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INTRODUCTION

BACKGROUND

Until recently , the aerodynamic analysis of helicopter configurations has
been largely neglected, with the exception being the analysis of rotor
systems. Even in this area, a particular rotor airfoil cross—section is
the result of many hours of exhaustive wind tunnel testing, usually with
only a minimal amount of theoretical support. This patt~rn in changing ,
however , due to a demand for greater vehicle performance , either in speed,
lifting capacity or endurance . Another consideration, the more eff ic ient
use of energy , has further altered the traditional view of helicopter aero-
dynamicists. Drag has become an important issue, and work is now under way
on several fronts in an attempt to understand and subsequently reduce its
effect through improved helicopter design.

The analysis of current helicopter fuselage designs is basically a problem
in the calculation of three-dimensional b lu f f  body aerodynamics. Flow
separation results in a flow field problem which, while not necessarily
intractable, remains one of the most challenging of fluid dynamic phenom-
ena. Recourse to the wind tunnel is only moderately successful because of
tunnel blockage and Reynolds number effects. Theoretical methods fail
through inability to model separation effects, boundary layer displacement

• effects, or the interaction of the rotor wake with the fuselage pressure
field. While it appears that the problems inherent in wind tunnel testing
will remain with us, improvements in computer simulation may ultimately
lead to analytical methods which will supplant the wind tunnel.  In fact ,
a recent paper by Chapean , Mark and Pirtle (Reference 1) of the NASA-Ames
Research Center , projects that this will occur within a decade if the cur-
rent rate of advancement in computer technology continues. Although the
complete solution of the Navier Stokes equations for flow around an arbi-
trary body remains beyond our present capability , much usefu l work has
been done in the development of three-dimensional aerodynamic analysis
tools. The ability to model separation would greatly enhance the useful-
ness of these methods.

Several approaches have been taken to model bluff body separation, i.e.,
by filling in the separated region with sources or a solid body fairing
(Reference 2). These methods cannot predict the separation pressure
levels directly , and consequently rely on some criterion to specify the
pressure level. They do, however , generally improve the predicted pres-
sure distributions upstream of separation . Improved performance predic-
tion requires that the separated region pressure level be predicted as
part of the overall analysis without recourse to empiricism . A separa-
tion model based on a vorticity shear layer approach which meets the
above requirement has been developed and incorporated into a general

9 
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three-dimensional potenti• 1 flow program . The separation model and the re-
sulting analysis procedure are described in the following sections.

GENERAL APPROACH

An analysis procedure capable of predicting the three-dimensional aerodynam-
ic characteristics of helicopter fuselage configurations having separated

• flow regions was the objective of the proposed study. In accomplishing
this objective, two major tasks were completed:

(1) The modification of Computer program WBAERO in order to
include viscous effects in the calculation of the potential
flow. In this case, viscous effects include the displacement
of external streamlines both by the upstream attached boundary
layer and by the separated flow region . In many cases, a very
thick but attached bounda ry layer will displace the external
flow nearly as much as would a separation region.

(2) The development and verification of the vorticity separation
model described in this report.

The general analysis procedure consists of a potential flow calculation , a
boundary layer analysis, and a model of the separated flow. The analysis
begins with the creation of planar surface panels from fuselage cross-sec-
tion data input by the user. The inviscid flow field about this configura-
tion is determined by the potential flow program. A series of streamlines
are then calculated over the configuration surface , providing information
required for the boundary layer me thods . Laminar , transition , and turbuleit
boundary layer characteristics (including the separation point, if separa-
tion is present) are determined along each streamline, as are the source
distributions representing the attached flow viscous effects . The separa-
tion points are used to map the separated flow region on the configuration
geometry from which the vorticity shear layer leaves the surface . A new
potential flow calculation is made with the inclusion of both the separa-
tion model and the boundary layer sources. The result is a predicted pres-
sure field for the entire body in both attached and separated flow.

10
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POTENTIAL FLOW METHO D

The potential flow on the body is computed using the WBAE RO program des-
cribed in Reference 3. The body surface is divided into a large number of
planar panels, each of which contains a constant source distribution. In
addition , an internal vortex lattice system may be located along the mean
chord plane of lifting surfaces to provide circulation to the flow. A
typical helicopter fuselage panel subdivision is shown in Figure 1.

~ONETRY DEFINITION

The body is described by a series of cross—sections given at selected
intervals along its length. The surface panels are located between adja-
cent sections, with the corner points being defined by the input cross—
section coordinates. Although the standard WBAEPO geometry input has been
retained in the current program, it can easily be adapted to incorporate
more sophisticated geometry inputs such as the Sikorsky Fuselage Geometry
Definition Program, Reference 4.

INVISCID METHOD

Analytical expressions for the perturbation velocity field induced by a
constant source distribution on an arbitrary quadrilateral pane l are given
by Hess and Smith (Reference 5). Similarly , the velocity field induced by
the elements of a vortex lattice are given by Rubbert and Saaris (Refe-
rence 6 ) .  The perturbation velocities are used to calculate the coeffici-
ents of a system of linear equations relating the magnitude of the normal
velocities at the panel control points to the unknown source and vortex
strengths. The source and vortex strengths which satisfy the boundary
condition of tangential flow at the control points for a given Mach number
and angle of attack are determined by solving this system of equations by
an iterative procedure . The pressure coefficients at panel control points
are then calculated in terms of the perturbation velocity components , and
the forces and moments acting on the configuration are obtained by numeri-
cal integration.

The perturbation velocity components induced by the sources and vortices
are described in Reference 3, together with the formation and solution
of the boundary condition equations , and the procedure used to calculate
the pressure coefficients, forces, and moments on the configuration.

11
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STREAMLINE CALCULATION

The WBAERO program computes an approximate solution to the problem of
three-dimensional potential flow over an arbitrary body . The body surface
is represented by a set of plane quadrilaterals, and the three components
of the velocity vector are computed at the panel centroids. The stream-
line program uses the velocity data at four neighboring panels to provide
a linear approximation to the velocity anywhere on a given panel. A
straight-line approximation to the actual streamline passing through a
point on the panel is constructed , and continued over all panels upstream
and downstream. This results in relatively smooth streamlines over the
body , and allows the geodesic curvatures of the streamlines and equipoten—
tial lines to be computed. From this information, the metric or effective
radius of the body along the streamline is obtained. The method used fol-
lows closely that described in Reference 7.

COMPUTATION OF THE PARTIAL DERIVATIVES

The quadrilateral under consideration, and its four neigbors , is shown on
the following sketch . The quadrilateral coordinate system is identified
by the letter Q, the upper neighbour by U, the lower by L, the upstream
by T, and the downstream by R.

xu~ ~~

Yq 

______

XQ,YQ x XR :YR

XT,YT

XL ,YL
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The neighboring panels are just  assumed to be rotated about the common
edges so that all panels lie in the same plane as the central quadrila-
teral. The program then computes the velocity and position vectors of the
neighbors in terms of the central panel coordinate system. From this con-
struction, the following partial derivatives are obtained.

u - ~~~ 1 / U R - UQ 
+ 

U Q - U T \ (1)
I 

- 

~x 2 DXR DXT
q

U — — ~~ (~~~~~~~~~

_

~~~~~~~ 
+ U Q_ U L \ (2)

2 
— 

~~
, 

— 
2 ~ DYU DYL /q

v _~~1= 1 1~~~~~~ + v Q _
~~~\— 

~x 2 DXR DXT )
q I

- = ! V U - V Q  
+ 

VQ - VL
’
~ (4 )

2 9y 2 \ DY U DYL /

where VU is the transverse component of velocity in the local coor-
dinate system of the upper neighbor ,

UU is the axial component of velocity in the local coordinate
system of the upper neighbor , e tc . ,

DXR is the axial distance along the surface between the cen—
troids of panels Q and R,

DXT is the axial distance along the surface bwtween the cen—
troids of panels Q and T ,

DYtJ is the transverse distance along the surface between the
centroids of panels Q and U, and

DYL is the transverse distance along the surface between the
centroids of panels Q and L.

The axial and transverse components of velocity on panel Q are then ap-
proximately:

U = i J q + U 1Xq + U 2Yq V V q + V 1Xq + V 2Yq (5)

14
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COMPUTATION OF POINTS ON A STREAMLINE

The streamJ.ine computation begins at a given point in a specified quadri-
lateral with the velocity vector , ~ = (U ,V ) .  A stream function is desired
which will have a constant value of zero along the streamline . Since the
divergence of ‘

~~ is not zero , an additional function , p, must be found such
that the divergence of p

~ 
is zero. Then for a particle following a stream-

line

= 
dy/dt . = (6)

dx dx/dt U pU

Thus a new vector field is constructed whose streamlines are identical to
those of the velocity field , but whose divergence is zero. The function,
p~ is given by the series

U (U + v )  V (U + V )p (x , y )  = ~~ 
_ _~~~ 1 2 

~ - 
q 1 2

q q q U 2 + V 2 q
q q q q 

7

The resulting stream function is

U V  (U + v ) 1x 2
SF( x , y )  = SF - V x  + t j v - i - q q  1 2

q q 0 q q  q q  
U 2 ~~~~~ 1 2

L q q J

I U V ( U  + V ) l y 2
— 

q q  ‘ 
2

1 2  2 2 1 2I U + V  I
L q q j

I U 2
(U

+ I U  - 
g 1 2 x v  + ... (8)

I~ ~~
2

+~~~~
2 q q

L q q

The constant value , SF0 , is chosen so that the stream function is zero at
the specified point. Since the velocity is known only through the linear

15
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terms , it is consistent to truncate the stream function after the quadratic
terms.

Values of SF at the four corner points of the quadrilateral are now compu-
ted. By comparing the signs of SF at adjacent corners , the sides through
which the streamline passes are determined . If the streamline passes
through a side , the value of SF is computed at the midpoint of the side .
From these three points , the intersection point is compute d from a three-
point interpolation formula.

The parameter , t(0 < t<  1), is defined so that

x = x + t ( x  - x )
1 3 1

y = y + t (y  - y )
1 3 1 (9)

Here , x,y is the intersection point,

x ,y is one corner point,
1 1

x ,y is the other corner point , and
• 3 3

x ,y is the middle point.
2 2

Then
0 = SF(x ,y )  = 2SF (t — ½) (t — 1) — 4SF t(t — 1)

1 2

+ 2SF t(t — ½) (10)
3

The root of this equation is chosen so that 0 < t < 1. Note that if there
had been two roots between 0 and 1, then SF would have the seine sign at
both corner points , and those intersection points would be ignored com-
pletely .

In general, two intersections will be found for the entire quadrilateral :
one where the streamline enters , and one where it leaves. It is possible,
however, for there to be four intersection points. The next point on the
streamline is chosen from the intersection points as follows : a quantity ,
Q, is computed for each intersection point by taking the dot product of
the vector from the starting point to the intersection point with the
velocity vector at the centroid of the quadrilateral , and then multiply-
ing it by the direction sign. (The direction sign is +1 if the stream—
line is being traced upstream.) The intersection point with the maximum

16
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positive value of Q is chosen. However, if the largest Q is less than
or equal to zero , none of the points is acceptable , and the program search-
es for another quadrilateral through which the streamline might pass.

Since eadi of the points representing a streamline is located at the bound-
ary between two quadri laterals, the values of the velocity and geodesic
curvatures at each point can be computed separately for the two quadrila-
terals . The average of the two values at a point is taken as the value
at that point.

The streamline is first traced in the downstream direction , and then in
the upstream direction. After the entire streamline has been obtained,
the arc length along the streamline is computed so that it starts at zero
at the upstream end. Points which are very close together are combined.
Such points occur when the streamline cuts across a corner of a quadrila-.
teral. If the distance between two points is less than one-eighth the dis-
tance between their neighbor in front and their neighbor in back , they are
combined, and average values of their velocity, position, and curvatures
are used for the new point.
COMPLYPATI(~~ OF THE G~)D~~ IC CURVATURES, (K AND K ), AND THE METRIC

1 2
COEFFICIENT, H 2
The unit vector tangent to the streamline is

= 
TtU +1V +t W  (11)
cu2 + v 2 ÷ w 2 ½

where U, V, W are the cxmponents of the velocity vector, and

i, j, k are unit vectors in the three coordinate directions.

The curvature of the streamline is defined by
+ 12K = dT/d&

whe re £ is the a~~ length along the streamline. The geodesic curvature is
the component of K on the body surface

-9. 4 +

K = K •  (T x N) (13)g
+

where N is the unit noimal vector to the surface.

- - For a plane quadrilateral and with vectors written in the quadrilateral
coordinate sys tern, we have

17
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T = (iU + jV)/(U
2 

+ V
2)½ (14)

= Cu + v )/(u2 v~~~ (15)

= (Tv - ~U) [u~~~ 
- ~N )  + V (vu - ~~~ ) + V2)2 (16)

where subscripts x and y denote partial differentiation

+ ~ ~ ~~
‘ 2 2 ½T x N = (-iv + j W / ( u  + V

Thus, K , the geodesic curvature for the streamline is obtained.
2 3

K2 = U (UV~ 
- 

~~~~~~ + V (~~ y 
- VU

y
) ] /(u~ + V2) 

2 
(17)

The geodesic curvature for the equipotential lines , K , is found by simply

replacing U by V and V by -U in the equat ion  for K

K = F —V ( v u  - uv ) + U(VU - UV ) + v 2Y~ (18)
1 L X X y j

The metric coefficient , H , is computed fr.~m th~ values of K . By defini-

tion ,

K = 
—l ~~2 (19)

1 H H  ~9.1 2

H is defined to be unity along the streamline , so

H K  — — 
( 2 0 )

2 2 
—

18
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This equation is approximated by

H (Z + A~ ) - H (9.) = - 4:~& 
[ H 2~~~ K (9.)

+ ~{ (9. + ~9.) K (9, + ~ j )
2 1

or
2 -~~ 9 .K( 9.)

H (9. + 
~~~~
) = 

2 ~~~ [2 + ~ 9. K (~ + ~ 9.)] 
(2 1)

where ~~2, 
is the chord length of the segment of the streamline passing

through the quadrilateral.

Note that H is dete~~ ined only to within a multiplication constant. This

constant was arbitrarily chosen so that 1-i is unity at the specified start-

ing point for the streamline . Thus, for an axisymrnetric body, H will be

proportional to the radius, but it will not, in general, equal the radius.

19 
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BOUNDARY LAYER METHOD$

The boundary J.ayer development on an arbitrarily shaped three-dimensional
l i f t ing configuration can be very complex. A thorough and exact calcula~-
tion of this development is properly the domain of the time-dependent solu-
tion to the general Navier Stokes equations . Unfortunately, the computer
does not yet exist which is capable of handling such a problem, and even
if one did , the cost in computer t ime would be astronomical . Less diffi-
cult or costly are the three-dimensional boun dary layer programs now in
existence (References 8, 9 and 10) . These are , however , all f in i te  dif-
ference methods which are complex , d i f f icu l t  to use (see Nash , Reference 8),
and generally very configuration dependent. The amount of computer time
required for each calculation still prohibits their use in an analysis pro-
cedure of the type reported herein . Having made the above evaluation , one
must conclude that if the objective is a viscosity—dependent calculation
procedure of practical use to the aerodynaxnicist for drag analysis and ,
possibly,  for preliminary design , the method mus t be relatively simple to
use and economic of computer time . This can only be achieved if integral
boundary layer methods are used. In two dimensions , integral methods are
typically about 100 times faster than f in i t e  difference methods . When
compared with three-dimensional finite difference methods , the time dis-
parity becomes considerably greater.

The use of integral methods along external streamlines taking into account
streamline convergence or divergence has proven to be a valid and reliable
approach. They can, however, be expected to break down in regions of
large streamline convergence or divergence (regions of large crossflow).

~s shown in the photographs of Reference 2 , this occurs usually in the re-
gion of separation where none of the boundary layer methods (including
three—dimensional) can be expected to be valid . It is anticipated , there-
fore , that integral methods will suffice for most applications of interest
to the aerodynamicist for drag prediction or preliminary design.

In those cases of special interest to the aerodynainicist , such as the ef-
fect of area suction for boundary layer control or of roughness (rivets,
etc.)  on drag , alternate boundary layer calculation modules are available.
These methods are called as needed into the overall calculation procedure
A brief description of all of the boundary layer methods is given in the
following paragraphs.
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LAMINAR METHOD

The integral method is an adaption by Curie (Reference 11) of a method
deve loped by Thwaites (Reference 12) . In Thwaites ’ method , the mementuin
integral equation

d O/dx = Cf!2 — (H + 2)(O/tO(dU/dx) — (O/rXdr/dx ) (22)

is writte n in the form

(d/dxXK/U) = L/U - (K/r) (dr /dx ) / (dU/dx) (23)

where

K = 82/V(dU/dx)

L = {~~~— K(H + 2) }

£ = (0/u) ( 9u/ay) 0 
(24)

= a measure of the stre amline divergence or convergence

In Thwaites ’ method , the divergence term was not considered, although the
method was later extende d to include this te rm by Rott and Crabtree (Refe-
rence 13).

Thwa ites used exact solutions to a variety of laminar flows to determine
the relationship between L and K ,

L = 0.45 — 6K (25)

Curle has pointed out that Equation (25) is not adequate in flows approach-
ing separation, and he has s~x~gested an extension or correction giving

L = 0.45 — 6K + g(K,~i) (26)

The parameter , ji , is a function of both the pressure gradient and the cur-
vature or second derivative of velocity .
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= K2U(d2U/dx2)/(dU/dx)2 (17)

Curle rewrote Equation ~26) in the form

L = F (K ) - IIG (K) (28)

where F and G are universal func t ions  determined from a s u e s  of exact

solutions to laminar flows in the same way as they are in Equation (25).
After substitution of Equation (26) into Equation (23), and with subsequent
integration , the resul t can be rearranged in the form

@
2 

= 0.45V/(U6r2) fr
2 (l + 2.22g)U 5dx (~ 9)

This equation is conveniently solved by iteration , g initially equal to
zero. With values of K and p determined in the first iteration , a second
iteration is carried out using Equation (2:3). At each step in the calcula-
tion , the local skin friction coefficient , C

f~ and the shape factor, H,

can be calculated using Equation (24). The local skin friction coefficient
has been defined as

Cf 
= (p/pOWZ (30)

where 9. in Equation (24) is determined in a similar manner to L from a
series of known solutions to give

= F
1(K) 

— G1
(K) (31)

The functions F
0
, F

1, G0 
and a~ .’ tabulated in the computer program .

Calculations begin at the stagnation point, with the initial momentum
thickness, 0, given as a function of K . For bluff  bodies , K takes an ini-
tial value (K = 0.0604) at the stagnation point, from which the initial

momentum thickness , 0 , ~is
0

0 = (.0604 /dtj/dx) h/’2 (32)

The calculation proceeds either to laminar separation or to the end of the
airfoil , whichever occurs f i r s t .  The calculated boundary layer develop-
ment is then interrogated to determine if transition, laminar separation

22



or forced transition (boundary layer tripping) has taken place . If ~
-
~y of

these phenomena have occurred , the downstream flow is assumed to be turbu-
lent.

Boundary Layer Transition and Laminar Separation

Boundary layer transition is a very complex phenomenon , and to date no com-
pletely reliable general theoretical method has been developed for its pre-
diction. Reynolds number is a controlling parameter, but it has been shown
that the Reyno1d~ number at transition can be increased a considerable
amount by careful elimination of disturbances. At very low Reynolds nun—
bers, laminar boundary layers are stable to small disturbances . However,
at higher Reynolds numbers, the boundary layer is unstable , and small dis-
t urbances can be amplified. Amplification of these disturbances Causes
the flow to become turbulent. The point at which flow breakdown occurs
depends on the strength and dominant frequency of the initial disturbance.
Disturbances may be due to freestream turbulence , surface roughness, noise
or vibration of the surface . As there is no detailed analysis of the tran-
sition process, transition prediction is accomplish~�d by means of empiri-
cal correlaticr~s. :~ranville (Reference 14) has developed a procedure
based on the determination of the neutral stability point and the tran-
sition point. The neutral stability point is defined as that point down-
stream from which small disturbances are ac’~.iified within the boundary layer.
It is this amplification of small distursances that ultimately leads to
transition. The neutral stability point is reached when the Reynolds
number, b3sed 2n the local momt.ntum thickness and local f low 

~
. ro~ erties ,

attains some critical value , R . S ’hlichting and tJlrich (Reference 15
@ins

have shown that R - Cdfl be correlated with the local pressure gradient
Oins

parameter, K (0~/V) (dU/ds). Correlations by 5mith (Reference 16) and
others have been reduced to analytical form as follows .

Instability Curves

K = — 0.4709 + 0.11066 lnR 0 
— 0.0058591 ln2R0 

(33)

f o r 0< R  < 650
—

and

K = 0.69412 — 0.23992 m R 9 + 0.0205 in2R0 
(34)

for 650 < R < 10,000.
@ins —
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If for a given R0 the pressure gradient parameter, K, as calculated by

Equation (33) or (34), is greater than that determined by the boundary layer
deveiopemnt , the flow has passed from a stable to an unstable region. Once
the flow passes into the unstable region, the transition process begins ;
and Granville has been able to show that a correlation similar to the in-
stability process can be used to determine the transition point. He for-
med an average pressure gradient parameter , K , defined as

f
5
trans

/ K ds
5.  .1

— ins
K (35)

trans ins

which correlated reasonably well with the momentum thickness Reynolds num-
ber at transition R~ . This correlation is presented in analytical

U trans
form as follows.

Transition Curves

K = — 0.0925 + 7.0 x l0 5R9 (36)

for 0 < R-~ < 750,utrans —

K = — 0.12571 + 1.14286 x lO~~R9 (37)

for 750 < R < 1, 100
t3trans —

and K = 1.59381 — 0.45543 lnR
0 

+ 0.032534 m R
9 (38)

for 1,100 < R < 3,000.Otrans —

When the K calculated by one of the above expressions for a given R
9 is

greater than the value determined from the boundary layer development,
transition is predicted .

With transition predicted , initial values of the momentum thickness, 0,
and the shape factor , H , are required to start the turbulent boundary

24

-“--5- . -5 - 5 - . --—— . -- --~~ - -~~~~~~ —-5—- .-.



_ _ _ _  _  - - ---~~~~~~~~ - - 5 - -  -

layer calculation. Becaus e the boundary layer growth is Continuous , the
momentum thickness at transition is used as the initial turbulent momentum
thickness. Since the shape factor varies from values greater than �.O to
less than 1.5 through the transition region , an empirical expression is
used to determine the initial turbulent shape factor. The empirical rela-
tion between H and R,~ was determined from data obtained by Coles (Re-Utrans
ference 17):

1.4754
= Log 10 ROtraris 

+ 0.9698 
(39)

tn many cases, the pressure gradient is of sufficient strength to separate
the laminar boundary layer prior to transition . Except in extreme cases,
the boundary layer will then reattach , usually as a turbulent boundary
lay er. Only recently have researchers been able to analyze this phenomenon
(Reference 18), and as yet the procedure is extremely complicated arid cum-
bersome; consequently, empirical relationships are still required. From
the measurements of Gaster (Reference 19) and others, a correlation is formed
which is ~aFab1e of predicting both the occurrence of a separatior. and
later the reattachment as a turbulent boundary layer or the catastrophic
separation . The correlation is of the form

K = 0.27 — 0.0007575 R0 
— 0.000001157 R6

2 
(40)

for R0 
> 125

and K = — .09 (41)

for R0 
< 125.

If K becomes less than —0.09, separation occurs , and if R9 is less than

125 , the boundary layer is not able to reattach . Howevci if R 9 is greater

than 125 , the ‘.‘aluc of K determined by the boundary layer deve lopment must
be less th~ r th~ut calculated by Equation (40) before separation without
reattachment is predicted. If reattachment is predicted , the turbulent
boundary layer calculation is initiated using the momentum thickness cal-
culated at the separation point.
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i~.~ LJt.i j N’L METd ’7 k~

frlethods for the calculation of turbulent boundary layers in two dimensions
have been developed by man y investigators. The’~.- me thods were r ev iewed

~t a contice nce held in t9C y ~ at ~:t ci f i ;  Un~ v .r.~, . t y  (~:e fer onco ~0)

One of the methods, an integral methou by Nash and Hicks (Reference 21),
compared very favorably with the more complex finite diffor~~ ce methods.
Now , several years later , the method remains an excellent approach for
application to the current problem, bot}. I;. t o u r i r  of a .  c-ur acy artd speed.

The Nash-Hicks method is based on momentum and moment of momentum equa-
tions coupled with a skTh friction law derived from Coles ’ velocity prof. 5

family (Reference 22) . An additional equation is ~ot a i u~ed by r e i at i n-~ th .~
shoar stress integral to its equilibrium value u?ir~q a simple f~ rst-orck
differential equation. The equations have been derived in References 23
and ~4, and are repeated herein for completeness .

A family of integral c oations can be derived taking hi :~her  moments of the
equation of motion. The resulting equations can be expressed as

dy} y °d y = ~~~ -~ -— ~~~ +~~~ 
J

’
v~~~~~~~d~ ~42 )

where = 0 gives the momentum . r : t  :r sj  equat ion , and

= 1 gives the moment of momentum i n t . e y r i l  e c J dt l o u l

The velocity distribution across the boundary layer cai be represented by
Coles ’ velocity profile family, give n by

= ~~ {ln(y ~~~ + + 
~~~~ (1 - cos )~ (43)

K v 2

where U
T 

= f r ~~c t : n velocity (T/ ~~) 2

u5 = free parameter having units of velocit~ ,

= boundary layer th i cknos,-: ,

K .41 , and
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C = 2.05.

Substitution of this Co.~ation into Equation (42) results in two e~ u at i or ~
of the form :

du C dc5 dU EdrA ~~ + B + + ~ = D - (44)

A thi rd equatIon of the same form is obtained by evaluating Equation (43)
at y = ~ followed by the differential with respect to x. The parameter , ~~~,

is represented by the following relations:

(i) a = 0 =
6 1

-l 
6

T (4 5)
(ii)~~ = 1 = 

~2

(iii) ~~ = — = 0

The shear stress integral , J 1 dy, appearing in Equation ~45) was evalu-
s~ed by Nash and Hicks using an equation of the form

d C
i .15

dx 6 -r -req

6
1where C = —- Idy

T

0

The equilibrium value of C , (C
1 

) was determined by Nash and Macdonald ,
eq

R~ f o r c e  ~~, f rom measur ed shear stress distributions giving

C = .025 fl — 1~
2

eq \ fl /

here H is the local shape factor. Equation (47) can be expressed in
terms of the parameters u , u~ and U by evaluation of the integral rela-

tions used to define H; that is,
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f  (1 - ~ ) dy 
(4 8)

0 

f
~~~~( l -u ) dy

with the aid of Equation (43). The equations for the four unknowns, u
u ,  6 aid C , can be integrated once the pressure distribution , tJ(x), and the

streamline divergence , l/r(dr/dx), are prescribed . Initial conditions ar
obtained from the tra:isitioi analysis. In this case , initial values of
the momentum thickness, 9,  and the shape factor , H, are known . Initial
values of U , u~ and 6 can be determined from the known 0 and H using

Equation (43). The starting value for C is obtained by making the assuinp-

tion that in the region of transition , C C
T Ieq

The accuracy of the calculation method is demonstrated in Figure 2. This.
figure shows a comparison between measured and calculated boundary layer
developments along a streamline on the U . S .  A i r s h i p  Akron . A f u r t h e r  com-
parison is shown in Figure 3 for the case of a boundary layer in a e tr cn o ,
adverse pressure gradient approaching separation . Particular reference
should be made to the good agreement betweci calculated and ~~~~~ureci sk i n

cefficients .

ROUChNES5 AND ARE A SUCT TUN

The ~ont~~ib ution of such roughness elements as rivets t the nvcrall dra r
of a olLecpter fuselage is small when compared to dra . due tu se ara~~ie: .
f t ow, ver , as separation-free designs gain in interest , attention tc such
items as roughness drag becomes important. The ca1cui~~ ~on method of Refe-
rences 25 and 26 is used when rough surfaces are present to determine the
effect of rough~iess on the downstream boundary layer ~ . iopment  and on
skin friction drag . This method, which is an extension of Head ’s original
entrainment method, is based on the momentum integral ecuation (Equation
(22)) and the entrainment e ;uztion (Reference 27).

= F(H ) (6 6 * ) [ do , ±(/u + dr/dx/r ] (49)

The parameter, H (6 — 3*)/9, is related to the conventional form para-
meter, H, by

H GUI) (50)

2P
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Figure 2. Comparison of Measured and Predicted Boundary
Layer Developments on U. S. Airshi p Akron.
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Figure 3. Comparison of Measured and Predicted Boundary
Layer Developments.
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The entrainment functions , F(H ) and G(H), have been defined numerically as

F(H ) exp [ —3 ,512 — 0.617 Zn (H — 3.) ] ( 5 1)

and
• G(H) = 3.3 + exp [0 .4667  — 2.722 Zn (H — 0.6798) ] (5 2 )

for H < 1.6 or

G (H) = 3.3 + exp [ 0.4383 — 3.064 Zn (H — 0.6798) ] (53)

for H > 1.6.

The effect of roughness enters through the skin friction law which can be
expressed as

(2/c
f
)½ = 5.6 log u6*/’~ + 4.8 - AU /u + Au /u

where AU /U represents the modifications of the velocity profile near the

wall in the vicinity of roughness elements. AU /tJ has been shown to be

a function of the roughness spacing (density) as well as the roughness
height. In the density range , 1 < ~ < 5, where A is the ratio of total
surface area to roughness area , the variation of Au /u1 with roughness

can be specified by

= 5.o log 0 k/V + 17.35 (1.625 log
10

X —1 ) (55)

and in the range A > 5 by

= 5.6 log U k~~ - 5.95 (1.103 log A — 1) (56)

The function AtJ /t3 represents the effect of pressure gradient on the

skin friction , both on smooth or rough surfaces , and is defined as follows.

Au /U = 1.253 (G — 6.7) (57)
2 1

for G > 6.7 (adverse pressure gradient), and

Au /U = 0.404 (G — 6.7) (58)
2 1
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for G < 6.7 (favorable pressure gradient).

The parameter, G, is Clauser ’s pressure gradient parameter given by

G = (2/C
f
)½ (H - 1)/H ( j 9 )

The entrainment equations , Equations (49) and (50) , may be integrated
simultaneously with the momentum integral equation , with the skin friction
ocfficient being determined at each step in the calculation from Equation
(~~4) to give the turbulent boundary layer development . The calculation is
begun at the transition point with initial values of the shape factor , H ,
and the momentum thickness, 0, determined from the laminar and transition
calculations. The roughness height distribution , k/c, the roughness den-
sity , A , the pressure distribution, and the stream divergence distribution
are all assumed known.

The effect of area suction on the development of the turbulent boundary
layer is readily accounted for by adding the ratio of suction velocity to
free-stream velocity (V

~,
/U) to the right-hand side of both the momentum

integral and entrainment equations . A different skin friction law
must, however, be used to determine the effect of suction on the local
skin friction coefficient. This is provided by the work of Thompson ,
whereby a skin friction law of the form

Cf 
= f ( H , R0,  V /U) ( 60)

is derived. For a given suction distribution, the boundary layer devel-
opment is calculated using Equation (22 ) in conjunction with Equations
(49) and (50)

VISCOUS/INVISCID INTERACTION

The effect of boundary layer displacement on the potential flow is simula-
ted by distributing sources of known strength on the panels used to des-
cribe the fuselage geometry. The strengths of these sources are deter-
mined directly from the boundary layer solutions as q. = d (0 5 *),

1 ds
where U . is the streamwise potential flow velocity at the edge of the

V boundary layer , and 3~~~ * is the streax!wJise displacement thickness. The

addition of this source distribution modifies the normal velocity at the
control point of panel i. Consequently, the boundary condition (Refer-
ence 3) is modified as follows

N
V . = R . + q. + a . . ~Y . (6 1)
Iii 1 1 ~~~~ 1) 3

j=l

32

_ _



- -

Since q. is known for each iteration, only the r igh t -hand side of Equation
(61) is altered , giving (in matrix notation )

I A ..] a. = -R . - q. (62)L 1JJ 3 1 1

Because the original geometry is not modified by the use of distributed
sources, the aerodynamic influence coefficient matrix need not r e  ~ecalcu—
lated. Subsequent iterations between the potentiaL flow and boundary layer
calculations result in convergent solutions. The alternative procedure
(mu d if y irs~ the geometry directly by addition of the displacement
thickness) while quite widely used in two dimensions , becomes untenable in
three dimensions. Primarily , this is a result of having to calculate and
invert a new aerodynamic influence coefficient matrix at each iteration
due to the change in geome try . Without considering the additional cost of
smoothing the geometry and redefining the panels at each iteration , the
additional co s t of calculating and inverting the influence coefficient
matrix at each iteration would be prohibitive.

CALCULATION PROCEDURE

The computer program is made up of a series of overlays , as shown in
Figure 4. The executive program , DRAG , controls the overall analysis by
calling in turn the averlays containing the potential flow and boundary
layer calculation methods . The calculation sequence is outlined as
follows .

1. The input geometry , as represented by a series of planar panels,
is lofted in Program WBPAVN. An alternate slot is provided under
the heading Program GEOMETRY for such time as an improved geo-
metry program becomes available.

2. The potential flow pressure field is computed for the fuselage
configuration in Program WBAERO.

3. Up to six streamlines are calculated in Program STRE LM . These
streamlines pass through the midpoints of prescribed panels .

4. The laminar and turbulent boundary layer developemnts are deter-
mined for each streamline using pressure , arc leng th , and stream-
line divergence distributions calculated in Program STREEM.
Transition or laminar separation and turbulent separation are
predicted , if present . Program INTGRAL is used for the integral
boundary layer analysis; and currently, three options are avail-
able for the turbulent boundary layer analysis: for boundary
layers on smooth surfaces , rough surfaces , or with area suction
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boundary layer control, A slot is provided for Program INSPAN ,
the finite difference method for tangential blowing boundary
layer control. This program will be made available at a later
date.

5. Source distributions representing the boundary layer displacement
effect are determined for each streamline.

6. The separated flow region is determined in Program WAKECON. The
separation model is prescribed , and a new potential flow solution
(with the boundary layer source distribiton included) is obtain-
ed. Base pressures are determined , and the drag is calculated.

Steps 3 through 6 are repeated a second time if required. The calculation
procedure is illustrated in Figure 5.
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Figure 5. c’iow Diagram of t’ie Calculation Procedure.
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DEVELOPMENT OF TIlE SEPARkrED-FL0W MODEL

DESCRIPTION OF THE REAL FLOW

Four regions are identifiable in the flow field around a body with separa—
tior (Figure 6)

Region 1 - The Potential Flow region

The region exterior to the boundary layer and separated wake is almost pre-
cisely irrotational since the shear is so low that viscous stresses
im~ art a negligible rotation to the fluid (originally irrotational up-
stream of the body). All of cne regions are almost solenoidal* since we
are assuming the Mach number to be low enough to make compressibility negli-
gible. Thus the region is very nearly a potential flow (i.e., irrotational.
and solenoidal).

Region 2 - The Boundary Layer

The thin flow region next to the airfoil surface has hi gh~~iear, and hence ,
viscous stresses which create significant vorticity .

Region 3 - The Free Shear Layer

The thin flow region fed by the separating boundary layer has rotation but
only moderate shear. The vorticity transport is predominantly by convec-
tion , although diffusion is not insignificant .

Region 4 - The Wake

The wake c.~ ~.w e n  the two shed boundary layers is a region with low vorti-
city and insignificant viscous stresses. This region has a lower total
head than t h a t  of the onset flow .

TWO-DIMENS TONAL METHOD

A simi le ~oieeretical model of the real flow is shown in Figure 7. This
model was developed in two-dimensional flow before proceeding to the three—
dimensional case. In order to b~ compatible with the WBAERO method , the
body is represented by a number of constant—source panels, and the free
shear layers by uniform vorticity panels aligned in the free-stream direc-
tion. (Later developments should consider calculating the vortex panel
orientation.) The vorticity panels must be attached to the body at the
source panel edges nearest to the separation point. This restriction is
necessary to avoid numerical problems associated with the abrup t change

*Solenoidal means vanishing divergence , the mass conservation requirement
for ~ steady, incompressible flow.
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REGION 1
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3

REGION 1 - POTENTI AL FLOW REGION

REGION 2 - BOUNDARY LAYER

REGION 3 — FREE SHEAR LAYER

REGION 4 - WA KE

Figure 6. Region s in the Real Flow .
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PA N E L S
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Figure 7. Theoretical Model Fsing Source and Ver tex  Panels.
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from source to vor tox  panels.

The boundary condition of zero normal velocity is : .,p C C 1 f 1V V~d at a control
point in the middle of each surfaco source panel. In addition , the bound-
ary condition of the strV~dr n w L o e  f low is specified on the vartex panels at

V points directly above the source panel control point downstream of the sej~-
ration point (Figure 7 ) . Considering a symmetrical case, vs can use, say ,
N score panels and one vortex panel on half of the be dy . This gives N + 1
.~e~ t~ ol point equations in N unknown source panel densities , and one vorti—
city value . The equations are of the form

A.
k a~ 

+ B .~ = C. : k = 1, 2, ..., N (f  3)

j = l , 2, ..., N~~ 1

where A i
k 

is the influence coefficient for the norma l component of veloc-

ity induced at the ~th panel’s control point by the kth source panel; B .

is the influence coefficient for the normal .-omponiest of velocity induced

at the ~
th 

panel’s cont~Ql point by the vortex panel; and C~ is the Lc rms~

component of the onset flow at the ~
th panel ’s control point. :.. ter , when

the boundary layer procedure is included to calculate the separation point.
C . will include the boundary layer source distribution representing dis-

placement effect (see Section on Viscous/Potential ~Jcw l ot e r a c t i o r) .

Solution of the system of linear equations gives the source dist .ribetior
a nd  vorticity value from wh ich the surface pressures arc evaluated. In
the attached flow region , the pressure coefficient is

=
P

In the separated flow region , there is a reduction in total head trom thot
of the free stream. Here , therefore , the pressure coefficient is

/ v  \2C = 1 — 1 — 1  -

p 
\ 
U~~

The reduction in total head . jH , can be evaluated by considering the condi-
tions on the free shear layer. On the outer edge of t h e  layer

I v
C = l - ( - ~~p
0
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and on the iIl rn~r edge
/ V \ 2 

-

C 1 — I —
~
- 1 -

‘ - u 2

and since the layer cannot suoj ort a ~~~~V 5 5 5 f l .. difference across it, then
C = C ,
p0 p

~

/~~ \~~ I v  \ 2
_ _ _  I o \  I i

2 
— 

~~u ) ~~u½pu~ \ ~~ f \

or ½.~(V — V .) (V + V .)
0 1 0 1

But (V — V .) is the vorticity value in the layer, i.e., y, which is part

of the solution , and ½ (V0 
— V . )  is thi  me an velocity, V

M~ 
say , in the layer.

Therefore ,

= pV~y

and the press u~ es in the separated r~~qion  ar c

The mean velocity , VM~ 
in the shear layer is readi ly calculated once the

singularity s t re n qt . ho  are known .

Initial eom1 u~~ t~.i.ons oased on a circular cylinder showed that 
t~ e peak

suction upstream of separation was underestimated when using a long wake

~une1 . It sac found that a shorter wake length gave good agreern~ nt with
experimental ; ressures over the whole cylinder. This sei e .~ tivity of the
solution to the assumed wake length is illustrated in Figure 8 ~~~ V T  a
cireuJar cylinder with ceparation at 1050 . The wake lenq~ wh i ch give s
sd ~qreement with the xp rrrn~~~O al base and p~ah see on t re e ores ~fr~ n’

Re f V . r ~~ r r ~~ 2e) in this case is about 20f. I src;’~~r thin the :y.1 i nder diameter.



r - .  V —— -

-2.2 -
NO. OF SOUf~~E SEGMENTS 20

~- APPROXIMATE VA LUE FROM EXPERIMENT ,
V 

Ii \ ROS KO Re . :8.4 x 10 6, REF. 28

-1.6
V 

-1 • 

-

~~~~ 
CP

M IN

- .2 
Cp~~~~ 

Cp 
~~~~~~~~~~~~~ E

-1.0 +1 ,
,/e 0SEP ~

-0.8 •

APPROXIMATE VALUE
FRO M EXPERIMENT

-0.6 -

I I I I

0 0.5 1.0 1.5 2.0 2.5
WA KE LENGTH , WL / DIAMETER

Fi gure  8. Base Pr~ ~sure and Pe ak S u c t i o n  on a C i r c u l a r  Cy l inde r  as a
Function of Wake Panel J ,en~~i h .

2

-5 - - 5 - - - — -. .- • -5~~~~~~ V~ J



~ncc the r r , . ct ’ w~ k~ lc V 9th is n..r. generaLly k VUWC a priori , the ~.. ro.
i~~~ now a non i ~n ’o~r ~ r . . , e~c v r , ~t w:~ observed hat  the “correct” Wa .
length j. rod’.eca i.-ssentially a c c u :t a n t  Irc050n. diutribution along th~ outer
e i~j~ of the wake ee l . ft i s ,  p o o c i n le  to make the problem linear ~qaI b y
using the constant pressure criterion combined with a multi ple s~-~ mei t, vor—
t~eX p~~~ e ~~. Th is requi rca .i J a it  ~o :a1  control  po in t s  anci equations . Although
sat i s f i ~ to ry  sol,:tiore; wers obtained directly, i.e. , wP’ ic ut iteration , ~t

~ felt C .e~. th~ procedure :nig l t  not be general enough for api L i . . a t i o  :. to
t .ner  :-;hat ’s si nce suI’l e ike f ~ i i ~~th  5.15 st i l l  r i ’ C V S  l i e d.  An i t e r  ~Liv~

hi i ~~~ was, the re fore , de ve 1o~e~ and tested on the c i rc a I  or  cy l i t id
case. This  t e ch ni que u s ’  the r iL •~ - j o j  of zero tasqrintial v e l oc i ty  d i f—
t erence . twccii two points on ti’~ ~ak~ p ar c i  ( ? iou r ~ 3) . Over a short di r—
tance along t iie wake , th .  ta rs ic  oti aJ e~ 1ooit jrre~ ~ . i s : r  if th e wake is too
shor t , and it decreases if the wake is too I5 VU~~~~• h t ’aluatinq ti e  .~ngefl -
t ial veloci ty  i n cr e m e n t for two wake length asswn - ions ( e . g . ,  1. and 1.,
times the base diameter)  ~. . n ibles  a wake leng th to be interpolated , which
gives z~ ro velocity increment.  ih .,i p rocess can be continued , bu t t hz s
i t e ra tions  ace  generally .ufticie V r .~t (FI.TV1 r~V 1. )

The “correct ” wake leii q c ii also gives a -~m..J 1  p lot si in the normal velocity V

component distribution (r i qu r e  9 ) . This imj lies that the choice of the
control point location on the woe Ecinel ~s not critical.

f igure 11 shows the calceli ted r r V ’Sure  d i s t r ib u t i o n  on the circular cylin—
V der, using two panel densrt ass, c :mp ,ire d with ex f  ~ n rit .il results for a

Reynolds N umber of ii.4 x 10b (Reference .Iu) - The s i o r a t i o n  ang le ,  i . e . ,
105 0 , was nrescribed at toss stage in the ~od~ 1 d vsl emei t. The wake

~‘ ; V . lth iteration wss stoppeu a f t e r  t h e third pass . The 20—par’ ’ cSSe (on
h a l f  the cylinder) gave very q~ od ;t .lr emer .t  wi th th qs~ i iim . 1c a l  pressure
ii str i l i : ion , par t i cular l y in c. V V ,~,I t f l 1  req ion , bu t  ther€ is an cvi i —

sh o u t ” in ~.ressure j u st  upstream of the s op or  I t i C e  ‘ V U  t .

The case w i th only 10 panels  also gave excellent agreement witi~ experiment
in the separated flow r e l ion p r e ssu re s , hut . it un d i  rest  m ated the suction~
uj’uer~e1m of the separat ion point.

T iREE- Li~~~NSiONAL METHOD

V Te st i n g  the Potent ia l  Flow Model

;:ne ~w , , _ d i m e n sional procedure described in the previous  eubsect ion  was ex-
tended to the three-thrnens iona l  t s i i i  and .~op l t~ a snhe re . In this
case , the wake vor ti : i  ty  panels fo rm a cylinder befi nd t h e  oj O cc V m i  t i o l
ca lcu la t ions  showed a d i f f e r e n t  behavior in the i tera t ive  wake- ’ g t h  pro-
cedur e from tha t  shown in the two—dimensional case - Tliei  ore , the effect
of v.tce Je - :ts on base pr ocu r e was rev ilu ated , J i l t  r e su f  ~~~ ir s
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c r c  i :  in  Fl lure 12 for tir uI prescribed .- ‘ . n a r s t  ion ang les . The bar r  pres-
sure now ej p r a r s  to hay ’ i n - t i  ;mj t ’ t r n  value as wa~ leng th i r a - r e a u cs  - I t
is virtually inscrrsitiv to w ak e  length f r  lengths Thr ve about twice the

r i ;  o r a t e d  wak e diameter.  T i e  i t  r a ti v  wake l~~n - 1th  proced ure , which was
found to be necessary in the w e- d in e r - l o n a l  case , is e s  dr a st l y not r —
quired in the tirree—dimens L i n O L  case -

I’ r tu r c ’  13 shows the var  at iofl  of the ea l - ul at e d  l , a s ’ r r e  scar e  on the sphe re
wi th  a pr -nc -  r ice d  sei’. i r i t i . on ang le. The calculated values ar~ enclosed
La a rer , r V ’,~~ V nt m g  w a ke  Lengths of one - l ord t O — w ak e  diamet . r ar id  e s s en—
t s a i lv  i n f i n i t y .  The r~.-losed r ’ ; ion  i s  r o t  very w i d e , p a r t ic u l a r ly a t t i e
l cj r q s r  ce ’ — sr~~t ion ang le- - - c . , h iqh i r P -vnolds  I .umi ’ ’ ro) - ~~o ex i -er i  m , ’n t a

- - i n t s  ~ rc inc l :,~ed f ron , - f V r r ( ’  20 for lc ’ s r c l d s  r iirJ ; rr 4 2 5  x 10 6 
~~j r i

.157 x iO~~. In  v i e w  of t h e  I t  f i c u i ty  ii’: cO t ~ i f l i ng  the separat ion point
from the cxi  - e r r r ,’n ta  I resul ts , the- ~~~ ~ - - r a n t  h , tsw ’ e n the t ie ~ t ical  mo le I
and e xp r - r I r ’ w  at is remarkab ly good .

Tire r a p id var i a t i o n  in  L a c e  press L i r O  s i  t b  separa t ion  angle , Fi gure  13 , w i l l
a p r ob l em  wi th  t b :  pr or t i C  L~~~,5O5 .t i  - a l  model in t h a t  the necessary

di ‘ . ; ‘ l , r .’ O u t  of  the  watt oasi s  from U i -  s epara t ion  l i n e  to the neares t
source j .ar ’ ed ge w i ii .  c o o l  a en o r rg  in ‘r eej c ted  base pre- - ire . This
mudhlt eventually lead to a s~~ur r em en t  ci a more fiexir le mode l that is
not c o n s t r . i r n e d  to f - r h  r o w  pane l ed ges.

FE ATURE S OF l i l a  C O M I L P F I ’  S -ICr CPP URE

T ire -  f u l l  p L s l i t . ial f - w/ v i s c~~ur f low i C c  r i t i v o  r e ,  du r c - described earl
was ~r ’vcsh1qat cd  n e x t .  Ti r e  i l l - s r  - 1 . r O i i  ce n t s , ins t -ad  of be i ng p resc r ibed
a.-, in  tn e  p r e vi c u .- . sub r~ -ct  i on , j r  now c a i_ -u t a t e d  in the i x o i r ch ir - ,’ layer

cc o-dur ho c ’s on t a  F~~~~~’°~~ 1- o t en t l a l  f l ow pressure distr~Lution along
c a l cu l at e d  s t r e a m l in e r  V P r e l i m in a r y  no - o h  iC ons h i g h l i ghted  several  pret:-
lens a b i, , Vh re~- rr ~ to- i some r- aj t . r r  i t  Lori s t i  i i :  app l ied Sc the net t ed. Thes e

i i — - - d e sc r ib e d  i -low .

“ R e c t a n g u l a r ”_ Para.’ l b r i g A r r a n g em e n t

T r r ~ panel  i nq of  I_ h i  war L i e  cc i tt  1 L t i i  I .r~~ e 5 C  
~~~~~~~~ 

m e l r - qion must form a crc—
S i i i qu l ar  r r r -  I it  t,h is  st a g e;  1.. - . , L i r e  rril.er of rows in each column mus t
hi ’  conet  ~~~r f r o m  the s ta r t  of the  bod y a s t at i o n  wel l  downstr ’ ’ . tm of re.

ex~escted r~eparatjon line . This restriction is necessary at ChL~ stage for
the streamline c]lculatr m rr ccedur e ai d j r  the pr oc .-  dures which find t i e
“ - -a p t r o t  ion p an e l s  and wh i ch r e d i st r i b u te  t r i o  boundary lay e r  rources and
sk i n  f r e t  i o n  drag . The r e  ‘ -- :iure  t h o t - ah .;t rac ts  A l l  f rom pressures on
panels downstream of t i  s ep a r a t i o n  l ine  in  the “ r e -  - -i r r i u l a r ’ pane l ing
r -4100 a l -  relies on t h i s  r - r trict inn . It w o u l d  be possible to develop
more j - n ~~ r . i l pro . - l u r e -  to tote advantage of rho irl i trary paneling f a c i  —
lity of the  WIrAkTRO p r i ’ f r . rrr , I - u t  such pro-sedur s -so ut h be considerab ly more
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c m ~~lr c a t r1 . At. t h i s  am iga of t hu  deve lopment r-f the w . /  - ; - 1 , t i ~ s ing:ie
“ r e c tan g ul ir ” sCtlr ’ ifle iS de a snC _

‘ t i  ‘‘ bi te ’’

‘rho ~~~~~~~~~ ~‘alsel ing program fri -Is tit ~ 5 0 5 1  5 .  p ~ie ls ‘~~r a t . av ’ . t C ’ ir  Upri t re-am
edge nearest  to the p r e d i c t e d  n t :  . s r~-it non 1 o i r t n . It then finds the col:imr ,
of paneL t h a t  has the no rt  sepa l- at ic: panels  I fe ied  i n  i t  and ores  ti~ :
upstream edge of tha t  - - o lu rn r r  as tile st .jrt i t t : ~~ aS for the ~-~~- e- v - r m  - t’-

— O n e l s .  Each surface source 1~ i~n e L in ‘L V V ’ c - s t a r - - a  has a ‘~-,k vet ticity panel
t t :ached to its upstream edge. Tr i i s  r e s tr i c ti on  ‘-es foun d t :o be trocess,i .r ;

because breaks in th’- - v rtinsity aae~~inq g ive d i s t o r te d  v . - r t i ’ s s Lv solu-
tions and nc’or convergence character is t ics  in the iterative gel tson pro-
“-  - ‘P i t a .  S u c h  b reaks o ccu r  when the v , r r t i r i  t - ’ p an e l i n g  is a l lowed tin ’ “j oT’;
from one column to anot-~~- - r  in order to r r r e s o l e ,  a s e p a r a t i o n  l i n e  that is
i n c l i n e d  r el at i v e  to th1 1 10. 1 i n ;  - T t t j  a restrict ~on ear r e su l t  i_ n  a toor
m c ~~re. - i n t  at i_GO of tb: - ne~ o r a t i o n  l in e , j a r t i cu  1-irl’, in a r r ; i - - of at t a ch

‘~~se~~. ‘rhe i r ,jI~I c r  ‘~~ ii~ d only I , ’ re-n- -i ’ a by a l ] aw i r i q  :~;

.ar ’sls to  be ct t L ,t C l I ,i l  a: .- , w i l c - 1 - a’ . t : t i  a u r f - s i u  ~ ,,ni s1s. ~ i- ’: ci f d 5 - ~ re w o u l d
rr- ~ t t’e possible w i t i  t b 1  p r e s tr i t roost .  i r e :  s o- I r e - / v o r tex  a~~r i e l  n d - i  hi - corns- -
of Sb’ interaction bet. ‘s b i t e  p -i rte l - 14- s a r id  the cont .r cs l p o i n t - s  in be--
cause of the abrupt change  in C - i .’ t v p s  of s ,:‘:ulac - t y.

B ’su r i , I~~~~ Cs’s i i  Lion -n th e  Sbt- I~., ‘s w

The vor t  c it y  level on t i C  wake an- _ I is ‘eteen : red a i r  th~ ou’sr ,  I an on—
.Iition of Sr reanrwisr- fLow is odd- -I  u t h e  c t - I  r o l  :c ~~n c s  n - e r  1_fl e I r i s : r n im
ed q-r of the - a n n  ~~ ‘Lii i 5 is i i r i 1.~~r Ous  to a P-al t trail sng ~~d’te condi  ~ t ori,
and it can for e the local  f low to - i ’ - ’Jl,itC aI’preci iih l 1 f rom the re-al f l o w
l ir e-i  t i e r ’ . This  is a pi is~~ibie  c o t ’ tr :  r n ’ L n a  n t - ’ t o t n . - 1e- ’~ c alcu l a t e d
peak su c t i o n  jus t  u t - s t r ea m  of t h e  st ’~ . .r a t c  I n ,

S o l u t io n  of h u e  S ir i g r r t a r ~ t Plan n - s t irs

Because of the larg ’.’ c - a r b o r  - :1 r a n  is nor-diet to rope- - m ono a r awly , iterative
Sc - r r r : 1 ~~ues are f.-ivos - - i  for  I he so lu t ion  f the  source und v .m r L e x  sti ‘seq 
L i i fo r t ua - i t e l y ,  be ‘:: , i u sc  of adverse inter n retire beic~-oe , . - -u r c e  and -:ran t a x
panels near the s r s - i - 0 r 1 t  ion line , i t e rat i ve  t e  b i t i g ir e s  f el l e d  to Cc ’nveig ’:- .
A modified technique was aired , therefor- ’, which - . s nbi r e ’ s t I n : ra tjv’. an I
di rec t  solutions - TO i~ is bas icallv the sank’ or t O r i  p i  dare described
in  Ref erence 3 ; b u t  t he  h i r e t so lu t ion  t o r t  covers t i e  v e r t ic i t y  and
i-art of the so u r er ’  pa r t i t i o ns , so t h a t  the main souse vor tex  in t e r t ”r - ~r n c ~
terms are included. Thr~ -re’s-Our ’ starts with r h°  ‘ r i s s Seide l mi -thod
w i t h  the i n it ial a rs u~np l t ’an of ze ro sours- :  st, r n m ~t h r  and 0.1 for  the vorti—
ci ty .  (Ti e vort I on  ty v t l ’ ~ ii rorsiy I y erjitol to t - ii’ free- ~~

‘ :‘ -nn  ve loc i ty
since i t  r ’ r res,,’r i t ~: t~m ‘ ‘ nrrmi ~ in  t a r i c - : n t  r ef velocity from -~: m x  1rn  t I ’ l y
fre6 ;Lr- - cc to ap~ - ’ rixirnate ly zero. The - -- 1 0 - o n  eva lua tes  y J d — s . ) ~i t  a
c- ’r t i i n  pou t i n  t h c -  m at  r i x , t h e  rt~ u~s — h e  id ,.’~ ; - r ’ r c e du r t -  is stopped and
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a direct solution performed for the remaining equations . The basic equa-
tions ore of the form:

~~~~
A j k 0k + 

~~~~
B
jk 1k 

= j 1, 2, . . - ,  N + M

This differs from the two-dimensional form (Equation (64) in that there are
now N wake panels instead of 1. If the Gauss—Seidel operation is taken up
to j = m , say , then for the rest of the equations we can write

~~~ 
A
i~ 

0k 
+ 

~~~ 
A
i~~

o’.
~ 

+ 
~~~ 

B
i~ 1k 

= C
j;

k=l k=m+l k=l

j m + l , n n + 2 , . . . , N + M

Using the present Gauso-Seidel solution for 0
k’ 

k = 1, 2, ..., in , the

first term can be evaluated and combined with the right— hand side for all
of the remaining equations. This leaves a square system of equations which
is solved i-y  a d i rec t  method . The direct solution for 0k’ k = in i- 1, m + 2,

- .., N , and for 
~k

’ k = 1, 2 , . . . , ,~i is then used for the next pass through

the Gauss-Seidel procedure and so on. Currently, the direct solution is
performed for the last 140 equations, which adequately covers the region of
close interaction between the source and vortex panels. The procedure
typically converges within six iterations for a residual limit of 10 ~~~. If
the number of unknowns is less than 141, then the whole solution is by the
direct method . The attached flow solution, which involves source panels on]y ,
is always obtained by the unmodified Gauss—Seidel technique .

~~~~~~~~~~~Laye r Source and Sk in Fr i c t i on_Di s t r i bu t i on

Boundary layer source values and skin friction values are known only along
each streamline . Because th€ pane l history is known along each streamline ,
the source and skin friction values can be set on those panels crossed by
streamlines. The values on other panels are set by interpolation down each
column . Downstream of the separation line , the boundary layer source and
skin friction values are set to zero .
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CALCULA1 I Og AND DISCUSSION OF RESUL’I’P

SPHERE CASE

A sphe re calcul ation using 112 panels was performe d C r  a Reynolds N umber
of .425 x 106. The resulting pressure distribution frir two rteratiur r :5
shown in Figure 14 together with an experimental di, tribution from Refer-
ence 29. Also included are the exact and calculated attached flow pres-
sure distributions . The first iteration result shows a IoU r sepnirati’
angle than the experiment and a higher base pressure ; i.e., C is .3

DBASE
instead of .1. The s-n ~-onr d iteration ~hewo an earlier separation than t i m ’ s
experiment  and a lowe t L-ase pressure; i.e., C is .02 instead of .1.

ther iterations were trot attempted at this stag’: because it is SUrS Irecti d
that a oi lier calculatt- f separation is being forced af’er the first it’sr .-
tion because of the positive pressure overshoot jus t  nil-stream of the wak e
model vo r t i c i ty  panels (Figure 14) . This augments tel cdv ’ rse pressure
gradient  over the rear if tire body . Both i terations show a loss in peak
suction on the spher e  (Figure 14) . A teeter  which fla~~-’ be cau:~inq  the re-
duced peak suction arid also the posit iva pres: ’are overshoot is the bou i i ear”
condit ion that  forces the flow to be stre am-wise j u s t  a f t e r  s e p a r a t io n s .
An improved boundary condition f i r  t a ”  wake n c i ’ e l s  m i gh t , t r r er ef o r€ , be
necessary .

BOloS FUSELAGE CASES

The method was app lied tsr the B0l05 fuselage us r e q  two panel ing arrange-
ments .  The f i r s t  case had 72 panels .  The “ r ’c c n o ng u lar ” ~a :nel  r:q region
had 6 rows by 10 columns and covered the main i o r - t of the fu selage  and the
s ta r t  of the boom (Figure  15) . The second case had 241 -cane s (FIgure 16)
w i t h  9 rows by 25 columns on the “ rec tan-r e r : i - i r ’ p ane l ing  a rea .  The c a lc ufa —
ted pressure distributions along waterline 6 (Figure  16) f - r  the two panel-
ing schemes are compcr ’-d  itt Figure 17 for  the second ;~‘tr-ntial flow/viscous
flow iteration . This clearly denronrtrates the need for fairly dense panel-
ing to define the peak suction ar- as adequately. Both distributions show
the positive pressure overshoot j u s :t upstream of t h e  s’- ora t ion  that wa s
observed in the sphere and cylinder cases .

Figure 18 shows the calculated streamlines from t o ’s .~ens r  paneling case
for two iterations . The s tar t ing  points for tb’s- streamline calculations
were in the column of panels at X- ’ :cotr -i, 36.5. The changes in the stream-
line paths are fairly small , and the calculat~- . -, - ‘spar,~5ion points on each
-t r ~ : o m L m - e are in good visual agreement with ‘-:-n ’- rimental observations
(Reference 2).
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The starting points for the wake vortex panels (Figure 18) show a reason-
able representation of the separation line for the f i rs t  iteration, except
on the top surface of the body where the calculated separation line moves
downstre am . Howeve r , on the second iteration , there is an appreciable for-
ward displacement of the wake paneling from the calculated separation line ,
particularl y on the upp er part of the body . This would imply a shift  in
the pre dicted bas e pressure , following the results observe d in Figure 13.

Calculated and experimental (Reference 2) pressure distributions are coin--
pared along three lines: top centerline , waterline 6 (see Figure 18), and
bottom centerline, in Figure 19 (a), (b) and (c), respectively . The calcu-
lations are from the 241-panel case arid the attached potential flow , the
first and second potential flow/viscous flow iteration results are presented.
The first iteration did not predict separation on the top of the body within
the “rectangular” paneling area, but the separation paneling from the lower
part of the body was continued onto this region to avoid an abrupt change
in the vortex/source paneling . On the second iteration, separation was
predicted at station 42.8  on the top streamline; but , to avoid breaks in
the wake model , the vortex paneling started at station 38 to suit the major-
ity of the predicted separation points . The e f fec t  of this forward “ sepa-
ration” is reflected in the top centerline pressure distribution in Figure
19(a) . The good agreement with the experimental base pressure on this line
is, perhaps , fortuitous in view of the displaced wake model. As in the
sphere case (figure 14) , there is a positive pressure overshoot and an
underprediction of peak suction just ahead of the separated region. Up-
stream of this region, the pressures are in good visual agreement within
the experiment.

The waterline 6 pressure distribution, Figure 19(b), shows similar tenden-
cies to the top centerline distribution, but in this case the base pressure
on the second iteration is about .17 too high. This is not consistent with
the fact that the wake panels are f3rward of the predicted separation line
(see Figure 13). Figure 19(c) shows the bottom centerline distributions.

Here , the base pressure at the second iteration is in good agreement with
the experiment. The separation paneling in this case is closest to the
calculated separation points and the pressure distribueicrn s compare reason-
ably well except , as observed before , the calculations underestimate the
rear pe ak suction .

The calculated positive pressure overshoot just upstream of the separation
paneling is a detr imental feature in all three d is t r ibut ions. Not only
does this automatically cause earlier separatiu:~ to be predicted on the
next iteration (because of the more adverse pressure gradient) , but it has
a large influence on the integrated pressure drag. The calculated drag
breakdown, D/ q ,  at the second iteration in ;  as follows (in square feet) :
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Skin Friction .045
Integrated Pressure -.087

Total — . 042

The positive pressure overshoot is estimated to have lost approximately.1 square foot of D/q. Base pressure and peak suction errors ar e esti—mated to have los t approximately .07 and .04 square foot respectively.The boom gives additional small drag errors because it is not fully treatedat this stage . Strictly, 68 should be subtracted from all panels insidethe wake ( i . e . ,  not just  those in the “rectangular ” paneling area) , butthis would require an extensive search procedure to check the geometry ofeach panel.
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-N LUS I; IN;:.

1. The separated flow model has demonstrated reasonable accuracy in the
predicted surface pressures upstream ~f the separation line with fair
agreement in base pressure. However , improvements are needed in the rear
peak suction regions and the positive pressure overshoot just upstream
of the separation line should be removed.

2. Certain improvements are needed in the model to allow more flexibility
in the wake paneling . A more accurate representation of the separa-
tion line is requ i r’~- , n , rather than moving the wake panels to the nearest
source panel edges. Such an improvement should r esu l t  in more accurate
::rc-ciictions of base n:r~ ssu re .

3. The calculated streamlines and separation points are in good visual
agreement with experimental observations.
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SUGGESTED Pi-i~ - -,-U-i~M IMI~l;’ vE :M ENTS

The detrimental features of the source/vortex panel model can be largely
removed by going to a vorticity panel method. Such a method hi.; been
developed very recently for predicting lift coefficients beyond the stal l
in two—dimensional flow . Applied to the drag prediction problem , the vorti-
city model would have surface panels of linearly varylne, vorticity (Figure
20). The wake vorticity p irnelawould be similar to those in the j ;resent
work, but the vorticity level would be tiiu same as the value on the surface
panel at the attachment point . The “Kutta ” condition can be applied wk~~:’in
makes the lower vorticity panel to be equal but o1-p~~- i to  to thu upper one ;
this feature would extend tb- - pro -sent method to allow 1iftiro~ cases to be
considered. Inside the separated wake region , vort~~-i Ly is constrained to
be zero just downstream of the separation points ; the rest cf the corner
vorticity values in bet  are - - v Ij i t u d  i~ the solution. Boundary con-
ditions , the re fore , are app lied oni~ on the body surface ; hence , the wake
panel boundary points of the ;;;e1rc~ c t O x  model are e l i m i  natc~1. This
4 e ;ture ;:- .: - n it r i bu te s  to an irnj. rovuh -r .:c h,’t L~ of upstream ss- ’ t io n ; e . g .  , in
the cylinder case, 12 vorticity panels give very goo-~ c~ rparison wLth the
experimental r -,re;;sure distL ibut - ‘in (Figure 21) - They are o-luivsli.nt to 20
source pan -Is and yet do not ~uis the n’oeitive press-ui overshoot. Posidve
pressure “ overshoots” .~nd “unde r ,hoots ” have been - b t ain e d  f r ’ : - n n  the vcr-
ticity model when us i nq a large number of panels on an aicf- .~iii . Correct
wake oric’:-~tation seems to be ~rc~ : n n - - ;w~-r  to tJ,~~s pr  iP i — r n , and a relaxed wake

r - o c e Ju re  migh t be called for - - v t - n t u . i t l y .

With the surfucu vorticity mode l , the vor t ic i ty  is con t i - ;e - ;na , moving f r .  - -

the surface onto the wake panei. T h - - r ~: are no rw t changes in s in qu l i-
rity strength or ty1- ’u . Arbi t rary  wak e panel ing is, there f - ; - , u-ossible;
i.e •, the wake panels car so i t t  ached along any l i n e  on the su r f - .nce p a n e - -  I s .
Accurate representation of the s- -n ur u t i o n line was . J , t se re for ~; , be p o s s ib l e ,
w i t h  th is model. This would remove the i - r o ’ulems a~ sociated with the
eource/ vortex wake paneling n- t n  i-stiene. In addi t ion , the v o r t i c ity con—
t_ i n i .;ity feature  would allow the ecraration mode l in - -l t o  finish in the middle
of a surface - the vorticltv would simply stay on the surf—ice where sepa-
ration is iiot predicted. Because of the continuity , numerical solution
of the equations should be better behaved than in the  case of the ;oercN- , -
vortex model.
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APPENDIX I. PROGRAM USER’S GUIDE

PROGRAM INPUT DESCRIPTION

Card Set Input Forma t

1. Case Title 8AlO

2. RNB , TRIPUP , OPTION , TRNAX , XROIJGH , REFC , 8FlO.O
UIN , XGEM

3. UKU , DEN , XO, EPS , XN ROUGH 7FlO.O

4. VRD( 1) ... VRD(NROUGH) 7FlO.O

5. XP RINT , XSKIP , REFX , REFZ , CREF , PRINT , CASE 7FlO.O

6. NPANEL , NBX , MBX , NWX , MWX , NVX , MV;~:, ILX , NPTS 915

7. TEXT Card:- GEOMETRY INPUT 8A1O

8. CASE, PLOT , SIM , ISAVE , PRIN’r 5110

9A. SINGPA , NOPAN 2110

9B. X ( I ) ,  Y ( I ) ,  Z ( I )  7F1O .O

9C. NPAN (1) ... NPAN (NOPAN) 7110

1OA. NB 110

lOB. XBE , YBE, ZBE , MB , OPT, FLA -7 3F10 .0 , 3110

b C .  B(J), A ( J ) , D ( J )  7F lO .O

1OD. D(J ) , B(J ) , 31(J) 3F12.O

1131. NW, KOORD 2110

llB . XBE , YBE , ZBE , CHRD , ALF , XAL , MW , OPT, FLAG , 6FlO , 415
DEL

liC. DELTA , YO, ZO 7FlO.0

l lD . B ( J ) , A ( J )  7F10 .O

l iE.  B ( J ) , D (J ) , A ( J ) , C( J )  SF12. 0

12. WAKE , POINT 7FlO. 0

l3A . XLP , YLP , ZLP 7FlO .0

13B. XLP , YLP, ZLP 7FbO .0

1431. NV 110

14B . XBE , YBE, ZBE, MV, OPT, FLAG , SIMPOT 3FlO.0 , 4110

14C . B ( J ) , 31(J), C(J), D(J) 7F10.0

14Db . A , B , D 7F10.0
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Card Set Input Format

14D2. A , B, D 7FlO.O

l4D3. A , B, 0 7F10.O

15. TEXT Card:- AERODYNAMIC CALCULATIONS 83110
- ‘ 16. NIT, IEPS, ITYPE 3110

17. COMPT, SECT 2110

18. REFA , REFL , XOO , X25 7F10.O

19. KUT , NBV , NV(l) ... NV(S) 7110

20. N t R , POINTS 2110

21. NMA 110

22. 7FlO.O

23. NAL 110

24. ALPHA , BETA 7FlO.O

25. IS 110

26. IA , IE 2110

27. IRE l 110

28. 11(1), 11(2) ... ETC . 1415

29. DEL?, REFL , XLE 7F1O.0

30. TEXT CARD:- STRE AMLINE CALCIJLATIONS 83110

31. ENDFILE 110

32. NLIN , NSP(l), ... NS P (NL I N )  1415

33.  6/ 7/8/9
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- Description of inp ut Vari ables

Card 1 — G~’ n n c r u l  identification - Car’.i 1 contains a: ’i’ dasi reQ - - n - - n i t j  ~~i i i i~
informat ion in; Columni,; 1 — 80.

Card 2 — General Par mnr , ’t o r ~

Column Variable Calue he cr - ‘ i~ n

1—10 RNB aid e trary Reynolds r umne- ; i ; ;’- . ’ ni  ; e ; ’ - r - -nec chord
and f r , - e - - - s t ; oair , 

U - CA’ x (10

N B .  I f  ‘he I n .! it geomet;,- is  in 1;mt-n n—
sional units , t h e - ’  Reynolds in - r W i l l
b~ n i i n - n i 5  per unit , .e ., R’- ,-’e-nch .

11—20 TRIPUP “ Trip I ~ - e ’ ; - - r  (x/ c)

1. N— - tripping desired

21—30 OPTION 0. Boundary layer w i l l  trip w in --r e- ~j e c i f i ed
by TRI P UP

1. 1 r , - q r am  11 test on boundary  l y o n
momentum thickness at tri~ -cation.
I f  R

~ 
< 7)) , t n t ~— location wi l l  be re—

positioned to point where R8 
> 200.

This ; 1 ’ t : n i  the user f i  ins specif\ ’ f ni J an
u n r e a l i st ical ly early t r i p  lo c a tio n

31—4) T RN.A X a t E n  tracy t~aximuni nur~i ’ r of iterations b et ween ;  i n n —
vi ;c;d and 1:- er irv layer modules

41-50 XROUGH -I. Standard boundary layer calculation for
snooti’ sur faces

0. Boundary layer calculation with are-a
suction (needs cards 3 and 4)

1. Boundary layer ;- --nlculation with  surface
roughness (ne--edn cards 3 and 4)

51-60 REFC arbitrary Referen- c chord in inches for deterinina-
tion of surface distance in INSPAN
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Column V i i  ;ab le  Value Description

bl-70 IJIN a~ :- i tr ary  1- r e ’s--st r~- ,im velocity in feet per second
for use in INSPAN

71—80 XGEM 0. St -in - l a rd case ; f-re~J ram will execute for 
-} ‘ ete- case

I - Praqrain w 11 a ’;emb lie and p r i n t  out geo—
m etr e va rnaL len-, onl y and stop

N.B . : REFC, CIN and \‘ FM - corer ’ ly n o t  i v a n  ~ iblo

Card 3 — Roughness Parameters

Column Variacie Value It ocr.k t ion

i—l u 0KV 30. — 7 0 .  Cal ue - - f re- u-Jinno:-ss Reynolds n umber where
;ffc:,:t of r-)uq !1n ~ -;; s iS indtii’endent of
viscosity (see- Ref. 1)

11—2 0 DEN 2. — l O U .  De ns i ty of ro uu inne ss  element spacing .
(For sand grai n r-iu~ h r ;e- .s , use 3.175)

21—30 Xo .O0 5— .02 I n i t ia l  value c-f skin friction ~~- ‘ f f i - -
cient ( .007 is usual s t a r t i ng  va lu ’-)

31—40 tIPS .0001 i-lIner bound in skin f r i c t io n  calcu la t ion

41—50 XNROUGH arbitrary Numoer of input values 0f suction velo-
city, v / U , or roughness heights, k/c

Card 4 - Roughness or Suction Distribution

Column Variable  Value Description

1-10 VRD(1) arbitrary Roughness height or area suction velocity
( f l o a ting (k/c or V/U
point)

61—70 VRD~ N ! e S i -  fl !
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Card 5 - General Parameters

umn Variable Value Description

1-10 XPRINT 0. Suppresses p r i n tin g  of cross-flow i nt ~~—
grab thickness from IBL

1. Ex~ rs printing

11—20 XSKIP 1. Pr in t  opt7on in INT IRAL , every integra-
tion -c rop is printed

10. Every tenth step is pr in ted

21— 30 REFX urb ;tracy Reference (XI S) location for  c a l c ul a tn a rn
of moment coe f f i c i en t

31—40 REFZ “ Re fe ren ce  (z/c) location for calculation
of moment coefficient

41-50 CRE F 1. Redundan t

51—60 PRINT 0.

61—70 CASE 1. N ;c - c or  of a n g l e - o f — a t ta c k  or ha-el urnL’er
vsn i at i c n s  for a give  n ue --em et ry . Cur-
rently lirni Le,n to 1

Card 6 — Variable Dime- - s o n ‘j ’t ions

Column Variable Va in  ~) e n c r ; - ’  Ic-n;

1—5 NI~AN1IL , .LE . 1500 Nenr’bor of source ; n e - i s  -m ci v o r t -~x
la t t ices  on one side --f c- lane  of cyrn im- t ry

6—10 NBY I 2—70 N n n m n o r  of body e -c t . ons

11—15 MBX 3—60 Maximum ri umt--. r of l n ~ - niL points tor  cry
body sect ion

16—20 NWX 2—40 Niin ;nb~ -~ of w i r e r  -.ioction s

21—2 5 MWX 3-59 Maximum number of ordinates at. any winn q
section

— — - - - :  ~~~~~~~ 
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i umn Variable Value Iescriptio~~~tion

26—30 NVX 0-40 Nmnnber of streaniwise vortices in body
lattice

31—35 MVX 2-60 Number of bound vortices in body lattice

ILX 2—35 Sum of wing and body lattices

4 1-4: NPTS .LE . lSO O N umber of o f f -bc -e ly  points

- I f  the con f igura t ion  ic sync -- ’ rical abc -sn the x , z
~~l i n -. ,  -p :om t ’tni ,nt i nput is required for  onl y one side of the configurat ion.
The convention u n - s d  he -- rein i n ,  to present t h a t  ha l f  i f  the configurat ion
lying on the posi tive y side of the x , z plane .  I f  the configuration is not
symmet rio, complete geome trical i n p u t  is r e q u i r e d .

Card 7 - Ge n e r al  I d e n t i f i c a t i o n  - Card 7 coln t ,; inn T , any desired I d e n t i f y i n g
information in Columns 1-80 .

Column Var; -.it-le Value L~ - -, c r 1-Lion

10 CASE 1 Isolated insd\’ on l y

2 Isolated -~ rng on l y

3 l~ing—body comb~~; ,  tions

20 PLOT 0 No plot output (currently this is tJ;~
only option avai l ible)

1 Plot output ro4u’;;; ted

30 SIM 0 Configuration symmetri c about x ,z plane;
panel geometry I -  s ;r ed  on one side only
(normal case)

1 Conf i gurat ion se” -mc-tr i cn about x ,z plane.
Panel geometry input required on ‘~ne
side only; panel geometry output calcu-
lated for both sides . (Used when analy-
zing symmetric configuration in yaw.)
Not cur ren t ly available

— l Asymmetric conf igura t ion . Panel geome-
try ~ nj - u t  required for both sides.
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Column Vari~b1e Value Description

40 ISAVE 0 Ge ome try and influence coefficient  matri-
ces not saved

1 Geometry and influence coefficient matri-
ces saved in previous run to be used
(TAP E lb must be requested) . This option
not yet checked out

—l Ge ome try and influence coefficient matri-
ces to be saved on TAPE lb

50 PRINT 0 Normal output

1 Op tional output 1. Includes panel geo-
metry, coordinate transformation matri-
ces, and panel forces and moments

2 Optional output 2. Panel velocity corn-
p o r n e i n t a  and inf luence coefficients.
Requires large l ine count limit

3 Optional output 3. The at. rod y r ;~~m i c
influence coefficient matrix , the right
side of the matrix equation , and all
solution iterations

4 Optional o u t p u t  4 .  This op t ic -  pr ints
out the successive solution i terat ions
on by

V.B.: The normal output is always printed in additior to any optional out-
put selected.

Card 9A — Single Panel Control Card

Column Variable Value I- on - en

1— 10 SINGPA 0 No single panel input ; omit card set 9B ,
1 continue reading input cards . Corner

point cooru~ - tes c-f this panel follow
on card set q8

11—20 NOPAN arbitrary Number of panels to be deleted. If n ;orn -
integer zero , panel indices follow on card set ~
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Ca r d ~B - Panel Corner Point Input

column Variable Value Description

1-10 XCI ) arbitrary x-coordinate of corner I
(floating
point)

11—20 Y(I) ‘ y-coordinate of corner I

21—30 Z(I) “ z—coordinate of corner I

Repeat card 9B four  times , once for each corner of the panel.

Card Set 9C — Indices of Deleted Panels — NOPAN indices of deleted panels
are read (7110 format) if NOPAN > 0 on card 9A. A maximum of 100 panels
may be deleted. Wing and body vortex 1 i t t i - - - -Ot n t r - -~ panels may not be
deleted.

Card Set 10 — Body Panel In-q~ut 
- This c ird a- a i - ~~s the body panels to be

calculated automatically from the S~~5t 1 - t  - ;~ - ‘a c i t - t r J a t i .  Five options are
available for i npu t t i ng  the sect ion Oonrnw ’tr ’~- . The XYZ r - r o a  r i m  input r i - f i r-
red to below conforms with the format c-f R c t t - r e r - t s  Omit this card set
if CASE = 2 on card 8.

Card lOA — Nu ance -n c-f Body Sections

Column ~~~r i~~b l c  Value H

1—10 NB arbitrary Number of i-c-dy sections (2 < NB < 70)
integer

Card lOB - ~~~~~~~~~~~~~~~~~~~~~~~

Column Variab le Value Description

1-10 XBE arbitrary x-coordinate of origin of body section
(floating coordinate system, except b)~ink when XYZ
point)  progranni input format is used

11-20 YBE Simiba-~ly the y-coordinate

21— 30 ZBE “ Similar ly  the z-coordjnate
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Co l umn Variab le  Va J c-e- ~ e n ~e nj j t

31—40 MB arbit rary NurrPn . - n  of input : - - n t ~ on se :t esn
in t L - c - e r  (3 < NB < CO

If MB < 0 , XY I ’ n ’r e - ; r c - r n  inpu t forma t re-
quested

50 OPT 0 Body section geometry in2  n i t  by y-z co-
ordinates on 000.i set lOC and 1OD

1 Body sect i -s- i n n  beometry sam e aa 7r c c n e n u 1 . r ; ~i
body section - card set lOC or 100 omi t-
ted. N s t e  YBE and ZBE are s -ddi tive to
re-ceding values

2 Osay section - J in o mer  t ry input n n  po1ar
coordinates , r ,  ~, on card set bOC

3 Body of n - v  1 ncc cc-n , section ~~orfl’ntrv
inp u t  as section radius ann: t I - c e - t a  irc- :r ,s -

ment on card set b c

60 FLAG 0 N or m a l  body section

1 Te rminal body seeti-~ri (end of curr ent
bod y p~ n ol  network)

2 End of rectangular grid

Card Set lOC - 4y~~~~~ction Coordina t~ -s . Nc- rm a L T~~~oi t )

Column Variable Value Des :r ej t ion

1—10 B ( J )  arbet rary  y-c -~ c i i n a te ~f ~- oint J if °PT = 0; or
(f loa t ing  angular  coordinate (in de- 3rnn ’  a)  of J
point)  i f  OPT = 2; or increment angle , ‘23, in

.i ar e-s if OPT = 3

11—20 A (J) “ z— coc - rcuinate of 2o in t  J if OPT = 0; or
r-coordinat€- of point J if  OPT = 2 ; ar
body section radius if OPT = 3

21-30 0(J)  ~ x sh i f t  of point J if OPT = 0 or 2

Card set 1OC contains MB cards if OPT = 0 or 2 , s t ai n s  onl y 1 card i f
OPT 3; and is omitted if OPT I or hO < 0 on card lOB .
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Card Set 100 - Alternate ZYZ Input

Column Variable Value Description

1-12 D(J) arbitrary x-coordinate of point J
(f loa t ing
point)

B(J) y-coordinate of point J

25— 36 A(J) z-coordinate of point J

This card  set is omitted unless NB < 0 in card lOB .

- :  Repeat card lOB and card sets b C  or 100 NB times to complete card
set 10 .

Card b lA - Number of Wino Sections

Column Variable Value Description

- - 1-10 NW arbi trary Number of wing sections (2 < NW < 40)
integer

20 KOORD 1 Wing section ordinates input in percent
of local chord

2 Wing section ordinates i n - p u t  are not
norma — n-nd

Card llB - Wing Se -o t i s  - Geometry

Column Variable Value Description

1—10 XBE arbi t rary x-coo~cd in at e  of or igin  of wing section
(floating coordinate system
point)

11-20 YBE “ Similarly the y—coordinate

21-30 ZBE ‘ Similarly the z—coordinate

3 1-41) GIRD “ -Ch c-i-1 leng th section
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Caru’ 11B — Wing Section Geometryjcontiniued)

Column Variable Value D e n - o s rip t i o ni

41—5 0 ALP arbitrary Section twist ang le (degrees) -- r flap
(f loating rotation angle. (Degrees positive for
point) positive flap deflection)

51—60 XAL Center of twist  or rotation in i-crc -c-ni t
chord

61—65 MW arbitrary N umber of coordinates in section
integer (5 < MW < 59)

70 OPT 0 Wing section ordinates to be used from
card set llD

1 Wing section ordinates sane as preceding
section — card set lbD omitted

75 FLAG 0 Norma l case - surface vorticity calcula-
ted automatically

1 Terminal wing section (end of current
wing panel network)

2 No vortex lattice panels calculated fe--n
this section

3 The coordinates of the last bound vor tex
in the vortex lattice are read in on
card 13 for this section

80 DEL 0 No wing dihedral

1 Dihedral input on card set liC

Card Set llC - Wing Dihedral Ipp~~

Column Variable Value Description

1-10 DELTA arbitrary Dihedral angle (degrees)
(floating
point)
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Card Set lbC - Wing Dihedral Input (cont inued)

Column Variable Value Description

11—20 Yo arbitrary y and z ordinates of axis of rotation
(floating of wing panel
point)

21—30 ZO

N .B.: Omit card set llC if DEL = 0 in card llB .

Card Set biD - Win~ Section Coordinates

Column Variable Value Description

1-10 B ( J )  arbitrary x- coordinate of point J
(floating
point)

11—20 P— (J) ‘ z—coordiriate of point J

N.B.: Card set 110 contains MW cards of OPT = 0, and is omitted if OPT = 1.
Repeat card llB and card sets llC and 110 NW times to complete card set 11.

Card Set 12 - Vortex Lattice Control Point Location

Col umn Variable Value Descript ion

1—10 WAKE arbitrary Extension of vortex lattice into wake in
( f l o a t i n g  p e r cen t  chord (usually 100.)
point)

11—20 POINT “ Location of vor tex la t t ice control poi nt
in percent chord behind t ra i l ing-edge
(usuall y .1)

N.B.: These values are not used if FLAG = 3 on card llB .

Card Set 13 - Relocation of Vortex Lattice Terminal P o c r i t s  - This card set

is omitted unless FLAG 3 on card biB . For each wing se -tic-n having FLAG
= 3, two additional cards are required to sp e c i fy  the terminal points of
the streamwise vortices.
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Card set 13A — Inboard Term inal Points

Column Variable Vrlue Description

1-10 XL? arbitrary x-coordinate of inboard edge of lattice
(floating terminal point
j oint)

11-20 YLP “ y-coordinate of inboard edge of lattice
terminal point

21—30 ZLP z—coordinate of Inboard edge of lattice
terminal point

Card Set 13B - Outhoard Terminal Points - Same as card l3A for outboard edge
of lattice terminal point.

Card Set 14 — Body Vortex Lattice Ir~put 
- Th is card set allows additional

vortex lattices to be located inside the body of wing—body combinations ,
and is omitted if CASE < 3 on card 8.

Card Set 14A - N umber of Streamwise Vortices in Body Vortex-Lattice Network

Column Vai~~able Value Descr~~~~iun

1-10 NV a rb itr ~~ry Number of streamwise vortices in body
integer vortex—lattice network N-. < 40)

Note: Tb’ sum of all wing a n d  b oO -- vont-:x—lattices may vc-. ex ced 35.

Card Set 148 - Vcrc’~x—Lattice C-c-c--

Column Variable Value Descr~~~ ioa

1-10 XBE arbitrary x—coordinate of origin ~f stre imscse-
(fT c-atm j vortex
point)

11—20 YBE “ y—coordinate of origin of strearnwise
vortex

21—30 ZBE z-r: -c- r-JLnatc of origin c-f streanwise
vortex
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Card Se-t 14B - Vortex—Latt ice Ge ometry (continued)

Column Variable Value

31—40 MV arbitrary a umber of bound vortices in lattice
integer 2 < MV < 60

41—50 OPT 0 Vortex—lattice points to be read fmic - n
.~ id set l4C

1 Vortex lattice points same as preceding .
Omit card set cd C

2 Optional vortex—lattice control panel
coordinates read on card b4D3

51-60 FLAG 0 Normal case - vortex-lattice panels cal-
culated

1 Icrmn iina l  vortex of current body vortex-
lattice network

2 Corner points of control point panel to
be read on cards 14D2 and l4D3 (used
when arbitrary control point is desired)

61-70 SIMPOT 0 Symmetry opt ion specified on card 8
enforced for this vortex

1 Symmetry option ignored for  this vortex
lattice (used for inserting vortex-
lattice network s in vertical tails loca-
ted in x , z plane )

ard Set b4C — Vortex-Lattice Coordinates

Column Variable Value Description

1—10 8(J) arbitrary x-coordinate of point J
(fboati ng
point)

11-20 A(J) z-coordinate of point J

2 1—30 C ( J )  Vortex—lat t ice  stren -~t-h at point J
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Car d ~~~t 14C — Vor tex - - it t i c e  Coordinates__( cont inued)

Cc-b un Variable Value Description

31-40 D(J)  arb itrary ‘~ny s h i f t  of po in t  3
f ic-at  i i  q
point)

Card set 14C contains MV cards if OPT = 0, and is omit ted if OPT = 1 oti
ard 148.

Control  Set l4D - Vortex—Latt ice Terminal  Point c - r i d  Control  Point  Coo rdinate-s
Two or three additional cards are required to specify the tc rninal ponst of
the streamwise vortex, and the corner points of the lattice control point
panel .

Card l4Dl

Column Variable Value Description

1—10 B arbi t rary  x—coordinate  of terminal point of s t - c -am -
( float ing w i s e  vortex
point)

11—20 A ‘ z—coordinate of t c r n - c - i a i  n~o int  of str-nam—
wise vortex

21—30 D “ v shift of terminal point of streamwise
vortex

Note : This point also -defines the ui-stream corner of ti e control psint
panel if  FLAG ~ 2 on card l4B .

Car d 1402 - Same as card 1401, con taining the coo r dL n i 1 es c-f the downstream
corner of the control point panel if FLAG ~ 2 on card 14B. If FLAG = 2
on card 140, this card contains the coordinates of ~dn~ ~j~stream corner of
the control point panel.

Card l4D3 - If FLAG = 2 on card 14B , this card ;oni ta ini s the coordinates of
the downstream corner of the control point pane l in the same format as card
l4Dl . Omit this card if FLAG ~ 2 in card l4Bl .

Note: Repeat card b4B and card sets 14C and 140 NV times to complete card
--t 14.
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Aerc-d jm n~~~r~~~~ards - The configuration panel geometry is transferred
to Lbc ae -r o dy r n a n t i c  section of the program by TAPE lb. Additional aerody-
namic input cards required are described below.

Card 15 — Case Identification Card — Card 15 contains any desired case iden-
tification in columns 1—80.

Card 16 - Iteration Option Card

Column Variable Value Description

1—10 NIT arbitrary Maximum number of iterations (15 — 25)
integer

11—20 IEPS Exponent of 10 setting limiting vabuc
for residue of iterative solution ( — 3 or
—4 recommended)

21- 30 ITYPE 1 Blocked Jacobi iteration procedure

2 Blocked Gauss—Siede b iteration procedure

3 Blocked Gauss-Seidel with controlled
successive over—relaxation

4 Blocked Gauss-Seidel with successive
over—relaxation

N.B. Options 3 and 4 have not been completely checked out, but will be
made available at a later date.

Card 17 — Conf igu ra t ion  Options

Column Vari ible Value Description

1-10 COMPT 0 Forces and moments calculated fon com-
plete configuration

arbitrary Forces and moments calculated on corn—
integer ponents . Panel indices of each compo-

nent follow on card 26

11—20 SECT 0 No wing section forces and moments
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Card 17 - Configuration Options (continued)

Column Variable Value ~~~2~ i~~~on

11—20 SECT 1 Wing section forces and moments calcula-
ted. Wing section indices follow on
card 25, panel indices in each section
on card 26, and section reference lengths
on card 29

2 Forces and moments calculated on subsec-
tions . The number of subsections fol low
on card 25 , the number of panel groups
on card 27 , the panel indices in each
group on card 28, and subsection refer-
ence lengths on card 29

Card 18 — Reference Parameters

Column Variable Value Description

1—10 REFA arbitrary Reference data
(fixed
point)

11-20 REFL “ Reference chord (MAC )

21-30 XO0 “ Axial distance of leading—edge of MAC
from origin

31—40 X25 Axial distance of quarter chord of MAC
from origin

N.B.: Default option -— all variables set to 1. internally (leave card
blank) .

Card 19 - Config~uration Li f t  Option

Column Variable Value Descript ion

1—10 KtJT 0 Nonli f t i ng  configura t ion , no vortex-Tat-
t ic-c-i bu t ts  condition imposed

1 Lifting configuration, vortex—lattice
Kutta condition imposed
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Card 19 - Configuration Lift Option (continued)

Column Variable Value Descr~~~tj on

1-10 KUT -l Wing vortex lattice extends through body
having same strength as adjacent wing
vortex lattice

11-20 NBV arbitrary Number of body vortices (NBV < 5)
integer

21-30 NV(l) “ N umber of wing vortices associated with
body vortex 1

31—40 NV(2) “ Number of wing vortices associated with
body vo r t ex  2

61-70 N V ( 5 )  “ N umber of wing vortices associated wi th
body vortex 5

Ca r d 20 - Compressibility Rule Option

Column Variable  Value Description

1—10 KOMPR 1 Gothert Rule 1 selected

Gothert Rule 2 selected

11—2 0 POINTS 0 One body component case , no of t-~ ody
points

1 Flap case, off-body points will be cal-
culated

Ca rd 21 — N umber of Mach N umbers

Column Variable Value I Description

NMA arbitrary N umber of Mach numbers following on card
integer set 22
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Card 22 - Mach N umber

Column Variable Value Description

1—10 MA arbitrary Mach number

(floating
point)

Card 23 - Number of Angles-of-Attack and Yaw

Column Variable Value Description

1-10 NAL arbitrary Number of ang les-of-a t tack following on
in teger card set 24

Card 24 — Angle-of Attack and Yaw

Column Variable Value Description

1—10 ALPHA arbitrary Angle-of-attack in degrees
(floating
point)

11-20 BETA Angle of yaw in degrees

Card 25 - Number of Sections

Column Variable Value Description

1—10 IS a rb i t rary  Number of sections ; omit if SECT 0 on

integer card 16

Card 26 — Panel Indices

Column Variable Value Description

1-10 IA arbitrary Index of isitiab panel in section
integer

11—20 IE “ Index of final panel in section
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Card 27 — N umber of Panels in Sub s ect ions

Column Variable Value Description

1—10 IRE I arbitrary Number of panels in subsections . Omit
integer if SECT < 2 on card 17

Card 28 - Subsection Panel Indices

Column Variable Value Description

1—5 11 (1) arbitrary Panel indices of all panels in subsec-
integer tion ; omit if SECT < 2 on card 17

6—10 11(2)

11—15 11(3) ... etc.

Card 29 — Reference Lengths

Column Variable Value Description

1-10 DELY arbitrary Width of section
integer

11-20 REFL Reference length of section

21—30 XLE “ Moment reference point of section

N . B . :  Cards 25 — 29 must be repeated for each ang le-of-attack or yaw , if
section data requested.

Streamline Input Cards - Each streamline selected is constrained to pass
through a chosen panel. This avoids the possibility of the selected
streamlines bunching together in the separated flow region .

Card 30 - Case Identification Card - Card 30 contains ident if icat ion for
the streamline calculations.
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Card 31 - Streamline Option Card

Column Variable Value Description

1-10 ENDFILE -b Program switches out of WBAERO onto the
streamline overlay

Card 32 — Streamline Panel Selection

Column Variable Value Descr~~ tiofl

1-5 NLIN variable Number of prescribed panels for stream-
line calculations

6—10 N SP( l )  variable Panel n umber for streamline number 1

11— 15 N S P ( 2 )  “ Panel number for streamline number 2

16—2 0 NSP (3 )  ... etc.
N . B . :  Repeat this card TRI’4AX times .

Card 33 - End of Data - 6/7/8/9
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PROGRAM OUTPUT DESCRIPTION

The standard output of the program is a function of iteration n umber as
described in the following paragraphs .

In Iteration 1, tables of parameter values for variably dimensioned arrays
from subroutines WBOLAY and WBPAN are printed out, followed by a table of
panel corner points for the input geometry . Output from subroutine WBAERO
is printed next; the list of variable dimensioned array parameters for this
subroutine is followed by selected input parameters and a list of central
processor times. The first time is at the entry point to the subroutine,
and the difference between the second and third times gives the time to
form the matrix of influence coefficients . The fourth time is printed jus t
befo re enter ing the SOLVE subroutine, and the fifth time (after SOLVE) is
printed out after SOLVE has given the history of the residual in the itera-
tive solution method and the solved singularity strengths (in order of panel
number) .

The next table gives the at tached flow velocity vector and magnitude and
the pressure coefficient at each panel control point , and is followed by a
summary of the total coefficients which include : the axial , normal ~nd
side forces; the moments about the coordinate axes; the pitching moment
about the reference point and about the quarter chord of the MAC ; the x-wise
c-enter  of pressure ; and the l i f t  side force and drag coefficients.

All the following output is repeated for each iteration .

Output from the s t reamline program starts wi th  the var iable  dimensioned
array par ameters . The prescribed streamline starting points and panels are
given next fol lowed by the tabulated characterist ics for  each s t reamline.
The tables list t h e  x,y,z coordinates , the velocity vector and magnitude ,
the pressure coefficient , the geodesic curveture  (K , K ) ,  the metr ic  coef—

ficient ( H )  and the distance from the upstream end of the calculated

streamline.

Next , the calculated boundary layer characteristics are tabulated for each
streamline and include the local shape parameter ~nd skin f r i ction coef-
ficient. Each table is preceded by a summary of the streamline geometry
and pressure d is t r ibut ion .

Subroutine WAKECON output follows the boundary layer characteristics and
starts with a summary of the separation points and the separation panels
that give an approximate r epresen ta t ion  of the separation line . The geo-
me tric parameters for  the separated-wake vort ici ty panels are then thbulated.
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and are followed by the singularity strength solution : surface sources
(sigma) and wake vort ic i ty  (gamma) .

Tables of velocity and pressure coefficients in the presence of the separa-
tion mode l a~e the last output for each iteration . This output starts with
the mean velocity ( tJM) , the pressure coeff ic ient  (CP) , and the wake tota i
head decrement (Dli ) at the wake panel control points , and is followed by
the surface velocity vector and magnitude and the pressure coefficient at
each panel control point.

After the last iteration , the wetted area , the reference area, and the drag
summary table are printed out; the table includes the drag coefficients for
the skin friction , the pressure , and the total based on the reference area.
The total drag is also presented in D/q form in the units of the reference
area.
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LIST OF SY~4BOLS

A. . Aerodynamic influence coefficient
13

B . .  Normal velocity due to external source

C
D 

Total drag coefficient

C
D Profile drag coefficient (Squire and Young)

sy

AC
D 

Base pressure drag due to separation
b

C
L 

Lift coefficient

Moment coefficient

• C
f 

Local skin friction coefficient

CD Skin f r i c t i on  drag
f

C Pressure coeff ic ientp

C1 Shear stress integral

c Chord

F, F , G, G Universal functions in Curle ’s laminar method
0 0

g Correction term to Thwaites ’ laminar method

H Shape factor , ratio of displacement to momentum thickness
(6 */~~)

K Non—dimensional pressure gradient parameter

M Mach n umber

Local Mach number

-j -~
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LIST OF SYMBOLS (Co nt inued)

Free stream Mach number

N Number of singularities

Total normal velocity at 1
th 

point

P Static pressure, pounds per square inch absolute

R Local radius of curvature

Rc Chord Reynolds number U~ c/V

R0 Momentum thickness Reynolds number UO/v

Streamwise momentum thickness Reynolds number at insta-Uins -bility point

Streamwise momentum thickness Reynolds number att ’trans -transition

r Transverse radius of curvature , inches

S Distance along a streamline

U Local velocity at ed ge of boundary layer

U~~ Free stream velocity

/ 2
u Friction veloc -itv ( -I: /~~)
I w

V Tangential velocity at body surface

x ,y , z Cartesian coordinates n-f point

Angle-of-attack

Angle of yaw

Y Vortex strength
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LIST OF SYMBOLS (Continued)

6 Boundary layer thickness

P Density of air

O Source strength

I Shear stress

I Local surface shear stress
w

Subscripts

- th
i i value

in Incompressible

ins Instability

- th
j value

L Local Value

1 Lower

trans Transition

t Turbulent

u Upper

5 c~ -.-


