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PREFACE 

The work to be described in the present and in subse¬ 

quent reports on interferometric studies of supersonic phenomena 

originated in discussions between Drs. R. Ladenburg and J. Von 

Neumann on the behavior of propellant gases expanding from guns. 

Dr. Von Neumann proposed thd application of interferometric meth¬ 

ods to the study of such phenomena, and at his suggestion, the 

Bureau of Ordnance requested the Coordinator of Research and 

Development of the Navy Department to initiate a project on the 

interferometric examination of air Jets and related phenomena 

with the National Defense Research Committee of the Office of 

Scientific Research and Development. Consequently, such a pro¬ 

ject was set up at the Princeton Station of Division 2 of the 

National Defense Research Committee under the direction of 

R. Ladenburg. In June, 1945, the Bureau of Ordnance took over 

this work directly under contract NOrd 9240. 

The first experiments were carried out with a Jamin- 

Mach type interferometer constructed and used before by Ladenburg 

and collaborators. Inasmuch as the preliminary results obtained 

on the air jet from a commercial pressure tank released through 

a straight tube were quite successful,^ an Interferometer of 

the Zehnder-liach type, more suitable for the planned study, was 

constructed. The necessary plane-parallel plates and plane 

mirrors were obtained by loan from Dr. R. B. Kennard of the 

Ij See Report on Project No. 208, Princeton University Station, 
Division 2, NDRC (dated May 15, 1944) "Study of Shock Waves by 
Interferometry" by R. Ladenburg and C. C. Van Voorhis. 
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National Lureau of Standards, and under his supervision the sup¬ 

ports of the plates with fine adjustments were manufactured by 

the machine shop of the National Bureau of Standards in the sum¬ 

mer of 1944. The plates have a size of 30 x 60 mm and, although 

not perfect, have proved to be very valuable and have been used 

for the various experiments carried out. 

This interferometer was installed in an annex to Palmer 

Physics Laboratory at ground level on concrete foundations and 

insulated by rubber cushions against vibrations. The gas Jet to 

be studied emerges from a large pressure tank of about 1.5 cubic 

meter capacity, through a 1 inch tube ending in orifices of var¬ 

ious forms. The Jet is produced by quickly opening a special 

valve. The tank and the tube are installed in such a way that 

the Jet crosses one beam of the interferometer and that the sur¬ 

face of the orifice is slightly above the plane through the lower 

edges of the interferometer plates. Details of the outlay, of 

the light source used, of the photographic equipment, etc., are 

given in later sections of the present report. 

Preliminary experiments with a nitrogen Jet at 

44 lb./in2 tank pressure have been described in a second report2) 

and experiments with an air Jet at tank pressure of 60 lb./in2 

were described in a third report of Division 2, N.D.R.C.3) Also 

the analysis of the interferograms obtained and the computation 

of density, pressure, temperature and gas velocity at various 

2) Monthly Report AES-5 (OSRD-4514) Project No. 208, 0D-03 
(dated December 25, 1944). 

3) OSRD Report No. A-332 
NDRC Report No. 5204. 
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points in the jet, including the shock region, are giver 

report. 

Using this equipment a large series of experiments at 

various pressures of the tank filled with compressed air between 
« 

20 and 100 lbs./in2 have been carried out and evaluated by im¬ 

proved methods. In most cases a streamlined orifice has been 

used. Shock strength - that is the ratio of the pressures on 

both sides of a shock - up to 11 and Mach numbers up to 4 have 

been obtained. The results were compared with the conventional 

theory of compressible nonviscous fluids and, in general, good 

agreement was obtained. Interesting relations between the den¬ 

sities for different pressures at corresponding distances from 

the orifice were revealed. 

In another series of experiments a carefully designed 

Laval nozzle was attached to the one-inch tube replacing the 

streamlined orifice. In this way a homogeneous cylindrical jet 

was obtained containing a shock free region of constant Msch 

number 1.70. Conical objects of various cone angles, a caliber 

.30 projectile and a sphere of 5/16" diameter were supported in 

this "open wind tunnel" and the distributions of density, pres¬ 

sure, etc. around these objects were determined from the inter- 

ferograms obtained. The results obtained with the cone of 30° 

half angle have been compared quantitatively with the theory of 

Taylor-Maccoll. 

In the course of these experiments the project was 

transferred from the Office of Scientific Research and Develop¬ 

ment to the Bureau of Ordnance, Navy Department, as sponsor. 
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The present report, the first of a longer series, 

contains a discussion of the láach Interferometer and of the 

technique of adjusting the instrument, the method for analyzing 

interferograras, the analysis of a supersonic Jet from a 10 mm 

streamlined orifice at 60 lb./in2 tank pressure and the compari¬ 

son of the results obtained with the conventional aerodynamical 

theory. 

The experiments and results with £0, 30, 40, 60, 80 

and 100 lbs. in the tank and the relations between the results 

at different pressures will be given in a second report. 

A. third one will contain the studies of the homogen¬ 

eous Jet of constant Mach number and of the distribution of 

density, pressure, etc around the various objects inserted in 

this "open wind tunnel." 

The present work has been carried out Jointly by 

R. Ladenburg, C. C. Van Voorhis and J. Winckler with the as¬ 

sistance of Mr. H. Panofsky for some of the work. A large part 

of the experimental technique is due to Mr. Winckler. In the 

laborious computations the skilled technique of Miss A. Kenney 

was of great help. 
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ABSTRACT 

The present report is the first of a series describing 

opticalt especially interferometric studies, of supersonic phe¬ 

nomena. After a general survey of the literature and of the 

various optical methous of studying gas flow a discussion of a 

Zehnder-Mach interferometer is given, showing the way fringes 

are produced, and the effect of various fringe widths and or¬ 

ientations. Errors from refraction and nonparallel light are 

shown to be negligible. A technique of adjusting the interfer¬ 

ometer is described in detail. Also various auxiliary apparatus 

is discussed. 

The method for analyzing interferograms is given, 

describing how the fringe shifts are obtained and how the den¬ 

sity is evaluated in cases of circular symmetry of the jet. 

A supersonic air jet from a lO-mm diameter stream¬ 

lined orifice at 60 lb./in2 tank pressure has been analyzed, 

using much improved experimental techniques. Pressures, temp¬ 

eratures, Mach numbers, and velocities have been calculated 

from the density values in the jet and the initial conditions. 

Shock strengths, entropy changes, and conditions at the orifice 

and slip stream are found generally in good agreement with 

theory. 

vii 
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INTERFEROMETRIC STUDY OF SUPERSONIC PHENOMENA 
Part I: 

A Supersonic Air Jet at 60 LB/IN¿ Tank Pressure 
I 

I. HISTORICAL SURVEY 

The study of the flow of gases from a reservoir 

through an orifice into a receiver dates back to the original 

work of St. Venant and Wantzel (1)* more than a century ago. 

The existing knowledge of the compressible flow of gases 

through pipes and orifices is summarized in several publica¬ 

tions ( 2). 

A significant advance was made by Osborne Reynolds, 

who discovered in 1885 (3) that if the ratio of the receiver 

to reservoir pressure drops below a certain critical value 

(F/Po * .527 for a perfect diatomic gas) the velocity of the 

gas at the narrowest part of the passage reaches the local 

velocity of sound, and up to the point of reaching the con¬ 

striction the flow is unaffected by the receiver conditions. 

If the orifice through which the gas emerges into the receiver 

is the narrowest part of the system, a free gas Jet flowing at 

-ound velocity at the orifice is formed. Then if the pressure 

ratio P/Pq is lower than the critical value, the Jet expands 

into the receiver, attaining supersonic velocity. In such 

supersonic Jets stationary patterns, consisting of expansions 

and constrictions accompanied by shock wavee^/appear, under 

lumbers in parenthesis refer to the list of references at the 
end of the report. 

4/ The shocks, or discontinuities in the density, pressure, 
temperature and velocity of the air in the Jet are fund¬ 
amentally the same as those arising from an explosion. 
A bibliography of the more important works in this field 
is given in reference (21). 

-1- 
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certaln cooditiona repeating themselves many times as the Jet 

proceeds out from the orifice. 

Since this is the most prominent feature of such 

Jets it was the first to be studied, originally by E. Mach 

and Sttlcher (4), and later by Emden (5), by means of the 

schlieren and shadowgraph technique. Theoretical explanations 

for the periodic structure were made by Prandtl (6), Von 

Kaman (7), and Lord Rayleigh (8). An account of the mathe¬ 

matical ideas involved (especially those of Rayleigh) and a 

bibliography on the subject is given by Bateman (reference 

2-B, para. 2.4). 

Such derivations assume that the gas velocity normal 

to the Jet direction is small, or, in other words, that the 

Jet expands very little, its pressure being about the same as 

the receiver, and that conditions throughout the Jet are nearly 

constant. The adiabatic law, or the existence of a velocity 

potential is also assumed throughout the flow. Under these 

assumptions a wavelength, A , representing the distance 

between the successive "discs" or periods of expansion and 

contraction as shown in Mach and Qnden's photographs is ob¬ 

tained, in more or less agreement with some of the experiments. 

These derivations are certainly not applicable when the Jet 

undergoes an appreciable radial expansion. Also, the existence 

of standing discontinuities which make the flow non-isentropic, 

and the turbulent mixing of the Jet stream with the surrounding 

air, along with the other effects of viscosity and heat conduc¬ 

tion, are neglected in these treatments. 
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Hartmein and Lazarus (13) have made the most recent 

investigation in which values of A were measured, and they 

give emperical formulae which differ, especially at high 

pressures, from the theoretical equations. 

It is evident that the flow of the gas in such 

Jets does not, in general, possess the simple properties 

assumed in this type of theory, and more knowledge, both 

theoretical and experimental, must be forthcoming before 

a general treatment which holds over a wide range of pressure 

and expansion ratios can be made. 

The proper approach to the subject would seem to be 

to study in detail the structure of only the first section, 

or period, and such is the purpose of the present work. 

L. Mach (9) made such a study in some detail qualitatively, 

using schlieren and interferometric techniques for the opti¬ 

cal examination. He showed that standing "sound" waves of 

conical shape similar to those observed ahead of a projectile 

in flight existed in the Jet, and that these waves could be 
e 

reflected with change of phase at the free boundary between 

the Jet and the atmosphere due to the sudden change in velocity 

of the gas at this point. Furthermore, at low reservoir 

pressure he showed that these "sound" waves intersected in a 

simple way to form an ^ but at higher pressures they became 

stronger and a flat wave normal to the stream appeared ^ 

This he interpreted as the same kind of interaction observed 

and studied in detail earlier by E. Mach (10) when two 
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explosion v/avea collided, or when an explosion wave was 

reflected from a surface. This point will be discussed in 

more detail in later reports. L. Mach also found from a 

rough quantitative evaluation of the interference photo¬ 

graphs that the air deniity in the jet at emergence was in 

general higher than that of the atmosphere, but that at 

distances out from the orifice the density dropped far 

below atmospheric density in many cases. 

Cranz and Glatzel (11) .made a study of jets at 

very high pressures formed by the ejection of powder gases 

from an 8 mm gun. They measured the Mach number distribution 

with probes and made shadowgrams of the shock formations. It 

has recently been shown in connection with the present work 

that tnese velocity measurements are in error, however, due 

to boundary layer phenomena (see Part 71-7). W. Pupp, 

working in Cranz*s laboratory, made what is probably the 

first quantitative evaluation of the density in a supersonic 

jet by interferometry. This is described in Cranz*s "Ballistik" 

Vol. II, page 192, but in insufficient detail for comparison 

with the present study, as only axial pressure values are given. 

Stanton (12) investigated certain properties of jets, 

particularly the conditions just at the orifice, by using 

static pressure sounds and pitot tubes. He determined the 

exact position of the minimum cross section, the effect of 

seeding, and measured the pressure distribution on the axis 

of the jet. His results are not complete enough to determine 

the flow pattern and shockwave formation of the jet, however. 

I 
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His values of P/P0 were In the vicinity of the critical value. 

Hartman and Lazarus (13) explored the pressure 

distribution on the axis of Jets at reservoir pressures up to 

7 kg/cm2 using a pitot tube. Utial pressure curves were ob¬ 

tained in Jets exhibiting both the simple X an^ t*1® more 

complex ^ shock interaction observed by Mach. The pitot 

measurements were in agreement with measurements oí. the Mach 

number using probes, in the case of the simple ^ interaction. 

These measurements constitute the best quantitative data we 

have found so far for supersonic Jets, but are far from complete 

as only the axial region is explored. The schlieren photos made 

by Hartman and Lazarus are valuable for qualitative examination. 

Prandtl (14) was the first to describe the formation 

of a free jet by determining what shape and direction a very 

weak shock wave, or sound wave ("Mach line") would assume at 

various parts of the jet. He showed that the wedge-shaped 

expansion region which arises from the orifice edge as the gas 

stream turns outward into the atmosphere (see especially his 

figures 7 and 9) is reflected from the opposite free boundary 

of the jet with a change of phase, and proceeds onward as a 

compression region, is again reflected as an expansion region, 

and so on, producing the periodic structure of the Jet. Prandtl 

does not discuss the shock formation observed by Mach in jets. 



II. OPTICAL METHODS OF STUDYING GAS FLOW 

Optical methods of observation have an advantage over 

all other types as the gas flow is not disturbed by the light 

beam. Three experimented techniques are available, namely, 

shadow, schlieren, and interference photography. The produc¬ 

tion of shadows by the gas stream in a parallel light beam is 

a very simple method, and provides a wealth of information. 

This method is sensitive to the rate of change of gas density 

gradient, and is widely used in ballistics as it reveals the 

positions of shock waves and other discontinuities of density, 

and admits of a limited quantitative evaluation. Toepler’s 

schlieren technique is also widely used, principally for 

qualitative examinations, where it is more sensitive than 

shadowgraphy at the expense of more complicated equipment (15). 

This method is responsive to the density gradient, and except 

perhaps for the Ronche variation, is not suited for quantita¬ 

tive studies. Shadow or schlieren photographs are valuable 

supplements to interferometric measurements. 

The measurement of interference fringe displacement 

produced by an interferometer gives an accurate quantitative 

value for the density itself. The most suitable interferometer 

for studies in gas dynamics is the instrument developed by 

Zehnder and simultaneously by L. Mach for this purpose (16). 

Mach used this instrument for studies in ballistics and air 

Jets (see reference 9). Reference 17 gives a bibliography 

-6- 
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of all additional papers dealing with applications of inter¬ 

ferometry to gas dynamics which have come to the writer's 

attention. Of particular interest is the article by Hansen 

117-B), which describes the construction ana simplified 

theory of a large Mach interferometer constructed for Russia 

by the Zeiss works in 1930, and that of Schardin (17-?), 

which gives more completely the theory of the instrument, and 

a simple method of evaluating the results for cases of circu¬ 

lar symmetry, jin analytical discussion of the shadow, 

schlieren and interferometric methods, Including methods of 

evaluation, is given by Weyl (1B-B). 

Optical methods are sensitive only to the density, 

whereas one usually needs to know the other variables of the 

gas stream, such as pressure, temperature, and velocity. 

These can only be calculated from the measured density at 

each point by following the gas along a streamline from some 

point where the variables of state are known to the point in 

question, with the aid of gas dynamical laws which apply at 

each step of the way. This may involve calculating or measur¬ 

ing the streamlines themselves. In cases where this cannot be 

done, one or more other variables in addition to the density 

must be measured to define the state of the gas, which implies 

using non-optical means such as static pressure sounds, pitot 

tubes, thermo-elements, or probes to supplement the interfer¬ 

ometric results. Since in the air jet described in this paper 

all streamlines are equivalent, beginning under identical 
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conditions in the reservoir, the same equations for pressure, 

etc., apply to all, at least up to the place where the stream¬ 

lines cross a shock front. Consequently, the pressure and 

other variables may be calculated with a knowledge only of 

the density at the point in question and the reservoir condi¬ 

tions. In this report the necessary gas-dynamical relations 

will be stated or developed when needed in the discussion. 



III. DISCUSSION OF THE MACH INTERFEROMETER 

1. Description of the Interferometer and of associated optical 
apparatus. 

Figure 1 is a scheiratic diagram of the interferometer 

and associated optical equipment. Light from the source S, made 

parallel by the lens L^, is divided at the surface of the par¬ 

tially reflecting plane-parallel plate 1, the reflected beam A 

proceeding to the plane mirror 3 and the transmitted beam B to 

the plane mirror 2. The two beams are recombined at the surface 

of the partially reflecting plane-parallel plate 4, which is 

identical with 1. The two beams are coherent, and produce inter¬ 

ference fringes, which are then focused on the screen P by the 

lens Lg. 

Figure 2 shows the interferometer and its mounting. 

The base is a piece of channel steel, to which the supports of 

plates 1 and 4 are screwed permanently. Plates 2 and 3 are 

mounted on carriages, which are guided by attached ball bearings 

Sliding in grooves, and are moved with the traversing screws T-2 

and T-3 for changing the path length in the two beams of the 

instrument. 

Each plate is held against blocks by light springs in 

a rectangular frame tc avoid stresses on the glass. This frame 

is held by three strong springs against ball-bearing ends of 

three regulating screws which are threaded through the main 

support, and two of which terminate on the other end in knurled 

knobs for adjustment. A movement of screw V rotates the plate 

about a vertical axis passing through the tips of H and a fixed 

-9- 
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scFtoW. Similarly, an adjustment of H moves the plate about a 

horizontal axis through the tips of the fixed screw and V. 

The means for adjusting the plates is not ideal, as 

the various motions are not independent, that is, movement of 

the plates about a horizontal or vertical axis also changes 

the path lengths in one or both beams of the interferometer. 

This is not a serious drawback, however, as compensating adjust¬ 

ments can always be made. 

This interferometer was installed in a special labora¬ 

tory at ground level on concrete foundations and insulated by 

rubber cushions against vibrations. 

2. Theory of the instrument. 

(a) Formation of the fringes. — It is convenient to 

think of the instrument in terms of the two coherent images 

which may be observed at I (see Figure I) if light from a point 

source S is used, and if the plates are nearly parallel to one 

another. The light proceeds on from these images and produces 

interference fringes in much the same way as in Young's famous 

experiment, and the fringes are found to be sharp at any posi¬ 

tion of the screen P. If the images lie on a horizontal line, 

the fringes will be vertical, and vice versa. Narrower fringes 

are produced by displacing the coherent images farther fron one 

another by rotation of one of the plates. If the lens Lg is 

removed, fringes will still be observed, but the coherent 

sources are now virtual, and are located at infinity, (see 

Schardin, reference (17-F) Fig. 2, p. 398). Actually the 

fringes are hyperbolic, but the deviation from straight, evenly 
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spaced parallel lines is negligible over the usual working 

section. 

When white light is used, the interference fringes 

disappear when the path difference exceeds a few wavelengths. 

If instead of the point source at S, an extended 

source of light is used, fringes may still be observed, but 

now they will be sharp only in a particular plane. The reason 

for this is shown by Schurdin (17-F). It must b« considered 

that instead of two coherent point images at ^ we now have 

many pairs of coherent points, covering the whole extent of 

the images of S at I. It is requisite that the planes of 

symmetry of these point pairs Intersect on a line (vertical 

line for vertical fringes, and horizontal line for horizontal 

fringes) if good fringes are to be observed. This line will 

then lie in the plane in which the fringes appear sharp. This 

condition may be brought about by a proper adjustment of the 

plates. For a horizontal linear extended source as treated by 

Schardin, and beginning with all plates parallel to one another, 

two plates must be rotated about a vertical axis to locate the 

fringes in a given plane. For a point source fringes will 

appear everywhere if only one plate is rotated. Although 

Schardin specifies the motion only of plates 1 and 4, actually 

the motion of any two plates will suffice for this adjustment. 

If the fringes lie in a plane anywhere on the 

incident side of plate 4, they are virtual, and can be seen 

only by using the lens Lg to focus them on F. Real fringes 

may be seen directly on P without a lens, however, if they are 

formed in a plane farther from S than plate 4. 
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The formation of second or higher series of inter¬ 

ference fringes by multiple reflection at the surface of the 

plates is prevented by coating plates 1 and 4 with a partially 

reflecting aluminum layer. 

The complete theory of the formation of interference 

fringes from a large extended source by the Lach interferometer 

has not been given so far. It has been repeatedly observed 

that if the interferometer is properly adjusted, the fringes 

may still be seen if the light source be varied from a distant 

point to a large diffuse area just before plate 1. Yte have 

found, however, that, as the fringe spacing is decreased, more 

nearly parallel light must be used to preserve the visiuility 

of the fringes in the field of view. 

(b) Formation of interferograms. — (i) Production 

of fringe shifts. If a density disturbance is present in one 

beam of the interferometer, the fringes will be distorted in 

a definite manner from their normally straight end uniformly 

spaced condition. For an air jet in which the density of the 

air is a function only of the radius r and the distance from 

the orifice, zt the shift S(y) of a fringe maximum on the 

screen from its undisplaced position in units of the separation 

of two adjacent maxima in the undisplaced pattern is given by 

Sh) = X ) D^-jvUx in 

In this equation A is the wavelength of the light used, 

y¡¿r) ànd Td» the refractive iniioes corresponding to this 
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wavelength in the jet and for the ambient air, respectively, 

X the distance along a light beam which penetrates the Jet 

at a distance ^ from the jet axis, and ♦ d(y) and -d(y) the 

values of x at the jet boundary. S(y) is also a function of 

which is a constant for a given cross section. The re¬ 

fractive index n is related to the air density by the 

Gladstone-Dale formula, 

n - 1 = K/? , (2) 

where K is a constant. 

Equation (1) is valid if the light beam in the arm 

of the interferometer is strictly parallel. The Integral repr* 

sents the increase in optical path length through the Jet com¬ 

pared with the undisturbed beam of the interferometer, and 

division by A gives the retardation in wavelengths of points 

in the wave front after it passes the Jet. The reason that 

this may be equated to a sidewise shift of the fringes at 

various points on P may be understood by reference to Fig. 3. 

I and 1' are two coherent images of a point source S, formed 

by the lens Lg. Bright fringes are normally produced on P at 

the positions 2, 3, and so forth, where the lines along 

which the wave fronts from I and reinforce each other 

intersect P. If the wave fronts are retarded, as shown by 

the dotted lines, the line of reinforcement is shifted to 1'. 

Since successive orders of interference produce fringes that 

are evenly spaced on P, it follows that the displacement of 

1' from I is proportional to the fractional retardation in 

wavelengths of the dotted wave front. It is evident that the 
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Flg. 3. Production of an Interferogram. 
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intensity distribution is also distorted from that of the 

undisplaced fringes. The direction of fringe shift can be 

reversed by changing the density disturbance to the opposite 

beam of the Interferometer, giving a complementary interfer- 

ogram. The same result can be obtained merely by adjusting 

the interferometer plates so that the images I and 1' (Fig. 

3) are intercnanged. This picture is of course simplified 

somewhat, as actually an irregular retardation of the wave 

front implies a change in the direction of the rays so that 

some would not pass precisely through I and I* on their way 

to the plate. The actual angle through which the light ray 

is refracted in passing through the Jet may be determined 

from the fringe spacing, for if the undisplaced fringe spac¬ 

ing dQ represents an angle ¿¿o between the light beams in 

the two arms of the interferometer, then a spacing d repre¬ 

sents an angle , approximately, according to the relation 

p¿ _ dl „ 
JL 

(li) Fringe width and orientation. The fringe 

shift S, expressed in units of the undisplaced fringe spac¬ 

ing at a point on P, is independent of the spacing or orienta¬ 

tion of the undisplaced fringes, but the appearance of the 

pattern varies greatly if wider or narrower fringes are used. 

Figures 4(a), (b) and (c) show thiee interferograms 
p 

of an air Jet from a 10-ram circular orifice at 60-lb/in. 

overpressure in the tank, made by focusing the fringes parallel 
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(a) Fringes parallel to axis (b) Frir;ges parallel to axis

(c) Fringes parallel to axis (d) Frinres normal to axis

Fig. 4. Effect of fringe width and orientation.
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to the jet axis. The fringe width increases from (a) to 

(ç). These interferograms were made by producing the 

fringes virtually in the plane of the jet axis, and focusing 

the fringes and orifice together on a photographic plate at 

P. The illumination was produced by the light source which 

is described in Part III-5. A detailed analysis of this Jet 

is given in Part VI. The reason for the asymmetrical appear¬ 

ance is also explained there. 

The Jet boundaries and shock fronts in Figs. 4(a), 

(b) , and (c) have the same location, but in (b), and especially 

(c) "islands" are formed at several points. The explanation of 

the formation of these islands is simple, and is illustrated in 

Fig. 5. The curves in Fig. 5 (a) are the fringe shifts at 

points along three cross sections through a simple-assumed 

interferogram. In Figs. 5(b), (jc), and (d) these fringe 

shifts are graphically carried out in narrow, medium, and 

wide fringes. Wide fringes are moved farther from their 

original position than narrow fringes, so the same fringe 

can cover regions of considerably different optical retarda¬ 

tion, producing an island. A sufficient increase of the 

density gradient in the jet would produce islands even with 

narrow fringes. 

We have found the following rules useful: 

(1) Orient the fringes parallel to the 

axis of symmetry of the density 

pattern under investigation. 

(2) Make the fringes as narrow as possible. 
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If the density is to be evaluated in a given cross 

section normal to the axis, measurements then proceed across 

the fringes if rule (1) is followed. Fringe-shift values 

are obtained directly from the measured fringe positions, and 

each measured cross section is independent of others. 

On the other hand, if the fringes run across the 

pattern, normal to the axis of symmetry, measurements must 

be made on each fringe along a line parallel to the axis. 

The fringe shifts in a cross section must then be obtained 

by a troublesome extrapolation. Single cross sections cannot 

be obtained in this way without much extra labor. This 

orientation of fringes has merit only if, when oriented as 

in rule (1), too few fringes are available to cover the field. 

Figure 4(d) shows an interferogram of the same Jet 

as in Figs. 4(a), (b), and (£), but with horizontal instead 

of vertical fringes. The pattern is now symmetrical, but the 

fringe shift at each point is still the same as in Figs.4(a), 

(b) and (c)* 

Since each fringe maximum and minimum produces a 

measured point, narrow fringes produce more points in a given 

region; hence rule (2). This is especially important across 

shock fronts, where fringe shifts are large and points are 

separated more. Narrow fringes also tend to eliminate 

islands, as shown in Fig. 5, and thus eliminate uncertainty 

in numbering the fringes. 

Further remarks on use of fringes are given in 

Part V, Sec. 1. 
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(iil) Use of nonparallel light. If nonparallel 

light Is used to produce the interference fringes, Eq. (1) 

is no longer strictly valid. The situation in this case is 

shown in Fig. 6. One beam only of the interferometer is 

considered, and for simplicity the interferometer plates 

have been omitted. The jet and fringes are imaged by the 

lens at P. If parallel light were used, only ray 2 wculd 

contribute to the image of point A in the jet at A'. But 

with a broad light source, a bundle of rays limited by JL 

and 3 arrives at A', and each ray experiences a different 

retardation in nassing through the jet. (If the Jet were 

absent, the optical length of all rays from A to A* would 

be equal.) We would therefore expect a washing out of the 

fringes at P. The effect should be especially pronounced 

if the density in the Jet varies rapidly with the radius, 

as for example across a shock, which is shown in Fig. 6 by 

the light and shaded areas in the jet. 

Figures 7(a) and (b) show two interferograms of 

the rame Jet made (a) with parallel light from a short fine 

slit and collimating lens, and (b), with diffuse light from 

a ground glass just before plate 1. (see Fig. 1). These two 

interferograms, as well as other such pairs made with much 

narrower fringes, yield identical fringe-shift values, within 

experimental errors, and the only observable difference is 

some loss of contrast as in Fig. 7(b). (Blurring of slocks 

is due to slow shutter speed.) We conclude from this that 

the aperture of the optical system, even with the diffuse 
C-66958 
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Pig. 6. Production of an Intarfarograa by nonparallal light. 

C-669 )8 
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eource, Is small enough to limit the divergence of rays pass¬ 

ing through the jet to a satisfactorily small value. 

(iv) Refraction effects In the density pattern. 

Refraction of the interferometer beam in passing through the 

air Jet, due to the lens action of the regions of different 

density, cannot be avoided. If parallel light is passed 

through the jet, and a screen is placed beyond it, a shadow- 

gram of the jet will be formed, with regions of large density 

gradients (such as shock fronts) revealed by adjacent dark 

and bright bands, the bright band being toward the region of 

greatest density. The theory of formation of shadowgrams 

has been studied by Keenan, (18-A) and V/eyl (18-b) 

In Fig. 8 parallel light traveling in one bean of 

the interferometer (which is omitted for simplicity) parses 

the jet and falls on the lens L. If the lens is focused not 

on the jet itself but very slightly before or behind the 

plane of the jet, a shadowgram will be formed on P. Figure 

9 shows this phenomenon in the same air jet used for obtain¬ 

ing Figs. 4 and 7. The narrow band of white-light fringes 

was formed by the 'total light of a spark, made parallel by 

a collimating lens. In Fig. 9 (a) the lens was focused in 

a plane traversed bj the light beam just before entering the 

jet, in Fig. 9(b) on the exact jet center, and in Fig. 9(jc) 

on a plane crossed by the beam after passing the jet. The 

relative positions of the light and dark bands at the shock 

is reversed in Figs. 9(a) and 9ic). The shadows disappear 
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n#. 6. ItofrttctloB la Dm produetion of an Intarfarocraa.
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In Pig. 9(b) at the Jet center in the case of the oblique 

shock, k shadow persists from the normal shock, probably 

because of its finite extension along the path of the light 

ray. 

Returning again to Fig. 8, we see that without 

refraction ray 1 is undeviated by the Jet, and proceeds from A 

to the image point A'. Actually, however, the ray is deviated, 

and follows the dotted path 2. The angle of refraction can be 

calculated from the shadowgraph theory (see reference(18)). If 

the lens is carefully focused, ray 2 will also arrive at A', 

and no shadows will be seen on P. 

Now Fermate principle tells us that for a perfect 

lens, the optical lengths of all rays from a point in the 

object to a point in the image are equal. Provided rays 1 and 

2 are not separated very much on the lens surface, this princi¬ 

ple still holds in practice for lenses of good quality. ' Fur¬ 

thermore, if we ignore any path differences between 1^ and 2 

while the rays are in the Jet, we have the important result 

that for a good lens, carefully focused on the Jet, no disturb¬ 

ances in the interferogram will result from refraction of light 

in the jet. 

We have calculated the fringe-shift error arising 

from the path difference of rays 1 and 2 while in the Jet, 

including the fact that 1 and 2 do not appear to come from 

the same point, and find it to be negligible (less than 0.01 

fringe-shift units for the 10-S-60 Jet described in Part VI. 

In the case of refraction by the z - gradient in 
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continuous regions of the Jet, the effect is also negligible, 

We have not devised a good experiment to test this 

result, but it is observed that under proper adjustment, 

fringes at shock boundaries are very sharp (see Fig. 15, for 

example). If the focus is not on the Jet center, fringes in 

this region are blurred, even if parallel light is used. 

In interferometers such as the Michelson type a 

given ray traverses the density pattern a second time after 

reflection from a mirror. Owing to refraction in the Jet, 

the two paths through the Jet are not necessarily the same, 

thus leading to serious complications in the interpretation 

of the results. Furthermore the Michelson fringes cannot be 

focused at will in an arbitrary plane, 

3. Techniaue of adjusting the instrument. (See Hansen, 
-*- — reference 17-B) 

The best way of adjusting the four plates is to 

place them on the corners of a square, and coat the mirrors 

2 and 3 (see Fig. 1) for about 98# reflection. By the use 

of multiple reflections these two mirrors may be made precise 

ly parallel. The two half-reflecting plates 1 and 4 may then 

be adjusted parallel to the mirrors by using two sets of 

cross hairs at two positions between and plate 1, and 

bringing the double images into coincidence. 

In our case the plates were not arranged on a 

that other less exact methods had to be used. square , so 
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4. Photographic apparatus. 

A 21-cm F/4.5 Zeiss Tessar lens of 5-cm diameter 

mounted in a 4 ^ 5-in. view camera with double-extension 

bellows has been used. A magnification of the jet and 

fringes on the photographic plate to twice actual size is 

generally used. Smaller images would increase the photo¬ 

graphic density but also the ratio of grain size to fringe 

width, thereby decreasing the accuracy of measurement. 

Although in the case of circular jets the lens may be 

focused sharply on the jet center, if the pattern under 

investigation is two-dimensional, with a finite extension 

along the light path, the focal length of the camera lens 

must be long enough so that the near and far ends of the 

pattern are in focus simultaneously, within a satisfactory 

limit of distortion. 

Eastman 103-G (fast) or III-G (slower, more 

contrast, and finer grained) spectroscopic plates have been 

used throughout cur work. These plates have a maximum sensi¬ 

tivity in the green, suitable for the mercury line 5461A. 

According to curves furnished by the manufacturer, a limited 

amount of photographic density could be gained by using 

violet light and correspondingly sensitized plates. 

5. Light sources for interferometry. 

The ideal light source for interferometry needs to 

be monochromatic, as well as intense and of short duration. 

We have found that even for jets where the phenomenon is 
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"stationary," an exposure of less than 100 Ât sec, is desira¬ 

ble. Longer exposure times often show two or more traces of 

the shock boundary owing to sudden jmail shifts of its posi¬ 

tion. 

The wavelength increment ¿that can be tolerated 

depends on the number of fringes required. For n satisfactory 

fringes , 

(3) A \ - X 
~ 3*- 

is a safe estimate. We have tried the following light 

sources; 

(i) Cenco laboratory mercury arc with small dia¬ 

phragm; 8-cm diameter 70-cm focal-length telescope objective; 

Corning filters Nos. 3484 and 5120 for isoTating the green 

o 
line 5461A (some red also included); camera shutter at 1/100 

sec. This source gives good fringes but in general is not 

fast enough. 

(ii) General Electric type AH-6 1000 watt water- 

cooled mercury capillary arc; lens and filter same as in (i); 

300-yitsec mechanical shutter, consisting of one fast and one 

slow motor-driven disk, each containing a suitable slit giv¬ 

ing a flash every 3 sec; arc operated from a d-c generator 

at 800 volts instead of 1000 in order to lower pressure and 

improve sharpness of spectral lines. This source is superior 

to that in (i) but not fast enough for general use. (See Fig. 

15 of this report for an interferogram made with it). 

(iii) General Electric type AH-6 capillary arc 

flashed with a condenser discharge; voltages from 2000 to 
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8000 and capacities from 0.25 to 4 Atf ; filters for the 

mercury green line as in (i); about 25 good fringes can be 

obtained with this arrangement. The time duration is 

between 10 and 100 ^sec, fast enough in general for jet 

interferometry. Only the very turbulent region at the 

boundary is not stopped by this flash. Figures 19 and 20 

are shadowgrams taken with the full light of this mercury 

flash. 

(iv) General Electric type AH-6 capillary arc 

flashed with a condenser discharge as in (iii), and the 

light sent through a very large aperture (about F/2.5) 

prism monochromater. The 3-cm long exit slit was curved 

to fit the spectral lines from the prism. Under the best 

conditions, by compromising between slit width and exposure, 

100 fringes have been obtained, with some sacrifice of fringe 

focus at a few spots in the field. A noticeable improvement 

in focus was obtained by limiting the long exit slit to 5 mm, 

but the necessary widening to secure exposure resulted in 

considerably fewer fringes. 

(v) Spark of the Charter’s type, with aluminum 

electrodes. The l/2-mm hole through which the light emerges 

was substituted for the entrance slit of the large mono¬ 

chromater described in .( iv). A yellow-green line, which 

gave the most exposure was selected. About 20 usable fringes 

could be obtained with this source. Narrowing the slits gave 

more fringes, but underexposed plates. 
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This type of spark is rapid enough for nearly every applica¬ 

tion. («O.S y/*sec. from rotating mirror measurements). 

(v!) a very satisfactory light source for all pur¬ 

poses has proved to be an unconfined air spark between vertical 

magnesium electrodes, the light being sent through a large 

prism monochromator. With the aid of a photocell, the strong¬ 

est spectral line may be selected (4481 A), which has an 

intensity about twice that of the underlying contlnmon. With 

this arrangement about 200 usable fringes can be produced, with 

illumination times of about 1 ^^tsec., and a photographic image 

of about l£ X 2 inches. Because of the low intensity ratio 

between the spectral line and the continuum, filters alone 

over this spark would produco only a few fringes (10 - 20). 

Light source (ii) was found suitable for interfero- 

grams of the 10-S-60 air Jet studied in this report, as this 

Jet is relatively "smooth”. The spark source (vi) has been 

used for Jets at 40, 80, and 100 lbs., which are more turbu¬ 

lent than the 60 lb. jet. 



IV. AUXILIARY APPARATUS FOR STUDYING GAS JETS 

1• General arrangement 

The air Jet for investigation was supplied from a 

lè m3 tank which was filled with dry air at pressures up to 

120 lbs/in2 fed from high-pressure gas cylinders pumped up 

on the Palmer Laboratory liquid air machine. The pressure 

and temperature could be accurately measured. The orifice 

and valve assembly is shown in Fig. 10. The valve when open 

forms a smooth-walled passagu from the tank up and out of the 

orifice. The orifice is placed in one light beam of the inter¬ 

ferometer (see figure 2), and is streamlined to produce a smooth 

flow by constricting the tube from the tank from 25 mm to 10 mm 

in the manner shown in Figure 10. The valve is either opened 

quickly by hand, and the light flashed by an automatic switch 

when the tank pressure drops to a predetermined value, or the 

valve is opened to synchronize with the rotating shutter. 

2. Shadowgram apparatus 

Shadowgrams of the air Jets were made with the full 

light of the General Electric AH-6 arc flashed from a condenser 

discharge (see Part III, 5 - iii) focused on a pinhole 1 meter 

from the Jet. Eastman 4 x 5-in type III-G spectroscopic plates 

were used, close to the Jet (25 mm from the axis). Mach-number 

measurements were made by extending a steel needle, with a 

carefully ground conical point of 2° half-angle, into the stream, 

as nearly as possible along a flow direction, from above. 

The Mach number is given by the equation 

11 = Vain«*- ( 

-34- 



-35- 



-36- 

where oc is half the apex angle of the conical head wave, 

provided the head wave travels with local sound velocity, i’he 

correction given by Taylor and KacColl's theory (19) for the 

shock angle for this cone was only about 1 percent and was 

ignored. 
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V. METHOD OF ANALYZING INTERFEROGRAMS 

1, Measurement of plates 

(a) Comparator method. -- The interferogram plate was 

mounted on a comparator table equipped with an accurate scrsw 

for measuring the (position in a cross section 

through the interferogram normal to the axis of symmetry), and 

having a less accurate gauge for obtaining the z-coordinate 

(distance of the cross section from the orifice mouth). 

With the plate set at a definite z-value, and begin¬ 

ning with about the tenth fringe outside the region of the Jet, 

the location of each maximum and minimum was recorded through 

the pattern to a similar point on the opposite side. Each 

cross section was measured twice, and the results were averaged. 

The procedure was varied to advantage by recording only 

max-ana in slowly varying regions of the Jet, and by recording 

maxima and minima three times in regions where shocks existed. 

A plot of such readings, with fringe number as 

ordinate and position as abscissa, is shown in Fig. 12(A) for 

a special case (Fig. 4(B), cross section Just above the normal 

shock). 

(b) Automatic microphotometer method. -- The trace 

made by a Leeds and Northrup microphotometer with a Speedomax 

recorder 5/ of a portion of an interferogram is shown in Fig. 

11. a region of sharp, strong fringes is shown in Fig. 11(a), 

and a region of broad, diffuse fringes is shown in Fig. 11(b). 

5/ Through the kindness of R.C.A. Laboratories, Princeton, N.J. 

-37- 
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The positions of the fringe maxima and minima must be esti¬ 

mated from the trace, after which the results are treated in 

the same way as those obtained from the comparator. 

Since the shifted fringes may be inclined to the 

vertical, a much shorter slit must be used for scanning the 

interferogram than is ordinarily used for a spectral line in 

order to confine the trace to a narrow cross section. This 

results in accentuated grain, as shown especially in Fig. 11(b). 

The difficulty in locating the center of the fringe 

from the microphotometer trace can be appreciated from Fig. 11. 

We have found the comparator method to be more accurate, and 

usually quicker than the automatic recorder. In addition, the 

judgment of an observer using a comparator is needed to analyze 

a complex interferogram, particularly for numbering the fringes 

correctly, since the same fringe may be traversed more than 

once as the measurement proceeds across a given section. 

In principle it is possible to obtain a very great 

number of measured points in a cross section by evaluating the 

intensity distribution through each fringe with the aid of the 

recording microphotometer. But the complications resulting 

from variations of fringe visibility and intensity over the 

field of view and the usual difficulties with the response of 

photographic emulsions, would make this procedure very labor¬ 

ious. We believe that it is more advantageous to increase the 

number of measured points by decreasing the fringe spacing. 
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2. CalculatioD and plotting of fringe shifts 

The fringe shift, S(y), at a point (2» 2) in the 

interferogram is given by the difference between the ordi¬ 

nates, N'-N (Fig. 12), of the observed curve of fringe loca¬ 

tion in a given cross section (z • constant), and the undis¬ 

turbed curve (the straight dashed line) which exists without 

the air jet or other density pattern. It will be seen that 

this is equal to the movement of a fringe found at the point 

Y from its undisturbed position, expressed in units of the 

fringe spacing in the undisturbed pattern. The S(y) values 

were obtained from the data by using the equation 

= ? N ? {1(-¾¾) + [n.-»(^:)JJ <»> 
0 

or 

5¾) = ï N ± (A9 + 6) 

A and B are constants for a given cross section. 

_ iv±ü- 
" 

B = N. 
Hi and N0 are two fringes in the undisturbed region close to 

tne boundary of the disturbance, y^ and y0 being their correct 

positions in the cross section at z, determined as accurately 

as possible by measuring Ni and N0 many times, by averaging 

over adjacent undisturbed fringes on either side of Ni and N0 
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Fig. 12. Uethod of rlottlng fringe shift» 
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in the same cross section, by comparing and y0 at neigh¬ 

boring cross sections, or some other similar means. The sign 

is to be chosen so that positive fringe shifts result from 

retarded rays, where the average density through the jet is 

greater than in the undisturbed beam. 

It is assumed in the foregoing discussion that the 

undisturbed fringes are uniformly spaced, as shown by the 

dashed line in Fig. 12(A), which is not strictly true because 

the surfaces of the interferometer plates are not absolutely 

plane. However we have measured plates containing only undis¬ 

turbed fringes, and find that this effect may be neglected 

over the region covered by the jet. 

A smooth curve is drawn through the points [y, S(yj] 

except where shock fronts produce a discontinuity in the 

derivative. 

3. Calculation of density from fringe shifts 

If the density pattern under investigation is one 

or two dimensional, Eq. (1), Part III, Sec. 2, becomes simply 

n(x) - n0 
s(y)A. 

(6a) 

where n0 is the refractive index of the room air, and the 

density follows from Eq. (2). If the density pattern is three 

dimensional, and is symmetrical about an axis, as in the case 

of our gas jets from a round orifice, Eq. (1) becomes 
r R 

2 
s(y) = A (n(r) - n0) _r_dr_ 

Vr® - y2 

(6b) 



where r2- x2 f y2 and R is the radius of the jet. 

Equation 6-b has the form of Abel’s integral equation. 

The evaluation of n(r) may be accomplished either by solving 

the equation by a method of inversion, and then applying a 

numerical calculation to the result, or by approximating the 

equation as it stands. The various methods of solution are 

discussed by F. J. Weyl (18-b). 

Schardin (17-?) made use of the latter method 6/ and 

assumed that each cross section in the circularly symmetric 

pattern was divided up into concentric rings, in each of which 
t 

the density was assumed constant. The effect of the outer ring 

was calculated first, from the known chord length and fringe 

shift at y-R. The effect of this ring was then subtracted 

away from the observed effect on the next inner chord, and the 

second ring was evaluated, and so on. Thus a staircase radial 

density function is the final result. C. C. Van Voorhis of 

Palmer Laboratory made a more accurate assumption, namely, that 

the density increases linearly between zones. This idea was 

expressed in its present mathematical form by Dr. F. J. Weyl 

of the Navy Department, Bureau of Ordnance. The procedure is 

as follows: 

Let 

n(r) - n0 = V(r); 

then Eq. (6b) becomes 

s(y) =Ã Vlr) r dr 

y Vr2 - y* 

oT itappears that this scheme was first used by E. Uach, Von 
fleltrubsky and L. Nach long before Schardin’s results were 
published (17-D). 
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Let the jet cross section be subdivided into zones 

0 » r0 < ri < rg < .< rn-l rns R. 

The values of V on the zone boundaries shall be written as 

V(ri) for i « 0, 1.n - 1 

V(ri) • 0 for all i è n 

and the fringe shifts S at distances y ■ r0, ri. from the 

Jet axis will similarly be denoted by 

Sq» .Sn-1, 

and 

Sn » Sn f i® .■ 0. 

We now make the assumption that V veries linearly within 

each zone, that is, 

hence, 

= + (r- n) r;*r* r, 

V(r)= Vi • 
ru, -r 
n*. - n ^ v„+l 

«.♦i n 

Transforming the integral and inserting the V(r) just given, 

we obtain 

VI*,-r 

yL«-i 
r-vi 1 V¿(.r 

Vrv-C 
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This is readily transformed to 

AS, V, L_ r^'rC^t. ~r) u V < Jn \TF^r 4 ¿_ 

^Mn 

/•».**.4/ 

r(C<L-r) if- 
Vr^-r^ 

Çl#/ 'Ç. 

p r(ci.,-r) ^ 

Ç1 - C1-, 

= V¿^¿ 4 ¿ V /|^ ¿ 
/4,-¿41 ^ 

The coefficients of V ¡ and )¿< may be further reduced, 

resulting in 

and 

Vr-t-r,* „in. rJ-r^ 'Xt 

ÜL- 
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Now 

V1-2 - rl dr = I { K(rl* r/**. I - Klri - V >} • 

where K(p,g) - g Vg^ - p» - p2l0g (g y. pg-). 

It follows that the system of equations to be 

solved for the Is 

vtl 

If all zones are of equal width U), this becomes 

v' [k c >•. ) - K ( c, Oj+£ i <.>■"> -2 K + jc c i,/«-»;] 

where 



! 
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The procedure was to calculate the coefficients, 

" K (i t ^<.+1 ^ ( i f f*. ) 

= i*-’ - ^ \J~rz~^' 

and to draw up a master table for calculating the V's. The 

beginning of the master table is shown in Table I. A complete 

master table of the coefficients ± and b^ ^ where b^ ^ 

*it/L “®i,/^-l for 50 zones is given as the Appendix to this 

report. 

The calculation of the values then proceeds as 

shown in Table II (example with six zones), which is the same 

in form as Schardin's method as discussed in reference 17-y. 

The width UJ of the zones and their number n is adjusted in 

accordance with the curve of fringe shifts as obtained from 

the interferograms so that Sn a 0 and therefore V/*v*o, and 

Sn-i and have a finite value. For the example in Table 

II» n — 6 and 3¾ *- V g-0. The value of V* is obtained by 

dividing S5 by agf and is then multiplied successively by the 

coefficients b45, bag, bgg, b^g and bos, and the results set 

in the table as shown. The value of is next calculated 

from (S4 - g^4g)/a44, the result multiplied across, and so on. 

The symbol 2Ln in the table means the summation of all the 

terms appearing above this entry in the column for Sn. 
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0 2 3 

0 a00 

1 a0J a01"a00“b01 all 

? a02 a02-a01“b02 a12 a12_<lll*b12 a22 

3 a03 a03“a02=b03 a13 a13’&;2=b13 a23 a23~a22*b23 a33 
4 a04 a04“a03“b04 a14 a14_a13;"b14 a24 a24-a23mb24 a34 a34_a33“b34 
5 a05 a05“a04=b05 a15 a15“a14 *b15 a25 a25"a24=b25 a35 a35”a34 =b35 

Table II. Calculation of refractive indices from fringe shifts. 
example for six zonea."1 
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Thus 
t yÿ biÄ- -f bjfc 

~ V*J i>3*/ ^ ^ fer 

since V4, bjt ~ C* in this example. 

It is Oxear that the greater the number of zones 

used to reduce a given fringe-shift curve, the greater will 

be the sensitivity to small details. Instead of using narrow 

zones throughout, a labor-saving procedure is to subdivide 

the particular zone in which the detail exists on the S(y) 

curve. The coefficients to be used for subdivided zones can 

be computed from the master table itself, with the limitation 

that if the nth zone is to be divided into 2 equal sub-zones, 

then the original master table coefficients must be known up 

to values »np-1 of the indices involved. 

With subdivision of zones, it has been possible 

in practice to increase the resolution of the reduction 

process to 0.06 ram, which is especially useful at shock 

fronts. The actual shock front (about 1 wavelength in 

thickness) is beyond the resolution of optical methods. 

Consider the case where the zone whose inner boundary 

is denoted by i , j is to be subdivided into jd equal sub-zones. 

Here also ^ - i for all ^ if in the fractional zones 1=^+ 

TT r 1, 2.p. 
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The resulting values for the differences 

, ç*.ti ) — ( fi, 'Tm. ) 

will be 

1 »Vf- K(i,A»') - K0>) A**' * •A4 

a. .r>) 
- Cl»< - c 

I $ ÎTtlT'if-l J ’ 

if 
i4n^ 

* f yA & Jtl^ • 

>r¿p> Jptrr^/; ~ k(^p> 
”7 " ' 

*(nyÇ„) - Kcr^r^) 
f/4.+i ~ r^w 

- K(jPtrr, JP»rrW/)>K(4Ptfr,jf4fr») 

P 

K(r¿<fif( ) ^ fc (rit r^) 

r^+,- r^ 

K l fir ,>>+i) - K (rr+rr, v) 
= Z- 

>>^p 

i'^SJ+,}: - K(‘,/l*0- K Li,*) 
C*, - ÇL 

(,. : A.Lr-,^ 



-51- 

Regions 1, 5 and 6 are identical with the master table values. 

Table III gives an example of a table of coefficients 

for 6 zones in which the 4th (between r s 3 and r s 4) is sub¬ 

divided into 4 equal zones. 

Geometrically, a given cross section through our gas 

Jet nay be represented by a three-dimensional model, in which 

r f yZ is the radius, and z =V*(r) is the excess of the 

refractive index over that of the outside air, times a constant. 

Our method of analysis then considers this model to be built up 

of overlapping rings of triangular c^oss section. The base of 

the ring i extends from r«i-ltor.i + l. The apex of 

the ring, where V* is at r ^ i. The overlapping portions 

of two adjacent rings, for example i and i + 1, add up to pro¬ 

duce a linear increase of between r r i and r = i 4- 1. 

The coefficients in the mester table represent, 

aside from a numerical constant, the area of intersection of 

such triangular rings of unit with planes parallel to the 

jcz-plane, and passed through the model of the cross section at 

distances, y = 0, 1,2,111 n units from the xz-plane. 

Schardi^s method builds the Jet sections up of 

rings of rectangular cross section, each rectangle having a 

base extending from r = i to r = i + 1, and a height z =^• 

Schardin’s coefficients are then merely proportional to the 

chord length through each ring at a distance jr from the xz- 

plane. 

The shape of a Schardin zone, being a density 

plateau with a flat top and square front, approximates closely 
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the density behind an actual shock front. It is possible, by 

using suitable coefficients, to insert a Schardin zone Just at 

the shock position. It has been found that this procedure 

eliminates "overshooting" and produces a smooth behavior of 

the density curve after a shock. 

4. Test of evaluation method using a hypothetical density 
distribution. 

We have computed without approximation the fringe 

shift to be expected from a simple assumed density distribution, 

similar to those encountered in the actual gas jets studied in 

this report. The density was then recalculated from the fringe- 

shift curve by our regular method, using the Van Voorhis-Weyl 

table of coefficients. Figure 13 shows the assumed and final 

densities, and the corresponding fringe-shift curve. The re¬ 

calculated result agrees well with the assumed distribution 

except at the shock, where the recalculated values "overshoot" 

and oscillate about the correct value a few times before 

settling down. This "overshooting" arises whenever the actual 

rate of change of ^ in a zone is greater than the assumed 

linear rate between zone boundaries. Similar "overshooting" is 

actually observed in the density distribution obtained from cross 

sections in gas Jets where shocks exist, (see Fig. 16) 

5. Accuracy and sensitivity 

For a one- or two-dimensional density pattern, the 

error in the final density value can be obtained by combining 
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Frtiv;«-shift our»» eorrstpondln* 
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Eqs. (2) and (6a) to give 

/? _ Ko/^o _ 

/j «7 ~ ‘Tîtt 
where Kj and K0 are the values of the Oladstone-Dale constant 

which apply to the Jet (dry air) and to the room (wet air) 

respectively and 

= 4 K°- 
Kj 

For the case of a Jet with circular symmetry, Eq. (6b) must be 

used. An estimate of the error is complicated by the stepwise, 

accumulative method of evaluating n(r) from Eq. (6b). 

The plotted S(y) values probably represent the optical 

effect of the Jet accurately within about 0.03 of a fringe- 

shift unit at places of snail slope, and within 0.07 at places 

of large slope. 'The effect of this uncertainty on the density 

can be seen from the relation P' i 

v; = ^ = ^ = 
A A 

If we assume that the error occurs in a snail region, only 

is incorrect, and ’the sum is unaffected. Then 

AS. A 
(Aif,;, = (8) 

o-u Kj co 
In the extreme case of large slope, if the error occurs at the 

jet center, 1 and with the following constants: 

Kj (G1adstone-Dale Constant) - 0.22685 cm3/g (for dry air, 
x o o 
A - 5461 A); A (Light Wavelength) = 5461 A; tu(Zone V/idth) 

= 0.02 cm; A $¿ = 0.07; the value of ¿/*1 is given by = 

O.B rcg/uu3. 
t 
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If the sane error occurs near the edce of the jet, ail = 

a40,40 = 11.9703 and 

Afx, = 0.07 mg/cm^ 

Usually, however, tlie S(y) curve is horizontal ert the jet 

center, so the smaller error in S(y), 0.03, should apply. 

Furthermore, the S(y) curve is smoothed so that the error 

is jpread over neighboring zones, enters into the sum, and 

tends to reduce itself. 

Probably the major source of error arises from 

local fluctuations in the jet density, which disturb its 

cylindrical symmetry, and from random fluctuations in the 

density of the room air in the interferometer beams. (See 

I art VI-8 for moving film records of this jet) A safe limit 

for the absolute error is 10 percent. Density values are 

probably self-consistent within 5 percent. 

We have ttempted to estimate the minimum shock 

strength necessary to produce m effect in the fringe-shift 

curve definitely assignable to a shock, and which would 

accordingly be treated as such in the reduction process. 

It can be shown that a shock front produces a discontinuity 

and an infinite value of the S(j)-curve tangent, but in the 

case of weak shocks this may escape notice, and only the 

general trend of the S(y) curves on either side of the shock- 

front position indicate the presence of the discontinuity. 

Ifr© fringe shifts S'(y) to be expected from a 

shock of radial density distribution/^ •(r) = const., 

0 ■ r r R; p{t)- 0, r > R were determined under conditions 
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of circular symmetry as in our jets. Section of typical S(y) 

curves were selected, of slope -1 in case Á (see Table IV), of 

slope 0 in case B, and of slope 41 in case C. To each measured 

S(y) point on these sections was then added the appropriate 

S'(y) value, which in effect superposed the small shock on the 

otherwise smooth S(y) curve. 

Table IV lists the minimum^' which produces a fringe- 

shift effect assignable to a shock, under the conditions of 

resolution and judgment we have attained, expressed as a func¬ 

tion of the shock-front radius R, for cases of different S(y)- 

curve slope. 

Table IV. Calculated minimum 1 which produces a 
frlnge-shlít ei^eci assignable to a shock 
unaer the conditions of resolution and 
judgment attained in these experiments. 

Distance of Shock Front 
from Axis (mm) 

Shock Density Increment/3'(rag/cm3) 
A: slope -1 B: slopeCT C: slope 1 1 

0.1 

1 

10 

100 

1.0 

0.3 

.09 

.03 

0.8 

.25 

.08 

.03 

0.6 

.2 

.07 

.02 
__ 
__ 

6. Amount of labor required to reduce a cross section 

Our method requires about 17 man-hours to analyze one 

cross section, broken down as follows: 
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1. Measure one cross section in interferogram f100 fringes); 
outer parts, maiima only, twice; inner parts, maxima 
and minima, three times.lè hr 

2. Average data, calculate and plot fringe shifts . 2 hr 

3. Tabulate average S values at zone boundaries.1 hr 

4. Prepare auxiliary table of coefficients, with certain 
zones subdivided (not always required).4 hr 

5. Compute values, using 30 to 40 zones.8 hr 

6. Compute^ values.4 hr 

Total time 17 hr 

The method of reduction which uses the exact solution 

of the Abel Integra], equation for the fringe chift combined with 

the use of business machines for speeding up the calculating, is 

in use at the Navy Department, Bureau of Ordnance, Washington, 

D. C. By using machine multiplication, and running up to ten 

cross sections at once, part 4 is eliminated, and much time is 

gained in part 5. This latter method has been applied by the 

Navy Department to the fringe-shift curves for the 10-S-60 Jet 

desciibed in the next section, end the results are in exact 

agreement with the present results except at. shock fronts, where 

the method does not oscillate but settles down uniformly after 

the first "overshooting". However, a method of "deshocking" has 

been developed which removes this behavior, and can be applied 

in special cases. (See Weyl's report 18b) The Navy Department 

method is useful for evaluating large quantities of data, 

whereas the method in use at Princeton is useful for obtaining 

high resolution in isolated cross sections by subdividing the 

zones 



VI. FINAL RESULTS 

1. Shadowgrams of an air Jet at various pressures 

Figure 14 shows shadowgrams of the air jet from the 

10 mm orifice at reservoir pressures of 20, 40, 60, 80, and 

110 lbs/ln2 overpressure, made as described in Section IV - 2. 

The jet escapes upward from the orifice (black shadow at 

bottom). 

These photographs clearly reveal the characteristic 

development of the shock formations and jet expansion as pro¬ 

duced by the increasing reservoir - receiver pressure ratio. 

In A the jet emerges nearly at atmospheric pressure and under¬ 

goes little expansion. A weak conical shock arises at the 

edge of the orifice, converges, crosses with a simple inter¬ 

action, and diverges, to be reflected at the free boundary at 

the end of the first "period" of the jet. In B the jet expands 

more, resulting in a strengthening of the conical shock near 

the crossing point. In this case the simple ^ interaction is 

about to break over into the ^ interaction, which is shown 

fully developed in casa C. D and E represent further stages, 

in which the Jet expands a great deal. The normal shock appears 

curved, but this may be partly optical distortion. The streaks 

in these shadowgrams which appear like streamlines are probably 

the trail of vortices formed at the boundary of the jet, and 

which move an appreciable distance during the time of illumina¬ 

tion. 

Another feature revealed by shadowgrams is the vortex 

sheet or slip stream, representing the boundary between two gas 

-59- 



h
-

0 1

A
 -
 
2
0

B
 
-
 
4
0

 
C
 
-
 
6
0

 
D
 
-
 
8
0

F
i
g
.
 
1
4

S
h
a
d
o
w
g
r
a
m
s
 
o
f
 
A
i
r
 
J
e
t
s
 
a
t
 
V
a
r
i
o
u
s
 
R
e
s
e
r
v
o
i
r
 
P
r
e
s
s
u
r
e
s

E
 
-
 
n
o



BLANK PAGE 



-61- 

streams flowing parallel with the sarnie pressure, but having 

different density and velocity. This line can be seen origi¬ 

nating from the "triple point" in Figure 14 - C, D, and E, 

where the conical and normal shocks intersect. 

2. Interferogram of an air jet at 60-lb/in.£ pressure (10-3-60 
let). - 

Figure 15 is an interferogram of an air Jet from the 

streamlined orifice described in Fig. 10, at a tank pressure 

of 60 lb/in.2 over atmospheric (hereafter designated as 10-S-60 

Jet). The Jet is located in one arm of the interferometer as 

shown in Fig. 2. This interferogram corresponds to the shadow- 

gram of figure 14-0. 

The fringes are oriented parallel to the Jet axis, 

are spaced about 0.2 mm and have a virtual location in a plane 

through the Jet axis normal to the light beam. The interfero¬ 

gram appears unsymmetrical as the fringes shift to the right 

if the integrated density through the Jet at a given Y value 

is higher than atmospheric. Since the Jet is symmetrical, this 

produces a crowding of the fringes on the right, and a widening 

on the left. The movement of fringes from their undisplaced 

position is the same for symmetrical points in the Jet, however. 

The light source used was described in Part III, Sec. 5-ii. 

This source gives sufficiently parallel light. The interfero¬ 

gram reveals the shock waves in the same positions as the 

shadowgram, by sudden displacements of the fringes. The 

shocks have been numbered for reference. 
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Shock 2 appears to be shaped like an inverted saucer 

or dome. This dome effect is even more pronounced at high 

tank pressures. 

Shock I. apparently originates at the edge of the 

orifice, although it is very weak there. Both 1 and 3 are 

sections of conical shocks in the circular jet, joining shock 

2 at the "triple point". 

3. Fringe shifts and density cross sections in the shock 
rogion. 

Figure 16 gives three curves of fringe-shift values 

and the resultant radial density distribution in the section 

A-A, B-B, and C-C of Fig. 15. The zones used for reducing the 

S values to densities are shown by the points on the density 

plots. The reduction was carried out using the VanVoorhis- 
/ 

Weyl master table of coefficients in the manner outlined 

in I art /, oec. 3. Frequent subdivision of the zones into 

thirds of quarters was used across shock fronts to improve the 

resolution. 

In the equation for the jet density 

ft = --+ /° (9) 
where V = Vljis obtained from the numerical evaluation, 

the constants had the following values 
v , 5 
A (Light wavelength) = 5.461 x 10” cm, 

7/ 3 
(Gladstone-Dale constant for air“ ) - 0.22685 cm /@n 

Lx) (Zone width) 

(Equivalent density of room air, 
assumed half-saturated) 

= 0.02 cm, 

s 1.176 mg/cm. 

2/ Selected from best critical table values of index of refrac- 
tion and density for air. 
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Tank conditions were as follows: 

P. z, 6.06 mg/cm^, 

.-5.08 atm, 

To = 2P7°K. 

The cross sections A-A and B-B were measured on each side of 

the shock 2 as close to it as possible. The densities in 

A-A anc B-B do not differ appreciably outside the shock re¬ 

gion, where the z-density gradient is small. Section A-A 

crosses shock 1, and section B-B shock 3. The sudden rise 

of density in shock 3 occurs in a radial distance less than 

0.06-m& as shown by the overshooting at the calculated point 

in the 0.06 mm wide zone. Similarly, shock front 1, although 

weaker and reversed from shock 3, occurs in a radial distance 

of less than 0.05 mm. 

The jump in density across shock ¿ can be obtained 

from the axial regions of density in A-A and B-B. Density 

section C-C shows an abrupt rise at shock 3, which occurs now 

at a greater distance from the axis than in B-B, and then a 

sharp drop at the boundary of the slip stream between air 

flowing ai subsonic velocity after traversing shock 2, and 

air which crosses \ and 3, and remains supersonic. Comparison 

of shock strengths with theory is given in Fart VT, Sec. 6. 

4* Density near jet axis as a function of z 

Thirty-five cross sections were measured in the 
* 

interferogram of Fig. 15; one group spaced 1 mir between orifice 

and shock 2; another group of six, three on each side of shock 

2, spaced 0.1 mm; then a series spaced 0.5 mm covering the 
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remainder of the plate. The group of six near shock 2 was 

averaged over the two sides of the jet. In other sections, 

values from half the jet only were used for reduction. 

Fig. 17 is a plot of the density along a line 1 mm 

from the jet axis as a function of distance z from the ori¬ 

fice. The axial values are practically the same as this 

curve, but fluctuate more owing to the lower accuracy at 

r : 0. 

The jet undergoes an expansion in the region 

between 0 and 13.2 mra, at the same time accelerating, up to 

shock 2. The shock front occurs in an interval less than 

0.1 mm, after which the gas compresses slightly, reaches very 

low velocity, and then begins a second expansion and accelera¬ 

tion after z r 19 mm. Pressure, temperature, Kach number and 

velocity as functions of density for the region between the 

orifice and shock 2 are given in Table V, and after shock 2 

in Table VI. 

In the supersonic region between the orifice and 

shock 2, an increase in the cross-sectional area A products 

a decrease in the density^, but in the subsonic stream after 

shock 2 the reverse is true,^ increases with A. This is 

clearly shown in Fig. 20 for the slip stream occurring after 

shock 2 expands, corresponding to the increase of density from 

p m 1.65 mg/cm^ at z = 13.3 mm, to^> = 1.80 mg/cm^ at z r 18.5 

mm ( see Fig. 17). 

This can be understood theoretically from the 
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equation 

(where a is the velocity of sound and u the velocity of flow) 

which may be derived, assuming one-dimensional flow, from the 

equation of continuity, 

the momentum conservation equation, 

u du f ^ = 0, 

and the relation for sound velocity 

For u>a, the right side is negative, and it is positive for 

u< a. 

At z * 18.5 mm the Mach number drops to a minimum 

value of 0.55 and the corresponding air velocity to 118 

meter/sec. 

5. Complete density analysis of the 10-S-60 .jet 

The complete density analysis of this Jet is given 

in Fig. 18. The air density (mg/cm3) is indicated on each 

isopycnal <line of constant density). The irregularities in 

the isopycnals are either the result of turbulence in the Jet 

or statistical errors somewhere in the reduction process. No 

attempt was made to smooth the isopycnic lines. 

6. Calculation of temperature, pressure. Mach number, and 
shock strength in the Jet. 

Knowledge of the density and the initial conditions 
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enables one to calculate the temperature T, pressure F, Mach 

number M, and flow velocity V in the jet. In the region 

bounded by the orifice, the jet boundary, and shocks 2 and 3 

the adiabatic law may be used (as shock 1 is weak) starting 

from the values in the tank, where V - 0. Across shocks 2 and 

3, P| T, M and V are connected by the Rankine-Hugoniot equations. 

In the regions bounded by shock 2 and the slip stream and in the 

region between the slip stream and shock 3 the adiabatic law has 

to be used again, beginning with the conditions Just after the 

shocks. Once the temperature is known, the Mach number may be 

calculated from the energy law, which holds anywhere in the jet. 

CpT = co«»T = CpTi U0) 

where T0 is the tank temperature and Cp is the specific heat at 

constant pressure. Table V gives the temperature, pressure, 

Mach number, and velocity labels for each isopycnic line in the 

adiabatic region together with the exact initial conditions and 

equations used. These same quantities are given in the Table 

VI for the region after shock 2, and in Tables VII and VIII for 

two regions at different radii after shock 3. 

These tables are valid only inside the 1.7 mg/cm3 

contour, due to mixing of the jet with the atmosphere outside 

this line. 

If tables V, VT, VII, and VIII are used in conjunc¬ 

tion with Figs. 17 and 18, it may be seen that the flow is 

supersonic everywhere except in the region bounded by shock 2 

and the slip stream downstream from it. By further applies- 
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Table V. Tenuerature. pressure. Mach number, and velocity as adlab«tlo 
functions of density £or t^.e 1Ö-S-60 JeTT 

k'frj'- h ‘ (¾) ! “2 ’ "A (r - 0' 

Cp = 1.00 X 10' erg/gn°K; /¾ * 6.06 mg/cmS; F0 * 5.06 atm; T0 1 297°K, 

Density ^ 

(mg/cm°) 

Pressure P 

( atm ) 

Temperature T 

( °K ) 

L'.ach Kumber 

U 

Velocity V 

(meter/sec ) 

0 

0.2 

.4 

.6 

.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

3.2 

3.4 

3.6 

3.8 

4.0 

0 

0.043 

.112 

.197 

.295 

.409 

.524 

.645 

.782 

.929 

1.078 

1.225 

1.398 

1.552 

1.730 

1,883 

2.065 

2.26 

2.44 

2.63 

2.80 

0 

76 

99 

116 

131 

145 

155 

164 

173 

181 

189 

197 

205 

212 

218 

224 

230 

236 

241 

246 

250 

3.81 

3.14 

2.76 

2.51 

2.30 

2.14 

2.00 

1.86 

1.77 

1.67 

1.58 

1.50 

1.42 

1.35 

1.28 

1.21 

1.14 

1.08 

1.02 

0.96 

770 

664 

629 

602 

575 

551 

532 

516 

498 

482 

465 

447 

428 

412 

397 

3b2 

366 

350 

334 

319 

306 

404; 
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T<,bleV1' tePp»r«t„rw, M-rh numb.r. .rd vatooltv after .h.., . 

= ft) h'k) V = ^rr^f) K . ]) 

ill , 
p2 = ^ ’ --i 

r+l ^ 
m ■ ^7 

1 

VÜL3 
^2 

FT! " 77 

Pi - 0.121 ata, Ti - 101°K, Cp - 1.00 x 107 erg/gm°K, . 0.42 mg/cm3, 

'*2 * 1.63 mg/cm3 = 1.404 
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Table VII. Treasure, temperature. Mach 
ahock 3 at r.P 

number, and velocity after 
mm from axis. 

Density ^ 

(mg/cm3) 

For equations used see Table VI. 

Initial conditions as follows: 

Pi = 0.742 atm 

Ti = 172°K 

Cp - 1.00 X :o7 ere/gm°K 

Pressure p 

( atm) 

/°\ = 1.55 mg/cm3 
rt 

/*2. = 2.66 mg/cm° 

Cr/Cv = 1.404 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

0.41 

.53 

.66 

.80 

.94 

1.10 

1.26 

1.43 

1.59 

1.76 

1.94 

Temperature T 

(°K) 

147 

157 

167 

177 

186 

194 

202 

208 

215 

222 

229 

Mach Kunber 

M = V/a 

2.25 

2.10 

1.97 

1.83 

1.71 

1.62 

1.54 

1.46 

1.36 

1.30 

1.21 

Velocity V 

(meter/sec ) 

548 

529 

510 

490 

471 

454 

437 

421 

405 

388 

369 
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Table VIII. Pressure, temperature. Mach number, and velocity after 
shock Í at 4,0 mm from axis. 

For equations used see Table VI. 

Initial conditions as follows: 

Fi = 0.645 atm 

Ti = 177°K 
7 o 

Cp =* 1.00 X 10 erg/gm K 

. , 3 
'l = 1.70 mg/cm 
. , 3 

/*2 = 2.60 mg/cm 

7 - Cp/Cv = 1.404 

Density^ 

(mg/cm3) 
U 

Pressure P 

( atm) 

Temperature T 

( °K ) 

Mach Number 

Li = V/a 

Velocity V 

(meter/sec ) 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.2 

2.4 

2.6 

2.8 

3.0 

0.41 

.53 

.65 

.79 

.93 

1.08 

1.23 

1.39 , 

1.56 

1.73 

1.90 

144 

155 

165 

174 

183 

191 

198 

205 

212 

218 

224 

2.30 

2.14 

1.99 

1.87 

1.76 

1.66 

1.57 

1.49 

1.41 

1.34 

1.27 

553 

533 

514 

496 

478 

461 

444 

428 

412 

397 

382 
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tion of the lav^s of fluid dynamics a series of check calcula¬ 

tions can be made as follows: 

(1) The conservation of mass requires that I = 

be constant for various cross sectio.is. The computation is 

somewhat uncertain as the boundary of the jet is not well 

defined; the actual results obtained were, 

z = 0.2 ram, I r 91 gn/sec; 

z - 5.0 mm, I = 93 gn/sec; 

z = 10.0 mm, I : 91 gm/sec. 

A rough estimate obtained from the tank-pressure drop of 

4 Ib/in? in 5 sec, conducted isothermally, gives I = 97 gn/sec. 

(2) The expected shock strength may be calculated 

theoretically from the Mach number in the stream using the 

general equation V + I 

(ID - 

r, i r-/ 
m; ¿ 

where J-lt- is the density ratio across the shock, f is the 

ratio of specific heats, and Mn is the upstream component of 

the Mach number normal to the shock front, which differs from 

the total Mach number if the shock is inclined tc the flow 

direction. ,Ve find this equation to be in excellent agreement 

with our results, within experimental errors, as shown in the 

following tabulation. 

Shock ^total ^n rVn 
Calculated Observed 

2 
3 

3.10 
1.91 

3.10 
1.35 

3.93 
1.61 

3.86 
1.67 
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The yalue of Htot!il is obtained from the density and the 

initial conditions. An alternative would be to express 

in equation (11) directly in terms of .. fo and the angle 

of the stream a&iinst the shock. The stream direction ar.ainst 

the shocks was measured by bisecting the head wave of a probe, 

as described in the next section. 

(3) A further check is obtained by calculating the 

density at the orifice of "throat," where, theoretically, if 

the flow is one dimensional the Mach number should be unity. 

From the corresponding relation, ^ , , i 

one obtains ^ - 3.84 with ^ = 6.06 mg/cra^. Our measure¬ 

ments give 3.8 for the density near the axis 0.2 mm above the 

orifice. V/ith increasing distance from the axis the density 

drops more and more, as the orifice does not give a perfectly 

uniform flow. 

(4) An important further check of our results can be 

obtained by calculating the pressures at both sides of the 

slip stream above the "triple point", where the subsonic flow 

above shock 2 and the supersonic flow above shock 3 come 

together. These pressures should be equal. Y/e find 1.58 and 

1.50 atm, corresponding to the observed density 1.90 mg/cm3 

shock 2 (Table VI), and 2.5 mg/cm3 at the other side of the 

slip stream, above shock 3 (Table VII). 

(5) Finally, the entropy values at both sides of the 

slip stream can be calculated easily, and their differences 

should correspond to the densities at both siaes of the slip 
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stream. As the entropy change is given by the relation 

S g — ~ C, 

where 

^ loß ^r~^0R~~ Cv l0Ry)r =Cv 106 

? ft 
r, - n 

F = ? 

it is useful in the present case to calculate the expression 

F' y 

The observed values for 22. ana are, 

for shock 2 at 1.5 mm from the axis:r»- 1.65 = 3.66, 
p. Q “ , 1 TTT5 

Ä __ 5.95 / __ 9.08; 
> " -n ' 

for shock 3 at 2.0 ram from the axis:^ 2.2 =1.83 Ç = 
T72 ' 5 

J. 
The resulting values of F y are, 

on the subsonic side of the slip (9.08)5! 
stream where z 1.8: " 

on the supersonic side of the slip $ 

streun where ^ - 2.4: F • = 1.028. 

X 
The ratio of the F ^ values is 1.320/1.028 * 1.29, equal 

40. 

1.320 

to that of the - values (2.4/1.8 = 1.33) as it should be, 

since the pressures are the same on both sides. 



-78- 

7« Direct measurement of I^ach number with probes - cilscrepan- 
cles with Mach number from density. 

Direct measurements of Uach number were made by 

extending a probe into the jet, and measuring the angle of the 

head wave appearing on the shadowgrams. (See Tart IV, Sec. 2). 

Figures 19(a) and (Jb) illustrate two of these shadowgrams. 

In Fig. 20 the Mach number values have been located 

on a much enlarged shadowgram of the 10-S-60 Jet. The tail of 

each arrow is the place of measurement; the number just below 

is the probe value; the number in parentheses is the Mach num¬ 

ber calculated from the density; the stream flow direction is 

indicated by the direction of the arrow, and also in degrees 

to right or left of vertical as shown at the arrow head, and is 

obtained by bisecting the head wave of the probe. A private 

communication recently received from Dr. Z. Kopal of Massachusetts 

Institute of Technology shows that in general a cone which is 

yawed against the stream produces a headwave which is also 

yawed, but for slender cones the effect is very small, so that 

the bisector of the cone headwave actually lies along the 

stream direction, even though the cone axis does not (for a 

cone of semi-angle 5° at Mach number 1.7 the shock-cone yaw 

ratio is only 0.02). 

The agreement between directly measured and computed 

Mach numbers is reasonably good near the orifice, but becomes 

progressively worse near the shock regions. Those directly 

measured values enclosed in boxes differ greatly from those 

computed, and an inspection of the associated shadowgrams 

(Figs. 19(b) and (d) shows evidence of a strong shock line 
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Hi

V /

(c)

Fig. 19. lO-S-60 Jet with probe for measuring Mach numbers,
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i ' ‘:ll
^ ^ of(tf *i>p^(UI)

rip. rc in the lO-S-60 Jet
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from the needle point when just below shock 2, while near the 

orifice (Figs. 19(a) and (c)) the needle shock appears weak, 

as would be expected from such a small cone. The multiple 

probe of Fig. 19 (C) and (D) gives qualitative results only, 

as the points have not been specially ground. The 2° cone 

( 19-A) or the 10° cone (19-B) give quantitative values. The 

natural jet turbulence appears in (19-B) as this photograph 

was made with a spark of l^sec., while (19-A, C, and D) were 

made with a longer duration source (Part III 5-iii). 

A separate investigation has been undertaken to 

determine the cause of the iiach number discrepancy described 

above; a complete account of the results will be given in a 

separate report. Interferometric and shadowgraph investiga¬ 

tions, with suggestions derived from the literature and other 

experiments, show that the subsonic boundary layer which 

develops along the probe produces a conical "dead water" region 

and a violent divergence of the stream in the neighborhood of a 

normal shock, and this divergence (compression) occurs through 

a strong oblique shock wave, which appears about the needle 

point like a head v/ave. Due to its large amplitude, the shock 

occurs at an angle « much larger than the local Mach angle, 

and the application of the simple relation M s l/sin-* to it 

then gives far too low a Mach number. The discrepancy between 

observed and computed Ilach numbers is thus explained. This 

effect completely changes the structure of the jet downstream 

from the probe headwave when the probe is inserted (see Fig. 19), 

C-669 3« 
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but conditions on the upstream side remain unchanged. This 

boundary layer phenomenon undoubtedly explains why Cranz and 

Glatzel (11) apparently found that the Lach number at first 

increased, but then decreased at greater distances from the 

orifice, near the normal Lach shock region. Furthermore, 

Cranz and Glatzel show roughly the direction of the stream¬ 

lines in the jet, and the continuous expansion is incompatible 

with a decreasing Lach number out from the orifice. 

6. Moving film records of the 10-S-60 jet 

It has been found possible to record the position of 

the interference fringes as a continuous function of time by 

focusing them with vertical orientation on a fine horizontal 

slit placed Just before the film of a 35 ram high speed record¬ 

ing camera. The film is made to run vertically in a continuous 

manner with a speed of about one cm/railli-sec., so that the 

points of light formed where the bright fringes intersect the 

slit are drawn out into traces, which show a sidewise displace¬ 

ment if the fringes shift. The slit opening corresponds to 

approximately 20 i^sec. In this way one cross s< tion in the 

Jet may be explored at a time, for example, the section near 

the orifice whose moving film record is shown in Figure 81. 
This shows the presence of a regular oscillation of the fringes, 

corresponding to a frequency of about 8000 cycles/sec., which 

is probably associated with standing sound waves in the orifice. 

This may be a partial explanation of the fact that Hartman (20) 

was able to produce ultra-sonic sound vibrations by projecting 
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8uch an air Jet against a suitable resonator. 

It is believed that the Jet is quasi-stationary 

with respect to these oscillationa as their time of propa¬ 

gation across the Jet is much shorter than their period, 

and that they do not introduce any serious errors due to 

averaging during the exposure ( ä 300 /¿sec or cycles). 
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