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ANALYTICAL INVESTIGATION OF SUPERSONIC TURBOMACHINERY BLADING
I - COMPUTER PROGRAM FOR BLADING DESIGN
by Louis J. Goldman and Vincent J. Scullin

Lewis Research Center

SUMMARY

A FORTRAN IV computer program for the design of supersonic blading based on es-
tablishing vortex flow within the blade passage is presented. The method of character-
istics, as applied to the two-dimensional isentropic flow of a perfect gas, was utilized
for the blade design. The equations necessary for the design are developed. The infor-
mation required for the program consists of an inlet flow angle, specification of the in-
let, outlet, and lower- and upper-circular-surface Mach numbers, and the specific-heat
ratio. The program output consists of the blade coordinates and, if desired, a printer
plot of the blade profile and flow passage. In addition, supersonic starting and flow sep-
aration calculations are performed by the program and obtained as output. An example
is included to indicate the use of the program and the results obtainable.

INTRODUCTION

Supersonic compressors and turbines are employed in special circumstances be-
cause of their simplicity and low weight. A recent application for a supersonic turbine
involves the hydrogen-fueled open-cycle auxiliary space power system descrived in ref-
erence 1. If the highest practical efficiency is to be obtained from supersonic compres-
sors or turbines, proper design methods must be available.

A method for designing supersonic blade sections based on two-dimensional isen-
tropic flow is given in reference 2. The method consists of converting the uniform par-
allel flow at the blade inlet into a vortex flow field, turning the vortex flow, and recon-
verting to a uniform parallel flow at the blade exit. The application of this design pro-
cedure involves specification of the inlet and outlet Mach numbers, the lower- (or con-
cave) surface Mach number, the upper- (or convex) surface Mach number, the inlet flow



angle, and the specific-heat ratio of the working fluid. In general, a wide range of de-
signs is possible by selection of these parameters. Guidance in the selection of a blade
design is obtained by considering blade shape, solidity, and supersonic starting and flow
separation problems. In reference 2 the effect of some of the design parameters for low
Mach numbers and a specific-heat ratio of 1.4 is examined.

In view of the interest in hydrogen-fueled auxiliary space power systems, an analy-
sis was conducted to gain a better understanding of the effects of the design parameters
on the resulting blade geometry and to extend the results of reference 2 to levels of in-
terest for such systems. In reference 3, the effect of surface Mach numbers, inlet flow
angle, and specific-heat ratio on the geometric characteristics of supersonic impulse
turbine-blade sections is investigated over an inlet Mach number range of 1.5 to 5.0.
Blade design limitations resulting from supersonic starting and flow separation problems
are also considered. In the present report, a description and a FORTRAN IV listing of
a computer program for the design of blading applicable for any supersonic Mach number
level and specific-heat ratio are presented. Supersonic starting and flow separation cal-
culations are also performed by the program. An example is included to indicate the
use of the program and the results obtainable. The report is organized so that those
persons desiring to use the program need only read the sections METHOD OF ANALY-
SIS, DESCRIPTION OF INPUT, and DESCRIPTION OF OUTPUT. All necessary infor-
mation pertaining to the program itself is contained in the sections DESCRIPTION OF
INPUT, DESCRIPTION OF OUTPUT, and PROGRAM DESCRIPTION.

SYMBOLS
A area, £t2 (mz)
a speed of sound, ft/sec (m/sec)
C reduction in maximum weight flow due to two-dimensional flow (eq. (34b))
c* dimensionless blade chord, chord/r*
f(R*) function defined by eq. (10b)
G* dimensionless blade spacing, spacing/r*

e dimensional conversion constant, 32,17 ft—lb/(lb)(secz) (1 kg-m/(N)(secz))

h blade height, ft (m)
j index for upper surface of blade
K" dimensionless vortex constant defined by eq. (23)



K* value of K* for which weight flow is maximum

max
k index for lower surface of blade
M Mach number, V/a
M* demensionless velocity or critical velocity ratio, V/Vcr
(M;‘) maximum inlet velocity ratio for supersonic starting
max

(M;)min minimum lower-surface velocity ratio from separation criterion
(M:)max maximum upper-surface velocity ratio from separation criterion
m slope of Mach line
™ slope of wall segment
p static pressure, lb/’ft2 (N/mz)
(pl)max maximum lower-surface static pressure from separation criterion
Q vortex flow parameter (eq. 34a))
R radius in vortex field, ft (m)
R* dimensionless radius in vortex field, R/r*
r¥ radius of sonic velocity streamline in vortex field, ft (m)
\' velocity, ft/sec (m/sec)

or critical velocity, ft/sec (m/sec)

weight flow, lb/sec (kg/sec)

max maximum weight flow, lb/sec (kg/sec)
x* dimensionless X-coordinate of blade (fig. 1), X/r*
x* dimensionless x-coordinate of transition arc (fig. 1), x/r*
Y* dimensionless Y-coordinate of blade (fig. 1), Y/r*
y* dimensionless y-coordinate of transition arc (fig. 1), y/r*
a circular arc turning angle, rad
B flow angle outside blade passage, rad
y specific-heat ratio
&) total flow turning angle, rad

=

Mach angle, rad



v Prandtl-Meyer angle, angle through which flow must turn from Mach 1 to re-
quired Mach number, rad

Ay incremental flow turning, rad

(Vi)ma.x maximum inlet Prandtl-Meyer angle for supersonic starting, rad

(vl)min minimum lower-surface Prandtl-Meyer angle from separation criterion, rad
(Vu)max maximum upper-surface Prandtl-Meyer angle from separation criterion, rad
o density, 1b/ft® (kg/m3)

G blade solidity, C*/G*

© velocity direction angle, rad

Subscripts:

d downstream of normal shock

i blade inlet

j index for upper surface of blade

k index for lower surface of blade

l lower surface of blade

max maximum

min minimum

0 blade outlet

u upper surface of blade

Superscripts:

total-state conditions

METHOD OF ANALYSIS
Blade Description

The design of supersonic blade sections described herein is based on establishing
vortex flow within the blade passage by a procedure analogous to that given in refer-
ence 2. The blade so designed consists essentially of three major parts: (1) inlet tran-
sition arcs, (2) circular arcs, and (3) outlet transition arcs. A typical blade, with per-
tinent nomenclature noted, is shown schematically in figure 1. The inlet transition arcs
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AB
FG
CD
HI

AF
CH

Inlet upper transition arc
Outlet upper transition arc
Inlet lower transition arc
Qutlet lower transition arc

Upper circular arc v*
Lower circular arc A
BE and GJ  Straight lines
*
Ry
y* y*
*
C Ru
y* *
A
o, . G ,0 E
l,1 o :
@, :""u,0
B u, 1 LA
X* G
A /r¥ - I
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~ X*
3
Qutlet
E J

| c*

Figure 1. - Typical supersonic blade section. (All coordinates are made dimensionless by
dividing by r*.)

(lower and upper) are required to convert the assumed uniform parallel flow at the blade
inlet into vortex flow. The concentric circular arcs turn and maintain the vortex flow.

Finally, the outlet transition arcs reconvert the vortex flow into uniform parallel flow at

the blade exit.

Straight-line segments parallel to the inlet and outlet flow directions

complete the blade profile. Methods for creating a finite thickness at the leading and

trailing edges are given in reference 2.

In general, the inlet lower transition arc reduces the Mach number from its value

at the blade inlet M, to a preselected value of the lower-surface Mach number Ml’
whereas the inlet upper transition arc increases the Mach number to a preselected value

5
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Figure 2. - Surface Mach number variation for typical
blade section.

of the upper-surface Mach number Mu‘ The surface Mach numbers remain constant, at
these preselected values, on the lower and upper circular arcs. At the outlet region the
procedure is reversed. The surface Mach number variation is shown in figure 2 for a
typical blade.

The amount of flow turning produced by either the lower or upper surface of the
blade consists, in general, of two parts (fig. 1): (1) the turning produced by the transi-
tion arcs and (2) the turning produced by the circular arcs. When isentropic flow turn-
ing at supersonic speeds is considered, it is convenient to introduce the Prandtl-Meyer
angle v, which is defined as the angle through which the flow must turn from Mach 1 to
the required Mach number. The flow turning produced by a transition arc is then equal
to differences in Prandtl-Meyer angles and is vi -V, and Vo= ) for the inlet and
outlet lower transition arcs and R and Va - Yo for the inlet and outlet upper tran-
sition arcs, respectively. The turning produced by the inlet or outlet transition arcs
cannot exceed the inlet or outlet flow angle Bi or B o respectively. The relation be-
tween Prandtl-Meyer angle v and Mach number M is given by the following equations
(ref. 4):



Mach number, M

v=l< 7+1->+1 7+larcsin[(y-l)M*z-y]+arcsinl’_i_l—y
4 y -1 2 y -1 M*z
(1)
where the dimensionless velocity or critical velocity ratio M* is
y+1 M2 1/2
M= |2 (2)
1+ y-1 M2
2

This relation is shown in figure 3 for specific-heat ratios of 1.3, 1.4, and 1.66. As the
Mach number approaches infinity, v approaches an upper limit of %[\I(y +1)/(y-1)- 1].

11
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Figure 3. - Variation of Prandtl-Meyer angle with Mach number for different specific-heat ratios.



Blade Design

The method of characteristics as applied to the two-dimensional isentropic flow of a
perfect gas is utilized in the design of the supersonic blade sections. A des cription of
the method of characteristics is given in references 4 and 5, and its application to the
design of supersonic blade sections is given in references 2 and 6. For purposes of cal-
culation, the flow field is considered to be divided into small regions, in each of which
the flow properties are assumed to be constant. If adjacent regions are to differ slightly
in properties, then the boundary between the regions must be characteristic lines and
can also be shown (ref. 5) to be Mach lines. Therefore, each region is, in general,
bounded either by a Mach line or a physical boundary. In figure 4 the flow field for a

AB  Upper transition arc
CD Lower transition arc
CE Major expansion characteristic

AE  Major compression characteristic

C ~—Circular arc
v

Characteristic

Vortex

—— —— Transition

N
Circular arc®

Figure 4. - Characteristic network within blade passage.

typical blade passage is divided by characteristic lines into a finite number of regions.
The vortex-flow region is bounded by the circular arcs and the outermost vortex charac-
teristics AE and CE. The transition arcs are composed of straight-line segments, and
within each region bounded by these segments the flow is constrained to follow the wall
direction., The mathematical equations necessary to define the blade are developed in
the following sections,

Circular arcs. - Within the concentric circular arcs, vortex flow exists; therefore,




VR = Constant (3)

where V is the velocity and R is the radius in the vortex field. In this report, dimen-
sionless parameters are used whenever possible; if this procedure is followed, equa-
tion (3) can be rewritten as

v (B) _ Constant (4)

A"/ r* V _r*

cr cr

where Vcr is the critical velocity and r* is the radius of the sonic velocity stream-
line in the vortex field. At R=1* V=V g therefore, the constant is Vcrr*. Equa-
tion (4) then becomes

M*R* = 1 (5)
where M* = V/Vcr is the dimensionless velocity and R* = R/r* is the dimensionless

radius in the vortex field. The Prandtl-Meyer angle v is related to M* through equa-
tion (1). Therefore, once v, and v, are specified, M’l“ and M are fixed, and the

circular arc radii R’l" and R:: are determined from equation (5). The amount of lower
circular arc turning for the inlet and outlet portions of the blade o, and a; o Te-
spectively, are ’ ’

a, =By - - vy) (62)
and

Angles measured in the counterclockwise direction are considered positive. With this
convention, the inlet flow angle Bi is positive, and the outlet flow angle BO is negative.
Similarly, for the upper circular arc

%y,i” By - Gy - vy) (72)
and
au,0=BO+(Vu-Vo) ('Tb)

The circular arcs are completely described by specification of Vir Vo Vo Vo and Bi.



The outlet flow angle B does not have to be specified because it can be related to M
Mo’ and B from the followmg consideration.

Because the inlet and outlet blade spacing is the same, the inlet and outlet blade pas-
sage areas Ai and AO, respectively, are related by geometry (see fig. 1) according to
the equation

cos Bi

(8)

A
A cos BO

The area ratio Ai/A0 can be obtained from the continuity equation (ref. 5) with the re-
sult that equation (8) becomes

(T N
1. 7" 1 2 ('}’+1)/2(
M. t o
B, = -arc cos{ [~ 2 cos B; » (9)
M 1 -1 2
o\1l+ 5 My
- 4 W,

Lower transition arcs. - The lower surface is composed of an inlet and outlet tran-

sition arc and a circular arc (fig. 1). For symmetric blades (i. e. y Vy= v ), the two
transition arcs are identical, and, therefore, only one needs to be calculated For
asymmetric blades, the two arcs are not identical, one being smaller (less turning) than
the other. However, the smaller transition arc corresponds to a portion of the larger
arc, and, consequently, only the larger arc need be calculated. If Vi is greater than
Vo the inlet transition arc is the larger of the two arcs. For simplicity, the inlet tran-
sition arc is assumed to be the larger arc in the following discussion,

In figure 5, the lower transition arc is shown, and the nomenclature used in the
computer program is indicated. The calculations are performed with respect to the
nondimensional axes x* and y* (where the x- and y-coordinates are made dimension-
less by dividing by r*). The transition arc coordinates are generated in a sequential
manner (starting at x* = 0, y* = R*) by obtaining the intersection of the straight-line
wall segments and straight Mach hnes for a specified small change in flow turning. The
Mach lines are determined from the outermost or major vortex-expansion characteris-
tic, and the wall segments are determined from the flow direction. After the transition
arc coordinates are calculated, they are rotated through an angle of o 1,i to obtain the
coordinates of interest in the blade design (see fig. 1).

For the vortex region, it can be shown (ref. 2) that the velocity direction ¢ and the
dimensionless radius R* are related along the characteristic line by the equation

10
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Q=+ 1 f(R*) + Constant (10a)
2

where

f(R* = ¢/Y* Larcsin(¥ 1. v | + arc sin [('y + )R*2 _ y] (10b)
V. 1

R*2

Two families of characteristics exist: the positive sign in equation (10a) gives the ex-
pansion lines, and the negative sign gives the compression lines. The major vortex-
expansion-characteristic equation is

_1
o = 2[R - 1) (11)

since the boundary condition at x* = 0 is that ¢ =0 and R* = RZ‘. If the flow field is
divided into small regions, the flow direction at any point along the characteristic line
(as given by eq. (11)) may be considered to be equal to the flow direction within the adja-
cent flow region, as indicated in figure 5. For k transition arc segments, each of
which produces Ay degrees of turning, the flow direction within any flow segment wk,i
is given by

Pr,i= Vi~V - (k - 1)Av=<pk+l,i+Av (12)
where k is an integer that varies from 1 to [(Vi -, )/Au] +1. At k= [(z/i - v, )/AV] +1,

the flow direction is 0, and at k= 1, it is vi- v, Equating equations (11) and (12) and
eliminating f(RZ‘) through equations (1), (5), and (10b) result in

f(Ri:, D=2y, g( r+ 1. )- 2(k - 1)Av (13)

which relates the dimensionless radius R* to the incremental flow turning Av along
the major vortex-expansion characteristic. At k = [(Vi -y, )/AV] + 1, Rl’:,i = RZ‘; as k
is decreased, Ri“(, i decreases and is obtained by the simultaneous solution of equations
(10b) and (13) by an iterative procedure. Since Rl’:,i can be determined for any value of
k, the x* y* coordinates along the major expansion characteristic can be obtained from

12



- _Rp* .
Xlt, i = 'Rk,i Sin ¢y 5 (14a)
and
_ R*
yﬁ i T Rk,i cos Pk, (14b)

These coordinates are also points on the straight Mach lines. The equation specifying
the Mach line is therefore determined once the slope is obtained, which is easily accom-
plished because the Mach line is inclined at the Mach angle p to the velocity direction
(see fig. 5). The Mach line, therefore, makes an angle of ¢ + o with respect to the

x* axis. It is possible to define the Mach line at the mean Mach angle to the mean flow
direction (ref. 5) so that the slope of the Mach line my is given by

y

L+ Q A T ) .
m = tan(‘fok,l k+l,i + oK1 k1, 1) (15a)
1 2 2

where

By i = -arc sin 1 _\_ _arcsin y+1 Rl";z- _fr-1 (15b)
y1 Mk . 2 »1 2
i

>

The equation of the Mach line is therefore
* = (x* - x¥ . * . 16
y mk, I(X Xk, 1) + yk, i (16)

where k varies from 1 to k - Y, )/Av. The equation of the transition arc seg-

= (V,
max i
ment is more easily determined since each segment is a straight line parallel to the ve-

locity direction ¢. The slope of the wall segment ‘rﬁk i 1s then
2

Ty =N oy, gy (17)
and the equation for the wall segment is
y* =y . x* - (xF) ]+ (¥¥) (18)
k’l[ Uret, il Uked, i

13



where k varies from 1 to kmax and xZ‘ and y’l" are the lower transition arc coordi-
nates. The values of XZ‘ and yl are known at k = (v -V )/Av +1-= K ax * 1, where
XZ‘ =0 and yf = RZ‘ The remaining transition coordmates are generated by finding the
intersection of the Mach lines with the wall segments starting at k = kmax and sequen-

tially decreasing k until k=1, The intersection of the two straight lines is given by

(19a)

and

o = 1 ” (19b)
k, 1 My - My

m, . |(y¥) - m, .(x¥) -m, (yF . -m, .x¥ )
k’l[lk+1,i k,1 Zk+li k,ivk, i k,i%k, i

The transition arc coordinates obtained from equation (19) are rotated through an angle
al ; resulting in the X* Y* coordinates of interest in the blade design. The rotated

coordmates XZ‘ and YZ‘ are obtained from

(XZ‘) = (x¥)  cos @, ;- (P sin @, (20a)
K, i K, i K, i )1
and
(YZ‘) = (xz“) sin @, ;+ (yZ‘) cos a; 4 (20b)
k,i k,i k,i ’

b

Upper transition arcs. - The upper surface (like the lower surface) is composed, in
part, of an inlet and outlet transition arc, only one of which must be calculated. For
simplicity, it is again assumed that the inlet transition arc is the larger of the two arcs.
(For the upper arc, this requires that v o be greater than Vi') The upper transition
arc is shown schematically in figure 6, and the pertinent nomenclature is noted. The
procedure employed to calculate the upper transition arc is analogous to that used for
the lower transition arc; the resulting equations which are of similar form are not re-

peated herein. The subscript j is used to represent the upper transition arc coordi-
nates where j varies from 1to j . = (v, - v))/av.

Geometric parameters. - After the blade calculations have been performed, a num-
ber of blade parameters of interest, including blade solidity, spacing, chord, and total

14
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flow turning angle, are calculated. The blade spacing G* and chord C* are obtained
from the blade coordinates, and the solidity is obtained from the ratio C*/G*. The total
flow turning angle ¢ is obtained from the inlet and outlet flow angles. The blade co-
ordinates are also translated by G* so that coordinates for two complete blades are
obtained.

Design Limitations

The design limitations (i. e., the constraints on the choice of v, and Yu for spec-
ified Vir Voo Bi, and y) imposed by consideration of supersonic starting and flow sepa-
ration problems have been discussed in reference 3. These limitations are calculated
by the procedure described in the following paragraphs and are given as output from the
computer program presented herein.

Supersonic starting. - The problem of establishing supersonic flow on startup is

discussed in reference 7 for supersonic compressors. For supersonic turbines, the re-
sulting design limitations due to starting are presented in reference 2, where it is as-
sumed that a normal shock wave spans the blade inlet at the instant of startup. Under
this condition it is necessary to ensure that the weight flow can pass through the turbine.

The maximum value of the inlet Prandtl-Meyer angle (v, ) is determined by first
max
finding the maximum weight flow through the blade passage, while taking into account the

normal shock losses. This maximum weight flow is then equated to the flow rate after
the shock has passed through the passage.

The weight flow through the passage is obtained by integrating the continuity equation
in the vortex region

R
w=h/ldeR 21)
R,

where p is the density, V is the velocity, and h is the blade height. The density can
be written as (ref. 2)

1/(y-1)
p:p;,d1-<__yél><!"> (22)

al, d

where p .d and a ,d are the density and the speed of sound, respectively, just down-
stream of the shock and are evaluated at total conditions. For perfect gases, the total

16



temperature is constant through a normal shock so that a'i q° al. Utilizing equation (3)
b

and the definition

K* = vy -1[ VR
~ 2 \a'R
il

results in equation (21) in the following form:

* 2 1/(')"1) .
= napl d 1 Z g—dR,
"y- R

(23)

(24)

Differentiating equation (24) with respect to K* and setting the result equal to 0 give the

value of K* (denoted as K?nax) for which the weight flow is a maximum, This proce-

dure gives

/4 *2 2 1/(')/" 1)

AW R‘/_Z__ L - Bmax®y
ag* LAY, g 2

Changing the variable from R to M* gives, for equation (25),

(29)

17



* 9 1/('}"1)
1. K max M*2 dam*
MZ‘ m*
*
M,
*
M
u (2-9)/(y-1)
K* 2 K* 2
-2 TAx) [1 - (Rax) mr2 M* dM*  (26)
y -1 Ml Ml
*
M,

*
My . 2 /6-D Ve LAY
1 K max M*2 dM* (1 k2 ) /tr-1) i K*Z u
Mz: M* - max max Mz:
*
M
{
(27)

Similarly, equation (24) in terms of M* becomes

*
Mu * *
K K *
_ v 2 max max *2 dM
Winax = r*haipi d ‘f— . 1- —= M . (28)
’ y-1 Ml Ml M
*
M,

The value of K:nax is determined from equation (27) by an iterative procedure (for
given values of MZ‘ and Ml"l‘), and then the maximum weight flow is obtained from equa-
tion (28). After the shock has passed through the turbine, the weight flow can again be
obtained from equation (21), which is rewritten by substituting VR = Vcrr* and chang-
ing the variable from R to M* to give

u *
W = r*h / v, M (29)

18



Substituting the following relations (ref. 5) into equation (29)

o= p;( 9 >1/(Y_1)<7_i_1_ y-1 M*2>1/(Y'1) (30)
y+ 1 2 2
and
Ve = a;‘/ 2 (31)
y+1
gives

w = r*hap! VL( 2 >1/(Y b / (7 +1 y-1 M*2>1/(y_ D am* (32)
11 ¥
y+ 1\y+ M 2 M

where the term multiplying r"‘ha'ip'i is defined as the weight-flow parameter. Equating

the two weight flows, equations (28) and (32), results in

\ \
Q _Pi,da_h,a (33)
1 \]
1-Cp B
where
miv* My 1/(y-1
M: - MZ‘ M* 2 2 m*
l
and
*
o . My .2 oD
C=1- y+1<y+1>/(7")< M, K* 1_<Kmax> M*2 am*
* * max * *
y -1\ 2 M - M) M) M
F'3
M,
(34b)

19



The parameter C has been shown in reference 2 to be the reduction in maximum flow

rate caused by two-dimensional flow. The quantity p'i d/p'i is the total pressure recov-

ery for a normal shock and is given by (ref. 5)

[~ 9 ] 1/(y-1)
. y 1- (221 (m)
P, 2y/(y-1f =~ i
1,'d _ (M;k> v+ 1 max (35)
b; max (Mf")z Cy -1
i 1/ max v+ 1 i
The maximum inlet velocity ratio (M;‘) is obtained (for given values of M; and

max

MI’:) by simultaneous solution of equations (33) and (35), by using the definition in equa-

tions (34a) and (34b), and by obtaining K)rknax

Prandtl-Meyer angle for supersonic starting (Vi) is then obtained from equation (1).
max

Flow separation. - Analysis of supersonic blade sections (ref. 3) has shown the de-

from equation (27). The maximum inlet

sirability of maintaining high surface Mach numbers to alleviate the problem of super -
sonic starting. Under these conditions, however, adverse pressure gradients created
on the blade surfaces would be expected to cause flow separation and, consequently,
poor performance. Experimental investigation of simple shapes with incompressible
flow at fairly high pressure gradients (ref. 8) has indicated that if the coefficient of
pressure recovery (defined as the ratio of the pressure rise to the dynamic pressure at
the initial point) is less than about 1/2, flow separation may be avoided. This criterion
was used in the analysis presented in reference 3 to give some indication of the design
restrictions due to flow separation. For supersonic velocities the separation value of
the coefficient of pressure recovery may be less than 1/2. The calculational procedure
is as follows,

Flow separation can occur on both the lower and upper surfaces of the blade, but
since the calculational procedure is similar for both cases only the derivation for the
lower surface is presented. The flow separation criterion can be written as

(p))  -p
max 1 (36)
2 2
PiV;
2g c
where (pl) is the maximum lower-surface pressure possible (for given inlet condi-

max
tions) without causing separation. Equation (36) can be rewritten in the form
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(p;)

l p 2g

max _ il Af7e (37)
p

\

bj

[Wy

where the equation has been divided by the inlet total pressure p'i. Substituting the fol-

lowing relations (ref. 9) into equation (37)

} v/(y-1)
P 1oy by (38a)
p y+1
and
1 pv? v
2g
p 1 _ '}/ - 1 M*z
y+ 1

and simplifying result in

%2 (7" 1)/7’ 1/2

Y ;
1
ot =4/l (1or=wy? 1o rrt ~ (39)
min v -1 v+ 1 2 1-7"1M?‘2
y+1 1

Similarly, applying the same criterion to the upper surfaces gives

- 1/2
- 9 -1/ Y
2 r_(m;)
u
M;: y+ 1 1- _y-l(M:> ]1+l y+ 1 max (40)
y -1 v+ 1 max 2 -1 2
L- 2o ()
L y+ 1 max
The corresponding Prandtl-Meyer angles (Ul) and (vu) are obtained from equa-
min max

tion (1).
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DESCRIPTION OF INPUT

The input for the computer program consists of an inlet flow angle, several Prandtl-
Meyer angles, the specific-heat ratio y, and an angular increment. In addition, three
optional switches must be set which regulate the content and form of the output. All the
input parameters, except y and the switches, must be specified in degrees. The input
variables are as follows:

BETAN inlet flow angle, Bi
DELV flow turning increment (recommended value, 0. 1), Av
GAM specific-heat ratio, y

IPRINT a value of 0 will result in printing of rotated blade coordinates X* and Y%*;
a value of 1 will cause both rotated and unrotated coordinates X*, Y* and
x* y* (see fig. 1) to be printed

ISTART a value of 0 will cause both starting and blade design calculations to be printed
out; a value of 1 will cause only starting calculations to be performed and
printed out

NPLOT a value of 0 will cause blade profile and flow passage to be plotted; a value of
1 will suppress the plot

VIN inlet Prandtl-Meyer angle, 2

VLOW lower-surface Prandtl-Meyer angle, vy

vVOuT outlet Prandtl-Meyer angle, v,

vupP upper-surface Prandtl-Meyer angle, Vu

The flow turning increment Av must be specified so that (v; - Vl)/AV, (v, - v, )/ Av,
(uu - ui)/Av, and (Vu - VO)/AV are all integers. Table I shows a sample input card.

DESCRIPTION OF OUTPUT

An example of the output obtained from the program is shown in table II. The out-
put corresponds to the input data shown in table I and consists of tables of coordinates
for the description of two blade sections, supersonic starting and flow separation param-
eters, and a plot of the blade profile and flow passage. This example required approxi-
mately 0.2 minute of computer running time. Each section of the output has been num-
bered to correspond to the following description:

(1) The first output of the program is a listing of the supersonic starting parameters.

23



If ISTART=0, the program will continue with the blade design calculations. If ISTART=1,
no further output is optained.

(2) The next output is a listing of all the input data plus the value of the calculated
outlet flow angle.

(3) If IPRINT=1, the following tables are printed:

(a) Unrotated coordinates of the lower- and upper-surface transition arcs
(b) Coordinates of the lower- and upper-surface circular arcs
(c) Coordinates of the upper-surface straight-line segments
This output is, in general, not of interest except for debugging purposes and may be
omitted by setting IPRINT=0.

(4) The next output is tables of the rotated coordinates of the lower and upper tran-
sition arcs. In addition, these coordinates are translated by the value of the blade
spacing so that coordinates for two blade sections are obtained. Every tenth calculation
point is printed if Ay < Q. 20; otherwise every calculation point is printed.

(5) The next output is a listing of miscellaneous parameters including

(a) Inlet, outlet, and surface dimensionless velocities or critical velocity ratios
and Mach numbers

(b) Dimensionless blade spacing, chord and solidity

(c) Separation limitation for the lower- and upper-surface Prandtl-Meyer
angles

(6) If NPLOT=0, the final output is a printer plot of the blade profile and the flow
passage. If NPLOT=1, this output is omitted.
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TABLE 1. - SAMPLE OUTPUT

DESIGN

K&{MAX) = Ca3a47

THE MAXIMULM DESIGN VALUE FUR VUIN) S

29 BETA(IND = €5.000¢ DEG

U F SUPERSCNICL

ELADCES

CALCULATIGNS FGR SUPERSUNIC STARTING

WE |
C = ¢]
40.b51le0l U

VIINE = 39.0000 DEG

VELTA v = 0.10600 Ok&
{ INLET & X (LUW) Ye(LUW)
N C. C.67c%
‘01 “Cabeld 6727
151 —ULLabl Ge6721
181 —ULCT2E C.6711
17t EITR AT Y Ga 6695
1€1 0124} C.6675
i51 -C.1507 G. 665U
L4l -G.l74C C.b6iY
JEN 0,206l Cob582
1zl —U.za45 L. 6536
34 i1 - (L2646 Co 6490
H -La2952 C.6433
9l —0,3208 Ceb 369
81 —{.3554 Get297
7l -0.3931 6217
[ ~Ge42tEC C.6l27
51 U464 c.6027
41 -C.5L1% L5515
31 —3.541C Cob 152
F3 —u.sell C.be517
19Y —Detl4e LabHb07
~ 1 ~La.tolt Coedz2al
(C INLET K XELLUW) YE(Lun)
Zil —C.ab75 U. a4l
<Gl —C.a844 D674
151 -Ce5014 G 4502
181 -C.bles Ve 4322
171 -C.5157 Le4l35
1€l P PE Ua 3940
151 —C.tlC4 Us 3130
141 -lebels G 3524
121 —C.tCEs Co 3303
121 ~leudds CesC72
4ﬁ 111 -Lethal? L. 2830
il ~Uet593 Vel
b —L.6l15 Uee3ddd
81 —Cebbel o233
71 C.Tl4¢ 0. 1741
€l —C. 7335 Col43dn
51 -C.t5é0 ColllS
41 -C.772¢C 0. L76v
31 —CL 191 0. G409
21 “Cetll4 Lou028
1l “L.s31% ~C. 0375
1 -Chub2G -U.LdL2

v

GHT-FLUN PARAMETER = 0.C51¢
<0109 q = Q.4701 Me{ I{MAX]))
EG  WHEN VILUW) IS 14.,0CC0 CEGy VI(LP

CES LGN FARAMETERS
V(UPl = 59.0000 DEG

(LCwW) = 18.0U0C OEG

LUWER SURFACTLE

UNRCTATEL THANSITIUN ARCS

V(OuT) = 25,

GAMMA =

KUTATEL ANU TRANSLATED TRANSITIUN #RCS

Y*{LOW) =G>
-0.0703
~U.U86Y
~U.luaz
~0.12c2
~U. 1409
~Ualo0e
-L.1808

~0e3510
EE-LIVE]
~UesilU
~Cenb3a
~Uea?T5
#5135
-C.5516
-0.5319
-Uett340

Y*(LuUnl-G*
-C.1277
-C. 1584
-C.1758
-C.1560
-0.z1¢8
-C.z:85
—C.z€1C
~LecB43
-C.2CEE
-€.3338
—C.3¢C3
-C.2ely
-Ca.41ée
(.44l
-Ce4TE1
-Ce5111)
—Catabi
~C.tE22

= 1.8449
1 1S 59,0000 DEGs OGAMMA IS 1.4000
CCO0 VEG BE TA(OUT) = —68.7395 DEG
1.400C
Y (LUMW) X {LOW) OQUTLET K
0.6729 -0. 171
G.67217 G.0237 161
0. 6721 C. 0480 151
C. 6711 0.0728 141
0.66G5 G. 0981 131
C. 6675 Gal241 121
0. 6650 0.1507 111
0. 60619 L. 1780 01
0.6582 C.2061 91
0.6539 G.2349 al
0.6490 C.26406 71
0. 0433 0.2952 61l
0.6369 0.3268 51
Q.6297 0.3594 41
Ue 6217 G.3931 31
0.6127 U.4280 21
C.6027 0.4643 11
Ca5915 L.5019 1
Y* (LOW!) X*(LUW) QUTLET K
Q.4l167 Q.5284 171
C. 3980 045429 iol
c.3785 0.5575 151
C.3584 U.5720 141
C.337% 0.5865 131
G 3159 V.6010 121
Ce2934% 0.6155 111
C.2701 0.6300 101
C.2458 0. 6445 91
L2205 U. 659U 81
C.1941 Q.6735 71
G.lb6066 0.6880 6l
C.13178 0.7025 51
Celu?8 u.71170 41
C.C7063 0.73106 31
LeG433 0. 7461 21
L.Lods 0.7607 il
-L.0278 0.7753 i
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TABLE II. - Continued. SAMPLE OUTPUT

CIKCULAR AKCS

26

r X#L(LLa) YeC{tim) X#({LUn) YL lLlUh) -0
“JdeaolS Uetobl “0a4citt =L 0703
~Laa589 Led9cl —0.458E¢ —CaCtic
—U.4203 UsuLl -L.45C: R TAS-TE}
“Ovs4ld UeduTy —U.44]t ~C.C4¢€0
“Le4ddlu Uebidy “Ue4ict —C.L2bY
~deblsh Jebdsi —“Uaebe2S —C.C214
—Lablas Vb s ~0ebl4: “Coteal
~Labo0h0 Veb3T4 —Le4(E( “L.C1L
=U.s49hh Uabausd “0e35%E —t.ClCL
—Ue3duy U.%312 ~Ue3Eel —C.LC2e
—u.3losd VL5579 —0.37¢e2 GalC2y
-U+3605 V5044 U3ttt C.Clcc
~te3500 V5707 ~Ladbet Callez
—Ue3460 Leblbd ~0.24¢¢ CaCéca
—Ua3305 [V-1-74:1 -0.33¢t Calekts
~Ua3d6e Ueddbb ~Ua2z¢e Coliac
—Ua31b59 U.5442 =0.215% LaC25k
—U.305% U.h9%0 -0.3C%¢% CeCbtz
=0.2950 Usol4d “0.295¢C Caltis
—U. 2844 Uab099 ~Da.zE44 LelbSY
—C.2737 Veul4sd e EY] CaCECH
“Je2649 UVeblyh “Qectcs CaCesl
—U. 2521 V.0623y “Ca.cci1 C.Les5
-C.2412 UebdB e ~0.z4lc C.(73¢8
“L. 2302 Le03e3 R EY 1P Lol len
~Uecl9l Usb303 =C.2151 C.Clls
~U.<0T79 Uab4uu —0.201¢ Laltte
—“UalYo7 U043 ~Uelbet L.Ces]
“Uaidd> Uobut ~Uelts: CaC525
~Lel a2 Va.0500 ~Galiac CalSte
~U.lbed U.uhly “Ualtet C.CSte
—uelola Ua6557 ~0.l514 LelCl3
—Uel3iy O.0b58¢ “Uel25s L.t 28
—Ualcoa LLobUb “O.lets Colles
~Uellevy V.ob27 —0.1lles C.iCea
~Lelubis 0.60640 ~GelLtZ Ca1102
—u.CY31? Vbbb b ~C.CS837 Cellet
—u.Cd20 QeobTY ~UllteC C.l13¢
“UaLTusl Vebbdd =0.L2C Lollay
~U. 0580 Q.6704 —L.CEke Colict
“Uenb0L Uebll3 Lalles
=GeU30¢ Vebldu Cellte
—uL.G23y Venlds Coliél
vl llil? veolls Callta

U GLUL Ueley Calley
Ua0L17 vetldy Lallta
Usbgdn [y ) Calirl
P Ual3b2 Jenllu C.lite
3 L0409 U.oTl3 Coiles
Ve lL986 V.oTua Codled
vetlus VebbY < Lallas
Loyl UJebolY Leilids
velrdd v.b0LY 0,053 Lallet
valUn3 U.nb4L Ualls? Collcs
Lalliby Lavbed Qelles LelCts
Celdos Jebouo Calcts [ R o 3
Uelsyn [VRY-3-1- 94 Callss ColCzy
valbdla Usobb7 Caltie Callds
Ve loly UebneY Leitlt LelSee
Col a2 [FRYip1 Y Ualblag Lelbte
Leldbd vabHOD Galett Coluct
Jelver7 Lanb43h UelSt Cotesl
L2079 V. 0400 Ceelis Cavese
Ue2i91 Leb 363 Caclsl LaCtls
Lediue UV.0323 Cec2le C.CIEC
V.2412 v.62d2 Qecale C.{1z20
Uedbed Vevd3y Vectel Lel€Sy
Lalo29 La0l94 Oectes Latenl
PYEEY Vsblbo Cezt2d Latecs
Vel Béd VabUYYy Ueckdd Calsts
Led950 UastiLbo LoCtCs
Jedbh Ja5998 Lelysy
Va3loy (T3 LY Cal ity
V.3l VeS880 Lalz42
DREET:) Vab8c8 Coleta
Jedubo Ueblos Q.34 ColicH
U. 3566 VebTul Ca.38¢e¢ C.Cle2
Le3oud Uedbas PEIS 34 CeClcCL
vedilos Uaduiy Uad7el CelL 2y
Cedsol v.bsle Ueldetl -C.0Cle
Cas90b U.b444 Ca.265% -C.L100
[PREAVE1) Ueb3T4 Us4usl “LalliC
Vebliad Ua5303 Usalaz ~L.lc4l
Letdsh PRS- FXTY Us4ct —C.Ci14
Gealu V. loy =LaL2es
Cotbl> [TV 24 T
[T ] Uebuul o(E4d
ve4nlY O.a9cl -C.Ctzé
UedbTh O.4o4l Catt 1t -C.C7C3E
Ve lSd Veu o3 C.475¢ “L.l78e
Uebta] UeobTS Ca4td] ~La.CkEY
Ue49da Ui od9 0.45%21 “La0554
[P 1VIND VedbHud CaiCul AECTRIT P
LeHUTY Qatald Ueslis -CehdeS
UeDlbo Usb43206 Ga515¢ ~la.lcls
Ua230 Uas4l3y uatz2( =L.12CS
L Ueblu4 Uaale? UeSits TS ERR]




([ INLET U
201
151
181
171
1€l
151
141
131
121
111
34 1
51
el
7
el
51
41
E
el
11

L 1

-~
INLET O
«Cl
161
181
11t
el
1=1
l4ai
131
lel
11

4 ici
51

X#(uP}

U
-{.Cleo
—-vaC3de
-C.Cacl
-L.0621
-C.CP1E
—Lelyil
~La.1C06C
—tall57
~Uek321
-L.1a62
—Ledbyl
-0.1171¢
—G.ld43
-ua.lel

~lechts
~Lecole

Xe {up}
-{.34117
-(.2523
ETEELE]
~L.3745
-L. 3845
-L.3544
-L.4Gae
—{a4lés
-(aaelld
-(,42LE
—L.43€s
~Cah44l
~{.a%11
—L.u3tbL
—Cott4ld
~ve4l1l
~Laal1Z
“Lenadde
=~ (. 43S
“LanG44
-C.au57

Y* [UP.
C. 483

0. 4851
C.4827
[P 2 Y
Cotdle
[SCY-T0}
C.47817
C.a1n1
L.4153
C.4133
C.aTll
C.u687
L.4662
L 4t34
C.aELd
Ce513
La4ba0
Ce4505
Cadanl
Cot4s9
Ca.albb

Y& (ub)
Uesall
0.3269
U. 3183
Le3Ce9
Q.24556
[ Py4-L1}
Us 2734
velb24
Ceddr>
Ge 2400
Ve 2298
Us 2189
L. 2001
Celvis
0. 1865
Ge bl 1517
Ge 1548
Cal559
Ve l4l9
Vel 3le
Callly

TABLE II. - Continued. SAMPLE OUTPUT

uprPeER SURFACE

UNRCTATEL TRANS ITION ARCS

KGTATEL AND TRANSLATED TKANSITIUN ARCS

YE(UP)+GH
Q.8%0l
Uets43
veB727
Oebbls
Uanhuu
Ced3do
U BT
U.8l68
Ua8UDY
DeT950
GoTdbl
LeT733
Colo2
usibl1?
ve 1409
C.7300
0.7192
C.7083
Ueb970>
U.bB63
VetT53

YH{UP JoC*
C.EST7
CLEEES
CoET44
C.8€20
Lettl?
C.E4Ce
[RY-FRT
Cat1u?
CatCi8
Ua756€5
Gettel
C.7753
C.7e48
C.7¢38
Ce?42C
C.72c2
Co7cl3
Ce71C5
Ca€565
C.ttEE
C.e27%
CoEEES
C.tsS
Let44al
C.t3228

Yo (UP)
0.4833
0. 4831
0.4827
0.4821
0.4812
C. 4800
0.4787
0.4771
U.4753
G.41733
Gu4711
0.4687
0. 4662
O. 4634
0.4605
C.4573
0.4540
0. 4505
0. 4668
Ue 4429
0.4388
0.4345
C.4301
0. 425%
0. 42C6

Y& [UP)
U. 3433
C.3315
Ce 3200
C.3uB6
C.2974
C.286¢
La2l92
Calo4d
Ladbi3s
C.2426
C.e317
G.2210Q
Cc.2102
C. 1994
C.l886
0.1778
G.167¢
C.1561
Celane
Cal3be
Cel232
C.1i2l
C. 1008
L. C8Y7
Q.0T84

x*(UP)
-0.

0.0l66
0.03206
U.0481
Gl G631
0.0778
0.0921
C.106"
0.1197
0.1331
0.1462
G.1591
G.1718
G. 1843
G.1967
G.2089
0.220%
G.2328
Ce 2440
02563
Ge2678
0.2793
0.29006
G.3019
0.3130

X€(UP)
0.3402
0.3518
0.3629
0.3735
0.3835
0.3931
Qe4ulld
Vatlll
0. 4196
0.4277
0.4355
0.4430
0.4502
0.4571
0.4638
0.4703
UaeTod
0.4825
C.4882
0.4938
0.4991
0.5042
0.5091
0.5139
U.5184

DUTLET J
241
231
221
293
201
191
181
171
161
151
141
131
121
111
101

91
81
71
61
51
41
31
21
11

1

OUTLET J
241
231
221
211
201
191
181
171
161
151
141
131
121
11
101

91
8l
71
61
51
41
31
21
11

1
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28

(( XsL{UF)
—CGe a1l
~U. 3357
“ue 329G
~Us 3234
—U.3171
-l 31Ut
—U.3041
~U. 24975
-Gel40y
—Wadlb4]
<2172
Pragivs
—U.20632
=0.2561
—U.2489
“Usc4lo
—UsZ343
~Uell07
=J.2194
0.l
—Uedl4s
-U.1966
-U.ldgb
—u.idio
-U.11732
—U.lo53
~0.1573
~Uelayl
“uei4i3
—0.l33c
=0.1¢51
~Jellov
=U.1e87
~uedtlb
—UeuNZZ
—U.Ud3Y
=Gel 790
“lU.Cb73
-C.05b9
—laeUnlS
—u.uacll
MTIEY
U253
“velloY9
AL
Y000
UaLU34
Vel
Calldhs
veQs3l
VelL9ol
LeUngh
Calndgy
GaCLT3
LedT50
(.Ce3y
(N VA P
LeddUs
Velud?
Ualloy
Heleonl
Val3se
Lalsals
belu93
UVald 73
Lelbl3
u.l732
U.lblu
U.ldds
e lbGU
Ueciiad
Ge2119
Jallya
Uel2lu9
Dec3bs
Uelult
Cedbott
Uelaol
V.2637
CadTU2
welife
Ve2bal
Ga2$Jd8
Ued9Th
[UREIVE S
Ce3100
Uealll
Ve 3d 34
UedlY9n
DPEELY

L C.3402

TABLE L. - Continued. SAMPLE OUTPUT

Yol (uP)
O.3414
V3476
Ve3534
Usdbhyl
U. 3647
U3l 2
0.37%¢
v.e3bly
Varbol
Va3910
Q43959
Uaalu?
Ladlib3
U.4098
Daalaz
Jabalad
U.al27
Jealol?
["RLE I
Vet 34s
U.438u
D.4415
[
Qe4481
Usable
Uakbal
De4569
V4296
Uebboc
V.a0408
Jehtbld
Cebto
JesTuQ
O.4le?
U.aTask
Vet lhy
vesiils
V.4T80
Daals?
O.4blt
UVaddli4
Gehdcl
Jebull
Jaebd3u
PEELEPS
Us4333
Uebd i
Ua433u
V4820
Uedvll
Ueddla
Jeadlio
dedl97
Uesl86
Uen?T73
Gaalby
JedTaa
VealzZy
RTRI
JaehihaY
Jeboun
Jedusn
Uehull
Q43490
Jeadoy
Yaedbi]
Jeadle
Dedetrt ]
Uabas9
Ja4als
CER L)
a4 344
J.4300
Q.alef
Je4led
Vaeirlsnd
Veylal
Ve4043
VeauS3
JeaUl7
Vae3959
V3910
0 .3860
J.3ddo
U.3750
VedTue
Us3o4sd
Q.3591
Us3934
V.3476
Veda3s

CIRLULAK ARLS

X2LiUP)
—0.24l7
~0.2254
-0.3c5¢
-0.3224
-0.2117)
-C.210¢€
-0.2C41
=0.:50¢%
“CacyCr
~0.2E41
~veZillc
—L.27Cc
—0.2¢3;
—Ca.ctel
—Coz4bs
~0.cale
—Q.2242
“Uazcets
-0.21%4
-G.cll¢
~Ceclae
-0.15¢6¢
~Q.ltte
—Q.1t1C
—C.173¢
~0.1e82
—-0.1572
-U.1462
—0.1412
“0.122¢
—U.lc%1
~U.lles
-G.1CE83
L. lCLE
“CaC%cc
“UL.CE2Y
Vel i5¢
S
“Ueltes
—0.C5C%
—L.tacl
—0.L237
—GeCet?
-0.Li6%
~U.CCo4
L.0C0C
U.llba
0.01¢es

0.c841
U.25C¢
Gagsic

0.21C¢
Ge.217%1
0,234
[ PR
O.235%

i4C¢

YECLLP ) 4G
Ca.bSel
Ca502¢C
CaSLiE
C.5128
Ce5151
CeSc4e
C.94CC
C.S252
Ca54C3
Ce5454
C.55C3
C.sesL
LaSE6T
CeSths

[PE L1
L6552
1.CCé5
lotCce
1.CCes
1.C113
1.Clae
1.C1¢e>
l.CltES
laCcle
1aCeds

el e AR AR S Gy
R Rt A S Sy

l.Cute
leClzs
LeS9S¢
[
CeSSei
Costt?
LadStEEL
C.cell
C.5171
Cabies
C.%¢cte
L.Se42
La9EGT
[E--T
CeSECS
CaS4te
C.594C2
Ca252
Ca$20C
CaSc40
(.5151
C.513¢
LesL7t
CeSCzC
G.tS1



X€SCIN)
-0.4997
~U.5231
-0.5406¢
-0.5701
~0.5936
-0.61171
-0.6406
—Ge.tbb4l
-0.€875
-0.7118
—0a734Z
-0.1580
—0.761°%
-0.8050
~C.8265
-0.85£C
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TABLE II. - Concluded. SAMPLE OUTPUT

STRAIGHT L INLS

Y*S(IN) YES{INI¢G?* YES(UUTI+G®  YRS(UUT) X®S{0UT )
C.1209 U. €153 V.6328 0.0784 0.5184
C.C7L5 0. 6249 U.5888 0. 0344 0.5355
ColeCe 0. 5745 Ua.5448 =0. 0096 0.5526
-(.C202 Us 5242 L. 50U8 -0.0536 0.5698
-C.C800 Ue 4734 G.4508 -0.09706 D.5869%
~C.13¢C9 0. 4234 Gatled -U«l%l0 0.6040
~Ca.1813 [PREREDS V. 3687 -0.1857 O.0211
-C.2311 0. 3227 Ua3247 —0.2297 0.6383
-(.2H20 0.2 123 G.2807 -0.21737 U.6554
-C.3324 C.2220 0.23067 -0.3177 0.6725
-C.2t28 O.iflo G.1927 -Ca3617 0.6896
-G.4331 Cel2l2 G.l486 ~U.4057 0.7068
-L 4835 L 709 0.lusé —0.4498 0.7239
~-C.5339 C.L205 C.U606 -0.4938 0.7410
~C.5t42 -u. 0299 U.0lb66 -0.5378 0.7581
~L.€246 -0.08C2 -.C274 ~U.5818 0.7753
MISCELLANECUS PARBMETERS
THL MINIMUM LUWL R SUKFALE PRANUTL-MEYEl ANGLE PRECILTED Y SEPARATIUN CUNUITIUNS S 16,3009 LEG
THE MAXIMUM UPPER SUKFACL PRANUDTL-MEYER ANGLE PRECICTEL BY SEPAKATIGH CuNUITIONS IS 56.8768 DEG
HE{IN) = l.e240 PALN) = Zeaval M{LUT} = eIyl PE{ULT) = le 7069
(6145 ME(LOW) = 14300 FlLiw) = 1.7065 MIUP) = 2.8¢¢1 ME{LP) = 2.0692 k*(uP) = 0.4833
ETA = 133.7345 VEL LE = Ue 9544 c* = laéctl fleMa = 2.6367
( ECTLE] -C.a7 -0.31 -Q0.l4 Ue02 C.lt Le325 C.51 G.067 0.84 1.00
~CaB5#mmmmmmm o s R oo e Immmmmmmmmmmm o e 1--
1 1 1 1 L 1
1 1 1 1 i 1
1 +e 1 1 » 1 i 1
1 1 1 1 1 1
1 + 1 1 1 1 1
1 *1 1 * 1 1 1
1 i 1 i 1 1
1 i + 1 1 1 1
1 1 1 1 1 1
-C. 581 1 * + 1 * 1 1
1 1 1 1 1 1
lmm=mm e m e meee Jmmmmmmm e m oo 1--- 1 - -1 e
1 i hd 1 + 1 . 1 1
1 1 * 1 + 1 - 1 1
1 1 * 1 + 3 . 1 1
1 1 1 + 1 L 1
1 1 * 1 1 1
1 1 1 +1 1 1
1 1 le + * 1 1
-C.311 1 1 14 1 1
1 1 1+ 1 ¢ * 1 1
L 1 1 1 + 1 1
1 1 1 * 1 + * 1 1
e e e B SR R e lmm—mm e mmmm oo e TRt R e L 1--
s 1 1 * 1 + *] 1
1 1 1 1 4 1 1
1 L 1 d 1 *1 1
1 i 1 1 +* 1 1
1 1 1 . 1 . * 1
6 < —0.031 1 1 1 1 1
1 1 gl * 1 . * 1
1 1 1 1 L 1
1 1 1 * 1 + * 1
1 1 1 1 + L 1
L i 1 1 1 1
[ lommmmemmm oo ee e it 1 . *1 m————e—
1 1 1 1 + 1 1
1 1 1 * 1 + ] 1
1 1 1 1 1 1
Gel4l 1 1 * 1 + * ] 1
1 1 1 1+ 1 |13
1 1 1 * 1+ L 1 1
1 1 1 1 1 1
1 1 i* + . 1 1
1 1 LB I 1 1
1 1 1 + 1 1 1
1 1 * 1 + 1 * 1 1
e S Lmmmmmmmm oo 1 - Jmmmmmm o m e R 1--
1 1 * 1 ¢ 1 * 1 1
0.511 1 * 1 + o+ 1 . 1 1
1 1 - 1 1 * 1 1
1 1 * + 1 1 i 1
1 1 1 1 1 1
1 1 . 1 1 i 1
i . 1 * 1 3 1
i +1 1 1 1 1
1 1 1 1 1 1
1 +* 1 1 . 1 1 1
1 1 1 1 1 1
CofYlo—Womom oo e o l—m == m e -] -— -1 1 1--
L -0.83 -C.47 T-g.3T T -0u14 .02 77T TTCLE T CLEE c.51 0.67 0.84 1.06
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PROGRAM DESCRIPTION
Main Program

The main program generates a table of the inlet and outlet transition arcs of the up-
per, lower, and translated curves. It also computes several parameters which are per-
tinent to the blade description, such as Mach numbers and radii, and, as an option,
plots a blade profile and flow channel. The plotting is done by subroutine PLOTMY,
(ref. 10). The program variables are
ALPH fixed angle
ALPHLN rotation angle for lower-curve inlet transition arc, o, 4

3

ALPHLO rotation angle for lower-curve outlet transition are, a;
b

ALPHUI rotation angle for upper-curve inlet transition arc, o, g

ALPHUO rotation angle for upper-curve outlet transition are, a, o

ALPHUP temporary storage
ALPLOW temporary storage
ANGLE logical switch
BETAN see INPUT

BETAT outlet flow angle, 8 o
CONVER conversion factor for degrees to radians
COSALN cosine of ALPHLN
COSALO cosine of ALPHLO
COSAUI cosine of ALPHUI
COSAUO cosine of ALPHUO
CSTAR blade chord, C*

DALPH angle increment

DELF see subroutine ROOT
DELV see INPUT
DELXI 1/15 length of straight-line portion of upper-curve inlet arc

DELXO 1/15 length of straight-line portion of upper-curve outlet arc
EMJ slope of Mach lines, m].

30



EMK
EMWJ
EMWK
F(V, FN)
FLO
FN
FOFX
FUP
GAM
GAMEXP
GAMM1
GAMP1
GRTY
GSTAR
I
IPRINT
ISTART

JJ
JDEX
JMAXN
JMAXO
JMN
JN
JNDEX
JNN

Jo

JOO

slope of Mach lines (eq. (15)), my

slope of wall segments, ﬁij

slope of wall segments (eq. (17)), ™

internally defined function (eq. (13)), f(R*)

see subroutine START

floating point index

see subroutine ROOT

see subroutine START

ratio of specific heats, y

1/(GAM - 1)

(GAM - 1)/2

(GAM + 1)/2

dummy name

blade spacing, G*

counter

see INPUT

see INPUT

variable index for upper curve

variable index

variable index

number of points on upper-curve inlet transition arc
number of points on upper-curve outlet transition arc
maximum of JMAXO and JMAXN

variable index

number of upper-curve transition arc points to be printed
variable index

variable index

variable index

variable index for lower curve
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KDEX
KMAXN
KMAXO
KMN

KNDEX
KNN
KO
KOO
KOUNT
L

LLL
LSTORE
LSTR
M
MAXN
MAXO
N
NPER
NPLOT
NP1
NP2
NP3
NSUM
NUM

PERM

32

variable index

array required by PLOTMY (see ref. 10)

variable index

number of points on lower-curve inlet transition arc

number of points on lower-curve outlet transition arc

maximum of KMAXN and KMAXO

variable index

number of lower-curve transition arc points to be printed
variable index

variable index

variable index

counter

counter

NP1 + NP2

number of points saved per 5° of turning

temporary storage

counter

integer constant

integer constant

variable index

variable governing selective storage

see INPUT

number of points on lower curve which have been saved for plotter
number of points on translated lower curve which have been saved for plotter
number of points on upper curve which have been saved for plotter
total number of points which have been stored for plotter

counter

array required by PLOTMY (see ref. 10)

[(GAM + 1)/(GAM - 1)]1/2



PHIJ
PHIJP1
PHIK
PHIKP1
R

RA
RECONV
RIN
RLOW
ROUT
RUP
SAME
SIGMA
SINALN
SINALO
SINAUI
SINAUO
SM

SMIN
SMLOW
SMOUT
SMS
SMUP
SSMIN
SSMLOW
SSMOUT
SSMUP
TANBI
TANBO

flow direction, @5

previous value of PH1J, ?is1

flow direction (eq. (12)), i

previous value of PHIK, Prrl

array for storing radii of major vortex-compression- characteristic points,

rR*
)

array for storing radii of major vortex-expansion-characteristic points, Ri';

conversion factor for radians to degrees
1/SSMIN

radius of circular arc of lower curve as calculated in JOKOS, R’;
1/SSMOUT

radius of upper-curve circular arc, RY
see subroutine START

blade solidity, ¢

sine of ALPHLN

sine of ALPHLO

sine of ALPHUI

sine of ALPHUO

temporary storage for Mach numbers, M
inlet Mach number, M,

lower-surface Mach number, Ml

outlet Mach number, MO

temporary storage for velocity ratio, M*
upper-surface Mach number, Mu

inlet velocity ratio, M’l"

lower-surface velocity ratio, M’;

outlet velocity ratio, M;

upper-surface velocity ratio, Ml";

tangent of BETAN

tangent of BETAT
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TEMP temporary storage
TEMPP temporary storage
TEMPPP temporary storage
THETA total flow turning angle, 6

TR temporary storage for radii

TX temporary storage for unrotated x*-coordinates
TXLO temporary storage for values of XLOW(I)

TXUP temporary storage for values of XUP(I)

TY temporary storage for unrotated y*-coordinates
TYLO temporary storage for values of YLOW(I)
TYUP temporary storage for values of YUP(I)

UMJ Mach angle, u].

UMJP1 previous value of UMJ, Hiv1

UMK Mach angle (eq. (15)), My

UMKP1 previous value of UMK, M1

v temporary storage for Prandtl-Meyer angles, v
VIMAX see subroutine START

VIN see INPUT

VLOW see INPUT

VLSPMN minimum lower-surface Prandtl-Meyer angle from separation criterion,

)

min
VNL VIN-VLOW
VOL VOUT-VLOW
VOouT see INPUT
VUI VUP-VIN

2 y -1
VvUpP see INPUT

VUMAX l( l+_1-1>
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VUSPMX

vuT

X0

X1

X2

XCG
XCLOW
XCUP
XDOWN
XINTL
XLOW

XLOWN

XLOWO

XMLOW

XMUP

XSIN

XsouT

XUP

XUPN

XUPO

YACRS1
YACRS2

maximum upper-surface Prandtl-Meyer angle from separation criterion,

(Vu)max

VUP-VOUT

see subroutine ROOT

see subroutine ROOT

see subroutine ROOT

X*_coordinate of a translated-curve circular arc point

X*_coordinate of a lower-curve circular arc point

X*_coordinate of an upper-curve circular arc point

array for storing X*-coordinate of points to be plotted

see subroutine ROOT

array for storing x*-coordinate of unrotated lower transition arc points,
)

array for storing X*-coordinate of lower-curve rotated inlet transition arc

points, (XZ‘)
k, i

array for storing X*-coordinate of lower-curve rotated outlet transition arc

points, (X’l")
k, o

temporary storage for values of -XLOW(I)

temporary storage for values of -XUP(I)

X*_coordinate of a point on inlet straight-line portion of upper curve
X*-coordinate of a point on outlet straight-line portion of upper curve

array for storing x*-coordinate of unrotated upper transition arc points,
(=})
]
array for storing X*_coordinate of upper-curve rotated inlet transition arc
points, (X¥)
}1
array for storing X*_coordinate of upper-curve rotated outlet transition arc

points, (X}).
], 0

array for storing Y*-coordinates of points for plotter

array for temporary storage of Y*-coordinate of translated lower-curve
points for plotter
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YCG Y*-coordinate of a translated-curve circular arc point
YCLOW Y*-coordinate of a lower-curve circular arc point
YCUP Y*-coordinate of an upper-curve circular arc point
YLASTI Y*-coordinate of first point on inlet side of upper curve
YLASTO Y*-coordinate of first point on outlet side of upper curve

YLOW array for storing y*-coordinate of unrotated lower transition arc points,
v5)
k

YLOWN array for storing Y*-coordinate of lower-curve rotated inlet transition arc

points, (YZ‘)
K, i

YLOWO array for storing Y*-coordinate of lower-curve rotated outlet transition arc

points, (YZ‘)
k, o

YNG temporary storage for Y*-coordinate of a point on translated- curve inlet
transition arc

YSIN Y*-coordinate of a point on inlet straight-line portion of upper curve

YSNG Y*-coordinate of a point on inlet straight-line portion of translated upper
curve

YSOUT Y*-coordinate of a point on outlet straight-line portion of upper curve

YSTG Y*-coordinate of a point on outlet straight-line portion of translated upper
curve

YTG temporary storage for Y*-coordinate of a point on translated-curve outlet

transition arc
YUP array for storing y*-coordinate of unrotated upper transition arc points, (yﬁ).

YUPN array for storing Y*-coordinate of upper-curve rotated inlet transition arc
points, (Yl";)_ '
)1
YUPO array for storing Y*-coordinate of upper-curve rotated outlet transition arc

points, (Y*)
u’.
J, 0

Subroutine ROOT

Subroutine ROOT is a general routine for finding the roots of equations and is de-
rived from the '*half-interval search' method des cribed in reference 11. This method
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depends on successively halving an interval which is known to contain the desired root.
Subroutine ROOT is used to calculate R* from equation (10b).

A call to ROOT has the form CALL ROOT (X0, X2, XINTL, FOFX, FUNC, X1),
where the elements of the call vector are

X0 lower bound of initial root interval
X2 upper bound of initial root interval
XINTL initial estimate of value of root
FOFX given value of dependent variable
FUNC  externally defined function

X1 value of root

Other program variables are

A FOFX-F2

DELF convergence criterion

FO function FUNC evaluated at XX0
F2 function FUNC evaluated at XX2
FX function FUNC evaluated at X

KOUNT count of number of iterations performed

X temporary storage for present estimate of root
XX0 present value of lower bound of root interval
XX2 present value of upper bound of root interval

Subroutine START

Subroutine START is used to compute the maximum value of the inlet Prandtl-Meyer

angle (Vi) for supersonic starting for various lower- and upper-surface Prandtl-
max
Meyer angles. Several other parameters of interest are computed by START and are

printed as output. Among these parameters are the vortex constant for maximum weight

flow K)rknax’ the reduction in weight flow due to two-dimensional flow C, and the maxi-
mum value of the inlet velocity ratio for supersonic starting (M’i")

max
A call to START has the form CALL START (VLOW, FLO, VUP, FUP, VIMAX),

where the elements of the call vector are

VLOW lower-surface Prandtl-Meyer angle, Y,
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FLO
VUP
FUP
VIMAX

eq. (10b) evaluated at RZ‘

upper-surface Prandtl-Meyer angle, Yy

eq. (10b) evaluated at R¥

maximum inlet Prandtl-Meyer angle for supersonic starting, (Vi)
max

Other program variables are

BINTGR
C
CINTGR
FINTL
FO

F2
FOFX

Q
RATIO
RLOW
RUP
SAME
SLOPE
SSMIAX
SSMLOW
SSMUP
WSTAR
XAMK
XINTL
X0

X2
YINCPT

38

value of integral (eq. (27b))

reduction in maximum weight flow due to two-dimensional flow (eq. (34b))
value of integral (eq. (32))

eq. (27) evaluated at K;‘nax = XINTL

eq. (27) evaluated at K*max = X0

eq. (27) evaluated at K} = X2

eq. (27) evaluated at K} = = XAMK

eq. (34a)

ratioof Q to 1-C

radius of circular portion of lower curve, Rz‘
radius of circular portion of upper curve, R:';
square of ratio of XAMK to SSMIOW

slope of line

maximum value of entering velocity ratio for starting, (Mr)

max
*

l
upper-surface velocity ratio, M:;

lower-surface velocity ratio, M

weight-flow parameter (eq. (32))

vortex constant for maximum weight flow, K*max
initial estimate of a parameter

lower bound of a parameter

upper bound of a parameter

y-intercept of a line



Subroutine MSSTAR

Subroutine MSSTAR is used to determine the minimum lower-surface Prandtl-Meyer
angle and the maximum upper-surface Prandtl-Meyer angle from separation considera-
tions. This subroutine uses ROOT and ADSTR in the calculation of these angles.

A call to MSSTAR has the form CALL MSSTAR (M, N, VSSTAR), where the ele-
ments of the call vector are

M inlet or outlet dimensionless velocity, M’i" or MZ’ respectively

N variable switch

VSSTAR Prandtl-Meyer angle from separation criterion, (Vl) or (Vu)
min max

The other variables used by MSSTAR are

A Tlefr+t1_
4\Yy -1

B 1 _[y+ 1
y -1
C v -1
D y+1
MS velocity ratio from separation criterion, (MZ‘) or (M:)
min max
X0 see subroutine ROOT
X2 see subroutine ROOT

XINTL see subroutine ROOT

FOFX see subroutine ROOT

SQRDMS (MS)2

Subroutine SIMPS1

This function subprogram is used to perform numerical integration of explicit func-
tions of one variable. The integration is performed by a modification of Simpson's rule,
in which a sufficient number of intervals is used to assure six or more significant fig-
ures in the result,

A call to SIMPS1 has the form ANSWER = SIMPS1 (XMIN, XMAX, FUNC1, KER),
where the elements of the call vector are
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XMIN lower limit of integration

XMAX upper limit of integration

FUNC1 externally defined function of a single variable

KER storage for flagging result if necessary

Other program variables are

A array for storing functional values at certain partition points
ANS sum of subapproximations

array for storing functional values at certain partition points

C array for storing functional values at certain partition points
E array for storing difference terms

FRAC variable tolerance used for subapproximations

H distance between successive points of partition

K variable index

N counter

NE equivalent to E

NTEST equivalent to TEST
P array for storing successive subapproximations
Q sum of difference terms

SIMPS1 value of desired integral

TEST tester for subapproximations
T tolerance for difference terms
A% array for storing partition points of interval

Function Subprograms
The following function subprograms are used intermittently throughout the main

program and subroutines:
FUNCTION ALFUNC (A, B,Y), defined by ALFUNC where

1/(y-1)
ALFUNC = 1 (a - BY?)
Y
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FUNCTION CFACT (Y), defined by CFACT where

K* 2
CFACT = 1|1 - < m‘f‘) v2

Y Ml

1/(y-1)

FUNCTION QFACT (Y), defined by QFACT where

+1 y- Y2

L \/G-D)
2 2 )

FUNCTION FRAT (Y), defined by FRAT where

1/(y-1)
‘y+1_7-1Y2
FRAT = —2¢_[ 2 2
o-\rt1y2 y-1
2 2

FUNCTION FOFRS (X), defined by FOFRS where

FOFRS = Y+ 1aresin(ro1. y| + arc sin[(y + 1)X2 - 'y]
y -1 x2

FUNCTION FKMAX (Y, L), defined by FKMAX where

M*
u 2 1/(‘}’— 1)
v ¥ .2 VoD oMy 9.1/ (r-1)
FKMAX = 1-{—=| 2 LI [ of - (1-Y%
M Z M*
l l
*
M,
and L is an optional switch.
FUNCTION ADSTR (X), defined by ADSTR where
1/2
(v-1)/y
Y X2
ADSTR = ‘/u}_ 1- [1 - (V - 1>x2] Rl AR S
vy -1 y+ 1 2 1_'y—1X2
v+ 1

41



C

nNeNeNeNe]

cC
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1
11

99

12
13

PROGRAM LISTING

COMMON/EXPALF/GAMEXP
COMMON/ROOTS/DELF
COMMON/FACTDR/PERM,SAME,GAM,GAMMI,GAMPI'SSMLDN'SSMUP,RECONV,GRTY

DIMENSITON R(BOO),RA(BOO),XLUN(SOO),YLOW(BOD),XLDNN(BOO)yYLUNN(BOO)
I,XUP(BOO),YUP(BOO),XLOWO(BOO),YLDWO(BOO),XUPN(BOO),YUPN(BOO),
2XUP0D(B800),YUPUI(800)

DIMENSTION XDOWN(400) y YACRS1(400) 4y YACRS2(200) yKKK{14),P(20)

LOGICAL ANGLE

EXTERNAL FOFRS

FIVoFN) = (2.%V) = ((3,14159265/2.)%(PERM=1,)) - (2.%(FN~1, )} *DELV)

INPUT AND TITLE
ISTART=0 FOR STARTING AND DESIGN ISTART=1 FOR STARTING ONLY
NPLOT=0 IF PLOT IS DESIRED NPLOT=1 IF PLOT IS NOT DBESIRED
IPRINT=0 PRINT ROTATED COORDINATES ONLY IPRINT=1 PRINT UNROTATED
AND ROTATED COORDINATES

READ (5,11) VINyVOUT,BETAN,VLDW,VUP,DELV'GAM,ISTART.NPLOT,IPRINT
FORMAT ( 7(F64242X)y3(11,2X) )

WRITE (6,99)

FORMAT (1H1,38X453HD E S [ G N 0O F SUPERSONTIC B L A
1 DES)

CONVERSION FACTORS AND CONSTANTS

CONVER = .174532925E-01
RECONV = 57,2957796

ONE POINT WILL BE PRINTED FOR EVERY NPER POINTS CALCULATED
IF (DELV .GE. 0.2) GO TO 12

NFER = 10

GO T0 13

NPER = 1

GAMP1 (GAM + 1,)/2.

GAMML = (GAM-1,)/2.

GAMEXP = 1./(GAM=-1,)

PERM = SQRT(GAMP1/GAMM1)

DELF = 0.,000001

X0 = 1.,/PERM

X2 = 0.999999999

XINTL = (X0 + Xx2)/2.

LSTORE = (5.0/DELV)/FLOAT(NPER)
DALPH = 1.,0%CONVER

ANGLE = .TRUE,
IF (VLOW .LE. AMIN1(VUP,VIN,VOUT)) GO TU 120
WRITE (6,119)



cc

ccC

119 FORMAT (//31X,70HV(LOW) MUST BE LESS THAN OR EQUAL TO THE MINIMUM
10F V(UP),V(IN},V(OUT))
ANGLE = .FALSE.

120 IF (VUP .GE. AMAX1(VIN,VOUT)) GO TO 118
WRITE (6,117)

117 FORMAT (//33X,66HV(UP) MUST BE GREATER THAN OR EQUAL TO THE MAXIMU
1M OF VIIN),V{0UT))
ANGLE = .FALSE.

118 VUMAX = (3.14159265/2.)%(PERM=-1,)*RECONV
IF (VUP LE. VUMAX) GO TO 116
WRITE (6,115) VUMAX
115 FORMAT (//41X,37HV(UP) MUST BE LESS THAN V(UP)(MAX) = 4F9.4,4H DEG
1)
ANGLE = JFALSE,

116 IF (.NOT,. ANGLE) GO T0 1
PARAMETERS FOR STARTING

VLOW = VLOW*CONVER

FLO = F(VLOW,1.0)
vUP = VUPXCONVER
FUP = F(VUP,1.0)

CALL START (VLOW,FLOsVUP4FUP,VIMAX)
IF (ISTART .NE. 0) GO TO 1

WRITE (6,97)
97 FORMAT (//58X,1THDESIGN PARAMETERS)

MISCELLANEOUS CALCULATIONS
DELV = DELV*CONVER
FN = 1.
V = VIN*CONVER
D0 4 [=1,2
FOFX = F(V.FN)
CALL RODT (X0,X%X24XINTL,FOFX,FOFRS,X1)
IF (1 +EQ. 2) GO TO 4
RIN = X1
V = VOUT*CONVER
4 CONTINUE
ROUT = X1

SSMIN = 1./RIN

CALL MSSTAR {SSMIN,0,VLSPMN)
SSMOUT = 1./R0OUT

CALL MSSTAR (SSMOUT,1,VUSPMX)

SMS =
I =1
16 SM = SQRT(((1./GAMP1)*SMS*SMS)/(1.-(GAMM1/GAMP1)*SMS*SMS))
GO TO (17,18419,20),1
17 SMIN = SM
SMS = SSMOUT

SSMIN
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I =2

GO TO 16
18 SMOUT = SM
TEMP = (({GAMML*SMOUT*SMOUT)+14)/ ( (GAMM1%SMIN®SMIN)+1.) ) %% (GAMP]
1/7(2.%GAMML))
BETAN = BETAN*CONVER
BETAT = -ARCOS(COS(BETAN}*({SMIN/SMOUT)*TEMP)
BETAT = BETAT*RECONV
BETAN = BETAN*RECONV

DELV = DELV*RECONYV

ccC PRINT ALL DESIGN PARAMETERS
WRITE (6495) BETAN,VIN,VUP,VOUT,BETAT

95 FORMAT (/2Xy3L11HBETA(IN) = ,F7.4464H DEGy4Xy8HVIIN) = 4F7.4,4H DEG,
LOX4BHVIUP) = 4FB.4y4H DEG,7TX49HV(OUT) = sF7.4,4H DEG,4X,12HBETA(QU
ZT) = yFB-‘fy‘*H DEG)

WRITE (6,94) DELV, VLOW, GAM
94 FORMAT (/20Xy10HDELTA V = 4FT7.4,4H DEGy11Xy9HV(LOW) = 4F7.4,4H DEG
1y 11X, BHGAMMA = ,F7,4)

cC CONVERT FROM DEGREES TO RADIANS

VIN = VIN*CONVER

VOUT = VOUT%CONVER

VUP = VUPXCONVER

VLOW = VLOW*CONVER

BETAN = BETANXCONVER

BETAT = BETAT®CONVER

DELV = DELV*CONVER

cC CHOOSE LONGEST TRANSITION ARC OF LOWER SURFACE
VNL = VIN - VLOW

KMAXN = (VNL/DELV) + 0.5
VOL = VOUT - VLOW
KMAXO = (VOL/DELV) + 0.5

KMN = MAXO(KMAXN,KMAXO)
V = AMAX1(VIN,VOUT)

cc CALCULATE R*(LOW)=RLOW, ME(LOW)=SSMLOW, M(LOW)=SMLOW
IF (VLOW .EQ. 0.0) GO TO 2
FN = KMN + |
FOFX = F(V,FN)
CALL ROOT (X0 4 X2y XINTL yFOFX43FOFRS,RLOW)
GD TO 3
2 RLOW = 1,0
3 SSMLOW = 1./RLOW
SMS = SSMLOW
I =3
GO TO 16
19 SMLOW = SM

cc SET INITIAL POINTS FOR LOWER ARC CALCULATIONS
KNDEX = KMN/NPER
KDEX = KNDEX
RA(KDEX+1) = RLOW
XLOW(KDEX+1) 0.0
YLOW(KDEX+1) RLOW
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PHIKP1 = =(V-VLOW) + FLOAT(KMN}*DELV

UMKP1 = ARSIN{SQRT(GAMPLl*RLOW*RLOW ~ GAMMI1))
TXLO = XLOW(KDEX+1)

TYLO = YLOW(KDEX+1)

VNL - BETAN

-(VOL+BETAT)

ALPHLN
ALPHLD

non

IF (ALPHLN .LE. 0.0 JAND. ALPHLO .GE. 0.0) GO TO 110
ANGLE = JFALSE,
WRITE (6,4111)
111 FORMAT (//27Xs79HV(LOW) MUST BE GREATER THAN OR EQUAL TO V(IN) - B
1ETA(IN) AND V(OUT) + BETA{OUT))

cC CHOOSF LONGEST TRANSITION ARC OF UPPER SURFACE
110 vuT = vup - vOUT

JMAX0D = (VUT/DELV)+0.5
VUT = VUP = VIN
JMAXN = (VUI/DELV)I+0.5

JMN = MAXO(JMAXO,JMAXN)
V = AMIN1 (VOUT,VIN)

ccC CALCULATE R%{(UP)=RUP, MXx{UP)=SSMUP, M(UP)=MUP
FN = =-(JMN+1) + 2
FOFX = F{V,FN)
CALL ROOT (XOyX2yXINTL,FOFX,FOFRS,RUP)
SSMUP = 1./RUP
SMS = SSMUP
I = 4
GO TO 16
20 SMUP = SM

cc SET INITIAL POINTS FOR UPPER ARC CALCULATIONS
JNDEX = JUMN/NPER
JDEX = JNDEX
R{JDEX+1) = RUP
XUP{(JDEX+1) = 0.0
YUP{JDEX+1) = RUP
PHIJPLl = —~(VUP-V) + FLOAT(JMN)=*=DELV
UMJP1l = ARSIN(SORT(GAMP1%RUP*RUP — GAMM1))
TXUP = XUP(JDEX+1)
TYUP = YUP(JDEX+1)
ALPHUTI = VUI - BETAN
= ~{VUT+BETAT)

IF (ALPHUI .LE. 0.0 JAND, ALPHUD .GE. 0.0) GO TO 112
ANGLE = .FALSE.
WRITE (6,113}
113 FORMAT (//28X,75HV(UP} MUST BE LESS THAN OR EQUAL TO V(IN) + BETA(
1IN) AND V(OUT) - BETA(OUT))
112 IF (.NOT. ANGLE) GO 70 1

IF (VIN .EQ. VLOW J.AND. VLOW JEQ. VOUT) GO TO 100
Cxx%x%CALCULATE COORDINATES FOR LOWER TRANSITION ARC - UNROTATED

KDEX = KNDEX + 1
NUM = 0O
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V = AMAX1(VIN,VOUT)
DO 30 KK=1,KMN

K = (KMN+1) - KK
NUM = NUM + 1

PHIK = PHIKP1 - DELV

FN = K

FOFX = F(V,4FN}

CALL ROOT (X04X24XINTL4FOFX,FOFRS,TR)}

TX = TR*SIN(PHIK)

TY = TR*COS(PHIK)

EMWK = TAN(-PHIKP1)

UMK = ARSIN(SQRT(GAMP1*TR*TR - GAMM1})
EMK = —-TAN((PHIK+UMK+PHIKP1+UMKP1}/2.)
TEMP = TYLO - EMWK*TXLO

TEMPP = TY — EMK*TX

TEMPPP = EMK - EMWK

TXLO = (TEMP - TEMPP)/TEMPPP

TYLO = ((EMK*TEMP) - (EMWK*TEMPP))/TEMPPP
PHIKP1 = PHIK

UMKP1 = UMK

cC SAVE EVERY =NPER-TH= POINT
N = NUM — (NUM/NPER)=*NPER
IF (N .GT. O) GO TO 30
KDEX = KDEX -1
RA(KDEX) = TR
XLOW{KDEX)

= TXLO
YLOW(KDEX) =

I
TYLO
30 CONTINUE

C**%*CALCULATE COORDINATES FOR LOWER TRANSITION ARC - ROTATED
100 KDEX = KNDEX + 1
KMN = KMN + 1

SINALN = SIN(ALPHLN)
COSALN = COS(ALPHLN)
SINALO = SIN(ALPHLO)
COSALD = COS(ALPHLO)
KN (KMAXN/NPER) + 2

KO (KMAXO/NPER) + 2
DO 40 KK=1,KDEX

K = (KDEX+1) - KK

KN = KN -1

KO = KO - 1

IF (KN JLE. O) GO TO 401

XLOWN(KN) = YLOW(K)}®*SINALN + XLOW(K)*COSALN

YLOWN(KN} = YLOW(K)*COSALN - XLOW(K)%*SINALN
401 IF (KO .LE. O) GO TO 40

XLOWO(KO) = YLOW(K)*SINALO - XLOW(K)*COSALO

YLOWO(KO) = YLOW(K)*COSALO + XLOW(K)}*SINALO

40 CONTINUE
IF (VIN ,EQ. VUP AND., VUP .EQ. VOUT) GO TO 200

Cxxx%CALCULATE COORDINATES FOR UPPER TRANSIIION ARC = UNROTATED
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cc

Cx*%%CALCULATE COORDINATES FDR UPPER TRANSITION ARC

cC

JDEX = JUNDEX + 1

NUM = O

V. = AMINL(VOUT,VIN)
DO 41 JJd=1,JMN

J = (UMN+1) - JJ

NUM = NUM + 1

PHIJ = PHIJP1 -~ DELV
FN = -J + 2

FOFX = F(V,FN)

CALL ROOT (XO4X24XINTL,FOFX,FOFRS,TR)

TX = TR*SIN(PHIJ)
TY = TR*COS({PHIJ)
EMWJ = TAN{(-PHIJP1)
UMJ
EMJY

TEMPP = TY — EMJ*TX
TEMPPP = EMJ — EMWJ

ARSIN(SQRT(GAMPL1*TR*TR - GAMM1))
TAN((-PHIJ+UMJ-PHIJPL1+UMJP1}/2.)}
TEMP = TYUP - EMWJ*TXUP

TXUP = (TEMP - TEMPP)/TEMPPP

TYUP = ((EMJXTEMP) -
PHIJUPL = PHIJ
UMJP1 = UMJ

SAVE EVERY =NPER-TH=
N = NUM = (NUM/NPER}*NPER
IF (N .GT. 0) GO TO 41

JDEX = JDEX - 1

R{JDEX) = TR
XUP(JDEX) = TXUP
YUP(JDEX) = TYUP

41 CONTINUE

200 JDEX = JNDEX + 1

471

JMN = JUMN + 1

SINAUI = SIN(ALPHULI}
COSAULl = COS(ALPHUIL)
SINAUO = SIN(ALPHUQ)
COSAUD = COS(ALPHUO)
JN = (JMAXN/NPER) + 2
JO = (UJMAXO/NPER) + 2
DO 47 JJ=1,JDEX

J = (JDEX+1) - JJ

JO = JO -1
JN = UN =1

IF (JO .LE. O) GO TO 471
XUPO(JO) = YUP(J)}*SINAUD
YUPO(JD) = YUP(J)*COSAUD
IF (UN .LE. O) GO TO 47

YUP(J)*SINAUI
YUP(J)*COSAUI

XUPN({JN)
YUPN{JN)

47 CONTINUE

TANBI = TAN(BETAN)

(EMWJRTEMPP) ) /TEMPPP

POINT

+

+

XUP (J)*COSAU0
XUP(J)})*=SINAUD

XUP(J)*COSAUI
XUP (J)*SINAUI

CALCULATE G* - THE DIMENSIONLFESS BLADE SPACING

YLAST! = YUPN(1l)} + TANBI*{XLOWN(1l) - XUPN(1))

- ROTATED
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e

93

88

87

GSTAR = YLOWN(1) - YLASTI

TITLES

WRITE (6,93}

FORMAT (///54X4+25HL O W E R SURFACE)

IF (IPRINT EQ. 0) GO TO 844

WRITE (6,88)

FORMAT (/54X,25HUNRDTATED TRANSITION ARCS)

WRITE (6,87)

FORMAT (//2Xy8H INLET Ky4X,8HX*(LOW) 3X,8HY*(LOW) ,68X,8HY*(LOW)
143X 8HX*{LOW) ,2X,8HOUTLET K)

Cx*%x%xPRINT COORDINATES FOR LOWER TRANSITIUN ARC - UNROTATED

861

511
863

510
860
51

CcC

KDEX = KNDEX + 2
DO 51 KK=1,KMN,NPER
K = (KMN+1) - KK

KN = (KMAXN+2) - KK
KO = (KMAX0+2) - KK
KDEX = KDEX - 1

XMLOW = —XLOW(KDEX)

IF (KN .GT. O J.AND. KO L.GT, 0) GO TO 510
IF (KN JLE. O) GO TO 511
WRITE (64,861) KNy XLOW(KDEX),YLOW(KDEX)

FORMAT (4X414,5X,F84443X,F8,4)

GO 71O 51

WRITE (64863) YLOW(KDEX)},XMLOW,KO

FORMAT (100X sFBa4y3XyFBe4y5X,14)

GO TO 51

WRITE (64860) KNy XLOW(KDEX),YLOW(KDEX) YLOW(KDEX) y XMLOW,KO
FORMAT (4XyT495XsFBaby3XsF8.4,6RBXyFBaby3XFB.4,5X,14)
CONTINUE
TITLES

844 WRITE (6,92)

92

84

FORMAT (1HL ,46Xy38BHROTATED AND TRANSLATED TRANSITION ARCS)

WRITE (6,484)

FORMAT (//2X9BH INLET Kyb6Xy THX*(LOW) ¢ 7Xy THY*(LOW) 96Xy LOHY* (LDW) =G
128Xy LOHY*(LOW) ~G* 95Xy THYX (LOW) ¢ 7X s THX*(LOW) 45Xy BHOUTLET K)

C**%%PRINT COORDINATES FOR LOWER TRANSITION ARC - ROTATED

cC

48

M =1

XDOWN({M) = XLOWN(1)

YACRS1 (M} = YLOWN(1)

YACRSZ2(M) = YLOWN(L1l) - GSTAR

M=M+1

XDOWN(M) = XLOWO(1)

YACRSI(M) = YLOWD(1)

YACRSZ2{M) = YLOWO(1l) - GSTAR
STORE POINTS FOR PLOTTER - ONE POINT FOR EVERY FIVE DEGREES OF TURNING

MAXN = (KMAXN/NPER) + 1

MAXO = (KMAXO/NPER) + 1

KNN = MAXN + 1

KOO = MAXO + 1

I =0



DO 55 KK=1,KMN,NPER
KN = (KMAXN+2) - KK
KO = (KMAXD+2) - KK

KNN = KNN - 1
KOD = KOO - 1
1 =1+ 1

LSTR = LSTOREx*]

IF (KN .GT. 0  «AND. KO +GT. 0) GO T0 550

IF (KN .LE. 0) GO TO 551

IF (LSTR «GT. MAXN) GO T0O 559

M =M+ 1

XDOWN(M) = XLOWN(LSTR)

YACRS1(M) = YLOWN(LSTR)

YACRS2(M)} = YLOWN(LSTR) - GSTAR
559 YNG = YLOWN(KNN) - GSTAR

WRITE (64831) KNy XLOWN(KNN) ¢ YLOUWN(KNN) 3 YNG
831 FORMAT (4X g Ty TXsFBelybXsFB.4 36X FBa4)

GO T0 55

551 IF {(LSTR .GVT. MAXO) GO TO 557
M =M+ 1
XDOWN (M) = XLOWO(LSTR}
YACRS1(M) = YLOWOD(LSTR}

YACRS2{M) = YLOWO(LSTR) - GSTAR
567 YTG = YLOWO(KOO) — GSTAR

WRITE (6,833) YTG,YLOWD (KOD) 4 XLOWO (KDO) ,KO
833 FORMAT (BLXyFBaets6XsFBaltyb6XeFBalyTXy14)

GO 7O 55
550 YNG = YLOWN{(KNN) - GSTAR
YTG = YLOWO{KOO) - GSTAR
IF (LSTR .GT. MAXN) GO TO 558
M =M+ 1
XDOWN (M) = XLOWN{LSTR)
YACRS1(M) = YLOWN(LSTR)
YACRS2(M) = YLOWN(LSTR) - GSTAR
558 IF (LSTR GT. MAX(0) GO TO 556
M =M+ 1
XDOWN{M) = XLOWO(LSTR)

YACRS1(M) = YLOWO{(LSTR)
YACRS2(M)} = YLOWO(LSTR) - GSTAR

556 WRITE (6,830) KN,XLOWN(KNN),YLONN(KNN),YNG,YTG,YLOWO(KUO)'XLUWO(KU
10} ,KO0

830 FORMAT (4X'I4,7X,F8.4,6X,F8.4,6X,F8.4,3OX,F8.4,6X,F8.4,6X,F8.4,7X,
114)

55 CONTINUE

M =M+ 1

XDOWN(M) = XLOWN({MAXN)
YACRS1(M) = YLOWN{MAXN)
YACRSZ2{(M)} = YLOWN{MAXN) - GSTAR
M=M=+ 1

XDOWN{M} = XLOWO({MAXO)

YACRS1 (M) YLOWO(MAXO)

YACRS2 (M) YLOWO(MAXO) - GSTAR

Cx%x%CIRCULAR ARC (LOWER)
IF (IPRINT .EQ. 0) GO TO 810



WRITE (6,81)
81 FORMAT (//60X,13HCIRCULAR ARCS//40X+8HXEC(LUW) 33Xy BHYXC (LOW) 416X,
1 8HX*¥C(LOW) 3Xy LIHY®C(LOW)~G%*)

B10 M = M + |}

XDOWN(M) = 0,0

YACRS1 (M) = RLOW

YACRS2(M) = RLOW - GSTAR

THETA = (BEVAN - BETAT)*RECONV

ALPH = ALPHLO + DALPH
ALPLOW = ALPHLN

KOUNT = 0

60 XCLOW = RLOWXSIN(ALPLOW)
YCLOW = RLOWXCOS(ALPLOW)
XC6G = XCLOW

YCG = YCLOW - GSTAR
KOUNT = KOUNT + 1

IF (KOUNT .NE. LSTORE) GO TO 601
KOUNT = 0

M =M+ ]

XDOWN(M) = XCLOW

YACRS1(M) = YCLOW

YACRS2(M) = YCG

601 IF (IPRINT .EQ. 0) GO TO 800
WRITE (6+480) XCLOW,YCLOW,XCLOW,YCG
80 FORMAT (39X,FBe433XyFReby16XyFB.4y3X,F8.4)
800 ALPLOW = ALPLOW + DALPH
IF (ABS(ALPH-ALPLOW) .LF, 0.001) GO TO 56
IF (ALPHLO o LT. ALPLOW .AND. ALPLOW .LT. ALPH} ALPLOW = ALPHLO
GO TO 60

cC STORE THE TRANSLATED LOWER ARC FOR PLOTTER

56 NP1 = M
DO 2000 I=14NP1
M =M+ 1
XDOWN({M) = XDOWNI(I)
2000 YACRS1(M) = YACRS2(1I)
NP2 = NP1

cC TITLFS

WRITE (6,79)

79 FORMAT (1H1,53X425HU P P E R SURFACE)
IF (IPRINT .EQ. 0) GO TO 700
WRITE (6,74)

T4 FORMAT (/54X,25HUNROTATED TRANSITION ARCS)
WRITE (6,73)

73 FORMAT (//2Xy8H INLET Jy3Xy8H X%(UP),3X,8H Y*(UP),68X48H Y% (UP)
193X98H X#=(UP)y3X,8HOUTLET J)

C***%PRINT COORDINATES FOR UPPER TRANSITION ARC — UNROTATED
JDEX = JUNDEX + 2
DO 65 JJ=1,JMN,NPER
J = (JMN+1) - U4
JO = (JUMAXOD+2) - JJ
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720

651
723

650
721
65

cc
700
78

70

C k&
cC

688

68

3031

JN = (JMAXN+2) - JJ

JDEX = JDEX = 1

XMUP = —XUP(JDEX)

IF (JN .GT. O AND. JO .GT. O) GD TO 650

IF (JN JLE. O) GO TO 651

WRITE (6,720) JINJXUP(JDEX),YUP{JIDEX)

FORMAT (4X,1445XsFBe443X,F8.4)

GO TO 65

WRITE (64723) YUP({JDEX) s XMUP,J0

FORMAT (100X, FBa4y3X,FBa&s5Xy14)

GO TO 65

WRITE (65721) JNyXUP(JDEX) 4 YUP(JDEX),YUP(JDEX) 4 XMUP,J0
FORMAT (4XgT495X s FBalty3XsFB.4y68XeFBaty3XFBabs5X,14)
CONTINUE

TITLES

WRITE (6,78)

FORMAT (1HL 46X438HROTATED AND TRANSLATED TRANSITION ARCS)

WRITE (6,70}

FORMAT (/7/72Xs8H INLET Jyb6XsTH XX{UP)yTXyTH YX(UP),6X, GHY* (UP ) +G*,
129X s QHY X (UP}+G% 46Xy TH YE(UP) 37Xy TH X*(UP),5X,8HOUTLET J}

L = NP1 + NP2

PRINT COORDINATES FOR UPPER TRANSITION ARC - ROTATED

STORE POINTS FOR PLOTTER — ONE POINT FOR EVERY FIVE DEGREES OF TURNING
L =L +1

XDOWN(L) = XUPN{1)

YACRSY (L} = YUPN(1)

L =L+ 1

XDOWN(L) = XUPO{1l)
YACRS1(L) = YUPO(1)
MAXO = (JMAXO/NPER) + 1
MAXN = (JMAXN/NPER) + 1
JOO = MAXO + 1

JNN = MAXN + 1

I =0

DO 303 JJ=1,JMN,NPER

JO = (JMAXD+2) -~ JJ
IN = (JMAXN+2) - JJ
JOOo = Jo0 - 1

JNN = JNN - 1

I =1+ 1

LSTR = LSTORE=*]

IF (UN .GT. 0O LAND. JO .GT. 0) GO TO 3030
IF (UN .LE. O) GO TO 3031

IF (LSTR .GT. MAXN) GO TO 688

L=1+1

XDOWN{(L) = XUPN(LSTR)

YACRS1(L) = YUPN(LSTR)

YNG = YUPN(JNN) + GSTAR

WRITE (6468) JNyXUPNUJNN) 4 YUPNCUJNN) 4 YNG
FORMAT (4Xsl4a4TXeFBo446XyFBat96XyFBat)
GO 70 303

IF (LSTR .GT. MAXO)}) GO 7O 689
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3

C*

6

L =L +1
XDOWN(L) = XUPO(LSTR)
YACRSI(L) = YUPO(LSTR)
689 YTIG = YUPO(JOO) + GSTAR
WRITE (64683) YTG,YUPO(J0O),XUPI(J0O),J0
683 FORMAT (81X4FBe496X9FBobyb6X FBbyTXy16)
GO TO 303
030 YNG = YUPN(JNN) + GSTAR
YT6G = YUPO(JOO) + GSTAR
IF {LSTR .GT. MAXN) GO TOD 670
L =1L +1
XDOWN(L)} = XUPN(LSTR)
YACRSI(L) = YUPN({LSTR)
670 IF (LSTR .GT. MAXO3) GO TO 671

L =L +1
XDOWN{(L) = XUPD(LSTR)
YACRS1(L) = YUPO(LSTR)

671 WRITE (6,680) JN'XUPN(JNN),YUPN(JNN),YNG,YTG'YUPO(JOO),XUPD(JUO),
140

680 FORMAT (4X,14,7X,F8.4.6X'F8.4,6X,F8.4,3OX,F8.4,6X,F8.4,6X,F8.4,7X,
1T4)

303 CONTINUE

L=1L +1

XDOWN(L) = XUPN{MAXN)

YACRS1(L) = YUPN(MAXN)
L =1L+ 1

XDOWN(L) = XUPO(MAXOD)

YACRSI(L) = YUPO(MAXOD)

#*%¥%¥CJRCULAR ARC (UPPER)
If (IPRINT .EQ. 0) GO TO 6700
WRITE (6,67)
67 FORMAT (//60Xy13HCIRCULAR ARCS//40X,8HX%C (UP) 33X BHYRC(UP) ,16X,
1 BHX*C(UP) 43Xy 10HY*C(UP)+Gx*)

700 L = L + 1
XDOWN(L)} = 0.0
YACRS1(L]) = RUP

ALPH = ALPHUO + DALPH
ALPHUP = ALPHUI

KOUNT = 0

305 XCUP = RUPXSIN{ALPHUP)
YCUP = RUP*COS(ALPHUP)
XCG = XCuP
YCG = YCUP + GSTAR
KOUNT = KOUNT + 1
IF (KOUNT .NE. LSTORE) GO 7O 672
KOUNT = 0
L =1L +1
XDOWNI(L) = XCup
YACRSI(L) = YCUP

672 IF (IPRINT LEQ. 0) GO TO 660
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WRITE (6,66) XCUP,YCUP,XCUP,YCG
66 FORMAT (39X 4FB.443XsFBety16XsFBa4y43X,FB.4)
660 ALPHUP = ALPHUP + DALPH
IF (ABS{ALPH~ALPHUP) .LE. 0.001) GO TO 306
IF (ALPHUO LT+ ALPHUP LAND. ALPHUP oLT. ALPH) ALPHUP = ALPHUO
GO TO 305

Cx%%%CALCULATE COORDINATES FOR STRAIGHT LINE PURTION OF UPPER ARC
cC FIFTEEN POINTS ARE CALCULATED FOR PLOTTING PURPOSES
306 IF (IPRINT L EQ. 0O) GO TO 3070
WRITE (6,4307)
307 FORMAT (//59Xs14HSTRATIGHT LINES//5X.8H X¥S(IN),5Xe8H YXS({IN) 43X,
LIOHY#S(IN)+G* 54X, 11HY =S (OUT)+G* 42Xy BHY#S(0UT) 45X, 8HX*S(0UT})
3070 KOUNT -1

DELXT = ( XUPN(l) — XLOWN(1) )/15.
DELXD = ( XLOWO(l) - XupPO(1l) )/15.
XSIN = XUPN{1)

YSIN = YUPNI(1)

XSOUT = XUPO(1)

YSOUT = YUPOL(1)

TANBO = TAN(BETAT)

GO TO 309

310 XSIN = XSIN - DELXI
XSOUT = XSOUT + DELXD
YSIN = YUPN{1l) + TANRI*(XSIN - XUPNI(1)}))
YSOUT = YUPO(1l) + TANBO*(XSOUT - XUPO(1) )
309 YSNG = YSIN + GSTAR
YSTG = YSOUT + GSTAR
IF (XSIN JLE. XLOWN{1) )} GO TO 312
KOUNT = KOUNT + 1
N = KOUNT - (KOUNT/3)x3
IF (N «GT. O) GO TO 673
L =L +1
XDOWN(L) = XSIN
YACRS1(L) = YSIN
673 IF (IPRINT EQ. 0) GO TO 3133
WRITE (64313) XSIN,YSIN,YSNG
313 FORMAT (5XsFBe4y44XyFBabyaXyFBas)
3133 IF (XSOUT .GE., XLOWO(1l) )} GO TO 310
IF (N .GT. O) GO TO 674
L=1L+1
XDOWN(L} = XSOutv
YACRSL(L}) = YSOUT
674 IF ([PRINT .EQ. O} GO ¥O 310
WRITE (64315) YSTG,YSOUT,XSOUT
315 FORMAT (1H+,93X,F8.4y4X9F8eb44X,F8.4)
GO 70 310
312 IF (XSOUT .GE., XLOWD(1) ) GO TO 311
IF (IPRINT JEOQ. O) GO TO 310
WRITE (64321) YSTG,YSOUT,XxSOUT
321 FORMAT (94X 4FB.444XyFBattgaXyF8.4)
GO 70 310

311 NP3 = L —~ (NPl + NP2)

NSUM = NP1 + NP2 + NP3 + 1
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XOOWN(NSUM) = 0.0
YACRS1(NSUM) = 0.0

Cxxx%MISCELLANEQUS CALCULATIONS
WRITE (6,622)
622 FORMAT (//754X,24HMISCELLANEOUS PARAMETERS//)

YLASTO = YUPO(1l) + TANBO*(XLOWO(1l) - XUPO(1))}

CSTAR = SQRT( ({(XLOWO(1) = XLOWN(1))%%2) + {((YLOWOD(1l) - YLOWN(1))
1%%2) )

SIGMA = CSTAR /GSTAR

WRITE (6,999) VLSPMN,VUSPMX
999 FORMAT (17X,84HTHE MINIMUM LOWER SURFACE PRANDTL-MEYER ANGLF PREDI
ICTED BY SEPARATION CONDITIONS IS 4F9.4,4H DEG//Y7TX,B4HTHE MAXIMUM
2UPPER SURFACE PRANDTL-MEYER ANGLE PREDICTED BY SEPARATICN CONDITIO
3NS IS 4F9.4,4H DEG)
WRITE (6,1000) SSMIN,SMIN,SMOUT,SSMOUT
1000 FORMAT (/25Xy GHMXH{IN) = ,FBe442Xy9H M(IN) = ,F8.4,10X,9HM(0OUT) =
1,F8.4,5X,10HM®=(0UT) = ,F8.4)
WRITE (6,1001) RLOW,SSMLOW,SMLCUW,SMUP,SSMUP,RUP
1001 FORMAT (/2Xy9HR*(LOW) =4F8.4,5X, 10HM*(LOW) = ,F8.4,2X,9HM(LOW) = ,
1FBoe4s10Xs9H M(UP) = 4FBa4y5Xs10H ME(UP) = ,FR,4,2X,9HR®(UP) = ,
2F8e4)
WRITE (6,1002) THETA,GSTAR,CSTAR,SIGMA
1002 FORMAT (/11Xs8HTHETA = ,FB,.44,4H DEGyL2X9s5HGY = 4FB,4413X,5HC* = ,
1F8.4411X,8HSIGMA = ,F8.4)

IF (NPLOT .NE. O) GO TO 1

ccC IF PLOTMY IS NOT AVAILABLE, REMUVE THE FOLLOWING CARDS
CHxxXx*MULTIPLE PLOT - START

LLL = NP1 + NP2

CALL SORTXY (XDOWN(1},YACRS1{1),NP1)

CALL SORTXY (XDOWN(NP1l+1),YACRSL{NP1+1),NP2)

CALL SORTXY (XDOWN({LLL+1),YACRSL(LLL+1),NP3)

Pl1) = 5.0
P(3) = 12.0
P{4) = 20.0

P(LY) ={(1s — AMINLI(YACRS1(1),YACRSI(NPL1+1)4YACRSI(LLL+1)))/100,)%
1010 %%4)

Ple) = 2.0

P{7) = AMINI( XDOWN(1),XDOWN(NP1+1),XDOWN(LLL+Y) ) %(10.%%4)
P(B) = P(11}*(5,/3,)

P(9) = 2.0

P{10) = AMINL(YACRS1(1)yYACRSI(NPI1+1),yYACRSL(LLL#1))*(10,%%4)
KKK({l) = 55

KKK(2) = 4

KKK(3) = NP1

KKK(5) = NP2

KKK({7) = NP3

KKK(9) = 1

DATA KKK{4) yKKK(6) yKKK(B)/1H¥¢1H%*,1H+/ ,KKK(10)/1HO/
CALL PLOTMY (XDOWN,YACRS]1 KKK4P}

Cx=x=MULTIPLE PLOT - STOP
GO TO 1

END
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$IBFTC ROO LIST

OO0

SUBROUTINE ROOT (X0 sX24XINTL,FOFXsFUNC,X1)
COMMDON/RDOTS/DELF
DOUBLE PRECISION X, XX0yXX2

WE ARE SEEKING AN X SUCH THAT FUNC(X) = FOFX WHERE FOFX IS A KNOWN

FUNCTIONAL VALUE
1 LOCATE FOFX IN (FO,FX) OR (FX,F2) WHERE FX 1S THE PREVIOUS
APPROXIMATION TO FOFX

2 LET X = 1/2(XX0+X) DR X = 1/2{(X+XX2)

3 IS FUNC(X) = FOFX = IF NOT, REPEAT PROCEDURE
XX0 = XO

Xx2 = X2
FO FUNC (XX0)
F2 FUNC (XX2)

IF ( FOFX +LT7. FO JAND. FOFX +LT. F2 .OR. FOFX «GT. FO JAND.
X +GT. F2 ) GO 70 1005

IF ( ABS(FOFX-F0O) .LE., DELF) GO TO 1007
IF { ABS(FOFX~F2) JLF, DELF) GO TO 1008

X = XINTL
KOUNT = O

1000 X1 = X

1004

1001

KOUNT = KOUNT + 1

A = FOFX - F2

FX = FUNC(X)

IF (KOUNT .GE. 60} WRITE (6,1004) KOUNT Xy FXyFOFX

FORMAT (1HL,9H KOUNT +G16.9,9H X 1G16.949H FX 1Gl6.9y
19H FOFX +6G16.9)

IF (ABS(FX-FOFX) JLE. DELf) RETURN

If (KOUNT JEQ. 75) GO TO 1002

IF (A%{FX—-FOFX) .LT. 0.) GO TO 1001

XX0 = X

X = (X+XX2)/2.
GO0 TO 1000

XX2 = X

X = (XX0+X)/2.
F2 = FX

GO TO 1000

1002 WRITE (6,1003)
1003 FORMAT (//30X,62H75 ITERATIONS HAVE BEEN PERFORMED WITHOUT CONVERG

1ING TO A ROOT)
RETURN

1005 WRITE (6,1006) FOFX
1006 FORMAT (//10X,7HF{(X) = ,616.9,31H IS OUTSIDE OF SPECIFIED LIMITS)

RETURN

1007 X1 = X0

RETURN

1008 X1 = X2

RETURN

END
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$IBFT

70
71

60

40

50

56

C STARTT LIST
SUBROUTINE START (VLOW,FLO,VUP,FUP,VIMAX)

CDMMON/FACTUR/PERM,SAME,GAM,GAMMI,GAMPI,SSMLOW'SSMUP,RECDNV,BINTGR
EXTERNAL CFACT,QFACT,FRAT,FUOFRS,FKMAX

= 1./PERM
= 0.999999999
XINTL = (X0 + Xx2)/2.

IF (VLOW .EQ. 0.0) GO TO 70

CALL ROOT (XO4X2yXINTL4FLUyFOFRS,RLOW)
GO TO 71

RLOW = 1,0

SSMLOW = 1,/RL0OW

CALL ROOT (XOyX29XINTL4FUP4FOFRS,RUP)
SSMUP = 1./RUP

IF (SSMLOW .EQ. SSMUP) GO TO 40

FKMAX (X} IS LINEAR IN A NEIGHBORHOOD OF X WHEN X IS SUCH THAT FKMAX{X)=0
USE GOOD INITIAL ESTIMATE PLUS LINEARITY TO FIND X SUCH THAT FKMAX{X)=0

XINTL = (1./PERM)*SQRT( SSMLOW/SSMUP )

X0 = XINTL - 0.005
FO = FKMAX(X0,0)
X2 = XINTL + 0.001
F2 = FKMAX(X2,0)

SLOPE = (F2 - FO)/(X2 - X0)
FINTL = FKMAX{XINTL,0)
YINCPT = FINTL - SLOPEX*XINTL
XAMK = —-YINCPT/SLOPE
FOFX = FKMAX({XAMK,1)
IF {ABS(FOFX) «GT. 0.00009) WRITE (6,60} FOFX,XAMK
FORMAT (//29X435HSEARCH FOR RDUOT FAILED F{X} = ,616.9,7H X
1= ,616.9)

SAME = (XAMK/SSMLOW)*{XAMK/SSMLUW)

C = 1l. ~ PERM*(GAMPL%*(1./(GAM=1,)))%(SSMUP/(SSMUP—-SSMLOW) ) *XAMKx
IBINTGR

CINTGR = SIMPS1({SSMLOW,SSMUP,QFACT,K)

Q = (SSMLOW*SSMUP/(SSMUP-SSMLOW) ) *CINTGR

RATID = Q/{1. - C)

GO T0 50

XAMK = 1./PERM

RATIU = SSMUP*SSMUP*QFACT(SSMUP)
C = 0.0

Q = 040

X0 = 1.0

X2 = PERM

XINTL = (X0 + X2)/2.

CALL ROOT (XO¢X2yXINTLRATIOFRAT,SSMIAX)

VIMAX = (3,14159265/4.)%(PERM=1.) + (PERM/Z.,)*ARSIN(2.%GAMM] %

1 SSMIAX*SSMIAX - GAM) + O.5%ARSIN{2.%GAMP1/(SSMIAX*SSMIAX) - GAM)



VIMAX = VIMAX*RECONV

VLOW = VLOW*RECONV

VUP = VUP*RECONV

WSTAR = ((1./GAMP1)**(GAMPI/(Z.*GAMMI)))*C]NTGR

WRITE (6,10} '
10 FORMAT (//4BX,36HCALCULATIONS FOR SUPERSDONIC STARTING)

WRITE (6490) WSTAR
90 FORMAT (/50X,24HWEIGHT=FLOW PARAMETER = yF9.4)

WRITE (6420) XAMK,C4QySSMIAX
20 FORMAT(/20X,10HK*{MAX) = 4F9.4,5X,5H C = sF9.445%Xy5H Q = 2F9e4,5X,

113HM® (T (MAX)) = 4F9.4)

WRITE {6430) VIMAX,VLUW,VUP,GAM
30 FORMAT (/4X,38HTHE MAXIMUM DESIGN VALUE FOR V({IN) IS ,F9.4,21H DEG

1 WHEN V(LOW) IS 4F9.4,16H DEG, VIUP) IS 4F9.4,16H DEG, GAMMA IS

2 sFTe4)

RETURN

END

$IBFTC MSS LISTY

SUBROUTINE MSSTAR (MyN,VSSTAR)

CDMMON/FACTOR/PERM,SAME,GAM,GAMMI,GAMPI,SSMLON,SSMUP,RECUNV,D
REAL M,MS
EXTERNAL ADSTR

A = 0.,785398162%(PERM ~1.)
B = 0.5%PERM

C = GAM -1.

D = GAM + 1.

I[F{N .NE., 0) GO TG 1

MS = ADSTR(M)

IF (MS .LT. 1.) GO TO 3

GO T0 2
1 X0 = 1.
X2 = PERM
XINTL = (X0 + X2)/2.
FOFX = M
CALL ROOT (XOyX2yXINTLyFOFX,ADSTR,MS)
SQRDMS = MS*MS
VSSTAR = { A + B*ARSIN(C*SQRDMS-GAM) + 0.5%ARSIN{D/SQRDMS-GAM) )*
1 RECONV
RETURN

N

3 VSSTAR = 0.
RETURN

END
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$IBFTC SIMPS LIST
FUNCTION SIMPSL(XMIN,XMAX,FUNC1,KER)
DIMENSION V(200)4H(200),A(200),B(200),C(200)4P(200),F(200),NE(200)
EQUIVALENCE (E4NE),(TEST,NTEST)

T=3.0E-5

VI1)=XMIN
H{1)=0,5%(XMAX~XMIN)
A(1)=FUNC1 (XMIN)
BOL}I=FUNC1 (XMIN+H(1})
C{1)=FUNC1({XMAX)
POL)=H{L)*(A(1)+4.,0%3(1)+C(1))
E{1)=P(1)

ANS=P(1)

N=1

FRAC=2.0%T

[

FRAC=0.5%FRAC

2 TEST=ABS({FRAC*ANS)

K=N

DO 7 I=1,K

IF (NTEST-TABS(NE(I))) 545,7
N = N+1

VINI=V(T)}+H(1)

HIN)=0.5%H(T])

A(N}=B(I)
BIN)=FUNCI(VIN)+H(N))
CIN)=C(I)
PIN)=H(N}*(A(N)+4,0%B(N)+C(N))
Q=P{1)

H{T)=H(N)
BOI)=FUNCL(V(I}I+H(T))
CI)=A(N)
PIIN=H(T)*{A(F)}+4,0%B(1)+C(1))
Q=P(I)+P(N)-G

ANS=ANS+Q

E(1)=0

E(N)=0

IF (N-200) 7,13,13

CONTINUE

Vi

~ O

8 IF (N‘K) 9,972

10 DO 11 I=1,N

11 Q=0Q+E(1I)

12 IF (ABS(Q)~-T*ABS(ANS)) 14,14,1
13 KER=KER+1

14 ANS=0.0

15 DO 16 I=1,N

16 ANS=ANS+P(1])

SIMPS1=(ANS+2/30.0)/3.0
17 RETURN

END
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$IRFTC ALLFUN
FUNCTION ALFUNC (A4BsY)

COMMON/EXPALF/GAMEXP
COMMDN/FACTDR/PERM,SAME,GAM,GAMMI'GAMPI'SSMLDW,SSMUP,RECONV,GRTY

ALFUNC = (1 /Y)*((A - BAYRY ) #%xGAMEXP)

RETURN
END

$IBFTC BAKE
FUNCTION CFACT (Y)

CDMMON/FACTUR/PERM,SAME,GAM,GAMMlyGAMPl'SSMLUN,SSMUP'RECDNV.GRTY
EXTERNAL ALFUNC

CFACT = ALFUNC(1l.ySAME,Y)

RETURN
END

$1BFTC CHARL
FUNCTION QFACT(Y)

CDMMON/FACTOR/PERM,SAME,GAM,GAMMl,GAMPI,SSMLUW'SSMUP,RECONV,GRTY
EXTERNAL ALFUNC

QFACT = ALFUNC (GAMPY 4 GAMM1,Y)

RETURN
END

$IBFTC DOGG
FUNCTION FRAT(Y)

CDMMDN/FACTDR/PERM,SAME,GAM,GAMMI.GAMPI,SSMLDW,SSMUP,RECDNV,GRTY
EXTERNAL QOFACT,ALFUNC

FRAT = (Y**(GAM/GAMMI))*OFACT(Y)/ALFUNC(—GAMMI,-GAMP},Y)

RETURN
END



$IRFTC FELI
FUNCTION FOFRS (X)

CUMMUN/FACTUR/PERM,SAME.GAM,GAMMI,GAMPl,SSMLUW,SSMUP,RECUNV,GRTY
DOUBLE PRECISION X

ARGl = 2.%GAMML/(X%X) — GAM
ARG2 = 2, %GAMPLl%X%X - GAM
IF {ABS(ARGL) 4GT. 1.0 JOR. ABS(ARG2) GT. 1.0) WRITE {641) ARGl

1,ARG2
1 FORMAT (//14X,61HARGUMENT OF ARCSIN IS OUTSIDE DUMAIN OF DEFINITIO
1IN ARGL = 4G16.9.311H ARG2 = 4G16.9)

FOFRS = PERM*ARSIN(.2Gl) + ARSIN(ARG?2)

RETURN
END

$IBFTC GERT
FUNCTION FKMAX(Y,L)

CDMMUN/FACTDR/PERM'SAME,GAM,GAMMI,GAMPI.SSMLOW,SSMUP,RECUNV,BINTGR
EXTERNAL ALFUNC,CFACT

SAME = (Y/SSMLOW)*(Y/SSMLOW)
K =0
FKMAX = SIMPS1(SSMLOW,SSMUP,CFACT,K)
IF (K .EOQ. 1) WRITE (6,1)
1 FORMAT (/10X,26HFAILURE TO INTEGRATE CFACT)
IF (L EQ. 1) BINTGR=FKMAX

FKMAX = FKMAX + SSMUP%CFACT(SSMUP) - ALFUNC(1,.,Y%Y,1,)

RETURN
END
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$IRFTC STARM
FUNCTTIOM ADSTR(MSTAR)

CUMMUN/FACTUR/PFRM,SAME,GAM,GAMMI.GAMPIqSSMLUH,SSMUP,RECUNV'D
REAL MSTAR,M

C = GAM - 1.

F = C/D

G = C/GAM

H = GAM/D

M = MSTARXMSTAR

ADSTR = PERM=xSORT( (1.”(1.—E*M)*((1.+0.5*((H*M)/(1.—F*M)))**G)) )

RETURN
END

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 6, 1967,
128-31-02-25-22.
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