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CHAPTER I

INTRODUCTION

1. INTRODUCTION

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 progress in this field w-s some­

what limited until relatively recently when attention was directed to 

shock interactions with the elementary forms of channel area change.
This present work is an experimental study of the interaction of 

shocks with a particular 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 an effort to compare some 

calculated values for this interaction, derived from a theory by 

Laporte, with interferometrically determined values for the wave 

strengths arising from this interaction.

In Chapter 1, there is first an introduction to the general nature 

of the channel configuration used for this study and to the nature of the 

flow patterns 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 

related literature, including some work which, while it does not bear 

directly on the particular experimental conditions of this research,

1



deeh no!nt out gome of the only - recently - appreciated properties of 

the basic equations on which the theoretical analysis of present inter­

est is based.
Chapter 11 is a detailed description of the experimental apparatus 

and the configurations of the models used in this experiment. Part­

icular emphasis is placed here on bringing up to date those descriptions 

of the state of the shock tube and its associated equipment that were 

contained in previous reports from this project and also on describing 

in detail the features of our particular Mach-Zehnder interferometer, 

which have not been discussed in any of the earlier project reports. -
In Chapter III, we report on the various experimental procedures 

used in obtaining interferograms and in determining values of the 

shock strengths from them. This chapter also includes a discussion 01 

a phenomenon which complicates the measuring of large-magnitude fringe 

shifts across flow discontinuitiese Only recently was thia phenomenon, 
oktermed "roll over" by Curtis" , first described in terms appropriate 

for application to interferometric measurements of shock waves, so 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 the 

experimental factors that limit the precision with which the resultant 
shock strengths can be measured by the techniques we have used. This 
is followed by a section treating some additional details of Laporte's 

analysis; this leads up to a discussion of the problem of reducing 

this analysis to an efficient calculating program. This program is 
described, and the resulting calculated values,along with previous calcu-



latione by Laporte and also some calculated values based on another less 

exact theory,are displayed. The last section of this chapter includes 

the results of the experimental measurements of shock strengths arising 

from the shock-convergence interaction, also some observations on the 

correlation of these results with theory, and finally an attempt to 
account for some unexpected "regularities" in the experimental results.

The last chapter deals with the extent to which the theory was 

confirmed by this experiment, and offers the conclusions that can be 
drawn from this research. It is concluded with a series of recommenda­

tions both for improvements in the experimental procedures used here, 
and also for additional related experimental research that, it is felt, 

would be of value in this area.

2. LAPORTE'S THEORY OF THE SHOCK - CONVERGENCE INTERACTION
Several years ago, Laporte1 considered the interaction of a 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 this interaction, 
i.e. the Interaction of a plane shock with a simple gradual monotonic 

change in the cross sectional area of the shock tube - a continuous 
change connecting a channel of uniform cross section to another channel 

of smaller uniform cross section. The configuration of concern here, in 
its elemental form, is shown 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 various simple wave interactions would lead 

one to expect (the most qualitative observations of the flow bear
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a) BEFORE

b) AFTER (UNCHOKED)

' c) AFTER (CHOKED)
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.
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Figure 2. Distance - time ( i .e. x-t) diagrams for the interaction of an incident shock Si and a channel - 
area constriction, in the cases both of choked and un­
choked flow through the constrictions.

CHOKED

Note that Sj enters 
from the lover left 
and that the converg­
ing section is treated 
as if it has no extension 
along the length 
of the tube.

UNCHOKED
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this out) that the following flow pattern would occur. A portion of the 

incident shock penetrates through the converging section into the 

narrower channel and eventually forms a plane shock of 
greater shock strength. A portion of is reflected from the 

converging section, and especially 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 that more 
or less gradually moves upstream from the converging section. Between 
these two extremities of the region of interaction there are typically 

a number of complex wave patterns, both deriving from the interaction 

of the flow (that follows after 2^ with the convergence and also 
'—* ♦—left behind as remnants of the formation processes of and 2^.

Problems of this general nature had been of concern to a number of 
earlier workers in this field, but with few exceptions they had either 

fixed their attention on the local details of the shock-convergence 
interaction 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, was the hypothesis of the solution in the large . That 

is to say, If the change in channel area is continuous and suitably 

gradual, the local details of the interaction with the convergence 

can be neglected insofar as they affect 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 a much simpler wave diagram that is presumed to be
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essentially equivalent to the actual physical situation.
In the simplest case, this wave diagram, Fig. 2a, consists of 

plane shocks Sc and^, and 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 S*c and, on the other side, gas that was 

initially in the main channel, was passed over by and and then 
flowed through the converging section into the constricted channel. It 

is further implicit in the wave diagram that the gas flow behind 2^, 

with net flow velocity u* , passes smoothly and without turbulence 
through the converging section, and that the entire region from to 

the interface in the narrower channel is isentroplcallz connected. 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 continuous across the interface. It is just these conditions that 

are used to "patch" the flow solution for the conditions in region 5 

to the solution for the conditions in region 2. The conditions in 

region 2 are related to those in region 0 by the specification of the 

channel shock Sc.
This form of solution holds so long as the Mach number (i.e. the 

local flow speed in laboratory coordinates divided by the local sound 

speed) of the flow, which is less than 1 behind 2^ 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
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constricted channel (i.e. the area ratio ) is held constant while the 

strength yQ of the incident shock is gradually increased. Then the 

Mach number which increases monotonically with yQ, eventually attains 

such a value M ( < 1) that the effect of the convergence is Just suf­

ficient to make the outflow be sonic, i.e. to raise the flow Mach number

M3 at the outlet of the converging section to the value 1. It is a basic
principle20 of gas dynamics that a steady-state gas flow in a variable­

area channel cannot be changed from a 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

As yQ is gradually1-* Mj* 1. increased still further, must re­

main fixed at the value Mcrlt, but the channel-shock strength yc contin­

ues to increase monotonic ally with the incident shock strength yQ.
Clearly the flow speed Uj at the outlet of the convergence, limited in 

its increase by the condition = 1, will no longer be directly connect­

able to the steadily increasing value of Ug. Thus another element is 
added to the wave diagram — an upstream-facing rarefaction wave 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. le ; 

the corresponding x-t plot is shown in Fig. 2b. The effect of is to 

overcome the deficiency in u^ and also to reduce p^ so that the velocity- 

and pressure -matching conditions at I can continue to be met. remains 

fixed as y^ is further increased; the flow 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 has just reached the 

value 1.
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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 works on the same general subject.

5. SURVEY OF RELATED LITERATURE
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 

more complex geometry, such as a convergent-divergent geometry. Of 

this latter class, probably the most noteworthy of the early works 
was that of,Dosanjh2, 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 discontinuous nature of the area changes he was studying, the 
"interface" in his case was the leading edge of a highly turbulent 

region. Since he observed that the velocities of the transmitted and 
reflected shocks remained essentially constant once the wav^s were fully 

formed, it can be said that in a sense he was studying the flow 

situation "in the large", as described below. However, 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 eimply 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 equivalent to the standing shock 
23 in the diverging part of a converging-diverging nozzle .

So far as is known, Kahane et. al.^ 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 wave ■ The complex pattern of weak waves in the vicinity 

of the convergence can then be approximated by simpler wave diagrams 
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 of 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 Kahane 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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as if it were a shock during during the time when it was in the conver­

ging section. This isentropic approximation made possible a direct 
graphical solution for the strengths of the transmitted and reflected 

finite-compression waves. This Kahane achieved by plotting the ratio of 
the flow Mach number at the outlet of the converging section to the flow 

Mach number at the inlet, with as the parameter, then superposing on 

this a graph of the same flow Mach number ratio using as the parameter 
the ratio P^, where PU = P1 18 the left-facing-wave Riemann invari­

ant21 appropriate for (which was treated as a finite compression 

wave) and where Qq = la the corresponding right-facIng-wave in­
variant for Sg and for the entire region within the constricted channel. 

Even though the interface I was indicated on Kahane's wave diagrams, his 

use of the isentropic approximation implied that hie numerical calcula­

tions were in error at least to the extent of the magnitude of I.

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 principal objects of interest. 

However, Kahane's experimental work was exclusively concerned with 

the time histories 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; thus none of the difficulties 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 choked flow and standing rarefactions were introduced 

into the theoretical treatment, the strongest shocks used in our 
experiments (yQ = 5, » = 6, ft = 2) were just at the lower edge of the 

choked-flow regime. A last Interesting, though minor, point of con­
trast, associated with the neglect of the main shocks produced by the 

interaction, was Kahane’s display of all his results as density ratios 

rather than as pressure ratios.
Following the publication of Laporte’s work, Chisnell 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 = f(y,&), which he inte­

grated to achieve a closed-form function f(y), such that Af(y) is a 

constant across a finite area change. Involved in this derivation were 
the assumptions that the interaction, in the converging channel, 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 constant in time, once the shock emerged from the converging 

section. 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 a series of constant-area tubes 
connected by area discontinuities, then letting the individual disconti­

nuities become infinitesimal. Chisnell’s work also included the
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specialization of his general solution to the cases of cylindrical 

and spherical flow, and also a comparison of the resulting solutions 

with earlier work on that subject.
Soon thereafter, Bird5 reported on a series of schlleren wave­

speed measurements dealing 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 

were found to approach, in the case of the smoothest and most gradual 

of the converging sections, within about 1# of the theoretical value 

for the transmitted shock strength as calculated from Chisnell s 

theory. It should be noted parenthetically that it was difficult to 

understand, on the basis of the examples of typical wave-speed pictures 

included in this paper, how Bird could measure his shock speeds to a 
precision of 1/2 % in order to assure his claimed 1£ precision in his 

shock strength values.
The particular distinctions between 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

cal one — while our experimental values were derived from the 
discontinuity across the shock of one of the state parameters of the 
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gae, in this case the discontinuity in density. Furthermore, Bird's 

work was done 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 evidently 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 yQ 

and the area ratio (R , 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 yQ and A . However, 

/ it remained for Oppenheim to spell out the details of this regime 

of ambiguity" and to attempt 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 ft and yQ. In this case, the tip-reflected shock 

S* serves to reduce the Mach number of the flow into the convergence 
rt 
to just that value Mcrlt < l for which the effect of the convergence 
will be to bring the flow to the sonic state = 1 at the outlet of 

the convergence. As yQ, and thus the flow Mach number M^ behind S±, is 
gradually increased^ well into the regime of > 1, the point will 

eventually be reached if (ft is less than a certain limiting value 

beyond which M^ can no longer be reduced to the value by the ac­

tion of S~ . At this point the wave diagram changes from one with 
rt

standing at the converging section inlet to one with no reflected shock, 

in which the flow throughout the convergence is supersonic. For
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fixed and yQ variable, we shall call this transition point the upper 

bound for the occurrence of (see Fig. 1?) •

Now, on the other hand, let us begin with this latter condition 

of the flow — with no 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 y^, 

and thus the value of is gradually decreased, the point will 

eventually be reached past which would be so low that the effect 

of the censtrlctien of fixed area ratio ft would be to reduce the 

outlet flow Mach number to less than 1. Hence, the flow solution 

must change at this point to one with an upstream-travelling shock 

g" and with subsonic flow in the convergence. This transition, 
rt 4-

again for fixed ft, is the lower bound for the absence of S^.
The ambiguity arises from the fact that for fixed ft, the upper 

bound for the occurrence of is at a larger value of yQ than the 
lower bound for the absence of Thus between the two bounds is 

a regime — the regime of ambiguity — wherein both solutions fulfill 

all the usual flow conditions. Oppenheim actually vent even further 

and postulated yet a third form of solution — one with a shock 5 

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's7 "principle of minimum entropy production", 

Oppenheim 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 yQ was decreased through this 

regime, so that at the lower boundary of the regime, the standing shock 
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would be at the inlet and would carry over directly to the 

solution.
It remained for Rudinger^ 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 yQ 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 as the 
convergence was monotonic. In addition he called belated attention to 
an earlier work of Kantrowltz^ that indicated that a standing shock 

within a convergent change in channel area would be unstable, and thus 

need not be considered as 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 yQ and fl within the ambiguous 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 is ruled out as unstable, it is interesting to note that 

the case with the next higher entropy change — the one that includes 

aS* — is just the one that Rud Inger found cannot be achieved. As 

RudInger pointed out, it is scarcely appropriate to attempt to apply 

Prigogine’s extremum principle (which, it is claimed, is useful, at 

the most, in the case of neighboring possible solutions) to a case 

with discrete, noncontiguous solutions .
It should further be pointed out that the ranges of area ratio
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and of incident shock strengths 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 TV .

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 data 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.



CHAPrag, II

DESCRIPTION OF EXPERIMENTAL EQUIPMENT

1. SHOCK TUBE HAREWARE
The basic design of the original shock tube (with internal cross­

section of 2" by 7") of the University of Michigan Shock Tube Project 

is essentially unchanged from the description of it given by Geiger . 

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 - a common rule of 

thumb in shock 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 we used. In this 

latter case, as will be noted in more detail in the discussion of the 

results, the head of the reflected refraction wave, which at first faces 

backward (i.e. upstream), is reflected from the end of the compression 

chamber 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 perturb the 
conditions in the region into which the tip-reflected shock travels.

A number of additional sections, of varying lengths up to 28", have 

been added to the expansion chamber since 19505 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 pieces of 1" thick tool-and-jig 

aluminum plate, suitably shaped and grooved to 1 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 quickly assembling the joints while this gasketing material 

was still tacky. This simple technique produced joints that were far 

more than adequately vacuum-tight for our purposes.

A test section of unusual design was also added to the expansion 

chamber. The test section was shaped from a single forged block of tool- 

and-jig aluminum by a sequence of successively finer machining operations 

alternated with annealings to relieve machining strains. This mode of 

construction was planned and started before the Permagasket joint-seal­

ing technique was developed; this technique might well have made possi­

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 
Po in the expansion chamber. For a given shock strength yQ= p^/po? 

the initial compression chamber pressure p& is uniquely related to p 
11 p6 by the Taub equation z = —- « z(y) ; z is monotonic in y and increases 

po 
more than linearly with y. Hence the maximum available value for was 

a limiting factor in the precision of the interferometric measuring pro­

cess . Here pg was 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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had been made part of the compression chamber. Since the precision of 

measuring fringe shifts was only proportional to pQ and thus less than 

proportional to p6, a large increase in that precision would have 

involved strengthening these limiting sections very considerably, if not 

completely replacing them; this was 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 diaphragm 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 and they tear readily when 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 material makes 

necessary the blowing out of the accumulation 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 models for this experiment span the test section 

from floor to ceiling. Thus much advantage was found in using thin 

aluminum sheets as diaphragms. On 10-mil sheets of half-hard aluminum, 

the diagonals of a 2" x 7" rectangle were scribed by a rotating cutter 
on a vertical mill. The depth of scribing was variously 5 or 7 mile. 

For the 5-mil scribing, the minimum pressure differential Ap = P$ ~P0 
across the diaphragm for reliably clean tearing along all the scribe 

lines was about 900 mm Hg.; the maximum available Ap, approximately 

5 atm.,was normally insufficient to cause self-bursting. For the 10-mil 

diaphragms scribed 7 mile deep, (Ap)^ was about 600 mm , Ap(self- 

burst) was between 1000 and 1500 mm. Considerable care evidently had to 

be used in setting up the diaphragm-clamping Jig used in scribing 
these diaphragms, in order for the scribing-depth tolerance to be held 

to + 1/2 mil over the entire length of the scribe lines - a necessary 
specification if even minimal reproducability of (AP)m^n. vaa to 
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. U shows a typical burst diaphragm.

In order for a model that fills the entire cross section of the 
test section to be in place while the expansion chamber was being pumped 

out - a feature not envisioned in the original design of the shock tube, 
12 a flush-sealing valve similar to the one described by Turner was 

mounted in the side veil of the expansion cheater half-way between the 

diaphragm section and the test section. The expansion cheater was
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Figure U. View of a typical burst shock tube 
diaphragm that is ten mile thick and le 
scribed seven mile deep.
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considered to be adequately evacuated, prior to being filled with the 

test gas to a pressure pQ# when its terminal pressure was reduced to 
100-1^0 microns ; an overall leak rate of $0 microns/mln. was considered 

acceptable.
At certain of the joints between successive expansion-chamber 

sections, notably between the last of the older, welded-steel sections 

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 noticeable flow perturbations or to any unduly 

rapid growth of the wall boundary layer.
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2. ELECTRONICS AND TIMING OPTICS
The basic layout of the electronic circuitry for the 2" x 7" shock 

tube, as shown in Fig. 5, was essentially similar to the one reported 

by Geiger. Some of the modifications since that time were noted in 
Cole*5 but will be described again for the sake of completeness, since 

that report was not widely distributed.
As in Geiger, the shock speed was determined by measuring the time 

of transit of the shock between two Schlieren light screens separated 
by a measured baseline 50C ± 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 and the associated master 
1 Me 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 Me crystal-controlled 

oscillator was of conventional tuned-plate tuned-grid design, and was 

regularly checked by being heterodyned 5:1 with the 5 Me transmission 

of WWV . The gated 1 Me output pulses were counted by the velocity-time 
scaler, which was either a straight binary type scaler of the Geiger 

vintage, or it was a 1 Me decade scaler (copied from the Baird-Atomic 

1 Me plug-in decade scaler) followed by lower-speed commercial plug-in 

decades. In the case of the old binary scaler, it was found that, given 

the available amplitude of the gated 1 Me pulses, the gate-opening tran­

sient caused a minimum of 5 to 4 pulses to be lost at the start of the 

count. The gate-closing transient in turn caused 1 to 2 pulses to be 

added. A routine correction for these effects was made in the recorded
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values of velocity time T?, but the uncertainties in the actual net 

number of counts lost added an uncertainty of + 1 to 2 usee to the 

recorded values. On the occasions when the 1 Me decade scaler was 

available, no such uncertainty was imposed on the T? values.

A pulse taken from the stop-pulse-channel 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 generator^ this pulse was shaped and then used to start the grid 

15 run-down cycle which is characteristic of the phantastron circuit . 

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 reproducibility of the delay interval thus generated 

was found to be within 1 usee for delays of the order of a few msec, 
within 4 - 5 usee for the upper end of the delay range — JO - 40 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 source using argon at 
100 psig. There are various notes1in the literature on micro­

second spark sources advising against the use of spark coils as high- 

turns -ratio pulse transformers, but we have found them reasonably satis- 

factoryj the interval between the sending out of the delayed pulse from 

the delay generator and the firing of the spark was 15 - 25 usee, the 

jitter was about 5 usee. Because of this jitter, the spark-delay-time 

gate was stopped, not by the "delayed-pulse-out", but by the output 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 at 

the transparent plastic insulator of the spark. As in the case of the 

velocity-time gate and scaler, the use of an old-style binary scaler for 

measuring the values of added an uncertainty of 1 - 2 usee ,

similarly caused by the unreproducibility of the net loss of counts 

caused by the starting and stopping transients.
The use of a single master 1 Me clock pulse source for both Ty and 

T served to insure that in the event of a small deviation from 
spark 

the 1 Me rate, the effect of It on Ty encl would be proportional

to their lengths . Thus suppose we hud determined, say, that for a pre­

scribed value of T , the phenomena in the test section would be at 
a desired location at a particular value of Then lf the 1 Mc

pulse rate were to deviate slightly, we would be able to correct the 
measured value of Ty to its desired value and find that the situation 

at the test section would be the same for the same value of .

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 interest 
in this study—the incident shock traveling in the constricted channel 

this condition is nearly enough met to justify the refinement. Note 

also that this arrangement serves to correct only the x-t locations of 

the waves of interest for variations in the 1 Mc rate; maintaining Ty 

constant in the presence of a 1 Mc rate deviation causes the value of 

the incident shock strength y to be changed, so the strength Ox the 
' f °
channel shock, as determined from the fringe shifts, is appropriate 

to a value of yQ slightly different from that indicated by Ty. Gener­
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ally, however, the deviation in the 1 Me rate, due to changes in ambient 

temperature, component ageing, etc., was found by successive
; calibrations with WWV to be limited to much less than 1 part in 10 , 

so whatever error was introduced by this email deviation was relatively 

email compared to the other uncertainties in the measurements, and was 

not substantially affected by the arrangement described here. If the 

shock atrength 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 Tepark • lf 

the 1 Me rate was off but was constant during a single sequence of 

shots, each value of At would be off only by the fractional deviation 
-3 of the rate, i.e. by < IC .

3. THE MACH-ZEHNDER INTERFEROMETER SYSTEM
The detailed design of the Mach-Zehnder interferometer system was 

the work of Dr. B.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, which provides that an 

8" diameter working beam can be obtained with 9" diameter interferometer 

elements, and that the fringe pattern can be moved or changed by means 
of the motor-controlled adjustable mirror No. 4 without the focusing of 

the fringes in the image plane being changed. The light-source and the 

camera arms are perpendicular to the plane in which the interferometer 

elements are situated. The axes of the main parabolic mirrors are 

tilted slightly from the plane of the elements, in order that an on- 
axis parallel beam can be formed from the light beam coming from the



50

0)

co

co

CD

Is 

0) 04 
> OH

I

Is

v< m 
v >> 
t) co

s yti 
iSb

k
• C 

M3 
M

S|”§R 

AO m H-4 
CQ O <044 no

S
3

h

g

to 
4) C

6
g



51

first turning mirror, which le 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 Zraymmetry, used with the tilted on-axis parabolic mirrors, 

37 minimizes the coma defect if the angles of mirror tilt are the same.

Note that the Mach-Zehnder interferometer system is readily convertible 

to a achlieren system, by blocking off the reference or compens at ing- 

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 obtain fringes of better quality than can be recorded by the film 

we regularly used . Accompanying the interferometer elements was a 

matched quartet of optical-quality wind tunnel windows for test sec­
tion and compensating chamber; each window was flat and smooth to 2c . 

Introducing them into the test-section and compensâting-chamber beams 

had a scarcely detectable effect on the visual quality of the fringes. 

For exploratory runs, or for use when the Mach-Zehnder system has been 

converted to a Schlieren system, we have found that windows of selected 

and matched plate glass have proved useable . For routine shooting for 

which the quality of the fringes is of importance but for which one 

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 J - H, 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 considered not to be a limiting factor in the pre­

cision of measurement of the fringe shifts. It is 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 design, with four non-inductive C .1 ^f, 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 anode was a 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 was collimated by a pair 

of plano-convex collimating lenses, that were separated by a short 

distance. This made it possible for an auxiliary continuous light source 

to be introduced conveniently into the optical system for alignment 

purposes by simply inserting a turning mirror between the two con­
densing lenses for the spark. A third identical condensing lens 

was used in conjunction with the auxiliary source . This con­

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

Figure 8a. View of the spark source end of the 
Mach-Zehnder interferometer system. Note the 
8park 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 white light cameras.
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tlon with a transmission filter for the mercury green line, or a ribbon­

filament incandescent lamp.
The various optical elements at the camera end of the Mach-Zehnder 

system are shown in Fig. 3b. At the image point of the spark source 

there was a multiple-layer interference filter that transmitted only the 

magnesium emission line of interest, in this case the very strong green 
magnesium triplet 5167-5175-5184 (4 5S —► 3 . The filter was a

Baird-Atomic narrow-pass-band filter with a transmission 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.
The lenses of the two cameras were identical; thus in order that 

the two image planes could be parallel, as shown in Fig.6, it was necess­

ary to remove the lens from the white-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 making 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 

film, 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 cut-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 

pieces 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 line also served as a fiducial line; in flow pictures 

taken at long times after the passage of S^, the image of the test-sec­

tion ceiling 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 measuring 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 access 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 was 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 align­

ment of Mach-Zehnder interferometer is described by Ladenburg . 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 protractor to set each of the mirrors to an 
inclination 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 

upbeam 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 downbeam 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-adjustable 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 by Lamia ; the 
best recent reference known to the author is by Woodl?.
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the respective image pairs by use of the appropriate mirrors, we found 

that the sequence rapidly converged to the point where both pairs of 

images were superposed with the same setting of the mirrors e
At this point the far and near sources were replaced by a filtered 

mercury source at the regular source—location, and fringes were looked 

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 somewhere 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 still 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 previously 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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filter appropriate to the mercury source, monochromatic fringes from the 
mercury source became visible en the greuad glass fecusing screen of 

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 of 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 "vertical" 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 fash­

ion, the mercury source could be replaced by the incandescent ribbon­

filament lamp, and the mercury line filter replaced by the magnesium 
line filter. The fringes could 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.

laterTere.ee
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With the Buchele medium-quality windows in the 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 monochromatic and the white-light cameras had ini­

tially 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 

the 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).

4. 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 to 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 bodies 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 Rock-
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a) View 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« View of the wdge 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 test section 
windows have been removed.)
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well C65 axd glvee the fixish 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 bodies.
The two newer ^-unit models, with wedge tip half-angles of 10° and 

area ratios of 2:1 and 5:1, were designed to make 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 5-unit stack of wedge bodies and spacer plates, 

common to the 2:1 and 5:1 configurations, were aligned with respect to 
each other by two aligning holes (with corresponding dowel* rods) laid 

out on a diagonal ef the herizentai rectangular cress sectlex ef 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 

the 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 necessary.
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 clamping 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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remaining differential 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 
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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 possible 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 

0.1mm, it was found appropriate to mount a micrometer head on the base 
plate so that the motion of the movable part of the stage 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 as at the corresponding 

point in the no-flow picture. This made possible the direct linear
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Figure 11. View of the fringe-shift measuring 
equipment. Note the viewing microscope, 
magnifying glass for use in fringe marking, 
and the film comparator with microscope stage 
mechanism - all on a portable light table.



50

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 opposition 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 readings.



CHAPTER III

EXPERIMENTAL PROCEDURES

1. INTRODUCTION

The x - t diagram for the 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 waves arising from the interaction: the shock 

wave Sc penetrating into the constricted channel, and the upstream­

facing shock S formed from the individual wedge-tip wavelets. The
-, Pg ^4

strength of the wave S^ is yc = —; for the wave S^, it is .

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, Sç was of 

was the only one that was actually

much greater interest, and indeed

measured and used for comparison

with the theoretical predictions The reasons for this were essentially

as follows : S c
layer, while S

traveled into gas at rest, which was free of boundary

moved upstream into gas that was already substantially rt 
accelerated and that was also accompanied by a steadily thickening 

wall boundary layer. In addition to the local effect of the boundary 

layer on S . advancing into it, the time-and space-integrated effect of 
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the boundary layer throughout the shock tube flow was to alter the flow 

Mach number and the flow speed of the free-stream gas into which was 
advancing. In many of the sequences much time was needed for to be 

at all well formed from the tip wavelets ; this gave the boundary layer 

time to alter the value of y^ substantially. Fig. 12 shows some of the 

stages in the formation of a plane shock from the wavelets. Fur­

thermore , y t was a relatively weak function of yQ, so it was far 

less sensitive an indicator of the interaction than was yc; this 
more than offset the greater precision of measurement due to being 

larger than pQ.
To be sure, the precision of measurement of the strength yc of 

was limited for strong shocks, as will be explained in more detail lat­

er,by the low value of the pressure pQ ahead of the incident shock, 
whereas this factor would have been less important in limiting the pre­

cision of measurement of y^. However, it was just in the regime of 

strong shocks that the boundary layer has a more perturbing effect on
the measured values of y^. Thus it was felt that yc was the appropriate 

parameter of the interaction that we should measure.

The experimental program consisted of taking sequences of inter-

ferogram sets for values of the shock strength y^ of the incident waves

ranging from 2 to 12 in argon and for both the area ratios 2:1 and

5:1. In addition the 2:1 area ratio was studied in conjunction with

wedge tips both of 20 e 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 S* shortly after reflection. The
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purposes in taking pictures at several locations in the channel were: 

to determine to what extent the precision of the interferometrically 

measured values of yc would allow the process of formation and stabili­

zation of to be observed; also to provide a modicum of x t data
c -» 

for S*., so that it could be determined whether the speed of Sc could be 

measured precisely enough to give a significant comparison with the 

interferometric measurments.
The pictures of that were taken shortly after reflection at the 

end of the narrow channel were to provide an additional check on the 

value of yc at an effectively later time than yc could be measured 
directly; note here that just as y^ is usually taken to be yrè(yc), the 

converse is at times appropriate, i.e. yc - y^y^) • Tb® of 

these relations are given in the section on reduction of the fringe 

shift measurements.
When we made use of interferometric measurements of y^ in deter­

mining the corresponding values of yc, we were assuming, of course, 
the validity of the relation y^ = y^(y^) > 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 somewhat further in the section 

on recommendations for further experimental work. In addition, it 

was appropriate to require that 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 5-unit 2:1 model, 
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a special technique was needed in order for us to obtain usable inter­
ferograms of Syc, while for the 5-unit 5:1 model, it was not possible, 

with the techniques and the models we had available, for us to obtain 

reliable interferograms of Src,
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
Tube-Project tradition, because it is monatomic and has an essentially 

fixed value of y for a broader range of shock strengths than other com­
mon shock tube gases, because it makes possible stronger shocks for 

given limitations of po and compression chamber pressure p^, 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 , i.e. SF^, with a 
value of y of 1.1 (or by Shock Tube Project custom, with a value of

Fof 2 2 at room temperature). However, it appears that for 
SF$ is quite a strong function of temperature even for the relatively 
small temperature jumps associated with values of yo of from 2 to 12; 

thus a Laporte-type calculation for the interaction with the constric­

tion would, for SF$, have had to include real-gas effects - a task 

that was out of the question for us. In addition, SF$ 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 S^. (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 taken 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 2:1 and of 5:1. 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 yc.
Note that in Flg.?c, a typical monochromatic interferogram of the 

constricted-channel flow, there is, following after S^, a series of 

criss-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 strong enough that they differed 

significantly from isentropic waves, the connection between and 

could not properly be regarded as isentropic - a condition assumed 

in Laporte’s analysis of the shock - wedge model interaction.
For the flow coalitions to correspond reasonably with theory, 

the trailing waves should be weak from their beginning or they 

should have largely caught up and amalgamated with 3^ and have left 

behind, at most, only a few weak waves that would be essentially 

isentropic . In general, the more significant values of yc were to be 

obtained at the end of the constricted channel. It is for this reason, 

primarily, that values of yc -y^g were in a few cases the more 
precise measures of yc. Tending to work against the relative precision 

and significance of the values y^(y^) were the following factors :
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the relative imprecision (see Chap. IV, Sec. 1) for yc(yrc) was greater 

than for yc (see Table 1) . This is reasonable since la a weak func­

tion of y (y P+z as yc^°° ); this offsets the gain arising from 

p2 being greater than pQ. In addition, in certain cases 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 

channel flow.

2 . ACQUISITION 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- 
Zehnder interferometer. The thread was stretched vertically across the 

exit-window frame at the test section. 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 was half way between the two test-section 

windows.
On each of the two basic models a particular location was chosen 

to be the center line for measuring the locations of the shocks with 

respect to the model. These center lines were chosen to be at or 
near the vertical line of the shoulders of the wedge tips; when this 

arbitrarily chosen line was aligned with the reference line of the test 

section, the coordinate systems of the model and of the test section 

coincided. With respect to each coordinate system, positions downstream
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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

T in microseconds between the moment S. passed the second light 
spark i
screen and the moment the photo spark fired. If the centerlines of

the model and the test section coincided, the T1 relative to the

test section equalled Tepark# which was the measure of spark - delay

time in the coordinates of the model. For many of the picture sets, the

model was displaced from this position of alignment, either upstream
so that 3 and £ could be observed near the end of the channel, or 

c re
downstream, principally for the purposes of the separate but related

study previously referred to. When, for example, the center line of 

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

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

coincided, and T’gp^pk was shorter than if the shock were at the same

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

displaced upstream. T’ was shorter by the time interval it took spark
S 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 gpgyk needed to

be increased in value.
Because the attenuation of was not great, it was reasonable to 

assume, for the purposes of this correction, that the shock velocity 
V of S near the model was the same as in the light-screen interval, 
6 1

where the interval L of 500 mm was traversed in the time T^. Thus if
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Ax was the displacement of the model center line and was >0 or < 0 as 

the displacement wm down or upstream from the test section center line, 

then wm the time for to travel from the test section centerL v 1
Une to the model center line ( and wm < 0 for the example above). So

T = T ' (from the apark-time scaler) - T •
spark spark u v
in similar fMhlon, the locations x* of the shocks with respect to 

the test section, M meMured with the aid of the distance markers, were 

referred to the model coordinate system by the form
x (model) = x 1 ( test section) - Ax (from test section to model) . 

In many cases Ax could not be directly measured at the test section, 

so it wm inferred from the distance of the end of the model from the 

eni of the shock tube.
From the set of four interferograms that were obtained for each 

shot, the locations x* of the shocks of interest were meMured on the 
flow pictures, usually to within 1 1/2 mm in the test-section scale 

units. For each day's series of shots, the ambient temperature 

Q (in *K) wm recorded, since the sound speed cQ wm a function of 
^amb 
the temperature. Then from Ty, used in conjunction with 6^, the 

actual values of y ° are obtained for monitoring purposes. The formulae 

used in this calculation were m follows :
c (standard) for argon = 0.3215 mm/usec at 25 0

co(standard) ( Standard
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It turned out, however, that adjusting the nominal value of for 

the small variations in yQ from shot to shot was not actually warranted. 

To be sure, for pictures with only part way down the constricted 

channel, the effective values of Tapark could have

been relatively simply adjusted in a directly proportional fashion. 

This would have made allowance for the fact that, for example, a 

slightly stronger shock would have traveled farther downstream during 

a given T interval than would a shock of the nominal strength ° spark
y^, and thus its location should properly have been associated with a 

slightly longer value of T^^^. Thus T^^ would have been adjusted 
by the ratio \ , where both and Tv(nomlnal) would have

^v (nominal)
been adjusted to a common temperature, say 25°C . Actually, 

however, the order of magnitude of this correction was relatively 

small for most of the ordinary shot-to-shot variations in Ty. Further­

more, once the channel shock begins to change in strength from its 

initial value y , and certainly by the time has been reflected 
to form s" , it was clear that a strictly proportional adjustment of 

rc
T was no longer quite appropriate : in fact, the form that the spark . *
correction should have taken was complicated by the relationships 

between yQ and yc and also between yc and y^. It became evident, at 

all events, that the magnitude of the other imprécisions in the x - t 

data would have overshadowed any adjustments of this order of 

magnitude.
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3. OBTAINING THE INTERFEROGRAMS
The procedure for taking a "shot" with the shock tube was as foll­

ows . The delay generator 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 circuits were reset and checked for 

readiness. The entire tube, both the compression and expansion chambers, 

was pumped out to less than 1 mm of dibutyl phthallate ( a low-vapor- 

pressure manometer oil, of such a density that 12.9^ mm DBF = 1 mm 
mercury) . Part of the H2 (the usual driver gas) was put into the com­

pression chamber, so the diaphragm would neither be burst 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 

her pressure pQ• The spark was flashed to provide the no-flow white­
light and monochromatic interferograms. The remainder of the driver 

gas was added, to bring the driver pressure to p^. For all except the 

low yQ sequences this was 1900 mm, 1 .e. near the maximum operating value 
of p2, which was fixed by the leak rate of a number of relatively weak 
joints in the compression chamber. Film packs were opened in the camera 

for the flow interferograms, the diaphragm prod was released, the mea­
sured values of T and T ' . were recorded, and the four interfero-v spark
grams on Kodak Royal Pan U" x 5" sheet film were developed for 5 minutes 

in Kodak D19. .
The resulting white-light Interferograms were, of course, appro­

priately dark and contrasty ; the monochromatic fringe pictures were 
much less dark and less contrasty in appearance, but were nonetheless 
quite readable. Occasionally the condition of the argon spark 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 detail in the conclusions, 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 S± and Sc moving into still gas at pressure 

po or,at most,across shocks that had not yet moved very far back 

from the end of the channel and were moving into gas at a pressure Pg. 
To be sure, in the case of interferograms of Spc with the 5-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 fbr the O-state (for the 

no-flow picture) and the 2- and 21-states could all be seen in the same 
channel. But narrowing the fringes so much would have meant that 1) the 

process of identifying corresponding white-light fringes across the 
fringe jump would become very difficult and 2) the fraction—of—a—fringe 

precision of measuring the fringe shift would become much worse because 

of the finite resolution of the photographic emulsions.
In this case a technique was worked out that involved repeating 

each sÇc shot in the sequence. For the first shot, the fringes in the 

channel were adjusted so that the central-fringes of the 0- and the 2- 
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regions were visible in the channel ; for the repeated shot, the fringe 

spacing was changed so that the central fringe for the O-state was left 

unmoved and the central 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 0-region would be vis­

ible in the original channel while the central fringe for the 21-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 with the 

5-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 0-state to various regions along the channel behind 

Sc, both in the constriction itself and behind the tip-reflected shock 

$rt at various stages in its formation as a plane shock. The changes 

in the pressure along the channel behind So were of interest in indica­
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ting the degree of completion of thh interaction of the trailing waves 
with "s , but neither these variations nor the variations in the constrie-

C 
tion itself were of interest as basic data values.

4. THE fringe-shift measuring process
The purpose in obtaining a no-flow monochromatic interferogram for 

each shot was principally to use it as a fringe calibration or reference, 
with respect to which the shift of the fringe pattern could be measured 

in the various regions of interest in the flow monochromatic interfero­

gram. This use of the no-flow fringe pattern involved the assumption 
that there had been no displacement of the fringe pattern associated 

with the 0-region from the time the no-flow picture was taken to the 

instant of the flow interferogram.
In flow pictures in which was only part way down the constricted 

channel, the region ahead of was of course still in the C - state; 

thus the fringe pattern in this region could be compared with the 

corresponding part of the fringe pattern in the associated no-flow 

interferogram. When this was done, it was found that in some cases 
there were small shifts of the 0 - region fringe pattern from the time 

of the no-flow to the time of the flow picture. These shifts were 
erratic, i.e. not consistent in their appearance even in a single 
sequence of shots. In fact, these observed fringe "slippages" from 

the no-flow 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 was observed, it was allowed for in the 

fringe shift measurements, but in shpts in which the 0 - 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 yQ than the initial pressure pQ. As is 

shown in the discussion on the precision of the fringe shift measure­
ments, the higher the pressure ahead of a shock whose strength was to 

be determined by fringe-shift measurement, the less the fractional 

error, other things being equal, that was introduced by uncertainties or 

even small errors 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 0 - state .
We considered the slowness of the leak rate into the expansion 

chamber and also 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 we were led to suspect that the fringe slippage 
was much more probably due to 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 monochromatic 
fringe pattern could be used as a reference for measuring shifts of the 
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fringes in the flow picture, then the procedure was as follows. A 

particular white light fringe, say, a light fringe near the central 

maximum of the pattern on the no-flow white-light picture was marked 

(with a number of light pencil marks) ; the same light white-light fringe 

was identified and marked in the various regions of interest in the 

flow white-light picture ; then with the flow monochromatic picture 
exactly superposed over the flow white-light picture, the monochromatic 

fringe corresponding to the marked white-light 1ringe in uhe various 
parts of the picture was similarly marked. Thus the white-light flow 

picture was used to make it possible to track a particular monochromatic 

fringe across discontinuous fringe jumps that xn some cases were as 

large as 20 to 25 fringes in magnitude .
In similar 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, presumably, 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 fringe 

was by choice taken at or near the central maximum of the white-light 

fringe pattern, in older that there could be no question about the super- 

posablility of the corresponding white-light and monochromatic 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 pictures 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 0 - 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 translated in the direction toward superposition of the 

horizontal reference lines of the model images,etc. Tn 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 picture. 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 a - 
location to be measured. At this point the flow picture was carefully 

adjusted 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 ot optimum 
opposition was achieved, a pair of much-fainter symmetrical light 
"fringes" 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 square of the sine of the distance. The symmetry of 

th. intensities of these half-spaced fringes was usually the most 
sensitive indicator of opt issue fringe opposition. It was largely 
because of this sensitivity that the location of optimum fringe opposi­

tion could be determined substantially more precisely and more repro­
due Italy than the optimum superposition of light fringe with light 

fringe (which, correspondingly, would be referred to as optimum 
apposition). A factor that appeared to make the advantages of opposition 

over apposition more marked was the relatively low intensity of the 

monochromatic fringes.
When this optimum adjustment had been achieved, the location of 

the movable window frame was determined by turning in the micrometer 
head until its measuring flat was just in contact with a corresponding 

rounded reference surface on the window frame, then reading the dl.tanc. 
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 condition of reference-line superposition 

was similarly obtained by fine adjustment, and its location was mea-

sured.
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Next the optimum superposition of the reference lines was sought. 

This was a somewhat more difficult setting, since the shallow angle at 

which the fringe patterns crossed the shadows of the horizontal 

reference wires tended to make location of the edges of those shadows 

somewhat uncertain. Usually the best objects on which to fix one's 

attention were the wedge tips and also the ends of the distance markers 
attached to the horizontal reference line. In those pictures in which 

£ had traveled at least part way down the channel, the beginnings of 
c

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 adjusting to superposition of 

the images of the test section. When the condition of optimum superposi­

tion was achieved, the location of the window frame was again measured 

in similar fashion.
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 J 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 locations of the j - 1/2 and j + 1/2 fringe shift values gave the 
fractional fringe shift, which was then to be added to j - 1/2 to give . 

the interpolated value of the total fringe shift from the 0 - state (rep­

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



integral fringe shifts and similar triples of readings for the frac­

tional fringe shifts 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.

3. ROLL OVER

The tecbv.loue 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 technique, as it stood, was in need of a substantial 

correction that, to the best of our knowledge, was not explicitly dis­

played in a form appropriate for application to shock wave interferometry 
pL until the appearance of the report by Curtis in 1958. On the one 

hand it seemed curious that this particular application had not been made 
25 ‘

much earlier, since, according to Candler, essentially the same 

phenomenon! was observed as early as 1915 by Adams,in connection with 

interferometric measurements of the concentrations of solute in aqueous 

solutions. On the other hand, it was very strange indeed 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 an ideal Mach-Zehnder interferometer that is fully compensated, 

the two optical paths through the instrument - the paths through the test 

section 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 &ny) 

the test section and the compression chamber must be the same and must 

be at the same density. This is just the condition that holds for the 

no-flow Interferograms. As soon as the gas density in the test section 

is changed, as it must be, since the function of the interferometer in 

this research was to measure abrupt uncompensated changes in gas density, 
then the two paths are no longer fully compensated and the ellects of 

dispersion must be taken into account.
So far as producing a fringe pattern is concerned, an ideal 

interferometer can in its entirety be considered to be two planes repre­
senting equivalent coherent plane sources generated by the action of the 

first and second ideal beam splitters. The spacing of the resulting 
fringe pattern is dependent on the included angle of intersection f 

between the two planes when they are combined by the second splitter to 
form the interference fringes. Thus, if the x-direction is in the plane 

of the test section image and is taken to be normal to the line of 
Intersection of the equivalent source planes, then as x increases, the 

difference Û in the optical path lengths between equivalent points on 

the two planes also increases . r_
T he Test-Section Plane, 

t e The Planar Source 
Equivalent to the 
Test Section Path

The Compensating -Chamerr Plane

The Increment in x corresponding to an increase of a wave length X in 

the length A is just the fringe spacing 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 uncompensated 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 a particular wavelength of light by an equi­

valent displacement of the test-section source plane in the direction 
of A by an amount where K is the Gladstone - Dale constant for
the expansion chamber gas (and is defined by the relation n - 1 » K £ ), 

in the change in the teat-section density, n is the optical Index 

of refraction for the gas, y, is’some standard gas density at which 
K = n - 1. If the gas is dispersive, this implies both that K = K(K), 

so the distance that the equivalent test-section plane is displaced 

for a given a function of X and, in addition, that the location

x of the intersection of the fixed and the displaced planes is also 
o

a function of X for fixed 6/. Thus, in the case of a white-light 
continuum, the location of the central fringe will vary considerably 

for the various wavelength components in the white-light spectral dis­

tribution.
Recall now that for, say, a flat-topped white-light spectral dis­

tribution 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 dif­

fraction pattern generated by two wide slits; it consists of a close­
spaced fringe pattern modulated by an envelope that has a central or 

zero-order maximum, symmetrical first minima, weaker first-order maxima, 
etc. This is essentially the appearance of the white light interfero­

grams shown in Fig. 7b or in Fig. 15•
It cm readily be appreciated that the variation in Location of the 

central mazimm with wavelength (because of K - K(kD can and indeed does 
lead to a difference between the displacement of the close-spaced white-
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light fringe pattern and of the modulating envelope of that pattern, 
as p is gradually changed from the condition of complete compensation. 
It can further be appreciated that for sufficiently large values of 4/, 

the difference in the displacements could be large enough to have moved 

the modulating envelope by an entire fringe interval with respect to 
the white-light fringe pattern. In the case that this large a change 

in density occurs across a single shock wave, then since it is the 

fringe-intensity modulating envelope which is used in identifying 
corresponding white-light fringes on the two 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 indication on the flow and no-flow white- 

light interferograms that this is actually the case.
The magnitude of the density change S/ that is associated with 

such a unit-fringe-shift displacement of the envelope with respect to 
the white-light fringe pattern is expressed in terms of the number of 

units of monochromatic fringe shift that corresponds to this value of 

ip. This number of fringe shift units is the roll over interval, so 

named by Curtis because it can be imagined that the white-light fringe 

pattern "rolls over" by a complete cycle with respect to the envelope; 

it 18 of the order of 1) to 20 monochromatic fringes in the cases 

both of argon and of nitrogen. The exact value depends on Kg ~ 
coefficient of the first X-dependent term in the expansion of K in 
powers of X, and also on the wavelength of the monochromatic light being 

used and the effective center wavelength of the white-light spectral 
distribution; it is, however, independent of the test section width and



of the total gas density in the test section.
'j^he occurrence of roll over can be demonstrated directly^ as shown 

in Fig. 15, by taking a series of no-flow white-light and monochromatic 

interferograms as one increases the uncompensated gas density in the 
test section stepwise from C in steps small with respect to (roxl 
ever), i.e. in steps of Y or less. Starting with the

u
AK = C (i.e. = C) picture, we mark, say, the light fringe at the

center of the zero order group, then in the next white-light picture 
in the series, we compare the white-light fringes to the marked fringe 
in the first picture and mark that fringe that appears to correspond 

most closely to it in relative intensity in the zero order group. We 

continue this process until the total value of Sf is of the order of 
Ip to 20 fringe shift units. We note that the marked fringe has grad­

ually been displaced from the center of the zero order group; at the 

half roll over point, there should ideally be two central fringes of 

equal intensity. Then we juxtapose the first and last white-light 

fringe patterns, for AN = 0 and AN = 16, and observe that the fringe on 

the last picture that corresponds most closely with the marked fringe 

on the first picture is indeed one removed from the marked fringe that 

was identified by carrying the first marked fringe through the series 

in the fashion just described.
All ordinary gases, like most other optical media, display normal 

dispersion in the visible portion of the spectrum, a iact that is asso­

ciated with the occurrence of strong absorption in the ultraviolet. 

Thus -4s" - 4 r < 0 For all such media, the relative displacement ox the 

envelope is in the same direction as the steady displacement of the
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fringe. by changing the gas density; thus if, for eaan^ we 414 not 

take into account the occurring of a full unit of roll over, the corres­
ponding apparent monochrcs.atlc fringe shift would be one unit too large. 

(Note that this corrects a misstatement in Curtis, ». 12.)

Note that the demonstration of roll over can be made even more 
graphic and the problem of carrying through a particular fringe mace 
er-sier if a -e-unique of masking alternats lateral halves of the beam 
in th- interferometer Is enpl ord, in order to obtain "artificial fringe 

discontinuities". Thus at any particular density, the second side of 

one pair of Interfere,^ would be exposed, then the masking would be 

ditched and the first side of the next pair of interferograms would 
bo exposed. In this way the fringe «ratification across a 1/N to 1/5 

c, , y yell over could be thieved at the center of an interfere,

prat, and teresc a thin straight line, rather than at the Juxtaposed 

car^s of successive pf?Vims .
This demonstration of roll ever points to a tcchr.l-ue - the only 

one we could devise - that allowed us to "work around" the occurrence 
of roll over with a considerable degree of confidence. It was often not 
enough to ray that whenever a fringe shift K of 15 to PC occurred 

morose a discontinuity In an interferogram, the occurrence of a unit 

or roll over should be assumed, and that for shifts of much more than 
half or a roll-over interval the tell-tale signs associated with more 

than half a unit of roll over should to watched for. Sometimes the 

,of the region, the fringe jump to which was sought, was not large 

enough- to gtre an impression of the relative white-light fringe inten­

sities that was clear enough to make one confident in presuming the



78

occurrence of c. uni t of roll over . Likewise, in cee e s who re turlulen't 

vail "boundary layer was adding its random contribution to the aupeaiunce 
of the fringes in a region of interest, as was particularly the case in 

interferograms taken for the separated but related study, that also 

made use of fringe shift measurements across shocks, the relative 

fringe intensities could not be determined cnearly enough, at least, 
visually, to pr-rir.it the unaided presumption of the occurrence o* roll 

ov er.
In these cases particularly, and indeed in all cases wheje x - 

proved feasible, wherever the occurrence of at least a major fraction 

of a unit of roll over was suspected, the white-light fringe pattern 
on the low density side was juxtaposed to another white-light pattern 
of similar fringe spacing, that corresponded to a fringe shaft larger 
by 1/h to 1/3 of a roll over interval, d'his white-light pattern could 

be either on the same interferogram or on another one, for example, in 

the same sequence. The fringe on the intermediate fringe pattern that 

corresponded to the original marked fringe was then marked, and this 

intermediate pattern was then compared with yet another intermediate 

nattern cocrespending to a yet somewnat larger fringe snift, just as 

in the case of the series for the static calibration of roll over.

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 original interferogram which could confidently be 

regarded as corresponding directly to the marked fringe on the low 

density side. To be sure, in many cases where broad clear fringe 

fields were available on both sides of a sharp discontinuity that was 



79

either small with respect to half a roll over interval or relatively 

close to a full roll over interval, the added assurance 01 the occur­

rence of roll over that this intermediate-fringe-transfer technique 

provided was not really needed.

G. BE2UC1ICN tF THE FBI hull 3111 FT

The relationship between the pressures and tie dem ities on either 

side of a plane shock wave is called the Bank i ne -Hugon Lot relation; it 

is an immediate consequence of the three has i^ conservation equations 
for the flow through the shocks1"" . Let p . :-nu p he the gas densities 

p -•
on the low and high density sides of a shock, le* x = — ; similarly

1-1 P,
let p and p be the corresponding gas pressures, and y = p ' 

in line with th- previous as age for y. Let y be the ad lac at l' exponent 

of the gas, and f , l, where f is the effective number cd

degrees of freedom of this perfect gas. Then the Rankine-Hugonict 

relation for this perfect gas takes the form x; = ♦ y, •

can be invert-d to yield y . = ■ ^'rom either of these forms the

outstanding characteristic of this i-elatL on is evident : as y, ’ °*> 

X -- » ym. - V for a monatomic gas. More w :1 1 be male of tn la behavior

in th- discussion on the prec is.on oi mens uremc nt .
The relationship between fringe jump and density ratio can readily 

be d-rived as follows . Imagine a test section and a compensating cham­

ber, both optically identical, each completely evacuated. Let a particu­
lar fringe pattern be associated with this condition. Tnen as tae pas 

density in the test section is increased from zero, the optical path 

length through the tent section is increased by L(n(y) - 1) , and the 
associated number of unit fringe shifts is where n(y) =
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index of refraction of th* , L = test section width, h = wavelength 

of monochromatic li^ht. The Gladstone-Bnl* relation, as referred to

previously, for gases under "ordinary’' conditions is of th* form

th Is form also constitutes a definition of the Gladstone-

2"le constant K. Here p_ is some ntr.nlarl dens ity at which K Is Just 

the excess of n over the value 1, If the density is increased to P^_, 
and then to p, . 'the corresponding values of the total fringe shift 

from vacuum conditions to the states 1-1 and I are

N (v»<, / -1) = Nf-i

KL » •and N ( v«e, /) = Nf" = A pe 

mu ') = _ ./h— =Thus ^—7^ - yV,-i - Z-J -

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 is . .

a r • ** M
This form for y^, when applied to Sc, becomes

46 » 1 yaNlMM.,*) -N(mu, 2) p Ne *N1.
For those sequences which included pictures of values of y^ = y^^

were determined in a similar fashion. The appropriate form here is
N»' - N

In the ideal case of normal reflection of a plane shock from a rigid

end wall, the relation between y^ and yc is

This can be inverted to the form

which was used to determine the "derived" values of yQ from the 
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measured values of y^ - The experimentally measured values were in 
general the shifts from the initial 0-state to the (1-1)- and the 

1-states. By use of the ideal gas lew, the value of the shift 

N( vac, 0) = Nq to the initial state can be written in terms of the 
experimental conditions, taking the form

* /®S * wFrom the International Critical Tables, it was determined that 
K = 28Jx 10^ for argon at 0°C and 1 atmosphere, so if L is taken as 

2.012" = 5.11 cm, and X is taken as the center of the magnesium 
triplet, which is 5170 A°, then

N . »>--"»» ■ .004
No To CK) ÎI70 » io'*cm T,c K)

It is to be noted that Kahane displayed the values of the density 
at the outlet 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 various measured values 

of yc for each of the sequences of shots, we have included rough and 

rather conservative indications of the limits of precision on the 

various measured values of y. These were intentionally conservative, 

so that when the gap between a calculated value for yc and a measured 

value was substantially larger than the extent of the associated impre­

cision - flag, it could reasonably be concluded that the discrepancy
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vas very likely a real one.



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 interferometric 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 

0-region fringe pattern in the no-flow interferograms and the presumably 

identical 0-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 Sc was itself known from the initial 

values of p0 and TQ, and that the occurrence of slippage, of essentially 

the same magnitude as the imprecision in the 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.

85
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and "stiction" looseness of the drive mechanism in the mechanical stage.

The density and contrariness 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 interfere grains 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 work.
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 
spacing, 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 precision of the three 
corresponding values of distance were similar, although under certain 

circumstances of low photographic density, 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- 
27of-the-squares method. 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 waa usually in the range of 20 to .50 mils 

on the interferograms themselves - sometimes larger, rarely smaller - 

it was reasonable to use as a rule-of-thumb that values of the fringe 

shifts were measured to within the fractional-fringe-shift impre­

cision = (approx.) — 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 
' 28of comparison, it should be noted here that Ladenburg also spoke of

£ = ± 0.1 as a "conservative" value for the imprecision in measuring
2gfringe shifts. Werner, however, reported that he used fine - grain 

films and reprinting techniques 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 imprécisions in the derived values of the shock strengths as 
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fund. oi.:: cf the value of of the total equivalent fringe value

N(vac, i-1) ahead of the shock and of the fractional-fringe-shift impre­

cision; its derivation can be summarized as follows.
The basic equation for an arbitrary y, = % (A4, Hi-i) is

W
T* /* W,-, - A/,

The variation-form of this is 
, \ *4. ) - (, * c.-.)

(N; . 
where the £ s are the Individual additive imprécisions in the various 

values of the total fringe shifts, and «% is the propagated fractional 

imprecision in the derived value of the shock strength.

From this, one can obtain
J; = "£i-*^9

If now = | £, | a t , i.e. if they are Gaussian random uncer­

tainties of essentially equal magnitudes, then they can be combined as 

the sum of the squares^1 After some reduction, utilizing the Rankine- 

Hugoniot equation, the final form is

Note that for y^i 5, the coefficient for t; can safely be neglected 

with respect to the coefficient for £,., , so for large y^ we see that the 

fractional imprecision in yis due almost exclusively to the uncertainty 

in measuring N^ .
Now we make use of the earlier discussion of the possible cause for 

the fringe slippage in the G - region: we assert that the gas conditions 

p and T did not change but that the cause - whatever it was - for the o o 
change in the optical length of the test-section path was external to 
the working gas in the test section. Thus N(vac, 0) would still be
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determine*. from and Tq to within an imprecision of certainly less 
than 1%, and the slippage could be treated as another additive uncer­

tainty in the values of all the other fringe shifts that were measured 

by use of the no-flow fringe pattern. As mentioned before, wherever 

the o- region was visible in the interferograms, the slippage, if it 

occurred, was taken into account in determining the values of the suc­

ceeding AN 's ; in these cases the imprecision of measuring the slippage 

was certainly no greater than . On the other hand, when the C-region 

was no longer visible, the shock to be measured was S ; in this esse 

IL 2 wns enoesh larger, especially for large values of y , that adding 

the slippage imprecision to the fractional-fringe-shift imprecision 

still did not make the onel imprecision of y u nus ably large .

The procedure was that the fringe slippage imprecision was con- 

stiered not to apply in the case of N(vac,G);No, while in the case of 

all other fringe shifts, the measurement of which involved use of the 

no-flew fringe pattern as a reference, 6g was considered to be a sepa­

rate additive imprecision, to be combined with the other imprécisions by 

the sum-of-the-squares method. Thus for y , the variation-form is

If we assume that HsM l€zl EL , this reduces to the form

£ N, (/-,) \ *

This is the coefficient for the propagation of imprecision for the chan­

nel shock strength yc . In the case of y^; the term €$ applies to both 

of the fringe-shift values that enter the formula for y^ ; here the 

variation font 18 N, *<,«{,)

*<» ♦ ^«) - (N,1 > ♦ £»)
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Again we assume that = |Cj.| * | LJ ; g ; 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^:

In addition, the relation y^ = y^y^), 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 imprécisions for

yrc and for can be obtained:

A direct comparison can now be made of the relative magnitudes of
the imprécisions é« and gelrc). The values

are displayed in Table 1. The value

of 4s- » and

of yc that was used for each

of the various values of y$ was the one calculated from Laporte's theory 

for that value of y , since it is particularly in the immediate vicinity 

of the calculated values of yp that we need to know what degree of pre­

cision to ascribe to the experimentally measured values of y^. From 

this table it is evident that y^(y^) is in general a less precise indi­

cation than y of what the channel shock strength was at the end of the c
channel, or would have been farther along the constricted channel, had 

the end of the channel not been there.

It should perhaps be pointed out explicitly that the tabulated val­

ues in Table 1 are themselves not the actual fractional imprécisions in 

the shock strengths, but must be multiplied by the fractional-fringe­

shift imprecision, which is nominally 0.1, to yield the actual values

of 6 .
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From this table, it can resonably be inferred that, 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 

strengths for the weaker incident shocks, but can be expected to give 

only a very rough indication of the wave strengths for the stronger 

shocks .
The second approach to determining the propagated effect of the 

fringe-shift-measuring imprecision was the one used in determining the 
"imprecision-flags" associated with certain data points in Fig. 14, 15 

and 16. In order to provide a conservative indication of the impreci­

sion of the measurements, varied-values were calculated for these values 

of y and of y (y ) that were closest to the corresponding theoretical 

values of y for each of the values of yQ that were studied. This was 

done whether the closest measured values were from locations of and 

that were closest to the end of the channel or not, in order that 
rc
a better indication could be given of the magnitude of the imprecision 

of the experimental values in the neighborhood of the calculated values. 

The varied-value for each such closest measured value of yc and of 

y (y ) was determined by varying each of the values of the constituent 

fringe shifts by 0.1 fringe in such a direction that the varied value 

of yc or yc(yrc) was displaced toward the calculated value of yc. This 

procedure involved, of course, no allowance for the randomness of the 

constituent imprécisions; the magnitudes of the propagated imprécisions 

were thus, it is believed, conservatively large.
In cases where some of the experimental values of yc differ consid­

erably from the calculated value, as was the case for the stronger incl-
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dent shocks, it should be realized that the values of the imprecision 
change considerably with y (experimental) for yQ fixed: the fractional 
imprécisions Se and 4(r<) both increase with yc(experimental) and of 
course the additive, as distinct from the fractional, Imprecision 
for a fixed St or increases with yc(experimental) . Thus the sig­
nificance of experimental values of yc or yc(yrc) that were much larger 
than y ( calculated) was diminished, while for values much less than yc 
(calculated) the relative significance of the experimental values was 

presumably enhanced.
The various values of y (experimental) for each value of yQ were 

plotted in Figs. 14, 15 and 16 and were numbered in sequence down the 
constricted channel. The numerical values of the measured shock 
strengths are recorded in Tables 5, 4 and 5, along with the locations 
x of the shocks S* or S~ ; these values of x were measured with respect 

c re
to the center line on the model. The experimental values of for 

each y are separately identified and also identified in sequence by 
letter, starting from the reflection. Each value yc - yc(yrc) th** was 

derived from a measured value of y^ is represented as a value of yc 

and is identified by the same letter as la the value of y^ from which 

it was derived.
It is appropriate to consider the degree of precision in yc and 

v (v ) that could be obtained from the x-t plots by measuring the local 
'c'^rc' 
velocity of the channel shock. In view of the uncertainties arising 

from the transients in the opening and closing of the gate circuits, 
it seems reasonable to take the imprecision of the time coordinate of 

a typical x-t point as t 2 peec., 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 - 1 mm. 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 trailing wave 
patterns, it is evident that, at most, only a relatively short base line 

- say, 50 mm - near the end of the constricted channel is available 

for determining the velocity of from the x-t data. For this base 
line the transit time would be 45 /sec for yc = 15, 116/ieec for yc = 2.

When the random imprécisions 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 to be 6% for yc = 15, M» 

for y = 2 . Since the shock strength varies essentially as the square 
of the shock velocity, the ultimate imprecision in the value for yc ob­
tained from the x-t data would be about 12% for yc = 15, about 9% for 

y = 2. Thus it was concluded that little was to be gained 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 arri t for could very easily be much more precise; 
as is noted in the section on conclusions and recommendations for fur­
ther work, schlieren streak-camera records of the time history of Sc 

in the constricted channel would give values for yc with much greater 
precision than would the method just considered above ; this would be 

particularly true for the stronger shocks .

5. THE THEORIES OF LAPORTE AND OF CHISNELL: OUTLINE AND NUMERICAL 
CALCULATIONS
It was noted in the introductory discussion of Laporte's theory
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that his report included some numerical calculations for the remote 
values of the channel shock strength yc and the tip-reflected strengths 

y in a monatomic gas. Unfortuately the ranges of these calculations 

did not include all the values of incident shock strength y ° which were 

deemed suitable for measurement in this experimental program,so a calcu­

lating program was set up to extend the range of y^ to include the addi­

tional values of interest. It seemed appropriate to combine the

description of this calculating program with a review of Laporte's theory 
and some additional details related to it. By chance it turned out 

that the particular extensions of his calculations that were needed 

were all in the regime of unchoked flow, so the principal emphasis 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 chiefly in the line of simplications, are discussed more briefly. 
The section is concluded with a short discussion of some of the details 

of the related theory of Chisnell. Some calculated values of /c, based 

on this theory, are tabulated and plotted along with the values calcu­
lated from Laporte'S theory in Table 2 and in Figs. 14, 15 and 16.

By way of a brief review of Laporte's theory, the main features

are listed here : •
1) the fixing of the attention on the strengths ofthemain shocks produced 

by the interaction as being the chief dependent variables in the problem;
2) the concern with the situation "in the large", 1-e. after most of 

the secondary waves 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 
y and yrt as calculated from Laporte's theory.

(R - 2 ______ * 5
yç *rt fc

2 2 .2998* 1.5157* 2.6046* 1.5858*
5 5.5766 1.5942
4 4.8424 1.8521 5.5905* 2 .4011*
5 6.1015 2 .0526
6 7.3549 2.2020 choking starts at

choking starts at yc a 6 »y s 7
6 _S।___ _ 8.5410 2.9179
8 9.3560 2.4676
10 12.560 2.6596 14.459 5.5180
12 14.868 2.8040
16 19.390 5.0064 25.540 5.9690

» Values calculated for this study; other values from 
Laporte * pp. 14, 22, 2).

Values for the channel shock strength yc as calculated 
from Chlsnell's theory.

y(
T
4
6
8

10
12

(R - 2
Zc 

2.54 
5.10 
7.34 
10.5 
13.2 
16.1

A = 5
Zc

5.00
7.24
11.4
15.4
19.5
25.7

Table 2 . Values of the strengths yc and of ths channel 
am tip-reflected shocks, as calculated from the theories 
of Laporte and Chlsnell.
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Ing rarefaction;
5) the postulation of isentropic flow through the convergence ; 
h-) the introduction of an interface I to allow for the different en­
tropy states of the regions 2 and 3, which have quite separate histories 

following the arrival of 5^ or ;
5) for the case that the incident shock strength and the area ratio 
are such that the outlet flow from the converging section is sonic, the 

introduction of a rarefaction R anchored to the outlet of the conver­
gence , to complete the transition of the flow to conditions that can 

be continuous 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 is fixed by the sonic condition 

(i.e. M = 1) at the outlet of the convergence. This in turn imposes the 

condition that there be a reflected shock 2^ that moves upstream or 
at the least is stationary at the inlet to the convergence. This con­

dition on the nature of the wave solution is actually a very weak one 
for the area ratios that are used here, since by applying Oppenheim’s 
analysis^ to the case of a monatomic gas such as is used in this exper­

iment, we can determine that the wave solution does indeed include a 
tip-reflected shock for arbitrarily large values of yQ. To show that 
this is indeed the case, we can take a more straight-forward approach, 

that does not directly involve the notion of the regime of ambiguity. 

For an arbitrarily strong Incident shock traveling into gas at rest 
there is a limiting value of the flow Mach number behind it; in the
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case of monatomic gasea, M, ( limiting) = = 1.^4. When this

supersonic flow passes through a converging section, the Mach number 

is decreased, but by the usual argument, we see that the Mach numoer 

cannot be decreased below the value 1 by a monotonic convergence . The 

area ratio of the convergence that would bring (limiting) just to
the value I 1s, again for a monatomic gas, R = 1.07). For any larger 

value of area ratio this flow situation would not be an allowable 

solution, so a tip-reflected shock would neccessarily be formed, and 

the flow through the convergence would be entirely subsonic.
One of the basic distinctions between the approaches of Laporte 

and of Kahane 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, Laporte, on the other 

hand, carrying over many of the features of Kahane’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 calculating 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 yQ were needed 

for our purposes; 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 yQ and area ratio 

we made an educated guess of the values of y^ and yc, we determined 

the resulting values of u^ and u^, and of p$ and Pg, and then we im­

proved the choices of yc and y^ by using the magnitude and direction
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of the mismatches u^/u2 and p^/p^. Clearly the number of initial 

unknowns, i.e. yQ and y^, was just matched by the number of conditions 

imposed on them, i.e. u^ - ug, p^ » Pg. The formulae 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 :

I I

From these three, we obtained

~ ° A*

= eT •*-«)

°-* 7

M3 = M3(M^
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Finally ve achieved the two "mismatch" equations

and

The procedure used in this present calculation for improving on the 

original guesses for yc and y was 

values three successive pairs of yc
as follows. First we took as trial

and y involving the use of only
two values each for yc and for y thus we used the pairs y ., y ., cl 'rtl;
ycl, yrt2’ yc2* yrtl‘ '

<U2’ P2b (U5
The three resulting pairs of mismatch values

Pj) 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 :
, U

or

is theThe geometric interpretation of the interpolation process

finding of the linearly interpolated values of yc and y at the origin
of the U-P plane .

in actual practice, it turned out that extrapolation from the
values of y^ already tabulated by Laporte made possible very good

guesses for the values of yc that we sought. This was made possible 
by the fact that yc » yc(yQ) is almost exactly a straight line for
given values of and A ; for this unusual dependence no ready expla­

nation could be offered. There is certainly nothing obvious in the
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values of yQ, and # that would indicate that the matching values of 

p2/po could be very nearly linearly dependent on yQ .
In view of the fact that the extrapolated guesses for yc were 

presumably much better than those for ypt, the iterative procedure was 
altered somewhat in its initial phase for each value of y$. The initial 

guess for y^, which was 

while y t was varied so

just the extrapolated value, was held constant 
as to minimize U and P simultaneously. Only 

then was a very small variation made in y^ in order to provide the 

third, non-collinear point in (yc, y^) space for the bivariate 
interpolation calculation. In the actual calculations we performed, 

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 equations . Much of this tedium was avoided in our calcula- 

50 tions by the use of a set of gas tables that proved to be of con­

siderable assistance in this work. This set consisted of a complete col 

lection of both isentropic flow and normal shock functions for a number 
of values of , including p. = U, 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, 4^“ = C1’ ) was the

co *1

velocity across the shock, in terms

form for the change in flow 
of the sound speed ahead of it;

M^ was the Mach number ahead of the shock, which is equivalent to the
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•hock Mach number Mj- aouna ahock) for a shock

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 A). The form of this relation

can be derived from the expressions for
the conservation of mass A4

and the conservation of energy Ug U4*(p- l)c^

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

The direct explicit determination of - M^(Æ, y*) would itself 

be an iterative procedure for each succèsive value of . Alternative­
ly, Rudinger^ suggested the construction of a large and detailed graph 

of ) for a fixed value of Æ . The approach used here was

much simpler and allowed for much greater precision of calculation: it 

involved using the table of values of the area-Mach number relation
A I / M1* ju - i
A* " M ( —p---) , 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 

A the throat of a Laval nozzle. Note that —, differed from the form of 
Equation 1 only by a factor yu^ which was of no concern here because 
only the ratios of values of A/A* were of interest.

a A/a* (MJSpecifically, (R ’ 

was the form that Equation I took when adapted for use with the gas 
tables. Since as M approached 0, A/A* became very large, it was found 
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convenient, for purposes of precision in interpolating, to use the 
reciprocals of the values of A/A for all values of M less than about 

0.5.
In the case of choked flow, = 1, so \ ■ “crlt. could either be

computed from Equation I or could be found from this same tabulation of 

the area - Mach number relation: the appropriate form was
Merit) "

With yQ and M given, y^ could be 

single-variable interpolation scheme.

determined
P5/P2 and

determined by y^, and A . Separating the

iteratively by a
u_/c were then

3 0
now-known region 5

from the known region

was another iterative

0 were two waves, S and R . Solving for yc 

calculation involving a single-variate interpo- 

lationj specifically, one guessed a value for yc = P2/pq# and directly 
obtained the corresponding value of the strength p^/P2 of R.
Then u2,/co • u^/c^ + faction of P^/P2) . the successive approxi­

mation.. to yc were determined by interpolation using pairs of values of 
the mismatch function 'u .

For the initial "guess" for y^, linear,extrapolation proved to be just 

as suitable in the choked regime as it was in the unchoked case.

Alternatively, one could iteratively solve the single implicit relation 
y = y (M y , y +) that is to be found on p. 18 of Laporte’s c c crlt o r *
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 
. . dA equation — = g(y ) relating the change in channel area to the change in 

strength 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 of 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 
where r {EH ____ ,

St®
He noted the equivalence of his differential equation to one derived by 

52Chester , which was of the form 
J- dA .----- !____
A ’

here was 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) .

The numerical values included in Chisnell's paper were for a 

diatomic gas. When our calculated values for ,«. = 4 were plotted in 

the form log^ f(y) vs. log^ (y-l), 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 yc = y^y^: Chisnell) that were 

plotted on Figs . 14, 15 and 16 were determined from the form 
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log f(y ) = Log f(yQ) + log (H. The values yc(yQ) also 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 particularly interesting to note that for the values yc(yQ) 

from both the Laporte and the Chisnell theories, at least for the case 

of - U, fall on very nearly straight lines which, of course, inter­

sect at (y = 1, yc = 1)• For neither theory is it at all clear why 

this should be the case.
Finally, it would have been interesting to compare the experi­

mental values of y^y^) 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 

u = 6, and the recalculation of Kahane's superposed array of curves 

for u = 4 would have taken too long.

k, discussion of the results of the experiment
The results of the interferometric measurements of the strengths 

y of the channel shocks in the various sequences of shots are shown in 

Figs. 14, 15 and 16. These measured values were also recorded in 
Tables 5, 4, and 5. The results for each model were graphed with yQ 

as the independent variable ; superposed on each of these were the 
corresponding curves of yc = y^), that were calculated from the 

theories of Laporte and of Chisnell. The numerical values for these 

theoretical curves are shown in Table 2. In addition, the straight 

lines y = yQ were drawn in order to make it easier to evaluate the 

degree of increase of the strength y^ over the initial strength yQ.
As will be recalled from the discussion on the precision of the
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2Figure 14. Graph of channel shock strength 
measurements for the 2-unit 2:1 model.
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Figure 15. Graph of channel shock strength 
measurements for the 5-unit 2:1 model.
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measurements for the 5-unit 5:1 model.
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Model: 18) mm from end of channel2-unit 2:1

?o yc yrc X
(location of shock 
vith respect to 
t on model)

2 2.69 +33 nm
2.21 +73
2.59 +171

2.31 2 .04 +157
2.22 1.98 +72

4 4.51 +74
5.46 +144
4.74 +167

3.12 3.26 +162
5.23 3.29 +67

6 11.3 . +36
6.58 +66
9.80 +163

7.06 3.74 +166
3.34 3.38 +73

11.72 4.41 +30 -
8 * 17-00 +41

8.80 +80
26.88 +165
14.62 +178

11.63 4.40 +164
5.54 3.38 +25

10 12.96 -5
9.93 i84
11.00 +156

9.89 4.20 +171
9.25 4.11 +68
33.88 5.34 +60

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

26.12 3.17 + 148

Table 5. Measured values of the shock strengths 
y , y , y (y ) for the 2-unit 2:1 model at the Jc* J re* "'c^rc^ 
various constrieted-channel locations x.
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5-unit 2:1 Model: fl27 mm from end of channel

yo yc ^rc1 yrc y
(from x-t data)

X

( location of shock 
with respect to 
f on model)

2 2.55 +28 mm
2.59 
5-58

2.50 2.05

+71 
+118
+66

1.87 1.74 +44
2.25 2.00

2.22
+40

4 5.08 -10
5.28 +72
5.40

6.08 5.52
+111

+1C6 to +105
4.29 2.98

7.55
+84 to +49

6 11.5 +52
8.19 +57
8.19 +75
8.14 +110

8.89 4.06 +114 to +115
6.50 5.58 +115
6.04 5.51 + 57 to +41
7.42 5.81

8.12
+41

8 9.54 -21
10.59 +55
11.00 +59

5.26 5.50 +115
19.81 4.95 + 26 to +25
10.97 4.55 +25

10 55.00 -20
158.50 +51
67.50

59-86 5.45
+120
+104

11.45 4.58
20.75

-56

12 25.00 +6
16.77 +76
15.81

4.65
+104

14.25 +64

Table 4. Measured values of the shock strengths 
v v . v (y ) for the 5-unit 2:1 model at the Jc* re* ^c'^rc 
various constricted-channel locations x.
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5-unit 5:1 Model: 127 mm from end of channel

yo yc X 
(location of shock 
with respect to 

on model)

2 2 .81 +12 mm
2.96 +67
2.98 +112

4 10.67 +5
5.45 +65
6.89 +115

8 17.71 +26
15.57 +52
12.94 +92

12 29.50 +20
24.20 +62
11.55 +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 yQ- set that was closest to 

the corresponding value of (calculated: Laporte), tne fringe- 

reduction calculation was repeated with each of the component fringe­

shift values varied by 0.1 fringe in such a direction as to displace 
the value of yc 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 y^(y^) in each yQ - set that was closest 

to the calculated value, so each yQ - set has separate precision flags 

for yc and for y^(y^).
The most striking aspect of these graphs of results is that there 

are several sets of experimental values of yc for which the data points 
are 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 yc indicated by the locations of these sets with the 
corresponding calculated values for yc is indeed significant. In the 
ensuing discussion we shall note some of the regularities in the 
relative amounts of scatter of the sets of data points and shall 

Indicate possible causes of the difficulties.
Consider the sets of data points for yQ = 2 and 4 on the 2-unit 

and the 5-unit 2:1 graphs and also the set for yQ = 2 on the %-unit 5:1 

graph. In these cases the data points are all fairly well grouped 

near the corresponding calculated values. It is 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 y^(y^) in the set yQ = 2 on the 5-unit 2:1 

graph is, to be sure, a separate matter.
Next we note that in the sets of points for yQ = 6 for the 2-unit 

and the 5-unit 2:1 models, the scatter is from somewhat 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 5-unit 2:1 model, we note again for y ° = 8, much as for yQ = 2, 
that the data points for 2^ are well grouped, and it is only for S^, 

which occurs later in the channel flow, that the associated values 

yc(yrc) appear to deviate widely. For the same value of yQ on the 

blunter-tipped 2-unit model, we again see that the scatter is much 
worse, especially for the data points for yc. The sets for yQ = 10, 

however, show just the opposite behavior: the blunter-tipped model 
yields a fairly close grouping, if one disregards the point 4 C, which 

occurred quite long after reflection, while for the model with the 
smaller wedge angle the data points are scattered so wide of the mark 

that all of the experimental values of y^ fell beyond the limits of 
the graph. For yQ = 12, both the 20° and the 10° half-angle wedge 

models with 2:1 area ratio show a moderately large amount of scatter 
within the sets of data points, although in both cases, the indicated 

magnitudes of the fringe-shift imprecision seem capable of accounting 

for much of the scatter.
The graph for the 5-unit 5:1 model data is quite striking, in that 

the scatter for yQ = U is already much worse than for yQ = 2, while for 

yQ » 8, the points are well within the domain of the associated impre­

cision flag. For yo = 12, the scatter is again very great.
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Thue for all three curves we notice first that for low values of 

y there is quite a fair grouping of the points; second, that for the o
higher values of yQ, there is a rough sort of fluctuation in the amount 

of scatter of the groups of data points as yQ is increased. This can 

be seen more readily in Table 6:

Table 6
Qualitative Indication of the Relative Amount of Scatter 

in the Sets of Data Points
Model 2-unit 5-unit 3 i

^0 _ _ 2:1_______________ 2:1____________________ ill' o

2
u

e.
well 
grouped 
well 
grouped

very well grouped ' except for *Src )
well 
grouped

fairly well *grouped (except for*Src) scattered

6_____ _____scattered
somewhat 
scattered __

badly well grouped well

8 scattered (except for Src) grouped

10____
slightly 
scattered

very badly 
scattered

12
somewhat 
scattered

slightly 
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 systematic nature of the relative amount of scatter 

would seem to give some weight, at least tentatively, to the notion 

that most if not all of the wide scatter of the data points could 

be attributed to the interaction of trains of strong trailing waves 
with 1? and with . In the case of choked flow, the simplified c re
wave diagram shows a standing rarefaction wave; in reality the role of 

the rarefaction was filled by a pair of expansion waves that origina­

ted at 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 part of the trailing wave pattern; 

the other part consisted 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 amount of scatter is that for certain com­

binations of incident shock strength, wedge tip angle, area ratio and 

constricted channel height, the composite trailing wave trains 
constituted a very strong perturbation in the region behind 2^ . 

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

such times after the passage of 2^ that the amalgamation of successive 

portions of these trains with 2^ occurred during the time interval 

during which 2^ was being observed at various locations along the 

constricted channel, so that at its successive points of measurement, 

the measured strength of 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, 

so that as successive portions of the train amalgamated with 2^, the 

measured strength would deviate first one way then the other.

On the other hand, for values of y^ not far removed from these 
certain values, the strengths of the trailing waves, or the relative 

times of their formation, were such that the values of 2^ (and possibly 

even of 2 ) were not substantially affected by them. This fluctuation
re 

of the strength of the trailing wave trains as the value of yQ was 

increased seems to be somewhat analogous to the fluctuations in the 
value for the wave drag in a Busemann biplane55 in supersonic flow 

as the inlet flow Mach number is increased. These latter fluctuations
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are caused by the phenomenon of oblique wave cancellation: in the 
related case of a configuration 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 tips eventually detach and amalgamate to form a tip-reflected 

shock, it has been observed that portions of these wavelets are multi­

ply reflected in the converging section and do contribute to the trail­

ing wave train, so the possibility of the occurrence first of wave 

cancellation, then of no cancellation as the shock strength is in­

creased, may indeed have a bearing on the fluctuations in the amount 

of data-point scatter and deviation as a function of y@. It should be 

noted, however, that in the Busemann 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 for 

the portions of the transient tip-reflected wavelets that are swept 

downstream through the convergence. We should also point out that in 

our case the question of the time of formation of the perturbing wave 

trains is important, since especially in the case of the 5-unit 2:1 
model, for y =2 and 8, and to some lesser extent for y = 4, the " ** o o
grouping of the points for 2^ is fairly close, while for 2^-points 

there is considerable scatter.

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

some values of yQ is indeed the Interaction of the trailing wave pattern 
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with ^c, 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 is that it appears quite un­

likely that the locations of the four to six points of measurement for 
"S and S’ could accidentally be coupled with a strong trailing wave c rc
interaction in such a way that the measured values of yc could be well 

grouped and still all be strongly perturbed by the interaction. Thus 

it seems reasonable to say that for those values of yQ, 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 y^, as distinct 
from the values of y , are well grouped. Thus, for example, for cç rc )
the subset of yc values in the case of yQ = 10 for the 5-unit 2:1 
model and more particularly in the case of yQ = 8 for the 5-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 yc values alone confers a 

degree of significance onto the average of the yc 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 presumptuous to judge between the two theories on the basis 

of this one instance. -
In the case of the 2:1 area 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 is 
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unfortunate that there were not more values of yQ examined for the 5:1 

area ratio, on the chance that there might have been some other values 

of yo for which the trailing waves would not have caused excessive 

scatter of the data points.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS FROM THE RESULTS
By restricting our attention now to those relatively few sets of 

measured values of yc that were free of excessive scatter and for 

which the precision of fringe-shift measurement was adequate, we can 

reasonably conclude that the grouping of these sets near the corres

ponding calculated values of yc gives a degree of experimental con­

firmation to Laporte’s or Chisnell’s analysis for a range of values of 

yQ well beyond that which was studled by Kahane. In the absence of

the extension of Kahane's isentropic calculations to the present ex 
perlmental conditions, we cannot say to what 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 

y^ calculated from Laporte's theory for the experimental conditions 

of Bird’s work, we cannot say with certainty whether the fact 

that Bird's measured value for yc was off by 10% from the corres­

ponding Ch lane 11 value would mean that this measured value would be 

closer 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 y^ (calculated: Laporte) for large yQ 

and the curve for y^ ( calculated : Chisnell) for large yQ> we can 
roughly estimate that Bird's value would still be somewhat closer to

Chisnell1s value.
For the 5:1 area ratio the difference between Laporte’s and 

116
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Chlsnell'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 said with considerable assurance that there is a real 

increase in the shock strength yQ over the initial strength y^ and 

that the data-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 Laporte's 

theory.

2. RECOMMENDATIONS FOR FURTHER WORK IN THIS AND RELATED AREAS 

Our recommendations and suggestions for additional work include 

some that are concerned with doing essentially the same kind of 

experiment in a more precise and reliable fashion, and also 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 

measurement 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 pQ 

and thus of N(vac, 0) could be increased for each value of y . A bet­

ter interferogram-recording medium should be found: the available 
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emulsions should be studied more intensively in an effort to find one 

with much finer grain, with better contrast, and with higher speed or 

at least less reciprocity failure. The practicality of reprinting 

the Interferograms to increase their photographic density and their 
contrastiness should be looked into much more thoroughly. Some system 

of standardizing the fringe spacing should be worked out, so that 

the process of "working around" the occurrence of a unit of roll over, 

which 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; 

a system could be worked out 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 optimum 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-interferometer (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 0-region in the flow interferograms is indeed due to 

vibration of the test section windows ; if this is 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 just the of the initial state.

The suggestions we would offer with regard to 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 channel 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 for example the 

question of possible fluctuations in their strengths as yQ is increased 

could he settled; it would also be possible to determine, for those 

values of yQ for which the trailing wave pattern proved to be a strong 

perturbation, whether the pattern does indeed catch up with the shock 

sufficiently to fulfill the conditions for the solution "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 Interferometry as techniques 

for determining significant values of shock strengths in the presence 

of various kinds of trailing 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 continuous record of wave velocity shows 
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graphically If there ie any tendency toward a stabilized value of wave 

epeed.lt ehould be considered whether using both wave speed recording 

and interferometry, the one for an initial 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 piezoelectric 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 pQ.
As has been noted already, the values of area 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 interferometry or by some of the other techniques 
mentioned here. In particular, the detailed study that Kahane made of 

the development of the wave and flow configurations in the converging 

section should be extended to values of area ratio and Incident shock 

strength in the regime of ambiguity. It would be of particular interest 
to examine the formation processes for the tip-reflected shock for val­
ues of y and & that are very near to the curve we referred to as the 

o
lower bound for the absence of %. The purpose here would be to at­
tempt to confirm Budinger's conclusions about the non-accesslblllty of 

the solution in the ambiguous regime.
It should be noted that for ordinary values of y-, i.e. 4 and 6, 

the range of values of yQ and ft for the regime of ambiguity are such 

that it is not easy to study this regime experimentally. As Oppenheim 

noted and as can be seen from the sketch of the regime of ambiguity in 

the (ft,yo) plane, both the lower and the upper bounds approach asymp-

epeed.lt
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« Q
<5

totic values of (R as yQ

The values of these asymptotes pro­

vide a very rough indication of the

range of area ratios with which one

would be concerned when working in

this area.

The forms for these limits are

as fellows.

lim (R (upper bound)

lim (R ( Lower bound)
Figure 17. Sketch of the 

regime of ambiguity in 
theR , yQ plane

R

Mi _ = I

n
1;

Regime 
»/ of 
y guit-
Ol /

For

lim (upper bound) 1.046 1.195

lim (lower bound) 1.075 1.545

Actually it appears that lim R (upper bound) is a fair indication of

the value of area ratio 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 in the vicinity of the lower-bound curve

would involve very shallow convergences, accompanied, it is presumed

by very long times of stabilization for 8^ and of formation for ht-

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 = 22,
lim R(lower bound) - 1?2; Lim (R (upper bound) = 5«H

4 6

(These values are based on the assumption that p- is a constant.)
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Thus we would strongly urge consideration of the feasibility of study­

ing the regime of ambiguity by use of SF^, which would involve more or­
dinary values of area ratio and, probably, shorter times of shock for­

mation and stabilizationê One of the principal difficulties in the use 

of SFx is the fact that the value of p. for this gas is strongly depen- 
6

dent on temperature even for relatively moderate temperature ranges. 
For this reason the calculations of yc and y^ based on Laporte's theo­

ry would have to take this real-gas behavior for SF$ into account, and 

consequently would probably become a much larger computational program.

It was noted earlier that while there was no particular reason to 
doubt the experimental validity of the relationship y^ - yrc^c^# 

has been,on the other hand, no definitive experimental verification of 

this relationship, so far as direct measurements of y^ are concerned, 

especially in the ranges of low to intermediate shock strengths. We 

suggest a detailed study of the strength of 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 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 
work has been done in this area for other ranges of shock strengths and 

values of pQ, especially in connection with recent efforts to study in 

detail the conditions in the 2' - region insofar as these affect the 

usefulness of this region as a high temperature heat bath for spectro­
scopic studies?5’56 but the attention here was focused on the conditions
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in the 2 ’ - region, rather than on the strength of .

It would seem appropriate to conclude this set of recommendations 
for additional research by suggesting that a close study be made of the 

theoretical significance of the following curious numerical relation­

ships :
1) yc( calculated : Laporte ) is for all practical purposes a straight-line 
function of yQ, at least in the range of yQ from 2 to 50 for 4;

2) in the Chisnell calculations, 1/K(y) is very nearly a constant over 

a very broad range of values of yQ for p- = 4 and is fairly constant 

over a similarly broad range for p. = 6;
5) on the graphs of log yc vs . log yQ for fixed values of (R , both the 

Laporte and the Chisnell curves rapidly approach asymptotic straight 

lines that are parallel to the line yc = yQ.
A preliminary part of this study should be the calculation of the 

Laporte and the Chisnell curves for a variety of values of p. and for a 

much broader range of values for fi •
As we noted earlier, there is, for example, nothing at all obvious 

in the nature of the sequence of calculations involved in determining

p^/pQ in Laporte’s calculating scheme that would lead one to suspect 

that the value of p2/pQ that was matched to it across the interface 

would, for a fixed value of R,have a straight line dependence on 
n /n = y . It is similarly not clear why this sort of relationship **1' ' O
should continue 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 le not at all eimply dependent on y, should be such that log f(y) 

Is a straight line function of log (y-l) . It seems reasonable to infer 

from these peculiarities that there may be some underlying and as yet 

unperceived relationship between y$ and yc - - perhaps some unsuspected 
similarity parameter - - that would account for the unexpectedly simple 

results of our numerical calculations ; it is because of this possibil­

ity that this area is particularly recommended for study.
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