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I. INTRODUCTION

The interaction of a rocket's plume with the external flow can signifi-
cantly affect the aerodynamic performance of tie rocket. The adverse effects
are well known and include increased drag, bas: heating and plume induced
separation. There is at least one instance wh«re plume interaction can be
beneficial. Some rocket configurations induce large stable pitching moments
in the transonic flight regime which cause the vehicle to be overly wind sen-
sitive. The interaction between the slipstream and an underexpanded plume can
act to de-stabilize the rocket in this region.

Whether to avoid the adverse conditions or to take advantage of beneficial
effects, the missile designer needs methods of investigating the plume-
slipstream interaction. In the transonic region, experimental testing 1s the
primary method of obtaining data and it 1s most desirable to have wind tunnel
‘models which simulate the proper plume characteristics without actual pro-
pellant burning. Korstl has presented a method for designing models of coni-
‘cal nozzles which produce the same geometrical plume as the prototype nozzles
while accounting for significant viscid and inviscid aspects of the base. flow
problem. The flow analysis used by Korst is based on concepts developed by
Johannesen and Meyer2 which allow the flow field near the centered expansion
at the nozzle's exit to be expressed in the form of a series expansion with
respect to the radius vector. For a set of specified prototype nozzle con-
ditions, Korst's modeling theory can be used to calculate model nozzles with
the proper combination of exit 1lip Mach number, wall flow acceleration and 1lip
wall angle. For nozzles with nominal divergent sections where source flow is
approximated- the modeling requirements’are reduced to determining the exit
Mach number and exit wall angle. This modeling concept has also been pre-
sented in a paper by Korst and Deep3 which suggests a numerical solution for
one of the approaching flow velocity terms as an alternative to the closed
form solution of Johannesen and Meyer.

This latter scheme, while determining the requisite exit conditions, does
not account for the details of the nozzle geometry necessary to produce these
exit conditions. For a conical nozzle with a circular arc throat section the
geometrical quantities which must be determined are throat radius of cur-
vature, nozzle length and the axial position where the circular arc section
and conical divergent section join. To evaluate the effects of throat radius
of curvature use is made of the transonic throat flow approximations origi-
nally proposed by Hall% and corrected by Kliegel and Levine® and later refined
by Dutton and Addy6.‘ The flow field as calculated by this method then provi-
des starting conditions for a method of characteristics routine which solves
the flow field in a radial plane fashion untll the exit conditions specified
by Korst's modeling theory are matched. The point where the exit conditions
match is then the nozzle length. The point where the circular arc section and
"conical section join can be determined from purely geometrical considerations.

Three programs written by Prof. Korst in BASIC for the Hewlett-Packard
9830 were re-written in FORTRAN by the author and combined into a single
interactive model design program. This report presents an overview of the
Johannsen and Meyer theory, the throat flow approximation theory and Korst's
modeling theory. The report also illustrates how the three theories are used
to develop the model design program. The program also calculates plume shape



using a method of characteristics rvoutine which is initialized by the exit
conditions determined from the modeling. The FORTRAN program is included with
uger instructions and a sample case.

I1. THEORY OF JOHANNESEN AND MEYER

The Korst plume modeling theory 1s based on the theory of Johanpnesen and
Mave er? which provides an approximate method for solving the flow field at the
p of an axially-symmetric nozzle. The approach assumes the flow is a per—
fs)

t gas that is Isentropic, irvotational and steady.

When a uniform, two-dimensional flow with these properties expands around
a corner it is called Prandtl-Meyer filow and ig characterized by generating
centered simple waves. In simple=wave flow the disturbances created by the
corner are propagated as pressure waves along the Mach lines. Further, the
Mach lines are assumed straight and the flow properties along the Mach lines
ave uniform. The velocity magnitude at any point in a centered wave is
characterized by streamlines such that all the Mach lines pass through a com—
mon origin. When the flow is axially-=symmetric, the expansion is no longer
simple, though it is still centered.

The method proposed by Johannesen and Meyer solves the flow field im the
neighborhood of the lip by assuming that the flow may be divided into three
regions, a centeved expansion occurring at the lip, and flow fields before and
after the expansion. A polar coordinate system with variables R and ¢ is
employed, see Figure 1, where R is the ratio of the distance from the center
of the expansion to the distance of the center of the axis of symmetry, such
that the exit radius of the nozzle has a value of 1. The polar coordinate, ¢,
is measuved from the exit plane of the nozzle. A series expansion in powers
of R gives the following velocity components:

il

a(R,0) = ug (#) + Ruy (§) + R%up (§) + ... (1)

v{R,9) = vy () + Rvy (o) + R2v2 (0) + .0os (25

The first term in this expansion gives a solution identical to the two-
dimensional solution, that is a uniform flow field before and after the expan-
sion and a Prandtl-Meyer flow field in the region of the expansion. The
equations for the second term in the series musi be integrated to provide a
solution. With the resulting equations and the proper application of boundary
conditions, the initial curvature. of a jet boundary can be calculated with an
error of O(R )

With the further assumption that the expansion at the 1ip is shock~-free,
the development of Johannesen and Meyer is presented in the following

paragraphs.

The polar equations of continuity and of motion may be combined to give



Figure 1. Axisymmetric coordinates used in Johannesen and Meyer expansion.
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where a is local speed of sound, a%® is critical speed of sound, y is specific
. =1
heat ratlo and A s'iy+1 o The irvrvotationality of the flow is expressed by:
ou 1 9(Rv) _ 0 {3 -
R3¢ R OR :
If the sgeries representaticn of the velocity componenis as given by (1) and
(2} are substituted into equations (4) and {5), coefficients of various powers
of R are equated and O(RZ} and greater ave discarded the fellowing equations

are obtained:

5 o 2 80 % (6)

1 oV1 TN (7
Vo = g (8)
_1 o (9)
ViT 7T M
. . dug 4o - dul
wnere UO = d(iD an Ul = —C_E

If equation. (3) is expanded with the series representations of u and v, O(Rz)
and greater are again discarded, powers of R are collected and equations (6)
to (9) are used the following two equations can be derived:

(uO + vg) (vi - ai) = 0 ' (10)

2 2 - : - _ + (y+D)v + 2u v v
(Vo B ao) <V1 + u]_> +- (uo + VO> [(Y l>u0u1 (Y ) Ov]_] oo 1
2 2 - 42 i —~u cos¢) =0 . (11
o - a )u; ao(v051n¢ Jcost ¢ )
From equation (10) it is seen that there are two solutions to the system of
equations. One solution approaches uniform flow and the other solution

approaches a Prandtl-Meyer expansion as R>0.

A. The Centered Expansion.



To arrive at equations for the centered expansion let

2 _2=0 (12)

[¢] (¢]

then from (6) and (8) after integrating

a*

uo(6) = A sin [A (o + Bo)) ' | ) (13)

vo(8) = a* cos [A (6 + Bo)] | (14)

where the constant, By, will be determined by satisfying the initial con-
ditions of the approaching flow.

Equation (11) can be reduced by substituting in equation (12) after re-
arranging equation (11) becomes:

u 2 ’ .
- 3Y—l [} - . . - = 0 .
Zuoul + [W(:r;) ] vouy. vo(vosnub uOCOSdJ) (15)

Then after substituting (13) and (14) into (15) and integrating, Johannesen and
Meyer derived the following:

3y-1

u () = -a* (cosn) S(2)x (sinm)
2A

1
2

X{Il(n)coseo + Iz(n)sinBO - XIB(n)CosBO + )\14(n)sin60 + Cl} (16)

where n = A (¢ + B8,) and C; is an arbitrary constant of integration, and

" . — 02
Il(ﬂ) =f cos (y/A\) (siny) 2 (cosy) * dy
ni .
' 122
L 1
I, =fn sin (y/A) (siny) * (cosy) A 4y
N4
. =
13(T1)' =fn sin (y/A). (siny) (cos y) 2 Y-1 dy
Ny . -3
' ' , -3/2 Ly-1
vI4(ﬂ) =fn cos (v/)) (siny) (cos y)z dy
ni

where y is the Cartesian coordinate and the subscript i indicates the
beginning of the expansion region. Then from equations (9) and (15):

2
1 u SL.ou
. o [Vo . Yo ] , Vo 1 [l 3v-1 o]
= oats —— 2 ir e - b+ — — - —
- .a% Lg¥ ST ar 08 "oak g% y+1 v,
6) =
vy (6) G (17)
o
|
“ a:“‘.



Thig approach by Johannesen and Meyer can be simplified by the use of a
numerical integrvation technique such as Runge-Kutia to solve ui {0} directly
from equation (15).

B. The Approaching Flow Solution.

Beginning with
L - O
1t vo= iR
S5 o {183
and following a similar procedure the following equations were devived:
uy (03 = weos? (193
Ve (0) = wsin¥ (20)
up {03 = Ajcos (2Y + Bg) + Ky (21)
Y = -A, sin (¥ + B9) Ty
v ($) = -Ay sin ( 2 (22)
where ¢-¥ = constant = 1 and Ay, ¥; and 87 are censtants.

To solve for the initial curvature of a jet boundavy, it is necegsary to
congider the geometry of the flow at the 1ip, see Figure 2. In Figure 2,
¢ iz the angle between the nozzle wall and the exit, ¢y, and éF are the
respective angles of the initial and final Mach ilines of the expansion region
as R*0. Then

bp =T H T oy (23)
bp = L + of, (24)
ds = 7 + Op {25)
b= 8+ - U (26)

where 1y, and Uy are the Mach angles bounding the expansion, A is the angle
containing the expansion and & is the angle of deflection of the boundary
gtreamline.

The boundary conditions along the wall of the nozzle are:

Yo (¢N)

il

~q : (27)

0 . (28)

Vo (¢’N>

O .
where q is the velocity mangitude, q ;%iuo + vy in the uniform flow region.
Then by equation (20) : : '

=6 - oy . | (29)

Then from equations (23) through (26)

10
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Figure 2.

EXIT PLANE

Flow geometry at nozzle exit.

= _JET BOUNDARY



. KoY e CO8 U
LLO(¢L) qL c L (3@}
Vo= in -~
VO(¢L) 4i, ® ML {313
Combining with equations (21) and (22) gives
’ Z
I ao
03(8) = 2 cosupny () - sin 2y (4 + " cos () (32)
From Figure 2 the angle of the streamline is given by
STAAY
\6 = O ~ 5 4+ tan ]ﬁ\i; (33)
In the wniform flow ?Qgiﬁﬁ ot = 0 and the boundary conditions at the wall
00
at B=0 is v{o,dy) = vo(oy) = O, then the ecurvature of the streswline at the
orvigin 4is given by:
ds | _ Vl(?N>
daR R=0 u (@N) (34}
also for the wveloeclty, g
ada g (2 (49) + P
put 99 - 0
3 ’
d
q a& = u \¢)T\I)Ul<¢N) (36>
and equation (32) becomes
rae 1 dq A\
= in —_— -~ — cot W TR _
uy (d) = qq sin ZULlﬁRlR;Q qap L de R—%} (37)
‘=q sin © sinzu .
. L N L
The geometry also gives
: tan M tan Uy '
A = cot—l<;-——£> - cot™1 <~——X—~> (38)
A
The constant By is determined in the following manner: From equation (13) and
(8)
— - X
Vo T ¥y = 5 cos [A(d + BDIA

then dividing equation (31) by (30)



tan uy, = Vo (1)

Ug (¢L)
then equating the two sets of relationships fcr the velocity components
v (@) |
o L= tan u
tan UY; = 7 l L
TR u (9p)
from which
1 -1 1 A v .
= = tan —_—
Bo _¢L X Etan UL] , (39)

and equation (4) gilves a relation for gq:

<qF>2_ -1+ 2 sin? Y

a (40)

Y=1+ 2 sin? Hp

The downstream uniform flow field iﬁposes the boundary conditions that
uo(¢j) = gqp, Vo (¢ ) = 0 so that B = g and the final velocity in the expan-
o

sion region is qp. Again using the uniform flow equations the following rela-
tionship for the initial curvature of the jet boundary is derived:

. q . . 2
0 ) F sin ej sin® Y + ul(¢F)

®ig=g Ty °F dR]

. (41)
qp sin Wy

The Johannesen and Meyer theory can be used in plume modeling since it
allows the determination of the initial radius of curvature of the plume boun-
dary. The next section will illustrate how Korst takes advantage of this
theory to match plumes from two geometrically different nozzles. To summarize

the procedure for obtaining a value of initial curvature of the jet boundary
the following steps are listed:

(1) The flow conditions approaching the lip are known, that is Oy,
dq_ and d®

dr | R=0 dr | R=0.

(2) Hp and ul (¢1,) are calculated from the known flow conditions and
equation (37).

(3) qp is calculated based on known outside pressure.

(4) yp and A are calculated from (AO)and (38) through (39)
respectively.

(5) 6 1s calculated from (30).

(6) The integrals of equation (16) are evaluated between the limits

13



_ {7y Egquation (16) is evaluated forv 4y (dp). Or equatiown (15} is
integrated mumerically.

Py

(8) Finally equatlon (41} can be evaluated to obtain the initial cur-—
vature of the jet boundarvry

IIT. KORST'S PLUME MODELING THEORY

The Johai

nesen and Meyer trheory described in the previocus section provides
a methoed tO' éetex nining the initial radius of curvature and initial slope of
the jet boundary of a vocket nozzle. These fwo pavameters ave sufficient to
desevribe the initial gecwetry of the plume. Korstl expands on this idea by
agseriting that to properly model a protoiype nozzle the plume geometry of the
prototype and mo&el must be the same. FKorst has developed a numerical intera-
tion fechnique which uses the theory of Johannesen and Meyver to fivst deter=-
mine the vadius of curvature and slope for a speclified prototype and then to
deternine the exit flow conditions of a model which geometvrically matches the
prototype plume. It is generally assumed that the specific heat rvatilc of the

model and prototype are not the same. This means that in wind tunnel testing,
air or some other inert gas, such as Freon, can be used rvather than the actual
rocket propellant

Consider the veloclty equatlons of Section II gs non-dimensionlized by the
critical speed of sound, a®*. Por the flow approaching the nozzle exit,
equations (19) and (20) become respectively:

uy (0) .

ax = My cos g | (42)
Vo(f,bL) %

= = M’ sin |

aF T L (43)

e M* ig the critical Mach number. Fquation (37) which gives the relation
for the expansion term Iin a uniform flow vegion wmay be written:

u. ($;) %
. l L L R rd 9 1 dM . _\
= M® 2 1 — - cot U
oF P% {sin ALLdR‘RZO % dR R=0 L.

",

(44)

i , 2
- sin SL sin UL}

L 14



For a conical nozzle, © = constant, dR = O su that equation (44) reduces to

2
‘ in 0. cos
; ul(¢L) B *,4 sin 9;c Hy,
{ a*. _M'L }\21\1;:2 . . . : ‘
oo —2—1——57‘1 : T (45)
| Y=L |

1 ;. |
The uniform flow approaching the nozzle 1lip is’'also the initial flow for the
expansion region. The constant C; in equation (16) can be evaluated since n =
7y, so that the integrals vanish, uj, can be determined from the approaching
flow, ¢y, can be evaluated from equation (23) so that B, 1s obtained from
equation (39). ‘

" Equation (41) can also be re-written 1ﬁ terms of M* as:
. -1 9
o cotpF = sanuF [slneF sin g + ul(¢F)ﬁ%—]
: a*x O F (46)

l_d_e - 1 dM*l
drRI R=0 M% dR

from which the desired result, the initial radius of curvature of the jet
boundary, T¢, can be obtained, since: ‘

(47)

The assumption of a conical nozzle also defines the approaching streamline
angle at the nozzle wall as being equal to the conical divergence angle, Of.
Therefore, the Prandtl-Meyer relations can be used to find the final
streamline angle, O, since:

48
6, = 0+ QL) -0 04) (48)

F

and

¢ = © -UF+J;_ (49)

Geometric modeling of the plume is achieved when the initial slope of the
jet boundary of the model and prototype and the plume radius of curvature of
the model and prototype are the same. That 1s when:

(50)

Oy = OFp
and
Icy = TCp . (51)

15



It is asgsumed that for the prototype all the specifvyi

RQQWﬁo For the model, the choice of a propellant gas fixes yy. Th@ numericai
ocedure used by Korst is e tially a8 putliined at the end of

by the conical nozzl e ]

U

M
=4
]
V“E’
0
=

o~
(%]
[ow]

e
@

J

[
)
=
jou]
o
=
]
w
=)
[a

is obtained & wvalue Ffor Oy

equation (48) can be used provided MFF is known., By following the calculation
M

procedure a value for vey, 1ls obtained. Ty is compared with a value of
b :

v._ calculated from the prototype conditions, the value of MLM is adjusted
B

==
2
4

accordingly and the calculation procedure continues until

Before the itervation process can begin, Mp,, which 1s dependent on the
al oreat

axtern flow, nmust be determined by some method. Korst refers to the calcu=
lation of this parameter as the closure condition for the wake. There are
gseveral possibilities for the choice of a closure condition relating to the
recompression vatic at the eud of the wake or fo the conservation of mass in
the wake: however, with only one unresolved parameter, both conditions cannot
be satisfied simultaneously. Korst chooses to match the inviscid streamline
deflection pressure rise as given by
2 2
M T " P : (52)
1 M; -1 4 Mé -1
¥ P . M,

for a weak shock recompression or

2 . = v ME = (y.-
}2me.w (ry=1) = 2YpMpp (vp-b | .
Yy + 1 Yp + 1

for a strong shock recompression.

Since My 1s dependent on the jet to ambient pressure ratio, the model
nozzle is designed for a specific Mach number and altitude, the "design
point”. This procedure calculates a walue for the model nozzle conical
divergence angle, Op,., but does not determine throat radius of curvature and

nozzle length. The method utilized to calculate these parameters is discussed
in Section IV,

IVv. MNOZZLE SOULTION BY METHOD OF DUTTON AND ADDY WITH METHOD OF
CHARACTERISTICS

Korst's plume modeling theory as described in Section III provides a
method of determining the exit Mach number and conical divergence angle for a
model nozzle which has the same initial jet boundary radius of curvature and
slope as a known prototype nozzle. This section discusses a procedure for
determining a length and throat radius of curvature for the model nozzle which
produces the exit conditions. The procedure utilizes an expansion method

16



developed by Dutton and Addy6 to solve the transonlc flow in the region of the
nozzel throat which establishes Initial conditions for a method of charac-
teristics program. The method of characteristics routine solves the flow in
the expanding nozzle until the Mach number at the wall boundary is equal to
the final Mach number, MFM’ determined by the nodeling program.

‘Because the equations for the method of characteristics are dependent upon
the ralationship JPF—l, other methods must be used to solve the transonic
flow region in convergent-divergent nozzles. Hall% developed a widely used
expansion technique which is a small-perturbation method from the one-
dimensional flow solution. Hall's solution in cylindrical coordinates is
.given by

u=1+uy (r, 2) € +uy (r, 2)€2 + ug (r, z)e3 + ... (54)

'V =-'(_X”€)1/2 [Vl (1‘, Z) € +V2 (I’, z)€2 +v3 (I‘, Z)€3 -+ ...] (55)
7 ) |

where u and v are axial and radial velocity components normalized by the
sonic velocity, a*. The expansion variable £ is defined to be 1/R. R is the
normalized throat radius of curvature, R=Rw/r*, where Rw is the actual throat
radius of curvature and r* is the nozzle throat radius. The transformed nor=-
malized axial coordinate, z, and the normalized radial coordinate, r, are
defined by z =(2R ) 2 x and r =y .

y+l) r* | r*

Hall's equations, (54) and (55) are well-behaved provided R>1.5. Kliegel
and Levine® had seemingly overcome this limitation by using a serles expansion
where/e = 1/(R+1) for axisymmetric nozzles. Kliegel and Levine developed
"their series solution in torodial coordinates such that the axis is repre-
sented by a line m = 0 and the nozzle wall is represented by a line n = ny.
The results were then transformed back to cylindrical coordinates.
Unfortunately, the series do not satisfy the governing differential equations
~.of motion in cylindrical coordinates. This paper by Kliegel and Levine’ is
still important in that the authors re-derived Hall's original equations and
corrected errors in the third order terms.

Dutton and A.ddy6 formulated the problem in a similar manner to Hall except
that the expansion veriable, € = 1/(R+n) was used. Details of the series
derivation can be found in references 4 and 6 and will not.be presented here.
The basic approach, however, is to substitute equations (54) and (55) into the
governing equations and into the boundary conditions. The governing equations
are taken to be the gas dynamic equation and the irrotationality condition.

" The boundary conditions are that both the axis of symmetry and the nozzle wall
are streamlines. After substituting, coefficients of like powers of E are
gathered to formulate the various orders of the expansion. The equations for-
mulated in this manner are then solved by assuming solution forms suggested by
the boundary conditions. '

17



Dutton and ‘Addy suggests using third ovrder, n = 1 sclutions for most
applications. This is the approach taken in the program presented in this
report. The equations for the third ovder velocity terms, the non-dimensional
Mach number and the streamline deflection angles ave given as follows:

£

up (r,2) = Yo x2 = 1 + 2 ‘ (56)

ug (T,2) = 2*(+9rl"' = hy+15=127. 2 4 10v+57=727 +(r2+lmm5>z m(2ym3> z2 (57)
24 7k YT . 8 6
ug (r,z) = 556y2+1737y+3069r® = 388y2 + (1161-384n) y + (1881-1728n) "
10,368 2304
+ 30472 4 (831=576M) v 4+ (L242-2160n+86412) ¥2
1728
. |
-2708Y" + (7839-57607m) vy + 14,211-32.8327) + 20,736n2)
82,944
I
~y 53 7
+ E' 2\/ +51y+327 réf - 52‘\(2%(75\{4*;«(279»28811)1’4%- 92Y2+180Y +(639==1080n=}~432n‘2}
384 BTV 1152 .
+ [=7y=3 2 + (13-16n)y~(27=24n)] »? + féy =57y+27 | 3
L5 %8 LTI (58)
vi (r,z) = Yned = Ysr + 2z {59) -
vy (r,2) = y#3 5 - 2076336 3 + 28y493-108n  + (29 £ - mligsfggZLxﬁz
9 T 288 6 12 ,
+ rz? (60)
vy (r,2) = 6836y°+23,031v+30,627 ¥/ 3380y2+(11,391-3840n)y+(15, 291 11,520M) £°
82, 944 13,824
+ 3424y% + (11,271-7200m)y+(L5,228-22, 680n+6480n% )r’
13,824
= 7100v% + (22,311=20,1607)y + (30,249-66,9601+38,88002) r
82, 944
+(556y2+1737y+3069 > 388y2+(1161 ~3841)y+(1881~17287) 3
1728 576
+304y2+(831=576m)y+(1242=21607 + 864n2) :]z
864
+52y24+51y+327 3 - 52y2+75y+(z79m288n){]zz+ [a 7y=3 r] z3 (61)
192 192 ’
) - p YooY 5
‘M (rs2) =1 + we tuge” Hlug + 4 v e L (62)
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' Iil 1 2 . 3
6 (r,z) =[ 2 € 2 vy € + (Vz—u ) e+ (v u1 9 u2V1+u Vl) €

+... J (63)

This result is used by assumlng that u>>v end the streamline deflection
angle, O, is small then: :

M = u | (64)
0=v - | o (65)

since v is non-dimensionalized by a* and in the region of the throat a*=M%.

0 is given by tan © = v/u and for small ©; ©® = = v/u. The calculation proce-
dure begins with the user choosing a value for R. The position on the axis
wvhere conical wall joins the circular throat can be calculated from:

Xe. = RsinO, (66)
where O, is the conlcal divergence angle of the nozzle and X. is non-

dimensionalized by r*. The distance from the axis to the wall, Y, at any axis
position, X, is glven by:

Y=1+R( ~-|1~-X%X 2
\j R (67)

Figure 3 illustrates this relationship. The velocity components as given by
(54) and (55) are evaluated at increasing X until the axis velocity is
slightly supersonic. At this point, values of u and v, hence M* and O, are
calculated from the axis to the nozzle wall.

The values of M* and O along with the X and Y positions tecome the initial
values for a method of characteristics routine which solves the flow in the
nozzle until the local Mach number at the nozzle wall matches the model exit
Mach number determined from the modeling theory. Then the X position at this
point is the model nozzle length.

V. PLUME MODELING EXPERIMENTS

The Aeronautical Research Institute of Sweden (FFA) has developed a hot
gas system for the FFA .5 x .5 meter supersonic wind tunnel for the purpose of
studying plume effects. The efforts of FFA have been closely coordinated with
members of the Gas Dynamics Laboratory at the University of Illinois at
Urbana-Champaign.

. Experiments were conducted by FFA with the expressed purpose of critically
evaluating the merits and limitations of plume modeling techniques. Some of
this effort has been documented by Nyberg et. al.’. For the plume modeling
experiments reported in7, FFA designed two air nozzles to be used as the pro-
totype nozzles and two model Freon nozzles, one for weak shock modeling and
one for strong shock modeling. The geometrical matching of plume shapes was
verified by Schlieren photographs. Pressure measurements were made to verify
the matching in the base region.
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The matching of the plume shapes as preuvented in reference 7 is shown in
Figures 4a and 4b. TFigure 5, also from reference 7, demonstrates the base
pressure matching where P, is the base pressure, P_ is the exit pressure and

is the pressure at the nozzle lip. From these experiments, FFA concluded
t%ht the base pressure agreement was satisfactory at both.the design point and
_for a wide range of off-design conditions. The overall conclu51on of FFA was:
"The Freon plumes shapes have been found to be in close’ agreement with those
of the corresponding air test supporting the suggested modeling methodology
and design precedures."7 Testing by the Army, which will be documented at a
later date -tends to confirm this observation.
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Figure 4a. Weak shock modeling.

Figure 4b. Strong shock modeling.

Figure 4. Comparison of plume shape from Schlieren photos.

M. = 2.0; @= 0. (Ref. 7).
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Figure 5. Base pressure versus lip pressure.

with freon models. (Ref. 7).
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APPENDIX I
SAMPLE CASE

Tables I and 11 are the o?dinary output from the model design program.,
Much more detailéd nozzle flow field information and deubugging information
ean  be obtained by activating logical unit 6. There are some Perkin-Elmer

-Interdata 8/32 dependent statements in the program. For instance, subroutine
PRTOPT which assigns the logicél units for output and function IGC which is
part of the free formatted read Subtoutine would have to be re-written for
use on any other computer. However, the bulk of the program 1= written in
standard Fortran IV.

The program is currently written to accept inputs‘interactiveLy from a
terminal. The prototype inputs for the sample case were: specific heat
ratio, nozzle angle, exit Mach number and jet surface Mach number. Model
inputs were: specific heat ratio and throat radius of curvature, All the
other parameters shown in Table I. were calculated by the program. The weak
shock modeling condition was chosen for the sample case.

Tgble IT. tabulates the calculated plume shapes for the model and
prototype. » The prototype plume shape was calculated using the
Johannesen-Meyer theory and the model plume shape was calculated using a
method of characteristics routine whiéh is started with exit conditions
calculated from a separate nozzle'method of characteristics routine, It 1is
seen from Figure 6. that there isvexcellent agreement between the two plume

shapes for approximately one body diameter.
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MODEL NOZZLE DESIGN

PROTOTYPE
SPE CIFIC HEAT RATIO. ss e csoenasose o o0 ouacs 1.235
NOZZLE ANGLE.....o0evnevs sesesesssassescseseasos  10.300
EXIT MACH NUMBER...c.cocsnovavsnocscnoosnosansnos 2.530
JET SURFACE MACH NUMBER......000. secesecosss s 3,350
INITTAL SLOPE OF JET PLUME....ovvescvoosvonscons 32.304
INITIAL RADIUS OF CURVATURE OF JZT PL ME 5.426
PRESSURE RATIO. coc:vsncovsccnanssnoono cosocannes 0.012

MODEL
beCleL HEAT RATIO. ceovsss ourocecsasssencasacan 1.400

HROAT RADIUS OF CURVATURB. ..covcevnvosascons soes 3.000
BL&INNlNG AXTAL LOCATION OF CONICAL SPCTION e 0.207
BEGINNING RADIAL LOCATION OF CONICAL SECTION. ... 1.007
NOZZLE ANGLE, DEG.coconesscnoos cesoncsscessas a0 3,964
NOZZLE LENGTH...c0o0ocnossocossosonoss essaseoncn . 2.952
NOZZLE EXIT RADIUS...occuvovoosnsosocevosocsosus 1.197
EXIT MACH NUMBER.. .veuovscscocsnacosossos seeacsas 1.761

JET SURFACE MACH NUMBER........00.. coceesseascan 2.907

TABLE I. MODEL AND PROTOTYPE CHARACTERISTICS.
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PLUME SHAPE CALCULATED FROM JOHANNELEN-MEYER THEORY
X R THETA ’
.0000 .0000 32.3042

0 1
0.1000 1.0617  31.0633
0.2000 1.1205 29.8384
0.3000 1.1765 28.6283
0.4000 1.2297 - 27.432.
0.5000 1.2803 26.2486
"0.6000 1.3283  25.0771
0.7000 1.3739 . 23.9167
0.8000  1.4170 22.7667
0.9000 1.4578  21.6262
1.0000 1.4964 ° 20.4947
1. 1000 1.5326 19.3714
1.2000°  '1.5667  18.2559
1.3000 1.5986  17.1474
1. 4000 1.6284 16.0U56
1.5000 1.6561 14,9498
1.6000 1.6818  13.8596
1.7000° 1.7055  12.7744
1.8000 1.7272 11.6939
1.9000 1.7469  10.6176
2.0000 1.76U7 9.5451
2.1000 1.7805 8,4760
2.2000 1.7945 7.4098
2.3000 1.8065 6.3462
2.4000 1.8167 5,2848
2.5000 1.8250 4,2252
2.6000 1.8315 3.1670
2.7000 1.8361 2.1099
2.8000 1.8389 1.0536
2.9000 1.8398 -0.0024
" 3.0000 1.8388 -1.0585

MODEL PLUME SHAPE CALCULATED BY METHOD OF CHARACTERISTICS
X R THETA

0.0000 1.0000 32.3036
0.4153 1.2387  27.5741
0.6224 1.3430 25.7525
0.8406 1.4446 24,0213
1.0653 1.5411  22.4039
1.0654 1.5412  22.40U8
1.3355 1.6478  20.5551
2.6375  2.0424  13.1913
2.6490  2.0451  13.0891

TABLE II. MODEL AND PROTOTYPE PLUME'SHAPES
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APPENDIX II.
MODEL NOZZLE DESIGN PROGRAM LISTING
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C*********************l***&ﬁ**lﬂ***lﬁ**i**ﬁ*#***ﬁ*****ﬁii***
c .

C MODEL DESIGN PROGRAbN
g***&*&&*&***ﬁ*l***#***l*****!***i#&****l***&*iﬁ**i******ﬁ&*
> | _ , , .
REAL MLP,MFP,MFM,MLM

INTEGER z z0,S,P,Q, A8

DIMENSION XA(3 45) R(3,45),XM(3,45),T1(3, 45),
#HOL(20), FLo(zo) B(u5) c(u5)

COMMON/CKLEV/B c

COMMON/bHAPE/X7 co,R7,TO, RO GAMM, MLM
COMMON/MARRAY/XA ,XM,R,T
COMMON/INDICE/I,N,K,IS,IP
COMMON/INJET/MEXIT,MFM,KO, NO

COMMON/VAR/VAR(17) »
LRI TR I EIRELL IS ILSAAR S SRR AL IASITELLSTIIE LA LL L]
C . ‘
5 - CALL PRTOPT
c ;

CHBBUARBENR AR E BN RN SRR RN SN N RN AR RS R R R RN RH SRR
CHEH AN R B A B NR RN R AR RN R R BRI N R RN R IR AR SRR R RO R AN RRE RS RS
C

CALL MODEL(MFM,MEXIT,THTALM)

C
CEUABAGBURRAABARA A RN USSR R YR BB R B U SRR RS SRR AR R R R USSR B LA N BN R U RN BES

CHUBBUBUB AR AU N RN A NN RGN SRS R RS AR R AR RN N R R R B R R AR AR AR SRR R E SRR R AR
C

CALL NOZZLE(MEXIT,THTALM)
C
CHRBNBRHABR U GRS AR R AR R R R R AR A RN G R AR BB U DU AR A DA BB UR AR BH AR RO R B R R Y
CHURABEEA SRR AN RN AR RS R R R LR E R BB AR N U R R SR B R RN R AR RN RN R R G LR AR
C

CALL PLUME

C
C*ll****ﬁﬁi***i***iﬂ********ﬁ*i*****l********i********ﬁﬁ*****#*ﬁﬁﬁ*

CHUBSASRR AR AR R ARG SR BN R R R R AR R U RN AR R RN R RN R RN R AR AN A NI R R R RN
c :
CALL PLULIS

C .
CHURBBR AN NS SR U B R U BN B RSN R R RS RSB R R RRRRUB RS R SR AR R AR LR B AR BB RN A SRR

C*****iii***!**!***ii***&*i*****!ll********&Ii!**************%*****
c . : '
c END OPTIONS
C N
C***i****!***********************&**l***!*********l****************
WRITE(1,130) ‘

130  FORMAT(/T20'ENTER:"

#T27'(1) RUN ANOTHER CASE'/

#T271(2) STOP')

CALL FFREAD(HOL,FLO,LH,LF)

IF(FLO(1).EQ.1.) GO TO 5

STOP
END
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SUBROUTINE MODEL(MFM;MEXIT,THTRLM)

CONTROLS THE MODELING SECTION OF THE PROGRAM

T YO

REAL MLP,MFP,MFM,MLM

INTEGER Z2,20,3,P,Q,A8 o

DIMENSION XA(3,45),R(3,45),XM(3,45),T(3,45),H0L(20) ,FLO(20),
EB(45),C(45) '

COMMON/CKLEV/B,C

COMMON/SHAPE/XT,CO, R7, TO, RO, GAMM, MLM
COMMON/MARRAY/XA , M ,R, T

COMMON/RADS/PI, RAD
PI=3. 141592654
RAD=57.3

TERR=0

SPECIFY TYPE OF INPUT

IO -

WRITE(1,10)
10 FORMAT(/T3'ENTER:*

/7511 PROTOTYPE INITIAL JET SLOPE AND RADIUS OF CURVATURE®

#1 KCNOWN?

/76512 PROTOTYPE NOZZLE GEOMETRY AND EXIT CONDITIONS KNOWN')
C

CALL FFREAD(HOL,FLO,LH,LF)

INOPT=FLO(1)

(@]

GO TO (20,30),INOPT

PLUME SHAPE TO BE SPECIFIED

o OO0
o

CALL PLUMIN(THTAFP, RADP)
GO TO 40

PLUME FLOW CHARACTERISTICS TO BE SPECIFIED

(=

CALL FLOWIN(GAMP,MLP,THTALP,MFP)

SPECIFY MODEL FLOW CONDITIONS

EOo0awaan

CALL MODIN(GAMM,MFM,GAMP,MFP,IERR)
IF(IERR.EQ.1)GO TO 1

o

CALCULATE PLUME SHAPE IF PROTOTYPE FLOW SPECIFIED
(INOPT=2) AND PRINT RESULTS

oo ReRe]

IF(INOPT.EQ.1)GO TO 50
CALL CALCPL(GAMP,MLP, THTALP,MFP, THTAFP, RADP)
CALL LISTPR(MFP,GAMP)

BEGIN ITERATION

0 CALL ITERAT(GAMM,THTAFP,THTALM,RADP,MFP,MFM,MLP,MLM)

QU oo
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RETURN
END
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SUBROUTINE NOZZLE(MEXIT,THTALM)

CONTROLS THE SECTION OF PROGRAM WHICH CALLS NOZZLE SOLUTION
AND USES METHOD OF CHARACTERISTICS TO CALCULATE THE NOZILE
LENGTH,

SO OO0

REAL MLP,MFP,MFM,MLM

INTEGER %,20,3,P,Q,A8

DIMENSION XA(3,45),R(3,45),%M(3,45),T(3,45)
%, B(45),C(45) ,HOL(20) ,FLO(20) ,0A(45) ,PA(Y5)
COMMON/CKLEV/B,C

COMMON/SHAPE/XT,CO, RT,T0,R0,G0, XMO
COMMON/MARRAY/XA ,%M,R, T

COMMON/YAR/VAR(1T)

TO= TH”ALM§57 3

K=9

MEXIT=1
VAR(8)=00
VAR(15)=XM0
YAR(12)=T0
TO=TC/57.3
7h WRITE(1,75)
75 FORMAT(/T20*ENTER THROAT RADIUS OF CURVATURE')
CALL FFREAD(HOL,FLO,LH,LF)
CO=FLO(1)
VAR(9)=CO
c
WRITE(1,138)
138 FORMAT(/T20'ENTER: 1-NOZZLE SOLUTION WITH XLIEGEL-LEVINE®
1,/T2772-NOZZLE SOLUTION WITH ADDY-DUTTON')
CALL FFREAD(HOL,FLO,LH,LF)
ISUB=FLO(1)
X7=CO%3SIN(TO)
R7=1.+C0%(1.=-SQRT(1.=(X7/C0)#%2))
VAR(10)=X7
VAR(11)=R7

WRITE(6,300)K
300 FORMAT(/?X 'NUMBER OF INITIAL POINTS =7I3)

CALL TO NOZZLE SUBROUTINES TO SOLVE THE FLOW FIELD
CLOSE TO THROAT CONTINUES UNTIL X P“)ITIOV REACHED WHERE
MACH GREATER THAN 1.025.

RN ECESE Y]

DO 90 X=0.0,X7,(X7/10.)-.000001
Y0=1.+C0#%(1,-SQRT(1.=(X/C0) &#2))

Jd=1

DO 100 Y=0,Y0,(YO/FLOAT(K=-1))
IF(ISUB.EQ.1)CALL KLGLEV(X,Y,d)
IF(ISUB.EQ.2)CALL ADDUT(X,Y,J)
PA(J)=X

QA(J)=Y

WRITE(6,400)X,Y
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400 FORMAT(1X,'X = ',F20.8,' ¥ = ',F20.8)
Jd=J+1
100 CONTINUE
- IF(B(1).GT.1.025)G0 TO 32
90 CONTINUE '
: WRITE(1, 401) '
401 .FORMAT(/T5'** bUPERSONIC FLOW NOT- ACHIEVED INCREASE THROAT!
#' RADIUS OF CURVATURE ##!')
WRITE(1,402)B(1)
4§02 FORMAT(/TS'HIGHEST MACH BEFORE CONICAL SECTION = 'F3.4)
GO TO 74

SETS UP INITIAL CONDITIONS FOR THE METHOD OF CHARACTERISTICS
' PROGRAM WHERE XA ARE THE X LOCATIONS (ALL ARE EQUAL INITIALLY)
R ARE THE RADIAL LOCATIONS :
XM ARE THE DIMENSIONLESS SPEED MACH NUMBERS M*
T ARE THE THETAS (ANGLE BETWEEN THE
X CO-ORDINATE AND THE VELOCITY VECTOR.

wO OO0 Q.

2 DO 110 J=K,1,-1
XA(1,K+1=-J)=PA(J)
R(1,K+1-J)=QA(J)
XM(1,K+1=-J)=B(J)
T(1,K+1=J)=C(J)
110 CONTINUE
C
C INITIALIZE POINTERS USED IN THE METHOD OF CHARACTERISTICS
C

H OO 2 s
n

=z R O

CHRNZO P Y WL
MO O non oo o Nou
=
1]

b

DO 304 J=1,K
- WRITE(6,303)J,XA(I,J),R(I,J),XM(I,J),T(I,dJ)
303  FORMAT(1X,I3,2X,U4F8.3)
304  CONTINUE
c

WRITE(6,305)
305 FORMAT(/,5X,'FLOWFIELD COMPUTED ALL POINTS PRINTED')
c
C B&GIN METHOD OF CHARACTERISTICS LOOP
e ,
1260 CALL SETPTS(K,S,I)
IF(I.NE.2)GO TO 1320
o
CALL WALL(I)
CALL CNTLIN(K,S,I)"
CALL YINCR(P,MEXIT,I,K,S)
1320 CALL SETEXT(P,A8,1,Q,K,S,N,IFINI)
IF(IFINI.EQ.1)GO TO 140
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140

ITEST=(1/2)82

AB=1
IF(ITEST.NE.I1)}A8=2
CALL CROSS(T,K,S,A48)

I=T+1
S=5+1

CIF(I.NE.3)GO TO 1260

CALL RESET(K,S)
I=1

GO TO 1260
RETURN

- END
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SUBROUTINE PLUME

CONTROLS THE SECTION OF THE PROGRAM WHICH CALCULATES
THE MODEL PLUME SHAPE USING METHOD OF CHALACTERISTICS

aOaoa

REAL MLP,MFP,MFM,MLM

INTEGER Z,20,5,P,Q,A8

DIMENSION XA(3 45) R(3,45),XM(3, 45) T(3,45)
,B(45),C(15)

COMMON/CKLEV/B C ‘

COMMON/SHAPE/X? CO,R7,T0, RO, GAMM MLM
COMMON/MARRAY/XA ,XM,R, T
COMMON/INDICE/I,N,K, IS IP

COMMON/INJET/MEXIT,MFM,KO,NO

COMMON/VAR/VAR(17)

*

C
C CALCULATE THE ACTUAL PLUME SHAPE USING METHOD OF CHARACTERISTICS
C B

NO=9

K0=NO

K=K0O

N=NO

CALL JINIT

I=1
270 CALL SETPTZ2

CALL WRITRW

I=I+1
1S=1S8+1
_ IF(I.GT.(N=1))GO TO 1210
GO TO 270
C
1210 J=1

1215 CALL PLUMPT
CALL SETPT3
N=N+1
IP=IP+1

Qo

- CHECK FOR END CONDITION
IF(N.GI.(NO+K0-2) )RETURN
K=K-1
GO TO 1215

RETURN
END
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SUBROUTINE ADDUT(X,Y,J)
REAL N, N2

DIMENSION B(45),C(45)
COMMON/CKLEV/B,C

COMMON/SHAPE/XT,C0, R7, TO, RO, G, XMO

T2=YHY
T3=y 28y
TH=yY 34y
Y52y Uy
162Y5%Y
¥7=Y6%Y

U1=.5%Y2-,25+2

Vi=(.25%Y2~.25+7) #Y

U2=((2.%G+9.)/24,) 8y ~ ((4.2G+15.-12.%N) /24, ) %Y2
A + (10.%G+57.=72.%N) /288, + (Y2+(4.%N-5.)/8.)%7

B - ((2.2G-3.)/6.)%72

V2=((G+3.)/9.)#Y5 « ((20.%G+63.~36.%N)/96.)%Y3
A+ ((28.%G+93.-108.%N)/288.) #Y ,
B +(((2.%G+9.)/6.)#%Y3 = ((4.%G+15.=12.8N)/12.)#Y)%74.y¥72

U3=((556.%G2+1737.%G+3069.) /103588.) #Y6
A =((388.4G2+(1161.-384.%N) #G+(1881.-1728.%N) )/2304. ) #Y4
B+((304,8G2+(831.=576.%N) #G+ (1242, -2160.%N+864,¥N2) ) /1728. ) #Y2
C=(2708.%#G2+(7839.~5760.%N) %G+ (14211.-32832.%N+20736.%N2) ) /82944,
D+((52.%G2451.%G+327.) /384, ) #yy%y
E-((52.%G2+475.%G+(279.-288.4N) )/192. ) #yp#y
F+((92.%G2+180.%G+(639.-1080.#N+432.%N2))/1152.) #Z
G=((7.%G-3.)/8.) ¥y2#72 ,
H+(((13.-16.¥N) #G~(27.-24.#N) ) /48, ) #22
T+((4.%G2-57.%¥G+27.) /144, ) #23

V3=((6836.%G2+23031.%G+30627.) /82944, ) #Y7
A-((3380.#G2+(11391.=3840.%N) #G+(15291.-11520.%N))/13824.) #Y5
B+((3424.%G2+(11271.-T7200.%N) #G+(15228.-22680 . #N+6480 ., #N2)

1 )/13824,)#%Y3

C-((7100.%G2+(22311.~20160.%N) #G+(30249.-66960 . ¥N+38880.#N2)

1 )/82944,) %Y

D+((556.#G2+1737.%G+3069.) /1728.) #¥Y5#7
E-((388.%G2+(1161.-384,%N)%G+(1881.-1728.%N))/576.) #Y3%Z
F+((304.%G2+(831.-576.%N) #G+(1242.-2160.#N+864.¥N2) ) /864, ) #y#7
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G+((52.%G2+51.%G4+327.) /192.) #Y3#22

H-((52.%G2+75.%G+(279.-288.%N) ) /192, ) *Y#Z2
I-((7.%G-3.)/12.)%Y%23
B(J)=1.+U1RE+U2#E2+((U3+(G+1.) /.25) ¥V 13y 1) #E3
C(J)=SQRT((G+1.) /2. %E) #(V 1#E+(V2-U 1%V 1) #E2

A +(V3-U1#V2-U2#V1+0 1#U 1¥V 1) ¥E3) - ’

RETURN
END
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SUBROUTINE CALCPL(GAMMA,MACHL, THTAL, MACHF , THTAF , RADIUS)
REAL LAMDA,MUL,MACHL , MACHEF , MUF
COMMON/RADS/PI, RAD

THIS ROUTINE CALCULATES THE INITIAL SLOPE OF THE PLUME

AND THE INITIAL RADIUS OF CURVATURE OF THE PLUME.

THE FLOW QUTSIDE OF THE CENTERED WAVE REGION IS CALCULATED
BY ESTABLISHING BOUNDARY CONDITIONS FROM MATCHING
SOLUTIONS AT THE LOWER (PHIL) AND FINAL (PHIF) MACH LINES
OF THE CENTERED FAN REGION.

LAMDA=SORT( (GAMMA=1.) /(GAMMA+1.))
MUL=XMANG1(1./MACHL)
PHIL=THTAL-MUL+P1/2.
E1=ATAN(LAMDA/TAN(MUL) )
BO=E1/LAMDA-PHIL

X1 AND X2 ARE THE M# MACH VALUES X1=M®*L AND X2=M®F

X 1=XMSQR (MACHL , GAMMA )
X2=XMSQR (MACHF , GAMMA )

CALCULATES THE PRANDTL-MAYER FUNCTIONS FOR M#L AND M#*F
KL1sW(M¥L) AND XL2=W(M#F). THEN XL2-XL1 IS THE
DELTA TURNING ANGLE DUE TO THE LIP.

CALL TANGLE(X1,XL1,LAMDA)
CALL TANGLE(X2,XL2,LAMDA)

THE FOLLOWING EQUATIONS CALCULATE THE APPROACHING FLOW
IN REGION B (OUTSIDE OF THE CENTERED WAVE)

CO=SIN(THTAL)#(4.#% (COS(MUL))##2/
¥ (MACHL¥MACHL=1.) - (SIN(MUL) ) ##2)

C2==2  SLAMDA¥*SQRT(X 1) /(COS(E1) %22 (((3.%¥GAMMA)~1.) /(2. #(GAMMA=1.)))
T#SIN(E1)##%,5)

C1=C0%C2
E2=E1+LAMDA¥ (XL2-XL 1-XMANG1(1./MACHF )+XMANG1(1./MACHL))

THE FOLLOWING SECTION INTEGRATES THE INTEGRALS OCCURING
IN THE CENTERED WAVE EQUATIONS.

D1=(E2-E1)/10.

.

il W
WO -
i 8 o e
OO OO
(=R & el e

DO 10 XN=1.,10.

E3=E1+D1#(XN-.5)
S1=C0S(E3/LAMDA) ¥SIN(E3) #¥#(~,5)#COS(E3) ##
#(=1,/(2.#LAMDA%LAMDA) ) #D1+S1
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aa o000

S2=SIN(E3/LAMDA)#SIN(E3)##(~.5)#COS(E3) ##
#(~1./(2.%¥LAMDA®LAMDA) ) ¥D 1432

" S3=SIN(E3/LAMDA)#SIN(E3)##(=1,5)#COS(E3) ~¥*
*((GAMMA-3.) /(2.%* (GAMMA-1.)))¥D1+33

SU=COS(E3/LAMDA) *SIN(E3)##(~1.5)¥COS(E3) ##
#((GAMMA-3.) /(2. (GAMMA-1.) ) ) ¥D14Sh

CONTINUE

UO==( (COS(E2)##((3.%GAMMA=1.) /(2.% (GAMMA
#.1,))))#SIN(E2) %% 5) /(2. #LAMDA)

U1 IS THE VELOCITY AT THE UPPER LIMIT OF THE CENTERED WAVE
REGION. : ‘

U1=U0%((S1-LAMDA*S3)¥COS(BO)+(S2+LAMDA*SY ) ¥
#SIN(BO)+C1)

MUF=XMANG1(1./MACHF)
THTAF=THTAL+XL2-XL1

RO==((U1/SQRT(X2)+SIN(THTAF)#SIN(MUF) ##2)
#/(SIN(2.%MUF)))

RADIUS=-1./R0

RETURN
END
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SUBROUTINE CNTLIN(K,S,I)

C
¢ CALCULATES CONDITIONS AT THE CENTERLINE BOUNDARY CONDITION
C
REAL M(3,45)
INTEGER 8
DIMENSION X(3,45),T(3,45), 5(3 45) -
COMMON/MARRAY/X ,M,R, T
LOMMON/LASIV/XML TL, AL
COMMON/SHAPE/X?,CO,R7,T07RO,GO,XMO
C
WRITE(6,7)
7 FORMAT(/T207#8% CNTLIY ###7)
C

£1=X(1,K-S+1)
Ri=R(I,K-3+1)
EM1=M(I,K-5+1)
T1=T(I,K-S+1)

A1=XMANG2 (XMLOC(XM1,G0))
M9=1.01

Al=A1

T4=T1/2.

MU =XM1

RU=R1/2.

2760 TY=TAN(AL4-TY)
X3=X1+R1/T9
G1=FNG(AY4,TL)
Q1=FNQ(Al,XML)

COMPATIBILITY EQUATION FOR THE CENTERLINE

leNeoNe

XM3=XM1+(T1=G1)/Q1
IF(ABS(XM3-XM9).LT. .0001)GO TO 2870

[oNe]

XM9=XM3

XM4=(XM1+XM3) /2.
A3=XMANG2 (XMLOC(XM3,G0))
A4=(A1+A3) /2.

GO TO 2760

CENTERLINE THE RADIAL CO-ORDINATE=0 AND THETA=0

VO OO
=
-3

870 X(I+1,K-S+1)=X3
R(I+1,K-S+1)=0.0
M(I+1,K=S+1)=XM3
T(I+1,K=S+1)=0.0

RETURN
END

OO0
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SUBROUTINE CROSPT(I,d)
"~ REAL M(3,45)
DIMENSION R(3,45),T(3,45),X(3,45),XH(5),XI(5),XK(5),XJ(5)

 COMMON/MARRAY/X,M,R,T
COMMON/CNETPT/X 3, R3,XM3,T3

~ COMMON/CCROSS/XH,XI,XJ, XK

- COMMON/CBKPTS/X1,X2,R1,R2,XM1,XM2,T1,T2
WRITE(6,7) .
FORMAT(/TZO'*** CROSPT ###1)

CHARACTERISTICS HAVE CROSSED INTERPOLATE TO DETERMINE
A NEW POINT.

caooo=3

S8=(XH(2)-XH(1))/(XK(2)-XK(1))
S9=(XH(4)=-XH(3) ) /(XK(l4)-XK(3))
S6=(XH(3)=XH(1)+XK(1)#S8-XK(3)#39)/(S8- s9)
ST=XH(1)+58%(S6-XK(1))

WRITE(6,10)S6,S7 .
10 FORMAT(/T20,'X(C)=",F10.4,2X,"R(C)=",F10.4)

V1=XI(1)+(XI(2)-XI(1))#(36~-XK(1))/(XK(2)=-XK(1))
V2=XI(3)+(XI(U)-XI(3))*#(S6-XK(3))/(XK(4)=-XK(3))
V3=XJ(1)+(XJ(2)=XJI(1))#(S6-XK(1))/(XK(2)-XK(1))
VH=XJ(3)+(XJ(4)-XI(3))#(S6-XK(3))/(XK(4)-XK(3))

X1=S6
R1=S7
XMi=(V1+V2) /2.
T1=(V3+Vl) /2.
IF(XH(2).EQ.0.0)G0 TO 4100
X2=XK(5)
R2=XH(5)

©¥M2=X1(5)
T2=XJ(5)

CALL NETPT
GO TO 4150
c
4100 WRITE(6,20)
20  FORMAT(/T20'NEW POINT IS ON AXIS')
c .
C ITERATE IF POINT ON CENTERLINE
C .
R3=0.0
T3=0.0
A1=XMANG2(XMLOC(XM1,G0))
XM9=1.01
Al4=A1
T4=T1/2.
XMU =XM1
R4=R1/2.

5540 T9=TAN(AU-TY)
X3=X1+R1/719
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G1=FNG(AL,TH)

Q1=FNQ{AY, XMY)

EM3=XM1+(T1-61)/Q1
IF(ABS{%XM3-XM9).LT..0001)G0 TO 4150
¥M9=XM3

MY ={XM1+XM3) /2.

A3={MANG2 (XMLOC{XM3,60))
AU=(A1+43)/72.

GO TO 5540

C

C .

4150 X(I,d2=%3
R(I,J)=R3
M(I,J)=XM3
T{I,d)=T3
T3D=T3%57.2958

C

WRITE(6,30)X3,R3,XM3,T3D
30 FORMAT(/T10'X3=*F10.4,2%,"R3="F10.4,2X,'M3="F10.4, -

82X ,'T3=7F10.4) '

RETURN

END
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OO OO0

-2

10

30

SUBROUTINE CROSS(I,K,S,A8)

INTEGER S,A8,P,P0,Z0,21

REAL M(3, 45) ‘ :

DIMENSION R(3,45), T(3 “5) X(3,45),%X1(5),
#XJ(5),XK(5), XH(S)

COMMON/MARRAY/X,M,R,T
COMMON/CNETPT/X 3, R3,XM3, T3
COMMON/CCROSS/XH, XI,Xd, XK
COMMON/CBKPTS/X1,X2,R1,R2,XM1,XM2,T1, T2

CHECKS IF CHARACTERISTICS OF THE SAME FAMILY HAVE CROSSED
IF CHARACTERISTICS HAVE CROSSED INTERPOLATE TO DETERMINE A
A NEW POINT.

WRITE(6,7)

FORMAT(/T20" ##% CROSS ###r).
WRITE(6,10)I,K,S
FORMAT(/T20,'1I='I3,2X'K="13,2X'S="13)
I1=I+1

IF(I.EQ.1)RETURN

KS1=K=S+1

IF(A8.EQ. 1)KS1=zK=S=~1

DO 20 J=2,K31

JizJ=1

J2=J1

J3=J

JH=J=1

IF(A8.NE. T)GO TO 5
J2=J

d3=J+1

dh=J+1

IF(A8.EQ.2.AND.X(I,J).LT.X(I1,J1))GO TO 20
IF(A8.EQ.1.AND.X(1,d).LT.X(I1,d))GO TO 20

WRITE(6,30)

~FORMAT(/T20'CHARACTERISTICS HAVE CROSSED')
J0=d

XK(1)=X(I-1,d2)

XH(1)=R(I-1,d2)

XI(1)=M(1I-1,d2)-

XJ(1)=T(1-1,Jd2)

XK(2)=X(I,J)
XH(2)=R(1,d)
XI(2)=M(1,d)
XJ(2)=1(1,J)

XK(3)=X(1,J1)
XH(3)=R(I,d1)
XI(3)=M(I,dJ1)
XJ(3)=T(1,J1)
XK(Y4)=X(11,d2)
43



XH(4)=R(T1,J2)
XI(W)y=M(11,4d2)
XJ{4)=T(11,J2)

o
EK(5)=X(1=1,J3)
XH(5)=R(I~-1,J3)
A1(5)=M(I-1,d3)
¥J(5)=T(I1=1,J3)
c

4710 WRITE(6,40) (XK(IJ),Id=1,5)
4o FORMAT(1X,5F12.4)
CALL CROSPT(I,J)

X(I,d)=X3
R{I,J)=R3,
M(I 7J)3XM3
T(1,J)=T3

£1=X3

R1=R3

KM 1=XM3

T1=T3
IF(XH(2).LT.0.0)GO TO 4710
X2=X(1,J+1)

E2=R(I,d+1)

T3=T(I,Jd+1)
IF(A8.EQ.2)XM2=M(1,J+1)
IF(AB.EQ. 1)XM3=M(T,J+1)
CALL NETPT

[@]

X(I1,J4)=X3
R(I1,J4)=R3
M(I1,J4)=XM3
T(I1,J4)=T3

WRITE(6,40)X3,R3,XM3,T3

K=K=1

KS12=Kk-S=1

DO 60 P0=J0+1,KS1

X(I1,P0-1)=X(I1,P0)

R(I1,P0-1)=R(11,P0)

M(I1,P0-1)=M(11,P0)

T(I1,P0=1)=T(I1,P0)
60 CONTINUE :

DO 70 Z1=J0-1,K-8

WRITE(6,80)11,Z1,X(I1,21),R(I1,21),M(11,21),T(I1,21)
80 FORMAT (/T30'CORRECTED POINTS',/,21I3,4F12.4)"
70 CONTINUE ' v
20 CONTINUE

RETURN

END



$PROG FFREAD

c ‘**********ﬁ*************%****%*ﬁi*&**&éﬁ%*************&**
SUBROUTINE FFREAD (HOL,FLO,LH,LF)
c *ﬁ******i*!*********ﬂ***!*******&*!***ﬁﬁ1&*5&*********!*!

INTEGER HOL .

LOGICAL TRANSP, DIGIT COMENT DELIO DELTO5

DIMENSION FORM(6) IBUF( 20), HOL(EO) FLO(20)

DATA NWORDS, NIT, NOT, NCHARS / 20, 5, 6,4 /
TRANSP(K)=K.EQ.IBLANK.OR.K.EQ.ICOMMA.OR.K.EQ. IEQUAL
DIGIT(K) =K.GE.IZERO.AND.K.LE,ININE
COMENT(A)=IGC(A,1).EQ.ILETTC.AND.IGC(A,2).EQ.IBLANK

READS ONE CARD IN. FREE FIELD FORMAT
THE $ SIGN MAY BE USED TO CANCEL ITEMS OR AN ENTIRE LINE
ANY COMMENT CARDS ENCOUNTERED IN THE DATA DECK ARE

PRINTED, SKIPPED AND NOT INTERPRETED

ARGUMENTS I=INPUT

wmmmma-== Q=QUTPUT

HOL =< O -- WILL CONTAIN HOLLERITHS ENCOUNTERED ON CARD
FLO == O =~ WILL CONTAIN FLOATS ENCOUNTERED ON CARD

INT «= O == WILL CONTAIN INTEGERS ENCOUNTERED ON CARD
LH == 0 ~= NUMBER OF HOLLERITHS ON CARD

LF == 0 <= NUMBER OF FLOATS ON CARD

LI -= 0 -- NUMBER OF INTEGERS ON CARD

DEFINITIONS -- LIMITATIONS

o e e e . D 3 T D s s e e e T 0 G G . T

eNoNoEsEe R EY e E*EC RSN EP o EC NN NSO NGRS NS

A #TRACAR* (TRANSPARENT CHARACTER) IS A BLANK, COMMA OR = SIGN
THE FOLLOWING. ARE DELIMITERS

- BEGIN OF CARD

- END OF CARD

- A STRING CONSISTING OF ONE OR MORE TRACARS

AN ITEM CONSISTS OF ONE OR MORE NON-TRACARS PRECEDED AND FOLLOWED BY A
DELIMITER.

EACH ITEM ON A CARD WILL BE INTERPRETED AS ONE OF THE FOLLOWING
- INTEGER

- FLOAT

- HOLLERITH

ANY ITEM STARTING WITH + - . OR DIGIT WILL BE INTERPRETED AS

- INTEGER IF IT CONTAINS NO .

- FLOAT IF IT CONTAINS ONE .

- HOLLERITH IF IT CONTAINS MORE THAN ONE .

"ALL OTHER ITEMS WILL BE INTERPRETED AS HOLLERITHS

GOOD INTEGERS -- 1 +5 -208 0034 =051

BAD INTEGERS -- ++5 -6+3 2A

GOOD FLOATS -- 1.E+5 2.-3 -6.5 +006.5 .2
BAD FLOATS -- 1.A+5 2,-3X +6.6--6 ‘
HOLLERITHS -- .. A 12..6 +3..4 XAQ X5 ¥ A$A $3$$X

QOO0 OOCOO0O00000O0 0000000000000 00

CANCELED ITEMS-- A$ U43% 12..68% XXXX$ 1% 123 1238 1234% $3 $3%
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C CANCELED LINE -- 2.8 4.2 1264 SHIFT $
C
(o o 2 o i G 45 o o o o e e s e
IPLUS =IGC(1H4+,1)
ILETTC=IGC(1HC,1)
IMIN =IGC(1H=,1)
IDOLL =IGC(1H$,1)
IDOT =I1GC(1H.,1)
IBLANK=IGC(1H ,1)
TCOMMA=IGC(1H, ,1)
IEQUAL=IGC(1H=,1)
IZERO =IGC(1HO, 1)
ININE =IGC(1H9,1)

e D B D e S e e T T T T D S € e € A I € N S e D R € T S ) O 6 D 6 i G e € I 6 D S 5 S I

g D e s G R D D G S G S 0 D G Y 25 D £ 9 £ D G 0 O 4 S ) S a5 2 D €5 G 3 D O e 6 e £ D e
e had 2

LI=0

READ (1,1060) (IBUF(I),I=1,NWORDS)
1060 FORMAT (20AM4)

IF (COMENT(IBUF(1))) GO TO 1020

12=0
(0 om0 o s i i s 2 € R e o i B £ € £ S e v D T 5 o S e s e
C FIND 11 = FIRST COLUMN QF FIELD
(G e o - s 3 0 5 e £ 2 2 5 0 £ 2 £ 1 0 o o

1120 I1=I1+1
IF (11.GT.80) RETURN
IF=IGC(IBUF,I1)
IF (TRANSP(IF)) GO TO 1120

C FIND I2 = LAST COLUMN OF FIELD

1140 I2sI2+1
IF (I2.GT.80) GO TO 1160
IL=IGC(IBUF,I2)
IF (.NOT.TRANSP(IL)) GO TO 1140
S I2=12-1
GO TO 1180
1160 12=80

1180 NX=I1-1
IW=I2=I1+1
NCH=NX+IW
DO 1190 1=1,6

1190 FORM(I) =4H
IL=IGC(IBUF,I2)
IF (IL.EQ.IDOLL.AND.I1.EQ.I2) GO TO 1020
IF (IL.EQ.IDOLL) GO TO. 1100
IF=IGC(IBUF,I1)
IF (IF.EQ.IPLUS) GO TO 1200
IF (IF.EQ.IMIN) GO TO 1200
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1260

1280
1300
1320

IF (IF.EQ.IDOT) GO TO 1200
IF (DIGIT(IF)) GO TO 1200
GO TO 1240

i o i o e e e o D G D R D D I D D T O G G S S Y S T T D R R S A O O T T O 3 O S 0 R G 3 W o ) e e

e e et €D D D T e e T e Y e T e T Gl 09 A D G T T Y D 3 R e G S G R D T R U O R R T € s e

NDOTS=0
DO 1220 I=I1,I2

IF (IGC(IBUF,I).EQ.IDOT) NDOTS=NDOTS+1

CONTINUE
IF (NDOTS.EQ.0) GO TO 1440
IF (NDOTS.EQ.1) GO TO 1340

> s s o o D T T T s D s o e G G S < S G R T I T YD GO IR O U A R ST I D I €3 £ G T D S S v e 6w o o v

s i s e s e e e e A S T Y € T R D S W G R 6 G G e R D I e S G D b T R € D R A £ T S5 € 6 €

IW=MINO(IW,NCHARS)
NCH=NX+IW :

IF (NX.EQ.0) GO TO 1280
ENCODE (FORM, 1260)NX,IW
FORMAT ( 1H(, I2, UuHX,14,
GO TO 1320

ENCODE (FORM, 1300)IW
FORMAT ( 3H(14, 1I2,
LH=LH+1

DECODE (IBUF,FORM)HOL(LH)
GO TO 1100

12, 1H) )

1H) )

IF (NX.EQ.0) GO TO 1380
ENCODE (FORM, 1360)NX,IW

FORMAT ( 1H(, 1I2, 3HX,F, I2, 3H.1) )
GO TO 1420

ENCODE (FORM, 1400)IW

FORMAT ( 2H(F, 1I2, 3H.1) )

LF=LF+1 ‘

DECODE (IBUF,FORM)FLO(LF)

GO TO 1100

INTEGER

e G > < T T R R U8 G S e s T e s ke e vl oy A I M S T A S N S D N e IV S 0 W ST N e (S A 6 e e O € €D T

IF (NX.EQ.0) GO TG 1480
ENCODE (FORM, 1460)NX, IW
FORMAT ( 1H(, 1I2, 3HX,I,
GO TO 1520

ENCODE (FORM, 1500)IW
FORMAT ( 2H(I, I2,
CONTINUE -

DECODE (IBUF,FORM)INT
LF=LF+1. '
FLO(LF)=INT

GO TO 1100

END

RUAR AR RA R R N AR R AR AR A AR R RRA SR AL AR R RN LR R AR RRRR RN R RN RRRN

FUNCTION IGC (ISTR,N) '
AURARERRBEERE AR R R AR R RS E RN RN U RN RN RN AR RSN RR AR E S ERRRRR

12; 1H) )

1H) )
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DIMENSION TISTR(1)
DOUBLE PRECISION ISUB
DATA ISUB,NCHARS / 3HIGC,4 /

c MUIS PUVCLTON RETRIEVES THE N-TH CHARACTER IN THE STRING
C «<ISTR> AND STORES ITS OCTAL 6-BIT CODE IN THE 6 LEAST
C SIGNIFICANT BITS OF (IGC>.
C NOTE THIS ROUTINE CONTAINS INTERDATA 8/32 DEPENDENT STATEMENTS
(£ o o e e e e e 1 8 2 2 2 7 1 2 £ 8 o £
MWORD = Y'O0O0Q0FF'
ICHAR=N-1
IWORD=ICHAR/NCHARS
IRELA=ICHAR-IWORD*NCHARS
IRELA=(NCHARS=1)~-IRELA
ISHIF=8%IRELA
JWORD=ISTR(IWORD+1)
JWORD=ISHFT(JWORD,-1SHIF)
IGC = IAND(JWORD,MWORD)
RETURN
END
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SUBROUTINE FLOWIN(GAMP,MLP,THTALP,MFP)
REAL MLP,MFP

DIMENSION HOL(20),FL0O(20)
COMMON/RADS/PI, RAD

COMMON/VAR/VAR(17)

THIS SUBROUTINE ALLOWS INPUT OF PROTOTYPE
NOZZLE FLOW CONDITIONS

QOO0

WRITE(1,10) .
10 FORMAT(/T20'PROTOTYPE FLOW SPECIFIED'
¥//T20'ENTER GAMMA OF PRQTOTYPE')

CALL FFREAD(HOL,FLO,LH,LF)
GAMP:FLO(1)

‘WRITE(1 20) o

20 FORMAT(/TZO'ENTER PROTOTYPE NOZZLE EXIT MACH')
CALL FFREAD(HOL,FLO,LH,LF)
MLP=FLO(1)

WRITE(1,30)

30 FORMAT(/T20'ENTER PROTOTYPE NOZZLE EXIT ANGLE')
CALL FFREAD(HOL,FLO,LH,LF)
THTALP=FLO(1)

WRITE(1,40)

40 FORMAT(/T20'ENTER PROTOTYPE JET SURFACE MACH NUMBER')
CALL FFREAD(HOL,FLO,LH,LF)
MFP=FLO(1)

VAR(1)=GAMP
VAR(2)=THTALP
VAR(3)=MLP
VAR(Y4)=MFP
THTALBR=THTALP/RAD

RETURN
-END

49



1330
10

20

30

SUBROUTINE INTERM

DIMENSION HOL(20),FLO(20),XI(11),XJ(11),XK(11),XH(11)

COMMON/C1005/XH,XI,XJ, XK
WRITE(1,10) -
FORMAT(/T20'ENTER SEGMENT')
CALL FFREAD(HOL,FLO,LH,LF)
IP=FLO(1)+1

WRITE(1,20)
FORMAT(/T20'ENTER RADIUS')
CALL FFREAD(HOL,FLO,LH,LF)
Q=FLO(1)

CU=XJ(IP-1)

U1=C0S8(U)
J2=U01+(Q-XI(IP=-1))/XK(IP)

. U2=ATAN(SQRT(1.-02%02)/U2)

BPKP=XH(IP-1)+XK(IP)#(SIN(U)-SIN(U2))
U2D=U2%57.3
WRITE(6,30)Q,U2D, HPKP

FORMAT(1X,® R=',F10.4,' THETA=',F10.4,' X=1,F10.4)

GOTO 1330
END
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SUBROUTINE ITERAT(GAMM,THTAF,THTALM,RADIUS,MFP,MFM,MLP,MLM)
REAL LAMDA,MFM,ML,ML2,ML3,MLP,MLM,MFP

COMMON/RADS/PI,RAD

COMMON/VAR/VAR(17)

'THIS SUBROUTINE CALCULATES A VALUE FOR THEYA-L-MODEL
BASED ON MODEL GAMMA AND A GUESS AT MACH-L-MODEL

OO0

ML=MLP

(@]

- LAMDA=SQRT((CGAMM=1.) /(GAMM+1.))
Q=THTAF
RAD2=RADIUS
X1=XMSQR (ML , GAMM)
X2=XMSQR (MFM,GAMM)
CALL TANGLE(X1,XL1,LAMDA)
CALL TANGLE(X2,XL2,LAMDA)
THTALM=Q-XL2+XL1
THDEG=THTALM#RAD
WRITE(6,20)ML, THDEG
20 FORMAT(/T20'ML-M-1='F10.4,' THETA-L=-M="F10.4)
C
CALL CALCPL(GAMM,ML,THTALM,MFM, THTAF,RADIUS)

c
C SECOND PASS
C
ML2=ML
RAD3=RADIUS
MLz=MLP+2. % (MFM-MFP)
o

X 1=XMSQR (ML , GAMM)
CALL TANGLE(X1,XL1,LAMDA)
THTALM=Q-XL2+XL1
THDEG=THTALM*RAD
WRITE(6 ,40) ML, THDEG
40  FORMAT(/T20'ML-M-2='F10.4,' THETA-L-M-2='F10.4)

ML3=ML
C .
CALL CALCPL(GAMM,ML, THTALM,MFM, THTAF,RADIUS)
C .
C
C THIRD PASS
c .
50 ML3=ML

RADU=RADIUS _
ML=ML+( RAD4-RAD2)#(ML3-ML2)/(RAD3-RADY4)
IF(ML.LT.1.)ML=(ML2+1.) /2.
X1=XMSQR (ML, GAMM)
CALL TANGLE(X1,XL1,LAMDA)
THTALM=Q-XL2+XL1
THDEG=THTALM#RAD
WRITE(6,60)ML, THDEG '
60 FORMAT (/T20'ML-M='F10.4,2X, ' THETA-L-M="'F10.4)
C
C TEST FOR CLOSURE
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IF(ABS(RAD2-RADY).LT..01)GO TO 70

ML2=2ML3

RAD3=RADY

CALL CALCPL(GAMM,ML, THTALM,MFM, THTAF , RADIUS)
GO TO 50 . :

END CONDITION MET

—~ OO0

0 MLM=ML
TRAD=THTAF#RAD

VAR(5)=TRAD
YAR(6)=RADIUS
RETURN

END
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SUBROUTINE JINIT
c .
'C INITIALIZES THE ARRAYS FOR THE METHOD OF CHYARACTERISTICS

C TO SOLVE FOR ACTUAL PLUME SHAPE
C .
REAL M(21,11),L0,L9,M1,M6,MA(3,45)
DIMENSION X(21,11),R(21,11),T(21,11)

# XH(11),XI(11), XJ(11) XK(11)

# RA(3, 45) XA(3,45), TA(3 45)
COMMON/C1005/XH XI,XJ,XK
COMMON/INJET/MEXIT,M6,KO,NO
COMMON/ARRAY/X,R,M,T
COMMON/SHAPE/XT7, CO, R7, TO, RO, GO, XMO
COMMON/INDICE/I,N,K,IS,IP
COMMON/MARRAY/XA ,MA,RA, TA

c A

C SET INITIAL CHARACTERISTIC VALUES FROM THE NORMALIZED

C NOZZLE EXIT CONDITIONS.

c A

.

DO 100 J=1,KO0

X(1,J)=XA(1,d)

R(1,J)=RA(1,d)

M(1,d)=MAC1,J)

T(1,d)=TA(1,Jd)
100  CONTINUE

LO=SQRT((GO+1.)/(G0-1.))
L9=(FNO(FNB(M6,G0) ,L0,G0)-FNO(FNB(XM0,G0),L0,G0)+T(1,1))%57,295
WRITE(6,10)L9

10 FORMAT(///150'PRANDTL-MEYER EXPANSION',
#//T10'INITIAL SLOPE (DEG) = ',F10.4)
I=1
-IP=2
XH(1)=0.0
XI(1)=1.
XJ(1)=L9%3,14159/180.
XK(1)=0.0

SETS UP INITIAL VALUES IN ARRAYS BASED ON EXPANSION AT LIP
FROM LIP EXIT MACH NUMBER TO JET SURFACE MACH NUMBER.

THE I VALUES ARE INCREMENTED FROM 1 TO NUMBER OF NET POINTS.
ALL INITIAL X VALUES = O AND ALL INITIAL R VALUES =1

leNoNeNeNeNS]

WRITE(6 40)
40 FORMAT(1H1// T25'INITIAL VALUES FOR METHOD OF CHARACTERISTICS',
‘ % /T25'TO SOLVE ACTUAL PLUME SHAPE')
J=1
STEP=(M6-XMO) /( FLOAT(N=~1))-.0001
DO 20 XM=XMO,M6,STEP
M1=FNB(XM,GO)
. 0=FNO(M1,L0,GO)
© OD=0%57.3
WRITE(6,30)XM,M1,0,0D
30 FORMAT(?X M= 'F10 4,' M¥= 'F10.4,' OMEGA ='F10. u ' DEG= 'F1o.u)
. X(I,d)=0. .
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R{I,J)=1.

M(L,J)=M1
T(I,J)=0~FNO(FNB(XM0,G0),L0,G0)+«T(1,1)
I=I+1

- CONTINUE

RETURN
FND

54 -



cacoaQaaa

SUBROUTINE KLGLEV(X,Y,J)

THIS SUBROUTINE SOLVES THE TRANSONIC FLOW RSGION IN THE
NOZZLE THROAT SECTION. CALCULATIONS ARE MACE BEGINNING AT
THE THROAT (X=0,R=1)AND CONTINUING UNTIL TH: MACH NUMBER
EXCEEDS 1.025 AT WHICH POINT THE PROGRAM SW1TCHES TO
METHOD OF CHARACTERISTICS SOLUTION TO SOLVE FLOW FIELD OUT
TO THE NOZZLE EXIT.

REAL*8 L1,L2,L3,LY,L5,N1,N2,N3,N4,N5,N6,20,27, 28,29

DIMENSION B(45),C(45)

COMMON/CKLEV/B,C

COMMON/SHAPE/X 7, CO, R7, TO, RO,GO,XMO

WRITE(6,7)

FORMAT(/T20" ##% [K[GLEV ###1)

Z0=X¥SQRT(2.%#C0/(G0+1.) )

L1=Y#Y/2.~.25+20

L2=((2.%9G0+9.) #Yy#alU (4 #G0+15.) #YRY) /24,

L2=L2+(10.%G0457.) /288, +20% (Y#Y-.625)~(2.%G0-3,) #20%20/6.

L3=(556.%G0%%#24+1899,#G0+3231.) ¥Y#%6/10368.-(388.#G0#*GO
" &+1233.%G0+1953., ) #y##y
" L3=L3/2304.

L3=L3+(304.%G0%G0+858.%G0+1269.) ¥Y#Y/1728.-(2708.%G0¥G0+
&7839.%G0+14211.)

L.3=L3/82944,

Li=(52.%#G0O#G0+99.%#G0+375.) #Y##l /384, ~(52.#GO*G0+99.%G0+303.)
&*Y#Y/102,+(92.%#G0%G0+180.%G0+639.) /1152,

L5=((13.8G0-27.) /48.=(5.#G0~5,) #Y¥Y/8,) #20%Z0+Z0*Z0 ¥ Z0¥*
B((4,%8G0"G0-57.%G0+2T.) /144,)

L3=L3+Z0%LU+L5 ,
CB(J)=1.4L1/(CO+1.)+(L1+L2) /(CO+1.) ##24(L142.#L2+L3)/
&(CO+1.) ##3

N1=Y#YRY /4, -Y/U.+Y#Z0

N2=(8.%#G0+15.) #Y#¥5/72 - (20.%C0+45.) ¥Y##3/96 4+
&(28.%G0+75.)#Y/288,

N2=N2+Z0# ((4.#G0+9,) #¥Y#%3 /12, (U . #G0+9.) ¥Y/12,)

28=Y%%5 /13824,

27=6836.%G0%#G0

N3=(Z7+16695.%G0+14211. ) ¥Y##7 /32941, -(3380 *GO¥GO+
&8703.%#G0+7875.) #28

N3=N3+(3424,.%G0O%¥G0+9183,.%G0+896U,) #Y##3 /13824,

N3=N3-(7100.%G0O*G0+19575.%G0+20745.) #Y/82944,

N4=(556.%GO#G0+1113.%G0+981.) #Y##5/1728, ~
&(388.%C0%G0+801.%G0+693. ) ¥Y*#3/576,

N4=NU+(30L . #¥GO*GO+6U45.%G0O+549.) #Y/B64.

N5=ZO#Z0#((52.#¥GO¥G0+3.%¥G0-33. ) ¥Y#%3/192, ~
&(52.%G0%G0+27.%G0-9.)%Y/192,)

N6=ZO%#3#(GO+1.) %Y /4.

N3=N3+Z0¥N4+N5-N6

Z9=SQRT((G0+1.)/(2.#(C0+1.)))

78=1.5%¥N1+N2

C(J)=Z9#*(N1/(CO+1.)+(28)/(C0+1.) *¥¥24(15,%N1/8.+
&2.5%¥N2+N3) /(CO+1.) ##3)

RETURN

END
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SUBROUTINE LISTPL(THTAF,RADIUS)

THIS SUBROUTINE PRINTS THE PLUME SHAPE

leNeReReRe

“WRITE(8,15)
WRITE(9, 10)

10 FORMAT(1H1,//,40X, PLUME SHAPE CALCULATED FROM JOHANNESEN'
#Y_MEYER THEORY' :
#/756,"X",T66,'R',T76, ' THETA") :

5 FORMAT(1H1,//,5X,'PLUME SHAPE CALCULATED FROM JOHANNESEN'
#1.MEYER THEORY'
#/721,°%X',T31,'R", T41,  THETA")

RAD2=0.0 ‘
DO 30 S=0.,5.,.1
X=SIN(THTAF)~-(S/RADIUS)
T=XMANG1(X)
S51=RADIUS¥ (SIN(THTAF)-SIN(T))
R=1,+RADIUS#(COS(T)-COS(THTAF))
TDEG=T#57,3
WRITE(8,25) S1,R,TDEG
WRITE(9,20) S1,R,TDEG

20 FORMAT(T51,3F10.4)

25 FORMAT(T16,3F10.4)

' IF(RAD2.GT.R)RETURN

RAD2=R

30 CONTINUE
END

BURGSSBEA N R R RE AR USSR RU RSB LB AR BB INENARARSRURERURRB LR SRR RNLEY

e N R
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SUBROUTINE LISTPR(MF,GAMMA)
REAL LAMDA,MF
COMMON/VAR/VAR(1T)

THIS SUBROUTINE CALCULATES AND PRINTS THE rJ&SSURE RATIO

LAMDA=SQRT( (GAMMA-1.) /(GAMMA+1.))
X=XMSQR (MF,GAMMA)
P=(1.-X®LAMDA®LAMDA) ##(GAMMA/ (GAMMA=1,) )
VAR(7)=P

RETURN

END
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SUBROUTINE MODIN(GAMM,MFM,GAMP, MFP, IERR)
REAL MFM

DIMENSION HOL(20),FLO(20)
COMMON/VAR/VAR(IT)

e @]

THIS SUBROUTINE ALLOWS INPUT OF MODEL GAMMA
AND MODEL FINAL MACH NUMBER

3O

WRITE(1,10)

10 FORMAT(/T20'ENTER GAMMA OF MODEL')
CALL FFREAD(HOL, FLO,LH,LF)
GAMM=FLO(1)

¢
WRITE(Y,20)

20 FORMAT(/T20'ENTER : 1-INPUT FINAL MACH OF MODEL®
8/T2972-CALCULATE WITH WEAK SHOCK RELATIONS®
#/T2993-CALCULATE WITH 3STRONG SHOCK RELATIONS®)

CALL FFREAD(HOL,FLO,LH,LF)
I0PT=FLO(1)
GO T0(30,40,50),10PT

30 WFEITE(,22)

22 FORMAT(/T20'ENTER FINAL MACH NUMBER FOR MODEL®)
VAR(16)=MFM
RETURN

40 CALL WEAKFM(GAMP,MFP,GAMM,MFM, TERR)
VAR(16)=MFM
RETURN

50 CALL STRGFM(GAMP,MFP,GAMM,MFM, IERR)
VAR(16)=MFM
RETURN
END
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SUBROUTINE NETPT

THIS SUBROUTINE RETURNS THE INTERMEDIATE MOC NET
VALUES (X3,R3,XM3,T3) BASED ON THE 1 AND Z YALUES

[PR¢ R e N

COMMON/CBKPTS/X1,X2,R1,R2,XM1,XM2, T1, T2
COMMON/CNETPT/X3, R3, XM3, T3
COMMON/LASTV/XM5, 15, A5
COMMON/SHAPE/XT, CO, R7,T0, RO, GO, XMO

WRITE(6,7)
7 FORMAT(/T20' ### NETPT ###1)
XM9=1.01

[@]

THE A VALUES ARE MACH ANGLES

aQ

A1=XMANG2(XMLOC(XM1,G0))
A2=XMANG2(XMLOC(XM2,G0))
Al=A1
A5=A2
TH=T1
T5=T2
KMl =XM1
XM5 =XM2
Ri=R1
R5=zRe2
o
C X3 AND R3 ARE THE POSITION OF THE INTERMEDIATE NET POINT
C
1530 X3=(R2-R1+X1#TAN(TY-AL)-X2¥TAN(TS5+45))
&/(TAN(TH-AH)-TAN(T5+A5))
R3=R1+{X3=X1)¥TAN(T4-Al)

C
Q1=FNQ(A4, XMU4)
G1=FNG(Al,Th)
c
Q2=FNQ(A5,XM5)
c
C CHECK IF POINT IS ON CENTER LINE
c
IF(R2.EQ.0.0)GO TO 2630
F2=FNF(A5,T5)
C
C XM3 IS THE MACH NUMBER OF THE INTERMEDIATE NET POINT
C T3 IS THE THETA OF THE INTERMEDIATE NET POINT

(@)

XM3=((T1-T2)+G1#(R3-R1) /R4 +F2# (R3-R2)
&/R5+Q1¥XM1+Q2%XM2) /(Q 1+Q2)
T7=Q2% (XM3-XM2)-F2#(R3-R2) /RS
1680 T3=T2+T7T
C
C CHECK IF LOCAL MACH NUMBER CLOSE TO SONIC
C
IF(ABS(XM9~-XM3).LT. .0001)RETURN
KMg=XM3
CTU=(T1+T3) /2.
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T5=(T2+T3) /2.
MU= (XM14XM3) /2,
XMS = (XM2+XM3) /2.
A3=XMANG2 (XMLOC{XM3,G0))
Al=(A1+A3) /2.
A5=(A2+A3) /2.
R5=(R3+R2) /2.
RY=(R3+R1)/2.
GO TO 1530
C
C POINT IS ON CENTERLINE CALUCULATE MACH AND THETA

@]

2630 AM3=(Q2%XM2/2.+T1+Q1%XM1+G1¥ (R3=R1)/R4)/
&(Q2/2.4+01)
T7=02%(XM3-XM2) /2,
G0 TO 1680
£ND
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[eNeoNe!]

769

20

SUBROUTINE NOZEXT(I,MEXIT)

~ REAL M(3,45)
DIMENSION X(3,45),R(3,45),T(3,u45)
COMMON/MARRAY/X,M,R, T
COMMON/C1820/%8, R8,XM3, T8

COMMON/SHAPE/XT, CO, RT, T0, RO, GO, XMO

COMMON/VAR/VAR(1T)

AFTER NOZZLE EXIT CONDITION PASSED,

-TO LIP OF NOZZLE.

W1=0.0

MODIFY CHARACTERISTICS

IF(MEXIT.EQ.0)W0=(RO~R(I-1,1))/(R(I+1,1)=-R(I-1,1))

TF(MEXIT.EQ. 1)W0=(XMO-XMLOC(M(I=1

,»1),G0))/

#(XMLOC(M(I+1,1),G0)-XMLOC(M(I-1,1),G0))

LINEARLY INTERPOLATE £XIT CONDITIONS

X(T, D) =X(I=1, D+(X(I,1)=X(I-1,1))%W0
R(I,1)=R(I~1,1)+(R(I,1)=R(I=1,1))%W0
ML, 1)=M(I=1,1)+(M(I,1)=-M(I-1,1))¥WO0
T(I,1)=T(I-1,1)+(T(I,1)=-T(I=1,1))#*HO0

CALL WALL(I)
WOSH 1=ABS (W0-W1)

WRITE(6,769)W0, W1, WOSW1
FORMAT(5X,3F15.5)
IF(ABS(WO-W1).LT. .01)GO TO 20
X(I+1,1)=X8

R(I+1,1)=R8

M(I+1,1)=XM8

T(I+1,1)=T8

W1=W0

GOTO 10

XM88=XMLOC(XM8,G0) .
T8D=T8%#57,3
VAR(13)=X8
VAR(14)=R8

RETURN
END
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GO0

10

20

30

40

50

SUBROUTINE PLULIS
COMMON/VAR/VAR(1T)

THIS SUBROUTINE OUTPUTS THE PROGRAM INPUTS AND RESULTS

WRITE(9,10) (VAR(I),I=1,7)
FORMAT(1H1, 156, 'MODEL NOZZLE DESIGN®

1//T45'PROTOTYPE"

2/ TU5"eomcmcma- '

3/T42'SPECIFIC HEAT RATIO....... e e "F8.3,
B/TU2'NOZZLE ANGLE. ovv v rsannenoonnnoeoss s ce.. 0 F8.3,
5/TH2'EXIT MACH NUMBER........... e sesasesans ... 'F8.3,
6/TU2'JET SURFACE MACH NUMBER. .0versenunsasansononons "F8.3,
T/T42VINITIAL SLOPE OF JET PLUME. .eeeuvoesnnnsoosans "F8.3,

8/T42' TNTTIAL RADIUS OF CURVATURE OF JET PLUME. ....... F8.3,
9/TH2 ' PRESSURE RATIO. o v vvvvnvvraoesooosronancnonsanssss F8.3)
WRITE(9,20) (VAR(I),I=8,16)
FORMAT(//,T45, " MODEL' ,/,T45, ' cmemm ',
1 /T2 SPECIFIC HEAT RATIO. ... ..... PP B o D
2/Th2  THROAT RADIUS OF CURVATURE. . .vvovonvunsvnnrnnss 1F8.3,
3/T42'BEGINNING AXIAL LOCATION OF CONICAL SECTION.....'F8.3,
4/T42BEGINNING RADIAL LOCATION OF CONICAL SECTION....'F8.3,

5/TH2'NOZZLE ANGLE, DEG...0vvseesooss sescasanane cserses ' FB.3,
6/TU2'NOZZLE LENGTH. covocvsnsoso soeeasasoassnesessana JF8.3,
T/TU2'NOZZLE EXIT RADIUS. cuuvcccvassonons cesesonasas .. 1F8.3,
8/TU2'EXIT MACH NUMBER. . :cocnsosoncnssnsos ssesesasao s JF8.3,

9/T42'JET SURFACE MACH NUMBER. cvovussnsosoonconnossssos F8.3)
IF(VAR(17).LE. 2.)GO TO 50

WRITE(8,30)(VAR(I),I=1,7)

FORMAT(1H1,T21, 'MODEL NOZZLE DESIGN'

1//T10"PROTOTYPE"
2/ T10'mmmome——— '
3/TT'SPECIFIC HEAT RATIOu . seesounnncovooss creeraeee.  FB.3,
B/TTNOZZLE ANGLE .+t eveenssnuouueooossnnnsnscosessesss!F8.3,
5/T7VEXIT MACH NUMBER. o ossnvosooosoonnnns I § o0 i
6/T7'JET SURFACE MACH NUMBER...... s aeerrenenas .. 1FB.3,

T/TT'INITIAL SLOPE OF JET PLUME. evvsonvorsuoeoneesss'FB.3,
8/T7'INLTIAL RADIUS OF CURVATURE OF JET PLUME........'F8.3,
9/T7 'PRESSURE RATIO. ovvvnvvonnsonvsonnncsronsasnnosonss F8.3)
WRITE(8,40) (VAR(I),I=8,16)

FORMAT(//,T10, "MODEL',/ ,T10," commc? , :
1/T7 'SPECIFIC HEAT RATIOw..soeseeonsns e tev. . 'FB.3,
2/T7'THROAT RADIUS OF CURVATURE. .+ . eosonoeononnnenss 'F3.3,

3/T7'BEGINNING AXIAL LOCATION OF FONTCAL SECTIOV oe.. ' FB.3,
4/T7'BEGINNING RADIAL LOCATION OF CONICAL SECTION....'F3.3,

5/TT'NOZZLE ANGLE, DEG. ..o vsenensoassosnasossassns JEB.3,
6/TT'NOZZLE LENGTH. v ecouoncnnscanssssnsscsoosossanns 'F8.3,
T/T7T'NOZZLE EXIT RADIUS........ censsassesesrasossssss FBLT,

B/TT EXIT MACH NUMBER. +vovvsosnoosvosnssocesaconosass F8.3,
9/TT'"JET SURFACE MACH NUMBER. . evevesesnsnsansncnsosas F8.3)
VAR(5)=VAR(5)/57.3

CALL LISTPL(VAR(5),VAR(6))

CALL WRITPL

RETURN

END
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SUBROUTINE PLUMIN(THTAFP,RADP)
DIMENSION HOL(20),FLO(20)
COMMON/RADS/PI, RAD -
COMMON/VAR/VAR(17)

THIS SUBROUTINE ALLOWS INPUT OF PLUME SHAPL

THTAFP=THETA-F OF PROTOTYPE
RADP=INITIAL RADIUS OF PROTOTYPE

oo a0

WRITE(1,10) .
10 FORMAT(/T20'ENTER THETA-F. AND INITIAL RADIUS'
#/T22'0F PROTOTYPE')

CALL FFREAD(HOL,FLO,LH,LF)
THTAFP=FLO(1)

RADP=FLO(2)

IF(LF.EQ.2) GO TO 20

CALL FFREAD(HOL,FLO,LH,LF)
RADP=FLO(1)

20 VAR(5)=THTAFP
VAR(6)=RADP

C

THTAFP=THTAFP/RAD
C

RETURN

END
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SURROUTINE PLUMPT
AEAL M(21,11),M1,M2,M3,M5,M6
DIMENSION X(21,11),R(21,11),T(21,11),XH(11) ,XE(11)
8 XI(11),%J(11)
COMMON/INJET/MEXIT,M6,K0,NO
COMMON/ARRAY/X,R,M,T
COMMON/C1005/XH, %I, %XJ, XK
COMMON/INDICE/I,N,K,IS,1P
COMMON/SHAPE/XT,CO, R7, TO, RO, GO, XMO
J=1
XZ:K(N,J+1)
R2=R(N,J+1)
M2=M(N, J+1)
T2=T(N,J+1)
A2=¥MANG2 (XMLOC(M2,G0))
A3=XMANG2 (XMLOC{M(N,J) ,G0))
R1=R(N,J)
Xi=X(N,d)
Mi=M(N,J)
T1=T(N,J)
A5=A2
M3=FNB(M6,G0)
A3=XMANG2 (XMLOC(M3,G0))
T5=T2
M5=M2
R5=R2
TG=T1
X3=X2
X3z (R1=-R2+X2¥TAN(T5+A5)~X T#TAN(T9) ) /(TAN(T5+A5)=TAN(T9))
1105 R3=R2+(X3-X2)8TAN(T5+45)
02=1.7/ (M5*TAN(AS))
F2=SIN(AS)*SIN(T5)/SIN(A5+T5)
T3=T2+Q2% (M1-M2)-F2%(R3-R2)/R5
T9=(T1+T3) /2. v
X7=(R1-R2+X2¥TAN(TS+A5) X 1¥TAN(T9) ) /(TAN(T5+A5)~TAN(T9))
IF(ABS(X3-X7) .LT. .001)C0 TO 1170
L3=XT
T5=(12+T3)/2.
M5=(M2+M3) /2,
A5=(A2+A3) /2.
R5=(R2+R3)/2.
GOTO 1105
1170 RO=(R1-R3)/(COS(T1)-C0S(T3))
C
T3D=T3%57.3
X(N+1,1)=X3
XH(IP)=¥3
XK{(IP)=RO
R(N+1,1)=R3
XI(IP)=R3
M(N+1,1)=M3
T(N+1,1)=T3
¥J(IP)=T3
RETURN
END
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SUBROUTINE PRTOPT
DIMENSION HOL(20),FLO(20)
COMMON/VAR/VAR(17)

SETS UP FILES AND LOGICAL UNITS FOR OUTPUT

WRITE(1,10) ‘

0 FORMAT(/T20'ENTER OUTPUT PREFERENCE'/,
#/T20 PRINTER . e vvvvvvennvnooaaal?,
#/T20VARIAN. oo evsvosnnnenennss2!,
#/T20" CONSOLE + e vvoonnnnnnaees3t,

 #/T20"CONSOLE AND PRINTER......U',
#/T20'CONSOLE AND VARIAN.......5')

- - 3OO

o
- CALL FFREAD(HOL,FLO,LH,LF)

IPRTOP=FLO(1)
VAR(17)=IPRTOP A
IF(IPRTOP.NE.1 .AND. IPRTOP.NE.4)GO TO 20
CALL CLOSE(9,ISTAT)
CALL OPENW(9,'PR:',2,0,0,ISTAT)
IF(IPRTOP.EQ. 1)GO TO 100

c

20  IF(IPRTOP.NE.2 .AND. IPRTOP.NE.5)GO TO 30
CALL CLOSE(9,ISTAT)
CALL OPENW(Q, 'PLOT:',2,0,0,ISTAT)
IF(ISTAT.NE.0)GO TO 40
IF(IPRTOP.EQ.5)GO TO 30
GO TO 100
40  WRITE(1,22)
22  FORMAT(/T15'#* ERROR WITH VARIAN - CHECK AND RE-ENTER®%')
GO TO 1

30  CALL CLOSE(8,ISTAT)
CALL OPENW(8,'CON:',4,0,0,ISTAT)

100 RETURN
END
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SUBROUTINE PRWALL(IL)

THLS SUBROUTINE PRINTS OUT CONDITIONS AT POINTS
ALONG THE WALL(PRINTS TO UNIT 6) .

[P RS e e

REAL M(3,45)

DIMENSION R(3,45),T(3,45),%(3,45)
COMMON/MARRAY/X,M,R, T
COMMON/SHAPE/X7,CO, RT,TO, RO, GO, XMO

WRITE(6,7)

7 FORMAT( /TR0 8%% pRWALL ###¢)
D 1=XMANG2 (XMLOC(M(I-1,1),G0))
D2=XMANGZ (XMLOC(#M(I,1),G0))
D35-COS(D1)+COS(D2) ¥M(T, 1) /M(I-1,1)
DU=SQRT((X(I-1,1)-X(T,1))#¥2+
B(R(I-1,1)=R(1,1))%%2)/R(I-1,1)

U1=D3%M(I-1,1) /D4
D5=D3/DU+SIN(TO) #(SIN(DR) )##2
D6=D5/(2.#(C0OS(D2) )%¥%2)
ROR=R(I-1,1)

XOR=X(I-1,1)

WRITE(6,10)U1,D6,ROR,XOR

10 FORMAT(/T10,'U1=",F10.4,5X,'ACCEL=",F10. 4,
B/TY0'AT WALL POINT WHERE R/R# =',F10.4,
#/T107AND X/R =',F10.4)

RETURN
END
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SUBROUTINE RESET(K,S)

THIS SUBROUTINE STORES THE VALUES OF THE CHARACTERISTIC
POINTS JUST CALCULATED AND CURRENTLY IN THE I=3 POSITION
INTO THE I=1 POSITION. THIS SUBROUTINE CAL..ED EVERY OTHER
PASS. THEREFORE, TWO PLANES OF CHARACTERISIICS ARE CARRIED
ALONG ALWAYS AND THE THIRD PLANE ONLY TEMPORARILY. -

REAL M(3,45)

INTEGER S

DIMENSION X(3,45),R(3,45),T(3,45)
COMMON/MARRAY/X,M,R, T

WRITE(6,7) ,
FORMAT(/T20" ##%# RESET ###1)

DO 10 J=1,K-S+1
X(1,J)=X(3,J)
R(1,d)=R(3,dJ)
M(1,d)=M(3,J)
T(1 ,J)glr(?)r'])
CONTINUE

RETURN
END
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SUBROUTINE SETEXT(P,48,1,Q,K,S,N,IFINT)

REAL M(3,45)

INTEGER S,P,A8,Q

DIMENSION D(3 45) E(3,45),F(3, 45) G(3,45)
CBOR(3,45),R(3, u5) Tfs 45) :
CQMMON/MARRAX X,M,R,T
COMMON/CEQBO/DgE,F,G

3ETS UP CHARACTERISTICS AFTER EXIT REACHED

NOTE: P<O AFTER EXIT. Q=0 UNTIL EXIT THEN INCREASED
BY 1 EVERY OTHER PASS ’

WRITE(6,7)

FORMAT(/T20'#%8% SETEXT ###1)

IF(AB.EQ.2. .AND.P.LT.0.) Q=0Q+1
I7=I+1 '
WRITE(6,10)11

FORMAT(/T20'ROW (I+1)=',1L)

DO 20 J=1,K-S

IF(J,LT.Q)GO TO 20
IF(J.NE.Q.OR.P.GE.0)GO TO 2540
N=N+1

D1, N)=X(1+1,d)
E(1,N)=R(I+1,J)
FO1,N)=M(I+1,4d)
GC1,N)=T(I+1,J)

2540 TDEG=T(I1,J)%57.3

¥ +Ne ke

WRITE(6,30)J,%(11,J),R(I1,J),M(I1,J),TDEG
FORMAT(1X,I4,4F10.3,2X, ' SETEXT')
IF((2%(K=3)- 1) EQ. N)GO TO 40

CONTINUE

RETURN

CALL STOREX(X,S)

IFINI=1

RETURN

END
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SUBROUTINE SETPTS(K,S,I)

THIS SUBROUTINE SETS UP THE TWO POQINTS NERDED TO
CALCULATE THE NEXT INTERMEDIATE NET POINT

[eRe RSN

INTEGER S
REAL. M(3,45) v ‘
DIMENSION X(3,45),T(3,45),R(3,45)

COMMON/MARRAY/X ,M,R, T
COMMON/CBKPTS/X1,X2,R1,R2,XM1,XM2, T1, T2
COMMON/CNETPT/X3,R3,XM3,T3

WRITE(6,7)
- FORMAT(/T20' #%# SETPTS ®###1)

[o X e R

DO 10 J=1,K=3
X13X<IyJ)
¥2=2X(1,d+1)
R1=R(I,J)
R2=R(I,J+1)
XM1=M(I,d)
XM2=M(I,J+1)
CT1=T(I,d)
T2=T(I,d+1)
CALL NETPT
X(X+1,d)=X3
R(I+1,J)=R3
M(LI+1,d)=XM3
T(I+1,J)=T3
0 CONTINUE

OO0 =

RETURN
END
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SUBROUTINE SETPT2
REAL M(21,11),M1,M2,M3 :
DIMENSION X(21,11),R(21,11),T(21,11)
COMMON/CBKPTS/X1,X2, R1,R2, M1, M2, T, T2
COMMON/CNETPT/X3, R3,M3,T3
COMMON/ARRAY/X,R,M, T
COMMON/INDICE/T,N,K,1S,1IP
DO 10 J=1,K-1

12X (I+1,d)

X2=X(I,Jd+1)

R1=R(I+1,dJ)

R2=R{1,J+1)

M1=M{I+1,d)

M2=M(I,J+1)

T1=T(I+1,4d)

T2=T(1,Jd+1)

CALL NETPT
CX(I+1,Jd+1)=X3

R(I+1,J+1)=R3

M(I+1,J+1)=M3

T(I+1,d+1)=T3

CONTINUR

RETURN

END
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SUBROUTINE SETPT3

REAL M(21,11),M1,M2, M3
DIMENSION X(21,11),R(21,11),T(21,11)
COMMON/CNETPT/X3,R3,M3,T3
COMMON/CBKPTS/X 1,X2,R1, R2, M1, M2, T1, T2
COMMON/ARRAY/X,R,M,T
COMMON/INDICE/I,N,K,IS,IP
DO 10 J=1,K=2 '
X1=X(N+1,J)

X2=X(N,J+2)

R1=R(N+19J)

R2=R(N,J+2)

M1=M(N+1,J)

M2=M(N, J+2)

T1=T(N+11J)

T2=T(N,Jd+2)

IF(M2.LT. 1.)RETURN

CALL NETPT :
X(N+1,Jd+1)=X3
R(N+1,J+1)=R3
M(N+1,Jd+1)=M3
T(N+1,J+1)=T3

CONTINUE

RETURN

END
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SUBROUTINE STOREX(K,S)

CALLED AFTER SUFFICIENT CHARACTERISTICS PAST LIP
ARE CALCULATED. THE EXIT CHARACTERISTICS ARE
NORMALIZED AND STORED.

INTEGER S
REAL M(3,15) . ' :
DIMENSION X(3,45),T(3,45),R(3,45),D(3,45),E(3,45),F(3,45)

COMMON/C2480/D,E,F,G
COMMON/MARRAY/X , M, R, T
COMMON/SHAPE/XT,CO, R7, TO, RO, GO, XMO

- WRITE(6,7)
FORMAT(/T2Q#%% STOREX ###1)
WRITE(6,10)
FORMAT(/T20°NOZZLE EXIT CHARACTERISTIC NORMALIZED AND STORED')
WRITE(6,20) '
FORMAT(/T23'N'T30*X(1,N) "TUO'R(1,N) "T50"M(1,N)'"T60'T(1,N) RAD')

K32=2%(K=8)~-1

DO 30 N=1,KS2

X1, =(D(1,N)=D(1,1))/E(1,1)
ROV, N)=E(1,N)/E(1,1)
T{1,N)=G(1,N)

MOT, M) =F(1,N)

WRITE(6,40)N,X(1,N),R(1,N),M(1,N),T(1,N)
CONTINUE

EXITM=XMLOC(M(1,1),G0)

WRITE(6,60)EXITM

FORMAT(/10X, EXIT MACH NUMBER AT LIP = ',F12.4)
FORMAT(I24,4F10.3)

RETURN
END
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SUBROUTINE STRGFM(GAMP,MFP,GAMM,MFM, TERR)
REAL MFP,MFM

SOLVES FOR THE FINAL MACH NUMBER OF THE MODSL, ALSO

REFERRED TO AS THE JET SURFACE MACH NUMBER.

THE STRONG SHOCK APPROXIMATION. FOR MATCHING THE SUPERSONIC
INVISCID STREAMLINE DEFLECTION-PRESSURE RISE RELATION IS USED.

oo NeNPNON e

Az(2.#GAMPH*MFP*MFP-GAMP+1.) /(GAMP+1.)

B=A# (GAMM+1.) +GAMM-1.

C=B/ (2.#*GAMM)

IF(C.GT.0.0)GO TO 10

WRITE(1,20)GAMP,GAMM, MFP

20 FORMAT(//T10'§* A SOLUTION FOR THE JET SURFACE MACH NUMBER?

#/T10'DOES NOT EXIST FOR THE SPECIFIED CONDITIONS§§'
#/T15'GAMMA PROTOTYPE = 'F10.2,
#/T15'GAMMA MODEL 'F10.2,
#/T15*MACH MODEL '710.2)

IERR=1

RETURN

1 ‘W

10 MFM=SQRT(C)

RETURN
END
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SUBROUTINE WALL(I)

c
C THIS SUBROUTINE SOLVES FOR THE WALL BOUNDARY

O3

=2

1920
C

REAL M(3,45)

DIMENSION X(3,45),R(3,45),T(3,45)
COMMON/MARRAY/X ,M,R, T
COMMON/SHAPE/XT,CO, RT, TO, RO, GO, XMO
COMMON/LASTV/XML, TL, AL :
COMMON/C1820/X8,R8, ¥M8, T8

WRITE(6,7)
FORMAT(/T20" ##%  YWALL #%#1)

i2=X(1,1)
R2=R(I,1)
¥M2=M{I,1)
TQET(191)
A2=XMANG2 (XMLOC(XM2,G0))
iM9=1.01
AB=A2

THh=T2

M5 =XM2
R5=R2
T9=TAN(T5+A5)

"C CHECK IS CONICAL SECTION REACHED

C

c

IF(X2.LE.X7.AND.X3.LE.X7)GO TO 2060

C CALCULATE X,R,THETA IN CONICAL SECTION

C
2590

C

X3=(R2=RT+XT#TAN(TO)-X2%T9)/(TAN(TO)=T9)
R3=R7+(X3-X7)®*TAN(TO)

T3=TO

GO TO 2121

C CALCULATE X,R,THETA IN CIRCULAR THROAT SECTION

C .
2060

10
2721

X0=C0+1,-R2+T98X2
X9=T9#X0/(1.+T9%#T9)
X32X9-SQRT(X9%X9+( CO#CO=X0#X0) /(T9%*T9+1.))
IF(X3.GT.X7)GO TO 2590
R3=1.+C0%(1,~-SQRT(1.-X3%X3/(C0%C0)))
T3=ATAN(1./SQRT(CO%CO/ (X3%X3)=1.))
T3D=T3%57,2958

WRITE(6,10)X3,R3,T3D

FORMAT(3F12.5,2X, "WALL")

Q2=FNQ(A5, XML)

F2=FNF(A5,TL)
XM3=XM2+(T3-T2+F2%(R3-R2)/R5)/Q2
IF(ABS(XM9-XM3).LT, .0001)G0 TO 2220
XMO=XM3

T5=(T24T3) /2.
IM5=(XM2+XM3) /2.
A3=XMANG2 (XMLOC{XM3,G0))
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2220

A5=(A2+A3) /2.
R5=(R3+R2)/2.
GO TO 1920

X8=X3
R8=R3
¥MB=XM3
T8=T3
RETURN
END
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SUBROUTINE WEAKFM(GAMP,MFP,GAMM,MFM, IERR)
REAL MFP,MFM

SOLVES FOR THE FINAL MACH NUMBER OF THE MODEL, ALSO
REFERRED TO AS THE JET SURFACE MACH NUMBER,

- THE WEAK SHOCK APPROXIMATION FOR MATCHING THE SUPERSONIC
INVISCID STREAMLINE DEFLECTION-PRESSURE RISE RELATION IS USED.

OO aOn

A=GAMP/GAMMEMFP#MFP/ SQRT( MFP#MFP=1.)
IF(A.GE.2.)GO TO 10
YRITE(1,20)GAMP, GAMM, MFP
20 FORMAT(//T10'##% A SOLUTION FOR THE JET SURFACE MACH NUMBER'
2/T10'DOES NOT EXIST FOR THE SPECIFIED CONDITIONSH#?

#/T15'GAMMA PROTOTYPE = 'F10.2,

B/T15YGAMMA MODEL - = "F10.2,
%/T15MACH MODEL = 1F10,2)
TIERR=1 :
RETURN

10 MPM=SQRT( (A% A+A#SQRT(A®A-Y,))/2.)

RETURN
END
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SUBROUTINE WRITPL

DIMENSION XK(11),XI(11),XJd(11),XH(11)
COMMON/INDICE/I,N,K,IS,IP
COMMON/C1005/XH, XI XJ, XK

C WRITE OUT RESULTS

C

10

15

20
25
30

WRITE(8, 15)

WRITE(9,10) -

FORMAT(1H1 //T38'MODEL PLUME SHAPE CALCULATED BY METHOD OF'
#1 CHARACTERISTICS' ,
¥/T56,"X',T66,"R",T76,' THETA') '
FORMAT(1H1 //TZ'MODEL PLUME SHAPE CALCULATED BY METHOD OF'
# CHARACTERIbTICS'
#/T21,'X',T31,'R",T41, ' THETA') -

DO 30 I= 1 IP-1

WRITE(S, 25)XH(I) XI1(1), XJ(1)#57.3
WRITE(9,20)XK(I),XH(I),XI(I),XJ(I)#57.3

FORMAT(T51,3F10.M)

FORMAT(T16,3F10.4)

CONTINUE

RETURN
END
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SUBROUTINE WRITRW

CALLED TO WRITE OUT INTERMEDIATE VALUES WRITES GO TO
LU 6 ONLY CALLED FOR DEBUGGING

REAL M(21,11) '
DIMENSION X(21,11),R(21,11),T(21,11)
COMMON/ARRAY/X, R, M, T
COMMON/INDICE/I,N,K,IS,IP

I1=1+1
WRITE(6,10)11
FORMAT(/T20'ROW = ',I3)

DO 20 J=1,K
TD=T(I1,J)%57,3
WRITE(6,30)J,X(I1,d),R(I1,J),M(11,J),TD
FORMAT(1X,13,4F12.4)

CONTINUE

RETURN
END
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SUBROUTINE YINCR(P,MEXIT,I,K,S)
REAL M(3,45) ‘
INTEGER S,P

DIMENSION X(3,45),R(3,45),T(3,45)
COMMON/MARRAY/X,M,R, T ‘
COMMON/C1820/X8, R8,XM8, T8 ,
COMMON/SHAPE/XT7,C0, R7,TO,R0,G0, XMO

C M™MOVES THE CURRENTLY CALCULATED CHARACTERISTIC POINTS UP ONE
C 1IN THE Y POSITION OF THE ARRAYS (J)

WRITE(6,7) )
7 FORMAT(/T20t ### YINCR #¥#1)
KS1=2K=S+1
DO 10 J=KS1,1,-1
X(I+1,J+1)=X(I+1,J)
R(I+1,J+1)=R(I+1,J)
M(I+1,d+1)=M(I+1,d)
T(I+1,d+1)=T(I+1,J)
0 CONTINUE

SET WALL CONDITIONS INTO J=1 POSITION

aoon =

X(I+1,1)=X8
R(I+1,1)=R8
M(I+1,1)=XM8

T(I+1,1)=T8
C .
C CHECK FOR CONICAL SECTION
o
K=K+2
IF(X(I+1,1).LT.X7)GO TO 2410
CALL PRWALL(I)
C

C P=1 BEFORE NOZZLE EXIT AND P=~1 AFTER NOZZLE EXIT
c
2410 IF(P.LT.O0)RETURN

C
C

C
C- TEST IF SPECIFIED EXIT MACH NUMBER EXCEEDED
c 7
IF(MEXIT.NE.1)GOTO 40
IF(XMLOC(M(I+1,1),G0).GT.XM0)GO TO 30
RETURN
TEST IF SPECIFIED EXIT RADIUS EXCEEDED
c ‘
4o IF(R(I+1,1).LE.RO)RETURN
C
30 P==1 :
CALL NOZEXT(I,MEXIT)
RETURN
END
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PUNCTION XMANG1(XMACH)

THLS FUNCTION RETURNS THE MACH ANGLE
(SAME AS 3IN ALPHA=1/M)

C THE INPUT XMACH IS 1/M

~ .

OO0

XMANG1=ATAN(XMACH/SQRT(1.~XMACH#XMACH+1.8-50))

RETURN
END
c
I EEI R T R E A P R L EEE RS EE TR LR R T L2
C
- FUNCTION XMSQR(XMACH,GAMMA)
C

C THIS FUNCTION CALCULATES THE VALUE OF M#* SQUARED
C WHERE M#=Y/C¥*=zV/V4,
C NOTE: THIS ADIABATIC RELATIONSHIP CAN BE FOUND

C IN CHAP. 4 PAGE 81 OF SHAPIRO'S COMPRESSIBLE FLUID FLOW
C
¥MSQR=( ((GAMMA+1.)/2.) #XMACH¥XMACH) / (1. +( (GAMMA=1.) #*XMACH#XMACH)
4/2.)
RETURN
END
C

CHUsREHB LRSI RENRA SRR AN AR NARB A BRURANURNGLARAUNARUR R LR AR NRTRY

C
SUBROUTINE TANGLE(XMACH,THETA,LAMDA)
REAL LAMDA

THIS SUBROUTINE CALCULATES THE PRANDTL-MAYER FUNCTION

CHAP. 15 SHAPIRO

QOO0

XK=((1.~XMACH) /(XMACH-1./LAMDA/LAMDA) ) #%(,5)
THETA=ATAN(XK) /L AMDA-ATAN(XK/LAMDA)

RETURN

END
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C
C%§ﬁ%§ﬁ§%§§ﬁ§%§ﬁ§ﬁ%%*ﬁ%%&%ﬁﬁ%%*%%ﬁ%%ﬁ**ﬁ%%ﬁﬁéﬁ%&%ﬁ%%%%%%ﬁ&%&%*
C N .

FUNCTION XMANG2(X)
C THIS FUNCTION RETURNS THE MACH ANGLE
C THE INPUT IS MACH

- C

C
KMANG2=ATAN(1./SQRT(X#X~1.))
. RETURN
~ END
C%%ﬁﬁ%é%ﬁ%%%%%%%**%%%ﬁ&%ﬁ%%%%&*%%#&%ﬁ&é%aﬁ%ﬁ%%%ﬁ%ﬁﬁ&%%%ﬁ%%%%%ﬁ
¢ .
C

C THIS FUNCTION RETURNS LOCAL MACH NUMBER
C THE INPUT IS M*

C
FUNCTION XMLOC(X,GO)
XMLOC=SQRT(2.) ¥X/SQRT(GO+1.-(G0=-1.) #¥X#X)
RETURN
END
C

CHRBBBE RN RN A AR N AR SR AR G U BRI N B RN R AR R RS RA R RN AR R R RH BB
C

FUNCTION FNQ(A,XM)

FNQ=1./XM/TAN(A)

RETURN
END
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C
C'ﬁ%%ﬁ%??%é&i&%%%&%&i‘f%}ﬁi@%%ﬁé&%%%%éﬁ‘Em}%%%%é%%%%&%%%i&%%%&%ﬁ%%&%%%%%%ﬁ%%&ﬁ
c .
FUNCTION FNF(A,T)
FNF= SIN(T)%SIN(A)/SIN(T+A)
RETURN
END
C ~ -
C%%%%%%%M&%é&%%ﬁ»}%fé"iéﬁ%é&ﬁﬁ%%&Mé%é%i%%%%&%%%&%ﬁ&%%é&%%ﬁé%ﬁ%éﬁﬁ%ﬁm&%%%ﬁ%ﬁ
C
FUNCTION FNG(A,T)
FNG=SIN(T)*SIN(A) /SIN(T-A)
RETURN ‘
END
C
C-?ef%%&i%iiz‘é%ﬁ%v‘é%&ﬁ's‘f%%ﬁi&é&ﬁ%&%s@éﬁ%ﬁ%%%ﬂéé’:%%%%&&%éé%%}%%i%é%aﬁ%%%w%%ﬁ&%%&é
C
FUNCTION FNBR(X, (,0)

FNB= X“SQRT((GOH Y/(2.+(G0-1. )‘E*X%X))
RETURN
aND
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c ' g

: FUNCTION FNC(X,GO0)-
FNC=SQRT((X#X-1.)/((G0+1.)/(G0-1.)-X¥X))
RETURN
£ND
C .
Cé%:?kﬁﬁﬁﬁﬁ%&%%&%ﬁ%ﬁ&ﬁ%%%%ﬁﬁ%%é%ﬁ&ﬁﬁ%ﬁﬁ&f&ﬁﬁ%ﬁ%%&%#%M}&m&%}i&%m&ﬁﬁﬁﬁﬁ*
C

FUNCTION FNO(X,XL0,GO)

FNO=XLO*ATAN(FNC(X,G0) )-ATAN(XLO*FNC(X,G0))

RETURN

END
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