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FOREWORD

This report describes work conducted within the Air Force Aero
Propulsion Laboratory, Turbine Engine Division, Components Branch (TBC),
Wright—Patterson Air Force Base, Ohio. The work was accomplished under
Project 3066, “Gas Turbine Technology,” Task 06, “Turbine Technology,”

• Work Units 02,”Turbine Aeroniechanical Analysis,” and 19, “Low Aspect
Ratio Turbine Technology, ” between July 1978 and December 1978.

• This report was submitted by the author in May 1979.
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1. INTRODUCTION

The use of digital computers to solve partial different ia l  equations
in two or more dimensions, e.g.,in fluid dynamics or structural
mechanics, typically involves the generation of numerical values for the

dependent variable (or variables) at descrete points on a surface, which

may or may not be a plane. If more tha n a few points are involved,

graphical presentation of the results is virtually mandatory for human

comprehension. Contour plots of the dependent variable convey infor-

mation very effectively and hence are popular. Two algorithms which can
be used when the descrete solution points are arranged on a rectangular

grid are described in Reference 1.
However, not all problems are amenable to description on a rectangu-

lar grid. Finite element methods frequently use triangular elements and

some solution domains simp..y are not rectangular . One also occasionally
encounters data which is scattered irregularly over the surface. The

algorithm described herein works very well in such environments. Though

it requires a great deal more memory than LEVEL I or LEVEL 2 and requires

more effort to set up, it is not difficult to use and produces high

quality plots with little expenditure of computer time.

2. THE ALGORITHM

2.1 Overview
The algori thm presented here as ISOVAR 2 and subsidiary routines

ISOVAR 3, FOLLOW , DRAWBND , DRAWL, and LABEL is a FORTRAN recoding of the

Algol procedure tr icont 2 described in Reference 2. It retains all the
capabilities and limitations of the original. Because of the differences

between FORTRAN and Algol , the method of Invoking the algorithm is

greatly different and is described In detail below and with some examples.

2.2 Operation

ISOVAR2 requires the user to supply several arrays and simple

integers which describe the arrangement of the grid and the data on i t .
Some muat be preset by the user while others may be treated as working

• storage . We shall describe them in order:

t 1



-~~~~~~~~~~~~~~~~~~~~ - - - - - -  -~~~~

EL Integer working array dimensioned (E, 3).

EP Integer array dimensioned (E, 3) in which EP (R ,S) ,
(S = 1, 2, 3,) are the subscripts in PX and PT of

the vertices of element R, proceeding clockwise

around the element .  See Figure 1.

E The number of triangular elements in the grid.

Integer.

PX , PY , PZ Real arrays dimensioned (C) containing the data to
be contoured , X, Y, and Z values respectively.

They may be doubly dimensioned in the calling pro-

gram, in which case C is the product of the two

dimensions. Note: PX and PY must be scaled to

represent actual inches of pen movement on the
plot. See the examples.

C The number of points in each of PX , PY , and PZ.
Integer .

HTS Real array containing the contour heights to be

drawn .

K The number of contours in HTS . Integer .

LL, LP , LR Integer work ing arrays , dimensioned (N , 2) .

UNUSED Logical working array , dimensioned (N) .

N Maximum number of lines bounding the triangles.

Lines connnon to two triangles are counted once. N

I is never more than 3*C , nor less than E + C — 1.

See Figure 
3 . 2
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EP( ft. 13

R

EP( ft. 3)

EP( ft. 21

Figure 1

Definition of El’

ISOVAR2 will print the contents of the various arrays if the logical

variable DBUG in labelled COMMON /BUCBUG/ is set .TRUE. This option

should be used with discretion. Large meshes will yield very large

quantities of printout .

2.3 A Simple Example

Consider an array of 30 Z values arranged on a 6 x 5 grid as
shown in Figure 2. X values run from 0 to 5 and Y values from 0 to 4.

Let us create a triangular mesh by running d iagonals from upper lef t to
lower right of each mesh rectangle as shown in Figure 3. Understand that

• this choice is completely arbitrary for this example and the other dia—

• gonal would have served just  as well. In other applications , circuin—

stance~ may favor a particular choice or combination of choices. In this
example we could have taken some diagonals one way and some the other .
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Figur e 2

Sample Z Array

We can then create the PX, PY , and PZ arrays. From the description

of the problem, C is 30. Thus:

DIMENS ION PX (6 , 5), PY(6 , 5), PZ(6 , 5)

DATA (PZ (I , 1), I = 1, 6) / 2 .0 , 3.0 , 6.0 , 7 .0 , 4 . 0 , 3.0 /

DATA (PZ (I , 5),  I = 1, 6) etc. DO 1 J = 1, 5

Jl — J — 1
DO 1 ~ a 1, 6

PX (I , J ) I ~~~ l

PY (I , J) = Jl
CONTINUE

Then the EP array is set up. From Figure 3, we know there are 40

triangles. Therefore E is 40. For our own reference (The information

4



is not passed explicitly to 1SOVAR2) we need to adopt a numbering con-
vention for the triangles and their vertices. Let us therefore start in
the lower left corner ~f the mesh and proceed to the right, numbering
the t riangles in sequence , with odd numbers going to the lower triangles
and even numbers to the uppers , as shown in Fi gure 3.

(1.5) _ _

(1.23

\\\\\
( 1.13 (2.1) (3.1 3 (4.1) (5.1) (6.1)

Figure 3
Tr iangular Mesh
Numbers in parentheses are

FORTRAN subscrip ts for PX ,

PY , PZ

Numbers in triangles count the
mesh elements and correspond

to the first subscript R of

EP (R , S).

We also need a system for identif ying the vertices of the triangles .
Therefore, let us start at the lower lef t vertex of each lower triangle
and at the bottom vertex of each upper triangle and count clockwise around
each.



- - -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

All that remains is to convert the double FORTRAN subscripts to

single integers for EP. For this we use the same method FORTRAN uses :

The relative location of Azj in an array dimensioned A(I, J) is given by

L = i _ l + I * ( j_ l )  (1)

so that the location of the first element relative to itself is zero.

Since we want equivalent subscript, we use

• L l = i + I * ( j _ l) (2)

The entries in EP are the equivalent subscripts of the three vertices

of the Rth triangle. Thus EP(l, 1) points to the first corner of the

first triangle, EP(l , 2) points to its second corner , and so on. In

example ,

EP(l , 1) = 1 + 6 * (1 — 1) = 1

EP(l, 2) + 1 + 6 * (2 — 1) = 7
EP(l , 3) = 2 + 6 * (1 — 1) = 2

EP( 4O , 1) = 6 + 6 * (4 — 1) = 24
EP(40 , 2) = 5 + 6 * (5 - 1) = 29
EP(40 , 3) = 6 + 6 * (5 — 1) = 30

L 

The choice of contours depends on the problem . We will use the

sequence 2.5 to 8.5 in steps of 1.0, wh ich makes K = 7 .

Las tly , we must establish the size of the arrays LL, LP , LR , and

UNUSED , i.e., the value of N. We know that N is not more than 9O(’~ 3 * C)

nor less than 69( E + C — 1). If we count the lines in Figure 3 , we wil l
• find 69. For simple geometries like this, the lower limit will always

suffice .

With this, we are ready to plot . The complete driver program is

listed with ISOVAR2 in the Appendix and the completed plot is shown in

Figure 4. Note that LSOVAB2 draws the grid boundaries; no special

provision for those is necessary.
• 
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Figure 4

• Sample Co:.tour Plot

2.4 Multiple Data Sets. on the Same Mesh

If one wishes to plot contours of more than one variable

over the same mesh , he can bypass ISOVAR2 on the second and subsequent
• calls and enter the algorithm at ISOVAR3. The arguments are EL, EP , E,

• PX, PY, PZ, G , HTS, K, LL, LP, LR , UNUSED , and N. Au have the same

meanings as for ISOVAR2 except that PZ would be the alternate dependent

variable set. The user must establish a new plot origin or the new

plot will be superimposed on the old . Figure 5 shows a sample obtained

by “relaxing” the first data set one cycle, i.e., for every point not on

a boundary

ZP (I, J) (PZ(I , J + 1) + PZ( I , J — 1) + PZ(I + 1, 3)  + PZ(I  — 1 , J) )  / 4.0

7
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Figure 5
Contours of Second Data Set

2.5 An Example from Fluid Mechanics

The primary reason for developing ISOVAR2 from tricont 2 was to

plot aerodynamic data at the exit of a turbine blade row. The general

grid arrangement is similar to Figure 3, but wi th three differences.

The upper and lower boundaries are circular arcs and the left and right

boundaries are identical curves separated by the blade pitch angle. The

grid is typically around 30 x 30 with density increasing toward each of

the four walls . Figure 6 shows a typical plot of kinetic energy distri-

bution, the highest levels being near the center .

Figure 6 required only f ive  seconds of CDC 6600 central processor

time to generate, but the total array storage (including PX , PY , and PZ)
was more than 31000 (decimal) words.

2.6 Potential Improvements

2.6.1 Memory Requirements

As seen in the last example, one of the obstacles to the8



Figure 6

Kinetic Energy Contours at Stator Exit Plane

general application of ISOVAR2 is the large amount of memory it requires
• for the working arrays EL, EP , etc. Only the PX, PY , and PZ arrays are

floating point and use an entire computer word for each element, The

remaining arrays are integer or logical and therefore use only a fraction

of a word per element. The EL and EP arrays for instance are dimensioned

(E, 3). These could be packed by threes into a 60 bit CDC word . Allowing

18 bits each would permit a maximum value of 777777 octal or 262143

decimal, large enough f’r any application. The LL, LP, and LR arrays are

dimensioned (N, 2). These could be packed two to a word or, by storing

corresponding elements of LL, LP, and LR together, three to a word. Thus,

half to two thirds of the integer array storage could be saved. The

logical array UNUSED uses only one bit per word . These could be bunched

60 to a CDC word to save more than 98% of the ‘equired storage.

Packing and unpacking is a simple operation in CDC Fortran because it

Includes shift and mask instructions. IBM 360/370 Fortran allows a

9
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length specification in type statements, e.g., INTEGER * 2 E, which

specifies the number of bytes each variable is to occupy. Other com-

puters may require assembly language subroutines for packing and

unpacking. In any case, the modifications would require only a few

hours’ work , save much memory, and increase execution time by only a
very small amount.

2.6.1 Labeling the Contours

Many times the plotted contours fall close together ,

double back , twist and turn, and generally become hard to distinguish.
Figure 6 is a good example. For these cases, subroutine DRAWL can be
modified to mark the beginning, end , and selected intermediate points of

a contour with a distinctive symbol. The Calcomp routine SYMBOL has a

repertoire of 15 suitable symbols which could be invoked by passing the

value of the contour loop counter 3 from ISOVAR3 to DRAWL through a

labelled COMMON block. Alternatively, one could cause DRAWL to print
the X and Y coordinates at selected intervals on the contour. The

latter method is used in the program which generated Figure 6. Annota-

ting the contours directly is possible but would be difficult for the

very reasons stated above .

3. CONCLUSIONS

ISOVAR2 has proven to be a usef ul and versa tile algorithm which
produces very satisfactory contour plots. It requires a lot of memory

but very l i t t le  execution time. The memory requirement can be reduced ,

as described in Section 2.6.1.
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APPENDIX

PROGRAM LISTINGS

The complete FORTRAN code of ISOVAR2 and the driver program TWO
which was used to generate Figures 4 and 5 are listed herein.

The listings contain occasional continuation lines marked with a
dollar sign. These were created by the listing program to maintain the
right—hand margin and do not appear in the actual code.

• 11



P~ 0Gt.~IM l’wc (F1c~
’, OUTPUTz4O2B , T~ c~c~6=OUT~~UT)

C~I~ rPiSIop4 W ( 7 ) , LL (F 9,2), Lc(69,’), Lk (cq ,2), X (6,5),
! v(6,c),
I Z(6,5), Z?(6,~~)
LOGICAL r)°uC , 1(~ °)INi~~G~~c 

~~~~~C ,fl , F( (~~0,3), 
r , ( , ~(

~OP4MO P1 /~ UGPUG/ CRUC .
C

C A T ~ ~4 / 2.5 ,  !.~~ , ‘..5, ~~~~ 6.~~, 
?~~5~ ~~~ /

CAIA (7(I,1 ),I~~1,6) / 2.1, ~ .f , 6.~~, 7.~~, u .) , ~.r /
O~ T~ ( Z ( T , 2 ) ,~~~ i, € )  / t • f~~ ~~~~ °.~~~, 7.~~, 6.1, ~4 . t  /
CAfl ( Z t I , ~~) ,~r~~1, E) / I.. ’, €.(), 0 .!’, 5.3, 6.1 , 5.~ /

~3AT A ( Z ( I , ~.) , I= 1 , 6) / 3.0, f.C, 7 .C , 6.0 , 6.~~, 3,C /
fl AT A (Z(l,5),T= i,6) / 3.0, ~ .0 , 6.0 , 5.~~, 4 .0 , 2 . C  /

C
I<(I,J) Y + B (.3 — 1)

C
or’ 1 I = 1, 6
Ft 1 — 1

r,r~~1 J  = 1 , 5
X(I ,J ) = FT
Y (I,J) = J — I

I CflNTIP~UF
C

OPUG •FALSF .
F
G 30
N = B C

C
C L OM~ f~ ~‘vT1b X , Y , A ’~r z ~u~crripT~C

Co 1 , s
= 1 ,~~~C

C t. r’ w r~ ~F IA~~~~E ~-‘~~~~~~ Sue~ rPIPT ~ T N  FP: UF’FR pj~~~~
C SU2Sr~~iPT L.
C

L 2 • (I  • S (-J — 1))
= L  — 1

X ( T , J )
+ 1)

EP (M ,3) Xii + 1,J)

~ P(1 ,I) = XCI + I,J)
EP(L,2) K C I,J • 1)

~~‘(L ,3) = XCI • i,J + 1)
2 ~ f l t i 1TNt I~

CALL PLV~1 (2.fl , ~.0, —3I
1~)

13
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CAL!. TSOVP~~2 (€ 1, FF, r , X , V , Z, ~~ , H , 1, LL, L~~,
‘~ IR, U, ~:)C

G~~N~ rA ’~E c ErCP4 D “~. TA b FT

C
flO 3 1 = 1, ~
Z 2 ( I , 1)  2 ( 1 ,1)

• 
. 7 2( 1 , 5)  = Z ( I , 5~3 

•

= 2 , 4
Z ? ( 1 ,J )  Z(1,J)
Z2(~~,J) = 7(6,J)

1 C PNT T N I IF

“ 0 ~; = 2, 5
j r ’ 5 J

7”~~I,J) = . .2~ ~Z(T,J 
4. 1) 4 Z ( I , J  — 1) 4

! Z( # 1,J) ‘
i. 3 ( !  — 1 ,J) )

S ~ 1~~’I’ UE
C

CALL OL C~ (lfl.~~, 0,0, 3)
CALt ~!SOv~~’! CX , Y, 22, , I- , °., It, LP , LR , u~ P.J )

CA l L DLC  (6 .5 , —~~~. C, ~~~
CALL ~Y~~~CL ( f . . ,  ~~.;, ~~~~~~ ~~I~’!cHIC” , ‘~~f . (’ , ~~~
C A L ! .  C (J’~~~~

ST Oc~r.j r

~~~ ~~~~~~

I’-

• 14



r

SU~~? 3UTTNE IcC~ A P2 (EL , EF , E,  r’<, cy , P 7 ~ r,, ~4 ’rc ,
~ K, IL, IF ,
1 L~~, U N U S F t ’ , P ’)

CCMtIO N / eUG~)C~ / ~~ UC
fCP4~’!OP4 /I!OLIP’/ I, Li~

C T H L~ ~LG0VYTMP is usrc FO~ rOp~~ou~ iNG ov~
g AN

C I ’ F F C , t~L $ r ,
C T~~TAW GULA P ~E SH , !‘f4c C A r A ~4r .~~r0 rPQU~ F~E D A RE~C F — T HE NU~ 6~ F OF Tr TAP ~GUL~~ ~~~~~~~~~ ~~TEr,~ r .
C EL — IN’FGE~ W0~~X ’NG A FI  AY , CI~

r1
~S~ ON~ r, (2 ,  n

C — I t f leGEf~ A~ F~ Y cl~~~~sI0’ f r~ 
(
~~, fl , IN ~I~ICi~C F~~~~

(Q , 5),
C c = 1, 2 , ~~, M~~~L TWF SU~~’~~F1P~~i IN FX A~~C
C F’ CF ~~~
C 0CT:NER~ OF T HE EL.~~MEN’ “, F~~ N&~~~~ C L C C K W I S E
C ~FC LP4C THF E M E ~JT.
C PX — ‘~E AL A S F A Y c  ~ 0NTt INTPJ G ~~i4F ‘AT .’ 10 ~
C $ C C P~TOLFrC.
C
C “7

C G — THe NUW E’~ C~ 
O C T N ~~S TN EAC H OF ~‘X , P Y , P7.

C TN TEc ,Fc.
C ~TS — P EA L  A F r A Y  OF CC~ ”CLJ R HETC’ 1’~S ~~ ~~ T ) R AW N •
C K — T HE NIJMFEF CF CC’~TOUPS IN WS. IW~~Er,E~~.
C LI — INT F(FF bORKING AF~PAY5 , DIMrNSIONFO (N , 2) .
C 1)’
C
C UP4USErI — L C ( T C ~ L W O P KI P~ AF r ~~~, ~~~~~~~~~~~~~ (N)
C N — ‘ iAxtHUP ’ ~~U~~ PFf~ C~ LIN~~ aCIJ*.CING iHE
C T FIAH GLE S ,
C ~~~~~ ro cr ‘‘44N ~ ~ r ., NOF LFSS THAN F + C —
C I.
C
C
C
C FOT~ A C T ( ~GULft r .  A r~~A Y  C O P 4 T A Y ’ T WG ii ~LE~4 c ~P~TS I I’.
C $
C X OI~ € f T IC~ A NC~ 0 €l.cMEP,.T~ TN 1~~F Y 3 T F E r ~T I ON ,
C F 2 * (W  — I) • (0 — 1)

C = ‘ •
C K YOU~ CHC .TC!
C N = F + C ~
C
C A DFT~~ILE~ 

[~FSrPIP~~~0P. CF THF ‘~L O O & T T H M  Is r ’~4~~C $ T v ”
C SECIIOI” 3 f~’F T HE o~ T r,IN~ L °EPr’~~~.r
C ulAc T ’ r F~ C~ ~~‘F~ AL (CL crp c~~cur r T PT C O NI 2, rc~~~

-
~C T~-1

15



C iPl— NA C—1t ALr~~~X’H~I~ ~~r~C ~~~ PP00’J~’T 1flP~ “F

C rUNTO (’~ I~’P1 S,
C -4 .’.. HFt~ 

(~~A T t .  ~ H V’ . t A ~~., ~~“0TNGTON , 
r.•.~L,.r )

C ~
I
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C
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5 CCP4T~~PJU~
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C
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IF (IR (M ~~,i) .10. 0) Nt
LR (~~A , NA ) = FL (F , SB)
LL (t~1 , NA) = Ft (P, SA)
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7 CONTT~’UEIF ~~~~~~~~ CBUC- CO Tfl 12
• P~’TNT 100
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)
‘1 b r O ’ ~T M U ~°kT’JT 1C 2, I, L~
I .  r’piwv 1fl !
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SUt3POUTINF DFPWBNO (PX , ~V, C, tr , N)
CC iIMO P.J / ISOLIP’ / I, LP
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r T HI~’ rrOCFCURF IC USFID In ~~~~~ T HF ~ ‘)UNC~~~ Y OF
C TI- F M ,
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flO 1 •t = j~, I F
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C
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C
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C
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C
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SUBY~0UIIN~ O F A W L  (Y , Y )
CC MP4ON / rLUF~~/ OPEN, FIRST , L A ~~T , I~LOGICA L FIHST , LAST , OPFN
IF ( .NOT . FIR ST)  GO 10 1
CALL PICT Cx , ~

‘
, 3)

FFT U~~NCALL P101 ox , Y , 2)
RETURN
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