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TAlK- A TRANSONIC AIRFOIL ANALYSIS COMPUTER CODE

F. Carroll Dougherty, Terry L. Hoist, Karen L. Gundy, and Scott D. Thomas

Ames Research Center

SUMMARY

The operation of the TAIR (Transonic AIRfoil) computer code, which uses a

fast, fully implicit algorithm to solve the conservative full-potential equa-
tion for transonic flow fields about arbitrary airfoils, is described. The

code description is given in two levels of sophistication: simplified opera-

tion and detailed operation. In addition, detailed descriptions of the program
organization and theory are provided to simplify modification of TAIR for new
applications. Examples with input and output are given for a wide range of

cases, including incompressible, subcritical compressible, and transonic
calculations.

i. INTRODUCTION

This report describes the operation of TAIK, a transonicairfoil analysis
computer program written in FORTRAN. TAIR solves the conservative full-

potential equation for the steady transonic flow field about an arbitrary air-

foil immersed in a subsonic free stream. The full-potential formulation is
considered exact under the assumptions of irrotational, isentroplc, and invis-

cid flow. These assumptions are valid for a wide range of practical transonic
flows typical of modern aircraft cruise conditions.

The primary features of TAIR include: (I) a new fully implicit iteration
scheme (AF2) which is typically 4 to i0 times faster than classical successive-

line overrelaxation (SLOR) algorithms; (2) a new, reliable artificial density
spatial differencing scheme treating the conservative form of the full-

potential equation; and (3) a numerical mapping procedure capable of generating
curvilinear, body-fitted finite-difference grids about arbitrary airfoil
geometries (see refs. 1-3 for theoretical details of these features). The

coding in TAlK includes many useful options including: (i) several airfoil-
geometry input options, (2) flexible user control over program output, (3) a
"built-in" default solution, (4) numerous comments to facilitate program use

or modification, and (5) a multiple solution capability.

The most important aspect of TAlK is algorithm reliability. Because this
characueristic is generally regarded as the most important quality for a user-

oriented CFD computer program, it was emphasized during the development of
TAIR. The reliability of TAIR comes from two sources: the algorithm, includ-

ing the AF2 iteration scheme and the artificial density differencing scheme
designed to simulate rotated differencing (ref. 4), and a convergence monitor-

ing section of logic (SUBROUTINE AUTO), which automatically updates solution
parameters in an attempt to speed convergence or prevent divergence. Use of



the convergence monitoring logic in TAIR allows the use of "default mode!'

(ref. 3). In default mode, only three inputs are changed from case to case,
free-stream Mach number, angle of attack, and airfoil coordinates. Other

parameters, including relaxation factors, acceleration parameters, and

temporal-damping coefficients are either held fixed or are automatically
adjusted by internal computer code logic. This feature greatly simplifies code
operation, especially for inexperienced users. Generally speaking, in the

default mode less than 1% of all cases diverge -- a considerably better perfor-
mance than most CFD codes run in any mode of opera=ion.

Besidesreliabilityand simplicity,anotherimportantaspectof the TAIR
code is speed. The averageflow-solverrun time for the defaultmesh (149x30)
is about 9 sec. Most subcriticalor weak-shockcases requireless timeand
most strong-shockcases (localMach numbersexceeding1.3)requiremore time.
The averagegrid generationtime is about 2 sec. Both of these timesare on
the Ames CDC 7600computer. The programrequiresonlya modestamountof
storage- 153,000words octal (-55,000decimal)--and is writtento be as
transportableas possible.

Instructions for the use of TAIR follow in subsequent chapters. Simpli-

fied usage, that is, essentially default mode usage, is described in chapter 2.

Chapter 3 describes more detailed operation; it is necessary reading for any
major deviation from default mode usage. Chapter 4 discusses program organi-
zation, and chapter 5 discusses theory; both of these chapters would be of

interest to anyone contemplating a major modification of TAIR. Chapter 6

presents a discussion of results obtained with TAIR for a variety of different
cases (CASE HISTORY). Appendix A discusses the appropriate changes required to
increase program dimensions, and appendix B provides a table of program

variable names with brief descriptions which are cross-referenced with variable
names used in the theoretical development.

2. SIMPLIFIED OPERATION

The followingsectionsof thischapterdiscussthe use of the TAlE com-
puter programfor simplifiedoperation: the inputsand outputs,somenumeri-
cal examples,and the error safeguardsbuilt intothe program. This levelof
operationallowsthe calculationof standardairfoilcases in the transonic
regime,using a set of optimizedaccelerationparametersstoredin the code
and an automaticupdatingroutine.

Most of the parameter inputs to TAIR are divided between two NAMELISTs.

The aerodynamic and flow-field convergence parameters are found in NAMELIST
FLOWIN (defined in SUBROUTINE INITL), and the geometric and grid convergence

parameters are found in NAMELIST GRIDIN (defined in SUBROUTINE GRGEN). Air-
foil coordinates other than those generated in TAlR would be read from cards

after the two NAMELISTs. More information regarding these inputs, including

formats, individual parameter descriptions, and acceptable parameter ranges,
is given in the INPUT/OUTPUT section at the end of the chapter. Default values

for the NAMELIST parameters are initialized in INITL and GRGEN. With the
NAMELIST format, the user needs to change only the values that differ from the



default values. If no parameters are changed, the predetermined default solu-
tion is executed, as discussed in example i of the INPUT/OUTPUT examples
section.

The following sections define a partial llst of input parameters a general
user of TAIR might wish to change. For a more complete list of input param-
eters, or if the values of some of these input parameters vary widely from the
default case or if certain options require more changes than are mentioned
here, the user is directed to chapter 3.

In this chapter and in the following chapters, all program variable and
subroutine names are capitalized. The first section describes the variables
in the FLOWIN NAMELIST; the second identifies the parameters in the GRIDIN
NAMELIST. The third section discusses three example cases, detailing the
proper uses of the input parameters, the correct ordering of the data cards,
and the formats required. The fourth section describes briefly the error
safeguards built into the program, and the last section contains the actual
input data decks and the output generated for the example cases.

Descriptionof FLOWINNAMELISTParameters

ALPH Angle of attack,deg. Acceptablevalues: realnumbersbetween-I0.0
and +10.0. Defaultvalue: 1.0.

MESH Determineswhich grid generationoptionis used.

MESH=0...Grldis generatedwithinthe program(seeIOPT parameter
in NAMELISTGRIDINfor detailsaboutairfoilgeometry
representation).This optionalso causesthe gridcoor-
dinatesto be writtento a scratchfile, logicalunit 48.

MESH=I...Thisoptionreadsthe gridfromunit 48 and is usefulwhen
a seriesof calculationsis to be made with the samemesh
(seeNCASE parameterdiscussionlaterin this section).
When using the MESH=Ioption,the GRIDINNAMELISTdata
card shouldbe omitted.

MESH=2...Thlsoptionreadsan initialsolutiongrid from unit 48
and adaptsit to a new airfoil. The user shouldread
chapter3 beforeselectingthisoption.

MESH-3...Thisoptionreadsa mesh createdby the programGRAPE
(ref.5). The user shouldsee chapter3 for further
instructions.

Acceptablevalues: 0,1,2,3. Defaultvalue: 0.

MINF Free-streamMachnumber. Acceptablevalues: realnumbersbetween0.0
and 1.0, exclusive. Defaultvalue: 0.75.



NCASE Number of solutions per job. If multiple cases are run with the same
airfoil, computing time can be saved by setting MESH=I for the second

and each succeeding case (see INPUT/OUTPUT example 3). For each new
case, all NAMELIST parameters are reset to the default values. Thus,

the second, third, etc., cases must each reset the appropriate solu-

tion parameters through the NAMELIST READ statements. Acceptable
values: any positive integer. Default value: i.

NI The number of mesh points in the _ direction, numbered around the air-

foil in a clockwise direction (see fig. i). Note: if input value of
NI varies widely from the default value, the user should see chapter 3.
Acceptable values: 50 to 151. Default value: 149.

NJ The number of mesh points in the _ direction, numbered from the outer

boundary inward to the airfoil surface (see fig. i). Note: if input
value of NJ varies widely from the default value, the user should see
chapter 3. An NI/NJ ratio of 4 or 5 works best with the flow solver
in this code. Acceptable values: 12 to 31. Default value: 30.

NOUT Primary output control parameter. NOUT=0 suppresses all output except
for a few error messages. Table I shows each NOUT value, the type of

output associated with it, and the amount of output generated (in

number of pages). The page totals shown do not include error message
printouts or update messages, so actual numbers may be slightly larger.
For more information about a specific output format, see the INPUT/

OUTPUT examples. Acceptable values: integers between 0 and 9.
Default value: 5.

NSTEPS Maximum number of iterations of the flow solver. Most cases should

convergein less than the defaultnumber. Acceptablevalues: positive
integers.Defaultvalue: 200.

Descriptionof GRIDINNAMELISTParameters

IOPT Determineswhich geometryoptionis used.

IOPT=I...Thisgeneratesa NACA 00XXtype airfoil. The inputparam-
eter TMAX determinesthe thickness(seebelow).

IOPT=2...ThisIOPT optionis a circular-arcairfoil. (Seechap. 3
for more detail.)

IOPT=3...Acircularcylindercross sectionis generated. (Read
chap. 3 for more information.)

IOPT=4...ThisIOPT permitsthe user to read in an arbitraryairfoil
geometry. The firstcard in the datadeck shouldbe the
title of the airfoil,with a maximumof 28 charactersin a
7A4 format (rightJustifiedwith left "*" fill; see example
at the end of the chapter). The secondcard containsthe
numberof airfoilcoordinatepairs in the data deck (NPTS)
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in 15 format. This number is limited to 151 because of

program dimensions. The next cards contain the coordinates
_3 and YB, in a 2FI0.5 format. These coordinates should

be nondimensionalized by chord, but will automatically be
scaled if they are not. They are ordered starting with

the lower traillng-edge point at X = 1.0, moving clock-

wise around the airfoil, and ending with the upper trailing
edge point at X = 1.0.

IOPT=5...The Korn airfoil is used for this option (airfoil 75-06-12
in reference 6).

Acceptable values: 1,2,3,4,5. Default value: i.

TMAX Airfoil thickness parameter, nondimenslonalized by chord. This value

is necessary for the IOPT=I and IOPT=2 options. Acceptable values:
real numbers between 0.0 and 1.0, exclusive. Default value: 0.12.

Descriptionsof INPUT/OUTPUTExamples

This Sectiondiscussesinput/outputexamplesfor three cases: (I) the
defaultcase, (2) a user-suppliedairfoilcase (IOPT=4),and (3)a simple
multlple-solutloncase (NCASE=4). Each exampleis shownwith the required
inputdata and the resultingoutput (at the end of this chapter). The first
exampleshows the inputdata and outputfor the defaultcase storedin TAIR.
Note that no parametersof any sortneed to be modifiedfor this case,which
involvesa NACA 0012 airfoilat a free-streamMach numberof 0.75and an angle
of attackof 1°. The grid is generatedwithinTAIR (MESH=0)and has dimensions
of 149by 30. The flow solverfor thiscase requires74 iterations(about
7 sec of CPU timeon the CDC 7600computer)and the gridgenerationrequires
20 iterations(about2 sec of CPU time).

Output for the defaultcase includesa bannerand threepagesof input
data: the FLOW-INand GRIDINNAMELISTparametersand the initialairfoilcoor-
dinates,nondlmenslonalizedby chord. The next page of outputshowsthe air-
foil coordinates,XB and YB, after theyhavebeen interpolatedand clustered
about the airfoil. The ARC LENGTH,normalizedby chord,is calculatedfrom
the lower trailing-edgepoint to the upper traillng-edgepoint. DS is the
firstdifferenceof the arc length. Note that the NIth point is not printed,
sinceit is identicalto the firstpointbecauseof wrap-aroundperiodicity.
Followingthe interpolatedairfoilcoordinatesare the messagesprintedby the
automaticupdatingSUBROUTINEAUTO discussedin the next sectionof this
chapter.

The last page of outputgivesthe airfoilsurfacesolution. The first
lineof outputat the top of thispage displaysthe airfoiland flow condi-
tionsused for this case. The secondlinelists the numberof iterations
neededfor convergence;the maximumresidualof the last iteration(RMAX);the
numberof supersonicpoints (NSP);and the coefficientof liftcalculated
using the circulationand the Kutta-Joukowskitheorem(CL(CIR)).The surface
solutionis dividedinto threesetsof columnsnumberedclockwisearoundthe
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airfoil starting at the lower surface trailing edge. These columns list the X
and Y coordinates normalized by chord, X/C and Y/C; the coefficient of pressure
at the airfoil surface; the density; and the surface Math number. It should
be pointed out that the values shown are stored at the halfway points relative
to the original mesh, that is, (1+i/2, J+i/2). The last llne of output on
this page gives the llft, wave-drag, and quarter-chord moment coefficients
determined from the final surface solution by numerical integration (trapezoid
rule).

The second INPUT/OUTPUT example employs the IOPT_4 option with the theo-
retical CAST 7 airfoil coordinates (ref. 7) and shows the order and format of
the airfoil coordinates as well as the appropriate changes for the parameters
in the FLOWIN and GRIDIN NAMELISTs. The chosen case runs the CAST 7 airfoil
with a Mach number of 0.7 and an angle of attack of 1.5°. The output control
parameter NOUT has been set to 3, limiting the total solution output to the
one page airfoil surface solution. Note that the title of the airfoil on the
firs= data card is right justified in the 28 space field and the remaining
spaces are filled with asterisks. The solution converged in 85 iterations
(about 9 sec of CPU time) and produced 191 supersonic points, a lift coeffi-
cient of 1.0008, and a wave-drag coefficient of 0.0042.

The third INPUT/OUTPUT example is a simple multiple-solutlon run (NCASE=4)
in which four solutions for the Korn airfoil (10PT=5) are obtained. The Mach
number in each case is held fixed at 0.7 while the angle of attack varies from
0° to 2°. Since this example could be used for a lift versus alpha curve,
NOUT=2 is used to reduce the output. Note that the MESH=I option is used, so
the GRIDIN card is omitted for the last three solutions. Also, parameter
values that differ from the default values must be reset on each FLOWIN card.

Thisis becauseall parametersare reset to defaultvaluesat the beginningof
each solution. The NCASE change, however, need only be made on the first data
card. The NOUT=2 specification considerably reduces the amount of output.
Only the number of iterations, the maximum residual_ the number of supersonic
points, the lift coefficient calculated from the circulation, and the lift,
drag, and moment coefficients computed from the pressure integration are
printed for each of the four cases.

Error Safeguards

TAIR includes in its prograu,nlng many cheeks and safeguards to ensure that

the code runs smoothly. Throughout the program, parameters and arrays are
checked for incorrect or out-of-range values. Two subroutines carry the bulk
of this safeguarding, SUBROUTINEsCHECK and AUTO. If any value is corrected,

or if the program is stopped, there is always an error message generated
explaining the problem and the steps taken to resolve it. If NOUT is less

than 4, however, the messages printed by the AUTO updating procedure will be
suppressed. The remaining safeguards are contained in various subroutines and

are discussed in the individual subroutine descriptions in chapter 4.



INPUT/OUTPUT example i- The following data cards were used for INPUT/
OUTPUT example I --the default case. The output for this case is on the next
six pages.

$
$GRIDIN $



* APPLEED COHPUTATIONAL AERODYNAMICS BRANCH

* NASA - AMES RESEARCH CENTER

* HOFFETT FIELD, CA 94B35 "
W

* TTTTTT AA II RRRR *
TT A A IX RR RR

* TT AAAAAA |I RRRR w
* TT AA AA II RR RR *
* TT AA AA ]! RR RR

* THIS COMPUTER PROGRAH SOLVES THE CONSERVATIVE FULL POTENTIAL E_UATION FOR THE *

* TRANSONIC FLO_ AROUND AN ARBITRARY AIRFOIL, USING A FULLY XMPLIC|T APPROXIMATE *

* FACTORIZATION SCHEHE (AF2). *
w

w

* _RITTEN BY *

* DR. TERRY L. HOLST *

* AND *

* F. CARROLL DOUGHERTV *



$FLOWIN

MINF - .75E+#_,

NI - 149,

NO - 3_,

ALPH - .1E+#1,

NSTEPS - 2_,

NOUT - 5,

NOUT1 - 2E1,

NOUT2 - 8,

IINCR - 3,

JINCR - 2,

NCASE • 1,

ERR - -.IE-B1,

OHEGA - .18E+#1,

BETA - .45E+B1,

ALOW = .7E-BI,

AHIGH • .15E+B1,

M ".B,

R_AM .1E+HI,

HESH #,

CON .2E+_I,

NRING 3,

AFAC .14E+B2,

G .14E.BI,

NDIF H,

IAUTO l,

ICHECK I,

SEND



SGRIDIN

BINN • -.IE+gl,

RAOMAX = .6E.gl,

IOPT = 1,

THAX = .IZE+g_,

IOPEN = H,

XC = .2E+gg,

IOUT • 1,

HTMAX - .4E.gl,

WDTHMX = .6E.gl,

HAXIT - 5g,

OMEG = .2E+gl,

KGRID = H,

MGRID = 8,

AHGRID • .2E-gl,

ALGRID = .1E-H4,

ERGRID = .1E-g1,

XCN = .SE+gH,

YCN = E._,

SEND
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''' INITIAL AIRFOIL COORDINATES FROM INPUT "'"

'''''''''" NACA BgI2 AIRFOIL *'**''''*''

I XB YB I XB YB I XB YB

1 I._Hg_ -.H_9 51 .23785 -._5861 1HI .27498 ._5937
2 ,99955 -._BH6 52 .Z?.,.ff_l -.H5795 1_2 .294_5 ..95948
3 .9982g -._26 53 .29'268 -._5712 1_3 .31357 .J25943
4 .99595 -.B_57 54 .18589 -.m561# IH4 .33343 .8592g
5 .99281 -.HHI_2 55 .16966 -._5489 IH5 .35359 ._5881
6 .98878 -.g_158 56 .15493 -._5351 I_6 .37491 .._5827
7 .98387 -._E227 57 .139E2 -.E5195 1_7 .39456 .g5758
8 978_8 -.gg3_7 58 .12466 -._5_21 1_8 .4155_ ._5675
9 97144 -._398 59 ,I1_98 -.8483B 1_9 .43649 .H5579

1E 95394 -.g9589 68 .#989_ -.846Z2 lIB .4576m .J6547g
11 95561 -.g9613 61 .88575 -.g4399 111 .47878 .B535_
12 94646 -,_735 fi2 ,g7424 -,H4161 112 ,5H_H ,B'5219
I3 93651 -,g.8"866 63 ,_6349 -,839H7 I13 ,5Z122 ,2r5_78
14 92576 -.HI_g6 64 .95354 -._3649 114 .5424H ._4929
15 .91425 -._1155 55 ._4439 -.9335_ 115 .56351 .E4771
16 9_2_ -.B131_ 66 ._36_6 -.93H68 116 .5845g ._46_6
17 889_2 -._1472 67 .82855 -.82764 117 .6_534 ._4435
18 97534 -._1641 68 ._2192 -._245H I18 .62599 ._4258
19 86_98 -._1815 69 ._1613 -.H2125 119 .54641 ._4_75
2_ 84597 -._1993 7_ ,_1122 -._1791 12_ .66657 ._3891
21 83_34 -._2176 71 ._719 -._14_9 121 .6.8643 ._F'37_3
22 81411 -.E2362 72 .9H4_5 -.#1E98 122 .7#595 .2"3512
23 79732 -._2551 73 ._18_ -._E739 123 .7251_ .J_332H
24 .77999 -.82742 74 ,J_45 -._H373 124 .74385 ._3127
25 .76215 -.E2934 75 _._,KE_ _.B_ 125 .76215 .,8"2934
26 .74385 -._3127 76 .EEl45 ._373 126 ,77999 ,,ff?-742
27 .7251_ -.#332_ 77 .9_18_ .#B739 127 .79732 .E7.551
28 .7H595 -._3512 78 ._4_5 ._1_98 128 .81411 .9"2352
29 .68643 -._37_3 79 .99719 .91449 129 .83_34 ._Z176
3_ ,66657 -,_3891 8_ ,_1122 ,_1791 13H ,84597 ,_1993
31 ,64641 -,_4_76 81 ,_1613 ,_2125 131 ,86g98 ,_1815
32 .62599 -,_4258 82 .92192 ._245_ 132 .87534 ._1641
33 .6_534 -._4435 83 ._2856 ._2764 133 .889E2 .E1472
34 .5845H -._46g6 84 .936_6 ._3_68 134 .9g2_ .E131_
35 .56351 -.g4771 85 .94439 ._336E 135 .91425 ._1155
36 ,54249 -.g4929 8.6 ._5354 ._364H 136 .92576 .ELSE6
37 ,52122 -,ESH78 87 ,g6349 ,_39.8"7 137 ,93651 ,_.8"866.
38 ,5_B -._5219 88 ._7424 .84161 138 .94646 ._J_'735
39 .47878 -.,1_535_ 89 ._8575 ._4399 139 .95561 .H613
4_ .4576_ -._547_ 9_ ._98_ .B467..2 14_ .96394 .BES_
41 .43649 -.J_5579 91 .11_98 .g483_ 141 .97144 ,_398
42 .4155B -._5675 92 .12466 .H5_21 142 .978_8 .EE3_7
43 .39466 -._5758 93 .139_2 ._5195 143 .98387 ._E227
44 .374_1 -,85827 94 .154#3 ,95351 144 ,98878 ._E158
45 .35359 -,H5881 95 .16966 ,_5489 145 .99281 .BBI_2
46 .33343 -.H592# 96 ,18589 .H561_ 146 .99595 .Egg57
47 .31357 -.#5943 97 .2.ffZ68 ._5712 147 .9982_ .EEJ_'26
48 .294_5 -.H5948 98 .22.9H1 ._5795 148 .99955 .HgH6
49 .2749g -._5937 99 .23.785 .H5861 149 1._g_ ,_
5g .25615 -._59B8 I_H ,25615 ,B59_8
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*** F I N A L  A I R F O I L  COORDINATES AFTER C U B I C  S P L I N E  INTERPOLATION *** 
I X B V 8  ARC D S I XB V B ARC DS I X B 

LENGTH LENGTH 
ARC 

LENGTH 

1 . 2 8 8 9 1  

*** PARAMETER UPDATE BY SUBROUTINE AUTO... BETA - 3 . 9  *** *** PARAMETER UPDATE BY SUBROUTINE AUTO.. .  CON - 1 . 2 9  *** 



****************************** NACA 8812 AIRFOIL SURFACE SOLUTION ....... MINF = .758, ALPH = 1.888 DEG ************************

**t,* SOLUTION AFTER 74 ITERATIONS, RMAX " .3466E-84, NSP " Ill, CL(CZR) " .2441 *****

I X/C V/C CP RHO H I X/C YIC CP RHO H I X/C V/C CP RHO H

1 .9995 -.8881 .5882 .8726 .5292 81 .2897 -.8575 -.6886 .653J .9648 Ill .2628 .8692 -1.8831 .6158 1.2329
2 .9981 -.8883 .4648 .8636 .5497 52 .1932 -.8566 -.5883 .6831 .9638 I82 .2883 .8694 -1.8889 .6135 1.2359
3 .9958 -.8886 .4199 .8545 .5697 53 .1773 -.8665 6837 .6642 .9618 183 .2991 .8596 -1.8918 .6128 1.2374
4 ,9927 -.8818 .3768 .8454 .6894 54 .1628 -.8642 4947 .6662 .9588 184 .3182 .8694 -!.8988 .6138 1.2369
5 .9886 -.8816 .3323 .8364 .6887 56 .1473 -.0528 4813 .6693 .9522 185 .3377 .8591 -1.8841 .6147 1.2334
6 .9835 -.8823 .2993 .8295 .6231 66 .1331 -.8613 4635 .6633 .9446 186 .3575 .8687 -1.8672 .5198 1.2247 !
7 .9774 -.8832 2782 .8234 .6367 67 .I196 -.8495 4413 .6684 .9358 187 .3776 .8682 -1.8287 .6286 1.2m51
8 .9784 -.8841 2438 .8177 .6474 68 .1867 -.8476 4147 .6744 .9237 lm8 .3979 .8576 -.9235 .6547 1. 538
9 .9625 -.8852 2172 .8123 .6585 69 .8946 -.8455 3835 .6816 .9184 189 .4186 .8566 -.4878 6688 1546

18 9536 -.8864 1927 .8871 .6689 58 .8838 -.8434 - 3474 .6896 .8951 118 .4393 .8557 -.2283 7162 8451
11 9439 -.8877 1694 .8822 .6788 61 .8721 -.8411 3859 .6989 .8776 111 .4682 .8646 -.2789 r867 8638
12 9332 -.8891 1471 .7975 .6883 62 .8628 -.8387 -.2583 .7896 .8577 112 .4813 .8634 -.2892 7827 8786
13 9218 -.8186 1258 .7929 .6973 63 .8626 -.8361 -.2837 .7216 .8348 113 .6824 .8628 -.2931 7818 8723
14 9895 -.8122 .1853 .7886 .7859 64 .8439 -.8335 -.1486 .7355 .8885 114 .5236 .8586 -.2883 7829 8783
15 8964 -.8138 .8856 .7844 .7142 65 .8368 -.8387 -.8678 .7516 .7779 115 .6448 .8491 -.2784 7851 8661
16 8825 -.8155 .8666 .7883 .7222 66 .8288 -.8278 .8197 .7783 .7418 116 .5659 .8475 -.2653 7888 8686
17 8688 -.8173 .8482 .7764 .7299 67 .8224 -.8248 1231 .7924 .6984 117 .6878 .8469 -.2581 7114 8542
18 8527 -.8191 .8382 .7726 .7374 68 .8168 -.8217 2476 .8187 .6455 118 .6888 .8441 -.2337 7158 8474
19 8368 -.8218 .8127 .7688 .7447 69 .8128 -.8185 3975 .8499 .6798 119 .6288 .8423 -.2168 7188 .8482
28 8282 -.8229 -.8844 .7681 .7518 78 .8888 -.8152 5744 .8861 .4977 128 .6496 .8486 -.1989 7227 .8328
21 8831 -.8249 -.8213 .7615 .7889 71 .8848 -.8119 7789 .9257 .3959 121 .6699 .8386 -.1889 7267 .8253
22 7854 -.8268 -.8379 .7579 .7658 72 .8824 -.8885 9627 .9637 .2729 122 .6981 .8367 -.1628 7386 .8178
23 7672 -.8288 -.8543 .7643 .772fi 73 .8889 -.8861 1 1848 .9916 .1388 123 .7899 .8347 -.1446 r346 8182
24 7485 -.8388 -.8787 .7588 .7794 74 .8881 -.8817 I 1472 .9997 .8248 124 7294 .8328 -.1263 7386 .8825
25 7294 -.8328 -.8878 .7472 .7862 75 .8881 .8817 1.8626 .9833 .1839 125 7486 .8388 -.1879 7427 .7949
26 7899 -.8347 -.1833 .7437 .7938 76 .8889 .8851 .Bill7 .9438 .3421 126 7672 .8288 -.8894 7467 .7872
27 6981 -.8367 -.i196 .7481 .7998 77 .8824 .8885 .5912 .8895 .4895 127 7854 .8268 -.8788 7687 .7795
28 6699 -.8386 -.1361 .7365 .8867 78 .8848 .2119 .3118 .8319 .6188 128 8831 .8249 -.8628 7548 .7717
29 6495 -.8485 -.1527 .7328 .8136 79 .8888 .Blfi2 .8fi38 .7796 .7237 129 8282 .8229 -.8331 7689 .7638
38 6288 -.8423 -.1696 .7291 .8286 88 .8128 .8185 -.1388 .7361 .8876 138 8368 .8218 -.8138 7631 .7558
31 6888 -.8441 -.1866 .7254 .8277 81 .8168 .8217 -.2946 .7816 .8729 131 8527 .8191 .8857 7673 .7476
32 5878 -.8459 -.2848 .7216 .8358 82 .8224 .8248 -.4162 .6741 .9243 132 8688 .8173 .8257 7716 .7393
33 5669 -.8476 -.2216 .7177 .8423 83 .8288 .8278 -.5136 .6619 .9661 133 8825 .8156 .8468 7759 .7388
34 6448 -.8491 -.2394 .7137 .8498 84 .8368 .8387 -.5998 .6319 .8838 134 8964 .8138 .8678 7884 .7228
36 5236 -.8586 -.2576 .7897 .8574 85 .8439 .8335 -.6638 .6172 .8318 135 9895 .8122 .8885 r858 .7138
36 6824 -.8528 -.27fil .7866 .8651 86 .8fi26 .8361 -.7132 .6863 .8644 136 9218 .8186 .1187 7897 .7836
37 4813 -.8534 -.2948 .7814 .8738 87 .8628 .8387 -.7fi91 .6944 .8754 137 9332 .8891 .1338 7946 .fl939
3pI'. 4682 -.8546 -.3137 .6972 .8889 88 .8721 .8411 -.8887 .6845 .8946 138 9439 .8877 .1577 7997 .6838
39 4393 -.8567 -.3328 .6929 .8898 89 .8838 .8434 -.8398 .6762 .1126 139 9536 .8864 .1826 8858 .6732
48 4185 -.8566 -.3528 .6886 .8971 98 .8945 .8456 -.8748 .5668 .1291 148 9625 .8852 .2886 8186 .6622
41 3979 -.8575 -.3711 .6843 .9852 91 .1867 .8476 -.9853 .6691 .1441 141 .9784 .8841 .2357 8162 .6586
42 3776 -.8582 -.3981 .6888 .9132 92 .1196 .8496 -.9335 .5622 .1578 142 .9774 .8832 .2642 8222 .6383
43 3575 -.8687 -.4888 .fl758 .9211 93 .1331 .8513 -.9589 .5468 .1782 143 .9835 .8823 .2946 8286 .6251
44 .3377 -.8591 -.4269 .6717 .9289 94 .1473 .8528 -.9819 .5483 .1816 144 .9886 .8816 .3288 8356 .6182
46 3182 -.8594 -.4442 .5677 .9363 95 .1628 .8542 -1.8826 .6352 .1919 145 .9927 .8818 .3737 8458 .6984
46 2991 -.8596 -.4684 .6641 .9432 96 .1773 .8665 -1.8211 .6386 .2812 146 .9968 .8885 .4188 8543 .5782
47 2883 -.8594 -.4788 .6687 .9496 97 .1932 .8666 -!.8376 .6264 .2896 147 .9981 .8883 .4641 8636 .6496
48 2628 -.8592 -.4877 .6578 .9549 98 .2897 .8675 -1.8528 .6228 .2169 148 .9995 .8881 .5896 8729 .6285
49 2448 -.8688 -.4979 .6655 .9593 99 .2266 .8682 -1.8645 .5197 .2233 149 .9995 -.8881 .6882 8726 .6292
58 2255 -.8682 -.5858 .6838 .9624 188 .2448 .8588 -1.8749 .6178 .2287

**" LIFT, WAVE DRAG, AND QUARTER-CHORDHOHENT COEFFICIENTS ...... CL .2426, CD - .8814, CH " .8883 *'*



INPUT/OUTPUT example 2- These data cards are the input for INPUT/OUTPUT
example 2 -- an IOPT=4 case using the CAST 7 airfoil. Please note the format

of the airfoil coordinates. The output for this case is shown on the next
page.

$GRIDIN IOPT--4, $
*************CAST 7 AIRFOIL

61
I.ZZZOZ -.00215
•97750 -.Z0123
•95000 -.ZZZ40
.92000 .00079
•87500 .ZZIZ4
•81500 -.00209
•75500 -.ZZ81Z
•69500 -.Z1566
.63500 -.02372
.57500 -.03153

.515£_ -.03854 .08750 .04827
•45500 -.04430 .11500 .05303
•39500 -.04836 .15500 .05809
•33500 -.05027 .21500 .06312
•27500 -.04965 .27500 .06617
•21500 -.04632 .33500 .06787
•15500 -.04040 .39500 .06851
•11500 -.Z3518 .45500 .Z6817
.08750 -.Z3102 .51500 .06676
.06500 -.02713 .57500 .06418
•04750 -.02363 .63500 .06008
•03500 -.Z2085 .69500 .Z5423
.z250z -.Z1853 .75500 .04639
•01750 -.01663 .81500 .Z3662
•Z1250 -.Z1505 .87500 .02541
•00750 -.Z1270 .92000 .01651
•Z_500 -.01082 .95000 .01050
•00350 -.00927 .97750 .Z0385
•00200 -.00713 1.ZOZZO -.00215
•00100 -.00506
.ZZZ40 -.Z0319

0.00000 0.00ZZZ
.ZZZ4_ .00337
•00100 •00531
•0020_ •00754
.00350 .01012
•_500 •01229
•00750 .01534
•01250 .Z2.ZII
.03500 .03273
.04753 .03770
.06500 .04308
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********************************* CAST 7 AIRFOIL SURFACE SOLUTION ....... HINF " .7BB, ALPH " 1.5J8 DEG ************************

***** SOLUTION AFTER 85 ITERATIONS, RHAX • .4869E-14, NSP - 191, CL(CIR) - I.IH7Z ,****

I X/C Y/C CP RHO M I X/C Y/C CP RHO H 1 X/C Y/C CP RHO H

1 .9995 -.8821 .4549 .8779 .5169 51 .2J98 -.8459 -.8659 .7788 .7253 181 .2651 .6658 -1.4545 .4832 .2993
2 .9981 -.8821 .4353 .8743 .5253 52 .1934 -.8445 -.8388 .7848 .7134 I82 .2834 .J666 -1.4449 .4855 2946
3 .9958 -.8828 .4159 .8787 .6337 53 .1776 -.8429 -.8827 .7911 .7818 183 .3822 .8571 -1.4341 .4888 2891
4 .9926 -.8818 .3964 .8678 .6419 54 .1623 -.8412 .8384 .7978 .6883 |84 .3213 .8876 -1.4226 .4988 2833
5 .9885 -.8816 .3778 .8634 .5588 55 .1476 -.8395 .8636 .8839 .6755 185 .3488 .8688 -1.4897 .4938 2778
5 .9833 -.8814 .3693 .8626 .5532 56 .1334 -.8377 .8965 .8182 .5627 188 .3686 .8683 -1.3968 .4978 2782
7 .9772 -.8812 .3638 .8888 .5558 57 .1199 -.8359 1284 .8153 .5562 187 .3887 .6684 -1.3887 .5885 _628
8 .9782 -.8818 .3538 .8598 .5598 58 .1671 -.8348 1588 .8221 .6383 188 .4818 .8685 -1.3639 .5845 2546
9 .9622 -.8888 .3426 .8578 .5643 59 .8948 -.8322 1881 .8277 .6267 189 .4216 .0685 -1.3446 .5889 2454

18 .9532 -.8885 .3371 .8559 .5666 66 .8833 -.8383 2174 .8333 .6151 118 .4424 .8683 -I.3214 .6143 2343
11 .9434 -.8881 .3463 .8577 .5628 61 .8723 -.8285 2486 .8392 .6826 111 .4634 .8688 -1.2983 .6214 2197
12 .9327 .8883 .3691 .8619 .5633 62 .8621 -.8268 2847 .8461 .6888 112 .4844 .8676 -I.2433 .5322 1979
13 .9211 .8888 .3933 .8665 .5432 83 .8525 -.8247 3274 .8541 .5786 !13 .5856 .8671 -1.1592 .5511 1688
14 .9888 .8811 4898 .8696 .5362 84 .8437 -.8228 3762 .8633 .5564 114 .5268 ._664 -.9223 .6833 .8584
15 .8958 .8812 4184 .8712 .5326 85 .8355 -.8216 4227 .8728 .6367 118 .5488 .8655 -.4728 .6976 8882
15 .8818 .8812 4217 .8718 .5312 66 .8279 -.8192 4556 .8788 .5169 116 .5692 .6645 -.4398 .7845 8672
17 .8669 .8888 4283 .8715 .5317 67 .8211 -.8176 4678 .8884 .5113 117 .5983 .8633 -.5895 .6981 8943
18 .8518 .8882 4147 .8785 _5341 68 .8149 -.8159 4735 .8814 .5689 118 .5113 .8619 -.5536 .5818 9113
19 .8356 -.8886 4853 .8687 .5381 69 .8895 -.6136 5383 .8934 .4862 119 .6322 .8583 -.5789 .6758 9211
28 8189 -._818 3923 .8663 .5436 78 .8862 -.8118 7661 .9351 .3687 128 .6528 .8585 -.6986 .6734 9256
21 8817 -.8832 3761 .8632 .5584 71 .8822 -.8875 .8311 .9827 .1878 121 .6732 .8566 -.5986 .6734 9256
22 7846 -.8849 3566 .8596 .5585 72 .8H85 -.8837 ! 1283 i.8888 .8898 122 .6934 .8544 -.5783 .6769 9289
23 7658'-.8869 3345 .8564 .5677 73 .8888 .8668 .8283 .9888 .1973 123 .7132 .8521 -.5545 .6888 9116
24 7472 -.8898 3183 .8569 .5776 74 .8884 .8835 7784 .9373 .3621 124 .7326 .8496 -.6224 .6875 8992
25 7281 -.8114 2845 .8468 .5881 75 .8816 .8867 5168 .8894 .4899 125 .7516 .8469 -.4848 .6953 8845
26 7887 -.8139 2571 .8488 .5992 76 .8833 .8898 2528 .8456 .5891 126 .7782 .8441 -.4481 .7843 8676
27 5889 -.8155 2288 .8366 .6185 77 .8864 .8128 .8417 .7996 .6839 127 .7882 .8412 -.3939 .7136 .8588
28 6689 -.8192 1997 .8299 .6221 78 .8881 .8168 -.2281 .7468 .7869 128 .8858 .8382 -.3485 .7228 8327
29 6486 -.8219 1788 .8243 .6339 79 .8114 .8192 -.5387 .6858 .9824 129 .8228 .8362 -.3853 .7314 8163
38 6288 -.8247 1488 .8186 .6457 88 .8165 .8224 -.8498 .6189 .8286 138 .8392 .6323 -.2642 .7397 8886
31 .6673 -.8274 1188 .8128 .6574 81 .8283 .8266 -.9967 .5871 .8895 131 .8549 .1293 -.2242 .7476 7855
32 .5864 -.8381 .8881 .8871 .6598 52 .8268 .8286 -1.8493 .5756 .1119 132 .8788 .8264 -.1848 .7556 7782
33 .5654 -.8327 .8686 .8614 .6885 83 .8324 .8316 -1.8483 .6758 .!115 133 .8844 .8235 -.1424 .7638 7544
34 .5444 -.8352 .8216 .7958 .6917 84 .8395 .8346 -I.8768 .5695 .1238 134 .8981 .8288 -oi833 .7714 r396
35 .5233 -.8378 -.8868 .7983 .7626 85 .8474 .8377 -1 1697 .5488 .1646 135 .9118 .8183 -.8739 .7772 7283
36 .5822 -.8399 -.8345 .7849 .7132 85 .8568 .8485 -1 2621 .6279 .2866 136 .9232 .4159 -.8637 .7792 7244
37 .4811 -.8428 -.8612 .7797 .7234 87 .8654 .8432 -1 3314 .5128 .2391 137 .9346 .6137 -.8692 .7781 7265

tF .4681 -.8439 -.8864 .7747 .7331 88 .8756 .8457 -1 3848 .4998 .2644 138 .9451 .8116 -.8682 .7783 7261.4392 -.8455 -.1898 .7782 .7426 89 .8863 .8488 -| 4237 .4985 .2839 139 .9647 .8896 -.8488 .7836 7157
48 .4185 -.8478 -.1387 .7661 .7499 98 .8978 .8582 -1 4518 .4839 .2979 148 .9634 .8874 .8894 .7934 6964
41 .3979 -.8482 -.1485 .7626 .7567 91 .1188 .8523 -1 4697 .4796 .3878 141 .9711 .8855 .8665 .8844 i743

_I .3776 -.8492 -.1626 .7598 .7621 92 .1229 .8642 -1 4881 .4772 .3123 142 .978W .8837 .1234 .8154 6522.3575 -.8498 -.1724 .7579 .7658 93 .1364 .8566 -1 4855 .4759 .3158 143 .9839 .8822 .1785 .8259 6386
44 .3377 -.8582 -.1772 .7569 .7676 94 .1585 .8578 -1 4873 .4754 .3168 144 .9888 .8889 .2331 .8363 6888
45 .3182 -.8584 -.1765 .7578 .7674 95 .1653 .8591 -1.4868 .4756 .3157 145 .9929 -.8882 .2945 .8479 5848
46 .2991 -.8582 -.1782 .7883 .7658 98 .1886 .8685 -1.4848 .4768 .3147 148 .9958 -.8811 .3563 .8895 5687
47 .2883 -.8498 -.1586 .7686 .7686 97 .1965 .8618 -1.4815 .4768 .3138 147 .9981 -.8816 .4164 .8711 .5326
48 .2628 -.8492 -.1415 .7639 .7541 98 .2129 .8638 -1.4766 .4788 .3185 148 .9995 -.8828 .4888 .8828 .5857
49 .2441 -.8483 -.1198 .7682 .7458 99 .2298 .8648 -1.4784 .4795 .3873 149 .9995 -.8821 .4549 .8779 .6169
58 .2267 -.8472 -.8944 .7732 .7361 186 .2472 .8656 -1.4631 .4812 .3836

*** LIFT, WAVE DRAG, AND QUARTER-CHORDMOMENTCOEFFICIENTS ...... CL 1.6888, CD " .6842, CM --.1478 ***



INPUT/0UTPUT example 3- The cards below form the data deck for the multi-
ple case run for INPUT/OUTPUT example 3. Note that due to the use of the

MESH=I option, no GRIDIN card is necessary for the last three solutions. The

output for this example is shown on the next page.

SFLOWINMINF--Z.7,ALPH=0.Z,_2, k_ASE--4,$
SGRIDINIOPT=5, $
$FLOWINMINF=Z.7,ALPH=Z.5,_3UI'=-2,MESH=I, $
$FI/DWINMINF--Z.7,NIx!r=-2,ME.SH=I,$
SFLOWINMINF--Z.7,ALPH=2.Z,l_JT=2,MESH=I, $
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***w'w SOLUTION AFTER 29 ITERATIONS, RMAX " .2784E-B4, NSP " 13, CL(CIR) " .5293 *****

*** LIFT, WAVE DRAG, AND QUARTER-CHORD MOHENT COEFFICIENT5 ...... CL " .5263, CD "-.HB_5, CM "-.1324 ***

***** SOLUTION AFTER 53 ITERATIONS, RMAX " .3347E-g4, NSP " 37, CL(CIR) " .6286 *****

*** LIFT, WAVE DRAG, AND QUARTER-CHORD MOMENT COEFFICIENTS ...... CL " .625B, CD "-.BH_4, CH "-.I3ZW ***

***** SOLUTION AFTER 167 ITERATIONS, RMAX m .41ZZE-H4, HSP - 73, CL(CIR) - .7331 *****

*** LIFT, WAVE DRAG, AND QUARTER-CHORD HOHENT COEFFICIENTS ...... CL m .7287, CD " .HB_I, CM "-.I3B! ***

***** SOLUTION AFTER IBZ ITERATIONS, RHAX - .3877E-B4, NSP - 187, CL(CIR) - .9834 *****

*** LIFT, WAVE DRAG, AND QUARTER-CHORD MOHENT COEFFICIENTS ....... CL - .9768, CD - ._41, CM --.1294 ***



3. DETAILED OPERATION

This chapterdiscussesadditionalinput/outputoptionsavailablein TAlE
and providesmore informationabout parametersdefinedin chapter2. Addi-
tionalINPUT/OUTPUTexamplesare includedto embellishthismore detaileddis-
cussion. The defaultvaluesof the accelerationparameterslistedin this
sectionhave been optimizedfor the standardtransoniccase. The use of some
optionsrequiresthat theseaccelerationparametersbe changedto aid conver-
gence or to preventdivergence. Someof the necessarychangesare written
into SUBROUTINECHECK discussedin chapter4 and, therefore,are implemented
automatically.Other changescan be made by the user; they are discussedin
this chapter. The examplesshow some of the differentways in whichTAIE can
be used,with appropriatechangesin variousparameters.

The input parametersdiscussedin this chapterincludenot onlynew
variables,but also more completeinformationfor someof the parameters
describedin chapter2. If a particularparametermust be changedfor a cer-
tainoption,a note will be made in the descriptionof thatoptionto that
effect. All programvariableand subroutinenames are capitalized. In addi-
tion, any programvariablementionedbut not definedbelow is definedin
appendixB.

Descriptionof FLOWINNAMELISTParameters

AFAC ALPHAmultiplierparameter. The value of ALPHA (seedefinitionin
appendixB and more detaileddiscussionin chapter5) near the airfoil
boundary,that is, withinNRING _ lines of the airfoilboundary,is
restrictedto never fall belowAFAC*ALOW. This allowsALOW to be made
smaller,that is, largereffectivepseudotimestepsover most of the
flow field,and, therefore,it providesfor much fasterconvergence.
N-RING and ALOW are inputs and are defined later in this section.
Acceptable values: real numbers between 1.0 and 20.0. Default
value: 14.0.

AHIGH Largest element in the ALPHA acceleration parameter sequence. This

element represents the inverse of the minimum pseudotlme step in a

sequence of M elements. The larger values of ALPHA damp out the high-
frequency errors in the solution. The combination of the two default

ALOW and AHIGH parameters leads to the fastest convergence for the most
cases. Acceptable values: real numbers greater than 0.5. Default
value: 1.5.

ALOW Smallestelementin the ALPHA accelerationparametersequence. This
element represents the inverse of the maximum pseudotime step in a

sequenceof M elements. The smallervaluesin this sequencedamp out
the low-frequency errors. The default ALOW value (0.07) is very close

to the stability bound -- for instance ALOW=0.06 is usually unstable.
It is insensitive to small changes to the grid (changing airfoils,
etc.), but very sensitive to major changes to the number of points in

the grid or to the spacing. The running of TAIR with a GRAPE grid is
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one of these changes; ALOW=0.07 is unstable and must be increased to
0.08. This change will be made within CHECK if that subroutine is

called. A large change in RADMAX or BINN in the GKIDIN NAMELIST might
also necessitate a change in ALOW. Acceptable values: real numbers
between 0.05 and 1.0. Default value: 0.07.

BETA ¢_t coefficient. Proper specification of this parameter is very
important for maintaining algorithm stability. SUBROUTINE AUTO con-
tains a fairly complex modification or updating procedure for BETA,

based on the changes in the average and maximum residuals and the NSP
and circulation (GNP) buildups. If the user were to switch off

SUBROUTINE AUTO, the default BETA would probably be too high for optl-

real convergence, but would maintain stability for most cases. Gener-
ally, small values of BETA (~i.0) are required for small regions of

supersonic flow, moderate values of BETA (-3.0 to 4.0) are required
for moderate regions of supersonic flow, etc. (See chap. 5 for a

detailed description of the BETA update logic.) Acceptable values:
positive real numbers. Default value: 4.5.

CON Parameter controlling amount of upwind bias on the density. The

default value is set for strong-shock cases and should be lowered by
the user for easier cases if AUTO (which decreases CON automatically
in these cases) has been turned off. The higher the CON value, the

more the shock profile is smeared. Acceptable values: real numbers
between 0.5 and 4.0. Default value: 2.0.

ERR Convergence criteria. There are two different convergence tests avail-
able in TAIR. The sign of ERR designates which test is used, and the
magnitude specifies the convergence tolerance.

ERR<0.0...The solution is declared converged after N iterations if

the following three conditions are met:

(i)
_M!_I <

(2) INspN- NSPN-MI
NspN < 2

(3) IrN - rN-MI<
rN - 2

where NSP is the number of supersonic points, r is the
circulation (GNP), and M is the number of elements in the

ALPHA acceleration parameter sequence (see subsequent

discussion of M). Suggested value: -0.01.
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ERR>O.0...The solution is declared converged after N iterations if:

f <-

Suggested value: 0.001.

If RMAXN ever exceeds i0 times RMAX I then the iterationprocess is

terminated and a message is printed indicating solution divergence.
Acceptable values: IERR I S 0.05. Default value: -0.01.

G Ratio of specific heats. TAIR can be used for computations involving
different fluids by changing G. Acceptable values: real numbers
between 1.0 and 2.0. Default value: 1.4 (air).

IAUTO Switch for SUBROUTINE AUTO.

IAUTO=I...SUBROUTINE AUTO is turned on; solution parameters (BETA,

CON, NDIF, and RGAM) are automatically updated in an
attempt to optimize convergence.

IAUTO=0...SUBROUTINE AUTO bypassed; default or user-supplied values .
remain unchanged.

Acceptable values: 0,i. Default value: i.

ICHECK Switch for SUBROUTINE CHECK.

ICHECK=l...Input data checked for consistency. Both of the

NAMELISTs and the airfoil coordinates (if read in) are
checked. If any out-of-range or Incorrect value is

found then CHECK will either print a warning, correct
the value, or cause the solution to be terminated.

ICHECK=0...Input data not checked.

Acceptable values: 0,i. Default value: I.

IINCR Grid solution output increment. If the final grid coordinates are
printed (NOUT=9), the G-direction values will be printed with an IINCR
increment. Acceptable values: positive integers. Default value: 3.

JINCR Grid solution output increment. If the final grid coordinates are

printed (NOUT=9), the n-direction values will be printed with a JINCR
increment. Acceptable values: positive integers. Default value: 2.

K Starting element in the ALPHA sequence. K is increased by one before
the sequence starts. Acceptable values: positive integers from 0 to
M-I. Default value: 0.
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M Number of elements in the ALPHA sequence. Acceptable values: integers
greater than i, greater than K, and less than 20. Default value: 8.

MESH Determines which grid generation option is used.

MESH=0...The grid is generated within the program (discussed in
chap. 2).

MESH=I...This option reads the grid from unit 48. In addition to

being useful for multiple-case runs, this option can be
used to read the coordinates of a grid generated elsewhere.
The required unformatted inputs are: first record -- title

of either the airfoil or the mesh used (28 characters);
second record -- the grid dimensions, NX and N-Y, and the

third record -- the grid coordinates, X and Y, read in
using (X(I,J),Y(I,J),I=I,NX),J=I,NY)). NXandlqY should

be the same as NI and NJ -- if not, the program will auto-

maritally change NI and NJ to NX and NY. It is the user's
responsibility to make sure that the program dimensions

are not exceeded. See appendix A for directions on how to
change the present program dimensions. The GRIDIN

NAMELIST data card is not required for MESH=I.

MESH-2...This option reads an initial solution grid from logical

unit 48 (same format as above), and adapts it to a new
airfoil. This is accomplished by subtracting the differ-

ence between =he original and new airfoils from each grid
point, including the outer boundary grid points. This

option is designed for small perturbations between the two
airfoils (specifically numerical optimization). If two

radically different airfoils are used, the programmay

generate a flow-fleld solution with slight inaccuracies.
The GRIDIN data card with the airfoil data must be included

with this option.

MESH=3...Implementatlonof thisoptioncausesTAIR to reada mesh
createdby a computerprogramcalledGRAPE (ref.5). The
airfoilselectionis made withinGRAPE,which generates
the Poissongridand writesthe informationto logical
unit 7. TAlK readsthis informationfrom logicalunit 48,
which includesNX and NY, the numberof _ and q coordi-
nates,respectively;TEOPEN,the verticaldistanceacross
the trailingedge (importantif runningan open trailing-
edgecase);and X and Y, the gridcoordinates.The READ
statementused for this optionin TAlK is compatiblewith
the WRITE statementin GRAPE. This optionalso performs
two tasksnecessaryto make the GRAPE gridcompatiblewith
the TAlK flowsolver. First,the _ linesin GRAPEare
numberedfromthe innerboundary(bodysurface)to the
outerboundaryand must be reorderedto be consistentwith
TAIK. The secondtask concernsthe trailingedgeof the
airfoil. TAIR has its firstand NIth pointsin the
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direction located at the trailing edge. This creates a

llne of double-stored points if the trailing edge is

closed, or two parallel lines of points separated by TEOPEN
if the trailing edge is open (see fig. 2). When GRAPE is
used with TAIR, the GRAPE parameter NTETYP must be set to

one, and JMAX, the number of _ coordinates in GRAPE, must
be set to NI-I. This creates the GRAPE mesh shown in

figure 2, which is not completely consistent with TAIR.
Thus, the second task performed by TAIR is to add the

additional line of grid points required by the TAIR flow
solver. For good convergence when running GRAPE withTAIR,
the ALOW acceleration parameter should be set to 0.08.
This is automatically done in SUBROUTINE CHECK. If CHECK

is not turned on, that is, if ICHECK=0 (see ICHECK logic
discussed above), the user should make the change. Also,
NX, NY, NI, and NJ are tested in TAIR, and if the two sets

of mesh dimensions differ, NI and NJ will be changed to
match with the GRAPE grid. As in the MESH_I option, the
GRIDIN NAMELIST card is not required.

Acceptable values: 0,1,2,3. Default value: 0.

NCASE The number of solutions per job. If several cases using GRAPE-

generated grids are run on one job, the mesh parameter must always
be set to 3, neither the MESH=I nor the MESH_2 READ format is compat-

ible with the GRAPE WRITE format. If these GRAPE-generated grid
solutions are combined with TAIR-generated grid solutions, the GRAPE
cases must be run first, as the MESH=0 option will overwrite unit 48

with the TAIR-generated grid coordinates. INPUT/0UTPUT example 4

shows a multiple-case run that addresses this situation. Acceptable
values: any positive integer. Default value: i.

NDIF Rotated differencing parameter. NDIF must be turned on for cases with

strong shocks at the trailing edge to maintain stability. SUBROUTINE
AUTO automatically turns the rotated differencing on when it detects
the shock moving to the trailing edge.

NDIF=0...No rotated differencing. The spatial differencing scheme
is upwind biased along only the _ direction.

NDIF=l...Rotated differencing. The spatial differencing scheme is
upwind biased along both the _ and _ directions.

Acceptable values: 0,I. Default value: 0.

NOUTI Solution output frequency. An intermediate solution controlled by

NOUT (CP's, densities, aerodynamic coefficients, etc.)will be printed
every NOVEl iterations. Note: when the iteration terminates either
because the iteration limit (N=NSTEPS) is encountered or because of

convergence, a solution is automatically printed. Acceptable values:
positive integers. Default value: 201.
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NOUT2 Convergence parameter output frequency. The convergence parameters,

including RMAX, CMAX, NSP, ALPHA, BETA, and GNP, will be printed every
iteration for the first M iterations, and then every NOUT2 iterations.
Acceptable values: positive integers. Default value: 8.

NRING Number of inner _ lines (q = cons=ant lines) for which AFAC logic is
applied. Acceptable values: integers between 2 and i0. Default
value: 3.

OMEGA Relaxation parameter for the flow-solver algorithm. Linear stability
of the AF2 algorithm is maintained for values of OMEGA between 0 and 2.

In the present nonlinear case values slightly less than 2 are required
for stability with the optimum value being near 1.8. Acceptable
values: 0.0 to 2.0. Default value: 1.8.

RGAM Circulation relaxation parameter. If RGAM is too low, the circulation

buildup and solution convergence will be slow. If RGAM is too high,
the circulation will develop a divergent oscillation. The input value

of RGAM is modified or updated as the solution continues by internal
logic (MAIN and AUTO). (See chap. 5 for the theory behind this con-

trol.) RGAM's effect on convergence is relatively minor except in the
case of a shock near the trailing edge. Under this circumstance a

lower value of RGAM is automatically implemented when AUTO logic is
activated (IAUTO=I). Acceptable values: real numbers between 0.2
and 1.5. Default value: 1.0.

Description of GRIDIN NA_LIST Parameters

AHGRID Largest value in the ALPHAacceleration parameter sequence used for
grid generation. Acceptable values: real numbers between 0.01 and
0.05. Default value: 0.02.

ALGRID Smallest value in the ALPHA acceleration parameter sequence used for

grid generation. Acceptable values: numbers greater than 0.0 and
smaller than 0.01. Default value: 0.00001.

BINN Stretching parameter affecting the grid-point distribution on the inner
boundary (airfoil surface).

BINN=0.0...Thegrid pointsare distributedevenly. This optionis
not suitablefor airfoils. A warningmessagewill be

printedby CHECK if this optionis run with any geometry
exceptthe circularcylindergeometry(IOPT=3).

BINN=-2.0...The surface grid-point distribution in terms of arc
lengthis read from cards. The firstcard has the num-
ber of points in the array, NS (format I5). The next

cards contain the distribution points, starting with
0 at the lower trailing-edgepointmovingclockwise
around the airfoil to 1 at the upper trailing-edge
point (format8F10.6). If NS and NI differ,the
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arc-length distribution read from cards will be auto-
matically scaled by cubic spline interpolation to match
the NI dimension exactly.

BINN=-I.0...The grid-point distribution is established from a data

statement, which was developed by using a circle plane

conformal mapping about the NACA 0012 airfoil. If the
number of points in the data statement (151) and the

number in NI are different, then the arc-length distri-

bution given by the data statement will be automatically
scaled in number by cubic spline interpolation to match
the NI dimension.

BINN.GT.I.0...(and .LT.10.0) The surface distribution is estab-

lished from a clustering formula. Values closer to I
will cluster more at the airfoil leading and trailing

edges. Values of BINN much larger than I will cause

the grid point distribution to approach equal spacing.
The suggested airfoil value for this option is 1.05.

Acceptable values: -2.0, -i.0, 0.0, real numbers between 1.0 and
I0.0, exclusive. Default value: -i.0.

ERGRID Convergence tolerance for grid generation. Acceptable values: real
numbers less than or equal to 0.01. Default value: 0.01.

HTMAX Height of rectangular outer boundary (lOUT=3). Acceptable values:
real numbers between 2.0 and 8.0. Default value: 4.0.

IOPEN Open or closed traillng-edge option (IOPT=I only; IOPEN is ignored for
all other values of IOPT).

lOPKN=0...Trailing edge is closed. The standard NACA00XXairfoil
profile is extended to a point at the trailing edge and
renormalized.

IOPEN=l...Trailing edge is open. The program will generate a
standard NACA 00XX airfoil with the associated opening at

the trailing edge.

Acceptablevalues: 0,i. Defaultvalue: O.

IOPT Determines which airfoil optionis used.

IOPT=I...This generates a NACA-OOXX-type airfoil with thickness
determined by TMAX.

lOPT=2...This IOPT option produces a circular-arc airfoil. The
thickness is determined by the TMAX parameter and the

leading-edge bluntness by the XC parameter (discussed
below). The clustering parameter BINN is automatically

c_anged in CHECK (BINN=I.03) for this option to provide
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more grid point clustering at the airfoil leading edge,
the smallest element of the ALPHA sequence ALOW is
increased to 0.i, and AFAC is increased to 20.

IOPT=3...This option produces a circular cylinder cross-section
geometry. BINN is automatically set to zero in SUBROUTINE

CHECK, providing equal spacing around the circular
perimeter.

IOPT=4...This IOPT permits the user to read in an arbitrary airfoil
geometry (see chap. 2).

IOPT=5...The Korn airfoil is used for this option (airfoil 75-06-12
in ref. 6).

Acceptable values: 1,2,3,4,5. Default value: I.

10UT Determines which outer boundary is used.

IOUT=I...Thls generates a circular outer boundary with radius
RADMAX centered at XCN and YCN.

lOUT=2...The outer boundary is read from cards. First all X coor-

dinates are read from I to NI-I in the first record, fol-
lowed by all the Y coordinates in the second record
(format 8FI0.0).

lOUT=3...This option generates a base rectangular outer boundary
with semicircular upstream and downstream ends. The

dimensions of the base rectangle are controlled by HTMAX
and WDTHMX. When the rectangle becomes too elongated,

more grid points in the n-directlon will be required to

maintain accuracy. In addition, the acceleration param-
eters may need to be reevaluated for some of these cases.

Acceptable values: 1,2,3. Default value: i.

KGRID Starting element in the ALPHA sequence used for grid generation.
Acceptable values: integers between 0 and MGRID-I. Default value: 0.

MAXIT Maximum number of iterations for grid generation. Acceptable values:
integers between i0 and I00. Default value: 50.

MGRID Number of elements in ALPHA sequence used for grid generation. Accept-

able values: integers greater than i and greater than KGRID. Default
value: 8.

OMEG Relaxation factor for grid generation. Acceptable values: real num-
bers between 1.0 and 2.0. Default value: 2.0.

RADMAX Circular outer boundary radius (1OUT=I). The center of the circle is
placed at XCN and YCN, and the radial distance is nondimensionalized
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by the chord. RADMAX is related to NJ; if RADMAX is increased dramat-
ically, then NJ should be increased. Acceptable values: real numbers
between 3.0 and 18.0. Default value: 6.0.

WDTHMX Width of rectangular outer boundary (lOUT=3). Suggested WDTHMX/HTMAX
ratio should not greatly exceed 2. Acceptable values: real numbers
between 4.0 and 12.0. Default value: 6.0.

XC Leadlng-edge bluntness parameter for IOPT--2case. The leading edge of
the circular-arc airfoil will be blunted according to the parameter XC.
A parabola will be matched to the airfoil leading edge (both position
and slope) at X/C--XC(see fig. 3). Smaller values Of XC will produce
smaller amounts of blunting. Once blunted, the airfoil is renormal-
ized, causing the maximum thickness to be slightly larger than TMAX.
Acceptable values: real numbers between 0.2 and 0.4. Default
value: 0.2.

XCN The X coordinate for the center of the circular outer boundary

(IOUT=I). XCN is normalized by chord and measured with respect to the
airfoil leading edge. Acceptable values: real numbers between -i.0
and 1.0. Default value: 0.5.

YCN The Y coordinate for the center of the circular outer boundary
(IOUT=I). YCN is normalized by chord and measured with respect to the
airfoil leading edge. Acceptable values: real numbers between -i.0
and 1.0. Default value: 0.0.

INPUT/OUTPUT Examples

This section contains two INPUT/OUTPUT examples. The first (example 4)
describes most of the output available beyond the default output (INPUT/OUTPUT

example I in chap. 2 described all the default output, NOUT < 5). The second

example (example 5) compares two TAIR solutions, one with an internally gener-
ated grid and the other with a GRAPE-generated grid. Discussion is included
for each example.

Example 4 is the default case, that is, NACA 0012 airfoil, MINF=0.75, and
ALPH=I.0, with the NOUT value changed from the default value of 5 to 8. The

input consists of the two NAMELIST data cards, with the NOUT change on the

FLOWIN card. The output shown in example 4 is only the additional output
generated beyond the default output previously discussed in chapter 2. The

last NOUT option, NOUT--9, generates all of the above output plus the grid
coordinates. Because of its length, this grid output will not be shown; how-
ever, it will be discussed at the end of this section.

The first page of output after the interpolated coordinates contains the

convergence history for the ADI grid generation routine. From left to right,
the columns are: N, the iteration number; CXMAX, the maximum correction for

the X equation; I and J, the position of CXMAX; CYMAX, the maximum correction

for the Y equation; I and J, the position of CYMAX; RXMAX, the maximum resid-
ual for the X equation; I and J, the position of RXMAX; RYMAX, the maximum
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residual for the Y equation; I and J, the position of RYMAX; and ALPHA, the
acceleration parameter sequence used for the ADI method. This output will be

printed if NOUT28. For a description of the internal grid generation algo-
rithm, see chapter 5.

The next three pages of output in example 4 list the transformation
metrics (AI, A2, A3, and XJ) for the _ lines nearest the airfoil. The XJ

quantity is the Jacobian of the transformation and is approximately propor-
tional to the negative inverse of the cell area. The AI, A2, and A3 metric
arrays used in TAIR are computed from

AI = [Vg.V_]IXJ

A2 =

._ = CVn-Vn]/l_l

and differ slightly from the At, A2, and A3 metric quantities discussed in the

theory (see chap. 5). The A2 quantity indicates the level of cell skewness:
if A2 is zero, the cell is orthogonal. AI is approximately equal to the ratio

of the normal side of the cell to the tangential side. A3 is approximately
the inverse of AI. AI, A3, and XJ must always be negative due to the left-

handed coordinate system used in the code. A change in sign in any of these
quantities indicates a bad grid (overlapping coordinate lines) and will cause

the solution to diverge. The A2 quantity will show both signs. For symmetric

airfoils the sign of A2 above the airfoil will be. the opposite of the sign
below the airfoil. The A1 values are actually stored at (I+1/2, J), the A2
values at (I,J), the A3 values at (l,J+I/2), and the XJ values at (1+1/2,

J+I/2). This output will be printed if NOUT_8.

The convergence history for the flow solver is printed after the trans-
formation metrics. The first column is the iteration number, N. CMAX and

the following I and J are the maximum correction and its position. _ and

the I and J to its right are the maximum residual and its position. RAVG is

the residual averaged over the entire mesh. The BETA parameter used in TAIR
varies from iteration-to iteration providing IAUTO=I (see chap. 5 for more
information regarding the BETA update logic); therefore, the next column on

the convergence history output page shows the value of BETA used for a given

iteration. The next column displays the ALPHA sequence used by the flow
solver, followed by the buildup of the number of supersonic points (NSP). The
circulation and the coefficient of lift calculated from the circulation are

shown in the last two columns. This information is automatically printed for
the first M iterations, then printed only when N is a multiple of NOUT2. The

update messages from SUBROUTINE AUTO, for example, the messages indicating

changes in BETA and CON from example 4, are printed in the convergence history
output as they occur. One final message is printed after the flow-solver con-

vergence history output indicating that (I) the solution has converged (if the
solution has passed the internal convergence test), (2) the solution iteration

limit (N=NSTEPS) was encountered before the convergence test was passed, or
(3) the solution is diverging. If the convergence history terminates in
either of the first two modes, a flow-field solution, controlled by NOUT, is
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printed. If the solution diverges no final solution will be printed. The
flow-field convergence history output will be printed if NOUT_6.

The last two pages of output in example 4 show printer contour plots of
the density and Math number arrays plotted in the computational domain. These

maps display a one-digit number (0-9) for each grid point in the flow field.

For the density map this number (IVAR) is computed by

9.999 * (RHO(I,J) - RHOmin)lIVAR= IFIX (RHOmax - RHOmln) I

For the Math number map this number is computed by

_IFIX (9.999 XMi,j) if XMi, j < 1.0

IVAR = _IIFIX [9.999 (XMi,j - 1.0)] if XMI, j Z 1.0

where XM is the local Math number. These maps start on the left side with the

value I=ISTART and end on the right side with I=NI (upper vortex sheet bound-
ary). The ISTART parameter is computed as the maximum of i and NI-132+I.
Therefore, if NI>132, the left-hand portion of the flow field will not be

displayed. The J index starts with one at the top of the map (outer boundary)

and increases downward until it reaches NJ at the bottom of the map (airfoil
boundary). Thus with this type of output the whole flow field can be quali-
tatively surveyed with only a single page of output.

The NOUT=9 option prints the finlte-dlfference grid. The output printed

for each value of I and J (incremented by IINCR and JINCR, respectively)
includes the X and Y coordinates, the AI, A2, and A3 transformation metrics,

and the Jacobian, XJ. For IINCR=3 and JINCR=2, this option produces eight
pages of output.

The last INPUT/OUTPUT example (example 5) is a comparison of a case run

with a GRAPE-generated grid and the same case run with the grid generated
in TAIR. The airfoil is the NACA 0012, and the conditions are subcritical:

MINF=0.63, ALPH=2.0. The input data for this example are shown at the begin-
ning of example 5. As discussed earlier in this chapter, the GRAPE case must
be run first. The final airfoil surface solution is all that is desired, so

NOUT is set to 3. ALOW is updated for the GRAPE case (see the ALOW parameter
discussion in the INPUT section). Note that the GRIDIN card is not used with

the MESH=3 option, but must be included for the second case because of the

grid generation within TAIR.

The two solutions show very minor differences. Perhaps the biggest dif-
ference lles in the wave-drag coefficient, which for this subcritical calcula-

tion should be zero. The TAIR-generated grid case predicts a wave-drag coef-

ficient of -0.0007, an obvious error; the GRAPE-generated grid case produces
the correct answer (within four digits). The primary speculation for this
improved accuracy is associated with the airfoil boundary grid control avail-
able from GRAPE (ref. 8). The n mesh lines (_ = constant lines) are forced to
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approach the airfoil orthogonally (or as nearly orthogonally as possible), and
as such, the accuracy of the wave-drag coefficient calculation improves.
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INPUT/OUTPUT example 4- The following cards form the data deck for the

first INPUT/OUTPUT example in chapter 3. This case uses the default param-
eters, changing only the amount of output. The additional output (over the
default amount) is shown on the following pages.

N_UT--8,$
_UDIN $
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*** ADI CONVERGENCEHISTORY FOR NUHERICAL GRID GENERATION***

N CXHAX I 0 CYHAX ] 0 RXHAX I 0 RYHAX I 0 ALPHA

1 .63438E-BI I 3 88679E-BI 35 5 .21655E-_2 I 2 .13484E-B2 1_6 Z .2BBBBE-W!
2 ,689B6E-BI 75 5 15195E+BB 36 7 .48887E-B3 75 4 .77454E-B3 37 5 .67523E-_Z
3 .6B98IE-H! 124 8 18846E+_B 37 8 .4788BE-B3 75 Z .61729E-B3 36 2 .22797E-g2
4 .6916BE-BI 126 9 16284E+_B 37 IB .179BgE-B3 128 4 .27473E-B3 37 4 .76:967E-g3
5 .644H4E-BI 54 IB IB247E+BB 112 II .26652E-_3 128 2 .4B658E-B3 114 2 .25985E-_3
6 .44489E-g! 54 12 4778BE-_1 112 L_ .324B9E-B3 128 2 .43565E-B3 113 2 .87731E-B4
7 .29526E-_I I 17 34329E-#! 136 22 ,36372E-B3 129 2 ,45956E-B3 113 2 .29619E-_4
8 ,33651E-El 1 19 15847E-_1 132 18 .37344E-B3 128 2 .46HISE-B3 113 2 .I_BBBE-B4
9 ,1454BE-BI IZ8 3 17591E-_1 112 3 .36916E-B3 128 2 .45216E-B3 113 2 .2BB_BE-BI

IH .14H62E-BI 127 5 169H7E-BI 112 5 .IB281E-B3 128 4 .12177E-B3 112 4 .67523E-_2
II .IIIB4E-BI 126 7 13IBgE-HI 111 6 .84514E-B4 13B 2 .IH988E-B3 112 2 .22797E-_2
12 ,66624E-B2 I 13 65583E-B2 135 12 .46gg3E-B4 l 2 ,51889E-B4 138 2 ,76967E-_3
13 .91B53E-B2 ! 12 764_4E-B2 132 13 .465B2E-B4 1 2 .49412E-B4 138 2 .25985E-B3
14 .9B926E-B2 I 13 77232E-B2 IZ9 14 .568B6E-B4 1 Z .56679E-B4 138 Z .87731E-B4
15 ,61B49E-B2 I 13 58185E-B2 127 15 .7258_E-B4 1 2 ,84241E-B4 137 Z .29619E-B4
16 .44253E-B2 I 19 23897E-B2 125 13 .78B75E-B4 I 2 .69537E-B4 137 2 .I_B_E-B4
17 .32332E-B2 I 3 25583E-B2 135 3 .83876E-g4 l 2 .71982E-B4 137 2 .2gBggE-gl
18 .36721E-B2 [ 5 27769E-B2 133 5 .24ggIE-B4 147 4 .1888_E-B4 134 4 .67523E-B2
19 ,4_659E-BZ 1 7 3B592E-B2 I3B 7 .185B5E-B4 1 2 .14994E-B4 135 2 .22797E-B2
2B .4B347E-B2 I 8 31B76E-B2 126 8 .14347E-B4 148 Z .ll2B8E-_4 135 2 .76967E-B3



*** TRANSFORMATION M E T R l C S  NEAR A l R F O l L  *** 

A 2 (  NJM 1 



68 -.2476E.Bi -.Z474E*B! -.8149E-_3 -.5876E-83 -.484BE.88 -.4_41E.08 -o29E4E+H4 -.246BE*B4 -.Z_33E+B4
61 -.2474E.BL -.2472E._! -.IB_2E-B2 -.6798E-H3 -.4843E+88 -.4843E*BB -.324BE*B4 -.2717E.84 -.2201E+84
62 -.2471E*BL -.247_E*BI -.1219E-B2 -.7825E-_3 -.4_46E+SB -.4B45E*SB -.3662E+_4 -.3_H5E.B4 -.2388E+_4
63 -.2468E.81 -.2468E*gl -.1465E-82 -.8959E-83 -.485gE+88 -.4H48E+88 -.4163E.B4 -.3339E+84 -.2598E+84
64 -.2463E.BI -.2465E*BL -.1742E-82 -.1828E-82 -.4856E*BB -.4B51E*88 -.4773E*B4 -.3727E.84 -.2836E*B4
65 -.2458E+81 -.2463E.81 -.2844E-B2 -.1152E-82 -.4862E+B8 -.4854E+_8 -.5521E+B4 -.4177E.84 -.3g86E*g4
66 ".2452E*BI -.2468E,81 -.2364E-g2 -.1288E-82 -.4869E+BB -.4956E+g8 -.6446E+B4 -.4694E+g4 -.3364E*B4
67 ".2445E.BL -.2459E*_1 -.2679E-82 -.142BE-B2 -.4875E*_8 -.4B58E.BB -.7591E+84 -.5282E*B4 -.3662E*_4
68 -.2439E.gl -.2458E,81 -.2945E-82 -.1538£-B2 -.4881E_g8 -.4g5GE.BB -.9888E+H4 -.5939E*84 -.3973E+B4
69 -.2437E.BI -.246_E*BI -.3B78E-82 -.1586E-B2 -.4683E*SB -.4855E*B8 -.I_75E+B5 -.665BE.B4 -.428BE+B4
78 -.2441E+BI -.2465E+gI -,2933E-82 -.1544E-82 -.4879E,88 -.4849E*SB -.1284E*85 -.7381E*B4 -.4592E*_4
71 -.2466E+81 -.2474E*BI -.2321E-g2 -.136gE-B2 -.4g65£*Eg -.4848E+88 1524E-g5 -.8_78E.84 -.4868E*B4
72 -.2488E+BI -.2485E+81 -.1138E-82 -.IB22E-H2 -.4H4BE*gB -.4838E+88 1776E*g6 -.8668E.B4 -.5BgBE.g4
73 -.253HE+HI -.2497E.HI .3896E-83 -.5996E-g3 -.4_84E+B8 -.4819E*gB 1997E._5 -.9886E.B4 -.5262E.84
74 -.2563E+81 -.25B4E*Bl .IglgE-82 -.2331E-E3 -.397gE*B8 -.4012E*88 2129E+B5 -.93HBE+_4 -.534BE+g4
75 -.2563E*81 -.25H4E*BI -.2362E-IE -.262gE-IE -.3954E,88 -.4989E+88 2129E+85 -.93_SE*g4 -.5348E+84
76 -.253gE+gL -.2497E.81 -.1818E-82 .2331E-E3 -.3978E.88 -.4_12E*g8 1997E,85 -.9886E,B4 -.5262E.B4
77 -.2488E,81 -.2485E.BI -.3Bg6E-83 .6996E-g3 -.4884E*BB -.4819E*88 1776E,85 -.8668E*g4 -.sBgSE+84
78 -.2456E,81 -.2474E*gl .II38E-E2 .1822E-g2 -.4848E*B8 -.4938E*88 I524E*B5 -.8878£*84 -.486BE*g4
79 -.2441E.21 -.2465E.81 .2321E-82 .1368E-g2 -.4865E+gff -.4648E+gg 1284E+_5 -.7381E.g4 -.4692E*g4
88 -.2437E+BL -.246BE*BI .2933E-g2 .1544E-g2 4879£.88 -.4B49E+_8 187GE+85 -.665BE+g4 -.428BE+g4
81 -.2439E+BI -.2458E.81 .3878E-g2 .1586E-_2 4883E+88 -.4955E._ -.9_8E+84 -.5939£.84 -.3973£.84
82 -.2445E*BI -.2469E*gl .2945E-_2 .153_E-E2 4_81E+Bg -.4866E*Bg -.7591E*84 -.5282E,84 -.3662E+g4
63 -.2452E+BI -.2468E+81 .2679E-_2 .142_E-B2 4875E*88 -.4858E+BB -.6446E+B4 -.4694E+04 -.3364E+04
64 -.2456E+BL -.2463E+01 .2364E-g2 .1288E-_2 4869E+00 -.4_56E*_8 -.5521E+04 -.4177E+84 -.3_86E+_4
85 -.2463E+BI -.2465E,81 .2844E-g2 .1152E-82 4862E+88 -.4864E*Sg -.4773E+B4 -.3727E.B4 -.2838E+B4
85 -.2456E+81 -.2468E,01 .1742E-82 .1_2_E-02 -.4855E1_0 -.4051E+BB -.4163E.B4 -.3339E*04 -.2598E+g4
87 -.2471E.g! -.247_E.01 .1465E-g2 .8959E-_3 4OGBE+B8 -.4848E*BB -.3662E.84 -.3_85E+84 -.2398E*B4
88 -.2474E+BI -.2472E,81 .1219E-g2 .7825E-83 4846E*g_ -.4_45E+8_ -.3248E+84 -.2717E._4 -.2291E.84
89 -.2476£.g1 -.2474E*_! .18_2E-B2 .6798E-g3 4843E*B8 -.4843E+88 -.2984E*_4 -.2468E.84 -.2g33E*84
g8 -.2477E.gL -.2475E,g[ .8149E-E3 .5876E-_3 4_4EE+BB -.4841E*BB -.2614E.B4 -.2254E._4 -.1884E+_4
91 -.2478E+_1 -.2476E,81 .6552E-g3 .5858E-E3 4838E*B_ -.4_39E*88 -.237BE.B4 -.2968E*_4 -.1751E+84
92 -.2479E.E! -.2477E+81 .5285E-_3 .4338E-_3 4_37E,8_ -.4_38E*8_ -.2162E+84 -.19_6E*_4 -.1633E+B4
93 -.2479E*_1 -.2478E._1 .4g84E-83 .3711E-g3 4836E*B8 -.4837E+_B -.198BE+B4 -.1766E.B4 -.I528E.g4
94 -.2479E+8! -.2478E+_1 .3161E-83 .3168E-_3 4836E+88 -.4837E*88 -.I832E.B4 -.1643E*B4 -.1434E,B4
95 -.2479E+_! -.2478£+gl .24_8E-_3 .2783E-_3 4836E+B_ -.4_36E+g_ -.1699E,B4 -.IG35E*_4 -.1351E+_4
96 -.2479E+_: -.2478E+_1 .1797E-83 .2386E-_3 4835E*_ -.4836E*_8 -.1585E+84 -.144_E+B4 -.1277E+_4
97 -.2479E+8: -.2478£+81 .1383E-B3 .1967E-83 4_35E*88 -.4g36E+_ -.1485E+84 -.1357E+_4 -.12LIE._4
98 -.2478E+g: -.2478E.8! .8989E-_4 .1678E-g3 4835E+88 -.4g36E*_8 -.1397E*84 -.1284£+B4 -.1152E,g4
99 -.2478E*B: -.2478E*BL .5625E-84 .1428E-B3 4g36E*S8 -.4836E+Sg -.132LE+B4 -.1219E.B4 -.11_8E+_4

l_E -o2478E+E: -.2477E+8! .2728E-44 .1218E-83 -.4836E+gg -.4837E._ -.|253E.B4 -.1162E._4 -.1853E+84
181 -.2477E+8: -.2477E+EI .1197E-g5 .l_|6E-B3 -.4837E+Sg -.4837E*_B -.1194E*84 -.111LE+_4 -.lg12E+84
182 -.2477E.81 -.2477E*_1 -.2346E-84 .8386E-84 -.4837E*88 -.4837E.88 -.l143E+g4 -.1867E.84 -.9758E+83
1_3 -.2477E+E! -.2476E+gl -.4784E-g4 .6746E-84 -.4838E+BB -.483BE+_8 -.L_97E+84 -.1828E*g4 -.9426E+83
184 -.2476E+gl -.2476E+81 -.7274E-g4 .5218E-g4 -.4839E+_ -.4B39E+8_ -.1857E*g4 -.9933E._3 -.9142E*83
185 -.2476E+8| -.2475E1_1 -.9868E-B4 .3778E-84 -.4839E,88 4839E+B8 -.1823E+_4 -.9634E*_3 -.8893E.83
1_6 -.2475E*8! -.2475E*BI -.1255E-_3 .2441E-B4 -.4_4_E*88 4_48E+_8 -.9927E*_3 -.9375E*_3 -.8677E*g3
187 -.2474E*gI -.2474E*_1 -.1531E-B3 .1258E-_4 -.4B41E.B8 4_41E*88 -.g669E*B3 -.gi54E*B3 -.8493£*_3
1_8 -.2473E*_1 -.2473E,B1 -.1889E-B3 .2761E-_5 -.4843E._B 4842E*B8 -.9451E*83 -.8967E*_3 -.8338E+B3
1_9 -.2473E.81 -.2472E.81 -.2979E-g3 -.4267E-g5 -.4644E,8_ 4_44E*_8 -.927_E*_3 -.8813E*_3 -.G212E+_3

18 -.2472E*81 -.2472E,81 -.2329E-g3 -.755_E-_5 -.4_45E*_ 4_45E*88 -.9124E,83 -.869gE*_3 -.8112E,83
II -.2478E._1 -.2471E*BL -.2543E-83 -.5952E-_5 -.4_47E.B8 4_46E,88 -.9_12E*83 -.8597E*_3 -.8_37E*_3
12 -.2469E*81 -.247_E*_1 -.27_4E-_3 .1818E-_5 -.4_49E*_B 4848E*8_ -.8931E*_3 -.8533E,B3 -.7989E*83
13 -.2468E+g! -.2468E+81 -.2792E-_3 .1718E-B4 -.4851E*B_ 4849E+88 -.8883E,83 -.8499E*_3 -.7966E+83
14 -.2466E.BI -.2467E*_L -.2785E-_3 .4167E-_4 -.4853E*BB 4_51E.8_ -.8865E*83 -.8493E*B3 -.7968E+83
15 -.2465E+8! -.2466E,81 -.266LE-_3 .7688E-_4 -.4855£*g8 4853E+88 -.8888E+83 -.8516£.83 -.7996E.B3
16 -.2463E,01 -.2465E.81 -.2396E-_3 .1244E-_3 -.4058E,80 4855E.8_ -.8927E.83 -.8569E*_3 -.6850E,g3
17 -.2461E,81 -.2463E*_1 -.1957E-_3 .1850E-_3 -.4_6_E+e8 4_57E*g8 -.9_gOE.g3 -.6653E.83 -.OI32E*03
18 -.2459E,81 -.2462E._1 -.1349E-g3 .2631E-_3 -.4_63E*88 4_59E,88 -.9125E*e3 -.8778E*g3 -.8242E+83
19 -.2457E*81 -.246gE+81 -.5218E-_4 .3574E-_3 -.4_66E+B8 4gGIE._ -.9279E.83 -.8922E,83 -.8384E*e3

12_ -.2455E*_1 -.2459E+81 .5395E-_4 .47_1E-_3 -.4_69E+_8 -.4_63E,8_ -.9474E*_3 -.9112E*g3 -.8558E*_3
121 -.2453E+_1 -.2457E.81 .1851E-83 .6_26E-g3 -.4672E*_8 -.4_66E,88 -.9713E*_3 -.9342E,83 -.8768E,83
122 -.2451E+_1 -.2456E*BI .3431E-B3 .7558E-_3 -.4_75E*_ -.4868E*88 -.18_8E*_4 -.9617E*B3 -.9_17E*83



123 -.2449E.BI -.2454E+_1 .5292E-_3 9386E-H3 -.4_78E+_8 -.4_78E+_H -.LB34E+84 -.9943E._3 -.93_9E+_3
124 -.2447E+_1 -.2453E+BL .7442E-B3 1127E-B2 -.488_E+_ -.4872E+_ -.lH75E+_4 -.[_33E._4 -.965_E._3
125 -.2445E+BL -.2451E+BL .9886E-B3 1346E-B2 -.4_83E+B_ -.4874E._ -.1122E.84 -.L_77E.B4 -.]_5E+84
126 -.2443E._1 -.245BE+_1 .1262E-B2 1586E-_2 -.4BB6E+SB -.4B76E+_B -.1178E.64 -.1129E+_4 -.]BSBE+_4
127 -.2442E.81 -.2449E+HL .1564E-B2 1847E-H2 -.4B88E+B8 -.4877E+B8 -.1243E.84 -.119BE._4 -.1183E+84
128 -.244_E+_1 -.2448E.BI .1892E-B2 2]Z8E-B2 -.489BE.BB -.4878E+_ -.132gE+B4 -.126_E+B4 -.1164E+_4
129 -.2439E+B! -.2448E+81 .2245E-E2 2426E-_2 -.4_92E+_ -.4B79E.BB -.141BE.B4 -.1343E._4 -.]234E+_4
13_ -.Z439E+81 -.2447E.8] .2618E-82 2738E-_2 -.4_93E._ -.4B8_E.E_ -.]516E+_4 -.1439E+B4 -.131_E+_4
131 -.2438E+81 -.2447E+_1 .3B_6E-_2 3_61E-82 -.4894E+_8 -.4_88E+B_ -.1642E+_4 -.1553E+_4 -.]41_E+_4
132 -.2438E+BI -.2447E+B! .34B3E-_2 3391E-g2 -.4B95E+_ -.4_88E+B_ -.1793E+E4 -.1687E+B4 -.1519E+_4
133 -.2438E+_1 -.2447E+BI .38B_E-_2 372BE-_Z -.4B95E+B_ -.4_88E._B -.1974E+_4 -.1847E+_4 -.1647E+84

134 -.2439E*EL -.2448E._! .4186E-_2 4_41E-B2 -.4B95E.B_ -.4B79E.B_ -.2194E.84 -.2_38E.E4 -.1797E+_4
135 -.244_E+81 -.2449E+B] .4547E-_2 4343E-B2 -.4B94E+B_ -.4_77E.BB -.2466E+B4 -.2269E.B4 -.1974E+B4
136 -.2441E+_! -.245_E+_1 .4863E-_2 4614E-B2 -.4B92E._ -.4675E+BB -.28B2E+84 -.2551E+84 -.ZL82E+B4
137 -.2443E+EL -.2452E+B! .511BE-_2 4834E-B2 -.4E98E+_ -.4_72E+BB -.3229E+84 -.2899E+B4 -.2438E+_4
138 -.2444E+81 -.2454E+_1 .5255E-82 4988E-B2 -.4888E+_B -.4B67E.BB -.3779E+B4 -.3333E.B4 -.2725E+_4
139 -,2446E+B1 -.2457E+B! .5252E-82 5_15E-B2 -.4B85E+_ -.4861E+_ -.45_2E+84 -.3882E+B4 -.3_78E+_4
148 -.2447E+_1 -.2461E._! ,5_4_E-_2 4886E-_2 -.4_81E+_ -.4_54E+B_ -.6478E+_4 -.4687E+_4 -.35_1E+_4
14! -.2448E+_1 -.2466E+B! .453BE-_2 .4515E-_2 -.4_76E+_ -.4843E+B_ -.6835E._4 -.55_6E+_4 -.4_6E+_4
142 -.2447E+_1 -.2474E+Bi .3586E-_2 .3786E-_2 -.487_E._8 -.4_28E+_B -.8788E+84 -.6725E._4 -.46_6E+_4
]43 -.2445E+Bl -.2486E+_1 .]993E-B2 .2527E-B2 -.486]E._ -o4_BGE._B -.1]73E+_5 -.8367E._4 -.53_3E.B4
144 -.2442E+B1 -.25_4E+_1 -.6384E-_3 .5158E-_3 -.4847E+_ -.3981E._ -.]638E+_5 -.]_6_E._5 -.GeB2E._4
145 -.2437E+_1 ".2532E+_! -.5_8]E-B2 -.2462E-_2 -.4825E+B_ -.3945E+_ -.2422E+_5 -,1364E._5 -.6882E.84
]46 -.2424E+_! -,2574E._1 -.1296E-_1 -.6335E-_2 -.3991E+_ -.3899E._ -.4_28E+_5 -.1715E._5 -.7555E+_4
147 -.2395E._1 -.2617E+_1 -.2799E-_1 -.9968E-_2 -.3961E+_ -.3845E+8_ -.68_4E._5 -.2_51E+_5 -.7895E+_4
148 -.2365E+_1 -.2617E+BI -.5818E-_1 -.IB3BE-BI -.3963E+_ -.38_5E+_B -.9588E+_5 -.2387E+85 -.7854E+_4
149 -.2365E.BI -.2617E+81 B. .1715E-ll -.3964E+BB -.38B5E+_B -.958BE+B5 -.2387E.B5 -.7854E.B4



Rmm_mww_A_nRwm_I_mmmwmttmm_wm_twmwm_m_m_ma_mmmm_WRtw_w_m_tw_nQ_mmwmmimmw_tmw_toiB_m_m_t_mt_tI_m_wt_m_mR_Im_I_mtnAttm_*_

**J AF2 CONVERGENCEHISTORY FOR THE NUHERICAL SOLUTION OF THE CONSERVATIVE, TRANSONIC FULL POTENTXAL EQUATION t**

N CHAX I J RHAX 1 3 RAVG BETA ALPHA NSP CIRCULATION CL(CIR)
1 .6_599E-H2 74 3g 4_929E-_2 75 3g .7B9292-_4 4.5B_B .15_BBE+_I _ .433642-_4 .B166
2 .5789BE-B2 71 3E 136112-B2 72 32 .48383E-84 4.5888 .96BI6E*gE B .614_8E-B4 .BIB7
3 .44937E-B2 67 29 143gEE-B2 74 29 .43173E-B4 4.41_B .6249_E*_ B .52942E-_4 .B241
4 .66864E-_2 73 3_ 73517E-_3 57 28 .37_1E-_4 4.3218 .4_333E+_ B .116_7E-B3 ._444
5 .IIBZ7E-_I 75 29 7_991E-_3 74 28 .35926E-B4 4.2354 .26_33E+_B B .14BB2E-_3 .B536
6 .174462-_1 74 29 59159E-_3 73 28 _413582-_4 4.15_7 .160_3E*_ B .17443E-_3 ._667
7 .21493E-_i 74 29 73741E-B3 74 27 .46_BBE-B4 4._676 .1_B45E._ 27 .32556E-_3 .1246

*** PARAHETER UPDATE BY SUBROUTINE AUTO... BETA • 3._ _**
B .18659E-_! 8_ 24 .79984E-_3 76 27 .43794E-_4 3._8 .7_E-_i 65 .368762-83 .1411

16 .61615E-g2 lg9 38 .37281E-_3 1_3 27 .12971E-B4 2.6523 .7_8E-81 !_1 .577322-_3 .228B
24 .33775E-_2 1_8 3_ .2422_E-B3 111 3_ .51214E-B5 2.1714 .7_B_gE-BI 1_4 .6_928E-B3 .2331

*** PARAHETER UPDATE BY SUBROUTINE AUTO... CON "1.2_ _**
32 .121152-B2 Ig8 38 211342-B3 1_8 3B .22294E-B5 I 8473 .7BB8_E-B1 1_6 617172-_3 .2361
4_ .8B883E-83 188 27 215652-_3 1_8 3g .18155E-85 I 5716 .78_88E-g1 1_6 624812-g3 .2398
48 .768572-B3 1_9 27 433692-g3 189 3B .94847E-86 1 7198 .7_G_E-BI 1_9 63248E-_3 .242B
56 .53113E-83 1_9 27 295452-B3 1_9 28 .762842-ff6 2 6856 .7_E-_1 189 63713E-B3 .2438
64 .1318_E-B3 i1_ 27 17_812-_3 11_ 3B .4825BE-B6 2 2168 .78e_E-_1 11_ 63859E-83 .2443
72 .389462-_4 1_8 27 469312-_4 11_ 3_ .129242-_6 ! B86_ .7_E-_1 lib 638_92-_3 .2441

_*_ FINAL CONVERGED SOLUTION *_*



*** DENSlTV CONTOUR MAP *** 

VARMAX - .999712E+EE VARHIN - .612787E+EE 



*** MACH NUMBER CONTOUR MAP *** 



INPUT/OUTPUT example 5-The cards below form the data deck for INPUT/

OUTPUT example 5 in chapter 3. This is a multiple-case run comparing a GRAPE
generated grid solution to a TAIR generated grid solution. The output for
this case is shown on the next two pages.

MINF=.63,ALPH=2•Z,NI=I41,ND'=31,MESH=3,ALOW=.Z8,I_ZASE=2,NC_Jg=3,$
MINF=.63,ALPH=2.Z,NI=I41,NJ=31,[_X21_-3,$

$Ca IN$
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****************************** NACA 8812 AIRFOIL SURFACE SOLUTION ....... MINF " .638, ALPH " 2.888 DEG ***********************

***** SOLUTION AFTER 38 ITERATIONS, RHAX - .1152E-85, NSP " B, CL(CIR) - .3365 *****

I X/C Y/C CP RHO H 1 X/C Y/C CP RHO H 1 X/C Y/C CP RHO H

1 .9994 -.8881 .4468 .8981 .4688 48 .2145 -.8677 -.2813 .7795 .7238 95 .2512 .8591 -.7429 .7884 .8749
2 .9979 -.8883 .4868 .8917 .4843 49 .1969 -.8568 -.2777 .7881 .7226 96 .2783 .8593 -.7184 .7861 .8642
3 .9954 -.8886 .3662 .8854 .4996 58 .1888 -.8657 -.2716 .7812 .7286 97 .2899 .8596 -.6783 .7117 .8536
4 .9919 -.8811 .3264 .8798 .5145 51 .1637 -.8544 -.2624 .7827 .7176 98 .31BE .8594 -.6468 .7172 .8433
6 .9873 -.8818 .2868 .8727 .6291 52 .1481 -.8529 -.2581 .7847 .7135 99 .3384 .8592 -.6158 .7225 .8331
6 .9817 -.8826 .2568 .8677 .5483 63 .1331 -.8513 -.2343 .7874 .7883 188 .3512 .8589 -.5853 .7278 .8232
7 .9749 -.8835 .2287 .8633 .5582 54 .1189 _.8494 -.2145 .7987 .7818 IBI .3724 .4683 -.5565 .7329 .8134
8 .9671 -.8846 .2434 .8592 .6593 55 .1853 -.8474 -.1983 .7947 .6938 182 .3939 .6576 -.6264 .7379 .8839
9 .9583 -.8858 .1797 .8554 .6677 56 .4925 -.8453 -.1611 .7996 .6841 183 .4166 .8567 -.4988 .7428 .7947

IW 9484 -.8871 .1576 .8518 .5756 67 .8885 -.8429 -.1261 .8864 .6724 144 .4375 .4557 -.4784 .7476 .7856
11 9376 -.8885 .1367 .8484 .6829 68 .8692 -.8485 -.8846 .8123 .6585 185 .4596 .4546 -.4434 .7521 .7768
12 9258 -.8181 .1171 .8463 .5897 69 .8587 -.8378 -.8352 .8284 .6419 186 .4819 .4533 -.4172 .7566 .7683
13 9131 -.e117 .8986 .8423 .5962 64 .8491 -.8361 .8233 .8388 .6221 187 .5842 .8519 -.3917 .7689 .7599
14 8994 -.8134 .8811 .8394 .6822 61 .4482 -.8322 .8938 .8414 .5981 188 .5266 .8684 -.3669 .7651 .7518
15 8858 -.8162 .8644 .8367 .6B88 62 .8322 -.8292 .1763 .8549 .5689 189 .5498 .8488 -.3428 7692 .7448
16 8697 -.8171 .8485 .8341 .6134 63 .B251 -.8261 .2763 .8718 .5338 14 .6714 .8471 -.3194 7731 .7363
17 8536 -.8198 .8332 .8316 .6187 64 .B188 -.8228 .3965 .8982 .4888 11 .6936 .8463 -.2965 7769 .7288
18 8368 -.8218 .8186 .8292 .6237 65 .B135 -.8195 .5397 .9129 .4389 12 .6158 .8435 -.2743 7887 .7215
19 8192 -.8238 .B444 .8269 .6285 66 .4898 -.8161 .7849 .9387 .3578 13 .6377 .4415 -.2526 7843 .7143
28 8811 -.8261 -.8893 .8246 .6332 67 .8854 -.8126 .8888 .9659 .2645 14 .6594 .4396 -.2313 7879 .7873
21 7823 -.8272 -.8226 .8224 .6377 68 .8827 -.8898 1.8315 .9891 .1483 15 .6889 .4376 -.2184 7914 .7884
22 7629 -.8293 -.8367 °8283 .6421 69 .8818 -.8864 !.1828 .9999 .8185 16 .7828 .4355 -.1899 7948 .6936

o 23 7431 -.8314 -.8484 .8182 .6464 78 .8881 -.8818 !.8369 .9899 .1426 17 .7227 .8334 -.1697 .7981 .6869
24 .7227 -.8334 -.8618 .8161 .6886 71 .8881 .8818 .8138 .9556 .3838 18 .7431 .8314 -.1497 .8815 .6883
25 .7828 -.8355 -.4734 .8141 .6548 72 .4818 .B854 .4615 .9885 .4626 19 .7629 .8293 -.1298 .8848 .6737
26 .6889 -.8376 -.6857 .8121 .6589 73 .4827 .8898 .8618 .8361 .6891 28 .7823 .8272 -.1188 .8881 .6671
27 .6594 -.8396 -.8978 .8181 .6638 74 .B854 .B126 -.3836 .7758 .7311 121 .6811 .B251 -.4981 .8113 .6644
28 .6377 -.8416 -.1899 .8881 .6678 76 .4494 .8161 -.6863 .7276 .8235 122 .8192 .B238 -.8782 .6146 .6537
29 .6158 -.8435 -.1228 .8861 .fi711 76 .4135 .8195 -.7831 .6933 .8882 123 .8368 .8218 -.8fi81 .8179 .6469
34 .5936 -.8453 -.1348 .8841 .6761 77 .B188 .8228 -.9114 .6786 .9388 124 .8536 .8198 -.8297 .8213 .6481
31 .5714 -.8471 -.1468 .8821 .6791 78 .8251 .8261 -.9923 .6662 .9581 126 .8697 .4171 -.8898 .8247 .6338
32 .5498 -.8488 -.1588 .8881 .6838 79 .4322 .8292 -I.8426 .6471 .9752 126 .885H .8182 .8122 .6282 .6258
33 .5266 -.8584 -.1698 .7981 .6878 88 .8482 .8322 -1.8724 .6417 .9853 127 .8994 .8134 .4339 .8317 .6184

34 .5442 -.8519 -.1815 .7962 .6989 81 .8491 .8351 -1.4873 .6398 .9984 128 .9131 .B117 .8563 6354 .6188
35 .4819 -.8633 -.1931 .7943 .6947 82 .8587 .8378 -1.8983 .6384 .9915 129 .9258 .B181 .8794 8391 .6628
36 .4596 -.8546 -.2845 .7924 .6986 83 .8692 .8485 -1.8839 .6396 .9893 13B .9376 .8886 .1834 8434 .5945
37 .4375 -.8657 -.2155 .7986 .7421 84 .48B5 .8429 -|.8788 .6421 .9046 131 .9484 .8871 .1284 8471 .58_9
38 .4156 -.8567 -.2262 .7887 .7856 85 .8925 .8453 -!.8584 .6457 .9778 132 .9583 .8858 .1546 8514 .5766
39 .3939 -.8576 -.2363 .7878 .7898 86 .1853 .4474 -1.B263 .6586 .9696 133 .9671 .8B46 .1821 8558 .6669
48 .3724 -.8583 -.2459 .7854 .7121 87 .1189 .8494 -.9992 .6549 .9684 134 .9749 .8835 .2118 8686 .5566
41 .3512 -.8589 -.2547 .7848 .7154 88 .1331 .8513 -.9698 .6682 .9586 135 .9817 .8B26 .2417 8654 .5455
42 .3384 -.8592 -.2626 .7826 .7176 89 .1481 .8529 -.9389 .6657 .9481 136 .9873 .8818 .2756 8789 .5332
43 .3188 -.8594 -.2694 .7816 .7199 9_ .1637 .8644 -.9878 .6714 .9293 137 .9919 .8811 .3182 8777 .5175
44 .2899 -.8595 -.2751 .7886 .7217 91 .1888 .8667 -.8744 .6772 .9185 138 .9954 .8B86 .3689 8845 .5816
45 .27B3 -.8593 -.2793 .7798 .7231 92 .1969 .8568 -.8416 .6838 .9875 139 .9979 .8883 .4838 8913 .4852
46 .2512 -.8598 -.2819 .7794 .7248 93 .2145 .B577 -.8886 .6889 .8966 148 .9994 .888! .4467 8982 .4685
47 .2326 -.8584 -.2826 .7793 .7242 94 .2326 .8584 -.7756 .6947 .8857 141 .9994 -.8881 .4468 8981 .4698

*** LIFT, WAVE DRAG, AND QUARTER-CHORDHOHENT COEFFICIENTS ...... CL " .3338, CD --.8B87, CH --.8818 ***



4. PROGRAM INFORMATION

This chapter contains individual descriptions of most of the program
modules including flowcharts for the larger, more complicated routines. This

information should provide the reader with deeper insight into the details of
the TAIR program logic and, therefore, allow for more efficient code operation.

In addition, this chapter (along with chap. 5 on theoretical development)
should provide assistance to the user who wishes to modify the TAIR computer
program for new applications.

The TAIR computer program consists of 16 program modules: a main program

which contains the AF2 flow-solver logic (MAIN); several major subroutines
which provide for solution initialization, grid generation, geometry specifi-
cations, solution output, etc. (INITL, GRGEN, GEMPAC, INNER, OUTER, ADI, CHECK,

AUTO, and OUTPUT); and several minor subroutines which perform a variety of
simpler yet very necessary functions (TRIB, TRIP, CSPLIN, FORCE, PRNPLT, and

XYOUT). Each of these routines along with a brief description of its function
is listed in table 2. A subroutine tree showing the relation of each routine

to its called and calling routines is displayed in figure 4.

In addition, the TAIR program utilizes nine COMMON blocks including a
blank, or unlabeled COMMON block used to store the velocity potential (PHI)
and density (RHO) arrays, and eight labeled COMMON blocks. These blocks con-

tain NAMELIST variables, boundary-condition arrays, and control variables
(COMI and GRGN), indexing arrays and metric arrays (COM2 and COM4), airfoil

coordinates and titles (COM3 and COM5), and miscellaneous solution parameters

(CONV and SCRACH). Table 3 displays these nine COMMON blocks along with brief
descriptions and the names of the routines which reference each block.

Tables 2 and 3, figure 4, and the flowcharts to be discussed shortly
provide the user with a quick reference source for most of rhe information to

follow. Also, prominent program variables (cross-referenced with theoretical

names) are listed alphabeticallywith brief descriptions in appendix B. These

measures should enable the user to assimilate quickly much of the information
contained in this chapter and should be referred to as needed during the fol-
lowing more detailed discussion.

DescriptionofMAINProgram

Programexecutionis initiatedat the beginningof MAINwith a call to
SUBROUTINEINITL,as indicatedin the flowchart of figure5. After receiving
the initialsolutionand transformationmetricsfrom INITL,the multiple-
solutionloop in MAIN (DO 10011CASE=I,NC)is entered. The value of NC is
established via the first call to INITL from the NCASE parameter (NAPLELIST

FLOWIN).Insidethemultiple-solutionloop,for thesecondand eachsucceed-
ing solution,SUBROUTINEINITLis calledagain for reinitlalizationof solution
parameters. Next MAIN startsthe main AF2 iterationloop (DO I000N=I,NSTEPS).
In the firstsweep (bldlagonalalong the R-direction),the densitycoefficients
RI and RJ are calculated. If the rotateddifferencingis turnedon (NDIF=I),
the RJ coefficientis upwinded. Then the residualR and the first sweep
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intermediateresultF are calculated. Due to the AF2 algorithmconstruction,
this sweep starts at the airfoil boundary (J=NJ) and proceeds backwards in J
to the outer boundary(J=l). In the secondsweepof the AF2 flow solver
(periodic tridiagonal along the _ direction), the matrix coefficients A, D, B,
and C are calculated, and the correction (COR) is obtained from the tridiagonal

solverTRIP. This sweep starts at the outerboundary(J=l)and proceedsfor-
ward in J to the airfoilboundary(J=NJ). Then the velocitypotential(PHI),
the circulation(GNP),and the density(RHO)are obtainedfor the new iteration
level. The density values at the trailing edge are averaged to remove any
oscillationthatmight be causedby the traillng-edgemappingsingularity.At
this point the solution is checked for convergence (see chap. 3, NAMELIST
FLOW-IN,for a discussionof ERR, the flow-solverconvergenceparameter).If
the solutionis diverging,the iterationprocedureis stopped. If the solution
is converging,but not yet converged,it goes throughanotheriterationafter
a call to SUBROUTINEAUTO (providingIAUTO=I). If the solutionis declared
converged,iterationterminates,the solutionis printedaccordingto NOUT,
and the programeitherbegins the next case or ends.

Description of SUBROUTINE INITL

This subroutine reads the option and acceleration parameters (NAMELIST
FLOWIN), contains a set of default values for all NAMELIST FLOWIN parameters,

and computes the mapping metrics, the initial flow-field solution, and most of
the solution control parameters. INITL first defines the default values, then
reads the NAMELIST FLOWIN data cards and updates the default parameters with

user-supplied values. If NOUT>4, this updated list is printed. If ICHECK=I,
SUBROUTINE CHECK is called to ensure that all input parameters are within

range. The different MESH functions then follow. If MESH=I or 2, the number

of _ and n points (NX, NY) and the coordinates of the grid (X, Y) are read from

logical unit 48. Then the two body-surface arrays (XB, YB) are defined, TEOPEN
is calculated (if MESH-l), and a check is made to ensure =hat NI and NJ match

NX and NY. If the NX and NY values do not match NI and NJ, the NI and NJ

values will be changed to NX and NY. An error message announcing this change

• will always be printed, regardless of the NOUT value. If MESH=3, the program
reads the mesh dimensions NX and NY, TEOPEN, and the grid coordinates from
unit 48. This information must have been generated by the GRAPE grid genera-

tion program (ref. 5). In order to make the GRAPE mesh compatible with TAIR,

NI must be one greater than the number of _ points in the GRAPE grid (called
JMAX in GRAPE)_ A check on grid dimension comparability similar to the MESH=I

or 2 option check is performed for this option. For TAIR, the n coordinates
must be renumbered to read from the outer boundary (J=l) to the airfoil sur-
face (J=NJ), instead of the airfoil outward numbering system employed by GRAPE.

Since TAIR uses a double-stored row of points along the vortex sheet, and the

GRAPE code does not, a second set of points at I=NI must Be added to the GRAPE

grid. The last task performed in the MESH=3 section is to assign the body-
surface arrays, XB and YB.

Next, INITL computes a series of counters, including a periodic indexing

•array (IA), based on the mesh dimensions. GRGEN is then called to either com-
pute a new mesh (MESH=0) or to add finishing touches to the mesh which was
read in from unit 48 (MESH=I,2,3). After INITL has received the grid
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coordinates, the metric quantities and the Jacobian are computed. Some smooth-
ing around the trailing edge is done to these quantities to reduce the effect
of the trailing-edge mapping singularity on the flow-field solution. If

NOUTZ9, SUBROUTINE XYOUT is called to print the grid coordinates and metric
quantities. INITL then calculates the free-stream properties and the initial

solutions for the velocity potential PHI and the density RHO. Figure 6 shows
a brief logical flowchart for this subroutine.

Descriptionof SUBROUTINEGRGEN

SUBROUTINEGRGEN sets up the finite-differencegrid,using the SUBROUTINEs
GEMPAC,INNER,OUTER,and ADI. If a mesh has alreadybeen read in and doesnot
need to be changed(MESH=Ior 3), the mainbody of the codingis skipped. If
a new mesh is generated(MESH=0)or an old mesh is modified(MESH=2),the fol-
lowingsteps occur. After the defaultvariableshavebeen set for the GRIDIN
NAMELISTparameters,the NAMELISTis readfor user updates. If NOUT_4,this
updatedllst is printed. If the check optionis on, GRGEN callsCHECK to scan
the NAMELISTparameters. It thencalIs GEMPACto determinethe airfoilcoor-
dinates. If airfoilcoordinatesare readin (IOPT=4),and the check optionis
on, the coordinateswill be checkedfor mispunchedvalues. SUBROUTINEINNER
is callednext to clusterthe pointsabout the airfoilsurface. This cluster-
ing operationis controlledby the BINN parameter. If MESH=0,GRGENcalls
OUTER to determinethe outer boundarypointdistribution,fillsin the middle
of the mesh using an exponentialformulato obtainthe mesh initialconditions,
and then calls SUBROUTINEADI (thealternating-directlon-implicitsolver)to
solve for the final finite-differencegrid. Finally,SUBROUTINEGRGEN creates
the douSle-stored,NIth row of gridpointsalong the vortexsheet. If MESH=2,
GRGEN establishesthe finalmesh by modifyinga previouslygeneratedmesh
storedon unit 48 to adapt to the new airfoil. This simpleoperationinvolves
a shearingof the old mesh and thereforeshouldonlybe attemptedfor rela-
tivelysmall airfoilchanges. The value of the clusteringcontrolparameter
(BINN)used to generatethe new airfoilclusteringdistributionshouldbe
identicalwith the value used to establishthe old mesh storedon unit 48.
Use of this optioneliminatesthe CALL to ADI and thereforegreatlyreduces
the mesh-generatlonexecutiontime. This optionwas intendedfor use with a
numericaloptimizationapplication.Finally,GRGEN placesthe XB and YB
arraysat halfpointsusing calls to SUBROUTINECSPLIN (cubicsplineinterpola-
tion) for all MESH 9ptlons(0, I, 2, and 3). If MESH is greaterthan zero,
the programwill returnto INITL. For MESH=0,GRGENwritesthe grid solution
to a logicalunit 48 beforereturningto INITL.This gridsolutioncan then be
used for second,third,etc.calculationsduringthe samerun using the MESH=I
or 2 options,or it can be made permanentby using the appropriateJCL control
statements. See figure7 ,fora brief logicalflowchartof SUBROUTINEGRGEN.

Description of SUBROUTINE GEMPAC

This subroutine establishes the inner boundary shape (J=NJ, airfoil coor-
dinates). The two arrays, XB and YB, are the nondimensionalized inner boundary

coordinates starting at the lower trailing-edge point and moving clockwise
around the airfoil to the upper trailing-edge point. SUBROUTINE GEMPAC
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contains five basic geometry options controlled by the parameter IOPT. For

IOPT=I, a NACA-00XX-type airfoil is generated from the standard analytic
expression. This airfoil can have an open or closed trailing edge. IOPT=2

generates a clrcular-arc airfoil with a blunted nose controlled by the XC
parameter. IOPT=3 yields the cross section of a circular cylinder. The

read-in option for Other airfoils is IOPT=4, and the fifth option, IOPT=5, uses
the Korn airfoil coordinates stored in a data statement. (See chap. 3 for a

complete description of all these options.) After the XB and YB inner boundary
arrays are filled, the appropriate airfoil title is assigned to TITLE, the

coordinates are normalized so that the X coordinates of the leading and trail-
ing edges are equal to 0.0 and 1.0, respectively, and the trailing-edge thick-

ness (TEOPEN) is calculated. If NOUTz4, the coordinates will be printed out
beforethe logicreturns to GRGEN.

Descriptionsof SUBROUTINEsINNERand OUTER

SUBROUTINE INNER distributes the points about the airfoil surface. First

it calculates the existing arc-length distribution (S) from the XB and YB

.body-surface coordinates. Next, the desired arc-length distribution ($2) is
computed according to the BINN parameter. If BINN is greater than one, the

new arc-length distribution is computed from a stretching formula. The closer

the BINN value is to one, the more the points are clustered at the leading and
trailing edges. If BINN=0.0, the desired arc-length distribution is equally
spaced (note that this distribution option for $2 is unacceptable for standard
airfoil calculations). If BINN=-I.0, the new arc-length distribution is taken

from a data statement which was calculated using conformal mapping. If

BINN--2.0, the user-supplled distribution is read from cards. (See chap. 3
for a more complete description of these clustering options.) If the desired
inner boundary arc-length distribution ($2) is established via the BINN=-I.0

or -2.0 options, the number of points in the distribution will generally not
agree with the desired final number of points (NI) input in INITL from

NAMELIST FLOWIN. This discrepancy is removed by interpolating the S2 distri-
bution up or down so as to involve NI points. The distribution of points
inherent in the $2 array is not changed by this interpolation, only the number

of points is changed. The existing and desired arc-length arrays (S and $2)
are then used to interpolate new values of XB and YB. The new values of XB

and YB are thereby distributed according to the desired arc-length distribu-
tion ($2). The interpolation process used is that of cubic spline interpola-
tion (SUBROUTINE CSPLIN). If NOUTZS, the final XB and YB coordinates will be

printed. After setting the X(I,NJ) and Y(I,NJ) coordinate arrays equal to XB
and YB, control returns to GRGEN.

SUBROUTINE OUTER sets up the point distribution on the outer boundary of
the finite-difference grid. OUTER is divided into three sections; the IOUT

parameter determines which section is used. IOUT=I computes a circular outer
boundary with radius RADMAX centered at XCN and YCN, then returns to GRGEN.

If lOUT=2, the outer boundary distribution is read from cards, and the logic
returns to GRGEN. If IOUT=3, a rectangular mesh with semicircular ends is

calculated. The nondimensionalized height and width of the base rectangle are
given by HTMAX and WDTHMX, respectively. This latter option should prove use-
ful for wind-tunnel wall applications. However, options for different
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flow-solverboundaryconditionsthatmodel solid-wallor porous-wallcondi-
tionshave not been included. (Seechap.3 for more detailsabout implementing
the IOUT options.)

Descriptionof SUBROUTINEADI

SUBROUTINEADI determinesthe finalgrid coordinates(X and Y) by requir-
ing that theybe solutionsto appropriatelyformulatedellipticpartialdiffer-
entialequations. An alternating-direction-implicltiterationschemeis used
to determinethe finalnumericalvaluesof X and Y. Pertinentaspectsabout
this algorithmare discussedin chapter5. SUBROUTINEADI startsalmostimme-
dlatelywith the main iterationloop,DO I000N=I,MAXIT. Just insidethis
loop the ALPHA accelerationparameter,which effectivelybehaveslike the
inverseof a time-step,is computedfrom user-speclfiedvaluesof ALGRIDand
AHGRID. Insidethe first sweep (tridiagonalinversionsalong the _ or wrap-
arounddirection),the metrics,the X and Y equationresiduals,and the tri-
diagonalmatrix coefficientsare all computed. SUBROUTINEADI then calls
SUBROUTINETRIP (trldiagonalsolverwith periodicboundaryconditions)for the
X-equationinversionand SUBROUTINETRIB (tridiagonalsolverwith fixedbound-
ary conditions)for the Y-equationinversion. The two intermediateresultsare
storedin the FX and FY two-dimensionalarrays. The secondsweep (tridiagonal
inversionsalong the _ or normal-likedirection)uses thesevalues to obtain
the new valuesof X and Y. SUBROUTINETRIB is used for invertingthe tridiag-
onalmatrix equationsfor both the X and Y equationsof the secondsweep. If
NOUTZ8,the ADI grid-generationconvergencehistoryis printed. Finally,a
check for convergenceis made. If the grid solutionhas converged,control
returnsto GRGEN;if not, it returnsto the startof the routinefor another
iteration.

Descriptionsof SUBROUTINEsCHECKand AUTO

SUBROUTINECHECK scansthe user inputsto see that thereare no out-of-
rangeor incorrectvalues. The call to CHECK is suppressedif ICHECKis set
to zero. This subroutineis dividedinto threesections,.andthe variableICH
(setin INITL and GRGEN)designateswhich sectionof the routineto use. The
first section(ICH=I)checksthe parametersin the FLOWINNAMELIST. The
secondsection(ICH=2)checksthe airfoilcoordinatesfor mispunchedor erratic
points. The last section(ICH=3)checksthe par.ametersin the GRIDINNAMELIST.
If an out-of-rangevalue is detected,one of the followingthreethingswill
occur. One, the error is seriousand the logicalLCHECKflag is set to true.
The solutionis thenterminatedwhen the logicreturnsto MAIN. In a multiple-
solutionrun, executionof the remainingcaseswill be unaffected,provid.ing
the error detectedin the preceedingsectiondoes not persist. Two, the param-
eter in error is reset to some predeterminedvalue and the solutioncontinues.
Or three,the subroutineissuesa warningthat an out-of-rangeor inaccurate
parameterhas been foundbut has not been changed. In all of these responses,
a messageis generated,regardlessof theNOUT value.

SUBROUTINEAUTO scans the convergencehistoryand updatesthe solution
parameters(BETA,CON, RGAM, and NDIF) to speedconvergenceor to prevent
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divergence. The call to SUBROUTINE AUTO is suppressed if the IAUTO parameter
of NAMELIST FLOWIN is set equal to zero, and none of the solution parameters
are changed from their initial values. The first section of logic in this
subroutine increases or decreases BETA, the tlme-like dissipation parameter,
based on changes in the average and maximum residuals. (See chap. 5 for more
detailed information about this process.) The next section decreases BETA if
the NSP builds up slowly, or increases it if the NSP is building rapidly. This
reflects the need for more tlme-like dissipation when the supersonic region is
large and less when the supersonic region is small. The section following this
activates the rotated differencing (NDIF=I) and lowers the circulation relaxa-
tion factor (RGAM) when the supersonic flow approaches the airfoil trailing
edge. Next the artificial viscosity parameter (CON) is lowered if the circula-
tion and NSP are building too slowly. For weak-shock calculations this reduced
value of CON is superior because it allows for sharper, less-smeared shock
profiles. The second-to-last section of logic lowers BETA to remove an addi-
tional amount of temporal damping. This level of BETA produces a stable itera-
tion only for weak-shock cases in which the extent of supersonic flow is small.
When flow conditions permit this small level of BETA, very fast convergence is
possible. If any of these changes is made, a message describing the change
will be printed, providing NOUT>_4. The last section looks at only the airfoil
surface flow-fleld solution and, if NOUT_>4,prints a warning when the Mach
number exceeds 1.3. This Mach number value, occurring immediately upstream of
a normal shock, is generally accepted as the limit where significant discrep-
ancies exist between the full-potential equation and the more exact Euler
equation formulations. Solutions which exceed this limit should be inter-
preted with caution.

Description of SUBROUTINE OUTPUT

SUBROUTINE OUTPUT contains most of the solution output and is called
exclusively by MAIN. OUTPUT is divided into four sections and is controlled
by the variable IS set in MAIN and passed to OUTPUT through the calling argu-
ment list. In addition, all output is controlled by the output control param-
eter NOUT. The first section (II=l) prints the transformation metric quanti-
ties near the airfoil surface (NOUT>8) and sets up the headings for the
solution convergence history (NOUT>6). The second section of OUTPUT (II=2)
prints the AF2 convergence history data, providing all print criteria are
satisfied. The parameters NOUT and NOUT2 control this operation. If N is a
multiple of the NOUTI parameter, an intermediate airfoil solution will be
printed. (Caution: small values for NOUTI will cause excessive amounts of
output.) Included in the intermediate airfoil solution output is the follow-
ing: if NOUTzT, contour maps of the density and Mach number will be printed.
If NOUT>3, the title of the airfoil or mesh and the flow-fleld conditions
(MINF and ALPH) will be printed. If NOUT>2, the iteration number (N), the
maximum residual (RMAX), the number of supersonic points (NSP), and the coeffi-
clent of Lift calculated from the circulation (CL) will be printed. The air-
foil surface solution for the Nth iteration is printed next (if NOUT>3).
Finally, SUBROUTINE OUTPUT calls SUBROUTINE FORCE to calculate and print out
the lift, wave-drag, and quarter-chord moment coefficients.
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When the main iteration loop has ended, either by converging or reaching
the maximum number of iterations (N=NSTEPS), SUBROUTINE OUTPUT is again called.

If the iteration limit is reached (11=3), or the solution has converged (II=4),
a statement indicating the nature of the iteration termination is printed,

providing NOUTZ6. After either of these two statements has been printed, the
control logic is sent back to the second section of SUBROUTINE OUTPUT to print

the final solution. This final solution depends, as before, on NOUT and

includes: the printer contour maps, the title line, the last line of converg-
ence information, the airfoil surface solution, and the force coefficients.

Description of Minor Subroutines

The TAIR program contains several smaller subroutines which are classified
as utility routines. These routines include CSPLIN, TRIB, TRIP, PRNPLT, XYOUT,
and FORCE.

SUBROUTINE CSPLIN performs a cubic spllne interpolation. Inputs via the
formal parameter argument list include the independent variable array (XX)
which defines the new function interpolates, the independent and dependent
arrays (X and Y) which define the function to be interpolated, the index
limits N1 and N2 for the XX and YY arrays, and the index limits Jl and J2 for
the X and Y arrays. The YY array contains the found interpolates resulting
from the interpolation process and is passed back to the original calling
routine as a formal parameter in the argument list. The A, B, C, D, F, and H
arrays are only dummy arrays defined as formal parameters to save storage. If
any element of XX is outside the range of X (with a fudge factor added), or if
the independent array X is not monotonic, the X, Y, XX, and YY values are
printed along with a message explaining the problem, and the program is
stopped.

SUBROUTINE FORCE is called by OUTPUT to calculate and print out the lift,
wave-drag, and quarter-chord moment coefficients. SUBROUTINE FORCE numerically
integrates the airfoil surface pressure coefficient distribution, using a
trapezoid rule integration algorithm. The inputs to SUBROUTINE FORCE are made
through the formal argument list and include: the number of points on the
airfoil surface (NI), the airfoil surface coordinates (X and Y), the pressure
coefficient distribution (CP), the angle of attack (ALPH), and the distance
across the trailing edge (TEOPEN). The coefficients are printed when NOUTzl.

SUBROUTINEs TRIB and TRIP are scalar tridiagonalmatrix inversion routines
with fixed and periodic boundary conditions, respectively. The formal param-
eter argument lists consistof A, B, and C, which are the below-diagonal,
diagonal, and above-diagonal matrix elements, respectively; F, the RHS column
vector; X, Q, and S, dummy arrays of scratch storage; and index limits, NL,
N-U,and JINC, for TRIB and Jl, J2, and JINC for TRIP. Inclusion of the JINC
parameter allows the inversion of a tridiagonal matrix using every (JINC)th
entry in the A, B, C, and F arrays. For all cases in TAIR JINC is equal to
one. Each subroutine passes back the result array in the array originally
holding the RHS values (F). Neither subroutine prints any output. An object-
code version of both TRIB and TRIP suitable for execution on the CDC 7600
computer is available. The object-code version executes approximately twice
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as fast as the original FORTRAN version, which allows a 10% reduction in over-

all computer time for most TAIR calculations. For all computer times listed
in this report the faster object-code versions of TRIB and TRIP have been used.

SUBROUTINE PRNPLT (called by SUBROUTINE OUTPUT) produces a two-dimensional

printer contour map for the array VAR. Each element of this array is assigned
an integer from 0 to 9 according to its size relative to the maximum and

minimum variations in the array. The resulting integers are printed across
the page with a 13211 format to create a single page "snapshot" of the entire

flow field. If an attempt is made to print a map with no variation, SUBROUTINE

PRNPLT will print a warning message and ignore the request. Arrays exceeding
132 in the first dimension are truncated so that the last 132 entries in the

array receive a position in the printed contour map. (See chap. 3 for more
discussion and an example.)

SUBROUTINE XYOUT is called by SUBROUTINE INITL to print the finite-

difference grid metrics (AI, A2, A3, and XJ) and coordinates (X and Y) provid-
ing NOUT>9. The formal parameter argument list includes the grid dimensions
NI and NJ and the printout increments in the I and J directions IINCR and
JINCR.

5. FULL-POTENTIAL EQUATION ALGORITHM

Theoretical details of the algorithm used in TAIR are now discussed.

Emphasis in this section is on relating details of code operation and organiza-
tion to different aspects of the numerical algorithm. Many of the variables

used in this theoretical chapter are listed, briefly defined, and cross-
referenced with the corresponding TAIR names in appendix B. This information

along with that of the previous chapter is intended to provide enough detail
to allow modification of TAIR for new applications. For more information

about the algorithm, references 1-3 are suggested.

Governing Equations

The full-potentlal equation in strong conservation-law form is given by

(p%x)x + (p%y)y = 0 (La)

p = [i - Y - i (¢x2 + ¢y2)3 I/Y-Iy + 1 (lb)

where _ is the full or exact velocity potential, p is the fluid density,
x and y are Cartesian coordinates in the streamwise and vertical directions,

and y is the ratio of specific heats. The density (p) and velocity compo-

nents (¢x and %y) are nondimensionalized by the stagnation density (Ps) and
the critical speed of sound (a*), respectively.
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Equation(i)is transformedfrom the physicaldomain(Cartesiancoordi-
nates)into"thecomputationaldomainby using a generalindependentvariable
transformation.This generaltransformation,indicatedby (seefig. i)

= _(x,y)
(2)

•- n = n(x,y)

maintainsthe strongconservationlaw form of equation(I). The full-potential
equationwrittenin the computationaldomain(_ - _ coordinatesystem)is
givenby

0 _ _ _- I (A_0ga+ 2Aa_ n +A30na) (4)y+l

where

U - A_ + A2_n

V = Az__ + As#n

Ax= _x2 + _y2 (5)

Az = _xnx+ _yny

A3 = nxz + ny2

and

j = _xny- _ynx

The U and V quantitiesare the contravarlantvelocitycomponentsalong the
and n directions,respectively;A1, A2, and A3 are metricquantities;and

J is the Jacobianof the transformation.To evaluatethe expressionsof
equation(5),the followingmetricidentitiesare necessary:

J = i/(x_yn - xny_)

_x = JYq " _x TM -JY_ (6)

_y= -Jxn, ny= Jx_

The transformed full-potential equation (eqs. (3), (4)) is only slightly
more complicated than the original Cartesian form (eq. (i)) and offers several
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significant advantages. The main advantage is that boundaries associated with

the physical domain are transformed to boundaries of the computational domain.

This aspect is illustrated in figure i, in which the physical and computational

domains for a typical transformation are shown. The inner airfoil boundary
becomes the n --_max computational boundary and the outer physical boundary
becomes the q = _min computational boundary. Note that no restrictions have

been placed on the shape of the outer boundary. Arbitrarily shaped outer
boundaries, including wind-tunnel walls, may be used.

Another advantage of this approach is the ability to adjust arbitrarily

the mesh spacing on the airfoil surface or in the mesh interior, with the pro-
vision that the smoothness of the mesh is not disrupted. This, in theory,
could be used to cluster mesh points around any gradients in the flow field
(e.g., shock waves or the leadlng-edge stagnation point). The next section
introduces the method of generating the finite-dlfference meshes used in the
TAIR program.

Grid Generation

The automatic grid generation scheme used by Thompson et al. (ref. 9) has

been adapted for use in the TAIR computer code. Basically, this grid-

generation scheme uses numerically generated solutions of Poisson's equation
(or, in the present application, Laplace's equation) to establish regular and

smooth finlte-difference meshes around arbitrary bodies. These equations are
transformed to (and solved in) the computational domain (i.e., _ and _ are
the independent variables and x and y are the dependent variables). The
transformed equations are given by

Ax_ - 2Bx_n + Cx n = 0

(7)

Ay_ - 2By_n + Cyq_ = 0

where

A = x_2 + y z , B = x_xq + y_y_ , C = x_2 + y 2 (8)

The numerical solution of equation (7) is achieved by first replacing all
derivatives in equations (7) and (8) by standard second-order-accurate finite

differences. A residual operator can be defined and is given by

L( )i,j = [Ai,j_ -2Bi,j_ + Ci,j_]( )i,j (9)

where the i and j subscripts indicate position in the finite-difference mesh.
The operators used in equation (9) are defined by
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_( )i,j= ( )i+1,j- 2( )i,j+ ( )i-l,j

i

_n ( )i,j = _ [( )i+i,j+1 - ( )i+l,j-1 - ( )i-l,j+l + ( )i-l,j-I ] (i0)

_nn( )i,j= ( )i,j+_- 2( )i,j+ ( )i,J-_

The spatial increments (A_ and An) are equal to i and therefore have been

omitted. Once boundary values and an initial solution for xi, j and Yi,j have
been established, the final interior values can be computed by relaxation.
Usually, either successive overrelaxation (SOR) or successive-line overrelaxa-

tion (SLOR) is used for this purpose. However, in the TAIR program a faster

alternating-direction-implicit (ADI) relaxation algorithm is applied. This
algorithm can be expressed by

Step 1:

(_ n n n
- Ai,j_)fi, j = e_Lxi,j (lla)

n n n

(u--Ai,j_)gi, j = =_LYi,j (lib)

Step 2:

n , n+1 xi'j)n fi,jn (12a)(e - Ci,j_nn)£xi,j - =

n , n+l rl n

(_ - Ci,j_nn)tYi,j- Yi,j) = gi,j (12b)

• n n
where fi,jand gi 4 are intermediateresultsstoredat each point in thegj
finite-differencemesh. In step I, the f and g arraysare obtainedby solv-
ing two tridiagonalmatrix equationsfor each _ = constantllne. The cor-
rectedvaluesof x and y are thenobtainedin the secondstep fromthe
f and g arrays,respectively,by Solvingtwo tridiagonalmatrix equationsfor
each _ = constantline. Becauseof the implicitconstructionof this scheme,
eachpoint in the finite-differencemesh influencesevery otherpoint during
eachiteration. As a result,evolutionof the solutionproceedsat a much
fasterrate.

Spatial Differencing

The finlte-difference approximations used to dlscretlze equations (3)
to (5) in the TAIR computer program are described in this sectlon. These

spatialdifferenceapproximations,which are valid for both subsonicand super-
sonic regions of flow, are given by

+, --0 (13)

_ (_)i+i/2,j ,j+i/2
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where the _ and _n backward-difference operators are defined by

_( = ( - ()i,j )i,j )i-l,j
(14)4--

_q( )i,j = ( )i,j - ( )i,j-1

The quantities (U/J)i+z/2,4 and (V/J)i _+1/2 used in equation (13), are com-J ,J !

puted using standard, second-order-accurate, finite-difference formulas. An
example is given by

U AI

(J)i+z/2,j = (_)i+i/2,j (_i+z'j - _i'J)

+_ i+l/2,j($i+z,J+l - $i+l,j-i + $i,j+l - $i,j-1 ) (15)

The Jacobian, J, and the metric quantities, Az, A2, and A3, used both in

equation (15) and in the density calculation (to be discussed shortly) are
first computed at integer points (i,j) using standard, fourth-order-accurate,

finite-difference formulas. These quantities are regrouped and permanently
stored at different locations given by

AI(I,J) = (_)i+i/2,j

A2(I,J)=_ i,j
(16)

A3(I,J) = A(T)i,j+_/2

XJ(I,J) = Ji+I/2,j+l/z

where the coded variable names are on the left and the analytical expressions
are on the right. Because the interpolation process by which the metric quan-
titles are moved is fourth-order accurate, the final expressions AI, A2, A3,

and XJ are themselves fourth-order accurate. During the iteration process,
values of AI, A2, A3, and XJ which are required at points other than where

they are stored are obtained by second-order accurate averaging.

The density coefficients of equation (13), Pi+I/2,j and _i,j+I/2, are
defined by

Pi+i/2,j = [(i - _)0]i+i/2,j + _i+i/2,jPi+k+I/2, j (17a)

_i,j+z/2 = [(1 - v)p]i,j+i/2 + vi,j+z/2Pi,j+£+I/2 (iTo)
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where

k = _ I when Ui+l/2, j _ 0

(18)
: $ i when Vl,j+z/2_ 0

The density values required in equation (17) are computed using a binomial

series expansion of equation (4). To improve the computational efficiency,
only the first four terms are retained. The final density expression, after
some rearranging, is given by

0 = I + Q2[CI + Q2(C2 + Q2- C3)] (19)

where

CI = i C2 = 2 - y C3 = -(2 - y)(3 - 2y)
y + I ' 2(y + 1)2 ' 6(_ + 1)3

and (20)

Q2 : A1¢_ a + 2Aa¢_ n + A3_n a

Examination of the error produced by this approximation clearly shows that
even under the most adverse conditions (e.g., large local values of Q2), the

resulting error in 0 will not exceed a few tenths of a percent. Use of

this series expansion to compute 0 eliminates the need for the exponentia-
tion operation, which'is computationally very expensive. This single simpli-
fication saves about 30% of the CPU time required for a flow-field computation.

Values of the density computed from equation (19) are computed and stored

at cell centers, that is, at i + 1/2, j + 1/2, using values of _ and _q
computed from

I

_i+I/a,j+I/a= _ (_i+z,j+z- _i,j+i+ _i+I,j- _i,j)
(21)

I
_n = _ (_i+1,j+1 - _i+1,j + #i,j+i - #i,j )i+I/2,j+I/=

Valuesof the densityrequiredat i + i/2,j or i,j + 1/2 are obtained
using simpleaverages. The switchingfunctions, _i+I/2,jand _i,J+l/z,used
in equation (17), control the amount of upwlnding in the finite-difference

scheme,and are definedby (forexample)

I 2 - 1)CON,0] for Ui+i/2, j > 0

max[(Mi,j

_i+I/2 ,j
= (22)

imax [(Mi+I,j2 - I)CON,0] for Ui+i/a, j < 0
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where Mi, j is the local Mach number and CON is a user-specifled constant.
In TAIR, equation (22) is actually used to compute a quantity called SIGMA,
which equals I - u. This SIGMA parameter is used in place of u as the
switching function.

Use of the density coefficients given by equation (17) is equivalent to

the addition of an appropriately differenced artificial viscosity term. This
effectively maintains an upwind influence in the differencing scheme for

supersonic regions anywhere in the finite-dlfference mesh for any orientation

of the velocity vector, thus approximating a rotated-differencing scheme.
Other variations of this rotated-differencing scheme achieved by this upwind
evaluation of the density are discussed in references 10-12. If rotated

differencing is not required, that is, if the supersonic flow region is small,

the spatial differencing algorithm can be simplified somewhat by upwinding
along only the _ direction. The switching function in equation (17b),

ui,j+i/2, is effectively set to zero for this option. Thus, no tests for

supersonic flow or flow direction must be made for the _i,j+i/2 calculation.
This logic is coded into TAIR and controlled by the parameter NDIF. If NDIF=I,

upwinding along both the _ and q directions is used. If NDIF=0 (default),

only upwinding along the _ direction is used. If IAUTO=I and if the region
of supersonic flow moves beyond about 90% of chord on the airfoil surface, the
default value of NDIF will automatically be changed to one. This mode of

operation has not only proven to be efficient, but is also extremely reliable.

AF2 Iteration Scheme

The AF2 fully implicit approximate factorization scheme is given by

Step I:

.I n

(ct- _nBj)fi,j= _oL¢i,j (23a)

Step 2:

n n. - )Ci,j = fi,j (23b)

where

k J------/i+i/2,j J = \--]---/i,j+i/2 (24)

In equation (23), the n superscript is an iteration index; c is an acceler-

ation parameter (to be discussed shortly), _ is a relaxation parameter called

OMEGA in TAIR; L¢_,j is the nth iteration residual (defined by eq. (13)),
and f_ j is an intermediate result stored at each point in the finite-

difference mesh. In step I, the f array is obtained by solving a simple

bidiagonal matrix equation for each _ = constant line. The correction array
is then obtained in the second step from the f array by solving a tridiagonal
matrix equation for each _ = constant line. Note that with the AF2 scheme,
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the n direction difference approximation is split between the two steps.

This generates a €_t-type term, which is useful to the iteration scheme as
tlme-like dissipation. (The iterative process is considered as an iteration

in pseudotime. Thus the time derivative is introduced by ( )n+1_ ( )n~ At()t.)
The split n term also places a sweep direction restriction on both steps,
namely, outward (away from the airfoil) for the first step and inward (toward

the airfoil) for the second step. No sweep restrictions are placed on either
of the two sweeps due to flow direction.

A _t-type term has been added inside the parentheses of step 2 (see
eq. (235)) to provide time-dependent dissipation in the _ direction. The

double arrow notation in equation (23b) on the _-difference operator indi-
cates that the difference is always upwind, which on the upper surface is a
backward difference and on the lower surface is a forward difference. The

sign is chosen in such a way that the addition of _t increases the magnitude
of the second sweep diagonal. The parameter 8 is fixed at a value of 0.3 in
subsonic regions. In supersonic regions, 8 (called BETA in TAIR) is initial-

ized via user specification and then updated using logic similar to that
presented in reference 13. The updating procedure exists in SUBROUTINE AUTO

and is given by

If RATIO < 2.0 then 8n = 0.98 8n-1

If RATIO > 2.1 then 8n = I.i 8n-1

(25)
If 8n > BHIGH then 8n = BHIGH

If 8n < BLOW then 8n = BLOW

where

 AVGn RMAXn
RATIO = + (26)

RAVGn-m RMAXn-m

and

BHIGH = 81 + I , BLOW = 81 - I (27)

In equation(26),m is the numberof elementsin the c sequence(seethe
sequence definition given by eq. (28)), RAVGn is the nth iteration average
residualand RMAXn is the nth iterationmaximumresidual. The logic
defined by equations (25) to (27) monitors solution convergence through the

parameter RATIO. If convergenceis progressingsatisfactorily,8 is reduced;
if not, 8 is increased. BHIGH and BLOW are upper and lowerboundswhich
limit the amountof 8 variation. In additionto the above logic,other
larger increases or decreases in 8 are possible. During the iteration

process,the base value of 8 includingthe valuesof BHIGH and BLOW can be
increasedor decreased,if the developingsolutionrequiresmore or lesstime-
like dissipation. This logic, which has largely been developed empirically,

automaticallykeys on the growthratesof NSP (numberof supersonicpoints)
and GNP (the amount of circulation). If these quantities grow rapidly, then
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8, BHIGH, and BLOW are all increased; if they grow slowly, then these quan-
tities are decreased.

The quantity o appearing in equation (23) (called ALPHA in TAIR) can be

considered as At-I. This direct analogy to time provides one strategy for
obtaining fast convergence, namely, advance time as fast as possible with

large time steps (i.e., small values of o). This is effectivefor attacking
the low-frequency errors but not the high-frequency errors. The best overall
approach is to use an o sequence containing several values of o. The small

values are particularly effective for reducing the low-frequency errors, and

the large values are particularly effective for reducing the high-frequency
errors. The o sequence used in the TAIR computer program is given by

k-z/m-1

°k = _H k = 1,2, . .., m (28)

where the sequence endpoints are given by oL and oH (called ALOW and AHIGH in
TAIR), and m is the number of elements in the sequence.

CirculationUpdateand BoundaryConditions

The airfoilsurfaceboundaryconditionis thatof flow tangency(i.e., no
flow throughthe airfoilsurface);it requiresthat the _ contravariant
velocitycomponentat the airfoilsurfacebe zero (i.e.,V = 0). This bound-
ary conditionis implementedby applying

= _ oV
_jpV)i,NJ-I/2 (_)i,NJ+z/2 (29)

where j = NJ is the airfoilsurface. In other expressions(eqs.(15)
and (21)) where %_ is required at the airfoil surface, the V = 0 boundary
condition is used again to obtain

_nlsurface Aa= -_ _Isurface (30)

At the outer boundaryof the computationalmesh, the velocitypotentialis
held fixedat the initialfree-streamvalue.

Specialboundaryconditionsinherentin the AF2 iterationalgorithmarise
at the airfoilsurface. During eachiterationat the beginningof the first
sweep,a boundaryconditionon f (seeeq. (23a))must be appliedat the air-
foil surface. Because f is a complicatedfunctionwith littlephysical
meaning,specificationof its value is difficult. As the iterationprocess
drivesthe solutionto a steadystate,the value of f approacheszero.
Therefore,boundaryspecificationof f shouldbe consistentwith this fact.
Even if the f boundaryconditionis consistentwith the steady-statesolu-
tion,a poor choicecan slowconvergenceor even cause instability.For lack
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of a better boundary condition, fq = 0 is used and seems to produce acceptable
results.

To facilitate the circulation calculation process, the velocity potential

function is written as the sum of two parts

= € + r_ (31)

where the first part is the nonlinear contribution and the second part essen-

tially consists of a vortex wlth circulation strength, 2=r (F is referred to
as GNP in TAIR). The idea of breaking the velocity potential into different

parts was used in reference 14. The velocity potential function stored in

the PHI(I,J) array in TAIR consists of only the nonlinear contribution given
by _. The vortex solution contribution is added in explicitly by modifying

each ¢_ term (in eqs. (15) and (21)) to include

€_ = €_ + 1" (32)

The Cq terms are, of course, not affected by this modification. Use of this
substitution provides for a significant improvement in the circulation con-

vergence rate becauseeach grid point,throughequation(32),feels the influ-
ence of the most recent value of the circulationduringeach iteration. At
the end of each iteration,the circulationis recomputedfrom '

Fn i n n
=_ (#NI-I,NJ - _2,NJ ) (33)

where NI - I,NJ and 2,NJ are one grld point upstream of _the trailing edge on
the upper and lower surfaces, respectively. To maintain stability for some
situations, the new value of the circulation must be underrelaxed. The nth

iteration relaxation factor used for the circulation, RGn, is computed using

g -
(34)

I 1
if RGn < _ RGAM , then RGn = _ RGAM

where RGAM is a user-specifiedconstant. Existenceof the seconddifference
on the circulationin the exponentialterm causes RGn to automaticallybe
reducedif the circulationgrowthhistorybeginsto oscillate. Use of the
n/100 term causesan additionalsmoothingeffectin the circulationgrowth
historycurveas the iterationprocesscontinues.

When calculationsare performedon airfoilswith open trailingedges,
speciallogicalong the vortexsheetboundarymust be considered. The amount
of opennessor differencein y coordinatesat the airfoiltrailingedge,
definedas TEOPEN in TAIR, Is continueddownstrea_of the airfoilwith constant
thicknessall the way to the outerboundary. One purposeof thisconfiguration
is to simulatethe existenceof a wake leavingthe airfoiltrailingedge. The
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velocity potential (@) for this situation has different values along i = 1
and i = NI, when the angle of attack, ALPH, is nonzero. This difference is
given by

_NI,j - _1,j = QYINF • TEOPEN (35)

where QYINF is the y component of the free-stream velocity. As a result,
all differences of _ across the vortex sheet must include the amount of this

Jump to maintain consistent results. In addition, the circulation computation
must also be modified to include this jump. Equation (33) becomes

pn I n n - QYINF • TEOPEN) (36)
= _ (_NI-I,NJ - _z,NJ

6. CASE HISTORY

This chapter describes several different cases run with the TAlE computer
code and discusses the results. First, a typical finite-difference grid
generated by TAIR is shown in figure 8. This grid was generated for a

NACA 0012 airfoil and consists of 4470 points (149 x 30, the default grid).

Figure 8(a) shows the entire grid, including the circular outer boundary;

figure 8(b) shows a close-up of the grid about the airfoil. The clustering of
lines at the leading and trailing edges is shown in more detail in figures 8(c)
and S(d). This grid was generated with the center of the circular outer bound-
ary at the default airfoil midchord position and required 20 iterations of the

ADI grid generation routine for convergence and about 1.6 sec of computer time
on the CDC 7600 computer.

The first flow-solver solution involves the supercritical Korn airfoil at

a free-streamMach numberof 0.74 and an angle of attackof 0°. The pressure
coefficientdistributionfor this slightlyoff-designcalculationis shown in
figure 9. The presentTAIR version(cycle8) is comparedwith a pastversion
(cycle7, ref. 15) and a resultfrom the GRUMFOILcomputercode (ref. 16).
All three cases are in excellentagreement. The GRUM_OILcomputercode is
similarto TAlE in thatboth codes solvethe conservativefull-potentialequa-
tion,but differsin that TAIR uses the AF2 iterationschemeand GRUMFOILuses
a hybriddlrect-solver/SLORiterationscheme (ref.14). This hybriditeration
schemeis composedof one direct-solveriteration(veryeffectivefor reducing
low-frequencyerrorsbut unstablefor supersonicregions)followedby several
SLOE iterations. The purposeof the SLOR iterationsis to smoothhigh-
frequencyerrorsgeneratedby the direct-solverstep in regionsof supersonic
flow.

The secondfigureassociatedwith this case (fig. i0) presentsthe rms
error (Erms)convergence-historycurvesfor each of the three iteration
schemes. The Erms at iteration n (E_) is definedby
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p I

I/z

Cn - C
i=I Pi PiEn .

rms NI

c2
i=I Pi

C_i is the surface pressure coefficient at the ith grid point and
where

the nth iteration;Cpi is the surfacepressurecoefficientat the ith
grid point taken from the convergedsolution,and NI is the totalnumberof
surfacegrid points. Using Erms to compareconvergenceperformanceis a
much more quantitativelycorrectprocedurethan using the standardmaximum
residualquantity. (Morediscussionon this pointcan be found in refs. I,17.)
The four curvesshown in figure10 correspondto the followingiteration
schemes: (i)AF2 (cycle8), (2)AF2 (cycle7), (3)hybrid,and (4) SLOR.
There are two major differencesbetweenTAIR cycles7 and 8. One, the circu-
la{ionupdatingalgorithmof cycle8 is considerablyimprovedrelativeto that
of cycle 7. This improvementenhancesthe convergencespeedof the TAIR code
for cases with reasonablylargeamountsof lift. Detailsof the new circula-
tionalgorithmare presentedin chapter5. And two, the automaticupdating
routineused in cycle 8 (SUBROUTINEAUTO, discussedin chap.4) is more sophis-
ticatedthan the one used in cycle 7. This changeimprovesthe code reliabil-
ity and in some cases the computationalefficiency.The SLOR iterationscheme
is simplythe GRUMFOILhybriditerationschemewithoutthe benefitof the
direct-solverstep. Each convergence-historycurveis constructedby plotting
Erms versusCPU time (AmesCDC 7600computer). The hybridcase has been com-
putedwith defaultvaluesfor all relaxationparameters. Convergencefor the
SLOR schemehas been approximatelyoptimizedby a trial-and-erroradjustment
of the relaxationparameter. The TAIR runswere computedwith defaultvalues
for all relaxationparametersexceptfor the artificialviscosityparameter
CON, which was set to 1.2 for a sharpershock profile. Set-uptimes,that is,
the CPU time requiredfor grid generation,solutioninitialization,and coarse-
and medium-meshcalculatlons,are includedin each convergence-historycurve.
The cycle 7 and 8 AF2 curvesinclude6.0 and 1.6 sec, respectively,for grid
generationand initialization.The differencein thesetimes is partiallydue
to the codingefficiencychangesbut primarilydue to a reductionin the
unnecessarilytight grid convergencetolerancefirstused with cycle 7. The
hybridand SLOR curvesuse coarse-medlum-flnemesh sequences. Converged
resultsfrom the coarsemesh are interpolatedonto themediummesh, thenfrom
the medium mesh onto the finemesh, thus providinga good initialguess for
the fine-meshcalculation.The set-uptimes for thesecases are 23 sec for
the hybridcase and 28sec for the SLOR case. For thiscalculationa two-
order-of-magnitudereductionin E_s producedessentiallyconvergedresults.
At this levelof convergencethe cycle 8 versionof the AF2 schemeis about
2 times fasterthan the cycle 7 version,about 5 timesfasterthan the hybrid
scheme,and about i0 times fasterthan SLOR.

The second case presents an interesting airfoil shock-wave pattern that

develops as the free-stream Mach number approaches I. This case, a NACA 0012
airfoil with Mach number of 0.95 and angle of attack of 4°, shows with Mach
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number contours a "fishtail" shock system (fig. ii). Supersonic-to-supersonic
oblique shocks emanate from the trailing edge and merge with a normal shock

downstream of the airfoil. The oblique shock emanating from the trailing-edge
upper surface has been strengthened by the addition of circulation, while the
oblique shock emanating from the trailing-edge lower surface has been weakened

and is almost nonexistent. The normal shock above the airfoil plane is much
stronger than the normal shock below the plane. This shock-wave pattern is

characteristic of solutions with free-stream Mach numbers near unity and has

been observed experimentally as well as computationally. This case required
only about i00 iterations or about i0 sec of computer time on the CDC 7600

computer for convergence. The rapid convergence of this difficult case demon-

s=rates the reliability and efficiency of the present transonic flow solution
procedure. For more information about this case and others like it, see
references 3 and 4.

The next two figures compare incompressible theory with two results from
TAIR. These two figures plot the ,surface pressure coefficient distributions

versus the X/C coordinate direction. Figure 12 shows that the result of a

circular cylinder calculation (Mach number of 0.00001 and angle of attack of

0°) is in excellent agreement with classical incompressible theory (ref. 18).
Figure 13 presents the result of the NACA 0012 airfoil at Mach number of

0.00001 and angle of attack of 0°. This, too, is in excellent agreement with

theory (ref. 19) everywhere except at the trailing edge. Here the TAIR result

differs because the density extrapolation used at the airfoil trailing edge
has been designed to more closely approximate experimental results rather than
the trailing-edge stagnation predicted in the theoretical results of refer-

ence 19. These incompressible calculations generally require about 2 sec of
CDC 7600 computer time for convergence (20-40 iterations).

The last case discussed in this chapter shows a comparison of computed
and experimental results. The three figures (figs. 14-16) show the surface
pressure coefficient versus X/C for three supercrltlcal CAST 7 (ref. 7) air-
foil calculations. These calculations were run at a Mach number of 0.7 and

three different angles of attack. To account for viscous effects, the TAIR

angles of attack were found by approximately matching computed and experimental
lifts. Generally speaking, the three plots show good agreement between TAIR

and experiment. Slight differences occur at the trailing edges, probably due
to trailing-edge separation. The two cases with lower angles of attack, -0.15 °

and 0.55°, show basically good agreement at the shock, but the largest angle

of attack case, 1.35=, produces more disagreement because of the relatively
strong shock. This is probably due to the lack of shock/boundary layer
viscous modeling.

These cases and the cases in the INPUT/OUTPUT sections of chapters 2 and 3

substantiate the claims made at the beginning Of this manual about the tran-
sonic airfoil analysis computer program TAIR. They show that the code is

reliable over a large range of transonic flows and is simple to operate --all

of the cases presented can be run with a few changes of the input parameters.
TAIR results agree with incompressible theory and with transonic experimental
results, and the present algorithm also shows substantial improvement in com-
putational efficiency when compared with other standard relaxation schemes for
the conservative full-potential equation.
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AgPENDIX A

PROGRAMCHANGESTO INCREASEDIMENSIONS

This appendix lists the changes that must be made in the TAIR program to
increase (or decrease) the mesh dimensions. The following statements were

changed for a CDC 7600 and, due to the overflow of small core memory (SCM),
two LEVEL 2 statements were included to assign certain arrays to large core
memory (LCM). For other computer systems these LEVEL 2 statements should be

omitted. This example illustrates a dimension change from (151,31) to
(209,43).

These changes must be made in the COMMON blocks. The default statement

is listed firs=, followed by the appropriate changes.

COMMON/COM2/A1(151,31),A2(151,31),A3(151,31),XJ(151,31)

COMMON/COM2/A1(209,43),A2(209,43),A3(209,43),XJ(209,43)
LEVEL 2,A1,A2,A3,XJ

(/COM2/appearsin MAIN, INITL,OUTPUT,and XYOUT)

COMMON/COM3/XB(151),YB(151)

COMMON/COM3/XB(209),YB(209)
(/COM3/appearsin INITL,OUTPUT,GRGEN,INNER,and CHECK)

COMMON/COM4/ IA(153),A4(151),BODYBC(151)

COMMON/COM4/ IA(Z11),An(209),BODYBC(209)
(/COM4/appearsin MAIN, INITL,OUTPUT,XYOUT,and ADI)

COMMONPHI(151,31),RHO(151,31)

COMMONPHI(209,43),RHO(20g,43)
(/ / appearsin MAIN, INITL,OUTPUT,and AUTO)

COMMON/SCRACH/X(151,31),Y(151,31),ARDUM(151,12)

COMMON/SCRACH/X(209,43),Y(209,43),ARDUM(209,12)
(/SCRACH/appears in MAIN, INITL, OUTPUT, ADI, XYOUT, GRGEN, INNER, and
OUTER)

The following additional changes must be made in the various routines as

indicated. First the default statements are listed, followed by the appro-
priate changes.
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MAIN

DIMENSIONA(151),B(151),C(151),D(151),
I SIGMA(IBI,31),F(151,31),RI(151,31),COR(151),
2 RJ(151),FIMI(151),FLUXJM(151),RJA3(I51)
DIMENSIONRJPH(151),RJMH(151),PXCJM1(151)
DIMENSIONQTRP(151),STRP(151),GNPCY(20),NSPCY(20)

DIMENSIONA(209),B(209),C(209),D(209),
1 SIGMA(209,43),F(209,43),RI(209,n3),COR(209),
2 RJ(2Og),FIMI(209),FLUXJM(209),RJA3(209)
DIMENSIONRjPH(209),RjMH(2Og),PXCJMI(209)
DIMENSIONQTRP(2Og),STRP(209),GNPCY(20),NSPCY(2O)

SUBROUTINEINITL

DIMENSIONXJDUM(151),AIDUM(151),A3DUM(151),XJI(151),XJNJM(151),
I A31(151),A3NJM(151)

DIMENSIONXJDUM(209),AIDUM(209),A3DUM(2Og),xJI(209),XJN,_f(209),
I A31(209),A3NJM(209)

SUBROUTINEOUTPUT

DIMENSIONRA1(151,31)
DIMENSIONIVAR(151),CP(I51)
IMAX=151

DIMENSIONRAI(209,43)
DIMENSIONIVAR(2Og),CP(2Og)
IMAX=209

SUBROUTINEGRGEN

DIMENSIONS(151),S1(151),S2(151),DUM(151),XDUM(151),YDUM(151),
1 A(151),B(151),C(151),D(151),F(151),H(151)

DIMENSIONS(209),S1(209),S2(209),DUM(209),XDUM(209),YDUM(209),
1 A(209),B(209),C(209),D(209),F(209),H(209)

SUBROUTINEINNER

DIMENSIONS(151),S2(151),DUM(151),XDUM(151),YDUM(151),
I A(151),B(151),C(151),D(151),F(151),H(151)
DIMENSIONSS(151),$3(151),$4(151)

DIMENSIONS(209),S2(209),DUM(2Og),XDUM(209),YDUM(209),
1 A(209),B(209),C(209),D(20g),F(209),H(209)
DIMENSIONSS(209),$3(209),$4(209)
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SUBROUTINEADI

COMMONICOM21FX(151,31),FY(151,31),A2(151,31)
DIMENSIONA(151),B(151),C(151),D(151),F(151),G(151),WORK(151)
DIMENSIONQTRP(151),STRP(151)

COMMON/COM2/.FX(20g,43),FY(2Og,43),A2(2Og,43)'
LEVEL 2,FX,FY,A2
DIMENSIONA(209),B(209),C(209),D(209),F(209),G(209),WORK(209)
DIMENSIONQTRP(2Og),STRP(209)

SUBROUTINECHECK

IF (NI.LE.151)GO TO 37
NI=151
IF (NJ.LE.31)GO TO 41
NJ=31

IF (NI.LE.2Og)GO TO 37-
NI=209
IF (NJ.LE.43)GO TO 41
NJ=43
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APPENDIX B

PROGRAM VARIABLES

This appendix describes the prominent variables in TAIR and, as appro-
priate, cross-references them with the theoretical variables they represent.
The TAIR variable is listed on the left, the theoretical variable (if there is

one) is listed beside it in parentheses, and the description is on the right.
If the parameter is included in a COMMON block or NAMELIST, a special note is
included. More complete descriptions of all NAMELIST parameters can be found
in chapters 2 and 3.

AFAC ALPHA multiplier for smalI ALPHAs and inner rings.
NAMELIST: FLOWIN. COMMON: /COMI/.

AHGRID (_H) Largest value in the grid generation ALPHA acceleration
parameter sequence. NAMELIST: GRIDIN. COMMON: /GRGN/.

AHIGH (_H) Largest value in the AF2 ALPHA acceleration parameter
sequence. NAMELIST: FLOWIN. COMMON: /COMI/.

ALGP_ID (eL) Smallest value in the grid generation ALPHA acceleration
parameter sequence. NAMELIST: GRIDIN. COMMON: /GRGN/.

ALOW (eL) Smallest value in the AF2 ALPHA acceleration parameter
sequence. NAMELIST: FLOWlN. COMMON: /COMI/.

ALPH Angle of attack (deg). NAMELIST: FLOWIN. COMMON: /COMI/.

ALPHA (u) AF2 acceleration parameter used in MAIN. This parameter is
effectively the inverse of a pseudotime step and sequen-
tially takes on M values ranging from AHIGH to AL0W. (See

chap. 5 for more discussion.) This parameter is also used

in SUBROUTINE ADI as an ADI acceleration parameter which
sequentially takes on MGRID values ranging from AHGRID to
ALGRID. COMMON: /CONV/.

ARDUM Array used for scratch storage. COMMON: /SCRACH/.

A1 (Al) Metric quantity, AI is approximately the ratio of the normal
side of a grid cell to the tangential side. (For more

information about this and other metric quantities, see
chaps. 3 and 5.) AI is computed in INITL. COMMON: /COM2/.

A2 (A2) Metric quantity. A2 is proportional to the skewness of the
grid cell and is computed in INITL. COMMON: /COM2/.

A3 (A3) Metric quantity. A3 is approximately the inverse of A1 and
is computed in INITL. COMMON: /COM2/.
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A4 Special metric grouping computed in INITL and used to imple-

ment the airfoil tangency boundary conditions during the
residual calculation. COMMON: /COM4/.

BETA (8) _t coefficient (acceleration parameter). (See chap. 5 for
more information.) NAMELIST: FLOWIN. COMMON: /COMI/.

BHIGH The upper bound on the BETA parameter discussed in chapter 5
(SUBROUTINE AUTO).

BINN Stretching parameter for inner boundary grid point distribu-
tion. NAMELIST: GRIDIN. COMMON: /GRGN/.

BLOW The lower bound on the BETA parameter discussed in chapter 5
(SUBROUTINE AUTO).

BODYBC Special metric grouping computed in INITL and used to imple-
ment the airfoil tangency boundary conditions during the
density calculation. COMMON: /COM4/.

CMAX Maximumcorrectionfor eachiteration. COMMON: /CONV/.

CON Parametercontrolfor upwindbias on density. NAMELIST:
FLOWIN.COMMON:/COM1/.

COR Correctionarray (MAINmodule).

CPSTAR (Cp*) Pressurecoefficientat the sonicconditiondefinedin
SUBROUTINEINITL. COMMON: /COMI/.

CXMAX Maximum correction for the X equation calculated in the

second sweep of the ADI grid generation routine (SUBROUTINE
ADI).

CYMAX Maximum correction for the Y equation calculated in the

second sweep of the ADI grid generation routine (SUBROUTINE
AD:).

DYPRES Nondimensionalized dynamic pressure defined in INITL.
COMMON: /COM I/.

ERGRID Convergence tolerance for ADI grid generation. NAMELIST:
GRIDIN. COMMON: /GRGN/.

ERR Convergence tolerance for AF2 flow solver. NAMELIST:
FLOWIN. COMMON: /COMI/.

ETAX (_x) First differenceof _ with respectto x (SUBROUTINEINITL).

ETAY (_y) First difference of n with respect to y (SUBROUTINE INITL).
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F (f) First sweep intermediate result. In MAIN, F is equivalenced
to X and SIGMA to save storage. (See chap. 5 for more dis-
cussioh about this quantity.)

FX (f) Intermediate X result at end of first sweep of the ADI grid
generation routine (SUBROUTINE ADI).

FY (g) Intermediate Y result at end of first sweep of the ADI grid
generation routine (SUBROUTINE ADI).

G (y) Ratio of specific heats. NAMELIST: FLOWIN. COMMON:
ICOMII.

GM (y - I) G - 1.0. GM is definedin INITL. COMMON: /COMI/.

GN (rn) Nth iterationvalueof circulation;initializedin INITLand
used to relax the (N+ l)stvalue of circulationat the end
of the main iterationloop. COMMON: /COMI/.

GNM (Fn-l) (N - l)stiterationvalue of circulation.

GNP (Fn+l) (N + l)stvalue of circulation.GNP is initializedin
INITLand updatedto the (N+ l)stvalue at the end of each
iteration. COMMON: /COMI/.

GNPD GNP*2:.0.GNPD is initializedin INITLand updatedin MAIN.
COMMON: /COMI/.

GNTE Circulationquantityinvolvingthe velocitypotentialjump
acrossthe airfoiltrailingedge. GNTE is initializedin
INITL and updatedin MAIN. COMMON: /COMI/.

GP (y+ i) G + 1.0. GP is definedin INITL. COMMON: /COMI/.

HTMAX Height of rectangular outer boundary (IOUT=3). NAMELIST:
GRIDIN. COMMON: /GRGN/.

I _ coordinateindex.

IA Periodiccounterused for differencingaroundthe trailing
edge. IA is set up in INITL. COMMON: /COM4/.

IAUTO Switchfor SUBROUTINEAUTO. NAMELIST: FLOWIN. COMMON:
Icoml.

ICASE DO control variable for multicase loop. ICASE runs from
one to NC (MAIN module).

ICHECK Switch for SUBROUTINE CHECK. NAMELIST: FLOWIN. COMMON:
ICOMII.
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ICMAX _ coordinate position of maximum correction (CMAX).
COMMON: /CONV/.

IHALF Midpoint of _-directlon coordinates [(NI/2) + i]. IHALF
is defined in INITL. COMMON: /COMI/.

IHM IHALF- I. COMMON: /COMI/.

IHP IHALF + 1. COMMON: /COMI/.

IINCR Grid solution output increment. NAMELIST: FLOWIN. COMMON:
ICOMII.

IOPEN Open trailing-edgeoptionfor IOPT=I. NAMELIST: GRIDIN.
COMMON: /GRGN/.

IOPT Airfoiloptionparameter. NAMELIST: GRIDIN. COMMON:
/GRGN/.

IOUT Outer boundaryoptionparameter. NAMELIST: GRIDIN.
COMMON: /GRGN/.

IRMAX _ coordinatepositionof maximumresidual(RMAX). COMMON:
ICONVl.

J q coordinate index.

JCMAX q coordinate °position of maximum correction (CMAX).
COMMON:/CONV/.

JINCR Grid solutionoutputincrement. NAMELIST: FLOWIN. COMMON:
IcoMil.

JRMAX n coordinate position of maximum residual (RMAX). COMMON:
ICONVl.

K Starting element in the AF2 ALPHA sequence. NAMELIST:
FLOWIN. COMMON: /COMI/.

KGRID Starting element in the ALPHA sequence used for grid gener-
atlon. NAMEL IST: GRIDIN. COMMON: /GRGN/.

KK (k) Counter for the M elements in the AF2 ALPHA sequence.
COMMON:/CONV/.

KKGRID (k) Counter for the MGRID elements in the grid generation ALPHA
sequence(SUBROUTINEADI).

LCHECK Logicalvariable. If an input error in a major variableis
detectedin CHECK,LCHECKwill be set to trueand the solu-
tionwill be stopped. COMMON: /COMI/.
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M (m) Number of elements in the AF2 ALPHA sequence. NAMELIST:
FLOWIN. COMMON: /COMI/.

MAXIT Maximum number of iterations for grid generation. NAMELIST:
GRID IN. COMMON: /GRGN/.

MESH Mesh option parameter. NAMELIST: FLOWIN. COMMON: /COMI/.

MGRID (m) Number of elements in the ALPHA sequence for grid generation.
NAMELIST: GR!DIN. COMMON: /GRGN/.

MINF (M_) Free-stream Mach number. NAMELIST: FLOWIN. COMMON:
ICOMII.

N (n) DO control variable for the main iteration loop.

NC Number of solutions per job (multicase run). The value of
NC is established from NCASE after the first call to INITL.

NCASE Number of solutions in a job. NAMELIST: FLOWIN. COMMON:
ICOMll.

NDIF Rotated differencing parameter. NAMELIST: FLOWIN.
COMMON: /COMI/.

NI Number of points in the _ direction (around airfoil).
NAMELIST: FLOWIN. COMMON: ./COMI/.

NIM NI - i. COMMON: /COMI/.

NIM2 NI - 2. COMMON: /COMI/.

NJ Number of points in the n direction (J=NJ is airfoil sur-
face, J=l is outer boundary). NAMELIST: FLOWIN. COMMON:
ICOMII.

NJM N3- I. COMMON: /COMI/.

NJM2 NJ - 2. COMMON: /COMI/.

NOUT Primary output control parameter. NAMELIST: FLOWIN.
COMMON: /COMI/.

NOUTI Solution output frequency. NAMELIST: FLOWIN. COMMON:
ICOMII.

NOUT2 Convergence parameter output frequency. NAMELIST: FLOWIN.
COMMON: /COMI/.

NRING Number of inner _ rings for which AFAC logic is applied.
NAMEL IST: FLOWIN. COMMON: /COMI/.
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NSP Number of supersonic points in the solution. COMMON:
Ico_l.

NSTEPS Maximum number of iterations in main flow-solver. NAMELIST:
FLOWIN. COMMON: /COMI/.

NX Number of points in the _ direction of the mesh to be read

in. This parameter should be compatible with NI (SUBROUTINE
1NITL).

NY Number of points in the n direction of the mesh to be read

in. This parameter should be compatible with NJ (SUBROUTINE
INIYL).

OMEG (m) Relaxation parameter for the ADI grid generation algorithm.
NAMELIST: GRIDIN. COMMON: /GRGN/.

OMEGA (_) Relaxation parameter for the AF2 flow solver algorithm.
NAMELIST : FLOWIN. COMMON: /COMI/.

PHI (€) Velocity potential array. PHI is initialized in INITL, and
updated every iteration in MAIN. COMMON: / /.

PINF Nondimensionallzed free-stream pressure. PINF is defined
in INITL. COMMON: /COMI/.

PSTAR Nondlmensionallzed pressure at the sonic condition. PSTAR
is defined in INITL.

QINF Nondlmensionalized free-stream velocity. QINF is defined in
INITL. COMMON: /COMI/.

QXINF The X component of the free-stream velocity, defined in
INITL.

QYINF The Y component of the free-stream velocity, defined in
INITL. COMMON: /COMI/.

R Residual calculated in MAIN.

RADMAX Circular outer boundary radius (lOUT=I). NAMELIST: GRIDIN.
COMMON: /GRGN/.

RATIO The sum of the ratios of the average and maximum residuals
at iteration N to the average and maximum residuals
at iteration N-M. (See chap. 5 for more details --
(SUBROUTINE AUTO). )

RAVG (Ravg) The average residual calculated in MAIN. COMMON: /CONV/.
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RG Circulation relaxation parameter. RG is the working param-
eter which is gradually lowered as the circulation builds.

(See chap. 5 for the details of this process.) Its initial
value is RGAM (MAIN module).

RGAM Circulation relaxation parameter. NAMELIST: FLOW-IN.
COMMON: /COMI/.

RGAMI 1.0-RGAM. RGAMI is initialized in INITL, and then redefined

as 1.0-RG in MAIN during the iteration process. COMMON:
IC0MII.

RHO (p) The nondimenslonallzed density array. RHO is stored at

(I + i/2, J + 1/2). It is initialized in INITL and updated
every iteration in MAIN. COMMON: / /.

RHOINF Nondimensionalized free-stream density (SUBROUTINE INITL).

RHOI3 Density value at Mach= 1.3. RHOI3 is used as a check to
See if the local Mach number exceeds 1.3. It is defined in

INITL. COMMON: /COMI/.

,RI (_) The densitycoefficientin the _ direction.(See chap. 5
for more discussion of this parameter.)

RJ (_) The densitycoefficientin the _ direction. (Seechap. 5
for more discussion of this parameter.)

RMAX (IRlmax) The maximumresidualcalculatedin MAIN. COMMON: /CONV/.

RSTAR Density at the sonic condition. RSTAR is defined in INITL.
COMMON: /COMI/.

RX The X grid generation equation residual (SUBROUTINE ADI).

RXMAX The maximum X grid generation equation residual (SUBROUTINE
ADI).

RY The Y grid generation equation residual (SUBROUTINE ADI).

RYMAX The maximum Y grid generation equation residual (SUBROUTINE
ADI).

S Airfoil arc-length distribution calculated from the initial
airfoil coordinates (XB and YB) (SUBROUTINE INNER).

SIGMA (i - _) Switching function for upwinding of the density. (See
chap. 5 for details of the _ calculation). SIGMA is

equivalenced to F and X to save storage.
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$2 The desired airfoil arc-length distribution, dependent on

the clustering parameter BINN (SUBROUTINE INNER).

TEOPEN Distance across an open trailing edge. TEOPEN is calculated
in GEMPAC, if MESH=0, or in INITL, if MESH > 0. COMMON:

ICOMII.

TITLE The title of the airfoil or mesh used in a given solution

(28-characterstring). COMMON: /COMS/.

TMAX Airfoil thickness parameter. NAMELIST: GRIDIN. COMMON:
/GRGN/.

WDTHMX Width of rectangular outer boundary (IOUT=3). NAMELIST:
GP_IDIN. COMMON: /GRGN/.

k (x) The x coordinateof the finite-differencegrid. In MAIN,
X is equivalencedto SIGMAand F. COMMON: /SCRACH/.

XB Airfoilsurfacex coordinatesstoredat (I+ 1/2,NJ).
COMMON:/COM3/.

XC Leadlng-edgebl,,ntnessparameterfor IOPT=2option.
NAMELIST: GRIDIN. COMMON: /GRGN/.

XCN The X coordinatefor the centerof the circularouter bound-
ary (IOUT=I). NAMELIST: GRIDIN. COMMON: /GRGN/.

XETA (x_) Firstdifferenceof x with respectto _ (SUBROUTINEINITL).

XIX (_X) First difference of _ with respect to x (SUBROUTINE INITL).

XIY (_y) First difference of _ with respect to y (SUBROUTINE INITL).

XJ (J) The Jacobian of the numerical mapping transformation. XJ is

computed in INITL. (See chaps. 3 and 5 for more informa-
tion.) COMMON: /COM!/.

XXI (x_) First differenceof x with respectto _ (SUBROUTINEINITL).

Y (y) The y coordinateof the finite-differencegrid. In MAIN,
Y is equivalencedto RI. COMMON: /SCRACH/.

YB Airfoil surfacey coordinatesstoredat (I+ 1/2,NJ).
COMMON:/COM3/.

YCN The Y coordinatefor the centerof the circularouterbound-
ary (IOUT=I).NAMELIST: GRIDIN. COMMON: /GRGN/.

YETA (yq) First differenceof y with respectto _ (SUBROUTINEINITL).

YXI (y_) First differenceof y with respectto _ (SUBROUTINEINITL).
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TABLE i.- TAIR OUTPUT OPTIONS CONTROLLED BY NOUT

NOUT Output information Total number
of pases

I 2 3 4 5 6 7 8 9

x x x x x x x x x Aerodynamic coefficients 2 lines

x x x x x x x x Last line of convergence history 5 lines

x x x x x x x Airfoil surface solution 1

x x x x x x Inputdata (NAMELISTs,airfoil 5
coordinates)

x x x x x Interpolatedairfoilcoordinates 6

x x x x Complete convergence history 7

x x x Mach and RHO contour maps 9

x x Grid convergence history and trans- 13
formation metrics near airfoil

x Final grid coordinates 21
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TABLE 2.- SUBROUTINEREFERENCECHART

Routine Calling Routines Descriptionname routine called

ADI GRGEN TRIB, TRIP Grld-generatlon algorithm

AUTO MAIN Solution parameter updating

CHECK INITL, Checksinput data
GRGEN

CSPLIN INNER, TRIB Cubic spline interpolation
GRGEN

FORCE OUTPUT Aerodynamic coefficient calculation

GEMPAC GRGEN Aerodynamic geometry input

GRGEN INITL CHECK, GEMPAC, Grid generation input (NAMELIST GRIDIN)

INNER, OUTER and grid initialization
ADI, CSPLIN

INITL MAIN CHECK, GRGEN, Solution input (NAMELIST FLOWIN) and flow-
XYOUT field initialization

INNER GRGEN CSPLIN Distributes grid points on inner (airfoil)
boundary

MAIN INITL, OUTPUT, Main flow-solver algorithm
AUTO, TRIP

OUTER GRGEN Outer boundary shape and point "
distribution

OUTPUT MAIN FORCE, PRNPLT Main flow-solver output

PRNPLT OUTPUT Printer contour plot

TRIB CSPLIN, Tridiagonal inversion algorithm
ADI

TRIP ADI, Tridiagonal periodic inversion algorithm
• MAIN

XYOUT INITL Grid-generatlon Output
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TABLE 3.- COMMON BLOCK REFERENCE CHART

COMMON

block Calling routine Description

/ / MAIN, INITL, GRGEN, AUTO Blank COMMON...Velocity potential and
density arrays

/COMI/ MAIN, INITL, OUTPUT, GRGEN, General solution parameters and
CHECK, AUTO NAMELIST FLOWlN parameters

/COM2/ MAIN, INITL, OUTPUT, Metric quantities
XYOUT, ADI

/COM3/ INITL, OUTPUT, GRGEN, Airfoil coordinates
INNER, CHECK

/COM4/ MAIN, INITL, OUTPUT, Periodic indexing array and airfoil

XYOUT, ADI boundary condition arrays

/COMS/ INITL, OUTPUT, GRGEN, Airfoil titles
GEMPAC

/CONV/ MAIN, OUTPUT,AUTO Solutionconvergenceparameters

/GRGN/ GRGEN, ADI, CHECK, MAIN Grid-generation parameters and
NAMELIST GRIDIN parameters

/SCRACH/ MAIN, INITL, OUTPUT, ADI, Scratch storage
XYOUT, GRGEN, INNER, OUTER
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Figure I.- Numerically generated finite-difference mesh.

77



\

JMAX -1 \
JMAX \ \ \ ±_L___L_.L_! NI-1

1 TEOPEN NI

34

(a) GRAPE =railing edge. (b) TAIR trailing edge.

Figure 2.- Comparison of GRAPE and TAIR trailing edges.
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• Figure 3.- Bluntness of circular-arc airfoil.
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Figure 4 . -  TAIR SUBROUTINE tree.  
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STARTMAIN _)

I INITIALIZE SOLUTION [CALL INITL] I

{
I MULTIPLE SOLUTION LOOP,ICASE = 1 TO NCASE I=

YES

{
I cALL'NITLI

I

I MAIN ITERATION LOOP, N = 1 TO NSTEPS I--

{
FIRST SWEEP(BIDIAGONAL ALONG _-DIRECTION) t

1. COMPUTEDENSITY COEFFICIENTS (RI, RJ)
2. COMPUTERESIDUAL (R)
3. COMPUTEINTERMEDIATE RESULT (F)

UPDATE
SOLUTION

SECONDSWEEP(TRIDIAGONAL PARAMETERS
PERIODIC ALONG _-DIRECTION) (BETA, CON, RGAM, NDIF)

1. COMPUTEMATRIX COEFFICIENTS (A, B,C, D) [CALL AUTO]
2. COMPUTECORRECTION (COR} [CALL TRIP] NO
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I UPDATE CIRCULATION (GNP) I SOLUTIONPARAMETERS?
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STOP

Figure5.- Flowchartfor MAIN module.
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STARTINITL )

I INITIALIZE DEFAULTPARAMETERS I

WR,TE,,FNOUT>_,

I CHECK FLOWIN PARAMETERS[CALL CHECK]

. I
p

1 2

READ GRAPEMESH FROM UNIT

48 (MAKE IT CONSISTENT
WITH TAIR CONVENTIONS)

lp

I READ MESHCOORDINATES I

FROM UNIT 48 (CHECKNX, NY
AND NI, NJ FOR CONSISTENCY)

Bill 1

I INITIALIZE COUNTERS I
BASEDON NI, NJ

I CALLGRGE.I
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. PR,NTGR,DCOORD,NATESIMETRICSAND [CALL XYOUT] Ii.o I i
I INITIALIZE SOLUTION

I
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Figure6.- Logic flow for SUBROUTINEINITL.
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STARTGRGEN _)

YES

I INITIALIZE DEFAULT GRID GENERATION PARAMETERS i

] READ GRIDIN NAMELIST, WRITE {IF NOUT>3) i

YEs
I CHECK GRIDIN PARAMETERS[CALL CHECK] I

I ESTABLISH AIRFOIL GEOMETRY [CALL GEMPAC] I

YEs

J DISTRIBUTE GRID POINTS ON AIRFOIL SURFACE [CALL INNER] J

< YEs !
_NO PREVIOUS MESH TO FIT NEW AIRFOIL

I DISTRIBUTE POINTSON OUTER BOUNDARY, ]

[CALL OUTER]
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FINALIZE GRID, [CALL ADI]

L"
PLACE XB AND YB AT HALFPOiNTS [CALL C_PLIN] ]

i

_NO "

I WRITEGRIOCOORDINATESTO FILE48 I

Figure 7.- Logic flowchartfor SUBROUTINEGRGEN.
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(a) Entire grid. (b) Close-up of grid about airfoil.

(c) Close-up of grid at airfoil leading (d) Close-up of grid at airfoil trail-
edge. ing edge.

Figure 8.- TAIR-generated finite-difference grid (the default case).
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Figure 9.- Pressurecoefficientcomparison(Kornairfoil,M_ = 0.74, _ = 0°).

84



AF2 (CYCLE8, PRESENT)

100` O AF2 (CYCLE7, REF. 15)

I-I HYBRID

Z_ SLOR

10-1

10-2

En s
10-3

Errns

10-4

10-5

10-6 I I I

0 40 80 120 160 200 -
. CPUTIME, sec

Figure i0.- Convergence-history comparisons (Korn airfoil, M= = 0.74, _ = 0°).
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Figure ii.- Mach number contours (NACA 0012 airfoil, M_ = 0.95, e = 4°).
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Figure 12.- Pressure coefficient comparison (circular cylinder cross
section, M_ = 0.00001, _ = 0°).
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Figure13.- Pressurecoefficientcomparison(NACA0012 airfoil,
M= = 0.00001,_ = 0°).
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Figure 14.- Pressure coefficient comparison (CAST 7 airfoil, Moo= 0.7).
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