
pOF

DT!C

O lmAik 2 9 1983

CI21

DEPARTMENT OF THE AIR FORCE

AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

0 Wright-Patterson Air Farce Base, Ohia

,C-,



9 AF I T/GAE/AA/88D-02C

b,. 2 9 J .gl{Dr

Navier-Stokes Solution For A NACA 0012

Airfoil With Mass Flux (Fan)

Thesis

Paul D. Boyles

Captain, USAF

AFIT/GAE/AA/88D-02

Approved for public release; distribution unlimited

'[I



9AFIT/GAE/AA/88D-02

NAVIER-STO1KES SOLUTION FOR A NACA 0012 AIRFOIL

WITH MASS FLUX (FAN)

THES(S

Presented to the Faculty of the School of Engineering

of tlie Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science in Aeronautical Engineering

Paul D. Boyles

Captain, USAF

December 1988

Approved for public release; distribution unlimited



Preface

The purpose of this study was to numerically simulate

the flow field for NACA 0012 airfoil with mass transfer

hrough the sur rLe %fan). recent emphasis in V/STOL and

the advancements in today's technology has created an

environment where a detailed knowledge of the flow

characteristics involved in lift augmentation is needed.

One particular area especially lacking in research is the

"Fan-in-wing" device. Such a device was not practical in

the 60&s when it was studied for its vertical take off and

hovering performance. However, with today's advances in

material science, propulsion and aviation technology, such

a device could be practical.

In two-dimensions, a "fan" is characterized by

suction normal to the upper airfoil surface and vectored

blowinq on the lower airfoil surface. This study examines

the lift and drag effects of such a device with varying

suction velocity, ejection angle and angle of attack. The

current "state of the art" in computational fluid dynamics

(CFD) makes it possible to do this initial study by

numerical simulation. It is hoped that the results

obtained in this work can be an aid in the design of

future experimental tests which will verify these

numerical results and perhaps lead to V/STOL applicat-ions.

I would like to thank Dr. Halim for supervising this
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work, and Capt Beran for his support and aid in this

research. I would also like to thank Dr Shang, the sponsor of

this research, and the wonderful group of people that work

or him at the Flight Dynamics Laboratory. Without their

technical guidance and sharing of computA resources,

this thesis could not have been accomplished.

Finally, My wife and two small children need a

special thanks +or their patience, understanding and

support during the many late nights and busy weekends

over the past five months. I can now begin to try and

make it up to them.

S
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Abstract

The purpose of this study was to determine, through

numerical simulation, the two-dimensional effect of mass

transfer (fan) on a NACA 0012 airfoil. A "fan" is

characterized by suction on the upper surface of an

airfoil and corresponding blowing from the lower surface.

The results are presented through the comparisons of lift

and drag coefficients, pressure and skin friction

coefficient profiles, and streamline and vorticity

contours. The numerical code used in this study is based

on the Beam-Warming approximate factorization algorithm

which is used to solve the mass-averaged, compressible

Navier-Stokes equations for viscous, unsteady flows. The

grid used in this study was a c-grid produced from a

hyperbolic grid generating code.

This study examined the effect of varying suction

velocity (1, 5 and 10 percent of the free stream velocity),

ejection angle (15, 45 and 90 degrees) and angle of attack

(0, 2 and 4 degrees). The results indicate that suction

has -tily a small influence on lift; but, produces a large

viscous drag proportional to the suction velocity. Blowing

produces a large lift component due to a modified pressure

distribution surrounding the leading edge and only a small

drag penalty. Blowing also creates an unsteady periodic

solution. The unsteady behavior is the result of vortex

x-iv



shedding caused by the interaction of a broad shear layer

formed behind the ejection surface which induces a

circulation around the trailing edge. The shedding of the

trailing edge vortex creates periodic oscillations in lift

and drag, but is not responsible for the large mean

increase seen in lift.

Increasing suction velocities produced a linear increase

in lift. A maximum drag penalty occurred at medium values of

suction (5%). The mass flow for the suction velocities

studied were too small to provide substantial lift; but,

did provide a substantial thrust component at an

ejection angle of 150 and a suction velocity of 10%.

Ejection angles mildly affected lift; but reduced

drag considerably at lower ejection angles (150) due to

thrust. Increasing angles of attack (c) produced a large

linear increase in lift and a corresponding reduction in

drag near that of a clean airfoil.

The results indicate that, in two-dimensions, a "fan"

type device can produce aerodynamic benefits and warrants

additional experimental and numerical studies, with an

emphasis on the lift curve slope and stall behavior.

The effect of different fan geometries, boundary conditions

and cambered airfoils should also be investigated.
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NAVIER-STOKES SOLUTION FOR A NACA 0012 AIRFOIL

WITH MASS FLUX (FAN)

I Introduction

The effect of mass flux on a NACA 0012 airfoil

section is the focus of this research project. This study

is accomplished through the use of numerical analysis

based on the mass averaged. compressible Navier-Stokes (NS)

equations. For this report mass flux is defined by the

intake of mass, suction, on the upper surface of the

airfoil, and the ejection of mass, blowing, on the lower

surface. The mechanism providing the suction and blowing

will be referred to as a "fan" (see Figure 1). Though in

two-dimensions this behavior could be contributed to a

variety of devices.

The concept of a "fan-in-wing" (see Figure 2) has

been around since the late 50's, reached its peak in the

late 60's and was essentially discarded in the mid 70's as

being impractical. The "fan-in-wing" was first considered

in the 507s for its vertical/short take off and landing

(V/STOL) ability (23:8). However, the technology and

material sciences of the times forced designs that were

heavy and large. A typical size fan covered between 40 to

50 percent of the wing area, "flying fan".

1



FLgure 1. A -Fcn-Ln-1JLng- (23:23)

F~guro 2. A -Fcn-tn-W.ig- A~rcraft (29:8)



The 60's technology produced some aircraft employing

a "fan-in-wing" concept. The most notable being the Ryan

XV-5a which employed a jet powered wing lifting fan (see

Figure 3) (20:38). But, most research and development

concentrated on the "tilt wing" concept (28:2-28) which

has found many applications with the implementation of the

modern turbo fan.

I. Nose fan

2. Gas generator
3. Diverter valve
- Engine tail pipe
5. Wing fan

6. Crossover ducts
7. Nose fan supply duct 3 /
8. Left wing fan scroll I

9. Right wing fan scroll
0. Nose fan scroll 

,

S/

IsI

I i

Ftgure 9. Propuksion Sytem for the Rycrn XV-5A (20:38)

In the 70's the fan gave way to jet technology which

was lighter and more powerful (see Figure 4) and led to the

development of the Harrier. "But in 1960 there is still

only one true VSTOL aircraft in the free world that :ie,

reached the operational stage, the Hawker Siddeley

Harrier (20:3)." Renewed interest in VSTOL and current

3



development in material science and compressor technology

suggest that a second look is warranted for the

"fan-in-wing"; with an emphasis on the flow

characteristics and possible applications to future STOL

technology.

TILT WING

I I FT
2

WING LOADING : 60 LB FT
2

DSc LOADING 40 LB, FT
2

LIFT FANCOMPOSITE VTOL

LIFT FAN - 41 U

i . 10 FT
2  

I - 6 FT
2

WING LOADING - 60 LB FWING LOADING - 120 LB/FT
2

FT
2  

DISC LOADING 2500 LBFT
2

DISC LOADING-S00 LBD FT
2

FLguro 4. V/STOL ALrcraft Conftgurt.ons (29:14)

The positive effect of suction on boundary layer

control and thus aircraft performance has been well

documented and is in practical use (31:43-44). The fluid

particles in the boundary layer over an airfoil surface

have a much lower kinetic energy than do the fluid

particles outside the boundary layer, due to the no slip

condition and skin friction at the airfoil surface

4



31:24-25). As the low energy particles over the airfoil

surface mix with the outer boundary they increase the

thickness of the low energy boundary layer thus

decreasing its stability (see Figure 5) (31:25). And under

unfavorable conditions separation can occur causing a

substantial increase in drag and a decrease in lift which

can lead to early stall behavior at high angles of attack

.22:411-413). In boundary layer control the low energy

boundary layer is sucked away and the the outer boundary

is free to accelerate while a new smaller boundary layer

reforms, thus improving lift performance and delaying

separation (31:Z381,382).

1 7/77 < com pare /7

more stable less stable

more stable less stable

Figure S. Effect of Boundwy Layer Oeometry

StcabLLity (23:265)

In principle the effects of boundary layer control by

suction can be extended to a fan. the results are not as

promising. The effect of suction produced by a fan is

5



not as well understood. The best results for suction are

obtained when the slot widths are of the same order as the

displacement thickness (see Figure 6) which is much much

smaller than a fan width (23:269).

L U UCO U,,

Suction

Figure 6. Effect of Suctton on the Boundary Layer

The effect of blowing on the other hand is not well

understood. Most research on blowing has concentrated on

surface blowing which is tangent to the airfoil. This

research has led to practical applications such as the

"jet flap" and "slotted wing" (see Figure 7) (31:380,381);

while the effect of blowing normal to the surface has been

carefully ignored.

t s mandatory to pay careful attentLon to the

shape of the eLtt in order to prevent the jet from

diesotvLng Lnto vortLcea at a short distance behind
the exit section (31:380).
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FLgure 7. Boundary Layer Cont roL a)RLovLng

b)sLotted WLng c)Suctton (31:301

At the very least, blowing which is non-tangent to the

surface will produce vortices which will cause separation

and produce a large separated area behind the blowing

exit (see Figure 8) (31:28-29). What is not understood is

the effect of blowing on the pressure distribution of the

airfoil surface and the effective camber produced by

turning the flow. If the blowing configuration is such

that vortices are shed then an unsteady solution can be

expected.

Some studies were done in the 60's on the optimal

configuration for a "fan-in-wing" (23:254). These studies

focused on the macrosr-npic behavior of lift and drag and

did not study the flow interaction. These studies do

7
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FVgure S. BLovLng Non-Tangent to the Surface.

indicate that a horizontal "fan-in-wing" can produce

additional lift and reduce drag ( see Figure 9).

The effect of the fan on the vwng ts somewhat

atmdLar to the sect~on of a jet flap. The efftux

from the fan vs dtschcLrged Ln a direction normal to

the plane of the vtng and then turns Ln the

downstream directLon. (23:254)

These experimental results suggest that the use of

inlet vanes to guide the incoming flow is detrimental to

both lift and drag. However, the use of exit vanes or

vectoring on the ejecting flow can reduce drag without

significantly affecting lift or pitching moments. These

results also indicate that ejection angles of 20 to 30

degrees with respect to the cord prnd, 0.e the best

performance (23:257).

0
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FLgure P. Three-Dtmenstonot Effects of a Fan

As long as the concept has been around, the

performance and flow field characteristics of the fan

are still not well understood. "There is still no

acceptable theory for predicting the performance of a

fan-in-wing configuration. At best we will probably have

to resort to a numerical solution (23-258-259)." With the

current "state of the art" in Computational Fluid Dynamics

(CFD), it is possible to numerically simulate complex

flow field such as a "fan-in-wing".

In a numerical study many more configurations can be

tested in less time and at lower cost than in an

experimental study (2:45). The problem with numerical

studies is that they can only simulate a problem but can

not ensure its validity. This is why numerical solutions

must be compared with experimental studies to validate

their accuracy before small departures from the validated

9



model configuration and test conditions can be introduced

(2). The new solutions can then provide valuable insight

for future experimental and numerical studies. This can

then become a continuous cycle of validation, insight,

test, validation...

The main difficulty in predicting the effect of the

fan on the wing is that it is characterized by a three-

dimensional flow field. A vortex is produced in the plane

of the wing end interacts with the flow normal to the fan

(see Figure 9). This problem can be simplified into two

dimensions by ignoring the vortex formed by a rotating fan

and calculating only the effects of suction and blowing

normal to the plane oF the airfoil.

This report looks only at the two-dimensional

problem, suction and blowing and as such can be

described by any number of mechanisms; however, the term

"fan" will be retained in describing the model. The focus

of this report is on the effect of mass flux on the lift

and drag performance of an airfoil section, and the

characteristic behavior of the flow. The problem is

further simplified by keeping the geometry and flow

condition fixed (appendix C).

The model used for this report is based on the NACA

0012 airfoil section because its behavior has been well

documented over a wide range of conditions (1:462,463; 24)

that will serve as a basis for validating the numerical

10



solution without blowing. The fan model used assumes no

inlet vanes but ejection vanes are used in order to allow

smooth, vectored, parallel ejection. The effect of varying

suction velocities, ejection angles and angles of attack

was studied.

The model conditions were picked for optimum

numerical performance. Compressible codes perform better

at higher Mach numbers (34) and for this reason M = 0.3

was chosen. The Reynolds number (Re) can also have a

dramatic affect on the solution. If Re is too low current

turbulence models have difficulty in describing the

physics correctly and if it is too high then the strong

compressible effects require extremely high numerical

resolution. For these reasons Re = 1,000,000 was chosen.

This value is well above the laminar flow region (18) and

much smaller than the critical Re for stall (22:413) for

this airfoil which could create problems at high angles of

attack (:4).

Boundary conditions on the upper surface were chosen

such that the velocity on the surface was normal to the

surface with a constant fractional value of the free

stream velocity (see appendix C). Because enhancements

were being sought, the velocity ejecting from the lower

surface was chosen to be constant in magnitude and

direction. The ejection angle was measured from the

cord assigned a value between 15 and 90 degrees. The

0
11



parameters considered for comparison and analysis were the

coefficients of lift, C,, drag, Cd and pressure, C .
• . p

The Navier-Stokes code used in the analysis (appendix

F). was a modified version of a code developed by Miguel

Visbal (36) at the Air Force Wright Aeronautical

Laboratories (AFWAL) Flight Dynamics Lab (FDL). This code

is based on the "full" compressible Navier-Stokes

equations for viscous flow and uses the Beam-Warming

Implicit Factored Scheme (4). The turbulence model is

based on work done by Baldwin and Lomax (8). The "full"

NS code was chosen over the approximate NS (ANS) and the

parabolized NS (PNS) codes because of the large stream

wise variation and the dynamic behavior of the flow field.

The suction and blowing alter dramatically both the

direction of the flow and the viscous behavior at the

surface. And for the first numerical attempt at this

problem a more accurate code was needed to insure

numerical accuracy. A compressible code was also needed

because of the compressibility imposed on the flow by the

fan boundary conditions. Changes to the code involved

boundary conditions, input/output, turbulence modeling,

force and residual calculations and loop structure to

reduce memory requirements.

Tests on different grids were performed in order to

determine an optimum spacing configuration. The grids

were developed using a hyperbolic grid generator (appendix

0
12



G) also provided by the Flight Dynamics Laboratory (FDL)

The grids were tested using the above code in order to

determine the optimum spacing needed to resolve the

problem accurately. Tests were done on the code using a

symmetric grid representing 3 NACA 0012 airfoil and

comparing results with known solutions for both laminar

and turbulent cases. The results from the final

unsymmetric grid were then compared for grid effects.

Details on the grid analysis are presented in the Results

and Discussion section. After the grid was verified the

fan modifications were added and results were obtained.

There was no available fan data for comparison and as such

the results remain to be verified through future

experiments and additional numerical simulations.

Computer resources were provided by FDL and included

accounts on the Aeronautical Systems Division Cyber

Computer and Cray XMP. The Cray was used for running the

Code (appendix E) and performing data analysis too large

for the Cyber; all other analysis and plots were performed

on the Cyber.

0
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II Analysis

Governing Equations

The mathematical equations which describe the behavior

of a fluid (gas) in motion are based on the Principles of

Conservation of Mass, Momentum. and Energy. These

equations are often grouped together and referred to as the

Navier-Stokes (NS) Equations though only the momentum

equation is credited to Navier and Stokes (41:71). These

equations are listed below in vector notation and are

valid for unsteady compressible and viscous flows (6:88-96).

0
Continuity ( Conservation of Mass )

0_;F + 7.(pv) = 0 (1)

Momentum ( Conservation of Momentum )

--pV (2)(pV) + V-.(pVv) = P + V.2

Energy ( Conservation of Energy

+ (V-)Et - + p -fV + 7-(a-V) - 17q

14



where the shear stress term o is related to the pressure,

P, and viscous stress tensor, r (16:6)

a= -PI + T (4)

The definition of variables used can be found in the list

of symbols near the beginning of this report.

Three additional equations are needed to relate

P, T and heat conduction, q. If a perfect fluid/gas is

assumed then the equation of state can be used (16:7)

P = pRT = pe(y-1) (5)

and if a Newtonian fluid is assumed then Stoke's law of

friction can be used (14:1'2)

T= X (7*Y-) I + P OVv +(;V) T (6)

and the third equation relates the heat flux vector to the

temperature gradient by Fourier's law of heat conduction

q k- k7T ; q= -7(k0T) (7)

where the conductivity k is a function of the

temperature. (14:11-12)

Total internal energy, E can be related to the

specific internal energy, e, and velocity by the following

15



relationship (15:13)

2 2

Et = e + u v )()

The above equations can be non-dimensionalized (see

appendix A) by applying the following definitions (an *

represents a dimensional quantity)

x=x y y u v
y* U Vx - V- LIu= -v-

L U UI

*YPM 
z  *P -P T -" 00 P

2-M p P00 oo Poo H00

Et Et* e - C = q - )

M p P q

U pUL t U *

M -0 Re- t ----- c L 1
00 00L

The non-dimensional NS equations are written below in

conservation-law form for a 2-D cartesian coordinate

system.

OP + (Pu) + O(pv) 0 (10)

0
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a(pP) + a+ - T- + J( puv - T (11)Ox xxat ay

X

t Yyx

=Pf

dEt - - (13)
5- P(+fu-4+f yV) +

O(Etu + Pu - LIT - T + q ) +

O(Etv + Pv - uT - VT + q ) = 0xy yy x

0where the internal heat generation, Q is assumed constant

in time (15:3.2).

The non-dimensionalized stress terms in index notation

are (16:6)

-u 6 (14)
T P6 + O- t J + 6,.X 0-

jj Re

The above equations can be transformed for varying

geometries by applying a coordinate transformation. For

any given geometry the coordinates can be related to a

square with unit axes of 1 (see Figure 10) by using the

chain rule of partial differentiation to relate the

0
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YG 

H

B F x

A

(a) Physical Plane

0

iIL

0 r-
3

(b) Transformed Plane

Ftguro 10 GenerciL Transformatton from The PhysicaL Domain a

to the Computatton Domai.n b (34:47)
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physical domain (xy) to the computational domain ( ,v).

Where (2:252)

= &(x.y) , = 0(x-y) (15)

0 0 0 (16)

0 0 (17)

The metrics are determined in the following manner (2:252)

dd = dx + dy (18)x y

dr = - dx + -dy (19)

In matrix form

d x = dx (20)
d "? 7 y

and

dx x lqd (21)
dy Y y d 7
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Therefore

@y
-i

[ (22 2
)x Y7. I YIp &- ,, ][_

Where the Jacobian J is given by (21:416)

a a

= 9(x', ) =r ax x ?Y YT

1 1x (24)

y -0

ax ay

and the transformation metrics are given by (35:7)

y -x - (25)

17 1

-y = J (26)

Further simplifications can be applied after the

coordinate transformation is completed. The chain-rule

conservative NS equations without body forces f written in

terms of general curvilinear coordinates (Z,77) are as

follows (35:5-6)

0
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au + aF + oG + F+ C (27)

Where

P-I _ T2F P= 2-Txx (29)
pov - T

xy

(pe + P)u - F
4

Puv - T
G = x y(3 0 )

2

YY

(Pe + p)v - 44

Stokes hypothesis gives (31:60)

2 P (31)

Where i is defined as the molecular dynamic viscosity. It

can be extended to include turbulent eddy viscosity, c

(35:6)

=- - (P+C) (32)
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0The thermal conductivity, k, is separated into k for

the fluid and k for the turbulent properties. Then the

viscous stress and heat conduction terms can be written in

the following form (?.5:6)

T = -3 X u + Xt(u + v ) (33)
xx t x x y

= -- X(u + v) (34)
xy t x y

T = - 3 X v + Xt(u + v ) (35)
yy t y x y

F = uT + vT - q (36)4 xx xy x

G = Ux + VT - q (37)0 xy yy y

P p(r-1)(e I (u + v ) (38)

q -(k + k) T q -(k + k )T (39)x t x y t y

k = c k =c (40)P Pr t p Pr
t

where the molecular Prandtl number is defined by (35:6)

PCPr - - .72 (41)
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and the turbulent Frandtl number is defined by (-5:7)

cc

Pr - .9 (42)
t k

where the specific heat at constant pressure. c for a perfectP

gas is defined by (12)

c -V 1.000 J/Kg-K (43)
P r-1

The NS equations can be written in the following strong

conservation form by applying the coordinate

transformation identities previously discussed (35:7)

o + OF + 0 = 0 (44)

where

SUU (45)

(F + G)

F = Y (46)

0) F + G)
G = x- y (47)

J

Rewriting equation (44) allows for an easier

implementation of the implicit algorithm scheme (section III)
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du ot aE 2 (48)
+ + - =

(it?

avi (U. u) + aV2 (U.U aw + ~(U. U ) aW2 (U, U
C 07)

where (T75: 8)

pu

Ei = K + xP(49)
PVU + P

y

(P + pe) u

E2 zv (50)0pvv + P

(P +- pe) v

1I biu + b2V (51)

b2u + bqv

Lbiuu ~-b2(VU + uv )+ b3VV + b4T

0

V2 -~ciU + C2V (52)

C3U + C4V

ICiUU + C2UV + cavu + C4VV + c5T
7)7) Y? 77 7)
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Wi = l + _ ~ (53)
c2u + c4v

ciLuu + C2VU + c3uv + c4vv + c!5T

0

W2 diu + d2v

dzu + dav

diuu + dz(vu + uv + d3vv + d4T

u and u denote the contravarient velocities (35:9)

u = u + v (55)x y

U = u + -0v (56)

The viscous coefficients are (35:4):

b = 3 x 4 2 + I2) (57)bt ( -2 x y

bz = - I X (58)
2 tx y
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ci = 05 + (61)

c2 = - (62)

C3 = - - X : + 2/3& ] (63)
- t x y y x)

C4 + 2.3 /S (64)

c5= - j + r x + & (65)P ( r +Pfr J x x Y Y

di =X- ,2 + Y] (66)

d2 X (67)
.- t x yd2~~ ~ 2) ,tg~

d3 = + (68)Y. t

d = c[Aj0 + 2) (69)P (r +P-r tJ x

The above NS equations written in terms of general

curvilinear coordinates are valid for both subsonic

and supersonic, unsteady, compressible, viscous flows.

The governing equations form a hybrid hyperbolic-parabolic

system. Their parabolic nature comes from the second-order

derivatives in the momentum and energy equations which

provide dissipative effects. The continuity

equation contains only first-order terms and is

26



hyperbolic; without the unsteady density term it would be

elliptic. These relationships dictate the manner in

which the initial and boundary conditions can be

appiied. (25:312)

Additional approximations must be made in

order to solve a finite difference problem (discussed in

section III). The main difficulties are in the area of

turbulent flow, where at best, turbulent models are only

approximate and rely heavily on empirical data.

0
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III Numerical Solution of the NS Equations

The numerical method for solving the NS equations as

previously presented is discussed in this chapter. The

finite-difference scheme presented is the result of work

by R. F. Warming and Richard M. Beam and is known as

the Beam-Warming approximate factorization algorithm (4).

The original two-dimensional Navier-Stokes code was

written and verified by Dr Miguel Visbal of the Flight

Dynamics Laboratory (36). Modifications made by the Author

and discussed in this chapter concern the airfoil surface

boundary conditions for mass exchange (fan). Finally,

critical details such as convergence criteria and time

steps will be presented.

Implicit Navier-Stokes Code

The implicit code solves the strong conservative

formulation of the NS equations (I - 3) using the

Beam-Warming approximate factorization algorithm (4:85).

The scheme is written in "delta" form with a first-order

Euler time-differencing written as follows (35:19):
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@An @2n @ n  2~ n  .

I +At I + At AU

-At -- (E -V -V ) + -(E W W n (70)
t I 2 I 2 £

U U + AU (71)

where n represents the temporal index ( i.e. Un= U(n&t)

and A, B, M and N represent the Jacobian matrices. See

appendix B for details.

_ E± _ E2
A- = EL B - (72)

M = N - (73)
dU dU

After applying second order differencing the space

derivatives become (35:19-20):

{ I + At A - 6M ,j ] }AU = (74)

At (E -V) + 2 -+ (
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AI + t - 62 N AU , AU. (75)

= (i - 1) A; 1 : i : IL (76)

= (U - 1)A-0 1 : j 5 JL (77)

and the finite-difference operators are (35:20):

6 f = (f - f ) / Z (78)
L, j f +1/2, j L-i/z, (

6 f = ( f - f ) / A7 (79)
)7 L, L , j+1,2 , 2

+ = ( f - +f )/ 2A (80)

(f f. - f )/2AY? (81),7 L j L. j+l , j-

The transformation derivatives (x,, Y ? y, y ) are

computed from the body-fitted grid by using one-sided

approximations at the boundaries and second-order central-

differencing approximations at the interior points. A

solution is arrived at by first solving equation (74)

during a sweep along each Y line (2 < i : IL-i), and then

solving equation (75) during a sweep along each line (2

: j : JL-1). The boundaries (i=l,IL ; j=I,JL) are then

solved explicitly.

3
30



Artificial damping is needed to maintain the stability

of the algorithm and to speed up convergence of the solution.

Instabilities can occur in compressible flow computations

at high Reynolds numbers. These instabilities can be

caused by nonlinear effects, rapid changes of flow

direction in separated regions, large pressure gradients

and the presence of walls and outer boundaries in the

computational domain. They can create finite oscillations

which can slow down convergence considerably. (25:322)

These instabilities and oscillations are removed by

adding an explicit fourth-order damping term Do to

right-hand-side of equation (74) and inserting two second

order damping terms Dt and DL within the respective

implicit operators in equation (75) (35:20):

Do = -weAtJ-i (6' + 64) U, (82)

DL= -(wAtJ- 6 2 j 1 (83)

DL = -CAtJ- .6 j . 1 (84)Lj ) L,J

Where wx is of order one and wt 2c .

For certain well posed problems convergence to

steady-state can be accelerated by employing local time

At which is dependent upon the flow conditions and
tJ

metrics at each individual point in the grid (35:22):
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At = (CFL) Atmax (85)

Where Atmax is calculated using the modified
t-J

Courant-Friedrichs-Levy stability criteria (35:22).

At CLu1 + Ii + a - + (86)I., ja A •J 0 AS 2 AS 2

-1

2
pAS2 P- P

1/2

AS =x 2 +y 2 AY? (87)

U u + ' v (89)

-u + 7 v(90)
x y

The Courant Number (CFL) for an explicit algorithm

must be less than one for stability. However, for the

implicit scheme CFL can be much higher and is typically

set equal to 20.
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Grid Generation

As previously mentioned the grids used for this

report were numerically generated from a " hyperbolic grid

generator" code (appendi G). This code is based on an

algorithm developed by Steger and Chaussee (33) which

solves a system of hyperbolic partial differential

equations. The advantage of using a hyperbolic grid

generator over an elliptic one is that only the inner

boundary needs to be specified (2:530). in this case the

iir-oil surface. Also, systems of hyperbolic equations are

easier to solve than elliptic equations and the above

algorithm is unconditionally stable.

0The detailed theory is beyond the scope of this

thesis. An excellent reference for theory used in this

code is AFWAL-TM-84-191 (19), prepared by Kinsey and

Barth. The purpose of using a grid generator is to produce

a body conformal grid in the physical domain that can be

related to a uniform rectangular computational domain with

grid spacing of unity. For best results the grid

coordinates should be orthogonal (2-193).

The particular grid topology used in this study was

the C-grid. C-grids require less points than many other type

grids (19:11) and therefore require less computer

resources to resolve a typical problem. C-grids also allow

uniform boundary conditions which are easy to implement.

33



However, for unsteady flows they can present a problem in

the wake region of the airfoil. Where along the branch cut

all variables are obtained by numerical averaging (see

appendix C).

Convergence Criteria

There are three types of converged solutions in

numerical simulations, steady-state, periodic and

unsteady. Even though no solution is perfectly steady,

there is always some oscillation, the unsteady behavior

may be so small as not to affect the solution visibly.

When this is the case the solution can be said to have

reached a steady-state (27). The steady-state solution 1=

the easiest to resolve. It is characterized by the uniform

convergence of some criteria after an initial transition

region. In most cases local time can be used with a CFL =

20 or more and convergence can be expected in less than

2,000 iterations. Even faster convergence can be achieved

if restart solutions are used where the restart solutions

represent a variation in parameters such as Reynolds

number or transition point.

The criteria for convergence for this report were the

coefficients of lift (C I ) and drag (Cd). When the

variations in Cd were within 1-2 drag counts (1 drag count

= 0.0001) and the amplitude in C 1 was less than 0.1% then
4
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the solution was considered converged to a steady state

(35:25).

The periodic solutions can be characterized by an

initial unsteady behavior in a transition region followed

by periodic oscillations in C 1 and C . Local time can not

be used to resolve such a problem, and a fixed constant

time step must be used. The oscillations in C and C d may

have more than one harmoni- mode on an overriding wave

(27). If one harmonic dominates or if a superposition

period can be found then convergence is determined when

the change in the maximum value of C and Cd over one

characteristic time unit is less than one percent (7).

A characteristic time unit is non-dimensionless and

represents the time it takes a particle to travel the

length of an airfoil.

t = t min N (91)

Where tmn is the smallest constant time step in the

computation and N is the number of iterations. Care should

be taken to insure that at least four periods are in the

analysis. to take into account any unsteady trends (7).

Periodic solutions can result from disturbances in the

flow field. such as vortex shedding, large separated

regions and stall characteristics at high angles of

attack.
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A truly unsteady solution is characterized by

o:.cillations which are not periodic. Such a solution can

not be resolved and often results when the model does not

represent true physical behavior such as laminar

separation at a turbulent Reynolds number or when

numerical instability predominates the solution. This type

of behavior can not be resolved except as a function of

time and depending on the problem might not represent

physical behavior.

S
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IV Results and Discussion

In this chapter the numerical results obtained from

the Navier-Stokes code previously mentioned are presented.

The verification of both the code and grid are discussed

and the final results for a "fan-in-wing" are presented.

The results are presented through the comparison of lift

and drag coefficients, streamline and vorticity contour

plots and surface pressure and skin friction profiles.

Data reduction was performed with two codes written by the

author and included in appendices J and K. This

investigation concentrated on the effect of mass flux on

varying suction rates Cv, ejection angles 6 and angle of

attack a.

Code and Grid Verification

Before the fan problem could be resolved it was

necessary to determine a compatible grid configuration and

to insure that the NS code was predicting the flow field

accurately. This was done by testing the various grids

listed in Table 1 under known, verifiable conditions.

0
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9rtd waLL L oute r saymmetry
- pCct nt pt Pt ourcar y

11 1CI IO 0 15 you

2 .C0cx5 137 44 5 yoa

3 . 0005 i VIP 50 to you

4 .0001 2P to0 20 no

5 .0001 20P to0 20 no

TabLe 1. NACA 0012 OrLd Conftqurattonu

Grids 1, _., 4 and 5 were produced using the

hyperbolic generator and grid 2 was produced from an

elliptical grid generator. Grid 4 and 5 are unsymmetrical

because points on) the body were clustered over the suction

and ejection surfaces which, is evident in Figure 11. The

number of points in the 0 direction, opt , were increased

on grid 4 to allow better resolution and a greater cord

distance to the outer boundary. The resolution on the

airfoil surface was improved by increasing the number of

points in the direction, Z PC At the leading edge the

spacing is 0.003, at the trailing edge it is 0.005, and

over the inlection and suction surfaces it is 0.005. The

wall spacing on 4 was refined to 0.0001 in order to

resolve the boundary layer better. This resolution can be

seen on the blown-up portions of the grid in Figure 12.

Grid 5 was produced from grid 4 by using two codes

(appendix 1) to redistribute the points in the r direction

in order to force a maximum spacing at the outer boundary

of less than one cord length.

All of the grids in Table I were tested against
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separation point results from a PNS code (13:5). The

results are compared in Table 2. The conditions of the

test were laminar flow at Re = 12,500 and M = 0.3. From

Table 2 it is obvious that a wall spacing of 0.001 is too

coarse. The other grids predict reasonably well. Grid 2 has

similar spacing to the grid used for the PNS analysis and

for this reason gave the best results. Grid 4 and 5, with

smaller wall spacing, predicted separation early. This may

be due to better numerical resolution of the boundary

layer.

grid separatLon

1 .0400

2 .817

3 .784
4 .787

5 .787

ref(19:5) .817

Table 2. Separation Point Comparison

C and C d were then compared at an extreme case for

grid 4 and 5 (Table 3). The numerical data was computed

using a interactive boundary layer code (10:8). Both the

experimental data and the numerical solution fixed

the transition at 5 percent cord. For this case Re =

6,000,000 and M = 0.3. These conditions are near stall (-

14°), presented a difficult case and were a good test for

the code's turbulence model.
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grid cL Cd
4 1.08 . oK23

5 1.07 .0124

ref 110:8) .95 .0002
ref ( : 462) 1. 11 . OII1

Table 3. Lift and Drag ComparLson with Experimental

Data, =10 , M = .3, Re = 6.000, OOC

The C 1 results in Table 3 are in good agreement with the

experimental data, but the Cd results are higher than

expected. Considering the extreme Re and the high angle of

attack, this comparison still indicates that the code

predicts a reasonable solution. The next case compares

surface C form grid 5 with experimental data, Figure 13.P

The difference in Re has only a small effect, C 1 and Cd

are compared in Table 4 for transition effects. The effect

of transition is more pronounced both in the Cp and the

C1 , Cd comparisons. Though not in perfect agreement, the

NS solution predicts -Iightly higher values for Cp, the

agreement is still reasonable.

Re x10 5ransitton Mc Transi tion C Cl Cd

tower surface upper surf ce

1.00 5 40 .455 .01128

1.00 5 5 .4d .0106

1.06 5 5 .460 .0a"

Table 4. CL and Cd vs Re and Transition Point, a = 4. 04

A final comparison was made for c1 and cd versus

inviscid theory and experimental data for grid 5, Table 5,

and transition points. The transition point on the
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upper surface was fixed at 40 percent of the cord as

0measured from the leading edge, which is 5 grid points

behind the suction region of the fan.

0 0 0

surface 0C C ~2=4
Tranatt ton 9c Lower upper CL C t C .

5 40 0. C23 .244 .478
5 5 O. co .22 .454

exp (1:400) O.C .22 ,44

tnviscLd theory

fLat pLate 27TOI (31:93) O.C .21P .439

Joukoski t/c = .12 (27:05) O.C .238 .477

TabLe 5. CL and Cd Comparison with Experimental and

Theoret LcaL Data

(exp Re = 3,000, CO, num Re = 1,000,000)

The Cp and Cf surface comparisons are presented in

Figures 14 and 15. From this data it is also apparent that

the transition point has an effect on the solution. The CP

curves in Figure 14 indicate a pressure difference around

the leading edge. This pressure difference is responsible

for the lift created by the unsymmetrical transition

points. The Cf plots in Figure 15 also indicate a small

change due to transition. These differences are small when

compared with angle of attack which will be presented

later.

Suction and Ejection Separately

The first step taken in determining the effect of a

4
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fan was a comparison of the components, suction and

0 ejection separately see Table 6. For this analysis

ejection was set at 6 = 900 and suction velocity Cv =

0.05. As with the solutions above, the solution for

suction reached a steady-state condition quickly; however,

blowing converged to a periodic solution which is

discussed in some detail in the following section on

convergence. Suction has the effect of increasing lift

only marginally while ejection has a surprisingly high

effect on lift. The differences can be clearly seen by

comparing the C curves in Figure 16. The drag effects areP

reversed. Normal ejection has almost no effect on drag

while suction produced an astonishingly high skin friction

profile, Figure 17, which results in a large viscous drag

component.

case CL CL CL CL
tota L press viscous m-oan

no f an .01907 .01321 -. 00014 . 00000
suct i on . 03959 . 08477 . cool -. 00120

eject i on .21473 . 21254 -. 0001 .026

f an .22843 .22725 .100010 .0010?

case Cd Cd Cd Cd

totLL press vuscous mon.S

no f an . 0OP54 .00164 . 00790 .0000

suct L on .0144 -. 0082 S .010o .00004

eject Lon . 0126P4 .02151 .00549 .00000

fon .08971 .0OO .01567 .00004

Table 6. CL and Cd Comprtson for Suction ond Blowing only

(Cv .05, 6= oo)

The skin friction profile of suction indicates the

effect is related to the immediate suction surface.

4
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Analvsis of the velocities at one point above the surface

S indicate that suction creates a large velocity gradient

above the surface. see Table 7 and Fiqure 18. This result

can be directly linked to the boundary conditions by

considering the continuity equation at the suction surface

OP + a(PLO + a(pv) (10)Ot ax dOy

surf ace vaLues 7 = £

x y P u V

.1110 .0483 :9338 .0000 .0000

.1176 .0492 .9370 .0000 .0000

. 1234 . 0500 .9300 . 0065 -. 0406

. 1294 . 0507 .9504 . 0062 -. 4961

L 1994 .0513 :9619 . C1059 -. 4965

one point above surface 77 2

x y P u V

.1110 .C4094 .9344 .2510 .0971

.1176 .C43 . 9384 .4547 .0597

. 1234 . C501 . 9370 . 789 . 0594

S1284 . C506 .9526 1. 0575 . 0706

.1394 C514 .9638 1.2623 .0999

_-5" 7. VetLcLty and Density Compcr'son at the SuctLon
Sunr a e (Suc Lon beg ns at x=. 12345)

As v increases suddenly at the suction surface so

must u along the surface and the growth is very fast as

indicated by Table 7. The velocity of u before the suction

indicates that it is in the boundary layer and at the

point above suction the boundary layer is removed see

Figure 18 and u 1. The velocity profile quickly reduces

to the free stream value, as can be seen in Figure 19. The

effect of suction is confined very close to the body with

0
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0a dimension less than 0.002 as shown in Figure 18. This

large surface gradient in velocity produces vorticity and

thus has a large effect on the viscous force drag. A

better model of suction might decrease drag but should

still only have a small effect on lift.

The results for blowing can be explained in this way:

at a 90 degrees ejection angle. density is constant along

the ejection surface and there is no v component to

velocity; therefore, continuity is satisfied if du = 0

with both du/dx and dv/dy : 0 the skin friction is

negligible right above the surface. However the effect of

blowing produces vortices immediately behind the ejection

surfaces shown in Figure 19. The vortices are shed

through interaction with a shear layer formed by blowing

as it turns the free stream At the trailing edge

these counter-clockwise rotating vortices induce

circulation around the trailing edge which leads to the

formation of a clockwise rotating vortex.(5:196)

The trailing edge vortex is more powerful than the

vortex produced by ejection as shown in Figure 20. This is

due to the higher energy of the flow on the upper surface

and the lower energy flow between the shear layer and the

lower surface. These vortices are shed in a complex

interaction as shown graphically by the streamline and

0
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Figure 19. Velocity Profiles above Suction
and Blowing Surfaces CCv=. 05)
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all -

Trailing Edge Vortex

Ejection induced Shear Layer

Figure 20. Velocity Profiles of Trailing Edge Vortex
and Shear Layer CCv=.05)
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vorticity plots in Figures 21 and 22. As the vortices shed

they produce oscillations in lift and drag. But these

oscillations can not account for the higher mean values

seen in lift due to blowing only.

An analysis of the surface pressure (Figure 16)

reveal that the primary component to lift (Table 6) due

to blowing is the pressure difference between the upper

and lower surfaces on the forward portion of the airfoil.

The primary effect of the vortex shedding is confined in

the airfoil region behind the ejecting surface. The CP

difference producing lift can be explained by the

compression effect the shear layer has on the flow by

forcing it to turn.

Convergence Criterion for Periodic Solutions

Before an analysis could be performed, each case had to

meet a convergence test as discussed in chapter three.

Seventeen cases were run for Re = 1,000,000 and M = 0.3.

Table 8 contains information on each case and pertinent

information iocluding the "number" by which they will be

referred to. Of the seventeen cases listed the ten with

ejection converged periodically. The remaining seven

converged to a steady-state solution. Whenever possible,

restarts from different converged solutions were used to

reduce the transition period and thereby the number of

55



0
.1

U -
U -4

U

S- 0
. 0)

d

x 0
II

a U

-4
U

d S
--4

0~

I 0

A A A a
0

IA

x11  
'-vi 0

IA

-~ a
0
US fl

- / -

0 0

x I..

S S
0

-4

o 0S

o

S 00S

A A A

0
56



x

-C4

0 0 -0

*0
u 10

0.

Lu

-, 
> -

(U

5 7O



0 0 t rctnsi.ti. n Mc
rest art Cv 6 C, upper ?over

I c Lean 2 0.00 0 0 1.5 1. 5

2 cLean nev 0.00 0 0 5 40

3 suctton 2 0.05 0 0 5 40

4 bLovtng 2 0.05 0 0 5 40

5 fan 6 0.01 90 0 5 40

6 f an 2 0.05 90 0 5 40

7 f an 6 0.05 45 0 5 40

* fan 7 0.05 15 0 5 40

9 f an 6 0.10 90 0 5 40

±O fan 0 0.10 45 0 5 40

Ii fan 1o 0.10 15 0 5 40

12 cLean 13 0.00 00 2 5 5

13 cLean now 0.00 00 2 5 40

14 fcLn 13 0.05 45 2 5 40

1S clean I 0.00 00 4 5 5

i cLean new 0.00 00 4 5 40

17 fan £6 0.05 45 4 5 40

TabLe 8. Ltst of ModeL Conftgurations for M=. 3,
Re = i,000,OCO

iterations needed to converge to the new solution.

Plots of C1 and Cd for each case can be found in

Figures 23-33. A comparison of the amplitude and slope of

convergence provides some interesting insight into the

behavior characteristics of different Cv: 6 and a. The

plots indicate that as the suction rate increased the

amplitudes in C and Cd decreased. Increasing 6 and a had

the opposite effect. From the figures it appears, in

general, that as the amplitudes decreased in size they

increased in frequency. Even for the cases of Number 11

(Figure 31) and number 5 (Figure 25) which may look

similar to steady state solutions (Figure 23), detailed

analysis shows that low amplitude and high frequency

oscillations are present.
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Upon close inspection, small harmonics or secondary

waves riding on the dominant wave can be seen, especially

in the Cd plots. This is probably due to the interaction

of the shedding vortices as mentioned above. Except at

angle of attack, these harmonics are to small to affect

the convergence criterion used. At angle of attack the

harmonics are more pronounced. For Number 14, Figure 32. a

set of four distinct oscillations with the same frequency

formed early and later converged to a single oscillation.

At four degrees, Number 17 (Figure =:), a similar quartet

persisted and became periodic. This is true for both C I

and C . This behavior is probably due to a more complex

interaction of the shedding vortexes induced by the angle

of attack. A Fourier analysis could provide more

information on the interactions but it is beyond the scope

of this report.

The Effect of Varying Suction Rate

In this study three different suction, Cv, cases were

studied, at 1%. 5% and 107% of free stream velocity. For

purpose of comparison all three cases were run at an

ejection angle of 90 . The ejection velocities were almost

twice that for suction as a result of a 2:I area ratio.

The C vs Cv plot, Figure '4. indicates the expected
1

result that increasing suction velocities and
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corresponding increasing ejection velocities produce a

near linear increase in lift. The surprising results in

the Cd plot, Figure 34. suggests that there is a maximum

drag produced near Cv equal 5%. Cv increasing beyond this

critical value reduces drag. More points are need to draw

firm conclusions concerning this particular behavior.

The normal (90') blowing produced no induced drag due

to mass flux at the ejection surface and minimal shear drag

on the suction surface. The mass flux component of lift is

almost negligible due to the small values of Cv as is

demonstrated by an approximation to the momentum flux

Lift •* -pA(V.j) (pAy - (pAy ) (92)
Lover upper

= 2L 2L v L Cv v upp- 1.82Cv (93)
POO Vo0o

For Cv = 0.1. p 2 1 and A = 0.25 and 0.125, C 1 = 0.0012

a very small value.

The lift and drag behavior can be directly related

to the pressure distribution forward of the fan as the

lift coefficients in Tible 9 and the C surface
p

distribution in Figure '5 indicate.

The biggest surprise is that varying the suction rate

does not affct the pressure distribution on the lower

surface nearly as much as on the upper surface. Since the
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Number CL CL CL CL
tot aL press oVLCOUS mass

5 . 00445 .08456 -. 00016 .O04

(5 .317 i0 .3i500 .03011 .00100

9 . 48454 .47004 .0003 .00434

cd cd Cd cd

t otCaL press VLsCous mass

5 . 01223 . 0010 . 01033 . 00000

6 . 03232 . 01620 . 01500 . 00004

P . 023 2 . 00578 . C0797 . 006

TabLe P. CL and Cd Component Compa.rtson vs Suctton VeLocity

negative pressure coefficient on the upper surface exerts

a force normal to the surface and the greatest changes

near the leading edge where the surface area has the

largest vertical component (y) component. This trend can

be verified. The following equation approximates pressure

drag and lift (see appendix D)

-- Pdy P P dx (94)Litdrag 1

If the above equations are applied to the C curvesP

the lift coefficients in Table 9 can be obtained. The

mechanism creating these pressure differences in the Cp

curves can not be easily explained. On the other hand The

viscous drag is directly related to the suction velocity as

is evident in the cf surface plots of Figure 36. The

larger the suction the greater the drag over the suction

region. Here again it is the pressure distribution which

influences the total drag.

Some mechanism relating the ejection velocity to
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pressure distribution must account for this; but it is not

the vortex shedding. Figure 37 compares the C plots forP

different points in the lift curve, Figure 25, for Number

6. Ihe corresponding streamlines and vorticity contours

were discussed earlier, see Figures 21 and 22. A

comparison indicates that vortex shedding has no

discernible effect on the pressure on the forward section

of the airfoil. The amplitudes in the lift curve can be

accounted for in the region near the trailing edge. The C P

differences near the trailing edge are not nearly as large

as at the leading edge and the mean value seems to be near

zero.

The streamline and vorticity contours demonstrp e the

period of the oscillations very well. The streamlinrs do

not depict the shear layer in the ejection wake but do

reveal the vortex at the trailing edge and the

oscillations in the airfoil wake.

The vorticity contours reveal the shear layer by many

small vortex cells. The maximum lift corresponds to a well

formed vortex at the tail and the location of the wake at

a minimum point below the cord. As the vortex breaks down

the lift drops to a minimum and no tail vortex is present.

As the vortex reforms the lift begins to climb again and

the wake moves to a maximum point above the cord. The drag

behavior i7 similar except that it is slightly out of

phase, but with the same period.

0
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The streamline and vorticity comparison in Figure 38

demonstrate that Number 9. Cv = 0.1, has the strongest

vortex and the broadest shear layer. Figure 38 also

indicates that for Cv = (-.01 that there is no trailing

edge vortex and a very thin shear layer. It is evident

that the greater the suction velocity the greater the

disturbance at the blowing surface which creates stronger

ejection vortices and a wider shear layer. This broad

shear layer may acts as a buffer on the rear body and

decrease the shedding effects. This could account for the

detreasing trend in amplitude with increasing suction

velocity shown in the C and C d plots.

The Effect of Varying Ejection Angle

For this portion of the study, suction rates of 5 and

10 percent were compared at ejection angles of 90, 45 and

15 degrees. The C I and C d vs 6 curves in Figure 39 indicate

different behavior for the two suction rates. For Cv = 0.1

the trend is an increase in both lift and drag. For

Cv = 0.05 the trend in list is reversed. The drag can be

explained by examining the mass flux component of lift,

Table 10. At any ejection angle the normal component of

velocity v does not change; it must satisfy the constant

mass flow condition
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Number cl CLt cl. CL

tot aL press vtscous mass

6 317 1 .315P .00011 .00108

7 29903 .29773 . 00012 0011P

8 .41154 .409P5 . C0020 .00620

9 .48454 .47984 .00036 .00494

10 .43543 .43027 . C0037 .00479

11 .35053 .35320 .Co029 00d6M

code Cd Cd Cd Cd

t ot al press v i. scou s mass

6 .03232 .0162P 0150P .00004

7 . 02675 . 01320 015P5 -. 00240

8 . 00620 . 00003 .01638 -. 01020

9 . 02392 . 001578 017P7 . 00016

10 . 0089 0049 0180P -. 0067

11 -. 07o -. O0C 6 01810 -. 0412a

TabLe t0. CI and Cd Component ComparLson vs Ejectton AngLe

m = m = pAV (95)Ln ou t normal

Where A is the surface area of the airfoil and does not

change with ejection angle and V norml is equal to v;

therefore the mass flux component to lift does not change.

Drag behaves differently. The velocity u is equal to

v/tan(6) which is approximately 2CvCr/tan(6) and for 45o

approximately 1.BCv and for 150 approximately 6.78Cv. As 6

goes to zero u would go to infinity.

C = 2 drag -2 m.V i - 2 pA (96)
d rL 2J

The approximate calculations are listed in Table 11.
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Cv 6 Cd
.05 90 -0.0000

.05 45 -0.0011

.05 15 -0.0042

.10 90 -0.0000

.10 45 -0.0PI

.10 15 -0.0334

Table 11. Cd CaLcuLat Lons for Ssrfaco BLovLtn
(A = .iz , p = 1.1 anv = 2 Cv/Cr, Cr 1.1)

This explains the decrease in drag vs 6 but does not

account for t!%e iift behavior.

As with the effect of varying suction velocities the

lift comes mostly from the leading edge pressure

differences. The influence of this pressure by changing

the ejection angle can not be determined without more

data.

The streamline and vortex plots are presented in

Figures 40 and 41 for comparison. The vortex patterns at

900 are discussed above. As shown in Figures 40 and 41 the

trend at 45 ° is a smaller and weaker vortex structures

which accounts for the reduced amplitude in the C 1 and C d

curves. The shear layer is also much smaller with a higher

energy imparted by the u component of the ejection. These

two reasons account for the smaller frequencies seen in

the same curves. The smaller higher energy shear layer is

closer to the body and prevents the build up of a strong

trailing edge vortex. The smaller trailing edge vortices

then must shed at a quicker rate than the ones at 900

whc'-- time was required for them to build in strength.
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At 150 the trend is even more pronounced. For Cv = 0.1

A trailing edge vortex was prevented from forming as shown

in Figure 41.

The Effect of varying Angle of Attack

The most interesting results were obtained by

varying the angle of attack. The C 1 and Cd vs a curves

are given by Figure 42. The lift curve shows the

expected behavior. A delta C above that of a clean

airfoil and constant with respect to a. Here again the

major contributor to lift is the pressure distribution

around the leading edge, see Figure 43 and Table 12. The

drag curve behavior is unexpected. The trend for

increasing a is a decrease in drag almost to the level of

a clean airfoil. This behavior is unusual and cannot be

explained by thrust due to mass flux. As o goes up the

thrust component actually goes down because the direction

is increasing the ejection angle by a. This is in

agreement with the data in Table 12. Also from this

figure the viscous components of drag are nearly constant;

it is the contribution of pressure drag that is exhibiting

the unusual behavior. At 4 angle of attack the

pressure drag is acting as a thrust component. The

mechanism c.Ausing this behavior is not known. The C 1 vs Cd

curve, Figure 44 is instructive. The fan curve retains the
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Number CL CL CL cL

tot CL press vtscous moss

2 .01307 .01321 -. 00014 .0000

13 .24582 .24601 - c0018 00000

16 .47928 .4784P - 0021 0000

7 290 3 .20773 .C0012 .0011

14 56600 .56404 -. 0021 00126

17 82320 .82255 -. 0062 00133

code Cd Cd Cd Cd
tot aL press vLscOus masS

2 .00954 . 00164 00790 . 00000

13 . 00951 . 0016 . 00755 . 00000

i6 .01020 . 00831 .0069 . 00000

7 .02675 . 01320 .01595 -. 00240

14 .01763 . 00945 .01652 -. 00234

17 .013983 -. 00049 . 01653 -. 00227

TabLe 12. CL and Cd component compartson vs C(

general shape of the clean airfoil but is rotated and

shifted up. The lift and drag oscillations contain

strong harmonics as discussed above (Figures 32 and 33).

At four degrees this is especially pronounced. As shown in

Figure 45 the vortex pattern of shedding seems to be only

mildly affected by the normal component of the free stream

velocity, and the thickness of the shear layer above the

surface is reduced by a small amiunt with increasing angle

of attack. The streamlines in Figure 45 indicate the stagnation

point at the leading edge is also affected by a small

amount.
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V Conclusions and Recommendations

The solutions obtained using the implicit

compressible Navier-Stokes equations compared favorably

with both experimental and other numerical results. For

lack of verifying data such comparisons could not be made

with solutions obtained from the model with mass flux.

However, based on the codes performance the solutions

should give a fair Dppro-imation to the physical problem.

The results indicate that a fan type device imbedded

in an airfoil can produce favorable aerodynamic effects.

improved lift performance with minor drag penalties. The

best lift performance was achieved at an angle of attack

of four degrees. The best drag performance was achieved

with ejection angles of 15 degrees where thrust was

produced.

Decause the model only represented one possible

configuration out of a multitude the results simply

indicate trends in the "fan-in-wing" behavior. Many more

tests both experimental and numerical are needed before

firm conclusions can be drawn. At best the fan-like device

tested indicates interesting and unusual behavior with

possible applications to V/STOL technology.

Experimental tests should be performed to confirm

this behavior. Emphasis should be given to high angles of

attack in order to determine the maximum C1 and the
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e3iri-oll stall effects for a fan-lik--e device.
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Appendi- A: Non-Dimensional Variables (2: 191-193.)

The variables used in the Navier-Stokes equations

can be written in a non-dimensional form by dividing by L

as the length scale. the free stream velocity U as the

velocity scale and p as the mass scale. All other units

can be expressed in terms of the three sunlar factors.

except viscosity and heat. The non-dimensional relationship

are as follows (an * represents a non-dimensional quantity)

x * y * u V
- y = L u = I V =

* T * p p P * e
T = TP =P e " e

Et=Et e q
pt qc

tU
u CO L

t - L C = 1 (A-1)L "L

and the non-dimensional Reynolds number is defined as

Ro - (A-2)
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The temperature, pressure, and energy equations can

Sbe expressea in terms of the Mach number

U

where a is the local speed oi sound

= V rRT (A-4)00 00

pressure can be written using the equation of state

P = pRT (A-5)

0 P P P (AP6)

pU PU vRT prM
2

2
00

Temperature and energy can be modified in the same way

P p* ,2
pP P 2

T - - OD = (A-7)
T P p P

pR

Et Es t Et. (A-8)
pU 2prM 2
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P Et Et Et (9)
- = -2 2 * A 9

00 pyRT M PpPM P

POO

An example of how the NS equations are

non-dimensionalized is demonstrated on the continuity

equation below

OP + (p u) + O(p v (A-1)
tax -dy0

0[-. Uuj P v ,
+ + 0 (A-Il)

The constants can come out of the derivatives and divide

through leaving

ap + a(pu) + a(pv) = (A-12)
ft &/ dlyQ

In the momentum and energy equations the constants do

not divide out. They form the Reynolds number presented

above.
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Appendix D: Jacooian Matrices +or the Navier-Stokes

Equations (3.5:45-46)

The Jacobian matrices presented in equations (72-73) are

defined below. They are obtained by differentiating the

vectors E, E * V and W defined in equations (49-52)
1 2" 1 2

(B-)

) uu - (r- 2 ) ' u v u- (-- 1 ) v (r-l))A x x y x x

C2q - ye)v (re-P) -(y-l)uu (ye-P) -(Y-1)vu.- 2ux y0

(e-2)

'7x - uIV v - (r'-2)r u 07 u - (rv-1)r v(.-lr
x x y x x

"/7 ye: - VV ~ 7x - (2'-1)' )?U v - ( - 2 )' yV <'-) y

C2 - re)v (re-@)'7 -(--1)uv (re-@1)'7-(r-l)vv yvv
x y

where

= 1/2 (,-1) (u2 + v2 ) (B-3)

and the Jacobian Matrix M and N are defined by

9
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(B-4)

M -(b u + b v) b b 2
p

-(b u + b v) b b C-
2 3 2 3

(b2 + 2b Ltv + b v b -b (r-1)u b u +b b rQ(- 1 )
1 2 3 1 4 2 3 4

+b (r--I) (u2+v2 -e) +b v -b r2-(-- 1 )2 4

(B-4)

0 ~ (7) 0) 0

-(d u + d v) d d 0

p
-(d u + d v) d d a0

e2 3 23

-(d I+ 2d uv + d v 2 ) d -d r--)u d 2L +d 3 d r-l)1 3 ± ( -  2 3 4
2 2

+d4 y(r-1) (u +v -e) +d v -d y(- 1 )
2 4
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Appendix C: Boundary and Initial Conditions

Boundary Conditions Without Blowinq. (35:10:11)

The boundary conditions on the C-grid and on the

airfoil surface must be completely specified. In the code

used the boundary conditions are explicit as opposed to

implicit. This makes it easier to define and alter the

conditions; but, requires a separate routine to

reinitialize the conditions after each iteration.

Referring to the airfoil computational domain shown in

Figure 10, the following boundary conditions are

prescribed.

Free stream conditions are given in non-dimensional

form for all the flow variables along the outer boundary

ABC.

1
P = P Poo I p = = 0 (C-I)

u = U cos(a) v = U sin(a) , U = (C-2)

This is the only way in which angle of attack enters

the problem and as such requires that restart solutions

must be at the same angle of attack. Also, pressure P is
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uniquely defined by Mach Number and requires all restart

solutions to share the same Mach number.

On the downstream or far field boundaries AD and HC

the flow variables are computed by the following

relationships

P = P (C-i)

C [ 0 (C-3)

This allows for compressible non-uniform flow at the

boundary and loss in momentum due to skin friction at the

airfoil surface.

Along the airfoil surface EFG, the no-slip adiabatic

conditions are assumed

u = V= (C-4)

and the gradient of pressure and temperature normal to the

surface is assumed to be zero, where surface density is a

function of surface pressure and temperature.

P p p(PT) (C-5)

Finally, through the Wake cut ED and EH continuity is
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assured byS

I I

C- C (C-6)

Lower Up er
wake Wa e

which reduces to a three point averaging

PiI  FP 1 Pi

C- C + 2 C -C-7)

rake 9 JLo or VUp or

Wake % JWa .

Boundary Conditions for Suction and Blowing (32)

Since the boundary conditions only affect specific

sections of the airfoil section, refer to Figure 46, all

other boundaries will be calculated as above. On the

suction surface (su) P. p and T are calculated the same as

the solid surface; however, u and v are determined by the

constraint that V be normal to the surface and is given
9Ul

by the slope ,e at the surface

e - dy (C-8)dx

u = V sin(e) , v = -V cos(e) (C-9)
ou su
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where the magnitude V is a constant equal to some fractionsu

of the free stream velocity

V CvU =Cv U =1 (C-)
su

In order to prescribe conditions on the lower blowing

surface (bL) the mass flow m must be determined and is done

in the following manner (12)

m = m = m = pAV (C-11)su b

where A is the area of the opening and V is the velocity

magnitude normal to the surface. On the upper surface p is

averaged and changes with each iteration, A is assumed to

be delta X and for this analysis was picked to be 0.25 or

25 percent of the airfoil cord and V is a known constant

Cv. On the lower surface P is determined as above and p is

fixed and assumed to be compressed by the action of the

fan and is how work done by the fan is introduced into the

model (11:4-5)

de = dq - Pd(1/p) = Pd(l/p) (C-12)

for no heat transfer, dq = 0

and

1
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PbL Cr avg (p) (C-13)

where Cr is a constant and equal to 1.1 for this analysis.

Using the above relationships the magnitude of the

normal velocity on the lower surface, V can bebi.

determined. If vanes are assumed on the lower surface and

A is assumed to be equal to dx. where dx is picked to be
bi.

0.125 for this analysis, then the boundary conditions

simplify to the following equations

p CrA V = P A Cv (C-14)avg bL bi. g su
13U

0
Ca Cv

v = -V C U = V tan(6) (C-15)
bL Cr bt

A
CL = A au (C-16)

bl

where 6 is the angle of the vane with respect to the

airfoil cord and is equal to 90 degrees for blowing normal

to the lower surface area Abl.

Initial Conditions
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For this code the first run made for a particular

angle of a attack and Mach Number assumes a Uniform flow

field, where the non-dimensional flow variables are given

by the following relationships

11 (C-i)
rM z

u = U cos(cf) v = U sin(c) U = 1 (C-2)

An initial run of one hundred iterations with

turbulence turned off is made in order to develop the flow

and a solution or restart file is saved. Additional runs

can then be made using the restart file as long as the

angle of attack, Mach Number and grid are not changed.

The variables which can be manipulated include the

transition points, Reynolds Number, Cv. Cr. 6 and the

damping coefficients. A considerable number of iterations

can be saved by using a near convergent solution as a

restart for a new problem within the above Constraints.
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Appendix- D: Derivation of the Force Coefficients

Cl and Cd

The Calculation of lift and drag on an airfoil

surface with non-zero sur+ace velocity and mass flux can

be accomplished through a special application of the NS

equations. Starting with the linear momentum equation in

integral form. (41:)

(pV)dv f + 7= )du (D-1)

By assuming a constant control volume with respect to

time and applying the material derivative equation. The

above equation the reduces to the following form.

dr=) --V-)V -6!L. (V) = PV7)V f + V.o )dv (D-2)
fff t s~ff+ b -

dsir )I~ -~ du (D-3)
= ( -(V )-^ + o'.n )ds

Where ds represents a spatial increment on the

airfoil surface. In 2-d cartesian coordinates the

components reduce to (42)

0
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-y I + -- y i + x(
n = =-1 (D-4)

2 2 ds
I + Yr

V ui v3 (D-5)

( pV) dv =rrr + V1dv = C, (D-6)
ff~ . ftat F

pVV-n = p(ui + v)+ "p (D-7)
ds

=a.n+ "-xy J. (D-B)

+ -Px + T 3

for velocity and density on the airfoil boundary

equal to either a constant value or zero.

fff fb dv = Fb = Fb + F b  (D-9)

= -Fx - Fy

Putting it all together and summing over the airfoil

surface Jj( )ds = Z ds the equations reduce to

1
106



.xP y + v (D- 1O)

d s

+ (-Px + T x - YX y

Fy =- pv (uY +vx , (D- 11
ds

+ px + 'yyX - TyxY I

and by using Stokes approximation X = -2/3 the

non-dimensional shear stress terms become

1([48u 2 0v) (D-12)

1 (4 av 2

T = t -3 (D-13)
yy R 3 y

I aJ u + i] (D-14)7xy yX .I (/ ;K

Lift and drag can be related to the body forces and

the angle attack by the following relationships

Lift = -Fx sin(a) + Fy cos(c) (D-15)

Drag = Fx cos(c*) + Fy sin(c*) (D-16)

and the coefficients are
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CI Lift Cd Drag (D-17)
2 2 t 2

and for non-dimensional variables p U = 1 and

equation (D-17) reduces to

Cl = 2 Lift * Cd = 2 Drag (D-18)
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0Appendix E: Computer Resource Requirements

The model simulations were accomplished by using the

NS code as discussed in section III and in appendix F. The

code was run on the Cray XMP computer located it

Wright-Patterson Air Force Base. Table 13 compares the

memory and CPU requirements for the original and modified

codes.

ar~d

Verston IL JL Memory CPU/1O0

Unmodtfied 19p 50 790,800 31.157

Modfied 199 50 611,328 29. 991

Modified 299 1o0 1, 397,760 71.202

Tabte 13. Computer Resource Compartsons

The memory modifications to the code reduced the

memory requirements by 27.7 percent and the CPU

requirements by 4.1 percent. The memory improvements were

necessary in order to decrease turn around time for the

larger grid used in the analysis. The maximum available

core memory on the Cray is 1,860,000 words. The unmodified

code memory requirements for the larger grid would have

been close to this value. The main reason the improvement

was needed is based on how the priority system on the Cray

works. Each Job with the same priority is rotated in the

queue and, if memory is available, is allowed to run for a

0
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set number of CPUs. If no memory is available, then the

0job is passed over. This pattern continues until the job

is completed.

For Jobs requiring a lot of memory ( 50% core), the

availability of memory goes down. Jobs with higher

priority maintain their memory and it is not available for

jobs of a lower priority. However, lower priority jobs

requiring less memory than that being used by the higher

priority jobs can run. For this reason, the turn around

time for a job with the larger grid at regular day

priority was approximately 1.4 minutes per 100 iterations,

while at an overnight priority it was between 1 hour and 3

days.

1
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0Appendix F: Navier-Stokes. Fortran Listing (36)

The Attached fortran listing is the modified version

of the code used in this work..The original code was

supplied by the Air Force Wright Aerodynamics Laboratories.

Flight Dynamics Laboratory, Computational Fluid Dynamics

Group. The Code was developed by Dr. Miguel Visbal. It

uses the Beam-Warming approximate factorization algorithm

to solve the two-dimensional. mass-averaged, compressible

Navier-Stokes equations for viscous, unsteady flows.

Modifications, made by the author, for this study

involved the boundary conditions for the fan, the

turbulence model for blowing effects, the force and

residual calculations, input/output and loop structure to

reduce memory requirements (see appendix E). The Code was

run on the Cray XMP Computer.

0
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O C

C VECTORIZED NAVIER-STOKES CODE - BEA*-NARMING ALGORIT,4
C CONFIGJRATION : AIRFOIL . C-GRID; AUG. 1985
C BY MIGUEL R. VISBAL
C PROGRAM MODIFIED TO INCLUDE INJECTION AND EJECTION ON THE AIRFOIL
C SURFACE. THIS ALLOWED SIMULATION OF A FAN IN THE HING CONCEPT. ChAJGES
C HERE MADE IN THE SUBROUTINE BNDRY. THESE CHANGES WERE MADE BY
C CAPT PAUL 0 BOYLES IN SUPPORT OF AN AFET THESIS. AUG 1998
C
Cm.. IMPORTANT 1 .

C BEFORE USING THIS PROGRAM :
C MODIFY DIMENSION STATEMENTS
C CHECK BOUNDARY CONDITIONS SUBROUTINE
C CHECK INPUT DATA
C saft.as ... .n..sns... .
C
C THIS PROGRAM SOLVES THE COMPRESSIBLE NAVIEk-STOKES EQUATIONS

C INVARIANT) CLRVILINEAR COORDINATES AND THE IMPLICIT FACTORED
C SCHEME OF BEAM & HARNMING. .
C TIME DIFFERENCING - EULER IMPLICIT
C SPATIAL DIFFERENCING : SECOND ORDER CENTERED DIFFERENCES
C IN THIS PROGRAM THE SPACE INCREMENTS OF THE TRANSFORMED
C VARIABLES XI AND ETA ARE BOTH ASSUMED EQUAL To ONE ( I.E.,
C DEL)II,-OEL(ETAI-1.O.
C
C
C LIST OF SYMBOL$
C
C IXY CARTESIAN COORINATES
C XI.ETA . TRANSFORMED COORDINATES
C XJAC . JAOBIAN OF INVERSE TRANSFORMATION:D(XY)/D(KI,ETA).
C XXIYXI.XETA YETA, TRANSFORMATION DERIVATIVES
C U,: VELOCITY COMPONENTS
C RHO DENSITY
C P PRESSURE . IS NON DIMENSIONALIZED BY 1/)GMX*MACHD..2)
C XMU VISCOSITY
C RE REYNOLDS NO.
C XM MACH mo.
C PR PRANOTL NO.
C S MON-OIMENSIONAL PARAMETER FOR SUTHERLANODS LAW
C PRT TURBULENT PRANDTL NO.
C EDDY TURBULENT EDDY VISCOSITY
C S(I.Jl; DISTANCE ALONG THE XI-LINES FROM ETA-D.
C NCONV : THE CONVERGENCE TEST IS APPLIED EVERY NCONV STEPS
C IL NO. Of POINTS IN XI-DIRECTON
C JL NO. OF POINTS IN ETA-OlRECTZON
C NEHI DAMPING COEFFICIENTS
C INMAX MAO. NO OF TIME STEPS ALLOWED
C J.LAST LOCATION IN THE GRID ABOVE 1I41CH TURE IS NOT APPLIED
C ILE I LOCATION OF THE LEADING EDGE
C ITEU I LOCATION OF THE TRAILING EDGE ON THE UPPER SURFACE
C ITEL I LOCATION OF THE TRAILI NG EDGE ON THE LOWER SURFACE
C ITRSU I LOCATION OF TRANSITION ON THE UOPER SURFACE
C ITRSL I LOCATION OF TRANSITION ON THE LOWER SURFACE
C IWKST I LOCATION WHERE MODIFIED TRANSITION IN THE HAKE STARTS
C INKE I LOCATION NMERE MODIFIED TRANSITION IN THE HAKE ENDS
CC

C MAZN PROGRAM

PARAMETERIM.-99 J 100)
COw"40 /FLONV/ U IIM.JM),V(IM.JMI,P(IM.JM).ROIIM.JM),
IXMU(I E IJM) EDDY(IH JM
COMM0N /GRID/ X(IM.JMIY(IM I) XXI(IM JM) YXI(IM JMI
IXETA EM JHYETA(IM JH),XJA(IH.JMS(IN JM),SSI(iM)
COMMON /MATAIX/ A(IM JN A4).RHi(IMJM,41
COMON /PI/ IL JL IREITEt.1 TEU
COMMON /P2/ APA PRf Xl RE TH S1 ALFA A"GLE
C%"0N/MISC/ILl.L IL. JLI JL2 .JL3ILEPi.ILEM1,

- ITELP1 ITELM. ITEUPI. TELM4.6 AM1.G A2. GA41I.GXH.S1P,
- PINF StXA.COSA.PRI.PATI REI,XLXI, J4.PI

COMMNUMMY/ TEMP IM.lJ,.)
COMMONI TIMEN! DTAU IMN. CFL OTHINDTMAX.BETADTVIS
COMMON/DAMP/ HE.NI.WPE.Pl. ISOECT
COHMON/TURBS/ITRSU. ITRSLIHKST.EHKE.JLAST,

XRELAX
CONM/TURB2/XMurI(JM;.XUTO(JM.DJM .(2eJM).JF(2JM).

GAMMA(IN)
C. O IV/STCTR; SPECTIM.,JMjPSUJIM.1Jq
COMM/NORM/ EIEORM. vNO"
SCOMNM/BHD/ NBMD,.XMREF.TREFTINFCYCR.CT .DEL.LI.L2.L3.LA

CCC INPUT DATA
C

OPEN(UNIT-S.FILE-'DATA' .STATUS-'OLD
'
I

OPEN)UNIT-1. FILE-'GRID' STATUS-'OLD'
OPENE(JITO-:FILE- OUTPU 'iSTATU$- N N' I
OPENUNIT-2.FILE SOLN' STATUS-'NEW
OPEN ILMIT-3,FILE-'STUFF STATUS-N ')

READ 19,10) JISTEPJ
READ (5.520) TAU
READ (5.510) IL
READ (5.510) JL
READ (5.510 ILE
READ 5,5101 ITEL
READ (5 510 TEU

510 FOR"AT( IO)
READ 135201 Em0
READ (5.5201 RE
READ (5.520) IH
READ 15.5201 S
READ '5 520) ALFA

520 FORMAT 1F15.1D
READ (9.510) NTURB
READ 1.510) IFREE
READ (5.510) ITRSU
READ 19.5101 ITRSL
READ t5.910) IbST
READ 15.510) INKE
READ t4101 .ILAST
READ (5.520) XRELAX
READ '5.910) NOTAU
READ 15.520) CFL
READ 59.520) BETA
READ (5.520) DTVIS
READ 5,510) ISPECT
READ 1'520) HE
READ (5:.20) MI



SREAD is.520) MPE
R EAD 5.520 WP I
READ 5.520) EDIT
READ 5.510 INNA x
READ f5.510 NCO

C F ESAR TENIRSOART - I ELSE - 0
READ 15 510,1 IREST

C IP1.OTA;,1 tURNS PRINT ROUTINES OR FOR DEBUGGING
READ5S.5101 ,PLOT
R w 1 5.S 201 IPIOTI

C FAN INFORKATION
REAOD 5.50 MomR EAD 5.520 .MEF
READ 5.520 ; Cv
READ 5.520, CR
REAO;5.520' CT
READIS.5201 DL
REAM S510I 12
RE-AD 1:510l L3
READ5,5101 L4

C
C CONSTANTS FOR AIR
C

GAN" 1.4AD
PR-O.720
PRT -O.to
PRES -1. / 1 AmI* 1

C RHOi
TI NF -XI
TREF - XMIMEEFsRNREF)
ICHECE - 0

C
C

CAL INIIAIZAIA
C

CALL - INIIANGE
C

C PRINT OUT THE INPUT DATA

C
I4RITE (6..l'C'
WRITE A*C
WRITE (6,202:
WR ITE (6.203)
WRITE (6.2041 IL,JL..ILE.ITEL.ITEU
WROTE 16.205) WDTAUjCFL.8ETA,DTV2S
WRITE (4.206) XHS RE Si ALFA
WRITE ;4.213) ITRQS iTRKI IWKST ' IWKE,

J- .LASI XRELIX
WRITE (6.214, NTURSRAFREO
WRITE A6.208, WE NI WPEWFI.ISPECT
WRITE l8,REStARt VY/N. i/o; -) '.IREST
WRITE IN 66"' 1TEIF ' NRN 1 .!. 2 ITE
WRITEN. SUCTION ONLY0 ~END IF 3TE

RT,,'9 BLOWIN ONLY

IF I NBO Eq0) THEM
WRITEIN6* FAN IS TURNED OFF
GOTO Ii

WRITE ~6.' FAN INFORMATION
WRITE (8.209) 15,12 .L3.L4.OEL
WRITE (6.2101 CV CR CT
WRITE (6,215) XHAEF.XMi.TREFTINF

C
C INPUT RESTART SOLUTION II.E. X.Y,U.V.P.RHO.EOD~y
C
C
Ill REMIND 0

00 281 J5..IL
IF I IREST .EQ. 0 1 GOTO 382
REA 11.1000) i(I ,J!.Y11,J),UII 1) viI J;,

GOTO 281 :
382 READ1.1001s E(I.J,.TII.J,

Pt1 Ji, - PRES
RHOII,JI 1.0
4JiI.J, UINF
YII..11 - INF
EOO(I.4, - 0.0
IF IJ .1 .1. JLAST IEOOYI.41 EDST

281 COVTINUE
1000 FORMAT 41XE 6 S)1 *
1001 FORMAT 12515.8,'

C
C
C COMPUTE TRANSFORMATION METRICS
C
C

CALL METRIC
C
C INITIALIZE SPECTRAL RADIUS SPECT(I.J)

D0 282 J1.,JL
00 28 2 1-IL
SPECTII J)-XJAC(IJ;

282 CONTINU
C
C
C C0OMPUTE TIME STEP (OTAU,
C
C CALCUL.ATE MOL.ECULR. VISCOSITY XNNJI.J)

GALL CXMUIChEK
CALL TNSTEP

c WITEEI,2111 OTMIR,OTWAX

C
C

NOR NSTEP.NSTEPIINDEA-0



0~ ICOltv-0
iDTO

C I TURB-0
CCOMPUTE TURBULENCE TRANSITION FACTOR GM4AfJ:

CALL TRLAWSI

C ADVANCE TIME STEP

100 NSTEP'.NSTP.1
INDEX-INOEX.1
ICONV.ICON..1
IF(ICOMV.EQ.NCONV) ISWTO'*-1
IDT-lOT-1
TALJ-TAL)DTN2 N
ITURB-ITURS.1

C If 4IIIDX.GT.INWAXI GO TO 200

C COMPUTE NEWl DTA IF DESIRED
IF (IT.LT.OIAJ) GO TO 400
101-0
CALL YMSTEP
WRITE(6 212) NSTEP.OTKM.DTMAX

400 CON1ImUt
C
C
C S T IP 1: X1 - SWEEP
C
C

C CALL STEPX tISEETCX.ORMAXRMSDR)

C
C

C AL S TE ? ET-SEE
C
C

CAL S PAEVAIBESAPNTROTPIT
C
C

COVR
C

DO 25 K-1.4
DO 25 .J-2.JLI
00 25 I-2.1L2
TEMP:1.J.K)-TEMP(I.JK).RS(1.4.K)

25 CONT1NUE
C

CALL. UCORYRT
C
C
C IMPLEMENT 11OUNOARY CONDITIONS
C
C

CALL SNORT

C

C UPDATE TURBULENT EOOY VISCOSITY
C
C

IF (ITRSU.GT.IL: GO TO 256
IF (INOEX.LT.NTURSI GO TO 256
IF (ITURB.LI.IFREO, GO T0 256

C IF INEXEOINAI) TPLOT-I
C IF lfIWO)E.EOIWNAX' IPLOTI-1

c CALL TURN (IPLOT.IPLOTI,

256 CONTINEE
C
C
C CONVERGENECE CRITERIA
C
C

IF (ICONY.LT.NMONYI GO TO 100
icoRAv-

C
C CALL MOMITR (NSTEP.TAUORNAX.RNSOR:

G0 TO 100
C
C
C SAVE CURRENT SOLUTION.
C
200 COKTINUE

C
REMIND 2
00 257 J-1,JL
00 257 I-ilIL
WRITE (2.1000) 1)1 :.Y!I J).U(I 4) VII J1).

- Fl 1I.4 .RNOI I .,.E60Yl I
257 CONTINUE

C
C PRIVT OUT SOLUTION
C
C CAL L WJ'TPUT
C
C
C FORMATS
C
C

202 FORMAT IM1.30E, - SEAM-MAIMING METMCO..'I/
203 FORMAT 130x. NACA 0012 AIRFOIL '1/
204 FORMAT J1O1, 'IL-' 13 3X 'J -'13 x,

- ILE- 13 R .IlL- Iji 'fTtJ' .13,/M
20 FRMA(M N6!A6:' 15 5X1 bL- J2.,5X. IETA-' ,Fl? .3,
-5*uuVlI. F12.5'/)

206 FON~ 1 RtPERERL MACH NO -, P12 S 35
I RiYMLi NO.;; F221 13X -YIc6SiTY 4ARiMETER.',Tl2.5,
1 21.-ANGLE OF ACE( 1F2 6 //,

208 FORMAT (;X DAMPING P0;644WR~ 51 'NE-'.F 11.5,

211 PORMATidOX,;DfMit J1 X,;~56MTH l s0215 FORMAT,2X. MREF. PSF.33. iINF '.FB.3.4F 'TIFF. 'FS.35X



210 FORMAT (2X. 'CoEFEC~iNTS- C- .58.2E.X CR- '.F8.2,5X.
- CT-'F .. 2.'209 FORMAT12D. 'FAi PAiRAMETERS :LI-' .15,2X.
- 'L2,. 1 21'L3-' .15.2X. 'L4-'.15 2X. OtEL' FB.2.2X.1;

212 FORK.AT LOX. 'TIME STEP- , Ix'DfMIN-'.ElU.5.5X.
- IOTh4AR-' E1.2 5./l

213 FORMAT(2X. TLIRSUEENCE PARAM4ETERS :1TR5UI 5 2X
* ITS- E1 X~'WT'.52. IE'1.X LS' 1,5

214 FORMAT(21 .TURSULENCE SWITCHED ON AFTER TIME STEP N..'.
- 5.21. 'AND UPDATED EVERY .15.2X. TIME STEPS';

C
C
C

300 CLOSEIS
CLOSE 'A
CL OS S 11
CLOSE(Z1
CLOSE (31

STOP
END

C SUBROUTINE "INITIA" COMPUTES COMMON PARAMETERS
C

SUBROUTINE INITIA
C

PARAMETER( M-299 .Jm-1001

1T44J(Im.jm, EDOY(IM.jm,
COMMON9 /G~iD, XI M jN Y(IM Jm) .XXI(DP4 im) YDE(IM Jim,

IXETA'TM.JM'.VETA, IM.JM.XJA(IMJMI.Sdfm.JMA,ss1,fMI
COMMON 'Pl, IL.j L ILE.ITEL.ITEU
COMMON 'P2, GAM PA PRY DM1, RE TM Si ALFA ANGLE
CO94N/MISCILIlLk.lLi..JLL..JL2..JL3. ILEFi.ILEMI,
-ITELPI ITELK I :ITEUPI.ITEUMI.GAMI.GAM2.GAM1I.DXM.SIP.
-PINF,SINA.CDSA.PRI PFIL REIXL.XI,I(LM,PI

COMMOM/OtiMqY, TEMP(ii .Jm~
COMMO'SPECTR/ SPECTI !M.jMl,.PSMU(IM J4(
COMMN/AMD/ NBND.XNREF.TNEF.TINF.CV.CR.CT.DEL,Ll.L2.L3,L4

C
C - COWUTE1 PARAMETERS

ILIEIL-1
IL2-IL-2
1 L3-I L-3
.JLI-JL-1
.JL2-JL-2
JL3-JL-3
ELAMI-OAMi-1.0
GAM.2-GA4-2 .0
GAM3-GAM-3.0
XM2-XNI..2
GXW-GAMR.XM12
SIP-i.-s1
MEl-I .0/RE
P1-3. 141592654
RAD-PI/180.
ANGLE-RAD-AL PA
DEL - RADMOEL0 GAJ11-1.0/GAMI
PRI-1. 0/PR
GPB-GAM/PR
PRTI.1.O/PRT
XL--'2.O/3.0
XLM-4.O.3.0
XLD.1 .0/3.0
DLEMD-ILEII
ITELPI-ITEL.1
ITEI-ITEUl-
rTEUMI-ITEu-i
PIN-1. /GXM
SINA-SINANGLE)
COSA-COSIANGLE,

C
C INITIALIZE PSMUI.J) FOR PRESSURE DAMPING TERM

0O I .J1..JL
DO 1 11IL
PSMII.j,.-O.O

I CONTIINUE

RETURNt
END

C SUBROUTINE "METRIC" EVALUATES TME COORDINATE TRANSFORMATION
C DERIVATIVES AND TME JACOBIAN.
C NOTE: DXI-DETA..
C

SUBROUTINE "MIC
PARAMETERilM.299 34-1001
COMMON /GRID/ X(iM JM) Y(IM.JPI( XXI(DM JM) YIIM JMI

- RETAIIM iN, YETAUMM m AC~lMJM(,(MM.JM),SSi(IMS
CapomN /PI/ IL JL ILI ITEf. ITEU
COMMON/MISC !IL I. I3. LI. l.L2 .J.L3. ILEP1. ILEMI.

- ITELPi ITELM1 ITEUPI ITIEUM I GAM1.GAM2.GAMII.GEM.SIP.
C - PINF.SIN.ACOSi.PRI.PkT I.RE I XL.XL1.XLM.PI

C COMPUTE DISTANCE SSI(1) ALONG ETA-0.O
$SXil11=.0.
00 1 1-2 IL

I CONTINUE
C COMPUTE DISTACE S(1.11 ALO THE XI-LIMES

DO 2 I-ilIL
D "1 11.0
DO0 J72 JL

aw(1 t J'S'I,J-I.'OS2 ~~IJE
C
C EVALUATE TRANSFORMATION NETRICS
C INTERIOR POINTS

00 7 .i2.ALI
DO 7 1-2.IL!

RETI l1 . 5. II I. 4.)-(Il 1.-1

7CONTINUEC xi 0. 0



O f DO a J2 1JLI

a CONTINUE
C
C II.I1MAX

DO 9 .3.2 .31.

9 CONTINUE

C ETA-O.O
DO 10 1-2.IL1

YEi(I y~

C ETA-ETAMAX
98 DO 11 I-2,ILl

XXI~I..JL . -XC1..JL -X'1-1. IL)
YXI(E ILl- 5-lYCi*1 JLi-Y(II J~L)
YEtAII,6JL).-A I.L).d .JLI )-3.Y(IJLA

cCORNER POINTS
99 XXI{1.,..5.(-X(3.1).4..X(2.1)-3.X(1.1))

YXI' lii.) 5-Y[3l)-4 -Y(2 l)-3 *YCl1 VC

C

51111 JLl* 501-Y(3 JL +A.*YC2.JL)-3.'Y(I.JL)

C

YETIL.)-.5.-Y-XIL.,4.hIL.L-3.{ IL.J
CX Ix ILJL)-.--IL2 JL,4.*YXI L.JL)-3..XIL JIJ

XETA[ILJLI-.S.-X-(ILJL2I.4.SLIL JLC-3.XIIL.JL))
C
C EVALUATE .IACOSIA.N

DO 12 J-1.JL
0O 12 I1.1IL
AJAC(I.ji-XXICI.J.YETAtl.J)l-XETA(I.J)*YXI(I.J

12 CONTINUE
C

x JMIN.1.OE.1000 122 J-X.JL

DO 122 1-1 IL
IF CXJACTIJC .LT. XJIIN THEN

EliD IF
IF ( AIS(XJAC(I.Jl) .LT. IDOE-RI
WRITE 64 21.11 1 J XJAC1I.Ji,XtI.J).Y(I.J)

XK. N.AMEIM~lJAC IlJMIN I
122 CONTINUE

MiFLMIN.DT.G0. Go To So0
WITE16.205t 7.341k

MRIIEfiA.206) 1I.JJ.X(II.JJ).Y(II.JJ)
C
211 FORMAT (2X 1 .3 XJAC.X(IJ).Y(IJ) - '.21S.E1D.5,2F7.31

C PRINT M ETR ICS iF MEIRED1
WRITE 16 207)
WRIT 14 i- IMTE 4 201
DO 13 J-1 JL
1RT 1 1 4 102; J XIJ) Y1.J).XJACEI.JI.XX111.J)XETA(I.J),

13 CONTINUE
C

FORMATS
200 FORMAT I2DX,-COLURIN 1 131201 FORMAT 14 X Xl y'.SX,;JAC'I II' AX XXIII.JII1 x X ETI I j Nx '" laxi I
202 FORWAf (2X.13:70CEi3 . ) A.Y
205 FORMAT (107.... -MARNING JACORIAX LESS OR EQUAL TO ZERO',

- 3X *MINI .ACO8IAN)d, El5.7/I
206 FORMAf C3. LOCATION It AT I .J -213 2X AND X. Y - 1.2F7.3,/)
207 FORMAT IM IO. TRANSFORMAHiON OEM IVIt~S'.//)
500 RETURN

END
C
C ~n n s n ~ n.~a s a s.n n~
C
C SUBROUTINE *TMSTEP" COMPUTES LOCAL TIME STEP IDTAUEiJ)).
CIF SETA-O. OTAU(I J) IS A CONSTANT EQUAL TO OTMIN.

SUBROTINE INSTEP
C

PARAME-TER IM-N255 .JM.100)
COMMON /FLOLLV, UI IM.JNM .V(IM.JMI ,P(IM.JM),R4OIIM.JM).
1XMU(IM.,JM) EDDYIIN JM,
COMN /GRID' xiIm.jp, Y(I"M ) XXIINM .INI YXECIm Jm
IXETA(IM..JMJ.YETA(IMIN, XJALUIM.JM).SliM.JMi.SSlI
COMMEON /P1/ IL IL ILE TfEL,ITEU'
COMON /P2/ UiA. P~f XatA2 RE TH S1 ALFA ANGLE
CQIM/MNlIIC/IL1 ILI ILS JLi .I2 ZELILERI ILEKI

- ETELPI ITELMi' ITEUII~ ITEUN 1 WI A2 WIl.OM.S1P,
PI OZF. SINA.CO. PRI.PTil,RPEI ,XL.iLl.ZL. PI

CQSION/TIMENC , TAU I.J'Hj.CFL.DTMIN.DTKAIX,BETADTVIS

X1-2.GANDREI

0 DO I 1-1 IL



UC:!.YETA(I.J):U(I.J:-X[TA,(I.SV IJ /I)JAC~IJ.
VC ~-YX i' IJ, U . XI(I.J *V i. )XJACIl.
DSET2-XIA.I ,J.2YEA
DS 12-TXX I J 2.YI IJI.'
T.GXM.P I.Ji 'RZI .Jx
0TAU;I.J-;.ABSlJC,.ABLC)SORT TC.1/OSET2.16/DSX12i)f/X1

X- .XS.xJul.Jl.PR I DY IJ)P iHl/RO0l.j sSET2)
OTAJJII~fl-CFL*DTAU(I,Jf

I CONETINUE
C
C FIND OMIN.OTMAX

DTMAX-C.
DTIN-I 1OE.20
00 2 J.1J
DO 2 IL
DT MIN-AMI N IjTMIN,*OTAUl IJ
DT M&X-AAXI DNA ITAU :41

2 CONTINUJE
C OVERRID E CFL-COWDETION .THIS IS DESIRABLE FOR VERY FINE
C GRIDS AND/OR IN VISCOUS REGIONS

DO 27 J:IJL
DO 22 1IIIL
IF(OTAU I.j .GT.OTVIS) GO TO 22
DTAU, I.J,-DIVIS

22 CONT INUE

IF(B'ETA.NE.O.01 GO TO 100
DO 3 J- I JL
00 3 1-1 IL
DTAUI LJ$-OTVIS

3 CONTI EE
C

100 RETURN
END

C
C .*S SCS . .. . .flSS .SSS.la.

C S"ROUTINE 'STEPX-, PERFORMED XI -SWEEP
C

SIAROUTINE STEPI(ISNTCH, DRNAX.RNSOR)

PARAMETER! IRE299 JM-2OO)

COMMON ' GRID, 0114.J14 Y(IM.JM,,XXI(IM,JMI.YXI IM.NJ i,
1XETA(IM JM .YETA IN.JMI.XJACtIM.J.'MJSVM
COMMON 'MATRIX!A AIIM J44 ARHCIM.JM.4,
COMMON /'PI/ IL..JL ILl ItEL.ITEU
COMMON !P2 / GAL4. P~ PRT XMI1 RE Th Sl ALFA ANGLE
COMMON/MISC ILI. ILK3 2L IL .JLLXILEPI.ILEMI,
- hELP2 hEiLMSIZTEUPS 1161141GAI4S.GAK2.GAI4IGXJ4SIP.
-PINF.SfNA.COSA,PRI.PAI.REI:XL .LlM I
COMMONITIMEI' DIAU(IM.J41 CFL.ODTAIN.OIMTV.ETAOTVIS
COMMON/DUN4Y1 TFMPfIM J 4L
COMMON,/DAMP, WE.W NPiWN I SPCT
CORN4ON/SPECTR/SPECII IM.J,ijPSMU~lIJMI

C
C - COMPUTE INVISCID JACOBIAN M4ATRIX A-OP/DO

C CL K COMPUTrE RMS-YECTOR
C

CALL RJ4SV
C
C - ADO FOURTH-ORDER EXPLICIT DAMPING
C

CALL COMVRT1
IFIISPECT.EG.O) GO TO 10
CALL SPECR

20 CONTINUJE
CALL OAJ4PEY (WE.MPE)
rALLI AMPEX IME,MPE)

C
C - MULTIPLY RUS-VECTOR RY -DIAU
C

DO 1 K-1.4
D0 I .I-2.JLI
DO 1 I-2.IL1
RMSIS .4 KJ--OTAUI,J)*RJSI.J,K,

I ONTI&U
C
C - COMPUTE WAX. 4 U2-NORM OF RESIDUAL

1Ff ISWTCM.EG.OI GO TO 20
CALL CONVRGlDRR4AX,RNSDRl

20 CONT INUE

C SOLVE BLOCK-TRIDIAGONAL LINEAR SYSTEM

CALL $TRIOT
C

RETURN

C
C
C
C SUBROUTINE "STEPY. PERFORMED ETA - SWEEP
C

SUBROUTINE STEPY
C

PARAMETERI IM-299ijMq-IDoo
COOMIDAMIqP ME. I.MPE.WFI.ISFECT

C
C - COMPUTE [NVISCID JACOBIAN KATRIX 6-00/DO

CALL. ORAT5
C - SOLVE SLOCII-TRIDIAGONAL LINEAR SYSTEM
C

IF(MPE.LT.I.OE-05J GO TO 10
CALL PSMOCTMf2J

10 CONTINUE
CALL STRIDY

C
RETI

C
C
C SUBROUTINE "OAMPEY' TMPLEMENTS FOURTH+-ORDER EXPLICIT
C DAMPING IN II-OIRECTIDN
C

SUBROUTINE OAMPEE (W MPI
PARAMETER' IM-2911 JM-iOO
COMMON /FLONV/ UfIM JM YIM JM) P(IM.).ROfI.JM).



COPMOIM /GRI D XI ,J.Y M;M.XI1. I S (YI INX ETA IM JR .YETAIN.J14.XJA I.R .1 :N.,MSEI
CW11 1MATIX A:IN JR A A,.NSIM.JM.41
comm..N 'PII L.k 1LEI L.ITEJ
COMMON/P2C GAM.PrR .Xm1.RE .TM.Sl ALFA ANGLE
COMMON/MISC'. IL*:":L.:J.. 2. .3.ILEPi. ILEM..
-ITELPI, ITELM1.1TETJPI.ITELE41.GAM1,GAM2.GAI~.GXA,SlP.
- PIMF SIKA C0sA. 1PTI REI XL ALI ALM ' PI
C100MO/S P ECTR' SPECT IM.JAI.Pi,4JlXM.JMI
COMWNOe/ODhRY/ TEMP1.J.41

C
IPIMP.LT.1.OE-*Si GO TO 10
CAL L PSMOOTW;1

10 CONTINUE
C

00 1 K-1.A
00 1 J-2.4LI
00 1 1sJ,.1L2

cRMITI 4 K .Rj4(l.4.K,,SPECT'~i.I.*TEMP I-2.4.KI
- -A..fNfPII I1.J.K ,..TXP'I,JIK.-A..TEPP -1.J,K

TEP 1 -2,.J.K, -MPNPSi4U; I.4 TEMP,I-E.J.K;
--2..TEMP!I.J,K..TEMP 1-l.J.K)))

C
1 CONTINUE

C
C I -2
C

00 2 K-1.A
00 2 J-.ZJL1

C PMS(2.J KI.RHS2.J.K)+SPECT(2.JI.I*4.TCNPIA,J.Kl
--3..T*RP'3.J,K .3..TEMPt2,J.K,-TEMP1I.J.K',
..PNPSMU,2..j,. TEMP.3.J.K -2.NTEMP.2.4.K

2 OTIEdJ,
C

2 CONTINUE
C

00 3 K-1,4
C O 3 J2.JLI

RHS ILI.2 ..K?-RHS Tt1. J.X ISPECT'ILl. . (Naf TEMPI 1L3. JK'
* 3,:TEMP IL2.. -. 3.TE IL. J: . TM LJ
-4 -PPSMKj 1.1..TIMIL,.K, -2.TTEMPI114K

- TEMP1 L2.4.K.
C

3 CONTINUE
RETURN

C
C

C SUBROUFTINE "DARPEV" IMPLEMENTS POURTO-ORDER EXPLICIT
C DAMPING IN ETA-DIRECTION.

SUBROUTINE DAMPEY IM.WPI
PAR AMETf P I 0-299,JR-1001
COPMN FLOWVY' U 1M.JMi.V(1M.M.P(IM.JM.RHO'I.4M.0 COMMN KNRJIM.JWEDDY(IMJW

COMO'P2 GAM.PA PRT XMI RE TH Sl.ALFA.ANOLE
CONRON'R41SC'1L1 ILk Ii JiL 42, L3.'ILEP1 ILEMI.
-ITELP1 17ELMI ITEI iTEUIM1,GAMl.GAH2.GMI,X4.SP
-PINF.SfNA.CSA PRI PATI REI XL X.Ll ALM *PI

CDO%'SPECTR/ SPCTIM.J1.AMNNJIM.,iMl
COMIeDUNY/ TWM(IM..JN,41

IF(MP.LT.1.OE-05. GO TO 10
CALLPSMOOTM:2.

C10 COATINUE
DO 1 K-1.4
00 I J43.4U2
00 1 1-2,ILI

06S(l 4 K/-RHStI J .JK!SPECT'1.JW~MITFMPlI,J-2.K)
- -'.tEPI *1.''4.TEPI ,JK-4..TEMPfI,J-1.K)

- TEMP I,43K -HP*PsNU.1.JMTEMP 1,.1IK
- 2..rEMP-,1,J.K.TEMIP 1.J-1.Ki,j

C 1CONWTINUE

C 4 2
C

00 2 K-1.4
DO 2 1-2.1

-- 3.*TfMP!1.3,V,...i I 2jK,-TEMPdI 1K/
- -PSMU I.2-lTEPI.3K)- . TEMP~k.11.

C
2 CONTINUE

IC
00 3 K-l.4
00 3 1-2.I1

C
ENSI I,4L1.,-RHS I ,JLI,K'.SPECT' I.JLl .(N(TEMP I ,JL3.K)
--. TRMP'I.JL2.K.3..TEMP I.JL1.K.-TEMP I.4L.K,,
-P-PPSMU I.JLIrN'TEMP.I.JL.K--2..TEMP(I.JLI.KI
- TEMP(I.JL,

3 CWNTINUE

C
C
C SUBROUTINE RHSV"
C COMPUrTES TME NHS-VECTOR FOR STEP 01
C I.E. RMS-O/DI.OG/DETA-0Y/DXI-DV2/DXI-OWI/DE7A-a4/ETA

C u* SURI~tI RI4SV



PARAMETER 1-2,q 4M-100,
COM4O N / FLOWYV/ U 1N".JM,.V(IKM4,P(I.N).R~(1N.JN,,
1ENKUfIM.JM..EDOYIMjN.v1.Mxx xJMvI[

1XEA1A. MjMY A H...JA IM .JM, S1*4 J, SSI,iM,
6O40P 'MATRIXf AtI 114.44 4) RMMXHJM,41
COMMON /PlI Ik.Jk hE IfEL 1+1
COMMON /P2f GA*4,PA PR X14 RE TH.S.ALFA.A*OLE
COMMON'/MISC1 L.I Ik .LAJLi H2 JL3.ILEP1.L141.
-ITELP1I. TELPMl ITEUP1.TEZ41 .GMlGAM2.E.A*41.GXX.SlP,
-PIWC.Sb.A.COSA.PRI PRT! RE! .XL.XLI.XL.PI

COMMON DUJMMY. TFNP'!M.4M.4,
COMMON, ,OX, OX.0X2.0X3.DX4.DX5.DX6.0E7,DXO.DX9,0110

C
C - COM4PUTE RHS-VECTOR
C
C
C PART iU!.. INVISCIO TERMS :OF/OXI-OO'OETA
C
C .... a.s a F I OX! . . m s.
C

DO I J-2.JLI
C

DO 1 1-1 IL
DX1.VETAII.J).U1l iJ-XETA!I J)*V(1.J
DX2- 1..GAM11t~.Pj,.5.,U1.j,..2.V'I.J,..2,

c - . "(I,4

7RMPf!,J.1 -R4'40'.4160X2

TPMP'II.J.4'.001.052
I CONTINUE

C
DO 2 K-1,4
00 3 .J-2.Jk1
DO 3 I-2.Ik1
RHS'!, 4K -. 5.(TFMP(1.1.J.K)-TEMP(I-l.J.X))

3 CWNYIWAt
C
C OGen.n .e 01 DEOTA * ** sl~t
C

C
DO 12ILI
00X!' J .JVI,j)-VE~fI,J,.U(I.j
D03-1.GAK!,0l.,- U:I.4,..2

TEMP:! .4.DX100

4 CONTINUE
C

DO 5 K-1.4k
00 5 J-2.JL,
DO 5 1-2.1k!
RHS!i.J.Kt-RHSJ..J.K.-.5WTEMPIl..1.K)-TEMP!I,J-1.KI

C SCONTINUE 1~:TRS:VfIDV!l.N/DADp/EA
C
C
C PAT8.VICUTEM l/XD2/X-W/EAD2ET
C
C lx

C
00 7 1-1 IL
OIlXMUR.J j I.4)10Yf 1.4)
002-001 1.J,.0ETA 1*.
003-YE! 1.J,.YETA: 1.J
004-OX!'! ,.YETA,1.j.
(", --0E A. 00. EL~f i4 0
007-Dx 1,DASXJL:004.
DXA-All I DE' XL DX5'
D1)-OX I. I XLKM0E2-OX3)
OR IO-GAMI I- fXM:I1.J ,.PRI 'EDDY(], J)-PRTI

DXI:RE1/LJACII 4'
012- W UI.J-~iU(I.J-I!
0E3.S5v I,.1--V 1.J-1

OE.GPI.J1.J/RHOJ1;4

TfMP)! .4,11-0.0
TEMP! 1.J. 2,-OX I-r DX6.012.OE7*OX.3
TEM4Pt 1.J.3'-OXI(DX5*0X2-,OE9*OE3'
TFMP(1.J41-TEMP:1 4 2,-Ul.4t.TEMP)!,J,3;-Vf1.43

7 CONTINUE

A CONTINUE

DO 9 K-1.4
00 10 .E2.JL1
DO 9 1-2 ILI

9 CONTEMAt

C

DO 10 4-1.JL
C

00 11 1-2.1k!
DEI-E*R4!.4,-1oOYh!.4.

W-XXIEI0 4,.ETAI.4J

DES-XETA' J 4EYXII.4,l

007-00!. O1S.ELRDOX
DEN-OX!. DX&.EL$XE
004--OxE-XLMDk20XO3
OREO--GAMSJ.'OMU l.4t.PRI-fOYl.J,.PRTH)

001-RE! fEJACtIT,J



DX2-. 5 1UI.,'-d14
013-5. V .. 1 -V i-1.
OX-.5G Amm P, 1-1.J4 'AMO, -.. J

- (1-1.4/RHO 1i-l.J,.
cTEMPI.J.1.-0.0

1EP .4.2 -0 l-( DX40X2-OxRDX3!
TfMPVI .,3,-DXI- DK7*DX2 *DAt.DX3)

11 CDIUE
c

10 CONTINUE
c

DO 13 K-.
DO 13 .J2.L
00 13 1-2j
RlEh4 JKR SIK.5TE h...TE h.J.K

13 CDHTI4UE
C ~ DVI, DXI
C

DO 14 .1-2.J1

00 15 1-2 IL
D '1-.5'l14 ' -M14. 1-1, 4 *DDY,..4.ED0Y(1-1.J4
OX2: - XETAY . % ET -1.4OL3- S51TEA 1.) EALI-1.4,z
DXZ-0X2-2
Dx501-V3.02

0 17-XI 1DX1*DX20DX3
088-04 1. 1XLIOMJ4.OE5
DX9-GAM1I..S-PI*181U 1.4*-XMU'1-l.jl)

- PR71.(EDDOT,1.4.EOOYI-1.j *1tDX4.OX5
C

011-REI .S-(XJACI.,)-XAC'1-1.j);,
082-U 1,4,-U 1-1.4
0X.3-V(1..J,-V,1-lj .J
0 X4-GAMP{ 1 (.4 I/Aa1.4 _PI-1.J)A t/0 -1.j))

TEMP I ,. ..
TEMPtl..,21-DI.1D16.D82.0T7.D82
T MP'I.4.31-DJ1.'0X(7*DX2'-D03-
TEMP;I.J.. -TEMP I...2..5. U 1.J,.U 1-1.4,1

: TEMP 1-3 .2.5- V1l.4V 1-1.4
- *D XI14DX4

15 CONTINUE

14 CONTIBE
c

DO 17 X-1,4
DO 17 4-2,JLI
DO 17 172, ILI
RIS I.J K-tS, I.4.K -(TEMPI..Ki-TEAPtI.J.K1 1

17 CONTINULE
C
c . . - -~ DM2 / DET A.... ....

DO 18 J-2.41.0 DO 19 1-2.11.1
Dxl:.5.,XKU'1.4.XM.:IJ',-1EDDY(I.J,.EDCYI,J-1, I
OX2-XX11Jl+XXl I,J-11
DX3-.S.rYXI(I.J4.YXI(I,J-1 I
0194-OX2..2
0X85. O30 2
OX4-011.! DXA-*X1.H.DIS
DX&I-10 1.012.013XS

I PR1 REDII.41.EDOI.4-fl.(1)).D

0XI.REI/I. 5. IJAC 1.J4i.XJAC I. 4-1,1
012-UL. 14 -U. 1.-1.
083-V.J4 -VtI .J-I)

C
TE)P.J,1,-0.0
TEMP:I .4,2 I-DJ.11DX6*012*DE7.DX3;
T84P'.1 .J.3I-DX1I0%O70K2D%8.0X31.
IKIP(.J,4-TEAFP'I J 21 WWI J''.U1.J-lfl

19 CONTINUE
C

00 21 K-1.4
DO 21 .4-2.41.1
DO 21 I-2.11.1
RKS( I 4 KJ-RHS1.J.Ki-(TEMP(I,J.1.K-TE14PfI,J,Kl)

C
RETUJRN
ENID

C ...s .... ... ......... ... a....................

C SUSPOIE 'CMATA., COM4PUTES JACOSIAN MATRIX A- OF/DC
SUBROUTINE CKATA

C
PARAMEET!EI IM-3fl,4P4-ID0
COMO" / FLDMVt /UIM.941.V( I 4141.PCIM.4141,RH40111.14;,
14964114 '414 EDDY1,4.414
COMMON /GRiD, X IM.4MW,YI94m 071)114m 4) VXIIM 4
bXETA 1m.JM,.YETAfIm.4m,. JAL'1M.JM,.S'iM,JM,.1S1(i4
COMMAON /MATRIX/ A(IM 414 4 A,.RHS(IM.JM,4,
COMMON 'P1 IL 41. ILl lhL 1711
COMMON4 82 GAA4.PA.PRT.XM1.RF .TM.SI.ALFA.ANGLE
COM4DNMISC'11 11.2 1.3 4'L1.JL2.JL3,1L[PI.ILEM1,
- TE 1718 TLM1.1TEP1.fTELFA1,.GAM,GA2.GA1411r.SI,1P.
- IMP hE COSA,PRI.PRTI 811 XL 11. 11MPI

61bM DX 1j D8.X3 XDDX Oii.Xi.XqDX1O

DO 2 4-2.41.1
C

D0 1 1-1.11.
DX1I D/XJAC(I 4
DX2.YEiTA ,U 1,J .J1-XETAfI,4-VhI.4i0 03- .S50AN1* U 1.4 -*2VY 1,J,-



C

A .. 12 OXIYFTA'I J'
A. I J4 3. --OD1. XTAl I.J
A(L.J. 1.4 1-0.

A,,, .2.3 0 1(XETAL i JJU(I.JOA1MI*YETA(I.J)*V(E.J)l

AI.J.3,2,.OX 1 GA1.XETA I ii.-.1 1.JlYETAII.Jl*V(I I
AIl.J.3.31-OX1.;X2-GAM2*XEfA I.J';V I.J-
Al I.J,3,-X*GAMI.XTAi I..J.

C

ICONTINUE
2 CONTINUE

C
RETURN
END

C * f ~ ~ l f f
C
C SUSROUTINE 'CPQTBS COMPUTES EACOSIAN MATRIX A- OG/D

SUBRNOUTINE CKqAi9
C

PARAMETERI IM?291,114100)
COMMON /FLOWV, U lM.JMI.YllM.JMI,.9lIM.JM4lIRMO! Im.1ml.

COMMON /GRtD 1114 JPIIYfIM 414) XXIIE JN) YXI'lm J"',

COWWO 1MATkIX/ A(EN Al 4 41 RNSXiM.J1.4)
COMMON /141, IL IL ILE ITEL xifU
COMMON /P2/ CAPh PRf X11RE Th.Sl.ALEA.AG.E
CWON/MISC/1L1I~li ILiJLL 1L2.1L3.ILEP1-.ILEM1.
-ITELP1.ITELK:.TTE UPI ITEU14I.GA14I.GAPI2,GAHII.GXP.I.5P.
- INF.SINA.COSA.PR1 .PATIREl.XL.X.,XLM.PI
COMMON/DUHMlY/ TEMPIIM.IM.4i

C
D0 2 .91.JL

C
D0 1 1-2,11.1

C
0XI-1.0/XJACII J)

OX2.XXI ;1.Jl*vfl I,I-YXI(I1IIU(I J)

D- AMGA1P VlI.I)2J).4(UI.)-2

C
A(I .I 1. 1)-0.

Al J. I *A I- X(IJ

AIII.2.1,-OX1.IYXIII.J).0X3-UII.J)0X2)
A(II.I2.20-xl0(X2'GAK2-YXII.I IUlI J11
All* ..2.3 -0 I'IGA14l.YXIll .11 J)ixilj)UI,)

C
AII.J.3,l).OXI.(XXTI(.JI*0K3-Y(I JlS*flI

Al 1.1..33GXI* 0X2-GAM2.XXI l.J?.VI 1.41
C A) I,J,34-X1sAMI4KXI 1,J)

At I.J.41OXIX2-2.*X3-XA;
Al I,A.2,--0AI 1;.I(lO1(4-IC3.6A4*UIl.J,.022t

A(II,,.4,-0X1*GAM.DX2
C

1 CONTINUE
2 CONTINUE

C
RETURN

C

C
C SUBROUTINE 'C,41T9' COMPUTES JACOBIAN MATRIX A- D~l/GOXI

SUBROUTINE CHATRI,R
C

PA.*A1ETERI 114299,.11-100,
COMMION IFLOWV/ UrEM.114,Vl,MJ)P(IM.O(IMA4.

COMMON /GRID/ 14'im Jm) VIM .JMI.xxI(IM Jmt YXIfIM .4).
1XETA!11 114; YETiliM)i XMJAM 11411 SlIM AJ) SN
COMMION /MAAII AlIM . 4 N41 RA4IIM~J144 S1I
COMMION /P1/ IL IL ILE IfH, IfEU
COM4MON /P2/ GA;AM f XRI RE IN Sl.ALFA.ANGLE
COMON/41SC/iLI IPk IL3 ILl JL2.13.ILEP1.ILEMI,
-ITELPI ITELM .ITEU9S~fhE41.GA141.GAM2.GAMlI.GXM.SIP.
-PINF.SINA.CIIA.PRI.PRTI .REI.XL.1L1.XLM.PI
CaNION'ON4/ TEMPfIN M 414N
C~OMVX'OXoI.aX2.3i,4.DX5,DXA.X7DXE.DX9,DXIo
DIMENSION R(IM.4.4I

00D 2 J-2.1LI

DX7-YETA(II.jlS'2

OX) -XLl'OEI'XETAI 1.1iYOETA(1.J)
DXI EIM.DX*+OE? ('DXB.

C

R 1.1.321.

C

RI .2.2 l.'XI*VX3



RIj.3 1 '- Ol*1DX3-U1.J-X4VI I.J))
R.J.3.2,:DX 1.) 3
R~J. 3.3'DX1.oDOI

C

.o OAV I IJlo-"-.slu(il.jI*S2V 1,J)'*21
- -P! J,.IAPEII/RHOCI J)!)

-R(,4.2i.OX1.!uUIJi*(DX2-DX4)-DX3*VII.Jl)

C RIJ.4.3,.Dxi.iDX-~~!YIJ)(X-X

I 2 CONTINUE

RETURN

C .BROUTINE 'CHAT " COMPUTES JACOBIAN MATRIX S- 0N21DOETA
SUBROUT INE CJ4AfS IJRr

'C
PARAMETER IN:299 .EM.100
COMMON IF L OW U.IM.JH .V(IM.JM).P(IMJMJRHO(IN.JM,
1xmu IN. JR EDDY I I.
COMMN IERil) %11M.Jmj.yIIm,jN) XAI IN .jN lYElj IN .
IXETA(I I.JMI .YETAtiI.JN,.XJACIHM.iMI.S(I EM.111SS1iIM)I
COMMON /KATRIXI AIIM iN A Al RHSIIN JN,41

COMMON 'P2' GAM Ph PRf M RE IN SI.ALFA ANGLE
COMWMfNISC ILl. Ii~k. I"il'i. L2. iL3. ILEPi. ILEMl.

IT E L ITE LN1 IT RUES ITE EI 1. AMS GAK2 .GAMII. DN. SIP,

CORS4ON'DUMHY' TEM-'IM.iN,..
COMMEONDE Dx 0.,DX2.DX3,.D.X5..DXX.DXB.DX9,DX10
DIMENSION R IM,4,4.

C0 1 1 -2,ILI
C

DXT-YXI IJ I..

C DEI-REI/,RHO I.JI*EJAC~l.jI--2,
OX2-IDX6-XLM.OE? l*DER
DE3--XLI*OER.EEI(I.J'.YXI(I,
DEN., E.LMOAN.OX7 I.DX8

IC RIxl-~.jpp.Dyii-ii)(X

1 3 ,2-0.

* R(I.1.3r.O.

R II.21.2-DXERDX2-UIJ-X-(,)

A~ .2.4-0.

R'1.3,1I--OE I. 1X3.U Iil.OXN V(I .) I
Ril.3.21-O)XI.0E3
RII.3.3,-DXI.DX4
RI 1.3.4,-C.

C

- .OE4Vl JiI*2-DXE5. .5*IIJ0I*2.VII.JiI21
- -GrAMI.PiI~jiRHOtI .11l,

RII.4.310ZIUI :I.JOD2DliVIi.IDAN-0X511)

'C RII.4.4i-OXI.OEE
1 CONTINUE

i C
RETURN
END

C
C . sfl n f n n aa. .* nn n
C
C SUBROUTINE CNUCOMPUTES MOLECULAR DYNAMIC VISCOSITY USING
C SAITHERLAND'S PORIJL A

SUBROUTINE CxMU(I IO4CK'

PARAMETER'IIM-299 JM-100
COMMON /'EL ONY U!IM.iMI.VIIM.JNI.PIIM.JMI.RHOfINM,.
1XNLI'IM *Jm, EDDYIIM iN
COMMON /Pl: IL i. ILE ITEL.!TEU
COMMON /P21 QM,PA.PRfiEN1RE.TM 51 ALFA.AMGLE
COMMOWM'MISC/IL.IL2. I L3JLi.JL2.JL3.ILEP1,ILEM1.
I ITELPI ITELMi 1TEUPI ITEL)N1,GAMEGAN2.11A145.GEM.SlPI IRE,SiNA.CD J, PRI.PATI,REI.ELELl.XLM.PI

DO 1 .J-S.JL
DO 1 1-1 IL

I CONTINUE
C500  FORMAT (2X.'T.P,RH 'IIO4 AT I, i.214)

RETURNIND
C
C ~ - - . - - ~ - - - - -
C
C SUBROUTINE "CONVRT', COMPU TES RHO/J. RMOMU/i ETC. USING PRIMITIVE
C VARIABLES RHO U V AND P,

SUBROUFTINi COMYRT
'C

PARAMlETER IIM.245 .NN-lOO

5114J IK.JM' EDO(IM.JM)

Como:N ! P2' GA4,PA.PRf XI RE TM 55 ALFA ANGLE
COMM NMI I L.IL2.IlkLi JL2 iHl ILEPi.ILEM1,

ITEL PI ITELM1,ITEUP1.1TEUM1.GAMl.6AN2.GAMII.GXM.SP
P INE .SiNA,COSA.PNI .PRTI.REIXL,XLI.XLM.PI

CO OR/DUflY, TEMPIMiNA,4



DO 1 11IL
001 .1-1.41,.TEP 

J -lJTEMPAI.4. : TM I: 1,LI.J
TEMP I-) .3-TEMP, I J.1 -Y! 1.4
TENPAI 4 M'.JAC.I,.J).,GAJ1I *P'I J.J

I CONTINUE
C

RElTURN
END

C
csnsann n.sl. a.fn ass* sssna n
C
C SUBROUTINE "UCONVRT* C01MPUTES PRIMITIVE VARIABLES RHO, U. V AND P
CUSING RHO .i RHO-UliET

sUBROUwi E UCOijyAT
C PAR.AMETERI IM-2fl

1J-lootCOMMDo !FLOMV 4VI IM4PIRt4tMJt
IXPNJIM .JM) .EDDY 1 114. J0
CONRONk 'GRID' XlIM.JN'.YIIN.JM1.IIM H.m).YxtI .JMl.
JXETA I.JM.YETAIMKJM XJAC 10A,.MJM.S(M
COMMON 'Pl IL. .JL ILE !fEL.ITEc
COMMON /P2 GAMPA.PRi.XI.RE.TN.S1.ALFA.ANGLE
COMiON MISC.' ILl. IL2.IL3. JLI.J.L2.j.fl3. IL EPI.ILEMI.
-ITELPX I1,TELMU ITEUP1.ITEUMAI.GAMI.GAM2.GAM1IIGXM.SIP
-PINF. SIN CDSA.PRI.PRTI.REI.I..XLILM.PI
CONMN/NORM' UNOR4 Vw"MI
CoNmNiDU.MVY/ TEJ4P1 IMJ.J4)

C UNORM - 0.0
VNORI J: 0.0
Do 1 J1.JL
DO I 1-1.IL

C ULAST *Ut 1.4)
VLAST -V(I.J)
Rmo'IJt-TEMPI J 2J/X4AC(IJ)

ut 1.4 -TEMPTf..2t.RR
Vt 1.,.TEMPt I.j,3).RR
Pti.4t)-GAMI.RHOI ,t(TEMPt I,4.A).RR-

UNORM -UNORM ( ULAST -U(I.J) )--2
vmORN VNORM i VLAST -V)I.J) J-2

C 1 CONTINUE
UNORM -SORT(UNDRM / FLOAT((IL-1l)-'JL-l1'
vmoem SQATtVMORM f FLOATttIL- t.JL-1t

C
RETUJRN
END

C
C
C
C SUBROUJTINE "CONVRTI' PORMS CONSERVATION VARIABLES USINQ
C THE AVAILABLE PRIMITIVE VARIABLES RMO.U.V.P

SUBROEJIIN& COMYRI

PARAMETER) f10-299.J4M100)

Comm0 /FL0MV/ WtIN .I' v(Im M.).MRQI.1.
COMMON 'GRID' R(IM JH) YtIM JNJ1 xxI'IM JM, VOItIN JM),
- ETA IM JM).VETAIIK Nl MXAC:IM.JN,.A(INMtM.SSi)IN,

COMMON 'P1' IL.jL ILE' F.ITE(,
COMMON /P2/ GAN.Pi PRf AM1 RE TM SI ALFA ANGLE
CMM NMISCIL1.lLk.ILi.JL1.jL2i.L3 ILEPi ILEMS,

- TELPI ITELMI ITEUPI ITEUI.s AmS.GAKZ,.NII .GX.SIP,
- PINF.SINA.COSA.PRI.PATI,REI.AL.XLI.XLMi.PI

amommumm9Y/ TEMP ,1 .4).
C

DO I .I.JL
DO I1 IL

TEMPt1.4.1 -RMofI.4)
TEMP'.j.2 I-RHO I.Jl.U'I.J:
TEMP 1.4.3 '-RHO I. .VlI.j
TEMPl 1 iA~MIPI. .kO t)'.t

1 CONTINUE
C

RETURN
END

C
C n a sSt * a aS sn.nsm...n a
C
C SUBROUTINE "MDNITR*. COMPUTES INFORMATION REDEJIRED DURING
C TIME INTEGRATION. THIS INCLUDES:
C A CONVERGENCE CRITERA
C IAIRFOIL LIFT ARD DRAG COEFFICIENTS

SUBROUTINE MONTA tNSTEP,TAU,DMAX,RNSDQ)

PAKAMETERt EN2l -14-1001
COMMON /FLONIV/ UI.M.IN.4,INJtNOI.R
1xmBj'!M.JM,.EDDY' IN.JR,
COkMDN /GRID! X'IM.4,,YtIM.JM1 001) IN 4W) VOItIN .JM;

OXETA'IN.,JM,.YE?AfIN JM) XAC'IN.JM;.S IN.jMJ.SS~tiW/

COMMON /PS' I L.JL ILE I-EL ITEU*COMMON /P2/' GAM 'Ph PRt XMI RE TH.Sl.ALPA.ANGLE
CDR0w'MIsC/LI.L.l~ L .L2,JL3 ILEP1 ItEMI.
-ITELPI tTELM1 ITEUP1.iTEtMl.GAM.AM2.iJ1IGU4.SIP,
- INF.StRA.CDSIPRI.PRTI RU .XL.OLI XLM PI
COMMONITIMEN/ DTAUtIN.JM;,CFL:DTN4N.6TMAiBETA.DTVIS
CO~mON/DUMY/ TEM~lIM i4W
COSMIINOR MLORM YWN

C

C COMPUTE AIRFOIL L.IFT AND DRAG COEFFICIENTS
C
C

CALL. LIF1 (CLIFT,CDRAflt
C
C - OTPUT

MINTE16 200t WSTEPTA4. DRMAX, RMSDO. JNORM,VYOM,CL IFT. CORAG
ro PITEU it - 1./G14

NN..LOAT(XSEP'
XLOGMX-ALOGIO) ORMAX
XLOGRM-ALOGXI RMSOR)
WRITEU3,201t OR TAU XLOG4X.X LOGRN.CLIF-T.CDRAG .UKORM.YNORM.

C FORM4AT S



200 fORKATI1I1 'T -. Ib'5TAU-' 110.3.
201 I2 5 C E'.i~~. CD- J12.6)

20 FORJAU1613.5,
RETURN
END

C
C
C
C SM*OMI fW 'Comv C"

SIEIOWIKE CONVRG (ONNAUESa)

PARAMETER( IM-299,JN-10O1
COMMON /FLONY/ LiIM.JM,,V(IM JM4 P(IM JM1 .RI4(IM.JM;.

-XMU IMJH EDDY~im'M) *
CON40M /GRID, X(IM.Jl .YtIK.JM,.XXI(IM.JM)I YXI(IM JM]

-XETAIIM.jMI.YETAiIM.JMi XJAiIM JM, S(IN Jim.ss1Iim,
COMMON /MATRIXi A(I 144 J4 E1 R IJK 4~COMMOIPI/1 IL JL ILt ItEL "Ithuil

C COMMM/TIMEN/ 67XAUItM.J4).tFLD)TK1N.DTNAXETA,0TV1S

DRI4AX-0.
I L 1:IL-i
JL I JL-l
F N.FLOAT(IL-2)*IJL-2fl

00 1 1-2.1Ll
DO 1 .1-2 .JL.1

O0AASlRMS(1 J III
0#WAX..AKAX1It

6
RMai,DR I

S1MR-SL464oR*,D
I CONTINUE

RP4SOR;SQRT(SIMR/FN)
R ETIRN
END

C
C
C
C SUBROUTINI *BTTDX SOLVES ILOC-TRIDIACNALL SYSTEMS
C FOR THlE XI - SWEEP

SLISROUTINE ITRIOX
C

PARMETERIM29..N-100,
COMMON /GRID,' XiIM.JMI.Y(IM.JMI.XXI(I 4.J14 ThR jM
1XETAIIMJM,).YETA(IM.JM,.XJAC(IM JNI S(iM JM..;SS1l(iM
COMMON /MATRIX/ AtIM .1M 4 41 R~it(IM.JM 4
COMMON IPI, IL JL Id .IfEL IfEU
COMONiNISC'ILi tL 21. ILI .L2 .JL3 ILEPI.ILEM1.
-ITELPI ITELMI ITEUPI TEUi UMIl G*A14 GA111.GX.S1F.
-PINF.SikA.COSA.PRI.PATI.REI:XL xi LR F
COM4OlIEJI DTAU(I INJR CFL.OTI I.M.1AX.BETA,OTYIS
Ca4ioEm'um/ TEMP(IRJ .31L
CO'40N/IZAMP! .E .I iWi W I.ISPECT
COMMON'SPECTR/ PECT(NIM.I PSMU(I JRI
CDMON'DX/ DX1,DX2.0X3.DX4.6XS.DIIN,6X7 DX8.DX9.DX10
COMMON11TRlD/ AAlI..l MINI. L22IR Cl31iM ;_ WRK II.4 '4, 1 1111R;L1IM O M).i(
-L32IN . 133 ,4,.L4j! IN .1L42 hll
-L43(I~.L44(IMl.U12! IM;.U13(IN1U4(f

- U2311N),U24(IM).U34(IM)
REAL Lll.L21.L22.L31:L32.L33.L4:.L::.L43.L44,

C
CPAT1 FOWR SWE
C
C
C PREPAXE FOR FIRST ITERATIONI

CMI. FILLMII2)
C

DO 1 1-2.I1
C

IF (I.EQ.Z1 GO TO 100
C

DO 2 L-1.4
DO 2 .1-2..I

RM(,.)QSI .LI-BIl L )RSI1.1

2I J.L 3*RHS I J- 13
C 3 -SSIJ.L4.RMS(I1-1,1.4,

AAJ.L.I)AAIJ. 1Bl IAI1l11

AAIIL.21-ALAIJ. I 2-6IJ L 1IsAI-1,J.1.2)
2 4II.[,L,3*AII-1.l,32

2 -asSJ L 31*A J-1 3 2
AAJ.. 3 .A -11. .3 I-I4* M. I*A 2-4
1AJL,)A -I i L.,A 3) 4.3

c 3 -6Bll.L.4I.A(I-..J.4.31

0AAII.L,4I-AAII,L 4-l IAI1l14

C 3 -SSIJ.L,41.A(I-l.J.4,4)
C

C OTIU
2 OTIU

100 GOIFTI9UE
C
C - USE1 CROUT' METHOD TO SOL.VE 4 K 4 SYSTEMS OF EQUJATIONS

00 2 .h-2.&1I

L111111l./AAIJ 1.11
U13J-A(J.1,3*Lll(Ji
U14(Jj.AAJ,1.4)*LI1tJ)
L21(JI-AA~i 2 11
L22(J).1./IAIJ 2 2)-L211J)*U12IJ)I
U2](JI'.Li221I(IA'..2.3,-L2111isU13111I
U24 iJ L221.JiSIAAIJ,2.4,-L211J)#U1414



L32 J::AAUJ,3,2)-L31.J.U2Cj)
L33 Jl1 MAAIJ,3 3)-L3j(Jl.LJ13fJ)-L32(J)-U23CJfl

I -L32 J,. U24Ufl)

L42tJ ) AAtU.4.21-L41J 123LZ1

C I -L42(J)wU24(J)-t43(J)*U34(J)
C SOLVE FOR INTERMEDIATE VECTOR

DXI-L.11JI.RHS(I J 1)
0X2-L22.i .(RHS( f.J.2)-L21U .ODX1I
0X3-L33,J l.RHS'.J 3-L31LJ)*DXI

OX4-L44(J)-(RHS'U .1 4-L41(J *OX1
1 -L42tJ)i-LA34JSoDX3J
R9'45 I.J,'.)X4
RHS I...3,OX3-U34(J*oDX
RMS(I 14.2 .DX2-U23J'-RSI.J,3l
I -U24,JrDX4

c 1 -Ul314)*RMSI.,J,iI-Ul4(J).OX4

3 COM71JE

C IF (I.EO.ILS) 00 To I

C - COMPUTE GMA(I,J) (SEE NOTES FOR OEF.)
C

DO A M-1.4
DO 4 )-2.JLI

C
OX1-Lll(J)*CCtJ.1 9)
DX2-L22tJ .tCC(J.i.94-L21(J).DXI)
OX-L3J)fCCfJ 3 1 )-431.J.O%1I
1 -L22J)SOX2~

I -L42J)*X2-LJOsX3?
c

MRK(J.3.M -0X3-U34() J*DX4
MRK)J.2,ML-DX2-U23JM-RKJ.3,M)

1-424j.ODX4
WRK(J.1.M).DX1-UlZiJ)sI4RKU.2,M)
1 -U1J(J.RX J,3.MI-UJ1)9DX4

4 CONTINUJE
C
C - COMPUTE AABB.CC FOR NEXT ITERATION
c

CALL FILLMX(I-1)
C
C - SAVE GAI4A(IJ)'S ON JACOBIAN MATRIX A
C

DO 5 L-1 4
00 5 M4-1.4
DO 5 .J-2.JL1

* j~LM)-WRKlJ,*LM) SEP

C
C PAR 2. BAKWRDSWE

C

1 AI.JL.).Hl-..J2

7O 7COTINUE

7 CONTINUE
C

RETUlRN
END

C

C
C SUBROUTINE "FILLNX* FMRS 4X4 BLOCK$S AA 18' CC
C RE.QUIRED IN XE - SWEEP (INCLUDES IMPLICIT DAPING)

SUBROUTINE FILLER (I)
C

PARAMETER) IM-299 J*-1OO)
COMMON /GNID/ XliM.JM),Y(IM,JM),XXICIM jm YXI'IM J194
SXETA(lM.JM,.YETAIIM.J194' XJAC(IM JM),SfM,.J4).Sil(iM)
COMMON /MATRIX/ A(IM .1944 4) RM NJK.41
COMMON IPX, IL JL 1Li ItEL ItEU
COMPMN9SC/ILi.Il2 1L3 JiL.JL2 .iL3.ILEPX.ILEMI.
-ITELPI ITELMI IIEUPI ITTELJH1.GAJ41.6AJ2.GJN11GXN.S1P,
-PINP SfNA COSI PRI ,P&TI REI XL X.L1 XL94 P1
COHN'7lT94E/ DTlbJJI 1M '14 N)CFL DXMNNiTMAJI.BE1A,DTVIS
C09404.'0tR49(f TEMP)IM JM 41
CW40hN/DAMP/ WE 1MI WP[ I 'ISPECT
COMMOH'SPECTR/ tPE6Tim .JN PSMU(INJ94'
C~OMP/STRID, AA M4 SIM44CC144,u

- L3 IN ,L3~IM .LAITIN;.L42 IM,
-L43I1M,.L4AIIMI,UL2)IMh.U3(IM)UIIM,
- W3IIN; L2411M) LU341IN)

C C&MUNCMAT/ RR(iM.4,49,NP1(IN,4,4I.RM1(INA,4)

REml LS1,L2.LU2.L3lL32.L)33LA1.L42.L4J.L44,
- U12.UI.U14,U23.U24,U34

C COMPUTE VISCOUS JACOBIAN MATRIX 'R'
IPI-1 .1

IF I -. 01K. 2 1 OTO 100CALL CHATR(IRR;



GOTO 200
10DO 11 "-1.4

DO I I L-I.4
D0 11 .J-2,JLI
RMI4JL.Ml . RJ,LM
RJ~ L.M) RPSJL.M4

21 COt4TfIIE
C
200 CONTINUE

CA" CHATR(IPI.RP1)

DO I L-1.4
DO 2 M-1.A
Do 2 J-2.JLI

AA IJ .L.M'.-2.*RR J.,L.M]
Ca'J L.5AI1J L'd-RN)J.LM ,

2 COTIkZE
C
C - AD IMPLICIT DAM4PING
C

DO 3 J-2.JLI
WISP-SPECTI .IJ)I4IM-PI'PSMJ)I.Jl
AA;.J.L.L 'AA J.L.L -2.uilSP/XJAC I.J
RR4J.L.L-B .L,L'-I4ISP/XJAC I-l.J,
CC;J L.L)-CC)4.L.L,-WISP/XJAC I.1.J

3 CONTiNUE
C
C - MLTIPLY BY I2TAU(IJ)

00 4 M-1.4
00 4 J-2 iLl
AA(J.L.MW.0TAU!1 .Jl*AA( J,L.M)
SBWJLM-0TAU. i.J .BB .jL.M
CCJ L M'.0TAUlIJ,,CC)J.L,MY
4CONTiNUE

c
C - ADO IDENTITY MATRIX TO AA :DIAGONAL)

D0 3 .k-2.31.1
AS. L.L -AAI J. L .L).1.0

5 CONTINUE

I CONITINUE

RETURN
END

C .a.n.n.en n................ . . ....

C SUBROUTINE 'ITRIOV" SOLVES BLOC(-TRIDIAGNA. SYSTEMS
C FOR THE ETA -SWEEP

SJUBROUTINE STUIDY
C

PARAI4ITERII-299.JM-10)
COMMON /GRID/ XIIM.JMI 'Y(IM JW.XXI(IM JMJ.YXI IMJM:,
IXETAiIM.JM. YE7A)IM.JM),XJAL)IM.JMSiM.JM),SSI)IN
COMMON IMATAIX/ A(M JM 4 4) RHS(IM JM 4-
COMMON /Vi/ ILJL.ILt,IfEE Thu
CO"M0M'MISC/IL1.IL2 IL3 JLl.JL2.JL3.ILEP1.ILEMI,
-ITELPI.ITELMI.:ITEUP1.ITEUMI.GANZ.GA2.GAMII.XM.SIP,

-PINF S NA.COSA PRI.PT.E.LX1X.P
-COMMON/TIMEN/ OTiU)I, M CFL.DT IN. TMAX.BETA.DTYIS
COMMON/DU4*4Y/ TEMP(IM JN,4: x EDD~

COMO42EC/SE).4I)U2d14IMJM) SUIN JM),

C - U=1)M).U24)IN),U34(IM)

REAL Lll.L21.L22.L31.L32.L33.L41.L42.L43.L44.
- U12.U13.USA.U23.U24.U34

C

C PART 1. FORKtARD SWEEP
C
C
C PREPARE FOR FIRST ITERATION

CALL FILLMY(2)
C

DO I J-2.JL1

IF li.EO.?) GO TO 100

DO 2 L-.4
DO 2 1-2. ILl

1l~IJL-Kj. 1, L)-l(L .2).RV4Sd. J-1.1)
2 -68 I.L.2.:RHS)I.J-1.31
2 -Be(,L .3 W4S(I.J-1,41

C
AA(I.L.l).AA(i L l)SBB(1.Ll I).A(I.J-1,l,1l

I -BBT[,L2).A(Il2 .1,
2 -9S)I.L.3'.AI.J-1.3.l)

C

1 -5 t IS21A 1J-1,..2)
2 111 I.L,3).Aj 11.11:3:2)

2 -9S)I.L.31.A( IJ-I.3,3
C

AAII.L.4)AA) I L 4)-651Ll)AIJl.,
2 -BS)I.L.2*A I J-1.23 6
2 -98 1.L.3;SA)I.J-1.3,3)
2 -BI.MI.)1J-.43

C

C - S)...A.-.. US RU EHDT OV IX4SSESO QAIN
C

C 00 1 1-2,I10



*c
U122)-11)- A(I i2,1)*L(I)*U21
U13(I)-AA21,I.3J-Lll.3)-L1X.1(
LIIl -AA;I,311-~ll
LZZ)I )-AA(i, 2 - C1. 12?
U34I.331 AAU 2 2,-L1).U4(I
1 L324H U4()
141( I AAj 1,.11

L4211)-AA,14.2,L4I(ISU2(I)

L4 )-~l3-L42*UII)*U3I).U)42I I (

C
C SOLVE FOR INTEAMEO1ATE VECTOR
C

DX3-L33 IJ.)RHS I.J.3)-L3111)S0XI
1 -L32()).X2
DX4-144) )RHS)1.J.4)-L41(X (*011
1 -L4241 ,'OX.2-L431 I 40X3

C

RNS (1.J.3)-0X3-t34(1 40X4
RNS(IJ.2,-0X2-U23( 1 )sRfS( 1.43)

1 -U32417 )*014
RHS(1.J,1)-0X1-U2I)*R4S(I .2)
1 -U13( RNS( I.J,i)-U14()).X4

C
3 CONTINUE

C
r (j EQ.A11) GO 10 I

C
C - MPUTE GMACI,J) (SEE NOTES FOR DEf. i
C

00 A M114
DO 4 1-2.111

C
0X1111l(I'.CC;I 1 4
DX2-L22)I .)CC~f.k,)-L21) (SX1)

1 -132() .02)

I -142(1 )*0X2-143(1 )*0X3)
C

MIX) I.4.14)-0X4

MRK).2.4)-0.2-23V)I (.WRKlI.3.14)
1 -U.24I)5014
lINK) I11M)*X1-Ul12) I SINK .2.14)
1 -U13(11)*WRX(1,3.M4,-1J4())DX4

C
4 CONTINUE

C

C - COMPUTE AA.B6.CC FOR NEXT ITERATION
C

CALL FILLMY(-.1)
C
C - SAVE GAI4A)I.J)'S ON JACOSIAN MATRIX A
C

00 1 L-1.4
00 5 M41, 4
00 5 1'.2 11L1

5 COUTIWIU

1 CONTINUE
C
C
C PART 2. BACKWARD SWEEP
c
C

.JJE.J11-2
DO & .JJ-1,JJE

C
00 7 L1,4
00 7 I-2.IL1

C
NMSI1J.IJ-RII1.1 L)-A)! I.1 L1)R1SI.J-1.1)

1 -A)1.4,L.2)SN14 (IJ-1.2)
2 -A 11. J.L: 15R ,J13
3 -A(I.4,L 4.MS IJ-1 4

C
7 OTINJE

C
A CONTINUE

C
RETURN
END2

C
C e. *.....~.
C
C SUBROUTINE 'FILtY FORMS1 4X4 $LOCKS AA SI CC
C REQUIRED 1IN ETA - SWEEP (IMCILJOES IMPLILIT 6mwzlbc

SiUlAOU7INE FILLMY (J
C

PARAMETER' (W.31 JM-1OO)
COMMON /GRID/ 1)11 .114 Y)114 .11) XXI(114 .11) YXI)IM .11)

COMMON /MATRIX/ A(IM JM14 44) RMId)11,JM4,
C NO /P1' IL .11 IL[ ItEL ItEu
COI0N/4ISC/1Li l H32 IJU JL.2 413 ILEP1IELENI.
-ITE1PI ITELMI ITEPI HUM.~4 UM~ 4;KA2 GA

1
J41.GEN,Sjp,

-P1RFSikA.COSl PRI.PkTI .REI XL X~i11.14 PI
COMN JNIEW/ DT U IKMICFL:OToiN.6TmAi.SETA,OMI1

COMM" /DAMP' WE MI WPR WH* ISPEC'
COMMON'SPECTR/ OP~l)iM JMS PSPRJ(1M.JM)
COON'BTRIO,, 55)114 4 41 BSlIM 4 4) CC) 11 4 4),
-MRK'IM.4 4l~ L11)1Ml LOIN1) i3214 .L31(M1.
- I),L32t.3 1.1,.LW1IM,.L42b14
-L43'IM.L 4)114.Ul2)IM).U3(I14).;U14(IMk,
-U23)114,.U24(114),.U(IM)



cmO10 /O4AT/ R ~K4, )RP(I,4,*RM1IN.4.4)
REAL LII.L21.LlL3L2.L33.L41.LA2.L43.LM,

- U12.U13 .UI4U23U24.134
C
CCOMPUJTE YISMOS JACOBIAN MATRIX 'R'

JPl-J.l

IF 3 J GT. 2 00) 100 I
CALL 0ATSfJ,Nk)
CALL CMATSQMl.*M1)
OTO 200

100 DO 11 N-i.'4
00 11 L:1:4
D0 11 1 2 , ILI
RMTAI.L , M WR.1 L.M'
WR N RP1,1,L.M,

20 CONTINUE

CALL CKATSIJP1,RP1I
DO 1 L-1.4

00 2 M-1.4
0o 2 1-2.ILl

AA(I.L 041-2 *NR(I L M

2 CONRZE,
C
C - ADO IMPLICIT DAMPING
C

Do 3 I-2.ILi
WISP.SPf:T'r I I'. I.WPIPSMUU.J-
AAl I.L.L *AAlI.L.L,.2.Wi SP/XJAC(1 .fl
BB(I.L.L .83 I.L.L -Wi~SP/XJAC 1.J-1
cc~i L, LCC (Il,L'-4ISP/XJAC(I.J-1)

3 CONT ~E
C
C - MULTIPLY BY OTAUII,.J;

DO A M-l. 4
DO 4 I-2.ILX

88WI.L.m,-OTAU. I,J'.NSUZ.L,M
CCAl L.M,-DTAU~i.Jl.CCII.L.M)

4 CONTINUETIA DANL'-

C

SUBOUTINE NR
C

RETR N25.Wb
OEN /LM'U MJ)YI.9(,'MJ4,I!MJ(

c XJI.M DYI.M
C44 GI/XI.NYI JXIIEJIiX(N.)

COPMMON /PiOW/ I M.J I .l IIILITEU .MIRDIMJ

COMMON /p2/ CAM4 Ph FRi XMI'RE TM 51 ALPA ANGLE

COM9RON'0 OXi.DX2.OX3.DX4 DX5 DEN DX? DX8,DEq,Dx1O
CCDR6WN/BND/ NBND.EXiREF.TRE .TliF.Cv.CR:CT.DLL.Ll.L2,L3.L4

C
C OWN4STREAM4 BOLODARIES sIXl-V RENA : SUBSONIC OUTFLOWd
C PEX11 SPECIFIED. EXTRAPOLATi6R FOR RIIO,U,V.
C

DO 12 J3-2 iL1

P l.i)PINj,

RMWIiJi*RHO(2 J)
EDDY(L )-EDDY 2,J1

12 cOWTIWE

00 22 J3-2 .11.
UlIL.j)-I!ILlJ)
VIIL.Jl-YIILI.Jl
P(IL J)-PINF
EIXIYIIL.J)-EDOY( ILi,J)

22 CONTINUE
C
C
C ETA - ETANAX. FREESTREA14 VALUEIS SPECIFIED

00 25 1.1 IL
W(I:JL mSA

P11 JL)-*INF

25 CONTINUE
C

C AIRFOIL VURFACE AND MAKEE CUT
C
C SUKE-WJ : AVERAGED EXTRAPOLATION

00 3 I-iITEL

V'I l)-i(VI 11 ( .2

U"k I).(I 1)
9) K, i).Pf I,



C NEW BOUNDARY CONDITIONS FOR SYMETRICAL AIRFOIL IN THE MAKE AT ALFA *0
C YUI.1l , 0.0
C VIK.1) - 0.0

3 CDNTINUE
C

EDGYI I)-WY(2 I
EDDY IdIo-EmDuyYl

C
C AIRFOIL SURFACE: U.V-0.O: OT/OETA-O.CAOIASATIC HALL 1;
C DP/DETA-.0

0O 4 1-ITELPI. ITELR41
V I. SI.E .0
Pil.1 -PC1.2)
DEI-GXEP),3)RHOI.3-4.aPI,Z)/RHOE.2 /3.0
RHO)] 1-GxWP(I,1J/OXI

4 CONTI R.E

IF I NDW ED. 0 ) 070 7
C
C BOUNDARY COITIONS FOR SUCTION ON UPPER "UFACE
C DXI.THETA

TRS -SORT( TREF/TINF
VIN -Cv - XRR * TRS
AIR ABSI Xi13.1 i,)
LOUT -ABS( X1.11 XL21
Dl? 0.0
014 -0.0
005-0.0

DO 5 I:L3.'L4
011 ( Y)I-1 1) - Y(I-1.1) I 1)11.1) - (1-1.1)
OES ATANIOXI)
If NBND .EQ. 32 OTO 17

IJ(,SC- YN *SINIDES)

17 1112 -X 0 - RHOII 1)
C OX3-G1"-i-P)I 3 1/H(,1...I2/RO.I/3
C 04 A4 O
C DES - 015 4p11,1)

5 CONTINUE
C

XU - ABS' FLOAT I LA-L3-1
C TAVG - D3/XU
C PAVO -O /X XU

RAVG - 012 X U
C 14DOT -NAVG AINR*IN

VOUT - AIN/(AOUT.SIN1OELIIS VIN ICR
C
C BOUNDARY FOR LOWER SUFACE EJECTION

IF ( RND .EQ. 2 ) COTO 7
C

DO 6 I-LS,L2
HO(IIS RAVGSCR

C (I ' 1 * .CT*PAYG
C IT-CT 7AVG

U111:11 VOUT S COS(DEL)
V(I1S - VOUT - SIN(DEL)

4 CONTINUE

C - TRAILING EDGE
7 U(ITEL.I-O.O

V(IIEL * 11.0 .
1.11jTEUI., 1..
VI ITEU. ).1G.'PIITEL, B" (ITEL,21
PiITEU I-PtIEEU 21
T-GE~ftl-PI7EI.31/RH0IITEL 3I.4.*P(ITEL.2)IRHoCITa.,2)I/3.
RHO) ITEL,!1I.02i*PIITEL 114n
T.GXPWI- -TEU 3)/RNOdiTEU 31*4.*P(ITEU.2)/NNOIITEU.2)I/3.
RHO) ITEU.1).0E"PI ITEU.S I/f

C
RETURN
END

C

C SUBROUTINE 'TURS' EVALUATES THE TURBULENT EDDY VISCOSITY
C USING THE ALGEBRAIC MODEL Of BALDWIN I LOMAX AND THE
C TRANSITION MODEL OF OHAMN & NARASIMHA.
C LIST OF SYMBOLS
C EDDY TURBUILENT EDDY VISCOSITY
C 1141171 EDDY VISCOSITY FOR INNER REGION
C 1144.11 EDDY VISCOSITY FOR OUTER REGION
C F -FUNCTION EN AFTER FORMUJLA
C GAMMRA TRANSITION FACTOR
C TAM $ HEAR STRESS AT THE WALL.
C JIAST SPECIFIES THE EETENT IN THE ETA-DIRECTION TO WHICH
C THE EDDY VISCOSITY IS COMPUJTED.
C IPLOT:
C -0 NO PRINTED OUTPUT IS PROVIDED
C I PRINTED OUTPUT IS PROVIDED
C

SUBROUTINE TIJRI IEPLOT,IPLOTII
C

PARAIRETER(I" IH2.201
CUOMO /FLOHV/U!NJIVI431PIJ4.HIHi)
IHOIIM ' im EWYIM.R4
COMMON toR!o/ x1W JIi H N 1111 J1) YII lEN JR),

CONDIN /PI/ IL JL I LE ItEL ITEU
COMMION IP2/ GA14.PA FRi XIURE TN 51 ALFA ANGLE
COpmWO/NISC-'ILIlL, IL3 JLERJ2 J3 ILEPi ILEI4S.
-ITELPI IT1141 ITELIFI f TELJH.GAIM, AK2.GAI.01GM. SIP,
-PINF SfNA COSI FRI P4TI REI XL XLl ELM P1

CON NTLRSi/ITRiU.ItRSL iRBSi ,IIRE,JLASfI
- RELAX

cUSIGN/OIM4Y TENPIIR4 .m 4)

C
C SPECIFY CONSTANT PA*ANItERS

VK-0.40
APLUS:24 .0
CXLES .30
CLAU-.01680
CCPS .60

C NAKE CONSTANTS



0 Appendix G: Hyperbolic Grid Generating Code,

Fortran Listing

The attached fortran listing is the original code

used to generate the grids in this work as supplied by the

Air Force Wright Aerodynamics Laboratories, Flight Dynamics

Laboratory, Computational Fluid Dynamics Group. The code

was developed jointly by Dr. Timothy Barth and Dr. Don

Kinsey an described in reference (19). The code was run on

the Cyber computer.

0

0
112



PROGRAM4 MAIN
C THIS PROGRAM GENERATES HYPERBOLIC C-MESHES ABOT AIRFOILS
C WR I TEN By TI M BARTH

C OPEN~i.FILE-OUPET'

OPEN tS FILE.* I NPLTT'
CALL STARTE
CALL fOI L
CALL PARAME
CALL $ R ETC
CALL WAKE
CALL GRIDGE
STOP
ENO

C
C

SUBROUJTINE STARTE
C

C4MMNBASE'iKE KMAXPI S8OOT 5144SMEJY NODY.CLLEST
COMNWR X(0 31 3011 XET 131.YX30.
2YETA302;. 30L10 SC'Ly 200 .S f30:2.O!0
COMMON 'UN:TS BOOYUk.GRIDUN.OOCUki
COMMION /FNAME S , a OYFI.GRIDFI.DOCFIL
COMMON /STRET. vs: 00!CN TRLF1OiNBPdOOL.ARCLEN3OL
CJ4ARACTEER8 BOOYFI.GR FDOCI

C N7OEGER B0ODYofIDm.0001JN

C SET UP OOJENTATION FILE
1C
'C
1000 FORMATIA'

*I; CONTINUE
WR IT ElA 6-'INPUT 0CC FILE NAME
RECAD t5. 1000 EOCFIL
DOCUN I 1

OPEN 11.FILE.OO0CFILI
20 CONDiNiUE

HRITElb..V' INPUT GRID FILE NAME
READ!'5. WOO CR TOFI

* OPENIN.PILE.GRIFII
RETURN
END

SUBROUTINE FOIL

COMM0N/BASE/JMAX KKAXISO. N. NJ.NOY.CLT
30 01;XIIIDI ETA3OI)!,YE(3012,

1CMM EA301.R(301 .lO0,CAE10. 3012.YOL001U
COMMON /UNITS BOOTUN GRIOUN DOOCUJM1
COMOO /FRA4ES BODY-,.GRIDFI.DOCFL
CONORON 'STRET, TI CTRLP00.BP(10I.ARCLEN(301)
CARACT Ma 8 SHOYFI.G iDFSDOC ILCHA RACTER I ANSE

INTEGEN BOOYUN.ORIOUJN.DOQNII

C SET UP FILE

iC
1000 FORMA71I

WN ITEN. 00 YSOU KAYE BOOT COORDINATES ON FILE (Y/MlI'
NEAD 5.1000 ANSNER
IPANSER -EQ. Y' OR. ANSWER .EQ. 'Y'ETHEN

WIRITE(# j. INPUT BODY FILE NAME
: EADIS.iO ,00DDOYFI
BODYUN . 10

OPEN'10.PILE-OODYFI)
5 CONTINUEI

KOUNTW3EO
1 : CONTINU

REA0(RODYUN...ENO-1001E(KOUJNI ,.Y(KOUNT-l'
KOUMET-KOUNT.1
GC TO 10

100 CONTINUE
MOODY - KOUNWT
MR ITE tOCCUNI .200OOYFT MBOODY

200 WRITE 6 200,ooYF DMO
FoM00BO FILE ASUSER INPUT '.A?.' WITH.I15,' POINTS'

CLOSE lBOOTUN

ELSE
WRITE6 .. ..- NACAOOXA AIRFOIL........

*;;E.......CLOSED TE NORMALIZED ......

R EAO'S. .I OMAXMRITEEOCURI.., NACAOE AIRFOIL: EN - ',TMAE
T"Al : TMAX/S0O.
OPTS *300
MNMALP * PTSI2 I
NI mm REEHALF
XIMCPT *1.008930A11365

OEx 1./,FLOATINIHH

00 20 I-I.iN DEL
XX : XX -DOELE
El .EIMCPTNS1.0 - COS(3.l1l1i265"XXfl

YfEl - -5,.TMAl.tO. "9SOTI5I - .126MEI-0.3514.XI-XI
S * 2843.xl*.3 -0. 1015.K1-4,

20 CONTINUE
00 21 1.IN
11 : NIHALF I

VII 4 -

21 COTINUE
OPTS - OPTS - 1
00 122 1-1 NPTIX, f - Eli I/XINCPT
vi) - TEIE/XIN$CPT

22 CONTINUE
%BODY - OPTS

ENOIF
RETURN

ENF D



0 SUBROUTINE PARAI4E

COMMON BASE J9.sKAXip:.SBO Y.SNUSNU.WO.NjJ4ls,
ON4NVAPS 3:.~ vD C, i 3x : NEA 3~ ' 301
Y7A3Z;: .. 3-.OOO. 5AE _0S..3,..,v3. Q2

CoNNNOh / INTS /BOOYUNGAI GUN OCloJNi
COMMON. IENN9.s. BOoy;,,.RIDFI.DOCFI-
OMMON 'SiRET, OSj1OC!,CNIRLPtSO0.I4P10;.AELEN 3

IMRSO A (10?
CIARAC1ER.5 LONR.UP ERxxRxN
CMARACTEP.8080O BOYGR!C'LOOCFIL
IN TEGER BOOYUk.GRIOUN.OOCUkl
[0*9EV * *WFN
UPPEA 'UPPER

FIND LE

DU" 80

FHIN. T IN... ~
JMIN

END:
RATE CONTINUE

MC- S J.EJ 01

MR Ei* ''----.AIRFOIL LOWER SURFACE~-.'
ICCONTINUE
WRITE6.- INPUT X LOCATION. MN ARCLENGTH SPACIK9.'.

S RETURN. TC C0NHNMU-1
READS .-.END-20,SN:LUSi-1 D05,NCLUS-,-,
NCLUS7, k CLUST-1

20 REWIND 5

C BRUTE FORCE RUBBLE SORT

DO6? 9 :1: NCLUST
IF Os N. .'.AS N THEN

TENRN2 OS

X S N TEM.i

D s N *TEM-i
ENDI

49874 CONTINUE
8R75 CON TI UE

FIND NEAREST BODY POINT

00qB73 N-.NCLUST

AP - ABS XSNN -X

IR R1 RAx THEN

E NOIF
9972 CONT INU.

CNTRLP N j *
1973 CONTINUE

NLONEN NCLUS-
WRTTENN'...AIRFOIL. UPPER SURFACE .....

31CONTINU,
DWQITEk 74IPUT Y LOCATION. "19. ANCLENGTH SPACIN .*

RETURN IC CONTINUJE,
REWIND

R1EAD 5.39.C' N:L'ST. CSNUST~i
NCL~s N- US, I
GC TO 3:

'c RE-41NC 5

BRUTE F0523 BUBB-E SOV

D aR' :N,.OEl:' NZLUS-
0-) ?o N.LOW9Vi.:U

967C ~ C "lWU

qs7C CONTINUi

cFINO NEAREST BOOY POINT

TIRE -. 4OE
9

-l.NC.US'

1R; RIAN TIEk

Ji - .3

.8 CON TINUE

986% CONTIIJE~p

RCEN I NCE

S SOR' -I -,1-N I 2 'Y1(-Y(.I3..2
9364 CONtIUJE

WRITROOCUNI.. .. CLUSTERINGS *

1B2 . CRT.LP101

T' : .LE NLONER VXNNN - LOWE;

ALEC - AR ZFk IE! -ARCLEN A2;



20D0 FORMAT!' INPUTI NMBNER Of POINTS FOR THE INFERVAL X
'12. T X, .. F12.6.
I ARCLENDT ., .,L2.' ON tHE 'A.- SURFACE-

READ'5.-INNP ,I-1
WRTE D0CI.3000X1IIa,,*X(I6Il)NBP(IIXXxXX.DS1,.

3000 FORMAT I" AMB OF POINTS FOR T1HE fNTERVA. X
0 F,24.A1 TO:1 K * P12.6.' . IS '.I5.

01)4 A' SURFACE, I.
-PSS>CN~fuE IN SPACJlt ON ENDS AREi-J14.7.UXJ'4.71

R ETURN
END

C
SUBROUJTINE MAKE

C
C

CornON'NASE/JAX K4AX P1ISRODT.SMU. SN.V.NRDT CLUST
CDi'.N;NVARS/X t30i .(31,XXI1301.EETAi3I.XI13O1;'
I YETa 30a1. .N301. I00,SCALE'100; .Sk 301,2,.VOLI3Ol.
COMMON /t.RI Ts 0 ROYU.OIDU.N :DOCUN I
COMMIONIF/NANES BROFICE I DFI.OOCFI.
COiNNON SRET DS o 0. CNTRLP 100 .NEP'1OO..ARCLEN:301
CHARACTER-1 ANSHER
CMA RACTER.80 DYFI.GRIDFI.OOCFIL
IN TEGEIF 600TUk.GRIDUJN.DOCUNI
COMMON /800' KIMTf.Rt3OIJ.yINTERl3OIJ .IAX
Com"O,, /SosO/soE

C DMENSION KKEI3OI(,YiN.XE(2O1I.XX(1,.YRIDO)
C

WRI7Efi....OTER DOMAIN LIMITS~.,
WRI TEAt.. ' NPUTl DISTANCE 70 OU.TER BOvN(ARY'
READ5.. SON
WVTTE IN..' DISTANCE To OUTER BOEJNDAR . ',SOB
WRITE %., INPUT NUMBER OF POINTS IN THE WAKE EEGION'

MRlTE(OOJNI.l.. DARAKE - .,NMAKE

C SLOPE ESTIMATTION

TMETAT - ATAN2DYINTORrI4AXT-YINTER IMAX-11.

XI NTEA IMAX -XIWTE R I MAI- I
TIRETA2 - ATAN2 Y IN4TEN 1' -I NTER.

SL T R TA 1,TFAITEA

WRITEN. TRLAILING EDGE SLOPE '.SLOPE

R 10E YOA WISH T0 CH4ANGE SLOPE ESTIMATION <Y/N>'
READ'S.' Al' ANSWER
IPIANSMPR ED. 'Y' OR. ANSMER ED. 'TT)THEN
MR ITE46.. U INPUT MEN SL OPE-
READ(S.. SLOPE
END IF
TOPRIN SLOPE
TIPR 10 0.00000

START CUBIC PATCH AT X/C-lOS5. END CUSIC AT X/C-O.

TO VIN.TERTS, - YOPRIM-0O-XINTERl)

TiI ..2
yl I 2..TO-YINTERI'1

TINTER' 1 ORIM. xO,-XTNTE rX} '2.Y
M RITE(. OYO. 1.Y *. O.TO.OlT

C FIND COEFFICIENTS AB.C.O FOR POLYNOMIAL Y A X:3 5 X:E2 *C X D

11-10 -Fl1
T2 * PO-2 - FI..2
T 3 * 01- - K*3
14 Y MOPIN VSRNIN
-, s To - T1
711 3. T2
T L2 2 T
T,.3 -3.:TS.I:X.-2 -T3
T1.4 2 2.rI - T2
TIS - YPXI .TI T T
01i TLI.TL. - TL2*TL3
IF: ABS:DI; L-.. 1.E-26 THEN

MRITE1(:.:P CAUTION MAKE CALCULATION D1 IN ERROR
Dl . I t-2N.SIG N 1. Cl

END IF
A -T TN.T - TL.2.TI.5!DI
D2 : TLI
F ABS D2,bL- I. 1E-2NITHENE

MRITEN. CAUTI'ON MK CALCULATION D2 IN ERROR
oa 1 Gk,2.SO 1..02

03 (TIE - A*TL31/02

MR IFE.6 CAUrTION WAKE CALCULATION 03 IN ERROR
EDF03 - I.E-26.SIGNI 1.0D3

C : 'T5_- N*T3- -R.TD/D3c * I X- Al*3 - 8*JI1-2 - C*Xl
MPITE4..A 9CD -'A AC 0
FPS * RPOISOR6.O_ .DS (1; i).MAit. mol, 40. 11
IW.AE [I -MNT RI)-YNE1MX105

00 10 K-2.NWAV.E
XNAK F'I. - XWAK'F'K-T' * SlR IAF KT-2'
IFiXMAKEIK LI.X 00THENO " -FS

TAEIK - PlAKT 1 YOPRIM.(XHAKElK)-XMAKE(Il,
ELSEI; NAKEII .GT. XiTMEN

YMAKEIK,. YV
ELSEI

X MAKEiK!
1)NANE - A*3 - 902-2 *C.2 .0

WRITE (6.-)F-DNMEfxI TAEK
10 OONIESJE

P IECI EVERIYTHING TOGETHER

D09664 T-lI.MAI
I I- INAEAKE -.

V -VNNKE,NNIEI.



98.. CON, INUS.
DONNA) INAFE1 NNAKF'1;IMAY

y I !' *ITR . - MNAAE K 1
- If"E I -NaE : I

98t3 CONTINU.

XW.1 *OtE M'INMAKEO.IMAk-3
-RAISE.I-INNAR&B.I.IMA)-3

11862 CONTINUE
JMAJ - 2%WNAAIE-IMAI-2

F JTAILI - MkAKE

AF: 1;. JMA4 .JMA I
.APVR at TAI .TI

NFVTt COCuAC,.' JMAX11 JNA;

RITEL(DOCJN.-)' JIAlL2 '- JTAIL2

FUNCTION OPSl.. FNA.FMIN.OFR.NPT.EPCC._:. NZAL_

'HIS SUBROUTINE APPLIES A NEWTON-NAPHSON NDOT-FINOIND
C TFONNIOUO TO FTwC A VALUE 0" EPSILON FOR A PARTIZU,AR USE
C OF THE EXPONENTIAL STREC8TNG TRNSFORMATION.

C ERR IT TOTAL ARC LENCTH ALONG COORDINATE

c ' FW STARTINCG VALUE 0- ARC LONCC- SUZH AS 0.0
- D :SSPOCI'TEC l::2A, INCREMON' 0; AC LENGTH

C %I S NU N4EF C' POIN-S ALDAC COORC)INATE~PCIS ITERATIVE ERROR NO'JNC £.0 0.000CC
c ICC IS MARIMJM NUHER 0; ICERLITIONt

: N-AL, IF NCC-.C V:IAL GUESS F FPS IL USEC
CIF NCALL GI. 1. PREVIOUS FPT USEC AS INITIAL WUEST

RHN FPIA

ICCL.IC

i FNTTPCNA'-2
IF.NCAL.EO.: EPS-IPMLOPRL, i'.O 'FRPIP -I.C

DC INT'-Yc. cC

EPIT N.E P 1 VNPT3N2
FRS.: C ESS

* I;W,BS FTORC. GC TO
OF0 0 2 -0 GE0 PE SOP
F PN.DFmCE2 1 .PITN-f EORSPNPTP2-1.O

*C CONTINUE

5 E'SIL-EPS
WRITE 1.100
RETURN

EPSIL -OPT
RETURN

*190 PONNAT. <CM RCESO MAYNC. OF I1TERATIONS IN FPST1L.
F0. F AMC- E' .. 5 .7- ARC ;=,F2.5. 1 Tr A'OO.13

l2P ITERATIONS,.

SUBRRWTTNE STRETC

COM4NR BSE. JMA? .AA..CSC S P.SMJ. ARD. r y
CoC4ONRARS,R 3:,I .k.3 .xyI 30,1 WA 30CI W301CT..

C IMN 'NAE n NCF.Op isF> -UN-

C-0R'E ASI n k.- 0 ORl A-~3'

C,'RACF R.E RC8 ISICiCC
INTEGER ROPCR.SRICUR.OOCUN.
COMMON. RO 4;VT'O ,SAO3 TWAT
DIMENSION S 301 iARCOIS 3G-.

CO9R6l N.. NCLUS-
NoC)E: * NTRP.NI'
NOTE: CMOTRLP N
ALE NO ARp 'LE NNOOfl -ARCLEoNOOO
OTo- OSINAL M.EN
051- OS-N-1 'ALEBGT
CALL CLUST! ARCCS.O)SC.0SS.NL NL-1NI'N.
DO1860 I OT. leNP, h

INS S T' - -PLN'O ALENGSARDISI1
96G CONTINUE

PR;ITEIN.. 00 YOU WRISHa TENSIONED SPLINE FITS (YIN,"
REAO'5.TOOOBNSWEP

1000 FORM"ATI A
* F IFANTHO .E'. RW.OR.BRTWRN .E5. BT)THRR

CALL CSPLIR'SEIRTOR .ARCLRNI. R. IHIN.IAI 1.MNOV
CAL' CSPLIR S 'NRACO~I4AIA IRC
ELSE
ARRITE A.* INPUT TENSION

ROD'*SIGMA

.AL tSJ SXN'R R A ANRO,460T' MA'.SIS*4A0A Ca TPLIRMi S. %.ACR .4ROC .PASC&MA
ENISI



C
SJaLTN ST.OoOlJI.mx

C

COZMN'fSlON Y13O11
D - J4AX-JMIN
S6-DEL 'OD
SI-DEL DS1
CA-. CLST2 V.S.S.JMB.JAv

ONE STEP CORRECTOF

A.LPI.O : YIJMI%+*11y1jEIMfl/So
ALPMA I -V J .- " JPAX-I /051
SO-4L PKAO e L .'D So
S I ALPH4A I'DELOS I

UA. DS2 .S0.S1.JMIN.JMAX)

C SUBROUTINE CLUST2V.So.S..MIN.JMAXI

T IN"URS END POINT CLUSTERING FUNCITOW

SHOLD BE RUN OUBLE PRECISION ON VAX OR IBM

C Y.J. IS STRETCED FUNCTION BETNEEN LIMITS OF 0 AND 1
I.E. IT IS NORMALIZED AND MU1.ST BE RESCALED

CDOU.E IMPLICIT REAL.6BA41,Q-Z,
DIMENS ION YI,IDATA EPS/DOol!
J IIJ9AX-1

DE', I /'MAY-JMIN
BORT SS1

A-BSIo
OA!.../A
V J4MAX 1-1.0
V...MIN -0.0

IFG..EPS 00 TO 10
IEIR.CT.1-P YOO TO 20
DZ-ASiNF B
COWZ-COS IDZ Ii ICSZCOO
CSCOZ-1. 'ORTI.OSZCS )
INO.CS CDZ. 'COSDZ-OA
ZO.ATAW N0
044-CSCol. A-COSDZI-W0

00 I J-JP.J4
I YtJ, ITOW AND2.)-MIM).DEL 2,-0,
RE TURN

10 OZ ASINMF(BR
CO;MCZ-COSMiDZ

DO 1TAN P . JMIN SO
11 ,JUASIDZOACOZ.U)

RETURN
TNRO-.FRl 1
ONENA-1.-A
D0 21 J;J9Il 1
V. IJ-.MI N )-60EL
U " I T Wo6MO(v-.5,.1.-X,;

21 TJi-UAOENA.U
RETURN
BAD

................ l . . . . . . . ........

CD0UBLE IMPLICIT RE&L.SRA-M'.0-Z)
DATAA1.A2.A3,A4. A ,-. 15. .O57221423571A,-.O7>N907294A7. .0077424460
IB a. 9 .0010794122691"
DAT $0.B1.B2.83. B4i-OD B3 2.2402727591.1.494443322775
1. -2.b 42945A? 252-.. 56iT-5041079613158
DAIA U2.U2'2.7829A8117&602,35.O539718AE2776,
I " LI-US 1.1.2

1UB-U-S.
ASINI4P.SORTfiA..UE,. .,A5-UB.A4.-US.A3'-UE-A2I.UP-AI IUB-..
RE TURNt

CUBLE 2 V.OLOC(U)
2 V-LOG(U./

OUBLE A SIM$.V..0L0012.-VlI 1. -1AIR. / 1114-"R3 I.*.RT,.4.1 )-M40
ASIVN4PV.O(2 - AT 1./.V, 64"-6.3 l.NB2 -*+@1 ;-NSBO
RE TURN
END

FUNCTION ASINFIUJ
cCULB L E IPLICIT REAL.N(A-l.O-Z,

DATA AX 4.2 A3.A'.AS.5.532142714..0*8q74283469)6.
1-.O531775i213 0759451335a2./,
DATA B36.5i,2643064267439531
1-132055009110734.11.726095Z23835
QATA Ul .PI/.2BR38911144.3.14159N65358B1/

IULE.Ul DO TO I
U-i-U
AS I OF SOPT(6..SUSI I fI IA5UNj.A4ISUB.A31.UR*AL2).UN.AI I.L151.
RE TURNIASINP6' IINF-0R.U..,U3SUI Ui.IU1
RE TURN
END
SUBROUTINE CSPLIMIXX Y'F X Y N1,92.J1,J2)
DINENSIoNwXI~ xvili3 VlST II

C
C CUBIC SPLINEE INTERPOLATIOW
C "T ARORA 'S ARE TL RE INTERPOLATED

V ARE FOUNDC I.,TE jO..ATEIX CORPRESPOWDING TO XX
C .11 .12. ARE INDICE LIMITS ON V'

CR1 Nl*2,ARE INODICE LIMITS ON X)iAL So VT0 IS T FID DER IVATIVEC .I RMS THAT ARE COEFFICIENTS



2C 1.JJA.42 
I

A .

1F -3.-DIJ OJA

E 2.

CIW"TERPOLATION AXlJjARRAY MUST BE MONOTONE

J

2O .I.N2
A22 -FUDG.E NVA 1 .*w:x -FuDGE.Gdi GI: TO 3C

J T 2 GO TO 27
GO 76 28

24) j J-1

ii!. GO TO 27
CO To 28

2' W'. E. 600
.001 FOMA' i SNOFATAL ERROR IN CSJI VALUE A' NHICV WE ARE SUPPOSEC.

52 ,C INT ERPOLATE IS OUTSIDE 0' OdIN l AEE 0' VALUES.

XA' -
i.'I~

VV N - Is I) T7.Y t J:* H: II-T-7l- FF J ! 01 )-fT

20, CONTINU E

S''RROUTI N, ATR IR ... .N.UJN
L 1H51014 A 2 .82 2..A 2 *F

H:S SUBROUTINE SOLVES A 7R-OIAOA, SE OF LINEAR
QDUAT IONS.

A' . ' M I'NC

CC I J-NCPZ.NU.JIR1
.J-JINC

.. 8J .- A JYNX'J4.
S-C 1,.

I U - J-A J2 isVf 4, JM -

CC 2 JI-NLPI.NU.JZNC0~ N Pi J N

2 F.j, - J -A'Ja-fJP,

ENTU

C D0I1ER fOP TENSION SPLIME

DIMENSION A'301'.Y'301:.A:301 .8 30: -- 30I .8 301.
121414 01X30 VYC

_A.L SPLIN14E h.A.FD'SIGMA
*A..SVE NYA. FA.NN.V YSIA

SUBROUTINE SPLIXEiN.0.Y.FOP.SIOMA

DIMENSION A 30A .1 30:..A 301.8 33:.C 30.8 301..
FOP. 3c1

NCAM~r - Z ARTEOiVEF END, CONDITIORS
ALAMBD C V.. ARA80.IC RUNOFF

ALAN!ON-_0.
1412 - _ 2

- I
DO 1 1-2NMI

Dyo - VI - l_
* SINNY SINA4'5101A*OXP

00544P *COSAVSIOMAOIAP
CC TfS#MM- SINM SIGNAS'OVN'

CR"*COSHE SIONA.OOM
* IFIARSiOXM LT. I.E-8lT148N

NRITEIN.ei' ERROR ...OE-...-,

RFAS'ORP .LT. I.E-Sh
RT16..;EiROR... .018-0.0 .. .1-, .

8 ND IF
A -1,/DO - SIOMA'SINN'

C ' SIONN.COVP4 5S410'- *:. 'flA - SIOMA-COSNP'SINN' -I.IOXt

582) Bt52l V ALAhMSOSIRI2I-X'IIl
8114141 - l -144 ALAMSD*CiIIMlP
0C 2 1.31
IF AeS 8 I-i, .L7.I.E-9TMIEk
141411814.-'CAUTION.. NEAR ZERO DIAGONA. . TSPLINE CONTINUE:?

-II-SIGN 1 ..8 1- I I *. E- IC
910F

*A, 8 1 -IC



FDPRMMI - RFNM1)/BlNN1I
Do 3 1-2.1112
4"M . - -I

3 CONTINUE
:D.0 A AMON FOPT'Z; -STOMA.SIGMA1'E2l

FPi ALR.WBD. FOPIMI - S1IRA*SIGWAOY M1i))
RE TURN
END

SURUIECLPf,.,O.NX.YSGA
C
C

DIMENSION X3OI!,Y(30,,FDP(3O1,
1) 1ME SIGN XX)301. .YY)3011
MIl-1

00 50 N-,

IFIOJ LIE. Xtl-IIIGO TO 2D
-CONTINUE

10 DO'M- "OX - XlD" I )0 ~I X.j;
D EL *I1 -~ XI
SINHPR. SINH'SIGIA:DXP%
SINHOJ- SIkM:SI GRA.OELI -F )T
lFASSIHS 1 .LT.l-OTE
4RIUAs; CAULTION IN SPLINE. ..-S1INXI - ,SIIR4EE
S I NE 4 .1O. SIGN )1. .SINNA1IF

EVDI F
SINWiMX- SIWH(SIGMAOOXM'
SIG21k: I.. ;SIGHASIG A
TYY, F *FP I. .SG2IN-SINH!X/SINHOT

S . ' I, -FOFF I, 'SI G2 IN DX P/DELI .FOD 41-11 SIG2INSIXHMV,'S
I Y71,1 - FDPI-lSIG2INIDM/DEL

50 CONTINUE
RETURN
END

C_ _L
C

SUBROUTINE GRIOGE
C
C.
C

CDEVELOPED BY TIM DART- X-6417
CNASA-AM4ES.. .WRIGMT-PATTERSEN APHA..

c TASX 933
C
C

COMMAON'/BASE fJKAX . KkAX .PI , SBODY. 5162. SMUV. WOODY .CLLIST
CORNM'VARS/X130,..y,302).. 01 301).XETAF3OI ).YXI)300;,
1 YETA3I..R30, lO',SCALE~1DD..SR,301,2:.VOLI301;
CORNNO,'STDRE, X:.301.100 .YY:301.IO
COIMMON /ORDERALPHA.A..PMAM.KMO.KK2
COMbON /UWITS , 8OOYUN.GRIlk RDOCUNI
COMMON IPNANES/ BODYFI.GRlDFI.DDCFIL
Cohuw /L A),/RELAX
INTEGER 8ROOYUN.GRIDUN.DOCUNI

CKAILACTLES-80IRPLET.WTPUT.ETC

C
C

C.U IITIALZ

NOT; SINCE TH! S I S A MARCHING SCHEME. POINTS
NED ONL Y Il STORED F ROM THEF P REVIOUS K L EV EL

CTHIS MOULD'.EARO THAT THEY MOULD RE WRITTEN OUT
AFTER EVERY CALL TO STEF...

C ~t TO MAKE IT EASY TO USE THE RUWING GRAPHICS
C PACKAGEC. I HI LL STORED THEM ALL AND WREE
C THEM4 OUT ATI THE END
C

C START By LOADING BODY SURFACE POINTS INIC
c XX.R'V WH*ICH WIL. STORE THE GRID AS ME MARCH OUT

DO 5 JE.JA0

ARITt GRIOUN,7OO)XX(J.SF .YYIJ.I.)
5 CONTINUE

R AI N LOOP TO MARCH GRID T0OCUTER ROUJNDARY

DO 10 K.3.KHAX

C ADVANCE GRID PROM KI -) K-1
C

tALL STEPIK)
C
C STORE SURFACE GRTD PTS (RAY RISH TO WIRITE OUT POINTS HERE)
C

00 7 J-1.JAR
EE(J.Ki - EJl
YY'J RK Y'J

C THIS K~fTE PROVIDES DATA IN THE FORM THE NAVIER-STOKES SOLVER NEEDS.
HRITR'GRIDUN.700, XJ.K,.YY(.J.v

7 CONTINU
7O0 FORMATE05.9)
C RIA.-) ... FINISHED LEVEL'.K.' LLPWA-',kLPWA

C
10 CONTINUE

- CI~U~1 Nr OF MAIR LOOP TO MARCH GRICT C OUTER BOUNDARY .

C
C O.K. WE'RE DONE. LET'S WRITE OUT THAT GRID

C RTOIU JA IA
c WTEGIUIMKIKA

WRETE GAIDUN 250'
1

AxE J.20j.JAE R.ME



O C • ''YY J.K .J.JMAX.K-S.KAX

250 FORMAT:2X.E2G.lC.2X.E20.10

C HASTA LA VISTA'

STOP
111 E FORMAIA,

END
C
C

SUBROUTINE SARC

COMMONIBASE JMAX.KMAX.P:.SBODY.SMU.SMU%.NBOD .NCLUS"
COMMON RARS X3C: .Y 302 PXr 3C: XETA 3C .lX1 301
VETA 301 .R 30.10..SCAESOC. .SA:302.Z .VD$3A1

INTEGRATE ARC LENGTH AROUND BOY

S-O. 0
DO 0 J-l.JMAX-I

J P . J-1
S-S -SORT X JP -X J,12 - vJO -Y J,-'2

10CONTINUE
SODDY- i

RETURN
END

C SURROUT INE III

C- COHHON'BASE, .KMAX.PI.SBODY.SMU.smu .NO 'LUST

COMMON'ARS 30: .Y 301 . l35: ETA 30: .Y)A 30$.

I VETA 302 ,R 301.100 SCALE100 .SE30.26.VOL'30
COMMON IDORER'ALHAALPHAM.KM1.KM2
COMMON .'DSSiSMUIM.SMUIHAM.

COMMON 'SCAFT OSETAC014M'ON /Soso/ SET AMX
COMMON IUN.ITS /BOD Uk.GRIDUN.DC)CUNI

C0MON /FNAMES BOOYFI.GRIDFI.DOCFIL
LOGICAL VERBOS
CMARACTER-I ANSWER
INTEGER BODYUN.GRIDUN.DOCUNI

VERBOS - TRUE.

JMKAX NUMBER OF POINTS IN THE STREAMWISE DIRECTION

KMAX NUMBER OF POINTS IN THE NORMAL DIRECTION
(NOTE: K-i IS THE BODY SURFACE

DSETA APPROXIMATE CELL HEIGHT FOR K-1 TO K-2

lSETAMX APPROXIMATE DISTANCE TO OUTER BOUNDARY
(NOTE: THIS IS "EXACT" IF THE BODY IS A CIRCLE.

C I'VE NEVER ACTUALLY CHECKED IF THIS IS TRUE

I SCKMA : VALUE OF SCALING FUNCTION AT KMAP "SZALE(KMAX!"
SCALE IS THE FUNCTION THA' TRANSITIONS FROM
STREAMMISE CLUSTERED VOLUMES TC EOUAL-
SPACED VOLUMES AS MENTIONED IN THE
ORIGINAL PAPER BY STEGER AND CHAUSSEE

SML COEFFICIENT FOR EXPLICIT DISSIPATION

sf l JII COEFFICIENT FOR IMPLICIT DISSIPATION

I ALPHAN MAX114UM ALPHA FOR MARCHING INTEGRATION

* ALPHA - C LJLEE EXPLICI'

ALPHA - 1,'2 TRAP RULE

* ALPHA - I EULER IMPLICIT

KM] INNER VALUE O= X FOR VARIABLE ALPHA INTEGRATION
EXPLAINED BELOW

KN2 CUTEP VALUE o0 V FOR VARIABLE ALPHA INTEGRATION
cEXPLAINED BELO.

C
THE ALPHA INTEGRATION SCHEME STARTS OUT AT THE BODY WITH

NP. E P. IH'].IC ANI LINEAPLY INCREASE' 'C XLRHAM AT
C FM:. FROM XR TC KN2 ALPHz REMAINS CONSTAN" A' ALHAM.
FRO. CR2 T KMAC A.,PHA LINEARLY DECREASES RACY TC I AT KMAP

THIS VARIABLE ALPHA IS INCORPORATEC TO ALLOW FOP ALPHA INTEGRATION
C GREATER THAN ONE.... FOR ALPHA GREATEP THAT ONE IHE SCHEME

BECOMES VERY TPNPORIALLY-SPANIALY DISSIPATIVE
C IF ETA IS VIEWED AS A TIME-LIKE DIRECTION.

AND AS A RESULT GIVES VERY SMOOTH
C GRIDS WITH A SMALL DEGRADATION IN ORTHOGONALITY. INVERSE JACOIAN ...ETC
C
C SMU.SMUIN LET SCALED LINEARLY FROM ZERO AT X-i TO SMUSMUIM AT

RNl AND REMAIN CONSTANT FORM KIM TO RNAX

CC READ INPUrTS

WRITEIA,.' INPUT KMAX.NORMAL HALL SPACING'
NEAO'5. )KMAX,DSETE
MRITEDOCUNI.- KMAX.ORMKAL MALL SPACING'.KHAE.OSETA
SCKkAx - .1E
SMU .005
SNUIN - .Oc'l
ALP.A - 2.5

KN - K5NAY
K02 R ?75-KMAI



C EH INPUTS

WRITIIA. 1000 JAX.KAX. SETA. SETAMX SCKAX,
S SMU. SMUIM.ALPHAM.KM 1,K2

1000 FORMAT(: JMAV. I, WAX-' 14.. DSETA-=,E12.6,

5411.-'.F 4.7. AE SEJIM.' .FIN.7, ALPMA-'.POA.?,

MILTE16.. 00D YOU WISH T0 CHANGE THE ABOVE DEFAILTS1 (FIN)
" ADI.2222)ANSNER

2222 FORMAT(A.
IF(ANSNER EQ. 'YV ORt. ANSW4ER .1G. 'V ITHEN
WRITEIA,.; CHANGE THE DEFAULT VALUES IN SUBROUTINE INITIA.
STOP
ENOIF

C
C READ IN BODY COORDINATES
C
C FIND EPS FOR OUTER BOUNDARY APPROX
C USES AN EXPONENTIAL STRETCING IN THE NORMAL DIRECTION

C EPSIL FIND THE COEFFICIENT FOR THE STRETCINC GIVEN
C THE WALL SPACING AND THE OUTER BOUNDARY DISTANCE (APPROXI
c

EPS-EPSIL(SETAMX.O.O.OSETA.KMAX.O.00OA.1I

C DISTRIBUTE RADIAL POINTS
C

VERBOS - J ALSE.
DPEVENSOS)HRTE(6,..I INITIAL RADIAL SPACING'
00 15 J:1 .JNAX

1s CON INUE
DO 16 K.2KR.AX
DO 16 J-I.JMAR
R, J.E I-R.J.K-1 .OSETA.( l..EPS..xI-2iIF(VERBOS AND. J.EQ.1 )WRITE(A,. IK,R[1,K

16 CONKTIWUE
C
C SET SCALING FUNCTION SCKMAX - SCALFINMAX)
C

SCALEIII1..
ESCAL - 1. - EXPtALOG(SCKMAXI/FLOATIKMAX-Vl
DO ST K-2.KMAX
SCALE(I 1 . - ESCAL).-(K-2)

17 CONTINUE
C

RETUN
END

C -
C

SUBRROUJTINE METRIC
C

COWMNN/BASEJI .11K AX. Fl. SEDY. SMU.SMUV. NBOO V. CLUST
COMMON /VARS/X01,.I31.XI(31;.XETA(301,.YXI(301i,

I YETAI3OI .B(301.100;.SCALE(100).SR:301,l;.VOUt3DS
DO 10 J-2.JMAX-1
JP:J- 1JRJ-l

COE T XAIJETIP)(RICOS AEOBTAINED FROM DIFFERENTIAL
C EQUATIONS AND ARE NONLINEAR AS SUICH
C
CFRMTEC0ICSQECUSD.
C VOLLJRAS INS.. IME UNKNOWNt K LEVEL ARE BEING
C USED (THIS IS EXPERIMENTALLY WORKS WELL)
C .... THIS WHEN USED WI1TH ALPHA I
C SEMS TO HELP OUT IN REGIONS OF CONCAVE CURVATURE
C

RFTAIj).-YXIUJI*VOLVJ,/XRyv
YE7A.H)- XIIJ).YOL JI/XXVY

1D CONTINUE
RE TURN
END

C.
C

SUBROUTINE STEP)Ei
C

COW4ONASE JW4AX.KNAX.P.FSBID).SMU.SMUNRODV.NCLUC'
CDWRON/VARS/X;3D* ,y 311.X10 301 XETA 301 III 301
1 YETA 30I AR 301.100 SCALEIOC SR 301,.I.VOL 301
COMrMON IORDER ALPMA.ALPMAM.KMI.K{2
COMMION IISSUMSUW
DIMENSION B DL1.2.2).C)2D1.2.2 .DI3DS.2.2,.F(301.2;
DIMENSION A,3Q!.2.2,.E(30!,2,2;

C
C SET UP ALPHA VARIATION
C

Z~fA LIE.E1M1)THEN
SC1 - FLOATEK-2,/FLCAT(KMI-2;
5C2.SC S

ELSEIF(K .GE.XM21THENd
SCI - 1. - FLOATlK-KK2,/FLOAT(KHAXV-KK2
SC2- 1.

ELSE
SCI - 1.
5lC2-5C1

C
C
C
C

ALPHA - 1. 1 (ALPHAM - S)*SCI

C SCALE DISSIPATION
C

SNV- 50.5w.)
SINUINV - SCAUMI"

C
CI
C

CALL VOILME(K,
CALL METRIC
CALL RHS IE'* INVERSION IN ETA DIRECTION



c FILL A.B.C.F ARRAYS FOR NLOCR TRIDIAGONAL.

CALL FILTRYLR.A. B.CD.E. F

CALL BPENAL.JMAX.A.B.2.C.E.F

c CALCJLATE MEN I.E CORONAED
IC

RETURN
END

SUBROTIINE FILTNYiR..A,B.C.D.E.R,

COMMONPBASE JAR.KMAX.P1, SBODY.SU.SMUV.NBODY NOCLUS
COMON'RAR S,'X!30 Y.v l3C.Ax3: XFTA 31..YXI 301.
IYE7At32 .R 32I102 .SAE00 5RP 3C1.Z.ROL1301
OIMENSION B 3C..2 . -20:. 3:.. .3 301.2
DIMENSIOh A 3C;:2., .E 30':2.2
COMMON '0155 SM.41N.SMUIMv
COMMO N 'ORDER ALPMA.ALPNAM,KR1.KM2
DIMENSION AM,2.3

C * FILL TIDIAGONAL MATRICES IN ETA-DIRECTION

IC
DO 5 N-1,2
D0 5 N.J.;2
00 5 j.-.J"tz
A>4.N,M 0 .
EaRN * 0.

5 CONTINUE
D0 10 4'2.JMAX-l

IC

RIEE[TA' 4
..3-'ETA
R3-SEI J

RME7 h -2P-

R2-R2:RMET

iCALL GMATRX(IAM.K. R1.R.2 .R.R~

C LOAD B -IA INTO BANDS iALLOM FOR GENERAL ItIEORATIGN..ALPHA,
IC

4.2.2
C:4.1,2 -0.

DO A N-1.2
00 N N-1.20 B.4.N.M - -5ALPNN.AMN.M

D.4.N.M - .5.ALPHA.AMIN.M
0 CONTINUE

ID1 CONTINUE

C FULL IMPLICIT ATH ORDER DISSIPATION

DO 1.2 N-.2
AtR.N:AliN. .O.NSMUI

B. 4,N.N -E A -2.:SM4)I M
C..J.N. N : -..NhN.5..SMU Imv
D J.N.N.-D i.NN -,..SMUIm'
E 4.N.N -E j.N.NI-.tSNUINA

U CONTINUE
44AA- 1
DO IA N.,2
AL4.N.N;:- .j.. .I.SMUIWW

.. 4.NN'C..N.N .SMUIM/

O .N.N.O~h..N2.SMLIImV
- JN. J.N.N 0.MJV

1- CONTINUE
60 15 N4-.2
Do 15 J-3.4MAX-2
A ,J..A *A NN 1.:SNU IM
6 J.RN.N,*j..N..SMUIMN

* (,,.N,-4 .N.,.-*.SMJIA

ili

IMP.1IP C-ORIC B-: I.(A

DO 20 N-:1.2
DO,20 N.:-2

At IN.M .0
B' .. . '0.

2 4. N.M .0.
D i 4. .c-
E I J.N 14 _c.

A .J.N.MC.I

20 CO2.2INUE



AtU.2 2'. 1.
RETIRk
END

SUBROUTINE VOLEE4E(E,

CNOID4ASIE/JAXKNAX PI SOD SIN. SMW. NOOT.RCLUST
COINNN/VASX3.YT5OI.EXjliO1J.VEIA(301 ,YX113011.

I TETA(301. R:301 200; SCALEtl00I.SRt301.2.VOL(3OI'
CObMM fOR6ERALPtA .ALPMAMH. US.KK2
CALL SARC
DO 5 J-2.JMAX-1
JP - -
JR -J-
OS *.S. RJ-1.E-R J-1,K-l! - R~j-j.K)-R'J-S.K-I-
DL -SORT.5.AUlP-XJR)l-.2 - .5(VJPF-YiJEl02,
VOL(Jl-DStSICALE4Kl.DL (I.-SCALEIKIF.SOT/FLOATiJ4AX--lfl

5 CONTINUE
RETURN
END

C
SUBROUTINE RHS(K,

C
C

COMON/BASE/JA. AX. PI .SOY.S4u. SMUY. MOODY, MCLUST
COMMON/VARS/X301.Y 301).XXI,30,.XT A 301 YXI[301!.
1 VETA130OX Rt3Ol.1DC:.SCALE(IOOI.SR;301.2)VO.LC301,
COMMqON /OAi3ERIALPHA. ALPHAM.lLHI,Kl42

C
C CALCULATE FORCING FUNCTION: CONSISTS OF MN AND OLD
C VOLUMES PLUS VARIABLES EVALUATED AT THE KTH LEVEL.
C

DO 5 J-2.JMAX-1
Jp J.1
JR J-

C
RI-XXI (J'
R2.yxtXI1.
R3-XETAtJt
A4-VET A 1.

SRtJ.1 -- L2IALPMA.VOL!Ji.(l.-ALPKAI.(N1R4-R?R3l.NMT
SRtJ,21- Nl.IALPHA.VLtJ)-.U.-ALPKAp.IRI.RA-R2R3,RMET

C NUMIERICAL DISSIPATION

IFiJ .EG.2)TEN
JPP-J-2
SMX-SMJV -2.AXIJR)-.A~JI-4..xIJPI.X1IJPP)I
SNV.SRJUVt-2.-YiJRI-5..YiJ)j-.Y(jP*y(JPPfl

ELSEIFtJ EO. JNA3X-D)THEk
JRR-J-2

ELSE
JPP-J-2
JRR.J-2
SNX-SFRV(XJRR6..XJI.XIJPP -4A.(X(JP).E(JR,

ENDIF

SR(J.l-SRtJ.l ).SMY

5 CONTINUE
RETURN
END

c-

SUBROUTINE GKATRX(A,J.X.RO.R2.R3.NA;

CONNON/EASE/JMAX.KNAX.PI.SBODY.SHU.SMUV.NBOOT.NCLUST
COMMION'YAPSIX 33. Y,301.XI13Cl XEIA 301 .YXI!301

0P4EMi.N A42.4,
C
C FILL BINV.A
C

AfjI~)-R2.R3R2-R4
A 1.2,-R2-R3RA.R;

A 2.2 -RR2-$13.N1
RETURN
EE;

C
FUNCTION EPSIL(FK4X,NIN.OPNNPT.FPCC.ICC-. MCALLI

C
C
C THIS SUBROUTINE APPLIES A NEWTON-RAPHSON ROOT-FINDING

TECHNIOUE TO FIND) A VLEOF EPSILON FOR A PARTICULAR USE
C OF THE EXPONENTIAL STRECHING TRANSFORMATION.
C

FM STTLARC LENGTH ALONG COORDINATE
C FMIEN IS STARTING VALUE OF ARC LENGTH SUCH~ AS 0.0
C OFM IS SPECIFIED INITIAL INCREMENT OF ARC LENGTH
C MPT IS WUMSER OF POINTS ALONG COORDINATE
C FPCC IS ITERATIVE ERROR BOUND. E.G.O( 0.0000V1
C ICC IS PIAXIML04 NUMBER OF ITERATIONS
C NCALL IF NCALL..I INITIAL GUESS FOR EPS IS USED
C IF KCALL .G,. 1. PREVIOUS EPS USED AS INITIAL GUESS
C
C

F04XL-FMI
FMIRL.FMIN
OPNI..OFNm
FPCCL-RPC
ICCL-IC

C
C
I FWPTM2-fLOATfNPT-3-

IFINCALL.E0.1, EPS-(FNXL/DFHLI..II.OfFNPTM2I-l.O

00 3 NIT-I ICCL
EPI-EPS-- 6
FPITM.EPI-FNPTH2
NE PS-. .0



DFMOE-OFML.NP
-FNE-_FNI NL-_ OPPOE(IEPITNE 1-1.0
I;ABS F.LT.FPCCL GO TO

DF MOE2.OFMOkREFPs
PNkDFMOE2.' 1.O.EPlTNS)EPSSFNPTM2-1.0O
EPS.EPSiF. F~i

3 CONTINJ
C

EPSIt-EPS
*ERITELAi.100)
RETURN

C EASIL.EPS10 EPSIL.F,NIT

IC
I100 QDM2AT /N2 EXCEEDED MAX. NO. OF ITENA7T20NS IN EPSIL.,
I101 FORMAT /7HHEPSIL..F12.5.ST.7n ANC) F-.F12.5,SX.7M AFTER .13.

1.2m ITERATIONS.
IC

SUBROUTINE BPENTA 1. LLE...

0:301.2.2 iE30i.2,2 iFi0l,2.
OIMENSION 021 .H%2.2.:Uf3212. 2.. 81301.2.2.
COMMOh/LU0 L4.,?L21.L22.U12.VIV2
RL LOD.L21.L22

C2X2 BL OCK PEHTADIAGONLL 5011FF
WRNITTEN. B Y TIM BARTHl. NASA-AMES

IS *IL - 2
IC IL
Do 10 W-1.2
00 30 )4:1.2

11 CONTINUE
CALL LUCEC(O

02 V 82 1.2 -L21-D1
F 1.2 C2
F:lI - 0 - U12*F,1.2
DO 11 M-1,2

* DI -E T...M.
02 2 v- Eli 2.MN. - L21-DI

V; i:. - 0 - tJ12*V(I,2,MI
. V C. .N
02*V2.01'I.2,M - L2101'

UI.. 02
l IN * Dl - LI12'UII.2.M

11 CONTINUE

C

I : IL I

L1 I-I
C

Do 20 N12
DC 20 N.2G1uw." *CI.N.n) -B;I.N.11.UIL.1.M -B'U.E.2)SUIL.2.Mj

20 C ON TINUE
CALL LUDECIC'
DO 21 Nf1 2
fPIN. -[kIINM 8 -B ,M.EI)FL1 -B 1I.M. 2 F(L. 2

:1 CONTINUE
01 : Vl:FI.
02 V2 F2.F12 -L21-01
F:.

2
, -0D2

.1 I 0:21 U12-' .2 .

D2 22k - Ih1 ihlV...-EIN24I..
22 CONTINUE

Dc 25 N-1.2'

02 * 12.FI; - L21-Cl
V 1.2.M *01,
v D!1. * 2-U12'8.I.2.M
01 VIMH I'M
C2 V2- 8:280 - L21-DI
122, -2 2o
u:.,: O D"2 U12*UII.2,M'

25 CONTINUE

00 50 I-lS.IU
2 2

DC 30 N - .2
00 30 -1.2

30 ofI.NF ; B'I.k.N - A 1.h.2'SU LL.I.M -A 2.N.21*U,LL,2.M

DO 35 Nf.
D35 9.2

CJWN'-CI AI..Is'L. I .N2.IL2N
-iI..,U L ,1.M' I.N2NUIL 2,MW

35 CONTINRUE
CALL LUCECOG
DC 37 N-1 2

* I .M.2- '*Ll- B 1.M.2,'IL.,2
137 CONTINUE A1. 1 L.1-AM2.FL2

02 11'lFJ2 - L21'OI,
;1.2) - 02
1,1) - D1 - UI2SEI.21

DO 42 CONTINU

DO AS N.2
0; V2-4 2M - L21-0I



U. :m : 02S U.1.N - DI - LU2UI.12.M

IF.! .10 IU-1)GC TO 80
0l: V ,IE~ I

D2 - 2.Ei.4- L21-DI
v 1.2.14 6i0
411.,14 01 - UiZVII.Z.M:

.6 CONTINUE
g0 COK(TENUE
50 CONTINUE
c

& ACK SWEEP

00 60 "-1.2

60 CGO4INUE
00 615 1 - IU-2.IL,-1.
0O 65 4-1.2

*Fl. Fii.N' U I.#.11.FIIf i -U;I.N.2 :FlIj.2
* ~ ~ - M.1. V.2. .m.2,F12.2

65 CONTINUE
REtrIR 6
E WC
sub R O.T IWE LUDECA
DIMESNSION A 2.2.

I046LUD L11'.L2l.L22.U12.VI.V2
NEAL 'II.L 21i.L2,2

CSSOUThE CON , IJTES L-U DECOMPOSITION ELEMENTS

U12 *VI.A,1.2
L2 A2 .I

L22 A, 2. 2 -21-U12
V2 II/L22
NE TUN
END



C)4AK-0.058
C LE EM-0. 53
CSC.AE-7.5
cDYNAX - 5000.

c
RE2-SORflRE)
ITASUI-ITRSL4.1

F, 1 -0'.

xPJTof 1 )-91.
ILIIL-1L
ITEfP1-ITEU~l
IWKST1II~lST- I
IbO(SIL-I L-IbiKS7.1
X RLEI-.S.VRELALX

C
C AIRFOIL UPPER SURFACE
rC_

DO 1 I-ITRSU1.ITEU
C

UETA.lJ)1.2 -Uf!. I

11 -C ( ,21-A) I, i
TALI-AS XIU.l.?-UTA-XXI'C llkVETA-YX(,l))/

- fOCIh, 1)-EE-XEYxEI 1;11
C EVALUATE VANDRI ST DAMPING FACfOR

D0 2 J-2.JLAST
YPLUS-RE2*SORTIRHO,)TAL4ilSI.J)/XU(I1)
D J'-1.-EXP(-YPLUSIAPL1S)
IF C)L1.O.RRRN1 GO T0 2
JD-J.1
GO TO 100

2 CONTINUE
GO TO 2!X0

100 DO 3 J-40.JLAST
3 DIJI-1.O

C EVALUATE FOUTER AND IRIUTI
200 DO 4. ._ 2.JLAST

Ni(Ji-XXIIIJSUETA-XErAII.j)*UXI-YETAII.JI*VXI
- -YXII I.J;.VETAl)LAC) 1.4)

F)) i SA.4) 

4 CONTINUEC DETER14INE FMAX.YKAX
F MAX-O.O
DO 5 .J-2.JLAST
IFCF(J).LE.FMAX) GO TO 5

JUAX-.)

I MXEQ LS GOTO 6

C USE QUADRATIC INTERPOLATION To COMPUTE FI4AX.YMAX
JMXM-JMAX-1
JMX PJMAX.

F23-PIA-f~i .JMA-SI .JXPU .JX)
YMAX-.-(Sl..mAXI.S)I JiF1/F31
FNAX-(JKMX4,.P1-YA-1,J4,U41).F3.rYNAX-StJXM)

- *rYMAX-S(I.JMAX.,
C COMPUiTE PNWAKE'
6 FWAKE-YMAX.FMAX

IC ADDED
C COMPUTE UEIF

LEI " 0.
IFLAG - 0
D0 138 J-2. JLAST
DXI - AMSUI.J) - ARS)Y(I.4))
UIDIP - RXAX(UDIF,DX1)

138 CONTINUE
F.AAAEI - CN.YMAIUD1F.UDIFI/FMAX
IF iFWAKE1 LT. FWAKE IFLAG -1
FWAKE - AMINAKE.FNAKEI,

C COMPUTE UIfO
400 DO 7 J-2 AAST

PXLFB-i.,t 1.-.5(CXLER-S(1.j$fYMAX)6'
RJ4UTO(J4)-REOcCPCLAU.RMD' I 4 FWAEFKLEB*GAMAi)
XhPJOJ - A41R1(EMWflO..J)AYNAX 1

7 CONTINUE
C COMPUTE EOY(I.J,

DO 1 J-2 JLASTI F I XMtI J, .LT. JMlO J) GO TO 8
.JTRAN-j
GO0TO5S0

8 CONTINUE
SOO JT*M1-JTNAN-1

00 1 -.i2.JTRM1
I Emy i. 1 XMUT I (J)
D0 10 J-JTRAR JLAST

20mm EDV). r- Wf IJ
C

IF (IPLOT.EO.O) 00 0 1
C OUTPUT

Y2PLU-RE.SORTfRMDIl.l.TAU.S 1.2/XMU(I 1
WRITE '6 20211 YMAX FMAX FMAKE,JMAX.JTRAN,VkFLUS
IF) IPLUTE..O Go to I
WITE (4 203)

00 It 44i JLAST
11 ANITE)6.24ij J,SII.Jf.F)J).N(J),OU j.XPIJTI (J),XMJTO)J),IFLACG

C
I OWYTINUT

C
C
C AIRFOIL LOWER SURFACE
C

KLAS-ITASL-ITEL-1D0 12 K.2.KLAST



VEIA-VC12-~

IhjBI..A S(DmjI.1)s(UETASXXI(I 1)4VETA*Y11(X,1)l/
I XI(II 1)*YE-AE.-XItI 1)

C EVALATE VNDRIIST DAR4PIN4 FACfOR
00 13 J 2JLAST
YPLIS-RE2SQNT(RHD(i IeAi.{,)UJI
D(J)-l.-EXP,-YPLUS/AAhUS)
IF (0iJ).LT.D.q991 GO TO 13
Jo--1
GO TO 600

13 CONTINUE
GO T0 700

400 DO 14 4-JO. JLAST
14 D(Il-1.0

C EVALUATE FOUTER AND XIDUTI
700 DO 15 J1-2 JUAST

VXIJ..9(UVlI1.J-(I-.JI,

NiJ).5-iIXiI.Ji.UETA-kETiI)UX-EAIJR

- YXI)I.J).YETAi/L)AC11,J)
FIJ)-S(I.J4AS(NJ, SOiJ)
XMTI(JI..OESRHO1I uI.JABSWJ3)S1W*SII,J)'O(JM.S2I

- GAWK&(L)
is CONTINUE

C DETERMINE FNAX,VMAX
FMAX-0.0

C
DOU .J-21JLAST
IF Fj I .L FMAX) GO TO 16

JMAXAJ
16 CONTINUE

YMhx-S(I .3461)
IF 4 .JW.AI .E. JLAST) GOTO 17

C USIE QUADRATIC INTERPOLATION TO COMPUTE FMA&XVMAX
JMX06J4AX-1
J14XP.JMAX.]
Fl-I FIJNXMO-FMA/ISII.JHXMi-S(IJMAXiJ
F2-i FMAX-FiJMXP Il/iS I.JMAX -S(I. JMXPi,
F3-iFl-F2i/SI. JMXM ,-Si 1.JPIXPi
YMAXI.5.S(I.JMAA..S.I JMXIN-FI/F3)
FHAXIFJXM4i.FliYM4AX-i I.JMXKi IF3-(YKAX-SiI .J4AMi

- IYNAI-S(IJMAX))
C COM4PUTE 'FbIAIE'

17 FWA~k-Y*AX*FNAX
C
C ADDED
C COMPUTE LIIIF

UIIF - 0.
IFLAG - 0
DO 139 J2 JLAST

011 - &i(UiI,J;i - AGS(Y(I,Jtl
LRIIF - AI4AXI(LDI FDX1)

139 CONT INUE

FNLE - CWNE.YMA-IUIF.LVJFi.'FMAX
IF ( FMAE .LT. FI4AKE IIFLAG -1
FMKE - AMIN~IFMAIE.FWACE~I

C COMPUITE 114310
900 DO IS J-2JLAST

XWJTO.3)-RE*CCP-CLAU-RRC~I .3 i.WAAKE*FKLENGAM4A( I
XMUTOWJp - AHIN1)X14JTO(Jl,fDYMA)l

24 CDNTINUE
C CMPUTE EOOYII.Ji

00 19 J-2.JLAST
IFlXMIJTI(Ji.I..XMWJT0Ji GO TO 19
JTNA N. I
GO T01000

19 CONTINUE
1000 JTRI.JIRAN-I

DO 20 J-2.JTRn4I
20 EWYI.J)-zrUTI(J)

00 21 J-JTNAN .JLAST
21 2 EIJ-lj~J

C
IF (IPI.OT.Eo.O) GO TO 12

C OUTPUT
Y2PLUS-RE.SORT(RHO(I.11.TALM,~SI 2/XMU(I 1)
WRITE (1 202?I,1YMAX FMAX.FWAKE,JMAiJTRAN.Y PLUS.IFLAG
IF IPLOT1.EO.O) GO fO 12

DO 22 J-.JLAST
22 I MTE1A.204) JS1J.~)H4,))X J1.IX JOJ

12 CONTINUE
C
C
C ME
C

DO 30 I14(ST. IWE
ILM-IL1-1

C DETERMINE IJ4AX.IJ4IN.NAXE CEN(ERLINEiY4(C)
WNAX-0.0
IM-"99.
DO 31 J-1 .JLAST
VEUJ..$4RTFUl JISS24V(I J)002)
IF4VELU.GT.114i11 LAAX-ViLU
VELL-SORTIU ILM,J,5-2-VIILW.JIS.21
IFFYELL.GT.IPEAX IPAXYVELL
IF(VELU.GE.LREIN, GO TO 22
)A4IM-VELU

THIN-I
12 IF(VELL.GE.JINI 00 'TO 11

WIN-SILL

31 N-aTwU

UDIF-J4AX-J1N
IFIMI.GEITE1; SIGN 1.
I IEHIN.:LT.ITEUi SIGN-1.

C --- COUTE FOUTER
C UPPER PANT



DO 33 J- 2.JLAST
JJ-.JA..J

UETA-.5.rU 1,j-I-U11.j-l
VETA. .01Jl-,-.
N' jj -(Xiij..UET-XETA1 JIl-UXI-YETAI,.J)@YXI

I *YI1j .EAI/IACU..JsY1I(-IrI J)-YMKC
FIl..4AiSt lw.N(JjI
ME3 TINUE

C LOWER PART
D0 34 J-2.JLAST
JJJ L-J.1

V.5- v L-IJ-.L1-.
UETA -.ILN.,I-U.ILW.J-I.

i'SETA-.5.I(IL.J.l1-IL.J-lr
W1tLJ)- (XXI L4.J 'UA-ETA ILK J .UXI-YETA(ILW.J)*YXI

* (YILK.J YTAJACIL1
YWK5f 114 J1;YNKC Hi

34 CONTIR'U'
ICMAKE-CUT POINTS

UETA...U!krU-.r
YETA-.5.vtI2-V W,.2

YE*.5. YI.2 -ILM.2rJ

N)J-XXI I XUETA-X IUXI-yf.yXI
- *XI(I.11-YETAI/Xi

F JL -ABS YWK.N( JL)
W NJL- 1, w jL

C C EPFJL;1,-F(JLr
ICCPUTE PNAX.YNAX

FMAX-0.
.LJS-JL-JLAST-1
JJE-JL.JLAST
Do 0341 JJ-J, ±10
IF(F1 -).L..XMA, GO TO 341

101j JJG7JL) GO TO 342
JNAX:JL-Z-J I
I MAX-IL W
YNKA3-S iMAX.JMAXI.YWC
GOTo 341

342 JNAX.JJ-JL.

VMAX-S' INAX.JRAX ,-YNKC
C3.41 CONjTINUE

C COMPUTE FWAKE
CCMFNAKE-ANS(YMAX I.(LIIF-*?)IF4AX
C CMPTE EDDY( I..j
37 00 38 J-1,JLAST

YNK;A!S SIj:,-yNKC.
FK LEE. . -5 .CKLE8W.YbNC/ABSr YNAX1.6

38 EOYI.,J-RECAKE.RKO I-J.FWAKE.FKLER

00 31 .1-11JIASTS TSA!.AR( I LW4Jr:Y W C,

IFIPLOT.jEOG G"TO 30
WR I T 1 '4' tXI IMol .JM2R .OAX.JRAX.YPAX,FMA. Pb4AKE.YENCI. 1MJIN

IFIIPLOTI.EO.OI GO To 30
KL.AST-2.JLAS7

WRT 4210)
D0 42 K-1 KLAST
.JJL*.JL 40-41.1
.J-JJJL
11.JJ.LE.JL, J'JL-JJ-l

IFtJJ.LE.JL.11 I-LN

42 COCIRUi

C30 CONTINUE

C NEAR-O4AKE

DO A0 I-ITEUPI.JhKSTI

XL-CSCA LE'SI )-S11'ITEU,-XRAJN/xRELAX
FAC704-1ANW XL1
00 40 J-1.J.AST
E00YI .J,-50( EDDY( TEUJEOY(IW6ST .J) FACTOR*

- (EOOVII4ST JI-EOOYf[TELJ 14
EUOIL4.jI..5.IIEOYII!EL,J.WOYISTL,J.-PACTA*

-0CNIU (EDOTIIMKSTL.JI-EDOY.TEL.JJ,

C REGION OP CONSTANT EDOY VISCOSITY (VERY PAR FRO. AIRFOIL)

IWKIE.GE.ILIr GO To 3000
00 41 I-INKEPI.ILl

00 41 4-SI.LAST
E00Y( I.J)E~oyVI 48(.4'

41 OY(ILN.J,EDYI WEL.J,
41 CONTINUE

C__-~f FORMAT S

:121 NU '11,11 -I32X:y2PUS-.FIO.4.

203 FOOMAT4X V 6 ,4XI J)'AX. f(J)I..VOhT.,XOAM1U..

204~~~ ,ONT2j. T %4j2X 'IMAX-' 14.2X 'JMAX-' .14.21. 'YMAX-'.
-F 1~ A1 j. .jX, FAKE-F7.4.JX.

-')9I-F7.4,24'1 - 14

21 ix X, 1. 6x T" I0 3000 N£TURX,



* _ __ED

C
C . .
C
C SUBROUTINE "LIFT" Om4PLJTES AIRFOIL LIFT MD DRAG COEFFICIENTS
C VISCOUS CASE

SUBRUTINE LIFT tCL.CD)
C

PARAMETER)I-l J4-IO01
111414(1W14 EOOY(114 44.
COMMON /GRfD! X;114JW.Y(IM,.4W.IXxBI M.4 YXI)IW JW),
IETAIW.Jm',YETA(IM JM, XJACI1M JW,.lSiIM.4M).SS1(IM,
COMMON. /P1' IL.4' ILE.IfEL.lTEU'
COMMON 'P21 GAM.PA,PRT . MI.E .TH.SlALFA.ANGLE
CQieION/D OX 01 02 D1.2 014 015 DX4' 017 01)8 054 0)(10
COIR/IC'ILI.ILi.ILSJL1 . 41.3 ILfPl ILEMI
- ITELP1,ITELMI.ITEIP1 iTE)J41 GAM1.&AM2.G1P411,VM.SlP,
- IIF.SIN.A.COSA.PRI.PRTI REI XL..XLXLN.PI

COMMO41911,Y TEWPIK.JM4J

FE 0.0
FY 0.0

C
DO 1.IT1EL ITEUI

XET :*- XETA)I.1,1).XE-AiI,1

UX1.U( 1.1.1-U() 1

XJK-l. /(XXIE*VETK-XETE.YXIK
UX14JK) UXI.VET K-JES A.VX IK
YX-XJK-) VXI-YFTK-VETA-YXIK)
UrY-XJK.) -UXI*XETX-UE7A*XXIK)

Y.XJ4F~)-VXIXETC.YETAsXXIKI
TXY-REI I.5PR.. I VV.XI
T.X--FK.RE I.114A. XLMWUX-XL.VV)
TYY-P(-RE I XMUK* XLOWY1LOUX
DXI -YX IK.TXXX .)1IK.TX
OX2-YXIKTXYXXIK*TYY

NA- .5.HO'~I1,.N(I.1

DX5--RA.)-U&UAYXIK * W-Y'..XXIK)
DX4--RA-)-UA.VAAYXIK V VASY'.XXWK

C
FI-FX.CXIV.0X3
FY.FY-DX2.014

1 CONTINUE
C

FLI FT-FX.SIWA-FY-COSA
FDRAC-FIOCOSA.FY.SINA
CL.-2 :F.LI FT
IZO.2..PORAG

RETURN
END

C
C faffllSllSfealltf *fffa. flfffa
C
C SUBROUTINE 'OUTPUT' PRINTS OUT FLOW FIELD INFORMATION

SUBROUTINE OUTPUT
C

PARAMETER (1-2" .R4100I
COMN /FLOMY/ U t4.JIY)IM,aU.PI..M),R40Is,.M).

COMMON0 /G~iD,' X194.414: Y(IN 49) 001)1W 494; YXI(IW 494;
1X(TA'IM,JM4,YETA(114 494 XJAL(1944M1.S~iM.4M).SSI(iM,
COMMON. /P1' LL.4L.IL.IfEL.fTEU'
COMMON /P42 GAM,PN.PNT.XMI.RE,TW.SI.ALFA.ANGLE
COMMNi/MlSC/ILl.1L2 10.. 4.1. JL2 JL3.ILEPX. ILEMI.
-ITELPI I TELMI. IT ENP1. fTEUMI.'.9. 6AK, 42.CL.MI1. GXM4SIP,
-PINF.SIWA.COSA.FRI PRTI REI XL L1.XAJI.PI
cmeck/OIAmy/ TEWP(I9,4)

C
XK12 "1 02

C - ; UPCE* SURFACE
WRITE)' 2041
DO 1 IIfLE ITEU
MRITE i'..2

6
0iI

WRITE ('.,202)
DO 1 J-1 41.
T.G'.WSX41?P I 4)/RMra)I .4)
WRITE )'6.202 JX14.).1U).)YI4,I.)

C -_L LOWER SURFACE
WR ITE (1 20S;,LAST .ILI-]TEL
DO 2 K-I.KLAST
I-IL E-K
WRITE;'..200) I
WRITE)'6 202)DO 2 J-i JL

WRITE16. 20311 M) 4) YNf fl LII.j),iIE.4).P(Il4),

2 CONTINUE
C - MAKE REGION

WRITE;' 206.
ITEUPI-!IT EU1
DO 3 I-ITEUI.IL
K-IL-1-1
MRI7E)'..200) I
1jRl7E) '.202)
DO 4 LJ1I.JL
J-JL-LIi.I
7GANOXMS2Wpfi 4)/R140I J)
WRITE!$ 20314 FI 4, Pd ) Ut p) )YI4)PI.)

4 CONTINUE
DO 5 4-2 41.0 -WHRITE'. 204 IE ; K:J . UlK,4 ),VK.J),P)KJ).



5CONTINUE3CONT INUE
c FORMATS . i

200 FORMAT 400 *-- COLUMN' .14.2X ..
202 FORMAT 3X.'J NE .J .-'6XY' V '.. 6JX 'Ul .J) '6x

1044.J .6X 'P I .J; fi RHO.I.JI.AX.'T,..J 6X, EDOy'.
203 FORM;T 21 i I
204 FORMAT' 1H5.40X0 - Up PER SURFACE-

1 205 FOAMATtOM. X ,'- LOWER SURFACE - '
206 FORMATII,40A.' - MAAKE REGION -

AMOIN
END

'C
C SLJBROUTI)E ITRAWSI- EVALUATE$ THlE TRANSITION FACTOR FOR
C THE TURBUJLENCE MODEL

PARAMI7ERIfIR-?9 .W2OOl
COMMON IFLDMV' U IM.JMI .VIIM.JI,PMI..).R4(IM.JMl;.
1XMUIM.JM EDDY IM.JM
COINIOP GRID. X IM.JM ,'m.jm .Xxl,mj' .YXIIIM.JM4.
ITETA IM.JM.YETALIM.JM XJAC IM.jMSIM.JM.SSSIlM
COMMONM Pl' IL.JL.ILE.ITEL.ITE,

COMMION /P2 GAM.PE,PRT.XMI.RETM.Sl.ALFA.AWGLE
COCaNMISC ILl IL2,IL3,JL1.JL2.JL3,LEPI.ILEMI.
-ITELP1 ITELM1 STEJP1 17ELIT4,GAMI.GA12.GA411,GXM.SSP.
CONION,'TLSi/ITRSiU.ITiRSL.IWKSL.IKE.LAST.

- RELAX
C.se4OM.. , T EMEP(11.J41
CO*NONTRB2XMUTIJM,.XMITOtJM,.DiJHM.M 2JM .F(2-JM.

- GAJNIA(IM,

DO SI L
GAMMA(11I-1.0

I CONTINUE
C

SET Evo.o. IN LAPIIKAR REGION
.JLA

0 
T10.JLAST .1

DO 2 I.ITRSL.ITRSL)
EDDY I.J'-0.O

2 CONTINUE
DO 3 J-JLAST1.JL
DC 3 I-2,1.
EDoY'I.Jl,0.O

3 CONTINUE
A ErWYAI2-OlO

RETURN
END

C~~~~~~~~~~ Sf.S. flSS tfll flll . s........
C
C SUBROUTINE 'PSMOOTM' COMPUTES MACCORMACA'S PRESSURE DAMPING
C COEFFICIENT

SUBROUTINE PSMOOTH( IXORY)

PARAMFTER IM.299,JM.100,
COMMION /FLONV' U IM.JM.VIMJI,P(IM,IM,,R10IM..IM.
IXMU!IM.JM .EDDYIIM.JM.
COMMON /GRID' X IM,JM. ,YIM JM XXI11W.JM1 YXI(IM JMI
IXETA'IM,JMI.YETA;dE.M X JACIM.JMl.SfIM,.A.SS10Ml
COMMNIE /fRIL JL I IhL.ITEU

CORNI~ fF! DAMP I Pt EM RE TM Si ALFAAMGLE
CORNORMISC/IL'I.. I3 JLi JL2 KL3ILEF1,ILER1.
I EFELPI rTELI ETEUP'lIE~,;M.A2GMZGMS

-PINF.SiNA.CDSA.PRT .P~TT RES .EL.XL1.XL4,PI
COSNION/TIMENW DTAU foP.JM .CFL.DTMIk.DTMAX.BETA.DTVIS
COMKON/SPECTR' SPECTI1,JM,.PSmu(IM.Jmi

C
IFITORY.EC.2; G O 1S

c DO 2 J-2.JLI Iu IETO

00 2, L-2,ILI

S p . -2i. ,2P I .BP' I-i.J,,2 CONTINUJE
GO TO 20

10 CONTINUE
D--- 3 -,L ETA-DIRECTION

DO 3 1-2,11.1

I ONtI I
C

20 RETURN
END

C
C.. ... ...... .. ... . . .......... . .. sf

C SUBROUTINE 'SPECR' COMPUTES SCALING FALCTOR FOR DAMPING
C COEFFICIENW

SUBROUTINE EPECR
C

PARA1RETER'ITM.2 l M100
COMMON / FLONV'IMME.NCPE J4ROT ...

IJIRJ IN.Jm.1 EDOYlIM.JM
COMR4D' ,SPFDl A IM.J" ,Y I m.JM,.X%!'IM.JR VXI'IM JmR

lEETA !M.Jm YTETA, IM.JM ..JAC IM.JM S5 IM.JM'.SSxdiM
COMMON'P IF IL .J ILE ITEL.ITEL
COMMOI. 'P2, GA4,P4.PRT.EM. RE.TM Si ALFA.NOLE
CONIWN/WSCILI. 1 L2 IL- JLi J112 JL3.LEFS.ILEMI,
*ITELPI ITELMl,ITEI'~Pi.TEL1~.GAM.A2.hJmii.GXM.SP,
- F, S JR. COSA PRI .PT1. RE I .XL, Xl1.XLM,FP

COMIOW'TIMEW' DTMj'IM dPI CFL OTMIN DTPA,BETAI2TVIS
COMNRDNSPECTRi SPECT7imJ,PiN.IIM"JMI

00 2 J-.i1jL
DO 2 1-il,
SPECT I,JAS'YETA'1,JC-U'l.J'XETA'1,''IJ

1_ I .SORTCGAMP.Jl/RMO I,J *'SQRT(XETA 1.JC 7-2
2 Y ETA I.J;-Z'.SORT XI IJ.2.JI 11 ,'.42'
I .ABS'XYI'I,J*-v .JT-Y I,J'*U I,J__________



2 CONTINUE
R1E TURNEND

/ EOF



Appendix H: Data Reduction 1, Fortran Listinq

The attached fortran listing is a data reduction code

developed by the author with portions based on a code

developed by Dr. Visbal (38). it was used to read in a

solution output from the Navier-Stokes code (u. v, p and

p) and produce clipped data for plotting purposes. It

calculated Mach number (M), streamlines (W), vorticity (w)

and pressure coefficients (C ) at each clipped point. InP

addition it computed skin friction (C f) , C andf p

separation points on the airfoil surface and determined

the mass flux. viscous and pressure components of lift and

drag. It also determined the minimum and maximum values

for u, v, M. W. w, C and Cf in the flow field. This

reduction code was run on the Cray XMP computer.
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I C PROGRAM TO REDISTRIBUTE GRID LINES IN ETA-DIRECTION
PROGRAM REGRID
PARAMETE R *IM-199.JM.IOO
DIMENSION XIM.JM .YIM.JM,.S JM SREF JM..SNKJM

C xNtIM.jR.Tk,Im.jm
OPENIUNIT1.FILE-'GRID' STATUS-'OLD'.
OPENUNIT-2.FILE.NWGRID .STATUIS-NEM';
OPENPUNIT3.FILEOIA.STNTUS-'OLD
REWIND 1
,EMIND 2REMIND 3

hL-IN

JE-JM
IC

JLNI-JLN-l
IC

REMIND 1
DC I I-I..

I READ '11000N . . .
1 1000 PORMAT12E15.R
1001 FORMAT' E 1 6

aO 2 JS.JL
2 RAD LN~l SRE,:J;

tC
DO 3 I-1,lL

1 -C
Do A J-2.JE

DS .S - TT

4 CONTINUE

Do 5 J-ltjLN
SN'JS-R PJeS JE1'SREF!JL%

5 CONTINUE

CINTERPOLATIE IN ETA-DIRECTION

YN I.JLN'YJE!

DO 6 J-2.JLWl
20 IF(SN(J;.LE.SIKfl GO TO 10

GO TO 20
10 DXA I.K-1(1.-1
DY-YK -YI.E- I
RS- ,SN J I- SIR-i . 'ISIR -SI I-1);

TN I.J -Y K.- '.RS.Oy

3 CONTINUE

REMIND 2
DO 7 IIL
DI 7 J.JLN
HR IT E 2.1 000 XN.I.J,.YNII.J
7CO WTINUE

STOP
END



PROGRAM STREAM

C THIS PROGRAM WAS WRITTEN BY CAPT PAUL 0. BOYLES IN SUPPORT OF
C MY THESIS NORK AT AFIT. AUG 1988

C THIS PRrGRAM REAS IN A SET OF DATA X,YP.RHO AND PARAMETERS AS
C DEFINED JELON AND CO4PUTE PSI. H . MACK#. CP AND CF VS X.
C IT ALSO COMPUES LIFT AND DRAG IN COMPONENT FORM

I C THE DATA IS PRINTED AT POINTS DEFINED BY THE PARAMETERS FOR MINIMAL
C COST IN USING THE PRINT SUBROUTINES.

PARAMETER I-299,JM500)
COMMON /FLOW , U IMJM .V(IM.JM PIMJM).RHO)IM.JM.
CDMHONIGRID/X(IM.JM),YIMJM.CFIM, 1STON(JM,
COIHON/STRM'PSI(IM.JM,.lIM.JMI.XMAC UM.JM,

C IL - MAX # POINTS I GRID
C JL - NAT I POINTS J GRID
C ILE = I POINT AT LEADING EDGE
C ITEU = I POINT AT THE TRAILING EDGE ON THE UPPER SURFACE
C rTEL - I POINT AT THE TRAILING EDGE ON THE LOWER SURFACE
C YSTEP M MIN DELTA X STEP SIZE FOR NEXT DATA POINT OUTPUT

YSTEP M HIN DELTA Y STEP SIZE FOR NEXT DATA POINT OUTPUT
C XMAX - MAXIMUN X BOUNDARY DEFINED BY THE PROPOSED PLOT

XMIN * MINIMUM X BOUNDARY DEFINED BY THE PROPOSED PLOT
YMAX * MAXIMUN Y BOUNDARY DEFINED BY THE PROPOSEU PLOT
YMIN - MINLum Y BOUNDARY DEFINED BY THE PROPOSED PLOT

C XMI - HACH 9

C INPUT DATA
OPENIUNIT- S.FILE-'TOATA' STATUS-'DED)
UPEN(UNIT- 2.FILF-'STREAM .STATUS-'OLO'
OPENIUNIT. ,FILE-'PSIAW'.STATUS-'NEW'
CPEN(UNIT-ll.FILE-'UV' STATUS-'NEW',
OPEN;UNIT= 7.FIlE-'VEL' STATUS-'NEW'
OPEN(UNIT- 3.FILE.'CPCF' STATUS-'NEW',
OPEN(UNIT- 6.FILE-'INFO' ,STATUS-'NEW'
REWIND 1
READ (1.510) EL
READ 1.5101 JL
READ il.510 ILE
READ (1.510; ITEL
READ ".5101 ITEU
READ '1.510, LI
READ 11.510, L2
READ '1.510; L3
READ (1.510} L4

C IBODY-O FOR NO BODY CONTOUR, -1 FOR BODY
READ (1,5201 X41
READ (1.5201 ALPHA
READ 1.520) RE
READ 1.5201 CV
READ (1.520) DEL
READ 1.510 IBODY
READ 1.520i XSTEP
READ 1.520) YSTEP
READ 1.520l XMAX
READ 1.520) XMIN
READ -1.520) YMAX
READ 15.20) YMIN

READ 1.510) INNUM
READ '1.510) JNUM
DO 3 1 - I.INUM

I READ(I.510 ISTON(I
WRITE NT.540, IL.JL.ILE.ITEL,ITEU, IBODY
WRITE ,6.5.1 JNUM.INUM.'ISTON I ,I=I.INUM
WRITE ':6,50, XMI.RE.ALPHA
WRITE '6 560, XSTEP.YSTEP.XMAX.YMIN.YMAX,YM N
WRITE '6,559! LI.L2,L3.L4.CV,DEL

C
SG FORMAT12X.615
541 FORMAT 2X.1015
550 FORMAT ,2X.'MACH A -'.F8.3.' RE -'.F15.3.' ALPHA -'.F7.2
560 FORMAT . ,2x.2FI..4F8.2
559 FORMAT ,21 -',L2.L3.L=- ,'.' C, -'.;9.5.' DEL -'.F,.2

GAMe-S.
JLI-JL 1-
GXM-GAM-XMI;XMI
PT 3 2.14159
ALPHA - ALPHA-PI'180.
SINA - SIN)ALPHA
COSA = COS'ALPHA
PMA '-0.
CFWAX-C.
CPRIN=l.OF-50

R:IN . OFE5
wIF =1./GX

PINFilI./PINF

RE! 1./RE
NIWM-I.0E-50WHAT-S.
PSIMAX C
PSIMIN -I .0E-E5
X XAX-O.C
UMIN-.0E-50
,UMAX:.O
TMIN=S.OE50
S UCONSI 1.0 COS(ALPHA:
VCONST 1.0 * SINtALPHA
RHOREF * 1.0

C READ FLOW
WIND

DG "4. I-I,IL
READ:2.500, X:I.J,,YI.J,.UI.J,.VIIJI.PI,J.RHODI,J

C " CONTINUE
ICICWRITE VELOCITIES TO X STATIONS IN THE MAKE

D66 1 -JNUM.i,-:
"6 WRITE 7.576 UAISTON IJ.,I-IINUM.,Y ITEU.IJ

DO 55 - -1. JNL04
D WPT 7.576 U ILVISTON I! - .j=IWUM ,vITEI-1.J
Wo 

1
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1577 FORMATh16X.10E16.B1
C COMPUTE LIFT AND BRAG

FOB -0. 0
FAN 0.0
FB Y8 0.0
FYM 0 0

Si 0 40
SOp 1.2. Si
A LM 4 A.:3

DO I I=ITEL.ITEU
IF I .EQ. ITEU GOTO 136

XETA ' .i-XtI 3, - 4.0X(l 1 -X(1 1))
XETAPI - 5-XI,3) 4.*XlK,2 --3.~~ 1))
YETA I-*YE(1 3, - 4 *5(1 2) - 3 .-( ~
YET APT - .- YIK.3) 3 .4YK2 - .YlK.1))

* XIK:'11111.1) I
TAl- 5 UJ 21.1 - U .1j1j;l1:;Ul:

VETA- 5-(Yl- -V12)-V 2.,)~ .- V( 1
XETK-.5.(XETAP1IXETA.
YETK Y.'ETAPI-VETAI
PK-5()11.(,1
TPI ;XGXM.P(K,1i/RHI0K~l3
I - OXI*PI.I /RI I .1,
0XNJ - SRT(T.3(SI (T-Sll
XPIJPI !OSORTITPI..3,.S3P/ITPI*Sl'

* OM.K-.5.(OMUpI.0mu'

AJK1l./) XXlKVlETK-XETK.yYXIKl
UX J{UX YVETK-UETA:YXIK'* O0.XJK)( VX I'YETK-VETAYX I)
.YX K. -IJXI.XETK.JET A. XX I K

VV-XJK*(-VXIOXETKVETA-XXIK)
I XV.R E I.IR1 X UTO O
TXX-REI.XPNJK.(XLM.VUX+XL*VYI
TYY-REI-XMLIK.IX140Y*XL*UXI
DXI:-YXIK:TXX.XXIK:TXY
DX2--YX IK TAY XX IK TYY

DX5--YXIK*TXP
DX6: )LXIK*TYP
UA ' .5*IU(I,O).U(II.
VA : .5(YV .1)*V(I.13)
RA 5*(RM0OCI..1+RHO1lI))
DX -.- iA),-UAUA YXlK : UA:VA:X(XIK004--RA UA VAYX K *VA VA XX K

FAB -FOB 01

FYB -FEB O 02FYM :FVN DX00
x P -Fop DX05
yP -FYP * 00

C CALCULATION OF VOBTEClTY MlI 1) ON THE SURFACE
13f. X) - ( .5)0 1.1 f- 11

(XI * 5 E) "1 -I-il
AO JC-'OI YTA-OFXTA.Y1:
..-xJC.)UO.YiT A-U VETA.YXI
UY.FJC.,-UXI.XETAU E TANXflIVY-OjC. -VAI.0 F TA -FTA.0XX
BETA 501.001 YX * NYXI

-x R El~. MN LUVX0I
SIGMA :* REI*XHIl.H)U-VYI

IF -2 -OI.YXI.SIGMA - XXI.XXI - o.YX1 .*TXV /BE)0

11-IFTB -FX5 *GINA *FYB*COSA
FDRAGS F FOB -COSA FVB.SINA
CLB 2 -'. IFT B
COB - 2. RG
PLIFTM : -M *SINA *FYM COSA
FDRAGM F FOM SCOSA FYM*SINA

C"-2..FLIFTN
'D. 2..FDRAGM
I LIFTE -1 A~0 PSN YC
FORAGE FOE *COS *yPC FEPSNO

F 2..FLIPTF
COFDP 2.-FORAGP

C COMPUTE MACH NC.

00 2 2-1 21
DO 2 1 .11
XWAC I.J -XMI-SORT( LAI.J'-.VYI.J-2. ;'GXM-P(I.J

-RHO I.J
P l. 2. ., -GXMI

2) CONTINUEt-
2CONTINUE

C

C ESTABLISH PSI VALUES ALONG CUTLINE AND ON SURFACE

IC PSI ILE 1-0.

EMH I 1 ,3 - Y01.1

ARSO Y. L. l.E-I0 YH * .f-10
F ABS OA . 1 .5-1 0 OH I -.- 0

'P, U 1.3 *"U,1.2 3.;U' E1
0) . 01.3, ...O .2; -3.-50,l1 X H
H)! I) *VP - UY
vu - .5.1vil-1.11 - P11.111
(LjP . SI:UfI.1 I1
RHOUP 5)RO i-i o HO 1 RE

DYU - 111011
DPSIIJ * OUP.OO U - UUP*OOU's RHOUF
P S I].I. - PSI 1.1 - PSIL

2X0 CONTINUE



YKH-Y(K.31 - Y(K.1.

0KM. 01K,3 - X IK.
IF ASIYI .L, .1:E-0; YKH : I.E-iC

ANS(XK 1LT 1.5-0, KM 0 X .E-i
INIY.- U)K.3, - 4.*UlK.2 -3.-U(K,l YKH
OKX. -V(K,3J * 4.AV(K,21 3.AV(K.1. 1104
NIK If * 'KX LACY
ULO 5(4-6i (.)
CLD -5 U5 VK-11:1) : Y(K.1))

R101 OL .5.( RHO(K'-I1, RHO(Ki)l .' OREF
DHL . (K-i.1)-XIK.1))
DYL: - V'K-I.l)-YIK. 1)OPSIL 'VLO.OXL *UO.DYU.- RHOLE
P SI K-1.1, PSIIi OPSh.

201 CONTINUE

K *ITEL-I
Do 325 I-ITEU'1 IL-I
vUP - - -s~h-. V(I.Jfl
VOD -X- 5*V(K+I;J)- *(.)
SX L- I K. I-X IK 1. fl
D XUix{Il ,- X)I-1 1 j)
RHOUP -. 5' RHO(I-i.Jl + RHO) I.J RHOREF
RHOLO - 5' RHOIK'1.j, - RMO)K.J RHOREF
2PSU * VP.RHOUP.OXUOPSIL *VLO.RHOLIOOXL

C INTEGRATE AL ONG UpPR CUT
)PSI -P11-1.1 * IU

PSIIKJ, -PSIIK'1J + OPSIL
W4).1 t UIl 2)- UCIC 21) (Y(1,21 Y(K,21,

W? K, J 4 U I. 2 -U(K. 2 1 1l. 2 - 4 K. 2,

K - K -1 '
325 CONTINUE

CDEFINE DELTA PSI THROUGHOUT FLOWFIELD)

DO 324 J:2,JL-l
00 22. 1-2.1L-I

UA - 5.1 U)L.J-11 U(I.J)
RHOA *.5. RMO1I.J-1' - RA6OI.J RHOREF
001 ., X(I.1.j' - 0)I-A.J.
YX1 - 5.4 0)1.1.1 - YI1,J;
YETA -5 Y5 0,,1-1 - 01.1-1
XJAC X, I XIYTA - XETASYXI
IF ( ABSiXJAC).LE. I .OE-7l I RITE(6,530: 1.J XJAC.XXIYI

XEA .YEl A
XJAC : I. /JAIJ _ .160UXI - .5. U('1J)-U i-JVol - .5-) V)I.j)-0-1)
UETA - 5-1 U)IJ1I - N).-
VE TA -51 V .I)I - FIll-
141.J,- XJAC.) VOI.YETA - VE7A.YXI UXISOETA - UETA.XXI
DPSI - UA.YETAj- V A.XETA IRHOA
P SI(IJ, _ P51)1 .- _I OPSI

224 CON TINUE
324 CONTINUE

WDo 225 J1J-W WIIL.I .I IL-l.J'
,S.I I L. NS PSIIL-_ilJ
14)1, j .(2 1'
sl.PSI 1.1 -

* 225 CONTINUE

DO 226 1-1,11.
NI IL : W4)1 JL-
PSI IJ

1
> PSI U.JL-l:

226 CONTINUE

530 FORMAT '21'THE JACORIAN IS SHALL .2I5.5EI6.6
I FINS CPMAX .CPMI N. MAX . MA N. MMAX

Do 227 1:1.11L
D0 227 J 1.1L

CPMAX AMAXiICPMAT.PlI .J1
CPMI MMN1CpP4M.Np( 1.MMRAX-AMAXIfXPHAX.XKAC) A.J
UMAA-AM AX 1, UHAX. U:1 .

* UMIN-AMIN1()II,:UI.
VM&X AMAXl.VMAX. .
vMjNjAMAlNIfV INVTI..
IF .EQ 1 GO 22'
WM IN:AMIN 1 441.4I.
w MA AMXI'NMAX.H I.J.

P51444 -~ l AM )S MAX.PSI.I.,
PS14414 - AMIN1)PSII4INPSI(I.J.

227 CONT INUE

WITE)6.282) IMAX.544AX
WRITE (b.3?83) ICUINI1

MRT 6.ATCPI.CPMAE.XM Ay
252 ORMAT ,2 A UMAA.'.IA50'MX-E
383 FORMAT. .24.'UMIN"IE E1.9.5x vWIN- EA

C OUTPUT
C

REWIND4
REMIND 11

I C OUfTPUT BOOF
IPF'I BOOY.EG.O,rO To 3331

,O 333 I-ITEL ITEU
WRITE .20 y 1.1 -. 1
WRIT 1 1.200 0 .10 i
I c-IC-I

32.3 CONTINUE
WRITE ,6.334),1IC

334 FORJ4ATl,.2X. No. OF BODY POINTS - .15,

3331 CONTINUF

10D-0
I C



IF Y1J G7 YMAX OR. 1 1.. LT. TWIN 0010T 400
IF ic 2C.:OR .E.2 010 T41~IF _ABS, .,Y. -YSj.JJ .1. Y STEP C010 400

101 ID 101
.1j -

11- 1
D4 11 1L
IF XI.1.1. XTMAX .OR. X:1.1T LT. XMIN )0010 4
IF 'I .6 * Il .OR.XI .10. ITEL .0R. 1 .EQ. ITEU) COTO 42

42 IF ABS XII . '- 0(11.5 I.LT. XSTEP 0010T 4

WIRIIA .2000) XI.J. YIJ).PSflI IJ;.WI)XMAC(I.J,

10-10.I
CONTINUE

40; CONT INUE

WRITEi4.451 ID
45 FORMAT .2X.'MO. OF PSIWXg4AC,P,U.V POINTS -',l.1,15;

MRITE(6.A 101 O101~
F ORMATi2O..2X. OUT-'. I5.2X. 'IN-'. 15.

REWIND 3
CFL 0 0C
ISE P -
SIGN -2.0

D0 5 I-ITEL.ITEU
C CALCULATE LOCAL SKIN FRICTION

IF I .GE. ITIE L AND. I LT. ILE ICF(E' -CF(I)
WRITE!3.20001X(1.1 .P,1 .CF'IT
CFMAX-AMAXI(CFMAX.Cf I1
CFMIN-AMIWl'CFMIN.CF( I
CPMAX-AMAX 1 CPMAX. P 1 .
CPMIN-AMIN1(CPMIN.P( 1.1.

IF CL .LT. a.0 .AND CF: .GE. 00 OR .
* CFL .01. 0.0 :AND: CHI1 LE. 0.0) 1THEN
IF I I T. ILE I RITE 6,561 ( Sf1 1o,0(1 1:
IF tI LT. ILE I MRITEt4.5621 X(I.lL.XII-1.

MRT(.564)ESEP
ISEP - I

END IF
CFL - CF I,

5 CONTINUE

C F If ISEP ED0. 0 )WRITE(6.563)

541 FORMAT(2X. SEPERATION ON THE UPPER SURFACE OCCURS BETWEEN '.FAA.,
' AND ' F8.4

542.FORMAT(2X. SEPERAfION ON THE LOWER SURFACE OCCURS BETWEEN '.Fa.4.,
. AND '.F8.4

563 FORMAT(2X. SEPERATION DlD NOT OCCUR ON THE SURFACE'.
I5S. FORMATI2X, 'BY INTERPOLATION. SEPERATION OCCURS AT A ' .FB.4.,,

PC
WRITEi6. 105)CPMINCPMAX
WRITE(4.104 CFMIN.CFMAX

WRITE16.120i WMIN.WMAX0 WRITE1. 1301 PSIMIN.PSII4AX
WRITE14.533. CLB'CLM-CLP.CLP.CLB.CLM
WRITE 4.531 COB.COM-COP.COP. CDCOM

10FORMATV 2T"C PmIN-".12 5.2X."CPMAX-".Fl2.5.2.
- MAX. MACH NO.- '.112.5.

105 ORHAT12X.7SURFACE CPMIN 'F252.PA-.Fl2.5.2X./
104 FCRMAT12X."SURFACE CFM IN-j2.5.2Y.CFAX-.F12.5.2X.,
1 20 FORMAT,20."MIN. VORT.-'.E56.9.2X,'MAF. VORT.-". E16.9-
130 FORMAT.2X. 'WIN. PSI 16ES 9 2X 'MAX: PSI. .1.
533 FORMATfZX,*CL -'134.0 20 'L DUE TO PRESSURE. BODrY-

XMASSl 3113.4.) RSSR, OY531 IORMAT'2y. 'CD -'.113.6.20. .21 'CD DUE OPRSU.BD'

500'FORMAT lx,6E16.9 MAS.F36

510 FORMAT ''Ii20 FORMAT J16.101

1000 FORMAT '7EI6.8
2000 FORMAT 714.0

CLOSE-
CLOSE '2
'L.OS E
CLOSE I
'.LOSE
CLOSE.
CLOSEi3
STOP
END



Appendix I: Data Reduction Program 2, Fortran Listing

The attached fortran listing is a data reduction code

developed by the author. It was used to read in a solution

output from the Navier-Stokes code (N. C1 , Cd and u. V,

and p time step residuals) and calculated average

average maximum and average minimum values and average

frequency for CI, Cd, and the residuals. In addition it

produced plotting files for N vs maximum CI and Cd and N

vs minimum C 1 and C . This reduction code was run on the

Cyber computer.

0
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PROGRAM REDCL

C THIS PROGRAM WAS WRITTEN BY CAPT PAUL 0. BOYLES IN SUPPORT OF
C 04Y TMe SIS WORK AT AFIT. OCT 1988

C THIS PROGRAM REAOS IN A SET OF DATA N CL. CD.YRHS IJRPS RES
C THE AVERAGE VALUES ARE THIN COMPUTED 6VER TIME AND THI MIN MAX VAI.UES

PARAMETER (IK. 00.HR.lOOO.JW.
C04ON /ILOWV, RINH.kJMj.CU4AX(IN.LI(NWI.CDA1UH).

C N. M AX # POINTS I GRID
C NS IMITIA. NS'U TC BEGIN ANALYSIS
c N; FINAL NSTEP FOR ANALYSIS
C YT4AX - AKlINN VBOUNDARY DEFINED BY THE PROPOSED PLOT
c TWIN M INI "A Y 5OURDART DEFINED BT THE PROPOSED PLOT
C XM1 - ACH I

C INPUT DATA
OPENFLINIT- I.FIIE-'REWAT'.STATUS-OLD')
OPENIUNIT- 2.F(ILE-'INFD .STATuS-'OLt'
OpENIUNIT. 3.F ~.STUTTSTATUS.UNKNOWN'
OPEN(UN1 *FILE D .&TAT UNKNOWN*
OPENIUNIT. 5.FI-:CDDAT' STAT7USUNONWN'
OPEWRUNIT. AFILE- CLCD' STATLJS-'UNKNOWN'

IREMIND 1READ (1,510) NS
READ 1.510; NY
READ t1.520i XHI
READ (1.520' ALPHA
READ (1.520, RE
R EAD 1.520 CV
READ 1i.520 GE.
WRITE 23.540 RIRYF
WRITE (3,550, XMIhRE.ALPMA
WRITE (3.559 CYEL

C510 PDRMAT(17,

520 FORMATiFI2.5;
5.0 FORAI/.2X.217
550 FORMAT ,2X. WAt.H if -'.F.. RE -'.F15.3,' ALPHA *F2
551 FORMAT '.2x.' C, -, ,FI.5. DEL . J7T.2

REWIND 2

C L
CO. 0
CLL - 0
CDXL 0
MCLL 0

NCLMW 0
NCOWX -0
RCDWN 0
CLCDA -0
CLA 0
COA *0
CDP C
UA *00RA 0

NT *Ri
IF NT LIT. NT THEN
CLI. CL
COL.* CD
NIL -NT
GOTS 0 4

END IF
ML . NI L I
CLY - CLI.-C.
COX * COL-CC;
WRITE iNSOC ,R7,CL.CD.CL/D
IF CL LC. I.D. LC :'-X .C.0C THEN

CIMAXINCLH~ CLI.

END IF

IF CI.A.CLXL L.E, C.D -AND. CLX .LT. 0.0 'THEN

NCL MN - NCH 2MC.MIRNIWL CLL
W.NCLMN.2, W T,

END I F
IF - CX.C0XL I.E. 0.0 AND. COX ST. C.0 THEN
RCDRX - KCDWX . I
COMAXINCOWX -;COL

tNCNA.31 . RL
END IF

IF I CDX.CDXL I.E. C.0 AND. COX LT. 0.0 ITHEN
WRIDMN . NCDWN I
COMWI'RZDN *COL
N , CDkw,N, - %T

FRO IF

C * CC A

CLCDN CL/C IC
CA * C ON
CPA *CL * CPA

CLA - CLEE - CLA O

CDA CO ORU

CPA CC CPANI0U UAOM N,



V A : VA A.

WRITE:' .5" 1 CA..CDA.CPA
W R 1T7 3 S5A. CLCDA.G.A CDA
W 'Ti3 2? LA VA.RA

CLAAA -C
CLKNA C

* CDP41A C

D. 2CC I.1.ACLMl
CLIRAX. ACLMAXA CLMAX I
04RIT .5GA:,L 1 1 ,1k

* 20C A . ; A C k L &X I N ,

DC 22 1; II.CLMN
CLMINA CLMINA NLAIIW PER,,560 N1.CI.GL I..RI1,2:-AL

21C N- - N .2, .2 .L1i

D2C 1I.MCDAA
CD$4AXA CDAllV COMAXr
WR;TE 5.5, -0 N. -CDM4V 1 .3 -NL

22C N A1.3

Z.0 2 3, I-1.ACDAA
COWINA -COAIkA CDM1A I
WAITE'5 560, N, .4 CDMWA I-AL

230 A L . All..L

V A CLHC .EC. 4) OR. NOLM, .E0. C THEN
WAI 'E 3. SOLLrIION IS NOT PERIODIC'
.,CTC 156

EAD I F
CLMAXA *CAX'CA

NL4A CLRIAXAICLMP
* COI AA CLAAAAA, CLR,

CDO4AA CDWiAXA'ACO4A

WATTE13. 563. C1MAXA.CLMIA N CLMY WAC945

0WRITE 3.5F.. CDMAX .COMINAACDMX.CACAAA
IOCONT INQ5
SCVORMAT- Y7.C13.5.1?

FO ~RMAT . C AVG *F J9- CC)VG- S AVG AV -. 5.6
5,,b RA CV .C AVG - .FS.V. A J9k CC AV ' .5.

52FORMAT CV. URM A- VG L ARMSG = .CAC 6
R. 0C J91

5,. FRM.I .C. COAVAV .44.y CLAIA AVG. F59.,

ACO .2151

ENO



fAppendix J: Geometric Progression Program,

Fortran Listing

The attached code is the original code used in this

work as supplied by Dr. Miguel Visbal (37). This code

generates a geometric spacing in the Y direction of

the computational domain. A line of constant - can be

specified at which the spacing becomes uniform. This

allowed the geometric progression to be controlled when the

outer boundary was large. For the original grids used in

this work, step sizes in the ) direction at the outer

boundary, 20 cord lengths from the airfoil surface.

were 2.7 cord lengths. With the use of this code and the

redistribution code (appendix k), the spacing for the same

grid became a constant step size of .6 cord lengths from

a distance of 5 cord lengths to 20. This code was run on

the Cyber computer.
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C PROGRAM TO REDISTRIBUTE GRID LINES IN ETA-DIRECTION
CPROGRAM REGRID

PARAMETER IH-199.JM-100
DI1MENSION CXIM:JM .YI!m.JMJ.SJM.SREF(JM..SN.JN

CXN1M.I m..TN I.JN,
C OPIENIUNIT-1.FILE-GR ID. STATUS-'OLD')

OPENt7N I T 2.F LE 'NGR I I' STATUS:'NEM'.
OP EN, UN I T 3 F ILE E' DATA' S TATUS. OLD
REWIND I
REWIND 2
REMI ND 3

IL-lW
JLNJM

JLNI-JLN-l
Ic

REWIND I

Do 1 Jill JLI READ l.1DoIx I.j).T(I.J
1000 , 0R MAT2iE15.8,
1001 FORMATHE16.9

IC
00 2 J-1 ALN

2 READ,5 , 601! SREFIJ)
C

DO 03 I-1,IL

DO - J -2.JE
DS.SORT x -x 1;-)1-

S ~j,-S J-l1.IS
CONTINUE

C 00 5J;l JLN
SN J iISJ)SEIW

5 CONTI:UIE
CINTERPOLATE IN ETA-DIRECTION

1' I, )-r.I I.
TN 1.11-T(Il,
XN' I.JLN,-XfI.JE

C TNI1.JLN "Y1.IJE,

K-2
DO 6 J-2.JLN1

20 IF(SNtJ:.LE.S(K)! GO TO 10

Go CDO 20
10 0D. 1.K -XI1 .- l

RS..SNJ- S K-K~SKSX1
x Ni.J 0U.K-IV;R SADx
YN I.J -Y .Z-1I.S.Dy

1 CONTINUE

*3 ~ C CONTINUE

REMIND2
T0 7 1-. Ju
MRIT 2.000 TN.,i.j.,YNjI.J

7 CO NTINUE

STOP
END



Appendix K: Grid Redistribution Program,

Fortran Listing

The attached code is a modified version of the

original code supplied by Dr. Miguel Visbal (3-7). This

code reads in a grid produced by the hyperbolic grid

generator (appendix G) and the spacing geometry as output

from the geometric progression program (appendix J). It

linearly interpolates the points in the original grid and

redistributes the spacing in the - direction to match the

new spacing. A new grid is produced with better spacing

ch.racteristics at the outer boundary. This code was run

on the Cray XMP.
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CPROGR&O."STRETCH: " )ETERMINEISUTHECCORREC7 IALUESiFOR
CTESTRETCHTNG PARAMETERS R 0 1IREC IN THE MESH GENERATION

THIS 'USE: EXPONENTIA DISTRIBUTION OF THE ETA-LINES FROM
ECODE OR ETHETA .STRB INR I OM FRH EA-ETA OES1

PROGRAM STRECH (INPUT.OUTPUT.TAFE5-INFST,TAPE6-OUTPUT.TAPEl)

CINPUT DATA'
JL .O 0
JO-9 0

sm A ,20.
DSO-000:

X0.-0.0

C

JOO.M I;JC-

EA-RLOAT. JOMI
ETA1C-SE.FLOAT JCIM1

H-0

rIN NGT 501 GO TO 20

E -HPCI.ET41C 'ETATl

;-ET Ec- 1.
1-1C..E~ .0CO 1.0-T .CETA

0303SMAETA1CAI.O
OiF 0,)-SO-OC 00G1

XJACOqFOOCl
DCl 1-F 1.02AC
Cl-Cl "DC 1
CFARS(OC,'Cl2.GT.O.0001. GO TO 10
E'C-EP:C
-ETAI . EC'-L.OCI*ECI11.O-ETAI

CCOMPUTATION OF S~
S 11-0.C,
Do 400 J]-2 JOMS
ETA-OFE. j-

400 " -, ';S 1 , ETAI.SMAT.IEXPICI-ETA/ETA1 -1.0)/F

ETA-DE-IJ-11
'011! 52.5 *SMAR.-ETAI1'E01-I.O'.Cl

E.CI- ETA-ETA1
300 cowNTIN UE

CCOMPUTE STRETCHING FACTOR
S;-EXP'C.'FLOAT JONI

c OUTPUT

MRITE 6.200 .J.C.MX00C
w RITE -.0 S;
SG 1 . .2

1.1-01.2 CS-S -- S .,-1
i 41IE 6.2-1.Z 13D

CCREATE OUTPIT FliE
PiMINO 11

1 INVERSE. -CC TO SCC.

2 HRITF 1,0100 S J~

SOC DC -
3 _FE:10

20 FORA-,2 IC , : % .. 21
23 OMA- 2i'; ''O " '2: '-220

20 1 FORMT 2 so E.S2.5
2CC4 FORMAT EIH.0

21
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STOL aircraft use a variety of mechanisms to augment
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of this thesis is to investigate the two-dimensional

effect of a small "fan in wing" on the flow field and on
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the two-dimensional mass-averaged compressible
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