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1. INTRODUCTION

This progress report sumnarizes the work dome under the contract E-
16-606 from the Lockheed-Georgia Cowmpany to the Georgia Institute of
Technology, during the time period 6/1/81 - IQ/31/81. This report is
submitted according to Reference 1,

All tasks are examined. However there is progress veported on task
"0" which is not included in Reference 1. The reason is that the work
reported under task "0'" was initially planned to be done under a consulting
agreement between 5.G. Lekoudis and the Lockheed-Georgia Company. Because
of difficulties in distinguishing the efforts, and the relation of the work
in task "0" to separation, all efforts were performed under this contract

and are reported in this document.



2. TASK "¢"

This task involves the coupling of two programs. The first is a
code that uses the most complete viscous/inviscid iteration technique
available, to compute viscous transonic flows over single airfolls. The
method, developed by the rescarch department of Grumman Aircraft, 1is
described in Reference 2 and in paper No. 10 of Reference 3. The second
code solves the linearized two-dimensional Navier-Stokes equations for
shock/boundary layer interactions. The method, developed by G. Inger and
his co-workers, is described in paper No. 18 of Reference 3 and in
Reference 4,

Before explaining the coupling of the two codes, some justification
for the effort is appropriatc. Tt is known (Reference 3) that viscous
effects dominate the pertormunce of supercritical airfoils. Navier-Stokes
solutions for flows around single airfoils, at interesting Reynolds
numbers, are very cxpensive., Moreover grid refinement studies that verify
convergeunce, as far as Cruncation verrors, are not always available,
Viscous/inviscid coupling schemes also have their shortcomings. Most of
them neglect .pressure gradient effects in the cross stream direction.
There are two areas of the flowfield around single airfoils where these
pressure gradients are known to be important. One is around the trailing
edge, as shown by Melnik and his co-workers (Reference 2). The other is
the region of shock/boundary layer interaction (Papers No. 4 and 15 of
Reference 3).

Normal pressure gradient effects close to the trailing edge were

accounted for in a code developed over a number of years at Grumman



Aircraft (Reference 2). Similar processes for shock/boundary layer
interactions were developed by Stanewsky ct al (Paper 4 of Reference 3).
In this task, a computer program was developed, using both procedures, that
resulted in the most sophisticated viscous/inviscid coupling procedure for
computing transonic flows over single airfoils that exists. The method
maintains the attractive features of viscous/inviscid coupling which are
the good numerical resclution of separately computed regions of the flow,
and the econcmy of the calculations.

Solutions of the linearized Nuvier-Stokes cquations, for normal
shocks interacting with turbulent boundary layers in transonic flow, have
been obtained by Inger and his co-workers (Paper No. 18 of Reference 3).
The obliqueness of the shock, for flow around airfoils (see Figure la) is

empirically accounted for by evaluating the angle B from

B = 90.0° - 37.8 *\/M" - 1.0 (1)

where M' is the Mach pumber computed from inviscid theory, at the surface
of the airfoil, before the shock. The incoming Mach number that enters the
calculations for the interaction 1s then M = ¥' sinf, For the cases
investigated fI is arouad 74 degrees. The subscripts b, s and a denote
before the 1nteraction, at the root of the shock, and after the
itnteraction. Assuming that the "incompressible' shape factor is H = (Hi)b’
the incoming Reynolds number is (R *)b’ the pre-shock Mach number is M, and

R = loglo (R "nger's analysis gives:

5*)‘"

(cg) = (0.252% R + 3.4273 = 5.5 M + 3.15 H - Hz)(cf)b (2)



R = (3.4 H - 108.0 M + 40 M + 61.124) (5 ) (3)

up

Ry = (0.25 R - 6,414.8 + 8,758.4 H - 2,756.9 B +

(10,639 - 14,659 H + 4,686 H2)M

+ (= 4, 439 + 6,157 H

*
1, 992 Hz)Mz)@ )b (4)
(c.) =| (4,568 - 6,079 H + 2,061 HOIR + (2,085.47
f'a
- 2,695.05 H + 874.1 HZ)M + (- 931.01 + 1,201.8 H
2, .2 2
- 389.7 H°) M" - 1,188.548 + 1,539.911 H - 500.049 H ]c(cf)b (5)
* »
5, = 8, [; + (5.17 + 8.65 * (H - 1.3)) * (M - 1.0)*
(1.11 * tanh (R - 2.35))} (6)

Schematic variations of § and cp 1o the interaction region are shown 1in

Figure lb. Also Qup =x - x and g, =x - x_. Equations (2) to (6) were

b a

obtained by curve fitting numerical solutions of the linearized Navier-
Stokes equations for normal shocks interacting with unseparated turbulent
boundary layers.

The problem that arises in the coupling of this procedure is that

Qup and zdn are of the order of lO_3 + 10—2 of the airfoil chord, and thus,

are sometimes smaller than the spacing of the denser grid used in the



inviscid flow computations. Noting that further grid refinement would not
chaage the width of the shock computed from the inviscid code, and to avoid
this problem, we used a method which is justified by the asymptotic

approach to equilibrium (at x_ and xa) of the flow variables, according to

b
the 1interaction theory. The incoming boundary layer profile at b is
determined by checking the slope of M'(x) from the inviscid calculations.

This location is denoted by the grid point N_ in ngure lc. The location Na

b
is determined by checking the slope M' = M'(x) after the last supersonic
point. Then the shock location N, is equal to ‘nﬁ(Nb + Na)' This procedure,
locates the interaction "box" shown in Figure lb at the center of the
numerically smeared shock area given by the potential flow calculations.
1f lup is smaller than x(Na) - x(Nb) the boundary layer properties are kept

coustant till x(Ns) _R'up’ and equal to the ones at N The boundary layer

b
calculations are initiated after x(Ns) Ry To the author's knowledge,
no Navier-Stokes solution exists with dJense enough grid to capture the
details of the interaction, as provided by the analysis used here.

Results for the RAE2829 airfoil (Reference 5), using the above
procedure, are compared with viscous/inviscid coupling where boundary
layer theory is used to march under the shock, as developed by Melnik and
his co-workers~ (Reference 2). Figures 2 to 5 show computed upper surface
displacement thicknesses. Figures 6 to 9 show the corresponding skin
friction and Figures 10 to 13 the Cp distribution,

The results are summarized in the Figures 14 and 15 where CL ~-a
curves are plotted.

From these results, it seems that the interaction is responsible for

a loss in lift., Also the pressure distribution changes only close to the



shock, as compared with the original code (Reference 2). Thus the
capability of the original code to accurately predict mcasured pressure
distributions is maintained in the new program {(Reference 6). Moreover the
computed shock is "crisper' and moves slightly ahead, as compared with the
one computed using simple boundary layer theory underncath it. At the time
of the writing of this report another airfoil, the LG4~612 is being used to
evaluate the developed method and comparisons with experiments are being
done.

It is recommended that the method be used to study the initiation of
shock/induced separation. Although the theory is not valid at separation,
it should give a good indication when it is about to occur, because of its
ability to accurately compute pressure distributions. The computing times
are not affected by the interaction and they are almost identical to the

original code (Reference 6).



(a)

M (x)

(c)

Figure 1| Schematic of the Flowfield 1n the Shock/Bouundary Layer Interaction
Region,
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3. TASK 1

The objective of this task is to develop a procedure that can be
used to compute three-dumensional boundary layer flows close to
separation. Use of the thin shear layer equations at separation is not
possible in the direct mode, i.e., when the external pressure distribution
is prescribed. The reason is the Singular:tynof the thin shear layer
equations at separation, that makes the numerical iategration of the
equations impossible past the location of the separation, In this
discussion, by sepa:ation we mean catastrophic separdtion and not
recirculating bubbles.

Experiments show that mormal stresses are important close to
separation (Reference 7). Thus, the assumption that pressure gradients
normal to the wall are uegligible, used in the thin shear layer equations,
might not be & good approximation close to separation. For flows at
interesting Reynolds numbers, the subject seems controversial because, for
some cases, reasonable agrecment was obtained with viscous/inviscid
coupling schemes that use simple boundary layer theory (Paper No. 26 of
Reference 3 and Reference 8). For some other uses, inclusion of normal
pregssure gradients seemed necessary (Paper No. 30 of Reference 3). Some
comments on the subject are made at the end of the Jiscussion about this
task.

Under this task a procedure was developed, that combines the
capability of computing boundary layers past thc separation point with the
ability to account for pressare gradient effects normal to the wall. A

description of this procedure fu, two-dimensional flows follows.
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It is known (Reference 9, 10 ond 11) that the boundary layer
singularity is removable when the cquations are being solved in the so
called inverse mode. In this mode, the displacement thickness 6* is
prescribed and the pressure gradient is being computed. In this way,
calculations can proceed past the location of scparation. Also procedures
have developed that account for noaneglipible prescure gradients normal to
the wall (Reference 12), It scems reasonable to combine the two methods
into one, and have a procedure that allows Ealculations with normal
pressure gradient effects through separation.

Assume a two-dimensional, boundary layer flow growing on a wall (x-
coordinate), with a prescribed displacement thickness <§(x). Let y be the
coordinate normal to the wall, u and v the velocity components in the x and
y direction respectively, and p 13 the pressure. Also, assume that at each
streamwise station x, p = c(x) fx(y) and at the initial station, a velocity
profile is available. The following steps would do the job.

1) Calculate the boundary layer at the next streamwise step using the
inverse mode, with 6*(x) as given, but with dp/dx partially "known"
function of y., In this process, C(x) is obtained at the next x
station, togethcer with the external freestream velocity.'

2) Calculate P/ dy  from the y-momentum cquation at the next station,
using the velocities computed. Thas, oblain a new fx(y) at the next
station.

3) Repeat steps 1-2 for all streamwisce stations., If reverse flow is
encountered, its ok.

4) Repeat steps !-3 using the new "eigenfunctions" fx(y) for the
pressure and use central differences for 9/3x, until convergence

is obtained.
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Notice that the old values of p arc used through one sweep in the x-
direction. This is because it was found (Reference 12 where the direct
mode was used) that this way the process coanverged. This procedure of
updating the pressure corresponds to a Jakobi iteration, instead of a
Gauss-Seidel iteration.

The procedure described can use any of the existing turbulence
models. 1If coupling with an inviscid code is required, it can be done by
iteratively equating the boundary layer edge velocities computed by the
procedure, with the ones from the inviscid code that "sees" an equivalent
body, displaced by 6*.

In order to check this procedure, two boundary layer programs were
combined. The first solves the two-dimensional incompressible laminar and
turbulent boundary layer equations for arbitrary pressure gradients in the
direct mode. The second is a boundary layer program that solves the same
equations in the inverse mode (Reference 18). During chéckout of the
second program, mistakes have been found 1in the code and have been
corrected. A list of the combined program is provided in Appendix A,
together with some explanatiou of what the subroutines do. The input

parameters are:

1) Number of streamwise stations (NXT)

2) Station where transition from laminar to turbulemt flow occurs
(NTR)

3) Station where the program switches [1om direct to inverse mode (INV)

4) Step size of the grid normal to the wall at the first step (Anl)

5) Factor for the geometric growth of the grid normal to the wall (VGP)

6) Freestream velocity (UREF)

7) Reynolds number based on the coordinate of the last streamwise

station
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8) The coordiaates of the streamwise stations, Notice that x(NXT) = 1.
9) The pressure coefficient Cp at the first INV-1 stations.

*
10) The displacement thickness § at the last NXT-INV stations.

The program uses an eddy-viscosity model fur the turbulence calculations.
The program runs in both the direct and the inverse mode, and separated
laminar profiles have been obtained. However there are difficulties in
converging with separated turbulent profiles and work is being done to
overcome the problem. The next step will be to.code the described method
using the code described in Appendix A as the base.

The extension of the procedure to three-dimensions 1is, 1in
principle, straightforward. In threc—-dimensions, one of the two
separation patterns may exist. The first is the closed pattern (Figure
16a) where streamlines coming from the stagnation region never reach the
region with backflow. The second is the open pattern (Figure 16b). Both
have been discussed in the literature (Reference 13). Remembering that the
ultimate objective of this effort 1s to compute the loads on a realistic
configuration, wusing viscous/inviscid 1nteraction, at high Reynolds
numbers, we examine these patterns separately,

Computing through the separation line of the closed type will
require the solution of the turce-dimensional boundary layer equations in
the inverse mode. Such solutions have been generated recently in France
(Reference 14) using integral techniques. Sophisticated turbulence models
will require finite-difference solutions of the boundary layer equations
using the inverse mode. Such solutions have not appeared yet. The same
solutiona are required, if the scheme described for the two-dimensional

problem shows that pressure gradients normal to the wall have a significant

effect in the location of scparation. However if the pressure gradient in
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the cross ~stream direction turns out to be of minor significance, a
viscous/inviscid coupling can proceed with a closed separation line
predicted by simple boundary layer theory. Such a calculation is possible
and is the simplest attempt (o compute the flowfield around a body with
massive separation. 1TL might bLe that boundary layer separation from wing
surfaces at high Reynolds numbers is such a type of separation. However,
for the case of zfterbodies, of ejual or maybe of more importance, is the
case of the open separation. .

Computing a separation line of the upen type could be accomplished
with a use of three-dimensional boundary layer theory in the direct mode,
plus the technique described previously for the two-dimensional case. In
this type of separation a vortex sheet would spring from the separation
line. Experiments (Referecnces 15, 16) indicate that counterrotating
streamwise vortices might be responsible tor the vortex sheet that emanates
from the smooth surface, Thus, while rthe flow has a large streamwise
component of the velocity, wi'lhout any indication of backflow, crosaflow of
opposite signs at the two sides of the vortex gencrates the open
separation. To apply the procedure described before one would use the
equivalent in threc-dimensions of the work reported in Reference 12.

Assume an external pressure disteibution p(x,z) given, where x and z
define the surface of the devcloping boundary layer. In a viscous/
inviscid coupling procedure, this would correspond to the state of the
iterative procedure where the inviscid flow has just been rvecomputed. The
following steps would do the job, with an assumption of p(x,y,z) that
matches the given pressure distribution at the boundary layer edge.

1) Calculate the boundary layer at the next streamwise plane, but with

dp/3x and 3p/dz "known" functions of y.
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2) Using the computed wvelocitlies, compute the pressure from the y-
momentum equation starting with the known pressure at the boundary
layer edge.

3) Repeat steps ! and 2 for all the streamwise planes.

4) Repeat steps 1-3 wuseing the newly cowmputed pressures, until
convergence is achieved.

From the above discussiun, it is obvious that the capabilities of
simple boundary layer theory in prediciing the location of separation for
three~dimensional, high Reyno.ds number, turbulent fluws has not been
really investigated in any depth. 1In this task a technique was developed
that simply combines two previous'y used procedures, calculations in the,
inverse mode and incorporation of the y-momentum equation in the
calculations, into a way of computing two or three-dimensional boundary

layer flows past the separation.
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Although work on this task has not started, some comments are

appropriate. §. Ragab of Lockheed-Georgia has developed a three-
dimensional boundary layer code for laminar flows around an ellipsoid of
revolution, Because of the care and thorough testing of the numerics of

this program, it is proposed that the new code will be used for this task.
Thus the code developad by Nash and Scraggs and mentioned in Reference 1
will not be used. Dr. Ragab is continuing his work on the code with the

incorporation of an eddy viscosity model.
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5 TASK 3

Again, although work on this task has not started, some comments are
appropriate. Work on the potential flow with free vortices 13 continuing at NSRDC
(Reference 17). In order to obtain the computer code (Reference 1), Lockheed
might have to follow a procedure as a defense contrattor, because the code is not

releaseable otherwise. This problem i4 being investigated,

Acknowledgements
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APP..NDIX A

Direct-Inve:se Two-Dimensional Incompressible Boundary Layer

Program for Laminar and Turbulent Flows

INVERSE (Main Routine)

INPUT

IWL

GRID

EDDY 1

EDDY

CMOM

ICONZ1

SOLV4

ouTPUT

Performs the downstream marching and
the iteration process

Reads input data

Initiates a profile at the first
station -

Defines the grid normal to the wall

Calculates the Reynolds stresses
when the program is in the inverse
mode

Calculates the Reynolds stresses
when the program is in the direct
mode

Computes the coefficients of the
momentum equation when the program is
in the direct mode

Computes the coefficients of the
momentum equation when the program is
in the inverse mode

Inverts the block~tridiagonal matrix
of the resulting finite-difference
formulation of the boundary layer
equations.

Prints the output quantities
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