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Table 7 Results of outer boundary-position studies

Case Grid OQuter boundary Cya %C; % Cy
1 493 x 192 96 chords —  0.00610 — —_
455 x 170 12 —  0.00610 — 0.0
2 493 x 192 96 0.6655 0.00818 —— —_—
455 x 170 12 0.6672 0.00805 0.3 —-1.6
3 493 x 192 96 1.3111 0.01397 — —
469 x 178 24 1.3121 0.01376 0.08 —1.5
455 x 170 12 1.3139 0.01349 0.2 —-3.4
4 493 x 192 96 0.2569 0.00748 — _
455 x 170 12 0.2571 0.00747 0.06 -0.1
5 493 x 192 96 1.0039 0.03546 — —_
455 x 170 12 1.0040 0.03542 0.01 -0.1
6 493 x 192 96 0.7990 0.01376 —— —_—
455 x 171 12 0.7980 0.01359 -0.1 -1.2

reduced grid-resolution requirements.!> Consequently, the
conclusions which can be drawn from the present results apply
strictly only to second-order centered difference schemes
which use the scalar dissipation model described in Ref. 4 with
the Baldwin-Lomax turbulence model. The results of the outer
boundary-position studies also reflect the boundary-condition
treatment used in ARC2D, including the far-field circulation
correction. However, the results obtained provide useful
guidelines for other flow solvers and turbulence models as well
as a systematic approach for assessing their grid requirements.

Conclusions

A detailed investigation of the effects of grid clustering and
refinement on the prediction of lift and drag in thin-layer
Navier-Stokes computations of viscous airfoil flowfields has
been presented. The effect of the location of the outer
boundary of the grid has been examined as well. The flow
cases studied exhibit a variety of flow features. The results can
be summarized as follows. Grids W7A and A7A, which con-
tain roughly 95,000 nodes, lead to spatial discretization errors
of less than 1% in both lift and drag for most of the subsonic
and transonic cases, respectively. Numerical errors of less than
1 % in lift only are obtained in all cases using grids N7A and
N6A, which have roughly 48,000 nodes. Grid W7B, with
roughly 24,000 nodes, produces less than 1% errors in lift for
the subsonic cases. An outer boundary position of 12 chords
introduces virtually no error in lift. Somewhat larger distances
to the outer boundary are required to reduce the associated
error in drag to below 1%. These results provide useful guide-
lines for determining the levels of grid refinement and the
outer boundary position required to achieve a given level of
accuracy for a range of flow conditions. The relatively grid-in-
dependent solutions obtained also provide an accurate assess-
ment of the errors associated with the physical models used.
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Effect of Streamwise Pressure Gradient
on the Supersonic Mixing Layer
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Introduction

HE mixing process in supersonic flow attracts much

attention in scramjet engine research.! Extensive studies
by not only experimental methods®>* but also by theoretical
and numerical methods® have focused on this field. Among
them, Papamoschou and Roshko? examined the compressibil-
ity effect on the mixing layer at the interface of the parallel
supersonic flows and clarified the fact that the growth rate of
the mixing layer is reduced by the compressibility effect in
comparison with the one without the compressibility effect. In
their study the mixing process was examined by means of the
flow visualization technique by schlieren photography. Re-
cently several researchers concentrated on enhancing the
growth rate of the supersonic mixing layer,*° since, e.g., the
enhancement of mixing implies the improvement of the per-
formance of the scramjet engine. In the present Note we
attempt to clarify the effect of the streamwise pressure gradi-
ent of the flow on the growth rate of the mixing layer formed
at the interface of the parallel supersonic flows. For this
purpose the structure of the mixing layer was examined by the
in-site measurement of the concentration ratio of the gas
mixture.
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Fig. 1 Nozzle configurations: a) case 1‘; b) case 2.

Experimental Facility

To examine the effect of the streamwise pressure gradient
on the mixing layer, we employed the wedge nozzle (case 1) to
attain the supersonic flow having the streamwise pressure
gradient and the shock-free nozzle (case 2) for comparison to
attain the uniform supersonic flow. Two nozzles are combined
to produce the parallel supersonic flows, as shown in Fig. 1.
Both nozzles are two dimensional, and their transverse width
is 100 mm. Separate two-dimensional supersonic flows are
generated through each nozzle, and the mixing layer is gener-
ated at the interface of the supersonic flows. We note that in
case 1 a slight nonuniformity along the vertical direction can-
not be avoided as a result of the streamwise pressure gradient.

Supersonic flow is attained by supplying a high-pressure
gas in a short time. For the lower nozzle, a pressurized helium
gas with room temperature is employed, whereas for the upper
nozzle, high enthalpy air is used which is produced at the
stagnant region generated behind the reflected shock wave
driven by the shock tube. That is, as far as the upper nozzle is
concerned, the supersonic flow is generated by means of the
shock tunnel. The reason for using the shock tunnel will be a
future focus of the experiment. The shock tube is driven by
using fast-action valves instead of the conventional rupture
disks. These fast-action valves enable us to operate the facility
in good reproducibility. The details of the experimental facil-
ity can be found in Ref. 6.

The nominal conditions for the airflow consist of the fol-
lowing: 2.93 kPa for static pressure, 226 K for temperature,
3.4 for the Mach number at the uniform region of the shock-
free nozzle (or at the exit of the wedge-type nozzle), and
3.2 X 10% (1/m) for the Reynolds number. The nominal condi-
tions for helium flow consist of the following: 2.93 kPa for
static pressure, 43.4 K for temperature, 4.2 for the Mach
number at the uniform region of the shock-free nozzle (or at
the exit of the wedge type nozzle), and 1.74 x 107 (1/m) for the
Reynolds number.

The steady flow is maintained during ~ 2 ms for the airflow
while it is maintained sufficiently long for the helium flow to
synchronize with the airflow. Synchronizing the timings of the
generation of air and of helium flow, the steady parallel
supersonic flows having a duration of 2 ms are obtained at the
present facility.

Flow Visualization and In Situ Measurement
by a Mass Sampling Probe
Schlieren photography of the flow generated for case 1 is
shown in Fig. 2a. Papamoschou and Roshko® defined the

visual growth rate of the mixing layer from the schlieren
photography and examined the effect of compressibility on
the visual growth rate of the mixing layer. However, it is
rather difficult to discern the mixing layer from the photogra-
phy. To avoid the ambiguity, the in situ measurement of the
mixing process is attempted in the present experiment.

The basic idea for this measurement is to sample the mixture
gas from the region inside the mixing layer and to analyze it by
means of a mass spectrometer. From the measurement we can
obtain a concentration ratio of helium at the region where the
sampled gas is selected. The measurement system is composed
of the probe mounted on the sampling valve driver which
manages the gas sampling process, and the mass spectrometer.
The gas entering the probe is steadily purged to avoid the
effect of the gas entering the probe before the steady mixing
layer is attained. When the probe is inserted into the mixing
layer and the gas flow inside the probe becomes steady, the
mixture gas inside the probe is sampled through the fast action
valve equipped inside the probe and driven by the sampling
valve driver. The tip of the probe is 1 mm ¢ in diameter. The
sampled gas is introduced to the vessel that is attached to the
mass spectrometer, and its component is analyzed by means of
the mass spectrometer. The fast-action valve inside the probe
is driven by an electromagnetic force supplied by a coil into
which an electric current is discharged from a condenser bank
and is driven correctly synchronizing with the steady mixing
layer since the valve enables us to sample the gas in less than
1 ms.

The signal of the mass spectrometer for each species I; is
related to the flux of the species through the probe:

IicnyvA

where #; is the number density of the species, v the velocity,
and A the area of the hole at the tip of the probe. The
concentration ratio of the helium to the air is assumed to be
equal to the ratio of helium to oxygen, which is one of the
components of air. Hence, the ratio of the signal intensity of
the mass spectrometer between helium and oxygen is related to
the concentration ratio of the helium to the air:

Npe/ Ny = Aye/ o, = F(Ine/1o,)

where the function F can determined by an appropriate cali-
bration of the measurement system.

Y (mm)
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Fig. 2 Visualization for the flow of case 1: a) schlieren;
b) contour of the helium concentration ratio.



2566 AIAA JOURNAL, VOL. 30, NO. 10: TECHNICAL NOTES

Results

The distribution of the helium concentration ratio inside the
mixing layer is measured by the present method. The measure-
ments are conducted along a direction perpendicular to the
flow (y direction) by 2-mm steps and along the flow direction
(x direction) by 5S-mm steps. Each set of measurement data is
obtained by each operation of the facility. The error bar for
the measurement at a fixed point for each operation is negligi-
bly small. This accuracy was achieved by the good reproduci-
bility of the flow, which is a very important feature of the
present facility. The concentration ratio contour (Fig. 2b)
allows the growth of the mixing layer to be seen clearly. As can
be seen for Fig. 2b, the mixing layer grows along the flow
direction. Needless to say, the location of the mixing layer that
can be discerned from the schlieren photography of the flow is
almost the same as the one represented by the concentration
ratio contour.

We define the width of the mixing layer b as the length
from the location of 10% to that of 90% in the concentration
ratio of helium. The mixing layer width increases almost
monotonously with the flow direction. Hence, we define the
growth rate db/dx of the mixing layer by applying the linear
curve-fitting method to the plot of the measured mixing layer
width vs the stream direction. The normalized growth rates for
cases 1 and 2 are 0.13 and 0.07, respectively. That is, the
growth rate in case 1 is about two times larger than the one in
case 2. The normalization was conducted by the growth rate
without the compressibility effect.? For comparison the visual
growth rates for cases 1 and 2 are 0.11 and 0.06, respectively.
The visual growth rate was obtained from the schlieren pho-
tography of the flows.? The visual growth rates almost agree
with the ones obtained from the measurement of the concen-
tration ratio.

The effect of flow compressibility on the visual growth rate
is shown in Fig. 3, which is the reproduction of the results of
Papamoschou and Roshko.? In the figure the normalized vi-
sual growth rate is plotted against the compressibility parame-
ter M+ (Ref. 7). The present result for the growth rate is
plotted by open triangles for case 1 and filled triangles for case
2, respectively. As expected, the present results for the shock-
free nozzle almost agrees with those of Papamoschou and
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Fig. 3 Normalized growth rate of the mixing layer vs the compress-
ibility factor M *+. The (db/dx); is the growth rate without the com-
pressibility effect.

Roshko.3 The slight difference between them can be attributed
to the ambiguity or the measurement of the visual growth rate.
Since the growth rate in case 2 can be considered to be the
same as the existing value, we can conclude that the effect of
the streamwise pressure gradient enhances the growth rate of
the mixing layer without the effect.

Discussion

The present result shows that the growth rate of the mixing
layer is affected by the streamwise pressure gradient, and the
growth rate is enhanced in the wedge-type nozzle in compari-
son with the one in the shock-free nozzle. The enhancement of
the growth rate may be correlated to the vortex generation,
which is implied by the baroclinic torque appearing in the
equation for the vorticity w:

Dw, <6UX N BUy> L <aP p p ap)

Dr . ““\ax  ay/) o2 \dxdy oxoy
where Dw, /Dt is a rate of change of vorticity following a fluid
element, U is the flow velocity, the first term on the right-hand
side is related to the fluid expansion (or compression), and the
second term is the baroclinic torque. In the present system of
parallel supersonic flows, the significant density gradient ex-
ists at the interface since the density at the air and heliun flow
is about 4.5 X 10~ 2 and 3.1 x 10~2 kg/m?, respectively. Also,
in the wedge-type nozzle (case 1), there is a pressure gradient
along the flow that is inherent to Mach number changes from
3.4 at the start of the mixing layer to 3.9 at the exit of the
nozzle. These gradients normal to each other produce the
baroclinic torque of 2.6 x 107 s~2, while the typical vorticity
of the mixing layer is 1.1 x 10° s~1. Since the vorticity acceler-
ates the mixing, the vorticity produced by the baroclinic
torque is a candidate for the cause of the enhancement of the
growth rate of the mixing layer.

Conclusions

We have conducted the in situ measurement of the concen-
tration ratio inside the mixing layer to examine the streamwise

"pressure gradient effect on the mixing layer at the interface

between the parallel supersonic flows. When a streamwise
pressure gradient exists, the growth rate of the mixing layer is
enhanced in comparison to the one without the gradient. As
for the cause of the enhancement, the baroclinic torque pro-
duced by the streamwise pressure gradient is a candidate for
the cause of the enhancement.
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