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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECENICAL NOTE -3322

AN ACCURATE AND RAPTD METHOD FOR THE DESIGN OF
SUPERSONIC NOZZLES

By Ivan E. Beckwith and John A. Moore
SUMMARY

A procedure is given for designing two-dimensional nozzlesg in which
the streamline coordinates are computed directly from tebulated flow
parameters and appropriate equations. The method of characteristics is
used to obtain the first part of the flow, which consists of a continuous
expansion from & uniform sonic flow to a radial flow. The Foelsch equa-
tions are then used for the transition from radisl flow to the final uni-
form flow. Information 1s presented which enables the designer to select
and compute rapidly the wall contour for any nozzle or series of nozzles
for s wide range of length-to-height ratio, Mach number, and wall angle
at the inflection point. In general, & nozzle is determined by specifying
any two of these three parameters.

INTRODUCTION

Recent experience obtained at the Iangley Gas Dynamics Branch of the
Netional Advisory Committee for Aeronautics with the aerodynamic design
and flow calibration of two-dimensional supersonic nozzles for wind tun-
nels has indicated that a need exists for a more accurate and rapid design
method than the graphical and computational methods in common use. The
analytic equations derived independently by Foelsch and Atkin (refs. 1
and 2) partially fulfill this need since they are an exact solution to the
problem of generating uniform parallel flow from a supersonic divergent
radlel flow. These equations give the required streamline coordinates
directly in terms of the assumed radial flow. The Foelsch-Atkin method,
however, has not been widely used because of the difficulties associated
with generating a divergent radial flow from a parallel sonic flow.

Atkin (ref. 2) reduced these difficulties to some extent by deriving
analogous expressions for expanding a uniform supersonic stream to a
divergent radial flow at a larger Mach number. Pinkel (ref. 3) has sug-
gested several convenient procedures for obtaining the transition from a
parallel sonic flow to a uniform flow at a slightly higher Mach number,
which is required in the Atkin solution, either by adaptations of the
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Prandtl-Meyer solution or by the use of a minimum-length "subnozzle" to
be computed by graphical methods. Although the procedures of reference 3
are in theory satisfactory, the peculiar shape of the resulting stream-
lines will ordinerily introduce practical construction difficulties or
other problems connected with boundary-layer development.

This report presents a computatlional procedure which provides for
the rapid and accurate calculation of any streamline in a series of
speclal flows. These flows were computed by the method of characterls-
tics and are designed to form continuous expansions from s uniform sonic
flow to divergent radlal flows. The coordinates of any stresmline through
these flows may be obtained from the tables included in this report by
linear interpolation. The nozzle contour is then completed by using the
Foelsch equations to obtain the transition streamline between the diver-
gent radial -flow and a uniform supersonic stream. Information is pre-
sented in the form of tables and graphs which enables the designer to
select and compute the wall contour for any nozzle or series of nozzles
for a wide range of length-to-height ratio, Mach number, and wall angle
at the inflection point.

Detailed informetion is given on the boundary conditions and equa-
tions used for computing the characteristic nets and stream function.
Bxpressions relating the stream function to certain nozzle parameters
such as Mach number and length-to-height ratiq are also derived. The
section entitled "Nozzle Design and Computing Procedure” is intended to
supply computing instructions for the reader Interested only in the prac-
tical application of the tables and formulas to a specific nozzle design.

SYMBOLS

8 speed of sound

h one-half the test-section height of symmetrical nozzle
(fig. 1(a))

heop one-half the minimum-throat height of symmetrical nozzle
(rig. 1(a))

1 total length of nozzle (fig. 1(a))

M Mach number

r radial distence from source point in radial flow

Tor radial distance from source point to sonic arc in radial

flow (fig. 1(b))

\w
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distance along Mach line
two-dimensional Cartesian coordinates

length of sonic line AA' (fig. 1(a))

ratio of specific heats; 1.400 used throughout
constant of integration for right Mach lines |
constant of integration for left Mach lines
flow angle with respect to x-axis

maximum wall angle; also, scale factor, ycq/rcr

Mach angle, sin-1 %

total expansion angle integrated from M =1 (eqa. (5))
mass density
stream function (eq. (17))

dimensionless stream function

The following symbols are used to represent points In the flow fields
and also as subscripts to denote the value of a flow variable at a partic-
ular point:

A,A'

s,s'

R',R

end points of sonic line (fig. 1(a))

intersection points of certain right and left Mach lines,
(figs. 1 and 2)

end points of sonic arc in radial flow (fig. 1(b))

upstream and downstream end points, respectively, on radial-
flow streamline (fig. 1(a) or 1(b))

any points on left and right Mach lines, respectively, in
radlsl flow

source point in radial flow (fig. 1(b))
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Subsecripts: ) - . . _.
m arithmetic mean value
o conditions after lsentropic deceleration to zero veloclty

ANATYSTS OF PROBLEM

General Description of Method

The primary objective of this report is to provide a rapid method
for computing wall contours (that is, streamlines) which will generate
true radial flows from a known sonic flow. The Foelsch equations
(ref. 1) are then used to compute streamlines which provide the transi-
tion between the radiasl flow and the final parallel uniform flow.

Some typicel streamlines and the assoclated flow flelds are shown
in figure 1(a). The solid lines represent streamlines, with arrows indi-
cating the flow direction, and the dashed lines are used to represent
certain Maech lines which convenliently dlivide the flow into varilous regions.
These regions are defined in figure 1(a) as follows: Region I is the sub-
sonic approach upstream of the sonic line AA'; region II is the initial
expansion bounded by the sonic line AA' and the Mach line AB; region III
is the secondary expansion bounded by the Mach lines AB and BC; region IV
is the radial flow bounded by the Mach lines BC and CD; and region V is
the final transition flow bounded by Mach lines CD and DE. Since the
flow is symmetrical about the x-axis, only the flow above this axis is
considered.

The flow within regions II and III has been computed by the method
of charscteristlcs with the inltisl conditions chosen so as to result in
a smooth, continuous expansion from the straight sonic line AA', coinci-
dent with the y-axis, to the first radial-flow Mach line BC. This cal-
culation was done by first computling the flow within region II, which
is based on a Prandtl-Meyer expansion at point A, and then selecting the
scale of the radial flow relative to reglon II so that the Mach number
gradient along the x-axis is continuous at point B. The flow within
region ITT was computed next by using as initial conditions the previous
results along Mach line AB and the radial-flow Mach line BC. The latter
Mach line, as well as the flow anywhere within region IV, may be com-
puted directly from the radisl-flew equations or the tables included in
this report.

Clearly, any streamiine passing through regions II and III may be
used as a portion of a nozzle with the final design Mach number deter-
mined by the total expansion angle vp at point D. Variation of the
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expansion angie vp at polnt B for a given value of vp changes the

amount of curvature obtained along the streamlines through regions IT
and IIT. The final length-to-height ratio Z/h of any particular nozzle
depends not only on v (which may be varied independently of vp) and

vg but also on the wall angle 6g within the radlal flow. This angle

is also the wall angle at the inflection point and hence is always the
maximm wall engle for any glven nozzle. In general, a nozzle is
uniquely determined by fixing any three of the four parameters, Mp, vg,

Z/h, and ©r. However, v should not be regarded as a completely arbi-
trary parameter since only four values of vg are used in this report.

The coordinates end the value of the stream function ¥ have been com-
puted and tabulated for each point in the various cheracteristic nets
required for regions IT and ITI. Any streamline through these regions
may then be obtained by simple linear interpolation between the tabulated
points since each streamline corresponds to a constant value of §.

Application of the Method of Characteristics

The method of characteristics is a numerical procedure for solving
the hyperbolic partisl-differential equations of motion by means of ordi-
nary differential equations which relate the dependent variables along
certaln curves known as characteristics. Prandtl and Busemann were the
first to apply this method to problems of supersonic flow (ref. l4) when
they developed the well-known grephical procedure for the comnstruction
of steady, two-dimensional, isentropic flow. In the graphical method
the convenient concept was used that a discrete change in the flow occurs
across the Mach lines or charecteristic lines, as described in detail by
Puckett (ref. 5). Others (for exsmple, refs. 6 and 7) have indicated
that a flow field can be obtained just as easily and probsbly more accu-
rately by computing directly the change In flow variables along the char-
acteristic lines. One of the principal advanteges of such a computing
procedure is that the flow propertieg are specified at a definite point
rather than within a finite regien so that, for exsmple, the coordinates
of a streamline through a completed flow field can be obtained more accu-
rately and with less work. Improved control of mesh size and distribu-
tlon is another advantage which results from computing the flow varlables
along the Mach lines rether than across them.

The characteristic lines for steady flow are given by the following
equations (from ref. T):

Right line

= tan(® - u) (1)

kle
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Ieft line

%% = tan(® + p) (2)

vhere, for the case of plane, irrotational, isentropic flow, the dependent
varisbles along the characteristic lines are related by the equations:

Right line
¢t = Constant (3)

~

4+

D
]

Left line

v - 8 = 1 = Constant ()
The right and left familles of characteristic lines as used in this
report are defined in figure 2(a). The relation between v and p 1is

given by the equation
Z - :
72 tan-l‘{V__l.cow +u-% (5)
7y -1 7y + 1

Values of p are tabulated as a function of v for a large range of
values in table I. Thus, 6 and p are used as the dependent variables
‘In computing the characteristic net. The Mach number may then be obtained
from table I, and any other desired flow variable, such as pressure or
velocity, may be obtained from standard supersonic-flow tables.

The procedure used herein for computing the characteristic nete is
illustrated by the following sketch:

T Left Mach line
1 =/gpnstant

Veloclty wvector

83

Right Mach line
t{ = Constant
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Assume that the coordinastes and flow properties are known at points 1
and 2 and that the coordinates and flow properties are desired at
point 3 where the right and left characteristic lines through points 1
and 2, respectively, intersect. From equations (3) and (L),

C3 = gl )
5 = M,

and, by addition and subtraction of equations (6),

8+ - 96 v_ + Vv
vo =L -2 M1t Ve
> 2 2

61 + 6 vV, -V
5 = 1 2 + 1 2
2 2

From teble T p3 is obtained as a furction of V3 then X3 and Y3

are computed by assuming that the small curved segments between points 1
and 3 and between points 2 and 3 may be replaced by straight lines with
the slopes

(oot (o - w)s
2

ten(e - wlp

(e +pL)2+(e+u)j
2

tan(e + u)m

Boundary Conditions and Equations for the Flow Flelds

The subsonic approach (region I).- The calculation of the supersonic
portion of a nozzle is simplified by the assumption of a straight sonic
line; however, the question naturally arises as to whether a subsonlc
approach which will insure a reasonably straight sonic line can be cal-
culated. According to a general theorem proved by Gortler in reference 8,
a straight sonic line normal to the axis is always obtalned when the
velocity gredient along the x-axis venishes at the sonic point. Further-
more, Gdrtler shows that, under these conditions, the curvature of the
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streamlines and the velocity gradient along them must be zero at the
throat. GoOrtler gives the equation for the streamlines in the simplest
example of this type of flow as '

y = c(1l + 0.192kx6)

where c¢ 1s a constant for any given streamline. Unfortunately, no
direct experimental evidence confirming this theorem appears to exist
at present; however, practical experience has indicated that a rela-
tively long, smooth curve which approaches zero curvature at the throat
glves satisfactory results. o :

The initial expsnsion (region II).- The computation for region II
is based on the boundary conditions of a uniform parallel flow along the
sonic line AA' coincident with the y-axis, a Prandtl-Meyer expansion at
point A, and zero flow angle along the x-axis.

The flow in this region, which is bounded by the stralght sonic
line AA' gnd the Mach lline AB as shown in figure l(a), has been com-
puted up to vg = 420, corresponding to Mg = 2.626. The values of v,

XfYors Y/¥ers, and ¥ for each point in this flow are tabulated in

table IT(a). The corresponding values of 6 may be obtained from the
tabulated values of 7 and v and equation (k).

For convenience in discussion and tabulation, each left Mach line
is designated by a lowercase letter and each right Mach line is desig-
nated by a number. Then a point in the flow field is designated by a
lowercase letter and a number which indicate the intersection point of
those particular right and left Mach lines, as illustrated in figure 2.
As an example, point B in figure 2(a) would be designated by the nota-
tion (m,13).

The radisl flow (region IV).- A plane radial flow (or source flow)
is defined as one in which all dependent variables are a function only
of the distance r from a fixed point in the plane. This leads to the
expression (ref. 1, for example)

7+l
2(y-1) _
r 1] 2 7 -1.0
= 1+ M
Ter XN ¥ + l( 2 (1)

which is the same as the well-known area-ratio equation in a one-
dimensional flow. "The length ror is the radisl distance from the

origin to the sonic arec SS', as shown in figure 1(b). The streamlines
within the radial flow are straight lines which, if extended, would
emanate from the origin of the radial flow, say, point O in figure 1(b).
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With the ald of equation (7) and this property of radial flow, the
exact coordinates of any point on & Mach line may be computed without
recourse to a step-by-step calculation. As an example, the coordinates
of any point P' along the Mach line BC in figure 1(a) or 1(b) are com-
puted as follows: The flow angle 0p: is used as a parameter, and by
making all lengths dimensionless in terms of Yer» there are obtained

from the geometry of the flow as shown in figure 1(b) the relations

2\ LZer(r)  aosepr 4 J(E) - Zer/z) (8)
Yer/pr  Yer\Ter/p: Yer /g Yer\¥er/p
End
__.y = ——rcr ———r sin eP' (9)
ycr P: ycr rcr P! )

The terms within the brackets in equation (8) locate the origin of the
radial flow at point 0. The value of (r/rcr)P, is obtained from equa-

tions (5) and (7) or teble I as a function of vp', which is written as
vpt = vg + ePr (10)

from equation (4) with 6y = 0. The coordinates of a point P along a
right Mach line CD are computed from equations (8) and (9) (with sub-
seript P' replaced by P) where again (r/rcI)P is obtained from

table I as a function of vp which is given by equation (3) as
VP=VD—GP - (ll)

The values of vg and vp are fixed by the design Mach number Mp and
other properties of the complete nozzle, as discussed later.

The secondary expansion (region ITI).- The flow in region IITI, which
is bounded by the Mach lines AB and BC (fig. 1(a)), was computed by the
method of characteristics by using initial conditions which result in a
continuous curvature and velocity gradient along all streamlines between
the sonic line and the Mach line BC. These conditions are obtained (as
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can be proved by reasoning similar to that of ref. 9) by speclifying a
continuous Mach number gradient along the x-axis through point B where
the computation for the secondary expansion begins. The Mach number
gradient along the x-axis within the radial flow is

7 -1 2)
M(; + M :
aM _aMm 2 (12)

af-= a(= =(u2 --1)
er Jly—0 cr cr

by differentiation of equation (7). The Mach number gradient along A'B
wag obtalned from a large plot of M&=O against x/ycr resulting from

the solution for the initial-expansion flow. Equating these two slopes
at point B gives .

where equation (12) has been multiplied by the ratio ycr/rcr so thet
all lengths are made dimensionless in terms of Yopr+ Thus the Mach num-

ber gradient in the radlel flow is matched to the gradient in region IT

along the axis of symmetry by multiplying the conventional coordinate of
the radial flow by the scale factor

y -1 2)
Ter _ 1 L;@'+ 7 M

¥y aM r (w2 _
= d(_Z‘_.) I_rcr(M ) B
B

(13)

ycr

as obtained from the previous equation. The reciprocal of this scale
factor i1s the maximum well angle 6/249%hs can be shown by the following

considerations: The streamline through point A (fig. 1(a)) forms the
physical limit to the flow considered herein and intersects the Mach
line BC in the point C. If a straight line is extended upstream from
point C with the same inclination as the local flow angle at this point,
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it will pass through point O (fig. 1(b)) since radial flow is attalned
21l along the Mach line BC. Then, from mass-flow conslderations, the
length of the sonic line Y., must be the same as the length of the
sonic arc SS' in a hypothetical radial flow with the origin at 0 as
shown in figure 1(b). Hence '

y
A - N (14)
Ter _
aM
where 8p., 1is in radians. The numerical values of 8pyy;, ———vF;
d(x )
/Yer y=0

and (x/ycr) 0 are listed in table II(b) as functions of vg.

In order to provide for a wide choice of 1/h and R, four differ-
ent flows for region III have been computed. These flows are started along

four different Mach lines taken from the flow in region II corresponding
to values of vp of 69, 129, 22°, and 40°. The information needed to

obtain any streamline in these flows is listed in tables ITI(a)
to ITI(4).

The final transition flow (region V).~ Reglon V is bounded by the
radial-flew Mach line CD and the straight Mech line DE as shown in fig-
ure 1(a). The coordinates for any streamline within this flow are given
by the Foelsch equations (ref. 1). In the present notation, these equa-
tions may be written as

( : ) ( > )
P cos @ cr
£ = cos Bp + (GR - GP)<}————E - sin e%) + ( X ) - B
B

Ycr ema_x tan Lp ycr emax .
(15)
( : )
Fer sin 8
L - Plsin op + (GR - GID 2Py cos op (16)
¥ ] P
cr mex tan pp

where the scale factor 6p,y is used to make all lengths dimensionless
in terms of y.n.; Opgx &and the difference 6Rr - 6p are entered in

radisns. The terms within the last brackets in equation (15) locate
the origin of the original Foelsch coordinates at the point O. Equa-
tions (15) end (16) are used by first selecting the values of vp (or
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Mp), 6R, and vg. Then, with 6p \as the parameter, the corresponding

values of vp are obtalned from equation (11), which, in turn, determine
the values of Mp and (r/rcr)P from table I. The valuea of 6p,, and t

(x/Ycr)B are given as functions of vg in table II(b). '

A property of the Foelsch nozzles, in common with most conventional
supersonic nozzles, is the discontinuity in curvature occurring on the
streamiines at the Mach line CD. For applications where this disconti-
nulty is undesirable, as for flexible-wall nozzles, certain modifications
which eliminate the discontinuity mey be introduced into the: boundary
conditions for this transition flow (see ref. 9). In order to utilize
the tabulated flows in this report, such a modification would consist of
fairing the finite slope of the Mach number distribution curve in the
radial flow at point D into a smooth curve with zero slope and M > Mp
at a point downstream of D. The transition flow must then be recalcu-
lated by the method of characteristics by using this extended center-
line distribution and the Mach line CD as the initial conditions.

It may be noted that a Foelsch streamline can be used as an exact
solution for the design of a variable Mach number nozzle with a rigid
contour, that 1s, nonflexible walls. This application of the Foelsch
equations is discussed in detail in the sppendix.

Streamlines in Regions II, III, and IV

Calculation of the value of & stream function at each point in a
characteristic net provides an easy way to obtein streamlines through -
the flow, since by definition the stream function is constant along a -
streamline. Integration slong a Mach line of the mass flow normal to
the Mach line gives the stream function

S
¥ = Jr pa ds (17)
0

where p 1s the mass density, a 1is the speed of sound, and s is the
distance along a Mach line. The lower limit of integration is taken as
the x-axis. Introducing the isentropic-flow relatioms for p/pO and

afag and using y.,. as a reference length in equation (17) results in
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r+1

2(1-7)
—_ r -
_L=f/y° (1+7__1M2) af 8
b7 PoBo¥er Yo 2 Jer

For convenience in computation, this equation msy be written in the form

. 7+l
. 2(y-1)
7= (7 + l> ¥ =:[y/ycr 1 d( Y) (18)
2 PoBo¥er JO M —— sin(e + p) \Yer
Ter
dy
by the use of equation (7) and the general relation 48 = ——mmm .
sin(e + p)

The integration is still carried out along a Mach line.

The value of ¥ within the radial flow is obtained by integration
. along the arc of radlus r. The result is

¥ p

Y _Pay_r Iy
Pola¥er Po 8o Ter Yer

since p, M, and a are constant along the arc. Introducing the
isentropic-flow relations as before then gives

¥ (29)

where the value of Omax depends on vg, according to equations (13)
and (1%) or table II(b).

Equation (18) was integrated numerically along the left Mach lines
for the different flows by using a trapezoildal rule of the form

n
¥ = :E:
i=1

| Yi-1 - V1 B
1 o1

I X 0 + + (8 +
(I‘cr M) (I‘cr > sin ( T u)i_l ( A }J-)i
i-1 i 2

(¥ | o
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The values of ¥ have been computed and tsbulated for each point in
the initial-expansion flow of region IT (table II(a)) and the four :
secondary-expension flows for region III (taebles ITI{a) to IIT(d)).

The coordinates of any given streemline corresponding to a fixed
value of ¥ in a particular flow field are then determined by linear
interpolation along the Mach lines. The local flow angle 8 along the
streamline is obtained from equation (4}, where the value of v -1is
obtained by linear interpolation in the tables. Plots of the variatlon
of tan 8 with =x along typical streamlines indicate that the maximum
deviation of any particular point from a smooth curve 1s less than
tan 8 = 0.0005 vwhich corresponds to an error in loecal flow angle of
less than 0.03°. Thus, the streamline coordinates obtained from the
tables as Jjust described may be used directly for nonviscous-flow nozzle
design without further corrections or refinements.

Relations Between Length-to-Height Ratio, Design Mach

Number, and Wall Angle at the Inflection Point

The length 1 of any nozzle (see fig 1(a)) is written in terms
of Yo &S

or

&) (5,
Ter Ter
L = D + CO't KD
Yer Omax ycr Smax
since 2°F - Omex from equation (14). Division by L. hF Ber _
Tor cr er Jer

<rr> SR gives the length-to-beight ratio as
cr

L B2e,

~BR" + cot yp
rcr D Bmax

e (20)
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For the case where v = vp:, combining equations (3) and (k)
applied to the Mach lines bounding region IV gives

26Rt = vp - vg (21)

so that equation (20) can be written as

<?cé) emax<fc;) |
= 2 (22)
- 'VB ( 01> > + cot ]J.D . 22

where Opgx, OR'; and vp - vg must be entered in radians.

J

=

NOZZLE DESIGN AND COMPUTING PROCEDURE

The purpose of this section is to supply sufficlient informstlon so
that the design parameters and streamline or contour coordinates for any
complete nozzle may be calculated without referring to the previous dis-
cussion; however, useful background material is given in the section
entitled "General Description of Method."

Selection of Nozzle Parsmeters

The number of Independent parameters availeble for any particulsar
design depends on whether the streamline forming the nozzle contour mey
consist in part of a straight line or whether 1t is to be continucusly
curving. For the former case, which is considered as example I, the
choice of any three of the four parsmeters Mp, vp, 1/h, and 6r
determines from equations (20) and (19) all that is required to compute
the complete streamline, since 6gr = 6Rt!. For the other case, consldered
as example II, fixing any two of these four parameters determines the
nozzle from equations (21), (22), and (19). Of course, vp would not

ordinarily be considered as a completely independent parameter since
there are only four values used in this report.

The ratio 1/h from equation (22) has been plotted as a function
of Mp in figure 3 for the four secondary-expansion flows computed herein.
Thus, if a nozzle of the type in which the wall streamline intersects the
radial flow at only one point is desired, equation (22) or the corresponding
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curves in figure 3 determine the value of 1/h for given values of vp
(or Mp from table I) and vg. The value of 6R: 1s found from equa-
tion (21). The three curves for vg = 6%, 12°, and 22° are terminated
at.the point where 6R' = Bygx.

For some applications, values of I/h or 6r that do not satisfy

equations (21) and (22) may be required. In this case, the desired com-
binations of Mp, E/h, and OR mey be obtained by utilizing a stream-
line that passes through the radial-flow region with the inclination 6R.
The portion of the streamline within the radial flow is then a straight
line with its end-point coordinates given by eqﬁations (8), (9), and (24).
The length-to-height ratio for this type of nozzle is obtained from equa-
tion (20). Then, for given values of vp and vpg, this length-to-height
ratio 1s greater than that of a nozzle with vR = vy since 6R 1is

larger for the latter type of nozzle. Censequently, for fixed values
of 1/h and Mp corresponding to a certain point in figure 3, the possi-

ble choices for vp are restricted to those curvés lying to the left of
or below this point. The assoclated value of 6 1s obtained from equa-

tion (20) as
B @), =),
(r c1> ( - cot uD)

where Opgy and Og are in radiens (Bpax 1is listed in table II(b)).

Also plotted in figure 3 for comparison is a curve of Z/h against
Mach number for minjmum-length nozzles. A minimum-length nozzle of
final Mach number Mp 1s obtained from the Initial-expansion flow with
a streamline through point A (see fig. 1(a)). The length-to-height
ratio for this type of nozzle is written as

Tor

+ cot p
(ycr) ( ®

The present computetion of the initisl-expanslion flow has been carried
out only to M = 2163; hence, the results of reference 10 are used to

extend this curve for a minimum-length nozzle up to Mp = 10.
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Example I.- Compute the required parameters for three nozzles of
the same length-to-height ratio but with final design Magh numbers of 2,
3, and L. ' '
d
Examination of figure 3 shows that a nozzle with Mp = Y may be
-

obtained on either the vg = 220 or 4O° curve. At vy = 229, % = 6.37

and OR' = 66 - 22 _ 50 (from eq. (21)), and on the wg = 40° curve,

2 66
% = 8.32 and 8R! = ___%_EQ = 13°. Thus, ap intermediate value of 6p

can be obtained with 8.3 >-% > 6.4. Choosing % = 7.0 then fixes the

values of 8y from equation (23) for gilven values of vg and Mp as
follows:

Mp = 4.0 My = 3.0 My = 2.0
B ) 8 8
deg Ry R R

deg ¥ deg ¥ deg ¥
22 17.52 0.482 12.22 0.336
12 17.09 .680 11.40 45k 6.23 0.248
6 16.83 10.91 .T153 5.26 .34k
(> omax)

where ¥ = 0R/6max from equation (19). Note that, for a given point in
figure 3, values of vp are used only from the curves which are to the
left of or below the point considered. Obvious exceptions to this state-
ment occur when B8R > Opgys 86 for the case in which M, = L.0 and

VR = 6°. Also of interest is the fact that ¥ increases as vy dJdecreases.
for a glven value of Mp. Since ¥ at polnt A is always unity (from

eq. (19) with 0 = 6pgx), the value of ¥ for any particular nozzle is a
rough measure of the curvature of the streemline; that 1s, a large value

of ¥ indicates a high curvature.

le IT.- Compute the required parameters for a Mach number 5
nozzle with minimum length-to-height ratio using the available values

of vg.

A11 the nozzles in example I utilize streamlines that pass through
the radial flow so that this portion of the contour is a straight line.
If this straight-line section is undesirable in a particular application,
the nozzle parameters are cbtained directly from the curves of figure 3.
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Thus, for a nozzle with Mp = 5.0, the minimum value of 3/h is 6.95 for -

1T - 22 . 22 - 27.5° from

equation (21), and ¥ = 27.5/36.320 = 0.757 from equation (19).

vg = 22°. The cérresponding value of OR' 1is

Calculation of Streamline Coordinates

Value of the stream function.- If the final design Mach number My,
initial-expansion angle (bﬁ> length-to~height ratio (}/ﬁbland wall

angle at the inflection point (eﬁ) have already been selected or are

avellable, the first step is to compute the stream function ¥ from
equation (19)

B8R
W:
Omax

vhere 6p,, depends on vg as listed in table II(b).

Streamlines in reglons IT and III.- A complete layout of the char-
acteristic net for regions II and III with vg = 6° is shown in fig-

ure 2(a). The Mach lines are represented by the solid lines and the
long-and-short-dash line represents the limiting streamline for ¥ =1.00
(that is, no streamline is possible for ¥ greater than 1.00). Region II
is bounded by the sonlc line AA', the right Mach line AB (1ine 13 in

fig. 2(a)) and a portion of the center line A'B. Region IIT is bounded
by Mach lines AB and BC and the limiting streamline. Figures 2(b), 2(c),
and 2(&) show the general outlines only of regions II and III for

vp = 120, 229, and 40°, respectively. Note that ¥ = 0.698 on the
1imiting streamline for v = 40°. The computations were arbitrarily .
stopped when this value of ¥ was reached because larger values of §
with vg = 40° would result in Mach numbers too high to be practical

for two-dimensional nozzles. - )

The dimensionless Cartesian coordinates x/ycr' and y/'ycr of any

streamline (corresponding to particular values of 6R and ¥) in

region II are determined by linear interpolation in table II{a) with ¥
used as the argument. Starting at the sonic line AA', the first point
on the streamline is always ‘x/ycr =0 and y/ycr = {. The next point
is obtained at the intersection of the streamline with the right

Mach line 1 (see fig. 2(a)). The coordinates of this point are found
by linear interpolation, according to the given value of V¥, between the
point (a,1) (X/yer = 0.14243, y/yor = 0, § = O) and the point A
(xfyer = 0, Y/¥er = .00, ¥ =1.00). Similarly, the next point is
found by interpolation along the right Mach line 2 between the

-

-

| ™
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points (a,2) (x/ycr = 0.15675, ¥/¥or = 0.08423, ¥ = o.oeheo) and

point A. This procedure is continued until the point on the left Mach
line a ((a,3), (a,4), ete.) is reached where the tabulated value of ¥
is greater than the given value of §. This indicates that the stream-
line has crossed the first left Mach line a. A sample streamliine for

¥ = 0.34k, shown in figure 2(a) as a short-dash line, crosses Mach

line a between points (=,5) and (2,6) since ¥ = 0.31023 at (&,5)

and ¥ = 0.34507 &t (a,6). However, depending on the values of

and vp, a streamline may pass completely through region II without
crossing the left Mach line a. As can be seen by inspection of fig-
ures 2(a) to 2(c), this occurs when ¥ > 0.5507 for vg = 6°, ¥ > 0.6300
for vg =129, and ¥ > 0.7039 for vg = 22°. For vp = 4O° +the maxi-
mum value availsble is § = 0.698.

3 When the given value of § 1s less than these limits, the stream-
line enters that portion of region II which is downstream of the Mach
line a, and the interpolation process is continued in teble II(a). In
general, a sufficient number of points may be obtained by interpolating
along the left Mach lines only. In eny csse, this is the most convenient
procedure since the points along the left Mach lines are always tsbulated
successively. Interpolation is continued in teble II(a) until the stream-
line crosses the last right Mach line in region II. Agein, as is obvious
from inspection of figures 2(a) to 2(d), this limiting right Mach line-
is different for the four different values of vp. Table II(a) cannot

be used beyond this limiting right Mach line, which is line 13 for

vB = 6%, line 17 for v = 129, line 22 for v = 22°, and line 31 for

vg = 4o°.

After the streamline enters region III, teble III(a) is used for
vg = 6°, table ITI(b) for vp = 129, table III(c).for wg = 22°, and
-table ITI(d) for wvp = 40° ag indicated in figures 2(a) to 2(d). A
sufficient number of points in region IIT may also be determined by
interpolation along the left Mach lines only. The local values of &
along the streamlines in both regions IF and IIT may be determined by
interpolation between the values of 6 at the tsbulated points as com-
puted from the tabulated values of v and 1 by using equation (k4),
which s 6 = v - 5. Similarly, any other flow variable may be deter-
mined by interpolating for v according to the desired value of § and
using teble I to find the corresponding Mach number.

Streamlines in region IV.- The flow within region IV is always radial
flow; that 1s, the streamlines are straight lines which, if extended
upstream, would all emanate from a common point. The streamline forming
the wall contour of a nozzle may or may not enter the radiel-flow region.
On the one hand, the streamline may contact the radial flow at only one
point (VR = vR'), which will then be the inflectlon point of the nozzle.
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On the other hend, if the streamline passes through the radisl flow (qg

# er), this portion of the nozzle will be a straight llne. The coor-
dinatés of the first point on this straight line are computed from equa-
tions (8) and (9), which, by-the use of equation (14), are written as

X =1 [T\ cos BR' + X -t (= (2k)
Yer R! emax rcr R! ycr B ema.x Ter B

L) = 22\ sin eg (25)
Jer/r'  Bmax\Ter o,

where Opoy, 15 entered in radians. The value of T /Tor R is found

from table I as a function of vg:, which is given by equation (10) as

VRI = VB+6R

since ©Og = 6gr:. The values of x/ycr B’ Opax, end <%/rcr B needed

in equations (24%) and (25) are all obtained fram table II(b) as functions
of vg. -

Note that vg: = vg when the streamline has no straight-line sectlon,

and for this particular situation there is obtained from equation (11) the
relation )

'VRx='VR= VD—QR

Streamlines in region V.- Region V is bounded by Mach lines CD and
DE as shown in figure 1(a). Parallel and uniform flow at the design Mach
number Mp is attained along the straight Mach line DE. The streamlines ~

within this region are computed from the Foelsch equations (ref. 1) which
in the present notation may be written .as
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S y L

() [ s (937-& e )< 0w e) ) <y> )

.&)J @ :
<;c;> {: sin 0p
sin ep + (bR - eP>< + cos 6p
7.,«,~ __

where 6p.x and the term 8g - 6p must be entered in radians. The
computing parameter in these equations is 6p, which msy vary from

=0 to 6p = 6R. The corresponding values of (%/rcr>f, and pp :
are obtained from table I as functions of vp, which is given by equa- -2
tion (11) as

vp = vp - Bp -

The velue of vp 1s also determined from table I from the given value

of Mp. The values of em 3 (x /ycr>B s, and (r /rcr>3 are given in L
teble IT(b) as functions of vg. Note that the first point on the Foelsch
streamline is obtained with 6p = 8g and corresponds to the end point of
the straight-line section for the case of VR # vR' or to the inflection

point for vy = vy'.

The final nozzle coordinates are cbtalned to the desired scale by
multiplying all dimensionless coordinates by a suitable factor.

CONCLUDING REMARKS

A method is presented for computing flows which generate supersonic
radial flows from a parallel and uniform sonic flow. The coordinates of
each point in the characteristic nets and corresponding values of the
stream function have been computed and tabulsted for seversl flows of
this type. The coordinates of any streamline in these flows may be
obtained to a high degree of sccuracy by simple linear interpolation
between the tabulated points for the required value of the streem func-
tion. The local flow angles along the streamlines may be obtained in
the same weay. The supersonic nozzle design is then completed by matching
one of these streamlines to a streamline computed from the Foelsch equa-~ .
tions for the tremsition from radial flow to the final uniform parallel -
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flow. Grephs and formlas are included to aid in the selection of nozzle
parameters for a wide range of Mach number, length-to-height ratio, and
wall angle at the inflectlion point. In general, a nozzle is determined
by specifying any two of these three parasmeters.

Lengley Aeronsutical Laborétory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 4, 195k,
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APPENDIX

APPLICATION OF THE FOELSCH EQUATIONS TO THE DESIGN OF

VARTABLE MACH NUMBER NOZZLES

Analytic expressions derived by Feelsch (ref. 1) give the coordinates
of streamlines in a transition flow which generates a uniform parallel
supersonic stream from two-dimensional supersonic radial flow. Rotation
as a unit eof any single streamline abeut the radial-flow origin results
in a centinuous varietion of the Mach number and relative location of the
uniform~-flow portion, as can be shown by rotating the x- and y-axes
through an angle A9 (where A9 may be either positive or negative) and
applying the resulting transformation of coordinates to the Foelsch
equations.

The coordinstes of any point X along the streamline CE in the
following sketch

A
5
yf

are given by the Foelsch equations as

X = [ - 2 _ -
@‘C—QK = (I_cr>PEos ep + (60 9]_:) <\'MP 1 cos 6p - sin 8p (A1)

y by l V 2
= sin 6 +<e -6 (M -1 8in 8 +cose> A2
(I‘cr>K <1‘cz>P P C ID P P P ( )
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where the origin of the radial flow coincides with the origin of the
Cartesian coordinates. Two-dimensional radial flow is assumed to exist
within the region bounded by the Mach lines BC and CD. Uniform flow,
parallel to the x-axls, exists downstream from the straight Mach line DE.
Although details of the mathematics are not included herein, 1t is easy
to verify that rotation of the x- and y-sxes, through the angle A9 +to
the new axes x' and y', and application of the coordinate transforma-
tion to equations (Al) and (A2) results in equations for x' and y'
which are exactly the same as equations (Al) ard (A2) except that 6p
and 6g are replaced by 6p' and @gt where 6¢r! = 6¢ - A9. This

shows that the streamline CE is also a portion of a streamline regquired
to produce a uniform flow at a Mach number of Mp' from a radial flow
bounded by the Mach lines B'C and CD'. That 1s, the streamline CE forms
& portion of a new nozzle with the final Mach number of Mpt > Mp for

negative values of A9, and Mp' <Mp for posltive values of A9, where

the x'-axis forms the new line of symmetry. The same conclusions may be
obtained, perhaps in a more straightforward manner, by inspection of the
geometrical relations between the radisl flow and transition flow as
indicated in the sbove sketch. Thus, any streamline OP within the radial
flow can serve as a line of symmetry; then, since all left Mach lines
such as PK within the transition flow are stralght lines, the normsl
expension along Mach line CD (or its extemsion) is in effect cut off by
the new line of symmetry resulting in a wniform-flow region PKF.

These results can be applled to the design of & varisble Mach num-
ber nozzle by constructing the section of the nozzle contour CE as an
adjusteble scoop designed to utilize only a part of the radial flow as
indicated in the following sketch:

A

Yy

V1
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Radial flow ig produced within the entire region BC'D' by the throat sec-
tion AC'. Thig throat section is designed according to the method dis-
cussed in this report. Thus, at the lower position CE, a uniform-flow
test rhombus is produced within the region DEF (since the x-axis is a
line of symmetry, only the upper part of the nozzle is shown), and that
part of the radiasl flow passing through the arc CC' is dlscarded. To
obtain a larger Mach number, the solid section is rotated outward about
the origin of the radisl flow to C'E' or any intermediate position. At
the position C'E' a uniform-flow test rhombus is produced within the
region D'E"F' and a1l the radial flow is utilized. The line E'E"F' is a
Mach line originating at point E'.

The actual construction and operation of a veriable or adjustable
Mach number nozzle of this type would naturally be limited by verious
physical considerations. The lower limit of operation, corresponding
to positive values of A9 and Mp' < Mp would be determined by the
onset of choking as the height yrg 1s reduced. The upper limit of

operation would probably depend on the diffuser design. Certaln mechan-
ical design problems, such as the relatively large longitudinal displace-
ment of the test region, would also 1limit the range of operation.

In order to indicate the possible range of Mach numbers and general
utility of the above scheme, the quantities Mp, Mp:!, YE/hcr: YE' /hers
YE" /hers XE/bor, &8nd Xg" /her have been computed for various arbitrary
values of 8¢ and 6¢'. The four values of vg corresponding to the

four different secondary-expansion flows as shown in tables III(a) to
ITII(d) have been used in this computation.

vBs | Oc, ¥ | JE ect, ' X" ' | JE'
deg deg MD h-cr E;:‘- d_eg MD hcr hcr h-cr
6 | 2.0}]1.89 6.10) 0.202 | 15.30 | 2.39 9.39| 0.202 | 1.61
12 | 3.0 2.54 T.03]| .328 [25.13 | 3.Th 21.0 A33 | 2.95
22 | 5.0}3.8] 19.0 {1.25 |36.32 | T.76 289 3.48 |10.9
4o | 8.0 5.55 | 114 9.02 |33.50 |12.06 | 2,660 3Lk, 7 56.9

For the convenience of the designer the formulas needed to compute the
parameters are as follows: TFor given values of v, B8p, and 6¢f,

vDt = 28@' + vy

vp = v + O¢* + 6¢
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from equations (3) and (4). The corresponding values of Mp: and Mp
may be found from table I. The helghts yg /hcr and yg! /hcr may be
computed from the equations

YE _ r ¢
bor Tor D ¢!

Tt '
E' _ r 1 Ig YE
heyp l<rCI>D R + Doy cot uDiSin@C' -~ ec) + o cos(Qc' - Bc)

(shy

which are derived from the geometry of the sbove sketch and by use of
the relations

and

x r Y
E_- (X 2 E cot up
her Ter/p her Ber

The coordinates of the point E" are obtained as

Xpt t
E (D, L cos D! 2
hop Ter Ter ¢

Ymn
.._E_. = _L_. sin “D' __]:_
her Ter CIeL

where the length L = D'E" 4is given by
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(7-1)
2{7-1
1/k 7 -1 .2
2 14+ M
L I MpOg ¥ 2— 1 2 D'
Ter Ter Mp:© - 1 y-1.,2
1+ =— Mp

This equation may be derived from considerations analogous to those used
in reference 1 to obtain the length of a left Mach line in the transition
flow.

\"-...
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SAELE I.- SUPERSONIC-FLOW VARTABLES FOR 7 = 1.k00

. v

v, '] l;;‘ *frer ;;‘ " By r/ru_ ;;s " " r/ra.
[ 1.0000 { 90.000 | 1.00000 J 2.37300 | 1.1k57 | 60.332 | 1.aim9 || N.TR00 | 1.2i69 | 53.3:18 | L.ok%66
03123 | 1.0079 82.857 | 1.00005 ] 2.ho625 | 1.amv . 310 l.a1mL k. 78125 1.2481 3.2h8 | L.okb09
.06250 | 1.0125 { B0.983 < 1.00003 2.;2;5_50 1.152% 189 | 1.02803 L812% | L.2h93 [ 33.171 | l.0hSs)
209375 | 1.016k.| 73.686 | 1.00022. || 2. 1059 | 60.069 | 1.0083% || %.84375 | 1.2503 | 53.098 | L.oM6%k
12500 | 1.0099 | 78.635 | 1.00033 [{ 2.50000 | L2353 | 99.950 | L.01867 j| k.B7500 | 1.2mT | 53.025 | 1.0k737
13625 | 1.0232 | TT-78T | L.cookh (I 2.5328 | 1.2567 1 59.832 | 1L.02899 || k.o06237| l.2%e9 | 22,935 | L.oW760
16750 | 1.0062 | 77.029 | 1.00056 || e.32m0 | 1.1380 | mo.7i5 | 1.00931 {| k.93750 | 1.25k | s2.881 | 1.0n823
J21BT3 | 1.0201 | 76.353 | 1.00089 || 2.5375 | L.13%% | 59.600 | 1.0196% [i %.96875 | 1.2533 | 52.810 | 1.0k867
. 1.0318 | T5.7h0 -| L.00083 || 2.62%00 | 1.1608 | 39.k83 | 1.01996 5.000 1.2%5 | =z2.738 | 1.0kg10
% 2.03%k 12:176 1.00097 [| 2.6 11621 | 59.511 | L.o02029 ([ S5.125 12612 | 52.%57 | 1.03086
.312%0 1.0370 | Th.6%k 1.00112 2. 1,15 59.85%9 | 1.02062 5.250 1.26%59 %2.180 1.0%53%
236375 | 1.035% | TR166 .| l.c0l27 || 2.7187% | 1. 59.187 | 1.02095 || 3.37> 1.2706 | %1.509 | L.oskk2
37300 | 1.Gk1B | 73.708 7 1.comhe 2.75000 | 11662 | .03 | 1.c2129 || 3.%00 1ers | m@e | Loskes
20625 1.0kk2 Q 2.00059 || 2. LJJ:‘EE 926 | L0162 || 5.623 1. 51.%80 | 1.0%807
lggx; 1.0465 100176 || 2. 1 58.6817 | 1.02196 5.?; 1. 5n.122 | 1.o%952
. L.0k8T | 72875 | 1.00192 (| 2.88375 | LaT0e | 38.709 | L.02230 [} 5. 1.0802 | 50.868 | 1.06180
.50000 | 1.0%09 | Ta. 1.00210 |[2.873500 | 11716 | %8.601 | 1L.0806% || 6.000 1.2938 | %0.619 | 1.06369
255123 | l.05%0 Tl.gﬁ 100228 || 2,90628 L1723 | 58.495 02298 || 6.125 1.2963 | 20.375 | 1.06550
56250 Lo Tl-gg 1.00256 2.93730 11782 58.390 102532 6.250 1.3029 30.151 1.067%%
59375 | 1.0572 | TL. 1.00265 96875 | 11755 | 8.26% | 1.02367 || 6.37 13075 | %9.893 | 1.069%
62500 | 1.0%92 | 70.Th7 | 1.0028% || 3.00000 | L1765 | 58.180 | pL.o2koL || 6.500 1.3120 | %9.658 | 1.0TANT
gﬁ 1.0613 70.33 1.00%03 || 3.0m25 | 1.1782 | %8.077 | L.oeh36 || 6.625 1.3165 | ko2 | 1.073hT
. 1.0632 | 70. 1.00322 || 3.062%0 | 2.179% | 571.97% | 1.cak70 [| 6.7%0 13210 [ k9,199 | l.o75M8
STBTS | 1.06% | 69.851 | L.oozk2 |l 3.09375 | 1.1808 | 57.873 | 1.02%06 || 6.875 13255 | ¥8.97k | L.oTR
- L0STL | €9.570 | 1.00363 |§ 3.12300 | 1.1B2 | 5T. 10254l || T.000 1.3300 | k8. L. 07957
. 1.0650 | 69.298 | 1.00 3.15625 | 1.1683% 51.2?1% 1.02576 (| 7.125 1.53%5 | 8. 1.081%
- 1.0709 | 69.052 | 1. 3.1870 | 1.18%7 | 57.572 | 1.0e612 || T.2% 1.3%50 | »8.%18 | 1.083
8375 | L0728 | 68.77h | l.00k25 || 3.2287% | 1.1860 | ST.MT3 | 1.02548 § T.37% 1343k | 38,106 | 1.09586
BT%00 | 1.07k6 | £B.%22 | 1.00%% 3. 25000 1.1873 57.3T5 1.026835 { 7.%00 1.3478 »7.896 1.08799
.90625 | 1.076% | 68.27T 1.00#6-&( 3.20125 | 1.1836 2':'8 1.02719 | T.623 13523 | W.688 | 1.09015
93750 | 1.0783 | €8.037 | L.ookso || Z.Z31250 | 1.1Bg9 5T.181 | .02735 T-EA; 1.3%7 | ¥.h8% | lL.ogez2
»968T3 | l.0800 | 6T.805 | L.oomz | 3.34375 | 1002 | 57.055 | o021 § T- 13611 | Mr.ofl | L.oohme
1.00000 | 1. 67.57% | L.0cos35 || 3- 1.1925 | 56.990 | 1.ce828 % 8.000 1.3655 | k¥r.082 | 1.09673
1.36‘503125 ngg 27-350 1.0058100558 3." 2.1538 gg 1.0206% g.m; 1.3$E9 w.g 1.09857
-062 1.0853 13 | L 3. 1. . 1.02901 250 1.37k3 8 1.10122
1.09375 | 1.0870 62915 1.0060k s.hﬂ% Loek | %6.707 | 1.02938 § 8.375 1.3785 | k6.k97 | 1.103%0
1l.12500 | 1.0888 | 65.705 | 1.00628 | 3.%0000 | 1.1976 %.61% | 1.02975 {| 8.%00 1.3830 | M6.306 | 1.10579
1.19625 | 1.0905 | 66.%99 | L.oo6m || 3.5328 | 2.1969 56.222 L.03a12 || 8.623 1.387k | 36.118 | 1.10811
1.18750 | 1.092 | 66.296 | 1.00675 || 3.562%0 | L.2002 | %6.h30 | L.o30h%g § 8.750 1.3918 | k5. 2.110kk
121875 | 1.0938 | €6.09T | 1.006%9 || 3.593715 | l.200k | 56.33% | 1.03086 || 8.87% L3s6L | k3.7 1.112680
1.25000 | 1.09%5 | 65.902 .| l.ooTek f 3.62500 | l.20eT | %6.2k$ | L.o%izk § 9.000 1.koos | k3366 | 1.11m7
1.28125 | 1. 65.700 | 1.007k9 || 3.662% | 1.2080 | %6.1% | 1.0m62 || 9.12% 1.40k8 | 5,386 | 2.11TST
1.512%0 1. 65.5L 1.00773- || 3-687%0 1.2052 56,069 1.03199 9.250 1.k0gL §5.208 1.11558
L5375 | l.100% | €5.335 | 1.00199 || 3.7 | 2.2063 | ®3.950 | 1.03237 || 9.37% .53k | AS.0m | 2.120k2
1.57500 | 1.1020 | 65.153 | 1.0082% || 3.75000 | 1.2079 |} 55.8% | L. 9.500 15178 | kh.837 | 1.12h88
1.k0625 | 1.10%6 | &r.973 | 1.008%0 || 3.78125 | 1.2090 |} %5.604 | 1.03m 9.623 122 | bk 1.12735
1.43 1.10%2 | €k 1.008T5 3.812%0 1.2103 =717 | L0532 9.750 1.%25k Mook 1.19965
1. 11058 | 6k 1.00901 i 3.86375 | t.2115 | 55.631 | 1.03390 || 9.87% 15307 | #h3ME | 2.13237
1.50000 1.108% | 6h.h%0 1.0098 5.&2}0 1.2128 55.5kk 1.0542% || 10.000 1.435%0 17t | 1.13%
1.53125 | 1.1100 | 6%.281 | 1.009%% || 5. L.21k0 | A.M 1.03468 || 10,123 1K .ol | 1.
1.56250 | 1L.1115 | 6%.115 | 100981 || 3.93750 | o193 | #B.3 1.03%07 [| 10.250 1.kk35 | h3.8%T L:.aool-
1.99375 | 1.113 | 63.9%0 | 1.01007 || 3.96873 | L2163 | %.289 03546 || 10.378 15578 | k3.68k | L.1he6k
Lé2%0 | 1.1146 | 63.7688 | 1.c10%% || k.ooooc | 22177 | Mm.205 | 1.09585 || 10.500 L2 | ses | L.
1.6%52% | 1.1162 | 65.628 { l.nob2 || h. 12190 | 35,191 | 1.0362k || 10.625 1456k | M35k | Lako
1.6875% | 1177 | 65.hm | 1.00089 || k. 1.2202 038 | 1.0366% || 10.750 Lysor | ¥3.206 | 1.15097
L7875 | .11 23515 | Lom7 || k.09375 | .22k -9%5 | 1.03703 || 10.87> 1.%6%9 | 3.0k | L.1532%
1.75000 | 1.1207 | 63.161 | lL.0likk [j-k.12500 | 1.2227 | %k.873 | 1L.037A3 || 1L.000 1.k692 | he. 1.
1.% 11222 | 63.009 | 1L.OLLT3 |} k15625 | 1.2239 | Sk.791 | 1.03783 (| 11.125 14755 | k. 1.
1. 1.1257 860 1.01201 %.187%0 1.8291 =%.T10 L% 11.25%0 1.k ke 1.161%2
L.8h375 | 11252 | 622 | 2.one29 ff k2875 | 1.226M | Zk.629 | 1.0 11.375 1. k237 | 1.18M9
1.87200 | 1.1267 | é2. 101258 §f k. 1. .59 | 1.03903 || 11.500 1.4862 | k2. 1.16668
1.90529 | 1.1282 | €2, 1.01366 § k. 1. sk k€9 | L.osokk { 11.625 1.%905 ka.gz 1.1%2
193750 | 1.1297 | 62.278 | 1.01m3 [ ke L2300 | 5k.389 | L. u.gg LASAT | k.9sa | 1.0
1. 11311 | 62.137 | lL.oi3kk | K.34375 | L2303 5k.30 | 1. 11. 1.k990 | k1.8%5 | 1L.17%%8
2.00000 1.1326 | 61.997 | r.oo37h &, 1.2325 b 251 1.0k066 |l 12.000 15032 ( k.70 | LI
2.03125 | L.13%1 | 61.8%9 | 1.01k03 || k. 1.2’33;( =%.15% | 1l.0k3O0T || 12.12% 1.5075 1.
2.06250 | 1.13%8 | 61722 1.01k33 L. k3750 1. =%, 075 1.0k1k8 |t 12.250 1.511T u.zg 1.1806
2.095T3 | 1.1370 | 62.597 | L.omhE3 || h.k6B75 | 1.9361 | 53.99T | 1.0k189 § 12.37S 1mse | k. 1.18710
2.12500 1.130k | 61.h%h | 1.01k93 H k.S0000 | L2375 | 53.920 | 1.0k231 §§ 12.%00 15202 | l.13% | 1.19005
2.15625 LR% 321 | L.0u%e3 || %5325 | 1.2385 | 53.8Lk | 1.owe72 § 12.625 L.52kk | %0.995 | 119305
2.% 1. 61.190 | 2. k56250 | 12397 | 53.767 { L.okmk | 12.7%0 1.%285 | »0.857 | 1.1960%
2. 1.1k2T | 6L.0681 | 1. k5315 | L2093 | 3. J1.0k3%6 [l 12.879 1.5329 | %0.72L | 1.19508
2.2%000 | 1,1%81 | 60.933 | lL.c1éa5 H k62300 | L.2k2. | 55.616 | L.ok: 1%.000 1.5371 | ko, l.20213
2.28125 | 1.1855 | 60.806 | Lai6¥s || k65625 | 1.0 53.?2:‘} 1.0&3”59 13.125 1.5513 | ko.hmo | 1.
2.312% | 1.1469 | 60.680 | 1.0167T f %.68750 | 1.2Wk> | %3, 1.0kk81 § 13.250 1.%86 | X0.317 | L.
234375 | 1.1483 | 60.55% | 1.00708 J| MTIETS | 1.2kT | SB.3e2 | 1.0hmeh | 13.373 15508 | »o0.184 | L.2a1k2
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é l TABLE 'Iisupmsou:c-mw VARIABLES FOR 7y = 1.400 - Continued

v s v i v

b . M bl ¥frer e M A r/ Tor e M ';;B r/ Ter
13.500 | 1.5540 | 40.053 7| 1.21456 | 21.000 | 1.8095 | 33.548 | 1.44939 (] 28.500 | 2.0778 28.769 | 1.8021
13.625 | 1.3382 | 39.922 | 1.21772 | 21.125 | 1.8139 | 33.h57 | 1.45418 [} 28.625 | 2.0824 28.699 1.809;2
15,750 | 1.5625 | 39.795 | 1.220%1 || 21.250 | 1.8182 | 33.367 | 1.45899 1128.750 | 2.0871 28.629 | 1.81659
15.875 | 1.5667 | 39.66L | 1.20412 || 21.375 | 1.8225 | 33.277 |1.4638L || 28.873 | 2.0917 | 28.560 | 1.82388
14.000 | 1.5709 | 39.556 | 1.22735 || 21.500 | 1.8269 | 33.188 | 1.46873 || 29.000 | 2.096h | 28.%k9% | 1.83121
14,225 | 1.5751 | 39.010 | 1.23060 [} 21.625 | 1.8312 | 33.099 | 1.h736hk || 29.125 | 2.1000 | 28.k21 1.83860
14.250 | 1.579% | 39.284 | 1.23388 [| 21.750 | 1.8356 | 33.010 | 1.47859 || 29.250 |.2.105T | 28.353 1.84608
14.375 | 1.5836 | 39.159 | 1.25719 |; 21.875 | 1.8399 | 32.922 | 1.58357 | 29.375 | 2.1104 | 28.28k | 1.85353
1b.500 | 1.5878 | 36.035 | 1.2h051 (f 22.000 | 1.84%3 | 32.854 | 1.%8859 |1 29.500 { 2.1151 | 28.216 | 1.8610
k625 | 1.3520 | 38.912 | 1.24386 || 22.125 | 1.8487 | 32.7h7 | 2.kg36% || 29.625 | 2.1158 | 26,148 | 1.
1k.750 | 1.5963 | 38.789 | 1.247ek |} 22.250 | 1.8530 | 3e.660 | 1.hg872 || 29.750 | 2.1245 | 28.080 1.87631
14.875 | 1.6005 | 38.668 | 1.25063 I 22.375 | 1.857% | 32.57% | 1.3038% [} 29.875 | 2.1292 | 28.012 2.88401
15.000 | 1.6047 | 38.547 | 1.25406 || 22.500 | 1.8618 | 32.488 1.5G900 {| 30.000 | 2.1339 | 27.945 | 1.89176
15.12% | 1.6089 | 38.h28 | 1.257%0 || 22.625 | 1.8662 | 32.402 |1.53418 | 30.125 | 2.1386 | 27.878 | 1. T
15.2%0 | 1.6132 | 38.309 | 1.26057 {| 22.750 | 1.8705 | 32.317 |1.519%0 [ 30.250 | 2.1h3hk | 27.811 | 1.907
15.375 | 1.617% | 38.190 | 1.26Lk7 || 22.875 | 1.87k9 | 32.232 | 1.52 30.375 | 2.1481 | 27.74% | 1.915
15.500 | 1.6216 | 38.073 | 1.26799 || 23.000 | 1.8793 | 32.148 |1.52995 || 30.500 | 2.1528 | 27.678 | 1.9233
15,625 | 1.6259 | 37.9%6 | 1.27153 || 23.125 | 1.8837 | 32.06k | 1.53528 |1 30.625 | 2. 1976 | 27.612 | 1.9
15.750 | 1.6301 | 37.840 | 1.27510 || 23.250 | 1.8881 | 31.980 |1.54063 |l 30.750 | 2.1623 m.ﬁgg 1.93943
15.875 | 1.6343 | 37.725 | 1.27869 || 23.375 | 1.8925 | 31.897 | 1.54605 | 30.875 | 2.1671 | 27. 1.94757
16.000 | 1.6386 | 7.611 | 1.28231 || 23.500 | 1.8970 | 31.81h | 1.5%49 |[31.000 | 2.1719 | 27.415 | 1.93377
16.125 | 1.6428 | 37.k97 | 1.28595 || 23.625 | 1.9014 | 31.731 1.556% 31,125 | 2.1767 | 27.350 | 1.96402
16.2%0 | 1.6470 | 37.38% | 1.28962 || 23.730 | 1.90%8 | 31.6Lk9 |1.562 31.250 | 2.1815 | 27.250 | 1.9723k
16.375 | 1.6m15 | 37.272 | 1.29332 || 23.875 | 1.9102 | %1.567 | 1.56802 [ 31.375 2.1862 | 27.220 | 1.980T0
16.500 | 1.6555 | 37.160 | 1.2970k |j 2h.000 | 1.9147 | 31.486 [1.57361 || 31.500 | 2.1910 | 27.153 1.9891%
16.625 | 1.6597 | 37.050 | 1.30079 {| 2k.125 | 1.9191 | 3.405 |2.57925 |l 31.625 | 2.1959 | 27.09L 1.@63
16.750 | 1.6640 | 36.939 | 1.304%6 |l 2%.250 | 1.9235 | 31.324 | 1.38490 | 31.750 | 2.2007 | £7.027 ) 2. 18
16.875 | 1.6682 | 36.8%0 | 1.70835 || 2%.375 | 1.9280 | 31.2kk | 1.59060 || 31.875 | 2.20%5 26.963 | 2.01479
17.000 | 1.6725 | 36.721 | 1.31218 || 24.500 | 1.932h | 31.16% | 1.59634 |t 32,000 |.2.2103 26.899 | 2.02346
17.125 | 1.6767 | 36.613 | 1.31603 |} k623 | 1.936% | 3.08h |1.60211 [132.125 | 2.2152 26.8%6 2.3202;%
17.250 | 1.6610 | 36.%506 | 1.31991 || 24.750 | 1.9413 | 31.005 | 1.60793 || 32.230 | 2.2200 26.712 | 2.
17.575 | 1.6852 | %6.599 | 1.32381 |.24.875 | 1.9u%8 | 30.926 | 1.61379 | 32.3T5 2.22k9 | 26.709 | 2.0458k
17.500 | 1.6895 | 36.293 ] 132774 || 25.000 | 1.9503 | 30.847 | 1.60969 |[32.500 | 2.2297 | 26.646 2.05876
17.625 | 1.6937 | 36.187 | 1.33170 |{ 25.125 | 1.9548 | 30.T69 | 1. % || 32.625 | 2.2346 | 26.584 2.06275
17.750 | 1.6980 | 36.082 | 1.33569 || 25.250 | 1.9592 | 30.691 1.63160 || 32.750 a.zaﬁ 26,521 | 2.07579
17.875 | 1.7022 | 3%.978 | 1.33970 {| 25.375 | 1.9637 | 30.613 | 1.63762 f 32.875 | 2.2 26,459 | 2.08530
18.000 | 1.7065 | 35.87% | 1.3h37k || 25.500 | 1.9682 | 30.536 | 1.64368 || 33.000 2.249% | 26.397 2.09208
18.125 | 1.7107 | 35.771 | 1.3%781-|| 25.625 | 1.9727 | 30.438 | 3.64978 |} 33.125 2.23k2 | 26.335 | 2,10432
18.250 | 1.7150 | 35.668 | 1.35190 || 25.750 | 1.9772 | 30.382 | 1.65592 | 33.250 | 2.2301 26.273 | 2.
18.375 | 1.7293 | 35.566 { 1.35603 || 25.675 | 1.9817 | 30.305 | L.66210. || 33.375 2.2640 | 26.212 | 2.12300
18.500 | 1.7235 | 35.465 | 1.36018 || 26.000 ] 1.9863 | 30.229 |1.66833 || 33.500 2.2680 | 26.151 | 2.132Lk
18.625 | 1.7278 | 38.36% | 1.36436 || 26.125 ] 1.9908 | 30.153 | 1. 63&59 33.625 | 2.2739 | 26.090 | 2.14.95
18.750 { 1.7521 | 35.26% | 1.36857 || 26.2%50 | 1.9933 | 30.078 | 1. 1 || 35.750 | 2.2788 | 26.029 | 2.15153
18.875 | 1.736% | 35.164 | 1.37280 [| 26.375 | 1.9998 | 30.003 | 1.68726 H 33.875 2.28%8 | 25.968 | 2.16118
19.000 | 1.7406 | 35.065 | 1.37707 || 26.500 | 2.004k | 29.928 | 1.69365 || 34.000 2.2887 | 25.908 | 2.17089
19.125 | 1.7uk9 | 34.9656 | 1.38136 || 26.625 | 2.0089 | 29.853 | 1. 3%.125 | 2.2937 | 25.857 | 2.18068
19.250 | 1.7492 | 34.868 | 1.38569 {| 26.7%0 | 2.013% | 29.779 | 1.70658 3%.2% | 2.2987 | 25.787 z.zﬁg
19.575 | 1.753% | 3h.770 | 1.3000L || 26.875 | 2.0180 | 29.705 |1.7a311 ([ 34.375 | 2.3057 | 25.T27 | 2.
19.500 | 1.7578 | 3h.675 | 1.39442 || 27.000 | 2.0226 | 29.632 | 1.72968 |l 3h.500 2.3087 | 25.668 | 2.210k6
19.625 | 1.7621 | 34.577 | 1.39883 || 27.125 | 2.027L | 29.558 1.72630 || 3h.625 | 2.3137 { 25.608 | 2.22055
19.750 | 1.766% | 3u.48) | 1.h0%28 || 27.250 | 2.0317 | 29.885 | 1.73297 || 3%.75%0 2.%3187 | 25.549 | 2.25068
19.875 | 1.7707 | 34.385 | 1.LOTT5 {| 27.375 | 2.0363 | 29.k12 | 1.73967 || 34.875 | 2.3237 | 25. koo | 2.24039
20.000 | 1.7750 | 34.290 | 1.k1225 || 27.500 | 2.0%09 | 29.3%0 | 1.7h6h3 || 35.000 2.3288 | 25.431 | 2.25118
20.125 | 1.779% | 34.196 | 1.%1679 |} 27.625 | 2.0455 | 29.267 | 1.T5323 || 35.125 2.3338 | 25.372 | 2.26155
20.250 | 1.78% | 3k.102 | L.b2135 || 27.750 | 2.0501 | 29,195 1.76008 || 35.250 | 2.3388 | 25.313 | 2.27199 R
20.37% | 1.7879 | 3%.008 | 1.k2595 || 27.875 | 2. osht | 29.32h | 1.7669T || 35.375 | 2.3439 | 25.255 | 2. 28251
20.500 | 1.7922 | 33.915 | 1.43057 || 26.000 | 2.0593 | 29.0%2 | 1.T7392 {} 35.500 2.3%90 | 25.196 | 2.29310
20.625 | 1.7965 | 33.825 | 1.53523 || 28.125 | 2.0639 | 28.98 | 1.7009L Il 35.625 2.35%k0 { 25.138 | 2.30378
20.750 | 1.8009 | 3%.751 | 1.43992 {] 28.250 | 2.0685 | 28.910 | L.TE795 |l 35.7%C 2.5521 25.080 | 2.31453
20.875 | 1.8032 | 35.639 | 1.Lu6h |{ 28.375 | 2.0731 L840 | 1.79503 || 35.875 | 2.36k2 | 25.022 | 2.32535
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TABLE I.-

SUPERSONIC-FLOW VARTABIFS FOR 7 = 1.%00 - Continued
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NACA TN 3322
TABLE I.- SUPERSONIC-FLOW VARIABLES FOR 7 = 1.400 - Continued
;;g M g.;g */rer ;.;g M ';.;5 rfrex ;;g ' M g;g */rer
58.500 | 3.4981 | 16.611 6.77782 ' 66.000 k.0163 | 14.017 | 10.876i5 || 73.%00 | L.6%48 | 12.%06 { 18.86223
58.625 | 3.5060 | 16.572 | 6.82762 || 66.125 | %.0259 | 14,382 | 10.9689% || 73.62% | 4.6668 | 12,373 | 19.0%0%7
58.750 | 3.%139 | 16.534% | 6.87789 |} 66.2%0 h.gash 14.348 | 11.06278 || T3.750 | 4.6788 | 12.3k1 | 19.2%120
58,873 | 3.5218 Ao6 | 6.92871 |} 66.375 | h.ohsr | 1h.M3 | 12.15769 || 73.875 | 4.6508 | 12.309 | 19.L43417
59.000 | 3.5297 | 16.458 | 6.97998 if 66.500 | h.o5k7 | 14.278 | 11.25%60 || Th.000 | %.7029 | 12.277 | 19.62976
59.125 { 3.5577 | 16.%20 | 7.0%181 || 66.625 | h.o6k4 | 1h.2h3 | 11.39065 || 7h.125 | h.71%0 | 12.245 | 19.82788
59.25%0 | 3.5457 | 16.382 7.08413 {f 66.750 | k.07l | 1h.209 | 11. 3 1l Th.250 | h.7272 | 12.213 | 20.02846
59.375 | 3.5537 | 16.34h 7.13697 |l 66.675 | 4.0838 { 1h.17h | 11.3k793 || 74.375 | 4.T35k | 12.181 | 20.23153
%9.%00 | 3.%617 | 16:30% | 7.19031 } 67.000 | 4.0936 | 1k.1k0 | 11.64821 || 74.500 | L.T751T | 12.149 | 20.43Th4
59,625 | 3.%697 | 16.268 | 7.24421 || 67.225 | 41034 | 1h.105 | 11.74966 || Th.625 | 4,76k | 12,117 | 20.64588
39.75C | 3.57718 | 16.2%0 | T.29862 7.250 | k.1132 | 1k.071 u.gﬁzzu Th.730 | L.7764 .085 | 20.8570%
59.875 | 3.5859 | 16.193 7.35%61 || 67.375 | %.2231 | 14.036 | 11.95599 || 74.875 | 4.7889 | 12.053 | 21.07088
60.000 | 3.59%0 | 16.1%% | 7.hosii } 67.%00 | 4.1330 | 14.002 | 12.06096 |{ 75.000 | k.801k { 12.021 | 21.28760
60.125 | 3.6022 | 16,118 | T.46521 || 67.625 | k.1430 | 13.968 | 12.16707 |} 75.125 | 4.8139 | 11.989 | 21.50722
60.250 | 3.6104 .080 7.52186 || 67.750 | 4.1529 | 13.933 12.27153 75.25 | 4.8265 | 11.9%8 | 21.72957
60.375 | 3.6186 | 16.043 T7.57906 {| 67.875 | 4.1630 | 13.899 | 12.38: 75.375 | 4.8%92 | 11.925 | 21,9549k
60.500 | 5.6268 | 16.005 | 7.63687 ) 68.000 | k.1730 | 13.865 | 12.49279 (| 75.%00 | 4.8519 | 11.80% | 22.18310
60.625 | 3.6351 1 15.968 7.%226 .125 | L.18%1 | 13.831 | 12.60%383 (| 75.625 | h.8646 | 11.863 a.tﬁ;z
60.750 | 3.6433 | 15.9%1 7.75421 || 68.250 | k.1932 | 13.797 | 12.71608 || 73.750 | &.877% | 11.831 | 22.6487
60.875 | 3.6516 | 15.80% | 7.81378 | 66.375 | 4.2034 { 13.763 | 12.84979 || 75.875 | k.8503 | 11.800 | 22.88618
61.000 | 3.6600 | 15.836 7.87397 1| 68.500 | 4.2136 | 13.729 | 12.94469 || 76.000 | k.9032 | 12.768 | 23.12678
61.125 | 3.66835 | 15.819 | 7.93473 || 68.625 .22%8 | 13.695 | 13.06092 .125 | %.9162 | 1:.736 | 23.370%1
61.250 | 3.6767 | 15.762 | 7.99616 || 68.7%0 | h.23k1 | 13,661 | 13.17856 || 76.250 | k.9292 | 11.705 § 23.61759
61.373 | 3.685L | 15.7h5 | 8.05819 || 68.875 | h.24kk } 13.627 | 13.29751 || 76.375 | h.oh25 | 11.67h | 23.86301
61.500 | 3.6936 | 15.708 | 8.12087 || 69.000 | 4.25%8 | 13.593 | 1541791 (| 76.500 | 5.955% | 11.642 | 2k.1216k
61.625 | 3.7020 | 15.672 | 8.18420 || 69.12% | L4.2652 | 13.550 | 13.53968 (| 76.625 | %.9686 | 11.611 | 2k.37885
61.750 | 3.7105 | 15.635 | 8.2kB1k4 || 69.2% L2756 | 13.526 | 13.66282 || 76.750 | %.9819 | 11.580 | 2h.639%1
61.875 | 3.7190 | 15. 8.31279 || 69.375 | k.2861 | 13.h92 | 15.76747 [ 76.875 | k.9952 | 11.548 | 24.90358
62,000 | 3.7276 | 15.561 | 8.37809 || 69.%00 | 4.2966 | 13.459 | 13.91360 || 77.000 | 5.0085 n.z:ég 25.17128
62,125 | 3.7361 | 15.5%2% | 8.444k05 {| 69.625 | L.3071 } 13.425 | 1%.04120 || 77.125 | 5.0220 | 1d. 25.hhoth )
62.250 | 37447 | 15,188 | 8.%1070 || 69.750 | 4.3177 | 33.392 | 14.17029 {| 77.250 | 5.0354 u.kgﬁ 25,1762 .
62,375 | 2.7534 | 15.452 | 8.5 69.875 | 4.3283 | 13.358 { 1k.30086 || T7.375 | 5.0490 | 11.k 25.99634 | 7
62.500 | 3.7620 | 15.41% | 8.6u612 || 70.000 | 4.3390 | 13.325 | 14.43%03 | 77.500 | 5.0626 | 11.392 | 26.27909
62.625 | 3.7707 | 15.379 | 8.71487 [} 70.125 | 4.3ho7 | 13.291 | 14.56682 || 77.625 | 5.0763 | 11.36L | 26.56552
62,750 | 3.T7T9% | 15.343 8.78437 [I 70.250 | h.3604 | 13.2%8 | 14.70209 {} 77.750 | 5.0900 { 11.330 .85%98
62,875 | 3. 15.306 | 8.85459 |[ 70.375 | 4.3722 | 13.225 | 14.83900 || 77.875 | 5.1038 | 11.299 | 27.1%027
63.000 | 3.7969 | 15.270 8.925%1 || 70.500 | 4.3820 | 13.191 .| 1%.97760 | 78.000 | 3.1176 | 11.268 | 27.4h8ok
63.125 | 3.8057 | 15.234 | 8.9972% || 70.625 | 4.3929 | 13.1%8 | 15.11790 [i 78.125 | %5.131% | 11.237 | 27.75152
63.250 | 3.8145 | 1%.198 9.06971 || 70.750 | 4.4038 | 13.125 | 15.25981 i 78.250 | %.1455 | 11.206 | 28.0983%
63.375 | 3.823h | 15.162 | 9.1k292 || 70.875 | h.hak8.} 13.002 | 15.40%6 (| 78.375 | 5.1395 | 11.176 | 28. 5
63.500 ; 3.8323 | 15.126 | 9.21690 || TL.000 | L.k 13.059 | 15.54882 || 78.500 | 5.1736 | 11.245 | 28.6849% ?
63.625 | 3.8412 | 15.090 | 9.2917h [} 71.12% | bk 13.026 15.?}9533 78.625 | 5.1878 | 11.11h | 29.00490 H
63.750 | 3.8501 | 15.054 | 9.36730 || T1.230 | L.Lh4T9 | 12.993 | 15. 78.7%0 | 5.2020 | 11.083 . .
63.875 | 3.8591 | 15.018 | 9.14367 | 71.375 | L.k590 | 12.960 | 15.99561 || 78.875 | 5.2163 | 11.052 | 25.65806 ‘
64,000 | 3.8660 | 14.983 9.52086 || 71.%00 | L.k7o2 | 12.927 | 16.14818 || 79.000 | 5.2306 | 11.022 | 25.99164
64.125 3.655 k. o047 | 9.59890 || T1.625 | L.k81k | 12.8g4 | 16.3026L || 79.125 | 5.2k51 | 10.991 | 30.32998
64,250 | 3.8 1k,911 9.677T79 || TL.75%0 | L.b926 | 12.861 | 16.4%696 || 79.25%0 | 5.259% | 10.960 | 30.67312
64,375 | 3.8953 | 14.876 | 9.75750 || TL.875 | k5039 | 12.828 | 16.61720 ([ 79.375 | 5.27k1 | 10.930 | 31.02097
64.500 | 3.904% | 1h.840 9.83809 || 72.000 | L.5152 | 12.796 | 16.77752 || 79.7%00 | 5.2887 | 10.899 | 31.37W8
64,625 | 3,91%6 | 1480k | 9.91952 || 72.125 5266 | 12,763 | 16.9%9%k || 79.625 | 5.3034 | 10.869 | 31.75197
6k, 750 | 3.9228 | 14.769 | 10.00182 || 72.2% | h.5381 | 12.7%0 | 17. ;%h 79.750 | 5.%181 | 10.838 | 32.09951
6%.875 | 3.9320 | 1b.734 | 10.08506 || 72.375 | L.3k95 | 12.697 | 17.26983 || 79.875 | 5.3330 | 10.808 32.565kk .
65.000 | 3.9412 | 1k.698 { 10.16919 || 72.500 | %.5610 | 12.665 | 17.k 80.000 | 5.3479 | 10.777 | 32.83728 )
65.125 | 3.9505 | 14.663 | 10.25422 || 72.625 | h.5726 | 12.632 17.6@33 80.125 | 5.3628 | 10.747 | 33.216k6
5.250 [ 3.9598 | 14.628 { 10.3koz0 | 72.750 | 4.5842 | 12.600 | 17.78090 |} 80.250 | 5.3778 | 10.716 | 33.6010k
65,375 | 3.9691 | 14.%593 | 10.32708 || 72.875 | %.5959 | 12.567 | 17.9555% |} 80.375 | 5.3929 | 10. 33.99112
65.500 § 3.9785 | 1h.557 | 10.31490 §| 73.000 | k.6076 | 12.535 | 18.13247 |} 80.500 | 5.k081 | 10.656 | 34.30684
65,625 | %.9879 | 14.s22 | 10.60381 § 75.125 | 4.6193 | 12.%03 | 18.31142 || 80.62% | B.hk23k | 10.625 | 34.78857
65.7%0 | 3.997h | 1k.587 | 10.693%8 }| 73.2%0 | 4.6311 | 12.470 | 18.49267 LT50 | 5.4387 | 10.%95 | 35.19612
65.875 | k.0068 | 14.b52 | 10.78433 || 73.375 | k.6h30 | 12,438 | 18.67633 || 80.875 | 3.h541 | 10.565 | 35.609%7
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3k NACA TN 3322
TABLE IT.~ INTTIAL-EXPANSION FLOW
(a) Characteristic nets
Point v or v v =
A 8, deg Folnt d.;g ygz- ych' ¥ Foint d.;g Jer ?E; t
; 0'36%;'5 n = 0.0625° , n = 0.250°
E .'zgg a,:aL o.g;{g, o.115a§k3 v]o > o c'i 0.2% | o.21462 | o
. a . 15675 08423 . 08420 .5 . . +0966;
5 375 a - %625 | .1ee2 .%5 -2l o5 §44 %3?‘ ‘I?‘i}g 3908
_ a, k) .28125 .19%1.0 26033 . ¢,6 .625 27193 19524 10K
_6f g 2,5 L0623 20903 431061 51023 e, T .?15 2926k L2525 251;;
8 1:00 26 o125 | .zg9r9 | Lzksme | L3vsor || (.8 nes | .3869 | .zgs01 | L2068
9 1.25 o)1 Ees- | lzséze | o | (54305 uisg, 1373 | J3ezoh | zahsk | l32ems
10 1.%0 a,g iggllg; .:;91’0- .lgzgt .m c,igi is}g .;;g;g . 34056 3k767
[:} . . - . (] . . . 20
lu2 ggg a:m) 1.53125 . Ry 7265 c:lz 2.625 +36970 323; mag
13 3.00 2,11 2,03125 284 h +5079k «50307 ©,13 3.125 28420 Aik8gr .uﬁf
1h 3.50 a:lE 2.53125 29796 53397 53015 a:n 3.625 mzﬁ 6L .
15 L.25 a,13 3.03125 « 30957 % %ggg e,15 <373 »h1hg2 « 50099 lL9'1.55
a,lk 353125 «32003 . . 2,16 5.185 43089 526 .msi
;Z 2& a,15 k, 28125 - TBeAT 59786 .39016 c,17, 6.125 43030 .:555 54083
+00 2,16 s.o3125 | .3k69%6 | 61845 | .60883 18 25 | Jheme | . .
19 Z.oo a:l 03125 «362%L .62k T 63003 2119 . 125 48493 ﬁ?g %
20 9,00 a, 7.03125 37683 66378 64829 c,20 9.125 50083 62867 .6010%
2,19 8.0312% 3902k 68317 66435 e,21 10.12%5 51607 . 6210 61723
g ;Lg.gg 8,20 9.03125 « %0297 70218 67876 c,22 11.125 53079 .66978 63212
23 12,00 a,21 10.03125 sy TABLS .69185 23 12, .5k510 .68913 .6k
= 13.00 a:22 11,0%512% 442 STkzs |7 .70388 ::gh ﬁ 55007 - TOT93 .65882595
25 1k.00 .’EE 12.03125 . «Th996 - T1503 ¢y25 14,125 ;Zzﬂo . s 57053
a,2! 13.0%125 R .T6512 72343 e,26 15,125 58631 o7 6&2}5
. g :1,283 a,25 03125 46058 «T1996 -T3520 ©,27 125 -59967 76242 69317
28 17.00 a,26) | 15.03125 | k3o | .7ousé | qm 28) | 171 61290 | L7802 .70
39 .00 a,27 03125 48208 Zg;oe T334 2;29 1.8.% 6260k .79&0? ;13}2
¥ 19.00 2,28 ﬂ.b}m ho266 .82338 K ST ©,30, 19.12% 63912 81568 %
2 |20 va | iooms | ge | ome | REELE |RB | &8 | BRI
- 8 o . . . . - .
-:31 -0 : : Rl CH 125 5L 85186 %027
2,32 21.0312% «S3MLT .88100 « 79113
R = 0.125° n = 0.500°
,25 0.11'557? o.g:ehg 0 o 0 :,l; o.g o.z'zoeg [} 0
:i it 21580 | .18455 :i‘%%ii 4,6 %0 | ook | .1 a6
b,j} J375 B b] N .23841 d,z 1,000 32957 .16 .
b,6 5625 24333 27677 27625 (Y 1.250 3kT78L 20719 207950
b a12s 26175 . 3] 32065 a,9) 1.%00, 36298 . .
AEEE AEAR AR Ak Ok O
b330 1.%62% . Haeoe | hits 4,12 2750 | MY Zhoks :M
Jats 2.0625 31556 kshgo 5181 4,13 3.250 &3 37887 37257
512 2,%625 . k8363 7949 4,1k 3,750 .h4850 o 39639
:ii 3.0625 ;ziu 507k . 50215 d:l} %.%00 .h68%8 k3701 .326
| iEs | B P | e I (ainy | Zimme | s | vt | viae
116 s.0625 |' .38h69 | .5TToe | .566kk [} (4,18 7.2%0 | .sens | . “so702
b,17 6.06 10196 60360 .58592 (351 8.2! . 54820 #5551 52930
718 7008 11786 .6273:?.9' ‘Gl a:zg oa% | e | 3%k “BUgEL
»19 8.0625 43276 64866 .swgz 4,21 10.2%0 .58362 60393 .56782
»20 9.0625 . 1ik690 66861 643 a,22 11.250 .60038 62684 58827
b,21 10.0625 46045 .68Th2 L6583k 4,23 12,250 .61666 64835 %5980
22 11.062% BYe LTOS3T 6767 a,2k 2%0 . 665956 61430
:g 12.0625 ug627 . T2266 .68%02 4:25 250 65% .69033 Squg
b, 12.0625 kg0 STISRT 69355 d,26 15.850 66359 + 71078 .
0123 14.0625 « 51090 < TO092 »TO637 d.g - 250 67880 <7310k o
426 15.062% 52292 .TT211 . T16%8 a, 1.7.25%0 69387 o9 66457
27) | 16.0625 «534T9 .T8813 . T2625 d,29 1B.25%0 .7088% 'mio .6
b:28 17.0625 ] .8oko B 5 a:3o 19.250 . L3 311 5 68722
429 18,0623 . 55023 .51993. . Thh22 4,31 20.250 mEl L8117 +69635
b,;g 2-0625 /56986 83586 7:2625- 4,38 2.250 «TB45 83213 70609
5:32 21.0625 :59502 :86796 - T6857 ’

\x
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NACA TN 3322

TABLE IT.- INITIAL-EXPANSION FLOW - Continued

{e) Characteristic nets - Continued

Vs x_ x. vy X _ .

Polat deg Yer Yer ¥ Foint deg . ¥er Jer ¥

n = 0.750° n = 1.50°
e,5; Q.75 | 0.31222 o g,g) 1.50 0.%0278 ¢} 0
e,6 .875 32880 .o%3h%5 olzes g,8) 1.75 52563 .05672 . 04619
e,'{} 1.125 . 35428 .10607 10542 2,9} 2.00 JALLeT .08401 .08290
e,8 1.375 3750k 15136 .15020 £,10) 2.25 .46118 L11517 .113k2
e,9) 1.625 .39048. .18697 18526 g,11) 2.75 . 8920 16570 .16252
(e,10} 1.875 hokTL .21638 21409 I (g,12) 3.25 %1287 20620 .201L5
(e,21) 2.375 .42885 26350 -25992 (g,13) 3.1 + 35366 24031 23385
e,12) 2.875 hloa1 -30083 29585 8:14h) k.25 -552k0 26568 .26].6"6{
e,13) 3.375 46709 - 33201 +325%0 3,153 5.00 SS3TTTS 30868 .
e,14) 3.875 -48319 35896 .3508L |1 (8,16 5.75 60070 3haks .3278%
(=,15) h.625 50496 39391 .38310 s,rrg 6.75 .6286% .38221 36278
(e,16 5.375 -52k66 -hokes <1055 2,18 .73 | .65438 776 3930k
e,17 375 54861 45980 11188 g,ng 8.75 67852 450335 41983
e,18) T.375 .5T068 RT8.1 . 46890 Eg,aa 9. 75 Ry (1013 18073 306
e,19} 8.375 59135 - 52036 Lg276 g,21) | 10.75 ~723hk - 50951 46597
e,20) 9.3T2 61098 54727 JSlh21 g,22) 11.75 ~TALTL -53708 18626
8,21 10.375 62980 -5T269 55375 €,23) i2.75 -T6540 56372 .5051%
®,22 11.375 64799 59799 55170 || {g,2%) [ 13.75 - 18563 58969 5227k
e,23 12,375 66568 6201k . T 8,23} 1k.75 .80551 .61%518 . 53953
e,2k) | 13.375 68296 654326 58395~ {&,25) | 15.75 .82511 .65031 55500
e,25 14,3575 699935 .66%62 59859 €,27) 16.75 -8y 6652k 56987
e,26 15.37% .TL665 .68T76h L6124 g,28) 17.15 86371 .69008 .5840%
e,27, 16.375 73318 . TO946 . 2,29) | 18.75 .88281 - 71490 59754
e,28 17.3T5 74956 LT 63797 8,30) 19.75 -9018% .T3982 .61048
(e,29) | 18.375 - T658% 75285 64986 8,31) | 20.75 92084 . 76489 .62289
e,30) | 19.375 - 7820% -TT459 6612k I (g,32) | 21.T5 -93982 79020 .63482
e,31g 20.375 . 796821 . To6h% 67215
e,32 2.375 .81435 .81848 68263

B = 1.00° 1 = 2.00°
2,6} 1.00 0.34637 ,8) 2.00 0.1k5000 0 0
2,7 1,25 37338 .06320 J0627h h,9) 2.25 1032 03757 -03697
£,8 1.50 . 3943l 10930 .10832 h,10 2.30 -| .48793 0691y 06763
£,9) .75 41178 L4576 J2kk21 h,11 3.00 .51792 12065 J11792
£,10) 2.00 42689 . 17600 17385 h,12) 3.50 <Shzok .16222 .15785
£,11 2.50 -1 22466 22117 h,13 k.00 . 56551 -19739 .1912%
r,12 3.00 JAThas . 26339 25842 h,1k L, 50 58559 .22809 .21999
£,13 3.50 -k931k .29582 28925 h,15 5.25 61277 -26827 25700
£,1k) k.00 51026 .32392 +3156% h,16) 6.00 63739 30346 .28872
£,15) k.75 53340 . 3601k +3h93% h,17) T.00 86737 34500 -32517
Er,mg 5.50 55433 .39219 37804 (n,lsg 8.00 .69501 .3822% 35680
£,17 6.50 57980 J420L6 41085 (h,19 9.00 <7209 RTINS 38487
£,18) 7.50 .60326 46269 53919 h,20) 10.00 . 74558 .4h8ko .41019
£,19) 8.50 .62525 k9307 -hshal h’a; 11.00 76923 57870 43331
£,20) 9.50 _.6h61Y4 .52138 486TT h,22 12.00 .79211 .50TT8 456k
(£,21) 10.50 66616 .54813 - 50729 h,23 13.00 81437 .53591 7l
£,22) | 11.50 68551 5375 .52619 h,2h k.00 .§3615 56335 -49303
f,25§ 12.50 (e -598M4 .54373 h,25} ‘| 13.00 85755 -39030 « 5105
r,2k 13,50 12275 62250 .56012 Eh,26 16.00 .87866 61662 52705
£,25} 1L.50 Th080 64609 57553 1,27, 17.00 .89955 6k333 .Sher2
(£,26 15.50 . T5861 66934 59008 h,28) 18.00 . 92026 66966 55766
£,27 16.50 -TT622 69238 60388 h,29) | 19.00 . 94086 .69600 -5T193
£,28) 17.50 79367 . TL53L .61701 h,30) 20.00 .961k0 . T22Lh 58559
£,29) 18.50 .81100 73822 62954 h,31) 21.00 .98190 .Thg08 .=59870
£,30 19.50 .82827 76119 65153 h,32) 22.00 1,00240 TT558 61131
£,351 20.50 84550 T8430 65303
£,32 21.50 . .66408

35
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NACA TN 3322
TABLE II.- INITIAL-EXPANSION FLOW - Continued
{a} Characteristic nets - Continued
v X L
oo | B | A | & |t e k| & [ & |
3 = 2.50° 3= 5.0F°
1 2.50 0. 4517 [1} [ 1,12 5,00 0.66124 [ [
1:51% 2,75 +51033 03172 03106 1:13; 5.50 68578 03712 0351k
3,11 3,2% sb197 08376 08160 1,1 6.00 563 07005 . 06589
1,12 3.7 56875 12508 L1201k 1,15 6.75 «TI0T5 nmégz +10506
1,13 k25 59228 16186 15617 1,16 7.%0 B { . <1058
1,18 5.3 61353 19329 .18359 1,17 8.5 .8aTh . . 16164
1,15 5.5 ‘84231 ‘235 “22356 1118§ 950 -88789 “Zhea ars
1,16 6.2% -, 66839 27080 25619 1,19 10.%0 89192 281k 24933
1,;3 T.25 70017 31370 .29378 1,20 .50 92436 . 31860 .27839
i, 8.5 T29k8 35226 352618 1,21 12,50 95557 35415 30510
e 1.5 T Rk 79 vesy | 1 | v Toie :
1,2 .95 .'goezg k5250 :Eg;g :Zg :Jl.gg iouug .um; .3?{79
1,22 12, 83260 . k2795 . 0729 RY: ok Bomns
1023 e .B3626 vl 4857 1,26 17.%0 1.10119 935 e
1,24 1k.25 .8Tdhe «%H0T9 k6789 1,27) 18.50 1.1200% 58137 4332
1:25 15.25 50220 . 56896 haZog 1;23 19.%0 1.1%698 . 7 L5115
3,86 16.25 .92h66 59680 450330 1,29, 20. %0 1.18kT2 61572 46812
1,3 :Jl_g.aﬁ .9k6g0 <6hk5 52965 1,30, 21.%0 1.21243 64823 L8hk)
1, .25 . 65203 5323 :,;12 25? igﬁh%g .68110 ;go;l:g
2. . .IM .
1,29 19.25 99092 67964 55001
1,30 .25 1.01280 70739 5643 % = 6.00°
1,5 .25 2.0346T <T6 57502
1,32 22,25 1.0%53 ~T6361 55123 -,;E g.g 0.77%997 ] o [} .
% = 3.0 - m:ig 12 T3 -o7725 gg’sﬁ
. . - .1.1615 -
3,10 .00 0.552918 o o w17 9.00 . J1gn2 k7L
11 50 56290 03228 .
RS L% +59095 .0ghg2 csf n,18 10.00 89857 20785 18527
.1_.13 4.50 61565 .13128 .12616 n,19 11.00 93486 2T 21692
4,1 5,00 637195 .16322 < 1560% n,azlo 12.& 1.96950 .28611 .gﬁsoi
n, . .00288 32271 .
f] 5.5 66818 20530 19572 m, 22 00 1.03828 35815 29948
3926 8.5 6955 ~ehe%6 ~2080k !
3,1 Te50 . T2901 28635 $266%52 m, 25 15.00 1.06692 -3927h 32529
3,1 8.50 75586 +32598 30005 2k . 1.09799 %2673 34859
314189, 9.50 78883 36231 .52992 :,g i-aoo ii-m k% 55622
3,20 10.50 glksgg 39677 .53]62; 1:2’7 19,00 1.18902 52716 ko618
2 1. . 842 h2g3s .
15 % .86848 46057 “Ronso m,26, 20.00 1.21896 56062 h2kso
1,23 13.50 8934k l;%gg k2578 n,29 9.00 1.2:883 5529 h20b
3,24 1k.50 91788 . KIS 'm,30 22,00 1.27869 62827 .h5892
m,351 23,00 1.30861 66267 7S
3,23) 15.50 -9h1ge «5%996 S5y 538, .00 1.35862 697358 k5079
3,26 §6'5o 96564 65&8% -1823 e 7.0
27 . .98913 . . =T,
3158 %3 1.01245 gﬁgg 1536 - s pyr " -
e .05%6 . 5501' n, . e
1,28 el . - n:;.'g 75 .81538 e ohoSg
20.%0 1.03880 69387 . n .50 .85118 . . 0761
g:;g 21,30 1.0819% -T2300 07D n:J-T $.50 83507 -13218 11783
J,32 22,50 1.10%08 » 752k 57558 n,18 10.5%0 95583 17617 « 15456
n = %.00° n,;g 1ué.£ 1:97 g.zz}g gggz;
n, - -
¥, 11 %.00 0.59862 [+] a n:ﬂ 13.%0 1.0k «295TT .2k601
12 k.50 6280k .Oh500 o125 n,eeg 1k.50 1.08092 .3301% 27199
k,1. 5.00 279855568 .mm .1076210667 n,25, .50 1.11k68 . 36569
X, 1 . . . .
¥, 15 23‘5 JTL266 15568 14629 n,z; :l.ggg iig# .:o}g;g 31926
X,16 g.oo < TuehE 19390 .180%9 ::as ® 558 1.:12’{6 m 36155
Sl L ove | e | e | o S| B | ks | Bl | o
X, 1 10.00 .8ulor 31893 .28627
k:eg 11.00 OThLT -35485 127 n,29 21.% 1.3088 <5708 ll;a.aao
90311 38909 34051 v | BB | Lhek 6 e
X, 21 12.00 . . . . . .
k:&; 13.00 153116 .ll:mo “36has ng32 2k.50 N .68153 k6839
i 1%,00 95850 =118 38659
k:iﬁi 15.00 .58s29 -1B359 korss 1 - 8.3%°
k,25 16.00 1.01366 51686 L2733, = P T 5 5
o, N .
Xx,26) 17.00 1.0377L 3kT25 k4608 o .25 N 04000 03571
¥, 37 13.00 1.06352 57778 46391 0s17 10.25 92512 08855 LOTTT6
k,28 19.00 1.08017 60831 48092 0,18 11.25 gzu .13325 11508
x,29 20.00 .uhn 63854 .boTlo 0,19, 12, 1.02870 17520 14879
%,30 21.00 l.13021 66978 .51280
k,31 22.00 1.1657 «7009% 52780
X, 32 23.00 1.1922k ~T32h5, SRl
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TABLE IT.- INITIAL-EXPANSION FLOW - Continued

{a) Charecteristic nets - Continued

37

14 X v = L
Point d.;.g Yer 37%1: ¥ Folnt dt,eg Yer Yer ¥
1 = 8.50° - Concluded 1 = 12.00° - Concluded
O BB LR R a0 22| LR e
(] - - . . a, . 1. . .
o:@_) 15.25 | 1.18439 | .29118 | .23481 gq,ag) 2k.00| 1.57538 | 48195 | .31879
o5 75| i | 352 | 2 g‘*’?‘i? 200 | Vet | Za | e
o, . . . . d, . . . .
q,32) | 27.00 | 1.7039% | .60630 | .37h10
0,25) 118.25| 1.2527h | .40032 | .305T73
0,26) 119.25| 1.28813 | 43635 [ .3270% n = 1k.00°
0’58 223).2; i?gg?é 15‘35653 226722 (r,18) | 14.00}{ 1.14788 |O o]
o, . . . . r - .
0,29) |22.25| 1.39335 { .54530 | .38548 (r:19) 15.00 | 1.2002% | .04332 | .034kT
' (r,20) | 16.00 | 1.25069 | .08493 | .06631
0,30) |25.25| 1.428k7 | .58240 | .ho3U6 r,21) [ 17.00 | 1.29974 | .12560 | .09599
0,31) |2k.25| 1.46373 | .62008 | .42079 r,22) | 18.00 | 1.347TT | .16562 | .12386
0,32) 125.25] 1.49916 | 65842 | .U3T52 (e.23) | 19.00 | 139507 15019
r - - .20526 -
1 = 10.00° irian) 20.00 | 1.4%185 | .2u477 | .17518
r,25) | 21.00 | 1.48833 | .28435] .19900
gp,16) 10.00 | 0.93685 |0 o] Er, 22,00 | 1.53471 | 32422 | .22180
,17) [11.00]| .98731 | .ou879 | .ok222 r,27) | 23.00 | 1.58097 | .36M42 | .2k362
p,18) |[12.00 ] 1.03437 | .09392 | .0T7982
1,19) |13.00| 1.07896 | .13645 | .11389 r,28) | k.00 | 1.62738 | .ho522 | .26k62
p,20) |1k%.00| 1.12173 | 17722 | 14516 r,ggg gzgg i?’ggg wg §m848539
r, . .
(p,21) [15.00 | 1.16312 | .21645 | 17415 21',31) 27.00 | 1.76825 | .53228 | .32328
p,22) |16.00 | 1.2034T7 | .25485 | .2012h r,32) | 28.00 | 1.81604 | .57660 | .3415T
1,23) |17.00 | 1.2430k | .29262 | .20672
p,24%) [18.00 | 1.28203 | .3%000 | .25081 n = 16.00°
D,25) [19.00]1.32062 | .36725 | .27369 o1 2600 | o560 |0 S
8 . .
p,26) 120.00 | 1.35898 | ko450 | .29552 5120 17.00 | 1.31066 | .0#189 | .03193
1,27) {21.00 | 1.39710 | 44186 | .3163h 3,213 18.00 | 1.36354 | .08290 | .061LTT
p,28) |22.00 | 1.43522 | 47957 .33635 5,22) | 19.00 { 1.k1543 | .123%0 | .08985
p,%) 22'88 115;]732 g;gzlo g’?ﬁgt 8,23) | 20.00 | 1.46662 | .16365 | .11643
IS B E R IR e e
- . - . B . . -
’ . 31263 23.00 | 1.61837 | .28523 | .18895
n = 12.00° 8,27) | 24.00 | 1.66885 | .32655 | .21112
) 53 8,28) | 25.00 | 1.71954 | .36861 | .23248
@ 1T) |12.00 | 1.041L 0
a,18) |13.00 | 1.092%4 .oh5ho O3TTT 55,29) 26.00 | 1.77057 | .h1148 | .25309
a,19) [1k.00 | 1.1kl .07212 8,30) | 27.00 | 1.82203 | .45532 | .27301
a,20) {15.00 | 1.18808 .12972 .10376 |l (s,31) | 28.00{ 1.8740L | .50026 | .29229
a,21) [16.00 |1.23%31 | .16985 | .13317 || (s,32) [ 29.00 | 1.92660 | .5u6k1 | .31098
a,22) |17.00 |1.27751 | 20918 | .16073
4,25) [18.00{1.32093 | .24801 | .18670
a,24) 119.00{1.36381 | .28657 | 21131
q,zsg 20.00 | L.40633 | .32509 | 23472
0,26) |21.00 [ 1.44867 | .36378 | .25709
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TABLE II.- INITIAL-EXPANSION FLOW - Continued
(a) Cheracteristic nets - ConcIUfed

X X ' v X X

Yer Ver ¥ POt | aeg Ver Yor &

n = 18.00° n = 26.00° - Concluded
. 1;36875 0 (o] x,zgg 31.00 | 2.24971 | o.22¥72 | 0.11556
. 1.h2548 .oy . 02991 X,30, 32,00 | 2.3268% .27416 13658
. 1.48127 .08197 .05811 x,%1) 33.00 | 2.ho%43 32548 15703
. 1. 536&3 12266 08485 x,32) 34,00 | 2.48563 57687 17695

88888

PEBIAR

18.00
19.00
20.00
21.00
22,00
1 = 28.00°
23.00 1.6#585 . 20465 13467
24,00 1.70056 214635 15805 1,25 28,00 | 2.02973 o}
25.00 1. 75554 . 28864 18049 ¥:26 29.00 | 2.10776 .Ok375 02389
26.00 1.810%0 33179 2021k y,zg) 30.00 | 2.18662 .08875 oh6
27.00 1.86609 . 37590 22505 ,28) 31.00 2.26673 13533 .069%5
¥529} 32.00 2.34819 18362 09108
28.00 1.92225 .24%28
29.00 1.97908 hé;ﬁg 26289 530, 3%5.00 | 2.43120 - 23379 11221
30.00 2. 28192 ¥,31 34,00 | 2.51593 . 286¢ 13279
232 35.00 2.60255 34050 15285
7 = 20.00°
n = 30.00°
20.00 1.48611 | © s}
21,00 1.54586 .0Logh . 02826 2,26) 30,00 | 2.19099 | © o
22,00 1.60507 .08192 .05510 2,27) 31.00 | 2.27528 . 04516 .02310
23.00 1.66398 12317 .08070 z,28 32.00 2.36105 . 04553
2k, 00 1.72285 .16487 .10522 z,29 33.00 2, 3 14076 06753
2,30 .00 2,53762 .1915% .08855
25,00 1.78191 .20726 .12879 2,31 %5.00 2.6 - 10923
26.00 1.84116 .250%6 L1314 %,32 36.00 2.72221 . 30000 . 12040~
27.00 1.90091 . 2947 L17332
28.00 1.96125 33967 19448 n = 32,00°
29.00 2,02231 . 38614 21498
%0.00 2.08420 J3hor . 25486 a',27) | 32.00 2.36%24 0 o)
31.00 2.15703 48341 25417 a',28) | 33.00 2.45694 .0k702 . 02245
a',29) | 34.00 | 2.%55032 .OBl29
n = 22.00° a',30) | 35.00 | 2.64621 .14729 06587
8,31 36.00 2.7h%23 .2009% . 08632
22.00 1.60966 o] 0 a',32 37.00 2.84k77 .25723 .
22. 00 1.67300 .oli11e .02688
2k.00 1.73616 .olgﬁ@ .05257 n = 34.00°
25.00 1.79939 -12473 07720
26.00 1.8625% 16767 .10091 b',28) | 34.00 | 2.55485 ") 0
b',29) | 35.00 [ 2.65495 L0918 .02186
27.00 1.92681 .211k5 12373 .30 36.00 2.75748 10075 O3
28.00 1.9913h 25638 . 14580 t,%1) | 37.00 | 2.86270 15591 .06
29.00 2.05662 3025k .16T16 (b',32) {- 38.00 2,97081 .21188 .08k3
30.00 2.12279 .35012 18787
31.00 2.18998 .39927 20768 n = 36.00°
32.00 2,25831 45012 22753
c',agg 36.00 2.76189 0 4]
7 = 2.00° c',30) | 37.00 | 2.87165 051 .02133
y ; o',Bl; 38.00 | 2. . 1062! .ohery
24,00 1.74058 0 0 c’,32) | 39.00 3.10059 16376 06254
25,00 1.80811 Lol155 .02573
26.00 1.87584 L0840k . 05043 n = 38.00°
27.00 194403 .12736 .OTh2k
28.00 2,01270 . 17169 .09718 d',%0 38.00 2.98901 0 [¢]
d',31) | 39.00 | 3.1 .05469 . 02086
29.00 2,08221 .21730 11939 dr,32 40.00 3,23447 .11258 .ohlaT
30.00 2,1586h . 26430 .14091
31.00 2.22ln6 .31287 .16179 n = 40.00°
32,00 2.29691 .36316 18209
33,00 2.37102 L B153L 20184 Ee ,3) | k0.00 3.23921, 0 [¢]
e',32) | 41.00 3.37282 . 03809 02042
n = 26,00°
n = k2,000
. .80k | o 0
. 1.9%253 .0ko52 .02h73 (£',32) | 42.00 | 3.51597 | © o

2.17300 | .1T702 | .08392
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TABLE IT.- INITIAL-EXPANSION FLOW - Concluded

(b) Flow parameters at y = 0

39

Polnt VB . X o Bmax s
deg Ter Yer - deg
Yer

ga,l) 0.0625 1.000129 0.14243 0.208 0.246
b,2) .125 1.000328 .17288 .258 .183
(e,3) .250 1.000828 .21h62 .310 L917
§d,h) . 500 1.002099 .27082 367 1.71h
e,5) .50 1.00%3625 .31222 .09 2.491
(£,6) 1.00 1.005349 . 34637 445 3.270
(g,7) 1.50 1.009275 40278 198 ko771
(n,8 2.00 1.013737 < 45000 .533 6.154
51,9) 2.50 1.018665 o1k .555 7. 41k
j,10) 3.00 1.024010 . 52978 575 8.640
(k,11) 4.0 1.0%5851 . 59862 .607 11.018
§1,12) 5.0 1.049103 6612k .629 13,247
m,13) 6.0 1.063689 . T1997 .643 15.304
(n,14) 7.0 1.079571 77613 .651 17.19%
(0,15) 8.5 1.105792 L8574k .655 19.813
ép,lG) 10.0 1.134906 . 93685 .653 22,196
,17) 12 1.178347 1.0419 645 25,156
(r,18) 14 1.227349 1.1479 .631 27.783
(s,19) 14 1.282311 1.2564 .61k 30.206
(t,20) 18 1.3437h0 .1.3687 .594 32.412
(u,21) 20 1.k12254 1.4861 572 34. 429
(v,22) 22 1.1488589 1.6097 .549 36.320
(w,23) 24 1.573611 1.7h06 .526 38.102
(x,24) 26 1.668%26 1.8801 . 501 39.695
(y,25) 28 1.773918 2.0297 H76 41,196
(z,26) 30 1.891760 2.1910 152 42,697
(a',27) 32 2.023455 2.3652 Lot 4k, 066
(p',28) 3L 2.170891 2.5548 103 45,332
(c',29) | 36 2.336262 2.7619 379 46.599
at,30) 38 2.522160 2.9890 . 355 W7.682
e',31) 40 2.731631 3.2392 .3%2 48,684
£',32) 4o 2.968278 3.5160 .308 49.515
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TABLE ITII.~ SECORDARY-EXPANSION FLOW

(B) Vg = 6°
in Vs X J Point vy X I
Point deg Yer Yor ¥ deg Yer Yer ¥
n = 0.0625° n = 0.750°

2,14 g E 53125 32134 57632 57025 3.875 .48hsh 36122 35264
8,15 .28125 3ok .61106 60241 C} ,15} 4,625 .51296 k068l

a,16) 5.03125 36564 64923 .63702 5.375 543686 READTS 43816
a,1T} 6.03125 40138 . TO3 .68579

a, 18; 7.03125 Jidiho 76399 S13678
a,19 8.0%125 18535 82754 . sgk
2,20) 9.03125 .53296 . 89489 . 84328
a,21} 10.0%125 58410 96605 .85817
a,aag 11.0%125 63866 1.0k105 .95388

e,17) 6.375 .58853 52074 9657

e,18 T1.315 .63693 -59018 55585
e,19 8.375 666886 .66279 .61579
®,20) 9.375 . Thh17 . 75861 67621
e,21} 10.375 .80282 .81782 73706

8,13) 3.03125 | 0,30957 | 0.55551 | 0.55067 ge,lsg 3.375 | 0.k6709 | 0.33201 | 0.3255
ée,a) 11.375 .86k 90056 79824

8,23 12.03125 69660 | 1.12001 | 1.01029
g e,asg 12,375 .92956 96703 85972
7 = 0.125° a,2l 13.375 .9984% | 1.07743 LS2k3
e,25§ 14,375 1.0702% 1.17200 583356
b,1.3g 3.0625 | 0.34315 | 0.50Th2 | 0.50215 e,26 15,375 | 1l.145%0 | 1.27102 1.0&538
b,1L 3.5625 +35608 53007 +52356 1
2’?{2; ;gégg Eggueg 653;};52 ggla;g; n = 1.00°
, . . . .
b,17) 6.0625 44092 J6654T 64557 £,13 3.50 0.h931k | 0.29582 | 0.28925
£,1% .00 . 51162 32616 BLTTR
b,18) T7.0625 18259 72727 69846 £,15 4,75 54148 3327 .36122
i1k I I A A A
, . . . . . ) . . . .
b, 213 10.0625 62976 93506 .86438
b,22) 11,0625 68572 | 1.01178 .92134 £,18) 7.50 67012 .56089 . 525;&
b,23) 12,0625 74503 1.09240 . 97891 £,19) 8.50 . 72362 .63481 .586
b,24) 13,0625 80764 117705 1.03697 f,aoi 9.50 . 78048 .T1187 64787
f,21 10.50 . 84065 . 75227 - 70955
= 0.250° £,22 11.50 .90L408 . 87616 -TTk9
c,13) 3.125 0.38420 | 0.4%887 | 0.44306 £,23) 12.50 <9708 .96378 .83368
¢,k 3,625 . 39858 47391 46661 £,2h 13.50 1.04081 | 1.055%2 . 89605
¢,15 4,375 L2275 51412 . 503681 £,25, 1k.50 1l.1uaky | 1.15103 .95860
c,16 5.125 kTl .35701 . £,26 15.50 1.19085 | 1.25120 | 1.02130
¢,17 6.125 Rt 61772 . 59627 -
7 = 1.
e, 18; 7T.125 55322 .68219 .651L2
¢,19 8.125 .58070 . T502L TOTTL &,13 3.75 0.53366 | 0.2h031 | 0.23385
c,QO; 9.125 63170 82173 . T6486 g,1k k.25 55379 .2T218 J253Th
¢,21 10,125 .68612 .8968% .8227% £,15) 5.00 .58599 32133 30906
c,22) 1.125 . Th388 97561 .88117 g,i?; 2;55 .2620961;? ﬂzag‘é g?égg
f-23 . . . .
c,23 12,125 80496 | 1.05823 .oho11
%e R 21+; 13.125 .86933 | 1.14483 . 99945 2,18 T.75 .722k0 .51493 17839
¢,25) 1h.125 .93701 | 1.23565 | 1.05915 g,Je.g g.% .g;ggz “5?3;2 gggwjg
[N . . . .
M = 0.500° 8,21 10.75 - .90082 <5170 .66616
8,22 11.75 96686 .837%0 <2917
»13) 3.250 0.43366 | 0.37887 | 0.3725T
, 3,750 Jho8k T ] .39853 g,23) 12.75 1.03620 .92661 79235
, 4,500 L7650 RIL T 13879 g,24) 13,75 1.10884 | 1.01983 .35565
, 5.250 50576 RICLT 48025 €,25) .75 1.1848h | 1.,11725 .91507
, 6.250 54836 .55997 |. .53682 g,’;‘? Jiggg i?ﬁ'%ﬂ i.;lag%g 1.3%23
g . . . .
7.250 59480 62749 59452 S
8.250 641485 . .69831 65306 7 = 2.00

9.25%0 :69853 T7246 .T1222

MEEERE)

B28 BEBLE LBGEG

PP e P s

10.250 TB5LT .85006 | .TT192. h,13 k.00 0.56551 | 0.19739 | 0.1912%
11.250 81531 .9512k4 . 85205 h,1h k.50 .5870L . 23026 .22203
h,15 5.25 62116 28075 .26853
12,250 87875 1.01619 .8925% h,16 6.00 65750 . 33270 31535 «
13.230 - 94545 | 1.10509 95335 h,17) 7.00 .70909 -hoh1g 37808

TN NN TN TN
Ao PR AR

e e e

14,2%0 1.01547 1.19817 1l.01kk2
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TABLE IIT.- SECONDARY-EXPANSION FLOW - Continued

(a) vg = 6° - Concluded

Point v, X 5 "Point Vs = .
deg Yer Yer ¥ deg Jer Yer ¥
1 = 2.00° -~ Concluded 1 = 3.000 - Concluded

B,29) | 9.00 | .8226h | .55550 | 5oL i (3,24) | 14.50 1.25619 | .9%301| .T76983
h,aog 10.00 | .88440 | .63561| .56785 3,25) | 15.50 | 1.3389% [1.04358 [ .83456
11.00 | .ohok6 | .71898 | .63145 || (3,26) | 16.50 1 hoso7 | 1.1487h | .89933

gh,lB) 8.00 | 0.764%18 |o.47841 | 0.54115 || (§,23) | 13.50 | 1.17695 0.84672 | 0. 7051
h,22) | 12.00 | 1.01779 | .B8058L | .69517 .1,273 17.50 | 1.51525 {1.25878 | .96h411

h,24) | 14.00 | 1.16 .9008% | .82293 n = k.00°

18.50 | 1.60901 | 1.37h06 1.02892
h,23) | 13.00 | 1.08 89636 | .T75901
h,25) | 15.00 | 1.24283 | 1.08954 | .88693

h,26) ; 16.00 | 1.32469 |1.19275 | .95101 k,13§ 5,00 | 0.65568 | 0.0799L | 0.07621
h,27) { 17.00 | 1.41009 | 1.3007% | 1.0151% X,1k 5.50 | 68137 | .11456 | .10858
x,15) | 6.25| .72162 | .16751| 15718
1 = 2.50° X,16) | T.00] .76390 | .22275| .20585
x,17) | 8.00| .82324 | .2961k | .27076
(1,13 .25 {0.59228 |0.16186 | 0.1561T
(1,14 k75| .61ko7 | 19542 | .18759 x,18) | 9.00| .88600| .37315| .335T3
1,15) | 5.50 65084 .oh686 | 23401 || (k,19) | 10.00 | .95211 | .45298 | .kooTh
1,16) | 6.25 .29967 | .282h5 || (x,20) | 11.00 | 2.0205% | .5358k | .LE5TS
1,17 T.25 74258 37223 | L3602 1:,21; 12.00 { 1.0943%6 | .62199 | .53080
k,22) | 13.00 | 1.17057 | .71168 | .59587
1,18 8.25| .79978 | .uk7h5 | ko980
1,19 1k.00 { 1.2 80517 .66097
i, .92m17 | 60657 | .53TT8 x,24) | 15.00 | 1.33 . 72607
i, 11.25 { 99132 | .69089 | .60193 k,25) | 16.00 | 1.h202k | 1. oolp61+ .T9119
i,

12,25 | 1.06177 | .T7867 | .66616
18.00 [ 1.6050k | 1.22280 | .92146
19.00 | 1.70326 | 1.33972 | .98661

13.25 [1.13557 | 87019 ] «T304T
20.00 | 1.80553 | 1L.46238 | 1.05178

9.25 | .86033 | .52551 | MT3TH Ek,%
1h.25 [1.21275 | .96566 | .T9483

k,26§ 17.00 | 1.51075 | 1.11123 | .85633

15.25 | 1.29337 |1.06538 | .85925
16.25 | 1.37751 |1.16965 | .92372 n = 5.00°

17.25 | 1.46525 |1.27875 | .98823

Rt A ANl B & PR Ry W i A i
'—l
(o]
N
\J

TREE R
v N N e NN
BRIRERR BES

18.25 | 1.55669 |1.39%0k | 1.05278 1,13; 5.50 | 0.68978 | 0.03712 | 0.0351k

1,1k 6.00| .T1T19 | .07205| 06775

n =390 Bl ST T e | ey

,E; 1;3 0212163 0']1'215% 0.125%? 11173 8.50 | .867h2 | .25503 | .23088
=) | 55| 67886 | LaaThh | 20591 |} (2,18) | 9.50 | .9335L | .33263 | .29616
,216) | 6.0 .71638 | .27088 | .2539%6 1,19) | 10.50 | 1.00299 | .k1309 | .361k5
A7) ) 7.0 71 | L3BM23 .31813 1,20) | 11.50 | 1.07584 | 49662 2672
1,21) | 12.50 | 1.1521k4 | .58350 | .49202

g,igg ggg gg:}.% .lltgggll 31‘182152 1,22) | 13.50 | 1.23193 | .67398 | .55T31
Jiaog 10.50 | .9595% | .5808L | .51133 23) | 14.50 [1.31527 | .76833 | .62262
3,21y | 11.50 | 1.02866 | .66588 | 57588 1,2%) | 15.50 | 1.ho2ok | .86682| .68792
3,22) [12.50 [1.20111 | .754k2 | .6hOMB 1,25) | 16.50 11;9294 96975 | .T5323
1,26) | 17.50 | 1.587k7 J1.0TTh6 | 81855

(1,27) | 18.50 | 1.6859% |1.19025 .88386
iz,z& 19.50 | 1.788%9 | 1.30850 | 94917
1,29) | 20.50 | 1.89526 |1.43261 | 1.01kk9
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TARLE III.~ SECONDARY-EXPARSION FLOW - Continusd

(b) vp = 120
v, Y
Point ;:s 'V%r' Yer ¥ Point d.;x % Yor ¥
n = 0.0625° 1 = 0.750°
hi 6.03125 0.36! 0.642kT 0.63005 @1 6.515 0.%4861 0.k 0.14188
L 7.0%125 Sreer .66681 -6%089 o)1 7.57% 57276 Jhohks JTLLE
8,19 8.03125 -39801 .65khg 6;3;5 *,19 8.3715 - 39930 #3351 - 20209
2,20 9.03128 .higg 728 .6 8,20 9.3T% 62810 5 53356
.,zd- 10.03125 1Y . T587% < TR426 8,21 10.37% 65508 . E6%70
(=22 11.03125 e 7550 . T520 »,22 1.373 69217 .65708 55839
N n,g 12.0318% st 83399 . e,gi 12,375 <2736 70375 63157
2, 5.05125 . 87566 . CH 3.575 ngél ﬁ% 66310
2,25 .0512% 56 92012 . «,2% 575 . ;Eg 80476 69508
8,26 13.03125 59749 96742 86673 0,26 15.375 ot 85935 <T3535
,2 26.03%125 . 1.01765 89709 Gl 16.375 . 8889k 91663 .
:,Q 17,0515 e | 1o 92791 o | 1738 %E -TvO T
2,29 03125 TEEZ 1. 95013 €,29 18,3715 . 1.0k12y 83760
a,30 15.0%512% . T 1.%23 .99 ®,30, 19.375 1.03868 1.108% .B8T280
8,31 20,0312% .80kg99 1.2509% 1. 5 o, 20,375 1.08m1 1.1 +50818
= 0.12 32 21.375 1.15992 1. % JO3Th
A 2 ::iai 22,375 1.1 1.?5%& ~979k3
b,;l.g 6.0625 o.ho196 0.60360 0.58992 e, 23,375 1.2;%; 1.k1632 1.01330
b, 3.0625 k1951 . 61270
319 . 0625 Ak0883 62% .63 n = 1,00°
L (b,20 9.0625 gﬁg 69262 .663
b,2L 10,0625 4837 72797 69070 :’fé) 6.558 0.57980 o.hegkg o.“u:%
,22 11.0623 51688 7657 .TL89L P % -63526 :50221 sl
b,23 12,0625 54680 . 80663 JTHTOR 2,20 9.5% 66338 ;ggok 0501
12k 13.0625 27882 84993 <TTT6h 2,21 10.50 69565 58816 53509
25 14, 61299 . .
b,26 15.0625 ~6k526 m .2%‘77’ 5,22 1% 73002 .%;g. .g&ag;
b,g 16.0525 68764 «9956% . 8700k fiiﬁ 1 :50 :m :'m.a; :&095
y 17.0525 72817 1.05152 +901.73 £, 1h.%0 8i561, . ET559
b,29 18.0525 . T7086 1.10960 .93378 2,26) 15,50 .888% . . TLO%0
330 19.0625 BL8TT 1.17109 96617
b, 3 20,0625 86292 1.2361k 99886 :,gg 16.%0 .93 85928 » Th56k
b,32 2. 91238 1.305Q1 1.0%18% 2, 17.%0 +9801! «561.0% 78101
£,29 18.50 1.02933 1.0260% 81637
2o 0258 B | B | e | 1B |
e, 6.125 0.45030 | o0.55605 | 0.5k083 ’ ) : : :
¢,1 7.125 <702k 38540 .56592 £, 2.%0 1.3076 1.24271 .92427
e,19 8.12% .k9_2(zs 61766 5926 r,;g 22.%0 1.2%938 1. «S60K6
¢,20 9.125 51769 65263 62058 2, .50 1.31052 1.3? .995TT
O e,21) 10,125 . .5khgo 69008 6hgm 2,35 +50 1.37k30 1.k5692 1.03322
it o,22 11;% L 20715% 75028 67926 7 = L.5%0°
oo ~125 63950 ~B18h ThoTS A7) | 675 0.6286x | o. 0.36278
c,23 125 67527 86623 -TT228 5,18 3-75 63651 ﬁ 3955k
©,26 15.125% <2313 .GLT02 .8okeT s,g 9.% '716866592 'msoh a'g 32699
(:7] o . . .h&zg
csg 16,125 -T3309 - 97070 -83665 8,24) 10.75 75338 ~Shgah g7
¢, 17.12% 79521 1.02748 86540
0,89 18,129 Z}Q‘GB 1.08745 50246 8,22 11,75 . 76968 59655 5B226
c,30, 19.125 88397 1.1%08% 55581 8,23 12,75 .82846 64625 56742
o3 | 2as Bos | Lok | voce o2 | R ek | om | e
Q - . . & o « . -
, e ,26) 15.75 95672 .81076 .67&38_§
n = 0.
8,27, 16.75 1.00372 81123 +T10kk
4, 6.250 0.50882, 0.49667 0.48176 &,28 7. 75 1.0529% 3481 . TH669
3,1 250 .55122 53124 . 50939 8,29 18,75 1,10438 1,00167 .78308
4,19 . 250 55609 56643 55067 £,30 19.75 15814 1.07204 81560
i,;o lg.zso 58328 L6012 .5687; 8,31 20.75 L.2k26 1.1k612 85629
’ -2% - ‘ : . 8,52 2.75 1.27283 | 1l.22m8 .89309
4,22 11,250 JElko2 68684 6307 g,;a 22.7% 1.33389 2..306%% 92959
4,83 12,250 67788 SRR 66328 85 3 1.39754 :L.zgazo ~96698
A, 2k 13.250 .T1362 .% 69585 2,55 i 1.46390 1.k8k79 1.00h09
4,25 1h.2%0 .THLhs . 72885
a,26 15.2%0 LT9138 88291 . | .62 % = 2.00°
d, &7 16.250 83340 936886 . 79588 17, .00 0.667% 0.3k%00 0.32%07
4,98 17.2%0 8758 ey %gg hi18 8 it . .58
4,29 250 92392 .06027 . h,19 9.00 72919 B 3
a,%0 19,250 .972%0 1.12586 89856 420 10.00 . T6535 37169 k2893
4,51 20.2%0 1.0233% 1.19%17 -93%25 h,2L 11.00 « 79960 588 hER3T
4,32 21.250 1.0765% 26825 56815
4,33 22,230 1.13213 . | 1.3k560 1.00322
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FLOW - Continued
ARY-EXPANSTON
TABLE TIT.- S!X)) ORL 120 - continued

(b) vy =

y ¥
X Ver
¥ Point ;;5 Yer
¥ %.00°
x o LI 3T
v - Yer 50 0.220°
Point deg Yer 8.00 | o. o 28357 2295122
2.00° - Concluded (x,17) 9:00 .Bllﬂg .329%0 :352511
n=2. 0.50011 x,18) 00 8527 JBTThL 37028
0.85795 | o. 6555817925 53%32 k,l9§ 5% ‘b | b :
.00 * . . * -
Sl E s |
AR ‘633 | lrere 63 || (ks 1.0 | .15 | 4o " ighar
R sozo7 2 (x,22) | 35.00 vones | iz 52230
h,26) ° . 84839 '71395 'k 15.00 1 '71355 .
1.06108 91340 . X, 16.00 117873 -
TAEE I B kS 22| I | 2R
) so.c0 | Tz | 1 . o | L . -6757
h,29 £0.00 | 1.221. = | 112919 k 18. 1.29207 .920k3 7iiiz8
h,30 <00 | 1.2796 .86762 ,28) | 19.00 Then | e |
n31) | 2 130 | 1,208, 50503 ,’i;gg) oo | 1iaey e |
.00 - 1] 1. . k,30 -00 | 1048 TILk2
52) | 22 1.k036 L3&azs | . , 22. 6ot | .
% Zh-00 155 | Tine Larms [ (3 Q0 | Lokxe | 11607k 7
53 | 2500 11865 | ismms L33 | 2.0 et 102 -so7ik
b .00 - 33 . L. 1. 4k 961
w%) | & - 2.50° x,34) 2% 1708 1.34508 :%96
kl o | 0.29378 35 00 | 1.8512 1.és512 1702377
O Ty | o i e sihite | i | o
1,17) I I -5%858 -iook3 OB | ww |2 '
1,18 25 -T6537 RIS 13665 s 1 = 5.00° 16k
120) | 1025 | <boae Sl o1 | oL
Loy | mes | o309 47309 -8 | aes ‘e
La) | n. g0 | M | AT09 e I iy il T
12.25 ook -39%5 54656 1,18 9 »90086 .3ko81 ~33453
112} 25 «92AL . ] 3 1,19 10.50 -94360 .39190 -3
g | W2 | e s | e | () 1250 | I3 37300
i’gg 15’2 ?\:OGOOG * 65797 t,21 1.03548 -Rhsea .hll5$
¥ - . - . -
1,26 18 .82860 63535 1,22 13553 1.08i69 -”55901952 -h5an
D IEE e g “Towe || (e 135 ik | 2 -52759
i, 18.25 i . -TTO 1,2k . 1. .684%00 *
28) Lases 2 Th2 80806 ’ "2 | Iiahese
ne | 5m | Yak ik | n#) | |1 | 5
0E | BB | L s | e || G 20| L3 | 1 6ol
1,3 L1399k T 8ot '88365?) ‘*273 12'50 Yook % 9 | .68
25 s | 1. 1 921 1,28 50 | L. -9T - T2BT
1,32) o | e 1.3706 ~g596 129} | 20. 1.49500 1. 05k35
1,33; e YOI L 996 Z'mi %% | 1staet 76084
1,3h 25 1. 1o 1.%657L 1.03553 1,51 2. 1.1k036 '79985
L,3) | & Lo | LT ’ Lo | It R s
Ei:%) 2222 1oL 1,32) 25’8 1.710k2 1.32652 -87789
1,57) 3.00° 1,53 20 | Lgea | 1 ~91695
n= 0.28635 0-2565‘; 1,3h 22:50 i% 1.533%0
0. 72901 : -502"3880 1,35 27.50 . 6hEk9 95605
1,17) g:gg -To208 - Eﬁggg :;-;559 1% 50 | 2.0h133 i:75559 . 9&%{
4,18 9.%0 e | H -l 1,37) 28'50 2.13273 1.8916% | 1.
3,19 10.%0 . 46821 1,38) 29'50 2.22790
3,20 - 87408 Kkgoo ) | .
J,e1) | 1150 5185% 486%1 2,39 1 = 6.00° —
’ : . 0.1 -
yz2) | 2w | i 53373 0-86006 | o162 | 0.1z
112\3 3 1'001‘05231;93 -6858 -55678 (m,17 300 | 50098 .25813 o
3,2 5.3 | 1. .Th682 il (aas 10-00 . Suko3 36798 “505%
e o st | .63 =19) | 1.0 s A S
Js 17.5%0 1.15525 :87&1 :m g:rg) 15.00 1. Llk12 .MMB
e R s goaccll B ’ Q| Lo ) ks “ig6o
.1,25’ 19.% 1'36657 e | ek =,22) | 14.00 Toeoh | et 45886
J»29 50 | 1.3263 1.1008%4 23} | 15 1.1920k -59191 1975k
‘1,303 20-50 1.38835 | 82613 :'2!«-) 16.00 1.2h8s0 “6568 .
3:31) -2 ) oLlgor | B w,25) | 17.00 1.30738
50 | 1.%5e9 1.26961 gooli6 § '52 18.00
(3,32) o | 12 1.55033 ~ghor2 *
.‘bgz) 2k,50 1.66523 i-;gg‘l .973%
1 ; 230 | Tpnr | L 20 | 1.00
335 %.50 1 3825 1.665
3,36) 27.50 1
3237}
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TABLE III.- SECONDARY-EXPANSION FLOW - Continued

(b) wvg = 12° - Concluded

Point vy o Y—L- ¥ Point ;;g ;,fr- -}% ¥

1 = 6.00° - Concluded 8.50° - Concluded

=
"

m,27). { 19.00 | 1.36875 | 0.72492 | 0.53705 o,a'rg 20.25 | 1.51422 | 0.66555 | 0.47330
m, 28 20.00 | L.h5272 L7964 .57619 0,28 21.25 | 1.58559 T3941 .51292
m,29 21.00 | 1.49934 .87150 .61555% 0,29 22.25 | 1.659%0 .81708 . 5525k
m, 30 22.00 | 1.56875 .95048 6545k | 0,30 25.25 | 1.73731 .89886 59217
m,31 23.00 | 1.64102 | 1.03359 69375 0,31 24.25 | 1.81793 .98501 .63180
m,32) | 24.00 | 1.72629 | 1.12116 .T3299 0,32 25.25 | 1.9019L | 1.07588 .671h5 .
m, 3% 25.00 | 1.79465 | 1.21345 .T7224% 0,33 26.25 | 1.98936 | 1.17176 . 71110
m, 3l 26.00 | 1.87622 | 1.31079 8115 0,54 27.25 | 2.08043 | 1.27302 « TS0
n,35 27.00 | 1.96119 | 1.41360 . 85081 0,35 28.25 | 2.17534 | 1.38010 .T904%0
m, 28.00 | 2.0k962 | 1.52219 .89011 0,3 29.25 | 2.27418 | 1.49333 . 83005
m, 37 29.00 | 2.1%172 | 1.63704 .9294% 0,37) | 30.25 | 2.37720 | 1.6132k .B6972
m,38 30.00 | 2.23763 | 1.75856 .96878 o, 383 31.25 | 2.48456 | 1.74028 .90939
m, 39 31.00 | 2.33752 | 1.88724% | 1.00813 0,39 gggﬁs gggglg égzl;gg ggg%s‘
0, . . . .
n = 7.00° (o.,hlg 3h.25 | 2.83480 | 2.16963 | 1.02842

n,17 9.50 | 0.89507 | 0.1%218 | 0.11783 n = 10.00°
n,18 10.50 .9383%0 .1768k 15689
n,19 11.50 .98367 22734 .1960L (p,17) | 11.00 | 0.98731 | 0.04879 | 0.0k222
n,20) | 12.50 | 1.03124 .27783 .23518 (p,lBg 12.00 | 1.03700 L0961 .08193
n,2L 13.50 | 1.08101 «330k4 .2743%8 p,19) | 13.00 | 1.08898 .1k601 .1216%
p,20) | 14.00 | 1.143%0 19767 .1613%6
n,22}) | 14.50 | 1.13302 .38535 .31361 ,21) | 15.00 | 1.20000 25156 .20108
n,23% 15.50 | 1.18736 .hh272 .35288
n,2k) | 16.50 | L.24k03 .50270 39216 p,22 16.00 | 1.25916 .30785 .2Lo80
n,a53 17.50 | 1.30320 .56552 L4314 ,23 17.00 | 1.32087 36675 29054
n,26 18.50 | 1.3648L .63135 47083 D,24 18.00 | 1.38518 428k +32027
,25) | 19.00 | 1.45222 49309 36001
n,27) 1| 19.50 | 1.42908 | .Tooko | .51018 v,26) | 20.00 | 1.52207 | .56096 | .39975
n,28) | 20.50 | 1.kg602 .TT29% .5ko56
n,29 21.50 | 1.56573 .8ho1k .58895 p,27) | 21.00 | 1.59482 6322} 3048
n,30) | 22.50 | 1.6383% .929%2 .62836{ D, 28% 22.00 | 1.67062 . TOT2h 47923
n,%1) | 23.50 | 1.71364 | 1.0137h 66778 1,29 23,00 | 1.74957 .78616 51897
»30 2h,00 | 1.8%181 .86932 .55872
n, 52; 24,50 | 1.79269 | 1.10271 .TOT22 p,31) | 25.00 | 1.917%9 .95701 .59847
n,33) | 25.50 | 1.87468 | 1.19652 . TH6ET
n,3k) | 26.50 | 1.96003 | 1.29552 | .78612 p,32) | £6.00 | 2.00676 | 1.04957 | .63823
n,553 27.50 { 2.04895 | 1.40012 . 82560 p,33) | 27.00 | 2.09975 | 1.14733 67798
n, 28.50 | 2.14151 | 1.51065 .86507 Dy354 28.00 | 2.1966L | 1.25066 STATTS
p,35) | 29.00 | 2.29766 | 1.36002 SI5T50
n,37) | 29.50 [ 2.2379% | 1.62760 .90457 D,36) | 50.00 | 2.50291 | L.h7576 . 79725
n,38) | 30.50 t 2.33839 | 1.75141 .S4hoT
n,39} 1 31.50 | 2.k4304 | 1.88257 +98358 2337 31.00 | 2.51267 | 1.59843 83701
n,40 32.50 | 2.55208 | 2.02164% | 1.02310 1,38 32.00 | 2.62712 | 1.72851 87677
D39 33.00 | 2.T4649 | 1.86655 .9165%
n = 8.50° p,40) | 3%.00 | 2.87103 | 2.01316 .95630
P, 35.00 | 3.00098 | 2.16895 .59606
36.00 | 3.13663 | 2.335468 | 1.03583

0,18 11.25 . 11724
0,19 12,25 | 1.03840 .18500 .1567h
0,20 1%.25 | 1.08938 23620 .19627
0,21 14.25 | 1.14266 .28957 23581

0,22) | 15.25 { 1.19828 . 34528 27536
0,23} | 16.25 | 1.2563k 40353 31493
0,2% 17.25 | 1.31686 RIS . 35450
0,25) | 18.25 | 1.37997 .52832 .39410
0,26 19.25 | L.44572 .59527 13370

0,17 10.25 | 0.94%314 | 0.08855 | 0.07T76 p, ke
98966 13584
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TABLE ITI.- SECONDARY-EXPARBION FLOH - Comtimued

(c) vp=22°
v X v,
Point g o ;-‘clr- 14 Point i
n = 0.0625° 3 = 0.500° - Concluded
22 11.03125 0.42695 0. 73435 0.70388 a,27 26.25
s 12.03125 e et 71598 4,28 17.25
& 13.03125 . oAy «TTO «T290% 4,29 18.2%
2,25 1k.03125 46507 ~T92h6 ~Th296 4,30) 19.25
s, 15.0312% 8825 8167 75761 a,51) 20.25
27, 16,0325 50496 .83599 «TT291 4,32 .23
a2 17.03125 ‘523 “867h6 -TE8T9 53 22.25
8,29 18. JSyTo2 89718 80520 23k 23.25
8,30 15.0%123 -57036 +92920 82208 4,35 2h.25
e, 31 20.03123 59528 96365 83541 4,36 25.25
21.03125 62179 1.00063 85713 a,37, 26.25%
" 22.0 ~64593 1. a3 ia: 27.25
2,3k :E.omg 67572 1.08272 09366 d’ﬁ 28.25
2,35, 03125 71123 1.12618 91243 a, 29.25
a,36) 25.03125 -Thikh8 L.17676 -93149 :‘ﬁ 35(1”2
; .
] 26.03125 . 1.22870 95083 a,h3) 32.25
2,39, 05125 85528 . .
. 1. 1.010k2
;,ao; 29.03123 85608 92 22 .57
n = 0.125° °‘ZE 12.375
0625 ¥k | oot | o.67isT S s
b,22 11. C. . o (] .
:ga 12.0625 48725 T2 -39 e, 26 15.57%
b, 13.0625 .50325 6991
»23, 14.0625 -519%1 -T6TRL -Tlhit e,27 16.375
126 15.0625 . TO220 <1275 ®,28 17.375
16.06 55173 81908 ThS98 3 19355
b . . . . a .
2 37065 5918 -aubi2 ~16273 ey 3) | 20.375
b,29 18.0625 60216 87939 78000
330 19.0625 62669 -90297 -T97T70 e,32 21.373
3 20.0625 65280 94899 -&1580 053 22.375
e 23.375
2 21..0625 -680k9 96735 .83h27 ©,35 24375
233 22.0625 -70963 1.02880 .85%09 0,36 25.375
238 23.0625 Tho81 1.0728T7 87221
b33, 0623 -T1353 1.11997 B «,37) 26.375
b,365 25,0625 80800 1.1702k SS113% @,38) 21575
€,39, 28.573
23T, 26.0625 -Bkhat 1.22389 -93130 e, 10 29.373
b, 38 27.0625 .88243 1.268117 -g51%2 o k1 30.375
b,39 28.062%5 92251 1. .
b,40 29.062% .96458 1.ko751 G52Ek e, 42 3378
éb,ll-l; 30.0625 1.00873 1.kT732 1.01352 .,l& 32,375
8, 33.51T5
n = 0.250°
22 11. o. 0.66978 0.6
cr23 12125 i ~65046 "€%657 t,22 1150
o, 2h Rnﬁ 5625k A3k .662k1 £,23 12,50
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(a) Streamlines snd flow regions for some typical nozzles.

(v) Sonic arc snd other radial-flow parameters, shown to the same scale

a8 thaet of figure 1(a).

{

Figure 1.- Schematic representation of flow flelds.
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Flgure 2.~ Layout of Mach linee and streamlines in the initial- and
secondary-expansion reglons {regions II and III, respectively).
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Figure 2.- Concluded.
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Figure 3.- Nozzle design parameters, where for given values of Mp &nd v
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the four upper curves give the shortest poseible nozzle by the present

method.
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