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A DIRECT-INVERSE METHOD FOR TRANSONIC AND SEPARATED
FLOWS ABOUT AIRFOILS

Leland A, Carlson
Asrospace Enginaering Department
Texas ALM University

SUMMARY

A direct-inverse techniqua and computer program called TAHSEP that can be
used for the analysis of the flow about airfoils at subsonic and low transonic
frecstream velocities is presented. Thae method it based upon a direct-inverse
nonconaervative full patential inviscid method, a Thwaites laminar boundary layer
technique, and the Barnwell turbulent momentum integral scheme; and it is
formulated using Cartesian coordinates. Since the method utilizes inverse
boundary conditions in regions of separated flow, it is suiteble for predicting the
flowfield about airfoils having trailing edge separated flow under high lift
conditions. Comparisons with experimental data indicate that the method should

be a useful tool for applied aerodynamic analyses.
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S8YMBOLS

isentropic speed of sound

boundary layer coefficient in separated pressure correlation

pressure corfficient

Mach number
velacity

velocity component in the x or y direction respectively

transformed velocity at boundary layer edge
velocity in the boundary layer

law-o0f-the-wall and law-oé-the-wake velocity parameters

Cartesian coordinates
angle of attack P
ratio of specific heats, assumed to be 1.4 '
circulation
boundary layer thickress
polar coordinate
computational coordinates
potential function

perturbation potential
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Subscripts:

o
b
e
fd
LE
T8

Soqisy

freestream condition
body
boundary layer edge
grid location
leading edge
trailing adge

differentiation
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GENERAL DESCRIPTION
INTRODUCTION

Over the past decade, several finite-difference potential flow methodei-3

have been developed and successfully used for the design and analysis of
subsonic and transonic airfoils at and near cruise conditions. However, in the
analysis of high performance airfoils, asrodynamicists would aleo like to be able
to predict airfoil pressure distributions and aerodynamic coefficients at high lift,
high angle-of-attack conditions. Since such situations are frequently
characterized by regions of separated flow on the uppsr surface and are
dominated by strong viscous interaction effects, inviscid methods alone are not

applicable. Furthermore, subsonic-transonic analysis methods3:4 which couple

tnviscid and boundary layer solutions typically only include the effects of weak
viscous interaction and generally fail to give accurate cesults when separated

flow exists on the upper surface.

However, it has been demonstratedS~8 that the direct-inverse technique
coupled to a suitable boundary layer method can be successfully applied to low
speed flows about airfoils having massive separation. In addition, Barnwell?,
Dvorak and Choil0, and Tavernall have developed similar methods for transonic
filows. Barnwell’s method, however, is limited 1n application 1n that it utilizes
for its inviscid solver the transonic small perturbation equation. Further,
References 9 and {1 only include the effects of viscous interaction due to a
turbulent boundary layer. On most airfoils, particularly on the lower surface at

high angles of attack, extensive regions of laminar flow exist.

)
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This report describes a flow model and computer program, called TAHSEP,
which can be uged to predict the flowfield about a ningle element transonic airfoil
at high angle of attack high lift conditions with trailing edge separation, Since
the meihod is based upon the TRANDES4 ynd TRANSEPS codes, it can alsu be

used for subsonic-transonic analyses not involving separation.
METHOD OF APPROACH

The present approach is based upon the direct-inverse method developed in
the TRARDES and TRANSEP programs and the ability of this method to use either
the displacement surface (eirfoil ordinate plus displacement thickness) or
prassure as the airfoil boundary condition. For the high engla-of-attack case,
the airfoil lower surface only experiences weak viscous interaction and
frequently has a long laminar run before transitioming to fully turbulent flow.
Thus, the present model includes an imtial laminar boundary layer calculation in
its viscous interction section. On tha upper surface the boundary layer 1s also
intially laminar, but 1t quickly becomes turbulent in character followed in many
cases by boundary layer separation and a separated zone which can extend over a
significant portion of the airfoil surface. In the present model, this separated
region is treated inversely i1n that the pressure distribution along the effective
displacment surface streamlin? s determined itaratively as part of the solution
and used as the airfoil boundary condition. Consequently, the present method has

been modeled as shown on Figure {.

To obtain the inviscid portion of the flownield, the full potential equation for

two-dimensional compressible flow 13 used 1n nonconservative form as

(o:-f:)_é;' ’Eflfv-axy *{“1' 5/‘)}.};' =0

(1)

v ——— —
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wherae the subscripts denote partial differentiation. By defining a perturbation
potential, @, such that

f: XQpco0sa T yqon‘ni +9s @ 2)

where the velocity components are given by

U= fx-' Qe { c0Sd f.p,)

(3)

Vs 8,7 g eind 1)

the governing equation in terms of the perturbation potential can be written as

(a*-U") G = 2UVEsy #(a*-V)dyy =0 @
with
az: a‘: - ({-;-’)(Utfl/z"fcg) %)

The nonconservative form of the potential equation way selected for the
present problem because for two-dimensional flows results obtained with it
agree better with Euler soluticns than those ohtained ueing the fully
conservative form of the equation.d2 [n addition, the conservative formulation
appsars to breakK down in two-dimensional cases ghortly after the onset of

supercritical flow.13
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In the present model, Equations (3-5) are finite differenced using a roated
difference scheme and solved iteratively using column relaxaticn in a stretched
Cartesian grid which maps the infinite domeain to a finite computational box. The
appropriate boundary condition at infinity is

g= —E,"; Tan"( (7o’ (6= ) %)

where © is the polar angle, and Mis the circulation, which is determinad by the

cthange in potential across the Kutta-Joukowski cut at the trailing edge of the
airfoil,

Likewise, the appropriate airfoil boundary condition in the direct regions
(repions without separation having only weak viscous interaction) is the flow

tangency condition given by the ordinates of the airfoil displacement surface, i.e.

182

( 71;,_)‘___ (¥) = ;:((:':: ; (5:3

In the inverse or separated flow region the pressure distribution along the
effective displacement surface streamline is considered specified and used as the
boundary condition. As shown in Reference 2, this approach leads to a derivative

boundary condition for the inverse region of the form

8

Complete details concerning the finite difference scheme, the stretched Cartesian
grid system, and the treatment of the boundary conditions are given 1in

References 1,2, and 4.

I |




To include viscous effects, the basic approach is to calculate a boundary layer
displacement thickness for the weak interaction regions and to use it to correct
the location of the displacement surface (i.e., airfoil ordinate plus displacament
thickness). For the strongly interacting separated zone on the upper surface, the
pressure is determined from the interaction solution and the location of the
displacement surface is computed by integrating the surface tangency condition,
Eq. (7), with the initial conditions specified by the displacement surface
ordinates at the separation point, which is the interface between the two regions.
The location and slopes of the displacement surfaces are updated regularly

throughout the iterative solution.

In the present method, the laminar portion of the toundary layer igs computed

using a compreasible Thwaites method similar to that used previausly in

TRANSEP. The transiticn location 1s determined from a Granville type
correlationi? based upon the difference between the local momenium thickness
Reynolds number end the value at the laminar 1nstability point combined with the
pressure gradient history. Sometimes, particularly on the upper surface at high
angles of attack, laminar separation 18 predicted upstream of the ‘ransition
point. 1n these caces, the local momentum thickness Reynolds number 18 compared
to an empirical correlation in order to determine if the laminar bubble 18 long or
short. If the bubble is short, 1ts length 15 assumed to be one horizontal delta-x
grid width and the turbulent flow computation s initiated at the next downstream
grid point, If the estimate indicates that the bubble 1s long, the calculation
proceeds, but a warning 1s printed which indicates that the results are probably

ih error.
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After transition, the turbulent boundary layer is computed using the
simplifiod Kuhn and Nielsen method (SKAN) as developed by Barnwell in Reference
9. This method was selected because it is efficient, reliable, and yields excellent
predictions of displacement thicknesses and separation point 1ocation. The SKAN
turbulent boundary layer method solves the integral 4fcrms of the momentum
equation, momeant of momentum equation, and {he derivatiive of the Coles’
law-of-the-wall law-of-the wake relationship applied at the boundary layer edge.

After considerable effort?, thege equations can be transformed into a set of

simultaneous ordinary differential equations, i.e.

*
a;, du . du Ay dS = by dVe de , 4
{4 gy i TR FRa 2 ‘d_df £+ De;

£=4,33 42

which can be solved for the wall friction velocity, u®, the wake parameter u P!
and the boundary layer thickness § , using a second-order predictor-correcter
technique . The remaining quantities of interest such as displacment thickness
and momentum thickness are then determined from these variables. The numerical
integration 1s terminated at the separation point, where the wall friction

velocity, u*, vamishes.

The method uses a two-layer =ddy-viscosity model, which 1gnores the viscous
sublayer terms, consisting of an inner layer Prandtl mixing length model and an
outer layer Clauser model; and the intermittency factor as well as 3several
density ratios appearing i1n the fundamental equations are approximated. In

addition, the method assumes an adiabatic wall.

.



Thus, on the lower surface the flow is computed using direct boundary
conditions (airfoil specified) including the effects of weak viscous interction. On
the upper surface; the flowfield is also computed directly with viscous
interaction up to the separation point, which is determined as part of the
boundary layer solution. Downstream of separation, inverse boundary cenditions
are utilized, and the pressure must be specified. Fortunately, if the sian friction
at the wall is assumed to be zero in the separated zone, the SKAN {formulation can
be used to cbtain a closed form solution for the velocity, and hence the pressure,
at the outer edge of the separated zone. The rer:ltant analytic expressions for

the velocity and pressure are
_.uS - I C‘. (‘05* (xri- XICP) t 0"- "4¢p)
=2 '
¥ { [1ted(x,,- x,,,)]"‘—/} [1+6* (X ~Xse0)] % (10)

2 'y L 2 ur i-l
- + LI mi(1- Ug ) ‘. )
Cp d"n;((l 2 ‘”( ’;’- ) / {11)
As can be seen, the separated pressure dz2pends vpon the flowfield solution

via the inviscid perturbation potentials at the separation point and the trailing

edge, the size of the separated zone, and thru c3* yhe boundary layer solution at

the separation point. In addition, this closed form solution predicts a variable
pressure distribution for the separated region. At low freestream Mach numbers
this variation is extremely small and 1s essentially constant. dowever, at
freestream Mach numbers of 0.3 and above, the variation becomes signficant and
influences the resultant flowfielc solution. This trend and separated pressure
varmation 1s in accord with experimental observations and 1s a significant
improvement over previous methods which assumed constant pressure in the

separated zone regardless of tlow conditions. However, since at low speeds the

10

B ambe t i £



B s Vi va
H

b e A =

L 3 N

separated pressure 1s essentially constarit and the complexity introduced by
Equations (10-11) rmay not be warranted, the present method contains tha option
of either using a constant pressure in the separated region or the variatle

distribution deterr.ined by the closed fcrm solution given above.

In principle; the separated region and the wake should be accurately modelad
with respect to physizal phencmana and interral details, and thas approach has
been taken by other investigatorsi0-45-16, 1n the present model, however, the
wake region contains very few computational prints since the cocordinate system
rapidly stretches to infinity. Thus, the wake iz aszsumed to be inviscid wath a
constant pressure trailing edge tormed by the upper and lower displacemant
surfaces. Fortunately, extensive numerical experiments with the present and
previous? models indicate that the pressure distribution and aercdynamc
coefficients are primarily denasndent upcn obtaining accurate predictions for the
location of the separation point and the magnitude and variation of the separated
pressure. Apparenily, the dutails of the wake region are of secondary
importance. Since the present method obtains the separation point location
directly from the solution for the wall friction velocity, u®, and the pressure
variation from a solution which couples the inviscid and viscous paris, 1t should

yield reasonable engineering resuilts.
INTERACTION AND ITERATION PROCEDURE

The iteraticn and interaction procedure used in TAMSEP 15 similar to that
used 1n the low-speed program TRANSEPS, and 1t 1s outlined 1n schematiz form on
Figure 2. The program first reads all necessary i1nput and imtializes the

perturbation potential at all grid po:nts to zero. Next i1t computes

14
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transformation factors and coordinates associated with the stretched Cartestan

. grid for the initial grid specified by the input data. Included in this process is

\ ‘ the computation of all airforl ordinates and siopes required on the computaticnal
grid.

Since the initial grid 13 normally very coarse with a default size of 13 x 7, only

fifty invistad itirative cycles are computed on this grid. The calculation

)

procedure used for the i{nviscid potential equation is the same iterative

successive column over-relaxation scheme used in TRANDESI.4, ie limited

number of cycles serves to rapidly create an approximate starting eoluticn for

R N Al
.

succeeding grids. After thase are completed, the grid is then halvad and the

solution intarpolated onto a new gr.4, which has a default 9:~2 of 25 2 (3.

After obtaining all necessary coordinates, stretching factors, 2irfoil
ordinates and slopes, etc., for this second grid, the method then gerforms fifty
inviscid iterative cycles before considering any type of viscous interaction.
Experience has shown that it is important tc perform a limited number of 1nviscid
cycles at the beginning of each new grid in order to eliminate any “problems”

introduced by grid halving and interpolation,

After these 1nit1al 1terations, the program then checks te see whather or not
the user desires viscous interaction to be included by examinming the value of the
variable ITACT. If viscous interaction is desired, which 18 specified by the

- ITACT default value of one, the program than checks to see {f an imtial laminar
boundary layer 12 to be included (ILAHM=1) or 1f the viscous calculations are to be

for a turbulent boundary layer with user specified transition points (ILAM=0),

12

v 1
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Upon complating the boundary layer computations for the current flowfield
soluticn, the program then calculates the ordinates and slopes of the upper and
lower displacement surfaces. Since it only involves weik viscous interaction, the
lower surface computations are from the leading edge or the lower gurface
stagnation point, whichever is further aft, to the trailing edge. However, on the
upper surface they are only from the leading vdge 0 the separation point or to
{ne trailing edge, whichaver is less. This process involves smoothing of the
displacement thickness values, properly adding them to the airfoil ordinates, and
spline #itting the resulting points.

At this point the procedure depeands upon whether or not separation has been
detected on the upper surface. If separation does not exist prior to the last grid
point on the airfoil upper surface, additional inviscid cycics are parformed
before returning to the viscous interaction loop. However, if separation is
predicted, then the method must determine the pressure distribution and the

location of the displacement surface in the separated zone.

Exactly how the separated pressure distribution 1s determined depends upon
the user specified variable KSEP. If KSEP 13 zero, the pressure is assumed to be

constant 1n the separated zone and 18 computed by

- z (4)":'~ <pl¢n)
Copep = 12
Xrg = Xsep

While this expression 1s a small perturbation approximation for C, gap, 1t usage

has been found to be accurate and adequate for low speed incompressible flows,
At {freestream Mach numbers of .3 and higher, however, the variable separated

pressure option, specified by a KSEP valua of cne, should be used. In this case,

the pressure distribution along the displacement streamline in the separited

13



region i3 determined by Equations (10! and (14) above. Mote that both approaches
determine the separated zone pressure, which depends upon the current solution,
by conditions at both the separation point and at the trafling edge and not Just cn
conditions in the vicinity of separation. This result is in agreement with the
conclusion of Grossi? that conditions at the downstream end of the separation

zone partially influence the separation pressure level.

After detarmining the ceparated pressure distribution corresponding to the
predicted separation point and the current potantial flow eolution, the
corresponding uppar surface displacement surface muat alsoc be computed for the
separated zone. When seperaiion exists, the previous method of adding the
computed displacement thick~esg to the original airfoil ordinates 18 inappropriate
since the values for displacoment thickness predicted by the SKAN method are
probably inaccurate 1n separated regions. Instead, the pressnt approach 1s to

solve, using the current potential flow solution, the differential equation
() () =
I/, v/ cosat §, §, (3

for the y-ordinates of the separated displacement surface as a function of x.
Based upon previous studies2i6, Equation (43) is solved using the Runge-Kutta
mathod of order four and the dizplacement surface ordinate at the separation
point as the 1nitial condition. In addition, in the process of solving this equation
t}),b and (P(‘muet be evaluated by f:nite differences. While several formulations
are possxbhz. numerical studies indicate that accurate displacement surfaces are

cbtained using the following

e ———— -
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O = Ginizo= Dy 2 s (=05 ) (G ~Grosges Layi# i (14b)
204 2054y

In Bquations (14), the point (,,~1) is the firct ghost point below the displacement
surface. Its value is determined as part of the inverse presure boundary

condition.

Sincte the present process 1s i1terative and the potential solution uses the
separated pressure distrabution as an inverse boundary condition, the solution of
Eqs. (13) and (§4) should yield upon convergence a separated zone displacement
surface or free streamlineg that is compatible with the pressure distribution and

potential flow solution,

At this point in the i1teration-interaction procedure a check 1s made to see i1f
the solution has converged or if the maximum number of iterations for a given
grid s1ze has been exceeded. 1f neither situation s true, ten more inviscid cycles
with the new displacement surfaces and separated pressure distribution are
performed prior to repeating the viscous interaction loop. 1fy, however, either
tondition 1s satisfied and the finest grid specified by the user has not been used,
the grid 1s refined and the entire process shown on Figure 2 is repeated. [ the
last grid solution has been obtained, then a final output is printed and the

solution i1s finished,

15




It should be noted that the calculations on a given grid are stopped and
assumed to be converged when the maximum perturbation potential change is less
than some user specified valua. However, when separation is present it is usual
for the calculations on each grid to be terminated due to the number of iterative
cycles exceading a maximum user specified value (particularly on computers which
only retain seven significant digits). In those cases, the existence or degree of
convargence can be determined by examining the variatian in the number of
supersonic points, the location of separation, and the trailirg edpe ordinate of
the upper displacement surface. All these valusg are printed out every ten
iterative cycles. 1f they stabilize prior to the end of the computation on a given
grid, then the results can be assumed to be converged., Normally, it is sufficient
to perform 800 cycles on the coarse grid (25x13), 400 on the medium grid {49x25),
and 400 on the ¢ine grid ((97x49), althcugh occasionaly more may be needed. In
determining convergence, it should be remembered that the pregsent method is
supposed to obtain a steady state solution. At angles of attack above maximum
1ift, the actual flowfield about an airfoil is usually unsteadyi?/8  n thoge
cases, the present method probably will not converge and may enter some type of
oscillatory behavior which appears to represent an unsteady flow pattern.
However, the present method is not “time-accurate" and such results should only

be viewed as indicative of the presence of significant unsteady phenomena.

16
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USER INSTRUCTIONS
CODE DESCRIPTION

The TAMSEP code consists of a main program and eighteen subroutines, The
subroutines and their relationships are shown in a subroutine tree on Figure 3.
The subrouting names and their functions are as follows:

FOIL -~ Reads in initizal airfoil shepe and determines ordinates and slopes at
romputational points.
VISACT -- Computes turublent boundary luyer when viscous interaction included.

THWAIT -- Computes the laminar boundary layer when vigcous interaction
included,

F1T2 =~ Curve $it routine used by Thwaites method.

VALUE -- Initializes the flowfield to zero perturbation potential.

SOLVE -~ Sets up the matrix cozfficients used in the SLOR relaxation scheme.
PRESS -- Computes the pressure distribution on the airfoil.

COORD -~ Sets up the coordinates in the computational and physical grids and
computes the stretching factora.

FLOW) -~ Solves flowfield in front of the airfoil.

FLOW2 -- Solves flowfield in the direct region above and below the airfoil.
FLOW3 -- Solves flowfield in the inverse region.

WAKE -- Solves the flowfield behind the airfail,

SHAPE =~ Computes the shape of the airfoil displacement surface in the
separated zone.

TRID -~ Tridiagonal equation solver.

HALVE -- Doubles the grid size and interpolates old values to obtain starting
values on the new grid.

PLOT -~ Creates a printer plot of the Cp and displacement surface.

17
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ARC -~ Deatermines the arc length of the airfoil coordinates and aplines the
cocordinates versus arc length.

SPLINE -- Computes a cubic spline thru a set of points.

The TAMSEP code is written in FORTRAN 1V programming language and is
designed for use on IBM, AMDAHL, CDC, DEC, and similar computers. In
nonaverlay mode it requires less than 320,000 bytes on an Amdahl 470/V8. Using
& FORTRAN H extended compiler at the optimization level two, it needs about 17
seconds for compilation and cobtains a solution on a 97x49 grid in about 140
geconds at a rate of around 15,000 points/second. Some slight modification to
formats, etc. may be required to run the program on different computer systems

or under a FORTRAN 77 compiler.

INPUT DESCRIPTION

The input to the TAMSEP code 1s read in eight separate blocks. The first one
contains a user supplied title, while the second and third blocks specify all the
floating point and integer parameters needed to run the program. These
parameters are input via namelists and if not specified are assigned default
values by the program. Blocks four and seven are cptional and are only included
when the parameter IREAD 15 one. They read a non-zero perturbation potential
starting solution and an intial airfoil description, Blocks five and rip! t are
associated with input for the design option in the program and are orly includad
when the parameter INV 1s one. Finally, block six contains the description of the
airfo1l under consideration. For an analysis computation, only blocks one, two,

three and six would be included in the input stream,

18
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DETAILED INPUT DESCRIPTION

Input BlocK 1: Title

This block consists of a single line of input and is read by tha main program, .

.: NTITLE Description of case. Up to 80 alphanumeric characters. Appears on the

printed output at the beginning of the results of each grid.

Input Block 2: F.oating Point Parameters

Pl I
}] This block of input is read by the main program via a namelist calied FINP,
L
. M Freestream Mach number (real variable). Default 0.5 '
W Relaxation factor for subsonic points. Should be i1n the range 0<W<2.0. ;
Default 1.7 P
i !
‘ X1 X location where the direct mode calculation procedure stops. In the

analysis made 1t should be set to 0.5 (i.e. the trailing edge). In the inverse

(design) mode it is usually set to shightly less than the third point from the ¥

leading edge or larger. Default 0,5

X2 End of the inverse region. For analysis cases set to a large number. In

the inverse (design) case set to 0.5 (1.e, the trailing edge). Default 10000.0

' ALP Angle of attackin degrees. Da2fault 0.0

EPS Subsonmic damping factor to match difference equations at sonic lane 1f
needed., Has no effect on the accuracy of the solution. Only affects stability and

convergence rate. Normally 1t 18 not needed. Dzfault 0.0

- - .
. b W W B dmn o e
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EPSS Supersonic damping factor for ilerative stability. Has no effect on the

accuracy of the converged solution, only on the stability and convergence rate,

Should typically be about M2 max ~ 1 ¢ where M .. it the maximum local Mach
number, Default 0.4 S

YA The positive X locations whare the coordinate stretching changes, It
should be near the airfoil trailing edge. Default 0.49

64 The positive psi value in the computational plane where the stretching
changes. Default 2.0

CONV Convergence critaria control valuz. lterations stop when the maximum
cthange 1n the perturbation potential betwesn relaxation ./cles is less than CONB.

Default {.E-05

Al Stretching constant for the Y direction. It can be used to control the Y
and eta spacing near the horizontal axis. Itis usually best to have the psi and

eta spacing equal near the lezding edge of the \iréiol. Default 0.244

A2 First stretching constant for the X-direction. It1s equivalent to 2/ °

(dx/d}) at ¢ ﬂj., » Th2 value of A2 detarmin=s the horizontal step size near the

leading and trailing adges. i.e.

ﬂ XguxQ; "AZA;_:T{AZ (2(!4’54”
2 2 (IHAX-1)

See Appendix A of Reference 4. Default 0.13

A3 Second stretching constant for the k- direction. It determines the
physical location of the vertical grid line adsacent to the grid side edge. Default

3.87
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RN Freestream Reynolds number based on chord length. Used only when

viscous interaction (1ITACT={) included. Default 20.E+04

XIBDLY The x-location at which upper surface transition is assumed to occur.
The turbulent boundary layer calculation starts at the next grid point. The
relationship to percent chord 18:

XIBDLY = (%chord - 50.0)/100.0
Used only if viscous interaction included (ITACT=4) and laminar boundary layer

ignored (1LAM=0), Default -0.44

CIR Circulation about airfoil. 1f an initial solution is input (IREAD=1), 1t

must be the corresponding value of circulation (CIR=CL/2.0). Default 0.0

CDCORR Correction to the wave drag coefficient. Because of the lack of a large
number of points in the leading and trailing edge regions, the wave drag
coefficient has an error associated with grid size, spacing, and lift coefficient.
The magnmtude of CDCORR must be determined by the user by empirical methods.
Note that the correction should be different for each airfoil and grid combination.

Default 0.0

RDEL Relaxation parameter for the boundary layer displcement thickness, 1tis
used only whe vascous interaction 1s included (ITACT=1) and IMAX is less than or

equal to 55, Default 0.25

RDELFN Fine grid relaxation parameter for the boundary layer displacement
thickness. 1t 1s used only when viscous 1interaction 15 included and IMAX 15

greater than 5%. Default 0.125
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sP Maximum value allowed for the Nash-Macdonald separation parameter
when x<XSEP., Used only in the design case (INV=$) when computing the boundary

layer over the design surface. Default 0.004

XSEP X location after which the Nash-Macdonald separation parameter can
exceed SP. Used orly 1in the design case (INV={) when computing the boundary

layer over the design surface. Default 0.44

RCPB Mot used. Ignore.

CPD Not used. Ignotre.

XMON  Not used. Ignore.

XLSEP Should glways be initialized to 0.5. Default 0.5

XPC Location after which the lower surface displacedment thickness is
required to continue decreasing once it has started to decreasz. Upstream - XPC
the displacement thickness 15 required to be monotomically increasing. For most
aft-cambered airfoils 1t should be set to 0.1, and for conventional airfoils 1t

should he set to 0.9. Default 0.1

XLBDLY The x-location at which lower surface transition is assumed to occur.
Same relationship to chord ag XIBDLY. Used only if viscous interaction included

(TACT=1) and laminar boundary layer 1gnored (ILAM=0), Default -0.44

RLAX Relaxation parameter for the separated pressure level 1n the constant
separated pressure option (KSEP=0). Sometimes needed to enhance convergence.

Used only when ITACT=1, IMASS={, and KSEP=0. Default 1.0
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RADUJ Leading edge radius of the airfoil nondimensionalized by the chord.
Used only if ITACT={ and ILAN={. Default 0.0459

Input Block 2: Integer Parameters

This block of input is read by the main program via 2 namelist called 1INP,

IMAX Number of vertical grid lines in the horizontal direction on the first grid.
I=4 corresponds to upstream infinity and 1sIMAX corresponds to downstream
infinity. For cach grid refinement IMAX is increased such that the new IMAX 18

two times the old value minus one. The limit on IMAX 13 99, Default ¢3

JMAX Number of herizontal grid lines in the vertical direction on the first grid.
J=§ corresponds to infinity below the airfoil and JxJMAX 18 1nfimity above the

airfoil. The same formula and limat that apply to IMAX also apply to JMAX.
Default 7

IKASE Aninteger number describing the case being computed. It 1s himited to a

maximum of six digits and 18 printed at the beginming of the pressure printer plot

for each grid. Default 100

INV Parameter determining the program mode. It should be 22ro for analysis

cases and one for inverse design cases. Default 0

MITER Maximum number of interations (complete relaxation cycles) allowed on
the first grid. MITER 1s halved for each grid refinement. However, on the fourth

grid,; MITER is reset to 400, Defzult 1600
NHALF Number of grid refinements. Default 2

23
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ITACT Viscous interaction control parameter. It should ba set to zero for
analysis cases without interaction and for design cases. 1t should be ona for

analysis cases with interaction. Default

1SKP2 Airfoil update control parameter for grid two. 1t should be 2ero if an
airfoil shape update is desired on grid two every ten iterations. It should be one
it an update 18 not desired until grid two solution is completed. Only used 1n the

invese design mode (INV=1), Default 0
ISKP3 Same as ISKP2 but for grid 3
ISKP4 Same as ISKP2 but for grid 4

ITERP Interpolation parameter for the design pressure distr:»utiorn on grid
four. Ifin the design mode the input pressure c.stributicn for grid four is tc be
read as 1nput data, INTERP should be zero. 1f 1t 1s desired to linerarly

interpolate the pressure distribution of grid three, 1t should be one. Default 0

IREAD Starting solution control parameter. 1f JREAD 18 zero, the 1imitial
perturbation solution 1s assumed to be zero everywhere. If 1t1s one, an 1mtial
solution 1s read as data. The latter would only normally occur when a user wished

to restart a solution which had previously been saved. Default 0

LP Relaxation cycle interval &t which boundary layer details are prir+-4. For
diagnostic purposes suggest 56 or 100. For normal information purposes, suggest

a value of 200, Default 1000 (no printout)
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IMASS Massive separation parameter. It ehculd be one if the maszsive
separation option is desired in analysis cases and is active only if ITACT is one.

In inverse design cases (INV=1) 1t should be zero. Defzult{

ILAM  Boundary layer parameter. 1f zero, boundary 1s computed as if all
turbulent with transition at XIBDLY and XLBDLY. If one, boundary layer 1s

considered laminar-turbulent with natural transition. Default {

IPRT{ Print parameter. If one, perturbation potential values printed at the

completion of each grad. Default 0

IPRT2 Print parameter. 1f one, x and y velocities &t cach grid point printed at

the completion of each grid. Default 0

KSEP  Separated pressure distribution parameter, If zero, pressure 1n
gseparated zone 1s assumed to be constant. If ane, pressure 1n separated zone 1s

consadered variable. Default ¢

Input Block 4: Starting Solution (Optional)

This block of data 1s read by subroutine VALUE on./ 1f the integer parameter

IREAD has the value of one.

P(,J) Nondimensional perturbation potential at point I,J. Read by rows starting
at J=JMAX down to J=1. Each row runs fram I=1{ to I=1MAX and starts on a new

hine, Format SE15.7
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PB(l) Nondimensional perturbation potential at pointl on the y=0 (i.e. J=JB)
grid line that is associated with the lower surface of the airfoil. Read from Jet

to I=]HAX. Format SE1S.?

Input BlexK 5: Direct Inverse Parametars (Inverse Design Mode only)

Thig gingle line of input is read in subrout.ne COORD only when the inverse

design mode 15 active (INVs1),

X1,X2 Same definition as in Blotk 3. However, when the inverse design mode is
active, thase values are read prior to the solution of each grad. This block
corresponds to the first grad; and, thus, should alvways vee X120.5 :nd X2=10000.0

Format 2F10.5

Input Block 6: Airfoil Descraption

This block of data 1s read by subroutine FOIL and describes the airfoil usad in

the analysis mode or the starting airfoil for the inverse design mode.

NI The number of coordinate pairs used to describe the upper surface of the

awrfoil, Maximum value limited to 99. Format IS

X{ILYIA) Cocrdinate pairs describing the upper surface of the airfoil. The
leading edge corresponds to XI=0.0 and the trailing edge 13 XI=1.0, The vertical
ordinate, YI, 18 nondimensionalized by chord. Read starting with 1= to I=Nl,

Format 8F10.4
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DERIX, DER1Y, DERFX, DERFY Parameters describing the leading and trailing

edge of the airfoil. DERIX is dx/ds of the airfoil upper surface at the leading

edge. It is usually zero. DERIY is dy/ds of the airfoil upper surface at the
leading edge and it is usually 1.0. DERFXis d3x/ds3 of the airfoil upper surface
at the trailing edge. It is usually sufficiently accurate to use 0.0. DERFY is
dayldla of the airfoil upper surface at the trailing edge. It is usually

sufficiently accurate touse 0.0 . Format 4F10.4

NIB The number of coordinate pairs used to describe the lower surface of the

airfoil. Maximum value limited to 99. FormatlS

XIB{1),YIBU) Coordinate pairs describing the lower surface of the airfoil. The
leading edge corresponds to XI=0.0 and the trailing edge 18 XI=1,0. The vertical
ordinate, Y1B, is nondimensionalized by the chord. Read starting with I=1 to
I=NIB. Format 8F10.4

DERIXB,DERIYB,DERFXB,DERFYB Parameters describing the leading and trailing
edge of the airfoil. DERIXB 18 dx/ds of the airfoil lower surface at the leading
edge. It is usually 2ero. DPER1YB 18 dy/ds of the airfoil Jower surface at the
leading edge and 1t 18 usually -1.0, DERFXB 1s d3x/ds3 of the airfo1l lower
surface at the trailing edge. It 1s usuelly sufficiently accurate to use 0.0.
DERFYB1s dayldzt.3 of the airforl lower surface at the trailing edge. Itis usually

sufficiently accurate to use 0.0. Format 4F{0.4
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Input Block 7: Starting Airfoil Description (Optional)

. This block of data is read from subroutine FOIL and is only read if the
integer input parameter IREAD is one. 1t effectively overwrites the information

from input block six.

YU Y! q),SLUA)LSLLI) Values describing the airfoil on the starting grid. YU(D)
and YL({) are the upper and lawer surface ordinatas, nondimensioralized by chord,
at cnord location X(I). SLUD and SLL(I) are the upper and lower surface slopes at
chord location X(I}, The X(I) values depend upon the size and spacing associated
with the starting grid. The group of four values 18 read starting at the I value
corresponding to the firat point downstrcam & the lead.. y edge (I=ILE) and

ending with the point just upstream of the trailing eoge (IsITE). T-~mat SE§5.7

DUPOLD(D),DLWOLDI(I} Values describing the boundary layer displacement
thicknesses on the starting grid. DUPOLD(D and DLWOLD() are the upper and
lower surface displacement thicknesses corresponding to the chord location X(I).
These are read starting at the 1 value corresponding to the first point
downstream of the leading edge (I=1LE) and erding with the point xist upstream of

the trailing edge (1=1TE). Format SE15.7

Input Block 8: Design Pressure Distribution (Inverse Design Mode only)

This block of data consists of four sections which are only 1ncluded 1n the
inverse design mode (INV=1), In that mode only tha last three sections would

usually be included.

“——J“L’.
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Section { =~ Starting solution design pressure distribution read by subroutine
FOIL. This section would only be included if 2 design solution were being
restarted (.0, INVat, IREADsL, and MHALF=1) and it would only affect the first

grid considered.

CPU() Upper surface inverse region pressure corfficient values for the design
case starting with Isli, which is the first grid point after X{ and ending with

IsITE, the grid puint st upstream of the trailing edge. Format 8E10.3

CPL{l) Lower surface inverse ragion pressure coafficient values for the design
case starting with I=14, which is the 4irst grid point after X{ and ending with

IsITE, the grid point ust upstream of the trailing edge. Format 8£10.3

Section 2 -- This section reads in the starting and ending points of the inverse
region from subroutine COORD and the inverse design pressure distribution from
subroutine FOIL for the second grid. Used only in the inverse design case

(INV=1),

X{,X2 Xi1s the Jocation where the direct calculation stops and the anverse
calculation begins. Typically, 1t 18 slightly less than the third point from the
leading edge or larger. X2 is the Jocation where the inverse calculation stops. It

should always be set to 0.5. Format 2F10.5

CPU(I) Upper surface invers® region pressure coefficient values for the design
case starting with I=1{, which 15 the first grad point after X{ and ending with

I=1TE, the grid point yust upstream of the trailing edge. Format 8E10.3
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CPL(l) Lower surface inverse region pressure coefficient values for the design
case starting with I=I{, which is the firat grid point efter X1 and ending with

I=s1TE, the grid point just upstream of the trailiny edge. Format 8E10.3

Section 3 == This section reads in the siarting and ending points of the inverse
region from sutroutine COORD and the inverse design pressure distribution from
subroutine FOIL for the third grid. Used only in the inverse design case (INV=1),

The input variables and descriptions are the same ag Section 2 above.

Section 4 -- This section reads in the starting and ending points of the inverse
region from subroutine COORD and the inverse design preseure distribution from
subroutine FOIL for the fourth grid. Used only 1n tne invar ¢ decign case (INVs§)
when ITERP 1s zero. Note that 1n References (2) and (2), the use of grad four for
inverse design 1s not recommended. The input variables and descrapticns are the

same as Section 2 above.

OUTPUT DESCRIPTION

THe printed output when the program 1s operated in the inverse design mode
is identical to that described i1n Reference (4}, When the program is operated i1n
the analysis mode vath the massive separation option, the output for rrids two,
three, and four has the form shown below. Since the first grid assumes inviscid
flow only, 1ts printout only includes those portions associated with an inviscid

solution.
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1.
2.
3.
a,

.
6.
7.

Heading (user supplied)

Case Number

Mach number and angle of attack

Case type callouts, i.e.

INVISCID ANALYSIS CASE

WITH LAMINAR TURBULENT VISCOUS INTERACTION
AND HASSIVE SEPARATIOHN

AND VARIABLE PRESSURE IN SEPARATED REGION

Input data in namelists FINP &nd IINP
Coerdinate System for the current grid printed as I, X(I) followed by J, Y{J)
Ordinates of the current airfoil displacement surface

X -- Horizontal ordinate, where -0.5 18 the leading edge and 0.5 1s the

trailing edge

YU -- Upper displacement surface ordinate
YL -—- Lower displacement surface ordinate
UPPER SLOPE -- Slope of upper displacement surface

LOWER SLOPE -~ Slope of lower displacement surfcace

8, Iteration history at ten-cycle intervals

CIR -- Circulation

DPM -~ Maximum @ correction (absolute value) in the last relaxation cycle

with the corresponding (1,J) grid location

surface trailing edge ordinate, since the last surface update. Should go to zero 1f

NSSP -- Number of supersonic grid points

DELTAY OR YUTE -~ In the design case, the change 1n YUXITE), the upper
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tonverging. In the viscous analysis case, it is the current value of YUNITE); and
it should approach a constant value if the solution is converging. Only changes
after the first fifty cycles on each grid,

SEP AT X =~ The current x ordinate value for the upper surface separation

point (x = =0,5 is the Jeading edge and x = 0.5 is the trailing edge).

9. Boundary Layer Infarmation

Every LP cycles results of the current boundary layer sclution are printed
first for the lower surface of the airfoil and then for the upper surface. In each
case, the laminar solution ( if ILAM={) is printed first followed by the turbulent
solu.tion.
9a. Laminar Boundary Layer Informat:on (Printed everv LP cycles)

X -~ Horizontal ordinate

MACH # -~ Local Hach number

CF -- Skin friction coefficient (the 0.4E{{ 1mtial value is arbitrary and
should be ignored)

D-STAR -- 67(:. non-dimensional boundary layer displacement thickness

D-THETA ~- 8/c, non~dimensional momentum thickness

H - 6'/8 shape factor

RE-THETA -- Local Reyiiolds number based an © !

RE-STAR -~ Local Reynolds number based on &*

T™ -- 8" (du/dut/ v + Pressure gradient parameter

9b. Possible Laminar Flow Messages
a. SEPARATION OCCURRED AT X = O.xxx =-- gives x location where laminar

separation occurred.
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b, SHORT BUBBLE FORMED? TRANSITION TO TURBULENT FLOW
ASSUMED, X= O.xxx
c. LONG BUBBLE? LAMINAR STALL MAY OCCUR, X = 0.xxx
BOUNDARY LAYER CALCULATION WILL BE CONTINUED AS
TURBULENT BUT ACCURACY OF RESULTS IS QUESTIONABLE
d. BOUNDARY LAYER CALCULATION COMPLETED?
NEITHER SEPARATION NOR TRANSITION WAS DETECTED

9c. Turbulent Boundary Layer Information (Printed every LP cycles)
X == Horizontal ordinate (0.5 1s leading edge, 0.5 is trailing edge)
MACH # -- Local Mach number
DLSTR -~ 6‘/(:. non-dimensional boundary layer displacement thickness
DEL -- §/c , non-dimensional boundary layer thicknesses
CUE -- Ue. transformed boundary layer edge velocity, Us(a, /8 Ju
USTAR -- Law of the wall parameter, SQRT(%/p )
USTAR##2 -~ Skin friction parameter, mgﬁ
THETA -- ©/¢, ncn~dimensional momentum thickness
CDP -~ Profile drag coefficient using Squire-Young approach modified
according to Reference (9}

CDW -=- Wave drag coefficaient, nat computed 1n this version of code and thus

always zero

CDTOT -~ Total drag coefficient

9d. Turublent Boundary Layer Messages
a. SEPARATED CP 1S 0.xxx -- In the constant separated pressure level

option (IMASS=1,ITACT=1,KSEP=1) the pressure 1n the separated region i1s printed

33
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after each boundary layer calculation. 1f solution is converging, i1t should

appraoch a constant value.

b. USTAR2 (or USTCK) LT ZERO -~ Indicates where in computation separation

was first detected. See program listing for details.

10. Final Boundary Layer Results
YUORIG ~- Original airfoil upper surface ordinate
DU -- Smootned upper surface displacement thickness
SLU ~~ Slope of upper displacement surface
YLORIG -~ Original airfo1l lower surface ordinates
DL -- Smoothed lower surface displacement thickness

SLL -- Slope of lower displacemen?t surface

{1. Pressure Distribution on Airfoll
CPU -- Upper surface pressure coefficient

CPL -- Lower surface pressure coefficient
12, Final Displacement Surface Information

YU -- Ordinate of upper displacement surface
YL -- Ordinate of lower displacement surface

SLU -~ Slope of upper displacement surface

SLL -~ Slope of lower displacement surface )

13. Mach Chart

The Mach numbers at the I,J coordinate points are multiplied by 100 and

printed out 1n black form. The grid points “inside" the upper and lower
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displacement surfaces are indicated by zeros. Velocities (U,V) at the flowfield

grid points may also be printed out using option IPRT2={,

14. Mascellaneous Information

The normal force coefficient, CNy and the drag coefticient, WAVE CD, '
obtainad by integration of the pressure distribution are printed cut. The latter
should theoretically ba zero for subcritical unseparated cases, but it usually is
non-zero due to mesh si1ze and grid placement. Thus values of WAVE CD should

only be used for comparison purposes.
15. Printer Plot of Results

U -- Upper surface pressure coefficient

L -- Lower surface pressure coefficient

T == Upner displacement surface

B -=- Lower displacement surface

CPSTAR -~ Pressure coefficient for local Mach number of one

CLCIR -- L1ft coefficient from computed circulation

CL == Lift coefficient from inteq: ation of pressure distribution

CD -- Wave drag plus profile drag coefficient (Accuracy depends upon value
of CDWAVE)

CHLE -- Moment coefficient about the leading edge

CDF -- Profile drag coefficient using Squire~Young approach modified for
eeparation and compressibility

CMC4 -~ Moment Coefficient about cuarter chord point
/
{
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16, Migcellanaous Messages

PROD .LE. ZERO -- This message indicates that the turbulent boundary
calculation was unable to obtain an appropriate starting solution, As a result the
flowfield calculations were continued with the displacement surface ordinates
and slopes frozen at their last updated values. This situation usually occurs
when transition takes place at the shock wave and the local Mach number
immediat2ly upstream of the shock wave is greater than 1.35, It probably
indicates that at a minimum there 1s local separation in the vicinity of the shock
wave., Since this phenomena is not modeled in the present code the results
obtained in such cases should be used carefully. Sometimes this problem can be
"avoided" by computing an all turbulent case (ILAM=0) with transition at er
immediately upstream of the shock wave. It should be noted that when this

message appears, the subsequent computed values of CDF are in error.

AA \LT. ZERO -- This message occurs when the local szeed of sound is
computed to be negative. 1t indicates that either the solution has become
unstable or else the rotated scheme tried to use a point outside of the solution
domain due to a supersonic point on the JMAX-{ row. Usual solution 15 to
increase the supersonic damping, EPSS, and/or increase the stretchy -~ and /or
size of the Y grid. When encountered, the computation 1z termir.ced and the

current perturbation flowfield solution 1 printed for diagnostic purposes.

17. Note that additional output can be cbtained for ei1ther diagnostic or analysis
purposes by removing the C’s fram various commented print statements in the

program.
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TYPICAL RESULTS

In the development of the present method, results have been obtained for
NACA 4412 and N:.CA 0012 airfoils for freestream Mach numbers up to 0.5, angles
of attack up to 18,5 degress, and Reynolds numbers between three and nine
millior, These conditions were selected not because of limitations in the method
but due to the availability of excellent experimental pressure distribution data in

those regions.19-21 pnyg, the results presented here are only meant to be

representative,

Figures 4 and § compare recults obtained with the present method with the
low speed experimental data of Pinkerton2! for a NACA 4412 airforl at 6.3 mllion
Reynolds number. In Figure 4 the experimental data has been plotted using the
angle of attack correction suggested 1n Reference 2i. As can be seen, the theory
predicts slightly larger lift coefficients than the data at the lower angles of
attack, Whether this difference is due {o an underestimation of the angle of
attack correction, as suggested in Reference 22, or a problem in the theoretical
model is unknown. In any event, the theory and the data are in excellent
agreement between ten and fifteen degrees; and the present model reasonably
predicts the location of maximum lift at an angle of attack of about 16 to {7
degrees. The theoretical model does, however, overpredict slightly (1.8 vs. 1.7)

the maximum hift coefficient predicted by this forty-seven year old data,

Figure 5 compares pressure distribution results cbtained with the present
method with the experimental data of Pinkerton at an angle of attack slightly
below that corresponding to maximum lift. In this case, the corrected angle of

attack was used i1n the computations, and the upper and lower surface boundary
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layers were assumed to be initially laminar followed by natural transtion to
turbulent flow. For this high Lift case, the theory predictes that the lower
surface remaines entirely laminar and that the upper surface transitions at onz
percent chord followed by separation at 74.9 percent chord. AS can be seen on the
f.gure, the predicted pressure distribution is in excellent agreement with the
data; and the pressure coefficient in the separated zone is slightly negative and
constant. Experience indicates that for low speed cases better results are
usually obtained using the constant pressure option (KSEP=0) for the separated
zone. For this case, the theoretical Lift coefficient was 1.69 while the
experimental value was 1.68. The predicted profile drag coefficient was 0.0200,

which 1s in reasor. ble agreement wath availatle measurer.. nts.23

As 1ndicated previously, 1t 15 important for this type of met..od to include the
effects of a laminar boundary layer. Figure 6 shows lowar surface
laminar-turbulent transition point locations predicted by the present method for
a2 NACA 0012 airfoil at Mach 0.3 and si1x million Reynolds number. As can be seen,
for these flight conditions the lower surface boundary layer 18 predominantly
laminar at low angles of attack; and at angles of attack above ten degrees 1t 1s
essentially all laminar. Obvicusly, a method which only includes a turbulent
boundary layer calculation and/or assumes transition near the leading edge might

yield incorrect results for these flight conditions.

Figure 6 also shows for the same conditions the preditted upper surface
separation points determined by the TAMSEP method. Notice that no upper
surface separation 1s predicted until about {2 degrees angle of attack. After
that, as the angle of attack increases, the beginming of separation moves forward

on the upper surface until more then half of the airfoil experiences separated
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flow at about {6 degrees, For this case, maxamum lift occurs around fourteen

degrees.

Figure 7 compares the predicted lift coefficient variation with angle of attack
for a NACA 0012 awrfoml at the same nominal conditions (1.2. Mach 0.3 and six

millxon Reynolds number) with experimental data obtained in the Low Turbulence

Pressure Tunnel at NASA Langley.20 These data were obtained on clean airfoils
without the use of trip strips, and thus the theoretical results were obtained
using the laminar natural-transition turbulent model (ILAM=1). At the lower
angles of attack the agreement 1s quite goaod. However, at tne onset of trailing
edge separation, around twelve degrees, the theoretical laft curve exhibits a
"Kink" accompaned by a slight decrease 1n it coefficient. This "Kink" 18 often
observed 1n the theoretical it curves when separation 1s first predicted and i1s
due to the fact that separation 1s usually +irst detected on the coarse grid. On
that grid, the firat point forward of the trailing edge 18 about 93% chord; &nd,
thus, when separation 1s first predicted on the coarse grid the separation point
moves forward from the trailing edge to at least the 93 percent point, witn the
result that the amount of separation 1s overpredicted and the lift at that
condition 1s underpredicted. Since the model only permits the separation point to
move forward, this effect 1s maintained thoughout all the grids at that angle of
attack. However, as the angle of attack i1s increased this effect disappears.
Thus, at low and medium freestream Mach rumbers, the 11t coefficients predicted
at angles of attack sust above the onset of trailing edge separation are usually

slightly low.

However, as can be seen on Figure 7, the lift coefficients predicted at the

higher angles of attack are, at least for this case, 1n reasonable agreemen® 1 :th
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the experimental data. Notice that for this case the experimental data indicates

an apparent maximum lift around fourteen degrees followed by a decrease and
then an increase. The theoratical lift based upon the calculated circulation
predicts a maximum lift coefficient of about 1.40 at §4 to 14 degrees. On the
other hand, the theoretical lift besed upon integration of the pressure
distributions indicates a maximum lift at fourteen degrees, which nominally
agrees with experimental data. This slight divergence between the values
predicted by circulation and those by pressure integration is, based upon
oxperience, an excellent indication of the maximum lift location at low and
medium speeds. The reason for this statement will be evident when the pregssure

distributions for these cazes are digcussed.

The predicted variation of drag with lift fzr -his case 1s compared to
experimental data at the higher lift coefficients on Figure 8. Again the 21g-2ag
in the theoretical curve corresponds io the similar phenomena on the lift versus
angle of attack plot and 1s du~ 13 the overz- Jiction af the size of the imtial
separated zone. Nevertheleas, the agreement between the theoretical predictions
and experimental values, particularly near maxamum lift, is good and should be

acceptable for applied engineering calcutations.

Figures 9(a-c) compare pressure distributions obtainad with the present
method with data obtained in the Low Turbulence Pressure Tunnel &t NASA
Langley20 a¢ three different anglex of attack. The first corresponds to an
unseparated flow situation, the second 13 near maximum lift, and the third 1o for
an angle of attack above the maximum lLift condition. Since at medium {freestream
Mach numbers and higher evidence119-20 jndicates that the presiure variation 1n

a separated zone 1s not constant, these and subsequent cases were all run using
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the variable pressure option (KSEP={). As can be seen on Figure 9(a) the
theoretical pressure distmbution for the unseparated case is in excellent
agreement with expaerimental data. For this case, the theoretical it and drag
ctoefficients were (.27 and 0.0i14 while the corresponding clean aiwrcfoil
experimental values were 1,23 and 0.0123.

For the case near maximum lift, Figure 7(b), it should be noted that some
supersonic flow exists over the upper surface of the airfoil in a very amall regicn
near the leading edge since the critical C, for this case is -6.69. In addition, the
thecretical method predicts upper surface separation at 74.9 percent chord and
boundary layer irstability cn the lower surface at about 80 parcent chord.
However, due to the favorable pressure gradient, the lower surface boundary
layer never transations. For this case the thecretical 1ift coeéficient of §.39
coincides with the experimentally measured value, and the two pressure

distributions exhitit reascnable agreement.

At an angle ot attack greater than that corresponding to maximum lift, the
flow about an airfoil 1s typically characterized by a large region of unsteady
separated flow; and a steady state solution method such as the present one 18 not
really applicable. Thus, the zpparent lack of agreement between the present
steady theory and the experimental measurements shown on Figure %(c) is not
surprising. Nevertheless; the general pattern of the pressure distribution
including the exiatence of a large separation zone 18 predicted; and the predicted
11ft coedficient of §.44 based upon circulation 1s 1n surprising agreement with the
experimentally measured value of {.437. However, careful examination of the
eolution i1ndicates that 1t 15 not completely converged, that the theoretical Lift

may be ggcillating slightly, and that the lift based upon pressure integration
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computed at the ¢nd of a run using default parameters is only 1.27. Interestingly,

results uging the thin layer Havier Stokes equationsi?il8 ¢or 4 gimilar case

{NACA 0042, Mach No. = 0.3, Reynolds = { million, angle of attack = 18 degrees)
indicate a lift coefficient varying with time from 0.65 to 1.4 with & Strouhal
number of (\.4; and both the theoretical and experimental pressure profiles shown
on Figiusre 9(c) are representative of those computed at various times in the cycle
with the th-n layer Naviar Stokes model. Thus, the present theocetical result is
representative of the type of pressure distribution and lift which might exast for

this condit.on.

Anothir interesting feature associated with the results shown on Figure 9(c)
is that the drag coefficient predicted us:ng the methrd of Reference 6 (1.e. CDF)
was 0.060% while that predicted using the methcy of Reference 9 (1.e. CDP) was
0.1190. Normally, these two values are :n good agreement with each other,
Apparently, in the present method when the maximum lift condition 18 exceeded
the solution becomes oscillatory and not completely converged, the l1ft computed
by pressure integration diverges from and 18 lower than that from circulation, and
the CDF and CDP values differ significantly. It i1s believed that these three
items can be used to determine for medium Mach numbers the angle of attack

correspanding to maximum lift.

Figure {0 shows for the same NACA 00312, Mach 0.3, Reynolds number &
million case, the displacement surfaces predicted by the present methaod for the
upper surface region between 70 percent chord and the trailing edge at various
angles of attack, DBelow 11.13 degrees, where the flow 1s unseparated, the
displacement thicknesses 1n the trailing edge zone are relatively small. However,

with the onset of separation at 12.09 degrees the thicknesses begin to increase
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rapidly, and the digplacement surfacoe take on shapes characteriatic of the flow
over a stalled airfoil. It should be noticed that at an angle of attack of 16.12
degrees, the displacement surface starts to curve back towards the freestream
angle prior to the trailing cdge. It is believed that the displacement surfaces
shown on this figure have the correct behaviar and are an adequate enginzering

representation of the real flow.

Obviously, it would be degirable for the present method to accurately model
transonic flows with and without significant trailing edge separation.
Consequently, predictions obtained with TAMSEP have been compared with cata

obtained in the NASA 8 Ft. Transonmic Pressure Tunnel by Harris.d9 Thig data

probably represents the best high lift transomic experimental airfoil data
available today, and it has been used by many investigators., Howevar, in most
cases previous studies have compared results using the tunnel geometric angle of
attack values and have ignored the Known corrections associated with this data.
Since such comparisons could lead to erronecus conclusions, the present results
were obtained by matching the tunnel Mach and Reynolds numbers and using the

corrected angles of attack suggested by Harris,

Figure {1 shows & transonic separated flow result compared with data
obtained by Harris.d? wWhile the pressure distribution shown was obtained using
the laminar-turbulent boundary layer option, indistinguishable results were
obtained assuming transition at six percent chord. In the actual experiment,
boundary layer trip strips were located at five percent chord, For this case, the
present method predicts upper surface separation at 87 percent chord and lower
surface transition very necar the trailing edge. While the experimental shock

location 1s slightly forward of the theoretical value and while the erperimental
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pressures in the trailing edge region are slightly lower than those predicted by
the theory, the overall agreement is probably acceptable for angineering studies.
For this case, the measured normal force corfficiont was 0.994 while the

predicted lift coefficient was 0.984.

A lift versus angle of attack curve typical of those predicted by the present
method is compared with experimental data on Figure 12. For this freestream
Mach number of 0.5, significant transonic flow accompanied by a stron) shock
wave is present on the upper surfaca at angles of attack greater than six
degrees. As can be seen, the theoretical prediction, which was obtainad assuming
transition at six percent chord, agrees well with the experimental data up to
about 7.33 dege~es. Atove that angle of attack, the oresent method predicts a
maximum 11§t coefficient of 1.09 at 8.24 degrees with no traiing edge separaticn.

At 9.21 degrees the theory predicts a decrease 1n lift coefficrent to €.962 with

upper surface separation at 87 percent chord. The exparimental data, hcwever,
indicates that maxamum lift 18 {.02 at 9.2{ degrees and that trailing edge
separation probably started at about 7.5 degrecs. Examination of the theoretical
results at 7.35 degrees reveals that the local Hach number immediately upstream
of the upper surface shock wave is 1.42. Such a strong shock wave, whote
strength increases with angle of attack, should induce sigraficant sheek boundary
layer interaction which, unfortunately, is not modeled 1n the‘ pregent thecry and
code. Therefore, in this case the differences between the theoretical rc.ults and
the experimental data near maximum l1ft are prabably due to shock boundary layer
interaction and :1te subsequent effect on boundary layer growth and trailing edge
separation. Nevertheless, the present model and code does give a reasonable

indication of the location and magnitude of the maximum l1{t coefficient.
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A similar lift curve for a freesctream Mach number of 0.55 1s shown on Figure
13. As bafore, the theoretical results were obtained using an all turbulent
boundary layer; and 1n this cagse no upper surface trailing edge separation was
detected until an angle of attack of 8.264 degrees. The maximum lift coefficient
was computed to be 1.02 at 7.29 degrees as compared to the experimental values
of 0.983 and 8.266 degrces. For this case significant transomic flow existed at
all angles of attack above 4.5 degrees and by 7.29 degreas the Mach number at the
uppar surface shock wave had increased to 1.50. At 9.33 degrees a complete
golution could rot be obtainad with the present methad. On the medium grid the
upper surface flow separated at 87 percent chord, and on the fine grid the
geparation point moved forward to the shock wave at about {2 percent chord and
the solution failed. Quite chviously significant shock boundary layer interaction
exists at these high angles of attack and the decrease in lift or stall is probably
due more to shock induced separation than to the onsat of significant trailing

edge separation,

Nevertheless, the present method can be used to estimate ressonably
accurately the occurence of this situation. As can be seen on Figure 13, the
method predicts reasonably well the magnitude of the maximum lift coefficient
and 1s conservative as to the corresponding angle of attack location. In addition,
by noting the mechanism of code "failure*; in this case sudden separation at the

shock wave, & user can probably determine the type of stall phenumena present.

Theoretical pressure distribution results are compared with experimental data
for a freestream Mach number 0.4 case in Figure 14. This case at a corrected
angle of attack of 5.59 degrees and three million Reynclds number 18 significant

for a variety of reasons. First, 1t 15 an example of a transonic case with a strong
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upper surface shock wave. Second, the flow is unseparated and the data should
serve as a good test of the present method for a situation without separation.

Finzlly, this case has also been solved by Anderson et ali? yging both an Buler

boundary layer method and a thin layer Navier Stokes method,

1t should be noticed that the present results, like those of Anderson, agree
very well with the experimental pressure distribution with respect to shock
location and pressure levels. Also, for this case the experimental lift coefficient
was 0.78{. The present TAMSEP method predicted 0.809, the Euler boundary layer
method of Anderson yielded 0.€04, while s thin Jayer Nav.er Stokes result was
0.793. Obviously, the present method is capable of yield- ig excellent results that
are in agreement wath expecimental data and other analytical methods. However,
since it 18 a non-conservative full potential method, 1t should obtain such results
with accurate shock wave locations more easily and faster than other more

complicated methods.

Amother 11ft versus angle of attack comparison 12 shown on Figure {5 for the
NACA 0042 at a freestream Mach number of 0.6 and a Reynolds number of nine
million. As can be seen the highest theoretical point plotted is at a lift
coefficient value of 0.945 and an angle of attack of 4.392 degrees. At 7.348
degrees the boundary layer solution became {frozen (.e. PROD.LE.ZERO) on the
medium grid due to shock boundary layer interaction, and on the fine grid the flow
separated at the shock wave and a converged solution was not obtained. At €.371
degrees the flow separated at the upper surface shock wave on the coarse grid,
and again a converged solution was not obtained. For these cases, computed local
Mach numbers in the vicimity of the shotk wave were as high as 1.54. Thus, the

theory 1ndicates that above 6.392 degrees sigmficant shock boundary layer
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4 interaction probably accompanied by separation exists and that the maximum hift
coefficient occurs at that angle of atteck. As can be seen on the figure, the

magnitude of the pradicted maximum li¢t coefficient is in good agreement with the

. experimental data; although the angle of attacKk location is again conservative,

o Based upon the results presented in this section; it is believed that the
pregent method and code can be used at low and medium Mach numbers to
accurately predict lift and pressure distributions at angles of attack up to that
associated with maximum lift. At transonic speeds, the mathod should give good

results for unseparatad flows and for flows having trailing edge separaticn

PSRRI NS Ae ,

without significant shock boundary layer interaction. Thus, at transonic

MR A sl o Ea 4 O adb b AP

conditions, the method is probably currently limited, for accurate results, to

1oe o

Reynolds numbers of three million and higher and to local upper surface Mach
numbers less than {.4 to 1.45, In addition, 1t should yield reasonable estimates
for the maximum 11t coefficient at transonic speeds wile baing conservative as
to the corresponding value of angle of attack; and the method should indicate the

onset of significant shack boundary layer interaction,

el
'

¢

47

4

b



—

NP

B ettt R L T s

\
“e gy -

o

LR ca

¥l

CONCLUSION

A direct-inverse techniquz based upon a noncenservative full potential
inviscid methaod, & Thwaites laminar boundary layer technique, and the Barnwell
turbulent momentum integral method has been developed. This method is suitable
for predicting the subsonic and transonic flowfield about airfoils having trailing
edge separated flow. Extensive comparisons with experimental data indicate that
the method should be a useful tool for applied aerodynamic engineering analyses,
In addition, it is believed that the range of applicability of the method could be

extended significantly by the addition of a shock boundary layer interacticn mode.
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. ‘ffi;irect Solution with Boundary Layer Interaction
" (Airfoil Specified)

Figure 1 -- Problem Formulation
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sl Figure 10 ~- Predicted Displacement Surfaces for NACA 0012 at a Mach No. aof 0.3
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TCST CASE, NACA 0012, MACH O 5, RN 6 MILLION, ALPHA 9.2% DEG
SFINP M«0O 501,ALP=9 250,RN®*6 00406,
EPSS=1 . XPC* 5,8END
SIINP  IKASE*3509,NHALF =2 ,8END
96
oo [+ 3o} 0 002500 O 008717 O 005000 O 0122!3 O 007500
O 010000 O 017C37 O 012500 O 018939 O 015000 O 020637 O 017500
0 020000 O 0235398 O 025000 O 026147 0 037500 O 031374 O 050000
0 062500 O 039027 O 075000 O 041999 O 087500 O 044575 O 100000
0.112500 O 048808 O 125000 O 050%54 O 137500 O 052094 0. 150000
0 162500 O 054644 O 175000 O 0556808 O.187500 O 056594 O 200000
0 212500 O 058040 O 225000 O 058596 O 237500 O 0590%2 0.250000
0 262500 0.059684 O 275000 O 059873 O 287500 O 059382 0.300000
0 312500 O 059982 O 225000 O 059879 O 337500 O 059713 O IS0000
0 362500 O 059202 © 375000 O 0588G3 O 387500 O 058471 © 400000
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