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EXPERIMENTAL AND THEORETICAL STUDIES
OF AXISYMMETRIC FREE JETS!®

By Evcene S. Love, Cart E. Grigssy, Louise P. Leg, and MiLbrep J. WoobLineg

SUMMARY

Some experimental and theoretical studies have
been made of axisymmetric free jets exhausting from
gonic and supersonic nozzles into still air and into
supersonic streams with a view toward problems
associated with propulsive jets and the investigation
of these problems.

._For jets exhausting into still air, consideration is
given to the effects of jet Mach number, nozzle diver-
gence angle, and jet static-pressure ratio upon jet

T Tstructure, jet wavelength, and the shape and curvature

of the jet boundary. Studies of the effects of the ratio
of specific heats of the jets are included as are obser-
vations pertaining to jet noise and jet simulation.

For jets exhausting into supersonic streams, an
attempt has been made to present primarily theoretical
curves of the type that may be useful in evaluating
certain jet interference effects and in formulating
experimental studies. The primary variables con-
sidered are jet Mach number, free-stream Mach
number, jet static-pressure ratio, ratio of specific
heats of the jet, nozzle exit angle, and boattail angle.
The simulation problem and the case of a hypothetical
hypersonic vehicle are examined. A few ezperi-
mental observations are included.

INTRODUCTION

The increasing interest in the problems asso-
ciated with the use of propulsive jets has in recent
years brought about the compilation of several
summaries and bibliographies on jets and related

subjects—for example, reference 1, chapter IX of
reference 2, and the summary studies of refer-
ence 3. From these compilations and from numer-
ous investigations of more recent origin the need
for further study of free jets is evident.

This report presents results of some experi-
mental and theoretical studies of axisymmetric
free jets exhausting from sonic and supersonic
nozzles into still air and into supersonic streams
with a view toward problems associated with
propulsive jets and the investigation of these
problems. The first part of this report deals with
jets exhausting into still air; the second part deals
with jets exhausting into supersonic streams.

SYMBOLS
A exit area of nozzle
A, throat area of nozzle
%‘ nozzle area ratio,
2 v+l
M —1
1-}-"—2—M5
Chs base pressure coefficient, i 2.3
dy diameter of base
d; diameter of jet exit
{ distance along jet axis from plane of
jet exit to shock intersection or to
Riemann wave
M Mach number

! 8upersedes declassified NACA Research Memorandum L54L31 by Eugene S. Love and Carl E. Grigsby, 1955; NACA Research Memorandum L35J14 by
Eugene 3. Love, 1956; NACA Research Memorandum L38G18 by Eugene S. Love, Mildred J. Woodiing, and Louise P. Lee, 1956; and NACA Technical Note

4193 by Eugene S. Love and Louise P. Lee, 1958.
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M, ~jet Mach number at nozzle exit; for 6y ~ exit angle of nozzle with respect to
a divergent nozzle, value at nozzle jet axis, or divergence angle of
lip conical nozzle

M, free-stream Mach number; Mach 7« Kawam 1.
number on boattail surface; Mach ura parameter, = (sin 4 c0s 4)
number ahead of exit shock or Mach angle
ahead of shock at beginning of ¥ Prandtl-Meyer turning angle from
separation sonic velocity

P Busemann’s pressure number ¢ shock inclination

P static pressure P average radius of curvature of jet

P base pressure boundary

P jet static pressure at nozzle exit; for  se initial radius of curvature of jet
a divergent nozzle, value at nozzle boundary (at z=0)
lip Subscripts:

P stagnation pressure J " jet, unless more explicitly defined,

Do ambient or free-stream static pres- generally value at nozzle surface
sure; also pressure ahead of exit mmmediately ahead of jet exit (47,
shock or ahead of shock at begin- local value in free jet at jet
ping of separation boundary)

P static pressure of external flow exist- ™Max maximum value
ing immediately ahead of jet exit &V nozzle
and behind exit shock, or pressure @ ‘ free stream or value at boattail sur-

in_region of separated flow im-

~~~~~ ——gr ()

g

mediately ahead of jet exit

dynamic pressure

R distance from source
r, ‘radius of jet exit '
diameter of Riemann wave

vV local velocity

V. limiting velocity

14 o . . p\!

v limiting \fel(_)clty ratio, J 1-—(;

w primary wavelength of jet

z _ distance from plane of nozzle exit
measured parallel to jet axis

y perpendicular distance from jet axis

B _. boattail angle immediately ahead of
jet exit

B=vyM?—1

¥ ratio of specific heats o

] two-dimensional turning angle
through an oblique shock _

5, angle between jet axis and tangent

to free jet boundary at nozzle lip,
that is, initial inclination of mixing
boundary (positive when it di-
verges with respect to jet axis)

T ~direction of velocity with respect to
jet axis

face immediately ahead of jet exit
(=7, local value at jet boundary)

L JETS EXHAUSTING INTO STILL AIR
INTRODUCTION )

Although considerable effort has been devoted
to the study of free jets exhausting from sonic and
supersonic nozzles into still air, there is still much
room for additional study of the effects of the
variables involved. Consider the general sketch
in figure 1(a) of the first portion of the nonviscous

- -——boundary of a jet exhausting supersonically into

still air. The well-known characteristic curvature
of the boundary is obviously brought about by
the requirement that the pressure along the
boundary must be constant. The shape and

__curvature of the inviscid boundary is dependent

upon a number of variables; these include ratio of
specific heats of the jet, Mach number of the jet,
divergence angle of the nozzle or nozzle geometry
in general, and jet pressure ratio.? However, the
variation in shape and curvature of the boundary
with most of these variables has not been studied
except for a few specific and unrelated cases. It

3 Throughout this paper the term * et pressure ratio” refers to the ratio of
jet static pressure at exit to the ambient or free-stream static pressure. Static-
pressure ratio has been used in preference to total-pressure ratio since the
*Yitter rarély permits presentation of dats in a form that facilitates comparison,
does not lend to the elimination of variables, and thereby often obscures
conclusions.
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might be stated that figure 1(a) is an illustrative
sketch of a sonic jet operating at some jet pressure
ratio greater than 1 as shown in figure 1(b), a
conically divergent nozzie operating at a jet pres-
sure ratio less than 1 as shown in figure 1(c), or a
number of combinations of variables involved.
The jet structure, that is, type of shock or expan-
sion pattern within the jet, would of course be
dependent upon these combinations. The exact
structure and boundary shape would be unique
for a particular combination; but without further
study of the effects of the variables involved, the
implication of the uniqueness in terms of large or
small differences in structure and boundary shape
is not clear.

The broadening in recent years of the probable
fields of application of free-jet characteristics has
pointed up, in particular, the need for additional
knowledge of boundary shape and curvature. In
all such applications the condition of constant
pressure along the jet boundary must be a per-
missible assumption in order to use the character-
istics of the jet exhausting into still air. Perhaps

- —the-most-.direct--applieation is in assessing the

deflections of the external stream caused by a pro-
pulsive jet exhausting from an aircraft flying at

7777 "low or moderate subsonic speeds as illustrated in

figure 2(a). Another application is in the per-
formance of ejectors when the interaction between
the primary jet and the subsonic secondary air
flow may be assumed to take place at or near
constant pressure (fig. 2(b)). A third probable
application is in the prediction of the pressure on
the base annulus separating an exhausting jet
from an external supersonic stream when the ratio
of jet exit diameter to base diameter is not very
near 1 (fig. 2(c)). In reference 4 a method based
upon the peak-pressure-rise coefficient associated
with the separation of a turbulent boundary layer
--was proposed for predicting the pressure on a two-
dimensional base separating supersonic streams
having different Mach numbers and pressures.
Reference 5, which includes a detailed description
of this method, presents results for a two-dimen-
sional base that show this prediction to be satis-
factory. For the base annulus, the two-dimen-
sional approach would be expected to be satis-
factory when the ratio of the jet exit diameter to
the base diameter approaches 1 since the curva-
tures of the free boundaries involved are essen-

" tially eliminated. This is illustrated in figure 3

which presents the two-dimensional prediction and
three experimental curves obtained by Edgar M.
Cortright, Jr., and Fred D. Kochendorfer of the
Lewis Flight Propulsion Laboratory. The two-
dimensional approach can obviously not be
applied to thick base annuli such as illustrated in
figure 2(c) without a knowledge of the curvature
of the boundaries, the most important of which is
the curvature of the jet boundary.

Besides the intevest in jet-boundary curvature,
there is also interest in the effects of various
parameters upon jet structure. Both combustion
problems and problems dealing with jet noise and
screech have been shown to be associated with jet
structure, in particular with the existence and
location of shocks within the free jet. A confer-
ence on jet noise held in England led to the con-
clusion that theories of jet noise cannot make much
further headway without a better knowledge of
jet structure.

This part of the paper will present the results of
theoretical and experimental studies of jets ex-
hausting into still air and will cover the effects
of jet Mach number, nozzle divergence angle, and
jet pressure ratio upon such characteristics as jet
structure, wavelength, and shape and curvature
of the jet boundary. Studies of the effects of the
ratio of specific heats of the jet will be included as
will be observations pertaining to noise and to
simulation of one jet by ‘another.

EXPERIMENTAL STUDIES

Models.—Twenty-one steel nozzles of identical
external geometry were constructed for the experi-
mental studies. A sketch of a typical divergent
nozzle installed in the air supply conduit is shown
in igure 4. The throat of each nozzle was rounded

and smoothly faired, and the interior surface was.

polished from the start of the convergence to the
exit. Sixteen nozzles of the conically divergent
type were designed with exit (i.e., divergence)
angles 8y of 5°, 102, 15°, and 20° for each of four
exit Mach numbers 3, of 1.50, 2.00, 2.50, and
3.00. Four nozzles were designed for these same
Mach numbers to give 8y=0° at the exit. These
four nozzles had contoured proiiles that gave
essentially isentropic flow throughout and parallel
flow at the jet exit. One convergent nozzle was
designed for an exit Mach number of 1.00
(By=0°). All nozzles were designed with
v5==1.400.
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Tests.—The experimental study was confined to

~~gchlieren observations. Insofar as possible the

tests were conducted with the mixing-zone ap-
paratus (see ref. 5) of the Langley 9-Inch Tunnel
Section in order to take advantage of its double-
image schlieren apparatus which permits hoth
vertical and horizontal density gradients to be
recorded separately on a single negative for one
spark of the source light. In these tests the
nozzles exhausted to atmospheric pressure. Be-
cause the tests employed the dry-air supply system
of the Langley 9-inch supersonic tunnel which is

- limited to a maximum storage pressure of 500

Ib/sq in., supplementary tests for the higher jet
Mach numbers and jet pressure ratios were made
in the Langley 9-inch supersonic tunnel in which
the tunnel was employed as a vacuum box. The
schlieren system of the tunnel was used in these
tests; consequently, the observations were confined
to vertical density gradients. For the sonic
nozzle only, tests were also made with the tunnel
schlieren system but with the nozzle exhausting
to atmospheric pressure.

For eich nozzle, several preliminary tests were

made during which the behavior of the jet with

em- e -—w-XArying pressure was observed but not photo-

graphed. Based on these tests the intervals were
selected for schlieren photography. The stagna-
tion pressure of the jet was measured by means of a
mercury manometer or precision high pressure

-~ gages. Calibration tests with the sonic nozzle

indicated that the pressure tap shown in figure 4
gave an accurate measurement of stagnation
pressure.

Since numerous tests have shown that the pres-
sures in conically divergent nozzles of the type

employed in these tests follow closely the theo-:

retical expansion (see ref. 6, for example) and
because the nozzles were machined within 0.001
inch of the specified dimensions, no Mach number
calibration was made of the conically divergent
nozzles. Calibrations were made, however, of the
four supersonic nozzles having 8y=0°. With the
exception of the M;=2.50 nozzle which was within
40.01 of its design value, these nozzles had a max-
imum Mach number deviation of about —0.04 from
their design value. This deviation was felt to be
minor for the purpose of these tests, and the
static pressure on the nozzle wall just prior to

- —exit "p, was calculated for all nozzles from the

measured total pressure and the design Mach
number.
RESULTS AND DISCUSSION

Schlieren photographs.—Since it was impracti-
cal to include all photographs taken in this
investigation, only a few representative ones are
presented. Figure 5 presents an illustrative
sequence of double-image schlieren photographs
wherein for a given value of p,/p. the upper
left-hand image accentuates the vertical gradients
(horizontal knife edge) and the other image
accentuates the horizontal gradients (vertical knife
edge).

Jet structure.—The gaseous jet exhausting
supersonically into still air has been known to
exhibit a periodic or chain-like structure at least
as early as the observations of Rayleigh in 1879.
(See summary of studies presented in ref. 3.)
Rayleigh and many others (see section VI, ref. 1,
for example) have offered explanations for and
elaborated upon the manner in which the ex-
pansion and compression waves within a free jet -
form the periodic patterns at low jet pressure
ratios and the not so periodic patterns at high
jet pressure ratios. References 7 to 14 include
both theoretically and experimentally deduced
explanations for the occurrence of shock waves
in jets and their change and growth with varying
jet pressure ratio. Reference 10 includes excel-
lent photographs by the Riemann mirror method
of the variation in the structure and shock pattern
with jet pressure ratio for an axisymmetric jet
exhausting sonically. Reference 11 includes char-
acteristic calculations for a two-dimensional jet
(M,=1..§_,9, 8y=0°) that show clearly how the
coalescence of the characteristic lines creates
shock waves within the jet; with increasing jet
pressure ratio, these shocks are shown to grow in
strength and extent from a faintly discernible
compression to intersecting shocks and then to
strong shocks of large curvature requiring a Mach
reflection. Other calculations of the shock forma-

tion that deal in particular with point of origin,

factors favoring shock formation, and focusing
effects for two-dimensional and axisymmetric jets
are given in references 12 to 14. For axisymmetric
jets the same general phenomena occur as in two-
dimensional jets but at lower jet pressure ratios.
In order to distinguish the circular, dish-shaped,
normal shocks that occur in axisymmetric jets
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from the analogous normal shocks associated
-‘with the Mach reflection in two-dimensional jets,
the former are, in jet studies, often referred to
as “Riemann waves.” (Rigorously, the term is
applicable to ail normal shocks.) This term is
adopted herein.

Qualitatively, the present studies showed no
significant deviations in jet structure or shock
patterns that would not be expected. Although a
few previous studies include photographs which
show that the shock phenomenon begins with a
Riemann wave pattern, decays to an intersecting
shock pattern, thence to no shocks, and then goes
through the well-known reverse variation, one is

--likely to gain the incorrect impression from most

past studies that the initial variation begins with
the shock-free condition. The decay in shock
strength is confined to a narrow range of jet
pressure ratios immediately after starting and
was observed to take place at all Mach numbers
of these tests. Once the Riemann wave reap-
pears the general shock pattern does not change
with_increasing jet pressure ratio. These varia-
tions will become more apparent in the quantita-
tive results to be presented in the sections that

- =~ follow.

Primary wavelength.—Since the observations of

-Rayleigh mentioned in the previous section,

several theories have been advanced for the
prediction of the primary wavelength or the
length of the first periodic segment of the free jet
and the secondary wavelength or the length of
succeeding periodic segments, which are known to
differ from the primary, particularly at the higher
jet pressure ratios. The predominant interest
has been centered upon primary wavelength. An
excellent summary of jet wavelength theories in
existence prior to 1949 is given in reference 3.

——-Since that time Wada (ref. 7), Pack (ref. 8), and

others have added to earlier contributions or have
advanced new theories. Little has been added,
however, to the old and very limited experimental
information, most of which is confined to sonic
exits and jet pressure ratios of the order of 3 or
less.

Figure 6 presents. a double-image schlieren
‘photograph in which the primary wavelength w
is designated. Figure 7 presents the nondimen-

. —-w——Sional primary wavelength w/d, as a function of

jet pressure ratio p,/p. for all values of M, and

On of these tests. It will be noted that there are
more experimental data for 3/,=1.00 than for the
other Mach numbers at any given value of éy.
The data for 3£,=1.00 represent values measured
from shadowgraphs, schlierens, repeat tests, and
photographic enlargements of different sizes.

Within the accuracy of the measurements there

was no apparent difference in the data from these
sources. In general, however, the accuracy of all
measurements from any source tended to decrease
slightly as p,/p. increased as a result of the de-
crease in definition caused by the increased tur-
bulence surrounding the jet. As expected, at a
constant value of p,/p. and dy, the experimental
results show that the wavelength increases with
increasing Mach number. In addition, diver-
gence angle 8y is indicated to be of secondary im-
portance within the range of 0° to 20°. There
tends to be a decrease in wavelength with increas-
ing 6v; the exceptions to this behavior might be
attributable to experimental accuracy. From a
consideration of the increasing shock losses within

-the jet (increasing entropy) that occur with in-

creasing 6y, one might expect increasing 6y to
cause the wavelength to decrease.

Two of the methods which have had soine suc-
cess in predicting the wavelength were used to
calculate the upper and lower curves shown in
figure 7(a) for M,=1.00. The method of Pack
(ref. 8) has been advanced as being applicable to
all Mach numbers. It is based upon linear theory
(and therefore subject to the restrictions of linear
theory) and is a correction of Prandtl’s formula
which is known to be in error. (See refs. 3 and 8,
for example.) The older method of Hartmann
and Lazarus (ref. 9) is proposed for senic jets only.
This latter .method is semiempirical, as are most
of the others except those of Prandtl and Pack
mentioned above, and it involves constants deter-
mined from experimental results for low values of
py/p.. It is not surprising, therefore, to find that
both methods are not satisfactory except at very
low jet pressure ratios. (See iig. 7(a).) Because
of the inadequacy at M,=1.00, no comparison has
been made between the method of Pack and the
present results for higher Mach numbers; further-
more, the assumption of the method that w/d, is
independent of Af; and & function only of the ratio
of jet stagnation pressure to the ambient pressure
can be shown from these results to be insufficient.

—-
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On the basis of these experimental data an
attempt was made to derive a seimempirical rela-
tion for the variation of w/d, with p,/p_ that would
apply to 4y=0° and varying M, For axisym-
metric jets the only inviscid solution to w/d; not
requiring the combined treatment of a character-
istics net and the shock equations is for §v=0°
and p;/p.=1. For this condition only, the solu-
tion is the same for two-dimensional and axisym-
metric jets and is w/d;=p8,, where 8,=y M —1.
Qutside of satisfying this condition and the equally
simple requirement that the value of p,/p, for
w/d;=0 must lie to the right of the theoretical
value of p,/p_ for starting (denoted by arrows on
the abscissas in the figures and is equal to 1 for
M,=1.00), the solutions were derived so as to it
best the results for M;=1.00 in preference to the
other Mach numbers. Consequently, the abrupt
change in the variation of w/d, with p;/p. that
accompanies the reappearance of the Riemann
wave within the jet occurs at about p,/p,=2.
This well-known feature has been treated for sonic

e e e —jets- by many authors (refs. 7 to 11, for example).

The two semiempirical relations thus derived are
as follows:

For 2t <2
%=1.55\/M,2 (31’-”#)—1—0.555, 1)

and for 22 z2

w Py 0.437 T .
7=152 o +1.55(y2MF—1—1)—0.558,
J ®

1 /(P
+0.5 [1-5—5- ZZ—2> B,—l] (2)

The curves given by these equations are shown
by the solid lines in figure 7. It is interesting to
note that the theoretical inviscid value of 8, for
P;/P.=1is in close agreement with the experimen-
tal results for all values of M,. Although equations
(1) and (2) generally give a fair prediction of the
experimental results, there is a tendency at the
higher jet pressure ratios to overpredict the wave-
length at low Mach numbers and to underpredict
at the higher Mach numbers. An inherent short-
coming of these equations lies in the assumption

that the abrupt change in the variation of wave-
length with jet pressure ratio occurs at p,/p, =2,
regardless of the value of 3, In the following
section this region of abrupt change will be shown
to vary with M.

Existence, location, and diameter of Riemann
wave.—Figure 8 presents the nondimensional
distance from the plane of the jet exit, measured
along the jet axis, to the focal point of the inter-
secting shock pattern or to the Riemann wave.
This distance //d, increases with increasing p,/p,,
and M, as would be expected. There is a tendency
for I/d, to decreasc as fy increases for a given value
of pl/pu'

Figure 9 presents the nondimensional diameter
of the Riemann wave S/d;. As. p,/p_ increases
from the condition of a Riemann wave at the jet
exit (starting value of p,/p_ is indicated in the
figures), the Riemann wave {rst decreases in di-
ameter and for the lower values of 8y gives way to
an intersecting shock pattern (S/d,=0). With
further increases in p,/p, the Riemann wave in-

creases in diameter, or_reappears if a condition of

S/d;=0 had been reached, and continues to
increase.

From the curves of {igure 9, the range of M, and
Ps/P. in which no Riemann wave occurs can be
found for a given value of y. The results are
shown in figure 10 for 6v=0° 5° and 10°; there
were insufficient data to determine the boundaries
of the regions for 8y=15° and 20° but it is evident
from figure 9 that for these values of 8y the Rie-
meann wave is always present for M,=2.00, 2.50,
and 3.00. From figure 10, the effect of increasing
8y is to reduce significantly the range in which no
Riemann wave occurs. The true effect of M, is
not clear in the lower range of M, but, for the
higher range of M, increasing J}{, increases the
range of p,/p, in which no Riemann wave occurs.
There is little doubt that an intersecting shock
pattern is restricted to low jet pressure ratios.
The dashed line to the left of the left-hand bound-
ary for 8y=0° represents the theoretical starting
condition (the Riemann wave at the jet exit) and
is in fair agreement with the trend of the experi-
mentally determined boundary.

The abrupt change in the variation of wave-
length with jet pressure ratio that is associated
with the reappearance of the Riemann wave men-
tioned in the previous section was assumed to take
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place at p,/p, =2 for M,=1(6v=0°) in developing
Although figure 10 shows
this to be & fair assumption for M;=1, it also
indicates indirectly that this region of abrupt
change varies with M.

Initial incliration of jet boundary.—When a jet
exhausts from a nozzle into still air, it will undergo
a two-dimensional expansion or compression
exactly at the nozzle lip dependent only upon
whether p;/p»_>1 or p,/p.<1, respectively. The
degree of the expansion (or compression) .is a
function of p,/p., M;, and v, For the pressure
ratios of predominant interest (p;/p._>1), it is
instructive to consider the magnitude of the
expansion or the initial inclination of the jet
boundary that may occur. The calculated initial
inclinations for y=0° and v,=1.400 are presented
in figure 11. For 8y 50°, the value of 8y is added
to the value of 5; given by the curves. With the
large power sources (rockets) now available and
under development, the curves of figure 11 imply
that the likelihood of encountering initial inclina-
tions near 90° may not be too remote. If extreme

- — ~————-pressure Tatios "are ‘encountered, large initial

e

|

. - -——in.the vicinity of the jet axis.

13 for v,=1.115, 1.400, and 1.667.

inclinations will occur as is indicated by the
schlieren_photograph in figure 12.

In view of the number of current applications
of sonic exits, the variation of §; with p,/p. for
M,=1.00 is presented to enlarged scale in figure
The upper
and lower values of v, represent the probable
limits encountered in both practical and experi-
mental applications. The effects of decreasing
v; is to increase &, and this effect increases as
Pi/p= increases.

Preliminary calculations by method of char-
acteristics.—Several preliminary calculations were
made by the method of characteristics to obtain
the shape of the jet boundary and to observe the
formation of the jet structure. The salient
features of these calculations are given in appendix
A. The characteristic nets are shown in figure 14.
Points on the boundary in the region of “foldback”
have been circled for clarity.

Figure 14(a) presents the nets at p;/p-=2, 10,
and 20 for M,=1.01, 4y=0° and +v,=1.400
(essentially a sonic jet). The errors in the nets
for M,=1.01 are discussed in appendix A and,
by mere observation, are obviously not negligible
The boundary

" py/p==1 to show the effects of nozzle divergence

shape and the general coalescence of the charac-
teristics, also discussed in appendix A, are never-
theless sufficiently accurate to be of value. At
2;/p»==2, there is no indicated presence of a
shock within the jet, but, if the calculations were
carried further, an intersection of like character-
istics would probably be realized before the axis
is crossed. At p,/p.=10 and 20, the manner in
which the intersection of like characteristics
defines the presence of a shock within the jet is
clearly illustrated.

Figure 14(b) presents the nets for M,=1.50 to
3.00, 6y=0° and v;=1.400 at p,/p.=2. No
shocks are indicated to be present within the
jets, but, again, the tendency toward intersection
of like characteristics would suggest that shocks
might appear for all values of M, before the axis
is reached if the calculations were continued.

Figures 14(c) to 14(f) present the nets for
M,;=1.50 to 3.00, 6y=0° and v,=1.400 at
24/p-=10 and 20. All nets indicate that shocks
have formed within the jets.

Figure (14g) presents nets for M,=2.00 at
angle 8y for v,=1.400 and to show the effects of
v, for 8y=10°" The indicated effect of increasing
Oy is to promote the formation of shocks within the
jet. The effect of increasing v, from 1.200 to 1.400
to 1.667 is also to favor the formation of shocks
within the jet. This effect of v, is somewhat under-
standable from consideration of the effect that y
has in simple two-dimensional flow upon the maxi-
mum turning angle of the flow &n.. through an
attached shock. This effect, as well as the effect
upon the inclination £aq. of the associated shock,
is shown in figure 15. Since at Mach numbers
other than 1 the value of 6., decreases noticeably
with increasing «, it i8 logical to expect that at
high values of ¥ compressions of the same family
introduced in a flow will, for a given amount of
turning, result in an earlier appearance of a shock
brought about by the coalescence of these com-
pressions than might occur at lower values of v.

Although the effect of M, and p,/p. (for 8y=0°
and v,=1.400) upon the shape of the boundary
may be observed directly from the nets, this effect
is perhaps better illustrated in figure 16 which
reproduces these boundaries and compares them
directly. Figure 17 shows the effect of M, and
Py/P= upon the maximum height (y/7;)me: reached
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by the boundary and upon its location as estimated

---by replacing the straight line segments wilth a

smoothly faired curve through the calculated
boundary points in the vicinity of (¥/r;)mez, at
the same time being guided by the sign and value
of 8 for the last two points on the boundary.
Since the values for M;=2.50 and p,/p.=20 did
not agree closely with the trend established by
the other boundaries, there is apparently some
error in the calculations of this net and therefore
the data for this condition were not used in pre-
paring figure 17. The curves of figure 17(a)
appear to indicate that beyond M,=~3 the in-
crease of (Y/ry)me= With M; will be small at all
values of p,/p.. The theoretical curve for p,/p=
=1 is obviously a straight line for which (¥/r))mas
is always 1. The curves of figure 17(b) indicate that
as M, is increased the location of (¥/r,)m.- continues
to increase at all values of p;/p.. The theoretical
curve for p;/p.—1 is half the wavelength and,
therefore, equal to 8,.

Figure 18(a) affords a direct comparison of the
boundary shapes for varying 6y. The increase in

(yfri)maz—witlr 8y 1s observed to be almost linear
within this range of 8y (0° to 20°). Figure 18(b)

. .presents a comparison of the boundaries for a

particular condition of varying ¥;. The ordinate
scale has been enlarged in this figure for clarity;
consequently, the local slopes of the boundaries
are considerably exaggerated, as can be seen by
referring to figure 18(a) (8y=10°). From figure
18(b), the effect of increasing v, is very small and
amounts essentially to & slight increase in y/r; as
z/r; increases. As z/r,—0, it is obvious that the
effect of v; will vanish. Emphasis should be placed
on the fact that the particular set of initial condi-
tions used in this study of the effects of v, were
selected to explore what might be considered a
sort of “minimum effect”” of v, on the boundary:

" namely, p,/p-=1 and M,=2. (In the vicinity of

M;=2, the ratio of static pressure to stagnation
pressure p/p, is relatively insensitive to v.) Con-
sequently, the effects of v, on the boundary for
other initial conditions may be considerably differ-
ent from those shown here, as will be illustrated
directly in a subsequent section of this report.
The following section on boundary curvature

will show indirectly that the theoretical nonvis-

cous boundaries calculated by the method of

-~ «—.—characteristics agree satisfactorily with the ob-

served experimental boundaries in the schlieren
photographs. This favorable agreement has been
noted previously at low jet pressure ratios (3 or
less), for example, in reference 15. The fact that
this agreement extends to high jet pressure ratios
is particularly encouraging from the viewpoint
of continuous calculation by machine in that the
use of foldback as employed herein permits con-
tinuous calculation off the axis. No schlieren
photograph was available for p,/p. =20, the high-
est jet pressure ratio of these calculations; how-
ever, a comparison between the calculated results
at p/p-=20 and the experimental results at
P;/Po=21.9 for M;=1.50, 6,=0° and v,;=1.400
presented in figure 19 shows sufficient agreement
to indicate that the procedure is satisfactory for
predicting both boundary and shock. The differ-
ence between the experimental and predicted
shock and boundary is in the direction to be
accounted for by the difference between the the-
oretical and experimental values of p,/p.. In
addition, mixing tends to diffuse the experimental
boundary prior to reaching the theoretically
predicted maximum diameter of the jet.

Average and initial curvature of jet boundary.—
An examination of the schlieren photographs of
these tests indicated that the shape of the portion
of the jet boundary from its start to the vicinity
of the maximum diameter of the jet (within the
primary wavelength) could be fairly well approx-
imated by a circular arc. The radius of this
circular arc will, for convenience, be called the
average radius of curvature p of the jet boundary
and, as shown in the sketch in figure 20(a), is
laid off along the normal to the free jet boundary
at the exit. Figures 20 and 21 present the results
of the experimental measurements in nondimen-
sional form p/d, as a function of p;/p. to show
the effects of M, and 8y, respectively. Random
examples of the applicability of these experimental
curves are given in figure 22 which presents the
circular-arc boundary and the normal to the free
boundary at the exit superposed. on schlieren
photographs.

An assessment was also made of the similarity
of the boundaries given by the characteristics
calculations to a circular-arc boundary passing
through (¥/r,)me: given by the characteristic solu-
tion and having its radius laid off along the nor-
mal to the free jet boundary at the exit. The
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- circular-arc boundary thus defined was in all cases
found to be a good approximation of the charac-
teristic boundary; a typical example of this may
be seen in figure 23. The values of p/d; obtained
from the characteristic solutions in this manner
are designated by the symbols in figures 20(a)
and 21(b). These values show surprisingly close
agreement with the experimental curves even at
low jet pressure ratios where the experimental

- results would be expected to be less accurate.

For M,=2.50 and p,/p.=20 (fig. 20(a)) a cor-
rected and an uncorrected value are shown; the
suspected error in the characteristic solution for
these conditions was mentioned earlier. The cor-
rected value for (y/r;)m.. was determined from
the faired curve of figure 17(2).

In reference 14, Johannesen and Meyer have
"obtained a solution for the initial curvature of the
axially symmetric free jet boundary (i.e., the
curvature at r==0). This solution and its method
of application are summarized in appendix B.
The nondimensional initial radius of curvature

T T T T ,/d; given by the Johannesen-Meyer solution has

been calculated for the same jet conditions for

- eeeereon-..—m=which .characteristic - nets -were caleulated (v,

-

=1.400 only). The results are shown in figure 24:
In reference 2, the value of p,/d, obtained from the
~Johannesen-Meyer solution was shown to be in
close agreement with the value of p./d; obtained
from the polynomial satisfying the first few points
on a boundary calculated by the method of char-
acteristics. It is of interest for practical applica-
tion, however, to obtain an idea of how far along
the characteristic boundary the circular-arc bound-
ary given by p./d, will continue to hold good.
Comparisons showed that, except at values of
Pi/P-<2, the boundary given by p./d; is ap-
plicable only to regions in close proximity to
the exit as illustrated in figure 23. The effects
of M,, p,/p., and 6y upon the extent of appli-
cability of p,/d; are indicated indirectly in figure
25 where the ratio p/p, is presented. The values
of » in this ratio are those corresponding to
the circular-arc boundary through (y/rj).... For
8y>0° the extent of applicability is severely re-
stricted even at p;/p.=1.
From the above results and the fitting of poly-
nomials to the characteristic points on the bound-

" "ary as in reference 2, the exact boundary is seen to

decrease in curvature in proceeding outward along

the boundary from the exit toward the maximum
diameter of the jet. “
Additional calculations of boundaries by method
of characteristics for conically divergent nozzles.—
Some time after the completion of the preliminary
studies of boundaries discussed in the preceding
sections of this report, an extensive program was
undertaken to calculate the boundaries of super-
sonic axisymmetric jets exhausting from conically
divergent nozzles. The purpose of this program
was to extend the preliminary calculations of
boundaries for conically divergent nozzles to a
wide range of variables and to present these
boundaries in a form convenient for practical use.
Other than the calculations by Johannesen (ref. 2),
reproduced in figure 26 herein, practically no
information could be found for p,/p.>1. In the
present program, & total of 2,960 boundaries were
calculated. These calculations were made for all
combinations of the following variables: values of
M, of 1.5, 2.0, 2.5, and 3.0; values of v, of 1.115,
1.200, 1.300, 1.400, and 1.667; values of 8y of
5°,10°, 15°, and 20°; and values of p,/p. of 1 to 10
in increments of 0.25. Some comments on the
method and accuracy of these calculations are
given in the iirst part of appendix C. The

boundaries obtained and some observations drawn .

from them are presented in the next four sections of
this report. '

Presentation of boundaries for conically diver-
gent nozzles.—The 2,960 calculated boundaries
are presented in figures 27 to 30. Each group of
boundaries corresponds to a variation of p,/p.
from 1 to 10 for a particular combination of M,
8y, and v;. The solid boundaries denote changes
in py/pe. of 1; the three dashed boundaries between
the solid boundaries correspond to changes in
P;/P. of 0.25 and are also calculated, not interpo-
lated, boundaries. For clarity, a number of the
groups have insets covering the lower range of
z/r, in which the ordinate y/r, is shown to twice
scale. The order of presentation of these groups of
boundaries is as follows:

Figure M;
27 1.5
28 2.0
29 2.5
30 3.0

-
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--For figures 27 to 30, parts (a), (b), (c), and (d)
are for 6y of 5°, 10°, 15°, and 20°, respectively.
Each figure subdivision contains five groups of
boundaries corresponding to the five values of v,,
and these five groups are presented in the order of
ascending values of v, that is, from v,=1.115
to 1.667.

Effects of variables for conically divergent
nozzles.—The effect of increasing jet pressure
ratio p,/p. is obvious from iigures 27 to 30.
Effects of the other variables at a jet pressure
ratio of 5 (arbitrarily chosen) are shown in
figure 31. At this jet pressure ratio, the effect of
increasing 3, (fig. 31(a)) is to decrease the initial
inclination of the boundary, to increase the maxi-
mum dismeter of the free jet, and to move the
maximum diameter farther away from the plane
of the jet exit. The effect of increasing v, (fig.
31(b)) is to decrease the initial inclination of the
boundary, to decrease the maximum diameter of
the free jet, and to move the maximum diameter
closer to the plane of the jet exit. The effect of
incréasing Oy (fg. 31(c)) is to increase the initial

inclination of the boundary, to increase the
... .maximum diameter of the free jet, and to move
the maximum diameter closer to the plane of the
jet exit. A brief examination at other values of
p;/p- indicated that these effects are apparently
typical of all pressure ratios; however, there might
be exteptions which were not disclosed by this
examination.

Simulation of one jet boundary by another for
conically divergent nozzles.—In figures 27 to 31 it
may be noted that the initial inclination of the
boundary varies with every variable. When jet
boundaries are simulated, the initial inclination
is, perhaps, the most important property to be
duplicated. For this reason and because of the

“problems confronted in jet simulation, it is of
intergst to examine the degree of boundary simula-
tion that may be achieved by simulating initial

; inclination only through a variation of p,/p. only
and, in addition, to determine whether complete

. - simulation is possible through a variation of all
variables.

In order to aid in the selection of values of

P;/P~ that give the same initial inclination 3,

figure 32 has been prepared which gives the varia-

. -----=~tion with p,/p, of the initial inclination for a jot
exhausting from a nozzle having zero divergence

angle (6x=0°). The value of §; at any finite
value of 6y is simply the sum of 8y plus the value
of 3y for 0N=0°.

Figure 33 presents some typical examples of
boundary simulation. Random examples of the
boundary simulation that may be expected by
duplication of 8, only are shown in figures 33(a) to
33(d). In these examples M, and 6y remain con-
stant and p,/p. is allowed to vary so that the value
of &, is the same for both values of v, (See
fig. 32.) In essence, a boundary given by an air
jet (y;=1.400, dashed boundary) is compared
with a boundary given by a jet of another gas or
by a heated air jet (y,<1.400). The results indi-
cate that the differences between the boundaries
thus simulated can be attributed primarily to
differences in.y, and that differences in v, of the
order of 0.1 or less create negligibly small differ-
ences in the boundary when the initial inclination
is duplicated. This observation also implies that,
insofar as the effects of boundary shape are con-
cerned, air jets heated to the order of 2,500° R or

" lower can be satisfactorily simulated by cold air

jets by altering the pressure ratio to give the same
initial inclination.

Figure 33(e) gives an example which illustrates
the point that, in general, the boundary of most
jets may be satisfactorily simulated by an air jet
by allowing a freedom of choice of the variables
for the air jet. Extremely large values of p,/pa
would, of course, produce exceptions. (It will be
noted that the boundaries of figure 33 are, as
before, given in the discontinuous-slope form.
This form tends to exaggerate the differences in
the lower range of z/r, particularly at the first
calculated point on the boundary.)

Figure 33(f) illustrates that, for a particular
value of v,, there are a number of combinations
of M,, 6y, and p,/p. that produce essentially the
same boundary.

Interpolation and extrapolation of calculated
boundaries for conically divergent nozzles.—
Interpolation and cross-plotting can be used to
obtain a reliable boundary within the range of
any of the variables covered by these calculations.
The reliability of a boundary necessitating the
use of extrapolation to cover a variable the magni-
tude of which places it outside the range of these
calculations is not readily apparent. A cursory
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examination, however, gave the following indica-
tions. Extrapolations of p,/p. should not exceed
values of p,/p. of about 14 and probably less;
extrapolations below p,/p.=1 are not recom-
mended. Extrapolations to 8y=0° are of partic-
ular interest since the nozzle having parallel flow
at the exit is often encountered. This extrapola-
tion may be made with good results as indicated
by the example given in figure 34 where an extra-
polated boundary for 6y=0° is shown to be in
good agreement with the calculated boundary for
8y=0° Extrapolations to values of 8y in excess
of about 25° are not recommended. Extrapola-
tions of M, to M,=1 (84=0°) appear permissible,
and extrapolations to M;=3.5 or slightly higher
appear within reason. The necessity for extra-
polations of v; beyond the range of these calcula-
tions appears remote; however, should the need
arise, the extrapolation could in all likelihood be
made with confidence.

Calculations of initial portion of boundary for
large values of p,/p..—After the programing and
completion of the calculations for the conically
divérgent nozzles covered in the preceding sections,
the need for information on boundaries at large
. jet pressure ratios stimulated an additional set of
calculations. This need arises from the fact that
in the proposed trajectories of most rocket-pro-
- pelled hypersonic vehicles, the rocket propulsion
unit will remain in operation long enough for the
exhausting jet to encounter the very low pressures
of high altitudes. When this condition occurs,
Ps/P- becomes very large, and as a result the free
jet expands greatly. More will be said about this
in the second part of this report. With the hope
of gaining some familiarity with the size of the
free jet, & number of calculations were made at
large values of p,/p. of the initial portion of the
boundary for the case of 8y=15° and M,=2.5.
Some comments on the procedure and accuracy
of these cglculations are given in the second part
of appendix C.

. The choice of jet pressure ratios for the calcula-
tions was influenced to some extent by an exami-
nation of the variation of the initial inclination
of the jet bhoundary &, with jet pressure ratio
Ps/p-. This variation is presented in figure 35
for the values of the ratio of specific heats v, used
in the boundary calculations. It is interesting to

note first the magnitude of §, for the nozzle with
a sonic exit (M;=1 and 6y=0°), since at very
large values of p,/p. this nozzle gives the largest
possible -values of 4, (fig. 35). By comparison
with these values for the sonic nozzle, the values
of & for the nozzle of this study (M,;=2.5 and
Oy=15°) are significantly lower at very large values
of py/p., and this difference increases with de-
creasing v;. Of course at very low values of p,/pa
any conically divergent nozzle will produce a
value of §, greater than that for the sonic nozzle,
since 8§;=60y &t p,/p.=1; in this instance, §,=0y
=15° for p,/p.=1.

The curves of figure 35 illustrate that, at large
values of p;/p., conically divergent nozzles likely
to be encountered in practical applications may
produce large initial inclinations of the boundary.
For rockets where v, is of the order of 1.2 and
sometimes less, this initial inclination may easily
exceed 90°, and at extremely large pressure ratios
it is not inconceivable for the free-jet flow at the
jet boundary to be directed initially almost 180°
opposite to the direction of flow along the jet
axis. Thus, to the general objective of gaining
some familiarity with the size and shape of free
jets at large pressure ratios was added the objec-
tive of calculating some boundaries for which §;
exceeded 90°. In addition, boundaries for which
a comparison would show the effects of v, for
similar values of p,/p. and for similar values of 5,
were desired.

The curves of figure 35 show that the variation
of §; with p,/p. is such that at p,/pa of the order
of 10% for v,=1.667 and of the order of 10* for
v,=1.200, the initial inclination has approached
closely its maximum valve. Consequently, if
calculations could be made near these values of
Pi/p= (or higher), they should be sufficient for
most purposes to represent jets operating in the
range from these values to infinity. Unfortu-
nately, although solutions were attempted for
these extremely large pressure ratios, satisfactory
results could not be obtained without successive
refinements and reprograming of the automatic
calculations. For these reasons and because of
other commitments of the electronic calculators,
the boundaries at these extremely large pressure
ratios were not obtained. The values of p,/pa,
and the corresponding values of 35, for which

e
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- boundaries were calculated for the case of 3,=2.5
‘—and Oy=15° arc given in the following table:

PilPw 4, deg
vi=1.677

59.92 48.55

569.2 57.72

1, 618 60.74
¥i=1.400

81.94 60.02

. 1, 346 75.59

2, 692 78.53
vi=1.200

76.58 70.99

1,303 94.51

9,776 107.6

41, 820 115.6

characteristic net occurs with increasing p,/p, in
these calculations. Nevertheless, it may be
reasoned that for p,/p_ = = the velocity at the
boundary is radial; that is, the characteristic line
is in the same direction as the direction of the
velocity, which is the direction of the boundary.
Consequently, the only coalescence of the char-
acteristic lines occurs on the boundary. It follows
that if at p,/p_= = this coalescence were indica-
tive of a shock, the shock would coincide with
the boundary. However, since a shock must have
8 pressure rise across it, the existence of a shock
on the boundary represents an impossible condi-
tion for p,/p_= = in view of the following: First,
a pressure rise cannot exist across a boundary
and, second, the existence of a pressure rise at
Pi/po= = would imply that, in expanding to a
vacuum, the jet flow has expanded to a pressure
less than a vacuum and thus requires a pressure
rise at the boundary to restore its pressure to the
ambient vacuum, a clearly impossible situation.
Thus, it appears that at p,/p,= « no jet shock .
will be present, and an indication of the elimina-

T T T - : -~~~ ~—tion of the jet shock with increasing p,/p_ may, at

The exact values of p,/p. used in the calculations
--~..were determined by the arbitrary condition of
terminating the expansion at one of the manually
calculated characteristic lines from the center of
expansion, '

Presentation of boundaries for large values of
pi/p,.—The calculated boundaries, together with
the indicated position of the sliock formed within
the jet (given by the intersection and coalescence
of characteristic lines of the same family), are
shown separately for each value of p,/p_ in figures
36 to 38. For v,=%$.200, only the boundary for
Pi/P=-=76.58 is presented separately (fig. 38) inas-
much as only a minute segment of the jet shock
was indicated in the inadvertently shortened cal-
culation at p,/p,=1,303, and none was indicated
at the higher values of p,/p,. All boundaries for

. 4;=1.200, as well as for the other values of v,, are
presented together subsequently. At first glance
the results for all values of v, give indication of a
tendency for the jet shock to be eliminated with
increasing p,/p. at very large values of p,/p,.

: It would, however, appear debatable as to whether

‘a valid indication of such an occurrence could be
substantiated by .these calculations, inasmuch as
-—=—an- inherent stretching of the meshes within the

large values of p,/p_, be reasonable.

In figure 39, the boundaries for each value of
<, are presented compositely to show more readily
the effect of increasing p,/p_.. Included are
boundaries for p,/p.=1 and 10 calculated pre-
viously. The enormous size that the free jet may
attain at large pressure ratios is readily apparent,
particularly for v,=1.200 (fig. 39(c)) when the
initial inclination of the boundary approaches and
exceeds the vertical.

Effect of v, for large values of p,/p..—Some idea
of the effect of v; at large pressure ratios upon the
shape of the boundary for essentially equal values
of p;/p. may be obtained by comparing the
boundary for v;=1.400 with that for v,=1.200 at
pi/Pp. =1,300 as shown in figure 40. (Actually,
for v,=1.400, p,/p.=1,346 and for +v,=1.200,
2:/P.=1,303.) In spite of the short extent of
the boundary for v,=1.200, the comparison shown
in figure 40 is sufficient to point up the large effect
that v, has upon boundary shape at large pres-
sure ratios.

At low values of p,/p_ (of the order of 10), the
procedure of simulating a jet of one value of v,
by a jet of another value of v, through duplica-
tion of §; by changing the value of p,/p_ is a useful
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artifice in many experimental investigations. An
examination of the adequacy of this procedure at
large pressure ratios is of interest. Figure 41
~ . compares the boundary of the jet for y,=1.400
with the boundary for v;=1.667, both having an
initial inclination of about 60° but widely dif-
ferent values of p,/p_. (The value of p,/p_ for
¥;=1.667 is about 20 times that for v,=1.400.)
The comparison is sufficient to show that this
procedure does not yield accurate simulation of
~the boundary at large pressure ratios but might

give first-order simulation of interference effects. -

For extremely large values of p,/p_ the curves of
figure 35 serve to demonstrate that simulation by
this procedure is impossible for the case of primary
interest, namely, simulation of a jet having a low
value of 7, by a jet having a higher value of v,
(with significant differences in v,;, of course, say
of the order of 0.1 or more). For example, it is
impossible for the jet of this study with v,=1.400
to duplicate the value of &, for the jet with 1,
=1.200 when the latter jet operates at values
of p,/p_ greater than about 10*.

42 for which the schlieren system had a less sensi-
tivesetting. Examination of photographs taken at
a higher sensitivity setting showed that both the
structure of the jet and the sound waves moving
upstream tend to become masked by turbulence
surrounding the jet and, to some extent, by sound
waves having their apparent source in the vicinity
of the jet exit and at the initial appearance of
turbulence on the free jet boundary not far from
the exit. These observations seem to indicate
that the apparent discrepancies that exist in some
previous studies of sound waves associated with
jets may be due in part to the different sensitivi-
ties of the optical systems employed. The de-
generation of the jet is, of course, a highly unstable

phenomenon and the apparent source of the sound

waves associated with degeneration of jet struc-
ture varies accordingly.

At jet pressure ratios slightly greater than that
for the reappearance of the Riemann wave, the
sound waves associated with the degeneration of
jet structure become less prominent, and the sound
waves associated with smaller scale turbulence and

Observations on jet breakdown and jet noise.—
Within the range of observation of the schlieren

- —  ——-~photographs, the jet structure for all Mach num- -

bers and divergence angles of these tests deflected
from the axis of the jet in an alternate fashion as
the jet flow proceeded downstream. Example of
this phenomenon for M;=1.00 may be seen in
~ figure 42. Examination of the present results in-
dicates that the jet breaks down into a vortex pat-
tern closely resembling a vortex street and there-
after into a region of wide turbulent diffusion. This
alternate deflection of the jet structure has been
noted by Alan Powell of England in his studies of
the relation between the degeneration of the jet,

jet structure, and sound generation.
The type of sound wave that may be observed
""""to be generated by the jet was found to be de-
pendent to some degree on the sensitivity setting
of the optical system. For example, the strong,
—— lower frequency sound waves which Powell has
described as having their effective source in the
. region of disintegration of the jet structure, and
which are emitted in the upstream direction in an
alternate manner according to the degeneration
“of jet structure, may be seen in the photographs
- in figure 43 but not in the photographs in figure

502683 0—59—2

the initial appearance of turbulence on the jet
boundary are observed to predominate. Examples
of this are given in figure 44. The photographs of
dgure 44 also show that as p,/p. increases, the
more intense sound waves coming from the vi-
cinity of the jet exit tend to be more directional
and to lie roughly in a band inclined some 30° to
45° with respect to the jet axis in the downstream
direction. This directional trend is in agreement
with sound measurements from several investi-
gations. (See ref. 16, for example.)

From the concept of eddy convection velocity
as advanced by Lighthill - (ref. 17), one would
expect the sound waves in the ambient air to
change in shape as }/, increases.
its basis in the idea that small vortices or eddies at
the jet boundary are convected downstream at
some velocity and, as Lighthill states, “not in the
sense that eddies are convected downstream with
this velocity unchanged; but that they alter slow-
est when viewed by an observer moving with this
velocity.” If this convection velocity is super-
sonic with respect to the ambient air, oblique com-
pression waves must be expected to arise from the
jet boundary and to be inclined in the manner of a
nose shock or bow wave common to an object in

This concept has-
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supersonic flight. Consequently, the shape of the
sound (or compression) waves emitted in a down-
stream direction may be expected to change from
spherical (subsonic eddy convection velocity) to
conical (supersonic eddy convection velocity), or
as observed in the schlieren photographs, from cir-
cular to straight oblique, as the jet velocity at the
jet boundary increases. The present tests indi-
cated that the shape of the sound waves was a
function of the variables M,, p,/p., and 8y. In
* general, however, with increasing jet velocity at
the boundary, the circular sound waves did tend to
give way to oblique compression waves. An ex-
ample of these oblique waves may be seen in
figure 45. In figure 21(a) of reference 5, similar
waves may be observed for a two-dimensional jet
(M_1=336).

From the work of Powell, Lighthill, and others
the sound intensity and source of generation, and
in fact nearly all sound phenomena associated with
jets, are known to be primarily dependent upon
jet structure. The significant effects that M,,
Ps/Pa, 80nd 6y may have upon the structure have

- e ey, =1.40).

been shown in some of the previous sections by
experimental and theoretical results for air jets
In addition, significant effects of v,
upon boundary shape have been shown theoreti-
cally. In the generation of jet noise, the effects of
v, would appear to be of major importance. For
example, light gases such as helium are sometimes
employed in jet studies to obtain high sonic veloc-
ities comparable to those of a hot jet. In so doing,
the proper order of magnitude of the eddy con-
vection velocity may be duplicated and this source
of sound and compression wave generation is
essentially reproduced. However, the shock
structure within the jet will be considerably dif-
ferent because of the large differences in v;; conse-
_ quently, one of the predominant sources of

sound—that of passage of turbulence through
shock patterns—will not be properly duplicated.
Conversely, duplication of «, satisfies the shock
structure within the jet, but eddy convection (and
turbulence) at the boundary may or may not be
duplicated, although this is felt to be less im-
portant. Another factor to consider is that a jet
having a high sonic velocity may exhaust through
a convergent nozzle at p,/p.<<1 and create super-
sonic eddy convection velocities (with respect to

~—the ambient air), whereas the jet itself is obviously

subsonic with respect to itself and therefore free
of shocks.

From the previous discussion the importance of
considering separately the effects of v, tempera-
ture of the jet, and sonic velocity of the jet in the
problem of jet noise becomes obvious. It follows
that the general observations on this problem
made from the present experimental studies will
have limited applicability. Although investi-
gations of jet noise with small models are known
to be subject to scale effects, these effects are
essentially concerned with turbulence and have
no significant effect upon jet structure.

II. JETS EXHAUSTING INTO SUPERSONIC
STREAMS ’

INTRODUCTION

Probably the predominant interest in jets ex-
hausting into supersonic streams is in the aero-
dynamic interference they may create. Numerous
investigations have been made and much effort
is presently being devoted to the study of jet
interference upon surfaces in close proximity to
the jet exit, such as the base annulus, boattail
surface, tail surfaces, and the like. Relatively
little has been done to explore the jet inter-
ference on surfaces considerably downstream of
the exit or far removed from the jet axis. An
experimental study in this direction is given in
reference 18. _

Consider an aircraft of the type illustrated in
figure 46 in which only that portion of the flow
field created by jet operation has been included.
Here many variables complicate the preblem, but
there is no doubt that the rear of the fuselage as
well as the tail surfaces may be subjected to
significant interference pressure fields. These
interference fields would begin approximately at
the intersection of the exit shock and the fuselage
and extend rearward. For a given aircraft con-
figuration the inclination of this exit shock would,
excluding viscous effects which are usually minor

"in this regard, be determined by the combined

action of the free-stream variables and of all the
influencing variables common to a jet exhausting
into still air. For the general configuration, the
importance of geometry and the relation of the
aircraft components to the interference problem
is readily apparent. The interference pressure
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" fields downstream of the exit shock are deter-
mined by boundary curvature, jet structure and
— the rate of decay of jet structure, the type of
mixing zone (subsonic or supersonic), and viscous
mixing at the jet boundary. At the present time
there is a noticeable lack of information appli-
cable to interference problems of this type.
This part of the paper will present primarily
- theoretical curves of the type that may be useful
in evaluating jet interference effects for varying
jet Mach number, free-stream Mach number,
ratio of specific heats of the jet, and jet pressure
ratio. These calculations will touch upon one
phase of the base-pressure problem (effects of
v,), the initial inclination of the jet boundary,
the initial inclination of the exit shock, the jet
structure, simulation of jet boundary and asso-
ciated pressure fields, some results of experi-
mental observations, and a cursory examination
of the behavior of a jet exhausting from a hypo-
thetical hypersonic vehicle.

one of the prime variables considered, a review
of the effects of ¥ upon the ratio of static pressure
to stagnation pressure p/p, and upon the Prandtl-
Meyer turning angle from sonic velocity » appears
worthwhile. Figure 48 presents the variation of
» with M for several values of v and shows the
decrease in v that accompanies an increase in v at
constant M. Figure 49 presents the variation of
p/p. with M for the same values of ¥ and shows
that at M =2.25, v has a negligible effect on p/p..
Below M =2.25 an increase in y decreases p/p,,
whereas the reverse is true above M =~2.25.
Effects of v; upon jet interference on base pres-
sure.—There is a particular interest in determining
to what extent cold air jets, or unheated gas jets
having a value of v, simulating hot jets, may be
used in experimental studies. Cortright and
Kochendorfer have studied the effects of many of
the influencing variables associated with jet inter-
ference on boattail and base pressures, and have
presented a procedure for correcting the base-

_pressure data for one value of v, to other valuesof

In the course of this portion of the study, a
minor experimental investigation was conducted

" ~in the Langley 9-inch supersonic tunnel to obtain
schlieren photographs of the behavior of the jets
~exhausting into supersonic streams over a wide
field of observation in comparison with the base
-.diameter. A sketch of the model is shown in
figure 47. Tests were conducted at free-stream
Mach numbers of 1.62, 1.94, and 2.41 and over a
.wide range of jet pressure ratios. Two jet nozzles
" were employed, one having a sonic exit (fy=0°)
and the other having a design area ratio for a
Mach number of 2.50 with 8y=10°. The ratio
of jet-exit diameter to base diameter was 0.75
for both nozzles.

-

S—

" RESULTS AND DISCUSSION

The theoretical calculations included in the

sections to follow do not form a complete coverage

-—— of what might be considered the current range of

interest. The number of parameters involved

- and their possible combinations preclude such

consideration herein. The calculations are in-

tended to be illustrative examples, and the con-

clusions drawn from them are subject to these
- limitations. '

© = "™Variation in basic flow parameters with y.—

Inasmuch as the ratio of specific heats y will be

v,. In this procedure, the jet total pressures
that produce the same base pressure for various

-~~vralues of y;-and-any-given nozzle-afterbody com-

bination are assumed to be those that yield the
same value of 5, Alternatively stated, the pro-
cedure is one for correcting the jet pressure ratio
for fixed known values of p,/p. and 5,. From the
comparisons that have been made by Cortright
and Kochendorfer, and others, this procedure
appears suitable for obtaining, at least, a first-
order approximation of the effects of v, upon the
base pressure and boattail pressures.

Figure 50 presents curves obtained directly
from the calculations of figures 48 and 49 that
may be used in applying the procedure just

« ——- -mentioned. In figure 50, the values of p/p, from

figure 49 are designated as p,/p.; or p»/p.; and
the values of » from figure 48 are designated as
»,or (v;+6;). With the value of », corresponding
to M, at the desired value of v, determined and
with the value of §, given, the value of (v,45,) at
the desired value of v, that is, the amount of
expansion necessary to reach p,/p.; i8 known.
The value of p,/p.; may thus be read from figure
50 at the desired value of v, Division of the

“"known fixed value of p,/p. by this value of

Da/Pes gives the corrected jet total-pressure ratio

T



- = wcme——apparently the same-in-terms-of.either total--

-+ - —prototype.

“750°In experimental studies bears some note."
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Pei/Pw, which when multiplied by p,/p.; corre-
sponding to A at the desired value of v, gives the
corrected jet pressure ratio p,/p.. For M;=1
the dashed lines (fig. 50) are ignored and the
curves are used directly since v; becomes zero.
For M,>1 the value of §; must be measured from
a base line corresponding to the value of M, con-
sidered (for which §;=0°), such as indicated by
the dashed lines. A detailed examination of the
curves of fizure 50 indicated that at a fixed value
of p;/p= (1 or greater) the base pressurc will
apparently always increase with decreasing 7v,.
(Emphasis is placed on the fact that the foregoing

--conclusion is in terms of jet static-pressure ratio

which is used throughout in this paper. In terms
of jet total-pressure ratio, no such conclusion may
be drawn since the reversal in the effect of ¥ upon
p/p. with varying M (fig. 49) that occurs near
M=2.25 may or may not reverse the effects of
v; upon base pressure beyond M,=2.25. Below
M;=225 the effects of v; upon base pressure are

static-pressure ratio.)

The possibility of misuse of the curves of figure
For
M,=1, the curves have a certain uniqueness in
that the nozzle area ratio for M/;=1 is independent
of v, For M,>1 the nozzle area ratio is, of course,
a function of v, as shown in figure 51, and the use
of a scale model of a prototype nozzle in experi-
mental studies employing cold air, for example,
results in a different value of M, from that of the
The correction for v, would be in-
correct if this different value of M, were employed
to obtain the corrected jet pressure ratio. The
preceding statement should not be' construed as
implying that M, per se has a significant effect

- —--o0n the variation of base pressure with jet pressure

B N S

ratio; experimental results obtained to date show
that M, has only small effect on this variation.
Of course the nozzle of a model could be designed
with the experimental value of ¥, to give the same
value of M, (by varying throat area only) as
obtained by the prototype with its value of ¥,.
Initial inclination of jet boundary for constant
M, 6y=0°, and 3=0°.—Figures 52 (a), (b), and
(¢) present for v,=1.115, 1.400, and 1.667, re-

. . _-...8pectively, the effects for a sonic exit (1£,=1.00

and fy=0°) of increasing jet pressure ratio p;/pa.
upon the initial boundary inclination 3, at several

T (g 52(b).
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values of free-stream Mach number M,. (These
calculations, as well as others to follow, correspond
to a base annulus thickness of zero and zero
boattailing and are for vy, =1.400 unless otherwise
speciied.) The curves indicate that for a given
value of v, the variation of &, with p,/p. experi-
ences small effects from varying M.. A compari-
son of figures 52 (a), (b), and (c) for a constant
value of M, shows that for a given jet pressure
ratio, decreasing v, causes an increase in &,
Figures 53 (a), (b), and (c) are cross plots of the
respective parts of figure 52 and show the varia-
tion of p,/p. with M, for several values of §,.
From both figures 52 and 53 the effect of increasing
M, is seen to be negligible for values of p;/p. of
the order of 2 or less.

A comparison of these calculatiens (figs. 52 and
53) with those for M,=0 (fig. 13) illustrates the
large effect that external supersonic flow has in
reducing §; for a given jet pressure ratio as a
result of the presence of the exit shock. As an

or —example, -for «,=1-400—-8nd -p;/p. =8 the.wvalue

of 3, is approximately 37.3° for M.=0 (iig. 13),
whereas for M, =3 the value of §, is about 17.1°
It is obvious from the outset, there-
fore, that inclinations of the external flow in the
vicinity of the jet boundary caused by jet opera-
tion will, for a given value of p,/p. and v, be
considerably less for supersonic external ﬂow than
for subsonic external flow.

Initial inclination of jet boundary for constant
M., 8v=0° and 8=0°—Figure 54 presents for
v,=1.115, 1.300, 1.400, and 1.667 some examples
of the effects of M, upon p,/p. for several values
of 5;, The data of figure 54(a) are for M.=1.30
whereas those of figure 54(b) are for M, =2.00.
All calculations were made with 6y=0° and 8=0°.

-- Examination of the curves again indicates that

1

‘between M,=

for any value of M/, the effect of decreasing v, at
constant p,/p. is to cause an increase in 3,
Further, the minimum in the curves that occurs
1 and about 1.5 indicates that for
a given value of p,/p. the effect of increasing
M, is to increase §, initially and thereafter to
decrease §;.

* Initial inclination of the exit shock for varying
M. and M,, 8y=0° and 3=0°.—The data of
figure 54 may be used to calculate the initial
inclination of the exit shock of the type illustrated
in figure 46. The results are presented in figures
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55 (a) and (b) for M_,=1.30 and 2.00, respectively.

"Again, all calculations were made with 6y=0° and

B=0°. The effects of p;/p. upon § are shown for
v,=1.115, 1.300, 1.400, and 1.667 at each of several
values of M; from 1.00 to 4.00. These curves
indicate the significant effect that v; may have
upon the approximate upstream limit (i.e., the exit
shock) of the interference pressure field created
by a jet as a result of the change in shock inclina-
tion. The duplication of ¥, in experimental

-studies of jet interference upon surfaces as shown

in figure 46 would, therefore, in many instances
appear desirable. However, in experimental
studies of jet interference, the duplication of v, is
sometimes not practical or possible. In such
instances, curves of the type given in figures 52
to 55 may be used to convert the values of p,/p,
corresponding to the experimental value of v, to
values of p,/p_ for simulated y,, For example,
consider the case of M,;=2.00, M,=2.00, and
experimental values of p,/p.,=20 and v,=1.667.
A simulation for v,=1.300 is desired. From figure
55(b) the shock inclination £ for the experimental

conditions is about 59.4°; the experimental con-
ditions represent, therefore, a value of p;/p, =12

-for v,=1.300. Although this procedure may be

used in experimental work to give duplication of
the exit shock inclination and §; without duplica-
tion of v, it is important to note that the jet
structure and, consequently, the interference
pressure field downstream of the exit shock is not
exactly duplicated, although it may be adequately
duplicated for the purpose of the investigation.
Some aspects of this problem will be considered
next.

Examination of simulation of jet bound‘aﬁry and
ambient wave interference field.—Because of the
negligibly small differences found in the boundaries
of supersonic jets exhausting into still air for
difterences in v, of the order of 0.1, provided the
initial inclination is duplicated, an attempt was
made to determine whether equally small differ-
ences in the boundary shape and, of equal impor-
tance, in the ambient wave interference field could
be expected for supersonic jets exhausting into
supersonic streams under the same conditions of
simulation (identical §,). At the outset, there are
reasons for suspecting that the effect of a given
change in v, would have less effect upon the jet-

“"="boundary shape for jets exhausting expansively

“even machine calculations with the procedures

into supersonic streams as compared with jets
exhausting into still air at the same value of p;/p..
For example, for the same value of p;/p. the jet
exhausting into the supersonic stream undergoes
considerably less expansion than the jet exhausting
into still air because of the pressure rise across
the exit shock generated in the supersonic stream.
Thus, effectively, the first portion of the issuing jet
flow for the jet exhausting into the supersonic
stream resembles that which occurs for a jet
exhausting into still air at a significantly lower
value of p,/p,. For jets exhausting into still air
it has already been shown that the lower the value
of p,/pa, the less the effect of y,; moreover, at
ps/p=-=1 changes in v, greater than 0.4 were shown
to have negligible effect upon the boundary shape
of jets exhausting into still air,

The structure of an axisymmetric supersonic jet
and the wave interference field it creates in the
ambient supersonic stream may be calculated by
the method of characteristics (see refs. 19 and 20).
However, the complexities involved discourage
presently available. Of the few calculations that
have been made, one of the most complete appears
to be that of Schifer (ref. 20). This calculation
was made for a jet having M,;=2.37, v,=1.405,
and 6y=12.5° and exhausting at p,/p.=8.9 into
an ambient stream having a Mach number of 3.24
and a ratio of specific heats of 1.405 (same as the
jet); the exterior surface ahead of the jet exit had
a boattail angle of 9°.  The net for this calculation
is reproduced in figure 56. In reference 21, the
isobars for this calculation have been computed
and the calculation is presented in isobar-stream-
line form. The Schifer calculation has been
repeated with the initial variables remaining the
same except for v, which was changed to 1.300,
and p,/p., which was reduced so that the initial
inclination of the mixing boundary was duplicated.
This new calculation was carried to the maximum
diameter of the jet. The boundary shape and the
interference isobars in the ambient stream ob-
tained in this calculation could not be distin-
guished from those shown in reference 21. Thus,
the conclusion drawn for jets exhausting into still
air would appear to apply as well to jets exhausting
into supersonic streams, namely, differences in
v, of the order of at least 0.1 create negligibly small
differences when the initial inclination of the jet
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boundary is duplicated.

~~Injtial inclination of jet boundary for varying
M., M, 0y, and 8.—On the basis of the results
shown in the preceding section, cold air jets may
be expected to yield satisfactory results in many
studies of jet interference by duplication of §, (or
) only. Thus far, the curves that might be used
for simulation purposes have been restricted to
6v=0° and 8=0°. It appears desirable, therefore,
to examine the case of finite 6y and 8, particularly
for the case where cold-air-jet simulation would
amount to a difference in v, from the hot jet of the
order of 0.1. Calculations were made of the
initial boundary inclination §, for y.=1.400 and
v,=1.286 (or 9/7). This value of v, is generally
representative of many hot jets; furthermore, some
of the required flow properties for the calculations
were available for this value. The calculations
cover ambient-stream Mach numbers of 1.2, 1.5,
2.0, 2.5, and 3.0 at the boattail surface immediately
ahead of the exit, jet exit Mach numbers of 1.0,
1.5, 2.0, 2.5, and 3.0, values of 6y and B ranging
from 0° to 20° immediately ahead of the exit, and

values of p,/p. within the approximate inviscid
limits for supersonic flow, except at the higher

—e—-xalues of M, and M, where the calculations were

terminated somewhat short of these limits.
Appendix D gives additional details on these
calculations. Note that 8y and 8 in these calcula-

tions refer to conditions immediately upstream
-—of the jet exit. ‘

The results of the calculations are presented in
figures 57 to 61. The curves for all values of M,
are shown together for a particular value of M.,
and a particular combination of 8 and 6y. The
curves for & particular combination of 8 and oy
can be simply converted to those applicable to
the infinite number of combinations of 8 and 8y
that may be formed to give the same sum of 3-8y,

T~ provided both 8 and gy remain positive according

to _the original convention. For example, curves
for 8=10° and 6y=0° can be made applicable to
#=8° and 6y=2° g=5° and y=5°, 8=0° and
8x=10°, and so forth, because by maintaining the
sum of -6y constant, one is merely rotating
the infinitesimally small fragment of the boattail
and nozzle surface just ahead of the exit (see
appendix D) about a point formed by the junc-
ture of the boattail and nozzle surfaces, and is

- —==~therefore not altering the other initial quantities.

Accordingly, the value of p,/p. remains unchanged,
and the value of §; changes by the amount that
B (or 6v) was changed. For example, if 8 were
decreased 5°, §; would increase 5°. The expres-
sions in appendix D for determining the type of
disturbance phenomenon are also applicable to
these converted values of 3, 6y, and §,.

The present results for finite 6y and 8 show a
similiarity to those given earlier for 8x=0° and
f=0° in indicating a small effect of M, and,
therefore, by the reversibility of the problem, an
equally small effect of M .. Although the present
calculations were based on a base annulus of zero
thickness, results shown previously herein and in
reference 5 would appear to indicate that the re-
sults of the present calculations could be satisfac-
torily applied to configurations having thin base
annuli.

The present calculations may also be used to
obtain an idea of the order of magnitude of p;/p.
associated with the separation of a turbulent
boundary layer on the boattail surface or on the
nozzle surface. If the value of (5,4+8)>0 and
exceeds the critical turning angle associated with
separation (of the order of that shown in ref. 22)
for the same initial conditions that exist on the
boattail just ahead of the jet exit, then separation
may occur on the boattail surface. In like man-
ner if the value of (§,—6y)<<O and if |6,~—6y| ex-
ceeds the critical angle associated with separation
for the same initial conditions that exist on the
nozzle just ahead of the jet exit, then separation
may occur on the nozzle surface.

Basic considerations of jet structure.—From
figure 56 the indication is obtained that, theo-
retically, a8 supersonic outer stream will permit an
intersecting shock pattern to exist within the jet
at much higher jet pressure ratios before giving:
way to & Riemann wave than would be the case
for a subsonic outer stream. Previous experi-
mental observations such as presented in reference
23, for example, support this indication.

For a supersonic outer stream, wavelength
ceases to be a function of jet properties only and
is subject to the additional effects of the outer
stream variables. However, when the mixing
boundary between the jet and outer stream is
subsonic, the jet does tend to exhibit periodic
structure, as has been shown experimentally. So
long as the mixing boundary remains subsonic, the

e e e e e e -
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shocks which occur within the jet must obviously
be reflected at the subsonic boundary and cannot
penetrate into the outer stream. Nevertheless,
the jet structure and the pressure felds in the
outer stream are interrelated because of the pres-
sure balance that must take place at the mixing
boundary. When the mixing boundary is super-
sonic throughout, the shocks which occur within
the jet are not reflected upon reaching the mixing
boundary but continue through the boundary and
into the outer stream and are bent or deflected
without discontinuity according to the Mach
number distribution and direction of flow in the
mixing boundary and outer stream. Examples of
shocks passing through the boundary have been
observed in several jet studies; an excellent photo-
graph of this phenomenon for two-dimensional
flow may be seen in figure 36 of reference 24.
The possibility exists for the case of a super-
sonic mixing boundary that as the shock from
within the jet traverses the mixing boundary,
the so-called second-family characteristic or Mach
lines having their origins along the portion of the

shock within“the mixing boundary may diverge,
creating an expansion, or may form an envelope

-~ =————e—thereby creating a weak secondary shock within

the jet which has the appearance of a reflected
shock. The manner in which this occurs is some-
what analagous to the interaction of incident
shocks with the supersonic pertions of boundary
layers, as described in reference 25. If a second-
ary shock (or expansion) occurs, the phenome-
non may repeat itself when the secondary shock
(or expansion) traverses the mixing boundary and
will continue in this fashion until the compressions
(or expansions) within the jet are eliminated.

If all initial conditions for which a secondary
shock occurs are assumed to remain invariant and
the supersonic mixing boundary is pictured as

' being compressed to zero thickness, the shock

from within the jet will have a discontinuity in
slope at the point where it crosses the boundary
and the secondary shock will have its origin at this
point. Thus, the conditions become those ame-
nable to inviscid theoretical treatment, namely,
supersonic streams separated by a supersonic
interface. A two-dimensional study by Kawa-
mura (ref. 26) of the supersonic interface and
wave patterns in the two-dimensional supersonic

compound jet will be considered in the following
section.

Kawamura analysis.—The analysis of Kawa-
mura (ref. 26) is applicable to low jet pressure
ratios only, but the results are indicative of what
might be expected to occur at much higher jet
pressure ratios. In this analysis Kawamura de-
velops expressions for the changes in flow direc-
tion and pressure and establishes the type of
secondary or so-called reflected wave and the jet

structure on the basis of the parameter )\=$ (sin

s cos w). It is shown that if at the supersonic
interface the difference between local values of
X for the free jet and the outer stream A\p—X\.- is
positive, a compression wave {or expansion wave)
passing from the jet through the supersonic inter-
face and into the outer stream will cause a com-
pression wave (or expansion wave) to be reflected
into the jet; that is, the reflected wave is of the
same type as the wave which passes thrdugh the
boundary. If M—DM\a- is negative the reflected

. wave i8 of opposite type. - As the jet structure

decays in passing downstream, Kawamura shows
that the wave pattern composing this structure is
of the same type (compressive or expansive)
throughout the jet if \p—M\.. is positive and of
alternating type if Ay—\.  is negative.

The values of the basic Kawamura parameter
X have been computed for M=1.0 to 3.0 and
y==1.100 to 1.667. The results are given in fig-
ure 62. Values of the difference parameter
Ay—\os have also been computed and are pre-
sented in figure 63 as & function of M, for vary-
ing v; and M,.. The primes again denote local
values at the interface. The values of N and
Asr—Aas given by these curves may be used to
obtain flow direction and pressures by substitu-
tion in the expressions given in reference 26.
The curves in figure 63 are of particular signii-
cance to the problem of jet interference in that
they show the degree of importance of simulatiop
of v; in experimental studies which are concerned
with jet structure and the changes in the pres-
sure fields of the outer stream that are caused
by the jet. One might expect the indication that
the greater the difference between the experi-
mental value of v, and the value for true simu-
lation, the greater the error in jet structure and

-
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in the interference pressure fields created by the
jet. Not so obvious, however, is the indication
that it is possible for differences in v, to result
in a type of jet structure and ambient pressure
field that is opposite from that for true simulation.

In applying the procedures of Kawamura and
in studies of shocks within the jet, a knowledge
of the effect of ¥ upon shock inclination § is
helpful. Calculations have been made of the
-variation of £ with & for M=1.50 to 5.00 and
y=1.115 to 1.667. Since (excluding y=1.400)
this information is not generally available, it is
presented in figure 64.

Conditions for no reflection at supersonic inter-
face.—In reference 25, Barry has shown for the
case of two supersonic flows separated by a super-
sonic interface and having identical values of v
that, if the difference between the Mach numbers
of the two flows is small, there will be no reflection
at the interface from the passage of a shock
through the interface when the average Mach
number of the two flows equals v2. From the

work of Kawamura discussed in the previous
section, no reflection would be expected from the

-mempassage of compression or expansion waves through

a supersonic interface when A,—\, =0. Figure
65 presents the variation of M. with M, for no
reflection at several values of vy, as determined
from the calculations for figure 63. The 45° line
“for v,=1.400 is the trivial solution for y,=v. and
M,=M.. A confirmation of Barry’s solution
becomes readily .apparent at the intersection of
the curves for v,=1.400. Perhaps the most
important conclusion to be drawn from figure 65
is that the condition of no reflection is one which
may occur often.in practical applications even
from a nonviscous consideration. The inclusion
of viscous effects, and therefore 2 mixing boundary
‘of finite thickness, would tend to weaken a reflec-
tion since the origin of the reflections is not
confined to & point. Accordingly, reflections with-
in jets having supersonic mixing boundaries would
be expected to have a much lesser interference
effect upon the pressure fields in the outer stream
than the waves which give rise to these reflections,
and to eliminate themselves rapidly within the
course of a few additional reflections.
Experimental observations.—The schlieren ob-

- = -~ =—gervations of references 5 and 27 demonstrate, for

8 two-dimensional jet with a supersonic mixing

[
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boundary, the weakness of the reflection associated
with the passage of a strong shock from within the
jet into the outer stream. Also illustrated is the
very rapid elimination of reflections (ref. 27, in
particular). In no instance could more than two
reflections be detected within the jet, and in most
instances only one.

For axisymmetric jets, the schlieren observations
of several studies never show more than three
reflections when a strong shock from within the
jet passes through a supersonic boundary into the
outer stream. In most instances, there is only
one visible reflection and, in some instances, no
reflections are visible. The pressure measure-
ments of reference 18 also indicate the rapid
elimination of and attenuation in strength of such
reflections. ,

In order to observe the reflections, jet structure,
and disturbances introduced into the outer stream
at distances considerably farther downstream and
away from the jet axis thzm was possible in the -
tigation descmbed earher in thls part of “the
paper was undertaken. With the support arrange-
ment employed (see fig. 47), the results of reference
23 indicate that some interference upon the jet
from the side strut is to be expected; however,
this interference is not believed to affect the
qualitative results of the tests. Some examples
of the schlieren photographs obtained in these
tests are shown in figures 66, 67, and 68. In none
of the photographs could more than one reflection
be detected, after which the jet continued down-
stream with only small spreading. For a given
pressure ratio, the jet for M;=2.50 did not dissi-
pate so readily ig moving downstream as did the
jet for M,=1.00. From these tests, indications
are that for jets with supersonic mixing boundaries
the reflections associated with the passage of the
shock from within the jet into the outer stream
may be assumed to have negligible interference
effects upon the ambient stream. Downstream
of the region where the jet shock passes through
the mixing boundary, it appears permissible to
assume for interference studies that the jet is
cylindrical in shape; this is in agreement with the
pressure surveys of reference 23. Insofar as
axisymmetric jets are concerned, the main dis-
turbances introduced into the outer stream will,

“for supersonic mixing boundaries, apparently be
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the exit shock (or expansion) and the shock from
within the jet.

From available experimental results, the pres-
ence or absence of & Riemann wave within a jet
bounded by a supersonic stream is indicated to be
a function of the base and afterbody geometry as
well as the flow variables of the jet and free
stream. In general, however, the Riemann wave
occurring at low values of p,/p. gives way to an
intersecting shock pattern at higher values of
Ps/P- than for the same jet exhausting into still

air. Once the intersecting shock pattern occurs

within 2 jet bounded by a supersonic stream, the
present results indicate that it will remain to a
value of p,/p. many times that for which the
Riemann wave would reappear in the same jet
exhausting into still air; after the Riemann wave
reappears, its growth with p,/p. is much less for
the jet bounded by a supersonic stream.

Comments on boundaries at large values of
P;/P.—From the calculated boundaries presented
in the first part of this paper for a jet exhausting

.o — ———~.——into still air at large values of p,/p., it is apparent

that a rocket-propelled hypersonic vehicle may
encounter serious jet interference problems if it
encounters the large values of p,/p. that are likely
to occur at high altitudes. These problems arise
from the presence of the large, bulbous, free jet of
gases immediately downstream of the nozzle exit,
and are, in the main, twofold. TFirst, the large
deflections of the free-stream flow caused by the
jet flow may result in major aerodynamic inter-
ference upon nearby surfaces; for example, large
regions of separated flow may occur on the vehicle
surface ahead of the rocket exit. Second, the heat
existing in the core of this large mass of gases may
at hypersonic speeds introduce direct heating
problems through radiation by causing the tem-
peratures of the nearby surfaces which are already
experiencing high aerodynamic heating to exceed
the criticall values. None of the aerodynamic
interference effects can be estimated with any
reliability without some knowledge of the magni-
tude of the region encompassed by the free jet,
the initial inclination of the jet boundary, the
shape of the boundary, and the applicability of the
results for exhaust into still air at large values of
Ps/P-- Since these problems now confront the de-
signer, a few comments on a jet issuing from a

hypothetical ground-launched hypersonic vehicle
seem in order.

Figure 69 presents an assumed speed-altitude
variation for this hypothetical hypersonic vehicle.
For simplicity a single rocket is assumed to pro-
vide power for the vehicle and the rocket is
assumed to operate at design value at sea level
(that is, at p,/p.=1); in practical applications
the value of p,/p. at sca level is usually less than
1.0 if the rocket is to encounter high altitudes.

The variation of p,/p. with altitude was cal-
culated with p, assumed equal to the pressure at
altitude and with the pressure at altitude varying
according to the ICAO standard atmosphere (ref.
28) with extensions to higher altitudes. The
value of p;, was assumed to be invariant with
altitude. The variation thus obtained is shown
by the solid curve in figure 70 and represents the
conditions shown in sketch 1. It is important to

Exit shock--._
e e - _ et boundary
Par Mg
S ————
/ b D' MI
—_-——_—— - Jet aus
Sketch 1.

note that the solid-line curve in figure 70 is inde-
pendent of the value of M. at altitude; the speed
of the ambient flow could be zero at all altitudes
or could vary in some arbitrary manner as in
figure 69.

In order to examine the effect of speed-altitude

variation of the hyvpothetical vehicle (fig. 69) on
the initial inclination of the jet boundary §,, con-
sideration must be given to the pressure rise
through the shock in the ambient flow. For large
pressure ratios, separation will undoubtedly occur
on the external surface ahead of the base because
the boundary layer will not withstand a pressure
rise of the magnitude necessary to turn the flow
through the large initial deflections of the jet
boundary. Sketch 2 probably represents a more
realistic representation of the phenomena. Little

(S
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Shock at start of
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Sketch 2.

is known at present about the pressure rise asso-
ciated with separation at hypersonic speeds; con-
sequently two conditions have been examined.
For one condition a pressure rise p’,/p. cor-
responding to a 30° turning of the flow through an
oblique shock at separation is assumed to occur;
for the other condition, in order to have a quasi-
limiting condition, the pressure rise through a
normal shock is assumed to have taken place ahead
of the separated region. In the determination of
the resulting values of p,/p’., the pressure p’,
is assumed to hold throughout the separated
-regiomr: The curves corresponding to the oblique
shock with 30° turning and to the normal shock
are shown in figure 70. Of course the portions
of the curves at very low values of p,/p’. have
no meaning since a 30° deflection of the external
flow by the jet would be impossible at these low
values. For large pressure ratios, however, the
oblique-shock curve should give a reasonable
first-order indication of the values of p;/p’. that
would be encountered, and the fact that the
normal-shock curve is not greatly removed from
the oblique-shock curve is believed to indicate
that values of 3, calculated from the oblique-shock
eurve could not be greatly different from those
that are experienced with practical configurations.

Since the curves of figure 70 are independent of
¥ 6y, and M, they may be applied to the nozzle
of the still-air study having M,=2.5, 8y=15°,
and varying values of v, Values of the initial
inclination of the jet boundary &, for this nozzle
have been determined with the aid of figures 35
and 70 and the results are shown plotted against
geopotential altitude in figure 71. The solid-line
curves are for M,=0, and the dashed-line curves
are for the speed-altitude variation of figure 69
with the oblique-shock separation of the boundary
layer. Although only the curves for v,=1.200

may be considered applicable to the rocket-
propulsion unit of the hypothetical vehicle, the
curves for the other values of v, have been included
to point up the effect of v, and for nossible informa-
tion on the behavior of jets on reaction controls.
Again the lower portions of the dashed-line curves
(small §,) have no meaning. The difference
between the solid-line curve and the dashed-line
curve at a particular y; shows the effect that the
presence of supersonic ambient flow, defined ac-
cording to figure 69 and with separation ahead of
the base, has in reducing the initial deflection of
the boundary. As the extremely large pressure
ratios of high altitude are approached (fig. 71),
the effects of the ambient flow may be readily
deduced from these curves to be secondary in
determining the value of &, Of particular im-
portance is the indication that feasible rocket-
propelled hypersonic vehicles may encounter,
within their range of operation, initial inclinations
of the jet boundary approaching and exceeding
90°; consequently, large regions of separated flow, .
together with large aerodynamic and possible
serothermal interference effects, may occur on
these vehicles.

The indication that the effects of the ambient
flow are secondary at extremely large pressure
ratios in determining the value of §; does not
imply that the shape of the boundary will not be
significantly affected by the ambient flow at lower
pressure ratios. No reason is apparent why the
procedure employed at low pressure ratios for
determining the shape of the portion of the jet
boundary that bounds the region of separation
(from point A to point B in sketch 2) should not
be useful at large pressure ratios; in this procedure
this portion of the boundary is determined by
employing the boundary of the jet exhaustign -
into still air at a pressure ratio equal to p,/p’..
However, at point B of sketch 2, where the sepa-
rated region ends and the jet flow and ambient
flow interact directly, a large and abrupt turning
of the boundary may be expected at large pressure

" ratios and hypersonic speeds, if the flow deflec-

tions accompanying separation at these speeds are
of the order of 30° (turbulent boundary layer
preceding separation). Beyond point B the
ambient flow will have significant influence on the
boundary shape in the same manner as it does at
low pressure ratios and supersonic speeds.

e —_— -
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CONCLUDING REMARKS

Some experimental and theoretical studies have
been made of axisymmetric free jets exhausting
from sonic and supersonic nozzles into still air
and into supersonic streams with a view toward

" problems associated with propulsive jets and the

investigation of these problems. The scope and
results of these studies are divided into two
sections.

JETS EXHAUSTING INTO STILL AIR

For jets exhsusting into still air, the primary
variables considered were jet Mach number, nozzle
divergence angle, jet static-pressure ratio, and the
ratio of specific heats of the jet. The effects of
most of these variables upon jet structure, primary
wavelength, and the shape and curvature of the
jet boundary were studied. Observations were
also made of features pertaining to jet noise and
jet simulation. Some of the results and con-
clusions follow:

1. Divergence angle of the nozzle (0° to 20°)
has a small effect upon the primary wavelength
of the jetr—Existing miethods for predicting the
wavelength of an axisymmetric jet are inadequate
above a jet static-pressure ratio of about 2.
Semiempirical relations are presented which give
fair predictions of experimental results for jet
Mach numbers from 1 to 3.

2. Curves defining the existence as well as the
location and diameter of the Riemann wave are
presented. Increasing nozzle divergence angle
reduces significantly the range of jet static-pres-
sure ratios in which no Riemann wave occurs.
The effect of jet Mach number is not clear in the
lower range of jet Mach numbers, but for the
higher range of jet Mach numbers an increase in
jet Mach number increases the range of jet static-
pressure ratios in which no Riemann wave oceurs.
An intersecting shock pattern is clearly restricted
to low jet static-pressure ratios.

3. A tabulated solution of the expansive flow
field calculated by the method of characteristics
is presented for the jet with sonic exit. Calcula-
tions by the method of characteristics employing
the procedure of foldback appear adequate for
predicting both jet boundary shape and shock
location within the jet, provided the calculations
are not carried too near the end of the first wave-
length of the jet.

4. A circular-arc boundary is a satisfactory
prediction, both theoretically and experimentally,
of the first portion of the jet boundary from the
jet exit to the vicinity of the maxinum diameter
of the jet. The range of applicability of the
Johannesen-Meyer solution for the initial curva-
ture of the boundary is, as the solution implies,
restricted to regions in very close proximity to the
exit. Values of the integrals for general use of the
Johannesen method of characteristics are pre-
sented for a broad range of application.

5. Approximately 3,000 calculated boundaries
are presented. These boundaries cover jet static-
pressure ratios from 1 to about 42,000, values of
ratio of specific heats of the jet from 1.115 to
1.667, nozzle divergence angles from 0° to 20°,
and jet Mach numbers from 1.0 to 3.0. Most of
these boundaries (2,960) comprise & systematic
study in the static-pressure range from 1 to 10
for conically divergent nozzles, and are presented
in a form that facilitates practical use. From these
calculations, a random selection of boundaries is
used to show the effects of the several variables
involved.

6. The possibility of interpolating and extra-
polating boundaries is discussed, and the feasibility
of simulating one supersonic jet by another super-
sonic jet is examined. With regard to simulation,
the results indicate that the differences between
boundaries for jets having different ratios of spe--
cific heats, but the same jet Mach number and
nozzle divergence angle, are negligibly small when
the initial inclination of the boundary is dupli-
cated and when the difference in the ratios of
specific heats is not much greater than about 0.1.
Cold air jets thus offer the possibility of satis-
factory simulation in many investigations.

7. Observations of the sound waves generated
by the jet indicated that the type of sound wave
that may be observed is dependent upon the
sensitivity of the optical system employed;
therein may lie the apparent discrepancies be-
tween some of the visual studies of sound waves
associated with jets. The present observations-
tended to confirm in general the hypotheses of
Powell and Lighthill regarding sound waves
associated with degeneration of jet structure and
with eddy convection velocity, respectively.

s - = e
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JETS EXHAUSTING INTO SUPERSONIC STREAMS

- For jets exhausting into supersonic streams, an
attempt was made to present primarily theoretical
* curves of the type that may be useful in evaluating
certain jet interference effects and in formulating
experimental studies. The primary variables
considered were jet Mach number, free-stream
Mach number, jet static-pressure ratio, the
ratio of specific heats of the jet, nozzle exit angle,
and boattail angle. The simulation problem was
-examined as was the case of a hypothetical hyper-
sonic vehicle. A few experimental observations
were made. A summary of the types of curves
which have been presented and some of the
indicated conclusions follow:

1. Curves of the type applicable to the Cort-
right-Kochendorfer method for correcting base-
pressure data for one value of the ratio of specific
heats of the jet to other values are given for a
broad range of operation. Apparently the base
pressure for a given value of jet static-pressure
ratio will always increase with decreasing ratio
of specific heats of the jet.

-2~Anumber of curves are presented for the case
of zero exit angle of the nozzle and zero boattail

the initial inclination of the jet boundary. At a
constant jet Mach number of 1 (sonic exit), the
variation of the initial inclination of the boundary
with jet static-pressure ratio experiences small
effects from varying free-stream Mach number;
these effects are negligible below a jet static-
.pressure ratio of about 2. For a given free-stream
Mach number, increasing jet Mach number at a
fixed value of jet static-pressure ratio first increases
the initial inclination of the jet boundary (jet
Mach number near 1) and thereafter decreases the
initial inclination of the boundary (jet Mach
numbers of the order of 1.5 and greater). For a
given value of jet static-pressure ratio and fixed
jet Hroperties, the initial inclination of the jet
boundary is always less for a supersonic than for a
subsonic ambient stream.

3. Decreasing the ratio of specific heats of the
jet always increases the initial inclination of the
jet boundary. The ratio of specific heats of the
jet can have a significant effect upon the initial
inclination of the exit shock in the ambient super-

—sonic stream and, therefore, upon the upstream

_angle to show the effects of other variables upon.

limit of the interference pressure field created by
the jet. The type of curves presented to show
these effects may be used to achieve simulation of
initial inclination of the boundary and initial
inclination of the exit shock in experimental
studies without simulation of the ratio of specific
heats of the jet. (Jet structure is not simulated.)
An illustrative calculation shows that this simula-
tion also gives adequate simulation of the bound-
ary shape and of the ambient wave interference
field created by the jet provided that (as in the case
of jets exhausting into still air) the difference

" between the ratios of specific heats for the simu-

lated jet and the prototype jet is of the order of
0.1 or less.

4. Curves are presented that give the initial
inclination of the jet boundary for varying boat-
tail angles and nozzle exit angles. For these
curves, the ratio of specific heats for the free
stream is 1.400 and that for the jet is 1.286. Noz-
zle exit angles range from 0° to 20°, boattail
angles from 0° to 20°, jet Mach numbers from 1 to -
3, and free-stream Mach numbers on the boattail

" surface from 1.2 to 3.0. Both jet Mach number

and, by the reversibility of the problem, Mach
number on the boattail surface have in general a
small effect upon the results. .

5. Consideration is given to jet structure and
the phenomena to be expected in the presence of
subsonic and stpersonic mixing boundaries.
Curves are presented of the basic Kawamura
parameter and of the difference paramecter, from
which the importance of the ratio of specific heats
of the jet to the jet structure and ambient pressure
field may be gathered. Curves showing the
effects of the ratio -of specific heats upon shock
inclination are included. ‘

6. In practical application, it is quite possible
to have a condition of no reflection from the pas-
sage of a shock from within the jet through a
supersonic mixing boundary and into the outer
stream. Experimental observations indicate that
when such reflections do occur they are weak and
eliminate themselves rapidly. For jet interfer-
ence studies, it appears permissible to assume that
the jet is cylindrical downstream of the region
where the shock arising from within the jet passes
through the mixing boundary.

7. A cursory examination of the behavior of the
propulsive jet on a hypothetical rocket-propelled
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hypersonic vehicle indicates tliut feasible hyper-
sonic vehicles may encounter, within their range of

- operation, initial inclinations of the jet boundary

approaching and exceeding 90°. Consequently,
large regions of separated flow may occur on such
vehicles, together with large aerodynamic and
possible aerothermal interference effects. When

extremely large pressure ratios are encountered at
high altitude, the effects of the ambient flow are
indicated to be secondary in determining the
initial inclination of the jet boundary.

LancLEy REseEaRcH CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
LaxcLEYy FieLp, Va., August 22, 1958.

25 ’



Py

APPENDIX A

CALCULATIONS BY METHOD OF CHARACTERISTICS

BASIC CONSIDERATIONS

For several years, the Langley Bell Computing
Section has had established procedures for char-
- acteristic calculations, by machine, of the lattice-
~point type which do not require iterations in the
point-to-point flow-field calculations. The char-
acteristic nets thus calculated must, therefore, be
somewhat more dense than those employing
iterative methods for comparable accuracy. (See
refs. 19 and 29 for descriptions of lattice-point
type of characteristic calculations.) Insofar as
possible the present investigation utilized the
procedures of the Langley Bell Computing Section.
Nevertheless, certain complications arose in the
calculations. They were as follows:
(1) The solution for points on and near the jet
axis which must be confronted regardless of the

type of characteristic calculation employed ~ -

(2) The choice of procedure to follow when

-om o e -memaiDtersecting characteristics of the same- family

indicated the presence of a shock
(3) The solution for divergent nozzles which

- the existing lattice-point procedures could handle

only by time-consuming additions to the calcu-
~lations
(4) The solution for the sonic exit

These four subjects will be covered in the sections
to follow.
POINTS ON AND NEAR THE AXIS
The characteristic calculations for a given set
of initial conditions were originally proposed to be
carried through only until the maximum height of

--the jet boundary was reached. This limit was

selected for two reasons: First, the boundary shape
beyond the maximum height usually has little
practical value, and, second, the number of solu-
tions required on the jet axis would be reduced.
Although the latter would not be encountered at
the higher values of M, and 6y (this accounts for
the continuance of some of the calculations for
Oy #0°), they would cause considerable delay in -
the overall program in that they required trans-
calculation from machine to manual to machine.
26

The frequency with which this transcalculation is
required becomes increasingly severe as M,
decreases. Several procedures are -available for
refining the calculations near the axis, most of
which are discussed in reference 19. The method
of successive approximations as described in refer-
ence 29 was used in the present calculations with
at least two approximations being made for the
first point on each first-family characteristic
leaving the axis. This procedure gave satis-
factory results for all nets except those for M,
=1.01 as can be observed in figure 14(a) where the
change in slope of the second-family characteristics
reverses sign in reaching the axis, an obvious indi-
cation of appreciable error. Calculations at
higher values of M, have shown that surprisingly
large errors in the flow field near the axis can be
present without seriously affecting the shape of
the portion of the jet boundary considered herein

-or the coalescence of characteristics (shock growth)

near the boundary. An indication of the error
on the axis and its effect on boundary shape for
the most critical condition (M,;=1) will be covered
in the section on the solution for the sonic exit.

INTERSECTION OF LIKE CHARACTERISTICS AND
SHOCK GROWTH

The occurrence of a shock is first indicated by
the intersection of the last expansion character-
istic from the lip of the nozzle and the iirst
reflected characteristic from the boundary. Suc-
cessive intersections of the same type indicate a
growth in strength of the shock and define its
shape and location. Several procedures are avail-
able for handling the occurrence of a shock. The
rigorous solution is to combine the shock equations
and the characteristic equations. The ensuing
computations become so complicated, however,
that this approach is rarely used except to demon-
strate the procedure. To date, no satisfactory
method has been found to incorporate the pro-
cedure in machine calculations; consequently, it
was not considered for use. Of the remaining

S A
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. —-procedures, all require transcalculation except the

use of a foldback procedure which permits the
machine to make continuous calculations from
the axis to the boundary. From a cursory exam-
ination, none of the remaining procedures appear
to give accuracy better than that obtained with
foldback, and some are inferior. For the above
reasons, the foldback procedure was used in the
present calculations as shown by the character-
istic nets in figure 14. This procedure is given
this name because of the manner in which the
characteristic net folds back upon itself as the
calculations proceed beyond the point for the
occurrence of a shock within the jet. In essence
the characteristic equations are permitted to
handle their own difficulties by ignoring the inter-
section of characteristics of the same family. The
location of the shock is established by the inner
envelope of the intersections of like charscter-
stics, clear examples of which may be seen at
Pi/P«=10 and 20 in figure 14(a). The jet flow
field between the shock and the jet boundary is

portion of the net is deleted. Thus the method

__ of foldback predtcts boundary and shock location

‘and actually gives the type of discontinuities in
velocity and direction that occur in crossing a
shock.

SOLUTION FOR DIVERGENT NOZZLES

As mentioned previously, the lattice-point pro-
cedures available for machine computations at the

time of these calculations were not amenable to

ready solutions for dy other than zero. The cen-
tered-expansion charccteristic method of Johan-

. nesen and Meyer (refs. 2 and 14) is readily appli-

cable to any free jet problem (p,/p.21) but this
procedure was not available for machine computa-

-.tion nor had the integrals (see appendix B) been

evaluated at the time of these calculations except
for the range of M,;=2.73 to 3.89 (y,=1.400) and
for the intervals given in references 2 and 14. In
order to take advantage of the existing procedure
available for macbine, the properties of the leading
characteristic were calculated by the Johannesen-
Meyer method and used as a base from which the
calculations were continued in the same manner
as employed for y=0°. A brief description of the

_calculation of the leading characteristic by this
method follows.

Consider a conically divergent nozzle assumed
to give pure source flow and the polar and Carte-
sian coordinates as shown in sketch 3. The

Center of expansnon

Jet boundary

Jet axis

Sketch 3.

initial properties of the flow at the nozzle lip just
prior to exit are given, namely, M, u,, v,, and 6.
From the initial conditions and the relation

9 ot 1
R=C (1 +ﬁ sin’u> =D (gin ) vt (Al

the constant C'may be determined. With P repre-
_senting Busemann’s pressure number and ¢
'=1,000— P, the relation dt= —2d8 allows the value
of R to be evaluated for any value of §==6y+-do.
-~The- flow properties for,a given point on the
leading characteristics are thus determined and
the Cartesian coordinates of the point are

=R cos §— Ry cos 8y
. (A2)
y=Rsin 6

The relation between P and 4 was only available
for y,=1.4. Consequently, tables and charts
showing this relation for other values of vy, webe
prepared for these calculations. Inasmuch as
these data are not generally avmlable, they are
presented in table I.

An idea of the curvature of the leading charac-
teristic may be gained from reference 2 where an
expression for the point of inflexion has been de-
rived in terms of v, and the local Mach number on
the leading characteristic. This is

[/ 3
2—,

The curve given by this relation is shown in figure
72. For a constant value of v;, the leading charac-
teristic will be concave to the jet axis for values of

(A3)
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M above the curve and convex to the axis for
values below.

SOLUTION FOR THE SONIC EXIT

A solution to the sonic exit for M, exactly equal
to 1 is difficult since the slope of the leading char-
acteristic is infinite. The usual procedure is to
select a value of M slightly greater than 1 with the
implicit assumption that the difference in this
solution from that for M exactly equal to 1 is neg-
ligible. The first solutions for the sonic exit (fig.
14(a)) were calculated for M,=1.01 (x,=81.93°).
" The errors in the calculations near the axis
have been discussed and shown to be significant.
The advantages of having & so-called universal
solution for the expansive flow field leaving a
sonic exit for which the errors in the region of the
axis are small and for which the properties of
the expansive flow field are tabulated have been
recognized in the past. Such a solution would
not only be valuable to jet studies but to any
axisymmetric problem involving flow from a sonic

arifice (for example, in the design of axisymmetric .

nozzles for supersonic wind tunnels). By using
iterative procedures, Owen and Thornhill (ref. 30)

—~——have made a characteristic calculation of the flow

into a vacuum for AM;=1.0038 (4,=85°) with
special consideration being given to the flow near
the axis of symmetry. The properties of the flow
field off the axis are not given; consequently, the
additional universal applicability that this solu-
tion might otherwise have is lacking. This addi-
tional applicability would be somewhat limited,

-~-however, since the method employed, although

- ‘very accurate, gave large mesh size to the char-
acteristic net. The points defining the flow field
are, therefore, few.

In an effort to obtain a solution for the sonic

—--—- --—@xit that would have the flow field defined in small

increments and to assess the effect of errors near
the axis upon the jet boundary, the initial condi-
tions of Owen and Thornhill (M,=1.0038, x,=85°)
were utilized in a calculation of an exceptionally
dense net for p,/p.=2 with a second approxima-
tion being carried out for each axis point by trans-
calculation. The results of these calculations are
given in table IT for the expansion portion of the
flow field only. A comparison of the character-
_istic net at the axis and the boundary shape with

the solution for M,=1.01 (from fig. 14(a)) is
shown in figure 73. Figure 74 presents, to »
sensitive ordinate scale, a comparison of the non-
dimensional velocity distributions along the axis
for several conditions. A comparison of the results
for p,/po=2 in figures 73 and 74 shows that
appreciable errors in the characteristic net near
the axis and, therefore, in the velocity along the
axis, may have negligibly small effects upon the
boundary shape through the maximum value of
y/r; even for the critical condition of M,=1. The
initial portions of the velocity distributions for
Ps/P=-=10 and 20 and M,=1.01 are included in
figure 74 to illustrate the effects of further increas-
ing the mesh size (see fig. 14(a)). From the com-
parisons of the calculations for p,/p.=2, the
errors in the boundaries for p,/p.=10 and 20
may be expected to be small.

The calculation of Owen and Thornhill and the
present calculation (M;=1.0038) of the velocity
along the axis are in good agreement (fig. 74).
This agreement would appear to indicate that even”
near M=1-the simpler noniterative procedure of
the present calculation may be expected to give
results equally as satisfactory as those of the
more tedious iterative procedures if the net is
dense. Experimental measurements of the veloc-
ity along the axis have been made by a number of
methods. (See refs. 9, 10, and 31.) The probe
results of reference 10 and the interferometric
studies of reference 31 appear to contain least
error and it is from a comparison with these
results that Owen and Thornhill concluded that
the agreement between experiment and their cal-
culation was good. For a given accuracy in
measuring pressure, the use of total-pressure
probes to determine Mach number and velocity
introduces large errors as the Mach number de-
creases from about 1.2 to 1; consequently, for
values of z/r; less than about 0.45, the probe
results are subject to question. The interfero-
metric measurements (ref. 31) are subject only to
the accumulative errors in reducing the data; these
results are shown by the hatched band in figure 74
where the width of the band denotes the scatter
and probable error. Measurements have been
made by Mr. R. M. O’'Donnell of the Langley
Aeronautical Laboratory utilizing the mixing zone
apparatus of the Langley 9-Inch Tunnel Section.

|
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In order to avoid probe interference and the
inaccuracies near M =1, a splitter-plate technique
was used with orifices installed on the plate surface
along the jet axis. The results of these measure-
ments are also indicated in figure 74. A compari-

- §02688 0—3%0——3

son of the experimental results with the theoretical
calculations would appear to indicate that the
expansive flow field properties included in table
IT are sufficiently accurate to expect good results
in application to other problems.
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CALCULATION OF INITIAL CURVATURE OF A JET BOUNDARY BY USE OF THE METHOD OF
JOHANNESEN AND MEYER

-Johannesen and Meyer (ref. 14) have obtained
an approximate solution for the axially sym-
. metrical flow of a perfect gas in the region of an
e expansion around a corner. This solution, which is
in the form of an expansion in powers of the dis-
tance from the corner, replaces the conventional
method of characteristics in such a region. An
. application is made to a jet discharging into still
air where the static pressure in the jet nozzle is
higher than ambient pressure. A formula is
presented for the initial curvature, at the lip of

the nozzle, of & jet boundary.
With the use of the notation of reference 14

‘eurvature is given by

gy

—[gr sin 6, sin? up+u,(¢r)]

~ grsin® up B1)
. dg
Now on the jet boundary, (—ﬁe=0 and
—[gp 8in 4, sin? #r+7;1 (¢r)]
( R n-o_ qr sin® up (BZ)

(The initial radius of curvature in the sym-'

bolism of the textis p,/d; and is equal to 5 (——) )
2 do B=0

Each of the quantities of equation (B2) except
u;(¢r) may be easily determined once the initial
characteristics of the jet flow are given. The
velocity component u,(¢p) is given by

u1(¢)=K(¢)[L(¢) cos BotL,(4) sin B,
—AIy(3) cos B+ u(4) sin a.+0,] ®3)

where K(¢)=—=~ (1—2%242
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(given at the end of this appendix), the initial

and the integrals I;(¢) . . . I,(¢) can be written as

L= f cos & *;2}12) dz
-1 -

L#)= f sin (b ,;’::’/_12) dz

sin (k"sm"z) iz

(B4)
L(#)=

cos ()\“‘ sin—!z) d

L#)=

The limits of integration are determined from the

- values of z corresponding to ¢, and ¢ (the values -

which ¢ takes on the leading and final Mach lines,
respectively, at the lip). The relation between
z and ¢ is given as

2=sin X(¢+8,) (B5)

where

B.=#:.—-1r—¢c+% cot~! G tan ug (Bs)
It will be noted that 3, is also given by the Buse-
mann “pressure number’’ minus 1,000.

The integrals of equation (B4) have been
computed for 2= 1.400 over a large range of values
of 2(1.0SM,<5.2) and are tabulated in table III.
The value of each integral given in table III
represents the integral between the limits 2=0.03
and the value of z listed in the table. Thus in
applying these results to the calculation of the
initial curvature of a jet boundary, it is necessary
only to obtain z; and zp corresponding to the given
jet flow boundaries. The corresponding values of
I(¢) . . . I,(¢) can be obtained from table III
and the difference between the integrals for zs
and z represents the desired solution to equation
(B4).

In equation (B3), C, is an arbitrary constant
and, since the integrals of equation (B4) are zero

A st
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for z=2z,, it is given by

Uy (Br)
= Rian B

It will be noted that the solutions to equation
(B4) given in table IIT are useful not only in the
previously discussed application, but also in the
much broader application of the characteristic
calculation of the jet flow field as dlSCUSSGd in
reference 2.

NOTATION FROM REFERENCE 14

(All distances made nondimensional with re-
spect to radius of jet at exit)

a, critical speed of sound

Li(¢) . .. I(¢) integrals defined by equation (B4)
M Mach number

R, ¢ polar coordinates in meridian plane

with origin at center of expansion

Subsecripts:

c

F

velocity magnitude

velocity components in direction of
R and ¢ increasing

angle between downstream direction
on axis and local stream direction

local Mach angle
limiting value as center is approached

along boundary streamlme from
upstream

limiting value as center is approached—

along final Mach line in region of
centered expansion

limiting value as center is approached

along boundary streamline from
downstream

limiting value as center is approached
along leading Mach line in region
‘of centered expansion
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APPENDIX C
METHOD AND ACCURACY OF CALCULATIONS FOR CONICALLY DIVERGENT NOZZLES

CALCULATIONS FOR p/p_ OF 1 TO 10

The method of characteristics was used through-
out, and the procedure was similar to that de-

scribed in the section of appendix A entitled
“Solution for Divergent Nozzles.” The leading

characteristic lines and the initial values for the
characteristic lines from the center of expansion
were computed manually. The characteristic
nets were determined on a card-programed elec-
tronic calculator.

The calculations were proposed to be carried
through only until the maximum diameter of the
jet boundary was reached, since the shape beyond
the maximum diameter has little practical value.
It will be noted, however, that a number of the
boundary calculations extend beyond the maxi-

mum diameter. This random extension results
from a random continuance of the calculations;

....-w—8ince these additional points on the boundary

were available, they have been included. For
those boundaries that extend well beyond the
maximum diameter, the boundary shape in the
neighborhood of the final calculated point on the
boundary may be subject to small errors that the
foldback method of characteristics can introduce
in this region. (See appendix A.) A few of the
boundary calculations at M,=1.5 were inadvert-
ently terminated slightly short of the maximum
diameter. In all the present calculations the
first-family characteristic line determining the
final point on the boundary had its origin on the
leading-characteristic line. Consequently, the
leading-characteristic line was terminated short of
the jet axis, and the complications of calculations
coming off the axis were not encountered. (See
appendix A.) Inasmuch as the accuracy of the
boundary calculations is closely related to the
density of the characteristic net, some idea of the
number of points contained in a typical charac-
teristic net may be of interest. For every increase
in p,/p= of 0.25, an additional characteristic line
from the center of expansion was introduced.
32

Thus, & relatively uniform accuracy was main-
tained as py/p. was increased. For example, at
M,=1.5, 6y=15°, and «v,=1.400, there are 28
points in the calculation at p;/p, =1 and 288 points
in the calculation at p,/p.=10.

The calculated boundaries are presented in
discontinuous-slope form, which is compatible
with the lattice-point characteristic method (that
is, calculated points on boundary joined by straight
lines). In practical application & smooth curve
is, of course, fitted to the discontinuous-slope form
of the boundary, particular care being given to
maintain the initial inclination of the boundary.

CALCULATIONS FOR LARGE VALUES OF p;ip

The procedure was, in general, the same as that
described in the preceding section. For expedi-
ency, only the boundary points and a portion of
the characteristic net sufficient to define the jet
shock (by the foldback method of characteristics)
were retained in the print-out phase of the auto-
matic calculations.

Although considerable experience had been
obtained in the previous calculations for jet
pressure ratios of the order of 10 and lower, no
information was available for determining be-
forehand tbe increments between the character-
istic lines introduced from the center of expansion
that should be used to insure a reliable boundary
solution for the large pressure ratios. A similar
gituation existed as regards the spacing of the
points along the leading characteristic line. After
some trial calculations of boundaries, it was
decided to introduce a new characteristic line
from the center of expansion for approximately
every degree of expansion. The spacing of the
points along the leading characteristic line was
selected on the basis of additional trial calculations
and other factors, some of which are discussed
subsequently. However, it may be noted here
that points along the leading characteristic line
were calculated for increments in z/r; of 0.02, and

T s e s e o i e TS e e
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_this spacing is recommended for the range of
pressure ratios covered by this study. For values
of M, and 6y greatly different from the values used
herein (M,=2.5, 8y=15°, and for pressure
ratios greater than those covered in this study
(of the order of 42,000), the rate at which the
characteristic lines were introduced from the
center of the expansion and the point spacing
used along the leading characteristic line might
not be adequate. With regard to the latter, the
shape and inclination of the leading characteristic
line have, in general, first-order dependence
upon M, and 6y.

In the presentation of the boundaries, it will
be noted in two cases that two boundaries and
two shocks are shown. In both cases these two
boundaries and shocks represent the examination
of the effect of point spacing along the leading
characteristic line upon the shape and position

“of the calculated boundary and the jet shock. -

This examination was primarily an outgrowth of
the desire to retain a programing capacity (30

-~ ~rim—— points.- along the leading characteristic) for the

automatic calculations that had been used in
the previous studies at lower pressure ratios and,

778t the same time, to obtain, if possible, a significant

portion of the boundary and jet shock without

incurring large errors.
and jet shocks correspond to calculations made by
the use of the first 30 points along the leading
characteristic (that is, increments in z/r; main-
tained standard at 0.02). The longer boundaries
and jet shocks correspond to results obtained
by use of every other point of the first 30 cal-
culated points on the leading characteristic
(increments in z/r; of 0.04), every third point of
the second 30 calculated points (increments in
z/r; of 0.06), and every fourth point of an addi-
tional 20 calculated points (increments in z/r,
of 0.08). The results show that the errors asso-
ciated with the larger point spacing are small;
consequently, this spacing was used in most of
the calculations. A few of the boundaries do not
have the extent to be expected from this point
spacing. For these boundaries, difficulties en-
countered in the automatic phase of the calcu-
lation shortened the calculations. Since with
one or two exceptions the completed portions of
the boundaries for these shortened calculations

are believed to convey adequately the shape of

the boundary over a considerable distance from
the jet exit, no effort was made to continue these
calculations. As before, the boundaries are
presented in discontinuous-slope form.

The shorter boundaries



APPENDIX D

ADDITIONAL DETAILS ON CALCULATIONS OF é; FOR YARYING 6y AND 8

Consider the segment of the general boattailed
fuselage or nacelle shown in figure 75(a). The
rigorous point of analysis covers the infinitesimal
region immediately upstream of the jet exit and
adjacent to the boattail and nozzle surfaces, and
immediately downstream of the jet exit; the initial
velues must conform to these conditions in using
the results. The point of analysis is magnified in
figure 75(b) and indicates the initial ratio of
specific heats, Mach number, and static pressure
of the ambient flow and of the jet flow. Only
positive values of 8 and 68y will be considered, posi-
tive 8 denoting convergence of the boattail and

positive 8y denoting divergence of the nozzle in the
conventional sense as indicated in the figure.

- — - ~The initial conditions imply, of course, that the

ambient flow is inclined at the angle 8 and that the
jet flow is inclined at the angle 8y. The sign con-
vention for the initial deflection of the jet boundary
4, is also indicated in figure 75(b).

The value of the initial deflection §; is a function
only of the initial properties introduced above.
If 8 and 6y are both zero, one may visualize that
when p,/p..>1 a shock originating at the jet exit
is introduced into the ambient stream (excluding
M_=1) and an expansion centered at the jet
exit is introduced into the jet; the converse is true
for p,/p.<1 (excluding M,=1). Exactly at
P;/p-=1, the jet and ambient flows are free of
these distrubances, and §=0. However, if B
and/or 6y are not zero, then the value of 5; at
Py/P-=1 is also not zero, and & disturbance is
always introduced in the jet or in the ambient
flow or in both. The type of disturbance phenom-

U

enon that originates at the jet exit and is intro-
duced in the jet and/or in the ambient flow may
be logically reasoned as follows.

In ambient flow:

(6’+ﬁ)>0 Shock

(5,+8)=0  None (D1)
(6,+8)<0  Expansion
In jet flow:

(8,—6y)>0  Expansion ,
(3,—6y)=0  None D2) -
cm e (3;—89)<0 - Shock S e

With increasing values of p,/p. the general
phenomena for finite 8 and/or 8y vary in the follow-
ing manner, the first given phenomenon pertaining
to the jet and the second to the ambient stream:
shock-expansion, shock-none, shock-shock, none-
shock, and expansion-shock. (The special cases
of M, or M.=1 offer exceptions.)

The determination of the value of 3; is based
upon the requirement that the static pressures on
both sides of the mixing boundary must be equal.
For a given set of initial conditions there is no
explicit solution for §;. In the present calculations
values of low deflection were assumed and applied
to the jet or ambient stream as indicated in the
preceding paragraph. Essentially, therefore, values
of 5, were assumed and values of p,/p. were calcu-
lated for various initial values of M, M., 8, and
6y by appropriate use of the shock and expansion
equations and by rotation of axes (parallel to
gy or to B).
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TABLE I.—RELATION BETWEEN BUSEMANN’S PRESSURE NUMBER, MACH ANGLE, AND MACH

NUMBER FOR SEVERAL VALUES OF THE RATIO OF SPECIFIC HEATS

[P: 1090°—u-—($_-*_.—i : cot~! [(zt—i)& tan p]:l

P for—
M »

¥=1.200 +=1.300 v =1.400 ¥ =1.500 ¥ =1.667
1. 00 90. 00 1000. 00 1000. 00 1000. 00 1000. 00 1000. 00
105 72. 25 999. 46 999. 48 999. 51 999, 53 999. 56
1L10 85. 38 998. 53 998. 60 998. 66 998. 72 998. 81
L15 80. 41 997. 37 997. 50 997. 62 997. 73 997. 89
1. 20 56. 44 996. 06 996. 27 996. 46 996. 62 908. 87
1.25 53.13 994. 60 994. 89 -995. 16 995. 40 995. 75
1. 30 50. 28 993. 09 993. 49 993. 84 994, 16 994, 62
135 2779 991,50 1992 01— | —992-46 177992 86 993. 44
1. 40 45. 58 989. 85 990. 48 991. 04 991. 53 992. 24
1. 45 43. 60 988. 14 988. 90 989. 57 990. 16 991. 00
77150 T41.81 7T 086. 40 ~987. 31 088. 09 988. 79 989. 78
1. 55 40. 18 984. 65 985. 70 986. 62 987. 42 988. 56
1. 60 38. 68 982, 87 984. 09 985. 14 986. 05 987. 35
1. 685 37. 31 981. 08 982, 47 983. 65 984. 69 986. 14
1.70 36. 03 979. 30 980. 86 982. 19 983. 35 984, 96
L75 34. 85 _977. 49 979. 24 980. 72 982. 01 083. 79
1. 80 33.75 ~975. 70 977. 64 979. 28 980. 68 082, 64
1. 85 32. 72 973. 90 976. 04 977. 84 979. 38 981. 50
1L 90 31. 76 972. 11 974. 45 976. 41 978. 08 980. 38
L 95 30. 85 970. 32 972. 87 975. 01 976. 81 979. 28
-200 30. 00 988. 55 971. 32 973. 63 975. 57 978. 22
2 05 29. 20 966. 77 969. 77 972. 25 974. 33 977. 16
210 28. 44 965. 02 968. 24 970. 90 973. 12 976. 12
2.15 27.72 963. 28 966. 74 969, 57 971, 93 975. 12
2.20- 27.04 961. 55 965. 25 968. 26 970. 77 974. 13
2 25 28. 39 959. 83 963. 78 966..98 969. 62 973. 16
2. 30 25. 77 958. 15 962. 34 _965. 72 968, 51 972, 22
B 235 25. 18 © 956. 47 960. 91 - 964. 47 967. 41 971. 30
. 240 24 82 954. 80 959. 50 963. 25 966. 32 970. 40
2. 45 24. 09 953. 16 958. 11 962. 05 965. 27 969, 52
2. 50 23. 58 951. 53 956. 74 960. 87 964. 23 968. 65
-2 55 23. 09 949. 93 955. 40 959, 72 963. 22 967. 81
2. 60 22. 62 948. 36 954. 09 958. 59 962. 23 967. 00
2. 65 22,17 946. 78 952, 78 957. 47 961. 26 966. 19
270 21. 74 945. 22 951. 49 958. 37 960. 30 965. 40
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TABLE IL.—RELATION BETWEEN BUSEMANN’S PRESSURE NUMBER, MACH ANGLE, AND MACH
NUMBER FOR SEVERAL VALUES OF THE RATIO OF SPECIFIC HEATS—Concluded

[P:lOQO“-—;;—(:—:—__—j:—i—)* cot~? [(:—i%)i tan M]]

P for—

M »
¥=1.200 ¥=1.300 v=1.400 v =1.500 ¥y=1.667
275 21. 32 943, 71 950. 25 955. 32 959. 38 964. 65
2 80 20. 92 942. 20 949. 01 954. 27 958. 47 963. 90
2 85 20. 54 940. 70 947. 78 9563. 22 957, 56 963. 16
2 90 20. 17 939. 24 - 946. 59 952, 22 956. 69 962. 45
2. 95 19. 81 937. 78 945. 40 951, 22 955. 83 961. 74
300 19. 47 936. 36 944. 25 9560. 25 955. 00 961. 07
3. 05 19. 14 934. 95 943. 11 949, 30 954. 17 ) 960. 40
3. 10 18. 82 933. 54 941. 98 948. 35 953. 36 959, 74
315 18. 51 932. 18 940. 88 947. 44 952. 58 9569. 10
3. 20 18 21 930. 82 : 939. 80 9486. 54 951. 80 958. 48
325 17. 92 929, 49 938. 74 945. 85 951. 05 957. 87
3. 30 17. 64 928, 17 937. 69 944. 78 950. 30 957. 27
335 17. 37 926. 87 936. 67 943, 93 . 949. 58 956. 69
3. 40 17. 10 925. 58 935. 65 943. 09 948. 86 958. 12
3 45 16. 85 924, 34 934. 67 942, 28 948. 18 955. 56
3. 50 16. 60 923. 07 933. 67 941, 48 0947, 48 955. 01
3. 556 16. 36 921. 84 932. 73 940. 69 946, 82 954. 48
3. 60 16. 13 920. 66 931. 79 939. 91 946. 17 953. 96
3. 65 15. 90 019, 47 930. 86 939. 16 945, 52 953. 45
3.70 15..68 918.28 .920.94___ 1. 938.40— | - 944, 89 - -— 952, 94
3.75 15. 47 917. 13 929. 05 937. 67 944. 27 . 952. 45
3. 80 15. 26 916. 00 928. 17 936. 96 943. 67 951. 97
-3 85 15. 05 914. 88 927. 31 936. 26 943. 08 951. 51
3. 90 14. 86 913. 77 926. 45 935. 56 042, 40 951. 04
3.95 14. 66 912, 68 925. 62 934. 89 941. 93 950. 60
4. 00 .14, 48 911. 60 924. 79 934. 21 941. 38 950. 14
4. 05 14. 29 910. 54 923. 98 933. 57 940. 81 949, 72
4. 10 14.12 909, 49 923. 18 932. 92 940, 27 949, 28
415 13. 94 908. 48 922. 41 932. 29 939. 75 948. 88
4. 20 13. 77 907. 44 921. 62 931. 66 939. 21 948. 46
4 25 13. 61 906. 46 920. 88 931. 06 938. 71 948. 06
4. 30 13. 45 905. 46 920. 13 930. 45 938. 21 947. 66
4. 35 13. 29 904. 49 919. 40 929, 87 - 937. 72 947. 28
4 40 13. 14 903. 54 018. 68 929. 30 937. 24 946. 91
4. 45 - 12, 99 902, 59 917. 96 928. 72 936. 76 « 946. 53
4. 50 12, B4 901. 66 917. 27 928. 16 936. 29 948. 17
4, 55 12.70 900. 75 916. 59 927. 62 935. 84 945. 81
4. 60 12, 56 899, 83 915. 90 927. 07 935. 39 ° 945. 46
4. 65 12, 42 808. 95 915. 24 928. 55 934. 95 945. 12
4. 70 12, 28 808. 10 914. 61 926. 05 934. 54 944. 80
4. 75 12. 15 897, 23 913. 97 925. 53 934. 11 944. 46
4. 80 12, 02 896. 36 913. 32 925. 02 933. 68 944 13
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TABLE I1I.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; 4, =85°)

afr; ylri ¢, radians #, radians ViV,
0. 0000000 1. 000000 0. 0000000 1. 483530 0. 4095466
. 0000000 1. 600000 . 1570796103 1. 466077 . 4101196
. 0000000 1. 000000 . 366519010~ 1. 448624 . 4107984
. 0000000 1. 000000 . 6108651 X 10-3 1. 431171 . 4115834
. 0000000 1. 000000 . 9948375X 103 1. 413715 . 4124758
0000000 1. 000000 . 1361357 X102 1. 396262 - 4134764
0000000 1. 000000 . 1919861102 1. 378809 . 4145861
0000000 1. 000000 . 2443460103 1, 361357 . 4158062
. 0000000 1. 000000 . 3141592102 1. 343903 . 4171382
0000000 1. 000000 . 40142562102 1. 326450 . 4185834
. 0000000 1. 000000 . 4886921 X 102 1. 308997 . 4201434
. 0000000 1. 000000 . 6108651102 1. 201544 . 4218200
. 0000000 1. 000000 . 7330381 X102 1. 274091 . 4236149
0000000 1. 000000 . 8726645 X 102 1. 256638 . 4255301
. 0000000 1. 000000 . 1029744 X 10t 1. 239183 . 4275681
. 0000000 1. 000000 . 1204277X 10~ 1. 221729 . 429/307
. 06000000 1. 000000 . 1413716 X 10! 1. 204276 . 4320205
. 0000000 1. 000000 . 1623156 10! 1. 186824 . 4344399
. 0000000 1. 000000 . 1867502 10! 1. 169370 . 4369920
. 0000000 1. 000000 . 2120301 X 10~ 1. 151916 . 4306794
. 0000000 "1. 000000 . 2426007X 10—t 1. 134464 . 4425051
. 0000000 1. 000000 . 274016610t 1. 117010 . 4454728
. 0000000 1. 0600000 . 3089232 X 10 1. 099557 . 4485856
. 0000000 1. 000000 . 3473204 X 10— 1. 082104 . 4518470
. 0000000 1. 000000 . 3874630 X 10t 1. 064650 . 4552610
. 0000000 1. 000000 . 4328415 10t 1. 047197 . 4588314
=-0000000 1. 000000 - - . 4799654 X 10~ 1-029744 - —— 4625626 - -
. 0000000 1. 000000 . 5305800 101 1. 012291 . 4664589
. 0000000 1. 000000 . 5864305 X 10— . 9948374 . 4705248
— - ..0000000 1. 000000 . 8457717 X107t . 9773841 . 4747663
. 0000000 1. 000000 . 710348910~ . 9599308 . 4791852
. 0000000 1. 000000 . 7784167 X107 . 9424776 . 4837899
. 0000000 1. 000000 . 8517205 10t . 9250244 . 4885848
. 0000000 1. 000000 . 9285150 10! . 9075712 . 4935756
. 0000000 1. 000000 . 1012291 . 8901177 . 4987684
. 0000030 1. 000000 . 1101303 . 8726642 . 5041691
. 0000000 1. 000000 . 1195550 . 8552110 . 5097841
. 0000000 1. 000000 . 1296779 . 8377581 . 5156200
0000000 1. 000000 . 1403245 . 8203046 . 5216837
0000000 1. 000000 . 1516691 . 8028511 . 5279822
. 0000000 1. 000000 . 1638864 . 7853980 . 5345225
. 0000000 1. 000000 . 1766272 .. 7879447 . 5413120
. 0000000 1. 000000 . 1902408 . 7504914 . 5483583
. 0000000 1. 000000 . 2047270 . 7330381 . 5556689
. 0000000 1. 000000 . 2200859 . 7155847 . 5632514

e g
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°—Continued

z/r; ylri 8, radians u, radians VIV,
0. 874886810 0. 9000000 0. 0000000 1. 483530 0. 4095466
. 9555603 X 10— . 9092211 . 1446463103 1. 463211 . 4102238
. 1031396 10— . 9162524 . 3427840% 103 1. 444355 . 4109805
. 1102749 10! . 9218810 . 5896295% 102 1. 427030 . 4117854
. 1170429 % 10! . 9265757 . 9433881 X103 1. 407850 . 4128000
. 1234886 10! . 9305198 . 1328176 X 10 1. 391373 . 4137761
. 1296833 10! . 9339613 . 1856349102 1. 372823 . 4149921
. 1356240 X 10! . 9369516 . 2415849102 1. 356551 . 4161617
. 1413793 10! . 9396278 . 3119539 102 1. 339143 . 4175210
. 1469872 10! . 9420389 . 3972444102 1. 321153 . 4190446
. 152423210 . 9442070 . 4880666 X 10-? 1. 304468 . 4205672
. 1577920 10! . 9462136 . 6056157 X102 1. 285959 . 4223814
. 1630253 10! . 9480419 . 7297595 102 1. 268739 . 4241893
. 1681743 X 10! . 9497379 . 8709333 X 10-? 1. 251399 . 4261289
. 1732503 10! . 9513189 . 1029699 X 10! 1. 234031 . 4281934
. 1782630 10! . 9527994 . 1206632 10-! 1. 216703 . 4303770
. 18320639 10t . 9542041 . 1411304 %X 10! 1. 198692 . 4327803
. 1881765 10! . 95565173 . 1626392 10! 1. 181620 . 4351867
. 1930905 10! . 9567735 . 187045710t 1. 164032 . 4377994
. 1979706 X 10! . 9579674 . 213520310t 1. 146674 . 4405136
. 2028628 <107 . 9591157 . 2430263 10—t 1. 129012 . 4434169
. 2077330 10! . 9602138 . 2747403 X 10! 1. 111633 . 4464162
. 2126247 X 10! . 9612757 . 3096321 X 10—t 1. 094076 . 4495936
. 217543710t . 9623052 . 3477736 X 10! 1. 076417 . 4529425
. 222454410 . 9632974 . 3883547 X 10! 1. 059087 . 4563820
. 2274390107 1 . 9642718 . 4332415X107 1.041362___ | . 4600609 N
. 2324242107 . 9652153 . 4807383 X 10! 1. 023995 . 4638276
. 2374527 X 107! . 9661386 . 5318255 10! 1. 006649 . 4677544
. 2425671 X 10! . 9670509 . 5874897 10! . 9890757 . 4719052
T, 247733510 . 9679471 . 6469384 10! . 9716050 . 4762087
. 2529941 % 10! . 9688358 . 7111609310t . 9540084 . 4807267
. 258315910t . 9697124 . 7793801 X 10! . 9365624 . 4853933
. 2637412 10! . 9705850 . 8525964 X 10-t . 9190589 . 4902683
. 2692374 10! . 9714492 . 9300398 10-t . 9017302 . 4952906
. 2748861 X 10! . 9723189 . 1013614 . 8842062 . 5005740
. 2806548 10! . 9731895 . 1102556 . 8667195 . 5060573
. 2865502 10! . 9740628 . 1197001 . 8492890 . 5117303
. 2926174 X 10! . 9749463 . 1297983 . 8317795 . 8176710
. 2088259 % 10! . 9758361 . 1404767 . 8143727 . 5237977
. 3052228 X 10! . 9767399 . 1518400 . 7969420 . 5301691
. 311855910 . 9776651 . 1639926 . 7793900 . 5368312
. 3186586 10~1 . 9786032 . 1767755 . 7619084 . 5436835
. 3257201 X 10 . 9795677 . 1903837 . 7445404 . 5508208
. 333054110t . 9805613 . 2048371 . 7270520 . 5582385
. 3406764 % 10! . 9815874 . 2201551 . 7095602 . 5659332
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TABLE IL.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

2/r; yiri @, radians », radians ViV,
- 0. 1749774 107! 0. 8000000 0. 0000000 1. 483530 0. 4095466
. 1022838 10~ . 8197816 . 1510528103 1. 462410 . 4102535
: . 2078493 10! . 8341065 . 3561345 103 1. 443067 . 4110367
. 2219101 10t . 8450858 . 6104594 103 1. 425413 . 4118659
’ . 2359168 10 . 8546931 . 9737907 X 10 1. 405951 - 4129075
. 248334610 . 8622030 . 1368151 X 102 1. 389276 . 4139074
. 2609680 % 10-? . 8691397 . 1008553 102 1. 370534 . 4151507
. 2723855 10-! . 8748201 . 2480129 102 1. 354114 . 4163453
. 283818110t . 8800755 . 3198335X 10— 1. 336568 . 4177317
. 2951298 10! . 8848843 . 4067796 1072 1. 318447 . 4102844
. 3057419 10! . 8890703 . 5001940 102 1. 301650 . 4208349
. 3167195 10! . 8931291 . 6189036102 1. 283029 . 4226807
. 3270836 10-! - 8067120 . 7451460 X102 1. 265714 . 4245190
. 3373199 10t . 9000492 . 8885938X 102 1. 248283 . 4264902
. 3474248 10! - 9031649 . 1049835 10! 1. 230834 . 4285869
. 3574002 10! . 9060823 . 1229410 10t 1. 213429 . 4308037
. 3675098 X 101 - 9088947 . 1437000 X 10—t 1. 195342 . 4332426
. 3772357 10! . 9114702 . 1655031 10! 1. 178202 . 4356838
. 3870814 X 10! . 9139638 . 1902332 10! 1. 160550 . 4383330
. 3068146 10~ . 9163234 . 2170453 10t 1. 143132 . 4410842
. 4066361 < 10! . 9186084 . 2469127 X 10 1. 125413 . 4440262
. 416359210~ .- 9207817 . 2790017 10t 1. 107983 . 4470645
. 4261623 X 10— . 9228918 . 3142865 X 10-t 1. 090375 . 4502826
. 4360393 10-! . 9249417 . 3528425 101 1. 072668 . 4536734
. 4458428 10! . 9269063 . 3938457 10! 1. 055295 . 4671552
. 4558644310 . 9288497 . 43918303 10—t 1. 037528 . 4608784
. 4658284 X 10! . 9307207 - 4871368 10! 1. 020123 . 4646897
—=—4758792 10~ - 9325520 — |- -. 5386963 10! - 1.002741 . 4686622
. 486140310~ . 9343688 . 59485507 10! . 9851338 . 4728605
. 4964915 10-t - 9361508 . 6548096 X 10! . 9676321 . 4772124
e o 9070513 X 1071 . 9379218 . 7195563 X 10—t . 9500062 . 4817805
. 5177143 107! . 9396655 . 7883079 X 10! . 9325335 . 4864982
. 5285950 10! . 9414032 . 8620683 10—t . 9150035 . 4914281
. 5395981 10! . 9431214 - 9400620 101 . 8876505 . 4965021
. 550933410~ . 9448548 . 1024201 . 8801025 . 5018416
. 5625070 10—t . 9465899 . 1113714 . 8625933 - 5073825
. 5743312 10t . 9483301 . 1208740 . 8451427 . 5131234
. 5865110 10! - 9500923 . 1310312 . 8276143 . 5181161
. 5989669310~ . 9518664 . 1417882 . 8101875 . 5253057
. 6118066 10! - 9536693 . 1531901 . 7927370 . §317423
. 8251329 10t - 9555169 . 1654019 . 7751659 . 5384721
. 8387916 10~ . 9573893 . 1782429 . 7577551 . 5453941
. 6529787 X 10! . 9593157 . 1919091 . 7402784 . 5526036
. 667718410t . 9613012 . 2064194 . 7227692 . 5600067
. 68304063 10! . 9633523 . 2217934 . 7052569 . 5678695
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TABLE IL—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

* - - FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued
zfr; oyl 8, radians u, radians AT

. 0. 2624660 10—t 0. 7000000 0. 0000000 1. 483530 0. 4095466

. . 2803369 10! . 7307138 . 1583478 103 1. 461485 . 4102879

. . 3130918 X 10t . 7523903 . 3710463 103 1. 441619 . 4111006

T .. 3342216% 10! . 7687039 . 6334703 103 1. 423617 ’ . 4119564

. 3555932% 10! . 7831830 : . 1006987 X 10— 1. 403861 . 4130274

. 3740747101 . 7942188 . 1411383102 1. 386974 . 4140532

, n . 3932387 10t . 8046081 . 1964559 10-? 1. 368036 . 4153261

N . 4102068 10! . 8129446 . 2548770 102 1. 351464 . 4165474

. 427389310t . 8207462 . 3281926 102 1. 333773 . 4179631

. 4444764101 . 8279228 . 4168522% 10 1. 315520 . 4195469

) . 460328110t . 8341023 . 5120240% 102 1. 298611 . 4211269

v . 4769823 10! . 8401893 . 6328608 X 102 1. 279881 . 4230062

. . 4925383 10—t . 8455071 . 7612560102 1. 262469 . 4248768

. 5079232% 10! . 8504680 . 9070455 X 101 1. 244949 . 4268813

N . 5231164 10t . 8551027 . 107079110t 1. 227415 . 4290125

. . 538113810t . 8594433 . 1253051 10! 1. 209931 . 4312645

. 5533934 10! . 8636510 . 1463636 X 10! 1. 191772 . 4337406

' . . 567991110t . 8674782 . 1684683 10—t 1. 174567 . 4362181

. 5828285 101 . 8711997 . 1935260 10—t 1. 156850 . 4389058

. 597474110 . 8747166 . 2206788 X 10! 1. 139373 . 4416960

. 612286810t . 8781307 . 2509120 10! 1. 121600 . 4446785

. 8269242% 10t . 8813725 : . 2833785% 10! 1. 104119 T L 4477577

. 8417022% 10! . 8845252 . 3190624 X 10! 1. 086465 . 4510180

. 8566015 10—t . 8875006 . 3580388 10—t 1. 068714 . 4544523

. 8713615X 10! . 8805233 . 3994708 X 10—t 1. 051300 . 4579778

. . 8864879 10—t . 8934321 . 4452600% 101 1. 033495 . 4617471
e ~—F014983 X101 -- . 8962276-——— - 4036873810~ - | ~—- 1.016054 -—- - -~ 4656045 T

. 7166413 10! . . 8080644 . 5457069 X 10! . 9086399 . 4606243

. 732121910t . 9016833 . 6023588 101 : . 0810016 . 4738718

e d 2 TATT322X 10! . 9043502 . 6628181 % 10t . 9634712 . 4782739

. 76366889 10! . 9070026 . 7280859 10! . 9458196 . 4828937

. 7797522 10! . 9096132 . 7973626 X 10! . 9283200 . 4876643

. 7961709 10! . 9122162 . 8718648 10~! . 9107685 . 4926464

. 8127664 X 10! . 9147891 . 9502022 X 10! . 8933950 . 4977777

. . 8208789 10! . 9173874 . 1034898 . 8758271 . 5031747

~ X . 8473521 X 10—t . 9199887 . 1124976 . 8582998 ° . 5087745

| . .8652037x10! . 9225981 . 1220566 . 8408310 . 5145760

. 8835997 % 10! . 9252419 . 13227056 . 8232859 . 5206315

. 9024122 10! . 9279038 . 1430644 . 8058437 . 5268853

. 9218093 %X 10! . 9306101 T . 1545428 . 7883776 . 5333884

. 9419511 10! . 9333850 . 1688113 . 7707916 . 5401872

. 9625939 10—t . 9361974 . 1797078 . 7633653 . 5471800

> 9840438 X 10—t . 9390921 . 1934288 . 7358731 . 5544630

. 1006337 . 9420770 . 2079926 . 7183484 . 5620323

. 1029517 _ . 9451616 . 2234182, . 7008191 : .. 5698843

e e . PN e e pr—
v
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TABLE 1I.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

zfr; y/ri 8, radians », radians ViVi
0. 3499547 X 10! 0. 6000000 0. 0000000 1. 483530 0. 4095466
. 3867622 10! . 6420716 . 1668802103 1. 460426 . 410327
. 4189340 X 10! . 6711468 . 3878676 103 1. 439972 . 411:1;743
. 4472931 X107 . 6927650 . 8587788 X 103 1. 421589 . 4120600
. 4761713 10! . 7120619 . 1042986 102 1. 401523 . 4131633
. 5008229 10! . 7265769 . 1457836 < 102 1. 384418 . 4142175
. 5266212 10! . 7403686 . 2024218102 1. 365275 . 4155226
. 549224210t . 7513222 . 2621446 X 10~ 1. 348547 . 4167728
. 572240610t . 7616329 - . 3370106101 1. 330714 . 4182198
. 5951836 X 10! . 7711436 . 4274451 X107 1. 312328 . 4198367
. 816347310 . 7792893 . 5244187 102 1. 295309 . 4214483
. 638754010 . 7873778 . 647440210 1. 276469 . 4233633
. 6595720 10! . 7944091 . 778050210 1. 258963. . 4252680
. 8801737 10! . 8009748 . 9262501 X 10—t 1. 241356 . 4273076
. 7005237 X 10! . 8071119 . 1092587 X 10— 1. 223742 . 4294749
. 7206108 10! . 8128611 . 1277601 10! 1. 206185 . 4317638
. 7411297 X 10t . 8184504 : . 1491218 10! 1. 187952 . 4342794
. 7606651 X 10! . 8235182 . 1715325 X 10— 1. 170684 . 4367952
. 7805628 %10~} . 8284574 . 1969240 10—t 1. 152907 . 4395231
. 8001887 10~} . 8331229 . 2244248 10! 1. 135377 . 4423539
. 8200610 10! . 8376582 . 2550274 X 10! 1. 117550 . 4453789
. 8396814 10! . 8419619 . 2878747 10! 1. 100021 . 4485009
. 8595049 X 10~ . 8461510 . 3239600 10! 1. 082322 ) . 4518054
. 8794995 10! . 8502267 . 3633555 10—t 1. 064528 . 4552854
. 8992890 < 10-! . 8541233 . 4052162 10! 1. 047077 . 4588566
. 9195961 X 10! . 8579936 . 4514601 101 1. 029236 . 4626737
. 939729710 | . 8817107 . 5003307 X 10—t 1. 011763 . 4665793
. 9600427 10! . 8653507 . 5528355 10! . 9943193 . 4706482
. 9808241 X 10! . 8689702 ° . 6099781 X 10! . 9766532 . 4749467
. 1001777 -. 8725207 . 8709356 X 10! . 9590975 . 4794009
- 241023177 . 8760539 . 7367184 10! . 9414226 . 4840743
. 1044770 . 8795313 . 8065158101 . 9239040 . 4888993
. 1066820 . 8830001 . 8813468107t . 9063316 . 4939376
. 1089104 . 8864287 . 9604133 X 10—t . 8889401 . 4991261
. 1112094 . 8898936 . 1045653 . 8713565 . 5045823
. 1135572 . 8933633 . 1136275 . 8538146 . 5102429
. 1159561 . 8968447 . 1232410 . 8363320 . 5161067
. 1184289 . 9003736 . 1335098 . 8187742 - . 5222265
. 1209579 . 9039273 . 1443581 . 8013205 . 5285461
. 1235663 . 9075417 . 1558909 . 7838440 . 5351168
. 1262757 . 9112495 . 1682129 . 7662470 . 5419861
. 1290528 : . 9150082 . 1811616 . 7488100 . 5490510
. 1319394 . 9188786 . 1949334 . 7313068 . 5564087
. 1349405 . 9228712 . 20954686 . 7137706 . 5640554
. 1380618 . 9269987 . 2250195 . . 6962298 . 5719874 .
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M,=1.0038; u;=85°)—Continued

-t

zZir; y/ri 6, radians », radians ViV,
0. 4374434 X 10! 0. 5000000 0. 0000000 1. 483530 0. 4095466
. 484610010t . 5539121 . 1769778103 1. 459177 . 4103753
. 5254666 X 10! . 5904221 . 4070187 X 10-3 1. 438074 . 4112601
.5612414X10! . 8173017 . 886953510~ 1. 419284 . 4121795
. 5977866 10-! . 6413480 . 1082254 % 102 1. 398890 . 4133188
. 6287288 10! . 6592853 . 15078817102 1. 381555 . 4144042
. 8612807 X 10! . 8764208 . 2088014 < 10-* 1. 3862207 . 4157441
. 689614710~ . 6899463 . 2698652102 1. 345323 . 4170256
. 718559210t . 7027234 . 3463248 X 10 1. 327346 . 4185064
. 747451010} . 7145302 . 4385822 10 1. 308833 . 4201587
. 774008310 . 7246116 . 5373993 X102 1. 291702 . 4218042
. 8022549 X101 . 7346720 . 6626444 < 102 1. 272754 . 4237574
. 8284144 X107 . 7433932 . 7955135102 L 255155 . 4256985
. 8543118 10! . 7515427 . 9461532102 1. 237464 . 4277756
. 8798959X 10! . 7591641 . 1115108 X 10! 1. 219771 . 4299813
. 9051491 X 10! . 7663059 . 1302927 10—t 1. 202143 . 4323092
. 9309869 < 10! . 7732625 . 1519639X 10! 1. 183843 . 4348662
. 9555355 X10! . 7795588 . 1746859 10! 1. 166515 . 4374222
. 9805710X1Q-! . 7857050 . 200415110 1. 148683 . 4401924
. 1005254 . 7915096 . 2282650 X 10! 1. 131099 . 4430861
. 1030266 . 7971580 . 2592415X 10! 1. 113225 . 4461355
. 1054948 . 8025166 . 2024732 10t 1. 095652 . 4493022
. 1079898 . 8077361 . 3289624 X 10! 1. 077912 . 4526529
. 1105070 . 8128170 . 3687826 10! 1. 060083 . 4561801
. 1129972 . 8176732 . 411071410t 1, 042597 . 4597991
. 1155546 . 8225015 . 457770610t 1. 024726 . 4636658
~1180889 -1 - 8271374 - - . 507102210 - - 1.007226- — ---{-- - —: 4676211 -~ |-
. 1206461 . 8316785 . 5600762 10! . 9897562 . 4717411
. 1232636 . 8361971 . 6177063 10! . 9720677 . 4760924
. 1259026 . 8406303 . 679159910t . 9544913 . 4306003
© . 1285988 . 8450441 . T454492X 107 . 9367972 . 4853263
. 1313192 . 8493886 . 8157598 X 10! . 9192626 . 4902165
. 1340979 . 8537241 . 8911124101 . 9016766 . 4953066
. 1389059 . 8580101 . 9706993 X 10! . 8842714 . 5005539
. 1398041 . 8623437 . 1056470 . 8666767 . 5060709
. 1427642 . 8666847 . 1147623 . 8491248 . 5117938
. 1457892 . 8710415 . 1244286 . 8316339 . 5177214
. 1489083 . 8754596 . 1347503 . 8140683 . 5239070
. 1520988 . 8799099 . 1456506 . 7966075 . 5302938
. 1553901 . 8844381 . 1572345 . 7791243 . 5369339
. 1588101 . 8890853 . 1696070 . 7615211 . 5438751
. 1623162 . 8937976 . 1826045 . 7440788 . 5510132
. 1659616 . 8986520 . 1964235 . 7265701 . 5584467
. 1697527 . 9036618 . 2110815 . 7090277 . 5661719
. 1736970 . 9088429 . 2265971 ; 6914804 . 5741848
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; 4;=85°)—Continued

z/r, yiri 8, radians u, Tadians VIV,
0. 5249321 x 10! 0. 4000000 0. 0000000 1. 483530 0. 4095466
. 5829498310~ . 4663154 . 1892671 103 1. 457683 . 4104328
. 6328018 X 10! . 5102741 . 4288965x 10-3 1. 435842 . 4113629
. 6762103 10! . 5423475 . 7180689 102 1. 416603 . 4123207
. 7206156 < 101 . 5710534 . 1124717 X 102 1. 395870 . 4135001
. 7579934 10! . 5923424 . 1561331 X102 1. 378302 . 4146199
. 7974398 10-! . 6127506 . 2155338 10-2 1. 358749 . 4159981
. 8316185 10! . 6287947 . 2779654 < 10-2 1. 341710 . 4173135
. 8666033 x 10—! . 6439889 . 3560444 < 102 1. 323594 . 4188308
. 9015518 10! . 6580482 . 4501390 102 1. 304953 . 4205215
. 9336009 10-1 . 6700310 . 55083423 102 1. 287719 . 4222032
. 9677905 10! . 6820305 . 8783516102 1. 268668 . 4241970
. 9993860 10— . 6924155 ..8135174 10 1. 250983 . 4261768
. 1030671 . 7021261 . 9666313 X 10— 1. 233212 . 4282938
. 1061581 . 7112121 . 113825510~ 1. 215448 . 4305400
. 1092090 . 7197296 . 132889510t 1. 197754 . 4329093
. 1123340 . 7280379 . 1548740 10! 1. 179393 . 4355101
-. 11562990 . 7355502 . 1779083 x 10! 1. 162009 . 4381087
. 1183254 . 7428920 . 2039773 X 10} 1. 144126 . 4409235
. 1213085 . 7498263 . 2321800 10! 1. 126497 . 4438421
. 1243329 . 7565793 . 2635318 10! 1. 108580 . 4469581
. 1273166 . 7629857 . 2971503 10! 1. 090969 . 4501715
. 1303336 . 7692297 . 3340455 101 1. 073195 . 4535704
. 1333782 . 7753107 . 374288310 1. 055334 . 4571472
. 1363893 . 7811225 . 4170062 X 10t " 1. 037820 . 4608159
. 1394834 . 7869056 . 4641547 X 101 1. 019923 . 4647346
1425488 - }—— 7924577 - — --. 5139394 10~ —-1—— 1. 002399 T 7L 4687420
. 1456422 . 7978984 . 5673795 10t . 9849107 . 4729149
. 1488097 . 8033152 . 6254921 10 . 9672045 . 4773210
...~ 1520035 . 8086308 . 8874335 10! . 9496129 . 4818847
. 1552675 . 8139254 . 7542225 10! . 9319064 . 4866710
. 1585608 . 8191381 . 8250338101 . 9143605 . 4916105
. 1819253 . 8243421 . 9008921 < 101 . 8967649 . 4967665
. 1653256 . 8294877 . 9809850 x 10— . 8793534 . 5020743
. 1688362 . 8346931 . 1067266 . 8617523 . 5076541
. 1724224 . 8399091 . 1158930 . 8441961 . 5134111
. 1760879 . 8451458 . 1256096 . 8267019 . 5194343
. 1798684 . 8504583 . 1359815 . 8091342 . 5256874
. 1837360 . 8558114 . 1469309 . 7916717 . 5321431
. 1877270 . 8612601 . 1585628 . 7741886 . 5388540
. 1918753 . 8668545 . 1709824 . 7565855 . 5458684
. 1961290 . 8725292 . 1840245 . 7391430 . 5530812
. 2005530 . 8783775 . 1978861 . 7216345 . 5605918
. 20561553 . 8844156 . 2125846 . 7040924 . 3683963
. 2099451 . 8906628 . 2281373 . 6865449 . 5764011
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

z/ry yiri o, radians &, radians VIV,
0. 6124208 X101 0. 3000000 0. 0000000 1. 483530 0. 4095466
. 681870910 . 3793820 . 2046700102 1. 455848 . 4105046
. 7410973 X107 . 4307716 . 4539568 X 10 1. 433143 . 4114894
. 7924108101 . 4679374 . 7521654 X10? 1. 413425 . 4124916
. 844909510t . 5011833 . 1169917X 102 1. 392335 . 4137164
. 8888973 X 10! . 5257342 . 1617429 X102 1. 374541 . 4148742
. 935408910 . 5493280 . 2225322 X102 1. 354791 . 4162941
. 9755704 10! . 5678273 . 28632991012 1. 337608 . 41768465
. 1016731 . 5853805 . 366029010 1. 319359 . 4192033
. 1057869 . 6016422 . 4619959 X 102 1. 300604 . 4209350
. 1095527 . 6154870 . 5645864107 1. 283275 . 4226555
.-1135784 . 6293890 . 6943925X10™2 1. 264133 . 4246928
. 1172928 . 6414088 . 8318573 X102 1. 246370 . 4267141
. 1209713 . 6526554 . 9874819 10 1. 228529 . 4288733
. 1246068 . 6631845 . 1161785X 107! 1. 210701 . 4311626
. 1281933 . 8730591 . 1355278 X 10t 1. 192950 . 4335757
. 1318706 . 6827029 . . 1578292 10! 1. 174536 . . 4362226
. 13563564 . 6914182 . 181180410 1. 157107 . . 4388658
. 1389166 . 8999439 . 2075924 X107 1. 139181 . 4417275
. 1424253 . 7079981 . 236149310 1. 121514 . 4446933
. 1459840 . 7158474 . 2678776 10! 1. 103561 . 4478583
. 1494941 . 7232950 . 3018798 X 10! 1. 085920 . 4511210
. 1530444 . 7305578 . 3391800101 1. 068118 . 4545704
. 1566279 . 7376344 . 379843310t 1. 050233 . 4581991
. 1601714 . 7443983 . 4229866 10! 1. 032698 : . 4619198
1638142 ... ... 7511336 - .. . 4705846107 .} . . 1.014782-——- - . 4658925 —--
. 1674226 . 7576006 - . 5208180 10! . 9972434 . 4699541
. 1710646 . 7639398 . 8747163 X107 . 9797411 . 4741822
. 1747950 . 7702547 . 833301010 . 9620242 . 4786455
T 1785567 . 7764534 . 8957195 10! . 9444241 . 4832671
. 1824019 . 7826305 . 7629980 X 10! . 9267116 . 4881128
. 1862819 . 7887137 . 8342972% 107! . 9091618 . 4931126
. 1902467 . 7947891 . 910648910t . 8915638 . 4983303
. 1942540 . 8007980 . 99122890 10! . 8741514 . 5037007
. 1983926 . 8068797 . 1078003 . 8665517 . 5093451
. 2026211 . 8129759 . 1170153 . 8389974 . . 5151981
. 2069439 . 8190985 . 1267798 . 82150656 . 5212587
. 2114035 . 8253123 . 1371988 . 8039429 . 5275812
. 2159669 . 8315757 . 1481939 . 7864864 . 5341075
. 2206771 . 8379536 . 1598703 . 7690086 . 5408908
. 2255745 . 8445050 . 1723332 . 7514124 . 5479799
. 2305974 . 8511529 . 1854155 . 7339768 . 5652688
. 2358232 . 8580072 . 1993149 . 7164755 . 5628577
. 2412614 . 8650870 . 2140484 . 6989408 . 5707428
. 2469232 . 8724153 . 2296329 . 6813999 . 5789202

502688 O—359-—4 -
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FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

zfr; ylri #, radians u, radians viva
0. 6999094 X 101 0. 2000000 0. 0000000 1. 483530 0. 4095466
. 7814935 10! . 2932515 . 2247088 103 1. 453487 . 4105986
. 8505892 10! . 3519959 . 4821653 X103 1. 420748 . 4116522
. 9101575X 10! . 3940939 . 7881754103 1. 409518 . 4127068
. 9710577 X 10! . 4317140 . 121601910~ 1. 388083 . 4139827
. 1021880 . 4594072 . 1673625102 1. 370074 . 4151829
. 1075677 . 4860763 . 2204754 X102 1. 350148 . 4166487
. 1121998 . 5069522 . 2045972102 1. 332837 . 4180413
. 1169509 . 5267952 . 3758884101 1. 314481 . 4196408
. 1217005 . 5452002 . 4736880102 1. 295630 . 4214169
. 1260422 . 5608616 . 5781489 102 1. 278224 . 4231790
. 1306907 . 5766236 . 7102420102 1. 259009 . 4252627
. 1349745 . 5902456 . 8500224 X102 1. 241187 . 4273279
. 1392172 . 6030010 . 1008146 X 10! 1. 223291 . 4295321
. 1434093 . 6149500 . 1185140 10! 1. 205415 . 4318671
. 1475471 . 6261626 . 1381485 10! 1. 187620 . 4343266
. 1517909 . 6371252 . 1607636 10! 1. 169165 . 4370226
. 15658109 . 6470301 . 1844303 X 10t 1. 151703 . 4397131
. 1599187 . 6567285 . 2111829X 10~ 1. 133746 . 4426244
. 1639668 . 6658933 . 2400926 X 10t 1. 116052 . 4456400
. 1680739 . 6748313 . 272196310t 1. 098076 . 4488565
. 1721244 . 6833140 . 3065816 10! 1. 080414 . 4521708
. 1762224 . 6915909 . 3442824 X 10! 1. 062595 . 4556734
. 1803594 . 6996596 . 3853618 10! 1. 044695 . 4593565
. 1844498 . 7073737 . 4289255% 10t 1. 027148 . 4631316
. 1886564 4 .7150602 ________.5_7_69630)( 10—t 1. 009223 ___.4671611
. 1928230 . 7224419 . 5276399 10! . 9916790 . 4712791
. 1970289 . 7296808 . 5819882 10! . 9741735 . 4755647
. 2013382 . 7368956 . 6410367 % 10t . 9564550 . 4800874
.2056841 . 7439802 . 7039212X 10t . 9388551 . 4847692
. 2101275 . 7510433 . 7716695 10—t . 9211450 . 4896769
. 2146117 . 7580012 . 8434381 X 10t . 9035992 . 4947394
. 2191948 . 7649533 . 9202616 10! . 8860077 . 5000212
. 2238276 . 7718315 . 1001310 . 8686035 . 5054562
. 2286136 . 7787963 . 1088551 . 8510128 . 5111674
. 2335046 . 7857805 . 1181159 . 8334600 . 5170887
. 2385057 . 7927976 . 1279254 . 8159868 . 5232186
. 2436665 . 7999223 . 1383884 . 7984393 . 5296123
. 2489486 . 8071068 . 1494258 . 7809963 . 5362110
. 2544021 . 8144258 . 1611428 . 7635334 . 5430684
. 2600741 . 8219473 . 1736441 . 7459518 . 5502340
. 2658930 . 8295828 . 1867621 . 7285314 . 5576004
. 2719490 . 8374589 . 2006942 . 7110456 . 5652689
. 2782534 . 8455980 . 2154575 . 5935263 . 5732356
. 2848195 . 8540266 . 2310674 . 6760010 . 5814967
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FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u4;=85°)—Continued

47

TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

2fr; ylri ¢, radians u, radians Vivi
0. 7436538 X 10! 0. 1500000 0. 0000000 1. 483530 0. 4095466
. 831747410t . 2506917 . 2386524 X 103 1. 451882 . 4106636
. 906091910 . 3130420 . 4982903 X 10-3 1, 427539 . 4117602
. 969991610 . 3574981 . 8071739 103 1. 407067 . 4128441
. 1035258 . 3972036 . 1239396 10 1. 385492 . 4141482
. 1089613 . 4263999 . 1701726 X 103 1. 367401 . 4153710
. 1147162 . 4545451 . 2329333 102 1. 347415 . 4168611
. 1196649 . 4765663 . 2087052 10—2 1. 330061 . 4182750
. 1247419 . 4975168 . 3807868 X102 1. 3116687 . 4198972
. 1298175 . 5169622 . 4795145 102 1. 292788 . 4216966
. 1344541 . 5335087 . 5849218102 1. 275356 . 4234807
. 1394214 . 5501795 . 7181786102 1. 256122 . 4255887
. 1439965 . 5645866 . 8591396 x 102 1. 238280 . 4276770
. 1485279 . 5780827 . 1018549 10—t 1. 220369 . 4299046
. 1530053 . 5907303 . 1196911 X 10-! 1. 202479 . 4322636
. 1574246 . 6026027 . 1394722 10t 1. 184673 . 4347472
. 1819583 . 6142166 . 1622486 10— 1. 166208 . 4374687
. 1662516 . 6247101 . 1860736 < 10! 1. 148736 . 4401841
. 1706396 . 6349897 . 2130002 x 101 1. 130771 . 4431212
. 1749637 . 6447058 . 2420885 x 10! 1. 113070 . 4461628
. 1793514 . 6541850 . 2743800 10! 1. 095088 . 4494063
. 1836786 . 6631828 . 3089573 10! 1. 077422 . 4527476
. 1880569 . 8719652 . 3468587 % 10! 1. 059600 . 4562779
. 1924773 . 6805290 . 3881461 < 10! 1. 041699 . 4599893
. 1968479 . 8887175 - . 4319203% 10— 1. 024153 . 4637926
. 2013435 . 6968795 . 4801800 10! 1. 006230 . 4678513
2057962 . ..7047190 ..5310770x 10t . 9886891 . 4719985
. 2102912 . 7124086 . 5856505 10! 9711876 0 4763137
. 2148974 . 7200747 . 6449304 % 10! . 9534734 . 4808670
. 2195430 . 7276040 . 7080453 < 10! . 9358805 . 4855797
T2242034 . 7351123 . 7760280 < 10! . 9181773 . 4905191
. 2290877 . 7425102 . 8480291 X 10—t . 9006386 . . 4956137
. 2339883 . 7499036 . 9250828 % 10—t . 8830554 . 5009283
. 2389425 . 7672198 . 1006356 . 8656597 . 5063966
. 2440612 . 7646300 . 1093821 . 8480784 . 5121421
. 2492929 . 7720624 . 1186651 . 8305447 . 5180980
. 2546430 . 7795313 . 1284958 . 8130760 ° . 5242634
. 2601646 . 7871167 . 1389796 . 7955368 . 5306933
. 2658167 . 7947674 . 1500364 . 7781049 . 5373289
. 2716532 . 8025630 . 1617719 . 7606537 . 5442239
L 2777245 . 8105764 . 1742904 . 7430838 . 5514283
. 2839541 . 8187130 . 1874243 . 7256758 . 5588338
. 2904386 . 8271081 . 2013705 . 7082021 . 5665424
. 2971902 . 8357857 . 2161456 . 6906951 . 5745503
. 3042234 . 8447744 . 2317650 . 6731811 . 5828536
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; p;=85°)—Continued

. 8354310

z/r; yiri ¢, radians #, radians Vivi

0. 7873981 X101 0. 1000000 0. 0000000 1. 483530 0. 4095466
. 882295910~ . 2084695 . 2556294 X 102 1. 449943 . 4107434
. 962117710t . 2743377 . 5141673X10-3 1. 424918 . 4118908
. 1030506 . 3210518 . 8245088 X10-3 1. 404224 . 4130064
. 1100271 . 3627573 . 1260242103 1. 382538 . 4143397
. 1158255 . 3934025 - 1726781 X 10~ 1. 364394 . 4155859
. 1219648 . 4229777 . 236035710~ 1. 344369 . 4171012
. 1272373 . 4461141 . 3024302102 1. 326990 . 4185370
. 1326474 . 4681468 . 3852923 10-2 1. 308578 . 4201823
. 1380558 . 4886121 . 4849346 X102 1. 280684 . 4220056
. 1429935 . 5060287 . 5912788 X10-? 1. 272240 . 4238122
. 1482860 . 5235951 . 7256931 X102 1. 252995 . 4259453
. 1531584 N . 5387772 . 8678228102 1. 235144 . 4280573
. 1579842 . 5530065 . 1028505 X 10! 1. 217228 . 4303091
. 1827525 . 5663467 . 1208232X 10! 1. 199330 . 4326928-
. 1674589 . 5788740 . 1407484 X 10! 1. 181519 . 4352014
. 1722882 . 5011355 . 1636853 X 10~ 1. 163051 . 4379492
. 1768602 . 6022150 . 1876707X 101 1. 145575 . 4406900
. 1815340 . 6130738 . 2147700 10! 1. 127609 . 4436536
. 1861396 . 6233400 . 244038010t 1. 109907 . 4467218
. 1908136 . 6333596 . 2765189X 10t 1. 091928 . 4499928
. 1854230 . 6428724 . 3112005 X 10! 1. 074264 . 4533615
. 2000874 . 6521604 . 349394810t 1. 056444 . 4569200
. 2047971 . 6612198 . 3908901 X 10! 1. 038547 . 4606604
. 2004536 . 6698838 . 434873310t 1. 021005 . 4644927
. 2142441 = L 6785228 - . 483352410t 1. 003088 - . 4685814
. 2180888 - . 6868218 . 5344646 X101 . 9855518 . 4727588
. 2237790 . 6949641 . 5892553 X 10! . 9680567 . 4771047
. 2286884 . 7030838 . 6487617 X 10! . 9503516 . 4816893
. 2336401 . 7110603 . 7121040X 10! . 9327677 . 4864337
. 2387042 . 7190166 . 7803149 X 10! . 9150741 . 4914057
. 2438154 . 7268575 . 8525399 X 10t . 8975462 . 4965332
. 2490406 . 7346955 . 9298199 X101 . 8799746 . 5018813
. 2543234 . 7424532 . 1011313 . 8625908 . 5073834
. 2597823 . 7503128 . 1098997 . 8450224 . 5131637
. 2653624 . 7681976 . 1192035 . 8275017 . . 5191553
. 2710695 - -  .7661229 . 1290548 . 8100463 . 5253567 -
. 2769604 . 7741738 . 1395581 . 7925212 . 5318236
. 2829914 . 7822958 . 1506336 . 7751036 . 5384965
. 2892199 . 7905738 . 1623862 . 7676670 . 5454298
. 2957002 . 7990851 . 1749211 .. 7401124 . 55626733
3023504 . 8077294 . 1880694 . 7227197 . 5601183
3092743 . 8166504 . 2020282 . 7052613 . 5678675
. 3164847 . 8258741 . 2168137 . 6877689 . 5759170
. 3239973 . 2324409 . 6702701 . 5842627
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. TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85")—Continued
zfr; yiri 6, radians u, radians VIV,
0. 8223936 10t 0. 6000000 % 10! 0. 0000000 1. 483530 0. 4095466
0. 923015610t . 1750118 . 2728449 X107 1. 448016 . 4108239
. 1007453 . 2435908 . 5254415X 1073 1. 422354 . 4120208
. 1079591 . 2920036 . 8354714X 1073 1. 401534 . 4131627
. 1153084 . 3352248 . 1273159 X102 1. 379806 - . 4145197
. 1214059 . 3669786 . 1742626 X102 1. 361651 . 4157847
. 1278613 . 3976561 . 2380778 X10~? 1. 341628 . 4173202
. 1333997 . 4216570 . 3049612102 1. 324251 . 4187736
. 1390828 . 4445335 . 388434810 1. 305843 . 4204377
. 1447637 . 4657976 . 4887969 X102 1. 286954 . 4222805
. 1499480 . 4838975 . 5958929 X102 1. 269514 . 4241054
. 1555067 . 5021695 . 7312255X 10-2 1. 250272 . 4262591
. 1606222 . 5179644 . 8742921 X 102 1. 232426 . 4283905
. 1656888 . 5327743 . 1035993 X 10! 1. 214511 . 4306622
. 1708950 . 5466643 .1216819X10~! 1. 196618 . 4330661
. 1756362 . 5597122 . 1417240X10! 1. 178809 . 4355951
. 1807072 . 5724894 . 1647885 10! 1. 160345 . 4383646
. 1855072 . 5840361 . 1889034 X 10! 1. 142874 . 4411261
. 1904147 . 5953574 . 2161420X 10! 1. 124912 . 4441115
. 1952506 . 6060633 . 2455538 X 10! 1. 107216 . 4472015
. 2001587 . 6165155 . 2781881 X10™! 1. 089241 . 4504950
. 2049990 . 6264408 .3131135X 10 1. 071583 . 4538864
. 2098974 . 8361344 . 3513791 X107t 1. 083771 . 4574681
. 2148437 . 6455918 . 3930410 10! 1. 035881 . 4612322
. 2197341 . 6546380 . 4371924 X107t 1. 018347 . 4650881
2247659 - — -, 6636605 -——-—-1 - . 4858451 X10"t 1. 000437 — — ", 4692015 -
. 2297497 . 6723292 . 5371339101 . 9829109 . 4734033
. 2347817 . 6808359 . 5921025X 107! . 9654258 . 4777740
~.2399393 . 6893212 . 8517869X 10! . 9477298 . 4823844
. 2451417 . 6976584 . 7153049 10! . 9301556 . 4871550
. 2504627 . 7059762 . 7836962 107! . 9124741 . 4921535
. 2558336 . 7141748 . 8560992 10! . 8949575 . 4973079
. 2613248 . 7223721 . 9335522 X 10! . 8773974 . 5026836
. 2668769 . 7304868 . 1015214 . 8600251 . 5082135
. 2726148 . 7387098 . 1103065 . 8424698 . 5140224
. 2784807 . 7469608 . 1196270 . 8249627 . 5200427
. 2844805 . 7552559 . 1294940 . 8075212 . 5262734
. 2006744 . 7636841 . 1400123 . 7900095 . 5327704
. 2970164 . 7721883 . 1511018 . 7726063 . 5394737
. 3035670 . 7808575 . 1628676 . 7551846 . 5464379
. 3103833 . 7897730 . 1754143 . 7376447 . 5537133
. 3173794 . 7988295 . 1885726 . 7202657 . 5611906
. 3246643 . 8081781 . 2025405 . 7028223 . 5689726
. 3322520 . 8178459 . 2173331 © . 6853444 . 5770556
. 3401592 . 8278651 . 2329653 . 6678605 . 5854354

e e



50 TECHNICAL REPORT R—§—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; »;=85°)—Continued

— zfr; ylri 8, radians #, radians ViVy
- 0. 8398913 X 10! 0. 4000000 10—t 0. 0000000 1. 483530 0. 4095466
: . 9435119 10! . 1584395 . 2836015 103 1. 446832 . 4108741
- . 1030377 . 2283162 . 5300123%10-3 1. 420832 . 4120990
. 1104461 . 2775238 . 8392017 X 103 1. 399983 . 4132539
. 1179873 . 3214634 . 1277553 X 102 1. 378266 . 4146224
- . 1242382 . 3537480 . 1748338 X102 1. 360123 . 4158966
. 1308553 . 3849577 . 2388767 X102 1. 340118 . 4174420
. 1365294 . 4093794 . 3059989 102 1. 322753 . 4189042
. 1423518 . 4326081 . 3897827 X 10-2 1. 304358 . 4205776
. . 1481717 . 4543240 . 4905148101 1. 285478 . 4224302
v . 1534815 . 4727609 . 5979965102 1. 268049 . 4242642
. 1591757 . 4913818 . 7338026 X 10-2 1. 248815 . 4264282
. 1644150 . 5074801 . 8773406 X 102 1. 230975 . 4285695
N . 1696042 . 5225782 . 1039552 10t 1. 213066 . 4308514
. 1747315 . 5367415 . 1220048 10! 1. 195179 . 4332653
. 1797922 . 5500487 . 1421949% 10! 1. 177375 . 4358049
. 1849862 . 5630832 . 1853241104 1, 158914 . 4385854
. 1899022 . 5748632 . 1895033 X 10! 1. 141448 . 4413576
. 1949287 . 5864157 . 2168122% 10! 1. 1234901 . 4443541
. 1998818 . 5973416 . 2462951 X 10— 1. 105800 . 4474553
. 2049092 . 6080103 . 2790045 10~ 1. 087830 . 4507604
. 2098670 . 6181424 . 3140083 < 10! 1. 070177 . 4541633
. 2148848 . 6280394 . 3523550 10! 1. 052370 . 45677568
. 2199514 . 6376066 . 3941006 X 10! . 1.034485 . 4615330
. 2249610 . 6469347 . 4383367 X 10! 1. 016957 . 4654009
e 2301157 . 6561501 1 _..4870760Xx10-t __| . 9090534 ___..4695269
. 2352212 . 6650049 . 5384508 10—} . 9815326 . 4737413
. 2403763 . 8736951 . 5935046 X 10! . 9640532 . 4781248
. 2456604 . 6823645 . 6532786 10—} . 9463645 . 4827482
+ 2509906 . 6908834 . 7168892 10—t . 9287973 . 4875318
. 2564426 . 6993835 . 7853689 10 . 9111227 . 4925439
. 28619459 . 7077625 . 8578595 10— . 8936131 . 4977120
. 2675727 . 7161411 . 9354010 10! . 8760607 . 5031015
. 2732621 . 7244361 . 1017149 . 8586968 . 5086453
~ . 2791424 . 7328427 . 1106084 . 8411490 . 5144686
. 2851540 . 7412788 . 1198369 . 8236498 . 5205035
. 2013034 . 7497607 . 1207116 . 8062167 . 5267491
. 2976521 . 7583797 . 1402373 . 7887130 . 5332612
. 3041528 . 7670773 . 1513335 . 7713183 . 5399799
. 3108678 . 7759447 . 1631054 . 7539044 . 5469598
. 3178556 . 7850650 . 1756576 . 7363728 . 5542513
. 3250282 . 7943305 . 1888208 . 7190026 . 5617448
. 3324975 . 8038959 . 2027927 . 7015672 . 5695433
. 3402780 . 8137800 . 2175884 . 6840981 . 8776431
. 3483869 . 8240429 . 2332230 . 6666225 . 5860399
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; 4;=85°)—Continued

SERUPUEPRIRpIRERSEES S &

z/r; y/ri 8, radians », radians VIV
0. 8573891 x10-! 0. 2000000 < 10! 0. 0000000 1. 483530 0. 4095466
. 9640913 X 10! . 1419617 . 2957617 X103 1. 445495 . 4109313
. 1053469 . 2130881 . 5327943 X103 1. 419124 . 4121878
. 1129557 . 2630474 . 8407074 X103 1. 398279 . 4133552
. 1206934 . 3076758 . 1279626 X 102 1. 376596 . 4147346
. 1271007 . 3404757 . 1751733 X 102 1. 358486 . 4160176
. 1338823 . 3722060 . 2394370 10 1. 338508 . 4175728
. 1396945 . 3970407 . 3067911102 1. 321163 . 4190438
. 1456583 . 4207365 . 3908738 X 10 1. 302786 . 4207266
. 1516193 . 4427803 . 4919721 X 102 1. 283923 . 4225890
. 1570566 . 4615510 . 5998251102 1. 266506 . 4244323
. 1628884 . 4805185 . 7361128102 1. 247287 . 4266066
. 1682533 . 4969190 . 8801193X 102 1. 229456 . 4287578
. 1735669 . 5123044 . 1042857 X 10— 1. 211557 . 4310497
. 1788170 . 5267407 . 1224802 10! 1. 193678 . 4334741
. 1839989 . 5403071 . 1426407 X 10—t L 175882 . 4360241
. 1893178 . 5535987 . 1658363 X 10! 1. 157431 . 4388156
.. 1943515 . 5656123 . 1900813 10! 1. 139970 . 4415985
. 1994987 . 8773964 . 2174599 10~ 1. 122020 . 4446063
. 2045707 . 5885429 . 2470155% 10! 1. 104336 . 4477187
. 2097190 . 5994290 . 2798032101 1. 086373 . 4510354
. 2147960 . 6097688 . 3148850 10—} 1. 068726 . 4544499
. 2199345 . 6198701 . 353313110t 1. 050926 . 4580554
. 2251236 . 6297280 . 3951431 x 10! 1. 033048 . 4618438
. 2302541 . 6391590 . 4394629 X 10! 1. 015526 . 4657240
. 2355336 . 6485683 . 4882919 10! . 9976309 . 4698625
. 2407628 __. 6576101 _ | . 530753310~ (- —— 8801170 - {- —T3740896
2460429 ~ T 177 . 6664849 . 5948947 X 10—t . 9626444 . 4784860
. 2514554 . 6753397 . 6547586 X 10— . 9449635 . 4831228
2569153 - 8840416 . 7184545X 101 - 9274036 . 4879198
2625002 - .. 6927254 -]~ .7870217X 10~} - =9097362 . 4929457
TTUTT2681379 . 7012863 . 8596008 10! . 89223490 . 4981275
. 2739025 . 7098476 . 9372271 X 10 . 8746905 . 53035312
. 2797314 . 7183244 . 1019057 . 8573346 . 5090893
. 2857563 . 7269162 . 1107078 . 8397960 . 5149270
. 2919160 . 7355390 . 1200442 . 8223060 . 5209767
. 2982172 . 7442096 . 1299266 . 8048812 . 5272372
-3047231 . 7530213 . 1404597 . 7873875 . 5337646
. 3113852 . 7619142 . 1515623 . 7700009 . 5404989
. 3182673 . 7709818 . 1633403 . 75625964 . 5474946
. 3254297 . 7803089 . 1758979 . 7350737 . 5648023
. 3327820 . 7897855 - . 1890656 L 7T177124 . 5623122
. 3404391 . 7995700 . 2030413 - 7002863 . 5701274
. 3484158 . 8096910 . 2178394 . 6828258 . 5782444
. 3567298 . 8201823 .. 2334753 . 8653590 . 5866587

-
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TABLE 1I.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

2ir; yir; 8, radians u, radians Vivy
0. 8748868 10! 0. 0000000 0. 0000000 1. 483530 0. 4095466
. 9847630 10! . 1255896 . 5022097 X 10— 1. 468986 . 4100168
. 1065861 . 2050094 . 55683771073 1. 419323 . 4121774
. 1142703 . 2555404 . 859993810~ 1. 398091 . 4133664
. 1220925 . 3006100 . 1296705102 1. 376211 . 4147606
. 1285713 . 3337110 . 1768165 X102 1. 358007 . 4160531
. 1354303 . 3657314 . 24108941072 1. 337964 . 4176172
. 1413086 . 3907899 . 3085008 X 102 1. 320581 . 4190951
. 1473411 . 4147012 . 392685010 1. 302175 . 4207848
. 1533711 . 4369481 . 4939281 X 10-? 1. 283291 . 4226539
. 1588711 . 4558921 . 6019411 X102 1. 265857 . 4245033
. 1647709 . 4750381 . 73842761072 1. 246624 . 4266842
. 1701982 . 4915933 . 8826518102 1. 228785 . 4288414
. 1755736 . 5071256 . 10456141071 1. 210876 . 4311395
. 1808850 . 5217007 . 122782010 1. 192991 . 4335700
. 1861275 . 5353986 . 1429698107 1. 175190 . 4361261
. 1915088 . 5488207 .1661972x 10! 1. 156736 . 4389237
. 1966015 . 5609525 . 1904735 107 1. 139273 . 4417126
. 2018092 . 5728538 . 2178862 10! 1. 121321 . 4447266
. 2069408 . 5841118 . 2474766 107! : 1. 103634 . 4478452
. 2121498 . 5951077 . 2803001 X 10~} 1. 085670 . 4511683
. 2172868 . 6055522 . 3154209 10! 1. 068024 . 4545890
. 2224860 . 6157567 . 3538870 X 10! 1. 050223 T .4582011
. 2277366 . 6257158 . 3957580 10! 1. 032346 . 4619960
. 2329280 . 6352440 . 440117810 1. 014825 . 4658827
. 2382703 . 6447510 . 4889869 X 10~ 79969308 . 4700281
. 2435617 . 8538872 . 5404916 X 10~ . 9794186 . 4742618
. 2489047 . 8628551 - 5956781 X 107! - 9619493 . 4786647
. 2543819 . 6718033 . 655584510t . 9442705 . 4833083
. 2599072 . 6805974 . 7193277 X 107} . 9267138 . 4881122
. 2655591 . 6803738 . 7879381 X 10t . 9090488 . 4931453
. 2712645 . 6980264 . . 860560010 . 8915508 . 4983342
. 2770985 . 7066798 . 9382311101 . 8740106 . 5037450
. 2829977 . 7152482 . 1020103 . 8566582 . 5093103
. 2890955 . 7239334 . 1108162 . 8391225 . 8151557
. 2953298 . 7326504 .. 1201561 . 8216353 . 5212132
. 3017075 . 7414161 . 1300423 . 8042153 . 5274813
. 3082927 . 7503249 . 1405787 . 7867253 . 5340166
. 3150361 . 7593164 . 1516847 . 7693430 . 5407587
. 3220026 . 78684848 . 1634651 . 7519420 . 5477627
. 3292530 . 7779163 . 1760256 . 7344240 . 5550785
. 3366958 . 7874995 . 1891957 . 7170672 . 5625966
. 3444474 . 7973946 . 2031729 . 6996454 . 5704203
. 3525230 . 8076305 . 2179723 . 6821891 . 5785459
. 3609406 . 8182415 . 2336091 . 6647269 . 5869688
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‘ . . TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;==1.0038; 4;=85° —Continued

zfr; y/ri 8, radians #, radians ViV,
0. 1113133 0. 0000000 0. 0000000 1. 458017 0. 4104199
Y . 1226543 . 1001341 . 1093971 X 103 1. 439118 . 4112127
. 1307679 . 1614455 . 9267815X 103 1. 388465 . 4139586
. 1398650 . 2110428 . 1330155102 1. 365541 . 4155035
. 1473816 . 2473901 . 1793538 102 1. 347105 . 4168853
. 1553399 . 2826643 . 2437950 102 1. 327019 . 4185345
. 1621432 . 3103040 . 3119146 102 1. 309662 . 4200819
. 1691254 . 3367619 . 3973541 X 10~ 1. 291315 . 4218428
. 1761033 . 3614450 . 5003369 < 10~ 1. 272504 . 4237840
. 1824600 . 3824943 . 6102750 <10~ 1. 255139 . 4257004
. 1892846 . 4038321 . 7492855 10-? 1. 235983 . 4279553
. 1955566 . 4223038 . 8961520 X 10-? 1. 218210 . 4301822
. 2017686 . 4396642 . 1062050 % 10~} 1. 200366 . 4325511
. 2079063 . 4559798 . 1247478 X 10! 1. 182543 . 4350534
. 2139641 . 4713352 . 1452821 < 10! 1. 164803 . 4376820
. 2201850 . 4864058 . 1688941 X 10-t 1. 146408 . 4405562
. 2260694 . 5000380 . 1935564 X 10-! 1. 129000 . 4434188
. 2320891 . 5134299 . 2213884 10! 1. 111103 . 4465099
. 2380207 . 5261101 . 2514135X 10t 1. 093472 . 4497058
. 2440436 . 5385092 . 2846995 % 10~1 1. 075564 . 4531082
. 2499831 . 5502965 . 3202882 < 10! 1. 057971 . 4566087
. 2559963 . 5618243 . 3592440 10! 1. 040224 . 4603026
. 2620702 . 5730853 . 4016213 X 10! 1. 022404 . 4641809
. 2680758 . 5838667 . 4464885 10t - 1. 004938 . 4681508
. 2742584 . 5946346 . 4958879 10-t | . 9871017 | _ _.4723825
T2803825 7T T T .6049893 TTTT5479161 10T . 9696460 . 4767024
. 2865678 © .6151608 . 6036287 X 10! . 9522338 . 4811928
. 2929106 . 8253185 . 6640718 X 10~ . 9346141 . 4859263
. 2093106 . 6353084 . 728345210t . 9171172 . 4908212
. 3058593 . 6452857 . 7974912 101 . 8895153 . 4959470
. 3124716 . 6551289 . 8706345 10! . 8820792 . 5012296
. 3192350 . 6649802 . 9488181 X 10 . 8646014 . 5067360
~ 3260760 . 6747410 . 1031187 . 8473129 . 5123973
. 33315Q1 . 6846423 . 1119731 . 8298427 . 5183413
. 3403852 . 6945867 . 1213599 . 8124229 . 5244986
.. 3477893 . 7045936 . 1312899 . 7950687 . 5308682
. 3554373 . T147712 . 1418674 . 7776459 . 5375069
. 3632723 . 7250504 . 1530108 . 7603317 . 5443536
. 3713701 . 7355393 . 1648252 . 7429987 . 5514639
. 3798019 . 7463374 . 1774150 . 7255489 . 5588887
_ . 3884616 . 7573169 . 1906087 . 7082596 . 5665166
. 3974856 . 7686622 . 2046043 . 6909056 . 5744522
. 4068921 . 7804073 . 2194157 . 8735169 . 5826916
. 4167025 . 7925924 . 2350568 . 6561219 . 5912301
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued

zfr; ylr; 9, radians », radians Vivi

0. 1359276 0. 0000000 0. 0000000 1. 424893 0. 4118920
. 1468782 . 7452140 X 10t . 1906271 1073 1. 405021 . 4129607
. 1564600 . 1318588 . 1411773X 102 1. 354225 . 4163369
. 1649605 . 1707552 . 1808748 X102 1. 334821 . 4178760
. 1739711 . 2085292 . 2422358102 1. 314519 . 4196373
. 1816614 . 2381696 . 309338310 1. 297206 . 4212632
. 1895540 . 2666323 . 394716210 1. 278987 . 4230993
. 1974399 . 2932662 . 4983637102 1. 260338 . 4251140
. 2046169 . 3160257 . 6093961 X 10-? 1. 243126 . 4270970
. 2123265 . 3391683 . 7501300 10~ 1. 224139 . 4294246
. 2194065 . 3592373 . 8989216 X 10-? 1. 206515 . 4317196
. 2264186 . 3781363 . 1067089 10! 1. 188814 . 4341573
. 2333468 . 3959293 . 1255063 10t 1. 171125 . 4367292
. 2401848 . 4127019 . 1463214 X 10 1. 153512 . 4394280
. 2472088 . 4291934 . 1702506 X 10—t 1. 135243 . 4423760
. 2538511 . 4441262 . 1952326 X 10! 1. 117949 . 4453097
. 2606482 . 4588175 . 2234166 X 10! 1. 100165 . 4484748
. 2673459 . 4727438 . 2538041 X 10! 1. 082639 . 4517448
. 2741485 . 4863785 . 28747689 10-! 1. 064836 . 4552240
. 2808573 . 4993530 . 3234617 10! 1. 047344 . 4588008
. 2876509 . 5120558 . 3628307 X 10! 1. 029697 . 4625729
. 2945145 . 5244770 . 4056324 10! 1. 011974 . 4665311
. 3013018 . 5363792 . 4509258 10—t . 9946041 . 4705804
. 3082911 . 5482784 . 5007684 <10~ . 9768637 . 4748944
. 3152154 . 5597296 . 5532335 10! . 9595018 . 4792962
. 3222105 57098786 . 6003845 X 10! . 9421818 . 4838696
S . 3203861 5822401 . 6702722 10! . 9246555 . 4886882
. 3366282 5933152 . 7349830< 10! . 9072512 . 4936690
. 3440409 6043851 . 8045583 10! . 8897409 . 4988828
. 3515276 . 6153143 . 878119910 . 8723959 . 5042538
. 3591879 . 6262609 . 9567126 X 10! . 8550108 . 5098499
. 3669383 . 6371146 . 1039465 . 8378118 . 5156017
. 3749557 . 6481332 . 1128377 . 8204325 . 5216384
. 3831586 . 8592078 . 1222585 . 8031029 . 5278896
. 3915563 . 6703600 . 1322196 . 7858393 . 5343541
. 4002343 . 6817109 . 1428252 . 7685067 . 5410895
. 4091281 . 6931834 . 1539926 . 7512817 . 5480336
. 4183245 . 7048987 . 1658269 . 7340381 . 5552427
. 4279050 . 7169685 . 1784318 . 7166780 . 5627683
. 4377493 . 7292502 . 1916356 . 6994775 . 5704971
. 4480131 . 7419510 . 2056355 . 6822119 . 5785351
. 4587184 + 7551097 . 2204450 . 6649119 . 5868780
. 4698901 . 7687723 . 2360789 . 8476040 . 5955211

-
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JE’I‘

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; 4;=85°)—Continued

z/r; ylr; 8, radians u, radians vivi

0. 1593610 0. 0000000 0. 0000000 1. 389366 0. 4139017
. 1712780 . 649612110t . 2058171X 102 1. 369307 . 4152366
. 1801082 . 1082568 . 1891990 102 1. 323004 . 4188823
. 1900372 . 1478175 . 2380173 10~2 1. 301648 . 4208350
. 1985121 . 1788292 . 3006475102 1. 284288 . 4225516
. 2072104 . 2086840 . 3837739102 1. 266224 . 4244632
. 2158995 . 2367004 . 4865631 102 1. 247804 . 4265461
. 2238017 . 2606960 . 5976022102 1. 230821 . 4285885
. 2322933 . 2851672 . 7390206 X102 1. 212084 . 4309803
. 2400871 . 3064308 . 8888718102 1. 194679 . 4333347
. 2478057 . 3264966 . 1058471 X 10! 1. 177188 . 4358322
. 2554317 . 3454236 . 1248187 X 10! 1. 159697 . 4384645
. 2629584 . 3632953 . 1458323 10! 1. 142268 . 4412243
. 2706918 . 3808982 . 1699955 % 10! 1. 124182 . 4442361
. 2780034 . 3968569 . 1952182 10! 1. 107051 . 4472312
. 2854871 . 4125809 . 2236693 < 10t 1. 089426 . 4504603
. 2928620 . 4275034 . 2543364 x 10! 1. 072051 . 4537944
. 3003540 . 4421318 . 2883053 10! 1. 054394 . 4573400
. 3077432 . 4560663 . 3245919 10! 1. 037040 . 4609831
. 3152274 . 4697238 . 3642788 10! 1. 019528 . 4648229
. 3227902 . 4830920 . 4074068 10™¢ 1. 001937 . 4688502
. 3302695 . 4959128 . 4530229 X 10! . 9846905 . 4729686
. 3379742 . 5087428 . 5031998 X 10—t . 9670745 . 4773541
. 3456081 . 5210996 . 5559921 X 10! . 9498311 . 4818269
. 3533218 . 5332579 . 6124692 10! . 9326279 . 4864722
. 3612369 . 5454206 . 6736827x10"! . 9152172 . 4913647
-4---—-.3692272-- -- 5574007 . 7387141 X 10~ . 8979266 - . 4964197
. 3774081 . 5693845 . 8086053 X 10! . 8805296 . 5017091
. 3856729 . 5812246 . 8824655 10! . 8632956 . 5071561
. 3941319 . 5930922 . 9613430 X 10! . 8460200 . 5128295
. 4026928 . 6048675 . 1044363 . 8289288 . 5186586
. 4115520 . 6168304 . 1133522 . 8116574 . 5247745
. 4206191 . 6288826 . 1227952 . 7944338 . 5311058
. 4299050 . 6409875 . 1327756 L 7772752 . 5376509
. 4395046 . 6533373 . 1433976 . 7600473 . 5444681
. 4493467 . 6658281 . 1545779 . 7429257 . 5514944
. 4595279 . 6785925 . 1664208 . 7257847 . 5587866
. 4701393 . 6917526 . 1790300 . 7085266 . 5663967
. 4810478 . 7051533 . 1922325 . 6914257 . 5742102
. 4924271 . 7190215 . 2062254 . 6742593 . 5823339
. 5043020 . 7334006 . 2210215 . 8570568 . 5907634
. 5167016 . 7483415 . 2366330 . 6398455 . 5994935
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

‘ FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued
— zfr; yiri 6, radians », radians vivi
0. 1845671 0. 0000000 0. 0000000 1. 352877 0. 4164393
- ’ . 1953253 . 4858321 X 10t . 4086221 X 10-3 1. 333616 . 4179762
- . 2056973 . 9156796 10! . 2443964 X 102 1. 288541 . 4221204
. 2149323 . 1237064 . 2901022 10~ 1. 270182 . 4240332
2244255 . 1546463 . 3654033 102 1. 252043 . 4260547
. 2339109 . 1837465 . 4643372 102 1. 233824 . 4282188
. 2425331 . 2087289 . 57368389 10 1. 217102 . 4303254
- - 2518018 . 2342824 . 714429410 1. 198673 . 4327830
. 2603054 . 2565373 . 8644308 X102 1. 181552 . 4351068
. . 2687271 . 2775857 . 1034697 < 10! 1. 164335 ", 4377532
- . 2770478 . 2974810 . 1225510 10! 1. 147105 . 4404446
. 2852605 . 3163026 . 1437066 X 10-! 1. 129921 . 4432638
. 2937005 . 3348789 . 1680490< 10—t 1. 112077 . 4463378
. 3018790 . 3517408 . 1934601 10—t 1. 095161 . 4493928
' . 3008475 . 3683829 . 222123810t 1. 077748 . 4526847
- . 3178978 . 3841982 . 2563015510 1. 060570 . 4560816
. 3260775 . 3997233 . 2872307 10! 1. 043105 . 4596917
. 3341461 . 4145289 . 3237689 X 10! 1. 025932 . 4633903
. 3423203 . 4290574 . 363718810t 1. 008597 . 4673052
. 3505822 . 4432938 . 4071180 10! . 9911754 . 4713999
. 3587541 . 4569607 . 4530066 < 101 . 9740920 . 4755851
. 3671748 . 4706519 . . 5034636X 10~1 . 9566370 . 4800399
. 3755194 . 4838499 . 5565310 10! . 9395479 . 4845814
. 3839534 . 4968476 . 813278810~ . 9224937 . 4892962
. 3926103 . 5098618 . 674762710~ . 9052311 . 4042600
. 4013516 . 5226914 . 7400515 10~} . 8880837 . 4993869
T 3103042 T 75355358 © T[T /8101896 10! TTTT 8708282 I T 7L 5047496
. 4193511 . 5482364 . 8842834 10! . 8537317 . 5102700
. 4286136 . 5609765 . 963375210t . 8365916 . 5160181
. 4379906 . 5736273 . 1046588 . 8196320 . 5219219
. 4476979 . 5864897 . 1135922 . 8024934 . 5281138
. 4576366 . 5994385 . 1230496 . 7853990 . 5345220
. 4678190 . 6124928 . 1330417 . 7683685 . 5411442
‘ . 4783497 . 8258014 . 1436715 . 7512663 . 5480399
— . 4891509 . 6392721 . 1548557 . 7342678 . 5551449
. 5003292 . 6530483 . 1666984 . 7172493 . 5625163
. 5119855 . 6672625 . 1793024 . 7001127 . 5702067
. 5239740 . 6817476 .. 1924953 : . 6831314 . 5780999
. 5364865 . 6967497 e . 2084725 . 6660830 . 5863040
. 5495517 . 7123167 . 2212469 . 6489973 . 5948142
. 5632023 . 7285050 . 2368299 . 8319015 . 6036249

e e e e e e - -



EXPERIMENTAL AND THEORETICAL STUDIES OF AXISYMMETRIC FREE JETS

TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°)—Continued
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zfr; yiri 9, radians #, radians ViV,
0. 2070903 0. 0000000 0. 0000000 1. 317271 0. 4193894
. 2190201 . 4604310X 10! . 5277630 X 10 1. 298912 . 4210979
. 2285396 . 8025925 X 10! . 2954295 X101 1. 258188 . 4253552
. 2386838 . 1119649 . 3480637 X102 1. 239067 . 4275822
. 2488352 . 1417719 . 4376756102 1. 220848 . 4298433
. 2580621 . 1674012 . 5427922102 1. 204343 . 4320115
. 2679844 . 1936801 . 6812723107 1. 186209 . 4345274
. 2770853 . 2166143 . 8303044 X103 1. 169376 . 4369911
. 2860990 . 2383493 . 100036010 1. 152442 . 4395965
. 29050050 . 2589328 . 1191467 X 10! 1. 135481 . 4423366
. 3037960 . 2784397 . 1403705 X 10! 1. 118554 . 4452044
. 3128321 . 2977235 . 1648157 X 10! 1. 100963 . 4483293
. 3213737 . 3152559 . 180343910t 1. 084274 . 4514333
. 3301204 . 3325831 . 219151210t 1. 067082 . 4547761
. 3387416 . 3490701 . 250199510 1. 050114 . 4582238
. 3475032 . 3652749 . 2845844 10! 1. 032851 . 4618866
. 3561466 . 3807460 . 3212999 X 10t 1. 015868 . 4656467
. 3649049 . 3959441 . 361436910t . 9987163 . 4696063
. 3737589 . 4108521 . 4050278 X 10! . 9814729 . 4737559
. 3825181 . 4251764 . 451105610t . 9645571 . 4779958
. 3915460 . 4395404 . 5017555 X 10t . 9472682 . 4825073
. 4004942 . 4533980 . 555012310t . 9303367 . 4871049
. 4095404 . 4670567 .6119462X10-! . 9134356 . 4918764
. 4188278 . 4807445 . 673610310~ . 8963240 . 4968984
. 4282082 . 4942484 . 7390690 10! . 8793224 . 5020839
. 4378180 . 5077782 . 8093681 X 10—t . 8622103 . 5075062
. 4475313 . 5211666 . 8836078 < 10~! . 8452536 . 5130862
. 4574791 . 5346063 . 9628302 10! . 8282497 . 5188947
. 4675530 . 5479608 . 1046156 . 8114238 . 5248588
. 4779847 . 5615488 . 1135582 . 7944167 . 5311122
. 4836685 . 5752355 . 1230225 . 7774521 . 5375821
. 4996181 . 5890472 . 1330183 . 7605480 . 54426065
. 5109463 . 6031355 . 1436492 . 743571Q . 5512249
. 5225699 . 6174051 . 1548309 . 7266951 . 5583926
. 5346041 . 6320082 . 1666674 . 7097973 . 5658270
. 5471583 . 6470860 . 1792609 . 6927807 . 5735811
. 5600761 . 6624617 . 1924388 . 6759158 . 5815376
. 5735648 . 6783973 . 2063959 . 6589823 . 5898052
. 5876564 . 6949447 . 2211451 . 6420108 . 5983787
. 6023871 . 7121651 . 2366964 . 6250267 . 6072526
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NLAR-SONIC EXIT (M;=1.0038; 4;=85°)-—Continued

z/r; yiri 8, radians u, radians ViVi
0. 2318825 0. 0000000 0. 0000000 1. 282917 0..4226923
. 2427547 . 36717611071 . 6490770 103 1. 265473 . 4245454
. 2532597 . 7012302 10t . 3497615 102 1. 226097 . 4291777
. 2640742 . 1005785 . 4082347 X 102 1. 206734 . 4316902
. 2739210 . 1267404 . 5021827 x 10-? 1. 190241 . 4339558
. 2845175 . 1536186 . 6346171 X102 1. 172359 . 4365454
. 2942365 . 1771229 . 7807542% 10~ 1. 155828 . 4390652
. 3038636 . 1994461 . 9493340 102 1. 139211 . 4417227
. 3133767 . 2206300 . 1139874 X 10—t 1. 122563 . 4445131
. 3227681 . 2407438 . 1352129 10—t 1. 105937 . 4474306
. 3324239 . 2606644 . 1597074 X 10t 1. 088644 . 4506072
.-3415511 . 2788043 . 1853093 % 10-1 1. 072223 . 4537607
. 3508999 . 2967601 . 2142203 % 101 1. 055296 . 4571549
. 3601157 . 3138695 . 2453859 10! 1. 038576 . 4606542
. 3694837 . 3307093 . 2799074 10! 1. 021554 . 4643700
. 3787267 . 3468064 . 3167662 10! 1. 004799 . 4681831
. 3880949 . 3626384 . 3570563 X 101 . 9878679 . 4721969
. 3975678 . 3781857 . 4008097 % 10—t . 9708384 . 4764016
. 4069407 . 3931399 . 4470445x 10t . 9541242 . 4806965
. 4166040 . 4081512 . 4978579 10! . 9370344 . 4852647
. 4261839 . 4226469 . 5512686 10! . 9202905 . 4899189
. 4358710 . 4369479 . 6083533 X 101 . 9035724 . 4947473
. 4458196 . 4512922 . 6701835x 10 . 8868402 . 4998276
. 4558702 . 4654562 . 735757110t - . 8698127 . 5050717
. 4661697 . 4796594 . 8061807 10! . 8528715 . 5105534
. 4765835 . 4937252 . 8805279X 10! . 8360800 . 5161930
= o 4872518 - - 5078566 . 9598421 x 10! . 8192384 . 5220617
: . 4980588 . 5219090 . 1043237 . 8025693 . 5280859
. 5092542 . 5362179 . 1132709 . 7857174 . 5344006
. 5207239 . 5506420 . 1227371 . 7689047 . 5409320
. 5324832 . 5652089 . 1327319 . 7521488 . 5476780
. 5446542 . 5800786 . 1433585 . 7353180 . 5546986
. 5571475 . 5951509 . 1545324 . 7185851 . 5619282
. 5700880 . 6105868 . 1663570 . 7018275 . 5694248
. 5835938 . 6265368 . 1789344 . 6849503 . 5772413
. 5974975 . 6428140 . 1920918 . 6682208 . 5852595
. 6120234 . 6596968 . 2060230 . 6514216 . 5935888
. 6272064 . 6772417 . 2207399 . 6345813 . 6022240
. 6430871 . 6955146 . 2362534 . 6177268 . 6111587
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TABLE II.—EXPAN.SIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; s =85°)—Continued

zfr; y/ri 8, radians 4, radians ViV,
0. 2543535 0. 0000000 0. 0000000 1. 249970 0. 4262942
- 2659960 . 350355210t . 7663570 X 103 1. 233484 . 4282604
. 2771064 . 6679266 x 101 . 4120058 X102 1. 195624 . 4332035
. 2874561 . 933940210~ . 4744754 102 1. 178142 . 4356925
. 2986175 . 1207087 . 59273671072 1. 160157 . 4383934
. 3088600 . 1446194 . 732446410 1. 143779 . 4409795
. 3190091 . 1673649 . 8974450 102 1. 127386 . 4436915
. 3290408 . 1889848 . 1085975 10! 1. 110984 . 4465310
. 3389463 . 2095451 . 1297177 x 10 1. 094609 . 4494949
. 3491333 . 2299412 . 154168410 1. 077572 . 4527187
. 3587638 . 2485388 . 1797689 10! 1. 061388 . 4559163
- 3686306 . 2669733 . 208709810~ 1. 044697 . 4593560
. 3783587 . 2845608 . 2399265310t 1. 028201 . 4629003
. 3882500 . 3018922 . 2745190 X 10t 1. 011401 . 4666621
. 3980110 . 3184774 .3114582% 10! . 9948546 . 4705208
. 4079063 . 3348075 .3518379X 10! . 9781269 . 4745812
. 4179143 . 3508605 . 3956881101 . 9612954 . 4788331
. 4278188 . 3663151 . 4420233101 . 9447695 . 4831745
. 4380328 . 3818435 . 492937510t . 9278657 . 4877909
. 4481605 . 3968517 . 546446910t . 9112896 . 4924926
. 4584043 . 4116702 . 603620610t . 8947532 . 4973692
. 4689275 . 4265458 . 6655171 X 10! . 8779906 . 5024985
. 4795613 . 4412459 . 7311894 10! . 8613272 . 5077916
. 4904614 . 4559981 . 8016804 10t . 8445474 . 5133231
. 5014857 . 4706180 . 8760796 10! . 8279114 . 5190125
8127829 -_j_....4853167 -t ——-0554294 X 10 . 8112228 . 5249314
. 5242299 . 4999438 . 1038840 . 7947008 . 5310057
. 5360921 . 5148484 . 1128307 . 7779957 . 5373712
. 5482492 . 5298831 . 1222943 . 7613263 . 5439534
. 5607172 . 5450772 . 1322839 . 7447102 . 55075¢C1
. 5736265 . 5605977 . 1429023 . 7280179 . 5578217
. 5868829 . 5763400 . 1540654 . 7114201 . 5651018
. 6006192 . 5924730 . 1658753 . 6947949 . 5726490
. 6149614 . 6091548 . 1784338 . 6780483 . 5805163
. 6297322 . 6261906 . 1915687 . 6614469 - . 5885844
. 8451707 . 6438725 . 2054724 . 6447731 . 5969635
. 6613161 . 6622605 . 2201573 . 6280563 . 6056478
. 6782127 . 6814249 . 2356332 . 6113236 . 6146311
‘ J
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-TABLE 1I.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; x;=85°)—Continued

z/r; y/ri ¢, radians #, radians ViV,

0. 2783136 0. 0000000 0. 0000000 1. 218597 0. 4301322
. 2905062 . 3317486 107! . 0090577 X103 1. 202505 . 4322601
. 3011374 . 6079862 X 10! . 4760397 X 102 1. 166519 . 4374215
. 3128506 . 8854062 X 10! . 5512074 X 102 1. 147344 . 4404062
. 3236224 . 1127961 . 6758233102 1. 130924 . 4430955
. 3343033 . 1358953 . 8331294 10 1. 114705 . 4458755
. 3448648 . 1578849 . 1017342107 1. 098547 . 4487701
. 3552963 . 1788299 . 122603210t 1. 082437 . 4517833
. 3660279 . 1996411 . 1469067 10! 1. 065678 . 4550557
. 3761744 . 2186447 . 1724329 10~ 1. 049756 . 4582980
. 3865730 . 2375085 . 201348310t 1. 033328 . 4617831
. 3968273 . 2555297 . 2325702 10! 1. 017084 . 4653722
. 4072564 . 2733111 . 2671938 X 10! 1. 000531 . 4691796
. 4175503 . 2903468 . 3041801 X 10~ . 9842202 . 4730833
. 4279887 . 3071394 . 344617410t . 9677220 . 4771897
. 4385486 . 3236649 . 3885331 x 10! .9511130 . 4814882
- 4490016 . 3395903 . 4349335 10! . 9347981 . 4858759
. 4597842 . 3556080 . 4859175X 107! . 9181040 . 4905399
. 4704782 . 3711032 . 5394936 X 10! . 9017369 . 4952886
. 4812974 . 3864164 . 5967315 10! . 8853843 . 5002123
. 4924150 . 4018020 . 6586822 10! . 8688115 . 5053899
. 5036528 . 4170186 . 7244002X 107! . 8523319 . 5107314
. 5151757 . 4323015 . 7949240107 .- 8357324 . 5183119
. 5268327 . 4474598 . 8693465X% 10! . 8192719 . 5220499
o _.5387822_ | _.4627115 = ___ | _ . 9487026X10! . 8027546 . 5280177
. 5508941 . 4779002 . 1032101 . 7863990 . 5341406
. 5634496 . 4933888 . 1121533 . 7698576 . 5405555
. 5763219 . 5090240 . 1218111 . 7533485 . 5471870
-+ 5895282 . 5248364 . 1315923 . 7368889 . 5540328
. 6032072 . 5410003 . 1421993 . 7203502 . 5611536
. 6172593 . 5574073 . 1533474 . 7039021 . 5684826
. 6318259 . 5742337 . 1651389 . 6874244 . 5760785
. 6470426 . 5916448 . 1778747 . 8708227 . 5839946
. 6627209 . 6094385 . 1907825 . 6543817 . 5921107
. 6791166 . 6279204 . 2048553 . 8378272 . 6005370
. 6962712 . 8471552 . 2193036 . 6212473 . 6092680
. 7142343 . 6672171 . 2347382 . 6046487 . 6182968
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TABLE IIL.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; s;=85°)—Continued

-

z/r; y/ri 0, radians u, radians Vivy
0. 3033430 0. 0000000 0. 0000000 1. 187828 0. 4342970
. 3149758 . 2887517 10! . 10559831072 1. 172168 . 4365738
. 3270209 . 5755836 X 101 . 5519920102 1. 135775 . 4422879
. 3382915 . 821656510t . 6294589102 1. 118202 . 4452655
. 3494929 . 1055748 . 767591110 1. 101854 . 4481675
. 3605786 . 1278792 . 9420302102 1. 085823 . 4511394
. 3715333 . 1491520 . 1145104107 1. 069925 . 4542131
. 3828085 . 1703202 . 1384641 X 10! 1. 053418 . 4575407
- 3934716 . 1896759 . 1637810 10! 1. 037746 . 4608316
. 4044034 . 2089165 . 1925638 X 10! 1. 021577 . 4643649
. 4151862 . 2273219 . 223700010t 1. 005586 . 4680004
. 4261563 . 2455057 . 2582938104 . 9892860 . 4718544
- 4369869 . 2629474 . 2952644 107! . 9732174 . 4758040
. 4479726 . 2801604 . 3357069 10! . 9569575 . 4799565
- 4590895 . 2971181 . 3796391 x 10! . 9405814 . 48430168
. 4700963 . 3134772 . 426065310t . 9244891 . 4887349
. 4814539 . 3299478 . 4770778 X 10! . 9080163 . 4934458
. 4927212 . 3458960 . 5306815X 10! . 8918604 . 4982406
- 5041235 . 3616715 . 5879414 107! . 8757118 . 5032108
. 5158439 . 3775362 . 8499103 10~! . 8593418 . 5084355
. 5276946 . 3932401 . 7156402 10! . 8430587 . 5138238
. 5398497 - 4090260 . 7861628 10! . 8266519 . 5194517
. 5521505 . 4246957 . 8605688 x 10! . 8103775 . 5252370
. 5647639 . 4404749 . 9398895% 10t . 7940424 . 3312524
. 5775532 . 4562010 . 1023238 . 7778643 . 5374222
. 5908156 . 4722504 . 1112597 . 7614970 . 5438847
6044179 TTTT4884639 . 1207079 . 7451589 . 5505634
. 6183785 . 5048737 . 1306768 . 7288663 . 5574562
. 6328441 . 5216614 . 1412685 . 7124923 . 5646239
. 6477111 . 5387139 . 1523978 . 6962039 . 5719994
. 6631290 . 5562156 . 1641669 . 6798826 . 5796414
. 6792425 . 5743393 . 1766767 . 6634363 . 5876032
. 6958530 . 5928753 . 1897545 . 6471263 . 5957639
. 7132321 . 8121432 . 2035925 . 8307400 . 6042343
. 7314265 . 8322112 . 2182013 . 6143061 . 8130083
. 7504885 . 6531592 . 2335903 . 5978499 . 6220793
L4

502688 0—39—3
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (W;=1.0038; 4, =85°)~—Continued

zlr; ylri 6, radians u, radians ViV,
0. 3271733 0. 0000000 0. 0000000 1. 1567766 0. 4387635
. 3401723 . 2966202 % 10! . 1221280 X 101 1. 142362 . 4412090
. 3517103 . 5500565 X 10! . 6326061 10-2 1. 107516 . 4471478
. 3633643 . 7870891 % 10—t . 7177738 102 1. 090053 . 4503428
. 3749241 . 1012664 . 8709378 102 1. 073888 . 4534349
. 3863570 . 1227946 . 1063132 x 10! 1. 058098 . 4565829
. 3981312 . 1442418 . 1296168 X 10! 1. 041789 . 4599702
. 4092697 . 1638755 . 1545500 10! 1. 026339 . 4633097
. 4206932 . 1834167 . 1830773 10! 1. 010407 . 4668895
. 4319644 . 2021316 . 2140537 % 10! . 9946528 . 4705688
. 4434349 . 2206432 . 2485244 x 10! . 9785914 . 4744662
. 4547623 . 2384191 . 2854244 10! . 9627553 . 4784575
. 4662556 . 2559805 . 3258208 x 10! . 9467245 . 4826520
. 4778891 . 2732999 . 3697254 x 10t . 9305745 . 4870390
. 4894106 . 2900236 . 416131610 . 9146985 . 4915135,
. 5013030 . 3068776 . 4671325 x 10t . 8984411 . 4962665
. 5131039 . 3232116 . 5207249 101 . 8824901 . 5011027
. 5250497 . 3393827 . 5779756 X 10! . 8665417 . 5061141
. 5373326 . 3556593 . 6399322 10! . 8503700 . 5113805
. 5497555 . 3717843 . 7056383 X 10} . 8342778 . 5168106
. 5625013 . 3880068 . 776127310t . 8180597 . 5224805
. 5754040 . 4041224 . 8504885 10— . 8019676 . 5283074
. 5886389 . 4203631 . 9297483 % 10t . 7858119 . 5343646
. 6020627 . 4365612 . 1013018 . 7698064 . 5405757
. 6159882 . 4531046 . 1102281 . 7536109 . 5470798
. 6302755 . 4698296 . . 1196643 . 7374400 . 5537997
- 6449448 . 4867692 . 1296189 . 7213106 . 5607334
. 6601511 . 5041113 . 1401931 . 7050963 . 5679421
. 6757852 . 5217399 . 1513024 . 6889644 . 5753576
. 6920056 . 5398458 . 1630480 . 6727969 . 5830392
. 7089654 . 5586090 . 1755309 . 6565020 . 5910402
. 7264565 . 5778129 . 1885779 . 6403390 . 5992391
. 7447665 . 5977896 . 2023807 . 6240971 . 6077469
. 7639445 . 6186119 . 2169496 . 6078052 . 6165574
. 7840482 . 6403638 . 2322943 . 5914887 . 6256633
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; u;=85°) —Continued

zfr; ylrs 9, radians u, radians ViVy

0. 3537636 0. 0000000 0. 0000000 1. 128109 0. 4435692

' . 3662539 . 2634665 10! . 1409306 X 10-? 1. 112822 . 4462065
. . 3782223 . 5071303 10! . 7148561 X10~2 1. 078285 . 4525808 -

. 3902680 . 7355075 < 10! . 8016011X10-2 1. 060889 . 4560172

. 4022118 . 9531618 10t . 9677773 X 10t 1. 044974 . 4592977

- . 4145247 . 1170150 . 118714110t 1. 028805 . 4627680

) . 4261786 . 1369001 . 1429014 X 101 1. 013576 . 4661662

. 4381364 . 1567169 . 170946810~} . 9979028 . 4697983

. 4499392 . 1757192 . 2016106101 . 9824147 . 4735249

. . 4619551 . 1945392 . 2358661 X 10! . 9666256 . 4774683

v . 4738246 . 2126330 . 2726169% 10! . 9510547 . 4815036

. 4858719 . 2305298 . 3129081 X 101 . 9352877 . 4857418

. 4980702 . 2482000 . 3567373 %10~ . 9193967 . 4901723

\ . 5101546 . 2652807 . 4030849 10! . 9037692 . 4946894

. 5226328 . 2825126 . 4540398 X 10! . 8877590 . 4994858

. 5350180 . 2992299 . 5075898 X 10! . 8720453 . 5043646

. 5475597 . 3157963 . 5648007 X 10t . 8563274 . 5094184

. 5604597 . 3324869 . 6267138 10! . 8403835 . 5147277

. 5735112 . 3490371 . 6923715 X 10! . 8245131 . 5202004

. 5869087 . 3657025 . 7628019 X 101 . 8085117 . 5259132

. 6004716 . 3822727 . 8370872101 . 7926297 . 5317828

. 6143911 . 3989858 . 916260810t . 7766796 . 5378824

. 8285145 . 4156690 . 9994236 X 10~! . 7608730 . 5441356

. 6431715 . 4327222 - 1088561 . 7448746 . 5506818

. 6582153 . 4499768 . 1182770 . 7288956 . 5574436

). 8736675 . 4674673 . 1282138 . 7129538 . 5644185

- 6896929 . 4853877 . 1387875 . 8969238 . 5716681

. 7061764 . 5036190 . 1498530 . 6809710 . 5791238

. 7232869 . 5223586 . 1615716 . 6649795 . 5868449

R - 7411856 . 9417950 . 1740232 . 6488578 . 5948849

. 7596555 . 5617038 . 1870349 . 6328625 . 6031216

. 7790000 . 6824313 . 2007980 . 6167862 . 6116661

. 7992739 . 6040542 . 2153227 . 6006565 . 6205119

. 8205395 . 6266619 . 2306177 . 5844988 . 6296517

PRy
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TABLE I1.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; x;=85°)—Continued

z{r; ylr; 6, radians u, radians ViV,
0. 3792871 0. 0000000 0. 0000000 1. 098609 0. 4487588
. 3921533 . 2519185%X 10! . 158727510 1. 083670 . 4515482
- . 4044936 . 4858162 10! . 7993560102 1. 049918 . 4582646
. 4168861 . 7058406 X 10~ . 8928142102 1. 032836 . 4618897
. 4296922 . 9248926 10! . 1082943 X 10! 1. 016540 . 4654949
. 4418241 . 1125719 . 1310970107t 1. 001440 . 4689665
. 4542796 . 1326060 . 158311110t . 9859765 . 4726556
. 4665789 . 1518374 . 1884560101 . 9707266 . 4764299
. 4791055 . 1709058 . 2223612X10t . 9551895 . 4804176
. 4914836 . 1892587 . 2588704 X107t . 9398696 . 4844942
. 5040513 . 2074319 . 2989846 X 10"t . 9243540 . 4887729
. 5167810 . 2253938 . 3426785107t . 9087111 . 4932435
. 5293955 . 2427743 . 388921410 . 8933233 . 4977993
.'5424250 . 2603267 . 43979051071 . 8775539 . 5026348
. 5553622 . 2773704 . 493264410 . 8620688 . 5075519
. 5684667 . 2942762 . 550401810~ . 8465748 . 5126438
. 5819504 . 3113240 . 6122420 10~! . 8308525 . 5179916
. 5955968 . 3282435 . 8778215X 10~ . 8151964 . 5235024
. 6096078 . 3452955 . 7481684 10! . 7994074 . 5292533
. 6238013 . 3622639 . 822360110 . 7837296 . 53516056
. 8383707 - . 3793932 . 90142491071 . 7679810 . 5412976
. 6531592 . 3965054 . 9844665 10! . 7523691 . 5475876
. 6685120 . 4140114 . 1073462 . 7365632 . 5541706
. 6842770 . 4317378 . 1167505 . 7207719 . 5609690
. 7004785 . 4497207 . 1266681 . 7050125 . 5679800
. 7172837 . 4681604 . 1371999 . 6891620 . 5752652
7345796 . 4869344 . 1482613 - . 68733846 - . 5827554
. 7525408 . 5082474 . 1599525 . 85675650 . 5905102
. 7713396 . 5262939 . 1723725 . 8416122 . 5985836
. 7907472 . 5468445 . 1853495 . 6257814 . 6068521
. 8110853 . 5682570 . 1990737 . 6098662 . 6154273
. 8324127 . 5906128 . 2135549 . 5938048 . 6243028
. 8547964 . 6140063 . 2283016 . 5778919 . 6334703

Rl anl
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_TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET
FLOW FROM NEAR-SONIC EXIT (M;=1.0038; x;=85°)—Continued

z/r; yiri 8, radians », radians ViVi

0. 4055487 0. 0000000 0. 0000600 1. 089709 0. 4542555
. 4187748 . 2414776 10! . 1777096 X102 1. 055060 . 4572032
. 4314689 . 4663196 10! . 8892727% 103 1. 021980 . 4642751
. 4447341 . 6876598 10! . 9945947 X102 1. 004457 . 4682625
. 4573342 . 8902532 10~! . 1192228 X 10! . 9892515 . 4718628
. 4702838 . 1092454 . 1448345X 10t . 9739126 . 4756299
. 4830787 . 1286724 . 1740603 10 . 9588666 . 4794606
. 4961162 . 1479555 . 2073683 X 107! . 9435671 . 4834969
. 5090045 . 1665342 . 2434784 X101 . 9284929 . 4876166
. 5220954 . 1849506 . 2833049101 . 9132271 . 4919365
. 5353597 . 2031724 . 3267846 10! . 8978362 . 4964467
. 5485085 . 2208219 . 3728654 X107 . 8826923 . 5010403
. 5620950 . 2386639 . 4235948 10! . 8671671 . 5059142
. 5755893 . 2560057 . 47695331071 . 8519180 . 5108682
. 5892630 . 2732231 . 5339870 10! . 8366549 . 5159965
. 6033375 . 2906010 . 5957215 X 10! . 8211598 . 5213812
. 6175867 . 3078637 . 6611954 10~! . 8057258 . 5269284
. 6322219 . 3252770 . 7314317 X 10! . 7901548 . 5327155
. 6470532 . 3426197 . 8055086 10~ . 7746897 . 5386581
. 6622834 . 3601413 . 8844424107 . 7591485 . 5448307
. 8777483 . 3776600 . 9673382X 10! . 7437375 . 5511554
. 6938107 . 3955961 . 1056169 . 7281305 . 5577732
. 7103098 . 4137737 . 1150030 . 7125338 . 5646054
. 7272714 . 4322289 . 1249000 . 6969639 . 5716497
. 7448773 . 4511680 . 1354087 . 6813000 . 5789676
- -—— 7630032 - - —{-—T4704662 -~ T TT1464433 7 | T TTTU6657035 . 5864899
. 7818354 . 4903344 . 1581049 . 6500610 . 5942758
. 8015557 . 5109740 . 1704923 . 6342834 . 6023792
. 8219262 - 5321496 . 1834328 . 6186221 . 6106766
. 8432848 . 5542317 . 1971160 . 6028740 . 6192795
. 8656956 . 5773061 . 2115521 . 5870658 . 6281809
. 8892308 . 6014723 . 2267494 . 5712231 . 6373729

e
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TABLE II.—EXPANSIVE FLOW FIELD OBTAINED BY CHARACTERISTIC CALCULATIONS FOR JET

FLOW FROM NEAR-SONIC EXIT (M;=1.0038; x;=285°)—Concluded

zlr; ylr, 8, radians u, radians ViV,
0. 4325213 0. 0000000 0. 0000000 1. 041314 0. 4600710
. 4460920 . 231886110~ . 1978676 X 10~ 1. 026918 . 4631821
. 4596826 . 4576376 10! . 9925832 102 . 9939206 . 4707432
. 4727123 . 6622906 10! . 1101560 10! . 9775566 . 4747224
. 4861397 . 8662500 10! . 1321216 X 101 . 9620467 . 4786396
. 4994218 . 1062261 . 1595126 10! . 9470897 . 4825548
. 5129656 . 1256974 . 1917176 X 107! . 9319692 . 4866537
. 5263613 . 1444747 . 2271253 X107 . 9171075 . 4908240
. 5399739 . 1631067 . 2664631 X 10! . 9020738 . 4951892
. 5537730 . 1815599 . 3095787 X101} . 8869201 . 4997421
. 5674568 . 1994513 . 3553849 X 10! . 8720113 . 5043753
. 5816018 . 2175567 . 4058909 X 10! . 8567256 . 5092882
. 5956560 . 2351689 . 4590621 10~ . 8417080 . 5142795
. 6099024 . 2526719 . 5159314107t . 8266734 . 5194443 \
. 6245717 . 2703547 . 5775143 X 107! . 8114062 . 5248650 |
. 6394292 . 2879353 . 6428410 10! . 7961947 . 5304477 '
. 6546950 . 3056851 . 7129265X 101 . 7808433 . 5362700
. 8701711 . 3233783 . 7868470 10! . 7655912 . 5422471
. 6860703 . 3412687 . 8656205 X 101 . 7502597 . 5484536
. 7022206 . 3591715 . 9483405101 . 7350522 . 5548114
. 7190014 . 3775165 . 1036975 . 7196462 . 5614622
. 7362471 . 3961229 . 1130621 . 7042462 . 5683267
. 7539839 . 4150291 . 1229359 . 6888688 . 5754023
. 7724028 . 4344472 . 1334186 . 6733941 . 5827509
. 7913745 . 4542407 . 1444250 . 6579819 . 5903026
o ———te—————-8110956 - . 4746538 ~= t- . 1560552 -—e—pe— . 6425209 —1--—- .5981169
. 8317574 . 4958677 . 1684074 . 6269214 . 6062479
. 8531116 . 5176510 . 1813101 . 6114335 . 6145710
. 8755148 . 5403858 . 1949512 . 5958553 . 6231984
. 8990361 . 5641626 . 2093411 . 5802143 . 6321226
. 9237540 . 5890861 . 2244879 . 5645351 . 6413355
. 9365753 . 6020008 . 2073650 . 5737721 . 6358754
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TABLE I1I.—VALUES OF INTEGRALS IN JOHANNEBEN-ML}

(

YER METHOD OF CHARACTERISTICS, v=1.400

{See appendix lB]
l
!

1,(¢) I(¢) Ii(¢) 1(¢)
E S .
2, z, 1, z, ‘ z, z, ' 2,

J;ﬁ-l J;'om J;u—l J;-o.oa J;I—l J;-0.0S j;n—l J;-o.ﬂa
0.04 | 0. 535239910 | 0. 535239910~ { 0. 458519710~ | 0. 4585197 X lp" 0. 1313719 0. 1313719 | 1. 544196 1. 544196
.05 . 4711751 10! . 1006415 . 5205754 X 102 . 978095210 . 11568030 . 2471749 | 1. 062538 2. 596735
. 06 . 4255425 X 10! . 1431957 . 5762908 102 . 1555386 101 . 1047641 . 3519390 . 7757746 3. 372510
.07 . 3908471 X107} . 1822804 . 6274384 X103 . 2182824 X 10 . 9641819 10! . 4483572 . 6018302 3. 974340
.08 . 3632673 X 10! . 2186072 . 067561271103 . 2857951 10 . 8082827101 . 5381855 . 4840817 4. 458422
09 . 340621210~ .| . 2526693 . 7201104102 . 3578062 101 . 8445935 10—t . 6226449 . 3999835 4. 858405
10 . 32155900 10! . 2848252 . 7629288102 . 434099110 . 7998045101 . 7026253 . 3374288 5. 195834
11 . 3051953 X 10} . 3153447 . 8039885102 . 51449079X 10 . 761743510 . 7787997 . 2893914 5. 485226
12 . 2009210 10 . 34443068 . 8436044103 . 5988584 % 101 . 7289173 X 10t . 8516914 . 2515410 5. 736767
13 . 2783018 10-¢ . 3722670 . 8820295103 . 6870613 10-t -1 . 7002619101 . 9217176 . 2210781 5. 957845
14 . 267018210 . 3989688 . 9194703 X102 . 7790084 % 10— . 6749949 X101 . 9892171 . 1961205 6. 153965
.16 . 2668292X 10! . 4246518 . 9560992 102 . 8746183 X101 . 652526310t | 1, 054469 . 1753608 6. 329326
.16 . 2475490101 . 4494067 . 9920643 X 103 . 9738247 X 101 . 6324029107 | 1, 117710 . 1578654 6. 487192
.17 . 2390314 X 10! . 4733098 . 102749110 . 1076573 ¢ . 614268410 | 1. 179136 . 1429516 6. 630143
.18 . 2311597 X 10! . 4064258 . 1062493 < 10— . 1182823 . 5978392104 | 1, 238920 . 1301098 6. 760253
.19 . 2238393 10 . 5188097 . 1097170 10— . 1292540 . 582886810 | 1, 297209 . 1189527 6. 879206
.20 . 2169923 X 10! . 5405090 . . 1131612101 . 1405701 . 56922425101 | 1, 354131 . 1091811 6. 988387
.21 . 2105540 X 10! . 5615644 . 1165899 X 101 . 1522291 . 5566962101 | 1. 409801 . 1005609 7. 088948
.22 . 2044699 10! . 5820114 . 120011010~ . 1612302 . 5451743 X 10— | 1. 464318 . 929063010 | 7, 181854
.23 . 1986935 X 10! . 6018807 . 1234313 X101 . 1765734 . 534549910 | 1. 517773 . 860679610 | 7. 267922
.24 . 1931851 X101 . 6211992 . 1268577 X 10t . 1892591 . 52473071071 | 1, 570247 . 7992504 10! | 7, 347847
.25 . 1879101 X 10 . 6399902 . 1302963 < 10—t . 2022888 . 5156380103 | 1. 621810 . 7437852011 { 7,422226
. 26 . 182838110 . 65682741 . 1337534 X 10 . 2156641 . 507204410 | 1, 672531 . 6934663 10— | 7. 491572
.27 . 1779423 10! . 6760683 . 137234910 . 2293876 ¢ . 499371510~ | 1, 722468 . 647613010~ | 7. 556334
.28 . 1731989% 101 . 6933882 . 1407465 101 . 2434623 ¢ . 4920884 X 10— | 1. 771677 . 605654310 | 7. 616899
.29 . 1685863 10! . 7102468 . 144293910 . 2678917 | . 4853107 X 10— | 1. 820208 . 567108110t | 7. 673610
.30 . 1640848 10! . 7266553 . 1478827 < 10— L 2726799 . 4789999 X 10! | 1, 868108 . 5315643 X 10! | 7, 726766
.81 . 1596765 X 10! . 7426230 . 1515186 X 10 . 2878318 . 473121710 | 1, 915420 . 498672310~ | 7, 776633
.32 . 1563445 10 . 7581574 . 155207110t . 3033525 . 4676459 X101 | 1, 962185 . 4681307 X 10 | 7. 823447
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{See appendix B}

TABLE I11.--VALUES OF INTEGRALS IN JOHANNESEN-MEYER METHOD OF CHARACTERISTICS, y= 1.400—Continued

1,(¢) L(¢) . Iy(¢) L(¢)
T
|
b X z, 2, z, i J' 2, zn z, z
1 2=0.03 ey 2=0.03 i Tty z=0.03 Zy—1 2=0.03

0. 33 0. 1510933 X 10—} 0. 7732648 0. 1589541 X 10! 0. 3192479 .'4625459 % 10! 2. 008439 0. 439678510 7. 867414
.34 . 146847910} . 7879496 . 1627653 X 10! . 3355245 . 457797910 2. 054219 . 4130889 10— 7. 908723
.35 . 1426544 X 10! . 8022150 . 1666465X 10! . 3521891 . 4533810 10-¢ 2. 099557 . 388163810 7. 947540
. 36 . 1384789 10! . 8160629 . 1706040 X 10-! . 3692495 . 4492764 X 10! 2. 144485 . 364729010 7. 984013
. 37 . 134308110} . 8294937 . 1746439 X 10 . 3867139 . 44514674 X 101 2. 189031 . 3426313 X 10 8. 018276
.38 . 1301288 X 101 . 8425066 . 1787726 X101 . 4045912 . 441939210 2, 233225 . 3217343 X 101 8. 050449
.39 . 12569280 10~} . 8550994 . 1829970 10! . 4228909 . 4386783 101 2. 277093 . 3019169101 8. 080641
. 40 . 1216925% 10! . 8672687 . 1873240 10t . 4416233 . 435673110t 2. 320660 - . 2830706101 8. 108948
.41 . 1174090 X 10} . 8760096 . 1917609 10! . 4607994 . 432912910 2. 363952 . 2650979 10! 8. 135158
.42 . 1130639 X 10} . 8903160 . 1963154 10 . 4804310 . 4303884 10! 2. 406991 . 24791101071 8. 160249
43 . 1086430 10! . 9011803 . 2000956 X 10! . 5005305 . 428091310 2. 449800 . 2314296 X 10 8. 183392
.44 . 1041319 X 101 . 0115935 . 2058100% 10t . 5211115 . 426014110 2. 492401 . 2155811 X 101 8. 204950
.45 . 0951523 X 10-2 . 9215450 . 2107676 X 10 . 5421883 . 4241506 10~ 2. 534816 . 2002984 % 10! 8. 221980
. 46 . 0477678 X 103 . 9310227 . 2158779 10! . 5637761 . 4224951 10! 2. 577066 . 185519810 8. 243532
.47 . 8089955 102 . 9400126 . 2211511 %10~ . 5858912 . 4210428 X 101 2. 619170 . 171188010 8. 260651
.48 . 8486536 X10? . 94849092 . 226597910 . 6085510 . 419789610 2. 661149 . 157249610 8. 276376
.49 . 7965466 X 103 . 9564616 . 2322299% 101 . 6317740 . 4187320% 10! 2. 703022 . 1436542 10! 8. 290741
.50 . 7424635X 103 . 9638893 . 2380593 X 10— . 6655799 . 4178675% 10! 2. 744809 . 1303540 10! 8. 303776
. 51 . 6861774102 . 9707511 . 2440994 % 10— . 6799899 . 4171937 X 10t 2. 786528 . 1173038 X 10! 8. 315507
. 52 . 62743908 X 10 . 9770255 . 250364210 . 7050263 . 4167092 10! 2. 828199 . 1044597 % 10! 8. 325953
. 53 . 5659799 X 10-? . 9826853 . 2568690 101 . 73071342 . 416413110~ 2. 869841 . 917791210 8. 335131
. 54 . 501501110~ . 9877003 . 2636302 101 . 7570762 . 4163049101 2. 911471 . 7922054 X 102 8. 343053
. 55 . 4336768% 102 . 9920370 . 2706654 % 101 . 7841428 . 4163848 X 10 2. 953110 . 6674287 X10"? 8. 349727
. 56 . 362146510 . 9956585 . 2779937 x 101 . 8119422 . 4166536 X 10! 2. 994775 . 5430515101 8. 355158
.87 . 2865101 X 10— . 9985236 . 2856359 10— . 8405058 .4171125X% 10! 3. 036486 . 4186601 X102 8. 350314
. 68 . 2063230 X 10 1. 000586 . 2936144101 . 86980672 . 4177635% 10! 3. 078263 . 2038347 X 10 8. 362282
. 59 . 1210885 10-2 1. 001797 . 30195356 X 10! . 9000626 . 4186088101 3. 120124 . 1681434 X102 8. 363964
. 60 . 3025175 10— 1. 002100 . 3106800 % 10— . 9311306 . 4196513 10! 3. 162089 . 4113994 X 1073 8. 364375
.81 | —. 6681245103 1. 001432 . 319822810 . 9631128 . 4208948 10 3. 204178 —. 8764540 x 103 8. 363499
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TABLE I11.—VALUES OF INTEGRALS IN JOHANNESEN-MEYER M

(Bee appendix B) |

ETHOD OF CHARACTERISTICS, v =1.400—Concluded

Ii(¢)

© Ie)

I(¢)

L(¢)

Jo,

l-
2=0.03

I

Jrum

fz-
Zp-1

I
2=0.03

J,

Zn
z=0.03

=
&
P

o
0o
!

~0.
. 63 —

-]
-

-3
-3
PUrbdrrr st

o 0 00 o
R =2
| T I

0. 329413610

. 3394871 10
. 3500815 % 10~
. 3612387 101
. 3730048 101
. 3854308 X 10~}
. 3985732 10~
. 4124943 101
. 4272634 X 101
. 4320578 % 10~}
. 4596633 X 10~
. 4774760% 10
. 4965030 X 10~
. 5168645 % 10
- 53869483 10~
. 5621443 10~
. 5873818 10~
. 6145053 101
. 6439940 %X 10—
. 6758087 X 10~
- 7102914 X 10
- T477106X 101
. 7883422 % 10
. 8324503 % 10~
. 8802483 10~

. 9318267 X 10!

1708075 10~ 0. 9997241
2825310 10-2 . 9968987
. 4028873 X 10~ - 9928699
. 5329072 10-2 - 9875408
. 6737714 10~ . 9808031
. 8268349 X 10-3 . 9725347
. 9036617 X 10~3 . 9625081
1176063 X 101 . 9508375
. 1376151 X 10~ . 9370760
1596390 X 10-1 . 0211121
. 1830683 X 10— . 9027152
. 2109460 X 10 . 8816206
2409803 X 10-1 . 8575226
. 2745595 10~ . 8300667
3122721 X 10~ . 7988394
. 3548324 X 10~ . 7633562
. 4031146 X 10~ L T230447
. 4581971 10 . 6772250
. 5214234 X 10~ . 6250827
. 5044837 10~t . 5656343
. 6795293 10! . 4976814
- 7793315% 10! . 4197482
. 8975104 X 10~ . 3209972
- 1038868 . 2261104
. 1200884 . 1051220
. 1419476 . 3682561 % 10-1
. 1680194 . 2048350
. 2010158 . 4058609
. 2436336 . 6494045

. 987015210

. 1045119
. 1104406

. 9060542

030003
065011
101135
138435
. 176978
216836
258085
300811
315107
391073
138821
. 488471
. 5640158
594027
. 650242
708080
770439
. 834839
. 902420
. 973449
. 048220
. 127054
. 210299
2. 208324
2. 391507
2. 190208

2. 594720
2. 705161

BO DO DO bt s bt ot s o e ok ot ot gt ot et ot e e Dk et et |

0. 4223432 10!
. 4240011 X 10-!
. 4258739 10t
. 4279675 X 10~}
. 4302883 X 10—
. 4328435X 10!
. 4356407 X 101
. 4386883 107
. 4419951 X 10~
. 4455705 10
. 4494241 1071
. 4535658 X 101
. 4580056 X 10~1
. 4627530 X 101
. 4678165 101
. 4732033 X 101
. 4789176 X 1071
. 4849597 X 10
. 4913233 10~
. 4079922 101
. 5049361 101
. 5121030 10~}
. 5194083 X 10
. 5267185 10—
. 5338258 X 101
. 5404066 10~
. 5459551 X 10-!

. 5496715 X 1071
. 5502670 101

Wb e

P SO LOLOEOLOLO LI LI L0 00 B0 LOLOLILE EO B

. 246412

288813
331400
374197
417226
460510

504074

547943
592142
636699
681642
726998
772799
819074
865856
913176
961068
009564
058696
. 108496
. 158089
. 210200
. 262140

4. 314812
4. 368195

4. 422236
4. 476831

4. 531798
4. 586825

—0. 2187067 X 102
—. 352572910~
. 489811310
. 6310369 X102
. 7769236102
. 9282118 X102

1085721 X 10~
1250380 X 10~
1423214 X 10~
1605397 X 10-1
1798267 X 10-1
2003360 % 10-!
2222450 %X 10-1
. 2457605 X 10~}
2711252 % 10-!
2086256 X 10-1
. 3286031 10~
3614678 10~
. 3977166 X 10~
. 4379578 10~
. 4820433 X 10
. 5336135 101
. 5911600 10~
. 6571120 X 101
. 7334691 X 101
. 8228804 X 10~
. 9289409 10~

NN

. 1056635
. 1213067

8. 361312
8. 357786
8. 352888
. 346578
. 338808
, 329526
318669
306165
291933
. 275879
. 257896
237863
215638
. 101062
. 163950
134087
101227
065080
025308
981513
933218
879857
820741
755030
681683

599395
506501

400837
279531

oo

NN N NN SN NI00 00 00 06 00 00 00 00 00 00 00 08 0

cm i
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//‘
] . e M: = — M; >
(b) (c) .

Firoure 1.—Sketch of jets exhausting into still air.

(@)

Semidead air

Secondary air flow \

Streomlir?

Low to moderate

subsonic flow
—— — /
///; =

(b)-

(0)
Ficure 2.—Sketch of probable fields of application of free jet characteristics.
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- —— -Two—dimensional prediction ( dJ )|) _dl
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3[ — Experimental (Cortright and Kochendorfer) [ =
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Ficure 3.—Example of effects of jet pressure ratio and ratio of jet exit diameter to base diameter upon base pressure
- coefficient. M, =1.91; M;=1.00; B=5.6°; ratio of jet exj} diameter to maximum body diameter, 0.37.
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_ Total-pressure tap
4Air—supply conduit

le i ’
) 6y
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Fraure 4.—Sketch of typical divergent nozzle employed in tests. All dimensions are in inches unless otherwise specified.



73

o p—

EXPERIMENTAL AND THEORETICAL STUDIES OF AXISYMMETRIC FREE JETS

- i
oSyt B e “ |
v,. R * . ' , $r /...,
3 e , N
F. L. o t } -
\ o b | -
o | _ .
— " i _ " ki ki i
i

4 gy o S vty o ot

__

i 4

W ] A &rrn illln-

! : 1 ¢

! m 1 o ?

i : . w.“._._

| : - -

4 . 3 "~ L R
. v R . V r' 4 :



~

‘panupuoy—'g ANADIL]

- 86198 .._

T TS g S e
v

TECHNICAL REPORT R—-6—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

74

1

e

NOT REPRODUC\BLE

b
1

v\



5

EXPERIMENTAL AND THEORETICAL STUDIES OF AXISYMMETRIC FREE JETS

0]

d

*PIPNPUOD—'C AUNBIY

FER S} I TR

'd

B L R T S VD VSO PN

PO,

. e

R
. e TETT T

] - -~ e
E ...,bﬂ.&l.lﬂ.ﬂl‘\\

| S

F L R me e 4 L e o et oA ma bk -

-

e on

| e

P e Eastund




YL T="d/ld ',0=N9 00’ T='W

‘Y18usarem Livuwiad jo sidwexg-—g aunory

oy < e

o ST T
et g o o e Sy P Tl Dt

TECHNICAL REPORT R~6—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

00598~ TFT I T

TR

N N v,
TR
* .
‘
" ;ﬁv‘ 4]
-, . .
5 ST A s
. LI il 4
i Ao e
ﬂli\l“& V-
ey - %V%l\-o‘ o 1
Lo e [ —
~. -~ . . . R i
: -y o t N sy
< ‘fﬁ;{fw?{; Wy W
i + " A Y A
2., ¥ B \w’ruﬂ
M < v i
. T :
> L . . , L .\\».fm R
. - M 34 RETN 4 nﬂaku?. J
B o el T V.
R . e )
S~ g . , o - !
AP G AN T SV 5t O n Ay SIS Sy A |

ﬁ B ,._. ity
] s
0o
r~
. | . )

yo o ———



|

——09—0 88920S. . .

12
ol | .
N ;
| 12 / ,'
/
41
w_ . - ‘
8 PV !
/A | 11
; /VF/‘ '
(o] 20 40 60 80 100 120 1
w g ] L1 il
4 [ - 7
// |+
1 T
= o]
4 r’/ }p | b 4+ —t— ]
/ZL/ ) e —==F A s il
3' 'S g 4= = -_—_s T
- /d: - 1
7 g
2 . (o) Experiment
L& ~——- Pack (ref 8)
—-— Hartmann and Lozarus (ref. 9)
Eqs. (1) and (2), present paper
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Fiaure 7.—Effects of jet pressure ratio and nozale divergence angle upon nondimensional primary wavelength.
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Ficure 11.—Theoretical variation in initial inclination of jet boundary with jet pressure ratio and jet Mach number.
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Ficure 14.—Continued.
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Fraure 20.—Effects of jet pressure ratio and jet Mach number upon the nondimensional average radius of
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Fraure 21.—Effects of jet pressure ratio and nozzle divergence angle upon the nondimensional average radius
of curvature of the jet boundary.
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Ficure 22.—Examples of circular-arc boundaries given by p/d; superposed on schlieren photographs.
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Ficure 31.—Example of the effects of jet Mach number, ratio of specific heats of the jet, and nozzle divergence angle
upon the shape of the jet boundary. p,;/ps=35.
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Figure 34.—Example of extrapolation to 64=0°. M;=2.0; v;=1.400; p;/pe = 10.
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Frcure 36.—Calculated boundaries and jet shocks for jet exhausting into still air with y;=1.667, M;=2.5, and 8y=15°.
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Ficure 37.—Calculated boundaries and jet shocks for jet exhausting into still air with ;= 1,400, M,;=2.5, and 6y =15°.
Longer boundary and shock correspond to greater spacing between pomts on leading characteristic than for shorter
boundary and shock (see appendix C). :
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than for shorter boundary and shock (see appendix C).



N

-

.

EXPERIMENTAL AND THEORETICAL STUDIES OF AXISYMMETRIC FREE JETS 215

64

(V)
n
\\
N

N
N

NN
\ N

(o) 1 1 .
O 4 B 12 16 20 24 28 32 36 40 44 48 52 56 60 64 €8 72 716
X

‘“l

(8) +;=1.667.

Freure 39.—Composite presentation of calculated boundaries for jet exhausting into still air with M;=2.5 and 8y=15°.
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Ficure 40—Example of the effect of v; at large pressure ratios upon shape of boundary for similar pressure ratios. Jet

exhausting into still air; M;=2.5; 8x4=15°; p;/p, = 1,300.



“(

EXPERIMENTAL AND THEORETICAL STUDIES OF AXISYMMETRIC FREE JETS 219

(o]

yj #1400

[0

NI
N

/

n

—o

Figure 41.ZExample of effect of v; at large pressure ratios upon shape of boundary for similar initial inclinations of
boundary. Jet exhausting into still air; M,;=2.5; 8y=15°; &, 60°.
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Ficure 44.—Photographs of sound waves generated by jet beyond jet pressure ratio

for reappearance of Riemann wave.
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. Shocks and compressions (or
Jet mixing expansions) determined by jet
A Pylon- mounted boundary structure
; jet nacelle
“\\\\\\\ e NS INC A ‘,/—Dssmoﬁve
4 — jet and wake

Reflectionis

Exit
shock

AN

Figure 46.—Tllustrative sketch of interference flow field created by jet. Mixing boundary assumed te be supersonic
throughout.
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Fioure 47.—Sketch of model employed in visual studies of jet exhausting into supersonic stream.
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Figure 48.—Effect of the ratio of specific heats upon the variation in Prandtl-Meyer turning angle from sonic vefocity

with Mach number.
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Fioure 49.—Effect of the ratio of specific heats upon the variation in the ratio of static to stagnation
‘pressure with Mach number.
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Ficure 51.—Effect of the ratio of specific heats upon the variation in nozzle area ratio with Mach number.
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Fieure 52.—Variation of initial inclination of jet boundary with jet pressure ratio for several free-stream Mach numbers

and ratios of specific heats of the jet. M;=1.00; 8y=0°; 3=0°.
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Ficure 53.—Cross plots showing variation of jet pressure ratio with free-stream Mach number for several
initial inclinations of the jet boundary and ratios of specific heats of the jet. M;=1.00; 85=0°; §=0°.
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Froure 54.—Variation of jet pressure ratio with jet Mach number for several initial inclinations of the jet boundary

and ratios of specific heats of the jet. '0y=0°; 8=0°.
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Fiaure 56.—Characteristic caleulation by Schifer (ref. 20) of a supersonic jet exhausting into a supersonic stream,
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Fioure 57.—The effects of jet pressure ratio upon the initial inclination of the mixing boundary at M, =1.2, v, =1.400, v,=1.286.
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Figure 58.—The effects of jet pressure ratio upon the initial inclination of the mixing boundary at M_=1.5, v,,=1.400, v;=1.286.
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Fiaurk 59.—The effects of jet pressure ratio upon the initial inclination of the mixing boundary at M,,=2.0, 7m%1.400, vi=1.286.
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Fioure 60.—The effects of jet pressure ratio upon the initial inclination of the mixing boundary at M,=2.5, v, =1.400, v,=1.286.
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Figunre 67.—Schlieren photographs at a free-stream Mach number of 1.94 of jet exhausting from sonic and supersonic
nozzle at varying jet pressure ratio.
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Figure 68.—Schlieren photographs at a free-stream Mach number of 2.41 of jet exhausting from sornic and supersonic
nozzle at varying jet pressure ratio.
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Frgure 70.—Variation of pressure ratio with altitude. For all curves p;/p, =1 at sea level, p; is invariant with altitude,
and p, equals pressure at altitude.
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Figure 71.—Variation of initial inclination of boundary with altitude, M;=2.5; 8xy=15°.
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Firgure 72.—Curvature of leading characteristic line in expansion of flow from conically divergent nozzles.
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Ficure 74.—Comparison of nondimensional velocity distributions along jet axis for sonie or near-sonic exits.
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Ficure 75.—Conditions of analysis used in present calculations,
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