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CHAPTER I

INTRODUCTION

1. THTRUDUJCTIOK

The interaction of plane aerodynamic shock waves in a uniform
channel cross sectional area is a subject that has attracted steadily
increasing attention in recent years. Much of the early work was con-
cerned with relatively complex physical situations, such as the interac-
tion of shocks with grids, ports and other abrupt and often convergent -
divergent changes in channel area, but orogress in this field wss some-
what limited until relatively recently when ntténtion was directed to
shock interactions with the elementary forms of channel area cﬁange.

This present work is an experimental study of the interaction of
shocks with a narticular form of area change. The 2" x 7" shock tube
and associated Mach-Zehnder interferometer system in the University of
Michigan Physics Department were used in zn effort to compare some
calculated values for this interaction, derived from a theory by
Laporte, with interferometrically deterriined values for the wzave
strengths arising from this interaction,

In Chapter I, there is first an introduction to the general nature
of the channel configuration used for this study and to the nature of the
flow vatterns in the various regions of interest in the shock tube. Next
there is a fairly detailed outline of Laporte's theoretical analysis of
the shock-convergence interaction. In addition there is a survey of the
relzated liferature. including some work which, while it does not bear

directly on the narticular experimental conditions of this resezrch,



dcea point out some of the only - recently - appreciated prcperties of
the “zeic equations on which the theoretlcal analysis of present inter-
est 1s based.

Chapter II s a detalled description of the experimental apparatus
and the configurntionsrof the models used in this experiment. Puart-
icular emphasis is placed here on béinging up Lo date those desc?iptiona
of the state of the shock tube aund its associated equipument that were
contained in previous reports froum thils project and also on descriving
in detail tne features of our particular Mach-Zehnier interferometer,
whicli have not been discussed in any of tﬁe earlier project reports. -

In Chaptér II1, we report on the various experimental procedures
used in ovtaining interferograms and in deiermining values of the
shock strengths from them. This chapter also includes a discussion of
a phenomenon which cbmplicates the measuring ol large-magnitude iringe
shifts across flow diacontinuitie;. Only recently was this phenomenon,
termed "roll over" by Curtisﬂh, first described in terms appropriate
for application to interferometric measurements of shock waves, 80 the
description given of it here is suitably detailed.

In Chapter IV, which is concerned with correlating theory with the
experimental results, we first consider the nature and magnitude of thue
experimental factors that limit the precision with whnich the resultant
shock strengths can be measured Ly the techniques we have used. This
is foilowed by a section treating some additioms3l details of Lzporte's
analysis; this leads up to & dlscusslon of the problem of reducing
this analysis to en efficient calculating program. This program is

described, and the resulting calculated values,along with previous calcu-
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lations by Laporte and also some calculated values based on another less

exact theory,are displayed. The last sectiom of this chapter inmcludes
the results of the experimental measurements of shock strengths arising
from the shock-comvergence imteraction, also some observations on the
correlation of these results with theory, amnd finally an attempt to
account for some unexpected "regularities” in the experimental results.
The l2at chapter deals with the extent to which the theory wvas
confirmed by this experiment, and offers the conclusions that can be
drawvn from this research. It is concluded with & series of recommenda-
tions both for improvements in the experiment&l procedures used here,
and also for additional related experimental research that, it is felt,

would be of value in this aree,

5. LAPORTE'S THEORY OF THE SHOCK - CONVERGENCE INTERACTION

Several years ago, Laporté’conaidered the interaction of & plane
shock wave of low to moderate strength with a particular class of models
for the conventional shock tube. In the course of this study, attention
was focused on one of the component parts of thie interaction,
~i.e. the interaction of a plane shock with a simple gradual monotonic
vchange in the cross sectional area of the shock tube - a continuous
change connecting a channel of uniform cross section to another channel
of smaller umiferm cress sectiem. The configuration ef concern here, in
{ts elemental form, is shewa in Fig. 1. The corresponding time-history
of the locations of the various shocks is indicated by the x-t plot of
Fig. 2b for the unchoked case.

The theories for the varioua-eimple wave interactions would lead

one to expect (the mest qualitative observatiens ef the flow bear
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Figure 1. Schematic wave diagrams for the solutions

"in the large", showing the locations of the waves
and flow regions before and after the interaction,
for both the unchoked- and choked- flow cases.



Fie.2A
CHOKED

70000

-—

Note that Sj enters
frcm the lover left
and that the converg-
ing section is treated m
as if it has no extension

slong the length
of the tube,.

Y

Fi6.28
UNCHOKED

Figure 2. Distance - time (i.e. x-t) diagrams for the
interaction of an incident shock §i and a channel -
area constriction, in the cases both of chuked and un-
choked flow through the constrictions.




this out) that the following flow pattern would eccur. A portion of the
incident shock"é'i penetrates through the converging section into the
narrover channel and eventually forms a plane shock Sc of
greater shock strength. A portion of‘gi is reflected from the
converging section, and éspecially from the leading edge of the con-
vergence. Eventually, in the case of low and medium shock strengths,
the reflected wave forms an upstream-facing plane shock.g;t that more
or less gradually moves upstream from the converging section. Between
these two extremities of the region of interaction there are typlcally
a number of complex wave patterns, both deriving from the interaction
of the flow (that follows after‘gi) with the convergence and also
left behind as remnants of the formation processes of‘gg and §;t.
Problems of thié general nature had been of concern to & number of
earlier workers in this field, but with few exceptions they had either
Pixed their attention on the locel details of the shock-convergence
interection or had been concerned with composite geometries, usually
of the convergent-divergent type. The essential simplification of
this problem, which opened the way to later generalizations and
extensions, wes the hypothesis of the solution "{n the large". That
is to eay, if the change in channel area is continuous and suitably
gradual, the local detalls of the interaction with the convergence
can be neglected insofar as they qffect the strengths of the trans-
mitted and the reflected shocks when these are observed sufficiently
far away from the converging section. Thus, confronted in reality
by a number of interacting weak waves in the vicinity of the area

change, one assumes & much simpler wave diagrem that 1s presumed to be



essentially equivalent to the actual physical situation.

In the simplest case, this wave diagram, Fig. 2a, consists of
plane shocks.gc andﬁsrt, end of an interface I in the narrower channel.
This interface marks the boundary between, on the one side, gas that
was originally in the constricted channel and was then singly
compressed and accelerated by EL and, on the other side, gas that wvas
- {nitially in the main channel, wes passed over by —gi and grt. and then
flowed through the converging gection into the constricted channel. It
{s further implicit in the wave diagram that the gas flow behimd?;rt,
with net flow velocity i;_, passes smoothly and without turbulence
through the converging section, and that the entire region from Ert to

the interface in the narrower channel is isentropically comnected. An

interface is not a wave being propagated with respect to a gas flow
but is a boundary (with no mass flow across it) between contiguous
portions of the flow that have different values of temperature,
density and entropy . Pressure and flow velocity, on the other hand,
are contimous across the interface. It is just these conditions that
are used to "patch” the flow solution for the conditions in region 3
to the sclution for the conditions in region 2. The conditions in
region 2 are related to those in region C by the specification of the
channel shocklg;.

This form of solution holds so long as the Mach number {(i.e. the
local flow speed in laboratory coordinates divided by the local soupd
speed) of the flow, which is less than l behind?grt can remain less
than 1 throughout the converging section. Now suppose that the ratio

of the cross sectional area of the main channel to that of the




constricted channel (i.e. the area ratio R ) is held constant while the
s£rengt.h Yo of the incident ahoci: 5’1 is gradually increased. Then the
Mach mmber M,‘, which increases monotonically with y o’ eventually attains
such a value Mcrit (< 1) that the effect of the comvergence is just suf-
ficient to make the outflow be sonic, i.e. to raise the flow Mach mumber
H5 at the ocutlet of the converging section to the value 1. It is a basic
princ:lpleao of gas dynamice that a steady-state gas flow in a variable-
area channel cannot be changed from & subsonic to a supersonic flow state
or vice versa save by the occurrence of at least a local minimum in the
channel area, i.e. by the occurrence of a throat. Since we have in this
experiment only half a throat, i.e. a monotonic constriction, then

Mh‘ 1> M55 1. As Yo 1s gradually increased still further, M, mst re-
main fixed at the value M

crit
ues to increase monot;:onically with the incident shock strength y ..

, but the channel-shock strength Ve contin-
Clearly the flow speed {1'3 at the outlet of the convergence, limited in
its increase by the condition M) = 1, will no longer be directly connect-
able to the steadily increasing value of '\1’2 Thus another element 1is
added to the wave diagram — an upstream-facing rarefaction wave ﬁ with
its head fixed at the end of the convergence — anchored, so to speak,
against being swept downstream with the flow. This is shown in Fig. lc;
the corresponding x-t plot is shown in Fig. 2b. The effect of ﬁ is to
overcome the deficiency in "u’s and also to reduce p.j so that the velocity-
and pressure-matching conditions at I can continue to be met. Mh remains
fixed as Yo is further increased; the flcv through the area change is in
this case conventionally referred to as "choked", because the mass flow
per unit area passes through a maximum when M5 has Just reached the

value 1.



To be sure, not all the features of the theory that have been
touched upon here were introduced for the first time by Laporte,
but as far as we know, his report was the first to
include all these features in a single theory. We shall try in the
next section to relate this particular theory to other earlier and

subsequent workes on the same general subject.

3. SURVEY OF RELATED LITEﬁATURE

As noted previously, most of the early work on the interaction
of plane shocks with simple convergent channel-area changes was either
concerned with the details of the flow variations in the immediate
vicinity of the converging section, or else was done with models of
morg complex geometry, such as a convergent-divergent geometry. Of
this latter class, probabl& the most noteworthy of the early works
was that oﬂ,DosanJhE, who studied the passage of plane shocks through
a fairly thick plate perforated by a large number of close-spaced holes.
In most of his work, the perforated plate was parallel to the incident
shock. His shadowgraphs showed the transmitted and reflected shocks,
both quite rapidly formed from the multitude of wavelets. Because of
the discontinuocus nature of the area changes he was etudying, the
"{nterface” in his case was the leading edge of a highly turbulent
region. 3ince he observed that the velocities of the transmitted and
reflected shocke remained essentially constant once the waves were fully
formed, it can be said that in a sense he was studying the flow
situation "in the large", as described below. EKewever, having ob-
served the relatively constant shock speeds, he could not take the

essential next step of hypothesizing a simplified wave diagram
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because with his abrupt-area-change model and the highly turbulent
flow that it induced, he could not.simply connect the flow regions

on the two sides of the perforated plate. It should also be noted that
he observed an almost standing shock, located just downstream of the
plate and facing upstream, that was equiyalent to the standing shock
in tﬁe diverging part of a converging-diverging nozzleéj.

Sc far as is known, Kahane et. g.;.j were the first actually to
shift their attention to the solution "in the large", that is, to
suggest that at a time long enough after the interaction of the
shock with the area change, all the secondary waves arising from the
interaction will have died away or have caught up with the main shocks
or, in the choked-flow case, have amalgamated to form the standing
rarefaction vave. The complex pattern of weak waves in the vicinity
of the convergence can then be approximated by simpler wave dlagrams
that are essentially similar to those described in the previous section.
The assumption of simple isentropic flow through the converging
section, the interposition of an Interface following'after the trans-
mitted shock (to allow for the non-isentropic nature of the shocks),
the introduction of  with its'head anchored at the outlet cf the con-
verging section - these features of the shock-convergence inter-
action were included in a single theory apparently for the first time
in this paper.

One of the differences between Kahane's and Laporte's theories
is that Kshane treated the shocks for the most part as isentropic
compression waves, although he asserted that an analytical refine-

ment allowed him to treat the incident shock wave separately
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ag if it were a shock during during the time when it wae in the conver-
ging section. Thie isentrcpic approximation mede possible a direct
graphical solution for tﬁe strengths of thé transmitted and reflected
firite-compreesion waves. This Kahane achieved by plotting the ratio of
the flow Mach mumber at the outlet of the converging section to the flow
Mach rmumber at the inlet, with as the peirameter, then superposing on
this a graph of the same flow Mach mumber ratio using as the paremeter
the ratio Ph/Q2, vhere P = P, is the left-facing-wave Riemann invaeri-
antel appropriate for g—t (which vas treated as a finite compreesion
wave) and where Q = Q = Q,3 is the corresponding right- facing-vave in-
variant for S and for the entire region within tne constricted channel.
Even though the interface I was indicated on Kahane's wave diagrams, his
use of the isentropic approximation implied that his mumerical calcula-
tions were in error at least to the extent of the magnitude of 1.
Another difference between Kahane's work and that of Laporte is the
following. Kahane's formulation of his problem would lead one to expect
the wave strengths themselves to be the principel objects of interest.
However, Kahane's experimental work was exclueively concerned with
the time historiees of the densities near the inlet and the outlet
of the converging section (and of the diverging section, since he |
studied both kinds of area change); the strengths of the main waves
generated by the interaction were not dealt with at all. In a cer-
tain sense this permitted him to achieve better results, since the

flow in the immediate vicinity of the outlet of the converging section
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became stabilized quite quickly; thue none of the difficultigs caused
by the incomplete catch-up of the trailing waves were met with in this
work. Another interesting limitation in this work was that, while
the notions of chnked flow and standing rarefactions were introduced
into the theoretical treatment, the strongest shocks used in our
experiments (y, = 5, M = 6, R = 2) were Just at the lower edge of the
choked-flow regime. A last interesting, though minor, point of con-
trest, assoclated with the neglect of the main shocks produced by the
interaction, was Kehane's display of all his results as density ratios
rather than as pressure ratios.

Following the publication of Laporte 's work, Chisnelf’treated the
general problem of the interaction of a shock and an infinitesimal
area change that connects two tubes of constant cross section. From
this he obtained a differential equation %g = f(y,A), vhich he inte-
grated to achieve a closed-form function f(y), such that Af(y) is a
constant acroes a finite area change. Involved in this derivation vere
the assumptions that the interaction, in the converging chaﬁnel, of
the reflected wavelets with the main shock could be neglected and that
the average shock strength over the area of the shock would remain essen-
tially corstant in time, once the shock emerged from the converging
gection. The relation of this latter assumption to the notion of the
solution "in the large" is evident. It is also of interest to note
that this solution is equivalent to the technique of considering a
given continuous area change as & series of constént-area tubes
connected by area discontinuities, then letting the individual disconti-

nuities become infinitesimal. Chienell 's work also included the
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specialization of his general solution to the cases of cylindrical
and spherical tlow, and also a compariaon of the resulting solutions
with earlier work on that subject.

Scon thereafter, Bird5 reported on a series of schlieren wave-
speed measurements deeling with the effect of the shape of the conver-
ging section on the degree of strengthening of the transmitted shock.
In particular, for a fixed area ratio and a fixed incident shock
strength (such that the flow through the convergence was very definitely
choked) the shape of the convergence was varied from a single area
discontinuity to a smooth gradually converging section with a 15° half-
angle and with rounded shoulders at the inlet and the outlet. The
resulting values for the shock strengths "in the large", derived from
the shock speeds, were measured with a claimed precision of 1%. They
wvere found to approach, in the case of the smoothest and most gradual
of the converglng sections, within about 10% of the theoretical value
for the transmitted shock strength as calculated from Crisnell's
theory. It should be noted parenthetically that it was dirficult to
vrderstand, on the basis of the examples of typical wave-speed plctures
iﬁcluded in this paper, how Bird could measure his shock speeds to a
precision of 1/2 % in order to assure his claimed 14 precision in his
shock strength values,

The particular distinctions hetween this work and ours include the
fact that Bird's experimental values of the shock strengths were
derived from the shock speeds — the dependence here being a dynami-
cel one — while our experimental values were derived from the

discontinuity across the shock of one of the stete parameters of the
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gas, in this case the discontinuiiy in density. Furthermore, Bird's

work was don;e exclusively with a single incident shock strength and a
single area ratio; he did not study the transition from the unchoked

to the choked flow regime.

Bird was eﬁidently the first to become aware of the fact that in
the regime of relatively strong shock waves incident on constrictions
of appropriately small area ratio (i.e. relatively shallow conver-
gences) there is a domain of values of the incident shock strength Yo
and the area ratio ® , in which two‘ quite different steady-flow
wave diagrams are both capable of fulfilling all the quasi-steady
boundary conditions for a single pair of values Yo and R . However,
it remained for Oppenheim6 to spell out the details of this "regime
of ambiguity" and to ettempt to resolve the ambiguity. In essence
the situation is as follows.

Assume that the choked-flow solution holds for a particular
choice of values of R and y . In thie case, the tip-reflected shock
grt serves to reduce the Macr-x number of the flow into the convergence
to Just that value Mcrit < 1 for vhich the effect of the convergence
will be to bring the flow to the sonic state M3 = 1 at the outlet of
the convergence. As Yo? and thus the flow Mach number Ml behind é’i’ is
gradually increasedz,z well into the regime of Ml > 1, the point will
eventually be reached if R is less than a certain limiting value
beyond which Hl can no longer be reduced to the value Merit by the ac-
tion of S:-t At this point the wave diagram changes from one with Srt
standing at the converging section inlet to one with no reflected shock,

in which the flow throughout the convergence 1is supersoric. For
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fixed and y, variable, we ghall call this transition ﬁoint the upper
bound for the occurrence oflg;t (see Fig. 17).

Now, on the other hand, let us begin with this latter condition
of the flow — with no §¥t and with entirely supersonic flow in the
convergence . Recall20 that the action of a monotonic constriction
on supersonic incoming flow is to reduce the Mach number. As Yor
and thus ihe value of Ml’ is gradually decreased, the point will
eventually be reached past which Ml would be so low that the effect
of the cemstrictien of fixed area ratioc /& would be to reduce the
outlet flow Mach number to less than 1. Hence, the flow selution
must change at this point to one with an upstream-travelling shock
§;t and with subsonic flow in the convergence. This transitionm,
egain for fixed R, is the lower bound for the absence of §¥t.

The ambiguity arises from the fact that for fixed A, the upper
bound for the occurrehce of g;t is at a larger value of Yo than the
lower bound for the absence of g;t' Thus between the two bounds is
a regime — the regime of ambiguity — wherein both solutions fulfill
all the usual flow conditionms. Cppenheim actually went even further
and postulated yet a third form of golution — one with a shockg
standing part way into the convergence — which was also supposed to be

an allowable solution in the interior of the ambiguous regime. By an

—

appeal to Prigogine‘e7 "principle of minimum entropy production”,
Oppenhe im determined that "nature's choice" for the solution in the
ambiguous regime was the standing shock, the location of which was
 presumably to be displaced upstream as y, vas decreased through this

regime, so that at the lower boundary of the regime, the stand ing shock
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would be at the inlet and would carry over directly to the grt
sclution.

It remained for Rudinger8 to attack this ambiguity from the
generic point of view. He considered the starting processes for the
flow in the converging section; for values of Yo and R in the
ambiguous regime he carried through detailed solutions by the method
of characteristics. From this he concluded that in the regime of
ambiguity, a reflected shock could not be formed, so long &s the
convergence vas monotonic. In addition he called belated attention to
an earlier work of Ka.ntrcwitz9 that indicated that a standing shock
within a convergent change in channel area would be unstable, and thus
need not be connidered>aa a possible steady-state solution in the
"ambiguous" regime — a regime that might better be characterized as
one governed by the transient starting flow.

In Oppenheim’'s calculations for the three possible wave solutions
for a particular set of values Yo and R within the ambigucus regime,
the entropy change across the transmitted shock was indeed the least
in the case of the shock standing within the convergence. If, however,
that solution ie ruled out as unstable, it is interesting to note that
the case with the next higher entropy change — the one that includes
2 's'rt — 1s Jjust the one that Rudinger found cammot be achieved. As
Rudinger pointed out, it is scarcely appropriate to attempt to apply
Prigogine's extremum principle (which, 1t is claimed, 1is useful, at
the most, in the case of neighboring possible solutions) to a case
with discrete, noncentiguous solutions.

It should further be pointed out that the ranges of area ratio
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and of incidemt shock stremgths used in our work were far removed
from the regime of "ambiguity". This is brought out in more detail

in the discussion of Laporte's theory in Chapter IV.

From this survey of the recent related literature, it is evident
that on the one hand, the subject of shock-convergence interactions is
an active area of interest, while on the other hand, the body of
experimental deta concerning this interaction is still quite limited.
It was felt appropriate, therefore, that we explore the potentiali-
ties of the Mach - Zehnder interferometer as an experimental tool for
determining the strengths of the transmitted shocks produced by these

interactions.




CHAPTER. 11

DESCRIPTION OF EXPERIMENTAL EQUIPMENT

1. SHOCK TUBE HARDWARE

The basic design of the original shock tube (with internal cross-
gection of 2" by 7") of the University of Michigan Shock Tube Project
is essentially unchanged from the description of it given by Geigerlo.
The dimensions and locations of the various parts of it are shown in
Fig. 3. The distance between the diaphragm and the test section is
nearly twice the length of the compensating chamber - & common rule of
thumb in ehéck tube design. This ratio is quite satisfactory so far as
the duration of the hot-flow following the primary shock is concerned,
for all except the lowest value of shock strength vwe used. In this
latter case, as will be moted in more detail in the discussion of the
results, the head of the reflected refraction wa%e, vhich at first faces
backward (1.e. upstream), is reflected from the end of the compression
chember and travels forward through the primary expansion wave, then
 through the contact surface or interface (between the hot and the cold
flow). It arrives at the test section appreciably ahead of the inter-
face. To be sure, this behavior does not affect the region.of experi-
mental interest in the present study, but it does indeed perturdb the
conditions in the region into which the tip-reflected shock travels.

A number of additional sections, of varying lengthe up to 28", have
_been added to the expansion chamber bince 1950; the essentially differ-
ent design of these sections was intended to allow simpler construction
and assembly, to permit leak-tight joints to be achieved more readily

and to contribute to the long-term stability of the critical internal

18
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dimensions. Each section consists of 4 pleces of 1" thick tool-and-jig
aluminum plate, suitably shaped and grooved to X 1/2 mil tolerance » pro-
vided with end-face O-ring grooves, then bolted together to provide an
internal rectangular cross-section of 7.000" x 2.012". The joints were
sealed by coating the faces of the joints with non-hardening Permagasket
No. 2, then qQuickly assembling the Jjoints while this gasketing material
wvas still tacky. This simple technique produced Joints that were far
more than adequately vacuum-tight for our purposes.

A test section of umusual design was also added to the expansion
chamber. The test section was shaped from a single: forged block of tool-
end-jig alumimum by a sequence of successively finer machining operations
alternated with annealings to relieve machining strains. This mode of
construction was plamned and started before the Permagasket joint-seal-
ing technique was developed; this technique might well have made possei-
ble a less Herculean approach to an appropriately vacuum-tight test
section.

As is pointed out in the section on the precision of the fringe-
shift-measuring process, one of the critical factors determining the
precision of measurement for the shock strengths was the initial pressure
P, in the expansion chamber. For a given shock strength yos:plléo,
the initial compression chamber pressure Pg is uniquely related to p
by the Taub equlad:.ion]'1 z= —;—6 = z(y); z is monotonic in y and increases

(¢}
. more than linearly with y. Hence the maximum available value for pg vas

(o]

a limiting factor in the precision of the interferometric measuring pro-
cess. Here P6 max Y08 limited to about 3 atm abs by the strength

and the leak rate of some of the older sections of the shock tube that
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nad been made part of the compression cLamber. Since the precision of
measuring fringe shifts was only prorortional to Po and thus leses than
proportional to Fgr 8 large increase in that precislon would have
involved strengthening these limiting sections very considerably, if not
completely replacing them; this wvas not deemed worthwhile when all the
other factors limiting the fringe-shift-measuring precision were taken
into account. Nonetheless, reconstruction of the compression chamber
to withstand at least twice as much pressure would be high on the list
of recommendations for refining, improving and extending the present
experimental program of measurements.

Geiger described the use of red zip tape (a modified form of cello-
phane) as the basic diaphragnm material. More recently, sheets of
cellulose acetate of various thicknesses have been used as diaphragms.
Both types of material are well suited for use as diaphragm material
insofar as they are fairly brittle amd they tear readily vwhen once
punctured, but they are undesirable insofar as their very brittleness
allows small fragments to be broken off in the rupturing process and
hurled projectile-like down the expansion chamber by the high speed
flow behind the shock. On the infrequent but not negligible occasions
when these fragments were carried as far as the test section, they evi-
dently were able to do considerable damage to the hardened razor-sharp
small-angle wedge tips of models such as those used in these experi-
ments; under these circumstances the wedge tips gradually became
nicked and chipped. In addition, a fragmenting diaphragm paterial makes
necessary the blowing out of the eccumulation of fragments left scat-

tered down the tube after each shot; this conflicts directly with the
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need to have the wedge iodels for this experiment span ihe test section
from floor to ceiling. Thus mch advantage was found in using thin
aluminum sheets as diaphragms. On 10-mil sheets of half-hard aluminum,
the diagonals of a 2" x T" rectangle were scribed by a rotating cutter
on a verticel mill. The depth of scribing vas variously 5 or 7 mils,
For the 5-mil scribing, the minimum pressure differential Ap = Pg P,
across the diaphragm for reliably clean tearing along all the scribe
lines was asbout 900 mm Hg.; the maximum avajilable Ap, approximately
3 atm.,was normally {nsufficient to cause self-bursting. For the 10-mil
diaphragms scribed 7 mils deep, (8P) 4. VOO about 600 mm , Ap(self-
burst) vas between 1000 and 1500 mm. Considerable care evidently had to
be used in setting up the diaphregm-clamping Jig used in scribing
these diaphragms, in order for the scribing-depth tolerance to be held
to i.l/2 mil over the entire length of the scribe lines - & necessary
specification if even minimal reproducability of (Ap)min. vas to be
assured. In all our experience with these diaphragms, only a very few
times under unusual circumstances did any portions of the tips of the
narrower petals of the breaking diaphragms snap off during tearing;
these few pieces, being denser than corresponding acetate fragments,
never reached the wedge tips. Fig. 4 shows a typical burst diaphragm.
In order for a model that fille the entire cross section of the
test section to be in place vwhile the expansion chamber was being pumped
out - a feature not envisioned in the original design of the shock tube,
a flush-sealing valve similar to the one described by Turnerla was
mounted in the side wall of the expansion chamber half-way between the

diaphragm section and the test section. The expansion chamber was
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Figure 4. View of a typical burst shock tube
diaphragm that is ten mils thick and is
scribed seven mils deep.
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considered to be adequately evacuated, prior to being filled with the
test gas to a pressure ) I when its terminal pressure was reduced to
100-150 microns; an overall leak rate of 50 microns/min. was considered
acceptable.

At certain of the joints between successive expansion-chamber
sectioms, notably between the last of the older, welded-steel sBections
and the first of the newer aluminum-plate sections, there were irreduc-
ible unconformities of as much as a few mils. These were smoothed
with Cold Solder (a steel-filled solvent-type epoxy) and apparently did
not give rise to any ncticeable flow perturbations or to any unduly

rapid growth of the wall boundary layer.
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2. ELECTRONIC3 AND TIMING OPTICS

The basic layout of the electronic circuitry for the 2" x T" shock
tube; as shown in Fig. 5, vas essentially similar to the one reported
by Geiger. Some of the modifications since that time were noted in
Cole%3 but will be deascrived again for the sake of completeness, since
that report was not widely distributed.

As iﬁ Geiger, the shock speed was determined by measuring the time
of transit of the shock between two schllieren light acreens separated
by a measured baseline 30C * 1 mm long. The pulses from the light-

screen photomultipliers were amplified, passed through a discriminator,

and shaped to serve as input trigger pulses to start and stop the

velocity-time gate. The design of the gate end the assoclated maater

1 Mc clock pulse generator was derived principally from a commercial
circuit - the Potter chronograph. The gate design featured a double-

triode shunt-type gate, with positive before-and-after lockouts on the
start and stop pulse input circuits. The 1 Mc crystal-controlled
oscillator was of conventional tuned-plate tuned-grid design, and was
regularly checked by being heterodyned 5:1 with the 5 Mc transmission

of WWV, The gated 1 Mc output pulses were counted by the velocity-time

scaler, which was either a straight binary type scaler of the Geiger
vintage, or it was & 1 Mc decede sceler (copied from the Baird-Atomic

1 Mc plug-in decade scaler) followed by lower-speed commercial plug-in
decades. In the case of the old binary scaler, 1t was found that, given
the available amplitude of the gated 1 Mc pulses, the gate-opening tran-
sient ceused a minmum of 3 to 4 pulses to te lost at the start of the
count. The gate-closing transient in turn ceused 1 to 2 pulses 10 be

added. A routine correction for these effects was made in the recorded
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values of velocity time 'I‘v, but the uncertainties in the actual net
number of counts lost added ar uncertainty of * 1 to 2 usec to the

recorded values. On the occasions when the 1 Mc decade scaler wes

available, no such uncertainty wes imposed on the Tv values.

A pulse taken from the stop-pulse-channél lockout circuit was used
to initiate the delay interval that synchronized the photographic spark
with -the phenomena of interest in the test section. In the phantastron
delay generatorlh this pulse was shaped and then used to start the grid
run-down cycle vwhich is characteristic of the phantastron circuitls.
At the same time, a prompt; trigger pulse was sent out to start the spark-
delay-time-measuring gate and scaler. At the end of the run-down portion
of the cycle a delayed pulse was sent out to a trigger-pulse amplifier-
shaper. The reproducib_ility of the delay interval thus generated
was found to be within 1 usec for delays of the order of a few msec,
within 4 - 5 usec for the upper end of the delay range — 3C - 4O msec.
The amplified pulse was passed through the primary of an auto spark
coil; the output of the secondary was directly connected to the third
or tickler electrode of a three-electrode spark scurce using argon at
100 peig. There are varicus no‘t,es16 in the literature on micro-
second spark sources advising against the use of spark coils as high-
turns-retio pulse transformers, but we have found them reascnably satis-
factory; the interval betweer the sending out of the delayed pulse from
the delay generator and the firing of the sparkwas 15 - 25 usec, the
Jitter was about 5 usec. Because of this jitter, the spark-delay-t;me
gate was stopped, not by the "delayed-pulse-cut", but Ly the ocutput of a

photomultiplier-amplifier-shaper circuit. The light input to this photo-
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multiplier was restricted by a long collimating tube that was aimed &t
the transparent plastic insulator of the spark. As in the case or the
velocity-time gate and scaler, the use of an old-style binary scaler for
measuring the values of Tapurk added an uncertainty of 1 - 2 usec,
similarly caused by the unreproducibility of the net loss of counts
caused by the starting and stopping transients.

The use of & single master 1 Mc clock pulse source for both Tv and
T served to insure that in the event of a small deviation from

spark

the 1 Mc rate, the effect of it on Tv and Ta would be proporticnal

park
to their lengths. Thus suppose we had determined, say, that for a pre-
scribved value of Tv’ the phencmena in the test section would te at
a desired location at a particular value of Tapark' Then if the 1 Mc
pulse rate were to deviatle slightly, we would be able to correct the
measured value of Tv to its desired velue and find that the situation
at the test section would be the same for the same value of Tspark'

For this to be strictly true, all wave and flow velocities
would have to be strictly proportional to the velocity of the primary
shock, which is not the case; but for the principal object of interesti
in this Qtudy-thé incident shock tr;veling in the constricted channel =
this condition is nearly encugh met to justify the refinement. Note
also that this arrangement serves to correct only the x-t locetions of
the waves of interest for variations in the 1 Mc rate; maintaining Tv
constant in the presence of a 1 Mc rate deviation causes the value of
tye incident shock strength yo to be changed, sc the strength oi the
channel shock, as determined from the fringe shifts, is appropriate

to a value of Yo slightly different from that indicated by Tv' Gener-
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ally, however, the deviation in the 1 Mc rate, due to changes in ambient
temperature, coﬁponent ageing, etc., was found by successive
calibrations with WWV to be limited to much less th;n 1 part in 103,
so whatever error was introduced by this small deviation was relatively
small compared to the other uncertainties in the m?aaurements, and was
not substantially affected by the arrangement described here. I1f the
shock strength is to be determined from the x - t data, then, to be
sure, we are concerned with the fractional imprecision of the difference
between two fairly large and nearly equal values of Tspark' Even if
the 1 Mc rate was off but was constant during a single sequence of
shots, each value of At would be off only by the fractional deviation
of the rete, i.e. By < lC-B.
3, THE MACH-ZEENDER NTERFEROMETER SYSTEM

The detailed design of the Mach-Zehnder interferometer system was
the vork of Dr. E.B. Turner in 1952-53, but since it has not previously
been described in a Shock Tube Project report, its main features will
be noted here. The interferometer, as shown schematically in Fig. G,
is of the conventional 30° - 60° Kinder design, vhich provides that an
8" adiameter working beam can be obtained with 9" diameter interferometer
elements, and that the fringe pettern can be moved or changed by means
of the motor-controlled adjustable mirror No. & without the focusing of
the fringes in the image plane being changed. The light-source and the
camera arms are perpsndicular to the plane in which the interferometer
elements are situated. The axes of the main parsbolic mirrors are
tilted clightl; from the plane of the elements, in order that an on-

axis parallel beam can be formed frem the light beam coming from the
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first furning mirror, which is Just at the edge of the main parallel
beam, and similarly in order that the outlet beam from the interferometer
can be diverted by the second turning mirror to the cameras. This
conventional Z-symmetry, used with the tilted on-axis parabolic mirrors,
minimizes the coma defect if the angles of mirror tilt are the same.37
Note that the Mach-Zehnder interferometer system is readily convertible
to a schlieren system, by blocking off the reference or compensating-
chamber beam and replacing the interference filter with a knife edge.

The 9" diameter interferometer elements are a matched set obtained
from the Naval Gun Factory. Using the interferometer elements alone,
i.e. without windows in the test section or the compensating chamber,
one can cbtain fringes of better quality than can be recorded by the film
we regularly used. Accompanying the interfercmeter elements was a
matched quartet of optical-quality wind tumnel windows for test sec-
tion and rormpensating chamber; each winiow was flat and smooth to AnjeC.
Introducing them into the test-section and compensating-chamber beams
n2d & scarcely -detectable effect on the visual quality of the fringes.
For exploratory runs, or for use when the Mach-Zehnder system he&s been
converted to a schlieren system, we have found that windows oi selected
and matched plate glass have proved useable. For routine shooting for
which the quality of the fringes is of importance but for which cne
would be disinclined to risk the optical—quality tunnel windows, a
reasonably priced set of intermediate-quality windows was obtained from
the Buchele Optical Co. of Toledo, Ohio. These windows were made flat
to 3 - 4 A\, smooth to \/20, matched as to wedge defect. The quality

of fringes obtained with this set of windows is indicated in Fig. 7, a
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typical quartet of fringe pictures constituting the record of a single
"shot" of the shock tube. The quality was such that the inter-
ferometer system was consicereu not to be a limiting factor in the pre-
cision of measurement of the fringe shifts. It 18 quite possible,
though, that if the photographic aspects of producing interferograms
were substantially improved by using fine-grain techniques and by
reprinting the interferograms to increase the contrast of the fringes
greatly, these intermediate-quality windows might be a limiting factor.
The various elements of the light-source end of the Mach-Zehnder
"system are shown in Fig. 8a. The three-electrode, pressurized argon
spark was of conventional déuign, with four ncn-inductive C.1 pf, 8 kv
capacitors arranged coaxially, with the third or tickler electrode
brought in from the top, and with lucite as the high-voltage insulating
material. The anocde wes & rounded-end rod of magnesium; the light
from the spark; including a continuum toward the red produced by the
initial discharge in the high-pressure argon and a series of magnesium
emission lines that was chiefly in the green and blue, emerged through
an axial hole in the cathode. The spark light wes collimated by & pair
of plano-convex collimating lenses, that were separsted by a short
distapnce. This made it possible for an auxiliary continuous light source
" to be introduced conveniently into the optical system for alignment
purposes by simply inserting & turning mirror between the two con-
densing lenses for the spark. A third ijdentical condensing lens
was used in conjunction with the auxiliary source . This con-

tinuous source was either &a mercury lamp used in conjunc-



Figure 8a. View of the spark source end of the

Mach-Zehnder interferometer system. Note the
spark source with coaxially arrayed capacitors,
the condensing lens pair, the steady incandescent

or mercury-discharge lamp for fringe aligning,
the mask and the turning mirror.
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Figure 8b. View of the camera end of the Mach-
Zehnder interferometer system. Note the turning
mirror, the interference filter and the
monochromatic and vhite light cameras.
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tion with a transmission filter for the mercury green line, or a ribbon-
filement incandescent lamp.

The various optical elements at the camera end of the Mach-Zehnder
system are shown in Fig. Sb, At the image point of the spark source
there was a miltiple-layer interference filter that tramsmitted only the
magnesium emission line of interest, in this case the very strong green
magnesium triplet 5167-5173-5184 (4 35 — 3 }P°). The filter was a
Baird-Atomic narrow-pass-band filter with a tranemission ratio specified
to be at least 60% at the center of the pass band and also with
additional side-wing-suppressing filters. The filter was tilted slightly
with respect to the incident beam, in order to divert into the white-
light camera that part of the spark light that was reflected by the
filter. This tilt caused the pass-band to be slightly broadened, but
since the argon continuum was very weak in the green, this was no
problem. The light of the magnesium triplet was transmitted directly
to the monochromatic camera.

fhe lenses of the two cameras were identical; thus in order that
the two image planes could be parallel, as shown in Fig.6, it vas necess-
ary to remove the lens from the vhi@e—light camera and mount it between
the two optical benches so that the distances from the spark image to
the camera lenses were the same in both cases. This arrangement proved
to be a great convenience in adjusting the fringes and in meking the
images the same size. The two images were substantially smaller than
full-size: the reduction ratio was usually about 0.45. This made it
possible to display the entire 8" diameter beam on a 4" x 5" sheet of

£1lm, but also contributed to limiting the precision of the fringe-shift-
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measuring process,

It was determined that a very strong magnesium emission line in the
deep blue was adding its monochromatic fringe pattern to the white-light
fringe‘pattern, thereby decreasing the contrast and the sharpness of the
zero-order fringes and also obscuring the first minima. A Wratten K2
filter, with a cute-off in the bluish-green, was interposed in the white
light beam and markedly improved the appearance of the white light frin-
ges.

Interposed in the test beam of the interferometer at the exit window
of the test section was a pair of crossed fiducial lines, the vertical
one a tightly stretched nylon thread, the horizontal one a steel wire
stretched tight at each end by short lengths of nylon thread, Short
pleces of wire were laid crosswise along this steel wire at 20 mm inter-
vals and attached by epoxy. The vertical thread served as a fiducial
line defining the center of the test section. The horizontal line and
its markers served as a direct measuring scale, by means of which the
model and the waves of interest could be located in the interferograms,
The horizontal 1line also served as a fiduclal line; in flow pictures
taken at long times after the passage of'§;.'the image of the test=sec.
tion celling was displaced and obscured by the boundary-layer density
gradients near the ceiling and was also obscured by the very close spac-
ing of the monochromatic fringes there, caused by the density excess in
the boundary layer; in these cases we were able to determine the actual
location of the ceiling by méasuring from the horizontal line,

The interferometer elements were housed in, and their gimbal mounts
were supported by, an interferometer box made of 1/4" welded steel plate,

with acecess holes cut out of the sides, and with entrance and exit holes
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for the beam cut out of the ends. The box was mounted on pneumatic rub-
ber tires for vibration isolation. Included in the original design of
the interferometer wes an arrangement for aligning the planes of each of
the four elements parallel to one another at the intended orientation of
60° with respect to the horizontal axis of the Mach-Zehnder elements.
This was accomplished by establishing an optical base line, consisting
of a very well collimated light beam from a point-of-light source. This
was precisely oriented with respect to the interferometer box. Then, in
turn, the plane of each element was to be made parallel to this optical
baseline and at the same time perpendicular to the plane of centers of
the elements. Here use was made of a pentaprism, which has the property
of refracting a beam of light by exactly 90°, regardless of its axial
orientation (within broad limits). The use of such a device in the aligne
ment of Mach-Zehnder interferometer is described by Ladenburgl7. Such
a pentaprism was mounted accurately on a heavy brass rod, then this rod
was mounted, via a ball bearing coupling, on a support which could be
positioned quite precisely with respect to any of 4 machined co-planar
reference surfaces laid out along the length of the optical base line.
The elements were then, one by one, made parallel to the base line (and
perpendicular to the plane of the reference surfaces) by simple auto-
collimating: the beam of parallel light was passed through the penta-
prism to the Mach-Zehnder element, was reflected back through the penta-
prism to the back side of the pin-hole source-disk. The micrometer
adjustments on the double~-gimbal-ring mounts for the mirrors were altered
until the reflected image of the source was superimposed back onto itself,
This entire procedure suffered from its relative inconvenience, in

as much as the pentaprism and mount had to be moved and bolted down to
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four separate locations in turn, and also evidently.from either the
bending of the solid supporting rod of 3/4" diameter brass or from ex-
cessive play in the bearings. Instead, the technique of "near and far"
light sources* was found to be much more direct and efficient,

We first roughly aligned the mirrors, either by use of the penta-
prism or more easily by using a prelracterto set each of the mirrors to an
inelination of 60° with respect to the horizontal reference direction
of the interferometer box; we also as closely as possible set the distance
between beam splitter No. 1 and the motor-movable mirror No. 4 equal to
the distance between mirror No. 2 and beam splitter No, 3. Next we
placed a small source at the regular source-location. A telescope facing
ﬁpﬁéam was placed on the mirror arm at the beam exit of the Mach.Zehnder
box, and focused on the images of the source. In general there would be
two main images, corresponding to the 2 paths of the light beam through
the interferometer - the lower or compensating chamber path and the
upper or test section path. It was arbitrarily decided to adjust, say,
mirror No. 2 in order to bring these two images of the far source to
superposition, Then the far source was masked off and a "near® source,
consisting conveniently of a flash light masked to emit only a pinhole
of light, was mounted facing downbeém directly at the beam-entrance
hole of the Mach-Zehnder box. Again, in general, two main images of
this source would be visible through the telescope; these were super-
posed by adjusting the motor-ad justable mirror No. 4. This done, it was
found that the images of the far light source had become separated and
could be superimposed again by adjusting mirror No., 2, Thus by alterna-

ting between the near and the far sources and successively superposing

*This technique was, it would appear, first reported bg Lamlal8; the
best recent reference known to the author is by Woodl9.,
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the respective image pairs by use of the appropriate mirrors, we fourd
that the sequence rapidly converged to the point where both pairs of
images were superposed with the same setting of the mirrors.

At this point the far and near sources were replaced by a filtered
mercury source at the regular source-location, and fringes were lo::ked
for in the beam emerging from the exit of the Mach.Zehnder box. The
virtual source of the fringes was usually far distant from the test
section; their possible spacing would range from very narrow to very
wide; when the elements were being aligned initially, it was usually
the case that the adjustable mirror needed to be translated up-or-down-
beam by a distance that should not be greater than the uncertainty in
the process of equalizing the distances between the pairs of elements.

The fringe pattern could then be thought of as arising- from the
interference between two superposed virtual planar sources that inter-
sected at a small angle and that were located somevhere along the line
of the emerging beam. The sketch on p.72 shows these planar sources
in cross section. To move the fringes to the test section, the orien-
tation of mirror No. 2 was slowly varied about its horizontal axis;
at the same time the fringes were kept in view by adjustment of mirror
No. 4. At this point the fringes were stili being viewed by looking
upbeam near the exit window of the Mach-Zehnder box, ahead of the
second parabolic mirror; we could determine whether the virtual source
of the fringes was being moved closer to the test section by observing
the parallax of the fringe pattern with respect to the test section.

The cameras had previ.ously been focused on the test section by
placing the image planes midway between the focal planes of the outside

surfaces of the entrance and the exit windows of the test section.. .
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Then, the regular jmterferemce filter havimg been replaced by the lime

filter appropriate to the mercury source, monochromatic fringes from the
mercury source became visible en the greumd glass fecusing screen eof
the monochromatic camera. This monochromatic pattern was then trans-
lated in the direction of increasingly sharp, bright fringes to such a
point that the white-light pattern §f the mercury source was visible
when the line filter was removed from the beam.

At this point it was likely that the two virtual beams forming the
fringe pattern were slightly skewed with respect to each other, i.e. the
equivalent planar sources were slightly tilted laterally as well as ver-
tically with respect to each other. This could be detected by noting
the apparent rotation of the straight-line fringe pattern as one changed
one's point of observation from the image plane of the camera to the orig-
inal point of viewing the fringes near the beam-exit hole, For this to
be eliminated, mirror No. 2 was adjusted about its "yertical® axis until
the fringe pattern had the same orientation at both points of observa-
tion; during this adjustment, the fringes were kept in view by simultan-
eous adjustment of mirror No. 4. This last was usually a delicate ad-
justment, since the "twist" of the fringe pattern was found to be very
sensitive to the skewness of the two beams. |

Once the optimally sharp fringe pattern was obtained in this fashe
ion, the mercury source could be replaced by the incandescent ribbon-
filament lamp, and the mercury line filﬂer replaced by the magnesium
line filter. The fringes couid then be given their final alignment us-
ing only the motor-movable mirror No. 4, since the Kinder-type mount made
it possible for fringes properly focused at the test section to be ad-

justed, without defocusing, by means of the movable mirror alone,
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With the Buchele medium-quality windows in fhe test section, it
was found that in the beam there was a peripheral ring 1" wide, in which
the fringe pattern was tilted slightly with respect to the main pattern
inside the ring, but this regular "defect" in the windows in no way
impaired the usefulness of the fringe pattern,

After both the monochromaticvand the white-light cameras had ini-
tial;y been focused at the midpoint between the foci of the outsides of
the entrance and the exit windows of the test section, then despite the
nominal equivalence of the two camera lenses, the image plane of one of
the cameras usually needed slight adjustment to equalize the sizes of
thé two images exactly. This equalizing was brought about in order to
make the monochromatic and white light interferograms of a given shot

as exactly superposable as possible (see next chapter).

Ly, MODELS FOR THE SHOCK TUBE

As shown in Figs. 9 and 10, the models used in this experiment
each consisted of a stack of wedge-tipped channel separators, usually
called wedges, alternated with spacer blocks whose height defined the
height of the constricted area channels. The models consisted of
two or of five units instead of a single unit, as would appear tc be
the logical choice for these shock-convergence interaction studies,
because the multiplicity of origins for the wavelets that amalgamated
to form the tip-reflected shock was very desirable for the purposes of
another study of a related interaction that was being conducted simul-
taneously., The spacers and the main bodles of the wedges were made
from tool-and-jig quality aluminum; the tips were of steel, first rough-

cut, then case hardened by carburizing, then drawn back to about Rocke



a) Viev of the two-unit model with area ratio of 2:1.

b) View of the five-unit model with area ratio of 5:1.
(This model can be adapted to an area ratio of 2:1.)

Figure 9. Views of the wedge models used in this
experiment.

]
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Figure 10. View of a wedge model in place at
the shock tube test section. (The teat section
windows have been removed.)
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well C65 amd givem the fimish grinding. Because the effect 'ef the car-
burizing was most pronounced near the small-angle tips of the wedges,
the razor edge tips were somewhat brittle in spite of the partial anneal-
ing and had to be treated with some care. Fortunately, because of the
use of aluminum diaphragms, the tips did not need to withstand the im-
pacts of large diaphragm fragments, as would have been the case with
plastic diaphragm materials like acetate. The tips were aligned with
respect to the wedge bodies by two aligning pins each and attached by
bolts running the length of the wedge bodles.

The two newer S5-unit models, with wedge tip half-angles of 10° and
area ratios of 2:1 and 5:1, were designed to maké use of the same basic
interchangeable parts. Only the wedge tips were changed, and for the
5:1 version of the model, extender plates were attached to either side
of each wedge body to reduce the area of the individual channels to 1/5
of the area of the main channel. These extender plates were aligned
flush with the edges of the wedge bodies and with the front surfaces
of the spacer blocks by use of two very shallow aligning disks; the plates
were attached by the sparing use of Duco cement at the corners of the
plates, so that they could readily be removed when the 2:1 configuration
was needed.again.

The components of the S-unit stack of wedge bodies and spacer plates,
cormon to the 2:1 and 5:1 configurations, were aligned with respéct to
each other by two aligning holes (with corresponding dowel’ rods) laid
out on a diagonal ef the herizemtal rectanmgular cfoas section of the
spacer blocks, so as to provide a long base line for good angular orien-
tation. The aligned components of the stack were clamped together by

two bolts with recessed heads and nuts. The vertical sides of the stack
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assembly were then surface-ground to achieve the specified tolerance on
the flatness and parallelness of the two sides and on the 2.000" thick-
. ness of the model,

Models for the shock tube are usually positioned in and clamped to
phe shock tube by external bolts that pass through holes drilled in
the ceiling or floor of the shock tube and then into the model. Because
it was necessary to have the various models in so many different loca-
tions at and downstream from the test section, it was not feasible to
provide the great number of mounting holes in the floor of the shock
tube that would have been needed, so a scheme of self-clamping of the
models was necessarye.

The top and bottom spacer blocks were extended 3" beyond the back
end of the other spacer blocks and the wedge bodies, in order to provide
bearing surfaces for clamoing the model internally to the shock tube
ceiling and floor. A rod with one end threaded was passed through the
top plate and screwed into a tapped hole in the bottom plate. A reces-
sed bearing plate was provided on the upper side of the top plate, so
that when the rod was then partially unscrewed out of the bottom plate,
the top end of the rod would press the bearing plate against the ceiling
of the shock tube and press the bottom plate to the floor. With the
model in place either at or downstream of the test section, hooked-end
meter sticks were inserted upstream from the end of the expansion cham.
ber, the stick ends were hooked onto a toothed wheel that had been
locked onto.the threaded end of the rod, and the clamping torque was
exerted on the rod by pushing and pulling appropriately on the meter-

stick "wrenches". In order for the model to be clamped in place firmly

enough to resist its being displaced downstream by the shock and by the
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reméining d¥}ferential pressure on the model -after the shot, the top
and bottom bearing surfaces were coated with very thin layers of Pro-
Chem (an air-curing liquid neoprene); in the layer of Pro-Chem on the
upper clamping surface, very fine emery powder was embedded to give
further resistance to displacement of the model by the shock.

When a model was used at the test section, the sides of the model
were covered with Scotch No. 11 cloth tape, about 4 mils thick, in order
that the narrow gaps between the model and the windows would be filled
(and thus not contribute to the slight gas leakage around the sides of
the model) and primarily in order to cushion the windows from direct
contact with the model, especially with the wedge tips. The sides of
the models could not, of course, be taped when the model was downstream
from the test section, but no adverse effect of the very narrow gaps

around the sides and top of the models could be detected in the inter-

ferograms.

5. EQUIPMENT FOR READING INTERFEROGRAMS

As described in the next chapter, a set of four interference-fringe
pictures (see Fig. 7) was obtained for each shock tube shot; this con-
sisted of white=light and monochromatic fringe pictures both of the
initial or no-flow state and of the instantaneous state of interest in
the test section during the shot. Note that the very contrasty appear-
ance of the monochromatic interferograms in Fig. 7 does not give a true
indication of the actual contrastiness of the original films. The
measurements derived from each set were obtained by superposing the
flow and no-flow monochromatic interferograms. The fringe shift between

corresponding fringes in various regions of interest in the two pictures



was determined by counting the number of cycles of opposition and super-
position of the fringe patterns as the flow picture was translated with
respect to the no-flow picture.

This translation was carried out in a film comparator as shown in
Fig. 11. This consisted of an upper window and frame, an identical
lower window mounted in a base plate, and a microscope-type mechanical
stage connecting the two parts. The two monochromatic interferograms
from a particular run were carefully aligned by using the edges of the
shadows of the model, of the ceiling and of the reference wires. They
were then clamped together between the two windows in the comparator.
Each film was held fixed with respect to the window next to it by a
"frame" of Pro-Chem, which gripped the
film sufficiently to overcome the tendency of the two films to stick
together. The mechanical stage made it possiblé to move the upper
window in two directions with respect to the lower window, although
usually only one direction of translation was used in measuring fringe
shifts. Since the vernier scale on the slide could be read only to
O.lmm, it was found appropriate to mount a micrometer head on the base
plate so that the motion of the movable part of the stege in the direc-
tion of principal interest could be read to within 0.5 mil. Direct
superposition of the flow and no-flow monochromatic interferograms
was made possible by the fact, as verified by numerous checks into this
matter, that no detectable difference could be found between the image
sizes of these two interferograms in any one set; thus we could assume
that at any point in the flow picture that was free of local density
gradients, the fringe spacing would be the same =s at the corresponding

point in the no-flow picture. This made possible the direct linear
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Figure 1ll. View of the fringe-shift measuring
equipment. Note the viewing microscope,
magnifying glass for use in fringe marking,
and the £ilm comparator with microscope atage
mechanism - a.'!.l on a portable light table.



interpolation of the location of wire-shadow superposition between
successive locations of optimum fringe opposition. A microscope of

10 to 20 power was used to view the optimum oppositidn of the fringe
patterns and the superposition of the wire shadows sufficiently closely
that the viewing process was not a limiting factor in the reproducibil.
ity of the three distance values used in determining each fractional
fringe shift., Indeed, too great a microscope magnification for a given
monochromatic fringe pattern density and contrastiness seemed to make
the fringe setting process less reproducible. In addition, some exper-
imenting was done in varying the brightness of the light transmitted
through the superposed interferograms by interposing neutral density
filters between the light table surface and the comparator; this was
done in an effort to keep the fringe shift readings as reproducible as
possible under varying conditions of fringe spacing and photo image
density.

The physical non-coplanarity of the two superposed emulsions,
amounting to the thickness of a sheet of film - about 8 mils, had no
evident effect in producing a parallax uncertainty in the determination
of the fringe shifts. The amount of displacement of the visual image
of one emulsion with respect to the other as one's eye was moved from
side to side in the visual field at the eyepiece was quite small; thus
even a modest effort to keep the eye centered on the eyepiece was more
than adequate to eliminate parallactic displacement as a factor in the

reproducibility of fringe shift readingse



CHAPTER III

EXPERIMENTAL PROCEDURES

1. INTRODUCTION

The x - t diagram for fho interaction of a shock with an area con-
vergence, as shown in Fig. 2, and the corresponding schematic diagram
of the resulting wave configuration " in the large", as shown in Fig. lb,
both show the principal weves arising from the interaction: the shock
wave §’c penetrating into the constricted channel, and the upstiream-

facing shock ‘s'rt formed from the individual wedge-tip wavelets. The

t £ th 3 ley = 22 S = b
strength o e wave c 187y, % p—o, for the wave Srt’ it 1s yrt' -p;

It is the long-established custom at the Shock Tube Project to consider
the wave strength y as the basic parameter of a shock, and to consider
all the other parameter ratios associated with the shock as functions
of y. Thus our attention was focused on the problem of determining

the various shock strengths from the interferograms and also on the
comparison of the measured values of the shock strengths with some theo-
retical predictions for the strengths of the shocks arising from the
interaction.

Of these two waves, §:: was of much greater interest, and indeed
was the only one that was actually measured and used for comparison
with the thecoretical predictions. 'I;he reasons for this were essentially
as follows: §c traveled into gas at rest, which was free of boundary
layer, while §:_ t moved upstreem into gas that was already substantially
accelerated and that was also accompanied by e steadily thickening
wall boundary layer. 1In addition to the local effect of the boundary

‘-—
layer on S rt advancing into it, the time-and space-integrated effect of

5
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the boundary layer throughout the shock tube flow was to alter the flow
Mach numper and the flow speed of the free-stream gas into which %-t weas
advancing. In many of the sequences much time was'needed for Srt to be
at all well formed from the tip wavelets; this gave the boundary leyer
time to alter the value of Yt substantially. Fig. 12 shows some of the
stages in the formation of a plane shock.g_rt from the wavelets. Fur-
thermore, Yy Ves 8 relatively weak functlion of Yo 80 it was far

less sensitive an indicator of the interaction than was yc; this

more than offset the greater precision of measurement due to pl_being
larger than Po-

To te sure, the precision of measurement of the strength Ve of g;
was limited for strong shocks, as will be explained in more detail lat-
er,by the low value of the pressure P, ahead of the incident shock,
whereas this factor would have been less important in limiting the pre-
cision of measurement of Yot - However, it was Jjust in the regime of
strong shocks that ihe boundary layer has a more perturbing effect on
the measured values of yr?' Thus 1t was felt that Yo was the appropriate
parameter of the interaction thaﬁ we should measure.

The experimental program consisted of taking sequences of inter-
ferogram sets for values of the shock strength Yo of the incident waves
El ranging from 2 to 12 in argon and for both the area ratios 2:1 and
5:1., In addition the 2:1 erea ratio was studied in conjunction with
wedge tips both of 20° and of 10° wedge half-angle. Each sequence con-
sisted of a number of sets of interferograms with'§; at successive posi-
tions along the constricted channel, and one or two sets showing

&
the end-channel-reflected wave Src shortly after reflection. The
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purposee in taking pictures at several locations in the channel were:
to determine to what extent the precision of the interferometrically
measured values of Ve would allow the process of formation and stabili-
zation of'§; to be observed; also to provide a modicum of x-t data
‘for ¥, so that it could be deternined whether the speed of §; cculd be
measured precisely enough to give a significant comparison with the
interferometric measurments.

The pictures of §;c that were taken shortly after reflection at the
end of the narrovw channel were to provide an additional check on the
value of Y. at an effectively later time than Ve could be measured
directly; mote here that just as yrc- is usually teaken to be yrc(yc), the
converse is at times appropriate, i.e. y, = yc(yrc). The forms of
these relations are given in the section on reduction of the fringe
shift measurements.

When we made use of interferometric measurements of Ve in deter-
mining the corresponding values of Yer ve were assuming, of course,
the validity of the relation Yoo = yrc(yc); there was no particular
reason to question the appropriateness of the assumptions involved in
the derivation of this relation, but, on the other hand, no one, to the
best of our knowledge, has ever extensively examined normal shock
reflection in the shock tube in the low to medium shock strength range
that we studied. This is discussed somevhat further in the section
on recommendations for further experimental work. In additionm, it
was appropriate to reguire that g;c be observed shortly after leaving
the end of the channel. It should be noted here, though it is spelled

out in more detail later in this chapter, that for the S-unit 2:1 model,
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a special technique was needed in order for us to obtain usable inter-
ferograms of g;c' while for the S5-unit 5:1 model, it was not possible,
with the techniques and the models we had available, for us to obtain
reliable interferograms of §;c.

The expansion chamber gas, and thus the working gas for all the
flow regions of interest here, was chosen to be argon because of Shock-
fube-Project tradition, because it is monatoﬁic and has an essentlally
fixed value of y for a broader range of shock strengths than other com-
" mon shock tube gases, because it makes possible stronger shocks g& for
given limitations of p, and compression chamber pressure pg» and also
in large part because Laporte's calculations were made for a monatomic
gas. It was at first planned that a series of sequences would also be
obtained for a gas with a very low value of y, 1l.e. SF6, with a
value of y of 1.1 (Sr by Shock Tube Project custom, with a value of
p. (z{;’ﬂ of 22 at room temperature). However, it appears that u for
SF6 is quite a strong function of temperature even for the relatively
small temperature jumps associated with valﬁes of y, of from 2 to 12;
thus a Laporte-type calculation for the interaction with the constric-
tion would, for SFé. have had to include real-gas effects - 2 task
that was out of the question for us. In addition, SF6 is a much more
optically refractive gas than argon; thus even a relatively small amount
of turbulence in the boundary layer had the effect of making the fringes
so irregular in appearance that fringe shifts could not be measured.
This effect was particularly significant for pictures taken at rela-
tively long times after the passage of §;. (Such pictures were needed
for a separate but related study to be reported in a subsequent publi-

cation.)
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The first set of interferogram sequences was takén using a 2-unit
model with wedge-tip half-angles of 20° and with an area ratio of 2:1;
the main series of sequences were taken using the 5-unit model with
wedge-tip half-angles of 10° and with area ratio of 2:land of 5:il. The
two values of wedge angle and of constricted channel height for a single
area ratio were used in an effort to see if wedge angle or channel size
had an appreciable effect on the formation process for'§; or on the
final stabilized values of Y-

Note that in Fig.7c, a typical monochromatic interferogram of the
constricted-channel flow, there is, following after 5;, a serles of
eriss-cross waves generated by the interaction of the flow with the
converging section and especially with the tip and the shoulder of the
wedge. These waves were collectively referred to as trailing waves.
To the extent that these waves were sirong enough that they differed
significantly from isentropic waves, the comnection between g; and'g;t
could not properly be regarded as isentropic - a condition assumed
in Laporte's analysis of the shock - wedge model interaction.

For the flow conditioqs to correspond reasonably with theory,
the treiling waves should be weak from their beginning or they
should have largely caught up and amalgamated with 52 and have left
behind, at most, only a few weak waves that would be essentially
isentropic. In general, the more significant values of y, vere to be
obtained at the end of the constricted channel. It is for this reason,
primarily, that values of yc =yc(yrc) were in a few cases the more
precise measures of Voo Tending to work against the relative precision

and significance of the values yc(yrc) wvere the following factors:
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the relative imprecision (see Chap. IV, Sec. 1) for yc(yrc) wvas greater
than for y, (gee Table 1). This is reasonable since Y e is a weak func-
tion of Yo (yrce>)A+z as y —> o ); this offsets the gain arising from
Py being greater than Po In addition, in certain ceses the trailing
wave patterns evidently did not become effective in perturbing the local
values of y until the shock was either near the end of the channel or

)

~had already been reflected from it.

It is seen then, that attention was directed to the details of the
flow-constriction interaction chiefly Insofar as the resulting

trailing wave trains caused deviations from the assumed nature of the

channe! flow.

2. ACQUISITICN AND TREATMENT OF THE X-T DATA

The vertical reference line for horizontal distance measurements
was the vertical nylon thread referred to in the section on the Mach-
7ehnder interferometer. The threed wes stretched vertically across the
exit-window frame at the test sectlon. The depth of focus of the
cameras was such that the thread was in reasonably good focus when the
center of focus of the cameras ves half wey between the two teat-section
windows .

Cn each of the two basic models a particular location was choeen
to be the center line for ﬁeasuring the locations of the shocks with
respect tc the model. These center lines were choeen to be at or
rear the verticel line of the shoulders of the wedge tips; when this
erbitrarily chosen line was aligned with the reference line cf the test
section, the coordinate systems of the model and of the test section

coincided. With respect to each coordinate system, positions downstrean
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of the center line were considered positive, those upstream were nega-

tive.
From the spark-time gate and scaler, we obtained the time interval
Ts park in microseconds between the moment gi passed the second light

screen and the moment the photo spark fired. If the centerlines of

the model and the test section coincided, the T'spa.rk relative to the

test section equalled Tapark’ which wes the measure of spark - delay

time in the coordinates of the model. For many of the picture sets, the
model was dispia.ced from this position of alignment, either upstream
so that §c and grc could be observed near the end of the channel, or
downstream, principally for the purposes of the separate but related
study previocusly referred to. When, for example, the center line of

the model was upstream of the test section center line, gi actually

arrived at the model center line sooner than if the center lines had

coincided, and T' was shorter than if the shock were at the same

apark
location with respect to the model and if the model had not been

displaced upstream. T was shorter by the time interval it took

L}
spark

gi to travel the distance of the model displacement. It was desired

that values of spark time be transformed to the model coordinate system,
so that a consistent x-t plot could be obtained from data obtained

. using a number of model locations; thus in this case T'sp needed to

ark
be increased in value.

Because the attenuation of 5.1 was not great, it vas reasonable to
assume, for the purposes of this correction, that the shock velocity
Vs of gi near the model was the same as in the light-screén interval,
where the interval L of 500 mm was traversed in the time Tv‘ Thus if
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Ax was the displacement of the model center line and was >0 or <0 as

the displacement was down or upstream from the test section center line,
then %E'I‘v wvas the time for 31 to travel from the test section center
line to the model center line ( and was <O for the example above). So

Tsparks T‘spark(frOm the spark-time scaler) - %5 Tv'

In similar fashion, the locations x' of the shocks with respect to
the teat section, as measured with the aid of the distance markers, were
referred to the model coordinate system by the form

x (model) = x' (test section) - 4x (from test section to model).
In many cases Ax could not be directly measured at the test section,
so it was inferred from the dietance of the end of the model from the
'end of the shock tube.

From the set of four interferograms that were obtained for each
shot, the locations x' of the shocks of interest vere measured on the
flow pictures, usually to within *1/2 mm in the test-section scale
units. For each day's series of shots, the ambient temperature
Bamb (in °K) was recorded, since the sound speed c was a function of
the temperature. Then from T , used in conjunction with ea.mb’ the
actual values of Yo are obtained for monitoring purposes. The formulae

used in this calculation were as follows:

co(uta.ndard) for argon = 0.3215 mm/usec at 25°C

co(a.mb) ) Gamb 32 v L . 500 mm
co(ata.nda.zd) estandard s T, TvZusec)
> ,

©

2
ut 1 v _ 1 _2 (120 208 _ 1
Yo = /“/“ (—(c lamb) x "% (Tv) Samb T
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It turned out, however, that adjusting the nominal value of Yo for
the small variations in Yo from shot to shot was not actually warranted.

To be sure, for plctures withlg; only part way down the ccnstricted

~

channel, : the effective values of Tepark could have

been relatively simply adjusted in a directly proportional fashion.
This would have made allcwance for the fact that, for example, &

slightly stronger shock would have traveled farther downstream during

a given Ts interval than would & shock ¢f the nominal strength

park
Yo? and thus its location should properly have been asscciated with a

slightly longer value of Tspark' Thus Tspark would have been adjusted
T
by the ratio T! , where both Tv and Tv(nominal) would have

v (nominal)

been & djusted to a common temperature, say 25°C. Actually,
however, the order of magnitude of this correction wvas relatively
small for most of the ordinary shot-to-shot variations in Tv' Further-
more, once the channel shock begins to change in strength from its
initial value Yoo and certainly by the time §L has been reflected

to form g;c, it was clear that a strictly proportional adjustment of

Tspark was no longer quite appropriate: in fact, the form that the

correction shouid have taken was complicated by the relationships
between Yo and Ye and also between Ve and Yee* It became evident, at
all events, that the magnitude of the other imprecisions in the x - t
data would have overshadowed any adjustments of this order of

magnitude .



62

5. OBTAINING THE INTERFEROGRAMS

The procedure for taking a "shot" with the shock tube was as foll-
ows. The delay éenerator was adjusted so that the spark would occur
when the shocks of interest were at their desired locations in the
test section. All the resetable circuite were reset and checked for
readiness. The entire tube, both the compression and expansion chambers,
was pumped out to less ten 1 mm of dibutyl phthallate ( a low-vapor-
pressure manometer oil, of such a density that 12.9% mm DBP = 1 mm
mercury). Part of the H, (the usual driver gas) was put into the com-
pression chamber, sc the diaphragm would neither be buret by overpress-
ure nor impaled on the prod. The expansion chamber and also the inter-
ferometer compensating chamber were filled to the desired expansion cham-
ber pressure Po" The spark was flashed to provide the no-flow white-
light and monochromatic interferograms. The remainder of the driver
gas was added, to bring tne driver pressure to Py - For all except the

low ¥, sequences this was 1900 mm, i.e. near the maximum operating value
of p,, vhich was fixed by the leak rate of & number of relatively weak
joints in the compreasion chamber. Film packs were opened in the camera
for the flow interferograms, the diaphragm prod was released, the mea-

sured values of Tv and T' were recorded, and the four interfero-

park
grams on Kodaek Royal Pan 4" x 5" sheet film were developed for 5 minutes

in Kodak D19G.

The resulting white-iight interferograms were, of course, &ppro-
priately dark and contrasty; the monochromatic fringe pictures were
much less dark and less contrasty in appearance, but were nonethelese
quite readable. Occasionally the condition of the argon spuark source,

and especially the anode tip, deteriorated and the brightness of the
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monochromatic pictures fell off quite a bit before occasion was taken
to refurbish the spark. Various photo materials and development proce-
dures were tried in an attempt to obtain substantially darker monochro-
matic interferograms, but nothing of any particular advantage was found
that could have been applied conveniently to our system. As noted in
more defail in the ponclusions. it has appeared in retrospect that the
darkness of the monochromatic fringes and the graininess of the photo
material used were among the limiting factors in the precision of the

fringe shift measurements.

The basic data that were to be obtained in this experiment were

-—.
fringe shifts across shocks §; and Sc moving into still gas at pressure

Po or,at most,across shocks g;c that had not yet moved very far back
from the end of the channel and were moving into gas at a pressure Poe

To be sure, in the case of interferograms of E;c with the S-unit 2:1
model, it was often the case that the fringes would have had to be very
close-spaced in order to fit enough fringes into one of the narrow
channels so that the central fringe locations for the O-state (for the
no-flow picture) and the 2- and 2'-states could all be seen in the same
channel.. But narrowing the fringesso much would have meant that 1) the
process of identifying corresponding white-light fringes zcross the
~ fringe jump would become very difficult and 2) the fraction-of-a-fringe
precision of measuring the fringe shift would become rmuch worse because
of the finite resolution of the photographic emulsions,

In this case a technique was worked out that involved repeating
each g;c shot in the sequence, For the first shot, the fringes in the

channel were adjusted so that the central-fringes of the O~ and the 2«
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regions were visible in the channel; for tﬁe repeated shot, the fringe
spacing was changed so that the central fringe for the O-state was left
unmoved and the centrai fringe for the 2'~region was visible in a
neighboring channel, Thus for the same shot conditions and the same
Tspark' the fringe shifts 0-2 and 0-2' could be measured on separate
but presumably nearly identical pairs of interferograms.

In the case of the sequences with the 5-unit 5:1 model the fringe
pattern, as in the 5-unit 2:1 case, would have had to be broadened
sufficiently so that the central fringe for the O-region would be vis.-
ible in the original channel while the central fringe for the 2'-region
would be visible in the neighboring channel. It was found that with
this broad a fringe spacing, the zero order and the first minima of
the white-light fringe pattern could not be fitted into the narrow
neighboring channel, In the absense of a sufficient part of the white
light fringe pattern for purposes of comparison, the task of positively
identifying a corresponding white-light fringe would have become much
more difficult, if not impossible. Thus measurements of §;c with the
S5-unit 5:1 model were not feasible within the limits of our technique
and of our model design, which was made necessary by the requirements
of a separate but related experiment that was being conducted using the
same model.,

For some fringe picture sets, additional fringe-shift measurements
were made from the O-state to various regions along the channel behind
5;. both in the constriction itself and behind the tip.reflected shock
‘ §;t at various stages in its formation as a plane shock. The changes

in the pressure along the channel behind g; were of interest in indica-
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ting tle degrec of completion of thd interacticn of the trailing waves
with-gé, but neither these veriations nor the variations in the constric-
tion itself were of interest es basic data values.

4. THE FRINGE-SHIFT MEASURING PROCESS

The purpose in obteining a no-flow monochromatic interferogram for
each shot was principally to use it as & fringe calibratior or reference,
with respect to which the shift of the fringe pattern could be measured
in the verious regions of interest in the flow monochromatic interfero-
gram. This use of the no-flow fringe pattern involved the asgumption
that there had been no displacement of the fringe pattern agsociated
with the O-region from the time the no-flow picture was taken 1o the
instant ot the flow interferogram.

In flow pictures in which §; was only part way down the censtricted
channel, the region ahead of §L was of course still in the O - state;
thus the fringe pattern in this region could be compared with the
corresponding part of the fringe pattern in the associated no-I{low
interferogram. When this was done, it was found that in some cases
there were small shifts or the C - region fringe pattern from the time
of the no-Tlow to the time of the flow plcture. These shifts vere
erratic, 1.e. not consistent in their appearance even in & single
sequence of shots. In fact, these observed fringe "slippages" from
the no-Tlow to the flow pictures were well distributed between being
positive and negative, and they were not substantially larger than the
precision with which the fringe shifts were presumed to be measured .
Wherever such a slippage wes observed, it was ellowed for in the

fringe shift measurements, but in shpts in which the O - region was no
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longer visible in the picture, it was necessary to assume the absence of
such slippage.

Note, however, that in all cases where this assumption had to be
made, the pressures ahead of the shock waves of interest were uniformly
higher by at least the ratio Yo than the initiel pressure Py As is
shown in the discussion on the precision of the fringe shift measure-
ments, the higher the pressure shead of a shock whose strength was to
te determined by fringe-shift messurement, the less the fractional
error, other things being equal, that was introduced by uncertainties or
even small errore in the actual fringe shift represented by the region
ahead of the shock. Thus it was just those shocks, the fringe-shift
measurements for which unavoidably involved the presumption of no
fringe-slippage, which were the ones whose measured strengths were less
uncertain for a given additive.uncertainty in the actual value of the
fringe shift from the vacuum to the C - state.

We ccnsidered the slowness of the leak rate into the expansion
chamber and alsc the very slow rate of "natural" displacement of the
fringe pattern arising from displacement of the Mach-Zehnder elements
by vibrations passing through the pneumatic tires into the interfero-
meter; as a result ve were led to suspect that the fringe slippage
was much more probably due’tc a precursor vibration traveling down the
tube walls and, say, causing the test section windows to twist or
vibrate in such a way that a small apparent fringe shift of rapidly
changing character was superposed on the flow-picture fringe pattern.

If it was granted, nonetheless, that the no-flow wmcnochromatic

fringe pattern could be used as & reTerence for measuring shifts of the
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fringes in the flow plcture, then the procedure was as follows. A
particular white 1light fringe, say, a light fringe near the central
meximum of the pattern on the no-flow white-1:ght picture was werked
{with & number of light pencil marks); the same light white-lIght fringe
vas ldentified and marked in the various regions of interest in the

[low white-light picture; then with the flow monochromuatic picture
cxactly superposed over the rlow white-light picture, the monochrometic
fringe.corresponding to the marked white-lignt Iringe in the various
parts of the picture was gsimilarly markeda. Thuse the white-1light flow
picture was used to make it possible to track a particular monochromatic
fringe across discontinucus fringe jumps thal in some cages were a8
large 28 20 to 25 fringes in magnitude.

In similer fashion the marked fringe on the no-flow white-light
picture was carried over to the no-flow monochromatic picture by super-
position. The two monochromatic pictures were then, presumebly, ready
to be superposed, flow on top of no-flow, in the film comparator apparatus
described previously. Note that the marked white-light no-flow {ringe
was by cholce taken at or near the central maximum of the white-light
fringe pattern, in order that there could be no guestion about the super-
posablility of the corresponding white-light and monochiromatic patterns.
The question of superposability of the fringe patterns is treated in
tne discussion on the 'second-order” roll-over that is to be included
in a forthcoming report.

Proper aligning of the two monochromatic pictures particularly
involved their rotational alignment with respect to each other, so that

the various corresponding channel boundaries were parallel to each other;
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it also involved the alignment along the horizontal direction of the test
section, so that, say, the various wedge tips in the two plctures were
all superposed. Alignment in the vertical direction was inappropriate,
since it was in that direction that the pictures were to be displaced
with respect to each other in the fringe-shift counting process.

For the fringe shift from the O - state to some particular region in
the flow picture to be measured, the upper or flow picture was moved
in the film comparator so that the marked fringe in the region of inte-
rest in the flow picture was approximately superposed with the marked
fringe in the same region of the no-flow picture. .Then the flow picture
was slowly tr;nslated in the direction toward superposition of the
horizontal reference lines of the model images,etc. 'n the course
of this translation, count was kept of the units of fringe shift that
were traversed. Each unit consisted of a cycle of coincidence of the
marked light fringe on the flow picture successively with a dark and
a light fringe on the no-flow piéture. As the condition of superposition
of the flow and no-flow horizontal reference lines was approached, then
the last previous coincidence of the marked light fringe on the flow
picture with a dark fringe on the no-flow picture was chosen as & :
location to be measured. At this point the flow picture was carefully
ad justed in the comparator to the condition (referred to as optimum
fringe opposition) of optimally central coincidence of the superposed
light flow-picture fringes and dark no-flow-picture fringes, with
emphasis given to optimizing the opposition particularly for the marked
flow-picture fringe. This fine adjustment was of course observed

through the microscope that was part of the comparator system.
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It was usually observed that when the condition of optimum
opposition was achieved, 2 pair of mich-fainter symmetrical light
"friﬁges" appeared between the no-flow dark fringe of interest and
the two dark fringes on the flow picture that bracketed the marked
light fringe of the flow picture. This could readily be understood by
considering the superposition of two identical wave patterns that were
exactly out of phase, each wave pattern having a value of intensity
varying as, say, the souare of the sine of the distance. The symmetry of
the intensities of these half-spaced fringes was usually the most
sensitive 1ndiéator of optimum fringe oppoeition. It was largely
because of this sensitivity that the location of optlmum frinée opposi-
tion could be determined substantially more precisely and more repro-
ducibly than the optimum superposition of light fringe with light
fringe (which, correspendingly, would be referred to as optimum
apposition). A factor that appeared to make the advantages of oppesition
over aﬁpoeition more marked was the relatively low intensity of the
monochromatic fringes.

When this optimum adjustment had been achieved, the location of
the movable vindow frame was determined by turning in the micr;metef'
head until its measuring flat was just in contact wiih a correspending
rounded reference surface en the window frame, then reading the distance
to the window frame to the nearest 0.5 mil. The optimum opposition of
the marked light fringe.on the flow picture with the no-flow dark
fringe that was next after the conditien of reference-line superposition
was eimilarly‘obtained by fine adjustment, and its location was mea-

sured.
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Next the optimum superpositiom of the reference lines was sought.
This vas a somevwhat more difficult settimg, since the shallow amgle at
which the fringe patterms crossed the shadows of the horizomtal
reference wires temded to make location of the edges of those shadows
somevhat uncertain. Usually the best objects on which to fix one's
attention were the wedge tips and also the ends of the distance merkers
attached to the horizontal reference line. In those pictures in which
-S-.c had traveled at least pert way down the channel, the beginningse of
wall boundary layer caused a slight refractive uncertainty in the loca-
tion of the horizontal boundaries of the constricted channels; this,
coupled with the effects arising from the small angle of incidence at
which the fringe pattern crossed these horizontal boundaries, sometimes
brought it about that these top and bottom boundaries of the constricted
channel were not useful in the process of ad justing to superposition of
the images of the test sectlon. When the condition of optimum superposi-
tion was achieved, the location of the window frame wae again measured
in similar faahioﬁ.

The three locations thus measured corresponded to shifts of, say,
J - 1/2 fringes and J + 1/2 fringes, and to the unknown fringe shift,
where the integral value § was obtained directly by counting units
of fringe shift from the initial superposition of the marked fringes.
A linear interpolation of the unknown fringe shift location between
the locetions of the ) - 1/2 and § + 1/2 fringe shift values gave the
fractional fringe shift, which weas then to be added to § - 1/2 to give
the interpolated value of the total fringe ghift from the O - state ( rep-

resented by the no-flow) to the j - th region. Just such counts of



integral fringe shifte and similar triples of readings for the frac-
tional fringe shifté were obtained for regions ahead of and behind
the shock waves of interest for each of the shots in the various
sequences. The resulting values of the fringe shifts were the principal
data taken for this experimental study.
5. ROLL (VER

The techrioue described above for identifying a particular monochro-
matic fringe across a discontinuity in the fringe pattern was a
classical technique used in every interferometric study of shock
waves, Yet this tééhnioue, as it stcod, was in need of a substantial
correction that, to the best of our knowledge, was not ekplicitly dis-
played in a form appropriate for application to shock wave interferometry
until the appearance of the report by Curtisah in 1958. On the one
hand it seemed curious that this particular epplication had not been made
much earlier, since, according to Candler,eseesentially the same
phenomenom was observed as early as 1915 by Adams,26 in connection with
interferometric measurements of the concentrations of solute in aqueous
solutions. On the other hand, it was very strange 1indeed that none of
the earlier workers in this field ever turned up the sizable errors
in shock strength measurement that neglect of this correction would
lead to. So far as we know, this was the first application of Curtis’
correction to an interferometric study of shock waves.

In en ideal Mech-Zehnder interferometer that is fully compensated,
the two optical paths through the instrument - the paths through the test
sectlon and through the compensating chamber - are truly identical;

this implies that each dispersive element In one path is exactly matched
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by an identical element in the other path. Thus the gas (if any) in

the test section and the compression chamber must be the same and must
be at the same density. This is Just the condition thet holds for the
no-flow interferograms. As soor as the gas denslity in the test section
is changed, as 1t must be, since the function of the interfercmeter in
this research wes to measure abrupt uncompenssated changes in gas dens.ity,
then the two paths are no longer fully compensated end the effects of
dispersion must be taken into account.

So far as producing a fringe patiern is concerned, an 1deal
interferometer can in its entirety be considered to be two planes repre-
senting equivalent coherent plane sources gzenerated by the actlon of the
Pirst and second ideal beem splitters. The spacing of the resulting
fringe pattern is dependent on the included angle of intersection ¢
betwesn the two plenes when they are combined by the second splitter to
form the interference fringes. Thus, 1if the x-direction is in the plane
of the test 3ection image and is taxen to be normel tc the line of
intersection of the equivalent source planes, then as X increases, the
difference 4 in the optical path lengths between equivalent points on
the two planes also increases. - ,_

Tue Test-Section Puane,

F-/ z. €. Tusg PLanar Soorcs

1 FQUIVALENT TO THE
_"Q TA —> +X  Tegsgt SEcTion Patw

£ Tue CompensaTting ~Cramssr Puans

The increment in x corresponding to an increase o? a weve length A in

the length 4 is Jjust the fringe spac ing at that point. The central or

zero-path-length fringe is at the line of intersection of the two planes.
Now if there is &an uncompensatel Increment in the gas density p in

the test section, which has a thickness L parallel to the beam, this can
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be exactly represented for & particular wavelength of light by an equi-
valent displscament of the test-gection source plane in the Jirection
of 4 by an amount L\:Léf, where K 1s the Gladstone - Dale constant for
the expansion chamber gas (end 1s defined by the relationn - 1 = K.j% ),
ép is the chunge In the test-sectlion density, n is the optlcal Index

of refrection Tor the gas, ps 1s some standard gas denslty at which
K =n-1. If the gas ia dlspersive, this implles both that K = K(\),
so the distance that the equivalent test-section plane 1s displuced
for a given Sf'as a function of X\ and, in addlition, that the location
Xg of the intersection of the fixed and the displaced planes 1is also

a function of \ for fixed'ﬁf. Thus, in the case of & white-lignt
centimun, the location of the central fringe will vary considerably
for the various waveleagth components in the white-light spectral ais—
trivution.

Recall now that for, say, a flat-topped white-light spectral dis-
trivution with sharp upper =and lower cut-off wavelengths, the fringe-
pattern intensity distribution that is derived from the Fourier trans-
form of the spectral distribution is analogous to the Fraunhofer daif-
fraction pattern generated by two wide slits; it consists of a2 close-
spaced fringe pattern modulated by an envelope that has e central or
zero-order maximum, symmetricel first minime, weaker first-order maxima,
etc. This is essentially the appearance of the white light interfero-
grems shown in Fig. Tb or in Fig. 13.

It can readily be appreciated that the variation in location of the
central maxirmum with wavelength{because of K = K(N\)] can and indeed does

lead to a difference between the displacement of the close-gpaced vhite-
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light fringe pattern and of the modulating envelope of that pattern,

25 p is pradually changed from the condition of complete compensation.
It can further be spnreciated that for sufficiently lerge values of 5;,
the difference in the displacements could be large enough to have moved
the modulating envelone by an entire fringe interval with respzct to
the white-light frings pattern. In the case that this large & change
in density occurs across a single shock wave, tﬁen since it is the
frinre-intensity moduiating envcloﬁc which 18 used in identifying
corresponding white-light fringes on the twe sides of the shock, the
result is that the magnitude of the fringe shift indicated by this
technique is indeed in error by an entire unit fringe shift. Further-
more, there is no direct {ndication on the flow and no-flow white-
light interferograms that this is actually the case.

The magnltude of the density change &f that 1s associated with
such & unit-fringe-shift displacement cf the envelope with respect to
the white-1ight fringe pattern is expressed in terms of the number ct
units of moncchromatic fringe shift that correapunds to thls value of
{p. This number of fringe shift units is the roll over interval, so
named by Curtis because 1t can te imagined that the white-light fringe
pattern "rolls over" by a complete cycle with respect to the envelcpe;
14 is of the order of 15 to 20 monochrepatic fringes in the cases
both of argon andi of nitrogen. The exact value depends on K2 - the
coefficient of the first A-dependent term in the expansion of K in
powers of A, and also on the wavelength of the monochromatic light being
usel and the effective center wavelength of the white-light spectral

distribution; it is, however, independent of the test section width and
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of the total gas density in the test section.

The occurrence of roll over can be demonstrated directly, as shown
in Fig. 13, by taking a serles of no-flow white-light and monochromatic
interferograms &s one increases the uncompensated gas density in the
test section stepwise from C in steps small with respect to {; (roil

§p(roll cver)
°p

cver), 1.e. In steps of or less. Starting with the

AN = C (1.e. {f = () plcture, we merk, say, the light fringe &t the
center of ‘he zero order group, then in the next wihite-light picture
in the series, we compare the white-light fringes to the murked fringe
in the first picture and mark that fringe that appears o correspona
wost clcsely to it in reletlve intensity in the zero order group. We
contimie this process un+il the tcotal value of {f is of the order of
15 to 20 fringe shift units. We note that the marked fringe has grad-
ually been diaplaced from the center of the zerc order group; &t the
nalf roll over point, there should ideally be two central fringee of
equal intensity. Then we Jjuxtapose the firet and last white-light
fringe patterns, for AN = C ani AN = 16, and observe that the [ringe om
the last picture that corresponds most closely with the marked fringe
or the first picture 1a indeed one removed from the marked frings that
was identified by carrying the first marked fringe through the series
in the fashion just described.

All ordinary gmses, like most other optical media, display normal
dispersion in the visible portiom of the apectrum, a fact that ls asso-
ciated with the occurrence of strong apsorption in the ultraviolet.
Thus -‘4-;- = !“;«o. For all such medlu, the relative displacement cf the

envelope 1s in the s:ue lirection as the steady disnlacement of the
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fringes by changing the gas density; thus if, for example, we did not
take into account the occurring of a full unit of roll over, the corres-
ponding apparent monochramatic fringe shift would be one unit too large.
(Note that this corrects a misstatement in Curtis, P. 12.)
Note tnet the demonstretion af roll over can be maede even more
grephiec and the rrcblen of carrving through & particular fringe made
w1

eagler £ e *cr-inigue of masring +ernate lateral halvea of tr.e beam
3 L

n the iaterfercmeter 1s envloyed, in orier to chtain "artificial fringe
discentinuities” . Thus at any narticular density, the gecond side of
one pair cf interfercgrins weuld e cxposed, then the anagking would be

-

quwftoned and the first gside of tte next palr of Interfercorens weuld
Le ovnosed. In this way the frince tlentificaticn acress & 1/% o 1/3

o unit " rcll cver comli we nckicvedl et the cernter o un tntesfero-

gram, and 1eress 4 nin etyralynt }ine, retuer +han at the Juxtapesed

mhiq demonztration of roll over ncints to a technioue - the cnly
onc we could dev‘iae - that allowed us to "work around” the occurrence
cf »all over with a considersble degree of confidence. It was often not
enough to cay thet whenover & Trinre ghlf2 Al of 15 to 20 oazurred
ac~ozg & Aiozeontimaity in an tnterfercyram, the occurrente of &2 unit
of roll over should e assumed, end that for ghifts of mch more then
ralf of o rcll.over intervel the tell-tale signs agscoiated with mere
than helf s unit of r2ll over ahould be watched for. Sometimes the
<ize of the reglon, tre fringe Jump to which was sought, was not large
erousr to give an impression of the relative white-light fringe inten-

sities trat wes nlear enough to make one ccnfident in presuming the
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oceurrence of a unit of roll over. Likewise, in caees where turtulent
wall boundery layer was adding its random contribution to the sppearance
of the fringes in a region of interesti, as was partlicularly the case in
interferograms taken for the separsted but releted study, that also
made use cf fringe shlilt measurements &acrocs shiockas the relotive
fringe intensities could not be cetermined clearly enougin, at least
visually, to permit the unaided rresumption ¢f the ceccurrence of rell
over.

In these cases paviicularly, and indeed In all casces where 1L
proved feasible, wherever the occurrente of at leasi a major fractlon
of a urlt of roll over was susperticd, the white-light fringe pattern
on tne low denslty side waa Juxtaposed to another vhite-11lgut zatlern
of similar frince spacing, theu corcespinled to & fringe slift larger
bty 1/4 to 1/7 of & roll cover nterval. 4“his white-light yettern coculd
be either cn the sawe interfercgrum or on ancther one, for example, in
the same 3equence. The [ringe cn the intermediate fringe pattern that
corresponied te the originel marhed fringe was then marked, and this
intermed late pattern was then compuared with yet another Intermediate
pattern correspondlng tc 2 yel somewhat larger fringe shift, Just as
in the case of the geries for the static calibration cof roll cver.
This process was continued until the high-density side of the original
fringe jump was reached, and a marked fringe obtained on the high den-
sity side in the origlinal interferograu whicli could confidently oe
regarded as corresponding directly to the marked fringe on the low

density side. To be sure, in many cdages where utroad clear fringe

fields were available on both sides of a sharyp discontinuity that was
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elther small with respect tc half « roll over interval or relatively

~lose to & full roll over Interval, the wdded assurance oI the octur-

i

rence of roll over that this intermedinte-fringe-tranalier tecinique

proviled wes not really needed.
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The relationship between the pressures and Llhe dsne ities ¢n zither
side cf 2 plane shock weve ls calleld the Raniine-Eusenliot relation;

1y an immedlate ccrnsequence cf tae threec btaslic ~cnservition e~untions

oy
for the flow through the shocks ™. Let ;1 sné p, Le the ag denslties
} } P
on the low and high density sides cof @ shock, lez Xy = p‘ ; similarly
1-1 p.
lat P71 and P, be the correspending gars preasgures, end 5y, ¥ = ,

’ P
-1
in line with the previous asage feor y. Let ¥ vLe the adiervatis expoOnent

’ -1 . . \ - . .
of the gas, and /I!‘%TI::f r 1, where I' ig the =flective nunber c!

degrees of fremdom of this perfect gas. Then tle Rankine-Hugoniot
T & A

z-+1
relation for this perfect gas tukes the form X, ’zﬂﬂ,’" . ‘ihis
ﬂ'l‘-l .- - N o !
- ® -+ Srom ~itiiar of iliese orms the

can be invert=d to yield yi =

outstanding char-steristic ol this relut'on is evident: &u ;, —0®

—a

Xy~ pm= L for a monetomic gas. More *11L be 1ade of tnls behavior
fn th- Jdiscussion on the precision of meaguremsat.

The relaticnchiin hetveen fringe Jund and density ratio can readlly
be derived as follovs. Imegine o test sectlon and & cowpendating chain-
ber, bath optically identical, each completely evacuzted, Let & particu-
lar {ringe pattern be asscclated with tnls condition. Then &3 the gas
density in the test section is increased fr-om zero, the optical path
length through the test section is Ilncreased Ty L(n(f) - 1), and the

: o . - L
assoc iated number of wunit fringe shifts is x ["(f)-l], where nQp) =
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index of refraction of *h~ gns, L = teat section wildth, M = wvavelengih
of monochromatic light. The Gladstone-Lal~ relaztion, 4s referre! tco

nreviously, for gases under "crdinary” ccnditions Is of the Torm

K . .
n-1-= 7;C : this ®orm alsc cenatitutes o definition of the Gl=istcone-
Cm»le conatant X, Emrre p  is core otnnlarl denaity at which K iz Just

-~
w3

the axcess of n over thes value 1, If the Jensity is increass~d o

Py
and then to p,. the ~orvessending values of the total Zrirnge phift
FS

freom vacuun condiiticns to the statms 1-1 and 1 are

= N: - KL Li-l
F-1

N(vae, i-1) = = "% Ps
. KL :
and N (vac,i) =N; = “%:"
Nvac, i) — _,!.L = Li = x:
Thue Zoooo D = WMoa =~ P =7

Thus the expression for the strength y of a shock wave, in terms
of the measured values of the fringe shifts from the vacuum state to

either side of the shock wave 1is N Ni. N
. - Ni H i« N, . . N:
’\a,‘g_ﬁ/ﬁ-'=f-§—';;—' :[H_*‘T-._'J/[/“" sl : ()"' )/WN._‘ N:)
This form for Yy» wvhen applied to §c, becomes
. aN(ass,2) - N(Avve,0) Na - Ne
,\t" 7‘ * WILAY AL = N {ves, 2) Ne =N,
For those sequences which included pictures of 3';c s, values of yrc =y o

were determined in a similar fashion. The appropriate form here is

JlNy - Ny

"Jvrs bt "j’l' =
In the ideal case of normal reflection of a plane shock from a rigid

(pas2)ape - |
M *1‘

}.AN]_ - Ny

- end wall, the relation between Yo and Y, 18 ~fpees

This cen be inverted to the form Apc= Egre *!
Mr2- Yre

wvhich was used to determine the '"derived" values of Y, from the



81

measured values of Ve The experimentally measured values were in
general the shifts from the initial O-state to the (1-1)- and the
i-states. By use of the ideal gas lew, the value of the shift
N(vac, O) = N, to the initial state can be written in terms of the
experimental conditions, taking the form

(KL o . KL pe T
Ne Tf,“u s T

From the International Critical Tables, it was determined that
K = 283x 10-6 for argon at 0% end 1 atmosphere, so if L is taken &as
2.012" = 5.11 cm, and A is taken as the center of the magnesium

triplet, which is 5170 A°, then

_ PetmmHg) 253-l°" S MNET L leoe ———P'hmﬂ,)
Ne® Sow) 5170210 8 cm Te (°K)

It is to be noted that Kshane displayed the values of the density
at the ocutlet of the convergence as the end result of the reduction of
his interferograms. In our case the focus of attention was the effect
of the constriction on the shock rather than on the flow field behind
it; the parameter used to indicate that effect was the shock strength,
i.e. the pressure ratio — even though, by virtue of the nature of the
Rankine -Hugoniot relation, the fractional uncertainty for y was greater
than for x and increased more rapidly than that for'x as y was in-
creased.

In the graphs (Figs. 14, 15 and 16) of the variocus measured values
. of Yo for each of the sequences of shots, we have included rough and
rather conservative indications of the limits of precieion on the
various measured values of y. These were intenticunally conservative,
so that wvhen the gap between a calculated value for Ve and a measured
value was substantially larger than the extent of the asgociated impre-

cision - flag, it could reasonably be concluded that the discrepancy



was very likely a real one.

82



CHAPTER IV

CORRELATION OF THE THEORY WITH THE EXPERIMENTAL RESULTS

1., PRECISION OF THE MEASURED VALUES OF SHOCK STRENGTH

The precision with which the values of shock strength could be
measured for the waves of interest was a function of the precision with
which the interferometfic fringe shifts could be measured and the preci-
sion with which the gas conditions corresponding to the no-flow reference
fringe pattern were known. Attention has already been given in the
previous chapter to the uncertainties in the relationship between the
O-region fringe pattern in the no-flow interferograms and the presumably
_ identical O-region pattern at the instant of the shot; this was contained
in the treatment of fringe slippage.. In view of the presumed nature
of the cause of slippage, it seemed reasonable for us to say that the
actual value of N(vac,0) ahead of ge was itself known from the initial
values of p, and To' and that the occurrence of slippage, of essentially
the same magnitude as the imprecision in thé values of the fractional
fringe shift, was effectively a second contribution to the imprecision
of all the other fringe shifts that were measured by using the no-flow
interferogram as a reference,

In our use of the fringe-shift-reading interferogram comparator
described previously, it was our experience that careful settings on a
condition of optimum fringe opposition were reproducible to about *1 mil,
This precision was, of course, affected by a. number of factors: the fringe
pattern spacing, its photographic density and contrastiness; the care
with which the observer's eye was kept centered with respect to the

microscope eyepiece, so as to reduce the effect of parallax;.backlash.
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and "stiction" looseness of the drive mechanism in the mechanical stage.

The density and contrastiness of the fringe patterns were usually
far from optimum. Experiments were conducted to determine the amount
of improvement readily available in this area by way of contact-printing
the interfercgrams onto extremely contrasty film., We concluded that
considerably more work would be needed in order for the improvement in
contrastiness not to be offset by the increased influence both of the
graininess and the emulsion thickness of the original interferograms
on the sharpness‘of the edges of the dark fringes. Furthermore, it
appeared at the time that the added task of reprinting all of the inter-
ferograms that were taker in the course of this experiment would be
nearly prohibitive, More is said about this matter in the chapter on
conclusions and recommendations for further =werk.,

As would be imagined, decreasing the fringe spacing permitted a
gain in the incremental precision of settings on conditions of optimum
fringe opposition, but these gains were not commensurate with the de-
crease in the spacing, so not only could the fractional-fringe—shift
precision of the settings not be improved, but as, with decreasing fringe
épacing, the graininess of the film began to play a more important role,
the fractional-fringe-shift imprecision became substantially poorer.

Involved in each determination of a fractional fringe shift were
three settings of the comparator, as was noted in the previous chapter.
Roughly speaking, one could say that the preciesion of the three
corresponding values of distance were similar, although under certain
circumstances of low photographic dehsity. etc,, the setting on the
location of the superposition of horizontal reference line shadows was

somewhat less precise than the other settings. These three uncer-
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tainties were each assumed to have an appropriately random, non-
systematic character, so that they could be combined by the usual sum-

of -the-squares method.eT

It was true, to be sure, that the exact
value of the combined uncertainty was dependent on the value of the
fractional fringe shift, but the combined value was always nearly + 2
mils.

Since the fringe spacing wae usually in the range of 20 to 30 mils
on the interferograms themselves - sometimes larger, rarely smaller -
it was reasonable to use as a rule-of-thumb that values of the fringe
shifte wvere measured to within €5 the fractional-fringe-shift impre-
cision = (approx.) X 0.1 fringe. There was the expectation, then, that
the actual value of the imprecision might well be somewhat smaller than
this in many cases, but only rarely would it be much larger. By way
of comparison, it should be'noféd here that Ladenburg28 also spoke of
€ =1 0.1 as a "conservative”" value for the imprecision in measuring
fringe shifts, wern°£?9 however, reported that he used fine - grain
£4lms and reprinting technigques to increase markedly the contrastiness
of the interferograms. He also used a semi-automated non-visual
technique for making the settings on the conditions of optimum opposition
of the fringes; by doing this, he was able to achieve reproducibility
of fringe shift readings to within %a fringe.
2. PROPAGATION OF THE PRECISION OF MEASUREMENT

Two approaches were taken with regard to determining the propagated
effect of the imprecision of the fringe shift measurements on the derived

values of shock strength. Initially, formulae were derived for the

fractional imprecisions in the derived values of the shock strengths as



86

funct on: cf the value of y., ¢f the total equivualent fringe value
N(vac, i-1) ahead of the shock and of the fractionel-fringe-snift impre-

cision; its derivation can be summarized as follows.

The basic equation for an arbitrery y, =% (N, N;.,) 1is
C e Ml N
¥, N = N

The variation-form of this is

p(N; ’z;) -(N;., +€,.,)

(N v &)~ (N; + 67

where the g’s are the individual additive imprecisions in the various

yo(1+ 5) =

values of the total fringe shifts, and 4, is the propegated fractional
imprecision In the derived value of the shock strength. |
From this, one cen obtein

S = o [ G ) — e (5 m)

If now [€.,] ~l&; | = ¢, i.e. if they are Gaussian random uncer-
tainties of essentially equal megnitudes, then they cen be combined as
the sum of the squares?T After some reduction, utilizing the Runkine-
Hugoniot equation, the final forn is

£ gt e 0 - 2]

Note that for yy2 5, the coefficient for ¢ can.safely be neglected
with respect.to the coefficient for ¢;.,, 80 for large Yy Ve see that the
fractional imprecision in ¥y is due almost exclusively to the uncertainty
in measuring Ni-i'

Now we meke use of the earlier discussion of the possible cause for
the fringe slippage in the O - region: we essert that the ges cenditions
P and To did not change but that the cause - whatever it was - for the
change in the optical length of the test-section path wae external to

the working gas in the test section. Thus N(vac, 0) would still be
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deternine. Tram T and TO tc within an imnrenigion of certainly less
than 1%, and the siiopage could be trested as ancther additive uncer-
tainty in the values of all the cther fringe shifts that were mreasured
by use of the no-flow fringe pattern. As mentioned bafore, wherever

the 0 - region was visible in the interferograms, the slinpage, if it
occurred, was taken into account in determining the values of the suc-
ceeding AN's; Iin these cases the imprecision of measuring the slippage
was certainly no greater than . On the other hand, when the C-region
was nc longer vieible, the shock to be measured was §;c; in this case
31-1 wae enough larrer, espe~inally for large values of T2 that adding
the sliphrage imprecision teo the fracticnal-fringe-shift imprecision
atill did nct muke the f»=2~+iopnl imprecision of Y e unusably large.

The procedure was that the fringe slippage imprecision €s was con-
sidared not <o 2rply in the case of N(vac,G)iNo, while i{n the cass cf
all cother fringe shifts, the measurement c¢f which involved use of the
n0-flew fringe pattern as & relerence, &g was considered to be a sepa-
rate additive imprecision, to be combined with the other imprecisions by

the sum-of-the-squares method. Thus for y.» the variation-form 1s

Qe (v+8c)= }“1*5105,]-N.
}_,No- (Np e €y )

If we assume that JE&g}: |E;| 3 , this reduces to the form

e * %< k3
. et (& +)

This is the coefficient for the propegation cf imprecision for the chan-
nel shock strength Ver In the case of M the term &g applies to both

cf the fringe-shift values that enter the formula for Ypes here the

variation form is ?u(u-&"_) = A(Nzr+Ezv+E,)-).A(N3+E;+€;)

F(Nz 06; tf‘)' (N1' +€g'*§;)




Again we assume that l!,l=ltl-|;|51| x € ; by straightforward alge-
braic manipulation, we can obtain the corresponding form for the coeffi-

cient for the propagation of imprecision for the channel-reflected shock

strength y_ : 1) 1
ST L i[(r'-r*‘)(;';'g*l)-<;4'-4r-*')5|2e]'

€ Neptpci) g0k

In addition, the relation Y, = yc(yrc), which was introduced in the
section on reducing the fringe shift data, can also be written in varia-

tion-form, and a value for the ratio of the fractional imprecisions for

Yoo and for yc(yrc) can be obtained: $¢(va . (ﬁ*jc)[bnz)q:"l
Sve /%‘(l" +1)?

A direct comparison can now be made of the relative magnitudes of
the imprecisions 8¢ and §clvc). The values of -%5- ) §-‘E= ) éﬁ_-:" and
éﬂégg are displayed in Table 1. The value of Ye that was used for each
of the various values of Yo was the one calculated from Laporte's theory
for that value of Yor since it 18 particularly in the immediate vicinity
of the calculated values of Y. that we need to know what degree of pre-
cision to aecribe to'the experimentally measured values of Yoo From
this table it is evident that yc(yrc) is in general a less precise indi-
cation than yc of what the channel shock strength was at the end of the
channel, or would have been farther along the constricted channel, had
the end of the channel not been there.

It should perhaps be pointed ocut explicitly that the tabulated val-
ues in Table 1 are themselves not the actual fractional imprecisions in
the shock strengths, but must be multiplied by the fractional-fringe-
shift imprecision, which is nominally C.l, to yield the actual values

of‘Sb.
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From this table, it can resonably be inferred tnat, insofar as the
precision of the fringe shift measurements is concerned, the experimen-
tal results should be a fair quantitative indication of the actual wave
strengthe for the weaker incident shocks, but can be expected to give
aly a very rough indication of the wave strengths for the stironger
shocks .

The second approachvto determining the propagated effect of the
fringe-shifg-;easuring imprecision was the one used in determining the
"imprecision~flags” associated with certain data points in Fig. 1k, 15
and 16. In order to provide a conservative indication of the impreci-
sion of the measurements, varied-values were calculated for thcse values
of Yo and of yc(yrc) that were closest to the corresponding theoretical
velues of Y. for each of the values of Yo that were studied. This was
done whether the closest measured values were from locations of §L and
g;c that were closest to the end of the channel or not, in order that
a better indication could be given of the magnitude of the imprecision
of the experimentel values in the neighborhood of the calculated values.
The varied-value for each such clcsest measured value of Yo and of
yc(yrc) was determined by varying each of the values of the constituent
fringe shifts by 0.1 fringe in such & direction that the varied value
of Ve or yc(yrc) was displaced toward the calculated value of Yoo This
procedure involved, of course, no allowance for the randomnese of the
constituent imprecisions; the magnitudes of the propagated imprecisions
were thus, it is believed, conservatively large.

In cases where some of the experimental values of Ve differ consid-

erably from the cealculated value, as was the cese for the stronger inci-
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dent shocks, it should be realized that the values of the imprecision
change considerably with yc(experimental) for Yo fixed: the fractional
imprecisions & and & . both increase with yc(experimenta.l) and of
course the additive, as distinct from the fractional, imprecision
for a fixed §, or Sq,,_) increases with yc(expe_rimental). Thus the sig-
nificance of experimental values of y or yc(yrc) Athat were much larger
than yc(ca.lculated) wesdiminished, while for values much less than y
(calculated) the relative significance of the experimental values was
presumably enhanced.

The various values of yc(experimenta.l) for each value of ¥, vere
plottedl in Figs. i%, 15 and 16 and were numbered in sequence down the
constricted channel. The numerical values of the measured shock

strengths are recorded in Tables 3, 4L and 5, along with the locations

x of the shocks §;or §—m; these values of x were measured with respect
to the center line on the model. The experimental values of Yre for
each Yo are separately identified and also identified in sequence by
letter, starting from the reflection. Each value V. = yc(yrc) that was
derived from a measured value of Ve is represented as a value of Y,
and ie identified by the same letter as is the value of Ve from which
it was derived.

It is appropriate to consider the degree of precision in Ve and
yc(yrc) that could be obtained from the x-t plots by measuring the local
velocity of the channel shock. 1In view of the uncertainties arising
from the transients in the opening and cloeing of the gate circuits,
it seems reascnsble to take the imprecision of the time coordinate of
a typicel x-t point as t 2 psec., and the imprecision of the distance

coordinate (in full-scale test section units, not in terms of distances
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on the interferograms) of a shock as Y1 omm. .Because of the substantial
changes in the strength and velocity of §; as it travels down the chan-
nel and particularly because of the catching-up of the tralling wave
patterns, it is evident that, at most, only a relatively short base line
- say, 50 om - near the end of the constricted channel 1s available
for determining the velocity of g’c from the x-t deta. Nor this base
line the transit time would be 45 usec for Y, = 15, 11€ umsec for Yo = 2.
When the random imprecisions of the two ends of the base line and
of the beginning and end of the time interval are all taken into account
in a sum-of-the-squares fashion, the imprecision of the resulting ex-
perimental value of shock velocity turns out tc be & for y. = 15, L%
for ¥y, = 2. Since the shock strength varies essentially as the square
of the shock velocity, the ultimate imprecision in the value for Ve cb-
tained from the x-t data would be about 12% for y, = 15, about 9% for
Yo = 2. Thus it was concluded that little was to be galned from an ex-
tensive program of determining values of Y by this alternate method.
It should be noted, however, that continuous, as distinct from discrete,
measurements of x and t for é"c could very easily be much more precise;
as is noted in the section on conclusions and recommendaetions for fur-
ther work, schlieren streak-camera records of the time history of gc
in the constricted channel would glve values for Yo with much greater
precision than would the method just considered above; this would be

particularly true for the stronger shocks.

%, THE THECRIES OF LAPORTE AND CF CEISNELL: OUTLINE AND NUMERICAL
CALCULATIONS

It was noted in the introductory discussion of Laporte's theory
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that his report included some numericel calculations For the 'remcte"
values of the channel shock strength Yo and the tlip-reflected strengths
Yt in a monatomic gas. Unfortuately the ranges of these culculations
did not include &1l the values of incident shock strength Yo which were
deemed suitable for measurement in this experimental programyso & culcu-
lating program w&s set up Lo extend the range of v, to !nclude the addéi-
tional values of interest. It seemed approprigte to ccmblne the
description of thie calculating program with a review of Laporte's theory
and some additicnal details related to it. By chance it turned out
that the particular extensions of his calculations thatl were needed
were 21l in the regime of unchoked flow, so the principal emphusis in
the following discussion is on the procedure for the unchoked regime;
the changes in the procedure needed for the choked flow regime, which
are chlefly in the line of simplications, are dlscussed wmore briefly.
The section 1 conciuded with a short discussion of some of the detalls
of the related theory of Chisnell. 3Some calzulatei values of Tor based
‘on this treory, are tabulated and plotted along with the values calcu-
lated Trom Laporte's theory in Table 2 &nd in Figs. 1k, 15 and 16.

By way of a brief review of Laporte's theory, the main features
are listed here: F
1) the fixing of the attention on the strengths of themain shocks praduced
by the interaction es Lielng tre chief dependent variables in the problem;
2) the concern with the situation "in the large", i.e. after most cf
the secondary vaves generated by the interaction of the shock and the
flow with the convergence had either died away or caught up with the

main shocks or, in the case of choked flow, amalgamated with the stand -
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Values for the channel and tip reflected shock strengths
Yo and Yy 88 calculated from Laporte's theory.

(R = 2 as 5
Yo Je Irt Je Irt
2 2.2998#* 1.3157* 2.50L6% 1.5858%
3 3.5765 1.5942
I 4 ,8424 1.8321 5.5905* 2.4011*
5 6.1013 2.0326
6 7.3549 2.2020 choking starts at
choking etarts at Yo 6
Yo 7
6 --- - 8.5410 2.9179
8 9.8560 2 .4676
10 12.360 - 2.6596 14,439 3.5180C
12 1L .868 2.8040
16 19.890 3,006 23,340 3 ,9690

* Values calculated for this study; other values from

Laporte X pp. 1k, 22, 23.

Values for the channel shock strength y, as calculated
from Chisnell's theory.

(R-E (R=5

Jo Je Je
2 2.34 3,00
L 5.10 T.24
6 7.84 11 .k
8 10.5 15.4
10 13.2 19.5
12 16.1 235.7

Table 2.. Valuas of the ltren@thl Ve and y rt of the chanmnel

and tip-reflected shocks, as calculated from- the theories
of Laporte and Chisnell.



ing rarefaction;

3) the postulation of isentropilc flow through the convergence;

4) the introduction of an interface I to allow for the different en-
tropy states of the regions 2 end 3, which have qulte separate histories

—p -y
following the errivael of 5, or S.s

o

5) for the case that the incident shock strength and the aree ratio
arc such that the ocutlet flow from the converging section is sonic, the
introduction of 2 rarefaction'g ancrored to the outlet of the conver-
gence, to complete the transition of the flow to conditions that can
be continucus in pressure and flow velocity across the interface;

6) the use of the proper non-isentropic formulae for the changes in
the gas parameters across the shock waves.

In the case of choked flow, it is to be noted that the flow can
be said to be choked only so long as Mh i{s fixed by the sonic condition
(1.e. M = 1) at the outlet of the convergence. This in turn imposes the
condition that there be a reflected shock g;t that moves upstream or
at the least is stationary et the inlet to the convergence. This con-
dition on the nature of the wave solution 1s actually & very weeak one
for the area ratios that are used here, since by applying Oppenheim's
analyeis6 to the case of a monatomic gas such as 1s used in this exper-
iment, we can determine that the wave solution dces indeed include a
tip-reflected shcck for arbitrarily large values of Yo" To show that
this is indeed the case, we can take a more straight-forward approach,
that does not direcily involve the notlon of the regime of amblguity.
For an arbltrarily strong incident shock traveling into gas at rest

there is & limiting value of the flow Mach number M1 behind it: in the
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cagse of monatomic gases, Ml (1limiting) = ﬁ% =\f,5_7- ~1.34. When this
supersonic flow passes through a converging section, the Mach numoer
is decreased, but by the usualAargument, we see that the Mach numoer
cannot be decreased below the value 1 by a monotcnic couvergence. The
area retio of the convergence that would bring M1 (l1imiting) Just to
the value 1 is, again for a monatomic gas, A = 1.073. For any larger
value of area ratio this flow situation would not be an allowable
solution, so & tip-reflected shock would neccessarily be formed, and
the flow through the convergence would be entirely subsonic.

One of the basic distincf.ions between the approaches of Laporte
and of Kehane et. al. is that, while Kahane achieved a direct graphi-
cal solution of the wave strengths by the expedient of approximating
the shock waves as isentropic compression waves, Leporte, on the other
hand, carrying over many of the features of Kehane's work, went on to
treat the shocks as truly nonisentropic and to undertake (within the
framework of the solution "in the large") the iterative procedure
needed for c&lculé.ting the values of the main shocks arising from the
interaction. Here we shall consider in some detail the more compli-
cated iterative procedure that was needed for the unchoked regime,
since it was in that regime that additional values of y, vere needed
for our purpoees; we shall only briefly describe the changes in these
procedures that would be needed for the choked regime.

The basic procedure was as follows: for a given Yo and area ratio
R, we made an educated guess of the values of Vet and Yoo Ve determined
the resulting values of u3 and Uy and of p5 and Py» and then we im-

proved the choices of and y rt by using the magnitude and direction



96

of the mismatches u5/u2 and p5/p2. Clearly the number of initial

unknowns, 1l.e. e and yrt’ was Just matched by the number of conditions

imposed on them, i.e. u5 - u2, p5 = pa. The formlae for the inter-

mediate calculations are given by Laporte for the case of a monatomic
gas; the sequence of computations can be schematized as follows:

%——o' = %;-()“-;‘j—o)

c =£_ ’
Rkttt

W, - W,

= u (}‘L} 1?’!.1)
C, CI

From these three, we obtained

Ut = 2 (e 9aa).

% = Fo \é'.n.x

c = C&

E?- <y (PJ L’Az)

S+ = S+

C—o Co BJ%O) "'nx)

Ma= e = Ma (k) Yo, %nx)
C.o

Ms = M3(M*) G(J)’“)

M3y = Mg M3

s u,,(_—:, 7 R, )“)
JF'.:_ = B> My a

Ta ’F‘4. ( -8 ? ))A-)
22 = Yy owy

Co Mo Ce
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Ro 4+ Po
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4
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3
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Finally we achieved the two "mismatch" equations

= %2 _ Wa/Co
U— Ml '\Az/(e

and
p= B2 = fy/%.
P2 9 e

The procedur? used in this present calculation for improving on the
original guesses for Ve and Yoy Wa8 as follows. First we took as trial
values three successive pairs of Ye and Ypt? involving the use of only
two values each for Yo and for yrt: thus we used the pairs Vo1’ yrtl;
ycl’ Votod Yepr Yogy The three resulting pairs of mismatch values,
(Ul, Pl)’ (UQ’ Pe), (Ui’ PB) were substituted in a bivariate linear
interpolation formula appropriate for the imposition of two conditions

on the values of the two variables. In graphic form this would have

the appearance: Ye )
- 2
o{::Cl’) ¢ *
axi . or 03
P
(%o * (‘*“’ Fnx
* ‘ﬁna.:.) ‘h‘x‘)

Thé geometric interpretation of the interpolation process is the
finding of the linearly interpolated values of Yo and Vet at the origin
of the U-P plane.

In actual practice, it turned out that extrapolation from the
values of y; already itabulated by Laporte made possible very good
guesses for the values of Ve that we sought. This was made possible
by the fact that Yo = yc(yo) is almost exactly a étraight line for
given values of u and R ; for this unusual dependence no ready expla-

vnation could be offered. There is certainly nothing obvious in the
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actual formula by which the values of pj/p0 were calculated for given
values of Yor M and M that would indicate that the matching values of
p2/po could be very nearly linearly dependent on y_ -

In view of the fact that the extrapolated guesses for y, were
presumably much better than those for Ypt? the iterative procedure was
altered somewhat in its initial phase for each value of Vo' The initial
guess for Veor which was just the extrapolated value, was held constant
while Yp¢ Va8 varied so as to minimize U and P simultaneocusly. Only
then vas a very small variation made in Y. in order to provide the
third, non-collinear point in (yc, yrt) space for the bivariate
interpolation calculation. In the actual calculations we perfor.med,
it was found that convergence of this iterative procedure was quite
rapid. |

It was our understanding that for each successive cycle of itera-
tion for each value of y., included in the tables in Laporte's report,
each of the various flow and shock functions was calculated from the
specifying equz_ztiona . Much of this tedium was avoided in our calcula-
tions by the use of a set of gas ‘t.t:a.blea30 that proved to be of con-
side;-_ablg assistance in this work. Thie set consisted of a complete col-
lection of both isentropic flov; and normel shock functions‘ for a number
of values of Koo including p = 4, in both cases with the incoming
flow Mach number as the independent variable. The normal shock tables
were, of course, for standing shocks, sO for the various shocks of

interest, -QCA‘— =M, (1- 1 ) vas the form for the change in flow

[ XJ.
velocity across the shock, in terms of the sound speed ahead of it;

Ml was the Mach number ahead of the shock, which is equivalent to the
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shock velocity ) for a shock
sound speed ahead of the shock or & Bshoc

shock Mach number Ma(=
moving into gas at rest.

The principal advantage in using these gas tables, as compared
with calculating each value as needed from the specifying relation,
was in the computation of M3 = Mj(M ,R). The form of this relation

can be derived from the expressions for

the conservation of mass 0, u, 4‘\'5 = o, u‘A.‘

and the conservation of energy u' «( -|)c2= uz+( -|)c=
3 TTHTEE T E TN

across the area change, by eliminating the sound epeeds. The form is

- Al
2 T . i S 2
A‘M,/[Mu,u 1] ASM,/F‘\,»,)J 1) )
The direct explicit determination of M3 = “5(Mh’ R, ) would itself
be an iterative procedure for each succesive value of Kh‘ Alternative-

ly, Rudinger3 1

suggeated the construction of a large and detailed graph
of M5 = MS(Mh) for a fixed value of R . The approach used here was
mich simpler and allowed for much greater precision of calculation: 1t

involved using the table of values of the area-Mach number relation

A LI
By (T

) which was one of the isentropic flow functions in
the gas tables. This relation gave the flow Mach number at an area A
in terms of the area A’ at which the flow was sonic, as for example at
the throat of a Laval nozzle. Note that -i-\, differed from the form of
Equation 1 only by & factor /u" /f which was of no concern here because

only the ratioe of values of A/A' were of interest,

Ala" (M,)

AlA™ (M,)

was the form that Equation 1 took when adapted for use with the gas

Specifically, ﬁ 2

tables. Since as M approached O, A/A became very learge, it was found
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convenient, for purposes of precision in interpolating, to use the
L.
reciprocals of the values of A/A for all values of M less than about
0.5.
In the case of choked flow, M, =1, so M, = M could either be
3 b crit.
computed from Equation 1 or could be found from this same tabulation of

the area - Mach number relation: the appropriate form was
A =
A% (Mewin) = ®

With Yo and M given, Yot could be determined iteratively by a

crit
single-variable interpolation scheme. pj/pe and uj/co were then

determined by Yoet? Mcrit and 51._ Separating the now-known region 5

from the known region O were two waves, g; and.if. Solving for Ve

was another iterative calculation involving a eingle-variate interpo-
lation; specifically, one guessed a value for Ve = p2/p°, and directly
obtained the corresponding value of the strength p3/p2 of ’ﬁ

(& function of ?é/p2)

Then ue./c° - u3/co + ; the successive approxi-

L]
_ o]
mation. to y, were determined by interpolation using pairs of values of

the mismatch function a//W%a |

For the initial '"guess" for Yoo linear extrapolation proved to be Jjust
as suitable in the choked regime as it was in the unchoked case.
Alternatively, one could iteratively solve the single implicit relation

Yy, =¥, (M

erit’ Yo yrt) that is to be found on p. 18 of Laporte's

c
report.

To conclude the discussion of theories and calculating procedures,
we shall add here some more of the details concerning the Chisnell
theory and especially concerning the calculations based on the theory;

these calculated values were plotted in Figs. 14, 15 and 16 along with
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the values calculated from Laporte's theory.

As noted in the literature survey, Chisnell derived a differential
equation g—f—: = g(y) relating the change in channel area to the change in
stréngth of a shock traversing it. He assumed that for area changes
that were not too large the shock would tend to become uniform af-
ter it left the varying-area channel and that its strength would ap-
proach the area-average value of the strength that it had at the moment
it emerged from the area change. He further assumed that the effect
of the interaction cf any of the other waves,that followed after the
. main shock, with the shock itself while it was in the converging
section, could be neglected. By direct integration of the derivative

dA, he obtained the expression A f(y) = constant,

dy
vwhere Y V;*' .
Fogp= L G ?é—‘*'/’" Wrre ~ VER anp (»-')“'“-‘L";'_"vl }}
P L 7 Va/rrs +-—‘-;:.' : £
He noted the equivalence of his differential equation to one derived by
Chester32 » which was of the form

LdA . 2 .

Ady  ly-ikiy ?
here K(‘J) wvag found to vary very slowly with y and so could be treated
approximately as a constant. It was not surprising, then, to find that
the integral form Af(y) could be approximated by A(y-l)l/K(y) .

The numerical values included in Chisnell's paper were for a
diatomic gas. When our calculated values for u = 4 were plotted in
the form loglo f(y) vs. loglo (y-1), it was found that the resulting
curve was for all practical purposes a straight line, with a slope of
about 2.2, which was appropriately close to the expected narrow range

of values for K(y). The values of Yo = yc(yo: Chisnell) that were

plotted on Figs. 14, 15 and 16 were determined from the form
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log f(yc) = log f(yo) + log R, The values y_(y ) @lso formed a
straight line, which of course passed through the point (1,1); thus
the Chisnell curves are not quite straight lines on the log-log graphs.
It is perticularly interesting to note that for the values yc(yo)
from both the Laporte and the Chisnell theories, at ieast for the case
of m = L, fall on very neerly straight lines which, of course, inter-

sect at (yo =1, y, = 1). For neither theory is it at ell clear why

this should be the case.

Finally, it would have been interesting to compare the experi-
mental values of yc(yo) and the calculated values from the two theories
with the values that could be derived from Kahane's isentropic theory:
however, Kahane's, like Chisnell's, work dealt only with the case
M= 6, and the recalculation of Kahane's superposed array of curves

for u = 4 would have teken too long.

4. DISCUSSION OF THE RESULTS OF THE EXPERIMENT

The results of the imterferometric meaeureﬁente of the strengtha
Ye of the channel shocks in ihe various sequences of shots are shown in
Figs. Lh, 15 and 16. These measured values wvere 2180 recorded in
Tables 3, 4, and 5. The results for each model were graphed with y
as the independent variable; superposed on each of these were the
corresponding curves of Yo = yc(yo), that were calculated from the
theories of Laporte and of Chismell. The numerical values for these
theoretical curves are shown in Table 2. In additlon, the streight
lines Y, =T, vere drewn in order to make it easier to evaluate the
degree of increase of the strength y, over the initial strength Yo

As will be recslled from the discussion on the precision ¢’ the
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(0] y (calculated : Laporte)
X Y, (catculated : Chisnell) AG
B(A,B,C,D) Ve (experimental)
A(1,2,3,k) Y, (experimental) o3
A(A,B,C,D) yc(yrc) derived from A
yrc( experimental) 83
22,() - pumbers indicate successive locsations of /7
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Figure 1l4. Graph of channel shock strength
measurements for the 2-unit 2:1 model .
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¥c (calculated : Laporte)

Y. Yo (calculated : Chisnell)”

-0 (A,B,C,D)  y,.(experimental)

A (1,2,3,4) Yo (experimental )
A (A,B,C,D) Ye(¥pe) derived from

yrc( experimental)

numbers indicate successive locations of
§c along the channel

letters indicate successive locations B
of Src back alomg the channel

overlapping points are displaced to the
right

% y. derived from x-t plot
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Figure 15. Graph of channel shock strength
measurements for the 5-unit 2:1 model.
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O y  (calculated : Laporte)
X y  (calculated : Chisnell)
-1 o (A,B,C,D) Y re (experimental)

A (1,2,3,h) ¥y

A (A,B,C,D) ¥y

(experimental)
C( Y e ) derived from

< ! - a1 //
Y pel €XPE rimental) -
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Sc along the channel ,4
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n 182 \/ yc(Laporte)
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Figure 16. Graph of channel shock strength
measurements for the S-unit 5:1 model.
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2-unit 2:1 Model: ¢ 183 mm from end of channel

y y.(y_) y x
© ¢ re re (Location of shock
wvith respect to
¢ on model)

2 2.69 +33 nm
2.21 +75
2.39 +171
2.31 2.04 +157
2.22 1.68 +72

L.51 +T4
5.46 +144
L.7h +167
5.12 3.26 +162
5.23 3.29 +67

1.3 . +36
6.58 +66
9.80 , +163
7.06 3.7k +166
5.5 3.38 +75
11.72 L .41 +30

00 +4)
.80 +80
a8 +165
62 +178
11.63 4 .40 +164
S5 .5k 3.38 +25

10 12.96 -3
3 +8h

11.0C +156
L .2C +171
Al +68
34 +60

12 13.81 -4
12.76 +82
23.27 +133
19.09 ~ +163

26.12 5.17 +148

\0\O

ggh)co
Wi \D

o

Table 3, Measured values of the shock strengths
Yor Vpe? yc(yrc) for the 2-unit 2:1 model at the

various constricted-channel locations x.
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S-unit 2:1 Model: $127 mm from end of channel

y y(y..) y y X
c c'Vre TS  (from x°t data) (location of shock
with respect to
¢ on model)

2.35 : +28 mm
2.39 +71
3.38 +118
+66
+h4l
+40
2.22

5.08 -1C

5.28 +72

0 +111
+1C6 to +1C3
+84 to +kg

SRS
AR
(S
838

8&
PO

Fo
&%

7.53
+32
J +37
16 +T5
N +11C
. .06 +114 to +113
6.30 3.58 +113
6.04 3.51 +37 to  +41
7.2 3.81 +41
8.12
9.5 -2l
1C.59 +33
11.00 _ +39
5.26 +115
19.81 1426 to 425
1C.97 +25
53 .00 -20
138.50 +51
67.30 " +120
39.86 +104
11.43 -36
20.75

23.00 +6
16.77 +76
13.81 +104

14.25 4.3 +64

£ Fu
AN ND AN
Wi\ O

&0
B&

Table 4. Measured values of the shock strengths
Ver Tpe? yc(yrc) for the S-unit 2:1 model at the

various constricted-channel locations x.

»
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5-unit 5:1 Model:{lz"{ mn from end of channel

Yo Yo x
(location of shock
with respect to

¢ on model)

2 2.81 +12 mm
2.96 +67
2.98 +112
N 10.67 +5
5.45 +65
6.89 +113
8 17.71 +26
13.37 +52
12.94 +92
12 29.5%0 +20
2k .20 +62
11.53 +109

Table 5. Measured values of the shock strength
Y, for the 5-unit 5:1 model at the various

constricted-channel locations x.
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measurements, for that data point in each Yo" gset that wus closest to
the corresponding value of Ve (calculated: Laporte), tne fringe-
reduction calculation was repeated with each of the component fringe-
shift values varied by 0.1 fringe in auch a direction as to displace
the value of Yo toward the calculated value. The magnitudes of these
resulting displacements are indicated by the imprecision flags

attached to these points. This varied-value procedure was also applied
to that one of the values of yc(yrc) in each Yo - set that wes closest
to the calculated value, so each Yo - set has separate precision flags
for y, and for yc(yrc).

The most striking aspect of these graphs of results is that there
are several sets of experiﬁental values of Ve for wvhich the data points
ere far more widely scattered than could be accounted for at all by
the lengths of the imprecision flags. In other cases, the relative
amounts of scatter are much less; so the good grouping of these sets
of data points appears to imply that the approximate agreement of the
values of Yo indicated by the locations of these sets with the
corresponding calculated values for Y. i{s indeed significant. “In the
ensuing discussion we shall note some of the regularities in the
relative emounts of scatter of the sets of data points and shall
indicate possible causes of the difficulties.

Consider the sets of data points for y = 2 and 4 on the 2-unit
and the 5-unit 2:1 grﬁphs and also the set for Yo = 2 on the 5-unit 5:1
graph. In thege cases the data points are all fairly well groupgd
near the corresponding calculated values. It 1s within reason to

suppose that much of the scatter that is evident here was caused by

the imprecision of the fringe - shift measuring process. The
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scatter of the values of yc(yrc) in the set y_ = 2 on the 5-unit 2:1
graph is, to be sure, a separate matter.

Next we mote that in the sets of poimts for y = 6 for the 2-unit
and the 5-unit 2:1 models, the scatter is from scmewhat to very much
worse: the very much worse case is associated with the 2-unit model
that has the blunter wedge tips (20° wedge half-angle, as against 10°).
On the S5-unit 2:1 model, we mote agein for y _ = 8, much as for y_ = 2,

—
that the deta poimts for SC are well grouped, and it is only forlg;c

’
which occurs later in the channel flow, that the assoclated values
yc(yrc) appear to deviate widely. For the same value of ¥y, on the
blunter-tipped 2-unit model, we again see that the scatter is much
worse, especially for the deta points for Yoo The sets for Yo = 10,
however, show just the opposite behavior: the blunter-tipped model
yields a fairly close grouping, if ome disregards the poimt 4 C, which
occurred quite long after reflectiom, while for the model with the
smaller wedge amgle the data points &re scattered so wide of the mark
that all of the experimemtal values of Yo fell beyond the limita of
the graph. For y = 12, both the 20° and the 10° half-amgle wedge
models with 2:1 area ratic show a moderately lerge amount of scatter
within the sets of data poimts, although im both cases, the indicated
magnitudes of the frimge-shift imprecision seem capable of accountimg
for much of the scatter.

The graph for the 5-unit 5:1 model data is quite striking, im that
the scatter for Yo = 4 is already rmuch worse than for Vo = 2, while for
Yo = 8, the poimts are well within the domain of the associated impre-

cision flag. For Yo = 12, the scatter is againm very great.
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Thus for all three curves we motice first that for low values of
yo there is qgit; a fair groupimg of the poimts; secomd, that for the
higher values of Yor there is a rough sort of fluctuation in the amount
of scatter of the groups of data points as Yo is imcreased. This can
be seen more readily in Teble 6:

Table 6

Qualitative Indication of the Relative Amount of Scatter
in the Seta of Data Points

Model 2-unit 5-unit S-unit
Yo 2:1 2:1 5:1
well very well gggpped well
2 grouped ‘except for Src) grouped
well feirly vell‘gyouped
4 grouped (except for Src) scattered
sonmevhat
6 scattered scattered
badly well grouped well
8 scattered (except for Src) grouped
slightly very badly
10 scattered scattered
somevwhat slightly
12 scattered scattered scattered

Note that the indicated amounts of scatter are relative to the lengths
of the imprecision flags for the various sets of data points.

This somewhat systemetic nature of the relative amount of scatter
would seem to give some weight, at least tentatively, to the notionm
that most if not all of the wide scatter of the data points could
be attributed to the interaction of traims of strong trailing waves
with 5, and with§__. In the case of choked flow, the simplified
wave diagram shows & standing rarefaction wave; in reelity the role of
the rarefaction was filled by a pair of expension waves that origina-
ted et or near the wedge-tip shoulders and sloped downstream. These

inclined waves reflected and re-reflected from the top and bottom of
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the constricted channel and formed a ﬁart of the trailing wave pattern;
the other vart comsisted of the multiple-reflected relatively weak
compression waves arising from the tip-reflected wavelets.

Thus our tentative explanation for the somewhat systematic
variation in the relative amcunt of scatter is that for certein com-
binetions of incident shock strength, wedge tip angle, ares ratio and
constricted chamnel height, the composite tralling wave trains
constituted a very stromng perturbation in the reglomn béhihd 5;.

In addition, we suggest that these wave trains were generated at

such times after the passage of 51 thut the amalgamation of successive
portions of these trains with §; occurred during the time interval
during which'§; was being observed at varicus locations along the
constricted chamnel, so that at its successive points or measurement,
the measured streagth of g; would be found to deviate widely from its
steady-state value. It would also appear that in these cases the

wave trains were not predominantly either compressive or rarefactive,
s0 that as successive portions of the train amelgamated with g;, the
measured strength would deviate first one way then the other.

On the other hand, for values of Yo not far rehoved from these
certain values, the strengths of the treiling waves, or the relative
times of their formation, were such that the values of g; (and possibly
even of'g;c) were not substantially affected by them. This fluctuation
of the stremgth of the tralling wave trains as the value of v, vas
increased seems to be somewhat analegous to the fluctuatioms in the

33 4

value for the wave drag in a Busemann biplane n supersonic flow

s the inlet flow Mach number is increased. These latter fluctuations



113

are caused by the phenomerom of oblique wave cancellation: in the

related case of a comfiguration such as this,

—
it is true for certain values of the inlet flow Mach number that the
oblique bow waves are cancelled when they are reflected at the shoulders
of the opposite wedges, while for neighboring values of Mach number,
such cancellation does not occur. Even though wavelets reflected from
the wedge tipe eventually detach and amalgamate to form a tip-reflected
shock, 1t has been observed that portioms of these wavelets are multi-
Ply reflected im the converging section ard do contribute to the trail-
ing wave train, so the possibility of the occurremnce first of wave
cancellation, then of no cancellatior as the shock strength is in-
creased, may indeed have a bearing on the fluctuatiocoms in the amount
of data-point scatter and deviation as a functiem of yo. It should be
noted, however, that 1n.the Busenann case, the flow is steady and
entirely supersonic, while in our case the flow In the converging sec-
tion is always subsonic, so the wave cancellation could occur only fer
the portionas of the trensient tip-reflected wavelets that are swept
downstream through the comvergence. We should alsoc point out that in
cur case the question of the time of formation of the perturbing wave
traime is impertamt, since especially in the case of the 5-unit 2:1
medel, for y_ = 2 ard 8, and tc some lesser extent for Vo = 4, the
groupimg of the poimts for E; is fairly clese, while for'g;c-points
there i=s comsiderable scatter.

If the major cause of the wide scatter of the cdata points for

some values oflyo is indeed the interaction of the trailing wave pattern
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vith‘gé, then conversely, the occurrence of good grouping for a set of
data points would seem to indicate the absence of trailing wave inter-
action. The argument we offer for this 1s that 1£ appears quite un-
likely that the locations of the four to six points of measurement for
§; and §;c could accidentally be coupled with a strong trailing wave
interaction in such a way that the measured values of Yo could be well
grouped and still all be strongly perturbed by the interaction. Thus
it seems reasonable to say that for those values of ¥+ even in the
case of choked flow, for which the data points are well grouped, sub-
stantial significance can be attached to the experimental values of
‘yc indicated by the location of the grouped sets of data points.
Furthermore, it appears that this conclusion should hold true
even if, for a set of data points, only the values of Yor as distinct

from the values of y )’ are well grouped. Thus, for example, for

c(rec
the subset of Y. values in the case of Yo = 10 for the 5-unit 2:1
model and more particularly in the case of y = 8 for the S5-unit 5:1
model (for which there were no measured values for yc(rc))’ it is felt
that the close grouping of the subset of Yo values alone confers a
degree of significance onto the average of the Y. values. In the
latter case only, this would point to better agreement of the experi-
mental data with the Chisnell value than with the Laporte value, but
it would be presumptucus to judge between the two theories on the basis
of this one instance. .

In the case of the 2:1 ﬁrea ratio, the differences between

Laporte's and Chisnell's values are not great enough to permit reason-

able experimental discrimination between the two theories. Hence it 1ls
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unfortunate that there were not more values of Yo exemined for the 5:1
area ratio, on the chance that there might have been some other values

of Yo for which the treiling waves would not have caused excessive

scaetter of the data points.

2}



CHAPTER V

CCNCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS FROM THE RESULTS

By restricting our attention now to those relatively few sets of
measured values of Ve that were free of excessive scatter and for
wvhich the precision of fringe-shift measurement was adequate, we can
reasonably conclude that the grouping of these sets near thé corres-
ponding calculated values of Ve gives a degree of experimental con-
firmation to Laporte's or Chisnell's analysis for a renge of values of
Yo well beyond that which was studied by Kahane. 1In the absence of
the extension of Kahane's isentropic calculations to the présent ex-
perimental coqditione, we cannot say to vhat extent, if any, our
useful sets of data would make possible a significant experimental
confirmation of the real-shock as opposed to the isentropic-wave
approach in the strong-shock regime. Likewise, lacking a value of
Ye calculated from Leporte's theory for the experimental conditions
of Bird's work, we camnot say with certainty whether the fact
that Bird's measured value for y _ was off by 10% from the corres-
_ponding Chisnell value would mean that this measured value would be
closef to the value calculated from Laporte's theory. However, by
observing the change, as R was changed from 2 to 5, in the width of
the gap between the curve for yc (calculated: Laporte) for large Yo
end the curve for Y. (calculated: Chisnell) for large Yo We can
roughly estimate that Bird's value would still be somevhat closer to

Chisnell's value.

For the 5:1 area ratio the difference between Leporte's and

116
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Chisnell's values was large enough that an experimental confirmation
of one theory or the other could have been achieved within the limi-
tations of the precision of our measurements. However, it turned out
there simply were not enough well-grouped sets of data points for this
area ratio to allow us to discriminate between them. On the other
hand, it can be saild with considerable assurance that there is a real
increase in the shock strength y, over the initial strength Yo and
that the date-point sets that were found to be usable indicated that
a reasonable degree of precision of measurement, that the magnitude of
that increase approximately agreed with the predictions of Leporte's

theory.

2. RECOMMENDATIONS FOR FURTHER WORK IN THIS AND RELATED AREAS

Our recommendations and suggestions for edditional work include
some that are concerned with doing essentially the same kind of
experiment in a more precise and reliable fashion, and aléo some that
deal with extension of the range of the measurements to interesting
and important regimes of values not touched upon in this work.

There are several changes in the experimental conditions and pro-
cedures that could be suggested as possibly helping to make additional
meaéurement programs of this type more precise and more productive.
Some of these suggested changes are directed toward decreasing the
fractional imprecision of the interferometrically measured shock
strengths. These would include the following. The compression chamber
should be substantially reinforced or replaced so that the value of P,
and thus of N(vac, O) could be increased for each value of Yor A bet-

ter interferogram-recording medium should be found: the available
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emilsions should be studied more intensively in an effort to find one
with much finer grain, with better contrast, and with higher speed of
at least lesas reciprocity failufe. The practicality of reprinting

the interferograms to increase their photographic density and their
contrastiness should be looked into much more thoroughly. Some sysﬁem
of standardizing the fringe spacing should be worked out, so that

the process of "working around"” the occurrence of a unit of roll over,
wvhich up to now has been rather a makeshift process, could be systema-
tized; white-light interferograms at close intervals of fringe shift
could be prepared for the various fringe spacings that would be used;
e system could be worked ocut to make possible direct juxtaposition of
these calibrated interferograms with the white-light fringe patterns
in the regions of interest, most likely by some optical-projection
system. The possibility should be examined of mechanizing the process
of locating the opiimum opposition of the fringe patterns either on
the same physical scale as the original negative interferograms or
more likely by use of a technique involving optical projection. The
question of the "fringe slippage"” should be studied intensively by use
of a chrono-interferometerjh(a device for producing an extended time
record of the motions of a fringe pattern with respect to a fixed
point in the test section) to determine if, say, the motion of the
fringes in the O -region in the flow interferograms is indeed due to
vibration of the test section windows; if this 1e the case, some form
of vibration damping of the windows should be tried. Along this same
line, a region of no-flow reference fringes should be provided directly

on the flow interferograms by making holes through the models in the
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direction of the interferometer beam and connecting these holes to the
back end of the model so that the density that the interferometer
beam "sees" at these holes is Jjust the Po of the initial state.

The suggestions we would offer with regard te some of the other
aspects of this same type of measurement program would include the
following. Further studies of the interaction of a shock with a
constriction of the charmel area should make use of a single-unit
model ; multi-purpose models and experiments of the sort essayed here
should be avoided as being unduly restrictive. The wedge tip shoulders
should be rounded, as in the case of Bird's 15° rounded nozzle blocks.

Once the single-unit model is adopted, the length of the constric-
ted channel should be made much longer; then the trailing wave patterns
could be studied in much greater detail, so that fer example the
question of poesiblé fluctuations in their strengths as Yo ls increased
ceuld be settled; it would also be possible to determine, for those
values of Yo for which the tralling wave pattern preoved to be a strong
perturbatien, whether the pattern does indeed catch up with the shock
sufficiently to fulfill the conditions for the solutien "in the large"
before the shock has travelled so far along the constricted channel
that the ordinary processes of shock attenuation would have signifi-
cantly changed its strength.

Furthermore, a study should be made of the relative merits of
schlieren wave speed recording and of imterferometry as techniques
for determining significant values of shock strengths in the presence
of varieus kinds of tralling wave perturbations. Thus, in view of the

fact that values of wave velocity taken from wave speed records are

time-averaged values and that a contimuous record of wave velocity shows
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graphically if there is any tendency towerd a stabilized value of wave
speed,it should be considered whether using both wave speed recording
and interferometry, the one for an {nitial survey of the stabilization
process, the other for more exact strength measurements at selected lo-
cations, would give more significant results. In addition, the possible
advantages of using plezoelectric transducers in the direct measurement
of shock strengths should be considered, and especially the possibly
greater precision that could be obtained by their use in the regime of
strong shocks and low values of p .

As has been noted already, the values of aree ratio and shock
strength used in this research were far removed from Oppenheim's regime
of ambiguity. It would be urged that an effort be made to study this
regime, whether by {nterferometry or by scme of the other technlques
mentioned here. In particular, the detailed study that Kehane made of
the development of the wave and flow configurations in the converging
pection should be extended to valuee of area ratio and incident shock
strength in the regime of ambigulty. It would be of particular interest
to examine the formetion processes for the tip-reflected shock for val-
ues of Yo and R that are very near to the curve wve referred to as the
lower bound for the absence of‘g;t. The purpose here would be to at-
tempt to confirm Rudinger's conclusions about the non-accesslbility of
the §' solution in the ambiguocus regime.

rt
1t should be noted that for ordinary velues of )., j.e. 4 and 6,

the range of values of y and R for the regime of ambiguity are such
thet it is not easy to study this regime experimentally. As Oppenheim
noted and as can be seen from the gketch of the regime of ambiguity in

the (R ,y,) plane, both the jower and the upper bounds approech asymp-
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totic values of R as Vo>

The values of these asymptotes pro- i'% ==
vide a very rough indication of the ~

-—-Lm& [
Yoo

range of area ratios with which one
would be concerned when working in
this aresa.

The forms for these 1limits are

as Tcllows.,

1lim ® (upper ‘,)ound)

"
3
}
r—
-g
N
W
!
=
e

F T d
1im R (iower bound) = Vy-T[&)"" ‘

R (Lower bound) = Vy ) Figure 17. Sketch of the
regime of ambiguity in
the R , y_ plane

For p = n ©°

lim (upper bound) 1.046 1.193

lim (lower bound) 1.073 1.543

Actually 1t appears that lim R (upper bound) is a fair indication of
the value of area ratic that would be needed for even fairly strong
shocks in order to reach the lower-bound curve .

Thus it can be seen that the detailed study we recommended of the
formation processes for<S_rt in the vicinity of the lower-bound curve
would involve very shallow convergences, accompanied, it is presumed,
by very long times of stabilization for .—S’C and of formation for ‘S—rt'
One possible way out can be seen by noting that both asymptotic values
for R increase very sharply as } increases. Thus in the case of

sulfur hexafluoride SF., for which W = 22,
lim & (lower bound) = 1.72; 1im R (upper bound) = 3.11

(These values are based on the assumption that is a constant.)



122

Thus we would strongly urge consideration of the feasibility of study-
ing the regime of ambiguity by use of SF6’ which would involve more or-
dinary values of area ratio and, probably, shorter times of shock for-
mation and atabilization: One of the principal difficultiee in the use
of SF6 is the fact that the value of p tor this gas is strongly depen-
dent on temperature even for relatively moderate temperature ranges.
For this reason the calculations of Ve and Vet based on Laporte's theo-
ry would have to take this real-gas behavior for SF6 into account, and

consequently would probably become & much larger computational program.

It was noted earlier that while there was no particular reason to
doubt the experimental validity of the relationship Ve = yrc(yc), there
has been,on the other hand, no definitive experimental verification of
this relationship, so far as direct measurements of Yre are concerned,
especially in the ranges of low to intermediate shock strengths. We
auggea§ a detailed study of the strength of §;c in the simple case of
normal reflection from a rigid end wall. The particular area of inter-
est here should be the effect that the steadily thickening wall boundary
layer in the 2 - region has on the measured strength of'g;c, and also
its effect on the validity of the assumption of ideal theory that in the

2' - region behind §; the gas is completely at rest. To be sure, some

c
work has been done in this area for other ranges of shock strengths and
values of Py especially in connection with recent efforts to study in
detaill the conditions in the 2' - region insofar as these affect the
usefulness of ;hie region as a high temperature heat bath for spectro-

scopic studiea?5’36 but the attention here was focused on the conditions
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in the 2' - region, rather than on the strength of‘g;c.

It would seem appropriate to conclude this set of recommendations
for additional research by suggesting that a close study pe made of the
theoretical significance of the following curiocus numerical relation-
ships: A
1) yc(calculated:Laporte) is for all practical purposes a straight-line
function of y, at least in the range of y  from 2 to 50 for = k;

2) in the Chisnell calculations, 1/K(y) is very nearly a constant over
a very broad range of values of y for p = 4 and is fairly constant
over a similarly broad range for p = 6;

3) on the graphs of log y, V8. log ¥, for fixed values of R , both the
Laporte and the Chisnell curves rapidly approach asymptotic straight
lines that are parallel to the line Yo = Yor

A preliminary part of this study should be the calculation of the
Laporte and the Chisnell curves for a variety of values of . and for a
mich broader range of values for R

As we noted earlier, there is, for example, nothing at all obviocus
in the nature of the sequence of calculations involved in determining
p3/po in Laporte's calculating scheme that would lead one to suspect
that the value of p2/po that was matched to it across the interface
would, for a fixed value of R ,have a straight line dependence on
pl/p° = y,- It is eimilerly not clear vhy this sort of relationship
should contimie unchanged across the transition from unchoked to choked
flow in the convergence. Even in the case of the Chisnell theory, there

is apparently no ready explanation for the fact that the function f(y),
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which is not at all simply dependent on y, should be such that log £(y)
1e.a straight line function of log (y-1). It seems reasonable to infer
from these peculiarities that there may be some underlying and as yet
unperceived relationship between yo and Yo -- perhaps some unsuspected
similarity parameter -- that would account for the unexpectedly simple
results of our numerical calculations; it is because of thie possibil-

ity that this area is particularly recommended for atudy.
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