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Abstracet

This paper describes analytical and
experimental research into the structure
and ororerties of the near wake of generic
shapes at supersonic flight conditions.
Three axisymmetric model <o-nfigunraticns
were constructed and tested in the
Aeroballistic Research Facility at Eglin
aAir Force Base, Florida at MMach numbers
from 3 to 5 Laser interferograms were
taken of the near wake of the
configurations at sea level conditions.
Computatioral interferograms were then
develic el ad 'itions and were
correlated against the experimental data.
This correlation will help calibrate high
speed CFD codes in this ccrplex flow
region.
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Background

Recent and ongoing studies have
highlighted the renewed interest in
vehicles capable of hyp-rsonic operations.
These same studies have also shown that
currently available ground test facilities
are unable t¢ adequately simulate the full
range of anticipated flight conditions, and

must te supplemented by computational fluid
“dynamic (CFD) analyses.
CFD simulations, however, cannot be

blindly trusted, but must te 'calibrated’
against accepted ground or flight test data
sets. These data sets must contain some
aspect of the critical phenomena of
interest to tuie CFD researcher so that upon
successfnl correlation with the data, an
increased understanding and confidence in
the particular CFD technigue and its
applications will be gained.

In addition, CFD sclutions for complex
hypersonic flowfields are currently too
expensive to provide complete vehicle data
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bases. However, they are <3sential
supplements to ground testinag by providing
rationale for the extensicn of ground test
data to estimates of vehicle flight
characteristics, nor by develcpinag accurate
estimates of vehicle characteristics
directly.

Therefore, hypersonic wehicle
development requires a ccordinated appreach
using both ground tests and CFD analyses.
Innovative test methods producing the
reqnired data at reduced cost are essential
to reducing development costs.

The structure and characteristics of
the near wake of hypersonic vehicles must
be thoroughly understood because of its
importance to vehicle performance and its
potential ramifications on sensors or
other operational considerations. This
region is known to contain embedded
subsonic recirculations, secondary shocks
and extremes in flow pressure, temperature
and density (Figure 131, This presents a
very taxing scenaric to any experimental
or analytical {low resolution technique.
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Fig. 1

CFD techniques show great promice
towards the resolution of such complex
flowfields, hut as yet must still be
calibrated ajainst ground test data to
achieve high data confidence ievels. The
vbjective cof this research,therafeore, as
to obtain interference-free high Mach
number near wake data for t(he correlation
of CFD analyses of the near wake region to
support future hypersonic vehicle design
efforts.
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Experimental ground tests for this
correlation needed to be devoid of any
flow field interference. Wind tunnel
testing was deemed inappropriate for this
application since the model would be held
by a sting of some sort. Therefore,
testing needed to be conducted in a free-
flight facility capable of cbtaining the
necessary data.

Experiments

Sround tests were conducted to
accemplish two objectives. First and
foremost, cur objective was the
acquisition of data for the correlation of
CFD soluticons of the hypersonic near wake.
Second, testinag of additional
configqurations to qualitatively assess the
effects of forebody shaping on the
geometry and properties of the hypersonic
near wake.

Test Facility

The tests described herein were
zonducted at the Aercballistic Research
Facility (ARF) located at Eglin AFB,
Florida. The ARF is an enclosed,
instrumented, concrete structure used t»>
2xamine the exterior ballistics of various
{ree-flight projectiles. The facility
~onsists of a gun room, control room,
model measurements room, blast chamber,
and the instrumented range. Figure 2 is
a schematic of the ARF and for a complete
description of the facility see Reference

The Aeroballistic Research
Facility.

Fig. 2

The ARF is capable of launching
models and projectiles to desired
velocities by various means. Conventional
powder guns, air guns, and a two-stage
light-g9as gun have been utilized at
varicus times. The two-stage light-gas
,n !TRCY was utilized for these tests and
is described ii. References 3 and 4.
Successful lau: ch velocities .un the Mach
3-6 range are easily attainable using this
launcher. Higher velocities to Mach 10

are achievable but launch l-ads would
become a significant facter in the
survivability of the packaae.

Uata frcm the ARF is received in the
form of time-position history at discrete
locations in the range, direct
shadowagrams, laser lighted photographs,
and laser interferograms. The shadowarams
and laser photographs g3ive a nualitative
assessnent of the flight of the model.
That is, they would show any model damage
or flight anomalies prior t> the next test
(the laser photography statiosn was not
operaticnal for these tests). The time-
positicn history is used fror aerodynamic
analysis. The data is first fit to
linearized equations of motion and
subsequently fit using the six-degree-of-
freedom equationss. The aerodynamic
coefficients and stability derivatives can
then be extracted from these fits.

esc

The one addition to the ARF's
instrumentation capability that is not
covered in Reference 2 is the installation
cf an experimental laser Holocgraphic
Interferometry Testing (HIT) station. All
of the interfercgrams presented in this
paper were obtained using this system.
This system is being develcped and
installed under a contract with the
University of Florida. A detailed
description of the HIT system and its
capabilities will be published in the near
future. All that is needed for the
purposes of this paper is to point cut
that the dark lines (see Figs. 3-6), or
interference fringes, .epresent lines of
constant density wl.ich are integrated
alcng a line perpendicular o the flow.
The image is recorded c¢n a holographic
plate and must be viewed with a
reconstruction laser. A 35mn camera is
used to record the interfercgram.

)

Infinite fringe interferogram from
shot *#€.

Fig.




Infinite fringe interferogram from
shot #14.

Infinite fringe interferogram from
shot #9.

Fig. 6

Infinite fringe interferogram from
shot #11.

Although not presented in this paper,
the aerodynamics of these projectiles are
determined through the use of orthogonal

shadowgraph stations. The ARF has 50
shadowgraph stations which record the
projectiles position and orientation at
specific times. This data is then reduced
using data reduction routines specifically
written for the range?3. Usually, the full
range is utilized for aerodynamic testing.
However, since the primary goal of these
tests was to obtain interfercgrams, the
fiights were terminated at the one third
point of the range.

Originally, the test plan called for
these models to be tested in the Mach 5
and above regime. Due to the models heavy
nose and hollow base, set back loads in
the gun caused catastrophic failure of the
model on numerocus occasions. Eventually,
the cone model was successfully launched
near Mach 5 but the cone-cylinder and
cone-cylinder-ogive models could oniy ke
successfully launched in the idach 3 %o 4
regime. The test plan was then modified
to launch the three configu-ations at one
ifach number (Mach 3.5) and plan a series
of tests for the cones from Mach 3.5 to
5.5.

Techniques exist for the reduction of
axisymmetric interferograms to
corresponding density fields and the
creation of analytical interferograms from
derived axisymmetric density data as a
function of position®. wWe have used the
latter technique for the preliminary
correlation of our CFD solutions.
therefcore axisymmetric test configurations
were required.

Three axisymmetric models of
increasing geometric complexity were
designed. A basic 10° half angle cone was
selected as a baseline because of its
simplicity and the wealth of available
data on its hypersonic aerodynamic
characteristics’+8.9, Two additional
models, a cone~cylinder (CC) ana cone-
cylinder-ogive (CCO), were also
constructed to study the effects of
forebodv shaoing on the structure and
properties of the hypersonic near wake.

The diameter of the models was held
constant at 0.75 in. to allow for
reasonable launch weights and to irsure
identical diameter Reynolds numbers. The
length of the cone-cylinder and cone-
cylinder-ogive models was also fixed at
4.25 in. resulting in icdentical length
Reynolds numbers.

For true axisymmetric flight
conditions, the models must be flying
without any flow angularity. Therefore,
we desired static stability marains, based
on diameter, on the order of 10% for each
mode 1. another consideration is flow in
the base region. Tc avoid influencing the
near wake, the bases of the models needed
to be solid. Therefore, we desired
models that were inexpensive, had adequate




stabil 'ty margins, and would survive the
launch loads.

The 10° half-angle cone was 2.125
iaches iong with a base diameter of 0.75
inches. It was constructed using a brass
nose and hollow aluminum aft skirt (szee
Fig. 7). Both the CC and CCO had a 10C
half-angle, 2.125 inch long brass cone
hollowed to incorporate a lead insert,
followed by a hollow aluminum aft body for
an overall model length of 4.25 inches.
The 2.125 inches aft body of the CC was
0.75 inches in diameter with a wall
thickness of 0.063 inches (Fig. 8). The
ogive aft end of the CCO was selected in
an attempt to simulate the irrotational
flow from the rotational flow at the base
of the model, known to occur in
axisymmetric wake flowslr 10 This was
done in an attempt to avoid the formation
of the recirculation zone which occurs aft
of blunt based configurations. At Mach 5
turbulent flight conditions, this line was
estimated to terminate at a rearward
stagnation point on the centerline 0.9
diameters aft of a basic conel.10,

Waldbusserll,12 has shown the
structure and properties of the near wake
to be primarily functions of base
diameter. Assuming little variation due
to forebody shaping, a total ogive length
of 0.675 inches was selected to have the
ogive terminate at the anticipated
rearward stagnation point of the existing
0.75 inch diameter cone-cylinder forebody.
The ogive configuration had a major radius
of 0.800 inches and a minor radius of
0.125 inches (Fig. 9).
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Fig. 8 Cone-cylinder model dimensions.
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ig. 9 Cone-cylinder-ogive model
dimensions.

Models were encased in a Lexan® sabot
and utilized a steel pusher while being
launched from the LGG (Fig. 10). During
launch, the models were expected to
receive axial accelerations on the order
of 60,000 g's. A stress analysis was
performed at this acceleration level tn
insure the structural integrity of the
pinned and welded plug assembly designed
to contain the lead slug.
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Fig. 10 Cone launch assembly.
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Table 1 is a summary of the tests
performed. Although some of the models
were damaged during launch and the HIT
station periodically malfunctioned, the
test program was successful in that the
objectives were met. Interfercgrams were
obtained for each configuraticon at a
relatively constant velocity (Mach 23.1)
and high speed cone and cone-cylinder-
ogive interferograms were obtained near
Mach 4. Unfortunately, interferograms
were not obtained for all of the good
shots. However, the aerodynamic data
recorded eml will be useful in the
determination of the aerodynamic
coefficients for these models.




Table 1. Summarv cof Tests Conducted

SHOT & TYPE MACH ¢ COMMENT TMTFRGRM
93 C 4,20 GOCD RBRUT LOW LATE
5 c 3.87 GOCD GOOn
27 ccC 3.67 MODEL BROKE
08 C 3.76 NOSE DAMAGE
09 C 3.16 GOOD GOOD
10 cco .17 GOCD BUT HIGH o GOOD
11 CCo 3.23 GOOD GOOD
12 C 3.09 GOQOD MI3SED
13 C 3.05% GOOD MISSED
14 C 3.03 GOOD GCOD
15 C 4,46 GOCD MISSED
16 CCO 3.75 GOCD GOOD

Laser Interferograms

Figure 3 presented an infinite fringe
interferogram of the ccne cconfiguration
Laxein Yuring <heo numher 6. The model was
at a pitch angle of 5° and yaw angle ot 1©
as estimated from the pcst flight data
reduction. This 1is clearly evidenced by
~he asymmetry evident in the
interferogram. The small discontinuity
seen in the upper portion of the near wake
is thought to be the lip shock, the
strength of which may have been increased
due to the attitude of the cone.

Figure 4 presented the interferogram
resulting from shot number 14. Although
the cone has a pitch anale of only -0.750,
post flight data reduction showed that the
model was yawed approximately 29, which
cannot be seen from this aspect. The
interferogram has good symmetry and
clearly illustrates the elliptically
shaped contour of extremely low density
flow just att of the model base.

The interferogram resulting from shot
number 9 is presented in Figure 5. The
model iz at a pitch angle of -1© and a
yaw anale of -39, The expansion at the
cone-cylinder junction is clearly evident,
as are the density contours within the
near wake. An initial comparison of
Figures 4 and 6 reveals differences in the
number and placement of the density
contours. This indicates that the near
wake structure and properties may be
sensitive to forebody shape.

Figqure 6 presents the interferogram
resulting from shot number 11. Slight
asymmetry is evident, again due to the
model having a slight pitch angle of
approximately 1°© and yaw angle of 4.5°,
Interestingly, although the ogival aft end
did not entirely remove the low density
base flow region, the region can be seen
to extend less than one diameter from the
aft end of the model. Also, two density
contours are visible in the near wake
region, indicating an increased rate of
recovery of density.

CFD Solutiens

The CFD solutions were developed
using a modified version of +<he AEDC
PARC2D codel3d. The program used a
central-difference, implicit time-steppinsz
scheme to solve the full Reynolds averaged
llavier-Stokes equation, following the Beam
and Warming algorithml4. The code was run
in the axisymmetric mode.

rpL1o

For the present test cases, the flow
was assumed laminar over the cone body.
It was hoped that the {ree-flight test
data would show a definite location of
transition, however, this was not the
case. In addition, the effects of model
attitude on the wake flow were assumed
small, therefore the solutions were
performed at zero angle of attack and
sideslip.

Turbulence is evident in the spark
photographs .t the wake neck (Fig. 11).
It is assumed that the flow was laminar in
the region before the wake neck. The CFD
correlation runs were obtained assuming
completely laminar flow, although this is
clearly not the case, because of the
limited influence of wake turbulence on
the density ficld.

Fig. 11

Spark shadowgram of shot #14.

In flight temperature measurement on
the model was not obtained, therefore the
wall temperature for the entire body was
estimated. Rased on the models'
temperatures before flight and the short
duration of flight prior to reaching the
interferogram staticn (15.5 meters from
the end of the gun barrel), an estimate of
80 degrees Fahrenheit was used.

Confi ;

The grids used had 155 axial stati~ns
and 125 radial staticons. The tip of the
sharp cone was placed at the 11th axial
station, the bases at the 85th axial
station. The cone walls were placed at
the 57th axial station (meaning that
points with axial indices from 1 through




84 and radial indices from 1 through S$6
were not uvsed). A typical grid is shown
in Fig. 12.

Fig. 12 Typical solution grid for PARC2D.
The solutions generally converged in
approximately 1800 iterations. Two to
three orders of magnitude reduction in the
residual was obtained. In the near wake,
adaption to the angle between the
acceleration and velocity vectors proved
useful to cluster points into the
recirculation region as desired.

The CFD solutions showed the general
features expected in the flow field. The
recompression shock location as well as
the location of the wake neck were
predicted to occur at approximately 1.0
and 0.8 diameters aft of the cone base for
shots 6 and 14 respectively. The test
locations were found to be at 1.7 and 1.5
diameters aft.

All spark shadowgrams showed the
presence of double lip shocks (very weak
shocks emanating f£rom the corner of the
-one base, caused by overexpansion and
recompression in that vicinity). Both lip
shocks were captured in the CFD solutions,
but are only evident when viewed with
sufficiently fine contcur lines. The CFD
solution located bcth lip shocks too close
o the centerline (Fig. 13).

Kq—ﬂjcuble lip shocks

1
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~—— center line,

Constant Mach number lines showing
lip shocks for CFD simulation of
shon 46,

In the rase ~f the cone
~onfiguration, the shear layer locatinon
correlated well with that shown by the
test data. However, the shear layer in
the CFD solution appeared wavy (Fig. 14).

In the rest data, the near prarr of *the
recompression shock was consistently wavy,
but the shape of the shear layer was
difficult to discern. This waviness may
be due 1n part by the rericd:ic
unsteadiness in the real {low and the
frequency of large ccale turbulence in the
wake. These effects were not mndelled by
the CFD soluticn.

wavy <hear laye::;7

7777777//7,7//{ =. -

// cone cody
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Fig. 14 Constant Mach number line showing
details of the CFD shear layer

solution.

It is evident from the srark
shadowgrams that the frequency of the
recompression shock waviness and that of
the large scale turbulence are the same
and in phase, indicating that the
recompression shock waviness 1is caused by
the turbulence. TIf this is true, then
noting that the waviness szeemed to have
started at the wake necksuggests that the
large scale turbulence also started there.

For the cone configuration, & disc-
shaped normal shock immediately behind the
cone base, centered arcund the centerline,
was captured by the CFD solution, but was
not evident from the free~flight test
data. In the CFD soluticon, the flow was
accelerated forward frem the stagnation
point (2 diameters behind the hase) to
Mach 2.5, and slowed tc subsenic speed at
7.1 d.ameters frem the btase before Zurning
upward to form the annular recirculation
flow.

Other features shown by the CED
solution but unclear in the tost data were
a primary vortex fcrmed from the shear
layer flow and the reversed flow by the
centerline. Several secondary vortices
also appeared, some turning in the reverse
direction (Fig. 1%5). It is apparent frcm
the numerous vortices in the near wake
that flow in that regicn may be unstable
and tend to be unsteady. However, these
CFD scolution can be applied to understand
the mechanisms drivina the flow structure
in the near wake.

jold Cerreliatin

Tnitial correlations of <he CFD
analyses with the test data were
performed. These were done jualitatively

through the comparison cf the ARF test
interferograms with simulated




\\—-—-center line

Near wake countercirculating
vortices within the CFD solutior.

interfercgrams developed from the CED
analyses described above.

E !—Tn‘—or—Fo»—Qg:am nterface Code

A computer code for the reduction of
CFD derived flowfields to simulated
interfercarams was obtained from the
Naticnal Aeronautical and Space
Administration's Ames Research Center
where it had been used for similar
research®. The code required some
modification to accept the grid structure
used for the PARCZD analyses and the
particular geometries studied.

The cocde was applied to develop
simulated infinite fringe interferoarams
from the PARC2D generated density fields.
Figure 16 presents the ,_.tulated
interfercaram from the PARC szolution
corresponding to shot number 6.
similarly, -he CFD developed interferogram
for shot number 14 is presented in figure
17.
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Fig. 16 Analytical interferogram of shot

#6.
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#14.

Correlations

Quantitative correlat:itns were not
attempted prior to the publ cion cf this
paper. Typically, test interiercirams
were taxen at nonzero model :ngles of
attack, whereas ~ur current.; available
CFD correlation runs were ccrpleted
assuming axisymmetric flow. iowever, we
were able to develop gualitative
assessments of the accuracy <f the CFD
solutions.

A comparison of Figures 3 and 16
reveals that the PARC2D solution was able
to capture the major features of the flow.
A low density contour is seen to extend in
the near wake region beyond that evidenced
in the test interferogram. This is
thought to be attributable <> the
turbulence within the flow ch was not
modelled by our PARC solutic but
perhaps may also be caused Iy unsteadiness
in the actual flow.

At the time the interferngram was
taken, the model had a posizive pitch
attitude on the order cf 5 :12grees.
Therefore, s5ix contours are emanating from
the cone lower surface while four are seen
to emerge from the cone upper surface.

The PARC sclution for the ccne at 0° pitch
attitude reveals five contcurs along the
cone upper surface, as would be expected.

An inspecticon of Figures 1 and 17
reveals significantly better ~crrelations,
most likely due to the test .nterfercgram
peing taken with the model at a
significantly lower total anale (2.149)
with respect to the flow. The
interferoaram has four contcur
from the cone upper and lcowe
with slightly more than ! ~ iiameter
spacinag between them (movinz att aleng the
cone surface). These contcurs, and their
positions, are accurately predicted by the
PARC solution.

Further inspection reveals that the
PARC soluticn was also able %o accurately




predict the contours within the near wake
region, A rotal of eight contours are
seen to emanate from the base nf the cone
in both the test and PARC derived
interferograms, The innsrmust contour of
the test interferogram is seen to extend
approximately 1,25 diameters aft of the
cone base, The corresponding PARC contour
extends to 0.8 diameters aft. Again, this
may be attributable to the exclusion of
turbulence modelling.

Conclusions

Interferometric techniques have been
shown to be an inexpensive, useful
approach towards the correlation of CFD
solutions of axisymmetric configurations,
This is especially true for tests
requiring the non-intrusive acquisition of
flowfield data.

In the case of the near wake of
axisymmetric configurations, the extremely
low densities encountered limit the
usefulness of any measurement technique.
Interferometry allowed the accurate
assessment of the flow properties well
into the region of expanded flow and
captured sharp gradients (i.e. shocks)
accurately. . = .

The PARC2D code was shown to be
capable of the accurate analysis of
complex, hypersonic flows. Instabilities
not encountered in the test data were
evident in the PARC solutions, but may be
attributed to the periodic unsteadiness of
the flow. Additional studies may be
required to assess the validity of the
aforementioned unsteadiness and secondary
recirculation eddies developed in the PARC
solution.

For inexpensive correlation of
axisymmetric flowfield solutions, models
of increased stability should be
considered in an attempt to avoid
undesirable attitudes during testing.
Future tests of this type at velocities
greater than Mach 5 should also consider
the design and fabrication of solid
models. This may e necessary for the
models to survive the launch loads at
those velocities, The delicate models
used for these tests limited attainable
velocities. These solid models will
probably require the use of exotic
materials (e.g. tantalum) to keep the C.G.
within limits.
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