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Fig. 4 Surface pressure and skin friction distributions for CAST-7
aerofoil, Mo, = 0.70, o = 4.59 deg, Reoo = 5.96 x 105, grid 257 x 61:
,model 1; - - - -, model 2; - - - - - , model 3; -~ —, model 4; 0o 0 0 0,
experiment.

For the three cases computed here, all of the four models predicted
the separation point at approximately the same location. Reattach-
ment points are same for models 1 and 2 but differ a little for models
3 and 4 in the first two cases. In the third case all of the models
predicted the same separation and reattachment points. An overall
good C; distribution has been obtained by all of the four models.
The basic criteria to compute shock-induced separated flows are the
replacement of the wall shear stress by its local maximum value
inside the bubble, and the replacement of the normal distance from
the wall by the normal distance from the minimum velocity line in
models 1 and 2 and from the back flow edge in models 3 and 4. Fine
grid (495 x 91) computation (results not shown here) also showed
similar behavior. This study also suggests that the flow between the
wall and the minimum velocity line inside the bubble can be treated
as laminar, and outside the minimum velocity line the flow behaves
like attached flow.

We infer from this analysis that algebraic turbulence models, in
general, predict stronger shock, but the separation bubble at the
foot of the shock and the skin-friction distribution can be predicted
well by any of the four models described earlier. As pointed out
by Bradshaw,' for transonic flows, the normal pressure gradient is
not negligible inside the boundary-layer and so does not obey the
boundary-layer assumption. In the present algorithm this assump-
tion has been used only through the turbulence model. The velocity
gradient produced due to this, in principle, leads to extra production
of turbulence through the product of mean velocity gradient and
turbulent shear stress. Prediction of correct wall shear stress by the
present models merely implies correct prediction of mean velocity
profiles and not the velocity gradients. In rapidly growing flows near
separation, where normal pressure gradients affect the mean veloc-
ity gradient, one cannot expect an acceptable pressure distribution.
So, for better results in both skin friction and pressure distribution,
turbulence models should be developed for Navier—Stokes compu-
tations without any boundary-layer type of approximations.
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Introduction

N the case of many high-speed facilities, the nominal experimen-
tal run time is often on the order of seconds or minutes before
the facility air is exhausted. During this time the tunnel parame-
ters have to stabilize before measurements are taken, and it is this
time period that is very important to the tunnel operating condi-
tions. For supersonic/hypersonic tunnels this time period is related
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to the passing of the starting shock through the working section,
and in many applications this has to be inferred from pressure mea-
surements. Although these techniques are well established, they are
generally only point measurements. In the case of aninclined shock,
probe or tap location would bias the measurement; therefore, a full-
field technique would be advantageous. It is this particular area that
the technique of using liquid crystals is to address, in particular
to evaluate the speed of the shock wave as the tunnel is started.
The method relies upon coating the surface of the tunnel wall with
a thin layer of liquid crystal' and illuminating the surface with
white light while viewing with a color charge-coupled device (CCD)
camera.

Supersonic Wind-Tunnel Facility

The development of a new technique for the determination of
stable conditions within a supersonic wind-tunnel facility was per-
formed at the University of Cincinnati. This tunnel is of an in-
termittent blowdown configuration with a working test section of
15.24 x 16.54 cm. The Mach numbers in the tunnel can be varied
between 1.4 and 3.8 through the use of an asymmetric block ar-
rangement. This nozzle configuration produces an inclined starting
shock.

Compressed air used to operate the tunnel is stored in tanks with
a total storage capacity of 60.9 m? and a working pressure of 13.79
MPa. This storage capability allows for run times on the order of
4 min at Mach 2.0. To assure a constant stagnation pressure, a series
of regulating valvcs is used to decrease the tank pressure to the
required pressure for proper tunnel operation. Reynolds numbers
between 27.8 to 82.7 x 10%/m can be realized in this Mach number
range.

Tunnel parameters measured include the manifold, stagnation and
static pressures, heat exchanger air-in and air-out temperatures, and
the stagnation temperature. For this particular experiment the lower
nozzle block in the tunnel was set to produce a freestream Mach
number of 2.0.

Fig. 1 Photograph of the starting shock as it passes down the tunnel
(flow is from right to left).

Methodology

Liquid crystals of the type CNR2 were applied in a thin layer, on
the order of 10 zum, to the side wall of the test section, which was first
black anodized. This coating was then illuminated with two 300-
W quartz-halogen light sources while a super VHS (SVHS) color
CCD video camera, providing red, green, and blue (RGB) output,
was positioned normal to the crystals. At present, postprocessing
of the video signal has been achieved by recording the passing of
the shock over the crystals via the color change and then employing
video digitization to individual frames. The digitized frames were
then analyzed using hue-saturation-intensity (HSL).

Figure 1 shows the starting shock captured by photographing one
digitized frame from the SVHS video tape. The shock produces a
variation in the local shear stress,*~® and this causes the crystals
to exhibit different hue (color) according to the level of the shear,
with red being at the lower stress level and blue at the higher. Also
shown in this figure is the asymmetry of the shock, and this is due
to the asymmetrical wall liner that is positioned upstream of the
working section. (However, it should be noted that this figure has
been taken from a video tape, suffers from some degradation, and
is shown here for illustrative purposes only, whereas the digitizing
process acts upon the frame image.)

Analysis

The analysis of the frames captured on tape was achieved by
setting a sample window and digitizing a number of frames con-
taining evidence of the passing of the shock structure. Since the
video frames were captured at a known rate, 30 Hz, the analysis of
the movement of this shock position provided the velocity of the
shock wave down the tunnel.

Figures 2—4 show hue contours and how they change as the shock
passes through the working section. These three figures were taken
as the inclined starting shock traveled through the test section and
are shown here, not as consecutive frames, but as every second
frame for clarity. In these figures the approximate position of the
shock is estimated to be the region of minimum shear stress and is
represented by contours of hue = 0.09.

The velocity of the shock as it passes down the tunnel was
determined from an analysis of the location of this hue contour
and knowing the time between the frames, allowing for the linear
scale per pixel. For example, the video digitizing speed was set
at 30 frames per second, giving 33 & 0.001 ms between frames.
For consecutive frames the average distance traveled by the shock
from one frame to the next was approximately 35 pixels, with a
scale factor of 0.19 & 0.02 mm/pixel, giving a shock velocity of
35 x 0.19/0.033 mmy/s, that is, 202 & 20 mm/s or approximately
0.20 % 0.02 m/s. Once the shock had passed through this test sec-
tion, the static pressure dropped from 11.11 to 4.85 psia.

In addition to the shock location and speed, its angle may also
be determined from the relative positions of the shock at each stage
in its traverse. In this particular case the shock is approximately
35 + 3 deg to the freestream flow direction, as measured by the
pixel locations of the shock front.
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Fig.2 Contours of constant hue showing the location of a shock line at time 7.
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Fig.3 Contours of constant hue showing the location of a shock at time T + AT.
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Fig. 4 Contours of constant hue showing the location of a shock line at time T + 2AT.
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Conclusions

In summary, a simple effective way for determining the starting
transients in an intermittent supersonic wind tunnel has been shown.
Liquid crystals of the Cholesteric type were used to observe the
passing of the starting shock through the test section of a supersonic
tunnel and included determination of its propagation velocity. This
method of using liquid crystals may be applied and used both from
a qualitative and quantitative viewpoint.
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Introduction

UTOMATIC differentiation is emerging as a valuable tool for
sensitivity calculations. ADIFOR, GRESS, PADRE-2, power
calculus, and ODYSEE are some of the automatic differentiation
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