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1. INTRODUCTION

Although Navier-Stokes solutions of aerodynamic bodies have become
fairly routine, their use is somewhat restrictive when highly accurate solu-
tions within the boundary layer are being sought. The grid point distributions
used here have to be relatively coarse due to limitations in computer
memory and speed. In addition, the necessity of having to add enthalpy
damping and other smoothing procedures further reduce the accuracy of the
solution. In contrast, the accuracy requirement of a three-dimensional stabil-
ity analysis indicates a finer grid point distribution and an algorithm that is
reasonably fast and efficient. Solution procedures for the three-dimensional
boundary layer equations are important in this context.

Numerical methods to solve the two-dimensional boundary layer flow
have been in wide use for design and analysis for the last 30 years. How-
ever, a corresponding development of three-dimensional boundary layer
analysis methods has not occurred on a large scale. The few 3D boundary
layer programs in existence are either proprietary or not used widely due to
their restrictive application. With the current emphasis on laminar flow con-
trol for wings and fuselages, there is a need for an accurate, efficient and
well-documented three-dimensional boundary layer procedure. The present
effort is an attempt at fulfilling this need.

The theory and numerical procedures used in 2D flow cannot readily be
extended to 3D flow due to the mathematical character of the governing
equations and their initial, boundary and geometric requirements. The
hyperbolic character of the 3D boundary layer equations implies that there
are regions of influence and dependence that must be correctly treated
when solving on each stream surface plane. The initial data plane to start
the calculation is obtained by solving a special subset of the 3D boundary
layer equations applicable at the stagnation point or attachment line, from
where the boundary layer originates. In addition, a side boundary such as a
symmetry plane or a plane of zero spanwise variation has to be provided.
In the boundary layer normal direction, the solution is obtained implicitly
similar to the 2D boundary layer solution.

The 3D boundary layer equations are computationally much less expen-
sive to solve than the Navier-Stokes equations due to a number of reasons.
One reason is that the first-order boundary layer equations employ a number
of simplifying assumptions, the chief of them being that the pressure is con-
stant normal to the boundary surface. Another reason is that the boundary
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layer grid has less storage requirements and is easier to generate. The
boundary layer grid is essentially an algebraically generated non-orthogonal
surface grid. The grid in the normal direction { is orthogonal to the (&, n )
surface grid. The grid storage requirements are thus limited to approxi-
mately 6.im.jm compared to 13.im.jm.km in a 3D Navier-Stokes computa-
tion. The boundary layer computation however, also involves calculation of
the inviscid flow which requires only a coarse grid in the surface region.

The 3D boundary layer equations proportionally involve more effort in
formulation. The equations are usually transformed to new flow variables
and coordinates. These transformations are necessary to reduce the boun-
dary layer growth in the computational plane. For laminar flow, the transfor-
mation provides a grid of nearly constant normal distance at which the invis-
cid conditions are applied. Transformations are also necessary to remove
singularities in the boundary layer equations present at the stagnation loca-
tion.

When used in a design procedure, repetitive runs of a Navier-Stokes
code will be very expensive. In the boundary layer approach, once the
inviscid results are generated, repetitive runs of the boundary layer solver
can be made rather inexpensively. For example, if one is interested in
optimizing wall suction rates, it can be done interactively using a boundary
layer code. Since the boundary layer solution uses a marching method, cal-
culations can be confined to zones of interest as in, for example, the study
of boundary layer stability near a wing leading edge or a fuselage forebody.

The present boundary layer solution method employs a compact
differencing scheme in the wall-normal direction to achieve fourth-order
accuracy. Solution profiles are fourth-order accurate in the { direction since
the two components of velocity and their normal gradients are solved for
simultaneously and implicitly. The solution in the stream surface directions §
and 1 is accurate to the second-order. The algorithm used is such that wall
and edge boundary conditions are easy to apply and do not compromise the
fourth-order accuracy.

The present report also addresses the issue of accurately providing the
interpolation interface between the inviscid results and specification of the
boundary layer edge conditions. In this interface program, attention is
focussed on correctly interpolating quantities from the inviscid grid to the
boundary layer grid. Errors in interpolation or in the calculation of the metric
terms will degrade the accuracy of the solution and could be very detrimen-
tal when applied to boundary layer stability analysis. The interface provides
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the means by which these sources of error can be carefully monitored and
minimized.

The program in its present version is limited to attached laminar flows
with perfect gas assumption. The formulation includes a provision to incor-
porate basic eddy viscosity and transition parameters. Turbulence model-
ling is however not included. The energy equation is non-dimensionalized
using an arbitrary reference total enthalpy value which should facilitate the
inclusion of real gas effects externally. The program incorporates a number
of wall boundary conditions such as normal mass injection, wall heat transfer
or temperature. The method is applicable to supersonic flow with leading
edge shocks if conditions downstream of the shock are used as free-stream
conditions. Alternately, if conditions upstream of the shock are used, the
boundary layer edge temperature or density values need to be specified in
addition to the pressure, by means of an inviscid solver. Variable entropy
effects are not considered. Boundary layer interaction with the external
inviscid flow is also not included in the present work.

The present program is applicable only to flow cases where the boun-
dary layer assumptions are valid. Solving laminar attached flow on wings
and fuselages at moderate angles at aftack is the main objective of the pro-
gram. With an appropriate turbulence model, the method is valid for tur-
bulent flows as well. Separated flows and vortex-dominated flows in which
viscous-inviscid interaction dominates, cannot be solved by the present pro-
gram. Flows near wing-fuselage junction and wing tip are not of the boun-
dary layer type and are excluded in the present calculation. Such regions
must be solved by a subset of the Navier-Stokes equations of higher order
than the boundary layer set.

This report includes an Appendix providing details of the computer pro-
grams. A number of test and validation cases have been presented and
explained in the report. The organization of the different programs have
been presented based on the UNIXT operating system. However, there are
no system-dependent features in any of the source programs and they
should be readily adaptable to any system equipped with a FORTRAN com-
piler. Option exists to use either the Sl or the US system of units. Graphics
programs are necessary to monitor the results at intermediate and final
stages. The information provided in this report should be adequate to write
graphics programs as required.

T UNIX is a trademark of AT&T Bell Laboratories
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2. SYMBOLS AND ABBREVIATIONS

A =14 Coefficients in transformed continuity equation
aj, i=13 § differencing coefficients
aff Coefficients of discretized system
Bi =16 Coefficients in transformed & momentum equation
b =17 n differencing coefficients
bl Coefficients of discretized system
G Skin friction coefficient
Ci ic16 Coefficients in transformed n momentum equation
Cij, =13 j=1.8 Metric coefficient terms, see Table 1
Cp Pressure coefficient
h
Crs Stagnation point flow parameter, h‘?"
2'e
Ci i=1.4 € differencing coefficients
Di, i=15 Coefficients in transformed energy equation
F Ratio, u / ug
f Velocity gradient, %5;-
T Any arbitrary function
G Ratio, v / v,
g Velocity gradient, g—;
g Metrics function, § = h2h? - g2, see Table 1
dio Metric coefficient
*2
U,
H Total enthalpy nondimensionalized by —
(F-1)MZ

Hyef Reference total enthalpy
h, Metric coefficient in x direction
h Metric coefficient in y direction
| Normal derivative of H
i Index in &
im Total number of grid points in &
j Index in n
jm Total number of grid points in n

Index in {
ke Stretching constant for { direction grid distribution

km Total number of grid points in {
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Normal () derivative of F
Reference length, dimensional
Ratio, P

eMe

€
Ratio, | (1+—l:—r)

. €2
Ratio, | (1+TI‘)

I
°
Normal (£) derivative of G
Free stream Mach number
Non-dimensional pressure
Free stream static pressure

£
Ratio, — (1+—-21)
H Gt

Solution vector

Total velocity, nondimensional

Heat flux

Wall heat flux, dimensional

RHS terms of discretized system

Gas constant

Reference Reynolds number based on L
Free-stream Reynolds number based on L

Reference temperature for viscosity calculation (eq. 18)

Vector of unknowns at k (eq. 119)

Non-dimensional length along x, j'h1 dg
0

n
Non-dimensional length along vy, jhz dn
0

Non-dimensional temperature
Free stream static temperature

Reference temperature, u_/R’

Boundary layer thickness in the x direction, dimensional
Boundary layer thickness in the y direction, dimensional

Streamwise (&) direction velocity

Cartesian component of inviscid flow in x” direction
Free stream velocity

Crossflow (n) direction velocity

Cartesian component of inviscid flow in y” direction
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w Transformed normal velocity

w; Cartesian component of inviscid flow in w’ direction
Wy, Wall injection velocity, dimensional

w Nondimensional physical normal velocity multiplied by \Re
X Nondimensional streamwise coordinate

x’ Cartesian coordinate

y Nondimensional crossflow direction coordinate

y Cartesian coordinate

z Nondimensional normal coordinate

z Cartesian coordinate

z z muttiplied by VRe,qf

Greek Symbols

o Angle of attack

Ol Surface tangent angle

O Block-tridiagonal element in sub-diagonal location
B Angle between x and y coordinate lines

Bk Block-tridiagonal element in diagonal location

Y Ratio of specific heats

Y Block-tridiagonal element in super-diagonal location
A, An, AL Step sizes in the &, m, € directions

o Solution change at each iteration

5 Displacement thickness, dimensional

€ n differencing switch variable

€1,Ep Turbulent eddy viscosity in x,y directions

€H Turbulent viscosity term in the energy equation
€ Convergence limit for the momentum equations
£ Convergence limit for the energy equation

C Transformed normal coordinate

n Transformed crossflow direction coordinate

0 Density ratio, %

A Sweep angle

u Nondimensional viscosity

He Viscosity constant (eq. 17)

Hyof Reference viscosity at T,y

£ Transformed streamwise coordinate

p Nondimensional density

Peo Free stream density
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Superscripts

*

Subscripts

qx|—.—-°

ref

< x 5 ~

x

Y
1

2

(- -]

Abbreviations

ATT BL
BL

CFL
INF BL
LHS
LINF
N-S
RHS
S.E.

- 7.

Prandtl number, laminar

Prandtl number, turbulent

Shear stress

¢ transformation parameter, v(poleS1Ug)
Ue

PeMeS1
Blending constant for & differencing

€ transformation parameter,

Dimensional quantity
Derivative in the { direction

Boundary layer edge
Index in € direction
Index in n direction
Index in { direction
Reference value
Reference value
Turbulent value
Wall quantity

x direction derivative
y direction derivative
along x direction
along y direction

X direction

y direction
Free-stream quantity

Attachment Line Boundary Layer
Boundary Layer
Courant-Friedrichs-Lewy

Infinite Swept Wing Boundary Layer
Left Hand Side

Locally Infinite Swept Wing
Navier-Stokes

Right Hand Side

Surface Euler



S/R
SIMBL
STG BL
SYMBL
2D

3D

3D BL

Subroutine

Similarity Boundary Layer
Stagnation Boundary Layer
Symmetry Line Boundary Layer
Two-Dimensional
Three-Dimensional
Three-Dimensional Boundary Layer
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3. THE 3D BOUNDARY LAYER EQUATIONS

We start with the three-dimensional compressible first-order boundary
layer (3D BL) equations in a curvilinear non-orthogonal system. The Carte-
sian coordinate system is referred to by (x’, y’, 2" ) and the curvilinear sys-
tem by ( x,y, z) (see Fig. 1). The coordinate lines x and y are on the body
surface and, in general, need not be orthogonal. For example, the boundary
layer grid on a wing may consist of x coordinate lines defined in the chord-
wise direction over the wing surface and the y coordinate lines defined in the
span direction along constant percent chord lines over the wing surface.
The third curvilinear coordinate z is chosen to be mutually orthogonal to both
x and y. The superscript * refers to the fact that the body is defined in terms
of physical dimensional quantities. At a later step, the length quantities will
be nondimensionaiized by a reference iength L.

The boundary layer grid is basically a surface grid. In the body-normal
direction, it is assumed that the grid consists of planes parallel to the surface
grid. This assumption yields a great simplification in that the 3D grid is com-
pletely definable in terms of a surface grid.

The 3D BL equations in physical units consist of the continuity equation,
the momentum equations in the x and y directions and the energy equa-
tion. These have been presented by several authors (Ref. 1 and 2, for
example) and are given below:

w a w % a . w
——a.(CnPU)+——.(C129V)+C13—7(PW)=0 (1)
ox ay oz

u' aU. V' au* L] au' *2 * w2
— =+ ——+W—+Cpu +CpuVv +Cpev =
hy ax'  hp ay oz ® 28

1 op ap 1 9 { }
— |C —+C - |+ —— 1+—r—— 2
[27ax 288y o W " )z (2)
U' aV. V' av. taV' *2 P *2
—_——— o ——— + W ——+ Cgyu + CguVv +Cggv =
hy ox°  hp gy oz 3 % %

op_ _.B_ 1__6_{ 1__r‘ av} 3
> [037a +C338y]+p. - W+ )a (3)
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* * + =
hy ox°  ha oy 0z
19 JoH .1-0,9 ,q°
—— ; 4
paz{az 6)82(2)} @

Cartesian frame
of reference

Fig. 1 3D BL Coordinate System Definition

The coefficients hy, h, and C;; relate to the metrics of the transformation
from (x',y’, 2’) to (x,y,z). The symbol q" refers to the absolute velocity.
The quantities €, €, and ey are explained in the next section.

Non-Dimensionalization of 3D BL Equations

The equations (1)-(4) are made non-dimensional by dividing the dimen-
sional quantities by corresponding reference quantities. The reference
quantities are as given below:
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x,y,z by a reference length L’

u,v,w by free-stream velocity u,q = UL,

p by free-stream density pos = po.

P by petice

T by Tret = Ua/R’

H' by H,e; choice of Hyy is arbitrary

i by e, Where L1, is the absolute viscosity at T,y

The reference Reynolds number is then defined as,
Reye = Peclcl /hbres (5)
Re,qs is different from the free-stream Reynolds number Re,,
Re.. = pou_L /p.. = Re g/, (6)
The non-dimensionalization results in a Re,e factor in the viscous terms. A

new stretched coordinate z and a new normal velocity W are defined to
absorb this factor.

2=z +Re, ; W=wJRey (7)

The resulting non-dimensionalized equations are given below (the super-
script * has been dropped to denote non-dimensional quantities):

0 0 0
"-)—X‘(Cnpu) + W(Cmpv) + C13¥(PW) =0 (8)

au i" Wég" <+ C24U + CzsUV + Czsv =

h1 X 2 0y oz
C _E+C P 190 f‘.rﬂ’_
p [ 27 3% 2say] o {M(HLL ) - (9)

Uodv v ov ov
h1 aX + ——a—y— + W'gi' + C34U2 + C35UV + C36V2 =

1|90 .~ op| 10 & ov 10
5 [C:s?ax'*'Css ay]+ > 5 11+ ur) ~ (10)
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u dH v oH waH

h1 ox h2 ay 0z

*2

o Jp,  8Ho oH Us 1-06,9 ¢

9 JhqyHOpoH = 9 11
gl o e Hrefll( o 1572 (11)

1
p

The equation of state, p’ = p'R'T" reduces to the non-dimensional form,

The equation for total enthalpy, H' = %T'+ v2q" reduces to,

2
U,
H=— —YT—+‘/2q2 (13)
Href Y_1
The choice of H,¢ used hers is,
w2 2
. Un, a_.
Hyet = 2 = (14)
(r1)MZ 1

With this choice of H,, the total enthalpy at free-stream conditions H.. can
be obtained by substituting free-stream values in Eq. (13). Also, since total
enthalpy at the boundary layer edge is assumed to be a constant, Hg = H...
Hence,

Ho=He =1+ LInM2 (15)

The non-dimensional temperature at any point in the boundary layer edge
can be obtained as,

He 1.0
- _ 16

It can be seen that as M., — 0, H., and H, — 1. However, T, — 0 as
well, resulting in large values of T = T /T, Since in the present formulation,
H is used as the solution variable in the energy equation, there are no
numerical inaccuracies even when solving extremely low Mach number
flows.

The Sutherland law of viscosity for air ( y=1.4 ) is given by,
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w__*1.5

T

b= (17)
be = 2.27x10°8 2 58C _ 4 458,106 :12 S:fz
S’ =198.6 °R = 110.33 °K
In non-dimensional form, the viscosity law becomes,
p=T 2 ;s=TSr‘.ef (18)

Viscous Terms

The present analysis is for laminar flow only. However, in order to pro-
vide for basic turbulent flow closure, the equations include an eddy viscosity
and a transition parameter. The laminar term in the x momentum equation
10 du
— —— u—.—
poz| oz
parameter I such that the viscous term is represented by,

€
19 u(1+ff‘)—3§}. Modelling of € and I is not dealt with here, but is

is modified by a turbulent viscosity term €; and a transition

p oz

however, provided for in the formulation. Similarly, the viscous term in the y

momentum equation includes an e, as in 19 u(1+— )ﬂ . The
P 0z K oz

energy equation is modified to include the turbulent Prandtl number o, and a

turbulent viscosity term gy resulting in the term, -&(1 + )aH
p 82 H 0't 0z

The transitional parameter I" and the eddy viscosity terms ¢, , €, and ey are
set to zero for laminar flow.

Metric Coefficients

The components of the covariant metric tensor associated with the
transformation

xt - XQ ( x’n’ y’a’ Z" ) ’ yt — yt ( x’.’ y"’ Z,t ) , Zt — Z- ( X’n, y,t, z,t ) (19)

are given by the following expressions (the superscript * can be dropped
since the non-dimensionalization by L" does not affect the transformation).
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a . )2 3 , )2 37 2
S N A S

_gq. X X 3y 3y 97 oz
921=912= 550 T ox oy T ax oy

a,2 a,2 a,2
- |9X. 9y 9z
gzz_[BV]+[BVJ+[BV]

O33=1, 023=032=013=9g3 =0

The metric scale coefficients hy, h, and h; are defined as,

hy = V811 = VX +20 (20)
h2 = ‘\)922 = VX;2+y;,2+Z;,2 (21)
ha =1

3= (22)

The component g4, is a measure of the angle § between the two surface
coordinate lines x and y.

912 = hihz cos(B) (23)

The coefficients hy and h, are measures of the arc lengths in the x and y
direction.

ds, = Incremental surface distance in x direction = hydx (24)

ds, = Incremental surface distance in y direction = h,dy (25)

The non-dimensional absolute velocity q at any location is given by,

q? = u?+v2+2uv cos(B) = u2+v2+2qug1% (26)

Although x and y are defined on the surface, it is not necessary that

they be measured along the surface (see Ref. 2, page 10). For example, in

the case of a boundary layer grid on a conically shaped body, x can be

measured along the axis. The metric coefficient h; will be dependent on the

way x is measured. If x is measured exactly along x, then ds; = dx and hy
will be equal to unity.

The coefficients C; in the equations (8)-(10) are functions of the metric
scale coefficients hy, h,, g1 and their derivatives in x and y directions. The
expressions for these coefficients are given in Table 1.
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Table 1. Coefficients Based on the Metrics h,, h, and g,

N=
Cy = ‘;?; ; g = hfhi-gh
Cip = g
hy
Ci3 = Vg
C.. - 912 |91 oh, R ohy 1 99y2
24 g |h2 ox 9y hy ox
2

R 912 ["fah dhy

cu = oo o 5 - 2052

{~ e ~ A )
it (¢} all all
Cog = 1{912 h 2 91w 2}

E oy % h, dy
h.h2
Co7 = - =
g
Cos = h4g12
g
c. - o [9g12 _h ohy  gip ohy
¥ 7 g lox ey hy ox

2
1 di2 doh, dhy
Cac = — =2 ||l = - —
35 g_{hﬂ"a [1"' [h1h2 ] ] I 2012 %

C.. - 912 /G120h dhy 1 dgsp
3 = 2 ov  ox P v
g h2 Y X h2 ay
Coy = h2g12
g
h#h
Cag = -2

g
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Pressure Gradient Terms

Consistent with the boundary layer assumptions, the pressure remains
constant in the boundary layer normal direction. Consequently, the pressure
distribution calculated from the inviscid flow can be used to calculate the
boundary layer edge velocities ug(x,y) and vg(x,y).

When the 3D BL equations are taken to the limit 2 — e , p — 0, the
resulting equation set is called the surface Euler equations (see also Ref. 3).
These equations characterize the edge streamlines resulting from a pressure
distribution imposed on a body in the absence of viscous forces and normal

pressure gradients. The energy equation reduces to H_ =H =1+ -7-_—1M,§

2
and the momentum equations become:
Ug du Ve OU 1 ‘
h—?a—: + T’% aye + Cpqu2 + CpsUgVe + CogVd = o 027394028‘8'&4 (27)
&i\f.e. + — Ve aV + C34U + C3 UgVy + ngV = —1"" C37_B+038_R‘ (28)
hy ox = h, dy ° STe’e " pe ox dy |

Given p(x,y) and initial values of u, and vy, the above equations can be
solved for the boundary layer edge conditions of u, and v, at all downstream
points.

Boundary Conditions

The 3D BL equations are parabolic in the normal direction z and hyper-
bolic in the stream surface direction (x,y). This means that information trav-
els instantaneously in the 2 direction and propagates in the local streamline
direction along planes parallel to the surface (see Wang4). A marching
method in the x direction is the appropriate choice to solve this class of
equations, with implicit solution of quantities in the normal direction. One
can also obtain the solution in the crossfiow direction y by marching. Spe-
cial procedures must be incorporated if the crossflow direction changes sign.
Consequently, an initial plane of data has to be specified as initial conditions
to start the marching method. This can be obtained from a special subset of
the general equations valid at the stagnation point or attachment line from
where the boundary layer originates. Similarly, a plane of data correspond-
ing to one side boundary has to be specified to start the solution march in
the y direction. This plane of data is also obtained from a subset of the 3D
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BL equations by making some simplifying assumptions.
The boundary conditions in the z direction are as follows:

z =0 (wall) u=0; v=0; W = W,, (suction or blowing velocity)
%2— = 0 for adiabatic wall or,
H = H,, = YM2T,, wall temperature specified or,

o heat flux at wall specified.
0z 'w

Z2 =2, (BL edge) U= Ug, V=V,

H=H, =1+ 3’-'2-1—M3
The total enthalpy remains a constant at the boundary layer edge. The
edge veiocities required as boundary condition are obtained by solving the
surface Euler equations. Alternatively, they can also be obtained by interpo-
lating the inviscid velocities to the boundary layer grid. In simpler cases, the
inviscid velocities can be obtained by closed form solutions.
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4. TRANSFORMATION OF THE 3D BL EQUATIONS

The boundary layer coordinate x is measured from the stagnation point
or the attachment line. At x=0, the x momentum equation becomes singular
for attachment line flow. If the body has a 3D stagnation point, the y
momentum equation also becomes singular. Therefore, transformations are
needed to remove these singularities, so that in transformed variables, the
solution becomes finite and regular in all regions. In addition, in terms of
physical variables, the boundary layer thickness grows as a function of the
edge conditions. The transformation can be devised so that this growth is
minimized, resulting in a nearly constant normal coordinate distribution.
Obviously, this growth is a function of the pressure gradient and the type of
flow (laminar or turbulent). We restrict ourselves to a transformation suitable
for laminar flow.

Here we choose a Levy-Lees type of similarity transformation somewhat
akin to the one employed by Vatsa and Davis®. Introduction of this transfor-
mation gives the similarity form of the equations at the stagnation point or
attachment line.

The transformation is given by,

E=x;n=y (29)
= wIp dz = —L1Jp (30)
= PaleSiUs ;W=\ —— =2 31)
9= VPotoSile  § W="\[ = mm =
3
s1=[hydt (32)
0

Note that although € = x, %
whereas, — is —| (holding m and { constant). Similarly, g—yl , and
X,

is actually %[ (holding y and z constant)
Y.z

a—l are dlfferent.
on &g

The subscript e refers to conditions at the BL edge. The quantity s,
corresponds to the non-dimensional distance on the body in the x direction.
It can be verified that, in the special case of zero pressure gradient flow,

Re..
Ug=p,=1, { reduces to the similarity variable -—;—jpdz. The
0
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transformation procedure involves the use of equations (29)-(32) in recasting
the equations (8)-(11) in terms of £, n and C.

Transformation of the Continuity Equation

The continuity equation (8) is first integrated to give,

2 2
0 d
CiapW =— 'a;£ (Cyypu)dz - WI (C12pv)dz
0
on using 222,96 9 09 _ 2 3
Transformation using oW a&_,* o 3C and 3y an+ay o gives,
z z
0 ) at
CispW =— — | (Cyypu)dz — — [ (C44pu)dz
13P agg(”p) C£(11p) ™
3 7 3 o
— = [ (CqppV)dZ — = [ (Cqypv)dz ==
ang(mp) 9C£(11p) 3y
s s
Substituting pdz = Pelte L4t and pet 196 gives,
g
PeMeS1 at 0 PelleS1 PelleS1 at
CqaW -=—|(C df-C
13 > o2 3t E[( = ) d€ — Cy4 x
4
0 PeHeS1 PeMeS1 9o
—311"!(% e(; ) dg — Cypv——>1 gyg'
Now let us define a new normal velocity w as given below:
w195 | __t;. + 51 G ag (33)
ue o2 ax h, ug oy
F = ulug (34)
G = Wy, (35)

The velocity u is scaled by u, and the velocity v by a reference velocity v,.
The reference velocity v, can be ug or unity. Choice of v, = v, may result in
large values of G near regions of cross-flow reversal and is to be avoided.
With the definitions of w, F and G, and noting that Cy; = C{3/h; and
Cy2 = Cya/hy, we get,

s
Cva,%l) dg

'—-nl‘t

g
PelleUe 0 PelleSqU e 0
Ciqg —mw=—— | (Cy4F———— - —
13 q) a ‘g( 11 ¢ a,” 5
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Differentiating with respect to { and simplifying gives the transformed con-
tinuity equation,

ow = oF % 7 0G

— = A, 36

The expressions for A; are given in Table 2.

Transformation of the x Momentum Equation

The left-hand side of the x momentum equation (9) is transformed as
follows:

iﬂ{+ vV_du ou

hy 9x * hy 3y V% + Cpqi? + Cosuv + Cogv? —
u,du du gg_ vV du oJu _g_ au _g;_ » ,
hy GE ot ax T hy Gam gy MW ooy + e T Casuv ¥ Casv

s
Muttiplication by —12 and replacing u, v by Fu, and Gv, respectively gives,
ue

Fs; dFu, N Gs,v, dFu, N 1 dFug | Fsy 5¢ N GSMQQ ﬁﬂg
hyu, 9§ h,u2 on Uy dg hy ox h, oy Ug 02
2
> S4q 2 V¢ S4
+ 024F §¢ + CstGVr"— + 02681G — = RHS. ("—'2‘)
Ug Ug Ug
The term in the square brackets is equal to w from equation (33). In fact,
the choice of w in the transformation of the continuity equation is based on
the transformation of the momentum equations.
The pressure gradient terms on the right-hand side can be obtained
from the surface Euler equations (27) and (28). Thus the term

9P 9P
ry [ 275t Czeay]

can be replaced by

Pe [Ue 9Us +Je Ve aUe
p |hy x  hy oy

+ 024U9 + C25U9Ve + C26Ve ]

When multiplied by , the pressure gradient term becomes,
e

S1 |ug dug Vg aue
u2 h1 ox h2 ay

+ Cpqu2 + CoglgV, + Czevz]
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Table 2. Summary of the Transformed 3D BL Equations

Equations:

W 2 F sc 3 3G .

X - A, 3 +A2F+A3an +A,G

2
%C—(hL—wF) - 81%2— + Bza%’\' +BgF2+ B,FG + BsG? + BgB
2

g—c(le—wG) - 018'8:—5 + 02% +C4F2+ C,FG + CsG2 + Cef

9 9FH . . 9GH

—a-c—(|3|—WH) = D1—a&— + Dg'a—n- + DsFH + D4GH + Ds

Transformation:

F=—
Ug
G=—~
Vi
oF ,
L—a—c =F
dG ,
M= 3 =G
oH
l=—=H
g
3
sy = [hydg
0
u
¢ = V(peuesﬂue) Y= 2
PeHeS1
£ =x
n=y
¢ 2 4
g = dz = wy(xy) |p dz
PeHeS1 i’;p W( y g

S s sy Gv
W= w19%  S1pof 51 EVrof
Ug 02 hy  ox h, ug dy



Coefficients:
~ —$4
A1 'h—1
- —S1 9 )
A —<{Cyy~
27 Cya0 aﬁ{ hy }
~ —S1Vr
A
3 h2ue
- -S4 9 Vi
A —A4C
47 Cyzp o { 130 haue }
BZ _A3
B S1_ e A+C
3 hiug 0F —AtL24S4
SyV, dUg .. SV,
B -A4+C
4 hzuez aﬂ 4Tves o
2
S1V
Bs = Cos—5
Ug
~B4 B4+A4
. , . 3G,
Be - Bs+B4Ge+BsGe+(B2+A3) W
Ci = —A,
C, = A
Ca4squ
C3 34°1Y¢
Ve
- S1 aVr
C4 —A2+S1035+-m—a—§—
- S¢V, Sy GV,
C —-AgC +
5 4 36 Ug h2ue an
C4 C4+~A2
Cs = CstA,
oG A, 0G?
Ce = —{01a—;+(02+'2_)w+C3+C4G9+C5G92

-292.

}
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T;ef Te
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Pe T
where, 0 = — = — 37)
p T (

s
The viscous term 19 u(1+—1") o multiplied by 1 is transformed to,
P oz L oz - ul

e

St 13 1 e Sy dte 96 13C
u2 p g w9 9z oz

Substitution of-—g- —P% _ roduces the viscous term to = 9 = oF where,
oz PeHeS1 g 18

pu el
= 1+ (38)
TR

I

Putting the different parts of the & momentum equation together and combin-

ing the 9 terms into one and with

Cld
oF
= — = F 39
L o F (39)
we get,
s;F2 ou, s;F gF svFG oy,
1L-wF -Fw’ + + -+ — +
5 iLwP) - hup 9& T hy 98 T huZ om
s4v,G F $1V7 2
—— + Cys/F2+C s—FG+C G
hou, am T 2451 25817 267,
S1 |1 dUs Ve U v2
—9— Cosvg + Cog—
60— DR + CaqUg + CasVe + Cos ™
oF

Substituting for —Fw’ by F ( + AF + 7\3% + A,G) from equation (36)

A= 3
and simplification gives :
) oF2 dFG
T - B By
The expressions for B; are given in Table 2. Note that the coefficient Bg in
the equation corresponds to the pressure gradient term. It can be obtained
from equation (39) by taking the limit { — < and using the relation,

= (hL-wF) + B3F2 + B,FG + B5G2 + Bg8 (40)

Y
3_‘2,‘00 = A2+A3—é—n'°; +A4Ve (41)

from the continuity equation (in the limit { — o).



-95.

Transformation of the y Momentum Equation

The y momentum equation is transformed in an identical fashion to the
X momentum equation. In this case, we multiply both sides of the equation

°1 9 93 2 3 a2
by o The > ' dy ' oz derivatives are transformed to % o

2 derivatives as explained in the case of the x momentum equation.

e

Finally, we substitute for the new normal velocity w and define I, and M as

sl
b = 22 (14 2 (42)
Pelle |38
G
M= =G 43
'3 (43)
Simplification and rearrangement of terms results in,
JFG 0G?2

+ C3F2 + C4FG + C5G2 + Cgb  (44)

C(IZM WG) = C1 8& +Cz a

The expressions for C; are given in Table 2.

Transformation of the Energy Equation

The left hand side of the energy equation is transformed to,

FusoH G aH . oH 3¢  aH ag Fue  aH ot Ow
hy % " hyan " 9 ez | 8L ax hy oL ay hp

Multiplication by (s,/u,) and substitution for w from equation (33) gives

Fsy oH s s1Gv,_aﬂ+w§_}_-|_
hy 9§ houg oM oC

The right-hand side multiplied by (s4/ug) simplifies to,

_a_IaH|1—<sU' .
C Sac’ o H;ef at-’
where,
lg = —(1+—-—r) (45)
H Ot
| = P (46)
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Using the continuity equation (36) and some algebraic manipulation gives,

-aa—c(lg,l—wH) - 01% + DzaTGn'i +DgFH + D,GH + D (47)

where | is the normal derivative of H

oH ,
| = _Ef = H (48)
The coefficients Dy to Dg are given in Table 2. The term Dg is unlike the
other coefficients in that it is not just a function of the edge conditions. It
depends on the variables F and G also. If the energy equation is solved
decoupled from the momentum equations, F and G are known quantities

and Ds can be calculated explicitly.

The ratio © can be obtained in terms of H and T, from equations (13) and
(16) as

Pe H 1 5 _ﬂ
0= "= [—T—-— 49
[(y—?)Mf, 21 ]YTe )

The viscosity ratio | can be expressed as below:

o _ l [us._rn.s] T;+S.
PeHe 6

T'+S e Pl
Simplification gives,
=gl |.5-_S__ S (50)
6+5 TeiTe  Te

The ratios 14, I, I3 are related to | as given by equations (38), (42) and (45).
For laminar flow, |=ly=l,=cl;3. The normal derivative of | (required subse-
quently) can be obtained by differentiation as,

I/ _ al _ 1+S S—-G e’ (51)

T 2 (302 Ve

Similarly, the normal derivative of 6 required at a later step is,

20 H’ 1
o = & = |8 _qqlXl 52
ag [(’Y—1 M2 a9 ] TTe ©2

The transformed 3D BL equations with a complete definition of all the vari-
ables and coefficients are given in Table 2.
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5. SPECIAL SUBSETS OF THE 3D BL EQUATIONS

The boundary planes required in solving the 3D BL equations are
obtained as solutions of degenerate forms of the complete set at the boun-
daries. The general equations simplify to 2D-like forms at these boundaries,
which can be solved independent of the 3D region. In some cases, the
quasi-2D form at a boundary is the result of some simplifying assumptions.
It is proposed here to present briefly the equations corresponding to these
cases. The following types of boundary flows are encountered:

Stagnation point flow (STG BL)
Symmetry line flow (SYM BL)
Attachment line flow (ATT BL)
Infinite swept wing flow (INF BL)
Similarity-type flow (SIM BL)

A brief description of the corresponding equations and their transformed
forms will now be presented. It is to be noted that after transformation,
these equations can also be expressed in the general form given in Table 2,
with some coefficients reducing to zero and some others taking on different
values. Hence, these equations can be solved by the general 3D BL solver
with appropriate edge conditions for each case.

A ol A

Stagnation Point Flow (STG BL)

The basic assumption is that the location of the stagnation point is
where the total inviscid velocity becomes zero on the body surface. The
stagnation point may be of the 2D flow type (example: near the leading edge
of an airfoil), or the 3D type (example: forebody of a fuselage at an angle of
attack). The body in this vicinity is assumed to have some degree of blunt-
ness. Starting of boundary calculations on a pointed body has to be

obtained from similarity solutions. Since ug =0 and v, = 0, the solution that
du ov

is sought are the W and a_y values within the boundary layer. Because of

the similarity-type transformation used for the stagnation point flow and the
general 3D flow, the solution profiles obtained from the stagnation point flow
can be used directly as initial planes for the 3D solution.

Both the x and y momentum equations are singular at the stagnation
point. Hence we differentiate the x momentum equation in the x direction
and the y momentum equation in the y direction to obtain equations charac-

du ov

terizing ™ and a—y



-28 -

The continuity equation with u = v = 0 reduces to :

ou ov dpW
C11P&‘ + C1ng +Cy3 vl 0 (52)
We define F and G for this case as:
f dug du

= — = N S — 53
F fy ' fe ox ' f ox (59)

aV av
G = —9— , = o ’ = —_— (54)

% Ty 9T

Equation (52) then becomes

PleF  P9G  opw _

(55)
h1 h2 02
Define a transformation,
2
{=v [pdz (56)
0
b (57)
Y= N panahy
Hence, % vp (58)
0z
Equation (55) is then transformed to,
Ph1ge opW '
= = 59
pF + o VP 0 (59)
hy h,
Define, w = W = — ypW (60)
PeMefe P fe
h.g
and G, = hzf: (61)
Equation (59) simplifies to,
%% = -F-C,G (62)

Differentiating the x momentum equation (9) with respect to x and setting
u=v=_0 gives,

2
Afa), 2 o2 f1fs e )l 1o B azu}
hy [ax] W T x {p [C27ax+0288y]}+ p o2 {u( " )azax
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equation to the limit 2 - « . Using the notatlons from equations (53) and
(54) we get,

5 F 0., %o & oF
—F2 + W,— = —f2+ 2 {u(1+—1I)<-
h, ® oz hi® p oz a 1 )az
Transforming a— to gz - yp and using equation (6) for w, equation (38) for

Iy gives

2, wOF _ g,9 4 9F
F+wac +3C('13§)
Using equation (62) for ow results in

aC

Fa "G_C' ~WF) = 2F2 4+ C,,FG - © (63)

Transformation of the y derivative of the y momentum equation by a similar
procedure gives
aG
— (I
t; 2ag
The energy equation (11) with u=v=0 reduces to

woH _19_ {.&(1 ——1")-—}
0z © 0z H Gt

-wG) = 2C, G2+ FG~C, 8 (64)

Transformation and simplification as before gives
wil = 20,
aC af ” ag

Application of the transformed contmuuty equation gives

C —( I3 aC -wH) = FH+C, GH (65)
The complete transformed system for 3D stagnation point flow is given in
Table 3. It may be noted that the equations are similar to the general form

with some terms equal to zero and some coefficients defined differently. It

2
, u
can also be seen that the general transformation { = 2 jp dz tends
peues1 0
fo
to the stagnation point flow transformation { = '\’ P jp dz asx—-0
eHe' "
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Table 3. Summary of the Transformed STG BL Equations

Equations:

ow 4 4
a—c = A2F + A4G

aa—c(hL—wF) = ByF2+ B,FG + Bgf
—g—C—(IQM—wG) = C,FG + C5G2 + Cgb
g—c(lal—wH) — D4FH + D,GH

Transformation:

- _ 0Ug du
T, e ox ox
aV av
G:—g— , = d ; = —_—
Je 9 = % = %
oF ,
L_BC—F
G
M=—= ’
18 G
oH
|=—=H’
¢
V= peueh1
§ = x
n=y
4
{ =vy[padz
0
h,
w = p
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Coefficients:
A1 = Aa = O
Az = ‘-'1
A4 = —Cr,s
B1 = Bz = Bs = 0
Ba = 2
B4 = Cr,s
Ba = 83+A2
B4 = B4+A4
BG = —1
Ci=C=6C3=0
C4 = 1
Cs = ZCF,S
C4 = C4+A2
Cs = CS+A4
Ce = Crs
D1 = —A1
D2 = —Aa
D3 = —Az
D, = -A,
D5 = 0
o=FP __H ., __H .
p YTQME YTeMoo
1= Pt _ G| S
PeHe 0+S
5= S
Tref Te
p - 1485 S0 o
2 (5+0)2 Vo
!
|1 = 12 = | ’ |3 = '(',"
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and (ug/s4) = (fg/hy). The general definition of F =u/u, tends to the stag-
nation point definition of F =1/, as x — 0. The solution G for stagnation
point flow translates to G in general 3D flow by the relation

G (3D BL flow) = G (STG BL flow) - (Vg / v, ) (66)

In the transformed system for STG BL flow, the only input from the
external inviscid flow is the ratio C,s. The value of C, ¢ =0 corresponds to
that of a 2D stagnation point flow (for example, flow past an airfoil at an
angle of attack). The value of C, = 1 corresponds to flow past an axisym-
metric body at zero angle of attack ( blunted cone, ellipsoid or any axisym-
metric body). Values of C,¢ in the range (0,1) correspond to flow past a
general stagnation point. For fuselage-type bodies at moderate angles of
attack (o < 6°), C, s = 1 is a fairly good approximation. In this case, F and G
solutions are identical. This avoids the difficulty of mapping the solution
from the stagnation point flow coordinate system to the general 3D BL coor-
dinate system defined on an infinitesimal circle around the stagnation point
(as discussed in Ref. 2, page 32).

Symmetry Line Boundary Layer Flow (SYM BL)

In many boundary layer flows, notably in flow past bodies of revolution,
lines of symmetry exist along windward and leeward planes. The flow along
the root plane of a symmetric wing-alone configuration also belongs to this
class. The solution along these planes can be obtained independent of the
3D region, and can be used as starting planes for y direction sweep in the
3D calculation. The crossflow velocity v, is zero in the symmetry plane;
however, the gradient of v, in the orthogonal direction is non-zero. The
quantities to be specified at the boundary layer edge are thus, the velocity
Ug and the gradient dv,/dy. The transformed equations for this type of flow
are discussed below.

Along the symmetry plane, the following assumptions are used:
(1) The grid is orthogonal at the symmetry line; hence x and y correspond

2 is not neces-

to orthogonal coordinates and gy, = 0. The derivative g;
sarily zero.

(2) The crossflow velocity v, is equal to zero; dv./dy = g, is not necessarily
equal to zero.

(38) The quantities u, p, p, hy, h, are even functions on the symmetry line,

i.e., their derivatives in the y direction are equal to zero.
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The metric coefficients C,, and Cz4 reduce to zero with the above

assumptions. The y momentum equation reduces to a singular form; hence
aC

3
ay
and is retained in the equation. The resulting equations are given below:

its derivative in the y direction is taken. The derivative % is non-zero

0 0
‘a;(thu) + hypg + h1h25;(PW) =0 (67)

h1 aX+ g+Waz+ ay

(i An_ ar.

: g2 190 4 1+82099
) ih1 ax h2 + ay ue +035uege}+ 5 az{ (1+ F) } (69)

u oH oH

1
+ —
hy ox oz p 0z

*

*2

€ U, -
9 JB 4y HOopnoH w(-=9)2_
0z | O HL Oy o0z Hyef G 0z

Y

The transformation of the above equations to computational variables
can be done in a manner identical to the 3D BL equations. In the present
case, however, G and w are defined as,

=9
G o (71)
P N _C.
w ue ~ ax (72)

The reference quantity g, can be chosen as ug or as unity. The transformed
system and related coefficients are summarized in Table 4.

The solution F and G from STG BL equations can be used as the initial
plane for the symmetry line flow. The solution G needs to be converted as
given below, due to differring definitions.

G (SYMBL) = G(STGBL). =2 (73)

Or
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Table 4. Summary of the Transformed SYM BL Equations

Equations:

3‘2’ A, 32 + AF +AG

8C (lL-wF) = aaFg + ByF2 + B4FG + Bgd

C 2_(ILM-WG) = cﬁgf— + C4F? + C4FG + C4G2 + C¢f
gc (ll-wH) = D, aggH + DgFH + D,GH + Dg

Fz L
= m
ov
G=3 - &,
o oy
oF ,
L= X =F
oG ,
M= 3 =G
oH
l=— =H
C
£
81 = Ih«]d&
0
u
6 = V(peues1ue) V= 2
PelleS1
§ =x
n=y
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Coefficients:

-s
A, = -h—1‘-
A, = Do 2hat)

ho g
A =0

9rS1
A = g
B, = A,
B, =Bs =B, =0

. Sy du
R TR
By = -A,
B; = Bg+A,
Bg = B,
C, = -A,
C2 =0
CS = aC~3431ue

d g
Cs = %2—%’ — A, + Cassy
Cs = -2A,
Cy = CgA, ; &5 = CstA,
Co = — — 99 5108 C350451

T h1gr a& - h2uegr I o
Dy, Dy, D3, D4 as in Table 2 (3D BL)
2

Uz
Ds = — (=2 [I'FL+I(L2+FL’)]
Href c

1]1p OF2 & ,
e 0L Iy +wL
L= {2 By +BaF+Bed-L I }

8,6, LV, 1y, 1y, b, I’, lg, lg’, asin Table 2(3D BL) with g2 = F2u2
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Attachment Line Boundary Layer Flow (ATT BL)

In the calculation of flow past a wing geometry, an initial plane of data
has to be calculated at the leading edge attachment line. This line is
located from the inviscid flow as a curved line on the body at which the
streamwise velocity is equal to zero. To a degree of approximation, this line
is coincident with the line at which the pressure is a maximum in the vicinity
of the leading edge of a wing.

The boundary layer equations for an attachment line are similar to the
symmetry line equations, with symmetry along a y coordinate line. There is
however, no symmetry in the metric coefficients and the grid need not be
orthogonal. The following assumptions are valid:

(1H)u=0; _a_g =f is a finite value.

ox
e ov
2 f — =0.
(2) v is finite but W 0
(3) The coordinate y is coincident with the attachment line.
_ ohy ohy
(4) The metrics g45 , —a—y— , a_y need not be equal to zero.

With these assumptions the continuity equation (8) reduces to,
d 0
Ci1pf + —(CyopVv) + Cy3—(pW) = 0 74
11P ay( 12PV) 1382(9 ) (74)

The x momentum equation reduces to a singular form on the attachment line
(assuming that C = 0 on the attachment line; fairly good if the attachment
line is not too curved). Differentiation of the x momentum equation in the x
direction and simplification yields,

v of

1 2 of aC26 2
—_——+ — — Cosfv =
h28y+h1f +Waz+ Ew vé + Cosfv

Vv, of oC
0 {—?-—9- g2y —2B 24 C25f9v9}+

0 €y of

The y momentum equation simplifies to,

Vg OV
lﬂ‘f‘W'al +036V2 = 9(—9 S

+ Caev2) +
h2 ay 92 h2 ay 36Ve )

d € v
_{u(1+71“) g } (76)

The energy equation becomes,
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*2
VoH goH 19 E i+ _G_r)aH - u,: H(1 =9, d (_) (77)

hy oy 3 PIzZ|C WO 32 Hy O oz 2

The transformation used here is similar to the 3D BL transformation,
already discussed. The following distinctions are to be noted:

Z
c:wgp dz = AhT jp dz (78)
P s y=A—e o 79)
¢ = VPeleN 11y y Y= Peueh1 = ¢

The transformation defined here is exactly compatible with the the 3D BL

u |
transformation since s_ - h—° as x — 0.
1 1

The normal velocity w has a new definition given as,

1_§ 9
w s h Gay (80)

The complete transformed set of equations for attachment line flow is given
in Table 5. The reference value for v can be chosen as the gradient f,.

Infinite Swept Wing Flow (INF BL)

This type of flow is typical of the flow that occurs in the mid-section of a
large aspect ratio wing at constant sweep angle. The flow at any chordwise
section is assumed to be the same as the flow at any other chordwise sta-
tion. If we define the boundary layer coordinate x along the wing surface in
the streamwise direction and y along the wing surface parallel to the leading

edge (see Fig. 2), then g—y quantities are assumed to be zero.

For a non-tapered wing, for example, if A is the sweep angle and o, the
surface tangent angle, the metric quantities simplify as given below:

N _ AP SN
% cos (o) X o ; ™ sin (o)

£=sin(A) ;QL = COS (A) ;aa—il =0
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Table 5. Summary of the Transformed ATT BL Equations

Equations:

i(hL—wF) - Bz—ag—G + BgF2 + B4FG + BsG2 + Bgd

2
9_(,M-wG) = C, aaf] + C4FG + CsG2 + Cgb !
GH

S lab-wH) = D

+ DgFH + D,GH + Dy

Transformation:

_ ou/ox
o 0Ug/0X

z
f
C=v fpdz ;ys= °
IP v pe“eh1

h1_§_ h1VrG__§
s 02 hofy oy

V2

;0= (fopeklohy)

Coefficients:

A1 = 0

A2 = -1

~ h1 V,
A3 - h2fe




T -
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B, =0
B, = — A,
By = 2
B, = :;;;2' % + Czsv,r;—: - A,
Bs = 1v_,2%
f2 9
Bz = Bg+A,
B, = B,
B = - | Ba+B,G,+B:G2 |
C, =0
C, = - A
Cs = 0
Cy = - A,
hy odv, . hyv
Cs = CutA,
Cs = Cq
Cq = -csee-%% a;e
D, = 0
Dy = -Ag
Dy = A,
D, = - A,
U 1-o
Ds = —— v2( ) [I’GM+I(M2+GM’)]
Href c

1|1~ 0G?
M’ — | —C 2 ..’
n [ > C, an +C5G+Cg0+M(w Iz)}

6,0, L1 Iy, 1y, In, I, I3, Iy, asin Table 2 (3D BL) with g2 = G3v?
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Fig. 2 Nomenclature Used for Infinite Swept Wing Flow
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From equations 19 thru’ 22, we get,
h1 = 1 , h2 = 1 v 910 = sin (A) Ccos (ac)
The metric coefficients listed in Table 1 simplify as follows:
Cit = Ci3 = Vg = V1-g%
Cos = Cp = Cg5 = Cz6 = 0

J12 9912 1 9912
Cog = —— =~ 1 Cy=—-——

g ox

The 3D BL equations simplify to the following form for infinite swept
wing flow:

0 d

5;((311PU) + C13’a;(PW) =0 (81)
u Jdu Jdu 2 e OUg > 19 €4 du
—_— _— = 0 (— —_— —I)— (82
hy ox +Wa + Cpouu 9(h1 3 + Couul ) + > oz {u(1+ll )az }(8 )
UV, v 2 _ gl e 2y, 12 1 4,203
hy ox + Wa + Caqu 0 (h1 % T Caqug ) + ™ p(1+ I I) ™ (83)

The edge velocities ug and v, may be obtained, for example, using the clas-
sical sweep theory. According to this theory®, the inviscid velocity distribu-
tion past an infinite swept wing (ISW) is analogous to the flow past an airfoil
section normal to the wing leading edge at a Mach number M., cos (A),
where A is the constant sweep angle. If we define ug,p as the non-
dimensional inviscid velocity distribution on the equivalent airfoil (referenced
to the free-stream velocity, M., U_, cos (A) ), the edge velocities on the
infinite swept wing are given by the sweep theory to be,
Ue 2DCOS (A)

B 85
e [cos? (o) cos? (A) + sin? (a)]™ (85)
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Ve = sin (A) [1—cos (o) U] (86)

For the calculation of the side boundary plane of solution on wings with
taper, it is possible to relax some of the above assumptions. In this case, u,
and v, are not related to a constant sweep angle A, but rather obtained from
a 3D inviscid calculation. The variation of ug and v, in the y direction is
however, neglected. Since the inviscid velocities are not related to a single
sweep angle, this approach — called locally infinite swept wing assumption
— comes closer to the real flow in the case of tapered wings. In addition,
the metric h; is not assumed constant in the y direction and the metric h, is
not assumed constant in the x direction. In this case, the coefficients Cos,
Cos, C35 and Cgg will be non-zero. Corresponding to this, the LHS of x
momentum equation will have the additional terms Coguv + Cogv? and the
LHS of the y momentum equation will have the additional terms
Casuv + CagV2.

The transformation of the equations to computational coordinates can
be done in the same manner as described for the 3D BL equations. The
resulting equations and expressions are summarized in Table 6. The extra
terms arising from the locally infinite swept wing (LINF) assumption are
shown enclosed in boxes.

Infinite Swept Attachment Line

The initial conditions to solve the infinite swept wing (ISW or LINF)
equations can be generated by solving the infinite swept attachment line
equations. These equations are obtained by setting 9 /on terms to zero in
the general attachment line (ATT BL) equations. The resulting equations for
infinite (locally or otherwise) swept wing attachment line are as given below.

g_vgv = -F+|AG ; Aj=- g::f;a 1o (C43/hy) (87)
-g—c-(hL—wF) = 2F2 4+ B,FG + ByG? + B¢f (88)
By =-A4 + Cpshyv/fy ; Bg=h, a;;:,g v2/f2 i Bg = —1-h1czsee-h13§fieg
g—C(I?_M—wG) = FG + C5G2 + Cgb (89)

~ hyv,
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Table 6. Summary of the Transformed INF BL Equations'

Equations:
ow _ 5 oF l~ “'l
a_c A1 ag + A2F + A4G
2
gC (I, L-wF) = 3188—2- + ByF2 + [B4FG + BsG9+ Byp
aac (LM-wG) = C, agée + CaF2 + C,FG +C5G2 + Ceh
9FH
BC Splal-wH) = Dy 5 + DFH + [D,GH]+ Ds

Transformation:

F=Y
ue
G=-Y2L
= v
oF ,
L= 3 = F
0G ,
M= " G
oH
l=— =H
g
€
S1 = J‘h1d§
0
u
0 = V(PeleS1Us) : W = 2
PelleS1
§ = x
n=y
0 2 z
= - dz = wy(x, dz
C PelleSq '(’;p W( y) '([p
w198 | _Q
ue 0z ax

T Boxed terms are non-zero only for locally infinite swept wing



icients:
fficie
Coe
_ 1 1}
A1 - h1s1 0 {013h1
_ E ’
: : Ci3 }
Ay = C1:;Vr . {hz
1 —
" Ciale on
A4 = ~ s1
S1
B = i, o i
—; Casy-
—A4+
B4 _ S1Vr2
= Cog W2
Bs = -
= Bs+’~*2
BS — B4+A4 G +BSG9
B4 _ {~ B4 e
Bs
Bs =
_A1
" C3451Uq §
= v, . a0
Ca A2+ 1C35‘+h—1v:
C4 : 51 r
Ag+Caq ™
Cs = |
o, +CsG2
o Cs+A, -
-1c, %
CG = .
= A,
D, - >
D, =

- 44 -
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D4 = —A4

_ Y 12 [ 1,0 o
% 2ac{" s ’acq}

Ds, 6, 0, 1, I etc. as given in Table 2 (3D BL)
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*2

0 - . U, 1-¢, 0
2 (I~ = - = —y ’
ac‘a wH) FH —-|A4,GH|+ D with Ds H;ef( - ) o (IGG") (90)

The terms in boxes are non-zero only if locally infinite assumption is used.

Similarity Boundary Layer Flow (SIM BL):

Similarity solutions are necessary to initiate the solution in cases where
there is a flow singularity. Usually this involves a sharp-edged or sharp-
tipped body such as flat plate, wedge or cone. Some aerodynamic bodies
can be approximated by one of the above near the stagnation region.

Solution does not exist in physical variables at the singularity point;
however, profiles can be generated in transformed variables. The similarity
transformation is a sub-set of the present transformation and hence, for such
type of flows, the solution is independent of the & direction. Flows with
streamwise pressure gradients such as subsonic wedge and cone flows are
also self-similar due to the transformation. The similarity BL flow equations
are either 2-D or axisymmetric. Dropping the & and n direction gradients in
the 3-D formulation results in the equation set and coefficients given in
Table 7. The coefficients A,, B; and Bg are the edge parameters of impor-
tance. Depending on the type of flow, they are evaluated as given below.

Flat Plate Flow:

For the case of flat plate, ug=h=hy=1, poue=1 and i‘?—=o, resulting in,

s
A __ X O —=a__1 o _An__% .-R8-
A2 - r_——Pelng aé [ PeHeX] = 5 Bg = D3 = A2 s 86 0

This formulation is also valid for supersonic wedge flows if conditions down-
stream of the oblique shock are specified as free-stream.

Supersonic Flow Past a Cone of Half-angle a,:

This axisymmetric flow additionally involves the metric h, which is a
function of £. If the free-stream conditions correspond to conditions down-

stream of the shock, then,
Ug=pgllg =1 ; hy= 1 ; hy=7r;, where r, = local radius = § tan(ay,)
e ' Cos(oy,) ' i

With & being measured along the cone axis, s;=h, & Under these condi-
tions,
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Table 7. Summary of the Transformed SIM BL Equations

Equations:
oW .

— = A
ot = hef
0

a_C(HL—WF) = B3F2+ BG

g—c(lsl—wH) = DgFH + Dg

Transformation:

u o oF ,
F=— ; Ll=—=F

Ug C
H oH
H=—— ; I=—=H
Href aC
u
¢ = V(peMeSile) ; W = °
pe”es1
3
s¢ =[hndE; E=x;m=y
0
o 2
C = dz = wy(xy) |p dz
PelleS1 gp M '(l;
S
Ug 02 hy ox
Coefficients:
5 _ St o) _D _ Sy Uy
2 h1h2¢ ag ' 3 3 Ug aé 2

~

~B3 = Ba+A2 ; Be = —B3

*2
u.
Ds = — u92(1_6) [I’FL+I(L2+FL’)]
Href G
L = Il "'L|1,+WL}
1

0,8, 11,1y, Iy, Iy, I, asinTable 2 (3D BL) with q? = F2y2
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s,Cos(oy)

= — ———— —[ar\PeteS
ar, ,———peues1 a&l iVPeMeS1]
Simplification results in, A, = - % ; By=D3g=-A, ; Bg=0

The factor of 3 for A, between flat plate flow and supersonic cone flow is
related to the V3 factor employed in Mangler's transformation.

Subsonic Flow Past a Wedge with Included Angle B,,:

The inviscid flow near the stagnation point follows the rule, ug = u; X™,

where u, is a constant and m depends on the angle of the wedge as given
2nm

by, By = 1 The expressions for ¢ in the { transformation takes the
form,
m+1 gisa
0 = \ T3 VPaheli 812 @1

The coordinate & is measured along the surface; hence, hy=h,=1 and s;=¢€.
The coordinate § can also be measured in the flow direction; the metric hy
will then be different, but the expressions for A, and B, remain the same.

A, is then obtained as, A, = % glé =— m_2+1_

In the above, pgli, is assumed to be constant with respect to §. Flat plate
flow corresponds to m=0; m=—13— corresponds to 3D stagnation point flow

with C, s = 1 and m=1 corresponds to 2D stagnation point flow.

Subsonic Flow on Cone-tipped Bodies:
The conditions here are identical to subsonic wedge flow; additionally,
the axisymmetric influence is brought in through h,.
h, = nr; = & tan(ay,) € Cos(oy,) = wt & Sin(ay,)

m+3 and

Substitution in the general expression for A, yields A, =-

Ba-_-s(%u. Three-dimensional stagnation point flow with C, =1

corresponds to m=1, in this case.
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6. REVERSE TRANSFORMATION

Once the solution is obtained in computational coordinates ( &, m, {) in
the form of transformed variables F, G, F’, G’, H, H’, w and 6, there is need
for a reverse transformation by which the solution and profiles can be
expressed in physical quantities. It is also necessary to calculate quantities
such as boundary layer and momentum thickness values, skin friction
coefficients, streamline angles, velocity profiles, temperature profiles and
heat transfer to the wall in physical units. For transition and turbulence cal-
culations, derivatives of u’, v, T in x', y, 2 coordinates are also of interest.
The reverse transformation for the general 3D case is discussed in the fol-
lowing pages. The following quantities are assumed given:

O & F G, H,w, 8,11, Iy, I3 and their normal derivatives are known as part
of the solution.

O & 1M, Ug, Vi, Te, Pes Hes Ny, ho and g4, are the known edge conditions and
assumed constant for a given profile.

O U., Tren, Hye @and L', s and Re,; are the known reference quantities.

In the general case of transformation from (x,y,2) to (&, m, {), the
gradients of any function f in the transformed coordinates is given by,

fe Xe Ye Ze| |f
bl = PanZn) |y
f]  Ixeoyo z] [

The reverse transformation is given by,

fx Ex M Cx fE_,
bWl = & ny & |}
f, & M G| |k

For the present 3D BL transformation,

E=x ;n=y
4
= y(x,y) gp dz

o _ Ug
PeleS1 PelleS1

yxy) =
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The following conditions are valid:
X§=§x=Yn=ny=1
y§=§y=xn=ny=0

Since the two square matrices are inverses of each other,

102@ 10 & 1
01z| lo1¢gl=o
00z| [00¢ 0

o =+ 0

0
0
1

From the above, we get the following relationships:

9% _ I 92
> - PV 2z (92)
8
o _ _9z 9
™ % 2 (93)
-a—z;- = — £ . ig. 94
oy om oz (44)
SN 0z ;
The quantities E and —a-h— correspond to the boundary layer growth rates in

the physical plane in the two stream surface directions and can be obtained
from the solution. Finally,

fx 10 —2§Cz f§
= [01 28] | (95)
fy 00 wp ] [k

It may also be noted that f, = Re f, from equation (7).
For example, —g—:— , the streamwise velocity gradient in physical units can be
obtained as,

' _ o Yo _ uo[Fu, 23@]

ox’ ox L L' | o o9& 9z o

u., [oFu 3z
= — _ age — VRe g ue\;fpa—g F]
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The righthand side terms are completely known from the solution and g_u
X

can be calculated.

The boundary layer thickness t;,p is defined as the normal distance z at
which (u/ug =p. For example, t;’o_gg is the boundary layer thickness
corresponding to u = 0.99 u,. From the transformation we can write,

* gx.p gx,p
* L 1 * u’es1
tp = ——— —dl =L _— 6d 96
o = iieg |7 % T N e [ 0% O

where {, , refers to the { value at which F is equal to p. Similarly,

* cy'p gy.p
* L 1 * ues1
t,, = ———— —dC=L‘\’—————-—-——— 6 d{ (97)
v yVRe g P PeUsReret '(').

where , , refers to the { value at which G is equal to ( p ve/v, ) .

The displacement thickness in x direction is defined as,

& = [(1-£%)a7

0 Pele
_f(q_F, 3
1St Yo oo
= L' |—— 6-F)d 08
[peUeReref] g( )t 9

The momentum thickness in the x direction is defined as,

6, = !-P—”—U——“-)dz'

Pele Ug

oS % oo
=L |—= F(1-F)d¢ (99)
[peueReref ] g

Similar expressions can be written for 8; and 9;.

The following transformations can be obtained from the basic definitions.

u = Fuyu_ (100)



vV = Gv,u, (101)
T = 0T, T (102)

N . Ve
q = u, [F2u§ + G2 + 2u v, FG g12/ (hy hy ) ] (103)
p = 6pgp. (104)
W o= 01 e (105)

4
* * HeS4
z =L'\/— 0 d (106)
peueReref g

The skin friction coefficient C;,_.. is given by,

c _ 2 Ty _ 2 . aU'|
fx—eo — w2 s . w2 Mw— ~lw
0z

In terms of computed quantities, this can be written as,
Hw = liw Ow Mo Mref

ou' u.usVRe et oF u_, )
—w = —e—re—a'z"lw = —LTUeVReref\VPw F'w

oz v L’

and hence, GCiy. =

u lyw F’ 107
\/ﬁa;\lf ePeMeliwhlw ( )

The skin friction coefficient C;,_, based on the edge conditions is given by,

2 1, C xeo
Cixe = — = = —= (108)
pezue2 Pelle
The skin friction coefficients in the y direction are given by,
2
Civo = v b w G’ 109)
fy m Y Vi P Hg 2w Gw (
C —00
and, Cpyo = —2 > (110)
peue
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The boundary layer normal velocity w' is of interest in flows where mass
injection or suction is employed at the wall. In such cases, w,, the value of
normal velocity at the wall is to be specified as a boundary condition, which
in turn has to be calculated from w,,, the physical suction or injection velo-
city. From equation (33) we get

St 90 Si . Ve dt | Ye oz
= - —F -_ — Ll
w [W h1 oX h2 G Ug ay S4 BC

Substituting for w, %E— and %&- we get,

W'= U; u ._VLE..FLQ_'_G Vr E
VReref ° S4 ac h1 aa h2u9 aﬂ

The normal velocity at the wall is given by,

(111)

*

. UoUg W, u_ u
w,, = e w 1 peuee(ﬂ)w (112)

VReer St VPw VRer ¥ St P

The heat flux at the wall is given by

e dT WG . 9T) 3L
AQw = kwaz- - G Trefac waza,w

Substitution and simplification gives,

* !2
. * ll fu°° , 1
Gu = = = I Tola, O'upekioRerey (113)

A positive heat flux indicates heat flow in the positive z direction. The gquan-
tities 'y, and H’,, are related by the expression (see also eq. 13),

H'w
e oo

0w
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7. DISCRETIZATION OF EQUATIONS

The two transformed 3D BL momentum equations (equations (40) and
(44)) are:

o , oF oF?2 oFG
5 — (4= 5" wF) = B, % B, . * BsF2 + B4,FG + BsG? + Bgf
9 , 9G oFG 0G?2
T — (b= 3 wG) = C, % +C, el C3F? + C4FG + CsG? + Cg8
To represent these equations in a vectorial form, define a vector G as,
%{-—WF
3G l{L-wF
lo—-wG
293¢ LM-wG
d= e = E (114)
~ G o/ G

The normal derivative of the vector can be obtained from the momentum
equations. The first two elements of @’ thus correspond to the RHS of the
momentum equations.

r B

B, aaFg +B, aaF G, B,F2+B,FG+B.G2+B0

JFG G2
C1 ai +C2 aT] TUSF +C4FG+05G +C66

a = L (115)
M

- o

Q" can be obtained by differentiation as:

r -

281g-é-FL+82§—n(FM+GL)+283FL+B4(FM+GL)+285GM+BGG’

C1g—g(FM+GL)+2CQ-§—GM+2CaFL+C4(FM+GL)+205GM+066’

1.9 co.o nd (116)
——[—81 2t - F +52Ga—F + B3F? + B,FG+B5G2+Bg0+L(W—1")]

g& G+ Cza—G2 + C3F2 + C4FGC5G2+Bg0+M(w-15")]

i[c1F
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The first two elements of G” are obtained by taking the { derivative of the
first two elements of &'. The last two elements of Q” are obtained by
expanding the LHS of the momentum equations and rearranging to get
expressions for L’ and M".

For example, from the x momentum equation,

'1 L,+L|1’—WL—FW, = RHS
)+~ (Fw +RHS )

The term Fw’ is then substituted by the continuity equation (36) and
simplified.

Discretization in { Direction

The indices i, j and k are used to denote grid locations in the £, n and {
solution space. The solution of the equations is obtained implicitly in the {
direction and explicitly in the & and m directions. Hence, the discretization
procedure for the { direction can be discussed independently of the other
two directions. Assume for the present that for any function f, the partial

derivative ' can be written as (a; f;+ (af} ), where {af} is a symbolic

oG
notation for the weighted sum of the function values at other known loca-
tions. In a 3-point upwind differenced formulation, {af} = af,_y; + asf 5.
The coefficients a,, a, and ag etc. depend on the grid distribution. Similarly,
—% for the present will be represented as by fi; + {bf}. The details of &
differencing and n differencing formulations will be dealt with at a later
stage. For the present discussion on ( differencing, we are only interested

in the profile at a given (i,j) location.

A finite difference approximation accurate to fourth order in ¢, for uni-
form or non-uniform spacing is used here. The O(A{*) procedure allows the
use of substantially fewer mesh points normal to the wall boundary than
traditional O(A¢?) procedures for a specified level of accuracy. A two-point
compact scheme is used which is accurate to O(A{%) for uniform or non-
uniform grids (see also Ref. 7). At each point midway between k and k-1,
the following equation can be written (AL = {1 ):

2
d- G, - %Q [G'k + CS',H] + —Aé— [d"k ~ 6"k_1] +0(A% =0 (117)
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The vector equation given above consists of 4 equations involving the
unknowns ( F, G, L, M) at locations k and k-1. If km is used to denote the
total number of { direction grid points, then the above discretization can be
applied to (km-1) pairs of points yielding 4x(km-1) equations in
4xkm unknowns. The additional 4 equations are simply the no-slip boundary
conditions F =G =0 at k=1 (wall) and F =1, G = vg/v, at k=km (BL edge).
Thus, the solution of a profile at a given point (i,j) on the body reduces to
the inversion of a system of size 4xkm. It will be shown below that the sys-
tem is in a block triagonal form with km number of (4x4) block equations.

The equation (117) is first rewritten in the following form for conveni-
ence. To fourth order accuracy,

G — iy - 64Tk = co8kt” — e — cTy” = 0 (118)

where, Cy=Co=Al2 ;Cy=-AL%12 ;c4=AL%12

As an example, let us consider the first element of equation (118). The
complete expanded form is as below:

(1L — wF), — (4L — WF);

oF2 oFG
- ¢iB +B +BF2+BFG+BG2+BG}
1{ 1 ag 2 a,n 3 4 5 6 .
oF2 oFG
{81 aé + 82 aT] + B3F2 + B4FG + BSG2 + Bse}k—1
oFL 0 ,
— C342B—— 3t + By— P —(FM+GL) + 2B5FL + B4(FM+GL) + 2BsGM + Bgb
K

- 04{281 aan;L BQ%(FM+GL) + 2B4FL + B4(FM+GL) + 2BsGM + Bse'} -0
k-1
Since we are interested only in { differencing at present, the -aE and i—

derivatives can be replaced by using the symbolic notation. We can also
drop the i,j indices for convenience resulting in,
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(L — wF) — (1L = WF)y4

— ¢ {81[a1 F2+(aF2)] + By[b;FG+{bFG}] + BsF2 + B,FG + BsG2 + B0
k

- c2{51[a1 F2+(aF?}] + B,[b{FG+{bFG}] + BsF? + B,FG + BsG? + B¢b
k-1

- c3{2B1[a1 FL+{aFL}] + B[b;(FM+GL)+({b(FM+GL)}] + 2B4FL

+ B4(FM+GL) + 2BsGM + Bse’}
k

r
- 04{281[a1FL+{aFL}] + By[b(FM+GL)+{b(FM+GL)}] + 2B;FL

+ B4(FM+GL) + 2BsGM + Bee’} =0
k-1
The above equation in non-linear in the unknowns F, G, L and M. The
equation is linearized by using Newton'’s linearization with successive itera-
tion to a converged solution. If we denote by n, the current iteration
number, the non-linear terms at iteration level n can be approximated in
terms of quantities at level (n-1). For example, F2 is linearized as,

F2= (F,_4 + 8F)? = F2, + 2F,_,8F
where, OF = F,-F,_4

OF is the iterative update that is required at each iterative step. As another
example, the linearization for FG takes the following form:

FG = (F,_1+8F) (G 1+8G) = (FG),_y + F_10G + + G_10F
where, 8G = G, - G,_4
The other non-linear terms in the above equation can be linearized in a simi-
lar manner. The complete linearized system (corresponding to the first ele-
ment of the system of equations given by eq. (118)) is then as given below.

We drop the iteration level index (n-1); all the known quantities in the fol-
lowing equation correspond to the (n-1)th iteration level.
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[ ly(L+OL) — W(F+06F) ], — [ l4(L+3L) — w(F+8F) },_1

- C {81[a1 F2+2a,F8F+{aF?}] + Bo[b;FG+b,F8G+b,;G5F+{bFG}]

+ B3[F2+2F3F] + B,[FG+F8G+GSF] + B5[G%+2G8G] + 869}
Jk

- c2{81[a1 F2+2a;F3F+(aF?}] + B,[b FG+b,F8G+b G8F+{bFG}]

+ By[F2+2F8F] + B4[FG+F3G+GSF] + B5[G2+2GSG] + Bee}
k-1

- 03{281[a1FL+a1 FoL+a L8F+{aFL}]
+ B,[by (FM+GL)+b4(FOM+MOF+G3L+L3G)+{b(FM+GL)}] + 2B5FL

+ B4(FM+GL+F3M+MOF+G3L+LSG) + 2B5(GM+GM+MSG) + Bse'}
k

- 04{281[a1FL+a1 FdlL+a,LéF+{aFL}]
+ By[by (FM+GL)+b{ (FOM+MSF+GSL+L3G)+{b(FM+GL)}] + 2B5FL

+ B4(FM+GL+FSM+MSF+GSL+L3G) + 2B5(GM+GM+MSG) + Bse'} =0
k-1

The unknown quantities in the above equation are,

OFk_1 OFy
s 3Gk s oGy
= = 119
k-1 8Ly and, Sy 8Ly (119)
dM,_4 M,
L E L g

Let us denote the coefficient of 8F,_; by al,. The first subscript 1 refers to
the fact that this coefficient belongs to the first element of equation (118).
The second subscript 1 refers to the fact that this coefficient corresponds to
the unknown 8F. The integers 2, 3, or 4 in the second subscript position
refers to it being the coefficient of 8G, SL or M. The superscript k denotes
that the coefficient belongs to the discretization at k and a point just below it.
From the above equation, we can write down a,4 as,
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aly = wy_1—C[2F(a,B1+B3)+G(b1B+B)].1~C4l2L(a: B1+B3)+M(b;By+B )1

Let us denote by by, the coefficient of 8F,. This coefficient can be written
as,

b¥y = Wi—¢4[2F (a,B+B3)+G(b1By+B4)lc-Cal2L(a;B1+B3)+M(b1By+B,)]c

All the other coefficients can be similarly derived. Note that ‘a’ refers to
coefficients of §k_1 and ‘b’ refers to coefficients of §k. The same procedure
can be repeated for the other 3 equation elements. The discretization thus
yields 16 coefficients of the type aﬁ‘m and 16 coefficients of the type b,‘fm
corresponding to the { differencing between k and (k-1). All the terms which
are not functions of S,_, or S, can be taken to right hand side. The RHS
coefficient r¥ for the present case is then,

rf = = (il — WF) + (L — WF)q

+ Cy {81[a1 F2+{aF?}] + B,[b{FG+({bFG}] + BsF2 + B,FG + BsG2 + B¢
k

+ Cp1B4[a;F?+{aF?}] + B,[b;FG+{bFG}] + BsF2 + B,FG + B;G2 + B¢ .

+ 03{281[a1 FL+{aFL}] + B,o[by(FM+GL)+{b(FM+GL)}] + 2B5FL

+ B4(FM+GL) + 2BsGM + 869’}
k

+ c4{2B1[a1FL+{aFL}] + B,[by (FM+GL)+{b(FM+GL)}] + 2B5FL

+ B4(FM+GL) + 2BsGM + 869’}
k-1

Similar expressions can be arrived at for rk, r§ and rf. The linearized
system thus reduces to the form,

(a)}(aSkt + (B}fSk = [k (120)

The 4x4 matrices of {a},,, {b};m @and the 4x1 vector [r], are listed in Table
8.
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Table 8. Coefficients of the Momentum Equations

Discretization at (k+'2) with AL = {4
Cq4 = A§/2 y Co = AC/Z , Cg = —AC2/12 y C4 = AC2/12

All quantities evaluated at iteration level (n-1)

ay1 = Wi_1—C2[2F(ayB1+B3)+G(D1B+By)lk_1—Ca[2L(a1B1+B3)+M(b1Bo+Bg)lk-1
a1, = —Co[F(b1By+B4)+G(2Bsg)Jk-1—C4[L(b1B+B 4 HM(2B5)]k_1

a13 = —(l1)k1—C4[2F(a4B1+B3)+G(b1B+By) k1

a14 = —C4[F (01B2+B4)+G(2Bs)]k_

¢ = —C2[F(2C3)+G(a;C1+C4)lk-1—C4[L(2C3)+M(a1C1+C4)lk-1

app = Wi_1—Co[F(a1C1+C4)+2G(b1Co+Cs)lk_1—C4lL(a1C1+C4)+2M(by Co+Cs)lk1
apg = —C4[2F(C3)+G(a1C1+Cg)lk_1

a4 = ~(I2)k-1—CalF(21C1+C4)+2G(b1Cx+Cs)]ic_1

ag1 = ~1-C4/(l)_1[F(@:B1+2B3)+G (b1B+B,)lk_1

g0 = —C4/(l1)k_1[F(B4)+G(2Bg)+B,(b; F+{bF})]k_4

agz = —C2Cy/ (I )1 [W—1"1] i1

a34=0

a41 = —C4/(lo)k_1[F(2C3)+G(C4)+C1(a,G+{aG)))k_1

a4p = ~1-C4/ (1)1 [F(@:C1+Cq)+G(b1Co+2Cs) 1

a43=0

844 = ~Co—C4/(l2)k-1[W—1"2]i_1

D11 = Wi=C1[2F (a4 By+Bg}+G(b1B+B,)[k—Cal2L (a1B1+B3)+M(b1 B2+By)lk
b1z = —C1[F(b1Bx+B,)+G(2Bs)]—CalL (D1 B+B4)+M(2Bs)]i

by3 = —(I1)x—Ca[2F(a1B1+B3)+G(b1Bx+B )]k

b4 = —Ca[F (D4 By+B,)+G(2Bs) ]

bay =—€4[F(2C3)+G(a1C1+C4)l—CalL(2C3)+M(a; C1+C )l

b2 = Wi—C1[F (@4 C1+C4}+2G(D4C+Cs)lk—CalL(a1C+C4)+2M(b1 C2+Cs )k
bag = —C3[2F(C3)+G(a;C4+Cy)lx
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b24 = —(I2)k—C3[F(a1C1+C4)+2G(b, C+Cs)lg
by = —1—Cq/(I1)[F(a1B1+2B3)+G(b;Bo+B,)
bap = —Ca/(I1)[F (B4)+G(2Bs)+B,(b; F+{bF )],
bag = —C1—Ca/(ly)[w—1'1]

bag = 0

bay = —a/(IK[F(2C3)+G(C4)}+C4(a;G+{aG))],
bsz = —1—C4/(Ip)k[F(a;C1+C4)+G(b; C+2Cs))k
bag = 0

bas = —C1—Ca/(I2)uW—1"2)k

kK -0 1y ey o e
U | -_ \I‘Ih V1 ,k T \|1l.- wi ’k_1

+ {81[a1 F2+{aF?}] + B,[b;FG+(bFG)] + B4F2 + B,FG + BsG2 + BSO}
k

+ 02{81[a1F2+{aF2}] + By[bFG+{bFG)] + B3F2 + B,FG + BsG2 + Bse}
k-1

+ c3{281[a1FL+{aFL}] + Bo[by (FM+GL+{b(FM+GL)}] + 2B5FL
+ B4(FM+GL) + 2BsGM + Bse’}
k

+ c4{2B1[a1FL+{aFL}] + By[b; (FM+GL}+{b(FM+GL)}] + 2B4FL

+ By(FM+GL) + 2BsGM + Bse'}
k-1

r¥ = - (ILM- WG), + (LM — WG),_,

+ Cq {01[a1FG+{aFG}] + Cy[b;G2+{bG?)] + C4F2 + C,FG + CsG2 + Cse}
k

+ 02{01 [a:FG+{aFG}] + Cy[b;G2+{bG?)] + C4F2 + C,FG + CsG2 + 069}
k-1
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+ 03{01[a1(FM+GL)+{a(FM+GL)}] + Cy[b1G2%+{bG?}] + C,4F?

+ C4(FM+GL) + 2CsG? + Bee'}
k

+ 04{01[a1(FM+GL)+{a(FM+GL)}] + C,[bG%+{bG?}] + C4F?

+ C4(FM+GL) + 2C-G2 + 869'}
k-1

rg = -F+F_q+ciliq+coly

+C3/(|1 )k{1/2B1 [a1 F2+{ aF2 }]+82G[b1 F+ { bF }]+~B3F2+B4FG+BSG2+BGO+L(W—I 1 ,) }
k

(e {‘/281 [a;F%+{aF?2)]+B,G[b,F+{bF}]+B;F2+B ,FG+BsG2+Bg0+L(w-1;") }
k=1

ry = -Gi+Gy-1+c1My_s+CoM

+c3/(I2)k{‘/202[a1 G2+{aG2)]+C,F[b;G+({bG}]+C3F24+C FG+CsG2+Cg0+M(w-1,") }k

+Ca/(lp)—1 {‘/202[a1 G2+{aG?}]+CF[b,G+{bG}]+CaF2+C ;FG+CG2+C 0+ M(w—1,) }
k-1
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Discretization of the Energy Equation

To simplify the solution algorithm, the energy equation is solved decoupled
from the momentum equations. The discretization of the energy equation in
the € direction can be done in a manner identical to the momentum equa-
tions. The transformed energy equation (equation (47)) is given below:

d oFH oGH
a7 (s-wH) = D55 + D% + DFH+D,GH+Ds  (121)
The @, @ and G vectors in this case are as given below:
oFH o0GH
[ISI_WH] ﬁ [D1 aa +D2 aT'l +D3FH+D4GH+D5
STLUH T I J
D15 (FI+HL)+D2§n (GHHM)+Dg(FI+HL)+D,(GHHM)+D’s
d/’ —
Lip,pd 0,68 oH - +DgH(W-I)]
a3

Application of the { differencing formula, equation (118) to the above system
yields two equations in H and I. The coefficients of this system consists of
F.G,L and M which are known at iteration level n, since they are solved
decoupled. The equations are therefore linear in H and I. lteration is how-
ever required since F,G,L and M are not the final converged values. As an
example, the first equation of the discretized system is as follows:

(Ial = wH), — (Ial = wH), 4 —

~ ¢ {D1[a1FH+{aFH}] + Dy[byGH+{bGH}] + DgFH + D,GH + DS}
k

- 02{01[a1FH+{aFH}] + Dy[b;GH+{bGH}] + DgFH + D,GH + Ds}
k-1

- Cy {D1[a1 (FH-HL)+{aF (FI+HL)}]+D,[bs (GHHM)+{b(GHHM))}]

+ D3(FI+HL)+D4(GI+HM)+Ds’}
k

- c4{D1[a1(FI+HL)+{aF(FI+HL)}]+D2[b1 (GHHM)+{b(GI+HM))}]
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+ D3(FI+HL)+D4(GI+HM)+D5’}

k-1
Here we solve for H and 1 at each point k, rather than the solution change at
each iteration, 8H and &l (note that the system for the momentum equations
was set up to solve for the & values). This is because there is no need for
linearization in this case, and hence solving for H and 1 directly yields a
simpler system. Defining the unknown vectors as,

H_ H
Sy = [Ikk_j and, 5, = [I:]

one can now write down the coefficients corresponding to the system,
(a)knSict + (B}fS¢ = [Mf
For example, a%‘z, the coefficient of I,_; from the first equation is given by,
12 = —(l3)k-1=C4[F(a1D1+D3)+G(by Dx+D4))k-1

The coefficients {@}|m, (b} m and [r]¥ are listed in Table 9.

Boundary Conditions for Momentum Equations

The { differencing presented above is a two-point fourth-order accurate
scheme. However, the application of the { direction boundary conditions
results in the discretized system being block tri-diagonal. The details of this
feature are presented below.

The discretization at each mid-point of a solution profile at a fixed x and
y location yields 4x(km-1) equations in the 4xkm unknowns, {§k}k=1,km.
The remaining 4 equations to close the system are obtained from the con-
straints at the wall and BL edge. These correspond to 8F, =0, 8G; =0 at
the wall and &F,,, = 0, 3G\, = 0, assuming that the initial profile used is con-
sistent with the no-slip conditions of F; = 0, G; = 0 and the edge conditions
of Fyn=1 and G, = v¢/V,. An alternate boundary condition at BL edge is
dLym =0, My, = O corresponding to the edge gradients being equal to zero.
However, since the initial profile need not satisfy this condition exactly to
fourth-order accuracy, this alternative is not preferred. The boundary condi-
tions are thus easy to implement and do not compromise the fourth-order
accuracy of the method.
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Table 9. Coefficients of the Energy Equation

Discretization at (k+%2) with AL = {,—{,_,

Ci = AL/2 , ¢ = AL2 , ¢35 = -APN12 , ¢4 = ALZ12

F, G, L, M are from the solution of momentum equations at iteration level n
Coefficients are corresponding to the system,

(a}fmSict + (b}$Sk = [N

Hie1

H
where, S, = [Ik_1] and, 5, = [Ik]

ay1 = Wy_1—Cp[F(ayD4+D3g)+G (b D,+D y)]c1—C4[L (a1 D4+D3)+M(b1Do+D )]
842 = —(I3)y_1—C4[F(a;D1+D3)+G(b1Dp+D )l
ap¢ = —1-C4/(l3)k1[Fa;D4+Gb, D]y _;

A2p = —Co—Cy/(l3)y_1[W—I"3)k_1

by1 = Wi —¢4[F(a;D4+D3)+G(byDo+Dyg)Jk—CalL(a;D1+D3)+M(b; Dy+D,)]y
b12 = ~(I3)k—C3[F(a1D4+D3)+G(b1Dx+D,))
byy = —1—c4/(I3)([Fa;D4+Gb, D,

bas = —C4—C/(la) W [W—"3]k

ry = ¢4[D{{aFH}+D,{bGH }+Dg)+co[D4 {aFH}+D{bGH}+Ds],_1+
c3[D4 {a(FH-GL)}+Dy{b(GHHM)}+Ds ], +
C4[Dy{a(FHGL)}+D5{b(GH-HM)}+D5 ;1

r2 = C/(l3)[D1F {aH}+D,G {bH}+Dg]y+C4/(l3)-1[D1 F (aH}+D,G {bH}+Dg]i 4
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At the wall, the boundary conditions of dF, = 0, 8G; = 0 with 8L, dM,
as the unknowns shifts the discretized equations down by two rows. A block
tri-diagonal system is produced as a result. Fig. 3 shows the structure of
the block-triagonal system near the wall boundary. The sub-diagonal, diago-
nal and super-diagonal blocks oy, Bk and v, are given by,

Ak ok ak Ak ]
ayfy A2 43 Qg2
k ok ok ok
apy app azz Apg
%“=10 0 0 O
|0 0 O 0]

[k k k k |
biy by biz by
Kk Kk Kk K

by ba bz bl
Bk= k+1 k+1

k+1 k+1
dzy a3 4z azg
k+1 k+1 k+1 k+1
as7' agz asz azq |

[0 0 0 0]
0O 0 0 ©

%= lokit bis! blg! bl

K+l kil ki1 okt
bsT" b3’ bgd’ by |

The system can thus be represented as:
St + BiSk + %Sket = &

Note that B, involves quantities at K, k-1 and k+1; o involves quantities at
k-1 and k; vy involves quantities at k and k+1. The RHS vector of the
block-triagonal system is of the form,

.
b= [ i o o]

The boundary conditions at the wall and BL edge modify the diagonal block
and the RHS vector resulting in,

(1 0 0 0]
0 1 0 O
39]1 acgz 33}3 39]4

By =

2 2 2
341 Az af gy |



-67-

walsAg paziesosi(] ey} jo elnonus feuobelp-ug xoolg €614

ﬁmc, r m , - m N ¢ Y m 3 ed
s ENQ e the e e 0O 0 0 O 0 0 0 O v=A
o 10 oo |%e 2ol | 0 0 0 of |0 o o o] *
T o 2q €q %q 'Za| |Y%e e e 'Ze 0 0 0 O
. m: _ rmn_ﬁ ,enpn mmn Nm—D —m—nL .vmm mm-m Nmm —mm‘ | 0 0 O o‘ .H“
2=
ﬁw, g a %a¥q e (He e e e [0 0 o O
& 210 oo |9 Fa%a'fa [FeFege el |0 0 0 Off
|N.a N.ww 0 0 0 o |"a%q %q '%al |'Fe Fe Te ‘e
4] 78] 0 0 0 0] |%a%a%aa [%e %e %' ¥ ed
2=y
[ 4] [t (0 o o o [7a%a%aqkd (e e e e | =
2 bQ eee | 0 0 0 o |9 %a %aq 'fql |7Fe Fe fe MfE| |
oT "o o 0 0 of [O0 0 O g 0  off0d
o e 0 00 o LO 0 0 o0 0 0 o 1| M
L v




bk bl bl b

b5" b5 bAT bAT
Bem=11 o0 o0 o

| O 1 0 0 |

T T
8 = [0, 0,1 r? ] ; Sm = [r1k"‘, 5™ 0, 0 ]

Boundary Conditions for Energy Equation

Two types of boundary conditions at the wall can be specified. If the
wall is insulated or adiabatic, zero heat flux condition at the wall is
prescribed by setting I,=0. If the wall temperature or heat flux is
specified, then the corresponding H,, or |, is calculated from equation (13)
or equation (113) and used in the RHS vector §,. If I, is specified, the B,
and §; blocks at the wall become,

o 1 . Iw
P et ek MR

If total enthalpy or temperature distribution is specified, the corresponding B,

and 8, would be,

3 1 0 s Hw
The BL edge boundary condition of H,,, = H, (see equation (15)) modifies
Bkm and Jy, blocks as below:

ol big o
Brm = 1 0 b Om = H,

Discretization of the Continuity Equation

The continuity equation is solved explicitly assuming that F, G, L and M
values are known. The equation can be integrated starting from the wall
using the fourth order scheme. The transformed normal velocity w,, at the
wall is required to start the integration. This can be calculated using equa-
tion (112) from a specified mass injection or suction rate at the wall, (pwW),
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The integration is performed using the following formula:

2
Wy = W_q + %(w'k+w'k_1) _ A W, y) L k=23, km  (122)

12
<~ oF « ~ d0G <
where, W = A;— + AF + A.— + AG
1a§ 2 3an 4
» = oL < ~ oM <
and w =A1_E)—§-+A2L+A3_511_+A4M

Normal Grid Exponential Stretching

The { transformation takes into account the laminar boundary layer
growth. Usually, £,=8 is sufficient. However, for turbulent flow, with the
present transformation, the boundary layer edge may extend as far as
Ce=100. A stretched grid may be of advantage in such a case.

For incompressible zero pressure gradient flow, a uniform distribution of
points in { produces a uniform distribution in z" with correct scaling (propor-
tional to Vx) for boundary layer growth. For compressible laminar flow with
pressure gradient, the distribution obtained in the physical plane will be
different.

In either of the above two situations, if a different normal grid distribu-
tion is desired, this can be provided by using an exponential stretching
parameter, k. Since the normal differencing is basically a 2-point scheme,
fourth-order accuracy is obtained for stretched grids as well. The stretching
parameter is defined as,

(123)

As an example, the table given below gives the minimum and maximum
grid spacings resulting from different values of the stretching parameter k,.
The values of {, and km are assumed to be 8.0 and 41 respectively. The
grid distances next to the wall and the boundary layer edge are tabulated.
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ke | AL (k=2) | AZ (k=km)
1.0 0.2 0.2
1.005 | 0.1812 | 0.2201
1.01 | 0.1636 | 0.2412
1.02 | 01324 | 0.2867
1.05 | 0.0662 | 0.4440
1.10 | 0.0181 0.7437

Discretization in the & Direction

The BL solution is obtained by a marching scheme in the & direction.
Hence all 9 /0§ quantities at a given location (i,j) can be written explicitly in
terms of quantities at (i,j) and known values at (i-1), (i-2). For second order
accuracy, a three-point upwind differencing formula is used. For example,
the streamwise gradient of F is approximated by,

oF
a—ﬁli,j = ay Fi,j + as Fi—1 Jj + as Fi—2,j (124)
The coefficients ay, a, and ag depend on the grid distances,
AGi=Gij— &y
Ay =& qj— &
They are given by,
ar = (A7 - A& 42 /A
Az = Aéi—1 .j2 /A
A=AG AL 4 (AG;+AGy;)
When i=2, the first order formula is used with,
a1=1/A88=1/(8& -8 ) ; a=-A% ; ag=0

A blending function w is provided for transitioning from the first-order
scheme to the second order scheme. For example, if the differencing is to
become second order at i > i,, then,
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w=0fori=2
w=1forizi,

W= (|—2)/(|2—2) for i2 >i=2

%E—' = o [second order formula] + (1-w) [first order formula]
bj

Referring to our earlier short notation,

{aF} = as Fi—1,j + dg Fi—2,j

Discretization in the n Direction

In order to provide flexibility in formulation, the differencing in n direc-
tion is designed to include a number of points surrounding a given location
(i,j). The points included in the finite difference formula are,

At level i: j, -1, j+1 (denoted as points j, j1 and j2)
At level i-1: i j¥1, j+2, j-1, j-2 (denoted as points 3, j4, j5, j6 and j7)

j
F
(b7) (b6) (b3) (b4) (b5)
i-1,j-2 -1,] i-1,j+2
19 _______ j% _______ Jg------..j?. ______ j-g Level i-1
i j j2
O--mmmmmr O ------ O Level i
i,j-1 i i,j+1
(b0) (b1) (b2)

The finite difference formula is written as,
oF
an

Some of these coefficients bg,by,..,.0; may be set to zero to represent

different schemes.

| = boF + byFj + baFjp + baFjs + bsFjg + bsFis + beFig + byFi7 (126)
]

The present method is based on an explicit march in the n direction.
Since the method is not implicit in n, b, will be zero for a positive n direction
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sweep and b, will be zero for a negative n direction sweep. For the case
called Krause zig-zag differencing (‘Z’ scheme), in which a positive n direc-
tion sweep in used, the coefficients are:

1 1
by=—— ; bp=— ——
"Toam T 0T 2an,
1 1
by =- ; by=
3 2AN44 4 2AN;44

b2=b5=b6=b7=0

(127)

The An-s are grid distances defined as below,
ANj=Mj=Mjy 5 ANy =M — Mj2
ANy =Mjqg = Mj 5 AN = N2 — Mjeg

The five point differencing formula used by Tassa® et al. is an implicit
cross-flow dependent differencing scheme. The finite differencing molecule
is rotated depending on the local sign of v. This type of differencing can be
used when points on the entire i line are solved simultaneously (i.e., implicit
solution in m) and is used here in solving the surface Euler equations. The
coefficients for this case are as given below:

(b7) (b6) (b3) (b3)  (b4) (bS)
i7 B BB B
< R S T
N el RTTTeTe
v>0 (b0) ' (b1) (b1); (b2) v<0
O------ o) &----- 0
i1 j J j2
v>0 v<O
by = 1/An, by == 1/AN;44
by =- 1/A1’]j b, = 1/AT]j+1
b2=b4=b5=0 b1=b6=b7=0 (128)
bs = 1/(An; + An;_4) bs = 1/(Anjy1 + ANj2)

be = - 1/AT|]'_1 b4 = 1/A‘r\j+2
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by = Any{An;_{(An; + Anj_4)} bs = — ANj,q/{ANj2(AN, 1 + ANjio)}

The crossflow dependent finite difference can be represented by a sin-
gle formula as given in Ref. 9, if we define an & which takes the value of -1
for v> 0 and +1 for v < 0. At the boundary-adjacent points of j=2 and j=jm-
1, the five-point scheme cannot be applied if the point j+2¢ point falls outside
the computation region. In this case, a simple two-point scheme involving
the boundary point and the boundary-adjacent point is used. This scheme
(called the ‘L’ scheme here) has the following coefficients:

b1=b3=b4=b5=b6=b7=0
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8. 3D BL SOLUTION PROCEDURE

The solution procedure can be explained with the help of Fig. 4. The
figure shows the 3D BL grid projected to the (€, n) plane. The grid lines in
the { direction are thus normal to the plane on which the figure is drawn.

Solution at an Interior Point

For calculation of the 3D boundary layer at an interior (i,j) location, the
initial boundary plane (i=1 plane) and the side boundary plane (j=1 plane)
are assumed to be known. The first step involves the calculation of the i=2
plane which corresponds to a & direction sweep. The solution along the i=2
plane is obtained by a m direction march starting from the left boundary.
The solution is thus obtained by sweeping in the j direction from j=2 to jm-1
for a fixed i.

The solution procedure at a particular (i,j) location can be explained
with the help of Fig. 5. The solution is obtained by implicit solution in the k
direction. The F, G, F’ and G’ profiles at each (i,j) location are obtained by
inversion of a block-tridiagonal system as already explained. To start the
iteration, the profiles are initialized by making them equal to the profiles at
the corresponding (i-1,j) location. The edge coefficients A, B, C; and D; can
be calculated from the known edge conditions and metrics. The coefficient
Ds is calculated based on the current solution F, G, F” and G’. The linear-
ized momentum equation is solved first by inversion of the discretized sys-
tem. The continuity equation is then integrated from the given wall condi-
tions to obtain new values of w. Subsequently, the energy equation is
solved. The values of 6, 6, 1,1', |, and I; are now updated based on the
current solution (eq.s 49-52). The values of w,, and H’,, or H,, correspond-
ing to the wall boundary conditions are updated based on the current solu-
tion and the input wall boundary values of w,, and T,, or g, (equations 112
and 113). The calculations are repeated iteratively until convergence is
obtained. Convergence is monitored by scanning values of 8F’ and SH’.
The criteria for convergence are:

Fmal (el
1O mar] o 1]
I F,max I I H'max I

After convergence of solution at (i,j), calculation proceeds to the next j loca-
tion as dictated by the n direction sweep. After the entire i line is solved,
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Initialize F,G,H,F’,G",H’,w,,
Initialize 0, 0", I, I}, I}

|

Calculate A, B, C,, D,
Calculate a;, b;

Solve by fourth-order scheme
the momentum equations
Obtain new F.G, F’, G’

|

Integrate continuity eq. for w

J

Solve by fourth-order scheme
the energy equation
Obtain new H, H’

/

Update @, &I, I', I;, I}
Update w,, from w,, and p,,

l

Check for convergence

- .- - - -

Inputs:

Grid &, m, ¢
Metrics hy, h,, 4o

Edge values ug, v,
Reference quantities

Boundary values
Wy, Hy or H',

F.G, F’, G',H, H’ profiles at
(i-1,j),(i-2,j),(i,j-1),(i-1,j+1)

Fig.5 Solution Procedure for Profiles at (i.j)
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the solution advances to (i+1) level. The solution at i and i-1 are saved for §
differencing. Marching in the i direction is continued until proximity to
streamwise separation is indicated by a large number of iterations needed
for convergence.

Domain of Dependence

The differencing and solution march in the n direction has to honor the
domain of dependence principle for an accurate and stable calculation. The
nature of the 3D BL equations is such that it is parabolic in the € direction
and hyperbolic in the stream surface direction. On a stream surface, the
characteristics of the equations are the local streamlines. Since the equa-
tions are parabolic in the normal direction, information is transmitted instan-
taneously in that direction. Hence a wedge of region can be identified in the
flow with its vertex on the wall normal line at (i,j) and with its sides coincid-
ing with streamline at the BL edge and the limiting streamline at the wall. In

a more general way, the wedge depends on the ratio (%) in the entire

profile. The velocity vectors corresponding to minimum and maximum
values of (%) determine the domain of dependence. According to the CFL

stability condition, the n differencing stencil should be such that the numeri-
cal domain of dependence includes the physical domain of dependence.

The Krause zig-zag or the ‘Z’ scheme is designed such that the CFL
condition is honored for moderate crossflow reversal situations. The max-
hoAn
hyAE

imum angle of crossflow in the negative m direction is For solution at

a point (i,j), the CFL condition thus amounts to,

v _ hpAn,
— < ——

G < e (130)

Alternatively, the stability test takes the form,
GVrh1A§i

s (131)
Fuethnj+1

Improving the stability margin for a given flow condition involves reducing
the streamwise step size, which effectively increases the domain of depen-
dence wedge angle. Increasing the grid spacing in the 1 direction is not a
viable alternative since flow features in that direction are liable to remain
unresolved. If hy=hy, =1 and A = An, the ‘Z' scheme can handle up to
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135° flow direction angle. Frequently, the & direction spacing is much finer
than the m direction spacing, which means that even larger crossflow angles
can be handled. The computation at each (i,j) location is designed to check
for CFL stability as given above.

Boundary Solutions

The solution at the initial and side boundaries can be obtained by solv-
ihg one of the special subsets of the 3D BL equations given previously.
These equations are in 2D form and can be solved independent of the 3D
region. ’

For a fuselage-type geometry, the initial plane is generated using the
stagnation point solution. For moderate angles of attack, the stagnation
point on the body is quite close to the geometric extremity. In order to avoid
the complexity of a special transformation and grid, we make the following
assumptions.

(1) The stagnation point is at the geometric extremity

(2) The stagnation point solution is independent of the circumferential angle;
this amounts to assuming C, ;=1 in the stagnation point flow equations.

The initial plane solution thus consists of 3D stagnation point solution
profiles at all j stations on the i=1 line.

The side boundary plane for a fuselage geometry is obtained by solving
the symmetry line equations on the windward line of symmetry. For positive
angle of attack, the windward line of symmetry is usually an outflow line.
There are, however, exceptions to this rule depending on the fuselage
shape. For negative angle of attack, the leeward symmetry line is the
outflow line. In this case, the side boundary at j=jm is calculated and the 3D
solution is calculated by a negative sweep in the n direction. The last point
at the end of a n} sweep is calculated by an ‘L’ scheme.

For a wing-type geometry, the initial plane of solution is provided by the
attachment line equations. The side boundary presents somewhat of a
problem. If we are looking at a wing-alone geometry, the crossflow velocity
near the wing root may become negative (see Fig. 6). The presence of
such a negative crossflow region depends on the angle of attack and the
wing cross section. For real flow past wings attached to a fuselage, the dis-
placement effect due to the fuselage usually prevents the occurrence of a
negative crossflow region. The flow in the wing-fuselage junction region is
not described by the boundary layer equations. Under such conditions, we
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need a reasonable approximation to the flow near the wing root to start the
3D BL calculation.

Attachment

Wing
root

Fig.6 Region of Negative Crossflow on a Wing

The method adopted here is to assume locally infinite swept wing'flow
conditions at a chordwise plane close to the wing root. If this plane of solu-
tion contains regions of only moderate negative crossflow, a sweep in the n
direction starting from this plane may provide stable solutions.
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9. INTERFACE PROCEDURE

Our discussion so far assumed that the boundary layer edge conditions
and the boundary layer grid are known to the required degree of accuracy,

smoothness and resolution. Often the correct specification of the edge con-

e e

ditions constitute the most important part of a boundary layer calculation.

A separate computational procedure has been designed to address the
need of correctly providing the interface between the inviscid results and the
BL solver. In this interface program, attention is focussed on correctly inter-
polating the inviscid results from the inviscid grid to the BL grid. The inter-
face procedure thus acts as a pre-processor for the BL solver, in which the
inviscid results are suitably processed. Depending on the inviscid method
used, the interface program can be modified. The BL solver, however, is
essentiallv invariant and does not have tn ha madified dananding nn tha flow
case being solved. The interface can also have provisions to output the cal-
culated BL edge conditions and graphically display them in order to check
for smoothness and accuracy.

The Inviscid Method

We make the assumption that the inviscid results are available on an
inviscid grid to the required degree of accuracy and resolution. Details of
the inviscid procedure are not dealt with here. Usually, it involves solving
the Euler equations, the full potential equations or a linearized version of the
potential equations. For subsonic flow cases, a higher-order panel method
is usually employed. For higher Mach numbers, solution of the Euler equa-
tions is necessary. To make the task of interpolation easier, certain restric-
tions have to be placed on the inviscid grid. They are given below:

(1) For a wing-type of geometry, the inviscid grid is assumed to be oriented
in the constant span and constant chord directions. A grid oriented in any
other way may produce large errors when interpolating to a body-oriented
non-orthogonal BL grid. For a fuselage-type of body, the inviscid grid is
assumed to be derived from sections normal to the body axis (defined in the
positive x” direction).

(2) The inviscid grid distribution in the span-wise or circumferential direction
is assumed to coincide with that of the BL grid. In this way, we avoid inter-
polation in the span-wise or circumferential (i.e. n) direction. Higher resolu-
tion required in the streamwise (£) direction can be provided in the BL grid.
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The resolution in the n direction in the BL calculation is pre-determined by
the inviscid grid.

The interface program must be provided with the following inputs from
an inviscid calculation:

(1) The inviscid grid in Cartesian coordinates (x’, y’;, 2’;)
(2) The Cartesian components of velocity on the inviscid grid (u’;, v';, w’)
(3) The pressure or pressure coefficient values on the inviscid grid

It is not always necessary to specify the inviscid velocity components
since the inviscid flow field is completely determined with the specification of
the inviscid grid, the pressure, and the free stream conditions. However, the
velocity components are required to correctly locate the inviscid attachment
line on a wing.

The Interface Objectives

The interface procedure accomplishes the following °:

(1) Generate the boundary layer grid starting from the attachment line or
stagnation point, with the required streamwise grid resolution

(2) Calculate the metric scale coefficients h4, h,, g4, for this grid
(3) Calculate the BL grid-oriented edge velocities u, and v, on the BL grid.

The details of how the above are accomplished depends to a large
extent on the type of geometry being considered. Two types of geometries
are defined, with each one having a separate interface program. The first
one is a wing-type of geometry in which an inviscid attachment line can be
located and the body can be mapped to a plane surface. The second one is
a fuselage-type geometry which is assumed to have a stagnation point (or a
point of singularity such as a sharp cone) at its geometric extremity. The
geometry in this case can be mapped to a body of revolution.

The entire interface procedure can be skipped for bodies which can be
analytically defined and whose inviscid flow conditions can be expressed in
a closed form. The 2D flow test cases and some 3D flow test cases
presented later do not require an interface procedure since the BL edge
conditions can be exactly specified by analytical formula. The interface pro-
cedure is therefore required only for geometries and/or inviscid conditions
defined numerically rather than by equations.
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Interpolation Accuracy

The inviscid grid is typically a coarser grid than that is required for an
accurate BL calculation, especially in the streamwise direction. Since we
are assuming that the inviscid grid and BL grid are coincident in the n direc-
tion, interpolation is required only in the streamwise direction. Two options
are provided in the interface procedure:

(1) Interpolate the Cartesian velocity components (u’;, V', w’;) from the invis-
cid grid to the BL grid and then compute the edge velocities

(2) Interpolate the pressure or pressure coefficient from the inviscid grid to
the BL grid and calculate u, and v, by solving the surface Euler equations.

In either case, the edge conditions going into the 3D BL solver must be
carefully monitored for smoothness and accuracy, since an accurate BL cal-
culation depends to a large extent on the quality of edge conditions
prescripea. 1ne SImootnness O eage CoNnaIlion assumes great Imporanue
especially when the boundary layer calculation results are used for a stability
analysis. Non-physical oscillations entering into the BL results via edge con-
ditions can severely degrade the conclusions arrived at in a stability
analysis. Graphic visualization of the edge conditions generated by the
interface and checking for smoothness in § and n direction is recommended.

BL Grid and Metrics

For a wing-type geometry, the BL grid is generated starting from the
inviscid attachment line. The attachment line is in general a curved line
depending on the angle of attack, taper and twist of the wing. The inviscid
attachment line is first located approximately corresponding to the maximum
pressure line in the neighborhood of the wing leading edge. The Cartesian
velocity components are then interpolated to this line. The BL edge veloci-
ties ug in the streamwise direction and v, along the attachment line at this
location are then computed. The velocity conversion from Cartesian to BL
grid coordinates is done using the the following inversion:

Y Yo
Xx Xy 3y hy ,
A e
’ ’ 2 Ve ,
Yx Yy A h_2 = V’e (132)
. o A3 W, We
SR I
L 3
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where,

A1 - ylx . Zly - zlx R yly

A3 = X’x . y,y—x’y"y’x
A = (AZ+ A2+ A3)%

The u, values obtained on the attachment line should be zero by
definition. A relocation of this line can be done based on the non-zero value
of uy so as to make it exactly equal to zero. Usually this involves only very
small relocations of the attachment line since du,/ds; values are large near
the attachment line.

Once the attachment line is exactly determined, the BL grid can be
developed off it over the lower or upper surface. The grid distribution in the
streamwise direction is made such that the arc lengths As, have a step dis-
tribution that can be selected as required. Once the BL grid is generated,
the metric coefficients hy, h, and g4, can be calculated based on eq.s 19-21.
The measurement of the BL coordinate x and y is arbitrary. They can be
measured along x’ and y’ or along x andy. The values of hy, h, and g4, will
accordingly be different.

For a fuselage type of body, the BL grid is generated starting from the
geometric extremity since we assume the stagnation point to be at this point.
However, one has to be careful about the placement of the i=2 point of the
BL grid. This has to be located downstream of the actual inviscid stagnation
point to avoid negative streamwise velocities in the numerical computation.
For moderate angles of attack < 6 ° the i=2 point can be placed reasonably
close to the geometric extremity without producing any uncharacteristic
fluctuations near the stagnation point.

Spline Interpolation

Quantities on the inviscid grid can now be interpolated to the BL grid.
Interpolation is required only in the streamwise direction. The independent
variable for streamwise interpolation is the surface arc length s;, which can
be calculated for both grids starting from a convenient reference point such
as the leading edge or the stagnation point. Interpolation is done using
smoothed tension splines. The degree of smoothing and the amount of ten-
sion to use is dependent on the original input data and cannot be fixed &
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priori. This has to be done on an interactive basis with graphic display of
the results; no automation of this selection is possible.

In the general case, this is a surface interpolation problem. If interpola-
tion is done by smoothing in the & direction, followed by smoothing in the n
direction, this can introduce non-smooth variation in the & direction back
again. We have conveniently avoided this type of error-coupling by having
both the grids identically distributed in the n direction.

This interpolation procedure is done for pressure. Optionally, the Carte-
sian velocity components can also be interpolated to the BL grid and edge
velocities can then be calculated using equation (130). Another option is to
calculate (u,, V) from the interpolated pressure field by solving the surface
Euler equations; this method is more accurate in most cases.

Once (u,, V,) are obtained at all BL grid points, the edge quantities of
po and T, required in the 3D BL solver can be calculated. Calculation of T,
is based on the assumption that total enthalpy at BL edge is equal to the
free stream total enthalpy value (equation (16)). Calculation of p, is based
on the free stream conditions and the assumption of an isentropic process
from free stream to BL edge. If there is a shock present, p, can be calcu-
lated knowing the conditions downstream of the shock.

Solution of the Surface Euler (S.E.) Equations

The surface Euler equations from equations (27) and (28) are:

- - - T T T T T T |

Ug dug '| Vg OU I

E‘ % '*I‘ ‘5—2‘ aye + C24U92 + C25uev9 + C26V62|= re'1 (133)
—_— e T e e e . e . —— -J
- ———— ——— — —— T

Ug OVg '| Vg OV .

Ty o "I’ Ty aye + Caqu2 + CaglgVe + C36V3-||'= lo.2 (134)

where, r;,1 and r;z are the known pressure gradient terms on the RHS of
equations (27) and (28). The terms outlined in solid lines are zero for a
locally infinite swept wing (LINF) and the terms outlined in dashed lines are
zero for symmetry line flow (SYM BL). In the latter case, the entire y
momentum equation vanishes and the x momentum reduces to a Bernoulli-
type equation. Note that (x,y) and (E,n) are interchangeable in the above
set since derivatives in the { direction are zero.
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The above equations can be discretized using 3-point backward
differencing for d /ox quantities and the 5-point scheme for d /dy quantities.
Each i line is solved implicitly for (ue,v,) from a block tridiagonal system.
The discretization proceeds as given below:

(UgtdU,);
hy

(Vg+0Vy) i

o [orusrBugpooluigBug) 1+02(usSuly

[a1 (Ug+dUg)i+{aue} ]+
+DUg) [+C4(Ug#BU) 2+ Co5(Ug B (Ve Bve)Co(VatOVe)? = oy

(Ug+dUy);
h,

+OV,)

(v '
[a1 (Ve+8Ve)]“" {ave} :I*'_G'I,TZ_—J [b1 (Ve+8Ve)j+bo(Ve+8Ve)j—1 +by (Ve+8Ve)j+1

+{ bVe} ]+CS4(U9+8Ue)j2+C35(Ue+6ue)j(Ve+8Ve)r"036(Ve+8Ve)j2 = r;,2

The quantities {au,}. {bu,}, {av,}, {bv,} in the above refer to the explicit
part of the finite difference formula. For example, {bu,} corresponds to
Daui_y j+ DgUi_qjr1+bsUiq jup for v<O and bauiqj+ bgUi_y jq+byui_q ;o for v>0.
Collecting coefficients corresponding to a block tridiagonal system as given
below, the expressions for the matrix elements can be derived. These are
given in Table 10.

Boundary-adjacent points which require a j+2¢ point outside the compu-
tation region are finite-differenced using a 2-point ‘L’ scheme.
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Table 10. Coefficients from the Surface Euler Equations

by
a = —V,i
11 h2 e,j
a;z = 0

1 by

byy = —h— [2a1Ue,j + {aue}] + h_zve,j + 2024Ue,j + CZSVG.]
1
h

by = [b1uej + bouej—1 + b2ue]+1 + {bu, }] + Czsue,j + QCste'j
b,

Ci11 = T Ve
hy,

Ci2 =0

. u
fe1 = Toq— hi‘ [a1uel + {aue}] T [b1ue, + DgUg j1 + DaUg jiq + {bue}]
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hy,

1
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The solution procedure for the surface Euler equations is similar to the
general 3D BL solution procedure. The initial solution is ug = v, = 0 at the
stagnation point for a fuselage-type body and uy = 0 for a wing-type body.
The attachment line velocity v is obtained from equation (130) in the attach-
ment line relocation procedure. For an infinite swept wing, this value is a
constant equal to the sine of the sweep angle A.

The left boundary is calculated by solving the symmetry line equation or
the LINF equation set. The solution in the interior is obtained implicitly by
block tridiagonal inversion as shown in the sketch below. Iteration is
required for the nonlinear terms.

«— — Known (i-1) solution —-

X X X X X X
) O O o) e} 0 X
<——— Solved implicitly -\
solution N .
‘L j=im solved sxplicitly
X direction march by 'L’ scheme
X

The j=jm point can be included in the implicit procedure by finite
differencing using an ‘L’ scheme. Alternatively, for a fuselage type body, it
can be obtained explicitly by solving the leeward symmetry line. The implicit
5 point scheme is dropped to an ‘L’ scheme at the boundary adjacent points
if the j+2¢ point is outside the computation region.



-88 -

10. RESULTS

A brief outline of the program structure will first be presented before
going into a discussion of the test cases and results. Further details are
given in the Appendix, which is intended as a program manual.

A general 3D BL solver cannot be designed to be used as a canned
program with no user interaction. Depending on the flow geometry, flow
conditions, inviscid results and outputs desired, some amount of user
interaction is necessary. For a given problem, some routines may have to
be modified or separate routines added. The user is thus assumed to pos-
sess a good amount of familiarity with the program structure, algorithms and
data flow. The material covered in the present report and the Appendix
should be adequate for this purpose.

Program structure

The program ensemble is arranged in a UNIX file tree structure. The
various program divisions are tabulated below.

Program Group Sub-directory
Name
3D stagnation point solution stg_bl
Symmetry line BL solution sym_bl
Wing attachment line BL solution att_bl
Infinite swept wing BL solution inf_bl
Similarity-type BL flow solution sim_bl
3D BL solution 3d_bl
Interface program for wing int_wng
Interface program for fuselage int_fus
Momentum and energy equation solver lib
routines, matrix inversion, spline and library
routines, ‘include’ blocks

A number of test and validation cases have been run. The following is a
list of these cases.




Case 1.
Case 2.
Case 3.
Case 4.
Case 5.
Case 6.
Case 7.
Case 8.
Case 9.
Case 10. Flow past a constant sweep and zero taper wing
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3D stagnation point boundary layer solution

Symmetry line flow on an ellipsoid at a=6°
Flow past a NACA 0012 airfoil at a=0°, M_=0.5
Flow past a swept elliptical cylinder, a=5°, A=40°
Flow along attachment line on a swept cylinder
Flow past a cylinder normal to a flat plate
BL solution on a ellipsoid at angle of attack

Flow past a cone at a=0°, M_=6.8 with mass injection

Flow past a flat plate (wall temperature or heat flux specified)

The sketch below indicates the location of each of the corresponding

programs in the program package.

BL
directory

/

int_fus int_wng lib
case 9 case 10 all cases
stg_bl sym_bl att_bl inf_bl sim_bl
case 1 case 4 case 7 case 6 case 2
case 5 (case 10) case 3
(case 8) (case 8)

(case 9)
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The sub-directory called ‘lib’ contains the routines to solve the momen-
tum, energy and continuity equations and some other routines called by
these routines. All the test cases listed above use identical routines in ‘lib’
with changes only in array dimensions. As seen in previous sections, the
equations corresponding to all the above cases can be expressed in the
same general form. Only the coefficients A;, B;, C; and D, are different which
are defined externally in the calling program. Two-dimensional and axisym-
metric cases can also be run with jm set to 1 or 3.

The interface program is required only in cases 9 and 10, where the BL
grid and the inviscid results are not analytically defined. All the other cases
have an analytic treatment of the interface and is included as a routine in
the BL solution program itself. Graphic programs are essential to monitor
results at intermediate and final stages. These consist of line plots to look
at & and m direction variations of various parameters and contour plots.
Since these programs are machine-dependent, they are not included in the
program package.

The results corresponding to the ten test cases will now be presented.
Detailed input information for each case is presented in the Appendix. The
Appendix also lists the various subroutines and their functions. The present
discussion is limited to the computational and physical aspects of the
results. The numerical and programming details are given in the Appendix.
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Case 1: 3D Stagnation Point Flow

This test case consists of flow at a general 3D stagnation point. The
solution is required on the wall normal at the inviscid stagnation point of the
body in 3D flow. Since there is no flow at the stagnation point, the solution
profiles consist of du/ox and dv/dy values referenced to the corresponding
edge values. The solution is used as starting profiles for flow past 2D or 3D
blunt bodies.

The inputs for this case consist of:

(1) The quantity C, ¢ = —1—;%— representing the ratio of velocity gradients in
two orthogonal directions. A value of C, =0 corresponds to 2D stagnation
point flow. For example, this would correspond to the starting profile
required for calculating the flow past an airfoil. A value of C, =1
corresponds to flow past an axisymmetric body at zero angle of attack. The
velocity gradient is independent of the direction in this case. Flow past an
ellipsoid of revolution at zero angle of attack is an example. Values of C, ¢
in the range 0 to 1 represent 3D stagnation point flow on a general body
where dv,/0s,=g4/h, is smaller than duy/ds,=f,/hy. For flow past a fuselage

body at moderate angle of attack, C, ¢ is very close to unity.

(2) The free-stream conditions of M., p_ and T.. If the flow is supersonic,
conditions downstream of the shock are to be input.

(3) To obtain physical quantities such as heat transfer rate, boundary layer
thickness, it is necessary to specify also the inviscid velocity gradient,
duy/0s,=fe/hy. However, for obtaining the solution in transformed variables,
this quantity is not required.

(4) If the wall boundary condition is non-adiabatic, the wall temperature or
wall heat flux can be specified. Transpiration at the wall w,, can also be
specified. In both instances, f,/hy needs to be specified to transform the
physical heat flux or mass flux at the wall to the corresponding computa-
tional quantity.

The example presented here correspond to adiabatic wall conditions
only. Fig. 7 shows the solution profiles F and F’ for 2D as well as 3D stag-
nation point flow. The first plot shows the profiles with 41 points in the boun-
dary layer ({,=6) and 9 points. Exponential stretching with k,=1.1 was
used for the { distribution. It can be noted that with just 9 points in the
boundary layer, a reasonably good solution has been obtained. The solution
compares exactly with other published results (Ref. 10, for example).
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STG_BL : NZ=41, k, =1.1
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An order of accuracy estimation was done for this simple case, by suc-
cessively halving A{. A number of runs were made with km=9,17,33 and 65
and with { =6, k,=1.0 (no stretching). The absolute error relative to the
solution with km=129 on the profiles of F and F’ at different { locations was
computed. The corresponding variation with step size is plotted on a log-log
scale in Fig. 8. The slopes of error decrease on F as well as F’ is approxi-
mately unity. Since the x scale is magnified four times compared to the y
scale, this indicates that the profiles are accurate to the fourth order. It can
also be seen that 5 digit accuracy is obtained for km in the range 30 to 40.
High accuracy with relatively few number of points is a feature of the present
fourth-order accurate method.

c-Z.
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Fig.8 3D Stagnation Point Flow, Variation of Error with A{



-95-

Case 2: Flow Past Flat Plate

This is a 2D test case designed to validate the generation of similarity
profiles at a sharp leading edge and then calculate the 2D flow downstream
for a specified wall temperature or heat flux. The similarity profiles are gen-
erated by solving the equations set given in Table 7. The 2D flow down-
stream is calculated based on the symmetry line equations presented in
Table 4 with the crossflow velocity gradients set to zero.

The free-stream conditions are specified as M_=3.0, p_, =400 Ib/ft2 and
T_=400°R. The reference length (corresponding to £=1.0) is input as 5 ft.
Calculation was done at 21 streamwise points with AE=0.005. Initial runs at
lower Mach numbers representing nearly incompressible conditions gave a
Ct x—VRe, value of 0.664 corresponding to the Blasius solution.

The program was then run with adiabatic wall conditions at M _=3. The

[y il ) P laty

adiabatic wall temperature was obtained as 1007.3°R which compares well
with the approximate relation T,y=T_ [1+—Y;—1M3,\/E] =1011°R. The pro-

gram was then run with two types of wall conditions. The first run consisted
of an initial adiabatic wall condition for the first 11 points (for £<0.05) fol-
lowed by a linear decrease in the wall temperature from 1107.3°R to 820°R
for the next 10 points. This run thus corresponds to wall condition type 1
(iwall=1) with a specified temperature distribution from £=0.05 to &=0.10.
The heat flux for this case is calculated. The second run consisted of speci-
fying the heat flux from £=0.05 to £=0.1 as equal to the heat flux values
obtained from the previous run. The wall temperature values calculated by
the program were output and verified to be identical to the distribution used
in the previous run. This validates the 3 types of wall boundary conditions,
viz., adiabatic wall (iwall=0), wall temperature specified (iwall=1) and wall
heat flux specified (iwall=2). The boundary layer results for this case are
given in the Appendix.

Fig. 9 shows the solution profiles at 3 stations corresponding to £=0.05,
£=0.075 and &=0.10. The station £=0.05 is the last point with adiabatic
boundary condition (i=11). The stations £=0.075 and £=0.10 have wall tem-
perature specified as boundary condition. Profiles of F, F’ , H and H’ are
shown. H’ at the wall is equal to zero at £=0.05 which is the adiabatic con-
dition. The &=0.075 and £=0.10 profiles have finite values of H’ at the wall.

Fig. 10 shows profiles of T', u” and the normal velocity w" in physical
dimension z". The normal coordinate transformation used and the exponen-
tial stretching is responsible for clustering more points near the wall. The BL



ORIGINAL PAGE IS
OF POOR QUALITY - 96 -

¢

FLOW PAST FLAT PLATE (Wall heat flux specified)
SIM BL : M_=3.0 : NZ=41 : k,=1.10 : L'=5 ft.

6 —
5k
4
3 i=11 £=0.05
X scale for H from 0.0 to 3.0
2 X scale for H' from —-0.5 to 0.5
1
0
0.
6
5
4
3 i=16 £=0.075
X scale for H from 0.0 to 3.0
2 X scale for H’ from —0.5 to 0.5
1
0
0.
6
5
4
3 i=21 ¢=0.10
X scale for H from 0.0 to 3.0
2 X scale for H' from —0.5 to 0.5
1
0
0.0 0.4 0.8

Fig. 9 Solution Profiles for Flow Past a Flat Plate
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thickness increases in the physical plane as can be seen by comparing the
3 profiles. At £=0.05, the value of 0T /0z is zero at the wall since the wall is
specified as adiabatic at that point. At the other stations, aT'/az'W is positive
as a result of the cold wall boundary condition T, < T ..

The boundary layer normal velocities are calculated from Eq.(111). For
the present case, Eq.(111) simplifies to:

) U_U BW u_usF 3z
wo= + —.
PeS1VRe ey hiL 9%
o

The boundary layer growth rate is calculated from the solution profiles.

g

The normal velocity profile compares well with the normal velocity given by
the Blasius solution (Ref. 10) when run under low Mach number conditions.
The non-dimensional velocity corresponding to Ref. 10 is obtained as

- | E——
.'_'*- Re f_tb'—-
u, \/ " 1102

The skin friction corresponding to compressible laminar flow on a flat
plate can be approximately calculated as given in Ref. 10. In the present
case, the computed value of Cs,_.\VRe, is 0.6088 for the adiabatic case,
which compares well with the C;,_.\/Re, value given graphically in Ref. 10,
page 237.

The variation of the boundary layer thickness, wall heat flux and skin
friction coefficient for this case are plotted with distance & in Fig. 11. The
linear decrease in T, is the input producing a corresponding change in the
wall heat flux. The first 11 points have zero heat flux condition. Note that
different scales are used for the different quantities.
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Case 3: Supersonic Flow Past a Cone

This test case involves flow past a cone at a free stream Mach number
of 7.4 at 0° angle of attack and with mass injection at the wall. The same
conditions have been used as a test case by Harris 1.

The cone is assumed to be pointed with a semi vertex angie of 5°. The
total pressure and temperature values ahead of the body are py = 4.14 x 10°
Pa. and T, =833°K. The inputs to the program are the conditions down-
stream of the oblique shock. From standard supersonic cone tables, the
conditions downstream of the shock at a free stream Mach number of 7.4
are obtained as M,.=6.833, p_=1260.12 Pa. and T.=82.53 °K. These are
used as reference conditions.

The cone has zero mass injection from x =0.0 to x'=0.096 m. Down-
stream of this point, three types of wall conditions are input:

L) PpyWw = U, ZEIro mass Injection

(2) pyWy = —0.090117 Pa.sec/m, wall suction

(3) puWy, = 0.090117 Pa.sec/m, wall blowing

The wall temperature is specified as T,,=316.65°K

The boundary layer on this body is calculated by first obtaining the ini-
tial solution profile at the pointed tip by solving the similarity equations
presented in Table 7. The solution downstream is obtained by marching in
the x direction and solving the symmetry boundary layer equations (Table 4)
with the crossflow velocity gradient set to zero. In the present case, x is
measured along the axis of the cone. Hence the metric h, will be equal to
secant of the half angle of the cone (from eq. 24). The metric h, for this
axisymmetric case is the tangent of the half angle multiplied by (rxx) (eq. 25)
and gy, is equal to zero. The inviscid velocity is equal to unity in accor-
dance with conical flow.

The boundary layer grid has a step size of A£=0.005 from £=0.0 to
£=0.09. From £=0.09 to £=0.13, A value is decreased to 0.001 where mass
injection introduces larger streamwise changes. For & > 0.13, Af reverts
back to 0.005. The grid in the wall normal direction has 41 points with
Ce=8.0 and stretching corresponding to k,=1.02.

Fig. 12 presents the results obtained for the three cases of wall condi-
tion and plotted similar to the results given in Ref. 11 (the x dimension in
Ref. 11 is multiplied by a factor of 3.281). Fig. 12a shows the variation of
the skin friction along a ray of the cone as a function of the axial distance.
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The mass injection/suction at &=0.096 produces the expected
decreasefincrease in Cs, ... The values and trend of the curve agree well
with the tabulated results in Ref. 11. For the wall blowing case, the boun-
dary layer separates at about £=0.11 as determined by the large increase in
iterations needed for convergence.

Fig. 12b shows the velocity profiles at the station £€=0.1 of the cone
symmetry line with or without blowing/suction. The profile for the case w,,<0
is fuller than the profile for the case w,>0 as expected. The profiles com-
pare very well with results from Ref. 11.

The solution of supersonic flow past a cone at 0° angle of attack is
basically similar to flow past a flat plate. The laminar supersonic cone rule
is applicable to this case (see Ref. 12). The results from this case can be
verified to follow the rule C;cone = V3 Cifiat plate fOr the same local Reynolds
number.
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Case 4: Symmetry Line Flow on an Ellipsoid at a=6°

This test case was selected to validate the equations and solution
scheme for symmetry line flow. The cross flow velocity is zero on the sym-
metry line; however, the cross-flow velocity gradient is non-zero and has a
strong effect on the boundary layer solution. The cross flow gradient
influence is brought into the system of equations by solving the equation
obtained by taking the n derivative of the n momentum equation along with
the & momentum equation. The complete equations for symmetry line flow
are given in Table 4.

The symmetry line flow past an ellipsoid at o along the windward and
leeward lines is a good test case because the inviscid conditions and the
metrics can be specified in closed form, thereby eliminating extraneous
errors in the solution arising from geometry and the inviscid flow. The grid is
orthogonal everywhere on the ellipsoid (g4,=0). The metrics hy and h, are
functions only of &.

An ellipsoid of revolution with a fineness ratio e, (ratio of semi-minor to
semi-major axes) of 0.25 is considered here. The body is assumed to be 2
feet long. The flow is assumed at a Mach number of 0.05 at an angle of
attack of a=6°. The inflow conditions correspond to p.= 2116 Ib/ft2
T.=520°R.

The streamwise coordinate £ is measured along the axis of the body,
with =0 at the leading extremity and =1 at the aft end. The cross-flow
coordinate m is measured along the surface in a direction perpendicular to
the axis. At the windward line of symmetry, n=0 and at the leeward line of
symmetry, n=1. Corresponding to the above definition of coordinates, the
metrics can be obtained analytically as,

h2 =7 re
where rg is the non-dimensional radius at any location given as,

Te = €4 V§(1-€)

hy = 1+(ai£')2

o _ 1 _
3 = "7 fe (&

gi2 =0

where,
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The metrics hy and h, are thus functions only of £&. It can be seen that
hy >~ as & —> 0or — 1. The extremities of the body are thus geometric
singularities in the present coordinate system.

The inviscid velocities at any location (§,n) can be obtained as follows:

1 [ or |
Ug = '51—1% - %‘5‘5 COS(RT\)}

Ve = QpSin(mn)
_ 2Cosa | Q= 2Sino
'T 2q3 ' % 2q
2e2 e2 e,
= e—e,) ; = — (—-e
q3 esz ( t S) q4 332 (692 t)

1+e
e, =V1-e2 ; e,=1/z|n{ s}

1—eg

ov
Fig. 13 shows the axial variation of ug, -2, hy and h, along the axis

om
on the windward line for the first 10% length of the body (till £&=0.1). The

stagnation point is located on the n=0 line at £&=0.0005 approximately.
Hence we place the i=2 grid point downstream of this point at £&=0.001. The
cross flow velocity gradient is a constant for all €.

The initial profiles are generated by solving the 3D stagnation point
equations with C, ;=1. The symmetry lines along the windward and leeward
rays are solved by a & direction march. The edge coefficient A, is an impor-
tant quantity since this determines the smoothness of the solution near the
starting plane. The value of A, is equal to -1 in the STG BL equations. In
the SYM BL equations the value of A, at i=2 should be close to -1 for a
smooth continuation of the solution starting from the initial stagnation point
profile. Numerical evaluation of A, from the equation,

A S1 d
Ay = - — \PolleSiU
? L PAVRTRCNTIR: PeFie1e

by first order backward differencing at i=2 gives a value of A, close to -1.5,
which will give a non-smooth solution in the & direction. This is because A,

is in % form as written above as & — 0 and first order differencing does not

produce the correct value. However, if we rewrite the above equation as,
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= 1A d
A, = — > + —x— 5%— where, ¥ = ho\peleUsg

then the numerical evaluation gives the correct behavior of A, as & — 0.

Fig. 14 shows the skin friction and boundary layer thickness (99%
value) variation along the windward and leeward lines until separation near
the rear stagnation point. These values agree well with results given by
Wang'® (note that for comparisons with the present results, Wang’s results
must be multiplied by 2V2 due to different definitions of C;_. and &).

Fig. 15 shows the streamwise velocity profiles and the crossflow velo-
city gradient profiles at different axial stations on the windward and leeward
symmetry lines. Note that the crossflow velocity gradient on the leeward line
has a cross-over profile at £=0.6 and £=0.81.

Fig. 16 shows the variation of t and C,_, with & for the first 1% of the
body on the windward symmetry line. The § distribution used for this run is:
£,=0.0, £,=0.001, £3=0.0011, £,=0.0012 ... £,,=0.003. It can be seen from
Fig. 16(a) that the variation of t' is not smooth near the stagnation point.
This is due to the fact that we have assumed the stagnation point to be at
£=0, which is not physically correct and feeds in wrong edge values of sy,
E;;; and —3% The stagnation point is approximately at £=0.0005 and

correspondingly, we can have a grid originating from this point with
£,=0.0005, £,=0.001, &3=0.0011, £,=0.0012 etc. Fig. 16b shows the boun-
dary layer thickness and skin friction variation for this new grid. It can be
seen that the variation is smooth in the nieghborhood of the stagnation
point.

Fig. 17 shows the corresponding improvement in the solution near the
nose region on the leeward line. In this case, &, is taken to be equal to
-0.0005 since the stagnation point is on the windward line. The edge values

8h1 ah2 aUe §L ) ]
, , , and at i=2 are evaluated using forward differences in
ox ' ox = ox ox

this case to avoid differencing across the metric singularity at £=0.

of
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Case 5: 2D Subsonic Flow Past an Airfoil

This test case is that of two-dimensional flow past an airfoil at zero
angle of attack and comparison with 2D Navier-Stokes results at two chord
Reynolds numbers. The airfoil has NACA 0012 cross section and the free
stream conditions correspond to M,, =0.5, p_=2116 Ib/ft2 and T.=520°R.
The free stream Reynolds numbers based on chord length are Re_=5,000
and Re_=1 million. The reference lengths correesponding to these two Rey-
nolds numbers are L'=1.4133x1073 and L'=0.28266 ft. respectively.

The inviscid results in the form of pressure coefficient values on the air-
foil surface are obtained from a 2D navier-Stokes calculation as presented in
Ref. 14. The N-S calculation is obtained on a 161x65 grid. The edge velo-
city u, is calculated from the pressure distribution assuming isentropic flow.

The boundary layer calculation is done by first cbtaining the 2D stagna-
tion point solution at i=1 on the leading edge. The BL grid distribution over
the airfoil surface is the same as the grid used for the Navier-Stokes run;
consequently, no interpolation is involved in this case. The streamwise
coordinate & is defined and measured along the airfoil surface, so that hy is
equal to unity. The boundary layer downstream of the stagnation point is
calculated by solving the symmetry line equations with the cross flow gra-
dient terms suppressed.

Fig. 18 shows the variation of the skin friction coefficient and the boun-
dary layer thickness on the airfoil with surface arc length for Reynolds
number of 5,000. Shown also are the skin friction values computed from the
Navier Stokes run, which compare well with the present results.

Fig. 19 shows the results for Reynolds number of 1 million. The
Navier-Stokes result shows an increase in skin friction near £=0.45, where
the turbulence model was turned on. The boundary layer calculation does
not include turbulence modelling and predicts laminar separation at this
point.

Further details about this test case can be found in the Appendix.
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Case 6: Flow Past an Infinite Swept Elliptical Wing

This test case has been selected to validate the solution of the infinite
swept wing equations presented in Table 6. The elliptical wing considered
here has a sweep A of 40° and a fineness ratio of 0.125 for the elliptical
cross section normal to the leading edge. Flow is assumed to be at an
angle of attack a of 5° and low Mach number (M_=0.1, p;=2116 Ib/ft2 and
T.=520°R). The reference length is the chord length normal to the leading
edge (L'=1 ft). The geometry corresponds to that used in a study by Mon-
noyer'®.

The boundary layer coordinate used for this study is an orthogonal one.
A non-orthogonal grid similar to that for a wing can also be used; however,
in the present case, the orthogonal grid yields simpler expressions for the
inviscid velocities. The & direction is assumed to be in a direction normal to
the wing leading edge over the wing surface and the n direction parallel to
the leading edge. Both § and n are measured in their respective directions,
so that hy = h, =1 and g4,=0 due to orthogonality. Note that § is zero at
the stagnation point, not the leading edge.

The inviscid conditions can be calculated by potential theory. Ref. 186,
for example, gives a closed form expression for the complex potential for
this flow, from which the complex velocity can be obtained by differentiation.
The absolute of the complex velocity u, ,p past the normal cross section of
the wing can then be calculated.

By classical sweep theory, the incompressible flow past the swept wing
in the orthogonal coordinate system is given by, ug = ug2p Cos(A) and
Ve = Sin(A). Fig. 20 shows the inviscid edge velocity u, 5p for an ellipse of
fineness ratio 0.125 at a=5°. The plots show the cross section of the ellipse
and the ug ,p distribution near the leading edge, at different magnifications.
Also shown is the variation of ug op With &.

The pressure coefficient C, on the body for incompressible flow is given
by 1-(us op CosA)? — Sin?A. The C, distribution calculated for this body is
significantly different from Ref. 15 (see Fig. 21). Since the input conditions
do not agree, the results from this case and Ref. 15 cannot be compared.

The boundary layer solution for this type of flow starts with the solution
at the attachment line which is also assumed to be infinitely swept. The
Eq.s 87-90 are applicable in this case. From this starting solution, the flow
over the elliptical wing is calculated by solving the infinite swept wing equa-
tions of Table 6. Fig. 22 shows the skin friction and displacement thickness
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Pressure coefft. for swept elliptical wing

Fig. 21 Variation of Pressure Coefficient for Elliptical Wing
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values (multiplied by the square root of the free stream Reynolds number)
on the body for the first 10% part of the wing. The figure also shows the
streamwise and crossflow velocity profiles at several stations.
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Case 7: Supersonic Attachment Line Flow on Swept Cylinder

This configuration corresponds to a cylinder of 1 inch radius and 60
inches span with a sweep of 60°. The flow is supersonic at M_=3.5,
p~.=188.78 psf and T.=172.75 °R and is at zero angle of attack. Fig. 23 is a
sketch of the geometry with definition of the coordinate system employed.
The y=0 plane is assumed to correspond to a symmetry plane. Boundary
layer solution of the attachment line at the leading edge is the objective.

The inviscid flow past this geometry has a small subsonic region around
the symmetry plane leading edge. This region extends between one and
two radius lengths from the symmetry plane. Outside this region, the flow is
fully supersonic, with an oblique shock in front of the leading edge. The
present calculation is done only in this supersonic region. The subsonic
region has sharp gradients and the inviscid grld used is not able to resolve
fully the flow in this region.

The inviscid flow past this body has been calculated by a finite volume
Runge-Kutta integration solver for the Euler equations (Ref. 17). Fig. 24a
and Fig. 24b show the contours of the pressure coefficient and the absolute
velocity plotted in (y,0) plane for one half of the elliptical cross section from
8=0° to ©=90°. The large gradients occurring near the symmetry plane can
be seen. The inviscid results required for the attachment line flow are the
velocity values along the attachment line and the streamwise gradient of u,.
The variation of these quantities with span distance is shown in Fig. 25a. It
can be seen that the quantities tend to constant values at about 20 radius
lengths away from the symmetry plane.

The coordinate system used for this case is a non-orthogonal one. The
y coordinate is measured in a direction perpendicular to the chord. The x
coordinate is measured along the surface of the elliptical cross section in the
stream direction. The reference length L for non-dimensionalization is the
radius of the cylinder. The value of x is zero at the attachment line and
equal to n/2 at 6=90°, where 6 is the angle from the leading edge on the
projected circular cross section, as shown in Fig. 23. The metric coefficients
can be obtained from the coordinate system definition as,

—
hy = -1\/ 2';32 + cos20
1

h, =
27 cosA

G2 = -gsinesinA
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Fig.23 Coordinate System for Swept Cylinder
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Fig.24b. Contour Plot of Absolute Velocity for Swept Cylinder
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At 6=0 on the attachment line, the grid becomes orthogonal with hy=n/2,
h 1 g4o=0
27 cosA ' Y1

The BL calculation is started from y=1.8 approximately and marched Hill
about y=20. At the first station j=1, the infinite swept attachment line equa-
tions are solved to initialize the calculation. Stations downstream in the y
direction are solved from the general attachment line equations. The n
derivatives are calculated using a 2 point backward scheme. Fig. 25b
shows the variation of boundary layer thickness and skin friction along the
attachment line. For y>20, the results tend to the infinite swept case. The
starting profile assumption of infinite swept attachment line, though a severe
one, does not seem have affected the results considerably. The same pro-
cedure is also applicable for calculating attachment line flow on blunt leading
edge wings.
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Case 8: Flow Past Cylindrical Post on Flat Plate

This is the first case involving solution of the full 3D BL equations. The
flow geometry consists of a cylindrical obstruction mounted normal to a flat
plate in subsonic flow and is a standard test case for 3D boundary layer
code validation. Calculations made by Fillo and Burbank'® and Cebeci'® are
referred to here for comparison of results.

The radius of the cylinder (0.061 m) is used as the reference length.
The flat plate extends to a length of 7.49 radii in front of the cylinder center.
The free-stream conditions are specified as p.=1.0133x10° Pa,
T.=288.15°K and M_=0.08963, which corresponds to a free stream velocity
of 30.5 m/s. Fig. 26 shows a sketch of the configuration.

The coordinate system for the boundary layer calculation is an orthogo-
nal one aligned in the streamwise and crossflow directions. The metric
coefficients hy and h, are equal to unity and g, is equal to zero. The n=0
line corresponds to a line of symmetry. The computation region is restricted
to € [0,2.8] and m [0,1] since only laminar attached flow is of interest here. A
step size of AE=An=0.1 is used giving a 29x11 boundary layer grid.

The inviscid flow is given by analytical formula as,

. n2-(E~E0)?
[(E-E0)2+n?f
v < -2n(§-5o)

&2+

Note that v is zero at n=0 and is positive in the computation region.

To start the 3D BL computation, an initial plane of data is to be pro-
vided at £=0, the leading edge of the flat plate, which is a flow singularity.
Similarity solution is therefore required at this location. This is obtained as
explained in Case 2 by solving the similarity equations. For the m direction
sweep, it is also required to specify the solution on the side boundary at
n=0. The flow here is of the symmetry line type. The solution is obtained
by a procedure as explained in Case 4. The definition of G is different
depending on the equations solved. It is equal to zero for the initial profile,
since it is assumed that the upstream influence of the cylinder at that loca-
tion is negligible. For the symmetry line solution G is defined as dv/dy and
in the 3D region G is defined as equal to v,. The different definitions are to
be properly accounted for when calculating £ and n derivatives of G near the
boundary.

' E_,o = 7.254
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U1 U (O ) v - ~2n(&-Eo)
° [(E-L)n?? ~ °  [(E-Eg=m?
u_ = 30.5 m/s
7
ne0s L Tt
n=1.0 - R £=28

L" = Cylinder radius = 0.061 m

Fig.26 Flow Configuration for Cylinder on Flat Plate
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The 3D solution is obtained by marching in & direction and for each §
location, marching in the positive n direction. Two n differencing schemes
are used here; the first one is the ‘Z° scheme as given by Eq. 127; the
second scheme is the ‘L’ scheme as given by Eq. 129. The edge
coefficients are evaluated as given in Table 2. Certain simplifications are
possible since metric quantities are constant. Since the crossflow velocity is
always positive in the computation region, the calculations are stable for any
step size.

Fig. 27 shows a comparison of the F” values at the wall at three span
locations. Data from Ref. 18 as well as the ‘Z’ scheme and the ‘L’ scheme
results are shown. In all the three cases, good agreement can be seen.

Fig. 28 shows contour plots of F’,, and G’,, in the computation region.
The variation is smooth at both initial and side boundaries. Table 11 is a
table of the values of F’,, and G’,, at n=0.0., n=0.5 and at n=1.0, for several
£ stations and can be directly compared with similar tables in Ref. 18 and
Ref. 19. Agreement is obtained to four digit accuracy in all cases.

Fig. 29 contains plots of the boundary layer parameters te_0.99: O Cixo
and Cy_y .. plotted in the n direction for four & stations. The variation near
the boundaries is smooth and continuous.

Details of the program and routines used are presented in the Appen-
dix.
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‘Z’" scheme y=0.0 y=0.50 ) y=1.0
| x (i) £’ (3=1) {g’ (§=1) £ (3=6) | g’ (3=6) | £’ (3=11)| g’ (j=11)
0.0 0.33207 | 0.00000 | 0.33207 | 0.00000 | 0.33207 | 0.00000
0.4 0.32889| 0.00000 | 0.32896 | 0.00081 | 0.32926 | 0.00156
0.8 0.32481| 0.00000 | 0.32498 | 0.00184 | 0.32573 | 0.00350
1.2 0.31953| 0.00000 | 0.31988 | 0.00320 | 0.32129 | 0.00605
1.6 0.31257| 0.00000 | 0.31319 | 0.00508 { 0.31560 | 0.00953
2.0 0.30313] 0.00000 | 0.30417 | 0.00777 | 0.30820 | 0.01445
2.4 0.29000 | 0.00000 | 0.29177 | 0.01174 | 0.29834 |0.02157
2.8 0.27130| 0.00000 | 0.27430| 0.01776 | 0.28511 |0.03214
o | |
r T
‘L’ scheme y=0.0 y=0.50 y=1.0
x(1) £/(3=1)|g’ (3=1) | £/(3=6) | g’ (3=6) | £’ (=11) g’ (j=11)
0.0 0.33207{ 0.00000| 0.33207 | 0.00000| 0.33207 { 0.00000
0.4 0.32889| 0.00000| 0.32898 | 0.00082 | 0.32926 | 0.00156
0.8 0.32481| 0.00000| 0.32505| 0.00184 | 0.32574| 0.00350
1.2 0.31953| 0.00000| 0.32000 | 0.00320 | 0.32130 | 0.00605
1.6 0.31257| 0.00000| 0.31339 | 0.00508 | 0.31562 | 0.00953
2.0 0.30313| 0.00000 | 0.30449 | 0.00778 | 0.30823 | 0.01445
2.4 0.29000| 0.00000 | 0.29231 { 0.01175| 0.29844 | 0.02157
2.8 0.27130| 0.00000 | 0.27523 | 0.01778 | 0.28536 | 0.03214
Table 11. Numerical Values of F’,, and G’,, for Cylinder on Flat Plate Flow
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Case 9: 3D Flow Past Ellipsoid at Angle of Attack
Overview

This test case involves a fuselage-type body in subsonic flow at an
angle of attack. The incompressible flow can be expressed in an analytic
form. The boundary layer edge conditions can thus be obtained exactly.

In order to simulate the conditions of flow past a fuselage, the BL solu-
tion was also obtained by defining the body in discrete coordinates. The
body surface is made up of discrete panels and the inviscid flow is calcu-
lated by the Hess potential panel code®. The pressure coefficient values
obtained from this code are at the center of the panels. A more densely
packed BL surface grid is then generated. The pressure field is interpolated
to this grid. The edge velocities corresponding to the BL arid are then cal-

culated by an interface program in which the surface Euler equations are

solved. The results at this stage can be compared with the exact solution.

The boundary layer solution for the first one quarter of the body
(€ <0.25) is then obtained from the exact edge conditions as well as the
numerically obtained edge conditions.

Flow Conditions

An ellipsoid of revolution with a fineness ratio e, (ratio of semi-minor to
semi-major axes) of 0.25 is considered here. The body is assumed to be 2
feet long. The flow is assumed at a Mach number of 0.05 at an angle of
attack of o=3°. The inflow conditions correspond to p;= 2116 Ib/ft2,
T_=520°R. This corresponds to a free-stream Reynolds number of 3.54x10°
per foot or a reference Reynolds number of 4.765x102 per foot.

Exact Forms for Metrics and Inviscid Flow

The exact definition of the metrics, and the inviscid flow based on
potential theory have been discussed under Case 4.

Numerical Evaluation of Metrics and Inviscid Flow

For the numerical calculation of the inviscid flow, the body is
represented by means of 1998 panels (54 streamwise and 37 circumferen-
tial). The panels are made smaller near the leading region to obtain ade-
quate resolution in the streamwise direction. The panel size in the circum-
ferential direction is kept constant (corresponding to a 5° angular distribu-
tion). The Hess code results are obtained at the center of these panels on a
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53x36 grid. The inviscid results at each panel centroid consist of the Carte-
sian coordinates, the three Cartesian velocity components and the pressure
coefficient.

The interface program generates the BL edge conditions from the invis-
cid results. The streamwise resolution provided by the inviscid code is
inadequate for BL solution. A BL grid is generated with 77 points in the
interval & [0.0,0.25] and 38 points in the circumferential direction. The cir-
cumferential distribution is the same as the inviscid grid with two points
added corresponding to the windward and leeward lines. The metrics hy, h,
and g4, are then calculated numerically as given by eqs. 19-20. -

The pressure coefficient is interpolated from the inviscid grid to the BL
grid using tension spline fit. Since circumferential locations coincide interpo-
lation needs to be done only in the & direction. Smoothing can be intro-
duced at this stage, if necessary. However, the extent of smoothing to be
used depends on the quality of the inviscid results. In the present case,
smoothing was not required since the inviscid results have adequate
smoothness.

The surface Euler equations are then solved as described previously.
A three-point backward formula is used for the streamwise gradients and the
five-point implicit formula of Ref. 8 for the crossflow gradients. The resulting
velocities ug and v, are compared with the exact values to verify accuracy of
the numerical results.

Fig. 30 shows streamwise plots of the edge velocity u, and the inviscid
pressure distribution used for this calculation. The plots are selectively
shown at six locations of n=0.014, 0.208, 0.402, 0.596, 0.790, 0.984
corresponding to j values of 2, 9, 16, 23, 30, 37. The results are shown in
the range & [0.0,0.05] where the variation is more pronounced. Shown in
these plots are the C, values from the inviscid code and the interpolated
pressure distribution. There are 13 inviscid points in this range, whereas the
BL grid has 38 points. The plots show that interpolation of pressure is accu-
rate. The plots also show a comparison of the calculated u, values with the
exact u, values. The surface Euler solution is initialized at i=2 (£=0.000127)
with the exact values of ug and v,. The windward and leeward are first
solved from the x momentum equation of the surface Euler set with v, set to
zero. The interior region is then solved using the five-point scheme. Subse-
quent runs using the ‘L’ scheme and the ‘Z’ scheme also gave comparable
results, although the crossflow velocities from the ‘Z’ scheme showed a
slight departure from the exact results at larger values of &.
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Fig. 31 shows a comparison of the exact values of u, and v, with the
surface Euler solution in the n direction. The plots are selectively shown at
£=0.002, 0.005, 0.037, 0.091, 0.151, 0.211 corresponding to i locations of
12, 24, 36, 48, 60, 72. The plots of v, are scaled up by a factor of 4. The
agreement between the exact values and the numerical solution is thus
good in both directions.

Boundary Layer Results from Exact Inviscid Input

As discussed under Case 4, the solution is first obtained on the wind-
ward symmetry line. At a=3°, the stagnation point is located at x=0.000125.
The i=2 point is hence located just downstream of this point. The windward

line symmetry solution at i=2 is obtained by using forward differences for o

i3

ou
and a—g Similarly the streamwise gradients of the metrics at this point are
calculated using forward differences, so as reduce the error in the starting
region due to the imprecise location of the stagnation point (as pointed out

in Case 4).

The solution in the 3D flow region is obtained by a sweep in the n
direction using the ‘2’ scheme. Since the crossflow is positive everywhere,
an ‘L’ scheme can also be used. Fig.s 32 and 33 are plots of the variation
of C;VRe,, and t, vRe_ in the £ and n directions. The variation in both
directions is found to be smooth and continuous and agrees well with results
given by Wang '3,

Fig. 34 shows plots of the velocity profiles and their first and second
derivative in the normal direction at a particular £ and n location. It can be
seen that the solution is smooth to the second derivative level, even though
there are only 15 points within the boundary layer. Smoothness of the
higher derivatives of the solution is a requirement for stability calculations
and this can be efficiently achieved by the present method.

Boundary Layer Results from Numeric Inviscid Input

The boundary layer calculation here is identical to the exact calculation
except that the input metrics and inviscid edge data are numerically
obtained. The numerical errors resulting from the geometry and inviscid
data can thus be estimated.

Fig. 35 shows a comparison of the skin friction coefficient and boundary
layer thickness resulting from exact as well as numeric treatment of edge
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data and metrics. There is a good agreement between the two sets of
results in both & and n directions. This study shows that the present numer-
ical interface procedure is accurate and similar results can be expected
when obtaining BL solutions on fuselage bodies defined in discrete coordi-
nates.
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Case 10: Flow Past Swept Wing at Angle of Attack
Geometry and Flow Conditions

A swept wing with zero taper and a straight leading edge is considered
here. The wing has NACA 0012 cross section in the streamwise direction
and is swept back by 20°. The chord length is taken to be equal to 1 ft. and
the span distance (normal to the chord line) is 1.5 ft. Flow is at an angle of
attack of 2° and a Mach number of 0.5. The free-stream conditions of p;
and T_, are same as given for Case 9.

The present calculation is done for the upper surface only and assumes
laminar flow until separation. However, the calculation does not take any
advantage of the analytical nature of the wing section or planform and can
be applied to solve the flow aver the umper or lower surface of a gonoral
wing with taper, sweep or cranked leading edge. The method used is gen-
eral and can be used for transonic or supersonic flow. The only change
required would be in the calculation of the edge density values which are
calculated here assuming isentropic flow.

Inviscid Flow

The inviscid flow past the wing is calculated using the Hess panel
code?®. These results were also checked against Euler and Navier-Stokes
calculations and found to be accurate for the present inflow conditions.

The Hess panel code version used here had a limitation of a maximum
of 2,000 panels. Assuming 21 panels distributed in the spanwise direction,
the streamwise wrap-around direction is limited to just 95 points. The
panels are distributed in the wrap-around direction such that more points are
clustered on the upper surface especially in the attachment line region. The
panel size near the stagnation region is about 0.1% of the chord length.
Elsewhere, the panel size is 2% of the chord. Fig. 36(a) shows the distribu-
tion of As, the panel surface arc length as a function of s, the arc length on
the entire wing. A step-wise distribution has been used.

The inviscid results are obtained at the panel centroids. The
corresponding grid has 89 points in the wrap-around direction and 20 points
in the span direction. The results from the Hess code are obtained in the
form of Cartesian velocity components and the pressure coefficient at each
inviscid grid point. -
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Coordinates and Metrics

The boundary layer coordinate & is defined to be zero at the attachment
line of the wing. The & coordinate line runs in the chord direction on the
wing surface and is measured along the surface of the wing. The value of §
is defined as the surface arc length starting from the attachment line divided
by a normalizing chordwise length such as the the chord length at a particu-
lar span location, or the total arc length from the attachment line to the wing
trailing edge. This normalization is done so that the coordinate lines in the n
direction will be approximately along constant chord ratio points.

The metric h, is thus a constant at a given span section and is equal to
the normalizing length. In the present case, the local chord length is used
as the normalizing length, so that h, is equal to unity everywhere. For a
tapered wing hy will vary in the span direction as a function of the plamnion
shape.

The coordinate n is measured along the Cartesian coordinate y’. The
coordinate h, will then be equal to inverse of the cosine of the sweep angle,
if the attachment line is straight. Otherwise, h, will depend in the wing cur-

vature and taper in the span direction.

Interpolation of Pressure

Fig. 36 (b) shows the variation of C, obtained from the inviscid code as
a function of the surface length s at a span station near the mid-section of
the wing. It can be observed that more number of points are clustered on
the upper surface. The attachment line region is where C, has a peak and
enough number of points are clustered in this region. The attachment line
and the maximum C, line need not be coincident (see Ref. 2), but they are
very close to each other. Fig. 36(b) shows that the Cp distribution is not
entirely smooth. Fluctuations can be seen in the regions where the panel
size is changed. The fluctuations are especially remarkable when we look
at the pressure gradients as in Fig. 36(c). Therefore, when the pressure is
interpolated to a BL grid, some kind of smoothing has to be employed to
prevent non-physical fluctuations entering into the BL calculations.

The wing interface program is designed to process the inviscid results
and interpolate them smoothly to a BL grid. Fig. 37(a) shows the surface
length distribution corresponding to the BL grid on the upper surface of the
wing. Fig. 37(b) shows the smooth interpolated pressure at a mid-span
location. Tension spline interpolation with smoothing has been used. The
smoothing parameter is set such that the standard deviation on the error in
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the input C, distribution is assumed to be 0.01 near the attachment line
(§ < 0.01) and equal to 0.05 elsewhere. These smoothing parameter values
are dependent on the quality of the inviscid results and will vary depending
on the case. The resulting pressure gradients are smoothly varying as can
be seen from Fig. 37(c). In comparison, the pressure gradients resulting
from an interpolation without smoothing (shown as a dashed line) has unac-
ceptable levels of fluctuation.

Attachment Line Relocation

Since the inviscid grid may in general be coarse and not aligned with
the wing attachment line, the interface procedure includes a routine to accu-
rately locate the attachment line. The criterion for relocating the line is that
the streamwise velocity at any point on the attachment line should be equal
l0 cero. in iaci, e veiocity vecior on the aitachment iine shouid be exactiy
tangential to it.

To ensure this condition, an initial attachment line is first located on the
wing surface as that corresponding to the maximum C, line. However, since
a general attachment line is curved, the velocity on this line may not be
tangential to the grid line. The attachment line is then relocated as a func-
tion of the velocity error. The relocation calculation is repeated in an itera-
tive fashion until convergence is obtained.

The relocation procedure involves the following steps:

- Assume initially that the attachment line is located at the line of max-
imum pressure

- Generate a temporary BL grid off this line and interpolate the velocity
components to the BL grid points

- Compute the streamwise surface velocity u, by transformation

- Move the attachment line as a function of the streamwise velocity; the
relocation extent 3s is = ugk,, where k, is an estimated value of
(dug/as) at the attachment line.

- Repeat the steps above with the new attachment line and iterate until
Ug < €, on the attachment line.

The interpolation involved in the above steps is based on the surface
length as the independent variable. The wing cross section coordinates
required for calculation of the metrics and velocity transformation are also
obtained by spline interpolation. A reference section geometry at each span
location is used in the interpolation procedure.
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Fig. 38 shows a magnified picture of the shifting of the attachment line
as a result of the relocation. The initial attachment line is located along
inviscid grid points and shows up as a horizontal line. The u, on this line is
non-zero. Several iterations later, the attachment line is relocated as a
curved line as ug on this line converges to zero within a specified tolerance
level.

Surface Euler Solution

A BL grid with the required clustering of points on the wing surface is
now generated originating from the true attachment line. The metrics are
then calculated and the pressure is accurately and smoothly interpolated as
explained previously. The surface Euler solution is then obtained using the
5-point implicit scheme. The solution procedure is similar to the one dis-
cussed under case 9. The only difference is that the left boundary is an
infinite swept wing type instead of plane of symmetry. Fig. 39(a) shows the
variation of the obtained solution u, and v, at two span locations near the
root and tip of the wing. In order to demonstrate the error that can occur by
interpolation of velocities, Fig. 39(b) shows a magpnified plot of the interpo-
lated velocities near the attachment line region. The variation is obviously
not smooth and a BL calculation cannot be performed with this type of edge
conditions. The surface Euler solution, on the contrary, is smooth and accu-
rate. The output from the interface procedure consists of the velocities u,
and v,, the metrics hy, h, and g4, and the grid distribution x and y.

Boundary Layer Solution

The boundary solution starts with the solution of the general attachment
line equations at £&=0. The solution is analogous to case #7 except that in
this case, the flow is subsonic and none of the metric terms or their gra-
dients are assumed to be zero. The solution is restricted to the region
0.1875<y<1.2375. The flow outside this region close to the wing root and
wing tip are excluded from the calculation. The attachment line solution
itself starts with the solution at y=0.1875, which is assumed to be locally
infinite swept. The inputs to the attachment line solution consist of the
metrics, the velocity v, and the stream-wise velocity gradient f,. The
required results to start the 3D BL computation are the profiles of v/v, and
f/te. The span-wise variation of the input quantities and the the results in the
form of 8, g9 and Cy,.. are plotted in Fig. 40. The profiles at different
locations on the attachment line are given in Fig. 41. Fig. 40 and Fig. 41
show that the attachment line boundary layer corresponds to that of an
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accelerating flow.

The side boundary solution is obtained by solving the LISW equations
at the j=1 boundary corresponding to y=0.1875. Fig. 42 shows the results of
Ctx,es Cty, and 84_0.99 along the side boundary. The calculation is ter-
minated at £=0.47 approximately, where the boundary layer separates.
Ci_x. reaches a peak value of 0.007 at about £=0.017 and Cty. has a
negative peak at £=0.026. The boundary layer thickness increases steadily
except near the separation region where the growth is exponential. Fig. 43
shows the velocity profiles in the & and n direction at 9 stations along the left
boundary. The profiles are plotted in actual physical units in order to show
the growth of the boundary layer. It can be seen that the crossflow velocity
profiles show an inflexion as the edge velocity vector turns inward earlier
than the velocity vector near the wall. This inflexion in the profile is seen to

persist till about £=0.3 and is of interest in the study of cro

- e e RNV L TV S i . i ,

With the initial and side boundary planes of solution available, the 3D
equations are now solved. Crossflow gradients are treated using either an
‘L’ scheme or a ‘Z' scheme. The results in either case are almost identical
in the present case. Fig. 44 shows contour plots of the BL results on the
wing surface (approximated by the &, y’ plane). It can be seen that the con-
tours are predominantly parallel and in the span direction, showing that there
is very little departure from the infinite swept wing flow. As separation is
approached one can notice an increase in the three-dimensionality of the
flow.
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11. CONCLUDING REMARKS

A fourth-order accurate method to solve the 3D boundary layer equa-
tions has been presented. The method has been applied to a number of 2D
and 3D cases over a range of speeds and validated against standard known
results.

The 3D boundary layer equations in curvilinear coordinates are first
non-dimensionalized with reference quantities. As a result, the body dimen-
sions are absorbed into the reference Reynolds number. Hence for laminar
flow, the dimensions of the body enter only as a scale factor. The solution
in transformed quantities is in fact, independent of the body length. In real
flows however, the body dimension feeds into the viscous solution through
viscous-inviscid interaction, turbulence and surface roughness.

Transformations are subsequently defined to absorb the boundary layer
growth and to avoid problems at the singularity point. The transformation
has been found to work well for laminar flow cases. The edge of the boun-
dary layer is usually within {=8. For zero pressure gradient flows, the
growth of £ in the &-n plane is zero, whereas in other cases, the growth is a
function of the pressure gradient. For turbulent flows, however, the edge of
the boundary layer corresponds to large values of {. In this case, the value
of {, and the number of points km have to be carefully chosen. The distri-
bution of the { grid can be uniform or stretched.

A streamwise marching method to solve the transformed equations has
been presented. The solution in the surface normal direction is obtained to
fourth-order accuracy by a two-point compact differencing method. The
differencing used in the stream surface plane is of second-order. However,
accuracy in the & direction can be improved by using a dense mesh in that
direction. The grid distribution in the cross-flow direction is presently set up
to be the same as that of the inviscid grid in order to avoid interpolation
errors.

An interface procedure has been presented to accurately obtain the
inviscid edge conditions. The surface Euler equations are solved here on
the BL grid with the interpolated inviscid pressure distribution to obtain
smooth and accurate edge velocity values.

The metrics of transformation of the equations from the Cartesian sys-
tem to the curvilinear system are dependent on the way the curvilinear sur-
face grid is defined and measured. It can be orthogonal or non-orthogonal
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and the curvilinear coordinates need not necessarily be measured along the
same direction as they are defined. The six surface gradients defined at
each grid point uniquely determine the transformation. In the validation
cases presented in the report, the curvilinear coordinates have been defined
in several different ways to demonstrate the advantage of using the curvi-
linear coordinate system.

The program software implementing the solution procedure has been
presented in detail. The programs are organized so that the 3D boundary
layer solution or solution of any of its subsets can be accomplished by cal-
ling identical subroutines, but with different edge coefficients.

Finally, practical application of the software to solving boundary layer
flow past real wings and fuselages have been discussed. The examples
presented deal with a simple fuselage and wing geometry. However, the
programs are written in a general way so that it should be possible to apply
these programs to any fuselage or wing shape where the boundary layer
flow assumptions hold good. Only minor modifications may be necessary
depending on the case. Adequate details of the program structure have
been presented in this report to enable a user to make the necessary
modifications.
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APPENDIX: PROGRAM DETAILS

The boundary layer solution program is designed to provide for user
interaction and flexibility in application. Depending on the particular problem
being analyzed, program modifications will be necessary. Additional inputs
or outputs may be required. This implies that the user has to be familiar
with the structure of the program, variables used and the program logic.
The theoretical base has already been presented. In this Appendix, addi-
tional information will be provided to enable the user to modify the programs
as required. A formal input/output description is therefore not given.
Instead, it is proposed to present a description of the program structure, the
various subroutines and their function in the overall program. A list of com-
puter variabies and its corresponding mathematical symbols are given.
Information is also given about the library subroutines and on running the
program. A UNIX environment is assumed, though the programs can easily
be adapted to and can be run on non-UNIX machines as well.

A summary of the procedure and details of inputs required to run each
of the test cases is included. Also given are descriptions of the subroutines
and a list of the program variables. Finally, a complete listing of the pro-
grams required to run Case 10 of flow past a swept wing is given.

Program Size

The BL program size is mainly dependent on the BL grid dimensions,
im [nx] *, jm [ny], and km [nz]. These are set using PARAMETER state-
ments in the ‘include’ COMMON blocks file called ‘lib/com’. The program
memory requirement calculated from the variable dimension statements
alone is approximately, 15(im.jm)+20(jm.km)+70(km). Added to this will be
the memory to store the program itself (which is much less than array
storage requirements). As an example, assuming single precision variables
and im=100, jm=30, km=50, the program size will be in the nieghbourhood
of 300 Kilobytes. The advantage of this small size is two-fold: desktops or
workstations are adequate, and faster execution (interactive processing is
possible). All the example cases in this report were run on a SUN 3/150
workstation with 2 Megabytes of memory.

1 Computer variable names are enclosed in square brackets
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Units

Since the governing equations are non-dimensionalized by reference
quantities, units are important only when specifying inputs such as free-
stream pressure p_, [pfs), free-stream temperature T_ [tfs], wall temperature
T, [tws(i,j)l, wall normal velocity w, [wws(ij)] and reference length L’
[reflen]. In addition, units are involved in the calculation of output quantities
such as boundary layer thickness t;'p [deltax], displacement thickness &
[dispx] momentum thickness 6, [thetax] and wall heat transfer rate §,, [qdot].
A flag variable [iunit] is provided in the programs to operate in either US
units [iunit=0] or SI units [iunit=1].

[iunit}]=0 => U.S. Customary units (US)
p.. [pfs] in Ib/ft?

T. [tfs] and T, [tws(i,)] in ° R

L’ [reflen] in ft.

w,, [wws(i,j)] in ft/sec

R’ [rstar] = 1716.6 ft%/( sec?°R )

S’ [sstar] = 198.6 °R

ue [amustd] = 2.27e-08 Ib sec/( ft2 °R%)
pw in b sec?/ft*

8. in Ib/(ft-sec)

[iunit]=1 => International system of units (Sl)
p.. [pfs] in Pascal (i.e. Newton/m?3)

T [tfs] and T, [tws(i,j)] in ° K

L™ [reflen] in m.

w,, [wws(i,j)] in m/sec

R’ [rstar] = 287.059 m?/( sec?°K )

S’ [sstar] = 110.333 °K

i [amustd] = 2.27e-08 Ib sec/( ft2 °R%)
pw in Newton sec?/m*

A, in Newton/(m-sec)
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Program Structure of the BL Solver

The program is designed so that it can be run for a 2D case, axisym-
metric case or a 3D case with appropriate modifications. Running a 2D
case involves setting the dimension jm to 1 and suppressing the cross-flow
gradients. The axisymmetric case can be treated as a symmetry line flow
with metric h, defined by the local radius of the body at each location. In all
cases, the flow equations are solved by the identical subroutines. The pro-
gram structure is outlined in the following sketch:

[suucture of BL Program J

Open & rewind files

Call S/R inputs, S/R rinvis

AY PAAE e (inputs, raferance conditions, edga values etc.)
AL FAUL 1D

OF POOR QUALITY Call S/FL( initial

(initialize F,G,F’,G",H,H’ etc. profiles)
Set up marching loops in j (inner loop) and i (outer loop)

Call S/R edgexxx (where xxx is stg, sim, sym, att, inf or 3d)
(generate edge coefft.s for the type of equations being solved)

Set up iteration loop for an (i,j) station

Call S/R mmntm
(solve x,y momentum equations for F.G,F",G’)

Call S/R cntnty
(Integrate continuity equation for w)

Call S/R enrgy
(Solve enaergy equation for H and H)

Call S/R updte
(Update 1,I',8,8",w,,)

l— ----- Check convergence (S/R conv)

Call S/R phys
(Output profiles, wall and physical quantities)

Call S/R nexstep
(Store i-1 and i-2 profiles)

End of calculation
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The program first reads the inputs (S/R inputs), followed by
reading/calculation of the BL grid, metrics and edge conditions (S/R rinvis).
The input quantities in S/R inputs are directly included in the subroutine itself
rather than reading from a file. This is done to keep the program flexible.
However, it also means that the program will have to be recompiled each
time any of the inputs are changed. Most of the inputs and calculated refer-
ence conditions (computed in S/R ref of file lib/blk.f) are output to file fort.2.

The inputs in S/R rinvis corresponding to the edge conditions and
metrics [X, y, ue, ve, h1, h2, g12] are, in some cases, read from unit 20. In
other cases, these quantities are analytically generated by FORTRAN state-
ments in a part of this subroutine. This subroutine S/R rinvis also includes
calculation of pg, Te, He [roe, te, amue] from the above quantities. The cal-
culation of p, presently assumes that there are no shocks present in the
flow between free-stream and the BL edge. If the body is sharp-tipped and
in supersonic flow, the conditions downstream of the oblique shock can be
specified as the free-stream condition with no other change. Otherwise, the
isentropic relation to calculate p, will have to be replaced by an expression
for pg from p, ug and v,

The profiles at i=1 are initialized in S/R initial. Usually an initial
Falkner-Skan or Karman-Polhausen profile is used to start the iterative pro-
cess. The viscosity ratios |, Iy, |, and |3 are initialized to unity and their nor-
mal gradients to zero.

At each point (i,j), depending on the type of flow, the edge coefficients
are then generated. The expressions for these coefficients are listed in
Tables 2-7. These coefficients are functions of the gradients of the edge
conditions and metrics in & and n directions. These coefficients are calcu-
lated in S/R edgexxx, where ‘xxx’ stands for one of the following:

- stg for stagnation point flow

- sim for similarity profiles

- sym for symmetry line flow

- inf for infinite swept wing (locally or otherwise) flow
- att for attachment line flow

- 3d for general 3-D flow

These subroutines also contain statements to calculate a; [al,a2,a3]
and b; [b0,b1,b2,...b7], the & and m direction differencing coefficients. The
flags [ix] and [iy] are also specified in these subroutines, which can
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selectively suppress the gradients in the & or n directions to simulate 2D
flow, similarity flow etc.. Most of these quantities are in the common block
called ‘edge’. This common block is a part of the ‘include’ file lib/com. The
common blocks are included in the program by the use of the ‘include’ state-
ment. For compilers which do not suppont the ‘include’ feature, the entire
common block file can be copied to the program in place of the ‘include’
statement.

The solution of the x and y momentum equations at location (i,j) is done
in S/R mmntm (located in file lib/blk.f). This routine calls another routine
called S/R getfg (also located in lib/blk.f). S/R getfg obtains the values of F,
G, F’ and G’ [f,9,fp,gp] at (i,j,k) and 26 other nieghboring points correspond-
ing to different combinations of {i= i,i1,i2}, {j= j,j1.j2,j3.j4,j5,i6,j7} and {k=
k,k1,k2}. These 108 values (evaluated once per iteration at a given (i,j)) are
contained in common blocks in the ‘include’ file lib/comloc. The block-
tridiagonal system elements of [a], [b], [c] and [r] are then computed as
given in Table 8. The solution of the system is efficiently achieved through
S/R blklu (LU decomposition with full pivoting), S/R blksolv (inversion of LU
decomposed system) and a number of other other supporting routines, all
contained in the file lib/lib.f. The F, G, F’ and G’ values are then updated.

The continuity equation is then solved in S/R cntnty (located in file
lib/blk.f). This involves fourth-order accurate integration of the continuity
equation with the current (n-th) iteration values of F, G, F’ and G’ (obtained
by another call to S/R getfg). The transformed normal velocity at the wall,
w,, [Ww] is used here as the initial value for the integration. The value of w,,
is updated at the end of each iteration in S/R updte from the physical normal
velocity w,, [wws] and the current solution.

The solution of the energy equation is achieved in S/R enrgy and fol-
lows closely the procedure for solving the momentum equations. However,
in the present case, h and h’ [h,hp] values at (i,j) and surrounding points are
evaluated by a call to S/R gethi in addition to a call to S/R getfg. Further-
more, the calculation of Dg [dd5] and D’; [dd5p] is also accomplished in the
subroutine S/R gethi, based on the current solution profile. The block-
tridiagonal system corresponding to Table 9 is then formed. The wall condi-
tion type [iwall=0,1 or 2] determines the elements [b] and [r] at k=1. If
iwall=1 (temperature specified), the wall total enthalpy [hw] is specified; oth-
erwise [iwall=0 or 2], the normal gradient of the total enthalpy [hpw] is the
specified quantity. The system is inverted using the same subroutines as in
S/R mmntm.
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S/R updte is the final step in the iterative loop, wherein the viscosity
and the density ratios and the wall normal velocity are updated based on the
current solution.

I BF’max I d I 8H’max '

| F’max | | H’max | ‘
convergence, the physical quantities and profiles are calculated in S/R phys
based on expressions given in Chap. 6.

Convergence is tested on the ratios Upon

The m and & direction sweeps are continued till [ny]=[nylim] and
[nx]=[nxlim]. The storing of the profiles corresonding to the i-1 and i-2 levels
at the end of a n sweep is accomplished in S/R nextep. Differring
definitions of F and G at the boundary compared to the interior are also suit-
ably handled in this subroutine.

The dimensions of various arrays [nx], [ny], [nz] are set depending on
the case, in the ‘include’ block lib/com. When the array are changed, the
subroutines in the library files lib/lib.f and lib/blk.f are recompiled and loaded
along with the main program. The main program is case-dependent,
whereas, the library files are essentially the same except for changes in
array dimensions.

Given below are decriptions of all of the subroutines used in the BL cal-
culation. This is followed by a list of all the computer variables used in the
program and corresponding symbols. Subsequent to this, brief descriptions
of each of the test cases and the inputs are given.

A complete listing of the programs required to run Case10 (flow past a
swept wing) is also given subsequently. The complete set of programs for
all the test cases can also be made available upon request.
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Subroutine inputst

‘ Read in inputs to the BL program

Called from main program

Makes calls to s/r rinvis and s/r ref

Main inputs are:

| p.. [pfs]

| T, [tfs]

M.. [amach]

| L" [reflen]

| Wall condition type:

[iwall]=0 --> adiabatic wall

[iwall}=1 --> wall temperature specified

[iwall]=2 --> wall heat flux specified

Units used:

[iunit]=0 --> US units

[iunit]=1 --> Sl units

Wall heat flux [qd] (if [iwall]=2), dimension ([nx],[ny])

Wall mass injection rate, [wws], dimension ([nx],[ny])

Number of stations in i and j direction, [nppi] and [nppj] for profile output
Profile output stations, [ip] and [jp], dimension maximum of 100
Normal grid parameters, {, [zmax], ke [aK]

limits for i and j sweeps [nxlim] and [nylim]

Convergence limits [epsf] and [epsh]

BL edge locating constants [fedge] and [gedge]

Other inputs as given in S/R rinvis and S/R ref

1 Program variable names are enclosed in square brackets
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Subroutine ref

Located in library program file lib/blk.f

Calculates reference quantities

Called by S/R inputs

Some of the reference quantities calculated are:
Reference temperature T,o [trs]

Free-stream sonic velocity ¢_, [velson]

Free-stream velocity u_ [ufs]

Reference viscosity o [amuref]

Free-stream viscosity p., [amuinf]

Reference Reynolds number per unit length [rereff]
Free stream Reynolds number per unit length [refsf]
Reference total enthalpy H,o [hrefs]

Edge enthalpy, Hy [htot]

Subroutine rinvis
e Called from S/R inputs

e Read/specify the following:
BL grid [x] (dimension [nx]) and [y] (dimension [ny])
Edge velocities [ue] and [ve] (both dimensioned to ([nx],[ny]))

Velocity gradients [fe] (dimension [ny]) or [vey] (dimension [nx]), if
required

Metrics hy [h1], hy [h2] and g4, [g12], all dimensioned to ([nx],[ny])
¢ Calculate T4 [te] and p, [roe], both dimensioned to ([nx],[ny])

Calculation of [te] assumes constant total enthalpy at BL edge
Calculation of [roe] based on isentropic process from free-stream
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Subroutine initial
¢ Called once from the main program

¢ Initializes profiles to start the iterative calculation
Initialize F [f] and G [g]; fourth-order plynomial used

v
f(j,nz) is generally set to 1; g(j,nz) set to Te
{

Initialize F’ [fp] and G’ [gp] by differentiating F and G
Initialize H and H’; H set to Hq; H’ set to zero
Initialize w,lq,l5,15,I'4,15,I'3,1,1',06 and 6’

Subroutine updte
Called from main program after each iteration
Updates quantities l4,l5,l3,I'1,I'5,I3,1,1’,6 and 6’

If mass injection present, update w,,
w,, is a function of current solution and the specified w,,
Update |, if q,, is specified (iwall=2).

Simplified turbulence and transition models can be included

€4, €, €4 and o can be used in eq.s (38), (42), (45) and (46) to calcu-
late Iy, I, and I3

€1 =€ =€y =0 =0 assumed
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Subroutine edgexxx

* xxx stands for one of the following:
stg 3D stagnation point flow

sim Similarity flow

sym Symmetry line flow

3d 3D BL flow

att Attachment line flow

inf Infinite swept wing flow

e Called from main program once for each (i,j) location

e Evaluates the following edge coefficients:

Ay.AzAz A, or [aals] [aa2s],[aa3s],[aads]

B4,By,...,B5,B3,B,4 or [bb1],[bb2],...,[bb6],[b3s],[b4s]
C1,Cy.....C6,C4,C5 or [cc1],[ce2],... [ce],[ccds] [ce5s]
D4,D,,D4,D,4 or [dd1],[dd2],[dd3],[dd4]

¢ differencing coefficients, a4,a,,a5 or [a1],[a2],[a3]

n differencing coefficients, bg,by,bs,...,b; or [b0],[b1],[b2],...,[b7]
Corresponding j indices, [j1],[j2],[i3],[i4].[i5].[;6].[i7]

 specifies edge value g(j,nz)

* specifies § and n differencing flags, [ix] and [iy]
[ix]=0 indicates no x differencing, [iy]=0 indicates no y differencing

* evaluates metric factors C,4,C25,C26,C34,C35,Cag
The quantities below may be evaluated depending on the case:
dh4/3x,0h/3y, 3ho/dx,0ha/dy, 8g12/9%,0Q12/dY, dUe/dX,dUy/dy, Ve/dX,IV,/dY
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Subroutine nexstep
o Called at the end of each n sweep

e F,F,G,G'HH values at i and (i-1) levels are stored in arrays before
advancing to the next i level

[f11.[fp1].[01].[gp1].[hh1],[hp1] arrays used to store (i-1) level profiles
[f21,[fp2],[92].[gp2],[hh2],[hp2] arrays used to store (i-2) level profiles

Subroutine phys

Transformation to physical quantities after solution at (i,j) is obtained

Calculates the following quantities:
teps ty.pr Ox.pr By.pr Crxoor Ciywer G @nd other quantities as required

e If i=ip(...) or j=jp(...), outputs profiles of z ,u",v', T p’ etc..

Subroutine mmntm

Located in lib/blk.f

Called once per iteration for each (i,j)

e Forms the block-tridiagonal matrix corresponding to the discretized
momentum equations

¢ Inverts the system and updates F,F’,G,G’
e Calls S/R getfg to evaluate F,F',G,G" values at point (i,j,k) and 26 points
surrounding it, required in consructing the matrix; S/R getfg called km times

from S/R mmntm

¢ S/R blklu and S/R blksolv in lib/lib.f called to invert the system
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Subroutine cntnty
» Located in lib/blk.f, called once per iteration for each (i,j)

e Integrates the continuity equation to fourth-order accuracy with a given ini-
tial value [ww] of wall normal velocity

e Calls S/R getfg (km-1) times to evaluate F,F’,G,G’ values at point (i,jk)
and 26 points surrounding it, required in the integration

Subroutine enrgy
e Located in lib/blk.f; called once per iteration for each (i,j)

o Evaluates the block-tridiagonal matrix corresponding to the discretized
energy equation

¢ Inverts the system and updates H, H’

e Calls S/R gethi and S/R getfg to evaluate H,H’,F,F',G,G’ values at (i,j,k)
and 26 surrounding points ; each subroutine called km times.

¢ S/R blklu and S/R blksolv in lib/lib.f called to invert the system

Subroutine getfg
¢ Evaluates F,F’,G,G” values at (i,j,k) and 26 surrounding points

e The points are (i,j), (i,j-1), (i,j+1), (i-1,j), (i-1,j+1), (i-1,j+2), (i-1,j-1), (i-1,j-2),
(i-2,)) at levels k, (k-1) and (k+1)

* Boundary adjacent points handled separately
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Subroutine gethi
¢ Evaluates H,H’ values at (i,j,k) and 26 surrounding points

e Evaluates D5 and D’ once per iteration

Library subroutines

e Located in lib/lib.f

e Given below is a list of library subroutines/ functions:

Function deri22: calculates derivative of yp (2D array) with respect to
xp (2D array) at point (i,j) in the direction i

Function derj22: calculates derivative of yp (2D array) with respect to
xp (2D array) at point (i,j) in the direction j

Function derj21: calculates derivative of yp (2D array) with respect to
xp (1D array) at point (i,j) in the direction j

Function deri21: calculates derivative of yp (2D array) with respect to
xp (1D array) at point (i,j) in the direction i

Function derk: calculates derivative of yp (1D array) with respect to xp
(1D array) at point k

Function sumint: Integrates function yp (1D array) with respect to xp
(1D array) from 1 to i by trapezoidal formula

P Function sumx21: Integrates function yp (2D array) with respect to xp
(1D array) from 1 to i by trapezoidal formula

Function sumx22: Integrates function yp (2D array) with respect to xp
(2D array) from 1 to i by trapezoidal formula

S/R blklu: LU decomposition of a block-tridiagonal matrix (full pivoting)

S/R blksolv: Inversion of a LU decomposed system; supporting rou-
tines are; S/R cmult, S/R lu, S/R solve, S/R ax

Function quad: quadratic interpolation using (x1,y1), (x2,y2), (x3,y3)
Function stlin: Linear interpolation at x given (x1,y1), (x2,y2)
S/R solv3: Solves a 3x3 system [a].[x]=[b]

Functions sind, cosd, tand: sin, cos and tan of angles expressed in
degrees.
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Important Variables Used in the Program

Program Symbol Description
Variable
a - lower diagonal block of biock-tridiagonal sytem

Maximum dimension a(4,4,nz) in s/r mmntm and a(2,2,nz) in s/r enrgy

aals A, Coefficient of transformed continuity equation, evaluated in s/r edgexxx
(where xxx stands for stg, sim, sym, 3d, inf or att)

aa2s A, Coefficient of transformed continuity equation (s/r edgexxx)
aa3s A, Coefficient of transformed continuity equation (s/r edgexxx)
aads A, Coefficient of transformed continuity equation (s/r edgexxx)
ak ke Exponential stretching factor for { (s/r inputs)
akl - haVPelteUe at i (s/r edgexxx)
akl1 - hoVPelels at i-1
aki2 - haoVpeheUe at i-2
akx - § derivative of hy\peleUs
al | L2 (s/r updte), dimensioned to al(nz)
Pele
all I3 —|(1+-£—H-£I‘) (s/r updte), dimensioned to all(nz)
[ ARNTEN A
allp Iy Normal derivative of |5 (s/r updte), array allp(nz)
alp I Normal derivative of | (s/r updte), array alp(nz)
alpha o Angle of attack in degrees
all Iy l (1+%1") (s/r updte), dimensioned to ali(nz)
allp I’y Normal derivative of |, (s/r updte), dimensioned to al1p(nz)
al2 I, | (1+%I‘) (s/r updte), dimensioned to al2(nz)
al2p Iy Normal derivative of |, (s/r updte), dimensioned to al2p(nz)
amach M. Mach number, input in s/r inputs
amue Mo non-dimensional edge viscosity

dimensioned to amue(nx,ny) calculated in s/r rinvis

amui Heo non-dimensional free-stream viscosity (s/r ref)

amuinf ™™ Dimensional free-stream viscosity at T_; units, Pa.sec (SI) or Ib.sec/(ft**2) (US)
amuref Hret Dimensional reference viscosity at Trer; Units, Pa.sec (Sl) or Ib.sec/(ft**2) (US)
amustd ™ Sutherland viscosity coefficient

Pa.sec/(°K)™*0.5 (SI) or Ib.sec/(ft**2)/(°R)**0.5 (US)



al,a2,a3

bd

bd1

bd2

bd3 to bd7
bet

b1

b2
b3
b3s
b4
bds
b5

b6

ccl

cc2

cc3

ccds
ccd
ccbs
ccb
cfxi
cfyi
crs
c24l
c25!

cae6l

a1,az,aa

b3 to b7

B,
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coefficients of £ derivative, Eq. 124

diagonal block of block-tridiagonal system
maximum dimension b(4,4,nz) in s/r mmntm and b(2,2,nz) in s/r enrgy

n differencing coefficient, eq 126
n differencing coefficient, eq 126
7 differencing coefficient, eq 126
n differencing coefficients, eq 126
y(y-1)

coefficient, x momentum (s/r edgexxx)
where xxx stands for stg,sim,sym,3d,inf ot att

coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)
coefficient, x momentum (s/r edgexxx)

super-diagonal block of block-tridiagonal sytem
Maximum dimension ¢(4,4,nz) in s/r mmntm and ¢(2,2,nz) in s/r enrgy

coefficient, y momentum (s/r edgexxx)
where xxx stands for stg,sim,sym,3d,inf ot att

coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
coefficient, y momentum (s/r edgexxx)
Skin friction coefficient in x direction
Skin friction coefficient in y direction
Stagnation point parameter (eq. 61)
Metric coefficient

Metric coefficient

Metric coefficient

ORIGINAL PAGE IS
OF POOR QUALITY



c34l
c351
c36l

dd1

dd2
dd3
dd4
ddsk
dd5k1
dd5k2
dd5pk
dd5pk1

ddspk2

ddé

dd7

delfp
delhp
delta
dfpmax
dhpmax
dispx
dpx
dpy

dxi

dxit
epsf
epsh
erru

erv

fe

Cos B

8F

SH’

OF max

SH'max

Axi
X
€

£
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Metric coefficient
Metric coefficient
Metric coefficient

coefficient, energy equation (s/r edgexxx)
where xxx stands for stg,sim,sym,3d,inf ot att

coefficient, energy equation (s/r edgexxx)
coefficient, energy equation (s/r edgexxx)
coefficient, energy equation (s/r edgexxx)
coefficient Dg at point k

coefficient Dg at point k-1

coefficient Dg at point k+1

Ds’ at point k

Dy’ at point k-1

Dg’ at point k+1
{ 1)M2ﬂ
N3

12
hihy

Change in fp of profile in any iteration
Change in hp of profile in any iteration
boundary layer thickness, ft (US) or m (SI)
Maximum in profile of delfp

Maximum in profile of delhp

Displacement thickness in x direction, in ft (US) or m (Sl)
pressure gradient in x direction, local value
pressure gradient in y direction, local value
Step size in £ at i = x1-x;_4

Step size in & at i-1 = x_1-X;2
Convergence limit for momentum equations
Convergence limit for energy equation
Error tolerance on u, for S.E. solution

Error tolerance on v, for S.E. solution

u/u,, dimensioned to f(ny,nz)

dug/ot, dimensioned to fe(ny)
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|

fedge

fp1
fp2
f1

f2

gam
gap
gp1
gp2
gref
grefx
grefy
g1
gi2
gi2l
gi2xl
g2yl

g2

hcon

hh1
hh2
hp
hpw
hp1

hp2

hrefs

htot

hw

E
Fag
Fia)
Fi_y,

Fia

912
9g12/0X
099 12/0y

Giaj

Hi
Hiz

Hl
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value of F to find edge of boundary layer, =0.99, for example
dimensioned to fp(ny,nz)
dimensioned to fp1(ny,nz)
dimensioned to fp2(ny,nz)
dimensioned to f1(ny,nz)
dimensioned to f2(ny,nz)
viv, dimensioned to G(ny,nz)
ratio of specific heats
dimensioned to gp(ny,nz)
dimensioned to gp1(ny,nz)
dimensioned to gp2(ny,nz)

Reference quantity for v

dimensioned to g1(ny,nz)

metric coefficient, dimension g12(nx,ny)
local value of g4, at i,j

local value of x gradient of g4,

local value of y gradient of g4,
dimensioned to g2(ny,nz)

non-dimensional total enthalpy, dimensioned to h(ny,nz)

1
MZ(-1)

H ati-1 level, dimensioned to hh1(ny,nz)
H at i-2 level, dimensioned to hh2(ny,nz)
normal gradient of H, dimensioned to hp(ny,nz)
local value of H’ at the wall, i.e. at (i,j,1)
H’ati-1 level, dimensioned to hp1(ny,nz)
Hat i-2 level, dimensioned to hp2(ny,nz)

m2

Reference total enthalpy value, eq.(14), -ﬁ (US) or — (Sh)
sec? sec?

BL edge total enthalpy, eq.(15)

local value of H at the wall, i.e. at (i,j,1)

ORIGINAL PAGE i5
OF POOR QUALITY



h1

h2

itmax
iunit

iwall

kmaxe
kmaxm
k1

k2
nppi
nppj
nx

nxlim

ny

jm
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metric coefficient, array h1(nx,ny)

metric coefficient, array h2(nx,ny)

index in the x direction

maximum dimension of inviscid grid in x direction

i value at which x differencing becomes 2nd order

i values for which profiles are to be output, array ip(nppi)
iteration number

maximum number of iterations

unit flag, =0 for US units, =1 for Sl units

wall condition flag, =0 for adiabatic wall
=1, temperature specified, =2 heat flux specified

flag, =0 indicates no discretization in the x direction
flag, =0 indicates no discretization in the y direction
index in the crossflow or y direction

flag for boundary-adjacent point, =0 for interior point
=1 if j=2, =2 of j=nylim-1, =3 if j=ny

maximum dimension of inviscid grid in y direction

j+1 at level i-1

j+2 at level i-1

j-1 at level i-1

j-2 at level i-1

index in the z or { direction

k value corresponding to largest 8H’ in an iteration

k value corresponding to largest 8F in an iteration

k-1

k+1

number of i stations at which profile output is required
number of j stations at which profile output is required
maximum dimension of BL grid in x direction

value of i at which streamwise march is to be stopped

maximum dimension of BL grid in y direction



nylim
nz
nzt
om

pb
ph

pfs
phil .
pi

pri
psi
qd
qdot
reflen
refs
refsf
reinff
rereff
reref
roe
rofs
rstar
s

sstar

stild

stilde

s

te

tfs

km

Reret

Pe

P
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value of j at which y march is to be stopped

maximum dimension of grid in the normal ( { ) direction
km-1

factor controlling x differencing order

pressure coefficient on the BL grid
array dimensioned to pb(nx,ny)

pressure coefficient on the inviscid grid
array dimensioned to phiii,ji)

free stream static pressure, Ib/ftZ or Pa.

value ypefteUeSq at i j

Prandtl number (laminar value)

NTw )

dimensional heat flux, Ib/(ft.sec), input s/r inputs
dimensional heat flux, calculated s/r phys

reference length, ft or m.

free-stream Reynolds number based on x~
free-stream Reynolds number per unit iength

Free stream Reynolds number per unit length
Reference Reynolds number per unit length
Reference Reynolds number based on L’
non-dimensional edge density, array roe(nx,ny)
free-stream density, Ib sec?ft* (US) or Pa sec?m? (SI)
Gas constant, sec2R (US) or sec?°K (SI)

partial derivatives of (x,y) w.r.t. (xb,yb,zb); array s(6,nx,ny)

Reference temperature for Sutherland formula, °R (US) or (Sl)

Tr;f

distance in x direction over surface

edge temperature, array te(nx,ny)
free-stream temperature, non-dimensional

free-stream temperature, °R (US) or °K (Sl)
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thetax 8y momentum thickness in x direction, ft. or m.

thet 0 ratio, pg/p = T/T,

the2 e normal gradient of 8

tphys T dimensional value of temperature, °R or °K

trs Tret reference temperature, uZR’

tws M dimensional value of wall temperature

u u non-dimensional vcelocity in x direction

uden - magnitude of reference velocity for F

ue U edge velocity, array (nx,ny)

ufs u. free stream velocity, ft/s or m/s

uh - Inviscid velocity component (Cartesian) in x’ direction
us - Inviscid surface velocity, interpolated

uphys u' dimensional streamwise velocity, ft/s or m/s

v v non-dimensional velocity in y direction

vden - magnitude of reference velocity for G

ve Vg edge velocity, array (nx,ny)

vh - Inviscid velocity component (Cartesian) in y* direction
us - Inviscid surface velocity, interpolated

velson - speed of sound, ft/s or m/sec

vey ' y gradient of v,

w w transformed normal velocity

wh - Inviscid velocity component (Cartesian) in z' direction
ws - Inviscid surface velocity, interpolated

ww Wy wall value of w

wws Wyy wall value of w’

X £ streamwise coordinate, array x(nx)

xb X Cartesian coordinate, array xb(nx,ny)

xh - Cartesian coordinate of inviscid grid, array xh(ii,ji)
XS - surface coordinate for inviscid grid, array xs(ii ji)
y n crossflow coordinate, array y(ny)

yb y cartesian coordinate, array yb(nx,ny)

yh - Cartesian coordinate of inviscid grid, array yhii,ji)

ys - surface coordinate for inviscid grid, array ys(ii,ji)



zh
zb
zeon
zmax

zphys
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normal coordinate, array z(nz)

Cartesian coordinate of inviscid grid, array zh(ii,ji)
cartesian coordinate

integrated normal distance scale for normal coordinate
edge value of {

dimensional value of normal coordinate, ft. or m., array zphys(nz)
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Case 1: Program Notes

Program
File name is stg_bl/case1.f
Library routines are in lib/blk.f and lib/lib.f

To Run Program

Edit lib/com and set [nx]=1, [ny]=1, [nz]=41

Recompile lib/blk.f with 77 -c blk.f

Compile stg_bl/case1.f with {77 -0 case1 casel.f ../lib/blk.o ../lib/lib.o
Run with : case1

Inputs
[crs), [pfs], [tfs], [amach] in S/R inputs
[fe(1)], [n1(1,1)] if physical quantities are required in S/R rinvis

Variations

Different [crs] values in S/R inputs (0 to 1); different values of [ak]
[iwall]=1 in S/R inputs, wall temperature [tws(1,1)] to be specified
liwall]=2 in S/R inputs, wall heat flux [qd(1,1)] to be specified
[wws(1,1)] transpiration at the wall in units of velocity can be specified
Different [nz] values by editing lib/com and recompiling lib/blk.f

Program Description

This program corresponds to obtaining solution profiles at a single station i=1
and j=1. The inputs to the program and boundary conditions are provided in
S/R inputs. BL edge conditions are specified in S/R rinvis. Calculation of refer-
ence quantities is done in S/R ref in lib/blk.f. The initial profiles are specified in
S/R initial.

The edge coefficients as given in Table 1 are evaluated in S/R edgestg.
The momentum equations are solved in S/R mmntm, the continuity equation in
S/R cntnty and the energy equation in S/R enrgy. The subroutines getfg and
gethi obtain the F, G, F", G’, H, H" values at points (i,j) and surrounding points
depending on the x and y differencing flags [ix] and [iy]. In the present case,
since [ix] and [iy] are set to zero in S/R edgestg, there is no x or y differencing.
The block-tridiagonal system is solved by library routines contained in lib/lib.f.
Update of viscosity and density ratios during the iteration is done in S/R updte.
After convergence of the iteration, the physical quantities and profiles are output
in S/R phys.
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Results
fort.2 has output of input data and reference conditions
fort.3 profile output from S/R phys
fort.4 has output of physical quantities.
fort.10 has.profile output; see S/R phys for the corresponding write
| statements; these write statements to be modified as required.
Caution

(1) To simulate a very cold wall case, [tws(1,1)] cannot be set to zero since for-
mulation involves density ratio [the1] and quantities [al], [alp] etc. which are
functions of [the1]. Setting [tws(1,1)] to a small value can be done for this case.

(2) [roe(i,j)] is calculated in S/R rinvis assuming isentropic process between
free-stream and BL edge. If a detached shock is present in front of the blunt
body, [roe(i,j)] is to be calculated based on normal shock relations. Alterna-
tively, conditions downstream of the shock can be specified.
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Output file stg bl/fort.2 casel

Stagnation point flow Case 1
Physical quantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 1, 1, 41
zmax = 6.00

reflen = 1.000000

pfs = 2116.000

tfs= 520.00

mach no = 0.500

trs= 182.00

ufs = 558.85

0.9049514e+07
0.3537902e+07

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 1117.70

amuinf = 0.3745792e-06
amuref = 0.1464415e-06
rofs = (0.2371347e-02
hrefs = 0.3123120e+07
f-edge = 0.990000
nxlim= 1

iwall= 0

iunit= 0

ak= 1.100000

epsf= 0.1000000e-04
epsh= 0.1000000e-04
crs= 0.

ORIGINAL PAGE IS
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Wall conditions (tws,qd used only if iwall=1 or 2)

i WWS tws qd
1 0. 400.0000 ~600.0000
zeta stretching factor ak= 1.10000
zeta distribution
0. 0.1355647e-01 0.284685%9e-01
0.6291560e-01 (0.8276363e-01 0.1045965
0.1550304 0.1840899 0.2160553
0.2898956 0.3324416 0.3792422
0.4873517 0.5496434 0.6181642
0.7764474 0.8676486 0.9679699
1.199712 1.333240 1.480121
1.819415 2.014912 2.229960

SCOOOO0O

.4487193e-01
.1286126
.2512174
.4307230
.6935372
1.078323
1.641689
2.466513
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3.327801
4,935149

dhp
dhp
dhp
dhp
dhp
dhp
dhp

max=
max=
max=
max=
max=
max=
max=

OO OO OO

2.726721 3.012949
4.055108 4.474175
6.000000
fe= 25.00000
iterating at i= 1 j= 1
iter= 1 dfp max= 0.3409062e+00
iter= 2 dfp max= 0.2060392e-01
iter= 3 dfp max= 0.3460014e-02
iter= 4 dfp max= 0.7061199e-03
iter= 5 dfp max= 0.158160%e-03
iter= 6 dfp max= 0.3731292e-04
iter= 7 dfp max= 0.8927242e-05
end of calculation
Output file stg _bl/fort.4_casel
dispx= 0.6617032e-04 deltax= 0.2441325e-03

thetax= 0.2984530e-04

gdot=

0.

3.674138
5.442221

.1957642e-06
.1957642e-06
.1953470e-06
.1439067e-06
.1503779%e-06
.3007552e-06
.2255658e-06

at
at
at
at
at
at
at

1,39)
1,39)
1,39)
2,34)
2,33)
3,33)
9,33)
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Case 2: Program Notes

Program
File name is sim_bl/case2.f
Library routines are in lib/blk.f and lib/lib.f

To Run Program

Edit lib/com and set [nx]=21, [ny]=3, [nz]=41

Recompile lib/blk.f with {77 -c blk.f

Compile sim_bl/case2.f with {77 -0 case2 case2.f ../lib/blk.o ../lib/lib.o
Run with : case2

Inputs

[pfs], [tfs], [amach], [reflen] in S/R inputs; [iwall]=0

[nppi] and {ip] refer to i locations where profile output is required
[x(i),i=1,nx] distribution in S/R rinvis; [h1], [h2], [ue] are equal to 1
US units are used, [iunit]=0

Variations

[iwalll=1 in S/R inputs, wall temperature [tws(i,1),i=1,nx] to be specified
[iwall]=2 in S/R inputs, wall heat flux [qd(1,1),i=1,nx] to be specified
[amach]=0.05 to approximate incompressible flow

Program Description

This program corresponds to obtaining solution profiles at [nx] stations (at j=1)
of aflat plate. However, [ny] is set to 3 since y gradient of the metrics are cal-
culated in S/R edgesym (equal to zero in the present case). The y direction
equation and gradients are suppressed. The inputs to the program and boun-
dary conditions are provided in S/R inputs. BL edge conditions are specified in
S/R rinvis. The non-dimensional free-stream velocity [ue(i,1),i=1,nx] is equal to
unity as also are the metrics [h1(i,1)] and [h2(i,1)]. Calculation of reference
quantities are done in S/R ref in lib/blk.f. The initial profiles are specified in S/R
initial.

The edge cosfficients corresponding to the similarity profile at leading edge
i=1 are evaluated in S/R edgesmc (see Table 7). The x and y differencing flags
[ix] and [iy] are set to zero. The edge coefficients corresponding the 2D flow
downstream of the leading edge are evaluated in S/R edgesym, which are from
Table 4 with the edge cross flow velocity gradient [dvy(i)] equated to zero. The
x differencing flag [ix] is now set to 1 here which means that streamwise gra-
dients will be calculated. The F, G, F’, G*, H, H’ profiles at i-1 and i-2 locations
are stored at the end of iteration convergence in S/R nexstep. The momentum
equations are solved in S/R mmntm, the continuity equation in S/R cntnty and
the energy equation in S/R enrgy. The subroutines getfg and gethi obtain the
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F, G, F’, G’, H, H’ values at points (i,j) and surrounding points depending on the
x and y differencing flags [ix] and [iy]l. When wall heat flux is specified, the
corresponding H’ at the wall is calculated from equation (113). Since this equa-
tion involves quantities based on the current solution, H” at the wall will be
recalculated in S/R updte based on the current solution. The physical quantities
of BL thickness [deltax], momentum thickness [thetax], displacement thickness
[dispx], heat flux [qdot], skin friction coefficient [cfxi] as well as profiles at
selected stations are output in S/R phys.

Results

fort.2 has output of input data and reference conditions

fort.3 has profile output; see S/R phys for the corresponding write
statements; these write statements to be modified as required.

fort.4 wall and integrated quantities (S/R phys)

fort.10 profile output
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file sim_bl/fort.2_case2, partial listing
Flow past flat plate : Test case # 2
Physical quantities are in U.S. units

Wall condition : Wall heat flux specified

Inputs

nx, ny, nz = 21, 3, 41
zmax = 8.00

reflen = 5.000000

pfs = 400.0000

tfs= 400.00

mach no = 3.000

trs= 5040.00

ufs = 2940.86

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 980.29
amuinf 0.3033745e-06
amuref 0.1550445e-05
rofs = 0.5827506e-03
hrefs = 0.2402400e+07
f-edge 0.990000

Kon

('}

nxlim= 21

iwall= 2

iunit= 0

ak= 1.100000

epsf= 0.1000000e-04
epsh= 0.5000000e-04
iord= 5

Wall conditions

-

WWS tws

1007.270
1007.270
1007.270
1007.270
1007.270
1007.270
1007.270
1007.270
1007.270
1007.270
1007.270

= e
N OWOIoWU B WN
cCoocOooOOCOO0OO0OoCOO

0.1105351e+07
0.5649077e+07

SO OO OO OOOCOOO

1000.000 -86.670

ORIGINAL PAGE IS
OF POOR QUALITY
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13 0. 980.0000 ~283.2600

14 0. 960.0000 ~201.2100

15 0. 940.0000 -500.1100

16 0. 920.0000 ~588.1200

17 0. 3000000 ~668.2100

18 0. 880.0000 —742.4200

19 0. 860.0000 ~811.5800 ORIGINAL PAGE is
20 0. 840.0000 ~877.1000

21 0. 820.0000 ~939.2600 OF POOR QUALITY
stretching factor ak= 1.10000

zeta distribution

0. 0.1807530e-01 0.3795813e-01 0.5982924e-01
0.8388747e-01 0.1103515 0.1394620 0.1714835
0.2067071 0.2454532 0.2880738 0.3349565
0.3865274 0.4432555 0.5056563 0.5742972
0.6498023 0.7328579 0.8242190 0.9247162

1.035263 1.156865 1.290627 1.437765
1.599617 1.777654 1.973494 2.188919
2.425886 2.686550 2.973280 3.288684
3.635628 4.017266 4.437068 4.898850
5.406810 5.965567 6.580199 7.256294
8.000000

Profiles will be output at 3 stations
i= 11 i= 15 i= 21 i=
iflt= 1

i X ue

1 0. 1.000000
2 0.5000000e-02 1.000000
3 0.1000000e-01 1.000000
4 0.1500000e-01 1.000000
5 0.2000000e-01 1.000000
6 0.2500000e-01 1.000000
7 0.3000000e-01 1.000000
8 0.3500000e-01 1.000000
9 0.4000000e-01 1.000000
10 0.4500000e-01 1.000000
11 0.5000000e-01 1.000000
12 0.5500000e-01 1.000000
13 0.6000000e-01 1.000000
14 0.6500000e-01 1.000000
15 0.7000000e-01 1.000000
16 0.7500000e-01 1.000000
17 0.8000000e-01 1.000000
18 0.8500000e-01 1.000000
19 0.9000000e-01 1.000000
20 0.9500000e-01 1.000000
21  0.9999999%e-01 1.000000
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Case 3: Program Notes

Program
File name is sim_bl/case3.f
Library routines are in lib/blk.f and lib/lib.f

To Run Program

Edit lib/com and set [nx]=101, [ny]=3, [nz]=41

Recompile lib/blk.f with {77 -c bik.f

Compile sim_bl/case3.f with {77 -0 case3 case3.f ../lib/blk.o ../lib/lib.o
Run with : case3

Inputs

[pfs], [tfs], [amach], [reflen] in S/R inputs; [iunit]=1 (SI units)
These correspend to conditions downstream of the oblique shoc
[iwall]=1; Wall temperature [tws(i,1),i=1,nxlim] specified

[nppi] and [ip] refer to i locations where profile output is required
[x(i),i=1,nx] distribution in S/R rinvis

[h1], [h2] are defined in S/R rinvis for a cone; [ue] is equal to 1
Mass injection [wws(i,1)] at wall specified in S/R inputs

Note that [wws] is input as density multiplied by normal velocity

Variations
[wws(i,1)] set to different values (suction, blowing or no injection)

Program Description

This program corresponds to obtaining solution profiles at [nx] stations (at j=1)
of a cone in supersonic flow. However, [ny] is set to 3 since y gradient of the
metrics are calculated in S/R edgesym (equal to zero in the present case). The
y direction equation and gradients are suppressed. The inputs to the program
and boundary conditions are provided in S/R inputs. BL edge conditions are
specified in S/R rinvis. The non-dimensional free-stream velocity [ue(i,1),i=1,nx]
is equal to unity The metrics [h1(i,1)] and [h2(i,1)] are functions of x and the
cone half-angle. Calculation of reference quantities are done in S/R ref in
lib/blk.f. The initial profiles are specified in S/R initial.

The edge coefficients corresponding to the similarity profile at leading edge
i=1 are evaluated in S/R edgesmc (see Table 7). The x and y differencing flags
[ix] and [iy] are set to zero. The edge coefficients corresponding the 2D flow
downstream of the leading edge are evaluated in S/R edgesym, which are from
Table 4 with the edge cross flow velocity gradient [dvy(i)] equated to zero. The
x differencing flag [ix] is now set to 1 here which means that streamwise gra-
dients will be calculated. The F, G, F’, G’, H, H" profiles at i-1 and i-2 locations
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are stored at the end of iteration convergence in S/R nexstep. The momentum
equations are solved in S/R mmntm, the continuity equation in S/R cntnty and
the energy equation in S/R enrgy. The subroutines getfg and gethi obtain the
F, G, F', G’, H, H" values at points (i,j) and surrounding points depending on the
x and y differencing flags [ix] and [iy]. The transformed velocity at the wall [ww]
is calculated from equation (112). Since this equation involves quantities based
on the current solution, [ww] is recalculated in S/R updte based on the current
solution. The physical quantities of BL thickness [deltax], momentum thickness
[thetax], displacement thickness [dispx], heat flux [qdot], skin friction coefficient
[cfxi] as well as profiles at selected stations are output in S/R phys.

Results

fort.2 has output of input data and reference conditions

fort.3 has profile output; see S/R phys for the corresponding write
statements; these write statements to be modified as required.

fort.4 wall and integrated quantities (S/R phys)

fort.1 profile output
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file sim bl/fort.2 case3: partial listing ORIGINAL PAGE IS
———————————————————————— OF POOR QUALITY

Flow past a cone with mass injection: Case 3
Physical quantities are in S.I. units

Wall condition : Temperature specified

Inputs

nx, ny, nz = 101, 3, 41
zmax = 8.00

reflen = 1.000000

pfs = 1260.120

tfs= 82.53

mach no = 6.833

trs= 5394, 64

ufs = 1244 .42

0.6306532E+06
0.1167644E+08

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 182.12

amuinf = 0.5668721E-05
amuref = 0.1049554E-03
rofs = 0.5318981E-01
hrefs = (0.8291856E+05
f-edge = 0.995000
nxlim= 85

iwall= 1

iunit= 1

ak= 1.020000
epsf= (0.1000000E-03
epsh= 0.1000000E-03

iord= 5

stretching factor ak= 1.02000

zeta distribution

0.0000000E+00 0.1324447 0.2675354 0.4053355
0.5458827 0.6892467 0.8354774 0.9846325
1.136768 1.291948 1.450235 1.611686
1.776364 1.944339 2.115666 2.290430
2.468679 2.650504 2.835959 3.025122
3.218074 3.414877 3.615623 3.820383
4.029237 4.242265 4,459562 4.681198
4.907267 5.137857 5.373065 5.612971
5.857677 6.107284 6.361872 6.621557
6.886435 7.156616 7.432198 7.713285
8.000000

X,wws values

1 0.000 0.000 2 0.005 0.000 3 0.010 0.000
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Case 4: Program Notes

Program
File name is sym_bl/case4.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=118, [ny]=3, [nz]=41

Recompile lib/blk.f with {77 -¢ blk.f

Compile sym_bl/cased.f with {77 -0 case4 case4.f ../lib/blk.o ../lib/lib.o
Run with : case4

Inputs

[pfs], [tfs], [amach], [reflen] in S/R inputs; [iunit]=0 (US units)

[iwall]=0; Adiabatic Wall

[nppi] and [ip] refer to i locations where profile output is required

[x(i),i=1,nx] distribution in S/R rinvis

[h1], [h2], [ue], [vey] are calculated in S/R rinvis for an ellipsoid at a=6° by
analytical formula

Variations

[y] distribution and [vey] values depending on windward line or leeward line (see
S/R rinvis).

Different x distributions and nxlim values
[nxlim] to be input < [nx] to avoid rear stagnation point

[x(1)] set to 0.0005 for windward symmetry solution and to -0.0005 for leeward
symmetry solution to get a more accurate solution near the forward stagnation
point.

Coefficients in S/R edgesym at i=2 calculated based on forward differencing of
[ue], [h1], [h2] and [ak] to avoid differencing across the singularity point.

Program Description

This program calculates solution profiles at [nxlim] stations (at y=0 or y=1) of an
ellipsoid at angle of attack. The inputs to the program and boundary conditions
are provided in S/R inputs. BL edge conditions are specified in S/R rinvis. The
non-dimensional free-stream velocity [ue(i,1),i=1,nx] and the crossflow velocity
gradient [vey(i),i=1,nx] are calculated analytically. The metrics [h1(i,1)] and
[h2(i,1)] are defined in S/R rinvis. Calculation of reference quantities are done
in S/R ref in lib/blk.f.

The edge coefficients corresponding to the 3D stagnation point at i=1 are
evaluated in S/R edgestg (see Table 3). The edge coefficients corresponding
the symmetry flow downstream are evaluated in S/R edgesym, which are from
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Table 4 with the edge cross flow velocity gradient [dvy(i)] as given in S/R rinvis.
The x differencing flag [ix] is now set to 1 here which means that streamwise
gradients will be calculated. The F, G, F, G/, H, H’ profiles at i-1 and i-2 loca-
tions are stored at the end of iteration convergence in S/R nexstep.

The solution diverges as separation is approached. This occurs at i=111
for windward symmetry line and i=100 for leeward symmettry line.

The physical quantities of BL thickness [deltax], momentum thickness [the-
tax], displacement thickness [dispx], skin friction coefficient [cfxi] as well as
profiles at selected stations are output in S/R phys.

Results

fort.2 has output of input data and reference conditions
fort.3 has profile output (S/R phys)

fort.4 wall and integrated quantities (S/R phys)

fort.1 output for plots
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Windward sym. line flow Ellipsoid alpha=6, case4

Physical quantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 118, 3, 41
zmax = 8.00

reflen = 2.000000

pfs = 2116.000

tfs= 520.00

mach no = 0.050

trs= 1.82

ufs = 55.88

0.4765381E+09
0.3537900E+06

ref Re no per unit length
fs Re no per unit length

fs sonic vel = 1117.70
amuinf = 0.3745793E-06
amuref = 0.2780940E-09

rofs = 0.2371347E-02
hrefs = (0.3123122E407
f-edge = 0.990000

nxlim= 111

iwall= 0

iunit= 0

ak= 1.070000

epsf= 0.5000000E-04
epsh= 0.5000000E-04
iord= 5

crs= 1.000000

stretching factor ak= 1.07000
zeta distribution

0.0000000E+00 0.4007342E-01 0.8295202E-01 0.1288323
0.1779239 0.2304517 0.2866566 0.3467962
0.4111452 0.4799983 0.5536718 0.6325016
0.7168503 0.8071027 0.9036732 1.007004
1.117567 1.235870 1.362454 1.497898
1.642824 1.797895 1.963820 2.141361
2.331329 2.534595 2.752090 2.984808
3.233817 3.500257 3.785347 4.090393
4.416793 4.766041 5.139735 5.539589
5.967432 6.425223 6.915060 7.439186
8.000000

i X hl h2 ue i X hl h2 ue

1 0.0000 5.1826 0.0000 0.0000 2 0.0010 4.0716 0.0248 0.0757
30.0020 2.9607 0.0351 0.1803 4 0.0030 2.4822 0.0430 0.2554
50.0040 2.2044 0.0496 0.3147 6 0.0050 2.0195 0.0554 0.3637
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7 0.0060 1.8861 0.0607 0.4055 8 0.0070 1.7848 0.0655 0.4417
9 0.0080 1.7048 0.0700 0.4735 10 0.0090 1.6399 0.0742 0.5018
11 0.0100 1.5861 0.0781 0.5273 12 0.0110 1.5407 0.0819 0.5503
13 0.0120 1.5018 0.0855 0.5712 14 0.0130 1.4681 0.0890 0.5904
15 0.0140 1.4385 0.0923 0.6080 16 0.0150 1.4125 0.0955 0.6242
17 0.0160 1.3892 0.0985 0.6393 18 0.0170 1.3684 0.1015 0.6534
19 0.0180 1.3496 0.1044 0.6664 20 0.0190 1.3326 0.1072 0.6787
21 0.0200 1.3171 0.1100 0.6902 22 0.0300 1.2143 0.1340 0.7756
23 0.0400 1.1595 0.1539 0.8293 24 0.0500 1.1254 0.1712 0.8666
25 0.0600 1.1021 0.1865 0.8943 26 0.0700 1.0851 0.2004 0.9158
27 0.0800 1.0723 0.2131 0.9330 28 0.0900 1.0622 0.2248 0.9471
29 0.1000 1.0541 0.2356 0.9590 30 0.1100 1.0474 0.2457 0.9691
31 0.1200 1.0419 0.2552 0.9779 32 0.1300 1.0371 0.20641 0.985¢6
33 0.1400 1.0331 0.2725 0.9924 34 0.1500 1.02906 0.2804 0.9985
35 0.1600 1.0265 0.2879 1.003%9 36 0.1700 1.0238 0.2950 1.0089
37 0.1800 1.0215 0.3017 1.0134 38 0.1900 1.0193 0.3081 1.0176
39 0.2000 1.0174 0.3142 1.0214 40 0.2100 1.0157 0.3199 1.0249
41 0.2200 1.0142 0.3253 1.0282 42 0.2300 1.0128 0.3305 1.0313
43 (0.2400 1.0115 0.3354 1.0341 44 0.2500 1.0104 0.3401 1.0368
45 0.2600 1.0093 0.3445 1.0394 46 0.2700 1.0084 0.3487 1.0418
47 0.2800 1.0075 0.3526 1.0440 48 0.2900 1.0067 0.3564 1.0462
49 0.3000 1.0059 0.3599 1.0482 50 0.3100 1.0053 0.3632 1.0501
51 0.3200 1.0046 0.3664 1.0520 52 0.3300 1.0041 0.3693 1.0538
53 0.3400 1.0036 0.3721 1.0555 54 0.3500 1.0031 0.3746 1.0571
55 0.3600 1.0027 0.3770 1.0586 56 0.3700 1.0023 0.3792 1.0601
57 0.3800 1.0019 0.3812 1.0616 58 0.3900 1.0016 0.3831 1.0630
53 0.4000 1.0013 0.3848 1.0643 60 0.4100 1.0010 0.3863 1.0656
61 0.4200 1.0008 0.3876 1.0669 62 0.4300 1.00006 0.3888 1.0681
63 0.4400 1.0005 0.3899 1.0693 64 0.4500 1.0003 0.3907 1.0704
65 0.4600 1.0002 0.3%614 1.0715 66 0.4700 1.0001 0.3920 1.0726
67 0.4800 1.0001 0.3924 1.0736 68 0.4900 1.0000 0.3926 1.0746
69 0.5000 1.0000 0.3927 1.0756 70 0.5100 1.0000 0.3926 1.07606
71 0.5200 1.0001 0.3924 1.0775 72 0.5300 1.0001 0.3920 1.0784
73 0.5400 1.0002 0.3914 1.0793 74 0.5500 1.0003 0.3907 1.0802
75 0.5600 1.0005 0.3899 1.0810 76 0.5700 1.0006 0.3888 1.0818
77 0.5800 1.0008 0.3876 1.0826 78 0.5900 1.0010 0.3863 1.0834
79 0.6000 1.0013 0.3848 1.0841 80 0.6100 1.0016 0.3831 1.0849
81 0.6200 1.0019 0.3812 1.0856 82 0.6300 1.0023 0.3792 1.0863
83 0.6400 1.0027 0.3770 1.0869 84 0.6500 1.0031 0.3746 1.0876
85 0.6600 1.0036 0.3720 1.0882 86 0.6700 1.0041 0.3693 1.0888
87 0.6800 1.0046 0.3664 1.0893 88 0.6900 1.0053 0.3632 1.0899
89 0.7000 1.0059 0.3599 1.0904 90 0.7100 1.0067 0.3564 1.0908
91 0.7200 1.0075 0.3526 1.0913 92 0.7300 1.0084 0.3487 1.0917
93 0.7400 1.0093 0.3445 1.0921 94 0.7500 1.0104 0.3401 1.0924
95 0.7600 1.0115 0.3354 1.0926 96 0.7700 1.0128 0.3305 1.0928
97 0.7800 1.0142 0.3253 1.0930 98 0.7900 1.0157 0.3199 1.0931
99 0.8000 1.0174 0.3142 1.0930 100 0.8100 1.0193 0.3081 1.0929
101 0.8200 1.0215 0.3017 1.0927 102 0.8300 1.0238 0.2950 1.0923
103 0.8400 1.0265 0.2879 1.0917 104 0.8500 1.0296 0.2804 1.0910
105 0.8600 1.0331 0.2725 1.0900 106 0.8700 1.0371 0.2641 1.0887
107 0.8800 1.0419 0.2552 1.0870 108 0.8900 1.0474 0.2457 1.0848
109 0.9000 1.0541 0.2356 1.0819 110 0.9100 1.0622 0.2248 1.0782
111 0.9200 1.0723 0.2131 1.0733
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Case 5: Program Notes

Program
File name is sym_bl/case5.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=99, [ny]=3, [nz]=81

Recompile lib/blk.f with {77 -c blk.f

Compile sym_bl/case5.f with 77 -0 case5 case5.f ../lib/blk.o ../lib/lib.o
Run with : case5

Inputs

[pfs], [tfs], [amach], [reflen] in S/R inputs; [iunit]=0 (US units)
[iwall]=0; Adiabatic Wall; [reflen] depends on the Reynolds number
[nppi] and [ip] refer to i locations where profile output is required

[xb], [zb] (cartesian coordinates of airfoil section) are read in S/R rinvis from
Navier-Stokes run data; also read in are the pressure coefficient values and
skin friction results from N-S run.

The x distribution is calculated from [xb] and [zb] as arc length
[ue] and [ve] calculated from pressure coefficient values; [h1] and [h2] are unity.
Conditions at i=1 (attachment point) are obtained by quadratic extrapolation.

Variations
nxlim=44 for refs=5,000 run (input file is sym_bl/case5_dat1)
nxlim=98 for refs=1,000,000 run (input file is sym_bl/case5_dat2)

Program Description

This program calculates solution profiles at [nxlim] stations for flow past an air-
foil in subsonic flow. The inputs to the program and boundary conditions are
provided in S/R inputs. BL edge conditions are specified in S/R rinvis. Calcula-
tion of reference quantities are done in S/R ref in lib/blk.f. The edge conditions
are as obtained from a Navier-Stokes calculation.

The edge coefficients corresponding to the 2D stagnation point at i=1 are
evaluated in S/R edgestg (see Table 3). The edge coefficients corresponding
the 2D flow downstream are evaluated in S/R edgesym, which are from Table 4
with the edge cross flow velocity gradient [dvy(i)] and cross-flow gradients set to
zero.

The solution diverges as separation is approached. This occurs at i=98 for
for the higher Re number case and i=44 for the lower Re number case. Note
that the x distribution in the two cases are not the same. Laminar separation
for the lower Re number case occurs farther from the leading edge.
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Results

The physical quantities of BL thickness [deltax], momentum thickness [thetax],
displacement thickness [dispx], skin friction coefficient [cfxi] as well as profiles
at selected stations are output in S/R phys.

fort.2 has output of input data and reference conditions

fort.3 has profile output (S/R phys)

fort.4 wall and integrated quantities (S/R phys)
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file sym bl/fort.2_case5: Partial listing

Flow past Airfoil Section, case5
Physical gquantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 99, 3, 81

zmax = 10.00

reflen = 0.2826600

pfs = 2116.000

tfs= 520.00

mach no = 0.500

trs= 182.00

ufs = 558.85

ref Re no per unit length = 0.9049514e+07
fs Re no per unit length = 0.3537902e+07
fs sonic vel = 1117.70

amuinf 0.3745792e-06

amuref 0.1464415e-06
rofs = 0.2371347e-02
hrefs = 0.3123120e+07
f-edge = 0.990000

nxlim= 68

iwall= 0

iunit= 0

ak= 1.050000

epsf= 0.5000000e-04
epsh= 0.5000000e-04

iord= 5
crs= 0.
stretching factor ak= 1.05000

zeta distribution

0. 0.1029627e-01 0.2110735e-01
0.4437821e-01 0.5689340e-01 0.7003433e-01
0.9832020e-01 0.1135325 0.1295053
0.1638870 0.1823776 0.2017927
0.2435838 0.2660593 0.2896585
0.3404558 0.3677748 0.3964598
0.4582043 0.4914108 0.5262775
0.6013282 0.6416910 0.6840717
0.7752963 0.8243573 0.8758713
0.9867554 1.046389 1.109005

1.243785 1.316271 1.392381
1.556207 1.644313 1.736825
1.935957 2.043051 2.155499
2.397545 2.527719 2.664401

O T OOOOOOO

NN = .

ORIGINAL PAGE IS
OF POOR QUALITY

.3245900e-01
.8383231e-01
.1462769
.2221786
.3144377
.4265791
.5628877
.7285714

9299613
.174752
.472296
.833962
.273571
.807917
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2.958609 3.116836 3.282973 3.457418
3.640585 3.832910 4.034852 4.246890
4.469531 4,703303 4,948764 5.206499
5.477119 5.761271 6.059630 6.372909
6.701850 7.047238 7.409895 7.790687
8.190516 8.610338 9.051150 9.514004
10.00000
i X hl h2 ue i X hl h2 ue
1 0.0000 1.0000 1.0000 0.0000 2 0.0005 1.0000 1.0000 0.0361
3 0.0015 1.0000 1.0000 0.1095 4 0.0025 1.0000 1.0000 0.1852
5 0.0036 1.0000 1.0000 0.2605 6 0.0046 1.0000 1.0000 0.3347
7 0.0058 1.0000 1.0000 0.4076 8 0.0070 1.0000 1.0000 0.4789
9 0.0082 1.0000 1.0000 0.5480 10 0.0096 1.0000 1.0000 0.6143
11 0.0110 1.0000 1.0000 0.6769 12 0.0125 1.0000 1.0000 0.7352
13 0.0141 1.0000 1.0000 0.7889 14 0.0158 1.0000 1.0000 0.8380
15 0.0177 1.0000 1.0000 0.8826 16 0.0196 1.0000 1.0000 0.9219
17 0.0218 1.0000 1.0000 0.9591 18 0.0241 1.0000 1.0000 0.9974
19 0.0265 1.0000 1.0000 1.0285 20 0.0291 1.0000 1.0000 1.0503
21 0.0319 1.0000 1.0000 1.0692 22 0.0349 1.0000 1.0000 1.0911
23 0.0381 1.0000 1.0000 1.1116 24 0.0416 1.0000 1.0000 1.1274
25 0.0452 1.0000 1.0000 1.1409 26 0.0491 1.0000 1.0000 1.1534
27 0.0533 1.0000 1.0000 1.1646 28 0.0578 1.0000 1.0000 1.1744
29 0.0625 1.0000 1.0000 1.1830 30 0.0676 1.0000 1.0000 1.1904
31 0.0730 1.0000 1.0000 1.1969 32 0.0787 1.0000 1.0000 1.2025
33 0.0848 1.0000 1.0000 1.2072 34 0.0913 1.0000 1.0000 1.2112
35 0.0982 1.0000 1.0000 1.2145 36 0.1055 1.0000 1.0000 1.2172
37 0.1133 1.0000 1.0000 1.2192 38 0.1216 1.0000 1.0000 1.2207
39 0.1303 1.0000 1.0000 1.2216 40 0.1396 1.0000 1.0000 1.2220
41 0.1494 1.0000 1.0000 1.2219 42 0.1599 1.0000 1.0000 1.2212
43 0.1709 1.0000 1.0000 1.2201 44 0.1826 1.0000 1.0000 1.2185
45 0.1949 1.0000 1.0000 1.2165 46 0.2078 1.0000 1.0000 1.2139
47 0.2210 1.0000 1.0000 1.2111 48 0.2343 1.0000 1.0000 1.2079
49 0.2478 1.0000 1.0000 1.2046 50 0.2613 1.0000 1.0000 1.2010
51 0.2748 1.0000 1.0000 1.1973 52 0.2884 1.0000 1.0000 1.1934
53 0.3021 1.0000 1.0000 1.1894 54 0.3157 1.0000 1.0000 1.1853
55 0.3294 1.0000 1.0000 1.1812 56 0.3430 1.0000 1.0000 1.1770
57 0.3566 1.0000 1.0000 1.1728 58 0.3702 1.0000 1.0000 1.1686
59 0.3838 1.0000 1.0000 1.1645 60 0.3972 1.0000 1.0000 1.1605
61 0.4107 1.0000 1.0000 1.1568 62 0.4240 1.0000 1.0000 1.1534
63 0.4373 1.0000 1.0000 1.1502 64 0.4504 1.0000 1.0000 1.1470
65 0.4635 1.0000 1.0000 1.1433 66 0.4765 1.0000 1.0000 1.1386
67 0.4894 1.0000 1.0000 1.1325 68 0.5021 1.0000 1.0000 1.1254
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.00600
.01200
.01800
.03000

.07800
.10200
.12600
.16500
.22500
.28500
.34500
.40500

COOOO O OO OOOOOO

y stations

0.18750
0.63750
1.08750

.05400°

OO OO OO OOOOO0O

P OO

.00700
.01300
.01900
.03400
.05800
.08200
.10600
.13000
.17500
.23500
.29500
.35500

.26250
.71250
.16250

QOO OO0 OO OO0

[adi N e
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.00800
.01400
.02000
.03800
.06200
.08600
.11000
.13500
.18500
.24500
.30500
.36500

.33750
.78750
.23750

QOO OOOOODODOOOOO

OO

.00800
.01500
.02100
.04200
.06600
.09000
.11400
.14100
.19500
.25500
.31500
.37500

.41250
.86250

OO OO OO OO OOOO0O

.01000
.01600
.02300
.04600
.07000
.0%9400
.11800
.14800
.20500
.26500
.32500
.38500

.48750
.93750

OO OCOOOCOOOOOOO

.01100
.01700
.02600
.05000
.07400
.09800
.12200
.15600
.21500
.27500
.33500
.39500

.56250
.01250
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Case 6: Program Notes

Program
File name is inf_bl/case6.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=101, [ny]=1, [nz]=41

Recompile lib/blk.f with {77 -c blk.f

Compile inf_bl/case6.f with {77 -0 case6 case6.f ../lib/blk.o ../lib/lib.o
Run with : case6

Inputs

The inviscid flow on the swept ellipse is calculated by the program ellipse.f.
This program generates the cross section and edge velocity (u, 5p) for a swept
ellipse at an angle of attack. The inputs to this program are the ellipse fineness
ratio, angle of attack, sweep angle and the grid distribution. This program is
run with,

f77 -0 ellipse eliipse.f ../lib/lib.o ; ellipse

The inviscid edge conditions are output to fort.20_case6

The inputs to the BL program are: [amach], [pfs], [tfs], [reflen] and the sweep
angle; [iunit] = [iwalll]=0

Program Description

This program calculates solution profiles at [nxlim] stations for flow past a swept
ellipse in subsonic flow.

The inputs to the program and boundary conditions are provided in S/R inputs.
BL edge conditions are specified in S/R rinvis (read in from file fort.20_cases).

The edge coefficients corresponding to an infinite swept attachment line at
i=1 are evaluated in S/R edgeatt. The edge coefficients corresponding the
infinite swept wing flow downstream are evaluated in S/R edgeinf.

Results

The physical quantities of BL thickness [deltax], momentum thickness [thetax],
displacement thickness [dispx], skin friction coefficient [cfxi] as well as profiles
at selected stations are output in S/R phys.
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Flow

Physical quantities are in U.S. units

Wall condition

Inputs

nx, ny, nz = 101, 1, 4
zmax = 8.00

reflen = 1.000000

pfs = 2116.000

tfs= 520.00

mach no = 0.100

trs= 7.28

ufs = 111.77

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 1117.70

amuinf = 0.3745792e-06
amuref = 0.2165752e-08
rofs = 0.2371347e-02
hrefs = 0.3123120e+07
f-edge = 0.990000
nxlim= 79

iwall= 0

iunit= 0

ak= 1.020000

epsf= 0.5000000e-04

epsh= 0.5000000e-04

stretching factor ak=
Zzeta distribution

0. 0.1324464
0.5458910 0.6892554
1.136781 1.291963
1.776379 1.944353
2.468700 2.650521
3.218091 3.414900
4.029256 4,242288
4.907286 5.137878
5.857694 6.107295
6.886445 7.156621
8.000000
ble ue ve i
.0000 0.0000 0.6428 20
.0019 0.2120 0.6428 50
.0037 0.4539 0.6428 8 0
.0053 0.7044 0.6428 11 0
.0070 0.9319 0.6428 14 0

: Adiabatic wall

1

0.1223800e+09
0.7075803e+06

1.02000

0.2675414
0.8354862
.450248
.115686
.835977
.615643
.459579
.373082
.361886
.432198

~SoodbdswdhheE

.0007
.0025
.0042
.0059
.0075

.0667
.2901
.5379
. 7844
. 9975

.6428
.6428
.6428
.6428
.6428

OO OOO
OCOOOC O

SO WwwhN e

[d

=
ONOoOW
cococoo

0.4053386
0.9846427
.611700
.290447
.025143
.820403
.681217
.612990
.621570
.713290

.0013
.0031
.0048
.0064
.0081

POOOOo

ORIGINAL PAGE IS
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ue ve

.1374 0.6428
.3710 0.6428
.6219 0.6428
.8606 0.6428
.0570 0.6428



16
19
22
25
28
31
34
37
40
43
46
49
52
55
58
61
64
67
70
73
76

[ojejojolofololololoNololoNoloNoNoNoNoleole)

.0086
.0104
.0124
.0146
.0170
.0196
.0225
.0257
.0292
.0330
.0371
. 0415
.0462
.0512
.0564
.0620
.0679
.0741
.0805
.0873
.0943

PHRPRPRRERERRBRHEBREERPRRRPBRP PR RS

ue

.1101
.2317
.3053
.3449
.3629
.3679
.3655
.3590
.3504
.3408
.3309
.3211
.3116
.3025
.2938
.2856
.2778
.2705
.2636
.2570
.2508

[ejoeooloololeoololoNoNololoNoRoloNoNo o)

ve

.6428
.6428
.6428
.6428
. 6428
.6428
.6428
. 6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428

17
20
23
26
29
32
35
38
41
44
47
50
53
56
59
62
65
68
71
74
77

[eNeolaolisleojoleolololeloNololoNoNoloNoNeNe]
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.0092
.0111
.0131
.0153
.0178
.0206
.0236
.0269
.0305
.0344
.0385
.0430
.0478
.0529
.0583
.0640
.0699
.0762
.0827
.0896
.0967

RPHEBPRRPRHEBRHERREESRBRRERHP R BR

ue

.1567
.2609
.3216
.3528
.3657
.3677
.3637
.3563
.3473
.3375
.3276
.3179
.3085
.2995
.2910
.2830
.2753
.2681
.2613
.2549
.2488

O OO OO OO OO0 OODOOODODODODODOO

ve

.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428
.6428

18
21
24
27
30
33
36

42
45
48
51
54
57
60
63

69
72
75
78

[eNolojololololololololololololoNoloNoNloNe!

.0098
.0117
.0138
.0161
.0187
.0215
.0246
.0280
.0317
.0357
.0400
.0446
.0495
.0547
.0601
.0659
.0720
.0783
.0850
.0919
.0991

HEEREERERERERRERPRR R RP R

ue

L1971
.2853
.3347
.3587
.3673
.3669
.3615
.3534
.3441
.3342
.3244
.3147
.3055
.2967
.2883
.2804
.2729
.2658
.2591
.2528
.2468

[oNeolololoNoNoRoloNolololloNo oo NoloNoNo o]

ve

.6428
.6428
.6428
.6428
.6428
.6428
. 6428
.6428
. 6428
.6428
.6428
. 6428
.6428
.6428
.6428
.6428
.6428
. 6428
.6428
. 6428
.6428
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Case 7: Program Notes

Program
File name is att_bl/case7.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=1, [ny]=20, [nz]=41

Recompile lib/blk.f with {77 -c blk.f

Compile att_bl/case7.f with {77 -0 case7 case7.f ../lib/lib.o ../lib/blk.o

Run with : case7

To generate the inviscid edge conditions, compile att_bl/cyl.f with

77 -o cyl cyl.f ../lib/lib.o

and run with : cyl

The input data for cyi.f is in cp.dat (Euier resuits); the output from cyi.f is
fort.20_case7

Inputs

The inviscid inputs are in file cp.dat. They comprise of the cartesian coordi-
nates of the inviscid grid (x',y’,2’), the cartesian components of velocity (u’,v',w’)
and the pressure coefficient, Cy,

The inputs to the BL program are the edge velocity along the attachment line
and the streamwise velocity gradient. They are calculated by the program cyl.f;
Other inputs [pfs], [tfs], [amach] and [reflen] are in S/R inputs; metric
coefficients are input in S/R rinvis.

Program Description

The program cyl.f reads in the inviscid grid and cartesian components of velo-
city. The velocities are transformed to curvilinear coordinates. The first five
stations near to the symmetry plane are skipped to avoid the subsonic region in
the inviscid calculation. The velocity gradient in the streamwise direction is then
calculated. Results are output to a file called fort.20_case?.

The program case7.f obtains the BL solution on the swept cylinder attach-
ment line. The edge conditions from fort.20_case7 are read in. The first station
on the attachment line is calculated by solving the infinite attachment line equa-
tions. The edge conditions for this case are generated in S/R edgeinf. The
solution along the attachment line is then calculated by marching in the j direc-
tion. The edge conditions for the general attachment line equations are gen-
erated in S/R edgeatt. A 2-point backward differencing scheme is used to
evaluate the y gradients.
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Att line flow swept cyl at amach=3.5, case7’ ORIGINAL PAGE IS

OF POOR QUALITY

Physical quantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 1, 20, 41
zmax = 6.00

reflen = 0.8333334e-01
pfs = 188.7800

tfs= 172.75

mach no = 3.500

trs= 2962.66

ufs = 2254.76

0.1240029e+07
0.1034549e+08

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 644.22
amuinf 0.1387936e-06
amuref 0.1157947e-05
rofs = 0.6368258e-03
hrefs = 0.1037537e+07
f-edge = 0.990000

([

[l

nylim= 20

iwall= 0

iunit= 0

ak= 1.03C000

epsf= 0.5000000e-04
epsh= 0.5000000e-04
iord= 5

crs= 0.
gedge= 0.9900000

stretching factor ak= 1.03000
zeta distribution
0. 0.7957422e-01 0.1615357 0.2459560

0.3329091 0.4224705 0.5147189 0.6097348
0.7076012 0.8084035 0.9122299 1.019171
1.129320 1.242774 1.359632 1.479995
1.603969 1.731662 1.863187 1.998657
2.138190 2.281910 2.429942 2.582415
2.739461 2.901219 3.067830 3.239439
3.416197 3.598257 3.785779 3.978926
4.177869 4,382779 4.593837 4.811226
5.035137 5.265765 5.503313 5.747986
6.000000

J y(3) ve fe
1 0.2916670e-01 0.8124530 1.038030
2 0.3750000e-01 0.8226570 0.9848440

3 0.4583330e-01 0.8300120 0.9534300




OCQO OO OO OO OOOOOCOOOOO

.5416670e-01
.6250000e-01
.7500000e-01
.9166670e-01
.1125000
.1375000
.1625000
.1875000
.2125000
.2375000
.2625000
.2875000
.3125000
.3375000
.3625000
.3875000
.4125000

OO O OO OO0 OOOOOOO0O
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.8350630
.8385820
.8415280
.8446180
.8480790
.8515590
.8547280
.8573130
.8592110
.8604830
.8613040
.8618300
.8621980
.8625010
.8627780
.8630380
.8632890

oloNoNoNoloNoloNoleoloNeloNoRe oo

.9341240
.9148030
.9011600
.8867070
.8789700
.8703080
.8593810
.8510940
.8453430
.8419720
.8389780
.8358840
.8327700
.8301450
.8258100
.8239340
.8202360

ORIGINAL PAGE IS
OF POOR QUALITY
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Case 8: Program Notes

Program
File name is 3d_bl/case8.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=29, [ny]=11, [nz]=41

Recompile lib/blk.f with {77 -c blk.f

Compile 3d_bl/case8.f with {77 -0 case8 case8.f ../lib/lib.o ../lib/blk.o
Run with : case8

Inputs

The inviscid inputs are generated in the program itself in S/R rinvis. The initial
plane of solution and the side boundary plane of solution are read into the pro-
gram in S/R initial and S/R rside respectively.

The initial profile at i=1, j=1 is generated by running the program sim_bl/case8.f
corresponding to similarity profiles at the flat plate singularity point. This pro-
gram is run by,

f77 -0 case8 case8.f ../lib/lib.o ../lib/blk.o ; case8

The solution profile is output to file sim_bl/fort.11_case8. The initial profiles at
other j stations on i=1 are obtained by copying the same profile.

The side boundary solution profiles (at j=1) are generated by running the pro-
gram sym_bl/case8.f. This program is run by,

f77 -0 case8 case8.f ../lib/lib.o ../lib/blk.o ; case8

Input for this run is the file sim_bl/fort.11_case8. The output is to the file
sym_bl/fort.11_case8 and this corresponds to [nxlim-1] number of solution
profiles on the symmetry line.

Other inputs corresponding to free-stream conditions are as given in S/R inputs

Program Description

This program solves the 3D BL equations for flow past a cylinder on a flat plate.
The initial profile is read from the similarity solution and the side boundary
profiles from the symmetry line solution. The 1 direction sweep can be done
using a ‘L’ scheme or a ‘Z' scheme as specified in S/R edge3d. The last point
at j=jm always uses a ‘L’ scheme.
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Partial listing of file 3d_bl/fort.2_ case8

3d flow, cyl on fp test case #8
Physical quantities are in S.I. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 29, 11, 41

zmax = 8.00

reflen = 0.6100000e-01

pfs = 101325.5

tfs= 288.15

mach no = 0.090

trs= 3.24

ufs = - 30.50

ref Re no per unit length = 0.4987959e+09
fs Re no per unit length = 0.2087405e+07
fs sonic vel = 340.30

amuinf = 0.1789923e-04

amuref = 0.7490627e-07

rofs = 0.1224979%e+01
hrefs = 0.2895064e+06
f-edge = 0.990000

nxlim= 29

nylim= 11

iwall= 0

junit= 1

ak= 1.020000

epsf= 0.1000000e-04
epsh= 0.1000000e-04

iord= 5

stretching factor ak= 1.02000

zeta distribution

0. 0.1324464 0.2675414

0.5458910 0.6892554 0.8354862
1.136781 1.291963 1.450248
1.776379 1.944353 2.115686
2.468700 2.650521 2.835977
3.218091 3.414900 3.615643
4.029256 4,242288 4.459579
4.,907286 5.137878 5.373082
5.857694 6.107295 6.361886
6.886445 7.156621 7.432198
8.000000

X stations

0.4053386
0.9846427

SO wwh =

.611700
.290447
.025143
.820403
.681217
.612990
.621570
.713290

ORIGINAL PAGE IS
OF POOR QUALITY



.00000
.60000
.20000
.80000
.40000

N FOO

y stations

0.00000
0.60000

NHPHFEF OO

(& Ne)

.10000
.70000
.30000
.90000
.50000

.10000
.70000

NN OO

OO
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.20000
.80000
.40000
.00000
.60000

.20000
.80000

NN OO

.30000
.90000
.50000
.10000
.70000

.30000
.90000

NN RO

[l ]

.40000
.00000
.60000
.20000
.80000

.40000
.00000

NP H=HO

.50000
.10000
.70000
.30000

.50000

ORIGINAL PAGE IS
OF POOR QUALITY
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Case 9: Program Notes

Program
File name is 3d_bl/case9.f
Library routines are in lib/blk.f and lib/lib.f

To run Program

Edit lib/com and set [nx]=77, [ny]=38, [nz]=41

Edit lib/comint and set [ii]=53, [ji]=36

Recompile lib/blk.f with {77 -c blk.f

The interface program int_fus/case9.f is run with,

77 -o case9 case9.f ../lib/lib.o ../lib/pack.o

The 3D BL solution is obtained with,

3d_bl/case9.f with {77 -0 case9 case9.f ../lib/lib.o ../lib/blk.o ; case9

Program Description

The inviscid inputs are obtained by running the Hess code. The Hess code out-
put data is in file int_fus/cp.dat and consists of the Cartesian coordinates, the
Cartesian components of velocity and C,, corresponding to the panel centroids.

The interface program int_fus/case9.f reads the Hess output in S/R rinvis. The
boundary layer grid is generated analytically with a circumferential distribution
same as that of the inviscid grid (S/R bigrd). Two more points corresponding to
the windward and leeward lines of symmetry are added resulting in, [ny] = [ji]+2
= 38-

The C, values are interpolated to the BL grid in the interface program
using cubic splines (lib/pack.o contains the spline routine object code). Subse-
quently, the surface Euler equations are solved to generate the BL edge veloci-
ties (S/R interp). The edge conditions are output to file int_fus/fort.30_case9.

The symmetry line BL solution program sym_bl/case9.f is run next similar to
Case 4. The inviscid edge conditions required here can be exactly generated
or read in numerical form from the interface program. The BL solution profiles
are output to sym_bl/fort.11_case9.

The 3D BL solution program reads the edge conditions (exact or numerical) and
the symmetry plane solution. The n direction sweep can be of the ‘L’ type or
the ‘Z’ type as set in S/R edge3d. The n sweep is restricted to ny=37 i.e. one
point short of the leeward symmetry line. The j=37 point is always solved by an
‘L’ scheme. :

Solution profiles and BL parameters (t,, Csx Cf,y) at selected (i,j) stations are
output in S/R phys.
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Partial listing of file 3d_bl/fort.2 case9

3d flow, ellipsoid alpha=3 deg Case #9
Physical quantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 77, 38, 41
zmax = 8.00

reflen = 2.000000

pfs = 2116.000

tfs= 520.00

mach no = 0.050

trs= 1.82

ufs = 55.88

0.4765381E+09
0.3537900E+06

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 1117.70

amuinf = 0.3745793E-06
amuref = 0.2780940E-09
rofs = 0.2371347E-0Q2
hrefs = 0.3123122E+07
f-edge = 0.990000
nxlim= 76

nylim= 37

iwall= 0

iunit= 0

ak= 1.000000

epsf= 0.1000000E-04
epsh= 0.1000000E-04
iord= 5

stretching factor ak= 1.00000
zeta distribution
0.0000000E+00 0.2000000 0.4000000
0.9999999 1.200000 1.400000
2.000000 2.200000 2.400000
3.000000 3.200000 3.400000
3.999999 4.199999 4.400000
4.999999 5.199999 5.400000
5.999999 6.199999 6.400000
6.999999 7.199999 7.399999
7.999999
x stations
0.00013 0.00100 0.00110 0.00120

0.6000000

~NOUE WN

.600000
.599999
.599999
.599999
.599999
.599999
.599999

.00130

0.8000000
.800000
.800000
.799999
.799999
.799999
.799999
. 799999

~NoodwNh

0.00140




.00150
.00210
.00270
.00600
.01350
.03600
.06600
.09600
.12600
.15600
.18600
.21600

oYoNoloRoNoNeNo ool N

y stations

.00000
.15278
.31944
.48611
.65278
.81944

OOOOOO

[ecloNoloNoNoReNoNo oo o)

OOOOOO

.00160
.00220
.00280
.00700
.01600
.04100
.07100
.10100
.13100
.16100
.19100
.22100

.01389
.18056
.34722
.51389
.68056
.84722

COOOOQOOOOOOOOC

QOO OOO
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.00170
.00230
.00290
.00800
.01900
.04600
.07600
.10600
.13600
.16600
.19600
.22600

. 04167
.20833
.37500
.54167
.70833
.87500

OCOOOOO0OOOOOOOOO0O

OO OOO

.00180
.00240
.00300
.00900
.02250
.05100
.08100
.11100
.14100
.17100
.20100
.23100

.06944
.23611
.40278
.56944
.73611
.90278

COOOOO0OOOOOOO

QOO OOQO

.00190
.00250
.00400
.01000
.02650
.05600
.08600
.11600
.14600
.17600
.20600

.09722
.26389
.43056
.59722
.76389
.93056

oleololoNoNoloNoloNe N

OOOOOO0O

.00200
.00260
.00500
.01150
.03100
.06100
.09100
.12100
.15100
.18100
.21100

.12500
.29167
.45833
.62500
.79167
.95833
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Case 10: Program Notes

Program

The interface program:
The input file from the Hess code is int_wng/cp.dat
The corrected inviscid file is int_wng/cp_cor.dat

The corrections are necessary to eliminate the oscillations in the inviscid results
and is done in the program int_wng/cor.f

The interface program is int_wng/case10.f

The dimension are set as ii=70, ji=15 in lib/comint and nx=100, ny=15 in lib/com
This program is run using f77 -0 case10 case10.f ../lib/lib.o ../lib/pack.o; case10
lib/pack.f contains the spline interpolation routines

These routines are compiled with f77 -c pack.f

The edge conditions data are output to int_wng/fort.20_case10

The BL analysis programs

The attachment line program is run from sub-directory att_bl with:

f77 -0 case10 case10.f ../lib/lib.o ../lib/blk.o ; case10

The locally infinite swept wing program is run from sub-directory inf_bl with:
77 -0 case10 case10.f ../lib/lib.o ../lib/blk.o ; case10

The 3d BL wing program is run from sub-directory 3d_bl! with:

77 -0 case10 case10.f ../lib/lib.o ../lib/blk.o ; case10

Inputs

The input files are:

int_wng/cp_cor.dat: this file corresponds to the corrected inviscid data file; it
contains 20 spanwise stations and 89 chordwise stations.

int_wng/ref.dat: this is a file which contains the reference cross sections of the
wing, used in attachment line relocation

Other inputs to the interface program are given in the main routine and are as
follows:

Parameters corresponding to reading the inviscid data; these include number
of stations to be skipped near the root and wing sections and the surface
(upper or lower) to be analysed; details are given in the program by comment
statements

Mach number and error tolerances in velocity used in the surface Euler calcula-
tion

Parameters relating to the relocation iteration of the wing attachment line;
details given in the program




}
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The BL grid distribution and smoothing factors used in the spline interpolation

For the BL analysis, the inputs are as given in S/R inputs in inf_bl/case10.f,
att_bl/case10.f and in 3d_bl/case10.f; the output from the interface program
int_wng/fort.20_case10 is the input file for the BL analysis programs.

Program Description

The interface program first reads in the inviscid data in S/R rinv; a number of
sections near the wing root and tip can be skipped if necessary to exclude
regions from the BL calculation. Depending on the surface (upper or lower) of
the wing being analysed, only part of the inviscid data will be read in.

The attachment line is then relocated so as to ensure that the streamwise edge
velocity is zero on this line. This is done in S/R reloc. The inviscid pressures
are interpolated to the BL grid with or without smoothing also in this subroutine.
The surface metrics are then calculated in S/R metrix. The surface Euler equa-
tions are solved in S/R euler and the edge conditions output to a file for BL
analysis.

The BL solution on the wing attachment line is obtained in the program
att_bl/case10.f. The attachment line equations from Table 5 are solved here
(see S/R edgeatt).

The BL solution for the locally infinite swept boundary near the wing root is
obtained in the program inf_bl/case10.f (see S/R edgeinf).

The 3D BL solution on the wing is obtained in the program 3d_bl/case10.f. The
initial and side boundary boundary layer solution profiles are used here from
att_bl/fort.20_case10 and inf_bl/fort.20_case10.
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file 3d bl/fort.2 casel0: partial listing

NACA 0012 straight wing, 20 deg swept, al=2
Physical quantities are in U.S. units

Wall condition : Adiabatic wall

Inputs

nx, ny, nz = 100, 15, 41
zmax = 8.00

reflen = 1.000000

pfs = 2116.000

tfs= 520.00

mach no = 0.500

trs= 182.00

ufs = 558.85

0.9049511E+07
0.3537899E+07

ref Re no per unit length
fs Re no per unit length
fs sonic vel = 1117.70
amuinf 0.3745793E-06
amuref 0.1464415E-06
rofs = 0.2371347E-02
hrefs = 0.3123124E+07
f-edge = 0.990000

nxlim= 79

nylim= 15

iwall= 0

iunit= 0

ak= 1.000000

epsf= 0.5000000E-04
epsh= 0.5000000E-04

iord= 5

stretching factor ak= 1.00000

zeta distribution

0.0000000 0.200000 0.400000 0.600000 0.8000000
0.9999999 1.200000 1.400000 1.600000 1.800000
2.000000 2.200000 2.400000 2.599999 2.800000
3.000000 3.200000 3.400000 3.599999 3.799999
3.999999 4.199999 4.400000 4.599999 4.799999
4.999999 5.199999 5.400000 5.599999 5.799999
5.999999 6.199999 6.400000 6.599999 6.799999
6.999999 7.199999 7.399999 7.599999 7.799999
7.999999

X stations

0.00000 0.00100 0.00200 0.00300 0.00400

0.00500




.00600
.01200
.01800
.03000
.05400
.07800
.10200
.12600
.16500
.22500
.28500
.34500
.40500

OCOO0OOOOOCOOOOOO0O

y stations

0.18750
0.63750
1.08750

OCOO0OOOO0OOQOOOOOO

.00700
.01300
.01%00
.03400
.05800
.08200
.10600
.13000
.17500
.23500
.29500
.35500

.26250
.71250
.16250

[cNoNoNoRoloNolololoNe o)

= OO
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.00800
.01400
.02000
.03800
.06200
.08600
.11000
.13500
.18500
.24500
.30500
.36500

.33750
.78750
.23750

OCOOCOO0OOOCOOOOO

.00900
.01500
.02100
.04200
.06600
.09000
.11400
.14100
.19500
.25500
.31500
.37500

.41250
.86250

OO OOO0OOOOOOO

.01000
.01600
.02300
.04600
.07000
.09400
.11800
.14800
.20500
.26500
.32500
.38500

.48750
.93750

QOO0 OO OOOOO

o

.01100
.01700
.02600
.05000
.07400
.09800
.12200
.15600
.21500
.27500
.33500
.39500

.56250
.01250



/
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Program Listings

BL
directory

T~

The listings of the following files are given:

int_wing/case10.f
att_bl/case10.f

inf_bl/case10.f

3d_bl/case10.f

lib/blk.f

lib/lib.f

com,comloc
comint,comtemp

compack

Interface program for wing, case 10
Attachment line solution program
for wing, case 10

Side boundary solution program
for wing, case 10

3D boundary layer solution program
for wing, case 10

Subroutines to calculate reference condiions,
solve momentum and energy equations etc.

Library routines

‘Include’ files containing common blocks and
parameter statements used in the different
programs; array dimensions are set in these files

int_fus int_wng 3d bl lib
case10.f casel10.f bik.f
lib.f
com
comloc
Y comint
comtemp
stg_bl sym_bl att_bl inf_bl sim_bl compack
casel10.f casel0.f
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