3 771

AL
AR

(\‘;\ SRFE
U

tag-
E‘"}M{{‘ x

fF
i

DTIC

¥ g~ e~

A s O ?'5

&, Ak 2 9 1989 i
) op

.~

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

0 :s"‘.:

L
DL




. AFI1T/GAE/AA/BBD—-02
e el
DT
LMJ N N ‘.—.p—‘
g\a:.;..:. N ,
I MAK 29 &3 7 !
; G
Gy
' Navier-Stokes Solution For A NACA 0012

Airfoil With Mass Flux (Fan)
Thesis

Paul D. BRoyles
Captain, USAF

AFIT/GAE/AA/BBD-02

Approved for public release; distribution unlimited




. AFIT/BGARE/AAR/88D-02

NAVIER-STOKES SOLUTION FOR A NACA 0012 AIRFOIL

WITH MASS FLUX (FAN)

THES (S

Fresented to the Faculty of the School of Engineering
of the Air Force Institute of Technology
Air University
In Partial Fulfillment of the
' kKequirements for the Degree of

Master of Science in Aeronautical Engineering

Faul D. BRoyles

Captain, USAF
December 1988

Approved for public release; distribution unlimited




Pretace

The purpose of this study was to numerically simulate
the flow field for NACA 0012 airfoil with mass transfer
through the surrace (fan). recent emphasis in V/5TOL and
the advancements in today’ s technology has created an
environment where a detailed knowledge of the flow
characteristics i1nvalved 1in lift augmentation is needed.
One particular area especially lacking in research is the
"Fan—-i1n—-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 technelogy. such
a device could be practical.

In two—-dimensions, a "fan" is characterized by
suction normal to the upper airfoil surface and vectored
bBlowing con 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 i1n the design of
future experimental tests which will verify these
numerical results and perhaps lead to V/STOL applications.

1 would like to thank Dr. Halim for supervising this
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wortk, and Capt Beran for his support and aid 1in this
research. I would also like to thank Dr Shang. the sponsor
this research, and the wonderful group of people that work
fror him at the Flight Dynamics Laboratory. Without their
technical guidance and sharing of computgF resources,

this thesis could not have been accomplished.

Finally, My wife and two small children need a
special thanks for their ratience, understanding and
support during the many late nightes and busy weekends
over the pacst five months. I can now begin to try and

make 1t up to them.
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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 1s based
on the Beam—Warming approximate factorization algorithm
which is used to solve the mass—averaged, compressible
Navier—Stokes eguations 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 (13, 45 and 90 degrees) and angle of attack
(0, 2 and 4 degrees). The results indicate that suction
has v1ly 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

M1V




shedding caused by the i1nteraction of a broad shear layer
formed behind the ejection surface which i1nduces a
zirculation around the trailing edge. The shedding of the
trailing edge vortex creates periodic oscillations in lift
and drag, but 15 not responsible for the large mean
increase seen 1n lift.

Increasing suction velocities produced a linear increase
in lift. A maximum drag penalty occurred at medium values of
suction (S%). The mass flow for the suction velocities
studied were too emall to provide substantial lift; but,
did provide a substantial thrust component at an
ejection angle of 15° and a suction velocity of 10%.

Ejection angles mildly affected lift; but reduced
drag considerably at lower ejection angles (15°) due to
thrust. Increasing angles of attack (o) 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 1lift 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)

1 Introduction

The effect of mass flux on a NACA 0012 airfoil
section is the focus of this research proiject. This study
1s accomplished through the use of numerical analysis
based on the mass averaged., compressible Navier—-Stokes (NS)
equations. For this report mass flux 1s 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 S0’s, reached i1ts peak 1n the
late 40°'s and was essentially discarded in the mid 70’s as
being impractical. The "fan—-in-wing" was first considered
in the 50°s 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

S0 percent of the wing area, "flying fan".




Figure 1. A “Fan-in-Wing" (23:23

Figure 2. A "Fan-in-Wing" Aircraft (23:8)




The &0°s technology produced some aircraft empioying

a "fan—-in-wing" concept. The most notable being the Ryan
XV-3a which employed a jet powered wing lifting fan (see
Figure T) (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.
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Figure 3. Propulsion System for the Ryan XV-SA (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 1980 there is still
only one true VSTOL aircraft in the free world that .ius
reached the operational stage, the Hawker Siddeley

Harrier (20:32)." Renewed interest in VSTOL and current

L




development 1in material science and compressor technology
suggest that a second look 1s warranted for the
"fan-1n-wing"; with an emphasis on the flow
characteristics and possible applications to future STOL

technology.

TILT WING
f e 17ET

WING LOADING = 60 LB FT2
DISC LOADING = 40 LB/ FT2

LIFT FaN COMPOSITE VTOL
f=6F72

WING LOADING = 120 L.B/FT2
DISC LOADING = 2500 LB/F;Z

f ~10FT2
WING LOADING = 60 LB FT?
DISC LOADING = 500 LB, F T2

Figure 4. V/STOL Aircraft Configurations (28:14)

The positive effect of suction on boundary laver
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




]

tF1:24-29). As the low enerqgy particles over the airfoil

A
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surface mix with the outer boundary they i1ncrease the
thickness of the laow energy boundary layer thus
decreasing 1ts stability (see Figure 3) (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
122:411-413). In boundary laver control the low energy
boundary layer is sucked away and the the outer boundary
is free to accelerate while a new smaller boundary laver
reforms, thus improving lift performance and delaying

separation (31:381,382).

 m—
<Jcompare >
—
/; 7 /;; s/
more stable less stable
< compgre >
Yo s ,’;/////
more siable less stable

Figure 5. Effect of Boundary Layer deometiry
Stability (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




not as well understocod. 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).

Figure 6. Effect of Suction 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.

“it is mandatory to pay careful attention to the

shape of the slit in order to prevent the jet from

dissolving into vorticea at a short distance behind
the exit section (31:380).




(Lo

Figure 7. Boundary Layer Control a)nrRlowvuing
br)Slotted wWing c¢cr>Suction (31:381)

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 B) (31:28-29). What 1s 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 1s 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 macrosernpic behavior of lift and drag and

did not study the flow interaction. These studies do




Figure 8. Bloving Non-Tangent to the Surface.

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

additional 1lift and reduce drag ( see Figure 9).

The effect of the fan on the wing s somewvhat
similar to the section of a jet flap. The efflux
from the fan is discharged 1n a direction normal to
the plane of the wving and then turns in the

downsgtream direction. (23:254)

These experimental results suggest that the use of
inlet vanes to guide the incoming flow is detrimental to
both 1lift 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 prndrce the best

performance (23:257).




Figure ©. Three-Dimensional 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 soclution (23:238-259)." With the
current "state of the art” in Ccmputational Fluid Dynamics
(CFD), 1t 1s possible to numerically simulate complex
flow field such as a "fan—-in—-wing".

In a numerical study many more confiquraticns can be
tested in less time and at lower cost than in an
experimental study (2:43). The problem with numerical
studies 1is that they can only simulate a problem but can
not ensure i1ts validity. This is why numerical solutions
must be compared with experimental studies to validate

their accuracy before small departures from the validated




model configuration and test conditions can be 1ntroduced
(Z2). The new solutions can then provide valuable insight
for future experimental and numerical studies. This can
then become a continuous cycle of validation., 1nsight,
test, validation...

The main difficulty in predicting the effect of the
fan on the wing i1s that i1t is characterized by a three-
dimensional flow field. A vortex is produced in the plane
of the wing and 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 1s
further simplified by keeping the geometry and flow
condition fixed (appendix ().

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




spolution without blowing. The fan model used assumes no
inlet vanes but ejection vanes are used in order to allow
zsmooth, vectored, parallel ejection. The effect of varvying
suction velocities, ejection angles and angles of attack
was studied.

The model conditions were picked for optimum
numerical pertormance. Compressible caodes 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 1n describing the
physics correctly and 1if 1t is too high then the strong
compressible effects require extremely high numerical
resolution. For these reasons Re = 1,000,000 was chosen.
This value 1s 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 (Z4).

Roundary 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). Recause 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 135 and 90 degrees. The

11




parameters considered for comparison and analysis were the

coefficients of tift, C

1!

drags Cd and pressure, Cp.

The Navier—-Stokes code used in the analysis (appendix
F). was a modified version of a code developed by Miguel
YVisbal (ZF6) 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 (FNS) 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 aof 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




) also provideda 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 2> 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 Resu.ts
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 XMF. 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.




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).

Continuity ( Conservation of Mass )

‘_;-te + Ve loW) = 0 (1)
Momentum ( Conservation of Momentum )
2V) + Fo( W) = oF + Teg 2)

Energy ( Conservation of Energy )

14




where the shear stress term ¢ 1s related to the pressure,

P. and viscous stress tensor, 7T (16:6)

o= -PI + 7T (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, 7 and heat conduction, g. If a perfect fluid/gas is

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

F = oRT = pe(y-1) (5)

and i1f a Newtonian fluid is assumed then Stoke’s law of

friction can be used (14:12)

T = AMTWI + (T +TNH (&)

and the third equation relates the heat flux vector to the

temperature gradient by Fourier’s law of heat conduction

(7)

g
al
I
|
Ql
=
g

q = — k9T

where the conductivity k is a function of the
temperature. (14:11-12)
Total internal energy, Et can be related to the

specific internal energy, e, and velocity by the following

15




relationship (15:13)

u + v
Et=p[e+—-——2——-] (8)

The above equations can be non—-dimensionalized (see
appendix Q) by applying the following definitions (an X

represents a dimensional quantity)

¥* »* e »*
¥ L* u* u*
© ®
» 1M » -
MZP e p* u*
4 o0 ® ®
» »
E. = Bt e = Et e =2 q =9 (9)
sz# fo, “* »*
v @ w o
u *urL* . »
o
Mco = 3; Re = ® :) t = t_*_ua) L* = 1
YyRT My t

The non-dimensional NS equations are written below in
conservation—-law form for a 2-D cartesian coordinate
system.

a(ou) . a{pv) (10)

9%
at 3% 3y
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dow . aeut +F - T )+ puv - T ) (D

= of
x
{ov} 2 - - 2
a{pv; - gé ov. + P Tyy) + g% ouy Tyx) (12)
= pfy
— — T
g%i - p(fﬁu + fyv) + (13
d{Etu + Fu ~ urt ~- VvT + q ) +
x *Y *Y X
9(Etv + Pv ~ ur - VT +gq) = 0
EV Xy yy x
. where the internal heat generation, (., is assumed constant

in time (15:32).
The non—-dimensionalized stress terms in index notation

are {(16:6)

- _ u (., du du (14)
T P, * ﬁe[ EE ] TN

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

17




s

‘)‘"/

(a) Physical Plane

XorT) )\
j=
7 mox e

R*

-1 i i+1£A77 yion
o
L J.{]'+—'r o
RN
0 —
0 r‘3‘ gmax 6

(b) Transformed Plane

Figure 10 General Transformation from The Physical Domain a
to the Computation Domain b (34:47)
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physical domain (x,y) to the computational domain (£,n).
Where (2:252)
E = Z(.y) . M= nix.y) (19)
a
I R (16)
M x OF x N
a a a 17)
~=E__+7?__
ay y 9 yan

The metrics are determined in the following manner (2:232)

d¥ = Z dx + ¥ dy (18)
x 14
dn = nxdx + nydy (19)
In matrix form
gf = & g, = g’; (20)
n n n
x y
and
dx _ X A _ d&
dy yf yn dn (21)
4 n

19




Therefore

Where the Jacobian J 1s given
ot
J = (. n) g:
a(x,y) -a>-—:
1
J = 1 =
alx,y) 2.4
d(&, n) o
o
- 5

and the transformation metrics

_ng

= 3| Yy ¥y (22)
Yz g
by (21:416)
ot
ay -
= - (23)
% Exny SN
= = v i =y ) (24)
o g'n - o
oy
o
ay
are given by (35:7)
= -x_J (25)
n
4

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

follows (35:5-6)

(F, ) are as

20




au dF oG . aF + G

—_ 4+ _ —_— —_— = "
& " tar it han Y v © 27
Where
u = [p,pu,pw,peJT (28)
r m W
2
s - T
F = . xx (29)
pvY - T
Xy
L (ke + Plu - F4 J
~ ov “
v — T
G = ) 4 (30)
-7
v Yy
| (08 + plv — G4 J
Stokes hypothesis gives (21:60)
x=- 2y (31

Where ¢ 1s defined as the molecular dynamic viscosity. It

can be extended to include turbulent eddy viscosity, £

(ute) (32)

>
]
|
I[N




The thermal conductivity, k, 15 separated 1into ¥k for
the fluid and kL for the turbulent properties. Then the
viscous stress and heat conduction terms can be written in

the tollowing form (I5:6)

T = -IT A u o+ Atlu o+ v ) (Z3)
XX vt ox x v

7 = -2 x (u + v ) (24)
xy < t X Y

T = - I A v + Aty + V) (33
2% Loy x Y

F = urT + vT - q (36)
4 X X Xy X

G = ur + vT - q (37)
< xy Yy y

P = p(p—1)(e - % (w?+ v3 (38)
q = —(k + kt) Tx 3 q = —(k + kt) Ty (Z7)
= K_ - £ \

K “p Fr * kt e Pr (40

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

o
i,
I
|
e

.72 (41)




and the turbulent Frandtl number is defined by (35:7)

(42)

where the specific heat at constant pressure,

C. for a perfect

gas 1s defined by (12)

P —1 = 1,000 J/Kg—K (43)
The NS equations can be written in the following strong
conservation form by applying the coordinate

transformation identities previously discussed

(35:7)
22 + QE + aa = 0O (44)
at aE an
where
T
u = 3 (45)
(F F + ¢ B)
F = = b4 (46)
(nF +n &
G = x Y (47)

Rewriting equation (44) allows for an easier

implementation of the implicit algorithm scheme (section III)




o, s
at %

aw('[i,fxf)
ot

+

where (35:8)

Caj =

Caj =

S

c1iu

Sy

c3u

L o 1Lll..ln

ouu + P
X

ovu + £ P
y

(P + pelu

cuv + n P
X

vv + n P

(4 Vy

L (P + cedv |

O

%z _
m

Nz (U, U
lel4

bav

4

bav

4

bz (vu

+ Cc2v

n

c4v
n

c2uv
n

(48)

SN

) oW ULU) + awuﬁ,(jn)
an m

(49)

(3Q0)

(51)

+ uv,.) + bavv_ + beT

4 4 4 g -’

+ cavu_ + cavv_ + csT
n n
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f—cln—a

Caf

uw and v denote

Q)
cCiu + C3av

c2u + Cav

4 g
cruu, + czvu, + c3uv_ + cavv,_ + CcsT
g 4 4 Z 4
(@]
diu + d2v
n n
dau + dav
n n

dauu  + d2(vu_ + uv_) + davv + deT
n n Z n n

2

the contravarient velocities (35:9)

The viscous coefficients are (25:4):

I N LA
bs = 27\(3 Ex+:y]
bz = —l—xfg
2 t'x'y
. _ = 4 2 2
ba = fﬁ[::fy*fx]
- Ho, £ 2
be cp( Lt P’L] [{x + gy]
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(56)

(S7)

(58)

(S

(60)




= 4
cL = 5 M [g gn + Eyny] (61)
cz = ,i,xt[“;;:n —En} (62)
< S Y X
ca = - é-k [% n + 2-.3% 7 ] (63)
a t Y X
cCa = = A [ En + 238 7 ] (64)
= L X % Y 'y
c5=—c[’“—" +£][zn +fn] (65)
P{FPr F'r’~ x % Yy
5 4
ds,. = - = KLLE n o+ ny] (66)
_ _1
d2 = = xtnxny (67)
3 4 2 2
da = - > KtEf ny + nx] (68)
- TR N
A RN | (69

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




hyperbolic: without the unsteady density term it would be
e2lliptic. These relationships dictate the manner in
which the i1nitial and boundary conditions can be
applied. (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.




II1 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. EBeam and is known as
the Heam—Warming approximate factorization algorithm (4).
The original two—dimensional Navier-5Stokes 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 (1 -~ 3) using the
Ream—Warming approximate factorization algorithm (4:83).
The scheme is written in "delta" form with a first-order

Euler time—-differencing written as follows (35:19):
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an
—At[g—f(Ez—-Vi-—V)h+ -‘%(Ez~w1—w)“] (70)
Uttt = u" o+ AU (71)

where n represents the temporal index ( i.e. U"= U(nAt) )

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

appendix B for details.

- ~ s B = e (72)
au a0
m= Tt . N= M2 (73
a0 au
£ n

After applying second order differencing the space

derivatives become (35:19-20):

~
=)
+
B
~—
T
I~
>
-
|
O
™
4
-
—
L
c
LAl 4
i
~
H
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I + At [ u E - &8N ] AU ™ (75)
v, N ta) ’ ,

I
Il

(1 — 1)Af 3 1 =1 = IL (76)

n = (3 — 1)An JL (77)

.
1A
[}

1A

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

6Eft,1 = {£+1/2,j - <FL—1/2,J > /AL (78)
én’ci.,j = fi.,j+1/2 - ﬂ,j_vz ) /7 An (79)
wf = G om0y 2 80
”nft,j = ¢ ft,j+1 h fi,j_l ) / 24n (81)

The transformation derivatives (xf, X oy yf, yn) are

n
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 »n line (2 <1 < IL-1), and then
solving equation (73) during a sweep along each £ line (2
< 3 < JL—-1). The boundaries (i=1,IL ; 3=1,JL) are then

solved explicitly.




Artificial damping 15 needed to maintain the stability
of the algorithm and to speed up convergence of the solution.
Instabilities can cccur 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 De to
right—-hand—-side of equation (74) and inserting two second
order damping terms Di_, and Dpn within the respective

4

implicit operators in equation (735) (35:20):

De = —weAtd ' (&% + &%) uy" (82)
L, E n

Di. = —wiatd * &2 0 1 (83)
4 i,3 & T,

Di = -watd” ' 823 1 (84)
n L, nov.}

Where w is of order one and wi 2 2Z2we .

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

L)

metrics at each individual point in the grid (35:22):




At = (CFL)Atmoxx 1 (85)

Where Atmaﬂd is calculated using the modified

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

Atmax_=‘—li|—+l;)—'+a/1+ 1 (86)
Ve AL n as? as?
Z n
-1
+ 2 [u_+ 5]
2 Fr Prt
AS
P2y
12
2 2
AS, = ®, o+ A (87)
2 ( et Ve )
12
2 2
AS = ® + A (88)
N LRV
w = ¥ u + ¥ v (89)
x y
v = nu + nyv (90)

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.




brid Generation

As previously mentioned the grids used for this

report were numerically generated from a hyperbolic grid
generator' code (appendix G). This code is based on an
algorithm developed by Steger and Chaussee (I3) which
solves a system of hyperbolic partial differential
equations. The advantage of using a hyperbolic grid
generator over an elliptic one 1s that only the inner
boundary needs to be specitied (2:330), in this case the
Airfoil surface. Also, systems of hyperbolic equations are
easier to solve than elliptic equations and the above
algorithm 1s unconditionally stable.

The detailed theory is beyond the scope of this
thesis. An excellent reference for theory used in this
code is AFWAL-TM-84-121 (19), prepared by Kinsey and
Rarth. 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
coaordinates 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.




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).

Converqence 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 spolution 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 (Cl) and drag (Cd). When the
variations in C, were within 1-2 drag counts (1 drag count

d

= 0.0001) and the amplitude in C1 was less than 0.17Z then




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 C1 and Cd' 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 Cd may

1
have more than one harmoni. mode on an overriding wave
(27). 1f 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

1
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 = tmn N (71)

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.




A truly unsteady solution 1s characterized by
oz-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.




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—-i1n—-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 & 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.

o
~




grud wall n & Sutqr symmetry
ary

s pacing pt pt boun
1 . od 1900 40 S ves
2 . QOO 137 +4 > yes
3 . oot 1900 S50 10 vyes
4 . OO0 200 100 20 no
S . 0001 2990 100 20 no

Table 1. NACA 0012 3Orid Configurations

Graids 1, I, 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, 15 evident 1n fFigure 11. The
number of points 1n the y direction, nm} were 1ncreased
on grid 4 to allow better resolution and a greater cord
distance to the outer boundary. The resolution on the
airfoi1l surface was 1mproved by 1ncreasing the number of
points 1n the & direction, Zpl. At the leading edge the
spacing 1s 0.003, at the trailing edge it 1s 0.005%, and
over the i1njection and suction surfaces 1t 1s 0.005. The
wall spacing on 4 was refined to 0.0001 1n order to
resolve the boundary layer better. This resolution can be
seen on the blown-up portions of the grid in Fiqure 12.
Grid 5 was produced from grid 4 by using two codes
(appendi1: 1) to redistribute the points 1n the rn direction
1in order to force a maximum spacing at the outer boundary
of less than one cord iength.

All of the grids 1n Table | were tested against

8
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separation point results from a PNS code (13:8). 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 1t 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 S, with
smaller wall spacing, predicted separation early. This may
be due to better numerical resolution of the boundary

layer.

grid separation
1 . 000
2 .017
3 . 784
4 . 70?7
S5 . ?87?
ref(13:5) . 817

Table 2. Separation Point Comparison

Cl and Cd were then compared at an extreme case for
grid 4 and S (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 S5 percent cord. For this case Re =
6,000,000 and M = 0.3. These canditions are near stall (=

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

the code’s turbulence model.

41




grid ctl cd

< 1.08 . 129
S 1.07 .24
ref (10:8) . ©5 . 0002
ref (1:462) 1.11% .Cdee

Table 3. Lift and Drag Comparison with Experimental
o
Data, & =10 , M = .3, Re = 46,000,000

-

The C1 results in Table I 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 Cpform grid S with experimental data, Figure 13.
The difference in Re has only a small effect, C1 and Cd
are compared in Table 4 for transition effects. The effect
of transition is more pronounced both in the Cp and the

C C, comparisons. Though not in perfect agreement, the

1* ~d
NS solution predicts _.iightly higher values for Cp, the

agreement is still reasonable.

Re x106 tgg:gtéag?agg L'll‘ranai.tio? %C cl cd
pper surface
1. 00 S 40 . 4535 . 0128
1. 0O 5 S . 4G5 . 0100
1. 86 S S . 460 . 0008

-]
Table 4. Cl and Cd vs Re and Transition Point, & = 4. 04
A final comparison was made for =Y 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
measured from the leading edge, which is S5 grid points

behind the suction region of the fan.

(-] -] (-]
surface asc =2 ol=4
Transi tion %c LlLowver upper cl cl cl
S5 40 Q. 23 .2406 . 478
S S5 O. Qoo .229 . 454
oxp (1:4060) 0. C .22 .44
inviscid theory
flat plate 2ntct (34 :93) 0.C .219 . 439
Joukowski t/¢c = .42 (27:95 O.C . 238 . 477

Table 5. ClL and Cd Comparison with Experimental and
Theoretitcal Data
(exp Re = 3,000,000, num Re = 1,000,00)

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 1ift 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
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Figure 15. Comparisons of Cf for Transition Point Effects
CRe=1,000,000, M=.3, a=0°>
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fan was a comparison of the components, suction and

' ejection separately see Table 6. For this analysis
ejection was set at & = 90° 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 i1n the following section on
convergence. Suction has the effect of increasing lift
only marginally while ejection has a surprisingly high
effect on 1lift. The differences can be clearly seen by
comparing the Cp curves in Figure 146. The drag effects are
reversed. Normal ejecticn has almost no effect on drag

while suction produced an astonishingly high skin friction

’ profile, Figqure 17, which results in a large viscous drag
component.
case cl cl cl cl
total press viscous mass
ne fan . 01307 . 01321 ~. 00014 . 00000
suctton . 09968 . 08477 . 00018 -. OO120
ejection .21473 . 24264 -. 0018 . O0R26
fan .22843 . 22725 . 00010 . O 07
case cd cd cd cd
total press viscous mass
no fan . 0005 4 . 00164 . 00?90 . 0000
suction .01404 -.00820 . 01006 . 00004
@ejection . 02694 . 02151 . 00543 . 00000
fan . 08971 . 01800 . 01567 . D000 4

Table 6. Ccl and cCd (:2mpa.ri,aon for Suction and Blowving Only
o
(v =.05, & = 90

The skin friction profile of suction indicates the

effect is related to the immediate suction surface.

a7
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Analvzis of the velocities at one point above the surface
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

ol + a(ou) + alpv)

3t Ve 3y = Q (10)
surface values 7 = 1
X Yy fo u v
. 1110 . 0483 .©338 . 0000 . 0000
. 1176 . 0492 .o370 . 0000 . 0000
. 1234 . 0500 .9360 . D065 -, 0496
. 1284 . 0507 o504 . 0062 -. 49061
. 1994 .0513 .9613 . COSO -. 40065
one point above surface 7 = 2
x Y u v
. 1110 .C484 .O344 . 2510 . 0871
. 1176 .C493 .©384 . 4547 . 0387
. 1234 . 504 . 9379 . 7899 . 05394
. 1284 . 506 . 9526 1. 0575 . 0706
. 1334 .C514 . 9698 1. 2623 . 09900

TIELe 7o YElYSlY (S04 DIRCBLY. RETRETLETgistne Sucton

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 192. The

effect of suction is confined very close to the body with
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a 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 1if du = 0O
with both du/dx and dv/dy = 0 the skin frict.on 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
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vorticity plots in Figures 21 and 22. As the vortices shed

they produce ascillations 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 1t to turn.

Convergence Criterion for Periodic Solutions

Before an analysis could be performed, each case had
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
infermation including 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
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o

trangition %c

# restart Ccv & a upper lLowver
1 clean 2 0. 00 o] o 1.5 1.5
2 clean new 0. 00 (o] o 5 40

3 suction 2 0. 0% o) (o) 5 40

4 blowving 2 0. 035 20 o] 5 40

S fan ] 0. 01 0 o S 40

[ fan 2 0. 05 ©0 (o] 5 40

? fan S 0. 0S5 45 o] 5 40

a fan ? 0. 05 15 o 5 40

| o4 fan S 0.10 o0 o] 5 40
10 fan (o4 .10 45 8] 5 40
11 fan 10 0.10 15 (o] S 40
12 clean 13 0. 00 o0 2 S S
13 clean new 0. 00 00 2 L1 40
14 fan 13 0.05 45 2 5 40
15 clean 16 0. 00 oo 4 S5 S5
16 clean new 0. 00 oo 4 S 40
1?7 fan 16 O. 05 45 4 S5 40

Table 8. List of Model Configurations for M=. 3,
Re = 1,000,000
iterations needed to converge to the new solution.

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

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

convergence provides some interesting insight into the
behavior characteristics of different Cv, & and a. The

plots indicate that as the suction rate increased the

amplitudes in C, and C, decreased. Increasing & and o had

1 d

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 Z1) and number S (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 i1nspection, small harmonics or secondary
waves riding on the dominant wave can be seen, especially
:n the Cd plots. This i1s probably due to the interaction
ot 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 Z3), a similar quartet
persisted and became periodic. This is true for both C

1
and Cd. 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 cf Varying Suction Rate

In this study three different suction, Cv, cases were
studied, at 1%, 5% and 10% of free stream velocity. For
purpose of comparison all three cases were run at an
ejection angle of 20°. The ejection velocities were almost
twice that for suction as a result of a 2:1 area ratio.
The Cl vs Cv plot, Figure 24, i1ndicates the expected

result that increasing suction velocities and
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corresponding i1ncreasing eJjection velocities produce a

near linear increase 1n lift. The surprising results 1in
the Cd plot, Figure 24, suggests that there 1s a maximum
drag produced near Cv equal S%. 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 ot Cv as 1is

demonstrated by an approximation to the momentum flux

Lift = m+T j = ~oA(T-Uj) = (pAvZ) - (pAvD) (92)
lower upper
c, =2 = 2L, v ~Cv v ~ 1.82Cv (93)
1 2 lower , upper
e vV
o o] @©
For Cv = 0.1, p =1 and A = 0.25 and 0.125, C, = 0.0012

a very =mall value.

The 1ift and drag behavior can be directly related
to the pressure distribution forward of the fan as the
lift coefficients in Tible 9 and the Cp surface
distribution in Figure 35 indicate.

The biggest surprise is that varying the suction rate
does not aff=ct 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
total press vis cous mass
35 .08445 . 08436 -. 00106 . 00004
S .34719 . 315990 . 00011 . 00108
o . 480454 . 47900804 . 000306 . 00434
cd cd Ccd cd
total press viscous mass
S . 01223 . 00190 . 01033 . OO000D
[] . 03232 . 01629 . 5090 . OQO004
o . 02392 . 00578 . 4?97 . OO0t S

Table ©. Cl and Cd Component Comparison vs Suction Velocity

negative pressure coefficient on the upper surface exerts
a tforce 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)

XL Fdy ., P > L P, dx (94)

P
tift drag

If the above equations are applied to the Cp curves
the li1ft coetficients in Table ¢ 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
15 evident in the cf surface plots of Figure Z6. 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 1t is not

the vortex shedding. Figure 37 compares the Cp plots for
different points in the lift curve, Figqure 25, for Number
. The corresponding streamlines and vorticity contours
were discussed earlier, see Figures 21 and 22. A
comparison indicates that vertex shedding has no
discernible effect on the pressure on the forward section
of the airfoil. The amplitudes in the 1lift curve can be
accounted for in the regicn near the trailing edge. The Cp
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 demonstre e the
period of the oscillations very well. The streamlines do
not depict the shear layer in the ejection wake but do
reveal the vortex at the trailing edge and the
oscillations i1n 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 15 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 is similar except that it is slightly out of

phase, but with the same period.
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The streamline and vorticity comparison in Figure 38
‘ demonstrate that Number 2, Cv = 0.1, has the strongest

vortex and the broadest shear layer. Figure 38 also
indicates that for Cv = 0.01 that there i1s 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
dJecrease the shedding effects. This could account for the
decreasing trend in amplitude with 1ncreasing suction

velocity shown in the C, and Cd plots.

1

‘ The Effect aof Varving 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 C1 and Cd ve & curves 1n Figure 392 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 1i+t is reversed. The drag can be
explained by examining the mass flux compcnent 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 cl cl cl
P

total ress VI8 Cous mass
S . 34719 . 31599 . 00011 . 00108
? . 29903 . 20773 . 0012 . 00119
a . 411354 . 40985 . 00020 . 00620
o4 . 48454 . 47984 . 0036 . 00434
10 . 43543 . 43027 . 00037 . 00479
11 .35953 .3%320 . 0029 . O0COS
code cd cd cd cd
total press viScous mass
[ . 03232 . 01629 . 015990 . 00004
7 . 026735 . 01320 . 01395 -. 00240
a . 00620 . 00003 . 01638 -. 01020
o . 02392 . 00578 . 01?797 . 00016
10 . 008890 . 00048 . 01809 -. 00967
11 -. 020890 - . 00C56 . 01810 -. 04128

Tabie 10. Cl and Cd Component Comparison vs Ejection Angle

m =m = PAV (95)
i out normal
Where A is the surface area of the airfoil and does not

change with eljection angle and V is equal to vj

normal
therefore the mass flux component to lift does not change.
Drag behaves differently. The velocity u is equal to

v/tan (&) which is approximately 2CvCr/tan($) and for 45°
approximately 1.8Cv and for 1s° approximately 6.78Cv. As &

goes to zero u would go to infinity.

]
R

. 2
C 2 drag -2 mVi=_2 pA[v ] (96)

The approximate calculations are listed in Table 11.
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cv & cd
.05 o0 -0.0000
.05 45 -0.0011
05 15 -0.0042
10 L0 -0.0000
10 45 -0.0001
10 15 -0.0334

Table 11. Cd cCalc
(A = .1

This explains the decrease

1.

in drag

account for thre 1ift behavior.

As with the effect of
lift comes mostly from the

differences. The influence

varying
leading
of this

be dete

for Sérfa.ce Blowun
1 an v = 2 C

v/Cr? Cr = 1.1

vs & but does not

suction velocities the
edge pressure
pressure by changing

rmined without more

the ejection angle can not
data.

The streamline and vortex plots are presented in
Figures 40 and 41 for comparison.

The vortex patterns at

90° 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 Cl and Cd

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 90 °

whe-e time was required for them to build in strength.
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At 1S° 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 varving Angle of Attack

The most i1nteresting results were obtained by
varying the angle of attack. The C1 and Cd ve o curves
are given by Figure 42. The lift curve shows the
expected behavior. A delta C1 above that of a clean
airfoil and constant with respect to a. Here again the
major contributor to lift i1s the pressure distribution
around the leading edge, see Figure 43 and Table 12. The
drag curve behavior i1s unexpected. The trend for
increasing o 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
1s increasing the ejection angle by a. This is in
agreement with the data i1n Table 12. Also from this
figure the viscous components of drag are nearly constant;
1t is the contribution of pressure drag that is exhibiting
the unusual behavior. At 4° angle of attack the
pressure drag i1s acting as a thrust component. The
mechanism causing this behavior is not known. The Cl vs C

d

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

totatl press vig cous mass
2 .01307 . 01321 -. 00014 . 00000
13 . 24502 . 24601 -.00018 . OO000
16 .47828 . 47849 -. 00021 . OO000
? . 29903 . 29773 . 00012 . 00119
14 . 560600 . 56404 -. 0021 . 0126
17 .82320 . 822535 -.oooc2 . Oo0133
code cd cd cd cd
total press viscous mass
2 . DOOS4 . 00104 . 00790 . 00000
13 . Q09OS51 . 00196 . OO7 55 . 00000
16 . 01020 . 00331 . 0098 . O0OU00
7 . 02675 . 01320 . 015905 -. 00240
14 . 01763 . 009435 . 01652 -. 00234
17 . 01983 -. 00049 . 04653 -. 00227

Table 12. cl and cd component comparison vs &

general shape of the clean airfoil but 1s rotated and

shifted up. The i1i1ft and drag oscillations contain

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

At four degrees this is especially pronounced. As shown 1n
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 1s reduced by a small amount with increasing angle

of attack. The streamlines 1n Figure 45 indicate the stagnation

point at the leading edge i1s also affected by a small

amount.

89




(,SY=9¢ SO '=ADD Adeywy

Jo sa1buy JUe Ul F TG 4o suos i irdwod AVIDT1I0A pue BUTWES IS G saanbry

X
o5t (4] 0ot L0 %0 <20 By o S0
N , — s i L %0
oy - -
<20
X X
o5l (=41 00} Lo oco 20 000 S0~ (1,31 [~4] 0o <LO 0% 0 (%4} 000 w0
A L F. J i 1 0~ . o) 0_
o
000 < 000
kA o)
o
<o (%3]
X
it Lot 00§ DTS} 0 w20 oo w20
+ — - 2o
non - s
== [*rgs]




V Conclusions and Recommendations

The solutions obtained using the 1mplicit
compressible MNavier—-Stokes equations compared favorably
with both experimental and other numerical results. For
lack ot 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
=hould give a fair approximation to the physical problem.

The results indicate that a fan type device imbedded
in an airfoil can produce favorable aerodynamic effects,
improved li+t pertormance 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 rzpresented one possible
configuration out of a multitude the results simply
indicate trends 1n 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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alrfoi1l ctall effects for a fan—-like device.
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Appendix A: Non-Dimensional VYariables (2:191-19%)

The variables used i1n the Navier-Stokes equations
can be written i1n a non-dimensional form by dividing by L
as the length scale, the free stream velocity Uw as the
velocity scale and Py 23S the mass scale. All other units
can be expressed in terms of the three sczlar factors,
except viscosity and heat. The non—-dimensional relationship

are as follows f‘an X represepts a non—-dimensional quantity)

W% * _y * U » v
= s Y T s W T g s VT T
oo} [s )
T*z 1TT_ . p*z '2_ . FJ*= Pz . e*z 9—2
(o4} Po e U u
w ©
*
Et*z Et P . u*z H__. . 8*=§— . q = 9_
o U Heo Heo Yo
w
tu
* feo) » L - _
t = T . L = C = 1 (A—-1)

and the non—-dimensional Reynolds number is defined as

Re = —— (A-2)

0
A




The <temperature, pressure, and energy equations can

be expressed 1n terms ot the Mach number

¥
Mm o= X (A=)
Q

0 ]

where a 1s the local speed of sound

a = Y yRT (A—4)

pressure can be written using the equation of state

P = oRT (A—S)
e i N (A-6)
u? o U2 yRT P M2
pm (00 O o 8] s 9) a
2
a
a

Temperature and energy can be maodified in the same way

P »
* T R Po P,
™= =) = = % (A=7)
T P o P »
™ o o ol
P
g = Bt ~ = —E‘-—z- (A—8)
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(A-9)

&
V)
*

2
@
P
An example of how the NS equations are

non—-dimensionalized is demonstrated on the continuity

equation below

* o * w .
3o + 9(p u ) + d(po v ? _ o (A—-10)
at

Y 3y ="

+ B ol - = 0 (A-11)

o) (28] (57
(%) o) )

~

r

The constants can come out of the derivatives and divide

through leaving

+ dlpw) + Alpvd (A~12)

%
at o ay

In the momentum and energy equations the constants do
not divide out. They form the Reynolds number presented

above.
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Appendix B:

The Jacobian matrices presented in equations

defined below.

Jacopian Matrices for the Navier-Stokes

Equations

(35:45-46)

(72-73) are

They are obtained by differentiating the

vectors Ex’ Ez, V1and Nz defined in equations (49-52)

.
Q
{ ¢ — uu
A = *
- vu
Ey¢
(2¢ ~ red)u
r O
n. ¢ - v
E = x
n ¢ - vu
y
C(2¢ — re)w
where
¢ = 1/2

(y—1) (u? + v)

£ £
X Y
u —- (y—;)fxu Eyu - (y—l)fxv
v — {(y—1) u w — (y—-2) %
g, g Ey r—2 Ey

(ye—¢)fx—(y-1)uu

n, ny
v — (y=2In u nu - {(p—1in v
x 3% X
v — (y-1) u v — (y—2) v
L ¥ hy ¥—< ny

(ye—¢)nx—(y~1)uu

2

and the Jacobian Matrix M and N are defined by

26

(r-1g_

(y—1) ¥
Y

(ye—¢)fy~(y—1)vu ru

(B-2)
o
(y—1)n
X

(y—1)
'd ny

(ye—¢)ny—(y—1)vu rYo

(B-3)

J




O
(b u + b _v)
1 2

2

Vi

~(b u + b_wv)
2 3
-?® + 26 _uv + b_vH
1 z 2
v

i A
_ _ -+
by (=1 (WP+vi-e) P2

O

"
Q

-(d u + d_v)
. 2

s

—(d u + d v)
2 3

—(d® + 2d_uv + d_v®
+d ¥ (1) (W +v-e)

d

+d
2

b -b ¥ -1u

2

v
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Appendix C: EHoundary and Initial Conditions

Boundary Conditions Without Blowing. (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 1t easier to define and alter the
conditions; but, requires a separate routine to
reinitialize the conditions after each iteration.
Referring to the airfolil computational domain shown 1in
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

AERC.

P =F = ’ e =p =1’ £ = £ = (C-1)

=
0

U cos(a) , v U sin(a) s U =1 (C-2)
® ®

This is the only way in which angle of attack enters

the praoblem 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

F=F (C—-1)
e
fol

a > - .

oF o = 0 (C-3)
v

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 EFb, the no-slip adiabatic

conditions are assumed
u=v =0 (C-4)
and the gradient of pressure and temperature normal to the

surface is assumed to be zero., where surface density 1s a

function of surface pressure and temperature.
gﬁ {?} = 0 « P = ptP,T) (C-5)

Finally, through the Wake cut ED and EH continuity 1s
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assured by

P P
o ©
e - 2. (C-6)
7 lu 7 u
v v
waxer wERS”
which reduces to a three point averaging
P F P
e o L 1 |°
£ = 5 |& + 5 e {(C-7)
u < u u
Y )wak Vi Y]u
axe wake' wBka"

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 Gsu be normal to the surface and is given

by the slope ,8 at the surface

- 9y -
e = O (C-8)
u=V sin(g) , v = -V cos(8) (C-2)
gu su
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where the magnitude V is a constant equal to some fraction
sSu

. of the free stream velocity
\% = Cva = Cv , u =1 (C—-10)
In order to prescribe conditions on the lower blowing

surftace (ol) the mass f1low é must be determined and 1s done

in the following manner (12}

.
.
.

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

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 0.235 or
25 percent of the airfoil cord and V is a known constant
Cv. On the lower surface F is determined as above and p 1is
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 = dg - Fd(1/p) Pd(1/p0) (C—-12)

for no heat transfer, dq = 0O

and
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= -13
Pl Cr avg (p)Qu (C-13)

where Cr 1s a constant and equal to 1.1 for this analysis.
Using the above relationships the magnitude of the
normal velocity on the lower surface, Vu_can be
determined. If vanes are assumed on the lower surface and
Am.is assumed to be egqual to dx. where dx 1s picked to be

0.125 for this analysis, then the boundary conditions

simplify to the following equations

fol CrA V = p A Cv (C—-14)
ovg bl bl gY9y su
_ Ca Cv _ _
v = va Er " vbltan(é) (C-15)
Aau
Ca = (C-16)
AbL

where & 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 AbV

Initial Conditions




‘ 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

F=F = . o =p =1 (C-1)

=
I

U cos(a) v = U sin(a) L, U =1 (C-2)
® w

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, & 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

‘ €l and Cd

The Calculation of lift and drag on an airfoil
surtace with non—-zero surface velocity and mass flux can
be accomplished through a special application of the NS
equations. Starting with the linear momentum eguation 1in

integral form. (41:)

g{J]]Ypo)du = [ffc ¥+ 924 (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.

Ifr Qégzldu = [ff ¢ VDV + F+ TFegrdo D2

JJJ [ aéézl - f ]dv (D-3)

= JJ ¢ —(oWV ) R + oeh )ds

Where ds represents a spatial increment on the
airfoil surface. In 2Z2-d cartesian coordinates the

components reduce to (42)
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—yfl + % J —yff + %

A= = > (D—4)
2 2 ds
Xo o+ Y.
S
v = uI v} (D-5)
(V) a odV | Vap o 3
IS5 e ao = IS [P+ VSR Jae = o (D-6)
poo'n = p(u; + v})( —uyg * VXE ] (D-7)
ds
A .
o*'n = P - T + T X i (D-8)
= [ |4 SIS VA ]

+ Py, + T x_ - T ]
[ 4 vy & yx' & ] 7

for velocity and density on the airfoil boundary

equal to either a constant value or zero.

Il
-n
o

I
n
e

+
T
[

JIJ #o do B o (D-9)

—Fx = Fy

Putting it all together and summing over the airfoil

surface [[( )ds = £ ds the equations reduce to
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Fx = - T ou ( WYt VR ] (D-10)
ds

o S 7. ]

Fy = - T ov [ WY T VHy ] (D-11)
ds
+ -Px_ + T H, — T
L [Pt Tt T T )
and by using Stokes approximation A = ~2/3u the

non—-dimensional shear stress terms become

= 1 4 du _ 2 ov 12
Txx‘— Reu [ T A 3 8y ] (D—-12)
1 4 dv 2 du
= —_  —— = —m— -13
‘ryy oM [3 3 3z 3 ] (D-13)
_ _ 1 du v _
Txy - Tyx = Rou [ —_— e — ] (D 14)

Lift and drag can be related to the body forces and

the angle attack by the following relationships

Lift

0

—-Fx sin(a) + Fy cos{a) (D-15)

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

and the coefficients are
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Ccl = - ] cd = ?rag , (D-17)
z P o 2 P

and for non—-dimensional variables P = Um = 1 and
equation (D-17) reduces to
Cl = 2 Lift . Cd = 2 Drag (D-18)
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Appendix E: Computer Resource Regquirements

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 at
Wright-Patterson Air Force Rase. Tahle 13 compares the
memory and CPU requirements for the original and modified

codes.

arid
Vversion IL JL Memory CPU./ 100
Unmodified 1909 50 780,800 31. 157
Modfied 109 50 G141,328 290. 001
Modified 2909 100 1,397,760 71 .202

Table 13. Computer Resource Comparisons

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
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set number of CPUs. If no memory i1s available, then the
iob 1s passed over. This pattern continues until the Jjob
is completed. *

For iobs requiring a lot of memory ( S0 core), the
availability of memory goes down. Jobs with higher
priority maintain tho2ir memory and it is not available for
jobs of a lower priority. However, lower priority Jjobs
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 i1terations,

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

days.
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Appendix 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 BReam—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.
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VECTORIIED IAVIER STOKES IEAHARH]IG ALGORITHM
CONFIGURATY :  AIRFOIL . C-GRID Aw 198,

lSI
ROGRAM MODIFIED TO INCLUDE INJECTION AND EJECTION ON THE AIRFOIL
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ERE MADE IN TME SUBROUTIME BNDRY. THESE CHANGES WERE MADE 8Y
CAPT PAUL D BOYLES IN SUPPORT OF AN AFIT THESIS, AUG 1988

xw1=
5
rEER
r—
::

sumssenssstansss [ M P O g T ANT ssesssaussssssusssss
BEFORE USING THIS noam

WOOLFY DIMENSION STATEMENTS

CHECK BOUNDARY CONDIT!ONS SUBROUTINE

CHECK INPUT DATA

HIS PROGRAM SOLVES THE COMPRESSIBLE MAVIER-STOKES EQUATIONS
IN ARBITRARY TNO-D!MEI JONAL M HS USING BODY-FITTED (TIME-
INVARIANT) cmmuu COORDINATES AND THE IWPLICIT FACTORED
SCHEME OF BEAM & MARMIN EEENEREREERS

TIME DlFFERENClNG : EULER lNPLICI

SPATIAL OIFFERERCING : SECOMD ORDER CENTERED DIFFERENCES

IN THIS PROGRAM TRE SPACE INCREMENTS OF THE TRANSFORMED
YARIABLES XI AND ETA ARE BOTH ASSUMED EQUAL TO ONE « I.E.,
DEL{XI)=DEL(ETAI=1.0).

LIST OF gYMBOLS

; CARTESIAN CDORDINATE
1A R ANSFORRED. COORDTNATES
XJAC : JACOBIAN OF INVERSE TRANSFORMATION:D(X,Y)/DIXI,ETA}.
xu.vxx xen YETA: TRANSFORMATION DERIVATIVES
U,y oCTTY COMPONENTS
RHO : osusn
P . PRESSURE . IS NON DIMENSIONALIZED BY 1/(GMXSMACH#®s2)
: VISCOSITY
RE_ : REYNDLDS NO.
XM1 § MACH NO.
PR PRANDTL MO
51 i GONDIN susmm PARAMETER FOR SUTHERLAND'S LAW
PRT : TURBULENT PRANDTL NO.
EDOY ' : TURBULENT £BBY V1SCOSITY
SU1.J7: DISTANCE ALONG THE XT-LINES FROM £TAs
WCONV : THE CONVERGENCE TEST 15 ABPLIED EVERY RCONY STEPS
IL : MO. OF POINTS IN XI-DIRECTO
3t i N0: OF POINTS IN HlacbiRecTIon
WE.WI : DAMPING COEFFICIENTS
INMAX : MAX, NQO. OF TIME STEPS ALLOWED

tocarTon T THE GRID ABGVE KMIOH TURS 15 NOT APPLIED

1 LOCATION OF THE LEADING EDGE

LOCATION OF THE TRAILING EDGE o THE UPPER SURFACE

——
e
[~
.

W
N URFACE
Eg TRANSITION IN THE WAKE STARTS

LOCATION WHERE MOD TRANSITION IN THE WAKE ENDS

AMAOACOOAANONMNAOCACONGNNNNANANNOANONNNNAOANAONONNNNOAAOONANNNANN
» -
.
NI
e

[alale¥ats]

PARAMETER ( IM=299

COMMON /£ L O
XM In, JN) EDDV(
common’ 7GRID/ X(
XXETA(IM JM) YETA
COMMON

)
} L) VUML) P LI, JK)  RHOU TN, M)
0N
klx/ A
5
1
1

YN, M) XX (1M VXL (IM ),
iy xuéuu Ly s«i Lss1ciM)

M 4,40 an§ ,4
Lé H
PR RE M. S1.ALEA amoLE
COMMON /M e Jl'.z G NERIMTEE TLEM],
- nsm ITelnl 1T M2 GAM1I,GXH,S1P,
- £, sima P m XL xu.;u_n 3]

como b

COMMON /HHEN/ DTAU(]H JH CFL DTHIN DTHMAX,BETA,DTVIS
COMMON /DAMP / WE . W1 ,WPE W
MN/TU‘(!I/IYRSU XTRSL lNKST IHKE JLAST,

Cm/TURBZ/WTI(Jns.lMO(JH) JDUIM) Mi2e0K) FL280M),
COMMON /SFECTR/ SPECY(IH M) PSMUL TN, M)

COMMON /NORM/ UNORM
COMMON /BND/ IBHJ.!!‘REF <YREF, TIMF,CY,CR,CT,DEL,L2,12.L3,L4

COMMON /P%/ J
15C/1L).

INPUT DATA
OPEM(UNIT=6, FILE"DATA' , STATUS="0LD" !
OPEN (UNIT=1.FILE="GRID' ;STATUS='0OLD"
OPEM(UNTT=6, ETLEm"OUTPUTY STATUSS "NEN'
OPEM{UNITe2 FILE='SOLK' siATUS=INEW
OPEM (UNIT=3,FILE="STUFF',STATUS="NEN')
READ (8,510) HSYEP]

READ (5.520) TAU
READ (5,510} IL
READ (5.510) JL
READ (5.510) ILE
READ (55100 ITEL
READ %5107 ITEU
510 FoRMAT(110)
READ t5,520) XML
READ (5.520) RE
READ (5.520) W
READ (5.820) 51
READ ¢ 0) ALFA
£20 FORMAY |F15.101
READ (5,510 NTURB
READ (5.810) IFREQ
READ (5,510) ITRSU
READ 15,810} ITRSL
READ (5.810) IMKST
READ (5.510) IKE
READ (5,510 JLAST
READ 15.520) XRELAX
READ 1%£.810) NOTAU
READ 15.520) CFL
READ (5.520) RETA
READ (5.220) DTVIS
READ (5.510) ISPECT
READ (5,820) WE
READ (8.820) Wi
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0 nnoon
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HEN IREé;ART = 1 ELSE = O
URNS PRéNY ROUTIKES ON FOR DEBUGGING

£358 .
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FAN

2030 %0 30 0 0 X 30 20 X0 300 O X
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»
o

g

CONSTANTS FOR AIR

GAM=1.40
.90
:RES -11. /| GAMEXMISXM1 )

=1
YREF = XHI&XM]/{XMREFeXMREF)
ICHELK = ©

INITIALIZATION

CALL TNITIA

UIHF = COS{ANGLE!}
VINF = SINCANGLE}

PRINT OUT THE INPUT DATA

nr

LE,ITEL,ITEV
FL B TA DIVIS

s1

im§ m(st IWKE,
JLAsf XR
URS., REO

s WE,WI,NPE, WP, ISPECT
restant (v/n, 1705 «> ' IREST

;‘,9‘ ?

SEZSE EEREAEEE

[etotvtefiatatatatotetotel
I R e e e e
mmmm  mmmmmmem
NN RNRNNNNNNS S
—— O »gogoov,
Ser whRRWR - .

*eO- - - -

THEN
SUCTION ONLY )

x
x
1

lalalalalal

1000
1001

noono

[alataYa¥sl

END IF
T¢ ¢ MBND .EQ. 3 ) THEN
WRITEL6,%) BLOKING ONLY !

12
IF i MawD .Eq. o
FANTS TURNED OFF °

.t FAN INFORNATION '
209) L1,12,L3.14,0EL

210) Cv.€R.CT

215) XMREF . XM1,TREF,TINF

INPUT RESTART SOLUTION (I.£. X,Y,U,V,P RHO.EDDY!

111  REW]

a2

[

[ Rey |

= 0.0

E. JLASY ) EDOY(I,J) = EDST
E)6.8)

&

ég
—~—r

[Tl =
judy

e

COMPUTE TRANSFORMATION METRICS

CALL WETRIC
XNI?IALXZE SFECTRAL RADIUS SPECT(1,J)

00 282 J=1,
Do 783 1-1'3t
SPECT(I,J)=KJAC(T,

282 COMTINUE

COMPUTE TIME STEP (DTAU:

CALL CxMut]

ULCULA £ MDLEC&E& VISCOSITY XMU(I,J)
CALL TMSTEP
ﬂﬂi!t.lll! OTMIX,DTHAX

PREPARE FOR FIRST ITERATION

608 WSTEP=NSTEP]
INDEX=0




nonNn an

«©o

0O OO0NN ONONN ONNoOn

[alNalalalata N el

lconv=o
DT=0
17Uabe0

COMPUTE TURBULENCE TRANSITION FACTOR GAMMA{J)
CALL TRANSI

ADVANCE TIME STEP

100 NSTEPWMHSTEP+1
INDEXwINDEX+]
ICONV=ICONY+1
%5}"XC3NV EQ.NCONY) ISHTCH=1

IF (!EEX GY INAXI G0 10 200

COMPUTE NEW DIAU 1F DES]NED
}F {IDT.LT.NDTAU) GO YO 400

Rt ormsTER
WRITE(6,212) NSTEP,DTMIN,DTMAX
400 CONTINUE

STEP1: Xl -~ SHWEEP

CALL STEPX (1SWTCH,DRMAX, RMSOR}

STEP 2 : ETA - SMEEP

CALL STEPY

UPDATE YARIABLES AT INTERIOR POINTS

CALL CONVRT

00 25 K=1.4
DO 25 J-Z Jul

DO 25 1e2,1L1
TEMPIL,J, K)-TEMP(I J.KISRHS (T, J,K)
CONTINE

CALL UCONYRT

2

[t3

IMPLEMENT BOUNDARY CONDITIONS

CALL BNDRY

CALL CXMU!JCHECK) Pie)
IF | TCHMECK .EQ. 1 ) GOTO 200

anno |o

Ksd

[alslalala el elsl

[a B alalala BN e NN el

[alatalalalalat T,

UPDATE  TURBULENY EDDY VISCOSITY

GO 10 256
8! GO 1O 256
Q) GO TO 256

IF (INDEX.EQ.INNAX) TPLOTe]
IF (INDEX.EQ.INMAX' IPLOT1al
CALL TURS (IPLOT,IPLOTY)

256 CONTINUE

COMYERGENCE CRITERIA

IF _{1CONY.LT.NCOMY)! GO YO 100
ICONVa0

CALL MONITR (NSTEP,TAU,DRMAX,RMSDR !
GO TO 100

SAYE CURREMT SOLUTION.

25'7 CONTINUE
PRINT DUT SOLUTION
CALL QUTPUT

FORMATS

202 FORMAT (1M1,30X, 'sese BEAM-HARMING METHOO -nt S
203 FORMAT 1301, NACA 0012 AIR X YW1

204 FORMAT (10X, 'IL ')
HoE s e vy 15 M reue’ a0

LE=' 13, 4x,}
208 soln4]tlsx£;ubla ,. 18,5%, Tt #xz.: 5x, 'piTa="'F12.3,
208 ;oau&r 1% 'ltfsu MACH MO.=' F12.5
REYNOL Tia. 1 W3 'v1sc6sxvv BiRkMETERS ! F12.5,
X, ' ANGLE os AYfAcx 2.6
DANP!NG onanuereni' 5X, 'ME=',F12.5,
iz 5,5X, 'WPE=" 512.5,5 .
5310 specT-' 13 W
211 ;oanAr(iox 'ofnru- L1285 Bx) DTHA!-' £12.5,/
215 FORMAT. 2K, 'MREFe ' F8.3 5X. 'MINF= ' F8.3, éx,'TnEF- ‘. F8.3,5%,




‘TIN ', F8.3,
. 210 FORMAT (zél'cogzcxsurs : cv- ' F8.2,5%,'CR~ ' F8.2,5X,
zos FORMAT (2X, ' FAN umnnsns : Ll- 15
‘L2w' 152X, L3 , 2% 'DEL-' FB.2,2X,/:
12 “FORMAT nz‘%‘ TIME srsP- 15 sx. m‘m- JE12.5,5X%,

£12.5,
21] FWAT(ZX ‘TURBUI'.EICE PAILNETERS H ITRSU- §|
IRSL="\15 2%, ' INKET=", 15,20, T INKE=" 15, 5x VathsTat 15,2x,

s 2.5,/
214 FDNTLZX I YURBULEN TCNED ON AFTER TINE'STEP N, -’
- 15,2X,  AND UPDAYED EVERV 15,2X, 'TIME STEPS

falaYal

sTOP
END

C SUBROUTINE "INITIA™ COMPUTES COMMON PARAMETERS
SUBROUTINE INITIA

PARMMETER | 14=299, 100}

COMMON /FLOWY. u!m MY YLINL M) PLIM, ) RHDUIN, M1,

1XMUC TN, Jm EDOY(1

CD0MOn " TCRTDY X I M) (¥ (M, W) XXT (TN, M) YXL (I, M1,

1XETACTN, Jn‘ vswnq mixg Aétxn TS I IR )
COMMON /P1. "I, Ji,ILE, ITEL, ITEY

COMMON P2/ GAM,PR PR, XMI RE,TW.S1,ALEA, ANGLE
COMMON/NISC TL1.ILS. 108, i, Ji2, JU3, TLEPY, TLEM],

e T eikt TR e Ean T eAkS GANIT Gkm. 51p,

- PINF, SiNa. CosA PRI PATI REL, XL, XL1,XLH, PT

oy T )
COMNON SPECTR/ | SPECTL e I8  PSMU (TN
OO Dy NBND, SHREF . TREF.TINF W CRICT,DEL,L1,L2,L3,L4

COMPUTE  PARAMETERS

[als]

TL1=I1 -}
IL2 2

1=1,0/RE
D=P1/180.
’ BAN1T=10/CaM:

PRI=1,0/PR
GPRaGAM/PR
PRTl-léo:/'PRT

SINA=S N ANGLE ]
£OSA=COS | ANGLE »

C
< llITIALIZ‘E’-I;SHU(l.J' FOR PRESSURE DAMPING TERM

00 1 1a1 1L
PSMU(T, }=0.0
1 CONTIMUE

lE!E(TJuu
SUBROUTINE "METRIC” Evn.un:s THE COORDINATE TRANSFORMATION

DERIVATIVES AND mE JACOB]
NOTE: DX1=DETAm1.

SUBROUT INE METRIC

PARANETERI [M2299, M=100!
COMON R IDY X iE I SY(IM, M), XXTCIM, JM) VXTI T I8, JN)
“conEIACIN M) vsuhg éi” M, o), $(1M. M), ssiTam}
ik CiOEY i riepr, ruens,

)
/ AL ILE T
Comeon/m1se L1 Ti2 103
S LRy IYELHT 1T EUBY 1TEUNY AN GANS Gk AMIL.Cm.s1P,
L SiMA.COSA, PRI, PRTI.REI.XL, G
C COMPUTE DISTANCE SS1(1) ALOMG ETA=0.0
$S1(1)m0 X

DO 1 1.2
D$=SQRT( l 1)1-X11-1,1) )em24(¥(], 1}=Y{]I-1,1))ee2)
SSI'])-SSI(] -1)408

1 CONTIMUE
C MDI;EZD}STACE SI1.0) ALOWG THE XI-LIMES

1. 0L
$(1,1i=0.0
00 3 Je2 iU
Ds-SORTl(x{I.J):GLI.J—I))-'ZNV(X.J)-V(LJ-H)u?k

S, 41mS50] 0-1)
¢ ? coniTauE
C EYALUATE IRANSFORMATION METRICS

[alglatal

€ INTERIOR POINTS
00 7 Je2.J11
00 7 Tw2. 111
AXI(],J0. 8a0X(1s1,01=K(]=1,d:"
YXI(1 Jre 8ecYiIs1.0)=Y(1=1,])
XETA( J1alserxil, 331 )1-X(1,3"11)
YETA!L  Jim Be!Y(1,Je1)-Yil,0-1)!
CONTINUE

C X1e0.0




ney

DO 8 Je2,4L1
XXI11,Jim 8o ~X{3,)0e4.8X{2,0)-3,8X(1,J))
YXI(1,Ji=. 88 ~Y(3, Jiea.oY(2,4)-3.0Y{],]))
XETA(L urm 011, 00132K(2,071))
YETA(Ll, })w S8(Y (1, U+2)=Y(1,0-1))
8 CONTI
XIeXIMAX
Y Je2.4t1
XXI(1L,d}om 50 -xrxu..:m.-x(m..n-:.-xtu,.s;'
YXI{IL . b Bei~Y (102,00 e4.Y{IL1, J}-3 0¥ {IL. 5} )
XETAUIL T Jm 8w (X IL, Jobi=X 1L, J=170
YETAMIL,J)w. S8 (Y(IL,J*l)=Y(]L,J=1)]
9 CONTINUE
ETA®0.0
10 J=2,iL1
HIL LS PX L)
(TiireBeiv(1el, 11-YiI-1;10)
XETA(f, e s0i-x(1. 314, 0x(1,2 -3.-xu.1n
YETA(L 1im.50~Yi1 3/ 04.07(1,2)-300Y (1,1
10 CoNTINJE
ETA®ETAMAX
98 00 11 1=2,IL1
XXI{T,Jt)e. 68 X(T=1,JL0=X T=1,0L})
YXI(1;JLse. 881y fed, JLi=Y(1-1,0})
XETALLSdLyom se(=xtd L2} ea.8R1T, 51 )-3.0x(1 el
YETA(L JUiom. S0 (=Y (1 32 )oY (1 I 1-3.0¥ (5 30)
P
(1.1)e.500-X(3,11%4,6X{2,1)-2.0X(1,1))
1101 )e 6wy 3 1)ea.0Y(2,11-3 0Y{1 1))
A, Limse-x11,30es.0xi,20-2.0x¢l 1))
YETA(L,1)e.58(~Y(1,3)+4.0Y(],2)-3.8Y(1,1))
D)o Bet-X(3, dL e oX(2, I )3 ox(L. L))
YX1(1, 0L e . 80i=Y(3 Jl)ns. e¥{2,JL)-3,0Y{]1, 4L}
XETATL 0L )= S0 =X {1, JL2)wa.0%0 1, L1 )= LD
YETA(L L )m~ Be1=Y (2, 22 +6.8Y11, R1}-3.0¥(2, UL}
XXTOTL, 1 0e- 800 =X(IL2, 1004, #X{IL1,2)-3. ¢X (1L, 1]}
YXI(IL, Y @= Sa(-Y{IL2, J1+a.oY{IL], 2i-3.0Y(]L, 1)}
XETA(IL,1i=.58¢=X{IL,3 '+ .8XIL,2)=-3.8X(IL,1}}
YETA(IL, 1) . S5ei=Y{IL,31e4.eY(IL,2:-3.8Y(]L,1))
S dbrm Sor X L2, ed X UL L -3 XL L
YXH{ I, I be= 50 =Y (112,10 o4 ¥ (TL1 JL =3 &¥ (L, 3L }
XETA(IL JL)me 601 =X(IL 302 w4 . 8X [, 011 -3 8x (ILVIL )
YETA(TL, U e 80 (=Y (TL.JLZ +4.8¥ (1L, J011-3 0¥ (1L, 000}

EVALUATE JACOBIAN
00 12 J=1.JL
00 12 I=1.IL
XJAC(1,JreXXI(1,JI8YETAtL,J)-XETA(T,3)0VXI(],J}
12 CONTINUE

XJIMIN=1.0E+10
00 122 Je1,JL

[l

[alal

[ BN alalalalalalal

DO 122 I=1,1L
IF ¢ x.x?cd.n LLT. XJMIN ) THEN

1.0E-8)
'I‘ 1eX11.d0,Y(1, 0

N,

{6,205 XMIN

(6,206 11,J4,X{11,343,Y(11,49)
(

JXJAC,X(1,0),Y(1,J) = ',215,E10.5,2F7.3)

LhReiRts

.)l).V(I.J).XJAC(I.J).KII(X.J).XETA(I.J),

FORMATS
200 FORMATY (zox,'cmwn;,ux
4.5,

201 FORMAT (4X Sk, X' BX 'YL 8K, XIACT, )L 6X, XKI(TL 407,
1 X, 'XETA(1,J1'.6X vxigx..n',u.'vnl(l..n'l
202 foRmad (2x,13.7¢3k,EiD.3)
205 FORNAT (10X, 'ws® WARNING : JACOBIAN LESS DR EQUAL YO ZERD',
- Ix ’auu(.pconur-' E15.7./)
206 rorMAl (3x TLOCATION 1€ AT I ) « ',213.2X ' AND X,Y = ',2F7.3,/)
207 FORMAT (1HM1.10X, 'TRANSFORMATiON DERTVATIVES',//)

500 RETURN
END

SUBROUTINE "TMSTEP™ COMPUTES LOCAL TIME STEP (DTAU(I,J)).
If BETA=O. DTAUII J) 1S A CONSTANT EQUAL TO DTMIN.
IF BETA.ME.O., LDEAL CFL WUMBER 15 USED.

SUBROUTINE TMSTEP

PARAMETER( [Ma299  We100)
COMMON /FLOMY UlTM, M1, VIIR,JM),PUIM, M), RHO (TN, M),
IXMUCIM, IM) L EDDY (TM, UM

COMMON ' 7GRIG/ X( TM. M1, ¥(IM, JM), KXT (1M, M), YXT{ 1M, UM,
IXETACIM, M) YETACTM, 345 XJAELIM. JM) S0 TR, M1, S8 (TR}
comMoN /PY/ 1 {E, THEL, ITEU
P st

\ o

1, ITEUN  GANT, Sam2, GAMIT, GRM. S 1P,

nﬂx‘m.u.uz'xdn.n
. ] !
I}, CFL.DTKIN,DTMAX,BETA,DTVIS

Xi=2 eGAMsRE]

DO 1 J=l N
DO 1 1e), 1t




[212]

UC{YETA(T, D eUtT, J =XETALT, JreV 1, U1 ) /XJACLT, J.

¥Cm(=YX]'1 JI-U(I JieXRI(1, Jievil, 30, /UACTT, 30

DSET2=XETA!T, J)wedsvETA! 1, Dise2

DSKXi2=xx[:'1, J»OOZ*YH((.JI-:Z

TeGamep 1, ) 'RRO(I. ¥

OTAUI I, Jimi,, (ABSIUC ) *ABSIYC)+SORT(Te 1, /DSET2+1,/D3X12})/XN1
- erxieixel 1, J»-PEI»EDDYH J)cPRTI))/(Rw\I Ji1=0SET2) )

orTAutl, J)-CFL.DTAU(I
1 CONTIWIE

F INODUTNII ,DTHAX

DTMIN=1,0E+20
D6 2 Jel,Ji

DG 2 ls1.1L
DIMIN=AMINI(DTMIN.DTAU'1,J:
Dmu-nuxummx DOTAML, S

2 CONTINUI
OYERRIDE CFL-CONDIT!DN THIS IS DESIRABLE FOR VERY FINE
Gﬂ"’?nl;glgﬁ IN VISCOUS R

’
DO 22 1=1, !
1FiDTAUII,J .GT.DTVIS) GO TC 22
DTaAUIl, D-DY 18

22 CONTI UE

<
IF(BETA.NE.O.0) GO TO 100
D0 3 J=1,
D0 3 Tei}it
DIAU(1,J}=0TVIS
c 3 CONTIMJE
100 RETURN
XD
[
E
g SUBROUTINE "STEPX™, PERFORMES X] - SWEEP
c SUBROUTIHE STEPX(ISHTCH, DRNAX.RMSOR)

0o on

PARAMETER( 1#e299 , =100 )

ComMON /FLOMY/ UlIN, e VOIN, MY POIN, 3 RHOLIN, M),

1XMUC IM, JM ], EDOY (1M

COMMON IGRID X’XH JM CYOIM, O XXTCIM, M), YXT LT, JM,,

IXETACIM, JM YETALIN, JM1 XJACTIM, JM1, S M, 4, 5511 1M

COMMON /MATRIK/ A(SH, JM 6.6, RHS\IN JK, )

CosmoN /P17 IL,Ji,ILE, ITEL, 1T

COMMON ’PZ/ GM Pk PRT XMl RE, TN SI.ALFA ANGLE

Common/NISC/ILY, IL2. TL8 st i 002, 53  TLErL, TLEMY,

- ueuu nELm mu hewz GAMI, amz GAMII, GXM,S1P,
sina. RI, br REL.XL,X[1,X

comou/nnsm ouunu Y CFL DTMIN, onuk BETA,DTYIS

COmON /DUMMY / TEND( 1M, M,

COMMON /DAMP / WE , K] pt WET,1SPECT

cmu/spscm/sncnxn Jm,vsnuun M)

COMPUTE INVISCID JACOBIAN MATRIX A=DF/0Q

CALL CHMATA

COMPUTE RHS-YECTOR

lalalal

[als B alal [a BN aTalalaTs) [alalalsl [alad [alala)

(2}

[alalalalals]

CALL RWSVY

ADD FOURTH-ORDER EXPLICIT DAMPING

CALL CONVRT1
!FIIS;ECE EQ.0) GO TO 10

10 CONTINU
CALL OAMPEY (WE,WPE)
CALL DAMPEX (WE,WPE)

MULTIPLY RMS-VECTOR BY -DTAU

¥888
[NIT=
[ g
e

-
gn..-...-
o

1
1
~OTAUIL,J)eRHS(1,J,K,

in

E"'—'LR
i

o3y
e

4 L2~MORM OF RESIDUAL

COMPUTE MAX,
CH.EQ.0) GO TD 20
VYRG(DRMAX , RMSOR )

o
I

g

~
o
Ll
£
=t
=
(=
~

SOLYE BLOCK-TRIDIAGONAL LINEAR SYSTEM
CALL 8TRIDX

RETURN

END

SUBROUTINE "STEPY™, PERFORMES ETA - SWEEP
SUBROUTINE STEPY

PARAMETER( 142299, JMa100
COMMON /DAMP / RE , Nl NPE NPI 1SPECT

COMPUTE INVISCID JACOBIAM MATRIX 8+«0G/DG
SOLYE BLOCK-TRIDIAGOMAL LIMEAR SYSTEM
TIF(MPE.LT. 06—09) Go 10 10

CALL T8

CaLL OTIIDV

SUBROUTINE “DAMPEX® YWLEHENTS FOURTH-ORDER EXPLICIT
DAMPING IN XI-DIRECTIOI

SUBROUTINE DAMPEX (W WP 1
PARAMETER 1M=299  tMei00 .

COMMON /FLONV/ U“H ML YT I, JM\ PIM, M) RMO(IM, UM,
- M, M EDOY i




[slalaliial

©

[alala el

Ialalalalalal

COMMON /GRID- XU1M, M YIIM, JMi XXI ' IM. UM YXT(IM, UM,
- XETAIIM, JM YETALTM, JMi XJAC: iM, JH ,§7TH. M), §S1TTN

i . u
CMh ’PZ GAK Pﬁ PRT, XNl ‘RE. TH.S1.ALFA, AHGLE
COMMON /RISC, L2.103, 008,002,003, 10EPL, ILER
- XYELPliIYELHI ITEUPI HEU‘LoAHl GAM2,GAM1I GXH S1P,

- PINF,SiNA,COSA, PRI PRT1,RE] Xo XLl X,
COMON/SPELTR. SPECT! LD PEMY] TN, Ju
COMMON/DUMNY /| TEWP (1K, 1, 4

IFIWP.LT.1,.06-05) GO TO 10
CALL PSMOQTMI1:
10 CONTINUE

DO 1 K=1.4
1 Je2.4L1

00 1 i=3;1L2

RS, 1 K)wRMS (1, J,K:+SPECT{I, Jiw(Ma( TEMPI 142, 5.K}
=k atENP 141, . K}o6 o TEMP/ I, ) Ki-4 o TEMP{I-1,J K}
< STEMP(1-2,0.K))-WPuPSMUI L, J}a{ TEMB (141, 4.K;

- -2.8TEMPTI 3, K. »TEMP 1-1,17K)})
1 CONTINUE

=2

DO 2 Kel,4

D6 2 J=z,4L1

RS (2,4, K1sRHS (2, 1,K)2SPECT(2. J1u Lie  TEWP 4,1, K

B R Ty J,KS3 STEMR(2, 1, Ki=TEMPI 1, 4 ,K"
- —WPOPSMUI2.JiaiTEMPID, S K/-2. 8TEMP 2, J K
~ oTEMP(1,J.K7..

2 CONTINUE

1= IL-1
DO 3 Kel,a
DO 3 J=2,4L1

RHS(TILL, S0 mRHSTLT, 2 K V4SPECT TLL, U wimn (TEMP/IL3,J. K"
= 3. STEMPTL2.U K:+3. ®TEMP IL1, 4, K -TEMP IL J.X+.

=~ WPePSMU 11, J e TEMP 1L, J,K:-2. oTEMP: I, J,K!

~ *TEMPIIL2,J.K:..

3 CONTINUE

RETURN
END

SUBROUTINE “DAMPEY™ IMPLEMENTS FOURTH-ORDER EXPLICIT
DAMPING IN ETA-DIRECTION.

SUBROUT INE DAMPEY (M, WP
PARAMETER: [Ma299, 1M=100 "
COMMON /FLOWY/ U IM JM; VIIM, JM: PIIM, JM. . RHOIM, UM,

]

[aTaTa)

Lalala il

N

[alaYaTaTaYely]

- XMUCTM, JM:, EDDY ( TH, JM°
COMMON /GRID' X M JM..YUIM, M1 XXI TN, SM) YXTCIM, IM:
- XETA M, w0 YETATIM, JM:, KIACCTM, Ju., 7 Ih. s, 58 TTM!
COMMON /MATRIX. A( 1M, JN Iy RS (M, M, 8

common P1  1L.Ji,1LE, 1TEL, TTEU

Comon /b2 CAN. BRLBRT . XMIIRE IN.S1.ALEA,ANGLE

Common MISC/ILL ILS. 103, Jul, 3l2, JU3) TLEPE ILEM].

T iTeel nmu mun heuau GAM1,GAMZ , GAMII, GKM,$1P,
- giua,co 1,PATI.REL XL X(1,ALH,Pl

mo- ’SP ectas svsm i, Jm.vénu M, Jm)

COMMON /DUMHY / TEMS (TH, JN, &

IF(WP. LT, OE-O5A Go TO 10
CaLL PSHOOTH‘
10 CONTINUE

00 1 Ke1,4
D0 1 J=3,J12
00 1 [e2,IL1

AHS (1,1, KIeRHS 11,0, K #SPECT(1, Jrmmm (TEMP (], Jo2.K)
- e, -fcumx J+1.K1+6 . OTEMP(1,J K 1~4. o TEMP (], J-1,K)

- «TEMP KM—“FIPSIU 1. Jl‘ TEMP [,J*1,K
- -2. 'TE“F\I.J-KNY(HP‘ JASLLK
1 CONTINUE
J =2
DO 2 K=},
DO 2 I=2,1L1

RS (1.2, K)=RM3(1,2.K1+SPECT(1.2)0 Ma(TEMP(1,4,K)
- =3.eTEMPI1,3,Kis 3. #TEMPI], 2, X/~ TEMP(I, 1, xn
- <WPePSMU 1,218 TEMP(I,3,K)-2, o TEMPI1,2,K

- <TEMR(],1, KAJ)

2 CONTINUE
J e di-1

3 Kn), b
00 3 i=2,111

RHS (1, JL) K»-Rns'x Jil, KNSPECY 1,001 e (b TEWP' T, JL3, K
- ~3.0TEMP'[.JL2.K5=3. eTEMP |, JLl K -TEMP 1,J0,K; )

- -cw-vsnu 1, JL10 e TEWP I, UL Ko-2 o TEMP(T,JL1,K)
- STEMP(1,JL3.K: .
3 CONTINGE

RETURR )

€x0

SUBROUT IKE “RMSY"
COMPUTES THE RMS-VECTOR FOR STEP #1

1.

E. RMS=DF/DX1+DG/DETA-DY)/DX1-DV2/DX1-DW) /DETA-DM2/DETA
SUBROUTINE RWSY




PARAMETER: [Me299 , JH=100

COMMON /FLOWY/ U TM, JM) , V(IM, JK),PLIM, JM) RHO(IN, IR,
1XMU/ IM, JM ), EDDY( IM, UM

COMMON /GRID ' X. IM, JM. ¥ 1M, JM! XXT ' TM, M YX] M, UM |
IXETA, 1M, M. YETALIM, JM.  XIACTIM, UM .5, IM, JKi ,SS11 TN,
COMMON /MATRIX/ AUIN, 4 6,45 RHSTIM, UM, 4}

CoMMon /P1/ It,JL TLE,ITEC. TTEU

CoMMON /P2/ GAM,PR, PR XMI.RE, TH.S1,ALFA,ANGLE
Common MISC 1LY ILE. 1L oL, 32, JL3) ILEPL, ILEMI

- ITELPY ITELMILITEUP], I TEUML [GAML, GANZ, GAMI] ,GXM,S1P,
- PINE,SENA,COSA,PRI,PRTILREL XL, XL1, KLH, PI

COMMON. DUMMY. TEMP/ IM, JH, 4

COMMON/DX, DX1,DX2,DX3,DX4.DX5,0%6,0%7,DX8.0x9,0X10

COMPUTE RMS~VECTOR

PART F1., IWKVISCIO TERMS : OF/0OX[+0G/DETA

DF / OX] sssxsseassunesssasants
DO 1 J=2,JL1

DO 1 I=1,IL

DX1=YETAlT. 1801, J)-XETAIT, JIeVII, )
Dx2=i1.+GaM11eP 1 ) 80 ylT, Jimedovit, renz;
- SRH0(L, J)

+1)=RHO‘ I, J)eDX}

L2i1=RHOIT, J3eUiT, J1sOXI+YETAIT, J)e
» J
b

N NnoAanonan

Y P(1,
Jr=RHO LT, J1ev(],JeDX1-XETA . JIeP(],
1=DX180X2

-
[a]
o
-

00 3 1=2.101
RHS(1,J,K e, 58 (TEMP(I+],J,K)=TEMPLI-1,J,K))
3 CoNTINOE

ssesssnssvenssnesenss (0G / DETA

00 & JU=1.J1

[alNalalsl

DO & 1s2,1L1
Ox1=xxI\f.J evil, 5r=yxI(1, Jisuil, J:
OX3= 1. +GAMLT 19P!T, Jie. 80 U], 01002

- syil,J)es2)8RHO 1, J.

L11=RHO(], J)eDX]

V21eRKO(] , Jieyc ], reDXY-YXI I,
W31eAM0. 1, S8y ], J)eDX1+XX] ],
+4)=0X180X3

TEMP 1, J
TEMP. 1,4
TEMPII,J
TEMP(I,d

4 CONTINUE
00 § K=1,4

00 5§ J=2, ULl
Do 5 1=2,1L1
RMS {1.J. KimRAS 1, J. K o 50 (TEHP{]. . J+1 K 1-TEMP T, J-1.K )

ae .

$ CONTINUE

PART #2 . VISCOUS TERMS : DV1/DXI+DV2/DX1+DM1/DETA+DM2/DETA

DY2 /OxI

DO & Jv2,4L1

O anonan

00 7 1=1 1L
Dxjeru({, JreEDOY T )

: . ‘1.4,
DX3=YXI ], J oYETAI], U
DXémXX] (T JreYETALL, .
OxS=XETA I Jis¥YX1(1.J.
DX6=—DX1w 022+ XLMaDX3
CX7=0X1®(DX5+XL80DX s |

DXB=Dx]m{DX6+XL2DX5

DX9=-Dx1la 1 XLHaDX2+DX3 )

DXIO=—GAMII® [ XMV 1, JIePRIEDDY(]1,J)2PRT] )

»(DX2+DX3/

DX1eRE]/XJAC(T S
Dx2=.5e U1 1, Jod -uc1,0-110

DX3= 80y [ ys1imvi], -1

OXam SaGAMe P (I, o1 )/RHO 1, 4ol -
- P(1,J=1)/RHO(1,J-1:)

TEMP(1

. 11e0.0
TEMP!1.J
«d
4

120X 1 [ DX6SDX2+DX 740X }

131eDX1# (DXBeDX2+OX90DK3 !

VAVSTEMP 1. 1,2 18Ul], J1-TEMP(,J,2)8V(1, 5)
+DX1eDx jOnDxe

TEMPL]
TeEMP(],

7‘CONTXIUE
& CONTINUE

sesmsssssansgaseenss OW] / DETA
DO 10 Je=1,.Jt
00 11 l=2,1L1

[a BN aTals]

D
DX7=Dx1e/DYS+xtoDX4
Dx8=Dx1e DxasxLoDx5
0r9=—0X10( XLHeDX2+DX3
DX10=-GAM1I® XMU ], J1ePRI+EDDY 1, J)ePRT])
- ®(DX2+0X3 .

DX1=REY/XJACIT U




DX2=.88 (Ut i+, 1= U(1-1,J11
OX3m Seivi]el, Ji=V(I-1,Js
OXxa=_ SsGams P I+1,J)/RHO I1,J0-
c - Ptl1-1,J1/RHOI-1,J..
TEMP.1.4,1:=0.0
TEMPI1, ), 2)e0X 15 {DX6eOX2+DX88DX3!
TEMPII, J,31=DX18:DX7eDX2+DX¥=DX3}
TENPH.J.H-TEN“ 1.J,2/8U 1, 0i+TENP(],d,3)8v({],J}
- +0X100X 080X
¢ 11 CONTINUE
c 10 CONTINUE
DO 11 K=],4
00 13 Ja L)
DG 13 l=2. il
RHS(1, J, Kl-ﬁHS(X K- 5o TENP(], J+1,K)-TENP(1,J-1,K)}
i ThUE
g-mw-—-o DYl / DXI

DO 14 Ju2,0L1

00 15 Ta2,IL

DXl= SeixMy I JieXMU 1-1,2:«EDOY.1,J1+EDOY{]-1,4)"
Dx2=.58 1 XETA §,J sXETA I1-1,J!
DX3=. 8o YETAIL,J1eYETALE-1,d)

DXA=DX 2882

DXSaDX 3002

DX6=DX 1® [ DXé+ XL MEDXS )

DX7=-XL18DX1eDX28DX3

DX8=DX1le! Xt MuDXA+DX5*

DX9=GAM1Is 5w (PRIs (XMU. 1, 1eXMU I-1,0 )«

- PRTIS(EDDY\1,J «EDOY:I-1,J 18iDX4<DX5:

DX1@RE]/( 5w XJATII, JieXJACIT-1,J) )
DX2eU. |, J:-U 1~1 J

DX3=Y(1.J1-v(1-1

DXe=GAMS 1 P(1, .n/hncu NPUI~1.3/R1008-1,4))

TENP(I J,11=0.0

J,2i=DX]18DX60DX2+DX74DXI !

! .3'-511' DX7#DX2+0X88DX13"
TEMP],J 4 =TEME [, [, 2)8 .50y [ Jiel. I-1, J\)
- STEMP §.. 3. 88.v. 1,00ev [-1,])
- +0X18DX9sDXs

15 CONTINUE

14 COMTINUE

DO 17 Kel,4
00 17 =2, JLI
N 17 1=2,101
RHS 1,4, Ku-RﬁS\l SKi-(TEWP (T, J.KI-TEMP(],J.Ki!}
17 CONTINUE

sassvaansussssssenss (W2 / DETA sssasssasssessssumsen

DO 18 J=2.UL

(o B e Tatsl

00 19 ]2, 148
EDOY(1,J)+EDOY!T,J-1))

i=d
=
-
.
¥
b3
&
s

Oxs:
OX9=GAM1]e SeiPRI®(XMU{T, JI4XMU(T,
- PRTIs(EDDY(1,J)¢EDOYUI, J=1))) ( wx;x

OX1=RET/( .68 (XJACII Ji+XJACII,U-1)!
DX2=U.1,J0-Ui 1,0 l

OX3mv: 1, J:-vil,J-1

Dlt-GAh-iP‘I.J)/Rm(l JI-PL1,J-1)/RHOCT,J-1) .

TEMPIL.4,1120.0
TEMP 1J.2!-Dll'(DXﬁ‘Dl?‘DnlDlL
TENP‘X vd, 3i®DX18(DX700XZ+0K8e KT
EMP(I.S. 8 e TEMP I, )2 1@ BaIUT,J1eUil,m1)
- Teme 1, 1 S im Se v, Jhevil, 3510
«ontoxbam.
19 CONTINUE

18 CONTINUE

DG 21 K=l1.4
D0 2 J=2.u1
% 3Lt
RMS 1. 0o8 JaRHS (1,d,K)-(TEMP(L, Jo1, Ki-TEMP(I,J,K})
21 couTINGE

(2]

RETURN
END

SUBROUTINE 'CMATA'. COMPUTES JACOBIAN MATRIX A= DF/OQ
SUBROUTINE CHATA

la B s YaTalal

PARANETER| [H=299, JM=100

COMMON /ELOWY/ ULTM, JM 1.V (IM, )P UIN, M) RHOLIN, M.,
1XMUTM, JM 1 EDOY' i

common’ 7GRID/ x Im. Ju JYUIM M xxmu M) YXTUIM JH/.
LXETA- Tn, N, CYETACIM, UM  XJAETTM; UM 'in JH, L8511
COMMON /MATRIX/ ACLM, M 4,4, RHS( M, &)

ComMON /P1. Ii,Ji,ILE, xm.n

COMMON /P2 mn BA_BRT L XMIIRF TW.51.ALFA, ANGLE

COMMON /MISC/ILI IL2.1L3 ey a2, LI, ILEPE, ILEM],

- nemineuu JITEUPT, I TEUMT , GAMI , GAMZ, GAMII ,GXM, S1P

- PINE COSA, PRI , P TUREL L X1 K

CORION DX 6X3.Dk2 D30k xﬁ D6 ,DX7,DX8,0X9,0X10
c COMMON /DUIY / TEMP | 1N, I, &
. 00 2 Je2,Ji1

00 1 l=1,1L

DX1e=1,0/XJAC(T.

DX2=YETA I, Jl'U I Ji-XETALL, Ji¥(],J)
DX3e.8sGAMinIy 1. J1we2+ev 1, J1wa2




n

[l sTalela]

N

DXU-GADU"NI J»-wu/nmu Jis.Sa U], J)es2

vil, NesT
A1l d, 1, e
A 1000102 «DR1sYETAIL 4
A L1 3m-pxaaxeTaid
Al 1a0e0.
ACL.J.Z,1)=0KIe(YETAIT JIEOKI-DRZOUIL I
AC13J020 210X 19 DX2-GAMZRYETA(T, .mu(i
A1 2.3 0e—DR1e (XETALL, J)8ULT, J»wx-vznu J1V(L, 300
Ac10302700 ) =DX10GAMISYETATT, o)
At1,4,3, 1\--DX1'(DX.'PXETA(1 J1+DX2svi1,)
A 1.J.3,2)=DX19 GAMI®XETA 1, Ji®5. 1, J)*YETA(I Jiev{i, Jy)
A 1.U03.31aDK1eiDX2oGAMZeXETAI 1L JI0VIT, D}
Avildi3.aieDR1eGAMIARETAL T o
A(1,d,4.1)=DX1#0X20 2, ORDX3I-DXA
A1 04,2 =DXIs(YETAL] A 0X3 1~GAMLDKZRU( T, 11}
A(1.3 6 3, m-DX10t XETALT (a8 {ORe=DXI 1 +GaMIsOX2OV(E,J1)
All.J, &, 4 :aDX1sGAMSDX2
CONTINUE
CONTINUE
RETURN
END

SUBROUTINE 'Du'rl’i COMPUTES JACOSIAN MATRIX A= DG/DR

SUBROUTINE CMATS

PARAMETER( [M=299, M=100)

COMMON /FLONY . U! IH.IMI,VOIM, M0 PUIM, M) RHO! TH, M),
1XMUEM, UM, EDDV( JH)

CoMmon’ 7GRID (xn.m,mn MY, XXTUIM, JM,YXTCTH, M
1XETAUIN, YETAL IR, SR OAETIM, M1, sdu 0, 8S10iR)
COMMOK /MATRIX/ A(IN;tM, 4,47 RHS{IN, JM

oo /o1 L bt mL.x’re

COMMON /P2/ GAM.PR,PRT, X1 RE,TH, S1ALEA,ANGLE
oA T e LTS L2. 3 ILEPL, ILEM
S T TP TEURT AN JGAMZ , GAKTI i, s1p,
L iR e OtA Ry PRTI REL XKLL Nk BT
COMMON/DUNMY / TEMP (1K, JH, &

DO 2 J=1.,4L

De 1 I=2,1t1

OXi=1, O/XJACIXX{)
1,

DX3+ . 58GAMIn (U], Jiwudey
DXZ=XXIi 1, Jievi]l 2)-¥XI{(
DXo=GAMe [ GAM1TsP' 1,J1/RH0
- Vil,Jiee2y,

J

il.'n)
]
Wo!1130 é-(uu Jiseze

0.
w—DX}aYX]( 1 )
«0X18XX1(1,J
«0.

(gl

[a3alaYalsl

o

re=DX1e{YXI([,J)eDX3+UL T, J)'D X2

JmDX 18 (DX2+GAM28YXI (], J1sli1,J00
)mDX18 i GAMIeYXT(1,J)8VI], J)oix tr.Jsutl, )
:-OHUGAHDYXHI.J

1
2
3
4
1)=DX18{XXT{1, S 1eDX3-¥(] JieDX2)
g)--DXlO(GAHhXXI(I 2eul1, eVXIiT, DeviT )
&

1

.2

10X 18 DX2-GAM2R XX ] 1,018V 410
yaDX16GAMIe XX (1,d)

J=DX1eDX2# (2. 0#DX3-DX4

im=ODXle(YX]I (], Jn-(uxa—oleoGAmsu(X J)osz)
3,aDx1e xX] 1, Ji-(Dxb-DKJ:-GAHllV 1,J18DX2
tn-DXl'GAmUXZ

CONTINUE
CONTINUE

RETURN
END

Sug

ROUTINE 'CMATR’. COMPUTES JACOBIAN MATRIX Re DV1/D0XI
SUBROUTINE CMATR(I,R:

PARAMETER ([M=299, =100
COMMON /FLOWY/ ULTM. 34, YUIN, JH1,PLIM, JH) RHD(IM, M),
0! TR R EDOY Th

7GRID/ XCIML M) ¥ (TN, M1 XXT (1N M) YXTUIM, M),
IXETALIM, M5, YETAY xn..sm,x.w’: in i, ssitiiy
COMMON /MA riu nﬂéun..m

ey
el 1fey
XK RE . TH. S1.ALEA.ANGLE
il Jl2, I3, ILEP],
fTEUML, GAMY . GAHZ ., GAHII Ml sae,
11 RET.XL,XL1,XLM.P

DX5,DX6,DX7,DX8.DX9,DX10

x-2
s0m>- -

DO 2 J=2,4L1

DXG=XETAL], J1w02
DX7=YETA(],J)wa2
DX8=XMU' ], 1) +EDOY(],J
OX1=RET/(RMO' [, .mxm:rx Jime2;
DX2={DX6+xLMeDI7 14DXA
ox:-xu-ou-xsuu JISVETA(L, )
DXQ‘( AL DXE+DXT DX
(0RJ{ 1, J)ePRIEDOY (1, JISPRTT 1o (DX64OXT |

1“0!201111 JIeDXIEYI] S
'DXJ




Y=g,

v-—Dn-(Dl)‘U(I Jl+DXxasvil, J))
)=DX180X3
‘-DXlch

ooO® B

.
v’

J4
J
]
J
4
J

e buu.—a (3

2
3,
3.
3.
3
A

A, 1) e-DX18 (DX2%U(], J)e%242, 4DXISU(I, 1)V(], J!
- ooxnwlsﬁnz-my(. -()u(! szovu Jlws2)
- /

RUJ,4 .:»-ux;.luu e DR OkE TS0k (1. 1))
RiJ,a,31=DX]s; DX3‘U 1,J:ev11,J)10(DX&-DX5 )
RiJ,a,4)=0X18DX5

2 CONTINUE
RETURN
EXD

0H0m0n

SUBROUTINE 'CMATS' COMPUTES JACOBIAN NATRIX S~ DWN2/DQETA
SUBROUTINE CHATS(J,R)

PARAMETER' IMe299  JHe100"
COMMON /FLOWY. U} TH, JM..V(IM,JM),PITH,JN), RHO(TN, UM,
1XM0 TH. nEBoY T MR,

YGRID/ XUIM M1, YUIM, JM) XXT(IR, IM), YXI (TN, M),

IXETALIM, N YETAUTH, JH  XJACTIM; M), SCIN, 341, SS1c Ty

i COMMON /MATRIX. A[IM, M 4, 4], RHSTIN, I, &

! ook /P17 L. 1k 1tel, 1tey

i COMON /P2, pR PRI, XM RE, TH.S1,ALFA A.NGLS

I

[

COrion M1 ¢ TL1 RIS TENTER sz, t3.1Lep]. 1
O YT eihy ITSUP T I TEUN GARL GANS. GAMi, GAM, 1P,
' - PINF.Sima, crm PRI PRI RELLXC,XL1,XLK,PI
\ COMMON 7DUMMY 7 TEMP ! I,
! COomioN DX | DX1.DX2,DX3.Dks . DXS . DX6,DX7 . DX8 ,DX9, DK10
l DIMENSION RiIM, 4,41

00 1 1=2,111

j DX$=XXI(], 182
i DX7=YXI{1,J)e82
DXSexMU(]1,JI+EDDY (T, 4}

OX1=REI/IRHO' I, J)0XJACI],Jina2)
I OX2w (DXb+XLMeDX7 }80X8
DX3=-XL1eDXBeXX]1 (1, JieYXI(],J
DXami XLMaDX6~DX7 JaDX
! DXS={XMU. 1. J:ePRI+EDOY(1,)#PRT] }e(DX6
+0xils SGAM

.
.« v
[*LXT

. l)-—DXl-(sz'Ull J1+DX3mY (], 00}
.2,%0X180X2

+3)=0X1eDX3

2,420,

DXVD VWDBW

.
(1,3,2'=0X1eDX3
(1,3,3/=0X1eDX4
(1.3,4:%C,

(1,4,1i=—0X10(DX2%U( ], J)am2+2 oDX3=U(], 2)eV(]
+Oxaevi], J)-oz—Dx5-t 50(ud Jn-z‘V(I J)-Z\
-GANH‘PIX 4)/RHOL ]

TRO1.4, 2120810101 1, 479 10X20KE 140KV L, )

R(1.4,3)=DX1e1U{1,J)DX3+Y{],J )18 (DXA~DKE ) }

l(l.b 4 i=DX18DXS

c
? 11,3,11=-DX1e (DX38U(1,])+DX48V (1,4} }
L
H

8
5

SUBROUTINE "CXMU™, COMPUTES MOLECULAR DYNAMIC YISCOSITY USING
SUTHERLAMD 'S FORMULA
SUBROUTINE CxMut JCHECK )

PARAMETER' [M=299 o JM=100
OMMON /fLOWY/ in, JHI VOIK. M) PIIM, JM) , RHOTIM, UM,
1XMU' TM, UM, .EDDV(I

OMMON

N nNnonn
0

vucxn-brx J1/RHO(T,
XMUi ], Jiw 0R1(1--3)OSIF/(T‘SI)
1 CONTINUE

C
500 FORMAT (2X,'T,P,RHO = ', 3F10.4,' AT I,J ',214)
FE

C I T xm 1TEU
COMMDN /P2 ¢ (PR, XM, RE, TH, s1. ALFA, ancLE
Comuon MISC/ 101,102 103, Ji i, Jl2, U3 TLEP], TLEM
- 1TELPY, TTELM];ITEUPT, 1TEUNT,GAM] , GAM2 . GAMLI, cxu s1p,
\c - PINF,Sina,COSA, PRI, PRTI,REI XL, XL1,XLN,PI
i D0 1 JSel,JlL
| B0 1 Iel;1(

SUBROUTINE "CONYRT", JSOMPUTES RHO/J, RMO®U/J,ETC. USING PRIMITIVE
VARJABLES RMC, U, D P.
$hEouT IRt ConvT"

PARAMETER( [Ma299  Me100!

COMMON /FLOMY/ ulxn.m VOIN,OM3,POIN, M), RHO(IM, M),
TR (I, M)

COMMON 7 ln/ X(IN. M), vnn M) XKTCIM, ) YT (TN, M
IXETALIM, .nn YEVALIN, M) 6 (m TR T $sitiny
CoMmon 71 7" 1t AL TLE THEL

COMMON /PZ’ GlN,Ph.’Rf XHI R[ YH Sl ALFA , ANGLE
Coswon/MISC. 101, 102108, 00l 002, 03 10ep], TLEM)

O TRLP Y TTE L L TTEOP L 1T EUM] - GAL 6».1 GAMII,GkM,S1P,
- PINF.Siwa, CosA PRI, PRTL,REL, XL, X1, XLK,P1

COMMON /DUMMY / TEMP(TM, M, &/

(a2 YaTaTaYs!




[aBNalalalalal

[alalalats)

DO 1 J=1,JL
De 1 le},IL
TEMP(T,J,1imKJACLT, HIeRHOI ], J!
TEMP(],J,2 0TEMP: 1,4, 1/8Ut], 3!
TEHP‘I.J‘J/-TENNLJ.]'-WI.J‘
TEMP. 1, J 4)aX Al 1,J )8 GAM1IaP (], J)+
- aeanbl i..n-(uu.u 24V 1, 31m80) )
1 CONT1
RETURN
3 )

SUBROUTINE “UCONYRT™, COMPUTES PRIMITIVE VARIABLES RHO, U, ¥ AND P
USING RHO o, RHO=U ), ETC.
ROUTINE UCONVAT

PARAMETER IN=299 MM=100 1

COMMON /FLOWY/ U INCINLVUIH, NG BOIN, M) RHOLIN, M),
1XMU7TH, .m) €00V I

COmDn TORID X 1 MY LIM, MY XXL(TH, JH) . YXT (TN ™,
I A LT LI R S L TR T M T R T
comMon ‘PY TIL.JL ILE TYEL.ITEC

COMMON /P2. GAM,PR,PRT XM1,RE.TH,51,ALFA,ANGLE
COMMON/MISC L1132, 103, Jii. iz JL3,TLEPT, ILEML
- ITELPY, ITELMI, ITEUPY, ITEUMY.GAMI, GAMZ, GAMIL,GXM,S1P,
“clINE. slna. CosA PRl Bh11, REI. XL, XL, ALM,P1
COMMON/NORM / LUNORM, YNORN

COMMON /DUMNY / renalm Ry

- 5-(0\1 Jiew

J)

I,
UNORM « UNORM + ULAST - U(l J) 1es2
vL Ji

VHORM = VRORM + { AST - Vi1, 1.2

1 CONTIKUE
UNORM = SQRT(UNORM / FLOAT((IL-1)e!{ L~ ‘U;'
YRORM @ SQRT(VNORM / FLOAT({IL-1)s{JL-1)}}
RETUAN
END

SUBROUTINE “CONVRT1™ FORMS CONSERVATION VARIABLES USING
THE AVAILABLE PRIMITIVE VARIABLES RHO,U,V,P
SUBROUTINE CONYRTY

PARAMETER( 1M=299 , JM=100)

[a B elaTalalalalal

COMMOK /FLONY ULIN.IM! (T, JH 1 PUIM. M1 RMOCINL N

- XMUCIN, JM ), EODY (I,

COMMON /GRID/ X(IM UM Y(IM, JH) XX] IM, UM YXTOIM, UM,

“colETA I M vzulxn M XTAC M, Mo 8T Im M), SSTTTH]

common /F1> ILE, 1760 TTEy

e W Pl ST A $1.ALEA ANGLE

COMMON/MISC/ILL 1LY, nﬁ Jd a2, 103, szi ILEMI,
ITELPL, [TELMI. T mun TEUHT GART JEANE 1“ .GKM,$1P,

- PINF, 51N PRTI, REL KL, XLL, KLH,P
COMMON / DUMMY / ‘EWUN M, e
DC 1 Jel.JL
D0 1 Ie1,IL
TEMPi],J,1)eRH01T, J)
TEMP!],.J,2/=RHO: ], 18y’ T, J
TEWP'1.J,31=mRH0 [, 118v(],
TEMP(] J.M-GAHH-P\I Jis, SOW 1.4 (Uil,J)en2
- ~viiliee2)
1 CONTINUE
RETURN
N0

BROUTINE “MONITR®, COMPUTES INFORNATION REQUIRED DURING
E INTEGRATION. THIS INCLUDES

Ag CONVERGERCE CRITER X

B) AJRFOIL L1FT AMD DRAG cosmcxms

SUBROUTIME MONITR (MSTEP,TAU,DRMAX,R

PARAMETER( [Me299 IMe100

COMMON /FLOMWY/ uhn Jm.vnu 41, OLIN, ) RHO(IM, I Y,

1XMULIM, UM )L EDDY ! ]

Comaon” TCRTO/ X T Y (T, M) XX (M, M0 YRT (TN, M

SKETACIM, M, YETACTN, JM ), uac'rn ML SCHML gk SSTC

comson /P17 1L, JL, ILE, ITEL,

COMMON /P2/ GAW, PR 9&? xMi n[ m S1,ALFA,ANGLE

COMMON/MISC/ILY . ILd, 1L3 JLl JLZ Ju 1LErPd iems

~ ITELPL, ITELMY, ITEOPI,ITE 1.6aM2 cbﬂ 1,GXN,$1P,

M e R R T TR

COMMON / TIMEN/ m&unn..m.cn. DTHIN, lmux BETA,DTVIS
FOUMHY / TEMB( 1l M, &

COMMOMN /NORM/  UNDRM,, vnéwu

L}

[aTe M alalalalal

[aTa)

COMPUTE AIRFOIL LIFT AND DRAG COEFFICIENTS

CALL LIFY {CLIFT,CDRAG)

ouYPUY
!ﬂ"!(‘iiw! lSTEP TALL DRMAX , RMSD? , UNORNM , YMORM, CL1FT, CDRAG

n-ﬂoum:fev

XLOGHX=ALOGLO( DRWAX

XLOGRM=ALOG10( RMSOR

WRITE(3,201) lnguuéxLomx.xLocnn.ctm.muc L UNORN, YNORN,

FORMATS




200 FORMAT(1X 'T =',15 ' TAu='.£10.3,
-8 ClL='.E12.5," cD=',Ei2.6)

. 20 FORMAT{18E13.5

RETURN
END
c
¢
€ SUBROUTINE “CONVRG"
SUBROUTINE CONYAG (DRMAX,RNSDR)
PARAMETER( [M=299  JM=100!}
COMMON /FLOWY: U{TM, JM  V(IM, JM) ,PUIM, M), RHO(IM, M},
- XMUTIM, JH 5, EDDY (1R, JM)
COMMON /GRID, XtIM,JM. Y IM, M) XXT{IM, JM) YXIC(IH UMK,
~XETACIM, JM1 YETACIM, JM) XJACTIM, JW (. 501N, M1, SS1LTM,
COMMON /MATRIX/ (1M, M. 4,41, RHETIM, I, 4}
common /P17 IL, 4L, ILE TTEL 1}EU
c COMMON/TINEM/ DIAG(TH, M ,LFL, DININ,DTMAX, BETA,OTYIS
SUMR®O .
DRMAX=O,
ILi=It-i
H JLleJL~1
i c FNeFLOAT( (IL-2)8(JL-2))
00 1 I=2,1L1
1 Je2) {1
DReABSIRHS (1, 5,111
DAMAXSAMAX] ( ba;ux.m )
1 CONTINUE
RMSDR=SQRT (SUMR/FN )
RETURN
¢
¢
€ SUBROUTINE *BTRIDX™ SOLVES ALOCK-TRIDIAGOMAL SYSTEMS
€ FOR THE XI ~ SWEEP
c SUBROUTINE BTRIDX
PARAMETER( 1M=299, JM=]0D0)
COMMON /GRID/ X{TM.JM1,Y(IM, JH} ,XXT(IM. JM) . YXI(IM, IM},
IXETACIM, M) YETACIM, JM: XJAC(INM JH;,S(IH.JH»‘.SS)(iHA
COMMON /MATRIX/ AUIM  JM 4, 4], RHSUIM, I, &)
common /P1 IL Ji,ILE,1tTEL, 1TEU
Comon MISC/ILE T2, 103, S0, L2, A3, JLEPL, ILEML,
~ ITELPY TTELML, ITEUPL, ITEUN] . GAN], GAM2, GARIT, GXn,S1P,
~ PINF.§ina,COSA,PR],PATT, RET XL, XL1,KLM,P]
! Cormron T TTHER Atp.lt;l‘:‘ﬁ;LCFL.NNIN.bINAx.BETA,DTV!S
K )
’ COMMON /DAMP /_ WE W1, WPE, WP, ISPECT
COMMON /SPECTR/ SPECT(IM, JM !, PSMULIM, UM}
OMMON.'DX/ "DX1,0X2,DX3, 0%, BX5.0x6, DX7,Dx8,Dx9,DX10
COMMON/BTRID/ AA(TM. 4.4} BE(IH 8 4} CCIIM. & 4),
- WRKTM, &, & L18(IM; (2111, L32! M) L3T0HN),
- L3201m3, (330 THy, LadlTh, Le2(Th),
~ LA3CIM) UMM CIM) JUL2 IM: JUL3EIN) UTA(THY,
' - U23CIM),U24(IM),U341IN)
REAL L11,121.022.131,132,133,141,L42,L43,L44,
_— U12,U13,U14,U23,024,034
C
¢ PART 1.  FORMWARD SWEEP
<
C PREPARE FOR FIRST ITERATION
c CALL FILLMX{(2)
c 00 1 1=2,1L1
' If (1.£0.2) GO YO 100
| 0O 2 Lei.4
fe 00 2 J=2,JL1
i RMS{Y,J,L}RHS(1,J,L)-88(4,1,1)8RHS{1~1,d.1)
1 -leJ.L.Z)-MS(i-i.J.Z;
2 ~88({3,L,3)eRMS([~1.4.3
' c 3 ~8B(J,L,4)8RHS{I-1,J,4)
1 AA(J. L 1)mAAY,L,1)~BB(J, L, 1)eAl]-1,J,1,1}
i ~881 (. 21eA I-114,2,1!
2 -88(J L. )eat]-1.0.3]1)
)c 3 -8BIJ, L, aieAll-1.0.4,1)
! AA(J L 21eAAEd.L,2)-880,L,1)0A01~1,d,1.2)
‘ 1 -8813,(.2)04(1°113,2,2)
| 2 -u(.:,x..a»-m-x..:.:,zg
¢ 3 -88(1,L.aisail-1.004.2
AA(J, L. 3)mAALJ),L,3)~B8(J,L,1)0A01-1,0,1,3}
-887J.0.2)8a(121,0,2,3)
2 -88(J,L,310A(1-1,J,3,3)
3 -8B(J L. A)0A(I-1,0,4.3)
AALS L, 6 mAALL, L, 8)~88(],L, 1 )0A(T=1,,1,4)
-8810,.(.219A(1°110.2,8}
2 ~8B(J.L,3isA(1-1,1,3.4)
¢ ! -8B(U,L,0)0A(1-1,1,4,4)
4
¢ 2 coNTINue
¢ 100 CowTLxug
¢ USE CROUT*E METHOD T0 SOLVE 4 X 4 SYSTEWS OF EQUATIONS
c 00 2 Sz, A1
L11(J)v1, FAA(d,1,1)
U12¢31waa (1,1, 301108
UldiJ)iwaaid, 1, 2)eL111 )
Uls(Jywanid,1,4)0L110)
L2101 J)mAA(J,2,1)
L2200e1. /ThAlD 2, 201210 000012000)
UZ3¢ w220 i ihalS 2, 31-021C 0 0013¢ )
M24:J1el220 018 (MM, 2, 4)-L21 1) 10U140)




L31{))=AA(],3,1)

L320))=AA1J,3,21-1311))8U12(J)

L33tJim), 71AALS,3,31-LI1( 0 sULI{J)=-L32(1J)sU23())
RErON TR LTINS MINIE RO PRy Ve

1 ~L32:J1eU24(0))

LéllJ)mAN{, 4,1}

Lazidimad 134 21 Lan(dimuiat )

LAd{JimAAtd, 4, 3i={A{JIay IJ(J -L‘z(.“‘m:l.”

Lént el 71AAL D, 4, 4140110 18U18

1 -L42(J)sU24 (J)'t"(.lllw‘.” }

c
E SOLVE FOR INTERMEDIATE VECTOR

DX1wL11:J I8RMS(I,J,1)
DX2=L22: 2 e RHS (120, 21-L21(J)eDX1)
DX3-L33\J)-1RHS 1,4,3)-L3114)eDx1

1 L3204 )e0x
DXMM(J)I(I\NS lt y=L41{J)eDX1
1 2 D aoxs $arrenis S

Rus(1.4.4)=004

RHS{1,3.31a0X3-U34{ J}uDXa

RNS (1,32)DKZ-UZ3, 3 #RHS (1,4, 31

1 —U241 J1eDxs

L 1)=0R1-U121 J 18RHS
—U13(JI*RHS(1,d, S)-um.n-nu

c
o 3 cowTImu
c IfF {1.EQ.IL1) GO TO 1
c COMPUTE GAMMA(I,J) (SEE NOTES FOR DEF.!}
& W=l 4
c o T
DX1=L11(J)8CC(J 1, M)
nxz-Lzzumccu.i.n ~L21(J)sDX1)
DX3wL33:3)#iCC1J, 3. N)~43113)8DX1
1 -L32(J7eDx2}
DXALA LB EC L4 M1l L mDx1
c ~L42(J)9DX2°L43(J)8DX3)
NRK{J,4,M)=DX4
WRK(J.3.M)=DX3-U34(.J)eDX4e
WRK(J.2.M)aDX2-U23\ J1%MRK (1,3, M)
1 U241 J)ebxe
MRK(J,1, m-oxx-ununuaxu 2.M
¢ ! O30 1) HRK, by 3241 -U16¢ JreDXs
¢ b conTnae
¢ COMPUTE AA,BB,CC FOR MWEXT ITERATION
c CALL FILLMX(I+1)
¢ SAVE GAMMA(I,J)'S ON JACOBIAN MATRIX A
DO 5 Lele
00 5 M=
e I
ALT,d, L, MImWRK{J, L, N}
¢ * CONTINUE
¢ 1 CONTINUE
¢
¢ PART 2. BACKMARD  SHEEP
3
11E=1L3-2
00 6 1i=1,11F
c Telt1-11
DO 7 Lei,é
¢ DO 7 Je2.JL1
RHS(1.J,L)®RHS (1,J,L)-A(L,J, L, 1IsRHS(1+1,4,1)
3 -at1, 3L ere8Ti4100,2)
2 -A(I,J.L.J)CRKS(IOI,JJ;
¢ 3 AL ) eRHS (41,004
7 CONTINUE
¢ CONTINUE
RETURN
END
¢
€
€
C SUBROUTINE "FILLMX™ FORNS &Xé BLOCKS &, 88, CC
€ REQUIRED IN XI - SHEEP (INCLUDES Tap 1eh Bling)
c SUBROUTINE FILLMX {

PARAMETER( IM=299 , JH=100)

OMMON /GR1D/ lli" JM) YTTM, JM) XXTOIM, IM)  YXT (DN, I,
AXETALIM, M1, YETACTM, JM5, XJACTIM, M) 51 1M, 200, SS1CEMD
COMMON /MATRIX/ A(IM, M 4,4) RHSTIM, JM, &)

coston /P1/ I, L, ILE 1TEL, 116U

common/NISC/ILYTL2. 103, Jtl

c/1Li 102,103, o} 302, s, 1LERY, TLEMY,
- 1TELPY, ITELM, TTEUPY, I TEURL, GAN] . GANZ, mnu GAM,$1P,
- PINF.SINA.COSA PRI, PRTI,REI, XL, XL1,ALM,P
Covgeon ' TiMER 0T (w,ﬁ)‘cn DININ,DIMAX,BETA,DTVIS
COMMON /DAMP/ HE W1, WPE, WAL, ISPECT
COMMON/SPECTR/ SPECT (1M, JN) PSMUCIM, M1
COMMON/BTRID. AAIIM, 6,4} 8811M 4, 45, CCLIM, 4
et A (e 11 izlxm L33 (in)
- .mm.(z 1TM;. a1l i), La2!T
S ER TN eIy 012 1) 1B IMD Juza T,
~(Z3 I U4 DN} U381 1)

T/ RROIM, 4,41, RPLCIN4,4) RR1CIN,4,4)

REAS 111,121,122,131,L32, L!J.LA!.L&Z LA3,L44,
- U12,U13,Ul4, 023 U24,U3

C
c CO!P\{;E ‘l”{CWS JACOBIAN MATRIX ‘R’
o]+

lill-l-'
IF t 1 .67. 2 ) GOTO 100
CALL CNATR(I RR !




(a3 aTalatatsl

C
200

ialal

[a)

CAl
GO
100 DO
Do
DO

11 ConTiule

CONTINUE
CALL QWATR(IPI.RP1)

DO 1 Lel,4
0O 2 Mel.4
DO 2 J=2.411
AALJ,L,Mi=2. 8RR J,L M)
BB L Mime  58ATI—1,d0 L MICRMLIJ L M
CC.d L Mie, Soaliel, JiL RI=RP1CI,LIN)
2 CONTIN0E

~

ADO INPLICIT DAMPING

DO 3 Jj=2,.
Wisha3pRcts 1 e (HI+HPTPSMUT, J )1
AALJ,L, L*-AA\J Loliv2, 'ﬂlSP/XJA (1.4
BBid .U ieBBidiL.L ~HISP/XJACII-1, ]
el 1SCECILLIL —HISP/RIACIT+10 3
3 CouTiR

lULﬂPLY BY DTAU(1,J}

JLI

MISDTAUIT, Jreancd, L M)
1=DTAU. A.J»'ES\J,L,M)
1aQTAU(],J)1eCCLJ, L, M}

8R2:88

ADD IDENTITY MATRIX TO AA (DIAGONAL) ——
5 Jm2,JL1
Adld, Ié LI-AA(J L,List.0

§guw€1:¥"nngv' SOLYES BLOCK-TRIDIAGONAL SYSTEMS
SUBROUTINE BTRIDY

PARAMETER! IM=299, JH=100)

COMMOX /GRID/ X(IM,JM),Y(IM JH).XXI(IN JMICYXT DI, M,

IXETAIM, M, YETAUTH, JM} XJAETIM M, .1n M1 5S1ETH
COMMON 7MATRIX, Al M N RHSTIM.JM. &

common /P1/ IL, S, ILE, 1T £U

Commeon /MISC/ILE, ey {3 JLl JL2,JL3, TLEPL, TLEM],

- ITELPLL ITELMI ITEUPT, JTEUMT,GAMI GAMZ, GAMI] GXM,S1P,

o 00 annono

(2]

aono 0oon

- PINF,SIKA,COSA,PRI,PRTI,REI XL, XL1,XLM. P]
COMMON /T IMEM/ DEA\PJ(IN LJM/ CFL.DTHIN.DTMAX,BETA,DTVIS

JISPECT
COMMON /SPECTR/ SFECT(I JN) PSMU(
COMMON /DX DX1,DX2,DX3, DX, Dx5, oxs M%7 'oxe, Dx9.DK10
cmom unu o/ ATTH 4 4» 6(1 1.0C{IN, 4. 64,
Litin Lz dz!un atting s
M).Lell M), Le2] M
NiiLaating Usat n) b33 IN) tuset s,
MREREC R

1.L21.122.131,132, LJ3 Lo1,L42,L43.L44,
2.U13,U14,U23,U26.U3

Ilé'
f?_

PART 1.  FORWARD SHEEP

PREPARE FOR FIRST ITERATION
CALL FILLMY(Z)

00 1 Je2.J11
IF (J.EQ.2) GO TO 100
DO 2 Lel.4
00 2 J=2.1L1
MAS(1JL LIRS (1), L) BBIT L, LIRS (1, 4-1. 1)
1 -88(1, L, 2 s (i,3-1,2)
2 -88(1.0.3)eRHS(1.3-1.3)
3 ~B8(1 L eieRHS([ d-1,4}
AACL, L 1)eAACT,L,1)-BB(1,L, 1 )eA(1,J-1,1,1)
-88i1.(,2/8A(1 0°1,2.1,
2 -8B(1.L.3eall,-1.3.1)
3 -8B(I,L.4/8A0],0-1,4,1)
(AL 2ImA LT L 2)-88(1, L, 1)mA(1,0-1,1,2)
e AP T T MR §
3 ~8B(1.L 3eA(1.4-1.3.2;
3 -BB(I,L,e10all,0-1.4,2)
AALLLL,3)=AACT, L, 3)~8B01, L 1 0A(1,J-1,1,3)
1 -88(1,0,2/0a(1,5°1.2.3)
2 -88 1.0 3 eAtl 0-1.3)
3 -88(1.L,&)0A(],4-1,4,3)
AACTL L, 87aAR(T L, &4)-BB(T,L,1)0801,0-1,1.4)
3 mi,(,zm} 1,28
2 -88(1.L,3reall 51,3,
3 ~BB(I,L,4mA(1,3-1,4,
2 CoNTINUE
100 COMTINUE

———— USE CROUT'S METMOD TO SOLYE 4 X 4 SYSTEMS OF EQUATIONS

00 3 1=2,1L1




L11(1)el. /AA(T,1,1)
U12(11=AA(1,1,2)08002(1)
UL3(1iaaAcl i 1,3)eL12(])
UléilimAAil, 1, 418L21(])

L21(1jmAAi], 2,1,
L22(1)=1./0Aal1,2,2)-L21(Deu12(1))

uz3{ ;-Lzzumuh.z,:n-m(x;-um:;\

uzs& =L22{1 )8 AALS,2,41-L21(1)eU14(1))

(3111 )=AAl1,3,1)
L32(1)=AA(1;3;2)-L31t 1 )wt12( 1)

(33(1)=1, /(AR[T,3,3)-031 0 118U13(1)-132( 1 )sU23( ]
U3a(11eL33:TrmihAlT,3,4)-L31 11 eU14(]

1 -132(1)eu24(1))

LAL(1 ) mAA(] 4,11

L4Z(1)mAAi] 4,2)-LA1(T)eU12(])

L‘ai yoAAL T, 4, 3i-L42E1I0UII{ T )-LA2{] I8U2I(])
Las{l)m1. /(AAIT, &, 4)-La2{1I8ULA(T )

1 SLA201)s02h(1)-L4311 1oU34(1) )

c
% SOLYE FOR INTERMEDIATE VECTOR

DX1=L11 (] @RHS(]

DX2=122! ll‘(RNSxi J -L21(])eDX1}
DX3=L33(1 )8 (RHSI], J ~L3111)eDX1
1 =1.32(1)sDX

DX&-L“( I)s(RHSI], J =LA1(])eDX1
1 ~L42(1)50X3-L43(1 1#0XI )

RHS {

RHS(
RMS( 2)=Dx2- UIJ(I)'R’B(LJ 3)
=J24(1)

1)eDX1-U12¢ l ltRH (1

1
1
1
1.

U130 1)eRNs (1, J, 3114 (eoxa

vdi b
.J.3IO-DX3"U$‘(X)
P

1

RHS(1,J,

1

3 CONTINUE
1F (J EQ.JL1) GO TO 1
COMPUTE GAMMA(I,J) (SEE MOTES FOR DEF.)

oNnnh N N

DO 4 M=l 4
0O & I=2,]L1

DX1aL11(118CCIT,1
DxzeL22(11e(CCi ], 2, m-12
BX34L3311)8CC11 3 Hi-L3
1 L32(] 1DK2

Dakmlas( 1o (ELil o M1-Lb
1 ~L42(1)8DK2-L43(1

NRK(1,4,M)=Dxé

WRK({1,3,4)=0X3-U3A(]1e0XA

WRK(1,2,M)=DX2- UZB(I).HRK(] M

1 -U24(])eDx4
WRK(I,1,M)aDX1-U12(1 0WRK{],2,M

1 ~U13(1)eMRK(],3, N)-UH(I)'DXA

o

1)8Dx1)
1)e0x1

1

1t
111)80x1
18DX3)

)
8.2
LY
!
M)

4 CONTINUE

COMPUTE AA,BB,CC FOR NEXT ITERATION —————
CALL FILLMY(J+1)
SAVE GAMMA(T,J)'S ON JACOBIAN MATRIX A ———

ono oo o

- N

CONTINUE

PART 2. BACKMARD SWEEP

[alaTlalals Nl

JIEedLl-2
DO & JJ=1,JJE
Jeitl-dJ

DO 7 L=1,4
DO 7 Ie2.1IL1

lllMS(I.J.L )=Rl
2
3 -
7 CONTIMIE
& CONTINUE
RETURN
END

SUBROUTINE 'mwv' FoRws exs 8LOCKS A
REQUIRED IN ET4 - Slucunes Teptiti? bwum
SCaRoUT INE FILLNY (u

FAIANE’TER'Y“-”Q JHe100 )
7GRID/ X(1M, JM), YCIM JM) XXTCIM, M), YX

llEYA(IH JNV.VETHI .JM) XJA&(IH M, S(il

COMMON /MATRIX/ A( WM 4,40 RHSTING M, &'
COMMON /91' 1L, a1k, 1tel 1Tey

Common MISC/IL], x(z.x( Sl JL2 JLY, ILEPL, ILEML,
- mm mun 1Yeubi 41 ajn hnz nm +GkM,S1P,
- Sina,cos P 11 .asx el

Mnxuzu/ nr y tm‘m.brmx BETA,OTYIS

[a B alnlalatal

TOIM, M),
4,810 1M,

COMMON
COMMON /SPECTR/ $P
COMMON/BTRID/ AA(

; !IJ(
- WRK(IM,4,4) Lll({
U

M
6 4) ccuu 481,
PIECINE T TN
- L320IM) (330 [ Yo
- LAY IM i LAA(IN:; IM) UL (IM),

- U23(1M:.U24(14) U




COMMON/CHAT/ RRUIM,4,4) RP1(IH, 4,4 RE1(1IM, 4,4}

REAL L11,121,022,131,132,033.L43,0L42,L43,044,
- Ul2,U13.Uls,U23,U24,U34

c
C COMPUTE YISCOUS JACOBIAN MATRIX 'R'
JPlegsl

JHieg-1

IfF ¢ J .61, 2 ) GOTO 100
CALL OMATS(J,RR)

CALL

CMATS (JH1.RM1)
GOTe 200
100 DO 1) Mel.s
00 11 Lei.s
DO i1 Ie2,IL1
RMLVT, LM = RRIT,L,M
ARUI, [, 4 = RPLLI.L.H)
M continle
200 e
CALL CMATS{JP1,RP1)
DO 1 L=1,4
c
2 1.4
DO 2 I=2.1L1
AR(I,LIMIm2. #RR(T L, M-
BB(1 L it Soht] -1, L, M0eRMLCT, L, NI
CCII L Mim.SoA(1,01,L N}-RPL(T,L.H)
¢ 2 CONTIRUE
g ADD IMPLICIT DAMPING
DO 3 12,111
WISPeSPECT I, J e (NI+HPTaPSMUIT, J) "
AACL, L, UieaalT.L,L1e2. oWISP/XJAC(T, )
BBII L L)=BBiI, L LI-NISP/XIACTT. J-1"
CCUI L, L 1=CCUT L L -WISP/XIACII  Jo1)
¢ ? coxTindE
¢ MULTIPLY BY DTAULI, )
DO 4 M=1.4
DO 4 1=2.IL1
AALT, L, MIaDTAUIT, J1€AA(T, L M}
BBII.L.MI=DTAU. 1. J1eBB(I L M
CCil,L.MiaDTAULY,JeCCLT,L M)
o TiNGE
 —————— ADD IDENTITY MATRIX TO AA (DIAGONAL) ~———e-
DO § 1=2,1
AA(T L, L eAA(T,L,L141.0
c s contin(iE
1 CONTINUE
RETURN
END
¢
14
¢
C SUBROUTINE "SNDRY"™ IMPLEMENTS BOUNDARY CONDITIONS
C CASE : YISCOUS FLOW, AIRFOIL C-GRID
. SUBROUTINE BNDRY
PARAMETER(IMu299  jMe100
COMMON /FLOWY / U(]H.JH).V(IH.JH).P'IH.JN),“N(IH.JN).
1XMILIM, UM ), El IM, M}
Common " 7GRID/ XCIM.IM), VUM, JMy XXTCIM, JN) . YRT(TH, M),
AKETALIM. M1, YETATIN, JM), XJAETTM) JM 1, S(TH, J4), 881 U1H}
coseeom 7P1/" 14, It 10E, 1TEL, TTEY
ComMon /P2/ GAM.PR PRT XMIRE,TW,S1,ALFA, ANGLE
commonMIsc/ 1Ly TL2, 1LE ucd, (2, L3l Tier], TLEm:,
~ ITELPL, ITELMI, TTEUPI, JTEUMI, GAKI.GANZ, GAMII.GKN,§1P,
~ PINF,SiNA,COSA,PRI,PRTI,REL.XL,XL1,XLK,PI
COMMON /DUMMY / TEMP(IM, IM, &
CommoN /DX DX1.DX2.DX3.DX4,DX5,Dx6.DX7,DX8,DX9,DX10
c COMMON/BND/ NBMD, XMREF . TREF, TINF,CV.CR,CT.DEL,[1.L2,L3.Le
14
€ DOWNSTREAM BOUNDARIES {XIm=Q.,XIMAX) : SUBSONIC OUTFLOMW
€ PEXIT SPECIFIED, EXTRAPOLATION FOR RMO,U,V.
00 12 Jez,4L1
INMEWNTETIE e
Vilidi=vi2,3
pr1.Ji=PINF
RHG!1,J)=RHO(2, )
E00Y(1,.))=€00¥!2,4)
2 conT1RlE
00 22 32,411
L. Dl 1l n
VIl DY (IL100}
PLIL J)mPINE
EDOY{IL,J1=EDOY(ILL,J)
RHO! IL . 1 aRHO(ILT, J
o 72 CONTINGE
c
€ ETA = ETAAX, FREESTREAK VALUES SPECIFIED
00 25 1=1 1L
Uit
V(T J)eSINA
P(1,JL)=PINF
ruol1.JL1=1.0
o 25 CONTINUE




1)

1)=EDOY(2,1)
1,11mE00¥ 1, 1)

¢

G ATRFOIL SURFACE: s¥=0.0: DT/DETA=Q. (ADIABATIC WALLY;
SITELPLITEW *

i1,2)

woi=B(1,3)/RHO(T,31+4.9P(1,2)/RHOLT,211/3.0
W01, 1 )eGKMeP{1,1)/DXi
CoNTiNUE

»

1F { NBND .EQ. © ) GOTO 7

C BOUNDARY CONDITIONS FOR SUCTION ON UPPER SURFACE
C DX1eTHETA

XMREF 7XM1

L3,L

Ve - va- 1,1) ) 7 ¢ xtIs1,1) - X(I-1,11 1
= ATAN(DXI)

“WBND .EQ. 3 1 GOTO 17

) » YIN & SIN(DXI)

) = VIN 2 ceswxn

X2 + RHO(T
DBt ( 13} /AMOLT, 3 ) o4, 8P (1,2} /RHOLT.21) /3.
Oxs = Daé + DX3

DXs = OX5 + P(1,1)
CONTInUE

(o
]

T C—DO
¢ — VI

XU = ABS’ FLOAY( Lé=L3+1 ) )
Dx3 / XU

-
RAYG = 0X2 / XU
« RAYG » AIN
- AIN/(WT-S(I(OEL))- YIN 7 CR

BOUNDARY WER S\IFACE EJECTXON
IF ¢ BID .EQ. } GO0

DO 6 Ist1,L2
1) = RAVGeCR
gl-CT.PAVG

VG
YOUT » COS(DEL)
~YOuT & SIN(DEL)

o NN N 0o 0 Non
-
»
<
(2]

=%

on
- st
pupen.3 1ty
[N X]

b
i

EL,3)+4.8P(ITEL,2)/RMO(ITEL,2))/3.

4
u.3 3)+4.8PIITEU,2) /RHO(ITEY,2))/3.

(2]
— e
i

RETURN
END

SUBROUTINE 'TURB' EVALUATES THE TLR!M.ENT EDDY VISCOSITY
USING THE ALGEBRAIC MODEL OF BALDWIN & LW X AND THE
lrl }IS‘I,I!OOI MODEL OF DHAMAN & W, RASI

TRA

LIs SYMBOLS

EDOY : TURBULENT EDOY VISCOSITY

XMUT] : EDOY YISCOSITY FOR INNER REGION

XMUTO : EDDY YISCOSITY FOR OUTER REGION

F : FUNCTION 18 OUTER EORMULA
+ TRANSITION FACTO

TAUM : SHEAR STRESS AT THE MALL

JLAST _SPECIFIES D{E EXTEN' IN THE ETA-DIRECTION IO MMICH
'THE EDDY 1S COMPUTED.

vISCOSITY
1PLOT:
= 0 NO PRINTED OUTPUT IS PROVIDED
= 1 PRINTED OUTPUT 1S PROVIDED

SUBROUTINE TURS (IPLOT,IPLOTL)

PARAETER  1Me299 =100

COMMON /ELOMY/ U] TH, IR VIHL B0, PCIN ), RHO(IN, M),
1S TR, S EDOY  Ih
Someidn TORID XA IN . (YLIM M) XL (1M ) VX ™, N,
ETAUIN. M), vtrJ(LIK;lE é I siin, 340, ss1(iM;
comon m/ c AM, PR pai xu us Tu sx ALFA, ANGLE

b A R U I T T T W (TR

R ARt irsum. AiGA nz.muu GXM.S1P,
- PINF,Siua, COSA, PRI, PRTT RET X xu. LK
cumu/wni/nuﬁg tase, fuxst 1 us?

COMMON /TRMMY/ TEWP (N, M, 4)
an?/“mmmi XTOLIN) DLIHD M 2901, F (2o 0M1,

s Balalalalalelalalalalalalalalalalolslel

L

€

c !’ZCYW-oCONSYAI'Y PARAMETERS
APLUS-“ o
CKLEB=

CLAU=,
CCPe1.60
C WAKE COMSTANTS

=RHO( 1
EOSD”IONS FOR SYMETRICAL AIRFOIL IN THE WAKE AT ALFA @ O
0.0




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 Jjointly by Dr. Timothy Barth and Dr. Don
Finsey an described in reference (1%9). The code was run on

the Cyber computer.




PROGRAM MAIN

ic
1 c THIS PROGRAM GENERATES MYPERBOLIC C-MESHES ABOUT AIRFOILS
i E WRITTEN BY TIM BARTH
OPENi 6 FILE='OUTPUT';
OPENIS . FILE="INPUT"!
! CALL STARTE
, CALL FOIL
CALL PARANE
! CALL STRETC .
CALL MWAKE
CALL GRIDGE
314
i END
¢
! < SUBROUTINE STARTE
i C
. COMMON /BASE / JMAX . KMAX, P, SBODY . SKU. SHUV, NBODY  NCLUST
COMMON/VARS /X (301 . Y1301}, xx1 1301, XETA{3011, VX[ {3011,
1 YETAI301:.R 301.100 .SCALEI10C .SRI30Z,2;.VOLI301"
COMMON UNITS * BODYUN,GRIDUN. DOCUN!
COMMON /FNAMES . BODYFI,GRIDF1,DOCFIL
COMMON /STRET. DSi100:.CNTRLP/100i ,NBP(100), ARCLEN(301)
CHARACTER®80 BODYF1.GRIDFI.DOCFIL
e INTEGER BOOYUN. GRIDUM, DOCUN ]
' E SET UP DOCUMENTATION FILE
|
1c
1000 FORMAT 14}
M CONTINUE
WRITE(6.* ' INPUT DOC FILE NAME '
; READ( S, 1000 )DOCF I
DOCUN] = 11
OPEN{11, FILESDOCFIL!
20 CONT 1 NUE
MRITE(6 =) INPUT GRID FILE NAME °
READ! 5, 1000 )GRIDFI
GRIDUN = o
OPEN{9. FILE~GRIDFI)
RETURN
END
. C
Ic
c SUBROUTINE FOIL
C
COMMON/B8ASE JMAX ., KMAX, P1, SBODY ., SKHU, SMUV, NBODY ,NCLUST
COMMON / VARS /K 301 ., Y1301}, XXI1 Jall xeTal301:,¥Yxi(301,
1 vsn.:mx .R1301,100, . SCALE{1001,SR{301.2),¥6L 1301
, COMMDR /UNITS . BODYUN,GRIDUN,DOCUNI
COMMON /:nmss BODYFI,GRIDFI.DOCFIL
COMMOK /STRET, DSU10C:, cumwuom NBP(IW..ARCLEN(JOl)
CHARACTER=30 BOOYFi,GRIDF1,00CFI
CHARACTER® ] ANSHER
e INTEGER BODYUN,GRIDUN, DOCUN]
s SET UP FILE
1
1 ¢
1000 FORMAT(A)
WRITE(6,o ' DO YOU MAVE BOOY COORDINATES OK FILE (Y/N!?'
READ! S, 1000 ) ANSWER
. TFUANSHER .EQ. 'Y' .OR. ANSHWER .EQ. 'Y')THEN
|§
WRITE(E &' INPUT BODY FILE MAME '
! READ'S, moo $00YF1
| BODYUN =
OPElldO.FILE-IODVFI)
. Eoumuue
i 10 CONTIN
READ(uouvuu - END= 100 1 X{KOUNT+1 ) .Y (KOUNT+1"
KOUNT aKOUNT
GC 10
100 CONTINUE
NBODY = KOUNT
HRITE(DOCUNT ,2000)80DYF 1. HBODY
WRITE(6,2000,800YF;, NBODY
2000 FORMAT ' BOOY FILE WAS USER INPUT . A7, WITH',15,° POINTS':
CLOSE (BODYUN
ELSE
HRITE(6.» )’ esemaswwsMACAOOX) AIRFOILsssnsansne
HRITE- 6.9 ' sssmnesse( 0SED TE NORMALIZEDwnwses
WRITE(6,%, ' INPUT XX'
READ(S % 1 THAX
WRITE{DOCUN] .» ' MACADOXX AIRFOIL: XX = ' THAX
TMAX » THAX/100.
| HPTS = 300
. NIHALF = WPTS/2 + 1
NI = NIWALF -
XINCPT  1.008930411365
DELX = 1./FLOATINIMM
Xx = 1. + DELX
DO 20 1«1, Nlm
AX = XX ~DELX
! ;h-' 5:;1!(.‘”-!1 .0 = COS(3.1415926535eXxX)
-
| Y]} = =5 oTHAXS (0. 29698S0RTIX]) - _1264X1-0.35)6sX19X]
: $ + 0.2843ex10¢3 ~0.1015nK)10m s
| 20 CONTINUE
| DO 21 I=1.MIMm
! 11 @ NIHALF » |
: IR o WIMALF - |
‘ XTIy = A IR
YT = <viIR
a COMT 1 MUE
NPTS = BPTS 4 1
00 22 I=), wPTS
X1 = xtd)/xincet
Y{I) = Y(1}/XKINCPY
22 CONTINUE
, NBODY = WPTS
1 ENDI¢
| RETURK
{ END
¢

B




[alalal

e

Aoy

nao

Ialal

SUBROUT INE PARAME

957¢

20

9574
75

COMMON BASE. JMaX. KMAX.F1 SBODY. SMU, SMUV . NSODY NI US™
COMMON -VARS 'X. 301 ..y 30} .XXi 321 .AE:4 3:1 yx. 3C.
YETR 300 .5.331.100,.S:A~E 107 .5R.301.2.,v0L. 301
COMWMON /URITS / BOOYUN.GRIDUN . DOCUNT

COMMON /FNAMES, BOOV‘I GRIDFI.DOCFI_

COMMON /STRET. D ${10C: ,CNTRLP 1100  NBP 100 . ARCLEN: 0L

DIMENSTON X5(106

CHARACTERwS5 LOHER , UPPER, XXXKX
CHARACTER=B0 BODYF' GRICSI,DOCFIL
INTEGER BODYUN.GRIOUK.DOCUKI
LOWER = . OWER

UPPER = 'UPPER’

FIND LE

XMIN =1000.

DO 987641 .480DY

TFiXtJl LT, XMINITHEM
XMIk = x. 0
JMIN =

ENDIF

CONTINUE

JLE « UM

NCLUST » 0
WRITEt6.o 'meesAIRFOIL LOWER SURFACEwsses’
CONTINUE

WRITE 6, @ " INPUT X LOCATION, MIN ARCLENGTH SPACING,'.

‘HEYU‘?N TC CONTINUE '
READ!S .= £NDe20 XS NCLUST+1 DS« NCLUST«!
NCOLUST = wCLUST-)
GO 10 1C
REWIND &

BRUTE FORCE BURBLE SORT

009275 w=i NCLUST
009874 Mal RCLUST
TFIXSiM. . T.28 N’ iTHEN
TEMP] « x$'M
TEMP2 = DS

END
CORTINUE
CONTINUE

FIND NEAREST BODY POINT

009873 m=}. NCLUSY
RMAX = 1 e
DO%B?2 J=1.Ji¢
RF = ABS XS N .-x
TF(RR .7 RMaK THEN
RMAX e RK

IR TR

[a¥atal

ey

<
C

08?2
9873

«C

987C
96"

Mol
W6

TLUS™
WRITE b, o  'weaad[RFOIL UPPER SURFACEesese'

WRITE: € o ' TWPUT v LOCATION, MIN ARCLENGTH SPACING,

REYURN 1C CONTINUE '*
REWIND £
READ § e iW[imal yS NCLUST+l .DS'NCLUST-]
NC'LS‘ ® NILUST-)

RE&IND €
BRJTE FORTI BUBB.E SORT

DO9BY1 NeNiOWEE«1 NTLUST
DO9B?0 meNL OWER-] NI UST
iF XS 5T X3 N L THEN
TEMP) & x5 m
TEMED o 0OF M
X3
0%-
£3

rrxe
e
v =g

e

n
»

[T

o3
ENG::
COnTINUE
CONT i wut
FIND MEAREST BODY POINT

009849 men OMES~1 NCLUST
Reas & | ie
009868 .= _E.NBOC~

ENDI
COMT Myt
CNTRLP & = 4
CONTINUE

ARCLEN'] « C
009866 (= . NBOD-:
LRCLEN i-1 » ARCLEN 1 -
SORT ! XiJ rax/ 1] mn2 » ‘Yili=Yi]slljem2,

9l65 “CONTIME

WRITE(DOCUN].» = ewswwse CLUSTERINGS semwsaws’
DDOBEE [wl NIIUT™
181 » CNTRL® |
IBZ = CNTRLP. |~]
XXXXX « UPPER
12 7 Lt MLOWER  XXXX¥ = | OWEF
ALEMGT « ARCLEN TEY -ARCLEN |8
ALE

Z
WEiTe 65,2000 * jB. .x by NG, XXXX»




FOWY(; gHPUT WUMBER OF (POINTS FOR THE INTERVAL X

0 x =',F12.6,

> “ARCLENGTH = 1126, ON THE '.4."
READ(S o \NBF{]~1

WRITE{DOCUNI . +30001K(182, .

a1
3000 | FORMAT(. MAER OF POINTS FOR THE WTERVAL x = '
> F12.6,' TO k= F12.6 181,15,
> ] A" SURFACE®
> tRIN sm:ind; ON ENDS ARE',F14.7,1X,F14.7)

9865 CONTIWUE
RETURN

SURFACE ')
JK(IBL) . MBP(I-1,, KXXXX, 051,

ne

SUBROUTINE WAKE

on

COMMON /BASE/ JMAK, KMAX .21, SBODY, SHU, SMUY. NBODY , KCLUST
COMMON ' VARS /X301
1 YETa.301..R:301,1001,SCALE{100), $ki301, 2,.¥00t301;

Q % /UNITS -+ BODYUN,GRIDUN, DOCUN]

COMMON /FNAMES - BODYFI.GRIDF1,DOCFIL

COMMON  STRET
CHARACTER® ] ANSHWER

CHARACTER®BO BODYFI.GRIDFI, MFIL

INTEGER BODYUN.GRIDUN.DOCUNT

COMMON /BOD+ XiNTER(301), YINTER(3I01), IMAX
COMMON /S080/508

DIMENSION XKNAKE!301),VRAKE(3D1),XK{10),YY{10)

fatalal

' wnaeaOUTER DOMAIN LIMITSaswes '
‘ INPUT DISTANCE Y0 DUTER BOUNLARY'

‘ DISTANCE TO OUTER BOUNDARY =

NAK E
NﬂHE 1.,#)" MMAKE = '

SLOPE ESTIMATION

THETAL = ATAN2'YINTER(IMAX)-YINTER{IMAX-1!,

> XKINTER: IMAX -XINTER(]1MAX-]
THETA2 = AYAu?'VlNTER‘l -YINTER( 2.,

> XINTER:) --XINTER!2
SLOPE @ TAM: 5e i THETAY«THETA2:

WRITEi 6. ° TRALLING EDGE SLOFE « ',SLOPE

n;r:u .

Yw tﬂSN YO DulGE SLOPE ESTIMATION <Y/N>?
READ!S . ' ) ANSHI
lrunsnsn .Eo 'v .OR. ANSMER ,EQ. 'Y')THEN

WRITE 6 . nm.n NEW SLOPE~
nz:n(s ,»15LOP

ENDIF
YOPRIM » SLOPE
Y1PRIM = 0, 00000

START CUBIC PATCM AT X/Ce1.05.

«MHAKE

nan

onn

V13011, XX1(301 ) XETA{301 !, YX113015,

‘.08
INPUT NUMBER OF POINTS IN THE WAKE REGION'

ENMD CUBIC AT Xx/C=1.5,

05:100. .CNTRLP: 100 . ,NBP:100. ,ARCLEN:301

.0lic
l;TEI‘l(ly « YOPRIM® ( XO-XINTER(1):
..

M YO-YINTER! 1!
(YINTER * YOPRIMe ( XO-XIMTER(11))/2.
WRITE(6.e ' XC.YO,X1,Yl =" X0, Y0, X1,Y}

FIMD COEFFICIENTS A,B.C,0 FOR POLYNOMIAL

x0 - K
XOws2 - Xles2
XOwe3 - X]we]
YOPRIM - YLIPRIM
Yo - vl

2

e eduied

2 1
3. -n-n-.z -1
2.%XieT1 - T2

YIPRIMeT] -~ 15

"Ll'TLﬁ - TL?‘TL]

85.01; T, 1.E-26 THEN
HRITEM ;e1i CAUTION NAKE CALCULATION DI
01 = 1.t-26#SIGN:1..C)
ENDIF
A = (TasTiae - TL2eTLS!/DL

02« T{a
TF ABS G2 LT, 1.E-26 TMEN
HRITE o ' CAUTION MAKE CALCULATION D2

D2 = 1.E-269SIGN'1.,02
TLS - AwTL3)/D2

F
{
11

ARSIDY) LT, 1.E-26)THEN

MRITE 6,0 ° CAU'YX?N E;KE CALCULATION O3

03 =« 1.E-26%SI10M.

*73 - Be72i/D3
'l)"} - !'l}"Z - (X}

,B.C,0
suﬁ% X 6, osu ) 4iKi, . 00001, 60,11
[
vmxf 1) -wlwnuu YINTER{ IMAX ) )00.50
00 10 K=2, WM
XMAKE (K : = xwmx-x» . Ds'lmx ~EPS ImatK-2"
TFOXMAKE ‘X - .LE. XOITHI
YMAKE (K = YWMAKI 1 < YOPRI®S ( KMAKE (K | —~NMAKE(] |,
ELSEIF - XWAKE(K . GT. X1:THEN
YHRAKE (K
ELSE

1 = XMAKE(K®
YHAKE (K| = As2es) « Peles? + (o] + 0

ENDI¢
MRITE(6, @ 1, JOAKE (K}, YAKE (K !
10 COMTINUE

W W

[T P L P popppepv P
T R WA

END

1

»mA»-c

PIECE EVERYTHING TOGETHER

009864 1], MWAKE
X e XMAKE WMAXKE-]+]
Y [ iw YWAKE MWAKE-e]

[ala¥atel

YoaXi3+BX2+CKeD

IN ERROR ’

IN ERROR -

IN ERROR ~




. © 98be CONTINUE
Do

9863 1 =NMAKE<L. WWAKE=YeIMAY
A1 = XINTER ! - NMWaxg - 1
Vo1 o« YINTER 1 - NWAKE = 1
98¢3 CORTINUS
DO98b2 ) mNMAKE+)+]MAX-2 NWAKE=1+]MAX«NMAKE -2
i K-1: @ XMARE:I-INMARE+]eIMAK-3
M X‘ = YMAKE: ! - (NHAKE+]1+IMAX-3"
9862 CONI]
) A = rnmxsquﬂ
i JTAILY = NWAKE
JTLA.‘ . Jun -JTAlL
ELR

oot
nsxv:-uowm.

“n

e

FUNZTION EPSIL. FHX, FMIN, DFM NPT FPCT 107, NCALL

THIS SUBROUTINE APPLIES & NEWTON-RAPHSOK ROOT-FINDING
TECHHMIQUE TC FIND & VALUE OF EPSILON FOR 4 PARTIZULAR USE
OF THE EXPDNENTIAL STRECHING TRANSFORMAT]Oh.

FMX IS TOTAL ARC LENGTH ALDNG COORDINATE
FMIN 1S STARTING VALUS O% ARC LENSTm SUCk AS 0.0
Dfw 1 SPECIF INITIAC INCREMENT 07 ARD LENGTR
W™ 1t NUMEEF OF POINTS AL ONG COODRDINATE
FOCT 1S [TERATIVE ERROR BOUND, :.:.C C.000C2
20 1S MAXIMUM NUMBER OF JTERATIOND
NIALL 1F NCa_. =1 INITIAL GUESS FOF EPL 15 USE
IF NCALL .GI. 1, PREVIOUS EPS uiEl AS IlnTXAL GUESS

VAV OO VIO I Y

EMy aFMY
FMIN wFMIN
DFM_aDFm
FPIC.=FPTTL
iCCL=ICC

ST

ENPTM2eNPT -2
TF/MCALL.EC.I  EPS=cFMYL/DFML (o' ] D 'FNPTHMZ -1.C

DC 3 NIT e,
i EP1eEPS.

EP]YN-EP]"‘HFW

REDSw: 2 EPS

DFMOE=DFM_SREPS

b= FN!L —EMing —DFNO:“EPH“-E“A 1.0

JF,aBS . F LT FP CC; C

OFMOE2mGFUOEREPS
FPwsDFMOE2y (. G+EPLITNe(EPSeFNPTK2-1.0

OC = F/FPN

EPSmEPS+F/FPN
CONTINUE
E"SlL-EPS
NRITE .10C
RETU

EPSIL=EPS
RETURN

"o (YA TR

oy
0Q
.0

FORMAT . 742W EX\_EEDEL NA’ NO. OF ITERA
FORMLT Ju 2 1S.E.65. 7 ANE = F
12k JERAT]O

ENT

TIONS Tk EPSIL,
12.5.57.7r AFTER 73,

vy

SUBROUTINE STRETZ

ey

COMMON BASE. JMAY KMLX
CMON/VARSsl 30

JSMU SHUY NBODY RTLUST
31 JXETA 301 .YX}!301;.
: 5‘ 351.2 .¥3L 30

L
LNBP 100 L &RCLEW!30:

0 . INTER. 30 L IMax
' DlNENSIDh g 30A AR’OIS 3c1.

DO9BE) M=l NILUS™-
NODE: = CNTR_P: Mol

ALENGT « ART{EN'MODE! ' ~ARCLEN!NGDEOD .
0SO= DSIN SALENC”
; DSl= DS Mol SALENGT
J CALL CLUSTIARCD!S, DSG DS1, NL. NL#NBP/N. !
DO%860 [wHi+1,N.+NEB
l S 1. a ARCLEN’ NOOEO <+ ALENGT®ARCDIS T
9860 cour]uu:
B .= NLSNBPIN
' 986) cou'qu»
' IMiN =
AT o N_
| WRITEIe. o " OO YOU MISH TENSIONED SPLINE FITS 1Y/N(?!
: READ'S.1000) ANSHEF
11000 FORMAT: A

| [FCANSHER .S, 'MW .OR_AMSWEK .EG. '’ ITHEN
CaLL CSPL IN’S,XINTEF.APCLEN.! IMIN, IMAY 1 NBODY !
Cal, CSPLIN S.YINTER ARTLEN, Y JMIN, IMa) 1 NBOOY
EL5¢
MRITE:6.® ° INPUT TENSION °
READ € ¢ SIGM:
Cace SSPUIN S XINTER ARCLEN ¥ WBOD> TMAY SIGM:
(E'.Aa TSPLUIM S YINTER ARILEN. - . MBODY . 1MA) STGMA

NG; ¢




RETURN
(11

SUBROUTINE CLUST(Y,DSO,DS1, MIN, MAX!

ne N

OXIEISION Y3011
D, . INAR-IMIN

Cace cu.s T2 ¥,$C. 51, JMIK, JMAX .
OWE STEP CORRECTOR

ALPHAD = (Y{MIN«YL =Y IWMIN1}/DSO
ALPHAL = 1Y JWAR =Y JRAX=11)/DS]
SO=alL PHAOSDEL /D50

Sieal PHA1e0E /TS?

TAle CLUST2 Y, SCLSLLUMIN, JMAX
RETURN

Eng

falsTal

SUBROUT INE CLUST21Y,S0,51,IMIN, JMAX !

YINOKUR'S EMD PCINT CLUSTERING FUNCITON
SHOULD Bf RUN DOUBLE PRECISION ON VAX OR IBM

YiJ 18 STREYCEO FUNCTION BETWEEN LIMITS OF O AND
IT IS NORMALIZED AND MUST BE RESCALED

£ IWPLICIT REAL®B(A-H,0-2)
OTMENS JON V(i

laaialalatalelale lelala)

i

1
DEL={. /! JMAX-IMIN"
B=SQRT(S0=S]
A=8/53
OCAm1, /4
Y'J‘AX)-) D
YiJMIN
1Fis. GY 1 ‘EPS\GO ™ 10
I1F{8.GT. .—EPS!GO 1 20
DZ-AS!!F
COSDZeCOS Z
CSCOZ=1. /SOIIT(X —eosoz-cosou
WO=CSCDZe  COSDZ-0
10=ATAN! WO
DN-CiCDl-t A-C0SDZ i-wWO

D0 1 JesP1l, M
;’éﬁ;ﬂ)’lhmbl- [J-IMIN)IBDEL+2D ) HO )

DZwASIWHF (B!
COSHDZ=COSH(DZ

OMACDZ=]1. ~AsCOSHD?
ASIIDZ-A-SOGT(COS'OIOCOSPDZ 1.
D0 11 J=JP1,J
UsTANM(DZS : - JNIN)‘DEL
1 ;é.rjA-UMASlNDZOWCDZUU)

N

20 THOBMO=2.®(8-1. )
ONEMA=]. ~A
DO 21 JsiP), M1
Xa = MINI®OEL
Usxe (1. +THOBMOm (X~ .5 a1, -X; !

-
o [

-

21 Y1 J:mU7(ASONEMASL
RETURN
c EWD
FUMCTION ASIMMF(U:
COOUBLE IMPLICIT REAL®8(A—H, D~
DATA A1,A2,43,A6.45,-. 15, 057321‘25571~.- 024907294878, . 0077424460
1899, -.0010794122691”
0ATA 80.81,82.83. 54/-.ozoa175930392..2‘90272170591 1,9496443322775
1.-2.6294547252+1.6.567959109631€
DATA U1.,U2/2.78296R1178603.35.0539798452776
IF u-U1"1,1,2
i UBey-1,
:sxun:-som [6.8UB & . . . ASSUB+A& ®UB+Ad 1sUB~A2 15UB+AY 18UB~3 .1
LE 2 v=DLOG(U)
2 Ve L0GIU,
Wel. /U-1./U2
LE ASTNHE=V4OLOG(2.8Y 1@ (1,21, /V 1ol {BARMEES 1nW+B7 1aW+B] eioB0
ag\ﬂ‘-u" VHOG(Z. 9V 1x(], +1./Vie{ ((Bomn+BIioN+B2 19n+8) inn+BO
END
FUNCTION ASINFIU-
BLE IMPLICIT iEAL‘!lA-H 0-7:
DATA A1.A2 A3 44,45/, 15,.05673214285714,.04897428346%.
1-.053337753213 ovssas 1335825/
DATA B3.Ba,.B5,B6--2, 6449340668482, 6.7947319658321
1-13. 2055008116736 . 1. 7260982328351
0aATa UL.PI/. 269)!97165165 3.14159265358981/
rfvg .LE.U11G0 YO
aé;g-soﬂTl“-uﬁ 10t LASBUB+AL OUB+AT I6UB+A2 18UUB+AL IaUB+].
»
1 ASINE@PI@! (1 (((B6OYeBS sUwBa InU+B8] IaU+]. 1BU-], toU],
RETURN
SUBROUTINE CSPLIN(XX YY, XY, ll,lZ 41,321
OIMENSION XX'11,Yyia}, xi1),vi1}
c COMMON /SCRACH/A{301 1, 413011 1€13011.0(301 1, F(301 1, KC301
4 CUBIC SPLINE TNTERPOLATION
€ X,Y ARRAYS ARE 1C BE INTERPOLATED
€ YV ARE FOUNG IMTERPOLATES CORRESPOMDING 10 XX
€ J1..J2. ARE INDICE LIMITS ON Xx.v
¢ N2 ARE INDICE LIMITS ON X3 ¢ ALSO VY
4 FIRSY FIMD DERIVATIVE L1KE TERMS THAT ARE COEFFICIENTS
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Creveyey

o
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s
n
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L
o

i 2.0k MU e MigeL:
2= 3o HULJIeDL )l - M\J‘l"D\J'

EIEERER N

DR Wrn

= z
AB.MCUFLJLO200

IN'ERDOLA”DN . XtJ: ARRAY MUST BE MONDTONE
FUDGE=: . E—~sABS (X1 J2i-R{J1

Ji
Ji~ 1
2C MeNl. K2
x uDC:

Peref el
[ X1

22 1% LUE xx N ANC.X I -FUDGE.GE.xr &GS Te 3C
: N 22.22.2e
Jz2 Go To 27
. 31 6O YO 27

600 FORMAT SSHOrATA ERROK IN CSP_In VALUE AT WHICH WE ARE SUPPOSEC,
: UES.

€2+ C INTERPODLATE ]S OUTSIDE OF GIvik TaB.i 08 VAL

‘5108
38 T = XXIR - X dasMtD
YYIN - Ty 1) + TTeY(J: ~ H:IieTeTTer (FiJt = DI1VIeTT
N A AR
20" CONTINVE
RETURN
END
SUBROUTINE TRIE: 4, B.C.K.T,.NL.NU.JINC
DIMENSION & 2 ..B.% . 2..% 2 ,F 2
THIS SUBROUTINE SOLVES A TRI-DIAGONZL SYSTEM OF LINEAR
EQUATIONS.

XML Vel ML /BINL .
FONLCeELONL/BINL.

HiP el s JTNT

CO 1 JeNLPl NULJINC
- JINC

‘5 J‘-A Jrexi M.

o
1 7 Jimiby Jv-A JisEi UM w7
NUPNL =NU<N
ol 2 JI-NLPI NU, JINT
JuNUPNL ~
J“-J'JXNC

o

ey

IS AT

2 JimE ga-XigieF P,

£
RE T URN
ENC

SUBROUTINE TSPLIN.XX,YY,X,Y N.NN,SIGH:

ORIVER FOP TENSION SPLINE
DIMENSION x"3C1°,¥'301:.A1301 ,B:3C1..C!3C1 ,R:30L
FOP: 301

DIMENSION XX 301 .YY'30]

Chil SPLINE h.x.v.FDC, SIGMA

Chc. YALSPE NLX,Y FDP MK, X2.YY,S51GMs
RETURN

END

SUBROUTINE SPLINEIN.X,Y.FDP, SIGH4

ODIMENSION » 3D. v 3C1..A.3C...8 3301..0 30:.,R.301..
FOP. 30.

ALAMBL DU CANTELEVEF ENC "DND]TION:
ALAMBL « ¢ ..., PARABCLIC RUNDF

ALANBD = O.

L IREE

1.E-B)THEN
MRITE(6,%)' ERROR...0XM=Q.0...I~',I
ENDIF

TF ABSDXP LT, 1.E-BITHEM
WRITE16.»' " ERROR...DXP=(0.C...Ie' 1

1, /700K = STGMA/SNMe

1GMASCOSHM SINN“ - ‘.’D'“ + SIGMASCOSHP/SINME -1, /Dx®
L/DYP - SIGMA/S

1GMASS IGMAR | DYP/DXP - DYM/OIM)

12} ¢ ALAMBD®{X{2)-X111"
GLHMI' < ALAMBD®C(MM] |

W

1-1.:.07. 1. E-9)THEX
.

1

1ODw i mEN N

'CAUYION NEAR ZERO OIAGONAL .. TSPLINE CONTINUEZ®
GN'1..B I-1 1o} €~

; B I-1
e 8 1 - TwCil=]




Ri1) = R(1. ~ JeR(]~]
2 CONTINUE
FOP(NM] = RINM1)/BUNML}
00 3 l=2,NN2
NM] = W-]
FOP(NM] , wiR(NMI /=CINMI }wFDP(NMI+1)}/B(NML
3 CONTIWNUE
FDP:!1) = ALAMBD®(FOP(2' -SIGMASSIGMARY (2}
FDP(NI = ALAMBD®(FOP(NM1) - SIGMASSIGHASY(NM1))
gmmnu

SUBROUTINE VALSPE(N,X.Y,FOP NN, XX, YY, SIGMA} §

N on

DIMENSION X/301:,Y{30./,FDP{301!
DimMENSION X: 13017,7v1301;

Do 1 )Y
IF{XX‘.Jé -LE. X{T+1))60 YO 1D

10 Dxm o= xX: 2 - X(1)
DXP = X(IZl' - XK '

1

SINMPxe STNH!SIGMAZDXP:

SINMXK= STNM:SIGHASDEL |

TF(ABSISTNHXX) .LT. 1. E-10)THER ,
WRITE(6.w:' CAUTION IN SPLINE....SIMMXX = ', SINMXX
SINHKK = 1.E-10eSIGK{1.,SINNAX'

ENDIF
SINMMX= SINH!SIGHA®DYMY
S1G21me 1. /SIGMA/SIGMA
YY{J: o FOP [ 1@SIG2INeSTNHPX/STNHXX
s e '¥YI]) ~FOP(118SIG2IN «DXP/DEL
o FOP(T+1)10SIG2ZINeS [ oitMx /ST NHKX
+ ¥ilels - FDP(1+11wS1G2ZINI#DXH/DEL

50 CONTINUE
RETURN
END
E
¢ SUBROUTINE GRIOGE
E
c DEVELOPED av TIM BARTH X—6417
¢ MASA-AMES, . .WRIGHT~PATTERSEN AFKAL
E TASK 933
C

COMMON /BASE /JMAX, XNAX . P1, SBODY, SMUJ, SMUV. NBODY . NCLUST

COMMON/VARS /X (301, Y:301},. X (301, muaou.vxlx;ox,.

1 vsh.zm SR(301.100:,SCALE1100 sn.aox L¥OL1301:
OMMON /S TORE / XX: 301, jo0 .¥viaol.

Cmn 7ORDER/ALPMA . ALPHAM, KM1, mz

CoMMON /UNITS / BODYUN.GRIOUN ,DOCUNI

COMMON /FNAMES / loovrl GRIDFI.DOCFIL

COMMON /L AX/RECA

INTEGER BOOYUN, GRIWN DOCUN1

CHARACTER®B0 BOOY,GRID, INPUT

OPENM YARIOUS FILES FOR INPUT.OUTPUT,.ETC

INITIALIZIE
CALL INITIA

MOTE: SINCE THIS 1S A MARCHING SCHEME. POINTS
MEED ONLY BE STORED_FROM THE PREVIOUS K LEVEL.
THIS WOULD MEAN THMAT THEY MOULD BE WRITTEN OUT
AFTER EVERY CALL TO STEP........

SU" TO MAKE IT EASY TO USE THE BUNING GﬁlPﬂICS
PACKAI i1e

GE. 1 WiLL STORED THEM ALL AND MRI
THEM DUT AT THE END

START BY LOADING BODY SURFACE POINTS INTC
XK. YY WHICH WILL STORE THE GRID AS WE MARCH OUT

DO 5 J=1, JMAX
XKid, 1 & Kidi

YY.Jli. e Vig)
#RITE(GRIDUN,700)XX{J,11.¥Y({J,1)
CONT INUE

ANOONAANONONAM ANOOONOAOAN

5

X E T XA F e R AT T TR XA XX IR LR LR EEXL LA XA AL TRLTLOTLRLAXLALRRLR
mznuxm'z Haln LOOF 10 HARCH GR lD T0 QUTER BOUNDARY IXAXIXLXXAL

o T L A s LT Sy Ry XAy B T L T A T ke e PR T
P A Y PR A A A YA 4 Ay T3 FAS S A e R S Ay 4 44

0 K=2,KMAX
E ADVAMCE GRID FROM K —-> Kei
¢ CaLL STEP(K)
% STORE SURFACE GRID PTS (MAY WISH TO MRITE OUT POINTS MERE)

DO 7 Jml, JMAK
xxu xv - xu)

c YHXS HRfTE ’ROVIDES Dala IN THE Foﬂﬂ THE NAVIER-STOKES SOLVER MERDS.
y HRIT IM 700, XXiJ,Ki. YY(J

coN 1
700 roenn'zus.n

MRITE(6.®)' ... FIMISHED LEVEL'.K,' ALPHA=' ALPHA
10 counlus

X LXTTLAL XL L LTI T XA RTARA LAY Mmzmm
2‘:‘.’ v .'.‘. END OF MATN {OOP TO MARCH GRIL TC DUTER BOUNDARY %%
o S Y A Ry LY T A R A Y T A Ty Ty R R Y AR R TR T YA Y Y 22 ¥ T A Y A A A NS S Ao s

4

¢ 0.X. ME'RE DONE...LET'S MRITE OUT THAT GRID
C MRITE'GRIDUM | JHAK KMAX

< MRITE GRIDUN. 250! (KX J. K. J=l, JMAX | K ].KMAX




CTYYI QLK LJxl. MAX . Kel KMAX
250 FORMAT (2Xx. EZO i¢.2X.£20.10

HASTA LA VISTA®

e

ano

SUBROUTINE SARC

COMMON ‘BASE JMAX . KMax P] SBODY,SHU. SMUV NBODY, NCLUS
COMMOW VARS X,3CI .y 301 ,xa] 381 ,XETA'3C1 .vxi 30
1 YETa 301.,R 30“100 SCALE 100, sR:3c:.2 . vdL 30l

INTEGRATE ARC LENGTH ARODUND BODY

S = 0.

DO 10 J=i, tMaX-1

JP & Je1

$=8 «SORT X JP -X.Ji1me2 - ‘v B Y Jiies?

1C CONTINUE

SBQDY= §
RETURN
END

SUBROUTINE INITIA

N oo

falhlal

COMMON ‘BASE - JMAK  KMAX.PY . SBODY. SMU, SMUV . NBODY [ NCLUST
COMMON ' YARS - X 3C‘ Y. 301 .XXI: 301 . XETA:301 .Yx..3Cl
1 YETA 300 .R 1.100 .SCalE'100 .SRi301.2.,vOL (301
COMMON /OROER ALPHA ALPHAM, KH1 KM2

COMMON /D 1SS/SMUIM, §MUTMY

COMMON /SCALFT, DSETA

COMMON /SOBD/ SETAMX

COMMON /URITS / BODYUN,GRIDUN,DOCUN!

COMMON /FNAMES, BODYFI,GRIDFI.DOCFIL

LOGICA. VERBOS

CMARACTER=] ANSHER

INTEGER BODYUN.GRIDUN,DOCUN]

YERBOS = .TRUE.
Pi = &« maATAN: 1,

JMAx : WUMBER OF POINTS IN THE STREAMWISE DIRECTION
KMaAX : WUMBER OF POINTS IN THE MORMAL DIRECTION
(NOTE: K=l 15 THE BODY SURFACE
DSETA : APPROXIMATE CELL HEIGHT FOR K=] 10 K=2
SETAMX APPROXIMATE DISTANC[ TO QUTER BOUNDARY
(NOTE: THIS UEXACT™ IF THE BODY 1t & CIRCLE .

1'VE NEVER A .UALLV CHECKED 1F THIS 1S TRUE

OO AANAMAO AN R AOAMIOO OO OOOOOONOOOOGOOANOOO000Nn0 fannanoannonn

2

SCKMAX : VALUE OF SCALING FUNCTION AT KMa&X “SCALE{KMaX:"
SCALE IS TME FUNCTION THAT TRANSIT]IONS FROM
STREAMWISE CLUSTEREC vOLUMES 1C EQUAL-
SPACED VOLUMES AS MENT]ONED IN THE
ORIGINAL PAPER BY STEGER AND CHAUSSEE

Smy : COEFFICIENT FOR EXPLICIT DISSIPATION

SMuUIm : COEFFICIENT FOR IMPLICIT DISSIPATION

ALPRAM MAXTMUM ALPHA FOR MARCHKING INTEGRATIOK
. .
s ALPHE = C tJLER EXPLICT? .
. N
¢  ALPHA = 1.2 TRAP RULE *
- »
s ALPHE = 1 EULER IMPLICIT .
. *

XH1 : IMNER YALUE OF x FOR VARIABLE ALPHA INTEGRATION
EXPLAINEC BELOW

KM2 B SUTER VALUE OF ¥ FOR YARIABLE ALPHA INTEGRATION
L EXPLAINED BELOR

THE ALPHA IHTEGRA”ON SCHEHE STARTS DUT AT THE BODY MITM

LiPHASY CEJ_EP M AND LINEARLY INCREASETZ “C A1 PHAM 2T

XaxMl. FROM KM) Tc xnz ALPHz REMLINS CONSTANT 27 AphWaM.

FROM KM2 1O KM&), ALPHA LINEARLY DECREASES RACK TC 1 AT KMAYX

THIS VARIABLE ALPHA XS INCORPORATED TO ALLOW FOF ALPHL INTEGRAT!ON

GREATER THAN ON: FOR ALPHA GREATEFR THH ONi THE SCHEM

BECOMES YERY TEMPORIALLY-SPACIALLY DISSIP VE

VIF ETA 1S VIEWED AS A TIME-LIKE OXRECTIDN.

AND AS A RESULT GIVES VERY SMOOTH

GRIDS WITH 4 SMALL DEGRADATIONM 1N ORTHOGONALITY. INVERSE JACOBIAN ...ET

SMU_ SMUIM ARF SCALED LINEARLY FROM ZERC A1 Ke] TO SMU,SMUIM a7
KMl AND REMAIN CONSTANT FORM KM] TO KmAX

READ INPUTS

WRITE(G,
READ/S.» }KMAX,DSETA
MRITE/DOCUNI . » ~ KMAX,MORMAL WALL SPACING' .KMAX.DSET:

KMZ « | 75eKMAY




an

ECHMO INPUTS

2 CONTINUE
HRI'IE(G.IOOO)J\AK KMAX DSETA.SETAMX, SCKMAX,
MU. SMUTM, ALPHAM, KM1, KH2
1000 FORNAT(' JMAX- I»« KMAX= | Ta,. ' DSETA:',EIZ.B.

“

3 SETAMAS! .hz|s' SERMAK=", Fig.

F Y SHus' P14 7. SuTHe’ F1a07, 7 ALBRANS" P14 7,

3 ATwic s Kes 18]

w1TE (6 03! B0 YO NiSH 10 CRANGE THE ASOVE DEFALLTS? <r/in'
2222 EADIS:2 +2222 ) ANSHER

lFiANSNER LEQ. 'Y' _OR. ANSWER .EC. 'Y'ITHEN
?R‘X’TE(G,H' CHANGE THME DEFAULT VALUES IN SUBROUTINE INITIA.

$TOf
ENDIF
READ 1IN BODY COORDIKATES

FIND EPS FOR OUTER BDUNDARY APPROX
USES AN EXPONENTIAL STRETCING IN THE NORMAL DIRECTION

EPSIL FIND THE COEFFICIENT FOR THE STRETCING GIVEN
THE WALL SPACING AND THE OUTER BOUNDARY DISTANCE (APPROX:

EPS=EPSIL(SETAMX.0.0,08ETA . KMAX.0.004,40,1)
DISIRIBUTE RADIAL POINTS

[aYalateTulaYoTatal

[alala]

YERBOS ALSE.
IF{VERSOS )KRIYEM ®}' INITIAL RADIAL SPACING'

»
[2]
o
=
=
'3
(=
m

1

«JMAX
R J.KiaR, 1 K=11+DSETA® (1. +EPS ima (k=2
F{VERBOS .AND. J.EQ.1)WRITE(6,®)K,R[1,K:
CDIX MUE

SET SCALING FUNCTION  SCKNAX = SCALE{KMAX)

SCALE!1jal.
ESCAL » 1. - EXP{ALOGISCKMAX)/FLOAT(KMAX-2]?
D0 17 K=2 KMAX
SCALE(K' = 1. = ESCALIs®(K~2)
17 CONTINUE

RETURN
8D

faTalal

o

SUBROUTINE HETRIC

[ala BN aTnl

CM/BASE JHMAX  KMAX.P]. SBODY,SNU.SHUV‘NBODV.NCLUSY
COMMON /VARS /X 1301 ),Y4301) ,XX1(301; . XETA{301),YX1(301,,
1 VETA(JOI' R(JO .IOOr.SCALE(XOOJ.SRLJOI.ZJ.VOL(SOZ-
DO 10 u=2, JMAX-1

JP=ys]

JR= =1

XXI(Jim(X(JP}-X(JR)I®0.5
YXI{S)miYIJPI=Y(JR!I80.5
XXYY®KX](Jrm2eYX](J)ma2

NOTE: £TA METRICS ARE OBTAIMED FROM DI'FFEREOITIAL
EQUATIONS AND ARE NONLINEAR AS

FROM THE CAL! INT SEQUENCE USED.
VOLUMES FRUM IME UNKNOWN K LEVEL ARE BEING
USED_(THIS 1S ElvenmEuuLLv mxs WELL)
THIS WMEN USED WITH ALPH.
SEEMS 10 MELP DUT IN REGlons or conctvi CURVATURE

XETA{ ) m=YX](JV@VOL T ]y /XXYY

YETA'J)e XX](JI®YOL|J)/XXYY
10 CONTINUE

RETURN

[alalalataloTalatatal

€
4
c SUBROUTINE STEP(K)
<
COMMON /BASE - JMAX.KMAX, P}, SBODY, SHU, SMUY NBODY , NCLUST
COMMON/VARS /X301 ,Y . 30]..XX] 301 .XETA 301..vx].301..
! YETAL30) .R'301.100 .SCALE:10C .SR-301,2..vOL:130}
COMMON /OROER ALPHA . ALPHAM, KK] A KMZ
COMMON /DISS/SMULM, SMUIMY
CIMERSIOW 8(301.2,2:,C1301.2,2',D1301,2,2/.F(301.2;
¢ DIMENSJON A1301,2 2:.6(20., ,2,
‘C: SET UP ALPMA VARIATION
IFIK LE.KM1)ITHEN
$C1 » FLOAT(K~2,/FLCAT(KM1-2:
SC2=SC1
ELSEIF(K GE KM2 ) THEN
sC . = FLOAT(K-KM2)/FLOAT { KMAX~KH2 |
SC?-
LSE
$C1 = 1,
SC2wsC1
EMDIF
4
4
3
ALPMA = 1. + (ALPHMAK - 1, 1e§C1
<
E SCALE DISSIPATSON
SMUV = SCoeSMU
c SMUINY a SCReSMIIN
!C:
CALL VOLUME (X,
CALL METRIC
CALL RMSIK)
C
C INVERSION IW ETa DIRECTION




OOV e

falal

“

FILL 4,B.C,F ARRAYS FOR BLOCK TRIDIAGONAL
CALL FILTRY(K.4.B.C.D,E.F
CALL BPENTACL,JUMAX,&.B.C.CLELF
CALLULATE NEW X, Y CODRDINATES
Je1, IMAX

v XoJr o+ (Joit
S B2

g:x8
R 3

5
31
Jim
NYINU
RETURN
END

SUBROUTINE FILTRY(K,A,B,C,0.E,F:

[aYalaTatal

n

[aXals)

o

[alala

COMMON #BASE < JHAX, KMAX . P1, SBODY. SMU. SMUY  HBODY . NCLUST
CONHON’VARS’X’JD".Y‘3CI LXX113C: .XFTA:3C 1.,VXI 30}.,
VEYA 3G .- 3 1,100 ! S 3¢5, ‘~.VO§

LCo3c1.2.2 LF 301,

: JE 301
COMMON /D1SS SHJD‘ SHU]NV
COMMON “QRDER  ALPHA, ALPHAM, KM1 KMZ
DIMENSION AM.2.2

- FILL TRIDIAGONAL MAIRICES {W ETA-DIRECTION

0O 10 J-Z JMAX-1
METRIC TERMS IN B.-1a

RiaXETA: Y

R2avETa D

R3=Xx] . J

Reayxi J

RMETw . - R3s82+Rama?
RlmR}mRMI
RZwR2eRMET

CALL GMATRX(AM.J K.Ri,R2.R3,.R4:

LOAD 8 ~1A IHTO BANDS (ALLOM FOR GENERAL INTEGRATION. ALPHA!

ano

88y
oo

T

- . 5eALPHASAM N M

S

O
o

"

w

~
o

-
L}
Mo SeALPHASAMIN M.
(]
L]
-

avrgoo |w

FULL IMPLICIT ATH ORDER DISSIPATION

8
[+

ol
(RN

LA T
~n

[

Pe0. e SHUIMY
(=2, =SMUIMY
5 e SHUTMY
—4 . #SMUIMY
=1 o SHULMY

*xrrx
rrrxrz

oy
>x-

«1.%SMUTMV
i WSHUT MY
LeSMUIMY
2. 8SMUTMY
‘=0 e SHUIHY

o -0 0

ol L1
L. L
MO

EoLuL EZQLLLL
rxrxrx
’
R

T e e
CXTRIEEXR ICZXTTRER

NOo
z

Ko®mL S N K <1, &SMUTMY
=G G bk ~e BSHUIMY
eCrJ N Kreb o SMUIMY
w0 NN s Sy M
wEld, N, hie] sSMUIMY

(SN Ty

(-4
=
-+

OMOUNerYOOTMOO®» DL AMONEY

HEARETFNA—TREEE >
3
"
~

ITMPLICIT C(-GRIC B-T &7 kel KMuY

AIJ.N.H)-C.

§ =
};L.LL.(.
MR RGNS XX XTI ERTER

NMOOE R L NMOO®
[ Y Sy .
XTXEXX

g

gi

]
gL e
PERDagagaie
R AR
| ropn
—_a e

AL MOOOG
el
L)
.
y
~




ALJ, 2,21 1.
RETURN
EXD

¢ ;
. SUBROUTIME VOLUME (K.
¢

COMMON /BASE / JMAX, KNAX, P1, §800Y, SMU, SMUY . NBODY , NCLUST \

COMMON/VARS /X1301 ), Y: 30 l,. 11501) XETA(3O01:, YXH301).

1 YETAL301:,R;301,100}, SCALE(100!) SR£301 2), vOL (303, .

Cohon Rﬁsam.?m ALPRAN, Kit1 042

Do 5 J-Z JMAX-]

1
Bl Rt -1 K:~RiJ-1,K-1! % R{J+1,K)~R{J+1. K="
= GQRT4 (.50 KIJP,~XIJR}) ) 1m82 + (.60 (Y\JPi~Y (IR, )e82,
VO‘ {J1=DS& (SCALE{K 18DL +(1.~SCALE(K} }0SB0DY/FLOAT{ MAX~1) ] .
5 CONTINUE
RETURN
c End
c SUBROUTIKE RMS(K .
c
COMMON/BASE/JMAX . KMAX, P1, SBODY, SMU, SMUY, NBODY (NCLUST
COMMON/YARS /X:301:.Y: 301) XX]1i301, XETA{301 .vYX11301:,
1 YETAU301),R(301,100:.SCALE(1001, SR.SOl 2}, vOL(301)
c COMMON /ORDER/ALPHA . ALPHAN , KM1 ,KN2
< CALCULATE FORCING FUNCTION: CONSISTS OF NEW AND OLD
ch VOLUMES PLUS YARIABLES EVALUATED AT THE KTH LEVEL.
00 5§ J=2,JMAX-1
JP e el
JR = g-1
C
RlwXXI(J:®
R2eYXI(J}
RI=XETA(J)
RAwYETA{J)
AMETel. /IR1me24R2wn2 )
SRiJ,1)w~R28(ALPHASYOL [ J)e{ 1. ~ALPHAI® (R1wR4=R2¥RI ) 18RMET
c SRIJ,21= RISIALPHASYOL!J)+{1.-ALPHA S (R1®R&-R2¥R3 ) 1&RMET
E MUMERICAL DISSIPATION
N 1F(J .EQ.2)THEN

JPPmJs+2

SHXw~SHUYS (-2 8X{ JR)+5 oX{J)=4 8X{IPIeX{ IPP) )

SHYw=SMUYS =2 . oY { JR)~5. 0Y{J)=b oY {IP)4Y{IPP))

ELSEIF{J .EQ. JMAX-1)THEN

JRRey-2

SHX@-SMUVE (~2, 8X( JP)+5 oX{J)=4. X (JRI+XIIRR))

SHYm=SMUVS (-2.8Y: JP)+5 oY | Js=4. Y (JRI+Y{JRR))

JPPeJe2

JRRs J-

SMXe=SMUVE (X[ JRR)+6 . 8X(J)+X{JPP 1=k & (X{IPIeX(JR )}
Eué?:--iﬂuvcfY(JRR)‘é.’YtJ)‘Y(JPP)-ﬂ.tlY{JP}0¥éJR/)J
SR(J,11eSROJ,1)+8Mx

c SR(J,2imSR1{J,2)+SMY

<

"5 cowTINUE
RETURN
Enp

[

E

c SUBROUTINE GMATRX(A,J,X.R1,R2.R3,R&;

C
COMMOM /BASE 7/ JMAX . KMAX . P1 SBODY,SHU. SMUY NBODY . NCLUST
COMMON ‘VAPS /X:301 ,Yi301 XXI')OI xE1A 301, ¥x11301 ..
1 YETAI31.,Ri1301,300. 804 0 170 > . vOL(301.
CIMENSiON Aid.<:

C

g FILL 8INvea

11,1)mR)eRI-R2%R4
1mR2uR3+ResR;
JmRAsR}+R32R2

1

11,2

12.1

(2.2 1oR4sR2-RI0k ]
éuﬁ

moe>e»

E
N

FUMCTION EPSIL(FMX,FMIN, DFM, NPT, FPCC,1CC. NCALL)

falaYalalalalalalalalatalalalalale M alal

[ TaTa}

THIS SUBROUTINE APPLIES A NEWTON-RAPHSON ROOT-FINDING
TECHWIQUE TO FIND A VALUE OF EPSILON FOR & PARTICULAR USE
OF THE EXPONENTIAL STRECHING TRANSFORMATION.

FN! IS TOTAL ARC LENGTH ALONG COORDINATE

MIN 1S STARTING VALUE OF ARC LEMGTH  SUCH AS O
DFM 15 SPECI‘XED INITIAL INCREMENT OF ARC LEIGTH
WPT 1S SRMBER DI POINS ALONG COQRDINATE
FPCT 1S ITERATIVE ERROR BOUND, E G 0( ©.00002)
1CC 15 MAXIMUM WUMBER OF JTERAT
BCALL IF MCALL=1 INITIAL GUESS F EPS 1S USED

IF MCALL .GT. 1. PREVIOUS EPS USED AS INITIAL GUESS

FMXLwFMX
FMIN =EMIN

FRPTMI=F L OAT(NPT-2 "
TFINCALL.EQ.1; EPS=(FMXL/DFML 1en (] . O/FNPTH2/-1.0

DO 3 MIT=1,ICCL
EP1=EPSe] .6
EPITN=EP aaFNPTNZ
REPS=1.0/EPS




DFMOE=DF MLOREPS
K.$Mx'-FMINL-O‘MOE-(EPlYN-CPl 1.0
1F.aBS F..LT.FPCCL GO T

DEMOE 2=DFMOE®REPS

FPNaDFMOE2® " 1 O+EP1TN® (EPSEFNPTM2-1.0

EPSeEPS+F/ FPN
CONTINUE

EPSIL=EPS
HRITE(6,100}
RETURN

EPSIL=EPS
WRITEL6,101 EPSIL.F,NIT
ETURN

FORMAT, /42H EXCEEDED MAX. NO. OF ITERATIONS IN EPSIL..
 FORMAT! /7H EPSI{w, ;12 S.5X,7H AND F=,F12.5,5X,7H AFTER .13,

12H ITERATIONS.
END

O O e OO
o0
-0

SUBROUTINE BPENTA I..JL,A.B.C.D,E.F

I ¢
| C :
' DIMENSION A1301.2,2..81301.2,2..0:301,2,2... ,
0:301.2.2 ,£130).2,2.,F:301,2. ;
ornsnsxou G\z‘z- HiZ,2,,U1301,2,2..v1301,2.2. |
COMMON/LUD * Lii,121,122,U12,V1,V2 i
c REAL L11,121,122 I
i
b
< 2K2_BLOCK PENTADIAGONLL SO.VER
g WRITTEN BY TIM BARTH. NASA-AMES
< |
. 15 « IL + 2 :
1= IL ;
c 1
i DO 10 Nel1,2 !
| DO 10 Mel.2 !
i (N, M s CL] KM, P
1° CONTINUE !
' CALL LUDECIG l
D] = vieF:l,; ,
! D2 = v2e:fi1.2 - (21801} '
i Fii.2 =D2
Fil.1' = Dl = yl2efFe],2
: Do 13
i Dl = ¥ 1M,
: 02 = v .- L21=D1}
Yi1.2.M: = B ,
Vil 1M 1 - uizsvil, 2. M !
0 = vieD'I,1
L2 = ¥v2=D' ], - L21=D1:
Uil.2.M0 e 02
Uil.1.M = D] - Ul2sU(],2.M
11 CONTINUE
E '
Telt =1
L=l -1
c
3
DO 20 Wel,2
DC 20 Me},2
Gim. M) & CIT N.M) = BIT.R,X)®UIL, 1M ~ B'I K, 2)8UiL,2,M,
20 CONTINUE
CALL LUDECIG"
00 21 Me1,2
. FIT. M = Fi1 M- - B/1,M. 10 Fil,1 - Bil,W,2)%F(L,2°
F3
- L21eD]
- Ul2eF. 1,2
| i
. M = Bri N 1seViL 1M, = BUT.K.2Vevil 2. M,
22 [o
. o
{ D
. 0 - L21eC1
; v
' g - Ul2evil.2.M
C 12, - L21eD] '
i ui.2,m bR |
‘ U:1.1M = DI - UlZeU(],2.M4: :
125 CONTINUE !
¢ |
4
Do =1S.1U :
L
LL
DCc .
i [379) |
[ B'IN.K - ALK, 10U LL.I.M - & [ N, 2/%UiLL,2.M i
10 €O
0o |
DO 35 M=1,2 .
GIN.M @ COL MM ~ AT N, 2teviLL, 1M ~ AT, N, 21eV{LL,2,M i
- BULN.1isUCL L1 K0 - BrlanI2)eUiL L2, Hl H
35 CONTINUE
CaiL LUDECIG |
DC 37 Mel, 2 i
FrioMm o Film - 8 7 M lreFi, 1 - B .M 2/#FiL.2 |
I - ALMiIveE (01 - ko lim20eRiLLL2 |
17 COMTINUE |
D1 « VIeF(] 11 !
02 = yao(F(1,2: - L21e0}; ;
F11,2) = D2
Fi1,1) = D} ~ U12e F(l 2}
TFil LEQ. xu;c.o T0 8
DO 42 wel. !
! DC 42 M1, 2
Min. M = Dij N - BTN, LIl 1M~ B(DL N, 218V, 2K
.2 CONTINUE ‘
! DO 45 mel 2
. Di ® VieH 1. ,
D7 = Y2e.H. 2. - L2180} ,




ull.2.M = D2
Ui 1M = Dl - Ul2eUil,2.M
a5 CONTINUE
TF.1 .EC. IL-1)GC TO 80
DO 46 M=1,2
D = VisE 1,1,M
D2 = ¥ZmiE(),2,M. - L218D1
¥i1,2, = 02
VII1,M = 01 - U12evi],2.M:
~  CONTINUE
BCO  CONTINUE
50 CONTIMUE
S BACK SHEEP
g
L U
DO & N'l 2
FLi M w FLLMY - U LM, 1IwF(Tel, 1} - U1, M 2/8F(1+1,2)

o
[+

CONT INUE
00 65 1 » JU-2,1IL,-1
Do 6 Mel, .

.
€< CONTINUE
EYURh

END
SUBROUTINE LUDEC &
DIMENSION 4:2,.2:
CONNON/LUD t11,121,022,u12.v1,v2
REAL L11.L21.123
C  SUBROUTINE CON’UTES (=U OECOMPOSITION ELEMENTS
ll

L2:

V] =
Ul2 = Viea:l,2
L22 =




CHAKE=Q, 058

CRK =
EDYMAX = 5000.

RE2eSORTIRE)
1TRSUL=1TRSU+L
FllleD.0

It -1
ITEUPI=ITEU+1
IMXST1=IMKST-1
IMKSTLw]L-INKST+]
XRLXHw  SeXRELAX
IMKEPj= i WKE+1
IMKEL=IL-THKE+1

AIRFOIL UPPER SURFACE
DO 1 I=ITRSU1,ITEU

UETa=Y!], 2)-U(1, 1)
1)

faBalalalal

3
)
11e (UETASXXI(1, 1) +VETASYXII, 1))/
YE-XEsYXI(I,1; )0

ANDR DAMPING FAcfon
J=

VPLUS-RE?'SQRYIRNO’I 1)8TAUMISSI], ) /XMU(T, 1)
D.Je]l, ~EXP(-YPLUS/APLUS
IF (D(J) L1.0.999%, (;O 10 2

GO ro 100
2 COWYINUE
60 10 270
100 DO J-JD JLAST
3 Diliesl.0
C EVALUATE FOUTER AND XMUTI
200 DO & J=2,JLASY
UK[ew, 5"U(X*l Ji-yrg-g
VXiw . B8iVi[e]l, 11-Vi]=]
UETA=.Se(Ul], Jo 1)~V 1,
VETA-.5°&V'1 Jeli=vel)

w

nw-
T
.
.
o

< DETE
FnA

00 5 U LAST
lF(F(J).LE.FHAX) Go 10 5
FHAX=F (]!

JMAX=y

W

CONTINUE

YMAX = S{], KA

i S

C USE QUADRATIC INVERPGLATION J0 COMPUTE FMAX , YMAX
MM IWAX-1
JHXP= JMA X+
Frn FL XN -EMAX) /1511,
F2m({ EMAX=F { JMXP )} /(51
F3n(F1-F2)/151], MANi=$
YMAXw, 5% (511, MAK 1451
FRAXF { JMXM ) oF 1o (YMAX=§ 1T , JHXM
- SIYMAX-S (], MAX

€ COMPUTE 'FWAKE'

(8 FMAKEsYMAXsFNAX

—

C ADOED
C COMPUTE lDlF
tOIF
IFLAG 0
DO 138 J=2, JLAST

DX] « ABS(U/1,J7) o ABS(¥(I,J)}
UDIF = MAXHUDXF Dx1)
138 CONTINUE
FRAKE] = CHKeYMAXs(UYDIFeUDIFI/FMAX
I1F ( FWAKEL .LT. FWAKE . IFLAG e}
FHAKE = AMINY (FHAKE,FMAKEL .

C COMPUTE XMUTO
400 DO 7 =2, JLAST
EXLES=1. /11,5 S0 (CKLEBOS (1, ) /YMAX 1em6 )
XHUTO () =RESCTPCLAUSRHO! 1,.) 1 FHAKES FKLEBSGAMMA (T )
OTTOL1) = ANINI(XUTO! ). EDYMAX)

8 Je2, JlAST
TECXMUTII DS LT, XMUTO!J)) GO YO 8
JTRAN= )

DO 10 JaJTRAN, JLAST
10 EDOY( T, Dexmutd( s

c
IF (IPLOT.EQ.0) GO T0 1
€ ouTPUT
Y2PLUSeRE28SORT (RMO 1,118 TAUNI®S I, 21 /XMUI
WRITE (6 202 I YMAK FMAK, FHAKE , JHAX JTRAN, VﬁPLUS
1F11PLOTL, £.0) 6O 10 1
mire ubzo:n
o M MEG, e Tl sn J3,FCI),M00), D11 XMUTT ), X0RITO (), TFLAG
R bl
1
¢ AIRFOIL LOWER SURFACE

KLAST=ITRSL - lTEL‘X
DO 12 X=2,KLAST




1=ITRSL—K+}

UETA=U(],2)-U
VETA=Y(

!
'
}
%"(UE!A:X}X(I’UWEYMYKI(X BNy

L

2, )
YPL!Ji-QEbSORT(”DU 11'1“)“(1 /1,1
D{J)=1 -EXP(-YPLUS/APL
IF (D{J).LT.0.999%) GO 10 13
JOmJ+]

w

60 T0 600
13 CONTINUE
G0 10 700
600 DO 14 JwJD, JLAST
14 DiJi=1.0
€ EVALUATE toun:n AND XMUTX
700 DO 15 J=2, JLAST
uxx-.s-(uhol HU1-1,
YXja. S8V (]e], J}=-¥I]I=1,
UETA=.88(U(], Jo11-U01,0>
VETA® Ba(v(1.3¢1)=V(1; )
WO = XXT (1, J)8UETA- -XETA
*YXI(l. J)'VEYA)/XJ
TR(41eS (1, 1)0ABS (i) 18D

T )-QE-RW’I J)mAB
- GAMMA(T)

15 CONTINUE
C DETERMINE FMAX,YMAX
¢ FHAX=D.0

DO 16 Je2,JLAST
A Lé FMAX! GO TD 16
FMAX®F (]

16 CONTINUE

x)
MAXT.EQ. JLAST) GOTO 1

IORITIC xurarounou 0 Gweure FMAX, YMAX
Mk A X~

JHXP-.MAX.J
FluiFoJMXM I ~FMAX)/1SIT, JMXM)I=S (], IMAX))
F2ei FMAX~F ( UMXP))/(S(T, Jnux-stl JMXP 1}
F3e(F1-F2)/1S(1,MxM =871, JMXP
YMAXw 58 (S(]1 JMAXI+S(] JMlMx Fl/
FHAX-F(JNXHrOFlO(YNAX-g(l JKXHH*FJ’(VNAX SUI, JMAN) )
- ®{YNA l~S(I.JﬂAl)

COMPUTE ' FMAKE "

17 FHAKEmYMAX®FNAK

(2]
2

[alaloBiNe]

ADDED
COMPUTE UDIF
UDIF = 0.
1FLAG = ©
DO 139 J=2, JLAST
DX1 = ABS(U(I,Ji) + ABS(V([,Ji]
UDIF = AMAX1{UDIF,DX1)
139 CONTINUE

FMAKED = CWKeYMAXS ! UDIFOUDIF)/FMAX
I1F ( FMAKEL .LT. FWAKE | IFLAG =]
FMAKE = AMINI(FMAKE,FHAKEY)

ST

*5 5o (CKLEBSS(I, ) /YMAX Joné )
*CLAUSRKO (1, J 18 F NAKE®FKLEBAGAMMA( 1)
1(xMT0L), EDYmAX )

x9-

o)
LAST
Kummu) LT XMUTOS) ) GO TO 19
G0 101800
19 CONTINUE
1000 JTRM1=JTRAN-1
D0 20 J=3,JTRM1
20 EDOY!I,)eXMUTI(J)
DO 21 JmJTRAN, JLAST
21 EDOY (1, et 0(J)

XF (IPLOT.EQ.0) GO TO 12
vmus-niz-soannno(l 1)aTAUMI®SI],21/XMUCT

WRITE 16,2021, vhAX FHAX, FHAKE , JMAX, JTRAN, Viblus, 1FLaG
TF(1PLOTI,£Q.0) GO 10 12
mms 16,303,

c
C ouTPU

Do 2 SLASY
2 lllTElb.ZM) 3,801,4),F{J},R(3),00d), XMUTI(J), XMUTO())
12 COMTINUE

[alsTala BN o)

MAKE

?E..J?LI;DKST.DKE
C DETERMINE UMAX,UMIN.MAXKE CENTERLINE{YMKC)
UMAxel. 0

X
UMIN9999
DO 31 J=1 JLAST
RTIUTT, 31 s24vi] Jres2)
TFOVELU.GT.UMAX ) UMAXaVELY
VELLSORT (U [LW,J n--zowuu Jiea2)
TFIVELL.GT . UMAX) UMAX=YEL|
1% (VELU. GE OMIN) GO T0 33
UMIN=VELY
i
32 IF(VELL.GE.UMIN) GO YO 31
UMINYELL
MiNe]
TMINeTLN
21 CONTINUE
UDTFalMAX-AMIN
xmulu GE.ITEU) SIGM=1
FOIMIN.LT ITEU) SIGN=—1
vmc-mux , MINISSIGN
~————~COMPUTE FOUTER

C
C__UPPER PARY




|

c

C

c

DO 33 J=2,JLAST
Jd=died

UXl=.5aiUi1+1, N -U(1-1,
VXI= 880 Vi]e1.0r-¥(1-1]
UETAS. 81U 1,551 1-U"1.)
VETAw 8a.vil Geli=V.i.J
Mttt ham s
"t TE :.J:-vem/m

YHK=§ YNKC
HJJ)-aésxmz-u(.uH

3 Ny
LOWER PART
00 34 J=2,JLAST
JamjL=Jel
UXI= 58 U ILhe1, J1=U!TLW=1,4)}
VXlw 881V Timel, i=Y [LN-1.0""
UETA=. 58 1ULILN, 51 ~UiILR.I71 1)
VETAw Se (Y(ILW, dol)-Y(ILK,J-1))
W(Liye= {XXI{ILW, J1eUETA-XETALIUN, J)oUXT-YETAL LN, JIe¥X]
= TTeYKI (1L, J)aYETA: /XJACCILN, J)
YWKaS ( [LW, J 1 +VHKC
FiddiwaBS | Yomewi g !
34 CONTINUE
MAKE-CUT POINTS
UXl=.68(0(1+1,11-U(]
VX]m S8ivi{]e) 1:i-vi(]
UETA= Sa (Uil 24U T

J 1eUXI-YETA(L,J)evX]

- “YXI(1,11eVETAI/X
YK o 7K
FoJL)mABS ( YMK@M{JL ) !
Wi+l i JL
FrJlelimFiJL)

COMPUTE FMAX,YHAX
FHAXwO

DC 341 Ju=J I, JJE
JF(F(JJI.LE.. MAK) GO TO 341
FHAXwf (JJ !
1F1JJ.GT. JLl GO TO 342
JMAXe L -Jge
IMAXs]i N
YMAX®S | TMAX, JMAX |+ YMKC
GO TO 341

342 .I)MI-JJ-JL

MAX e ]
YHAX®S ! TMAX , JMAX i ~YHKC
341 CONTINUE

C COMPUTE FMAKE
. C

FHAKE=ABS (YMAX }® (UDIFee2)/FMAX
COMPUTE EDDY(I.J,
37 0 32 J=1,JLAST

YWK®ABS (S X Ji=YMKC:

FXLEB=]. /(1. +5, 6o (CKLEBNOYMK/ABS (YMAX) |08 i
38 EDOY! 1, =RESCHAKESRHO 1. J 1oFWAKESFKLES

lalalals BNel

lalalgTalsl

39 J=1 JLAST
Vioand Tl TEns ) ovime
FKLEBw]./11.+5 50 CKLEBWOYWK /ABS (YMAX | )me6
39P51DOV(XLN S =RESCHAKESRMO  [LH, J 19 FHAKESFKLED

IF(!PLOT €0.0! GO TO )
155;6 2209 IXCININ, JH.INI THMAX , JHAX , YMAX , FMAX , FHAKE , YHXC, IMIN, JMIN,

"(IPLOTI.EQ.O) GO TO 30
KLAS

Jelj-Jl
H‘ .]JJ. LE L. Jeil=dJ=]

IF(JJLLE.JL. Il=ILN
WRITE1&,204: (,811,45,0U(11,d) ,WJ),FIUD:EDDY(TT, 20
CONT INUE

&2
30 CONTINUE
NEAR=MAKE

DO 40 1=1TEUP1. IMKST)

IW=]L 1o

:ﬁsuu-lssxu;-ssunsu:—uu.xnwxuux

DO 40 J=1,JLAST

_EDOYIL, Dre, So{ (EDOV(ITEY, J1oE0OY (THKST, J) j+FACTORe

WKST J1=EDOY(LTEU, J: .
:mvnut Jle, 5oueoovlnn 3L +ED0Y | INKSTL, 31 )+FACTORe -
{EDOY(IWKSTL,J)~EDDY ITEL,J) i+

40 CONTINUE
REGIOM Of CONSTANT EDDY YISCOSITY (VERY FAR FROv AIRFOIL)

IF (INKE.GE.IL1) GO TO 3000

00 41 T=IMREPL. 1LY

ILwei-f+

00 41 o1 LT

EDOY (1, J)=EDOY ( IMKE, J!

EDOY (1(M, ) 1=EDDY( IWKEL.J)
41 CONTINUE

FORMA

207 FomMaT 51 12X, " YHAYe JUEMAX®' F11.4

F14 X
lmxi rix e 5x. Jmin="13, 41, m-' 13, zx.'mws- JF11.4,
703_Fommatiax, J' $X,SUT, 000 6K, TFCI) 06X, 'VORT. ' 6X, DANP. '
XMUTT ‘xéuTo’ !

204 vohn'zx h $12%,€10.41)
209 FORMAT: 2, X/Ce’ h 452X, 1 IMAXS ! 14,20, MAXS " 14, 2K YMARS"
-F7.4,2K, &nu- 7430 FAKEe F
*viex s zx pﬂu- 16,2x;° AR S2X UDIF=" F7.4
210 Fonm«l; i SR WL S ex YORT ex, TRy
3000 RETURN




£END

¢
¢
€ SUBROUTINE "LIFT" COMPUTES AIRFOIL LIFT AND DRAG COEFFICIENTS
C VISCOUS CASE
c SUBROUTINE LIFT (CL,CD)
PARANETER( IN=299 =100
COMMON /FLOWY/ UlIN, ATV UIML ML POTH, M) RHOLINL M),
LIKUCIH, u ECOY (TN
Comaon TRRE X I T v I, I XXT (M, M0 YT CIN My,
lXETA(lH .m CYETACIM, M, lJAC’lH IS T IR IO
ommeon /P1/ IL, 0L, ILE, ITEL
COMMON /P2 R pﬁ BRi X RE TwS1, ALFA,ANGLE
CommON 10X 2,043, Dxa.0X5,0%6 07, DX8, {0K3,0x10
Compion /H15C 7 11 u.} 1L5 JLI JL2,au3,10Eey Toem,
- mm nsuu ITEUNL . GAMI , Gam2, cb«u o¥u,s19,
- PINF,Sina.COSA, vm le REL. AL, x(1,XLN
c COMMON/DUMNY 7 TENP{ 18, 1K, 4}
FX ® 0.0
. FY = 0.0
DO 1 I=ITEL, ITEWMI
XXIKeX(I+1,10=X(1,1)
YXIK®Y(I¢d,11=Y4 1)
unA-.scwhq.z;-u'hx,n«uu.n-uu.u;
VETAw B8 (Y(I+1,2)-Y(I¢1,1)ev(1,2)-¥{I,1}
XETK=. 88 (XETA[1+1, 1)‘xn‘ux.1§$
=5 (YETA[]+1, 11+YETALL 1))
PX=_Sa(PIT+, 1)+B{1,11}
XMUK=, S0 (XMU( T+1,1)+XMUCT,3))
UXTwUiT+1,10~U(],1)
YXlaVil+l,1)~v(]:1)
XJKm1,/(XXIK@YETK-XETK@YXIK:
UXmXJK8 (UXT®YETK—UETARYXIK)
VXeXIK#{ VXI0YETK-VETA®YXIK)
UYeXiKe{ =UX1eXETK+UETARXXIK )
YYmXJKe (~YXINXETK+VETASXXIK)
TXYaRE o XMUKS ( LY +¥X )
TXX@—PK#RE 18 XpUKS § XLMBUX+XLEVY )
TYYu—PKSREIEXMUK® [ XLMSYY4X 8UX !}
DX1=YXIKeTXX+XKIKSTXY
DX2e=YXIK8TXY+XX]1K8TYY
UA = .B8(UCE+1.10e0(1,1)}
YA @ Ba(vile] 1iev(], 1)}
RA = .58 (RHO/1+1,11+RHO(1,1))
DXJe~Ras (~UARUASYXIK + UieVAisXXIK)
DX4=—RA® {~UAsVASYXIK + VARVASXXIK)
c
FamFX+DX140X3
FYeFY+DX2+DX4
o 1 CONTINGE
FLIFTmeFX®SINASFYSCOSA
FDRAG=FX#COSA+FYeSINA
Cle2.eFLIFT
COm2.#FORAG
RETURN
END
¢
¢
C SUBROUTINE 'wrmr' PRINTS OUT FLOW FIELD INFORMATION
c SUBROUTINE OUTPUT
Pmnnmxmm 1001
COMMON /FL ulin, JHTLVLTH, M) P UIH, MY RHDUIN, M)
1XMUCTM, I vy
ComMON” 7ORIBUXE TN JH ., ¥ IH, JM 1 XXTIM, M) YXT (TN M,
u(nnm Jm YETA(IM JH) xJAétm TR TN IR IS T
COMMON /PL1/ IL,JL, xl JITEY
Coumon 7p3 " Lokl 1 xm RE,TH.S1,ALFA, ANGLE
CongsoN/MISC/ILL. 1L 2. Jid, JL2 JL3,ILEP], ILEKL
- TTELP) nmu TEUPT, i W1,GAM2. GAMIT,GKM, S1P,
- PINF.5iNA Rxonn“u.n.x. L1
ENP (1M, M, )
XMi2win1we2
¢ UPPER SURFACE
WRITE (6,206
1 1=iiE, 176U
WRITE (6,200
MRITE (6.202)

1 =
-cm-xnh-vu yme
2031 Jxi . YUL,00,0L,0,¥(1,05,PLE.d),

. v}

Ei'

=IL
MRITE(6.200) 1
NRITE(S,202)
Do

I

TaGAwXMI2eP (1 J)/RMO(T,J)

MRITE®,20310, K71, 00 vif LD, e, v,
> kHOUIL ). T, EDDY(1.T)

WAKE REGION

WRITE (6,206 .

1TEUPI=iTEUs1

DO 3 I=ITEUPL.IL

K=ll-1+1

WRITE 6,200 1

WRITE(6.202)

DG & KJjel,dt

JmiL 401

TaGAMSXN1Z®P (T, J)/RHO(T, 4}

WMRITE6,20305, 501, 30 Y(ETh,uen, 0,901, 0,001,
- emoll,ait eby ], 00
4 CONTINUE

DC 5 J=2, 4L

v-cm-:nizc PiK,J1/RMOIK

WRITE 6,203, 3, K1, 21 Y x J) UK, 1L YKL D), PIK, JD,

20
hHOK 1, T, EDDY!




2]

(BN alalalnlll

3}

annon

5 CONTINUE

3 CONTINUE
sesare  FORMATS
200 FORMAY LA0X, .
202 FORNAT <3x J ‘I,
)

COLUMR ', 14,2X, ‘ut
XL eX YD, J
F

1.0

Ui, e
203 FORNT (3%, ta's $x.rlo.a:
204 FORMAT{]K1.AOX, UPPER SURFACE ——— '}
205 EORMAT(1M]1.40X, '=——— LOWER SURFACE ——'}
206 ;onm'um 140K, ! HAKE REGION ———')

END

: u.
sx.nnoxJ..ex 1.2 ‘sx‘oov;

SUBROUTINE "TRANSI” EVALUATES THE TRANSITION FACTOR FOR
THE TURBULENCE MODEL
SUBROUTINE TRM‘SI

PARAKETERHN-?‘” JMw100!

COMMON ulin, JHI VIIM M}, PUIM, M) RHO(TIM, N,
1XMU: 1M, JH EDDV l

common /GRIC. X IM. JN JYOTM, UM XXT IH g% YX[TIM, UM,
IXETA 1M, UM, VEYA LM WS U T A I M SO ]
COMMON “P1° IL.JL,ILE,ITEL.ITEU

COMMON /PZ GAN FR PRY XM1,RE,TH,S1. ALFA ANGLE

COommon 'MISC ILL, 1L2, 113,401, J02. L3, ILEPL, ILEN],

- 1TELP1 XTELHI ITEUPI iTEUHly ANl SaM2, GAH 1,GXN,81P,
- PINF,SINA.COSA,PRI.P XLL.XLM, P

COMNON / TURE

mgasu 1TRst. xuxsf ke iLhst,
LAX
TOUMMY ¢ TEMB (TN, JM. &

COMMON
CMN/TURBZ’XNUTI JM XKUTO JM DM HIZe M F(2eUM:,

- GAMMA (1K)

00 1 I=i,IL
GAMMA(] )=1.0
CONTINUE

-

SET EDDYw0.0 I LAMINAR REGION
JLA‘TI-JLAST 1

1.
oo 2 I-IYRSL “RSU
€00Y:1.4/=0.0
CONTINUE
DO 3 J=JLASTL1,JL
0c 3 1-1.1‘.
£00Y'1,J1=0.0
3 CNT!N‘E

00 4 I-ITEL IYEU
EDOY(1.1)=0.0

RETURN
END

[N

»

SUBROUTINE 'PSMOOTH' COMPUTES MACCORMACK'S PRESSURE DAMPING

COEFFICIENT

c TF(IXORY.EQ. 2 GO 0

SUBROUTINE PSMOOTH{IXORY )

PARAMETER ( [M=29% JHe100
COMMON /FLOWY * U lN J!A YIIM, M), PUIM, MG RHOTIM, JW I,

n
~
o
>
(=]
=
x
L
x X

OMMON : Y OTM M. XXTCIH, JM) YKT{TM M
LXETA TM. M1 YETA{TM, JH)  XJACTIN, JM1, STIN, 1, SSTLEMI

TEU

Common 7P2/ GAK.PA PR, XMI as.m 1.ALFA mcu
COMMoN/MISC/ILL. u.i,na
- TPELPL, ITELKL, ITECP]
~ PINF.SINA.COSA.PRI.PRTI, s

COMMON TIMEW. DTaU M, JM B T T seTa.DTvLs
COMMON/SPECTR/ SPECT INM, JH JPSHUCTM, My

DIRECTION —_—
00 2 42,411
00 2 I=2,1L1
PSMU‘T, ) mABS( (P, 141,)=2,#P(], J)ePlI=1,J)}/
1 (P 1%1.Ji42.8R ], J5ePIT-1,050)
2 CONTINUE
GO 10 20

10 CONTINUE
ETA-DIRECTION
DO 3 J=2,0L1

2,101
PSMU 1, =ABS!t (PI], Je11-2. 'P'l Jispil,0-10Y/

2]

1 (P11, 9¢11e2.8000, 2IpIT, 51
3 CoNY SROE
20 RETURM

END
¢
¢
E égg ‘Ym 'SPECR' COMPUTES SCALING FACTOR FOR DAMPING
c SUBROUTINE SPECR

PARAMETER | [Ne299 JM=100!

COMMDN /FL OV / UVIN IM YOTHM M POTH, M RHOT TN, M,

1My M, UM EDDY M, UM

COMMON /Gﬂ!D’ X M, M YOI, M, XXT IR, W, YXIOIM, M,

LFETA 1M, JM L YETA  TM, M. XJAC. IM.JM 5 1M, M. 553(1H

common P} 1L, i JLE, ITEL. fre

COMMON /92 GAM PR, PRT XM TH.S1.ALFA,ANGLE

Common /MISC/ILLILZ, 1L RN NERTEOWIY
Yool TFELH ) rdm FTELM] . GAMI , 6a an cmu GkM,S1P,

< 7iME,SiNA.COSA PRI.PATI,RED.XL, XKLL, X

oA TR TR R, M CF L DTHIN. mmx PeTa ot

COMRON/SPECTR, SPECT (1M, JH1, PRMUCIN, IM

oo 2 .ll-i..i't

00 2
SPECT 1,/ wABSIYETA'], J)sU/T, Ji-XETA'] Jiev!il,Ji}
1 'SOR.IGM‘IP 1.J)/RHO 1 J 'wISQRYIXETA'L, J)--;.
7 YETA [, Ji#n2 s5QRT Xx1'] (Jrea2evk] 1, Jisad)
3 »ns'x!l'hJ‘-v 1.d:-~vxl 1 Jeu 1, 4




2 CONTINUE
RETURN
END
/EOF




Appendix H: Data Reduction 1, Fortran Listing

The attached fortran listing 1s a data reduction code
developed by the author with portions based on a code
developed by Dr. Visbal (38). It was used to read 1in a
solution output from the Navier-Stokes code (u, v, p and
©) and produce clipped data for plotting purposes. It
calcul ated Mach number (M), streamlines (y), vorticity (w)
and pressure coefficients (Cp) at each clipped point. In
addition i1t computed skin friction (Cf) s Cp and
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, Cp and Cf in the flow field. This

reduction code was run on the Cray XMP computer.




E PROGRAM 7O REDISTRIBUTE GRID LINES IN ETA-DIRECTION

PROGRAM REGRID

PARAMETER i IM=199, JM=100

OIMENSION XiIM, JM Y. IM, M., S UM SREF. JH..SHN(JM
N KNCIM, I, YN IM, UN

OPENIUNIT=1 FILE='GRID' .STATUS='OLOD".
OPERtUNITm2 FILE='NGRID' STATUS="NEN':
OPEN{UNIT«3 FILE='GDATA' . STATUS="OLD'
REWIND 1
REWIND 2
REWIND 3

ML
JlmiM
SLNeEJH
FIT N

JUN1=JLN-1

REWIND 1
20 1 f=1.1L
DO 1 a=1. 40
1 REAC 1.1000:x .. v [ J
1000 FORMAT.2E15.8
clOOl FORMAT E16.9

DO 2 Jal, LN
2 READ!5,1001: SREF{J;

00 3 i=1,IL

5 1=

4 CONTINUE

DO § Jal,JiN
SN 1 =SREF () &S JE) /SREF! JLK
5 CONTINUE

oy

INTERPOLATE IN ETA-DIRECTION
ANCL, Lmxi], ]
YNID,1=v(],1
XN, JLNomXi ], JE
YN, JLN) =YD, JE!

C
K=2
DO & JU=2,JLNI
20 I1F(SN(JI.LE.SIK}) GO TO 10
K=K}
GO TO 20
10 Xi1,K-1
YUl ,K-1
SiK=111 }
. 1.K-11+RSD
YN 1,J =Y. 1 K-11+RS=DY
6 CONTINUE
C
- 3 CONTINUE
REWIND 2
D0 7 I=1,IL
0% 7 J=l,JiN
WRITE 2.1000. XN:l,J/, YN{l,J
7 CONTINUE

)

STOP
END




PROGRAM STREAM

THIS PROGRAM WAS WRITTEN BY CAPY PAUL D. BOYLES IN SUPPORT OF
MY THESIS WORK AT AFIT., AUG 1988

THIS PRAGRAM READS IN A SET OF DATA X,Y,P,RHO AND PARANETERS AS
DEFINED sELOW, AND COMPUTE PSI. W , MACHZ, CF D

1T ALSO COMPUTES LIFT AND DRAG IN EOMPONENT

THE DATA IS PRINTED AT POINTS DEFINED BY THE PARAMETERS FOR MINIMAL
COST IN USING THE PRINT SUBROUTINES.

PARAMETER( [M=299 JM=100!

COMMON /FLOWY: UlTM, dM1 VIIM, UM, JPUIM, JH ) RHO(IH, UM,
COMMON/GRID/ X { [M, JM), Y (iM, JM3 CFLIM. 1STON(IN -
COMMON/STRHM/PST (1M, JH},W(IM, M7, XMAC! IM, M

OANOANONN

<
C IL = MAX # PDINTS I GRID
C JL = MAX ¥ PQINTS J GRID
C ILE a 1 POINT AT LEADING EDGE
[ ITEU = [ POINT AT THE TRAILING EDGE ON THE UPPER SURFACE
c TTEL = I POINT AT THE TRAILING EDGE ON THE LOWER SURFACE
o XSTEP = MIN DELTA X STEP SIZE FOR WEXT DATA POINT OUTPUT
o YSTEP = MIN DELTA ¥ STEP SIZE FOR NEXT_DATA POINT OUTPUT
< XMAX = MAXIMUN X BOUNDARY DEFINED 8Y THE PROPOSED PLOT
< XHIN = MINIMUM X BOUNDARY DEFINED 8Y THE PROPOSED PLOT
C vMAl = MAXIMUN Y BOUNDARY DEFINED BY THE PROPOSED PLOT
c MIN = MINIMUM Y BOUNDARY DEFINED BY THE PROPOSED PLOT
g XMl = MACH &
C INPUT DATA
OPENIUNITe 1, FILE«'TDATA' ‘STATUS-'OLD |
OREN(UNIT= 2 FILE=STREAM' .STATUS='0LD'"
OPENIUNITe & FILE«'PSIAN' .STATUS="NEN'
OPEN(UNIT=ll FILE='UV' LSTATUS=" NEW'
OPEMIUNiT= - FI E='VEL' ,STATUS='NEW'
OPEM(UNIT= 3,FILE='CPCF' ,STATUS='NEK':
OPENIUNIT= &, FILE='INFO' ,STATUS='NEW':
REWINOD 1
READ (1 o) IL
READ (1,510} JL
READ 11,510! JLE
READ (1.510; ITEL
READ '1.510) ITEU
READ 1.510/ L1
READ (1,510, L2
READ 11,510} L3
READ (1,510! L4
C IBODY=0 FGR NO BODY CONTOUR, =1 FOR BODY
READ (1,520) XMl
READ (1,520) ALPHA
READ (1,520) RE
READ {1,520) Cv
READ (1,520) DEL
READ 1,510} 1B0DY
READ /1,520 XSTEP
READ (1.520: YSTEP
READ {1.520) XMAX
READ 11,520} XMIN
READ ‘1.520) YMAX
READ "1.520) YMIN
READ :1.510) INUM
READ ‘1.510) JNUM
D0 3 [ = 1.INUM
k) READ(1,510, ISTON(I
WRITE i6,540. I1L.JL.JLE.TTEL,ITEU, ]1BODY
HRITE 6 541 JNUM, INUM, 'ISTON ] ,I1=1.INUM:
WRITE +6 556G, XMi,RE.ALPHA
WRITE (6,560, XSTEP.YSTEP, XMAX YMIK.YMAX,YMIR
c WRITE 6,559 L1,12,L3.L4,CV,DEL
540 FORMAT{2X,615:
541 FORMAT 2x,1015
550 FORMAT.  2x,'MACH # =' £8.3,"' RE = F15.3,° ALPHA =’ F7.2
560 FORMAT . 2X,2F10.6,4F8.2
. 559 FORMAT  .2), ' i L2.03,Le= ' 4it.’ Cv =" £9.6.° DEL =' F7.2
GAMa1. 4
JUMl=gL -1 i
GXMEGAMEXM]#XM] i
Pl = 3.14159

ALPHA = AlPHA®*P] /180,
SINA = SINLALPHA
J0Sa = COStALPH:
COMAXaD,

CFMAXaC,
IPMIKR=1.0£-50

CEMIN=] 0«50
FINF=1./GXM

psmn = <.

<Cx
88
X
wwn
%o
L)
T,
Qo0

S (ALPHaA
NUALPHA

-
C READ FLOA
2°WIND 2

G bk J'A JL
bhd 1L
READ! 2, 500| LI PR 2% GU PISTEG GO I 2 SUVEIE L5 SRV TN 1|10 AN
oad CONTINUE

c WRITE YELOCITIES TO x STATIONS IN THE WAKE
DO 66 J = NUM, 1, -
113 WRITE 7,576 'U'ISTON:I..J. 1=l INUMi, ¥ ITEU+1,4
DO 55 _ =1, JNUM
&F WRITE 7 576 U TL-ISTOM T <1, 0 . i1=1.INUM v ITEL~1.J

HETTE T 837 0 g L T rzy [Nym




|
i
|

<
C

577 FORMAT(16X,10£16.8!
COMPUTE LIFT AND DRAG

+« St

/3.

-2.73

OU 1 I=ITEL.ITEU
1 EQ.

n
»
h
ANANRRENE

ITEV i GOTO 136

RETA o Smimki1.3) « 4.8(1,2) - 3.exil
XETAPL = .5a(-klK,3; + 4. nxl X
YETA = .501-Y{1,3) + 4.8¥11,2} - 3.e¥(]
YETAPY = .5e(=YlK, 31 + 4.0v{ Y

xxxx-x:i»x L=x{r1,1
YKIKmY (Il 1)-¥(],1

YETK
PKe 5o (P{Iel, ] 14Pt

!

L5eiU{]+]1,2V-U0]+1,1
w(Y¥il+1, 2)-Vi]e], 10
*(XETAP1+XETA.
-tVETAP!OYEIA)
.1

K.2; - 3.»
+Uil, 20Ut
Vil.2i-vi(
)

)
+!

/7{T+51)
XMUP1 = SDRTITPI-‘3}'S]PIITPI‘$1‘

XMUK= , So ( XMUP1+XMU !
UXlsU(l+l,1)-Utl,1:
YXiev({l+1,1}-¥({],1

AJK=]. /KXXlK-YETK XETKmYXIK)
Ux=XJKs {UXToYETK-UETASYXIK"®
yX@XIK®(VXTOYETK~VETASYXIK
UYaX Ko —UXisXETK+UETARXXIK }
VYsXJKe{-VXIoXETK+VETARKXIK)
TXY=RE ] XMUKS (UY+YX |
TRX®RE L@ XMUKe ( XEMOUXEXLRVY
TYYaREIRXMUKS { XLM&VY+XLRUX )
OXIm-YXIKeTXX+XXIKSTXY
OX2e-YXIK#TXY+XXIKeTYY

TXPm=PK

TYFa-PR
DX5=-YXIK*TXP

Dxe= XXIKeTYP

UA & 5e(U(]1¢1,1)+1
YA = SelV(]l+],1)0v
RA = .5e(RHO(1-1,1)

U
{
+

1,
1,
R

1))
1))
HO(I

DX3=-RAS { ~UARUASYXIK + UASY K)
DX4m-RA® | ~UASVARYXIK + VA~VAnxx K}

C

C
<

ne

Eyp

1 = .5ef X(]+1,1
YX] = . Gei V(I

“FYP + DXé
‘CALCULATION of VORY]CITY WiIL1) ?N THE SURFACE
X

Y

vr BRI

1.1
xJC=1, JUXX1 OYETA XETA®YX] ¢
UXsXJCe (UXTeYETA-UETA®YX]
YA=XJCo (YXTRYETA-VETASYX] «
UY=XJCe ~UX]eXETA+UETA®XXD)
VYsX JC* -VXI®XETA~YETA®XX] )
BETA = XX1®XX] + YXIsYX]
TXY = RETeXMUs [UY+VYX1)
SIGHA = REIsXMUs{UX-VY)
SFtl 2w ~XX]aYXI®SIGMA - XXI®XXT ~ YXJwYX] reTXY )/BETA

CONTINUE

FLIFTE = ~FXB ®SINA
FDRAGS = FKB *COSA
L =2 TLLIFTB
COB = 2. RAGB
FLIFTM = —FXM ®SINA
FORAGM = FXM ®COSA
CLM = 2 eFLIFTM
CD“ = 2.%FDRAGM
SLIFTP = -FXP eSKa
FORAGP = FXP =COSA
CLP e 2 oFLIFTP
CDP = 2. =FDRAGP

COMPUTE MACH NO.

00 2 J=1,t
21 =1

2 CONTINUE
CONTINUE

~

ESTABLISH PST VALUE

PSILILE, 1) = O,
00 200 i= HIR

.Set RHO(

DXU = "X¥ilel,1 -Xi!,

S

S

+
-

.
-

¥
Sw(v{lel, 1) + VI
UUP «  Sery(l+1,1) + U]
RHOUP

+

FYBeCOSA
FYBeSINA

FYMeCOSA
FYMeSINA

FYPeCOSA
FYP=SINA

JdL
xMAC 1. J -le-SDRTf U], Jres2av ], Jrax2 . /sGXMeP(], |
RHO 1,
P I1.J=2.sP I J-GxMl

ALONG CUTLINE AND OM SURFACE

1,1, » RHO(T,1: ' / RHOREF

DYU w - Yijel,1-=¥ 1,1,
DPSIU = YUPeDXyU ~ UUPODVU'; RHOUP

PSI11+1.) = PST
200 CONTINUE

i

+ DPSIV




YKH= Y(K,31 - Y(K,}/
XKH= X(K,3: - X(K.I
I ABSIYKH. LT 1.E-10) YKM = 1.E-10
1f ABS{XKH:@ .LT 1 £-10) XK = 1.E-1C
UKY= t - U(K.3) + 4.%U(K,2: -~ 3.8UiK,1 YKH
VKX= « -~ VIK,3] + 4.%V(K,2) - 3.8V(K,1, . . XKKH
HOK 11 = VKK - LKY
uLd SSe(U(K=1.1) + U(K,1))
YLD = - (5w(V(K-1.1} + ¥(K,1)]
RHOLO = .5#{ RHO(K-1,1, + RMO(K,1} } + RMOREF
DXL = (X(K-1,1)~X{K,i)}
DYL = ¥'K=1.1}=Y(K.1)
DPSIL = 'VLO®DXL + ULOSDYL)» RHOLO
PSI(K-1.1+ = PSI(K,1; + DPSIL
_ 201 CONTINUE
J=1
K = ITEL-1
DO 326 T«ITEUSL, IL-1
vUP Se(V1<1,0) + V(1,0))
JSa(VIK+i.d) + ¥IK D))
TR, 1 -XiK+1,1))
(X{I.1=X{I-1,1)}
= 5w RHO(I-1.01 + RMO(I,J RHOREF
= .5e RHO(K+1.J) + RHOIK.J' . RHOREF
= VUP=RHOUP=DXL

o

[alalal

L = VL O*RHOLO*=0XL

XNTEGRATE ALONG UPPER CUT
PSI(1,J) = PSI(I-1,4) + DPSIU
PSI(K,J} = PSI{K+1,J) + DPSIL
Wil,di = tUt1,2) = WK, 213 7 {YII,2) -~ ¥(K,2)}
—iwlTe1, 1) = ViI-1,111 7 lx(]*l i) - xe1-1,100
WK, 0w (YT, 20 = DI, 20} 7 (Y11, 20 = YUK, 200
—ivike1, 10 ~'ViK-1,1 IXiKe11 - K-,

K w K -1
325 CONTINUE
DEFINE DELTA PSI THROUGHOUT FLOWFIELD

DO 324 J=2,JL-1
DO 224 I=2,IL~1
UaA b=

UL, J-1) + U :
ViI J-1) « vV ;
RHOIT, 3-11 + .3 "+ RHOREF
X(1+1.J1 = x :
. Y(Iel.Jt - ¥
. Xil,3+1) - x
BwL Yil, el - ¥
" xxI1evETA - XET
BS(XJAC).LE. 1.0E- E06,530. I,J XJAC,XXI,YXI,
. XEfASYETA
XJAC = 1. / XJAC
UXT = 580 U(I+1.0) - U )
VX = lBel V(I+1,1) - ¥ )
UETA = .5e7 UII,J%1) -0
VETA = .51 Vil,Jel) v

Hil,J)= XJACe! VXI‘VETA
psi” = UARYETA — VasX
PSI(I,J) = PSICT,J-1/ » D
224 CONTINUE
324 CONTINUE

2YXI + UXI®XETA - UETA®XX]
RHOA

I

«©

[

Falatal

n

IRTa)

00 225 U=1.JL-1
WUIL, J =N

PS1:1,4
225 CONTINUE

0o 226 11,1t
. WiI,Jl-11
PSIIX e pSIIT,ui-12
226 CONTI

530 FORMAT '2v, 'THE JACOBIAM IS SMACL ',215,5E1e
FIND CPMAX, CPMIN. WMAX, HMIN, XMMAX

o

1.JL
CPMAX=AMAXTICPMAX . PLT, J)
CPMIN=AMINL(CPHIN P, J°
lNﬂAl-AHAXlIXNHAl.XMACiI‘J.
UMAR=AMAXT{UMAX U, 1,]
UMIN-Aulul(unlu,u:l.J:;
VMAXmAMAX ] VMAX .V [, J
4nlu-Aan)fVM1N vl
IF LEQ. 1 GOYO 227
HHIN-AHIN]’“MIN W.1l.Jd.
PWMAX®AMAX] I WMAX, H I.q
PSIMAX = AMAX1(PSIMAX.PS
PSIMIN = AMIN1IPSIMIN,PS
227 CONTINUE

WRITE(6.282) UMAX, VYMAX

ARITE(6.3831 UMIN,VHIN

WRITE 6,110 CPHMIN,CPHMAX XMMAY
282 FORMAT. 2, 'UMAX=' E16.9.5X, 'VMaxe' [El6
383 FORMAT .. .24, "UMIN=" [ £16.9,5X%, VMIN=' Elb

OUTPUT

REMIND &
REWIND 11
OUTPUT BCDY
{E'XBOOY £G.0:G0 10 13331

1.1.J
JSS PN

00

00 333 I=ITEL. ITEU
HRITE »,2000 ¥
WRITE 11.2000. x.
[C=1Cs1
333 CONTINUE
WRITE16.3341 IC
334 FORMAT(/,2X,'ND. OF BOOY POINTS = ' I5.

o

.1

1.y
N

1
oly

3331 CONTINUE

IRYa)

1D=0
100« ¢




[T

(e8]

IF o yil,J. ,GT. YMAX ,OR. ¥'1,J .LT. YMIN } GOTO 400
If J .EC. 1 .OR. J .EC. 2 : GOTO 41
IF © ABS. Y.l.J=Yi1,4J . T. YSTEP ' GOTO 400
el IDI = IDI » 1
4=y
JD] « 0
Il= 1
DO & Is1,IL
1F ¢ x{1,1) .GT. XMAX .OR. X![.1} .LT, XMIN ) GOTO &
IF (1 .EQ. ILE .OR. 1 .EQ. ITEL_.OR. I .EQ. ITEU) GOTO 42
o2 §§ { ?BS( Xil, 1y -~ X Il.l) 1 .LT. XSTEP ) GOTO 4
JDI=JO1+1
WRITEI& .2 bOXUE, YT ) PSTUL, D) ROTL ) XMACKL, O
WRITE(11,20000 Ki1.J1.Y:l, 03,0l Vol Ji Pl g0
ID=1D+1
~  CONTINUE
400 CONTINUE
WRITE(6.45) ID
45 FORMAT:(. 2X.'NO. oF PSI.W,XMAC,P,U.V POINTS =', 1X,15;

WRITE (6,64 101 Jo1
4 FORMATI2X.,,2x,'0UT=",15,2X, IN=" 15,

REWIND 3

0 5 TelTEL.ITEY
CALCULATE LOCAL SKIN FRICTION
IfF ¢ 1 .GE. ITEL .AND. 1 .t¥, ILE Y} CFCIY = ~CFLIY
WRITE'3,20001X(1,1:,P I, 1'.C '
CFMAX=AMAX] (CFMAX,CF!1
CFMINmAMIN] CFMIN,CF (]
CPMAX=AMAX](CPMAX,F (1,1}
CPMIN=AMIN] (CPMIN,P(],1,

IF ¢ i CFL .LT. 0.0 .AND. CF:°
- CFL .GT. 0.0 .AND, C

P

“mxm
§v-
=
_m
a
nn
=
*

ol
«
o

CEL
5 CONTXNUE
IfF { ISEP .EQ. O ) WRITE(6,563)
561 FORMAT(ZX SE:gRATION‘ON THE UPPER SURFACE OCCURS BETWEEN ',f8.4,
562 FORHAT(ZX 'SEPgRAf]ON ON THE LOWMER SURFACE OCCURS BETMEEN ' FB.s,
563 FORMAT (2x,"SEPERATION DID NOT OCCUR ON THE SURFACE'
564 FORMAT(2X,'BY INTERPOLATION, SEPERATION OCCURS AT x = ' F8.4,, .

Y 105 1CPMIN, CPMAX
R1 106 }CFMIN.CFMAX

I3

) F
"1000 FORMAT ‘7
2000 FORMAT 7

R]
Rl 0 PSIMIN,PSTMAX

R1 3. CLB+CiLM+CLP,CLP,CLB,CLM
NRXT 1. CDB+CDM+CDP,.CDP,CDB,CDM

AIC FORHAT 22X, "CPNIN-" F12.5,2Xx,"CPMAX=",F12.5,2X,
AX., MACH NO.=" F12.

105 FORHAY!ZX."SURFACE CPMIN'" F12 5,27, "CPMAX=" F12.5, ZX :I

106 FCRMAT(2X,“SURFACE CFMIN=" T12.5, 2r. "CEMAX=".F12.5,2 :

120 FORMAT(2X."MIN. VORT. -..Elb 9.2X," HAX, VORT. RT.Elé 9.«4

130 FORMAT:2X, 'MIN., PS]. .Ele. 9 2X PSI. .9,

533 FORMAT(2ZX,'CL =',F13. 6 2X. éS é%FDUE To PRESSURE ooy
- 1

531 FORMAT 2x, 'CD =',F13.6, 2X i 'eo DU 10 PRESSURE, 8ODY'
- 4857 37130,

TE(6, 10
TEi6.10
TEi6,120 WMIN,MMAX
TEt6, 13
TEI6.5]
£i6.53

.1
.1
.5
.5

500 FORMAT
510 FORMAT
520 FORMAT




Appendix I: Data Reduction Frogram 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, C C, and u, v,

1 d

and p time step residuals) and calculated average ,
average maximum and average minimum values and average
frequency for Cl’ Cd’ and the residuals. In addition it
produced plotting files for N vs maximum C1 and C, and N

d

vs minimum C1 and Cd. This reduction code was run on the

Cyber computer.
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[aYaTatatatol

onnanannn

PROGRAM REDCL

THIS PROGRAN ®AS WRITTEN 8Y CAPT PAUL 0. BOYLES IN SUPPORT OF
MY THES1S WORK AT AFIT, OCT 1988

THIS PROGRAM READS IK A SET OF DATa N,CL,CO,VRMS.URMS,R
THE AYERAGE YALUES ARE VYHEN COMPUTED OVER TINE AND THE HIN WAX VALUES

PARAMETER { INe20000 . M= 1000 . Jtemd }
COMMON /FLOMY/ NiRM,JMI, CLN::(NMV.CLNI“(IN) SCOMAR(BM) .
- COm

N. = MAX # POINTS 1 GRID

NS e INITIAL NSTES TO BEGIN ANALYSIS

NF o FINAL NSTEF FOR ANALYSIS

YMAL = MAKIMUN Y BOUNDARY DEFINED BY THE PROPOSED PLOT
RIN wnmuq Y BOUNDARY DEFINED 8Y THE PROPOSED PLOT
M1 =

OPEN(UNIT=
OPENIUNIT=
OPENIUNITe
OPENIUNITe
OPENIUNIT=
:ENIID 1

A W

3,

WRITE (3,550 XH‘ RE.ALPHA
(3. Cv.DEC
1

510 FORMAT(]?
520 FORMAT{F12.
540 FORMAT:/,
550 FORMNAT!/,

' F8.3,' RE @', F15.3,' ALPHA =' F7.2!}
559 FORMWAT ‘.,

CF9.507 DEL = £7.2

3
?
[

oo [oQoocoNs P e

500 ggllu‘f (IOEU 5
READ(liSOO» R7,TAU,XLOG. YLOG.CL.CD UNORM, VNORM, RES , CP
IF 1 NT LT, NS . THEM

-4
1]

. €.0 . THEN

»
e
«©
3
1
>
3]

iF sZlX. LD CL
NCLMX = HCLMEK « ]
CLMAXINCLMA . = CLL
MENCLMX, 1) = NTL
END IF

1% ClreCLXL .LE. ©.0 .AND. CLX .LT. 0.0 ) THEM
NCLMN o NCLMN -
CLMININCLMN = Ci L
MiNCLMK, 2, = NT.

END 1F
IF ¢ CD!UCDXL LE 0 O .AND. COX .GT. C.0 ; TMEN
MCOMX

couuwmmu - CDL
NINCOMK. 3 = NTL
END IF

LE. C.0 LAND. CDX .LT. 0.0 1 THER
1
.

CLa
CLCDA = CL/CD ¢ CLCOA
CDa « CO «

CPs » CP » CPA

1F ( WT .GE. NF ) GOTO 100
CONTINUE

100 CLa = CLA / WL
COA = CDA / WL
CLCDa « CLCDA ¢ WL
CPaA = CPa
Us = Uk m




i2¢

230

YA = VA 7/ NL

No
.56 Cca,.COA.CP2
56¢ CLCDA,CLA/CDa
562 Ua Y4, Re
*  NL.KI.NS,NF

[RYRYRYR)

N. = W
DO _20C [=l.NCLMx
CLMaxs = TLMaxs « CLMAX |
MRITE ».560 N [,1 ,CLMax [
i

o= KDL

NL ® NS

DC 210 =i NCLMN
CLMINA = CLMINA - CLMIN:I:
HRITE( 4,560
Ne = W 1.2,
NL = NS

DG 22C 1=1.MCDMX
COMAXE = (DWare - COMAX. T
WRITE 5,560 N.1.3.,CDMax
N. = N:1.3
NL = NS

00 23C ]=1, NCDMK
COMINA = COMiNA = COMIN'T:
:E]‘Ek$,560v Hii,e. CONIN I

-

(lem:

1f ( RCLMX EC. O .OR. NCLMN
HRITE: 3.+ 'SOLUTION IS NOT
G010 15C

END IF

CLMAXA = CLMAXA/NCLMY

CLMINA = CLMINA/NCLHN

COMAXA = COMAXA/MCOMx

COMINA = CDHINA/NCDMN

W.1.2. . CLHIN. T

1--N,

NOLL20-NL

L

L3 -NL

LE0. ©
PERTODIC’

PN T LA NL

THEN

WRTTE(3,563. CLMAXA CLMINA RCLMY NCLHN
WRITE 3.56a! COMAXA,COMINA NCOMX, NCOMN

CONTINUE

FORMAT 17,713,517

FORMAT .2 "CL AYG = ' F9

FORMaT . 20, 'CL CD AVG =

FORMAT

FORMaT , .22 "CLMAR AVG =
O Bt

§
FORMAT(.,2). 'CDNAX &V = °.F9.

NCD = ",215)
END

L
Fe.
22¥ 'URMS 4 = B9 ;.'

AVG = " F9.
C. avG cL

VRMSTA = L E

9.
CLMIN AVG =
COMIN AVG =

€

&vG =

"

LF9.e

', f9.8,

COAVG = 9.6

T894k
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Appendix J: Geometric Progression Programs

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 »n direction of
the computational domain. A line of constant »n can be
specified at which the spacing becomes uniform. This
allowed the geometric progression tc be contreolled when the
outer boundary was large. For the original grids used in
this work, step sizes in the n 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 lenaths to 20. This code was run on

the Cyber computer.




f
{g PROGRAM T0 REDISTRIBUTE GRID LINES IN EVA-DIRECTION

PROGRAM REGRID

PARAMETER « IM=199, jM=100:

: DlMENSION XiIM OM. Y CIM, UM, S UM SREF( UM, SN{JH
’ XK IMLJM. YN (M, JN,
|

\

]

|

!

b

OPEM{UNIT=1 FILE='GRID' ,STATUS='OLD')
OPEN(UNIT=2, FlLEﬂ'NGRID"SIATUS"NEN'l
OPEN(UNIT=2 FILE='GDATA' STATUS='OLD":
REHIND 1

REWIND
REWIND

ML)
! Jl=JM
; JLN=IM
JE=JM

JLN1=JLN-1

NENIND 1
0o f=1,1L
Do 1 J=1. 0L
1 READ '1.1000) ‘I JlLyel, g
1000 FORMAT:2E15.8
1001 FORMAT(El6.9
C

2
3

(8]

00 2 Jal,Ji¥
2 READ!5,1601% SREF(J)
00 3 I=1,IL
DS=SORT X 1,0 —k],j=1)rem2
2

i Leyol o=y (g-1)e
5. JimS J-11e08

' 4 CONTINUE
4
e s
NfJ\-snéF«Jv-s JE)/SREFLILK:
|5 CoNTIN
i INTERPOLATE IN ETA-DIRECTION
. lN\I (.
RIS

| V1L JLNexil, JE
1 INCLIEN e 3ES

C
Kn2
i DO 6 J=2, JLK1
| 20 1F(SN{IJI,LE.S(K)! GO TO 10
1 Km&(+1
; G0 TO 20
[ 10 DXexXil.Ki-XI1,K-1.
DreY{l,K =¥i],K-1
RS=m(SH: Ji=S(K=11)/18(Ki=S(K=1i!
. XH([.,J =xi],K-1)+RS*DX
' YN 1.J «v [ X-11+RSeDY
; 6 CONTINUE
s
¢ 3 CONTINUE
C
{ REMIND 2
' D0 7 lel, L
00 7 Jsl,JLN
ARITE 2,.1000, XN.1.J:,YNil.J
7 CONTIN E
| C

! sT0P
END




Appendix ¥K: Grid Redistribution FProgram,

Fortran Listing

The attached code is a modified version of the
original code supplied by Dr. Miguel Visbal (37). This
code reads i1n 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 i1nterpolates the points in the original grid and
redistributes the spacing in the »n direction to match the
new spacing. A new grid is produced with better spacing
characteristics at the outer boundary. This code was run

on the Cray XMP.
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OGO

"

(8]

a0

on

ey

PROGRAM "STRETCHI™ DETERMINES THE
TRI STRETCHING PARAMETERS REQUIREC
CCOE  FOR Trt DISTRIBUTION OF THE
THIS CASE: EXPONENTEA. DISTRIBUTIO
ETA=C 10 £Ta«ETAl . AND UNIFORM F

PROGRAM STRECH {INPUT.OUTPUT, TAPES=INPUT, TAPE6=OUTPUT.TAPEL)

DIHENSXON ${399}
INPUT DATA

JC1a2

JCIMl=aCi-1

£=1.0 FLOAT ULl
TAlwDEeFL QAT JOM]
AlCaDEeFLOAT ! JCIM]

10 mmuel
IfF «N.G7.50: GO 1O 20
EC1=EXP(CY -
X1 X° CllfTAIC’ETll
-.."‘”I'ECIU 1.6-t

OFNClmieETAL+ECI® 1.0-ETAL
OGiDC1wSMAX®ETALCHX]
DF1DC1=050«DFDC1~DG1DCT
XJAC=OF10CL

OCI=-F1/XJAC

C1=C1+DC]

CORRECT vaLUES FOR

IN THE MESH GENERATION
ETA-LINES
N OF TRE ETA-LINES FROM
ROM £ET4=ETAL TO ETAsl.

ETAL

IFlABS'UCl, 1;.67.0.0001. GG TO 1C

EC1eEXP Q)
FagTAle ECL-1.0 +CleECIe 1, 0-E

CONPUTAYION QF S J
S 11=0.C
DQ 400 Jj=2,JOM1
ETa=DEw{J-1]

TA

400 S JimS: 1 ~ETAL@SHMAXS(EXPICISETA/ETAL ~-1.01/F

DO 401 J'JO'JL
ETA=DEN ! J-)

401 SiimS: ] eSMaXe: EYAx-tE 1-1.0.+C3

1sECie ETA-ETAL
300 CONTINUE

COMPUTE STRETCHING FACTOR
SFmEXP'C1/FLOAT. JOMI

ouTPUT

s

“

LuCLJ0L L SHMAX,D

WRITE ©.200 J
WRITE 6.20s §
0C 1 =i, u.
3 JA'XO’SXG“‘S‘¢
i J.Gt.2 D;-S 4 -5 4-1
HFI'F 6,2C PRICRV N
'QEATF outeuf Fio:

GO TQ 5CC

$0.C1
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