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OBJECTIVE

The research work on this project is concerned with the experimen-
tal determination of the density fields around a model at various times after
it is struck by a shock wave. The shock waves are produced in a shock tube
and the density fields are determined from Mach-Zehnder interferometer photo-
graphs. The problems to be studied were requested by the Armed Forces Special
Weapons Project; they are the diffraction of Mach stem shocks and regular
shock reflections over a square block.

iv
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I. INTRODUCTION

This report describes the results of experiments done with the Uni-
versity of Michigan 2" x 7" shock at the request of the Armed Forces Special
Weapons Project. These experiments were concerned with the effect of a "Mach"
shock-wave configuration striking an obJject of square cross section.

The method of generating the Mach configuration, the diffraction
pattern observed when this configuration interacts with the block, and the
interpretation of this pattern will be described briefly below and in more
detail later in the report.

The Mach configuration is generated by placing a wedge in the ob-
serving section of the shock tube. When the diaphragm separating the high-
and low-pressure chambers of the tube is broken, a plane shock wave travels
down the tube and strikes the wedge (see Fig. 1). If the angle of incidence

Prod /Expansion chamber
/ | —
\ I 7N L Block
‘ :: D' h l’_..ShOCk l
e Diaphragm
)4 | > 7
/Compression chamber Wedge

Fig. 1. Shock tube.

(angle between normal to shock and normal to wedge face) is sufficiently near
90°, the shock wave will break into a three-shock configuration commonly called
a Mach configuration. This shock-wave configuration may be described as fol-
lows: The incident shock does not extend to the wedge, but at a point above
the wedge, the triple point, it branches into two shocks. One of these, the
Mach stem, extends down to the wedge and meets it normally, while the other,
the reflected shock, extends from the triple point into the region behind the
incident shock. There is also a density discontinuity which extends from the
triple point into the region between the reflected shock and the Mach stem

(see Fig. 2).

The pattern described above grows linearly in time about a point,
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le— I ncident shock

Triple point
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LMr.\ch stem
Fig. 2. Mach reflection at the wedge tip.

called the center of similarity. The center of similarity is, of course, not
stationary but moves downstream with the gas behind the shock.

The experiments which were performed on the shock tube were not con-
cerned directly with the generation of such a configuration, but with the in-
teraction of the configuration with a block mounted on the wedge. Since the
face of the block lies on the wedge surface, and since the Mach stem is normal
to the wedge surface, the Mach stem will be parallel to the other block face.
The incident shock on the other hand will make a small angle (90° angle of
incidence) with the same block face. As the various shock waves which make
up the Mach configuration strike the block, reflected shock waves will be gen-
erated which will interact with the other shock waves present as well as the
block. This leads to a complicated situation which is difficult to predict,
but which may be interpreted after the experiments have been performed.

The diffraction pattern is recorded with schlieren photographs and
a Mach-Zehnder interferometer. The monochromatic fringe pattern is photo-
graphed before the shock tube is fired. The shock tube is then fired and
pictures of the monochromatic fringes and the white-light fringes are simul-
taneously taken of the resulting shock-wave diffraction pattern.

When the two monochromatic interference patterns are carefully su-
perimposed and observed over a light table, lines of constant fringe shift may
be observed. Because of the relation between the fringe shift and the density,
these lines are also lines of constant density, isopycnics, of the diffraction
pattern. The white-light fringes allow one to determine the absolute fringe
shift across the shock waves and thus the absolute density in the various re-
gions of the field. Hence, one is able to measure experimentally the densities
in the various regions of the diffraction pattern.
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IT. MACH REFLECTION

In these experiments we are considering the effect of a Mach config-
uration of shock waves interacting with a block. In order to determine what
results are to be expected it is necessary to know something about the struc-
ture of the Mach configuration.

Before we discuss the shock-wave patterns it might be appropriate to
discuss the behavior of a sound pulse striking the wedge, and to see in what
fashion this behavior must be modified to account for the nonlinear nature of
the shock wave. In other words, we would like to deduce qualitatively the be-
havior of a shock wave striking a wedge from the corresponding behavior of a
sound wave.

The theory of the behavior of a sound wave striking a wedge is due
to Keller and Blank and appears in Comm. in Pure and Applied Math, L4, 75 (1951)

Huygen's principle is applied to the sound pulse at the time the
pulse strikes the wedge in order to determine the subsequent behavior. The
result is that a circle of radius ct 1is generated about the wedge point,
where c¢ 1is the sound speed and t is the time. The incident sound pulse
extends down to the wedge, where it is met by another sound pulse which makes
an angle equal to the angle of incidence with the normal to the wedge. This
pulse will be tangent to the circular pulse. This pattern expands in time
about the wedge tip (see Fig. 3a).

If it is assumed that the relative pressure change across the inci-
dent pulse is of order e, then the relative pressure change across the re-
flected shock will be equal to this, whereas there will be no discontinuity
in pressure across the circular pulse.

Hence, the pressure is known in the field except for the interior
of the circular wave, where it may be found by solving the wave equation.
Keller and Blank solved this equation in their paper and found the pressure
in this region.

If the initial pulse is finite in amplitude we will have to deal
with shock waves instead of sound waves. The nonlinearity of the correspond-
ing equations makes the solution of the problem very difficult. It is clear
that for sufficiently weak shock waves the solution of the problem should be
close to the sound-wave solution.

The first result to be noticed is that the shock wave induces a
flow in the gas it passes over. This flow will cause the circular pattern to
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move forward relative to the shock wave, and if the angle of incidence is suf-
ficlently small the circular wave will actually intersect the incident wave.
The part of the incident shock wave which lies below the point of intersection
will become distorted since it is Jjoining a region of constant pressure and
density to a nonuniform region. This wave will be the Mach shock. It will
evidently meet the wedge normally, since it must cause the disturbed flow ve-
locity at the wedge to be parallel to the wedge. This shock is ordinarily ap-
proximated by a straight shock from the intersection to the wedge, normal to
the wedge.

The circular wave is also disturbed. It becomes a finite shock wave
which meets the incident and Mach shocks at the triple point. This leads to a
configuration of three shocks meeting at a point, which is not possible ac-
cording to hydrodynamic theory. Thus, it is necessary to introduce another
discontinuity in the flow. The only possible place for this to occur is in
the disturbed region between the circular shock and the wedge. This is called
the contact surface (see Fig. 3b).

Flow —= P Incident
shock
AP Po Contact
P c€ surface Po
0 \ w W Incident sound
w wave Reflected
Disturbed shock Mach stem
region
9 / w Center
/0 Ap
P =2¢
TTTTTTITTTT - ° TV
a. Sound reflection. b. Shock reflection.
Fig. 3.

Thus, we have the ordinarily observed Mach configuration. The the-
ory of Mach reflection of shock waves for small angles appears in the paper
of M. J. Lighthill, Proceedings of the Royal Society, A198, L5k (1949).

In a sufficiently small region surrounding the triple point we may
treat the various waves as if they were straight. In this case the problem
may be completely solved giving the local behavior of the waves and gas in the
vicinity of the triple point. The results appear in Courant and Freidrichs,
Supersonic Flow and Shock Waves, Chapter IV. The most important result of
such a study is that Mach reflection is not possible for any combination of
angles and shock strengths but is limited as shown in Fig. k4.

From Fig. 4 it is seen that Mach reflection is limited to small wedge
angles, and as the shock becomes weaker the angle of incidence necessary to
produce Mach reflection becomes larger.

L
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Fig. 4. Regions where regular re-
flection may and may not occur
(Fig. 54, Courant-Freidrichs).

IIT. DIFFRACTION

In the experiments performed on the diffraction of the Mach configu-
ration, the incident shock was relatively weak except in the case of the 30°
wedge where pl/po =2, If we omit this case from our considerations tempor-
arily we may interpret the remaining patterns in terms of sound waves. In
particular, we will neglect the contact surface and treat the other waves as
linear.

For the 15° wedge and weak shocks there are two essentially differ-
ent types of behavior. First is the behavior when the Mach stem is one-half
the block height upon contact. The other case is when the Mach stem is either
one or two times the block height.

Let us treat the latter case first, as it is the simpler. Iet T
denote the distance of the triple point from the initial block face, in units
of the block thickness, measured parallel to the wedge. For T < O there will
be no interaction, and at T = O the interaction begins.

For O < 7 < 1 the Mach stem which is the only wave to interact with
the block will split into two parts. One will be reflected and the other
transmitted. If we treat these as sound waves their speeds will be the same,
but for shock waves the reflected wave will travel faster. A circular wave
will be generated at 7T = 0. This wave will be tangent to both the incident
and reflected waves. In the linear case this wave will have its center on the
initial corner of the block, and in the case of finite shock waves the center
of this wave will be blown downstream with the flow.

5
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At 7 =1 the Mach stem generates a circular wave upon interacting
with the trailing edge of the block. The lower edge of the circular wave is
reflected from the wedge surface and upon reflection generates another small
circular wave from the corner between the wedge and block.

For 1 > 1 the waves produced thus far interact with the wedge and

block and the wave pattern may be calculated by means of Huygen's principle
(see Fig. 5).

|/
T<O0 o< T <l I<T<2
(a) (b) (c) ////,
2<T<K3 3<T <4
(d) (e)
Fig. 5. Sound waves produced for interaction with

Mach stem initially twice the height of block.
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If we now consider the case of the Mach stem of one-half the block
height at 7T = O interacting with the block, we see that the situation will
be somewhat more complicated.

The incident shock will in this case be the first to strike the
block. We will get the same Mach pattern at the top of the block as was ob-
served when the shock struck the wedge, since the top surface of the block is
parallel to the wedge surface. The pattern observed on the front surface of
the block should be one of regular reflection.

For 17> 0 the following will be observed. The Mach wave will move
backward after reflection from the block. It will be joined at the top by a
wave reflected from the reflected shock of the original configuration. The
circular wave generated by the incident shock will continue to grow and join
these other waves as shown in Fig. 6. For T > 1 these waves will interact
according to Huygen's principle with the edges of the block and the wedge.

First refl.

Inc. shock

First refl. Inc. shock

Mach stem Mach stem

Original
Original refl.
refl. >
P | 1Original Mach stem P  |Original Mach
d - stem
T7777 7777777777777 777777 7777777777777 7777777
a. Formation of reflection. b. Growth of reflection.

Fig. 6. Interaction for Mach stem initially one-half block height.

We might now mention the case of the 30° wedge in which case the
shock strength Pl/Po of the initial wave equals 2. 1In this case the contact
surface is evident. The shock is so strong in this case that a linear treat-
ment is unreasonable.

Several features of this case might be pointed out though. First,
it should be noted that a Mach configuration is generated when the incident
shock strikes the block as above. The reflected shock of this configuration
again interacts with the reflected shock of the original configuration as well
as the contact surface. Second, it should be noted that tempersture differ-
ences can be detected in various regions of the flow by noting the relative
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speeds of a particular wave in several regions, e.g., on either side of the
contact surface.

The detailed behavior of the gas in the various regions has not as
yet been calculated theoretically, but the waves generated when a sound wave
strikes the wedge can, of course, be treated by means of Huygen's principle
as above. No progress at all has been made theoretically for such problems.

IV. EXPERIMENTS

The experiments consisted of nine series of shots. For each series
we have Included four schlieren pictures and several tracings of the isopyc-
nics. All but one of these series was performed using a 15° wedge giving a
75° angle of incidence. The last series was performed using a 30° wedge.
Table I gives the data for the various series including the block size, in-
cident shock strength, and the height of the Mach stem at T = O.

TABLE T
Angle of Block Incident Mach Stem Rel. Mach
Series Incidence, Height, Pressure Height, Stem Height,

degree in. Ratio in. in.
I 75 1 1.17 1/2 1/2
II 75 1 1.17 1 1
111 75 1 1.22 1/2 1/2
v 75 1 1.22 1 1
v 75 3/k 1.22 1-1/2 2
VI 75 1 1.33 1/2 1/2
VII 75 1 1.33 1 1
VIII 75 3 /h 1.33 1-1/2 2
X 60 1 2.05 1/2 1/2

For the 75° cases the maximum shock strength was 1.33 and thus these
results should agree approximately with the linear theory. Series IX has a
shock strength of 2 and thus should be less in agreement with linear theory.

The gases used in the expansion and compression chambers of the shock
tube were nitrogen and hydrogen, respectively. These gases were at room tem-
perature initially and the pressures were adjusted to give the desired shock
strengths.
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The desired shock strengths were 1.15, 1.2, 1.3, and 2. These
strengths were computed by noting the time for the shock wave to move a fixed
distance. The time was measured by means of an electronic scaler. In our ex-
periments the scaler was found to have a lO-microsecond lag which caused all
times to be approximately 10 microseconds too great. Thus, the shock strengths
calculated were too small. This was taken into account in the final prepara-
tion of the report, and the adjusted shock strengths appear here.

After the shock strengths had been determined several test shots
were taken to determine the manner in which the Mach stem grew with time.
The block was then mounted on the wedge at such a position that the relative
height of the Mach stem at T = O was as desired. For the 1/2 and 1 ratios,
a l-in. block was used. For the 2 ratio it was necessary to use a B/M-in.
block in order to keep the flow within the field of the shock tube windows.

For the 30° wedge only a l/2-in. Mach stem could be produced, this
is shown in series IX.

In each series two types of photographs are included. First, a
group of four schlieren photographs show the locations of the various shock
waves at several different times during the interactions. Second, the remain-
ing photographs in each series were interferograms. For each shot in this
group three pictures were taken:

1. a monochromatic no-flow interferogram,
2. a monochromatic flow interferogram, and
3. a white-light flow picture.

The monochromatic no-flow interferogram was taken shortly before the
shock tube was fired but after the pressure in the expansion chamber had been
set. This picture gives a series of fringes which may be used for reference
purposes. The shock tube is then fired and the monochromatic flow interfero-
gram as well as the picture of the white-light fringes was taken.

The flow and no-flow interferograms were enlarged onto 8" x 10"
Kodalith films. A contact print of the enlarged no-flow interferogram was
made on another sheet of Kodalith film.

When the enlarged prints of the flow and no-flow interferograms
were superimposed over a light table the regions in which the dark fringes in
the one picture crossed the light fringes in the other could be easily seen
and were traced on a sheet of frosted acetate placed over the two pictures.
These regions represented regions of half-integral fringe shift. When the
contact print of the enlarged no-flow interferogram was used instead of the
original, the region of integral fringe shift could be traced.

The white-light fringe picture allowed one to measure the jump in
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density at each shock wave, and in particular was used to check the incident
shock strength. A typical no-flow monochromatic inteferogram is shown in Fig.

7, and the corresponding flow interferogram is shown in Fig. 8. ¥Figure 9 is
the white-light interferogram used to trace the density Jumps across the shock
waves,

Fig. 7. Monochromatic no-flow fringes.

V. DATA REDUCTION

In order to make it possible for the reader to compute the densities
and pressures in the flow field around the block, a brief sccount of the theory
of fringe shifts will be given. The gas density and the index of refraction
are related by

nml'}'K'& <l)

8

where pg is the density at 0°C and 760-mm Hg pressure, and K is known as the
Gladstone-Dale constant. Before the shock tube is fired the density in the
tube, which will be called p,, is known,

When the tube is fired a photograph is taken of the interferometer

10
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fringes, which are now shifted. The density in the test section, and hence
the index of refraction, are no longer constant but vary from point to point.
The index of refraction is related to the variable density p by the above
equation. The increase in optical path length at a particular point in the
field™ due to the change in the index of refraction is (n - n,)L, where L is
the thickness of the test section and 1y is the index of refraction corres-
ponding to Po- According to Equation 1 this increase in optical path length
is then given by

2 (- Po)
Ps

The phase shift of the light corresponding to this increase is
2x/N (increase in optical path length)

where A 1s the wavelength of the monochromatic light. The fringe shift,
measured in units of the fringe spacing, is just the phase shift in units of
2. The fringe shift at a particular point in the flow field will then be

given by
IK\ 1 LK 273 . vo ([p
n = - - = - T " — — - 2
<x o o) = T e (2 (2)
or
n = C £ where ¢ = 1X . gzz . Po
o A 760 T,

The lines of constant fringe shift, or isopycnics, are shown on the tracings,
and they are numbered by the total fringe shift from the undisturbed gas of
density p,. Therefore, by the above equation one may calculate the variable
density p at any point in the flow field

The absolute numbering of the isopycnics could not be determined
from the monochromatic fringe pictures alone. It is impossible to find the
Jump in fringes across a shock wave. This difficulty is overcome by taking
a white-light fringe picture simultaneously with the monochromatic fringe pic-
ture. The central fringe in a white-light interferogram can be easily distin-
guished from the others so that across a shock wave the fringe jump, and there-
fore the density jump, can be found. Ideally, one would try to take the white-
light interferograms in such a way that the central fringe passes across all

*The flow field is two-dimensional so a point refers to a narrow cross section
across the width of the tube.

12
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the shock waves present in the flow field. This is, of course,not possible

in our case since there are so many shocks present. But one can place this
central fringe so that it cuts the important shocks, i.e., incident and re-
flected shocks. The remaining shocks are weak enough so that the fringe shift
is less than unity, and hence the shift can be determined directly from the
monochromatic interferograms.

As long as the shock waves are weak, the pressures may be determined
fairly accurately by assuming the flow is isentropic behind the primary.shock
wave. The pressure ratio across the primary shock wave is given by the well-
known Rankine-Hugoniot equation

1 - {2+ 1 D£>
D1 _
by © (7-1 Po (3)
pa_r+1
Po y -1

where y is defined as the ratio of the specific heat at constant pressure to
the specific heat at constant volume. If, then, the flow behind the primary
shock is assumed to be isentropic,

» oo\ omafeo) (oY _ B feo [, nY )
Po = Po \p1 "~ Po \p1 Po ~ Po \p1 o) oo

1
Cz_&-l

n1 \pPo

But

where n; 1s the fringe jump across the primary shock. Therefore,

2o (e (feeY |14 2le )| . (5)
Po Po P1 ni \ po

The calculation of the pressures from the isopycnics when the re-
flected shocks are strong is a very complicated process. The entropy behind
a strong curved shock, for example, is not constant throughout the field but
only along a streamline. Because of the difficulties involved in such calcu-
lations, they will not be discussed in this report. For the information of
the reader the following constants are listed:

L = 5.10 cm, thickness of test section;
N = 5170 A, wavelength of monochromatic light used; and
K = 299 x 1077, Gladstone-Dale constant for nitrogen.

15
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Pressure.............coooiiiiiinl . Pb= 737 mm Hg.

Shift across incident shock...
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SERIES VIII

Shock strength......................

Mach stem height.................

Block height.........c..ooeoeiini,

Angle of incidence..............

Density ratio.......cccovevvinn. ...

Pressure......ccoouioieue i,

Shift across incident shock...
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n, =575
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SERIES IX

Shock strength...................... y =2.02

Mach stem height................. /2

Block height...c..ooovviiiiniiiil.

Angle of incidence.............. 60°

Density ratio.......ococevvvninnn. —;,’é—= 1.630
Pressure.......ocooeveeveneinennnnn. P,=500 mm Hg.

Shift across incident shock... n,=11.56
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T=1/6
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