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6'VOREWORD

This document describes computational studies of three-dimensional

incompressible turbulent wall jets with large crose flow. The effort

was performed during the period September 19, 1977 to September 18, 1978

and was sponsored by the Naval Air Development Center under Contract

N62269-77-C-0412.

The technical monitor for this study was Dr. K.A. Green.
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ABSTRACT

The flow field of three dimensional incompressible wall jets
prototypic of thrust augmenting ejectors with large cross flow is solved
using a very efficient centered-Euler scheme in an orthogonal curvilinear
coordinate system. The computational model treats initial conditions

with arbitrary velocity profiles at or downstream of the jet exit.
An averaging approach is employed for the first few marching steps to
overcome spurious numerical oscillations associated with arbitrary

initial profiles. Laminar as well as turbulent wall jets are simulated.
Turbulence is introduced using a two layer mixing length model appropriate
to curved three-dimensional wall jets. Typical resu•lts quantifying jet
spreading, let growth, nominal separation and jet shrink effects due to
cross flow are presented.

A class of cases was investigated roughly possessing initial flow
angularity and adverse pressure gradients prototypic of those on the

blown surfaces of typical propulsive lift systems such as the Navy/
Rockwell XFV-12A thrust augmented wing. Results obtained from the
computational model indicate that if the initial total velocity is kept
fixed, then the introduction of the cross flow enhances the freestream
decay rate of the peak of the velocity component in the freestranm

direction. In addition, the entrainment quantity and its rate decrease
with increased cross flow. The three-dimensional phenomena not only

* influence the effect of taper on the boundary layer control characteristics
of a Coanda flap, but also indicate a "Jet shrink" which could be a
mechanism promoting end-wall separation. To our knowledge, our model
is the first to quantify such trends. Both should be considered in the

design of any propulsive lift system, Finally, the effect on the

prescribed external adverse pressure gradient in the presence and absence
of cross flow IAs also been examined. From the limited results, the

spanwise separation line moves progressively further upstream with

increasing cross flow.
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NOMENCLATURE

b Defined in Eq. (14a)

f,g Reduced vector potentials (Eqs. (8a) and (8b))

hIh 2, h 3  Metric coefficients

KIg,K2  Geodesic curvatures

Pi'(i-l,...,l0) Constants defined on page 1-12

M,N,Q,R Constants defined on page 1-12

Q Entrainment quantity

uvw xy,z components of velocity (see Fig. 3)

U-T r, • Reynolds stress correlations

S1  Arc length along x coordinate

S Area of integration

(X,y,z) Orthogonal curvilinear coordinates parallel and
perpendicular to wall (see Fig. 3)

y* Height of first turbulent layer in two layer eddy
viscosity model

Yl Constant appearing in eddy viscosity model, page 1-9

c Eddy viscosity (page 1-9)

Reduced eddy viscosity (page 1-9)

e Reduced eddy viscosity defined in Eq. (14a)

2 Radius of curvature of z-constant and xi=conutant lines
on wall jet surface

Component of vector potential (page 1-8), velocity

potential (page 1-20)

Component of vector potential (pe 1-8)
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NOMENCLATURE (Continued)

0, Source strength (page 1-20)
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SShear stress - P(E+V) V 7 W
y y

6 Initial jet flow angle parameter, Fig. 8

Dummy variables, page 1-20
Subscripts

e External flow

ij Nodal locations for difference operators

(Note also that subscript notation is used in what
follows to denote partial differentiation.)

Superscript

n Time level and nodal location for difference operators
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PART I - THEORETICAL ANALYSIS AND RESULTS

1.0 Introduction

Modern naval aircraft can reduce strike force vulnerability through

greater dispersal. A way of achieving this dispersal would be the

developmeut and deployment of vertical lift-off and landing aircraft

operatiiug from ships that are significantly smaller than the currently

operating carriers, One propulsion concept designed to achieve a

vertical and short take-off and landing (V/STOL) aircraft involves the

use of thrust augmenting ejectors to amplify the thrust of the engines

in the vertical mode. This technique is utilized in the current XFV-12A
aircraft. To achieve adequate accelerations for typical payloads, a

high augmentation ratio (ý) is required. Various augmenter designs have
been proposed to achieve these high 0 values as well as integrate well

with the aircraft structure. In the XFV-12A, an ejector system composed

of a centerbody and two Coanda wall jets is currently under development.
A central feature of the flow fields produced by this device is three

dimensionality. This has been particularly evident in subscale flow

visualization on the Coanda surfaces. It is believed that these flow

processes may be impoitant toward 0 maximization. The augmentation ratio

depends on the momentum flux and the dynamic head losses downstream of

the Coandas and the centerbody nozzle, and in particular, in the diffusor

section of the augmenter. Maintenance of a high momentum and minimize-

tion of extraneous motions, while accelerating as quickly as possible

the secondary flows using the primary jets, is of paramount importance.

An example of an extraneous motion is associated with certain vortex struc-

tures which have been observed in augmenter wing configurations. It has been

postulated that these motions and general flow turning are induced by
the three-dimensional features of the configuration. If the wing flap

on which the Coandas are mounted has a tapered diffusor, swept back

trailing edge, and small aspect ratio planform, considerable cross flow

in the eecondary can arise. Under these circumstances, this turning is

S•- • -= ... ....... . . . . . . . . . . . .. . . . . . . . . . . . , ,
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further enhanced by spanwise pressure gradients arising along the tapered

centerbody and Coanda slots. These factors can also lead to considerable flow

nonuniformities both in the spanwise and chordwise directions. To

compound the situation, flow surveys for three dimensional research

confipurations of this type have indicated regions of separation near

the endwalle. The amount and nature of blowing in these regions to

maintain attached flow and create the highest possible momentum flux

across some downstream control surface needs quantification.
From the foregoing considerations, it is obvious that an analysis

which assumes mean flow quantities such as that employed in the usual
one-dimensional derivations can be considerably in error. In fact, if

it is assumed in such a treatment that the flow is turned by an angle
w uniformly along the span, the reduction in $ is only coo w, which is

considerably less than rough comparisons between quasi-two-dimensional con-

figurations and actual three-dimensional arrangements would indicate. One

way of understanding the foregoing relationships is through theoretical

modeling which can provide a means of reducing the high cost of powered
lift testing. Unfortunately, existing methodology has been limited in

the past to two-dimensional flows for the analysis of wall jets and
complete ejector systems. Analytical methods and computational algorithms

are therefore necessary to compute three-dimensional flows typical of

reality.

To shed light on typical flow patterns encountered due to the effect

of taper and sweep on augmenter wings as well as upper-surface-blown

configurations, a study, "Three-Dimensional Flow of a Wall Jet," was

initiated by the Naval Air Development Center to investigate wall jet flows

which exemplify typical features of more complex propulsive lift applications.

The purpose of this study has been to apply modern computational methods to

the treatment of wall jet flows with three dimensionality. In a previous

phase of the effort, small cross flow wall jets were considered.' This

report relaxes that assumption and considers large cross flows that occur

in practice.

1-2
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The formulation employs boundary layer equations in an orthogonal

curvilinear coordinate system. If the distance from the jet exit is

sufficiently large to establish complete mixing, the jet exit height is

small compared to a characteristic radius of curvature, and the Reynolds

number based on the exit height is large, the order of magnitude analysis

given in Ref. 1 extended to three dimensions indicates that the wall jet

equations are substantially the same as the three-dimensional boundary

layer equations. The basic idea in both the wall jet and boundary layer

approximations is the same, namely, that diffusional gradients for the

vorticity in the direction normal to the surface are dominant terms in the

equations. In fact, half of the wall jet has a boundary layer character

due to the no-slip condition on the surface. Furthermore, to dominant

order, the pressure is independent of the coordinate normal to the surface.

Equilibration of centrifugal force between the streamlines with pressure

gradients across them is accomplished with the second-order pressure term

and is expressed in the second-order momentum equation in the normal

direction. The complete mixing condition is synonymous with merger of

the boundary layer from the wall and the shear layer from the Jet exit.

Assuming that the characteristic distance for merger D is determined by a

spreading angle X of the order of 2.86* appropriate for submerged turbulent

free shear layers measured by Reichardt, 2 then the merger distance is

d ctn X where d is the slot height. For an aircraft similar to the XFV-12A,

assuming that d N 3 cm and the wing chord L \ 300 cm, this estimate shows

that D/L '\, 0.2. Note, however, that this can be reduced to practically

zero if the wall boundary layer of the flow emanating upstream of the

nozzle exit completely fills the exit location.

For the computational model, a transformation is incorporated to

stretch the coordinate normal to the flow. At streamwise planes, the

1-3
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resulting nonlinear partial differential equations are treated as

ordinary differential equations, incorporating source terms involving

partial derivatives representing the upstream history of the flow field.

These are solved using a very efficient two-point boundary value finite-

difference method devised by Keller and Cebec1 3 - known as the "box method."

In the code, the turbulence is introduced using a two layer mixing length

model appropriate to three-dimensional wall jets.

2.0 Problem Description and Formulation

To fix the ideas regarding three-dimensional wall jet flows i avant

to propulsive lift applications, consider two prototypic configurations as

indicated in Figures 1 and 2. The generic arrangement shown in Figure 1 is

relevant to an augmenter ejector wing of the type used on the XFV-12A

without the centerbody nozzle. In Figure 2, the shape indicated corresponds

to an application involving boundary layer control and supercirculation
development. For both cases, the development of the wall jet over the

curved surfaces S is of interest. In the augmenter of Figure 1, Coanda

jets flow over the surfaces S1 and S2 emanating from slots TI and T2 and

provide a vertical lift force. In the analysis of the flow field over S1 ,
we suppress the influence of the surfaces S2, A, and C. In addition, we

assume that the secondary flow produced by entrainment resulting from the

primary jets emanating from T1 and T2 is known a priori. In actuality,
these must be computed as an integral part of the problem. For tractability,

we restrict our consideration to the indicated (parabolic) formulation
since it is a building block to a later analysis of the primary secondary

interaction. For the configuration of Figure 2, the orientation is similar,
and we neglect the primary secondary interaction features. Thus, both
configurations lead to the problem of the development of a 3-D wall jet

over a curved surface S1 in which boundary conditions are specified on

some interfacial layer with the external or entrained flow. It should

be noted that the mixing downstream of the slots Ti is with a flow above

the slot which obeys the no slip condition at the slot trailing edge.

1-4
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Figure 1. XFV-12A Prototypic Augmenter Configuration

Figure 2. Upper Surface Blowing Boundary Layer
Control-Supercirculation Wing
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In Figure 3, the prototypic geometry for the flow over the surfaces SI

is shown with the prescribed initial and boundary velocity distributions

schematically indicated. A curvilinear coordinate system is used which

consists of conveniently oriented lines in the surface and normals to

them as shown in the figure. The initial distribution of velocities is

specified along some line x-xo-constant say, which may be the jet exit.

In the wall jet/boundary layer approximation the appropriate equations

describing the wall Jet flow are:

Continuity

(B/lx)kh 2 u) + Wa/sz)(h w) + (a/3y)(h 1 h2V) - 0 , (1)

x-Momentum

+ --- u + -uw + w2Kv " " (2)
h1ax h2 z ay 1 2 ph1 x y (

x-Momentum

U w aw + va- uwK + u2 KI . - 77--3

h x h23 y 1 h 3z y ( y

Here, hl and h2 are metric coefficients and are functions of x and z, and

the parameters K1 and K2 are known an the geodesic curvatures of the curves

z * constant and x w constant, respectively.
The boundary conditions for Eqs. (1) through (3) for zero mass transfer

at the wall and compatibility with the external flow are

y 0 uWV ' 0

y + U + u (x,z) w W (xz) . (4)

1-6
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As indicated earlier, the previous equations are transformed by

defining

x a (u /va1 ) 1/2 (5)

and introducinB a two-component vector potential given by

hu"-- hw" hlh2V -- (6)2 ay 1 ay 12 (a )

Heres, which denotes the arc length along the x coordinate, is defined by

f =/x hIdx. (7)

In addition, the dimensionless variables f and g related to to and 0 are

defined by

4- (u vsa) 1/2h2f (x, zVT) (8a)

(ue\)s 1 ) 1 /2h 1 (wa/u )g(x,z,n) , (8b)

The partmetars K1 and K2 in Eqs. (2) and (3) are defined by

K dh1  and K I dh 2
IK hIh2 dz 2 h1h 2 dx

3.0 Eddy Visconity Model

Equations (2) and (3) contain the Reynolds shear stress terms u77

and -•-77. These quantities must be further characterized in order to

I-8
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a solve Eqs. (l)-(3). To achieve this closure, suitable eddy viscosity models

are employed. In two dimensions, such simulations have been successfully used

by Dvorak, 6 Ramaprian,' and Wilson and Goldstein.a On a heuristic basis subject

to future experimental validation, extension to three-dimensional flows was

effected analogous to an approach used for the same purpose in connection with

boundary layer flows in Ref. 5. For the wall jet case, we assume that the curve-

ture effects are modeled in terms of the principal curvatures in the x and x

directions. With this viewpoint, the Reynolds shear stress terms are assumed

to be in the form

I l+Kzy u7] y

Fy• • .(9)

y l+Klywj y

The quantity c in Eq. (9) is the eddy viscosity of the corresponding
plane flow. It is assumed to be the same in both the x and z directions

and is represented by a two-layer model. The second term inside the bracket

in Eq. (9) is due to curvature where K1 and K2 denote the radius of curvature

of a-constant and x-constant lines. Similar curvature terms for two-

dimensional wall jets have been used by Dvorakg and Wilson.' Referring

to Figure 4, the structure of the two-layer eddy viscosity model is as

follows:

First Layer

T-(0.435 y)z 4 w1  0 Y < Y*
y Ly

S,~Sc~on d Layer

C a (0.125 y) 2 U + wy y* (10)y y

whore at y- yl

j' +w~ _VU2 + W2yr u ; - + w42
V'U2 +W22

T-9

$A ----- 1-7
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y
U.
we

SECOND LAYER

FIRST LAYER

--

U,w

Figure 4. Two-Layer Eddy Viscosity Model
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and y* is obtained by imposing continuity in c at y-y*. This yields

= 5 0.125 YI. Two-layer eddy viscosity models similar to Eq. (20) have

been employed by Ramaprian 7 for two-dimensional wall jets which give

good comparisons with experiments. In these cases, the term wy appearing

inside the square root in Eq. (10) is zero.

With the concept of eddy viscosity and with the previous transformed

variables, it can be shown that the system of Eqs. (1) through (4) can

be written as

x-Momentum Ecuation

(bf")' + P2 ffg' + (I - (f'')2  + P3(I -f

+ P6 fg" + P9[: - ([I)21

XP f LfL a + P7 -3f

11 J( ax 7( 32 Oz

s-Momentum Equation

(bg 1) 1 + P 1 fg&i + P 4(1 -Vfg') + P 3 (I* (g,),]

+ P6gg" + P 9 (l (f')21

x10 f' x g x z z

n-0 f " Bg' g' 0 (13a)

I.
n nodu ft l" . (13b)

I1.M

S. . . . ' ; ; ; ; i i- i i i. .i.i i. .,
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Here the primes denote differentiation with respect to n, and

b w 1+e + = -/V f' - u/u 8' - w/we . (14a)

The coefficients Pt Io P 1 0 are function. of u, wet, hi h 2 , K,, and K2

and are given by the following formulas:

P1u (M+1)/2 - K2  P2 a M P3

P 4 w *) - alK2 Ps ui (N - alIi)

P4 R 5 we ( 2ulK 1

hI w
P7 h2u P8  1 2

I e u a
.1 e 1

I w
uh1 ax 1 ez

Q ueh - R. Ue2a )
u h1 axuah e2

In order to solve eqm. (1i) through (13), initial conditions are

required at a starting plane. In the case of the boundary layer problem,

the initial conditions at x=O and zwO planes are obtained by solving the

limiting form of Eqs. (11) and (12). For a wall jet, initial velocity

1-12
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profiles are prescribed at some downstream xx 0 plane and along the z-0 plane,
"attachment line" equations are solved. The attachment line equations are

obtained by differentiating the z-momentum equation with respect to z and

setting

W au a a f alw 0
at 4 0o

The resulting attachment line equations valid at the z-0 plane are

(b")' + P f f 1 + P2L[I - (f,')I + rPr xP1 r fa, fa (15)

(bg")' + P1f g" + P4 ( - f'g') + P 3 [1 "

+P 3 gg" X 10 [ff' x It g (16)

Here, &' is defined as w lw , and its definition corresponds to L'Hospital's
• S

rule applied to the expression for S' used previously.

4.0 Finite Difference Equations

First, reduce the system (1l)-(12) to the first order system

fl - u (17)

u -v (18)

' "W (19)

4, - w' =t (20)

1-13
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(by)' + P 1 fv + P2(1 - u 2 ) + P5 (1 - uw]

+P 6 vg + P[I - w1 xPo u-- v +P 7  N- v 2 (21)

(bt)' + P1 ft + P 4 (1 - uw) + P3 (1 - wI) + p6 gt

+ Pg(1 - U2) - XPlou - - i .+ W7 ( '•" ) . (22)

Using the notation of Ref. 1 associated with the box method described there

and in Refs. 3, 4, 5, and 9, we let

x - constant xn - Xn. + kn n,

z 0 0 z ,, zi1 + ri i 1,2,..,I

0 i

no nJ 1 + h -

Then, using the box method, we have

ffli .nli

hj - j~i/2(23)

nni i
h - vI/ (24)

u n,i n 1,l
J 1 .vn,i (4h J-w.1/2 (5

Sn,i n,i

h *J.1/ 2  (5

i "n,i 26)

h 1-1/2 2

1-14
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We use the notation

*-= pn-1/2,i-1/2 _n-1/2
J-1/2 1i-1/2

and

Vj + i + +v

- ' n,i-
n 2 ( •J-1/2 J-1/2

1 /n,i n-1 i)
u- " (uJ-/2 + uj-D2

Equation (21) becomes, with the box centered at (xnli/2,zii/plj.I/2)

K- - ~1 (fv)J-1/2 - P2 (1 - uj- 1/2) P P5 (1 U -12J/)

- P6(vg)j-/2 - P8 (I - wi/2)

+ Xn-1 /2 P 1 0  "uj-I/2 kn - J-1/2 k

T VV (27)

+1' 7 ['Wi-121/2 - r (27

Equation (22) and the attachment line equations (13)-(14) are discretized

similarly. Details of the procedure are given in Ref. 9.

* •1-15
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The solution procedures involve the following steps:

(1) Solve the attachment line equations (15)-(16) with boundary

conditions (13) at x w x and z = 0 assuming initial

conditions on x = xO.

(2) March in the z-direction along the plane x a x1 and solve

equations (17)-(22) with boundary conditions (13) for the

unknowns (f u,v,g,w,t).

(3) Repeat steps (1) and (2) for the next x-plane, x - x2, and

so on.

The most efficient way to solve the finite difference equations is

to use a pseudo-Newton's relaxation scheme. These equations may be written

as a system of nonlinear algebraic equations by writing

C(u) - 0

where

.n,i n,i n,i n,i n,i n~i.
u , (fnji, un vn g' t , J=0

Then, the relaxed Newton's method becomes

6u (-i) O((v-l)) (28a)

U(V) a u(v-l) + Au(V-I) (28b)

for v 1,2.

1-16
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The method is said to have converged when

1 6(l)U c (a prescribed error tolerance)

We call Eq. (28) a pseudo-Newton's method because we linearize the

b terms in Eqs. (21) and (22) by evaluating ther at v-2 before computing

the Jacobian matrix, a$/au. Consequently, this algorithm will not be

quite quadratically convergent. We, therefore, employ relaxation (w * 1)

to accelerate it. Remarkably, underrelaxation (w < 1) works very well,

while overrelaxation (w > 1) diverges. Values of o) of 0.5, 0.6, 0.7,

0.8, and 0.9 all give good results with w - 0.7 found to be the overall

best for some of our computational experiments.

An important feature of Keller's box method is that the Jacobian

matrix can be put into block tridiagonal form and very efficient elimi-

nation schemes can be employed for solving Eq. (28a).

Minor Difficulties with the Numerical Algo•ithm

When starting at x - 1 with supplied completely merged wall jet
velocity profiles described in Fig. 5, unnatural oscillations developed

in the solution. This difficulty was eliminated completely by employing

the following "trick." The first 10 mesh points in the x-direction were

set at kn - 10- 4. For the first five planes in the x-direction and all
points in the z-direction in these planes, an average value was used for

past points, i.e.,

fnli 0 + , ,i-n +

and

f n-l,i-i - 0.5 fn"l,i-I + fn-2,i-l

I1
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Beginning with the sixth x-plane, the averaging was eliminated (the

standard algorithm was employed). At the eleventh x-plane a geometric

meash-stretching algorithm of the following form was used:

kc W 1.2k -kn ",2n-il n * 11,12,13, ....

No such stretching has been employed in the x-direction, but in the

future it may also be required for rapidly changing profiles. It should
be noted that our averaging algorithm was required in both the x end z

directions to remove all oscillations.
A mash refinement algorithm is used which adds or deletes points

depending on the relative local variation in the truncation error of the

difference equations. Roughly 80 grid points in the n-direction and

11 grid points in the z-direction are employed.

5.0 Results

Computations were performed on the Berkeley CDC 7600 machine, A
typical calculation required about 6 minutes of UPU time. Figure 5

indicates the external and initial velocity distributions which have been

used as a basis for our calculations. The parameter e was introduced as

shown to vary the initial cross flow while keeping the total velocity
constant as a rough simulation of a fixed supply of engine mass flow.

The velocity profile was selected to have a characteristic fully developed

character associated with turbulent wall Jet flows. Also, the surface

shape is chosen planar for simplicity in the ensuing analysis. Future
aspects of this effort should consider the "eating up" of the potential

core which is assumed to occur upstream of the initial station of this

analysis. The parameters C2 and C were chosen to provide slope and
2 3

value continuity of the profile at y - yMax For y > ymax the profile
has a half Gaussian character associated with a free jet. For y < y

the profile has a boundary layer character. In the examples, the u and

w initial profiles were assumed to be identical. Moreover, the 6

•.-"



NADC-77163-30

distribution was selected to be qualitatively similar to that observed

by rake surveys representative of the XFV-12A. The zero cross flow case

was achieved by setting C to 10"15.

Figure 6 demonstrates decay of the peak velocity with the standardized
distributions of ?is. 5, with and without cross flow. It is evident from
the figure that initial cross flow has a dramatic effect on enhancing the
decay of the maximum velocity. In the calculations, the decay exponent n

in the external velocities is assumed as 1/2, roughly in accord with a
value obtained from a two-dimensional line sink simulating inflow
originally proposed by GI. Taylor. 10 Both streamwise increasing and
decreasing cross flow cases are shown, In the line sink model, the
inflow at each position x - x 0 along the jet boundary is determined by
streamwise rate of change of mass flux according to conservation of mass

applied on a rectangular control surface in the jet layer. From an

observation point P in the external flow which is assumed inviscid and
irrotational, the velocity potential can therefore be represented as
an isolated sink whose intensity is proportional to the inflow at

x - x0 1 The cumulative effect at P of all such sinks at x - xi is

obtained by a superposition integral of all these contributions giving
a line sink representation. In a more realistic model, these external A

velocity distributions should be corrected for three-dimensionality and

elliptic interaction with the wall jet. A calculation of this type would
be a more accurate representation than the present approach of planform

and surface curvature effects. These developments are strongly recommended
for future application. In this connection, we recognize that

the present means of simulating taper, sweepback, and spanwise pressure

gradients is solely through cross flow adjustment.

The three-dimensional inviscid potential $ can be characterized by

surface sink distribution of the form (see Fig. 7)

V~x'y,Z) * f (29)0 - + y2 + 2

1-20
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Figure 7. Upper Surface Blown Thrust Augmented Wing (TAW)
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where S the area of integration refers to the total jet are: on and off the wing.

The quantity C in the sink strength obtained by matching with an "outer limit"

of the second order solution for the velocity normal to the body appearing in

the viscous inner wall jet solution. Generalizing the previous concepts, Eq. (29)

is obtained by superposition of a surface distribution of elementary sink

solutions of the form 0 * where (. - (x-&)2 + y' + (z-4)2. Note that

the surface distributions do not interact in the sense that they produce
no 0y at locations other than their own ( Hence *Y %1 local inflow

analogous to that previously described for the two-dimensional case.

The quantity a for two-dimensional boundary layers is analogous to the

streamwise gradient of the displacement thickness 6'(x), To Include

lifting surface effects, a surface doublet or vortex distribution should

be added to Eq. (29). The local vortex strength can also be determined

by matching.

The inflow velocity related to the sink intensity a in Eq. (29) is

in turn a function of the entrainment. This quantity is also significant

from the standpoint of the tradeoff between skit friction, BLC, and rapid

acceleration of the secondary in compact three-dimensional thrust augmenting

ejectors such as those employed on the XFV-12A and upper surface blowing.

In Fig. 8, the comparison between cross flow and the absence of it

gives the indicated nominal entrainment variations with stremiwise

distance where nominal entrainment Q is defined in the figure. In

spite of the' appreciable increase in decay of the maximum value of u

shown in Fig. 6, and resultant shear stress in Fig. 9, only a slight

difference in entrainment quantity and rate is shown in Fig. 8. The

difference in maximum velocities which are similar for w, the spanwise

component, are presumably related to the enhanced dissipation associated

with cross flow and that implied by the eddy viscosity model. The lack

* of a corresponding increase in entrainment rate may be due to nonlinear

compensating effects built into the turbulence model and cannot be readily

explained on an intuitive basis at this time. In this connection, other

calculations should be performed for which the streamwise component of the

1-23

I P1* - --.



I"Q
000

N N
~C-4

V IN

0-

, B;

-

II * *-2I

'' N



NADC-77163-30

WIN

' 
0

Sim

N 2 • I

SS

I'-4 -IIN

, 1- 25

N ~~i 
-



NADC-77163-30

initial velocity is held fixed rather than its overall magnitude on

introduction of cross flow. Furthermore, trends involving an increase

in decay rate of peak velocity with an increase in entrainment rate that

occur in two-dimensional free jets based on conservation laws and similitude

must be reassessed for non-similar three-dimensional wall jets such as
those considered herein. Here, the variable streamline direction through

the Jet layer must be considered as well as the peak of the resultant

velocity qmax rather than those of the individual velocity components.

If u is the local streamline direction on the wall, under certain

circumstances,- -•- may become more negative with increasing Q. It

should be noted that the expression for entrainment Q given in Fig. 8

assumes that w w 0 at the tip z a z. If this is not the case, an

additional term must be added to this relation. As in Figs, 9 and 10,
1/2

qualitatively similar behavior is obtained for the case in which w ".1 x

Associated with the previous results, Fig. 10 shows the effect of

cross flow on jet spreading rate related to ymax' As previously, only

small differences are indicated for the cases considered. In Fig. 11,

however, an important upstream movement of the nominal separation line is

indicated with the introduction in cross flow, Here, nominal separation
aqS•qn

is defined to occur where T 0 0. A more pertinent definition is *- - 0

where q is the velocity component normal to an envelope of the surface

streamlines, Implementation of the latter definition is envisioned in

follow-on studies involving primary/secondary entrainment interactions.

This result is significant with respect to penalties associated with taper

and sweep in three-dimensional ejector diffusors.

In Fig, 12, another important consequence of cross flow in examined

in connection with the surface streamline pattern. In the figure, two

cases are compared involving differing amounts of cross flow. Lines such

as AB and A'B' represent typical streamlines for the two different cross

flow cases in which the downstream direction is in the direction of the

arrows in the rectangular area corr-sponding roughly to the planform of a

1-26
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rectangular wing. In this interpretation, OQ would be the leading edge,

RS the trailing edge and QR its tip. Significant enhancement in downstream

streamtube contraction is obvious with increase in cross flow. This

contraction could presumably lead to end wall separation of the type

observed in typical short ejectors. In Fig. 13, a similar picture is

indicated for the increasing wI\ x1/2 cross flow case. Although some

qualitative similarity exists for the decaying case, it is evident that

the possibility of a separation surface streamline envelope exists in

the pattern of the streamlines.

6.0 Conclusions

A class of cases was investigated roughly possessing initial flow

angularity and adverse pressure gradients prototypic of those on the

blown surfaces of typical propulsive lift systems such as the Navy/

Rockwell XFV-12A thrust augmented wing. Results obtained from the

computational model indicate that if the initial total velocity is kept

fixed, then the introduction of the cross flow enhances the freestream

decay rate of the peak of the velocity component in the freestream

direction. In addition, the entrainment quantity and its rate decrease

with increased cross flow. The three-dimensional phenomena not only

influence the effect of taper on the boundary layer control characteristics

of a Coanda flap, but also indicate a "Jet shrink" which could be a
mnechanism promoting end-wall separation. To our knowledge, our model

is the first to quantify such trends. Both should be considered in

the design of any propulsive lift system. Finally, the effect on the

prescribed external adverse pressure gradient in the presence and

absence of cross flow has also been examined. From the limited results,

the spanwise separation line moves progressively further upstream with

increasing cross flow.
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PART 11. USERS MANUAL

Although the computer program given in the Appendix was designed to

run on the Lawrence Berkeley Laboratory CDC 7600, it may be run on other

CDC 6600 or CDC 7600 computers by either removing the plotting routines

from the MAIN program or by adapting them to meet the requirements of

any other facility.

1. Deck -Setup (Berkeley CDC 7600 with plots)

Job Card
*NOTAPES
RUN76.
LGOL60.
DISPOSE ,PLOToPL,Rm(SEND PLOTS TO W.D, MURPHY/ SCIENCE
+CENTER/ROCKWELL INTERNATIONAL/
+P.O. BOX 1085/
+THOUSAND OAKS, CA. 913601, SC-BKY.
7/8/9

Source program

7/8/9
CASE 7 UE-1.0/SQRT(X) WEul.0E-S*Z/SQRT(X) FLAT PLATE
$ INPUTS XSUPLYU * TRUE. ,YSUPLY- . TRUE. , ZSUPLY. . TRUE.,,OPTPTu * TRUE. $

socond column

6/7/8/9

Note that the DISPOSE card merely tell. Berkeley where to send the plots

and may be changed for other users. Also, (*7/8 punch and I*0/2/8

a punch. For other computer facilities the RUN76 card may be replaced with

FTN, and the *NOTAPES and DISPOSE cards should be removed.
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2. Estimate of Running Time

The sample case (see the next section and the Appendix) required

389 secorols on the Berkeley CDC 7600. In general, the runninta time will

depend upon the grid selected.

3. T_,ie and Configuration of Comouteor Used in Program Development

(i) Berkeley CDC 7600 (epecial feature - Calcomp plotter).

(ii) Any other CDC 6600, CDC 7600, CDC 175, or CDC 176 may be used

if the plotting routines are removed from the MAIN program.

4. Name and Level of Programming Language Used in Proaram

FORTRAN IV.

A, Input-Output Information

GlossarX of Input Parameters

XSUPLY Logical variable which is .TRUE. if user supplies the streaswise

mesh (x-mesh). Default value a .FALSE..

YSUPLY Logical variable which is .TRUE. if user supplies the ri-mesh.

Default value - .FALSE..

ZSUPLY Logical variable which is .TRUE. if user supplies the u-mesh.

Default value - .FALSE..

11-2
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XA Real variable, The starting streamwise station. Default

value - 0.0. XA may be initialized in subroutine XO4ESH if

XSUPLY-,TRUE.,

XB Real variable. The last streamwime station. Default value * 1.

XB may be initialized in subroutine XNESH if XSUPLY-,TRUE..

YA Real variable. The left end-point of the n-mesh, Default

value N 0.0.

YB Real variable. Tha right end-point of the n-mesh. Default

value w 20, YB may be initialized in subroutine YMESH if

YSUPLYm.TRUE..

ZA Real variable. The left and-point of the z-mash. Default

*I value a 0.0.

ZB Real variable. The right end-point of the a-mesh. Default

value a 1. ZB may be initialized in subroutine ZMESH If

ZSUPLY-.TRUE..

UIS Real variable initializing the x-meth in setup of the streamwise

mesh and used only if XSUPLY-.FALSE.. Default value - 1.E-5.

. FACX Real variable representing the multiplication factor in the

setup of the x-mesh if XSUPLY-.FALSE., i.e., X(N)-FACX*X(N-l).

Stfor the first few points. Default value - 1.2.

11-3
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NX Integer variable. The last streawise station. This may be sup-

plied in subroutine XMESH if XSUPLY-.TRUE.. Default value - 60.

J Integer variable. Total number of n-points which equals the

number of internal intervals plus 1. J may be supplied by user

in subroutine YMESH if YSUPLY-,TRUE.. Default value - 101.

I Integer variable. Total number of a-points. I may be suppliod

by user In subroutine ZMESH if ZSUPLY-.TRUE., Default value * 11.

The maximum value is also 11 unless the COMON BLOCKS in the

MAIN program are enlarged,

REFINE Logical variable which is *TRUE. if the n-mesh is to be refined.

Default value w ,TRUE..

HMAX Real variable. Maximum n-mesh interval permitted in refinement

routine. Default value - 2.1.

OPTPT Logical variable which is true if user supplies streamwise

stations to be printed on paper. These will alao be plotted

if the Berkeley 7600 plot routines are being employed. Default

value - .FALSE.. User supplies these stations in subroutine

PRMESH,

11-4
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NPRINT integer veriable. Number of uniform streamwise stations at

which solution is to be printed ((XB-XA)/NPRINT), Default

value * 10.

USUPLY Logical variable which is .TRUE. if user supplies the initial

velocity profiles in subroutine PROFLE. Default value w ,TRUE..

If these profiles are not supplied, similarity solutions will

be generated and used as starting conditions.

R Real variable. Reynolds number. Default value - 1.0/14.216862E-5.

input

The first card in the input stream contain.s a TITLE card FORMAT(SA10)

describing the problem to be solved. The remaining cards contain NAMELIST

data of the variables in the above glossary, The list is defined by

NAMELIST /INPUTS/ XSUPLY,YSUPLY,ZSUPLY,XA,,..,

The user must also supply the routines EMESH, YMESH, ZMESH, PRMESH,

and PROFLE if the variables XSUPLY, YSUPLY, ZSUPLY, OPTPT, and USUPLY

have the value *TRUE., respectively. How these subroutines are written

is fully described in the program listing in the Appendix.

In addition, the user must supply the routine PREPP which defines the

4 values of P 1 P2t "6' P O (equation (14b)) in terms of fun.ctions of us,

wa, h1 , h2 , K1 , and K2 , In the example given in the Appendix, us ul1/i'

Swe - 10 z/vx, h1in h2 a 1, and K - K - 0.

• II-.,
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Plots

The program was designed to run on the BerkeJey CDC 7600 and to use

the Calcomp plotter subroutine package available at Berkeley, It may be

run on other CDC computers by either removing the calls to CCNZXT, CCGRID,

CCLTR, CCPLOT and CCEND in the MAIN program or by adapting the plot

routines to meet the requirements of the new facility,

Graphs are made of the following quantities:

1. y versus u/u at i, z4' z6, a8' and z 11

2. y versus w/w ate 1 , z4, '6' , and an

3. Shear stress versus x

4, Stream lines

5. umax versus X

6. Jet spreading versus x

7. Entrainment quantity versus x.

The label, for the individual plots are coded in LABELl, LABEL2,

,... LABEL7 of the MAIN program and may be changed for each individual

case study. For these plots the value of ua must be coded for each new

case in the MAIN program and in the subroutine NEWTON where wv is also

required. In the example in the Appendix us - 1/A and we 0-3 0 Z/rX.

11-6
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Ii

Example (sample input deck)

CASE 7 UElI,O/SQRT(X) WE-1,OE-5*Z/SQRT(X) FLAT PLATE

$INPUTS XSUPLYu, TRUE. ,YSUPLY, STRUE., ZSUPLY. *TRUE.,

OPTPT" *TRUE, $

The first card is the title card which is printed on paper, and the second

card is a NAMELIST card which implies that tho user will supply his own

x-mesh, n-mash, z-mesh, and the streamwise stations to be printed on

paper. Examples of these subroutines can be found in the Appendix. All

other variables will be assigned their default values,

The initial velocity profiles are coded in subroutine PROFLE and

represent the initial conditions given on page 18 of Part I of this

report. These initial profiles may easily be changed by following the

instructions given in the subroutine.

Output

The title card is printed at the top of the page. If REFINE-.FALSE.,

the grid points (x-n-z) and y (assuming u*-l) are printed. This is

followed by the initial profiles where F-f, DFmf', DDF-f", Go&, DGg',

and DGG-s". The indices IZ and L represent the subscripts on the a-

and n-mesh points, respectively. If REFINEs.TRUE., the program refines
.:f

the initial mesh and prints the profiles on the new mesh before printing

the refined grid. The NAMELIST Is printed next.

11-7
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Every time Newton's method converges for a given streamwise station

and z-point the following data is recorded:

1, the number of iterations for convergence (ITER)

2. maximum absolute error (ERROR)

3. element of the solution vector where the maximum error occurs

4. y* defined on page 11 of Part I (YTC)

5. f "(o) (U(3,1))

6. g"(o) (T)

7. b0 0 , b, , b o, b b5 0 1 bj where b 1+c

8. shear stress (TAU).

After a complete z-plane is swept the following data is printed:

1. entrainment quantity (Q), page 24 of Part I

2. Umax at zZ, z 3, , 6 80 and z10

3. ymax at zil z231 z6 z89 and r,10.

Note that umax and ymax are defined on page 27 of Part I.

The complete solution is printad at those stroarwise station&

previously specified by the user in PRMESH or at default values. The

format for this printing is the same as that for the initial profiles.

Plot data will also be loaded into storage vectors at these stations for

possible later use by the plotting subroutines in the MAIN program.

I1-8
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Ezample (sample output listing)

Because of the three-dimensional nature of this problem, a complete

listing of the output vould be too exhaustive for this report. Therefor*e,

we give belov the first page of output that resulted from the sample input

deck given earlier,

V

* I

11-9
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B. Subroutine Description

All subroutines contain many comment cards describing the routine

and its function. Our purpose here is not to duplicate all this informa-

tion but instead to discuss some of the technical details of each routine.

An * denotes the routiae is user supplied.

SUBROUTINE NAME: BC

PURPOSE: This routine computes the boundary conditions and the Jacobian

of the boundary data. See equation (13) of Part I.

DESCRIPTION: The solution vector is written in the form u - (ff'9,f",,g',g") ,

and the variables A and B denote left and right boundary, respectively,

The boundary conditions are assumed to be written in homogeneous form and

the left boundary conditions are coded before the right ones. For example,

the right boundary condition

f' (0.) 1

translates into code as

G(5) - UB(2)-l.O.

SUBROUTINE NAME: BETASV

PURPOSE: This subroutine solves for 8 in the LU-decomposition of the block

tridiagonal Jacob tan matrix (equation (28a) in Part I).

•' 11-11
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DESCRIPTION: The block tridiagonal matrix is written as

/A =- [B,,Ai,C~l (I=1,2,... ,J)

where Ail Bit and C. are matrices of order 6.

/A is decomposed as

/A [ 0] I 0[o ai C ]

where

(A A1  (Wa)

81 Lli-i B i i-2,3,...,J (lb)

. Ai -a A Cii i=2,3,...,J . (ic)

For simplicity, we write the LU decomposition of a as

01 i iu (2)

If this decomposition doesn't exist, then permutation matrices for

row and column pivoting can be introduced in equation (2). Assuming p

rows in Bi, the solution of in equation (Ib) is given by

T T

T Tk=l,2,.. .,p . (3)Ti-l k " k

11-12
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SUBROUTINE NAME: BLOCK1

PURPOSE: This subroutine decomposes the block tridiagonal Jacobian matrix

into LU-form.

DESCRIPTION: The steps in equations (1-3) above are carried out by

performing the indicated matrix multiplications and calling routines

LUSOLV and BETASV.

SUBROUTINE NAME: BLOCK2

PURPOSE: This routine solves the block tridiagonal system /Am * b

assuming the factorized form.

DESCRIPTION: Write z S(, •2' ("I EJT and x " (x1 , x2 , ... , J)T

T Twhere z - (zi, 2 2V' "'. z6 d) and x- (x1Z, X23t, ... , x6 )T. Then

ILOCK2 first solves

1 (4a)

k -b k k k- k-2,3,...,J (4b)

and then

- x -z (5a)

a L- h r-1n-z- - Ct-1 x1 L-,J-l,...,2 . (5b)

A Equation (5a) is solved by calling USOLVE.

II-13
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SUBROUTINE NAME: BOX

PURPOSE: This subroutine sets up the block tridiagonal system of equations

for the attachment line equation (15-16) of Part I when KASE-2 and the 3-D

wall jet equations (23-27) of Part I when KASE-3.

DESCRIPTION: The elements of (B iA PCi] are loaded by calling the routines

BC, RHSF, and RHSF2D which contain Jacobian information for the boundary

conditions and the various difference equations. Previous station informs-

tion and updating of the turbulence model is included by incorporating the

C matrix (sea Appendix for the component description). Finally, the

equations are rearranged to ensure the first diagonal block is nonsingular.

SUBROUTINE NAME: LUSOLV

PURPOSE: This subroutine decomposes a scalar matrix into LU-form using

a mixed pivoting strategy.

DESCRIPTION: See Analysis of Numerical Methods by E. Isaacson and

H.B. Keller for a standard discussion of Gaussia&t elimination (LU decom-

position) with pivoting.

SUBROUTINE NAME: MAIN

PURPOSE: This is the main driving program.

11-14
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DESCRIPTION: Thi F'•A. program initializes solution vectors, sets default

values, reads and writes NAMELIST data, and calls subroutines that

initialize the grid and the velocity profiles. The marching scheme is

called from MAIN as wall as all plotting packages.

SUBROUTINE NAMz: NETRUN

PURPOE This subroutine is used to add or delete n-mesh points in order

to improve the smoothness of the solution especially in regions where

large boundary layers exist.

DESCRIPTION: The local truncation error of the numerical scheme is

approximated at the mid-point of each sub-interval of the initial grid.

Points are added or deleted so that this error will remain constant on

the whole interval. NETRUN is only called for the first x-point and

z-point, if the user requests this option (REFINE-.TRUE.). This new

improved grid is used for the entire 3-D region.

SUBROUTINE NAMEs NEWTON

PURPOSE: This subroutine solves the 2-D attachment line equation when

KASE-2 and the 3-D wall jet equation when KASE-3 by employing the

underrelaxed Newton's method (equation (28) of Part I).

11-15
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DESCRIPTION: Tha following notation is used:

N-Ni - number of unknowns in the solution vector - 6

KP-N2 - number of boundary conditions defined at the left boundary * 4

NQ-N3 - number of boundary conditions defined at the right boundary - 2.

Previous station information is loaded from subroutine PREPG and

the eddy-viscosity from PRIPI, After the proper block tridiagonal Jacobian

matrix is loaded (KASE-2 or 3), it is solved using BLOCK1 and BLOCK2,

Underrelaxation (w,,7) is performed on this solution, and a maximum

absolute or relative (R1L.,TRUE.) error between iterations is computed.

If this error is greater thau EPSERRIlO"2 (loaded from MAIN), the above

steps are repeated; otherwise, plot and print vectors are loaded. u.a and

weare coded into this subroutine and must be changed for each problem.

SUBROUTINE NAME: OUTPT

PURPOSE: This subroutine writes the solution on paper for the plane X-XN.

DESCRIPTIONt The logic is set up so that the initial profile will only

be printed once. The x-station is loaded into the plot vector for later
use. The array ULAST contains f' and g' for future plots. The solution

vector is printed on paper using the format described in the Output section.

11-16
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SUBROUTINE NAME: PREP

*, PURPOSEt This routine sets up the initial grid and loads initial

conditions into the solution vector. The grid is printed from this

subroutine.

DESCRIPTION: Mash points use default values if X8UPLY, YSUPLY, and

ZSUPLY are .FALSE.. Tor each .TRUE. value a user supplied subroutine

is called. Values of x, n, %, and y are printed where y is computed

from u* at some x station, usually xF. The user hould han u with

every new case study. If USUPLY-.TRUS., initial conditions are loaded

from the user supplied routine PROPLE; otherwise, a similarity solution

is generated from initial exponential decaying functions given by state-

munt functions defined by F1(T), 72(T), and 73(T). Grid refinement on

either of these initial conditions will be performed if REhINE-.TRUE..

SUBROUTINE NAME: PREPB-F

PURPOSE: Thin subroutine models turbulence using the two layers discussed
4.

on pages 8 through 11 of Part I.

DESCRIPTION: The values of cI and a2 (TCl and TC2, respectively) have

been set to zero using a DATA STATEMENT but they may be aasigned values

Sbetween zero and three. The program is divided into two parts depending

t1-

p.
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upon whether the attachment line equations (IZ-1) or the 3-D wall jet

equations (IZVI) are being solved. In each part the value of y* (YTC)

io determined, and the quantities b a 1+c+ in equations (11) and (12) of

Part I are computed and stored in the second and sixth rows of the

G matrix, respectively. Previous station data is also updated and stored

in the third and fourth rows.

SUBROUTINE MIM PREPG

PURPOSE: This subroutine computes previous station data for the full

3-D vail jet equations.

DESCRIPTION: The actual variables coded in this routine are T (G(3,L))

and S (G(4,L)) which were first derived in Ref. 9 of Part I. The following

notation is used for the FORTRAN variables:

n,i-lU•X J-1u~/2

n-i, ±
UNMM 0u~xx J-1u~/2

* n-l,i-l

UT a UJ-1/2

SUBROUTINE NAME: PREPG2

PURPOSE: This subroutine computes previous station data for the attach-

ment line equation (equations (15-16) of Part I).

H1-18
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Th uniisn-1. ((3L n-1 G()L)o

DESCRIPTION The quantities T 2 (G(3,L)) and SJ/2(G(4,L)) of

Rf. 9 are coded in this subroutine. UH denotes the variable u /21

SUBROUTIE N AM4E PREPP*

?POS!: The variables P V P20 "I' *lO given by equation (14) of

Part I are coded in this subroutine.

DESCRIPTION: For each now problem the following quantities must be

coded into this subroutinet

Us - ue

U!Z m au./ýz

WE t VE

WEX - aw /ax

WEZ - aw /am

WzZX - a2wa/32 x.

The values of P11 P2 , P1O in this routine are written for the special

caee of a flat plate; however, they may easily be changed to exactly those

I:" 11-19
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given by equation (14). Note that when IZ-l, the routine computes the

corresponding values of P for the attachment line equations,

SUBROUTMNE NAME: PRMESH*

PURPOSEt This routine allows the user to supply the streawmise stations

at which solutions are to be printed on paper. Those stations will also

serve as those where plot vectors will be loaded.

DESCRIPTIONt See program listing in the Appendix.

SUBROUTINE NAM PROFLE*

PURPOSE: This routine sets up the initial velocity profiles.

DESCRIP'ToNt In the sample case given in the Appendix we have coded the

initial conditions described on pogs 18 of Part I, The quantity ui /u

varies from 1.5 to 2.0. The first six rows of the USTORE matrix contain

the values of (ffI~fegoS*gI) an a function of n and zm. If

REFINETIUE., the mesh refinement routine altars the ri-mesh in order

to make the initial conditions smoother between grid points. New initial

conditions are computed and printed at the refined points.

,I-20
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SUBROUTINE NAME: RISF

PURPOSE: This routine computes the quantities on the right-hand side of

the equations given by (31-36) in Ref. 9. The Jacobian matrix is also

evaluated and stored in the A matrix.

DESCRIPTION: The following notation is usedi

UT U/4.0

UBAR = u

U a current value of un.i

n,i-1UX * pass value uj-1/2

U`XX = pass value un-l. i

' nj-l/2-

' UXXX pass value u

The values of the right-hand side of equations (31-36) are stored in

?(1), F(2), ... , F(6), respectively

SUBROUTINE NAME: RISF2D

PURPOSE: RHSF2D is similar to RHSF except the attachment line equations

given by (38) in Ref. 9 and the corresponding Jacobian matrix are coded.

DESCRIPTION: See RHSF above.

"11-21
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SUBROUTINE NAME: TRUN

PURPOSEt This subroutine computes the local truncation error of the

centered-Euler scheme.

DESCRIPTIONt Soo H.B. KAller, "Accurate Difference Methods for Nonlinear

Two-point Boundary Value Problems," SIM J. Numer. Anal., 11 (1974),

pp. 305-320.

SUBROUTINE NAME: USOLVE

PURPOSEt This routine solves the scalar matrix equation Ax- f after

A has been put in LU-form.

DESCRIPTION: See E. Isaacson and H.B. Keller, Axlysio of Numerical

Methods, J. Wiley & Sons, New York, 1966.

SUBROUTINE NAME: VANDET

PURPOSE: This function computes the determinant of an nxn Vandermondo

matrix for 1 < n < 7. This routine is called by TRUN in order to compute

the local truncation error of the aentered-Eul;,! ot box scheme.

-I2
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DESCRIPTION: The Vandermonde determinant is given by

n
2., O ... 0

L T ,.

tf

n~ n.

SUBROUTINE NAME: VELMAX

PURPOSE: This subroutine computes u and yX described on page 18

of Part I.

DESCRIPTION: u(n) is computed for each mesh point n and the maximum

value is determined, say unax ui(*), Thar 7"max is given by

SUBROUTINE NAME: WALJET

PURPOSE: This is the wain marching routine which calls NEWTON to solve

either the 3-D wall jet problem (equations (11-14) of Part I).or the 2-D

* I attachment line equations (equations (15-16) of Part I).

11-23
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DESCRIPTION: The marching direction is discussed on paSe 16 nf Part I.

Unnatural oscillations are damped out by the averaging proceduro discussed

on pages 17 and 19 of Part I. The OUTPT routine is called at the appropriate

point from this subroutine depending upon whether OPTPT is ,TRUE. or

'FALSE..

If separation (f"(0) < 0) occurs, the marching is terminated

and the solution at the previous streamwise station is printed.

SUBROUTINE NAME: XMESH*

PURPOSE: This routine allows the user to input his own x-mesh.

DESCRIPTXON: See the Appendix for an example and a complete explanation.

SUBROUTINE NAME: YMESH*

PURPOSE: This routine allows the user to input his own n-mesh.

DESCRIPTION: See the Appendix for an example and a complete explanation.

*SUBROUTINEHA.ZE*

PURPOSE: This routine allows the user to input his own z-mesh.

DESCRIPTION: Gee the Appendix for an uxample and a complete explanation.

11-24
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