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FOREWORD

This computer program User's Manual was prepared
by the Los Angeles Division of Science Applications, In-
corporated, Los Angeles, California for the Vehicle Dy-
namics Division of the Air Force Flight Dynamics Labora-
tory, Wright-Patterson Air Force Base, Ohio. The computer
programs were developed under Project 1370, "Dynamic Prob-
lems in Flight Vehicles," Task 137004, "Design Analysis,"
Contract F33615-74-C-3094. James J. Olsen and later Lt.
William L. Holman of AFFDL/FYS were the Air Force task
engineers.

R. M. Traci was the principal investigator for
the study and J. L. Farr, Jr. developed the computer pro-
grams described in this report. Consultant E. D. Albano
contributed to the development and implementation of the
numerical method.

The authors submitted this report in October 1974
for publication as an AFFDL technical report to cover re-

search performed from June through September 1974.
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1.0 INTRODUCTION

Computer programs STRANS and UTRANS implement a
small disturbance potential flow theory for the two-
dimensional unsteady transonic flow about thin airfoils
undergoing low reduced frequency harmonic oscillations.
The theory is based on Landahl's suggestion!’? that a
linear system can be obtained by considering the unsteady
flow as a small perturbation to the mean nonuniform flow.
The perturbation expansion approach has recently been de-
veloped with different emphasis in independent studies by
Traci, et al.?®, and Ehlers“. The computer programs, docu-
mented in this users manual, were developed during the
former study and detailed descriptions of the theory and
numerical solution technique with calculated results are
presented in the final report of that study?®.

In the perturbation expansion approach used, the
perturbation potential function is expanded in a series of
increasing powers of a small parameter which is a measure
of the amplitude of an unsteady disturbance to the bound-
ary. The resulting expansion of the unsteady potential
equation results in a sequence of partial differential
equations for the perturbation potentials. The zeroth
order equation is the usual nonlinear steady transonic po-
tential equation of mixed elliptic/hyperbolic type and is
solved in STRANS using the mixed differencing, relaxation
procedure of Murman and Cole". The first order unsteady
potential equation is linear and for harmonic boundary dis-
turbances is also of the mixed elliptic/hyperbolic type,
depending upon the steady solution. It is solved in UTRANS
using the same numerical technique as used in STRANS.

The background, approximations and practical accu-
racy of the theory and numerical solution procedure are
discussed in some detail in the companion report® to this
users manual. As noted in that report, the method imple-
mented in the present versions of the programs has not
been completely verified as to its accuracy due to the
dearth of reliable experimental data or accurate alternate
solutions for comparison. This lack of empirical or ana-
lytical techniques for predicting unsteady aerodynamic
forces in the transonic speed range is in fact the justi-
fication for publishing the preliminary versions of the
computer programs described here. The approach embodied
in the programs shows considerable promise of providing a
practical method for filling this void. There are many



ways theoretically, numerically and operationally that

the present versions of STRANS and UTRANS may be improved.
Work is continuing in this direction, so that it is antic-
ipated that the efficiency and capability of the programs

will continue to increase in the future.

The theory and practice of the computer program
operation are discussed in the following sections. The
small perturbation theory and numerical solution proce-
dure are summarized in Sections 2.0 and 3.0, respectively.

A description of the program's logical operation and a

brief subroutine description are given in Section 4.0.
Section 5.0 presents a complete description of the program
input, with suggested values for various control variables,
and the program output. Section 6.0 describes the program
usage and includes suggestions for making effective use of
the programs. Past experience with convergency, accuracy
and efficiency is discussed as well as a summary of a recom-
mended computational procedure. Sample cases which exercise
all program options are presented in Section 7.0 with a com-
plete specification of all input and sample output. Finally,
complete FORTRAN listings of STRANS and UTRANS are pre-
sented in the appendices.



2«1 SMALL PERTURBATION THEORY FOR UNSTEADY TRANSONIC
FLOW

Small disturbance theory is the principal analyti-
cal tool for all speed ranges and the transonic speed
range is no exception. The transonic flow regime (de-
fined roughly as |1 - Mm] v § where M_ is the freestream
Mach number and § is the airfoil thickness ratio) is in-
herently nonlinear however, so that linear theories which
apply to fully subsonic or supersonic flow are not valid.
Special account must therefore be taken of the nonlinear-
ity which, of course, severely complicates the formulation
so that finite difference solution procedures are indicated.
The theory summarized here is based upon the treatment of
the unsteady flow as a small perturbation of the steady
transonic flow. This effectively linearizes the oscillat-
ing component of the flow about the nonlinear steady solu-
tion. The resulting boundary value problems for the steady
(solved in STRANS) and first order unsteady (solved in
UTRANS) perturbation potentials are presented in this sec-
tion.

A
~

c =

= i \\\\\\\\\‘_ - o
=
C

Ficure 1. ScHEMATIC oF AIRFOIL GEOMETRY AND
TRANSONIC FLOWFIELD
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The problem of interest is the two-dimensional
flow about an airfoil oscillating in shape, angle of at-
tack or flap angle in the transonic flow speed range. Of
particular interest are the steady and unsteady aerodynam-
ic forces on the airfoil for use in flutter studies. The
airfoil geometry, flowfield schematic and coordinate defi-
nition are given in Figure 1 above. Rectangular coordi-
nates (x,y) are fixed to the airfoil leading edge and U,
M_, a_ are the freestream velocity, Mach number and sound
speed respectively. The airfoil has a thickness ratio §
which is the airfoil maximum thickness divided by its chord c
and an angle of attack o. The assumption is made that
§ << 1 and a is of the same order of magnitude as §. Al-
so the oscillatory motion of the airfoil is assumed to be
described by a small non-dimensional displacement € << §
and a reduced frequency k = wc/U based on airfoil chord
where w is the frequency of oscillation. The reduced fre-
quency range treated by the gresent analysis in k << 1 or
more explicitly k of order &§2/3.

Assuming inviscid, isentropic flow, the problem can
be reduced to the solution of a single equation for a ve-
locity potential plus the tangency boundary condition on
the airfoil surface. As is well known the derivation of
a small disturbance theory for transonic flows requires a
singular perturbation approach. For the low frequency un-
steady flow regime of interest, the following scaling is
introduced:

Xx=2,¥=06/1a+m2)1/3 X
(1)
N [(1+y)MZ12/%
t = 62/3 = %
M2 ¢

and the total potential is expanded about the uniform flow
thusly:

§2/3uc

n n,
[(1+y)mM2]1/3 BETE . )

Y = Uck +

Retaining all terms to leading order in the total poten-
tial equation and boundary condition results in the fol-
lowing form for the unsteady small perturbation system:



(k-6 Gy + o = 28y (3)

where the transonic similarity parameter is:

(1-M2)
K =

[(Y+1)M°2°]2/362/3

with boundary conditions:

_8 n v '\I_
$§ -3 £, €), ony =20, 0<x<1 (4)
[$§] =0ony=0, %¥>1 (5)
$é + $i >0 as X2 + y2 » w (6)
X vy y

where f is the unsteady airfoil shape function (Equa-
tion 7 géfow) on the upper and lower §urface§ respectively,
and where [] denotes a jump between 0 and 0 . It is
noted that the airfoil tangency boundary condition (Equa-
tion 4) and Kutta condition (Equation 5) are applied in
the small disturbance manner on y = 0 and in the low fre-
quency, quasi-steady sense (k =+ 0).

The system of Equations 3 through 6 provide a for-
mulation of the unsteady airfoil problem in the nonlinear
domain, which includes flowfields with shocks. The formu-
lation is self consistent for similarity parameter K of
order 1 and for reduced frequency k of order §2/3%.

The approach to solving the nonlinear system given
above (Equations 3 through 6) is to expand the perturba-
tion potential function in terms of the unsteady boundary
disturbance € << 1. From this point on all tildas (%)
will be dropped with the understanding that all variables
are scaled variables. Harmonic boundary disturbances are
explicitly treated:
iRt

fu’z(x,t) = f&’z(x) + € fa'z(x)e (7)

where the scaled frequency is:



M?.
Q = = k (8)
§2/3 [ (1+y)M2]2/3

The perturbation potential is expanded as follows:

o(x,y,8) = 6°(x,y) + ¢ ¢*(x,y)e¥t &+ | . | (9)

Substituting this into the perturbation potential equation
plus boundary conditions and combining terms results in
the following pair of boundary value problems for ¢° and
¢! respectively.

(K=¢ ) by + bg, = 0

0, = £, p(x), ony =20, 0 < x <1

Y
} (10)
[¢}°{]=0,Ony=0,x>l
(¢;)2 + (¢;)2 + 0, as x> + y2 > 0
and
by a1 1 _ 0 . 1 _
(K=¢ )0 o t ¢yy (0o T 210)0_ =0
¢§ = f&:z(x), ony=120, 0<x <1
> (11)

[¢2] =0, ony =0, x > 1

(¢}1()2 + (d),;)2 + 0, as x? + y? » o

Equation 10 is recognized as the usual formulation for
steady transonic flow and Equation 11 is the formulation
for the low frequency unsteady perturbation thereof. Note
that the governing equation for ¢! is linear but of the
same mixed elliptic/hyperbolic type as the steady poten-
tial equation depending upon the steady solution. It is
also noted that ¢' is in general complex thereby permitting
phase shifts between the field quantities and the boundary
disturbance. A more general formulation including higher



order unsteady modes and description of the nature of the
equations is given in Reference 3.

The main physical quantities of interest are the
pressure coefficient and airfoil force coefficients. The
pressure coefficient, defined in the usual manner, is giv-
en by:

2/3 _ _ .
c § (T + ¢ cé elftt

Por@em2)/e P

) (12)

where the steady and unsteady scaled pressure coefficients
are given to leading order in the small disturbance and
low frequency approximation by:

E; = - 29, Eé = - 2¢, (13)

Also the lift coefficient is given by:

2/3 :
c, = 24 (v + ey et (14)
[(L+y)M2)t/ Y :
where vy, = [¢° ] 1 and ¥y = [p?! ]X—l are the steady and un-

steady c1rculatlons about the alrf01l The finite differ-
ence forms used to calculate CQ and C are defined in the

next section and the detailed geflnltlon of the calculated
generalized force coefficients is presented in Section 4.0.



3.0 SUMMARY OF NUMERICAL SOLUTION PROCEDURE

The numerical solution procedures for the boundary
value problems for the steady perturbation potential (Equa-
tion 10) and the unsteady perturbation potential (Equation
11), as implemented in computer programs STRANS and UTRANS
respectively, are now summarized. As has been pointed out,
both equations are of the same mixed elliptic/hyperbolic
type and are solved using the mixed differencing relaxa-
tion procedure of Murman and Cole®. Summary of the pro-
cedure used in STRANS for calculating the steady solution
is given in Section 3.1l. Variations on the basic procedure,
used in UTRANS for the unsteady perturbation are discussed
in Section 3.2. It is noted that the finite difference
equations which follow are written in terms of the actual
FORTRAN variables used in the programs to as great a de-
gree as possible. 1In addition, following usual program-
ming practice, the FORTRAN variables are descriptive of
the physical variables.

3.1 Numerical Solution Procedure for the Steady Potential

The difference scheme and relaxation solution pro-
cedure summarized in this section are based on the work
of Murman®r%/®, Cole® and Krupp®’’. They pointed out the
essential ingredient for the success of relaxation proce-
dures for the steady transonic potential equation. The key
to their approach is to account for the local nature of
the flow (elliptic in subsonic regions, hyperbolic in su-
personic regions) in the finite difference approximation
to the governing equations. The version of this technique,
as implemented in STRANS, is summarized in this section. A
more detailed description can be found in Reference 3.

Consider the steady, transonic potential equation,
with boundary conditions, in the numerical solution domain
indicated schematically below. Finite difference grid lines
are defined in the region around the airfoil which is fixed
on the slit 0 < x <1, y = 0. Values of the potential are
defined at the intersection of the grid lines (i,]j). The
finite difference approximations to the governing equation
at a general grid point account for the varying type of
the equation as is summarized in Section 3.1.1. An 1itera-
tive line relaxation solution procedure, also described in
Section 3.1.1, uses the finite difference equations to



successively update each point in the grid starting from
some initial guess. The special numerical treatments re-
quired for the airfoil boundary, Kutta condition and far-
field are described in Sections 3.1.2 to 3.1.4, respec-
tively. ‘

j = JM
y = Y (JM)
0 =
¢ 9" ¢
. i,(3
Y'J ‘
0 _ o'
60 = £ (X)‘ﬂ\
——bX,i :— :
0 1
[6°] = v
0
i = IM
(K-02)02 + ¢2 =0 I———
£ 8K Yy X = X (IM)

FIGURE 2. ScHEMATIC OoF NUMERICAL SOLUTION DOMAIN

3.1.1 Finite Difference Forms and Iterative Solution
grocedure

In the numerical scheme, a rectangular mesh with
general grid line spacing, as indicated in the sketch (Fig-
ure 3), is used. Uneven grid spacing makes it possible
to concentrate grid points near the airfoil and in regions
where rapid changes in the potential or its derivative
(wing leading edge, shocks, etc.) are expected. Expansion
of the grid spacing away from the airfoil out to the



boundaries of the mesh (i = 1 or IM, j = 1 or JM) per-
mits economic use of grid points while maximizing resolu-
tion in the region of interest.

FiGURE 3. SKETCH OoF LocaL MeEsH ABouT A
COMPUTATIONAL POINT

At a general point (i,j) in the finite difference
mesh, the solution begins by center differencing the co-
efficient of ¢§x in the following manner:

= (w0 - T _
Vi3 T 0y, 5 T KT Ay (g 570, 5)
(15)
- szi (¢i,j_¢i"l,j)
with
Ax.
_ i-1
ARl = fx &=, —%ix0)
i i-1 i
AX.
By = = i
SEELUL N

-10-



Tests are then made on this coefficient to determine the
nature of the potential equation at the point (i,j). If
Vi > 0 the equation is elliptic so that ¢§x is center
dif%erenced and if Vj 4 < 0 the equation is hyperbolic
and backward differencing is used for both Vi,j and distspie
An additional test is made to determine if the point is
near the sonic line. If Vj, 6§ < 0 but Vi-1,5 > 0, the
point is identified as a "parabolic point" and the center
differenced form of V; 4 is used but backward differenced
form for ¢35, is used. the ¢y term is always center dif-
differenced regardless of the above considerations. The
finite difference form of the transonic potential equation
can thus be summarized as follows:

Vi i > 0, elliptic (subsonic)
! .
V. (0. 0F .+ (6 ). . =0 (16)
1,] XX'1,] Yy 1,3
Vi;j < 0, hyperbolic (supersonic)
’
H H .
i A .. = 17
V1,3(¢xx)1,3 (¢yy)1,3 0 (17)
Vi,j < 0, Vi—l,j > 0, parabolic (sonic)
v, ¢ §T . = (4 ). . =10 (18)
1,]J "Xx'1,] Yy 1,3
where:
H — — — - -
Vi, g = %= B g0y 5795.3,3) = PRipl05y 57050 5 (19)
E -
H - - - -
@rxdi, 3 = BXL31(04,5705.0,5) — BX2; (85 57055, 5) (21)

=11=



(¢,,) ) (22)

. . = AY1l.
Yy 1,3 J(¢

. a=h. L) - 2.(d. .—¢. .
i,j+1 ¢l:J) 2L J(¢lr] ¢1:J‘1

and where

BX1l. = 2 AXl./Ax. BX2. = 2 AX2./Ax.
i i i- i i i

ll
cx; = l/(2Axi) (23)

2 2
AYl, = AY2, =
Ry (by.+hAy. ' Ry, - (Ay.+hy.
j - By;(Byy+Byy ) J  Byy_; Byy¥ayy )

Using the above forms, the finite difference equa-
tions are set up for each column (x = constant) in turn,
taking into account airfoil, wake and farfield boundary
conditions. This results in a sequence of nonlinear alge-
braic equations for each column of ¢'s, which can be solved
by iteration or Newton's method. The method used in
STRANS is to linearize the system of equations by using
the previous iterate for the coefficient Vi, 4§ = K - B
The resulting linear system is tridiagonal and is easily
solved by Gaussian elimination. The iteration process is
terminated when the difference between successive iterates,
for all points in the column, is less than some specified
small amount (EPSC@L). The process works quite well, re-
quiring but three or four iterations to converge to good
accuracy (A¢ < 107°%).

After each column is solved, it is relaxed with a
variable relaxation factor which depends on the local na-
ture of the solution.

v+l _ oY + .($v+l_

\%
.o . C 24
1,3 1,3 w] 1i,] ¢ : 23

¢

where w is the relaxation factor and ¢ is the solution of
of the system of equations for a column. Relaxation fac-
tors which have worked well are w = 1.5 + 1.7 for elliptic
points and w = .75 for hyperbolic points.

The column solution process described above is per-
formed for each column in turn, starting from an initial

-12-



guess. The initial guess typically is a previous calcula-
tion for the same or a similar airfoil at conditions of
Mach number and angle of attack close to the problem of
interest. If such a solution doesn't exist, the farfield
expression is used as an initial guess with an arbitrary
truncation of the singularity at x = y = 0. The grid is
swept in the above manner until the change in ¢ for all
grid points during one grid sweep is less than some arbi-
trary small amount (EPSGRD). Typically convergence is

quite rapid initially but becomes slower as the iteration
process proceeds.

A technique which considerably aids convergence is
to begin the calculation on a relatively coarse grid and
to periodically refine the grid as the solution proceeds.
The rationale behind the technique is that the coarse grid
speeds transmission of information (circulation, boundary
conditions, etc.) throughout the grid. Successive refine-
ment of the grid then increases solution accuracy with the
interpolated values of ¢ from the coarse grid providing a
good starting point. Currently the technique is implemented
by a simple halving of the grid spacing.

3.1.2 Airfoil Boundary Condition

JWM1

ILE ITE

F1GurRE 4, ScHEMATIC OF MesH NEAR AIRFOIL

—] 3



As derived above, the airfoil tangency boundary con-
dition is applied on the line y = 0, 0 £ x < 1, in the
usual small perturbation sense, rather than on the physical
boundary of the airfoil. This is a significant simplifi-
cation relative to the finite difference approximation
since it precludes the possibility of accounting for the
details of the boundary geometry in the finite difference
mesh. Thus the rectangular grid used throughout the solu-
tion field is also appropriate near the airfoil. The air-
foil boundary conditions fit naturally into the finite dif-
ference equations for a column of grid points as required
by the line relaxation procedure. The way that this is
accomplished is now described.

The schematic given above defines the mesh struc-
ture near the slit on which the airfoil boundary condi-
tions are applied; ILE and ITE define the columns at the
leading edge and trailing edge respectively and JW defines
the row location of the slit. For any column such that
ILE < 1 < ITE the airfoil boundary condition effectively
closes the system of equations for ¢ at grid points above
and below the slit. The mathematical statement of the
boundary condition is recalled:

09 = £0',(x) ony=1%0, 0<x<1 (25)

where f& ¢ are defined by the user in the functions FUP and
FLP respectlvely. The essence of the method is to use
Equatlon 25 in the finite difference approximation to

the ¢ term of the potential equation at points just
above (j = JWw+1l) and just below (j = JW-1) the airfoil.

The form taken for this term is as follows:

(0. 2, a=0. )
— & ) i,j+1 1,7 _ '
(¢yy)i,j - (ij+2ij—l){ ij f& (Xi)} (26)
j = Jw+l, ILE < i < ITE
(¢, ~=¢. ._4)
= 2 o' _ 1,7 ]_,J—l
(¢YY)i,j (ij 1+2Ay ){f (x;) ij—l } (27)

j = Jw-1, ILE < i < ITE
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where subscript u,f refer to upper or lower airfoil sur-
face respectively. These finite difference forms effec-
tively fix the boundary condition on the slit; y = 0t for
the upper surface and y = 0~ for the lower surface. They
also are consistent with the second order accuracy of the
differencing at general points in the mesh. The other
terms in the potential equation are treated in the same
manner as at general field points.

Values of potential on the airfoil surface are not
explicitly calculated in the scheme used here. These val-
ues are obtained only after the equations for a column of
grid points have been solved and the values of ¢g,- relaxed.
¢ on the airfoil surface is then obtained by linear extrap-
olation from above, for the upper surface, and from below
for the lower surface. The pressure coefficient on the air-
foils is calculated, using the extrapolated values of po-
tential, by center differencing using the following equa-
tion:

0 . _oxl0 o _ - - -
Co = -2¢; = 2AXli(¢i+l’j by 51 2AX2; (95 4 $5-1,5) (28)

The airfoil circulation Yte is another quantity that is

of interest and which is needed for the treatment of the
Kutta condition discussed in the next section. This is

calculated in a straightforward manner, using the values
of potential at the trailing edge as follows:

(Y ). = [6°]

= - 0
. = ¢ T (29)

0
u|x=l
where, as before, subscripts u and £ refer to the extrap-

olated values on the upper and lower airfoil surfaces re-
spectively.

x=1

The generalized forces on the airfoil are calculated in
STRANS using a trapezoidal rule integration over the airfoil
of the difference in upper and lower surface pressure coef-
ficients, which are calculated using Equation 28. The as-
sumed forms of the generalized forces are described in Sec-
tion 5.0 on program output.

3.1.3 Kutta Condition

The numerical treatment of the Kutta condition is
an essential part of the calculation for lifting airfoils

-



and is worth discussing in some detail. Consideration of
airfoils with camber or angle of attack requires the cal-
culation of the circulation (y,) around the airfoil. This
is not known apriori and must be a part of the overall so-
lution process. Application of the Kutta condition re-
quires that the circulation equal the jump in potential
across a "wake" extending from the airfoil to downstream
infinity. Incorporation of the wake in the finite differ-
ence scheme involves differencing the ¢ y term for points
near the wake in such a manner as to taKe into account the
jump in ¢. The method for accomplishing this, and the it-
eration method for calculating Y, are now discussed.

_ The potentials just above (y = 0+) and below (y =
0 ) the wake are defined as ¢t and ¢~ respectively, and
an average potential at the wake is defined in the obvi-
Ous manner:

P = ¢ + ¢ (30)

The potentials ¢+ and ¢ satisfy the nonlinear transonic
potential equation and it can easily be shown that ¢ like-
wise satisfies the same differential equation. Also, using
continuity of pressure and the potential equation it can be
shown that:

+ _ .- _ T
byy = Pyy T Oyy (31)

This plus the fact that ¢+ = ¢ + 0, where o is the jump

in potential across the wake, provides a means for account-
ing for the Kutta condition in the finite difference ap-
proximation to the potential equation. For grid points

on the wake (j = JW, i > ITE) the average potential is
calculated and used in the differencing of ¢ for points
just above and just below the wake. The difference forms
for ¢yy at these points are given by:

i =JW + 1

Q

= AYl.¢. .,,-(AYL.+AY2.)¢. .+AY2.(_. + —i) 32
¢yyli,j 304,317 (AYL FAY29) 05 g#RY2510; * 2 (32)
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j = JW (wake)

— [ oy

¢YY|i,j = AYL 4, 5, - AYL, (¢i i T)

7. (33)
- Ayzj($i - ji) + AY2j¢i'j_l
§=Jw -1
- )

¢YY|i,j = AYlj(¢i = 7—) - (AYL +AY20)6, o+ AY256; 5 ) (34)

where AYl and AY2 were defined earlier; and where

_ (xi-l)

%1 (X(IM)—l)(Yff—Yte) * Yoo (35)

where o; is the jump in potential across the wake at any x

station and ygg and Yte are the circulation in the farfield
and at the trailing edge respectively. At any stage of the
iteration process, o; is taken as the linearly interpolated

value between the current value of Yie evaluated as the
jump in potential at the trailing edge (x = 1), and Yee(x =
X(IM)). 1In the converged solution Y =Y so that gg(x>l)=Y

is a constant along the wake thereby automggically satisfy-

ing the condition of pressure continuity [¢x] = 0 along the
wake.

The differencing scheme given above is incorporated
into the process for setting up the system of algebraic
equations for a column of grid points with Xi{ > 1. The
scheme is symmetric with respect to points above and below
the wake, and retains the second order accuracy of the dif-
ference approximation for byy- ¢ on the wake is calculated
as any other grid point since, as noted earlier, it satis-
fies the transonic potential equation.

It remains only to define a scheme for updating Yeg
based on the calculated values of Yce+ This is done by
over-relaxing on previous values of Viees

(1)

Y =¥ + PGFF(Y

(NGFF) _ (1? (36)

£f te te Yte
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where NGFF is the number of grid sweeps before ygf is up-
dated and PGFF is a weighting factor. It is recommended that
NGFF be selected such that NGFF > 1.5M where M is the num-
ber of grid points between the airfoil and the farfield.

This guarantees that information from the previous update

of the farfield has had time to reach the airfoil.

3.1.4 Farfield Boundary Condition

The completion of the finite difference analog to
the steady transonic flow problem requires that boundary
conditions be fixed on the far boundary in some manner.
This is accomplished in STRANS in two different ways de-
pending upon the freestream Mach number, M_. For M_ < 1,
the potential on all boundary points (I = 1, IM and J = 1,
JM) is specified as a Dirichlet boundary condition and
for M_ > 1 the small perturbation form of the character-
istic relations is used to relate ¢y to ¢X.

For a subsonic freestream, analytical expressions
are available which are valid far from the airfoil. The
steady subsonic farfield has been studied most extensively
by Klunker® and his result is used in STRANS. The farfield
representation describes thickness and lift effects to lead-
ing order and is given by:

1
1 X )
2, = t(g)dg + (¢°) 2d&dn
tf /K x2+Ky2 "OA /] % ‘

X il
+ yff[arctan (ﬁ§) + 5 sgn y]

M, <1, x» + Ky? » o

(37)

where t(£) is the airfoil thickness distribution. The
doublet strength due to the nonuniform flow is given by
the integral of (¢g)? over the solution field. This is
evaluated in STRANS periodically (every NGFF iterations)
as the iterative solution proceeds using a trapezoidal
rule integration scheme. Similarly, in calculations for
airfoils with 1lift, the circulation yfg is updated (also
every NGFF iterations). Thus as the doublet strength and
airfoil circulation are refined, Equation 37 is used to
update ¢%f on the boundaries of the finite difference grid.
Suggestions for locating and updating the farfield are
given in Section 6.0 below.
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STRANS can also treat supersonic freestream Mach
numbers by setting a characteristic boundary condition on
the farfield boundaries. The upstream boundary is a com-
pletely uniform flow so that ¢° = 0 is set on i = 1, 3 =1,
JM. Because of the backward differencing used for super-
sonic grid points, no prescription is required on the down-
stream boundary as long as all points are supersonic, as
they should be in a converged solution. If during the it-
eration procedure a grid point on the boundary becomes sub-
sonic, then a zero gradient (¢° = 0) boundary condition is
used. On the top and bottom of the grid, it is assumed
that the disturbance from the body is weak so that the
characteristic relation on the incoming characteristic
applies. The first order approximation to this relation
183

Y (JM)
¢; = #/-K ¢; on y = (38)
¥ (1)

This is incorporated in the finite difference procedure

in the same manner as the airfoil boundary condition.

That is, on the top and bottom of the grid (¢ Y)ltj is
differenced as a one-sided difference using Equatlon 38 in
the finite difference forms.

3.2 Numerical Solution Method for First Order Unsteady
Perturbation Potential

As noted before, the boundary value problem for the
first order unsteady perturbation potential ¢! is of the
same mixed elliptic/hyperbolic type as the boundary value
problem for the steady perturbation potential. The govern-
ing equation for ¢' is linear which would suggest that many
of the powerful techniques of classical analysis could be
applied. The equation is seriously complicated, however,
by the fact that various coefficients are functions of the
nonlinear steady potential, for which the only general solu-
tion methods are numerical. In view of this complication
and the success of the mixed differencing relaxation pro-
cedure for the steady potential equation of similar type,
it was decided to use this same method in UTRANS to develop
unsteady solutions. The application of the method to the
unsteady potential equation involves but slight variations
on the procedure described in detail in Section 3.1. These
variations are emphasized in the summary of the solution
method given in this section.
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FIGURE 5. ScHEMATIC OoF NUMERICAL SoLUTION DOMAIN

Consider the boundary value problem for the unsteady
transonic potential, with numerical solution domain indi-
cated schematically in Figure 5. It is recalled that the
governing equation is linear and, for Q # 0, complex. Also
the equation is of mixed elliptic/hyperbolic type with the
local nature determined by the steady perturbation poten-
tial ¢°. Because of the strong similarity and dependence
of ¢! on ¢°, a possible solution approach woulé be to solve
for both simultaneously. However, because of possible
different stability and convergence requirements, it was
decided to use a sequential approach. That is, since ¢°
does not depend on ¢! it is solved independently by computer
program STRANS, and the resulting solution stored on mag-
netic tape. The converged solution so obtained, is then
used in the solution process for the corresponding ¢'.

This approach has an added benefit in that ¢° need not be
regenerated for each unsteady boundary disturbance of in-
terest.

As mentioned, the numerical solution proceeds in a
similar manner to that for ¢°. The local nature of the
equation at each grid point is determined by the corres-
ponding value of (K-¢°)l = Vi at the same grid point.
Then if K - ¢5 > 0 (efllﬁgic) thd x derivatives of ¢! are
center differenced and if K - ¢; < 0 (hyperbolic) the

o



x derivatives are backward differenced. Near the sonic
line at so-called "parabolic points," (defined in Section
3.1) the centered difference form for V; s and backward
difference form for the x derivatives of ! are used.

The finite difference approximation to the unsteady poten-
tial equation are thus summarized as follows:

Vi,j > 0, elliptic

Vi, 5000t 5t 00 g - [2iee(ep )T 1T =0 (39)
Vi,j < 0, hyperbolic

Vi oSa0f o+ el g - rzierel ol 1ehY S =0 (o)
Vl,J < 0, Vi-l,j > 0, parabolic

Vi, 00mdE, gt (00 5 - [2ieslep )T 1] | -0 (41)

where Vj, 5§ and Vg,j and the elliptic (superscript E) and
hyperbolic (superscript H) difference forms are as defined
in Section 3.1 above.

Using the above forms, the finite difference equa-
tions are set up for each column (x = constant) in the
grid and the resulting sequence of linear algebraic equa-
tions is solved by Gaussian elimination. The equations
in this case are linear so that no iterative solution is
required. Since the ¢'s are in general complex the above
process requires complex operations which are straightfor-
ward on modern machines. After each column is solved, it
is relaxed with a variable relaxation factor, depending on
the local nature of the solution, as before. This process
is repeated for each column in turni sweeping the grid from
left to right until the change in ¢° for all grid points
during one grid sweep is less than some arbitrary small
amount (EPSGRD). A grid halving routine has been imple-
mented in UTRANS in the same manner as described for STRANS,
with similar improvements in the efficiency of the method.
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The numerical treatment of the body boundary con-
dition and Kutta condition for the unsteady perturbation
potential are the same as described earlier for ¢°. The
only difference is that all quantities such as the cir-
culation and jump in ¢ across the wake are in general com-
plex. The iteration procedure for (v,)ff is the same as
that given in Section 3.1.3 above.

The present version of UTRANS accounts on option
for two rigid body modes of oscillation; pitch and control
surface oscillation. The specification of a non-zero hinge
point indicates the desired mode is control surface oscil-
lation. The respective airfoil boundary conditions are
specified in subroutine INITAL and are simply:

¢! =-lony=1%0,x%x,_ <x <1 (42)
Yiu,2 R

where Xp is the hinge point. Unsteady components of the
generalized forces are also calculated by a trapezoidal

rule integration of the unsteady pressure perturbation.

Complete definitions of the forces are given in Section

5:0.

The farfield boundary conditions for ¢! are defined
from an asymptotic expression for subsonic freestream flow
and a form of the unsteady characteristic relation for su-
personic freestream flows. For M_ < 1 an asymptotic ex-
pression is used to fix values of ¢' in the Dirichlet sense
on all four boundaries of the grid, thereby closing the
sequence of equations for ¢' at a column of grid points.
The expression was derived in Reference 3 and is given by:

4V/K ¢L_(x,y) boa . ~ou2)(r)
f£ ! = -1ik¢& -ik) _ikx 1
QYIY > ik e Ap (E)dE+e e ———ﬁi———
’ (43)
+ I +1I , for R >> 1
1 2 1
where I1 is given by:
s (mo_
2 l(Z S(Rl» *© an % . dvg
hhv—=e o i)” WEp M Y W)
= i = d
v i) s S(Rl)
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where

S(R) = YRZ-Kk2y? + R

s"T1/2 (52 gkK2y2)
(S2+Kk2y2)nt3/2

g(s) =

(16-1) (16-32)...[16-(2n-1) 2]

n nlzzn
and I is:
2
( 0 for x € 1
I, = < o) (45)
R, e H2 (R)
-2i sinv/R2-Kk2y?2 ————— @R

kVK y

for x > 1

where k = Q/K, R = ﬁ/{x—£)2+ky2 and R, = ﬁ/(x—l)2+K 2 and
H{z) is the Hankel function of the second kind of ith order.
The integral I, cannot be evaluated in closed form but,
since it is over a finite range, can be integrated numer-
ically with little difficulty. It is noted that the far-
field approximation depends on the solution through the
unsteady component of the airfoil circulation (y,) and also
through the "airfoil integral." The airfoil contribution
to the farfield involves an integral over the airfoil

(0 < x < 1) of the jump in potential between the upper and
lower surface. Thus as the airfoil circulation and poten-
tial distribution is updated, the farfield is periodically
updated during the solution process, using Equation 43.

Supersonic freestream flow can also be treated by
UTRANS in much the same manner as described above for STRANS.
The appropriate small perturbation approximation to the
characteristic relation for the unsteady perturbation po-
tential is:
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¢0
cp;, = + </:? + x>¢}1{ +i 8 6! (46)

Y (JM)
ony =

Y(1)

This is incorporated into the finite difference approxi-
mation to ¢y at the top and bottom of the grid using a
one sided d1¥ference approximation as before. Upstream and
downstream sides of the grid are treated as described above.
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4.0 PROGRAM DESCRIPTIONS

Computer programs STRANS and UTRANS, used in con-
junction, implement the theory and numerical solution pro-
cedure for unsteady transonic flow described in the previ-
ous two sections. As described above, the boundary value
problems for the steady perturbation potential (Equation 10)
and the unsteady perturbation potential (Equation 11) are
solved in STRANS and UTRANS respectively using a finite
difference relaxation procedure. The use and manipulation
of magnetic tapes forms an integral part of the operation
of each program as well as serving as the necessary "data
link" between the two programs. As a result the user is
assumed to have some familiarity with the use of tapes and
their manipulation with control cards. The reading and
writing of data files on magnetic tape is described in the
next section and motivated in Section 6.0. 1In this section,
the logical flow of the STRANS and UTRANS programs is des-
cribed and a brief summary of each subroutine is presented.
Both programs are quite similar in logical approach and
operation, so that they are described together. Differ-
ences between the programs are highlighted with appropri-
ate comments as needed.

The logical flow of the STRANS program is shown
schematically in Figure 6 below. The general logic of the
UTRANS program is almost identical with minor exceptions
noted in the description below. The calculation is begun
by reading card input and, if a restart is being performed,
a tape dump. In UTRANS the tape dump of the steady solu-
tion being perturbed is also read. All finite difference
coefficients and airfoil boundary conditions are initial-
ized in a call to INITAL and subsonic farfield quantities
are initialized in a call to FARFLD. If a restart is not
being performed, initial values for ¢ at all grid points
are determined by the linearized subsonic or supersonic
solution. The computational cycle is executed by setting
up the tridiagonal equations for a column of grid points
using the mixed differencing finite difference equations.
The equations are solved iteratively in STRANS and in one
pass in UTRANS, by Gaussian ellimination in a call to TRI.
Each column is solved and relaxed in turn proceding through
the grid from left to right. The grid is swept iteratively
in this manner until the change in ¢ for all grid points is
less than EPSGRD(1l). A call to PRINT prints out the air-
foil pressure coefficients every NPRINT iterations, and
the farfield is updated every NGFF iterations, in FARFLD.
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STRANS

® Driver Routine
® Continuous Commentary
® Calls to Other Routines

|

Rcad Title Card
Read SC@NTRL

* L ITAPE=0
Read Restart Tape
Read S$1N YES
[
Read $IN
NITERG=0 Call INITAL
Call FARFLD

Initialize Interior PHI

Y

NO
NITERG=0
YES
Compute New K
Call INITAL
Call FARFLD
KGRD=1

Loop Back Point
For Grid Sweep
NITERG = NITERG+1

YES
ITERGZ( MOD NPRINT

Call PRINT

NITERG=0 MOD NGF

Call GAMFUN

Call FARFLD

|

Ficure 6. LocicAaL FLow oF STRANS PRrRoGrRAM
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Begin Loop Over Columns

e

NITERC=0

Loop Back Point
For Another Column
Iteration

NITERC = NITERC+1

lﬁrite Error Mcssagc]

Set Up Tridiagonal
Matrix, Solve for PHI
Call TRI

Compute Column ERRC

YES

ERRC > EPSCgL

Relax PHI
Compute Grid ERR@R

NO

End of Column Swee

Print Maximum
Grid ERR@R
IDPUB=0

YES
CERRPRSEPSGRD (KGRD)

KGRD=KGRD+1
IDPUB=1

YES
NITERG = NGRID

Ficure 6. LosicaL FLow oF STRAHS ProGRAM (CONTINUED)
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NITERGZ0 MOD NDUM NO
YES
Tape Dump
IES 4”//;;;;/; KEPS
YES NITERG = NGRID
Call FPRINT
NO

1DPUB=1

Call GAMFUN
Call FPRINT
Call DPUBLE

END

Ficure 6. LocicAL FLow oF STRANS ProGcrAM (CONTINUED)
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When the converged solution is obtained, a tape dump
of all relevant input and calculated quantities is performed
and a call to FPRINT calculates and prints out the airfoil
pressure and force coefficients. Various diagnostic prints
are also performed in STRANS and UTRANS after every grid
iteration, when the farfield is updated, when the grid is
refined and when a tape dump is performed. Finally, if de-
sired, the grid is refined by doubling all grid lines in a
call to subroutine D@UBLE, and the computational cycle is
begun anew until the new solution has again converged or
until the maximum number of iterations (NGRID) has been ex-
ceeded. 1In either case, a final tape dump and final print
are executed.

A summary of each subroutine is now presented.

STRANS/UTRANS

These are the driver routines for the respective pro-
grams. The logical flow of the mixed differencing relaxa-
tion procedure as just described is controlled by these
routines and all operations including input, initialization,
finite difference solution and output are performed either
internally or by calls to the various subroutines described
below.

D@UBLE

This routine refines the grid spacing by doubling
the number of grid lines. New grid points are added in
both the X and Y direction by placing grid lines midway be-
tween the existing ones. Initial values for ¢ at the new
grid points are determined by a linear interpolation. Calls
are made to INITAL and FARFLD, to reevaluate finite dif-
ference coefficients and regenerate farfield values for ¢
respectively.

FARFLD

The subsonic farfield is calculated and updated in
this routine using the asymptotic solutions for the steady
(Equation 37) or unsteady (Equation 43) perturbation poten-
tials. 1In the STRANS version, the doublet strength (D@UBLT)
is also updated here by performing a trapezoidal rule inte-
gration over the finite difference grid of the expression:
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D@UBLT = D@UB + / ] (q>)°{)2dxdy

FL (in STRANS only)

This is a function statement which contains the air-
foil lower surface shape function. This function appears
in the supersonic small disturbance solution which is used
in STRANS as an initial guess for ¢° below the airfoil for
supersonic freestream flows.

FLP (in STRANS only)

This is a function statement which contains the air-
foil lower surface slope distribution used in the linearized
tangency boundary condition. This function is called from
subroutine INITAL and its value at each grid point on the
lower surface of the airfoil is stored in the FPL array.

FPRINT

This routine produces the final print and is called
when the solution has converged to the desired accuracy or
when the problem is terminated for reaching the maximum num-
ber of grid iterations allowed (NGRID). The unscaled pres-
sure coefficients above and below the airfoil and the air-
foil force coefficients are also calculated and printed out
in this routine.

FU (in STRANS only)

This is a function statement which contains the air-
foil upper surface shape function. This function appears
in the supersonic small disturbance solution which is used
in STRANS as an initial guess for ¢° above the airfoil for
supersonic freestream flows.

FUP (in STRANS only)

This is a function statement which contains the air-
foil upper surface slope distribution used in the linearized
tangency boundary condition. This function is called from
subroutine INITAL and its value at each grid point on the
upper surface of the airfoil is stored in the FPU array.
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The doublet strength due to airfoil thickness (D@UB) must
also be given in this subroutine. This quantity is de-
fined by an integral of the airfoil thickness distribution
function (normalized to airfoil thickness):

1
D@UB = ft(E)dE

0
GAMFUN

This routine performs the extrapolation to update
farfield circulation (GAMFF).

HANKEL (in UTRANS only)

This subroutine calculates the first and second
order Hankel functions of the second kind for real argu-
ments using curvefits developed in Reference 10. These
functions are used in the calculation of the farfield
for the unsteady perturbation potential.

INITAL

The finite difference coefficients AX1l, AX2, BX1,
BX2, CX, AYl and AY2 and AX(DX) and AY (DY) are computed
in this subroutine. The airfoil boundary conditions FPU
and FPL are also set here, using functions FUP and FLP
respectively.
PRINT

This routine computes and prints the scaled pres-
sure coefficients above and below the airfoil every NPRINT
grid iterations.

TRI

This routine solves a system of tridiagonal equa-
tions using Gaussian elimination.
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5.0 INPUT AND OUTPUT

A description of the input required to run STRANS
and UTRANS, and the output associated with each program
are presented in this section. All card input is entered
using the standard CDC NAMELIST package with the exception
of a title card.

Figure 7 below is presented to summarize the defi-
nitions of various important parameters used in STRANS and
UTRANS. It is reiterated that STRANS calculates the steady
transonic flow about a general thin airfoil with mean angle
of attack a® and with a control surface with hinge point Xy
and mean flap angle a%. UTRANS calculates the unsteady
perturbation to this steady flow consisting of an harmonic
oscillation in angle of attack about the nose or of a con-
trol surface oscillation. The output parameters of great-
est interest are the airfoil pressure and force coefficients
which are printed out once the final converged solution is
obtained. The definitions of the scaled and unscaled forms
of the pressure coefficients are shown in Figure 7. Also
defined in the figure are the relations used in the programs
for the steady and unsteady components of the generalized
lift, moment about x = 0 and hinge moment coefficients. It
is noted that counterclockwise moments are defined positive
and that the unsteady perturbations to all coefficients are
given per unit angle of oscillation. The unsteady pertur-
bations to pressure and force coefficients are in general
imaginary so that the real and imaginary components are
printed out in the final print of UTRANS.
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2al STRANS Input

The input for STRANS is now considered in three sets.
Recommended and/or typical values for some of the input var-
iables which control the numerical scheme, appear in paren-
theses. Also presented at the end of this section is a
description of the restart capability which requires input
from a magnetic tape dump of a previous calculation.

First Set

BCD title card containing any information in columns
1 through 80 (Format 8A10). This can be used to define the
case being run and is printed out on the last page of output
which presents the final converged results.

Second Set

The second set of data is read in under NAMELIST
name $C@PNTRL. The single variable read defines the use
of the restart option. Some comments concerning the me-
chanics of the use of this option are given at the end of
the section.

NAME DESCRIPTION

ITAPE This is a flag for using a restart tape.
ITAPE = 0 means the problem is being started
from scratch (iteration 0) using an initial
guess defined in STRANS. ITAPE = 1 means
the problem is being restarted from a pre-
vious run which is to be read from a dump
tape.

Third Set
The third set of data is read in under NAMELIST
name $IN, and includes all of the variables required to

define a problem, and control the numerical iteration
procedure.
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NAME

IM
JM
ILE

ITE

M8

GAM
DEL
ALPHA
ALPHAF

XH

GAMFF

NGFF

PGFF

@MEGAH

DESCRIPTION

An array containing the streamwise grid
coordinates; IM of them

An array containing the normal grid coord-
inates; JM of them

Number of grid points in the streamwise
direction (maximum of 100)

Number of grid points in the normal direc-
tion (maximum of 100)

I location of airfoil leading edge (X(ILE))
I location of airfoil trailing edge (X(ITE))
J location of airfoil (Y (JW))

Freestream Mach number

Y, ratio of specific heats

Airfoil thickness ratio in percent

Airfoil angle of attack in radians

Flap angle in radians

X location of the hinge point on the airfoil
(0 < XH < 1)

Initial guess for the airfoil circulation;
to be used in the initialization of the
farfield

Every NGFF grid iterations the farfield cir-
culation and doublet strength are updated.
This also causes the farfield to be updated.
(v10)

Relaxation parameter used in the iteration
for the airfoil circulation in the farfield
(v1.5)

Relaxation parameter for hyperbolic grid
points (v.75)
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NAME

@MEGAE

@MEGAP

EPSC@L

NC@L

EPSGRD

KEPS

NGRID

NDUMP

NPRINT

DESCRIPTION

Relaxation parameter for elliptic grid points
(v1.7)

Relaxation parameter for parabolic grid
points (v.75)

Convergence criteria for column solution.
The change in [¢°| during a column iteration
at every point in the column must be less
than EPSC@L for convergence to occur

(v5 x 107°)

Maximum number of column iterations allowed.
Note that if NC@L iterations is reached
without convergence, a printout of the degree
of convergence is given and the calculations
proceed as if convergence had occurred (~v1l0)

An array containing criteria to control
grid convergence. The change in |¢°| at
every grid point during one grid sweep
must be less than EPSGRD(1l) for conver-
gence to occur. The number of grid lines
is then doubled if KEPS > 1 and EPSGRD (2)
is used to determine grid convergence, and
so on. KEPS values of EPSGRD are input.

The number of EPSGRD's input (maximum of 3).
The grid is refined KEPS-1 times.

Maximum number of grid iterations allowed.
When the number of grid iterations equals
NGRID the calculation is terminated.

Binary tape dump frequency. Every NDUMP
grid iterations current values of all vari-
ables will be dumped on tape. Note that a
tape dump occurs automatically whenever the
grid converges or the number of grid itera-
tions equals NGRID (set equal to large num-
ber if a dump of only the final iteration is
desired).

Every NPRINT grid iterations the scaled

pressure coeificient above and below the
airfoil is printed.
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NAME DESCRIPTION

IK Setting IK = 1, flags the use of a previous
solution as an initial guess for the current
problem where the Mach number, airfoil thick-
ness or shape and/or angle of attack may be
different.

The input data listed above are necessary to initi-
ate a calculation for which no initial guess is available.
Most calculations, however, are performed as restarts using
data which has been stored as binary files on the restart
tape according to the format described in Section 5.2.

This use of the restart capability is an inherent aspect
of the recommended computational procedure as is discussed
in some detail in Section 6.0. Some brief comments des-
cribing the initiation of a calculation using the restart
capability are pertinent at this juncture.

It is noted that the restart or dump tape (TAPE7)
may be manipulated in any way desired using the appropri-
ate control cards. 1In general the tape will contain data
from many runs, stored as individual binary files. For
restarting the STRANS program, the desired file from the
restart tape (TAPE7) is copied to a disc file (TAPES).
The user is reminded to rewind TAPE8. TAPE7 is then po-
sitioned at the end of the last file on the tape so that
new dumps can be written by the program without losing any
of the old data. The first two sets of data are then in-
put with ITAPE=1. In the third set of data the following
control variables are needed as input:

@MEGAH, @MEGAE, @MEGAP, EPSC@L, EPSGRD, NDUMP,
NC@L, NGRID, NGFF, PGFF, KEPS and NPRINT.

The remaining input variables are stored on the restart

tape and need not be input unless the restart option is
being used to run a new case. If a new case is being run,

IK must be set to 1 which allows the Mach number, airfoil
thickness, airfoil angle of attack, flap angle and/or the
hinge position (M8, DEL, ALPHA, ALPHAF and XH) to be changed.
Tf the airfoil angle of attack and/or the flap angle are
changed a new guess for the farfield circulation (GAMFF)

can and should be made.

_



5.2 STRANS Output

The output from STRANS consists of three parts:
(i) a continuous commentary which describes the progress
of the iterative solution procedure, (ii) a final print
summarizing results of interest from the final converged
solution, and (iii) a binary tape dump of all pertinent
input and calculated parameters.

The continuous commentary consists of various print
statements executed in the main program STRANS or the sub-
routine PRINT which describe the current state of the solu-
tion as well as the occurrence of various "milestones" in
the iteration process. The only print that occurs every
iteration is the value of the maximum change in ¢° through-
out the grid during one grid iteration. When a column it-
eration fails to converge, a print occurs which defines the
degree of column convergence and the j location of the most
poorly converged point. Every NGFF iterations, the subsonic
farfield is updated and the new values of farfield circulation
(GAMFF), airfoil circulation (GAMTE) and nonlinear doublet
strength (DPUBLT) are printed. The user can examine the ef-
fect of degree of convergence on the solution by specifying
a print of the scaled pressure coefficients on the upper
and lower airfoil surfaces every NPRINT iterations. Finally,
a descriptive print occurs at certain milestone points such
as the doubling of grid lines, the occurrence of a binary
tape dump and solution convergence.

The final print is executed in subroutine FPRINT
when the solution has converged to the desired accuracy
or when the number of grid iterations equals NGRID. The
print is self-explanatory and includes the input parameters
which define the problem and various calculated quantities
of interest. The calculated quantities are of course based
on the final converged solution. The steady force coeffi-
cients, as defined in Figure 7, are printed out as well as
the upper and lower surface pressure coefficients with cor-
responding airfoil coordinate.

The most important form of STRANS output is the bi-
nary tape dump of all input parameters defining the prob-
lem and of the most recent values of ¢’ at all grid points.
A tape dump occurs automatically if the solution has con-
verged to the desired accuracy or if the number of grid
iterations equals NGRID. The user may also specify that
such a dump occur every NDUMP grid iterations. The tape
so generated, not only forms a permanent record of the
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results of a calculation for possible future editing and
examination but also forms a necessary part of the compu-
tational procedure. Most important is its use as required
input for a UTRANS calculation. However, it may also be
used to restart the calculation to refine accuracy or con-
vergence or be used as the initial guess for ¢° throughout
the grid for a similar calculation, as described in Sec-
tion 5.1.

The format used for writing and reading the binary
tape is given in the following FORTRAN statements:

WRITE (7) NITERG, IM, IM1l, JM, JM1, JW, JWP1,
JWMl, ITE, ILE, K, DEL, ALPHA,
GAMTEl, GAMFF, NDB, XH, M8, GAM,
DYBUl, DYBU2, DYBL1l, DYBL2, D@UB,
D@UBLT, ALPHAF

WRITE (7) (X(1), I =1, 1IM)

WRITE (7) (Y(I), I =1, JM)

WRITE (7) (FPU(I), FPL(I), PHIUB(I), I = ILE,
ITE)

WRITE (7) (AX1 (1), AX2(I), BX1(I), BX2(I),
CX(I), DX(I), I =1, IM1)

WRITE (7) (AY1(1), AY2(I), DY(I), I = 1,JM1)

WRITE (7) (PHI(I), I = 1,L)

END FILE 7

where IM1 = IM-1, JM1 = JM-1l, L = IM*JM

Any information may be retrieved from the tape by using
the appropriate READ statements as is done in the restart
option described above.

5i: 3 UTRANS Input

The input for UTRANS consists of normal card input
plus input from a binary file which contains the steady
solution generated by an STRANS run. UTRANS also has a
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restart capability which is implemented in exactly the same
manner as previously described in Section 5.1 for STRANS
and elaborated upon at the end of this section. The re-
quired input is now described and some comments are pre-
sented at the end of this section pertaining to the tape
read of the steady solution. As before, the card input

is described in three sets.

First Set

BCD title card containing any information in columns
1 through 80 (Format 8Al0).

Second Set

The second set of data is read in under NAMELIST
name S$C@NTRL.

NAME DESCRIPTION

ITAPE This is a flag for using a restart tape.
ITAPE=0 means the problem is being started
from scratch (iteration 0), ITAPE=1 means
the problem is being restarted from a pre-
vious run using the restart tape. Note that
a tape is also used for the input of steady
results independent of the value of ITAPE.

Third Set

The third set of data is read in under NAMELIST
name S$IN.

NAME DESCRIPTION

X An array containing the streamwise grid
coordinates; IM of them.

Y An array containing the normal grid coordi-
nates; JM of them.

IM Number of grid points in the streamwise di-
rection (maximum of 100).
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NAME

JM

ILE

ITE

SMALLK

GAMFF

NGFF

PGFF

@MEGAH

@MEGAE

@MEGAP

EPSGRD

KEPS

DESCRIPTION

Number of grid points in the normal direc-
tion (maximum of 100).

I location of airfoil leading edge (X(ILE)).
I location of airfoil trailing edge (X(ITE)).
J location of airfoil (Y (JW)).

Reduced frequency based on chord = wc/U.

X location of the hinge point on the air-
foil. Set XH=0 for oscillation in pitch
(0 £ XH £ 1).

Initial guess for the airfoil circulation
used in the initialization of the farfield.
Note that GAMFF is a complex number.

Every NGFF grid iterations the airfoil cir-
culation in the farfield is updated. This
also causes the farfield to be updated (~10).

Relaxation parameter used in the iteration
for the airfoil circulation in the farfield
(nl.5)

Relaxation parameter for hyperbolic grid
points (v.75).

Relaxation parameter for elliptic grid
points (v1.7).

Relaxation parameter for parabolic grid
points (v.75).

An array containing criteria to control grid
convergence. The change in |¢'| at every grid
point during one grid sweep must be less than
EPSGRD (1) for convergence to occur. The num-
ber of grid lines is then doubled if KEPS > 1
and EPSGRD(2) is used to determine grid conver-
gence and so on. KEPS values of EPSGRD are
input.

The number of EPSGRD's input (maximum of 3).

-41-



NAME DESCRIPTION

NGRID Maximum number of grid iterations allowed.
When the number of grid iterations equals
NGRID the calculation is terminated.

NDUMP Binary tape dump frequency. Every NDUMP
grid iterations current values of all vari-
ables will be dumped on tape. Note that a
tape dump occurs automatically whenever
the grid converges or the number of grid
iterations equals NGRID. (Set equal to
large number if a dump of only the final
iteration is desired.)

NPRINT Every NPRINT grid iterations the scaled
upper and lower surface pressure coefficient
per unit angle of oscillation is printed.

IK Setting IK=1 allows the user to use a previ-
ous solution as an initial guess for the cur-
rent problem where the reduced frequency
and/or mode of oscillation is different.

It is recalled, that the solution for the unsteady
perturbation potential, implemented in UTRANS, requires
the solution of the steady potential, generated by STRANS.
This is accomplished by reading the appropriate file on a
dump tape generated by STRANS, in much the same way as is
done in the restart option. It is instructive to briefly
describe the UTRANS restart including the tape read of the
steady solution.

Restarting the UTRANS program is only slightly more
complicated than STRANS. In this case, two tape dumps or
files are required. First the file containing the desired
steady tape dump is copied from TAPE7 to a disc file, TAPES.
Next the file containing the desired unsteady tape dump is
copied from TAPE7 to a disc file, TAPE9, and TAPE8 and TAPE9
are rewound for reading by the program. TAPE7 is then po-
sitioned at the end of the last file on the tape in prepara-
tion for accepting a new tape dump. The first two sets of
data are input as before (be sure to set ITAPE=1). 1In the
third set of data the following variables are necessary:

@MEGAH, @MEGAE, @MEGAP, EPSGRD, NDUMP, NGRID,
NGFF, PGFF, KEPS and NPRINT.
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Again there is an option (IK=1) which allows the user to
change the reduced frequency and/or the mode of oscilla-
tion (SMALLK and XH). In either case a new guess for the
farfield circulation (GAMFF) should be made.

5.4 UTRANS Output

The output from UTRANS is very similar to that of
STRANS and includes a continuous commentary, final print
and binary tape dump.

The printed output is of the form described above
for STRANS. The only difference is that the field varia-
bles in UTRANS are complex so that the real and imaginary
parts are printed out in that order. The descriptive prints
are all the same with the deletion of the unneeded comment
on column convergence. The final print is executed in sub-
routine FPRINT when the solution has converged or has
reached the maximum number of iterations desired by the
user (NGRID). The print includes all important input var-
iables which define both the steady solution being perturbed
and the unsteady solution being generated. Also, various
calculated quantities, based on the final converged solu-
tion, are printed. These include the real and imaginary
parts of the unsteady contribution (per unit angle of os-
cillation) to the aerodynamic force coefficients as defined
in Figure 7 above. Also unsteady contributions to the up-
per and lower surface pressure coefficients (per unit angle
of oscillation) are printed for every computational point
on the airfoil. It is again noted that these are complex
so that the real and imaginary parts are printed out in
order.

The other form of UTRANS output is the binary tape
dump of all input parameters and the most recent values of
(Re¢p', Im¢') at all grid points. As before the tape dump
occurs automatically at normal program termination or at
the users discretion every NDUMP iterations. The format
used for writing and reading the binary tape is given in
the following FORTRAN statements:
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WRITE (7)
WRITE (7)
WRITE (7)
WRITE (7)
WRITE (7)
WRITE (7)
WRITE (7)
WRITE (7)
END FILE 7
where IM1

NITERG, IM, IM1, JM, JMl, JW,
JWPl, JwMl, ILE, ITE, GAMTEl,
GAMFF, @MEG, SMALLK, DYBUl, DYBUZ,
DYBL1, DYBL2, ND@UB, XH

(X(xr), T =1, IM)

(Y(I), I

1, JM)

(FPU(I), FPL(I), PHIUB(I), I =
ILE, ITE)

(AX1(I), AX2(I), BX1(I), BX2(I),
CcX(1I), DX(I), I =1, IMl)

(AYl (1), AY2(I1I), DY(I), I =1, JMl)
(PHI(I), I =1, L)

(C@NAFF (I), PHIAFF(I), I = 1, NPT)

IM-1, JM1 = JM-1, L = IM*JM, NPT =
2*(IM-3) +3*JM

It is again noted that the above formats can be used to
retrieve data from the dump tape using the appropriate
READ statements.
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6.0 PROGRAM USAGE

A summary of the basic information needed for using
the STRANS and UTRANS programs and some hints on setting
up and executing a calculation are presented in this sec-
tion. The comments given here are incorporated in the sam-
ple cases, presented in the next section.

By way of introduction, it should be noted that the
programs are not now and may never be of a degree of so-
phistication for which they may be treated as "black boxes"
for the calculation of transonic aerodynamic coefficients.
Finite difference numerical schemes for nonlinear problems
such as transonic flow are not yet sufficiently advanced
to permit the calculation of general cases without the
care, attention and often agonizing of the user. Consid-
erable judgment is required of the user in exercising the
programs, and this can only come through experience with
similar calculations. Section 6.1 is included with the
hope of providing some guidance concerning various impor-
tant computational details. In addition, Section 6.2 pro-
vides a summary of recommended procedures for exercising
the programs to provide the first time user with some
baseline experience level based on calculations performed
to date with the programs.

6.1 Computational Details

In this section the general structure of the com-
puter programs is first discussed followed by comments on
a variety of details for setting up and running a calcu-
lation.

In their present configuration, both STRANS and UTRANS
allow a maximum of 10000 computational grid points and the
number of grid lines in the streamwise and normal directions
must each be less than or equal to 100. In this configura-
tion, STRANS requires 63gK words to load and 51sK words to
execute while UTRANS requires 144gK words to load and 132K
words to execute. Greater storage is required by UTRANS
because the unsteady potential is complex so that Re¢! and
Im¢' must be stored in addition to storage required for the
$° solution being perturbed. The programs have been exer-
cised to date on CDC 6600 and 7600 computers. Based on
calculations performed to date on the CDC 7600, using the
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extended FORTRAN compiler (FTN) with full optimization
(P§PT=2), typical execution times are 4.8 x 10”° CPU sec/
grid point/iteration for STRANS and 6.6 x 10~° CPU sec/
grid point/iteration for UTRANS. Execution times on the
CDC 6600 using the same compiler are generally a factor

of 4 greater. The execution times given here are useful
for estimating computer time requirements for a calculation.

Specification of Airfoil Shape: All quantities
required to perform an STRANS calculation are input to
the program via cards or magnetic tape (restart) with the
exception of the airfoil shape. As indicated in Section
4.0, the airfoil upper and lower surface shape functions
(normalized to the airfoil thickness) are given in function
subprograms FU and FL respectively and the upper and lower
surface slopes (f°’'(x) and £p'(x)) are given in FUP and FLP
respectively. FU and FL are needed only for initial calcula-
tions with a supersonic freestream and are used in the
initial guess for values of ¢° in the grid. f£J' and £3' and
the doublet strength due to thickness, D@UB, need to be
specified for both subsonic and supersonic freestream cases
as they are used in the airfoil boundary condition. The
functions presently programmed in STRANS are for a symmet-
ric circular arc airfoil. Thus to run calculations for
another airfoil, the respective statements need to be
changed in the function subprograms. The specification of
airfoil slopes presents some problem since most airfoil
shapes are not defined by simple analytic functions but
by tabulated points. The recommended procedure for calcu-
lating the needed slopes is to perform a cubic spline fit
to the data. However, good results have been obtained with
STRANS using simpler methods such as linear interpolation to
calculate slopes. The effect of angle of attack (ALPHA) and
flap angle (ALPHAF) on the airfoil shape and slope functions
are treated automatically in STRANS using the specified
input quantities.

UTRANS automatically treats two rigid body modes of
oscillation: pitch and control surface rotation. No pro-
gram modifications are required as the different airfoil
boundary conditions are determined internally using the
specified input. The flag for one mode or the other is
the hinge point (XH); if XH=0 the pitch mode is treated and
if XH#0 (0 < XH < 1) control surface oscillations are con-
sidered. The method is not restricted to these modes but
would require modifications to FPU(I) and FPL(I) in subrou-
tine INITAL to treat various flexible modes of oscillation.
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Grid Design: The variable mesh size technique, used
in STRANS and UTRANS, allows considerable flexibility in
the choice of a computational grid. The basic reason for
this capability is that grid points may be concentrated near
the airfoil, where a high degree of resolution is desired.
The grid spacing may then be expanded away from the air-
foil out to the boundaries of the mesh, thereby providing
for an economic use of grid points. Economy of use is par-
ticularly important for UTRANS calculations since three
values (¢°, Re¢!, Im¢p') must be stored at each nodal point.

The basic consideration in grid selection is that
grid spacing vary smoothly so that sudden jumps in Ax or
Ay should be avoided. As with most numerical technigques,
considerations of error in the finite difference approx-
imation indicate that the ratio of the spacing between ad-
jacent grid points lie between 1/2 and 2. Some additional
guidelines for grid design are that grid points be concen-
trated near the leading edge to resolve the blunt stagna-
tion point singularity and the pressure singularity in a
calculation with 1lift. If shocks are expected in the cal-
culation, grid points can be concentrated near their expected
location. Choice of a grid for unsteady calculations fol-
lows similar guidelines with regard to concentration of grid
points. Unsteady calculations in general involve 1lift per-
turbations to the steady flow so that the leading edge or
hinge point singularity must be resolved. Also, if the
steady flow has shocks or rapid compressions, wave energy
will be concentrated there so that a concentration of grid
points is required to resolve the resulting unsteady pres-
sure peak. It should be noted that UTRANS requires values
of ¢°, generated by STRANS, at each point in the grid. No
provision is made for interpolating, so that the UTRANS cal-
culation must have the same basic grid as the STRANS calcu-
lation being perturbed. A provision is made which allows
the ¢° data to be from a more refined grid which was obtained
using the grid halving technique on the equivalent UTRANS
grid. The utility of grid halving is described below.

A Dbasic grid which has provided accurate results

in calculations performed to date consists of about 50 grid
lines in both normal and streamwise directions. Approxi-
mately half of the grid columns (X = constant) are concen-
trated on the airfoil and the grid rows (Y = constant) are
divided equally above and below the airfoil. Slight vari-
ations on this grid are given in the test cases below. Nu-
merical studies which further refined the basic grid des-
cribed here, have shown little change in the results for
pressure coefficient on the airfoils, for example, with the
singular exception of increased resolution of a shock wave.
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It is judged that the basic grid is sufficiently accurate
for most engineering applications.

Farfield Location and Update: The only other ques-
tion in grid design is how far to expand the grid out to
the farfield. The fact that the perturbation flowfield
extends to large lateral distances for transonic flows,
makes this an especially important question. The lateral
extent of the nonlinear flowfield, varies considerably
depending upon the transonic similarity parameter, so that
no specific answer to the question is possible. 1In general
though, the farfield must be far enough away from the air-
foil that: (i) for subsonic freestream flows, the asymp-
totic expressions used for setting ¢ff (Equation 37) or
¢%f (Equation 43) be an accurate representation of the solu-
tion, and (ii) for supersonic freestreams, the perturbation
is weak and the flow is entirely supersonic on the boundary.
For subsonic flow, considerations of accuracy of the analyt-
ical farfield expressions indicate that Y(JM), Y(1l) = *6 and
X(IM), X(1l) = 23 are sufficient at least for M Y .95, § <
0.1, a ¥ 20 and @ and K v 1. It is noted in passing, that
numerical studies have shown that the farfield approximation
has a weak effect on steady airfoil pressures and a slightly
stronger effect on the unsteady pressures on the airfoil.

It is recalled that both the steady and unsteady sub-
sonic farfields depend upon the solution through the nonlin-
ear doublet strength (D@UBLT) and the airfoil circulation
(GAMFF). These quantities are thus part of the solution pro-
cess (as described in Section 3.0) and couple back into the
solution through their effect on the farfield and wake. The
user can control the iteration process for D@UBLT and GAMFF
by specifying NGFF, the number of iterations between far-
field updates and PGFF, the relaxation parameter for updat-
ing GAMFF. It is suggested that NGFF be somewhat greater
than the number of grid points between the airfoil and the
farfield to allow the updated farfield enough iterations to
influence the entire grid before updating again. A sugges-
ted value for PGFF is 1.5 which has the effect of an over-
relaxation on past values of airfoil circulation. Such
values for both parameters have worked well in the past al-
though no detailed attempt at determining optimum values
has yet been made.

Relaxation Factors: The matter of the choice of
optimum relaxation parameters (yp) is a complex one and has
only been studied in detail for simple cases. 1In the case
of the steady transonic potential equation, values varying
from e = 1.4 » 1.9 for elliptic points and wp = 0.75 > 0.9
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for hyperbolic points have been used. The "best" value
can vary significantly with respect to the transonic sim-
ilarity parameter K, however limited numerical studies?
indicate a value for wg v 1.7 is close to optimum for
slightly supercritical flows. Similar studies® have indi-
cated that the relaxation procedure for ¢! (UTRANS) may
become unstable for values of wp much greater than 0.75
and the best values for w, and wp seem to be strongly re-
lated to the unsteady similarity parameters K and Q.

Accuracy and Convergence: Questions of accuracy
and convergence of the numerical schemes implemented in
STRANS and UTRANS are of considerable importance relative
to the utility of the programs as engineering tools. The
accuracy of the small perturbation approximation for steady
flows has been discussed in many studies(“r5:%) and STRANS
results are consistent with these findings®. The question
of the accuracy of the linearized unsteady perturbation
approximation used in UTRANS is an open one but results to
date® have been quite promising. Of particular interest to
the user of the programs is the degree of convergence and
grid definition required for practical accuracy. Clearly
the trade-off, which plagues any numerical technique, is
the cost of computer time. Some comments concerning this
question are therefore appropriate.

The use of successive grid refinements to speed
convergence is implemented in both STRANS and UTRANS in
subroutine D@UBLE by a simple halving of the grid spacing.
The technique has been found to be quite beneficial to the
overall efficiency of a calculation. It is implemented by
starting with a coarse grid and specifying KEPS > 1 and
EPSGRD(I), I = 1, KEPS. The iteration procedure is con-
tinued on the coarse grid until the change in ¢° or |¢!|
over one iteration is everywhere less than EPSGRD(1l), a
suggested value for which is 10 3. A greater degree of
convergence on an interim coarse grid seems to be wasteful.
The grid lines are then doubled and the iteration proce-
dure continued until the change in ¢ is less than EPSGRD(2).
If this is the final grid refinement desired, a suggested
value for EPSGRD(2) is 10~". Convergence to this accuracy
for UTRANS runs requires about three or four minutes on a
CDC 6600 including time expended on both coarse and refined
grids. STRANS runs may be of comparable or in general
shorter duration depending upen similarity parameters. It
is believed that convergence to higher accuracy is not prof-
itable since changes in airfoil pressure distribution are
undetectable (less than one percent) for convergence between
10™* and 10~° for example.
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An important aspect of the numerical solution pro-
cedure is the iteration process for determining the air-
foil circulation. This procedure and the corresponding
treatment of the Kutta condition and updating of the far-
field have been discussed above. Updating the circulation
and jump in the potential along the wake has a highly non-
linear effect on the convergence rate. Typically, (A¢)max
increases by an order of magnitude when the circulation 1s
updated. Convergence is then quite rapid until the next
update of circulation and farfield values. Thus an addi-
tional consideration in terminating the iteration process,
is the variation in circulation from one update to the
next. The change in circulation (GAMFF) over NGFF itera-
tions as well as the change in the nonlinear doublet
strength (D@UBLT) in STRANS calculations are good indica-
tors of the global convergence of the solution. In general,
convergence to EPSGRD of 10~" is equivalent to a chan?e in
GAMFF or D@UBLT over NGFF iterations of less than 107°.

If this is not true, it is suggested that the calculation

be continued to a greater degree of grid convergence. This
will insure convergence of integral quantities such as air-
foil force coefficients to acceptable engineering accuracy.

It is reiterated that the comments given in this sec-
tion are intended only to summarize past experience with
the programs and the suggested values for various parameters
are not to be taken as hard and fast rules. Experimentation
with such parameters are encouraged and in fact essential
to the efficient operation of the programs.

6.2 Summary of Recommended Computational Procedures

Certain standard practices used in any large scale
numerical computations should be followed in exercising
the STRANS and UTRANS programs. For instance, when initi-
ating a series of calculations for a new airfoil it is ad-
visable to make a short run of perhaps 25 cycles. In this
way all input quantities can be verified and possible ad-
justments to the grid may be desired based on the progress
of the calculation. Such a calculation would also be use-
ful in estimating convergence and therefore computer time
requirements for later calculations. The peculiarities of
transonic flow computations make certain additional proced-
ures advisable. One such general procedure which has worked
well is described in this section. It makes good use of
the restart option as well as the successive grid refine-
ment technique.
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It is noted that the relaxation procedure for, in
this case, the transonic potential equation is a systematic
method for getting from one solution to another or from an
initial guess to the desired selution. The procedure sum-
marized here thus makes use of this inherent characteris-
tic to generate a matrix of approximate solutions for var-
ious Mach numbers and angles of attack for a given airfoil,
which can be used as relatively good initial guesses for
more refined or highly convergent solutions. For steady
solutions the procedure involves initiating a calculation
for a given airfoil on a relatively coarse grid (10 x 10
to 25 x 25) for a subkcritical Mach number for solutions
with M,/ < 1 or a completely supersonic Mach number if solu-
tions with M > 1 are desired. 1In either case, STRANS uses
the linearized subsonic or supersonic solutions respectively
to generate an initial guess. This initial case is relaxed
to a relatively loose degree of convergence (*+10~%) and the
restart option is used in subsequent runs to bootstrap up
or down in Mach number if subsonic or supersonic solutions
respectively are desired. These interim solutions can then
be used to bootstrap up in angle of attack. Increments in
Mach number of about .05 and in angle of attack of about
1 have generally been used to date in generating these
initial solutions. Any one of these calculations can later
be further refined using the grid halving technique and
ultimately continued to the recommended 10~ convergence
level.

The procedure for unsteady calculations with UTRANS
is quite similar. In this case, the procedure is initiated
on a coarse grid for the quasi-steady or k = 0 case, using
any fully refined and converged steady solution. The re-
duced frequency is incrementally increased in steps of
about 0.1 in subsequent calculations, until the desired
value is reached. As before the solution can then be re-
fined and continued to the recommended convergence level.

Clearly many variations on the above procedure are
possible and the procedure is by no means optimum for any
given calculation. It is for this reason that the syste-
matic procedure outlined above has not been programmed into
STRANS or UTRANS.
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7.0 SAMPLE CASES

Detailed input and sample output for sequences of
STRANS and UTRANS runs are presented in this section. The
sample cases attempt to implement, at least in part, the
suggestions presented in the previous section.

7.1 STRANS Test Cases

A sequence of computer runs are described in this
section, which calculate the steady transonic flow over a
10 percent thick, symmetric circular arc airfoil for the
following conditions:

Q
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The individual runs required to complete these cases (i.e.,
achieve convergence ~l10” * on a refined grid) are described
in the run log given in Table 1. The table lists the re-
start tape read by each run, the grid(s) used, total grid
iterations, convergence achieved on each grid and finally
the tape dump generated. The "coarse" 29x29 grid on which
the calculations were initiated is given in the input to
Run 1S below. The "refined" 54x55" grid is generated by
halving the grid spacing as described earlier. Runs 2S5,
55, 6S, 7S and 10S, marked by * in the table, are believed
to be of engineering accuracy with respect to grid refine-
ment and convergence.

The runs described here implement two approaches to
the calculation of lifting cases, using interim solutions,
and it is worth commenting briefly on the relative effi-
ciency of the approaches. Runs 1, 3, 4 and 5, for M, = 0.7,
generate a solution with g = 34 by increasing o in incre-
ments using the interim coarse grid solutions. That is,

Run 3 uses file 1S.a as its initial guess for a = 1° and
Run 4 uses file 3S as its initial guess for a = 2°. After
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achieving a certain degree of convergence on the coarse

grid Run 4 refines the grid and the solution is completed

in Run 5. The sequence of M_ = 0.8 runs (Runs 7, 8, 9, 10)
on the other hand use, in each case, the refined grid solu-
tion as an initial guess for the successively larger angles
of attack. Accounting for the fact that iterations on the
refined grid require about a factor of 4 more computing
time, it would geem that the sequence of runs for the

M, =0.7, a = solution required almogt a factor of 4 less
computing time than the M_ = 0.8, o = solution. The rea-
son for the increased eff1c1ency is that the convergence of
lifting cases is generally controlled by the iteration pro-
cess for determining the circulation. Thus it would seem

to be most efficient to achieve relatively good convergence
for the circulation before proceeding to the refined grid.
This of course neglects the fact that supercritical cases
such as M_ = 0.8 generally require greater computing effort
than subcritical (M_ = 0.7) cases. However the increased
effort for supercritical cases is not a factor of 4 by any
means so that this comparison would seem to justify the con-
clusion given. The comparison of "bootstrapping" techniques
given here, also reinforces the point made earlier that the
user can effect considerable savings by exercising some
judgment in the way calculations are performed.

TaBLE 1. Sequence oF Runs For STRANS SampLe Cases (* CoNVERGED SOLUTION)

Restart I
Tape Grid Grid Convergence Tape Dump
Run Mo o Used Type Iterations Achieved Generated
=3
o _— 29x%29 10 1s.a
1s -7 0 54x55 58 1073 1s.b
* 25 37 0° 1s.b 54x55 85 1074 2s
. o -3
3s .7 1 15.a 29%29 44 10 3s
& - ,0 3s 29%29 85 1073 4s.a
. 54x55 10 45.b
* 5 .7 2° 4s.b 54x55 100 1.2x1074 5s
* 6s .75 0° 2s 54x55 68 16T 6s
»* o -4
75 .8 0 6s 54x55 75 10 75
() -3
8s .8 1 7s 54x55 100 10 8s
9s .8 2° 8s 54x55 100 1.6x1073 9s
*10s .8 2° 9s 54x55 200 4.7x1074 10s
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7.1.1 Input for STRANS Test Cases

The card input for each of the STRANS runs described
above is given in this section:

® Run 1S: no tape read, generate files 1S.a, 1S.b.

*%* CIRCULAR ARC ***

SC@NTRL

ITAPE=0,

SEND

SIN
Xx(1)=-4.,-3.2,-2.4,-1.6,-1.,-.6,-.35,-.2,-.075,0.,.05,.11,
18,626, :36,.5,.64,.74,.82,.88:,94,1.,1.1,1.25,1.45,1.78,
2.25,3.,3.75,
vy(1)=-7.,-5.4,-3.8,-2.7,-1.9,-1.4,-1.1,-.85,-.65,-.5,-.36,
-.23,-.1366,-.05,0.,.05,.1366,.23,.36,.5,.65,.85,1.1,1.4,
1.9,2.7,3.8,5.4,7.,

IM=29,

JM=29,

ILE=10,

ITE=22,

Jw=15,

M8=.7,

GAM=1.4,

DEL=.1,

ALPHA=0.,

GAMFF=0.,

@MEGAH=.75,

@PMEGAE=1.5,

@MEGAP=.75,

EPSC@L=5.E-5,

EPSGRD(1)=1.E-3,1.E-3,

XH=0.,

NDUMP=2000,

NC@L=10,

NGRID=150,

NGFF=10,

PGFF=1.5,

KEPS-2,

NPRINT=10,

ALPHAF=0.,

SEND
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® Run 2S: read file 1S.b, generate file 2S.

*** CIRCULAR ARC **x*

S$C@NTRL
ITAPE=1,

SEND

$IN
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=. 75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NC@L=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
$END

® Run 3S: read file 1S.a, generate file 3S.

*** CIRCULAR ARC **x*

SC@NTRL
ITAPE=1,

$SEND

SIN
ALPHA=.0174532925,
GAMFF=1.,
@GMEGAH=. 75,
@MEGAE=1.7,
@MEGAP=. 75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-3,
NDUMP=2000,
NCQL=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,

IK=1,

SEND
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) Run 4S: read file 3S, generate files 4S.a and 4S.b

*** CIRCULAR ARC ***

$C@NTRL
ITAPE=1,

$END

SIN
ALPHA=.034906585,
GAMFF=1.,
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSC@L=5.E-5,
EPSGRD(1)=1.E-3,1.E-3,
NDUMP=2000,
NC@gL=10,
NGRID=150,
NGFF=10,
PGFF=1.5,

KEPS=2,
NPRINT=10,

IK=1,

SEND

@ Run 5S: read file 4S.b, generate file 5S.

*** CIRCULAR ARC ***

SCONTRL
ITAPE=1,

SEND

$IN
@MECAH=. 75,
@MEGAE=1.7,
BEMGAP=.75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NCZL=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
S$SEND
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[0 Run 6S: read file 2S, generate file 6S.

*** CIRCULAR ARC ***

SC@NTRL
ITAPE=1,

$END

SIN

M8=.75,
@MEGAH=.75,
@MEGAE=1.7,
PMEGAP=.75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NC@L=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
IK=1,

SEND

@ Run 7S: read file 6S, generate file 7S.

*** CIRCULAR ARC ***

SC@ONTRL
ITAPE=1,

S$SEND

SIN

M8=.8,
@MEGAH=. 75,
@MEGAE=1.7,
@MEGAP=.75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NCgL=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
IK=1,

$END
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[ Run 8S: read file 7S, generate file 8S.

*** CIRCULAR ARC ***

$C@NTRL

ITAPE=1,

$SEND

SIN
ALPHA=.0174532925,
GAMFF=1.,
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSC@L=5.E-5,
EPSGRD(1)=1.E-4,
NDUMP=2000,
NC@L=10,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,

IK=1,

SEND

[ ] Run 9S: read file 8S, generate file 9S.

*** CIRCULAR ARC ***

SC@NTRL

ITAPE=1,

$END

SIN
ALPHA=.034906585,
GAMFF=1.,
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSC@L=5.E-5,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NCQ@L=10,
NGRID=100,
NGFF=10,
PCFF=1.5,
KEPS=1,
NPRINT=10,

IK=1 .

SEND
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[ ) Run 10S: read file 9S, generate file 10S.

*** CIRCULAR ARC ***

$CPNTRL
ITAPE=1,

$END

SIN
@MEGAH=.75,
QMEGAE=1.7,
@MEGAP=.75,
EPSCQL=5.E-5,
EPSGRD (1) =1.E-4,
NDUMP=2000,
NC@L=10,
NGRID=2000,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
SEND

7.1.2 Sample Output for STRANS Test Cases

The following pages contain a sample of the contin-
uous commentary output for the first 9 cycles of run 1S in
addition to the final printed output for all runs.
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® Sample Output from Run 1S

10+3800€1°~

10+3800€1°~

00e3020LL° = 1378N0Q
100350281 °= 10¢3€LL22°= 10+3%0192°~
104350281°= 10¢3€LL22°= 10+3%0192°~-

*0 ® 31NV

10#36%9192°~

& (311 01 371) ¥3mM0N

10+36%192°~

& (311 04 371) ¥3ddN

1€l 300N

091 3QON
681 300N
8l2 300N
492 300N
2l =r
S42 300N
ot =r
2l =r
€6€ 300N
ot =
21 =f
29¢€ 300N
ol =r
8 =r
1t =r
6 =
ot =r
%0€ 300N
6 3
1y sr
ot =r

1 sr

92

‘0

1043€2452°=

1043€29S2° =

= J4WV9 01

10+390€12°~

10+390€12°~

NOTAVH3LI 1V Q1314¥V4 ONV 44WYO 31v0dN

00+310089°
104329991 °=

00+3206L1°~
(04389851~

¢IN3IJ144300 3dNSS3¥d U37vIS 6

1v Q3330200
iv a338N320
1v Q3¥3n320
1V 0348N220
1v Q3¥3¥nJ20
€0-3LL601°
1V Q3¥¥NnJ20
€0=-39L%01°
€0-350501°
1v Q3¥3nd20
€0-398582° -
%0=-3L9219°~
1V 03330200
€0-368%82°~
£0=-300%€1°
€0=-3111s1°~
€0-356112°~
€0=-3%L108"
1v Q3¥¥Nn220
$0-38CE€2L°-
€0-3828¢€€C"°
€0-38L625°
€0-3S1E0%"*

ONY 10-31%966°~
GNV 00+30%021°~
ONY 00+31L%92°~
ONV 0043942%€°~
ONY 00¢322008°~
= ¥¥3 39¥3IANOD
ONY 00¢329L0%°~
= 333 39¥3ANOD
= 443 39¥3ANOD
ONV 00+3%€94%8°
= 343 3D0¥3ANOD
= ¥¥3 3I9¥IANOD
ONV 10¢3%1561°~
= 333 30UY3IANOD

= 4¥3 39¥3ANOD

343 39¥3ANOD
= ¥¥3 39Y3ANOD
= ¥H43 3943ANOD

ONV 10e316211°~
= 333 39¥3ANOD
= H¥3 39¥3ANOD
= ¥¥3 3I9YIANOD

& 333 39¥3ANOD

004311902°
10+325212°

oL

01

0L

o1
o1

0ol
o1
01
0L

ol

ol
o1
01

01

HOHYI WNWIXVR 3HL

0371Iv4 21 NWNI0D
037Ivy I1  NWNI0D
0371vd 0T NWNTI0D
037Ivd 6 NWNI0D

00+4310089° 00+3206L1°~
10¢32994%1°- 10+38%8S1°~
¢INIIDI 44300 3I¥NSS3¥d 037vIS 6
HOHHI WNWIXVW 3HL 6
H0d4¥3 WNWIXVW 3HL 8
HOHHI WNWIXVW 3HL L
HOBY¥3 WNWIXVAW 3H1 9
H0oHYHI WNWIXVW 3HL §
037Iv4 ST NKNI0D S
HOH¥I WNWIXVW 3HL &
037Ivd ST NWNI0D %
Q37Iv4 %1 NANI0d &
HOHY3 WNWIXVW 3HL €
037Ivd ST NWNI0D €
037Ivd4 9T NWNI0D €
HOHH3 WNWIXVW 3HL 2
Q311v4 91 NWNI0D 2
0371vd ST NWNT0D 2
0371Ivd %1 NwNI0D 2
031Iv4 €1 NWNTI0D 2
0371Iv4 21 NWNI0D 2

1

00+36886L°~

00+3€S8LS°*~

NOILivy3Ll 1LV
00+36886L°~

00+3€58L5°~

NOILvy3Ll 1V
NOILlvy3Ll 1Lv
NOILlvy3Lll 1v
NOILVH3LI 1V
NOTLVH3LI 1V
NOILvd3LI 1V
NOIlvy3Ll 1V
NOILVH3LI 1LV
NOI1vH3Ll 1LV
NOILVH3LI 1V
NOILVH3LI 1V
NOILvd3LI 1V
NOILVH3LT 1V
NOILvH3LI 1V
NOIL1v¥3Ll 1V
NOILvH3LI 1LV
NOILVH3Ll LV
NOILvad3Lll 1V
NOILvy3LT 1V
NOTLVY3LT 1V
NOILVH3LI 1V
NOILVH3LT 1V
NOTLV¥3LI 1LV

NOILvy3Ll 1LV

= (8v¥d8dl/d)) ¥0L1Dv4 9NITWIS
= (M) ¥313WvH¥vd ALINVIINWIS
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RUN 18

00¢319291°=
00+3508SE°~

00+319291°=
00+3508S€E° =

00+3000S8°
00+30001€"°

00+32€912°~
00+302%1C°~

00+32€912°~
00+302%1€E°=

00¢300028°
00+300092°

00+36L122°~
00¢306692°~

00e36L122°~
00+306692°~

00+30008L°
00+300022°

00431L91€°~
00+381912°~

00431L91E° =
00+381912°=~

0043000%2°
00+300081°

00¢32009€°~
00438%6S1°~

00+32009¢€°
00+38%6S1°=

00¢300069°
00¢300S%1°

00e321%62° 00¢3690%1° 10-31852€° 10-3228€%°= 00¢39S011°~
004395%6€°= 00439522%°= 00430€0€%°= 00¢35661%°= 00+38606€°~
10-39€L06°= 10-31L281°~ 10-3050€L° 00+396691° 00+39%12€°

= ¥3IM0T *SIN3TI14430D 39NSS3ud 110481V
00+321%62° 00+36904%1° 10-31852€° 10-32.8€%°= 00¢39S011°~
00+395%6€°= 00¢3%522%°= 00+30€0€%°= 00439661%°~ 00438606€°=
10-39€206°~- 10-312281°~- 10-3060¢€.° 00+396691° 00+34%12¢€°

= ¥3ddN *SIN3IDI144300 3uNSS3dd 110441V
10+300001° 00¢300026° 00+3000%6° 00+300016° 00+300088°
00+3000%9° 00+30002S° 00+300005° 00+3000€%° 00+30009¢c*
00+3000171° 10-300008° 10-30000s8° 10-3000s2° *0

= 31VNIQ¥00D 110441V

(@37VISNN) 10481V 3HL NO SAN3IDI44300 3¥NSS3INd

11-3€6S99°= = IN3WOW 39NIM
[1=3€65%9°= = (0=X) 1NOYV LN3IWON
2l=32250€*- = 141N

SAIN3IJ144300 30804 10441V

°0 = (NOTLVINDHIDeY¥VEdI/dIe2) NOILVINI®ID NU Q3SVE LINIIDI4430D 141N
*0 = NOILVINOH®ID 10481V Q31vIS

00+311%02° = (¥VAdI/dI) HOLIV4 ONITWIS dI

*0 = (SNVIQVY) 379NV dv4

‘0 = AINIOd 39NIM

*0 = (SNYIQVY¥) MOVLlv 40 39NY TI03HIV
00+300001° = 0lavd SS3INMNIIML
10e325212° = (M) 8313Wvdvd ALIN¥VIINIS
00+30000L" = YIANNN HOVNW

ass  JdV UVINIHID ese
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RUN 2S

00+3S€6S1°=
V0+3S2LEE"~

00+3S€6S1°=
00+3522€€°~

00+300058°
00+30001€"

00+4309%02°~
00+3SE%62° =

00309%02°~
00+35€%62°~

00+300028°
00+300092°

00+308882°
0043255S2°= 004365262°= 00+3.S6€€°= 00+3560L€°~
00+3€E1S2°= 00+301661°~ 00+3€E0%%1°= 10-3261LL°~

00+308882°
UU*®3255G2°= 004365L62°= 00¢3.66€E€°= 00+3560L€°=~
00¢3€E€1G2°= 004301661°= 00¢3€09%1°= 10-3261LL°~

10+300001"*
00+30008L° 00¢3000%L° 00+4300069° 00¢3000%9°
00¢300022° 00+300081° 00+¢3005%1° 00+3000171"°

00+30%9€ 1" 10-3€526¢€° [0-35292%°= 00+312901°~
00438E€R6E°= 00¢3%2,0%°= 00¢329L6€E°~ 00+39€69C°~
20-329829°- 10-3[E&18° 00+36%9L1° 00+362%2€°

= Y3M0 *SIN3IDI44300 3¥NSS3¥d 10481V
00+3049€1° 10-3€626¢L° [0-35292%°~ 00+312901°~
00+38€EBHE*= 00¢352207°~ 00+3¢9L6E°= 00¢39€69€°=~
20-3298L29°~= T10-31€RIE" 00+36%921° 00+362%2€°

2 ¥3ddN *SIN3IJIIJ4300 3¥NSS3dd 110441V

00+300026° 00¢30G0%0° 00¢300016° 00+300088°
0043000LG° 00+300008° 00+3000€%" 00+30009¢€"°
10-300008° 10-300006" 10-300052° °0

= 3LVYNIQY00D 10481V

(@37VISNN) 110381V 3HL NO SIN3IJII134300 34NSS3Yd

T1=-31€2%1°= = LIN3WOW 39NIK
T1=-31€29%1°= = (0=X) L1NOHV LNIWONW
€1=312182°- = 141N

SIN3IJ144300 30404 I0ONIV

0 = (NOTAVINDHIDedVHdD/dIw2) NOILVINDOHID NO (03Svd IN3IJI144300 14IM

*0 = NOILVINOHID 110441V Q3VIS
= (4VY8d1/dJ) ¥OLIVI ONITVIS dI
*0 = (SNVIQvd) 379NV dv1d4

%0 = INIOd 39NIM

*0 = (SNvIQvd) X¥Ovilv 40 319NV 11041V
00+300001° = Ollva SS3INMNIIHL
10e3249212° = (M) ¥313nvdvd ALI¥VIINIS
00+300002° = ¥3IAWNN HOVHW

00¢311%02°

ane JHY HVINIHID osse
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RUN 3S

00+3%2061°~

00+31€€CE2"~

00+300028°

00+301€L2°~

00+39L1€€E°~

00+43000%L°

00+361S€E"~

00+31€ESTY*~

00+3000%9°

0043806S€° =

00¢39S/9%° =

00¢30000S°

00365 AQT" 20-34920L9° 00+3%99%01°~
00431200€°= 00+3712212°= 00¢439€901°~ 10=3R%961(" 00+399091° 00e31L€LE"
= H43IM0T ¢SINIIOIS4300 3uNSS3ud 110481V

00¢35H6ST" [0=34%1%1°= 00e3LS9E1°=
00+30S9%%°= 00+32€9RC*= 00+430[€0E€E°~ 0C+3IEGH0Z2°= 10-3€9L€6°= 20-39.666°
= d3ddN *SINIIOI439300 38NSS3ad 110481V

10+300001° 00+3000%6° 00+30004R°
00+430009¢€* 004300092° 00+3000R(" 00+300011° 10=-300005" °0
= 31YNIQ400D 110441V

(A37vISNN) 110421V 3HL NO SANIIII434300 3IHNSSINd
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7.2 UTRANS Test Cases

A sequence of UTRANS runs are described in this sec-
tion, which calculate the unsteady flow perturbation for
the circular arc airfoil oscillating in angle of attack
at the following conditions:

‘k=0.0

M, =0.7 , a =0°
(k=o.2
Ofk=o.o

M = 0.8 o =0

® ' | x = 0.2

The individual runs required to complete these cases (i.e.,
achieve convergence of V10~™" on a refined grid) are des-
cribed in the run log in Table 2. The table presents the
mean flow conditions (Mm,a°) and reduced frequency (k), the
tape dump of the steady solution and restart tape read for
each run, the grid(s) used, total grid iterations, conver-
gence achieved on each grid and finally the tape dump gen-
erated. All runs are on the same coarse and refined grids
described above. Runs 2U, 5U, 7U and 10U, marked by * in
the table, are the final converged results for the cases
listed above. The runs were performed in the order shown
and implement the "bootstrap" technique for getting from
one unsteady solution to the other as described in the
previous section. The required input for each run and
sample output are now presented.
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TAaBLE 2. Seauence oF Runs For UTRANS SampLe Cases (* CoNVERGED SoLUTION)
STRANS Restart Grid Grid Convergence Tape Dump
Run | Mo | @ k Tape Tape Type Iterations Achieved Generated
=3
1w |.71]0° |o.0 2s s ey 45 310-3 s
* 20 | .7 ] 0° |o0.0 2s 1U.b 54x55 200 1.85x10™ 4 2U
3u |.7]0° |o.1 28 10.a 29x29 127 1073 3U
av | .7 | 0° [o.2 28 3U 29x29 136 10:3 4U.a
. : 54x55 10 4U.b
* sy | .7 ]|0° |o.2 2s 4U.b 54x55 200 1074 5U
-3
6u | .8 [ 0° |o.0 78 w.a | 29%22 189 103 g
*70 |.8 | 0° |o.0 7s 6U.b 54x55 199 1074 70
gu |.8 | 0° |o.1 7s 6U.a 29x29 187 1073 8u
ou | .8 | 0° |o.2 78 8u 29%29 175 10-3 90.a
: . 54%55 10-3 9U.b
x10u | .8 | 0° |[o0.2 7s 9U.b 54x55 200 1074 10U

.




7.2.1 Input for UTRANS Test Cases

The card input for each of the UTRANS runs described
above is given in this section.

) Run 1U: read file 2S, no restart tape read; gen-
erate files 1lU.a and 1lU.b.

*** CIRCULAR ARC **%

$CONTRL

ITAPE=0,

$END

S$IN
x(1)=-4.,-3.2,-2.4,-1.6,-1.,-.6,-.35,-.2,-.075,0., .05, .11,
.18,.26,.36,.5,.64,.74,.82,.88,.94,1.,1.1,1.25,1.45,1.75,
2.25,3.,3.75,
¥()=-7.,-5.4,-3.8,-2.7,-1.9,-1.4,-1.1,-.85,-.65,-.5,-.36,
-.23,~,1366,~,05,0.,.05,.1366,.23,.36,.5,.65,.85,1.1,1.4,
1.9,2.7,3.8,5.4,7.,

GAMFF=(2.,0.),

IM=29,

JM=29,

ILE=10,

ITE=22,

JW=15,

@MEGAH=. 75,

@MEGAE=1.7,

@MEGAP=.75,

EPSGRD(1)=3.E-3,1.E-3,

NDUMP=2000,

NGRID=200,

NGFF=10,

PGFF=1.5,

KEPS=2,

NPRINT=10,

SMALLK=0.,

XH=0.,

SEND
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b Run 2U: read file 2S, restart file 1lU.b; generate
file 2U.

**% CIRCULAR ARC ***

SC@NTRL
ITAPE=1,
$SEND

$IN
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
SEND

@ Run 3U: read file 2S, restart file 1lU.a; generate
file 3U.

*** CIRCULAR ARC **x*

SC@NTRL

ITAPE=1,

SEND

$IN
GAMFF=(2.3,-1.),
SMALLK=.1,
@MEGAH=.75,
@$MEGAE=1.7,
PMEGAP=.75,
EPSGRD(1)=1.E-3,
NDUMP=2000,
NGRID=200,
NGFF=10,
PEFF=1.5,
KEPS=1,
NPRINT=10,

IK=1,

$ END
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® Run 4U: read file 2S, restart file 3U, generate
file 4uU.

*** CIRCULAR ARC ***

SC@NTRL
ITAPE=1,

$END

$IN

GAMFF= (2.,-.5),
SMALLK=.2,
@MEGAH=.75,
@MEGAE=1.7,

@MEGAP=.75,
EPSGRD(1)=1.E-3,1.E-3,
NDUMP=2000,

NGRID=200,

NGFF=10,

PGFF=1.5,

KEPS=2,

NPRINT=10,

IK=1,

SEND

® Run 5U: read file 2S, restart file 4U; generate
file 5U.

**% CIRCULAR ARC ***

SC@NTRL
ITAPE=1,
SEND

SIN
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
$END

P G



() Run 6U: read file 7S, restart file 1lU.a; generate
files 6U.a, 6U.b.

*%* CIRCULAR ARC ***

$C@ONTRL
ITAPE=1,

SEND

$IN
GAMFF=(2.6,0.),
PMEGAH=.75,
@PMEGAE=1.7,
PMEGAP=.75,
EPSGRD(1)=1.E-3,1.E-3,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,
KEPS=2,
NPRINT=10,
IK=1,

SEND

@ Run 7U: read file 7S, restart file 6U.b; generate
file 7U.

*** CIRCULAR ARC ***

$C@PNTRL
ITAPE=1,
$END

$IN
PMEGAH=.75,
PMEGAE=1.7,
PMEGAP=.75,
EPSGRD (1)=1.E-4,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
SEND

="} =



e Run 8U: read file 7S, restart file 6U.a; generate
file 8U.

*** CIRCULAR ARC ***

SC@PNTRL

ITAPE=1,

$END

$IN
GAMFF=(3.8,-1.),
SMALLK=.1,
@PMEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,

EPSGRD(1)=1.E-3,
NDUMP=2000,
NGRID=100,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,

IK=1,

SEND

» Run 9U: read file 7S, restart file 8U; generate
files 9U.a and 9U.b.

*** CIRCULAR ARC ***

$C@NTRL

ITAPE=1,

SEND

$IN
GAMFF=(3.5,-1.5),
SMALLK=. 2,
@PMEGAH=.75,
@¢MEGAE=1.7,
@MEGAP=. 75,
EPSGRD(1)=1.E-3,1.E-3,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,

KEPS=2,
NPRINT=10,

IR=1,;

$END
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° Run 10U: read file 7S, restart file 9U.b; generate
file 10U.

*** CIRCULAR ARC **x*

S$C@PNTRL
ITAPE=1,
SEND

SIN
@MEGAH=.75,
@MEGAE=1.7,
@MEGAP=.75,
EPSGRD(1)=1.E-4,
NDUMP=2000,
NGRID=200,
NGFF=10,
PGFF=1.5,
KEPS=1,
NPRINT=10,
SEND

7.2.2 Sample Output for UTRANS Test Cases

The following pages contain a sample of the contin-
uous commentary output for the first 19 cycles of run 1lU
in addition to the final printed output for all runs.
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® Sample Output for Run 1U

®0= 00+38SCTI9°~

°0=
°0=-

°0=
‘0~

10¢3999%2°~

00+36€225°
T10+3€86€2°

00+36€225°~
10+3€86€2°~

®0- 00+3S81€R°~
*0- [0+308822°~
%%S 300N

66, 300N

66L 300N

66, 300N

664 300N

164 300N

L6L 300N

L6L 300N

L6L 300N

L6L 300N
10+3¢€2612° = 31lWV
0= 00+3189%L"
*0- 10+31%9L2°
*0= 00¢3189%L°~
*0- [0+31%%22°~
2%2 300N

€%2 3Q0N

2.2 300N

€42 3CON

20€ 3Q0N

€0€ 300N

LL2 300N

SEE 300N

€6€ 300N

v
iv
v
v
1v
v
1v
1v
1v
1v

92

1v
1v
1v
1v
1v
1v
v
v

1v

004366362
10+3/06GT "~
10436 HAGE "=

0=

Ly
v

0=

H3ddN ¢IN3IID1 44300 JANSSINA UIVIS 61

*0- 00e3€2/F1°~ ‘0~
*0- 10e3FICT1I°~ °0-
*0- 10+39F91€°~ *0-
= (311 03 371
03%4N220 ONV *0 20-31€1228°
U3x8N200 ONV 0 10=-3:540T1°
a3448N220 ONvV *0- 10-31G51G1°~
Q348N220 ONY *0 t1o0-30€222°
Q333N220 ONV *0- 10-3CL0Pg"~
Q344N220 NV 0 10=30059%°~
a344N200 QNV 0 [0-35%2/9°
U334N220 UNY ‘0 10-36Ll6/6°-
A3INHNII0 NV 0 00+3G82HT*
a3¥4NII0 ONV 0 00+3IFHL02°-
0 10+362522° = 44nvY 01
*0- T0=3€£2FCH° ‘0~
*0- 10+¢39950(° “0-
*0- [0+32011€° *0-
= (311 01 37I) 43IM07 *1M31DI
*N- 10-3€2€GH°= ‘C-
*0~ 10+3b0c0[°*~ 0~
“0- 10+¢32011€E°~ *0-
= (311 0f 311) &3d4dn *ANIID1
Q324N220 UNV *0  19-3%€S21°
Q3¥ANII0 ONY 0 10-3l€221°
Q3338N220 OGNV 0 10-312062°
Q34¥NII0 QNY °0__10-31€EsE"
U3¥4N220 (Nv *0 10-38L0%%°
a344N220 QONY *0  10-395GkKS"°
Q3INXNII0 ONVY *0~ 10~-31659a°~
U3NdNJI0 ONV *0- 00+3€/911°~
Q348N220 ONY *0- 00+3226GS1°~

00311502 =

= H0de3 RNEIXVA 341 €1
= HOeA LIWIX YW 3l gl
= #0623 HORIXVN 3WL 21
= HOHHD FNRIXYW IHL 9
= d08a3 KNKIXTW 3HL <L
= M0dAI RNRIYYH S3HL w1
= HOHAI KOWIYVW 3KL €1
= HG413 HOWIYVe 341 21
= HOHHT WO TX VW 3L 1T
= MOH¥83 FORIxVe ZHL 01
NOILYa3L] Llv G13142%v4 CONvy
C0+23%6N02" ‘0=
10¢3/%2G1° ‘0~
10+3€0€Ge 9=
44302 3ANSSArd u3IVIS 6
00 e IRERQP "~ *0-
10s3)mccye= *0-
10+3€0€GFE* - 0=
44300 4HNSS3xd UATIVIS 6
= a0HM3 WHRIXVA 3L 6
= A0EHI PORIXTr 3HL W
= HOHHI POKIXVE 34L 2
= HOHa3d WIRIXVi 3HL 9
= H208d3 FHNAWIXVW 3HL §
= 20Ad3 WORIXUW 3HL #
= R(HHT OV IXYVN M) €
= HOBHI WORIYXVW 34y 2
= H04H43 FEOWIXTn 3HL 1

10e3L5212° = (N)

00+430SESH*~
10¢304002°-
10+326826° =
NOTLwy3Ll 1V
NOTLVH3LT 1LV
NULLYE3LT LV

NOILvH3LT 1Lv

NOILva3Ll Lv

NOTLVH3LI Uv
NOILvd3Ll v
NOTLVH3LT 1v
NOILYH3LI LV
hNOTLva3Lll LV
NOILIVH3LT LV
44rYd 31vQdn
COe325.9€"
10+389202°*
10+3208¢€2S"*
NOL1VY3LI LV
(J)e329L9€°=
[0e393202° =
[0+40PELS* -
NOILva3ll iv
NOILve3ll v
NOTLWNILI Lv
NOIIVY3LI 1Lv
NOlLlva3ll v
NOTIvy21]l 1w
NOTLVHILT 1V
NOTLvH3LD LV
NOTLIVH3L] 1V

NCILvY3ILT 1V

(eMHdd/4)) ¥0LIVvd ONIWVIS
4313nvdvd ALIZvIIRIS
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RUN 1U

*0-
0=
*0=
0=
*0=-

°0-
°0=-
*0-
*0-
*0=-

00+3€8%61°
10+3L1511°
1043129%2°
10+39516%°
10+3088SL°

00¢325S61°~-
10+32€%11°=
10¢36%9%2°~
10+31126%°~
10+3€€9SL "~

10+300001°
00+300058°
00+3000%9°
00+30001€"°
00+300011°

*0-
*0-
*Ne
*0=-
*0=-

*0-
*0=-
*0=-
*0-
*0-

00+3%0%1%°
10+31%1€1°
10+315662°
1043%29€S°
10+31%098°

00+3L8%1%° =
10+38S1€E1°=
10+328662°~
10+3999€S° =
10+3S014R°=

00+300026°
00+30002%°
00+3000L5°
00+300092°
10-300008°

°0-
.0~
.-
.0~
0=

0=
0~
°0-
*0-
*0-

00+321019°
10+3218S1°
10+3529%¢°
[ne3anLICT
10+31%8S6°

00+ 34%1I19°~
10328601 °-
10¢32569%¢€°~
10+3E98LG° -
10+366856° =

00+3000%+°
0N« 3000y, °
00+30000G°
0n+300027°
10-300006°

‘0=
0~
0=
*0-
*Q0-

.0-
.0-
“0-
c0-
“0-

00+3262AL°
10+300001°
10e3n6LAL"
10epw) 20"
20+3GGe601°

004399t 6L~
10327001~
10+ 39t AL * =
10392y~

*0- 00+326896°
*C- 10e35%212°
0= 10+3¢01G%°
*0- 10+360¢€89°
*0- 20+13L46S1°
= 43070 *SINIIDII4300 3uNSs3ad 110381V
°C- 0C+3220L6°~
*0- 10+30L212°~
*0- 10e365159°~
“0- [0+3L5F89°~
*(- 20+4095S1°~

20¢365601° -

= Ylaci) *SIN3III4430D He

00«32001K"°
004300046,
00+300LE®""
00+3000KT"
10-3000G62°

= JlviN

NSS30a 110481V

00+30C088*
00¢300069°
00+300093¢€"
coe300CHT®

‘0
103003 1lodalv

(SNYIQVE NI 3T9NV HOLId4 LINN #3d) Q3WISWN *T104xTY 3L NO SINIIOT 4330 3ANSS3yd

*0 10+38%9%6°

‘0 1

Ve3Hy2Znl*

*0 10+3892%2° = (0=X
0 Tre30el6L” = 1410

w

= IN3WOW 39NIH
) 1N0YV LIN3WUW

(SNYIava NI.3T9NY HMOLld LINN &3d) SINJIDI44400 3D804 AQV31ISNN

~ (SNVIOVH NI 379NV HOLId LINM &3d) NOIAVINDZID NU C3SVE 1N410144300 1410

LX 2]

INY HYINIAID

‘0

°0

2 1Tu4xlv g37vIS
MIova OMIVIS dd
39V dY1d Nv3n
v = INIOd 39NIH
AJN3AND3N4 03TVIS
Jh4nuddd @321d34

¥Iy4lly 4u 400hv 104817 WY

T0e39rTee” = NOLLvINDe]
00+3TTHu2* = (Xyfid)/ca) ™
*0 = (Shvldva)

*0 = (YY3NO)
*0 = (Ua0Hd MO d3ASva) A

= (Shvlouve)

00+3000)1° =
10¢3L%¢lc” = (¥) 8313

00+209G6J02°

Ollva SSINMIIHL
nwvatd ALlavlInWIS
= 4A5nNN HIVA

=8 0=



24

0=
°0-
*0-
*0=
*0-

*0=
*0-
*0=
*0=
°0-

00+3L4%S61°
10¢3%0211°.
10+325¢€52°
10+359%0S°
10+3c62LL°

004355561 °=
10¢3G0211°=
10+3/5€62° =
104359905~
10+3€62LL°~

10+300001°
00+3000S8°
00+43000%9°
00+30001¢€"*
00+300011°

*0-
°0-
°0-
*0-
*0=

*0=
*0-
*0-
*0-
°0=

00¢38L21%° *0~- 00+318619° *0= 00+322R0K" *0- 00+3%2066°
10+3€1SET* “0= 10+3€86ST" ‘0~ 10e350GR1" “0- 10+364812°
10+3%1%0€"° ‘0= 10e3R195F° 0= T10«31C0LOY" *0- T0+3E%€99°
10+39€0SS° *0- 10+326766° 0= T0e3GFEHG"* “0- 10¢3.2669°
104399858 ° 0= 1043218LK" 0= 20¢3A9T11" *0=- 20+¢32SKS1°

= H3IF0T *SIN3IIII430D 33NSS3y8d N104¥1IV
00¢398L1%°= *0= 00¢3RE61Q°= *0- 00¢362%0y°= *0~- 00+40€066°~
0¢3€IGET = 0= 104398651 = *0- 10¢3GHCH]" = 0= 10+308W12°%~
1043S140€° = 0= T0+3R195F" - 0= 10+310A0%° = *0- [0e3LvE99°~
1043%9€085°~ *0= 104325266 °+ 0= 10036060y~ 0~ 10+342669°~
10+399858°= *0= 10e3L18LA*~ 0~ 20+¢3R9TITL = *0=- 204325RG1°~

= dceAN ¢SYINIIDII4300 IXNSS3ed 110481V
00+300026° 00+3000%6° 00+300C16"° 00¢300086°
00+4300028° 00+43000wL" 00430004, 00+300069°
00+30002G° 00+300008° 00+3000€%" 00+30009€C°
00¢300092° 00+ 300022° 00«300081° 00+300S91°
10-300008° 10-300006° 10-3000%2° ‘0

= 3LYNIQd00D 110341V

(SNVIUVYE NI 379NV HOLITd LINN H3d) QITIWISNA 10440 JHL NO SIN3IDI 44400 33nSS3yd

*0 10+3606%2° = INJWOW 39NIW
N 10+360697" = (0=¥) 1NUEV IN3WOW
‘0 10e32H918° = 1410

(SNVIAvH NI 379NV HOLld LINN d3d) SIN31D144300 30004 AQV3LSNN

*0  10¢3L9996° = (SNYIAava NI 37ONY KILId LINN 834) NOLLYINDEID NU Q35ve IN3IIDI44300 L4IN
0 10e362182° = NOTLVINDEID 110421V Q31vIS

00+ 311wag" = (aVHAD/a4)) 2040Vd ONITWIS 4D

*0 = (5NVIUva) 319NV dvd Nv3IW

*0 = INIOd 39NIW

*0 = (V94In0) AINANOIES U3TVIS

*0 = (UACHD MO U3IASVHE) AININCINY Q32103

0 = (SNYIUVH) M¥OVILVY 4U 319Ny T104481v NY3IN

) 00+300C01" = Ollve SS3INMIINWL

10e3/002° = (M) &3l3nvavd ALIuvINWIS

00+300002° = 439NN HOVW

sse UV HVINIHID e
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RUN

10=3%9%L€C%= 00e¢38€9€2° 10-39206L°= 00¢3%29€G" 00+3%SLT1°= 00+3,€£298°
00+3€2%91°~ t0e¢311021° 00+3156€2°~ 10+4355491° 00+3098S€°~= 10e3€S0€2° 0003.5695°~ 10e32622¢" 00¢352618°= 10+38951%°
10+386101°= 10+30€98%° 10430€021°= 10430125S° 10+3E%E1°= 10¢302€29° 104399091°= 10e32€90L"* 10+3691%¢°- 20+30SF01°
= ¥3M07 *SUIN3IDIS4300 YNSS3Hd 10481V
10=-39%L€€° 00+38€9€2°= 10-3%L0S.° 00¢3%29€G°= 00+39GL11° 00+3.£29R°=
00+3€2491° 10e311021° 00+3156€2° 104385.91°= 00+3098S€° 10+43€S0€2°= 0043.S569S° 10+32622¢€°%~ 00+352618° 10+289S19° =
10+386101° 10+30€98%°~ 10+30€021° 1030125S°~ 10+3€C%6C1"° 10+4302€29°= 10+4399091° 10432€90L°= 103691%9C" 20+306€01°~
= ¥3dAN *SIN3[II44300 INNSSIdd 1104H1V
10+300001° 00+3000%6° 00+4300068°
00+300028° 0043000%L° 00+3000%9° 00+4300006° 00+30009¢€"°
00+300092° 00+300081° 00+300011° 10-300005° °0
= 31VNIQ¥00D 110481V
(SNVIQVY NI 379NV HOL1d LINN ¥3d) Q3TVISNN *1048IV 3HL NO SIN2IJI144300 3I¥NSSIHd
00430€08€°= 1043C9612° = IN3nWOW 39NIH
00¢30€88EC*~ 10¢3€9€12° = (0=X) L1NOYY LNIWOW
10+3€9L€T°= 10+35%169° = 1417
(SNYIQVY NI 379NV HOL1d LINN ¥3d) SIN3IJIJ4300 30¥04 AQVILSNN
10+3949581°= 10¢361968° = (SNYIQVY NI 379NV HOLId LINN ¥3d) NOILYINDHID NO Q3SvE IN3IDI144300 1417

00+32€95%°= [0+39G612° = NOILVINDYID 104¥Iv 03TvIS
00+311%02° = (¥VRdD/dI) HOLIv4 ONITWVIS d)
0 = (SNVIUVY) 3TONV d¥14 NV3IW

0 = INIOd 39NIH

00¢34%14%02° = (V93W0) ADNINO3IN4 03TVIS
00+300001° = (UJYOKD MO dJ3SvH) AININUI¥Y 03IINCIY
0 = (SNYIQVY) MOvilv 40 379NV 110451V NV3W
00+300001° = Ol1va SSINMIIHL

(0e3L%212° = (M) d3L3nVvYVd ALIYVIIWIS
00+300002° = Y3BWNN HOVNW

sss DNV UVINIHID eee
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RUN 4U

10-3696R2°~
00+32€802°~
00+32559S°~
10+39€891°=
10+3206%2°~=

10-369682"°
00+32€802°
00+325595°
10+3%€8%1°
10+43206%2°

00+3L26S1°
10¢37%001°
10+30¢€S12°
10+43€6209°
10+302219°

00+322651°~
10+31%001°~
10+30€st2°~
10+3€6L04%°~
10+302219°~

10+300001°
00+300058°
00¢3000%9°
00+30001€°
00+300011°

10-3L56€9°= 0043€S9%€"° 10-3.8066°= 00+3€£5226° 00¢3119€T°~- 00¢321289° 00¢3[%0L1°= 00430L9%8°
00+3516%2°~ 10¢3S€911° 00¢31€80€°= T0e3€LLET" 00¢320€L€°~ T10e¢3626S1° 004396€9%°~= 10+356981°

00+36€L2L°~- 104308552° 004305806°= 10+362962° 10+3€9011

= T0e3659€C" 10+43061€1°=  10+3222L€°

10+438€991°= 10+36614%° 10¢392281°= T10+3RLELH" 104356102°= 10+302215° 10430922¢2°~ 10+362655°
10+4321642°= 10¢39.8L9° 10436%02€%= 10+3861LL° 10438069€°= 10¢39508y"* 10+4316225°~ Z20+328%921°

= ¥3m0T *SIN3IJ144300 3dNSS3dd 10481V

10-3L56€9° 00¢3€S9%C°= 10-3.8066° 00+3€5225°= 00+311%€T° 00¢321489°= 00+31402L1° 00430L9%8°~

00+351642° 10+3SE911°= 00+31€80€"° 10+3€22€1°= 00+320CLC"° 10¢3626S1°%=  00+395€9%° 10+356991°

00+35€L2L° 104308552°= 00430S806° 104362962°= 10+3€9011° 10¢3AG9EEC = 10¢3061€1" 10+32221€°=
10+38€991"° 1043661%%°= 10¢392281° 10+38L€L0°- 10+396102° 10+3R2215°~ 10¢309222° 10+ 362655~
10+321622° 1043%2829°= 10436%02€C° 10¢3g6122°~ 10+38089€"° 10+39G50Ru"= 10+315225° 20+32€%21°=

= ¥3dd *SIN3IDIJ4300 3YNSS3Ed 10381V

00+3000L6° 00+43000%6° 00+3000T16° 00+300088°
00+300028° 00+30008.° 00+300046L° 00¢500069°
00+300025° 00¢30000G5° 00+3000€%° 00¢30009¢€°
00+300092° 00+300022° 00+30008T° 004300641
10-300008° 10-30000s" 10-300052° *0

10+361582°~

= 31VYNIQH00D 1104¥lY
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APPENDIX A

FORTRAN LISTING OF STRANS

A FORTRAN listing of the source deck for the STRANS
program is presented in the following pages. The program,
as configured here, requires 633K words to load and 51K
words to execute.
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PROGRAM STRANS (INPUTSOUTPUTsTAPES=INPUT s TAPE6=0UTPUTTAPET,
1 TAPES8)

REAL KoM8

COMMON /DELTA/ DX (99) sDY(99) yAX1(99) sAX2(99) sBX1(99) sBX2(99),
1 CX(99)9AY1(99) 9sAY2(99) eX(100)sY(100)sFPU(99)sFPL(99)sPHIUBI(99)
2 IMeIMloUMe UMl oUW IUWPL s UWML S ITESILESsDYBULlsDYBU2+sDYBL1+DYBLZS
3 ALPHASDEL yMB89yGAM9K9NDBoXHs TITLE (8) +DOUBsDOUBL T 9 ALPHAF
COMMON /COEFF/ A(99)9B(99)4+C(99)9D(99)4PHI(10000)

COMMON /GAMMA/ GAMTE] sGAMTE s PGFF 9 GAMFF

DIMENSION PHIOQC(99) sPHIOG(99) yOMEGA (99) sV (99) yEPSGRD (3)
NAMELISYT /IN/ XoYoMB9yGAM9DEL s ALPHA sGAMFF s IMg UMy ILES ITE s JUWy

1 OMEGAH,OMEGAE yOMEGAP 4EPSCOL yEPSGRD ¢ XHeNDUMP ¢NCOL ¢yNGRID

2 NGFFoPGFF sKEPSs IKsNPRINT s ALPHAF

NAMELIST /CONTRL/ ITAPE

TO RESTART PROGRAMs COPY THE DATA FOR RESTART FROM TAPE7 TO A DISC
FILE TAPE8s POSITION TAPE7 AT THE END OF THE LAST FILE ON THE TAPE
SO NEw DATA MAY BE WRITTEN ON THE TAPE WITHOUT LOSING ANY OF THE
OLD DATA

OO0O0O0O0

READ (54912) (TITLE(I)sI=1,8)
READ (59CONTRL)
IF (ITAPE.EQ.0) GO TO 10
C READ DATA FROM RESTART TAPE
READ (8) NITERGeIMeIMloJMeUM]l s UWo UWPLl o JWML o ITEs ILE+K9DEL s
1 ALPHAGAMTE] sGAMFF ¢sNDB s XH9sMB89GAMsDYBUL +DYBU2+DYBL19DYBLZ2
2 DOUBsDOUBLTALPHAF
READ (8) (X(I)eI=141IM)
READ (8) (Y(I)eI=]19eJM)
READ (8) (FPU(I)oFPL(I)sPHIUB(I)oI=ILELITE)
READ (8) (AX1(I)9AX2(I)eBX1(I)eBX2(I)osCX(I)sDX(I)sI=1sIM1)
READ (8) (AY1(I)sAYZ2(I)sDY(I)eI=19UMI1)
L=IM®JUM
READ (8) (PHI(I)sI=1lsL)
IK=0
READ (SsIN)
C THE IK OPTION IS USED TO BOOT STRAP TO DIFFERENT MACH NUMBERS»
C AIRFOIL THICKNESSES AND/OR ANGLES OF ATTACK
C MAKE SURE YOU HAVE INPUT THE NEW M8s DEL AND/OR ALPHA
IF (IK.EQ.0) GO TO 4
K=(le=M8#2%#2)/((]1,+GAM) #DEL#*MB##2) % 6666666667
CALL INITAL
CALL FARFLD
4 CONTINUE
SK=SQRT (ABS (K))
GAMTE=GAMTE1
WRITE (6+900)
WRITE (69901) NITERG
NITERG=0
GO TO 15
C START PROBLEM FROM SCRATCH
10 CONTINUE
READ (SsIN)
K=(le=M8##2)/((]1es+GAM) #DEL®#MB##2) a2 6666666667
SK=SQRT (ABS (K))
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GAMTE=GAMFF
GAMTE 1=GAMFF
NITERG=0
NDB=0
IM1=1IM=-1
JM]l=UM=-1
JWP1=JWe1
JWMI=JW=-1
IMUM=IM#JM
DO S L=1sIMUM
PHI(L)=0.

S CONTINUE
INITIALIZE FINITE DIFFERENCE COEFFICIENTS AND FARFIELD

CALL INITAL
CALL FARFLD
IF (KeGTe0e) GO TO 45

INITIAL GUESS FOR SUPERSONIC CASE (INTERIOR ONLY)

41
40

45

DO 40 I=3,1IM1

M=(I=1)#UM

DO 41 U=2,UMl

L=Mey

PHI(L)=0.

SKY=SK#ABS (Y (J))

IF (X(I)eLToeSKYeOReX(I)eGTeSKY*1le) GO TO 41
IF (Y(J)eGEs0o) PHI(L)==FU(X(I)=SKY)/SK
IF (Y(J)elLTe0o) PHI(L)==FL(X(I)=SKY)/SK
CONTINUE

CONTINUE

GO TO 46

CONTINUE

INITIAL GUESS FOR SUBSONIC CASE (INTERIOR ONLY)

S0

CON=D0UB/ (3.14159265#%5K)
DO 6 I=3,1IM]

M=(I=1)%UM
DO 7 J=2ysUM]
L=M+J

IF (X(I)+EQ.0..AND.Y(J) .EQ.0.) GO TO 8
PHI(L)=CON#X(I)/(X(])8#2¢KEY (J)##82)

IF (ABS(PHI(L)) «6Tele) PHI(L)=SIGN(leoX(I))
GO 70 7

CONTINUE

PHI (L) =PHI (L=UM)

CONTINUE

CONTINUE

CONTINUE

L=(ILE=2) #JM+JW

PHIUB (ILE)=PHI(L)

CONTINUE

WRITE (69IN)

WRITE (6+900) :
CPCPB=DEL##,6666666667/((]1,+GAM) #MB8##2)##,3333333333
WRITE (6+913) KsCpPCPB

KGRD=1

CONTINUE

ERROR=0.
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NIT=NITERG
NITERG=NITERG+1
IF (MOD(NITERGyNPRINT) cEQ.0) CALL PRINT(NIT)
IF (KelLT<0.) GO TO S1
IF (MOD(NITERGsNGFF) «NE-0O) GO TO 5]
CALL GAMFUN
CALL FARFLD
WRITE (69910) NITERGsGAMFF GAMTE »DOUBLT
S1 CONTINUE
DO 1 I=2yUMl
V(I)=K
1 CONTINUE
C BEGIN LOOP ON GRID
DO 100 I=3,1IM]
C CHECK FOR AIR FOIL
IFLAG=0
IF (ILEeLE«I<ANDeICLE.ITE) IFLAG=1
M=(I=1)#UM
C SAVE THIS COLUMN OF PHI
DO 2 J=2sJM1
L=Me+J
PHIOG(J)=PHI (L)
2 CONTINUE
C LOOP BACK POINT FOR COLUMN ITERATION
NITERC=0
150 CONTINUE
NITERC=NITERC+1}
IF (NITERC.GT,NCOL) GO TO 294
C SAVE PREVIOUS PHI FOR COLUMN ITERATION
DO 3 J=2sUMI
L=M+J
PHIOC (J)=PHI (L)
3 CONTINUE
C BEGIN LOOP ON COLUMN
DO 160 J=2ysUMl
C CALCULATE CELL INDICES
L=M+J
LR=L+JUM
LL=L=UM
LLL=LL=-UM
LB=L-1
LT=L+1
TPHIR=PHI (LR)
TPHIL=PHI (LL)
IF (TI+EQeILE=1+ANDeJeEQeJW) PHI(LR)=45% (PHI(LeJM)+PHIUB(ILE))
IF (1.EQeITE*1.ANDeJeEQeJIW) PHI(LL)=eS®# (PHIUB(ITE) +PHI(L=JM))
C SET UP TRIDIAGONAL MATRIX TO SOLVE FOR PHI(IeJ)
C A # PHI(IsJ*l) ¢ B # PHI(IsJ) * C # PHI(IsJ=-1) =D
IF (IFLAG.EQe1.ANDeJ+EQ.JWPLl) GO TO 250
IF (IFLAG.EQelANDeJ.EQeJWMI) GO TO 270
IF (IFLAG.EQe1+ANDeJ.EQeJW) GO TO 290
PART=0.
IF (I.LE.ITE) GO 70 201
C KUTTA CONDITION
SIGI=(X(I)=1.)#(GAMFF=GAMTE) /(X (IM1)=1.) +GAMTE
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(@]

IF (J.EQ.JWM]1) PART=,5#AY1(J)#SIGI
IF (J.EQ.UW) PART=,5%(AY1(J)=AY2(J))*SIGI
IF (J.EQ.JWP1) PART==,5#AY2(J)*#SIGI

201 CONTINUE
VV=K=AX1(I)#(PHI(LR)=PHI(L))=AX2(1)#(PHI(L)=PHI(LL))
IF (VV.LT.0.) GO TO 220
ELLIPTIC

OMEGA (J) =OMEGAE
B(J)==(VV#(BX1(I)+BX2(I))+AY1(J)+AY2(J))
D(J)==VV#(BX]1(I)#PHI (LR) ¢BX2(I)*#PHI (LL)) +PART
IF (J.EQ.2) GO TO 202

IF (J.EQ.JM]1) GO TO 203

A(J)=AY1 (D)

C(U)=AY2(J)

GO TO 200

BOTTOM BOUNDARY

202

CONTINUE

A(J)=AY1 (D)
D(J)=D(J)-AY2(J) *PHI (LB)
GO 70 200

TOP BOUNDARY

203

220

CONTINUE

C(J)=AY2(J)

D(J)=D(J)=AY]1 (J)#PHI(LT)
GO TO 200

CONTINUE

IF (V(J)«GT«0.) GO TO 240

HYPERBOLIC

OMEGA (J) =OMEGAH
VV=K=CX(I=1)#(PHI(L)=PHI(LL))=CX(I=2)#(PHI (LL)=PHI(LLL))
B(J)=VV#BX]1 (I=1)=AY1(J)=AY2(J)
D(J)=VV#(BX1(I=1)#PHI(LL) ¢BX2(I=1)# (PHI(LL)=PHI(LLL))) +PART
IF (J.EQ.2) GO TO 222

IF (J.EQ.JM1) GO 71O 223

A(J)=AY1(J)

C(J)=AY2 (V)

GO TO 200

BOTTOM BOUNDARY

222

224

CONTINUE

A(J)=AY1(J)

IF (K.LTe0e) GO TO 224
D(J)=D(J)=-AY2(J) #PHI (LB)

GO TO 200

CONTINUE
B(J)=B(J)=2.#SK=#CXx(I~-1)/DY(2)

D(J)=D(J)=2.#SKR(CX(I=1)#PHI(LL)=CX(I=2)# (PHI(LL)=PHI(LLL)))/DY(2)

GO TO 200

TOP BOUNDARY

223

225

CONTINUE

C(J)=AY2())

IF (K.LT<0.) GO TO 225
D(J)=D(J)=AY1 (J)#PHI(LT)

GO 70 200

CONTINUE
B(J)=B(J)=2.%#SK&#CX (I=-1) /DY (J=1)
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(@)

D(J)=D(J)=2.#SK#(CX(I=1)#PHI(LL)=CX(I=2)#(PHI(LL)-PHI(LLL)))/
1 DY(J=1)
GO TO 200
PARABOLIC
240 CONTINUE
OMEGA (J) =OMEGAP
B(J)=VVaBX1(I=-1)=AY1(J)=AY2(J)
D(J)=VV#(BX1(I~-1)+BX2(I-1))2PHI(LL)=-VV#BX2(I=1)#PHI(LLL) +PART
IF (J.EQ.2) GO TO 242
IF (J.EQ.JM1) GO TO 242
A(J)=AY1(J)
C(J)=AY2(D)
GO TO 200
BOTTOM BOUNDARY
242 CONTINUE
A(J)=AY1 (D)
D(J)=D(J)=AY2(J) #PHI (LB)
GO TO 200
TOP BOUNDARY
243 CONTINUE
C(J)=AY2(J)
D(J)=D(J)=AY1 (J)#PHI(LT)
GO TO 200
BODY BOUNDARY ABOVE
250 CONTINUE
VV=K=AX1 (1) #(PHI (LR)=PHI(L))=AX2(I)# (PHI (L)=PHI(LL))
IF (VV.LT.0.) GO TO 260
ELLIPTIC
OMEGA (J) =OMEGAE
A(J)=DYBU1
B(J)==(DYBUleVvV#(RX]1 (I)+BX2(I)))
C(Ur=0.
D(J)=DYBU2#FPU(I)=VV#(BX1(I)#PHI(LR) +BX2(I)*#PHI(LL))
GO TO 200
260 CONTINUE
IF (V(J)eGT.0,) GO TO 265
HYPERBOLIC
OMEGA (J) =OMEGAH
VV=K=CX(I=1)#(PHI (L)=PHI(LL))=CX(I=-2)#(PHI(LL)=-PHI(LLL))
A(J)=DYBU1
B(J)=vv#BXx1(I-1)=-DYBUI1
C(J)=0.
D(J)=DYBUZ®#FPU(I)+VV#(BX1(I-1)*®#PHI(LL) +BX2(I-1)#
1 (PHI(LL)=PHI(LLL)))
GO T0 200
PARABOLIC
265 CONTINUE
OMEGA (J) =OMEGAP
A(J)=DYBU1
B(J)=vve#BX1(I-1)=-DYBUI1
CJ)=0.
D(J)=DYBUZ2#FPU(I)+VV#(BX1(I=1)#PHI(LL)+BX2(I-1)*
1 (PHI(LL)=PHI(LLL)))
GO TO 200
BODY BOUNDARY BELOW
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270 CONTINUE
VV=K=AX1 (1) #(PHI(LR)=PHI(L))=AX2(1)®#(PHI (L)=PHI(LL))
IF (VVeLT.0.) GO TO 280
C ELLIPTIC
OMEGA (J) =OMEGAE
A(J)=0.
B(J)==(DYBL1evV®#(BX]1(I)+BX2(I)))
C(Jy)=DYBL1
D(J)==DYBL2#FPL(I)=VV#(BX1(I)#PHI(LR) +BX2(I)#PHI (LL))
GO TO 200
280 CONTINUE
IF (V(J)«GT.0.) GO TO 285
C HYPERBOLIC
OMEGA (J) =OMEGAH
VV=K=CX(I=1)®#(PHI(L)=PHI(LL))=CX(I=2)#(PHI(LL)=-PHI(LLL))
A(J)=0.
B(J)=vv#BX1l(I-1)=-DYBL]
C(J)=DYBL1
D(J)==DYBL2#FPL (I)+VV#(BX1 (I=1)#PHI(LL) ¢BX2(I=-1)#(PHI (LL)~-
1 PHI(LLL)))
GO T0 200
C PARABOLIC
285 CONTINUE
OMEGA (J) =OMEGAP
A(J)=0.
B(J)=vv#BX1(I-1)=-DYBL1
C(J)=DYBL1
D(J)==DYBL2#FPL(I)+VV#(BX]1(I=1)#PHI(LL)*BX2(I=1)%
1 (PHI(LL)=PHI(LLL)))
GO TO 200
290 CONTINUE
C BODY BOUNDARY uJ=JUw
A(J)=0,
B(J)=1,
C(J)=0,
D(J)=PHI (L)
200 CONTINUE
PHI(LR)=TPHIR
PHI(LL)=TPHIL
160 CONTINUE
C TRIDIAGONAL MATRIX IS SET NOW SOLVE FOR COLUMN OF PHI
CALL TRI (D)
C CHECK FOR COLUMN CONVERGENCE OF PHI
DO 295 JU=2sUM1
L=MeJ
JERROR=J
ERRC=PHIOC (J)=PHI (L)
IF (ABS(ERRC) .GT.EPSCOL) GO TO 150
295 CONTINUE
294 CONTINUE
IF (NITERC.GT.NCOL) WRITE (69904) NITERGsIsERRC9JERROR
C CONVERGEDs RELAX PHI, FIND ERRORes CAL. Vs AND MOVE TO NEXT COLUMN
DO 296 J=2sJUM1
L=MeJ
ERR=0MEGA (J) # (PHI (L) =PHIOG(J))
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PHI(L)=PHIOG(J) *+ERR
V(J)=K=AX1(I)#(PHI(L*JM)=PHI(L))=AX2(I)#(PHI(L)=PHI(L=JM))
IF (ABS(ERR) .LT,ABS(ERROR)) GO TO 296
ERROR=ERR
LERROR=L
296 CONTINUE
IF (IFLAG.NE.1) GO TO 100
L=MeJUW
PHI(L)=PHI(L=1)*DY(JWM]1)# (PHI(L=1)=PHI(L=2))/DY(JW=2)
PHIUB(I)=PHI(L*+1)=DY(JUW)#(PHI(L+2)=-PHI(L*1))/DY(JWP1)
VIJW) =K=AX1(I)#(PHI(L*JM)=PHI(L))=AX2(I)#(PHI(L)=PHI(L=UM))
IF (I1.EQ.ITE) GAMTE=PHIUB(I)=PHI (L)
IF (ABS(GAMFF) .LE.,1.E=-8) GAMTE=0,
IF (KelLTe0o) GAMFF=GAMTE
IF (I1.EQeITE<AND.NITERG.EQ.1) GAMTE1=GAMTE
100 CONTINUE
C PRINT OUT ERROR AFTER GRID SWEEP
WRITE (69905) NITERGYERRORYLERROR
I00UB=0
IF (ABS(ERROR) .LE,EPSGRD(KGRD)) GO TO 300
IF (NITERG.EQ.NGRID) GO TO 310
IF (MOD(NITERGsNDUMP) .,EQ.0) GO TO 310
GO TO S50
300 CONTINUE
KGRD=KGRD+1
IDOUB=1
GO TO 310
301 CONTINUE
IF (K.LT.0.) GO TO 302
CALL GAMFUN
WRITE (69910) NITERGsGAMFF sGAMTE +DOUBLT
302 CONTINUE
CALL FPRINT
WRITE (6+9900)
WRITE (6+9906) NITERG
CALL DOUBLE
WRITE (69914) IMeJMeJUWSILESITE
WRITE (6+902)
WRITE (69903) (X(I)eI=191IM)
WRITE (6,911)
WRITE (6+903) (Y(I)seI=19UIM)
GO TO S0
310 CONTINUE
C TAPE DuUMP
WRITE (7) NITERGeIMeIMYloUMe UMl o JWe JWPl o JWML o ITESILE 9sK9DEL s
1 ALPHA9GAMTE]1 +sGAMFF 9sNDB9sXHeMB89sGAMeDYBULl sDYBU2sDYRL19sDYBLZ2
2 DOUBsDOUBLTsALPHAF
WRITE (7) (X(I)eI=191IM)
WRITE (7) (Y(I)eI=19eJM)
WRITE (7) (FPU(I)oFPL(I)9oPHIUB(I)oI=ILEZITE)
WRITE (7) (AX1(I)oAX2(I)oBX1(I)sBX2(I)oCX(I)sDX(I)sI=1sIM1)
WRITE (7) (AY1(I)sAY2(I)eDY(I)eI=1,UM1)
L=IM#JM
WRITE (7) (PHI(I),I=1,L)
END FILE 7
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WRITE (6+907) NITERG

CALL PRINT(NITERG)

IF (KGRD.GT.KEPS) GO TO 320

IF (NITERG.EQ.NGRID) GO TO 330
IF (IDOUB.EQ.1) GO TO 301

GO 70 S0
320 CONTINUE

WRITE (6+908) NITERG

GO TO 35S0
330 CONTINUE

WRITE (6+909) NITERG
900 FORMAT (1H1)

901 FORMAT (1H
902 FORMAT (1H

v/+% CASE IS BEING RESTARTED AT ITERATION#®*IS)
2/9% X(I)eI=19IM#)

903 FORMAT (10E13,5)

904 FORMAT (1H

»/9% AT ITERATION#]S# COLUMN#I4# FAILED TO CONVERGE®

1 # ERR =#E13,5% Jy=#]13)

90S FORMAT (1H

v/9% AT ITERATION#]S# THE MAXIMUM ERROR =%#E13,5

1 # AND OCCURRED AT NODE#15)

906 FORMAT (1H
1 1I5)

907 FORMAT (1H

908 FORMAT (1H
1ATION#®#IS)

909 FORMAT (1H
1E IS BEING

910 FORMAT (1H

»/+®* THE NUMBER OF NODES IS BEING DOUBLED AT ITERATION®

s/+% TAPE HAS BEEN DUMPED AT ITERATION#IS)
»/9+% SOLUTION HAS CONVERGED TO DESIRED ACCURACY AT ITER

»/+®% MAXIMUM NUMBER OF ITERATIONS HAS BEEN REACHED, CAS
TERMINATED AT ITERATION®#IS)
»/9% UPDATE GAMFF AND FARFIELD AT ITERATION®IS

1 # GAMFF =#E13.5# GAMTE =#E13.5% DOUBLET =#E13.5)

911 FORMAT (1H

9/9% Y(I)oI=19UM#)

912 FORMAT (8A10)

913 FORMAT (1H

»/9® SIMILARITY PARAMETER (K) =#E13.54/9% SCALING FACTO

IR (CP/CPBAR) =#E13,5)

914 FORMAT (1H
350 CONTINUE

CALL FPRINT

END
SUBROUTINE
REAL KosM8

s/9% IM =214% M =2]4% W =#]4® ILE =8]14% ITE =#14)

DOUBLE

COMMON /DELTA/ DX (99)sDY (99) sAX1(99) sAX2(99) yBX1(99) sBX2(99)

1 CX(99)9AY1(99)9AY2(99)sX(100)9Y(100)sFPU(99) +FPL(99) yPHIUB(99) s
2 IMeIMleUMsUML oUW JWP1 s UWML s ITES ILEsDYBUl9DYBU2,DYBL1sDYBL2

3 ALPHASDELsMB9yGAMsKsNDBsXHs TITLE (8) sDOUBsDOUBLT y ALPHAF

COMMON /COEFF/ A(99)sB(99)9C(99)9sD(99) sPHI(10000)

COMMON /GAMMA/ GAMTE1 sGAMTE sPGFF s GAMFF

NDB=NDB+1

C CHANGE GRID INDICES

IMAX=2%#]1IM=-4

IMAX1=IMAX=-1

JMAX=2#%#JM=-3

JMAX1=UMAX~1

JWN=2#JW=2
JWNP1=JWN+1
JWNM1=UWN=-1

ITEN=2#]TE-3
DIST=1e/(1e+DY(JWP]1) /DY (UW))

-99-



IK=ITE
CHANGE X
L=IM
DO 30 I=S5,IMAX1+2
II=IMAX1=-]+S
L=L-1
X(ID)=x(L)
X(II=1)=e5®(X(L)ex(L=1))
30 CONTINUE
X(IMAX)=2.,#X (IMAX])=X(IMAX]1~1)
DELT=X(4)=-X(3)
X(2)=x(3)=-DELT
X(1)=x(2)-DELT
FIND NEW LEADING EDGE
DO 31 I=3,IMAX1
IF (X(I)«GE.O0,) GO TO 32
31 CONTINUE
32 ILEN=1I
CHANGE Y
L=JM
DO 40 I=2yJMAX]1,2
II=JUMAX]1=1+2
L=L-1
Y(II)=Y(L)
Y(II=1)=o5#(Y(L)*Y(L~-1))
IF (I1=1.EQeJWNP1) Y(II=1)=Y(L=1)+DISTH(Y(L)=Y(L=1))
IF (II-1.EQeJWNM]1) Y(II-=1)=Y(L)*DIST#(Y(L=1)=Y (L))
40 CONTINUE
Y(JMAX)=2.#Y (UMAX]) =Y (JMAX]1~-1)
Y(1)=2.%#Y(2)=-Y(3)
MOVE THE PHI(S) (INTFRIOR ONLY) AND INTERPOLATE FOR PHI (I=00D)
L=IM1#JUM
DO 10 I=34IMAX1,2
II=IMAX]1=]¢3
LL=(II=1)#JMAX
DO 15 J=29JMAX]1 2
JJI=UMAX]1=-U+2
LLL=LL+JJ
L=L~-1
PHI (LLL)=PHI(L)
PHI(LLL=1)=.5#(PHI (L) +PHI(L=-1))
IF (JJUeNELJWN) GO TO 1S5
PHI(LLL=1)=PHI(L)+DIST®#(PHI(L=-1)=PHI(L))
IF (I1.GT.ITEN) GO TO 16
IF (1T1eGE.ILENCANDeII.LE.ITEN) GO TO 17
PHI(LLL*1)=PHI(L)+DIST#(PHI(L+1)=-PHI(L))
GO TO 15
16 CONTINUE
SIGI=(X(II)=1,)®(GAMFF~=GAMTE) /(X(IMAX]1)=1.)*GAMTE
PDUM=PHI (L) ¢+.5%SIGI
PHI(LLL+1)=PDUM+DIST#(PHI(L*+1)=PDUM)
PDUM=PHI (L) =.5#SIGI
PHI(LLL=1)=PDUM*DIST#(PHI(L=-1)=PDUM)
GO TO 15
17 CONTINUE
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PHI(LLL*1)=PHIUB(IK)+DIST#(PHI(L*1)=-PHIUB(IK))
IK=IK=-1
15 CONTINUE
L=L=2
10 CONTINUE
C FILL IN OTHER PHI(S) (I=EVEN)
IMAX2=]IMAX1~1
DO 20 I=4,4IMAX2s2
II=IMAX2=1+4
L=(II=-1)#JMAX
D0 25 JU=2sJMAX]
JJ=IMAX]1=y+2
LL=L+JJY .
PHI(LL)=eS# (PHI (LL*JMAX) +PHI (LL=JUMAX))
25 CONTINUE
20 CONTINUE
IM=IMAX
IM1=IMAXI1
JM=UMAX
JM1=UMAX1
JW=JWN
JWP1=JWNP1
JWM1I=JWNMI
ITE=ITEN
ILE=ILEN
KTE=(ITE=1)#JUM+UW
PHI(KTE#®JUM)=S#PHT (KTE) ¢ ¢ 25%GAMTE ¢  S*PHI (KTE ¢ 2#JM)
C INITIALIZE FINITE DIFFERENCE COEFFICIENTS AND FARFIELD
CALL INITAL
CALL FARFLD
L=(ILE=1)#UM+ W
PHIUB(ILEN)=PHI(L+1)=DY(JW)#(PHI(L*+2)=PHI(L*1))/DY (JWP])
RETURN
END
SUBROUTINE FARFLD
REAL KsM8
COMMON /DELTA/ DX(99) 9sDY(99) sAX1(99) sAX2(99) 9+BX1(99) +BX2(99)
1 CX(99)9AY1(99)9AY2(99) 9X(100)sY(100)sFPU(99)+FPL(99)4PHIUB(99),
2 IMeIMleUMe UMY oUW eJWPl s UWML e ITESILEsDYBULl9sDYBU2+DYBL1+DYBL2
3 ALPHASDELIMB89GAMIKsNDBsXHs TITLE (8) sDOUB+DOUBLT 9 ALPHAF
COMMON /COEFF/ A(99)9B(99)+C(99)9D(99)+PHI(10000)
COMMON /GAMMA/ GAMTE] sGAMTE «PGFF 9 GAMFF
IF (K.LT.0e) GO TO 25
C SUBSONIC FARFIELD
SuUM=0,
DO 1 I=4,]IM1
SUM1=0,
M=(I=1)%#JUM
PO=PHI (M+2) =PHI (M=UM+2)
IFLAG=0
IF (1.GE,JLE*1.ANDeI«LE.ITE) IFLAG=1
DO 2 J=3sIMI1
L=Me+J
IF (IFLAG.EQeleANDoeJEQeJWP]1) PO=PHIUB(I)=-PHIUB(I-1)
PN=PHI (L) =PHI(L=JM)
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IF (JeEQeJWeANDe I EQ.ITE+*]l) PN=PN-,S#GAMTE]
SUM]I=SUM]1+ (PNePQ) #a22#DY (J=-1)
PO=PN
2 CONTINUE
SUM=SUM¢+ . 25#SUM1 /DX (I-1)
1 CONTINUE
SUM=.25%#SUM
DOUBLT=D0UB+SUM
SK=SQRT (K)
CON=DOUBLT/(3,14159265#SK)
CON1=1,/6,2831853
CON2=1,57079632S
DO 10 I=1y1IM
M=(I-1)#UM
J3=JM]
IF (I.LEe2+OR,1.EQ.IM) J3=1
DO 15 JU=19UMeJ3
L=M+J
IF (Y(J)«EQ.0,) GO TO 20
PHI(L)=CON#X(I)/(X(I)®82eKBY (J)#8#2) +GAMFF#CONL1*®* (ATAN(X ()
1 /(SK#Y(J)))+SIGN(CON2sY(J)))
GO TO 15
20 CONTINUE
PHI(L)=CON/X(I)
15 CONTINUE
10 CONTINUE
RETURN
25 CONTINUE
SUPERSONIC FARFIELD
DO 30 I=1sIM
M=(I-1)#JUM
J3=UM1
IF (1.LE.2.0R.1.EQ.IM) J3=1
DO 35 J=14JMy»J3
L=M+J
PHI(L)=0.
35 CONTINUE
30 CONTINUE
RETURN
END
FUNCTION FL (CAC)
REAL KoM8
COMMON /DELTA/ DX(99) sDY(99) 3AX1(99) 9AX2(99) +BX1(99) sBX2(99)
1 CX(99)9AY1(99)9AY2(99) s X(100)9Y(100)sFPU(99) sFPL(99) sPHIUB(99) »
2 IMyIMIeUMeUML oUW JWPLl 9 UWML s ITES ILEsDYBULsDYBU2+DYBL1sDYBL2s
3 ALPHASDEL sMB9yGAMsKsNDB9XHesTITLE (8) sDOUB9DOUBLT s ALPHAF
AIRFOIL LOWER SURFACE SHAPE FUNCTION
FL==e542.%#(CAC=,.5)##2-ALPHA®#CAC/DEL
IF (CACeGTeXH) FL=FL-ALPHAF#®# (CAC=-XH)/DEL
RETURN
END
FUNCTION FLP (CAC)
REAL KoM8
COMMON /DELTA/ DX (99)9sDY(99) sAX1(99) sAX2(99) sBX1(99) +BX2(99)
1 CX(99)sAY1(99)9AY2(99) 9X(100)9sY(100) sFPU(99) oFPL (99) yPHIUB(99) o
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2 IMeIMloUMe UMl 9 JWeJWPLl 9 JWMI s ITEs ILEsDYBULsDYBU2,DYBL]1sDYBL2
3 ALPHAJDEL 9yMB9yGAM9KesNDBsXHe TITLE (8) sDOUB9DOUBLT 9 ALPHAF
C AIRFOIL LOWER SURFACE SLOPE DISTRIBUTION
FLP=4,%(CAC-.5)-ALPHA/DEL
IF (CAC.GT«XH) FLP=FLP~-ALPHAF/DEL
RETURN
END
SUBROUTINE FPRINT
REAL KsM8
COMMON /DELTA/ DX (99) ¢DY(99) sAX1(99) yAX2(99) +BX1(99) 9yBX2(99),
1 CX(99)9AY1(99)9AY2(99) s X(100)sY(100)9sFPU(99) 4FPL(99) yPHIUB(99)
2 IMsIMIsUMe UMY s JUWeIWPL s JWMIy ITEs ILEsDYBUl 9DYBU2,DYBL19sDYBL2
3 ALPHAsDEL +M89yGAMsKsNDBsXHs TITLE (8) sDOUB9yDOUBLT 9 ALPHAF
COMMON /COEFF/ A(99)9sB(99)+C(99)+D(99)4PHI(10000)
COMMON /GAMMA/ GAMTE1 sGAMTE sPGFF s GAMFF
CPCPB=DEL##,6666666667/((1,+GAM)#Mg##2)us_,3333333333
PART=,5# ((X(ITE*1)=1,.)# (GAMFF=GAMTE) /(X (IM1)=1,) +GAMTE)
TUW=ITE®# UM+ JwW
PHI (IUW)=PHI (1JW) -PART
L=(ILE=2) #JUM+JW
PHIUB (ILE-1)=PHI (L)
PHIUB(ITE+1)=PHI(TJW) +2,.%#PART
C COMPUTE CP LOWER (A) AND CP UPPER (B)
DO 10 I=ILELITE
M=(]=-1)#*JM
L=Me+JW
A(I)==2.# (AX1 (1) ® (PHI(L*JM)=PHI (L)) +AX2(I)#(PHI(L)=PHI(L=JM)))
1 +#CPCPB
B(I)==2.#(AX1(I)®# (PHIUB(I+1)=PHIUB(I))+AX2(I)#(PHIUB(I)~-
1 PHIUB(I-1)))#CPCPB
10 CONTINUE
PHI (IJW)=PHI (1JW) +PART
C COMPUTE AIRFOIL FORCE COEFFICIENTS
Cl0=A(ILE)=-B(ILE)
CLIFT=Cl0#X (ILE)
C20=CLIFT
CMOM=,S5#CLIFT#X (ILE)
C30=0.
CHINGE=C30
IF (XHeGE.X(ILE)) GO TO 25
C30=C10# (X (ILE)=XH)
CHINGE=,5#C30# (X (ILE) =XH)
25 CONTINUE
ILE1=ILE~]
DO 30 I=ILE1l,ITE
Cl=A(I)=B(I)
C2=Cl#X(I)
IF (X(I)eGTeXH) C3=Cl®(X(I)=XH)
CLIFT=CLIFT+.,5%#(C1+Cl0)®*DX(I-1)
CMOM=CMOM+ ,S# (C2+C20)#DX(I~-1)
DXX=DX(I~-1)
IF (X(I)eGTeXHeANDeX(I=1) LEJXH) DXX=X(I)=XH
CHINGE=CHINGE+,5% (C3+C30) #DXX
C10=Cl
C20=C2
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30

900
901
902
903
904
905
906
907
908

912
913
914
915
916
917
918

C30=C3

CONTINUE
CIRLIF=2.#*GAMTE#CPCPB
CPCRIT==2.,#CPCPB#*K

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
FORMATY
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

(649
(699
(699
(699
(6499
(6499
(649
(699
(649
(649
(699
(6499
(699
(649
(6499
(649
(6499
(699
(699
(6499
(699
(1H
(30
(1H
(#
(%
(®
(»
(Q
(=

1RCULATION)
909 FORMAT (1H
910 FORMAT (1H
3X#HINGE
911 FORMAT

1
1

1
2
3

ED)#)
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
RETURN
END

(1H

(1H
(1H
(1H
(3X
(%
(#
(&

00)

01) (TITLE(I)sI=1,8)

02) M8

03) K

04) DEL

05) ALPHA

16) XxH

17) ALPHAF

06) CPCPB

18) CPCRIT

07) GAMTE

08) CIRLIF

09)

10) CLIFTyCMOMsCHINGE

11)

12)

15) (X(I)sI=ILELITE)

13)

15) (B(I)sI=ILELITE)

14)

15) (A(I)sI=ILE,ITE)

1)

X98A10)
o/91H o/91H o/9% MACH NUMBER =#E13,.5)

SIMILARITY PARAMETER (K) =#E13,.5)

THICKNESS RATIO =#E13.5)

AIRFOIL ANGLE OF ATTACK (RADIANS) =#E13.5)

CP SCALING FACTOR (CP/CPBAR) =#E13.5)

SCALED AIRFOIL CIRCULATION =%E13.5)

LIFT COEFFICIENT BASED ON CIRCULATION®#27H (2#CP/CPBAR®CI
=E13.5)
9/91H o/9% AIRFOIL FORCE COEFFICIENTS#®)
9/ 93XRLIFT =#E13.59/93X#*MOMENT ABOUT (X=0) =#E13.54/0
MOMENT =#E13.5)
v/91H o/9®% PRESSURE COEFFICIENTS ON THE AIRFOIL (UNSCAL

v/ 93X#ATRFOIL COORDINATE =%)
v/93X*AIRFOIL PRESSURE COEFFICIENTS,y UPPER =
9/93X*AIRFOIL PRESSURE COEFFICIENTS, LOWER =
10E13.5)
HINGE POINT =#E13.5)
FLAP ANGLE (RADIANS) =#£13.5)
CRITICAL PRESSURE COEFFICIENT (SONIC) =#E13,5)

|
%

|
-~ -

FUNCTION FU (CAC)
REAL KyM8

COMMON

/DE

LTA/ DX(99)+DY (99) »AX1(99) »AX2(99) 9BX1(99) 9BX2(99),

CX(99) yAY1(99) »AY2(99) s X(100)sY (100) 9FPU(99) +FPL (99) yPHIUB(99) »
IMes IM1 o UMeUML 9 W9 UWP L 9 UWML s ITE» ILEsDYBUL1+DYBUZ24DYBL1+sDYBL2)
ALPHA+DEL yM89yGAMoKsNDB9XHs TITLE (8) sDOUB9sDOUBL T s ALPHAF
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C AIRFOIL UPPER SURFACE SHAPE FUNCTION

C AI

c DO

C CA
15
C CA

25

30

40

c ToO

FU=¢5=2.%# (CAC=-,5)=##2=-ALPHA®CAC/DEL

IF (CACeGTeXH) FU=FU=ALPHAF# (CAC=XH)/DEL

RETURN

END

FUNCTION FUP (CAC)

REAL KoM8

COMMON /DELTA/ DX (99) sDY(99) yAX1(99) sAX2(99) 9B8X1(99) +BX2(99) ,
1 CX(99)9AY1(99)sAY2(99) 9X(100)9sY(100) sFPU(99) sFPL (99) yPHIUB(99) o
2 IMeIMLleyUMeUML oUW UWPL e UWML s ITEs ILEsDYBUL9sDYBU2sDYBL1sDYBL2
3 ALPHASDEL sMB89yGAMKINDBoXHeTITLE (8) +DOUBsDOUBL T s ALPHAF
RFOIL UPPER SURFACF SLOPE DISTRIBUTION

FUP==4,% (CAC~-,5)-ALPHA/DEL

IF (CAC.GT+XH) FUP=FUP-ALPHAF/DEL
UB IS DOUBLET STRENGTH DUE TO THICKNESS
DOUB=.666666666T=2,%DEL*#2

dDouBLT=D0OUB

RETURN

END

SUBROUTINE GAMFUN

COMMON /GAMMA/ GAMTE1sGAMTE yPGFF 9 GAMFF
GAMFF=GAMTE ] *PGFF # (GAMTE=-GAMTE])

GAMTE1=GAMTE

RETURN

END

SUBROUTINE INITAL

REAL KoM8

COMMON /DELTA/ DX(99)4DY(99) sAX1(99) sAX2(99) sBX1(99) +BX2(99) ,
1 CX(99)4AY1(99)9AY2(99) sX(100)+Y(100)sFPU(99) sFPL(99) ¢+PHIUB(99)
2 IMeIMleUMeUMY oUW UWPL e UWML S ITESILEsDYBUlsDYBU2sDYBL1sDYBL2
3 ALPHAYDEL yMB9yGAM9KsNDB9XHs TITLE (8) sDOUBsDOUBL T 9 ALPHAF
LCULATE DX

DO 15 I=1,1IM1

DX(I)=X(I+1)=X(I)

CONTINUE
LCULATE DY

D0 25 I=1,UM1

DY(I)=Y(I+1)=Y(])

CONTINUE

DO 30 I=2,1IM1

AX1(I)=DX(I=1)/(DX(I)#(DX(I=1)+DX(I)))
AX2(I)=DX(I)/(DX(1=1)#(DX(I=1)+DX(I)))
BX1(I)=2.#AX1(1)/DX(I=1)

BX2(I)=2.2#AX2(1)/DX(])

CX(I)=¢5/DX (1)

CONTINUE

CX(1)=¢5/DX(1)

DO 40 I=24yUM1

AYL1(I)=24/(DY(I)®(DY(I)*DY(I=1)))
AY2(I1)=2./(DY(I=1)#(DY(I)+DY(I-1)))

CONTINUE

IF (K.GTe0e) GO TO SO

P AND BOTTOM AND RHS BOUNDARY CONDITIONS

AX1(IM1)=0.

AX2(IM1)=0.
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50

C SE

45

c cCo

BX1(IM1)=0.

BX2(IM1)=2./DX(IM]=1)%a2

AY1(2)=2./DY(2) 8#2

AY2(2)=0.

AY1(UM1)=0.

AY2 (UML) =2./DY (UM]1=-]1) #82

CONTINUE

DYBUL1=2+/ ((DY(JUWP1) +2,#DY (JUW) ) #DY (UWP1))

DYBU2=DY (JWP1) #DYBUI

DYBL1=2+/ ((DY (UW=2) +2,#DY (JWM]1) ) #DY (UW=2))

DYBLZ2=DY (UW=2)#DYBL]
T AIRFOIL BOUNDARY CONDITION

DO 45 I=ILESITE

FPU(I)=FUP(X(]))

FPL(I)=FLP(X(I))

CONTINUE

RETURN

END

SUBROUTINE PRINT (NITERG)

REAL KoM8

COMMON /DELTA/ DX(99) ¢DY(99) sAX1(99) 9AX2(99) sBX1(99) sBX2(99)
1 CX(99)9AY1(99)sAY2(99) oX(100)sY(100)sFPU(I9)sFPL(99)sPHIUB(99),
2 IMeIMloUMeUM]l o UWeUWPL1 o JUWML s ITESILEsDYBULl9DYBU2+DYBL1sDYBL2S
3 ALPHAYDELYM89GAMeKINDBesXHsTITLE (8) sDOUB+DOUBLT sALPHAF
COMMON /COEFF/ A(99) 9B (99)+C(99)sD(99) yPHI(10000)

COMMON /GAMMA/ GAMTE]1 sGAMTE s PGFF 9 GAMFF

PART=S# ((X(ITE*1)=1¢)# (GAMFF=GAMTE) 7 (X (IM1)=1,.) +GAMTE)
IJW=ITE#JUM+JW

PHI (I1JW)=PHI (1JW) -PART

L=(ILE=2)#JUM+JUwW

PHIUB(ILE=-1)=PHI (L)

PHIUB(ITE+1)=PHI(TJUW) +2.%#PART
MPUTE CP LOWER (A) AND CP UPPER (B)

DO 297 I=ILESITE

M=(I=-1)%JUM

L=Me+JUW

A(I)==2.,#(AX1 (1) #(PHI(LeJM)=PHI(L))+AX2(I)®*(PHI(L)=PHI(L=JUM)))
B(I)==2.#(AX1(I)®# (PHIUB(I+1)=-PHIUB(I))AX2(1)#(PHIUB(])~

1 PHIUB(I-1)))

297 CONTINUE

PHI (IJUW)=PHI(IJW) +PART

WRITE (6+911) NITERG

WRITE (69903) (B(I)sI=ILE,ITE)
WRITE (69912) NITERG

WRITE (6+903) (A(I)sI=ILELITE)

903 FORMAT (10E13,5)

911

FORMAT (1H /9% AT ITERATION#]IS# SCALED PRESSURE COEFFICIENTs UPPE
1R (ILE TO ITE) =#)

912 FORMAT (1H o/9® AT ITERATION®#]S# SCALED PRESSURE COEFFICIENT, LOWE

1R (ILE TO ITE) =#)

RETURN

END

SUBROUTINE TRI (I)

REAL KosM8

COMMON /DELTA/ DX(99) ¢DY(99) sAX1(99) sAX2(99) sBX1(99) sBX2(99)»
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1 CX(99)9AY1(99)9AY2(99)9X(100)9Y(100) sFPU(99) sFPL (99)9yPHIUB(99) s
2 IMeIMloUMe UMl oUW JWP1 o JWML 9 ITESILEsDYBULl9DYBU2,DYBL]1sDYBLZ s
3 ALPHADEL yMB9GAM9K9NDBeXHs TITLE (8) +DOUB+DOUBLT 9 ALPHAF
COMMON /COEFF/ A(99)9B(99)9C(99) 9D (99) yPHI(10000)

DO 10 KK=3yJUM]

J=JM1=-KK+3

P=A(J=1)/B(J)

B(J=1)=B(J=1)=P#C(J)

D(J=1)=D(U=1)=P#D (J)

CONTINUE

M=(I=1)#%#JUM

PHI (M+2)=D(2)/B(2)

DO 20 JU=3,UM1

L=M+J

PHI(L)=(D(J)=PHI(L=1)#%#C(J))/B(J)

CONTINUE

RETURN

END
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APPENDIX B
FORTRAN LISTING OF UTRANS
A FORTRAN listing of the source deck for the UTRANS
program is presented in the following pages. The program,

as configured here, requires 1443K words to load and 132K
words to execute.
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PROGRAM UTRANS (INPUT OUTPUTsTAPES=INPUTsTAPE6=0UTPUT+TAPET,

1 TAPEBTAPE9)

COMPLEX PHIUByBsDyPHI9GAMTE]L yGAMTE s GAMFF sPHIOGsPART9ERR»

1 ERRORIOMEG2IsTPHILsTPHIRYSIGI sGAMFFSeCONAFF sPHIAFF

REAL KsM8

COMMON /DELTA/ DX(99) sDY(99) yAX]1(99) sAX2(99) 9BX1(99) +B8X2(99) 4
1 CX(99)3sAY1(99)9AY2(99) sX(100)sY(100)sFPU(99) sFPL(99) sPHIUB(99) s
2 IMeIMloUMoe UMY oUW JWPL s JWMLILESITEsDYBUl9DYBU2sDYBL1sDYBL2
3 KeSMALLKYOMEGeXHeNDOUBsCPCPBeTITLE(8) ¢M89DEL s ALPHA9ALPHAF
COMMON /COEFF/ A(99) 9B (99)+C(99) sD(99) yPHI(10000)

COMMON /GAMMA/ GAMTE] ¢yGAMTE +PGFF ¢y GAMFF 9 GAMFFS

COMMON /STEADY/ PHIS(10000) sAX1S(99) sAX2S(99) 4BX1S(99)

1 BX2S(99) ¢CXS(99) sPHIUBS (99)

COMMON /PHIAIR/ CONAFF (500) sPHIAFF (S00)

ODIMENSION PHIOG(99) yOMEGA (99) sV (99) yEPSGRD (3)

NAMELIST /IN/ XoYoGAMFF o IMe UMy ILESITE » JWsOMEGAH ¢ OMEGAE 9 OMEGAP o
1 EPSGRD¢NDUMP ¢NGRIDINGFF ¢PGFF s KEPSoNPRINT 9 SMALLK 9 IK9o XH
NAMELIST /CONTRL/ ITAPE

TO START PROGRAMy STEADY (PHIS) DATA IS TO BE READ FROM A DISC
FILE TAPE8. UNSTEADY DATA WILL NOW BE WRITTEN ON TAPE7.

TO RESTART PROGRAMs AGAIN STORE STEADY DATA AS ABOVE AND STORE
THE UNSTEADY DATA ON A DISC FILE TAPE9. NEW UNSTEADY DATA WILL NOW
BE WRITTEN ON TAPE7.

READ STEADY SOLUTION

READ (8) DUMy IMSsIM1SsIMSsIMISesJIWS9DUMsDUMy ITESy ILESsKsDEL s ALPHA

1 ODUM,DUMyNDBsDUM¢M89GAMsDUM9DUMsDUMsDUMsDUM9DUM s ALPHAF

READ (8) DUM

READ (8) DUM

READ (8) (DUMyDUMsPHIUBS(I) sI=ILES,ITES)

READ (8) (AX1S(I)4AX2S(I)sBXIS(I)sBX2S(I)9sCXS(I)9DUMsI=1sIM1S)

READ (8) DUM

L=IMS#JUMS

READ (8) (PHIS(I) I=1,L)
MODIFY LEADING AND TRAILING EDGE PHI

L=(ILES=1)#JMS+JUWS

PHIS(L)=.5# (PHIS (L) +PHIUBS(ILES))

L=(ITES=1)#JMS+JWS

PHIS(L)=o5# (PHIS(L)+PHIUBS(ITES))

SK=SQRT (ABS (K))

CPCPB=DEL##,6666666667/((]1.+GAM)#M8##2)=#,3333333333

READ (S9911) (TITLE(I)sI=1,8)

READ (S+CONTRL)

IF (ITAPE.EQ.0) GO TO 10
READ DATA FROM RESTART TAPE

READ (9) NITERGyIMoeIMloUMeIMLl o UWe WPl 9 JWML s ILEs ITEsGAMTEL

1 GAMFFyOMEGsSMALLKsDYBU1l+DYBU29sDYBL19+DYBL29NDOUBXH

READ (9) (X(I)sI=191IM)

READ (9) (Y(I)sI=19UM)

READ (9) (FPU(I)sFPL(I)sPHIUB(I)sI=ILESITE)

READ (9) (AX1(I)9sAX2(I)eBX1(I)9BX2(I)9CX(I)sDX(I)sI=1y1IM1)

READ (9) (AY1(1)9AY2(I)sDY(I)sI=14UM1)

L=IM#JM
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READ (9) (PHI(I)sI=1sL)
NPT=2#(IM=3) +3#JM
READ () (CONAFF (I)sPHIAFF (I)9I=19NPT)
GAMTE=GAMTE1
GAMFFS=GAMFF
IK=0
READ (591IN)
WRITE (6+900)
WRITE (6+901) NITERG
NITERG=0
WRITE (69913) KsCPCPB
C THE IK OPTION IS USED TO BOOT STRAP TO DIFFERENT REDUCED FREQUENCIES
C AND/OR MODES OF OSCILLATION
IF (IK.EQ.0) GO TO 15
OMEG=SMALLK®#MB8##2/((]1,+GAM) #DEL®#M8##2) 88 6666666667
IFAR=0
IF (OMEG.GT.0,) IFAR=]
CALL FARFLD (IFAR)
GO 70 15
C START PROBLEM FROM SCRATCH
10 CONTINUE
READ (SsIN)
NITERG=0
NDOUB=0
OMEG=SMALLK#M8#82/((]1,+GAM) #DEL*MBa#2)®® 6666666667
GAMTE=GAMFF
GAMTE 1=GAMFF
IMl1=1IM-]
JM1=UM=-1]
JWP1=JwWe+1
JWMl=JwW=-1
ERR=CMPLX (0e90.)
DO 3 I=ILE,ITE
PHIUB(I)=ERR
3 CONTINUE
IF (KelLTe0.) GO TO 20
C INITIAL GUESS FOR SUBSONIC CASE (INTERIOR ONLY)
DO 6 I=3y1IM1
M=(I=1)#JUM
DO 7 J=2yIMI1
L=M+J
IF (Y(J).EQ.0.) GO TO 8
PHI(L)=¢159154943]1*GAMFF*® (ATAN(X(I)/ (SK®#Y(J)))+SIGN(1,570796325,
1 Y@
GO 10 7
8 CONTINUE
7 CONTINUE
6 CONTINUE
GO TO 30
20 CONTINUE
C INITIAL GUESS FOR SUPERSONIC CASE (INTERIOR ONLY)
DO 21 I=3,1IM1
M=(I-1)#UM
DO 22 J=2,UMl
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L=MeJ
SKY=SK#ABS (Y (J))
PHI(L)=CMPLX(0e90,)
IF (X(I)eLTeSKY*XHeORX(I)eGT+SKY+1le) GO TO 22
PHI(L)=(X(I)=SKY=XH)#SIGN(lesY (J))/SK
22 CONTINUE
21 CONTINUE
30 CONTINUE
INITIALIZE FINITE DIFFERENCE COEFFICIENTS AND FARFIELD
CALL INITAL
IFAR=1
CALL FARFLD (IFAR)
1S5S CONTINUE
OMEG2I=CMPLX(0¢92,*0OMEG)
WRITE (6+1IN)
WRITE (69900)
IF (ITAPE.EQ.0) WRITE (6+913) KsCPCPB
KGRD=1
RE=CYCLE POINT FOR GRID ITERATION
S0 CONTINUE
ERROR=CMPLX(0,90.)
NIT=NITERG
NITERG=NITERG+1
IF (MOD(NITERGeNPRINT) cEQ.0) CALL PRINT(NIT)
IF (KeLT.0.) GO TO 51
IF (MOD(NITERGyNGFF) «NE.0) GO TO Sl
GAMFFS=GAMFF
CALL GAMFUN
IFAR=0
CALL FARFLD (IFAR)
WRITE (69910) NITERGyGAMFF ¢GAMTE
S1 CONTINUE
DO 1 I=2sUMl
V(I)=K
1 CONTINUE
BEGIN LOOP ON GRID
INCR=2## (NDB=NDOUB)
IS=3-INCR
DO 100 I=3,1IM1
IS=IS+INCR
CHECK FOR AIR FOIL
IFLAG=0
IF (ILEeLE«IeANDeTLE.ITE) IFLAG=]
M=(I=1)%#UM
MS=(IS=1) #JMS
SAVE THIS COLUMN OF PHI
DO 2 J=2sIM]
L=M+J
PHIOG (J)=PHI (L)
2 CONTINUE
BEGIN LOOP ON COLUMN
JS=2-1INCR
DO 150 J=2yJM1
JS=JS+INCR
CALCULATE CELL INDICES
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(@]

L=M+J

LR=L+JUM

LL=L=-JM

LLL=LL=UM

LB=L~-1

LT=L+1
CALCULATE CELL INDICES FOR PHIO

LS=MS+JS

LSR=LS+JMS

LSL=LS=UMS

LSLL=LSL=UMS
CALCULATE V AND PHIXX FROM STEADY SOLUTION

VV=K=AX1S(IS)#(PHIS(LSR)=PHIS(LS))=-AX2S(IS)#(PHIS(LS)=-PHIS(LSL))

vVS=vv

IF (VV.LT.0.) GO TO 60
ELLIPTIC

PHIXX=BX1S(IS)#(PHIS(LSR)=-PHIS(LS))=BX2S(IS)#(PHIS(LS)=PHIS(LSL))

OMEGA (J) =OMEGAE

GO TO 199
60 CONTINUE

OMEGA (J) =OMEGAP

IF (V(J).GT.0.,) GO TO 65
HYPERBOLIC

OMEGA (J) =OMEGAH

VV=K=CXS(IS=1)#(PHIS(LS)=PHIS(LSL))=-CXS(IS=-2)#

1  (PHIS(LSL)=PHIS(LSLL))
65 CONTINUE
PARABOLIC

PHIXX=BX1S(IS=1)#(PHIS(LS)=-PHIS(LSL))=-BX2S(IS-1)¢#

1  (PHIS(LSL)=PHIS(LSLL))
199 CONTINUE

V(J)=VVSsS

TPHIR=PHI (LR)

TPHIL=PHI (LL)

IF (1.EQeILE=1eANDoJEQeJW) PHI(LR)=oS#(PHI(L+eJM)+PHIUB(ILE))

IF (1.EQ.ITE*1.ANDeJEQeJW) PHI(LL)=eS#(PHIUB(ITE) +PHI(L=JUM))
SET UP TRIDIAGONAL MATRIX TO SOLVE FOR PHI(IsJ)
A=PHI(19J+1) B=PHI (I+J) C=PHI(IsJ-1) D=CONSTANT

IF (IFLAG.EQe1+ANDsJ<EQ.JWP]1) GO TO 250

IF (IFLAG.EQe.1+AND+sJ.EQ.JWM1) GO TO 270

IF (IFLAG.EQe1+ANDsJ.EQ.JW) GO TO 290

PART=CMPLX(0,90,)

IF (T.LE.ITE) GO 70O 201
KUTTA CONDITION

SIGI=(X(I)=1,)#(GAMFF=GAMTE) /(X (IM]1)=1,) ¢+GAMTE

IF (J.EQ.JUWM]) PART=,5%AY1(J)*SIGI

IF (J.EQeJUW) PART=,5%*(AY1(J)=AY2(J))*#SIGI

IF (J.EQeUWP1l) PART==,5%AY2(J)*®#SIGI

201 CONTINUE

IF (VVS.LT.0.) GO TO 220

ELLIPTIC
B(J)==(VV#(BX]1(I)+BX2(I))+AY1(J)+AY2(J) ¢+ (OMEG2I+PHIXX) #
1 (AX2(I)-AX1(I1)))
D(J)==VVE(BX1 (1) #PHI(LR) +BX2(I)#PHI(LL))+ (OMEG2I+PHIXX)*
1 (AX1(I)#PHI(LR)=AX2(I)®#PHI(LL))+PART
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IF (J.EQ.2) GO TO 202
IF (J.EQeJUM1) GO TO 203
A(J)=AY1(J)
C(J)=AY2(J)
GO TO 200
C BOTTOM BOUNDARY
202 CONTINUE
A(J)=AY1(Y)
D(J)=D(J)=AY2(J) #PHI (LB)
GO TO 200
C TOP BOUNDARY
203 CONTINUE
C(J)=AY2(J)
D(JI)=D(J)=AYL(J)=PHI(LT)
GO TO 200
C HYPERBOLIC AND PARABOLIC
220 CONTINUE
B(J)=VVHBX1 (I=1)=AY1(J)=AY2(J)~=(OMEG2I+PHIXX)#CX(I-1)
D(J)=VVH(BX1(I=1)#PHI(LL) +BX2(I=1)#(PHI(LL)=PHI(LLL)))~
1  (OMEG2I+PHIXX)# (CX(I=1)#PHI(LL)+CX(I=2)#(PHI (LL)=-PHI(LLL)))
2 +PART
IF (J.EQ.2) GO TO 222
IF (J.EQ.JUM]1) GO TO 223
A(J)=AY1 (D)
C(J)=AY2(J)
GO TO 200
C BOTTOM BOUNDARY
222 CONTINUE
A(J)=AY1(J)
IF (KeLTe0e) GO TO 224
D(J)=D(J)=AY2(J) #PHI (LB)
GO TO 200
224 CONTINUE
BT=SKe 5% (K=VV) /SK
B(J)=B(J)=2.#CMPLX(BT#CX(I-1) yOMEG/SK) /DY (2)
D(U)=D(J)=2.,#BT#(CX(I=1)#PHI(LL)=CX(I=2)#(PHI(LL)=-PHI(LLL)))/DY(2)
GO 70 200
C TOP BOUNDARY
223 CONTINUVE
C(J)=AY2(J)
IF (KeLTe0e) GO TO 225
D(J)=D(J)=AY]1 (J)#PHI(LT)
GO TO 200
225 CONTINUE
BT=SKe 5% (K=VV) /SK
B(J)=B(J)=2.#CMPLX(BT#CX(I-1) yOMEG/SK) /DY (J=-1)
D(J)=D(J)=2+#BT#(CX(I=1)*#PHI(LL)=CX(I=2)®#(PHI(LL)=-PHI(LLL)))/
1 DY (J=-1)
GO TO 200
C BODY BOUNDARY ABOQVE
250 CONTINUE
IF (VVS.LT.0.) GO TO 260
C ELLIPTIC
A(J)=DYBU]
B(J)==(VV#(BX1(I)+BX2(I))+DYBULl+ (OMEG2I+¢PHIXX)®# (AX2(I)=AX1(I)))

-113-



C(J)=0.
D(J)=DYBUZ#*FPU(I)=VV#(BX]1(I)#PHI(LR) +BX2(I)*#PHI(LL)) * (OMEG2I+
1 PHIXX)# (AX1(I)#PHI(LR)=AX2(I)#PHI(LL))
GO TO0 200
HYPERBOLIC AND PARABOLIC
260 CONTINUE
A(J)=DYBU]
B(J)=VV#BX]1(I=-1)=DYBU1=(OMEG2I+PHIXX)#CX(I=1)
C(J)=0e.
D(J)=DYBU#FPU(I)+VV#(BX1(I=-1)*PHI(LL)*BX2(I=1)#(PHI(LL)~-
1 PHI(LLL)))=(OMEG2I*PHIXX)®#(CX(I=1)#PHI(LL)*CX(I=2)#(PHI (LL)~-
1 PHI(LL)))
GO TO 200
BODY BOUNDARY BELOW
270 CONTINUE
IF (VVS.LT.0.) GO TO 280
ELLIPTIC
A(J)=0.
B(J)==(DYBL1+VV#(BX1(I)+BX2(1))+*(OMEG2I+PHIXX)#(AX2(I)=AX1(I)))
C(J)=DYBL1
D(J)==DYBL2#*FPL(I)=vV2(BX1(I)*PHI(LR)+BX2(I)#*PHI (LL)) +(OMEG2]I+
1 PHIXX)#(AX1(I)#PHI(LR)=AX2(I)#PHI(LL))
GO TO 200
HYPERBOLIC AND PARABOLIC
280 CONTINUE
A(J)=0,
B(J)=VV#BX1(1=1)=DYBL]1=(OMEG2I*PHIXX)#®#CX(I~-1)
C(J)=DYBL1
D(J)==DYBL2H#FPL(I)+evV#(BX1(I=1)#PHI(LL)*BX2(I-1)#(PHI (LL)
1 “PHI(LLL)))=(OMEG2I+PHIXX)®#(CX(I-1)®#PHI(LL)+CX(I=2)#(PHI(LL)
2 =PHI(LLL)))
GO TO 200
BODY BOUNDARY J=JW
290 CONTINUE
A(J)=0,
B(J)=CMPLX(le90s)
C(J)=0.
D(J)=PHI (L)
200 CONTINUE
PHI (LR)=TPHIR
PHI (LL)=TPHIL
150 CONTINUE
TRIDIAGONAL MATRIX IS SET NOW SOLVE FOR COLUMN OF PHI
CALL TRI (I)
RELAX PHIs FIND ERRORs AND MOVE TO NEXT COLUMN
DO 295 J=2yJM1
L=M+J
ERR=0OMEGA (J) # (PHI (L) =PHIOG (J))
PHI (L)=PHIOG(J) *ERR
IF (CABS(ERR) .LT.CABS(ERROR)) GO TO 295
ERROR=ERR
LERROR=L
295 CONTINUE
IF (IFLAG.NE.1) GO TO 100
L=M+JW
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100
C PR

300

301

302

310

PHI(L)=PHI(L=1) DY (JUWM1)#(PHI(L=1)=PHI(L=2))/DY(JW=2)
PHIUB(I)=PHI(L*1)=DY(JW)#(PHI(L*2)=PHI(L+1))/DY(JWP])
IF (1.EQ.ITE) GAMTE=PHIUB(I)=PHI(L)

IF (CABS (GAMFF) oLEsl.E~8) GAMTE=CMPLX(0.90.)
IF (K.LT.0.) GAMFF=GAMTE

IF (I.EQeITE.AND.NITERG+EQel) GAMTE1=GAMTE
CONTINUE
INT OUT ERROR AFTER EACH GRID SWEEP

WRITE (69905) NITERGYERROR,LERROR

IDOuUB=0

IF (CABS (ERROR) +LE.EPSGRD(KGRD)) GO TO 300
IF (NITERG.EQ.NGRID) GO TO 310

IF (MOD(NITERGsNDUMP) .EQ.0) GO TO 310

GO 70 S0

CONTINUE

KGRD=KGRD+1

IDouB=1

GO TO 310

CONTINUE

IF (KeLT.0.) GO TO 302

GAMFFS=GAMFF

CALL GAMFUN

WRITE (6+910) NITERGyGAMFF yGAMTE

CONTINUE

CALL FPRINT

WRITE (6+900)

WRITE (6+906) NITERG

CALL DOUBLE

WRITE (69914) IMeUMeIWsILESITE

WRITE (69902)

WRITE (6+9903) (X(I)sI=1s1IM)

WRITE (69904)

WRITE (69903) (Y(I)sI=19UM)

GO TO 50

CONTINUE

C TAPE DuMP

WRITE (7) NITERGsIM9oIMloIMoIMLl s UWsJWP]1 s WML ILES ITEsGAMTEL

1 GAMFF +sOMEGySMALLKsDYBU1sDYBU29sDYBL19sDYBL29sNDOUB s XH
WRITE (7) (X(I)sI=19IM)

WRITE (7) (Y(I)sI=19JIM)

WRITE (7) (FPU(I)SFPL(I)sPHIUB(I)oI=ILESITE)

WRITE (7) (AX1(I)4AX2(I)9BX1(I)9BX2(I)sCX(I)sDX(I)oI=1sIMI1)

WRITE (7) (AY1(I),AY2(I)sDY(I)sI=19JM])
L=IM®*JM

WRITE (7) (PHI(I)oI=1,4L)

NPT=2%#(IM=3) ¢3#JM

WRITE (7) (CONAFF (I)sPHIAFF (I)9I=14NPT)
END FILE 7

WRITE (6+907) NITERG

CALL PRINT(NITERG)

IF (KGRD.GT.KEPS) GO TO 320

IF (NITERG.EQ.NGRID) GO TO 330

IF (IDOUB.EQ.1) GO TO 301

GO TO S0

320 CONTINUE
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WRITE (69908) NITERG
GO TO 350
330 CONTINUE
WRITE (69909) NITERG
900 FORMAT (1H1)
901 FORMAT (1H o/9% CASE IS BEING RESTARTED AT ITERATION®#]IS)
902 FORMAT (1H o/9% X(I)oI=1oIM#)
903 FORMAT (10€E13,.5)
904 FORMAT (1H o/9% Y (I)oIzloUM#)
90S FORMAT (1H o/¢% AT ITERATION®#]IS®# THE MAXIMUM ERROR =%#2E13.5
1 # AND OCCURRED AT NODE#®*IS)
906 FORMAT (1H o/¢% THE NUMBER OF NODES IS BEING DOUBLED AT ITERATION®
1 1IS5)
907 FORMAT (1H o/9+% TAPE HAS BEEN DUMPED AT ITERATION®IS)
908 FORMAT (1H o/9% SOLUTION HAS CONVERGED TO DESIRED ACCURACY AT ITER
1ATION#=IS)
909 FORMAT (1H o/9% MAXIMUM NUMBER OF ITERATIONS HAS BEEN REACHEDs CAS
1E IS BEING TERMINATED AT ITERATION®#IS)
910 FORMAT (1H o/9% UPDATE GAMFF AND FARFIELD AT ITERATION®IS
1 # GAMFF =#2E13.5% GAMTE =%2E13.5)
911 FORMAT (8A10)
913 FORMAT (1H o/9% SIMILARITY PARAMETER (K) =%#E13.54/9% SCALING FACTO
1R (CP/CPBAR) =#E13,5)
914 FORMAT (1H o/¢#® IM =#]4% M =#]4% JW =#]4#% JLE =#]4® [TE =#14)
350 CONTINUE
CALL FPRINT
END
SUBROUTINE DOUBLE
COMPLEX PHIUBsBsDoPHI¢sGAMTE] sGAMTE ¢ GAMFF s GAMFFSsSIGI 9sPDUM
REAL KyM8
COMMON /DELTA/ DX (99)9DY(99) 9AX1(99) sAX2(99) +BX1(99) sBX2(99)
1 CX(99)9AY1(99)9AY2(99) eX(100)9sY(100)9sFPU(99) oFPL (99) yPHIUBI(99)
2 IMyIMleUMeUMLl oUW JWPLloUWML S ILEYITEsDYBULeDYBU2sDYBL1sDYBL2
3 KoeSMALLKYOMEGeXHesNDOUBCPCPBsTITLE (8) ¢M8+DEL s ALPHA s ALPHAF
COMMON /COEFF/ A(99) 9B (99)+C(99)sD(99) ¢PHI(10000)
COMMON /GAMMA/ GAMTE] sGAMTE sPGFF s GAMFF ¢ GAMFFS
NDOUB=NDOUB+1
C CHANGE GRID INDICES
IMAX=2#]IM=-4
IMAX1=IMAX~-1
JMAX=24% JM=-3
JMAX1=UMAX~-1
JWN=28#JW=2
JWNP1=UWNe1l
JWNMI=JUWN-1
ITEN=2#*ITE-3
DIST=1e/(1le¢DY (JUWP1) /DY (JW))
IK=ITE
C CHANGE X
L=IM
DO 30 I=S,IMAX1s2
II=IMAX1=1¢5
L=L~-1
X(IT)=Xx(L)
X(II=1)=5#(X(L)*x(L=1))
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30 CONTINUE
X(IMAX)=2,#X(IMAX]1)=X(IMAX]1~-1)
DELT=X(4)=X(3)
X(2)=X(3)=-DELT
X(1)=x(2)=-DELT
C FIND NEW LEADING EDGE
D0 31 I=3,IMAX]
IF (X(I)e.GE.O0.) GO TO 32
31 CONTINUE
32 ILEN=1
C CHANGE Y
L=JUM
DO 40 I=2yJMAX1,2
ITI=UMAX]1=]¢2
L=L~-1
Y(II)=Y(L)
Y(II=1)=e5%(Y(L)eY(L=]1))
IF (II=1EQeJWNP1) Y(II=1)=Y(L=1)DIST®(Y(L)=Y(L=1))
IF (11-1.EQeJWNM1) Y(II=1)=Y(L)*DIST#(Y(L=1)=Y(L))
40 CONTINUE
Y(IMAX) =2, #Y (JMAX]) =Y (JUMAX]1~-1)
Y(1)=2.,%Y(2)=Y(3)
C MOVE THE PHI(S) (INTERIOR ONLY) AND INTERPOLATE FOR PHI (I=00DD)
L=IM1#JUM
DO 10 I=3,1IMAX1,2
II=IMAX]1=]1+3
LL=(I1=1) #JUMAX
DO 15 J=2,JMAX]1s2
JI=IMAX]1=)+2
LLL=LL+JY
L=L~-1
PHI(LLL)=PHI(L)
PHI(LLL=1)=,5#(PHI (L) +PHI(L-1))
IF (JJUeNE.JWN) GO TO 15
PHI (LLL=1)=PHI(L)+DIST#(PHI(L=1)=PHI(L))
IF (IT1.GT.ITEN) GO TO 16
IF (IT1eGE«ILENCANDeII.LE-ITEN) GO TO 17
PHI(LLL*1)=PHI(L) +DIST#(PHI(L+1)=PHI(L))
GO 70O 1S
16 CONTINUE
SIGI=(X(II)=1,)#(GAMFF=GAMTE) /(X (IMAX1)=1,)+GAMTE
PDUM=PHI (L) ++5%#SIGI
PHI(LLL*1)=PDUM+DIST®#(PHI(L*1)=PDUM)
PDUM=PHI(L)=+5*SIGI
PHI(LLL=1)=PDUM+DIST#(PHI(L=1)=-PDUM)
GO T0O 15
17 CONTINUE
PHI(LLL+1)=PHIUB(IK)+DIST#(PHI(L*1)=-PHIUB(IK))
IK=1K=1
15 CONTINUE
L=L=2
10 CONTINUE
C FILL IN OTHER PHI(S) (I=EVEN)
IMAX2=IMAX1~-1
DO 20 I=4y9IMAX2s2
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II=IMAX2=]+4
L=(II=1)%JMAX
DO 25 J=2,JMAX]
JJ=UMAX1=J+2
LL=L+JJ
PHI(LL)=S®* (PHI (LL*JMAX) +PHI (LL=UMAX))
25 CONTINUE
20 CONTINUE
IM=IMAX
IM1=IMAX1
JM=UMA X
JM1=UMAX]
JW=JWN
JWP1=JWNP1
JWMI=JWNM]
ITE=ITEN
ILE=TILEN
KTE=(ITE=1)#JMeJW
PHI(KTE*JUM) = S#PH]I (KTE) ¢ ¢ 25#GAMTE + ,S#*PHI (KTE+2%JM)
C INITIALIZE FINITE DIFFERENCE COEFFICIENTS AND FARFIELD
CALL INITAL
L=(ILE=1)#JUMeJW
DO 50 I=ILELITE
PHIUB(I)=PHI(L*+1)=DY(UW)#(PHI(L*2)=-PHI(L*1))/DY(JWPI)
L=L+UM
S0 CONTINUE
L=(ILE=2)#JMe W
PHI(L)=eS# (PHI(L=UM) ¢ ,S# (PHIUB(ILE) +PHI(L*JM)))
IFAR=1
CALL FARFLD (IFAR)
RETURN
END
SUBROUTINE FARFLD (IFAR)
COMPLEX PHIUByBsDyPHIsGAMTE] yGAMTE ¢y GAMFF s GAMFFSsPART14PART2,
1 PART3yPART4sPARTSsPART3INsH]1 sH29CONST 9 CONAFF yPHIAFF
REAL KeKHsM8
COMMON /DELTA/ DX(99) 9sDY(99) sAX1(99) 9yAX2(99) ¢BX1(99) sBX2(99),
1 CX(99)sAY1(99)9AY2(99)9X(100)sY(100) sFPU(99) sFPL(99) sPHIUB(99) s
2 IMoIMlyUMeUML oUW UWP Lo JWML s ILESITEsDYBULsDYBU2,DYBL19sDYBL2
3 KoeSMALLKsOMEGsXH9yNDOUBCPCPBsTITLE (8) yM8sDEL s ALPHA » ALPHAF
COMMON /COEFF/ A(99)+B(99)sC(99)9sD(99) 4PHI(10000)
COMMON /GAMMA/ GAMTE] sGAMTE ¢PGFF » GAMFF ¢ GAMFF S
COMMON /PHIAIR/ CONAFF(500) sPHIAFF (S00)
DIMENSION EX(16)9sWT(16)
DATA (EX(I)9I=1916)/.048307665749.14447196169.2392873623,
1 ¢33186860239.42135127614.5068999089.,5877157572,.6630442669,
2 oT73218211879.79448379649,84936761379.89632115584.9349060759,
3 96476225564 .98561151154.9972638618/
DATA (WT(I)eI=1916)/.0965400885+,0956387201+.0938443991,
1 00911738786, .087652093+,0833119242+.0781938958,.0723457941,
2 +06582222284.0586840935,.05099805939.042835898,.0342738629,
3 .02539206534.0162743947,.,00701861/
DATA RSTAR /10./
IF (K.LT.0.) GO TO 90
C SUBSONIC FARFIELD
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20

15
10

30

35

IF (IFAR.EQ.0) GO TO 60
SK=SQRT (K)

KH=0MEG/K

IF (KHeGE..05) GO TO 30
LFF=0

DO 10 I=1,IM

M=(I=-1)#JUM

J3=UM1

IF (IOLE.Z.OR.I.EQ.IM) J3=1
DO 1S J=14UMeJ3

L=M+J

LFF=LFFe]

CONAFF (LFF)=CMPLX(0e90,.)
PHIAFF (LFF)=CONAFF (LFF)

IF (Y(J).EQ.0.) GO TO 20
PHI(L)=o1591549431“GAMFF“(ATAN(X(I)/(SK'Y(J)))OSIGN(1.5707963259

1 Y

GO TO 15

CONTINUE

PHI(L)=CMPLX(0e90,)

CONTINUE

CONTINUE

RETURN

CONTINUE

CONST=,25#0OMEG#GAMFF /SK

LFF=0

ZIP=0.

PART2=CMPLX(00’°0)

PART4=PARTZ2

DO 35 I=ILESITE
PART1=(PHIUB(I)=PHI((I=1)#JM+JW))#CEXP (CMPLX(0es=KHEX(I)))
PART4=PART4+.5% (PART1+PART2)®#(X(I)=2Z1P)
ZIP=X(1)

PART2=PART1

CONTINUE

DO 40 I=1,1IM

M=(I=1)%*UM

J3=UM]

IF (IoLEoZoOR.I.EQ.l") J3=1

DO 45 J=1,sUMyJ3

LFF=LFFe]

L=MeJ

IF (Y(J,QEQQOQ) GO TO “6
PART3=CMPLX(0.904)

R=KH#SQRT ((X(I)=1,) #822eK2Y (J)#22)

CALL HANKEL (RsH14H2)
CONAFF(LFF)=H1'CHPLX‘0.9‘.25'SK'KH'“2‘Y(J)/R)'CEXP(CNPLX(O.’

1 KH#X(I)))

PHIAFF (LFF)=PART4#CONAFF (LFF)
PART1==CEXP (CMPLX (0. 9KH#(X(I)=14)))®#H1/R
RI=RSTAR

IF (R.GT.RSTAR) RI=R

S=ABS (KH# (X(I)=1.)) *RI

SS=SQRT(S)

G=S#82+K# (KH®Y (J) ) 282
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GM=S##2-K# (KH®#Y (J) ) ®##2
AA=GM/ (SS#G#=#],5)
BB=(1,5#SS* ,SuK#(KH#Y (J))##2/(SS#S) ) /G8#] S5=3,#SS2GM/G2##2,5
CC=3.75#SS*GM/G*#2,5
DD=(9.375#S#SS=]1,87S5#K# (KH®?Y (J) ) ##2/SS) /G##2,5-18,75#5#S5S#
1 GM/G#*#3,5
PART2=1,128379167#CEXP (CMPLX(0,9.7853981635=5))#CMPLX(BB+CCsAA=DD)
PARTS=CMPLX(0,90.)
IF (R.GE.RSTAR) GO TO 47
RI=R
RMID=,5# (RSTAR*RI)
RAD=.5% (RSTAR=RI)
SN=1.
GAUSSIAN QUADRATURE
DO 41 1JU=1+32
IA=IABS (1J=-16)
IF (IJeLE.16) IA=]1A«1l
IF (1JeGT.16) SN=-1,
RI=RMID+RAD®EX (IA) #SN
CALL HANKEL (RIysH1sH2)
PART3N=CEXP (CMPLX (0o 9=SQRT(RI##2=K# (KH®Y (J))®##2)))#H2/R]
PARTS=PARTS+WT (IA) #PART3N
41 CONTINUE
PARTS=PARTS#RAD
47 CONTINUE
IF (X(I)eLEels) GO TO 44
RI=KH#SK#ABS(Y(J))
RMID=.5# (R+RI)
RAD=.5% (R=RI)
SN=1.
GAUSSIAN QUADRATURE
DO 42 1J=]1932
IA=IABS(1J=-16)
IF (IJJLE.16) IA=TA»1
IF (IJeGT.16) SN=-1.
RI=RMID+RAD#EX (IA) #SN
CALL HANKEL (RIsH19sH2)
PART3N=SIN(SQRT(RI##2-K# (KH#*Y (J) ) ##2) ) #H2/R1]
PART3=PART3+WT (IA) #*PART3N
42 CONTINUE
PART3=PART3#CMPLX(0es9=2+.%RAD)
44 CONTINUE
PHI(L)=(PART1+PART2+PART3+PARTS) #CONST#*Y (J) *+PHIAFF (LFF)
GO TO 4S
46 CONTINUE
PHI(L)=CMPLX(0.90,)
CONAFF (LFF)=PHI (L)
PHIAFF (LFF)=PHI (L)
4S5 CONTINUE
40 CONTINUE
RETURN
60 CONTINUE
CONST=GAMFF/GAMFFS
LFF=0
Z21P=0,




KH=0MEG/K
PART2=CMPLX(0,90.)
PART3=PARTZ2
DO 80 I=ILEsITE
PART1=(PHIUB(I)=PHI((I=1)%#JM+JW) ) #CEXP (CMPLX(0e9=KH*X(I)))
PARTJ3=PART3+.,5# (PART1+PART2)#(X(I)=ZIP)
ZIP=X(]I)
PART2=PART1
80 CONTINUE
DO 70 I=1,IM
M=(I=1)%#UM
J3=UM]
IF (1.LEe2.0R.,1.EQsIM) JU3=1
DO 75 J=1,sJUMyJ3
L=MeJ
LFF=LFFe1l
PHI(L)=PHI(L)=PHIAFF (LFF)
PHIAFF (LFF)=PART3#CONAFF (LFF)
PHI (L) =PHI (L) #*CONST+PHIAFF (LFF)
75 CONTINUE
70 CONTINUE
RETURN

C SUPERSONIC FARFIELD

90 CONTINUE

DO 91 I=1,IM

M=(I=1)%JM

J3=UM]

IF (IeLEe2+0R.1.EQeIM) JU3=1

DO 92 J=19JMyJ3

L=MeJ

PHI(L)=CMPLX(0e.90,)
92 CONTINUE
91 CONTINUE

RETURN

END

SUBROUTINE FPRINT

COMPLEX PHIUBsB9sD9PHI yGAMTE) yGAMTE 9 GAMFF 9 GAMFFSeCLIFT9CMOM,

1 CHINGEsCl9C29C39C109C20+9C30sCIRLIFsPART

REAL KoM8

COMMON /DELTA/ DX(99) sDY(99) yAX1(99) sAX2(99) +BX1(99) +BX2(99)»

1 CX(99)9AY1(99)sAY2(99)9X(100)9sY(100) sFPU(99) sFPL (99) yPHIUB(99) »

2 IMeIMloeUMeUML oUW JIWPl o JWMLeILESITEsDYBULsDYBU2sDYBL]19sDYBL2S

3 KoeSMALLKIOMEGsXHeNDOUBCPCPBsTITLE(8) ¢M8yDEL 9 ALPHA 9 ALPHAF

COMMON /COEFF/ A(99)9B(99)+9C(99)9D(99) sPHI(10000)

COMMON /GAMMA/ GAMTE1 +GAMTE sPGFF 9 GAMFF 9y GAMFFS

CPDEL=CPCPB/DEL

PART=,S# ((X(ITE*l)=1.) 2 (GAMFF=GAMTE) /(X (IM1)=1,) +GAMTE)

TUW=ITE®UMeUW

PHI (IJUW)=PHI (1UW) -PART

L=(ILE=2)#JM+Jw

PHIUB(ILE=-1)=PHI (L)

PHIUB(ITE*1)=PHI(TJW) +2.%PART

C COMPUTE CP LOWER (B) AND CP UPPER (D)
DO 10 I=ILEYITE
M=(I=1)%UM
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L=M+JwW
B(I)==2# (AX1(I)®(PHI(L*JM)=PHI(L))+AX2(I)®(PHI(L)=PHI(L=JM)))
1 #CPDEL
D(I)==2¢# (AX1(I)#(PHIUB(I+]1)=PHIUB(I))+AX2(1)#(PHIUB(])~-
1 PHIUB(I-1)))#®*CPDEL
10 CONTINUE
PHI(TJUW)=PHI(1JW) +PART
C COMPUTE UNSTEADY FORCE COEFFICIENTS
Cl0=B(ILE)=-D(ILE)
CLIFT=C10#X(ILE)
C20=CLIFT
CMOM=5#CLIFT#X (ILE)
C30=CMPLX(0e90.)
CHINGE=C30
IF (XHeGE.X(ILE)) GO TO 25
C30=Cl0* (X (ILE)=XH)
CHINGE=,5#C30# (X (ILE)=XH)
25 CONTINUE
ILE1=ILE~]
DO 30 I=ILE1lsITE
Cl=8B(1)=-D(I)
Ce=Cl#=#Xx(1I)
IF (X(I)eGTeXH) C3=Cl#(X(I)=XH)
CLIFT=CLIFT+.S®#(C1+Cl0)®*DX(I~-1)
CMOM=CMOM+ 5% (C2+C20) #DX(I~-1)
DXX=DX(I=1)
IF (X(I)eGTeXHoeANDeX(I=1) LEoXH) DXX=X(1)=XH
CHINGE=CHINGE+ 5% (C3+C30) #DXX
Cl0=C1
ce0o=C2
C30=C3
30 CONTINUE
CIRLIF=2.#*GAMTE®*CPDEL
WRITE (6+900)
WRITE (69901) (TITLE(I)sI=1,+8)
WRITE (6+902) M8
WRITE (6+903) K
WRITE (69904) DEL
WRITE (6+922) ALPHA
WRITE (69905) SMALLK
WRITE (6+906) OMEG
WRITE (6+907) XH
WRITE (6+923) ALPHAF
WRITE (69908) CPCPB
WRITE (6+9909) GAMTE
IF (XHeGT.0.) GO TO 40
WRITE (64910) CIRLIF
WRITE (649911)
WRITE (69913) CLIFT9CMOMyCHINGE
WRITE (6+914)
GO TO 45
40 CONTINUE
WRITE (6+921) CIRLIF
WRITE (645912)
WRITE (69913) CLIFT»CMOM»CHINGE
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WRITE (69915)
4S5 CONTINUE
WRITE (649916)
WRITE (69917) (X(I)oI=ILELITE)
WRITE (6+918)
WRITE (69919) (D(I)eI=ILELITE)
WRITE (6+920)
WRITE (69919) (B(1)sI=ILELITE)
900 FORMAT (1H1)
901 FORMAT (30X98A10)
902 FORMAT (1H 9/91H o/91H 9o/¢% MACH NUMBER =%#E13.5)
903 FORMAT (# SIMILARITY PARAMETER (K) =%#E13,.5)
904 FORMAT (# THICKNESS RATIO =%#E13,.5)
905 FORMAT (# REDUCED FREQUENCY (BASED ON CHORD) =#E13.5)
906 FORMAT (# SCALED FREQUENCY (OMEGA) =#£13.5)
907 FORMAT (# HINGE POINT =#E13,.5)
908 FORMAT (# CP SCALING FACTOR (CP/CPBAR) =#E13.5)
909 FORMAT (% SCALED AIRFOIL CIRCULATION =#2E13.5)
910 FORMAT (® LIFT COEFFICIENT BASED ON CIRCULATION (PER UNIT PITCH AN
1GLE IN RADIANS) =#2E13,5)
911 FORMAT (1H 9/91H o/9® UNSTEADY FORCE COEFFICIENTS (PER UNIT PITCH
1ANGLE IN RADIANS)#)
912 FORMAT (1H 9/91H o/9% UNSTEADY FORCE COEFFICIENTS (PER UNIT FLAP A
INGLE IN RADIANS)#®)
913 FORMAT (1H o/ 93X®LIFT =%2E13.59/93X#*MOMENT ABOUT (X=0) =%#2E13.5¢/
1 3X#*HINGE MOMENT =#2E13.5)
914 FORMAT (1H 9/91H +/9% PRESSURE COEFFICIENTS ON THE AIRFOILs UNSCAL
1ED (PER UNIT PITCH ANGLE IN RADIANS)*#)
915 FORMAT (1H 9/91H o/9¢%* PRESSURE COEFFICIENTS ON THE AIRFOILs UNSCAL
1ED (PER UNIT FLAP ANGLE IN RADIANS)#)
916 FORMAT (1H 9/93X#AIRFOIL COORDINATE =#)
917 FORMAT (3XE13.5913XE13.5913XE13.5913XE13.5913XE13.5)
918 FORMAT (1H 9/93X®*AIRFOIL PRESSURE COEFFICIENTSs UPPER =#)
919 FORMAT (3X10E13.5)
920 FORMAT (1H 9/+3X#AIRFOIL PRESSURE COEFFICIENTSs LOWER =#®)
921 FORMAT (# LIFT COEFFICIENT BASED ON CIRCULATION (PER UNIT FLAP ANG
1LE IN RADIANS) =#2E13.5)
922 FORMAT (# MEAN AIRFOIL ANGLE OF ATTACK (RADIANS) =%#E13,5)
923 FORMAT (# MEAN FLAP ANGLE (RADIANS) =#£13.5)
RETURN
END
SUBROUTINE GAMFUN
COMPLEX GAMTE1 +GAMTE s GAMFF 9yGAMFFS
COMMON /GAMMA/ GAMTE 1 sGAMTE s PGFF s GAMFF s GAMFF S
GAMFF=GAMTE1 +PGFF# (GAMTE=-GAMTE)
GAMTE1=GAMTE
RETURN
END
SUBROUTINE HANKEL (RsH1sH2)
COMPLEX HOsH1lsMH2
IF (R.GT<3.) GO 70 10
X2=(R/3,) ##2
X4=X2#X2
X6=X4#X2
X8=x6#Xx2
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X10=X8#x2
X12=X10#Xx2
AD=]14-242499997#X2¢+]1,2656208%X4~,3163866%#X6+,04444T9%X8~,0039444
1 #X10+.00021#x12
B0=2¢/3014159265%ALO0G(5%#R)#A0+,3674669]1+.60559366%#X2-,74350384
1 #X44,25300117#X6=.04261214%#X8+,00427916%X10-.00024846%X12
Al=R*®* (,5=,56249985%#X2+.,21093573#X4~,03954289%X6+,00443319¢#X8
1 =-.00031761%#X10+,00001109%x12)
Bl=(24/3.14159265#R#ALOG(,5*R) #A1=,6366198¢,2212091%#X2+2.1682709
1 #X4-1,3164827%#X6+4,3123951%X8=-,0400976%X10+.0027873%#Xx12)/R
GO 70 20
10 CONTINUE
XI11=3./R
XI12=XI1#Xx]1
XI3=x12#XI1
XI4=XI13#X]1
XIS=X14#XI1
XI6=XIS#x]I1
F=679788456-400000077#XI1-.0055274%#X12=,00009512¢X13+,00137237
1 #XI14-,00072805%#x15+,00014476%x16
TH=R=,78539816=.04166397#X11-.00003954%#X12+.00262573%X13
1 =.00054125%#X14-,00029333#X15+,00013558#X16
AO=F#COS(TH) /SQRT (R)
BO=F#SIN(TH) /SQRT (R)
F1=479788456+,00000156%XI1+.01659667#X12+.,00017105#XI3-.00249511
1 #X14+,00113653#x15-,00020033#x16
TH1=R=2:35619449+,124996122X11+.0000565*X12=-.00637879¢X13
1 +,00074348%X14+,00079824#XI5-,00029166%#X16
Al=F1#COS(TH1) /SQRT(R)
Bl1=F1#SIN(TH]1)/SQRT(R)
20 CONTINUE
HO=CMPLX (A0 +=B0)
H1=CMPLX (Aly=B1l)
H2=2e%*H1/R=H0
RETURN
END
SUBROUTINE INITAL
COMPLEX PHIUB
REAL KeM8
COMMON /DELTA/ DX(99)sDY(99) yAX1(99) yAX2(99) sBX1(99) +BX2(99) »
1 CX(99)+AY1(99)9AY2(99) sX(100)sY(100) sFPU(99) sFPL (99) yPHIUB(99) »
2 IMeIMleUMeUM] 9 JWeUWPLl e UWML s ILES ITEsDYBUL sDYBU2+DYBL1sDYBL2 s
3 KsSMALLKsOMEGsXHsNDOUBsCPCPByTITLE (8) yM8sDEL y ALPHA » ALPHAF
CALCULATE DX
DO 15 I=1,1IM1
DX(I)=X(I+1)=x(I)
15 CONTINUE
CALCULATE DY
DO 25 I=1,UMl
DY(I)=Y(I+1)=Y(I)
25 CONTINUE
DO 30 I=2,1IM]
AX1(I)=DX(I=1)/(DX(I)®#(DX(I=-1)+DX(I)))
AX2(I)=DX(I)/(DX(1=1)#(DX(I=1)+DX(I)))
BX1(I)=2.#AX1(I)/DX(I=-1)
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BX2(I)=2.%AX2(1)/DX(1)
CX(I)=,5/DX(1)
30 CONTINUE
CX(1)=,5/Dx(1)
DO 40 I=2yUM1
AY1(I)=2./7(DY(I)®(DY(I)*DY(I-1)))
AY2(1)=2.,/7(DY(I~-1)#(DY(I)+DY(I~-1)))
40 CONTINUE
IF (K.GT«0e.) GO TO SO
C TOP AND BOTTOM AND RHS BOUNDARY CONDITIONS
AX1(IM1)=0.
AX2(IM1)=0.
BX1(IM1l)=0.
BX2(IM1)=2./DX(IM]1=1)8n2
AY1(2)=2./DY (2) 282
AY2(2)=0.
AY1l (UM1) =0,
AY2(UM]1)=2,/DY(JM]~1) 222
S0 CONTINUE
DYBU1=2¢/ ( (DY (UWP]) +2.%#DY (UW)) #DY (UWP1))
DYBU2=DY (JUWP1)#DYgUI1
DYBL1I=24/ ((DY (UW=2)+2,%DY (JWM1) ) #DY (UW=2))
DYBL2=DY (UW=2) *DYBL]
C SET AIRFOIL BOUNDARY CONDITION
DO 45 I=ILESITE
FPU(I)=0.
FPL(I)=FPU(])
4S5 CONTINUE
RETURN
END
SUBROUTINE PRINT (NITERG)
COMPLEX PHIUByByDyPHIyGAMTEL yGAMTE ¢ GAMFF s GAMFFSsPART
REAL KsM8
COMMON /DELTA/ DX(99) sDY(99) sAX1(99) sAX2(99) s+BX1(99) ¢+B8X2(99)
1 CX(99)9AY1(99)9AY2(99) ¢X(100)9sY(100)sFPU(99) sFPL (99) sPHIUB(99) s
2 IMeIMloUMeJM]loUWeJWPLl 9 UWML s ILEsITEsDYBULl+DYBU2,DYBL1sDYBL2)
3 KySMALLKYOMEGesXHsNDOUBsCPCPBsTITLE(8) 9M8sDEL s ALPHA 9 ALPHAF
COMMON /COEFF/ A(99)9B(99)4C(99)9sD(99) sPHI(10000)
COMMON /GAMMA/ GAMTE1 yGAMTE s PGFF 9 GAMFF s GAMFF S
PART=eS®# ((X(ITE*1)=14)# (GAMFF=GAMTE) /(X (IM1)=1,) «GAMTE)
TOW=ITE® UM+ UW
PHI(IJUW)=PHI (1JW) -PART
L=(ILE=2) #JMe W
PHIUB(ILE-1)=PHI (L)
PHIUB(ITE*1)=PHI(IJW) +2.%#PART
C COMPUTE CP LOWER (B) AND CP UPPER (D)
DO 297 I=ILESITE
M=(I=1)%JM
L=MeJW
B(I)==2.# (AX1(I)® (PHI(L*JM)=PHI(L))+AX2(I)®#(PHI(L)=PHI(L=JM)))
D(I)==2.#(AX1(I)#(PHIUB(I+1)=PHIUB(I))+AX2(1)#*(PHIUB(])~-
1 PHIUB(I-1)))
297 CONTINUE
PHI(IJUW)=PHI(1JUW) +PART
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903
911

912

10

20

WRITE (6+911) NITERG

WRITE (6+903) (D(I)oI=ILE,ITE)

WRITE (69912) NITERG

WRITE (69903) (B(I)sI=ILE,ITE)

FORMAT (10E13.5)

FORMAT (1H +/+% AT ITERATION#IS®* SCALED PRESSURE COEFFICIENTs UPPE
IR (ILE TO ITE) =#)

FORMAT (1H s/4% AT ITERATION®#IS® SCALED PRESSURE COEFFICIENT, LOWE
IR (ILE TO ITE) =#)

RETURN

END

SUBROUTINE TRI (I)

COMPLEX PHIUB¢BsDyPHI P

REAL KoM8

COMMON /DELTA/ DX(99) +sDY(99) sAX1(99) s AX2(99) 9BX1(99) +BX2(99)
1 CX(99)9AY1(99)9AY2(99) sX(100)sY(100)9sFPU(99) sFPL(99) ¢PHIUB(99)
2 IMeIMleUMeUM]l oUW JWPLleUWML s ILESITEsDYBUL9DYBU2+DYBL]1sDYBLZ
3 KeSMALLKIOMEGeXHsNDOUBsCPCPBsTITLE (8) sM89DEL y ALPHA s ALPHAF
COMMON /COEFF/ A(99)9B(99)+C(99)9D(99) sPHI(10000)

DO 10 KK=3yJUM]

J=JIM1=-KK+3

P=A(J=1)/B(J)

B(J=1)=B(J=1)=P=C(J)

D(J=1)=D(J=1)=P%D (J)

CONTINUE

M=(I-1)#%JM

PHI(M+2)=D(2)/B8(2)

DO 20 J=3yUM1

L=M+J

PHI(L)=(D(J)=PHI(L=1)2C(J))/B(J)

CONTINUE

RETURN

END
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