4 PRESENTATION AND DISCUSSION OF
EXPERIMENTAL AND COMPUTATIONAL RESULTS

4.1 Experimental results overview

Schlieren images for the eight rectangular, eigabhgular, three parabolic and two conical valley
test pieces are obtained at several sequentialdétays to determine the development of the
resulting wave structures. Shadowgraph imageseofgbtangular valleys (60 degree wedge) at
zero and fifteen degree valley floor inclinatios,veell as the rectangular valley (70 degree
wedge) at forty-five degree valley floor inclinaticare presented to validate the reflection off the
valley floor. Schlieren images at several sequétitiee delays are also presented for the three
hill geometries (triangular, parabolic and conicAl) experimentation was carried out with an

incident shock wave strength of Mach 1.4.

4.2 Computational results overview

Three dimensional computational results were actishmgdl with the use of a CFD software
programme. A three-dimensional inviscid, unsteatypled, explicit solver was used to model
the fluid flow. Two-dimensional images of the rasw shock wave structures were generated by
taking slices of the three-dimensional flow fietdthe y-z plane. These images were then
analysed and compared to the schlieren imagesneot@ixperimentally. Two-dimensional

images were also generated in the x-y plane to/sisahe transverse flow characteristics. Three-
dimensional images were generated to analysis alithte the existence of the complex three-
dimensional wave structures. After close inspeatibboth the two- and three-dimensional
images, three-dimensional NURBS (non-uniform raids+splines) models of the wave
structures for four rectangular and four triangwialteys were produced to illustrate the findings

more effectively.
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All experimental and computational results usedtieranalysis of the resulting complex wave
structures are presented for the rectangular vajjey60°,6, = 0°. In order to slim down the
amount of pictures presented in the body of thiggat report only the first test piece for each of
the valley/hill geometries is discussed in similetail. The results for the rest of the test pieces
are then summarised with respect to this detaitedyais. The images similar to those presented
in the first detailed description can be foundppendix E for all test pieces. Any other images
used in the analysis not shown in the body of #p®rt or in Appendix E can be found on a CD

included in Appendix F.

4.3 Rectangular valley results

4.3.1 Rectangular valleyg,, = 60°,0, = 0°

Schlieren and shadowgraph images are presenteguie #.1 and figure 4.2. The images are
taken at sequential time delays. With the incorpomneof the glass piece on all rectangular
valleys, the shock wave reflections off both thelgeand valley floor surfaces can be depicted.
The incident shock wave initially only reflects dife wedge surface as regular reflection. As it
advances further downstream two reflections steappear, regular reflection off the wedge
surface and Mach reflection off the valley floor ozero degree inclination. A sonic wave
generated at the valley entrance is seen in dieseh images, as well as the effect of the sonic
wave from the first corner (bottom of wedge). Theter downstream the incident shock moves,
the greater the influence of the sonic wave becamebe reflected shock. The suggested three-
dimensional wave structure is also depicted froensithlieren images, due to the different
positions of the two reflected waves. Althoughip stream is expected from the Mach reflection

off the valley floor, it can not be seen in the gea due to the sensitivity of the optical system.
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Mach reflection off
valley floor

Three-dimensional
reflected surface

Sonic wave at
valley entrance
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Reflected wave
of Mach
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Figure 4.1: Schlieren images for rectangular valley,, = 60°,0, = 0°, at time delay 165ps, 166s,
1675us, 168ms, 169ms, 170ms, 171ws, 172ws and 173s respectively.

Regular reflection
off wedge

Mach reflection
off valley

Figure 4.2: Shadowgraph images for rectangular valley,, = 60°,0, = 0°, at time delay 166fs,
167Qus and 168@s respectively.
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Numerical two-dimensional images were produced ftoenthree-dimensional solution by
superimposing planes taken at 18.75mm and 56.2590my éhe x-axis (planes at exactly half the
wedge width and at exactly half the valley widtB)milar images were produced for all valley
and hill geometries to aid in the validation of theerimental results. The two-dimensional
images were taken at sequential time steps whioctved the reflection off the wedge and valley
floor surfaces to be analysed and compared diréetiiye schlieren and shadowgraph images
obtained experimentally. The regular reflectiontb wedge surface and the Mach reflection off
the valley floor are depicted in the images preszin figure 4.3, and compare directly with the
experimental results. A shear layer is also degictéhese images at the valley entrance. As the
incident shock advances downstream the shear tegds to increase with size. The sonic wave
generated by both the wedge and valley entranceerois also depicted in these images. One
can also see the increased influence of the scawesvon the reflection as the incident shock

advances downstream. A weak slip stream is alssepten these images.

Regular reflection
off wedge

> ey, Mach reflection
4 iy 4 . i off valley floor

Sonic wave at
valley entrance

g }
oSt WT

Shear layer at
valley entrance

Figure 4.3: Time sequential density contour plots for rectagular valley, 6,, = 60°,0, = 0°.

In order to determine how the regular reflectiohtbé wedge surface and the Mach reflection off
the valley floor merge and form a three-dimensigr#iected shock surface, planes along the x
axis were taken at a single time step. The plalsesdepict how the wave structures change
across the width of the test piece. The imagepm@semted in figure 4.4. The regular reflection

off the wedge surface is seen in the first threeges. Mach reflection is seen to occur off the
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valley floor in the rest of the images. The Macheion occurs underneath the reflected wave
off the wedge surface. The reflected wave off tieelge surface, which flows over into the
valley, is referred to as the primary reflected evéw all rectangular valleys. The resulting
reflected wave of the Mach reflection off the valfoor is referred to as the secondary reflected
wave for all rectangular valleys. The primary refea wave flows over into the valley and
contacts the incident wave at a second contact pmind above the triple point. The section of
the incident wave between the second contact poidithe triple point is seen to slightly bow
into the downstream flow. The distance betweersd#w®nd contact point and the triple point
decreases as one moves closer to the symmetry (@ané5mm), and at a point near the
symmetry plane they coincide. The secondary redteetave merges with the primary reflected
wave near the symmetry plane and again at the waddgce. The shear layer at the valley
entrance found in figure 4.3, is depicted in thesages and travels along the full length of the
valley entrance. The presence of a second sheariaglso found cascading down the valley
wall. The two sonic waves developed at the wedgevaiiey entrance corners are also depicted

in the images. A weak slip stream is also seeashiiages.

Shear layer off Primary reflected
valley wall wave Second contact point
4 1 /

7 A -

f/ | Py, | Triple point
- . Secondary reflected
 / ‘ /7 wave
1 } 4 ! !
4 4 A / 4

Al A4 | L A
1 / J J / Shear layer at valley
/ / / entrance

Sonic wave at
valley entrance

Figure 4.4: Density contour plots for rectangular valley$,, = 60°,0, = 0°, taken in the y-z plane at
X = 0mm, 18.75mm, 37.5mm, 42.5mm, 47.5mm, 52.5mn7.5mm, 62.5mm, 68.75mm, 75mm

respectively.

A few planes taken along the x axis shown in figuteare enlarged in figure 4.5 in order to fully
understand the reflection phenomenon. The Mackaidin off the valley floor, the shear layer

cascading down the valley wall, the shear layenglhe valley entrance, the primary and
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secondary reflected waves, the second contact poihthe triple point are all be depicted in
these images. The slight bowing of the incidenteviagtween the second contact point and the
triple point is depicted in these images. The wagkstream is depicted more clearly in these
images.

Primary reflected
wave

Secondary reflected Second contact point

wave
Triple point

Shear layer off
valley wall

|
Sonic wave at E
valley entrance
=N
g i
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'
/ Y
- : : Shear layer at valley
f f entrance

Figure 4.5: Enlarged density contour plots for rectangular vaky, 6,, = 60°,0, = 0°, taken in the y-z

plane at x = 40mm, 42.5mm, 47.5mm, 52.5mm, 57.5mn2.5mm respectively.

In order to fully decipher the reflection off thalley floor and the resulting secondary reflected
wave single level pressure contour plots were geadrat planes along the x axis (figure 4.6).
The Mach reflection off the valley floor is founal ¢continue across the entire width of the valley.
The secondary reflected wave becomes slightly destmear the valley wall as the surface
climbs up the wall changing to regular reflectiariree wedge surface. By superimposing all the
planes in figure 4.6 the three-dimensional reftatsurface of the secondary reflected wave is
illustrated in figure 4.7. The shear layer cascadiawn the valley wall can be seen to merge
with the shear layer generated at the valley en&raBy increasing the number of levels of the
contours in figure 4.7, but keeping the pressurestant, figure 4.8 is generated. This figure

illustrates the secondary reflected surface in eersolid from.
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Figure 4.6: Pressure contour plots (single level) of secondargflected wave for rectangular valley,
0,, = 60°,0, = 0°, taken in the y-z plane at x = Omm, 18.75mm, 3, 42.5mm, 47.5mm, 52.5mm,

57.5mm, 62.5mm, 68.75mm, 75mm respectively.

Mach
reflection

Mach
reflection
Shear layer

Shear layer

Figure 4.7: Superimposed pressure contour plots (single level) secondary reflected wave for

rectangular valley, 6,, = 60°,0, = 0°.
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Figure 4.8: Superimposed pressure contour plots (multiple lev&l of secondary reflected wave for

rectangular valley, 6,, = 60°,0, = 0°.

In order to develop a complete three-dimensiondeustanding of the resulting wave structures,

planes along the z axis were generated. Isometddrant views of these planes are shown in

44



figures 4.9 and 4.11 respectively. The isometrgavdg illustrate once again the presence of the
two shear layers. They also illustrate the presefeeMach reflection in the x-y plane. A double
triple point and two Mach stems are seen in theggsaThe analysis of this phenomenon is
beyond the scope of this research however, itepoesis noted. The front views of these planes
also depicted the sloping of the primary reflectedve as it flows over into the valley. The
further the flow penetrates downstream, the stetiygesurface becomes. The last image in the
figure 4.11 depicts the path of the second comtaictt (A) as it travels along the incident wave
between the valley wall and the symmetry plane. §¢wnd contact point follows a negatively
sloping path from the wedge surface until it isno@ilent with the triple point close to the
symmetry plane. The presence of an expansion wavelso be seen along the surface of the
wedge. Figure 4.12 merely enlarges the images gtk figure 4.11 for better clarity of the

problem.

By overlaying all the planes generated along thgig, Figure 4.10 illustrates the primary
reflected wave in an isometric view and figure 4illL&trates the primary reflected wave in a
front view. When these figures are compared, thase is seen to almost form a conical shape

around the wall of the valley.

Valley wall

Symmetry plane

Valley entrance

Shear layer
Shear layer

Mach
reflection

Figure 4.9: Isometric views of sequential density contour pts for rectangular valley, 0,, = 60°,

0, = 0°, taken in the x-y plane in steps of 5mm alortpe z axis.
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Figure 4.10: Isometric view of superimposed density contour pts for rectangular valley, 0,, = 60°,

0, = 0°, taken in the x-y plane.

l A
= L AL
Figure 4.11: Sequential density contour plots for rectangak valley, 0,, = 60°,0, = 0°, taken in the x-y

plane in steps of 5mm along the z axis.
A
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Figure 4.12: Enlarged sequential density contour plots forectangular valley, 6,, = 60°,0, = 0°, taken

in the x-y in steps of 5mm along the z axis.
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Figure 4.13: Superimposed density contour plots for rectangat valley, 6,, = 60°,0, = 0°, taken in the

X-y plane.

By taking filled density contour plots of planesmag the x axis the presence of the shear layer
along the valley entrance is depicted. This is showfigure 4.14.

Figure 4.14: Filled density contour plot of a y-z plandor rectangular valley, 6,, = 60°,0, = 0°,

illustrating shear layer.

To obtain a complete three-dimensional image oféflected shock surface planes along the x
and z axes are superimposed, as shown in figusa4The incident shock, the primary reflected
wave, the regular reflection off the wedge, the Megflection off the valley floor, the shear layer
at the valley entrance, the sonic wave generatttbatalley entrance and the expansion wave on
the wedge surface can all be seen in the figuraueter, the secondary reflected wave is covered
by the primary reflected wave surface. To illusrdte three-dimensional surface of the
secondary reflected wave, figure 4.15b is presefited shear layers at the valley wall and

entrance are also seen in this image.
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Expansion wave
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Mach reflection
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Valley entrance sonic wave
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Figure 4.15: Isometric view of superimposed planes for rectangar valley, 0,, = 60°,0, = 0°.

a) Entire flow field b) Secondary reflected wave

By using a NURBS modelling program, RHINOCEROShr@é-dimensional model of the
resulting flow was generated. This was done by ntipg the planes generated in figure 4.4 into
RHINOCEROS so the primary reflected wave surfaaddcbe generated. The same was done for
the secondary reflected wave surface by importiegatanes in figure 4.6. The shear layers, slip
stream, incident shock wave and Mach stem weregaserated using these planes. The back
wave depicted in the model, shown in green, is#wion of the incident wave which bows out
into the downstream flow between the second compi@ict and the triple point. Figure 4.16
illustrates the three-dimensional model of the Itegywave structures for the rectangular valley,
0, = 60°,0, = 0°.
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Incident wave--
Primary reflected wave-

Back wave --
Secondary reflected wave

Mach stem--

Slip stream

Shear layer--

Figure 4.16: Three-dimensional NURBS model of rectangular \iey, 0,, = 60°,0, = 0°.

4.3.2 Summary of results for various rectangular véey configurations

Seven more rectangular valley configurations wevestigated. It was found that the general
flow pattern for all rectangular valleys were veignilar. The major difference found for the
rectangular valleys with the same valley floor ination but different wedge angles is the
decreased effect of the sonic waves for the 70etegyedge. The slight differences found in the
numerous configurations due to the various vallegrfinclination angles are discussed below.
The images obtained through experimentation andenigal analysis for these seven rectangular
valleys is presented in Appendix E1. The différmmfigurations investigated included 15, 30
and 45 degree valley floor inclinations with a wedmgle of 60 degrees as well as 0, 15, 30 and

45 degree valley floor inclinations with a wedgelanof 70 degrees.
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The images obtained experimentally at various tielays (similar to those in figure 4.1) for all
rectangular configurations depicted regular reitecoff the wedge and Mach reflection off the
valley floor. The Mach reflection at a valley floiiclination of 45 degrees is very close to the
transition point of regular reflection (verified yorks of Ben-Dor 1991). It is also noted that the
double sided tape used to protect the test sewfiotiow of the shock tube against contact with
the glass insert has partially blocked out theedibn off the valley floor for the 45 degree
inclination. The sonic wave generated at the vadlglyance is seen in all schlieren images, as
well as the effect of the sonic wave from the fastner. The suggested three-dimensional wave
structure is depicted in most sets of images, buah due to the inherent variation of the optic
system’s sensitivity. The resulting Mach reflecti&ip stream is seen clearly in the images
obtained for valley floor inclinations of 15 and @6grees. For the 70 degree wedge with a 0
degree valley floor inclination the presence oheas layer at the valley entrance, as well as a

second cascading down the valley wall, is seehérsthlieren images.

Numerical two-dimensional images taken at sequidinti@ steps, similar to those in figudes,
confirm the regular reflection off the wedge sugand the Mach reflection off the valley floor
found in the experimental images. The Mach stenoimes noticeably smaller at the larger valley
floor inclinations. These images also depict a steeer at the valley entrance which tends to
increase in size as the incident wave advances-dgteam. The shear layer is increasingly
weaker at 30 and 45 degree valley floor inclinagiorhe sonic waves generated by both the
wedge and valley entrance corners are depictdtkiimiages and their influence on the flow
increases as the flow advances. The weak sliprstigdepicted in the images for all the

configurations, but is seen very clearly for thed@@ree valley floor inclination.

Planes along the x axis were generated at a dinggestep, similar to figure 4.4, for all
rectangular valley configurations. The regulareefiion off the wedge surface is seen in the first
couple of images. Mach reflection is seen to ootithe valley floor in the rest of the images.
The Mach reflection occurs underneath the primafigcted wave which flows over into the
valley for all configurations. The second contaginp found in figure 4.4 is present for all
rectangular valleys. The distance between the skcontact point and the triple point is seen to
decrease for all rectangular configurations theal@ne moves to the symmetry plane until they
coincide at a point close to the symmetry plane 3light bowing of the incident wave between
these two points is present in all rectangulareyatlonfigurations. The shear layer found at the

valley entrance is confirmed for all configuraticard travels the full width of the valley. The
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presence of the second shear layer cascading dmwatley wall is seen in the images. The two
sonic waves developed at the wedge and valleyrargreorners are also depicted in the images.
The slip stream is depicted in the last imageshmubmes stronger with increased valley floor

inclinations.

Superimposed single level pressure contour platergeéed at planes along the x axis, similar to
figure 4.7 present the three-dimensional secondlgcted wave surface for all rectangular
valley configurations. The Mach reflection is s¢éemccur over the full width of the valley. The
surface becomes slightly distorted near the vallaly as it begins to climb up and along the
valley wall, changing to regular reflection at thedge surface. The Mach stem is seen to
decrease in characteristic height at higher vdltyr inclinations. This secondary wave pattern is
present for all rectangular valley configurationarying only slightly with increased valley floor
inclination angles. The presence of the two shegerk is strongly depicted (merging at the
valley entrance corner) in the images for the lovadley floor inclinations but at 30 degrees their
presence is almost non-existent and at 45 degnegsate not seen at all. However, the shear
layer is confirmed to be present for the 45 degediey floor inclination previously but is

extremely weak and therefore could not be estadudish the single level pressure contour plots.

Front views of planes generated along the z axislag to those in figure 4.11, illustrate the
presence of the two shear layers for all rectamguabey configurations, including the weak
shear layer for the 45 degree inclination. Thegmes of a Mach reflection in the x-y plane is
present for all configurations, including a doutsiple point and two Mach stems. This second
Mach reflection decreases in strength at highdeydloor inclinations. The planes also depict
the sloping of the primary reflected wave as iidoover into the valley. The path of the second
contact pointA) is illustrated for all configurations. The slopkthe primary reflected wave as
well as the second contact point path tend to becsteeper the higher the valley floor
inclination angle. The presence of an expansioreviggeen on the wedge surface for all
configurations. By superimposing all these plaassn figure 4.10 and 4.13 the surface is seen to
be almost conical in nature near the valley wakdming tighter at higher valley floor

inclinations.
To obtain a complete three-dimensional image oféflected shock surfaces, planes along the x
and z axes are superimposed, similar to figurea4 fifs all rectangular valley configurations. The

images developed for the different rectangulareyallare shown in figure 4.17. The incident
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shock, the primary reflected wave surface, theleegeflection off the wedge, the Mach
reflection off the valley floor, the shear layettla¢ valley entrance and the sonic wave generated
at the valley entrance can all be seen in the imafee images clearly illustrate the resulting
three-dimensional wave structures. The figure #igstrates the slight differences with

increasing valley floor inclination angles for batledge angles. These include the decreased
Mach stem height, less prominent shear layer amdightening of the conical nature of the

primary reflected surface.

The NURBS models for the rectangular valley germer&odr the 60 and 70 degree wedge angles

with valley floor inclinations of 0 and 45 degrese illustrated in figure 4.18.
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Figure 4.17

A) 0,, = 60°,0, = 0°
E) 0,, = 70°,0, = 0°

B)®,, = 60°,0, = 15°
F)8,, = 70°,0, = 15°

C)e,, = 60°,0, = 30°
G)e,, = 70°,6, = 30°

. Isometric view of superimposed planes for rectangar valleys.

D)6, = 60°,0, = 45°
H)®,, = 70°,8, = 45°
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Figure 4.18 Three-dimensional NURBS model of rectangular viagys.
A) 0,, = 60°,0, = 0° B)e,, = 60°,0, = 45° C)e,, = 70°,0, = Q° D)6,, = 70°,06, = 45°
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4.4 Triangular valley results

4.4.1 Triangular valley, 6,, = 60°,0, = 0°

Schlieren images are presented in figure 4.19ntaksequential time delays. There is no glass
piece incorporated into the triangular valley du¢heir angular geometry. Therefore one can not
determine the reflection off the valley floor as thpaque manufacturing material blocks out this
reflection. The reflection off the wedge is regules expected, and is seen in all schlieren images.
The reflected wave from the reflection off the eglfloor is depicted in the images upstream of
the wedge. The suggested three-dimensional sugamen in all images, due to the different
positions of the two reflected waves. The effedhef first corner is seen throughout the images,
and has greater influence on the reflection asntident shock advances downstream. A sonic

wave generated at the valley entrance point issptds the images.

Regular reflection
off wedge

Three-dimensional
reflected surface

Sonic wave at
valley entrance

Reflected wave off
valley floor

(. .

Figure 4.19: Schlieren images for triangular valleyf,, = 60°,0, = 0°, at time delay 1700s, 172%ps,
175Qus, 1773s, and 180@s respectively.

Numerical two-dimensional images were produced ftoenthree-dimensional solution by taking
planes which were just inside the walls of the péste, i.e. at Omm and 75mm along the x-axis,
shown in figure 4.20. These planes were used idat@bn of the experimental results for all

triangular valleys. The two-dimensional images weafen at sequential time steps, allowing the

reflection off the wedge and valley floor surfatede analysed and compared to the schlieren
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images obtained experimentally. The reflectiontioéf wedge is regular reflection and off the
valley floor at the plane of symmetry is Mach reflen. The regular reflection off the wedge and
the resulting reflected wave from the valley fleompare directly with the experimental results.
A shear layer at the valley entrance point candg@atied in these images. As the incident shock
advances downstream both the Mach stem and sheartéand to increase in characteristic height
and size. The influence of the sonic waves gengitateboth the wedge and valley entrance
corners can also be depicted in these imagespAsiam, generated at the symmetry plane, can

also be seen in the images.

Regular reflection
off wedge

Mach reflection
off valley floor

Sonic wave at
valley entrance

Shear layer at
valley entrance

Figure 4.20: Sequential density contour plots for triangur valley, 0,, = 60°,0, = Q°.

In order to determine the geometric structure efttiree-dimensional reflected shock surfaces,
planes along the x axis were taken at a single si@e. The planes depict how the wave
structures change across the width of the tesepiHue planes starting at Omm (wedge wall) and
ending at 75mm (symmetry plane) can be seen imdigl21. The regular reflection off the
wedge is seen in the first two images. As the ichock interacts with the valley, Mach
reflection occurs off the valley floor. The regutaflected surface off the wedge and the Mach
reflected surface off the valley floor merge tonfioa single reflected surface referred to as the
primary reflected surface. The Mach stem is seend®@ase in characteristic height as the
reflection moves down the valley wall. The shegetaound in figure 4.20 is seen to cascade

down the valley entrance wall, increasing in stthrigwards the symmetry plane. The two sonic

56



waves developed at the wedge corner and valleprmedrare depicted in the images. The slip

stream can also be depicted in the planes clodetsymmetry plane.
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Figure 4.21: Density contour plots for triangular valley,0,, = 60°,0, = 0°, taken in the y-z plane at

X = 0mm, 25mm, 35mm, 45mm, 50mm, 55mm, 60mm, 65m@#Qmm and 75mm respectively.

On closer inspection of the three-dimensional nicaésolution, a weak secondary reflected

wave was found underneath the primary reflectionta&ing planes across the x axis and

generating single level pressure contour plotssdw®ndary reflection could be better

understood. Figure 4.22 illustrates these variosasgure contour plots. The reflection tends to

initially wrap over the shear layer as one movesrdthe valley entrance wall. At a point close to

the symmetry plane the reflection then moves dvewalley surface, becoming Mach reflection.

Figure 4.23 is a superimposition of the planesgare 4.22, and illustrates the three-dimensional

geometry of the secondary reflected wave. The dagar formed down the valley entrance wall

is also depicted in the images.
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Figure 4.22: Pressure contour plots (single level) of secongareflected wave for triangular valley,
0,, = 60°,0, = 0°, taken in the y-z plane at x = 0Omm, 25mm, 35mm5hm, 50mm, 55mm, 60mm,

65mm, 70mm and 75mm respectively.

Mach reflection

Shear layer

Figure 4.23: Superimposed pressure contour plots (single level) secondary reflected wave for

triangular valley, 6, = 60°,0, = 0°.

In order to develop a complete three-dimensiondewtanding of the resulting wave structures,
planes along the z axis were generated. Isometddrant views of these planes are shown in
figures 4.24 and 4.26 respectively. The imagesali¢ipé shear layer cascading down the valley
entrance wall. One can also see an expansion watleeovedge surface. The planes also
depicted the sloping of the primary reflected waset propagates into the valley. The further
downstream, the steeper the surface becomes. Tordskast image in figure 4.26 illustrates the
path of the triple point of the Mach reflection aoing off the valley floor. By superimposing all
the planes generated along the z axis, figure lludBrates an isometric view of the reflected
wave structure. A very weak reflection from the syetry plane can be seen in the figure. This

reflection coincides with the very weak, but preéseacondary reflected wave surface.
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Expansion wave

Shear layer

Figure 4.24: Isometric views of sequential density contourlgts for triangular valley, 6,, = 60°,0, =

0°, taken in the x-y in steps of 5mm along the z axis.

Figure 4.25: Isometric view of superimposed density contour pts for triangular valley, 6,, = 60°,0, =

0°, taken in the x-y plane.

Figure 4.26: Sequential density contour plots for triangudr valley, 0,, = 60°,08, = 0°, taken in the x-y
plane in steps of 5mm along the z axis.
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Figure 4.27 represents a couple of images enldrgatdfigure 4.26 for better clarity of the
problem. Figure 4.28 is a front view of the supgrisition of the planes illustrated in figure 4.26,

and depicts the sloping of the primary reflectedevaurface.

Reflection of
symmetry plane

Eavaecro, s ol

Shear layer

Figure 4.27: Enlarged sequential density contour plotfor triangular valley, 6,, = 60°,0, = 0°, taken in

the x-y in steps of 5mm along the z axis.

Figure 4.28: Superimposed density contour plots for triangwar valley, 6,, = 60°,0, = 0°, taken in the

x-y plane.

Figure 4.29 represent a filled density contour pfat plane just offset from the symmetry plane.

The figure illustrates the presence of the sheaarlat the valley entrance wall.
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Figure 4.29: Filled density contour plot of plane in y-plane for triangular valley, 6,, = 60°,0, = 0°,

illustrating shear layer.

To obtain a complete three-dimensional image oféflected shock surfaces, planes along the x
and z axes are superimposed, as shown in figuBa4The incident shock, the primary reflected
wave, the regular reflection off the wedge, the Meaflection off the valley floor, the shear layer
at the valley entrance wall and the sonic wavaeatalley entrance can point all be seen in the
figure. However, the secondary reflected wave isoed by the primary reflected wave surface.
To illustrate the three-dimensional surface ofsheondary reflected wave, figure 4.30b is

presented.

Regular reflection

Valley entrance
sonic wave Tt et { Triple point

Shear layer

Secondary wave

‘Luj/"“m Shear layer

Vli?

Figure 30: Isometric view of superimposed planes for triangar valley, 6,, = 60°,6, = 0°.

a) Entire flow field b) Secondary reflected wave
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By using a NURBS modelling program, RHINOCEROShé-dimensional model of the
resulting flow was generated. This was done by mipg the planes generated in figure 4.21 into
RHINOCEROS so the primary reflected wave surfaggdbe generated. The same was done for
the secondary reflected wave surface by importaegalanes in figure 4.22. The shear layer, slip
stream, incident shock wave and Mach stem weregarerated using these planes. Figure 4.31
illustrates the three-dimensional model of the ltesgyiwave structures for the triangular valley,

0, = 60°,0, = 0°.

) Incident wave--
Primary reflected wave-

Mach stem--
Secondary reflected wave

Slip stream

Shear layer--

Figure 4.31: Three-dimensional NURBS model of triangular vikey, 6,, = 60°,6, = 0°.
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4.4.2 Summary of results for various triangular valey configurations

Seven more triangular valley configurations wereestigated. It was found that the general flow
pattern for all triangular valleys were very simil&he major difference found for the triangular
valleys with the same valley floor inclination litferent wedge angles is the decreased effect of
the sonic waves for the 70 degree wedge. The difflerences found in the numerous
configurations due to the various valley floor inaktion angles are discussed below. The images
obtained through experimentation and numericalyeiafor these seven triangular valleys is
presented in Appendix E2. The different configiaras investigated included 15, 30 and 45
degree valley floor inclinations with a wedge angflé0 degrees as well as 0, 15, 30 and 45

degree valley floor inclinations with a wedge angfl@0 degrees.

Schlieren images taken at sequential time delaye wlatained for all triangular valley
configurations, similar to those presented in fegdrl9. The reflection off the wedge surface is
regular for all triangular valleys. Once again tefiection off the valley could not be seen due to
the opaque nature of the manufacturing materialvél@r, the resulting reflected wave from this
reflection could be seen upstream of the wedge.réthection for the 70 degree wedge with a
valley floor inclination of 45 degrees was very w@athe images, but nether the less present.
The suggested three-dimensional surface is sete images for all triangular configurations
except for the 70 degree wedge with a 45 degrdewtbor inclination. The effect of the first
corner is seen throughout the images, having gradteence on the reflection as the incident
shock advances downstream. A sonic wave generttkd galley entrance point is also present
in the images for all configurations except for #edegree wedge with a 45 degree valley floor
inclination. The discrepancy in the images obtaifoed?0 degree wedge with a 45 degree valley
floor inclination was due to the fact that the oystem was not sensitive enough to pick up the

weak reflection pattern.

Numerical two-dimensional images taken at sequieinti@ steps, similar to those in figure 4.20,
were obtained for all triangular valley configuaais. The reflection off the wedge surface is
regular reflection and off the valley floor at thiene of symmetry is Mach reflection. The regular
reflection and resulting reflected wave from théeyafloor reflection compare directly with the
experimental results for all triangular configuoais. A shear layer at the valley entrance point is
depicted in the images for all configurations suvieaker at higher valley floor inclinations. As

the incident wave advances downstream both the shea and Mach stem increase in
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characteristic height and size. The Mach stemtiseably smaller for higher valley floor
inclination angles. The influence of the sonic wagenerated at both the wedge and valley
entrance corners are also depicted in the images|ftsiangular configurations, however the
sonic wave at the valley entrance is noticeablykeefor a 45 degree valley floor inclination. A
slip stream at the symmetry plane is also seenennbages for all triangular configurations as is

much stronger at higher valley floor inclinatiorgées.

Planes along the x axis were generated at a dinggestep for all triangular valley

configurations, similar to figure 4.21. The regulefiection off the wedge is seen in the first
images for all configurations. As the incident dhoteracts with the valley, Mach reflection
occurs off the valley floor, depicted in the retlee images. The regular reflected surface off the
wedge and the Mach reflected surface off the vdly again merge to form a single surface
referred to as the primary reflected surface. TlaelMstem is seen to increase in characteristic
height as the planes move closer to the symmeairyeplor all triangular configurations. The
shear layer is found to cascade down the vallenapogé wall for all configurations and is again
noted to be weaker for higher valley floor inclioatangles. The slip stream can also be depicted
in the planes close to the symmetry plane foraifigurations. Unlike the first triangular valley
case, these images obtained for all other triamgyalley configurations show a strong presence

of the secondary reflected wave.

Single level pressure contour plots generatedaaigs along the x axis are superimposed to
present the three-dimensional secondary reflecegwurface for all triangular valley
configurations, similar to figure 4.23. The secayda&flected wave occurs underneath the
primary reflected wave surface for all triangulanfigurations. The images depict the reflected
surface initially wrapping over the shear layepas moves down the valley entrance wall. At a
point close to the symmetry plane the reflectiarregular form, then moves over the valley
surface, becoming Mach reflection at a certain fpdihis pattern is similar for all configurations.
The shear layer formed down the valley entrancé iwallso depicted in the images, except for
the 45 degree valley floor inclination. This isydue to the fact that the shear layer is extremely

weak for this configuration and could not be pickgdusing single level pressure contour plots.
Front views of planes generated along the z axie weveloped for all triangular valley
configurations, similar to those in figure 4.26 €limages depict the shear layer cascading down

the valley entrance wall for all triangular configtions, including the weak shear layer for the 45
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degree valley floor inclination. An expansion warethe wedge surface is seen for all
configurations. The images also depict the slopifipe primary reflected wave structure as well
as the pathX) of the triple point of the Mach reflection offalvalley floor. At the point where

the primary reflection coincides with the symmeaitstine, the reflected wave surface is
perpendicular to this plane, illustrating that grenmary reflected surface flattens out near the
symmetry plane. A reflection off the symmetry plamalso depicted in the images for all
configurations, coinciding with the secondary retiel wave geometry close to the symmetry
plane. By superimposing all the planes for eacHliigoration an isometric view of the reflected
wave pattern is developed and presents, in moggl ditie secondary reflected wave close to the

symmetry plane.

To obtain a complete three-dimensional image oféflected shock surfaces for all triangular
valley configurations, planes along the x and mae superimposed, as shown in figure 4.32.
The incident shock, the primary reflected waveatef the regular reflection off the wedge, the
Mach reflection off the valley floor, the sheardaat the valley entrance and the sonic wave at
the valley entrance can all be seen in the figline. figure also illustrates the differences in the
resulting wave structures for different configunati The increase in valley floor inclination angle
decreased the Mach stem height of the Mach reflectiose to the symmetry plane, made the
resulting slip stream more prominent, decreasedgtiieagth of the corner signal at the valley
sentence point and decreased the strength of dae Etyer cascading down the valley entrance

wall.

The NURBS models for the triangular valleys gerestdor the 60 and 70 degree wedge angles

with valley floor inclinations of 0 and 45 degres® illustrated in figure 4.33.
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Figure 4.32: Isometric view of superimposed planes for triangar valleys.

A) 0,, = 60°,0, = 0°
E) 0,, = 70°,0, = 0°

B)®,, = 60°,0, = 15°
F)8,, = 70°,6, = 15°

C)e,, = 60°,0, = 30°
G)e,, = 70°,6, = 30°

D)e,, = 60°,0, = 45°
H)e,, = 70°,0, = 45°
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Incident wave--
Primary reflected wave-

Secondary reflected wave

A d

Back wave--
Mach stem--
Slip stream
Shear layer--

B O

Figure 4.33 Three-dimensional NURBS model of triangular végys.

A) 0,, = 60°,0, = 0° B)6,, = 60°,0, = 45° C)e,, = 70°,0, = 0° D)6,, = 70°,0, = 45°
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4.5 Parabolic valley results

4.5.1 Parabolic valley, a = 0.04

Schlieren images are presented in figure 4.34ntaksequential time delays. The reflection off
the wedge is regular, as expected. The reflectibtihe valley floor is blocked out in all images

for the parabolic valleys due to the opaque natfithe manufacturing material. However, the
reflected wave from the valley floor reflection da@ seen upstream of the wedge. The suggested
three-dimensional wave structure can also be d&picom the schlieren images, due to the
different positions of the two reflected waves.s@nic wave generated at the valley entrance can
be seen in all schlieren images, as well as trexefff the sonic wave from the first corner. The

further downstream the incident shock moves, teatgr the influence of the sonic wave

Reflected wave off Sonic wave at
valley floor valley entrance

Figure 4.34: Schlieren images for parabolic valley, a = 0.04f time delay 165@s, 167qs, 170@s,
172%us, and 175@s respectively.

becomes on the reflected shock.

Regular reflection
off wedge

Three-dimensional
reflected surface

Numerical two-dimensional images were produced ftoenthree-dimensional solution by taking
planes at Omm and 75mm along the x axis. Thesegharre used in validation of the
experimental results for all parabolic valleys. TWwe-dimensional images were taken at

sequential time steps, allowing direct comparisbitie reflection off the wedge and valley
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surfaces to the schlieren images. The regularatédle off the wedge surface and the reflected
wave from the valley floor can be depicted in tmages presented in figure 4.35, and compare
directly with the experimental results. The refeattvave from the wedge surface is also found at
the plane of symmetry (x = 75mm) and is referreddahe primary reflected wavehe reflection

off the valley surface at the plane of symmetriylech reflection, and is referred to as the
secondary reflected wave. A shear layer at the stmynplane can also be depicted in these
images at the valley entrance point. The refletdadh wave off the valley floor forms a semi-
circle configuration and makes contact with thdeyafloor just before the shear layer. From the
initial time steps, the presence of a second coptiat from the primary reflected wave, above
the triple point is depicted. As the incident shaawe advances downstream, this second contact
point tends to move down the incident shock andade with the triple point. Further analysis
found that this second contact point then movesgathe secondary reflected wave as the
incident shock propagates further downstream. Tieeteof the first and second corners on the
reflected wave can be seen as the incident sho@nads downstream. The slip stream of the

Mach reflection at the plane of symmetry can ba se¢he last image.

b Second contact point

| Triple point
Bl 7 Secondary reflected

wave

Regular reflection

Primary reflected
wave

Slip stream
Mach reflection

Shear layer

Figure 4.35: Sequential density contour plots for parabdit valley, a = 0.04.

In order to determine the three-dimensional refldcthock surfaces, planes along the x axis were
taken at a single time step. The planes depictthewvave structures change across the width of

the test piece. The images can be seen in fig86 Zhe regular reflection off the wedge surface
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can be seen in the first three images. As the émtidiave interacts with the parabolic valley,
regular reflection occurs off the valley floor. & planes move closer to the symmetry plane,
Mach reflection occurs off the valley floor undeatiethe primary reflected surface. The Mach
stem’s characteristic height then increases asaitacloser to the symmetry plane. The presence
of the second contact point on the incident waveusd as the primary reflected wave flows

over in to the valley. The second contact pointlsaseen in the last five images, and moves
towards the triple point as the planes move claséne symmetry plane. The Mach reflection
found at the plane of symmetry in figure 4.35 ckso e seen in the last four images of figure
4.36. The shear layer, found in figure 4.35, cagsatbwn the valley entrance as the planes move

along the x axis. The presence of the slip stresaafsio apparent in the last few images.

Regular reflection
Second contact point

Primary reflected ; 4 / Mach reflection
wave / / 3 .

Shear layer
Secondary reflected
wave

Figure 4.36: Density contour plots for parabolic valley, & 0.04, taken in the y-z plane at x = 0mm,

15mm, 25mm, 35mm, 45mm, 55mm, 65mm, 75mm, respectively.

To determine the three-dimensional wave structéitheoreflection off the valley floor

(secondary reflected wave), single level pressargour plots were created. Figure 4.37 was
developed by superimposing several planes acressdind z axes. The figure validates the
dissipation of the Mach reflection, and transitiorregular reflection as the reflected wave climbs
up and along the valley entrance wall. The shegrlaascading down the valley entrance wall is
also seen in these images. Once the Mach refleced has terminated, the reflection point then

travels up along the valley entrance until it mekésregular reflection at the wedge surface.
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Mach reflection

Reflection over valley
floor

Shear layer

Figure 4.37: Superimposed pressure contour plots (single level) secondary reflected wave for

parabolic valley, a = 0.04.

To develop a complete three-dimensional understgnali the resulting wave structures, planes
along the z axis were generated. Front views cdfalmtanes are shown in figure 4.38. Figure 4.39
enlarges the latter images in figure 4.38 to shawendetail in the reflection pattern. The
sequential planes clearly illustrate the shearrlégrened at the valley entrance wall. The planes
also illustrate that the curvature of the primagffected surface tends to become steeper the
closer the plane is to the incident shock. A reitecoff the plane of symmetry is also depicted in
the images. This reflection is the Mach reflectidfithe valley floor, and illustrates the refleatio
geometry in the x-y plane. An expansion wave olkentedge surface is seen throughout the
images. It is seen that the primary reflected waymerpendicular to the plane of symmetry, at
this plane. The point where the primary reflected/@touches the plane of symmetry tends to
move downwards as the planes advance up the Zldrasnultiple x-y planes are superimposed
to create a three-dimensional image of the reftesteface. Front and isometric views of the
superimposition are shown in figure 4.40. This fegillustrates the parabolic curvature of the

reflected surface in its entirety, the presencenefshear layer and the Mach reflection at the.wall

Figure 4.38: Sequential density contour plots for parabdit valley, a = 0.04, taken in the x-y plane in

steps of 5mm along the z axis.
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Expansion wave

Shear layer

Reflection off
symmetry plane
(MR)

Figure 4.39: Enlarged sequential density contour plotfor parabolic valley, a = 0.04, taken in the x-y
plane in steps of 5mm along the z axis.

Figure 4.40: Superimposed density contour plots for parabdtivalley, a = 0.04, taken in the x-y plane.

To obtain a complete three-dimensional numericalgenof the reflected shock surfaces, planes
along the x and z axes are superimposed, as siofiguie 4.41. The incident shock, the primary
reflected surface, the regular reflection off thedge, the Mach reflection off the valley floor
close to the plane of symmetry and the shear latyire valley entrance can all be seen in the
figure.

Regular reflection
Incident shock

¢ | Primary reflected wave

Second contact point

: Mach reflection off valley floor
El/ (secondary reflected wave)

I . /;" Shear layer

Figure 4.41: Isometric view of superimposed planes for paratiic valley, a = 0.04.
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4.5.2 Summary of results for various parabolic vay configurations

Two more parabolic valley configurations were irigeged. It was found that the general flow
pattern for all parabolic valleys were very simil@he slight differences found in the different
configurations due to the various valley charast&riwidths are discussed below. The images
obtained through experimentation and numericalyaigfor these two parabolic valleys is
presented in Appendix E3. The different configunasi discussed below include where a = 0.055
and a = 0.075 (in the parabolic equation) with @geangle of 60 degrees.

Schlieren images taken at sequential time delayweath regular reflection off the wedge as
before. The reflected wave from the valley flodtaetion is seen upstream of the wedge for all
parabolic valley configurations. The suggestedeatdienensional wave structure is also depicted
from the schlieren images. The sonic wave geneitdte valley entrance as well as the effect of

the sonic wave from the first corner is seen focahfigurations.

Numerical two-dimensional images taken at sequietii@ steps, similar to figure 4.35, depict
regular reflection off the wedge surface and tlikeceed wave from the valley floor for all
parabolic valley configurations. The primary refeEtwave is also depicted at the symmetry
plane along with the Mach reflection off the vallyrface at the plane of symmetry (referred to
as the secondary reflected wave) for all parabh@lteys. The shear layer at the valley entrance is
depicted for all configurations in these imagese Téflected Mach wave off the valley floor
forms a semi-circle configuration and makes contatt the valley floor just before the shear
layer. The second contact point, found above ipéetpoint, is depicted for all parabolic valley
configurations and tends to move down the incidente as it advances downstream. Once
coincident with the triple point, the secondary te@h point then moves along the secondary
reflected wave surface. The slip stream of the Matllection at the symmetry plane is also seen

in these images.

Planes along the x axis at a single time step/airto figure 4.36, are created to determine the
geometry of the three-dimensional reflected shattases for all parabolic valleys. The regular
reflection off the wedge surface can be seen iditiiecouple of images. As the incident wave
interacts with the valley, regular reflection oczoff the valley floor. As the planes move closer
to the symmetry plane, Mach reflection occurs b valley floor. The Mach stem’s
characteristic height increases as it nears thengtrg plane. These features are present for all

parabolic valley configurations. The second conpadnt is found as the primary reflected wave
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flows over in to the valley. The second contachpaioves towards the triple point as the planes
move closer to the symmetry plane. The Mach refladbund reflecting off the valley floor
close to the symmetry plane is seen in the lagblecaf images. The shear layer is found to

cascade down the valley entrance wall for all paliatzonfigurations.

The three-dimensional secondary reflected wavéhefivalley floor is similar to that described

for the first parabolic valley, figure 4.37. The thareflection is found to dissipate, and change to
regular reflection as the reflected wave climbsog along the valley entrance wall for all
configurations. The secondary reflected wave sertarcurs underneath the primary reflected
wave surface found to flow over into the valleyeT8hear layer cascading down the valley
entrance is illustrated well in these images. Ghegeflected wave has terminated, the reflection
point is found to then travel up along the vallegrance until it meets the regular reflection & th

wedge surface.

Front views of planes generated along the z aiislag to those in figure 4.38, clearly illustrate
the shear layer formed at the entrance of thewétleall parabolic valleys. The reflected wave of
the Mach reflection off the valley floor is seeliystrating its reflection geometry in the x-y
plane. An expansion wave over the wedge surfasedn for all parabolic valleys. The primary
reflected surface is perpendicular to the plangyaimetry, at this plane, for all configurations.
By superimposing the planes, a three dimensionadj@rof the primary reflected wave is
developed, illustrating the parabolic curvaturehef reflected surface which tends to follow the

actual geometry of the specific valley.

A complete three-dimensional numerical image ofrdikected shock surfaces is developed for
each of the parabolic valleys as is shown in figu#2. The incident shock, the primary reflected
surface, the regular reflection off the wedge,NMtaeh reflection off the valley floor near the
symmetry plane and the shear layer at the valleyece is seen for all parabolic valley

configurations in the figure.
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Figure 4.42: Isometric view of superimposed planes for palmlic valleys.
A)a=0.04 B) a =0.055 C)a=0.075

4.6 Conical valley results

4.6.1 Conical valley, 10 degrees

Schlieren images are presented in figure 4.43ntaksequential time delays. The reflection off
the wedge is regular, as expected. The reflectibthe valley floor is blocked out in all images
for the conical valleys due to the opaque natuth®imanufacturing material. However, the
reflected wave from the valley floor reflection dag seen upstream of the wedge (very weak).
The suggested three-dimensional wave structurslagtrtly be depicted from the schlieren
images. A weak sonic wave generated at the vatinalece can be seen in all schlieren images,
as well as the effect of the sonic wave from th& torner. The further downstream the incident

shock moves, the greater the influence of the seaie becomes on the reflected shock.
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Three-dimensional
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A A
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Figure 4.43: Schlieren images for conical valley, 10 degrees,teme delay 165@s, 167qs, 170@s,
172%us, and 175@s respectively.

Sonic wave at
valley entrance

Reflected wave off
valley floor

A

Numerical two-dimensional images were produced ftoenthree-dimensional solution by taking
planes at Omm and 75mm along the x axis. Theseglarre used in validation of the
experimental results for all conical valleys. Th®idimensional images were developed at
sequential time steps, allowing direct comparisbiie reflection off the wedge and valley
surfaces to the schlieren images. The regularatéfie off the wedge surface and the reflected
wave from the valley floor can be depicted in tmages presented in figure 4.44, and compare
well with the experimental results. The reflectmfithe valley surface at the plane of symmetry
is Mach reflection. The reflected wave off the gglfloor tends to flatten out as the incident
shock advances downstream. The effect of thedindtsecond corners on the reflected wave can
be seen as the incident shock advances downstrEampresence of a weak shear layer is seen
in the last three images, as well as the preseingeveak separation at the valley entrance. The

slip stream of the Mach reflection at the symmetane can be seen in the last two images.

76



: // Regular reflection

Shear layer

Mach reflection

Slip stream

Figure 4.44: Sequential density contour plots for conicalalley, 10 degrees.

In order to determine the three-dimensional refliécthock surfaces, planes along the x axis were
generated at a single time step. The planes depictthe wave structures change across the
width of the test piece. The images can be seégure 4.45. The regular reflection off the

wedge surface can be seen in the first four imajethe planes close to the valley wall, regular
reflection occurs off the valley floor. As the pemmove closer to the symmetry plane the regular
reflection changes to Mach reflection. The refldateave from the Mach reflection off the valley
floor is referred to as the secondary reflectedevéit the symmetry plane, this secondary
reflected wave coincides with the primary reflecteaze. The presence of a second contact point
on the incident shock is found as the primary oeéfld wave flows over in to the valley. The
second contact point can be seen in the last foages, and moves towards the triple point as the
planes move closer to the symmetry plane. The poesef the slip stream and a shear layer

cascading down the valley entrance wall are alpaugmnt in the last images.

77



Primary reflection
Secondary reflection

Shear layer
Mach reflection

Figure 4.45: Density contour plots for conical valley, 1@egrees, taken in the y-z plane at x = Omm,
45mm, 50mm, 55mm, 60mm, 65mm, 70mm, 75mm, respectively.

To determine the three-dimensional secondary tefieewave structure off the valley floor, single
level pressure contour plots were created. Figuté was developed by superimposing several
planes across the x and z axes. Mach reflectionrs@t close proximity to the plane of
symmetry. However, as one moves closer to theyalldl the reflection changes to regular. At
the same time the reflection point moves alongltier of the valley in curved path. The

reflection point then travels up along the valleyrance until it meets the regular reflection & th
wedge surface.

Mach reflection

Regular
reflection

Figure 4.46: Superimposed pressure contour plots (single levet) secondary reflected wave for

conical valley, 10 degrees.
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To develop a complete three-dimensional understgnali the resulting wave structures, planes
along the z axis were generated. Front views cfahanes are shown in figure 4.47. Figure 4.48
enlarges the latter images in figure 4.47 to shawendetail in the reflection pattern. The
sequential planes clearly illustrate the weak staaar cascading down the valley entrance wall.
The planes also illustrate that the curvature efghmary reflected surface tends to become
steeper the closer the plane is to the incidentlsh reflection off the plane of symmetry is also
depicted in the images. This reflection coincidéth whe secondary wave surface found in figure
4.45, illustrated in figure 4.46. These images ddiis reflection creeping along the wedge
surface into the valley and down the valley flosttlae planes move further downstream from the
valley entrance. An expansion wave over the wedg@ace is seen throughout the images. The
multiple x-y planes are superimposed to createeettlimensional image of the reflected surface,

shown in figure 4.49. This figure illustrates thanizal curvature of the primary reflected surface.

Figure 4.47: Sequential density contour plots for conicalalley, 10 degrees, taken in the x-y plane in

steps of 5mm along the z axis.

Figure 4.48: Enlarged sequential density contour plotfor conical valley, 10 degrees, taken in the x-y

plane in steps of 5mm along the z axis.
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Figure 4.49: Superimposed density contour plots for conicafalley, 10 degrees, taken in the x-y plane.

To obtain a complete three-dimensional numericalgenof the reflected shock surfaces, planes
along the x and z axes are superimposed, as shofiguie 4.50. The incident shock, the primary
reflected surface, the regular reflection off thedge and the Mach reflection off the valley floor

near the symmetry plane can all be seen in thedigu

Incident shock
Mach reflection off valley floor
at symmetry plane

Primary reflected
wave

Figure 4.50: Isometric view of superimposed planes for conicahlley, 10 degrees.

4.6.2 Summary of results for various conical vallegonfigurations

A second conical configuration of 20 degrees wasstigated, with the same wedge angle of 60
degrees. It was found that the general flow pati@rihis configuration was very similar to that
found for the 10 degree. The images obtained thr@xgerimentation and numerical analysis for

this conical valley is presented in Appendix E4.

The schlieren images obtained at sequential tirfeyddor the 20 degree conical valley
illustrated similar reflection patterns as the £@mke conical valley. Regular reflection was found
to occur off the wedge surface. Once again thecgfin off the valley floor could not be

depicted but the resulting reflected wave is sgetraam of the wedge. The suggested three-

dimensional wave structure is depicted from theszgies more clearly. The weak sonic wave
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generated at the valley entrance, as well as feetadf the sonic wave from the first corner is

also depicted for this configuration.

The numerical two-dimensional images developedher20 degree valley, similar to those found
in figure 4.44, compared directly with the expenntad images. The images depict regular
reflection occurring off the wedge surface and Meaftection at the plane of symmetry. The
reflected Mach wave again tends to straighten stha incident shock advances downstream.
The effect of the first and second corners on ¢fiected wave is also seen as the incident shock
advances downstream. The presence of a weak sepaatthe valley entrance and the slip

stream of the Mach reflection at the plane of sytnyn@re depicted in the images.

Planes generated along the x axis, similar to tiofigure 4.45, showed similar flow patterns to
the 10 degree conical valley. Regular reflectioouns off the wedge surface, continuing off the
valley floor at planes close to the valley wall. the planes move closer to the symmetry plane
the regular reflection changes to Mach reflectmecondary reflected wave). At the symmetry
plane, this secondary reflected wave once agaircités with the primary reflected wave. The
presence of a second contact point on the incislantk is found as the primary reflected surface
flows over in to the valley. The second contachpagain moves towards the triple point as the
planes move closer to the symmetry plane. The poesef the slip stream and the shear layer

along the valley entrance wall are also apparetitérimages.

The three-dimensional secondary wave structuréhefivalley floor was developed, as in figure
4.46, for the 20 degree conical valley. Againliistrates Mach reflection occurring close to the
plane of symmetry but changing to regular reflattitose to the valley wall. At the same time

the reflection point moves along the floor of tlaley in curved path. The reflection point then

travels up along the valley entrance until it mekésregular reflection off the wedge surface.

The front views of planes generated along the g arire developed, similar to those in figure
4.47. The planes again clearly illustrate the skegr cascading down the 20 degree conical
valley entrance wall. The planes also illustrat the curvature of the primary reflected surface
tends to become steeper the closer the plandhi® tacident shock. The reflection off the plane
of symmetry is also found for the 20 degree coniedlby. This reflection coincides with the
secondary wave surface which creeps along the wadggce into the valley and down the

valley floor as the planes move further downstréam the valley entrance. An expansion wave
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over the wedge surface is again found for this igoimation. By superimposing these planes the

conical curvature of the primary reflected surfecagain illustrated.

A complete three-dimensional numerical image ofrédikected shock surfaces for both the
conical valley configurations are shown in figutBX The incident shock, the primary reflected
surface, the regular reflection off the wedge,Naeh reflection off the valley floor near the
symmetry plane, and the conical curvature of thmany reflected wave for both configurations
can be seen in the figure. The major differencésden the two configurations are the increased
Mach stem height, the longer Mach reflection ocenice off the valley floor, the more

pronounced shear layer and the primary reflectef@se curvature for the 20 degree conical

valley.
A
Figure 4.51: Isometric view of superimposed planes for conicahlleys.
A) 10 degrees  B) 20 degrees
4.7 Hill results

4.7.1 Triangular hill

Schlieren images are presented in figure 4.52ntaksequential time delays. The reflection off
the wedge is regular, as expected. As the incidere interacts with the triangular hill the
resulting regular reflected wave can be seen isthéeren images. The reflection point off the

hill surface can only be seen in the second imdigeraise it moves out of range as the incident
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wave advances. The reflection point of the incideate on the wedge surface is block out in the

images due to the opaque nature of the manufagtoraterial.

4
4

Figure 4.52: Schlieren images for triangular hill, at time dedy 165Qs, 167qs, 170@s, 172qs, and
175Qus respectively.

Regular reflection
off wedge

Reflected wave off
hill

Numerical two-dimensional images were produced piimes at Omm and 75mm along the x
axis. The two-dimensional images were developega@tiential time steps, allowing direct
comparison of the reflection off the wedge and suilifaces to the schlieren images. The
reflection off the wedge and hill surfaces can bpicted in the images presented in figure 4.53,
and compare directly with the experimental resditee reflection point of the reflection off the
hill surface can be seen in the first two imagetheffigure, there after the point moves out of
range. The corner signal generated at the bottaitmeofvedge is depicted in all the images,
increasing in strength as it is compressed ovehithel his compression causes the reflected

wave off the wedge to bulge downstream of the cédie wave from the hill.
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Figure 4.53: Sequential density contour plots for triangur hill.

In order to determine the three-dimensional refliécthock surfaces, planes along the x axis were
generated at a single time step. The planes depictthe wave structures change across the
width of the test piece. The images can be seégure 4.54. The regular reflection off the

wedge surface can be seen in the first three ima@gethe incident wave interacts with the hill,
regular reflection occurs off its surface. Theeefion point off the hill surface can only be
depicted in the fourth and fifth images, it thenve® out of range and only the resulting reflected

wave can be seen.
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Reflection off
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Figure 4.54: Density contour plots for triangular hill, taken in the y-z plane at x = Omm, 45mm,

50mm, 55mm, 60mm, 65mm,70mm, 75mm, respectively.

To develop a complete three-dimensional understgnali the resulting wave structures, planes
along the z axis were generated. Front views «felptanes are shown in figure 4.55. The
sequential planes illustrate the curved naturdéeféflected wave from the hill surface. The
planes clearly illustrate a Mach stem forming whéeereflected surfaces from the wedge and
hill amalgamate. Therefore, the reflected waveersaly become the incident waves of the
Mach reflections. Two triple points result, wittMach stem developing on the wedge surface
and another Mach stem developing on the hill serfdtie Mach stem surfaces, in a three-
dimensional sense form a lopsided upside down geskarface, initially starting off with a wide

entrance upstream and closing up to a point atnttident wave.
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Figure 4.55: Sequential density contour plots for triangudr hill, taken in the x-y plane in steps of

5mm along the z axis.

To obtain a complete three-dimensional numericalgenof the reflected shock surfaces, planes
along the x and z axes are superimposed, as smofigure 4.56. The incident shock, the wedge
reflected surface, the hill reflected surface drelMach stem off the hill can all be seen in the

figure.

Reflected surface
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Mach stem off hill

Reflected surface
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Figure 4.56: Isometric view of superimposed planes for triangar hill.

4.7.2 Summary of results for various hill configuraions

Two more hill configurations were investigated,gl@lic and conical, with the same wedge
angle of 60 degrees. It was found that the getfleralpatterns for these configurations were very
similar to that found for the triangular hill. Tireages obtained through experimentation and

numerical analysis for these two hill configuraare presented in Appendix E5.
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Schlieren images obtained for the parabolic andcabhills are similar to those found in figure
4.52. The regular reflection off the wedge surfacgeen for the first time delays. As the incident
wave advances downstream regular reflection oauffithe hill surface as well. The reflection
point for both the parabolic and conical wedgeaeg$ is visible in the first images becoming
blocked out by the opaque nature of the manufamunaterial as the incident wave advances.
The reflection point off the hill surfaces is sad@arly for these configurations until they move
out of range. The resulting reflected wave follawsimilar contour as the hill. As the incident
wave advances downstream, a resulting double {pipilat is seen for both configurations. The
triple points tend to migrate away from each otieethe incident wave advances. The Mach
stems generated from the triple points, one coinigthe wedge surface and one the hill surface,
are also seen in the images. In the last imagegeaheration of a corner signal at the top of the

wedge is seen.

Numerical two-dimensional images at sequential til@ays were produced for the parabolic and
conical hills, similar to those in figure 4.53. &two-dimensional images compared directly to
the experimental findings. The regular reflectidhtioe wedge and hill surfaces is depicted in the
images. The reflection point of the reflection i€ hill surface can be seen in the first images,
there after the point moves out of range. The amiymal generated at the bottom of the wedge
is depicted in all the images. The generation efdbuble triple point and the resulting Mach
stems is seen clearly for the parabolic hill. Thacklstems are curved, one initiating from the
wedge surface the other from the hill surface.ofner signal is seen for both configurations at
the top of the wedge. A weak influence of a cosignal generated at the base of the conical hill

is seen in the images.

In order to determine the three-dimensional refliécthock surfaces, planes along the x axis were
generated at a single time step for both confignmat similar to those presented in figure 5.54.
The regular reflection off the wedge surface imdedhe first few images for both

configurations. As the incident wave interacts wviita hill, regular reflection occurs off its

surface. The reflection point off the hill surfaz@uld only be depicted in one of the images for
the conical hill, otherwise it moved out of rangel@nly the resulting reflected wave is seen. The
double triple point for the parabolic hill can aghie seen in the images as the incident wave
interacts with the hill. The resulting Mach stera afso depicted in the images, as well as the

corner signal generated at the top of the hillsTdarner signal is also present for the conicél hil
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To develop a complete three-dimensional understgnali the resulting wave structures for both
the parabolic and conical hills, front view imagamilar to figure 5.55 were developed. The
sequential planes illustrate the curved naturéefréflected wave from the hill surface. The
planes clearly illustrate the double triple pointddhe two Mach stems found for both the
parabolic and conical hills. The double triple gosseen to form where the reflected surfaces
from the wedge and hill amalgamate, resulting ia btach stem developing on the wedge
surface and the other developing on the hill sa;fas before. The Mach stem surfaces, in a
three-dimensional sense form a V (on its side) staurface with one side of the V rounded for
the parabolic hill and a lopsided upside down Upsldesurface for the conical hill. The surfaces
both initially start off with a wide entrance ugsam, closing up to a point at the incident wave.

This surface is much narrower for the conical hill.

To obtain a complete three-dimensional numericalgenof the reflected shock surfaces for all
the hill configurations, planes along the x anc&esaare superimposed, as shown in figure 4.57.
The incident shock, the wedge reflected surfaeehtt reflected surface and the Mach stem off

the hill are all seen in the figure.

a

Figure 4.57: Isometric view of superimposed planes for hitonfigurations.
A) Triangular hill B) Parabolic hill C) Conical hill
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