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A COMPUTER PROGRAM TO GENERATE TWO-DIMENSIONAL 

GRIDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAABOUT AIRFOILS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND OTHER SHAPES BY THE 

USE OF POISSON'S EQUATION 

Reese L. Sorenson 

Ames Research Center 

SUMMARY 

A method for generating two-dimensional finite-difference grids about air- 

The inhomogeneous terms are automatically chosen such that two 

The first effect is control of the spacing between 

foils and other shapes by the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuse of the Poisson differential equation is 
developed. 
important effects are imposed on the grid at the inner (airfoil) boundary and 
at the outer boundary. 
mesh points, along mesh lines intersecting the boundaries. The second effect 
is control of the angles with which mesh lines intersect the boundaries. A 
FORTRAN computer program has been written to use this method. The program is 
available upon request from the Applied Computational Aerodynamics Branch, 
Mail Stop 202A-14, NASA Ames Research Center, Moffett Field, Calif. 94035. 
A description of the program, a discussion of the control parameters, and a 
set of sample cases are included. 

INTRODUCTION 

One of the most desirable characteristics of a method for generating 
grids, including those about airfoils, is that it be able to treat arbitrary 
boundary shapes. In a grid used for computing aerodynamic flow over an air- 
foil, or over any other body shape, the surface of the body is usually treated 
as boundary (hereinafter referred to as the "inner boundary") and it is desir- 
able that the method offer complete freedom in choosing that body shape. 
Aerodynamic surfaces in the real world are often not represented as analytic 
functions and can include a number of "sharp corners," or points where the 
slope would be discontinuous. Amethod that requires that aerodynamic sur- 
faces be several-times-differentiable analytic functions is one with a severe 
limitation. It 
is also desirable that one be able to arbitrarily choose the distribution of 
points on boundaries, so that one could cluster points at regions where the 
greatest difficulty is encountered in solving the governing equations of flow. 

The same comments often apply to the outer boundary as well. 

Another critically important characteristic in a grid-generation tech- 
nique is the ability to specify the spacing between mesh points at the bound- 
ary, in the direction normal to the boundary. The spacing required between 
the body and the adjacent mesh line of the same family can vary by orders of 
magnitude, depending on, for example, whether the flow model being used is 
viscous or inviscid. 
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Orthogonali ty i s  another d e s i r a b l e  fea tu re .  I f  abso lu te  a n a l y t i c  orthogo- 
n a l i t y  a t  every mesh po in t  can be guaranteed, c e r t a i n  terms can be  de le ted  
from the  governing flow equat ions,  thus  f a c i l i t a t i n g  t h e i r  so lu t i on .  Even i f  
nonorthogonali ty i s  t o  be accepted, one st i l l  d e s i r e s  near-orthogonali ty. The 
oppos i te  s i t u a t i o n ,  extreme cel l  skewness, b r ings  about slow numerical con- 
vergence o r  inaccuracies o r  both. This is  espec ia l l y  important a t  t h e  bound- 
aries, s i n c e  i t  i s  at  t h e  boundaries t h a t  most d i f f i c u l t i e s  usua l l y  arise. 

Of t h e  many methods f o r  generat ing g r i d s ,  two classes of methods t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

have had widespread app l i ca t i on  are geometric cons t ruc t ion  and conformal map- 
pings. By geometric cons t ruc t ion  i t  is meant t h a t  simple geometric shapes, 
such as l i n e s ,  conic s e c t i o n s ,  quadra t ic  curves, etc. ,  are combined t o  form 
g r ids .  Although these methods have good f e a t u r e s ,  such as s i m p l i c i t y  and com- 
p u t a t i o n a l  ease i n  t he  case of geometric cons t ruc t ion  and or thogona l i t y  i n  t h e  
case of conformalmappings, they  genera l l y  leave something t o  be des i red  i n  
t h e  area of a p p l i c a b i l i t y .  The classes of problems they can treat are l im i ted .  

The method presented i n  t h i s  paper has no such l i m i t a t i o n .  It can u t i l i z e  
any boundary shape, even one spec i f i ed  by tabu la ted  po in ts  and inc lud ing  a 
l im i ted  number of sharp corners. 
acceptable.  
and mesh spacing va r ies  smoothly between boundaries. 
boundaries is imposed. 

Any d i s t r i b u t i o n  of po in ts  on boundaries is 
Spacing normal t o  t h e  boundaries can be a r b i t r a r i l y  spec i f i ed ,  

Control  of angles a t  

The computer program t o  implement t h i s  method is modular, and otherwise 
l o g i c a l l y  simple, contains many comments, and should be  e a s i l y  t ranspor tab le .  
I t  i s  numerical ly s t a b l e  and computational ly f a s t .  The fol lowing sec t i ons  of 
t h i s  paper provide generous documentation. 
Applied Computational Aerodynamics Branch a t  Ames Research Center t o  cont inue 
t o  support t h e  code. 

It is t he  i n t e n t i o n  of t h e  

THEORETICAL DEVELOPMENT 

L e t  t he  Cartesian coordinates x,y denote p o i n t s  i n  t h e  real, o r  physi- 
cal  space, wherein t h e  a i r f o i l  and a i r f l ow  res ide .  
mapping between r e a l  space and a computational space S,n  f o r  0 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 Smax 
and 0 rl 5 nmax (see f i g .  1). The boundary n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 i s  mapped i n t o  t h e  
i nne r  boundary ( the a i r f o i l )  w i th  5 = 0 a t  t h e  t r a i l i n g  edge and 5 increas- 
i ng  clockwise around t h e  a i r f o i l .  The boundary n = hax i s  mapped i n t o  the  
o u t e r  boundary i n  a similar manner. The boundary 5 = 0 i s  mapped i n t o  t h e  
g r id  l i n e  proceeding rearward from t h e  t r a i l i n g  edge t o  t h e  ou te r  boundary. 
The g r id  i s  s a i d  t o  be  pe r iod i c  i n  t h a t  i f  t h e r e  w a s  a g r i d  l i n e  a t  
5 Smax + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA t ,  i t  would be  co inc ident  w i th  t h e  l i n e  a t  6 = 0. The g r id  is 
made of two fami l ies  of l i n e s :  t he  6 = constant fami ly,  which connect t h e  
i nne r  boundary t o  the ou te r  boundary, and t h e  
closed curves around t h e  a i r f o i l .  Because one family of l i n e s  forms closed 
curves, t h e  g r i d  described above i s  re fe r red  t o  as an "0-type'' g r i d .  

A gr id  is e s s e n t i a l l y  a 

n - cons tan t  family, which form 
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(b) Computational space. 

Figure 1.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATopology f o r  0-type gr ids .  

The program descr ibed i n  the 
fo l lowing s e c t i o n s  can generate 
e i t h e r  t h e  above 0-type g r ids  o r  
"C-type" g r i d s ,  as i l l u s t r a t e d  in 
f i g u r e  2. 
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 boundary goes forward from 
t h e  rear boundary t o  t h e  t r a i l i n g  
edge, clockwise around the  a i r f o i l ,  
and then rearward again.  The 
TI = constant family of l i n e s  form 
open curves resembling a letter C. 

I n  a C-type g r id  t h e  

L e t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = 5(x,y) and 
rl = rl(x,y) spec i f y  t h e  mapping from 
t h e  phys ica l  space t o  the  computa- 
t i o n a l  space. The b a s i s  of this 
method is t h a t ,  fol lowing Thompson 
et  a l .  ( r e f .  l ) ,  t h e  mapping func- 
t i o n s  are requ i red  t o  s a t i s f y  the 
Poisson equat ions 

f3g 
h a x  

[ = 0  

(a) Physical  space. 

d e f 

[ = Emax 

(la) & = O  la ,q=o,//////;;,jB 1 sxx + EYY = p 

rlxx + rlyy = Q (1b) 

The fol lowing r e l a t i o n s  are useful b C b 

i n  transforming equations between 
computational space and physical  (b) Computational space. 
space : 

Figure 2 . -  Topology f o r  C-type g r ids .  
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5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Y,/J 

Cy = -X /J 

nx = -Y /J 

rl = x / J  
Y 5  

rl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

where 

Applying equations (2) t o  equations (1) y i e l d s  t h e  transformed Poisson 
equat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ax 55 - 2Bx5, + yx,, = -J2(Px 5 + Qx rl ) 

aY,rt - 2BY5, + YY,, -J2(PyC + QY,,) 

where 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

rl + y ,  a = x  

+ YC2 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY = XC 

Solving equat ions (3 ) ,  f o r  a p a r t i c u l a r  choice of inhomogeneous terms P and Q 
(a lso  known as right-hand-side terms o r  fo rc ing  func t i ons ) ,  and f o r  a par t i cu-  
lar set of boundary cond i t ions ,  causes a gr id  t o  be generated. 

However, a great l a t i t u d e  e x i s t s  i n  g r i d s  so generated due t o  t h e  a b i l i t y  
t o  choose t h e  P and Q terms. I f  P = Q = 0, t h e  Poisson equat ions degener- 
ate t o  Laplace equations, and a bas ic  g r i d  r e s u l t s .  D i f f e ren t  choices f o r  
P and Q produce d i f f e r e n t  g r ids .  The chal lenge i s  t o  choose P and Q so 

t h a t  a d e s i r a b l e  grid r e s u l t s  w i th  a reasonable amount of e f f o r t ,  both compu- 
t a t i o n a l  and human. In the  present work, which i s  an ex tens ion  of an i d e a  of 
S t e g e r  and Sorenson ( r e f .  2 ) ,  P and Q are def ined i n  terms of four  new 
va r iab les .  Four geometrical c o n s t r a i n t s  are set f o r t h  which t r a n s l a t e  i n t o  
new equat ions i n  the new va r iab les .  Including t h e  Poisson equat ions w e  have 
s i x  equat ions i n  s i x  unknowns, which can then be solved i n  a s t ra igh t fo rward  
i t e r a t i v e  manner. 

For computational purposes, considerable s i m p l i f i c a t i o n  r e s u l t s  i f  
5 and ri t ake  on in teger  values. Thus, i nd i ces  j and k are def ined as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 



j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 + 1 

k = q + 1 

f o r  

f o r  

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 j 5 jmax 

1 5 k ,< kmax 

As a r e s u l t ,  ordered p a i r s  j , k  of i n t e g e r s  correspond 

L e t  P and Q be def ined as 

t o  g r i d  nodes. 

where a,  b ,  c ,  and d are pos i t i ve  cons tan ts .  The f i r s t  of t h e  geometric 
c o n s t r a i n t s  which we wish t o  impose on t h e  g r i d  is t h a t  t h e  spacing along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 = cons tan t  l i n e s  between t h e  body a t  
n = 1 i s  spec i f i ed  by t h e  user.  
denoted by Aslk=l. L e t  t he  d i f fe rences  i n  x and y over t h i s  i n t e r v a l  be  
denoted by Ax and Ay, respec t ive ly .  Thus, w e  have t h e  requirement t h a t  x 
and y s a t i s f y  t h e  equat ion 

TI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 and t h e  nex t  g r i d  node a t  
L e t  t h i s  des i red  spacing, i n  real space, be 

I n  t h e  l i m i t  as Ax and Ay approach zero,  t h i s  approaches the  d i f f e r e n t i a l  
r e l a t i o n s h i p  

Applying t h e  chain r u l e  f o r  p a r t i a l  d i f f e r e n t i a t i o n  w e  ob ta in  

= [ (x dS + xqdq)2 

Since 5 is constant along t h e  i n t e r v a l  
t o  

ds I k=1 5 

o r  equ iva len t ly  

Note t h a t  whi le 
thought of as a 

under cons idera t ion ,  t h e  above reduces 

2 1 / 2  
+ yq 

the  use r  spec i f i es  As, t he  method uses  
func t ion  having t h e  des i red  va lue  only i n  the  l i m i t  as A q  

s,,, which could be 

approaches zero. 
occur between the  body (TI = 0) and the  next node (rl = 1). 
c o r r e c t  i n  the  l i m i t  as A n  approaches zero,  

Thus, some small amount of decay i n - t h e  r e s t r i c t i o n  can 
The spacing w i l l  be  

5 



The second geometric requirement we wish to impose is that the angle of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= constant line is specified by the intersection between the body and the 

the user. Let elk=1 denote this angle such that 81k=1 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90" means that 
the lines are perpendicular. Thus, from the definition of the dot product, we 
must have 

Expanding, we obtain 

Applying the relations in equations (2) to equation (12) yields 

Combining equations (10) and (13) to find x qlk=1 and ynlk=l is a straightfor- 

ward but lengthy algebraic exercise resulting in 

s (-x COS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe - y sin e) 
(14a) 5 

xql k= 1 = [ 2 Ik=l 

cos 8 + x sin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 )  
5 

'k=l 

The third and fourth geometric constraints are equivalent to the first and 
second, respectively, with the exception that they apply at the outer boundary. 
A similar development results in the relations 

The desired end result of the preceding manipulations is that the four 
geometric constraints be embedded in the P and Q terms. In pursuit of this 
we use equations (14) to compute x and yq. We then assume that the mapping 
functions do satisfy the transformel Poisson equations at the inner and outer 
boundaries, then "back-solve" for P and Q. In equations (5) the coefficients 
of 
body equations (5) reduce to 

r and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs become vanishingly small at the body (q = 0),  and thus at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



Combining equat ions (3) and (15) and reducing y i e l d s  

where 

The same procedure appl ied a t  the o u t e r  boundary (rl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= h a x )  leads  t o  

k'kmaX 

where 

Combining 
des i red  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP ( S , d  and Q ( S , r l ) .  

v a r i a b l e s  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASr, represent ing  t h e  four  

p,  q, r,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs ,  as computed above, w i th  equat ions (5) y i e l d s  t h e  

The preceding development would have been unchanged i f  t h e  four input 

snlk=19 

' 7  



geometric constraints, and the positive constants a, b, c, and d in equa- 
tions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 ) ,  had been functions of 5. The computer program described in the 
following section does include this generality. 

Although the four geometric effects are imbedded in p, q, r, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs ,  
their use in equations ( 5 )  indicates that their effect decays exponentially as 
one moves away from the 
able decay in the geometric effects can occur between the boundary and the 
interior grid lines. 
approaches zero. The four positive constants a, b, c, and d in equations (5) 
determine the rate of the exponential decay. Small values (e.g., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2) cause 
slow decay; that is, the geometric effects are propagated far out into the 
field, but small values also lead to more difficult numerical convergence. 
Large values (e.g., 0.7) have the opposite effects. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

rl = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 and rl = hax boundaries. Thus, some measur- 

The effects are ensured only in the limit as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAArl 

In an iterative procedure, instabilities can result if the p, q, r, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s terms are used exactly as shown in equations (16). Therefore, the changes 
in these variables are damped by a combination of under-relaxing and limiting 
the changes in t ese variables to a small coefficient times their present 
value. For p (nv being the value of p used on the last, or nth iteration, 

- up satisfying 0 < up < 1, and plim being that "small coefficient" (e.g., 
0.5), the value of p to be used in the new, or (n+l)-st iteration is com- 
puted from 

where the SIGN function returns the magnitude of the first argument with the 
second argument. Similar procedures are used for q("+l), r("+'), 

It has also been found that instabilities can result from using the above 
procedure on points on inner or outer boundaries that are sharp corners, such 
as in an 0-type grid at a sharp trailing edge. At such points the computed 
values for p, q, r, and s must be over-written by values computed as averages 
of the computed values on either side of the point. Thus, the control of 
angles and spacing at sharp corners is compromised. 

To use the formulations presented above for p, q, r, and s ,  it is neces- 
sary to have values for all of the derivatives appearing in equations (16). 
Since at the inner (k = 1) and outer (k = kmax) boundaries n is fixed, 5 

k = 1 k = kax can be computed by simply dif erencing known boundary 
points. TheSe values are fixed for all iteration levels. Given these deriva- 
tives, along with input values for 8 and S, at k = 1 and k = kmax, the 
derivatives xn and y, at k = 1 and k = bx can be computed from equa- 
tions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 4 ) .  These also are fixed at all iteration levels. Derivatives xsrl 
and ycn at k = 1 and k = b a x  can be computed by differencing xrl and yrl 
with respect to 5 .  Of all derivatives at k = 1 and k = hax appearing 
in equations (16), only x,,, and yrlrl change with iteration level. They are 
computed by differencing the existing x,y field using 

varies, and x and y are fixed, the derivatives xi, YE, XES9 and YE5 at 
and 

a 



All derivatives discussed in this paragraph are functions of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and thus must 
be computed for all values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj. 

The iterative method for solving the Poisson equations to generate grids, 
as implemented in the program discussed in the following section, can be sum- 
marized as follows: 

1. Values for x and y at inner and outer boundaries are computed. 
Initial conditions for the interior of the grid are computed by linearly inter- 
polating between inner and outer boundary points having the same j values, 
using a predetermined exponential stretching. Zeros are used for initial con- 
ditions for p, q, r, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs .  Input values for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 and s, at k = 1 and 
k = bax are specified. All of the derivatives appearing in equations (16) 
which are fixed for alliteration levels are computed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 .  Given the initial conditions or the results of the previous iteration, 
x,.,,., and y,,., at k = 1 and k = kmax are computed using equations (18). 

3. Values for p, q, r, and s are computed using the procedure presented 
in the discussions of equations (16) and (17). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 .  P(S,rl) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ(5 ,n )  are computed at all grid points from equations (5). 

5. One step of a successive line over-relaxation (SLOR) solution proce- 
dure is performed to find new values for x and y. The lines run in the 5 
direction. Periodic or Dirichlet boundary conditions at 5 = 0 and 6 = cmax 
are used depending on whether an 0-type or C-type grid, respectively, is 
being made. A difference scheme for the transformed Poisson equations (3) is 
chosen which seeks to maximize diagonal dominance and thereby numerical 
s t ab i lit y . 
Solution steps (2) through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 )  are iterated to convergence. 

9 



The program discussed i n  t h e  fo l lowing sec t i on  employs the  above method 
i n  add i t ion  t o  a technique known as coarse-f ine sequencing (CFS) which g rea t l y  
accelerates numerical convergence. I n  the  CFS technique t h e  equat ions are 
i t e r a t e d  t o  convergence twice, wi th  the  f i r s t  so lu t i on  e f fec ted  on a coarse  
g r id  cons is t ing  of every t h i r d  o r  four th  po int  i n  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 d i r e c t i o n  and every 
t h i r d  po int  i n  t h e  rl d i rec t i on .  Thus, t he  coarse so lu t i on  uses roughly 
one-tenth of a l l  grid po in ts .  The computer coding of t h i s  method is  not  d i f -  
f i c u l t  i f  approached from the  s tandpoint  of simply re lax ing  the  r e s t r i c t i o n  
t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA{ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Aq = 1. Once the  coarse so lu t i on  is f i n i shed ,  a cubic  s p l i n e  
i n te rpo la t i on  rout ine is  used t o  f i l l  i n  t h e  rest of t he  po in ts .  
XYY 
t i o n ,  which is a standard so lu t i on  procedure us ing a l l  of the  po in ts .  
f a i r l y  t i g h t  convergence c r i t e r i o n  is used on the  coarse so lu t i on ,  f o r  example, 
t h a t  t he  maximum correct ion should be reduced by four  o rders  of magnitude. A 
much less r e s t r i c t i v e  condi t ion is  placed on the  f i n e  so lu t i on ,  f o r  example, 
t h a t  the  maximum correct ion should be reduced another one order  of magnitude. 

The r e s u l t i n g  
f i e l d  is  then used as i n i t i a l  condi t ions f o r  t h e  second, o r  f i n e ,  solu- 

A 

CFS imposes r e s t r i c t i o n s  on the va lues of jmax and kax, f o r  example, 
t h a t  kax must be of t h e  form 3m + 1 where m i s  an i n tege r .  But these 
r e s t r i c t i o n s  are usual ly found t o  be acceptable i n  l i g h t  of t he  f a c t  t h a t  CFS 
o f f e r s  a speedup by a f ac to r  of roughly 15 over a standard o r  " f ine  only" SLOR 
procedure. 
g r i ds  f o r  simple cases i n  a s  l i t t l e  as 0.65 sec per  thousand gr id  po in ts  (e.g. ,  
a 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 49 g r id  i n  3.2 sec )  on a CDC 7600 computer, inc lud ing "set-up" 
overhead. 

The FORTRAN program descr ibed i n  fo l lowing sec t i ons  can compute 

THE PROGRAM GRAPE 

General Discussion 

I The computer program descr ibed below has been given the  name GRAPE, an 
acronym der ived from s d s  about A i r f o i l s  us ing Po isson ' s  Equation. 
sists of a main program and 14 subrout ines,  and is  w r i t t e n i n  FORTRAN I V .  
program generates cu rv i l i nea r  f i n i t e -d i f f e rence  g r i d s  of t he  0-type o r  C-type 
about a i r f o i l s  o r  about any o the r  user-speci f ied shape. 
s to red  i n t e r n a l l y  three a i r f o i l  shapes: 
open t r a i l i n g  edge as def ined,  o r  modified t o  have a closed t r a i l i n g  edge 
( re f .  3 ) ;  (2)  an NACA 64A410 ( re f .  3 ) ;  and (3) a Garabedian-Korn 75-06-12 
( re f .  4). Other a i r f o i l  shapes can be read in .  The d i s t r i b u t i o n  of po in ts  on 
t h e  a i r f o i l  can be spec i f i ed  i n  seve ra l  ways, and t h e  number of po in ts  on the  
a i r f o i l  can be changed by in te rpo la t ion .  
inner  and ou te r  boundaries is cont ro l led  and can be spec i f i ed  i n  seve ra l  ways. 
Three ou te r  boundary shapes are ava i l ab le  f o r  0-type gr ids :  a circ le,  a rec t -  
angle wi th  rounded corners,  and a cascade shape. 
are ava i l ab le  f o r  C-type g r ids :  
s i d e ,  and a cascade shape. I n  add i t ion ,  f o r  e i t h e r  0-type o r  C-type g r ids  t h e  
ou te r  boundary shape can be spec i f i ed  by t h e  user .  The d i s t r i b u t i o n  of po in ts  
on t h e  ou te r  boundary can be spec i f i ed  i n  seve ra l  ways. 

It con- 
The 

The program has 
(1) an NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOOXX, with e i t h e r  t h e  

The ce l l  s i z e  and ce l l  skewness a t  

Two ou te r  boundary shapes 
a rec tang le  wi th  rounded corners on the  l e f t  

The program has some 
I 

I b u i l t - i n  c a p a b i l i t i e s  f o r  computer-graphic d isp lay  of t h e  r e s u l t i n g  gr id .  An 
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exhaust ive t reatment of  t h e  program's c a p a b i l i t i e s  is  found i n  t h e  d e t a i l e d  
d iscuss ion  of con t ro l  parameters given i n  appendix A. 

I n  t h e  i n t e r e s t  of  code maintenance and a d a p t a b i l i t y  t h e  program is  
w r i t t e n  i n  a modular form, wi th  each module performing a p a r t i c u l a r  task .  
modules are as fol lows: 

The 

1. The Input  Module. The input  module conta ins  t h e  DATA statements 

The input  module a l s o  reads t h e  
which de f i ne  t h e  de fau l t  case. 
of sample cases  fol lowing i n  appendix B. 
i npu t  d a t a  cards.  No ca lcu la t ions  are done i n  t h i s  module. This  module con- 
sists of subrout ine  INPUT. 

The de fau l t  case i s  t h e  f i r s t  e n t r y  i n  the set 

2. The Input-Checking Module. 
t o  sc reen ou t  a l l  i n v a l i d ,  meaningless, o r  con t rad ic to ry  combinations of i npu t  
d a t a ,  but  a s e r i o u s  at tempt t o  do so i s  miide. A check i s  made t o  see i f  g iven 
da ta  are wi th in  l i m i t s ,  f o r  those parameters f o r  which l i m i t s  can be  estab-  
l i shed .  
smoothness and monotonicity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas appropr ia te ,  i s  made i n  those input  d a t a  t h a t  
a r e  a r rays .  This  module a l s o  p r i n t s  the  input  d a t a .  This module c o n s i s t s  of 
subrout ines INCHK and CKSMTH. 

It i s  recognized t h a t  i t  is no t  poss ib le  

A check on consistency between d a t a  is  attempted. A check f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.  The A i r f o i l  Boundary Module. This module f i x e s  t h e  x,y po in ts  on 

t h e  inner  ( a i r f o i l )  boundary. 
u t e s  po in ts  thereon. This module c o n s i s t s  of subrout ines INNER, CSPLIN, and 
T R I B  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

It f i n d s  t h e  inner  boundary shape and d i s t r i b -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  The Outer Boundary Module. This module f i x e s  t h e  x ,y  po in ts  on t h e  

ou te r  boundary. It cons is t s  of subrout ine OUTER. 

5 .  The Solut ion Module. This module does t h e  coarse-f ine sequencing 
s o l u t i o n  of t h e  equat ions.  I t  cons is t s  of subrout ines SOLVE, I C ,  INTERP, 
RELAX, TRIP, and shares  subrout ines CSPLIN and T R I B  with module No. 3.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 .  The Output Module. This module p r i n t s  the  f i n a l  so lu t i on ,  w r i t e s  t h e  
f i n a l  s o l u t i o n  f o r  p lac ing  on a mass-storage dev ice,  and p l o t s  the  gr id .  
c o n s i s t s  of subrout ines OUTPUT and PLAWT. 

It 

One bene f i t  of t h i s  modular cons t ruc t ion  is  adap tab i l i t y .  
p l e ,  one has a subrout ine t h a t  computes p a r t  of what would be t h e  input  d a t a  
(such as t he  shape of a boundary), i t  would be ted ious t o  compute t h a t  d a t a ,  
p r i n t  i t  ou t ,  punch i t  i n t o  da ta  ca rds ,  then read i t  i n  and run t h i s  g r i d  
generat ion code. 
computations and s t o r e  the  resu l t s  by s e l e c t i v e l y  overwr i t ing t h e  appropr ia te  
a r rays  i n  GRAPE'S common b locks.  
subrout ine between the  input and input-checking modules. Thus, one would 
s tar t  w i th  the  de fau l t  case,  which could be modif ied by reading data cards.  
Those d a t a  would be f u r t h e r  modified by the  new subrout ine,  and a l l  t he  da ta  
would be checked and pr in ted .  

I f ,  f o r  exam- 

A l te rna t ive ly ,  one could modify t h a t  subrout ine t o  do i t s  

One could then modify GRAPE t o  c a l l  t h a t  

Computer-graphic d isp lay  of r e s u l t s  i s  always des i rab le ,  bu t  espec ia l l y  
when those r e s u l t s  a r e  a g r id .  However, i t  a l s o  seems t o  be  t r u e  t h a t  
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computer-graphic d isp lay  code is among t h e  least t r anspor tab le  of a l l  code. 
This i s  due t o  d i f f e r e n t  computers a t  d i f f e r e n t  i n s t a l l a t i o n s  having d i f f e r e n t  
word-lengths, d i f f e r e n t  g raph ica l  sof tware,  d i f f e r e n t  g raph ica l  output devices,  
and d i f f e r e n t  implementations. GRAPE inc ludes  code t o  p l o t  t h e  g r i d  us ing  
ISSCO DISSPLA software ( a  p rop r ie ta ry  and copyrighted product of I n teg ra ted  
Software Systems Corp., P.O. Box zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9906, San Diego, Ca l i f .  92109) and a C.O.M. 
dev ice  f o r  making microfiche. I f  t he  user  has exac t ly  t h e  same hardware and 
software,  t h e  d isp lay  code may work as is. Otherwise t h e  use r  should modify, 
ignore,  remove, o r  rep lace  t h a t  code as he sees f i t .  That code c o n s i s t s  of 
subrout ine PLAWT, and the  c a l l s  t o  PLAWT and DONEPL i n  subrout ine  OUTPUT. 

FORTRAN imp l i c i t  type s p e c i f i c a t i o n  is used f o r  a l l  i npu t  va r iab les  and 
genera l l y  throughout the  code. The only except ions are a few LOGICAL v a r i a b l e s  
which are used i n t e r n a l l y  and are not p a r t  of t h e  input.  Thus, t h e  names of 
a l l  i n t e g e r  va r iab les  begin w i th  t h e  letters I, J, K, L, M, o r  N ,  and the  names 
of a l l  f loat ing-point  va r iab les  begin w i th  t h e  letters A through H and 0 
through 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SUBTRACTED OUT OF 
DIFFERENCES WITH 

RESPECT TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

I 

(a) 0-type g r ids .  

TREATED AS 

(b) C-type gr ids .  

Figure 3.- Open t r a i l i n g  edges. 

One d i f f i c u l t  ques t ion  i n  
g r i d  generat ion about a i r f o i l s  is 
what t o  do about a i r f o i l s  w i th  
open, o r  b lun t  t r a i l i n g  edges 
(e.g., t h e  NACA OOXX); t h a t  is, 
a i r f o i l s  f o r  which the  upper sur-  
f ace  and lower sur faces  do not 
q u i t e  meet a t  t he  t r a i l i n g  edge. 
This quest ion a l s o  arises when the  
flow ana lys i s  code uses  a boundary- 
l a y e r  displacement th ickness ,  which 
produces an a r t i f i c i a l  openness a t  
t h e  t r a i l i n g  edge. GRAPE handles 
t h i s  quest ion i n  the  case of an 
0-type g r id  (see f i g .  3 ( a ) )  by 
assuming t h a t  t he  t ra i l ing-edge 
openness is t he  beginning of a cu t  
through real space proceeding 
rearward. The code d i f f e rences  
ac ross  i t  as i f  i t  d id  not e x i s t ;  
t h a t  is,  t he  th ickness  i s  sub- 
t rac ted  out of t h e  appropr ia te  
d i f f e rences  w i th  respec t  t o  5. 
I n  t h e  case of an open t r a i l i n g -  
edge a i r f o i l  i n  a C-grid, t h a t  
th ickness i s  t r ea ted  as a "st ing" 
(see f i g .  3 (b ) ) .  

I n  many g r id  generat ion codes 
i t  is assumed t h a t  t h e  body is  
located i n  the  i n t e r v a l  0 t o  1 on 
the  x-axis, and t h a t  a l l  d i s -  
tances are thus  "normalized by 
chord." Although t h i s  i s  poss ib le  
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wi th  GRAPE, and i n  f a c t  i s  t h e  de fau l t ,  t h e  program i s  not  l im i ted  t o  t h i s  
approach. x,y 
f i e l d ,  w i th  t h e  a i r f o i l  s h i f t e d  ( i n  t h e  x-direct ion) and sca led  any amount. 
The a i r f o i l  coordinates may be spec i f ied  us ing  a r b i t r a r y  u n i t s  provided only 
t h a t  t he  lead ing  and t r a i l i n g  edges are on t h e  
not be a t  x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 and the  t r a i l i n g  edge need no t  be  a t  x = 1. The o u t e r  
boundary and a l l  o the r  input  and output would then be i n  t h e  same a r b i t r a r y  
u n i t s .  

The g r id  can be thought of as being imposed on a Car tes ian  

x-axis; t he  lead ing  edge need 

There i s  one a r t i f i c e  used in  t h e  input  v a r i a b l e s  which i s  p o t e n t i a l l y  
confusing bu t ,  i f  mastered, is both handy and versati le. I n  t h e  preceding 
s e c t i o n  t h e r e  are s e v e r a l  var iab les  introduced t h a t  are func t ions  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  f o r  
example, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 Ik=1 
o r  t h e  input  a r r a y  THETA(J). The d e f a u l t  va lue  i s  set i n t o  t h e  a r ray ,  such 
t h a t  THETA(J) = 90.0 f o r  a l l  J ( t hus  i n d i c a t i n g  t h a t  w e  want zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90" ang les ,  o r  
o r thogona l i t y ,  everywhere on t h e  body). I f  t h e  use r  wishes t o  over r ide  t h i s  
d e f a u l t  with a set of ang les ,  varying with J,  those ang les  should be input  
t o  the  a r r a y  THETA(J). The s c a l a r  v a r i a b l e  THETAI i s  given t h e  i n i t i a l  va lue  
zero,  a phys ica l l y  unreasonable number, which i n d i c a t e s  t h a t  values f o r  
are t o  be taken from t h e  a r r a y  THETA(J). I f ,  however, t h e  use r  wishes t o  
ove r r i de  the  d e f a u l t  (90" everywhere) w i th  an ang le  t h a t  does not vary w i th  
(e.g. ,  85" everywhere) then t h a t  ang le  should be input  t o  t h e  scalar THETAI. 
Thus, t h e  scalar THETAI being equal t o  zero i n d i c a t e s  t h a t  t h e  values i n  t h e  
a r r a y  THETA(J) ( e i t h e r  t h e  90" defau l t  o r  as over-wr i t ten by the  use r )  are t o  
be  used f o r  8 Ik=l. 
va lue  t o  be used f o r  elkt1 f o r  a l l  j .  This method of input i s  a l s o  used 
for 'lk=kmax (given by THOBI and THETOB(J)); f o r  s, 1 k=kmax (given by DSOBI 

AND DSOB(J)); and f o r  a,  b, c ,  and d ,  as i n  equat ions (5) (given, respec- 
t i v e l y ,  by e i t h e r  AAAI, BBBI,  CCCI ,  and DDDI o r  AAA(J), BBB(J), CCC(J), and 
DDD(J)). This method of i npu t  i s  a l s o  used f o r  S,lk=l i f  t h e  input  v a r i a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NDS equals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 (see the  d iscuss ion  of NDS fo l lowing).  
given by the  scalar DSI f o r  t h e  a r ray  DS(J). 

This i s  spec i f ied  by e i t h e r  t h e  scalar i npu t  v a r i a b l e  THETAI 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI kZ1 

j 

The scalar THETAI being no t  equa l  t o  zero  causes t h a t  

is s, I k=1 I n  t h i s  case, 

It should be pointed out that  t h e  a b i l i t y  t o  con t ro l  t h e  angles and spac- 

This 
i n g  a t  the  inner  and ou te r  boundaries need not be used i n  every case. It i s  
poss ib le  t o  disengage t h e  mesh cont ro l  a t  t h e  i nne r  o r  ou te r  boundaries. 
produces a g r i d  t h a t  l o c a l l y  resembles a Laplacian g r i d ,  and speeds numerical 
convergence. I n  f a c t ,  i t  i s  recommended t h a t  t h e  e f f e c t s  no t  be used a t  t h e  
o u t e r  boundary i n  cases wherein the ou te r  boundary cond i t ions  are those of 
f r e e  stream. 
i npu t  parameters OMEGR and OMEGS t o  zero ,  and a t  t h e  inner  boundary by s e t t i n g  
OMEGP and OMEGQ t o  zero. 

The mesh con t ro l  i s  disengaged a t  t h e  ou te r  boundary by s e t t i n g  

Most inpu t  a r rays  are checked f o r  smoothness. This is done by succes- 
s i v e l y  examining each po in t  by f i t t i n g  a parabola through t h e  th ree  neares t  
surrounding po in ts ,  eva lua t ing  t h e  parabola t o  p red ic t  a va lue  f o r  t h e  given 
po in t ,  and examining t h e  d i f fe rence between t h e  given and pred ic ted  values f o r  
t h e  po in t .  I f  t h a t  d i f f e rence  i s  g r e a t e r  than the  product of some to le rance  
t i m e s  t he  pred ic ted  va lue ,  a warning message i s  pr in ted .  For d i f f e r e n t  a r r a y s  
t h e  to le rances  vary from 0.05 t o  0.5. It i s  expected t h a t  t h i s  procedure w i l l  
prove he lp fu l ,  s i nce  a common e r ro r  i n  punching d a t a  cards (e.g. ,  those 
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desc r ib ing  a i r f o i l  o rd ina tes)  i s  t o  drop a leading zero f o r  one element of an 
a r ray .  Thus, t h a t  element w i l l  be  i n  e r r o r  by an order  of magnitude; t h i s  
procedure w i l l  f ind  such an e r r o r .  A drawback t o  t h i s  method is t h a t  a t  the  
end po in ts  of an array the  parabola is  used f o r  ex t rapo la t i on  r a t h e r  than 
i n t e r p o l a t i o n ,  and thus some elements t h a t  are c o r r e c t  are sometimes f lagged 
as erroneous. Such warnings should be ignored. 

The c o n t r o l  parameters are spec i f i ed  using t h e  FORTRAN f e a t u r e  NAMELIST. 
With NAMELIST, de fau l t  values f o r  a l l  v a r i a b l e s  are i n i t i a l i z e d  by DATA state- 
ments i n  the  code zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- then only those input va r iab les  f o r  which a va lue  i s  
requ i red  o the r  than t h e  d e f a u l t  value need appear on input  da ta  cards.  
any d a t a  case i s  thought of and presented as an excursion from the  d e f a u l t  
case. 
i n  t h e  " t ranspor tab i l i t y "  of the  code, s i n c e  although NAMELIST i s  a f a i r l y  
standard FORTRAN fea tu re ,  i t  is not supported on some computers. However, t h i s  
is  bel ieved t o  be j u s t i f i e d  because of t he  ease wi th  which the  user  can "get 
t h e  code running" when t h i s  approach i s  used. One need simply inc lude th ree  
e s s e n t i a l l y  blank data cards ,  and the  d e f a u l t  case w i l l  r e s u l t .  The a l te rna -  
t i v e ,  w i th  standard formatted READ statements,  i s  t o  have t o  estimate reason- 
a b l e  values f o r  each of t h e  c o n t r o l  parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(74 i n  number, some of which 
are a r r a y s ) ,  and co r rec t l y  punch a l l  of them on d a t a  cards be fore  t h e  program 
f i rst  runs. 

Thus, 

It i s  recognized t h a t  t he  use of NAMELIST w i l l  cause some degradat ion 

Some computers, f o r  example, those made by IBM, do not al low DATA state- 
ments f o r  labeled COMMON va r iab les  t o  appear i n  subrout ines .  I n  such cases  the  
DATA statements def in ing the  de fau l t  case, a l l  of which are i n  subrout ine 
INPUT, should be moved t o  a BLOCK DATA subrout ine.  

The 74 con t ro l  parameters are divided i n t o  t h r e e  NAMELIST groups: $ G R I D l ,  
$GRID2, and $GRID3. $GRID1 includes the  scalar v a r i a b l e s  (as  opposed t o  
a r rays )  t h a t  would be changed most o f ten ;  $GRID2 includes t h e  scalar v a r i a b l e s  
t h a t  would be changed least o f ten ;  and $GRID3 c o n s i s t s  of input parameters 
t h a t  are ar rays .  Two exceptions t o  t h e  above d i v i s i o n s  are con t ro l  parameters 
NORDA and MAXITA, arrays having two elements each, and found i n  $ G R I D l .  

NAMELIST i s  used i n  the  fol lowing way. Suppose one wants t o  run a case 
t h a t  i s  i d e n t i c a l  to  t h e  d e f a u l t  case except t h a t  JMAX i s  t o  be set t o  120 
ins tead  of t he  de fau l t  value of 100. 
used (beginning i n  column zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2):  

The fol lowing t h r e e  d a t a  cards  would be 

$GRID 1 JMAX= 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 $ 

$GRID2 $ 

$GRID3 $ 

For f u r t h e r  d e t a i l s  on the  u s e  of NAMELIST, the  FORTRAN manual f o r  t h e  u s e r ' s  
computer i n s t a l l a t i o n  should be consulted. 

Appendix A gives a complete l i s t  of input v a r i a b l e s  f o r  a l l  t h r e e  NAMELIST 
groups and a complete desc r ip t i on  of t h e i r  func t ions .  Appendix B g ives f i v e  
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sample cases, and appendix C provides flow c h a r t s  f o r  t h e  main program and the  
p r i n c i p a l  subrout ines.  

Reading t h e  Output and Diagnosing Er rors  

Regardless of t h e  value chosen f o r  con t ro l  parameter JPRT, e r r o r  messages 
These messages should be s e l f -  w i l l  appear f o r  any e r r o r s  found i n  t h e  input .  

explanatory.  

For JPRT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0, a l l  of t h e  fol lowing p r i n t i n g  w i l l  be  done. The input  
va r iab les  w i l l  be p r in ted ,  and i t  i s  suggested t h a t  any a r rays  read (using 
$GRID3) be checked, inc lud ing  a check t o  determine t h a t  t h e  c o r r e c t  number of 
elements has been read. Also, i f  a r r a y s  AIRFX, AIRFY, XOB, and YOB, etc. ,  
are read i n ,  they should be checked t o  determine t h a t  they are ordered cor- 
r e c t l y  (clockwise from t h e  rear). 

For most cases ,  the  inner  boundary, t h a t  is,  x and y f o r  a l l  j ,  and f o r  
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1, w i l l  be pr in ted .  I n  add i t ion ,  i f  DS(J) i s  computed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(NDS = l ) ,  i t  is  
pr in ted .  TEOPEN i s  then pr inted. 

For most cases, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and y on t h e  ou ter  boundary are pr in ted  along w i th  t h e  
va lues  of ARCLENGTH o r  PHI corresponding t o  each po in t .  
d i s t r i b u t i o n  of po in ts  w a s  used (by equa l  arc- length increments o r  by some 
angular d i s t r i b u t i o n ) .  I n  add i t ion ,  f o r  NOBSHP > 1 t h e  v a r i a b l e  KEY i s  
p r in ted ,  i n d i c a t i n g  t o  what region ( s t r a i g h t  l i n e  o r  c i r c u l a r  a r c )  each po in t  
belongs ( see  f i g .  5) .  

These i n d i c a t e  what 

A series of numbers exponent ia l ly  i nc reas ing  from 0 t o  1 is then p r in ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 = constant l i n e s  f o r  i n d i c a t i n g  what d i s t r i b u t i o n  of po in ts  w a s  used along 

t h e  i n i t i a l  cond i t ions .  

Then fol low convergence h i s t o r i e s  f o r  t he  coarse o r  f i n e  s o l u t i o n s ,  a long 
w i th  b r i e f  examinations of the i nner  and ou te r  boundaries a f t e r  each so lu t i on .  
I n  t h e  convergence h i s t o r i e s  there is one l i n e  of p r i n t  f o r  each i t e r a t i o n .  
Each l i n e  c o n s i s t s  of s e v e r a l  numbers arranged i n  columns. The numbers are: 

1. ITER, t h e  i t e r a t i o n  count 

2. CSUM, t h e  sum of t h e  absolute va lues  of t h e  co r rec t i ons  on x and y 
f o r  a l l  j and k 

3. CMAX, t h e  abso lu te  value of t h e  l a r g e s t  co r rec t i on  on x and y ,  f o l -  
lowed by t h e  val.ues of j and k a t  i t s  l oca t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4. PlCM, t h e  abso lu te  value of t h e  l a r g e s t  co r rec t i on  on p 

5. PlM, the  abso lu te  value of t h e  l a r g e s t  va lue  of p,  a long w i th  t h e  
va lue  of j a t  i t s  l oca t i on  

6 .  Q l C M ,  Q l M ,  and j, giving similar information f o r  q 
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7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARlCM, RlM, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj, giving similar information for r 

8. SlCM, SlM, and j, giving similar information for s 

The solution is said to be converged when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACMAX is reduced by the number 
of orders of magnitude indicated by control parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANORDA. 
tion process P1M will reach a steady-state value. Thus, PlCM, in a sense the 
correction on PlM, will become several (e.g., four) orders of magnitude less 
than P1M. Similar behavior is seen for Q1M and QlCM, RlM and RlCM, and S1M 
and SlCM. 

During the solu- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GRAPE has been extensively tested, including a series of over 50 specific 

test cases, and in every case convergence was achieved. However, failure to 
converge will remain a possibility. Some suggestions can be offered in the 
event that a solution does fail to converge. First, the convergence history 
should be examined to determine where within the grid the problem lies. If 
PlCM fails to be several orders of magnitude less than PlM, or QlCM fails to 
be several orders of magnitude less than QlM, or both, then control of cell 
size and cell skewness at the inner boundary has not been achieved, and it is 
at the inner boundary that the problem most likely is to be found. If RlCM 
is not several orders of magnitude less than R1M or SlCM is not several orders 
of magnitude less than SlM, or both, then control of cell size and cell skew- 
ness at the outer boundary has not been achieved, and the problem is most 
likely to be found there. By noting the value of J corresponding to the 
suspect forcing function, one can determine at what part of the suspect 
boundary to look. 
examined, and the location of the probable problem area should be kept in mind 
as further suggestions are pursued. 

All input data referring to the problem area should be 

The most likely cause of a failure to converge is that input variables 
, a, b, c, d, and the size of the outer bound- 

rl I k'kmax 
defining bax ,  s,lkll. s 
ary have combined to form a physically impossible situation. In other words, 
(1) Sn at k = 1 and k = kix define the step size at the ends of 
5 = constant lines, (2) that step size is to be increased exponentially toward 
the midfield at a rate determined by a, b, c, and d, but (3)  bax points are 
not sufficient to connect the given boundary points using those step sizes. 
In this case it is suggested that the user do one or more of the following: 

1. Increase bax 

2.  Increase S, at k = 1 or at k = bx or both 

3. Increase a, b, c, and d 

4. Decrease the size of the outer boundary 

For cases with NDS - 1, indicating that S,,Iksl is to be determined as 

a coefficient (DSI) times the body-surface arc-length, one is advised to check 
the values computed for DS and printed along with x and y for the inner 
boundary. It is especially advised that the value computed for DS at the 
leading edge be checked, since the body-surface arc-length is usually at a 
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. . . . . . . . .  _ _  ~ . . _. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
minimum t h e r e ,  causing DS t o  be a t  a minimum there.  One can thus  be  s u b t l y  
drawn i n t o  t h e  problem descr ibed i n  t h e  preceding paragraph. 
suggest ions are t o  

For t h i s  case, 

1. Inc rease DSI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.  Use NIBDST = 2 and a large va lue  f o r  BINN (e.g., 1.5) 

3. Switch t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANDS = 2 

D i f f i c u l t i e s  can r e s u l t  from an ou te r  boundary t h a t  is  much tal ler than 
i t  is wide o r  wider than i t  is t a l l .  For such cases, suggest ions are: 

c y  and d such t h a t  they  vary f o r  vary- ', I k = b x '  
1. Care fu l l y  a d j u s t  

i n g  j 

2. Change t h e  shape of t h e  ou te r  boundary 

It i s  rare b u t  poss ib le  f o r  numerical i n s t a b i l i t i e s  t o  be introduced by 
excessive values f o r  re laxa t i on  parameters 
f a c t o r s  
process "blows up, 
p r i n ted  i n  convergence h i s t o r y  become l a r g e  without bound. 
use r  need do nothing because GRAPE w i l l  automat ica l l y  reduce t h e  parameters 
and f a c t o r s ,  reset t h e  x,y f i e l d  t o  the  i n i t i a l  cond i t ions ,  and restart t h e  
s o l u t i o n  process. I f  t h i s  does not work, then t h e  problem l ies elsewhere. 

w, up, wq, w r ,  us, and l i m i t a t i o n  

plim, qlio3, rlim, and slim. When t h i s  is t h e  case, t h e  s o l u t i o n  
meaning that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACMAX and s e v e r a l  o the rs  of t h e  numbers 

I n  t h i s  case t h e  

I f  t h e  i n i t i a l  examination of t h e  convergence h i s t o r y  i n d i c a t e s  t h a t  t h e  
problem l ies on t h e  inner  boundary at a sharp  lead ing  edge, o r  a t  a sharp  
t r a i l i n g  edge i n  an 0-type g r i d ,  then i t  i s  suggested t h a t  a i r f o i l  boundary 
p o i n t s  be rec lus te red  t o  move more po in ts  toward t h a t  sharp  edge. 

Following t h e  convergence h i s to ry ,  a b r i e f  examination of t h e  i nne r  bound- 
a r y  i s  pr in ted .  For every j i n  t h e  s o l u t i o n ,  t h e r e  i s  f i r s t  p r i n ted  t h e  
ang le ,  i n  degrees, between the  boundary and t h e  5 = cons tan t  l i n e .  This is 
measured the  same way as, and should be compared t o ,  elko1. 
t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = cons tan t  l i n e  and t h e  x-axis is then p r in ted .  This i s  measured i n  
classical po la r  coordinate fashion, counterclockwise from t h e  p o s i t i v e  x-axis. 
Next, t h e  d i s tance  between the  node a t  t h e  boundary and t h e  adjacent node i n  
t h e  f i e l d  f o r  each j, labeled "DISTANCE TO BOUNDARY," is pr in ted .  This 

Following t h i s ,  should be compared t o  

t h e  x,y coord ina tes  of t h e  inner boundary p o i n t s  are pr in ted .  Next are t h e  
x,y coordinates of t h e  adjacent node i n  t h e  f i e l d ,  f o r  each j .  Following 
are t h e  computed va lues  f o r  p and q. S imi la r  d a t a  a t  t h e  ou te r  boundary are 
then  pr in ted .  P r in ted  last is  a list of XMIN,  XMAX, YMIN, and YMAX f o r  each 
p l o t ,  i f  any. 

The angle between 

as e i t h e r  read o r  computed. S, 1 k-1 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

INPUT VARIABLES 

Alphabet ical  L i s t  of Input Var iables 

Following i s  an alphabet ized l i s t  of input va r iab les  together  wi th  t h e  
number of t he  NAMELIST group i n  which each appears (e.g., 1 i nd ica tes  $GRIDl). 

Var iable 
name zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

AAA 
AAAI 
AIRFX 
AIRFY 
ALAMF 
ALAMR 
BBB 
BBBI 
BIN" 
CAMBRX 
CAMBRY 
ccc 
CCCI  
DDD 
DDDI 
DIST 
DS 
DSI 
DSOB 

Group 
number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 
2 
3 
3 
1 
1 
3 
2 
2 

3 
3 
3 
2 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 
3 
3 
1 
3 

Variable 
name 

DSOBI 
JAIRF 
JCAMBR 
JDIST 
JMAX 
JPRT 
JTEBOT 
JTETOP 
KMAX 
MAXITA 
NAIRF 
NDS 
NIBDST 
NLETYP 
NOBDST 
NOBSHP 
NOMA 
NOUT 
NPLT 

Group 
number 

2 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 

Variable 
name 

NTETYP 
OBANGS 
OMEGA 
OMEGP 
OMEGQ 
OMEGR 
OMEGS 
PLIM 
QLIM 
RADOB 
RCORN 
R U M  
ROTANG 
ROTCTR 
SLIM 
TEOPEN 
THETA 
THETA1 

Group 
number 

1 
3 
2 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 

3 
2 

Variable 
name 

THETOB 
THOBI 
TR 
XLE 
XLEFT 
XMAX 
XMIN 
XOB 
XOBCNT 
XRI  GHT 
XTE 
XTFRAC 
YBOTOM 
YMAX 
YMIN 
YOB 
YTOP 
WAKEP 

Group 
number 

3 
2 
1 
1 
1 
3 
3 
3 
2 
1 
1 
2 
1 
3 
3 
3 
1 
2 

Variables i n  NAMELIST $GRID1 

Following is a de ta i l ed  descr ip t ion  of each of t he  input  var iab les  i n  
NAMELIST $GRID l .  This l ist should serve as both a re ference f o r  those who are 
using the  program, and as an in t roduct ion t o  a l l  of t h e  program's c a p a b i l i t i e s  
f o r  t h e  f i rs t - t ime reader.  

Var iab le 
name Descr ipt ion 

JMAX The maximum value of t he  subscr ip t  j ,  t h a t  is, t he  number of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
values,  t ha t  is, the  number of po in ts  around t h e  a i r f o i l  ( i n  the  
case of an 0-type gr id )  o r  the  number of po in ts  along the  "c" ( i n  
a C-type g r id ) .  I f  coarse-f ine sequencing is t o  be  used, the re  are 
r e s t r i c t i o n s  on t h i s  va lue,  and those r e s t r i c t i o n s  are dependent on 
the  value of NTETYP (see below). I f  NTETYP = 1, JMAX must be a 
mult ip le  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. I f  NTETYP = 2,  JMAX must be a mul t ip le  of 3. I f  
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Var iab le 
name Descr ip t ion 

NTETYP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJMAX must be of t h e  form 3n + 1 where n is  some 
in teger . .  I f  t hese  r e s t r i c t i o n s  are not  observed, the code w i l l  run,  
but  coarse-f ine sequencing w i l l  not  be used. 
values: 4 t o  140. Defaul t  value: 100. 

Range of  acceptable 

KMAX The maximum value of the subscr ip t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk, that is, the number of rl 
values,  t h a t  is ,  t h e  number of po in ts  from t h e  body t o  ou ter  bound- 
a ry ,  inc lus ive .  I f  coarse-f ine sequencing i s  t o  be used, KMAX must 
be of t h e  form 3m + 1 where m i s  some in tege r .  Range of accept- 
ab le  values: 4 t o  70. Defaul t  value: 49. 

NTETYP This va r iab le  determines t h e  l oca t i on  of t h e  po in t  o r  po in ts  a t  the  
t r a i l i n g  edge, and i t  determines whether the  gr id  is  of t h e  O-type 
o r  C-type. I f  NTETYP = 1 an O-type g r i d  r e s u l t s  wi th  the po in t  
j = 1 a t  t h e  t r a i l i n g  edge (see f i g .  4 ( a ) ) .  I f  NTETYP = 2 ,  an 
O-type g r id  i s  made with t h e  t r a i l i n g  edge of t he  a i r f o i l  located 
midway between the two gr id  po in ts  a t  j = 1 and j = JMAX. I f  
NTETYP = 3, a C-type g r id  r e s u l t s  wi th  t h e  lower su r face  t r a i l i n g -  
edge point  a t  j = JTEBOT and the upper-surface t ra i l ing-edge 
point  a t  j = JTETOP (see below). Acceptable va lues f o r  NTETYP: 
1, 2 ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.  Default value: 1. 

NAIRF Determines which a i r f o i l  shape i s  t o  be used. I f  NAIRF = 1 an 
NACA OOXX a i r f o i l  shape w i l l  be ca lcu la ted .  The th ickness r a t i o  is  
given by TR (see below). Note @hat t h i s  a i r f o i l  shape has an open 
t r a i l i n g  edge. I f  NAIRF = 2 ,  t he  a i r f o i l  shape used w i l l  be an 
NACA OOXX modified t o  have a closed t ra i l ing-edge by ex t rapo la t i ng  
the  a n a l y t i c  def in ing funct ion t o  f ind  a zero and re-normalizing. 
The th ickness r a t i o  is given by TR (see below). I f  NAXRF = 3, a 
Garabedian-Korn a i r f o i l  w i l l  be used. I f  NAIRF = 4, an NACA 64A410 
w i l l  be used. I f  NAIRF = 5 t he  a i r f o i l  o r  body shape w i l l  be 
suppl ied by t h e  user .  
$GRID3. NAIRF must equal  5 i f  NIBDST (see  below) equals 3 o r  5. 
Acceptable values: 1, 2 ,  3,  4 ,  and 5. Defaul t  value: 2 .  

See JAIRF below and AIRFX and AIRFY i n  

JAIRF The number of da ta  points used t o  spec i fy  a user-supplied a i r f o i l  
o r  body-shape. 
un less NAIRF equals 5 ,  i n  which case JAIRF must be 24. 
values: 0 o r  4 t o  241 i nc lus ive .  Defaul t  value: 0. 

See AIRFX and AIRFY i n  $GRID3. JAIRF i s  ignored 
Acceptable 

NIBDST Spec i f ies  how po in ts  w i l l  be d i s t r i b u t e d  on the a i r f o i l .  
NIBDST = 1, po in ts  w i l l  be d i s t r i bu ted  us ing a pre-stored c i r c l e -  
plane-mapping d i s t r i b u t i o n  taken from a conformal mapping gr id  
about an NACA 0012 a i r f o i l .  This d i s t r i b u t i o n  i s  symmetric f r o n t  
t o  back about the  midchord po in t ,  symmetric top t o  bottom, and pro- 
duces a f a i r l y  high degree of c l u s t e r i n g  toward the  leading and 
t r a i l i n g  edges. I f  
algor i thm involv ing a parameter, BINN ( i n  $GRID2), which can be 
adjusted t o  move points  toward the  leading and t r a i l i n g  edges o r  

I f  

NIBDST = 2 ,  po in ts  w i l l  be c lus tered  us ing an 
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(a) 0-type grid with point a t  t ra i l ing  edge (NTETYP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 ) .  

(b) 0-type grid with t ra i l ing edge midway between two points (NTETYP = 2 ) .  

(c) C-type grid (NTETYP = 3 ) .  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . -  Trailing-edge treatments. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Var i a b  le 
name Descr ip t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NDS 

DSI 

toward equa l  spac ingw i th  respec t  t o  arc- length.  
i t  is assumed t h a t  the u s e r  is supply ing an a i r f o i l  (or  o t h e r  body) 
on d a t a  cards.  I n  t h i s  case t h e  given d a t a  po in ts  w i l l  not be used 
exac t l y  as read; rather, they  w i l l  be in te rpo la ted  us ing  a cub ic  
s p l i n e  method so  t h a t  the number of p o i n t s  on the  a i r f o i l  can be  
var ied .  However, i n  t h i s  case t h e  d i s t r i b u t i o n  funct ion w i l l  be 
taken from t h e  given d a t a  po in ts .  For example, i f  t he  given a i r f o i l  
d a t a  po in ts  have a great d e a l  of c l u s t e r i n g  a t  t he  leading edge, t h e  
r e s u l t i n g  a i r f o i l  w i l l  l i kewise  have many po in ts  a t  t he  lead ing  
edge. I n  t h i s  case NAIRF must equa l  5 and JAIRF must be  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 ( see  
above). See a l s o  AIRFX and A I R N  i n  SGRID3. I f  NIBDST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4 ,  i t  is 
assumed t h a t  t h e  user w i l l  supply a d i s t r i b u t i o n  func t ion  (a 
sequence of numbers normalized t o  go from 0 t o  1 )  on d a t a  ca rds  
(see a r r a y  DIST i n  SGRID3). I f  NIBDST = 5,  i t  is assumed t h a t  t h e  
use r  i s  supplying an a i r f o i l  (or  o t h e r  body) on d a t a  cards  and t h a t  
t h a t  body i s  t o  be used exac t ly  as read,  w i th  no i n te rpo la t i on .  I n  
t h i s  case NAIRF must equa l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and JAIRF must be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 (see above). See 
a l s o  AIRFX and A I R N i n  SGRID3. Acceptable values: 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  3, 4,  
and 5. Defaul t  value: 1. 

I f  NIBDST = 3, 

This parameter determines how t h e  g r i d  spacing normal t o  the  body 
along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = cons tan t  l i n e s ,  over the  i n t e r v a l  k = 1 t o  k = 2,  
denoted as S,,lk-l - in t he  Theore t ica l  Development sec t i on ,  i s  t o  

be  determined. I f  NDS = 1, t he  spacing w i l l  be taken as a coe f f i -  
c i e n t  times t h e  spacing a long t h e  body su r face  i n  t h e  
Thus, i f  t h i s  op t ion  is used and the  c o e f f i c i e n t  is 1, g r i d  cel ls 
t h a t  are roughly square o r  e q u i l a t e r a l  paral le lograms w i l l  r e s u l t  
at t h e  body sur face .  I f  NDS = 2 ,  t h e  spacing w i l l  be e i t h e r  a 
scalar constant o r  any a r r a y  of cons tan ts  (see DSI and DS(J)). 
Acceptable values: 1 and 2.  Defaul t  value: 2.  

5 d i r e c t i o n .  

The meaning of t h i s  parameter i s  dependent on the  value chosen f o r  
NDS. I f  NDS = 1, then DSI is t h e  "coef f i c ien t "  re fe r red  t o  i n  the  
d iscuss ion  of NDS above. A va lue  of 1.0 i s  suggested. I f  NDS = 2,  

f o r  and i t  i s  des i red  that  a cons tan t  va lue  be used f o r  

every j i n  1 5 j S jmX, then t h a t  va lue  should be en tered  i n  
DSI. A l te rna t i ve l y ,  as i nd ica ted  by NDS = 2 and DSI = 0, any 
set of values may be entered i n t o  a r r a y  DS(J) i n  SGRID3. 
are measured i n  x,y 

g r i d  p o i n t s  were equal ly spaced between inner  and ou te r  boundaries. 
Acceptable values: a l l  non-negative real numbers. Default 
value: 0. Note tha t  i n  t h e  d e f a u l t  case t h e  constant va lue  0.01 
i s  s to red  i n  every element of t h e  a r r a y  DS(J). 

srl I k=1 

Distances 
un i ts . "  It i s  recommended t h a t  va lues  f o r  

be less than one fou r th  of t h a t  which would r e s u l t  i f  t h e  

11 

I k=1 

JTEBOT The va lue  of t h e  index j at t h e  lower-surface t ra i l ing-edge po in t .  
I n  t h e  case of an 0-type g r id  t h e  va lue  given f o r  JTEBOT w i l l  be 
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Variable 
name 

JTETOP 

TR 

XLE 

XTE 

NOBSHP 

Descr ip t ion 

ignored and overwr i t ten wi th  1. 
along with JTETOP, determines t h e  number of po in ts  i n  the  
t i o n  i n  the wake reg ion,  t he  reg ion behind the  a i r f o i l .  
values: pos i t i ve  i n tege rs  less than JTETOP. Defaul t  value: 15. 

The value of t he  index zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj 
I n  t h e  case of an 0-type g r id ,  t h e  va lue given f o r  JTETOP w i l l  be 
ignored and overwr i t ten wi th  JMAX. 
i s  used, and JTETOP and JTEBOT must s a t i s f y  the  r e l a t i o n  
JTEBOT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1 = JMAX - JTETOP t o  ensure t h a t  t he re  w i l l  be the  same 
number of po in ts  i n  the  
Acceptable values: 
Defaul t  value: 86. 

For C-type g r ids  t h i s  parameter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 di rec-  

Acceptable 

a t  t h e  upper-surface t ra i l ing-edge point .  

For C-type g r ids  t h i s  parameter 

5 d i r e c t i o n  above and below the  wake-line. 
i n tege rs  g rea te r  than JTEBOT and less than 140. 

The thickness r a t i o  of t h e  NACA OOXX a i r f o i l  (e.g. ,  TR = 0.12 
y ie lds  an NACA 0012). Ignored i f  NAIRF > 2. Acceptable values: 
real numbers between 0.0 and 1.0. Defaul t  value: 0.12. 

The value of x a t  the  leading edge of t h e  a i r f o i l .  I f  
NIBDST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 5,  t he  body w i l l  be s h i f t e d  t o  p lace t h e  leading edge a t  
x = XLE. I f  NIBDST = 5,  XLE w i l l  be overwr i t ten w i th  the  va lue 
appropr iate t o  the  given body shape. Acceptable values: a l l  real 
numbers. Defaul t  value: 0.0. 

The value of x a t  the  t r a i l i n g  edge of t h e  a i r f o i l .  I f  
NIBDST < 5 ,  the  body w i l l  be scaled t o  p lace  t h e  t r a i l i n g  edge a t  
x = XTE. I f  NIBDST = 5 ,  XLE w i l l  be overwr i t ten wi th  the  va lue 
appropr iate t o  the  given body shape. Acceptable values: a l l  real 
numbers greater  than XLE. Defaul t  value: 1.0. 

This parameter determines what shape w i l l  be used f o r  t he  ou ter  
boundary. For 0-type g r ids  (NTETYP equals  1 o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) t h e  fo l lowing 
th ree  shapes are ava i lab le .  
See RADOB (below) and XOBCNT ( i n  SGRID2). I f  NOBSHP = 2 ,  a rect- 
angle with corners rounded by c i r c u l a r  arcs w i l l  be used (see 
f i g .  5 ( a ) ) .  I f  NOBSHP = 3, a cascade shape cons is t i ng  of s t r a i g h t  
l i n e s  connected by c i r c u l a r  arcs w i l l  be  used (see f i g .  5 (b ) ) .  For 
C-type gr ids (NTETYP = 3) two shapes are ava i l ab le .  I f  NOBSHP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  
a rectangle wi th  corners on t h e  l e f t  rounded by c i r c u l a r  arcs w i l l  
be used (see f i g .  5 (c ) ) .  I f  NOBSHP = 5 ,  a cascade shape cons is t ing  
of s t r a i g h t  l i n e s  connected by c i r c u l a r  arcs except on t h e  r i g h t  
end where t h e  s t r a i g h t  l i n e s  i n t e r s e c t  w i l l  be used (see f i g .  5 (d ) ) .  
For NOBSHP equals  2 through 5 ,  see XLEFT, XRIGHT, YBOTOM, YTOP, and 
RCORN below. 
below. I f  NOBSHP - 6 ,  t h e  ou te r  boundary w i l l  be suppl ied by the  
user  on data cards.  See XOB and YOB i n  $GRID3. These po in ts  w i l l  
be used exact ly  as read,  w i th  no i n te rpo la t i on .  Acceptable va lues:  
1, 2 ,  3,  4 ,  5, and 6. Defaul t  value: 1. 

I f  NOBSHP = 1, a c i rc le  w i l l  be used. 

For NOBSHP equals  3 o r  5,  see a l s o  ALAMF and ALAMR 
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y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= YTOP 

+ 
I, 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(a) Rectangular ou te r  boundary f o r  
0-type g r i d s  (NOBSHP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) .  

(b) Cascade ou te r  boundary f o r  0-type 
g r i d s  (NOBSHP = 3).  

y = YTOP 

(c)  Rectangular o u t e r  boundary f o r  (d) Cascade ou te r  boundary f o r  C-type 
C-type g r ids  (NOBSHP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ) .  g r i d s  (NOBSHP = 5). 

Figure 5 . -  Outer boundary shapes. 

NOBDST This parameter is ignored i f  NOBSHP = 6 .  I f  NOBSHP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ,  i t  
determines how the  po in ts  are t o  be d i s t r i b u t e d  on t h e  ou te r  bound- 
a ry .  I f  NOBDST = 1, t h e  po in ts  w i l l  be d i s t r i b u t e d  by equal  inc re-  
ments of the  arc-length on the  ou te r  boundary. I f  NOBDST = 2 ,  t h e  
po in ts  w i l l  be d i s t r i bu ted  by equal  angular increments. 
NOBDST = 2 and a c i r c u l a r  ou te r  boundary (NOBSHP = l ) ,  t he  angles 
are measured about the po in t  x = XOBCNT on t h e  x-axis. For 
NOBDST = 2 
t h e  angles a r e  measured about t h e  o r ig in .  I f  NOBDST = 3 ,  ou te r  
boundary po in ts  w i l l  be d i s t r i b u t e d  i n  an angular fash ion ,  as i n  
t he  case of NOBDST = 2 ,  but  us ing  a set of angles t h a t  t h e  user  
has read i n  on data cards (see a r r a y  OBANGS i n  SGRID3). I n  t h e  case 
of a cascade ou te r  boundary shape (NOBSHP equa ls  3 o r  5) NOBDST 
must equal  1. Acceptable values: 1, 2,  and 3. Defaul t  value: 1. 

For 

and a rectangular ou te r  boundary (NOBSHP equa l  2 o r  4 ) ,  

M O B  Radius of t h e  c i r c u l a r  ou te r  boundary. 
NOBSHP > 1. Acceptable values: a l l  p o s i t i v e  real numbers. 
Defaul t  value: 6.0. 

It is  ignored i f  
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Descr ipt ion 
Var iable 

name 

XLEFT 
XRIGHT 

YBOTOM 
YTOP 

RCORN 

ALAMF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ALAMR 

NORDA 

MAXITA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . .-  . 

XLEFT and XRIGHT are t h e  x-coordinates of t h e  l e f t  and r i g h t  ends, 
respec t ive ly ,  of t h e  ou te r  boundary. They are used f o r  rec tangu lar  
and cascade ou te r  boundary shapes (NOBSHP equals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, o r  5) and 
are ignored i f  NOBSHP equals 1 o r  6. Note t h a t  they are coordi- 
na tes ,  not displacements. Therefore, i n  most cases XLEFT w i l l  have 
a negat ive value. XLEFT must be less than XRIGHT. Acceptable 
values: a l l  real numbers. Defaul t  values: XLEFT = -6.0, 
XRIGHT = 6.0. 

For rectangular ou te r  boundary shapes (NOBSHP equals 2 o r  4), 
YBOTOM and YTOP are t h e  y-coordinates of t h e  bottom and top of t he  
rec tang le ,  respec t ive ly .  For cascade o u t e r  boundaries (NOBSHP 
equals 3 or  5) ,  YBOTOM is the  y-coordinate of t h e  uppermost po in t  
on the  arc below the  a i r f o i l ,  and YTOP is t h e  y-coordinate of t he  
uppermost po in t  on the  a r c  above the  a i r f o i l .  
coordinates,  not displacements, YBOTOM w i l l  i n  most cases be  nega- 
t i v e .  YBOTOM and YTOP are ignored i f  NOBSHP equals 1 o r  6. YBOTOM 
must b e  less than YTOP. Acceptable values: a l l  real numbers. 
Defaul t  values: YBOTOM = -4.0, YTOP = 4.0. 

Since these  are 

The radius of t h e  c i r c u l a r  arcs used t o  round t h e  corners of t he  
rectangular and cascade shapes. RCORN i s  ignored i f  NOBSHP equa ls  
1 o r  6. To prevent a phys ica l l y  impossible s i t u a t i o n ,  t he  inequa l i -  
ties RCORN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1 / 2  (YTOP-YBOTOM) and RCORN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 1 /2  (XRIGHT-XLEFT) must 
be s a t i s f i e d .  Acceptable values: a l l  p o s i t i v e  real  numbers. 
Default value: 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ALAMF and ALAMR are t he  dec l i na t i on  ang les ,  i n  degrees, of t h e  f r o n t  
and rear of t he  cascade ou te r  boundaries, respec t i ve l y  (see f i g .  5) .  
Ei the r  but not both may be zero. Although va lues  up t o  90.0 are 
acceptable,  values above approximately 45.0 are not  recommended, 
s ince  the g r i d s  can become meaningless and convergence d i f f i c u l -  
t ies can r e s u l t .  Acceptable values: real numbers i n  the  range 
-90.0 t o  +90.0. Defaul t  values: 0.0, and 0.0. 

NORDA i s  an a r r a y  having two elements, being t h e  convergence cri- 
teria for  the coarse-f ine so lu t i ons .  NORDA(1) and NORDA(2) are t h e  
numbers of o rde rs  of magnitude by which t h e  maximum co r rec t i on  is 
t o  be reduced f o r  t he  coarse and f i n e  i t e r a t i v e  procedures, 
respec t ive ly .  Note t h a t  these cri teria are sub jec t  t o  t h e  l i m i t s  
imposed by MAXITA, below. Acceptable values: a l l  non-negative 
i n tege rs .  Defaul t  values: 4 and 1. 

MAXITA i s  an a r r a y  having two elements. 
are t h e  l i m i t s  on the  numbers of i t e r a t i o n s  allowed i n  the  coarse 
and f i n e  so lu t i ons ,  respec t ive ly .  I f  i t  is des i red  t h a t  t h e  coarse  
o r  f i n e  so lu t ions  be e n t i r e l y  skipped, then zero may be entered f o r  
t h e  appropr iate element i n  MAXITA. Acceptable values: a l l  non- 
negat ive  i n tege rs .  Default values: 200 and 100. 

MAXITA(1) and MAXITA(2) 
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Variable 
name Descr ipt ion 

JPRT A c o n t r o l  parameter speci fy ing how much p r i n t i n g  i s  t o  be  done. I f  
JPRT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 0, no p r i n t i n g  w i l l  be done, w i th  t h e  except ion of e r r o r  
messages. I f  JPRT = 0 t h e  input  parameters, t he  i nne r  and o u t e r  
boundaries, a convergence h i s t o r y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa b r i e f  examination of t h e  solu- 
t i o n  a t  t h e  boundaries, and any e r r o r  messages w i l l  be p r in ted .  
For t h e  d e f a u l t  case t h i s  is 19 pages of p r i n t .  I f  JPRT > 0, then  
a l l  information l i s t e d  f o r  JPRT = 0 w i l l  be  p r in ted ,  i n  a d d i t i o n  
t o  the  so lu t i on .  The so lu t i on  w i l l  be p r in ted  f o r  a l l  k i n  
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 kmax and j 
JMAX,JPRT." For example, i f  JPRT = 10 and JMAX = 100 then t h e  
s o l u t i o n  w i l l  be  pr inted f o r  J equals 1, 11, 21,  31, 41, 51, 61, 
71, 81, and 91. Thus, JPRT = 1 y i e l d s  t h e  p r i n t i n g  of t h e  solu- 
t i o n  a t  a l l  j and k. What i s  meant by "the so lu t ion , "  t h a t  is,  
which va r iab les  w i l l  be p r in ted  f o r  each of t h e  i nd i ca ted  j and k,  
is  dependent on the  value chosen f o r  NOUT (see below). 
NOUT < 2, t h e  a r r a y s  X and Y w i l l  be p r in ted .  I f  NOUT = 2, X,  
Y and t h e  Jacobians (see eq. ( l l e ) )  w i l l  be pr in ted .  I f  
NOUT = 3, X ,  Y ,  t h e  Jacobians and t h e  metric q u a n t i t i e s  
yc,  and yn 
marized i n  the  t a b l e  following. Acceptable values: a l l  i n t e g e r s .  
Defaul t  value: 0. 

a s  given by t h e  FORTRAN DO loop "DO 26 J=l, 

I f  

xc,  x,,, 
w i l l  be pr inted. The r o l e s  of JPRT and NOUT are sum- 

NPLT 

NOUT 

The number of p l o t s  t o  be  made of t h e  f i n i shed  g r i d ,  assuming t h a t  
t h e  use r  r e t a i n s  the ISSCO DISSPLA software,  as c a l l e d  i n  subrou- 
t i n e  PLAWT. See arrays XMIN,  XMAX, YMIN, and YMAX i n  $GRID3. 
Acceptable values: i n tege rs  i n  the  range 0 t o  100 inc lus i ve .  
Default value: 0. 

A parameter con t ro l l i ng  t h e  output of t h e  g r id  by unformatted 
w r i t e s  on u n i t  7 f o r  p lacing on a m a s s  s to rage  device.  I f  
NOUT = 0 t h e r e  w i l l  be no such wr i t ing .  I f  NOUT = 1, then X and 
Y a r r a y s  w i l l  be wr i t t en .  I f  NOUT = 2, t h e  X and Y a r rays  and 
t h e  Jacobians (see eq. ( l l e ) )  w i l l  be wr i t t en .  I f  NOUT = 3, the 
X and Y ar rays ,  t h e  Jacobians, and the  metric q u a n t i t i e s  xc,  x,,, 
yc, and y, The unformatted writes on u n i t  7 are 
f o r  a l l  j i n  1 5 j 5 j,, and a l l  k i n  1 I k s kax. The 
record s t r u c t u r e  of these d a t a ,  which one must know before  coding 
t h e  corresponding read s ta tements ,  i s  e a s i l y  ascer ta ined by examin- 
i ng  subrout ine  OUTPUT. Acceptable values: 0, 1, 2 ,  and 3. 
Default value: 1. 

w i l l  be wr i t ten .  
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Table for JPRT and NOUT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'._ 

This table shows what is written on the printer (logical unit no. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 )  and 
as an unformatted write (logical unit no. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7)  for all acceptable combinations 
of input values for JPRT and NOUT. Note that arrays X, Y, the Jacobian, and 
the metric quantities 
values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj (see JPRT in $GRIDl), but unformatted writes are for all j. Not 
shown on this chart are error messages, which are printed unconditionally. 

xc, x,,, YE, and y,, are printed for only selected 

Written on 
printer 

(unit 6) 

Written as 
unformatted 
(unit 7) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 0  

N - 1  

0 

U 

- 2  

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 3  

< o  

No thing 

Jacobians 

J P R T  

Input, boundaries, Input, boundaries, 
conv. history conv. history 
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Input, boundaries, Input, boundaries, 
conv. history conv . history \ (default ) 

x, Y 

Input, boundaries, Input, boundaries, 
conv. history conv. history 

Jacobians 

Input, boundaries, Input, boundaries, 
conv. history conv. history 

Metric 
quantities 



Variables i n  NAMELIST $GRID2 

Var iable 
name Descr ipt ion 

NLETYP Control  v a r i a b l e  speci fy ing what type of lead ing  edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis used. I f  
NLETYP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1, i t  i s  assumed t h a t  t h e  lead ing  edge i s  b lun t  (rounded). 
NLETYP should be set t o  2 i f  t h e  use r  i s  supply ing h i s  own a i r f o i l  
(NIBDST = 5) and t h a t  a i r f o i l  has a sharp  lead ing  edge and t h e r e  i s  
a gr id  po in t  a t  t h e  leading edge. NLETYP should be set t o  3 i f  t h e  
user  i s  supplying h i s  own a i r f o i l  and t h a t  a i r f o i l  has  a sharp  . . 

leading edge and t h e  leading edge is midway between two g r id  po in ts . -  
Acceptable values: 1, 2 ,  and 3. Defaul t  value: 1. 

BINN The parameter used i n  c l u s t e r i n g  po in ts  on t h e  a i r f o i l  f o r  
NIBDST = 2. 
l ead ing  and t r a i l i n g  edges. Inc reas ing  BINN causes t h e  inner  
boundary point  d i s t r i b u t i o n  t o  approach equa l  spacing as a func t ion  
of su r face  arc-length. 
Acceptable values: a l l  real  numbers g r e a t e r  than 1. Defaul t  
value: 1.1. 

Reducing BINN causes po in ts  t o  be moved toward the  

BINN is ignored i f  NIBDST is  no t  equal  t o  2. 

JDIST The number of p o i n t s  supplied by t h e  user  i n  de f i n ing  h i s  own d is -  
t r i b u t i o n  func t ion  for  t h e  po in ts  on t h e  body ( a i r f o i l ) .  See 
a r r a y  DIST i n  $GRIDS. Ignored i f  
NIBDST is  not  equa l  t o  4. 
range 4 t o  241, inc lus ive .  Default value: 0. 

JDIST need not equa l  JMAX. 
Acceptable values: 0 or  i n t e g e r s  i n  t h e  

JCAMBR I f  JCAMBR = 0 t h e  a i r f o i l  w i l l  not be cambered. I f  JCAMBR > 0 
then t h e  a i r f o i l ,  regard less  of t he  shape o r  how i t  w a s  spec i f i ed ,  
w i l l  be cambered by GRAPE, us ing  a camber l i n e  def ined by JCAMBR 
po in ts  s to red  i n  arrays CAMBRX and CAMBRY i n  SGRID3. Acceptable 
values: 0 o r  i n tege rs  i n  t h e  range 4 t o  140, i nc lus i ve .  Defaul t  
value: 0. 

XTFRAC Ignored f o r  O-type gr ids (NTETYP < 3) .  For C-type g r i d s  
(NTETYP = 3) t h e  x-coordinates of po in ts  on t h e  i nne r  boundary 
rearward of t he  t r a i l i n g  edge w i l l  be d i s t r i b u t e d  by an exponent ia l  
s t r e t c h i n g  g iv ing  increasing s tep-s ize  w i th  i nc reas ing  x. The 
s t r e t c h i n g  i s  calculated so t h a t  t he  x-spacing of t h e  f i r s t  i n t e r -  
v a l  rearward of t h e  t r a i l i n g  edge is equa l  t o  some constant mult i -  
p l i e r  t i m e s  t h e  x-spacing of t he  last i n t e r v a l  on the  body. 
XTFRAC is  t h a t  constant m u l t i p l i e r .  Acceptable values: a l l  posi- 
t i v e  real numbers. Default value: 1.0. 

ROTANG I f  ROTANG = 0.0, t h e  a i r f o i l  w i l l  not  be r o t a t e d ,  t h a t  is, placed 
a t  an angle of a t t a c k ,  by t h e  program. I f  ROTANG is no t  equa l  t o  
zero,  then i t  i s  taken as t h e  angle,  i n  degrees, t h a t  t h e  a i r f o i l  
is t o  be ro ta ted .  Acceptable values: real  numbers between -90.0 
and +90.0. Defaul t  value: 0.0. 
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Variable 
name 

ROTCTR 

XOBCNT 

OMEGA 

OMEGP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0-w 

OMEGR 
OMEGS 

PLIM 
QLIM 
RLIM 
SLIM 

DSOBI 

Description 

Ignored if ROTANG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.0. If ROTANG is not equal to zero, then the 
airfoil will be rotated about a point on the x-axis at x = ROTCTR. 
Acceptable values: all real numbers. Default value: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0. 

Used only in cases having a circular outer boundary (NOBSHP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1). 
The circle will be centered on the x-axis at x = XOBCNT. Must 
be consistent with values given for XLE, XTE, and M O B ,  that is, 
the outer boundary must not pass inside of the body. Acceptable 
values: all real numbers. Default value: 0.0. 

Relaxation parameter used in SLOR solution processes for x and y. 
Increasing OMEGA may lead to more rapid convergence, but numerical 
instability may also result. 
effects. Acceptable values: real numbers in the range 0.0 to 2.0. 
Default value: 1.3. 

Decreasing OMEGA has the opposite 

OMEGP and OMEGQ are the relaxation parameters used in solving for 
p and q as in equation (17). Changes in these parameters produce 
results similar to those in OMEGA. The effects of controlling 
angles and spacing at the inner boundary are disengaged by setting 
OMEGP and OMEGQ to zero. Acceptable values: real numbers in the 
range 0.0 to 2.0. Default values: 0.3. 

OMEGR and OMEGS are the relaxation parameters used in solving for 
r and s as in equation (17). Changes in these parameters produce 
results similar to those in OMEGA. The effects of controlling 
angles and spacing at the outer boundary are disengaged by setting 
OMEGR and OMEGS to zero. Acceptable values: real numbers in the 
range 0.0 to 2.0. Default values: 0.3. 

PLIM, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQLIM, RLIM, and SLIM are limitation factors used in solving 
for p, q, r, and s as in equation (17). Changes in these param- 
eters produce results similar to those in OMEGA. Acceptable 
values: real numbers between 0.0 and 100.0. Default values: 1.0. 

If it is desired that a constant value be used for S that 

is, the distance to be imposed along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = constant lines between 
the outer boundary (at k = &ax) and the adjacent grid node (at 
k - kmax - l), for every j in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1. j jmxr then that value 
should be entered in DSOBI. Alternatively, as indicated by 
DSOBI - 0.0, any set of values may be entered into array DSOB(J) in 
$GRID3. Distances are measured in x,y "units." It is recommended 
that values for 

result if the grid points were equally spaced between inner and 
outer boundaries. Acceptable values: all nonnegative real numbers. 
Default value: 0.0 (in the default case the constant value 0.2 is 
stored in every element of the array DSOB(J)). 

be less than 4 times that which would I k'kmax 
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. . . , - - .  -... .... . _ _ . .  . .  . . _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Descr ip t ion  

I f  i t  is des i red  t h a t  a cons tan t  va lue  be used f o r  t h a t  is, 
t h e  angles w i th  which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = cons tan t  l i n e s  i n t e r s e c t  t h e  i nne r  
boundary, f o r  every j i n  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI jmax, then t h a t  va lue  should be  
entered i n  THETAI. A l te rna t ive ly ,  as i nd i ca ted  by THETAI = 0, any 
set of va lues  may be entered i n t o  a r r a y  THETA(J) i n  $GRID3. 
ang les  are measured i n  degrees, and are measured about t h e  i n n e r  
boundary po in ts  from the i nne r  boundary clockwise t o  the  
s t a n t  l i n e s  i n  t h e  i n t e r i o r ,  w i th  THETAI = 90.0 i n d i c a t i n g  
or thogona l i t y .  Acceptable values: real numbers between 0.0 and 
180.0. Defaul t  value: 0.0 ( i n  t h e  d e f a u l t  case t he  cons tan t  va lue  
90.0 i s  s tored  i n  every element of t h e  a r r a y  THETA(J)). 

For cascade cases (NOBSHP equa ls  3 o r  5) t h e  8 I k = b x ,  t h a t  is ,  

t h e  ang les  w i th  which 5 = cons tan t  l i n e s  i n t e r s e c t  t h e  ou te r  
boundary, are determined i n t e r n a l l y  by GRAPE such t h a t  p e r i o d i c i t y  
between cascade elements is  requ i red .  That is ,  i n  t hese  cases, f o r  
those p a r t s  of the  outer boundary which touch on adjacent cascade 
elements, t h e  8 k = b  are chosen t o  r e q u i r e  t h a t  t h e  5 = con- 

s t a n t  l i n e s  are v e r t i c a l  ( p a r a l l e l  t o  t h e  y-axis) a t  t h e  ou te r  
boundary rega rd less  of va lues  chosen f o r  ALAMF and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAALAMR. 
f o r  NOBSHP equa l  t o  3 o r  5, THOBI i s  ignored. For NOBSHP not equa l  
t o  3 or  5,  i f  i t  i s  des i red  t h a t  a cons tan t  va lue  be used f o r  
8 / k = b a x  f o r  every j i n  1 S j S jmax, then t h a t  va lue  should 

be entered i n  THOBI. Al te rna t i ve l y ,  as i nd i ca ted  by THETAI = 0.0, 
any set of va lues  may be entered i n t o  t h e  a r r a y  THETOB(J) i n  
$GRID3. These angles are measured i n  degrees, and are measured 
about t h e  ou te r  boundary po in ts  from t h e  ou te r  boundary clockwise 
t o  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 = constant l i n e s  i n  t h e  i n t e r i o r ,  w i th  THOBI = 90.0 
i n d i c a t i n g  orthogonal i ty.  Acceptable values: real numbers between 
0.0 and 180.0. Default value: 0.0 ( i n  t h e  d e f a u l t  case t he  con- 
s t a n t  va lue  90.0 is stored i n  every element of t h e  a r r a y  THETOB(J)). 

These 

5 = con- 

I ax 

Thus, 

Var iable 
name 

THETAI 

THOBI 

AAAI 
BBBI 

CCCI  
DDDI 

I f  i t  is des i red  t h a t  constant va lues  be used f o r  a and b ,  posi- 
t i v e  cons tan ts  appearing i n  equat ions (5), f o r  every j i n  
1 5 j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 jmax, then those va lues  should be entered  i n  AAAI and BBBI. 
Al te rna t i ve l y ,  as indicated by AAAI and BBBI equal t o  zero ,  any set 
of va lues  may be  entered i n t o  t h e  a r r a y s  AAA(J) and BBB(J) i n  
$GRID3. Smaller values (e.g., 0.2) f o r  a and b cause t h e  e f f e c t s  
of ang le  con t ro l  and con t ro l  of S, 
propagated f a r  i n t o  the i n t e r i o r  of t he  g r i d ,  bu t  convergence d i f -  
f i c u l t i e s  can r e s u l t .  Larger va lues  (e.g., 0.7) have t h e  oppos i te  
e f f e c t .  Acceptable values: a l l  real numbers g rea te r  than 0.0. 
Defaul t  value: 0.0 ( in t h e  d e f a u l t  case t h e  constant va lue  0.45 is 
s t o r e d  i n  every element of t he  a r r a y s  AAA(J) and BBB(J)). 

a t  t h e  i nne r  boundary t o  be 

I f  i t  i s  des i red  t h a t  constant values be used f o r  
t i v e  cons tan ts  appearing i n  equat ion (3 ) ,  f o r  every j i n  

c and d ,  posi- 
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Variable 
name 

TEOPEN 

WAKEP 

Variable 
name 

DS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(J) 

DSOB (J) 

Descr ipt ion 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 j 5 jmX, then those values should be entered i n  CCCI  and DDDI .  
Al te rna t ive ly ,  as i nd ica ted  by CCCI  and DDDI equa l  t o  zero ,  any set 
of values may be entered i n t o  the  a r rays  CCC(J) and DDD(J) i n  
$GRID3. Smaller values (e.g., 0.2) f o r  c and d cause t h e  e f f e c t s  
of angle con t ro l  and c o n t r o l  of S, a t  t h e  ou te r  boundary t o  be 
propagated f a r  i n t o  t h e  i n t e r i o r  of t h e  g r i d ,  bu t  convergence d i f f i -  
c u l t i e s  can r e s u l t .  Larger values (e.g., 0.7) have t h e  oppos i te  
e f f e c t .  Acceptable values: a l l  real numbers g r e a t e r  than 0.0. 
Default value: 0.0 ( i n  the  d e f a u l t  case t he  constant va lue  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.45 is 
s to red  i n  every element of t h e  a r r a y s  CCC(J) and DDD(J). 

The d is tance across  the  open t r a i l i n g  edge of t h e  a i r f o i l .  For 
NIBDST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.z 5 ,  input values f o r  t h i s  parameter are ignored and TEOPEN 
i s  computed i n t e r n a l l y .  For NIBDST = 5 ,  t he  use r  supp l ies  the  
body shape, not necessa r i l y  an a i r f o i l ,  and t h a t  shape is t o  be used 
exac t l y  as read, wi th no i n t e r p o l a t i o n .  
g r i d s ,  TEOPEN must be supp l ied  by t h e  user .  TEOPEN = 0.0 i n d i c a t e s  
t h a t  t h e  body shape has a closed t r a i l i n g  edge. 
a l l  nonnegative real numbers. Defaul t  value: 0.0. 

I n  t h i s  case, f o r  O-type 

Acceptable values: 

Ignored f o r  O-type g r i d s  (NTETYP < 3). For C-type g r i d s  
(NTETYP = 3) t h i s  parameter e f f e c t s  the  exponent ia l  s t r e t c h i n g  i n  
the  x-direct ion of inner  boundary po in ts  i n  t h e  wake region. 
Decreasing WAKEP causes wake po in ts  t o  be s h i f t e d  c l o s e r  t o  the  
a i r f o i l ,  away from the  rear boundary, t h a t  is, decreasing WAKEP 
causes the exponent ia l  s t r e t c h i n g  t o  i nc rease  more slowly w i th  
increasing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx near t h e  a i r f o i l  and more rap id l y  near t h e  rear 
boundary. Inc reas ing  WAKEP has the  oppos i te  e f f e c t .  Extreme values 
of WAKEP can cause a f a t a l  e r r o r  i n  subrout ine INNER. Recommended 
values a re  i n  t h e  range 0.5 t o  1.5. Acceptable values: a l l  posi- 
t i v e  real numbers. Defaul t  value: 1.0. 

Variables i n  NAMELIST $GRID3 

Descr ipt ion 

Ignored i f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANDS ( i n  $GRID l )  equa ls  1. For NDS = 2,  DS is t h e  a r r a y  
i n t o  which a set of values f o r  S rl which vary  f o r  d i f f e r e n t  j 

may be entered. See DSI i n  $GRID l .  Acceptable values: a l l  posi- 
t i v e  real numbers. Defaul t  values: 0.01 f o r  every j. Number of 
elements t h a t  must be spec i f i ed  ( i f  any): JMAX. 

rl Ik 

which vary f o r  The array i n t o  which a set of values f o r  

d i f f e r e n t  j may be entered. See DSOBI i n  $GRID2. Acceptable 
values: a l l  p o s i t i v e  real numbers. Defaul t  values: 0.2 f o r  every 
j. Number of elements t h a t  must be spec i f i ed  ( i f  any): JMAX. 

I k'kmax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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. . ... - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Variable 

name Descr ip t ion  

THETA(J) The a r r a y  i n t o  which a set of va lues  f o r  elktl which vary f o r  
d i f f e r e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj may be entered. See THETA1 i n  $GRID2. Acceptable 
values: real numbers between 0.0 and 180.0. Defau l t  values: 
90.0 f o r  every j. Number of elements t h a t  must be  spec i f i ed  ( i f  
any): JMAX. 

THETOB(J) The a r r a y  i n t o  which a set of va lues  f o r  8 I k3GaX which vary f o r  

d i f f e r e n t  j may be entered. See THOBI i n  $GRID2. THETOB is 
ignored f o r  cascade o u t e r  boundaries (NOBSHP equals 3 o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ) .  
Acceptable values: r e a l  numbers between 0.0 and 180.0. Default 
values: 90.0 f o r  every j. Number of elements t h a t  must be 
spec i f i ed  ( i f  any): JMAX. 

DIST(J) Ignored i f  NIBDST i s  not equa l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 
a r r a y  of va lues  def in ing t h e  d i s t r i b u t i o n  func t ion  f o r  i nne r  (air- 
f o i l )  boundary points.  
be thought of as a function having as a range t h e  i nne r  boundary 
arc-length normalized t o  go from 0 t o  1, and as domain 5 f o r  
0 I 5 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASmX. 
i n d i c a t e s  dense a i r f o i l  po in t s  f o r  thg  corresponding values of 
The converse is a l s o  t rue .  Acceptable values: a monotonically 
i nc reas ing  a r r a y  of numbers w i th  DIST(1) - 0.0 and 
DIST(JD1ST) = 1.0. See JDIST i n  $GRID2. Defaul t  values: 0.0 f o r  
every j ( i n  t h e  de fau l t  case DIST is ignored).  Number of elements 
t h a t  must be spec i f ied  ( i f  any): JDIST. 

For NIBDST = 4, DIST i s  an 

The inne r  boundary po in t  d i s t r i b u t i o n  could 

Successive va lues  of DIST changing by a small  amount 
5 .  

AIRFX(J) AIRFX and AIRFY are ignored i f  NAIRF i s  no t  equa l  t o  5 .  For . 
AIRFY(J) NAIRF = 5 ,  t he  absc issas  of p o i n t s  de f i n ing  t h e  user-supplied air- 

f o i l  should be entered i n  AIRFX, and t h e  o rd ina tes  should be 
entered i n  AIRFY. Points should be  ordered clockwise from the  
t r a i l i n g  edge. 
(NIBDST = 3), the  f i r s t  and last values of AIRFX t h a t  are spec i f i ed  
must be equal  ( thus  the e n t i r e  a i r f o i l  i s  descr ibed) .  Acceptable 
values: a l l  real numbers. Defaul t  values: 0.0 f o r  a l l  j ( i n  
t h e  d e f a u l t  case AIRFX and AIRFY are ignored and an NACA 0012 air- 
f o i l  is computed). 
any) : JAIRF . 

I f  the given a i r f o i l  is  t o  be i n te rpo la ted  

Number of elements t h a t  must be spec i f i ed  ( i f  

CAMBRX(J) Ignored i f  JCAMBER (in $GRID21 i s  equa l  t o  zero. I f  JCAMBR i s  not  
CAMBRY(J) equa l  t o  zero,  then coordinates descr ib ing  a camber l i n e  should be 

s to red  i n  CAMBRX and CAMBRY. Abscissas are s to red  i n  CAMBRX and 
o rd ina tes  are s tored  i n  CAMBRY. Acceptable values f o r  CAMBRX: a 
monotonically inc reas ing  a r r a y  w i th  CAMBRX(1) = 0.0 and 
CAMBRX(JCAMBR) 5 1.0. Acceptable va lues  f o r  CAMBRY: a l l  real 
numbers. Default values: 0.0 f o r  every j ( i n  t h e  d e f a u l t  case 
CAMBRX and CAMBRY are ignored).  Number of elements t h a t  must be 
spec i f i ed  ( i f  any): JCAMBR. 
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Variable 
name 

OBANGS (J) 

XOB (J) 
YOB (J) 

XMIN (N) 

YMIN(N) 
XMAX (N) 

YMAX (N) 

Ignorec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi NOBDST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 

Descr ipt ion 

(see S G R I D l ) .  For NOBDST = , OBANGS is  an 
a r ray  of angles,  measured i n  degrees, de f i n ing  the  d i s t r i b u t i o n  of 
po in ts  on t h e  ou te r  boundary. 
of t h i s  parameter, s i n c e  t h e  range of values required i s  never 
exac t l y  0.0 t o  360.0, and varies depending on NTETYP. I f  
NTETYP = 1, OBANGS must go from 0.0 t o  one angular increment less 
than 360.0. I f  NTETYP = 2, OBANGS must go from one ha l f  of an 
angular increment t o  one ha l f  of an angular increment less than 
360.0. 
ness, i f  any. I f  NTETYP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  OBANGS must go from arc tangent  
(YBOTOM/XRIGHT) t o  360.0-arctangent(YTOP/XRIGHT). Acceptable 
values: a monotonically inc reas ing  a r r a y  of numbers, w i th  range as 
indicated above. Defaul t  values: 0.0 f o r  every j ( i n  the  d e f a u l t  
case OBANGS is  ignored).  Number of elements t h a t  must be spec i f i ed  
( i f  any): JMAX. 

Caution i s  recommended i n  t h e  use 

Further complicating t h e  above is t he  t ra i l ing-edge open- 

Ignored i f  NOBSHP < 6 (see SGRID1).  For NOBSHP = 6, t he  user  
supp l i es  an ou ter  boundary by en te r ing  t h e  
po in ts  def in ing t h a t  shape i n  XOB and YOB, respec t ive ly .  These 
po in ts  w i l l  be u s e d e x a c t l y  as read w i th  no i n t e r p o l a t i o n .  The 
po in ts  should be  ordered clockwise from the  rear. 
values: a l l  real numbers. Default values: 0.0 f o r  a l l  j ( i n  t h e  
de fau l t  case XOB and YOB are ignored). 
be spec i f ied  ( i f  any): JMAX. 

x and y coordinates of 

Acceptable 

Number of elements t h a t  must 

These four a r r a y s  are ignored i f  the  use r  does not r e t a i n  the  code 
t h a t  calls the  ISSCO DISSPLA p l o t t i n g  sof tware,  of i f  NPLT = 0 
(see $ G R I D l ) .  
and these a r r a y s  de f i ne  the  square region of t h e  g r id  which w i l l  
f i l l  t h e  p i c tu re .  
i t  w i l l  be enlarged t o  f i l l  t h e  p i c tu re .  Thus, a series of pic-  
t u res  of t h e  whole g r id  o r  "snapshot enlargements" of any p a r t ( s )  
of t h e  grid or both can be made. 
the  x-coordinate of t he  l e f t  s i d e  of t h e  square,  XMAX(N) is the  
x-coordinate of t he  r i g h t  s i d e  of t he  square,  YMIN(N) i s  t he  
y-coordinate of t he  bottom of t he  square,  and YMAX(N) is t h e  
y-coordinate of t he  top of t h e  square. 
is  indicated, t h e  s h o r t e r  s i d e s  of t he  rec tang le  w i l l  be lengthened 
t o  make a square and avoid a "stretched" p l o t .  
t r i c k  that  can f a c i l i t a t e  use of t hese  four a r rays .  For example, 
i f  XMIN and XMAX are set,  as spec i f i ed  above, t h e i r  values can be 
used t o  not only de f i ne  t h e  s i z e  of t h e  square ( t h e i r  d i f f e rence  
is t he  length of a s i d e ) ,  but  t o  a l s o  i n d i c a t e  the  x-coordinate of 
i ts  center ( t h e i r  average). The y-coordinate of t h e  cen te r  can 
then be  entered i n  both YMIN and YMAX. 
1.1, 0.0, and 0.0 i n  XMIN,  XMAX, YMIN,  and YMAX, r espec t i ve l y ,  
produces a p l o t  of a square region 0.2 u n i t s  on a s i d e ,  centered on 
t h e  x-axis a t  x = 1.0. The r o l e s  of x and y can be interchanged 

Otherwise p l o t s  of t h e  f i n i shed  g r id  w i l l  be made, 

I f  a s m a l l  square region of t h e  g r id  is  s p e c i f i e d  

For t h e  Nth p i c t u r e ,  XMIN(N) i s  

I f  a non-square rec tang le  

Thus, t h e r e  is a 

For example, en te r ing  0.9, 

32 



Var iab le 
name zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- ~~ ~~ ~~ 

. .  . . . . . .  ...- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . . . . I .  . . ., .. . . . .. 

Descr ip t ion 

i n  t h i s  t r i c k .  Acceptable values: a l l  real numbers such t h a t  
XMIN(N) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 XMAX(N) and YMIN(N) 5. YMAX(N), and i n  at  least one of 
those re la t i onsh ips  the  i nequa l i t y  ob ta ins ,  f o r  a l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN i n  
1 5 N 1. NPLT. Default values: 0.0 f o r  a l l  N ( i n  t h e  d e f a u l t  case 
no p l o t s  are made). 
( i f  any): NPLT. 

Number of elements t h a t  must be spec i f i ed  

U(J) Arrays i n t o  which sets of va lues f o r  the p o s i t i v e  cons tan ts  a, b,  
BBB (J) c, and d i n  equat ion (3) may be entered.  See AAAI, BBBI, CCCI,  
CCC (J) and DDDI i n  $GRID2. Acceptable values: a l l  real numbers g rea te r  
DDD (J) than  0.0. Defaul t  values: 0.45 f o r  every j .  Number of elements 

t h a t  must be  spec i f ied  ( i f  any): JMAX. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SAMPLE CASES 

Sample Case No.  1 

Required d a t a  cards 

Number of i t e r a t i o n s  required f o r  convergence 
89 coarse 
6 f i n e  

7600 C.P.U. t i m e  f o r  run 
3.206 sec without p l o t s  
7.805 sec with p l o t s  

Number of po in ts  i n  mesh: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4900 

With t h e  exception t h a t  p l o t s  are made, t h i s  is t h e  d e f a u l t  case. It i s  
a 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 49 po in t ,  0-type g r i d  about an NACA 0012 a i r f o i l ,  modified t o  have a 
sharp t r a i l i n g  edge. 
normal t o  t h e  a i r f o i l ,  Solkll, i s  requested t o  be 0.01 u n i t s .  

leng th  equa ls  1 un i t .  
circle plane mapping. 
t e red  a t  t h e  or ig in .  
angular increments. 
four  o rders  of magnitude on the  coarse  s o l u t i o n  and by one on the  f i n e .  The 
r e s u l t i n g  g r id  is i l l u s t r a t e d  by t h e  p l o t s  made by t h i s  run, which appear i n  
f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 .  

There i s  a gr id  po in t  a t  t h e  t r a i l i n g  edge. Spacing 

The a i r f o i l  spans the  i n t e r v a l  0 t o  1 on the  x-axis, t he re fo re  t h e  chord 
D is t r i bu t i on  of po in ts  on t h e  a i r f o i l  i s  taken from a 
The ou te r  boundary is a circ le of rad ius  6 u n i t s ,  cen- 

The convergence cri teria are t h a t  CMAX be reduced by 
Po in ts  are d i s t r i b u t e d  on t h e  ou te r  boundary by equal  
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. .. ._ .. .. . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . _ I  

Figure 6 . -  Sample case no. 1 (default case).  (a) Entire grid, showing outer 
boundary. (b) Region near a i r f o i l .  (c) Close-up of leading edge. 
(d) Close-up of t r a i l i ng  edge. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

35 



Sample Case No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Required d a t a  cards 

Number of i t e r a t i o n s  required f o r  convergence 
100 coarse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 f i n e  

7600 C.P.U. t i m e  f o r  run 
3.397 sec without p l o t s  
7.908 sec w i t h  p l o t s  

Number of po in ts  i n  mesh: 4900 

This case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis i d e n t i c a l  t o  case no. 1 except t h a t  i t  i l l u s t r a t e s  t h e  
NDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1 f ea tu re .  Grid spacing normal t o  t h e  a i r f o i l  is requested t o  be equal 
to t h e  spacing along t h e  a i r f o i l  sur face .  
f i g u r e  7 .  

This g r i d  i s  i l l u s t r a t e d  i n  
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Figure 7 . -  Sample case no. 2 ( identical to  default case except NDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1 ) .  
(a) Region near a i r f o i l .  
t ra i l ing  edge. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) Close-up of leading edge. (c) Close-up of 
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Sample Case No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

Required d a t a  cards  

Number of i t e r a t i o n s  required f o r  convergence 
102 coarse  
42 f i n e  

7600 C.P.U. t i m e  for  run 
14.507 sec without p l o t s  
21.896 sec with p l o t s  

Number of po in ts  i n  mesh: 7000 

This case is a C-type g r id ,  brought about by s e t t i n g  NTETYP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3. For 
C-type g r i d s  i t  i s  necessary t o  choose a proper ou ter  boundary shape, i n  t h i s  
case a rec tang le  (NOBSHP = 4). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
foil boundary points by formula (NIBDST = 2, BINN = 1 .2 ) .  
case is a Laplacian ou te r  boundary treatment (OMEGR = O . ,  OMEGS = 0.). 

This case i l l u s t r a t e s  the  d i s t r i b u t i o n  of air- 
Also seen i n  t h i s  

This case a l s o  has a small spacing normal t o  t h e  a i r f o i l  su r face  
(DSI = 0.005). 
t h a t  i s  l e g i b l e  i n  the accompanying f i gu res .  
t h a t  are usua l l y  required t o  produce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa viscous g r i d  are seen. 
( i n  a previous run) t h a t  t he  angles w i th  which t h e  
sec ted  t h e  
varying. 
w a s  then found t h a t  those angles were not c l o s e  enough t o  90". 
rec ted  by reducing a and b from t h e i r  d e f a u l t  values of 0.45 (AAAI = 0.3, 
BBBI = 0.3). 

This is not  exac t l y  a viscous spacing, bu t  i t  is t he  smallest 
Some of t h e  a d d i t i o n a l  measures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 = constant l i n e s  i n t e r -  
x-axis, i n  the  wake region, were s c a t t e r e d ,  t h a t  is, not smoothly 

This w a s  cor- 

It w a s  found 

This i s  corrected by requ i r i ng  more convergence (NORDA = 6,3). It 

The r e s u l t i n g  g r id  is shown i n  f i g u r e  8. 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.- Sample case no. 3 (C-type 
gr id) .  (a) Entire grid, showing 
outer boundary. (b) Region near 
a i r f o i l .  (c) Close-up of leading 
edge. (d) Close-up of t ra i l ing  
edge. 
t ra i l ing  edge showing normal 
approach of 
inner boundary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9 Very c lose  view of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= constant l ine  to  
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Sample Case No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Required d a t a  cards 

Number of i t e r a t i o n s  requ i red  f o r  convergence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
163 coarse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 6 f i n e  

7600 C.P.U. t i m e  for  run 
10.411 sec without p l o t s  
29.553 sec with p l o t s  

Number of po in ts  i n  mesh: 9660 

This case is  an 0-type g r i d  f o r  a cascade (NOBSHP = 3). The a i r f o i l  is  
an NACA 0012, cambered according t o  a c i r c u l a r  arc (given by CAMBRX and 
CAMBRY). Although the  a i r f o i l  i s  modified t o  have a closed t r a i l i n g  edge, t h e  
spacing on the  a i r f o i l  is chosen such t h a t  t h e  t r a i l i n g  edge i s  midway between 
two po in ts  (NTETYP = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) .  The f r o n t  (upstream) end of t h e  g r id  i s  decl ined a t  
30" from t h e  x-axis and the  rear (downstream) a t  20' ( spec i f i ed  by ALAMF and 
ALAMR) . 

I 

A previous run showed t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = constant l i n e s  i n t e r s e c t i n g  t h e  upper and 
lower boundaries i n  a manner s i g n i f i c a n t l y  dev ian t  from v e r t i c a l .  To improve 
t h i s  c and d were decreased (CCCI = 0.3, DDDI  = 0.3). The r e s u l t s  are shown 
i n  f i g u r e  9. 
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(a) Several cycles of entire grid, showing periodicity in vertical direction. 

Figure 9.-  Sample case no. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 (cascade). 
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(b) Front (upstream) end. 

Figure 9.- Continued. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAORIGINAL PAGE IS 

OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOOR Q U A u n  



. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARegion near a i r f o i l .  

Figure 9 . -  Continued. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 3  



(d) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARear (downstream) end. 

Figure 9.- Continued. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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(e) A i r fo i l .  ( f )  Close-up of leading zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAedge. 

(8) Close-up of t ra i l ing  edge. 

Figure 9 . -  Concluded. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Sample Case No. 5 

Required d a t a  cards zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L G& zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 D 1  NTETY P13r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANI a05 T =  50 J TE B O T S 1 8  JTE T O P  -61, JHAX -61, JA IR F.61, 
N O B S H P I b r  NAIRF-5r NPLf.  6 ,  DS1.o  5E-4, NORDA=6r3S 
OGk102 OSO011.050 AAAL=*6, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb a B h 6 r  CCCI-06, D L ) 0 1 ~ 0 6 p  

O M E G A = l .  1, U H E G Y ~ * l r  O4EGQ=e1, 0flEGS.o 1, O h E G S - o l r  
?L IH=o5 ,  QLLM'o4r RLlR=of, SLIh=o5S 
S6kXD3 AIRfk=2o, 

1.91504336, 1.03008672, 1.74513008, 1.66017344, 1.515216800 
1049026016r 10 4053O3521 103203C61)dr 10 23539024, 1015043360~ 1006547696~ 

m98052032~ e89556368r e01062990r 726732851 064486619, 56564480 ,  
e48905190r m41745466, .349590070 e286562841 m22884175~ 176856G9, 
el3099249, *09159207~ a05894786, 003330266, 001486719, 000371871~ 

O O L G ~ G O ~ O C B  .C0371C71, 001464719r 003330266, 005894186, e091592070 
13099249, 1768 5 6099 2 28 b6175r 2865 628 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41 349 590070 4 1 7  4 54  6 6 ,  

e4896519i.Jp o56564480, .64486819~ e72673285, *81062990~ -89556368~ 
a96G52G320 1.06547696, 1.150433601 1.23539024, 1.32034668# 1.40530352, 

1 CqC26316r 105752 16C01 10 660 1 7  3441 10 745 13008, 1 8 3008672, 1.91504336, 
2 .  ac 0000000 

A I  W f  Y 8 - 1  191 753 59, 
-1.17617344, -1 e16179330, -1.lC661315r 01.131833001 -10 11685285, 

-101C187271r -1aC66b9256r -1.07191241, -1005693226, ~ 1 . 0 4 1 9 5 2 1 1 ~  -1.02697197~ 
-1eG1199182r -*997G1167~ -096193578p -09blF3816~ -0934d16248 -090074167, 

-.85996791, -.81279821~ -e75958338D -.7OD71922, -.63664350# -*56783281# 
-e494798901 -.4180&496, -.33826155# -025592234, -017167973, -009616027r 

.4$479d901 0567U3201, 063664350~ 7J071322, 0759563381 e81279821~ 
e65996791, .9(1074167~ .93481624, -961938180 e981905780 *99701167# 

1 *G1199182, 1oC2697197, 1001195211r 1.05633226, 1.07191241~ 10086892568 
1elC167271, 10116652b5r 1.13183300~ 1.146813150 1.16179330, 1.17677344, 
1.19175359, 

XJB=2. 0 1 902756601 1 80551 319, 1.70826979, 1.61102630, 1.51378298, 
1.41653951, 1.31929617, 1.222052768 l o  12660936r 1.02756595~ 093032255, 
oe33G7'314, 0735d3574r a63859233, 54134893, e44410552~ 346862121 
024961671, 15237531~ 005513190, -.O4211150r -e13935491# -*23659831, 

-e333841720 -.43108512~ -052508413, -.60085368, -.65569366, -.68888709r 
-07b000000, -.66663709r -065563366, -06G08536U# -052506413r -043106512r 
-033364172, -.23b59831~ -*13935491r -*04211150r s05513190, a15237531~ 

O.CCGUGOOGD 0Cc616Ci27~ 017167973, 025592234~ -33826155s e41808496r 

.249611171, .34086212, .444105520 .54134893r .63859233, .73583574, 
m83307914~ m93032255~ 1.02756595r 1.12480936~ 1.22205276r 1*31329617r 

1041653957r 1.51379293. 106110263dr 1070U26179~ 1.60351319r 1090275660, 
2*GCG00000~ 

Y G B m - 5  1320 5 0 6 1 ~  
-4.96362029, -4.79518977, -4. 62675926, -4.45832874, -4.28389822, 

-4.121467700 -309530371dr -307d460667~ -3.  61b17415, 03044774563r 03027931511r 

-2.1C030149r -1.93187~97, -1.76346045~ -1.59500993, -1.42657941~ -1.25814890~ 

O ~ O C U C U O G O D  l'i4362040 03355Ud50~ 57207297, 075107315r e9212a706r 
1.GP971838p lm25Ul4890, le42657941r 1.59500393, 1.76344045, 1.93187097r 
2.1003C149, 2.2b873LGO~ 2.437i6252, Zab9559304, 2.77402356, 2e94245408, 
3.11066459, 3.27931511> 3.44774563, 3061617615, 307d460667, 3095303718, 

5 132C 50U 1, 

-3 .11~68459~  -2.9424540dD -2.77402356r -2.60559304, -2.43716252, -2026373200r 

-ieoe97ld38, -.92128786, -.75107815, -.57207297, -e385588501 -.194062d41 

4.12146770~ 4028vdFo22~ 4.45332874s 4.62675326, 4.795109770 4.96362029~ 

THE IA= 8 C  
T ~ ~ 1 0 6 ~ 3 C ~ ~ 4 0 ~ ~ 5 C ~ ~ 6 0 ~ 0 7 ~ ~ 0 ~ 0 ~ ~ 4 9 ~ ~ 0 ~ ~ 1 0 G ~ ~ ~ ~ O ~ ~ 1 ~ 0 ~ ~ 1 3 0 ~ ~ 1 4 O ~ ~ 1 5 0 o ~  
1 r 1 h=O 0 0 0 - e  75 0 -  e 2  5 P 

82.0 8 4 . 1  86 p 6 8  a s  51*90*, 92 a ,  94 * 0  96 98 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* #  100. 

At! A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.0 0 0 0 2 5#2  P 2 # 2 # 

rfirt.=-5 . Z ~ ~ O . , G . ~ - ~  . 2 5 #  I. 140 3.1*, r n ~ x = 5 ~ 2 5 r j  .2500. 1.25, 3. i + r 5 . i 4 ~  
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Number of iterations required for convergence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
120 coarse 
67 fine 

7600 C.P.U. time for run 
9.288 sec without plots 

13.658 sec with plots 

Number of points in mesh: 2999 

This case illustrates the capability to generate a grid about a body 
other than an airfoil. A grid with viscous spacing (DSI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.00005) was 
desired about a sphere-cone reentry body. 
used, hence the outer boundary likewise was to be a sphere-cone, but with a 
larger cone-angle. 
above described three-dimensional shape (see fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10(a)). 

A shock-fitting technique was to be 

The grid was, of course, a two-dimensional cut through the 

Since the TI = constant lines are not closed curves with periodicity, but 
rather, resemble the letter "C," the grid was selected to be of the C-type 
(NTETYP = 3). The inner and outer boundaries, each having 61 points, were 
read from cards using AIRFX, AIRFY, XOB, and YOB. 
to specify, on cards, THETA and THETOB. 

Likewise it was necessary 

To achieve good angle control at boundaries in a viscous grid, more con- 
vergence was required (NORDA = 6,3) . 
convergence, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAAAI, BBBI, CCCI, and DDDI were each set to 0.6; OMEGA was set 
to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . 1 ;  OMEGP, OMEGQ, OMEGR, and OMEGS were set to 0.1; and PLIM, QLIM, RLIM, 
and SLIMwere set to 0.5. 

To facilitate numerical stability during 
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Figure 10.- Sample case no. 5 (sphere-cone reentry body). (a) Entire gr id,  
showing outer boundary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b) Entire body. (c) Upper half of  rear boundary. 
(d) Lower half  of rear boundary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX C 

SUBROUTINES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND nOWCHARTS 

The following is an alphabetical list of the subroutines, a short descrip- 
tion of the function of each, and a list of subroutines which call and are 
called by each subroutine. 

Name 

CKSMTH 

CSPLIN 

IC 

INCHK 

INNER 

INPUT 

INTERP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

OUTER 

OUTPUT 

PLAWT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RELAX 

SOLVE 

TRIB 

TRIP 

Function Calls 

Checks arrays for smoothness 

Cubic spline fit TRIB 

Initial'conditions for X, Y, p, q, r, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

Checks input data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACKSMTH 

Locates points on inner (airfoil) boundary CSPLIN 

Reads initial data 

Interpolates from coarse solution to CSPLIN 
obtain initial conditions for fine 
s o h  t ion 

Locates points on outer boundary 

Writes finished grid 

Plots finished grid 

PLAWT 
plotting 
software 

Plotting 
software 

Applies SLOR solution procedure to TRIB, TRIP 
Poisson equation IC 

Effects coarse and fine solutions of RELAX, 
Poisson equation IC, INTERP 

Solves tridiagonal system of linear 
equations 

Solves tridiagonal system of linear 
equations with periodic boundary 
conditions 

Called by 

INCHK 

INNER, INTERP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RELAX, SOLVE 

MAIN 

MAIN 

MAIN 

SOLVE 

MAIN 

MAIN 

OUTPUT 

SOLVE 

MAIN 

RELAX, 
CSPLIN 

RELAX 
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Subroutine Flowcharts 

Figures 11 through 18 are flowcharts of the main program; subroutines 
INCHK, INNER, OUTER, SOLVE, and OUTPUT, which are called by the main program; 
and subroutines RELAX and INTERP, called by SOLVE. The starting points of the 
main program and of each of the subroutines, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARETURN statements, and STOP 
statements are enclosed by circles. Blocks of code, each performing a partic- 
ular function are indicated by rectangles composed of solid lines. 
inside the rectangles describe the functions of the blocks of code. Functions 
performed by subroutines, invoked by calling those subroutines, are indicated 
similarly by rectangles composed of dashed lines. The names of the called 
subroutines are indicated above the upper right-hand corners of the dashed 
line rectangles. 
by diamond shapes. 
by circles. 
users of FORTRAN. 
statement label numbers. 

Words 

Branch points having two or three exit paths are indicated 
Branches having more than three exit paths are indicated 

DO statements are indicated in a manner easily understood by 
The numbers immediately above some of the symbols are 

These flowcharts are not exhaustive in detail; if they were their length 
would be unmanageable:' Simplifications have been effected for brevity and 
clarity. 
introduction for someone determined to understand and modify the code. 

Nevertheless, the flowcharts should provide a good orientation and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTART OF 

PROGRAM 

Figure 11.- Main program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50 

START OF 
SUBROUTINE 

INCHK 

PRINT INPUT VARIABLES IN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASGRlDl  AND $GRID2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
I CHECK INPUT VARIABLES IN  $GRID1 I 

CHECK INPUT VARIABLES IN $GRID2 

I 
I PRINT INPUT ARRAYS IN $GRID3 I 

CHECK INPUT ARRAYS IN $GRID3 e 
RETURN 0 

Figure 12.- Subroutine INCHK. 



CIRCLE.PLANE 
MAPPING 

I I " "11^ ' " ' " "4 " " ' ^ " *11  CALCULATE DISTRlBUTIDh TAKE DISTRIBUTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi R O M  

PREPARE FOR INTERPOLATION 

CSPLIN 
---------.I , - - - - - - - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I ADJUST DISTRIBUTION BY INTERPOLATION I 
I FOR CORRECT NUMBER OF POINTS I 

1--1 n NAlRF - 6 . ,  

.--------- --------- 

START OF 

INNER 

STARTOF 

OUTER 

I ,yxEz!ll(-, W X X  AIRFOIL SHAPE I 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA A 1 I 

I GIVEN DISTRIBUTION AND AIRFOIL SHAPE, 
I FILL X ANDY ARRAYSAT I: = 1 I 

I SHIFT ANDSCALE AIRFOIL I F  NECESSARY I 
I I 

15 

I ROTATE AIRFOIL IF  NECESSARY I 

+ Y E S 7  ISTHIS GRID 7 ., 

NO LOCATE PDlNlSON INNER 
I BOUNDARY IN W4KE REGION 
I I I 

STOP 
CALCULATE OS 

I WRITE INNER BOUNDARY IF N~CESSARY I 
I 

<a 

NOESHP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
USE OUTER BOUND4RY As READ 

..l-, 

ICCWPUTE CIRCULAR OUTER 
BOUNDARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

DO PRELIHlhARV 
CALCULATIONS FOR 

RECTINGULAR 
CALCUL4TlONS FOR 

CASCADE OUTER 
BOUNDARY 

O l V P E  GRID AhD 

I 

COMPUTE RECTANGULAR 
OUTER BOUNDARY FOR 

C-TYPE GRID AN0 
EOUAL ARC-LENGTH ANGULAR DISTRIBUTION 

OUTER BOUNDARY FOR 
C-TYPE GRID 4NO 

DISTRIBUTION ~~ ~~ . 

LFy RETURN 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 . -  Subroutine OUTER. 



6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

*RECARE FOR COARSE SOLUTION FOR Q T W E  
GRID WITH TRAILING EOOE mETWELN TWO POINTS 

I PRECARE FOR FINE SOLUTION I 

PREPARE FOR COARSE SOLUTION 
FOR C-TYPE GRID 

I 

IFILL X. V. ETC.. WITH 
-,' LNlTlAL C O N D l T l ~  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15.- Subroutine SOLVE. 
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F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
;;; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACJ 

il zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r“ 

. 
START OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-0 
IFREPARE FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACOIRS€ SOLUTION FOR OTWE GRID 

WITH A W l N T  AT TRAILING E W E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-1 

--o@ 

I 

PREPARE FOR COARSE SOLUTION FOR O N P E  
GRID WITH TRAILING EDGE BETWEEN TI(0 WlNTS 

I PREPARE FOR FINE SOLUTION I 



PRELIYINARV WRITING ON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUNITS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 AND 7 - 
io zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 .  RETURN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pipro 16.- Subroutine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOUTPUT. 

4 

COMPUTE TRIDIAGCUAL BAN= w 
.L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 -TRIP 

SOLVE P E R 1 0 0 1 C l  
_- 

TRIDIAQONAL I 
SVSTEMOF I 
EClUATIONS J ---- 

INSERT BOUNDARY 
CONDITIONS FOR 

C-TYPE GRIDS 

I SVSTEYOF I 
L QUATIONS -J -- 

T UPOATE X AND V AT MIS K AND FOR ALL J 

A NTETVP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 3 7  

T 

<3 INSERT REAR MUNOARV 
I I CONDITIONS FOR C.TVPE GRID 

17 

C W T E  SIJMOF CORRECTIONS 

PRINT ONE LINE OF CONVERGENCE HISTORY - 
I I 

?RINT EXAMINATION OF lYWNDARlES 

Figure 17.- Subroutine RELAX. 

I 

_ _  . . . __ -_ ._" . .. . . . . . 



START OF 

OUTPUT 

PRELIMINARV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWRITIffi ON UNITS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAN0 7 I 
"DO 28J- 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyu" - 

I;-.Ol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6- 

I I 

I PRELlMlNARV C A L C U L A T I W  I 

COMPUTE DERIVATIVES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXp V e  Xtp V t t ,  %, V, 
FOR K - 1 AND KMAX AND FOR ALL J 

COMPUTE Xt?. VR FOR K - 1 AN0 KMAX A N 0  FOR ALL 1 

COMPROMISE p. q AT SHARP CORNERS 
TO FACILITATE CONVERGENCE 

COMPUTE TRIDIAGONAL 0ANW - 
INSERT BOUNDARV 
CONDITIONS FOR 

C.TVPE GRIDS 

I W R T  MUNDARV 
CONDITIONS FOR 

C-TYPEGRIDS 

& COMPUTE WM OF CORRECTIONS 

10 I 

PRINT ONE LINE OF CONVERGENCE HISTORY Y 



. _ -  .. . . . - . . . . . . . . ._ -... . . 

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
START OF 

SUBROUTINE 
INTERP 

~~ 

INTERPOLATE X AND Y IN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq DIRECTION 

I 

I 
INTERPOLATE X ANDY IN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE DIRECTION 

POINT AT BETWEEN TWO 
TRAILING EDGE 

RETURN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 18.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASubroutine zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINTERP. 

57 



REFERENCES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. Thompson, J. F.; Thames, F. C.; and Mastin, C. W.: Automatic Numerical 

Generation of Body-Fitted Curvilinear Coordinate System for Field Con- 
taining Any Number of Arbitrary Two-Dimensional Bodies. J. Comp. Phys., 
vol. 15, no. 3, July 1974, pp. 299-319. 

2. Steger, J. L.; and Sorenson, R. L.: Automatic Mesh-Point Clustering Near 
a Boundary in Grid Generation with Elliptic Partial Differential Equa- 
tions. J. Comp. Phys., vol. 33, no. 3, Dec. 1979, pp. 405-410. 

3. Abbott, I. H.; and Von Doenhoff, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. E.: Theory of Wing Sections. Dover 
Publications, Inc., New York, 1959. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 .  Bauer, F.; Garabedian, P.; Korn, D.; and Jameson, A . :  Supercritical Wing 
Sections 11. Lecture Notes in Economical and Mathematical Systems, 
Springer-Verlag, New York, 1975. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

58 



1.  Report No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NASA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATM-81198 

Reese L. Sorenson 

2. Government Accession No. 3. Recipient's Catalog No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~~~ 

9. Performing Organization Name and Address 

4. Title and Subtitle 

A COMPUTER PROGRAM TO GENERATE TWO-DIMENSIONAL 
GRIDS ABOUT AIRFOILS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND OTHER SHAPES BY THE USE 
OF POISSON'S 

7. Author(s) 

Ames Research Center, NASA 
Mof fett Field, Calif. 94035 

5. Report Date 

6. Performing Organization Code zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8. Performing Organization Report No. 

~~~ ~ 

12. Sponsoring Agency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAName and Address 

National Aeronautics and Space Administration 
Washington, D . C. 20546 

A-8178 
10. Work Unit No. 

F 505-31-11 
11. Contract or Grant No. 

-~ ~ 

13. Type of Report and h i o d  Covered 

, Technical Memorandum 
' 14. Sponsoring Agency Code 

17. Key Words (Suggested by Authorb)) 

I 

15. Supplementary Notes 

18. Distribution Statement 

16. Abstract 

A method for generating two-dimensional finite-difference grids 
about airfoils and other shapes by the use of the Poisson differential 
equation is developed. The inhomogeneous terms are automatically chosen 
such that two important effects are imposed on the grid a& the inner 
(airfoil) boundary and at the outer boundary. The first effect is control 
of the spacing between mesh points, along mesh lines intersecting the 
boundaries. The second effect is control of the angles with which mesh 
lines intersect the boundaries. A FORTRAN computer program has been 
written to use this method. The program is available upon request from 
the Applied Computational Aerodynamics Branch, Mail Stop 202A-14, NASA 
Ames Research Center, Moffett Field, Calif. 94035. A description of the 
program, a discussion of the control parameters, and a set of sample 
cases are included. 

19. Security Classif. (of this reportl 

Unclassified 

20. Security Classif. (of this pagel 

Unclassified 1 

Numerical methods 
Grid generation 

Unlimited 

'For sale by the National Terhrtsl Information Service. Springfield, Virginia 221 61 

I 

I 



NOTICE 

THIS DOCUM-ENT HAS B E E N  REPRODUCED 

F R O M  THE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABEST COPY FURNISHED US B Y  

T H E  SPONSORING AGENCY. ALTHOUGH IT 

I S  RECOGNIZED THAT CERTAIN PORTIONS 

AR'E I L L E G I B L E ,  IT  IS B E I N G  R E L E A S E D  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

I N  T H E  INTEREST OF MAKING AVAILABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A S  MUCH INFORMATION A S  POSSIBLE.  


