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An experimental study has been conducted of the axisymmetric shock-wave/turbulent boundary-layer strong
interaction flow generated in the vicinity of a cylinder-cone intersection. The present data are useful in the
documentation and understanding 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 viscous/in-
viscid interactions. The nominal freestream Mach number is 2.85, with a maximum Reynolds number of
18 X 10° based on model length. Three cone angles (12.5, 20, and 30 deg) were studied, giving negligible, in-
cipient, and large-scale flow separation, respectively. A primary emphasis in this paper is on the application of the
holographic interferometry technique to these flow cases. The density field is deduced from an interferometric
analysis based on the Abel transform. Supporting data are obtained using a two-dimensional laser velocimeter.
The attached flow case is observed to be steady, whereas the separated cases exhibit shock unsteadiness. Com-
parisons with Navier-Stokes computations using a two-equation turbulence model are presented. The study il-
lustrates the utility of holographic interferometry for detailed instantaneous flowfield characterization and pro-

vides data useful in the evaluation of computational schemes.

Introduction

OMPRESSIBLE turbulent strong viscous/inviscid in-
teractions, such as shock-wave/boundary-layer'? and
expansion-fan/boundary-layer? interactions, often dominate
in establishing the flowfield over supersonic aerodynamic
bodies. These interactions can involve considerable upstream
influence, as well as significant streamwise- and normal-
pressure gradients. Navier-Stokes computational methods*?
with a suitable turbulence model most accurately represent the
physics of these flows. However, shock unsteadiness related to
the turbulence field occurs when the flow separates, and these
computational methods do not presently include such tran-
sients. Additionally, the boundary-layer turbulence field may
include nonequilibrium effects®’ not incorporated in the more
widely used turbulence models. A more comprehensive
understanding of these interactions is required for accurate
predictive flow and turbulence modeling to be achieved.
With the current emphasis on the development of compu-
tational techniques for aerodynamic design and analysis,
an essential requirement is the extensive documentation
of experimental flows for the validation of computational
methods. Documentation of supersonic strong interactions is
complicated by the sensitivity of these flows to disturbances
such as pressure or hot-wire probes and undesired end-wall
three-dimensionality. Should flow reversal occur, use of
pressure and hot-wire probes is invalid. Flowfield documenta-
tion of compressible strong interactions may be accomplished,
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however, with nonintrusive methods such as laser velocimetry
and holographic interferometry.®? Within inviscid flow
regions, laser velocimetry and holographic interferometry pro-
vide a redundant measurement capability, since the velocity
and density fields are directly related. Within viscous flow
regions, these two laser flowfield diagnostic techniques pro-
vide a complementary measurement capability useful in
understanding these compressible viscous mechanisms.

This paper describes an experimental study of the axisym-
metric shock-wave/turbulent boundary-layer strong interac-
tion flow generated in the vicinity of a cylinder-cone intersec-
tion. A subsequent cone-afterbody intersection generated an
axisymmetric expansion-fan/turbulent-boundary-layer in-
teraction, which is also presented. The mean flowfield charac-
teristics of these strong interactions are emphasized, with a
primary reliance on the nonintrusive holographic in-
terferometry measurement technique. Oil flow, wall pressure,
and laser velocimeter (LV) measurements are included to aug-
ment interferometric data. Three cone angles representing at-
tached (12.5 deg), incipient separation (20 deg), and fully
separated (30 deg) flow were considered. The current ex-
perimental study was conducted as part of a more general pro-
gram to improve flow and turbulence modeling of compressi-
ble two- and three-dimensional interactions.

Navier-Stokes computations are included in this paper
(with only minimal attention to computational details) and
illustrate the utility of interferometric data in code perfor-
mance assessment. Mean flow data (shock position, density,
and velocity fields) obtained from holographic interfer-
ometry and laser velocimetry methods are compared with
Navier-Stokes computations.

Experimental Description
Flow and Model Geometry
Experiments were conducted in the High Reynolds Number
Channel I at Ames Research Center. A two-dimensional Mach
3 nozzle was used to establish supersonic flow in the 24.5.-cm-
wide x 38.1-cm-high test section. The model shown in Fig. 1
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Fig. 1 Model configuration in wind tunnel.
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Fig. 2 Interferometer layout for hologram construction.

consists of a 5.08-cm-diam cylinder with interchangeable conic
flare and afterbody attachments. The cusped nose of the
cylinder was designed to suppress shock waves emanating
from the model tip and thus enhance flow uniformity in the in-
teraction region. Cone angles for the interchangeable flares
were chosen to provide flows with negligible, incipient, and
large-scale separation. Several models with various angles
were examined experimentally, and values of 12.5, 20, and 30
deg were selected. Afterbody diameters were chosen to place
the expansion corner at a distance of 6 cm (along the model
surface) from the cylinder-cone intersection so that the expan-
sion would occur at a uniform location in the nonequilibrium
boundary layer downstream of the interaction.

A total pressure P, of 1.7 atm was selected to be compati-
ble with the refractive index requirements of the in-
terferometer. Measured wall pressures indicated an average
Mach number M, of 2.85. An average total temperature of
270 K was measured. The corresponding unit Reynolds
number is 18 % 10%/m. The initial boundary-layer thickness
just upstream of the compression corner is 1.1 ¢cm. Oil-flow
measurements were made to confirm flow symmetry and to
identify the extent of the separated region.

Shock-wave unsteadiness was observed in high-speed
shadowgraph data for axisymmetric flows with large cone
angles, particularly in the region of the separation shock.
The unsteadiness complicates the comparison of in-
terferometric data, which are essentially instantaneous, with
LV and wall pressure data, which are time-averaged.
However, for the three cone angle models reported here,
shock unsteadiness was significant for only the 30-deg model
flow. An averaging of several instantaneous interferometric
data sets was employed to obtain mean flow data for the
unsteady case.

Holographic Interferometer

The holographic interferometer designed and constructed
for use in this study is shown in Fig. 2. Optical elements
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were mounted to three aluminum base plate modules with
heavy aluminum rods. These modules were, in turn, attached
to the tunnel infrastructure to provide an economical,
reasonably vibration-resistant instrument.

A Q-switched ruby laser provided illumination. A 5-mW
helium-neon laser mounted to the ruby laser rail provided a
reference beam for alignment of both the ruby cavity and the
downbeam optics. The ruby laser generated pulses of ap-
proximately 20-ns duration at A=694.3 nm wavelength. The
output was split with 30% reflectance into the object beam.
This beam was transmitted under the wind tunnel and onto
the object beam expansion module, where it was spatially
filtered and collimated at a 30.48-cm working diameter.

Following passage through the test section, the object
beam was focused through an electronic shutter and
recollimated onto the hologram. The reference beam was
multiply reflected on the laser module to match the object
beam path length within the coherence length of the laser. A
beam intensity adjustment lens L, was used prior to spatial
filtering, beam expansion, and collimation at the hologram.
Photographic plates were used to record simple absorption
holograms. The object and reference beams intersected at an
angle of 20 deg, with the hologram inclined equally to each
beam. The laser and holocamera modules were bolted
together and shared a common support platform. This con-
figuration minimized beam wander and permitted spatial
filtering of the reference beam 15.24 m downbeam from the
laser. The spatial filtering of both beams far downbeam en-
sured good beam quality.

Interferometric Data Reduction

In this study, interferograms were formed from the
reconstruction of an undisturbed (flow-off) object wave that
had traversed a test section of uniform refractive index in-
terfered with a perturbed (flow-on) wave that traversed the
refractive index field on the flow. The flow-on wave con-
tained information on the refractive index integrated along
its path. If no path length variations had been introduced by
vibration or deliberate plate misalignment, the interferogram
resulting from the reconstruction process would exhibit
infinite-fringe spacing in regions of constant refractive index
and would be referred to as an ‘‘infinite-fringe” in-
terferogram. If such is not the case, the interferogram is
labeled “‘finite-fringe.”” For infinite-fringe interferograms,
the spatial distribution of fringe number N(x,y), referenced
to a zero value at a point in the field where the refractive in-
dex n, is known, is given by the expression

. 1 22
N(xy) ZTS [n(%,0,2) — o] dz )
2

If the refractive index field is a function of radius, integral
inversion may be accomplished by the use of Abel transform
methods. Classical numerical Abel transform methods'®
calculated an unrealistic overshoot in the shock region of the
current axisymmetric flow. To avoid this numerical problem,
a least-squares Abel transform algorithm was originated for
this study. First, and consistent with prior Abel inversion
techniques, a higher-order orthogonal polynomial series
curve was fit to raw fringe number data N(y,) from the
model surface to the freestream along profiles of constant x.
One problem arises since the polynomials used cannot
describe the fringe number variation in the vicinity of the
shock wave where dN/dy becomes infinite. However, strong
refraction effects within 1 mm of the shock caused a gap in
valid data for this region. Thus a parabolic fit, N?o(y
—Yaook), between the outermost valid data and the shock
was used to fill this region. To enhance Abel transform per-
formance over the critical elements adjacent to the shock,
fringe number values were approximated with even spacing in
fringe number and uneven spacing in y.
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Fig. 3 Horizontal finite-fringe reconstruction for 30-deg model
(M, =2.85, Re; =18 x10%),
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Fig. 4 Profile at x=2 cm, 30-deg model, Re; =18 x 10°: a) fringe
number; b) density.

This curve-fit procedure generated a smoothed approxima-
tion to the fringe number data at unevenly spaced locations
N(y;). An Abel transform inversion to solve for index of
refraction was required next. Previous Abel inversion
algorithms, however, could not easily accommodate the
uneven data spacing requirements of the resultant curve-fit
data just obtained. To meet these needs, a least-squares
method of Abel transform inversion was originated for this
study. In this procedure, the index of refraction is assumed
to be composed of the sum of a finite series:

n(r) :Eaif,-(r)

where
Si=1 ifrelr,ri]
= 0 otherwise

Then, for an axisymmetric phase object, the fringe number is

N =aF(v) )
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Tiv 1
Fi(y;) = Sy. Jilry-(r2=y»~%rdr ify;<r;,
'j

= 0 if y,=r;,

A least-squares analysis is then applied to Eq. (2), resulting
in a system of equations to be solved for the a; coefficients.
A symmetric matrix results which is easily inverted by Gaus-
sian elimination.

Having approximated the radial fringe number variation,
and then transformed profiles via the least-squares Abel
method, density may be deduced by means of the simple
relation:

n=1+Kp 3)

where the Gladstone-Dale constant K is a property of the
gas. This relation permits the calculation of density profiles
at any desired location.

Laser Velocimeter

As this investigation represented the initial application of
the particular holographic interferometer described previ-
ously, it was desirable to provide complementary experimen-
tal velocity data to permit an evaluation of interferometry
system performance. The laser velocimetry system employed
in the present study has been previously used and reported.’
This LV system is a two-dimensional, two-color, forward-
scatter system using 0.5 pm polystyrene particles as scatter-
ing centers. The fringe patterns of the two channels were
oriented at =45 deg to the tunnel axis with the 40-MHz
Bragg-shifted fringes moving downstream. Typically, 35,328
individual velocity measurements were acquired at each
location.

Computations

Computations were performed by C. C. Horstman using
methods outlined in Ref. 4. The partial-differential equa-
tions used to describe the mean flowfield are the time-
dependent, Reynolds-averaged, Navier-Stokes equations for
axisymmetric flow of a compression fluid. For turbulence
closure, the two-equation k-e turbulence model!! was used.
The numerical procedure used is the basic explicit second-
order, predictor-corrector finite-difference method of Mac-
Cormack, modified by an efficient implicit alogorithm.!?
The computational domain extended in the flow direction
from —35 to 8 cm (referenced to an origin at the cone-
cylinder intersection) and in the vertical direction from the
model surface to 9 cm. A 65X 45 mesh was employed with
constant mesh spacing in the streamwise direction. Radial
mesh point spacing was small (y,* =1) in the boundary
layer, increasing logarithmically with distance from the
model surface. The upstream boundary conditions were ob-
tained from a boundary-layer solution that matched the ex-
perimentally determined velocity profile, Mach number, and
total pressure.

Results and Discussion
Interferogram Analysis and Flow Visualization

A sample interferogram for the 30-deg model is shown in
Fig. 3, which represents a finite-fringe interferogram recon-
structed using the dual-plate method. The spatial resolution of
this interferometric data, as limited by optical aberration and
digitization error, was determined to be on the order of 1 mm.
This interferogram gives a clear view of the shock wave and
separation zone geometries, as well as the relative strengths of
density gradients in the flow. A great deal of information may
be obtained from a simple visual inspection of this raw data.
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Fig. 6 Experimental and calculated surface pressure distributions:
a) 12.5-deg model; b) 20-deg model; ¢) 30-deg model.

The horizontal finite-fringe reconstruction of Fig. 3 is
preferred to infinite-fringe reconstruction for quantitative
data reduction. Inversion of the refractive index integral of
Eq. (1) by Abel transform techniques is most accurate if
fringe number data are approximated at a large number of
closely spaced radial positions. Finite-fringe reconstruction
greatly increases the number of fringe-profile intersections,
increasing the spatial resolution of the data and reducing
data approximation errors. This finite-fringe reconstruction
effectively superimposes a linear ®(y) fringe number func-
tion over the field of view. Since dr/dy is positive above the
model and negative below, the superposition yields the non-
symmetrical fringe pattern of Fig. 3. The ®(y) function may
be calculated from fringe spacing in the freestream where the
density is known to be uniform. Equation (1) now becomes

1
N(x,y>—<1>(y>=TS [n(x,3,2) — 1) dz 4
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Fig. 8 Velocity profiles for 30-deg model (Re; =18 x 10°).

and may be inverted using the numerical Abel transform
technique.

A close examination of interferogram data reveals a
nonuniformity in fringes located in the boundary layer
downstream of the compression corner for the 30-deg model.
This fringe distortion is thought to be associated with large-
scale boundary-layer turbulence downstream of the interac-
tion region. Such instantaneous turbulence is inherently
three-dimensional. Nevertheless, the linearity of the Abel
transform operator permits an accurate evaluation of the
mean flow from an ensemble average of random samples for
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this ergodic process. Mean densities reported herein were ob-
tained from an average of eight interferograms for the
30-deg model and four interferograms for the 12.5- and
20-deg models. The evaluation of a larger sample would in-
crease confidence in the accuracy of these mean values.

Figure 4a shows raw and least-squares approximated
fringe number data along a profile located 2 cm downstream
of the compression corner for the 30-deg cone model. The
density profile of Fig. 4b was obtained by applying the least-
squares Abel transform technique to Fig. 4a fringe number
data. The presence of a weak reattachment shock system is
indicated by the slight change in curvature observed at a y
location of 1.2 cm.

Flowfield Data

In the present experiment, as the cone angle increases from
12.5 to 30 deg, the shock strength increases, the shock posi-
tion moves upstream, and the boundary layer separates.
Figure 5 presents a summary of an oil-flow study which il-
lustrates this process. Oil applied at the surface in a com-
presssion corner shock-wave/boundary-layer interaction
tends to accumulate at one of two locations, x, being an oil
accumulation upstream of the corner, and x, being an oil ac-
cumulation downstream of the corner. Interpretation of the
x, and x, oil accumulations as points of separation and reat-
tachment can only be approximate.

For cone angles less than 20 deg, no downstream x, ac-
cumulation was observed, suggesting that the constant
upstream x,; accumulations were associated with shock for-
mation rather than separation. For cone angles of 20 deg
and greater, increasing distance between x, and x, accumula-
tions is indicative of the expected increase in separation bub-
ble size with the stronger shock.

Surface pressure distributions from pressure data and the
computation are presented in Fig. 6 for the three cone
angles. Oil-flow accumulation points x; and x, are indicated.
Shock and expansion fan locations are clearly indentified by
pressure jumps. Weakening of the shock by the boundary
layer is manifest by a more gradual pressure rise. In the
20-deg pressure data, a small constant surface pressure
region is observed corresponding to the separated region in-
dicated by the oil flow. This plateau is not present in the
computation. Beyond this detail, good agreement is observed
between pressure data and computed pressure distributions.

Velocity profiles from LV and computation, and density
profiles from interferometry and computation for the
12.5-deg model were compared. Overall agreement between
computation and experiment in both density and velocity
profiles is quite good. Because of past experience, a great
deal of faith may be placed in the capability of the Navier-
Stokes solver to accurately predict this weaker interaction
flow. Furthermore, the well-established confidence in the LV
system as a reliable research tool lends credibility to the
quality of the acquired LV data. Therefore, the main result
of this comparison for this flow condition is to establish the
validity of the interferometric technique in the analysis of
these flows. This is done directly by comparison with the
computation as well as indirectly, insofar as the physical
models within the computation are accurate, by comparison
with LV data.

Density profiles from interferometry and computation,
and velocity profiles from LV and computation at six
streamwise locations for the 30-deg model at 1.7 atm are
presented in Figs. 7 and 8. In this case, the strong interaction
and large separated zone reduce confidence in the computed
values. An assessment of code performance is possible with
evaluation against both interferometer and LV data. An
overprediction of the radial extent of separation in the
calculation is apparent in the velocity profiles of Figs. 8b
and 8c. Computed density profiles show a somewhat thicker
region of nearly constant density close to the wall (as com-
pared to interferometry profiles) at these locations, but this
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comparison is not nearly as informative as that of the veloc-
ity profiles.

The interferometric density profile of Fig. 7d is in the
region of highest shock unsteadiness and exhibits a
smoothing of shock structure detail owing to averaging over
several interferograms. The single interferogram density pro-
file of Fig. 4b, also at an x location of 2 cm, shows good
agreement with the computed density profile of Fig. 8d on
density peak and wall values and on the relative location of
the reattachment shock system, but shows the entire density
field to be shifted inward. This indicates an inboard shock
position for the particular interferogram of Fig. 4b com-
pared to the average shock position.

The computed density profile located at the cone-
afterbody corner shows strong disagreement with interfer-
ometry data (see Fig. 7¢). Interferometry data in this region
were subject to a slight degree of fringe dropout very near
the model surface but in general were quite reliable. Fluid in
this region had traversed an extensive region of nonequilib-
rium boundary layer. The cause of the discrepancy may be
related to turbulence modeling detail in this nonequilibrium
region, but such a statement may not be made conclusively
within the scope of the present investigation. No such
disagreement is observed in the comparison of velocity
profiles.

Velocity profiles do, however, give evidence of an out-
board overprediction of shock location by the computation
for profiles at x locations of 5.20 and 7.0 cm. This error is
confirmed in the density comparison, although the more ob-
vious grid resolution limit would tend to soften the
magnitude of the mislocation. It may be seen that both in-
terferometric and LV data are quite useful in the assessment
of code performance for this flow, and that benefits are
realized through the use of both experimental techniques
together.

Fig. 9 Density contours for 12.5-deg model: a) interferometer;
b) computation.

a)

cm

y, cm

Fig. 10 Density contours for 20-deg model: a) interferometer;
b) computation.
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Fig. 11 Density contours for 30-deg model: a) interferometer;
b) computation.

Experimental density contour plots for the three models
are presented in Figs. 9-11 to provide thorough documenta-
tion of the flow. Contour plots of the computed densities are
included for comparison. Reattachment shock detail is pres-
ent in interferometric and computational density contours
for the 30-deg model. In the absence of large-scale separa-
tion, the bifurcated shock does not appear in the 12.5- and
20-deg cases. A comparison of density contours from in-
terferometric data and computation re-emphasizes the slight
outboard displacement and broadening of the shock pro-
vided by the calculation. Density levels compare well over
the entire field.

Concluding Remarks

To provide quantitative aerodynamic data for comparison
with computational and predictive schemes, an experimental
study has been conducted for an axisymmetric shock-wave/
turbulent-boundary-layer strong-interaction in the vicinity of
a cylinder-cone intersection. Primary experimental emphasis
has been on the application of holographic interferometry
for density field measurement, with laser velocimeter data in-
cluded to supplement interferometric technigues. The explicit
second-order, predictor-corrector finite-difference method of
MacCormack with the two-equation k-e¢ turbulence model
has been applied, and the obtained solution has been shown
to compare favorably with interferometric and laser
velocimeter data.

isymmetric flowfield analysis.
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