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ABSTRACT 

An experimental study of the axisymmetric shock-wave/ turbulent boundary­

layer strong-interaction flow generated in the vicinity of a cylinder-cone intersection 

has been conducted. The present data are useful in the documentation and under­

standing of compressible turbulent strong-interaction flows, and are part of a more 

general effort to improve turbulence modeling for compressible two- and three­

dimensional strong viscousjinviscid interactions. The nominal free-stream Mach 

number was 2.85. Tunnel total pressures of 1.7 and 3.4 atm provided Reynolds 

number values of 18 . 106 and 36 . 106 based on model length. Three cone an­

gles (12.5°, 20°, and 30°) were studied giving negligible, incipient, and large scale 

flow separation respectively. The initial cylinder boundary layer upstream of the 

interaction had a boundary-layer thickness of 1.0 cm. The subsonic layer of the 

cylinder boundary layer was quite thin, and in all cases, the shock wave pene­

trated a significant portion of the boundary layer. Owing to the thickness of the 

cylinder boundary layer, considera.ble structural detail was resolved for the three 

shock-wave/boundary-Iayer interaction cases considered. 

The primary emphasis in this study was on the application of the holographic 

interferometry technique to these flow cases. The density field was deduced from 

an interferometric analysis based on the Abel transform. Supporting data were ob­

tained using a 2-D laser velocimeter, as well as mean wall pressure and oil flow mea­

surements. The attached flow case was observed to be steady, while the separated 

cases exhibited shock unsteadiness. Comparisons with Navier-Stokes computations 

using a two-equation turbulence model are presented. The study illustrates the 

utility of holographic interferometry for detailed instantaneous flow-field character­

ization and provides documented data useful in the evaluation of computational 

schemes. 
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NOMENCLATURE 

least-squares Abel transform coefficients 

speed of sound at critical conditions 

Abel transform step function 

Abel transform integral function 

maximum number of annular elements 

Gladstone-Dale constant 

free-stream Mach number 

refractive index 

refractive index value at reference location 

fringe number function 

approximated fringe number function 

static pressure 

free-stream total pressure 

radial coordinate 

Reynolds number based on length 

static temperature 

free stream total temperature 

velocity component in x direction 

u component at edge of boundary layer 

coordinate along tunnel axis, positive downstream 

location of upstream oil accumulation 

16cation of downstream oil accumulation 

vertical coordinate positive upward 

Y location of shock , 

nondimensional boundary layer coordinate at first computational 
mesh point 

horizontal component across tunnel 

z locations of tunnel walls 
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8 boundary layer thickness 

() model cone angle 

A laser wavelength 

P density 

Pt free-stream total density 

<1>(y) finite-fringe free-stream fringe number function 

Abel transform subscripts 

z subscript for elements of radial phase object field 

J subscript indicating approximated data coordinate 

k subscript indicating raw data coordinate 
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INTRODUCTION 

Statement of the Physical Problem 

Compressible, turbulent, strong viscous/inviscid interactions often dominate in 

establishing the flow field over supersonic aerodynamic bodies. One such interac­

tion is the shock-wave/boundary .. layer interaction (SW /BLI) which is characterized 

by significant normal and streamwise pressure gradients, as well as considerable 

upstream influence effects in the boundary layer. These phenomena frequently pre­

cipitate boundary-layer separation. 

The accurate simulation of SW /BLI flows is best accomplished with Navier­

Stokes computational methods when a suitable turbulence model is employed. How­

ever, shock unsteadiness related to the turbulence field occurs when the flow sepa­

rates, and these computational methods are not able to account for such an effect at 

this time. Additionally, the boundary-layer turbulence field may include nonequi­

librium effects not incorporated in the more widely used turbulence models. A more 

comprehensive understanding of these interactions is required to enhance accurate 

turbulence modeling and thereby permit accurate flow prediction to be achieved 

(Kline, Cantwell, & Lilley, 1982). 

Motivation for the Study 

With the current emphasis on the development of predictive computational 

techniques for aerodynamic design and analysis, an essential requirement is the ex­

tensive documentation of experimental flows for the verification of computational 

methods. Documentation of supersonic strong interactions is, however, compli­

cated by the sensitivity of these flows to the intrusive disturbances of pressure or 

hot-wire probes, as well as undesired end-wall three dimensionality. The accuracy 

of hot-wire probes in supersonic flows is a matter of continuing question. Certainly, 

should flow reversal occur, the use of pressure and hot-wire probes is problematic. 
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Accurate flow-field documentation of compressible strong interactions may be ac­

complished, however, with nonintrusive methods such as laser velocimetry and holo­

graphic interferometry. Within inviscid regions, laser velocimetry and holographic 

interferometry provide a redundant measurement capability since the velocity and 

density fields are directly related. Within viscous regions, the two laser, flow-field 

diagnostic techniques provide a complementary measurement capability useful III 

understanding these compressible, viscous shear layers. 

Acquired data contribute to the documentation of two- and three-dimensional 

(2-D and 3-D) strong interaction flows of similar geometry. Holographic interferom­

eter instrumentation has been added to the High Reynolds Number Facility at Ames 

Research Center (along with an evaluation of instrumentation performance in the 

measurement of supersonic axisymmetric flows). Finally, this study complements 

contemporary efforts to improve flow and turbulence modeling of compressible, 

strong interaction flows. 

Scope of the Investigation 

An experimental study was conducted ofthe axisymmetric shock-wavejturbulent­

boundary-layer, strong-interaction flow generated in the vicinity of a cylinder-cone 

intersection. An axisymmetric expansion-fanjturbulent-boundary-Iayer interaction 

generated at a subsequent (downstream) cone-cylinder intersection has also been 

included in this study but with secondary emphasis. The mean flow-field charac­

teristics of these strong interactions have been stressed, with a primary reliance 

on the nonintrusive holographic interferometry measurement technique. Oil-flow, 

wall-pressure, and laser-velocimeter (LV) measurements have been included to aug­

ment interferometric data analysis and to provide experimental redundancy. Three 

cone angles representing negligible (12.5°), incipient (20°), and large-scale separa­

tion (30°) were considered. Two different tunnel total pressures (1. 7 and 3.4 atm) 

provided variation in Reynolds number. This experimental study was conducted as 
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part of a larger program to improve flow and turbulence modeling of compressible 

2- and :3-D strong interactions. 

In this study, Navier-Stokes computations were included with only minimal 

attention to computational details, primarily to illustrate the utility of interfero­

metric data in code performance assessment. Mean flow parameters (shock position, 

density, and velocity fields) based on the holographic interferometry and laser ve­

locimetry data are compared with Navier-Stokes computations. These comparisons 

provide not only an evaluation of code performance but also, through the consis­

tent physical models incorporated in the N avier-Stokes solver, a means of verifying 

agreement of the two primary experimental methods. 
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REVIEW OF LITERATURE 

The concept of the boundary layer wherein the effect of viscosity is limited 

to regions close to surfaces was explained by Prandtl (1928). Viscous effects in 

the boundary layer frequently dominate in establishing the global flow field. The 

viscous-inviscid interaction is an important mechanism by which features of the 

inviscid field may strongly affect boundary-layer flow and vice versa. One strong 

viscous-inviscid interaction is the SW /BLI which occurs in supersonic flows at a 

compression corner or when an externally generated shock impinges on a boundary 

layer. At transonic speeds, on the upper surface of an airfoil where flow is locally 

supersonic, a similar interaction may be observed. Though these shock waves may 

be of lower strength, their effect on the airfoil aft-section boundary layer, which 

is already encountering an adverse-pressure gradient, are often severe. A graphic 

representation of each of these interactions is shown in figure 1. 

An early experiment in which SW /BLI effects were apparent was reported by 

Ferri (1940). He observed a repeatable pressure rise {from surface-pressure measure­

ments} and associated boundary-Iayet separation (from shadowgraph data) near the 

trailing edge of supersonic airfoils upstream of the trailing-edge shock waves. Fol­

lowing World War II, more detailed investigations for each of the various SW /BLI 

were conducted (Ackeret, Feldman & Rott, 1947; Fage & Sargent, 1947; Liepmann, 

1946). The importance of these flows from practical vehicle design, as well as fun­

damental fluid dynamics perspectives, was soon widely recognized. In the decades 

since, many theoretical, analytical, and experimental investigations have been con­

ducted and a great deal of literature on the subject is available. Two extensive 

reviews (Green, 1970; Adamson & Messiter, 1980) provide a good summary of the 

literature for 2-D flows. A monograph by Settles (to be published in 1986) repre­

sents a current literature review of 3-D interactions with turbulent boundary layers. 

This literature provides a good basis for my review. 
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To reasonably limit the topic, I primarily focus on studies with an experimental 

emphasis. Attention to analytical or computational details is limited to an assess­

ment of their impact on experimental work. Compression-corner or oblique shock 

impingement in supersonic flows will be emphasized. Transonic SW /BLI work is 

discussed only when experimental techniques are of particular interest. 

Shock-Wave/Boundary-Layer Interactions 

Early experimental investigations of the S W /BLI were often included in general 

studies of separation phenomena such as that of Chapman, Kuehn, & Larson (1957). 

The interaction was viewed as one means of imposing a strong adverse-pressure 

gradient on the boundary layer. Much attention was given to the development of 

analytical and semiempirical formulations (Gadd, 1953; Gadd, Holden, & Regan, 

1954; Lighthill, 1953; Gadd, 1957) to predict the onset and extent of shock-induced 

separation and the accompanying surface-pressure distributions. Experimental re­

sults, typically reported in terms of surface-pressure distributions, upstream influ­

ence parameters, and occasionally pitot-static pressure (velocity) profiles were often 

subject to wide disparity and caused controversy as reported by Bogdonoff (1954) 

and Gadd & Holden (1954). The question of flow two dimensionality was often held 

responsible for the lack of agreement among researchers. 

The principal cause of mean-flow three dimensionality in planar 2-D wind tun­

nel flows is the interaction of the wall-boundary layers with the shock and model­

boundary layer. . Such interaction may be avoided if an axisymmetric rather than 

planar 2-D configuration is employed. Kuehn (1961) investigated the shock-induced 

separation of a turbulent boundary layer in the compression-corner region of an 

axisymmetric cone-cylinder configuration and increased the understanding of con­

ditions for which separation can be expected. This work is particularly relevant to 

this study. 

Kuehn (1961, 1959), as well as Chapman et al. (1957), used the 1- by 3-Foot 
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Supersonic Tunnel at NASA Ames Research Center for their studies. This was a 

continuous operation tunnel with provision for continuously variable total pressure 

between the limits of 2 and 59 psia, and continuously variable Mach number (by 

means of a flexible nozzle) in the range of 1.5 to 6. Sting-mounted models consisted 

of a basic cylindrical section to which various nose and flare sections were mated. 

Conic, rounded, and blunt nose sections were used. The cylinder boundary layer 

was tripped by several different means to ensure a transition to turbulence. Several 

flares with different cone angles were investigated to determine the effect of different 

total pressure rises on separation. 

Models were instrumented with static pressure ports to obtain surface- pressure 

distributions. Pitot-pressure surveys of the unperturbed turbulent boundary-layer 

were made with the flare sections removed to obtain values for the boundary layer 

thickness, 8, and the velocity-profile shape parameter. Shadowgraph techniques, 

with either a continuous source for real-time flow visualization or a spark source for 

photographic recording, were also used. 

Kuehn (1961) reported data in the form of surface-pressure distribution curves, 

each with an accompanying shadowgraph to aid in interpretation of the physical 

phenomena. The criterion used to experimentally identify the onset of separation 

is the appearance of a "hump" (i.e., three distinct inflection points) in the surface­

pressure distribution curve local to the compression corner. Comparisons were made 

among various permutations of the model configurations in an attempt to isolate 

and identify the unique contributions of shock strength (overall pressure rise), Mach 

number, and Reynolds number to the onset and extent of separation. Secondary 

effects resulting from model nose configuration, boundary-layer tripping techniques, 

and cylinder length were also examined. Finally, the effects of heat transfer and 

compression-corner geometry (sharp versus rounded corner) were briefly considered. 

Comparisons with planar 2-D flows (Kuehn, 1959) were made and the trend 

of an increasing pressure rise to induce separation with decreasing cylinder radius 
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(r = 00 corresponds to planar 2-D) was reported. Kuehn concluded with qualitative 

descriptions of the effects of the previously mentioned parameters on the onset 

of separation. Most notably, a decrease in the tendency toward separation with 

increasing Mach number or with decreasing Reynolds number or pressure rise was 

reported. This separation tendency correlation with decreasing Reynolds number 

is in disagreement with other experimental work reported. 

Throughout the decade, 1960-1970, several experimental investigations (Lewis, 

Kubota, & Lees, 1968; Rose, Murphy, & Watson, 1968; Green, 1970) of the 2-D, 

compression-corner, or externally generated SW /BLI were conducted. The resulting 

data were in the form of surface-pressure distributions with supporting shadowgraph 

or schlieren-flow visualization, as well as surface oil-flow patterns, and occasional 

pitot-pressure boundary-layer surveys. Throughout these studies, the importance 

of flow two dimensionality was recognized; though indications are that most exper­

imental flows suffered from significant 3-D effects (Reda & Murphy 1972). 

Reda & Murphy (1972) investigated the flow associated with the impingement 

of a nominally 2-D, externally generated shock on a fully developed, turbulent wall­

boundary layer. This study addressed several fundamental aspects of the SW /BLI 

including the documentation of conditions for incipient separation, the processes of 

flow separation, and the effect of Reynolds number on separation. Experimental 

techniques were rather typical of then current experimental trends and included 

surface-pressure and orifice-dam measurements, schlieren and oil-flow surface pat­

tern flow visualization, and pitot-static pressure profiles. 

This study was conducted in the NASA Ames 8- by 8-Inch Supersonic Tun­

nel. Thorough documentation of the empty tunnel flow verified the quality of the 

experimentally generated flow. Results of this study emphasize the inherent three 

dimensionality of the shock-induced separation phenomena and associate such three 

dimensionality with channel side-wall and corner boundary-layer effects. Spanwise 

surface-pressure uniformity was identified as a necessary but not sufficient condi-
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structure of the interaction for several Reynolds number values. Surface-pressure 

and holographic- interferometry data were taken, along with schlieren and oil-flow 

photographs for flow visualization. 

From the results, Law (1975) concluded that for an increasing Reynolds num­

ber, the overall pressure rise required for incipient separation increased. Accord­

ingly, length of separation and upstream influence decreased with increasing Reynolds 

number for a given shock strength. For a fixed Reynolds number (based on boundary­

layer thickness), the overall pressure rise required for separation was reported to 

be approximately equal for both the compression-corner and externally generated 

shock/boundary-layer interactions. Three-dimensional effects associated with the 

side-wall boundary layers were reported to be significant but treatable by reducing 

the span of the shock generator. 

In their investigation, Roshko & Thomke (1976) used the 4- by 4-Foot Trisonic 

Wind Tunnel at the McDonnell-Douglas Aerophysical Laboratory. An axisymmetric 

(open center) compression-corner-type model (12-inch cylinder diameter) was used, 

providing boundary-layer Reynolds numbers of 105 to 106 . Flare angles of 9° to 

40° were used to vary the strength of the interaction. 

A primary objective of this investigation was to examine the effects of Reynolds 

number, Mach number, and flare angle over as broad a range as possible in an effort 

to provide a global picture for comparison with the more limited and Mach number 

localized data in the literature. Surface-pressure, surface-temperature, and pitot­

pressure survey data were analyzed, along with schlieren photographs. The rather 

extensive results were presented in terms of the upstream influence parameters 

plotted as a function of Reynolds number for various flare angles at various Mach 

numbers. Trends are somewhat complex, but in general a decrease in interaction 

length with increasing Reynolds number was observed for all combinations of Mach 

number and flare angle. 

The mutually contemporary studies of Settles & Bogdonoff (1973)' Law (1975), 
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and Roshko & Thomke (1976) are compatible in many respects. These three inves­

tigations provide a basis for making some observations of the height of development 

in experimental SW /BL1 studies circa 1975. Experimental characterization of flows 

relied heavily on surface-pressure data for the determination of flow separation. 

Optical flow-visualization techniques were used extensively. Surface oil flow as a 

technique for identifying separation, as well as flow two dimensionality was popu­

lar, though the validity of oil-flow data as a means of quantifying separation was 

(and still is) being challenged. The ability to directly measure the flow field away 

from the model surface was. rather limited. Pitot surveys were occasionally used, 

particularly to document the boundary layer in the absence of the shock wave. Typ­

ically, intrusive probes have been used to measure the supersonic or reversed flow 

regions. These probes are ineffective in measuring such flows when upstream influ­

ence is an essential mechanism (i.e., SW /BL1). The questions surrounding the use 

of intrusive probes in these cases highlight the need for nonintrusive measurement 

techniques. 

The interpretation of experimental data was often directed at determining 

trends in the effect of various flow parameters (i.e., Reynolds number, Mach number, 

and shock strength) on the degree of separation. While some trends were uniform 

from experiment to experiment, others (specifically, Reynolds number dependency) 

were subject to disparity. Furthermore, the fundamental defining mechanisms of 

separation were (and still are) not universally agreeable. As an additional complex­

ity, the existence and effect of inherent flow three dimensionality in nominally 2-D 

flows continues to be a problem. I would agree with Roshko (1976) that "the last 

word on this problem has not yet been written." 

Two important developments were beginning to strongly influence the nature 

of SW /BL1 research in the period from 1975 to 1980. Firstly, the advent of laser 

Doppler velocimetry and holographic interferometry as research tools for the study 

of aerodynamic flows was making nonintrusive flow-field documentation possible. 
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Secondly, advances in computer hardware development and computational fluid 

dynamics (CFD) were making the numerical simulation of complex SW /BLI flows 

more feasible. As CFD research efforts assumed a role of high priority, experimental 

studies were formulated to address the needs of researchers for data to guide in the 

mathematical modeling of flows, particularly in the area of turbulence modeling. 

Nonintrusive experimental documentation of the global flow field became highly 

desirable. 

An experimental study by Horstman, Kussoy, Coakley, Rubesin, & Marvin 

(1975) was undertaken to test and guide computational techniques as applied to the 

solution of a SW /BLI flow. The flow was modeled using the mass-averaged Navier­

Stokes equations for compressible flow in cylindrical coordinates with assumed ax­

ial symmetry. A predictor-corrector finite-difference scheme of MacCormack (1971) 

was used solve the differential equations, and the algebraic eddy-viscosity model of 

Cebeci & Smith (1971) provided turbulence closure. The experimental facility used 

for this study was the NASA Ames 3.5 Foot Hypersonic Wind Tunnel. Tests were 

made at a Mach number of 7.2, a total pressure of 34 atm, and a total temperature 

of 695 0 K. The model consisted of a cone-ogive cylinder with a concentric, annular, 

external shock generator and represents one of the few external shock-impingement 

configurations having axial symmetry. Static-pressure taps, thermocouples, pitot­

pressure probes, static-pressure probes, total-temperature probes, and floating ele­

ment skin-friction gages were used. 

Profiles and contours of experimentally measured or deduced mean values for 

several flow parameters (P, T, p, u) were presented and used to evaluate computed 

parameters. These data were useful in assessing the validity of the numerical sim­

ulation and guiding turbulence modeling changes. This study emphasizes the suffi­

ciency of the algebraic model in the calculation of zero-pressure gradient flows and 

predicting the overall character of the flow field, but shows this zero-equation model 

to be seriously deficient in predicting the details of the separated region. 
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Investigations of East (1976), Modarress & Johnson (1979) and Robinson, Seeg­

miller, &; Kussoy (1983) emphasized the need for nonintrusive (optical) instrumen­

tation in the study of SW /BLI flows and particularly focused on the use of LV. 

The report of Modarress & Johnson (1979) presented laser Doppler velocimeter 

data for the planar 2-D, externally generated shock-impingement interaction. This 

investigation was conducted in the Ames 8- by 8-Inch Supersonic Wind Tunnel and 

used the same model configuration as Reda & Murphy (1973). Special attention 

was given to the details of LV operation such as particle sizing requirements for ac­

curate flow tracking, velocity biasing, and the use of Bragg-cell frequency shifting. 

A strong shock wave (pressure ratio of 5) was selected to provide a large region of 

separated flow. 

A t.wo-component LV system was used to measure mean and fluctuating veloc­

ities in the nominally 2-D flow. The occurrence of velocity realizat.ions was assumed 

to be statistically random, permitting the inference of time-based mean and fluctua­

tion data from the ensemble data sets. The LV and pitot-probe mean velocity data 

were compared in the region of flow separation. The superiority of the LV data 

for measurements in the interaction and separated flow regions was emphasized. 

Turbulent. velocit.y dat.a (and derived Reynolds shear stress) were also measured 

with the LV. This study showed a dramatic increase in turbulence intensit.y in the 

vicinity of separation, followed by a diffusion of the turbulence across the bound­

ary layer as the flow moved downstream. An anomaly in the streamwise velocity 

histogram was observed at the point of separation close to the wall. Although not. 

positively identified as such by the authors, I believe such a bi-modal histogram to 

be associat.ed with flow unsteadiness as reported by other investigators (Horstman 

et aI., 1975). 

Ardonceau (1984) also studied turbulent flow properties in the vicinity of a 

planar 2-D, compression-corner SW /BLI. Three ramp angles (8°, 13°, and 18°) 

were selected to provide attached, incipiently separated, and separated flows, re-
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spectively. A nonintrusive LV instrument was used in conjunction with a hot-wire 

anemometer to measure fluctuating velocities. High-speed schlieren photographs 

were also used to document the time varying nature of the global flow field. The LV 

data were useful in identifying large-scale structures in the nonequilibrium bound­

ary layer downstream of the interaction which contained large amounts of turbulent 

energy. Lateral scales on the order of the boundary-layer thickness and a streamwise 

scale twice as large were measured for these structures. A low-frequency unsteadi­

ness associated with the separation bubble was also identified. Several conclusions 

were drawn regarding the behavior of the shear and normal stresses (deduced from 

measured turbulent velocities) in regions of the strong interaction and downstream. 

This study illustrated the practicality of nonintrusive LV instrumentation in the 

study of turbulence associated with the SW JBLI and the direct effect of such ex­

periments on turbulence modeling. 

In most practical aerodynamic problems, flow geometries are 3D. Having re­

alized a degree of success in the prediction of 2-D flows, researchers are now mov­

ing into the realm of more complex (and computationally more expensive), 3-D, 

SW JBLl configurations. In recent years, there have been several experimental 

studies (Goldberg, 1975; Settles, Perkins, & Bogdonoff, 1980; Kussoy, Viegas, & 

Horstman, 1980; Settles, Perkins, & Bogdonoff, 1981; Brosh & Kussoy, 1983; Kus­

soy & Horstman, 1981; Dolling & Bogdonoff, 1981; Bogdonoff & Settles, 1980; 

Settles, 1980) of 3-D SW JBLI flows of varying geometry. Researchers conducting 

these studies have relied heavily on well-established surface and flow-field intrusive 

measurement techniques and have not developed the more desirable nonintrusive 

interferometer or LV instruments. This aversion is understandable in view of the 

much greater complexity encountered in adapting these techniques for 3-D analysis. 

However, such experimental difficulties must be overcome if high-quality, flow-field 

data is to become available for use in the evaluation of 3-D predictions. 

Several observations arising from this review of literature are helpful m the 
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formulation of a well-conceived experimental program directed at current needs in 

the study of the SW /BLI. To maximize the utility of experimental data, a program 

should provide accurate documentation of the global flow field that is useful in 

the evaluation of numerical simulations. It is desirable to use an experimental 

configuration that may be varied from 2D to weakly or strongly 3D. The adverse 

effects of side-wall boundary layer three dimensionality have been identified, and 

flow geometries that are highly susceptible to such effects should be avoided. The 

use of nonintrusive instrumentation is highly desirable to avoid contamination of 

the flow field by flow effects associated with intrusive probes. Finally, the frequent 

occurrence of flow unsteadiness in SW /BLI flows precipitates the need for both 

instantaneous and time-history experimental data. 

Currently popular and well-developed nonintrusive experimental techniques are 

frequently based on optical interference phenomena. Holographic interferometry, 

laser Doppler velocimetry, and interferometric skin friction are examples of .such 

techniques. Of these methods, holographic interferometry and laser velocimetry 

are capable of measuring the global flow field. The LV is a highly desirable ex­

perimental tool because of its ability to provide turbulent velocity data useful in 

the assessment of turbulence models. However, the LV has the disadvantage of 

being a point measurement and, as such, is not ideal for global measurement of 

tempora.lly unsteady flows. The holographic interferometer is capable of providing 

an instanta.neous, global picture of the density, but is inherently path integrating, 

making the analysis of 3-D fields complicated. The combined use of the holographic 

interferometer and the LV has been shown to be an effective approach in studies 

(Bachalo & Johnson, 1979; Havener & Radley, 1973) of the transonic SW /BLI. Such 

an approach is appropriate for this study. 

The test facility used in this study is instrumented with a two-component LV 

system providing streamwise and vertical-velocity measurement capability. How­

ever, a holographic interferometer capability has not been previously implemented 
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and must be developed ancillary to this study. It is therefore appropriate to review 

the literature associated with aerodynamics research and development holographic 

interferometer systems as a prelude to the development of this new instrument. 

Holographic Interferometry 

Interferometric techniques were first applied to the study of aerodynamic flows 

by 1. Mach (1892), E. Mach (1878), and 1. Zehnder (1891). The basic instrument 

layout used by these individuals is shown in figure 2. This instrument, referred 

to as a Mach-Zehnder interferometer, has been used extensively in the study of 

small-scale aerodynamic flows throughout this century. Although the specifics of 

holographic interferometry are somewhat more complex, the phenomenological basis 

for instrument operation is fundamentally the same. Interference of a perturbed 

object or scene optical wave containing information of interest with an unperturbed 

reference wave having uniform spatial phase is accomplished in such a way as to yield 

a fringe pattern describing the spatial distribution of phase in the object wave. It 

follows that data-reduction techniques developed for Mach-Zehnder interferometer 

data analysis are generally applicable for holographic interferometer studies as well. 

Several studies citing the use of the Mach-Zehnder interferometer in the analy­

sis of aerodynamic flows are of particular interest. Studies by Winckler (1948) and 

Ladenburg, Winckler, & Van Voorhis (1948) at Princeton University betweeen 1945 

and 1950 provide insights into appropriate data-reduction techniques for interfero­

metric analysis of axisymmetric flow fields. The impingement of a supersonic jet on 

coaxial, conical, and spherical bodies was studied. The path-length integrating na­

ture of a linearly propagating object wave traversing an axially symmetric refractive 

index field was appropriately modeled using the Abel integral. Details of the fringe 

analysis procedure describing the inversion of the Abel integral were given. The 

region just internal to the shock wave was identified as being particularly problem­

atic because of the density discontinuity and corresponding singularity in the fringe 
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field. The density field was documented in terms of constant density (isopycnal) 

contours. Data were compared with isentropic conic flow solutions and were found 

to agree reasonably well in the region external to the boundary layer. 

Bennet, Carter, & Bergdolt (1952) used the Mach-Zehnder interferometer in 

the study of projectiles in free flight. Again, the fringe-number singularity at the 

shock front was a problem. Density contours were presented for flow around cone­

afterbody and spherical projectiles. 

A technical note by Bradley (1968) is also of interest. He presented a method for 

inverting the Abel integral which utilized a variable substitution and convolution in­

tegral to enhance both the accuracy and tractability of axisymmetric fringe-number 

data analysis. 

With the advent of holography, classical interferometry techniques were en­

hanced. The principles of holography were first described by Gabor (1948). His 

targeted application for the technique involved the improvement of magnification 

capabilities in electron microscopy through holographic construction and recon­

struction at different wavelengths. This objective was not realized because of the 

lack of an appropriate coherent radiation source emitting at X-ray wavelengths. 

However, Gabor continued to work with holographic applications in the visible 

wavelength range and was awarded the Nobel prize in physics in 1971 for achieve­

ments in this field. The hologram formation and reconstruction methods employed 

by Gabor are termed "on axis" because of the coaxial orientation of the object 

and reference waves. Work by Leith & Upatnieks (1962) introduced the "off-axis" 

holographic technique which is now used in most holography applications. 

The use of holographic methods in interferometry was first proposed by Hor­

man (1965). Shortly thereafter, holographic interferometry techniques were used 

in the analysis of vibrating structures by Powell & Stetson (1965). In this appli­

cation an interferometric comparison may be made between holographically stored 

waveforms of diffusely scattered light from the surface of a test object, permitting 
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evaluation of surface deflections on the order of a fraction of a wavelength. Such an 

interferometric analysis was not possible prior to the development of holographic 

methods. Applications involving holographic interferometry for opaque objects (in­

cluding vibration analysis, strain detection. and nondestructive testing) remain the 

most popular use for holographic interferometry today. The analysis of transpar­

ent or phase objects using holographic interferometry was first done by Heflinger, 

Wuerker, & Brooks (1965). Since that time, the method has attained some popu­

larity in wind tunnel testing applications. 

A review by Trolinger (1974) provides a description of optical and holographic 

phenomena associated with transparent object holographic interferometry within 

the broader context of laser instrumentation for flow-field diagnostics. Typical 

holocamera and reconstruction apparatus layouts are presented. An updated edi­

tion of Trolinger's review is expected to be published in 1986 and will provide a more 

current view of trends and capabilities. A text authored by Vest (1979) is another 

excellent reference. The physics of hologram formation, reconstruction, and holo­

graphic interferometry are presented along with a discussion of various applications 

related to both opaque and transparent object holographic interferometry. 

In the following paragraphs a brief review of several of the more interesting 

efforts using holographic interferometry in the study of aerodynamic flow fields is 

presented. Emphasis is placed on instrument design features. Flow-field character­

istics are discussed in light of their effect on instrument design rather than their 

inherent merit from an aerodynamics perspective. 

The study by Heflinger et al. (1965) was conducted when lasers were not 

well-developed research tools but were the subject of research and development. A 

pulsed ruby laser was used in this study which provided approximately 2 joules per 

pulse. The Q-switching was performed using a Kerr cell operating in the quarter­

wave retardation mode. The poor spatial and temporal coherence of the laser 

output are apparent from the description of the very strict tolerance limitations on 
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object-reference beam overlap alignment and path-length matching. High-quality 

photographic film was the best available holographic recording media. The flow 

fields surrounding a 0.22-caliber bullet emerging from a gun barrel and in free 

flight were examined. Such flows were advantageous in that they provided small, 

portable phase objects which permitted short path lengths that were compatible 

with the poor coherence properties of the laser output. The normally problematic 

complication of very high bullet (flow) velocity was easily handled by Q-switched 

laser operation. This study provided a rather spectacular illustration of the unique 

capabilities of the holographic interferometer. 

Several studies (Matulka & Collins, 1971; Jagota & Collins, 1972; Kosakoski 

& Collins, 1974) using holographic interferometry techniques were conducted in 

the early 1970s within the framework of a research program under the direction 

of D. J. Collins at the Naval Postgraduate School in Monterey, California. At the 

time, better quality, solid-state lasers were becoming commercially available. The 

interferometer system employed throughout these studies used a Korad K-I ruby 

laser with Pockels cell Q-switching as the primary source of coherent illumination. 

Holographic recording techniques were further improved by the availability of very 

high resolution photographic plates. 

Each test in this series was directed at the analysis of a particular 3-D flow 

field. Matulka & Collins (1971) analyzed the flow associated with an axisymmetric 

air jet discharging into a plenum. It was possible to spoil the axial symmetry of 

the configuration by tilting the jet discharge at an angle to the optical axis of the 

interferometer and thus introduce the need for multi-angle viewing and tomographic 

techniques for data reduction. A rather complex optical layout provided three sets 

of object and reference beams simultaneously incident on three separate holograms 

oriented at 0°, 45°, and 90° to the plane of symmetry of the jet. They emphasized 

the development of a 3-D integral inversion scheme which is suitable for adaptation 

to the digital computer. Matulka & Collins (1971) concluded that holographic 

20 



iinterferometric techniques have utility in the analysis of flows normally intractable 

using classical interferometry because of flow three dimensionality or high-speed 

transients. 

These conclusions led to the applications-oriented studies of Jagota & Collins 

(1972) and Kosakoski & Collins (1974) that followed. However, both of these studies 

were conducted in wind tunnel facilities which allowed only limited optical access. 

Accordingly, the complex simultaneous three-view layout was abandoned in favor 

of an interferometer design that provided a single object beam axis, normal to the 

wind tunnel windows. Multi-view analysis of these 3-D fields was accomplished by 

rotating the model within the tunnel, with the assumption that turbulence and wall 

interference three dimensionality effects as well as flow unsteadiness were negligible. 

The single-plate, dual-exposure method was used in each of these studies, along with 

a method in which a diffuser plate is introduced into the object beam ahead of the 

test section. A small translation of this diffuser plate between the flow-on and 

flow-off exposures resulted in the formation of finite-fringe interferograms which are 

more useful than their infinite-fringe counterparts in quantifying the density field 

in regions of small gradients. Rather large errors were reported for both of the 

wind tunnel studies. However, such errors are not too discouraging in light of the 

flow-field complexity coupled with the mathematical complexity of the numerical 

procedures incumbent to 3-D data reduction. 

An 4experimental program at the WP AFB Aerospace Research Laboratories 

beginning in the early 1970s has produced several interesting studies (Havener & 

Radley, 1973; Matulka & Collins, 1971; Havener, 1983; Havener, 1985). The inter­

ferometer system described by Radley and Havener (1973) uses an off-axis Toepler 

schlieren layout. Illumination is provided by a ruby laser with a dye-cell, end­

reflector Q-switch. The dual-plate method was used for most of these studies, and 

a high-precision, dual-plate positioning device with adjustment capability in six de­

grees of freedom using ultra-precise piezoelectric micrometers is described in their 
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report. The majority of wind tunnel flow fields studied throughout this program 

were either planar 2-D (with the object beam propagating in the invariant direction) 

or axisymmetric. 

In a study by Havener and Radley (1973) which is of particular interest to 

this study, holographic interferometry was used as a stand-alone instrumentation 

technique in the analysis of a planar 2-D, compression-corner SW /BLI. Two cases 

corresponding to attached and separated corner flow are reported in their study. 

To deduce the velocity field from the directly measured density, some assumptions 

about the variation of total pressure and total temperature in the boundary layer 

had to be made. The approach adopted here involved an approximation of the 

static-pressure distribution between the measured wall pressure and the inviscid 

field-static pressure. The variation of total temperature across the boundary layer 

and separated region was approximated using a Crocco-type assumption. These 

assumptions coupled with an equation of state provided the means to compute the 

velocity field. It is apparent that the analysis of the separated flow field with its at­

tendant, boundary-layer pressure gradients is much more difficult than the analysis 

of the attached flow. The measured density profiles were reported to be accurate 

and repeatable. Some 3-D flow unsteadiness was reported in the highly turbulent 

region downstream of the interaction and was associated with the separation in the 

compression corner. A reverse flow velocity profile was obtained from interferomet­

ric data using the assumptions outlined above. These results were significant III 

that they provided a nonintrusive measurement in this sensitive flow region. 

An impressive aerodynamic holography instrumentation capability was devel­

oped throughout the decade of 1970-1980 at Arnold Engineering Development Cen­

ter. Holography was used in the study of combustion and airborne particle fields 

by Trolinger, Belz, & O'Hare (1974) as well as in the interferometry application 

(Sinclair & Whitfield, 1978). 0 'Hare and Strike (1980) described the most sophis­

ticated of the holographic interferometry systems and presented information on an 
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