique. Nevertheless, the fact that compressibility effects alter the characteristics of the large- 

scale eddies suggests that entrainment of freestream fluid occurs more slowly in transverse 

injection cases where the convective Mach number of the mixing layer is relatively high. Since 

entrainment of freestream fluid into the injectant fluid is an essential first step to the two becoming 

molecularly mixed, inhibiting the degree of entrainment logically leads to a poorer degree of 

molecular mixing. Thus, effective transverse injection schemes should strive to avoid highly 

compressible mixing regions as quantified by the convective Mach number. 

Finally, the probe-based concentration results indicate that the elliptical injection scheme 

provides better time-averaged mixing characteristics in the central entrainment region than the 

circular injection scheme in the near-field. However, the concentration data very near the injector 

wall indicate poorer mixing for the jet issuing from the elliptical nozzle. This result likely follows 

from the reduced transverse penetration and enhanced lateral spread of the elliptical jet which does 

not allow as much freestream fluid into the lowest regions of the wake. Area-averaged results 

indicate that the elliptical injector provides better mixing than the circular injector by approximately 

6% at the near-field measurement station (i.e., x/deff = 4) and by about 8% at the downstream 

measurement station (i.e., x/deff = 10). 
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6.    CONCLUSIONS AND RECOMMENDATIONS 

From a fundamental fluid mechanics point of view, transverse injection into a supersonic 

crossflow represents a complicated problem. The three-dimensional bow shock formed upstream 

of the injector due to the presence of the jet behaves like a normal shock near the injector wall and 

like a Mach wave far away from the injector wall at the spanwise centerline of the jet/freestream 

interaction. Also, a separation shock forms upstream of the injector nozzle as the boundary layer 

on the injector wall experiences an adverse pressure gradient and separates from the wall. This 

wave is also three-dimensional in nature and both it and the bow shock wrap around the injector. 

This behavior results in a substantially varying field of pressures, velocities, and densities into 

which the injectant gas flows. A horseshoe vortex system, generated due to the upstream 

separation regions, also wraps around the injector nozzle. In addition to the freestream flow, the 

behavior of the injectant gas is highly complicated. If underexpanded, the jet accelerates to 

supersonic velocities outside of the nozzle into the relatively low pressure of the freestream. In 

doing so, a system of shock waves forms within the jet fluid including a barrel shock and a Mach 

disk. Injectant fluid not contained within the barrel shock also accelerates to supersonic velocities 

in a peripheral shear layer. Then, due to the oncoming freestream flow, the jet bends rapidly 

downstream. Just downstream of the injector nozzle, another separated zone occurs. A highly 

intermittent wake region formed behind the jet exit may contain a system of vertically oriented 

vortices that interact with the lower edge of the jet boundary. Within the jet fluid, a pair of counter- 

rotating vortices develops due to the vorticity contained within the jet boundary layer. These 

vortices dominate the structure of the jet and provide vital sources for mixing the injectant and 

freestream fluids. Another vortex system develops within the mixing layer that forms between the 

two fluids around the periphery of the jet core. These eddies also appear to contribute strongly to 

the near-field mixing that occurs. A vortex system established in the wake region downstream of 

the injector may also play an important role in the transport of freestream fluid upward into the core 

of the jet and injectant fluid downward into the near-wall region. 
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A large body of work has contributed to the description just given for this difficult 

flowfield. However, at the initiation of this research, descriptions of the large-scale eddies formed 

at the jet/freestream interface and within the injectant fluid were not available. These eddies are 

thought to be significant contributors to the entrainment of freestream fluid into the jet, yet no 

information concerning the development of these vortex structures and their roles in the mixing 

process existed. Further, the effects of injectant gas and injector geometry on the near-field region 

were largely uncharacterized. Potential fuels for SCRAMJET engines include both relatively light 

(hydrogen) and heavy (hydrocarbon) gases. The mixing region formed between the fuel and 

oxidizer streams typically contains large-scale vortex structures that develop intermittently and act 

to strain the interface between the two fluids as well as to entrain fluid from one stream into the 

other. The characteristics of these eddies are strongly influenced by the constituent streams 

through one or more of several parameters, including the density ratio, velocity ratio, and 

convective Mach number. In the transverse injection flowfield studied here, these parameters are 

all quite difficult to define since the density and velocity fields (among others) are highly three- 

dimensional and vary as the peripheral mixing layer develops. Injector geometry can also have a 

significant impact on a given SCRAMJET design, especially when considering the dispersal of the 

fuel stream, the actual mixing afforded by the given configuration, and the total pressure losses 

incurred by the freestream. 

With this information in mind, the primary objective of the present research was to gain a 

better understanding of the dominant features that govern the near-field mixing and structural 

characteristics in flowfields created by transverse injection into a supersonic stream. Two specific 

injector configurations were examined, and each injector was operated at one condition (governed 

by the jet-to-freestream momentum flux ratio) with two injectant gases. Rayleigh/Mie scattering 

from silicone dioxide particles seeded into the moist freestream allowed the collection of ensembles 

of digital images from several measurement planes in each case; end view planes were examined at 

four streamwise locations and the spanwise centerplane was investigated extensively. Analyses of 

the image ensembles produced mean and standard deviation statistics, lateral spreading and 
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transverse penetration characteristics, large-scale mixing information, two-dimensional spatial 

correlation fields, pertinent bow and separation shock features, and large-scale convection velocity 

measurements. Pitot and concentration probes were used at two end view planes in the two cases 

using helium as the injectant gas. Data from the probe-based measurement techniques provided 

quantitative comparisons of the total pressure losses and time-averaged mixing characteristics in 

transverse injection flowfields created using circular and elliptical injector nozzles. 

6.1   Summary of Major Results and Conclusions 

The important results and conclusions of this investigation are summarized below: 

• Clear images of the flowfields created by transverse injection of air and helium through 

circular and elliptical nozzles into a supersonic crossflow were obtained. Instantaneous 

images distinctly reveal the freestream shock structure, the characteristic counter- 

rotating vortex pair, the large-scale turbulent structures formed at the jet/freestream 

interface, and the development of the wake region downstream of the injector exit. 

• This represents the first investigation examining the effects of compressibility on the 

large-scale structure of the transverse injection flowfield. The two injectant gases used, 

namely air and helium, result in near-field mixing layers with dramatically different 

compressibility levels as quantified by the convective Mach number. Shadowgraph 

photos and instantaneous and statistically analyzed Rayleigh/Mie scattering images are 

used to examine the effects of compressibility on the injection flowfields. 

• The experimental results of this investigation are the first reported for transverse 

injection through a small aspect ratio elliptical nozzle into a supersonic crossflow. This 

injector configuration has been shown to promote mixing in studies using quiescent and 

co-flowing environments.74'77'104 It was chosen based on the hypothesis that it may 
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provide passive mixing enhancement and smaller freestream total pressure losses in the 

near-field region compared to injection through a circular nozzle. 

• The large-scale vortices that develop at the interface between the jet and freestream 

fluids generally roll into the freestream indicating that the injectant fluid below the 

mixing layer has larger velocities tangent to the shear layer than does the crossflow 

fluid directly above it. However, some eddies are formed in the region where the jet 

core begins to disintegrate for which the opposite roll-up direction is observed. 

• Normalized standard deviation profiles from both the side and end view images indicate 

that the peak fluctuations occurring in the upper edge mixing layer intrude deeper into 

the jet core region in the low compressibility air injection cases than they do in the high 

compressibility helium injection cases. Thus, increased levels of compressibility act to 

localize the upper edge turbulent fluctuations to regions nearer the outer edge of the jet. 

This leads to poorer freestream entrainment and a more prominent jet core in the high 

compressibility cases. 

• Normalized standard deviation results from the side and end view images show thinner 

mixing layers developing in the high compressibility cases. These results also show 

that the upper edge mixing layer is significantly thicker than those developing on the 

sides of the jet fluid irrespective of the injector geometry or compressibility level. This 

indicates that more freestream entrainment (resulting from the larger turbulent structures 

residing there) occurs at the upper edge of the jet than at the sides. 

• Normalized standard deviation results suggest that, as the jet develops in the 

streamwise direction, the turbulent fluctuations located at the edges of the jet fluid 

diffuse into the unfluctuating core region more rapidly in the low compressibility cases. 
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Analyses of the mixing zone contours derived from the end view standard deviation 

images using an area ratio (mixing zone area divided by penetration contour area) and a 

shape factor were undertaken. These results provide comparisons of the mixing 

potential of a given flowfield. The area ratio results indicate that the air injection cases 

(low compressibility) contained relatively larger mixing zones than their helium 

injection (high compressibility) counterparts. Results of the shape factor analysis 

provide evidence suggesting that the large-scale eddies which dominate the near-field 

become less influential downstream of x/deff = 8 for all cases studied, giving way to 

small-scale turbulence. Taken together, these results indicate that the mixing potential 

afforded by the low compressibility air injection cases is larger than that of the high 

compressibility helium injection cases. 

Two-dimensional spatial correlations computed from the ensembles of side view 

images provide information regarding the structure sizes and orientations of the large- 

scale eddies that form in the upper edge mixing layer. Instantaneous correlation maps 

indicate that a wide variety of eddy sizes and spacings develop in these injection 

flowfields. Ensemble-averaged correlation fields show that both compressibility and 

injector geometry affect the development of these large-scale vortices. In low 

compressibility cases (air injection), the eddies become less organized as they propagate 

downstream. These cases also lead to eddies that become more inclined to the 

freestream and more circular as they evolve. High compressibility cases (helium 

injection) contain structures that grow as they convect downstream becoming more 

coherent. These eddies are found to become more inclined to the freestream and more 

elliptical in shape as they move downstream. Injector geometry, on the other hand, 

predominantly affects the size of the average large-scale structure. The jets issuing 

from the elliptical nozzle contain eddies that are markedly smaller than those in the jet 
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issuing from the circular nozzle. This is thought to be a result of the axis-switching 

phenomenon present in the elliptical injection flowfield. 

• Lateral spreading characteristics inferred from the ensemble-averaged end view images 

indicate that the jet issuing from the elliptical nozzle spreads roughly twice as far into 

the crossflow fluid as the jet created using the circular nozzle when the distance is 

scaled by the physical spanwise nozzle dimension. 

• Compressibility effects manifest themselves in the rate of contraction of the average jet 

penetration contour. These contours, obtained from applying the 90% penetration 

definition to the ensemble-averaged end view images, indicate that the injectant plumes 

in the high compressibility cases (i.e., helium injection) contract slowly compared to 

those from the low compressibility cases (i.e., air injection). Since at a given 

streamwise location a larger penetration contour implies less freestream entrainment, the 

results suggest that the low compressibility cases provide substantially better 

entrainment characteristics than the high compressibility cases. 

• When the streamwise and transverse positions are scaled using the jet-to-freestream 

momentum flux ratio (as suggested by Keffer and Baines22), the transverse penetration 

data obtained from the ensemble-averaged side view images collapse very well in the 

near-field region. These results indicate that mixing layer compressibility does not 

strongly affect the transverse penetration of the jet fluid as it enters the freestream. 

Injector geometry, however, does play a role in the jet's ability to penetrate into the 

crossflow. Penetration correlations indicate that injection through the elliptical nozzle 

produces a jet with suppressed transverse extent (by 20%) compared to the jet issuing 

from the circular nozzle at the same jet-to-freestream momentum flux ratio. Also, the 

power law form of the penetration correlation found in this investigation produces 
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results that compare closely to those of other studies using different diagnostic 

techniques, lending credence to the present definition of the upper edge of the jet, at 

least in the injector near-field. 

• The transverse penetration and lateral spreading characteristics of the elliptical injection 

flowfield indicate the presence of an axis-switching phenomenon resulting from the 

asymmetric momentum thickness distribution around the nozzle exit. 

• The bow shock formed upstream of the injector exit is sensitive to the formation and 

passage of large-scale structures at the jet/freestream interface. The standard deviation 

results from both end and side views indicate that the bow shock position fluctuates 

slightly due to these vortices. Images of the bow shock/jet boundary interaction show 

that the bow shock is most sensitive in the region of nearly normal shock behavior 

closest to the injector wall. Here, large structures create significant changes in the 

frontal area of the jet plume necessitating positional responses by the shock wave. 

• Injection using the elliptical nozzle results in a weaker bow shock compared to injection 

through the circular nozzle at the same jet-to-freestream momentum flux ratio. The 

region of normal shock behavior near the injector wall is smaller, and, at any given 

streamwise position, the bow shock does not extend as far above the injector wall. 

• The elliptical injection scheme leads to a separation shock upstream of the injector exit 

that does not extend as far either in the streamwise or transverse direction as the 

separation wave formed ahead of the circular nozzle for a given jet-to-freestream 

momentum flux ratio. This suggests that the "hot-spot" phenomenon common in 

reacting transverse injection flowfields, where fuel travels into the separated region 
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upstream of the injector nozzle and is ignited, may be reduced by using an elliptical fuel 

injector. 

• Large-scale convection velocity measurements obtained from temporally correlated 

image pairs show a strong dependence on both compressibility level and injector 

geometry. For a given injector geometry, the near-field convection velocities are larger 

for the high compressibility cases (helium injection) than for the low compressibility 

cases (air injection). In the far-field, the eddies tend to convect with velocities that are 

closer to the velocity of the freestream. Injector geometry principally affects the near- 

field behavior. Convection angles are shallower in elliptical injection than in circular 

injection, and the near-field convection velocities from the elliptical injection cases are 

skewed toward the freestream velocity. It is thought that the axis-switching 

phenomenon affects the development of the large-scale eddies in the near-field of the 

elliptical injector, resulting in the observed trends. 

• Injection through the elliptical nozzle results in a maximum pitot pressure that is about 

40% higher in the near-field of the injector exit (i.e., x/deff = 4) than injection through 

the circular nozzle. This is principally due to differences in bow shock and Mach disk 

behavior between the two cases. Area-averaged pitot pressures in the near-field region 

are only slightly higher (about 1%) in the elliptical injection flowfield, while farther 

downstream (i.e., x/deff = 10), the two geometries result in essentially equal area- 

averaged pitot pressures. 

• Probe-based concentration results indicate that the elliptical injector produces slightly 

favorable mixing characteristics over the circular injector by roughly 6% at the upstream 

location (i.e., x/deff = 4) and 4% at the downstream location (i.e., x/deff = 10). This 

was observed to be largely an effect of the wider void created between the two counter- 
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rotating vortices in the elliptical injection flowfield. This wide void provides additional 

freestream entrainment leading to the better mixing performance. Decay rates of the 

maximum injectant mole and mass fractions are essentially identical over the domain of 

the present measurements. 

• The probe-based concentration results yield transverse penetration and lateral spreading 

data that compare very closely to those obtained from the ensemble-averaged side and 

end view images. 

• Indications of wake vortices are intermittently found in the instantaneous side view 

images of these transverse injection flowfields. These eddies appear as vertically- 

oriented structures that reach from the lower side of the jet plume down toward the 

injector wall. Because of the relatively good mixing that occurs below the jet centerline 

(as indicated by the current probe-based concentration measurements and the PLEF 

results of VanLerberghe70), it seems reasonable to suppose that these wake vortices 

may play potentially important roles in the entrainment and mixing processes that occur 

in this region of the flow. 

6.2   Recommendations for Future Work 

To fully understand the flowfields created by transverse injection into supersonic 

crossflows, several other measurements are required. The following recommendations for further 

investigations should be of general interest to the research community. 

• The wake vortex structure that forms in transverse injection flowfields may play a key 

role in the mixing that occurs between the injectant and crossflow fluids. These eddies 

were intermittently observed in the side view images collected in this investigation. 

However, plan view images obtained by positioning the laser sheet just above the 
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injector wall and viewing the flowfield from above provide a better method for more 

thorough studies of the wake region. 

Compressibility issues were observed to be extremely important when examining the 

structure of the large-scale vortices that form at the interface between the jet and 

freestream fluids. Since the range of potential fuels for SCRAMJET engines includes 

those with very low molecular weights (i.e., hydrogen) and those with relatively high 

molecular weights (i.e., hydrocarbons), further studies are required to investigate these 

effects in more detail. Examinations, either experimental or computational, of the 

effects of compressibility on the mixing of injectant and crossflow streams would prove 

very useful in terms of both fundamental knowledge of the mixing processes and 

practical knowledge concerning the advantages or deficiencies associated with particular 

fuels. 

Understanding the mean and fluctuating static pressure and temperature fields around 

the injectant plume would be of particular interest. As has been noted throughout this 

document, the flowfield created by single jet transverse injection into a supersonic 

crossflow is highly three-dimensional. Traditional probe-based measurements of cone- 

static pressure in this near-field region may prove of little use since the flow angles 

span the range from those parallel to the crossflow fluid to those perpendicular to the 

crossflow fluid. Additionally, the response time of the intrusive probes is generally not 

sufficiently short to obtain resolvable information regarding the turbulent fluctuations 

present. Nonintrusive methods for measuring the static pressure and temperature 

fields, such as Coherent Anti-stokes Raman Scattering (CARS) or degenerate four- 

wave mixing (DFWM) may prove very useful. 
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Instantaneous, spatially- and temporally-resolved injectant concentration measurements 

are essential to complete understanding of the mixing processes taking place in the 

transverse injection flowfield. Two principal vortex mechanisms appear to drive the 

entrainment of freestream fluid into the jet region in the near-field. However, it is not 

clearly understood where the best mixing takes place in these flows. These 

concentration measurements would provide, on an instantaneous basis, fundamental 

information regarding the mixing that occurs. Insight as to efficient mixing 

enhancement techniques might also be drawn from such measurements. 

Planar measurements of the instantaneous velocity field using Particle Image 

Velocimetry (PTV) would prove very useful in studying the vorticity generated in these 

flowfields. Such information can also be used in several side and top view planes to 

instantaneously examine the entrainment characteristics (by seeding only one of the 

streams), the strain rates, and the velocity fluctuation levels. 

Laser Doppler velocimetry (LDV) applied to the near- and far-field regions of the 

flowfields created using the circular and elliptical injector geometries could also provide 

a wealth of information about these flowfields. Use of a three-component LDV system 

would allow measurements of all the turbulence properties found in these flows. 

Additionally, vorticity information would be obtained along with the distribution of 

turbulent kinetic energy found throughout the flow. Measurements of the entire 

turbulence field would also allow estimations of the production, dissipation, 

convection, and diffusion terms in the equation governing the transport of turbulent 

kinetic energy. 

Pressure-sensitive paint could be used to document the wall static pressure field around 

the two injector configurations used in this study. This technique has been applied to a 
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single circular injector before (Everett, et al.16), but comparisons between the circular 

and elliptical nozzles may yield further detail in regard to the axis-switching 

phenomenon present in the elliptical injection flowfield. This technique would also 

provide better insight into the structure of the wake region in the elliptical injection case. 

• Refinements can be made to the imaging technique used in this investigation. 

Potentially, if the seed can be made truly passive in nature, more quantitative 

measurements of the injectant concentration could be made. The advantage that making 

instantaneous planar concentration measurements provides is the ability to construct 

probability density functions (PDFs) throughout the region of interest. These PDFs 

would then shed more light on the instantaneous mixing levels that occur throughout 

the flowfield. Refinement of this imaging technique would also provide a tool for fast 

acquisition of injectant concentration data, making parametric studies of candidate 

injection schemes less time-consuming. 

• The double-pulsed imaging technique as used in this investigation can provide 

information regarding the temporal evolution of the large-scale structures occurring at 

the jet/freestream interface. Refinements to the hardware (e.g., the acquisition of a 

digital camera with comparable performance characteristics to the one presently on site) 

are required so that the collected image pairs may be analyzed using a cross-correlation 

technique. This would provide ensemble-averaged, rather than instantaneous, 

measurements of the large-scale convection velocities and convection angles. 
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TABLES 

Table 2.1 Incompressible Transverse Injection Penetration Correlations and Conclusions 

Author 

Abramovich 

Keffer and 

Baines22 

Pratte and 

Baines 

Technique 
Empirical and 

theoretical 

Hot wire 

Photos of 
smoke-filled jet 

4-100 

25-1225 

Kamotani and 

Greber26 

Chassaing, et 

al 27 

Broadwell and 

Briedenthal28 

Smith, et al. 23 

Lozano, et al. 

Hot wire, 
thermocouple 

Pressures, hot 
wire 

Vortex model 

Acetone PLIF 

Acetone PLIF 

15.3, 
59.6 

Correlation/Conclusion 

Empirical: 

Theoretical: 

y_ _ j0.434[ * 
\0.333 

^ = 8.314 -41-ln 
d 

1 + 0.1- 
d 

( 

1 + J1 + 
V 

20 

x/d 

Axes scaled by J"1 collapse near-field data 

d-f 0.5 = a 
f    x    ^a28 

Kd-f 0.5 

'y = ywp> « = 2.63 

y = ymid> « = 2.05 

y = ybottom> a = 1-35 

5.6-40.3 

36-196 

50.4-400 

Velocity CL:    ^ = 0.89-7a47 

d 
Temperature CL: 

/   x0.36 

Kdj 

^ = 0.73-7a52P- 
d KPcoj 

^0.11^0.29 

d) 

Velocity CL:    ^ = (l.53 + 0.90-7a5°) 
/x\0.385 

\r 

y    _ 
d-f 0.5 = c 

W-7 0.5 

0.333 
with C unspecified 

Used results of Pratte and Baines; 
demonstrated excellent comparison 

21 

Used results of Pratte and Baines; 
demonstrated excellent comparison 
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Table 2.2 Compressible Transverse Injection Penetration Correlations and Conclusions 

Author 

Orth and Funk .29 

Schetz, et 
aL30,31 

Chrans and 
Collins6 

Torrence32'33 

Technique 
Schlieren, 

concentration 

Schlieren 

Schlieren 

Concentration 

Rogers34'35 

Cohen, et al.18 

McDaniel and 
Graves ,20 

Rothstein36 

Concentration 

Schlieren 

Iodine PLIF, 
densitometer 

OH PLIF 

Hermanson and 
Winter37 

Papamoschou 
and Hubbard38 

Randolph, et 
al 39 

Gruber, et al 40 

Ethanol Mie 
Scattering 

Schlieren 

Schlieren 

Water Mie 
Scattering 

0.63-2.43 

1.27-8.20 
12.5-25.7 

0.46-12.0 

0.51-3.08 

Correlation/Conclusion 

Used results of Abramovich;25 good agreement in 
near-field (x/d < 8) 
Peb taken as 80% of static pressure behind normal 
shock in freestream; barrel shock penetration 
increased with M; but J not constant 

Verified scaling of Zukoski and Spaid;3 verified 
role of jet-to-freestream momentum flux ratio4 

0.50-1.50 

0.68-11.3 

0.35-1.02 

5.90-38.6 

Upper edge (-0% injectant concentration) 

x 

Ü 
^ = 1.68- 
d 

( \°-5 
7Moo 2fl J cos 6 

V   MJ 

/   N 0.087 

) 
Upper edge (0.5% injectant concentration): 

- = 3.87-/0-3 /■ 

0.143 

Top and middle of Mach disk: 

d 
=_j__jo.5. \y=ytop> *=1.511 

l + cosd '    \y = ymM, k = 1.05J 

Upper edge (1% injectant concentration): 

^ = /a344/flf~~" (x 

d 
2.08-1- +2.06 

d 

3.95-4.90 

1.70-8.30 

1.83-2.91 

1.00-3.00 

Upper edge:     ^ = 2.173-7a276 

d 

( 

u 
0.281 

and from McDaniel and Graves:20 

Z = /0.344/n 4.70-1- + 0.64 
d 

Used results of Cohen, et al.18 for top of Mach 
disk; poor agreement for transverse injector 

Used results of Pratte and Baines;21 overpredicts 
jet edge from visual analysis of schlieren photos 

Used results of Abramovich;25 good agreement in 
near-field (x/d < 8) 

Upper edge (90% of mean freestream intensity) 

deff-J 
= 1.23 

NO.344 

Vdeff-J') 
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Table 2.2  (continued) 

Author 
Present Results 

Technique 
Silane/Water 
Rayleigh/Mie 

Scattering 

2.90-2.93 
Correlation/Conclusion 

Upper edge (90% of mean freestream intensity) 
Helium and air injection through circular and 
elliptical nozzles 

/ ^0.344 

deff-J 
= 1.20 

dejfJ 
= 1.00- 

Circular 

Elliptical 

Table 3.1 Injector Geometries 

Injector a (mm) b (mm) deff (mm) £ 

Circular 3.18 3.18 6.35 0 

Elliptical 6.25 1.63 6.35 0.97 

149 



Table 5.1 Experimental Conditions 

Quantity 

Cases Studied 

CIA C2H E1A E2H 

Injector Circular Circular Elliptical Elliptical 

Injectant Gas Air Helium Air Helium 

p0,oo (kPa) 317 317 317 317 

T0,~(K) 302 300 302 300 

poo (kPa) 41.8 41.8 41.8 41.8 

Too(K) 169 168 169 168 

Uoo(m/s) 516 515 516 515 

Mo 1.98 1.98 1.98 1.98 

poo (kg/m3) 0.860 0.866 0.860 0.866 

(loo (Pa-s) 1.15 xlO"5 1.14 xlO"5 1.15 xlO"5 1.14xl0"5 

Re0o=(poo-U0o)/p.oo (m-1) 3.87 x 107 3.91 x 107 3.87 x 107 3.91 x 107 

Po,i (kPa) 902 832 902 832 

T0,i (K) 300 300 300 300 

Pe,i (kPa) 476 405 476 405 

Te,i (K) 250 225 250 225 

ue,j (m/s) 317 882 317 882 

Me,i 1 1 1 1 

pej (kg/m3) 6.64 0.867 6.64 0.867 

^e,i (Pa-s) 1.60 xlO"5 1.62 xlO"5 1.60 xlO"5 1.62 xlO"5 

Rßj=(Pe,j-UeJj-dj)/^e,j 8.36 x 105 3.00 x 105 8.36 x 105 3.00 x 105 

Tj 1.40 1.67 1.40 1.67 

J 2.90 2.93 2.90 2.93 

Re = (AU-8(ö)/v 150,000 428,000 - - 

Mcl,Mc2 0.66, 0.66 1.89, 1.94 - _ 

K (^m) 0.58 0.23 - - 
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Table 5.2 Interrogation Planes 

Case Diagnostic Technique Interrogation 
Plane 

Single-Shot Image 
Ensemble Size 

CIA Shadowgraph 
End View Rayleigh/Mie Scattering 
Side View Rayleigh/Mie Scattering 

Side View 
x/deff = 0, 4, 8, 10 

z/deff = 0 
20, 100, 20, 100 

100 

C2H Shadowgraph 
End View Rayleigh/Mie Scattering 
Side View Rayleigh/Mie Scattering 

Probe-Based Measurements 

Side View 
x/deff = 0,4, 8, 10 

z/deff = 0 
x/deff = 4, 10 

20, 100, 20, 100 
100 

E1A Shadowgraph 
End View Rayleigh/Mie Scattering 
Side View Rayleigh/Mie Scattering 

Side View 
x/deff = 0,4, 8, 10 

z/deff = 0 
20, 100, 20, 100 

100 

E2H Shadowgraph 
End View Rayleigh/Mie Scattering 
Side View Rayleigh/Mie Scattering 

Probe-Based Measurements 

Side View 
x/deff = 0,4, 8, 10 

z/deff=0 
x/deff = 4, 10 

20, 100, 20, 100 
100 

Table 5.3 Ensemble-Averaged Two-Dimensional Spatial Correlation Results 

Case Center Position 2a/deff 2b/deff e a 

CIA x/deff = 1.8, y/deff= 2.9 

x/deff = 7.0, y/deff= 3.5 

0.44 

0.33 

0.29 

0.25 

0.75 

0.65 

24° 

45° 

C2H x/deff=1.8,y/deff=2.9 

x/deff = 7.0, y/deff= 3.5 

0.43 

0.54 

0.32 

0.37 

0.67 

0.73 

29° 

64° 

E1A x/deff = 1.4, y/deff= 2.2 

x/deff = 7.0, y/deff= 3.5 

0.50 

0.20 

0.36 

0.16 

0.69 

0.60 

14° 

39° 

E2H x/deff = 1.4, y/deff= 2.2 

x/deff = 7.0, y/deff= 3.5 

0.18 

0.24 

0.14 

0.16 

0.63 

0.74 

32° 

59° 
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Table 5.4 Area-Averaged Total Pressure Values 

Case x/deff Poa Pob Poc 

C2H 4 

10 

0.69 

0.63 

0.95 

0.86 

0.54 

0.56 

E2H 4 

10 

0.70 

0.63 

0.96 

0.86 

0.54 

0.56 

Table 5.5 Area-Averaged Concentration Values 

Case x/deff xHe yHe 

C2H 4 

10 

0.34 

0.26 

0.12 

0.06 

E2H 4 

10 

0.32 

0.26 

0.11 

0.06 

152 



c 

— 

C 
.2 

c o u 
so 
in 

« 

153 



3 
a 
a 
o o 

2 

H 

S 

55 

5 ig 
2>oÄ 
'S  «4-1    > 
S °£ 
C  S=3 .5 o ig 

s.!i 
-aas 
> o ° 
<D   O   03 

.2? 

4J 
O 
C 
<D 

"> 
<D 

E 
o 

a 

o3  © 

O T3 

.a t« «=! 

w   w  e 

«■ Al 
T3 O   ÖS 

O  O' 

Ä    Ö    8! 

SB £ 

> 
8 

3 5     S a 

c 
o o 
(D 

00 

SÄ « 3   <D ±3 er > •" 

Mi   o 

C 
o 

• PM 

S 

S 
O 

U3 

'3 -3 
X   « 
fl)   s-i 

S i) 

2    03 
P T3 

.« 2 

o s 
8   ^ 

•5 a 
e3 

C/3 

X 

o 

I 
u o 
c 
<u 

■> 

u 

o 
00 

bö 
.s <- 
03 -O 

a * 
-2 2 c u 
§'^ 
03 "ES 
" 8 

sS e 

U   H 
X!   3 

03 03 

'S & 
o A 

Sä 

es <u 

e^ 
o  <t> 
MN 
c o 
« a 
ü   CS 

S a c u 
S-I      O 

c 

'ü .2 r2 
P « S 
^ o Q 

al I 
^ 3   b0 

>> fe    05 
.*J JD   OJ 
S3 T3 ^ 
•S C T3 
"3   03   <U 

fcj   (U   03 

es» 
C    Q,    I 
O o w 

i-, o 

2r>"0   ni   ^J   ^ 
-2 2 8 go 

«3 

03   O _ 

O  n  S   3 ,-.   Oxi   ?   IO 

£ S-S £ sa S 
l-i   oo 

03 2 
C  s-i   _   _ 
-1 x) o J2 

gs^a 

03 
O 
03 

r"S ^5  bß O  u 

■a-a-a-- 
«a g M 6 u -ö a bß o 

ol 

g- 
T3 

ö^|5.a 
a T3 

X) 

154 



FIGURES 

Bow SHOCK 

APPROACH FLOW 

(M^l) 

SEPARATED 
REGION 

MACH DISK 

7W 
SEPARATED 
REGION 

INJECTANT 

Figure 1.1 Transverse Injection Flowfield Schematic 

APPROACH FLOW 

(MOO>1) 

JET SHOCK STRUCTURE 
(BARREL SHOCK AND 

MACH DISK) 

JET BOUNDARY 

THREE-DIMENSIONAL 
Bow SHOCK 

COUNTER-ROTATING 

VORTEX PAIR 

WAKE REGION 

HORSESHOE VORTEX 
REGION 

Figure 1.2 Perspective View of Transverse Injection Flowfield 
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 Torrence32,33 

- -Rogers34'35 

- - McDaniel & Graves 
 Rothstein36 

- - - Graber40 
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Figure 2.1 Comparison of Transverse Jet Penetration Correlations 

Figure 2.2 Smoke-Wire Visualization of Low Speed Jet in Crossflow Showing 
Shear Layer Vortices (J = 4) [from Fric and Roshko49] 
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Figure 2.3 Smoke-Wire Visualization of Low Speed Jet in Crossflow-Wide View 
Showing Shear Layer Vortices (J = 4) [from Fric and Roshko53] 

Figure 2.4 Dye Injection Visualization of Low Speed Jet in Crossflow Showing 
Shear Layer Vortices (J = 4.8) [from Perry, et al.52] 

Figure 2.5 Smoke-Wire Visualization of Low Speed Jet in Crossflow 
Showing Wake Vortices (J = 4.8) [from Fric and Roshko53] 
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TVC-1902 
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COLD AIR LINE      ^C      C 
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MIXED AIR LINE 
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Figure 3.1 Air Supply System Schematic 

INLET SECTION AND   SETTLING CHAMBER AND 
SUPPORT SYSTEM       SUPPORT STAND 

TEST SECTION 

END VIEWING WINDOW 

SPRAY COOLED DIFFUSER 

WITH A-FRAME SUPPORT 

GROWTH DIRECTION     THERMAL GROWTH ANCHOR POINT 

Figure 3.2 Schematic of Supersonic Combustion Tunnel 
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Figure 3.3 Photograph of Supersonic Combustion Tunnel 

REARWARD-FACING 
PERFORATED CONE 

|J||pi—NOZZLE FLANGE 

PRESSURE PORT 

-TRANSITION SECTION 

*- FLOW DIRECTION 

■O THERMOCOUPLE 

Figure 3.4 Schematic of Settling Chamber 
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Figure 3.5 Photograph of Transition Section with One Piece Installed 

Figure 3.6 Photograph of Completed Transition Section 
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NOZZLE SECTION: 
• TRANSITION FROM AXISYMMETRIC TO RECTANGULAR 

• INTERCHANGEABLE MACH NUMBER NOZZLE BLOCKS (2D) 
• SlDEWALL PRESSURE TAPS FOR SUBSONIC AND 

SUPERSONIC PRESSURE DISTRIBUTION 

TEST SECTION: 
• NOMINAL 5"X 6" TWO-DIMENSIONAL CONSTANT AREA 

• THREE-SIDED OPTICAL ACCESS FOR NONINTRUSIVE DIAGNOSTICS 

• REPLACEABLE TEST INSERTS ALLOW MANY INJECTION 

CONFIGURATIONS TO BE TESTED 

Figure 3.7 Nozzle Section/Test Section Schematic 

INJECTOR   CROSS SECTION VIEW PLAN VIEW 

CIRCULAR 

7P7Z 
PRESSURE TAP Q 

ELLIPTICAL PRESSURE TAP 

Figure 3.8 Illustration of Injector Configurations 
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Figure 3.9 Photographs of Injectors 
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REGULATOR 

SHUT-OFF 
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MASTER SOLENOID 

VALVE 

Figure 3.10 Jet Gas Supply Schematic 
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Figure 3.11 Photograph of Pitot Pressure Rake 

Figure 3.12 Photograph of Boundary Layer Rake 
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Figure 3.13 Streamwise and Spanwise Mach Number Distributions at Transverse Centerline 
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Figure 3.14 Transverse and Spanwise Mach Number Distributions at x = 111 mm 
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Figure 3.15 Transverse and Spanwise Mach Number Distributions at x = 283 mm 
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Figure 3.16 Pressure Ratio Profiles from Nozzle Sidewalls at p0 = 317 kPa 
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Figure 3.17 Contours of Rake Total Pressure Normalized by Freestream Total Pressure 
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Figure 4.1 Schematic of General Data Acquisition System 
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Figure 4.2 Schematic of Pulsed Shadowgraph System 
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Figure 4.3 Photograph of Pulsed Shadowgraph System 
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Figure 4.4 Schematic of End View Rayleigh/Mie Scattering Optical Arrangement 
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Figure 4.5 Photograph of End View Rayleigh/Mie Scattering Optical Arrangement 
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Figure 4.6 Schematic of Side View Rayleigh/Mie Scattering Optical Arrangement (Single Shot) 
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Figure 4.7 Photograph of Side View Rayleigh/Mie Scattering Optical Arrangement (Single Shot) 
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Figure 4.8 Schematic of Double Pulsed Rayleigh/Mie Scattering Optical Arrangement 
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Figure 4.9 Photograph of Double Pulsed Rayleigh/Mie Scattering Optical Arrangement 
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Figure 4.10 Delay System Electrical Schematic 
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Figure 4.11 Silane Seeding System Schematic 

Figure 4.12 Photograph of Silane Seeding System 
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Figure 4.13 Illustration of Mean Flow Probe Designs (Side View) 
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Figure 4.14 Schematic of Probe Installation 
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Figure 4.15 Photograph Showing Probe Drive Hardware 
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Figure 4.16 Model of Concentration Probe 
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Figure 4.17 Schematic of Sampling Vessel 
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Figure 5.1 Shadowgraph of Circular Injection Using Air (Case CIA) 
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Figure 5.2 Shadowgraph of Circular Injection Using Helium (Case C2H) 
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Figure 5.3 Shadowgraph of Elliptical Injection Using Air (Case El A) 
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Figure 5.4 Shadowgraph of Elliptical Injection Using Helium (Case E2H) 
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Figure 5.6 Instantaneous End View Images of Circular Injection Using Air 
(CaseClA)atx/deff=0 
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-3.2 

Figure 5.7 Instantaneous End View Images of Circular Injection Using Air 
(CaseClA)atx/deff = 4 
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Figure 5.8 Instantaneous End View Images of Circular Injection Using Air 
(CaseClA)atx/deff=8 
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Figure 5.9 Instantaneous End View Images of Circular Injection Using Air 

(CaseClA)atx/deff= 10 
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Figure 5.10 Instantaneous End View Images of Circular Injection Using Helium 
(CaseC2H)atx/deff=0 
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Figure 5.11 Instantaneous End View Images of Circular Injection Using Helium 

(CaseC2H)atx/deff = 4 
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Figure 5.12 Instantaneous End View Images of Circular Injection Using Helium 

(Case C2H) at x/deff = 8 

185 



Figure 5.13 Instantaneous End View Images of Circular Injection Using Helium 
(CaseC2H)atx/deff= 10 
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Figure 5.14 Instantaneous End View Images of Elliptical Injection Using Air 
(CaseElA)atx/deff = 0 
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Figure 5.15 Instantaneous End View Images of Elliptical Injection Using Air 

(CaseElA)atx/deff = 4 
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Figure 5.16 Instantaneous End View Images of Elliptical Injection Using Air 
(CaseElA)atx/deff=8 
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Figure 5.17 Instantaneous End View Images of Elliptical Injection Using Air 
(Case El A) at x/d ff = 10 
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Figure 5.19 Instantaneous End View Images of Elliptical Injection Using Helium 

(CaseE2H)atx/deff = 4 

192 



z/d eff 
z/d eff 

Figure 5.20 Instantaneous End View Images of Elliptical Injection Using Helium 
(CaseE2H)atx/deff=8 
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Figure 5.21 Instantaneous End View Images of Elliptical Injection Using Helium 

(Case E2H) at x/deff = 10 
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Figure 5.33 Relative Spreading in the Spanwise and Transverse Planes 
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Figure 5.46 Transverse Profiles of Normalized Standard Deviation for Case E2H 

a) x/deff = 0, z/deff = 0, b) x/drff = 4, z/deff = 0, c) x/deff = 8, z/dgff = 0, and 

d)x/deff=10,z/deff=0 
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Figure 5.50 End View Mixing Zone Contours for Case E2H a) x/deff = 0, b) x/deff = 4, 
c) x/d ff = 8, and d) x/deff =10 
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Figure 5.51 Area Ratios Determined from End View Standard Deviation Contours 
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Figure 5.52 Shape Factors Determined from End View Standard Deviation Contours 
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Figure 5.53 Instantaneous Side View Images of Circular Injection Using Air (Case CIA) 
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Figure 5.53 (continued) 
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Figure 5.54 Instantaneous Side View Images of Circular Injection Using Helium (Case C2H) 
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Figure 5.55 Instantaneous Side View Images of Elliptical Injection Using Air (Case El A) 

227 



-ö 
^ 

5 ̂ 

ÄS 

HMäillJy? 

^°^gp^ 

i   i    I   i   i   1    ir " r,""!""™|i i i 

1.2       2.4       3.6       4.8       6.0       7.2        8.4 

x/deff 

Figure 5.55 (continued) 

228 



5 
>> 

-1.0    0.0      1.0     2.0     3.0     4.0     5.0     6.0     7.0     8.0     9.0 

x/deff 

32 

-2.0    -1.0    0.0 

IT  i  i  p  i  i  i  I  i  i  i i  I  i  i  i  i      rr ■  i i  i  i  i 

1.0     2.0     3.0     4.0     5.0     6.0     7.0     8.0     9.0 

x/deff 

Figure 5.56 Instantaneous Side View Images of Elliptical Injection Using Helium (Case E2H) 
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Figure 5.57 Normalized Ensemble-Averaged Side View Images of Circular Injection Using Air 
(Case CIA) 
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Figure 5.58 Transverse Profiles of Normalized Mean Intensity for Case CIA 
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Figure 5.59 Normalized Ensemble-Averaged Side View Images of Circular Injection Using Helium 
(Case C2H) 
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Figure 5.60 Transverse Profiles of Normalized Mean Intensity for Case C2H 
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Figure 5.61 Normalized Ensemble-Averaged Side View Images of Elliptical Injection Using Air 
(Case El A) 
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Figure 5.62 Transverse Profiles of Normalized Mean Intensity for Case El A 
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Figure 5.63 Normalized Ensemble-Averaged Side View Images of Elliptical Injection Using Helium 
(Case E2H) 
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Figure 5.64 Transverse Profiles of Normalized Mean Intensity for Case E2H 
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Figure 5.65 Transverse Penetration Profiles from Ensemble-Averaged Side View Images 
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Figure 5.66 Normalized Standard Deviation Side View Images of Circular Injection Using Air 
(Case CIA) 
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Figure 5.67 Transverse Profiles of Normalized Standard Deviation for Case CIA 
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Figure 5.68 Normalized Standard Deviation Side View Images of Circular Injection Using Helium 
(Case C2H) 
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Figure 5.69 Transverse Profiles of Normalized Standard Deviation for Case C2H 
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Figure 5.70 Normalized Standard Deviation Side View Images of Elliptical Injection Using Air 
(Case El A) 
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Figure 5.71 Transverse Profiles of Normalized Standard Deviation for Case El A 
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Figure 5.72 Normalized Standard Deviation Side View Images of Elliptical Injection Using Helium 
(Case E2H) 
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Figure 5.73 Transverse Profiles of Normalized Standard Deviation for Case E2H 
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Figure 5.74 Two-Dimensional Spatial Correlation Fields from Upstream Instantaneous 
Side View Images of Circular Injection Using Air (Case CIA) 
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Figure 5.74 (continued) 
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Figure 5.75 Two-Dimensional Spatial Correlation Fields from Downstream 
Instantaneous Side View Images of Circular Injection Using Air (Case CIA) 
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Figure 5.75 (continued) 
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Figure 5.76 Two-Dimensional Spatial Correlation Fields from Upstream Instantaneous 
Side View Images of Circular Injection Using Helium (Case C2H) 
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Figure 5.76 (continued) 
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Figure 5.77 Two-Dimensional Spatial Correlation Fields from Downstream 
Instantaneous Side View Images of Circular Injection Using Helium (Case C2H) 
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Figure 5.77 (continued) 
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Figure 5.78 Two-Dimensional Spatial Correlation Fields from Upstream Instantaneous 
Side View Images of Elliptical Injection Using Air (Case El A) 
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Figure 5.78 (continued) 
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Figure 5.79 Two-Dimensional Spatial Correlation Fields from Downstream Instantaneous 
Side View Images of Elliptical Injection Using Air (Case El A) 
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Figure 5.79 (continued) 
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Figure 5.80 Two-Dimensional Spatial Correlation Fields from Upstream Instantaneous 
Side View Images of Elliptical Injection Using Helium (Case E2H) 
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Figure 5.80 (continued) 
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Figure 5.81 Two-Dimensional Spatial Correlation Fields from Downstream Instantaneous 
Side View Images of Elliptical Injection Using Helium (Case E2H) 
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Figure 5.81 (continued) 
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a) Upstream Image 

b) Downstream Image 

Figure 5.82 Ensemble-Averaged Two-Dimensional Spatial Correlation Fields from Side View 
Images of Circular Injection Using Air (Case CIA) a) Upstream Image and b) Downstream Image 
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a) Upstream Image 

b) Downstream Image 

Figure 5.83 Ensemble-Averaged Two-Dimensional Spatial Correlation Fields from Side View Images 
of Circular Injection Using Helium (Case C2H) a) Upstream Image and b) Downstream Image 
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a) Upstream Image 

b) Downstream Image 

Figure 5.84 Ensemble-Averaged Two-Dimensional Spatial Correlation Fields from Side View 
Images of Elliptical Injection Using Air (Case El A) a) Upstream Image and b) Downstream Image 
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a) Upstream Image 

b) Downstream Image 

Figure 5.85 Ensemble-Averaged Two-Dimensional Spatial Correlation Fields from Side View Images 
of Elliptical Injection Using Helium (Case E1H) a) Upstream Image and b) Downstream Image 
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Figure 5.86 Instantaneous Images of Bow Shock/Jet Boundary Interaction 
Upstream of Circular Injector Using Air (Case CIA) 
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Figure 5.87 Instantaneous Images of Bow Shock/Jet Boundary Interaction 
Upstream of Elliptical Injector Using Air (Case El A) 
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Figure 5.87 (continued) 
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Figure 5.88 Ensemble-Averaged Image of Bow Shock/Jet Boundary Interaction 
Upstream of Circular Injector Using Air (Case CIA) 
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Figure 5.89 Ensemble-Averaged Image of Bow Shock/Jet Boundary Interaction 
Upstream of Elliptical Injector Using Air (Case El A) 
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Figure 5.91 Standard Deviation Image of Bow Shock/Jet Boundary Interaction 
Upstream of Circular Injector Using Air (Case CIA) 
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Figure 5.92 Standard Deviation Image of Bow Shock/Jet Boundary Interaction 
Upstream of Elliptical Injector Using Air (Case El A) 
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Figure 5.93 Intensity Profiles from Standard Deviation Bow Shock/Jet Boundary 
Interaction Images of Cases CIA and El A at x/d ff = 0 
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Figure 5.94 Large-Scale Convection Velocity and Structure Convection Angle Determination 
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Figure 5.95 Instantaneous Double-Pulsed Image Pair from Circular Injection Using Air 
(Case CIA) with Laser Pulse Delay of At = 2 fxs 
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Figure 5.96 Instantaneous Double-Pulsed Image Pair from Circular Injection Using Helium 
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Figure 5.99 Large-Scale Convection Velocity as a Function of Streamwise Position for Circular 
Injection Using Air (Case CIA) 
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Figure 5.100 Structure Convection Angle as a Function of Streamwise Position for Circular 
Injection Using Air (Case CIA) 
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Figure 5.101 Large-Scale Convection Velocity as a Function of Streamwise Position for 
Circular Injection Using Helium (Case C2H) 
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Figure 5.102 Structure Convection Angle as a Function of Streamwise Position for Circular 
Injection Using Helium (Case C2H) 
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Figure 5.103 Large-Scale Convection Velocity as a Function of Streamwise Position for 
Elliptical Injection Using Air (Case El A) 
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Figure 5.104 Structure Convection Angle as a Function of Streamwise Position for Elliptical 
Injection Using Air (Case El A) 
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Figure 5.105 Large-Scale Convection Velocity as a Function of Streamwise Position for 
Elliptical Injection Using Helium (Case E2H) 
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APPENDIX:   ESTIMATION OF COMPRESSIBILITY LEVELS 

Compressibility is an important issue to address in this study, as this property has been 

shown to affect the growth,1,2 turbulence structure,89,90 and stability91,92 of turbulent shear 

layers. In the classic constant pressure shear layer formed between two planar, constant velocity 

freestreams, compressibility effects are best correlated using the convective Mach number as 

defined in Eq. 2.6. In these flows, the two uniform freestreams (assumed to be ideal gases) allow 

relatively easy calculation of the convective Mach number through knowledge of the freestream 

composition, stagnation conditions, and Mach numbers. In the present transverse injection 

flowfield, however, several fluid dynamic features serve to complicate this determination. Unlike 

the simple two-dimensional shear layer, this injection flowfield is highly three-dimensional. The 

bow shock standing upstream of the injector exit alters the properties of the crossflow fluid so that 

uniform conditions around the mixing layer no longer exist. Injectant fluid expands as it enters the 

test section and accelerates rapidly within the barrel shock region to unknown supersonic 

velocities. Across the Mach disk, on the other hand, the injectant fluid rapidly decelerates. The 

pressure, temperature, and density fields also vary around the mixing layer in the near-field region. 

The combination of accelerating and/or decelerating constituent fluids and variable thermodynamic 

properties makes the convective Mach number rather difficult to predict and, presumably, not 

constant as the mixing layer develops. In addition, the field quantities are largely unknown 

throughout the jet/crossflow interaction. The analysis that follows is an attempt to quantify the 

mixing layer compressibility at a single characteristic point in the flowfield generated by injection 

through a circular nozzle into a supersonic crossflow. 

Figure A.l presents an idealized schematic at the spanwise centerline of the injection 

flowfield in question. The point labeled A in the figure is the location at which the convective 

Mach number is to be found. As shown in the drawing, the two constituent streams that form the 

mixing layer containing point A have velocities denoted Ui (the injectant fluid) and U2 (the 

freestream fluid). The eddies in the mixing layer at point A are assumed to convect with a velocity 
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Uc at an angle parallel to the two constituent streams. The inherent difficulties associated with the 

calculation of Mc at point A are that neither Ui nor U2 is known explicitly in the present flowfield. 

As noted above, the injectant fluid accelerates from the nozzle exit conditions and the freestream 

fluid is strongly decelerated by the bow shock standing ahead of the jet. Thus, additional 

assumptions are required that allow determination of the properties of the freestream fluid above 

and injectant fluid below point A. 

For the injectant fluid, knowledge of the Mach number just upstream of the Mach disk is 

required. In his study of circular injection of air into a supersonic crossflow, Santiago 

experimentally measured the Mach number just upstream of the Mach disk as Mi = 2.66. 

Unfortunately, these measurements were performed in a flowfield with J = 1.7, M^ = 1.6, p0j = 

476 kPa, and p0;OO = 241 kPa. These conditions are significantly different from those of the 

present investigation. It is highly unlikely that the freestream and jet conditions used in the present 

study will produce a maximum Mach number equal to that measured by Santiago.72 However, 

knowing the value of Mi permits the use of the relation for static pressure change across a normal 

shock given by 

Pi 
2yjMf-(7j-l) 

Yj + 1 
Ph (1) 

and the isentropic pressure relation given by 

P\=  
Po,i 

f 
7/ (2) 

'J 1 + - 
V 2 

-M; 7,-1 

J 

to determine the pressure downstream of the Mach disk. Combining these equations produces 

P2 = 
2yX-(r;-l) 

Yj + l 
Po,j 

1 + -J.  

Yi 
(3) 

A 
Mt 7,-1 

284 



and, for known freestream conditions (i.e., p0,oo and M«,), the pressure ratio P2/P00 may be found 

f 

P°0 y 

27jMf-(7j-l) 
Yj + 1 

1 + ^1^2^.-1 
Po±_ (4) 

1+^— 
2        ] 

Jl_      P0,c 
y,-l 

For an air jet (Yj = 1.4) with a maximum Mach number of Mi = 2.66 and a stagnation pressure of 

p0 j = 476 kPa, the static pressure behind the Mach disk of Santiago72 is computed from Eq. 3 to 

be p2 = 176 kPa. Using Eq. 4 with the appropriate freestream parameters (i.e., M^ =1.6 and 

Po,oo = 241 kPa) yields a value of the pressure ratio of p2/poo = 3.1. Again, since the freestream 

and injectant conditions of the present investigation are significantly different than those of 

Santiago,72 there is no reason to expect that this ratio of P2/P00 should hold in the present cases. It 

should be clear, though, that prescribing a value for this pressure ratio combined with known 

injectant and freestream stagnation conditions and the freestream Mach number leads to the 

calculation of the Mach number upstream of the Mach disk by using Eq. 4. Knowing the value of 

M i then permits calculation of the pertinent flow properties of the injectant fluid using the 

isentropic relations. Thus, given the injectant and freestream stagnation conditions and the 

freestream Mach number, the properties of the injectant fluid below point A are fully prescribed by 

assuming a value for the pressure ratio, p2/poo- For the present calculations, a range of pressure 

ratios from 2 < p2/poo ^ 4 was used to determine the sensitivity of p2/poo on the convective Mach 

number calculations. 

For the freestream fluid above point A, the oblique shock relations may be used to 

determine the flow turning angle and fluid dynamic properties downstream of the bow shock at a 

prescribed shock angle. Thus, the shock angle (6) was allowed to vary between 90° (i.e., normal 

shock behavior) and the Mach angle, given by 
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UM = aresin 
'   1  ^ 

\M~j 
(5) 

The question of which shock angle yields the appropriate freestream velocity remains. The results 

of the double-pulsed imaging experiments guide this choice since they yield the inclination angle 

with which the large-scale structures convect (<j)). It was assumed earlier that the upper and lower 

freestream velocities are parallel to the large-scale convection velocity; thus the bow shock angle 

that results in a turning angle equal to 0 was used to determine the properties of the freestream fluid 

above point A. 

Now that both constituent stream velocities have been determined and all the relevant 

properties of these streams are known, the large-scale convection velocity must be calculated in 

order to determine the convective Mach number using Eq. 2.6. In the convective frame of 

reference shown in Fig. A.2, there is a saddle point between two consecutive structures. This 

point is a stagnation point for both freestreams so that the total pressures of the streams at this point 

must be equal. Assuming that the static pressures of the streams are equal and that the flow is 

steady, the following expression must then hold: 

1 + 7i-l 
2    {    al     ) 

\2' 
Y\ 

Xi-1 
1 + 72-1 uc-u2 

V      a2      J 

Yl 

72-l 
(6) 

The terms in parentheses are the convective Mach numbers with respect to either freestream. 

Using Eq. 6 to compute the value of Uc permits solving Eq. 2.6 for either convective Mach 

number at point A shown in Fig. A.l. The following outline presents a summary of the 

assumptions and steps used in this model. 

Injectant side of the mixing layer, Stream 1: 

(1)    Assume that the desired conditions are associated with the maximum Mach number in the 

barrel shock region. 
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(2) Assume that the injectant expands isentropically from known stagnation conditions to the 

maximum Mach number condition. 

(3) Assume that the Mach disk is a normal shock. 

(4) Compute the maximum Mach number (Mi) by solving Eq. 4 using a prescribed pressure 

ratio p2/poo- 

(5) Compute the fluid dynamic properties upstream of the Mach disk (yields pi, Ti, pi, Uj). 

Freestream side of the mixing layer, Stream 2: 

(1) Compute conditions downstream of the bow shock for the range of shock angles between 

the Mach angle (found using Eq. 5) and 90°. 

(2) Use the streamwise position of point A to determine the structure convection angle from 

the double-pulsed images. 

(3) Assume that the freestream fluid velocity is parallel to the structure convection direction. 

(4) Choose the freestream conditions based on the bow shock turning angle being equal to 

the large-scale convection angle (yields p2, Ti, p2, U2). 

Convective Mach number calculation: 

(1) Assume a common stagnation point between two large-scale eddies in the convective 

frame of reference. 

(2) Solve Eq. 6 for Uc. 

(3) Compute convective Mach numbers Mc,i and MCj2 using Eq. 2.6. 

Results obtained using this procedure and a range of pressure ratios from P2/P00 = 2.0 to 

4.0 are presented in Figs. A.3-A.6. The point of interest, A, was chosen at roughly x/deff = 1.5. 

Figure A.3 contains the variation in the maximum Mach number upstream of the Mach disk for 

injection of air and helium through the circular nozzle (cases CIA and C2H). This plot indicates, 

as expected, a moderate dependence on the selected pressure ratios. Values of Mi computed at the 
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high pressure ratios are between 75-80% of the values computed at the low pressure ratio. 

However, the convective Mach number data shown in Figs. A.4 and A.5 indicate a comparatively 

weak dependence on the assumed pressure ratio. For example, in case CIA, the value of MC;i 

changes by only about 15% over the range of pressure ratios. The variation in the values for case 

C2H is slightly larger at about 17%. Despite the variation over the selected range of pressures, the 

clear observation from Figs. A.4 and A.5 is that an extreme difference exists in the levels of 

compressibility associated with the two mixing layers in the air and helium injection flowfieids. 

The convective Mach number of the mixing layer formed in the helium injection case is roughly 

three times that of the air/air mixing layer at the selected point A (see Fig. A.l). Thus, the 

structural and stability characteristics associated with the two shear layers are expected to be quite 

different. Indeed, from the shadowgraph photos and Rayleigh/Mie scattering images presented in 

Chapter 5, these two flows appear strongly influenced by compressibility effects. The eddies that 

form in the helium injection cases (high compressibility) are flatter and more amorphous than those 

visualized in the low compressibility air injection cases. 

In an attempt to determine the accuracy of the above analysis, the computed convection 

velocities were compared to the experimental results from the double-pulsed images obtained at 

point A (x/deff = 1.5). The convection velocity error, defined as 

t-y           ^     IT- i     -^   T-                c<experimental ~ U c,analytical    ,.. ,„, Convective Velocity Error = 100 (7) 
^c,analytical 

was computed for each of these two cases and is presented in Fig. A.6. Reasonable agreement in 

each case appears, as the experimental values (instantaneous results) and computed values 

generally yield errors of between 10-20%. This comparison provides a good check for the 

assumptions and indicates that the model performs rather well for the given conditions. Note that 

the reported values in Table 5.1 are taken from the results of using a pressure ratio P2/P00 = 3.0. 
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6M = arcsin(l/M00) 

Figure A.l Schematic of Region of Interest for Convective Mach Number Calculation 

Uc-U2 

Ui-uc 

Figure A.2 Schematic of Mixing Layer in Convective Frame of Reference 
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