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ABSTRACT

Methods for computing a shock wave and also a free streamline
dividing two regions of isoenergetic supersonic flow are explained
with computed examples of both two-dimensicnal and axially-symmetric
flows. The subroutines as coded in FORTRAN language for the

IBM 70%4 are listed and the procedures for their use are described.



I. INTRODUCTION

In Ref. [1], an IBM 7090 program for computing the supersonic
flow of an ideal gas by the method of characteristics was discussed.
A theory was also presented for a subroutine (SHOCK) for computing
the next point along a shock wave provided the region of flow ahead
of the shock is uniform. Another subroutine was also included for
computing the next point along a free streamline bounding a superseonic
flow and quiescient air. In this document, we develop the theory for
computing the next point along the shock when the flow ahead of the
shock is alsc non-uniform and for computing the next peoint along a free
streamline bounding two non-uniform supersonic streams. Subroutines

applying the theory have been coded in FORTRAN and tested in practice.

Both the shock and free streamline subroutines make use of
interpolation in an upstream Mach net and a procedure is described for
selecting the appropriate points. The routines required for computing
the non-uniform flow over a two-dimensional or axially-symmetric body
with attached shock are explained and a FORTRAN listing is given in
Appendix I. To {llustrate the method, the flows over a wedge in source
flow and over a body consisting of two conical segments were computed

and some typical results are given.

To compute the free boundary between a supersonic jet and an

exterior supersonic flow, some of the subroutines described in Ref. [1]



are modified. The subprograms of Ref, [1] to be changed and subroutines
to be added to the complete program are listed in Appendix IT. With
these changes, the program system is capable of computing all flows
described in Ref. [1] except the free streamline boundary in still air
and in addition can compute the exterior supersonic stream and upper
free streamline boundary between jet and exterior flow. A portion of
the flow field for an axially-symmetric jet embedded in supersonic

source flow was computed to illustrate the method,

IT. CONTINUITY CONDITIONS ACROSS A SHOCK

In a manner similar to the theory in Ref. [1], [2], we introduce

the wvariables

£ = tan w ¢ = tan § B =v’M2 -1

where w and 0 are the local shock angle and flow angle, respectively,
and M is the Mach number. The general conditions of continuity of

mass, momentum, and energy across the shock wave are given by

DOVO' N = prl + N (1)
VO *x N = vl x N (2)

+ (v -N)2= + p. (V -N)2 (33
Po " P00 P1 7P

i+ (VO -N)2/2 =i’

2
0 N AR W (%)



where p, p, and V are the density, pressure, and velocity vector,
respectively. The quantity 1 1s the enthalpy, N the unit vecter
normal to the shock, and the subscripts 0 and 1 denote quantities

ahead of and behind the shock, respectively. Equation (1) may be

written
%5 ) Vl- N ) Uy sin w - vy cos w ) EL ( £ - (s)
Py VO * N ug sin w - v, cos w 0 § - o
where u and v are the x and y components of velocity (see
Fig. 1). In terms of these variables, Eq. (2) becomes
uy €08 w + Vo sin w = u; cos w + V) sin w. (6)
Solving for ul/uo and substituting into Eq. (5) yields
p (1 +¢g.€)(E - 2))
0 0 1” _ . 7

P, G+ OE - %o 1
With
2 2 2 2 2.
0oV * 1) /¥py = Mo(E - Zor /(L + £+ 5 = 0o,
Equation (3) takes the form
plf'p0 =1 + Yoo(l - cl).

Now i = yp/{(y ~ L)p = CZ/(Y - 1) = yRT/(y - 1) where y 1is the
ratio of specific heats, ¢ is the speed of sound, and T 1is the

temperature. Thus Eq. (4) leads to



2
Tl/TO =1+ (y - 1)00(1 - 01)12. (8)
From the ideal gas law, we also have

P1 %o
EE*BI'= cl[l + YGO(I - Gl)} = TIITO. (%)

Combining the last two equations and solving for 9, o°r 9, yield

=]
I}

2/ {y + ]_)(;0 + k
or (10)
2/(y + 1)(0l - k)

<
]

where k = (y - 1}/(y + 1). Then

TllT0 = ol(l - kcl)/(ol - k) =1 (11)

A relation for 3B behind the shock results from using Eg. (11)

1

and rewriting Eq. (6) as

(w,/u)? = gy /a P+ 2/a + ¢y =+ g+ g n)?

where q 1s the velocity magnitude. Since

2 2. _ .2 2
qOTl/qlTO = (80 + 1)/(8l + 1)
we get
2 2
Bl i (BO + L)a/t - 1 (12)

where



a= (L+gf) @+ e/ +0,0°0+ ) (13)

with ay known, the velocity slope

by solving Eq. (7) for

%y behind the shock is given

gl. Thus

gy = LA +z48)e +0,Gy-0)/10Q +8) +0,6(5 - gy)).

The jump 1In entropy s across the shock is given by

1 o = log (py/py) *+ v log (oy/o))

or {14)
(y - 1) log o + log 1.

Ll
1
in
]

Therefore, with 80’ Zo® %o and E known, conditions behind the

shock are found by computing sequentially

% =I(Bg + 1Y - c0)2/(1 + 2y + cé) (15)
o, = 2/(y + 1)00 + k (1e)
6y = {(1 + goi)g + Ul(CO -1/ + Coﬂ) + 015(5 - CO)] (17)
T=0,(1 -k )/(0, - k) (18)
a= (1+ coa)z(r + Ci)!(l + 215)2(1 + cé) (19)
8, = /82 + arc -1 (20)
s =85 + (¥ - 1) log o, + log 7 (21)



III. JINTERACTION OF MACH LINES WITH THE SHOCK WAVE

The characteristics and their corresponding compatibility
relations have been derived in Ref. [2]. In the notationm of Ref. {2],

we have
E(z)ds 7 F(B)dB 5 G(B)ds t jH dx/y = O (22)

along the Mach lines

dy _ ¢

o= AT(8,0), (23)
and ds = 0 (24)
along the streamline

dy/dx = ¢, ) {25}

where

8T(8,0) = (Bc £ 1)/(8 7 )

E(y) = 1/(L + c2)

2 2 2
F(8) = 28%/0¢8% + ¢y - DB% + (v + DI} (26)
C(®) = 8/y(y - 1) (8% + 1)

Hi(s,c) = /(8 % Q)

and j = 0 or 1 depending upon whether the flow is two-dimensional
or axially-symmetric. The plus sign corresponds to Mach lines running
upward and to the right and the minus sign to Mach lines running downward

to the right.



To facilitate understanding of the procedure for finding the
next point along a shock wave, we briefly describe the steps in the
calculation, referring to Fig. 2. with the data given at point 2
and at the shock peint denoted by subscripts b and s, we estimate
the coordinates of point 1 by the linear extension of the shock wave
and the upward running mach line 2-1. Then using the data ahead
of the shock at the previous point as the first estimate for the new
point aleng the shock, we interpolate to find R, 7, and s at
points w, n, and ¢q, which are the intersections with the known
upstream Mach net of the two Mach lines and of the streamline through
the estimated shock point. By means of the compatibility conditions

along these three new lines, a better estimate of g ahead

0’ %o’ %o
of the shock at the new point is found.

Then from the compatibility condition aleong the Mach line from
the downstream point 2 and the continuity conditions across the shock,
we obtain an estimate for the shock inclination at the new point by
Newton's method, and simultaneously calculate the values of the flow
quantities behind the shock. With these estimated values of the data
on both sides of the shock at the new shock peint, we go through the
calculations again with improved coefficients, repeating until the
desired accuracy is achieved.

Assume that the values of R,z and s are known at one point

on beth sides of the shock wave, at one point 2 in the flow behind the

shock, and at the points, 3, 4, and 5, along two characteristics as



shown in Fig. 2. Denote by subscript 1, the gquantities on the
downstream side at the next point along the shock and by the subscript
0 the quantities on the upstream side. For the first estimate of

the values of BO and go,

we take the values at the known point b.
The first step in the calculation is to obtain an estimate of

X5 by the intersection of the straight line extension of the shock

and the upward running Mach line from the point 2. This yields

+ +
xl B [YZ T Y + Esxs - AZKZ]‘{(gs B AZ) (27)

+ .
Yy = vy Ay, = X)) (28)

where the subscript denotes the point at which the quantity is
evaluated. To improve the estimate of the upstream quantities at
the new point on the shock, we interpolate the points m, n, and

q, which are the points of intersection of the two Mach lines and
the streamline running upstream from the point 1 with the Mach lines
3-4 and 5-3. The first estimate of X X and xq are

X = () 7 ¥y DRy - A /(D) - A

x, = (yy = ¥y FDyxs = ngx) /(D) - gp) (29)
i _ + _ +
Kg = vy = vy FDyxy = Agx )/ (D) = A
where
Dl = (y3 - ya)/(x3 - Xé)

and (30)
D, = (ys - y3)f(x5 - x3)-



The quantities £, ¢, and s are found at these points by

linear interpolation; for example,
ey = g = %) Tz, (kg = x )]/ (xg - %),
and since entropy is constant along streamlines,
S0~ Sn T [SB(Kn - xé) + SQ(XS - xn)”(xf} - xé)'

Interpolation of peoint n is indicated as being on the segment 3-4.
For a more contracted net, the streamline may intersect the
segment 5-3 instead. A test must be made to see which situation
exists.
A better estimate of Xpo X and Xq is found by replacing
A and AT by (AL +A /2, (. + ¢ )/2, and (AL + AD)/2
O’ go’ 0 y 0 m y CO ‘;n » an 0 q 3
respectively. The process is repeated until the quantities are
determined to the desired degree of accuracy at the points m, n, and
q.
By using the characteristics through the points m and g, we

obtain an estimate for B and

0 %0 from the compatibility conditions

along these Mach lines. Thus

1}
Lew]

Em(co - Cm) + Fm(SO - Bm) + Gm(sO - sm) - Hm(x1 - xm)fym

It
o

+
E - - F - -G - + -
q(CO Cq) q(BO Bq) q(so Sq) Hq(xl Xq)fyq

Solving for g leads to

0’ %o



10

Ly = (Nqu + Nsz)/(Equ + Equ) (33)

By = (Nl - Emco)lFm (34)
where -

Nl = Em‘;m + FmBm + Gm(sm - SO) + Hm(xl - xm)/ym {(35)

N.=Ec¢ -Ff8 -G (s -5 -Hix. -x)/ (36)

27 g% T TqPq T ¥g*%q T %0 a1 T g Vg

Similarly, these values of BO and CO

+
for example, Em by (Em EO)/Z and Fq by (Fq + FO)/2 in

can be improved by replacing,

Egs. (33) and (34).

With B estimated we now seek an approximation to £, the

0’ %o

and s are

slope of the shock at the new point. Since 81, Cl 1

functions of & and of the quantities ahead of the shock and must alse
satisfy the compatibility relation along the Mach line 2-1, & 1s then

a root of the equation

+
1 - 52) + HZ(Xl - xz)/yz = 0.

1

The shock slope £ then is given by applying Newton's method with

ES as a starting value. Thus
£ =¢ - F(E)/F'(8), (37)
where

' - v v t
F'(g) = Ezcl F281 stl' (38)
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The function F(£) and F'(f£) are found by computing sequentially

Eqs. {15) threough {(21) and in addition, the quantities

2
200(1 + coa)!(a - CO)(l + £7)
gl = =25 /(v + 1)02
0 0
T =010, + K2 - /s, = WA - ko)t

¢y = ol ~ o) + 260, + 0,0y - OI/[EQA + £8)
+0,(ty = 8] - (gL = o)) + 20,8 +£(5 = ¢p)oyl/ (1
)]

+ Ly * 0 B(E - L

a' = 2alz /(1 + 0 8) + (zg = )0/ (L + (L + £,6)

-/ g 8]

Bi = (a'/a - T'/T)(Bi +1)/28)
si = (y - l)oilol + '/,

(39)

(40)

(41)

(42)

(43)

(44)

(45)

The form of the derivatives used here are obtained by differentiating

the logarithms of the quantities.

A better approximation to X0 ¥y
A; and €_ in Eqs. (27) and (28) by
+ +
(A, + A2
and

(e, +0)/2,

is now obtained by replacing
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respectively. The remaining calculations are repeated with E2

replaced by

(E2 + El)/z
. + + . . , .
and similarly for Az, Gz, and HZ' The iteration is continued

until the desired accuracy is attained.

For the sake of clarity we summarize the computations below:
I. Locate new point on shock.

+ +
1 [y2 T Vs + gsxs B A2}(2”(53 - A2)

k]
It

+
= -+ -
g1 = ¥y A0, T xp)
II. Locate intersection of streamline and the two upstream Mach

lines from the new point 1.

x = (yl " ¥q + Dlxl - onl)/(Dl - Ao)

Xg = (v = vy F Dpxg = 0x) /(D) - gp)
_ _ _+ _+
xq = (yl vy *+ D2x3 onl)/(D2 AO)
where D1 = (y3 - yq)/(x3 - XA) and D2 = (yS - y3)/(x5 - x3)

I11. Data at points m, n, q are interpolated by relations of the

form
Cn = [C3(Xm - Xé) + Cé(XS - xm)];’(x3 - xa)
and X X and xq improved by repeating step IT after replacing

AO by (AO + Am)/2
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and similarly for Ag and Lo*

IV. Data BO’ ;0, o estimated by using the compatibility

relations along streamline 1-n and along Mach lines

l-m and 1-g. Thus

Co = (N + Nsz)/(Equ +EF)

pes]
!

o= Ny — E o) /Fy

L
!

0 = %a = [s30g = x) + 5,0 =3 )1/ ey =)

where
Ny =E g +FB +G6 (s - s))+H G -x)/y
+
N, = E - F -G - - H -x)/
2 = Bqtq T FqBq ~ Cqlsq T 80) T Bty m x) /vy

values of R are improved by replacing

0) CO, 50
F b F +F 2, etc.,
q % ( q O)/

in the preceding relations and repeating step IV.

V. New value of £ 1is estimated by iterating

£ =& - F(E)/F'(8)

where

F(g) = Ez(a:l - cz) - Fz(el - 82) - Gz(sl -~ sz) + H;(xl - xz)!yz

is the compatibility conditions along Mach line 2-1. The quantities
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Cl’Bl and s, are given as functions of & by Eq. (15)
through (21) and their derivatives by Eq. {39) through (45).

and s are

As a by-product of the iteratioen, Bl, Zy» 1

also obtained.
VI. Steps I to IV are repeated with

+ + +
A2 replaced by (A2 + Al)f2
and

£S replaced by (58 + E)/f2.

The calculations described above are coded in Fortran as
subroutine SHOCK and are listed on pages 31 through 33 in the Appendix I.

IV. PROCEDURE FOR SELECTING DATA FROM THE UPSTREAM MACH NET FOR COMPUTING
THE NEXT POINT ALONG THE SHOCK

In the preceding section, we showed how a new point is computed along
a shock using data at three points cof the upstream Mach net, at the
preceding shock point, and at a point downstream of the new shock point.
We now explain one method for selecting the appropriate points in the
upstream Mach net for each point along the shock. Consider the upstream
Mach net illustrated in Fig. 3. In this example, there are upward to
the left runmning Mach lines containing 5 points. Each of these Mach

lines is approximated by a parabola

y = ax2 + bx + ¢ (46)

which passes through peoints 1, 3, and 5 of the Mach line (see Fig. 3).

The coefficients a, b, and ¢ are given by
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is positive or negative. Wheén this quantity is negative then Xq
lies between the two Mach lines and we then test the value of ¥

at x = x on the first Mach line, denoted by Yer? to find which

tl

two of the five points lie on each side of it. That is, we investigate

(ytl - )rj)(ytl - yj+l), i=1,2,3,4

to see if it is positive or negative. If it is negative for particular
j» then we have located the guadrilateral region in which the

estimated point of the shock lies. From this quadrilateral

o Yo
we select the points 3, 4, and 5 of Fig. 2 to be used in the subroutine
SHOCK described in the preceding section. If Eq. (48) should be
positive then we try the second and third Mach lines and centinue until
the proper lines are found.

This procedure was prograumed to compute the flow over a wedge
or conical segment and a Fortran listing is given on page 30 of
Appendix 1. As a two dimensional example, the flow field was computed
for a wedge inserted in a diverging channel in which the flow velocity
was assumed to be radial and the Mach number constant along arcs of
circles (two dimensional source flow). The upstrean Mach net and the
shock wave are shown in Fig. 4. The shock, downstream Mach net, and
wedge surface are shown in Fig. 5. TFigure 6 presents g along the wedge
and £ as functions of x. Figures 7 and 8 are graphs of 8 and ¢

ahead of and behind che shock.
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a-= [yl(x3 - x5) + y3(x5 - xl) + ys(xl - x3)}/d

2 2 2 2 2 2
b = [yl(x5 - x3) + y3(xl - Xg) * y5(x3 - xl)]/d

n
It

¥ T a%) - bxl

2 2 2
where d xl(x3 - x5) + x3(x5 - xl) + xS(xl - x3).

We now find the intersection of the Mach line
= =+ - _
y Yo Ao(x xo)

with the parabola of Eq. (46). Equating values of y and solving

for x the resulting quadratic

ax2 + (b ~ AB)X + (¢ -y, + AX.) =0

yields

"
[]

(Aa - b)/2a + Q

where

/kAB - b)2/432 - (c ~ Yo + Aaxo)fa.

L]
L}

The sign of radical must be chosen to make the smailest positive
value for x. If (A; - b}/a » 0, then we select the minus sign in
Eq. (47) when x is positive. If (Aa - b)/a <« 0, then we use the

positive sign. Let this value of x be denoted by then we

*r1?
follow the same procedure for the adjacent set of 5 points. Denoting

this value of x by x we check to see 1if

t2’

(i~ %) Gy = %) (48)
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As an axially-symmetric example, the flow induced by a change
in the cone angle for the flow through a coaxial diverging channel
was calculated., The flow in the upstream portion was assumed to be
radial and the Mach number constant along spherical surfaces
(spherical source flow). The upstream Mach net together with the
shock wave and the cone boundary is shown in Fig. 9, while the down-
stream Mach net is presented in Fig. 10. Figures 11, 12, and 13 show
the values of 8 along the cone and of B and ¢ ahead of and behipd
the shock and of £ as functions of x.

In each step of the calculation of the downstream Mach net for
both examples, an additicnal point was interpolated between the
boundary point and the adjacent point along the Mach line. The
halfway point was chosen and data was found by averaging the data at
the two adjacent points. For all Mach lines behind the shock except
the first one a better approximation of the data at this point c¢ould
be obtained by fitting a parabola to the three adjacent points along

the Mach line at the boundary,

V. PROCEDURE FOR USING THE PROGRAM IN APPENDIX I TO COMPUTE A SHOCK

The examples of a wedge and cone were chosen to check and to
illustrate the method of computing the shock and the associared downstream
flow field. MHowever, by using for the FORTRAN sratements numbered 20 in

WALL(X,K) and WALPR(X,K} on page 36 of Ref. [1] the coding for the vy

coordinate and its derivative for any chosen contour, the flows over more
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general shaped bodies may also be calculated using this program.

Besides the coding of the body shape, the appropriate parameters

for the flow must be loaded by two data cards according to rthe Format

(313,3E15.8/E15.8,13).

The data are as follows:

1.

N

KODE

EPS

Gamma

X1

NK

The number of downward to the right running character-
istics in upstream Mach net.

The flow code according to Table T, page 4, of Ref.[1].
Since these flows have variable entropy, this is either
1 or 3 depending upon whether the flow is axially
symmetric or two dimensional.

The number of upward to the right running Mach lines in
the upstream Mach net data (5 in examples of Figs. 4 and 9).
Maximum number of iterations allowed.

Maximum fractional error {not percentage as in the program
of Ref.[1]).

Ratio of specific heats, ¥y

Tangent £ of shock angle at initial shock point.

Number of points in shock to be computed.

The Mach net data points are punched according to the Format on

page 6 and 7 of Ref.[l}. The data are read beginning with the upstreanm

data at the first shock point which is also the lowest point of the first
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downward to the right running characteristic, The matrix of data

is read upward along each of these Mach lipes beginning at the lowest
Mach line moving toward the top. The second from the last pair of

data cards is the data just downstream of the initial shock point and
the last pair of cards, the first data peint on the boundary downstream
of initial shock points. 1In the examples given, the data was

conveniently chosen as the same as the beginning of the shock.

VI. CALCULATION OF FREE STREAMLINE BOUNDING TWO SUPERSONIC STREAMS

Assume that at one point of the free streamline the values of R
and s on both sides of the streamline, the value of the streamline
slope 1z, and the coordinates of the point (see Fig. l4) are known.
Assume that the values of 8, I, s, x and y are known at two points
(3 and 4) along an upward to the right running characteristic above the
streamline and at one peint (2) below the streamline. We then seek the
coordinates and the flow data of the next point along the streamline.
Let 0 and 1 denote the quantities above and below the free streamline

at the new point. The first estimate of the coordinate x is given

o’ Yo

by the intersection of the Mach line from the point 2 with the linear
extensjion of the streamline. This yields

+
%o = by = vyt 5%y Apgl/lt,y = Ay

(49)

+
= ¥y + Az(xo -x.,).

2
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Then using QO = C3 and BO = Bu, where u denotes the upper value

at point 3, the negative characteristic from is computed and

0 Yo

X and s are interpolated in the same way as in
o’ ‘m’ Bm: Cm - nterp y as i

the shock program (Egs. (29) and (30)).

With X Yoo G Bm and S known, then the compatibiliry
condition along the characteristic or Mach line yields one relatien

in or Thus

80’ CO Q:L'

Em(r’l - Cm) + Fm(BO B Bm) + Gm(su B sm} - Hm(XO - xm)fym =0

since Zy = QO and S5 = S,° The compatibility condition along the
characteristics connecting the points 1 and 2 provides a relation in

and g namely,

51 1’

Ey(ay = €p) = Fy(B = B)) = Gyls, = s,) + 1) (xy = x)/y,.
where £ denotes the lower value at point 3.

The remairing relation in the quantities at point 1 is supplied
by the condition that the pressure be continuous across the free

streamline. Along each streamline the pressure satisfies the following

differential equation, since entropy is constant,
2
dp/p = -2ygdg/[{y - 1)8" + (y + 1)] = N(p)ds.

This is derived from Eq. (7), page 87 of Ref. [2]. 1In difference form

this relation leads to

(pu - PO)/pu = NU(Su ~ BO)

on the upper part of the streamline and
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(p, - pl)/pi = NE(B2 - 81).
on the lower side of the streamline. Since Py = Py

we must have

oT

and Py = Py

Eliminating - between the compatibility equations yields

EoFabBo + EFaRy = &

where

C, = + - - -
2 EZ[EmCm FmBm + Cm(sm SU) * Hm(XO xm) /ym]

- E [E -G
m

2o T Faby

Equations (51) and (52) sclved for 81 and 80 yield

w
1]

(EszCl + Nucz)l(E2FmN£ + EszNU]

andg

w
L]

o= (NgBy — CI/N,.

Then

L) = [Ep2y + Fy(B) ~ By) +Gyls) ~ s

2(sy = 8p) + H(x, -

xo)/yzl-

+
2) - H?_(KO - Xz)fyz]sz-

(51)

(52}

(53)

(54)

(55

(56)
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The values of XO’ yo, Bl’ gl and BO are improved by
repeating the calculations with the coefficients replaced by

average values, such as

F2 replaced by (Fl + F2)I2

Fm replaced by (Fm + FO)IZ, etc.

The iteration is carried out te the desired degree of accuracy.

For the sake of clarity, the procedure for computing the next

point along a2 free streamline is summarized below,

I. Estimate new point by linear extension of Mach line and

streamline.

+ +
0= Uy m ¥y Fogxg - X0 {5y - Ay

4

+
Vo = Vo ¥ A, (g = x5)

II. Interpolate peint m wusing steps similar to II, I1I, and
IV for the SHOCK subroutine.

ITI. Combine compatibility relations aleng the two characteristics

through the point Xq1Yq0 with the condition of continuocus
pressure and solve for BO’CO and Bl'

B; - (E,F C) + N C,)/{E,F N + E F,N )

Bg = (N, 8y - CD/N,

. — = - - - + - -
to = 81 T [Bptp # (B = 8y) # Gyls = sy) = Hylxg = xp) /vy

where C and C., are given by Egs. (51) and (53).
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IV. With the estimates of B8 g repeat steps I, 11,

0! 1! ;OJ

and III with

L replaced by (CB + QO)/Z
replaced by (A; + A-{)IZ
F replaced by (Fm + FO)/Z

Nu replaced by (Nu + NO)/Z

and similarly for the other coefficients.
This procedure is coded as subroutine STREAM and the FORTRAN

listing is given on page 4} of Appendix II.

VI. PROGRAM FOR COMPUTING A JET EXHAUSTING INTO A SUPERSONIC STREAM

The complete program described in Ref. [l] was modifiled to make it
capable of cowmputing a jet issuing intc a supersonic outside stream.
The only subroutines which were changed are READ, which, besides reading
the usual initial data for the jet stream, must include the data along
a Mach line in the outer stream; WRITE2(K), which is modified to include
the printing of the data along each newly computed exterior Mach line;
and FREE(M) which ccmputes each new streamline point using the subroutine
STREAM and computes also the next exterior Mach line. The modified
subroutines are listed in the appendix and may be used in place of the

originals to calculate the cther flows described in Ref. {1] as well.

The subroutine FREE(M) selects the points 3 and % to be used in the
STREAM subroutine in a manner similar to the procedure for the shock

program. Let the subscript O denote the quantities at the new streamline
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point and xj, yj, i=1,2,3,...,N the coordinates of the points on
the exterior Mach line. The x coordinate of the intersection of the

straight line through the two points xj, y. and x with

j j+17 Y41

the upward t¢ the left running Mach line from the new streamline

point is
x = (yo - yj + ij - ABXO);'(D - A(_))
where
D = (yj - yj+l)f(xj - Kj+l)'
When
=)0 =Xy ))
is negative, then x lies between xj and Xj+1° When it 1is

positive, the program continues and tests similarly the points

and x Once the values of

Xj+l, Yj+l Xo’ yo’ Bl) Cl! Sl)

8

j+27 Yie2-
o* 8o are computed the upward to the right running Mach Line is

computed using the values x B

s and the upward data

O’ yo) O‘]' co! O

point 4 of Fig. 14 to start the step by step calculations through

the Mach line. This is seen from the example shown in Fig. 15

for an axially-symmetric jet. In this example both exterior and
interior initial data were derived by assuming & source flow in which
the Mach number is constant along spherical surfaces and the flow
direction radial. The flow could not be continued further without

introducing a shock wave because of the coalescing of the Mach lines

in the jet.
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VII. PROCEDURE FOR USING THE PROGRAM IN AFPENDIX 11 TO COMPUTE A JET
BOUNDARY IN A SUPERSONIC EXTERIOR G FLOW

With the subroutines in Appendix II replacing the correspondingly
named programs in Ref. [1] the program is capable of calculating all
flows described in Ref. [1l] except a free streamline boundary in
quiescent air. The first two data cards follow the order of the data
on pages 5 and 6 of Ref. [1]. For code 1IU=3, a third card is added
according tc FORMAT(ELC.C). This contains the data CN, the number
of points in the initial line in the jet plus the number of data points
in the initial Mach line in the exterior flew with the streamline point
being considered as two points.

The data points for the initial line in the jet are loaded in the
same way as described in Ref. [1]. The exterior initial data is loaded
beginning with the point farthest away from the streamline boundary.
The final pair of cards will be the data for the exterior flow at the

initial streamline point.



(1}

2]
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APPENDIX T

Listing of Program for Computing Shock in Non-Uniform Flow
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MAIN CONTROL PROGRAM FOR SHOCK IN NON-UNIFORM FLOW
DIMENSION X{(1000)sY(1000)»BETA(LICO01»ZETA{1000)»5{1000)

COMMON NsCODE s ILsJUsCsEPSsGAMMAS XY sBETAPZETASSsBETAQI XTI 95TOP
1 MXSTP

1 FORMATI(3I3+43E1548/E1548913)

2 FORMAT(4ELS.8/E1548)

4 FORMAT (1X15E1548)

5 FORMAT [1Xs3]5)

FUNCTIONS

APLMIF (AsBiM)={A%B+ (=14 ) %%M}/ (A=(=1,)%%M*B)

3 READ IMPUT TAPE 531 sNsKODEsMICsEPS s GAMMA X s NK
CODE=KQDE
K=1
N1=mMEN
Jez=zN1+1
NZ2=N1+2
READ INPUT TAPE 5924 (X1 sY (1) sBETALIT)SZETALIIsS{I)sl=1eN2)
BETAZ=BETAI(L)
ZETAZ=ZETA(1}
52=5{1})
0O 140 I1=1yNK
AZ=APLMIFI(BETALJ4+1)sZETA(J4+]1)s0)
XZ2{Y{J4+1 ) =Y {J4)4+XI12X {4 ~A2%X{Ja+1))/(X]=A2)
YZ=Y{J&+1)+A2E(XZ=X{J&a+1))
APZ=APLMIF(BETAZSZETAZYO)
IFT=1
DO 60 J=11sN
J1=1+1J=1)%M
J2=(M+1)/2+(J=1)%M
J3= UM
Cl=(X[J2y=X{J3 )1 %Y (J1L)+ (X (J3=X(JL))*Y{J2y+(X{JL)=X(J2))*¥Y(J3)
DI=(X{J21=X(J3 Y1 %X{J1 ) #%¥2+(X[J3)=X{J1} )1 #X{J2}#%2+
DIXCJ1)=X{J2)y*X{J3)%%2
C2={X{J3 ) ®#2aX(J2)*x2 )Y { 1)+ (X (J] ) e %2=X (2} XX2)%XY (J2 )+
T{X{ 21 %82=X(J1) %22 12Y{03)
C3=C1/D1
C4=C2/D1
CSaY(J1)=C3#X [ J) ) %%2=~C4xX[J1)
Ce=C4~-APZ
CT=CS5=YZ+APZ#X2Z
CO=SQRTFIICE/Ca#Hn2-442(7/C3)
XP=(=C6/C3+4C8) /2
XM=XP=-(8
IF{XM)10410420
GO TQO 30
20 XT=XM
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40

50
60
1000

70

80

90

100

110

120
130

140
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GO TO (40950 IFT
1FT=2
GO TO &0

TEST=D* (XT-X2)

IF(TEST70370460

D=XT=~XZ

WRITE OQUTPUT TAPE 63,1000
FORMAT ([ 28HEHOCK POINT OUTSIDE MACH NET)
CALL EXIT

XT=D+X2

YT=YZ+APZ%D

DO 90 I=1M

J5=01-M+1]

TEST=(YT=Y{J5=1) )% ([¥YT=Y([J5}))
IF(TESTIBOs20sS0

J&6=JU5-1

JT7=J5+M

JB=i5

WRITE QUTPUT TAPE 6353 J6sJ7+J8

GO TQ 1¢¢C

CONTINUE

WRITE CUTPUT TAPE 6&4+1000

CALL EXIT

XIs=x1]

BS=8ETAZ

L5=ZETAZ

55=52

CALL SHOCK (XU Ja)sY (L) sBSsZSeSS5sXISeX{JEYsY(JEIsBETAIJIE) s ZETALUE) »
I1SUJ6 Y s X {UT YL JT ) s BETALJTI S ZETAIIT ) sSTJTIwXUJBI Y JE8) s BETA(JB) »2ET
2ALUB Y S8 s X{Ja+]1 ) s Y{J4+11sBETALJL44+1) s ZETALJL+11eSIJA4+)Y) o X J4YaY L
A4 sBETALJIL Y2 ZETA(JA Y sS5{Ja) s X T sBETAZsZETAZ95Z)
WRITE CUTPUT TAPE 6+4s X1 sBETAZIZETAZWSZ
N3=]1-~1

[F{N31130+130,5110

DC 120 JJd=1sN3

JO9=d4+J)

CALL ITERLI(J9+413U9=1sJ9)

MXS5TP=Ju+11

CALL FIXED{K)

J10=Ja+11

J11=J10+1

XtJ11)y=xXtJ10)

Y{Jil)=Y(J10)

BETA(JI1)=BETA{JIO)

ZETALII1)=ZETAL{J1O)

SM0111=5(J10}
XCJ10)={X{J10)+X{J10=1)1/2

YOJ10) =Y JI0)+Y(J10=1)1/24
BETAIJLIO)=(BETA{JI01+BETA{J1IO~11)/2,
LETACJI0I={ZETALJIO0)+2ETALJ10~1))/2,
SCJU1CI=(S1JI01+S{210=1)1/2,

WRITE QUTPUT TAPE 6349 {X{I)sY(I)yBETA{I}SZETALI I 4S(T)s12J44J11)
GO TO 3

END
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SUBROQUTINE SHOCK (XSsYSsBBsZBsSBsXISsXDsY55B54259558 X4

1 Y49B4rZL9S4sX39 733839239530 X28Y2eB21022852eX19Y14B819Z195])
2 X1sBZ2y»2Z2s52)

COMMON NsCODEs ILsJUICHEPS»OCAMMAS X s Y s BETAWZETA»SHIBETACsXIsSTOR
1 MXSTP

FUNCTIONS

APLMIF(AB sM) = LAXB+ (=1 o) X%¥M)}/ (Am{=], ) %4M¥B)
EIE2F{AT=1a/(A%%Z+]4)

FIF2F (A =2 ¥AXE2 /[ (AX¥24+] 2 JH{{GAMMA—] 4 ) ¥AXE2+GAMMA+L16) )
GlG2F (A =A/ (GAMMAX (GAMMA=1 4 ) ¥ (AX%24]1 4 )
HPLMIFLAIBsMIZE/ LAm{=]1y) #¥MXB)

22=28

BZ=38

XI=XxXIs
XIT=X1I
BZT=88B
221=28

ZM=23

XT=x5

YT=Y$S

BT=88

5T=52

Z7=28

M=C
XT1=+041E4+07
XT2=+041E+07
XT3=+041E+07
AZ=APLMIFIBZy»Z250)
SA2=A2
E2=EL1lE2FIZ2)
SEZ2=E2
F2=FlF2f{B82}
SF2=F2
G2=01G2F{B2)
562=62

IF (CODE=3a) 39292



2 Hz=0.
GO0 T0 4

3 H2=HPLMIF{B2+Z22901}
SHZ=HZ2

4 FG=GAMMA=1l.
FR=FG/({GAMMA+] )
DO 150 I=1:M
X1={Y2=YS+{XI+XIS)%XS/2e~A2%¥XZ )/ {{X]+X]IS)/22-A2)
YIzY2+A2%X(X]1=%X2)
AZ=APLMIF({BZyZZs1)
SAZ=AZ
D={Y3~-Y4)/({X3~X4}
XTMaYl=Y3+DxX3
DO 20 J=lM
XM= {XTM=-AZ%¥X1)Y/(D=AZ)
IM S {Z3% L AM=X4 J+Z4% [ X3=XM) )/ {X3=X4)
BM=(B3% (XM=X4)+B4% ( X3=XM} |/ (X3=X4)
IF (ABSF{IXTLI=-XMI/XT1I=~EPSI3Ce10e10

10 XT1=XM

20 Al=(SAZ+APLMIF(BMIZMs L)1/ e
PRINT 1

1 FORMATI(28HITERATION 1 OID NOT CONVERGE }

30 SM=(S3¥{XM=X&)+S4k ( X3=XM] )/ (X3=-X4}
YM=Y]1+AZ® (XM=X1]
IN=Z2Z
DO 40 K=1M
XN={XTM=lZN+ZZ 1 %X1/ 24}/ {D=(ZZ+IN)/24)

ZIN = (Z24% (XN=X3)423% (X4~XN) )/ [X4=X3)
IF (ABSFUIXT2=XN)/XT2)=EPS} 50540440
4G XT2=XN

PRINT 20C0
2000 FORMAT(2BHITERATION 2 DID NOT CONVERGE )
50 SZ=z(S4# (XN=X3)1+S3# (X4=XN} ]}/ {X4=X3}
D={Y5=Y3)/(X5=X3)
IF ((XN=X31%{XN~X4)} 330+330,300
30G ZN=2Z2Z
XTM=Y1l=Y3+D¥X3
D0 310 J=1M
KNS (XTM={ZN+ZZ ) *¥X1/ 24 ) /{D=(ZL+IN)/ 24}
IN=(Z5% [XN=X3)4Z3%(X5=XN))/(X5-X3)
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IF [(ABSFI(XT2=XN)/XT2)=EPS}) 3203310,310
310 XT2=XN
320 SZ=(S5%(XN=X3)+S53%{X5=XN) )/ {X5=X3)
330 AP=APLMIF{(BZ+2240)
SAP=AP
CO 21V J=1M
XQ=(Y1=Y34D#X3=AP# X1}/ (D=AF)
IF (ABSFI(XT3=XQ)/XT31=EPS}) 22092004200
200 XT3=X@
2Q={Z23%{XQ=-X5)+L5% [ X3-XQ) } /(X3~-X5]
BR=z(B3*[XQ=XB)+B5* (X2-XQ} )}/ (X2-X5)
210 AP=(S5AP+APLMIF{(GGyZQsQ )}/ 2
PRINT 3000
3000 FORMAT(Z2BHITERATION 3 DID NOT CONVERGE
220 SC={S3%¥{X0=XS)+55%¥(X3=-XQ)}/[X3«X5)
YQ=(Y3F(XQ=XD )4 Y0¥ (X3=XQ)) /(X3=X5}
EM=C1EZF{ZM}
FM=F1FZ2F{B8M}
OM=GlG2F{BM}
EQ=ELE2F{ZQ)
FQ=F1F2F{BQ}
GQA=ClG2F (BQ)
IF (CODE=3s) 52351451
51 HM=C0.
HLi=0¢
HQ=0e
HPZ=C,
GO TO 53
52 HM=HPLMIF(BMsZMs1)
HZ=HPLMIF(BZ2ZZ4s1)
HQ=HPLMIF (BGsZiQs0)
HRPZ=HPLMIF(BZyZZ30)
53 EZ=ElEZ2F{Z2)
FZ=F1F2F(32Z)
GZ=GlG2F(EZ)
FN1={EM+EZ ) *ZM+(FM+FZ) *¥BM+ (GM+GL ) ¥ (SM=5SZ )+ (HM/YM+HZ /Y11 #{ X1=XM)
FN2=(EQ+EZ)*ZQ=(FQ+FZ 1 %¥BQ~{GQ+GL )% (5Q=SZ )= (HQ/YQ+APL/Y1 ) ¥ (X1=XQ)
ZL=(FNI#IFQ+FZ)+FNZH (P MAFZY )/ ((EMTEZ ) ®{(FO+FZ )+ cQ+EZ)*(FM+F2})
BL=(FN1=(EM+EZ)*ZZ )/ {FM+F 1)
DO 80 L=1M
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4000
20

100
1190
120
130
131
132
133
140

141
142
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SIZ={BZx%2+1 e ) ¥ (X =223 %%2)/((Lla+X[%%2 )15 (1e+22%%2))
SI11=28/ ({GAMMA+]1 41 #5122 }4FK

TAU=SI1#{] 4=FK2ST1)/1SI1~FK)

Z1={XI# {1 a+Z 2% XTI ) =STL%{X][~2Z2) )/ (1ed+ZZ2%X]+STL1RXIR{X]~22))
ALzl e +ZZ¥ X[} *22) % (1e+21%%2)/((1a+Z2Z2%%2 )% (1a+l10X])%%2)
Bl=SGRTF{=1s+Alx(R2%%2+1,)/TAY)
§51=52+FQ*LLOGF(SI1)1+LOGF{TAU]

SIZP=2e#SI 2% {1 e+l Z% X[}/ {(X]=Zi)}®{Lle+X]#%2))
SI1P==24#S[ZP/ { {GAMMA+]1 ¢ ) 2SI 2%%2)
TAUP=ST1P*(14/SI14+(FK%EX2=14)/ ({STL-FK)#¥[1e~FKESI1))I1%TAU
ZIP=Z 1% { {1 e=ST1+2 e %XI%KZZ+STAIPH(ZZ~XTI )/ IX]I%{Le+XI*ZZ}+S]10 (22~
1 XIVi=(ZZ% (1 a=STLl)424#STI¥XI+XI%(X]~ZZ)%2SI1IP)/{1lo+Z2%X]4+511%
2 XI®{XI=-2Z11))

AP=2 ¢ #A1¥(ZZ2/ (1 o+Z2Z¥ XTIV (Z1-XI1¥ZIP/ {1 1a421%%2 )% (1 oe+Z1%¥X1)1)1=21/(1s
1 +Z21#X1})

B1P=(AP/ALl=- TAJP/TAU}*(B;**2+10)/lZe*Sll
SIP=FG*SIIP/SI1+TAUP/TAU
FXI=E2¥(Z1~22)=F2%(B1=B2)=0G2%({51-52)1+H2% [X1~-X2)/Y2
FXIP=E2¥Z1P=F2*¥B1P~=G2¥51P

XIN=XI=FXI/FXIP

IF{ABSF {XI=XIN)/XI)=EPS)190+80s80

XI=XIN

PRINT 4000

FORMATUIZBHITERATION 4 DID NOT CONVERGE )

XI=XIN

IF{ABSF({X2=XT)Y/XT)=EPSY100¢140s140
IF(ABSFIIYL=-YTI/YT)=EPSI11109140140
IF(ABSFILZ]1~ZT)Y/ZT)=EPS) 1201404140
IF{ABSF((Bl-3T)/BT)=~EPS)130+140+140
IFIABSF{I[S1=5T) /5T )=cPS)13)+)140+140
IF(ABSF{(XI=XIT)/XITi=EPS1132+4140y140
IF(ABSF({(BZT-BZ)/BZT}=EPSI133s140140

IF(ABSF{(ZZT= ZZ)/ZZT)“EPS§160}140:100
E2=(SE2+E1E2F(Z1}}/ 2

F2=(5F2+F1FZ2F{Bl))/2

Gz2=(5G2+C1lG2F(B1l)})/2s

IF (CODE=34a) 14191420142
H2={SHZ2+HPLMIF(BlsZ1s0)%Y2/YL) /2
AZ=(SAZ+APLMIF{Bl1s21s0)1/24

XT=X1

YT=Y1
2T=21
BT=B1
X1T=XI
BiT=8Z
liT=272
5T=51
PRINT 5
FORMATU{26HITERATION DID NOT CONVERGE )
RETURN
END
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Additional subroutines required by MAIN CONTROL PROGRaM FOR SHOCK
IN NON-UNIFORM FLOW but not listed here
SUBROUTINE ITER (page 27, Ref. [1])
SUBROUTINE ITER (page 29, Ref. [1])
FIXED(K) The subroutine listed on page 35 of Ref., [1] was
modified for use here by replacing instruction 20 and the one

following with

20 J1 = MXSTP - 1
J3 = M{STP
FUNCTION WALL(X,K) (page 36, Ref. [1])
FUNCTION WALPR(X,K) (page 36, Ref. {1])

(Instruction 10 gives upper wall formula and instruction 20

for lower wall.}
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APPENDIX TI

Modified Subroutines of Program of Ref. [l] Used to Compute Free

Streanline Boundary between Two Supersonic Streams

Subroutines READ, WRITE2{(K), FTREE{(M) lisced here replace
correspondingly named subroutines in Ref. [1] and the subroutine

STREAM is added.
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SUBROUTINE READ

DIMENSION X({10003s Y(1000Q0)s BETA(LO00) s ZETA{1000}s S{1000)
COMMON NrCODESILsIUSAIEPS»GAMMASX Yy BETA+ZETAIS1BETACSXTIWSTOP
1yMXSTP o NF
1 FORMATI{61394E13,40)
2 FORMAT(4E15,8/E1548)
3 FORMAT{ELO.DY
READ INPUT TAPE SslsMeICODESsTUSILsMAXIMXSTRPYEPSsGAMMASFREEMANGLE
READ INPUT TAPE 543+570P
fF {[U~3) 21042004210
2C0 READ INPUT TAPE 543sCN
NF=CN
210 EPS = EPS/100.
N=M=~1
CODE = 1CCDE
A = MAX
I1F [GAMMA}Y10310915
10 GAMMA = 14
15 DO 10C I=1N
100 READ INPUT TAPE S5¢2+X{11aY (1) sBETA(TI+ZETA(I)sS(1)
N=M+1
READ INPUT TAPE S92 X{N}sY(N}sBETAINISZETAIN)sS(N)
. IF (1U=3) 31043004310
300 NF=NF+1
NB=N+1 -
READ INPUT TAPE B2 {X(1)eY I 1sBETALIIZETALLI }sSLIIYsI=NBaNF)
310 RETURN
END
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750
1000

2000

200

1060
210
2020

2050
1

2
4
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SUBROUTINE WRITEZ(K)
DIMENSION X(1000)s Y(1000)s BETA(I000)s ZETA{10001+ S(1000}

COMMON NaCODEsIL s JUsCsEPSIGAMMAIX s Y sBETAWZETA1SBETAQX]I sSTOP
1 MXSTPsNF

I = 1e5+e5% (=1, ]%%K

WRITE QUTPUT TAPE 6s 19 K

M=N-2

DO 1000 U=1aM

1I1=1+J=1

L=J

WRITE QUTPUT TAPE 692sL e X(TI1sY(II1sBETA(IIYSZETA{IT}YsS{II)

IF ({~11%xK) 2000492000,2050

L=MN~1

WRITE QUTRPUT TAPE 6s2sLsXINIsY{NIJ»BETAINYSZETAIN} +»SIN}

IF {IU-3} 21042034210

NA=N+1

DO 160 J=NAWNF

L=J-1

WRITE OUTPUT TAPE 692 LeXIsY{JIsBETALIIWZETALIY S

IF (IU~4} 2050420202050

ANGLE = ATANF{XI)

WRITE OUTPUT TAPE 6 &9 ANGLE

RETURN

FORMAT{1H1 /39X »42HCHARACTERISTIC SOLUTION OF SUPERSONIC FLOWs// /54
1XsBHSTEP NOes T4/ /77 916Xy 1HX122X91HY118X39HBETA 2 13X 11HZETA
2 14X s THENTROPY s /120X)

FORMATI12CX/1535E2348)

FORMAT (120X/41H THE SHOCK ANGLE AT THE BOUNDARY POINT IS:E20.8)
EMND
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20

40

1000

40

SUBROUTINE FREE{M)

DIMENSION X(1000}y Y{1000)s BETA{1000)s ZETA{LOD0)» S{1000)
COMMON NsCODEsILyIUSC+EPSIGAMMASX s Y sBETASZETAISIBETAQsXT +STOP

1 MXSTPNF

FUNCTION
APLMIF{AsBaK)={A¥B+(~1 4} %¥%¥K )/ {A=(~=]1,)%¥K*B)

IF(M)100051041C00
AN=APLMIF(BETA(N~1)sZETA(N=1}10)

XT=lY (N=T)-Y{NI+ZETAIMI®XIN)I=AN®XIN~1) )/ (ZETAIN)=-AN)
YT=Y(RK)I+ZETAINI*¥{XT=XIN)}
AZ=APLMIFISETAINF)»ZETAINF 1)

NE=NF=-M=1

DG 20 J=1sHE

JZ=NF=-J

Jl=42+1

SL=EY LJL)=Y (U233 /(X141 y=X1J21})
X1=({YT-Y{JL)+S5L*X{J11=~A2#XT )}/ {5L-A2)
IFUIX(JI)=X1 ) #(X(J2)=X1))301+30520

CONTINUE

WRITE OQUTPUT TAPE 642

CALL EXIT

FORMAT (23HIPOINT OUTSIDE MACH NET)

J43=42

JZ2=J3+1 .

CALL STREAMIXINFYsYINF)»BETA(NF)I»ZETA(NF)»S{NF)

IBETAINYsSINI s X IN=1)sY{N=1)BETAIN=1)»ZETAIN=1)»SIN=1}sX{J2)
2YLJ2V EBETALJZ)Y s ZETALIZ2)sSTU2) e X(J3 )oY U3)YeBETACI3IHZETALIZ)
3S(J3) s XZaYZIBZeZZ35729pX1aY¥1sB1lsZ1e51)

NF=J2
XINF)=X1
Y{NF)=Y1

BETA{NF)=B2Z
ZETAINF)Y=22

SINF)=5Z

XINY=X1

Y{NI=Y]

BETAINY=B1

ZETAIN)=2]

NE=NF=-N=~-1

DO 40 I=1sNE

12=NF-1

Ii=12+1

CALL ITER1(IlsI2s12)
RETURN

WRITE QUTPUT TAPE 611
CALL EXIT

FORMAT (33H1ERRCOR EXIT FROM FREE SUBROUTINE.)
END
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SUBROUTINE STREAMIXUsYUsBUSZUsSUBL SLIX2sY23B29Z29529X39Y398B34+23
153+ X6 sY4LsBG s 743543 XZsYZsBZsZ23529X19Y)19B19214S1)

COMMON NsCODESILsIUsCHEPSsGAMMAS XY »BETASZETAPSH+BETAQ X[ s5STOP
1 MXSTPaNF

FUNCTIORS

APLMIF(AIBIMI=(AXBH (=14 ) X¥M}/ [A={~],)*¥MKXB)

ElEZF A=l o/ {A®%24]4}

FIF2F LAz 2 %A¥#2/ L LA¥E2+] 4 ) ¥ { [GAMMA=1 4 ) #A*¥24+GAMMA+1,.))
FNFF{A)Y =2 e =GAMMAXA/ { (GAMMA~T ¢ ) ¥A®%X2+GAMMA+T )
GlG2F{AY=A/ (GAMMA¥ (GAMMA=] o } ¥ (A%%2+7,41))
HPLMIFLASBaMI=B/ (A={=14) #¥MER}

M=

B2=BU

Z1=7U

IM=213

XT=XU

YT=YU

BLT=8U

B1T7=8L

21T=2U

XMT=X3

AZ2=APLMIF(BZ2+Z22+0}

SA2=A2

E2=EYE2F{Z2)

SEZ2=E2

Fe=F1F2F(82}

SF2=F2

0Z2=G1G2F{B2)

562=62

D={Y3=Y4})/ [ X3=X4)

IF (CODE=~34) 433,43

HZ2=Go

GO 10 5

H2=HPLMIF{B2s22s1)

SH2=H2

FNL=FNFFI(BL)

SHL=FNL

FNU=SENFFIBU}

SNUsFNU

DO 90 I=1M

X1=2{Y2=YU+ (ZI+ZUV%XU/ 2 o~A2%X2 )/ ((Z142U)/24=A2)
Y1=Y2+A2%(X]1-X2)}

AZ= APLMIFI(BZsZ1s1)

SHEZ=A2

XTM=Y1=Y3+D#X?3

DO 20 J=1lM

AM=({XTM=AZ%X1)/(D=AZ)

IF{ABSF U {XM=XMT )/ XMT}=EPS5)30910510
AMT = XM

BM={B3% (XM=X4 1 +B4% (X3=XM} )/ (X3~X4)
IV 23R I XM=XG 1+ 248 [ X3=XM) }/IX3~X4)
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20 AZ=(SAZ+APLMIF(CMeZM11 )Y /2,
WRITE QUTPUT TAPE 691
1 FORMATI(28HITERATION 1 DID NOT CONVERGE }
30 SM={S3¥ (XM=X4a)+S4%(X3=XM} )/ (X3=X4)
YM=2Y1+AZ* ([ XM=X1)
M= (23 # (XM=X4)+Z20a% (X3-XM) )/ (X3-X4)
BM=(33# (XM~X&4)+B4% ( X3=XM) )/ {X3=-X4)
EM=E1E2F{ZM)
FM=F1F2F (oM}
GM=G1G2F{EM)
El=ElE2F{Z1)
FZ=F1F2F(BZ}
GL=G1G2F{(8Z}
IF (CODE=34) 32331931
31 HM=0,
HZ=0,
GO TO 33
32 HM=HPLMIF{BMsZMs 1)
HZ=HPIMIF{3Z+Z191)
33 EN=(EM+E1) /2
FN={FM+FZ)1/24
GN=[GM+GL) /2«
HN= (HM4HZ®YM/ Y1)/ 2
Cl=FNL¥BL~FNU*BU
C2=E2#{EN®(IM=Z2 ) +FNXBMTGON#{SM=SUI+HN*(X1=XM)}/YM]}
1+EN#(F2#B24G2%# (S2=SL)+H2®¥{(X1=X2)/Y2)
Bl=(E2¥FN®CI+FNU*C2)/{C2%FN¥FNL+EN®F2*¥FNU)
Z1=({E2%Z2+F2%(BLl-B2y+02*¥ {SL=-52¥+H2¥(X2-X1)/Y2)/E2
BZ={FNL*¥BL1-C1) /FNU
IFIABRSF{{XT~X11/XT)=EPS$S)40+8C+80
40 IF(ABSF{(YT=Y1)/YT}=EPS}5C+804+30
5C IFIABSFI(BZT=B8Z)/B2T1=-EPS)60980480
&0 IFLABSFILIB1IT=B1)/B17T)=EPS5)70480:80
70 IF (Z1Ty 718071
Tl IF(ABSFUIZ1IT=21)/21T)=EPS)1C0980s80
BO XT=X1
YT=Y1
BZT=RZ
BlT=R1
217=21
AZ={SAZ2+APLMIF(B1sZ190)3/2,
E2=(SE2+E1E2F{Z1}1/2
F2=(S5F2+F1F2F{B1}Y}/ 2%
G2={S5G2+G1lG2F(8B1})1/2»
IF (CODE-34) 81482482
81 H2={SH2+HPLMIF(B1sZ1s0)%¥Y2/Y11/2a
B2 FNU=(SNU+FNFF(BZ1) /2
S0 FNL={SNL+FNFF{BLl))/2
WRITE QUTPUT TAPE 642
2 FORMATI26HITERATION DID NOT CONVERGE )
100 s1=5L
S$2=5U
XZ=X1
YZ=Y1
RETURN
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Yy

Fig. 1. Velocity components ahead of and behind the shock wave.

Downstream
Region

Fig. 2. Schematic diagram illustrating procedure for computing the
néxt point aleng a shock wave in non~uniform flow.



Fig. 3. Schematic diagram for selecting points 3, 4, and 5 in Fig. 2.
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Fig. 4. Upstream Mach net and shock wave for wedge in diverging
channel,
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Fig. 6. The distributicn of the cotangent g of the Mach angle along

the wedge and the tangent

g

of the shock wave angle as

functions aof x, the horizontal coordinate.
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Fig. 7. The distribution of the cotangent £ of the Mach angle and

the tangent
functions of
the wedge.

g

Xy

cf the flow angle ahead of the shock wave as
the horizontal coordinate for the flow over
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Fig. 8.

The distribution of the cotangent
the tangent

functions of
the wedge.

of the Mach angle and
of the flow angle behind the shock wave as
the horizontal coordinate for the flow over
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Fig. 9. Upstream Mach net, cone body, and shock wave in source flow.
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Fig. 10. Downstream Mach net between shock wave and cone body in
source flow.
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The distribution of the cotangent B of the Mach angle

on cone body as a function of x, the axial variable.
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Fig. 12. The distribution of the cotangeat £ of the Mach angle,

tangent ¢ of the flow angle ahead of the sheock wave, and
tangent § of the shock wave angle as functions of x,
the axial variable for the flow over the cone.
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Fig., 13. The distribution of the cotangent £ of the Mach angle and
the tangent ¢ of the flow angle behind the shock as a
function of x, the axial variable for the flow over the cone.

Fig. 14. Schematic diagram for illustrating procedure for computing the

next point along a free streamline dividing two regions of
supersonic flow.
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Fig. 15. An example of an axially symmetric supersonic jet issuing
into a non-uniform exterior supersonic flow.



