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INTRODUC TION

The aim of the present study was to develop an efficient and accurate
numerical algorithm for the analysis of steady transonic flow over nonlifting
thin airfoils. With this objective, the present formulation is therefore based
on the small disturbance but nonlinear transonic potential equation for in-

viscid, compressible fluid.

It is well known that two major difficulties exist in solving the traasonic
flow probl=m: (1) the governing partial differential equation is nonlinear,
and (2) the equation is of mixed elliptic-hyperbolic type. Because of these
difficulties, numerical procedures must therefore be used, with provisions
made to properly account for the above transonic effects. Among the numer -
ical approaches, the finite difference relaxation technique is the most well
developed and widely used in recent transonic calculations. On the other
hand, the finite element technique, in spite of its tremendous success in the
{ield of solid and structural mechanics, has never been attempted until the
present investigation, obviously because conventional finite element technique
is invalid in solving mixed-type equations. This difficulty, neverthcless, was
successfully resolved by a special assembling technique devised for the super-
sonic region, while the major advantages of the conventional finite element
method are retained. These include the complete flexibility in element ar-
rangement, its effectiveness to cope with complex geometric shapes and
boundary conditions, and the ease with using efficient higher order approxi-
mations. For these reasons, the present approach appears to be super.or
in solution accuracy and computational efficiency compared to other existing

numerical techniques.

The present numerical algorithm is developed using the concept of finite

clements in conjunction with the least squares method of weighted residuals

ed o s
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The basic clement presently used has a cubic expansion for the per-
turbed velocity potential inside the element, with nodal unknowns repre-
senting the function itself and the two perturbed velocity components. The
resulting system of nonlinear algebraic equations is banded, although non-
symmetric. This syster. of algebraic equations is solved by direct iterative

procedures.

The theory and numerical procedures, together with the usage of the
computer programs, are discussed in the following sections. The theory in-
cluding the small disturbance potential equation with its corresponding
boundary conditions and the related secondary unknowns are summarized
in Section 2. The numerical procedures employed in the present approach
are discussed in Section 3. These include the finite element formulation
based on least squares, elements used in the computation, special considera-
tinns for the supersonic region, treatment of boundary conditions and a de-
scription of the itcrative procedures. In Section 4, the two parts of the
computer code, namely, STRANL-I and STRANL-II are described separately,
in the aspects of scope and flow chart, description of variables, subroutines
used, and finally input and output, Two samplc cases are given in Section 5
to demonstrate how to use these computer programs, which are listed in the

Appendixes.
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2. THEORY — ASSUMPTIONS AND BASIC EQUATIONS

The objective of the present study was to develcp an efficient and ac-
curate numerical algorithm for the analysis of steady transonic flow over
nonlifting thin airfoils. With this objective in mind, the formulation was
therefore based on the small disturbance but nonlinear transonic potential
equation for inviscid, compressible fluid. The embedded shock is assumed
to be weak and boundary layer effects are neglected. These assumptions
render the small perturbation theory possible and lead to the following

mathematical problein to be solved.

Differential Equation

[I-Mi—Mi (1+n¢,x] b ot gy =0 M
Boundary Conditions
l | (1 +u) %i- = ¥ =0 on the airfoil (2)
‘ ve =0 at infinity (3)
! | v = 0 on line of svmmetry (4)

where ¢ =perturbed velocity potentiél function, u,v =perturbed velocity com-

#5

ponents in the x- and y-directions, respectively, Moo = freestream Mach number,
L]

-

y =ratio of specific heats, taken to be 1.4 for air, and g =function of x defin-

ing the geometry of the airfoil. Equation (1) is in dimernsionless form and the

-
e




x-axis is aligned with the undisturbed flow direction. The dimensional (with

pPrimes) and nondimensional quantities are related hy

8 )(:%,y=x-1-andq$=qS

c U ¢
0

where ¢ and UOo are the characteristic length and speed, which are currently

taken as the chord length and the freestream speed, respectively,

Figure | shows the flow field, together with the steady transonic govern-
ing equation and corresponding boundary conditions. Because only nonlifting
thin airfoils are being considered, the airfoils are necessarily symmetric and
: hence only half of the flow field is depicted and analyzed. As the figure shows,
the flow tangency condition on the airfoil is retained in its nonlinear form, as
defined by Eq. (2), and is to be applied along the actual airfoil surface.
Another approach is to use the linearized boundary condition and apply it
along the airfoil chordline, as cornmonly adapted in most existing finite differ-
ence codes. Apparently, use of the nonlinear form is more accurate when
L the magnitude of u becomes non-negligible. On the other hand, use of the
| linearized boundary condition could enhance solution convergence somewhat
as the nonlinearity now exists in the governing equation only. Extensive
studies and comparisons are certainly required in order to assess the two
3 approaches. Inthe present computer code, the nonlinear form is used unless
otherwise specified through an input control key, in which case the linear form
will be used. On the line of symmetry, as is well known, the Neumann condi-

tion of no normal ilow is to be imposed. For the far field, because only a finite

domain can be treated in the analysis, the condition of no disturbance at infinity
is assumed to be valid on the outer boundary which is usually taken as a few
chord lengths away from the airfoil. Numerical experimentatiohs indicate that
a flow region with H > 2c and L>4c is generally required to yield solution with
adequate accuracy. For flow with higher freestream Mach number, the flow

4 region should be extended somewhat to account for effects from the enlarging

supersonic pocket,
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For the problem of lifting airfoils, the entire flow domain must be con-
sidered. Ia this case, an asymptotic solution including at least the circulation
as unknown should be applied on the finite outer boundary. This is part of a

current study conducted for AFFDL and will be implemented later.

Once the flowfield solution in terms of the perturbed velocity potential
has been obtained, all secondary unknowns can be calculated subsequently,

These include

U 1/2
_ y-1 2 2 0 2
a-[——z (Uw-V)+(—M)] (5)
o
= 3
M = - (6)
P _ 1
po - r Y (7)
1+ *1 MZ Y-1
2
1 2 2
2u 2 ,u v ~ 2u
C = -l—+ (1-M )= + — S
P Uoo 0 UZ UZ] Uoo {8)
- (' L%

In the above, Uoo = 1, the normalized freestream speed, a =1local speed of
sound, M =local Mach number, V = the total velocity, p =1local static pressure,

p = stagnation pressure, and C_ = pressure coefficient.
8 p
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3. NUMERICAL SOLUTION PROCEDURES

The concept of finite elements in conjunction with the method of weighted
residuals (MWR) is the basis of the present numerical procedures in solving

the small perturbation transonic flow equation. Of all the MWR methods, the

Galerkin and the least squares approaches were investigated (Chan et al.,
Ref. 1), of which only the latter approach was found applicable to mixed flow
analyses. The success with the least squares formulation is attributable to

' the resulting matrix being positive definite and well conditioned. This approach
was therefore incorporated in the present computer program, with numerical
procedures described in the following subsections. These include the finite
element formulation, element description, special considerations in the super-

1 sonic region, the imposition of boundary conditions and iterative proc edures.

3.1 Finite Element Formulation

r : The finite element method, in conjunction with the least squ  “es method
of weighted residuals, is used herein to solve numerically the small perturba -
tion transonic equation. In this approach, a set of locally defined trial func-
tions with undetermined parameters is assumed as the approximate solution,

and the integral expression for the square of errors committed by the approxi-

mate solution is formulated. Then the integral of square errors in the entire

domain is minimized with respect to the undetermined parameters to yield a
system of algebraic equations. In actual computations, the minimization

process is performed at element level and then an assembling process is

, : invoked to obtain the system of algebraic equations. It is these processes

e

which enable us to take care of the supersonic pocket with convenience and

success. This special assembly technique is described in Section 3.3.

Written in the usual manner with repeated indices implying summation,

the approximate solution has the following form

7




8 =N ¢, 9)

1

in which Ni' s represent the shape functions and ¢i' s are the undetermined

parameters at nodal points. The residual then becomes

§ 2 2
R =) [1 M - M (L4 y) N ¢k]Nj’xx +ON,rél (10)

from which an integral expression for the square errors is obtained as

X =/'/;«‘,2dA (11)

Upon the minimization of X with respect to the undetermined parameters, a %

system of algebraic equations in the following form is obtained

S..¢ = 0 (12)

Herein the banded system matrix Sij is defined as

} S5 =ffpi Q da (13)

with Pi and Qj determined by the following expressions

2 2
Q = [1-M, -M_ (147)N ¢k] N t Ny (14)

and

P
Ppo= Q-M (L4 yN 6Ny 1)

As stated earlier, the system matrix is obtained by combining appropri- L
ate contributions from all the elements. The element matrices, in turn, are

evaluated effectively by numerical integration to avoid the tedious and error

- F dan 4 bt Sl b - e e g o et
R L T ORI RN . (P oE 0 A W P TIPS o, 0o AR T T NN A SR hudt AN e = A
g . + T e _— " T - 3




pronc algebraic manipulations. The one presently used is a2 7 point
Gaussian quadrature, which can integrate exactly a quintic polynomial in

the element. It is to be noted that although the system of equations, Equation
(12),is homogeneous; it does possess a non-trivial solution once the boundary

condition on the airfoil is imposed.

3.2 Element Description

The basic element used in the present program is the nonconforming
cubic triangular element developed by Bazeley et al. (Ref. 2). Also used in
the program are quadrilateral and trapezoidal elements constructed from
these triangular elements. These three types of elements can be mixed and
used freely in the entire flow region except that only trapezoids should be
used to cover adequately the supersonic region in order to enact the special

treatment discussed later.

The basic triangular element is shown in Fig. 2, which at each vertex
has the function itself and its two first derivatives (velocity components) as
undetermined parameters. This type of element was adapted mainly because

boundary conditions of both Dirichlet and Neumann types can be imposed with

3 (¢3, us, v3)

1 (¢ l,v.l,vl)

.
) o

Figure 2 - Triangular Element with Un.letermined Parameters
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equal convenience. In addition, because velocities at nodes are treated as
primary unknowns, secondary unknowns such as local Mach number, and
pressure coefficients, etc. can be éomputed directly without resorting to
numerical differentiation and thus assuring higher accurac,;. Furthermore,
the use of higher order elements can usually improve con.putational effi-

ciency as evidenced in most finite element analyses.
In the element, the approximate solution is assumed as

¢° =N ¢, (i = lto9)

in which ¢ 's are the nine undetermined parameters of ¢ and its first deriva-
i
tives at the nodal points as shown in the figure and N.l' s are the corresponding

shape functions, which are expressed in terms of area coordinates.

Defined in the following are these shape functions and their {irst and

second derivatives.

Letting

a, = xjyk - Xkyj

A = area of triangle 1-2-3 = (bjck - bkcj)/Z

o= 0.5 (ck—cj)
B = 0.5 (b;-by)
H= ’;i’;jgk
x = B3850p F D500 050 i
Hy = Cigjt"k + cj';k';i + Ckgigj ”
sox = 2(Ebiby + Lok by + Lybibo) :
Hyy = 2(';icjck + ?;jckci + chicj)

10
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i
& with i=(1.2,3).j=(2,3,1), k=(3.1,2), then one has
* for =(1,4,7), i=(1,2,3),
N, = t% (3-20.) + 2H
17 % i
N =i-[6bz_,(1-z_,)+2H]
1, x 24 i®i i o
| N =-1-[6~t_,(1-r)+2H]
Y,y T 2A RPN =g y
N, = [6b2(1-2z_, ) + 2H
, £, xx (ZA)Z i i xx]
] 2
. = 65(1-2L.) + 2H
; 1,yy (ZA)Z [ CI( gl) YY]
4
for 2=(2, 5, 8), i=(1,2, 3)
[ N, = 3(c L -c.b,) + aH ‘i'
ll_ 2 it"k?j Ti7k 1
| N, =< [2b.L.(c. L. - c.b,) + 2AL + aH
i 1, ”zal 123 k> T %57k i “x]
E N :J_[ch(cé-cf,)-l-od-l]
t 5,y - 28 455105 T S5k y
i- N, =t [sz(c . -c.l.)+4b.(2A)¢, +aH
f £, xx 2 i'k?) i’k i “i XX
[ (24)
] 2
N el _[280c. L. - c.0.) +aH
| ! LYY " (2a)? [ Th yv]

o ot i S

for 1=(3,6,9), i=(1,2,3)

11




.2
Ny = L5(bLy - by Ly) + BH

21 .
Ny x =34 [Zbigi(bjc'k = b, i de]

=L ) 2
Ny 2a [2ci§,i(bjt_,k by Ls) + 240 + BHy]

=1 [52 -
Ny o = — [2bi(bj§,k by L) + BHxx]

1 2 ,
N ——e [zci (biLy - b L) +4ci2A)L, + ;myy]

Lyy (ZA)Z

The undetermined parameters are arranged in the order of ¢1, ua,, v u

10 Yy vy

Vo ¢3, us, and Vs
Quadrilateral and trapezoidal elements as shown ir. Fig. 3 are also used
in the present program, the former in purely subsonic flow region to save
data input and the latter in the mixed and supersconic flow region. The ele-
ment matrix for a quadrilateral is obtained by combining appropriately the

matrices for two triangles, while matrix for a trapezoidal element is

a. Quadrilateral Element b. Trapezoidal Element

Figure 3 - Elements Constructed from Basic Triangles




obtained by combining and averaging contributions from four triangles, two
left-running and two right-running triangles. The averaging process is de-
signed to remove the bias effects inherent in the quadrilaterals presently
used. In any e¢vent, the present program is coded in such a way that the com-
puter is given the jurisdiction over which type of eiement to use, according
to the {low behavior in the element. Of course, it does no harm to use trape-
zoids where the usage of quadrilaterals is considered adequate, except that

computation time will increase slightly.
3.3 Special Considerations for Supersonic Region

As is well known, the finite element method is a powerful tool for solv-
ing problems governed by elliptic equations. However, for problems governed
by either parabolic or hyperbolic equations, the conventional finite element
assembly technique must be modified so that the proper influence of solution
in time (or time-like directicn) is considered. For the present problem.
the x-axis is a time-like direction which implies that the solution at the up-
wind station will determine the solution at its downwind station but not the
contrary. This consideration leads to the well known upwind influence finite
difference operator (backward finite difference). An eguivalent technique in
finite element analysis has been devised and applied to solve the transonic

flow equation.

Consider the rectangular element sketched below with upwind station 1

and downwind station II, each having two nodal points. With the element type

chosen. the element matrices can be constructed in the usual manner. How-
ever, before assembling the element matrices into the system matrix, the

coefficient of the

Flow Direction

2
-




first term in the transonic equation should be evaluated

2 2
C-l-Mco—MQo 1+ y)u (16)

The sign of the coefficient C being positive, zero, or negative will define the 1

equation as elliptic, parabolic or hyperbolic. If C is non-positive for all

nodes in the clement, the rows representing the improper downwind influence

,; on solution at an upwind station are ignored during assembly. This feature

is taken care of automatically in the program, requiring only a little care

with the nodal arrangement in the element. In the anticipated supersonic re-

. gion, element node points should be arranged in the order as indicated in the

b above sketch, starting with the upper left corner node and proceeding in counter-
clockwise direction. On the other hand, if the sign of C 1is positive at any of

A the four nodes, no special assembling i¢ invoked. As stated earlier, only tra-

‘ pezoidal elements are to be used in the anticipated supersonic and mixed flow

region, while triangular elements and quadrilaterals consisting of only two :

j triangles are considéred unsuitable because of their bias nature. However, A

! these two latter types of elements can be used effectively in the subsonic flow

region,

F 3.4 Boundary Conditions and Iterative Procedures
i X

As stated earlier, the imposition of boundary conditions for the present
problem can be carried out conveniently because the elements presently used
: have function value and two first derivatives as primary unknowns. The asso-
ciated boundary conditions thus can be treated as the essential type, i.e., having
] prescribed values. Standard finite element methodology is therefore followed
by assembling first an unconstrained problem and then modifying the matrix
equations accordingly. More specifically, on the outer boundary the flow is
1 assumed to be undisturbed and hence the corresponding unknown parameters
are set equal to zero. On the line of symmetry, the velocity component v is i

also set equal to zero. On the airfoil, the nonlinear form of flow tangency on i

the airfoil is imposed by replacing the algebraic equation for v by

14
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in which u, and v, are unknown parameters at node "i" on the airfoil. When

the linear form is desired, the correspoading equation becomes

- %
vi = == (17a)
and is applied along the chordline. The selection between these two approaches

is made through a control key in the input.

In the present program, no special efforts have been devoted to treat the
leading edge and trailing edge singularities. Any rigorous approach should
consider also the invalidity of small perturbation theory in these regions,
which is certainly beyond the scope of the present study. Nevertheless, these
regions are relatively small and the flow is usually subsonic in nature, which
implies any error committed is generally localized and becomes less impor -
tant elsewhere. For non-blunt airfoil such as a 6% thick circular arc, using
half of the actual airfoil slope at each respective place in the computation seems
to work well. However, for blunt airfoil such as NACA 64 A006, a finite slope
near the leading edge, say 1% behind the airfoil leading edge, could be used in
computing the vertical velocity component at that point. A still better approach
is to use very fine elements in that region and treat the leading edge as a singu-
lar point. In practical computations, however, an element with its area ap-
proaching zero might create a new numerical problem because all shape func-
tion derivatives involve element area as divisor. Therefore, caution must be

taken in using extremely small elements.

With the equations properly assembled and boundary conditions imposed,
the system of nonlinear algebraic equations is finally solved by iterative pro-

cedures in the form

=y 4ln)
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to solve for the solution ¢(n) at the nth iteration. The function ¢ is, in turn,

defined as

3 =060 4 1.0y PV (19)

in which 6 is a relaxation factor in the range 0 < 0 < 1. For subsonic flows,

© is usually taken as unity; for flow in the transonic regime, however. it has

been found that the use of an under relaxation factor is required. The value of

0 should decrease from unity for barely critical flow to €.} or even 0.3 for

supercritical flow. The optimum undersrelaxation factor generally depends

on the freestream Mach number and the mesh being used. At the present, no

systematic investigations have been done in this regard, and therefore its value

should be s=lected by numerical experimentations. Generally speaking, a #
smaller under-relaxation factor will make the solution more stable but at the

same time tends to slow down the rate of convergence.

Equation (18) is to be solved subject to certain prescribed convergence
criterion. The one presently used is that the relative change of local Mach
number between two consecutive iterations should be less than a prescribed

small number for all the nodes in the flow field, that is

Mm@ _ yln-1) (20)
(n) <
M

Numerical experimentations indicate that a solution with adequate accuracy

is generally obtainable with ¢ in the range 0.01 < €< 0.001.

i
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4. PROGRAM DESCRIPTIONS AND USAGE

As stated earlier, the present computer program is capable of analy-
zing steady transonic flow over nonlifting thin airfoils by solving the small
disturbance but nonlinear transonic potential equation. The numerical al-
gorithm is based on utilizing the finite element technique in conjunction with
the least squares method of weighted residuals. To solve a particular tran-
sonic flow problem, an appropriate finite element mesh must first be set up,
followed by using the numerical procedures summarized in Section 3. Thus
the present programs are separated into two parts — the first part which gen-
erates the necessary mesh information from a limited number of input cards
and the second part which carries out the analysis with element mesh gener-
ated in the first part. By doing so, the generated mesh can be fully inspected

for its correctness prior to the analysis, and storage required in the second

program can be accordingly determined to suit each particular problem. These
two programs are designated STRANL-I and STRANL-II (Steady Transonic

Flow by Lockheed, parts I and II, respectively) and are described in more de-

FrrTRE N, T

tail in the following.

i

4.1 STRANL-I
L

4.1.1 Scope and Flow Chart
This program reads in a limited number of input cards and generates mesh ?

information such as element nodes, nodal coordinates, boundary nodes and air- *
foil slope, etc., to be used in the second program. Additionally, the present e
program has two options — one for renumbering the nodes to yield a smaller i
bandwidth and the other to plot the generated mesh for quick inspection. A 3

schematic flow chart of the program is shown in Fig. 4.

F
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Start

Read TITLE
IOPT (Control Keys)

¢

Call MESHBW

(Generate mesh infor-
mation from a limited
number of input cards.)

'

b Read NIDS, NID, VAF

(Boundary nodes and &
airfoil slope) b

P hmm--g‘_iw —a‘wm

senigdiP

Yes

IOPT(11) = I

NJIJNT(I) =1 Call OPTM

(Renumber nodes
to reduce bandwidth)

(Retain original
node numbering)

IOPT(12) = 1

Cull MPLOT
(Plot generated mesh)

r Print Output Data ]

'

Punch Output Data
(or store on tape)

'

Back to Start for Next Case
(Stop if EOF read)

Figure 4 - Flow Chart of STRANL-I
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The program as presently dimensioned requires approximately 428 words

to run and can accommodate the (ollowing maxima:

200 elements
180 nodal points

50 nodes for each type of boundary conditions -

10 nodes connected to any node in the mesh

4.1.2 Description of Variables

TITLE Array used to describe the problem
under consideration.
| I0PT Array containing the option keys which

] are activated when read in as "1." Pre-

: sently there are two keys in the program,
IOPT (11) for node renumbering opticn
and IOPT (12) for mesh plot option.

NDEL Array containing element node points.

X Array containing the x-coordinate of
nodal points.

Y Array containing the y-coordinate of
nodal points.

NJINT Array containing the new nodal numters
if node renumbering option is executed;
otherwise it retains the original nodal

4 : numbering.
) MEMJT
. NEWJT Arrays to provide adjustable dimensions
JOINT used in subroutine OPTM for node renumbering.
2 JMEM
! { NIDS Array containing the actual number of
1 i boundary nodes for far field, on the line
of symmetry, and along the airfoil surface,
: NID Array containing the nodal numbers for
each type of boundary nodes mentioned
§ above.
i VAF Array containing the airfoil slope for nodes
on the airfoil surface.
B
s NEM Maximum number of elements allowed.
i NPM Maximum number of nodal points allowed.

]
S—
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NCN Maximum number of nodes connected to
any node in the mesh.

NEMN Product of NPM with NCN.

NELS Total actual number of elements.

NPS Total actual number of nodal points.

MAXN The maximum difference in nodal num-
bers between two connected nodes.

NBW Full bandwidth of the resulting system
matrix.

4.1.3 Subroutines

MESHBW: This subroutine is called to generate mesh information in-
cluding the following: array of element nodes, total number of elements, x-
and y-coordinates of nodal points, and the maximum difference in nodal num-
bers between two connected nodes. In generating this information, a small

amount of input cards is required, which will be described under Section 4.1.4.

OPTM: This subroutine is called, when desired, to renumber the nodal
points so as to yield as small a bandwidth as possible. The algorithm first
establishes a table containing the nodal numbers connected to each of the no-
dal points, and then considers each node in turn as the origin of the new num-
bering system to search for one resulting in a smallest bandwidth. In conse-
quence this subroutine generates an array of pointers relating the original
numbering scheme to the new numbering scheme. This array is to be used
in constructing the matrix equation, and is used again to refer back to the
original numbering at output time. Using this method, one need not worry
about the bandwidth problem and is unaware that any renumbering has taken

place.

MPLOT: This routine plots the mesh generated together with the origin-
al node numbering, using the CALCOMP plotter. Correctness of the mesh can

thus be checked quickly prior to running the second program.

20
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4.1.4 Input and Output

All input and output are referred to the original numbering scheme, with
input in the form of punch cards, and output in the form of printout and punch
cards. If subroutine MPLOT is called, the mesh is also plotted for the con-

venience of inspection.

Input

Input cards to this program should be prepared and provided in the order

described below.

A. TITLE CARD (7A10, A2)
Col. 1-72 Description of the problem under study
B. OPTIONS CARD (4012)

Col. 22 Punch "1" if node renumbering is desired
Col. 24 Punch '"1" if mesh plot is desired

C. ELEMENT CARDS (1615)

These are cards supplied to generate element nodal
numbers in groups. One card is needed for eagh
group of elements whose nodes are related in a
regular pattern. The number of elements in a group
can vary from one to any positive integer number,
depending on how the nodes are numbered origin-
ally. There can be as many cards as required to
generate the element nodes, and a blank card is
added at the end to terminate the process.

Col. Description
1-5 Number of nodes per element. Punch 3 for

triangular elements, and punch 4 for quadri-
lateral and trapezoidal elements.

6-10 Number of elements in one direction (called
i first direction).
1 11-15 Number of elements in the other direction
4 (called second direction).
1 16-~20 Increment of nodal numbers in the first
E direction.
,.
l 21-25 Increment of nodal numbers in the second
- direction. |
; 21




First nodal number in the element
Second nodal number in the element
Third nodal number in the element

Fourth nodal number in the element
(0" for triangles)

As stated before, element nodes are presently ordered in the counterclock-
wise direction, and the upper left corner node should be taken as the first

nodal point in an element located in the anticipated supersonic region. This

is required to enact the assembling process correctly in the supersonic pocket.

For example, to generate element nodes for a mesh shown below, three
input cards are required: one card for the first 12 elements, second card for

the next two elements, and the third card for the triangular element. The

three cards are:

-

4 1 2 1 5 6
0 1 18 17 21 22
0 0 20 19 23 O

(Ended by a blank card when all elements are covered)

8 20
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CARD FOR TOTAL NO. OF NODES (I5)

Col. 1-5 Total number of nodes for the entire
flow region.

NODE COORDINATE CARDS (315, 5F'10.0)

The x- and y-coordinates of nodes are also generated
in connected groups. A connected group of nodes are
those falling on a straight line with a constant ratio of
nodal distances and constant increment in nodal num-
bers as well. The intermediate nodal points can thus
be generated by linear interpolation. Again, the pro-
cess is terminated by encountering a blank card.

Col, Description
1-5 Node number of the beginning nodal point.

6-10 Total number of nodes on the line.

11-15 Increment of nodal numbers between two
consecutive nodes.

16-25 Ratio of distances between three conse-
cutive nodes.

26-35 x-coordinate of the peginning node.
36-45 y-coordinate of the beginning node .
46 -55 x-coordinate of the end node.

56-65 y-coordinate of the end node.

For example, to generate the coordinates for the nodes depicted below with a

constant distance ratio of 1.2, the input card should read as




F. CARD FOR NO. OF NODES ON BOUNDARIES (1615)

Col. Description

1-5 Number of nodes on the outer boundary
(called NFARF)

6-10 Number of nodes on line of symmetry
(called NWAKE)

11-15 Number of nodes on the airfoil surface

(called NBODY)

G. CARDS FOR BOUNDARY NODES (1615)
(a) Nodes on the outer boundary (NFARF entries)
(b) Nodes on line of symmetry (NWAKE entries)
(c) Nodes on the airfoil surface (NBODY entries)

1 CARDS FOR SLOPE ON AIRFOIL (8F10.0)

Airfoil slope for nodes on the airfoil surface (NBODY
entries)

Output

The output from this program is in the form of printout, punch cards,

and also a plot if the mesh plot option is invoked.
The following items are printed in the order as described:

e Title of the problem under study

e Control keys specified in the options
card

e Total number of elements, number
of nodal points, and the full bandwidth

e Element numbers and element node
points

e Nodal numbers and their correspond-
ing x- and y-coordinates

e Nodes on each type of boundaries

! e Slope for nodes on the airfoil surface

The above items except the first two, together with the NJNT array relating
the new node numbering to the original node numbering, are then punched
and saved as input to the second program (STRANL-II).

24
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4,2 STRANL-II
4.2,1 Scope and Flow Chart

This program carries out the analysis following the numerical procedures
described in Section 3, with any mesh information generated and supplied through
the first program. In summary this program solves the small perturbation
transonic potential equation via the least squares finite element technique. The
embedded supersonic pocket is taken care of by a proper assembling scheme
and the resulting system of nonlinear algebraic equations is solved by direct
1 i iterative scheme. The present program has three options, one for inputting
nonzero initial guess of the solution, one for computing in the same run solu-
tions for higher Mach number (s) using results computed for lower Mach number
case(s), and the last one for selecting the form of boundary condition on the

airfoil. A schematic flow chart of the program is shown in Fig.5.

The program as presently dimensioned requires approximately 1\508 K

words for the program itself and can accommodate the following maxima;

200 elements
180 nodal points
50 nodes for each type of boundary conditions

84 in full bandwidth of the resulting matrix
equation3

i 4.2.2 Description of Variables

TITLE Array used to describe the problem under
consideration

; IOPT Array containing the option keys which are

- activated when read in as ''1."" Presently
there are three options: IOPT(1) for con-
tinuation for high Mach number cases while
using existing results computed for lower
Mach number, IOPT(2) for inputting non-zero
initial guess (referred to the new numbering
system), and 102T(3) for selecting the linear-
ized boundary condition applied along the
airfoil chordline.

ey
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J Read TITLE

IDPT (Control Keys) <

I.'GIV, ZTEST, RMAC,F1
(1'roblem parameters)

'

IRES = 0
{Initialize the iterations)

1I0PT(1) =1

i Read Input Generated from
STRANL-I

4 : Yes /Tcgr‘t’h-- No
ﬁ W

Wove Airfoil Nodes to Chordlini]

w Print Mesh Information, etc.
s> A130, Redefine Mesh Information el

According to New Node Numbering.

'

Set Actual Size of the Problem
NEQ, NHBW

SLP(1) = 0.0
Read S(I, NBW) ] (Initialize previous

(Initial guess) step solution)
I
| IRES = IRES + | |
4 i Back to Start for Next Case .
- (Stop if EOF read) 3
(. f i
. Solve TPDE b
# ! (T ransonic partial -
. differential Eqtn.) .
! | T
L
o
4
Figure 5 - Flow Chart of STRANL-II
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1 Print Computed Results T !

Call FPLOT
(Display Cp on the Airfoil)

Yes
E k
i E
' Punch S(I, NBW) i

iy Update Solution I
e e e

t SLP, RMLP .'

e

Figure 5 -(Concluded)
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NOD

SLP

RML

RMLP

COF

NJINT

NIDS

NID

VAF

AR

LR

NEM
NPM

Array containing element node points

The resulting system inatrix with main
diagonal terms stored in the column
numbered NHBW. After solving, the
column numbered NBW contains the
solution.

Array containing the solution obtained
from rexalation procedures. This solu-
tion is used in generating the system
matrix to solve for the next iterative
solution.

Array containing the x-coordinate of
nodal points.

Array containing the y-coordinate of
nodal points.

Array containing values of local Mach
number at nodal points for the current
iteration.

Array containing values of local Mach
number at nodal points for the previous
iteration.

Array containing values of Mi + Mi
(1 + y)u evaluated at nodal points.

Array relating the new node number -
ing to the original node numbering
schemes.

Array containing the actual number of
boundary nodes for far field, on the line
of symmetry, and along the airfoil, re-
spectively.

Array containing the nodal numbers for
each type of boundary nodes mentioned
above.

Array containing the airfoil slope for
nodes on the airfoil surface.

Array to store values for use in sub-
routine FPLOT.

Another array to be used in the sub-
routine FPLOT.

Maximum number of elements allowed.

Maximum number of nodal points allowed.

28




AT R g e

i

¢ NCM Maximum full bandwidth allowed in the
k resulting system matrix.
: NA Maximum aumber of nodes allowed on the
airfoil surface,
NRM Maximum number of equations allowed.
NELS Total actual number of elements.
NPS Total actual number of nodal points.
NBW Full bandwidth of the resulting system
matrix.
NHBW Half bandwidth of the resulting system
matrix,
NEQ Number of equations in the resulting
system of equations.
ITGIV Cut-off number of iterations.
i ZTEST Small numher used to check convergence
based on the relative change of local Mach
number between two consecutive iterations.
RMAC Freestream Mach number.
f SQMAC Square of the freestream Mach number.
Fl Under-relaxation factor with 0 < F1 < 1.0.
IRES Number of iterations. ,
POT Perturbed velocity potential.
g UPT Perturbed velocity component in the x- :f_
i direction.
v Perturbed velocity component in the y- 1
direction,
§) Total velocity component ir the x-direction.
£ PRATIO The ratio of local static pressure to stag-
% nation pressure.
t' CcP Pressure coefficient.
§ DELM Change of local Mach number between two

consecutive iterations.

4.2.3 Subroutines

NEWK: This subroutine is called in the main program to generate system

matrix for the entire flow field by assembling appropriately the element

29




matrices. The clements are, in general, a combination of triangles, quadri-
laterals and trapezoids. For a 4-node element, this subroutine also deter-

mines either to treat it as a quadrilateral or as a trapezoid, depending on the
local behavior of the governing equation being elliptic or otherwise. Subrou-

tine EMQT is called to generate the element matrices.

EMQT: This subroutine generates element matrix for elements in the
form of triangles, quadrilaterals and frapezoids. Element matrix for the
later two types is obtained by combining appropriately (and averaging for the
last type) contributions from triangular elements which ar=2 in turn evaluated

in subroutine EMTC.

EMTC: This subroutine evaluates the element matrix for a triangular
element by numerical integration. The one presently used is a 7-point
Gaussian quadrature, which can integrate exactly a quintic polynomial in the
element. Shown below are the locations of these Gaussian points with their

corresponding weights shown on page 31.

R
1]

1 0.05961587
= 0.47014206
= 0.79742699
= 0,10128651
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T
!
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Points Areca Coordinates Weights
a 1/3 1/3 1/3 0.225
] B a, B, B
c B, o B, 0.13239415
d By By o
e a, B, B,
f B, o, B, 0.12593918
g B, B, 9

DERV: This is a subroutine called by EMTC to evaluate the first and
second derivatives of the shape functions at a Gaussian point, based on the

expressions listed in Section 3.2.

BNDEQ: This is an equation solver for banded nonsymmetric system of
algebraic equations, utilizing the direct Gaussian elimination scheme. In this
solver the system matrix is arranged in a twisted form such that main diagonal
terms are stored in the column numbered NHBW and the right-hand side vector

is in the column NBW. After solving, the column numbered NBW contains the

solution vector.

FPLOT: FPLOT collects and stores data as it becomes available, and

upon signal, produces a printer plot in practically any orientation and size.
It should be regarded as a general purpose output routine for displaying out-

put data in graphical form.

Description of Parameters

Ml Size of the main storage array, and it
should never be larger than 800, which
~orresponds to 400 points to be plotted.

IPNT Counter initialized —usually IPNT = 0 -
in the calling program. . It is incremen-
ted by 2 each time a new data point is
entered in AR.

T 5
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AR Main storage array. It should be in a
dimension statement in the calling pro-
gram. For example, DIMENSION AR (800).

LR An array of bytes used to hold the curve
number. It should be dimensioned for M1/2.
b The type declaration LOGICAL*1 LR (400)
¢ should be in the calling program.

ISTOP Flag used to signal that all data has been
entered. ISTOP = 0 causes data to be
stored. If ISTOP = -1 and NC = NCMAX
the program immediately branches to the
plotting section. If ISTOP =1 and NC'=
NCMAX a data point is stored and then the
plotting section is entered.

NC Curve number for which data is being en-
tered. It must be a positive integer less
than 21.

NCMAX The number of curves to appear on the graph.
This is the largest value NC will have.

Al The horizontal coordinate of the data point to
be plotted.

V2 The vertical coordinate of the data point to
be plotted.

4.2.4 Input and Output

Input

; The bulk of input to this program is provided through STRANL-I in the
i form of punch cards. To run several cases of various freestream Mach num-
ber but using the same mesh and boundary conditions, three additional cards

should be furnished for each case to be computed. These cards should be

provided in the following order

A. TITLE CARD (7A10, A2)
Col.1-72 Description of the problem under study

B. OPTIONS CARD (4012)

Col. 2 Punch "1" if it is a continuation in

computation from one Mach number
to another.
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Col. 4 Punch " 1" if cards for nonzero initial
guess is furnished in the input data.
If so, insert them following those
generated from STRANL-I.

Col.6 Punch " 1" if linearized boundary condi-
tion along the chordline is desired.

NOTE: As seen in the flow chart, when IOPT(1) = 1, the last two options become
inoperative.

C. PROBLEM PARAMETERS CARD (15, 3F10.0)

Col. 1-5 Cut-off number of iterations.

s Col. 6-15 Small number used to check conver-

: gence based on the relative change of
local Mach number bhetween two con-
secutive iterations, usually taken in
the range from 0.01 to 0.001.

Col. 16-25 Freestream Mach number

Col. 26-35 Under relaxation factor with the value
of 1.0 for subsonic cases, and decreas-
ing for supercritical flows.

For the first case of the run, punch cards from STRANL-I are placed after
the above cards. For subsequent cases using the same mesh, three addition-

s al cards as described above are required for each case.

Output

The outpit from this program include printout, referred to the original
numbering system, and punch cards as well for the cases whose solutions

are convergent,

The printouts are in the following order:

o Title of the problem under study

e Convergent limit

O o e =

RN NS e




Control keys specified in the options card

Total number of element, number of nodal points, and
the full bandwidth of the resulting matrix equations

Element numbers and element node points

Nodal numbers and their corresponding x- and y-
coordinates

Boundary nodes for each type of boundaries
Slope for nodes on the airfoil surface

For each iteration, the computed results at all nodal
points are printed. These include the perturbed velo-
city potential, total velocity components in the x- and
y-directions, the value of Mozo (1 + 2.4 u), local Mach
number, the ratio of local static pressure to stagnation
pressure coefficient, and finally the change of local
Macii number between two consecutive iterations.

For each iteration, the value of C_ along the airfoil
is displayed graphically. P
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5. SAMPLE CASES
Two sample cases are presented herein to demonstrate the usage of
the computer programs described in the previous section regarding input
and typical output from the programs. The two problems are flow over a
NACA 64 A006 airfoil analyzed with a coarser mesh and flow over a 6% thick
circular arc computed with a finer mesh where the nodes are renumbered
to reduce the bandwidth.
In computing a transonic flow field for a given airfoil shape with the
present programs, the following procedures are generally followed:
e A desired mesh is sketched with each node assigned a
number.
e Based on the mesh sketched, an appropriate set of input F
cards is prepared and supplied to STRANL-I to generate 1
the required mesh information in the form of punch cards. ;

e The above punch cards, with three additional cards for each
case and cards for non-zero initial guess if available, are
used as input to STRANL-II to compute the flow field.

e During the execution of STRANL-II, results for each iteration
are printed, and for solution satisfying convergent criterion
the solution is saved in the form of punch cards for possible
later use.

The following paragraphs describe in more detail the input and output

for the two sample problems.

5.1 Flow Over a 6% Thick Circular Arc Airfoil

This problem was analyzed using the mesh shown in Sketch 1 which
consists of 154 elements together with 170 nodes. Note that a relatively

regular mesh is adapted in the anticipated supersonic region while the
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remaining elements are arranged rather arbitrarily. Also, the nodal points
need only be numbered according to convenience, as the node renumbering
option will be invoked to renumber them to yield a smallest bandwidth. With
the present mesh, although a little more effort is required in preparing input
cards to the STRANL-I program, the elements are considered to have been
used more effectively than a regular mesh. Summarized below are the input

and output to the STRANL-I and STRANL-II programs for the present problem.

5.1.1 STRANL-I

Input

The necessary set of input cards is listed on the next three pages.
Note that both options for plotting mesh and node renumbering are to be
enacted, and the final mesh will have nodes on the actual airfoil surface

rather than on the chordline.
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Oulput

As stated before, output of this program includes printouts, punch cards

and a plot for the generated mesh.

Printouts and punch cards for the present mesh are listed on the next
12 pages.




PRINT OUTS FROM STRAIN-1 FOR CIRCULAR ARC AIRFOIL
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5.1,2 STRANL-II Program

With the present mesh, three cases of freestream Mach numbers are

to be computed. These are

M_ = 0.806 (Subcritical)
Mao = 0.861 (Barely Critical)
Moo = 0.909 (Supercritical)

Input

Listed below are typical input cards to the STRANL-II program to

compute flow field for the above cases.

STLADY STATE SOLUTIUN -- CIRCULAKR ARC ==~ 170 NOLES -- M=0806
o000
b 0005 0+ 806 14000

(Insert cards generated in STRANL-I)
STLADY STATE SOLUTIUN -- C1RCULAR ARC ~= 170 NODES -~ M=0e861
1
8 O+01 OeB61 1000
STLADY STATE SOLUTIUN -- C1RCULAR ARC == 170 NODES -- M=0 ¢ 909
1
12 001 0909 0500

The above cards indicate there is no non-zero initial guess furnished in order
to compute the case Moo = 0.806, while cases with higher Mach number will
use results computed for lower Mach number as initial guess. In all cases,
the nonlinear boundary condition on the actual airfoil surface is to be used,

as suggested by IOPT (3) = 0 in the options card.

Output

The output from this program includes printouts and punch cards for

the convergent solution(s).
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The printouts are in the following order:

Title of the problem under study
Convergent limit
Control keys specified in the options card

Total number of elements, number of nodal points,
and the full bandwidth of the resulting matrix
equations

Element numbers and element node points

Nodal numbers and their corresponding x- and
y-coordinates

Boundary nodes for each type of boundary

Slope for nodes on the airfoil surface

For each iteration, the computed results at all nodal
points are printed, together with a printer plot dis-
playing the pressure coefficient on the airfoil surface.

The above items except problem parameters and computed results

have also been printed in the STRANL-I program, but are repeated here for

completeness. For brevity, only results for a typical iteration are listed on

the next five pages for reference.

5.2 Flow Over a NACA 64 A006 Airfoil

This problem was analyzed using the mesh shown in Sketch 2, which
consists of 120 quadrilaterals with 150 nodes. For this particular mesh, it
is apparent that nodal numbering along the shorter (vertical) direction yields
the smallest bandwidth and, therefore, no nodal renumbering is required.
Since the present mesh has a rather regular pattern, less input cards are
required. The procedures described for the circular arc airfoil problem
also applied here. For brevity, only the input cards to both programs and
some typical printouts from STRANL-II are listed here for reference. Again,
the nonlinear boundary condition on the actual airfoil surface is to be used in

computations for all the cases.
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The cases to be computed are:

0.825
0.875
0.900
0.940

(Subcritical)
(Barely Critical)
(Supercritical)

(Definite Supercritical)
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Aggendix A

A FORTRAN listing of the source deck for the STRANL-I program is

presented in the following pages. The program, as presently configured,

required 4281{ words to execute.
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Q00

O GRAM MAIN(lNPUT=6b-OUTPUT=1JloPUNCH:bb-TAPt5=lNPUTo
I TARPLE=0uTPUT)

OGLNLKATL Z-0 MLOoH CUNSILTING UF TRIANGLES ANUD WUADKILATLRALS

Tl PRELENT PROUDKAM HAS Twu ORPT JUNS

10PT(11)=1 RENUMBEK NODES TU YIELD SMALLER SANUDWIUTH

1topfeizy=1 CALL MPLUT TOU PLUT GENERATEU MESLSH

THE PROURAM A5 PRESENTLY LDIMENSIONLDL ALLOWS THE FOLLOWING MAX1MA
200 ELEMENTS» 180 NUDESs 10 CONNECTING NODES TU ANY NODE s

50 MNOLES FOR LACH TYPE OF HBOUNUARY CONDITIONS

LLVELOPLY AND COVEU BY STEVENS CHAN OF LOCKHEEUD~HUNTSVILLE sALLAe

EXCERPT SUBROUTINE MPLOT WHICH 1S COLED AND SURPPLIEL BY

CAPTe GLRRY VANKEUREN OF AFFDLs WRIGHT=PATTLRSON Alk FURCL bBASE

DIMENSIUN TITLE(B) s IOPT(20) «NDEL(20044) sMEMUT (1800)

LD IMENSTUN ACLBU) oY (180) sNUNT(180) sNEWJIT(180) 2 JOINT(18U) vIMEM( 180)
DIMENSION NIDS({3)sNID(3+¢50) ¢ VAF (50)

EWUTVALENCE (WIDS (1) o NFARF) « (NIDSI2) sNWAKE) + (NIDS(3) « NBOGDY)

DATA NEMs NPMs NCNINEMN/Z/200+ 18091041800/

READ AND GENERATE MESH INFORMATION +ETCe

10 READ(S+8BOSHI(TITLE(I) s 1=]1+8)
IF(EOF(5))2000450

20 CONTINUE
READ(5+820) (IUPT(1)el=1420)
CAlLL MESHBW (NLM s NPM e NDEL ¢ X2 Y s INELSsNPL s MAXN)
READ BOUNDARY NUDES AND AIRFOIL SLOPE
READ 825+ NIDS -
LO 120 1=143
NS=NIDS( 1)

120 READ 825s (NID(IsJ)eJd=1sNS)
READ 830y (VAF(I)sl=1.NBODY)

EXECUTE NOVE RENUMBERING AND MESH PLOT OPTIONS

IF (JOPT(11) oEQe 1) GO TO 140

DU 130 1=1+NPS
130 NUNT(1)=1

GO TO 150
140 CALL OPTMINPMsNEMINPS sNELS 94 s NCNINEMNSMEMJUT s NEWJT » JOINT o

1 JME M9 NDEL o NUNT o MAXN)
190 CONTINUE

IF (10PT(12)ekWel) CALL MPLOT(XsYsNDEL s NPM+NEMsNELS ¢ NPS)

COMPUTE FULL BANDWIDTH AND PRINT OUTPUT DATA

Nuw=6% ( MAXN+ 1)
PRINT 910 (TITLE(I)e1=1+8)
PRINT 820s (lUPT(1)s1=1420)
PRINT 920« NELS s NRPS «NBW
PRINT 930
DU 220 N=1+NELS

2c0 PRINT 825¢ Ny (NDELI(NsJ)eJ=144)
PRINT 945
DO 230 1=14+NPS

230 PRINT 940 1oNJNT(1) e X(1)aY(1)
PRINT 951 (NID(1e1)s1=14NFARF)
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PRINT
PRINT
PRINT

PUNCH

PUNCH
PUNCH
PUNCH
DO 350
NS=NI1D
PUNCH
PUNCH
PUNCH
GO lo
FORMAT
FORMAT
FURMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
STOP
END

952 (NID(2+1) s 1=1+NWAKE)
953 (NID(3el)sl=1+NBODY)
955¢ (VAF(I)el=1eNBODY)

OQUTPUT wATA TO BE USED AS INPUT TOU STRANL--11

825s NELSINPS «NBW e (NIDS(1)el=14¢3)
B29e¢ ((NDEL(IeJ)eJd=1e4)sl=]1eNELS)
B40e (X(1)aYUI)eI=]1eNPS)
I=143
St
825« (NID(1eJ)eJ=1sNS)
840« (VAF(1)el=1+NBODY)
B825¢ (NJNT(1)sl=14NPS)
1V
(7A104,A2)
(4012)
(1615)
(8F1040)
(1PBE1043)
(1HL «2X+T7A10Q0eA2//)
(IHO,~NQe OF ELEMENTS='414¢' NOe OF NODES=Y414,
' FULL BANDWIDTH='414//)
('QELLEs NOe AND ELEMENT NODESY'/)
(100LLD NODEt ey NEW NODEts 6XetX(I)1e]2XetY([)1/)
(16411042E1545)
('ONQDLS AT FARFIELD'/(2015))
(YONQODES UN LINE OF SYMMETRY'/(2015))
(YONODES ON THE ALIRFOIL',(2019))
(10SLLUOPE ALUNG NODES ON AIRFOILY/(BEISeS))




OO0 n

1020
1150

anon

e

100

10

124

126

129

a0

130

134
y
135

i e

SUBROUTINE MESHBW(NEM sNPMeNDEL ¢+ XeoY sNELS ¢ NPS ¢ MAXN )

GENERATE MESH INFORMATION INCLUDING ELEMENT NODE ARRAY s
NODAL COORDINATESe AND MAXe DIFFERENCE IN NODLES

DIMENSION NDEL(NEMea) ¢ X INPM) oY (NPM)
ODIMENSION IDUMP(4) DUMP(4)
FORMAT(1615)

FORMAT (31545F1()e0)

GENERATE ELEMENT NODE NUMBERS AND THEIR MAXIMUM DIFFERENCE

DO 100 N=1s+NEM

DO 100 J=1le4

NDEL (NeJ) =0

NELS = 0

MAXN=0

READ 1020s NPLWKEI ¢KEJs KDl oKDJo ( IDUMP (1) 4 1=144)
IF (NPE +3Qe 0) GU TO 129
J1lz=KDJ

DO 124 J=1sKEJ

J1 = J1l + KpJ

J2 = J1 = KpI

DO 124 1=1+kEl

NELS = NELS + 1

J2 = J2 + Kpl

DO 124 K=1+NPE

NDEL (NELSeK) = [DUMP(K) + J2
DO 126 1=1NPE

DO 126 J=1NPE

ND IFF=NDEL (NELSY [ ) =NDEL (NELS+J)
IF (1ABS(NDIFF) oGTe MAXN) MAXN=I[ABS(NDIFF)
GO 10 120

IF (NELS «¢GTe NtM) GO TO 300

GENERATE NODAL COORDINATES

READ 1020+ NPS

READ 11500 NDsNNI oNDI1 «RATIOs (DUMP(1)el=144)
1IF (ND ¢EQe Q) GO TO 140

TEMP2 = 10

IF (NNl «LTe 3) GO TO 135

J1 = NNI -

TEMP] = 1e¢0

TEMP2 = 00

DO 134 I=1441

TEMP2 = TEMPZ + TEMP)

TEMP1 = RATIO®*TEMP]

TEMP1 = (DUMP(3)-DUMP(1))/TEMP,
TEMPZ2 = (DUMP(4)=DUMP(2) )/ TEMPZ
J1 = ND

TEMP3 = 0e0

TEMP4 = Qe¢0

DO 137 I=1NNI

X(J1l) = DUMP(1) + TEMP3
Y(Ul) = DUMP(2) + TEMPa
J1 = JI + NpI

TEMP3 = TiIMpP3 + TEMPI
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TLMP 4G TeMps + TEMP2

TEMHR1 & RATIO®TLARI

(LM = KKATIO®TLMPZ

GLU TO 130

IF (NPS ¢GTe NPM) GO TO 400

RE TURN

PRINT ERROR MESSAGE IF DIMENSIONS FOR ELEMENTS OR NODES EXCEEDED
PRINT 310¢ NELS»NEM

FORMAT (10T00 MANY ELEMENTb'obX-'NELb:'ol4c5X!'NEM=Oola)
CALL EXIT

PRINT 410y NPS»NPM

FORMAT (10TO0 MANY NODES'e 5Xe INPS=191495Xe \NPM=? 9 14)
CALL EXIT

END
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10

20
30

40
50
60

90

100

120

SUBROUTINE OPTM(NPMQNEMQNPSQN&LS.NPEQNCNQNEMNQMEMJTQNEWJTO
i JOINT ¢ JMEM s NDEL ¢« NUNT «MAXN)

WENUMUER [HE NOULS TO REDUCE BANLDWIOTHs wWiTH NUNT CONTAINING THE
Nbw NODAL NUMUBERS (LOCATIUN IN ARRAY KEPRESENTS THE. OLD NODAL NOQs)
NPM=MAXe NOos UF NUDESe NPS=ACTUAL NOe OF NOOES

NEM=MAXe NU, UF ELEMENTSs NELS=ACTUAL NOe OF ELEMLENTS

NPE=MAXe NOo UF NODES AMONG ALL THE ELEMENTS

NUN=ESTIMATED MAXe NOe OF NODES CONNECTEL TO ANY NOLE

NDEL =ELEMENT NOVE POINTS

MAXN=MAXe DIFF e BETWEEN NODAL POINTS IN ANY ELEMENT

MEMJT oNEWJ T, JOINToUMEM ARE INTERMEDIATE WORKING SPACE

DIMENSION NDEL {NEMeNPE) s NINT (NPM) « MEMJUT (NEMN)
DIMENSION NEWJT(NPM) ¢ JOINT (NPM) ¢ JMEM (NPM)

ESTABLISH NODLS CONNECTEDL TO EACH OF THE NODAL POINT

DO 10 J=1eNPS

JMEM(J) =0

DO 60 J=1eNELD

DO 50 I=1+NpE

JNT I=NOEL(Je )

IF (UNTI e¢EQe Q) GO TO 60

JSUB= (UNTI=-1)*NCN

DO 40 l1=1+NPE

IF (11 «EQe [) GO TO 40
JJT=NDEL(Js1l)

IF (JJT «EGe Q) GO TO S50
MEMI=UMEM(UNT])

IF (MEMI <EQe 0) GO TO 30

DO 20 111=14MEML

JP=JsuB+111

IF (MEMJT(JP) etle JJT) GO TO 40
CONT INUE

JMEM(UNTI ) =UMEM(IUNT I +1
NPQOS=JSUB+JIMEM(JINT D)
MEMJTI(NPOS)=JJT

CONT INUE

CONT INUE

CONT INUE

DO 100 1=1+NPS

IF (UMEM(1) eLEe NCN) GO TO 100
PRINT 90+ I4NCN

FORMAT (9OERRUResesNODE's15¢? HAS MORE THAN's+1Se! CONNe NODLES?Y)
CALL EXIT

CONT INUE

THE ORIGIN OF THE NEW NUMBERING SYSTEM 1S LOCATED AT EACH NODE
IN TURN TO SEARCH FOR THE ONE WITH SMALLEST BANDWIDTH

DO 160 IK=1,4NPS
DO 120 J=1¢NPS
JOINT(J)=0
NEWJT(J)=0
MAX=0
1=1
NEWJT(1)=IK
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130

140
145
150

155
160

JOINT(IK) =1

K=1

NEWw=NEWJT (1)

K4z JMEM(NEW)

IF (K4 +EQe 0) GO TO 145
JSuB=z (NEWJT (1) =1)%NCN

DO 140 JJ=1.K4

JP=JSUB+JJ

KS5=MEMJT ( JP)

IF (JOINT(KS) oGTe 0) GO TO 140
K=K+ 1

NEWJT (K) =K5

JOINT(KS) =K

NDIFF=1ABS(1-K)

IF (NDIFF o¢GEe MAXN) GO TO 160
IF (NDIFF ¢GTe MAX) MAX=NDIFF
CONT INVE

IF (K +tQe NPS) GO TO 150
I=1+1

GO TO 130

MAXN=MAX

DO 155 J=1+NPS
NJNT(J)=JOINT(J)

CONT INUE

RETURN

END
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SUBROUT INE MPLUT {XC s YCINODE ¢« NNoNE sNELSINPS)

USE CALCOMP PLOTTER TO PLOT GENERATED MEoH |
CUDED BY CAPTe GLRRY VANKLUREN OF AFFULS WRIGHT=PATTERSON AFUd .

oo

; - UDIMENSION XC(INN) 9 YCUNMN) o NODE (NE +4) o XP(7) s YP(T7)
| ; C DLF INE PLOT SIZE AND PLACE PEN IN INITIAL POSITION
. . DU 9 L=1+NPS
i XC(L)I=XC(L)I*Be
S YL(L)=YC(L)I*Be
CALL PLOT(Qe09=3¢0+~3)

i CALL PLOT(14093¢0¢-3)
C DRAW EACF ELEMENT IN TURN

DO 10 I=1eNELD

NPE=S

IF (NOUE(l+4)eEWdeO) NPLE=4

NPP=NPE~-1

DO 9 J=1+NPP

XP(J)=XCI(NODE(L 9J)))

Q9 YP(J)=YCI(NODE(I+J))

XP(NPE)=XP (1)

YP(NPE)=YP (1)
_ XP(NPE+1)=YP({IWPL+1)=0.0
] XP(NPE+2)=YP(NPE+2)=140

10 CALL LINE(XPsYPsNPEs1+0+0)
C WHITE NODAL MUMBERS AND FINALLY ENL THE PLOT

] DU 20 L=1+NpS
i PL=FLOAT(L)
: 20 CALL NUMBER(XC(L)sYC(L)vel4esPLsO=1)
_ CALL PLOTE
| RETURN
i END
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Appendix B

A FORTRAN listing of the source deck for the STRANL-II program is

presented in the following pages. The program, as presently configured,

requires 1778K words to execute.
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cccccCcocaonm

C O

fuo

101

L 110

PROGRAY wAIN(INPUT=050UTRUT =131 1PUNCH=0D s TAPLD=INPUT
i TARLO=UUTPUT)

STEALY TANSUWIC Fruw ANACLYSITD LY FINITL CebeEMUNT vie THOL

oG LLAD OWuARLw wiTH TRIANGUL AR ANu LUADRILATERAL LLgmbnTo
IuPT(1)=1s USE RESULTH OF PREVIODUL CAsE AL STARTING SULUTIUN
wHIlE Tric oTHex ubPTION 15 TGNUKED

fopl(2)=1s READ N NUnN=ZERU INITIAL GUELS

LuPT(3)=1s APPLY LINEARIZED OUUNUARY CUNUITIUN ON CrORUL INL

THE PRUGKAFM A5 PRESENTLY LIMLNSTONEL ALLOWS TrLob MAX T MA

20n BELEMENTS~ oY) NUDESs 90 Nubbk S FUR LACH TYPRL UF LUUNDAKY CUNU e
«wAXe FULL ANl NIUTH = 84

ULVELOPLU AND Cultw Y oTLVENo CHAN CF LUCKHLE o-HUNTOVILCL vAL A

DIMENOTUN 1[TLL(B)OIUHI(ZO)ONUU(EOUQQ)ca(bQcha)cuLP(bao)
UlmcivnoTuiN A(Ldu)av(luu)onL(luu)0HMLP(luu)~cuh(15U)chJNT(1&u)
DIMLINSTU NIDUS{3) s NIU(3e90) e VAR (50) s ARCTOO)

LUGICAL L= (50)

CoUlvaLenit (nfuol ) eiFARF ) e (NTDD2) sNwAKE) » (NIDDE3) vNBULY)
UATA INEr e NPV e ivCiasNAZZ2000 LU s 834950/

DATA 17314129267 ¢GAMMAZ L4407/

N = 3%

[z *MNA

CUNST=0e5# (GArIA~10Q)

e XP==GAMMAZ (GAMAIA=1e0)

~e AL TlTeome Cunlrue KeYoe AND PkUolcin PhArAnL TR

READ(Se009) (TiTLh () o l=1e8)
IF(EUF (9)) 20000101

CUNT IiNUL

~e A0 (5 820) (TuPTlL)el=1920)
RLAD &30 ITGIVeLTEOLT sRMACHFL
PRINT Y10s (TITLECI) el=lob) el bT
P INT 82Us ([UPT{l)el=1e20)
I<E5=0

~FT=1e0

SUMAC=RMAC Kk %2

IFr (LTUPT(L) ebue 1) L TU 382

READ ANU PRIl mibdr DATAY BOUNDAKY nubL o ANy AlFullL oLUuFL

RKLAD 829« NELosPSeNEwe (NIULG(L) e I=103)
REAL 825 ((NUDl[edyvuzleg)e =1 eNELD)
READ 840s (X{[)sY (1) el=1eNPS)

DU 110 I=1+3

NL=NIDS(1)

REALD 82oe (NIw(lesd)ed=leNDH)

ILAD B4Ce (VAF (L) eI=1eNBOLY)
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10 READ 829 (NINTU ) s l=1eNPD)

I+ LURPT(3)=1y APPLY LINEARIZLL UVOUNLAIRY CUNDITIUN ON CHORDL ENL
OTHLRWISL APPLY nNUNL INEAK bUUNUARY CUNDTTIOUN ON Altb wil Surt Act

el eNeNe

I CIOPT(4) eNkbe 1) GO TU 116
LU 115 v=leNUUDY
1=NID(3eJ)

115 Y(1)=0e0

3 116 CONTINUE

i 200 PRINT 920s NELS»NPSNBW
PRINT 930
DO 220 N=1lNELS

220 PRINT 825 Mo {NUDINsJ)sJ=104)
PRINT 935
LO 230 I=1'NPS

230 PRINT 9406 ToNINTCIYeX(TI)oeY(])
PRINT 951s (NID(Llel)sI=1eNFARF)
PRINT 9524 (NID(2+1) e 1=1eNWAKE)
PRINT 993s (NiD(3e1)e1=1eNBODY)
PRINT 995s (VAF(I)s1=214NBOLY)

L & g

C REDEF INL MLSH DATAe ETCe USING NEW NODAL NUMLERING SYOLTEM ;

DO 238 N=1NELS
LDu 238 1=144
1 IF (NOD(Nsl) eEWe 0) GO TO 23H 1
KIK=NOD (N §) |
NODI(Ne 1 )=NJINTI(KK)
£38 CUNT INUL

i DU 239 I=14+3
1s=NIDS(1)

DO 239 J=14}5
KK=NJD(IsJ)

239 NIDCL o J)=NINTIKK) 1
DO 243 I=1«NPS
RMLP(1Yy=X(1)

263 RML(I)=Y(])

DO 244 11=1,NPS

. I=NJINTC(I D)

3 XCl)=RMLP(T])

c4dq YU =RMLCT L)

PR S B

HALF BANDWIDTH AND NUMBER OF EGQUATIUNS

(@]

NHBW=NBW/ 2
NEQ=J3*¥NHS

Cc REALD NONZERO INITIAL GUESS OR PROCEED WITH ZERO SOLUTION

gl

R TR PP R ey
[¢]

IF (IOPT(2) oeNEe 1) GO TO 2%0
READ 840s (S{IenBW)e1=]1e¢NEQ)
GU TU 295

220 DO 260 I=1+Ntu

260 SLP(1)=0e0

C ITERATIONS START Hekk ANU CHECKEDL IF ITUIV 1S EXCERVEDe IF S0 i
C PRINT FAIL T CuaVERGE AND PRUCEED TO NEXT CASkEe OTHERWISE S

81

+ e e g 2



cC

PSS!

<

270
272
a4

<738
b0

282

295

209

CUNITINUL Tu [ IERATL

I TEN IR

I CIRLES oGTe [TLIV) GO TO 600

FORMULATL SYSTemM OF ALGEGRALC L QUAT IONS

LU 266 1=1+NEW

DU 266 v=1 ¢NBW

Sl ed)=ueQ

CALL NEWK(bOMACoNRMcNCMuNEUoNbWoNEMcNELb-NUU-aLP-b»COFoNPM.X-Y)
IMPOSE Le Co FOR FARFIELUs LINE OF SYMMETRYs AND ON AIRFOIL

LU 274 I=1NFARF

lE=3%¥NIU(14]1)~3

PO 272 11=1,3

Ile=1E+1

DO 270 K=14+NBW

S(IEWK)=0e0

SCIEsNHUW) =] 40

CONT INUL

LV 280 I=1+NwARL

TL=3*N1L(24+1)

DO 278 K=1+NBW

SUILeK)=0e0 :
SCIEoNHBW) =] 40 3
DO 28% J=1 +NBUDY

IE=3#NID(34+4)

DU 282 K=1+NBW

SCIE«K)I=0e0

S(IteNHUW) =] ¢

IF C10PT(3) envEe 1) SUIEYNHBW=]1)==VAF ()
SUIE«NBW)=VAF (J)

CALL BANDED SULVER TO SOLVE THE SYSTEM OF EGUATIONS
CALL BNDEUW (S 9 iR s NCM e NEW s NHEB W )

PRINT COMPUTEU RESULTS '

PHINT 970+ RMACsRFT
PRINT 97%, 1RES

LO 305 I=14NPS
JENINT (1)
TT=3%NUNT( 1)
POT=S(11-2+NBW)
UPT=S(11=1+NBw)
V=S(I1 +Nuw)
U=UPT+1e0 ¥
WSQEURU+V Y ;
ASQ=COUNSTH* (1e0-uWSU)+1e0/SAMAC '

RML (J) =SURT (JSW/ASU) £
PRATIO=(1e 0+CONSTRRML (U) %%2) 2 XEXP

CPR==2.#UPT

COF(UI=ZSUMACH (] o 0+2 ¢ 4*UPT)

DELMzRML (J) =RmLP { J)

PRINT 978, ToPOTsUsVICOF (U)o RIL (J) s PRATIGeCP o DELM

DISPLAY PREgSURL COEFFICILNT P

PRINT 959
IsTUP=0
IPNT=0
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EERRR o | v —

Sl 2 !

T

DO 320 J=1+NBUDY

IF (J etle NBUDY) [STORP=1
I=NID(34J)
URT=S5(3%]=1,Nbw)

V=S (3% +NBw)

e i
-

é CR==24%UPT
Z 90 CALL FPLUT(IAWIPNTWARGLRIISTOPs 161 eX(1)eCP)
E, IF (IRES oLTe 2) GO TO 382
£ C
£ C CHECK CUNVERUGLNCEe IF S0Us PUNCH CONVERGEU SOLUTIUON ANU
i ¢ PROCEEDL Tu NEAT (Adks OTHERWIbLES URPDATE SOLUTION AND CONTINUL
£ ¢ TU 1TERATE
(]
; C
1 LU 340 [=1+NPS
i PCTE=1e0-RMLP(T)/IRML( 1)
< IF (ABS(PCTFE) oLTe ZTEST) GO TO 340
RFT=F1
: GO TO 382
340 CUNTINUE
E PUNCH 840¢ (S{]onNBW)e [=1eNEQW)
GU TO 100
: 382 LO 385 1=1.nP5
E 385 RMLP (1) =RML (1)
RFTC=140-RFT
ﬂ LO 390 I=1eNEw
} 390 SLP(1)=RFT*S( ] sNBW)+RFTCHSLP (1)
9 GU TO 265
¥ 600 PRINT 980
& GO 10 1LU
g €05 FORMAT(7AL10,A2)
Beo FORMAT (4012)
BcS FURMAT (l6ls)
B0 FURMAT (19e3F10e0)
840 FORMAT (1PBE1Qe3)
] P10 FURMATCLIHL 92X 9TALOvAZ//Y  CONVLKGENCE L1mIT =04Fgears /)
' 9eC FORMAT (1HO,=NQe OF ELEMENTS='4144¢' NCe UF NODES=1414
# 1 ' FULL LANDWIDTH='s14//)
930 FURMAT (*'OELEe NOe AND ELEMENT NODES?1/)
E 9392 FORMAT (1Q0LD NUDEtet NEW NODE'es 6XetXUI)1412XetY(1)r/)
) 940 FORMAT (1641)092E1%e5)
£1 FCRMAT (1ONQDLS AT FARFIELD'/(201%))
Y2 FORMAT (1ONODES ON LINE OF SYMMETRY'/(201%))
Y FURMAT (1UNODLES UN THE AIRFOIL'/(201%5)
wit FURMAT ('OSLUPE ALUNG NODES ON AIRFOIL!'/(BL19e5))
Y70 FURMAT (1H14 ~MACH NUMBLRE ' sFbe 315X e 1RELAXe FACTUK =1 eF 04/ )
975 FORMAT (1HO4As=NUe OF ITERATION='s 14/
1 THO ¢ TX 9=NODE " +8Xe "PHIT ¢ 11Xs tUCOUM® ¢ 11Xe *VCUI
P JEXs *CUF =2 11Xs "LMAC o 11 X0 tP/PUT o 13Xe1CP I 11Xe 1DELM? /)
78 FORMAT (110,1P8cibeq)
SUC FURMAT ('OFAIL TU CONVERGE IN SPLCIFILD NOe UF ITERATIONS!)
QUL FORMAT (1H1)
20UL0 sToP
END
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ccoonNno

402

404

408

410

425

450
480

SUBROUTINE NENK(SQMACoNRMoNCMcNEQoNBWoNEMoNELboNODcbLPcSo
1 COEF e NPMeX oY)

GLNERATL 3YSTEM MATRIX BY ASSEMELLING CONTRIBUTIONS FKROM
ALL THE BELEMENTS
LUBROUTINE EMUT CALLED TO GENERATE ELEMENT MATKRIX

D IMENSJON COEF(NPM)OX(NPM)OY(NPM)cxu(a)oYu(a)cPM(12).88([2.12)
DIMENSION NOD(NEM14) o5 (NRMINCM) s SLPINRM)
NHBW=NBW/2

DU 480 N=1NELS

Il=1

IF (NOD(N+4)) 40244024404
NPEL.23

NTRS=1

GO TO 410

NPEL =4

NTRS=4

12=0

DO 408 l=144

NI=NOD (N 1)

IF (COEF(N1)Y ¢GTe 1000} 12=12+1
IF (12 +EQGe Q) NTRS=2

IF (12 «EQe &) I11=3

DO 425 I=1NPEL

NI=NOD(N. 1)

XU I)=X(NI)

YQA(1)=Y(NI)

DO 425 J=14¢3

1S=3#(N1=-1)4J

IE=3%(1-1)+J

PM(IE)=SLP(]S)

CALL EMUT(XQsYUsPMeSQMACBBNTRS)
LO 450 1=11,NPEL
NR=3#(NODI(N,])-1)
JE=3#(1-1)

DO 450 11=1,3

NR=NR+1

IE=IE+1

DO 450 J=1sNPCL

NC=3# (NOD(N¢J)=1)=NR+NHBW
JE=3#(J-1)

DO 450 J< 21,3

NC=NC+1

JE=JE+1
SINRINCI=SINRINC)I+BB(IEJE)
CONT INUE

RETURN

END
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SUBROUTINE EMUWT{XQe YU sPMUISUMACIEWINTRS)

GENERATE MATRIX FOR A QUADRILATERAL OR TRIANGLE
SUBROUTINE EMTC CALLED TO GENLRATE MATRIX FUR A BASIC TRIANGLL

cocon

DIMENSION tQ(12912)4ET(9¢9) e XUI4)oYW(4) o XTIB)eYTIZ) s MP(304)
DIMENSION PMQ(12)sPMT(9)
DATA MP/142¢3939401920304040102/
FTOR=]40
IF (NTRS +EQe 4) FTOR=0¢5 |
DO 100 1=1412 '
DOV 100 U=14+)12 i
100 EUW(leJd)=0e0
DO 150 11=14,NTRS
DO 105 I=143
N1z=MP(lsl1t)
IT=3%(1-1)
1U=3#(N1~1)
DO 102 J=1+¢3
IT=1T+1
1= 1Q+1
102 PMTUIT)Y=PMQ (W)
XT(1)=XQ@(NI)
105 YT(1)=YQ(NI)
CALL EMTC(ET¢XTeYTePMT +SQMAC)
LO 130 K=143
NR=3# (MP(Kesll)~1)
1E=3#(K-1)
DO 130 KK=] 43
NR=NR+1
lE=IE+1
DO 130 L=]+3
NC=3®#(MP(Lell)~1)
JE=3#(L.-1)
DO 130 LL=1,3 :
NC=NC+1 @
JE=JE+1
130 EQ(NRINC)ISEQINRINCI+ET(IE+JE ) #F TOR
150 CONTINUE
RE TURN
END

e

%
;
|
b
i
%
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t SUBROUTINE EMTC(AeXL e YL sPEL « SUMAC)

EVALUATE ELEMENT MATRIX FOR A TRIANGLE BY GAUSSIAN GWUADRATURE
SUBROUTINE DERV CALLED TO EVALUATE SHAPE FUNCTION DERIVATIVES
AT THE GAUSSIAN POINTS

cCOoOO0n

4 DIMENSION A(999)9P(Q) +G(Q)sNPIG) 1B(3)eCI3) e XL(3)eYLI3)eS5(3)0
i 1 DNX(9) sDNXX(9) +DNYY(9) «PEL (D)
DIMENSION EINT(397)eWTLT)
DATA (MAX/ T/94T/700225¢3%#0613239419¢3#06 12593918/
DATA EINT/3%#0e33333333¢0e05961987¢3%064701420600005961587.
1 3#0e4701406000605961587¢06 79742699¢3#06 10128651 «
2 00797426999 3%06 10128651406 79742699/
DATA NP/1¢2¢331 02/ +GAMMA/ 1440/
DO 2 I=1+9
DO 2 u=zl.9
2 Al]eJ)=0e
DO 4 I=143
JENP(I+1)
K=NP (1+2)
BlI)=YL(J)=YL(K)
: 4 ClI)eXLiK)=-XL(J)
3 AREAZzQeS* (B(2)#C(3)~B(3)*#C(2))
, CST1=2140-5GMAC
CST2=SQMACH (1 « 0+ GAMMA )
DO 100 L=1+L.MAX
' DO 10 I1=143
10 SUI)=EINT(1,4L)
CALL DERV(AREAsBsCeSeDNXeDNXXeDNYY)
U=0oe :
UX=0e
LO 30 I=149
U=yU+DNX( 1) *#pEL(])
4 30 UXzUX+DNXX(])*PEL(T)
1 ALPHA=CSTL=CcST2*U
BU 40 I=1e¢9
PLI)=ALPHAXDNXX ( [ ) +DNYY (1)
40 QUI)=P(l)=CoT2#UXHDNX(])
WNEIGHT=WT(L)*AREA
| WO 60 1=149
CST=WEIGHT*Q( 1)
DO 60 J=149
60 A(I «JI=A(L s JI+CSTHP (V)
1V0 CONTINUE
RE TURN
END




SUBROUTIN I DERVIAREA«tis CoSeDNXsDNXX sDNYY )
EVALUATEL LHAPL FUNCTION DERIVAIIVES AT GAUSSIAN POINT

DIMENSTON 1B3(3)9C(3)e5(3)sDNX(9) ¢DNXX (D) ¢DNYY(9) sNP(5)
DATA NP/1ecle39192/

TWOA=2 e *AREA

TWOASU=TWOA**2

DO 200 I=1.3

JENP(1+1)

KNP ( 1+2)

sl=scl)

SJ=S5(J)

S5K=S(K)

el=8(1)

BJ=B(L)

BK=B(K)

cl=C¢I

CJ=C(J)

CK=C(K)

SISQ=51%*S]

BIsQ=B1*8]

ClsQ=ClinCl

ALFA=QeS* (CK=-CJ)

BETA=0e5* (BU-BK)
HX=BI#SJHSK$+BIRSKHS I +BKRS I #SY

HXX 22 # (S #¥RJXBR+SIHBKHB L +SK*B I ¥BJ)
HYY=2e# (SIHCIRCK+SIUCKRCI+SKHCI*CJ)
CSS=6enSIH(1e=S1)

CS=6GeH(le=2,%5])

LE=3W]~2

DNX(L)=B1#CgS5+2e¢ ¥HX
DNXX(L)=BISQ#*CS+2e #HXX
ONYY(L)=ClSQ¥#(S+2e ¥HYY
CS=CK*SJU=CI*#5K

L3L+1

DNX(L)=2e *#B [ #S 1 ¥(CS+TWOAXSISQ+ALFA*HX
DNXX(L)=2e*¥BISQ*CS+4e HBI¥TWOARS | +ALFA¥HXX
ONYY(L)=2e #C ISQ*CS+ALFAXHYY
Bo=BJ#SK=- IK%S5J

L=L+1

UNX(L)=2e#*B [ #S[*BS+BETA*HX
DNXX(L)=2e¢ #31 SQ*BS+BE TA¥HXX
DNYY(L)=2e #CISWUHBS+4 e #CIHTWOAXS I +BETAXHYY
DU 300 I=1s9

DNX(I)=UNX(T )/ TWOA
DNXX(1)1=DNXX(1)/TWOASQ
DNYY(1)=ONYY (1) /TWOASQ

RETURN

END

’ i - L - S el B e et
S A A s Ny 0.0 P )6 s e
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SUBROUTINE BNUDEW(A«NRMAXsNCMAX N I TERM)

C

C EWUATION SOLVER FOR BANDED NON-SYMMETRIC SYSTEM OF EQUATIONS )

C SOLUTION STORED IN THE LAST COLUMN A(1+2%]1TERM)

C :
LIMENSION A(NRMAX +NCMAX) i
CERO=1ek~6
PARE = CERO##2
NUND=2# 1 TERM
NBM = NBoND - 1

C BEGINS ELIMINATION OF THE LOWER LEFT

DO 1000 I1=1, N
IF ( ABS(M(I+ITERM)) «LTe CERO) GO TO 410
GO TO 430 1
410 IF « ABS(A(19ITERM)) oLTe PARE) GO TO 1600 4
PRINT 420¢ AlloITERM) . 1 ’
420 FURMAT (* WARNINGe ILL=CONDITIONED A=MATRIXe A=1,E16ebs? 1=tel4)
450 JLAST = MINO(I+ITERM=14 N)
L = ITERM + ]
LU 500 J=le JLAST
L= L =1
IF ( ABS(A(JsL)) oLTe PARE) GU TO 500
B = A(Je)
DO 450 <K=L+ NBND
450 Al(Jek) = AlJsK) /7 B
IF (1 «EQe N) GO TO 1200
500 CUNTINUE
L=0
JFIRST =1 + 1
IF (JULAST LLte 1) GO TO 1000
DO 900 J= JUFIRSTs JLAST
L=L+]
IF ( ABS(A(JYITERM=L)) oLTe PARE) GO TO 900
DU 600 K=1TERM, NBM i
600 AlUsK=L) = A(J=LiK) = A(JeK=L)
ACJeNBMD) = A(J=LeNBND) = A(JINBND)
IF (1 «GEe N~ITERM+]) GO TO 900
DO BOO K=1s L
800 A(JeNBND=-K) = =A(JsNBND=K)
900 CONT INUE
1000 CONTINUE
C BACK~SUBSTITUTION
1200 L = ITERM = ]
DO 1500 1=2, N
DO 1500 J=1, L
IF (N+1-1+J eGTe N) GO TO 1500
A(N+1=1sNBND) = A(N+1=-1+sNBND) = A(N+1=1+JeNBND)I*A(N+1-1 ¢ ITERM+J)
1500 CONTINUL

RETURN i
C PRINT THE ENTIRE MATRIX IF ZERO ON MAIN LIAGONAL 3
1600 PRINT 160!
1eU1 FURMAT (' COMPUTATION STUPPED IN BNLDEG BECAUSE ZERU APPEARED ON

IMAIN DIAGINAL THE MATRIX FOLLOWSe?)
DU 1602 I=14 N
1602 PRINT 1603¢ (AllsJd)e J=1s NEND)
1603 FURMAT (10E12e4) :
STOP i
END
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AT

0

o35

5

TP S e e

a0

173

171

SUBROUTINZ FPLOT(M]1 ¢ IPNTeARILRe 1STOPINC e NCMAX V1 eV2)

PH INTER FLOT FOR DISPLAYING COMPUTEL RESULTS

LOGICAL LME2)eLNC120) sLP(4)sLX(4) eLR(1)eLC(20)

INTEGER K1(2)sST(2)e5G(2)

DIMENDIUN ARUMI ) oN(120) oRHO(30) e 2(15) e JIOFF(2) e [LRPI2)eoF 142)00F 24 2)
LeIDE2)0 L0 2) 2] L(4) 010 4) e IMI4) 4 1XI4) e IRIBOZ)»1A(238)

EGUIVALLNCL (LPCL)YsLP(1)) e CIMET1 )y oMU ) ) o (LNCT)OINU]L) eRHU(]) ) o
TCIXC1) o x (1)) o (NIZ200IR1C1)) e (NBEBIRI(2))

DATA (201D e1=1919)/1asle2DelebeleTOecesleDeBde13eD0%00465000000
[7ee8eaeIe/

DATA (15P(1)el=1e2)00IX(1)01=194)elIP(1)el=104)elIM(1)e]l=104)/
110650 #1HXeg*1H+ 04*0/

DATA 1D(1)+1D(2)91SG(1)e15G(2)/1200580]0~1/

DATA LN(1)e11sLC(1)/1480¢50e0¢141HO/

IF(1STOR) 17391729172

JEIPNT+2

1F(JeGTeM1)GO TO 172

1IPNT=J

AR(J-1)=V1

AR(J)=V2

DO 10 K=1e4

IM(K) = NC

J=y/2

LR(J)=LM(2)

1IF(NCsLTeNCMAX ) RETURN
IF(ISTOPEQ. QO IRETURN

SO 171 I=1.2

R1(I)=1D(1)

5G6(1)=15G(1)
IF(11(1)eNELQOIRI(1)=11(1)
1IF(11(142)eEQe]1)S5G(1)=~5G(1)
ST(1)=(R1I(I)+]1-SG(1)Y®(R1(1)~1))/2
1IF(R1(1)eGT4120)1R1(1)=120
IF(R1(2)eGT4238)R1(2)=238

N20 = Nlz Y6

N120 = 6% N20

DO 3 1=1.2

AMIN=zAR(1)

AMAX=AR(])

DC 7 JUs141PNTe2

AA1=AR(Y)

IF(AMINeGT e AAL ) AMIN=AAL
1IF(AMAXsLTeAALl ) AMAX=AA1

IF (ABS(AMIN) oLTe «000001) AMIN
IF (ABS(AMAX) oLTe ¢000001) AMAX
R=AMAX-AMIN

IF (ABS(R)elLLTel e t=9e ANDe ADLS(AMAX) cL.Tel1eE=9) R=1e0
IF (ABS(R) oL Teleb=9e¢ANDeAMAXeL.Te0s) R==-AMAX
IF (ABS(R)elLTeloeb=9eANDes AMAXeGTe0s) R= AMAX
DO 22 J=lels

B=ALOGIO(R/Z(RI(I)=2)y/Z(U))

mM=g

IF(Bel.TeQ)M=M~1

C=Z(J)#10e*%(M+]1)

B=AMIN/L(J) /710 #%(M+])

11=8

Oe0
00
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IF(BeLT-0)11311~1
IF((RIU1)=2411)#C=AMIN) 18919419
18 C=10e%#C
19 1F (JeEQe1ISMIN=C
22 1F(CeLTeSMIN)SMIN=C
r SF1{1)={1e/SMIN)#SG( 1)
B=AMIN/SMIN
M=g
1IF(BelLTeOI)M=M-1]
SF201)=aT(1)=-M®55G( 1)
RHOCI)=SF2(1)+05
| M=gF2(1)
DO 25 J=ls 10
IF(Meg={ (M=) /ISPLI)IRISP(]))25¢3:25
i 25 CONT INUE
| 3 I0FF (1)Y=
DC 101 I=1+N58
| 101 IA(I)=0
DO 102 J=1,IPNTs2
| IR(J)=SFI(1)#AR(J)+RHO( 1)
1T=SF1(2)*AR(J+1)+RHO(2)
IF(JeNEe1)GO TO 109
IR(IPNT+2)=2

I IR(J+1)=0
A | 108 13=1T
I GO 1O 102
| l 109 1IF(IT=13)1049105+105 d
104 1R(J+1)=IR(IPNT+2)
I IRUIPNT42)=0+1
GO TO 108
| 105 1=1T+1
{ 106 I1=]1-1
I1=1AC])

IF(11)106¢1069107
l 107 1R(J+1)=IR(1])
1R(11)=U+1
102 1A(IT)I=J+]
LAST=1PNT+2
| JJ= 1OFF (2)
LZH=SF2(1)
LZV=5F2(2)
DO 100 I=1+N58
DO 40 J=1eN120
40 N(U)Y= 1H
IF((I=1)%(1=N58))140+151+140
151 DO 141 J=1eN1420
141 N(U) = 1X(1)
140 LN(1)=LX(1)
LN(N120)=.X(1)
IF(LZHelLE 0 Q0sOReLZHeGT«NI120)GO TO 131
{ LN(LZH)=LP(4)
131 NB=1
IF(l1eNEeJJIGO TO 35
NbB=2
JJd=JJI+5
13=10FF (1) i
DO 32 J=13«N120910 k'
32 LN(J)Y=LP(4)
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IF(leNEeLZV)IGU TO 35

VO 135 J=1.N1420

N(J) = IP(1)

13=1Aa(1)

IF(13eEWe0)YGO TO 121
LAST=]IR(LAST)
12=IR(LAST—-1)

l11=LAST/2

LM(2)=LR(11)

IMM = [M(2)
LN(12)=LC( IMM)
1IF(LASTeNE]3)GO TO 120
GO TO (38+41)sNB
WRITE(6:39) (N({J) sJ=1eN120)
FORMAT(1IH +120A1)
GO TO 100

AAl=]
VALUE=(AAl=-sF2(2))/5F1(2)
WRITE(6442) VALUE s (N(J) e J=1eN120)
FORMAT(1H +1Pt10e34120A1)
CONT INUE

13=10FF (1)

J=0

DO 49 1=13+N120910

J=J+1]

AA=1]
RHO(J)=(AA=-SF2(1))/SF1(1)
IF(IOFF(1)~5)62962+63
WRITE(6+50) (RHO( ) e l=10J"
FORMAT(10Xs12(1PEL10e3))
RETURN

IF(JeGEel12)u=11
WRITE(6+64) (RHO(T)eI=1sJ)
FORMAT(16X+11(1PE10e3))
RETURN

END

&
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