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FLOWFIELD ANALYSIS FOR SUCCESSIVE
OBLIQUE SHOCK WAVE-TURBULENT
BOUNDARY LAYER INTERACTIONS

By Chen-Chih Sun and Morris E. Childs
Department of Mechanical Engineering
University of Washington

SUMMARY

A computation procedure is described for predicting the flowfields which
develop when successive interactions between oblique shock waves and a turbu-
lent boundary layer occur. Such interactions may occur, for example, in engine
inlets for supersonic aircraft. Computations have been carried out for axisym-
metric internal flows at M_ = 3.82 and 2.82. The effect of boundary layer bleed
has been considered for the M = 2.82 flow. A control volume analysis is used to
predict changes in the flow field across the interactions. Two bleed flow models
have been considered. A turbulent boundary layer program has been used to com-
pute changes in the boundary layer between the interactions. The results given
are for flows with two shock wave interactions and for bleed at the second inter-
action site. 1In principle the method described may be extended to account for
additional interactions. The predicted results are compared with measured re-
sults and are shown to be in good agreement when the bleed flow rate is low (on
the order of 3% of the boundary layer mass flow), or when there is no bleed.

As the bleed flow rate js increased, differences between the predicted and mea-
sured results become Targer. Shortcomings of the bleed flow models at higher
bleed flow rates are discussed.

INTRODUCTION

The interaction of an oblique shock wave with a turbulent boundary Tlayer is
known to induce drastic changes in the boundary layer properties and to cause
substantial deviation of the supersonic flow field from the predicted inviscid
flow. This deviation may be of sufficient magnitude to adversely affect the per-
formance of aerodynamic devices. Suitable methods for predicting the boundary
layer and the freestream flow characteristics in the presence of such disturbance
are required by engineers responsible for the design of aerodynamic configurations
in which shock wave boundary layer interactions occur.

A control volume method developed by Seebaugh, Paynter and Childs [1], and
improved upon by Mathews [2], has been used successfully in the prediction of
the boundary layer characteristics downstream of the interaction with a single
oblique shock wave. However, in some aerodynamic devices such as mixed compres-
sion supersonic diffusers, the turbulent boundary layer is subjected to inter-
actions with more than one shock wave. In this report, a computation procedure
is described for predicting the flow field which develops when successive inter-
actions of two oblique shock waves with a turbulent boundary layer occur. In
principle the method described may be extended to account for additional inter-
actions.



Computations have been carried out for axisymmetric internal flows at M_
3.82 and 2.82. Experiments have been conducted at these same Mach numbers
with the interactions under study occurring at the walls of circular wind tun-
nels. In the Mach 2.82 study the effect of boundary layer bleed at the second
interaction site has been considered. The predicted results are compared with
experimentally observed results. The experimental configurations for which
the analysis has been carried out are discussed in the section which follows.
This is followed by a section which gives the details of the computational
method.

SYMBOLS
1

= - 2 %
A {[(y 1)/2]Me /(TW/Te)}
a = a constant in the wall-wake profile

= - 2 -
B ((1416-1)/2IM,2) /(T /T ) 3-1
C = a constant in the Law of the Wall (usually equals 5.1)

- - » » . - 2
Cc = skin friction coefficient, rw/(1/2)peue
F = entrainment function, see Eq. (B-5)

(H1)K= kinematic shape factor, see Eq. (B-6)

IBx = x-momentum of the bleed flow

K = a constant in the Law of the Wall (usually equals 0.4)

L = shock wave boundary Tayer interaction length

M = Mach number

ﬁB = boundary layer mass bleed rate

P = pressure

R = radial coordinate from tunnel centerline

RB = radial coordinate of dividing stream surface separating bleed flow

from main flow, (see Fig. 3)

Re = Reynolds number

u = velocity in streamwise direction

*

u = vanDriest's generalized velocity, (u/A) arcsin {[(2A%u/uy) - B1/(B?+4A2)

1/2}



. s . 4
u = friction velocity, (r_w/pw)2

X = axijal coordinate, measured from shock generator tip

y = coordinate normal to the tunnel wall

Y = ratio of specific heats

A = mass flow thickness, see Eq. (B-1)

Ap =2 thigkness of freegtream flow to allow for boundary layer mass
entrainment, (see Fig. 3)

S = boundary layer thickness

§* = displacement thickness of the boundary layer

n = y/é

8 = momentum thickness of the boundary layer

v = kinematic viscosity

Il = coefficient of the wake function

0 = mass density

o = [(Y-1)/2]Me2/{1+[(Y-1)/2)Me2}

T = shear stress

Subscripts

e = conditions at the edge of the boundary Tayer

conditions at the wall

W

oo

freestream conditions ahead of the first interaction

EXPERIMENTAL CONFIGURATION AND INSTRUMENTATION

The experimental configurations which were used to produce the successive
shock waves are shown schematically in Figure 1. The Mach 3.82 tunnel had a
radius of 2.58 c¢cm and a boundary layer thickness ahead of the first interaction
of 0.43 cm. The shock wave generator was installed on the centerline of the
tunnel at zero angle of attack. The generator had a 10-degree half-angle coni-
cal tip which broke to 13 degrees 6.60 cm downstream of the tip. For the Mach
2.82 tunnel the tunnel radius was 2.60 cm and the boundary layer thickness



ahead of the first interaction was 0.40 cm. The shock generator had a 10-
degree conical tip which broke to 13 degrees 4.94 cm behind the tip. Both
generators were designed to provide as large a region of freestream flow as
possible between the first reflected and second incident shock waves while at
the same time keeping the expansion wave off the downstream corner of the
second conical surface from interfering with the second:-interaction.

About 7.62 cm from the tip of the Mach 2.82 shock generator, or approxi-
mately at the point where the second incident shock wave reached the wall, two
rows of thirty-eight 0.132 cm diameter bleed holes were drilled around the
periphery of the tunnel. The bleed system was operated in a choked flow con-
dition. With one row of the holes open, the bleed mass flux was about 2.3
percent of the boundary layer mass flux just ahead of the second interaction.
With two rows of holes open, the bleed mass flux was 5.0 percent of the boun-
dary layer mass flux.

Both tunnels were operated with a steady supply of dry air at 300°K. The
freestream unit Reynolds number for the M = 3.82 tunnel was 18.5 x 10® per
meter, that for the M = 2.82 tunnel, 19.0 x 10° per meter.

Standard instrumentation was used to obtain tunnel wall static pressures
and boundary layer pitot pressures profiles. Wall static pressures were taken
at 0.127 cm intervals along the tunnels. Pitot profiles were taken

in radial increments of 0.0127 cm at eighteen axial stations upstream of, with-
in, and downstream of the interaction region. Miniature total head tubes,
flattened to a dimension of 0.024 cm high by 0.066 cm wide were used for the
pitot profiles. Velocity profiles upstream of the first incident shock wave,
between the first reflected and second incident shock waves, and downstream of
the second reflected shock wave were calculated from the pitot profiles assum-
ing isoenergetic flow. A calibrated venturi meter was used to measure the
bleed flow.

ANALYSIS

Figure 2 shows the flow model used in the analysis. R is the radial dis-
tance from the tunnel centerline and x is the distance downstream from the tip
of the shock wave generator. Conditions at station 1 are assumed to be known.
The object of the analysis, given the shock generator shape and initial condi-
tions, is to compute the locations of the reflected shock waves and the boun-
dary layer properties at successive stations along the wall. Reflected compres-
sion waves are treated in the analysis as a single shock wave.

The boundary layer can be divided into three subregions associated with
the three steps in which the computation is carried out.

(1) Region I extends from Station 1 where the first incident shock wave reaches
the boundary layer edge to Station 3 where the reflected shock wave emerges

from the boundary layer. Surface 2 is the stream surface which passes through
the intersection of the reflected shock wave with the boundary layer edge. Note



that this stream surface intersects the incident shock wave outside the boun-
dary layer edge (see Fig. 3). This choice of surface 2 allows for mass entrain-
ment into the boundary layer through the interaction region. The location of
this surface and the pressure distributions along it are obtained from an in-
viscid conical flow solution. Using this surface, the tunnel wall, and the
planes normal to the wall at 1 and 3 to define a control volume, a control vol-
ume analysis of the region may be used to determine the length of the inter-
action, and the boundary layer thickness and shape at 3. The method used here
is quite similar to the methods used by Seebaugh [1] and Mathews [2] except

for the velocity profile representations for the boundary layer. The velocity
profile representation used at Stations 1 and 3 and throughout the analysis is
the improved wall-wake velocity profile developed by Sun and Childs [3] (see
Appendix A). For turbulent isoenergetic compressible boundary layer flow,

the modified profile may be expressed in the form,

o=

1 . . L 1 Y L
5—-= - sin {arc sin o2 [1+ " a%—(]n n + E-(]-na)2
e o e
2 ark n Ys
-3 In (1+(1-n%)72)) - g G;—(1+ cosnm)]} (1)
e
where
* su
n _ 1 Ve 1 T 0.614
T {(c—) - (k—) Tn (;—\;'") - 5.1+ 3K } (2)

and a = 1 is assumed.

One other variation on the earlier method has been incorporated into the
present analysis. The flow direction in the boundary layer downstream of the
interaction has been taken as the average of the value at the wall (i.e.,
zero) and that at y = 85 as determined from the inviscid solution. In the
analyses by Seebaugh [1? and Mathews [2] the flow direction downstream of an
interaction was taken to be parallel to the wall. Figures 3a and 3b show the
control volumes used in the present analysis. Although boundary layer bleed
was not employed at the first interaction site in the experimental studies,
the control volumes shown do allow for that possibility. For the control
volumes shown, the continuity equation may be expressed in the form,

Rw Rw .
J‘ 2mpuRdR = J 2mpuRdR + m (3)
R R B

w8170 w83

while the x-momentum equation may be written as,



R R R

W W W
2wp,RdR - J 27p,RdR - J P-27RdR-27R LT,
JR-<5-A 1 R -8.~A 2 R -5, ° Wow
w 1 "E w 1 "E w 3
w Rw .
= J 2mpou2RdR - J 2mpu?RdR + I (4)
R -6 R =8 =A Bx
w3 w 1 E
where

T

W (rw] + rw3)/2 and p,

is the average static pressure over the boundary layer at 3. Comparable equa-
tions may be written for the second interaction site. Allowance for boundary
layer mass entrainment in the interaction region is made by assuming an en-
trainment rate equal to that for the flow upstream of an interaction.

(2) Region II extends from Station 3 to Station 5. This is the region of
boundary layer flow between the first reflected shock and the second incident
shock. Since no shock interactions are present in this region, the axial pres-
sure gradient is relatively low. Starting with conditions at 3 as determined
by the control volume analysis of the first interaction, changes in the boun-
dary layer properties to Station 5 are computed using a turbulent boundary
Tayer program suggested by Paynter and Schuelle [4]. The program uses a wall-
wake profile to represent the velocity profile and the entrainment function
concept proposed by Green [5] to solve the boundary layer equations (see
Appendix B). An inviscid flow solution is used to provide the wall static pres-
sure distribution needed for the boundary layer solution in this region. The
inviscid solution, however, is obtained in a manner which allows for the
effects of the first shock interaction. The method employed was to use an
artificial wall position in the interaction region which would cause the re-
flected inviscid shock wave position to match that determined by control volume
analysis of region I. The wall static pressure distribution p(x) as determined
using the artificial wall position is then assumed to exist at the actual wall
and is used in the boundary layer calculations.

(3) Region III extends from Station 5 to Station 7. This region covers the
interaction of the second incident shock wave with the boundary layer. The
method here is similar to that for Region I, except that the flow at control
surface 6 is no longer conical. Conditions along this surface were obtained
from a method of characteristics solution for flow past the double-cone center-
body. In the characteristics solution the interaction of the first reflected
shock with the second incident shock must be considered. The location in the
flow field of the reflected shock wave was determined using the artificial wall
position.



In the control volume equations (3) and (4) the mass bleed rate in mp is
assumed to be known. The x-momentum of the bleed flow depends on the manner
in which the bleed flow is accomplished. In the analyses by Seebaugh [1] and
Mathews [2] computations were made for three bleed models: porous wall suc-
tion, slot suction and scoop suction. Figure 3a shows the porous wall model.
With this model, the x-momentum of the bleed flow, Ipy, was assumed to be zero.
Figure 3b shows the slot suction model. With slot suction, Igy was assumed to
have the same value as that possessed by the bleed mass as it entered the con-
trol volume, i.e.,

Rw

Igy = JR 2mpuRdR (5)
B

where RB'is determined from,

. RW

mg = j 2mpuRdR (6)
R
B

For the Mach 2.82 flow with bleed, the bleed holes were drilled normal to
the wind tunnel wall. At first thought, then, the porous wall model might
appear to provide a better representation of the bleed flow. However, the
bleed hole diameter of 0.132 cm was on the order of one-half the boundary thick-
ness at Station 3. Thus, there should be x-momentum associated with the bleed
flow and the bleed flow behavior might then be expected to be somewhere between
that for porous-wall suction and siot suction. As will be discussed in the
section on results, this appears to have been the case.

DESCRIPTION OF COMPUTATIONAL PROCEDURE

The computation of the flow at M_ = 2.82 with 2.8 percent bleed rate will
be used here to illustrate the computational procedure. The computation is
carried out in the following steps:

(1) The boundary layer thickness and velocity profile shape at Station 1 are
known from measurements. For the example under consideration the first inci-
dent shock wave is at an angle of 22.75 degrees to the axis of the tunnel and
reaches the boundary layer edge at a station approximately 5.2 cm downstream of
the tip of the shock wave generator. Measurements were not taken exactly at
Station 1. However, measurements were taken just upstream at x = 5.08 cm. We
then assume that the boundary Tayer properties at Station 1 can be approximated
by those obtained at x = 5.08 cm. The best representation of the boundary layer
velocity distribution by the wall-wake profile, Eq. (1), is obtained by using
the computer program, LEAST, listed in TABLE 1-A.

In program LEAST, the boundary layer thickness & and the coefficient of
wall friction Cf are regarded as two parameters and a double-loop-iteration
scheme is used to solve for a least squares fit of the wall-wake profile to the



experimental velocity distribution. This program has been written for either
isoenergetic or non-isoenergetic flow. The velocity distribution can be in-
put in the form of pitot tube pressure or Mach number distribution. The in-
put data 1isted in TABLE 1-B are pitot pressure profile data. Isoenergetic
flow has been assumed. The description of the input is detailed in the com-
ment cards listed in the program LEAST. For the case under consideration,
the following boundary Tayer properties were obtained:

§ = .406 cm, Cf = 0.002, uT/ug = 0.0445

and the freestream Reynolds number Re = 19.0 x 10® per meter.

(2) The control surface 2 is defined to coincide with the stream surface which
extends upstream from the point of intersection of the reflected shock wave
with the boundary Tayer edge. In the inviscid flow field behind a conical
shock wave, the characteristic surfaces are conical surfaces originated from
the tip of the shock generator. Therefore, the characteristics of the flow
field are functions only of the half angles of the conical surfaces. Gootzait
[6] developed a computer program, program C@NE, which is used to compute the
flow field characteristics. The program C@NE and the input for it are listed
in TABLES 2-A and 2-B. There is only one input card for the program. The in-
put FCGRMAT is 7F10.€ and the input data are, in order, the specific heat ratio
of the gas, the freestream Mach number, the half angle of the cone and the dis-
tance, in inches, behind the tip of the cone where the output is desired.

The conical stream surface can be described in non-dimensional form as,

X/ X
= ] + J o tan o d(X/XO)

1 tan ¢s

the reference point (x., r,) can be any point on the shock wave as shown in
Figure 4a. o is the flow geflection angle at the stream surface as measured
with respect to the tunnel axis and ¢¢ is the incident shock wave angle. (Note:
the final reference radius is obtained by an iterative process which allows for
boundary layer mass entrainment. This is taken care of automatically in the
program). Figure 4b shows the choice of reference radius ry and the conversion
of the stream surface to control surface 2. In the numerical computation a
finite number of points is used to represent the control surface and the flow
conditions such as Mach number, pressure and flow angle on each point are ob-
tained from program C@NE as functions of characteristic angle ¢.

(3) The computer program ANAL for the control volume, originally developed

by Seebaugh [7], modified by Mathews [2], and then improved upon by the pre-
sent authors is used to compute boundary layer properties at Station 3. The
program ANAL is Tisted in TABLE 3-A, the inputs in TABLE 3-B. The input values
at Station 1 for u /u*, 6, and the Reynolds number based on boundary layer
thickness, ueé]/vel are obtained in step 1 and the conditions on the control
surface 2 are obtained from step 2. The flow is assumed to be iscenergetic;




therefore the recovery factor is assumed to be 1. There 1s no boundary layer
suction in this region. The shear stress at the wall between stations 1 and
3 is assumed to be the average of the value at stations 1 and 3. The flow
direction at station 3 is taken as the average of the values at the wall

and at y = 63 as determined from the inviscid solution.

In this computation, we use the shock wave angle ¢_, instead of the
flow deflection angle ap across the first incident shock”? We also choose to
input conical flow conditions behind the first incident shock wave. The com-
puted results include the interaction length and the boundary layer proper-
ties at station 3. The predicted boundary Tayer properties at station 3
include the boundary layer thickness, the coefficient of skin friction, the
average static pressure across the boundary layer and the velocity distribu-
tion.

(4) The program ANAL, which is based on the control volume method, predicts
only the properties of the boundary layer at the downstream and of the inter-
action region. For computing the boundary layer downstream of the interaction
and for computations of the next interaction, the flow field outside the boun-
dary layer must be known. This is obtained by a method of characteristics
computer program. The program used here is a modified version of a program
originally prepared by Cavalleri [8]. The program designates the region be-
fore the incident shock wave as region 2, the region between the incident re-
flected shock waves as region 3 and the region downstream of the reflected
shock wave as region 4. The flow in region 2 is uniform and parallel to the
centerline and the flow in region 3 is conical flow. Figure 5 shows the desig-
nated regions and input points at initial station x = 1.835 inches (4.65 cm)
as used in the example under consideration. In computing the external flow
field allowance must be made for the effect of the interaction. Otherwise

the Tocation of the reflected shock wave will be downstream of the actual re-
flected wave and the external flow field needed for downstream boundary layer
calculations will be in error. In order to avoid this problem, an artificial
wall location which would cause the reflected shock location to match that
predicted by the control volume analysis was used. Determination of the
appropriate artificial wall Tocation is a trial and error process and for the

computations which have been carried out to date has required

three runs of the characteristics program. In this computation it was found
that a tunnetl radius of 0.99 inches (2.51 cm) caused the reflected shock wave
position to match that determined by the control volume analysis. The inputs
to the program are listed in Table 4. The reader should refer to reference 8
for the details of the inputs.

(5) From station 3 to station 5 we use a turbulent boundary layer program
BLGRN (see Appendix B) which is a modified version of one developed earlier

by Paynter and Schuelle [4] based on Green's [5] entrainment function concept.
The control volume analysis in step 3 provides the initial conditions at
station 3. For the boundary conditions on surface 4, we assume that the Mach
number and pressure distributions are equal to those obtained along the arti-
ficial wall in the inviscid solution of step 4. We should also point out here
that the computation is a two-dimensional approximation. However, in view of
the ratio of boundary layer thickness to tunnel radius the results should be



applicable for the axisymmetric flow under consideration. The program, BLGRN,
is listed in TABLE 5-A, the inputs in TABLE 5-B. The inputs are described
in the comment cards at the beginning of the program Tisting.

(6) At 1.942 inches (4.94 cm) behind the tip, the shock generator broke from
a 10 degree cone to 13 degrees and generated a second shock wave. The posi-
tion of the second incident shock wave and the flow field characteristics be-
hind the second shock wave are computed by using the same method of character-
istics program which is used in step 4. Given the geometry of the centerbody
and the inviscid solution (based on the artificial wall position) from step 4,
we have the inputs for the computer program as listed in TABLE 6 and illustrat-
ed in Figure 6. As in the computation of step 4, the program designates the
region before the second incident shock wave as region 2, the region between
the second incident and reflected shock waves as region 3, and the region
downstream of the second reflected shock wave as region 4. In regicn 2, un-
1ike the situaticn in step 4 where the external flow is uniform, there exists
a reflected shock wave. The program is not capable of solving for the inter-
section of two shock waves. In preparing for the input, the first reflected
shock wave is replaced by a smoothed compression wave band. In the calcula-
tion described here a linear compression spaced over six input points was
used. The flow between the artificial wall radius of 0.99 inch (2.51 cm) and
the actual wall radius of 1.02 inches (2.60 cm) was assumed to be uniform and para-
lel to the wall. The result shows that the second incident shock wave has an
angle of approximately 33 degrees and that it reaches the boundary layer edge
at x = 2.85 inches (7.22 cm) where the boundary layer thickness is 0.125
(0.312 cm) as computed in step 5.

(7)  The control surface 6 is also defined to lie along a stream surface be-
hind the second incident shock wave, but the flow field in this region is quite
complicated. Because of the nature of the characteristics program, it was
necessary to run the program three separate times to determine flow properties
at the three stations. The pressure and Mach number distributions at each sta-
tion are obtained from the result of the previous step. At x = 2.85 inches
(7.22 cm) where the second incident shock wave reaches the edge of boundary
layer the cone radius is 0.552 inch (1.40 cm) while the distance from the cen-
terline to the edge of the boundary Tayer is 0.895 inch (2.28 cm). The mass
flux through the area between the radii is 0.412 1bm/sec (0.187 Kg/sec.).

At x = 2.988 and 3.205 inches (7.60 and 8.15 cm) for the mass flux to be equal
to the 0.412 1bm/sec (0.187 Kg/sec) the radii are 0.907 and 0.922 inch (2.30
and 2.34 cm) respectively. Ideally, we can compute at more stations to de-
termine the stream surface. But the preparation of pressure and Mach number
profiles is very tedious. We determine the stream surface by graphically
tracing a smooth curve through the above three points. The computer program
MFLX is used here to compute mass flux from the profile of pressure and Mach
numbers. Program MFLX and the input to the program are listed in TABLE 7.

(8) The computer program ANAL Tisted in TABLE 3-A is used for computation

from station 5 to station 7. The boundary layer properties at station 5 are
obtained from step 5 and the location of the control surface 6 is determined
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by .step 7. After determining the control surface 6, the flow properties along
the surface are obtained from the output of step 6. The x-coordinate should

be transformed into the distance to the axial station at which the extension

of the second shock wave intersects with the tunnel centerline as shown in
Figure 8. For the points on the control surface the input to the program,
i.e., the x-coordinates, should be normalized by distance Xo and the r-coordi-
nates should be normalized by radius Ry. The distance xg iS the distance from
station 5 to the intersection point of the second shock wave with the center-
line and the radius Ry . is the distance from the tunnel centerline to the edge
of the boundary 1ayer at station 5. For the flow considered in the sample cal-
culations boundary layer bleed takes place at the second interaction site. The
bleed mass flux is about 2.8 percent of the boundary layer mass flux at station
5. In this computation the slot suction model has been assumed for the bleed
flow. The input to the program ANAL is Tisted in TABLE 8. The details of the
input are described in the comment cards at the beginning of program ANAL Tist-
ed in TABLE 3-A.

RESULTS

The results of the ana1ysis for three different flow cases, one at M_ = 3.82
with no bleed, two at M_ = 2.82 with bleed at the second interaction site, are shown
in F1gures 9 through 16. Results from the sample calculation described herein are
given in Figures 12 and 13. Comparisons are made between predicted and measured
results. The data for M = 2.82 flow are from an investigation by Teeter [9].

Figure 9 shows comparisons of the experimental and predicted shock wave
patterns and boundary layer thickness for the Mach 2.82 flow. Since the pre-
dicted shock wave locations are determined by the inviscid analysis used in
combination with the artificial wall position, no induced shock wave is pre-
dicted. Also shown is the pressure distribution at the tunnel side wall as a
function of the distance aft of the cone tip. The triangular points shown for
the analysis in the static pressure plot were determined by using the artifi-
cial wall and the inviscid flow solution. The predicted and observed values
are seen to be in good agreement along the entire length of the double shock
interaction.

*
Figure 10 shows § , & and C. at several stations along the tunnel side
wall. Here also, predicted and ogserved results are in good agreement. The
experimental values shown for Cf have been determined by a Tleast-squares fit
of the modified wall-wake velocity profile to the experimentally determined
velocity profiles.

Figure 11 shows Mach number profiles for the boundary layer at the down-
stream end of the second interaction. The analysis predicts the end of the
second interaction to be at x = 3.75 inches. Since profiles were not taken at
this specific station, profiles taken just upstream at x = 3.70 inches (9.5 cm)
and just downstream at x = 3.80 inches (9.65 cm) are shown for comparison. It
is apparent that the analysis leads to a profile which provides a good repre-
sentation ¢f the experimentally determined profile near the interaction end.

11



Figure 12 shows boundary-layer thicknesses, shock wave patterns and wall
static pressure distributions for the Mach 2.82 flow with 2.8 percent boun-
dary-Tayer bleed at the second interaction site. Figure 13 shows §*, 6, and
Cf for this flow.

Two sets of predicted results are given, one for the porous-wall suc-
tion model, the other for slot suction. (For the sample calculation described
in the report slot suction has been assumed). As is shown, the differences
between the results for the two suction models are not large. Differences in
predicted results with the two models are due solely to the differences in
values assigned to the x-momentum of the bleed flux. Since the bleed rate is
lew, the x-momentum associated with the slot suction model is small and not too
different from the zero values for porous suction. The predicted and measured
results are in reasonably good agreement.

Figure 14 shows boundary-layer thickness, shock wave patterns and wall
static pressure distributions for M = 2.82 with 5.0 percent bleed. Values for
§*, 8, and Cf are shown in Figure 15, while Mach number profiles downstream
of the second interaction are shown in Figure 16. The Mach number profiles
represented by the solid lines in Figure 16 are predicted profiles for the two
bleed flow models. They are shown on the figure at the axial positions pre-
dicted for the end of the second interaction. Since experimental profiles
were not taken at these precise locations, experimental profiles taken in the
neighborhood (x = 3.20, 3.30 and 3.40 inches or 8.13, 8.38 and 8.64 cm.) of the
predicted locations have been shown for comparison.

The flow conditions up to the second interaction are the same as those
for the flow with 2.8 percent bleed. With the higher bleed rate the differ-
ence between the results for porous wall and slot suction are much more pro-
nounced than with 2.8 percent. The slot-suction model gives a reflected shock
location which is in better agreement with the observed results. On the other
hand, the values of &*, 6, and C¢ obtained with the porous wall model agree
better with experimental values than do the slot suction results. As was
pointed out in the section on analysis, the bleed hole diameter of 0.132 cm
was on the order of one-half of the boundary-layer thickness so that the
bleed flow behavior might be expected to lie between that for porous wall
suction and slot suction. The x-momentum of the bleed value might then, in
turn, be expected to 1ie between the values used with the two models. Indeed,
the use of a bleed flow momentum flux between the two Timits would lead to
better overall agreement between predicted and measured values of &*, 6, and
Cf. Even then, however, the predicted interaction length would be too long.
It should be remarked that in estimating Igy for the slot-suction bleed flow
model, no allowance is made for the turbulent shear stress along the stream
surface separating the bleed flow from the main body of the flow, nor for the
wall shear stress. Nor is the pressure force along the separating stream
surface considered. The effects of the pressure force and wall shear tend
to cancel the effect of the turbulent shear on the separating stream surface,
but the extent to which they do so is not known. It should be remarked fur-
ther that no allowance is made for the roughness effect of the holes on the
wall shear. Further study is needed on the details of the bleed flow behavior,
including the roughness effect of the holes, before the effects of bleed con-
figuration can be resolved.
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The computation procedure reported here represents the results of a con-
tinuing effort to improve analytical methods of predicting flowfields in the
inlet of supersonic aircraft. 1In a recent analysis of inlet flowfields by
Reyhner and Hickcox [10] the effect of the shock wave interactijon on the in-
viscid flow was taken into account by first obtaining a control volume solu-
tion for the boundary-layer properties downstream of the interaction. Then,
using an effective surface defined by the boundary-layer displacement thick-
ness upstream and downstream of the interaction, and using a patching techni-
gque across the interaction region to construct an effective displacement sur-
face for that region, the inviscid flow solution was obtained for the effective
surface. A comparable technique was tried in the work reported here but it
was not as successful as the scheme of using the simple reflection off the
artificial wall.

CONCLUSIONS

A control volume analysis method, employed in conjunction with a turbu-
lent boundary-layer computation scheme, has been used to predict the flow-
field downstream of successive shock wave boundary-layer interactions for
flows at M., = 3.82 and 2.82. The computational procedure has been outlined
in detail. The effects of boundary layer bleed at the second interaction site
have been considered. For flow with Tow bleed rates or no bleed the predicted
interaction Tengths and wall static pressures, as well as the boundary-Tayer
properties downstream of the interactions show good agreement with measured
results. With Tow bleed flow the predicted results for the slot-suction and
porous-wall models differ only slightly since the momentum of the bleed flow
is small. As the bleed flow rate is increased, predicted and measured re-
sults are also in reasonably good agreement. Here, however, differences be-
tween predicted results for the two suction models are larger since the dif-
ference between the momentum fluxes of the bleed flows is Targer. A value of
bleed flow momentum between the values used for the models would improve the
agreement between predicted and measured results.
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APPENDIX A

Modified Wall-Wake Profile

A simple representation of the mean velocity distribution in a turbulent
boundary layer is very useful in integral analyses of turbulent flow problems.
After an extensive survey of mean velocity profile measurement, Coles [11] sug-
gested that for incompressible turbulent boundary layer flow the velocity pro-
file may be represented by a Tinear combination of two universal functions in
the form,

u/u (1/7K)TIn (yu_/8)+C+n W (y/8)/K = f(y)+g(y) (A-1)

-h
—
<
~
I}

(1/K)1n (yuT/d) + C (A-2)

is the Law of the Wall and
aly) = mW (y/8)/K (A-3)

is the Law of the Wake.

Setting u/u, and W(y/s) = 2 at (y/s) =1 in Eq. (A-1) and subtracting
the resulting equation from Eq. (A-1) leads to an expression for the velocity
of the form,

u/ug = THA/K)(u_Ju ) Inly/8) - (1/7K)(u_/u )T(2-W(y/s)] (A-4)

Mathews et al., [12] have developed a wall-wake representation of the
velocity profile in a form applicable for isoenergetic compressible boundary
layers. Their profile is expressed as,

uw/u, = (1/0%)sin {arc sin o2 [1+(1/K)(UT/U:)1H (y/s)
- (W/K)u_/u) (1 + cos (ny/6))1) (A-5)

where

Jarc sin o2 (A-6)

1
2

(u/u3) = [(C/2) o/(1-0))

and

1.26

/K = () (1/(u_/up)] = (1/K)In [Reg (Cp/2)%(1-0)"*°1 - ¢y (A-7)

and where (2-W) has been replaced by 1 + cos (wy/§) for mathematical con-
venience.
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Equation (A-5) has been found to provide a good representation of the
boundary layer velocity profile for a range of external Mach numbers and wall
static pressure gradients. However, with both Eq. (A-4) and Eq. (A-5) the
velocity gradient at the boundary layer edge is found to have a non-zero
value. In the modified wall-wake which is to be developed here this short-
coming is avoided.

The 1aw of the wall may be derived from Prandtl's mixing length thedny
and the assumption that the shear stress is constant across the boundary layer
(Cf. Schlichting [13]). However, an expression for 1 of the form,

o= o, [1-(/6)% = 1, (0 -nY) (A-8)

Where a is a real constant should provide a more realistic relationship
for the shear stress.

Using Eq. (A-8) we may write,

r, (1-0°) = oK2y2 (du/dy)? (A-9)

Integration of Eq. (A-9) gives an expression for u/uT of the form,

1
2

u/u_ = (1/K)1n n + (2/aK) {('I-na)l/2 - In [1+(1-n3)72]1 + o (A-10)
Replacing f(y) in Eq. (A-1) by Eq. (A-10) we have,

u/u_ = (/K0 o+ (2/aK) ((1-n%)% - Tn [+ (1-0%)303 + ¢

+ (1/K) W(n) (A-11)

At the boundary layer edge (n>1) we have,

ue/uT = C.| + (n/K) W(1) = C-I + 2 1u/K (A-12)
while near the wall (as n+0+),

u/uT = (1/K) 1n (yuT/v) - (1/K) 1n (GuT/v) + Gyt 0.614/aK (A-13)

Near the wall the expression for the Taw of the wall as given by Eq.
(A-2) is also applicable. Equating the expression for u/uT we may evaluate
C
'I’

C] = 5,1 - (0.614/aK) + (1/K) 1In (duT/v) (A-14)
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while from Eq. (A-12)
/K = (1/2) [(ue/uT) - 5.1 - (1/K) 1n (6uT/v) + 0.614/aK] (A-15)

Following procedures similar to those used by Van Driest {14], Maise
and McDonald [15] or Mathews [12],

1
u (B2+4A2)% . . 2A%-B 1 Yt
— = 202 sin {arc sin ———— 1+ — (In n
Ve 2 (B2+4p2)% K Vg
1
2(1-n8)2 2 5 p U B
p 200072 (4(1n%)y) - T ACSUCIDES
(A-16)
where
n/k = (1/2) [(ug/uT) - (1/K) 1n (GuT/vw) - 5.1 + 0.614/aK] (A-17)
and
ut/u_ = (ug/u) (1/A) arc sin [(2A2-B)/(B2+4A2)%] (A-18)
For isoenergetic flow, Eqs. (A-16) and (A-18) become, respectively,
U1 o 1Y 2(1-n3)% 2 ays
U = 3 sin farc sin o [T+ w o (Inn + =——— - 7 Tn(1+(1-n%)%))
e o e
1 uT
- ¢ & (1 +cos m)l} (A-19)
e
and
ufux = [(Ce/2) o/(1 - 0)]%arc sin o* (A-20)

where 2-W(n) has been replaced by 1 + cos =n for mathematical convenience.
As a - » Eq. (A-11) reduces to Eq. (A-1) while Eq. (A-19) reduces to the
profile proposed by Mathews et al., Eq. (A-5).

The remaining problem is the selection of the constant a. Based on mea-
surements reported by Klebanoff [16] and Horstman and Owen [17], it appears
that a = 1 represents a reasonable assumption. This amounts to the assumption
of a Tinear shear stress distribution across the boundary layer.

The method of least squares has been used to fit the wall-wake profile,
Eq. (A-19), for both a = 1 and a >~ » to a number of experimental velocity
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profiles by Seebaugh [7], Teeter [9] and Rose [18]. The computations can be
carried out by using program LEAST listed in TABLE 1-A. An example of the
results is given in Figure 17 which shows two profiles from the study by
Seebaugh of an interaction between a conical shock wave and the turbulent
boundary layer at the wall of an axially symmetric M = 2.82 wind tunnel. The
profiles are for stations just upstream and just downstream of the interaction
region and the experimental velocities have been calculated from pitot pres-
sure and the wall static pressures under the assumption of isoenergetic flow.
The 10-degree half angle cone used in the study did not produce a shock wave
of sufficient strength to cause boundary layer separation. The values of Cf
and § determined by the curve fits are listed on the figure along with values
for the displacement and momentum thickness §* and 6.

As is shown in the figure, both the modified wall-wake profile (a=1) and
the profile for a » « provide good representations of the experimental velo-
city distribution over the ranges from y = 0 to the values determined for & by
the curve fits. The values of C¢, 8% and 6 determined for the two profiles
differ only slightly. However, the values of § as determined with the modified
profile show much better agreement with the values of & based on u/us = 0.995.
Furthermore, the velocity gradient for the modified profile goes to zero at
y = 6. In all of the data examined to date the modified velocity distribution
than the earlier version of the compressible wall-wake profile.
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APPENDIX B

Boundary Layer Computations

For turbulent boundary layers in compressible flow, Green [5] derived
from Head's (Cf. Green [5] ) work for incompressible flow a procedure for simu-
lataneously calculating the development of the momentum thickness and a quan-
tity referred to as mass flow thickness, defined as,

A=j BU__ gy = s - s* . (B-1)
0 ee

In this procedure the momentum-integral equation,

C du_ -
G My & e _ 8
= = (H+2-M) i

dx 2 dx (B-2)

aja
xX|-s

e

is integrated simultaneously with an auxiliary equation which accounts for the
rate at which the boundary layer entrains fluid from the free stream.

(=8

& (peueA) = pu_ F (B-3)

In equation (B-2) the value of j is set equal to zero for two-dimension-
al flow, to unity for axisymmetric flow.

Ecuation (B-3) can be rearranged in the form,

o S (R DI s (B-4)

Green [5] found semi-empirically that F has the following form,

o= 0.0306  ((H)), _ 3.0)70-6%3 (B-5)
where
[ Lo
(), = 2t (8-6)
e Poao-Da
0 “e e
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Paynter and Schuehle [4], using empirical expressions for (Hy)y and Cf
suggested by Green, developed a computer program to solve equations %B

(B-4) and (B-5). However, as it is suggested by Sun and Childs [3] the ve]o-
city in compressible turbulent boundary layer flow can be represented by equa-
tion (1). Using equation (1), we can solve equations (B-2), (B-4) and (B-5)
without dependence on empirical formulas for (H1)K and Cf.

From equation (B-1) we have,

do _ ze 9 20 ds , 2o M (5-7)
dx aCf dx 36 dx aM dx
e
do o _per I e ydsaex M (5-8)
dx aCf dx as dx BMe dx
dCe 45
Solving equations (B-7) and (B-8) for a;n-and ax yields,
] - 38* &) - (2y(da _ aex Me
ac, . ¢ ‘E‘F)(“‘am ax 26 \dx T M
dx aes* FE 38* 38 (B-9)
(- 36 ) aC.  3C. 36
foookf
a0 (ds s Moy aer do a0 Me
3C, ‘dx aM _ dx 3C, ‘dx oM dx
ds  _ f e f e (B-10)
dx 36%, 30 36% 30
a - 36 ) 3. 36, 36
f f

To evaluate the displacement thickness and momentum thickness and their
partial derivatives with respect to 6, Cf and My we use the expression given
by Van Driest [14] for the temperature d1str1but1on through the boundary
Tayer,

T
S =l y2 oW
= + (1 + 5 My )

—

ﬂr4
CI:

T T 2 e

-l (U2 (8-11)
e e e e
Equation (B-11) was used in the derivation of equation (1).

The displacement thickness and its partial derivatives with respect to
S, Cf and Me can be written as,

. § (1 u y 8 Teu
6 = IR © S = - e
JO Deue) Y JO (] TU dy (B_]Z)
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8 T
) e u
= | Lt g
JO a8 T ug
§ T
38* _ J 3 (1 e u ) d
e Yo =) dy
aCf 0 aCf T Ug
8 T
3 e u
= | =)y
JO aCf T Ug
BMe 0 aMe T Ug

Tu
-T—ﬁ;) dy
(B-13)
(B-14)
(B-15)

Similarly, we have the momentum thickness and its partial derivatives

as,

s
= pu___ _u
) JO U (1 T ) dy

e’e e
Jd Teu ( )

= 1 - =) dy
0 Tﬁ;' e

U Y
Ce  Jp %¢ "Tug 0 Cf
28 J5 3 (Te“) dy Ja 3 (
W= | ow ) - |
Me 0 Me ue 0 Me

(B-16)

——5) dy (B-17)
e u®
e
e u’

iz W (B-19)
e

If initial values of 6, C¢ and My are known an initial velocity profile
can be determined by substituting values of S, C¢ and Mg into equation (1) and

values of © and &* and their partial derivatives can be determined.

(H1)k can be computed by equation (B-6).

equations (B-2), (B-4) and (B-5) to compute d /dx and d /dx.

Values of
We then use the values obtained and
Substituting the

obtained values into equations (B-9) and (B-10) gives values for dCf/dx and
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dCf/dx. The computations for & and Cf may be carried out in step-by-step fashio
Let Ax be a small increment of x; then va¥ues of § and Cf at x +prymay Be n

expressed as,

s (x + ax) = &(x) + %%— AX (B-20)
dCf
Cf (X + AX) = Cf(X) + e AX (8-21)

The boundary conditions Mg and dMg/dx are assumed to be known, or may be
determined from the method of characteristics solution. By repeating the com-
putation, the properties can be computed throughout the boundary layer flow.
Program BLGRN, listed in TABLE 5-A, has been developed for the numerical com-
putations. A sample of the results computed with this program is shown in
Hirst [19]. As is shown, derivations between computed and experimental values
of H, and Reg begin to show up as a condition of separation is approached.
However, the computed values of Cf agree quite well with the data over the
entire range of the computations.
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DOUNDARY LAYER EDCE AXIAL STATIONS

O EXPERIMENTAL
Apmrcrr:n @ BEGINNING OF FIRST INTERACTION
® END OF FIRST INTERACTION,
DOUELE CONE PREDICTED
CENTERBODY
® BEGINNING OF SECOND INTERACTION,
PREDICTED
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FIGURE 9.  SHOCK WAVE POSITIONS, BOUNDARY LAYER THICKNESS
AND WALL STATIC PRESSURES.
M_ = 3.82 NO BLEED



8 x 102, cm " % 10, c»

3
Cfx].O

(o] EXPERIMENTAL @ BEGINNING OF FIRST INTERACTION
A rerenicTED ® END OF FIRST INTERACTION, PREDICTED
@ BEGINNING OF SECOND INTERACTION
2.54 PREDICTED
@ END OF SECOND INTERACTION,
PREDICTED
b O
1.27 A
o aaf %o o
(6)) Q e @
0.0 L) 1 1 ! 1 | 1 ll 1 { ' 1 2 J
2.54
(o] (o) A 6 B OAO O
1.27
(o)) Q ® @
0.0 11 L 1 | 1 | 1 b ! 1 [ ! 2 |
2.0
® O
1.0 o ® b A
o o
(o]
) @ 6 ol
0.0 Ll 2 I 2 ! b 1 N I |
6.35 7.62 8.89 10.16
Xy cm
FIGURE 10. §*, 6 AND C Mm = 3.82, NO BLEED

BOUNDARY LAYER PROPERTIES

AXIAL STATIONS

f’

31



MACH NUMBER PROFILES

O EXPERIMENTAL
—— PREDICTED PROFILE AT LOCATION PREDICTED FOR END OF SECOND

INTERACTION (x = 9.525 cm).

MEASUREMENT NOT TAKEN AT

x = 9.525 cm.
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MACH NUMBER
FIGURE 11. MACH NUMBER PROFILES DOWNSTREAM OF SECOND
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BOUNDARY LAYER EDGE " AXIAL STATIONS
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FIGURE 12. SHOCK WAVE POSITION, BOUNDARY LAYER THICKNESS
AND WALL STATIC PRESSURES, M_ = 2.82. 2.82 PER
CENT BLEED.
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BOUNDARY LAYER PROPERT1ES

AXIAL STATIONS

O  EXPERIMENTAL @ BEGINNING OF FIRST INTERACTION
[\ PREDICIED (stor () END OF FIRST INTERACTION, PREDICTED
2.54 SUCTION MODEL) (® BEGINNING OF SECOND INTERACTION,
() PREDICTED (POROUS PREDICTED
. SUCTION MODEL) @ END OF SECOND INTERACTION, PREDICTED
[3]
. w2z L
] p O O ohoAoA é P o
»
. @ ® o
0.00 —te L' 1 1 i N 2 ' 1 [ 1 L LL ‘ - L 1 ]
2.54 |
AA A A o
E b O O 0o-0" 0 o CP
3 1.27 }
t 3
® Q ® o @
0.0 1 ! Ll 1 1 L L 1 J A 1 ' [} | 1 l 1 ]
2.0 O O
L o o
W 1.0 o
(&)
(4} &Y (C) @
0.0 1 ['lL AN T T | l[l |'| 1 1 ,JJ
5.08 5. 36 7.62
x, cm
FIGURE 13. 8*, 8, Cf’ Mm = 2.82, 5.0 PERCENT BLEED

34



Y

Pyar,/?
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SUCTION MODEL)

{3 PREDICTED (POROUS)
SUCTION MODEL)

BEGINNING OF FIRST INTERACTION
END OF FIRST INTERACTION, PREDICTED

BEGINNING OF £COMD INTERACTION,
PREDICTED

END COF SECOND INTERACTION, PREDICTED

© 606806

DOUBLE CONE
CENTERBODY

[ INCIDENT SHOCK WAVES

1.016 L EXPERIMENTAL
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FIGURE T14.  SHOCK WAVE POSITIONS. BOUNDARY LAYER THICKNESS
AND WALL STATIC PRESSURES. M = 2.82, 5.0
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MACH NUMBER PROFILES

O EXPERIMENTAL
— PREDICTED PROFILE AT LOCATION PREDICTED FOR END OF SECOND
INTERACTION
EXPERIMENTAL EXPERIMENTAL EXPERIMENTAL
) AT x = 8.128 cm AT x = 8.382 cm AT x = 8.89 cm
- g ﬁ |
SLOT SUCTION / POROUS SUCTION
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0.127 _ O
- loX §
éfgp (55590
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FIGURE 16. MACH NUMBER PROFILES DOWNSTREAM OF SECOND
INTERACTION M_ = 2.82, 5.0 PERCENT BLEED
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DATA 8 =8
0.381 | © 172
) a=1 P
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FIGURE 17.  VELOCITY PROFILES UPSTREAM AND DOWNSTREAM OF
A SHOCK WAVE - BOUNDARY LAYER INTERACTION.
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TABLE 1-A:

PROGRAM LEAST

PROGRAM LEAST(INPUT,O0UTPUT,TAPE S5=INPUT, TAPE 6=0UTPUT)

FROGRAM FOR LEAST SQUARES FIT OF WALL WAKE PROFILE

INPUT FORMAT 7F10.6 EXCEPT CARD 1

CARD(S) COLUMNS

1
2

[T
Ho oSN

N

TITLE
1-10

11-28

21-30
31-40
41-58
51-60

1-190
11-20
21-3¢C
31-40
41-50
1-10
11-20
21-30
1-10
1-10
11-290
21-30C
31-40
41-50
51-60
1-790
1-70
1-79
1-70
1-790

DIMENSION

DIMENSION
DIMENSION

s COLUMNS
AT

AIP

APT
AIM

AlY

1-72 HOLLERITH

=0. NO TOTAL TEMPERATURE DISTRIBUTION INPUT

=1. TOTAL TEMPERATURE DISTRIBUTION INPUT
=0+ CONSTANT PRESSUREZ DISTRIBUTION

=1. LINEAR PRESSURE DISTRIBUTION

=2+ POINTHISE PRESSURE INPUT

=0. NO PITOT PRESSURE INPUT

=1, PITOT PRESSURE OISTRIBUTION INPUT
=0. NO MACH NUMBER DISTRIBUTION INPUT
=1. MACH NUMBER DISTRIBUTION INPUT

=0. EQUAL Y-INCREMENT

=1, POINTHWISE Y INPUT

AJB

=0, NO MORE JOB AFTER THIS INPUT

" '=1. MORE J0B AFTER THIS INPUT

CA

BK
AID
AAK
UTrFT
GAMMA
PTO1
TT01

=5.1

=04

=1.

=5C.

=0.04 FIRST ASSUMED VALUE FOR UT

=1.4 GAS CONSTANT

TOTAL FRESSURE OUTSIDE B.L. IN PSIA
TOTAL TEMPERATURE OUTSIOE Be.Le INR
NUMBEZR OF PROFILES INPUT

STATIC PRESSURE AT WALL

LOCAL RAUIUS OF TUNNEL IN INCH

STATION DISTANCE

NUMBER OF FPOINT INPUT

APPROXIMATE NUMBER OF POINTS TO BL EDGE
STZE OF Y-INCREMENT IN INCH

PITCT PRESSURE AN VALUES IN PSIA (APT=1.)
TOTAL TEMPERATURE AN VALUES IN R (AT=1.}
MACH NUMBER AN VALUES (AIM=1,)

Y INPUT IN I INCH,AN VALUE (AIY=1,)
STATIC PRESSURE INPUT (AIP=2.)

PH(Q) 4PEE(S) 4 PTU(BE 432y PTUE(B)4PT(60,9),P(6059,
TT(6099)+T(EC43) 3y TTE(I) »EM(D6C49) yRHO(BE0,9),

RU3) 9 X(C),ANN(3) 4Y(60,9)+92Z(60)
Z2(60)+UZ(60)+YZ(H0)

TITLE(12)5YY(60,9)



OO0

90

1c2
103

104

223

11

1
2

DIHENSION ZP(60)4+ZM(60) 42T(60)
DIMENSION ZS(60),2ZH(60) i

COMMON AIC,BK,CA,GAMHA,GAHi,GAMZ.GAH3 GAHQ,GAMS.GAHB,EEH,

ANC(9),C FF(Q),DEL(Q),RHOE(Q)9UE(9):TE(9)9
Ut6D0,9) ,AAK UTFT
READ(541013) (TITLE(J)9J=1,12)
READ(5,1300) AT,AIP,.AFT,AIM,AIY,AJSB
READ(S,1000) CA4BKsAIDyAAK,UTFT
READ(S5,10C0) GAMMA,PTO01,T7TTO1
GAMi=GAMMA-1,
GAM2=GAMMA+1.
GAM3I=GAMNA/GAM1
GAM4=1,./GAM3
GAMS=1./GAMMA
GAM6=GAM1/2,.
GAM7=1./06AML
READ(S5,1000) AM
M=AM
DO 8 J=1.M
READ(551000) PHIJIyRIUJI»X{(J) yANLJS) 5 ANN (J) DY
AN1=AN(J)
AN2=ANN(J)
N=AN1
N2=ANZ2
L=1
IF(APTEQel1e) READ(S,1C00) (PTI{I»J)}sI=1,N )
IF(AT.EQele) READ(S5,100C) (TT(IsJ)»I=1,N)
IF(AIM.EQel ) READ(5,1000) (EM(T+J)sI=1,N)
IF{AT.EQele) GO TO 103
DO 102 I=1,N
TT(I,J)=TT01
CONTINUE
IF(AIY.EQ.J3.) GO TO 104
READ(S5,1000)(Y(IyJ)+I=1,N)
GO YO 223
Y(1,J,=0.
DO 2 I=24N
Y{IoJd)=Y(I-1,J)+0Y
CONTINUE
IF(AIP.EQ.2.) READ(5,1000) (P(I4J)sI=1,N)
DELLJI=Y(NZ2,J)
00 3 I=1,N
YY(I,J)=Y(I,JI)/DELCS)
ZLI)=Y{I+ J)
ZZ(I)=PTU(I,J)
ZP{I)=P(I,Jd)
ZTAI)=TT(I»J)
ZM(I)=EM(I,+J)
CONTINUE
DLL=DEL(J)
IF(AIM.EQe1,) GO TO 14
IF(AIP.EQ.2.) GO TO 15

COMPUTE EME BY PT02/PTO1

IF(L.EQel) PTO2=PTIN2,J)
IF(LeGYel) CALL INTP(Z4ZZ4DLLPTO24N)
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OO0

OO0

OO0 [y XKy OO0

[z Re X7y

42

20
14

10

15

40

30

S0

60

PT2PT1=PT02/PTO1
EMOLD=1.666*PT2PT1*PT2PT1-5.666*PT2PT1+5,
AR1=(GAM2*EMOLO*EMOLD/( GAN1*ENOLD®*EMOLD®#2.)) **GAMMA
AR2=PT2PT 1**GAML
AR3I=(ARL1*GAM2/AR2+GAM1) /(2. %*GAMMA)
EMNEW=SQRT(AR3)
IF(ABS{EMOLD-EMNEW) -0.001) 10,10,28
EMOLD=EMNEHW

GO T0 &

IF{L.EQ.1) EMNEW=EMIN2,J)

IF(LeGTa1) CALL INTP(Z,ZMsDLLSEMNEW,N)
EME=EMNEW

COMPUTE PE BY PTO1 AND EME

ARLG= (1, +GAMI*EME*EME/2.) **GAN3
PE=PT01/7AR4

PEE{J)I=PE

IF(AIP.EQ.2.) GO TO 15

DO 5 I=1,N
PUI4J)=(PEELJI~PHIN I *YY(I4J)*AIP¢PH{J)
CONTINUE

IF(AIP.EQ.D.) PE=FPWJ)

IF(AIP.EQ«2.) CALL INTP(Z+ZPsDLL,PELN)
PEE(J)=PE

TS=TTO1

IF(ATeEQele) CALL INTPUZ+ZT+DLLsTSeN)
TTEWI=TS

COMPUTE €M BY PT2/P
IF(AIM.EQ.1.) GO TO 17
TEST=(0.5%GAM2) **GAM3

00 6 I=14N
PATIO=PT(I,J)/P(1,J)
IF(RATIO.LT.1.) GO TO 30
IF(RATIO-TEST) 464+50,60
SUBSONIC

EM(I4J)I=SORT(2.,*(RATIO**GAML-1. )/GAM1)
GO TO 6

PT2 LESS THAN P

EM(IyJd)=0.
GO T0 6

SONIC

EH(I,J)’-’io
GO 70 6

SUPERSONIC

EMOLD=1.05



OO0

OO0

(s X2K1] (¢ XvK3] [z X3 X1]

OO0

63 ARLI=C(2.*GAMMA*EMOLD*EMOLD-GAM1)/GAM2) **GAMS
AR2=RATIO®*GAM&4
EMNEW=SQRT (2. *ARL¥AR2/GAM2)}
IF(ABS(EMGLD-EMNEW)-0.001) 61,461,462

61 EM(I,JI=ENNENW
GO TO 6

62 EMOLD=EMNEW
GO To 63

6 CONTINUE

COMPUTE UPSTREAM PROPERTIES

17 DO 7 I=1,N
PTUCI 9 J)=P(IsJ) (1., +GAMOGTEM(TI JI*EM( (I J)) **GANM3
T(IyJ)=TTUT I/ (1. +GAMBYEN(TIyJ) *EMIILJ))
RT=SQRTIT (I, N))
UCIs JI=EM(I,J) *49,.0*RT
RHO(I 4 J)=F (I JI*144,%32.2/01716.%T(1,+J))
7 CONTINUE
IF(APT.EQ.1.) GO TO 177
00 117 I=1,4N
PT(I,J)=PTU(I,J)
IFCEMITI ) eGToade) PTUI, U)=PUTIJ)*(C.5%GAMZ*EMLII ZJI*EN(I,LJI))
1**GAM3I/(2.*GAMMA*EM (I 4JI*EMII ,J)/GAM2-GAM1/GAM2) **GANMT7
117 CONTINUE
177 IF(AIM.EQ.1i.) GO TO 18

LOMPUTE EDGE CONDITION

TEST=(C.5*GAM2) **GAM3
RATIO=PTO2/PEEL(J)

IF(RATIO.LT.1.3 GO TO 39
IF(RATIO-TEST? 49,59,69

SUBSONIC

49 EME =SGRT(2.*(RATIO**GAMA4=-1,)/GAML)
GO TO 96

PT2 LESS THAN P

39 EME=0,
G0 To 96

SONIC

59 EME=1.
GO To 96

SUPERSONIC

69 EMOLD=1.05

163 ARLI=((2.*GAMMA*EMOLOD*EMOLD-GAML )/ GAN2) **GAMS
ARZ=RATIO**GAML
EMNEW=SQRT (2. *ARL1*AR2/GAM2)
IF(ABS(EMCLD-EMNEW)-0.001) 161,161,162

162 EMOLD=EMNEW
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c

161
36

GO TO 163
EME=EMNEMW
CONTINUE

C COMPUTE UPSTREAM PROPERTIES
18 PTUECJI=PEE(J) ¥ (L. +GAMB*EME¥EME) **GAM3

44

12

21

210

211

TE(WIDI=TTE(J)/ (1 .+ GAMB*EHE *EME)
PT=SQRT(TELJ) )

UE(J) =EME*4 9. *RT

RHOE(JI=PEE(J) *144,%32,2/7(1716.*TE(J))
EEM=EME

THUYO=TT(1,0)/7TTS(S)

CALL LHLW(JsZ+sSNNsNOsLsTHTO)
IF(ABS(SNN).LE.0.,00000301) GO TO 21
IFIL.GTe1) GO TO 12

L=L+#1

DE4=DEL(J?

DEL(J)=0.9*DEL ()

SNN1=SNN

GO 70 11

L=L+1

SLAPE=SNN1/ (SNN=-SNN1)

DE2=DBEL(J)
DEL(J)=DE1+#SLAPE*(DE1-DE2)

DE1=DE2

SNN1=SNN

GO 70 11

WRITE(6,2010) (TITLE(I),I=1,12)
WRITE(6520303) X(J)PTC1,TTOL

WRITE (6,200

DO 210 I=1.N

WRITE(6420085) I Y{IsJ)sP(IsJ)sPT(I2J)sEMITLJ)TT(IHI
CONTINUE

WRITE(65,2010) (TITLE(I)I=1,12)
WRITE(642000) X(J)yREJ) sPW(J) HDEL (V) ,CFF{J)HUE(J) 4 RHOELJ)
HRITE(6,2001)

DO 211 I=1.,NO

TREF=T(I,J) +198.5

TRRF=T(I.J)**1.5
VIS=2.27*TRRF/TREF/10.%*8,

8= UCILyJ)*RHO(I,J)/32.2/VIS/710.%%6.
UR=U{TI,J)/UE(D)

PR=P(I,4)/PH(J)

RRY=RHO (I5J) 7RHOE(JI)
PTR=PTU(I,J)/PTO1

TTIR=TT(I,J4)/TTO1L

UU=UR*UE (J)

PO=RR*RHJIE(J)

RRO=R0/32.2

ZS(I)=(1.-UR*RR)* (R(J}=Y(I,J))
ZHEIN=(1=UR) *UR*RR* (R{J) =Y(I,J))
WRITE(692002) IoY(IsJ)aYY(I9J)eByEMIIzJ)sURIRRyPR,TTIR,PTR
CCNTINUE

SuUD=0.

SUT=0.

DO 212 I=24N0

IS=I-1



212

311

SUD=SUD# 0, 5* (Y {4 J)~Y(IS,J))*IZS(I)+2S(IS))
SUT=SUT#0 5* (YT, J)=Y(IS,J)I*(ZH(I)+ZH(IS))
CONTINUE

ND=NO+1

TREF=TE(J) +198.5

TRRF=TE(J)**1,.5

VIS=2.27*TRRF/TREF/10.**8,
B=UE(JI*RHOE(J)/32.2/VIS/10.%%6,

YZvy=1.

UR=1.

PR=PEE(J) /PHI )

RR=RHCE(J)I/RHOE(J)

TTR=TTE(J)/TTOL

PTR=PTUE(J)/PTO1

HWRITE(6+2002) NOyDLL s YZY3BoEEMeURSRRsPRyTTRH,PTR
SUD=SUD+8.5*(OLL=-Y(NO,J))*ZSINO)
SUT=SUT+D.5*(DLL=Y(NOQO,J))*ZHINO)
SQA0=R(JI*R(J) -2.*SUD

SQAT=R(JI*RJ) =-2.*SUT

SRD=SQRT(SQD)

SRT=SQRT{(SQT)

DELSTA=R(J)-SRD

THETA=R(J)-SRT

WRITE(64+42007) DELSTA,THETA

WRITE(652C10) (TITLE(I),I=1,12)
HRITE(6,2000) X{(J)sREJ) yPHII) y0EL (J) 4CFFLJ) ,UE(J) 4 RHOELJ)
HRITE(6452006)

WRITE(6,2001)

G0 311 I=14N

Z{I)=Y(I,J)

ZZ(I)=PIlI. )

CONTINUE

CALL PRFL{(J,THUTO,UZ+4YZ,NO,UTSA)

DO 312 I=1,NO
TCILeJ)=(THTO#{L.~THTO)*UZ(II)-GCAMB*EEM*EEM*UZLII*UZ(I)/ (1.
1+GANG*ECM*EEM) ) *TTE (J)

TEL=TEWIDI /T{1,J)

TER=SQRT(TE1)

EM{I,J)=EEMYUZ(I) *TER

YIIeJd)= DELC(I)*YZ(I)
TT(I9J)I=THIJ)* (1. +GAMEYEM(ILZ JV*EMII 4D
YA=Y{IJ)

CALL INTPUZ+ZZ+YQsPQsN)

P(I,J)=PQ

PTUCI s JI=P(I4J)*(1.+GAMB*EM(IHJI*EMITSJ)) **GAM3
TREF=T{I,J) +198.5

TRRF=T(I,J)**1.5

VIS=2.27*TRRF/TREF/10,.,%*3,
RHO(I+JI=P(I,J)*20L4.%32.,2/7(1716.*T(I,J))
B=UZ(I)*UE(J) *RHO(I4J)/32.2/VIS/10.%*%6,
PR=P(IyJd) /PHJ)

RR=RHC{(I,J)/RHOE(J)

PTR=PTULI ,J)/PTO1

TIR=TT(I,J}/TTO1
ZS(IN=(1.=UZ(ID*RRI*(R(J) =Y (I,4))
ZHUI)=(1.~UZ{I) Y *UZ(I)*RR*(R(J) ~-Y (I, J))
WRITE(6+20802) I9Y(I93)sYZ(I) 4BoEM(ISJ)2UZII)RRyPRyTTRyPTR
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312 CONTINUE
SunD=0.
Sur=0.
DO 313 I=24N0
IS=I-1
SUD=SUD*0 «S¥(Y(I3J)-Y(IS,J))I*(ZSII)+ZS(IS))
SUT=SUT#0 5% {Y (I, )=-Y(ISyJI)I*(ZHITI)+ZH(IS))
313 CONTINUE
SQD=R{J *R(J)=2.,¥*SUD
SQAT=R(JI *R(J) -2.,*SUT
SRD=SQARTL(SQAD)
SRT=SQRT(SQT)
DELSTA=R{J) ~-SRD
THETA=RUJ)}=SRT
WRITE(65,2008) DELSTA,THETA,UTSA
8 CONTINUE
IF(AJB.EQ.1.) GO TO 90
1600 FORMAT(7F10.6)
1010 FORMAT(12A6)
2010 FORMAT(1H1,30X,12A0)
2000 FORMAT(/B8Xs10HSTATION X=9F10e6y3H INy3IXy2HR=gF10+s343H INs3IXy
16HPHALL=9F10.695H PSIAy3X,4HDEL=yF13e693H INy3Xs3HCF=3F10.6,
1 2Xe3HUE=9F7e2+2X y5HRHOE=9F 94 6/)
2001 FORMATIIH 44Xy 1HI39Xs1HY 9 IX92HYY 3 8Xs6HRE(FT) 97X y2HME9X,
14HU/UE 48X s BHRHO/RHOS y 4 X 9 4HP/PHy BX36HTT/TTL 36X 46 HPTU/PT /)
2002 FORMAT(2X9sI3,2Xe 9F12.6)
2003 FORMATU(/8Xys10HSTATION X= 3F1045+3H IN 43X 4HPTO=9F10.59+3 Xy
14HTTO0=,F10.57)
2004 FORMATU(/12X 91HI 212Xy 1HY 912X 91HP 912X 2HPT912X91HN12X,2HTT /)
2005 FORMAT(10XsI342X35F1446)
2306 FCRMAT(/4(CX4+28H WALL-WAKE VELOCITY PROFILE /)
2007 FCRMAT(20X7HDELTA*®=3F10.694H INeyUXs6HTHETA=yF10.64 4H IN. )
2008 FORMAT(2OXe7HDELTA*=,F10abolH INe y4Xo6HTHETA=3Fi0s6y 4H INes
14X 7THUT/UE*=,F1%.6)
END

SUBROUTINE LWLH(J3ZySNNyNOsL,THTO)

DIMENSION URAT(100),Y(100),UT(100),PXAC100)

DIMENSION Z1(63)

COMMON AIC,B8BKyCAyGAMMAyGAML ,GAM2,GAM3,GAML GAME yGAMBLEEN,

1 AN(9) ,CFF(9),0EL(9),RHOE(3),UE(9),TE(D),
2 UL6093) s AAKSUTFT

ANi=AN{S)

N=AN1

TRRF=TE(J) **1.5

TREF=TE(J)+198.5
VIS=2.27*TRRF/TREF/10.%*8,
RIDZL=UE(J) *RHOE(II *DEL (U /12./32.2/VIS
SIGMA=GAME*EEM¥*2 ./ (1. +GAMB*CEM*¥¥2,) /THTO
SIGMB=1./THTO=1.

SA=SQRT(SIGMA)}

SAB=SIGMB**2.+4L*SIGMA

ASB=SGRT(SAB)

BAS=(2.*SIGMA-SIGMB) /ASB

DO 2 I=1.N
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6
7
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10

11

20

IF(ZC(IN-DEL(J)H24304

CONTINUE

NO=1

G0 T0 30

NO=I=-1

D0 1 I=1.NO

URATI(II=U(I J) 7UELD)

Y(I)=2(I)/DEL(J)}

CONTINUE

K=1

CIAA=CA-J.614/7(BK*AID)

SI6G2=2.*SIGMA/ASB

SIG3=ASIN(BAS)

FSIG=SIG3/SA

UT(K)=UTFT

VHRVE=(1.,/TATO-SIGMAI **1.76
AAE=REDEL*FSIG*VHVE

IF(UTUK))Y 5,745

PXA(K)=0.5

SMM=0,

SNN=0,

GO0 TO 9

PXA(K)=0e5%(1-UT(KI*{(1./BK) *ALOGI(REDEL*ABS(UT(K))*FSIG*VHWVE)
1+CIAA)Y

SMM=0.

SNN=0.

D0 10 I=2,NO

ACS=1,+C0S(3.14%Y (1))
YAA=SQRT(1.-Y{(I)**AID)
ALG=ALOGIY(I))+2.*(YAA-ALOGI1.+YAA)) /7AID
ACT=1.+UTHK)*ALG/BK-PXA(K)*ACS
AFF=SIN(SIG3*ACT) /SIG2¢SIGMB/ 2, /SIGMA
ACO=(ALG#0.5%ACS* (ALOG{ABS(UT(K)) I +ALOG{AAE)I+BK*CIAA+1,)) /8K
SUN=(URAT (I)-AFF) *FSIG*COS(SIG3*ACT)*ACD
SKM=SNMM+SUN

ADO=ACS*UT(K)/ (2. *BK¥DCL{J))=YAARPUTUK) 7 (BK*DEL{S)I-PXAIKI*Y(I)*
13.14*SINC3.14*Y(I))I/DEL (D)
SUU=(URAT(I)~-AFF)*CCS(SIG3I*ACT) *FSIG*ADD
SNN=SNN#+SULY

CONTINUE
CFF(JI=2.%UTIKI*FSIG*FSIG*¥(1./THTO-SIGMA) *UT(K)
IF(ABSISHM) JLE.D3.000000G1) GO TO 20
IF{KeET.1) GO TO 11

K=K#1

UT(K)=0.8*UT(K=-1)

SMM1=SMM

GC TO 6

K=K+1

SLOPE=SMM1/(SMM-SMM1)

UTIK)=UT(K=2) +SLOFE*(UT (K~-2) -UT(K-1))
SMMi=SMM

GO TO ©

RETURN

END
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11
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SUBROUTINE PRFLIJ,THWTO, URT,Y,KAA,UT1)

DIMENSION URT(60) ,Y(560)

COMMON AT D+BKsCAyGAMMA, GAML sGAMZ2y GAM3y GAMY4 4 GAMS GAMGE,EEN,
1 AN{(9) yCFF(9) yDEL(3) 4 RHOE(9) JUE(9) s TE(I),
2 U603 s AAK,UTFT

TRRF=TE(J)**1,5

TREF=TE(J) +198.5

VIS=2.27*TRRF/TREF/710.%*8,

REDEL=UE(J) *RHOE( I *DEL(J)/12./32.2/VIS

SIGMA=GAME*EEM*¥2 ./ (1. +CAMB*EEM**2,) /THTO

SIGMB=1./THTO~-1.

SA=SQRT(SIGMA)

SAB=SIGMB**2.+4.*SIGMA

ASB=SOQRT(SAB)

BAS=(Z.,*SIGMA-SIGMB) Z7ASB

CIAA=CA~-0.6147(BK*AID)

SI1G2=2.*SIGMA/ASB

SIG3I=ASIN(BAS)

FSIG=SIG3/SA

UT2=CFFIJ) /(2. *FSIG*FSIG*(1./TNTQ-SIGMA))

UT1=SQART 1ABS(UT2))

VRVE={1./THTO-SIGVA)*¥*]1,76

IFtUT1.6T.0.) GO Y0 2

PXA=0.5

G0 TO 1

PXA=0e5%(1.,-UT1#((1./BK)*ALOGIREDEL*ABS(UTL)*FSIG*VWVE) ¢+CIAA))

AN1=AAK+1 .

KAA=AN1

Y(1)=0.

URT(1)=0.

DO 19 I=2,KAA

AI=I-1%1

Y{I)=AI/AAK

YAA=SGRT(1.-Y(I)**AID)

ALG=ALOG(Y(I))+2.,*(YAA~ALOG(1.+YAA)I/AID

ACS=1.,+C0S{3.14*Y(]))

ACT=1 .4UT1*ALG/BK-PXA*ACS

URT(I)=SIN(SIG3*ACT)/SIG2+SIGMB/2./SIGMA

CONTINUE

RETURN

END

SUBROUTINE INTP{(X,Y,XOT+YOT,NOS
DIMENSION X{60),Y(60),,V(63),YV(60)
D0 11 TI=1,NO

IF(X{I)=-XOT) 11,112,412

CONTINUE

NM=T

NU=NM+2

NL=NM-2

IF(NL.LT<1) NL=1

IF(NU.GT.NO2 NU=NO

NW=NU=NL#+1

DO 13 J=14NW

L=NL+J-1



vVJ)=X(L)
vV () =Y(L)
13 CONTINUE
CALL LAGRAN{V,VVyXOT,YOT,NH)
RETURN
END

SUBROUTINE LAGRAN{X,Y4XO0T,YOT 4N)
DIMENSION X(60),Y(60)
YO0T=0.
DO 1 I=1,N
AL=1.
Do 2 J=1'N
IF(J.EQ.I) GO TO 2
AL=AL*(XOT=-X{ )7 (X(I)=-X{J))
2 CONTINUE
1 YOT=YOT+AL*Y(I)
RETURN
END

TABLE 1-B: INPUT TO PROGRAM LEAST

TEETER DATA

0.0 g. 1. g. De Q. 0.
5.1 .4 1. SCa . 0%

1.4 34.130 539.6

1.

1.22485 1.02 1.9 40 36 0.005

1.224 3445 4.072 L.679 5.122 54542 5.928
64243 6.605 6.922 7.337 7.6086 7.95%9 8.350
8.715 9.143 9,483 9.778 10.176 10.592 10.91
11.215 11.571 11.3851 12.055 12.280 12.462 12.60
12.74 12.844 12.925 12,979 i3.022 13.055 13.06

13.965 13.065 13.065 13.065 13.065 13.065
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OO0

TABLE 2-A: PROGRAM CONE

PROGRAM CONE (INPUT,OUTPUT,PUNCH,TAPE 5=INPUT»TAPE 6=0UTPUT,TAPE 7
1=PUNCH)

INPUT FORMAT 7F10.6

CARD(S) COLMNS

1 i-10 GAMMA =1,4 SPECIFIC HEAT RATIO OF AIR
11-20 EML FREE STREAM MACH NUMBER
21-30 PHIC HALF ANGLE OF CCONE TIP IN DEGREE
31-40 XL STATION OF CUTPUT DESIRED

THIS PROGRAM COMPUTES THE CONICAL FLOV PROPERTIES GIVEN

THE SHOCK ANGLE AND THE SURFACE MACH NUMBER
DIMENSION EMINF(12)sPHC(6) .
DIMENSION PH25({12),PHS50(12),PH75(12),PH100(12),PH125(12),PH150(12)
DIMENSTION EM25(12),EM50(12),EM75(12),EM100(12),EM125(12)5EM150(12)
DIMENSTION PC(é)sQ(6)
DIMENSION SAVE1{(300)y» SAVE2(300)sSAVE3(300),SAVE4(300),SAVES(300)
1,SAVE6(300)sSAVE7(300)
DIMENSION SAVESB(300)
TT=2000,
R=53,3

THE FOLLOWING CARDS READ IN THE DATA AS TAKEN FROM THE
CONICAL FLOW TABLES BY SIMS

DATAEMINF’]..S’1.75’200)205)300’3.59400"005’5.016.01700’800,
DATA PHC/.043633,.0E72665.13090,,17453,.21817,.26180/

DATA PH25/.7298054608325¢5237C24411695¢3401154290175425329,.,22495,
1.2€25254169375.1646235,.,12931/

DATA PHS50/.73708,54,6095354525255441425543441054295925 426104,
1,234845,214585.,185655,166265.15262/

DATA PH75/747349054614455453140544235894357015431239,.20078,
1,2574754239735 4214815 4198465 +18712/

DATA PH100/.76466s 46256439 ¢544655.46413654379005.3379C».30918,
1,288225.272425 «25049,.23633,,22664/

DATA PH125/,761585 ¢ 643995565185 +46631, 4407605 ¢36939,.34296,
132383, ,309535.289905.277405.26895/

UATA PH150/+7859254£69C05459192,5+4G€6635.4408554.404945.38032,
1.36266543495554331745,320525.31301/

DATA EM25/1.,4866G5,147340351.,580865244729552.9627653.45009,
13.9347754.,41662,4.89553,5.84407,6.77969,7.70188/

DATA EM50/1,4579351.47004651.9415252.4194052.8913853.35716,
13.8164554.2690654.7148155.5852556.4269257.23908/

DATA EM75/1,61973,1.6568C51.89123,2.352R652,8048053.24675»
15,67839+4.,0994654.50971,5.2968856.03849,€.73371/

DATA EM100/1,3748551460604551.8340452.27B888524710153,12751»
13.5305753.91891,4.2921854.9927855.6218056.21039/

DATA EM125/1.3249051455133,1.7721952.20016,2.61039,3,00266,
13,37614553,73078,4.06627,4,6801755.22045,55.69227/



OO0

OO0 (s NaNel

OO0

DATA EM150/1.2707451.4925551,7C688,2.117G64,2.50675,2,87312,
13.,216705,3,53743,3,8355954.3668154.81780,5,19815/
1 READ (5,1010) GAMMA,EM1,PHIC,XL

WRITE(652000) GAMMASEM1,PHIC,XL

PHIC=PHIC/57,2957795

KKK=1

GAMM1=GAMMA-1,0

GAMP1=GAMMA+1,0

THE NEXT PART 0OF THE PROGRAM INTERPOLATES TO FIND THE
SHOCK ANGLE AND THE SURFACE MACH NUMBER

DMON=0.0

CALL TAINT (EMINF,PH25,EM1,PC(1)5»125,25NER,DMON)
CALL TAINT (EMINF,PHS0,EM1,PC(2)s12,2,NER»DMDN)
CALL TAINT (EMINF,PH75,EMLsPC(3)51252sNER,DMON)
CALL TAINT (EMINF,PH1Q00»EM1,PC(4)512,25NER,DMON)
CALL TAINT (EMINF,PH125,EM1,PC{(5),1252»NER,DMOM)
CALL TAINT (EMINF»PH150,EM1sPC(6)5>12,2,NER,DMON)
AMON=0.0

CALL TAINT (PHC»PCyPHIC»PHIW,652sNER,AMON)
DMON=0,0

CALL TAINT (EMINF,EM25,EM1,Q(1)51252sNFR, DMON)
CALL TAINT (EMINF,EMEQ,EM1,Q(2)s1252,NER,DMON)
CaLlL TAINT (EMINF,EM75,EM150(3)512,25NER,»DMON)
CALL TAINY (EMINF,EM1C0sEM1,Q(4)512»2sNERsDMON)
CALL TAINY (EMINF,EM125,EM1,C(5)512,2,NER»DMON)
CALL TAINT (EMINF,EM150,EM1,Q(6)512,25NER,DMON)
BMON=0.,0

CALL TAINT (PHC»QsPHICsEMC 6525 NERyBMON)

CALCUTATE THE MAXIMUM VELOCITY
20 VM=SORT(2.0/GAMM1)*SQRT(GAMNA*R*TT#32,2)
INITIALIZE THE VELOCITY IN THE ANGULAR DIRECTION
3C PS5I0=0,.0

CALCULATE THE VELOCITY ON THE CONE

40 VROU=(EMC*%2)% (VM**2)%x(GAMM1/2,0)
VROD=1,04 (EMC**2)*(GCAMM1/2.0)
VRO=SQRT{VROUZ/VPOD)

PHICC=PHIC

CALCULATE THE ENTROPY FUNCTION
D1=ALOG({(7.0)*{EMLI**x2)*(SIN(PHIW)*%x2)-1,C)/¢€,C)
C22((6.0)*(EMY*#2) *(SIN(PHIW)*%2))
D3=((EML*%2)*%(SIN(PHIW)*%2)+5,0)
DS=(D1-{1.4)*ALD3G(D2/D3))/0.4
DP=EXP(=DS)
SAVEL(KKK)=XL
SAVE2 (KKK )Y=XL*SIN(PHIC)/COS(PHIC)
SAVE3(KKK)=PHIC*57,2957795
SAVE4 (KKK )=EMC
SAVES(KKK)=DP
SAVEG(KKK)=PHIC*57,2957795



C

C
c

52

EMX=ENC
Al=].+0,S*GAMMLI*EM]1*%*2,
All=AL0G(AL)
Bl=A11*GAMMA/GAMM]
Bl1=EXP(B1)
A2=1,+0,5%¥GAMMI*EMX**2,
A21=AL0G(A2)
B2=A21*GAMMA/GAMM]
B21=EXP(B2)
SAVE7(KKK)=DP*R11/B21
KKK=2
SET THE INCREMENTAL VALUE OF THE ANGLE TD BY USED
50 DELPHI=(PHIW-PHIC)/117.0
WRITE (652050)
60 DO 200 K=1,117
STEP =K
X=STEP*DELPHI
PHI=PHICC+X
FUZZ=STEP=1.0
IFLFULZZ) 68568570
CALCULATE THE VELOCITY IN THE ANGUALR DIRECTION
68 P3={GAMML)*(VRO)*{ (VM*%2)=-(VRO*%2))
D=~(GAMM1/2.,0) *%( (VM*%2)~(VRO*%*2})
PSIX=PSIO+{DELPHI*P3)/D
GO TO 80
70 Pl=—(GAMM1/2,0)*(PSJTO**3)*(CUS(PHIC)/SIN(PHIC))
P2=(GAMM1/2,0) % ((VM**2)—-(VRO**2))*(PSTO)*{COS(PHIC)/SINIPHIC))
P3a(GAMML)®(VRO)*( (VM*x2)=(VRO**2))
Pa=={GAMMA)Y*(VRO)*(PSTIO**2)
D=(GAMPL/2.0)*%(PSTO**2)=(GAMML1/2,0)*{(VM**2)-(VRO*%2))
PSIX=PSIO+((DELPHI)*(P1+P2+P24P4))/D
CALCULATE THE VELOCITY IN THE RADIAL DIRECTION
80 VRXsPSTO*DELPHI+VRO
CALCULATE THE FLOW ANGLE
100 THETAX=PHI+ATAN(PSIX/VRX)
110 VX=SORT(VRX*#%24PSIX**2)
120 AX®*SORTU{GAMMI/2.,0)1*{VH**2=-VX¥*2})
CALCULZTE THE MACH NUMBER
130 EMX=VX/AX
EMIU=(EMX**2)*(GAMP1/2,.0)
EM10=21,0+4(EMX**2 ) *(GCAMM1/2,0)
EM1ST=SOPT(EMIU/EM1D)
140 YL=XL*(SIN(PHIY/COS(PHI))
BURP=PHI*57,2957795
WRITE (652100) VRX,PSIXsBURP,AX
WRITE (6,2110) XLsYLs THETAX,EMIST,DP
SAVEL(KKK)=XL
SAVE2 (KKK) =YL
SAVE3(KKK)}sTHETAX%57,2957795
SAVE&4(KKK) =EMX
SAVES{KKK)=DP
SAVE6(KKK) =BURP
Al=1,+0.5*%GAMMLI*EMLI**2,
All1=ALOGUAY)
Bl=Al1*GAMMA/GAMM]1
Bl1=EXP(B1)
A2=2]1 ,4C,5*FGAMMLI*EMX*%x2,



A2l=AL0

GlA2)

B2=A21#GAMMA/GAMML

B21=EXP
SAVET(K
SAVEE(K
PSIO=PS
VRO=VRX
PHIC=PH
KKK=KKK
200 EMC=EMX
WRITE(6
WRITE(S
1KK), SAV

(82)

KK)=DP*R11/821
KK)=1,02-SAVE2 (KKK)
IX

1
+1

»3000)
»3001) (SAVEI(KKK)>SAVE2(KKK)»SAVE3(KKK)sSAVE4(KKK)» SAVES(K
E6(KKKY»SAVET(KKK) s KKKe1,118,2)

WRITE(7,3002)(SAVE6(KKK)» SAVE3(KKK) »SAVE4(KKK) »SAVET(KKK) s KKK=1,

1118,2)
WRITE(7
1SAVES(K
G0 T0 1
3000 FORMATI
15HTHETA
3001 FORMAT(
3002 FORMATI
3003 FORMAT(
1000 FORMAT
1010 FOKMAT
2000 FORMAT
1F15.651
2050 FORMAT
2100 FORAMAT
16HPHI
2110 FORMAT
16HMSTR
END

SUBROUT
DIMENST
CPS0400 TAIN

23003 (SAVELIKKK) »SAVE2{KKK) »SAVE3(KKK) »SAVE4(KKK)»
KK)y KKK=1,118,2 )

1H1512X»1HX»14Xs1HY»14Xs3HDEL»13Xs1HMs 15X, BHPT/PTINF, 10X,
s 12X 4HP/P1)

2X» TF15.6)

4F10.,6)

5F10.6)

(2F10.3)

(4F10,.6)

(1H1» THGAMMA =,F15.65,10X,4HMC 2pF15,651CXs 6HPHIC =,

0Xs 3HX =5, F15.6)

{1H1, 45Xy THRESULTS)

(1HO» 4HVR =,F15,65,10Xs5HPSI =yF15,6510X>»

=, F15.,6510X53HA =,F15.,6)

(1HC»3HX ®,F10.598%X»3HY =,F10,5,8X,BHTHETAX =,F10.558Xs
2yF10.598X»10HPT/PTINF =3F10.5)

INE TAINT(XTAE,FTABsX»FXsNsKsNERy MON)
ON XTAB(1),FTAB{1),T(10)},C(10)
T SUBROUTINE~ IN FORTRAN II.

IF (N - K) 15152

1 NER=2
RETURN
IF (K-9
IF ( MO
IF ( MO
J=0
NMl=N-1
DO 8 I=
IF (XTA
11 NERs3
RETURN
9 J=J-1
GO TO 8
10 J=J+l
B CONTINU
MON=1
IF (J)

F S WX

) 353,1
N) &454,5
N=2) 65754

1,NM1
B(IN=-XTAB(I+1)) 9,511,110

E
125656

53



12

14

13

17
16
18

19
20

22
21

26

23

25

24&

54

MON=2

DO 13 I=1,N

IF {(X-XTAB(I)) 1l4,14,13
J=T

GO TO 18

CONTINUE

GO TO 15

DO 16 T=1,N

IF (X-XTAB(I)) 16517,17
J=1

GO TO 18

CONTINUE

J=N

JeJ-(K+1)72

IF (J) 19,19,20

J=1

M=J+K

IF (M=N) 21s21,22
J=J-1

GO 10 20

KPl=K+1

JSAVE=)

DO 23 L=1,KP1
C(L)=X=XTAB(J)
TCLI=FTAB()

J=J+l

DO 264 J=1,K

I=J+1
TII=(C(II*TIDI=CLIN*T I/ (CLN-C(IN)
I=741

IF (I-KPl) 25,25 »24
CONTINUE

FX=T(KP1)

NER=1

RETURN

END

TABLE 2-B: INPUT TO PROGRAM CONE

2482 10. 1.835%
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TABLE 3-A:

PROGRAM ANAL

PROGRAM ANAL (INPUT,0QUTPUT,TAPES=INPUT,TAPEG=0UTPUT)?

ANA

TWO-OIMENSIONAL ANO AXIALLY SYMMETRIC SHOCK WAVE-BOUNDARY LAYER

INTERACT ION

PROGRAM INPUT

INPUT FORMAT TF10.6 EXCEPT CARDS 1 AND 2

CARD (S}

1 AND 2 TITLES,COLUMNS 1-72, HOLLERITH

3 COL.1-10
11-23

21-30
31-40

41-50
51-60

61-70
4 COL.1-10

11-20
21-30

31-40
41-50
51-60
61-70
5 COL.1-10

11-29

EMEL
UTUESY

REDEL1
AINPT

RECFAC
AXI

SHORT

BLEED1
BLEED?2
AlB

8K
c
STCOEF

AIDD
THiD

ALP1D
TH1 22

UPSTREAM MACH NO.

UPSTREAM DIMENSIONLESS FRICTION VELOCITY
=UE/VE*

UPSTREAM REYNOLDS NO. (DELTA)

1.0 INPUT THETA1L

2.0 INPUT ALPHAL

RECOVERY FACTOR

0.0 OR 1.0 2-D CASE

2.0 AXI CASE CONE FLGOW OR CENTERBODY
0.0 LONG OUTPUT

1.0 SHORT OUTPUT

SUCTION RATE

ENTRAINMENT RATE

0.0 NO BLEED

1.0 POROUS SUCTION

2.C SLOT SUCTION

3.C SCOOP SUCTION

CONSTANT IN WALL-WAKE PROFILES{USUALLY 0.%)
CONSTANT IN WALL-WAKE PROFILES{USUALLY 5.1}
0. IF NO SHEAR FORCE IS DESIRED

0.5 IF AVERAGE SHEAR STRESS IS USED
PARAMETER IN (1.-(Y/DELTA)¥*AIDD) (=1. IS
RECOMMENDED AT THIS TIME)

THETAL WHEN AINPT=1.0

ALPH1 WHEN AINPT=2.0

THETAL HWHEN AINPT=2.9

FOLLOWING FOR AXTALLY SYMMETRIC CASES ONLY (AXI=2.0)

6 COL.1~-10
11-20

21-30
7 COL.1-18

DEL 1R
AIE?

FLDIR3
AKK

FOLLCOWING FOR B.L. EDGE

8 COL.1-10

X X0

11-20 RRO
21-30 EMEZ2S

31-4¢C

PE2P1

DELTA1/R

1.0 Belese EGGE STREAMLINE DATA INPUT
2.0 CONICAL FLOW DATA INPUT

3.0 INTERNAL FLOW FIELD INFUT DATA
4.C CONSTANT PRESSURE BOUNDARY

FLOW DIRECTION ONSTREAM OF AXISYMe INTERACTNS

NG. POINTS OF INPUT DATA
STREAMLINE INPUT(AIE2=1.0)
X/ X0

R/RO

MACH NUMBER

P/P1
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41-50 ALPHA FLOW OIRECTION

CARD 8 IS REPEATED AKK TIMES IN ORDER FROM SHOCK TO CONE
FOLLGWING FOR CONICAL FLOW INPUT(AIE2=2.0)

COL.1-10 PHI CONICAL RAY ANGLE
11-20 ALPHA FLOW DIRECTION
21-30 EME2S MACH NUMBER
31i-45 PE2P1 P/P1

CARD 8 IS REPEATED AKK TIMES IN ORDER FROM SHOCK TO CONE
FOR SUCTION WITH NO SHOCK USE INPUT CARDS 1-6 WITH
AINPT=2.0, ALP10=0.0

DIMENSION TTRAT(200),PTRAT{(200),PTRNS(200),URAT(200),EM(200D)
DIMENSION YY(200), UTUE3(100), EL103), WR(20Q), PHIR(20J)
DIMENSION REDEL3I(109)

COMMON TTRAT » PTRAT » PTRNS » URAT ’
i €N » HR s PHIR »
2 SHORT » BLEEDLI , BLEED2 o BLEED ’
3 AlB » THTITE + GAMMA » TH1D ’
& BLiMN + BLMON s BLMI s BLMOIX ’
5 Dso » 0OSO » BK sy EME1 » SHFAC ’
6 SIG1 » SIGMAL 4 SIGSH v FSIG1 s VHVEL *
7 CFHNWL s C » STCOEF

COMMON ZUWU/ZATIDD
COMMON /WUW/AINPT,,TH12Z

READ DATA CARDS 1 AND 2

1 CALL PRINI(ILINE,1)

READ DATA CARDS 3 AND &

READ(5,1000) EME1,UTUES1,REDELL,AINPT,RECFAC,AXTI,SHORT
READ(5,1379) BLEEDL,BLEED2+AIByBK+C9STCOEF,AIDD
C=C-0.614/(3K*AIBD)

INPT=AINPT

BLEED=BLEED1+#BLEED2

GAMMA=1.4

GI=EMEL*ENMEL
THATTE=RECFAC+(1.-FECFAC)I/ (1.+ {GAMMA=-1.)*G1/2.)
SIG1=0.2*EMEL*EMEL

SIGMA1=SIG1/(1.+51G1)

SIGS1=SQRT(SIGMAL?

FSIGI=(ASIN(SIGS1))/SIGS1
VAVEL=(TWTTE*(1.+SIG1)) **1,.76

FUTUE1=UTUES1¥FSIG1

CFRAL1=2.*FUTUEL*FUTUZ1/ (THTTE*{1,+5161))
TAULP1=0.,7*CFWWI*EMZL*EMEL

PX1=e5% (1. -UTUES1*¥((1./B8K)*ALOG (REGEL1*ABS(UTUESY)
1*FSIG1/VHVEL) #+C))

VARIABLES WHICH MUST BE INITIALIZEO

12=0

YS=0.
WRITE(6,1024)

GO TO (10,202 2INPT
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INPUT PARAMETER IS THETA1L
READ DATA CARD 5

10 READ(5,1000) TH1D
WRITE(691010) UTUESL,REDELLPX1,THID EMEL,RECFAC,THTTE
ILINE=ILINE+3
TH1=TH10*.01745329
Z=SIN(TH1)**2,
ANUM=2.%(G1%Z~1.)
DNOM= (2. ¢GL1¥(GAMMA+1,-2.%Z) ) *TAN(TH1)
ALP1=ATAN (ANUM/DNGM)
ALP1D=ALP1/.031745329

FIND PRESSURE RATIO ACROSS SHOCK AND DOWNSTREAM MACH NO.

CALL SHOCK({24ALP14THL1,EMEL,EMEZ,P2P1)
GO TO 30

INPUT PARAMETER IS ALPHAL
READ DATA CARD 5

20 READ(S,1000) ALP1D,TH1ZZ
WRITE(6,1011) UTUESL1,REDELL,PX1,ALP10,EME1,RECFAC,THTTE
ILINE=ILINE+3
ALP1=ALP10%,01745329
IF(ALP1D.EQ.0.) GO TO 30

FIND SHOCK WAVE ANGLE, PRESSURE RATIO ACROSS SHOCK AND DOHWNSTREAM
MACH NOe«

CALL SHOCK{14ALP1,TH1,EMEL,EME2,P2P1)
TH1D0=THi1/.01745329
ROOT=SIN(TH1)

ERROR EXIT IF SIN(THETA) GREATER THAN 1.0
IF(ROOT.GT.1.)G0O TD 1
EQUATE ALPHAL1L AND ALPHA2
30 ALP2=ALPL
ALP2D=ALP1D
L=1
HRITE(641025) L.BLEED1
L=2
WRITE(6,1025)F L.BLEED2

FIND SHOCK WAVE ANGLE, PRESSURE RATIO ACROSS SHOCK AND DOWNSTREAM
MACH NO.

IF(ALP1D.EQ.3.) GO TO 310
CALL SHOCK{1sALP24+TH2+sEMC24EME3 P 3P2)
ROOT=SINI(TH2)

ERROR £XIT IF SINC(VTHETA) GREATER THAN 1.0
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IF(ROOT.GT<14)G0 TO 1
TH2D=TH2/ .01745329
310 IF(ALP1D.GT.0.) GO TO 311
Cc
C PARAMETERS FCR NO SHOCK
c
EME2=ENE1
EME3=EMEL
P2P1=1,.
P3IP2=1,
F3Pi1=1.
GO TO 312
312 P3P1=P3P2*P2P1
WRITE(6,1012) P2P1,P3P2,P3P1,EMEL EME2,ENMEZ
ILINE=ILINE+6
WRITE(6,1013) ALP1D,TH1D,ALP2D,TH2D
ILINE=ILINE+H
c
C DETERMINE UPSTREAM BOUNDARY LAYER PROFILE PROPERTIES
¢
312 CALL PRFL(UTUES1,PX1,EMEL151.042,YY)
IF(SHORT.EQeTs) CALL PRINCILINE,3)
II=1
WRITE(6,1014) II
JLINE=ILINE+GL
IF(SHCRT.EQesl.) GO TO 4(OO
HRITE(6,1028)
DO 46 I=1,101
WRITE(H641015) IoYY(I)£MII)LURAT(I),PTRAT{I) ,PTRNS(I), TTRAT(I)
JLINE=ILINE+L
CALL PRIN(ILINE,2)
IFCILINE~-2) 31431,40
31 WRITE(6,1014) II
WRITE(6,1028)
ILINE=ILINE+S
L0 CONTINUE
4000 DUM=0.
G
C OETERMINE UPSTREAM BOUNDARY LAYER INTEGRAL PROPERTIES
c
CALL FLUX(101,YY,1,EMEL1,DUM)
HI1=(SHFAC-SIGL)/ (THTTE*(1.+S1G1))
RETH1=REDEL1*00OS0D
PRANDL=,.72
PR13=PRANDL**{1./3.)
T3ARTC=eS*THTTE+, 22%PR1 3+ (¢5-.22*PR13V /(1 .4+51I6G1)
CFLT1=4246%EXP (=1 ,561*HIL1)*(RETH1**(~-,.268)}/
1((TBARTO*(1.+SIG1))**0,7963)
WRITE(5.1016) CSU,00SDyPLMN,BLMON,SHFAC,HI1,CFWH1,CFLTL

DS01=0SD

pDDS01=D0SD

ILINE =ILINE+H
c
C CONSTANTS FOR MASS AND MOMENTUM BALANCES
c

Hi=1.+ (GAMMA=1.)/72.*EME3*EMES
H2=SQRT{H1)

58



DOOOHOOOOD

%10

C FOR

c

H3=1.+(GAMMA=1,)/2.%G1
Ha=SQRT(H3)

H5=1,-050-00SD

IF(AIB.EQ.1s) GO TO 410
IF(BLEEDL.EQ.0.) GO TO 410
WS=ABS(BLEEDL1) *BLMN

CALL INTRP{WR,YYyHS,YS,101)
CALL INTRPIYY,PHIR,YS,PHIS,101)
WRITE(651027) WS, YS,PHIS

AIB=1 POROUS PLATE SUCTION
AIB=2 SLOT SUCTION
AIB=3 SCOOP SUCTION

ITERATION TO FIND SOLUTION TO CONTINUITY AND MOMENTUM EQUATIONS

IF(AIBs.LE.1.}) BLMOMi=0.
IF(AIB.GE.2.) BLMCMi=-GAMMA*EMEL1*EME1*PHIS

Kg=1

WRITE(6+1026) KB8yBLMOM1

BLMOMZ2=3LEED2 *(1.-DSDI*GAMMA®EMEL*EME2*COS (ALP1)
1*HG/SQART (1. + (GAMMA~1,)/ 2. %*EME2* EME2)

KB=2

WRITE(6+1026) KByBLMOM2
BLMOMF=8LMOML+BLMOM2
KB=3

WRITE(6+1026) K89 BLHMOMF

APPROXIMATE SOLUTION ASSUNME THAT TAU/P1=2.%STCOEF*TAUL/P1

TAUP1=2.*STCOEF*TAU1PY

H6=P2P1-1 .~GAMMA¥G1*HS5~BLMONF +TAUPL1/TAN(ALP1)
IFCAIB+EQe3s) HOE=HE=(P2PLl-1.) *YS
IF(SHORTWEQel+) WFITE(691322) H1,H29H3 yHasHS4HE4,TAUPL
A1=P3P1*EME3/EMEL*H2/H4/(1,-DSD)/ (1. ¢BLEED)
AZ2=(P2P1-P3P1)/Hb
A3=-GAMMA*P3IP1*EME3*EME3/Hb
AL=TAUPL/TANCALP1)/H6

IF{SHORT.EQe04) HRITE(6,1017) A1l,A2,A3,A4
IF(SHORT.EQeDe) CALL PRIN(ILINE,3)
IF(SHORT<.EQele) WRITE(6,1018)

ILINE=ILINE#2

C APPROXIMATE 2-D SOLUTION (ASSUME REDEL3=REDEL1 AND TAU=TAU1)

c

M=1

REDEL3(1)=REDEL1

SIG3=,2%EME3*ENES

SIGMAZ=SIG3/7(1.451IG3)

SIGS3=SQART(SIGMA3)?

FSIG3=(ASIN(SIG6S3))/SIGS3

VRAVEI=(THTTE*(1.+SIG3))}**1.76

UTUE3(1)=1.5%UTUESY

IF{AIBGZs1le) UTUE3(1)=3.%UTUESL
PX3=e5%(14~-UTUE3(L)* {(1./BK)*ALOG (REDELI(MI*ABSIUTUEI (1))
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60

1*FSIG3/VHVE3) +C))
J=1
GO TO 43

41 J=J+#1
IF(J.EQ.80) GO T0O 50
UTUEI(J)=UTUE3 (J~1)~-.01
PX3=«5¥%(1 . ~UTUE3{JI* ((1./7BK)*ALOGIREDELI(M) *ABS(UTUEI(J))

1*FSIG3I/VHVE 3) +C))

43 CALL PRFL{UTUE3(J)LPX3,ME3,P3IP1,1,YY)
CALL FLUX(101,YY,1,EME3,DUM)
E(JI=A2¢A3-A1+(A1-A3)*DSD-A3*00SO+AL
IF(SHORT.EQele) GO TO 440
WRITE (641 019) JHyUTUE3(J)LE(J)
ILINE=ILINE+3
CALL PRIN(ILINE,2)

IFCILINE=-2) 430,420,440

430 WRITE(54+10138)

ILINE=ILINE®2

440 TEST=ABS(E(J))

IF(TEST.LE.0.300C1) GO T0O 60

IF(E(J).LT.0.) GO TO 45

IF(J.LT.9) GO TO 41
45 SLOPE=(E(J=-1)-E(J})/(UTUE3(J-1)-UTUE3(J))

UTUEZ (J+1)=UTUEI(NI-E(JDI/SLOPE
4T J=J+1

PX3=.5%(1 .=UTUE3(J)*{(1./7BK)*ALOGIREDEL3 (M) *ABS(UTUE3(J))

1*FSIG3I/VHVE3) +C))

IF(J.EQ.8C) GO YO 50

GO TO 43
50 WRITE(6+1020)

Iz=1

GC TO 80

SOLUTICN OBTAINED (APPROXIMATE)

DETERMINE DOWNSTREAM BOUNDARY LAYER PROFILE PROPERTIES

60 CALL FRFLIUTUE3(J)+PX3+EME3,P3IP1,2,YY)
IF(SHORT.EQ+.0.) CALL PRINUILINE,3)
II=3
WRITE{6,1014) II
HRITE(6,1033) UTUE3(J), REDEL3I(M),,PX3
TLINE=ILINE+D
IF(SHORT.EQ.1.4 GO TO 70080
WRITE(6,1028)

DO.70 I=1,101

WRITE(6y18150 IYY(I)oEM(I)oURAT(I),PTRAT(I)PTRNS(I}, TTRAT(I)

ILINE=ILINE#]
CALL FRIN(ILINE,2)
IFCILINE=2) 614641,70
81 WRITE(b,1014) II
WRITE(6,41028)
ILINE=ILINE+4L
70 CONTINUE
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DETERMINE DOWNSTREAM BOUNDARY LAYER INTEGRAL PROPERTIES

7000

CALL FLUX(101,YY,1,EME3,0UM)
FUTUE3=UTUE3(J)*FSIG3
CFHH3=2.*FUTUZ3*FUTUEI/ (THTTE* (1. #S1G3))
FM1=1.4SI61

FM3=1,+SIG3

HI3=(SHFAC-SIG3}/ (THTTE*FM3)
RETH3=REDEL3(M)*0DDSD

TRARTC=oS*THTITE#.22*PR13+ (45-.22%PR13) /7 {1.4+5S1IG3)
CFLT3=246%EXP(~1.561*HI3)* (RETH3I**(~.268) )/
1((TBARTO* (1.+#51G3))**(.7963)

WRITE(641016) 0SD+DDSOy BLMN,BLMON,SHFACWHI3sCFHW3,CFLT3
D13=A1*(1.-0S0)

031=1,/013

DS31=0SD*D31/0S01

DOS 31=DDSD*D31/00S01

IF(ALP1D.EQ.0.) GO TO 79

INTERACTION LENGTH

79

ELD1=(1.-G31)/TAN(ALP])

IF(ATB.EQ.3+) ELD1=(1.~-D31-YSI/TANCALP1)?
IF(ALP1D.EQ.0.,) ELD1=0.

WRITE (641821) D31,US31,00S31,ELD1

THO-CIMENSIONAL EXACT SOLUTION (ONLY FOR 2-D CASES)

500

600

650

IFMM.GT.1) GO TO 80

IF(AXI.EQ.2.) GO TO 80

IF(D31.LT.0.) WRITE (651034)

IF(D31.LT.Ce) GO TO 1

CALL PRIN(CILINE,3)

WRITE(641029)

IF (SHORT.EQel.) GO TO 500

WRITE (641030

WRITE (6,1031) M,REDEL3I(M)

ILINE=ILINE+4

M=M#1

IF (M.EQ.11) GO TO 53¢
REDEL3(M)=REDEL1*D31*P3P1L*¥(EME3/EMEL)*(FM3/FM1) **1,.26
FUTUEZ=UTUE3(J)*FSIG3

CFHW3=2.*FUTUE3*FUTUE3/ (THTTE*(1,45SIG3))
TAU3P1=0., 7*CFRW3*EM=3*EME3*P3PL
TAUPL=STCOEF*(TAU1P14TAU3P1)

IF(SHORT«EQels) GO TO 650

WRITE(6,1031) M,REDEL3I(M)

ILINE=ILINE+2

CALL PRIN(ILINE,2)

IFULILINE=-2) 600+600,650

HRITE(641030)

ILINE=ILINE+2
TESTR=ABS((REDELI (M=1)-PEDELI (M) I /REDELI(M-1))
IF(TESTR.LE..(01) GO TO 60

UTUE3 (1)=1.5%UTUESL

IF{AIB.GE+1.) UTUE3(1)=3.%¥UTUES1
PX3=45%(1.,~UTUE3(1)*((1./BK)*ALOG(REDEL3IM)*ABS(UTUE3(1))
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1*FSIG3/VHVE3)+C))
J=1
GO T0 %03
S01 J=J+1
IF(J.EQ.B80) GO TO 50
UTUE3 (J)=UTUE3(J-1)-.01
PX3=¢5%{1 ., ~UTUE3(J)*((1./BK)*ALOG(REDEL3I{N) *ABS(UTUEI (J))
1*FSIG3I/VHVE3)I+C))
503 CALL PRFLAUTUE3(J)+PX3,EME3sP3P141,YY)
CALL FLUX{101,YY,1,EME3,DUM}
HE6=P2P1-1.~GAMMA*G1*H5~-BLMOMF+TAUPL/TAN(ALPL)
IF(AIB.EQe3s) HOE=HE-(P2P1-1.)*YS
IF(SHORT.EQ+Ds) WRITE(651022) H1,H2yH3,H4 s HS,HE,TAUPL
A2=(P2P1-P3P1)/H6
AZ=-GAMMA*P3IP1*EMEI*EME 3/ HD

C A4 IS THE SHEAR TERM IN THE MOMENTUM EQUATION

AL4=TAUPL/TAN(ALPL1)/HE

IF{SHORT.EQ.0.) WRITE(6,1017) A1,A2,A3,A4

E(J)=A2¢A3=-A1+(AL1-A3) *DSD-A3*¥D0DSD+AL

TEST=ABS(E(J))

IF(TEST.LE.0.G0301) GO TO 520

IF(J.LT.3) GO TO 501
505 SLOPE=AE(J4-1)-E(J))/(UTUE3(J-1) -UTUE3I))

UTUE3 (J+#1)=UTUE3(J)-E(J)I/SLOPE

J=Jel

PX3=.5% (1. =UTUE3(J)* ((1./7BK)*ALOG(REDEL3I (M) *ABS(UTUE3 ()}

1*FSIG3/VHWVE3) +C))

IFtJ.EQ.80) GO TO SO

GO T0 503
520 D13=A1%(1.-050)

D31=1./D013

GO TO S00
530 WRITE16,1032)

1Z=1
GO 7o 80
80 IF(AXI.LT.2.) GO TO 1

IF(ALP1.6GT«0s) CALL AXISCELD1,UTUES1,UTUE3(S),

1REDEL14PX14,ALPL1,EMELLIZ)

IF(ALP1.EG.0.) CALL ANOS(UTUESL ,.UTUE3(J),REDEL1,PX1,

1D31.EMEL,12Z)

G0 70 1

100 FORMAT{7F10.6)

1010 FORMAT(4iHO, 9X,21HOPTIGN 1 INPUT THETA1/1CX,9HUTUESL = ,F10.6,
15X 24 HREYNOLDS NOo (DELTAL) = E14.655X96HPX1 = 4F10.6/5X,
25X99HTHETAL = +F10.698H DEGREES+SXe5HML = 4F10.6/
210Xy 1BHRECOVERY FACTOR = 4F10.6+45X+s9HTW/TTE = ,F10.6)

1011 FCRMAT(1HG, 9X,21HOPTION 2 INPUT ALPHA1/10X,9HUTUESL = 9F10.6,
15X9 24HREYNOLDS NO. (DELTAL) = sE14eB95Xs6HPXL = 4F10.6/5X,
25Xs QHALPHAL = ,F1Ce6498H DEGREES 95 X95HML = ,F10.6/
310X918HRECOVERY FACTOR = +F10.6+5X99HTH/TTE = 4F10.6)

1012 FORMAT(1HO0/13X,3CHBOUNDARY LAYER EOGE CONDITIONS//
110X, 8HP2/P1 = 3F10.695X98HP3/P2 = 4F10.6+5X+8HP3/P1 = 4F10e6/
210XsSHML = sF10.698Xe5HM2 = (F10.648%X,5HM3 = ,F10.5)

1013 FCRHAT(LIHO/10Xs32HSHOCK AND FLOW CEFLECTION ANGLES//10X,
11SHINCIDENT SHOCK 95Xe8HALPHA = ,F10.648H DEGREES+5Xy
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28BHTHETA = 4F10.6498H DEGREES/10X+1SHREFLECTED SHOCKsSX.8HALPHA =
3F10.698H DEGREESsS5Xs8HTHETA = 4F10.,6,8H DEGREES)
1014 FORMAT(1HG, 9X,35HBOUNDARY LAYER PROFILE DATA STATION,I3)
1015 FCORMAT(1H $6X9I1346F14.6)
1016 FORMATC(IHO/Z 10X 3 1LHDELSTAR/ZDEL = 4Fi1L4.644LX, 10HMOM/DEL = o
1F14.6/710X 928HNON=DIMENSIONAL MASS FLUX = +F10.6/
219X+ 32HNON=-DIMENSIONAL MOMENTUM FLUX = S,F10.6710X,
31 SHSHAPE FACTOR = 4F10.635Xs3CHINCOMPRESSIBLE SHAPE FACTOR =
4 F10.6/710X, 16 HCFINALL-WAKEY) = 4F10.645X922HCFC(LUDHEIG TILLMANY =
SF10.6)
1017 FORMATCUIHO s 10X s5HAL = (F13.695XsSHAZ = HF10.6,5%X95HA3 = ,F10.6,
1 ESXs5HAL = ,F10.6)
1018 FORMAT(1IHO/ 10X 4 32HRESULTS OF ITERATIONS FOR UTUE>*3//)
1019 FORMAT(1HO 2 1U0Xs4HJY = 2I1335X,FHUTUE*3 = 4F10.695Xe4HE = 4F10.6)
1620 FORMAT{(1HO, 6Xs25HNG CONVERGENCE FOR UTUE+*3)
1021 FCRMAT(1HO/10X,12HDEL3/DELL = o4F10.6710X,
120HBELSTARI/DELSTARL = 4F10.6/710Xy12HMONI/ZMOML = ,F10.6/7710X,
29HL/DELL1 = ,F10,6)
1022 FORMAT(LHO/10X4s5HHL = 2F10.692X3S5HH2 = 3F10.692XsSHHI = 4F10,6,
12X9‘5HH‘0 = ,FlU.G,ZX.SHHS = 9F1006,2X15HH6 = 1F1006/
2 10X, 9HTAU/PL = ,F10,6)
1024 FCRMAT(1HO/10X 54 HTHO-DIMENSIONAL APPROXIMATE SOLUTION (REDEL3 = R
1E0ELL))
1025 FORMAT(1HO, 9X,8H(MIBLEED»I14s11H/(M)B.Ls = 9F10.69
1204 (BLEED POSITIVE IN})
1026 FORMATI(1HC, 9X440HMOMENTUM FLUX ASSOCIATED WITH Bele BLEED,I1,
13H = +F1lL.6,14H (POSITIVE IN))
1027 FORMAT(1HOZ10Xs5HHS = 4F10e695X 45HYS = 4F10.649 5X37HPHIS = 4F10.6)
1028 FCRMAT(1HO,
1 9Xs1HIs8Xe 1HY s 14 Xe 1HM; 12X 4HU/UE,s 9Xs 6HPT/PT1, 6X4 1CHPT(NS)/PT1,
2 EXs6HTT/ZTTL//) *
1029 FORMAT(1HO +7X9s30HTWO-DIMENSIONAL EXACT SOLUTION)
1030 FORMAT(1HO0/10X,31HRESULTS OF ITERATYION FOR REDEL3)
1031 FORMAT(1HO+10Xs4HM = 3I1395X922HREYNOLDS NOG (DELTA) = 4,E£14,6)
1032 FORMAT (1HO,6X»25HNO CONVERGENCE FOR REDEL3)
1033 FORMAT(1HO0+»10XsGHUTUE*3 = 4,F10.695Xs IHREDEL3 = yE14.6495Xs
1034 FORMAT (1HO0,6X,28HDEL3/DELL NEG. (NO SOLUTION))
END

SUBROUTINE AXISC(ELD1,UTUESL1,.UTUE3,REDEL1,PXi,ALPL,EME,IZ)
AXIALLY SYMMETRIC FLOW ANALYSIS

OIMENSION TTRAT(200),PTRAT(200) 4,PYRNS(200) 4URAT (200),EM(200)

DIMENSION £1(100), E2(100)+ELD1AC103), UTUE3AL100),YY(200)

DIMENSION XXOf( 580)s RROC S0),EME2S( S5), PE2PLIC S50)

DIMENSION PHI( 5G), ALPHAL 50}y RR( 5G)y DELIOR( 50)

ODIMENSION EI2( S0), ELDZ( S50) ,XRC S0),WR(200), PHIR(200)

COMMON TTRAT + PTRAT » PTRNS e URAT ’
1 EHM s HR s PHIR *
2 SHORT + BLEED1L ., BLEED2 , BLEED )
3 AlIB » THTTE » GAMMA + TH1D )
4 BLHMN ¢+ BLMON s BLMI s BLMOI ’
S DSoO + DDSD ¢ BK v EMEL s SHFAC ’
6 SIG1 + SIGMA1 o SIGS1 » FSIGL s VHVEL ’
7 CFHHL o C » STCOEF
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c

COMMON /HRUW/AINPT,TH12Z

C READ DATA CARD &

c

OO00O0

[y ReXy]

HOOOO

o0

64

PEAD(5,1000) DEL1R,AIE2,FLDIRY
CALL FRFL{UTUES1,PX1+sEMEL1+11.042,YY)
CALL FLUX(101,YY,2,ENEL,DELIR)
SN1=(1.-0SD)/DDSD

SN2=S§N1-3.0

SN3=AL 0G(SN2)

SN4==-0.,6169%*SN3

SNS=EXP(SN4)

FEN=0.0299*SNS5
FENT=FEN*ELD1/BLMN
FEMT=FENT*BLMI/BLMOI
RGO=1.-DELIR
RO01=RO0*R0O0~2.*BLMI¥FENT
ROR1=SQRT (ROOL)

I€2=A1£2

ALP1D=ALP1/.01745329

CALL FRIN(ILINE,3)
WRITE(6+1011)

GO TO (10,20,35),1E2

BOUNDARY LAYER EDGE STREAMLINE DBATA ARE INPUT

READ DATA CARD 7

10

READ(5,103003 AKK
KK=AKK
DO 11 I=14+KK

READ DATA CARDS 8

11

13

12

READ(5,1000) XXOU(I)sRRO(I)EME2S(TI) PE2PL1(I),ALPHALI)
CONTINUE

WRITE( 641025}

ILINE=ILINE+S

DO 12 I=1,KK

WRITE(691C026) I4XXOU(I),RRCII)LEME2S(I) PECPI{I) ALPHA(TI)
JLINE=ILINE+L

CALL PRIN(ILINE.2)

IF(ILINE=-2) 13,13,12

WRITE(691825)

ILINE=ILINE®S

CONTINUE

G0 TOo 25

PROGRAM CALCULATES CONICAL FLOW STREAMLINE FROM INPUT DATA FROM
CONICAL FLOW PROGRAM
ARRAYS IN ORCER SHOCK TO CONE

20

REAG(5,100803 AKK
KK=AKK
DO 21 I=1,KK

PHI IS IN DEGREES



¢+ X2 Xx X7,

QOO0

[z XXy

ALPHA IS IN DEGREES

21

READ(S541300) PHI(I)y, ALPHA(I)s EME2S{(I}, PE2P1{(I)
CONTINUE

IF(SHORT.EQ.0.) WRITE(E,1027)

ILINE=ILINE+5S

DO 822 I=1,4KK

PHI(I)=PHI(I)*.01745329

ALPHA(I)=ALPHA(I} *.31745329

PHI IS IN RADIANS
ALPHA IS IN RADIANS

821

822

IF(SHORT.EQ.1.) GO TO 822

WRITE(6,1028) ISPHICI),ALPHACI) ,EME2S(I)PE2PL1{I)}
ILINE=ILINE+Y

CALL PRIN(ILINE,2)

IF(ILINE-2) 82148214822

HRITE(6,1027)

ILINE=ILINE®S

CONTINUE

CONICAL FLOW STREAMLINE CALCULATION

22
922

TERM1=0,

TERN2=0.

XX0{(1)=1.

RRO(1)=1.

TPI=TAN(PHI(1))

DO 22 K=2,KK
PHIBAR=(PHI{K-1)+PHI(K)})}/2,
ALPBAR=(ALPHA(K=-1)+ALPHA(K)) /2.
TPB=TAN(PHIBAR)}

TAB=TAN(ALPBAR)
TERMI=TERMI+{1.+TPB*TPB)* (PHI(K)~-PHI (K-1))/(TAB~TPB)
XXO0(KI)=EXP (TERM1)
TERMZ2=TERM2+TAB*( XX0 (K) =XX0(K=1))
RRO(K)=1.,+TERM2/TP1

IF(XX0(K) «GTe20.) GO TO 922
CONTINUE

IF(SHORT.EQeD.) WRITE(6+102%5)
ILINE=ILINE®*S

DO 24 I=1,KK

ALPHACTI)=ALPHA(I) /.081745329

ALPHA IS IN DEGREES

23

IFt{SHORT.EQ.1.) GO TO 2&

WRITE(B,1026) I, XXO(I)s RROII)s EME2S(I)s PEZP1(I),ALPHALI)
ILINE=ILINE®+] .

CALL PFRINC(ILINE,2)

IF(ILINE-2) 2342324

WRITE(6,1025)

ILINE=ILINE+S

24 CONTINUE

CONVERSION OF STREAMLINE COORDINATES TO RS/R AND L/OEL1L
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c
25

26

27

28

QOO0

2800

280

29

30
3000

OOO000O

25

66

ROR=1.=-DEL{R

R0R=ROR1
TH11=THi1D*0.01745329
IF(AINPT.EQe2s) TH1i1=TH1Z7Z*0.31745329
TP1=TAN(TH11)
XO0R=1.%ROR/TP1

DO 26 K=1,KK
RR(K)=RRO (K) ¥*ROR

XRIK)=XX0 (K)*ROR/ TP
ELD2(K)=(XR(K)-XOR)/DEL1R
DEL3IOR(K) =1.-RR{K)
CONTINUE

IF(SHOGRT.EQe.l1.) GO 70 2800
WRITE(651029)
ILINE=ILINE®S

DO 28 I=1,KK

WRITE(691033) I4XX0(I)4RRCUI)LRRII)LELDZ2(I),DELIOR(ID,XRII)
ILINE=ILINE+L

CALL PRIN(ILINE,Z2)
IF{ILINE=2) 27,27,28
HRITE(6,1029
ILINE=ILINE+S

CONTINUE

CALCULATION OF FORCE ALONG BOUNDARY OF CONTROL VOLUME ADJOINING
REGION 2

£I12(1)=0.

DO 280 K=24KK

RRBAR=(RR (K~1) #+RR(K)) /2.
PE2P1B8=(PE2PLIK=-1)+PE2P1(K))/ 2,
E12(K)=EI2(K-1)-PEZP1B*RRBAR* (RR{K~1)-RR{K}}
CONTINUE

IF{SHORT.EQ.1.) GO TO 3000

HRITE(6,1030)

ILINE=ILINE+S

DO 30 I=1,KK

WRITE(By1031) I»XXO(TI)»RRCOI)RRUIDHELD2C(I)»DELIOR(I),ENE2S(I)

1,PE2P1(I) s EI2(I) 4ALPHALI)

ILINE=ILIAE+1

CALL PRIN(ILINE,2)
IF(ILINE=2) 29,429,30
WRITE (6,1030)
ILINE=ILINE®S
CONTINUE

GO TO 37

CONSTANT PRESSURE BOUNDARY
FIND SHOCK WAVE ANGLE, PRESSURE RATIO ACROSS SHOCK AND DOWNSTREAM
MACH NO.

CALL SHOCK{1,ALP1,TH1,EMEL,ENE2,P2P})
ALP1D=ALP1/.01745329

ALP2=ALP1

ALP2D=ALP1D



FIND SHOCK WAVE ANGLE, PRESSURE RATIGC ACROSS SMOCK AND DOWNSTREAM
MACH N0O.

HooH

CALL SHOCKI1,ALP2,TH2,EHE2,EMES JP3P22
TH2D=TH2/ 01745329

P3P1=P3P2*P2P1

WRITE(6,1034)

WRITE(6,1012) P2P1,P3P2,P3P1,EMEL ,EME2SENES
ILINE=ILINE+6 ‘
WRITE(641013) ALP10,TH1D,ALP20, TH2D
ILINE=ILINE+6

DETERMINE UPSTREAM BOUNDARY LAYER PROFILE PROPERTIES

OO0

37 CALL PRFL(UTUESL4PX14EMEL+1.04+2,YY)
IF(SHORT.EQ.0e) CALL PRIN(ILINE,3)
I1=1
WRITE(6,1014) IX
ILINE=ILINE#+k&
IF(SHORT.EQ.1.) GO TO 4000
HRITE(6,1039)
DO 40 I=1,101
WRITE(6,1015) I,YY(I)EMUI) JURATC(IY PTRAT(I)PTRNS(I),TTRAT(I)
ILINE=ILINE+]
CALL FRIN(ILINE,2)
IF(ILINE=2) 38,38,40
38 WRITE(6,1014) II
ILINE=ILINE+4
HRITE(6,1039)
40 CONTINUE
c
C ODETERMINE UPSTREAM BOUNDARY LAYER INTEGRAL PROPERTIES
c
400D CALL FLUX(101,YYy29EMEL,DELAR)
HIL=(SHFAC-SIGL)}/(THTTE*(1.+SIG1))
RETH1=REDEL1*DDSD
PRANDL=.72
PR13=PRANDL**(1./3.)
TBARTC=eS*THTTE+.22%PR13+ (5= .22*PR13) /(1 ,.#SIG1)
CFLT1=e246*EXP(~1.561*HI1) *(RETHL**(=-.268))/
1 ((TBARTO* (1.+SIG1))**0,.7963)
WRITE(6+1016) DSDsDDSDyBLMN+BLMON,SHFACsHI1,CFHW1,CFLT1
ILINE =ILINE+6
DSD1=0SD
C0SD1=00S0
WRITE(641017) DEL1R,BLMI,BLMOI
ILINE=ILINE+3
I=1
UTUE3AC(I)=UTUE3
FM1=BLMI
FMO1=BLMOI}
FMOL=FMO1%(1.+FENT)
FM1=FM1* (1. +FENT)
J=1
ELDLACIY=ELD]
R3=BLEED*2.%FM1
L=1

67



WRITE(641036) L,BLEED1

L=2

WRITE(H,1C36) L,BLEED2
HWRITE(641035) BLEEO,.R3
IF(IZ.EQ.1) RETURN
IF(ELD1.LTos0.) RETURN

YRS=0.

IF({AIB.EQ.1.) GO TO 500
IF(BLEEDL.EQ.0.,) GO TO 500
WSA=AES(BLEED1) *2.*FM1

CALL INTRP(WR,YYyHSA,YYS,101}
CALL INTRP(YY,PHIR.YYS,PHISA+101)
YRS=YYS*DEL1R

WRITE(6,1037) HWSA,YRS,PHISA
R3R=1.

IF(AIB.EQe3.) R3IR=1.-YRS

C AIB=1 POROUS PLATE SUCTION
C AIB=2 SLOT SUCTION
C AIB=3 SCOOP SUCTION

500 IF(AIB.,LE.1.) BLMCM1=0.
IF(AIB.LE«3.,) R3IR=1.
IFIAIB.GE.2.,) BLMCHi1=-PHISA
KB=1
WRITE(H,1038) KB,BLMOM1
IF(SHORT.EQ.1.) GO TO 58
CALL PRINUILINE,3)
WRITE(6,1018)

ILINE=ILIME®2
50 GO TO (51,51,51,55), IE2

ITERATION PROCEBURE FOR SOLUTION OF CONTINUITY EQUATION

QOO0

51 CALL INTRPUELDZ.EME2SHELDIA(ID,EMNE24KK)
CALL INTRP(ELD2,PE2P14,ELD1A(J)4P2P14KK)}
CALL INTRP(ELD2,ALPHALELD1A(J) 4 ALP2D,KK)
ALP2=ALP2D*.01745329

ALLOW FOR NON-ZERO FULOW ANGLE DOWNSTREAM, FLODIR3

aOan

ALP2=ALP2-FLOIRI*.01745329
ALP2D0=ALP2/.01745329

DETERMINE SHOCK WAVE ANGLE, PRESSURE RATIO ACROSS SHOCK AND
OOWNSTREAM MACH NC.

OOOO0

CALL SHOCK(1»ALP2,TH2,EME2,EME3,P3IP2)
P3P1=P3P2¥P2P1
TH2D=TH2/.81745329
IF(SHORT.EQ.1.) GO TO 55
WRITE(6,1012) P2P1,P3P2,P3P1,EMEL1,ENE2,EME3
ILINE=ILINE+G
WRITE(6,1013) ALP1D,TH10,ALP20,TH2D
ILINE=ILINE+G

55 R1=2.
GAM1=(GAMMA=-1.)7/2.
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R1A=1,#GAMi*EME3*EME3
R1B=1.¢GAML¥EMEL1*EMEL
R2==2,*P3PI1*¥ENE3*SQRT(R1A/RI1BI/VENEL
IF(AIB.EQ.3.) R2=R2*R3IR*R3R
R3=BLEED*2.%*FM1
IFIIE2.EQ.3) D31P=1.-ELO1A(J) *TANC(ALPY1)
IF(IE2.EQea3.AND.ATIBEQ.3e) D31P=1.-YYS-ELD1AC(JII*TAN(ALPY)
IFCIE2.LT.3) CALL INTRP(ELD2,DEL3OR,ELD1A(J) » DEL3IRP4KK)
IF(IE2.LT «3.AND.AIB.EQe3«) DELIRP=DEL3RP-YRS
IF(IE2.LT.3) D31P=DcL3IRP/CELLR
REDEL3=REDEL1*D31P*P3IPL1*(ENE3/EMEL) ¥ (R1A/R1B) **1,26
SIG3=GAM1*EMEI*EME3
SIGMA3=SIG3/R1A
SIGS3=SQRT(SIGMA3)
FSIG3=(ASINI(SIGS3))/SIGS3
VWAVES=(THTTE*R1A) **1,.76
IF(REDEL3LE«D04) RETURN
PX3=45%(1.-~UTUE3A(I}*{(1./BK}*ALOG(REDEL3I*ABS {UTUE3A(I))
1*FSIG3/VHVE3) +C))
60 CALL PRFL(UTUE3A(I) yPX3+EME3+P3IPL,41,YY)
GO TO (61,61,614+62)y IEZ2
61 CALL INTRPUELDZ.EIZ2,ELD1A(J),ELI2PR,KK)
CALL INTRP(ELD2,DEL30OR,ELDL1ACJ) yDEL3IRyKK)}
IF(SHORT.EQ.1.) GO TO 63
WRITE(641032) ELD1A(J),EI2PRyDEL3R
ILINE=ILINE#1
CALL FRINCILINE.2?
IF(ILINE-2) 610,610,620
610 WRITE(641018)
ILINE=ILINE+2
620 GO TO 63
62 D3I1=1.-ELD1ACJII*TANCALP1)
ODEL3R=D31*DEL1R
63 CON=DEL3R
D3PR3=(DEL3R~-YRS) /R3IR
IF{AIB.EQ.3.) DEL3R=D3IPR3I
IF(SHORT.EQ.0+) WRITE(641040) R3IRyDIPR3
ILINE=ILINE+2
CALL FLUX(101,YY,24EME3,DEL3R)
DEL3R=CON
FM3=BLMI
FMO3=BLMO1
EL(JI=RLI*FMLI+R2*F M3+R3
IF(SHORT.EQ.1.) GO TO 65
WRITE(641019) R1yR2sR34FM1,FMOL,FM3,FMO3
HRITE(6+10200) I UTUE3IA(I)E2(I) +sJHELDLIA(JIDZELCY)
ILINE=ILINE+S
CALL PRIN(ILINE,2)
IFC(ILINE=-2) 64464465
64 WRITE(6,1018)
ILINE=ILINE+2
65 TEST=ABS(E1(J))
IF(TEST.LE.$.00001) GO TO 80
IFlJ.GE.2) GO TO 70
J=2
ELDIACJ)=1.1*ELDL1A(1)
G0 TO S50



(s X3 N3 QO0b

o000

OO0

anhH

70

70

SLOPE1=(E1(J=-1)-EL14J) )/ (SLO1ALJ-1)-ELDIA(I))
ELD1A (J#1)=ELDLIACJI~EL(JI /SLOPEL
DEFG=ELD1A(J+1)

EFG=ELD1A(1)*1.6

IF(DEFG.GTLEFG) ELD1IA(J+1)=1.1%ELDLIA(S}
J=J#l

IF(J.EQ.51) GO TO 71

IF(ELDIALJ)) 72472450

STOP CASE NO CONVERGENCE ON J4

71

HWRITE(6,1021)
RETURN

STOP CASE L/DEL1 LESS THAN G.

72

WRITE(6,1C42) JLELDIACII,I
RETURN

ITERATION PROCEDURE FOR SOLUTION OF MOMENTUM EQUATION

80

S8

S9

S1=1.

S2==1.

S3==2.

Sh= 2 *¥GAMMA®EMEL*EMEL

S5=2+ *GAMMA®EME3* EME3I*P3PL*(~1,)
S6=GAMMA*EMEL1*EME 1 ¥BLMOML

S7=-1.

TAULP1=0. 7*CFHWI*EMEL1*EMEL
FUTUEZ=UTUE3A(I}*FSIG3

CFHH3I=2, *FUTUZ3*FLTUEI/ (TWTTE*{1.+5IG3))
TAU3P1=0.7*CFHN3*EMEI*EME3*PIPL
TAUP1=STCCEF*(TAU1IP1+TAU3P1)

IS THE SHEAR TERM IN THE MOMENTUM EQUATION

S8=2.*TAUP1*DELIR*ELD1A(Y)
R1C=1.+GAML*EME2¥ENE2

IS THE ENTRAINMENT TERM IN THE MOMENTUM EQUATION

S9=2.*BLEED2*FM1*COS(ALPL1) *EMEL*EME2*GAMMA*SQRT (R1B/R1(C)
T1=2.*DEL 1R-DELIR*DEL1R

T2=2.%DEL 3R-DEL3R*DEL3R

IF {IE2.5Ge3¢) T1=2.*DELIR+DELIR*DELIR

IF (IE2.EGe3¢) T2=2.*DEL3IR¢DEL3R*DEL3R
T3=P2P1%(T1-T2) /2.

T4=0.

IF(AIB.EQa3.) T2=(2.*¥03PR3-03PR3*D3PR3)}*RIR¥*R3IR
IF(AIB.EQe3s) TU=2.*YRS~-YRS*YRS

IF(AIB+EQ+3+) S5=S5*R3IR*R3R

IF(IE2..Te4) T3=EIZPR
E2(I)=S1*T1+S2*T2*PIPL1¢S3*¥TI+SHYFMOL+SS*FMO3+S6+S7*T4L-58+S5S9
IF(SHORT.EQ.1.) GO TO 82

WRITE(641022) S49S5+58,T19T2,T3,TH

WRITE(5,1829) I,UTUE3A(I) LE2(I) ,J+ELDIA(UDLELLJ)
ILINE=ILINE+G



OoOah

c

c
c
c

CALL PRIN(ILINE,2)
IF{ILINE-2) 81,81,82

81 WRITE(6,1018)
ILINE=ILINE#2

82 TEST =ABS(E2(I))
IF(TEST.LE.0.00001) GO 7O 110
IF(T«CEs2) GO TO S0
I=2
UTUE3A(I}=8.9*UTUE3
IFCEMELeLTe245.ANDALP1D.LT.3.5) UTUEIRCEI=2. 1¥UTUE3
GO TO 100

90 SLOPE2=(E2(I-1)-E2(I))/ (UTUE3ALI-1)-UTUEIALD )
UTUE3A(I+1)=UTUE3A(I)-E2(I)/SLOPE2
I=1+1
IF(I.EQ.51) WRITE(6,51023)
IFtI.EQ.51) RETURN

100 ELD1A(1)=ELD1ALJ)
J=1
GO 70 S50

SOLUTION TO CONTINUITY AND MOMENTUM EQUATIONS HAS BEEN DETERMINED

116 UTUE3=UTUE3A(I)
ELD1F=ELD1A(J)

DETERMINE DOWNSTREAM BOUNDARY LAYER PROFILE PROPERTIES

CALL FRFL(UTUE3,PX3,EME34F3P152,YY)
IF(SHORT cEQe0a) CALL PRINCILINE,3)
IF(SHORT.EQed3+) WRITE (6,1018)
IFtALP1D.EQ.0.) GO TO 1100
WRITE(6,1012) P2P1,P3P2,P 2P1,EMELEME2 EME3
WRITE(651013) ALP10,TH1D, ALP2D, TH2D
1100 IF(SHORT.EQe0+) CALL PRINCILINE3)
I1=3
WRITE (6,1014) II
WRITE(651043) UTUE34REDEL3,PX3
ILINE=ILINE+6
IF (SHORT.EQ.1.) GO TO 1200
WRITE(65,1039)
00 120 I=1,101
WRITE(691015) I,YY(I)EM(I),URAT(I),PTRAT(I),PTRNS{I},TTRAT(I)
ILINE=ILINE#1
CALL PRIN(CILINE,2)
IFCILINE-2) 111,111,120
111 WRITE(6,1014) II
ILINE=ILINE#G
WRITE(6,1039)
120 CONTINUE

DETERMINE DOWNSTREAM BOUNDARY LAYER INTEGRAL PROPERTIES

1200 IF(AIB.EN.3.) OEL3R=D3PR3
CALL FLUX (1014YY924EME3OEL3RY
FUTUE2=UTUE3*FSIG3
CFHA3=2.*FUTUE3I*FUTUE3/ (TRTTE*(1.+SIG3))
HI3=(SHFAC-SIG3)/ (THTTE*(1.+SIG3))

71



RETH3=REDEL3*D0SD
TBARTO=.S*THTTE+.22¥PR13+(.5-.22%PR13) /11.+#S15G3)
CFLT3=.246%EXP (=1 .561*HI3)*(RETHI**(~.268))/
L1((TBARTO*(1.+SIG3))**(,7963)

WRITE(6,1016) OSD+DDSDyBLMN,BLMON 4SHFAC,HI3+CFHWH34CFLT3
IF(AIB.EQ«3+) DEL3R=D3PR3*R3IR

WRITE(641317) DEL3R,BLMI,BLMOI

ILINE=ILINE+3

D31=DEL3R/DELLR

DS31=0S0*D31/DSD1

DDS 31=pDDSD*D31/D0SD1

WRITE(6,1024) 031,0531,00S31,ELDLF

IFLAIB.EQe3+) WRITE(H641041) YRS,D3PR34R2IR
RETURN

1000 FCRMAT(7F10.6)

1611 FCRMAT(1HL/ 10X, 35HSOLUTION FOR AXIALLY SYMMETRIC FLOW)

1012 FORMAT(1IH /10X,30HBOUNDARY LAYER EDGE CONDITIONS//
119X,8HP2/PL = 4F1G.695X48HPI/P2 = 4Flie695Xs8HP3I/PL = ,F10.6/
210X 5HMY = 4F10.6+8X95HMZ2 = +F10.698X45HMI = ,F10.6)

1013 FORMAT(1HO0/10X,32HSHOCK AND FLOW DEFLECTION ANGLES//10X,

11 SHINCIDENT SHOCK 35X98HALPHA = 4F1C.698H DEGREESs5Xy
28HTHETA = ,F1J).698H DEGREES/ICX,1SHREFLECTED SHOCK,5Xy SHALPHA = o
3IF10.698H DECREES,SXe8HTHETA = 4F10.698H DEGREES)

1014 FORMAT(1HO, 9X,35HBOUNUARY LAYER PROFILE DATA STATIONs 1I3)

1015 FORMAT(1H 46X+I356F14.6)

10156 FCRMAT(1HO/10X+14HDELSTAR/DEL = 3Fi4ebH44X+10HMOM/DEL =
1F14.6/710X y28HNON-CIMENSTIONAL MASS FLUX = oF10.67/
219Xe 32HNON=DIMENSIONAL MOMENTUM FLUX = ,F10.6/10X,

T1SHSHAPE FACTOR = 3F10.695Xs30HINCOMPRESSIBLE SHAPE FACTOR =
4 F10e6/710Xy LO6HCF{WALL-WAKE) = 4F10.655Xy22HCF(LUDWEIG TILLMAN) =
5F10.6)

1017 FORMAT(IH y 9XH8HOEL/R = 2F10.6/710X421HBeLs MASS INTEGRAL =
1F10.6/710X425H8.Le MOMENTUM INTEGRAL = »F10.57)

1018 FORMAT{1HCy 9X,42HRESULTS OF ITERATION FOR UTUE®*3 AND L/DEL1)
1019 FORMAT(1HOy 9XsSHR1 = s F10.696Xs5HR2 = 4F10.695Xs5HR3 = 4F10.67
110Xy6HFML = 3F10s€35Xo7HFM0L = ,F10.6/710X96HFMI = 4F10.695Xs

27THFM03 = 4F16.6)

1020 FCRMAT(LiH o 9Xe4HI = ,I393X9FHUTUE®*3 = ,F10.6,5Xs5HEZ = ,F10.67/
110X93HY =3T495Xs7THL/DL = 4F10.6+5XsSHEL = 4F10.6)

1021 FCRMAT(4iHD, 6Xo19HNO CONVERGENCE ON 42

1022 FORMAT(1HCy 9X9¢5HSL = ,F10.6945Xs5HSS = ,F10.6,5X95HS8 = 4F10.67/
113Xs5HTL = 4F104695Xs5HT2 = 2sF1046+95%Xs5HT3 = 4F10.695X5HTE =
2 Fi10.6)

1023 FORMAT{1HO, 6X919HNO CONVERGENCE ON I}

1024 FCRMAT(1HO/10X+12HDELI/DELL = 4F13.6/710X,
120HDELSTARI/OELSTARL = oF10.6/710X912HMOM3/M0OML = 4F10.6/7/710X,
29HL/DELL = 4F10.6)

1025 FORMAT(1H0/ 10X, 35HBOUNDARY LAYER EDGE STREAMLINE OATAZ/
1 9Xe1HK, BXs#HX/X0s10X9e4HR/RO 11X 33HM2E 13X s5HPE2PL,
2 9X+SHALPHAZ/)

1026 FCORMATI{1H +6XsI3,5F14.6)

1027 FORMAT(1HO/10X,3LHCONICAL FLOW STREAMLINE INPUT DATA//
1 9Xs1HKyIXy IJHPHI, 10X, 5SHALPHAy 9X,3HM2E, 8X,5HPE2P1//)

1028 FORMAT(1H +6X+I354F1446)

1029 FORMAT(1H3/10X,25HCONVERTED STREAMLINE DATAZ/

1 9Xs1HKy8 Xy 4HX/ X0 918 X94HR/R0910 X9 4HRS/Ry 9X+6HL/DELL, 8X.6HDEL3/R
2910X93HX/RZ/)
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1030 FCRMAT(1HO/10X, 31 HSUMMARY OF EDGE STREAMLINE DATA//
1 9X9e1HKs & X94HX/X0910Xs4HR/ROy 8Xs4HRS/Rs 7Xy
26HL/DELL, 7Xy6HDEL3/R, 8Xy3HM2Es 7X,5HPE2P1,y T7X,
3S5HII)E2y 7X4SHALPHA/Z/Z)

1031 FORMAT( 1H +6X91I349F12.6)

1032 FCRHMAT(LIH 410X+3HL/DELL = 4FlleBs5X9BHIIIEZ = o Fl4e695Xy
18HDEL3R = 4F14.6)

1033 FCRMATIIH ,6X4+13yEF14,6)

1034 FCRMAT(1H3/10X,38HCONSTANT PRESSURE BOUNDARY IN REGION 2)

1035 FORMATILH 4 9X+19HIMIBLEED/(MIB.L. = 2F10.6/
110Xs19HIMIBLEED/ (M)IDUCT = ,F10.6)

1036 FORMATILIH 5 9X,BHI(MIBLEED$T1411H/ (M)IB.Le = yFi0.6,
120H (BLEED POSITIvVE IN))

1037 FORMATU{1HO/10Xs6HHWSA = 4F10.695X96HYRS = 4F10.6+5Xs BHPHISA =
1F10.6)

1038 FORMATU(1HO, X ,HOHMOMENTUM FLUX ASSOCIATED WITH B.L. BLEED,Ii,
13H = SFil4.6914H (POSITIVE IN))

1039 FORMAT(1HO,
1 S9X91HI»8X,1HY 414X 1HM,y 12X, 4HU/UEs 9Xs 6HPT/PT1,y 6Xo1CHPTINS)/PTL,
2 EXy,6HTT/TT1/7)

1040 FCRMATU(1HO,10Xs7HR3/R = 4F10.655X+12HOEL3PR/R3 = 4F10.6)

1041 FCRMAT(1HO, B8X,28HSCOOP CASE,SCOOP HEIGHT/R = 5F10.695Xy
112HDEL3PR/R3 = 4F10.695X%X,7HR3I/R = ,F10.6)

1062 FORMAT(LHO/ 6Xo17HSTOP CASE L/BELI1(4I3,4H) = sF10.6¢5Xy4HI = ,1I3)

1043 FORMAT(1HO,10X9GHUTUE*3 = 4F10.69 SXyIHREDEL3 = ¢4E14.695Xy
16HPX3 = ,F10.6)
END

SUBROUTINE ANOS(UTUES1,UTUE3,REDEL1,PX1y0312D,EMELIZ)

AXTALLY SYMMETRIC FLOW ANALYSIS BLEED WITH NO SHOCK WAVE
DIMENSION TTRAT(2008),PTRAT(200) sPTRNS(200),URAT(270),EM(200)
DIMENSION E1€100), E2(100),DEL30R(10C) s UTUE3AC100), YY(200)
DIMENSION WR(200), PHIR(200)

COMMON TTRAT y PTRAT s PTRNS » URAT »
1 EM r HR » PHIR ’
2 SHORT » BLEED1 4 BLEED2 o BLEED .
3 AIB o THTITE o GAMMA » TH1O0 ]
L BLMN s BLMON » BLMI s BLMOI v
s DSOD + DDSD » BK » EME1L » SHFAC ’
6 SIG1 » SIGMAL , SIGS1 s FSIGL o VWVEL ’
7 CFHWH1 + C + STCOEF

READ DATA CARD 6
READ(5,1000) DEL1R
CALL PRIN(ILINE,3)
WRITE(6,1011)
DETERMINE UPSTREAM BOUNDARY LAYER PROFILE PROPERTIES
37 CALL PRFL(UTUES1,PX1,EMEL+1.042,YY)
PARAFETERS FCR NO SHOCK

EME3=ENE1L
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38

40

EMEZ2=ENMEL

p2Pi=1.

P3IP2=1.

P3PL=1.

IT=1

WRITE(6,1014) II
JLINE=ILINE+S
IF(SHORT.,EQ.1¢) GO TO 4000
WRITE(6,1039)

DO 40 I=1,101%
HRITE(6,1015) IsYY(IDSEMII)URAT(IDIPTRAT(I)sPTRNS(I),TTRAT(I)
ILINE=ILINE+]

CALL FRIN(ILINE,2)
IFC(ILINE=2) 38+38,40
WRITE(6,1014) I1IX
TLINE=ILINE+4
WRITE(6,10839)

CONTINUE

DETERMINE UPSTREAH BCUNDARY LAYER INTEGRAL PROPERTIES

40080 CALL FLUX(101,YY,2,EMEL,O0EL1R)
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HI1=(SHFAC-SIG1)/{THWTTE*(1.+S1G1))
RETH1=REDEL1*DOSD

PRANDL=,72

PR13=PRANCL**(1./3.)

TBARTO= oS *THTTE+, 22*PR13+ (5~ 22*PR131 /(1 ., #SIG1)
CFLT1=4246%EXP{=1.561*HI1) *(RETH1%*{~-,268))/
1((TBARTO* (1.,+S1G1))**(0,7963)
WRITE(6,1016) DSD,DDSDsBLMN,BLMON,SHFAC,HI14sCFHR1,CFLTY
ILINE =ILINE®+H

0SD1=0SD

00SD1=00S0D

WRITE(6,1017) DEL1R.BLMI,BLMOI
ILINE=ILINE+3

I=1

UTUE3A(I)=UTUES3

FMi=8LNI

FMO01=8LMOI

J=1

DEL3OR(J)=D312D0*DELIR
R3=BLEED*2.*FM1

L=1

WRITE(6,1036) L,BLEED]

L=2

WRITE(6,1036) L,BLEED2
WRITE(6,1035) BLEED,R3

IF(IZ.EQe1) RETURN

YRS=0.

IF(ATIB.EQ.1.) GO TO 500

IF{BLEEDL «EQeDs) GO TO 500
WSA=AES(BLEED1)*2.%FM1

CALL INTRP(WR,YY, NSA,YYS,101)

CALL INTRP(YY,PHIR,YYSsPHISA,101)
YRS=YYS*DEL1R

WRITE(6+1037) HWSAYRS,PHISA

R3R=1.
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ITERATION PROCECURE FOR SCLUTION OF CONTINUITY EQUATION

50

60

6L

65

IF(AIB.EQ.3.) R3R=1.-YRS

B=1 POROUS PLATE SUCTION
B=2 SLOT SUCTION
B=3 SCOOP SUCTION

IF{AIB.LE.1.) BLMCM1=0.
IF(AIB.GE.2.,) BLHOM1==-PHISA
KB=1

WRITE(6,1038) KB,BLMOM1
IF(SHORT.EQ.1.) GO TO 50
CALL PRINU(ILINE,3)
HRITE(6,1018)

ILINE=ILINE+2

R1=2,

GAM1=(GAMMA-1.}/2.

R2==2e

IF(AIB.EQe3.) REZ=R2*R3IR*R3IR
P3=BLEED*2.*FM1
DEL3IRP=DEL30R(J)
IF(AIB.£Q.3.) DEL IRP=DEL3IRP~-YRS
D31P=DEL3RP/DEL1R
REDEL3=REDEL1*D31P
SIG3=GAM1*EMEI*EME3
SIGMA3=SIG3/{1.+SIG3)
SIGS3=SQRT(SIGMA3)
FSIG3=(ASIN(SIGS3))/SIGS3
VHYEI=(TWTTE¥(1.,+#SIG3)2**1.76

PX3=.5%(1.-UTUE3ALI)*({1./BK) *ALOG(REDEL3I*ABS(UTUE3A(I))

1#FSIGI/VHVE3) +C))

CALL PRFL (UTUE3A(I) PX3+,EME3,P3P1+1,YY)
DEL3R=DEL3O0R(J}

CON=DEL3R

B3PR3=(DEL 3IR-YRS) /R3R

IF(AIB.EQ.3.) DEL3IR=D3PR3
IF(SHORT.EQeD«) WRITE(6+1040) R3IR4D3PR3
JLINE=ILINMNE+2

CALL FLUX(101,YY,2,EME3,DEL3R)
DEL3R=CON

FM3=BLMI

FH03=8BLMOI

E1(J)=R1*FM1¢R2*FM3I+R3

IF(SHORT.EQ.1.) GO TO &5

WRITE (6,1019) R1i,RP2yR3sFM1,FMOL,FM3,FMC3
WRITE(6,1€20) I UTUESA(I)ZE2(I)+JsDEL3CR(JIHLEL(I)
ILINE=ILINE+H

CALL FRINC(ILINE,2)

IF(ILINE=2) BlyB4465

WRITE(6,1C18)

ILINE=ILINE+2

TEST=ABS(E1WJ))

IF(TEST.LE.C.000C1) GO TO 80

IF(J.GE.2) GO YO 70

J=2
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DEL3OR(JI=0.9*DEL20R{1)
G0 TO &0
70 SLOPE1=(E1(J=-1)=-E1(JI))/ (DEL3OR(J=1)-DEL3IOR{J))
DEL3ORLJ+1)=DEL3IOR{JI-EL(J)/SLOPEL
J=J+1
IFtJ.EQ.51) 60 TO 71
GO TO0 60

STOP GCASE NO CONVERGENCE ON J

71 WRITE(6,1021)
RETURN

ITERATION PROCEDURE FOR SOLUTION OF MOMENTUM EQUATION

80 Si1=0.
S2=0.
S3=0.
Shk=2,.
S5==2,.
S6=BLMOML
S7=0.
T1=0.
T2=0.
T3=0,
T4=0.
IF(AIBEQe3+) SS5=S5*R3R*R3IR
E2(I)=S1¥T14S2%T2*P3P1+S3I*T3+SLPFMOL#SS¥FMO3I+S6¢S7*TH
IF(SHORT.EQ.1.) GO TO 82
HEITE(641022) S4¢S59T1,T2,T3,T4
HWHRITE(6,1020) I,UTUE3ACTI) E2(I),,J,DELICRISIHELCY)
ILINE=ILINE®*6
CALL PRINC(CILINE,2)
IFC(ILINE-2) 81,81,82

81 WRITE(6,1018)
ILINE=ILINE#2

82 T=ZST =ABS(E2(I})
IF(TEST.LE.O0.,00001) GO TO 110
IF(I.GE.2) GO TO 990
I=2
UTUE3A(I)=0.,3*UTUES3
GO TO 100

90 SLOPEZ2=(E2(I-1)-EZ(TI))/ (UTUE3A(I~1)~UTUE3A(I))
UTUE3A(I+1)=UTUEIA(I)-E2(I)/SLOPE2
I=I+4
IF(I.EQ.51) HRITE(6,1023)
IF(I.EQ.51) RETURN

100 DEL3OR(1)=DEL3OR(JI)
J=1
G0 T0o 60

SOLUTION TO CONTINUITY AND MGAENTUM EQUATIONS HAS BEEN DETERMINED
110 UTUE3=UTUE3ALI)

DETERMINE DOWNSTREAM BUUNDARY LAYER PROFILE PROPERTIES



c
c
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CALL PRFLIUTUEIPXILEMEZ,,P3P1,2,YY)
IF(SHCRT.EQ.Q.) CALL PRINCILINE,3)
WRITE(641018)

1100 II=3
WRITE(651014) II
WRITE(B,1043YUTUEIHREDEL3PX3
ILINE=ILINE+6
IF(SHCRT.EQ.1.) GO TO 1200
WRITE(6591039)
DO 120 I=1,101
WRITE(6,41015) I,YY(I)LEM(I) URATII) PTRAT(I),PTRNS(I), TTRAT(I)
ILINE=ILINE+L
CALL PRIN(ILINE.2)
IF(ILINE-2) 111,111,120

111 WRITE(6+1014) 1I
ILINE=ILINE+L
WRITE(6,1039)

120 CONTINUE

DETERMINE DOWNSTREAM BOUNDARY LAYER INTEGRAL PROPERTIES

1200 IF(AIB.EQ.3.) DEL3R=D3IPR3
CALL FLUX(101,YY,2,EME3,DEL3RY
FUTUE3=UTUE3*FSIG3
CFHH3=2.*FUTUE3*FUTUE3/ (TWTTE*(1,¢SIG3))
HI3=(SHFAC-SIG3)/(THTTE*{1.+SI63))
RETH3=REDEL 3*00SD
TBARTO=eS*THTTE+. 227"PR13+ (4 5~.22%PR13) /(1.45S1IG3)
CFLT3=.,246%EXP(=1.561*HI3)* (RETHI**(~-.268))/
1((TBARTO* (1.+5IG3))**0.7963)
WRITE(6,1016) DOSD,DDSOyBLMNBLMONySHFAC,HIZyCFHWI,CFLTJ
IF(AIB.EQe«3.) DEL3R=DIPRI*RIR
HRITE(65,1017) DEL2IRyBLMI,BLMOI
ILINE=ILINE+3
D31=DEL3IR/DEL1R
0S31=DSD*D31/0SD1
DDS 31=DDS0O*D31/DOSD1
WRITE(6,1024) D31,0S31,0DS31
IF(ATIB.EQ.3.) HRITE(6,1041) YRS,D3PR3,R3IR
RETURN
1000 FORMAT{(7F10.6)
1011 FORMAT(LHO/10X,35HSOLUTION FOR AXIALLY SYMMETRIC FLOW)
1014 FCRMAT(1HO, 9X+35HBOUNDARY LAYER PROFILE DATA STATION,I3)
1015 FORMAT(1H ,6XyI3,EF14.6)
1016 FORMAT(1HO/ 10X, 14HDELSTAR/DEL = 4F1L4.6,4X, 1OHMOM/DEL =
1F14,.6/710X 3 28HNON-DIMENSIONAL MASS FLUX = 4,F10.6/
210X, 32HNON=DIMENSIONAL MOMENTUM FLUX = ,F10.6/710X,
315HSHAPE FACTOR = 4F1Ce635X,30HINCOMPRESSIBLE SHAPE FACTOR =
4 Fl04€/103X916HCF(WALL=HAKE) = ,,F10.6,5%X,2ZHCF(LUDWEIG TILLMAN)} = ,
SF10.6)
1617 FCRMAT(1IH , 9X4+8HDEL/R = 4F10.6/1CXs21H3.L e MASS INTEGRAL =
1F10.6713X+25HB.Le MOMENTUM INTEGRAL = ,F11.6)
1018 FORMAT(1HOy 9X,42HRESULTS OF ITERATION FOR UTUE*3 AND DEL3/R)
1019 FORMAT(1HO, 9X35HRL = ,F10.6+6X+SHRZ2 = sF10.695Xe5HR3 = 4F10467/
110X 90HFML = ,F10.695Xs7HFMOL = F10.6/10X96HFM3 = 4F10.695Xy
27THFM03 = ,F10.6)
1020 FORMATILIH ¢ 9Xs4HI = +I343X,9HUTUE*3 = ,F10.695X9s5HE2 = 4F10.6/
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113X+s3HJ =9I495X9IHDELI/R = 4F10.695X9s5HEL = F10.6)

1021 FORMAT{1HO, 6Xs13HENO CONVERGENCE ON J}

1622 FORMAT(1HO, 9X45HSH = 4F10.645X45HSS = 4F10.6710X,
15HT1 = 4F10.645%X95HT2 = 4F10.645X9S5HTI = 4F10.645%X45HTH = 4F10.6)

1023 FORMAT(1HI, 6X4,19HNO CONVERGENCE ON I)
1024 FORMAT(1HO0/10X+12HOEL3/DELL = ,F1C.6/710X,

129HDELSTARI/DELSTARL = 4F10.6/710X912HMOMI/MOML = F10.6)

1035 FORMAT(1HC, 9X219H(MIBLEED/ (MIB.L e = 4F1L.6/
110X, 19H(M)BLEED/(MIDUCT = ,F10.6)

1036 FORMAT(1HC, 9Xy8H (M) BLEED+I1911H/(MIB.Ls = +F10.6y

120H (BLEED POSITIVE IN)})

1037 FORMAT(LHO/10X9s6HHSA = 4F10.695X9 6HYRS = 4F1C.645Xy SHPHISA = ,

1F10.6)

1038 FORMAT(1iHO, 9X,40HMOMENTUM FLUX ASSOCIATED WITH B.lL. BLEED,I1,

13H = +F14.6914H (POSITIVE INY)
1039 FORMAT(1HO,

1 9XydHIsB8Xs1HY 414Xy 1HMy 12Xy 4HU/UEs 9X, 6HPT/PT1,

2 EX,6HTT/TT1//}

1040 FORMAT(1IHO,10X,7HR3/R = sF10.695X+12HDEL3IPR/RI

1041 FORMAT(1HG, 8X,28HSCOOP CASE,SCOQP HEIGHT/R =
112HDEL3PR/RI = yF1Ce695Xy 7HR3/R = ,F10.6)
1043 FORMAT(1HO,10X,9HUTUE®3 = ,F10.695X,9HREDEL3
16HPX3 = ,F10.6)

END

SUBROUTINE SHOCKUISHsALPsTH.EMX,EMY4PRAT)

6X9 10HPTINS)/PTY,

= 1F10.6)

2F10.645X,

+£14.695Xy

C SUBROUTINE TO CALCULATE CHANGES IN PROPERTIES ACROSS AN 0BLIQUE
C SHOCK NWAVE
DIMENSION TTRAT(200),PTRAT(200)PTRNS(200),URAT(200),EM(200) .

(3 Xy X3

OO
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DIMENSION AC(4), WR(2G0), PHIR(200)

COMMON TTRAT s PTRAT s+ PTRNS s URAT
1 M » WR s PHIR ’

2 SHORT +» BLEED1 , BLEED2 o BLEED
3 Als8 s+ THTTE s+ GAMMA s TH1D
& BLMN s BLMON s BLMI ¢ BLMOIX
5 oSO s DOSD s+ BK + EMEL
6 SIG1 + SIGMAL , SIGS1 s FSIGL
7 CFHKWL » C s STCOEF
G1=EMX*EMX

G2=G1+*6G1

IF({ISH-1) 10,10,20
DETERMINE SHCCK WAVE ANGLE

10 G3=(Gi+2.) /G4
GuU=(2.%¥G1+1.)/6G2
G5=(GAMMA+1.) *(GAMMARL1,) /L. +(GAMMA=-1,) /61
SO0S=SIN(ALP)**2,
AC(1)=1(SDS-1.)/G2
AC(2) =G4+ G5*S0S
AC(3)=~G3-GAMMA®SDS
AC(4) =1,

FIND ROOTS OF CUBIC EQUATION IN (SIN(THETA))*¥2

v @ &

SHFAC ’
VWVEL



CALL CUBIC(AC,2)
ROOT=SQRY (2)
IF(ROOT-1.}) 12,12,11

c
C ERROR EXIT IF SIN(THETA) GREATER THAN .0
c
11 WRITE(65,1010) ROOT
TH=ASINIROOT)
RETURN
12 TH=ASIN(ROOT)
c
C DETERMINE PRESSURE RATIO ACROSS SHOCK AND DOWNSTREAM MACH NO.
c
20 GAM1=GAMMA+1i.
GAMZ2=GAMMA-~1,
GAM3I=GAM1*GAML
Z=SIN(VH)**2,
PRAT=(2.*GAMMA*G1*Z-GAM2) /GAM1
ANUN=GAM3I*G2%Z~4.*(G1¥Z-1.) % (GAMMA®G1*Z+1.)
DENO=(2.*GAMMA¥G1*¥Z-GAM2) *(GAM2*G1%Z¢2,)
EMY=SQRT(ANUM/DENO)
RETURN
1010 FCRMAT (1HG, 10X 1O0HSIN(TH) = +F10.6)
END

SUBROUTINE FLUXIKsY,INDICyEMELDELR)

C SUBROUTINE TO CALCULATE MASS AND MOMENTUM FLUX OF B.l.

€ ALSO CALCULATES DISPLACEMENT AND MOMENTUM THICKNESSES

c INDIC=1 TWO-DIMENSIONAL FLOW

c =2 AXIALLY SYMMETRIC FLOW ON COWL

c =3 AXTIALLY SYMMETRIC FLOW ON CENTERBODY
DIMENSION TTRAT(200) 4PTRAT(200),PTRNS(230),URATI260),EM(200)
DIMENSION Y(230),YY(20C),BLMR(200) ,BLMOR(200),BLMIR(200)
DIMENSION EMOIR(200),YR(200)4WR(2030)y PHIRC20D)

COMMON TTRAT » PTRAT + PTRNS » URAT .
1 EM » WR » PHIR ’
2 SHORT s BLEECY1 , BLEEDZ2 o BLEED ’
3 AIB » THITE » GAMMA » THAD ’
4 BLMN » BLMON + BLMI s BLMOI .
S asD s+ DDSD o BK + EME1 + SHFAC ’
6 SIG1 » SIGMAL 4 SIGS1 o FSIG1 + VHVEL .
7 CFWR1 + C » STCOEF
D0 100°I = 14K
PRAT=1,

TTOT=1 4 (GAMMA-1. Y *EM(II*EMITI)/ 2.
TTOTE=1.+(GAMMA=1.)*EME*EME/2.
TOTE=TTOTE*TTRATC(IN/TTOT
RHRAT=PRAT/TOTE
GO TO (10,20,30),INDIC

c

C THO-CIMENSIONAL FLOW

Cc

18 BLMR(I)=RHRAT*URAT(I)

BLMOR{I)=BLMR{I)*URAT(I)
IF(URAT(TI)«LEeDes) BLMORI{INI=~BLMOR(I)
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c
c

c

YY{(I)=Y(I)

G0 TO 10D

AXIALLY SYMMETRIC FLCW ON COHL

20

BLMR(IV=RHRAT*URAT(I)
BLMOR(I)=BLMR(I)*URAT(I)
IF(URAT(I).LE.D.) BLMOR(I)=-=-BLMOR(I)
YYCI)I=YL(I)

YR{I)=YYUT)*DELR
BLNIR(I)=BLMR(I)*(1.~YR(I))

BMOIR (I)=BLMOR(I) *(1.-YR(I})

GO TO 100

C AXIALLY SYNMETRIC FLOW ON CENTERBODY

c

(2 X3 X3

QOD

30
100

GO TO 108
CONTINUE
GO0 TO 4110,120,13C),INDIC

THO~-CINENSIONAL FLOW

118

115

DO 115 I=1,K

CALL INTEG(I,YY,BLMR,AREA1)
CALL INTEG(I,YY,BLMOR,AREA2)
WRII)=AREAL

PHIRIII=AREA2

CONTINUE

BLMN=AREA1

BLMON=AREA2

DSO=1.-BLMN
DOSB=ELMN-BLMON
SHFAC=DSD/DDSD

RETURN

AXTALLY SYMMETRIC FLOW ON COMWL

120

125

130

DC 125 I=1,K

CALL INTEG(I,YR,B8LMIR,AREAS)

CALL INTEZG(I,YRsBMOIR,AREAB)
HR{I)=AREA5*2,

PHIR(I)=AREAE*2,

CONTINUE

BLMI=AREAS

BLMOI=AREAG

BLMN=2.*BLMI/(2.*NELR =-DELR*DELR)
BLMCON=2.*ELMOI/(2.*0ELR ~DELR*DELR)
DSB=(1.~SCRT(1.~2.*0EL R#DELR*DELR +2.*BLMI})I/DELR
00S0=(1.~-5QRT(1.-2.*3LMI*+2.*BLMOI)I/DELR
SHFAC=0SD/00SD

RETURN

END

SUBROUTINE PRFL(UTUESTsPXsEMEPKP14I0PT,YY)

C SUBRCOUTINE TO CALCULATE DISTRIBUTIONS OF FROPERTIES
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FOR BOUNDARY LAYER WITH WALL-WAKE VELOCITY PROFILE

DIMENSION TTRAT(ZGD)gPTRAT(ZOO),PTRNS(ZﬂUl'URATIZOOI;EH(ZUHD
ODIMENSION YY (2002 4WR(208), PHIR(200)

COMMON TTRAT s PTRAT s PTRNS + URAT ’
1 EM s+ HR s+ PHIR .
2 SHORT ¢+ BLEED1 o, BLEED2 o BLEED »
3 AIB y THTTE v GAMMA s TH1D .
& BLMN s BLMON s BIMI ¢ BLMOI ’
5 DSD » DDSD » BK s+ EME1 » SHFAC .
6 SIG1 s SIGMAL 4, SIGSH s FSIGH s VHVEL °
7 CFHHL s C ¢+ STCOEF

COMMON ZUWU/AIDD

PI=3.1415927

EXP2=GAMMA/(GAMMA~1,)

EXP3=1./ (GANMNA=1,)

GAM1=(GAMMA-1.) /2.

GAM2=GAMMA+1,

GAM3=GAMMA-1,

G1=EME*ENE

SIGMA=GAM1*G1/(1.+GAM1*G1)

SIGG1=SQRT(SIGMA)

SIGG2=1./SIGGL

SIGG3I=ASIN(SIGGY)

URAT(1)=0.

TTRATU(1)=THTTE

EMU1)=0.

Yr{ir=g9,
PTRAT(1)=(1.7{1 . +GAML*EMELI®EMEL)) **EXP2*PKP1
PTRNS (1) =FPTRAT (1)

DO 100 I=2,101

AIl=I-1

YY(I)=AI/100.

YAA=SCRT(1.-YY(I)**AIDOD)

ALG=ALOGC(YY(I))+2 ,*(YAA-ALOG(1.+YAA)D}/ATOD
URAT(I)=SIGG2*SIN(SIGGI-SIGGI*PX* (1., +COSIPI*YYLI)) )+
1(1./BK}*UTUEST*SIGG3*ALG)
TIRAT(IV=THTTE+ (1. -THTTE) *ABS(URAT(I))
U2=URATI(I)*URATI(I)
EMII)=SARTIU2/((1./GL+GAM1) *TTRAT (I)=-GANL*U2))
IF(URATC(I) «LEoDs) EM(I)==1.%EM(I)

IF(IOPT=-1) 1090,100,20

CALCULATION OF TOTAL PRESSURE DOWNSTREAM OF NORMAL SHOCK

20
40
S0

ico

PTIRAT(I1=({(1.+GAML*EM(I)*EM(I)) /(1. +GAMI*EMELI*EMEL) ) **EXP2¥*PKP1
IF(EMITII~1.) 40,L0,50
PTRNS(I)=PTRAT(I)

G0 YO 109
PTRNS (I)=(GAM2®EM(I) *EMAI) /2. /(1. +GAML*THEL*EMEL) ) **EXP2* (GAM2/

1(2.*GAMMA*EM(TI) *EMII)-GAM3I) ) **EXP3*PKP1
CONTINUE

RETURN

END

SUBROUTINE INTRP(XyYsXXsYY4eN)
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C LINEAR INTERPOLATION

DIMENSION X(200),Y(200)
DC 30 I=1,N
IF(XX-X(I)) 10,20,30

10 K=I-1
YY=Y(K)#L(Y (I D)=-Y(K))¥IXX=XIKI}Z(X(I J)-X{K))
RETURN

20 YY=YLI)
RETURN

30 CONTINUE
RETURN
END

SUBROUTINE CUBIC(C+Z)
C SUBRGUTINE TO DETERMINE ROOTS OF A CUBIC EQUATION
c NASA, AMES RESEARCH CENTER, MOFFETT FIELO, CALIF.
DIMENSION Cl&),VLSTC 7)
ACOS(X)=ATAN(SQRT (1.0-X¥*2}/X)
P==C(3)**2/3.0 + C(2)
Q=2.0%C(3)**3/27.0 - C(2)*C(3)/3.0 + C(}1)
RSQ = -C.5*Q/ SQRT(-F**3/27.0)
IF (ABS{RSQ) +G6T. 1.0) RSQ=SIGN(1.0,RSQ)

PHI=ACOS{ RSQ)
TEM=2 .,0*SCRY(-P/3.0)
X1= TEM*COS(PHI/3.0)
X2= TEM*COS(PHI/3.0 + 2.09%39510)
X3= TEM*COS(PHI/S.0 & 4,18879020)
IF (X2-X3) 15041504160

150 Y1=AMBAX1(X1,X22
Y4=AMINI(Y1,X3)
GO TO 175

160 Y1=AMIN1(X1,X2)
Y1=AMAX1(Y1,X3}

175 v1i=Y1i-C(3)/3.0

8 Z=Y1

RETURN
END

SUBROUTINE INTEG(KsY,Z4AREA)
C INTEGRATION USING SIMPSONZS RULE

DIMENSION Y ({2303, Z(200)

IF(K«.CE«S) GO TO 1

IF{K.ERQ.1) GO T0 21

IF(K.EQ.2) GO TO 22

IF(K.EQ.3) GO TO 23

IF(K.EQ.4) GO TO 24

1 AK=K

BK=AK/ 24

KK=BK

CK=KK

IF(BK-CK) 44,244

c K IS EVEN
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Oo0n

[y X2 X1]

OO0

[z X3 N3]

(s Xy N2

10

12

14
21

22
23

24

N=K=-1
GO TO 5

K IS 00D

N=K

00D=0.

EVEN = 8.

J=N=-3

DO 10 I=2,J4 2

EVEN = EVEN + Z(I)

0D = 00D + Z(I+1)

CONTINUE

AREA = (Y(2)=Y (1)) /3% (Z(1)+ZINY+G  *(EVEN*Z(N=-1)) +2,%000)
IF(BK-CK) 14512,14

K IS EVEN

AREA = AREA ¢ (Y(K)-Y(K-1))*(Z{K)+Z(K-1))/2,
RETURN

K IS 0DD

RETURN

AREA=0.

RETURN

AREA=(Y(2)=Y(12)*¥{Z2(2)+2(1))/2.

RETURN

AREA=(Y{2)=Y(1))*(2(3) +4.*7Z(2)+42(1})/3.

RETURN
AREA=(Y(2)=Y{13)* ((Z (L) +Z2(3)V /2.4 (Z(3)#L.*Z(2)+2(1))/3.)
RETURN

END

SUBROUTINE PRIN(ILINE,IND)

SUBROUTINE TO COUNT LINES OF OUTPUT ON PAGE, CHANGE PAGE WHEN
NECESSARY AND WRITE TITLE ON EACH PAGE

10

20

DIMENSION TITLE(12),TITL1(12)
GO 70 (10,204302, IND

FIRST PAGE TITLE

READ(S 1000 (TITLE(J) yJ=1,12)
READ{(S,10080)(TITLL(J) yJ=1,12)
ILINE=2

HRITE(G,101N) (TITLE(J) »J=1,12)
WRITE(6+1012) (TITL1(J)»J=1,12)
IPAGE=1

WRITE(6:1011) IPAGE

RETURN

TEST FOR END OF PAGE
IF(ILINE~-48021,22,22
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21

A0

22

QO n

HOO

30

100¢C
1010
1011
i012

18

CHE

2482
g.C
2247
.15
50.

RETURN
CHANGES PAGE

ILINE=2
IPAGE=IPAGE+1

PAGE TITLE

WRITE(6,10310) (TITLE(J) yJ=1,412)
HRITE(D,1312)(TITLL(J)4J=1412)
WRITE(6,1011) IPAGE

RETURN

PROGRAMMED PAGE CHANGE

IPAGE=IPAGE+1

HRITE(6,1010) (TITLE(J)4J=1,12)
WRITE(6,1012) (TITLL1(J)sJ=1412)
WRITE(6,1011) IPAGE

ILINE=2

RETURN

FORMAT(12A6)
FORMAT(1H1,30X,12A6)

FCRMAT(1H +100Xs5SHPAGE »I3)
FCRMAT{1H ,30X,12A6)

END

TABLE 3-B: INPUT TO PROGRAM ANAL

DIZGREE CONE NC ALPHA={.

N CHIH SUN
V.0LLE 71204. i.
0.0 o.tC Cots
2.0 g.0

22.751213 2.302987 2.684648 1,229258
€2.311516 3.182413 2.673301 1.250928
22.091€68 3.306284 2.6h8u4u8 1.260316

21,671819 3.423223 24683971 1.269043
21.€51971 3.534813 24659794 1.,277243
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21.47%2122
21.212274
20.992425
20.772577
c0.552728
20.113031
19.895183
19.673334%
19.453486
19.,233€37
18.,793940
18.574092
18.354243
18.134395
17.914545
17 474 849
17.255001
17.035152
16.8153C4
16.595455
16.155758
15.9359110
15.716061
15.496213
15.27€364
14.836€67
14.615819
14.396970
14.177122
13.957273
12.517¢:76
13.2977238
13.077879
12.858931
12.633182
12.198485
11.978637
11.758788
11.5383940
11.319991
10.879394
10 .659546
10.439697
10.219849
10.0C0700

3.642199
3. 746224
3.847539
3.946660
4.944C05
L.2347006
4.328607
be 421846
Le514618
4.607097
4.791809
4. 884306
4.977087
5.070264
5.163953
5.353313
5.449201
5., 5469336
S.643924
B.7429372
5.944979
6.048160
6.152942
6.253446
€.367733
6.590529
€.735188
6.822235
6.941821
7.064109
7.317486
7.4438952
7.583874
7.722475
7.864991
8.162819
B.3187C4
8.4796610
8.646042
8.818227
9.181742
9.374038
9.574088
3.782512
10.300000

2.655863
2.652139
24648592
2.645198
2.641939
2.635768
20632832
2.629984
2627216
2.624522
2.619333
2.616830
2614383
€+611988
2.609643
2.605093
2.602885
2.600718
2.598592
24596506
2.532451
2.590480
2.538546
2.5856650
24584792
245811990
2579447
C«5T774LYL
2.576082
2.5744b63
2571360
2.569879
24568450
2.567074
24565756
25633066
2.562184
2.561137
24563173
2.559297
2557845
2.557288
2.5568060
2.556574
24556446

1.28501¢
1.292413
1.299505
1.306328
1.312916
1.325487
1.331511
1.337382
1.343113
1.348717
1.359576
1.364847
1.378022
1.375105
1.380101
1.389849
1.394607
1.399290
1.403901
1.4084041
t.417212
1.421 640
1.425907
1.43G100
1.434222
1.442248
1.446148
1.449969
1.453707
1.457 359
1.464386
1.467751
1.471007
1.4754147
1.477164
1.482786
1.485369
1.487782
1.490010
1.492035
1.495400
1.496691
1.497685
1.498350
1.488649



MACH 2.
2.05
0 47
2.82
3.G6%0€31
3.5
2.
0.0
0.0
10.
i.cC
0.99
.0
8.0
2 3
1.8356G09¢C
1.835€45196
1.8350008
1.83530000
1.83599090
1.33531700
1.8354000
1.8350N090
1.8356000
1.8350029
1.8353000
1.8352000
1.8350700
1.8350300
1.8250088
1.835C00480
1.8350330
1.8352n30
1.83580012
1.835€000
1.8350000
1.83591904
kY 3
1.835000
1.835000
1.835330
1.835400
1.8325000
1.8356130
1.825005
1.835°08
1.835000
1.835309
1.825¢00
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TABLE 4: INPUT TO METHOD OF CHARACTERISTICS PROGRAM
82 10 D=GREE CONE
i ] 0 0
1.4 23.9939 22.78 2.5 1. 1.0
L.001 0.07021 «01
0.001 0.601 3.0 Se.0
2. '
5.0
i0.
S0
0.0
i. 2.82
2 i 2 22
«99C700) 0.00030 2.82 i.0
«9800020 0.00CC00 2.82 1.00
«97300C0 0.7000 2.82 1.00
«96C6G2030 0.C0000 2.82 1.00
«95GC00317 3,2000%3 2.82 1.00
«9640C0200 0.70C00 2.82 1.60
«9300000 0.C070C002.82 1.
«9207530 2.0800G60 2.82 1.00
«3100062 . 00600 2.82 i.00
»93450C00 J.0000C 2.82 1.00
8300003 0.00000 2.32 1.00
«88C002093 J.C0000 2.82 1.00
«87700C3 0.0000C 2.82 1.00
«86G0033 0.30000C2 2.82 1.8
«8500000 0.0000 1.82 i.01
.84C0000 J.309080 2.82 1.00
«8300403 0.00°00 2.82 1.00
820609289 3.0020 2.82 1.02
+81CCG02 0.C00000 2.82 i.00
.8300003 9.03C3040 2.8200LC" 1,3070000
«73C033G 0.PQ20200C 2.82C0u0C 1,0000000
«781C0300 3.0639%0C0 2.8200000 1.0000000
3 1 i 27
+323560 10.000000 2.556446 « 9991057
v345365 9.374u38 2.557288 « 999057
«367305 8.818227 2.559297 9997257
+389326 8.318704 2.562184 « 9399057
«411455 7.,864991 2.565756 «999057
« 433693 7.4L8S52 2.569879 239939057
456064 7.064109 2.,574453 « 999057
« 478557 ©.735188 2.579447 999057
+501186 64367733 2.584792 +9399057
«523957 €.0481560 2.590480 « 989057
«546879 5.742972 2.596506 «9991057



1.835009
1.835000
1.835000
1.835100
1.835C00
1.835032
1.835000
1.83500
1.835000
1.835300
1.835000
1.835008
1.835090
1.8357080
1.835000
1.835000

«569958
«593203
«616622
«628399
«640223
«652394
«66401L
+575983
«683004
» 780070
«712202
« 724382
« 736617
« 746969
« 761259
«773668

Se.449201
54163953
4.884336
4.,745611
4L.637097
L.468279
4.328607
L.187440
4e044LGS
3.897346
3.7L6224
3.588973
3.423220
3.245340
3.049241
208230621

2.602885
2.609643
2.6168310
2.620607
2.624522
2.628590
2.632832
2.637271
2+641939
2.646877
2.652139
2.657800
2.663971
2.670822
2.678 641
2.687994

« 999057
« 3999057
« 999057
«999057
«999057
« 399057
« 999057
« 999057
« 999057
« 999057
« 999057
+ 999057
« 999057
« 999057
« 999057
« 999057
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TABLE 5-A: PROGRAM BLGRN

PROGRAM BLGRN(INPUT,TAPE S=INPUT.OUTRUTLTAREG=0UTPUT)
INPUT FORMAT 10F7.0 EXCEPT CARD 1

CARDI(S)
1 TITLEs, COLUMNS 1-72, HOLLERITH
2 COL.1-7 AJ AJ=C. FOR 2-D FLOW

AJ=l. FOk AXISYMMETRIC FLOW
8-14 TO TOTAL TEMPERATURE (R}
15-21 TW WALL TEMPERATURE (R}
22-28 REYNDF FREE STREAM REYNOLDS NO. PER FT /1¢0000,
29-25 SIGMA PRANDTL NUMBER (=.72)
36-42 CF COEFFICIENT OF SKIN FRICTION
43-49 DEL BOUNDARY LAYER THICKNESS (IN.)
3 CoL. 1-7 XO VALUE OF X FOR STARTING POINT (MAY EQUAL TO ZERO)
8-14 DXMN MINIMUN PERMISSIBLE STEP SIZE (IN,)
15-21 DXMX MAXIMUM PERMISSIBLE STEP SIZE (IN.)
22=-28 ANP FREQUENCY OF PRINTOLT AS MULTIPLE OFE STEP STZE
2G-25 ANXP NUMBER OF POINTS AT WHICH EXTRA PRINT IS REQUIRED
CGL.1-7 XEND VALUE OF X FCR ENDUNG POINT
8-14 ASEA PARAMETER IN (1l.-(Y/DEL)#**ASEA) (=1. IS RECOMMENDE
5 CCL.1-7 ANME NUMBER OF VALUES GIVEN IN MACH NUMBER ARRAY(BETWEE
4. AND 200.)}
8-14 ANSME NUMBER QOF SNOOTHING PASSES ON MACH NO. DATA .
6 COL.1-70 AME VALUES OF MACH NUMBER ARE INPUT, MORE THAN ONE CAR
CAN BE USED IF NECESSARY
7 COL.1-70 X CENTERLINE OISTANCE{IN,) AT WHICH MACH NUMRERS
ARE INPUT
8 COL.1-7 ANR NUMBER OF VALUES GIVEN IN RADIUS ARRAY (AT LEAST &
8-14 ANSR NUMBER OF SMOOTHING PASSES ON INPUT DATA

o+

9 COL.1-70 R VALUES OF R ARE INPUT. MORE THAN ONE CARD CAN BE
USED IF NECESSARY
10 COL.1-70 X CENTERLINE DISTANCE (IN) AT WHICH R VALUE
ARE INPUT
COMMON/XCHGE/SIGN1,P,FFy TORR
COMMCN/HONE/H1,H2

COMMEN/ANS /THTASDELSTA»GASCT,BMUsGAM2L
COMMON/ARRR/KRsNRy»XIR(200)»AIR(200),DIR(200),»XCR(200)
CDMMON/BBDD/AJs AAME(200) 5 AAR(200)
COMMON/CONST/R»S»GsPI»GWs»TOWsBsEG1,EQ2,Hs AMEs DME,PT3,REY3, TE, IRY
COMMON/ INTEG/CFsDELSDCFsDDLsDXsDXMNy DXMX s X» XEND» MEND
CUMMON/REIN/TOsTW>SIGMA, GAMMA, REYND,s ASEA
COMMON/ARRME JKME,NME, XIME(2C0) s AIME(200)5sDIME(200)5s XCME(200)

G25 FORMAT(10F7.0)

904 FORMAT(1X»13F10.6)

903 FORMAT(//7X»>1HXs 7TXs SHTHETA» 5Xs 8HDISPTHes3H Hs9IXs2HHZ»8X5»1HP5 9X»1

1HF s 7Xs9HR*TH/100053Xs 2HME» 6Xs S5HDELTAS5Xs 2HCF 56Xy THDDEL /DX 4X» 6HDCF

2/DX11)

902 FORMAT(//17H INITIAL DELTA =,F9.6,7H INCHES»5X»13H INITIAL CF =,F
19.6)

901 FORMAT(* TO = *¥sF7.2/
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R ]

1 * TH = *yFTe2/
2 * SIGMA = *3F6e3/
3 *  GAMMA = *,F6.3/
4 * PSIA = *yF743/
4 * REYNC = *5F9.2//
5 * X0 = *3F7.2/
é * DXMIN = *FTa4/
7 * DXMAX = *5F7.4/
8 * XEND = *yF1.2/
9 * NPRINT = *,13)

40 FORMAT(BAl10)
41 FORMAT( //,8A10771)
49 FORMAT(1H1)
12344 FORMAT(16H PROGRAM RAN AT I2s1H.»I2,3H. »2A1077/7)

200 FORMAT(1H115X» 100HTEM235 - A COMPUTER PROGRAM TO PREDICT THE DEVEL
10OPMENT OF A COMPRESSIBLE TURBULENT BOUNDARY LAYER )
DIMENSION TITLE(B)
CALL CLOCK(IHR»MIN,ISEC)
CALL DATE(A7,B87)
WRITE(6,5,20C)
WRITE(6512344) IHRyMIN,AT7»B7
S CONTINUE
c READ HEADING
READ(5,40)(TITLE(I)»I=1,8)
IF(EQF»5)6,7
6 CALL EXIT
7 CONTINUE
READ(55925) AJ»TO» TW» REYNOF»SIGMASCF»CEL
IRY=0
TOLRER=,00C08
TORR=.0000005
GAMMA=1.4
REYNO=REYNOF/12.
REYNO=REYNO*100000.
READ(55,925)X0s DXMNsDXMXs ANPy» ANXP
NPRINT=ANP+0,1
€ NXP IS NUMBER QOF POINT AT WHICH EXTRA DOUTPUY IS REQUIRED.
NXP=ANXP+0,1
READ(5,925) XEND,ASEA
NME = O
WRITE(654L)(TITLE(I)»I=1,8) .
C READ AND PRINT MACH NUMBER DISTRIBUTION
KME=NME+1
READ(55925) ANME,ANSME
NME=KME+IFIX(ANME=-0.9)
IF(ANSME) 230,225,225
225 NSME=ANSME+0.1
READ(55,925) (AIME(I),I=KME»NME)
READ (5,925) (XIME(I)s»I=KMEsNME)
DO 3388 I=KMEsNME
3388 AAME(I)=AIME(I}
C CHECK THAT X IS INCREASING
KP=KME+1
DO 228 I=KP,NME
IF (XIME(I)-XIME(I-1)) - 226,226,228
226 WRITE (65934) XIME(I-1)s XIME(I)
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1E=~-]
228 CONTINUE
CALL SMOOTH(NSMEsSKMEsNMEs XIME»AIME,»DIME)
NR=0
C READ AND PRINT CONTOUR
400 KR=NR+1
READ (55925) ANRsANSR
NR=KR+IFIX(ANR-G,9)
IF(ANSR) 410,420,420
420 NSR=zANSR+0.1
READ(55925)(AIR(I)»I=KRsNR)
DD 3399 I=KRsNR
3399 AAR(IN=AIR{(I)
' READ (5,925)(XIR(I)»I=KRsNR)
c K THAT X IS INCREASING
KP=KR+1
DO 422 I=KPsNR
IF (XIR(I)=XIR(I-1)) 421,4215422
421 WRITE (65934) XIR(I-1)sXIR(I)
IE=~1
422 CONTINUE
C SMOOTH RADII AND PRINT SMCGCTHED VALUES
CALL SMOOTH(NSRsKRsNR»XIRsAIR,DIR)
IF(KR.NE.1) GO TC 425
XCR(1)=XIR(1)
KR=KR+1
425 DO 430 I=KR,NR
XCRUI)=XCR(I=-1)+SQRT((XIR(I)=XIR(I=-1))**%2+(AIR(I)I-AIR(I=1))%%2)
430 CONTINUE
C GBTAIN ME AS A FUNCTION OF ARC LENGTH
00 440 TI=KMEsNME
CALL PI(KRsNR,XIRsXCRIXIME(I)»XCME(I))
440 CONTINUE
CALL PI(KRsNRy XIRs XCRsX05X)
C CONSTANT
c SQRT(2.)=1.414214
R=53,35
G=32.174
S=0.5%¥GAMMA-0.5
PI=3,141592
GW=TW/TO
TOW=TO/TW
B=TOW-1,
E91l =1, 710.915
E92=E91-1.
CV=4290, .
T015=2.,27*TO**1,5
BMU=TO15%] ,E=8/(T0+19846)
GASG3= GAMMA/(2.*S*CV*TQ)
GASQT=SQRT(GASQ3)
GAM21=(GAMNMA=24.)/(GAMMA=]1,)
DX=DXMN
MEND=0
NPC=1
CALL DERIV
PT3=REYND*12+7 (REY3*AME)
PTT=PT3/144.

90



935
936
937
G38
934

RRRT=REYNO*THTA/1000.

WRITE(65901) TO,TWsSIGMAs GAMMASPTT,REYNO»X0sDXMN,DXMXs XEND »NPRINT
WRITE(6,902)DELsCF

WRITE(6,935) ANME,ANSME

FORMAT (*ONME=*sF7.2s% NSME = *,F7.2)

WRITE(65936)

FORMAT (% ME VALUES®)

WRITE(65937) (AAME(I),I=nKME,NME)

FORMAT (1X»10F10.3)

WRITE(65938)

FORMAT(* CCRRESPONDING X VALUES*)

WRITE(65,937) (XIME(I), I=KME,NME)

FORMAT(*OTWO SUCCESSIVE X FOUND WHICH ARE NOT INCREASING #*,
1 2F12.4)

C SMOOTH MACH NUMBER AND PRINY SMOOTH VALUEW

c

230
939

940

955

956

410
G959

42
11

WRITE (6,939)
FORMAT (% SMOOTHED MACH NUMBERS#*/
1 * X ME DME*)
WRITE (65940){ (XIME(I)>AIME(L)sDIME(I)})sI=KMEsNME)
FORMAT (1X,3F1C.3)

WRITE(65955) ANR»ANSR
FORMAT (*ONR =*,F7.,2,% NSR = %,F7,2)
WRITE(65956)
FORMAT(* R VALUES*)
WRITE (65,937) (AAR(1)sI=KRsNR}
WRITE(65,938)
WRITE (65937)(XIR(I)sI=KRsNR)
WRITE (65959)
FORMAT (* SMODTHED RADII#*/
1 * X R DR*)
WRITE (6+940)((XIR(I)»AIR(1)>DIR(I)),»I=KR,NR)}
WRITE(65903)

WRITE(65904)X, THTA,DELSTA,HsH2sP>FFs RRRTSAMESDEL,CF,DOLyDCF
IRY=2

CONTINUE

CALL MERSON

IF (MEND.EQ.1) GO TO 16

IF (NPC.EQ.NPRINT) GO TO 16

NPC=NPC+1

GO 7C 10

C RESET COUNTER

C

16

43

NPC=1

RRRT=REYND*THTA/1000.

WRITE(65904) X, THTASDELSTA»HsH2,P» FFsRRRTAME,DELSCF»DDL,DCF
IF((CFeCGTe04) . AND.(CF.LT.TOLRER)) GO TO 43
IF{(CFoeLTe0¢) s AND. (DXL T..CCO0065)) GO TO 43
IF (MEND.EQ.O) GO TO 10

GO TO 68

CF==CF

DXABS=2.*ABS(CF)/ABS(DCF)

X=X+DXABS

DEL=DEL+DDL*DXABS

TOLRER=ABS(CF)

CALL DERIV

91



OOOOO0

(g}

OO0

92

RRRT=REYND*THTA/1000.
WRITE(65904) X, THTA,DELSTAsHsH2sPsFFs»RRRT>AMESDEL,CFs»DDLsDCF
GO TO 42
88 CONTINUE
WRITE(6549)
€0 T0 5
END

SUBROUTINE MERSON
MERSON INTEGPATION
V IS THE VARIABLE ARRAY (BOTH INPUT AND OUTPUT)s D IS THE DERIVATIVE
ARRAY.,
DX IS CURRENT STEP LENGTH, DXMN AND DXMX MINIMUM AND MAXIMUM VALUES OF
DXe X IS INDEPENDENT VARIABLE, AND XEND ITS UPPER LIMIT.

COMMON/CONST/RsS»GsPI»GWsTOWsB»E91sE92s Hs AMESDME PT35 REY3s TEy IRY
COMMON /INTEG/V(2)5D(2)sDX>DXMNsDXMXsXs XENDs MEND
DIMENSION U(2),VE(2),DA(2)5DC(2)50D(2),DE(2)
BUsBL ARE UPPER AND LOWER BOUNDS ON TRUNCATION ERROR.
DATA BU»BL/0.N005,0.00005/

MARK IS SET NON-ZERO TO PREVENT INCREASING THE STEP LENGTH IF FITHER
XEND IS REACHED, OR THE STEP LENGTH HAS JUST BEEN DECREASED.
MARK=0
IF (X4DX-XEND) 5,7»7
PREVENT CVERSHOOTING X END.
7 MARK=1
DX=XEND=X
MEND=1
SAVE PCINT A.
5 DO 10 I=1,2
10 U(I)=V(I)

15 DX2=DX/2.
DX3=DX/3,
DX6=DX/6.
DXE=DX/8,.
FIND POINT B,
CALL DERIV
D0 20 I=1,2
DA(I)=D(I)
20 V{I)=U(I)+D(I)*DX3
FIND POINT C.
X=X+DX3
CALL DERIV
VI1y=(D(1)+DA(1))*DX6+U(1)
V(2)=(D(2)4DA(2))*DX6+U(2)
FIND POINT D.
CALL DERIV
X=X+DX6
DO 40 I=1,2
DC(I)=D(I)
40 V(I)=U(I)+DXB8*(DA(I)+3.%*D(I))
FIND POINT E.
CALL DERIV
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X=X+DX2
DO 50 1=1,2
OD(1)=D(I)
VII)sU(T)4DX2* (DA(I)=3.%DC(J)+4.%D(I))
50 VE(I)=V(I)
FIND POINT F,
CALL DERIV
MINC=0
MDEC=0
DO 60 I=1,2
VII)=UCI)+DX6*%(DA(I)+4.*DD(I)+D(I})
IF (VE(I)) 51560551
TRUNC IS A MEASURE OF THE TRUNCATION ERROR.
51 TRUNC=ABS(1l.-V(I)/VE(I))
IF (TRUNC-BU) 54.54,52
52 MDEC=MDEC+1
54 IF (TRUNC-BL) 56,56,60
56 MINC=MINC+1
60 CONTINUE
IF (MDEC.GT.0) €60 TC 70
IF (MINC,EQ.2.AND.MARK.EQ.C) GO TO 80
65 RETURN
IF EITHER TRUNCATION ERROR IS ABOVE THE UPPER BOUND, DECREASE STEP LEN
70 MARK=]
If (DX-DXMN) 65565571

71 X=X-DX

HALVE STEP LENGTH.
DX=AMAX1(DX29 DXMN)

IN CASE MEND HAS BEEN SET, RESET 1IT.
MEND=0O
GO 70 15

IF BOTH TRUNCATION ERRORS ARE BELUW THE LOWER BOUNDs INCREASE STFP LEN
B0 IF (DX~-DXMX) 81l,s65,65
81 X=X-DX
DOUBLE STEP LENGTH.
DX=AMIN1(DX*2,5DXMX)
60 70 15
END

SUBROUTINE PI(KsNsXsVsyX1lsV1)
INTERPOLATES BY POLYNOMIAL FITTING.
GIVEN VI{K)sV(K+1)seeos VIN) AT X(K)sX{K+1)seeesX{N}s FITS A SECOND
GRDER POLYNOMIAL TC THE THREE PUOINTS NEAREST X1 AND RETLRNS A VALUE V1
AT Xl. FAILS IF ANY TWO OF THE X ARE EOQUAL. IF N-K EQUALS ZERO OR ONE
THE SUBROUTINE ALSO RETURNS A RESULT.

DIMENSION X(1),V(1)
CHECK IF ONLY ONE OR TWO POINTS IN ARRAY.

IF (N-K=1) 25456
RETURN CONSTANT VALUE IF N=K
2 V1=sV(K)
G0 TO 100
INTERPOLATE LINEARLY IF N=K+l
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& V1i=asV(K)+{VIN)=VIK))/IX(N)=X{K))*(X1=-X{(K))
G0 T0 100

LAGRANGIAN INTERPOLATION,

FIND NrAREST THREE POINTS.
6 DO 10 J=KsN
IF (X1-X(J)) 15,10,10
15 I=J
G0 TO 17
10 CONTINUE
I=N
17 IF (I.GT.K+1) GO TO 20
USE FIRST THREE PODINTS,
I=K-1
GO TO 25
20 IF (I.NE.N) GO TO 22
USE LAST THREE POINTS.
I=N-3
GO TG 25
USE TWD POINTS WHICH STRADDLE X1 AND SELECT THE THIRD.
22 IF (X(I-2)+X(I41)-2.%X1) 23,23,2%
23 I=1I-2
€0 TO 25
24 1=1-3
INTERPOLATE USING LAGRANGES FORMULA.
25 S=0,
DD 4C J=1,3
P=1l,
DO 30 L=1,3
IF (J.EQ.L) GC TO 30
PPk {X1-X{I4+L))/(X(I+J)=X(I+L})
30 CONTINUE
40 S=S+VIT+J)*P
V1=$§
100 RETURN
END

SUBROUTINE SMOOTH(KsLsMsXs»YsDY)
INPUT Y(I) AS A FUNCTION OF X{(I) FOR TI=Lsl+lseeesM,
SMOOTH IN K PASSES. )
OQUTPLUT Y(I) SMOCTHED AND THE CERIVATIVES DY(I).
ROUTINE FAILS IF ANY TWO X EQUAL
DIMENSION X(1),Y{(1)»DY(1)
N IS THE NUMBER OF POINTS TO BE SMOOTHED.
N=M=-L +1
DO NOT SMOCTH IF LESS THAN FOUR POINTS.
IF (K.EQ.0.0R.N.LT.4) GO TO 50
o)
SMOODTH

M3=}4-3
DO 40 J=1,K

SMOOTH SUCCESSIVE SETS OF FOUR POINTS.
CO 40 I=L,M3
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As(Y(I+2)=Y(I))/(X(I+2)=-X(1))
Ce(Y(I+3)=Y(T+1))/(X(I+3)=X(1I+1))}
B=Y(I)=A*X(1)
DeY(I41)-C*X(I+1)
DO NOT SMOOTH IF THE FOUR POINTS ARE COLINEAR.,
IF (A-C) 10,125,110
12 IF (B~D) 14,40,14
XINT IS INTERSECTION OF LINES JCINING ALTERNATE POINTS
10 XINT=(B=-D)/(C=A)
IF (XINT.GE.XUTI+1) AND.XINT.LE.X(I+2)) GC TO 40
14 Y(I+1)=0.5%(Y(TI+1)Y+A*X(I+1)+B)
Y(I42)=0.5%(Y(I+2)+C*X(1+2)4D)
40 CONTINUE

CALCULATE DERIVATIVES

50 IF (N.EQ.1) 60 TO 70
IF (N.,EQ.2) 6C TC 80

AT FIRST POINT,
Dl=X(L+1)=-X(L)
D2=X{L+2)=-X(L)
S1=(Y(L+1)-Y(L))/D1
Se={Y(L+2)=-Y(L)) /D2
DY(L)=(D2%S1-D1*52)/(D2~D1)

AT INTERMEDIATE POINTS.
Ll=L+]
Ml=M-1
DO 60 I=L1,M1
Dl=X{I)=-X(1=-1)
D2=X(I+1}=-X(T)}
S1=(Y(I)-Y(I~1))/D1
S2=(Y{(I+1)-Y(I))}/D2

60 DY(I)=(D1%*S2+D2%51)/7(D1+D2)

AT LAST PDINT.
D1=X{M)-X{M=-1)
D2=X(M)}=X{M=-2)
S1=(Y(M)-Y(M=~1))/D1
S2={Y(M)-Y(M=2))/D2
DY{M)=(D2%S1~D1%*52)/(D2-D1)

66 RETURN

ONLY ONE POINT GIVEN.

70 DY(L)=0,
€0 TO €6

ONLY TwO POINTS GIVEN.

80 DY(L)={Y(M)=Y(L))I/(X(M}=X(L))
DY(M)=DY(L)
GO TO 66
END

]

SUBROUTINE DERIV
COMMON/XCHGE/STIGN1,P,FF, TORR
COMMON/HONE/H1,H2

COMMONZARRR/KRyNRy XIR(200)5AIR(200),DIR(200)5,XCR(200)

COMMON/BBDD/AJsAAME(200) 5, AAR(200)



COMMON/ ARRME/KMEsNME » XIME(200)ATIME(200),DIME(200) s XCMEL200)
COMMON/ ANS/THTASDELSTASGASQT,BMUsGAM2]1
COMMON/REIN/TO,TWsSIGMASGAMMA,REYNOs ASEA
COMMCN/CONST/R»S»GoPIsGWsTOKIBIEFL1yEF2sHs AMESDMESPT3,REY3» TES IRY
COMMON/ INTEG/CFsDELsOCF> DDLs CX»DXMN, DXMX s X9 XEND s MEND
CALL PI(KMEsNME,XCMEs» AIMEs Xs AME)
CALL PT(KMEsNME, XCMEsDIME, X,DME)
CALL PI(KRsNRs»XCRyAIRs»XsRR)

CALL PI(KRsNRsXCRsDIRsXsDR)
SIGN1=-1,

IF(CF.GT.0.,) SIGN1=1l,

SIGN=1.

C5125.1-0,614/7(0.4%ASEA)

c52=5,1

G1lK=0,

G2K=0,.

HG1K=0,

HG2K=0,

G1=0,

G2=0.

HG1=0.

HG2=0,

DG1CF=0,

DG2CF=0.

DG1DL=0.

DG2DL=0,

DG1ME=0,

DG2ME=C.

HDG1CF=0,

HDG2CF=0,

HDG1DL=0,

HDG2DL=0.

HDG1ME=0,

HDG2ME=0,

AME2=AME*AME

Sl=l,.+S*AME2

Cl1l=GW*S1

C22=S1-S1*CW

C33==S*AME2

TE=TC/S1

TOTT=(TC/TE) **GAM21
TE198=(TE+198,6)/(T0+168.6)
REY3=CASQT*TOTT*TE198/BMU
IF(IRY. LT.1) GO TO 40
REYND=PT3*AME*REY3/12,

CONTINUE

ASC=S*AME2*TOW/S1

A=SQRT(ASQ)

ASB=2,*AS5Q-8B

XYZ1=2 ,*S*AME
STWE=SQRT(0.5*%TW/TE)

B24=B*B+4 ,%ASQ

SQBA=SQRT(B24)
SARC=ASIN(ASB/SQBA)

USTT=A/SARC

USTA=STWEX*USTT

CF3=ABS(CF)
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CF2=SGRT(CF3)
IF(CF.LT.0.) SIGN=~1,
SCF=SICGN*CF2

R1=SCF*USTA
Q1=0.5%*5QBA/ASQ
C2=0.5*B/ASQ

TETu=TE/TW
TATaREYNO*STWE*TETW**1.76
TATD=TAT*CF2
TATDC=TATD#*DEL
IF(CF3.LT.TORR) GO TO 83
R2=2.5%ALOG(TATDC)I+CS1
P=C,5-0.5%¥R1*%R2

GO TC B4

CONT INUE

P=0,5

CONTINUE _
UU=SCORT(GAMMA*R*TE)*AME*12 .*SQRT(G)
SIG3=S*AME2%SIGMA*%0.333333+1,
TR=TO*SIG3/S1
GAM1={GAMMA=1, )*AME

C DIFFERENTIATE WITH RESPECT TO ME

85

86

77

DTEME=~TO*2.%S*AME/(S1%*S1)

DAME=SQRT (TOW*S/S1)*(1.-S*¥AME2/S51)
DASQME=2.*A*DAME
DT17ME=1,76*%(TETW)**0,76*DTEME/TH
DBAME=-0.,5%B*DASQOME/(ASQ*ASQ)
DSQBME=DASQME/ (ASQ*5QBA)-0,5*%SCBA*DASOME/ (ASQ*ASQ)
DA2BME=(2 #*DASQME=(Z2.%¥ASQ-B)*2,%¥DASQME/B24)/SQBA
TIN=1l.-(ASB¥*ASB/B24)

TINSQ=SQRTITIN)

DARCME=DA2Z2BME/TINSQ
DSQTME=-0.,5*STWE*DTEME/TE
DAARME=DAME/SARC-A*DARCME/ (SARC*SARC)
IF(CF3.LT.TORR) GO TO 85
DRIME=SCF*(DSQTME*USTT+STWE*DAARME)
DR2ME=2.5*DT17TME/TETW**1 . 7€6+2.5¥DSQTME/STWE
DPME==0,5%R2*DRIME~0.,5*%R1*DR2ZME
DRICF=Q.5%R1/CF3

DR2CF=1.25/CF3
DPCF=-0.5*DR1CF*R2-0.5*DR2CF*R1
DR2DL=2.5/DEL

DPDL=-0.5%2.5%R1/DEL

60 TC 86

CONTINUE

DPME=0.

DPCF=0,

DPDL=0.

CONTINUE

E605=EXP((10.-C52)7/2.5)

DEL10O=DEL/10.

Y1=E605/TATD

IF(Y1.GT.DEL10)} Yl=DELI1O
DY=(DEL-Y1)/50.

M=1

N=1

DO 1 I=MsN
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Y=Y1+(51=-1)%DY

YD=Y/DEL

PYD=PI*YD

YDDC=YD**ASEA

YDD1=1.-YDDC

YDSQ=SORT(YDD1)

YDS1=YDSQ+1,
ALGY=ALOG(YD)+2,*%(YDSQ-ALOG(YDS1))/ASEA
UUEST=1,42.5%R1*ALGY -P-P*COS(PYD)
UUE=Q1#SIN(UUEST*SARC)+Q2

UUE 2sUUE*UUE

Z=C11+C22*UUE+C33*UUE2

71=1./1

22=11/1

B70=UUEST*SARC

DUSTME=2,5%SCF*ALGY *(DSQTME*USTT+STWE*DAARME) ~DPME*(1.+COS(P

1YD))
DSINME=COS(B70)*(SARC*DUSTME+UUEST#DARCME)
DUUEME=DSQBME*SIN(B70)+Q1*DSINME+DBAMF
DZM=(GAMMA~1.) *AME
DZME=DZM*GW+DZM*(1.-GW)*UUE+DUUEME#C22-DZM*UUE2+2,.*C33*UUE*DUY
1EME

DUESTU=Q1#*COS(B70)*SARC
DZULE=C22+2,*C33*UUE
DUSTCF=2,5%USTA*0, 5%ALGY /ISCF=DPCF*(1.+COS(PYD))
DULECF=DUESTU*DUSTCF

DZCF=DZUUE*DUUECF

RPI=YDSQ/DEL
DUSTDOL=-2.5%USTA*SCF*RPI-DPDL*(1.+COS(PYD) )-P*SIN{PYD)*PYN/DEL
DUUEDL=DUESTU*DUSTDL

DZDL=DZUUE*DUUEDL

G1lKP=UUE

G2KP=UUE2

G1P=UUE*Z1

G2P=UUE2%*Z1
DG1CFP=Z1*DUUECF~Z2*%UUE*DZICF

DG2CFP=2 *UUE*CUUECF*Z1-UUE2*DZCF*22
DGI1DLP=21%DUUEDL~Z2%UUE*DZEL

DG2DLP=2, *UUE*DUUEDL *Z1-UUE2*DZDL*22
DGIMEP=Z1*DUUEME-Z2*UUE*DZME

DG2MEP=2, *UUE*DUUEME*Z1~-UUE2*DZME*2Z2
GlK=GlK+G1KP

G2K=G2K+G2KP

Gl=Gl+G]1P

G2=G2+G2°P

DG1CF=DG1CF+DG1CFP

DG2CF=DG2CF+DG2CFP

DG1DL=DG1DL+DG1DLP

DG2DL=0G2DL+DG2DLP

DGIME=DGIME+DG1MEP

DG2ME=DG2ME+DG2MEP

CONTINUE

HG1K=HG1K+G1KP

HG2K=HG2K+G2KP

HG1=HG1+G1P

HG2=HG2+4G2P

HDC1CF=HDG1CF+DG1CFP
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11

700

701 FORMAT(5Xs4HGLlI=»F10e695Xs4HG2I=sF10.655X, 4HDEL=»F10.655X»

50

51

HDG2CF=HDG2CF+DG2CFP

HDG1DL=HDG1DL+DG1DLP

HDG2DL=HDG2DL+DG2DLP

HDG1ME=HDGIME+DG1MEP

HDG2ME=HDG2ME+DG2MEP

IF(M.NE.1) GO TO 11

M=2

N=51

GO TC 77

CONTINUE

GlI={G1l~0.5*%HGU) *DY+0.5%Y1*G1P
G2I=(G2-0.5%HG2)*DY+0.5%Y1*G2P
GIKI=(G1lK~0¢5*%HG1K)*DY+0.5%Y1*C1KP
G2KI=(G2K~0.5%HG2K)*DY+0.5%Y1*G2KP
THTA=G1I-621

DELSTA=DEL-G1I
DG1CFI=(DGICF~0.,5*HDG1CF)*DY+0.5*Y1*DG1CFP
DG2CFI=(DG2CF-0.5%HDCG2CF)*DY+0.5*Y1*DG2CFP
DG1DLI=(DG1DL~C.5*HDGiDL)*DY+C.5*Y1*DGC1DLP
DG2DLI=(DG2DL~0.5*HDGZDL)*DY+0.5%Y1*DG2DLP
DGIMEI=(DGIME-~0.5*HDGLME)}*DY+0.5%Y1*DGIMEP
DG2MEI={DG2ME~C,5*HDG2ME ) *DY+0.5*Y1*DC2MEP
DTHCF=DGICFI~-DG2CFI

DTHDL=DG1DLI-DG2DLI

DTHME=DGIMEI-DG2MEI

DDSCF=-DG1CFI

DDSME=-DG1MEI

DDSDL=~DG1DLI

H=DELSTA/THTA
AB={(H+1.-TR/TE)*TETW~-1.)/1,12
IF(AB.,LT.0.) WRITE(6,700) AB»H

FORMAT(5Xs 3HAE=,F10.6512Xs 2HH=»F10.6}
IF(A8.LT.0.) WRITE(65701) G1lI,»G2I»DELSDELSTASCF,»DX

17HDELSTA=sF10.653Xs3HCF=sFLl0,653Xs 3HDX=5F10.6)
AA=AB**EGL1+2,

Al=EQl*AB**EQ2 71.12
DTRDX=DME*GAM1*TO*(SIGMA*%*,333333-TR/T0)/S1
FRAC=(4e=2.%AA)*(64.~2.%AA)/ (2.-8B.%AA+2 . F¥AA*AA)
Hl=(1l.-AA¥AA)/ (&4 ,=2,%AA)

H2=DEL/THTA-H

H2K=Gl1KI1/(G1KI-G2KI)

IF(CF.GT.0.) GO TD 50

FFe(H244.2)%,0067
G0 70 51
CONTINUE

FF=0,0306%{H2K-3.0)*%=0,653

CONTINUE

DUDX1=12.*SQRT(G*GAMMA*R)

TES2=TO*AME2* (GAMMA-1,)/(2.*SQRT(TE)*S1%S1)
DUDX=DUDXY1*(SQRT(TE)~TES2) *#DME
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DUDXU=THTA*DUDX/UU

DH2DX=(FF-H2%CF/2.)/THTA+H2*(H+1.}+OUDRIUD
DTHDX=CF/2.~(H+2.-AME2)*DUDXU
IF{(ASJsNEsOo)DTHDX=UTHOX-THTA*DR/RR
DTEDX=—TC*2,*S*AME*DME/(S51%51)
T15={DTROX-DTEDX)*THTA/TE

DDSD1=DDSOL-1,

DETERM=DTHCF*DDSD1-DTHDL*DDSCF

THME=DTHD X~-DME*DTHME

DDSDC=-THTA*DH2DX-H2*DTHDX

DSME=DDSDC~-DME*DDSME

DCF=(DDSD1*THME~DTHDL*DSME)/DETERM
DOL=(DTHCF*DSME~DDSCF*THME)/DETERM

DDSDX=DDL+DDSDC
30 RETURN
END
TABLE 5-B:

INPUT TO PROGRAM BLGRN

2.82 10 + 13 TEETER
0. 536.6 536.6 73,

265 0.0001 0.01 1.
3.1 1.

7. “.

204514 2.,4427 2.4187 2.403
2465 2.708 2.8l4 2.886
e 4.

2.65 2.708 2.814 2.886

100

0,72 « 00169 0.126

1.

2.3896 2.3802 2.3648
2.9542 3.0018 3.08

2.9542 3.0018 3,08



10+13 F
2.85

0 47
2.82
0.0000G1
3.0C
e
1.942
0.342375
13.
2.02
1.02
B.
6.335

2 3
248
2.40
2.40
2.40
2.40
2,40
2.40
24410
2.4C
2.49
2.0
2.48
2.00
2.40
2440
2.40
2.40
248
2.40
240
2.40
2.4¢
2e4e
2.43
2.40
2440

2.40
2.4C
2.48
240
2.48
240
2.40
24
2.4012

TABLE 6:

INPUT TO METHOD OF CHARACTERISTICS PROGRAM

ROM 2.4

1
1.4
0.001
0.001
3.
3.235

13.
3.02

0.
0.999

2
1.02
1.01
1.00
8.99
0.9797
0.971827
0.9617
0.9516
0.9416
0.9315
0.921477
0.9114¢4
8.9014
0.881519
0.86174
0.84213
0.8227
0.80348
B.78445
0.765465
0.7471
0.7238777
6.71027
0.69297
0.67553
0.6584

3
0.L4B812
0.466C1
0.50812
0.51993
0.581397
0.60356
0.616255
0.62454L4
0.63984

2he
c.08001
0.001

3.25

-10.
Se.0

N
L)
[ ]
&

e o o s o o
~N

Wk, RrOoOoOOO
opLpOONOOLO

4.19945
443785
4,555
4.,729392
4.904
5.078366
5.25314%
5.4289
5.6062
5.7853
5. 96648
6.15
6.3367
1

13.0
12.33
11.2254
10. 98456
3.8785
9.5647

9. 44656
9.375146
24714

25.31
0.001

0.0
Se
-10.

2.53637
2.53637
2.53637
2453637
2.5369
2.538211
2.66272
2.6588
2.655
2.6515
2.6482
2.645
2.6418
2.6359
2.63035
2.62511
2.620
2.6154
2.6109
2.60662
2.6025
2.598
2.5948
2.5912
2.58775
2.58447

2.42914
2.4298
Z2e43212
243446
2e447921
2.451

2e 4505
2.L4500
24495

4ol

Se

0.99835
0.99835
G.99835
0.99835
0.93835
0.99835
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
€. 999
0.999
0.999
0.999
0.999
0.999
0.939
0.999
0.999
0.999
0.999

t.998
0.998
0.998
0.998
0.998
0.998
0.998
0.998
£.398

1.

1.
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TABLE 7-A: PROGRAM MFLX

PROGRAMN MFLX{INPUT,0UTPUT,TAPE S=INPUT,

TAPE 6=0UTPUT)

PROGRAM FOR COMPUTATION OF MASS AND MOMENTUM FLUX

INPUT FORMAT 7F10.6 EXCEPT CARD 1

1
2

e W

1

CARD(S)? COLUMNS

TITLE, COLUMNS 1-72 HOLLERITH

1-18 TO TOTAL TEMPERATURE DEGREE R

11-2C CR GAS CONSTANT(=53.3)
21-30 AN NO. OF POINTS INPUT
31-4C DY AVERAGE INCREMENT (INCH)

«1-50 RC RADIUS OF LOCAL CONE SURFACE (INCH)
51-60 AIN =f. NO MORE JOB AFTER THIS INPUT
=1. MORE JOB AFTER THIS INPUT

1-712 R RAQOIUS AN VALUES (INCH)
1-79 EM MACH NUM3ER AN VALUES

1-78 P STATIC PRESSURE AN VALUES (PSIA)
DIMENSION EM(2008),R(200),ROUC208) ,ROUU(200)

DIMENSION P(200)

UTMENSION TITLE(12)
READ(5,1000) (TITLE(J)yJ=1,12)
WRITE(6,2000) (TITLE(J) 4J=1,12)
READ(5,100) TOsCR4AN,DOYRCHAIN
WRITE(6,400) TO.RC

N=AN

READ(5,100) (R(I}),I=1,N)
READ(S,100) (EM(I),I=1,N)
READ(S5,130) (P(I) I=1,N)
WRITE(6,300)

SUM=0,

BU=0.

BUU=0.,

SUN=0.

D0 2 I=1,N

AI=I

A=SQRT(TO)
TOT=1.#0,2*EM(I)*EM(I)
A3=SQRTITCT)
ROUCINI=69.¥144.¥P (1) *EM(I}*AB/(CR*A)
U=4C8.,*EM(I)*A/AB
RCUU(TI)I=RCUITI)*U

IF(I.EQ.1) GO 70 20 <)
RIU=0,5*(ROUCI-1) +R0OU(I))
RIUU=0.5% (ROUU(I-1)+R0OVUULI))
ARE=JF (141 E¥ [R(IV*R(IV-R{I-1I*R(I-1)) /7144,
BU=RIU*ARE

BUU=RIUU*ARE



20 SUM=SUM+BU
SUN=SUN+BUU

WRITE(6,200) RI(I) LEMUI) 4P (1), SUMySUN
2 CONTINUE

1000 FORMAT(12Ab)

2000 FCRMAT(1H1,1GX412A67/7)
1C0 FCRMAT (7F1D.6)

200 FCRMAT( 10XsF10e6+5XsFL0eE95XsF10.695X9F10.645X9F15.6)
3060 FCRMAT(/15Xs1HRy1SXs1HM 915X y1HP 910Xy 9HMASS FLUX$10X,8HMOM FLUXZ/)
400 FORMAT(/20X,3HTO0=49F6.299H DEGREE R

IF(AIN.EQ.1s) GO TO 1

END

H=2.82
536 .6
0.55145
0.585
0.620
8.655
8.690
0.725
B8.760
9.795
8.830
8.865
2.434
2.434
24304
2440
2.440
2.450
2.460
2.460
2.335
2.3186
1.8110
1.8€C9
1.805
1.795
1.785

TABLE 7-B:

INPUT TO PROGRAM MFLX

X=2.85

53.3
8.555
0.590
§.625
0.660
0.695
0.730
8.765
0.808
0.835
0.8780
2.434
2.434
2. 434
2.4i4D
2440
24450
2.460
2.469
2.335
24310
1.819
1.810
1.805
1.795
1.785

70.

0.560
0.595
0.630
0.665
g.7C0
0.735
0.770
8.805
0.848
0.875
2.434%
2'#3“
2.434
2.440
2.450
2.4508
2.460
2.460
2.335
2.311
1.8140
1.810
1.300
1.795
1.780

MASS FLUX CHECK

0.085
0.565
0.600
0635
0.670
0.705
o740
0.775
6.810
0.345
0.83380
Cola3b
2e30
2.434
2.440
2450
2.450
2+.460
2+460
2.335
2340
1.810
1.8085
1.800
1.795
1.780

0.55145
0.570
0.605
0.640
6.675
0.7180
0.745
0.780
0.815
C.850
0.885
2. 434
2.434
2434
2e 440
244510
2.450
2.4b0
2.460
20325
24347
1.810
1.805
1.8C3
1.790
1.77¢

1.

0.575
§.610
0.645
0.680
9.715

0.855
0.890
24434
2e43%
2.434
2e 440
2.450
2.450
2.460
2.4100
2.325
2+ 345
1.818
1.805
1.800
1.790
1.775

15Xe4H RC= oFBabebH INJ/)

0.580
0.615
0.650
0.685
G.720
0.755
0.790
0.325
0.860
0.895
2430
24430
2.434
24440
2.450
2.460
2.460
2.335
2.320
2345
1.810
1.885
1.800
1.790
1.775

103



1.770
1.750
1.725
2.158
2.170

X=2.988
53646
0.58331
0.615
0.650
9.685
8.720
0.755
0.790
0.825
0.860
0.895
2. lth
2o tlls
2olhts
2.bik
2obll
2. 4bG
2.307
2.307
2.307
2.307
1.784
1.784
1.784
1.784
1.785
1.795
2.215
2.215
2.220
2.220

X=3.205%
536.6
0.633417
8.665
0.7C0
0.735
G.770
3.8C5
D.84D
0.875
0.910
24445
24145
24285

104

1.77¢0
1.743
1.725
2.160
2.170

MASS

53.3
0.585

0.620
0.655
0.690
0.725
0.760
0.795
0.830
0.865
0.908
2. 4ty
24l
FIAARA
2.444
2,444
2. 444
2.307
2.307
2.307
2.307
1.784
1.78%
1.78%
1.784
1.785
1.796
2.215
2.215
2.220
2.220

MASS FLUX CHECK

53.3

0.635
0.6718
0.705
D «740
0,775
0.810
0.3845
0.880
0.915
2ells5
2.445
2.280

1.765
1.73%
1.735
2.170
24153

CHECK
69.
0. 590
0.625
3.6680
0.695
0.730
0.765
0.880
0.835
0.870
8.905
2ellily
2okl
2o bkl
2ellly
2olelily
2elly
2.307
2307
2.307
2307
1.784
1.78%
1.784
1.784
1.785
1.796
2.215
24215
2.220
2.220

63.

D640
0.675
0.710
0.745
0.780
0.815
0.850
D.B8S
0.920
2.445
2445
2.265

1.760
1.723
1.740
2.170
2130

2,005
0.595
0.630
D665
3.709
0.735
0.770
0.805
0.840
0.875
0.910
2 blels
2o bl
2o bl
Celille
2 444
2.4t
2.307
2.307
2.337
2.307
1.784
1.784
1.784
1.784
1.785
1.798
2.215
2.215
2.220
2.2290

0.005
0645
0.680
9.715
0.7590
3.785
0.820
0.855
0.890
0.925
2o 45
2445
24250

1.755
1,720
1.830
2.170
20125

0.58331
0.600
0. 635
0.670
C.705
D.740
0.775
0.810
. 845
0.880
0.915
2elitele
2,444
2. 4404
FITANA
2o tly
2444
2.307
2.307
2.307
2.357
1.784
1.784
1.784
1.784
1,795
2.220
2.215
2.220
2.220
2.220

0. 6330
0.650
t.685
t.720
0.755
8.790
0.825
G.860
0.895
0.930
2.44°5
2.445
24243

1.754
1.720
2.110
2.170
2.0090

1.

0.605
0.640
0.675
G.710
0.745
0.788
0.815
0.850
0.885
9.920
244kl
2o blit
2o lkelely
24 bisl
2obb
2.307
2.307
2.307
2.307
2.307
1.784
1.76“
1.784
1,784
1,795
2.215
2.215
2.220
2,220
2.220

0.655
0.690
0.725
0.760
0.795
0.830
0.865
0.900
2.935
2445
24445
2.245

1.750
1.720
2.120
2170
2.080

0.610
0.645
0.680
0.715
0.750
0.785
0.8280
0.855
0.890

2.444
2elilly
244G
2ol
2o bl
2.307
2307
2307
2.307

1.734
1.784
1.784
1.78%
1.795
24215
2.215
2.220
2.220
2.220

0.660
0.695
0.730
0.765
0.800
0.835
00870
C.905
0.9%0
2o 445
2.350
2.258



2255 2.260 2.270 2.283

2.315 2.310 24305 2.300
2.375 2.370 2.265 2.262
24258 2.255 24252 2.252
2.252 24252 2.252 24252
2.252 2.252 2.252 2.252
1.775 1.775 1.775 1.775
1.775% 1.775 1775 1.775
24247 2.259 2.260 2.275
2.270 2.269 2.250 2.240
2.182 2.192 2.211 2.231
2.3110 2335 24350 24365
2.384 20390 2.395 2430
2.401 2.401 24401 2.401
2.410 24410 2.415 2.415

TABLE 8: INPUT TO PROGRAM ANAL

2.300
2.309
2.260
2.252
2.252
2.252
1.775
1.775
2.298
2.230
2.250
2.370
2.401
2.401
20415

SECCOND SHOCK M=2.82 10+13
SLOT BLEED=0.028

2.411 0.037747 77599.4 2.
-0.028 0. 2e 0.4

4.5 33.

0.1225 1.0 0.5

13.

1.00 1.00 2.3447 1.15¢€
1.03627 1.005586 2.322 1.1987
1.072559 1.009497 2.32 1.2014
1.10813 1.013407 2.2993 1.24084
1.12657 1.01676 2.293 1.25415
1.18140 1.022% 2.269 1.3007
1.21767 1.027S33 2.259 1.32075
1.25758 1.0305 2248 1.3457
1.27935 1.03575 2.244 1.35682
1.29749 1.038 2.24 1.3667
1.36279 1.0447 20234 1.40843
1.33907 1.05027 24230 1.44133
1.43535 1.05586 2.227 1.48133

NASA-Langiey, 1976

4e52
Lo D2
3.998
3.95%
3.90
4. 00
4,010
4.018
4.02
4. 04
4,08
4412
4.16

2.310
2.380
2260
2.252
2.252
2.252
1.775
1.775
2.290
2.220
24270
2.375
2.401
2.401
24415

2.315
2.380
2.260
2.252
2.252
2.252
1.775
2.000
2.280
2.220
2.290
24380
2.401
2.410
2+415

1.

105



