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Cartesian Mesh Solution for Axisymmetric Transonic
Potential Flow Around Inlets

T. A. Reyhner*
Boeing Commercial Airplane Company, Seattle, Wash.

A procedure has been developed for computing transonic solutions of the exact axisymmetric compressible
potential flow equation for flow about inlets. A cartesian mesh is used in physical coordinates to eliminate
restrictions on the geometries that can be treated. The method is shown to be fast and stable; and agreement
between analysis and data is excellent. The solution procedure is valid for any geometry or any number of
surfaces. The method was developed as a first step toward a general three-dimensional analysis and all parts of
the procedure apply directly to three-dimensional flow computation with a minimum of further development.

Nomenclature
A oo = capture area
A Hi = area enclosed by Hilite
A TH = throat area
a = speed of sound
n = coordinate normal to surface
n = unit normal to surface
nr, nz = components of n
q = velocity, (</> r

2 + 4>z
2) l/2

r = radius
Ar = step size in r
S = surface point
s = coordinate along surface
z = axial coordinate
Az = step size in z
7 = ratio of specific heats
X = eigenvalue
0 = potential function
<t>n = d</>/dfl, velocity normal to surface
</>r =d(j>/dr, radial velocity
</>z =d<t>/dz9 axial velocity
co = local over-relaxation parameter
ojw = overall (nominal) over-relaxation parameter

Superscripts

= value after updating

Subscripts

m,n — mesh indices
£,#,w = step-size subscripts (Fig. 3)
r,z = partial derivatives
oo = freestream

Introduction

I N the last few years significant progress has been made on
the problem of analytic solutions of transonic flow

problems. The work of Murman and Cole,! which treats the
small-disturbance form of the potential equation, but allows
shocks, used upwind differencing in supersonic flow regions
to allow the computation of mixed elliptic and hyperbolic
equation systems. Another approach, the integration of the
equations of unsteady compressible flow forward in time to
approach a steady state, developed by Magnus and
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Yoshihara,2 has shown promising results, but the com-
putations are very lengthy. The Murman and Cole approach
of solving the steady form of the small-disturbance equation
using relaxation has been extended by many investigators.
Solutions available include small-disturbance theory applied
to three-dimensional bodies,3 and a solution of the exact
three-dimensional potential equation for a class of wing
planforms.4 Most of these works have involved trans-
formations such that the body surface coincides with a
coordinate surface or small-disturbance theory. Carlson5 has
used cartesian coordinates to calculate the flow about two-
dimensional airfoils. Solutions for flow about axisymmetric
inlets include those by Arlinger,6 Colehour,7 and Caughey
and Jameson.8

One of the critical points in the performance envelope of an
airplane jet-engine inlet is the low speed, high angle-of-attack,
high airflow condition that occurs just after takeoff. To meet
angle-of-attack performance criteria without a significant
increase in cruise drag, inlets are often designed with a dif-
ferent lip shape on the bottom quadrant than on the top. As a
consequence many practical inlets are not axisymmetric. An
additional problem is created by nacelles that are mounted
close to the wing, because the interaction between the wing,
strut,and nacelle becomes important.The above flows are all
three-dimensional, and are mentioned in order of the in-
creased geometrical complexity. These are very practical
problems; their existence makes the development of a three-
dimensional potential flow program with good geometrical
flexibility very desirable. This paper describes a step towards
that goal

It is obvious that a solution of the exact three-dimensional
potential flow equation using a cartesian mesh would have
many advantages. A difficulty with programs using body-
oriented coordinate systems is that they are generally
restricted in the number of different geometries they are
capable of handling. It was decided that the necessary dif-
ferencing and solution procedures for a three-dimensional
cartesian rnesh solution could be developed faster and with
less work by studying a two-dimensional or an axisymmetric
problem. The axisymmetric problem was chosen because it
applied to inlets, and analytic and test results were available to
guide the work.

An analysis and computer program have been developed to
solve the exact compressible potential flow equation for
transonic axisymmetric flow about an arbitrarily shaped cowl
with or without a centerbody. This analysis uses a cartesian
mesh consisting of the radial coordinate r and the axial
coordinate z. The analysis is fast, reliable and accurate.
Equally valid solutions of the axisymmetric flow problem6"9

are presently available, but the approaches used do not extend
directly to three-dimensions and, depending on the approach,
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are oriented to a narrow class of geometries. This approach
directly extends to three-dimensional flows; the only apparent
limitation in three-dimensions would be the need for suf-
ficient mesh lines to resolve body features. The analysis does
not use any transformations and is thus not limited by body
shape. This program would easily extend to multiple surfaces
in the flowfield, although, at present no provision has been
made for lifting surfaces (Kutta condition).

Approach
The approach is to use finite-difference formulas written

for the cartesian mesh nodes plus the additional nodes created
by the intersection of the mesh lines and the surfaces. Mesh
nodes that are interior to surfaces are not used. A variable
spacing of mesh lines is used in order to concentrate mesh
nodes around body features that would otherwise be difficult
to resolve. Solution of the difference equations is by line
relaxation. The primary difficulties with this approach are the
bookkeeping problems associated with which mesh points are
adjacent to which surface points, and of keeping track and
generating difference formulas for the many different kinds
of "computational stars" that can exist in the vicinity of
surfaces.

Equation and Boundary Conditions
The equation to be solved is the exact equation for inviscid,

irrotational flow formulated in terms of a velocity potential.
This form of the equation has the advantage that there is only
one dependent variable that has to be stored at each mesh
node. This is particularly important in any extension to three
dimensions. At mesh nodes the exact compressible potential
flow equation in cylindrical coordinates is satisfied.

(a2-<t>r
2)<i>rr+(a2-<t>z

2)<t>zz-2<t>r<}>z<t>rz+ — <i>r = 0 (1)

Table 1 Types of mesh points

Type Description

where

(2)

The boundary condition on the surface of the cowl and on the
centerbody is that the velocity normal to the surface, </>„, is
zero. On the axis, r = 0, the differential equation becomes8

2a2<t>rr+(a2-<f>z
2)<t>zz = (3)

For inlet flowfield calculations it is adequate to compute the
flowfield in a cylinder much larger than the inlet. The
boundary conditions on the cylinder are no flow through the
cylinder walls, 0 is specified on one end, and<j>n is specified on
the other end. The computational region is shown in Fig. 1.
This type of boundary condition approximates an inlet in a
very large wind tunnel with a circular cross section.

0 Regular mesh point
- 1 Interior of surface

1 Upper or lower boundary point
- 2 Surface affected - upper right unavailable
- 3 Surface affected - upper left unavailable
- 4 Surface affected - lower left unavailable
- 5 Surface affected - lower right unavailable

2 Surface adjacent - body up
3 Surface adjacent - body down
5 Surface adjacent - body right
7 Surface adjacent - body left

7x3=21 Surface adjacent - body left and down
7 x 2 = 1 4 Surface adjacent - body left and up
3x5 = 15 Surface adjacent - body right and down
2 x 5 = 10 Surface adjacent -body right and up

Solution Procedure
Solution of the partial-differential equations is by sub-

stituting difference quotients for partial derivatives to form
finite-difference equations. The resulting set of difference
equations is highly nonlinear. The difference equations are
solved by a line-relaxation technique, including
overrelaxation. The subject of relaxation is quite complex and
will not be discussed here. Reference 10 is a recent paper that
can provide further information on relaxation methods
applied to this type of problem. Early in this work, a point-
relaxation scheme was tried, but it suffered from extremely
slow convergence in parts of the duct where Az/Ar was very
large. This is a severe handicap because enforcing the com-
pressor-face mass-flow boundary condition is critical to
predicting inlet performance. Line relaxation was used only
on vertical lines, although in principle it could be used on
horizontal lines as well.

Point Types and Mesh Bookkeeping
One of the primary problems associated with a cartesian

mesh is the bookkeeping task of associating surface points
with their adjacent mesh points. The scheme used is based on
cataloging the different types of mesh points, associating an
integer with each general type of mesh point, and storing these
integers. The catalog of mesh points is given in Table 1.
Representative point types for the catalog are shown in Fig. 2.
For the computer program, two arrays are required of size
MxN(number of z = constant mesh lines times the number of
r = constant mesh lines). The arrays are indexed with the m
and n counters for the mesh lines. One array carries the value
of the potential function </> at the mesh nodes. Points interior
to the surfaces are not used. A second integer array contains
either the type of the mesh point or an array index. If the
integer is less than or equal to one it is the point type. If it is
greater than one it is recognized to be the index for shorter
arrays (of the order of the number of surface points) which

SOLID BOUNDARY
(NO FLOW)

DUCT
EXTENSION-

^COWL
HI LITE^ ^

AXISV CENTERBODY?

-OUTFLOW SPECIFIED

-COMPRESSOR FACE
MASS FLOW SPECIFIED

^THROAT

Fig. 1 Standard computation region.

A. REGULAR MESH POINT
(TYPE 0)

B. SURFACE AFFECTED-UPPER
RIGHT UNAVAILABLE
(TYPE -5)

C. SURFACE ADJACENT-UP
(TYPE 2)

D. SURFACE ADJACENT-RIGHT
AND UP
(TYPE 10)

Fig. 2 Representative point types.
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contain the type of the mesh point, and the index or indices of
the surface point or points adjacent to the mesh point. Surface
points are indexed sequentially along the surfaces. Associated
with the surface points, and indexed with the surface point
number, are arrays containing the potential function <£, the r
and z coordinates of the surface point, and the components of
the surface normal, nr and nz.

The individual parts of the computer program, such as the
differencing for one type of mesh point, are relatively simple
and straightforward. The overall complexity of the computer
program is due to the number of point types, the logic for
handling the switching between the different point types, and
the possibility of central or upwind differencing, or in the
transonic regime a combination of the two, being used.

Finite-Difference Formulas
At regular mesh points the difference formulas are standard

ones. The quantities <t>r and <t>z are calculated using central
difference formulas that are formally of second order. A
typical example (see Fig. 3 for notation) is

(4)

<t>r and <t>z are calculated using all old values (values from the
previous sweep). The difference quotients used for the terms
</>„., <t>zz, and <t>rz depend on whether the flow is subsonic or
transonic. If the flow is subsonic <t>rr and <t>zz are calculated
using central differences

<t>rr = (5)

*«=

Since line relaxation along vertical lines is being used, the
expression for </>rr is evaluated using all new (calculated during
current sweep) values. The expression for (f>zz involves, by
necessity, a combination of old and new values. To accelerate
convergence it also includes an over-relaxation parameter, «.
The sweeping direction is with the primary flow (left to right),
thus a new value for <t> is available at (m—1, n) and con-
vergence is faster if it is used. The over-relaxation parameter
is computed as follows

to=/ + maximum (Azf, Az

0<wn<2

„-7) (7)

. Az0

n-2

Ar,.

Arc

-AZn -AzM

-n+1

-n-1

n-1 m m+1

If Azf = Azw, w = wn, but if AZ(7*&zu> & is reduced. This is
necessary to insure that the coefficient of <t>m+ is always
greater than or equal to the coefficients of <t>m-i',n or <t>m+i,n-
If these were the only other terms in the equation this con-
dition would be strictly required for stability. Since there are
other terms in the equations it is not strictly required, but it is
a simple way to ensure stability while allowing un to be almost
equal to 2 (1.85-1.95 used in practice). The use of large
values for un greatly speeds convergence.

For subsonic flow <t>rz is differenced using all old values

Az(Azu(Azf+Azu)
(8a)

/-1,>M- j
(8b)

This formula is formally of second order.
The term a2<t>r/ris differenced using

(9)

It is expected that this term could also be calculated using all
old values without any significant changes in the behavior of
the procedure.

Upwind Differencing
Progress in transonic potential flow calculation depended

on the development of a technique to handle supersonic flow

(6)

as the above formulas lead to unstable calculations in regions
where the Mach number is greater than one. Murman and
Colel found that by using upwind differencing for the second
derivative in the streamwise direction the calculation was
stabilized. The original work using upwind differencing was
for small-disturbance theory where the flow was almost
aligned with one of the coordinates. South and Jameson9

have extended the use of upwind differencing to the exact
potential equation for flows which are not necessarily aligned
with the coordinate system. They developed a rotated dif-
ference scheme where the partial differential equation was,
for Mach numbers greater than one, divided into two parts.
The terms in one part were differenced using central dif-
ferences, and the terms in the other part were differenced
using upwind differences. The scheme used here differs from
South and Jameson's in that every term in the equation is
treated separately, and the differencing of each term is
switched independently from central to upwind differencing
depending on certain criteria. The ideas of Jameson11 have
been used in developing the mix between old and new values in
the scheme. The upwind difference formula for <t>zz when
<t>z > a is

e (As, + AZff)
(10)

Fig. 3 Regular mesh node (w,/i).

This formula is used when 4>z
2>a2. It is formally of first

order. The expressions for <t>rr used when </>r
2 >a2 are similar.

There is one expression for the upwind difference for <t>rr if <t>r
> a and another for <t>r<—a.
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The reasoning given by Jameson for using this combination
of old and new values of </> in the difference formulas is based
on looking at the relaxation process as marching in an ar-
tificial time coordinate. A simpler explanation of why this
scheme behaves quite well is as follows. First note that with
this weighting the coefficient of the unknown <t>m>n

 + is greater
than or equal to the coefficients of other terms in the for-
mulas. This insures that any errors in the <t> values for other
terms in the equation do not get amplified when they con-
tribute to the calculation of <t>m>n

 +. Second note that any
change in </>,A<£, originating upstream during this sweep is
propagated downstream unchanged. This essentially means
that corrections upstream are quickly propagated downstream
without being diminished or the sign changed. If one looks at
the effects of the over-relaxation parameter for the subsonic
differencing it can be seen to be very similar.

The upwind difference formula for <t>rz, <t>r > 0 and <t>z > 0 is

<#>„ (ID

The upwind formula for <t>rz is used when <t>r
2 > a2 or <t>z

2 > a2.
If M> 1 but<t>r

2 and <t>z
2 are less than a2 then a combination

of the upwind and central difference formulas are used
depending on the parameter

al diff. + ̂  " upwind diff.

(12)

(13)

This parameter equals one for M= 1; thus it gives a smooth
transition between the central and upwind difference for-
mulas. It can also be shown that this switching insures that the
coefficient of <£,„ „ + remains larger than that of other terms in
the difference equation for any flow angle with respect to the
coordinate system.

using interpolation and then a straightforward adaption of
Eq. (11) would be used.

The second example is the computation of <j>zz upwind at
(m,n) for the configuration of Fig. 4b.

*« =
Az,

<t>z\ = -nr<t>s\ = I nr I + + C2)

(16)

(17)

where C7 and C2 are computed using second-order upwind
differencing along the surface. With the proper mix of old
and new values

(18)

where C2 is calculated using all old values.
In the vicinity of the surface, additional problems can

develop because of the possibilities of very irregular mesh
spacing. This is particularly a problem when the step size is
very small. Referring to Fig. 5 as an example, if AZw < < AZp

<t>z
(I) = -

<t>S~<t>m,n

(19a)

(19b)

and if <t>s is in error by an amount e the error in <f>z is of order
e/AzM which can be arbitrarily large. To compensate for this
problem alternate formulas were developed. For the sample
above if (f>(

z
]) is the usual formula, then <t>(

z
2) is defined as

</>zU)=-
• -Az f

2 )#s - (20)

Differencing Near Surfaces
The only change required in the central difference formulas

for <t>rr and <t>zz [(Eqs. (5) and (6)] for surface-adjacent points
is to replace the regular mesh point with a surface point in the
formula and to use the step size to the surface. Complications
arise in the calculation of <t>rz, and in upwind differencing for
(t>rr and 4>zz if the first point upwind is a surface point. A
couple of examples will be given, but space prohibits a
complete catalog of formulas.

The first example is the computation of <t>rz for the con-
figuration of Fig. 4a. Different formulas are used if the
surface slope is greater or less than 45°. For a horizontal type
(< 45°) surface the formula is

' 'm-y. / i (14)

(15)

The values of ̂  and <t>B are calculated using second-order
interpolation along the n — 1 and n — 2 mesh lines respectively.
<t>r\mn and <t>r\m_,n are computed normally. If upwind dif-
ferencing is required and </>r<0, </>c

+ would be calculated

m-1

Fig. 4 Examples of differencing for surface adjacent points, a)
(m,/?) surface adjacent on two sides, b) (f>. >a and first upwind point is
a surface point.

_ A z•tt- -AZn

Az,

m-2 m-1 m
Fig. 5 Irregular spacing near surface.
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and <t>z is defined as

+u- Az,
(2) (21)

for Azw < l/2 As*. Both formulas are of second order. This type
of weighting was applied wherever </>z or (f>r were calculated
adjacent to a surface and the step size to the surface was less
than half of the regular mesh step size.

As a further effort to minimize the effects of very small step
sizes at surface intersects, the difference equation for the
potential flow has been weighted with a second-order in-
terpolation equation near the surface. As an example for the
configuration of Fig. 5 the interpolation equation is

(<t>m-2,n + -<i

If AzM < ^Az? then the equation for <t>m>n
 + becomes

- (Regular equation for <t>m,n+ normalized so that

(22)

Az,

the coefficient of <t>m „ + = [Eq.(22)J

(23)

Surface-Point Boundary-Condition Difference Formulas
The preceeding discussion has dealt with the generation of a

difference equation for each of the mesh nodes inside of the
flowfield. For the nodes created by the intersection of a mesh
line with a surface, the difference equation is a representation
of the boundary condition

(24)

Except for the rare surface node that is also an intersection of
regular mesh lines, either <t>r or <t>z is calculated using points
computed by interpolation. For the example of a r=constant
mesh line intersect, S, shown in Fig. 6 the equations are as
follows

1 *m+i'" (25)

— i

<*> =

(26)

m+2i m+i m
Fig. 6 Typical surface point.

(27)

AZ;

Ar7Ar2(Ary-f Ar2)

(28)

<t>A
 + and </>fl

 + are calculated using second-order inter-
polation along the n +j and n + 2j mesh lines.

Other Boundary Conditions
The only remaining points requiring difference formulas

are the points at the edge of the flowfield. At the left boun-
dary 0 is arbitrarily set to 0. On the right boundary <£„ is
specified to give the freestream condition above the cowl and
inside the duct to give the correct compressor- face mass flow.
On the axis, Eq. (3) is solved. Symmetry is used to generate
the difference formula for <$>rr. At the upper surface it is
assumed <t>r = 0 (solid wall).

Line Relaxation
Line relaxation was chosen for two reasons; first, the most

points can be solved simultaneously with a reasonable
tradeoff on computer time and storage; and second, it
eliminates some problems associated with variable mesh
spacing. A question that arises is how to handle surface points
with this scheme, and the best approach seems to be to solve
those surface points adjacent to mesh points on the line,
simultaneously with the line. A surface point by definition is
adjacent to the next mesh point on the line that creates the
surface point. Lines for the line relaxation run from one
surface or the axis to another surface or the upper boundary.

To smooth the calculation for surface points some changes
have been made in the way surface points are updated to
handle surface points that are very close together. As an
example (referring to Fig. 7) the value of <t> for surface point
S/, <t>s » is calculated twice per sweep. It is first calculated
when me line AW - 1 is solved, at which time if S/ and S2 are
very close it will have a value approximately equal to <t>s2-
However, after the line m is updated there is a new value at
S2, <t>s2 and <t>sT and <£5/ can be quite quite different although
the points are extremely close together. To ensure that the
values along the surface are smooth a new value is calculated
for <t> at 8j using new values along the line m.
Initial Field and Starting

The calculation is started by initializing the field outside of
the duct to uniform freestream flow. The flow inside the duct

m-1 m+1

Fig. 7 Sequential updating
of surf ace points.
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is then initialized one-dimensionally to the correct com-
pressor-face mass flow. The initial field as a result will in
general have a discontinuity in the flowfield at the inlet en-
trance, and has flow through surfaces. The calculation is
started at a very low Mach number and gradually brought to
the correct Mach number by sweep 15. This allows the local
flow to become aligned with adjacent surfaces before any of
the upwind differencing is used. The calculation is run from
the beginning with the same over-relaxation parameter.

Convergence Acceleration-Extrapolation
A technique described by Hafez and Cheng12 is used to

accelerate final convergence. A similar technique was also
used by Caughey and Jameson.8 It is based on theory for
linear operators. The actual operator for this problem is
nonlinear, but it behaves locally (in sweep number) like a
linear operator. If k is the sweep counter, <t> the matrix of
unknowns, A a linear operator and b a constant matrix, the
linear operator approximation of the equation is

(f)k+] = A<t>k + b (29)

If xf are the eigenvectors with associated eigenvalues X, or-
dered so I X / + 7 1 < I X / 1 the error ek = (t> — (t>k can be written

(30)

(31)

(32)

(33)

(34)

i

(35)

(36)

(37)

In practice, two norms are calculated for each sweep. One is
the sum of the absolute values of the residues for all mesh
points, and the other is the absolute value of the largest
residue. When the eigenvalue X, computed using Eq. (37), is
steady for several sweeps for either of these norms and the
eigenvalues for the two norms are nearly the same, the field is
extrapolated using

^(extrap)=^ (*-/) + _L (^ (*, _^ < * - / > } (3g)

for all pointsp in the field.
This process has been very successful. It greatly decreases

the number of sweeps required for convergence, and allows
computation of solutions with much smaller residues than one
could otherwise afford to calculate.

With some manipulation it is found that

and using the properties of eigenvectors

For large^ if I X / 1 > I X 2 I

and thus for k very large

if Ck = <t>k- (t>k-i (the residue) the following can be shown

If || || is any norm then

Sequenced Meshes
A considerable reduction in computer time is obtained by

starting the relaxation process on a very coarse mesh. For the
initial stages of the relaxation, the accuracy of the local
solution is unimportant, because the solution is not close to
the final solution. The solution is calculated on a coarse mesh
until it begins to converge, and then the solution is in-
terpolated to a finer mesh and continued until satisfactory
convergence is obtained. This is generally when the program
results are constant to three or four significant figures. The
time savings is very large because, for a coarse mesh that has
half the mesh lines of a finer mesh, the computing time to
reach a given convergence level is about 1A that for the fine
mesh. A factor of 1A because there are 1A as many points and
a factor of 1/2 because the convergence per sweep is about
twice as fast.

Computation Parameters
This analysis was programmed in FORTRAN IV for the

CDC 6600 computer. The following parameters apply to a
typical inlet with a freestream Mach number of 0.9 and a duct
exit Mach number of 0.56. The final mesh was 62x39 and
there are approximately 140 surface nodes. The number of
computation nodes depends on the thickness of the cowl.
Sweeps on the coarse mesh (32x20) take approximately 0.35
seconds and fine-mesh sweeps 1.13 seconds. The time does not
go up by a factor of four because the number of surface and
surface-adjacent points which require the most calculation
increase by a little more than a factor of two for these
geometries when going from the coarse to a fine mesh.

Most of the calculations made have taken 200 coarse-mesh
sweeps, 150 fine-mesh sweeps and have involved several
extrapolations of the field on each mesh. The solution was
converged to three or four significant figures at this number
of sweeps. The total run time using the RUN compiler is
approximately four minutes and the program requires 71,000
octal words of core storage.

Results
The following examples indicate the program's capabilities.

As stated previously, the program was intended as a step
towards three-dimensional calculations and not as an end in
itself. As a consequence a great amount of effort was spent in
trying methods to optimize convergence, but very little work
was spent in trying alternate meshes to improve accuracy or
inserting extra mesh lines to better define shocks. This is
because fast convergence is essential to a three-dimensional
procedure. The addition of extra mesh or use of a finer mesh
uses computer time and requires some extra coding, but does
not involve any technical risk or help in the development of a
three-dimensional program.

Program results were compared with the Boeing production
program7 which uses a streamline-coordinate transformation
procedure, and results are comparable for the same meshes. It
is expected better agreement with the data could be obtained
by using finer meshes. Most of the test cases were run at a
freestream Mach number of 0.9 because the higher-Mach-
number flows are the most difficult to compute and thus the
best test of the procedure.

Figures 8 and 9 show comparisons between the analysis and
experiment for two Boeing inlet designs. The cowls were 14-
scale models (relative to a JT9D-3) and were tested in the
Boeing 8 by 12 ft transonic wind tunnel.13 Cowl 30 is a short
(fan) duct with a thin lip. The contraction ratio is 9%. Cowl 3
is a 3/4-length cowl with a thick lip (26% contraction ratio).
The shocks are smeared over two mesh spacings and are in the
correct position. The shocks can be made steeper by using
more mesh lines in the vicinity of the shocks as the shock
jump is always spread over approximately two mesh widths.
The magnitude of errors is greatest for supersonic flow
regions because the upwind differencing has much larger error
terms than the subsonic central differencing. Use of a finer
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I .4

0 1 0 2 0 3 0

Z, DISTANCE FROM HILITE ALONG AXIS

Fig. 8 Surface Mach number distribution, cowl 30, M^ =0.9,

10 20 30
Z, DISTANCE FROM HILITE ALONG AXIS

Fig. 9 Surface Mach number distribution, cowl 3,
A « Mm- 0.69.

0.9,

mesh in these regions would probably change the predictions
slightly.

This analysis uses the nonconservative form of the potential
flow equation. It has been shown14'15 that the non-
conservative form of the equation leads to under-prediction
of the jump in flow properties across shocks, but this under-
prediction tends to be in the same direction as boundary-
layer/shock-wave interaction effects so agreement with data is
good. If one was to extend this analysis to include boundary-
layer displacement-thickness effects one would have to
carefully investigate to see if it would be better to use a
conservative difference scheme, or as an alternative shock
fitting.

Figure 10 shows results for one of the inlets reported by
Arlinger. 6 Agreement with data is very good.

Figure 11 shows the comparison between the experiment
and analysis for a 34% contraction ratio, 0.1738 scale, inlet
model that was tested in the Boeing 9 by 9 ft Low Speed Wind
Tunnel. This inlet and several others were evaluated for the
CF6-50D engine on the YC-14 airplane. The particular results
shown are for a static (zero forward speed) configuration for
an airflow 9% greater than takeoff airflow. The different
symbols for the data are for static taps at different cir-
cumferential locations. Agreement with the data is excellent.
As with other results shown, the degree of agreement between
data and analysis displayed requires careful location of mesh
lines. This is a fault of the number of mesh lines used and not
of the analysis in general. If more mesh lines were used the
location of the mesh lines would not be as critical.

Conclusions
There are two sets of conclusions that have been made

relative to this work. The first has to do with this work as it
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relates to predicting the flows analyzed, and the second is with
regard to future work.

Present Work
This approach has been shown to be a valid one. Predicted

results are in good agreement with experiment, and computer
run times are very reasonable. As written, the program
handles inlets with or without centerbodies with the cowl and
centerbody of arbitrary shape. Modifications to handle two-
dimensional flows or other axisymmetric bodies would be
very easy. The problem of applying a Kutta condition has not
been explored, but probably would not be too difficult. The
program could easily handle an inlet with rings for example, if
coding for a Kutta condition were available. The addition of
more surfaces in the flowfield does not require any changes in
the solution procedure.

Future Work
The program has been designed so that the method directly

extends to three-dimensions. The most obvious problem
connected with three-dimensions is the order-of-magnitude
increase in computer time. It appears obvious that less points
and a higher-order approach, possibly with shock fitting of
some kind, would be desirable. With the present approach the
use of more points allows a more accurate solution, but if the
number of mesh lines is doubled the rate of convergence is
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slowed by approximately a factor of two. For two-
dimensional calculations with very fine meshes, and for three-
dimensions for all but coarse meshes, one runs into the
problem of having to use low-speed auxiliary storage devices
(disk storage) to store part of the <£ field, because there is
space for only a fraction of the <t> field in core storage. The use
of out-of-core storage has an adverse affect on computer
costs. For the three-dimensional case the additional computer
coding required for a higher-order solution would require less
storage space than a finer mesh would require. Since doubling
the number of mesh lines leads to a factor of eight increase in
the number of points and approximately a factor of two
decrease in the convergence rate, the higher-order formulas
could be roughly a factor of sixteen more complicated before
the tradeoff on computation time becomes unfavorable.

Another possibility for improving the efficiency of the
analysis would be to use a different mesh away from the body.
The present approach uses a variable spaced grid which ex-
tends to the boundaries of the computational domain. If a
very closely spaced mesh is used to maintain accuracy in a
region near the body, this same close spacing also exists in the
field far from the body because of the extension of the mesh
lines. In the far field the close spacing is unnecessary and can
be detrimental. The unnecessary points require time to
compute and possibly slow convergence of the relaxation
process. One possibility for improvement is that used by
Boppe16 where a fine mesh is used around the body (a wing in
Boppe's work) and the far field is calculated with a coarse
mesh. Another idea would be to terminate some mesh lines
away from the body in order to have a more efficient mesh in
the far field. The primary disadvantage of either approach is
the increased complexity of the analysis.
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