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NOTICE

When Government drawings, specifications, or other data are
used for any purpose other than in connection with a definitely
related Government procurement operation, the United States Govern-
ment thereby incurs no responsiblity nor any obligation whatso-
ever; and the fact that the government may have formulated, fur-
nished, or in any way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person or cor-
poration, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related
thereto.

This report contains the proceedings of the 5th U.S. Air
Force/Federal Republic of Germany Data Exchange Agreement Meeting
covering many investigations conducted in both the United States
and the Federal Republic of Germany as part of the Data Exchange
Agreement number AF-68-G-7416 entitled "Boundary Layer Effects."
The meeting was sponsored by the Air Force Flight Dynamics Labor-
atory and was held on 28/29 April 1976 in the Air Force Wright
Aeronautical Laboratories' auditorium at Wright-Patterson Air
Force Base, Ohio.

The contribution from the United States was research per-
formed within the Air Force Flight Dynamics Laboratory and other
agencies such as the U.S. Army, U.S. Navy, N.A.S.A., and various
American Universities.

The contributions from the Federal Republic of Germany were
research programs performed at various DFVLR laboratories such as
those of Gottingen and Porz Wahn. In addition, data was pre-
sented on research carried out at Universities at Karlsruhe,
Berlin, and Hamberg as well as various Aircraft Companies with
the Federal Republic of Germany wWere also presented.

The research reported was conducted from June 1975 to April
1976.

This report has been reviewed by the Information Office
(ASD/OIP) and is releasable to the National Technical Information
Service (NTIS). At NTIS it will be available to the general pub-
lic, including fore :n nationals.

Requests for this report should be directed to: U.S. De-
partment of Commerce, National Technical Information Services,
Washington, D.C. 20230

This technical report has been reviewed and is approved for
publication.

Qd'(owg 0. Feore

ANTHONY W. FIORE
USAF Project Officer

ROBERT D. McKELVEY, Col,
Chief, Aeromechanics Di 0!
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FOREWORD

The 5th U.S. Air Force/Federal Republic of Germany Data Ex-
change Agreement Meeting entitled "Boundary Layer Effects'" numbered
M.W.D.D.E.A, AF-68-G-7416 was sponsored by the Air Force Flight
Dynamics Laboratory. It was held on 28/29 April 1976 in the Air
Force Wright Aeronautical Laboratories' Auditorium in Bldg. 450 at
the Wright-Patterson Air Force Base, Ohio. This report contains
the detailed proceedings of that meeting. It contains both theore-
tical and experimental data covering a great variety of topics in
the area of boundary layers. The speed range is from subsonic to
hypersonic Mach numbers. The types of boundary layers were lami-
nar, transitional, and turbulent; both fully attached and separated.
Some similar problems in the area of hydrodynamics are also in-
cluded.

The experimental research includes'investigations of Magnus
effects at supersonic speeds, high Reynolds numbers boundary
layers, shock-wave boundary layer interactions at transonic and
hypersonic Mach number, turbulent separated and reattached flows,
as well as the influence of turbulence levels in the free strain
on the development of boundary layers.

The theoretical work is mainly concerned with computer solu-
tions of the Navier Stokes equations higher order boundary layer
equations, and unsteady boundary layer equations. Also included
are new turbulence models and engineering approximation methods
for the three-dimensional boundary layer case.

One paper was not received in time to appear in these pro-
ceedings. The paper was titled "Heat Transfer From a Potating
Disc" by Dr. Tuncer Cebeci of the Douglas Aircraft Company, Long
Beach, California.

The paper of Dr. Joseph Marvin of the Ames Research Center,
N.,A.S.A,: Moffet Field California was originally presented as an
AGARD paper. The Air Force Wishes to thank NASA for permitting
Dr. Marvin's participation in this D.E.A, meeting.
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WELCOMING REMARKS
by

Demetrius Zonars
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

The Air Force Flight Dynamics Laboratory is most pleased to
host this DEA meeting between the United States and the Federal
Republic of Germany. The Laboratory is delighted with the pro-
gress under this DEA and often times it is referred to as the
model Data Exchange Agreement because of its widespread activity
in an area of great importance in aeronautics. The boundary layer
continues to be a very important discipline in aerodynamics.
Recent experiences of contemporary aircraft, while flying at high
angles of attack, have indicated flow separation which can lead
to many unexpected results. We have found aircraft departure
characteristics to be influenced strongly by the asymmetrical
shedding of vortices on the lea side of a symmetrical shape. This
phenomena causes lateral forces which contribute significantly to
the departure aspects of aircraft at high angle attack. May I
suggest that personnel from both nations examine this particular
phenomena as a part of this Data Exchange Agreement. Solutions
to the asymmetrical loadings would be a significant contribution
to understanding a phenomena which can plague the aircraft and
missile design engineer. This, of course, is only one of many
undertakings in this joint program. Many fine developments have
come about as a result of this DEA and we encourage you to continue

this effort with great vigor.

I would like to take this opportunity to welcome you all to

this joint meeting and wish you a very successful symposium.




INTRODUCTORY REMARKS
by

K. H. Gronau
Bundesministerium der Verteidigung
Bonn, Germany

As the representative of the German Ministry of Defense and
the administrative project officer, I would like to thank Dr.
Zonars on behalf of all the German participants for his warm words
of welcome. This will be the fifth meeting held by both the Ger-
man and United States scientists under this Data Exchange Agree-
ment. It will be the first time a D.E.A, meeting has taken place
at Wright-Patterson Air Force Base. For eight years now we have
exchanged data in this particular field of science and I think it
is safe to say that the D.E.A. has been very good for both our
countries and both our scientists.

The proceedings of our last meeting, which took place in
Gottingen in June 1975 have been published and sent to all those
that are active participants in this D.E.A. The most important
six tasks to be considered in the future have been outlined in
that report by Professor Waltz, who is the German technical pro-
ject officer of the D,E.A.

As the spokesman of the German delegation, I should like very
much to thank Dr. Fiore and Dr. Harvey for the extensive prepara-
tions for this meeting. The present agenda indicates that the
meeting should be fruitful to everyone involved.

I hope that this two-day meeting will impart to all partici-
pants new ideas and orientations for current work through the
presentations and discussions. In addition, I hope it will deepen

existing personal contacts and occasion new ones.
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INTRODUCTORY COMMENTS
by
Alfred Walz

Technai.ucne Universitat Karlsruhe
Karlsruhe, Germany

I would like to add my comments to those of Dr. D. Zonars and

Dr. K. Gronau by emphasizing the fact that in the case of actual
lif ting body designs the complex three dimensional flow phenomena
encountered in flight can not be described either by potential
flow theory or the boundary layer equations alone. Interacting
separated flow fields which involve both the non-viscous outer
region and the boundary layer appear to be the primary area of
present interest for most D.E.A. activities. The tool to attack
this problem and to bring together diverging results is without
doubt the "Navier-Stokes Physics."

Details of the research accomplished under this D.E.A, will
be used to determine the present state of the art so that new
approaches to this problem can be defined and new work can then
be initiated under the new D.E.A.

The present meeting will surely offer an opportunity to
define the program achieved since the past year's meeting in

Gottingen as well as the program for future activities.
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THEORETICAL INVESTIGATIONS OF THE THREE-DIMENSIONAL
TURBULENT BOUNDARY LAYER ON SWEPT WINGS

by
J.C. Rotta, G.R. Schneider

Deutsche Forschungs- und Versuchsanstalt
fur Luft- und Raumfahrt E.V.
Aerodynamische Versuchsanstalt Gottingen
D-3400 Gottingen, Bunsenstrasse 10, W-Germany

Abstract

The three-dimensional turbulent boundary layer on an infinite
swept wing is used as a test vehicle to study four different tur-
bulence models. The differential equations are solved by finite
difference procedures. The results are compared with the wind

i tunnel measurements on an infinite swept wing model.
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K v. Karman constant

momentum thickness parameter in the streamline coordi-

11 nate system,
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13 ( s re) s/ re y
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v kinematic viscosity
p density
R A components of shear stress
r resultant shear stress
ngle of mean velocit dient
Qgrad ang o Yy gra
P, angle of resaltant shear stress

Subscripts

e outer edge of boundary layer
X resultant value
re resultant value at outer edge of boundary layer
s parallel to the direction of u (external stream-
line) e
w wall
X x~-direction
z z-direction
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1. Introduction

With the computation of three-dimensional turbulent boundary
layers on bodies at incidence or on swept and yawing wings, one
is confronted with a two-fold problem. The one results from the
poor knowledge on turbulent flows and is to choose a proper tur-
bulence model, which is capable of describing the three-dimen-
sional boundary layers correctly. On the other hand, it is sus-
pected that the execution time for numerical solutions and the
storage requirements are orders of magnitude greater than for two-
dimensional flow and also for three-dimensional laminar boundary
layers. 1In order to arrive at useful solutions in practice, a
compromise is necessary, where simplified turbulence models will

be preferred at the expense of accuracy.

At the Euromech (olloquium No. 60, which was held at Trondheim,
Norway, in April, 1975 on the subject "Three-Dimensional Turbu-
lent Boundary Layers in External Flows'", a systematic comparison
was made of the performance of available calculation methods [1].
This was achieved by selecting test cases prior to the meeting
and inviting the originators of various calculation methods to
compute the test flows, referred to as "Trondheim Trials". The

results were compiled and discussed by L.F, EAST [2].

It appeared desirable to us to test further turbulence models and
to make more detailed comparisons. The present investigations

are concerned with three-dimensional turbulent boundary layer cal-
culations on an infinite swept wing in incompressible flow, where
four different turbulence models were used. The work is not yet

completed, such that only preliminary results can be presented.

2. The Equations of Mean Motion

The equations of mean motion for the boundary layer on an infinite
swept wing are shown on Fig. 1. A Cartesian coordinate system is
introduced, in which the z-axis is parallel to the leading edge

of the wing and the y-axis is perpendicular to the surface. The

flow quantities are assumed to be constant in z-direction. We
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have the momentum equations for x- and z-direction and the con-
tinuity equation. In the idealized case of an infinite swept
wing with irrotational free flow outside the boundary layer, the
velocity component in z-direction, wos is independent of x and
z. In a wind tunnel, however, the conditions of the infinite
swept wing can be approximated with more or less accuracy only.
In particular, with the experiment made at the National Aerospace
Laboratory of the Netherlands (NLF) 3 , the measurements indicate
a slight variation of w, with x. This means actually that the
outer flow is either not completely irrotational or not indepen-
dent of the z-coordinate. For this reason, the term uedwe/dx

is included in the second momentum equation.

3. The Turbulence Models

3.1 Survey

A survey of the four turbulence models, which have been included
in the investigations, is given in Fig. 2. The details of the
models will be described subsequently. The first column of the
table gives a brief symbol, by which the models are distinguished
in the graphs to be shown later. The first model uses Prandtl's
mixing length formula, extended to 3-D boundary layers. As an al-
ternative to this, the mixing length formula is applied in combi-
nation with a generalized eddy viscosity concept, such that dif-
ferent values for the eddy viscosity are used with respect to the
shear stresses in streamline and cross flow direction. The third
model is based on the partial differential equation for the kinetic
energy of turbulent fluctuations. The turbulent shear stresses
are determined from Prandtl's relations. With the fourth model
three partial differential equations are used, namely for the

kinetic turbulence energy and the two turbulent shear stresses.

3.2 The Mixing Length Formula (Model ML)

The mixing length model has been described by G.R. SCHNEIDER 4
already at the previous DEA Meeting in Gottingen, 1975 and calcu-

lated results have been discussed. The detailed assumptions are
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compiled in Fig. 3. The two shear stress components are calculated
with a scalar eddy viscosity, ¢, which is determined from the
mixing length formula. Michels model is used for the mixing
length, which consists of a length, L , which is represented by

a hyperbolic tangent function. ﬂ is the von Kérma,m constant of
the logarithmic law of the wall and Le is the value of L at

the edge of the boundary layer. A multiplying correction function
F is introduced to take into account the effects of the viscous

sublayer. v is the kinematic viscosity.

3.3. The Generalized Eddy Viscosity (Model MLG)

With the mixing length model just described, the vector of the
resultant turbulent shear stress has the same direction as the
resul tant of the mean velocity derivative with respect to the y-
coordinate. Experiments indicate, however, that the two vectors
may have different directions. This points to a reduced eddy vis-
cosity in cross flow direction. Calculations with a reduced eddy
viscosity perpendicular to the direction of the external stream-
line were presented by T.K. FANNEL#P and D.A, HUMPHREYS [5].

With the generalized eddy viscosity concept of the model MLG, the
eddy viscosity is presented as a second rank tensor in planes

y = const with its principle axes in direction of local mean
streamline and normal to it, Fig. 4. The coordinates of the eddy
viscosity tensor are determined from the scalar eddy viscosity by
multiplication with dimensionless factors Ts (=1) and T£(=O.4).
With respect to the shear stresses in the cartesian xz-coordi-
nate system, the relationships shown on Fig. 4 are derived. The
Fanneldp-Humphrey calculations are a special case to the MLG-

model.

In the special case of isotropic eddy viscosity, characterized
by Ts = 1 and Tb = 1, the model MLG reduces to the model ML.

3.4. The Kinetic Turbulent Energy Equation and Prandtl's Shear
Stress Relation (Model EP)

The two remaining models both use the partial differential equation
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for the kinetic energy of velocity fluctuations [6,7], which is

given on Fig. 5. E denots the kinetic fluctuation energy per
unit of mass, L 1is a characteristic length scale. The equation

has terms for turbulent production due to the work done by the
mean rate of strain, dissipation of kinetic energy due to vis-
cosity, convection of energy by the mean velocities, and diffu-
sion due to turbulent mixing. 7Two empirical coefficients, ¢

and kq, appear in the equation, for which the values 0.165 and

0.6, respectively, have been used.

The shear stresses of the model EP are calculated from the
energy, E, and length scale, L, by relationships which were
proposed by PRANDTL in 1945. k 1is another coefficient, which is
related to the coefficient c¢ by k==c1/3. The model represents
a high Reynolds number approximation, and the contribution to the
shear stresses due to the molecular viscosity are completely ne-
glected. This means the model does not describe the flow within
the viscous sublayer. For the length scale L the same distri-
bution is assumed as for the function L of the mixing length.

A partial differential equation for L has been used neither
with the model EP nor with the model ET.

3.5. The Shear Stress Transport Equation (Model ET)

The model ET differs from the model EP in that Prandtl's rela-
tionships of the shear stresses are replaced by partial differen-
tial equations, the so called shear stress transport equations
[6,8], Fig. 6. Each of the equations has four terms of different
physical meaning. These is production due to interaction of mean
rate of strain with the turbulent motion, there is destruction of
turbulent shear stress due to the tendency of the turbulence to
isotropic distribution of velocity fluctuations, there is convec-
tion by mean motion, and finally there is diffusion due to tur-
bulent mixing. Three empirical coefficients occur in addition to
those which appeared already in the energy equation. ap = 0.2
and k = 0.6 are chosen and kpris related to ap and c.

The length scale, L, is the same as in the energy equation.

17
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Like the model EP, this model ET does also not apply to the

viscous sublayer.

3.6. Relations between the Turbulence Models

The turbulence models, except for the model with the generali zed
eddy viscosity concept (Model MLG), present a family of models,
which can be derived one from the other. In order to show this,
let us start with the most complicated model, the one which in-
cludes partial differential equations for turbulent kinetic en-
ergy and turbulent shear stresses (Model ET), Fig. 7. If the
convection and turbulent diffusion terms are neglected in the
transport equations for the shear stresses, the shear stress
equations reduce to Prandtl's relations. Consequently, the
model EP, which uses only a partial differential equation for
the turbulent kinetic energy is obtained. If then the terms for
convection and turbulent diffusion are neglected in the energy
equation, one arrives at the mixing length formula. Since all
four models are used with the same assumptions for the length
scale, it is expected that the investigations will give detailed
insight into the influences of the particular features of the

models.

The equations are solved numerically by a finite difference

method. Details of the methods are partly described in Reference

(4] -

4., Results

We have applied the calculations several of the Trondheim Trials.
At this presentation we will report only on comparisons with van
den BERG and ELSENAAR's swept wing experiment[3], which was de-
noted as case Bl at the Trondheim Conference. On a wind tunnel
model measurements have been made in the incompressible turbulent
boundary layer under infinite swept wing conditions. In the
model a pressure gradient is induced on a 35° yawed flat plate by

means of a suitably shaped body near the plate. The boundary
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layer that develops on the surface of the flat plate starts off

as a constant pressure two-dimensional boundary layer and changes
slowly into a three-dimensional boundary layer leading to a three-
dimensional separation close to the trailing edge. Extensive
measurements have been carried out, including mean velocity pro-
files, flow angles, local skin friction coefficient and Reynolds

stresses [9].

Fig. 8 gives the pressure coefficient as measured along the cen-
tre line of the model. The pressures as deduced from the mea-
sured dynamic head at the boundary layer edge deviate from the
measured wall pressures near the separaéion line. The calcula-
tions are based on the approximation by a polynomial of degree

5 to the pressures deduced from the dynamic head measurements.

The flow angles at the edge of the boundary layer is seen from
Fig. 9. The flow angles calculated from the assumptions of in-
finite swept wing are smaller for both pressure distributions
than the measured angles. If one calculates the velocity, we,
from the measured flow angle, one obtains a we slightly increas-
ing in downstream direction. As already mentioned, this means
that the idealized conditions of an infinite swept wing are not
exactly met with the experiment. The polynomial approximation of
degree 5 to the measured flow angles is used as input for the
calculations in addition to the pressure distribution deduced
from the dynamic head. With these data, the results of any cal-
culation method comes closer to the experiments than with the

assumption denoted by number 1 and 2.

In the following figures, the development of four characteristic

parameters of the boundary layer will be shown.

The comparison of the calculated thickness of momentum loss in
the direction of the external streamlines with the experiment of
Reference 3 1is presented on Fig. 10. Up to a value of x=1.0m
the results of all four models agree well with the test data.

Farhter downstream the agreement deteriorates.

More pronounced differences are observed with the angle between
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the wall streamline and the streamline at the edge of boundary

layer, /a, as shown in Fig. 11. None of the models give satis-
factory agreement with the experimental data. The models ML,
EP, and ET show fair agreement up to x=1.0m . But none of these

three models predict separation of the flow, whereas the experi-
ment shows separation at x=1.31m . However, the models EP and
ET give greater /L at the large values of x and are thus closer

to the experimental data.

The model MLGwith the nonistropic eddy viscosity (In=(3.4) dis-
plays an unexpected behavior with respect to the angle f&. For
small values of x, ﬁw develops to negative values and rises
steeply downstream. It predicts separation at x=1.23m . The
overall agreement is not satisfactory. The model can not be

recommended in its present form.

The ratio of displacement thickness to momentum thickness with
respect to streamline direction, denoted as shape parameter, H ,
is a characteristic of the velocity profiles, which is known to
be very sensitive to variations in the calculation methods.

Fig. 12 presents the comparison with the experiment. There is a
minor discrepancy of the initial values for the mixing length
models and the models using the energy equation. This discrep-
ancy, however, does not affect the comparison. For values

x +1.0m, the four models predict values of H, lower than the
experimental values. The mixing length model ML gives the low-
est values. The models EP and ET come gradually closer to the
experiment. The model with the generalized eddy viscosity gives

poor agreement with the experiment at lower values of x.

The calculated values of the local skin friction coefficient,
given in Fig. 13, closely agree for the methods ML, EP, and ET,
wher as the model MLG yields lower values. The calculated re-
sults follow the trend of the test data in general, but are too

low for small values of x and too high farther downstream.

Further details of the calculated results as compared with the
experimental data of A, ELSENAAR and S.H. BOELSMA [9] are
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presented in the following figures. Fig. 14 gives the angle be-
tween local mean velocity and velocity at the edge of boundary

layer, 3, the angle of mean velocity gradient, ¢ and the

angle of Reynolds shear stress, ¢r , versus the 3;i$anco from
the surface, y , for the test station 4 (x=0.795m). The cal-
culated results of only the methods MLG and ET are plotted.
For the model ML and EP the angles ¢brad and ¢, have the same
values due to the physical assumptions. For the model ET, the
angles B and ¢grad agree well with the experiment. The angle

?: differs from ¢g but the iifference between the two

s
angles is considerabliagnderestimated as compared with the ex-
periment. The agreement for the model MLG is poor. At the first
place, there is the unexpected behavior that the flow angle B

has a maximum value at y =2.6mm, whereas the experiment shows the
maximum of /3 at the surface. The condition df3/dy =0 causes
the vector of mean velocity gradient and shear stress to assume
the same direction as the mean velocity. Therefore, the three

curves cross at the maximum of f[3 . The angles ¢bra and ¢, ,

d
as calculated with this model have also maximum values away from

the surface.

The same angles as in Fig. 14 are plotted for station 7 (x=1.095m)
in Fig. 15. For the model with generalized eddy viscosity the
maximum of occurs now at the surface, in agreement with the
experiment. For both models, ET and MLG , [ is smaller than
the measured values, but the model ET comes closer to the ex-
periment. The model ET agree also better with the experiment

with respect to the angle ¢b . The difference between 9,

and ¢brad
and overestimated by the model MLG. The fact that the differ-

rad
is, however, again underestimated by the model ET

ence between ¢ and ¢, as predicted by the model ET is

grad
entirely due to history effects, suggests that, in a real flow,
effect other than history effects may be responsible too for the

experimentally observed differences between ¢;rad and ¢,.

The mixing length ration, lmix/8 , recalculated from the result-
ing shear stress and the resulting mean velocity gradient, is
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plotted versus the dimensionless distance from the surface for the

models MLG and ET in Fig. 16. This length is not identical
with the length scale L . Especially, the mixing length accord-
ing to the model ET 1is considerably lower than L , due to the
convective and diffusive effects in the partial differential equa-
tions, but it is higher than the mixing length deduced from the

experiment.

In Fig. 17 the ratio
tan(¢r-lf)

tan( ¢

. grad B)

which corresponds to the ratio of the eddy viscosities in the
transverse and streamline direction, is plotted versus the dimen-
sionless distance from the surface. OQOutside the viscous sublayer
the ratic N, *® 0.4 by supposition of the value Tn = 0.4 for the
model MLG . For the model ET the ratio Ne is greater than
unity closer to the surface and drops to about 0.9 in the outer

part of the boundary layer. The experimental values are, on the

average, 0.5 at station 4 and 0.7 at station 7.

Some test calculations were carried out in order to investigate
the effect of the magnitude of the length scale, LO/S y on the
results. The two most sensitive quantities, namely the wall

streamline anale Bw , and the streamwise shape parameter, H

s

are plotted in Fig. 18 and 19. Le/8 is varied between 0.075

and 0.085., Results are presented for the mixing length mode

ML (isotronic eddy viscosity) and the model ET. The predictions
come closer to the measurements, if a smaller value of Le/ﬁ is
chosen. With Le/8 = 0,075 the model ET predicts separation

at x=1.,10m .

5. Conclusions

The comparative application of several turbulence models to the

infinite swept wing turbulent boundary layer reveals interesting
facts. With respect to relevant boundary layer parameters, the

predicted values agree with the experiment at least for a part of
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the flow.
models gives satisfactory results.
to light even more,

are considered.

If the region of separation is approached none of the

The short comings are brought

if some further details of the boundary layer

But the comparisons indicate that a model based

on partial differential equationd has greater capability of cor-

rectly predicting the details of the flow, although to a greater

expense.

There is room for modifications of the models.

In par-

ticular, variations in the length scale assumptions have strong

effects on the results,

Modifications of the models make no

sense, unless there is evidence that the agreement with experi-

ments is improved for many flow cases. -Therefore, further com-

parisons are required, before final conclusions can be drawn.
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Fig. 1 Boundary layer mean velocity
equations for a swept wing

Model Characteristics

ML Mixing Length Formula

MLG Mixing Length Formula
Generalized Eddy Viscosity

EP PDE for Turbulence Energy
Prandtl's Relations for
Shear Stresses

ET PDE for Turbulence Energy
PDE for Shear Stresses

Fig. 2 Turbulence models for thrce-

dimensional boundary layers
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Fig. 3 Mixing length formula
(Model ML)
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Fig. 4 Generalized eddy viscosity
(model MLG)
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Turbulent Shear Stresses, Model EP
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Fig. 5 Kinetic energy equation and shear stresses

after PRANDTL (model EP) for the swept
wing boundary layer
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Fig. 6 Shear Stress transport equations (model
ET) for the swept wing boundary layer
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Neglect

Convection and Diffusion of Shear
Stress Equations

Model EP

PDE for Energy

)
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Mixing Length Formula

Fig. 7 Relations between the turbulence
models
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SKETCH OF AN ITERATIVE PROCEDURE FOR CALCULATING THE 3-~DIMENSIONAL
FLOW AROUND A LIFTING BODY AT REALISTIC RE-NUMBERS INCLUDING
EFFECTS OF TURBULENCE.

by

Alfred Walz
Technical University of Karlsruhe
Karlsruhe, Germany

Numerically stable solutions of 3-dimensional steady-state NAVIER-
STOKES Flows provide information and fundamental interaction ef-
fects between separated and attached flow regions and the corres-
ponding pressure distribution on the solid body surface, up to
realistically high Re-Numbers (see the paper of ELSHOLZ-HAASE).
This result, however, can not be realistic insofar as for this
high Re-Number range turbulence will occur preferably in the at-
tached boundary layer (B.L.) part and also in the shear layer be-
tween the '"Dead Water Body" and the quasipotential outer flow.

But the Elsholz-Haase pressure distribution may be used as a 1.
approximation for 3-dimensional Boundary Layer calculations in

the attached flow region, including transition criteria (see
HIRSCHEL's paper) and known turbulent Boundary Layer calculation
technics. As a main result, flow separation will be shifted down
stream and the '"Dead Water Body" (D.W.B.,) size and volume will be
decreased. The main shape features may be determined in analogy
to GRASHOF's 2-D. procedure (BMVg-FBWT-74-3, FRG) with the empiri-
cally justified assumption of constant pressure within this D.W.B.

and by repeated use of the ELSHOLZ-HAASE, NAVIER-STOKES-procedure.
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Thus, a 2. approximation of the solid body pressure distribution
may be obtained and used for a 2. approximation of the 3-D.B.L.
calculation. An upstream shif ting of the separation must be ex-
pected from this 2. iteration, because for a given angle of at-
tack, a decrease of the D.W.,B, volume and the cerresponding vor-
tex system will produce an increase of the circulation and of the

positive pressure gradient in flow direction, hence, shifting the

separation down stream again. Therefor, convergence of this iter-

ation procedure may be expected, if a 3. iteration for the influ-
ence of this variation of the D.W.B. and vortex phenomenon on the
surface pressure distribution will be taken into account.

Let me sketch some essential details about the sequence of steps
to be done in this research program.

For simplicity, let me start with the 2-dimensional case, for
which the procedure in question is already studied and realized
successfully.

First, I want to state that there-are three kinds of interaction

between the outer quasi-potential flow filed and viscous effects:

1. Boundary layer (laminar and turbulent state)
displacement effect, slightly circulation decreasing,
Fig. I.

2. Displacement by Flow separation with strong circulation
decreasing effect, Fig. II.

3. Flow Separation in 3 Dimensions, Displacement including the
Induction Effects of Vortex Formations at small Aspect

Ratios. Example: Axisymmetric Lifting Body, Fig. III.

The numerical calculations for such an iterative procedure are
of course, time-expensive. But presently started simplifications
in the physical and numerical concepts seem to promise an eco-

nomic state for this direction of research.
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FTHEORETICAL ASPECTS ON COMPUTING 3-D VISCOUS FLOW
AT HIGH REYNOLDS NUMBERS

by

E. Elsholz and W. HLHIS(‘+)

I. Introduction

For many purposes, the flow field induced by a vehicle under
free-flight conditions is of great interest. The principle
phenomena are described by potential flow- and boundary-layer-
theory though both of them are valid only within restricted
areas of the whole field. Moreover, detached flow becomes a
severe problem.

Complete results of the viscous flow may be obtained from the
Navier-Stokes-equations. Though there is much experience of
several authors, certain numerical difficulties arise from the
viscous equations itself, especially when calculating at high

Reynolds -numbers .

II. Formulation of the Problem

The incompressible, laminar, steay state 3-D flow past a body

of arbitrary shape is to be calculated

from the Navier-Stokes equations using

a finite difference method.
Assume 2 rectangular computational

domain as indicated. When formulating

equations, all quantities used are non-
dimensionalized by the free stream
quantities and a reference length according to the body's

geometry. The body is situated incide the computational

+) Wissenschaftliche Mitarbeiter bei Prof. Walz, Emmendingen
c/o Technische Universitat Beriin

Institut fur Thermo-Fluiddynamik
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domain and its shape may be given by a certain number of
gridpoints that have been previously defined to be located

on the body's surface.

II1. Basic Equations and Boundary Conditions

Eliminating the pressure gradients from the Navier-Stokes-

equations yields into the vorticity~transport equ.s

X > >
B - Ve - wE
e
y > >
B - ved) - wig (1)
e
% -> =p
B - veeh - wg
e
wherein the rotational vector is defined as
5 y z X
- x; . - -
EsAE rane  £7) £ Wy ¥,
Yau - ,
§ e, W A
z- -
g o uy
(Superscripts denote the component of a vector, subscripts
indicate partial differentiation with respect to the direction
indicated. A is the Laplacian operator and the V Lagrangian.)
->
Combining the continuity-equ. V¢ - 0 and the rotational vector
gives three more partial differential equations governing the
velocity components (see also [1]).
« £Y - r2. - r2 _ X, e 2% _ gy
basg) -EMv=E -5 MweE - (3)
The equation for the pressure coefficient cp = (P-Py) /Py
>
Ac_ = —[u2 + v2 w2 + 2 (wv, +uw_ +vu)] - . A(Vc) (4)
p X y z yz z2°X X'y 3Re
The last term on the right should not be neglected but indeed
turns out to be important for proper results [2].
42
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The outer boundry conditions are taken from the free stream
quantities or from symmetry conditions, respectively. At the
outflow boundary downstream the body, there will be used no
specific B.C. but an extrapolating routine [3].

According to adhesive effects at the surface of the body,

. - - . - - —’
there are additional "inner" boundary conditions, i.e. ¢ = 0.

IV. Difference Scheme

Some fundamental problems of differential approximation may

be discussed using the model equation

-A-f_ +Bf =0 08 Sl
X XX S

B.C.: £ (x=0)=0; f (x=1) =1

wherein A,B are constant (B > 0).

Ax A
/B /B
The exact solution is f(x) = (e -1)/ (e -1)
Assume a constant step-size Ax = X, - X;_j = const.
Then write fl = f (xi-l)
f2 = f (xi)
f3 = f (xi+1).
Introducing second order centered differencing
f, ~ £
i D 1 2
AT G L
TR R
R S TS g QG
XX 2
Ax

yields into
- (fy L) 43 T8 -2, +£) + 0 (Ax°) = 0; Q' iy
5" % T8 ) 2= %3 =
Now the quantity Q corresponds to half of the local 'cell'-
Reynolds-number. Direct dolution by a Gauss-algorithm shows
the problem : If |Q|<1, qualitatively correct viscous solutions
are obtained while for |Q|>1 severe oscillations arise [4].
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Moreover, iterative procedures fail when |Q|>1 as the main

diagonal of the matrix system is no longer dominant.

However, first order upwind differencing avoids both of the

difficulties. Replacing the first derivation streamwise by

- N
p e R ekl & L mE
£ £ 8 )
A2€Q £ =~2k g 0 (hx)
X ux
gives
A b s ad . o ) e (F - 25 % £ =0 (Ag) =0
- e AN S o flaar. ¢ 3
sk 1 - X
L ) R (fS - f:) + 6—(f1 2f2 + f3) + 0 (Ax) = 0

This formulation is interesting also for another reason: a
disturbation will go downstream with the local flow component

which seems to be reasonable from the physical point of view [2].

When A > 0 equ. (9) leads to
(2 & %) fl ~i A e %) FZ + %-fs SO (AR =) {19}

It becomes obvious that the main diagonal is dominant even

when O> 1. Furthermore, let O tend to infinity. the formula

gives f, + fl. that is, oscillations do not occur.
On the other hand, this method produces explicit artificial
: ¥ . o ; £ = £
viscosity [5]. From Taylor's expansion we get 2 17 £ Ax I
A x X 2 e =

i ; : ¢ 1
Thus, the truncation error changes the quantity B into B + 3 AAX.

Indeed, an optimum differential approximation should be of

extremely hiegh order. Investigating this. oscillations become

the basic problem acain. Recent test calculations in order

to eliminate oscillations when solving the model eauation have

shown that the approximation should reach the order of some
100

0(Ax

date this way of solution seems to be rather unrealistic. In

) which depends on the value of 0. So up to the present

other words. as long as it is impossible to use extremely high

order approximation the basic problem of oscillation cannot

be solved directly.

However, an indirect solution becomes possible from iterative

damping characteristics. Thus, the problem is reduced to construct
44
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a stable and convergent approximation that avoids explicit num-

erical viscosity. Due to this aim, the principle idea is to

modify the first derivative as follows

£.ow B b E. = E £ P s L
= e} £ (A% ( 11

Referring to the local flow direction, one of the values

may be taken from previous iteration.
f2 fz - P
. ]

3
& x A x

(2]
88}
o
—

I
| —
—_—

+
—_—

A<0O £

X

A scheme like this has the physical property like the first
order upwind method discussed above. If the method converges

f, tends to f, , and the second order centered approximation will

be reached in the end. In order to damp down the oscillations,

successive over/under-relaxation becomes necessary. According
to high Reynolds-number calculation, the relaxation factor w
must be less than unity (under-relaxation). Finally, controlling
w turns out to be a delicate problem as oscillations only

vanish when w is kept small enough. This must be ensured by an

automatic routine during calculations.

V. Method of Solution for 3-D Prcblem

Rewriting equ.(12) with respect to the conservative form of

the vorticity-transport equ.s (1) leads to a convective term like

uz &z - u, &, u, &

1
2 ( A x =

u>0  (ug)

(13)

[“3 &3 - uy &) g €2 - Y
A x

u<yo =

08—

The corresponding three dimensional approximation results from
superposing the evaluated formulae applied to each of the axis
directions. This may be done successively within the program-

system.
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When initial values ¢, &, cp are set calculations start solving
equ.(l). Reaching some iterative limit one may compute equ.(3).

As both sets of equations are strongly coupled this procedure
must be repeated until the final accuracy will be obtained. Then
the pressure equ.(4) can be solved using the calculated flow field

data.
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SOME NEW RESULTS ON CALCUIATING THREE-DIMENSIONAL
VISCOUS FLOWS

by
+
W. Haase and E. Elsholz )

This paper presents some new results calculated from the three-
dimensional Navier-Stokes-equations on laminar steady state flow.
The fluid may be homogeneous and incompressible.
Assume a body located inside of a 3-D physically rectangular do-
main which should be equivalent with a cartesian coordinate sys-
tem. Uding this type of domain the question arises, how to real-
ize an arbitrarily shaped body in a cartesian coordinate system.
This problem results in variable step sizes in each of the coordi-
nate directions, in order to get the body's shape as close to
reality as possible.
There exist three potentialities managing this:

1) Step sizes are generated in such mode that no

gridpoint is located on the body's surface.
2) Step sizes are adjusted in this way that all
gridpoints are located on the surface.

3) ((ombination of method 1) and 2).
These facts indeed allow the construction of arbitrarily shaped
bodies in the best manner. On the other hand one important limi-
tation must be observed namely keeping step size ratios of two
neighboring step sizes within values of 0.5 an. 2.0 = due to

numerical calculations.

) Wissenschaftliche Mitarbeiter bei Prof. Dr.-Ing. A, Walz,
Emmendingen, c¢/o Technische Universitat Berlin, Institut
fir Thermo- und Fluiddynamik
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It can be realized that these limits are making further trouble
because it should be possible to insert or remove mesh lines where-
ever it is necessary. While this results in deviations from the
original contour (if one tries to use only method 2) we profit by
a combination of method 1) and 2). Therefore, in our present cal-
culations all problems of this nature become trivial more or less.
An important - nontrivial - job tc do was the calculation of the
pressure distribution by solving the Poisson equation for the
pressure coefficient. There are no numberical stability prob-
lems as mentioned by RIMON/CHENG/1/ and other authors. Calcula-
tions had been done using a complete program system for solving
the compressible Navier-Stokes-equations by Mr. Elsholz. The
dashed line in figure 1la represent the computed result by
RIMON/CHENG who got their pressure distribution by integration
along the body's equator. Solving the Poisson pressure equation
however yields in pressure information within the whole computa-
tional domain.

Next figure (1b) deals with the flowfield configuration post a
sphere. The Reynolds number based on the sphere diameter is 133.
While the upper part of this figure shows the photograph of this
flowproblem made by TANEDA the lower part gives a look at our
computed results. Because of symmetry we calculated only half of
the sphere and used 51 times 21 times 41 grid points in the x,
y, 2z direction of the computational domain. Wake length, separ-
ation point and location of the vortex center compare favourably
with the experiment.

To compute a true three-dimensional flow field together with these
famous but unfortunately critical high Reynolds numbers we first
calculated flow past a spheroid with an axis ratio of 3:1 under

an angle of attack of 30 degrees /2/. Calculations turned out to
be numerically stable although we had to handle two outflow bound-
aries on the top and on the right hand side of the domain.
Encouraged by these results (and Professor Walz) we took the
change to compute the flow field past a slender body of revolution

with and without an additional wing which was investigated by
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GROSCHE /3/ by means of a directional probe in the 3 mwind tunnel
of the AVA G8ttingen/Germany of the DFVLR. Because of a small
free stream Mach number of about 0.12 we could use our incom-
pressible program system in a perfect way.

The body is shown in Figure 2. It has a total length of 15 dia-
meters. The nose profile has nearly the same form used by AGARD
Calibration Model B/4/. Span of the airfoil is four times the
body diameter, his thickness has an amount of 20% of the diameter.
For our computations we chose two test cases, a first one without
and a second one with this additional airfoil. Morevoer we used
an angle of attack of 15 degrees and a Reynolds number of 7-5-10b
based on the length of the slender body of revolution.
Unfortunately we had an extreme lack of time because of computer
failure, therefore we are very sorry to say that we are not able
to present plotted results of the body/wing configuration, fur-
thermore the velocity plots of Figures 4 and 6+) may be also
taken as partly finished articles.

All figures from number 3 to 6 represent vector plots of the vel-
ocity components normal to the main axis (x-axis) of the body at
a distance of x/D = 11 and x/D = 13 from the leading edge (D =
diameter ). Upper figures (3 and 5) always give a look at the
measurement /3/ while the lower ones are showing our calculations.
The centers of these trailing vortices do not have exactly the
same locations the measured have. But if the reader considers
again, that results are taken from the running iteration compari-
son is not too bad in truth.

"The technique of obtaining numerical solutions of the fluid-
dynamical equations with quantitative 'accuracy is not trivial,
even with the help of a high speed computing machine'" (Rimon/
Cheng )

- but it denotes a practicable way.

) Authors greatfully acknowledge the help of Mr. Egbert
Elsholz who developed the plot program and made it ap-
plicable on an ADAGE computer of the Computer Graphics
Group at the Technische Universitat Berlin.
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RESULTS OF A CALCULATION METHOD FOR THREE-DIMENSIONAL,
COMPRESSIBLE, TURBULENT BOUNDARY LAYERS

by
H. W. Stock

Dornier GMBH
Friedrichshafen, Germany

ABSTRACT
The integral method proposed by D.F. Myring (1] extended by P.D.
%mith["] to adiabatic compressible flows has been used for the present

boundary layer calculations. The calculated results will be compared

with available experimental data.

a. The East and Hoxey test case: The boundary flow along a flat
plate, on which a circular cylinder is mounted vertically.

b. The Hall and Dickens test case: The boundary layer flow along
the insulated side wall of a supersonic nozzle, which produces
crosswise pressure gradients.

C The Johnston test case: The boundary layer development on a flat
plate, the potential flow is given by a two-dimensional perpen-
dicularly impinging jet.

d. The Berg and Elsenaar test case: The boundary layer flow along
a swept flat plate with an imposed pressure gradient which leads
to separation. The experiment tries to simulate flow conditions
on an infinite swept wing.

The method has been extended by incorporating the lag entrainment method

proposed by J.E. Green et 01[3]. The corresponding changes will be

discussed. In connection with test case d. the sensitivity of the

method to perturbations in the potential flow data for boundary layers
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near separation will be shown. Furthermore the importance of the
empirical correlation of the form parameters Hl—ﬂ will be demonstrated
using test case d. Finally boundary layer calculations will be pre-
sented for transonic wings where the three-dimensional potential flow
data were obtained by solving the transonic potential equation for
small perturbations with a relaxation technique. The results on a
finite rectangular and a tapered wing with varying sweep of the lead-

ing and trailing edge will be shown.

k. INTRODUCTION

The aim of the present work is to develop for calculating compressible,
turbulent boundary layers a program, which should serve together with

a program for transonic potential flow data in the design procedure

for three-dimensional transonic wings. Via iterative calculations -
potential flow and boundary layer flow - pressure distributions on

wings including viscous effects will be calculated for attached flows.

. CALCULATION METHOD

2.1 Integral Method (D.F. Myring[l], P.D. Smith [2])

The boundary layer calculation is based on the integral method developed
by D.F. Myring[llwhich has been extended to compressible flows by P.D.

2
Smithl“]. Only a brief description of the method will be given here,

for detailed information see Ref. 1, 2.

The integral equations for three-dimensional boundary layers are
written in non-orthogonal curvilinear corrdinates. Only adiabatic

flows are considered. For the solution of the problem the x and y
momentum equations and the entrainment equation are used. The three-
dimensional boundary layer velocity profile is decomposed in a profile
in the direction of the potential flow, X, (streamwise direction)

and orthogonal to X in a profile in the direction of the secondary flow,

[4]

Y, (cross-flow direction). Empirical relations (Mayer- or Johnston-

(5] profiles) allow the calculation of the cross-flow profile as a
function of the streamwise profile. The integral quantities which

appear in the X, Y coordinate system, can be evaluated easily from the
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strecamwise and cross-flow profiles. The choice of the nonorthogonal
curvilinear corrdinate system x,y, in which the boundary layer dev-
elopment will be calculated, determines the functional relation between
X,Y and x,y. The integral quantities in the x,y system can be computed
from those in the X,Y system. For the solution of the resulting system
of three partial differential equations the following empirical relations
are used:
- The velocity profile in the streamwise direction can be repre-
sented by power law profiles
- The Ludwieg-Tillmann equation is used for the calculation of
the skin friction
- The influences of compressibility are taken into account by Eckert's
reference temperature concept
- For the calculation of the entrainment coefficient the formulation

(6]

of Green is used.

(3]
[3]

242 Lag Entrainment Method (Green et al

)

The lag entrainment method of Green et al. has been used to ameliorate

the calculation procedure. The original version of Myring (1) uses an
expression, developed by Head [7], for the entrainment coefficient F
which is correlated to the shape parameter H. This correlation is based

(2]

on measurements in equilibrium boundary layers. P.D. Smith has used

(6]

an expression for F = F(H) as proposed by Green which is valid for
compressible flows. Both Head's and Green's correlation should be
applied only in the case of equilibrium boundary layers. The lag
entrainment method however calculates the entrainment coefficient F
via a differential equation, where the change in F is set proportional
to the deviation of the actual boundary layer from that in an equilib-
rium state. Hence Green's et al.[3] method should yield results which

are more reliable.
&3 Boundary Conditions

Myring (1] has shown for the incompressible case that the resulting
three differential equations are of hyperbolic nature. This situation
is not changed by the introduction of compressibility. Hence, the two

outmost characteristic directions define the domain of influence and
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dependence. It may therefore be deduced that boundary conditions are
needed along boundaries across which characteristics are entering the
region of integration. For the three-dimensional boundary layer this

is equivalent to saying that boundary conditions are needed along
boundaries across which boundary layer fluid is entering the integra-
tion region. It also follows that boundary conditions need not to be
specified along boundaries across which fluid is leaving the integration

area.

The actual program will be used for calculations where no boundary
conditions are available. Hence, the present version is such that
errors may be introduced along parts of the boundaries and propagate

along characteristic lines into the calculation domain.

3. COMPARISON WITH MEASUREMENTS

5.l East and Hoxey's Test Case

East and Hoxey (8] measured the boundary layer development in the law
speed regime along an unswept flat plate on which a cylinder was mounted
vertically, see Fig. 1. The region upstream of the separation line

on one side of the symmetry plane was investigated. For the calculation
a cartesian coordinate system was used. Fig. 2 shows the computed

and measured boundary layer quantities for different y-stations. The
experiment indicates separation for x = 1.0 in the symmetry plane, none

of the calculation procedures predicts this behavior.

e Johnston's Test Case

[5]

Johnston investigated the three-dimensional boundary layer in
incompressible flow on the roof of a test section in which a pressure
distribution was produced by a jet impinging against the back wall of

the test section. The pressure distribution was not measured in sufficient
detail for a boundary layer calculation, such that the external flow

{9}

data were obtained from a potential flow calculation for vertically
impinging jets. For the boundary layer calculation a cartesian coordinate

system was used. The results are shown in Fig. 4.
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s Hall and Dicken's Test Case

[10]

Hall and Dickens measured the boundary layer development along the
insulated side wall of a supersonic nozzle. The measurements were made
along three streamlines denoted by A, B, and C, Fig. 5, which also

shows the nozzle geometry and the Mach number distribution along stream-
line B. A nonorthogonal coordinate system was used in the calculation,
ia which the y-direction was identical to that shown in Fig. 5 and the
x-direction followed the indicated streamlines. Fig. 6 shows the

results along streamline B.

The change in sign of the curvature of the streamlines A, B, and C
indicates a change in sign of the pressure gradient in the y-direction.
In such cases the cross-flow profiles are of the 'cross-over' type,
i.e., the cross-flow velocity changes sign within the boundary layer.
Such profiles can not be represented by a quadratic correlation, such
as Mager or Johnston cross-flow profiles. Nevertheless the computed

results are in good agreement with the measurements.

3.4 Berg and Elsenaar's Test Case

[11]

The experiment of Berg and Elsenaar is of special importance, as
out of the available measurements of three-~dimensional boundary layers
this experiment simulates the flow conditions on swept wings. Berg and
Elsenaar probed the turbulent boundary layer on a swept flat plate

(35° sweep) in incompressible flow. The tunnel wall was formed such
that the adverse pressure gradient was sufficient to separate the
boundary layer. Furthermore, care was taken to achieve infinite swept
wing conditions by designing the contour of the side plates. In Fig. 7
the potential flow data are shown for different interpretations of the
flow quantities. Curve 1 corresponds to the measured quantities Ue and
a , curve 2 was evaluated from measured U, and the infinite swept wing
condition and curve 3 was deduced from the wall pressure data and the
infinite swept wing condition. The shaded region indicates the area
where separation was observed in the experiment. The calculations were

performed in a nonorthogonal corrdinate system, where the x-direction

was identical with the tunnel axis and the y-direction was parallel to
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the leading edge of the plate. All y-derivatives were identical to

zero (infinite swept wing concept). Fig. 8 shows the results based

on external flow data corresponding to curve 3. Included for comparison
are the results of another integral method proposed by Michael and

[12]

Cousteix . All calculations do not predict separation.

Fig. 9 and 10 show the results for Mager- and Johnston-profiles for the
different external flow data. Fig. 9 gives the results of the lag
entrainment method using Mager profiles. For the wall pressure data
(curve 3) none of the calculations predicts separation. The results
including lag entrainment lie closer to the results of Michel and
Cousteix [12], who used a more elaborate integral method, Fig. 9. For
the external flow data, corresponding to the measured values of Ue and
(curve 1), the present calculations predict separation for both
Mager- and Johnston-profiles, where the use of Johnston profiles tends
to indicate separation too early. The results in Figs. 9 and 10 in
total indicate how sensitive the present calculation method reacts on
relative small variations in the external flow field, if the boundary
layer is close to separation. Fig. 11 compares the calculated entrain-
ment coefficient F with the measurements using Mager profiles in the
original version of the P.D. Smith method and with the lag entrainment
method included. As can be seen the agreement using lag entrainment

is by far better.

The power law profiles used for the description of the velocity distribu-
tion in the boundary layer in the direction of the external flow do not
represent the conditions in a boundary layer which is close to separation.
The momentum loss in the flow close to the wall can not be described
correctly for strong adverse pressure gradients. Hence, the relation
between the shape parameters Hl and H in the P.D. Smith method which is
based on power law profiles is believed to be one of the main reasons

for the unsatisfactory results.
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The dominant terms in the entrainment equation for small crossflow

effects are

~

o ol A Ty e 811 dUe
L el e b R B S U, dx

J (1)

It is obvious from equation (1) that the H,-H correlation governs

the change of the form parameter H.

To demonstrate the influence of the H;-H correlation, three different
correlations have been used to calculate the Berg and Elsenaar test

case.

H;y (1) = 2 H/(H-1)

i (2)
dH ¥ = D
di, (1) = - (H-1)°/2
Hy (2) = 3.15 + 1.72/(H-1) - 0.01 (H-1)2
dif -, | B0/ 1172 +0.02 (H-1)Y) %
a, (@ = - H-D/0. .02 (H-1)
Hi (3) = [H1 (1) + Hy (2)]/2
(4)

& i dif
i, (3} = [aﬁ] (1) + i, (2)1/2

The different correlations are shown in Fig. 12. Equation (2) results

from power law profiles, which can also be used for adiabatic, com-

[13]. [3]. Equation

pressible flows Equation (3) was proposed by Green
{4) represents the mean value between Equations (2) and (4). Fig. 13
gives the results obtained for Mager profiles and wall pressure data.
It is seen clearly that a more elaborate correlation for H,-ﬁ is needed
in order to obtain more reliable results. A one parameter profile

family like the power law profiles fails to describe a reliable H,-H
(14, 15] may

improve the situation. Fig. 14 shows the results for the skin friction

relationship, possibly a two parameter profile family
coefficient calculated for the different potential flow data using

Mager and Johnston profiles, with or without lag entrainment and using

the different H,-H relationships.

61

.




4. CALCULATIONS OF THE BOUNDARY LAYER DEVELOPMENT ON
WINGS IN THE TRANSONIC FLOW REGIME
4.1 Finite Rectangular Wing (NACA 63A006)
[16]

The pressure distribution on the wing of the wing-body configuration

X > 7, 18
was calculated with a relaxation method {17, ]

for an angle of attach

o O . . ' .
of 2° and a Mach number of 0.9. Fig. 16 shows the pressure distribution
in the wing section close to the fuselage (wing section 1) close to

the tip (wing section 9) and in the middle of the Wing (wing section 5).
4.1.1 Initial Conditions

The boundary layer calculation was done in a cartesian coordinate system.
The y-stations correspond to the nine wing sections. As initial condi-
tions laminar boundary layer quantities were used which would exist in
the stagnation line of an unswept cylinder, the radius of which is equal
to the nose radius of the wing. In the vicinity of the stagnation line
the boundary layer thicknesses do not change. Consequently, the calcula-
tion can be started with the stagnation quantities close to the leading
edge. Two different calculations were done starting from 0.04% chord

and 1% chord. No difference did show up. Fig. 16 shows the boundary
layer development on the upper surface in the 5th wing section starting
from 1% chord for different initial conditions. The continuous line
gives the results for the initial conditions obtained from the stagna-
tion line quantities on the unswept cylinder; the dashed line shows the
calculations for 10 times and the last curve corresponds to 100 times
these initial conditions. As can be seen, the calculations are rela-
tively insensitive to the perturbations in the initial conditions. The
differences decay from 1,000% and 10,000% at the leading edge to 2% and

15% respectively at the trailing edge.
£.1.2 Results

Fig. 16 shows the pressure distribution and boundary layer quantities
on the upper and lower surface in the wing sections 1, 5, and 9. The
calculations were started at 1% chord and the initial conditions were
those on the cylinder. The results show qualitatively the expected

behaviour of the boundary layer development. In the region of the
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pressure rise on the upper surface between 50% and 60% chord the boundary
layer grows rapidly (0;;,8*, H) and the skin friction C decreases. A
similar behaviour is seen close to the trailing edge.

4.2 Calculations of the Boundary Layer Development on a Tapered Wing
with Fuselage
The plan form of the wing is shown in Fig. 19. A nonorthogonal coordinate
system was used, such that the calculation proceeds along percentage lines.
The Mach number was 0.835 and the angle of attack 0.5°. The calculation
was considered as a test case, to see how the data transport from the
potential flow program and the automatic generation of the coordinate
system worked out. The pressure distribution shown in Fig. 17 was
obtained with a rather crude grid and the solution was not fully
converged, but good enough to make the first trial with the boundary
layer program. As initial conditions the stagnatiorn line boundary layer
quantities on swept cylinders were used. Fig. 18 gives an idea of the
displacement surface on the upper and lower surface and Fig. 19 shows
the potential and limiting streamline inclination distribution. The
displacement thickness &* of the three-dimensional boundary layer can
get negative (see Fig. 18 in the first wing section) as 6* is calculated
from
S (F1ou1b*) + 9= (£20,v18*) = = (F10 U M) + % (£20 U Az)  (5)
X ;. ay e ax € e oy € e
where fijand f; are functions of the components of the metric tensor,
uy and v, are the components of Ue and Ay, A; the displacement thick-

nesses in the x- and y- direction respectively.

O CONCLUSIONS

Calculating the different test cases an advantage of this method gets
obvious, without a change to the program the boundary layer development
was calculated in different coordinate systems. The results as compared
with measurements show a satisfactory agreement. The inclusion of the
lag entrainment method does improve the predictions. It is seen that the
present method is rather stable, i.e., perturbation in the initial

conditions decay rapidly.
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M =0835
a =05°
Re = 134x10" (1/m)
Fig. 17. Pressure Distribution on the
Supercritical Wing (SKF, Alpha Jet).
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FLOW FIELD MEASUREMENTS IN AN ASYMMETRIC AXIAL CORNER AT M = 12.
* * %
James R. Cooper and Wilbur L. Hankey, Jr.

\ir Force Flight Dynamics Laboratory
Wright-Patterson AFB, Ohio

Abstract

A detailed study of shockwave boundary laver interaction
and interference heating of an axial corner typical of vehicle

junctions has been made. Extensive impact pressure profiles were

‘

obtained in addition to static pressure information and oil flow
studies. Measurements revealed two large vorticies within the
boundary layer responsible for high local heating. A complex in-
viscid shock pattern dominated by a triple point structure was

ol 1
a 1 S( Q¢

termined. A theoretical reconstruction of the flow was

accomplished using conical flow relationships to calculate the

conically symmetric inviscid supersonic flow.

Nomenclature

M Mach number

P Static pressure

Pl Impact pressure

r,0,¢ Spherical coordinate system

R Flow reattachment location

S Flow separation location

u,v,w Velocity components parallel X

»
First Lieutenant, USAF, Hypersonic Resea

* % s S L .
Senior Scientist, Hypersoni Re s e
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N2 Cartesian coordinates where x is in the free
stream velocity direction

Flow velocity

Conical y value normalized with respect to x

Yq Normalized y value of plate bow shock location
7 Conical z value normalized with respect to x
a Body flow turning angle
5 Body flow turning angle including viscous effects
0 Bow shock angle
¢ Pressure ratio
P Density
< Shock angle with respect to spherical surface
@ Cross flow angle on unit sphere
Subscripts
(> Cross flow component
n Normal component
r Radial direction component in spherical system
T Values related to triple point
6 Component parallel to @ axis
P Component parallel to @ axis

Introduction

In the design of an aerodynamic body subject to hypersonic
flow it is important to understand the nature of the flow field
that will develop around the body. One of the most important
reasons for understanding the flow is due to its high heating po-
tential, not only in stagnation regions, but near flow interfer-
ence regions as well. Often in hypersonic flow bow shocks gener-
ated by various portions of a configuration will trigger boundary
layer flow separation. The separated flow, after negotiating the
adverse pressure gradient presented by the shock, will attach it-
self to the surface and cause heating rates at reattachment which

can sometimes exceed those at the leading edge stagnation regions.
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wWithout adequate knowledge of this three-dimensional separation
and reattachment phenomena and its associated heating capability,
a design may not properly account for the higher heating rates and

subsequent stru’ tural failure could occur.

One of the more common configurations that cause shock in-
duced boundary layer separation is the axial corner, typically
occurring on a vehicle at such locations as the wing-body, body-
tail or inlet junctions. Strong bow shocks are generated by the
surface impinges on the boundary layer of the second surface im-
posing an adverse pressure gradient on the flow. As a result of
this pressure gradient, multiple separatfon bubbles can occur
which, in three-dimensional separation, will scavenge off the low
energy flow of the boundary layer. The reattaching flow then con-
sists of high energy air which causes the elevated heating rates

experienced in the reattachment region of the surface.

Because of the bow shock induced separation characteristics
of an axial corner, the corner configuration was selected to gen-
erate the hypersonic flow field studied in this investigation.

To enhance the separation features of the axial corner the bound-
ary layer to be separated was developed on a surface aligned with
the flow to insure that the bow shock of the surface would be
weak and the boundary layer large. The second surface was in-
clined so that the flow would be compressed and a strong bow
shock generated. Thus the axial corner configuration selected
was highly asymmetric, consisting of a wedge and a flat plate.
Data from the asymmetric axial corner, which is presented here,
was acquired for the purpose of satisfying the following basic
objectives of this program: (1) determining the flow field struc-
ture in a high' asymmetric axial corner, and (2) associating
areas of local elevated heating rates with the accompanying flow

field phenomena.
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Model and Apparatus

Model and Facility

As indicated in Fig. 1 the shock interference corner flow
model used for this study consists of a flat plate with a 15°
wedge located along its right-hand side. The flat plate is 16 in.
long and 8 in. wide with a sharp, 20° bevel, leading edge. The
surface of the plate aft of the leading edge strip, as shown in
Fig. 2, is a removable instrumented steel insert containing static
pressure ports in 43 locations. A recessed base plate, to which

the insert is secured, provides an access path for the necessary

pressure tubing.

Fig. 1 Corner Flow Model & 56 600688066 ws
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Fig. 2 Plate Pressure Instrumentation
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A 6 in. high, 16 in. long wedge shock generator is positioned
on the flat plate at a 15° angle of incidence using two brackets
to hold it in place. The leading edge of the wedge is sharp with
a 20° bevel.

The plate and wedge assembly were mounted in the ARL 20-inch
Hypersonic wind Tunnel facility with the plate at 0° angle of
attack and the wedge presenting a 15° compression surface to the
flow. The 20-inch HWT has an open flow test section with a usable
flow core of about 10 in. in diameter. Support of the model is
provided through a sting mount arrangement which can retract the

model from the flow for tunnel starting.

Throughcut the investigation the flow conditions in the 20-
inch tunnel were held constant. All data were gathered at a Mach
number of 12.5 with a total temperature of 1800°R and a total pres-
sure of 1200 psia. The flow was fully laminar with a free stream

Reynolds number of 0.93 million per foot.

Instrumentation

Data on the flow conditions in the axial corner were gath-
ered in three ways. Static pressure was recorded at 43 locations
on the flat plate, an extensive impact pressure survey was con-
ducted and an oil flow technique was employed to aid in flow

visualization.

The static pressure ports on the plate were connected by
pressure lines, passing through the sting support, to pressure
transducers mounted in the test cabin. Signals from the trans-
ducers were fed from the test cabin to an Ambilog data recording
system where pressures were recorded at one second intervals
throughout each run. Because only 25 transducer channels were
available for any given run, two runs were required to record all
43 static pressures for the given running conditions. To insure
uniform flow conditions two ports from the first run were also
recorded during the second run and compared to see that the same

values were indicated. Before each day of running all the
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transducers were calibrated against a known pressure source and
again checked against the source after the running was complete.
The two-run series was rerun several times to check on the repeat-
ability of the tunnel flow conditions as well as the data acquisi-

tion system.

Impact pressure information was acquired through the use of
a tunnel mounted, computer controlled probe system capable of
movement along all three axes. An extensive survey program was
conducted in which the corner flow structure was probed in three
different y-z planes. For a given x location, a constant vy
value was fed to the probe and the 2z value was stepped in 0.1
increments. The probe ‘traveled 12 in. in the =-z direction until
it contacted the wedge surface then returned to its original loca-
tion to complete each run. The average time per run was about 90
seconds. After each run the y 1location of the probe was in-
creased 0.1 in. and the procedure repeated. 1In this way the en-
tire flow structure of the corner was mapped with a matrix of im-
pact pressures with a 0.1 in. spacing. Three y-z planes were
mapped, but only the data attained at the last station,
x = 12.5 in., were used extensively in this study due to the in-
creased relative fineness of the matrix at that station with re-

spect to the flow structure.

The probe was constructed of .093 in. I.D. steel tubing
filed to a sharp leading edge. The face of the probe was aligned
approximately 7° off the free stream direction toward the wedge
surface to keep alignment errors to a minimum. Lag time in the
probe system was accounted for by allowing the probe to '"rest" at
the end of each 0.1 in. movement before the pressure was recorded.
A check to see if this was an adequate precaution was carried out
by comparing data recorded as the probe went into the corner with
data taken as the probe left the corner. With this method, if
the lag time is not properly accounted for, pressure discontinui-
ties tend to be displaced in the direction of probe travel. Lag
time problems are easily determined by overlaying data recorded

in opposite directions. No problems were encountered in this
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test and subsequent data were recorded in only one direction to

minimize running times.

To aid in visualizing the flow structure, several oil flow
runs were made. After some experimentation, it was found that
discrete oil dots provided the most clearly defined surface struc-
ture. Flow separation and reattachment lines could be identified
from the flow pattern by observing whether the oil flow lines were
converging or diverging. Convergence was interpreted as a flow

separation region and divergence as a reattachment line.

Discussion of the Inviscid Model

To accomplish the objectives of this study, reconstruction
of the asymmetric axial corner flow field, it is useful to first
consider the entirely inviscid case for the 15° wedge-flat plate
corner. For reconstruction purposes it is possible to assume that
the flow is conical in nature, which is to say that the flow
structure grows in a linear manner with x . This assumption was

qualitatively confirmed in the oil flow tests. Fig. 3 depicts the

CONICAL FLOW
Me25

8+ 15°
Re: ©

WEDGE SURFACE

PLATE SURFACE

Fig. 3 1Ideal Inviscid Flow

ideal inviscid flow structure in an arbitrary -z plane of the
corner configuration. In the free stream the '"cross flow stream-
lines" are directed toward the x-axis of the model. Upon encount=-

ering the wedge shock, however, the '"streamlines'" are adjusted
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such that the flow is in the direction of the wedge-plate inter-
section line., This line, toward which all the '"cross flow stream-
lines" finally converge, is termed a vortical singularity. 1In the
immediate vicinity of the vortical singularity the cross flow

Mach number, Mc’ is subsonic so that there exists in the flow a

cross flow sonic line where MC = 1.

Now, if a viscous displacement effect is allowed on the flat
plate so that it appears as a compression surface to the flow, the
resulting inviscid structure becomes more realistic. Fig. 4 illus-
trates the new inviscid mcdel which now represents the inviscid
flow structure of a highly asymmetric double wedge axial corner in
which two bow shocks are now present. The plate develops a con-
siderable boundary layer and a weak shock is introduced which shall
be termed the plate bow shock. Given a nominal compression thick-
ness seen by the free stream flow for the wedge and the plate, a
location as well as a strength can be associated with each bow
shock in this model. Using the location of the shocks, it is a
simple matter to find a set of coordinates in the cross flow
plane which represent the location of the intersection of the bow
shocks. For convenience the coordinates are represented as ZT
and Y_r which are the z and y values normalized with respect to the
x location of the z-y plane of interest.

In conical flow the location of two intersecting shocks,

(ZT' YT), is sufficient to completely describe the resulting flow
field around the point of intersection. The intersecting bow
shocks in conical flow form a triple point with a third embedded
shock and a slip surface which are detailed in Fig. 4. 1Is is

this embedded shock which sets up the adverse pressure gradient
causing separation. Flow passing through the wedge bow shock
will acquire a new value of pressure Py and cross flow angle w,
Due to the characteristics of a slip surface which cannot support
a pressure or flow direction mismatch the values of pressure, Py
and P and flow angle,lu4 and W a9
An iteration process is required to simultaneously solve the

must be identically equal.

appropriate relationships for the flow values around the triple
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Fig. 4 Inviscid Flow With Viscous Effects

point. The set of equations necessary for this process will be

developed fully in the section on data analysis.

By simultaneously solving the shock relationships for a

(1)

triple point, a Gonar-like solution was found which is repre-
sented by the structure of Fig. 4. Examination of the resultant
inviscid model shows that the ''cross flow streamlines'" again are
directed toward the x-~axis in the free stream. As the cross flow
passes through the wedge and plate bow shocks, the "streamlines"
acquire a direction toward two separate singularity points. The
flow of the wedge bow shock realizes a vortical singularity in
the inviscid model, but the flow of the plate bow shock is turned
again by the embedded shock and the '"streamlines" are turned to a
new vortical singularity deep in the corner. It is this inviscid
finger of high energy cross flow, with a high value of impact
pressure, that will be shown to have a significant effect in the

high local heating of the plate.

Information given in earlier corner flow studies(2’3) using
symmetric or nearly symmetric corners noted that the bow shocks
of the two surfaces did not intersect directly but formed two

separate triple points joined by a diagonal shock in the corner.
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Each triple point generated an embedded shock which extended
toward the body surface where it caused the flow to separate.
Slip surfaces which extended toward the corner, were also gener-
ated at the triple points. However, in the highly asymmetric
case modeled above, consisting of the plate at zero angle of at-
tack and the wedge at 15° angle of attack, only one triple point
is found instead of two. The probable reason for this arises from
the previously noted fact that near a vortical singularity the
cross flow Mach number is less than one, such that a sonic line
(MC = 1) exists in the flow. In the symmetric case the sonic
line in the cross flow behind the wedge shock exists inboard of
the shock intersection whereas the shock intersection occurs in-
board of the sonic line for the highly asymmetric case. Since im-
bedded shocks cannot exist in subsonic cross flow, the conditions
for a second triple point cannot be met in the asymmetric corner.
The wedge bow shock, however, is capable of curving near the point
of the bow shock interaction, negating the need for a second
triple point and allowing the corner flow structure to exist with
one triple point. Note that the sonic line, indicated in Fig. 4,
is located well outboard of the triple point. From the above dis-
cussion the wedge bow shock below the sonic line can be expected
to be curved to meet the triple point at the required slope. This

conclusion is supported by data discussed in the following section.

Discussion of Test Data

Fig. 5 summarizes the salient flow features deduced from
the experimental test data of this investigation. The primary
inviscid flow field structure was obtained from the impact pres-
sure information and coupled to the viscous structure obtained
from the static pressure and oil flow data. Discontinuities in
the flow field were identified by plotting any large discontinui-
ties in impact pressure values in a field of more than 1500 read-
ings taken at x = 12.5 inches. Of these readings, those taken
near the triple point location are presented in Fig. 6 in their

relative locations with respect to the corner. As an example,
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for the wedge shock location a line was established separating
the impact pressures of the free stream value of 61 mm from those
reading about 250 mm behind the shock. Thus the location of a
shock with a strength of p2/p1 equaling 23 was established. 1In a
similar manner, the entire flow field structure was reconstructed.
Fig. 7 presents impact pressure profiles at several Z locations

in the corner flow.
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Fig. 6 Impact Pressure Readings
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Fig. 7 Impact Pressure Profiles at Various Z Values

0il flow indications were used to locate points of separa-
tion and reattachment on the body surface. Due to the character-
istics of separating flow a converging oil flow line pattern was
interpreted as a separation line and likewise, a diverging oil
flow pattern was interpreted as a reattachment line. The oil flow

used to locate these lines is shown in Fig. 8.
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Fig. 8 0il Flow on Plate Surface
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The salient features of this asymmetric corner flow, as in-
dicated by the experimental data and summarized in Fig. 5, include
one triple point at the intersection of the wedge bow shock and
the plate bow shock. This triple point is very similar to either
one of the triple points shown in the Charwat and Redekopp(z) sym-
metric corner flow in that it generates a similar embedded shock
and slip surface. The embedded shock of Fig. 5 provides an ad-
verse pressure gradient which is felt far upstream in the boundary
layer. The effect is first observed on a line approximately 45°
from the x-axis or at Z = 1 where the boundary layer cross flow
first separates. This line has veen termed 51' An important fea-
ture of three-dimensional separation is the fact that, unlike two-
dimensional separation, the dividing streamline is not the same
streamline that reattaches. Due to the open end feature of a
three-dimensional separation bubble, flow entering the bubble is
constantly scavenged away and must be replenished by a portion of
the separation boundary layer. Hence, it is the uppermost higher
energy streamline of this layer of scavenged flow that reattaches
and not the low energy separating streamline. It is this feature
which primarily accounts for the high value of three-dimensional
interference heating. The more energy that is available in the
reattaching flow the higher the heating rate will be. Within the
bubble reverse flow occurs in the cross flow plane much as it does

in two-dimensional separations.

As the cross floew continues it gains enough energy from
upper layers of flow to reattach, but almost immediately is forced
to separate again due to the continuing adverse pressure gradient
of the embedded shock. This reattachment and separation have been
termed R, and S

3| 2
generates two weak separation shocks which intersect

respectively. The thickening of the flow due to

S1 and 52

with the triple point embedded shock. The second separation bub-

ble at S, appears to scavenge nearly all of the remaining plate

2

boundary layer to such an extent that near R, no detectable vis-

2
cous layer was present. On the wedge a small separation bubble

(53) is present in the corner with the reattaching streamline
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striking the plate near R,. This small buble was felt necessary

to round off the corner and was not felt to be a dominant feature
of the flow.

At the mutual reattachment point, R where the boundary

2’
layer is extremely thin, an inviscid finger extends down from the

region of the triple point. As was expected, the heating in this

region is extremely high as indicated in Fig. 9. The heating data
is taken from tests conducted by Lockheed for an FDL(4) program
usina the same model tested in this study. Temperature sensitive
paint was used in the test. The wall pressures indicated in Fig.
10 support the foregoing data in attesting to the high energy

level present at R2' Impact pressures of 270 mmwere recorded
within 0.1 inches of the surface at R, compared with 61 mm in the

2
free stream.

002
HEAT TRANSFER COCFFICIENT
LOCKHEED TEST
M= 10
h &=15°
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2 ¥ : 4
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Fig. 9 Heat Transfer on Plate Surface

Analytic Calculations

Calculations were carried out using the experimental obser-
vations to establish the credibility of the test data and, con-
sequently, the flow field model of Fig. 5. Working in the cross
flow plane and starting with experimental free stream conditions,
a conically symmetric inviscid supersonic flow was computed based

upon measured locations of the surface bow shocks. The bow shock
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Fig. 10 Pressure Readings on Plate Surface

locations were chosen as a known parameter because of their well
defined experimental location. Other known values used for calcu-
lations, in addition to bow shock locations, included free stream
conditions, triple point location, plate bow shock strength, and

the location and slope of the separation shocks.

In calculating the boundary layer displacement it is neces-
sary to account for the slightly nonconical nature of the shock
and boundary layer growth. Using a tangent wedge approach illus-
trated in Fig. 11, where the body angle is a, the bow shock angle
is 6, and the total compression angle seen by a conical flow is
8 , an effective location for the origin of the bow shock can be
determined. The distance Y, of the bow shock above the axis can

d
be measured experimentally. The resulting equality

Y, = tanf+ tan § - tana (1)

is solved for the effective leading edge displacment, tand - tana,
by iterating on 5, which gives a resulting § for given flow con-
ditions, until the Y4 is equal to the experimental value.
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Fig. 11 First Order Correction for Nonconical
Flow

Carrying out this procedure on the plate results in a total
compression angle seen by the flow of 2.1° with a normalized dis-
placement thickness of 0.073. The required adjustment to the
leading edge location is 0.0367. A similar analysis of the wedge
surface results in a compression angle of 15.70, a displacement
thickness of 0.026, and a leading edge correction of 0.01 31 .

Thus any measured location in the flow must be adjusted by de-
creasing the measured value by the appropriate effective leading
edge displacement before it can be used for calculation purposes,
i.e. all measurements along the Z axis (z axis normalized with
respect to x) must be reduced by the wedge leading edge displace-
ment, 0.01 31, and all measurements along the Y axis (y axis nor-
malized with respect to x) must be reduced by the plate leading
edge displacement, 0.0367. Henceforth all coordinates in the flow
field which are used for calculations will have been adjusted in
this manner. This minor correction may be viewed as a first order

correction for the nonconical behavior of the viscous layer.

Having determined the bow shock locations with their 