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A Time

Testing Time

B

Shock Waves
\\ A

Driver

Figum 2.‘ M

Barrel

Test Section

Dump Tank

Principle of operation of gun tunnel, mcludmg major components and wave diagram for
processes in the driver and barrel.






1

Figure 2.2

Diagram of major elements of hypersonic gun tunnel as developed by NAE. The
components are: (1) driver, (2) isolating valve, (3) double di breech
assembly, (4) barrel, (5) nozzle breech, (6) convergent-divergent nozzle, (7) open-jet
test section, (8) diffuser, (9) dump tank.

24






Figure 2.3 View of tunnel taken from the data acquisition computer station. The tunnel driver
(1 in Figure 2.2) is in the background, and the barrel (4) can be clearly seen. The
research assistant is operating the data acquisition computer.

Figure 2.4 View of tunnel from diaphragm station. The test section (7) and dump tank (9) can
‘ be seen in the background, and a research assistant is installing a model.



Figure 2.5 Tunnel double-diaphragm breech (3) and driver isolating valve (2). The original
hand-operated gate valve has been replaced by a remotely actuated ball valve.
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Figure 2.6 Cross-section of current piston geometry.
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INTERACTION REGION

FOREBODY

Figure 3.2 Possible scramjet engine inlet configurations showing location of the interaction studied
here.
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Figure 3.7 Lateral static pressure histories on flat plate measured at x =4 in. (top) and x = 8 in.
(bottom) for flow condition “B” and W =6 in,
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Figure 3.9 Lateral static pressure histories on flat platc measured at x =4 in. (lop) and x = 8 in.
(bottom) for flow condition “A” and W = 5.25 in.
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Figure 3.11 Photograph of the talcum powder surface flow visualization obtained during a transitional
boundary layer interaction .
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Figure 4.6 Photograph of the gun tunnel model.
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‘ Figure 4.10a-) Experimental and inviscid theoretical pressure and schlieren data are presented for a
sampling of tested cowl angles and Reynolds numbers. The effects of shock wave
boundary layer interaction on the shock structure and compression can be observed.
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Figurc 5.2 Photo of large duct in test section.



Figure 5.3 Photo of the compound test section.
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Sketch of the inserted pitot and static probes with micropositioner.

Figure 5.11

Photo of probe holder used in pipe exit measurements.

Figure 5.12
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Figure 5.15 Schlicren photo of large duct inlet flow.



Figure 5.16 Schlieren photo of large duct exit flow.








































































































































































Figure 6.15 Photo of Busemann inlet model assembly.
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Figure 6.25 Photo of Prandtl-Meyer model and schlieren visualization mount.
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Figure 6.32a Photo of the Oswatitsch inlet model.
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Figure 6.32b Photo of the gun tunnel test section area showing the schlieren apparatus and the
Oswatitsch inlet model mounted in the test section.
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Figure 6.33 Initial schlieren of Oswatitsch centerbody (cowl removed) for verification of predicted

Mach wave coalescence at the cowl point.
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OSWATITSCH INLET EXPERIMENTAL / THEORETICAL

FOREBODY COMPRESSION AND BOUNDARY LAYER DETAIL
FREESTREAM Re = 44 * 10°/m
MACH No. = 8.3
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Figure 6.35 Detailed schlieren and pressure assessment of the re-expansion region on the downstream

forebody with comparison with the predicted flow characteristics.
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. SQR1 in the discussion which follows.
The compression parameter had to be set to 0.75 to suppress oscillations where the two legs

of the rarefaction wave reflected. This adjustment resulted in a thickening of the shock wave

(a)

(b)

—
| 4

Fig. 8.3 Contours of constant density for the ‘shock-box’ problem at ¢t = 0.375

before the rarefaction wave reaches the outer grid boundary (a) and at
t = 0.5625 when the rarefaction wave begins to reflect off the solid wall (b).

‘ The “minmod’ compression parameter was set to 0.75, and computations
were done with a 200-cell by 200-cell grid.
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and contact surface. Note that reduction of the compression parameter to a value between
zero and one is equivalent to maintaining a first-order upwind component of difference, over

the entire flow field.

Figure 8.4 illustrates the resulting lines of constant density for the shock-box problem at
t = 0.5625 if ‘superbee’ is used for m equal to two and three in a computation that will be
designated as calculation SQR2. The compression parameter of ‘minmod’ is set to 0.75 and
that of ‘superbee’ is set to 1.25. The shock wave is slightly thinner and the contact surface
is considerably reduced in thickness. There are a few small wiggles visible. Use of smaller
compression parameters will suppress these wiggles but result in thicker transitions. It is clear
that use of a TVD code involves selection of priorities that depend on the use to which the

solution will be applied.

The use of *superbee’ increases the execution time to about 6 minutes because of a reduction
in the permitted Courant number. If ‘minmod’ is retained with a compression parameter set
equal to 1.25 for m equal to two and three, the execution time, thickness of the transitions,

and abundance of wiggles are intermediate between results for the calculation for SQR1 and

L

Fig. 8.4 SQR2: Contours of constant density for Aki’s ‘shock-box’ problem at
t = 0.5625, just after the rarefaction wave has reflected off the solid
walls of the box, obtained with ‘minmod’ and ‘superbee’ compression
parameters set to 0.75 and 1.25, respectively. Computations were done
with a 200-cell by 200-cell grid.
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. The code has been tested on its ability to solve problems on multiply-connected domains
having curved boundaries. Supersonic flow resulting from the impingement from the right of a

shock with a Mach number of 6 on an inlet of more or less arbitrary shape has been modelled

(b)

(_.

Fig. 8.5 WEDGE1: Grid for Mach-3.72 shock incident from the right on a 40

degree wedge (a) and computed contours of constant density (b), obtained

. with ‘minmod’ and ‘superbee’ compression parameters set to 0.75 and
1.25, respectively. Ouly every fifth grid line is shown to maintain clarity.
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Fig. 8.7 Grid for Mach-6 shock incident from the right on an inlet (a), and contours
of constant density (b), obtained with ‘minmod’ and ‘superbee’ compres-
sion parameters both set one. Only every fourth grid line is shown.

trailing edges of the inlet. The flow through the inlet undergoes compression and expansion
as it proceeds towards the trailing shocks. The flow over the top of the cowl encounters a

rarefaction wave attached to the cowl’s trailing edge.

The code has been tested in its ability to solve flows through the inlet models placed in
the hypersonic impulse tunnel located at UTIAS. Figures 8.8a-8.8d illustrate the 476-cell by
40-cell grid used to to compute the upper half of the flow field for a Prandtl-Meyer inlet and
the resulting contours of constant density at t = 1.2, 1 = 4.2, and t = 4.8. The widths of the
cells decrease from left to right in a linear manner. The leading edge of the inlet is four cell-
columns from the left-hand side of the grid. Reflection boundary conditions are imposed along
the walls of the inlet and along the bottom of the grid. Transmission boundary conditions are
imposed on all other edges of the grid. The area ratio of the inlet was about 9.1 to one. The

compression parameters for ‘minmod’ and ‘superbee’ were set to one and 1.15, respectively,
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and # was set to % Calculation ‘PM1’ took about 46 CPU minutes.

At the start of the calculation the first two cell-columns in the grid contain gas flowing to
the right at a Mach number of 8.4 towards the inlet in which the gas is stationary. The ratios
of the temperature and density of the gas in the first two cell-columns to temperature and

% and seventy, respectively. The ratios of the

density of the gas in the rest of the domain are

gasdynamical variables are loosely based on the one-dimensional predictions of conditions in

-
-

-
SRR
e

(2)

(b)

(c)

Fig. 8.8 PM1: Grid for Mach-8.4 flow from the right into a Prandtl-Meyer inlet
(a), and contours of constant density at t = 1.2 (b), at 1 = 4.2 (c), and
at ¢ = 4.8 with increased resolution (d), obtained with ‘minmod’ and
‘superbee’ compression parameters set to 1.0 and 1.15, respectively. Only

every fourth grid line is shown.
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obtained by repeating calculation PM1 with an initial density ratio of 140 and with the com-
pression parameters for ‘minmod’ and ‘superbee’ set to one and 1.25, respectively. As shown
in Fig.8.9a, the strengths of the trailing contact surface and rarefaction wave are considerably
reduced. Execution time was only increased by fifteen per cent because multiple application of
the corrector was only required in the vicinity of the moving waves and because the specified
limit on size of Courant number was 43 per cent larger than in the explicit calculation.

Figure 8.10 illustrates the 500-cell by 48-cell grid for a spike inlet with the same area ratio
as was used for the Prandtl-Meyer inlet. The bottom of the grid conforms to the shape of the
cylindrically symmetrical spike whose point is located four cell-columns from the left-hand side
of the grid. There is a narrow slit in the right-hand side of the grid to accommodate a cowl.
Reflection boundary condition are imposed along the bottom of the grid and on the surface of
the cowl. Transmission boundary conditions are imposed on all other edges of the grid. The
domain is broken up into three subgrids, with continuation boundary conditions imposed at
the interfaces. The widths of the cells decrease from left to right in a linear manner and linear
stretching of the cell heights was applied in the upper 24 rows of cells. The same initial ratios
of gasdynamical variables were used as in calculation PM1. The compression parameters for
‘minmod’ and “superbee’ were set to 0.75 and one, respectively, and # was set to one. The
implicit calculation took about 88 CPU minutes.

Contours of constant density at ¢ = 1.2 and at ¢t = 4.8 and contours of corstant pressure in
the vicinity of the cowl with five times the resolution at ¢ = 4.8 are shown in Figs.8.11a-8.11c.

Gas flowing at a Mach number of 8.4 approaches the inlet from the left and is compressed by

~pr
-nnn---..____

15
T

b4

,,.--I‘

. sty

BB

Fig. 8.10 Grid for Mach-8.4 flow from right into a spike inlet. Only every fourth
grid line is shown.
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wave fronts corresponds to those obtained in calculation ST1 but there is a small difference in
some of the wave forms.

Calculation SQ2 for the shock-box of Aki was repeated using the TVD-MacCormack
scheme. As shown in Fig.8.13, the density transitions resulting from calculation SQR3 are only
slightly thicker than those from calculation SQR2. Execution time was increased by about 14
per cent, despite the use of an identical number of time-steps, because of the two-stage nature
of the MacCormack scheme.

The WEDGEI1 calculation for the case of the double-Mach oblique-reflection problem has
also been repeated by using the TVD-MacCormack scheme. As shown in Fig.8.14 there is a
reasonably good correspondence in the previously computed and these contours of constant
density, except near the base of the leading Mach stem where the ‘toe-out’ deformation is again
evident.

Execution time was increased by about 26 per cent partly because of the two-stage nature
of the MacCormack scheme and partly because of a slight increase in the number of time-steps.

Experimentation with the sizes of the compression parameters or time-step would reduce the

Fig. 8.13 SQR3: Contours of constant density for the ‘shock-box’ problem at t =
0.5625, just after the rarefaction wave has reflected off the solid walls of
the box, obtained with ‘minmod’ and ‘superbee’ compression parameters
set to 0.75 and 1.25, respectively. Computations were done with a 200-cell
by 200-cell grid using the explicit TVD-MacCormack scheme.
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HODIFIED PISTON ACCELERATION STRESS PLOT

1732 segment,

20.5 MPa load with a 0.5 ms ramp

Figure 9.2 Modified piston acceleration stress contour plot.
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Figurc 9.4 Paramctric piston model for optimization.
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OPTIMIZED PISTON ACCELERATION STRESS PLOT

5 MPa load with a 0.5 ms ramp
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Figure 9.6 OPT]1 acccleration stress contour plot.
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