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COMPUTER PROGRAM FOR CALCULATING
FLOW FIELDS IN SUPERSONIC INLETS

By Virginia L. Sorensen
Ames Research Center

SUMMARY

A Fortran IV computer program for calculating the flow fields in three-dimensional
axisymmetric or two-dimensional inlets has been written. The program has been
written to handle inlets designed with smooth compression surfaces and for which
the attached bow shock falls outside the cowl lip. The method of characteristics has
been used to calculate a uniform field of points and at each of these points the total
pressure, Mach number, local flow angle, and static pressure ratio are printed. The
numerical procedures used are fully described and a test case is presented.

INTRODUCTION

The mathematical tools for calculating flow fields in supersonic inlets have been
available for many years. The complexity of the mathematical procedures however,
has been a mgjor obstacle in effectively and rapidly designing inlets other than those
with simple two-dimensional compression surfaces. A Fortran IV computer program
employing the method of characteristics for a perfect gas has therefore been written
to assist in the design of three-dimensional axisymmetric or two-dimensiona inlets.
The program is limited in application to designs in which the bow shock wave does
not intersect the cowl so that internal shock wave intersections do not occur (see
fig. 1). In addition, no viscous effects are considered. Within these limitations the
flow fields of inlets with theoretical efficiencies up to 100 percent (100-percent total
pressure recovery) can be described.

This program has been made available to a number of organizations and the purpose
of thisreport isto aid those organizations and any others using this program. The
basic equations are presented and the program is described fully in this report. This
description includes the program listing, program usages, flow charts, and a sample
case.

The input to the program consists of the surface contours, the free-stream Mach
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number, and other pertinent parameters which are described in appendix A. The
output consists of auniform field of points, at each of which the total pressure,
Mach number, local flow angle, and static pressure ratio are printed.

This program will be distributed in card form by the Ames Research Center upon
written request. This distribution also includes complete sample cases, program
listings, and a complete set of outpuit.

PROGRAM DESCRIPTION

The method of characteristics is a standard procedure used in the study of
supersonic flow fields. It isfully described in references 1 and 2. The basic
eguations used here are essentially those developed in reference 3, but with
modifications made by Mr. Leroy Presley of Ames Research Center. The numerical
techniques used in this program are described below. Appendix A contains the
program usage, a description of the required input, alist of error messages, the
program listing, and a test case. Because flow diagrams are often helpful in
remedying program difficulties, a complete set of diagramsis presented in appendix
B.

Basic Equations
The basic equation used in the program is the compatibility equation
ddo=tAdW = CxDdS

where
W=V/a

A = (W) cot p
C=(c/nsnpusin o

D = (1/2g)sin 2u
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The upper signsin equation (1a) are used along the first-family characteristic lines
defined by equation (1b). The lower signs in equation (1a) are used along the
second-family characteristic lines defined by equation (Ic)

d
d—;: tan(m+ d)

dr
&— - tan(m- d)

The equation for the two-dimensional characteristics program is obtained by setting
the term C equal to zero.

Basic Computational Techniques

In order to facilitate the computation, the flow field behind the bow shock wave is
broken into several regions bounded by shock waves as shown in figure 1. A
second-family region exists behind a down-shock (regions2 and 4 in fig. 1) and a
first-family region behind an up-shock (regions 1 and 3 infig. 1). If thesignsin
eguation (1) are reversed, the same computation schemes may be used for both the
first- and second-family regions. Thus, in the equations to follow, a double sign
implies that the upper sign isto be used in first-family regions and the lower signin
second-family regions.

In each region successive rays are computed from a surface to a shock wave until
the shock wave intersects a surface or falls outside the cowl lip asin the case of the
first region. As soon as the intersection occurs anew region is started and the
previous region continued only in the areain which it is needed, thereby eliminating
unnecessary calculations. Thisis described more fully in the section on Shock Point
Calculation.

A numbering scheme has been set up such that each point in the flow field is defined
uniquely by aregion number, i, aray number, j, and a point number, k. (Seefig. 2.)
Inthisfigure, j' =] - 1, wherej isthe current ray number, and j is the previous ray
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number. The subscript k is the current point number in the current ray. The subscript
k'=k-1ifjisodd and k' =k if j iseven. In afirst-family region, k' isafirst family
point; that is, it is located on the first-family characteristic to thepoint k and k' + 1 is
located on the second-family characteristic. In a second-family region the k' and k' +
1 points are interchanged. Each odd-numbered ray contains a body point. Each ray
contains a shock point until such time as a body-shock or cowl-shock intersection
occurs in the region. Three adjacent vertical computation rays are shown in figure 1
with their connecting characteristic lines.

Field Point Calculation

In computing a flow-field point, the geometrical location of the point is at the
intersection of the first- and second-family characteristic lines. The x coordinate is
found from equation (2):

Feoas Tt [xie tan(ms d), + X tan(mF d), .|
X =
‘ t[tan(m d),.+ tan(m¥ d),., |

Ther coordinate is found by equation (3):
M= et (Xe- Xe) tan(mxd),,
The distance along the characteristic lines is found from equations (4):

(0)-()...-
()=()....-

In order to find the stream angle, entropy, and velocity, the compatibility equation,
eguation (1), is put into finite difference form, equations (5):

Ne- Te |
resin(mz d)k.|

M- MNe+ |
rk'+1Si n (m$ d)k'+1
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Oy - O = +A(W, - W) £ C = Dy(S -S0)
6k - 6k‘+1 = $Ak‘+1(Wk - Wk‘+1) * Ck‘+1 + Dk‘+1(SK _SK‘+1)

This set of two equations in three unknowns may be solved for 6, in terms of S,
eguation (6):

By assuming alinear variation in entropy along a normal to the streamline through
the point k, we may obtain an additional equation. Equations (7) are derived
geometrically and are shown schematically in figure 3.

S =Set - (Sea- S)
K k' a+b +1

c| . _
a= (?)1s|n[(mi d)k.+dk]

b= (E) snf(mFd),.,,+d,]
r 2

Aninitia value of 6 may be computed by assuming no entropy loss along the
characteristic lines; that is, the terms (S.-S,) and (S, - S..,) in equation (6) are zero.
Equations (6) and (7) are then solved iteratively until successive values of o
converge. The velocity W, may be obtained from equations(5). The remaining
properties are then computed from standard relationships found in reference 4 and
are presented in equations (8) through (13)
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W2

M, = 1
1- 5(9- 1) Wi

m :sin'laeig
X &M, o

g

g-1

& = 1 2
o, [l- 2(g - 1)Wk]

g

P, go-1

1
o, = [1+ E(g - 1)W§]

&p, 0P, 0P, 0

g gp 8Pé

'U|x

Shock Point Calculation

In computing a shock point, the point k isfirst located geometrically on the shock
wave, asin figure 4. In aregion in which the upstream conditions are free stream,
this point is found simply by adding a constant to the x coordinate of the previous
shock point. In aregion of variable upstream properties the shock point is located
geometrically at the intersection of shock wave and the opposite family
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characteristic line in the upstream region. The upstream properties are then found
simply by linear interpolation. It should be noted that characteristics in the upstream
region are dropped when they are no longer required in the solution (such asline AB
in fig. 4). computing time is thereby saved.

In order to find the properties of the shock point, k, another point is computed as the
intersection of the shock wave and the characteristic line from the point k - 1 (see
fig. 5). Thisintersection point is determined by substituting the shock-wave angle 6
for p and the upstream region stream angle 6, for 6 in equations (2) and (3). For
very weak shock waves, the angle i + 0 is amost the same as the shock-wave angle
and an intersection point k can occur upstream of the previous shock point or
extremely far downstream. In this case the shock point properties at k are set equal
to the upstream properties of the point. A regular shock-wave point will be
computed if the intersection point occurs downstream of the previous shock wave.

The next step in the procedure for computing the shock point normally isto find a
new point k'. A lineis constructed parallél to the first-family Mach line through the
points k and k - 1. The line passes through the point k. The point of intersection of
this line with the second-family Mach line

through the pointsk' + 1 and k - 1 isthe new k' point for the shock calculation and
is designated by k' in figure 5. The properties at the point k' are formed by linear
interpolation between the pointsk' + 1 and k - 1.

The computation for the shock-wave point then proceeds by an iterative solution.
The equations involved are equations (14) through (16), which were obtained from
reference (4), and equation (17).

sin®qg+sin‘q+csinfqg+d=0
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2M2+1 é(g+1)? g-10. ,
C= + A + 1sin“d
M: & 4 MZ§

cos’ d

Oy - O = £A(W, - W) £ Cp £ Di(S, -S,)

Asafirst approximationto 9, ,equation (17) is computed assuming the terms
involving W and S are zero. A value of sin®0 is then obtained from equations(14) by
solving the cubic by atrigonometric method. This trigonometric method is described
in reference 5. Of the three roots obtained, the middle root is the desired weak
shock solution. Equations (15) and (16) are then used to compute new values for S,
and W,. Wit

h these values a new value of 6, may be obtained from equation (17). If this value
of d, agrees well with the previous 6, computed the iteration is terminated. If it does
not, the new value of 9§, isaveraged with the previous o, and the iteration
continues by recomputing sin?0, S, and W, as before.

Body Point Calculation

The first step in computing a body point isto locate it geometrically at the
intersection of a characteristic line and the body. The body may be either the
centerbody or the cowl. If the body is supplied in tabular form a search is performed
in the table and the location is found by the ssimultaneous solution of two linear
equationsin x and r and the stream angle hk is obtain from the table. When the body
is supplied in the form of afunction, the location of the point is found by combining
the equation for the body, equation (18), and the characteristic line equation,
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equation (19), to form equation (20):

M= ret (Xe- Xe) tan(mxd),  XXXXXXX

Equation (19) may then be solved for xk by means of the Newton-Raphson
technique (ref. 6). The stream angle 9§, is set equal to the arc-tangent of the slope
of the body at the intersection point.

The remaining properties are easily found since the entropy Sk remains constant on
the surface between shock wave impingements. Thus, given 9§, and Sk, W, may be
found from the compatibility equation, equations (5). Equations (8) through (13)
furnish the remainder of the calculation.

Starting the Solutions

The calculation may be initiated in two ways. The first method is to approximate a
conical flow at the nose. The second method is to use some other procedure to
calculate severa points along a vertical input ray.

In the first case, the stream angle and the Mach number on the body and at the
shock must be supplied to the program. From these quantities the remaining
properties may be found. As few as two points may be used to start the flow field.
However, three points are better when the Mach number is low (below Mach 2) or
the centerbody angleis smal (e.g., 0, = 5°). Thethird point is the average of the
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first two.

In the latter case, any method may be used to compute a vertical ray consisting of a
number of points at any station on the centerbody ahead of the cowl lip. The
quantities, entropy, Sk, velocity, W, and stream angle, §,, at each point are the
required input parameters.

Starting a New Region

A new region is started after a shock wave has impinged on a body or after the flow
field in the initia region has intersected the cowl lip. A two-dimensional flow is
assumed in the immediate area of the intersection for the purpose of computing the
starting ray. Theinitial ray has two points, a shock point and a body point both with
the same x coordinate. The x coordinate is determined by adding a constant to the x
coordinate of the intersection point. This constant is determined by taking a
percentage of the constant used in starting the previous region. The r coordinate at
the body is determined from the body equation or table, asis the slope of the body.
The dope of the body determines the stream angle at both points. The shock wave
angle is computed by equations (14). The entropy and the velocity may then be
computed from equations (15) and (16). The r coordinate of the shock point is then
computed using the shock-wave angle.

A means of controlling accuracy in the program is by modifying the distance from
the cowl lip to the initial ray in the second region. This distance is computed as a
percentage of the bow shock wave spacing. The percentage used is an input
guantity. However, if noneis provided, avalue of 0.50 is used. The accuracy of the
solution has been improved by use of a spacing compatible with the local mesh size.

Control of the Mesh Size
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Control of the mesh spacing has been found to be desirable in order to maintain a
good distribution of output at the throat of the inlet. The characteristic mesh sizein
theinitia region is controlled by the spacing on the input line and by spacing the
shock points evenly along the bow shock wave. The latter technique is employed to
limit spreading of the mesh. The spacing along the bow shock wave is controlled by
an input quantity. The horizontal distance along the shock wave is computed as the
product of this input quantity and the distance from the nose of the centerbody to the
initial point on the input ray.

The characteristic mesh in subsequent regions is controlled by the way in which the
shock wave points are computed. The points are located geometrically as the point
of intersection of a characteristic line in the upstream region and the shock wave.
The mesh size is thus controlled by the mesh size of the previous region.

A means has been provided for discarding intermediate pointsin avertical ray when
it is desired to expand the mesh rapidly. This expanding provides for increasing the
accuracy in the nose region without substantially decreasing the speed of the
solution. The discarding of pointsis under the control of the user by input quantities.

Refining the Solution

When the distance between points along a characteristic line exceeds a value
specified by the user, a means has been provided for improving the accuracy of the
solution as in reference 3 without increasing the number of pointsin the mesh. The
valuesof x,r, S, W, and 0 at the pointsk and k' are averaged together and the k'
point is replaced by the averaged values. The same is done with the k' + 1 point.
Thek point is then recomputed. If the new value of W, agrees closely with the
previous value of W, the iteration is complete. If not, the points are again averaged
and the point k recomputed. Thisis done until the value of W, does not change
appreciably.

Coalescence

The coalescence of characteristic linesto form a shock wave is a serious problem,
for it indicates that the inlet design is not avery good one. The user must then
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redesign the body contours and recal culate the flow field until the coalescence has
been avoided.

When two characteristic lines coalesce, the user is notified and atest made in the
program to determine whether or not the two lines have actually crossed. If they
have, the downstream characteristic line is dropped, a message is printed, and the
flow-field calculation continues. The user can then determine if the shock waveisin
fact building up or if the coalescence occurred because of inaccuracies arising from
some of the approximations used in the program.

When two characteristic lines become arbitrarily close to each other, the accuracy of
the solution tends to decrease. There is a significant loss in the number of digits of
accuracy. To avoid this problem, it is assumed, in this case that coalescence has
actually occurred and the downstream characteristic line is dropped.

CONCLUDING REMARKS

A Fortran IV computer program to calculate the flow fields in three-dimensional
axisymmetric or two-dimensional inlets has been written.

In writing the program, every effort has been made to keep the computation as rapid
as possible. The calculation of the upstream and downstream regions has been
carried on concurrently to avoid the computation of extraneous flow-field points and
the necessity of saving al the pointsin the upstream region. In this way the use of
external storage devices has been avoided. Extensive search techniques and
elaborate curve-fitting schemes have been avoided as well as high-order
interpolation formulas. As afurther aid, several cases may be stacked to be run at
the same time.

The program is flexible since the flow field may be initiated in two ways and the
surface input may be tabular or analytical. When tabular input is used the
compression surfaces can be defined by both coordinates and local surface angles.
The input of surface angles is redundant; however, coordinates alone cannot usually
be calculated for input accurately enough or smoothly enough to give a uniform
mesh of characteristics. It is suggested that the surface angles be plotted and faired
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before they are used as input.

The rapidity with which a case may be computed (from 0.5 to 2.0 minutes per case)
has been an advantage in designing inlets, since atrial and error design procedure
involving many cases is often necessary.

The suitability and accuracy of the program for the design of supersonicinletsis
illustrated by the inlet design shown in figure 6. The input and output for this case
are presented in appendix A. This particular case was computed in less than one
minute on an IBM 7094 computer.

Ames Research Center

National Aeronautics and Space Administration
Moffett Field, Calif., Mar. 25, 1965
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