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Computational Fluid Dynamics Validation Using Multiple
Interferometric Views of a Hypersonic Flowfield
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The validity of the computed three-dimensional perfect-gas inviscid density field of the shock layer about a blunt
body in a hypersonic argon freestream has been investigated. Mach-Zehnder interferometry was used to generate
interferograms of such a flowfield produced in the T3 free-piston shock tunnel. Two-dimensional phase maps
(representing line-of-sight integrated density) were produced from the interferograms using a two-dimensional
Fourier transform fringe analysis method. Theoretical maps, computed from the computational fluid dynamics
solution, compare extremely well with experimental maps for each of seven different viewing angles used to generate
interferograms. The multiple angles remove the ambiguity associated with comparing theoretical and experimental
integrated quantities. Thus, confidence can be placed in the validity of the three-dimensional density computations.
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Nomenclature
= nozzle area ratio
= speed of sound, ms"1

= distance increment along optical line of sight, m
= distance increment along nozzle axis, m
= enthalpy, MJkg"1

= adiabatic enthalpy, MJkg"1

= model wall enthalpy, MJkg"1

= Gladstone-Dale coefficient, m3kg~1

= Mach number
= pressure, kPa, MPa
= pitot pressure, kPa
= Prandtl number
= Reynolds number
= distance normal to body axis of symmetry, mm;

recovery factor
= temperature, K
= time, s
= nozzle transit time, s
= nozzle shock transit time, s
= Cartesian coordinate system for line-of-sight

integration, m
= velocity, ms"1

= distance from nose along body axis of symmetry, mm;
distance from nozzle throat, m

= incremental change
= displacement thickness, m
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p
0

= azimuthal angle between the plane normal to the optical
axis and the plane defined by the nozzle and model axes
of symmetry, deg

= wavelength, m
= viscosity coefficient, kgm"^"1

= density, kgm"3

= optical phase shift, rad

Subscripts
ref = Eckert's reference quantities
oo = freestream
0, stg = reservoir, stagnation

Introduction

INCREASING importance is being placed on the use of com-
putational fluid dynamics (CFD) codes as engineering tools in

the design of new spacecraft. Before these codes can be applied
confidently, however, it is essential that the numerical methods and
physical and chemical models employed by them be thoroughly val-
idated. The final results that represent the combination of the var-
ious models and algorithms used in the codes must be extensively
checked against experimental data.1

Previous experiments in free-piston shock-tunnel facilities have
produced data on shock shape, surface heat transfer rates, and
shock-layer temperatures, and these have been compared with CFD
predictions.2"5 In addition, for two-dimensional hypervelocity ni-
trogen flows over cylinders, it has been possible to make direct
comparisons between the interferometrically measured and CFD-
predicted density fields.6'7 This is because the interferometrically
produced phase data are the result of the integration of the refrac-
tive index (and, hence, the species densities via the Gladstone-Dale
relation for a multicomponent gas8) along the line of sight. For a
two-dimensional flow, the flow parameters are constant along that
line of sight, and so phase contours in the interferograms correspond
directly to refractive index contours in the flowfield. For complex
three-dimensional flows, however, such direct comparisons are not
possible because of the varying flow conditions along the line of
sight. Instead, the reliability of the code to predict the correct den-
sity field needs to be tested indirectly. This can be achieved by
performing numerical line-of-sight integration of the density data
produced by the code to yield theoretical phase maps. These phase
maps can then be compared with those produced by interferometry
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experiments. This indirect method has certain shortcomings though,
because a range of different total and species density distributions
can produce identical phase maps, which introduces a certain degree
of ambiguity into the CFD validation process.

To overcome this problem, experimental work has been under-
taken to provide a database that will eventually be used for the
tomographic reconstruction of three-dimensional density distribu-
tions in the shock layer around a hyperboloid at nonzero incidence
in hypersonic and hypervelocity flows. The database consists of
phase maps for seven different viewing angles of the same flow
and can be used for CFD validation purposes without performing
a tomographic reconstruction. This paper presents such validation
work, comparing theoretical phase maps generated from the perfect-
gas three-dimensional coupled Euler/second-order boundary-layer
CFD code of Mundt9 with the perfect-gas part of the experimental
database. The experimental phase maps were produced from inter-
ferograms taken of a low-stagnation enthalpy hypersonic argon flow
generated in the T3 free-piston shock tunnel of the Australian Na-
tional University. The aim is to investigate the validity of the density
computation by removing the ambiguity of the line-of-sight mea-
surements by using multiple viewing angles. The suitability of the
data for tomographic reconstruction can then be discussed.

CFD Method
The CFD method9-10 couples the solutions of the Euler and the

second-order boundary-layer equations, providing an efficient cal-
culation of the viscous hypersonic flow in regions where boundary-
layer theory is valid. The inviscid flow is solved using a split-matrix
algorithm, with Runge-Kutta time stepping, to solve the Euler equa-
tions that are discretized using a third-order accurate upwind biased
formula. The equations are then integrated in time using a three-
step Runge-Kutta procedure. A bow-shock fitting approach is used,
with the computational grid extending from the body surface to the
shock and, therefore, time dependent. At the shock, the Rankine-
Hugoniot equations are applied, determining the shock velocity (in
the transient phase) and shock shape. The viscous part of the flow is
solved using the second-order boundary-layer equations in a locally
monoclinic coordinate system. Because of their parabolic behavior
in space, these equations are solved with a finite difference space-
marching method. Boundary conditions for the second-order theory
are prescribed at the outer edge of the boundary layer, interpolated
from the inviscid profiles from the solution of the Euler equations.
This procedure accounts for the effects of entropy-layer swallow-
ing. The coupling procedure, necessary for transferring information
between the equation systems, is as follows.10 An equivalent mass-
source distribution is calculated from the boundary-layer solution
and impressed on the Euler calculation as a boundary condition at
the body, filling the region between the body and the displacement
thickness with fluid. The resulting equivalent inviscid flow, after
convergence, is again coupled to the boundary-layer method, after
which the calculation is then ended.

Various versions of the code allow the shock layer to be treated
as either a perfect-gas, equilibrium chemistry flow (by means of

vectorized thermodynamic and transport property state surfaces for
nitrogen or air3) or nonequilibrium chemistry flow10 (nitrogen or
air). A two-dimensional/axisymmetric version is used for 0-deg
angle of attack, whereas a fully three-dimensional version is used
for higher angles of attack. The current work makes use of the three-
dimensional perfect-gas code adapted for argon flows.

The computational grid for the present work was designed around
a least-squares fit to the blunt body (an axisymmetric hyperboloid)
used in the experiments:

(jc/491.318+l)2-(r/86.356)2 = 1 (1)

The body is truncated at x = 75 mm and has a nose radius of
15.18 mm and an asymptotic half-angle of 9.97 deg. Given the 75-
mm length here, no parts of the body would be shielded from a
parallel freestream for angles of attack less than 19.46 deg. The
divergence of the freestream in this work is approximately 2.4 deg
(half-angle) at the model base, and so angles of attack of less than
17 deg would not produce regions of the body that are shielded from
the freestream. The angle of attack in the present case is 15 deg,
representing a flow situation in which the application of the coupled
Euler/boundary-layer method is valid. The surface mesh defining
the body contained 38 points in the stream wise direction and 33
points in the crossflow direction (one side of the body only, making
use of the body plane of symmetry). The grid was concentrated
toward the stagnation region. For the inviscid shock layer, 17 points
between the shock and the body surface were used; whereas for the
boundary-layer calculation, 51 points between the boundary layer
outer edge and the body surface were used. In both cases, the grid
was concentrated toward the surface. An inviscid calculation using
double the grid density in the stream wise and wall-normal directions
was performed to check grid sensitivity. This yielded maximum
deviations of the flow parameters from the coarse grid case of 2%.
The sensitivity of the boundary-layer solution was not checked, but
is not expected to be significant because at the flow conditions of
interest here, the boundary-layer displacement effect was found to
be negligible and the boundary-layer thickness for the front part of
the body (where the experimental results are obtained) was only of
the order of 5% of the shock-layer thickness.

Experiment
Flowfield

The experiments reported were performed on the Australian Na-
tional University's T3 free-piston shock tunnel11 (see Fig. 1). The
tunnel is operated in reflected mode that produces variable pulsed
high-enthalpy flows by means of a hypersonic nozzle attached to the
end of a free-piston driven shock tube. The hyperboloid is mounted
at 15-deg angle of attack within the Mach cone outside the hyper-
sonic nozzle of T3. The leading part of the model sits 150 mm from
the nozzle exit during the steady-flow period of each shot (for which
the tunnel is completely recoiled a distance of 33 mm). The nozzle is
a 7.5-deg half-angle conical nozzle of exit diameter 304.8 mm. It was
chosen in preference to the contoured nozzle of the previous work,
after findings12 in relation to contoured nozzles on shock tunnels.
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Fig. 1 Interferometers: a) Mach-Zehnder interferometer and b) T3 shock tunnel with interferometer.
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The model thus sits 1.211 m from the nozzle throat, at a physical
area ratio of 183.7, during each shot. Monatomic argon was used
as the test gas, with the same operating conditions as in previous
work,2 to provide a low-enthalpy flow that behaves as a perfect gas.

Determination of the Freestream Conditions
The conditions of the flow in the test section were selected by

appropriate choices for the partial pressures of argon and helium in
the driver gas, the diaphragm rupture pressure, and the shock-tube
fill pressure. The pressures and transit times of the primary shock
wave were measured with two PCB 113A23 piezoelectric transduc-
ers placed 830 and 80 mm from the end of the shock tube. The second
transducer also monitored the nozzle supply pressure. Table 1 gives
the chosen operating conditions for the tunnel and the measured
primary shock velocity. The freestream conditions in the test sec-
tion at the location of the model were determined as follows. First,
the nozzle supply conditions were calculated by well-established
shock-tube theory from the measured primary shock speed and noz-
zle reservoir pressure. Second, the effective nozzle area ratio was
determined using measured freestream pitot pressures and an un-
derstanding of the nozzle boundary-layer behavior. Third, with a
knowledge of the effective nozzle area ratio, the freestream condi-
tions were calculated by theoretical models for inviscid nonequilib-
rium expansion flows.

For CFD validation purposes, the freestream conditions (includ-
ing gradients and flow quality) must be known accurately.1 First, a
separate set of experiments at the same operating conditions were
run in which a pitot pressure rake (one PGB 113A21 and three PCB
112A21 transducers) was used over several shots to build up pitot
pressure profiles across the nozzle exit and across the freestream
flow at the location of the model. These profiles, measured at the
same postshock reflection delay as the interferometry, are shown in
Fig. 2. The test section flow consists of a reasonably uniform core
surrounded by the nozzle wall boundary layer. The uniform core
displays some structure that is a result in part of the shot-to-shot
variations of the tunnel. The overall shape of the structure, however,
appears at both locations along the nozzle and probably represents
nonuniformities propagating along the flow. For the purposes of de-
termining the freestream conditions, the flow has been assumed to
be uniform across the flow, with pitot pressure levels of 211.6 ± 11
kPa at the nozzle exit and 169.8 ±7 kPa at the location of the nose of
the model. The uncertainties quoted are the standard deviations of
the pitot pressure measurements and give the spread of pitot pressure
assuming it varies across the nozzle.

Using the initial conditions in the shock tube, and the measured
shock speed and nozzle supply pressure, the computer program
ESTC13 was used to calculate the conditions behind the reflected
shock and then the nozzle supply conditions via an isentropic ex-
pansion/compression. ESTC was based on the computer program
NENZF.14 Because of the drainage of the test gas through the nozzle
and the wave processes occurring in the nozzle supply region, the
nozzle supply pressure exhibits the behavior shown in Fig. 3, where

Table 1 T3 operating conditions

Reservoir pressure
Driver-gas initial pressure
Shock-tube initial pressure
Primary shock velocity

4.51MPaair
78.9 kPaAr, 26.7 kPa He

106.4 kPaAr
1840ms-1
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Fig. 3 Nozzle supply pressure and freestream pitot pressure.

drainage is followed by bvertailoring. Since the nozzle supply is
thus changing with time, knowledge of the time (called here the
nozzle transit time for) taken for waves to relay a change in noz-
zle supply pressure to the test section is needed. This time is then
subtracted from the time at which the experiment was performed
(1750 jus after primary shock reflection) to give the time and con-
ditions in the nozzle supply region appropriate to the experiment.
To calculate for* the conditions throughout the nozzle and the wave
processes within the nozzle supply region must be known. These
wave processes affect the pressure measured by the transducer sit-
uated 45 mm upstream of the start of the convergence toward the
nozzle throat. Their effect will be small, however, because pressure
gradients in the nozzle supply region will be much less than in the
nozzle itself, and so the nozzle transit time can be represented as
tm = f dx/(v + a). The integration is performed along the nozzle
centerline from the start of the converging section to the location of
the model. These parameters are determined by performing a one-
dimensional inviscid nozzle calculation with the computer program
NENZF and using the true nozzle contour to give the area ratio vari-
ation with distance along the nozzle. The nozzle transit time was
found to be extremely slowly- varying with changing area ratio, as
long as the nozzle length was constant. This effect is because of
the compensating effect of a decreasing area ratio for given loca-
tion causing an increased sound speed but a decreased velocity. An
approximation to this nozzle transit time is given by the time differ-
ence between the incident shock passing the nozzle supply pressure
transducer, propagating through the nozzle, and reaching the model
(or pitot pressure rake). The time difference for the present work
was ts = 440 jus. Two sets of nozzle supply conditions, calculated
with ESTC at times that straddled the approximation given by tS9
were used to calculate limiting values for the nozzle transit time of
440 jus and 463 jus, from which limiting nozzle supply conditions
were determined and then averaged. From these average conditions,
a final nozzle transit time was calculated as 453 jus, and then final
nozzle supply conditions were determined. These conditions were a
nozzle supply pressure of 17.4 dt 0.4 MPa, a nozzle supply temper-
ature of 6590 ± 120 K, and a nozzle supply (stagnation) enthalpy of
3.43 ± 0.06 MJkg"1. The variation of nozzle supply pressure with
fluctuations in the time at which the interferometry was performed
is about ±0.2 MPa. Shot-to-shot variations are of approximately the
same magnitude, whereas variations over a conservative error in the
nozzle transit time of ± 50 jus are also ± 0.2 MPa.

The 1750-jus delay (which varied up to 50 jus each way from shot
to shot) was chosen to coincide with the plateau of the nozzle supply
pressure. Figure 3 also shows the ratio

for one of the pitot survey shots, at 50 mm off centerline at the loca-
tion of the model. Steady flow exists where this ratio is a constant,
and commences approximately 1400 jus after the primary shock ar-
rival in the nozzle supply region. Figure 3 shows none of the features
associated with a bifurcated reflected shock,15 which is the primary
mechanism thought to be responsible for early test gas contamina-
tion by the drivergas.16 This observation, coupled with the variation
of contamination-free test time in T3 for air flows16 (assuming it
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Table 2 Nozzle supply conditions and freestream conditions and gradients

Nozzle supply conditions
Pressure PQ 1 7.4 ± 0.4 MPa
Temperature T0 6590 ± 120 K
Enthalpy h0 3.43 ± 0.06 MJkg-1

Density po 12.7 ± 0.3 kgm~3

Nozzle transit time 453 /LIS

Freestream conditions:
Pressure PQQ
Temperature TQQ
Velocity v^
Density p^
Mach number MQQ

Magnitude

680.8 ±8% Pa
113.6±1%K

2596 ± 2% ms-1

0.02880 ± 7% kgnr3

13.06 ± 2%

Gradient, %
_5
-2

+0.02
-3
+1

is applicable to argon flows and extrapolating it to the present low
enthalpy), indicates that driver-gas contamination occurs well after
the 1750-/ZS time. Thus, the current work utilized steady flow, but
was done not too long after steady flow onset to avoid the problem
of driver-gas contamination.

With knowledge of the nozzle supply conditions, the nozzle flow
can be calculated using the two-dimensional inviscid nonequilib-
rium chemistry program SURF.17 At first the true nozzle contour is
used, and then the area ratios that give the measured pitot pressures
are used to determine an effective nozzle angle that accounts for the
nozzle boundary layer. SURF is then run again using this angle, and
the calculated conditions at the location of the model are used as the
freestream conditions for the CFD code.

To confirm the present use of this method of accounting for the
nozzle wall boundary layer, an alternative method was also used as
follows. Edenfield18 determined, from measurements from various
hypersonic wind tunnels, a displacement thickness 8* correlation
given by

8*/x = 0.42(#eref)-a2775

where Reref is the reference Reynolds number:

Reref = Aef ' 1>o

(3)

(4)

Here v^ is the freestream velocity at ;c; pref and /zref are the density
and viscosity evaluated at the freestream pressure p^ and Eckert's
reference enthalpy19

= Q.5(hw + 0.22r(/zstg - (5)

For a turbulent boundary layer, r (the recovery factor) = (Pr)1/3.
This correlation was applied as follows. SURF was used to cal-

culate the conditions at the exit of the nozzle as a function of noz-
zle angle. The correlation was used to determine the displacement
thickness there for each angle. A geometrical displacement thick-
ness can be defined as the true nozzle exit radius (152.4 mm) minus
the effective radius for each angle. As the angle is decreased from
its true value, the Edenfield displacement thickness also decreases,
whereas the geometrical displacement thickness sharply rises. The
angle for which the two values for displacement thickness agree is
the nozzle angle that is consistent with the Edenfield boundary-layer
correlation as applied to the present physical nozzle. This angle was
6.60 deg (nozzle half-angle), for which SURF determined the pitot
pressures at the nozzle exit and model location to be 217.7 and
171.4 kPa, respectively, which agree with the experimental values.
Hence, the experimental pitot pressure results used here to account
for the nozzle-wall boundary layer are in agreement with results
from other facilities. The effective area ratio at the model tip is,
thus, A/A* = 145.

The freestream values and gradients at the location of the model
are given, along with the nozzle supply values, in Table 2. The key
values that affect this work are Mach number = 13.06 and density
= 0.0288 kgnr3. They change by +1 and -3%, respectively, in
the direction of streamlines, over the region analyzed in this work,
because of the conicity of the flow. The maximum freestream angu-
lar deflection from the nozzle centerline over the region presented
is 0.7 deg. Thus, the effects of axial- and radial-flow gradients, be-
cause of the use of a conical nozzle, can be ignored. The freestream
uncertainties quoted were calculated by applying the variations in
nozzle reservoir conditions and measured freestream pitot pressure
to the nozzle flow calculation. This gives the possible variation of
Mach number and density across the freestream that will affect the
shock-layer density field and, hence, the experimental phase maps.

The small uncertainties quoted for the temperature and velocity rep-
resent the variation of those quantities when tied by perfect-gas laws
to the varying pressure and density.

Interferometry
To probe the density distribution in the shock layer, a Carl Zeiss

Mach-Zehnder interferometer was used to produce finite fringe in-
terferograms of the flowfield and freestream, as shown in Fig. 1. The
light source used was a homemade grating tuned flash lamp pumped
dye laser operating with the laser dye Rhodamine 6G. After narrow-
band spectral filtering, the wavelength X was 589.1 nm (full width
at half-maximum = 0.6 nm). Spatial filtering was also used in the
collection optics, with both forms of filtering serving the purpose
of eliminating the luminosity associated with flow impurities being
excited by the high temperatures in the shock layer. With fringes
focused at the plane of the model, the interferogram was imaged
onto a charge-coupled device camera such that one dimension of
the camera, parallel to the freestream, caught approximately 30 mm
of the model and 25 mm of the freestream. This was sufficient to
resolve 18 pixels between the model and the bow shock at the stag-
nation streamline. Two interferograms were taken for each shot: a
reference interferogram just prior to the shot and a test interfero-
gram during the shot. Each digitized interferogram was stored on a
personal computer for later processing into phase shift maps.

The personal computer also controlled the firing of the laser. This
was done after the preset 1750-/x,s delay had elapsed after arrival of
a trigger signal from the primary shock passing the nozzle supply
region pressure transducer.

To compare the predictions of the CFD code with the experi-
mental data, theoretical phase maps are computed by applying the
interferometer equation8 along lines of sight through the flowfield.
This equation for a monatomic gas relates the total phase shift 0 of
light, with wavelength A, propagating along each line of sight, to
the density p of the fluid at each point:

pds (6)

The integration is along the line of sight. For the present work,
A = 589.1 nm, for which K = 1.58 x 10~4 m3kg~1 (interpolated
from the data presented by Leonard20). A Cartesian coordinate sys-
tem M, v, w is set up such that u lies along the direction of the
freestream flow and v lies along the line of sight across the flow-
field. Integration is performed along each v ray (which are spaced by
the pixel dimensions in the experimental data), with the integrated
phase shift forming a map in the 11, w plane. The limits of integration
are the same for each ray and lie outside the shock layer. The phase
shift 0oo that would exist in the absence of the model is subtracted
from 0 to yield the phase shift because of the blunt body flow only.

An interpolation from the curvilinear body-centered coordinate
system of the CFD code to the Cartesian system of the phase inte-
gration is performed to give the density at each point along each ray.
To avoid time consuming grid searches to achieve this, the analytical
shape of the model is used to determine in which curvilinear grid
cell each point on the line of sight lies. The interpolation is then done
in computational (grid indices) space rather than with the distorted
physical grid, ensuring that no discontinuities are produced within
the shock layer.

As was discussed earlier, seven different viewing angles 9 (in
15-deg increments from the 0 = 0-deg position where the model, at
attack, is side-on to the optical axis) were employed to remove the
ambiguity associated with the measurement of an integrated flow
parameter. This was achieved by rotating the central sting holding
the model between shots.
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Image Processing
The raw interferograms contain phase information not only for the

flowfield being investigated, but also from sources such as the spatial
profile of the laser, imperfections in the optics, background lumi-
nosity (admittedly minimized here by the filtering employed), and
random noise. To extract the flowfield phase information from each
interferogram, the semiautomated two-dimensional Fourier trans-
form fringe analysis software FrAnSys21 was used.

The two-dimensional Fourier transform technique makes use of
the separation in the Fourier transform plane of many of the contri-
butions to the interferograms intensity distribution, because of the
heterodyning process (the production of finite fringes by tilting an
interferometer component). By filtering out all other components in
the transform plane, the component containing the flowfield infor-
mation can be selected and retransformed to give modulo 2n of the
phase. The true phase is recovered using an unwrapping technique.22

To remove the heterodyning and optics contributions, we subtract a
similar result gained from a no-flow interferogram.

This is only a first approximation; however, the subtracting of the
two results relies on the alignment of the two interferograms, and any
rotational misalignment will be manifested as a linear component of
the phase distribution. There is also the possibility of slight changes
occurring to the heterodyning between the recording of each inter-
ferogram. For a more accurate result, a region that is known to be
undisturbed by the flow is chosen from the first approximation to
the phase distribution. In the present work, the freestream region is
used. The method of least squares is used to fit a plane to the phase
shift in this region, and this plane is then extrapolated and sub-
tracted from the entire image, removing the linear background and
accounting for the possible changes to the heterodyning mentioned.
In the current work, the region upstream of the shock was chosen,
and assumed to have negligible variation of phase shift, since (as
already stated) the freestream flow gradients are small and the vari-
ation of path length through the test core is also negligible across
the small size of the region of interest. The result of the subtraction
is the phase shift because of the shock layer only, giving a mean
value of zero across the phase distribution outside the shock layer.
This subtraction procedure corresponds to the procedure described
for generating the theoretical phase maps. After performing this
subtraction, however, a one-dimensional (normal to the freestream
direction) modulation of the phase remained, suggestive of inho-
mogeneities across the nozzle propagating downstream. This was
dealt with as follows. The freestream part of the region bordered by
two lines of constant u touching the model tip and one or two pix-
els upstream of the shock vertex, respectively, was averaged in the
streamwise direction to give an average cross section of the modula-
tion. This was then subtracted from each cross section of constant u
in the entire image, leaving the freestream for cross sections between
the shock and model free of all modulation except high-frequency
noise.

In the two-dimensional Fourier transform, the image is assumed
to be one period of a continuous infinite cycle. To avoid the problem
of discontinuities at the boundary of the image (and at the edge of the
model) causing streaking of information across the Fourier plane,
FrAnSys enlarges the image by adding a strip of zeros outside each
border, and iteratively extends the fringes into the new region and
into the model so that they vary continuously across each bound-
ary. This is done by transforming the extended data; retransforming
a small region around the heterodyning frequency and the origin;
merging the original data back in; and iterating, with gradually in-
creasing filter size, until a smooth fringe extension is achieved.

Results
Using the methods described, experimental phase maps were pro-

duced from which the various nonflow phase contributions (except
for some random noise) have been removed. In addition, phase maps,
with freestream phase subtracted, were computed from the inviscid
solution by the CFD method for the present conditions. As stated
earlier, the boundary layer has negligible effect on the structure of
the inviscid shock layer at these conditions, and so phase maps for
an uncoupled (inviscid only) solution are presented. From computed
boundary-layer thicknesses, the viscous flow region would occupy
at most a two pixel thick layer next to the body in the region analyzed.

Figure 4 is a digitized interferogram for a shot with viewing angle
0 equal to 60 deg. The dimensions of each unextended image are
320 x 100 pixels, with each pixel representing 0.145 ± 0.001 mm
horizontally and 0.215 ± 0.001 mm vertically. The direction of the
freestream flow is along the vertical u direction, and the stagnation
point lies at the middle of the image. The fringe shift at the bow
shock, as well as various chips (because of diaphragm fragment
hits) on the test section windows, can be clearly seen. The interfer-
ogram shown does not include the fringe extension. Lines depicting
the location of cross sections shown later are drawn and labeled.
Figures 5a and 5b show 20-color gray-scale images for both ex-
perimental and theoretical phase maps for the two extremes of the
seven viewing angles used (9 = 0 and 90 deg). The comparison
between the theoretical and experimental phase maps is extremely
good, given the noise present in the experimental maps, for both
cases. The experimental phase is slightly higher than the theoretical
phase for the windward side for 9 = 0. This is discussed later. Some
noise can be seen in the freestream region of Figs. 5a(a) and 5b(a).
In general, for each 9, fluctuations across the experimental phase
maps are less than 5% of the maximum phase shift in each case.
Another feature of Figs. 5a and 5b is the good agreement between
the experimental and theoretical shock shapes.

It is appropriate at this point to describe the uncertainties in the
comparisons because of positioning errors: uncertainties in the cal-
ibration of the scale of the experimental interferograms have led
to slight scale differences between the theoretical and experimental
images; the uncertainty in the stagnation-point determination for
the model from the interferograms has led to slight translational
uncertainties between the images; and uncertainty in the original
viewing angle (±2 deg) has led to slight shape differences between
experimental and theoretical body outlines. Overlaying these body
outlines has shown that overall, there is possibly a 1-2 pixel uncer-
tainty in any direction when comparing experimental and theoretical
phase shifts at any point. The stagnation-streamline shock-standoff
comparison shows at most a 1-2 pixel discrepancy (~5-10% of the
standoff distance) in each case.

Figures 6a-6c show the phase shift profiles for the cross sections
of constant u shown in Fig. 4, for the phase maps for 0 = 0,45,
and 90 deg, respectively. Two theoretical profiles (dark lines) are
shown with each experimental slice (faint lines), representing in
Figs. 6a and 6c the upper and lower limits of the freestream density
(Poo db Apoo) and in Fig. 6b profiles (for p^) for slices adjacent to
the experimental profiles. Figures 7a-7c present phase shift profiles
for each case represented in Fig. 6, except that the slices of constant
w of Fig. 4 are used.

For 9 = 0 deg, the departure from axial symmetry is very pro-
nounced. Of particular note are slices 75 (u = const) and 60 and
260 (w = const), for which the experimental results show a slightly
larger departure from symmetry than the theoretical results. Three
possible explanations for this discrepancy between theory and ex-
periment are considered here: the CFD code is in error and is under-
predicting the density of the shock standoff distance in this region
of the flow; in the experiment, the freestream flow is nonuniform
with a higher density and lower Mach number flow incident on
the windward surface; or pixel misalignment is causing slightly
different slices to be compared. Figure 2 indicated variations in the
pitot pressure and, therefore, the Mach number and density across
the freestream. At the hypersonic Mach numbers generated by the
T3 shock tunnel, the shock-standoff distance for near-normal shock
waves will not be sensitively dependent on Mach number variations.

CO
H-«-

01

Fig. 4 Interferogram for 0 = 60 deg (not extended); numbered lines
represent profile locations for Figs. 7 and 8.
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Fig. 5 Phase maps for a) 9 = 0 deg and b) 9 = 90 deg [(a) experiment and (b) theory].
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Fig. 6 Phase shift profiles along slices with constant u: a) 0 = 0, b) 0 -
45, and c) 0 = 90 deg.
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Fig. 7 Phase shift profiles along slices with constant w: a) 0 = 0, b) 0 -
45, and c) 0 = 90 deg.
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Density variations in the freestream, however, will cause density
variations and, hence, integrated phase shift variations, in the shock
layer. Figures 6a and 7a indicate that a variation of 2 Ap^ in density
between the flow incident upon the windward and leeward surfaces
would be sufficient to account for the observed discrepancy. Fig-
ures 6b and 7b show only a small variation between theoretical
slices away from the nose for 9 = 45 deg, and this result also holds
for 9 = 0 deg, suggesting that pixel misalignment is not the cause
for the discrepancy. As Figs. 6 and 7 show, the theoretical and exper-
imental shock-standoff distances agree well, and so this is not the
cause for the discrepancy. The most likely cause is nonuniformities
in the freestream flow. The effect of the bowshock will be to mag-
nify any such nonuniformities, and it is possible, therefore, that the
background subtraction technique used has to a large extent removed
the effect of such nonuniformities from the freestream phase shift,
but only to a small extent from the shock layer. If the modulations
that were removed are indeed integrated downstream-propagating
nonuniformities, then tomographic reconstruction could be used to
quantify them.

The comparisons presented in Figs. 6 and 7 indicate that for each
viewing angle, the theoretical phase shift agrees well with the exper-
imental phase shift to within experimental error, which has a phase
measurement component (from the fluctuations because of noise
and from misalignment between images) and a freestream uncer-
tainty component (particularly the density). This also applies to the
four viewing angles not presented.

Some caution must be used with regard to the use of integrated
quantities such as phase shift in attempting to validate CFD codes.
Good agreement between a code and experimental data in an inte-
grated measurement domain such as the phase shift distribution does
not imply that the agreement back in the fluid dynamic domain will
be as good. Two concerns8 are 1) that the integrated quantities for
any flowfield are not unique to that flowfield and 2) that differences
between theory and experiment in the measurement domain are not
linearly related to differences in the fluid domain. The first concern
has been addressed in the present work by using multiple viewing
angles, and although a large number of angles would be required to
totally eliminate this concern, the good comparisons for the seven
angles available minimizes it. The second concern is highlighted by
the fact that tomographic reconstruction of accurate projections of a
theoretical object differ significantly from reconstructions using the
same projections with noise added.23 In other words, validation to
a certain level of precision of theoretical integrated quantities using
measured integrated quantities does not necessarily imply that the
original theoretical flowfield is validated to the same level. The fact
that the comparisons shown are very good, however, is a necessary
(despite not being sufficient) condition for agreement between the
actual theoretical and experimental flowfields, and as such provides
confidence in the. validity of the density calculation of the three-
dimensional inviscid CFD code.

Conclusions
This study has provided a valuable comparison between experi-

mentally measured and theoretically calculated flowfields. By ob-
taining interferometric projections for a large number of lines of
sight, it has been possible to study a nonaxially symmetric shock-
layer flowfield. The theoretically predicted phase maps and shock
shapes compare well with the experimental results. Discrepancies
that do exist between theory and experiment are explainable in terms
of measurement uncertainty and nonuniformities in the freestream.
This work has completed an important preliminary step required
before the implementation of tomographic reconstruction methods.
Furthermore, the results obtained will provide a valuable database
for the tomographic reconstruction work. Finally, these experiments
with a perfect-gas flow provide confidence in the validity of the CFD
code and are an important initial step in the code validation process
for the more general case of nonequilibrium real-gas flows.
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