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FOREWORD

The 5th U.S. Air Force/Federal Republic of Germany Data Exchange
Agreement Meeting entitled "Viscous and Interacting Flow Fields" numbered
MWDDEA AF-75-G-7440 was sponsored by the Air Force Flight Dynamics Labora-
tory and hosted by the U.S. Navy with Dr Joseph Gillerlain of the U.S.
Naval Academy as organizer. It was held on 15/18 April 1980 at the
U.S. Naval Academy in Annapolis Maryland. This report contains the detailed
proceedings of that meeting. It contains both theoretical and experimental
results covering a great variety of topics in the area of boundary layer
research. The speed range is from subsonic to hypersonic Mach numbers.

The types of boundary layers were laminar, transitional, and turbulent;
both fully attached and separated. Similar problems in the area of hydro-

dynamics are also included.

The Air Force wishes to thank Dr Joseph Gillerlain of the U.S. Naval
Academy for his efforts in preparing the meeting. Thanks is also extended
to the Superintendent of the Naval Academy for the use of his facilities.
In addition the Air Force wishes to thank the following Naval personnel for
their efforts: Mr William C. Volz of the Naval System Command, Drs W.J.
Glowacki and W. Yanta along with Mr R.L.P. Voisnet of the Naval Surface
Weapons Center. Finally the Air Force wishes to thank all the participants
from the Federal Republic of Germany for their scientific contributions and

for coming such a long distance for this meeting.
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The contribution from the United States was res;arch performed within
the Air Force Flight Dynamics Laboratory, the U.S. Navy, the U.S. Army,

N.A.S.A., and various American Aircraft Companies and Universities.

The contributions from the Federal Republic of Germany were from such
organizations as the DFVLR-AVA-G8ttingen, DFVLR-Linden H8ke, the Universities
of Berlin, Karlsruke, and Hamberg and such aircraft corporations as VFW-

Fokker and Dornier.

The research reported was conducted in the period April 1979 to April

1980.
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THE MODELLING OF AIRFOIL SEPARATION
IN SUBSONIC AND TRANSONIC FLOW

by

Frank A. Dvorak and Brian Maskew
Analytical Methods, Inc.
Bellevue, Washington 98004

Abstract

A free shear layer model for separation has been developed which enables
one to calculate the flow about airfoils up to and beyond the stall. The
calculation procedure involves ijteration between viscous and inviscid flows.
The separation region is modelled in the inviscid flow analysis using free
vortex sheets whose shapes are determined by iteration. The outer iteration
employs boundary layer calculations to determine the location of separation.
In subsonic flow the inviscid flow field is calculated using a panel method
based on Tinearly varying vortex and source singularities. Viscous effects
are introduced via the surface transpiration approach. In transonic flow a
finite-difference procedure employing the velocity potential is used to de-
termine the airfoil flow field. In the transonic case, the separation region
is modelled by sheets of discontinuous velocity potential gradient. A direct
analogy exists between the free vortex sheet model for separation in the sub-
sonic case, and the discontinuity sheet model in the transonic case. The
subsonic method has been compared with experiment for a wide range of airfoil
types. The stall behavior for airfoils with trailing-edge or leading-edge
separation is predicted quite well, while thin airfoil or long bubble stall
is poorly predicted. The method has been applied at angles of attack through
ninety degrees with excellent results. The transonic method is in a much
earlier stange of development, but results to data are very encouraging.

Introduction

Boundary layer separation is one of the least understood but most
important of fluid flow phenomena affecting aerodynamic forces and moments.
Its accurate modelling is essential to the estimation of airborne vehicle
performance. Currently, reliance is placed on wind tunnel tests to determine
the consequences of separation; a procedure which is not entirely free of doubt
because of Reynolds number effects. Successful theoretical modelling of sepa-
ration is 1imited to a small number of special cases, one of which is two-
dimensional turbulent boundary layer separation from airfoils or diffusers.
The first successful model for trailing-edge separation was developed by

The authors gratefully acknowledge the support given by the U.S. Army
Research Office, Research Triangie Park, N.C., for this work under Contracts
DAAG29-76-C-0019 and DAAG29-79-C-0004.




Jacob (1). With Jacob's model, the separation region is simulated using
source fluid, the distribution of which is chosen to give constant pressure
everywhere in the separation region. In general, the method predicts the
upstream pressure distribution in a satisfactory manner, although agreement
with experiment for base pressure level is not consistent.

Recently a separation model has been developed by Analytical Methods, Inc.
which replaces the source distribution in the separation zone by a vortex
wake model. This model is described in some detail in (2), but is discussed
herein for reasons of completeness.

Separation Model--Subsonic Flow

An approximate model of the flow about an airfoil with a region of sepa-
ration is shown in Figure 1. It is assumed that:

(i) The boundary layer and free shear layers do not have significant
thickness and, hence, can be represented as slip surfaces; that is,
streamlines across which there exists a jump in velocity.

(ii) The wake region does not have significant vorticity and has constant
total pressure (lower than the free-stream total pressure). It is,
therefore, taken to be a potential flow region.

The flow field in the potential flow is obtained using linearly varying
vortex singularities distributed on planar panels. The wake is represented
by sheets of vorticity shed at the separation points.

The mathematical problem is to find the vorticity sheet strength such
that the appropriate boundary conditions are met. The position of the vortic-
ity sheet representing the free shear layer is not known a priori.

Approximations For the Free Shear Layer

(i) Wake Shape

Initially, the streamlines are not known, and so the shapes of the free
shear layers must be obtained iteratively starting from an initial assumption.
Earlier calculations in which the vortex sheet shapes were obtained by itera-
tion suggested an initial shape as follows. The upper and lower sheets are
represented by parabolic curves passing from the separation poins to a common
point downstream. The slope at the upstream end is the mean between the free
stream direction and the local surface slope. (Indications from further cal-
culations are that this starting slope should be streamwise for calculations
beyond the stall.) Once the wake calculation begins, the initial slope and
downstream position of each wake is determined by iteration. The final wake
position represents the separating streamline.




(ii) Wake Length

Early calculations indicated that the results were sensitive to the
length of the free vortex sheets. Good correlation with experimental
results was obtained only with relatively short wakes; i.e., wakes extend-
ing .1c to .2c beyond the trailing edge. Such a model appears reasonable
in the 1ight of experimental evidence: the separated wake does, in fact,
close quickly downstream of the trailing edge, as a result of the strong
entrainment process brought about by the rotation in the free shear layers
(see (3)). On the basis of several comparisons with experiment, a simple
correlation was obtained for the wake length as a function of the airfoil
thickness to chord ratio. This is discussed in detail in (2).

(iii) Wake Pressure
The approximation of zero static pressure drop across the free shear
layer is used to obtain an expression for the total pressure in the wake in

terms of the strength of the free vortex sheets. Considering the upper
shear layer, if the average velocity in the layer is denoted by

V= i(‘Ioutew * Vinner)

then
vouter =V + yU/Z, and
Vinner =V- YU/Z’

since the vorticity, Yy = vouter
in the lower shear layer is Y = v

" Vipner® ON the upper sheet. (The vorticity

-V )

inner outer’

The jump in total pressure across the shear layer is then

A4 = H - H

inner outer

{ Pinner * *p V- YU/2 }

- :pouter + *p V + YU/2 }
= - oWy, = oWy -

3




given the boundary condition that the static pressure, p, has no jump in
value across the shear layer.

Since the wake has constant total pressure (assumption (ii)), the jump
in total pressure across the free shear layer is the same everywhere.

Once the vorticity strengths of the individual panels representing the
airfoil and of the vorticity sheets representing the wake are determined, the
velocity at any point in the flow field can be calculated.

The pressures are calculated from the velocities according to the
Bernoulli equation which is expressed non-dimensionally as

- VI M
Cp =1 - ( Va,> + o

h c P =P,
where C, = o

at infinity. Note that AH = 0 ever%where except in the wake region for which
p YL-

s Q. = gpvmz, and AH = increase in total pressure over that

it was previously shown that AH =

Calculation Procedure

The overall calculation procedure is shown in Figure 2, and invelves
two separate iteration Toops.

(i) Wake Shape Iteration

The iteration loop for wake shape is the inner loop and involves the
potential flow analysis only. Within this Yoop the separation points are
fixed. The separation points may be located anywhere on a surface panel;
they are not restricted to panel edge points.

The wake shape is calculated as follows. Using the previous vorticity
distribution, velocities are calculated at the panel mid-points on the free
vortex sheets. The new wake shape is then determined by piecewise integration,
starting at the separation points. The upper and lower sheet downstream end
points, which were coincident in the initial wake, are allowed to move in-
dependently in subsequent iterations. At each iteration, the wake influence
coefficients at the surface control points are recalculated, and a new poten-
tial flow solutionis obtained.

The number of wake iterations is an input parameter in the current version
of the program; typically, however, it has been found that three wake itera-
tions are sufficient to produce a converged solution.

PRIy o—- =




(i1) Viscous/Potential Flow Iteration

This outer iteration loop takes the potential flow pressure distribution
over to the boundary layer analysis and returns with the separation points and
with the boundary layer source distribution. The source distribution is
determined directly from the boundary layer solution as

d
g = ds (Ues*)s

where Ug is the streanwise potential flow velocity at the edge of the boundary
layer, and &* is the displacement thickness. The addition of this source
distribution modifies the normal velocity, VN, at each panel control point.
The sources are set to zero in the separated region.

The program generates a new wake shape using the new separation points
together with information from the previous iterated wake. A new potential
flow solution is then obtained, and so on. The outer iteration is terminated
when the change in Cg is below 1%. A limit of eight iterations is currently
imposed within the program.

Boundary Layer Methods

The boundary layer development on an arbitrarily-shaped two-dimensional
1ifting configuration with separated flow is very complex. A thorough and
exact calculation of this development is properly the domain of the time-
dependent solution to the general Navier Stokes equations. Unfortunately,
the computer does not yet exist which is capable of handling such a problem
in a reasonable time at a reasonable cost. Such a calculation is not, there-
fore, of practical interest to the aerodynamicist. Less difficult or costly
are the finite-difference boundary layer programs now in existence. The
amount of computer time required for each calcutation still prohibits their
use in an analysis procedure of the type reported herein. Having made the above
evaluation, one must conclude that if the objective is a viscosity-dependent
calculation procedure of practical use to the aerodynamicist for clmax analysis,

and, possibly, for preliminary design, the method must be relatively simple

to use and economic of computer time. This can only be achieved if integral
boundary l1ayer methods are used. In two dimensions, integral methods are typic-
ally about 100 times faster than finite-difference methods. They can, however,
be expected to break down in the region of separation where none of the bound-
ary layer methods (including three-dimensional) can be expected to be valid.

It is anticipated, therefore, that integral methods will suffice for most
applications of interest to the aerodynamicist for Cgmax prediction.

In those cases of special interest to the aerodynamicist, such as the
effect of area suction for boundary layer control or of roughness (rivets, etc.)
on clmax’ alternative boundary layer calculation modules are available. These

methods are called as needed into the overall calculation procedure. A brief
discription of the boundary layer methods is given in the following paragraphs.
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The laminar boundary layer development is calculated by Curle's method
(4), an adaption of the well known method of Thwaites (5). The calculation
proceeds either to Taminar separationor to the end of the airfoil--whichever
occurs first. The calculated boundary layer development is then interrogated
to determine if transition, laminar separation or forced transition (boundary
layer tripping) has taken place. If any of these phenomena have occurred,
the downstream flow is assumed to be turbulent.

Methods for the calculation of turbulent boundary layers in two dimensions
have been developed by many investigators. A review of these methods was made
at a conference held in 1968 at Stanford University (6). One of the methods,
an integral method by Nash and Hicks (7) compared very favorably with the more
complex finite-difference methods. Now, several years later, the method remains
an excellent approach for application to the current problem both in terms of
accuracy and speed.

If surface roughness or area suction are of interest, an alternate turbulent
boundary layer method developed by Dvorak (8) and (9) can be called. This
method is capable of predicting the downstream development and skin friction
drag of a turbulent boundary layer over a rough surface, or a surface with
area suction boundary layer control.

Turbulent boundary layer separation is predicted by either the Nash and

Hicks or Dvorak methods when the calculated local skin friction coefficient
reaches zero. ~

Discussion of Results

The method was applied to a GA{W)-1 airfoil. This section shape rep-
resents a difficult test case and pressure distributions are available from
experiments at NASA-Langley for a range of incidence.

The first set of results, Figures 3 through 5, are for a Reynolds number
of 6.3 x 10° with a boundary layer trip at .08c. Figure 3 shows a very good
agreement between the calculated and experimental pressure distribution at 20.05°
incidence. The calculation took six viscous/potential flow iterations, each
with three wake shape iterations. For comparison, the attached potential
flow solution at this incidence is also plotted, and indicates the large change
in pressures due to the separated flow.

The wake shape history for a 21.14° incidence is shown in Figure 4, and
indicates very good convergence characteristics. Lift and pitching moment
characteristics show excellent agreement with experiment, Figure 5. The
previous calculations show considerable improvement over a previous Lockheed/
NASA-Langley calculation. The attached potential flow solution is included
in Figure 5 to put into perspective the magnitude of the change achieved by
the new method.




Figure 6 shows the 1ift characteristics for the GA(W)-1 airfoil at a
Reynolds number of 2.1 x 10°. The calculations give good agreement with
experiment up to c“max’ but the turnover in the curve occurs 2 to 3 degrees

Tater than in the experiment.

Additional comparisons were made with experiment for several airfoils.
Shown on Figures 7 and 8 are the results for the 1ift characteristics for the
airfoils tested by McCullough and Gault (10). In the case of the.NACA 63009
airfoil, the program predicts a trailing-edge stall while experimentally the
airfoil stalls from the leading edge. As shown in Figure 7, a slight modifi-
cation to the laminar separation reattachment criterion leads to a much im-
proved correlation with experiment. This points out the need for a better
understanding of the laminar separation bubble bursting phenomenon.

Comparisons between theory and experiment for the 1ift characteristics
of the NACA 4412 at a series of Reynolds numbers are shown on Figures 9, 10 and
11. A summary of the predicted and experimental C“max variation with Reynolds

number is shown in Figure 12. The calculated values agree very closely with
the experimental curve from (11). Calculations for lower Reynolds numbers were
attempted, but problems with the laminar separation bubble bursting criterion
produced inconsistent results.

A series of calculations were made to demonstrate the capability of the
analysis method over a wide range of angles of attack. Figure 13 shows the
calculated wake shape for a NACA 0012 airfoil at 90 degrees to the free stream.
The corresponding pressure distribution is given in Figure 14. The calculated
1ift and drag coefficients are 0.25(.15) and 2.1(2.08 - 2.3), respectively.
These values compare well with measured 1ift and drag coefficients given in
the enclosed brackets. Figure 15 shows a comparison between measured and cal-
culated 1ift coefficients for the NACA 0012 airfoil from O degrees through 90
degrees angle of attack. The agreement is surprisingly good. A summary plot
of calculated versus experimental szax for a series of different airfoils is

shown on Figure 16.

Separation Model--Transonic Flow

In the transonic flow case, the wake model is analogous to that used
in the subsonic case. Specifically, there exists a direct analog between the
vorticity sheet wake model and the velocity potential (¢) discontinuity sheet
model. The gradient in ¢ with repsect to surface distance, s, i.e., 34/3s,
at the separation points, both upper and lower surface, must be equal in magni-
tude as required by the Kutta condition. The additional requirement is that the
entire ¢-discontinuity sheet representing the wake must retain the value of
9¢/3s at separation. Just as in the vorticity model where there is a jump in
tangential velocity across the wake sheet, in the ¢ field there must be a
jump in ¢ across the discontinuity sheet. The corrrect path of the separating
wake sheet is found by iteration; that is, the actual values of 3¢/an on the
wake sheet from the previous iteration are used to determine the new wake loca-
tion. A new ¢ field solution is then obtained, and so on, until the solution
has converged for a wake path having the requirement that 3¢/3n = 0 across the

7




discontinuity sheet. The requirement for a converged solution is that with
all other conditijons satisfied, the circulation should have attained a converged
value.

Potential Flow Model

Initially a pilot code was generated to solve the full potential version
of the equations of motion for flow about a circular cylinder using a line
over-relaxation finite-difference technique. With the separation point known,
the pilot code gives results in excellent agreement with experiment (see
Figure 17). The separation model was then incorporated into a transonic code
developed by Jameson (12). A compressible integral boundary layer program
consisting of the laminar method of Cohen and Reshotko (13) and the turbulent
lag-entrainment method of Green etal. (14) has been coupled to the potential
flow program.

Results for the circular cylinder are compared with experiment and with
the pilot code in Figure 17. A further comparison is shown in Figure 18 for
the GA(W)-1 airfoil at 19.06° angle of attack. The measure of agreement is
very encouraging.

Conclusions

The results of comparisons with experiment, including those presented
in this paper lead to the following conclusions.

(i) The basic analysis method predicts both the 1ift curve and the
maximum 1ift coefficient quite accurately for a wide variety of
airfoils over a range of Reynolds numbers.

(ii) Post-stall behavior is best predicted for the trailing-edge type of
stall.

(iii) Leading-edge and thin airfoil stall prediction could be considerably
improved by a better laminar separation bubble bursting criterion.

(iv) The use of vortex sheets to represent the separated flow boundaries
suggests that the model will be applicable to unsteady flows.

(v) The extension to the transonic case has lead to very good agreement
with experiment, at least for the lower Mach number, high angle-of-
attack regime.
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Figure 15.

COMPARISON CF CALCULATED AND EXFERIMENTAL LIFT CHARACTERISTICS FOR
A NACA 0012 AIRFOIL, REYNOLDS MUMBER 6.0 x 108, MACH NUMSER 0.2

©  CLMAX CALCULATION
NI EXPERIMENT (FROM HOERNER, NACA TN 3361 atc. )
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Figure 16. Comparison of Program CLMAX with Experiment.
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Figure 17.

Comparison of Calculated and Experimental Pressure 6
Distributions on a Circular Cylinder; Re = 8.4 x 10
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THEORETICAL DETERMINATION OF THREE-DIMENSIONAL FLOW SEPARATION

Tsze C. Tai®
David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland, U.S.A.

Abstract

A streamline approach for determining the free
vortex-layer type, three-dimensional flow separation
is presented. The procedure is based on the Maskell
postulation about separation patterns in three
dimensions. The line of separation is determined by
the envelope of merging streamlines inside the
viscous layer. The required streamlines are calcu-
lated by three ordinary differential equations,
using inviscid pressures along with proper viscous
damping parameters. The method is illustrated by
two examples, a prolate spheroid in an incompres-
sible flow and a spherically blunted cone at hyper-
sonic speed, both at moderate angles of attack.
Comparisons of the theoretical results with
experiments and 3 three-dimensional boundary-layer
solution are made.

Nomenclature
a,b major and minor axes of an ellipsoid
e eccentricity
f local body radial distance from the
centerline
g“. g 1 metric tensor for body gecmetry
hl' hz metric coefficients for coordinates

£, 8

[ length of a body

M Mach gumber

P static pressure

R nose radius

s distance along a streamline measured
from the stagnation point

u, v, ¥ velocity components in body-oriented
coordinates
v velocity
x, ¢, 2 body-oriented nonorthogonal coordi-
nates
Xs Vo Z Cartesian coordinates
a angle of attack
Y rstio of specific heats
[} streamline angle
A coefficlent for friction model
7] viscosity
£, 8, ¢ streamwise coordinates
[} density
-pu'w', -pv'w’ Reynolds stresses
k4 shearing stress
Subscripts
i init{al cond{ition
] stagnation
t,2 x,9 direction
- freestrean
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Introduction

The criterion for flow separation in three
dimensions is radically different from the conven-
tional concept based on two-dimensional flows, where
separation takes place as the skin friction vanishes.
In three-dimensional flows, the vanishing of skin
friction in either or both directions cannot be used
to define a flow separation. Instead, the concept
of the envelope of limiting streamlines as the sepa~
ration line, has been developed. First suggested
by Eichelbrenner and Ondart,! the eanvelope idea was
further explored by Maskell,? basad on general flow
obgervations and supported by Wang? from the stand-
point of numerical results. A comprehensive review
of the subject was given by Wang.*

Maskell? postulated two basic forms of separa-
tion patterns in three dimensions ~~ a bubble and a
free vortex (or shear) layer. In the case of a
bubble, the surface of separation encloses fluid
which is not part of the main stream but is carried
along with the body surface. In the case of a
vortex layer, both sides of the separation surface
are filled with the main stream fluid. Although
each displays a different flow structure, the line
of separation is generally identifled as an envelope
of the limiting streamlines. In reality, a combina-
tion of both types of flow separation with a bubble
and a free vortex layer is most likely to exist.

The Maskell descriptions, which are representa-
tions of experimental observatlions, are found by
Wang® to be consistent with the three-dimensional
boundary~layer theory. Wang*® introduced an open-
and-closed separation concept, however., In a closed
separation, the separated region 1is inaccessible to
the upstream flow. For an open separation, on the
other hand, the limiting streamlines on both sides
of the separation line stem from the same front
stagnation point; the separated region is accessible
to the upstream flow. Physically, therefore, Wang's
closed~type separation corresponds to Maskell's
bubble type, and the open-type separation corre-
sponds to the vortex-layer type. The open separa-
tion concept, which is relatively new, has been
substantiated by recent measurements made by Meier
et al.” and Han and Patel.

Formation of Vortex~Layer-Type Separation

Of particular importance is the vortex-layer-
type separation (or the open type) which covers a
wide clags of flows of practical interest. Flows
around a body of revolution, at angles of attack
that ofter model spacecraft,’ missiles,® and sub-
marine configurations? in maneuver, fall into this
category. Also, free vortices over a wing-body
combination'® or in a ship stern'! are generated by
the vortex-layer-type separation due to merging of
streamlines which originated from a commor upstream
gﬂow. The phenomenon i3 unique in three-dimensional

lows.

Maskell's postulation on the free vortex-layer-
type separation pattern {s shown in Fig. 1, which
is based on description given 1n Ref. 12, It {s

o



noted that above the limiting streamlines, there lie
the inviscid streamlines. Since the limiting stream-
lines and the inviscid streamlines are both influ-
enced by the surface pressure distribution and the
deviation between the two is strictly of a boundary-
layer nature, it is proper to suggest that the
limiting streamlines are eventually distated by the
streamlines above them. The line of separation,
which is an envelope of the limiting streamlines,
therefore, can be determined approximately by the
loci of merging streamlines inside or at the edge

of the boundary layer. These streamlines, however,
must be calculated accurately based on realistic
pressure distributions containing physical proper-
ties that have direct bearing on the flow behavior.
Experimental or empirical pressure distributions or
theoretical pressures obtained by means of viscous-
inviscid interactions involving not only attached
flow but also separation are considered to possess
such physical properties. If pure inviscid pres-
sures are used, proper viscous damping terms should
be incorporated to simulate the real flow.

In the present analysis, a method is developed
to determine the vortex-type separation by the
envelope of merging streamlines inside or at the
edge of the boundary layer. An exact, yet simple
method for determining the inviscid streamline
geometry over general three-dimemnsional bodies has
been developed. To trace the streamline inside the
boundary layer, the method is extended to viscous
flows by adding a friction model. The latter is
particularly useful when realistic pressure distri-
bution 1is not available.

Inviscid Streamline Equations

A. General Three-Dimensional Body

Few analyses have been developed in the litera-
ture to obtain the inviscid streamline geometry.l13-16
Here we will consider an exact method using non-
orthogonal systems.!” In body-oriented nonorthogonal
coordinates (x,¢,z), the inviscid momentum equations
for the flow over the surface of a general three-
dimensional body can be written as follows.l?

x - Momentum

¢ - Momentum

. 21273
Wy v [ 22 1) v €22
ax 1/2 3¢ 2g 1/2 | 9x
57 22

ov2 (22 1 \%a2, 2172 22 %1
22172 g ) 3¢ TV Bp & S
59 22

2
vigll By B f 12k, 222
SYEAD o \& =xTE® 3

22 (2)

where x is the distance along the body surface of a
constant ¢ plane, ¢ is the azimuthal angle measured
from the most windward line, and z is normal to the
surface (see Fig. 2). The velocity components u and
v are measured along the surface in x and ¢ direc-
tions, respectively, and P and p are the static
pressure and density, respectively. The gij is

the metric tensor for the body geometry and gij is
the conjugate metric tensor of gij' Their expres-
gions are given in Ref. 17.

The geometry of any streamline emanating from
the stagnation point may be expressed as ¢ = ¢ (x,B),
vhere B Is constant along a streamline. The co-
ordinates are related to the velocity components
through the relation, with the aid of the following
sketch:

i = v-ol/2
u:dx Vigy, dé
1/2
g
22
1/2
2220 v
dx u 3)

Defining D/Dx as the substantial derivative, or
derivative along a streamline, Eq. (3) can be writ-
ten in the form

DJ. v
12 2 11\ 3 o 3'175“
1 2 4
“3_u+v3_u+ uv _vs 22 2 )
x 81/2 FY) 815 2322 x
22 22
Differentiate the above equation with respect to x
to get
vigl? 38 517 38y, (211 3,
8., 3 Y& ¢ 3 v _ Du
27 822 0’ _ 1 [“ﬁ“'i; v 1 Dgzz]
Dx2 8;;2 uz 2u 897 Dx
1 11 3P, 12 p )
-'—'B —+g —
[ Ix LT )
Also, introduce a variable 8, the angle between the
tangent of local streamline and the x-axis by the
relation
D¢
14+g,,
8 = arc cos 12 Dx
2
‘/ D Do
1+ 822 (Dx) + 2312 Dx (6)
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Differentiating Eq. (6) with respect to x along a In a similar manner, Eq. (2) gives
streamline and rearranging, there yields

_D_V_ - 2‘—’ + A4 3v
2]9/2 D8 Dx  ox o o1/2 )
23% . sin 8 [1 + Zglzt + gzzt B 22
Dx (8,9 = 52 )t
22 12 2 12 1s
S N 2 N S O S22
Dy, Ty 2%852]  2ugll?|
I.(1 * &t Bx -2 (312 * 8500 o
2(g,y - s )t
22 12 N ) v2 2 1 3322
7z |8 g Ex)
Zug22 22
where t = D¢/Dx. Equating Eqs. (5) and (7), yields
Do ( Du Dv) 3g 2 12 ag
=Qfx, ¢, U, Vv, ==, = _l/2 22 P12 v 12
Bx ’ * V2 Dx’ Dx (8) ugy,” 8 5 177 5
. ugysy
Integration of Eq. (8) gives the local direction
of a streamline. For streamlines in the nose region 1/2
that first move forward from the stagnation point 57 12 ap 22 ap
and then bend towards the leeside, the Dx term laryras ( % +g 5;) (12)
experiences zero movement adjacent to the turning
point. It causes the derivative to approach ianfin-
ity. To amend such a numerical problem, the length
of the streamline S is used as the independent Fyrthermore, that
variable instead of x. Accordingly, Eq. (8) is ] v 1/2
recast in the form <" 8y 'b% bis (4)
Do _ D6 Dx and
DS Dx DS
2
2 _YMP 1
- e (13)
R(x $,u, V- Dx’ ) ) [ Z

D¢ D¢

1+ 83, 0% + 555(p%)
The expressions for the total derivatives Du/Dx
and Dv/Dx in Eq. (9) are obtained from Eqs. (1) and

Using Eqs. (11) through (13), Eq. (9) can be com-
(2) in conjunction with the following relations pleted to read

Do dubx, by 0o 1
x Dx = 3¢ Dx 5
Vi + g3500 + 83559 (g = 5770
- a_u -+ v 22
x 172 %%
U822 (10) x ] L g cogooy 22 - (a0
/ o 5 8125%8229) 3 ~ (648,9) 34

Rearranging Eq. (1) and substituting in Eq. (10),
there results 3 )
- o %22 82 }

( 12 2 11) my, 2122, 7%= o (4

_&75 2“522

2
g5

3 2ug
The geometrical relations between the % and S, and
¢ and S are

RUIL T Be wt! . c A as
9x “‘22 ) D 7 ~3
(11) \/; + 8y + Zglzde

1 (11 P, 12 ar)
~ =gt =+g pA8
Pu ax T Dy . 9
" a6)
\/c +8y0 + 23120c
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where

€= gy coa2 e - (17)

g2

9 =g, sin2 e+ (822 - gfz) sin 6 cos © (18)

Equations (14) through (16) constitute a set of
first-order, ordinary differential equations for
determining the geometry of a chosen streamline from
the known pressure distribution. The method is
considered exact in the sense that no approximations
have been made in the process of derivation and
provided that exact expressions for the pressure
gradients can be incorporated. The streamline
pattern so calculated, strongly depends upon the
input pressure distribution. The more realistic is
the input pressure distribution, the more realistic
is the streamline geometry, including the streamline
merging for determining the three-dimensional flow
separation to be further discussed later.

B. Body of Revolution at Incidence

For a body of revolution at incidence, where the
x and % coordinates can be set orthogonal, simplifi-
cation can be achieved by letting

312 81y 8y
8, = = =t s —££ 20
12 ax 3% 3%
orthogonal
2 system only
8 = f
Eqs. (1) and (2) are reduced to the form:

x ~ Momentum (orthogonal system only)

2
du ., vau v df 1 9P
Ux*E3 TF ax T b (19)
¢ ~ Momentum (orthogonal system only)
v , v av _ uv df 1 3P
U YTt Tt daxT T ot a9 (20)

Following the same procedure, Eqs. (19) and (20)
can be reduced to ordinary forms for calculating the

streamline geometry of a body of revolution at inci-
dence
De 1 (ap 1 ap ) 1 df
— = ——l-——3i08 - > —cos9] - - -— 508
DS) cth. yHZP 3x f 49 f dx
(21)

22 - sin 6
DSicen.  ° (22)
%%) = cos O

orth. (23)
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Streamlines in a Boundary Layer

A. Equations for Viscous Streamlines

Many times a realistic pressure distribution is
not available. To simulate the physical flow, so
that the three-dimensional flow separation can be
detected, it is necessary to consider streamlines
inside the boundary layer; see Fig. 3. Without
losing generality, a body of revolution at incidence
will be considered as an illustration. The equa-
tions of motion that govern a three-dimensional
boundary layer flow can be wrirten as follows

% - Momentum

2 ar
du v 3u Bu_vigaf 1P 1
U tF YT T ax p<ax az) (24)
¢ - Momentum
v , v v v . uv df 1 /3P 312
“‘a?*?ﬁ*“;;*?g";(m'az) (23

where 11 and 12 are the shearing stresses in x and ¢

directions, respectively, i.e.,

du =y

11 * u 7z pu'w (26)
T

Ty = ugs - vl 27

The substantial derivatives along a streamline
inside a three-dimensional boundary layer are

Du 3u _ v 3u W 3u

Dx - 3x T Uf 3¢ T u 3z (28)
Dv v v v w v
Bx "k TuF 3% Uz 29

It indicates that additional z-component terms
can be absorbed {n the total derivatives in the
derivation of the streamline equations. Following
the same procedure as for the inviscid case, the
resulting ordinary equations for calculating the
streamline geometry inside the boundary layer are

3T 3T
D8 1 Iap 1 1 3P I
- w——— == - =" sin b -(= == - —=Jcos ¢
stiscous 7M2P (Bx az) (f EE) az)
1 df
£ ax *in @ (30)
Eﬁ) - sin 8
DS/ sscous t (31)
(%% = cos @
viscous (32)

Note that terms in parentheses in Eq. (30) zepresent
the effective pressure gradients fur computing 9.
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B. Friction Model

The additfon of friction terms 311/32 and 812/31

wakes the system (30) through (32) not -eadily
solvable even if the.pressure values are provided.
A proper determinatica of these terms, of course,
is to solve the th-ee-dimensional boundary-layer
equations. Even tuat, the solution involves turbu-
lence modeling which has been a problem for many
years. It is attempted, therefore, to model these
friction terms without solving the complex three-
dimensional boundary-layer problem.

First, consider that in a boundary-laver flow,
the friction force 1s of comparable order of magni-
tude with the inertia force. Schlichting'® suggest-~
ed that for a flatr plate, the friction force per
unit volume can be estimated by the condition of
equality of the friction and inertia forces:

T ovz
i e (for a flat plate)

where L 1s the characteristic length of the body in
question. It is assumed that the flow under consid-
eration 1is locally similar to that over a flat plate
and that other influences can be absorbed in an
empirical relation:

2
2 oV 2 2
It _ — oV =« f{V N
z A A ( ) - A(Vm) B3
Then, the friction component {n the x-direction can
be written as

at 2
1,2 (du_oom = (&
3z "3z (Wag meu'v) Al(va) (34
and that in the ¢~direction
T 2
2 3 v
3z 3; (U -a— - pv'ul) - XZ(-‘-/-:) (35)

The parameter ) could be a function of Reynolds
number, Mach number, pressure gradient, and possibly,
the angle of attack. To simplify the approach, it
is assumed that ) takes on the following form

=ix|

AI - al + b1 (36)

and

A, » a

2 37)

2 + bzo

where .l' bl' a,, and b2 are constants to be deter-

wined experimentally, It is noted that near the
wall, the sign for ) {8 directly affected by the
velocity profile, which is ultimately dominated by
the pressure gradient.!® These closure statements,
which merely represent a working formula, are far
from complete., Further improvement might have to
be pursued in a similar way for modeling the turbu-
lence in usual boundary-layer computations.
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Determination of Three-Dimemsional

Flow Separation

With the streamline method available, the fl.u.
separation can be approximately determined by merg-
ing streamlines at the edge of or inside the bound-
ary laver, depending on the particular pressure
distribution used. If a realistic pressure distri-
bution is available, i.e., experimental or empirical
pressuve distribution, or theoretical pressures
obtained by means of viscous-inviscid interactions,
the simple inviscid streamline zpproach can be
employed, For the case of a pure inviscid pressure,
then the streamlines must be calculated with proper
viscous terms included. The former will be illus-
trated by the case of a spherically blunted cone at
an angle of attack at a hypersonic speed and the
latter demonstrated by a prolate spheroid at moder-
ate incidences ir an incompressible flow. In both
cases, the streamlines are computed by the initial
value technique. That is, all the streamlines
originate from the forward stagnation point and the
envelope of merging streamlimes is traced out by
the interception of streamlines from windward and
leeward sides. Once two streamlines intercept, it
is assumed that they immediately leave the surface,
resulting in a flow separation.

A. Determination of Flow Separation over a
Spherically Blunted Cone at Incidence

In hypersonic flows, a typical configuration
frequently considered in the past is the spherically
blunted cone. Experimental and theoretical pressure
distributions for the case of a 9-deg half-anple
cone at M_ = 18 and specific angles of attack were
made available by Knox and Lewis.!? The body geom-
etry can be expressed as follows; see Fig. 4.

For spherical cap:

2()- (%)

IR
.
x|

(38)

For the cone:

|

%‘ sec ¢ + tan ¥ (39)

where ¢ 1is the cone half angle.

To obtain the pressure gradients required by the
the present method, the empirical interpolation
formula suggested by Zakkay’? is employed

+Aa cosé + B + 663 cos 2%

é& .(T%)a-o

which can be recast into the form:

L. Acos ¢ +B+ Ccos 2¢

(40)
E.O

where A, B, and C are functions of x only, that can
be determined by collocating the pressure dat

along ¢ = 0 deg, 90 deg, and 180 dey mertdian lines,
The pressure gradients are




3 [P dA dB . dC

H(E) s+ R R @
3 (P

H(P_o) = -A sin ¢ - 2C sin 2¢ (42)

Pressure solution by the method of characteris-
tics on ¢ = 0 deg, 90 deg, and 180 deg meridian
lines at M_ = 18 and a = 10 deg are taken from Ref.
19, which were then curve fitted with a polynomial
to form A, B, and C. The theoretical pressure
values were used with empiricism built into the
interpolation formulas, Eq. (40). A comparison
between the interpolated and the original theoreti-
cal pressure distributions is shown in Fig. 5.

Equations (40) through (42), together with body
geometry equations and the isentropic relatiom
between the local Mach number and pressure, consti-
tute all the terms needed for the right-hand side
of Eqs. (21) through (23) for calculating stream-
lines. To start the calculation, the initial
conditions are determined by the exact geometrical
relations on the spherical cap; see Fig. 6.

-1
X, = cos (cos a cos S

4 - sin a sin S, cos B)

i i

-1
oi sin (sin Si sin B / sin xi)

8i - sin”} {sin a sin 8 / sin xi) (43)

For a spherical body, these exact relations
hold everywhere. It is, therefore, convenient to
apply these relations right at the juncture and
initiate the integration there. The integration of
Eqs. (21) through (23) can be accurately performed
by using a fourth-order Runge-Kutta scheme to give
the location of the streamline in terms of coordin-
ates x and ¢, and its direction measured with
respect to the x axis. The calculated streamlines
are designated by B values whiclh run from O to 180;
B = 0 for the most windward line. The three-
dimensional flow separation then can be determined
by tracing the envelope of inviscid streamlines.

B. Determinatjon of Flow Separation over
a Prolate Spheroid at Incidence

The flow separation over a prolate spheroid
(ellipsoid) at specific incidences has been investi-
gated both theoretically? and experimentally.’§

It is a good case for comparison purposes. Also,
since a closed form potential flow solution is
available for this body, it is convenient to illus-
trate the viscous procedure proposed earlier in the
present paper.

With the major and minor axes of the ellipsoid
defined by a and b, respectively, the body coordi-
nate is given by (see Fig. 7):

£=b J1- (%/a - 1)2 (64)

The surface pressure can be expressed by

wlp_ W22
PP 4+ <x-—2-7 (45)
v v
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n
The required velocity components are given by Wang
based on the potential flow solution

(1 + k) (cos o) (2K - %4y

1
2.2.%

JL S
Yo @ -e’zh

+ (b/a)(1 + k) (sin a) (x - 1) cos ”l (46)

v
- a+ kc) sin o sin ¢ (47)

where a is the incidence and e is the eccentricity
given by

e = 1 - — (48)

Parameters ka and kc are the axial and cross coef-

ficients of virtual mass defined by

1 1l+e 1 1 l+e
k, = |5z 1ng=< - ll/ll—ez-ﬁ 1n——1_e] (49)

and

1

ke * 17 2%
a

(50)

The pressure gradients are readily obtained
through the following relations

= 2
P 2 u 2x - X 3 Ju
- * WM P — l 2] —= v (51)
ax v, 1 - e2(;_ 1) X ( w)
3P 2 u 3 fu v 3 v n
3 " 'Y“a"e[?csa ) +v % (v;)] )

For this particular case in wnich the inviscid
velocity components are known everywhere, the local
inviscid streamline angle 6 is also known

0 = tan”! (E) (53)

Equation (53) is useful for (a) testing the
accuracy of the system, Eqs. (21) through (23), by
comparing the integrated 6 value against the exact
value and (b) providing the initial condition for
calculation of viscous streamlines using Eqs. (30)
through (32).

The viscous streamline equations, Eqs. (30)
through (32), with the aid of Eqs. (44) through (52)
and the proper friction model, can then be inte-
grated using a fourth-order Runge-Kutta scheme.

The initial condition for 6§ is evaluated by Eq. (53)
at a point close to the forward stagnation point.
Similar to the previous case, the calculated stream-
lines are designated by 8 values which run from 0

to 180; 8 = 0 for the most windward line. The
three-dimensional flow separation can be then
determined by tracing the merge of viscous stream-
lines.
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Results and Discussion

The procedure described in the previous section
has been coded in FORTRAN using a CDC 6600/6700
computer. Each case, either the spherically blunted
cone or the ellipsold, takes less than 150 state-
ments and occupies a very limited storage. Because
of its small size, the program was subsequently
converted to the BASIC language using a Tektronix
desk-top computer. The latter has instant graphic
capability to facilitate evaluation of the friction
model.

A. Spherically Blunted Cone at a = 10 Degrees

The results of a 9~deg spherically blunted cone
at M, = 18 and a = 10 deg are shown in Fig. 8. All
the streamlines are labelled with 8 values; 8 = O
for the most windward line. The streamlines in the
upper leeward region turn back to the windside
because of flow retardation caused by the empirical
nature of the pressure gradient employed. The flow
exhibits vortex-layer-type (open type) separation
resulting from streamline merging. The line of
separation is easily traced using the envelope con-
cept. A remarkable resemblance between the present
result and Fig. 15c of Ref. 4 1s observed. This
same case was considered by the author earlier.?
However, then the reason for leeside streamlines
bending toward windside was not identified. As a
consequence, those streamlines for 8 > 90 deg were
not published; see Fig. 12 of Ref. 22.

B. Prolate Spheroid at Incidences

In the case of a prolate spheroid at incidences
in an incompressible flow, both the inviscid ap-~
proach (streamlines at the edge of boundary layer)
and the viscous approach (streamlines inside the
boundary layer) were examined numerically.

Using the inviscid approach with pure potential
flow pressures, the calculated streamlines mono~
tonically approach the apex of the leeward side;
see Fig. 9. The integrated values for the stream-
line angle @ agree very closely with those exact
values given by Eq. (53). It serves as a test case
for validating the method.

The viscous approach was first investigated with
a very simple friction model. Constant viscous
parameters (11 =T, - 5) were assigned for the case

of a prolate spheroid (a/b = 4) at a = 30 deg. The
result is shown in Fig. 10. It indicates that
streamlines in the leeward side turn back to the
windward side and then encounter those directly from
the windside and, therefore, form a flow separation.
The trend is consistent with the previous case. The
line of separation is determined by the envelope of
merging streamlines. The level of agreement between
the present result and the experimental data is
comparable to that between the three-dimensional
boundary-layer solution and the experiment; see

Fig. 11. The results, in geaeral, depend on the
magnitude of the damping parameters used. Figure 1l
also reveals the effect of the friction model. A
slightly improved location of the line of separa-
tion can be found as a consequence of change of
values of empirical parameters.

Finally, the present viscous result is further
compared with recent experimental data provided by
Meier et al.5 Empirical constants for the friction
model were adjusted so that the theoret{cally
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determined separation pattern matches that of the
experimental one. This 1is depicted in Fig. 12 for
an a/b = 6 prolate spheroid at a = 30 deg. The
constants were found as follows:

a = 3.0 b, = 5.0

1 1

a, = 5.0 b, = -0.02

2
for Eqs. (36) and (37). The set represents one of
many possible combinations. In general, the param-
eter v is affected by the nature of the boundary
layer, the compressibility, the velocity profile
and possibly, the angle of attack. The first three
may be represented by the Reynolds number, the Mach
aumber, and the presgure gradient. A physically
oriented friction model is yet to be developed in
the future.

Concluding Remarks

A streamline approach for determining the free
vortex-layer-type, three-dimensional flow separa-
tion is developed. Both inviscid and viscous
approaches were considered. For the inviscid
method, the more realistic are the input surface
pressures, the more realistic are the streamline
and, therefore, the separation patterns. Experi-
mental or empirical pressure distributions or
theoretical pressures, obtained by means of viscous-
inviscid interactions, are considered to possess
such physical properties.

The viscous approach allows use of pure inviscid
pressures along with proper viscous damping. The
accuracy of the new, simple method depends on the
ability of modeling the friction force in the
boundary layer. An approximate model based on the
equality condition between the friction and inertia
forces works reasonably well for the case of a
prolate spheroid at incidence. The model needs to
be improved with more considerations from a boundary-
layer point of view.

Nevertheless, because of its simplicity and
small computation requirement, the present approach
may become a useful tool to facilitate computation
of viscous-inviscid interactions with flow separa-
tion in three dimensions and to predict the inter-
ference drag involving free vortices resulting from
flow separation.
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ANALYSIS OF SELF-EXCITED OSCILLATIONS IN FLUID FLOWS

* Ak

W. L. Hankey and J. S. Shang
Alx Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio

Abstract

A class of self-excited oscillations in fluid
flows has been analyzed., It was shown that the
source of the instability is a separated shear
layer with an inflection point in the velocity pro-
file. The larger the extent of separation, the
greater the amplification of the instability.
Separated flows possess a natural frequency for
which they are most likely excited and are stable
on either side of that frequency. Self-excitation
results when a feedback mechanism occurs within
the flow field and pressure waves travel upstream
through the subsonic separated flow to the origin
of the initial disturbance. All frequency modes
of oscillation can be predicted from a simple for-
mula attributed to Rossiter. Resonance occurs when
one of the feedback frequencies is near the natural
frequency of the shear layer.

Navier-Stokes solutions were obtained for open
cavity oscillations and spike tipped body buzz.
Encouraging agreement with experiment resulted that
reinforced understanding of the phenomenon. Inlet
buzz was also investigated and found to be caused
by a similar instability in a separated shear layer
for subcritical flow rates.

Nomenclature
L stagnation speed of sound
A saplifier transfer function
B fevdback loop transfer function
[ complex wave speed
<, propagation velocity
<y amplification factor
£ frequency
1 -1
k %f = dimensionless propagation velocity
L length
Ho =2 . Mach oumber based on stagnation
sound speed
P period
t time
u,v,w Cartesian velocity components
S A8 Cartesian coordinates
a wave nuaber
[} shear layer thickness
0 phase angle
v kinemstic viscosity
¢ fluctuatfon amplitude function
™ 2nf = angulsr frequeacy

Introduction

A self-excited oscillation is one in which the
force that sustains the motion is created by the
motion itself; when the motion ceases the alternat~-
ing force disappeatsl. (In a forced vibration, the
alternating force exists independently of the motion
and persists even when the motion is stopped.) Self-
excited oscillations are encountered in mechanical
and aero-mechanical systems as well as in other
fields. Some examples are nose wheel shimmy,
machine chatter, chalk screech, galloping transmis-
sion lines, Karman vortex trails, wing flutter
and inlet buzz.

Den Hartogl analyzes self-excited oscillations of
mechanical systems with particular attention given
to the damping term, Consider a spring-mass system
with viscous damping for which the motion may be
described as follows:

mx + ex + kx = 0

The solution to this equation for constaant coef-
ficients is
—ct

x= xoezm cos(ut + @)

The natural frequency of the system is
k cz by
w==1-72]

Given an initial disturbance, the motion will
grow or decay depending upon the sign of the damping
term (c). Negative damping (¢ < 0) is necessary to
produce a self-excited oscillation. For this linear
analysis, the disturbance will be amplified and grow
without bound. In nature, however, non-linear
effects occur and and both negative and positive
damping exist during portions of the oscillation so
that a "limit-cycle" can regsult. A balance is
reached between energy production and dissipation
#o that the net work is zero during one cycle. This
steady state periodic solution is the self-excited
oscillation that we observe in nature for a simple
mechanical system,

The analysis for fluid flows is analagous to the
mechanical system. For an incompressible two dimen-
sional flow, the governing equations are linearized
by assuming small perturbations of the following
form<:

v - oy Qlolx - ct)

This results in the Rayleigh equation (which is
a degenerate Orr-Sommerfeld equation appropriate for
large Reynolds numbers)

Ly e=0
U-c
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with boundary conditions as follows:
4(0) =0 ; ¢(=) =0

- t
U(y) is the mean velocity component in the x direc~
tion, and ¢ is complex.

; |

- +
c <, ic

Here cp is the propagation speed of the wave and
¢4 determines the degree of damping or amplifica-

tion depending upon its sign. !

For prescribed values of  this is an eigenvalue
problem in which c(a) can be obtained subject to
satisfying the boundary conditions. The resulting
solution takes on the following form:

. acit fla(x - crt) g
v' = de e
i

For positive values of ci a self-excited oscil-
lation occurs which is equivalent to a negative
damping case. Rayleigh3 first investigated this
type of flow and proved that velocity profiles
with inflection pocints are unstable. In order to
further explore this fact, a class of separated
flows was analyzed. The stability of Stewartson's
Lower Branch solutions of the Falkner-Skan equation
was investigated (Fig 1). The Rayleigh equation
was solved for several different values of the
pressure gradient parameter, £, for the entire
range of separated flows from incipient to a free
shear layer®. Figure 2 presents the values of
the amplification factor for the unstable fre-
quency range. (Note fy = a ¢,/2n8). For reference
purposes, these amplification factors are nearly
two orders of magnitude greater than the more
familiar Tollmien-Schlichting waves?. The propaga~-
tion speed (cy) for the_disturbances was generally
between 0.4 and 0.9 of U (Fig 3). Therefore, one
can deduce from these results that self-excited
oscillations do exist (positive ci) over a very
limited frequency range for similar separated lam-
inar boundary layers. By analogy, the frequency
for which maximum cj occurs can be viewed as the
natural frequency of the shear layer. This cor-
responds to the most probable Strouhal Number
11kely to occur for periodic disturbances and is
slways numerically less than unity. In Ref 5,
compressibility effects of a free shear layer were
investigated and the instability was found to
diminish as Mach number increased (Fig 4).

Although only one class of flows with inflection
points has been examined, one is tempted to .
generalize these findings for all separated flows.
One can speculate that (1) ¢ :parated flows become
more unstable in progressing from incipient to
fully separated; (2) separated flows possess a
relatively low natural frequency for which they are
most likely to be self-excited and are stable on
either side of that frequency; (3) the instability
diminishes as Mach number increases. Based upon
these hypotheses, one can embark upon an analysis
of self-excited flow problems. ‘
1
!

To investigate these flows in detail the
Reynolds averaged Navier-Stokes equations will be
required. Use of the Reynolds averaged Navier-
Stokes equation to numerically simulate unsteady
buffeting was demonstrated by Levy®. Steger and .
ll£1¢y7 used these same equations to simulate
atleron buzz. Chapman® showed that unsteady :
practical problems can be solved with the Reynolds

Eweraged eaﬁaiions provideh ‘that thé_§fgaaéncies of
interest are twe orders of magnitude below the mean
frequency of the turbulent eddies. This generally

'implies that the Strouhal Number (%E) be less than
unity. e

One of the first numerical examples of a self-
lexcited oscillation was the time-dependent computa-
tion of a stalled airfoil by Hodgeg. In Fig 5, a
series of eddies is observed on the upper side of
the airfoil where the flow experiences an adverse
‘pressure gradient. These eddies grow and are shed
in a regular periodic manner as shown in Fig 6.

The oumerical values of ¢y = 0.4 and ci = 0.07 for
this flow are within the range of values obtained
from linear theory (Figs 2 and 3). Note that the
Eflow is under a favorable pressure gradient on the
lower surface and of course no instability occurs.
}In Fig 7, the velocity vector field shows inflection
‘points only on the upper surface of the airfoil. It
is, therefore, concluded that numerical methods can
be used successfully to analyze self-excited oscil-
latioms.

Feedback Mechanism i

Separated flows were shown to possess a natural
frequency for which small disturbances are highly
amplified over a limited frequency range. For a
significant self-excited oscillation to persist, a
feedback mechanism is required in which signals in
the natural frequency range are returned to the
shear layer origin and then selectively reamplified.
The mechanism considered here is a pressure wave
(acoustical signal) which travels ypstream through
the subsonic separated shear layer. Three cases
will be discussed which are physically dissimilar
but generically related to the same physical pheno-
menon, i.e., a large separated unstable shear layer
with an acoustical feedback mechanism. These cases
are open cavity resonance, spike buzz and inlet
buzz. All of these examples contain a fluid
amplifier (separated flow) and a feedback mechanism
(upstream acoustical propagation).

A. Frequency of Disturbance

The frequency of a self-excited oscillation can
now be predicted based upon the previous statements.
A forward traveling pressure wave disturbance pro-
pagates at speed, cy, until it reaches a reflection
surface at lemgth L. After reflection, an acoust-
ical rearward traveling wave returns at sonic speed,
ag, through the subsonic separated shear layer (Fig
9). The cycle is then repeated. The period of this
disturbance can be deduced ecasily from the figure.

! L L
) P, == +—
1 ct .o

Since multiple waves are possible, the frequency
(and higher harmonics) may be determined as follows:
|

| -
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12

This is the modified Rossiterll‘ equation

{for o« = 0) in which
3

k= T s ®" mode mmber
e (integer)

M=
o

o |oc

It may be informative at this point to compare
8 fluid dynamic oscillator with an electromic
oscillatorl®, 1In an electronic circuit an
amplifier with a feedback loop will oscillate under
cextain conditions. This instability can be
readily determined by examining the transfer
functions. If A in Figure 10 is the transfer fumc-
tion (a complex number) of the amplifier and B is
the transfer function of the feedback loop then
the overall gain is as follows:

A
Gain = 1T - AB
The existence of a frequency for which the return
ratio, AB, equals unity is a sufficient condition

for an instability and is hence the criterion for
a sustained oscillation.

2 1(a, L - wt)

Pe 1 fa, L
A= doe T lieTme

Pe
and .

- ~dlwt

Pe ia, L

B-T—_"———' =g 2 H W =g, a

? ei( uzL - wt) 2 o

At resonance, AB = ei(ul + GZ)L =] = eiz

(m = integer)

This relationship produces two results from
equating the real and imaginary parts of this
equation.

(1) Real Part:
(a1 + uz)L = 2mm or
fm ___nuﬁ_..i.
L(Ho +k )
which is identical to Rossiter's equation

(2) Imaginary Part:

b ©1
(e—f)l + (:—2)2 =0
T o

This indicates that the net damping is zexo during
one cycle.

We therefore, conclude that a fluid dynamic
oscillator may exist when amplification occurs
(cg > 0) 1in the flowfield with a feedback wechan—
ism. However, sustained oscillations will result
only for very specific phase relationships. We
will later see that this is consistent with both
the experimental and numerical results.

In susmary, any oscillator possesses three main
features, i.e., an amplifier, a feedback loop and
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tuned operation with positive feedback at the cor-
rect phase.

B. Resonance

A self-excited oscillation occurs (analogous to
a resonant state for forces oscillations) when one
of the Rossiter frequencies (fp) exists near the
natural frequency of the shear layer (f,). These
signals will be selectively amplified while all
other frequencies will decay. The amplified signals
will continue to grow until a limit cycle is
achieved.

Several points concerning resonance should be
made. First, since the fundamental Rossiter fre-
quency must be less than the natural frequency
range of the shear layer for resonance to occur, it
is therefore possible to design a system to elimin-
ate resonance (Fig 10).

For example:

im > fu design requirement
L1 ac
e 5 r
Lat, + k-l) 2n8

or since minimum m = ]

L, 27
§ & __ (1 +kM)
max °

By decreasing the characteristic length of the
shear layer, this "length resonance mode" may be
eliminated.

Another point of interest is that the pre-
dominate frequency mode can jump from one value of
the fundamental to another integer value as flow
parameters are varied. The scientific community
has studied edgetones for some time and observed a
shift in frequency with Reynolds numberl3 (Fig 11).
This fact can be explained readily by examination
of the natural frequency for this case.

L (fu)opt. at maximum c, q
s, . Jopt. °r
LM + ) 2n8

or

m .!———k&“‘ v (gﬁé)
v

opt 278

The frequency mode will therefore increase with
Reynolds number (provided the remaining quantities
in the relationship are not changed significantly).
Since only discrete values are possible the
dominant frequency must jump with Reynoids number,
as shown 1in Fig 11, rather than vary continuously.
Three cases of self-excited oscillations will now
be discussed, i.e., cavity, spiked body, and inlet.

Open Cavity
Transonic flow over an open cavity has been ﬁ
investigated experimentally by many investigators o
3@




[and found to produce severe pressure oscillations
under certain conditionsli,12,1 14,15 The flow
obviously has an inflection point as shown in the
velocity vector plot (Fig 12) from a numerical com-
putationlﬁ. A linear stability analysis predicts a
patural frequency of this shear flow of

I
a tc l
£, =BT = 200 H: |

|

with Rossiter feedback frequencies of

'ne
£ = = 115m Hz

|

a — i
L(H° +k ) i

i

Fig 13 shows the amplification factor for this
flow. Also shown in Fig 13 is the experimental
spectral analysis®’ confirming the existence of
Rossiter frequency modes and the fact that only
the unstable range of frequencies are amplified.
A numerical solution of the Reynolds averaged
Navier-Stokes equations for the open cavity
produced a self-excited oscillation which qualita-
tively reproduced the intensity of the pressure
disturbance. The spectral distribution for this
case, shown in Fig 15, was also found to be in
agreement with linear stability theory.

|

Spiked_Body Buzz E

Spike-tipped bodies at supersonic speeds are
noted for producing violent buzz under a restricted
range of spike lengths®’. Fig 16 shows the experi-
mental pressure intensity for different spike
lengths at a Mach of 3. Also shown in Fig 17 is
the predicted Rossiter frequencies (fp) for the
first three modes compared with the experimental
frequenciesl8. .

The agreement observed indicates the validity of
the wave analysis of Rossiter. However, as
observed in Fig 16, these frequencies only occur
between 20 and 45 wm spike lengths. Oscillations
are not encountered at other lengths. As noted pre-
viously, resonance will not occur (even though

separstion exists) when fg > f, or EilJLJELEQ— <1

2ns -

This appears to be the situation for this case.

Fig 18 displays velocity profiles for spike
lengths for which numerical calculations were per-
formed in Ref 19. For the spike length of 13mm,
the shock wave is detached and subsonic flow com~
pletely envelops the spike. The numerical results .

show that E% = 1.5, thereby creating a condition

for which ﬂl_"’Tl"n_k_& < 1 or fg > fy; hence the !

shoxt spikes are stable. Alternativ.ly the numer-

ical calculations show that L. 9 for the 38mm :
opikel?, which creates a condition where fn < fg |
and results in resonance. Numerical computations
have not been performed for spike lengths greater
then 45 mm, however, as the spike length is further
iocressed, § increases and M becomes supersonic '
csusing & dramatic decrease in apay (see Fig 4).
Separation will not occur at the spike tip but only
over a restricted portion of the spike (L. <1Ll). N

i

All of these changes tend to increase fgn/f,. When
fy, suddenly exceeds f, (as shown in Fig 10) reson-
ance will cease causing a discontinuous cut-off

of pressure intensity as observed in Fig 16.
Although the separated region is still unstable,
only random tunnel turbulence will be amplified,
and no commensurable frequency modes will appe?r.
{The wind tunnel data supports this conclusionl

;  The numerical results for the spike length of
'38mm are shown inFigs 19-22. These results confirm
the hypothesis that large regions of separated flow
exist-during resonance (Fig 19) that a limit cycle
18 achieved in which the shock wave oscillates
between the weak and strong shock solution, the wave
form of the numerical results duplicate the experi-
‘mental measurements, (Fig 20), the frequencies are
commensurable (Fig 21) and that pressure waves are
propagated upstream at acoustical speed (Fig 22) to
cloge the feedback loop.

Inlet Buzz

Experimental evidence of instabilities
encountered in sugersonic inlets has been available
for many years? In spite of these observa-
tions, no reliable prediction method of inlet buzz
exists and no completely satisfactory explanation
of the phenowmenon is available.

i

A supersonic inlet operating at subcritical flow
‘conditions 1s believed to possess the two features
necessary for buzz, i.e. a large region of separated
flow and a downstream interface to reflect acous-
tical signals. When an inlet with a supersonic
diffuser is throttled back to subcritical flow con-
ditions a second throat occurs at the throttle.

The normal shock is expelled from the diffuser caus-
ing separation on the centerbody. If the boundary
layer never reattaches on the center body a flow
field similar to the open cavity results. Pressure
waves are reflected from the second throat and
returned to the shear layer origin. This separated
layer is known to be unstable and is the principal
cause of the oscillation. Standing waves will occur
in the duct with the natural frequency of the shear
layer. During buzz of an inlet the downstream end
appears to behave as a closed end (even though

small flow rates still exist% and produces an anti~-
node in the pressure wavel If the upstream

end behaves as an open end, antisymme:ric modes
will occur and all harmonics will be odd. If the
‘upstream end behaves as a closed end, only symmetric
modes will occur and all harmonics will be even.

1wo very significant results can be obtained fr m
a standing wave analysis<®, Firat, the measured
frequencies should be commensurable in which har-
momics occur at exact integer values of the funda-
ntal frequency. Secondly, antisymmetric (m = odd)
‘or symmetric (m = even) mode shapes occur in the
‘inlet duct if a standing wave exists. This analysis
cannot predict which mode to expect but restricts
‘the solution to a limited selection of eigenvalues.
One can also anticipate frequency modes to jump
discretely, in ® quantum fashion, as flow conditions
are changed by different throttle settings. 1
|
To examine the validity of the standing wave '

analysis, the frequency was predicted for six experi-

mental cases of buzz. Table I lists these cases
with the last column showing a correlation of the
3

L - . -
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measured frequency divided by the predicted funda-
mental frequency, i.e., m = 4Lf/a. These results
give a strong indication that buzz occurs primarily
in the antisymmetric mode (m = 1, odd). The error
in frequency for all cases 1s less than 20% which
is encouraging comsidering the simplicity of the
method. Buzz is believed to occur when one of the
frequency modes occurs near the natural frequency
of the shear layer. To confirm this hypothesis the
reduced frequency was estimated for the same cases
of buzz tabulated previously in Table 1. These
results, also presented in Table I, show buzz occurs
at a reduced frequency at the appropriate values of
natural frequency displayed in Fig 2 (0 < a < .2),
thereby reinforcing the hypothesis that massive
separation in the duct is the source of the
instability. This preliminary analysis is hoped

to be useful in conducting a Navier-Stokes computa-
tion of inlet buzz.

TABLE 1

IKLET FREQUENCY DATA

Data H L f  w=4Lf/a R a
fr Hz inch
Connors?? 1.87 8.0 29 1.03 4 .12
Trimpi?3 1.9 13.0 18  1.064 2 .04
Sterbentz?® 1.98 7.87 28 98 4 .12
3.17 120 82 8 .1
15.6 13 90 8 .11
Nagashima?® 2.0 2.2 110  1.07 .8 .09
Conclusions

Self-excited fluid flows have been analyzed.
Numerical solutions of the time dependent Navier-
Stokes equations have produced encouraging agree-
ment with experimental results. It was shown that
the source of the instability is a separated shear
layer vith an inflection point in the velocity preo-
file. Separated flows possess a natural frequency
at wvhich small disturbances are highly amplified
over & limited frequency range. A fluid dynamic
oscillator exists when positive feedback occurs
with the correct phase relationship.

These statements now appear obvious. However,
as a point of reflection, all previous papers on
buzz surveyed by the authors have started with the
wvrong equations. In all cases irrotational flow
wvas assumed (i.e., linearized potential or acoust-
ical wave equations) which completely eliminated
the Rayleigh instability. The investigators were
doomed to failure even before any calculations
were ever performed. The rotational equatione
sust be used which admit a maximum in vorticity,
i.e., the source of the instability. Only then
it 1s possible to obtain useful information; even
by linearizing, as long as the double-valued char-
acter of the vorticity is retained?’,

12,

14,

16.
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Forced Vortices Near a wa'H+

*¥k *
Hermann Viets*, Michael Piatt and Mont Ball >
Wright State University, Dayton, Ohio

Introduction

The existence of large scale, unsteady structures in flows which are
nominally steady has been noted by Roshko and others‘. These structures are
currently under intense investigation due to their relationship to the turbulence
structure and eventually to computational analysis, perhaps employing an eddy
viscosity. The coherent structures seem to have a strong effect on the transport
properties of flow systems, Their effect is yet amplified by the fact that they
survive and remain coherent for very large characteristic flow timesz.

0f course, large scale flow structures have often been employed to enhance
the momentum ‘transfer between varigus flow regions. The common vortex generators
found on aircraft wings produced streamwise vorticity in order to energize the
boundary layer and thereby avoid separation. Large scale streamwise vorticity
has also been employed to enhance the mixing of a jet with the surrounding
f1u1d3’4. Perhaps more effective but certainly more difficult to produce is
the generation of transverse vortices in the jet, lying parallel to the plane
of the jet exit. Such structures have been produced by acoustical bombardments,
mechanical 1nterference6 and fluidic switching7’8 and significantly improve the
mixing rates.

The purpose of the present investigation is to examine the generation of

transverse vortices near a wall and their effect on the overall flow. The

+ Supported in part by Grant No. 78-3525 from the Air Force Office of Scientific
Research, Monitored by George Catalano, A.F. Flight Dynamics Laboratory.

* Professor, Associate Fellow AIAA
** Graduate Student
w**Senjor Technician
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mechanical vortex generator is shown in Figure 1 and consists of a simple cam
shaped rotor. The flow is from left to right as shown and the rotor turns in
the counter-clockwise sense. Each time the rotor surface discontinuity is
exposed to the flow, a vortex is generated in a manner similar to the generation
of a starting vortex by a rapidly accelerated airfoil section. The vortex then
is swept downstream by the flow and causes the transfer of momentum in the

vicinity of the wall.

Potential Applications

The vortex generation device shown in Figure 1 has been tested in several
flow geometries related to potential applications of the technique. Three of
these geometries are shown in Figure 2 and described below.

Figure 2a shows the rotor mounted near the leading edae of an airfoil. The
vortices produced are swept over the airfoil and have been shown to eneraize
the boundary layer and thus delay separation until a higher anale of attackg.
The positioning of the rotor in this geometry actually arose from studying the
vortex structure above an airfoil oscillating sinusoidally about a mean angle of
attack. Application to aircraft could potentially allow landina at higher
angles of attack and hence Tower airspeeds.

The flow over the rearward facing ramp, shown in Figure 2b, is also energized

by a rotor located just upstream of the start of the ramp. The use of the unsteady

vortex generator makes it possible to increase the ramp anale beyond the value

at which separation normally occurs]o.

Potential apolication of such a device
might reduce vehicle wake size to reduce drag or allow the operation of wider
angle diffusers.

In both the airfoil and ramp applications, the advantage of the rotor
technique is primarily the improvement of the time averaaed flow, even thouah

the flow must be unsteady to produce this benefit. In the case of the rearward
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facing step (Fiqure 2c), the primary benefit is the actual time dependency

produced by the rotor. The objective is to increase the interaction between
the recirculation region behind the step and the remainder of the flowfield.
The rotor causes the recirculation region length to pulsate and has potential

application to the improvement of dump combustors]].

Flow Visualization Results

The rotor shape shown in Figure 1 was originally a simple spiral in which
the rotor surface gradually transitioned from a smaller radius to a larger one
and then abruptly returned to the smaller radius. Then the step from the larger
to smaller radius was undercut in order to produce a cusp at the rotor tip and
thus improve the vortex generation process.

The flow structure produced by the spinning cam shaped rotor may be clearly
seen by employing smoke flow visualization. The smoke is generated by dripping
kerosine on an inclined resistance heater. The vaporized kerosine is released
through tubes located at the tunnel inlet and entrained into the test section.
The following photographs are obtained by the use of a strobe light so they in-
dicate the instantaneous position of the smoke lines. Since the flow is unsteady,
these Tines are not streamlines but rather streaklines. Their interpretation is
less straightforeward since their position represents the integrated effect of
everything upstream. However, in this case the interpretation is considerably
simplified by the fact that the flow can be observed dynamically. This is
achieved by allowing a small frequency difference between the rotor and the
strobe light,which effectively produces a slow motion version of the flowfield.
The significance attributed to the following fiqures is quided by this dvnamic
view of the-flow.

The tunnel itself is an open circuit Tow velocity, low turbulence tunnel

with a dozen inlet screens to break up the large scale motions in the entrained

45

K ——<gpr—




air. The velocity in the test section is uniform within 4% without the rotor
activated. The boundary layer thickness is less than .64 cm. (.25 inch). The
velocity at the rotor position is 11.6 m/sec (38.1 ft/sec) and the rotor extends
a distance of 2.54 cm (1 inch) into the flow in its fully extended position as
shown in Figure 1. The resulting Reynolds Number is 1.98 x 104, based on the
rotor size and free stream velocity. Of course, the Reynolds Number will change
with relative velocity between the rotor tin and the freestream.

Six rotor speeds were examined by the flow visualization technique in order
to examine the effect of generation frequency and vortex strength. The signifi-
cant parameters are listed in Table 1.

Typical of the desired vortex generation is the result shown in Figure 3
for a rotor speed of 3000 rpm. The strobe lighted photoaraphs have been arranged
in the order of their occurrence, from top to bottom. As the rotor tip sweens
from right to left, the first hint of the vortex produced is seen in the lowest
smoke line which begins to curl up in Figure 3a. By Fiqure 3b the rotor tip
has disappeared and the vortex is evident, slightly farther downstream. The
streaklines still appear to be relatively laminar but in Fiaure 3c the vortex
flow appears to be turbulent with a smaller scale structure visible. Ry Fiaure
3d the size of the vortex structure has grown considerably and it has translated
downstream as well as rising, higher above the surface of the plate. Its
position yet farther downstream is shown in Fiqures 3a, b and c where its con-
tinued growth and interaction with the outer streaklines is evident. In summary,
the vortex is produced by the rotor shape, grows and transitions to a turbulent
state and is convected downstream. Its energization of the boundary layer flow
can be inferred from the results cited in the precedina sections.

The tip of the rotor is moving in the upstream direction in the previous
case and a strong vortex is apparent. Turning the rotor in the opposite direction

at the same speed (i.e. - 3000 rpm) generates vorticies at the same freauency
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T,

and rotating in the same sense. This indicates that the relative velocity
between the rotor and freestream is still in the same sense. For this case
the relative velocity in Table 1 is in the opposite sense, indicating that
the Tocal streamwise velocity is slightly increased by the presence of the
rotor. In general, for rotation in the clotkwise direction the strenath of
the vortex is greatly reduced by the lowered relative velocity. Such a case
is shown in Figure 4 for various rotor positions. The vortex is clearly
formed, stays near the wall and eventually bursts into turbulence. The inter-
action with the stream is minor due to the weakness of the vortex.

Decreasing the rotor speed to +2000 rpm in Figure 5, produces a somewhat
weaker vortex than the +3000 rpm case of Fiqure 3. The rolling up of the flow
is very pronounced but the disturbance is not as strong. Turning the rotor in
the clockwise sense so that the tip moves in the same direction as the free
stream velocity, results in a stronger vortex in this case (Figure 6, w = -2000
rpm) than that produced in Figure 4 (w = -3000 rpm). This is simply due to the
fact that the relative velocity is increased between the rotor and the freestream.

Further results, Figures 7 and 8, compare the case of rotation at + 1000 rom.
Again, the frequency of vortex generation is the same with rotation in either
sense, but for this speed the vorticies are rather weak in either case. Neither
disturbance is very large and the curling up of the streakline is not very
evident. The magnitude of the disturbance appears to be roughly the same in
either case.

Thus the flow visualization results clearly show the existence of a vortex
structure downstream of the spinning rotor. The frequency of generation depends
upon the rotational frequency since each rotation produces one vortex. The
strength of the vortex depends upon the relative velocity between the motion of

the cusp tip and the free stream velocity.
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Quantitative Results

The flow geometry described above is examined quantitatively by employing
a hot wire anemometer. A Flow Corporation (Now Datametrics) Model 900 constant
temperature anemometer is employed in conjunction with a pair of Thermo
Systems Inc. linearizers. Since the instantaneous velocity field is required
to study the vortices and their effect, the hot wire signal must be conditioned
so that the only velocity recorded is at a predetermined phase angle of the
rotor's motion. The technique is to mount a magnetic pickup on the shaft of
the rotor, so that the position of the rotor is known. As shown schematically
in Figure 9, the triggering signal from the maanetic pickup is electronically
manipulated and used to arm a Schmitt trigger which in turn controls a sample
and hold circuit. The hot wire continuously samples the flow velocity, but the
signals are only recorded when the rotor is in a particular orientation. Thus,
all data recorded with the sampling electronics at a given setting apply to the
same position of the rotor and the data is instantaneous (as long as the cycles
are sufficiently repeatable).

Combining the streamwise, u, and transverse, v, velocities, the entire
flowfield can be depicted by plotting the magnitude of the total velocity and its
orientation as the length and angle of vector arrows in a field. Such a field is
shown in Figure 10, where the rotor is in the 6 = 0° (i.e. the maximum extension)
position. The velocity vectors shown are the instantaneous values at that
particular phase position of the rotor.

Examining Figure 10, there is no evidence of the existence of a vortex in
the flowfield. However, in order to see the coherent motion of a portion of
matter, the observer should be in a frame of reference moving with its center of

masslz.

In the field of Figure 10, this can be accomplished by simply subtracting
the velocity of the center of the particular vortex. Of course, the location of

the vortex center is unknown, so the process involves some trial and error.
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However, the flow structure which leads to a vortex can be isolated. It con-
sists of a curved instantaneous streamline in the vicinity of which the magnitudes
of the velocity vectors simultaneously increase with distance from the center of
curvature of the streamline.

By the above method the approximate location of the vortex center may be
tocated. In Figure 10a, for example, the instantaneous streamlines are highly
curved and appear to satisfy the necessary form at a streamwise location X =7.5.
Choosing an intermediate streamwise velocity from this profile and subtracting
it from all the velocities in the field reveals the structure of the vortex,
Figure 10b. Its center is located at approximately X=17.5, Y = 3.5. No other
vortex is apparent.

One third of a cycle later, the rotor is instantaneously positioned at an
angle 8 = 120° as shown in Figure 1la. At this time, the vortex located at
X = 7.5 for 8 = 0° must be located farther downstream. The anticipated structure
is found and the transformed structure (obtained by subtracting a velocity
11.8 m/sec) is shown in Figure 11b, clearly illustrating a vortex centered at
X 2105, Y = 4,75,

Searching the field of Figure 1la, it appears that another vortex may be
present very close to the rotor position itself. The velocity profiles are taken
as continuous profiles, so additional detail is shown in Figure 11c. Identifying
the typical structure and subtracting a velocity of 130.0 m/sec results in
Fiqure 11d where the vortex is evident at a location X 2 1.5, Y = 1.25. That

this vortex was not observed in the & = 0° case indicates that it was not yet
large enough to be identified.

One third of a cycle later, the rotor is in the 8 = 240° position. The
flowfield corresponding to this time i1s shown in Figure 12a. Searching for the

typical structure described above, it is apparent that two vortex structures are
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present. Subtracting streamline velocities of 13.0 m/sec and 11.0 m/sec reveals
vortices at locations ; = 4,5, ; = 2.0 and ; =13, ; = 5,75 as shown in 1
Figures 12b and 12c respectively.

Of course the various vortex structures illustrated abovg are really the
same vortex observed at different times as it is swept downstream. The various !
positions and phase angles are plotted in Figure 13 and show the trajectory of
the vortex to be an almost 1inear rise after its structure is established. Based
on the trajectory, the translational velocity of the vortex is approximately
constant and equal to the undisturbed freestream velocity, 11.6 m/§ec (38.1 ft/sec).
The average translational velocity, based on the positions and phase angle shown,
is 10.7 m/sec.

The trajectory of the vortex, as shown in Figure 13, also explains why the !
vortex generator is so effective even 1f it is submerged within a boundary layer
as in Reference 10. The vortex is created with a very small core which grows
rapidly and it rises out of the boundary layer. Thus the scale of its influence
becomes larger as it moves downstream and it moves into a better position from
which to energize the boundary layer.

The influence of the vortex on the streamwise velocity is shown in Figure 14,
The streamwise velocity profiles are plotted along with the position of the
instantaneous vortex. The vortex clearly produces an overshoot in the velocity
profile; that is, a velocity higher than anywhere else in the field. This over-
shoot must be the result of the vortex since the rotor {s turning in the wrong
direction to generate such a streamwise increase. In addition, the vortex flow
produces a flow to the wall which energizes the boundary layer.

13

Analytically, Theisen ~ has examined the character of boundary layers and q

wakes with discrete vortex structures. In agreement with experimental observations,

50




he derived a separation criterion which is related to the flow intermittency
and burst frequencies. Such a method could be especially useful in the optimization
of a vortex generator from the point of view of frequency, once the optimum

shape has been found. Walker and Abbot:'c]4

have analyzed the case of a vortex
moving near a wall. Unfortunately, their vortex rotates in the opposite sense.
Nevertheless, the implications of some of their results parallel those above.

The identification of the vortex structures in the present case is rather
straight-forward since the forced time dependent flow is so strong. If the
unsteadiness is weaker compared to the mean flow, the structure may be more
difficult to distinquish. A method to handle this situation has been developed
by Bethke and Viets'l5 employing a discrete Fourier Transform., The locations
of the individual vortices may then be deduced from the angles produced in the
transformed plane.

Another interesting aspect of the velocity profiles of Figure 14 is the
apparent potential for viscous drag reduction. The existence of the vortex
in the field lowers the velocity near the wall below that which would normally
exist. In this way the velocity gradient at the wall is reduced, as is the
instantaneous viscous drag. The effect of this reduction on the mean viscous
drag 1s currently being investigated. The entire situation is reminiscent
of the use of a vortex sheet to produce the required boundary condition in
potential flow.

Conclusions
The results presented above show the generation and subsequent dynamics of

the unsteady vortices produced by a mechanical rotor operating near a wall.
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The very large scale vorticity and structure shown here has two main applications.
One is to explain the success achieved with vortex generators in various appli-
cations. The second is to use these readily identifiable structures in order to
test methods of determining large scale vortex structures in nominally "steady"
boundary Tayers. Success in identifying the large scale steady structures would
then allow the modeling of a real steady turbulent boundary layer with both its

large scale structure and small scale viscous structure.
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Table 1

Re(x10%)
Figure H
No. RPM Vre](m/sec) vm/vw o r§1
4 3000 23.60 2.03 4.02
5 -3000 -.42 -.03 .015
6 2000 19.61 1.69 3.35
7 -2000 3.64 .31 .61
8 1000 15.61 1.34 2.65
9 -1000 7.63 .66 1.31

55




*403P43USD X3JJUO0A Byl 40 DLIeWwaYIS

m

\\\\\\\N

*L 94nbl4




R g )
o IR < r:;;.-%‘

Ry %4
L} | ST TR,
}‘é}%\!ﬂ 3

S oF
e a.r&-'-‘:

Figure 2. Potential applications of unsteady flows.

57

- - PR WA et e




0,

7

7

W = + 3000 rpm

Fiaure 3. Flow visualization of vortex structure produced by the vortex
' aenerator with . = 3000 rpm,

P




2

7 7

, E—

1 ;
T 777

_/

W = — 3000 rpm

Fioure 4. Flow visualization of vortex stracture neodie ot by the o0
aenerator with =30N0 rom,




D___________,

>

0
0

E—

D

\_A
W = 4+ 2000 rpm

60




" w=-— 2ooo rom

Figure 6. Flow visualizatio of vortex structure produced by the
generator with u 2000 rpm,

6l




7

7

W = + 1000 rpm

Rz T e N




7

77 77

>

>
-

I 7
= — 1000 rpm

figqure 3. Flow visualization of vortex structure produced by the vortex
nenerator with w - -1000 rpm,

63




Hot Wire
Band
F" Ampthfier ne Zero crossing
pass hiter detector
J Y
777; 7777777 Vanable
phase shifter
L
[ '
Suppression
. . filte
Magnetic Pickup er
_ |
Bndge Bridige Amputier
\ Y
Schmutt
Ampiiher Amplitics
tgaer
_
[ ]
Suppression Suppressii
hiter filte s Oifferentiator
Lineanzer [T
" " Loae Inpt
Sum & itterenos
uy ] v
N . ,
D Bl
Amphtier At : 1 Somple X Hold
Lo et ;o
CiAverage) X
S mrmemeeeeees § X (Instantaneous)
Potentiometea for
— — X-Y Plotter
probe posithion .

Figure 9. Schematic of conditioned sampling apparatus.
64




wdi

008£=m
vlo¢l 2l |

| O 6 8 /J 9 G t ¢ 2 | |loFA
lg- s0=6




o7

W=3800rpm

7 X

I0 ©6=0°

' ’ ‘ A 1 7 < =

\ - - .

T T T T A

b4 77 0

MHT\MHHH

ﬁ*f*\\\\"*JlL

LS T T N N

66

9

7 8

6

Fiqure 10b. Identifica






120°

N\
11
W)
; 1 4 - A . X a - o / 1 f a4 E
‘ / / A o A e w w - T~ x ¥ m
S

12

of a vartex structure in a reference frame

‘////_.‘\\\\\“

(4 /1 7.

/1

TR T S A 2 B W

-~
2 4l
10

'ff"//////i\ £
}N\\"’fo///"\mé j

R

N

Y NN

" Figure 11b. Identification

7 8

i




~ ~ -~ haa

~ ~ N S —~——

- ~ ~— N T — ———
-~ N— e 8 e

g ‘(“.’l‘lllll‘lllll*\ll;l\.\.\.\

l.\l‘.l..l‘lul‘\ll.ltll.llllllln -




JU PLIL4MOLJ BYT UL BuNIONUIS XIJUCA € JO UOLIBDLILIUSP]

0¢ G2 Oc &1 Ol

*21| 34nbiL4

OON\um

s
R
ha N N
4 N -
Ny
~ P >\\
~ -— \
- \ ,
- . .
- ” V4
- ' ’
- - ’

"PLL danbL4

G O

ALY

70







072 = A Gy = X 3@ BZ| QuUnbL4
40 PLIL4MOLY BYT UL 3uNIINUFS XI3JA0A P JO UOLIEILSLIUSP] QgL 34nbi4

oO.VNn@
lZ 9 G ¢t ¢ <

\\‘l'/’/'
e

I N
N

o 7
NP
;T
Y
= -y

72




}

)

el

RV AN
NN

\‘/////////

\

\

A
A A N A

73

e

.

12 13 14
6=240°

Figure 12c. Identification of a

10

9

in the flowfield of

structure

vortex
= 13.0, y = 5.75.

Figure 12a at x




- >

‘WeIUISUMOP SBAOW JL S UBJUID XJJA0A 3Y3 4O Au03dafed) g| aunbi4

X v 2 o0 8 9 v 2 0
—_—r 1

L N Y L
021=6
. oo, 00f 2
02 om% PHuOEl v
ovz=0 o7 FPHuSII A
® 295,811 - 9

288/, Ol




RN

"SALL404q A3LD0|3N BSLMURAUIS BY3 UO XDJUOA Y3 40 ddUBN|JU] “p| B4nbyy

X 8 L 9 ¢ t ¢ z

W77777777777777777777772077% \\\\\\\i\\\\\\\\\\\\\k\\\\\\\\\\\\%\\\\\\\\EEEE&\\; w
\\ \ 0bZ =6
® 'O (0 r@ |
d
J

75

fe

f__
t
-
te
~- S
-l 15
o-
.
oL
al

-




THREEDIMENSIONAL MEASUREMENTS NZAR
THE STERN OF A DOUBLE MODEL OF A SHIP
J.Kux and K. Wieghardt
Institut fir Schiffbau

der Universitédt Hamburg+)

1. Introduction

To supplement previous wind tunnel tests on the double
model of a full ship the mean velocity field of the stern
flow including the wake is investigated now with a five
hole tube in several planes x = const (x in length direc-
tion) at a 3 by 3 mm grid in y-direction (sidewards) and
z-direction (upwards). Whereas even a threedimensional
boundary layer test is just a peep along an oblique ray
into the jungle, the aim now is a general survey of the
details of the mean flow. We know that vorticity is pro-
duced along the parallel midship with the vector © = rot';
directed girthwise around the main section and perpen-
dicular to the main velocity or x-direction. Yet, lateron
in the wake we usually find what looks like a stronglon-
gitudinal vortex pair, even when the bilge is well rounded
off (as with our model) so that no bilge vortices are
formed by separation there. Hence, the old question is:
how are the vorticity lines bent and bundled?

2. Experimental apparatus

The double model of a full ship (length 2.74 m, breadth
0.404 m. depth 0.148 m) is suspended in the windtunnel with
a slotted wall test section (diameter 1.2 m); speed is
around 27 m/s giving a Reynolds number of 5'106. Sections
in the stern region are shown in Fig.1.

¥ Support by Bundesministerium der Verteidigung and
Deutsche Forschungsgemeinschaft is gratefully acknowledged.
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A five hole tube (diameter 2.6 to 3 mm) is held always
in x-direction; only tests with a positive pressure in the
front hole are evaluated,- hence the blank regions near the
body in Fig.2 to 5. Comparison with LDV-measurements had
shown the reliability of this five hole tube as long as
turbulent fluctuations are not excessive. From calibration
the dimensionless ve1001tles u,v,w = U1 2, 3/U are found
and the static pressure p/?U . By graphlcal resp.linear
numerical differentiation in x- resp. y and z-direction
all nine gradients of the mean velocities can be determined
and the vorticity components ®,= wy - Vg, aa= u, - w, and
Wy= vy - Uy (1/m]

Unfortunately, continuity eguation is not everywhere
fulfilled correctly. Besides to numerical errors and tur-
bulent fluctuations this might be due to the fact that any
finite tube will somewhat straighten the flow in its neigh-
bourhood. Hence, LDV-tests would be preferable but also
more expensive, of course.

3. Preliminary results

Examples of the secondary, upwards and inwards flow
in a transverse plane are plotted in Figs.2 to 7. 6bviously,
they suggest the existence of a longitudinal vorticity com-
ponent &, at .:ast near and after the stern; lines ofag:eonst
are shown in Figs.8 to 11 ,together with isotachs u = 0.5,
0.7 and o0.9. )At the end of the parallel midship, at x = -853
mm measured from the stern post, the highest values of W,
are near the bilge, yet, they are still smaller than 5/m.
Near the stern and in the wake, at -157< x€ 200 mm, the
maximum value of 4, is about the same in all sectionsa little
over 20/m.

Near the "waterline" there is negative vorticity as well,

#)The line u = 0.9 is distorted by the wake of a span wire
below the keel.
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though only of the order of -5/m. This might be due to a
draw_back of the double model technique where a more or
less sharp edge on the waterline is unavoidable. Whenever
the main flow has a turbulent fluctuation downwards there
will be some separation on this edge and a vortex spiral
with negative rotation (clockwise as seen from behind) is
build up. Since we measure only time averages we find the
upper part of the test section contaminated with such neg-
ative vorticity, and the secondary flow pushes this flow
material towards the model hull.

In the wake a strange interaction between the measured
starboard vorticity region and the opposite backboard region
at x = 1oo mm is to be seen in Figs.6 and 11b., At x = 200 mm
the flow at the lower end of the vorticity region has become
asymmetric in Fig.7. Since the testing time for a complete
section with about 1000 points was about one week,it is, in
any case, amazing how regular and repeatable this weak sec-
ondary mean flow turns out to be.

Of the other two components of vorticity we can give
a few examples only because differentiation in x-direction
is not yet computerized. Figs.12 a and b show that even in
the wake (at x = 100 mm) longitudinal rotation W, is not the
main component. Outside the core of the vorticity region

the angle between velocity and vorticity is usually about
80°. This is also to be seen from Table I where the three
& -components are calculated at the point z = 0, y = 42 mm
(marked in Fig.1) for four sections at x = -63, -53, =38
and -19 mm. At greater distances from the body (i.e.for in-
creasing x) the angle Y 7, @ approaches 90° and the two
acceleration terms in 2 = grad 'v'2/2 - ?xZ) almost cancel
each other to give - with the small pressure gradient -
small Reynolds stresses. Hence, the vorticity lines there
are spirals with low pitch.
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4. Comparison with tests in water

At Hamburg Towing Tank, HS5VA, J.Laudan has made LDV-
measurements of the nominal wake just in front of the pro-
peller plane of a towed model (length 7.846 m, Cy = 0.7544,
Re = 12.4‘106) without propeller. Evaluation of these tests
gives Fig.1% for the axial vorticity w, . Unfortunztely,
since for these tests the propeller was taken off together

with its boss, there is now a strong separation region witn

positive aﬁ(anticlockwise) which should not be here at the
port side. Hence, this is certainly not typical. On the
model in the wind tunnel a cone (120°) simulates the stern
post tail.

A first rough guess for the order of magnitude of mean
vorticity (&Jgs) produced in the boundary layer would be

Uogé with & = boundary layer thickness. Along a plate 6 is —

after tests by K.G.#Winter and L.Gaudet up to Re = 2-108—

(RAE Techn Rep. 70251, 1970):

-0.1

d = 0.085 L Re + 3 % for 1o6é Reémg.

This would give for [w /|~ I/§

wind tunnel towing tank ship
(mcdel scale 1:26)
L=2,74m 7.846 m 204 m
U _ =27 m/s 1.82 m/s 9,28 m/
© -6 2 -6 2 -6
y = 15+10 m-/s 1.15°10 m</s 1.1510
Re = 5'106 12.4-106 1.65*10
+)

By chance, these figures-correspond not only to the order
of magnitude but rather directly to the experimental findin
for the maximum of ayin alr and in water. Hence, at least
for the extrapolation model to ship this simple rule should
be good enough.

+) for 1/
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5. Conclusions

The original aim to retrace vorticity lines to their
origin on the model and to find separation regions has not
been reached because the axially directed five hole tube
does not give reliable data near the body. These blank
regions should be investigated rather by hot wires.

Further computation of all three vorticity components
in the whole field - except near to the wall - will give
a more realistic view of the main flow there.

Last not least, all test data are available, of course,
to check calculation methods.
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Fig.6 The secondary flow in the plane x = 100
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X=z-157 mm !

Fig.8 Lines of constant axial velocity u = U1/Um
and axial vorticity », at x = =157
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Fig 9

Lines of constant axial velocity u=U; /U and axial

vorticity uy at section x=-53.
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Pig.10 Lines of constant axial velocity u = U1/Uw
and axial vorticity » at x = -19
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Fig.11 & Lines of constant axial velocity u = U,/U_
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Fig.11 ® Lines of constant axial vorticity
at x = 100
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Pieg.12 a 111 three vorticity components

at x = 100, 2z = “7T.,% and 2 = =1,5
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Axial vorticity & jgsvt”before the \‘\
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. “—1{" e 1 -
- 2 - rd "T;XZJ’
_‘I; = U/U 7““-3 V/L w X 8 a Dm? ?/QUZ. ‘_‘TEL
‘ o0 o Ig::§VAJ
X ] . o 1 > E&A
| |yl | @ B3l 5T
] 4 (=1 | [Um] |[Wed D] D] | ] 4%,
0.719|  2.59 5.0 | 3.88| ~1.29] 0.34 . 1.052
_|q | —0.067| 15.18 j-fo.5 | 15.80 | -0.62] 0.3 87.7°
0.240, ~T7.00 |=20.3 | -7.22 0.22 0.6 19.1°
77.1° |
0.761| 16.92 | 23.4 ' 17.80 1.45 | |
| I AR p— = i
0.609| 4.32 | 11.5 | 6.06 | -1.74] o.41 | 1.026
 _ag -0.068| 20.12 | -17.4 | 20.62 | -0.50| -0.3 | 85.2°
{ 0.2354| -10.13 |-29.5 | -9.82 | -o0.48] ~O 21.8°
[e]
| | 0.656| 23.01 . 36.1 | 23.6 | 1.87 - T4
i 0.501| 4.13 | 18.4 | 5.92| -1.79] 0.76  1.015
| _g3 | -°-079] 18.37 | -18.3 | 18.47 | -o.fo| ~O - T7.70
B | 0.195| -8.34 |-29.7 | -7.71 | -0.63] =-0.65 | 22.8°
(o]
0.543] 20.59 39.4 | 20.9 ‘ 1.90 62.2
| 0o.410| 3.60 | 25.5 | 5.73 | -2.13] 1.0 0.929
| 3 | ~oe1to 16.87 |-21.6 | 15.23 \ 1.64] ~o0 61.7° )
0.113| <7.31 |-30.1 | =6.07 | -1.24| =-0.9 21.0°
55.5°
0.439| 18.73 | 45.0 | 17.4 l 2.96
} —_ S R [V ,-AL,.,, —
Table I

At 2 = 0, y = 42 mm and -63¢ x€ ~-19 mm (cf.Fig.1):
mean velocity ¥ = -I?/Um , vorticity = rot ¥ , mean
acceleration ;, pressure gradient and the angles
between velocity, vorticity and axial direction x.
(N.B.The vorticity measure \3x3V|%nB’S‘rZ_\ seems to
increase with wall distance.)
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Survey on Integral Methods for Turbulent Boundary Layers with Prehistory

Phenomena
by Alfred WALZ
Technical Universities of Berlin and Karlsruhe

1. Introduction

In the Wake Region of Turbulent Eoundary Layers large scale eddies are
convecting their turbulent energy downstream with a small rate of dissi-
pation and, consequently, with a long life-time. In the "Law-of-tre-Wall-
Region", however, the prevailing very small eddies are dissipating their
energy within very short time, i.e. about locally. Both layers are con-
tinuously interacting with regard tc mass, momentum, and energy. For a
given steady-state streamwise pressure distribution p(x) in many cases
an equilibrium situation between these two layers is approached after a
certain fiow length. Sudden and/or strong streamwise changes of p(x) may
generate a so-called "Prehistory Effect" in such a manner that the wake
turbulent energy will be dissipated with a remarkable time delay far
downstream of the location x where it was generated. The process of
streamwise decay of such a prehistory situation may be observed and des-
cribed by the streamwise variation of the thicknesses &1y (Law-of-Wail)
and 8711 (Wake) and the correlated dissipation integral fractions. With
81 as the laminar sublayer thickness the total boundary thickness is

8 =81 + 811 + 8111

Hence, the ratios 8§1/8, 6y1/6, &117/6 Or - by physical reasons - the related
displacement thickness ratios 511/6, 6111/6, 61111/6 shculd be used {at
Teast implicitly) as piiysical parameters for a "Three Layer Hypotheticai
Velocity Profile" representing a universal turbulent boundary layer in-
cluding the laminar suilayer. An analytic representation of such a uni-
versal velocity profile with 3 or 4 rather well known universal constants
was proposed by WALZ [1] with use of integral conditions for momentum,
mechanical and thermal energy. NEUBERT-WALZ [2][3] justified the effective-
ness and practical feasability of the above prediction procedure.
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Surprisingly good agreement with experimental findings in cases with
strong prehistory effects have been found for two-dimensional cases but
including compressibility effects up to M = 7.

From these results we may conclude that the use of the integral conditions
for mechanical and thermal energy is an inevitable pre-condition for
having the physical key to account for the detailed dissipation phenomena
through all of the 3 velocity Profile layers.

This successful check in the 2D-case encourages to make a further step
into the 3D-case. The well known MAGER-JOHNSTON-principles for coupling
main and cross flow characteristics will be applied in a generalized
form as proposed by GEROPP [4] and prepared by WALZ [5] recently in com-
bination with the "Three-Layer-Concept" for turbulent Boundary Layers.

There are good reasons for getting in this way an accurate and economic
prediction method for actual 3D-turbulent and compressible boundary
layer problems.

2. Physical Considerations on a hypothetical Three-Layer-Velocity Profile

By reasons of physical transparency letus, as a first step, consider the
Three-Layer-Profile shown in Fig. 1 without interaction between the 3
layers, hence, for the one dimension y ("Schichtenstromung").

I. Laminar Sublayer

With up = /iu/oy and cf = 21y/osul we have

uI(y) _ OuLY -

(1)

Ug Hw

as linear course of uj with y within 0 <y < §; (0 < n* < 15). For
the thickness &1 yields approximately

(2) 6p = 15 /Yo, Ty -
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For being able to make use, later or, of the "Wall-Condition" (which in-
volves the two variables x and y, hence, two dimensions)

) [g_;]wo i B‘y [“ %ﬂpo - B - - opus %‘xﬁ ;

the statement (1) must be generalized by adding a square term. Thus, we
write, accomplishing (1),

u(x,y) du./dx p
I - .8 5§ &
(4)s(5) T = n* + kn*2 , k(X) = “5 E 2Cfﬂ§ .

This generalization will also be important for predictions at high Re-
Number and/or strong heating of the wall. In both cases the laminar sub-
layer may become remarkably thick.

II. Turbulent Wall-Law-Region

PRANDTL's logarithmic law, valid for 7ty = 1, = const, and for
8] <y < 811, Js adopted:

urp(y)

(6) =b lnn*+c with b=25, ¢=5.1.

T

For establishing an analytic statement for the whole boundary layer
(0 <y < &) without the singularity u > -» for y - 0 we modify (6)
by writing

urp(y)
Uy

(7

=b In(n*+1) + ¢ for n* > 15

which involves small deviations from (6) but which remain within the few
percent permissible limits of empirical errors. We note that ujj, as
well as uryp in the next paragraph, are time-averaged values.
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111. Wake-Region

Here we adopt HINZE's simplified cos-interpolation of COLE's empirical
Wake-Law:

Ureq(y)
(8) —I—L—Ig—=%(1-cosm); n =% » Sy 8y <y <s
with
(9) 8111 = 6 - (61+6]1) .

3. Analytical matching of the three Layers I, II, IIl for a presentation

of the velocity profile in the two dimensions x, y

This matching is realizcd first of all by fulfilling physically important
boundary conditions at the wall (y=0) and at the outer edge of the boun-
dary layer (y=&) automatically:

y=0: wu=0, T = 1(x) = {u au)y=0

(10) 3y
TS(f 0)

<
n
On
<
]
[ =
[e2]
—
*x
~
-
A
[}

We make the statement

(11) uu_(;(ﬁz)l = /ee/2 [fr+ il + fin

The functions fy, fi7, fyy; are mainly related to the specific velocity
contributions of the 3 Layers respectively, but also fulfil the require-
ments of the boundary conditions (10).

In complete details we write

(12) frix,y) = e [(1-ac-b)n* + kn*2 - (]
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(13) fII(x,y) =b In(n*+1) + ¢
(14) Frip(x,y) = 5 (1 = cos m) {1 = /G7Z[b Tn(nt+ 1) + ¢}

The "Buffer Layer Constant" a = 0.3 1in the damping factor e'a”* for the
laminar sublayer is derived from Fig. 2 (REICHARDT's experiments, Fig. 2).
The function k(x) is defined by (5) and the universal constants b and ¢
are taken from (6). The automatic accomplishment of the boundary con-
ditions (10) can easily be verified.

4. The Shear-Stress distribution in the 3 Layer Concept

There exists a unique correlation between the shear-stress and the laminar
sublayer [:

_ ., ou
(15) 17(6y) = w3y

r
with y = u\T(x,y) as molecular viscosity .

By accepting PRANDTL's logarithmic wall-law velocity distribution (6) or
eq. (7) the assumption

(16) T[] = 7] = Tw = const

must be made by reasons of physical coherence. More (realistic) com-
plexity, however, may be involved in the course of 1y and Ty if the wall
condition (3), in connection with eq. (4), should be satisfied. In this
more general case the pressure gradient dp/dx (or the corresponding outer
edge velocity gradient dug/dx) is involved in the statement (11). Cal-
culations which imply this generalized velocity profile statement are
just under way. The prediction examples shown later, however, have been
based upon the assumption (16).

The shear-stress tyj; in the wake region needs empirical inputs which
cannot be covered byeqs. (11) and (14) alone. We have
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_ du)
(17) T = Cxlx{a—ymhn

where the eddy-viscosity ejyj has to be extracted from a Wake-Turbulence
modeling. NEUBERT-WALZ [2] [3] used the MAISE-McDONALD [6] model

(18) €11y = @mougdy(1+an™)™ 5 o = o(p,T)

where 8, is the total displacement thickness and the 4 empirical constants
are

(19) oy = 0.0168, o, = 5.5, a3 = 6, o, = -1

for all calculations reported in chapter 9.

For further development of the present prediction method we will prefer
PRANDTL's simple wake Eddy Viscosity statement

(20) eryr = d ug[V - (frrp e o(8)qp 5 o = ofp,T)

with only one empirical constant d =~ 0.014. We can proceed in this way
because the thickness §1y; of the Wake Layer as well as the velocity
urpy at the distance y = & - §;;; may be obtained analytically from
(11) through (14) (as we will see later).

5. Advantages of a comprehensive analytic interpolation formula like (11)
through (14)

For the use of Integral Conditions of Mass, Momentum, Energy (mechanical
as well as thermal) and higher order momentum conditions (if needed)
across the whole boundary layer thickness & = & + 651 + &7y the
integral quantities like &,, 6§,, 83, &. and others (displacement, momen-
tum-loss, energy-loss, density-l1oss thicknesses, respectively) can be
obtained by simple integrations. In this way a detailed information
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about the contributions for instance to the displacement thickness of the
3 layers is separately obtained. The same is true for the contributions
to the Dissipation-Integral. Thus a chance to include the "Prehistory
Effects" into the prediction method, without need of an additional pre-
history model, is opened. For the Wake Region III due to the cos-velocity
shape we know by integration that yields éyyp = 268,yqy-

The choice of characteristical boundary layer parameters is widely free.
Parameters like

8
T u.d»
Cf(x) = 2—12' s R‘Sz(x) =538 s & =J[(1‘—O‘u—]dy 5
o

05u6 Hy oéué
8 ? )2
(21 §, = [ pu [pi]d ;8 = =M [1-[1 Jd- ;
) 2 Delsl Ug y 3 J05U5 UdJ Y
o [¢]
8
. .
8 {Op (T‘S-ﬂdy 3 (E*;“:le ; 6—2=H32 ; g—;‘:Huz

o

as well as analytically interpolated ratios of those parameters are
commonly used. The 3 Layer Concept offers additional parameters like

6
s
(22),(23) AL [(1-— fIII]dy/é s (fFron)g = [——A”u";ake]max -

These parameters (22), (23) indicate the contribution of the wake pheno-
mena to the displacement thickness &, = 611 + 61II + 61III or to the
maximum velocity ug at the outer edge of the boundary layer respectively.

It must be pointed out here that no special empirical relationships
between parameters as defined above are needed. This is possible because
the statement (11) through (14) with (22), (23) provides a coherent
summary of all empirical inputs. NEUBERT-WALZ [2] found that any addi-
tional interpolation formula as mostly used in connection with integral
conditions, i.e. cf = Cf(H12,R62), Hi, = f(Haz,Réz), may be a dangerous
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source of avoidable errors within the computational scheme which are due
only to an undetected incoherence of different empirical inputs.

One of the most important features which are incorporated in the state-
ments (11) through (14) with (22), (23) is a physically detailed defini-
tion of the dissipation integral

) 8 u
1 91T 1 T 8 u 1
(24) cp= Iu—dy= [{ut)” - Ir—dy} =—T[u,1 - fr du] .
oau%o 3y oéu%L o ! y 1 T eguie § )

The evaluation of this integral term which occurs in the integral condi-
tions of mechanical and thermal energy (see eq. (30)) has to be performed
with use of the relations (15) to (20), thus warranting the inclusion of
"Prehistory effects" if such effects are existing due to a given pressure
distribution. We note that the value of the shear-stress 15 depends on
the definition of §. It will vanish only outside of the Intermittency
region,

7. The set of Integral Conditions for the 2D-case including compressibility

With reference to WALZ [1] (page 90, eq. (3.39)) we adopt for PRANDTL-
Number Pr = 1 (turbulent air Boundary Layer) the following simultaneous
set of v different ordinary differential equations, all of them based
upon PRANDTL's classical B.L.-Equation with v as a kind of "Momentum
Number”, which may be chosen arbitrarely (i.e., v =10, 1, 2, 3,...n...)

df g ,) 1 dug
(25) Hx—v+f\)(2+v-?—;—)-Méju—€?x—+ev+hv=0
with
) §
v v+l
= ._u— -a—- T . = Ou - _u_} }
(26),(27) & (W”[[Ua] ay(o}‘ﬁﬂ“’ fy [05“5@ [Uc} dy
) )
)
(28),(29) 9y = (ve )28 [fé[l] '1-1}1 S hy=0 (for v #e) ;
’ v 06“6 p \ug Y s Ny s
0
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u.(x) '
) .
(30) Mg(x) = 3,00 ag = Velocity of sound.

For v = 0 we obtain the Integral Condition for Momentum with e;=-c¢/2;
fo = 625 go = 61.

For v =1 we get the Integral Condition for the mechanical Energies
with

8
(31) e ='—£Lr fu o dy = 2D (Dissipation Integral (23))
ogu3 J y
(0]
(32) i1 =&
(33) g = 28,

For PRANDTL-Number Pr = 1 (which is suitable for turbulent Boundary
Layers) the flow and temperature field are coupled by a well known clased
solution of the linear partial differential equation for the total
enthalpy (total energy)

2
Wix,y) = cpl + %T (cp= specific heat at constant pressure)

which writes in terms of the temperature T

‘ T-T
T _ u fu)z | . _Tw n. € W, o =12
(34) TR BE gy 3 At s By e

=Cp/cy; r=Recovery Factor
=1 for Pr=1

Hence, the temperature T(x,y) and density o(x,y) are known with u/us for
given MACH-Number and heat transfer conditions if the system of ordinary
differential equations (25) is solved simultaneously with (34) on the
basis of (11) through (14). It is important to point out that the
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inclusion of the compressible case by use of (34) introduces no unknowns
additional to those chosen for the velocity field, but it involves the
knowledge of the MACH-Number Mé(x) and the wall temperature T, (x).

8. Choice of practical Parameters (unknowns) of the Velocity Field as

Function of x only

8.1. Relative Boundary Layer Thicknesses:

§ )
61/5’ 52/51 53/69 —_;—I’ %s H12 = %‘i ) H32 =g—:
8.2. Physical Technical Quantities:
pom—re——- -
DU62 T ! '
_rs"s _ W a2 6 dp
RGZ- ™ ,Cf—zm ,iﬂ—wa;;.

The line-surrounded quantities have been selected by NEUBERT-WALZ {2} and
used for calculating typical examples, where Prehistory effects have been
expected in the related experiments. Further improvement will probably
achieved by use of the POHLHAUSEN-ROTTA-CLAYSER-Parameter I, especially
in the compressible case with thick laminar sublayers.

9. Results for 2D-cases

The Figs. 6 to 10 are showing the comparison of some experimental and
theoretical results predicted by the method in its present preliminary
state of development. The prediction of the essential boundary layer
parameters in the presence of strong prehistory effects may be considered
as surprisingly good.
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10. The 3D-case

For a first approach to this problem the suggestions of GEROPP [4] will
be followed. We assume a unique coupling between a main flow direction
with the velocity component u (£-direction) and the cross flow component
w {n-direction) in an orthogonal curvilinear coordinate system £,n.

Generalizing JOHNSTON's [7] procedure, GEROPP writes

" ufy_u)
(35) — = Cy ‘UT(1 u65

with c; as a parameter of the cross-flow profile. For further generali-
zation he makes the cross flow statement

=G 3“3[1 -U”E] +c(t-nS

where €y, C; and c; are three cross-flow shape parameters which may be
determined by Integral Conditions and/or wall conditions in the n-direc-
tion.

The related formalism to get these equations may be suppressed here
refering to GEROPP's analysis [4].

The main progressive feature of the work started in this direction is the
automatic transfer of the Three-Layer Concept into the turbulent cross-
flow phenomena. It may be expected that the progress observed in 2D-
applications will also be achieved in the 3D-case.
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A THEORETICAL TREATMENT OF THE FREE STREAM
TURBULENCE EFFECTS ON THE TURBULENT BOUNDARY LAYER

J. C. Rotta

Institut fir Experimentelle Strdmungsmechanik
DFVLR-AVA, G&ttingen

Abstract

The effect of free stream turbulence on the turbulent boundary
layer is theoretically attacked using second order moment closure
assumptions for the turbulence equations. The free stream turbu-
lence field is assumed to be homogeneous with respect to planes
normal to the direction of the undisturbed flow and is described
by the intensity and the integral length scale. The partial
differential equations for the two-dimensional flat plate
boundary layer are integrated using a finite difference procedure.
Numerical results of the development of the boundary layer are
shown and the effect of intensity and length scale on the velo-
city profiles is discussed.
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Nomenclature

E = (u2+\272+w )
L

Ly

Hi2 = %4/%;
Re, = U,8,/v
Tu

g, v

u, v, w

u, = (Tw/g)”2
X, Y

Lod

1 ﬁ1 - u/u,)dy
o

= 1Y (.U

=4
n

Constant, Eq. (16)

local skin friction coefficient

kinetic energy of turbulence

integral length scale, Eq. (9)

longitudinal integral length scale, Eg.(10)

form parameter

momentum loss thickness Reynolds number

free stream turbulence intensity, Eq. (7)

mean velocities components

fluctuating velocity components

shear stress velocity

Cartesian coordinates, x in direction of
mean flow

dispacement thickness

momentum loss thickness

thickness of boundary layer (8§ = y at
which U = 0,999 U,)
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g " -

k = 0,41 von KAarmin constant

v kinematic viscosity

@ density

Subcripts
w conditions at the wall (y = 0)
® free stream conditions (y— «)
0 conditions at x = 0

1 conditions at x = 1

s / ’
An overbar denotes a time average

1. Introduction

The wellknown fact that free stream turbulence affects not only
laminar turbulent transition, but also the turbulent boundary
layer, has been stated for the first time, as far as I know,

by K. Wieghardt in his paper [1] published in 1944, in which

he reported on measurements in the turbulent boundary layer on
a flat plate behind a turbulence generating grid. Many further
measurements have been made by various investigator:isince that
time. The problem is of importance with regard to the inter-
pretation of tests in windtunnels, the stream of which is not

free of turbulent fluctuations.
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In most of the known publications, the variation of character-
istic boundary layer parameters like local skin friction co-
efficient and velocity profile shape parameter are correlated
with the intensity of the free stream turbulence. Actually,

the turbulence field is characterized by a variety of statisti-
cal parameters, the most important of which is the integral
length scale, besides the intensity.

An experimental investigation of the two parameters, intensity
and integral length scale, has been made by H.U. Meier and
H.-P. Kreplin {2], suggesting that the magnitude of the integral
length scale has a major effect on the development of the
turbulent boundary layer.

The present paper reports on an attempt to predict the effect of
the free stream turbulence field on the development of the two-
dimensional flat plate turbulent boundary layer using a finite
difference method to solve the partial differential equations of
a second order closure turbulence model. The free stream turbu-
lence field is described by the intensity and integral length
scale, such that the investigation will give an answer about the
effect of these two quantities on the turbulent boundary layer.

2. Differe-tial Equations

The solut. -~ of the problem is based on simultaneous integration
of the part.al differential equations for mean flow, Reynolds
shear stre , kinetic energy of turbulence, and length scale.
The equatic-s present a second order moment closure and have
been succesctully applied to free shear flows, pipe and channel
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flow, as well as two-dimensional boundary layers [3, 4, 5].

In the case of a two-dimensional boundary layer at incompressi-
ble constant pressure flow of high Reynolds numbers, the
equations read as follows:

Continuity of mean flow

(1) — t == = 0,

(2) U sy s - 2V

Reynolds shear stress

_— — 1/2 172 —
uv duv _ _ 3u _ E — . 3 duv
(3) L A af gy - ko Tp— W+ oo(k B LY )
kinetic energy of turbulence
3/2
3E B _ w3 _E 3 1/2, 3E
(4) U X + V X% = uv Y C L + ay(qu 14 ay)'

product of integral length scale and kinetic energy of turbulence

= 3 (EL) 9(EL) _ — .30 3°U _3, _duv_ .3 3°U
(5) U=+ V 5y © TUV (Cay L +Ly7— L7) —3§c2L )
y Yy
i, 3/2 , 3 _[g1/2 JE L
¢ c E + 3y [E L(qu 5y + quE ay] .

In the latter equation, which is referred to as the length scale
equation for brevity, the first term on the left hand side is
the simplified form U3 (EL)/3x, which is used instead of
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3 (UEL) /3x as originally derived [6]. The advantage of using the
simplified form for boundary layers with pressure gradients was
shown by R. Voges [5]. In accordance with previous applications
of the equations the following values and relationships are used

for the empirical coefficients

4 = 0,2
%p
c = 0.165
cL = 0.8
z = 0.98
(6) {
%y = 1.2
Z3 = -1.5
kq = 0.25 + 0.55(y/6)2(3-2y/6)
kg, = 0.25 + 0.35(y/s) 2 (3-2y1/5)
— - 2 -—
qu = (cp, z)/x 2c3)c
L S = 0.41.

The equations (2) to (5) are valid for high Reynolds number flow.
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3. The Field of Free Stream Turbulence

The field of the free stream turbulence is assumed to be
homogeneous with respect to planes normal to the free stream
direction (x-direction) and is described by two parameters, viz.
the kinetic energy of the fluctuating velocity, E_, and the
integral length scale L_,. Both quantities vary with x in accord-
ance with the law of decay. Generally, the intensity, defined

as

— = = q1/2
SN MU AR VEY /v,

where u, v, w are the velocity fluctuations, is used as a
measure of wind tunnel turbulence. By definition, this intensity
is related to the kinetic energy of turbulence through

(8) Tu = (28_/3)"/2

/U,.
The product of kinetic energy and length scale, used in Eg. (5),
is defined as the integral of the transverse two-point corre-
lation function, multiplied by 3/16:
Ay=w
(9) EL = %3 jﬂ [u(y)u(y+A§T + v(y)viy+ay) + w(?)W(y+Ay)]d(Ay)
-y

The same definition holds for EL . With the experimental
investigation by H.U. Meier and H.-P. Kreplin [2], the longi-
tudinal integral length scale,

o0

‘f ul{t)u(t+at) d(at),

O

(10) L, =

CNI | 8!3

is determined from the integral of the autocorrelation function,
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where t 1is the time. Provided, the relationships of isotropic
turbulence and Taylor's hypothesis can be applied, the length
scale of the present investigations is related to L, by

(11) L = Lx/2.

Outside the boundary layer, the kinetic energy equation (4) and
the length scale equation (5) reduce to

3E E 3/2
(12) U —2 = o 2
© 99X L, !
9 . E_I,
(To™o) _ 3/2
(13) UmT = CLC Ew o
With Cp, = (.8, the equations have the solution
% -10/7
(14) E, = Ewr(§—) '
r
X 2/7
(15) L, = Lwr(f—) ’
r

corresponding to the decay law of an isotropic turbulence field,
which satisfies Loitsianskii's invariant, where E_ . and L,, are
the quantities at position of reference, X0 and x is measured
from the virtual origin of the free stream turbulence,which is
not identical with the starting position of the boundary layer
calculation.

M
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4, Boundary Conditions and Initial Distributions

The formulation of the boundary conditions at the solid wall
have been discussed by the author ([7]. The important fact is,
that the flow close to the surface is strongly affected by the
viscosity, which does not appear in the equations. Since the
thickness of sublayer, directly influenced by the viscosity, is
small as compared with the boundary layer thickness, when the
Reynolds number is high, it may be permissible, to extrapolate

the mean velocity distribution according to the law of the wall,

(16) U=u [l 1n (yu_/v) + c],

Tl T
down to the distance y = Yy where U = 0 according to Eqg. (16).
This distance is

-kC

(17) Yy = GX c R10.12v/ur.
T

In the region 0 < y< Vyr U = 0 is assumed. In addition, at
Yy = vy, it is put

_ =2/3 .2
(18) EW = C uT ’
auv,
(19) (g-y—-)w = 0.

The value of -(uv)  at y = y,, is considered to correspond to the
wall shear stress

(20) -(ﬁV)w =g - u_ .

At the outer edge, the relevant flow quantities approach the
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following values:

U —0
o

av —0

(21) E —E,

L —L..

The integration of the parabolic differential equations start
from a set of initial distributions of the dependent variables,
to be given at the position x = X, These initial distributions
are determined as follows: First a set of distributions for a
boundary layer without free stream turbulence is constructed,
which satisfy given values of Re, = u62/v, §, and H,,. The
mean velocity profile consists of the logarithmic law of the
wall, Eg. (16), to which a wake function after Coles is added.
The distribution of the length scale is approximated by a hyper-
bolic tangens function and the shear stresses are calculated
with Prandtl's mixing length formula. The kinetic energy of
turbulence is assumed to be propdrtional to the shear stress
according to

(22) E = -uv c~2/3,

In order to satisfy the boundary conditions for E and EL in
accordance with Egs. (21) contributions of the form

(23) AE = E_(y/8)% (3 - 2y/8),
(24) A(EL) = E_L,(y/8)> (4 - 3 y/6)

are added, such that smooth initial distributions are obtained.
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An explicit finite difference scheme is used to integrate the
partial differential equations by an iterative procedure. For
each iteration the differential equations are integrated one

after the other in the order

Continity Eq. (1),
Energy Eq. (4),
Length scale Eq. (5),
Shear stress Egq. (3},
Momentum Eq. (2).

5. Results

It is expected that the results will depend to a certain extent
on the initial distributions of U, E, L, and -uv. This effect
will become smaller and smaller with growing distance from the
starting position. For the present numerical results the
following conditions are chosen, which are in gross agreement
with the conditions, at which Meier's and Kreplin's (2]
experiments were made. The length of the flat plate is 1 m and :
the fully turbulent boundary layer starts at the leading edge
(x = 0) with a momentum loss thickness of 52 = 0.71 mm, a
momentum loss thickness Reynolds number of Re, = 2690, and a
form parameter H12:= 1.41. Thus the integration of the boundary
layer equations extends over a range of roughly 1400 times the
initial momemtum loss thickness. The plate Reynolds number is
U,,x1/\, ~ 3.8 x 106.

The investigations concentrate on small free stream turbulence
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intensities up to Tu X 1 p.c. and relatively small length
scales up to L_ = 4 mm, The procedure of making the calculations
is to prescribe certain values Tu1 and Loy of the free stream
turbulence at the end of the plate, x = 1 m, which can be varied
independently within certain limits. The initial values at

x = 0 can then be calculated from the decay law, Egs. (12) to
(15).

Fig. 1 shows for two flow cases the distributions of mean
velocity, turbulent energy, and length scale as functions of

the distance from the plate at the initial position x = 0 and

at the end of the integration range, x = 1 m. The set of curves 1
represents the results for the calculation with zero free stream
turbulence. At x = 1 m the boundary layer thickness is 6§ &~ 20 mm
and is about three times as thick as its initial value at x = 0.
The momentum loss thickness Reynolds number is Rezid 7700 and
the form parameter H12 = 1.35. This value of H12 is in fair
agreement with known measurements; e.g. K. Wieghardt has ob-
tained H12 = 1.356 at Re, = 8170 (see Ref. (8]).

The other calculation (curves 2) given in Fig. 1 is for a free
stream turbulence intensity of Tu1 = 1 p.c. and a length scale

L
the same as in the previous case, the initial distributions of

o 1 - 3,2 mm at x = 1 m. The initial mean velocity profile is

kinetic energy and length scale are modified as to satisfy the
outer boundary conditions corresponding to Tu & 1.5 p.c. and
L = 2.7 mm. At x = 1 m the boundary layer is significantly
thicker and the mean velocity profile has a fuller shape when
compared with the case of zero free stream turbulence. The
distribution of the length scale has a small maximum near the
edge of the boundary layer and decreases gradually towards the
plate,
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In order to demonstrate the effect of the length scale of the
free stream turbulence, the resvlts of two other cases are
plotted in a similar manner in Fig. 2. The free stream turbulence

intensity is Tu, = 0.8 p.c. for both cases and the length scale

1
is L = 1.28 mm and 3.73 mm respectively at x = 1 m. At x = 0

the v;lues are Tu ~ 3.8 p.c., L,= 0.69 mm, and Tu = 1 p.c.,

L, ~3.36 mm respectively. The initial mean velocity profiles

are in both cases the same as before. With the greater length
scale a fuller shape of the mean velocity profile is produced

at x = 1 m. The length scale distribution of this case (2) is
similar to that of Fig. 1, case (2). In the case (1) at x = 1 m,
the length scale is greater over a major part inside the boundary

layer than its free stream value.

Of practical importance is the detailed investigation of the
influence of the two free stream turbulence parameters on
relevant boundary layer parameters like form parameter, skin
friction etc.. Fig. 3 to 6 show the variation of the form para-

meter, the momentum loss thickness, the local skin friction
coefficient, and the total thickness of the boundary layer as

a function of the length scale L,, for various values of the
intensity at position x = 1 m. The data of each run, which are
represented by spots, are the results of an integration over more
than hundred steps, and for each step, three or more iterations
have been made. This is the reason for the scatter of the points.
Higher accuracy of the computations is certainly desirable, but
this requires longer computing time. Faired curves are drawn
through the points of equal turbulence intensity, except for the
skin friction coefficient, the scatter of which is high. However,
the general trend can clearly be recognized. In qualitative
agreement with experimental results, the form parameter decreases

while the momentum jloss thickness and skin friction coefficient
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increases, when the turbulence intensity increases. The
influence of the free stream turbulence length scale is small
at low turbulence intensity. But with increasing turbulence
intensity, the influence of the free stream length scale in-
creases considerably. The thickness of the boundary layer in-
creases strongly with intensity and length scale of the free
stream turbulence as a consequence of decreasing form parameter
and increasing momentum loss thickness.

The practice of the experimentalists to correlate the effect
of the free stream turbulence on the turbulent boundary layer
with the local intensity, neglects not only the effect of the
structure but also the inhomogenity of the free stream turbu-
lence field in flow direction, which is caused by the decay of
the turbulence. The rate of decay, on the other hand, depends
on the length scale. In order to give an idea, the ratio of
turbulence intensities at x = 0 to that at x = 1 m is shown
in Fig. 7 as a function of the length scale, Lm1, and the
intensity at x = 1 m. As is seen, the ratio Tuo/Tu1 is high
if Tu1 is high and Lo is small,

The length scale of the free stream turbulence grows in flow
direction, but usually not as fast as the boundary layer
thickness. Consequently the ratio L_/§, which is plotted in

Fig. 8 versus Lw1, has its greatest value near the leading edge
of the plate, whereas Lm/c has much smaller values at x = 1 m.
Remarkable is that at station x = 1 m and for greater turbulence
intensity the ratio L_/§ has a maximum, when plotted over

Lm1. This means, increasing L°°1 beyond a certain limit increases
the boundary layer thickness so rapidly that the ratio L_/s

becomes smaller again.

131




Fig. 9 shows the development of the form parameter, H12, the
free stream turbulence intensity, Tw., and the length scale
ratio L_/8 along the coordinate x. In the case of the zero
free stream turbulence, the form parameter decreases slightly

downstream in the wellknown manner. For Tu, = 0.008, the curves

1
of H 127 beginning at =~1.41, first decrease rapidly to a
minimum at x ~ 0.4 m and than rise again. This suggests that

the increase in H on the rear part of the plate, where the

influence of the 1iitial distributions has vanished, is caused
by the decrease of the free stream turbulence intensity and
length scale ratio. This supposition is confirmed by another
computation with the same free stream turbulence field

(Tu, = 0.008, L, 3.73 mm), which started with H ,, = 1.33
instead of H12 = 1.41. It is seen that the development is very
different in this case, which is represented by dotted lines in
Fig. 9. The form parameter H12 rises first to a maximum and than
decreases to a minimum at x ¥ 0.5 m. But farther downstreanm,
the two curves, belonging to the same free stream turbulence
field, come close together. The remaining discrepancy may be
attributed to the lack of accuracy of the calculation method
already mentioned. The characteristics of the initial distribu-
tions seem to have faded away after an integration over a
distance of 600 to 800 times the initial momentum loss thickness

according to these computations.
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6. Concluding Remarks

From the present investigations it can be concluded that the
effects of the free stream turbulence on the turbulent boundary
layer can be calculated, in principle, with a second order
closure turbulence model. The effect of free stream turbulence
which manifests itself in fuller mean velocity profiles, higher
skin friction coefficients and greater boundary layer thick-
nesses, increases with intensity and integral length scale in

1 and Lor
tions. The results agree qualitatively with experiments. How-

the range of Tu values covered by the present computa-

ever, more investigations are needed before general conclusions

can be drawn, especially since the presented computations suffer

from some lack of accuracy.
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THEORETICAL STUDY OF VISCOUS DAMPING
OF TURBULENCE IN THE LAW OF THE WALL REGION"

*
G. R. Inger

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

1. INTRODUCTION

Although widely used, the well-known viscous damping factor relationship
for turbulent eddy shear stress near a wall, proposed by Van Driest! and later
popularized and extended in various ways by Cebeci,? has in fact only a very
rough heuristic basis without any solid theoretical foundation. It is there-
fore of fundamental and practical importance to establish a basic theory of
this damping problem in the case of smooth non-porous incompressible flat
plate flow, not only to better understand the limitations of the Van Driest
model but also to provide the correct foundation for treating more complicated
flow problems involving streamwise pressure gradients, surface roughness and
wall mass transfer effects. We have undertaken such a study based on the fund-
amental Navier-Stokes equations and the properties of the Law of the Wall
region; the present paper reports on its progress.

Our approach is essentially an extension and modification of the earlier
small disturbance studies of turbulent fluctuation behavior near a wall by
Sternberg3 and by Shubert and Corcos“. We show that certain alterations of this
work, including a different treatment of asymptotic boundary conditions far from
the surface and the added enforcement of the basic Law of the Wall similitude
properties, lead to a two-point value problem governing the decaying Reynolds
stress field approaching the wall which shows promise as the desired theoretical
model of the damping process.

2. BRIEF REVIEW OF PREVIOUS WORK

The basic problem we address, illustrated schematically in Fig. 1, can be
stated as follows: given a velocity fluctuation field within the fullysturbulent
portion of the Law of the Wall region adjacent to a smooth impermeable surface,
develope from first principles a theory of how the average turbulent Reynolds
stress associated with this field damps out toward the surface due to the action
of viscosity and the no-slip condition. We confine attention here to the simplest
prototype version of the problem, namely to a high Reynolds number mean flow with
zero streamwise pressure gradient that contains a two-dimensional turbulent
fluctuation field (it is of course recognized that this field is in reality
significantly three-dimensional and ultimately must be so-treated if the present
preliminary study yields promising results).

Van Driests! original description of the damping process was based on a

* Professor of Aerospace and Ocean Engineering.

+ Presented to the 1980 U.S.A.F. - F.R.G. DEA Meeting, U. S. Naval Academy,
Annapolis, Md., April 17.

141




purely heuristic analogy with the classical Stokes oscillating plane problem; as
schematically summarized in Fig. 2, this approach does not satisfy even the con-
tinuity equation for the fluctuation field. HNot-withstanding its wide-spread
success it is thus not based on any kind of proper theory and hence cannot be
soundly. extended without even more such heuristic assumptions. For these
reasons, we deem it highly desireable to better understand the damping process
with a more proper theory of the problem.

Subsequently, Sternberg3 in a pioneering effort constructed such a theory
for a highly simplified small disturbance model of the disturbance flow in which
the mean velocity profile was taken to be linear and the pressure gradient plus
all inertia effects of the disturbance field were neglected (see Fig. 3). 1In
spite of the resulting poor description of Reynolds stress damping outside the
very thin inner laminar sublayer portion of the Law of the Wall region, this
work remains very useful as a starting point and an appraisal of the viability
of a small disturbance-analysis approach. Sternbergs work was subsequently
generalized appreciably by Schubert and Concos" to remove many (but not all -
see below) of the aforementioned limitations, with evidently even more promis-
ing results; curiously, however, the resulting Reynolds stress solutions were
not examined in sufficient detail to enable an interpretation in the spirit of
a better model of the Van Driest damping problem. The primary limitation on
this work would appear to be an overly-simplified model of the mean Law of the
Wall velocity profile and its proper coupling via the mean eddy stress to the
companion fluctuation field problem.

It should be noted that we do not consider the role of the highly three-
dimensional structured turbulent bursts and their associated "sweeps" which
are known to occur periodically in the wall region with period t ~56/Ue;rather,
in the same spirit as the work by Walker et al>, we deal only with the essential-
1y random fluctuation field problem that is presumed to exist during the interwals
between such short-Tived bursts.

3. FORMULATION OF THE THEORETICAL MODEL

3.1 Assumptions

The incompressible two-dimensional Navier-Stokes equations are presumed to
govern the unsteady total turbulent motion at each instant. In the usual fashion
this motion is taken to be composed of statistically random fluctuations
u'(x,y,t), v'(x,y,t), p'(x,y,t) about a steady mean flow u = Ug(x,y), v=Vo(x,y),
p=Po(x,y) where those latter values involve the_influence of the turbulent eddy
(Reynolds) stresses U'Z, V'2 and (especially) u'v'.

We consider high Reynolds number boundary layer-type flows with negligable
streamwise pressure gradient that are far removed from incipient separation. In

such a case, the mean flow in Law of the Wall region close to the surface is
accurately described by pg = constant, Vo = 0 with Ug = Up(y) governed by

yé‘;_‘ + (-&V) = Yufa m

while the corresponding instantaneous turbulent fluctuation field (after the
mean motion has been subtracted out) is governed by the equations
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To simplify the analys1s whx]e still retaining the essential physics of the
problem we further introduce two simplifying assumptions associated with the re-
lative thinness of the damping region and its proximity to the wall: (a) we
take ap'/ay=0 with p'=p'(x,t) aiven by the fully-turbulent-region, thereby
eliminating the need for £q. 4 ; (b) we linearize the disturbance problem by
neglecting the last non-linear turbulent shear term in Eq. 3. For the high
Reynolds number conditions of interest, the validity and limitations of these
approximations have been discussed in detail by Schubert and Corcos" and hence
need not be examined here; suffice it to say that the resulting small distur-
bance relations retain the main physical elements of the damping problem under
investigation. In addition, we follow both Ref. 3 and 4 by representing the
imposed turbulent fluctuation field as simple time - and streamwise - periodic
functions with a single characteristic wavelength Xx = 2#/k and convect1on
speed Uc (which is not in general equal to the local mean flow velocity3). Thus

we take
g*(X‘uf)
ﬁed[ll(w |

'= Reut [ Vg1 €
,6'=/>e cos(#x—AUt) (7)

where pe is a given real number, and seek to find the y-variation of the real

and imag'inary parts of the comp]ex dampmg functions W = Yy + 1"1, Y- + 1V1
inward across the Law of the Wall region. Corresponding to Egs. (5), (GS
note that averaging over one or more periods yields the correlation value

= 1/2 (U¥y + WiV5).

3.2 The Resulting Boundary Value Problem

(5)

¢er—ut)] (6)

The aforementioned simplifying assumptions thus yield from Eqs. (1)-(4)
the following set of qoverning ordinary differential equations:

LAI(+$Z (8)
(R(U- q)u+ Y+ t#‘ V‘Z{';%é (9)
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At this point we note that Eqs. (8) and (9) can be combined to eliminate
pe and W and obtain the following equivalent equation in ¥ alone:

4
(M-Q)%-dj;{ =" A ‘jgr (1)

while from (8) and (10) the corresponding total shear equation becomes

V"V‘ ‘g = T X (12)

Now Eqs. (11) and (12) constitute a coup]ed fourth order differential system in
V which thus requires four boundary conditions plus a single condition on Up.
Three are provided by the no slip cond1t1ons on the 1mpermeab1e wall that
V(o) = 0, Up(o) = 0 and U{o) = dV/dy(o) = 0. Another is provided by evaluating
the differentia] equation (9) itself at the wall; in terms of V this yields

d3V/dys (0) = Kk L4 (13)

The remaining condition is obtained by requiring that the effects of viscosity
vanish in the outer logarithmic mean flow region "far" from the wall; that is,
from Eq. (11) we require that V » Vipy for U.y/¥ >> 1 where oU.2 =Ty and Viny

satisfies
2
([-L,Asrm- Uc) JJ;,:_" = d;;’_""" ){w (14A)

(JO,ASVM - UT[C"‘ .4[““7‘1/)/)] (148)

This is to be applied as a homogeneous boundary condition on the solution to
(11) at a y 1large enough to insure (consistent with Eq. 14B) that the first
term in Eq. (12) becomes negligible compared to the other terms.

with®

We thus have to do with a fourth order homogeneous split boundary value
problem for V wherein the driving disturbance mechanism appears solely in the
single inner boundary condition (13) due to the imposed pressure fluctuation
level*. Owing to the eddy stress coupling term in Eq. (12), however,our
problem is not Tinear inspite of the linearized form of the V-Equation (11);
this plus our satisfaction of the proper logarithmic mean flow profile (14B)

¥ This s as it should be: "the turbulent pressure fluctuation leaves its
footprint on the wall".3
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far from the wall are the major points of improvement over the earlier work of
Schubert and Corcos.“

3.3 Law of the Wall Similitude Considerations

Before solving the aforementioned boundary value probiem, it is appropriate
and revealing to first introduce the implications of the similitude properties
pertaining to turbulent flow in the Law of the Wall region. Now it is a well-
established result of dimensional ana]ys1s and experiment®s7 that the mean
velocity and Reynolds stress profiles in the absence of pressure gradient or
mass transfer possess the fundamental similitude property that

= Uo/U't = f-(p}#) (15A)
uvifusr = $(4%) (158)

with y* = Ury/yand where f and g ,are functions containing only universal
constants (e.g., the "Karman constant"K = .41). In particular, f and g have
logarithmic and constant form, respectively, in the fully turbulent region

y* >> 1, whereas f~y* and g -'y*“, respectively, in the Taminar sublayer very
close to the wall. Furthermore, Yaglom’ suggests that the same type of simi-
Titude applies to the fluctuation field as well, and indeed this may be inferred
from the strong influence of Ug and (especially) the non-linear Reynolds stress
coupling effect contained in the above disturbance problem equations. Thus a
detailed examination of these equations when rewritten in terms of Uo* and y*
shows that appropriately - non- dimens1ona11zed U and Y variables must be functions
only of the single independent variable y* involving at most universal constants.

We are thus led to introduce the non-dimensional fluctuation velocity com-
ponents U* = WuUpef, V* = ¥/Vpef in terms of reference speeds Upef, Vpef which
by virtue of imposing the aforementioned similude requirements on Eqs (8) and
(10) must satisfy the relations Upef = (Ug/yk) Vrgf and UpefVref = 2U 2. The re-

sulting appropriate non-dimensional problem for V*(y*) is then obtained from
Egs. (11} - (13) as follows:

& * , ' XV2
(A *)j;‘:z J?n V= (v %,—ggt (16)

dUY Vs = i
ith 35 TV Sk M'Jf& .

Iy
oY) = Ar/d o
where each of the parameters

Ac = U‘/Ut (198)
Avﬁ Uf/&V (198)
Ap 7 AU (%)
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must be universal constants across the Law of the Wall region. These similituae
constraints [which we re-emphasize follow from the non-linear Reynolds stress
coupling effect in Eq. (12) plus the wall boundary condition (13)] imply that
only those fluctuation fields satisfying Eqs. (19) are physically compatible
with the Law of the Wall. They further imply that k and U. must each vary
with Reynolds number; for, if Ac and Ay are to remain constant, then Uc U- +T¢g
and k ~ U¢/y”~ /Cfo s0 both in fact must decrease slowly with increasing Reynolds
number. This appears to be in rough agreement with experimental trends.“ Like-
wise, the requirement of constant pe/oU:2 is also supported by experimental
observation. !

4. SOLUTION RESULTS

As of this writing, the necessarily - numerical solution of the above non-
dimensional boundary value problem is just being set up so that complete results
are not yet available. However, an important analytical property of the solution
can be noted for the Reynolds stress decay approaching the wall.

Making the physically - reasonable assumption that both real and imaginary
parts of V* are analytic functions of y* as y* - 0 and thus expanding them in
Taylor series away from the wall, we have upon noting the inner boundary con-

ditions that 2
V= G, Yy* "+ G ‘4*3-!----' (20A)

2
\/‘:“2 .Dz 7* + D3 7“3_‘-. .. (208)

where the two pairs of constants (C2,C3; D2, D3) are the basic unknown "initial"
values in terms of which the coefficients of higher order terms in Egs. 20 can

be found from the differential Eq. (16) itself. Then using (20A) we immediately
obtain the corresponding non-dimensional Reynolds stress behavior (see Eq. (17):

4
Vz’%‘-;é- \4’51’;; = 2(C,3,-D.C )Y " - BG)Y 421
| YO o -t

that is, the Reynolds stress damps out like y deep within the laminar sublayer. <
This result is in qualitative agreement with experiment (including the very data

used by Van Driest! to validate his damping rule) and is independent of the

particular values of C2, C3, D2 and D3.
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Further Studies of a Low-Reynolds-Number Turbulence Model
Kuei-Yuan Chien
Naval Surface Weapons Center
Silver Spring, Maryland USA
Abstract
This paper presents the results based on a slight modification of our
low-Reynolds-number turbulence model described at the 1979 DEA meeting. The
new model was applied to a channel flow and to a boundary-layer flow over a
flat plate. Results were compared with the model of Jones and Launder and
with measurements. For the cases considered, present theory not only yields
better predictions of the peak turbulent kinetic energy, but requires about
one tenth of the computer time of the theory of Jones and Launder. Finally,
some preliminary findings based on the idea of using stability theory results
as the initial data for the present turbulence model for transition studies

are also presented.
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1. Introduction

A low-Reynolds-number turbulence model in which two partial
differential equations were used to describe the development of the turbulent
kinetic energy and its rate of dissipation was described in Ref. 1. A key
assumption was that the eddy viscosity Ve behaves as y4 near the wall y = 0.
Although generally good agreement was found between the theory and experiments,
the theory overpredicted the flat-plate mean velocity distribution for
y+ v 30 to 200. This fact suggests that the theory uﬁderpredicts the eddy
viscosity distribution in the near-wall region. In such a region, there is
little difference between channel and boundary-layer flows. The turbulent

shear stress, given by the relation

Ju
T, — =
vt ay

1)
is plotted in Fig. 1 where the solid lines are theoretical predictions of Ref. 1
and the symbols represent experimental data of Laufer (Ref. 2), Eckelmann
(Ref. 3), and Schildknecht, Miller and Meier (Ref. 4). (The notations are
identical to those of Ref. 1.) Because of the compensating effect of the two
terms on the right hand side of Eq. (1), the predictions and measurements are
seen to agree quite well for y+ R 30. Despite this compensating etfect, the
theory significantly underpredicts the turbulent shear stress distribution for
y+ < 15. Consequently, the behavior of the turbulence model very close to the
wall needs to be modified. This is given in Sec. 2. Results of the new model
will be compared with the available experimental data and with the model of
Jones and Launder in Sec. 3. Finally, some preliminary findings based on the
idea of using the linear stability theory results as the initial data for the

present model for calculations at lower Reynolds numbers will be briefly

discussed.
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2. The Turbulence Model

The basic approach is the same as that of Ref. 1, namely, by adding the
kinematic viscosity to the turbulent diffusivity in equations of high-Reynolds-
number form (Eqs. (1) and (2) of Ref. 1) to account for the effect of molecular
diffusion, and by adding the '"wall" dissipation terms to represent the true
finite rate of energy dissipation at a solid wall. Therefore, the behavior
£ v y2 near y = 0 is preserved. This ensures the desired requirement that the

3/2/5 v y since k y2 near y = 0.

turbulence length scale ~ k
Three modifications have been introduced into our previous turbulence
model (Ref. 1). First, the dissipation term in the e-equation is modified to
fit the data of the decaying homogeneous grid turbulence at both high and low
Reynolds numbers. Secondly, the behavior of the eddy viscosity near the wall
is kept as A y3. Lastly, the "wall" dissipation term in the k-equation is

not being damped. The details can be found in Ref. 5, and the governing

equations are:

Dk _ Ju, 2 2vk

3 ok
ot - ay[(\)+\)t)ay + \)t(g) - € - —y—z- (2)
v u,y
De _ 3 _tyoe €, (duy2 _ € 2vk -
Dt - Ayl F o5yl Yoy v G - lepfe b 2 exp(- 3771 (3
k2
Ve T o {1 - exp(—c3 u, y/v)1 (4)
where (Ref. 6)
2 2
£=1 - 0.4 e-(k /6ve)

.8
Expanding Eqs. (2) to (4) near y = 0, one may confirm that v, N y3 and the
"wall" dissipation terms exactly balance the molecular diffusion terms at

y = 0. As explained in Ref. 5, the values for the various constants are:
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cu = 0.09, ¢, = 1.35, ¢, = 1.8, ¢, = 0.0115 and 0 = 1.3. Note also that in

1 2 3

the exponential (damping) term of Eq. (3), the constant value of l, which was
used in our initial study (Ref. 7), has been kept unchanged.

3. Turbulent Results

The above set of equations was applied to the fully developed channel
flow problem and solved by the time-dependent marching technique using the
Crank-Nicolson finite difference method. The near-wall turbulent shear stress
distribution of the present prediction is compared with the measurements of
Laufer (Refs. 2 and 8), Eckelmann (Ref. 3) and Schildknecht, et al (Ref. 4) in
Fig. 2. Comparing to Fig. 1, it is clear that the present model has removed
the deficiency of our previous model; the agreement between the present theory
and the measurements is extremely good for all values of y+. As shown in
Ref. 5, this is true for the whole channel width.

A more critical evaluation of the present model is a comparison of the
turbulent kinetic energy distribution in the near-wall region. In addition to
the channel measurements of Refs. 2, 9 and 10, the pipe flow data of Laufer
(Ref. 8) and that of Schildknecht, Miller and Meler (Ref. 4) are also included
in Fig. 3. Also shown i{n Fig. 3 are the present predictions at Re = 3850,
15200 and 30800, respectively. Because of the large amount of scatter among
all the data, a definitive conclusion on the accuracy of the present theory is
difficult to draw. Present model vields predictions that seem to capture the
general shape and lie within the band of the data.

To provide a proper perspective, the turbulence model of Jones and
Launder (JL) (Ref. 11) was inserted into our computer program and calculations
were carried out. The corresponding turbulent kinetic energy results are

compared with the same set of experimental data in Fiz. 4. 7Tt {5 clea: that
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the degree of agreement here is worse than that shown in Fig. 3. A somewhat
surprising but important finding is the much longer computer time required by
the JL model as compared to the present model. For the cases consildered,
present model requires only about one tenth of the computer time of the JL
model.

Eqs. (2) to (4) with the same constants have also been applied to the
problem of a turbulent boundary layer flow over a flat plate. These equations
and the continuity and the momentum equations were solved by the same marching
technique (in x) using the Crank-Nicolson finite-difference method. The
calculated distribution of the skin friction cg as a function of the Reynolds

number based on the momentum thickness Re is compared with the measurements of

6
Smith and Walker (Ref. 12) and of Wieghardt and Tillmann (Ref. 13), and with
the correlation formula of Coles (Ref. 14) and that of Karman and Schoenherr
(Ref. 15) in Fig. 5. The agreement is seen to be extremely good.

The calculated nondimensional velocity u+(E u/u*) at Ree = 7700 is plotted

against y+ in Fig. 6. Also shown are the measurements of Klebanoff (Ref. 16)

at the same Re and that of Wieghardt and Tillmann (Ref. 13) at Re = 7170 and

] &

8170, respectively. It is clear from Fig. 6 that the overprediction of Ref. 1
has been corrected and the agreement between theory and experiments is very
good.

The distribution of the turbulent kinetic energy (normalized by the free-
stream velocity squared) across the flat-plate boundary layer as predicted by
the present model at Ree = 7700 is compared in Fig. 7 with Klebanoff's data
(Ref. 16) at the same Reynolds number (y = 0 is at the wall and y/§ = 1 is at

the boundary layer edge). The theory predicts a very sharp increase of the

turbulent kineti{c energy from zero at the wall to a peak at y/& % 0.0089, and
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then an almost equally rapid drop followed by a much slower decline.

Although Klebanoff's data do not locate the peak exactly, the agreement with

the theory is very good.

Calculations using the same numerical scheme but based on the JL model

(Ref. 11) have also been carried out. Results indicate again that the

computer time required by the JL model is about ten times that of the present

model. To cut down the computational cost,

below have been started at Re = 5250 using

0
at that location as the initial conditionms.

conditions died down rather quickly and the

the results of the JL model shown

the results of the present model

The influence of the initial

calculated ¢

f

distribution is

also included in Fig. 5. It is seen that the agreement is quite good although

the JL model yields a prediction that is slightly lower than the data and the

present theory. The calculated u+ distribution at Ree = 7700 based on the JL

model, as shown in Fig. 6, is in good agreement with the present model and with

the data. On the other hand, similar to the channel flow results, the turbulent

kinetic energy distribution of the JL model as shown in Fig. 7 is seen to yield

a peak value that is considerably lower than both the measurements and the

present theory.

4. Transition Study

Because of the general success of the present model in providing detailed

descriptions of the turbulence structure such as the turbulent kinetic energy

and the shear stress distributions, it is natural to investigate the applicability

of the model at much lower Reynolds numbers where the flow may be transitional.

This line of approach has been pursued by several investigators (Refs. 17-19).

Near the beginning of transition caused by small disturbances where linear

stability theory is valid, the disturbance frequency is an important parameter
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of the problem. Therefore, a key question faced by applying turbulence-model
equations to transition studies is the manifestation of the frequency effect
in the calculation. This is achieved in the present study by using the
results of linear stability theory as the initial conditions for Eqs. (2) and
3.

Linear stability of parallel flows has been considered by many investigators.
A summary of calculations for a flat-plate boundary layer is given by Jordinson
(Ref. 20). 1In the stability theory the perturbation is assumed to be periodic
both in space and in time. The wave number o and the frequency B are made
dimensionless using the freestream velocity Ue and the displacement thickness
of the Blasius boundary layer &§*. Since the effect of nonparallelism is small
at a Reynolds number R (based on &*) of 1000 (Ref. 21), the tabulated eigen-
function solution of Jordinson (Ref. 20) for R = 998 and 8 = 0.1122 is used
to generate the initial conditions for the present model. The point lies
inside the neutral stability curve and the real and imaginary parts of the

wave number are, respectively, a_ = 0.3086, a, = -0.0057. Turbulent shear

stress —ET;T, kinetic energy k, and the true rate of energy dissipation D are
calculated from the definitions, with the required differentiations accomplished
using 4th order accurate finite~difference formulae. The Blasius velocity
profile is used in conjunction with Eq. (1) to determine Vo and ¢ is calculated <

from the relation

D=¢+— (5)
Substituting these results into Eq. (4), one may determine gy which is now not
only different from its value for the fully turbulent case, but a function of

y as well. This {s perhaps not surprising since eigenfunctions

at different values of R will in principle yield different
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distributions of Cqe One should note that while quantities such as k, ¢,
and v, as calculated in the above manner still depend on one parameter
(which may be taken as the freestream turbulence intensity), cy as calculated
from Eq. (4) is uniquely determined. One may map out the frequency dependence
of cy from eigenfunction solutions of the stability theory at different values
of R and 8. 1In the present paper, however, we shall make only one comparison
with the linear stability theory (Ref. 20) and experiment (Ref. 22).

A quantity of interest is the amplification curve at constant frequency
F (=8/R), which is traditionally expressed as Qn(A/AO) where A is the perturba-

tion amplitude at R and A0 the corresponding quantity at R, which is a point

0
on branch I of the neutral stability curve. For our model, A ¥ vk. Without

the relation c3(B,R), we cannot compute the amplification curve as a function
of R. However, its slope at R = 998 can be calculated since now the distribu-

tion of ¢y can be kept frozen and A, is immaterial. The value of 103 dZn(A/AO)/dR

0
as determined from the stability theory and the experiment is 3.3 and 2.9,
respectively (Fig. 7 of Ref. 22), and the corresponding value as calculated from
the present model is 3.6. 1In view of the relatively low value of R, the agree-

ment is indeed quite encouraging.

Concluding Remarks

A low-Reynolds-number turbulence model has been developed and applied to
the channel flow and boundary-layer flow. Comparisons between the present
theory and the various experimental measurements have been made and good
agreement has been found to be generally the case. Calculations based on the
JL model indicate that it underpredicts the turbulent kinetic energy peak
considerably. Preliminary calculation based on the idea of using stability
theory results as the initial data for the present turbulence model for transi-

tion studies is quite encouraging.
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channel wall with 1979 model.
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EXPERIMENTAL STUDY OF BOUNDARY LAYER VELOCITY PROFILES
ON A PROLATE SPHEROID AT LOW INCIDENCE
IN THE CROSS SECTION XO/L = 0.64

H.U. Meier and H.-P. Kreplin
DEUTSCHE FORSCHUNGS- UND VERSUCHSANSTALT
FUR LUFT- UND RAUMFAHRT E.V.
Institut flir Experimentelle Strdmungsmechanik
BunsenstraBe 10, D-3400 G&ttingen

Summarx

The mean velocity distributions and cross flow angles in three-
dimensional boundary layer profiles, developing on a 1 : 6 prolate
spheroid, were measured at an angle of incidence a = 10°, and a
free stream velocity of Us = 45 m/s. The boundary layer profiles
were investigated at a fixed cross section xO/L = 0.64 and at
different circumferential angles f applying a Three-Hole-Direction
Probe. The profiles were analysed and the results compared with
previous information obtained from hot film surface probe measure-

ments and oil flow patterns.
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Nomenclature

Xy, Y 2

xo,y,z

half axes of prolate spheroid

skin friction coefficient, Ce = =2

pressure coefficient, cp = g

shape parameter, Eg. (5)

model length, L = 2a

pressure at 3-hole probe, Ap = Py = P3r Fig. 2
total pressure measured with 3-hole probe

static pressure

static pressure measured at surface

2

dynamic pressure, q = g— u,

free stream temperature
velocity components in x,z plane, Egqs. (2a,b)
resultant velocity in x,z plane, Eg. (1)

T

shear stress velocity, u_ = (Tw/p)”2

values of u, w, u_ at y = 3§

r
free stream velocity

cartesian co-ordinates, Fig. 1

model orientated co-ordinates, Fig. 1
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ir

2r

angle of incidence

crossflow angle (yaw), Fig. 1

boundary layer thickness

'displacement' thickness, Eq.

'momentum' thickness, Eg. (4)

density in free stream

wall shear stress

circumferential model angle
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1. Introduction

Prediction of the boundary layer development on a body of
revolution is a severe test for both the experimentalist as
well as the theoretician. This is because the flow is

chararcterized by:

- laminar-turbulent boundary layer transition,

- strong crossflow with regions of negative flow direction,

- separation of threedimensional, laminar or turbulent,
boundary layer,

- formation of longitudinal vortices,

- flow reversal.

In order to attack these complicated flow problems, a theoretical
and experimental study of the flow over a prolate spheroid is being
investigated at t} : DFVLR. The first experiments were aimed at

the determination of the pressure distribution and at the regions
of boundary layer transition and separation. This was to provide
foundamental input information for the calculations. A summary

of these experimental results is given in Refs. [1] and [2].

The purpose of the present investigation is to evaluate

the application of a conventional 3-hole probe for the determi-
nation of the mean velocity distribution and of the flow direction
in the boundary layer developing on the prolate spheroid at low

incidence.

2. Test Set Up and Data Reduction Procedure

The windtunnel model and the test set up in a 3 m x 3 m Low
Speed Windtunnel of the DFVLR are described in detail in papers
[(1]land [3], presented at the '1978 and 1979 DEA meetings'. Inside
the prolate spheroid a probe traversing mechanism is installed
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and allows to displace the probe tip in the perpendicular
direction relative to the model surface. Investigating the
flow field, perpendicular to the model, a conical surface

is generated as the model turns around its longitudinal axis.
The co-ordinate system chosen for the data reduction is a

local cartesian co-ordinate system (Fig. 1).

The boundary layer measurements were carried out applying a 3-hole

direction-probe (Fig. 2), which allows the determination of the
magnitude and the direction of the local velocity. The directional
sensitivity with respect to the angle of incidence o and the

yaw angle Y was obtained in a twodimensional channel flow of

the DFVLR Low Turbulence Wind Tunnel. This calibration

was checked during the tests positioning the probe in the free

stream while the angle of incidence of the prolate spheroid was

zero. In Fig. 3 the directional sensitivity of the 3-hole probe |
for yaw angles of Y= + 30° and angles of incidence up to a= 10°

is shown. The results indicate that the directional sensitivity

is almost independent of the angle of incidence, as far as

they are representative of our test conditions. This is no

longer true, when the total pressure measurement (p2) ;s analysed.
The uncorrected pressure difference Py = Py non-dimensionalized
with the dynamic pressure, obtained from the free stream conditions,
changes considerably for « = 10°,as the probe is inclined with
respect to the tunnel axis. However, for a first approximation

in the boundary layer, the streamlines are parallel to the

model surface which implies that the corrections can be assumed

to be small. Due to the fact that during this test no upwash

angles were measured in the boundary layers, an " a -correction"

was not applied in the data reduction procedure. At this stage

of investigation the static pressure was measured at the model
surface and assumed to be constant through the whole bocundary

layers thickness. An error could have been revealed, here, if the
boundary layer close to the separation is investigated. For this
reason the effect will be later tested experimentally. The

local velocity in the boundary layer was calculated from the
measured quantities, applying the Bernoulli equation and the
following data reduction procedure was applied:
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= —>» crossflow angle v (Fig. 3).

Using the calibration curve in Fig. 4, one obtains by means of
Y above the corrected local dynamic pressure gq. The magnitude

0of the local velocity can be calculated from the relation:

The density p can be derived from the equation of state for ideal
gases, if the tunnel temperature T. is known. The edge of the
boundary layer was aésumed to be in the region where the local
dynamic pressure g became constant. This assumption will be
proven by calculating the velocity at the boundary layer edge

on the basis of measured wall pressure, applying the Euler
equations. If the local velocity u. and the crossflow angle

are known, the velocity components in the x, z plane can be
respectively calculated from:

u = u_ cos Y (2 a)

W o= u. sin Y (2 b)

It is known that the physical interpretation of the integral
values, obtained from threedimensional boundary layer velocity
profiles, is somewhat difficult. However, for the present
investigation (o= 10°) the c.ossflow angles measured were
relatively small, i.e. Y <20°, For this reason 'displacement’'
and 'momentum' thicknesses were calculated on the basis of

the local resultant velocities:

yss u
8 - _ _r
1r ~ d[ (1 g ) dy (3)
re
YFS u u
r r
8 =[ = (1 - —=) dy (4)
2r Ure Ure
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With these quantities the shape parameter,

S

H
%r

12

' (5)

is obtained, which will lead to interesting information on the

separation region of the boundary laver.

In order to prove the wall shear stress values, obtained from
the surface hot film measurements, the boundary layer velocity
profiles were analysed. Section 4 demonstrates that the
application of a twodimensional profile analysis, for
threedimensional velocity profiles with relatively small cross-
flow, is justified and leads to small differences in the
resultant local wall shear stress values. The procedure of the
profile analysis is described in detail in Ref. [4]. Essentially,
velocity profiles are constructed on the basis of the Law of
Wall and two Wake Functions. Then wall shear stress and the
boundary layer thickness have to be determined in such a way
that the calculated profile is in the best possible agreement
with the experimental profile. This is accomplished by requiring
the Root Mean Square deviation between the two profiles becomes

a minimum.

4. Results and Discussion

Results shown below are for the prolate spheroid at an incidence
of a = 10°. This test case was chosen because the theoretical
inviscid pressure distribution (Ref. {5]) indicates over large
positions of the body only small deviations from the measured

one. This is demonstrated in Fig. 5.

Boundary layer velocity profiles were measured only at the cross
section xo/2a = 0.64 at a free stream velocity of U, = 45 m/s.

Figures 6 -~ 9 present boundary layer velocity and corresponding

crossflow angle profiles for different circumferential angles
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Fig. 6 illustrates that the ur-profiles, starting from

the windward symmetry planej>= 0°, become steeper and thicker
for increasing angles of§>. This effect is quite pronounced

in the regions with negative crossflow (Fig. 8). Reversed
circumferential flow begins to occur at angles between 135°
and 140°, as indicated in Figs. 7 and 9.*) Above ¢ = 150° and
up to ¢ = 180°, the ur—profiles become still fuller which
consequently results in an increase of the local wall shear
stress. This is shown in Fig. 13. The maximum negative
crossflow angle at the surface was found to be ¥ = -4,8° at a
circumferential angle of ?= 160°. The measured profile development
is qualitatively in agreement with calculated laminar boundary
layer velocity profiles by K. C. Wang [6] for a 1 : 4 prolate

spheroid at an angle of incidence ¢ = 6°.

In Figs. 10a - 104 ur-velocity profiles are plotted in the x - y
plane and the corresponding crossflow angles are projected onto
the x - z plane, in order to demonstrate the distortion of the
profiles. At the circumferential angles ¢ = 0° and 90° the profiles
are not twisted, and consequently can be analysed as twodimensional
boundary layer profiles. At ¢ = 140° and 160° the crossflow at

the surface becomes zero or negative and the profiles show a
significant distortion. In Fig. 11 u and w velocity profiles

are plotted for different angles ?. The local velocity components
are non-dimensionalised by their values at the boundary layer
edge. With increasing angle ' the crossflow component at the
surface becomes negative as it was indicated by the corresponding
vy =distributions. A flow visualisation of the surface 'limiting'
streamlines is compared with the wall shear stress measurements,
(Fig. 12). Although the oil flow pattern is of a poor clarity,

an agreement of crossflow angle for ? = 90° with the hot

film and profile measurements is possible to recognize.

*) It is assumed that the flow angle measured at the smallest

wall distance of y = 0.25 mm, is not changing towards the wall.
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The flow visualisation, as well as the calculated streamlines
based on the measured wall shear distributions Fig. 5> in Ref.[2],
do not indicate an open separation line in the cross section

xo/2a = 0.64. The open separation line found in [7]was observed

at low Reynolds numbers (Re = U,2a/’= 8 x 104) where the boundary
layer flow can be expected to be laminar over the whole model.

In our test at the cross section xo/2a = 0.64 the boundary lavyer
flow was fully turbulent (Re = 7.2 x 106) and lead to a different
flow pattern Ref.[1] . The boundary layer measurements, however,

indicated negative crossflow for circumferential angles . >140°,

In this region (?.2140°) the shape parameter Hyyo calculated
from the resultant velccity profiles, reaches a maximum (Fig. 13)

and the circumferential shear stress component rw~becomes zero.
As found from the laminar boundary layer calculations [8], the
measurements confirm the observation that the wall shear stress
TwY becomes zero at smaller circumferential angles corresponding
to the wall shear stress minimum. A comparison of the wall shear
stress vectors measured with the surface hot film probe [2],

and derived from boundary layer profile measurements, shows

an excellent agreement. In Fig. 14 it is demonstrated that the
boundary layer analysis leads to almost identical results,

if the velocity profile of u. and the corresponding u-component
are compared with calculated profiles based on the Law of the
Wall and two additional Wake Functions. For crossflow angles

¥ <20° the determined skin-friction coefficients differ only

by a few per cent.

Summary and Conclusions

A 3-hole direction probe was successfully applied for measurements
of mean velocity distributions in threedimensional turbulent

boundary layers, developing on a prolate spheroid at low incidence.

The derived crossflow angles and local wall shear stress values
are in agreement with previous results obtained from surface hot
film measurements.
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Further investigations will concentrate on boundary layer
investication in regions where the circumferential wall shear
stress becomes zero and negative crossflow occurs. In this flow
regime the described measuring technique can be applied with
sufficient accuracy for even high angles of incidence and certainly
will lead to interesting new results.

5. References

[1] Meier, H.U., Kreplin, H.-P.

"Experimental investigation of the transition and separation
phenomena on a body of revolution"
Proc. 2nd Symposium on "Turbulent Shear Flows", July 2-4, 1979,
Imperial College, London, pp. 15.1 - 15.7, 1979
see also: Proc. 4th US-FRG DEA Meeting "Viscous and Interacting
Flow Field Effects" )
Forschungsbericht aus der Wehrtechnik BMVg-FBWT 29-31,

L pp. 258 - 273, 1979

[2] Kreplin, H.-P., Vollmers, H., Meier, H.U.
Experimental determination of wall stress vectors on an inclined
prolate spheroid"
Proc. 5th US-FRG DEA Meeting "Viscous and Interacting Flow
Field Effects"”, Naval Academy, Annapolis/Maryland, April 16-18,
1980, to be published

[3] Meier, H.U., Kreplin, H.-P.
"Pressure distribations and flow visualisations on an ellipsoid

1 : 6 designed for threedimensional boundary layer investi-
gations”

Proc. 7th US-FRG DEA-Meeting "Boundary Layer Effects", Air
Force Flight Dynamics Laboratory, Technical Report AFFDL-TR-
78-111, pp. 197-208, 1978

178




(4]

[5]

[6]

[7]

(8]

Meier, H.U.

"The response of turbulent boundary layers to small turbulence
levels in the external free stream”

Proc. The Tenth Congress on the International Council of

the Aeronautical Scienes, October 3-8, 1976, Ottawa/Canada,
ICAS~Paper No. 76-05, 1976

GeiBler, W.

"Berechnung der Potentialstrdémung um rotationssymmetrische
Riimpfe, Ringprofile und Triebwerkseinliufe"

Z. Flugwiss, Vol. 20, pp. 257-262, 1972

Wang, K.C.

"Boundary layer over a blunt body at low incidence with
circumferential reversed flow"

J. Fluid Mech. Vol. 72, pp. 49-65, 1975

Taeyoung Han, Patel, V.C.
"Flow separation on a spheroid at incidence"
J. Fluid Mech. Vol. 92, pp. 643-657, 1979

Cebeci, T., Khattab, A.A., Stewartson, K.

"Prediction of threedimensional laminar and turbulent
boundary layers on bodies of revolution at high angles

of attack"

Proc. 2nd Symposium on "Turbulent Shear Flows", July 2-4,1979
Imperial College, London, pp. 15.8-15.13, 1979

179




Fig.

1

Co-ordinate Systems Chosen for the Boundary Layer
Investigations

180

i, 3z > A,




R ———

e e e e e —— me e S e

:

Fig. 2 Three-Hole-Direction Probe for
Boundary Layer Measurements

181

P,

p~—— -~ — ]




s =
0Smm 204

4p: p, - Py

-42

HR
W
=]
~
~
@

[ 3
® IS
' 3
Bt
’-
»
S
»
o »
o
ORI
8
&
~
~

ol

Fig. 3 Directional Sensitivity of the Three-

Hole Probe
8 ]
o 2 F '51 § ? e
8 + + 8
a8 + 0901 + B
8 + + 8
g + 080+ + R
R+ 45°, +
. P2 -Ps T om{ A - 3
bt ) . N
: n =
0601 -
Ps c::::}- Jo<
0.501 0Smm
a 4
° 0 040 PEPPs
a | ge
|+ [10° 0.30/
0.201
0101

-30 -2 18 12 -6 0 6 12 18 2 30

—— Y (°]

Fig., 4 Directional Sensitivity (a,Y) of the
Total Pressure Measurement Py

182




Up=45mA
a=10°

20= 2,10 m
2b= 04 m

.
2R

= o, S

Spheroid at a

183

- Potential Flow

/
////// e ////// Calculation
\ ////

Measurement

Surface Pressure Distribution on the Prolate
= 10°, Detail xo/2a =

0.64

Tk, - ’
-




35 T T
Um =45 m/S
30 xo/L =064
y [mm]
140° 135° $=
T 25 130° By Moo
/ 120°
20— A 90° 135°
N 60° //130°
]5 gp-oo W /1200
10 4 | 90°
/ /600
5 / 0°
=
% 02 04 06 0.8 10
e M

Ure

Fig. 6 Distributions of Resultant Velocity Profiles
ur/Ure in Boundary Layers at Circumferential

Angles?: 0° - 140°

10 T 1
U =45 m/s
xo/L = 0.64
08 o o
140° )35 :
—bL ]3%0 0°
120 ;
06 % o0° — 90°
DA L
04— ¢=0° ——-—120°
11 ,{ -130°
. ]
02 3
3 A& - 140°
0 |
-20 10 0 10 20

Fig. 7 Distributions of Crossflow Angles Y inBoundary
Layers at Circumferential Angles(f= 0° - 140°

184




A

35 T T

Uo=45m/s
30 xo/L=0.64

y [mm] |

1 25

0 140°
5 150°
2 160°
v 180°

20—

15

10

0 02 04 06 08 10
Y
re
Fig. 8 Distributions of Resultant Velocity Profiles
ur/ure in Boundary Layers at Circumferential

Angles(f= 140° - 180°

-—

¢ = 180° 160°150° 140°
10 T 8%
Ug=45m/s
xp/L=064
08
2L
C |
06 d
04
0.2
%20 T 20
Y
Fig. 9 Distributions of Crossflow Angles Y in Boundary
Layers at Circumferential Anglesiz= 140° - 180°
185
t
e —— e —————




3 .
3 al) @ 10 f bl P -90°
'q ~
8 &
& &
= ) 2]
S'-'{ by
=] ;_J
8 8
5 g
3 3 _,
e e ——
| -
g .
4
=3
‘ > 4 =
00 0.10 0 ] 0. 0.1 0. ] [ .00 0. 6. 0.40 0. [RINCRTIMER TIMER TR )
UR/URE UR/URE
) z
Ye
vﬂ
Y ' r
- i R
—-— K
-
- d) @ =160°
2
H el @ 2 0° H
H 4
g' § —
£] X 3
4 9 —
-3 o —
) = 3 =3
= >
: =3 5 =3
= 3 ) 5
2 = =
5'; »> 3
ps e —~
8 > 3 F
: > - X 4
3 — g
e = = —
b =~
2 3>
L]
"8 0. 0. 0.40 "aka  oBo "o oo 5¥  1.bo

Fig. 10 (a-d4d)

UR/URE

Yo

ur/Ure—Velocity Profiles (x-y Plane) with
Corresponding Crossflow Angles y (x~z Plane)

186

e
\':,-#"W




-

) e | Welm/s)

0135 125°] 975

ol0| 118°| 877

4170 4.3°] 325

[ T T
l UQ=45 m/S

%o/L=0.64

y [mm]

15

Fig. 11 Boundary Layer Profiles of the Velocity Components
u and w in the Region of Zero and Negative Crossflow

02 0.4 06 08 10
MW
Ue  We

187

s R SRR




Cross Section A-A

0il Flow Pattern and Corresponding measured
Wall Shear Stresses in the Cross Section

(U, = 45 m/s,Re = 7.2 x 107, a

135°
120°

105°

90°




Fig. 13

Fig. 14

st

15 Hyop s 2L
/E !
145 ©=180°
Hy ) \ Uw =45m/s
T 2 120y a =10°
xg/L = 0.64
J ivb Negative Crossflow
135 % from B.L. Measurements
9=0° ]
131 r E ————— Hot Film
3 N B.L.Profile Analysis -
¢ ']03 - - : Ctmin R p—
e T
¥ l
1 \ !
] R | | |
1200 130° 140° 0 150° 160° 170° 180°
—

Wall Shear Stress Vectors c_. and Boundary
Layer Shape Parameters H on the Leeward
Side of the Prolate Spherdid
(U = 45 m/s, xo/2a = 0.64)
30 DR
o = 45m/s : ;
xy/2a=064 ‘ :
5 u =w. '
| ;
20 i —
e ""'%"' |
15 + |
Law of the Wall ‘ AW
10 T T’
j b egx Y H
; L 19 12
5 Cur | 280 | 146
—— _1
u i 257 | 145 |
0 ] |
0 1 2
10 10 10 10? yur 104
v
Logarithm Representation of a Mean Velocity

Profile (ur);

Comparison of Skin Friction Coefficients and
Shape Parameters for Resultant Velocity u,
and Streamwise Component u = u,.cos Y

189

eV AR RN we, L -
-




MEASUREMENTS OF SURFACE ROUGHNESS EFFECTS ON THE HEAT
TRANSFER TO SLENDER CONES AT MACH 10
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White Oak, Silver Spring, Maryland 20910

D. A. Wagner***
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Abstract

Total skin-friction and local heat-transfer
measurements have bheen obtained with and without
sand-grain roughness at Mach 9.9 on a sharp and an
18 percent blunt cone. Based on cone length and
free-stream progerties, the Revnolds numbers were
between 20 x 10® and 40 x 106, The wall temper-
ature ratio T,/T, was approximately 0.26. Three
different sizes of grit were tested, of which the
larger two were calculated to be in the "fully~
rough' flow regime. In all cases the application
of roughness increased both the friction and heat
transfer relative to the smooth-wall value, the
former more than the latter. The results have
been compared with two methods for calculating the
skin fricticn and with a medified form of Reynolds
analogy applicable to rough surfaces. Boundary-
layer profiles for both smooth and rough walls
have been obtained from pitot pressure traverses.
The velocity profiles have been analyzed in terms
of the law of the wall

Nomenclature

Ag Model base area

cf local skin-friction coefficient

CpF friction drag coefficient

Cr average skin-friction coefficient

cFi average skin-friction coefficient in
incompressible flow

CFo average skin-friction coefficient
on the smooth wall

Cp pressure coefficient

h enthalpy

k roughness height

14 slant length of sharp cone

M Mach number

p pressure

| pitot pressure

Pr Prandtl number

q dynamic pressure

Ry nose radius

Rek roughness Reynolds number u k/ w

iZ; average value of roughness Revoolds
number

Re, Revnolds number based on houndarv-
layer edge conditions and lenpth x

* Aerospace Engineer

#*  Aerospace Engineer

#%%  Student

This paper is declaced s wark of the U.S.
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Re.

1

St

Stg

Subscripts
aw
e

W

On a vehicle exposed to a given flow, it
long heen recognized that

momentum thickness Revnolds No,

arc length from stagnation point
along model surfare

Stanton number

Stanton number or smooth wall
time

temperature

total temperature

velocity

friction velocity v~ /.

distance from cone vertex

distance normal to cone surface

parameter in formula (29)

boundary-laver thickness

boundarv-laver displacement
thickness

boundarv-laver momentum thickness
semi-vertex angle ol sharp cone
Karman constant

viscosity
kinematic viscosity u/.
density

shear stress
adiabatic wall
boundary-layver cdge

at wall or based on wall properties

free-stream or bhased on free-stream

conditions

I.  Intreoduction

has

roughening the surtace

will increase the skin friction and, to a lesser
extent, the heat transfer.  The literature dealing
with incompressible tlows, both in pipes and over
flat plates, is verv extensive.  In the last M0

yvears a number

of fnvestipgations of compressible

flows have also heen published,
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Nne area of practical coacern with this sub-
ject has beeun the aerothermal pertormance of re-
entry vehicle nosetips. Here the surface may
become rough as material ablates and the effects
of this roughness on the boundary layer play a
key role in determining the progressive shape
changes of the nosetip. A number of experiments
have been conducted and some calculation methods
have been derived from correlations of the data.

Another potential area of concern is the heat
shield on the afterbody of a reentry vehicle. In
the past, for ballistic vehicles, the effects of
possible heat-transfer augmentation due to rough-
ness have not been critical for heat shield de-
sign. In the future, however, for maneuvering
vehicles, these effects may become important.

The data base applicable to the afterbody
problem is not large. Most of the early super-
sonic work was done under conditions which were
either adiabatic or not too far from it. Recently
Keel< has measured both the skin friction and
heat transfer with large heating rates (Ty,/T, =
0.35) on a sharp cone with sand-grain roughness
at free-stream Mach numbers up to 5.

The experiments reported here were conducted
to extend the Mach number range of the data base
to Mach 10 while maintaining the wall temperature
ratio at a value low enough (T,/T, - 0.26) to be
relevant to reentry conditions. Again the model
configuration was conical, and a blunt nose was
tested in addition to the sharp cone. The latter
is well suited to provide fundamental data for
comparison with analytical methods while the
former is of course more representative of actual
reentry vehicles.

The tests were run “piggy-back” on a tunnel
heater development program and the test plan is
not as systematic as it could have been if the
roughness investigation had been the primary ob-
jective. Although the results are therefore
incomplete, they do permit the testing of various
hypotheses and calculation methods in a flow

regime in which experimental data are very scarce.

II1. Description of the Experiments

Facility

The tests were conducted in the Hypervelocity
Tunnel at the White Oak Laboratory of the Naval
Surface Weapons Center. This is a 5-foot tunnel
operating at Mach 10 and Mach 14 at high Reynolds
numbers. The working fluid is nitrogen, heated
only enough to avoid condensation in the nozzle
expansion. The volume of hot nitrogen avaflable
at either Mach number yields a run time of about
one second. Fully stabilized flow suitable for
data acquisition is available for about 0.7
seconds.

The data acquisition system samples up to 128
channels at a sampling rate of efther 250 Hz or
100 Hz and converts analog signals to 12-bit
digital data.

A more complete descriptjon of this facility
has heen glven i{n reterence 3.

Model Covtigurations

The model was a 7-degree half ungle cone with
two interchangeahle noses, sharp and 184 blunt,
Figure 1 shows the sharp cone mounted in the test
cell and Figure 2 shows the principal dircensions
in inches.

Fig. 1 Sharp cone with surface roughness
installed in the Hypervelocity Tunnel

w—

~ ~ THERMOCOUPLE
o ~ PRESSURE TAP

1458

f §5.3

Fig. 2 Model dimensions and instrumentation
lacations

Rough surfaces were obtained by applving
silicon carbide grit to the model skin using an
epoxy adhesive with a high thermal conductivity
(0.000241 Bru/ft.sec.“F). The nominal gritv sizes
were (0,011, 0.037, and 0.065 inches. The appli-
cation procedure was to mount the model on a lathe
and to rotate it slowly while applving a thin coat
of the adhesive., Grit was then sprinkled on the
surface, (with the model still rotating) until no
more particles would adhere. To characterize the
result, the procedure was repeated on 8-inch-

dlameter tubing trom which sections were cut for =
photomicroeraphs, such as shown {n Fieure 3. These i
£
P
e
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were then analyzed to obtain the parameters
given in the Appendix. However, to be con-
sistenc with other investigations using '"sand-
grain' roughness, the nominal grain size {s used
as the roughness height for all the results re-
ported in this paper.

Aluminum Model

/ /

Grit Epoxy
¥ig. 3 Photomicrograph of section of rough
surface
Instrumentation

The model was mounted on a conventional strain-
gage force balance to measure the total drag so
that the skin-friction could be obtained as de-
scribed below.

To measure the heat transfer to the model
surface, 14 thermocouples were installed in the
aluminum model skin. The nominal wall thickness
was 0.090 inches; the actual wall thickness at
each thermocouple location was measured and used
for data reduction. The thermocouples were in-
stalled on two opposite rays of the conical sur-
face so that the measurements could be averaged
to eliminate the effects of asmall angle of attack.

Rings of four equally spaced pressure taps
were installed at two model stations at s/RN =9.82
and 35.3. These were connected to pressure trans-
ducers with short lengths of tubing. The base
pressure was measured with two transducers exposed
to the cavity inside the model. Their readings
were averaged to determine the base pressure,

A boundary-layer probe was installed at the
base of the model, mounted on the sting to avoid
the inclusion of its drag on the force-balance
measurement, The tip was a flattened tube with an
opening 0.033 in. x 0.075 in. The tip was approx-
imately 5 inches forward of the model base. The
probe was traversed through the boundary layer by
a D.C. motor at a speed which could be adjusted
from 1 inch/sec. to 4 inch/sec. The lag in the
pressure measurement was analyzed by the method
described in reference 4 and was found to be
small enough to avoid the need for a correction.

Test Conditions and Run Schedule

As noted in the introduction, the test con=~
ditions were set by the needs of the heater check-
out program. The nominal Mach number was 10, with
a supply temperature of about 21009R chosen to be
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just hot enough to avoid condensation. Tests were
run at two values of the supply pressure, corre-
sponding to unit Reynolds numbers of about 7 x 108
and 4 x 106 per foot. During the one-second run
the model wall temperature rose only a few degrees
above room temperature, so that the wall temperature
ratio T,/T, was approximately 0.26.

The test program consisted of 10 runs. Table |}
shows the run schedule matrix by indicating the
roughness heights tested on the sharp and blunt
configurations. Each entry in the table represents
a run at the Reynolds number indicated. These
Reynolds numbers are based on free-stream condi-
tions and model length.

Table 1

Test Reynolds Numbers for the Various
Roughness Heights on the Sharp and Blunted Cone

Roughness Sharp Cone Blunted Cone
Height Reynolds Number Reynolds Number
(In.) Re x 1076 Re_ x 1070
0 34.1, 24.1 30.8
0.011 40.0 32.9
0.037 40.9 34.0
0.065 41.6, 22.5 19.8

Data Redu: tion - Friction Drag Coefficient

The fr.ction drag coefficient for each test was
obtained by subtracting the base drag and forebody
pressure drag from the total drag measured on the
force balance.

For the sharp cone the theoretical inviscid
drag coefficient is 0.0343.5 The average of the
eight measured pressure coefficients was within 5%
of this value, perhaps due to small misalignments
of the model to the flow. For data reduction the
mean of the measured and theoretical value was
used.

On the blunt cone the theoretical inviscid
pressure distribution is as shown in Figure 4.

0.06 —

0.04
<&

i
0.02

0.08 L - i I

" 0 » 40 S

8/h,

Flg. 4 Surface pressure distribution on the
blunted cone
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The pressure coefficient at the two pressure tap
locations is 0.0256 and the forebody pressure
drag coefficient is 0.0530 of which 0.0283 acts
on the nose and 00,0247 acts on the frustum.
During the tests the averaged measured pressure
coefficient at the two instrumented stations was
2%-3% higher than the theoretical value. For
data reduction the frustum drag was corrected by
the ratio of the pressure coefficients yielding
forebody pressure drag coefficients in the range
0.0538-0.0544. These as well as the measured
base drag coefficient were then subtracted from
the total drag coefficient to yield the friction
drag coefficient as for the sharp cone.

Data Reduction - Heat Transfer

The test time in the Hypervelocity Tunnel is
long enough that the conventional thin-wall data
reduction technique could be used. The heat-
transfer rate was computed from

dTw
q-océdt (1)
where

o is the density of the model wall
¢ is the specific heat of the model wall
6§ is the thickness of the model wall

and the derivative (dTw/dt) was obtained by fitting
a polynominal to the nearly linear portion of the
temperature~time history.

The validity of this concept for the rough
surfaces was examined before the test by running
some calculations with a computer code for tran-
sient conduction in multi-layered slabs. Figure 5
is a sample result from such a calculation simu-
lating the largest grit size. There is an initial
transient during which a temperature difference is
established across the layer of adhesive, after
which there is a steady state in which all tem~
peratures rise at the same rate. Once this steady
state is established one may write

dT
0 —— _w
q = pcéd dt (2)
where
pcd = (océ)Al + (océ)Epoxy + (ocﬁ)grit (3)

-

e
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Fig. 5 Response of composite model wall to step
input in heat transfer

For these tests the value of (oca) and
(ocd) were obtained by weighing the ep¥xy and
grit §ppfied to the model. This method of course
yields an average value and cannot account for
variations from one thermocouple station toanother.
On the other hand the contributions of these terms
to pcd are relatively small, as shown in Table 2.
Thus variations in the density of the grit or ad-
hesive can have only very small effects on the
computed values of q at each thermocouple station.

Table 2

Composite Model Wall Parameters

Percent
Thickness of Total
of Heat Heat
Material Layer* Capacity Capacity
cm cal/cm4°C %
k = 0.011"
Aluminpum .2286 L1376 90
Epoxy .0122 .0083 5
Grit L0136 .0083 5
k = 0.037"
Aluminum L2286 L1376 86
Epoxy .0093 . 0064 4
Grit L0269 .0163 10
k = 0.65"
Aluminum .2286 .1376 79
Epoxy .0103 .0070 4
Grit L0479 .0289 17

Data Reduction - Boundary-Layer Profiles

Boundary-layer flowfield measurements included
the local pitot pressure profiles and a measured
cone surface pressure. For the blunt cone case,
very little else could be deduced because of the
entropy gradients which were superimposed on the
flow. For the sharp cone case, however, the static
pressure across the boundary layer could be assumed
constant with great confidence and Mach number
profiles could be obtained, Furthermore, by
assuming the temperature-velocity relationship as
given by Walz,7 velocity profiles were obtained.
Boundary-layer profiles were then integrated to
obtain displacement and momentum thicknesses in the
conventional manner.

III. Skin Friction and Heat-
Transfer on the Sharp Cone

Relation of the Skin-Friction Coefficients to
the Friction Drag

At the high Reynolds numbers used in the exper-
iments, the displacement effect of the boundary
layer on the inviscid flow is very small. It is
not possible to detect any such effects in our
measurements of either the surface pressures or
the boundary-layer profiles. Thus the edge condi-
tions for the boundary layers on the sharp cone
will be assumed equal to those for the inviscid
flow.

Given a uniform boundary-layer edge condition,
the variation of local skin-friction coefficient,
ce, along the surface may be calculated by any one
of a number of theories. Then the total force
along the axis of the cone is
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14 -
FA = 2n q cos” sin /cf x dx (4) 126 -
o] r S
10— !
One may define an average skin-friction co- L =
efficient, C., such that - -~
F o 08
= o G - ——
F, = Cp q, S cos*, (5) SMOOTH
where.$ is the lateral area, 06— ———"“FULLY ROUGH
S = ?5zsin“c (6) i
The value of CF may then be obtained as 04 | i t { L1
¢ 20 40 60 80
. = /8% ¢ xdx (N X(in)
F f
©° Fig. 6 Ratio of local to average skin friction
Now the friction-drag coefficient, Cpp, is defined coefficient
such that
Fa = Cor 9= Ay 8
where
0.0014
Ap = W(zsinzﬁ L -—=
0.0012
Therefore B
0.0010
CDF = (qe/qm)cotf‘ccF 9) L
0.0008 |—
For the inviscid flow over a 7-degree cone at & .
Mach 10 this may be written r —— VAN DRIEST
= 0.0006 — -~ FENTER?
CDF 18.4 Cp (10) r
A number of analytical methods are available C
for calculating the variation of c¢ along the cone 1 .
surface. For the smooth cone we have used the 107 ! L i1 —
method of Van Driest® evaluated at our test condi- fie 10

tions. Figure 6 shows the ratio of cg/Cp plotted
versus distance from the tip of the cone. The
same ratio is also shown for the fully rough flow

regime, calculated according to Fenter's? formulas.
Fig. 7 Average skin friction coefficient versus

Skin Friction on the Smooth Cone Revnolds number

The friction drag on the smooth come has been
measured for two tunnel operating pressures. The
results, together with the Reynolds numbers based
on cone slant length are given in Table 3.

Table 3 - Skin-Friction Measurements on the Sharp Cone

Nominal Free-Stream Boundary-Layer Roughness Friction Average
Roughness Reynolds Edge Reynolds Reynolds Drag Skin-Friction
Height Number Number Number Coefficient _Coetficicut
k(in.) Re,, x 10-8 Re, x 107° Rey Cog Cp
0 34,1 53.4 0 L0179 .00097
0 24,1 37.7 0 .0197 .00107
L0411 40.0 62.7 41 .0218 .00119
.037 40.9 64.1 170 L0314 .00171
.065 41.6 65.1 323 .0361 .00196
.065 22.5 35.2 185 .0403 .00219

In Figure 7 these measurements are compared

onent in the formula
with the formulas of Van Driest® and Fenter’. The where v is the exp

former has been evaluated according to the equa- (nylve) = (T,/T)"
tions given in reference 10 and the latter is and ‘
Te :
Ly 2 L 2413 t0g ¢ Re af 2o af - r
s Ty '/C_f x 1 Y =sin T +sin 3 (a &
Ty an Va2 + 4o Ve g

- 4,13 w log T + 0.60
e
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with

et SR,
S LN )Ty an

and

S = ('5 MO (14)

This formula vields of as a tunction of © for
any given Revnolds number and Cp mav then be oh-
tained by integration as described above,

The two tormulas, using the same transtor-
mation from incompressible to compressible flow
vield results which apree quite closelv.  The
experimental data points lie about 104 ahove the
theory. A similar result for this low value of
the wall temperature ratio (T,/T;  0.2h) was
obtained by Chien.!

Skin Fricticn on the Rough Cone

The phenomenology of the boundary-laver flow
over rough surfaces is genecrallyv classified into
three flow regimes. These may be identified in
terms of a roughness Revnolds aumber

Rep = wk/.w (15)

where u, is the friction velocity

U, = /. (16)

The value of Rey is closely related to the ratio
of roughness height to the thickness of the lam-
inar sublaver. The three flow regimes are:

Rey © 5 aerodyvnamically smooth
5 - Rey - 70
70« Rey

transitionally rough

fully rough

In the aerodynamically smooth regime the size of
the roughness elements i{s too small to affect the
flow and the friction and is the same as on a
perfectly smooth wall. In the fully rough regime
the roughness elements are so much larger than
the laminar sublayer that the flow is unaffected
by viscosity and hence independent of Reynolds
number.

The values of roughness Reynolds number for
the experiments have been calculated from the
known flow conditions and measured friction co-
efficients using the formula

i,euek ’/cf 'I'e
Rey = - T (17)
w w

and have been plotted in Figure 8. For the two
larger roughness heights the flow is clearly in-
dicated to be in the fully rough regime. For such
flows over flat plates or cones with uniform
roughness height the skin-friction coefficient
depends only on the parameter x/k where x is the
distance from the leading edge or nose and k is
the roughness height.

The measurements for all the runs are given in
Table 3 and those for the two larger roughness
heights are plotted versus x/k in Figure 9, using
the average value Cp of the skin-friction co-
efficient. Note first that the two points for
x/k = 1000 indicate a decrease in Cp of about 10%
as the Reynolds number {s doubled. This is con-
trary to the expected behavior in the fully-
rough regime. It may suggest that the flow

repime boundaries shoud be redefined for compres-
sible flows, but this cannot he Jdone on the basis
of just these two measurements.  The Jisorepancy
coulu simple he accomted for bhe g +37% uncertaint:
in the dat i, which is quite plausible,
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Also shown in the figure dre two anals al
predictions of the values ot Up tv these Clow
conditions. Fenter's? formuia tar the local skin
friction in the fully-rough flow regime is

R T; 1 X -
v £ = 4. X

' T — 13 Iog k‘kf (18)
LEa w vCr

+ 2.605 log (Tw/To) + 3.8

with § and o defined as in (12)-(14), In the
range of values of (x/k) of interest here, this
may be approximated by the power law formula

25

c, = 0.0105 (x/k)"" (19

f

for the nominal flow parameters of our experimen =,
namely

Me = 815 T, = ISAOR T, = SAOVR
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This approximation yields a simple expression for
the average friction coefficient Cy in terms of the
local coefficient at the base of the cone

Cp = (2/1.75)c; = 1.14 ce(base)  (20)

Young's12 formula represents an extension of
Goddard's!? fundamental work to non-adiabatic flow.
It relates the skin friction in compressible flow
to that in the corresponding incompressible flow
by the relation

CF Te Te
— = 0.365 — + 0.635 — (21)
C T T

Fi aw w

To obtain a value of Cp for a given (x/k) one
must first obtain the incompressible value C {°
This may be obtained from Fenter's equation EIS)
evaluated with T = T, and 4//0 = 1;

1//ce = 4.13 10g [(x/0)/e; ]+ 338 (22)

for the hypothetical caseof an incompressible flow
over a cone with zero pressure gradient. Note that
the corresponding formula for a flat plate;

1/V/eg = 4.13 log [(x/k)/Tf]+ 4.62 (23)

agrees very well with the generally accepted
Prandtl-Schlichting14 law;

> (24)

Cpy = [2.87 + 1.58 1og (x/k] %

Figure 9 clearly shows that the effects of
compressibility are predicted much better by
Fenter's”? formula than by Young's Similar re-
sults have bfen noted in some unpublished work at
NSWC; Keel's” measurements of skin friction in
adiabatic flow at M, = 2.4 and 4.7 yield values
higher than Goddard's!® formula

CF/CFi = Te/T“ (25)

by abcut 30%, or slightly m e than the amount by
which our meas.cements exceed Young's prediction.

Heat Transfer on the Smooth Surface

The hest-trans{er measurements will be dis-
cussed in terms of their relation to the skin-
friction measurements, using the ratio 2St/cg
where toth are local values.

The results for the two runs with the smooth
surface are shown in Figure 10. The mean value of
the Reynolds analogy factor is

25t/cg « 0.98 (26)

This is much lower than the value of about 1.2
generally accepted for supersonic and lower Mach
numbers with wall temperatures close to adiabatic.
It 1s, however, consistent with numbers reported
by Hopkins and Inougel0 for cold walls at hyper-
sonic speeds and with the measurements of Keel”,
all of which are near unity.

Heat Transfer on the Rough Surface

It has long been known that the increase in
heat transfer due to roughness {s less than the
corresponding increase in skin friction. Conse-
quently, a simple Reynolds analogy cannot apply to
the flow over rough surfaces. The Reynolds anal-
ogy factor 2St/cf is expected to decrease with
increasing roughness. This effect is illustrated
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in Figure 11 which shows 2St/cg plotted versus Rey
for the four runs with roughness on the sharp cone.
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Fig. 11 Reynolds analogy factor versus roughness
Reynolds number

Several quantitative analyses of the effect of
roughness on the Reynolds analogy factor are avail-
able in the literature. We have chosen to compare
our results with the work of Owen and Thomson.
Their result, modified for compressible flow, may
be written

. @@n

#|-

Hltv-l
J:Ioc
J:Ioc

o)~

where B is the sublayer Stanton number. In their
experiments they obtained correlations for B in
the form

0.45 0.8
= Rey Pr (28)

o

with a varying between 0.45 and 0.7. The modified
Reynolds analogy obtained by substituting (28) in-
to (27) is

c, T -1

28¢ '/_f_! 0.45 o.a]
ot [1 +aV¥s 1, Rq, L (29)




A convenient way to try to fit the data to
this expression is to plot the quantity

(i- 1)//31_‘,
25t ‘ 27

e
versus Rey as shown in Figure 12. The scatter is
quite large, but the trend of the data appears to
be consistent with the analysis. Almost all the
data can be fitted into a band defined by

.45 < x < 1.3

corrgsggnding to a logarithmic mean value of
[N . .

30

s
T
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Fig. 12 Heat-transfer parameter versus roughness
Reynolds number

This is at the high end of the range of values
quoted by Owen and Thomsonl3, who do not expect
any value of . to be universally applicable.

Augmentation

The data on skin friction and heat transfer
for the rough wall may also be shown in terms of
augmentation ratios Cp/Cy_ and St/St,, where Cp
and Sty are evaluated for a smooth wall at the
same Reynolds number. Considering that in the
fully rough regime the variation with Reynolds
number of the ratio Cp/Cpo is entirely in Cp,,
this concept is clearly not well founded on the
phenomenology of the flow over rough surfaces.
However, it is used in a number of calculation
schemes and may be useful for illustrative
purposes.

Figure 13 shows the measured friction augmen~
tation ratios together with some calculated values
They are plotted versus an average value of the
roughness Reynolds number defined as

PeUsk /T T.
- e e *F ‘e
Rey = Hy 2T, (30

The calculations shown are based on Fenter's9
formulas for the skin friction on cones and have
been made for the two values of Reynolds number
used in these tests, One set of calculations is
purely analytical, using Fenter's formulas for
both the smooth and rough wall, This yields an
augmentation ratio higher than measured simply
because the smooth wall calculation is low, see

Figure 7 . In the other set of calculations we
have used Fenter's formula for the rough wall and
a fit to the data for the smooth wall. These cal-
culations are still somewhat higher than the data
but represent the effect of increasing roughness
reasonably well.

— Res = 40 x 100

&
¢ |——Rew = 23 x 10°
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Fig. 13 Skin friction augmentation

Figure 14 shows the measured heat~transfer
augmentation ratios together with some calculated
values. The latter have been derived from Owen
and Thomson's formula (29) using the mean value of
a (0.75) derived from Figure 11. The heat-transfer
augmentation has been calculated from the friction
augmentation using the expression:

Sto cf Cf, 0.98 (31)

where 0.98 represents the mean value of 28ty/CF,.
For this calculation the experimental values of
CF/CF have been used, by fitting a curve to the
av;zi.‘;.zble data.
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Fig. 14 Heat-transfer augmentatjion
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IV. Skin Friction and Heat
Transfer on the Blunted Cone

Interpretation of friction and heat-transfer
data on the blunted cone is much less definitive
than on the sharp cone for three reasons. First,
the friction drag is a much smaller fraction of
the total drag and thus subject to a larger un-
certainty. Second, the boundary-layer edge con-
ditions are variable rather than uniform. In the
absence of an extensive flow-field survey, these
edge conditions can only be derived from computa-
tions, whose modeiing of the flow is necessarily
approximate. Third, it was necessary to trip the
boundary laver on the model nose in order to ob-
tain turbulent flow over the entire frustum.

Nevertheless it will be possible to discuss
the augmentation of the friction due to roughness.
As far as the heat transfer is concerned, only the
velocity at the boundary-layer edge need be esti-
mated in order to derive a modified Revnolds
analogy factor trom the data.

Relation of the Skin-Friction Coefficient to the

Friction Drag

To avoid the problem of undefined flow condi-
tions at the boundary-layer edge, it is convenient
to define a local skin-friction coefficient based
on free-stream flow parameters;

cg = ZT/cmu_,2 (32)
As in the case of the sharp cone, various analyri-
cal methods may be used to calculate the variation
along the cone surface of the ratio c¢,./Cpp. For
the smooth surface we have used the method of
reference 16 and obtained the result shown in
Figure 15. Note that for a sharp cone with a
hypothetical constant value of c¢ the value of
this ratio would be tan®. - 0.123. For the rough
surface we have used the RETAS!7 code to compute
this ratio for the roughness heights of our ex-
periments.
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Fip. 15 Ratio of skin-friction coefficient to

friction drag coefficient
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This result is also shown in Figurel5>.

Friction Drag on the Smooth Cone

The variation with Revnolds number .f the
friction drag on the smooth cone, calculates o
the method of reference l6. is shown in Fiaure ih,
Also shown is the cne data peint from this test
series, which is also given in Table -.
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0.0t0
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I3
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0.004

10’ 10¢
Re..
coefficient versus

Fig. 16 Friction drag

Revnelds number

There is zood agreement between the i
tions and the measurement. Apprareativ, tio
boundarv-laver trip used (0.005~inch distributos
grit) provides a close approximation to what
be obtained with natural transition.

Not too much significance should Jttaciied
to the difference between the
measurement and calculation aerece, and that
sharp cone, where the mensuremen’s are

than the calculations. The «
the friction coetficients in
as well founded as the Van Driest® or Fenter’

formulas for the special case of uniform prossure.

situati Nere, Wi

Xpressions use

reference AT

Table 4

Skin-Friction Measurements on the Blunted (on

Nominal Free-Stream Roughness Friction

Roughness Reynolds _ Revaolds

Height Number x 100~ Number

k(in.) Re | Ry

[¢] 30.8 il O s

.01l 32.9 26 U
037 34 112 AR
.065 19.8 134 NADE!

Friction Drag on the Rough Cone

The roughness Revnolds number on the blunted
cone cannot be computed as simply as on the sharp
cone. We can write

- =Y (4
Yo

[=%]
Fl




and -
. CE, 0.
Re, = =
€k 2w (34)
sk gf1, GfCEP
S Tw 2p .

Using values of py/p, obtained from the tables in
reference 6, values of Rey have been calculated
for the three runs made with rough walls on the
blunted cone. These are shown in Figure 17 plotted
versus the surface distance from the virtual nose.
Again the flow produced by the two larger rough-
ness sizes should be in the fully-rough regime.
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Fig. 17 Roughness Revnolds number

The measurements of friction drag obtained
with the rough walls are given in Table 4. The
computer codel® used for the smooth surface cannot
handle rcugh surfaces. The RETAS codel’ can
handle vrough surfaces but underpredicts the smooth-
wall drag by 25%, probably because it does not
handle entropy swallowing as well as the code of
reference lh. Thus no meaningful direct compiri-
son uf these measurements could be obtained fron
the computer codes available to us. In the sub-
sequent section on augmentation, the ratjos of
rough-wall to smooth-wall values will be compared
with the predictions of the RETAS code.l7

Heat Transfer on the Smooth Suriace

Again we shall discuss the heat-transfer

results in terms of the Revnolds analogy tactor
2St/cg, where both voef{i jents represent focal
values of shear stress and hedat transter, divided

by local conditions at the boundary-laver v,
As in the case of the skin triction, the stanten
number most conveniently caliulated from the

measurements [s bascd on free-stream conditionsg

st, = q/ wu, h (in)

To obtain a Revnolds analogy factar from St. arc
cf, we note that
u 4
L‘:—i— ts7)
Cf ' h
whereas
[0}
u
25t, _ A v
<g th ’
Therefore ‘
25t u
2St
= = 139
ce Cf u,

vValues ot (ug/u,) required to evaluite tals
expression can only be obtained from the boundirv-
layer codes discussed above. There may weli be
errors in these values, since the
many approximations, and to that extent the
Revnolds analogy factors reported here are

codes inwvlve

necessarily approximate. However, the values of
(ug/u.) lie in the narrow range
0.85 - (ug/u.) - 0.95

and thus are probably estimated correctlv within
5% or less.

Figure 18 shows the values of Rewvnolds mnalogy
factor obtained from the measurements. The mean
value is

2St/cy U390

These values are lower than those shown Y
smooth cone in Fizure 9 and also lower than cu-
pected. In view of the diffivuley of measuring
Cpr from the dragz data, the difference mav m

significant.
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Fig. 19 Reynolds analogy factor versus roughness
Reynolds number

The modified Reynolds analogy based on Owen
and Thomson'sl5 analysis may be rewritten in terms
of cg as

u cf p -1
25t 1+a—= 2m T= Rel(0.45 Pr0.8
Ve P

The measured quantity

(- Yl

is shown plotted versus Re  in Figure 19. Esti-
mates of (up/us) and p,/px) have been obtained
from the sources described above. The trend is
appropriate but the values of a are larger than
for the sharp :one. Almost all the data are
included in a band defined by

0.7<ac<2
corresponding to a logarithmic mean value of @ +1.2,

©

°

1 i 1
» 100 »

ho,

Fig. 20 Heat-transfer parameter versus roughness
Reynolds number
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Augmentation

Augmentation ratios for the skin friction have
been derived from the data by dividing the values
of Cpr for the rough wall by a smooth-wall value
of Cpp obtained at the s m- Reynolds number
from Fggure 15. These ratius have been plotted
versus the average value of roughness Reynolds
number, Re., in Figure 21. Calculated values of
the augmentation ratio have been obtained from
computations made with the RETAS17 code, which
uses Fenter's”? skin-friction formulas. It does
not predict either the smooth-wall or rough-wall
drag very well but does a fair job on the ratio
Cp/ Fo*
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Fig. 21 Skin-friction augmentation

The heat-transfer augmentation ratios are
shown in Figure 22, again plotted versus the
average value of the roughness Reynolds number,
Ke,. They are shown in terms of Stanton numbers
based on free-stream conditions, St, and Steg.

The curve shown has been obtained from the Owen
and Thomson formula (41) using the mean value of
a=1,2. A curve fitted to the experimental values
of Cpp/Cpp, has been used for the friction augmen-
tation. The calculations of Stew/Stwp Must take
into account the different velocity ratios (ue/uw)
with and without roughness (this difference is
3%-4%). We have used

Ste _(2_s:_)cm-' 1 e/ Gnooen

— 42
St ce cm_.o 0.90 (u,/u,) (42)

=0 rough
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V. Boundary-Layer Surveys

Pitor Pressure Surveys

Boundary-layer pitot pressure surveys were
obtained to verify the establishment of a fully
developea tuvbulent flow and to obtain quantita-
tive values of the boundary-layer parameters for
use in the interpretation of the skin-friction
results. Boundary-layer survey measurements of
this type are generally not available in short
duration, high Mach number, high Reynolds number
facilities. However, the NSWC Hypervelocity wind
tunnel allows sufficient run time for a complete
boundary-layer survey during a single run,

Four boundary-layer surveys are presented
for discussion; two for the sharp cone and two
for the blunted cone with a smooth and a rough
surface represented for each. These profiles are
illustrated in Figure 23 in the form of a pitot
pressure to wall static pressure ratio versus
distance from the wall. All profiles show a
smooth interference-free flow. The sharp cone
results are easlly interpreted and boundary-layer
thicknesses are easily {dentified because of the
uniform flow outside the boundary layer. The
blunt cone results cannot be interpreted in a
similar manner because of the severe entropy
gradients which are present in the flow. The
{nviscid trends for the blunt cone case agree with
flowfield predictions, but because these effects
are so strong, the separation of the boundary
layer from the entropy swallowing effects is
extremely difficult. As a result of this, the
analysis will concentrate on the sharp cone re-
sults only.
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Fig. 23 Boundary-layer pitot pressure surveys

Sharp Cone Velocity Profiles

Velocity profiles for the two sharp cone runs
were deduced from the pitot pressure profiles by
assuming a constant static pressure through the
boundary layer and by introducing a temperature-
velocity relationship. These calculations were
conducted in a manner as outlined in reference 18.
The sharp cone velocity profiles with and without
roughness are shown in Figure 24,
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Fig. 24 Sharp cone Velocity profiles with and
without roughness
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The smooth wall profile exhibits fully
developed turbulent flow characteristics with a
power-law exponent having a value of 7.9. The
profile shows a smooth monotonic decrease in
velocity from the free-stream to the wall.

The effects of the distributed surface rough-
ness on the boundary-layer development can be
observed in the second profile which is shown in
Figure 24. The rough wall profile is much thick-
er than the smooth and its shape is represented
by a power profile exponent with a value near 6.
Boundary-layer parameters which are tabulated in
Table 5 show a corresponding increase in all the
boundary-laver integral thicknesses with rough-
ness. Thicknesses are increased by a factor of
2.5 whereas the skin-friction augmentation for
this case is 2. External flowfield conditions
were nearly identical.

Table 5

A Comparison of Smooth and Rough Boundary-
Layer Parameters on the Sharp Cone

Parameter Smooth Rough
k 0.0" 0.065"
Me 8.05 8.06
ug/vg X 1076 7.75 6.80
Reg 8,595 19,861
Tu/Tay 0.34 0.31
e 0.455" 1.106"
s* 0.244" 0.615"
] 0.0133" 0.035"
cg x 103 0.97 1.91
Rey 0.0 163.

Law of the Wall Analysis

Semi-empirical analyses of turbulent boundary
layers are often based on some form of the law-
of-~the-wall correlation. This analysis provides
a means of linking velocity profile and skin-
friction measurements and allows for a check of the
individual results. The law-of-the-wall is de-
fined most simply in terms of the dimensionless
parameters

U = %— and Y = — (43)

Within the turbulent boundary layer, three distinct
regions are found to exist; the laminar sublayer,
the logarithmic region and the wake or velocity-
defect region. The general form of the relation-
ships governing smooth-wall boundary layers is
given by:

vt -yt for Y* < 11
1 . (44)
e ny +c for Y* > 11
where « is the Karman constant.

For compressible flows a transformation {is
utilized to account for the density variation
through the boundary layer. The analysis of Van
Driest {s used {n the form:
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2L

e v 2 — ~ B
+ e -1 U .-
U T {sin e + sin B }

T —_ <

\/B“ + AAZ \/a" + 4A°
(43)
where
2 Taw " Te Taw = T,
A = T B = =
w w

(The law-of-the-wall analysis used herein is
described in greater detail in reference 18&.)

The effects of roughness on the law-of-the-will
equations has been shown to result solelv in a siift
in the intercept constant, c, in equation -4.
Therefore, the same analvsis has been used I-r horr
smooth and rough profiles, Law-ef-the-wall p..ot
are shown in Figure 25. Shown for comparison .are
the smooth wall relations given by equaticns -«-

with the constants < = 0.4 and C = 5.1,
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Fig. 25 Law-of-the-Wall velocity profiles

The smooth wall profile shows a general asvves
ment with fully developed turbulent flow relaticns.
A sublayer, logarithmic, and wake region of the
profile can all be identified. The sublaver
appears at vyt values which are relatively laryge,
trend which is suspected to be due to the (old wull
condition and the compressible transformation whiih
is used. However, the real test of the theorv lies
in the agreement in the logarithmic portion of the
protile. The agreement in this region is vervy
good with the value of the comstant, C, obtained
from a fit of the logarithmic region of the
profile, having a value of 44 rather than the in-
compressible value of 5.1.

The rough wall profile is shown in Figure 25
using three different origins for the v coordinate.
Since the pitot pressure measurements can only be
made to the top of the sand-grain roughness «.e-
ments, the profile was shifted to an ctfective
origin which was located between the top and




bottom of the roughness elements. An effective
origin of 0.5 times the roughness height was used.
This value is consistent with other sand-grain
results. The rough-wall profile looks similar_to
the smooth except that it is shifted to lower U
values. This trend is consistent with rough-wall
‘esults where the shift in the profile is directly
related to the value of the roughness Reynolds
number. The shift in the rough profile, derived
from the difference between the rough and smooth
values of C from logarithmic fits, is shown plotted
in Figure 26 (from reference 18) as a function of
the roughness Reynolds number. The agreement with
other sand-grain data, both supersonic and sub-
sonic, is very encouraging.

SOURCE ROUGHNESS M,
= MIKURADSE SAND GRAIN 0.0

2 —-=— HAMA SCREEN (1]
* REDA SAND GRAIN 290
*° O VOISNET  SCREEN 1%
O PRESENT  saND GAAW 406 ,,//
0ATA 2
g 5Z
10
r Ry = 182
ac =101
u \J X 2 ! 3 *
10 10 1 10 10

Fig. 26 Shift in the law-of-the-wall constant with
roughness

As a result of this law-of-the-wall analysis,
the profiles have been shown to be well developed
and fully turbulent in nature. Since the value
of the local skin-friction coefficient is an in-
herent part of this analysis, the validity of the
skin-friction results is further enhanced.

VI. Conclusions

The skin-friction measurements with smooth
walls agree quite well with analytical predictions.
Un the sharp cone the measurements are higher than
the prediction by about 10% which is consistent
with previous experiments using cold walls at high
Mach numbers.

The heat-transfer measurements with smooth
alls yield Reynolds analogy factors of 0.98 on
the sharp cone and 0.90 on the blunted cone. The
former is consistent with previous measurements
under similar conditions. The latter constitutes
new {nforrition, but it must be noted that the
boundary layer was tripped using roughness on the
nose of the model.

For all roughness heights the skin friction
is larger than on the smooth wall. In the fully
rouyl regime the measurements agree quite well
with Fenter's? formula but are significantly
hier than Young'si? prediction.

For all roughness heights the heat transfer is
larger than on the smooth wall. On both the sharp
and blunted cone the Reynolds analogy factor
2St/cg decreases with increasing values of the
roughness Revnolds number, Rey. When the measure-
ments of Reynolds analogy factors are plotted for
comparison with a formula due to Owen and
Thomson, *? the trend of the varjation with Rey is
confirmed but different values of the numerical
constant are found for the sharp and blunted cone
and both are higher than those derived from meas-
urements in incompressible flows.

The measured boundary-layer profiles show the
expected increase in thickness and change of
shape due to roughness. When the profiles ob-
tained on the sharp cone are plotted in law-of-
the-wall coordinates, a well-defined logarithmic
region is obtained. Both the smooth-wall value of
its intercept constant and the shift in its value
due to roughness are consistent with results from
previous measurements at lower Mach numbers.
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Appendix

Roughness Characterization

The photomicrographs of the replicas of the
rough surface were quantitatively characterized
in three different ways:

(1) measuring successive peak-to-valley height
excursions, Ay,

(2) measuring successive peak-to-peak dis-
placements along the surface, Axg

(3) measuring local surface height, yq, at 200
equally spaced points along the surface.

For each nominal grain size, the length of the
section analyzed was about 15 times the grain size.

From the measurements of peak-to-valley height

we computed
n
K = (1/n) E ty,
1

n 2] 1/2
K‘RHS -[I/n E (Ayi)
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From the measurements of peak-to-peak distance
we computed a
A= (1/n) E A%y
1

n 1/2

E: 2
XRMS = [l/n (»Xi) ]

1

From the equally spaced measurements of
surface height we comput-d
Q

Teamy

1
n
Yppy T /W Dy - V)
1
n —>2] 1/2
YSTDEV [1/“ Z by =¥
1

The results of these measurements and com—
putations for the three nominal grain sizes used
are given in the following table.

k = 0.011" k = 0.037" k= 0.065"
K (in.) .0083 .0199 .0285
Kgug (in-)  .0087 .0220 .0326
X (in.) .0231 L0534 .0891
Mews  (in-) 0250 .0586 .0817
Yypgy (1n:) 0041 .0090 .0146
Ygppgy(in-) 0049 .0113 .0170




NUMERICAL SIMULATION OF STEADY SUPERSONIC FLOW OVER AN
OGIVE-CYLINDER-BOATTAIL BODY

by
W. B. Sturek*

and
L. B. Schiff**

Abstract

A recently reported Parabolized Navier-Stokes code has been employed
to compute the supersonic flow field surrounding an ogive-cylinder-
boattail body at incidence. The computations were performed for flow
conditions where an extensive series of experimental surface pressure and
turbuient boundary-layer profile measurements have been obtained.
Comparison between the comp tional results and experimental measurements
for angles of attack up to . show excellent agreement. At angles greater
than 6° discrepancies are observed which are tentatively attributed to
three-dimensional turbulence modeling errors.

1. Introduction

The use of separate codes for computing the inviscid flow and
turbulent boundary-layer development over yawed bodies of revolution has
yielded some very good solutions for cone and ogive-cylinder shapes.
However, the authors have found that application of these techniques to
bodies with boattailed afterbodies has not yielded satisfactory results
even at small angle of attack (a < 4°).

The PNS method appears to offer an attractive technique for computing
flow over bodies with discontinuities in surface curvature (such as occurs
at the junction between the cylinder and the boattail) since the inviscid
flow and viscous layer are computed simultaneously. Further, the PNS
method permits adequate flow-field resolution to be achieved with very
reasonable computer costs. This report describes the results of detailed
comparisons of PNS computational results to experimental measurements for
surface pressures and turbulent boundary-layer profile characteristics of
an ogive-cylinder-boattail body at Mach = 3 and angles of attack up to 10°.
The PNS code used is that reported by Schiff and Steger.?

*U.S. Army Ballistic Research Laboratory/ARRADCOM, Aberdeen Proving
Ground, Maryland 21005
**NASA Ames Research Center, Moffett Field, California
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2. Overview of Numerical Scheme

A body-conforming £, n, ¢, coordinate system (Figure 1) is used which
maps the body surface and outer boundary of the flow region in physical
space onto coordinate surfaces of the computational space. This
transformation simplifies the application of surface boundary conditions
and permits the approximation of neglecting streamwise and circumferential
viscous terms in high-Reynolds-number flow (see Ref., 2)., The resulting

steady thin-layer PNS equations can be written in strong conservation-law
form in terms of nondimensional variables as

el a6 138 W
g an 9T Re 9L
where
£ = £(x) is the axial (marching) coordinate
n = n(x,y,z) is the circumferential coordinate
r = ¢(x,y,z) is the normal coordinate

For turbulent flow computations the coefficients of molecular viscosity
and thermal conductivity are computed using the two-layer Cebeci-type eddy
viscosity model reported by Baldwin and Lomax.3 The various constants
within the model were set to the values suggested in Ref. 3, with the
exception that the turbulent Prandtl number Prt was set to 0.8.

Equation (1) is parabolic-1like with respect to &, and can thus be
marched downstream in the £ direction from an initial data plane (subject
to appropriate body and free-stream boundary conditions), under those
conditions where the local flow is supersonic. By evaluating the pressure,

j which appears in the ES flux vector using the subsonic layer

approximation, Eq. (1) can be kept stable for marching for subsonic points
as well. If Py is set equal to the local pressure for supersonic points,

and is evaluated from aps/ac = 0 (Figure 2) for points within the subsonic

viscous layer adjacent to a wall, Eq. (1) can be stably marched for all
flows where U > 0; that is, for flows without streamwise reversal (see
Ref. 2 for associated stability analysis).

The numerical algorithm used to advance Eq. (1) Jownstream in £ is
a noniterative, implicit, approximately factored finite-difference scheme,
analogous to the one developed by Beam and Warming* for the solution of
the unsteady Navier-Stokes equations. The algorithm is conservative, of
second-order accuracy in the marching direction, and can be either second-
or fourth-order accurate in the cross-flow plane. The algorithm has been
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applied to compute a variety of laminar and turbulent viscous flows and
the results have been in excellent agreemeni with those obtained from more
costly time-dependent computations. Full details of the PNS assumption,
the associated stability analysis and of the derivation of the algorithm
and application of boundary conditions are found in Ref. 2.

In general the initial data plane for the marching method must be
supplied from an axiliary computation. However, when treating the flow
over conical or pointed bodies, the marching code can be used to generate
its own initial data plane. As outlined in Ref. 2, a conical grid is
selected and the flow variables are initially set to free-stream values.
The solution is marched downstream from an initial station and, after
each step, the solution is scaled to place it back at the original
station. When no change in the flow variables occur with further marching,
a conical solution has been generated.

3. Results

Model Geometry and Experimental Measurements

The dimensions of the ogive-cylinder-boattail model used for this
study are shown in Figure 3. The model is 6 calibers long with a l-caliber,
7° boattail, and closely resembles a modern low-drag artillery projectile.

A number of wind-tunnel experiments have been conducted for this model
geometry in order to obtain data for comparison to numerical computations.
The data acquired include measurements of wall static pressure, turbulent
boundary-layer velocity profiles, surface skin friction, aerodynamic forces,
and flow visualization. The test conditions were M = 3 with a tunnel total
pressure of 0.298 MPa and tunnel total temperature of 308°K. These
conditions produced a free-stream Reynolds number of 7.3 x 10° based on the
model length. The boundary layer was tripped near the tip of the model to
produce a reliable turbulent flow. All tests were performed using SSWT
Number One at the U.S. Army Ballistic Research Laboratory. This facility,
which is no longer in operation, was a continuous flow tunnel with a
flexible plate nozzle. The test section size was 330 x 380mm (13 x 15 in.).

Comparison Between Computation and Experiment

Computations were performed for a body having the same geometric
shape as the experimental model, and for flow conditions duplicating that
of the experiment. The tip of the ogive was replaced with a cone tangent
to the ogive at x = 15,2mm (see Figure 3). Turbulent conical solutions
were generated at that station and used as initial data for the PNS
marching code. The present computations used a grid consisting of 30
circumferential points (A¢ = 10°) and 50 points radially between the body
and the outer boudnary. Computation time on the CDC 7600 computer is
2.3 sec/step with this size grid.
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Surface Pressure. The PNS computations are compared to experimental
measurements, and to inviscid flow computations made using codes based
on MacCormack's predictor-corrector technique (Figures 4-6). Longitudinal
surface pressure distributions along the windward and leeward rays are
shown in Figure 4 for an angle of attack of 6.3°. The PNS computations
exhibit better agreement with experiment in the vicinity of the
discontinuities in streamwise surface curvature at the ogive-cylinder
and cylinder-boattail junctions than the inviscid computations.

Examples of comparisons of circumferential surface pressure
distributions are shown for a = 6.3° in Figure 5 and for o = 10.4° in
Figure 6 at two longitudinal stations; one on the cylinder portion of
the model near the boattail, the second, midway on the boattail. At
a = 6.3° (Figure 5a) the comparison on the cylinder indicates excellent
agreement between the PNS computation and experiment and the appearance of
a systematic discrepancy between the inviscid computation and experiment
for 100° < ¢ < 150°. This trend is accentuated for flow on the boattail
(Figure 5b). The comparison shown in Figure 6 for o = 10.4° indicates
further development of crossflow separation for flow over the boattail and
cylinder. The abrupt rise in experimental surface pressure at ¢ = 90°
indicates the location of the crossflow separation point. The inviscid
computation predicts a crossflow shock at ¢ = 140° which is not present in
the experimental data. At this incidence the PNS computation is in only
fair agreement with the experiment and suggests an upper limit of
applicability of the present computational technique of a = 6° for this
class of body shapes.

Streamwise Velocity Profiles. A sensitive test of the accuracy of
the PNS computational technique applied to this flow is the comparison of
measured and computed boundary-layer velocity profiles. Such comparisons
are shown in Figures 7 and 8 for two longitudinal stations; station A on
the cylinder near the boattail, and station B on the boattail. Each
figure shows the velocity profiles for a particular longitudinal station
for circumferential stations ranging from the windward to leeward ray in
30° increments. The nondimensional streamwise velocity compounts, u,
are plotted versus physical distance y measured radially from the body
surface in millimeters, rather than against normalized y/§. This method
of plotting prevents scaling differences between the computation and
experiment from giving a false comparison.

Comparison for a = 6.3° are shown in Figures 7 and 8. At this
angle of attack the windward side measured and computed profiles are
in excellent agreement. However, the discrepancy between the profiles
at ¢ = 150P is substantial, particularly at the boattail station (Figure
8). Note that this discrepancy is less strongly reflected in the surface
pressure distribution at the corresponding station (Figure 5b).
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Plots of longitudinal velocity profiles for 10° increments in
circumferential position are shown in Figures 9 and 10 for a longitudinal
position on the boattail at x = 1.06. Results for a = 6.3° are shown in
Figure 9 and o = 10.4° in Figure 10. The significant development of
vortical flow from a = 6.3° to o = 10.4° is suggested by the development
of the velocity defect in the profiles for ¢ = 120° to ¢ = 170°.

Magnus Force. The PNS technique is particularly attractive for
computations of the Magnus effect since, as seen in Figures 4-6, the
accuracy for the circumferential and longitudinal distributions of wall
pressure are much improved over that obtained using inviscid techniques.
This improvement was most significant for the flow over the boattail.

Recently, the PNS code has been used to obtain turbulent viscous
results for a spinning model in order to evaluate the Magnus effect.
Results obtained to date are limited to M = 3, a = 2°, Q = 20000 RPM
for ogive-cylinder and ogive-cylinder-boattail models. The initial
results obtained are shown in Figures 11 and 12 where PNS computations
are compared to BL-INV computations and experimental data. The total
side force consists of contributions of longitudinal velocity wall shear,
circumferential velocity wall shear, centrifugal pressure gradient and
wall pressure components. The side force is plotted as a function of
axial position on the model. The data point at Z/D = 6 is the wind
tunnel force measurement. The PNS and BL-INV computations are in fair
agreement with the force measurement for the ogive-cylinder model in
Figure 11; however, the PNS computation is in significantly better
agreement with the experimental point than the BL-INV result for the
boattailed model in Figure 12,

5. Concluding Remagks

This paper has described the results of a numerical-computation
study in which the parabolized Navier-Stokes.marching code recently
developed by Schiff and Steger has been exercised for a 6-caliber,
ogive-cylinder-boattail shape at incidence. Extensive, detailed
comparisons to experimental data at M = 3, a < 10.4° have been performed
to evaluate the accuracy and stability of the numerical technique.

Comparisons have been made between PNS computations and experiment
for surface pressures, velocity profiles and Magnus force. The improved
accuracy achieved using the PNS code compared to the BL-INVISCID technique
was shown to be of great significance for the flow over the boattail.
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A THEORETICAL AND EXPERIMENTAL INVESTIGATION OF A
TRANSONIC PROJECTILE FLOW FIELD

by \

C. J. Nietubicz*, J. E. Danberg** and G. R. Inger***

Abstract

The transonic flow field about a projectile configuration with a turbulent
boundary layer has been studied. A joint theoretical and experimental cffort
is presented which compares the results of a generalized axisymmetric Navier-
Stokes code with a compposite boundary layer interaction solution method and
both against experimental data. The longitudinal pressure distribution and
velocity profiles at three axial stations are presented for M = .94, and .97
at a = 0. Comparison of the boundary layer characteristics which include
velocity profiles, displacement thickness and skin friction are presented.

1. Introduction

The aerodynamic characteristics of standard artillery shell from subsonic
to supersonic speeds is of major concern in the design of new shell or
modifications to existing ones. The possibility that a given shape may have
to operate throughout a range of Mach numbers requires a detailed understanding
of the flow fields associated with each. Modern computational techniques are
now being applied to projectile shapes and the ability to compute the
aerodynamics of shell for a wide range of Mach numbers and Reynolds numbers is
becoming a reality. Significant accomplishments have been achieved in the
supersonic regime. Static and Magnus force coefficients have been computed for
standard projectile configurations and experimental data is generally available
which shows good comparisons. Transonic flow, however, presents a new complexity
for computational analysis. The formation of shock waves, imbedded in the flow
field near the surface discontinuities, produces a severe change of the
aerodynamic coefficients such as drag and pitching moments. For example, the
drag for a projectile shape has been found to change by as much as 100% through
a Mach number range of .95 to .97. A change of this magnitude in the aerodynamics

makes it essential to be able to understand and compute the features of the flow
field which contribute to this effect.

*U.S. Army Ballistic Research Laboratory/ARRADCOM, Aberdeen Proving Ground,
Maryland 21005

**University of Delaware, Newark, Delaware 19711

***Virginia Polytechnic Institute and State University, Blacksburg, Virginia
24061

213 ;




A concentrated theoretical and experimental research program has been
ongoing at BRL in order to develop the predictive capabilities required for
determining projectile aerodynamics. Supersonic computations using combined
inviscid flow field and boundary layer techniques have been developed by
Sturek!, et al., for cone-cylinder and ogive-cylinder configurations. Recent
results have been obtained in supersonic flow over a typical boattailed
projectile by Schiff and Sturek? using modern computational techniques for
solving the thin-layer Navier-Stokes equations.

Inviscid transonic computational results have been obtained by Reklis?,
et al., for a secant-ogive-cylinder-boattail shape. This work was then extended
to include the viscous boundary layer and modeling of the shock boundary layer
interaction regions. A comparison of the composite solution technique with
experimental data was presented at the 1979 DEA meeting“. The results showed
generally good agreement between the theoretical calculation and experiment.

The availability of a new computational technique for solving the thin-
layer generalized axisymmetric Navier-Stokes equations and additional
experimental data has resulted in a continued analysis of this transonic flow
field problem. A discussion of the two computational methods and available
experimental data will follow.

2. Generalized Axisymmetric Technique

The Navier-Stokes code which has been used in this study is the
n-Invariant or Generalized Axisymmetric version®. This code solves the thin-
layer Navier-Stokes equations which are cast in strong conservation law form.
The equation formulation allows for arbitrary body geometries and are solved
using an implicit approximate factorization finite difference scheme. The
"thin-layer" approximation® 7 used here requires that all body surfaces be
mapped onto ¢ = constant planes and that Re >> 1. Essentially, all the viscous
terms in the coordinate directions (here taken as £ and n) along the body
surface are neglected while terms in the g or the near normal direction to the
body are retained. This approximation is used because, due to computer speed
and storage limitations, fine grid spacing can only be provided in one
coordinate direction (usually taken as the near normal direction) and the grid

spacing available in the other two directions is usually too coarse to resolve
the viscous terms.

The thin-layer generalized-axisymmetric Navier-Stokes equations are
obtained from the three-dimensional equations by making use of two restrictions:
(1) all body geometries are of an axisymmetric type; (2) the state variables and
the contravarient velocities do not vary in the circumferential direction. Given
the above assumptions the transformed generalized thin-layer Navier-Stokes
equations in non-dimensional and strong conservation law form are written as°®
= -1
GTq + GgE + GCG + H = Re GCS (1)

where general coordinate transformations
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£(x,y,z,t) - longitudinal coordinate | i

g - '
¢ = r(x,y,z,t} - near Normal coordinate /
1=t -~ time :
are used. /
The vector & contains the dependent variables density, p, velocity /
components, u, v and w, and total energy, e. The vectors é, é, and ﬁ contain

terms arising from the continuity equation, three momentum equations and energy

equation. All viscous terms are contained in the vector S. The turbulence
modeling used is the two layer Cebeci type eddy viscosity model as reported by
Baldwin and Lomax’

Equation (1) contains only two spatial derivatives but does retain all three
momentum equations thus allowing a degree of generality over the standard
axisymmetric equations. In particular, the circumferential velocity is not
assumed to be zero allowing computations for spinning projectiles or swirl flow
to be accomplished.

The numberical algorithm used for equation (1) is a fully implicit,
approximately factored finite difference scheme as analyzed by Beam and farming®.
The details of the numerical method, algorithm and boundary conditions can be
found in Reference 5.

3. Composite Inviscid Flow-Boundary Layer-Shock Interaction Model

Inviscid Flow Region

Inviscid flow calculations were made by methods developed by Reklis,
Sturek, and Bailey3. The inviscid flow was determined by a numerical solution
of the transonic small disturbance equation for the velocity perturbation
potential ¢ given by,

[(1-M2) - M? (Y”“’x”xx ot ¢r/r + %e/r2 =0 (2)

where M is the free stream Mach number and y is the ratio of specific heats for /
air taken as 1.4 and where the equation is written in cylindrical coordinates.
This equation is second order nonlinear partial differential equation of mixed «
elliptic hyperbolic type. The type of the equation changes to match the physical

differences between regions of subsonic and supersonic flow.

Equation (2) can be made to adequately predict the flow about a projectile /
shape such as that studied here. Certain regions of the flow require some |
"modeling' however. The wake has been treated in these computations as a solid
part of the body slightly smaller in diameter than the base and faired smoothly
into the boattail. In order to develop a 'conservative' algorithm to solve this
equation special care must be taken at transitions between subsonic and s ‘onic
flow. Non-conservative forms of the algorithm, however, often give bette
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agreement with experiment because the breakdown in conservation seems to
reproduce the effect of the shock boundary layer interaction; the algorithm
used here was therefore a non-conservative one for the purposes of constructing
a first version of the composite flow model. Consistently, first order boundary
condition relations have been used with 120 streamwise grid points along the
body length.

Boundary Layer

Boundary layer flow computations were made by methods developed for laminar
cone flows by Dwyer and Sanders?® and extended to more general turbulent flows by
Sturekl?, et al. In this technique the boundary layer equations stating principles
of conservation of mass, momentum, and energy are solved with an implicit finite
difference technique. The solution begins with the development of an approximate
boundary layer profile at the tip. The solution is then marched over the body
from nose to tail. At each step along the way a two point boundary value system
is solved with conditions given at the body surface and at the boundary layer
edge. The possibility of body spin is accounted for and care is taken in setting
up the difference to maintain stability. Turbulence is accounted for by use of
an algebraic type, eddy viscosity, turbulent shear stress model with Van Driest
damping. This model has proved suitable for use in cases of supersonic flow and
is carried over directly to the transonic regime.

Local Shock-Boundary Layer Interaction Regions

For non-separating interactions (local Mach number roughly less than 1.3
in the Reynolds number range ReL ~10%, - 108 a non-asymptotic triple-deck

disturbance flow model of the weak normal shock-turbulent interaction is employed.
This model has proven very successful in treating a variety of problems involving
turbulent boundary layer response to strong adverse pressure gradients and is
supported by a large body of transonic and supersonic interaction datal®, its use
therefore provides a sound treatment of both the local and downstream effects
while avoiding the use of crude empirical "viscous wedge" models whose
fundamental dependence on the incoming boundary layer properties is unknown.

The flow model (Figure 1) consists of an inviscid region surrounding a shock
discontinuity and an underlying thin viscous disturbance sublayer that contains
the upstream influence and skin friction perturbation. An approximate analytic
solution is achieved by assuming small linearized-disturbances ahead of and
behind the nonlinear shock jump, with a simplified treatment of the detailed
shock structure within the boundary layer down to the sonic level. The resulting
equations can be solved by operational methods to obtain the interactive
pressure rise, displacement thickness growth, and local skin friction solution
both upstream and downstream of the shock foot.

The required inputs are the inviscid shock location (about which the
interactive solution is "centered"), the corresponding streamwise component of
the inviscid flow number and the shape factor from the turbulent boundary layer
code. The interactive solution has been inserted as a local module at each
shock location to produce a general combined inviscid-boundary layer-interaction
solution code. Since the shock location is essentially fixed by the sharp
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corners on the body and changes only very slightly due to viscous effects, the
shock strength and position are taken from the inviscid calculation. Our
interaction solution then allows us to account not only for the rapid displacement
thickness growth in each interaction, but also for the attendant local interactive
distortion of both the skin friction and profile shape. Moreover, the influencce
of these changes on the subsequent turbulent boundary layer development downstream
is included by appropriate post-interaction reinitialization of the turbulent
boundary layer calculation using Walz's composite '"Law of the Wall-Law of the
Wake' turbulent profile model.

4. Eerriment

The experimental data to be described here are an extension of the data
reported at the 1979 DEA meeting" and at the AIAA Fluid and Plasma Dynamics
Conferencell including new tests at additional survey stations and at Mach
Numbers of 0.97 as well as the previous reported data at 0.94.

The wind tunnel measurements were performed in the NASA Langley Research
Center 8 foot Transonic Pressure Tunnel (TPT). The tunnel was operated at one
atmosphere supply pressure (101.3 kPa) and at a supply temperature of 49.2°C
which resulted in a Reynolds number of 13 x 10% 1/M. The TPT facility is of
slotted wall construction to minimize reflected wave interference effects whicl
were monitored using tunnel wall static pressure taps. The model was sting
mounted from the Langley support sector and roll mechanism which allowed
measurements at angle of attack and at various roll positions.

The data described here is limited to the zero angle of attack and roll
case., Other experiments were performed at 4° angle of attack and at various
angles around the model. Preliminary tests for pressure distributions and
boundary surveys were carried out on a nonconical afterbody model. The results
from these will be reported in the near future,

Model

The tests were made using a model of a typical modern projectile as
illustrated in Figure 2, The configuration is an idealization of an artillery
projectile consisting of an ogive nose, cylindrical mid-section and 7° conical
afterbody or boattail of half a caliber. Turbulent flow was assured by using
a sand-grain roughness strip 5 cm from the nose. The 20.2 cm diameter model
caused 0.69% blockage of the tunnel which was found acceptable for the
measurements carried-out. The afterbody was instrumented with 14 static
pressure taps located so as to define the flow conditions in the vicinity of
the boattail corner.

Instrumentation

The boundary surveys were made employing the same technique described in
1979. The probing mechanism is shown in Figure 3. Some new probe support arms
were designed to increase the traversing distance of the probe tip to
approximately 30mm. This was found to be necessary on the lee-side of the
model during the previous tests. Separate probe supports were used to reach
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the various stations on the model. New arms were constructed so that all wall
pressure tap stations between 3 and 9 (see Figure 3) could be investigated.
The forward position was expected to be free of the effects of tlie expansion
at the corner of the boattail. Thus the measurement at this station provides
a test of our ability to predict the downstream effects of the boundary layer-
shock wave interaction which occurs in the region of the ogive-cylinder
junction. The most rearward station only 1.27 cm from the model base also
provides information about the effects of the afterbody shock.

The probe travel is controlled by an electric motor within the model driving
a connecting micrometer lead screw. The control allowed positioning of the probe
within *,03mm. The position of the probe arm was detected using a linear variable
differential transducer which was statically calibrated with an optical
cathetometer which provided positioning accuracy of #0.1lmm. The probe tip was
electrically insulated so that wall contact provides a reference position for
calibration in the tunnel.

A major concern in using total head probes at transonic speeds is the
possibility of flow interference; thus every attempt was made to reduce exposure
of the probing mechanism to the main flow field although some disruption of the
base flow is unavoidable. The supersonic region downstream of the boattail
corner effectively prevents the upstream propagation of the disturbances caused
by the mechanism in wake. This has been verified by viewing a Schlieren picture
of the base flow, at Mach No. 0.97 with the station 3 probe installed, where in
only weak disturbances can be seen. No significant upstream effects on the
wall static pressures were observed when the probe was in the supersonic region
behind the boattail corner. Some upstream propagation from the probe was
observed when the probe was in the subsonic flow upstream of the corner but the
disturbance was ounly significant with the probe tip within one millimeter of
the model surface. In all cases the wall static pressure measured without the
probe mechanism installed was used to reduce the pitot probe pressures to Mach
numbers.

5. -‘Results

Theoretical and experimental comparisons have been made for surface pressure,
velocity profiles, displacement thickness and skin friction. All results shown
are for a = 0°, Re = 13 x 105/m and M = .94 or M = .97.

The surface pressure coefficient computed using the Navier-Stokes code is
shown in Figure 4 compared to the experimental data. The comparison is seen to
be excellent in the vicinity of the expansion but falls off on the boattail.
The computational grid contained only 60 points on the body and was severely
stretched in the longitudinal direction after the boattail corner. The
discrepancy in the comparison on the boattail is attributed to this poor grid
resolution.

Velocity profiles are shown in Figure 5 for three axial stations. Stations
x/L = .924 and .967 are from previous test results while the data at x/L = .870
has been obtained from the experiment described in this paper. The Navier-Stokes
solution (solid line), composite solution (dotted line) and experimental values
compare very well at x/L = .870 and .924, however as in the previous report the
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results at x/L = .967 show a discrepancy. Shifting the computed free strcam
velocity indicates that the computed profile shape is consistent with the
experimental data. The difference is directly related to a higher observed
static pressure in the experiment than obtained in the theorctical calculations.

A calculation of the displacement thickness was made at all stations wherce
velocity profiles were available. A comparison of the theoretical computations
and experimental determination of displacement thickness is shown in Figure 6.
The composite solution shows a jump in displacment thickness at the shock
location and then a gradual increase until the cxpansion of the corner is felt
which produccs a decrease in the displacement thickness. The Navier-Stokes
results on the other hand show a continuous increase in displacement thickness
over the cylinder portion of the model. The experimental results are shown
to compare relatively well with the computed values, however, the inability to
accurately and consistently deternine the boundary layer edge position and
velocity in transonic flow, makes any comparison suspect. Additicnally the
solution of Navier-Stokes type equations does not rely on the computation of
a displacement surface for improved flow field prediction.

Similar comparisons have been made for M = .97 in order to determine the
applicability of these techniques to Mach number variation. The computed and
experimental surface pressure coefficients are again shown in Figure 7 to compuare
favorably. The velocity profiles at three axial stations for M = .97 uarec shown
in Figure 8. The comparison in this case is shown to be good for all stations.
Station x/L = .967 is clearly in the supersonic region at M = .97 as evidenced
by schlicren pictures. Disturbances from the probe mechanism are therefore
expected to be small in this case. However, for the M = .94 casc the supersonic
pocket is smaller and interference caused by interaction of the probe and the
boattail shock wave is more likely.

A usually severe test of the computational capability is the accurate
prediction of the skin friction coefficient. Although, there is no experimental
data for comparison, Figure 9 shows the results for both numerical schemes. The
expansion about both corners is shown to produce a rapid increase in the skin
friction followed by a rapid decrease after the shock. The relative agrcement
between these two methods, especially in the presence of multiple shocks, is
considered to be quite good.

Conclusion

The transonic flow field about a secant-ogive-cylinder-boattailed model has
been computed using a generalized axisymmetric Navier-Stokes code and a composite
shock boundary layer interaction technique. The computations have been com-
pared to the experimental data at M = .94 and .97 for « = 0. The results show
generally good agreement considering the complex double-shocked environment
such as exists about a boattailed projectile shape. Difficulties are apparent
in the definition and computation of the displacement thickness since the
boundary layer edge is difficult to identify.

Additional experimental data is required to fully access the validity of
the computational techniques; however, the comparison of the two techniques
with the available experimental data shows the correct trends. Navier-Stokes
computations have been obtained for a projectile shape at anglc of attack
and comparisons of these results with the available experimental data and
the composite solution technique will be reported in the future.
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Three-Dimensional Boundary Layer Calculations for Fuselages

by
J. D. McLean and J. L. Randall
Boeing Commercial Airplane Company

Seattle, Washington 98124

Introduction

A boundary layer grid generation program developed originally for swept
wings [1,2] has been modified to generate surface fitted, curvilinear,
orthogonal grids for a broad class of fuselage, hull, and nacelle shapes.
Outer boundary conditions (velocity vectors) for subsequent three-dimensional
boundary layer calculations are interpolated onto the grid from the results of
a panel-type potential flow [3] calculation. Provided the flow remains
attached, such a calculation yields reasonably accurate results for the entire
flow field except over regions of the body where the simple boundary layer
approximation breaks down, such as near the tail or near wing-body junctions.

In engineering applications the results are useful for predicting:

1) The onset of separation of either the free vortex type or the closed

bubble type, and

2) The skin friction field for use in evaluating effects of surface

roughness or excrescences.
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A future goal of this work is to calculate flows with free vortex
separation by coupling the grid generation and boundary layer methods with the
Boeing LEV code [4], which was develped originally for delta wing flows with
leading edge separation and which is capable of solving for the geometry of

the shed vortex sheets.

Grid Generation and Boundary Layer Solution Procedures

For the present analysis, the body shape and the resulting flow field are
assumed to have at least a single plane of symmetry. The body shape is
defined by columns of geometry data points (panel control points) from the
potential flow program, as shown in part (a) of Figure 1. The first step in
the construction of the grid is the numerical fitting of longitudinal boundary
layer coordinate lines (lines of constant boundary layer coordinate x), as
shown in part (b) of Figure 1, which need not generally pass through the
potential flow data points. The potential flow velocity vectors defined at
the potential flow data points are converted to components parallel and
orthogonal to these longitudinal coordinate lines. The orthogonal coordinate
lines (lines of constant boundary layer coordinate z) are then constructed
numerically segment-by-segment, and, finally, the converted potential flow
velocity components are interpolated to the boundary layer grid points. While
no procedure of this type can guarantee single-valued grids for general body
shapes, the present procedure has yielded usable grids for all of the simple,
practical body shapes tried so far.

These grids, by their own nature and because of limitations inherent in

the boundary layer solutfon procedure, must exclude a portion of the body

surface that includes the front stagnation point. For most aeronautical
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applications this is not a serious drawback because the boundary layer at the

nose is usually very thin, and the solution farther aft on the body is

insensitive to the initial conditions used at the upstream grid boundary {i.e..

the first circumferential grid line). In some special applications, such as
flows in which the location of boundary layer transition has a strong effect

on the entire flow field, a more precise treatment of the nose region would be

required.

The marching scheme used in calcu]atfng the boundary layer is illustrated
in Figure 2. First, the plane-of-symmetry boundary layer equations are used 4
to calculate the flow along one of the lines of symmetry, and the resulting
solution is extrapolated to the next longitudinal coordinate line. The line
of symmetry solution then serves as initial conditions for a three-dimensional
calculation in which the marching along each circumfercial coordinate line is
as shown in part (b) of Figure 2, and the circumferential coordinate lines are

taken in sequence, from front to rear.

The finite difference scheme is similar to the one currently used for wing
calculations at Boeing [1,2]. When the velocity component u (the
circumferentia)l component in this application) is non-negative at all points
on a given column, 3-point upwind differences are used in both directions, as
shown in part (a) of Figure 3. If the solution is unavailable at the adjacent
upwind station in the x direction (e.g. if that station is part of a
*forbidden zone,* as described below), the alternate form shown on the right
in part (a), Figure 3, is used. When u is negative at all points on the
column the form shown in part (b), Figure 3, is used, where differencing in
the x direction takes place effectively on the previous x-coordinate line,

When the u profile crosses over (i.e. when u components of both signs appear

on the
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same column), the x direction differencing is done in a manner similar to that

used in the well—known 2ig-zag scheme [5], as illustrated in part (c) of

Figure 3.

ANl of the differencing options illustrated in Figure 3 are conditionally
stable, i.e. each form is stable only for velocity directions within a
particular range consistent with the zones of influence and dependence of the
differential equations. If at any point on a particular column the solution
produces a velocity direction that is within the stable range of none of the
available difference options, the column is flagged as part of a “forbidden
zone" such that the column cannot be used in differencing operations at
adjacent columns. A forbidden zone can propagate through the solution domain
in a manner that depends on the mesh aspect ratio and on the velocity field
that emerges as the solution is computed. Under favorable conditions the
boundary of a forbidden zone can nearly coincide with any of the various types
of three-dimensiona) separation lines, thus providing a prediction of the
separation 1ine location. But a forbidden zone can also be merely a symptom
of the failure to specify initial conditions at all of the boundary locations
required by a particular velocity field or of a poor choice of mesh aspect
ratio for computing negative or cross-over u profiles. The solution near the
boundary of a forbidden zore must therefore be examined for the presence of
flow field features usually associated with separation, such as the appearance
of a large normal velocity component in the outer part of the boundary layer

and/or the strong convergence of streamlines near the surface.

Because the finite difference scheme can, conditionally at least, handle
both positive and negative u, it is possible to calculate most flows by
marching in either direction, i.e., from the windward side to the leeward side

or vice versa. This has been done in several cases as a check on the
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correctness and accuracy of the program. As an example, results
calculatedboth ways for the laminar flow over a 4:1 spheroid at o = 20™ are
shown in Figure 4. For most practical purposes the results are the same,
especially with regard to global features such as the separation pattern. The
lower limb of the forbidden zone boundary represents an open, free vortex
separation line toward the front, joining part of a closed separation bubble
in the rear, forming a pattern consistent with that observed experimentally by
Han and Patel [6] and computed numerically by Wang [7], Cebeci and Khattab
[8], and others. The upper limb of the forbidden zone boundary (toward the
leeward symmetry line) is an artifact of the calculation and does not

represent a separation line.

In the wing calculations reported earlier [1,2], the special difference
formulas for cross-over u profiles {part (c), Figure 3) were not used. When a
cross-over u profile appeared, either the positive u (part (a), Figure 3)
formulas or negative u (part (b), Figure 3) formulas were chosen on a
point-by-point basis, in a manner similar to the scheme reported by Dwyer
[9]. This scheme worked well for wing calculations and for many fuselage
calculations, provided that only a moderately sized portion of the body
surface exhibited cross-over u profiles. For one particular fuselage
calculation (Boeing 727-200 fuselage at 0" angle of attack), however, where
cross-over u profiles appeared over nearly the entire body surface, the scheme
became unstable, and the circumferential distribution of &* took on a
saw-toothed appearance. This behavior was alleviated by the addition to the
program of the special difference formulas for cross-over u profiles (part
(c), Figure 3). A1l of the results discussed in the next section were
calculated by the new program, though for all cases except the Boeing 727-200
fuselage at 0" angle of attack there was very little difference between the

results of the new program and those of the old program.
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Typical Results

Plots illustrating some of the fuselage-type boundary layer flows calculated
with the programs thus far are shown in Figures 5-15. In all cases the outer
flow boundary conditions were obtained from potential flow calculations for
the bare body shape; no displacement effects or vortex shedding effects were
included even though separations of various types were predicted in most
cases. In all of the calculations for non-zero angles of attack,
circumferential marching in the boundary layer solution procedure was carried

out from the windward side to the leeward side.

The plots are of two basic types: Streamline plots and contour plots of
constant displacement thickness §*. In the streamline plots,
three-dimensional curves were constructed along the body surface parallel to
the appropriate velocity directions. In the plots labeled “Outer-Flow
Streamlines" the curves are parallel to the velocity vectors from the
potential flow solution, and in the plots labeled “"Surface Streamlines" the
curves are parallel to the limiting directions of the boundary layer velocity

vectors at the surface and are thus parallel to the surface shear stress.

The surface streamline plots provide a convenient way of visualizing the
development of separation patterns, especially when studying a series of
angles of attack. However, caution should be used in interpreting some
features of the streamline patterns. As an example, the surface streamlines
for the spheroid at an angle of attack of 5° (Figure 5), have a non-uniformity
of spacing through the mid-section where a wide gap appears between the
streamlines that emanate from the keel line and those that emanate from the

lower part of the nose. This non-uniformity is an artifact of the prcgram
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logic; i.e. the streamlines emanating from the nose were drawn at initially
wider spacing than those emanating from the keel line, and é c;refu1
inspection shows that, when the initial non-uniformity in spacing is taken
into account, there is nothing really distinctive happening in this region.
At the higher angle of attack of 10 (Figure 6), however, the convergence of
streamlines near the top of the body is not the result of any initial

non-uniformity and is indicative of an approach to 3-D separation.

The displacement thickness &* shown in the contour plots was obtained as a
solution to the three-dimensional &* equation as described in References 1 and
2. The large blank areas in both the streamline plots and the contour plots
coincide with forbidden zones in the solution domain. All of the plots were
produced by interactive plotting programs that did not always maintain
undistorted scaling; in some cases the vertical scale has been stretched

relative to the horizontal scale.

Laminar Boundary Layer on a Spheroid

Figures 5-9 show results cal:ulated for a laminar boundary layer on a 4:1
spheroid at a length Reynolds number of 1.6 x 105 at angles of attack of 07,
5, 107, 157, and 20°. 1In all of the non-zero angle of attack cases the lower
part of the forbidden zone boundary coincides approximately with a separation
line in the flow field. At o« = 5  a closed bubble-type separation is
indicated, while at a = 10° and higher, an open, free vortex separation line
extends increasingly far forward with increasing a. In Figure 9 the &*
contours for a = 0° display considerable unevenness toward the aft end of the
body. The wiggles were found not to be due to any instability in the boundary
Jayer calculations, but were instead found to be in step with the potential
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flow paneling. It is not yet known whether the wiggles were caused by
non-uniformities in the potential flow velocity vectors or by non-uniformities
in the boundary layer grid caused by the use of potential flow geometry data
in the construction of the grid. In spite of the non-uniformities of the s&*

contours, the predicted spearation line is quite straight.

Boeing 727-200 Airplane Fuselage

Figures 10-14 show results calculated for a turbulent boundary layer on a
Boeing 727-200 airplane fuselage shape without a wing or tail at a length
Reynolds number of 2.59 x 108 at angles of attack of 07, 5", 10", and 20~.

As in the case of the spheroid, the lower boundary of the forbidden zone
approximates a separation line in the flow field, and the progression of the
predicted separation pattern with angle of attack can be clearly seen. At a =
5 and 10 the surface streamlines show considerable evidence of convergence
and the beginning of a free-vortex separation somewhat forward of the
beginning of the forbidden zone. At a = 20 the free vortex separation begins
not far aft of the nose. (It should be noted that these program test results
are not indicative of the actual flow pattern about the complete airplane,
since the wing and its wake - which were omitted - would change the potential
flow field considerably.) In Figure 14 it is interesting to note that the &*
contours over an extensive portion of the middle of the body are aligned
longitudinally, as they would be in an infinite yawed clinder flow, even at an
angle of attack as low as 5. At a = 07, as in the case of the spheroid, the

8* contours display non-uniformities that appear to be related to the

potential flow paneling.
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SSPA 720 Ship Hull Model

Figure 15 shows isometric views of the predicted surface streamlines for
the SSPA 720 ship hull wind tunnel model examined experimentally by Larsson

[10] in turbulent flow at a length Reynolds number of 5 x 106, which is one

~ of the required test cases for the Workshop on Ship Hull Boundary Layers to be

held in June, 1980 at the Swedish SSPA. Calculations were begun at X/L = .2
using initial conditions supplied by the organizers of the Workshop and ended
at X/L = .9, just forward of the rudder post. The flow near the stern
displays two interesting regions of flow convergence and passible vortex
formation: One near the waterline and another that appears to be related to

the sharply rounded corner of the forward hull shape.

Further Developments

In the near future further airplane fuselage boundary layer calculations
will be made for a case that includes a wing in the potential flow
calculations so that the fuselage will be subjected to a realistic induced
velocity field.

A longer term goal is the calculation of viscous-inviscid interaction
effects in flows with free-vortex separation of the type illustrated in Figure
16. An iterative procedure is envisioned in which the outer inviscid flow,
including the shed vortex sheets, would be calculated by a potential flow
panel method capable of solving for the geometry of the vortex sheets, and the
boundary layer flow would be calculated by the present boundary layer
program. A consistent solution would be sought in which the free vortex
separation 1ine prediced by the boundary layer program would agree with the

vortex sheet origin assumed in the potential flow calculation. As pointed out

231 "




by Smith [11], the convergence to this final solution would have to be
carefully controled so that the boundary layer separation predicted at any
iteration in the procedure remains to windward of the assumed potential flow

vortex.
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c) ORTHOGONAL COORDINATE LINES CONSTRUCTED NUMERICALLY SEGMENT-BY-SEGMENT

FIGURE 1 CONSTRUCTION OF ORTHOGONAL, CURVILINEAR
BOUNDARY LAYER COORDINATE GRID .
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b) MARCH CIRCUMFERENTIALLY IN SECOND RUN, USING PROFILES FROM PART
(a) AS INITIAL CONDITIONS.

FIGURE 2 MARCHING SEQUENCE FOR BODY BOUNDARY LAYER CALCULATION
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727-200 Fuselage

FIGURE 14 PREDICTED §* CONTOURS FOR TURBULENT FLOW OVER
BOEING 727-200 FUSELAGE
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FIGURE 15 PREDICTED SURFACE STREAMLINES FOR SSPA 720 SHIP HULL
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®  YORTEX SEPARATION LINE CONSISTENT WITH 3-D BOUNDARY LAYER ANALYSIS

®  VORTEX SHEET SHAPE DESIGNED BY PANEL METHOD

FIGURE 16 POSSIBLE FUTURE VISCOUS-INVISCID INTERACTION
CALCULATION
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SUPERCRITICAL AIRFOIL FLOW CONTROL
BY SLOT SUCTION IN THE SHOCK REGION

P. Thiede

Vereinigte Flugtechnische Werke GmbH, Bremen

ABSTRACT

The use of supercritical airfoils at off-design conditions
is limited by buffet onset, caused by shock-induced separa-
tion. On principle the shock-induced turbulent boundary
layer separation can be prevented by slot suction within
the shock region, but an efficient suction system can only
be brought to bear for supercritical airfoils in connection
with a nearly fixed shock position, as realised in an
advanced VFW airfoil design.

In this paper, theoretical and experimental investigations
of supercritical airfoil flow control by single slot suction
within the shock region are presented. In this scope, the
slot suction effects are caught by a boundary layer approach,
based on the Walz' "amputation principle" at the slot and
assuming the validity of the boundary layer approximations
outside the slot. This method was used, to optimize the
suction coefficient due to the shock-induced separation
prevention.

Furthermore, boundary layer and pressure distribution meas-
urements on a supercritical airfoil with a suction slot
within the shock region are carried out in the 1 x 1 Meter
DFVLR Transonic Tunnel in G&ttingen at transonic off-design
test conditions. The experimental results confirm the ex-
pected buffet onset increase by slot suction in the shock
region, but indicate also that the theoretical approach
requires further refinement.
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INTRODUCTION

Modern supercritical airfoils came up to such a high standard,
that tha scope for further design improvements is very small,
Fig. 1. However, substantial progress is possible using bound-
ary layer control (Ref. 1), which has not yet reached its full
development potential.

Because of the off-design requirements a further increase in
the design lift coefficient of a supercritical airfoil is
limited by buffet-onset, caused by the bursting of shock-
induced seperation bubbles. On principle, the shock-incuced
turbulent separation can be prevented by boundary layer suction
within the shock region, extending the buffet-boundary beyond
the design margin.

Due to the practicability, only the single slot suction is
considered in this paper. Because of the limited control region
of a suction slot an efficient supercritical airfoil flow
control by a single suction slot can only be brought to bear

in connection with a nearly fixed shock position at off-design
conditions, as realised in an advanced VFW airfoil design

(Refs. 2, 3), Fig. 2.

In this paper, theoretical and experimental investigations of
the supercritical airfoil flow control by single slot suction
within the shock region are outlined. The complete results
are published in Ref. 4.

THEORETICAL INVESTIGATIONS

Although the suction slot flow can exactly be described only
by the full Navier-Stokes equations, in this scope the slot
suction effects are caught by a boundary layer approach,

based on the Walz' "amputation principle" at the slot (Ref. 5),
and assuming the validity of the boundary layer approximations
outside the slot, Fig. 3.

According to the "amputation principle" the turbulent boundary
layer velocity profile before the slot is devided into

- the wall layer of the thickness yg, which will be sucked
into the slot

- and the outer profile, which flows along a stagnation line
over the slot and forms the initial profile for the boundary
layer development behind the slot.
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For the prediction of the boundary layer parameters outside
the slot, an extended version of the Walz' dissipation integral
method (Refs. 6, 7) is used, taking account of the nonequilib-
rium character of the flow.

Fig. 4 shows predicted boundary layer data on the upper side
of the VFW airfoil, prescribing the measured Mach number
distribution at buffet-onset conditions, as a function of the
suction ratio qs"Yh/diu: . The suction slot is positioned at
the point of beginning shock-induced seperation (H321= 1.545).
The optimal suction ration for the prevention of the shock-
induced separation depends on

- the boundary layer parameter and the local Mach number before

the slot
- and the pressure distribution behind the slot.

The present boundary layer approach was used to optimize the
suction ratio, assuming a similar solution for the Mach number
distribution behind the slot, Fig. 5.

The importance of the suction ratio optimisation lies in the
estimation of the limiting ratio, uo to which stronger suction
is efficient at all. In consideration of the suction quantity
and performance smaller suction ratios than the predicted

ones will be of practical interest.

EXPERIMENTS

To confirm the expected buffet-onset increase of a supercriti-
cal airfoil by slot suction within the shock region, pressure
distribution and boundary layer measurements on the VFW VA-2G
airfoil with a single slot are carried out at transonic off-
design conditions in the 1x1 Meter DFVLR Transcnic Tunnel in

Gbttingen (Ref. 8). The VFW airfoil was choosen, as it appeared

to be suitable for the installation of suction devices because
of its nearly stationary shock position at off-design
conditions.

Fig. 6 shows the test set up. The airfoil model has a chord
Tength of ¢ =200 mm and a span of b=1 m; the s=0.6 mm wide
suction slot is positioned at x/c = 0.585. Because of a conical
duct within the model the duct velocity is nearly constant.
The suction unit for these tests, usually imployed for the
suction of the test section walls, is computer controlled.
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The boundary layer probe with the probe drive unit, shown in
the front view and so far intensively used for boundary layer
and wake measurements on supercritical airfoils, as well as
the test and data reduction procedures were developed by
Stanewsky at the DFVLR and are described in Ref. 9.

Fig. 7 shows the measured 1lift and drag polar of the VFW
airfoil with and without slot suction at Mgy = 0.76. Before
the buffet-boundary the influence of the suction on the aero-
dynamic coefficients is small. But with suction the lift rise
can be stretched beyond the buffet-boundary so that a lift
increase of more than 15% was obtained with a suction coeffi-
cient as low as cQ==0.0006. Furthermore the extreme drag rise
beyond the buffet®boundary was also avoided by slot suction.
Contrary to the theoretical results the suction coefficient
had only a small influence on the lift and drag coefficients.

Two test cases are discussed here in more detail by means of
the experimental results:

1. just before buffet-onset without suction
2. just before buffet-onset with suction.

Fig. 8 shows the measured pressure distributions of the first
test case with and without slot suction at Mg = 0.77 and

&, = 49, With exception of the slot region there is hardly
agy remarkable difference between both the distributions, as
it can be made more clear by the next fig..

In Fig. 9 the measured boundary layer mean-flow velocity
profiles of this test case, evaluated from total and static
pressure probe measurements at 11 chordwise stations with and

without suction, are plotted. While in the case without suction

a shock-induced separation bubble is occuring the separation
bubble has completely vanished by slot suction.

In Fig. 10 some measured velocity profiles in the slot region
of the suction case are compared with equivalent Coles' wall/
wake profiles (Ref. 10). It is obvious, that the actual bound-
are layer profiles just downstream of the suction slot cannot
be well represented by wall/wake profiles, as the outer
profile character is existing yet.

Fig. 11 shows the measured pressure distributions of the second

test case at &, =5.3°9, which are drastically different in the
cases with and without suction. Without suction the buffet-
boundary is clearly exceeded and one has a typical pressure
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distribution with buffet-penetration (with an upstream unsteady
shock position and a pressure rise at the trailing edge),
whereas in the suction case the pressure distribution is of

the just before the buffet-boundary typ like at ‘”g = 4° without
suction.

In Fig. 12 the corresponding boundary layer velocity profiles
of this case with and without suction are compared. While
without suction as a consequence of the upstream strong shock-

boundary layer interaction a very thick but attached boundary
layer exists, in the suction case a much thinner boundary layer
with a separation bubble some distance behind the slot is evident.

In Fig. 13 measured boundary layer parameter with and without
suction are plottet. The strong displacement thickness rise
near the trailing edge in the case without suction and the
separation bubble dimension in the suction case can be seen.

In Fig. 14 the measured boundary layer data in the slot region
of the suction case at 644 =5.3° are compared with predicted
ones, prescribing the measured pressure distribution. It is
obvious that the predicted parameter jump at the slot as a
result of the boundary layer concept is unrealistic. Besides,
the relaxation process of the turbulent boundary layer behind
the slot cannot be well predicted by integral methods, as it
had to be suspected by the comparison of actual boundary layer
profiles with equivalent wall/wake profiles. In this case the
boundary layer prediction further downstream of the suction
slot cannot be judged, because the prediction method breaks
down when separation occurs.

CONCLUDING REMARKS

The experimental results confirm the expected buffet-onset
increase by single slot suction within the shock region on a
supercritical airfoil not designed for the special suction
requirements. The better the slot positioning is to the shock,
the greater is its efficiency.

Therefore, in the future also

- the installation of a multiple suction slot

- and modifications of the airfoil contour in the slot region
should be taken into consideration.
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Furthermore, more extensive boundary layer measurements should
be carried out, to get more detailed informations about the
flow field structure in the slot region.

Further improvements of the theoretical approach to handle the
suction effects should be concentrated on the computation of
relaxating boundary layer in the slot region by finite-differ-
ence methods.
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RECENT RESEARCH ON VISCOUS AND INTERACTING
FLOW FIELD EFFECTS AT THE UNIVERSITY OF BOCHUM

K. Gersten

S. Kiske

V. Vasanta Ram
P. Wauschkuhn

University of Bochum
Federal Republic of Germany

The following topics of recent research on viscous and inter-
acting flow field effects are discussed: I. Flows with strong
viscous-inviscid interaction in the neighbourhood of separation.
II. Laser-Doppler velocimeter measurements of separated regions
of finite length. III. Prediction method for two-dimensional
turbulent flows including separated regions of finite length.
IV. Shear layers with disturbed turbulence structure.

I. Flows with Strong Viscous-Inviscid Interaction

In praxi many flows exist where turbulent boundary layers
are exposed to strong adverse pressure gradients such, that
the flow stays attached only, if the strong viscous-inviscid
interaction is taken into account. Examples for such flows
are diffusors, flow past slats or slotted flaps and flows
in dents or past rounded backward facing steps. The latter
is shown as an example in Fig. 1. The geometry is a flat
plate of length 1 followed by a rounded backward facing
step of height H and length L. The contour is a polynom

of fifth degree such that the curvature of the wall contour
is continuous everywhere. The flow is assumed to be incom-
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pressible. Potential flow theory would lead to a pressure
distribution shown as dotted curve. The turbulent boundary
layer under such pressure distribution would separate, as
can be seen from the dotted wall shear stress curve. The
measurements show a pressure distribution quite different
from the one found by potential theory. In particular, the
measured pressure gradients are so much smaller that the
turbulent boundary does not separate. The experimental
pressure distribution can be determined theoretically when
the displacement effect of the boundary layer is taken
into account. In this particular example, the fictitious
contour (contour plus displacement thickness) is quite
different from the geometrical contour, and so are the
corresponding pressure distributions with the consequence
that one pressure distribution leads to boundary layer
separation whereas the other one does not. In order to get
the correct result the displacement effect has to be taken
into account by an iteration procedure. A boundary layer
separation during the iteration does not mean necessarily
that the final result will show separation. The strategy
of the iteration procedure has to be shosen such that in
every iteration step separation is avoided if possible.

On the bodndary between separation and no separation
(incipient separation), the wall shear stress curve just
touches the abscissa.

In Fig. 2 this boundary of incipient separation is shown

for flows past rounded backward facing steps. As can be

seen the boundary of incipient separation is shifted drasti-
cally to larger step heights if viscous-inviscid inter-
action is taken into account. By neglecting the interaction
separation would be predicted for almost half the step
heights compared to the correct critical step heights.

There is obviously good agreement of the theoretical
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II.

result with experiment, because measurements of configuration
C) showed separation, whereas in configuration C), which
corresponds to example shown in Fig. 1, no separation

occurs. According to Fig. 2 separation may appear when the
step height and/or the thickness of the oncoming boundary
layer are increased. The smaller the thickness of the on-
coming boundary layer, the larger the critical step heigth

of incipient separation.

Similar calculations have been carried out for laminar
boundary layers. In Fig. 3 the example of the flow over a
dent in a flat plate is shown. Again, without interaction
separation would occur, whereas by taking into account

the displacement no separation appears. When the depth H
of the dent becomes small compared to boundary layer thick-
ness, the calculation procedure reduces to the so-called
"Triple-Deck-Concept" [1], where disturbances of the velo-
city field are restricted mainly to the lower part ("lower
deck", linear velocity distribution) of the boundary layer.
In this limiting case the solution becomes independent of
Reynolds number.

The procedure described was applied to predict incipient

separation in subsonic diffusors. Detailed results will

be given in [2].

Laser~-Doppler Velocimeter Measurements of Separated

Regions of Finite Length

Particular flows are being studied by Laser-Doppler velo-
cimetry where the turbulent boundary layer separates due

to the pressure distribution but reattaches after a certain
length. As an example, the flow past a rounded backward
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III.

facing step is considered which was already marked as
measurement C) in Fig. 2. Typical results of the measure-
ments are shown in Fig. 4. The pressure distribution at

the wall shows drastic differences to the potential-flow
pressure distribution (see Fig. 1). Between stations C)

and separation occurs. Beyond separation point the
pressure is almost constant, but increases again slightly
within the rear half of the separation bubble. For four
typical stations the mean velocity profiles are shown as
measured by LDV-system, which is described in [3]. The
so-called dual beam mode with forward scattering was used.
Because of back flow and high turbulence intensity frequency
shifting (40 MHz) was applied to one of the two laser beams.
A counter had to be used for de*a processing. From the
measured velocity distribution the displacement line could
be detzrmined. This line is much smoother than the original
contour. Therefore, the corresponding pressure distribution
has much smaller gradients than potential flow without
displacement would predict. One important result from the
experiments is that fact, that the préssure gradient perpen-
dicular to the wall is still negligibly small even if the
boundary layer separates. Therefore, boundary layer concepts
can also be applied to separated regions. The experimental
results could be used to model the separated region, which
is described in the next section.

Prediction Method for Two-dimensional Flows Including

Separated Regions of Finite Length

1. Laminar Boundary Layers

The Triple-Deck Concept has also been applied to laminar
boundary layers when separation occurs. Fig. 5 shows as
an example the flow over a dent in a flat plate similar
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to the example in Fig. 3. However, the ratio of depth to
length of the dent is six times larger, i.e. H/L = 0,048.
The resulting pressure distribution shows a very similar
form as that in Fig. 4. The integral

+00

J cp(x)dx

- 00

is always equal to zero because of vertical momentum
balance. It is worth mentioning that the wall shear stress
distribution shows an overshoot, i.e. the wall shear stress
just beyond reattachment is higher than the asymptotic value
far downstream. In Fig. 6 the corresponding stream lines

are shown in the lower-deck coordinate system. Although
separation occurs the dent is still quite slight, which

can be seen from the geometry of the dent in physical

coordinates.

2. Turbulent Boundary Layers

In principal, a prediction method for turbulent flows in-
cluding separated regions would work the same way as the
method described in Section I. The main additional diffi-
culty arises in the modelling of the separated region. One
connection between the displacement line and the pressure
distribution is given - as before - by the inviscid poten-
tial theory. The other connection is supplied by the
"boundary layer" calculation of the viscous part of the
flow. In case of flows with separated regions this "boundary-
layer calculation" is divided into three parts, see Fig. 7,
namely the regions in front of the separation bubble, the
region of the separation bubble, and the region beyond the
separation bubble. The first and the third region can be
covered by ordinary prediction methods for attached
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tubulent boundary layers. The main problem left is a pre-
diction method for calculating the displacement distribution
within the bubble region and the bubble length. Therefore,
our work is now concentrated on developing a proper model
for the separated region. This combined theoretical and

experimental (see Section I1) research is still in progress.

As a first step, we started with the following simple

engineering approach which is demonstrated in Fig. 7:

a) It is assumed that the geometry of the bubble (dividing
stream line) is universal if properly scaled. This geo-
metry is shown in Fig. 7, taken from experiment. The
ratio of height to length of the bubble is assumed to be
a constant, namely H/L = 0,08. This is in agreement
with the results in [4].

b) The free shear layer between the separated region and
the inviscid outer flow is approximated by the simple
shear layer solution of a free jet boundary where the
displacement thickness increases proportional to the

coordinate, the gradient being approximately dé&,;/dx =0,05

c) The location of the reattachment point and, hence, the
bubble length are determined by using the same reattach-
ment criterion as in [3], in which it is assumed that
the total pressure on the dividing streamline is constant
near reattachment.

The flow diagram of the calculation procedure is shown in
Fig. 8. The final result of the iteration process is reached
when the distributions of pressure and desplacement. thickness
generate each other, by inviscid theory as well as by
"boundary layer" calculation including modelling of the
separated region. More sophisticated models of the separated
region are just under consideration.
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IV. Shear Layers with Disturbed Turbulence Structure

In the 1979 DEA-meeting held at Meersburg a simple method
was proposed to handle the wall-bounded shear flow subject
to a step jump in surface roughness. The method hinges

upon the existence of an internal layer whose characteristic
is a scaling behaviour different from the rest of the shéar
layer. When such an internal layer is identifiable the
concept of "entrainment of fluid belonging to a region of
turbulent flow of one scale into a region of another scale"

achieves importance.

A study of available literature shows that the divisibility
of a shear layer into subregions characterized by their
scaling behaviour is feasible even when the disturbance
originates at a location within the body of the shear
layer, not necessarily at the wall. A schematic diagram

of such a flow is shown in Fig. 9 . Layer 1 is characterized

. . . 2 — :
by the friction velocity g where pu ta T, is the wall

shear stress. The characteristic quantity for layer 5 is

Uy v the scale for the velocity defect U_ - u. In layer 3,
say in the wake of a disturbance at (x = Xo r ¥ = yc), a

velocity defect Uc - u may be expected to scale with a

friction velocity u , wWhere Uc is the velocity in the

TC
undisturbed shear layer at the location of the disturbance.
Layers 2 and 4 bridge regions of different scales, 1-3 and
3-5 respectively. The velocity in the disturbed shear layer

can then be written als follows:

Layer 1: 8 <y <81 : u=uw, Fi(g) , & =4  (la)

1}
c

Layer 2: §; <y < 82 : u ta F2a * Yo Foc (1b)
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Layer 3: ¢, <y < £3 : u = U - u_ F3(Zs) '

.o _ Y — 0.5(83 + 22) Tel
53 (5? — 62) ( cl
Layer 4: §3 <y <&y = u = U F4c + uTb F4b (1d)
Layer 5: &4 <y < 85 : u=0_-u b Fs(gs) ,  Is =-¥5 (le)

The velocity profiles in layers 1 and 5 are taken to be

of the same form as in the undisturbed shear layer. In

layer

3, when the disturbance is "wake like" (or jet like},

urc is taken to scale in the same manner as the wake (or

jet)

in a uniform stream, i.e., u = Ce(x - X

-1/2
Te c) . The

functions F2a ’ cm R F4C and F4b are taken to be simple

expressions of the followinc forms (eqn.2) that guarantee

the proper scaling behaviour at the interfaces 1-2, 2-3,
3-4 and 4-5.

m
|

2a

= F1(61/55)+[A1a-F1(51/55)][(Y”51)/(5z‘51)]

2

- A1a[(Y‘51)/(52’51)] (2a)

(S - (- )1+ 1a, - e g (= 2)1
u oo 3 2 1c Uoe 3 2

ly-62/(81=82)1 = A, [(y=82)/(6,-62)1% (2b)
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U o

c 1 c s _z
TC TC
- B, [(y=63)/(fu=53)1° (2¢)
1c 3 “u TVl
F —[Uc *)1+(B, -U°°+F(5“)]
4b u_p 3_ Uy 5'%5
+2
[(y=-¢84)/(83=84)1- B1b[(Y’5u)/(53‘5u)] (2d)

The velocity profiles (egs.(la-le))substituted into the
momentum integral equation involves six unkowns U4 v

81 , 82 4 &3 4, &4 4, &5 . The five auxiliary relations may
be obtained by considering the entrainment of turbulent
flow of one scale into another and invoking their scaling
behaviour as follows.

Ss

Judy + u(s = F
84 b "ed;

&le

(3a)

!
e

S

»

W

6; u dy + u(da)d {u - u_,J)F (3b)

- vidy) TC b

Elo

edé,

83

S u dy + u(s, )——-— - v(8,)

5, TC b (3c)

&le
H
)
)
c

ed;
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S,

d 4.8 _ = -
dx 6{ u dy + uld) =gy vi(sy) = (u, ura)Fedz (3d)
d &
dx g u dy = (u¢ - ura)Fe61 (3e)
The momentum integral equation
8

2.4 ¢ - 2 =
U 3% g u(U_-u)dy Urya =0 (4)

together with the five entrainment relations (egn. (3a)-(3e})
with u given by egn.(1a)-(1e) constitute a set of equations

for the six unknowns u. v §, + 82 , 83 , 8u and &5 .

Status of work and open problemns

Studies up to now at the Ruhr University Bochum indicate
that the set of equations (3,4) would be in a position

to describe the shear layer with a disturbed turbulence
structure if the multi-layered structure is identifiable.
However, with the state of experimental evicence available
today it is hard to say a priori what kind of a disturbance
would produce such a multi-layered structure in the flow.

A further point which our studies have shown to be of
crucial importance, concerns the choice of the quantities

Fedl ' Feéz , Fe63 ’ FeGu ’ Fe65 in the entrainment relations.
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Fig. 10 taken for the relatively simple case of the distur-
bance originating at the wall (rough + smooth) serves to
illustrate this point. In this case only two entrainment
relations are required which are as follows [5], DEA-
meeting 1979):

$

4a d &1 _ _
ax glu dy + u(6) ax vidi) = u_, Fas
(5)
a &
dx [ u dy = (ura - urb)Feél

o}

The figure shows results for the wall~shear stress and for
the growth of the internal layer with Fe6 = 0.3 and Fe61c=
= 1.2. It is apparent that FeG and Fe51 may be choosen to
be constant, but they are far from being identical. Since,
in the present case of the disturbed shear layer with a
multi-layered structure five quantities Fe61 ; F
edy ' Feés
study of the mechanism governing entrainment is necessary.
At the Ruhr University Bochum this is being persued along

lines suggested by A.A. Townsend [6].

362 !

Fe63 s F are involved it is clear that a deeper
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CALCULATION OF THREE-DIMENSIONAL BOUNDARY LAYERS ON
BODIES OF REVOLUTION AT INCIDENCE.

Gert R. Schneider
Deutsche Forschungs- und Versuchsanstalt flir Luft- und Raumfahrt
Aerodynamische Versuchsanstalt Gottingen

Bunsenstrafe 10, 3400 Gottingen, W - Germany

SUMMARY

A numerical method has been developed for computing three-dimen-
sional incompressible laminar and turbulent boundary layers on
bodies of revolution at incidence. The boundary layer calculation is
carried out in a streamline coordinate system; the coordinates are

fixed to the streamlines and equipotential lines of the inviscid flow.

For the prolate spheroid selected as a special test case for three-
dimensional boundary layer calculations the velocity components of
the inviscid flow and the development of equipotential lines over the
surface are known in a closed analytical'! form. The development of
the streamlines over the surface is calculated by a numerical pro-
cedure. The boundary layer equations are integrated by an implicit

finite difference method. For the turbulent cases the unknown Rey-

nolds shear - stress terms are modeled by an algebraic three-dimen-

sional mixing length model which is based on an anisotropicaly dis-

tributed eddy viscosity.

For the laminar case and different angles of incidence the develop-
ment of boundary layer parameters are predicted in streamline di-
rection. For this case a comparison with experimental data is used.

For the turbulent case the calculations are in preparation.
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NOMENCLATURE

12

Re

Reref

ref

cylindrical coordinates

velocity components in cylindrical coordinates
velocity of potential flow

velocity of undisturbed flow

dynamic head, q_ =8 Um/z

angle of incidence of the body

major axis of the ellipsoid

minor axis of the ellipsoid

system of rectangular streamline coordinates
velocity components in streamline coordinates
shear stress components in streamline coordinates

local skin friction coefficient, Cp = ‘rw/(g-Uz)
6

streamwise momentum thickness, 62 =t[(1-%)%dz
>

streamwise shape parameter, H12 = Gl ‘/‘(1-%) dz

Uoo' a 20
Reynolds number, Re = v

Uoo' Lref
reference Reynolds number, Re =
ref v

reference length of the experimental investigation,
ref - 2 a

cross flow angle at the wall relative to the x-direction
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P.

B cross flow angle at the wall relative to the outer

streamline

INTRODUCTION

In recent years, a number of methods have been developed in order
to compute three-dimensional boundary layers.

There are no exact solutions for turbulent boundary layer flows. The
governing equations, obtained by means of physical assumptions, can
be solved only by numerical methods. Consequently, the problem of
solving the turbulent boundary layer equations is both physical and
mathematical or numerical. The numerical methods can be divided
into two groups - i.,e. integral and differential methods. In both
groups, calculations can be carried out only if empirical assump-
tions are made regarding the turbulence.

A systematic comparison between existing methods of calculating
three-dimensional turbulent boundary layers was made at the
Euromech Kolloquium No. 60 (Trodheim Trials) [1]. The results of
the comparison are given and discussed by L.F. East [2].

The quality of a method of calculation must first be judged by ex-
periment. One test case is the NLR infinite swept wing experiment
of B. Van den Berg and A. Elsenaar [3].

The experimental observations show that the vector of the shear
stress is in general not parallel to the vector of the mean velocity
gradient. Following these observations a generalized three-dimen-
sional mixing length model based on an anisotropically distributed
eddy viscosity is given by G.R. Schneider [4]). The comparisons

with experiments show an improvement of the prediction over the
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isotropic calculations. The idea of non-isotropic turbulence in a thin
shear layer was transferred by J.C. Rotta [5] to more complex
turbulence models, and he was able to show that the generalized

mixing length model is a member of a family of turbulence models.

In the special case of the infinite swept wing the numerical method
is independent of the second surface coordinate and is similarly
constructed as in the two-dimensional case. One reason for the ex-
perimental investigation on a body of revolution by H.U. Meier and
H.-P. Kreplin [6] at the DFVLR was to give more experi'x;nental, in-
formation in the field of three-dimensional turbulent boundary layers
and to give additional information about the Reynolds shear stresses
for the closure assumptions.,

The laminar boundary layer development on bodies of revolution at
incidence (ellipsoids) using differential methods has been extensively
studied by K.C. Wang [7,8,9,10,11,12], W. Geiiler [13],

F.G. Blottner and M.A, Ellis [14] and T. Cebeci et al. [15,16,17,
18). Integral methods have been developed by E.A. Eichelbrenner
and A. Oudart [19], H.W. Stock and H.P. Horton [20]. The three-
dimensional mixing length model refers to the local mean stream-
line. A finite difference method is used based on an orthogonal co-
ordinate system represented by the streamlines and potential lines
of the outer inviscid flow. In the present study the differential
method of W. GeiBller [13,21] which is based on a finite difference
scheme of M.G. Hall [22] is used to calculate the three-dimensional

boundary layer of the DFVLR ellipsoid.
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INVISCID PROBLEM AND STREAMLINE COORDINATES
An ellipsoid of revolution about the major axis of an ellipse is also
known as a prolate spheroid.

It is described in a cylindric polar coordinate system (x,r,9Q by

“+F =1 F-2z1

a and b are the semi-major and semi-minor axes.

Now x and ¢ denote the surface coordinates along the meridional and
circumferential direction,

All length values are non-dimensionalized with respect to the semi-

major axis a. The corresponding metric coefficients hx and h(p are

_f1+x2(b2-1)
h, = 3

1 -x

given by

h:p r=b\/1-x2 ; b=%51

The inviscid velocity components on the surface of a prolate spheroid
at incidence & can be derived with the potential of the flow given by
H. Lamb {23].

This surface potential ® which is non-dimensionalized with respect

to Ucn - a may be written

‘P=A1x-rA2c08(p

A, =V cos ¢«
1 o
A2=V905ma
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S S |
B 1/2
° 2 172 |2 1+ -pd)
(1 -b") -—2-1n{————2"1/2}
1-(1-b")
2Vo
Voo T TV -1
o
The velocity components are given by
1 3% .
ux—ﬁ-;ax—Alcosy+Azsmycos<p
1 09
V = =— — = A_ sin ¢
d 2
© h‘p 0
_ 2 2
U = u +v‘p
1
cos‘y=§

The absolute value 'xol of the x-coordinate of the stagnation point

is given by
A

,XOI ) 'JAE +1b A
1 2

A
with the potential d’o = - ;‘—l at the stagnation point. A standard

ol

form for the potential in the range 0 < &< 1 is defined by

® -9
A
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with LI,—=—Ixol-x+cos‘,t>’\/1-:;2 \/1-):[

2 ®

=%(|xo|- x-cos¢\/1-x02\/1—x2 + 1)

Setting ¢ = const. a family of equipotential lines result, These equi-
potential lines are ellipses which are nearly perpendicular to the
free stream velocity and the centre of these ellipses are all on the
line given by the front and the rear stagnation points of the prolate
spheroid.

With b.‘p and hiP being the metric coefficients for the streamline co-

ordinates the actual differential lengths along the equipotential lines

become
dn =h, d
n " ¥
and along the streamlines
ds = h‘p de

The metric coefficient h@ is defined by
21

he =T
The metric coefficient hib must be calculated by a numerical proce-
dure, ‘
The surface streamlines are calculated starting from a selected
equipotential line near the front stagnation point. The differential
equations for the streamlines in the form
u do v

th ds h‘pU

dx _
ds

are integrated numerically by a Runge - Kutta method.
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With this numerical procedure a complete set of streamline coordi-
nates can be calculated. The mesh sizes formed by the streamlines
and equipotential lines must be controlled by the Courant - Friedrich
- Levy stability condition. This condition is based on the concept of
the zone of dependence. To fulfill the stability condition the stream-

lines have to be reorientated several times along equipotential lines.

More information about the construction of a streamline coordinate
system about a prolate spheroid is given by W. Geifller [21] and
K.C. Wang [24].

BOUNDARY LAYER EQUATIONS AND THE TURBULENCE MODEL

The boundary layer equations for steady three-dimensional incom-
pressible flow are given in terms of the streamline coordinates
(®,¥, z) and their corresponding velocities (u,v,w) in dimensionless
form. z is normal to the body surface.

The equation of continuity is

d u oV dw
+ + - K, u-K,v =20
hq,ad> hwaw dz 1 2
The equation of momentum in &®-direction is
T
du du du 2 o U a(TQ)
“hpe® TV haw TV FzC Kouv+Kiv=Ups3t 5
Y ()
The equation of momentum in ¢-direction is r
(=)
oV oV oV 2 2 o)
— - + - =
Upb3et Y R T Waz CKuvr K -U = 5T
P )
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The boundary conditions are
z =0 u =0 v =20 w =40
Z = u==U v=20

The local curvature parameters K1 and K2 are defined as follows

Koo 1 ah¢ ' - 1 th,
1 h‘ph‘ba‘i’ 2 h®h¢a¥'

The Reynolds shear stress terms are described by the general
mixing length model developed for three-dimensional flows by
G.R. Schneider [4].

The shear stress terms are given by

T
d 1 du v
p—(E+Re)az-(1_T)surh
T

L 1 v u
3 -(s+Re)az+(1—T)s:u h

r

The scalar eddy viscosity € assumes the following form

2 2
_ 2 ,,0u dv 2,1/2
€ = L “a_z) +(a_z) -(1-T)h"}

where the function h summarizes the expression

u dz u dz
r r

u, = (u2 + v2)1/2 is the resultant mean velocity .

For the mixing length L = F - | the formula by R. Michel et al.
[25]) is used.
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5—9 = const = 0.08, x = 0.41

8 is the boundary layer thickness.

In the neighbourhood of the viscous sublayer at the wall, and at the
edge of the boundary layer the mixing length | is multiplied by a
dimensionless corrective function

F =1 - exp(-w

«w = Re - Lx/;’/lo.as

r o 2 T 2

==V (=) + (—w) is the local value of the shear stress,

P P P

The three-dimensional turbulence model described here is fixed by

the numerical values of the two dimensionless parameters T and
6 .

le/

The value T is a measure for the anisotropy of the eddy viscosity

in planes where z = const. T has the value 0 < T < 1. The special

case of isotropic eddy viscosity distribution is represented by T =1.0.

NUMERICAL METHOD

The boundary layer equations will be solved in physical coordinates.
An implicit finite difference scheme of the Crank-Nicholson type
investigated by M.G. Hall [22] and also used by W. GeiBller [13]

is introduced.

In contrast to the two-dimensional case, this method is not always
stable. A numerical stability condition, namely the Courant - Frie-

drich - Levy condition, must be satisfied through the boundary layer.
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To start the numerical calculation initial boundary layer profiles
near the front stagnation point over two successive equipotential
lines are constructed with the stagnation point boundary layer solu-
tion of L.. Howarth {26].

The differential quotients are approximated by finite differences
around the central point of the difference scheme.

Since the velocity profiles of turbulent boundary layer flows vary
greatly near the wall, the spaces between grid points for forming
the difference expressions for the derivatives in the z-direction
must be very small in this region.

With a coordinate transformation similar to that described by

G.R. Schneider [4] the variably spaced z-coordinate is transformed
into a new coordinate divided into equal intervals. For the z-direc-
tion for all calculation stations the same number of grid points is
used. This means that all distances normal to the surface are re-
ferenced to the boundary layer thickness &

The three difference equations are linearized and decoupled by an
iterative procedure. The starting values for this iterative procedure

are extrapolated from the values of the last two upstream stations.

The computation process marches from netpoint to netpoint along the
equipotential lines including both lines of symmetry. For each equi-
potential line the calculations are started at the line of symmetry
on the windward side,

The numerical calculation can be extended over the body surface un-
til a point is reached, where the stability condition is violated. The
computation can be extended downstream of the first numerical in-
stability point by always marching along equipotential lines until

numerical instability occurs,

297




¥

The so determined instability line is interpreted as a separation line
of the free vortex layer type. The separation line ends at the wind-
ward symmetry line of the potential flow, where reversed flow

occurs in the boundary layer.

COMPUTATIONAL RESULTS

For all calculations a prolate spheroid with F = % = 6 is used. This
is the form of the body of revolution selected for the experimental

program at the DFVLR. For comparison between the prediction and
ref Uoo ) L'ref/u

is defined. This reference Reynolds number is formed with the re-

measurements a reference Reynolds numer Re

ference length Lref = 2 a of the experimental investigation.

a. laminar case

In the laminar case the boundary layer equations are independent of

the Reynolds number Re if the quantities z and w are multiplied by
1/2
Re

the Reynolds number Re must be set equal to one in the shear

. To take this into consideration for the numerical method

stress terms. The velocity components in equipotential and stream-
line direction, together with the boundary layer thickness &re cal-
culated for each equipotential line by the numerical boundary layer
method. Each equipotential line is described by the standard form
potential £ . The velocity components are used to calculate four
characteristic boundary layer parameters all relative to the direction
of external streamline.

These parameters are the cross flow angle at the wall Bw‘ the local

skin friction coefficient
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and the two integral boundary layer parameters, the momentum thick-
ness 5

i u u
62—f(1-U)UdZ

o

and the shape parameter 5
_ 1 u
Hip = 52,/(1' g)dz
o

In Fig. 1 to 16 the development of the selected four characteristic
boundary layer parameters over the ellipsoid at different angles of
attack @ = 5°, 10°, 15° and 30° are given for the ellipsoid F = 6.
The development of these boundary layer parameters are similar to
that calculated by W. Geifller [21] and by H.W. Stock [27]. The last
one uses an integral prediction method. With an increase in the
angle of incidence the separation line moves in the upstream direc-
tion,

In Fig. 17 to 19 the calculated streamline coordinate systems are
given for a = 100, 150 and 300. The number of new orientations
increases with larger incidence. In these figures the location of the
free vortex layer separation lines are plotted in a side view of the
body. ‘

In Fig. 20 to 25 the predicted dimensionless wall shear stress
values are compared with the measured values. The comparison is
made for ¢ = 10° and @ = 30° angle of attack and the following

three measurement stations of the DFVLR experiment

station 3 with x/a = - 0.554
station 6 with x/a = - 0.040
station 9 with x/a = + 0,476,
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These selected stations represent the behavior of the flow situation
in the front, in the middle and in the back part of the ellipsoid.

In Fig. 26 to 31 a comparison between the predicted and measured
cross flow angle at the wall yw = Ve + Bw are given for the same
angles of attack and the same three measuring stations. The angle
')’w is related to the direction of the x-axis of the body oriented co-
ordinate system of the DFVLR experiment. The comparison between
the predicted and the measured values shows that all the Tw-values
are overpredicted and that with an increase in the angle of incidence
the difference to the measured values increases. For the yw-values
and ¢ = 10° the predicted values are over the measured values, the
difference is small. For a = 30° the situation is contrary to the

e = 10° values. The difference is greater and the measured values
are over the calculated values. These discrepancies are a result of
the difference between the pressure distribution used for the numeri-
cal calculations and the pressure distribution given by the experi-
ment. These differences grow by increasing the angle of attack. The

predicted separation points follow roughly the experimental trend.

b. turbulent case

For the turbulent case the calculations are underway and will be
reported upon later, In this case the boundary layer equations are
not independent of the Reynolds number Re. And therefore the mesh
widths must decrease, if the Reynolds number Re is increased. The
first test calculations confirmed this effect. This seems to be a
disadventage of the physical coordinates selected for these calcu-

lations,
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CONCLUDING REMARKS

For the laminar flow there are no problems/with the selected nu-
merical method. The difference between predicted and measured
wall shear stress values is a result of the difference between the
theoretical pressure distribution used for the numerical calculations
and the pressure distribution given by the experiment. It seems to
be promising to recalculate the laminar boundary layer flow with
the measured pressure distributions for a comparison test with the
experimental data of the DFVLR experiment.

For the turbulent flow it seems that in the numerical method a
similarity transforrnation must be investigated for the streamline

coordinates to reduce computer time and storage for future calcu-

lations.
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EXPERIMENTAL DETERMINATION OF WALL SHEAR STRESS
VECTORS ON AN INCLINED PROLATE SPHERQID

H.-P. Kreplin*)
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H.U. Meier¥)

Deutsche Forschungs- und Versuchsanstalt
flir Luft- und Raumfahrt e.V.
Aerodynamische Versuchsanstalt G&ttingen

*) Institut fir Experimentelle Str&mungsmechanik
**) Institut filir Theoretische Strémungsmechanik

Abstract

Surface hot film probes were applied to measurements of the
local wall shear stress (magnitude and direction) on a prolate
spheroid at incidence in subsonic flow. Distributions of wall
shear stress vectors are presented for two angles of incidence
(e = 10°, 30°) and two free stream velocities (U, = 10 m/s,

45 m/s). The limiting streamlines at the model surface were
derived from the integration of the measured shear stress
directions. The limiting streamlines as well as the wall shear
stress distributions lead to detailed information about the
boundary layer transition and separation.

315

']

RS, LN

=




1. Introduction

At the last DEA-meeting (1979) the development and application
of a new measuring technique for the measurement of the wall
shear stress on a body of revolution was described (Ref.{1]).
It was demonstrated that V-surface hot film probes enable us

to measure the magnitude, direction and fluctuating components
of the local wall shear stress. In order to obtain an overall
picture of the surface flow on an inclined prolate spheroid
this technique was applied to the determination of the boundary

layer transition and separation.

2. Test Set Up and Data Reduction

As described at the last DEA-meeting, Ref. [1], the experiments
were carried out at the 1 : 6 prolate sphercid in the 3m x 3m
Low Speed Wind Tunnel of the DFVLR-GSttingen. The model is now
equipped with 12 surface hot film probes in the cross-sections
specified in Fig. 1. Two additional probes were mounted

on the afterbody of the ellipsoid in order to investigate the
flow in this regime.

Due to the V-configuration of the two films of a hot film probe
the magnitude and direction of the local wall shear stress can
be determined. The hot film calibration and data reduction
procedure was described in detail in Ref. (11. In principle

the hot film signals were related to calculated local wall
shear stress values based on the potential pressure distribu-
tion and the experimentally determined transition locations

for axisymmetric flow conditions. In order to increase the
accuracy of the calibration the present calibration procedure

316

>




is now based on the measured instead of the potential pressure
distribution.

Obviously the directional sensitivity of the hot film probes

could not be derived from a direct calibration on the prolate
spheroid. For this reason this calibration was carried out on a
flat tunnel wall in a two-dimensional turbulent boundary layer.

As demonstrated in Ref. [2] a linear relation between the yaw
angle Yy and the hot film output signals was found for

-40° (< Yy S +40°. This linear relationship was applied to the

12 hot film surface probes in the present data reduction procedure.

While an error bound for the magnitude of the wall shear stress
obviously depends on several parameters like

- Reynolds number

- temperature sensitivity
- surface curvature

- pressure gradient

- flow direction

the determination of the wall shear stress direction is more
accurate (Ay = * 2°).

3. Results and Discussion

3a. Wall Shear Stress Measurements

The reported experiments were performed for angles of incidence
a = 10° and 30° at the free stream velocities U, = 10 m/s and
45 m/s. The corresponding Reynolds numbers, based on the model
length 2a, were Re = 1.6 x 106 and 7.2 x 106.
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In Fig. 2 the circumferential distribution of wall shear stress
vectors in a central cross-section (xo/2a = 0.48) of the prolate
spheroid at o= 30°and U_ = 45 m/s together with typical insta-
tionary wall shear stress signals is shown. A systematic

sketch of the flow around the body in this cross-section is given
in order to assist an interpretation of the wall shear stress
distribution. Starting from the windward line of symmetry

(y= 0°) a laminar boundary layer is developing up to ¢ = 50°,
followed by a transitional boundary layer which becomes fully
turbulent at ¢ a 70°. This is indicated by the significant in-
crease of the wall shear stress and corresponding fluctuating
components. The region of the three-dimensional boundary layer

separation is characterized by:

- The circumferential wall shear stress component becomes

Zero (Yw = 0).

~ The wall shear stress magnitude reaches a minimum.

Due to the fact that in this case we consider only one cross-
section of the body for a fixed model orientated coordinate
system the exact location of the boundary layer separation
cannot be determined. For this reason the enveloping limiting
streamlines on the body surface have been calculated from the

measurements in all 12 cross-sections as will be shown later.

In addition, the vortex flow pattern characterized by the re-
attachment and secondary boundary layer separation is clearly
indicated by the measured wall shear stress vectors. The large
cf-values on the lee-side result from the induced velocities

due to the separated vortex flow.

r
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In Figs. 3a and 3b wall shear stress distributions for the

angle of incidence o = 10° and free stream velocities U_ = 10 m/s
and 45 m/s are shown, respectively. For U_ = 10 m/s (Fig. 3a)
the boundary layer is laminar up to separation in all cross-
sections. It should be mentioned that the maximum wall shear
stresses for this test case are in the order of Ty = 0.25 N/m?,
which is equivalent to 0.0025 p/cm®, This clearly indicates the
difficulties for shear stress measurements at such low Reynolds
numbers and characterizes the limitations of this measuring
technique. However, this test case was carried out to obtain
qualitative as well as quantitative information about the
surface flow which has been calculated by several authors.

With increased free stream velocity (U, = 45 m/s) the laminar
boundary layer becomes turbulent in the cross-section

xo/Za = 0.3 at Y ® 70° (compare the interpretation of the wall
shear stress distribution shown in Fig. 2). In the cross-section
xo/Za = 0.64 the flow is fully turbulent. Applying the definition
of an open and closed separation introduced by Wang (3], the
open separation, clearly illustrated in Fig. 3a, is only in-
dicated in Fig. 3b by the change in sign of the crossflow

angle Yt This implies the existence of negative crossflow in
the model oriented co-ordinate system, which was confirmed by
boundary layer velocity profile measurements [4].

In Figs. 4a and 4b the wall shear stress distributions for the
high angle of incidence (a = 30°) are shown.Again for a free
stream velocity U_ = 10 m/s the boundary layer is laminar in

all cross-sections up to separation. At U_ = 45 m/s in contrast

to the low incidence an open boundary layer separation is evident.
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As found already in Ref. [1] this separation is due to a laminar
boundary layer in the nose region while beyond xo/Za = 0.2 a
turbulent boundary layer separation is indicated. Obviously the
separation occurs in the laminar case at smaller circumferential
angles compared to the turbulent case. This consequently
results in a deflection of the separation "line" (Fig. 4b) which

can also be observed from oil flow patterns shown later.
For Figs. 3a - 4b we have to mention that

- the hot films cannot distinguish between positive and
negative flow direction, a flow problem which is not

relevant for our test conditions and this can be excluded,
- the circumferential shear stress component becomes

zero at smaller angles ¥ than the wall shear stress
minima occur.

3b. Integration of the Wall Shear Stress Directions

For better intuition and a more illustrative picture of the
flow field near the surface the limiting streamlines were
determined by an integration of the direction field of the wall
shear stress.

The measurements at the 12 cross-sections were used to generate
a B-spline approximation of the field of directions of the wall
shear stress [5]. From this approximation the direction can be

evaluated at any point on the spheroid between the first and
last cross-section.

The locations of the limiting streamlines were determined by a
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numerical integration of the differential equation

2
T b(2ax_ - x_°)
tan Y, = W _ o] () dy

- - \ ax
Tws \} 2 2 2 2 (o)
a (2ax0 X )+ b (xo—a)

corresponding to the coordinates defined in Fig. 1. The inte-
gration was started at given points which are marked in the
following figures. It proceedes in equidistant steps of about
2.5 mm on the model surface in the direction, evaluated from
the shear stress direction field, i.e. tangentially to the
local streamline.

This calculation procedure was applied for the wall shear stress
distributions presented in Figs. 3a - 4b. As stated already, the
exact locations of the boundary layer separation cannot be
detected from these distributions. If an open separation is
characterized by an envelope of limiting streamlines, then this

method enables us to determine separation lines as well as
regions of reattached flow. For this reason the following
conclusions can be deduced from the streamline patterns shown
in Figs. 5 - 8*).

In the laminar flow case at a = 10° (Fig. 5) two enveloping
streamlines caused by the primary and secondary boundary layer

*
) It should be noted that the separation is not indicated by
the concentration of streamlines - which mainly depends on
the number of "starting points" - but by the convergence of

streamlines resulting in an envelope.

,y
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separation are clearly indicated. With conventional techniques
it is not possible to perform visualizations of the surface
flow at these low Reynolds numbers. A primary open boundary
layer separation was observed in Ref. [6] on an 1 : 4.3
prolate spheroid at even lower Reynolds numbers. No mentioning

of a secondary separation is given in this article.

The calculated limiting streamline pattern obtained for a higher
Reynolds number at the same angle of incidence (Fig. 6) is more
difficult to interprete, because it is not characterized by such
significant enveloped streamlines. Additional information

about the boundary layer in the cross-section xo/2a = 0.64 is

given in [4].

If the model is inclined to o = 30°a free stream velocity of
U_ = 10 m/s generates a laminar boundary layer separation as

demonstrated in Fig. 4a. Due to the stronger cross flow components

this separation occurs at smaller circumferential angles
compared to o = 10°. The region between the primary and secon-
dary separation line shows divergent streamlines, which indicate
flow reattachment.

The validity of these experimentally obtained streamline patterns
is confirmed in Fig. 8 (a = 30°, U_ = 45 m/s) by a comparison
with o0il flow patterns obtained at the same Reynolds number.
Except for the nose region the interpretation of this figure
leads to analogous conclusions as discussed before. It should

be noted that at o = 30° at least one third of the flow near

the surface is not accessible by conventional boundary layer

calculation procedures.
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4. summary of the Results and Conclusions

The results of the investigation can be summarized as follows:

- The wall shear stress vector distributions obtained from
surface hot film measurements give a clear indication of
the laminar-turbulent boundary layer transition. The
circumferential shear stress component vanishes - in the
coordinate systemn used - before the locations of the shear
stress minimum. This holds true for laminar as well as
turbulent boundary layers.

- The limiting streamline patterns derived from the measured
wall shear stress distributions are in excellent agreement
with oil flow patterns. The results make it possible to
determine the envelopes of limiting streamlines which
characterize the so-called open three-dimensional boundary
layer separation. For the flow conditions a = 10°,

Us = 10 m/s (Re = 1.6 x 106) a secondary boundary layer
separation occurs which is not reported so far in the
literature. At o = 30° and U, = 10 m/s the primary

separation is laminar all over the body. Increasing the
free stream velocity to U_ = 45 m/s results in a laminar
separation in the nose region. Further downstream the
boundary layer becomes turbulent.

The investigation lead to the following conclusions:

The results presented here should provide a sufficient
data base for the testing of existing three-dimensional
boundary layer calculation procedures. However, it is
known, that three-dimensional turbulence models applied
to date have to be improved, in particular for strong

323

N




5.

(11

(21

(3]

cross flows and regions of boundary layer separation.
For this reason detailed investigations of the boundary
layer flow developing on the prolate spheroid are
carried out at the DFVLR-AVA in GOttingen.
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The Capturing of Nose Vortices

by

T. Hsieh

Naval Surface Weapons Center

White Oak, Silver Spring, Maryland 20910

333

—— — ]




| S—

Introduction

In Ref. 1 an experimental investigation of separated flow about a
hemisphere-cylinder at 0- to 19-deg incidence in the Mach number range from
0.6 to 1.5 was reported. Among the many separation phenomena, of great
interest is the appearance of nose vortex pair standing on the leeside of
the forebody at a = 19 deg as indicated by the oil flow pictures taken from
wind tunnel testing. The nose vortex pair also appears to be most pronounced
at M_ = 1. Although physical explanation has been given to the mechanism of
formation of the nose vortices, an effort of numerical simulation of viscous
sonic flow over hemisphere-cylinder at 19 deg incidence based on the computer
code developed by Pulliam and Steger (Ref. 2) is reported in this paper. The
purpose of present work is twofold: first, to confirm the physical reasoning
concerning the formation of nose vortices made previously and secondly, to
assess the capability of the numerical simulation of a complicated three
dimensional separated flow.

Description of Separated Flowfield

In Fig. 1, the experimentally observed surface flow pattern in the leeside
of a hemisphere-cylinder (1 in. in diameter and 10 in. in length) at M_ = 1 and
a = 19 deg is present. The flowfield is assumed to be symmetric with respect
to the pitching plane throughout this paper. The flow breaks away on the lee-
side of the hemispherical nose near the shoulder and a standing vortex, which
features a simultaneous reversal of flow in both the meridianal and circumfer-
ential direction is formed. Further downstream, there is a flow reattachment
region. From there on, the cross flow seﬁaration forms the primary and
secondary separation lines as shown. It is important to emphasize that the

standing vortex is most pronounced and covers over a relatively large area in

..

334

Y~E1I‘P;gé.w‘




sonic flow than that at subsonic or supersonic free stream condition. Since
only a limited number of grid points can be provided by the computer to
resolve the flowfield in the numerical simulation, the choicé of M =1 and
a = 19 deg case will improve the chance of success (note that in Ref. 2, the
results of M = 1.2 and a = 19 deg was reported but no comments were made
concerning the nose vortices although experimental results indicated the
existence of small nose vortices).

The mechanism and condition for the formation of the nose vortices can
be understood as follows. As shown in Fig. 2, at low incidence only primary
separation line in region I is formed far downstream, Fig. 2a. This is the
case of open-type separation defined by Wang3. As the incidence increases,
the nose separation region II starts to develop. When the nose separation
bubble is small, the flow reattaches. The limiting streamline is shown in
Fig. 2b. At moderate incidence, the nose separation bubble grows and becomes
open, meanwhile, the primary separation line moves forward (a secondary
separation line can also appear at this stage). The fluld in region II near
the pitching plane must flow upstream, whereas that near the limiting stream-
line AA (Fig. 2¢) must flow downstream and a condition is provided for the
reversal of surface flow in both meridianal and circumferential components.
Therefore, the nose vortices (a pair) are formed. It should be noted the
direction of the vortex is counterclockwise (on the left side of the pitching
plane when facing upstream). At still higher incidence, which is beyond the
experimental range, it is believed that separation region I and II will merge
to form a closed-type separation region as sketched in Fig. 2d. Then the nose
vortices will disappear. Based on Shis reasoning, the nose vortices occur

only during the transition from an open separation to a completely closed
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separation in the presence of an open nose separation bubble. A three
dimensional sketch of the flowfield with the presence of the nose vortices
is given in Fig. 2e.

Numerical Results

The computer code (AIR3D) of Pulliam and Steger solves the three
dimensional unsteady Navier-Stokes equations with "thin layer" approximation,
i.e. all the viscous terms in the streamwise and circumferential directions
are neglected. The numerical method is based on the implicit factored scheme
of Beam and Warmingb. A turbulent and transitional model due to Baldwin and
Lomax5 is also included in the code. For detail, please refer to Ref. 2, 4
and 5. 1In this note, only the procedure of utilizing the computer code to
obtain the results present herein will be briefly described.

The computations were carried out using an IBM 370/165 computer with
double precision. A 48 (meridianal direction) x 15 (circumferential direction)
x 20 (normal direction) grid is used for inviscid flow and 30 x 15 x 36 for
viscous flow. Two preparation runs were performed for inviscid flow at the
following conditions: (I) M_ = 1.4, a = 19 deg and (II) M_=1.0 and a = 0.
The surface pressure distribution for case I is compared to the calculation
of Weiland6 as shown 1in Figure 3 and that for case 11 1s compared to the full
potential solution of South and Jameson7 and experimental data8 as shown in
Figure 4. Figures 3 and 4 establish the accuracy of the computer code and
the computation domain to be used for the viscous flow computation.

To see the effects of viscosity (i.e. via the "thin layer" approximation)
and of numerical turbulence model, three calculations were performed for the
case of sonic flow over a hemigphere-cylinder at 19 deg incidence, namely:

(1) inviscid flow; (ii) viscous, laminar flow; and (iii) viscous, transitional

flow (corresponding to the experimental condition). The computed results for
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the surface pressure distribution are present and compared to the experimental
data as shown in Figure 5. In the windwardside, ¢ = 180 deg, the agreement
among all results are good. The inviscid results agree slightly better with
experiments. As one moves toward the leeward side, it is noted that the
inviscid results first follow the general trend of the experimental data
better than the viscous-results till ¢ 3.60 deg and then the viscous results
agree better with the experimental data for the rest of the flowfield in the
leeside separated region. There is only slight difference in the calculated
surface pressure between the results of laminar and transitional model, most
significantly in the portion near the nose. The fact that the results of
transitional model deviate further from the experimental data than the laminar
case strongly suggests that the turbulence model used in the computer code is
not sufficient to describe the separated three dimensional flow. Of course,
the limited grid points used in the computation also contribute to the devia-
tion between computation and experiments.

Of great interest is the calculated surface flow pattern as shown in
Fig. 6 obtained by plotting the velocity vector projection on the unwrapped
cylindrical surface at AR = 0.00005R above the body surface (on body surface
AR = 0 the velocity is zero as required for viscous computation). It is seen
that most of the features of separated flow as depicted in Fig. 1 are captured
qualitatively, including the nose vortices. (That the secondary separation
line was not captured is perhaps due to insufficient grid points.) The
important significances of the present calculation are: (1) the appearance
of nose vortices as observed experimentally is confirmed by numerical calcula-
tion, (2) the "thin layer" approximation of Navier-Stokes equations is capable
of depicting a complicated three dimensional separated flow, and (3) to improve
the numerical results one needs a better turbulence and transitional flow model

and a larger computer.
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A Non-Orthogonal Coordinate System for Calculating

Boundary Layers along Lines of Symmetry

Roger Grundmann

DFVLR-AVA G&ttingen

Summarx

The three-dimensional boundary layer equations for steady,
laminar or turbulent, compressible flows along lines of
symmetry on bodies at high incidences have been derived for
a body-oriented, curved, non-orthogonal coordinate system.
The advantage of using such a coordinate system is that there
is no need to transform the governing equations in order to
eliminate the geometrical singularity at the pole of the
body. This singularity arises if a polar or elliptic coor-
dinate system is used as usually done. For an ellipsoid of
revolution some boundary layer calculations were carried
through, and the comparison with other results, theoretical

as well as experimental, was in good agreement.

Introduction

Boundary layer calculation along lines of symmetry on bodies
have to be treated three-dimensional. This is because the
flow around a body at high incidence moves from the wind-
ward side to the leeward side, and due to continuity effects,
the upper boundary layer has to be thicker than the lower
one. If the crossflow influence would be neglected, that
would mean the flow problem is handled two-dimensionally.
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This physical effect could not be reproduced by the calcu-
lations. To calculate this flow, different coordinate systems
have been applied. WANG [1], HIRSH and CEBECI [2] used the surface
oriented elliptic coordinate system for which for example LAMB
(3] gave the inviscid solution. This system unfortunately
reveals a geometrical singularity at the pole of the ellip-
soid, which causes undefined terms in the governing equations.
Flows at high incidences can not be computed without taking

considerable effort in transforming these equations.

In the latest literature describing the calculation of the
boundary layer along the line of symmetry on an ellipsoid

of revolution for extremely high incidences, CEBECI, KHATTAB
and STEWARTSON [4] put their interest in eliminating the
geometrical singularity at the pole of the ellipsoid by
still using the elliptic coordinates. A transformation is
found, by which new independent coordinates replace the

elliptic ones. The analytical effort is considerable.
The purpose of this paper is to show, that the use of sur-
face oriented, curved, non-orthogonal coordinate systems

reduces the effort in transforming nearly completely.

Geometrical conditions

The coordinate system used in the nose region of the ellip-

soid is a modified spherical system, for which the radius

is a variable depending on the shape of the ellipsoid. The

connection between the Cartesian and the new coordinate

system is described in the following, supported by fig. 1.

Here the origin of the Cartesian systems has to be situated
- in the center of the ellipsoid.
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X = r cOs O cosgy
y = r cos @ sing

z = r sin ©

The radius r is a function of the new independent variables

© and ¥ and of the axes of the ellipsoid a and b.

2 ]—1/2

r =ab [bzcos2 ¢] cos%y + a2 (cos2 €] sin%p + sin® 0)

Governing equations

The differential equations formulating the three-dimensional
boundary layer flow in the Euclidian space written in tensor
notation were reported in the proceedings of the last DEA-Meet-
ing. This notation enables the user to apply these equations
to any curved, non-orthogonal, surface oriented coordinate
system, that is ordered by his flow problem. Additionally

the analytical and later the numerical effort can be kept
small by using this notation, because here the terms of the
differential equations are composed of tensorial quantities
and not, as usually done, of physical guantities. The latter
causes the additional differentiation of the elements of the
metric tensor, which are dependent as well on the independent
variables, and so some more terms have to be computed. If

one prefers the computation in the tensorial formulation

the results of this can easily be transformed in the physical
state.
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Boundary conditions

The ellipsoid is one of the very few bodies for which the

three-dimensional inviscid velocity distribution is given ' 1
analytically. The total surface potential ¢, see ref. [1],
can be written as follows. |

$ = Bx + Cz

with B

(1 + ka) cos a

9]
1]

(1 + kc) sin «a

1 1 e
k=2—eln1_e"1
a 1 _ 1 in 1 + e
7 - e2 e 1 - e
1
k
c 1 + 2 ka
1
2 =
e = (1 - 27)24
a q

Here a is the angle of incidence. This potential is given
in Cartesian coordinates and can be transformed into the
new surface oriented coordinates,

¢ =Brcosecosy + Cr sin o

The surface velocity components can be developed by the
following formula
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grad ¢ = ¢, atd Sj i,j = 1,2
Ej is the base vector and a*J is the inverse metric tensor
of the surface.

i3 : 222 412
la™?| = B

T2 a1

, B _ .2
with D = aq, as, ay,

Now the inviscid velocity component ug in the downstream

direction and the cross flow velocity gradient Ay, which
are the boundary conditions at the outer edge of the bound-

ary layer, become

_ 1 ¢
u - ——
e~ 3, 30
A =3V . (32¢ _ Bagy 0
e aye a,, 37’2 a}: e

A4 -
Qp w

AW

Because the solution scheme is developed for the equations
describing compressible flows, the boundary conditions for
the temperature also have to be defined. The value of the
temperature on the outer edge of the boundary layer is
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H8N

(1 - u?)
p ©O

The value at the wall is by choice

T =T (0) or 3T = 0
w w on w

Solution scheme

The governing equations were discretized in the sense of an
implicit difference scheme. The difference molecule was
chosen in such a way that the three unknown values have to
be computed using the three known values. The discretization
center was placed in the middle of the molecule, so that the
truncation error was the square of the step size in the main
flow direction as well as in the normal direction.

This solution scheme follows the RICHTMYER algorithm applied
to a three component solution vector consisting of the main
velocity component the cross flow velocity gradient, and

the temperature. The normal velocity component is computed
separately by integrating the continuity equation. At least
one iteration is necessary.

Numerical results

To prove the reliability of the solution scheme, the cal-
culation of the boundary layer along the line of symmetry
on an ellipsoid with the axis ratio b/a = 1/4 at zero in-
cidence was first done. Here the common elliptic coordinate
system was used. In this case the singularity at the nose
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is identical with the stagnation point and so the calcu-
lation can easily be started. The computation stops imme-
diately upon reaching the separation point. In fig., 2 a
comparison with other theoretical results made by WANG [1]
and HIRSH and CEBECI [2] 7as carried out. The dimensionless
1/2

wall shear stress Ce Re is plotted against the dimension-
less x-axis. The present results are identical with those

of ref. [2].

CEBECI, KHATTABR and STEWARTSON {4] made computations of the
boundary layer along the symmetry line in the nose region.
They used the elliptic coordinate system, which was trans-
formed by trigonometric functions so that the nose singular-
ity was eliminated. They gave results for an ellipsocid with
"zero thickness". This limiting case could be computed due

to the transformation.

In fig. 3 the results of the present method are given for

an ellipsoid with the axis ratio of b/a = 1/6. The dimen-
1/2

sionless wall shear stress Cg¢ Re is plotted against the
angle 0, beginning at the stagnation point, leading around
the nose and ending at a predetermined point on the leeward
side. These results are qualitatively in agreement with 4
those of ref. [4]. The quantitative comparison was impos-

sible because a body with "zero thickness" could not be

simulated with the present method. But generally it can be

confirmed, that an incidence greater than a = 41° causes

separation immediately at the nose.
Measurements have been made by MEIER and KREPLIN [5] on the

ellipsoid with the axis ratio b/a = 1/6. One example is
given in fig. 4 for the windward side at an incidence of

353




a = 10°. The dimensionalized wall shear stress T against
the dimensionless x-axis is compared with theoretical result
made by GEISSLER [6], STOCK [7], and the present method.

The agreement between all these results is again very good.

Concluding Remarks

The solution of the boundary layer equations along the line
of symmetry of an inclined ellipsoid causes difficulties,
if the common elliptic coordinate system is applied. A geo- ‘
metrical singularity arises at the pole of the ellipsoid

and causes undefined coefficients in the governing equations.
Additionally the inviscid velocity distributions have changes
in sign at the pole. That means, if the solution procedure J
is started at the stagnation point going ahead to the pole,

the step over the pole becomes impossible., In ref. [4] this

difficulty was overcome by introducing a trigonometrical

transformation in the governing equations, which makes a lot

of analytical effort.

In the present paper it has been shown, that the use of the
tensorial notation of the governing equations lightens the
analytical and numerical effort. Surface oriented coordinate
systems, no matter how complicated they may be, curved and
non-orthogonal, can be applied, if the flow problem demands
them. Unpleasant geometrical singularities, additional
transformations and three-dimensional interpolations can

be avoided in this way. The results shown clearly prove
this. Turbulent boundary layer calculations were not per-
formed because the flow in the nose region, which was the
purpose of the paper, is in general laminar.
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Spherical coordinate system fixed on an ellipsoid.
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Mean Velocities and Reynolds Stresses Measured in a

Three-dimensional Boundary Layer

Udo Mueller *
Aerodynamisches Institut, RWTH Aachen
Aachen, Germany

A steady, incompressible boundary layer about a plane wall was tripped
at the leading edge and deflected laterally by baffle plates. A three-

dimensional flow developed in which the velocity component in mean-flow

direction was decelerated and the one in cross-flow direction was accelerated.

At 21 stations profiles of the time-averaged velocities and of the Rev-
nolds stresses as well as the wall shear stresses were measured, the
pressure distribution was mapped out at the outer edge of the boundary
layer. Main results of measured profiles of mean and fluctuating veloci-

ties as well as deduced eddy viscosities, mixing lenths and the ratio

of resultant shear stress to kinetic turbulent energy were reported

in ref.1 Supplementary in this paper a comparison of mean-velocity pro-
files with the law-of-the-wall and a survey of efforts to reduce the
experimental errors of hot-wire measurements are described. Additionally

tables with all measured data are provided.
Introduction

Actual and future problems in fluid mechanics require prediction methods
for three-dimensional turbulent boundary layers. As a general description
of the turbulent momentum transfer is not yet available, empirical laws
for describing the time-averaged motion will still have to be used. These
assumptions are usually lgmited to special classes of flows, but they are
espected to be valid within certain ranges of varying initial-and boundary

conditions. Because of the insufficient understanding of three-dimensional

* present address: NASA Ames Research Center, Experimental Fluid
Dynamic Branch, Moffett Field, California 94035
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turbulent boundary layers measured data are urgently needed for

testing calculation methods and closure assumptions. So an experimental
investigation into such a flow was started at the Aerodynamic Institute,
Aachen, Profiles of mean velocities and of Reynolds stresses were mea-
sured at 21 stations revealing the downstream development of the
boundary-layer flow. With the measured data the validity of closure

assumptions with respect to the present flow field was checked.
Description of the experiment

The experiment was carried out in a boundary layer about a plane wall.
By means of baffle plates the flow was deflected laterally, fig. 1,
inducing pressure gradients in both tangential directions. A boundary-
layer velocity profile typical for the pressure-driven flow is schema-
tically depicted in fig. 2. Different coordinate systems are also de-~
fined in this figure. The boundary layer which was tripped at the leading
edge developed from a nearly two~dimensional flow to a full three-dimensio-
nal one with differences in the directions of wall- and outer-edge stream—
lines up to 30°. The streamlines indicated in fig. 1 include the inves-
tigated area. At 21 measuring stations marked by crosses profiles of mean
velocities and of all Reynolds stresses as well as the wall shear stresses
were measured. The pressure distribution was mapped out with a Prandtl tube
at the outer edge of the boundary layer. The unit Reynolds number was 1.95m
The measuremts were carried out with a goose-neck shaped probe
support according to Johnstonz. Single and X-hot-wire probes as well as
pressure probes could be moved relative to the wall and could also be
rotated around the longitudinal axis,as described in ref.l, in order to

get a sufficient number of measured data.
Measured mean velocities and Reynolds stresses

In fig. 3 the profiles of the velocity ﬁhl which is defined by the di-
rection of the wall shear stress, fig.2, are compared with the law-of-
the-wall of two-dimensional flows., The friction velocity u, was measured
with a Preston tube and was evaluated with the calibration of Pate13.
These values and those obtained from Clauser charts agree within errors

of 5 percent., Additionally the wall shear stresses were inferred
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according to an extension of the Ludwieg-Tillmann4 formula and that of
Femholz5 as proposed by Johnstonﬁ. The results are compared in table 1.
Typical profiles of the measured Reynolds stresses of the
local coordinate systems XY 2 defined by'ﬁ;'= 0, are displayed in
fig. 4 revaling the down-stream development. The maxima of the
Tg?;-correlations were shifted away from the wall according to the
positive pressure gradients, The transverse shear stress'V;W;'increased
continuously and reached the order of magnitude of the G;V;-correlation.
From the measured data profiles of eddy viscosities and mixing
lengths for both tangential directions as well as the ratio of resultant
shear stress to turbulent kinetic energy were deduced. Typical results

were reported in ref. 1

Accuracy of hot-wire measurements

The turbulence quantities evaluated with the measured data can strongly
be impaired by experimental inaccuracies. The efforts of reducing the
errors of hot-wire measurements will be described in detail in a separate
paper and are summarized here, see also ref.l. When using miniature
hot-wire probes it proved to be necessary to calibrate each wire indi-
vidually with respect to magnitude and direction of the velocity vector.

The coolingsof the wires were described by an effective velocity

2 2 2.2 27
UC —UNl + k UT + h UNZ . _
UT is the velocity component tangential to the hot wire while both UNl
und ﬁhz are perpendicular to the wire axis, one lying in the plane of the

prongs and the other normal to it, The calibration curves of the non-
constant sensitivity k together with h = 1,2 were taken into account in

the data reduction, In fig, 5 profiles of measured Reynolds Stresses ake
compared to those determined with the empirical cooling law of ref.7
Especially the cross-correlations proved to be sensitive indicated by
errors up to 15 percent. At each spatial point 16 different r m s -measu-
rements were carried out in order to diminish experimental random gscatter
and to check the spatial resolution., Additionally, in separate measurements
the accuracy of the conventional linearized evaluation of the Reynolds

stresses was checked against increasing turbulence levels. The method
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developed in the thesis8 takes into account the triple velocity
correlations usually neglected. Both methods are compared in fig. 6
regarding the same set of measured data. It was found that in the
present investigation with turbulence levels below 23 percent the
application of the conventional method was justified. The remaining
experimental uncertainties in the measured Reynolds stresses were
estimated to be + lo percent and + 15 percent concerning the transverse
shear stress m.

All measured data, i.e. mean velocities, Reynolds stresses, pressure
distribution, wall shear stresses and integral parameters are summa-~

rized in the tables printed below,
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Table 1

NL  x r U, /U u /Uy
(mm) (mm) Preston
A1 0 84 ,9885 ,03710
A3 0 284 .,9821 .03862
AS 0 484 .9984 ,03912
81 200 100 .9045 ,03179
83 200 300 ,9260 .D3433
BS 200 S00 .9627 .03593
C2 400 200 .B148 ,02521
C4 400 400 ,8648 ,02897
C5 400 500 .%012 .03093
C7 400 600 .9430 .03392
02 500 200 .7620 .02089
D4 S00 400 .B8174 .,D2536
DS 500 500 ,8528 .02759
07 s00 600 .68987 ,03093
£3 600 300 ,7262 .01944
€4 600 400 .7614 ,02240
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Fb 650 550 .8014 .02566
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Clauser (mm) (mm) (mm) (mm) (mm)  (me) (me)  (me) (~r)
.0404S 33,95 3,76 2.33 2.C6
.0404S 35,00 :,52 2.7¢

.04013 34,55 4,13 3.21

.03408 33.70 4,57 -C.07 3.36 0.02 -0.C% -7,001 2,38 2,02
.03600 31.50 3,97 -0.66 2,56 C.CS =0.EC -0,012 2.€2 2,08
.03726 42.30 5,07 -0.25 3,80 C.06 -0,1¢ =0,005 3.52 2,05
.02803 S57.75 8,14 -1.60 5.86 0,33 -1,21 =0.G70 5,10 C.3¢
.03121 50.40 E,90 -1,68 5.12 £.37 =1,51 =C.GE2 4,52 .31
.03185 56.40 7,33 -1.364 5,4C 0,33 -1,22 -0.D63 4,84 (.27
.03471 58.70 §,55 -1,05 4,92 0,25 =0.7% -0,047 4,41 0,01
.02261 67.90 12,34 -3,46 B,1C 1,10 =2,3€ -0.00%4 6,61 .66
.02611 59,35 0,12 -2.e0 €.38 0,70 -2,10 -0,125 5,51 0,57
.02800 57.50 £,58 -2.44 £,22 0,05 -1.72 0,186 5,41 C,52
203217 53.70 7,59 -2.24 5,44 1.54 =1,70 -0,168 4,77 0,45
.01879 69.65 15,14 -4,79 9,14 1,79 -3,00 -0.543 7.45 1,24
.02283 66.25 12,18 =4,73 7,36 1,69 =2.,24 -0,050 .63 1.1¢
.02548 65.00 11,26 =4,368 7,73 1,33 =3,05 =5.522 £,52 1.0
.02866 60.60 ©,7C -3,79 6,864 1,12 =2.v7 -0 4ia 5,81 0,68
.026452 71,65 12,84 <6,30 6,86 1,94 -4,35 =0, 347 7,15 1,45
.02580 68.50 12,49 -6,43 08,33 1,587 -4,46 -1,042 £.31 1,50
.02707 66.85 11,83 -6.18 8,12 1,80 -4,36 -0,95% £,75 1,3¢

200000—“Fﬁ00¢—

NORO =AW D LT LOW

L adi

=NOAPONO P OCMemC O

OO0 =~OO0OO00OR

Pevo0 0o e
(RN NN

NN O SO0 NN ONG
CNOIC @ 1 COC eifomom
TN O OTCINNCOO

e e CCCOCC

WEAC =AY Qo
C OO 00 - =l e O el
O LOLANN =M C A n
DO 0D O ONWNTI NN =T O
AR RN RN REEX]

Lad- o8- Al & ot Al ]

Letal

POSITINN 3 Af
[J
aa wm

=

AN U VA A
WM ersosscccrsncssoesnsssoan
- - i

PO OGO O DD OO et otes
QEC e e vt e oo A A A

= OMMOMNG Ot O
NN WNO P C- LT C NC
OO O W~ & = O GO

T IAMPUA -~ COOCC O

LR A N N Y

O WS ArLNOANTIEY.C
~“FANNORO FOMMNMNO TN
-0 CCRWVY Chm—ECo

NN e e CO OO O

PP P00 P00 s e

[N NN NN

VO L~OMOOMDO —~I N
CrLcC—LthVeCCCACT
MNNDO0OTNG I ~OO0O

- =eCOCOE C

¢svesnsstaases
[ AN AR NN N NN

<V QK O
DOLOLONWNIN—~C OO
tso00000evrrres

MNCCREAMAI IV OO
SO AN =@ C N MO T
CL-r KON TO0ONNY
MIIITIIFNN~HOO
$se00er000000

POSITION 3 A%l
N um
7 s 280 um

LR

e D0 A K CADNT
O ON D N DD
FrOAORLIFrOO~ARC LD
DRSO 0N S O
*Pv 90000900000

A= e-CC=ANAANNA~A,
Dsosssesessnsnnsan

(AR RN NN NN
cccCcCcCcoccOceEccccecocccce
Nerssosssesnecsacsassasse

NNANNNNANAN&NNRNANNRN&

OO ~=NE OF DO O mNNIIY Y 293
Qe = AN NN W 070 00w o pnge.

Srvv00990000000000r00

CCOCCCOC/mCCENANSCNINNAA

S0 30 2 9 000000000008

COCCOECCCCCOCCOCCLOCCO
L R N NI R EYs
(A NN

I CONQEQOreaqg~TALY CL&r
N OO NN DO g OMNOr DT OD
ARV Y CCEr I RULA0COPOOD0C
Ses s s et st ensrsstaan

CCCCCCW v CoAAN ODG oA N
Tl o000
coceCcCCcECcEcECCCecOCeECCcCe ©
L N N Y

[ AN E RN NN YY)
—ewcubov—onhuov—nvclo—
NECICOOM BA G NN C NOMP s
VRNV OCCA MR AEROOCOO00000

DO .

ﬂ.:'...'...'."l..ll...
T e A R W

365

ﬂ."."..'..l"l.‘.'.'l
AT OMBONC INOVOWN
memwA R NG QWY




OF N O NN T OO0 o
AN E 3 =N NC T
T PAD P P O o vt ol (I P T e

AUNNCCCCOCwmmeCOC

eseenestessseans

‘—FFGW‘R:'QnN'

O O 0 T N el
€ IMAC 00 O AEWO AT S
—::;::u—ﬁ—ceoccc

.

» [ ]
LT DALV O ray

00 MM

POSITION 1 B85
: Eoﬂ MM

>

F‘F‘ FFI“DC —l\"‘.’\.ﬂ—w
sssase
—ﬂ——————

h&NNNNNN—eHCKVﬂRNNNNNNN
“o 0 ) .o

. . e 3
R R I O S IV Y

WO NP~ QO T O I ONT O
SR O P ECEEETadcEEECNT

OOT I NI NGO OO
MNLIMA N NUINL T NO O T C
D clMNO AN DO O OO

"
GG LA O ARO O AT
O ROMA NS IMCENC QTROC

NS NNG ~ QOO TN T OO
cOO‘OUN—mquOGFFNC
nwo#mc=moc=n—ooo
- - ccococc

N LK CIO T A0 AT O™
© OO0 OO MDNG MMMO ~

O OLVINNN GV I =T o A
~ XJ DDDNIN DN T NN e OO
2 x3 L A A I N )
C oo OO =hIINNCICH TAC
- OO NINSINVII N DT O TN
- gn CEKC—IYUWICONICTAS -
hnd AT IIITI I IPONN D
g LA ] LA BL A N A BN AL A I NI B U Y I
a »xn €000 F—rhraCcaIr A

S P D DN T N OO
soeP O POIESEREYPOIIIRIPIPOEYPTS
QNN =\ T L O O -~
0 vesstaresecnen e
(RN N
0o<¢¢oc—r0n00—moc—(cm—cotx
o

.
QHSQGEQGMNACQoﬂhhhctféérmr
0t 0ttt 8 9t ot wat ot

e NN

O JL AN T DO TG 0T AUN O 0 DINMIN
A CLATOCCCCCCOCC00000aaaUTK

P B0 0 ONG O O ~NANNO O
Ama—acc——ru;o—co&—

Co—ch———————cccoc
DR I N I R Y

O ONOOOONCTOorace
O N S O T 0T
—T‘OFNQ—&WMMOFQNCC

R N N LA IO
llllllllll.l

O ONING AN OC LI NOCT
CHONPF-OFOArRNOO0E N —C
N QPP DNV A TN ~C OO

et et E € CC EC C O

¢oss e s oo rss et
SesetBRBPIRIRIRIRIOEDNYNDOY]Y

-] AW FAALOITINCTN LY
[¥] T J CUMD T WOP et o O —p N D AN

CEACLIVIN—C =~ DL QPO
- FI VUNNDNNINNNGS NN~ = C O
> 37 . sPses 0O PEIILICEPIIIPRS
C €< CYUCCINHErRNITC—ATU
- oo ~INOCOMNCOPCO~ITT
- oz CC MO ENWO AL O
-~ TP IITII I FOMANN et ©
g LN ] RN NN R RN N NN RN N )
a XN FOMACICHTIC ~Lr LT L

RSSO0 ONT I —~C O
-2 VPP ROEOOEPIOEPOIEYN PSRN

NPT B INAN sve - AT L O O
O 0P essssrsssstssracs
(AR NN NN NN
IIKCCIKVMO—OCMINQA‘UMCO(FO
.

ceos s e
WVWMUUVUV:QN“—CCOO(IQKFFFF

O NN I - UN O COR CNNID © DI MNO T 0T
SIRROC AT QN PR AR — -~ o

R NN RN NN RN NN RN NN NN

CCCCCCAQOOCCAAANEC v =00

PP P O NIV IIOIIEYIPIOEYIOIEPIOIGSLES

CCCOCCCOCANNS—MNE O NN —~ThCAD

PPOIPP P OIONPPTIPIOLOIEIOIOILITOIEOIES
CCCCCCONIIAINAN— AWV LO~—an

eCCCCCOoCOCOCCoPCCcCCOCcCO
"ressvstsssenesssesne

OPOhe QO NC =t DL AT L O
N O O 11 0 C I N D 911 DO N T DD
AOBYFNCLLr M ETECEOC 00000

LR R A N N L I A N A

L]
CCCCCOCCQCCCCCCCCOQOCGOCCO
se 00 acsne srevesretsvre e

CHhOUKT—NTIOCANCY ¥ T AATI~arOC
NOONMING O MO0 TO T OMNOLP CCOO —
NP II QIS CL LT dCaTe

R N N RS

CC«COCCCQCCCOG&OCOCCGOCC ccc
“reeeessenace s e e ae

ACOr TG TOFENCARNE CAN NN —Iil L
NOIF M O FINMNANDOM OGP - T INNIMNN
AR TN SO AR KT AT o

'...OIIII.II!"'COII‘II'.Q

—!"';-'O.-‘DDO'..'OOOII.'.'
Tt NN O D O NOINO NONO
L afalal b UM ol gt - R L7Vl

MNOC NG QDINNG O N O
NEE R K LVTYLLLN
PO OOMOCTEMNOTOOO

M-ALOOCOCC=C OO

PR

ANEO LN L0 ~NAL P
et PUNED O KD O T @ NN N
L GAKMO - CmC T

""l".'!lll';

MNANE 0 OX OO0 0T MO N
CHOArr b OCKN TP C
—~TINOLr DO ONDONOOO

oo et e E OL OC

# 99 ® 80 08 a0 >

0 MM

T = aBa W

.segP e PRBIIRLIOIOLTS

POSITINN § AS

Y m

FPORr—LELCOOL—C
ﬂOQQOFFFFGQN“OO
IR EE R R R IR NN
O K e L, PRI PAIUN PPN, o o
y :.lll.l 3
00000000000'0000 L g
"‘UU'H. 'QGUQ.Q.QQHGQQ('

M oeD oo TP O O N DO N T NN
Oﬁnﬂivvrdolﬂdhhhhllllll

0D —eif
LA EEE RN A NIRRT

ooc.

MU P O PO O N O IO N,
—wvﬁNFMHHWV(OF

O~ OMONINN—N OO0 D
NS I CONT A~ =
O N L 9T OO O XM e

CrfivmC OCOme CCOO

seesevsecnsnsene

sre 0 L}

reCUMIFCORKE =C ¢
=00 € PN © OO T
—mcruﬁreocncmtmc

S22
.l'.olirvu-"‘--
1]

© @ P pOEG NN O PP B A N
COVMO ODAND O ey AIre
AN DMNINTAUC D TN —C O

et e CCCCCC

s 0 sss v ecsscnsag

- ooV OoOrN—~caV NG
@ £ 0 QUNMNOM =N~ 00 O
QCE R JVINO I EPONK

- ¥ 8000 0BT N~
X¥F *P O o0 v P PIPIPNOIEIIES

2

€ co e L L L

- 6o N OF O DT DO

- N

-

v an

1]

LRI N

AN NG I 0 OV VY W ¥ Y

("] LU U N ] .o .

wnn A

COIO0O
q————nﬁNﬁNNNNNNANNNNN&

W~ s

" O E NI SN OIIELIOIRNL I OEIPLECEIDRPILEOSEES

NI N OMDONC NOINOINONG
———AAVraQUErOLr

@ C P O = O PN 1 MY DN et
N WP £ T E o 0T o i P

N Lq
NOCOC=CCCA-CCCC
se0essesssonsre
L] L}

RO IO C e aln

I OIWO M-NO O

ALK =L

ANNTIITITAN~OOOO

R X R IO O )
. L}

CrEOND =IO ON-Q O
CLNALTLLATDOLNCC
N0 SN~ DN e C OO

———u————cccccce

sevssersseten

[ ﬁrcec'w:—c&vnxq
-3 © DN NN O O NI -
Dhtvcﬂ—lvlvanDQ
“ IIX D0 DLOSNINTMMAImO O
X sevsssveeto e
z
C cc
- 00
- n
-t
” an
©
Q. »xN

OOOOOOOOGOVN—OFQNCOOO
X seeeace

woee LK)
QQQ'GQQQ.GH'U*’FMPMN&

NG et T O ON DD D DNNO OO M
TANRNG G IVLNN VWV TV aoae

EE RN NN NN NN NN N AN
OCECCCCAWNANY Sty aaan iy

#0000 PO POIIPIPIOIIPIOIPIOIOILTS
CCCCCEANA—CCC A0 -Aae

PP O P RPOE IS RPINBEROEOCEIPOEOEPT
COCCCTCANMWIrIQUrEgECw

€cccocecoogococpococeccce
0000 0vear . .
(A A RN NENENNENN)

CCCLECCCCECCCLCCCOCCOOC
easav o eses s e st
(AN NN ]

CQCQCOCGOCC‘OOG@GCOOG
eo e ssssas e

B CHG CEP CO TOMPCI LF A W QR LPCHUECCOANALLERAR L e ¢ ehhOreCUPADLCRCHEC OC AW
NELOING OO MNECMOONOTD CF0 ANONN. OT MO MODB~TNDE OO0 NOMOM a0 BRI NEN Ol Nn
A UG OO T CERaOTO0OG0  —AFOONENCOON AL aREOOE AMOGI €t Ot ena 00000
RN E NN R N A Y B R B N NI LU A I BB NS B S B R B AR B A A O LB I B B Y I R NI I B BN B B R N
LR EEEREEE XN EE R R EEEEXE NN EX] ’v"r.”"..'.'l.....l.. -!.'..'.-.".'.-:.I...I.‘
- AATF QTN T e e ARG @ 4N Pttt -0t

367




A OO NG

NQ‘OPNFEOTON‘OOFOI—GNU
—-—non e

tn¢eruc0¢—n—om~nmcmmn
- QO OPMON T NG N IMND NG MO
TN CNONING G XN BN OMAWE 6O

NTFONNGNNTO OO0 MOy
COE OF VN ADO M- aN—CCOC
IO -ON TN i\

Ll
Q
L ¥ 3

ax !"'0'.!...0.'.'..'.-
z
€ co OMQNMKOOCOCC(FFONCOWO
- o0
=~ o th’hﬂ‘hmﬂ—cwrh—FRC‘OO
- MNATIT T I IAMNNA O OO
g LI} sese s RsRIIIOIRINIITERIOELS
& wn O~ EL~TArDLIOLO LC

oL

BN ANNOO R~ ~NOT G ~ 00T
rgaLKCELNE VNP OEC QO
PN O OINT NN O OO QO

DR AN I I R R )

mCOOCQMMwGNFGW&FOCNBU

-] L] ¢ e 0P oo
.Il.llllll e
hﬁhhhh&Nmf‘FNOIRNFQRC¢¢FO0
"o sesssenase . sevecs
nnnnmnmn—obcccmnnﬁ———ucoec

O R~ T F MO D —ill C O rIOOCTE LT ~NT MNOMN NGO
ADV & OLENI OECAMAC T INVOOT nEIPSESPOrOrmEnIC OmCh
—~AD NI~ T O NS ~0 02O

N QMNOO—.'—COOCOOOOOOCC
5 P8 000 SO P O PEene e LEC I BB I I R N I )
(XX} s o beee

DX AP AP T E LA PPN
=D~ N T DO ~TOOIJO
D e sd bbbl alala o X =TT -l - 1, PP

sosoee

o
(BN N NN NN NN
OMUN OGP0 D T LN N =N X

N OP- DINAUNIN — = O OO OOOC

ree » . s o
000NN PIIRIRIRERD

PN O P 00 DUNAL O MO NN AL
oo Olf bl A Lol abad O—Gl\l{"' COC

conrav»eqowa(wccrc—
OO IMO-NC SO OITINT
00<ov~umr—hmscmccorc
WNNNNIINININN D 3 MM —~C C O
DO N I R N

ALY Lo N O O WO C O~
IJIANTO CDMNMNOO —~ND-O-LNN
CrECCITIVINnOoX MO~ 3CH
MINZ T I IIIT IOttt O
sepssesese PO PPCEOETLTS

PORIYINN t OS5

QONOU UL INCUCTAQANIEN
CAUMOOO MO TP N ONIT T O
~YROET OV CFINVana L
PPt D DN TN~ =T O
PP 9P CEVIPOSEIOEPIOEIOETS

-

o .

- AN C& KO C C =N
cevesesssases
——————

"o
ceccccrthCCKFh(oN&M—cccc

se 0000 ss 00 ss e s s sessanan
mvmvvmam&—o:owawnn———-—,—

Lol NO O T
———u-—————cccoCCQCCG
ceecasnn

~ OO TOUETCOL—O T Or
o CNOCTP-MIArOINGNEN O T
CRCKLONNLAC L OCHEN oK £ £
-~ 3F NIWNNODININININ T PN == e C OO
22 Be o0 PseILTIENLIIIIPPOEETILTES

z
€ cc At e\ O T MNIANCCUN—PIN
- 00 O OCNNOMLING O ~O CNN T O OO0
- N 00 C—ILOAP TR AOMO T L
- MMIIIIITIINAAMLN O OO
o n LI R N BN BN O N B DN B N B BN BN BN B BN )

o
o x=N P A L A AL X s

C M= MNIN=C COOMC O OINO O
rC A0 Q—rAGNLE O
CLOTI PO LN TI NN~ OO O
seo 0O OR TP IIIIOIEPEOETYTE

m&vwarqﬂﬁchbc—r(ob(c

) s es v e

[ N —— e i\
NNNmmborthcccombcmocgq(l(

ceesnsans eos oo
FFFFFCVQF—CII‘lvmawrwmwmp

AN =0 33 OO DN NDO O L INMN~CO
QOGRMWCCFIFFFFFCOOTWVWTVWVW

MMN LD OO N OO N T O O v DFNNIN v P n
QPP ORNEOCCOOO LN LLLOLL L €O

O IO LDOINCTMMMOMNNT I I T
TN LLECANNF I FANAAN e - e oo

PO P PO PISIIPPIRREPIPIIPPIOOIPOEYP OIS

COOCCHMIWNVINIOWM=CAIPr -CCATIr D ~

LR R R R A N I R A A I A A )

CCCCCOrr oo e I LOCANILIKC
- oo ~

WA e VO
P N R A R A A A A I A A A A AR

CCOCTALU ITILUITIANOOCCY LCLa U L~

ccoCcocoCccoOCcoOCcCCCcCcoOCcCcCccoOoOCC

Pecescesoss ses s cee
[N NN NNNN )

NQY AN =P O—O ST CArQ DR C =P

NIFE =IO M= TOTIO =IO DO OO

Dd T iatiantat a1 A ALl ol il a al X

NI L
— P esPNCIVIOPROOIIIOIEIPRPIIOILELIOPOES

e AR OV Y €O

J OO X DO CLMNOONNOT ~& O
AN O PN~ C O € C TN NV 08
HFCONC O =~ NT OO
cucc—cccetccecccc

~
PN O et NN S C OO OO
2O 0P PP OEPOEINELE PP

LI I DR N A I I ]

QIO DN T C O NMD N

PORITIAN ¢ CS
PONITIAN : C7

OCC&GOIU‘UCQM(-V—‘VWNNNNN
. 0K} OO
Fr#hhf(&w"rﬁh—’6¢00000000

QOO ~HO DU D O T MNAMNT I

"
SR OANAMOVY VYV codQrdoaged o

cccocceecLecLLcceccerecocccecccecece
“seec s s e et r sttt e es s
LN )

FAUV—CTOQFU&QGQFUOB'V—UFF
NN I N DO —NP-0

NN~ OV <
- PP I RO GO PINIPLLOILIOILIEOLNBSIEOGEGSS
AT O OO NONONONOND
——e AN F QALY DL

I IS LT D~ L0 OO
NENALC ~F LFrEEr e
N D O D NG SN

—CCCwACrCCcECCCCCC

s e s s et s st e

.

ARONOTINE R -AC PV
—_- T O@IONR IO LoD
e C i IAWO Y — LAWK T

NN—oo————_ﬂmcoooo

Prees e v

L] ‘llllllll..

DO DS O N T OPA
Cr LSO MNLO~TCaILAC
OO0 TN SN —OC O

———m-—————ccccccc
et e e s

lll.'l'!.l!

QCWKaTrFIUVE-ER KO0 n
D ONN TN OO — LN D 0C n
CCOREIr LY MCALC JIAAOC
33 OIS 3 AN = e C C .
23 PP oo r s se s e e -
cc ~AQANAN IV I-FFAIrTO [3
oo ~NNOAS T O IN— OO0 O MO -
ae CE~AFLO LW - ENL—EN »-
IIIIITIIIIMNNNUN~C -
eI LGOI O PP IO IS E LS :7
e AOr-OF O LY SO LCOD [
T NN O T NN 00 O
rCCCOW~FOC LEOC—CC ™
LT O R R -F- TR L Ll
PP S NS C PP IS IEPN G
e —CCC—APIOLrEOC—A

Do e v as e
"

"noo AR, AN
CCCCECCECCCCOLCCCECCECCCCCCTC
AR

—:ox«mooceooooooooooooooo
~osro0es0 e, vesssense
uaNM:homoomomomomomom

e AR IO L

ONC IFNLT T OI —~C OO0 ~OW

ANCC—~ATUFEANMKF——CcCCCC
tees s st ens s s a0 e

—E W FACCAL~CO N0 DY N~T
SSANNG NG =0 —~d LO — NN O
— B OF LAY —ACOPrK TN CC

O OO =AM M AN ~—C OO0 C

. . e
[N NN NENNNNNNNN NN

Nt~ O™ IO NOV T T IO OQeC
COCPrMmradAr~IrLAOrE T—C
PO CONNE DN TINOK HINSOOOO

€CCroererremeeCCCCCCCCC

“e s e s eses e e e

LI IR I BN B R B IR O B B O

ELF-¥OAR -~ CYVLIVE—RYEV

€O IMNMEC OL V- NNNT T OC N
OAVIFrECCCaLME—IrCU o~y

a2 WY N O L LNV T I MR = C OO
23 DI I A A A A S A )
cc COCLEMIU LCLANOO L LOCu O
oco O N OUAG © DU O N ONT O
v CNLEOCIVERTT-OU ~LACTO0 <
MM T I T IT I I M C O

we Se v s eV EITEONFIIERPRPITLTS
>~ CIVCPETEAN e WATHYO L~
SO N =C W I COMNO ODMNO O NV T

AU PO —~C A ENLO - L &
AR CTOENS L OV I INN—mOO
R R TIE

«
PRI
———!\NN"MF"‘Q Tosaa

NANNAA‘—FCOCEON‘COOK l(l(
. .
cc

:----urrc&:arnn——ccccz
- -t ot ot o 0t

PN GO NCONASE TN CMIND OO~
R L T L

FFFFFFFCFVVQV&OVUFc(N(UW&N&
o--c sas e
(&5'CF(VW&~(CQ¢II
~~N~~NNN~~~ﬂ~ﬁ—ﬂ~~

e

OO AC IO NN AC Nt 3wl 3 =0 OO O
DO - PGNPV TAIIFFARA - -CCCC
o

Pesedorrsreeeretronrecrn

CCCEELE WAoo SAMKV RO C~ANANT

R R I AR I BN A AR I

CCCCECANmvr «cCC-AQLr O ~wOPKC

cce:c:oe:eccccccc:coc:c
ases e

OCOOCOmem —~mt\y
ecoc::c:c:cccccct:ccc:cc:
0 . et v s esasasse

DR T I A SRR A RN B S Y S S )

:c(ccc——-Na-macvovoa-a

mOc oo Ld
C(CCCCGQCOCCGOCQOCQC(Q
Tesss s .o

AV I rE -NEVAATPFFrE—FAY LK C QAW OPr 4RO -0V ACELL~—TCHO=ATL
U G NN D ~ AN A SANNT 0 D X O €O NE OO I DAV ONONAN DR C NN
~ANrotarvey Lt rrracscRucen € AQUIVY COL - rEaRQACO000000
S esros s ecs0 s 00t ers B R RN )
ocooc v cowo ooc
L I B I B OE B B AN BRI B A I N I R RN N RN RN EENEEEEEEESENA
U T O DTN CINOINCINOINGC M I OM OO NGOV ONONo
ARrwaauy 4 4r refAAFF IOUY DL

e AT QTN OCM AR




CWeaaF Lot P DN~ T OT NG O
ALE O OPEC O M COTNC NN
NNF:NON“QGONQZOQOOOO:

KCOV - CH Qe T T
=0 AN DN O 0O T =N O = T M DN NG
=P G N SININT =N — DTN

O O I

(AN R NERN NN NNEN]
NOORNNTOMD O~ TOODOO LD
CMCV O LCOMRRP AN NANEACC
TNNNB O P DI OO - IN—OTOO
e ptei e e e - CECCCCE OO
R sesesesen e

~ CC LA DACACO N, —E Py
w C OO OrMNTCNDNN—N OMNIOT

OrP LIV OCHNOIL-OACOC
- IX WINNINANDINNIIN T I3 WU = = O ©
z 3 LR NN N RN NN RN NN N
€ ©oc CONGraaecNerSCErSO~ay
- co ~NOO oc© b
- L0 ErCrmrmANLr L L L~ EFCO
[nd MAIIIIITIIIMANNN e O
g us SePs I PSS LIOEIEPINIRPEORNSTS
a »x»n O CAUP LRI Ce-CAO LIS

hQQOFFNOOﬁ:MNN——oO
s 000t PNt P IRTS

N—-e——c—rmeﬂhhooococ
O esensatrsesacy
se0

GOOOCCOI—FQFF( -—I{'ﬂ.c NFNNNNN'\
- DK .e

——u——r-—-@.hl{‘f\ﬂ"l"ﬂ&—tﬂ‘l (I"(

TIgID

-

[

ONG OO TO I =N =D T ON DN T Mo TN OO
QL CrPPEDPCCOCORUANPOLLOLLLLOD

ONOM L INOMNNA LI DO CT DO -
N C AL P E L COTO N D v C
)

<

od U

FCOCrJICHOLD =l ~O NI W
ONN G- ONOW T IO ~NTW T ey
—chaﬂchMVC—COOMOQWCQN

¢ 00
llllllllluﬂll.llll.ll

©ITVOMNNTIOC O OPICONONO O
CL=AKINDOP NG e C O O~ LIV C
= OF O =10 QDN I NP TIM—=O OO

cccu-u————u-cccoe9c:c

w
'S
- I¥

X3 000000 sserr st
2z
€ cc TECANLCO U — A O UNC
- ne O LAMPIMOTIU OO0 O P I M DT
- v CEL~ACLOC—0 CUVAOHMCTICON
- MTT I IUUNT I I TIPS e
g an [ AN AN NN NERENENENEENENENNE
a >~ KOO EAPr —~lf —T-AF LT —~C LD

Pt OO DN O~ G = O O M O
L R L G AL AL L T A LY )
PR DOORE L O OO T AN O
P O PO EREPY I EEE PSS PEOEDRDTSE

ovﬁnmﬁﬁ&nbokmnﬂxtoo—nm
S e e e AL A AL
rwvmm&wnvocvrwr¢vcvwc—w~ccc
ooco:rewrmtwnott:w—cco- ‘cce
EEREEE L R Ty e e i

N QOO —O0 LIBVO =T CSLXO BV DNO G ODD
er I L O A EAOCCANLL LN TODIN W

DN OO -~ AP L& — v & O
NO O N PO — VI = O b e
TOUMN T OMMT OB 0T OWVVA—C

C LB MNC U N e NG —~C C C
seascoesectesarness .

SN SO A JTOLCOMAL v
NI NOONNT OO0 FONT DO
N O A —~KOFNOANE CCTA DT

ommwomammhomm ﬁNNﬁO<O

so0000000 . P .

llllllll.lllllll'

© N CANNINCC TN~ M.
CEECOL = DU P L L —Ch e
N DO A NC G OO —=O I DTS

:o—_———————uocccccc:g
tsseesss v 000 e
L) , .llllttll

CEU—CTACULACY —r CUL—O N
CMINC BT~ 0 OO QNN —F = O T NE O
OV LLLILOCC A LINE IEN- —~IND
VIO LA NN T S AN e e &
LR R R I I R AR )

PORITION 3 F4

CAVENCCIN—NUETRIVIO Ly
MO FMNMMOO NN O NN NN D o P
L CErQ IOTECN AL T
PO T DI LA O ONNT DN e
PR N I A A A A A N R I

QQM.'-QHU‘QFII}OC—‘\J\.'V cav

F IO

———_-———'———m~nn~mmhﬂ

TIIF~COFQANACM~rCACIANrOVACCC
DO R R R R R

AANAANACE LICHINONY OA—COCO000

VUL T T T 3 2 MNP NOIONU N OIOU  wt on om ms me

MO O NN CO e
qrac —U‘OC—-'\I\.'\.'\—*COI(B‘(((O‘ £ €

P 0 s 0 0PI IO REIPIOELOIIOIIPIOIEOPEOINGSDS

CCCCCO™EC=Coe- CFQHIDICCI""D"gQIl‘

OC OGCC cc QC eeﬁ OQ:GQCCCOC‘GOG
erssss s e
.ll

S —EY N LOCCADACEANEELY AFEC —
o~ e

LI R R R R A B A A N R I I A

POV PCINICIOIOOIOLEIIEOIINILOERLEOLESE
NI OM

{4 oV
U QL

WD P A ot N =N O N NI D
NOQC b At A= Qv‘f\a-—c-—
O ONMN—=S
N—mnﬂncmnn~~wmcecooc
*ese0s0escn0sss s
’

GOV N NRNCHL N = =O AT
= N VOD
e € OOC O O = O NLN—O

.:‘..'.-."".."'..l
R )

DO NG ~MONNDO TVNDFSOD
COLD = =D QMO C | Mo

)
[(EENEEEEANENE NN

" VIO OO TOTMNG DN C e
[~ OO0
O‘OOFOOOCOONO—m‘MBNto
- X PHANN O O SN G IMAN——O O
F %1 sesnsscessssvsrsfovese

Zz
C co PG = C L~ DO0 8 LN T RN

- o0 " o0 D O

- ORODC T OV T T MNLINO N =0 -
- MAIIIILT IS D IAMNNAN——O
- an sPe e seesss et

c
a »mN OCUACKRAG-C - —~CrCcEar
NODTNI IM ON=0 O HNNTOMO
PNLCO~QUNTGCLCANPOCAKCE

P DDE OO0 NP OUNT NN O
PR R R A N ]

e\ OﬂmoﬁFONTFOFTOIO
D oo L)
———NNannrcnecﬂ

mmmrmmhhh~memrmrumnmvonoahco
WNWeoessnere . - .
OOOOOQ‘FCMM’Oﬂ-.FMQMN—u—CGCO

oovv.lolorclcnl.on--oot-..-

cC CCCC“COC"'Q{(C'IIFI NLLK O -y
moc -

- NN
R T R R R

CCCCCCCCCOTANPULEC —rnOC —Arers

coo VI I Y
cccoecceccccceeccccccecocce
@es s sV P sesecssctr s

O OM A LVFOCC
NI O =N O N

CELLme LV ~
CIR NG —~T O
e AAAAAANFITIQUNY LLLL
serees e

cun

e
CCCCCCECOCCOCCCCCOCCCCCCCTOC
60 s s eso s esssat st

CAARCUEr K~ LWNYMICrr -l STy L~
AN D O O NN O N £ O NP =N O O © O TN

1okt ot o o CCCrANAAN VYN IV COLCL -

ter et sess e as s P R N N R R

R =121 cocoo oo
Lo B I I BRI N L N A L B I O B B B N B B Y —Ol."t.'l'l.ODOOOOICQD'..-'
N T O DOV ONOINCINONO NG AT O MO C N O NSNOINTS NOWNO
—erAAFFSAVrU e e AN QY L

CAPXATLAICPTNNC =IO G
ArLEIrId LON SN0 CUVATINAT W
O C OMEC =N INC R OON=OO

AotomC € ot AN CCCCTCCC

esesoerrseassernesasesn

RO -ATIAOLCHK LT~
el A D NN O G ONO PN
e WSO KON - CCC

MANWMN =B IO UNC ONOMO = OF P TN
CrCLLELI—~=hChM—grNCCC
~O O OMUN O NNOD OIMOC OO0

€Orerere mmmcECCCCCCC T

ctescnsose see v e

L] 'll‘lllllllllll

9 AGINAr LCAAV O OL = WL OO NN
w P LT O TE OT OO — 0O
OLLV PO LY NVNEME ~LCF-C LW
- I3F MNODDNTUNITW 3 3 IO OO
33 YRR N N
Z
c cc h(NﬁOeﬂ—FQAI:A(FUQ-—w
- oc C 00 M ON I NO =O SOELANDIND-
- oo ‘GF‘FV&(CFWRO‘NOPIQ—KF
— MIIIIITIIANIANN = e C O
v 4un P e PP 0P EISLEIIEOIOESPIPEEETS
(=3
[ CrENCCCFA-aE0—NECKFLC

COOMNIANNNT O INNMOR wot
et —CRV N~ 0 SV A
ARG 00N TN w—C
R R R NI I I

<

<o

L

oo

.

o or LT OF—'\VFC’QV"FIOCO
.

Dresevses e OO
————NA&N&ANAFV

NANNAOOOQFAWQUTCH—H(GWNCICI
. DR

ltlc(h(teu?‘th(havcﬁrrwnun

P AC NG TOL € CR NN D Mo
AT ALK LY T TCY
-0 T DC NN NS O O

ancc ‘\.f\.l"'\’\l\.l\.l\.l\'—-ccccc

R R I WA )
LI ] ] I

CAN—NEL—~OAACFFFIEACT
- OO OP =C =D JCTM AT O TJO©
COAVVACHFCRLTOELY AN~

NI S e AN = = O O OO

L I AL 0...0...

[N

CUNO LI NONT = INDOMNEC =LC
CmF LICOACALIVNENQT —
NN OO I T O N0

—-aﬂ———'———cCQCCCCC

O

COUN LA T =~OP AT
PO IO OUNT P IO 3 O™ D
OV VLY LWV N A rC 3C K
WP NNIN NN T T AN, e O
DO O RN I N ]

CArOIVLIVECKOLUOOIQ
TN =MD =N ~ON O LD
totc—roromracqnsmta:
FIIFTITIAMNANN v
'I'l...lll"...'...

SOSITION 3 ES

am ﬂF—QUC‘O—NﬂH(F
o *teeae eseves s
e AN

m&nmu-vv¢Vc<<onaco:rsrccgcc
. * e

w )
00000.FCQV:FFMACOFF‘TWV'VWW

rNOTOOPCMOODD IV N=T v FOO £ T I MM
SO MNBLOOr KN - O€ DNV G G T MInmprnm

At D DTV OO e S OB = O TINODOD
Q—ﬂVFIO‘(—pﬂ—wccoolllbbhhc<c

FmTOICE IO MNOING HO JTONNO SN O~
FLILO ~APF T DNV QTP e -CCCCCCCT

20000 PP PPIPRSIOIPOIOPOIRIOPRIIISITSLES

cLecoCCcOCe N"'Nh—FNO*TIMOOCN
S o JNNO O
OGGQCOOOCOQQOOOGOOOGCOGCOOOO
AR EE N R R R N NN )

ocnmonconovo»momnoumo:wo.:c—

“vaUUUOQOGFFFBh
.I..l..l....l.."....l e e 0 L]

—r—NNﬂﬂ..mﬂ“FF(

08 6000 8890 IOPPIIIISIOILSS

ec::crvcvmtwoe&&evtcnqiroc—
< 33

CCCC(‘CCCCCCC((CCOC OCCCC’GCCC

veass e .

SOfNC LN
NI NN ©
L ata T
se s e

-~
- 5529V EPINOOIPPELOEEIONOS
- P O M LSO ONONONONIONG
meme=AANMFICOKY O A

369

Pa0 PPN IIOIIIERICEIOIIIOOIROOIED ST

CCCCCOCFARN-IV LICHY LO~WYhOnA
MOOOOCOOOCOOCONDO vt m—=NNNINNNM
CCCCCCLECECCLECECCCCETEETCOCCCE
Cessestosstt et eRceVTREsE RS

CCrIrrFACCIreV A0 KCHrarOr ~A Sy
N~ DO T DO ~ANNOIA =T =N ON QN O
CeANAARFNNOOWT Y ECCRRREREren

8 0 & 2 s P 0 AN NPt

—rurnne coo
R IO XN RN
NG OMPYSNOINOINC NC NWOWNO
AR OorY ENta




X = 250 MM ¥ 8 300 MM X & 3850 Mm

"y

¥ = 200

htoo—mrc—qho—aocqcﬁmoqco
> seorsas
(nnnu.n-.w&v&cochhhshﬁctv

NN O R0 O SN TN OO MG vl WU N

'&OOVGVCONMw‘hDFENF DI ¢~

QM OQP O ONTANSOP O ONTN O
!

PO IOICIOCIOCOIOCIOCOIOICOIOIOIC
NN ECHP COMNE O E Mg CMire C
s e e AN NI PPN AN T T3 F WD

X & §50 MM

Nocwae:—ar:mcxc—wnw»cmow
nNNrrernavwrwchOQCCFNK(

VOO MMNCG TN OANMOE =T SN0
MOONCECIHOCONAKFY S SV QO P d
AP OONT TN =t O P O DN TMNOO T O
A o~ co
et svetsvsesonentaness e

I IOCIOCICIOCICICOIOTIOICTOIO
M ECHPEECHNECHrrECHy a@Cming C
e NN M AN T T F NN O

X B §00 Mm

ren.nho —-ﬂVFI—QFC —QFOWUNOC
. .
""\.'\ﬂ.'\lﬂl"m"mﬂﬂﬁQI‘V‘U“V‘COOOF

FHO NS BNG BN —D DI/ T O~ OO =N
CW O oA OONNVREOCOE oM o
A TN s OO F DO DN TN OO D~ DN
CIUAN AU A AL o ot o e S ot o e i e C O C ©
s s s es et estresetossenoe s

2030 ICICICICICICIOCIOFOIO
AL CHYE O g OFrECHrraCryac
e s NN A T 2 3 FNNNN O

X % 450 Mm

!"all'll‘hﬂ —'\.QCF"CV‘CCCV‘NV(OC—-
o e . DREIER)
(-——-————.&l\.'\aMN'l"-‘ﬂﬂ I

AP NT OAD THMAON M@ OO0 O T W
CQCUPEW ARSI AN
AOBVOM HININD NN SO O OP DN TN
Uit o o gt st e = CCCCOCCOC
e s 00000 0000 0c0000snasne

FOIOIOCICIFIOCICIOTIOIOTOIO
NP CIMPOCH NECHM P CCHTEC MY E O
- s ot NN AN NN T T D NN O

X ® gon MMm

MO O DENNG NOA C Dm0 O N o
AN ICOCK RN e —C T L
~MO NG OTFMNAND O—ONT O U=

(" ANC = A C =N —CCCCC
R R I A BN A Y

U P W el ~CCmICLerCLLCC
N DM T N O BINNMA =T O T O
-=CCORONNCTYCO—TAANKA -~

NNQ—:WONOQONNOMN—OOOQ
AR RN BN [ L LECRL N A

llllldﬂ.llllllll'l

RE=OrrOmr AL~ O0C OOCTANLON
CR= AP AP LCE LIV O AN -CC
—0:0—00h»0m~°ecm~~cooo

e me - m=cccccoccc

.
".lllll L]

FCLOAMARQCACC LFhCcOVR O™
O AN NG I = D AR e P PPN —
OO COEK LI WO ~aaT~00Q
DODNN QP INNITIWN T I MM st e O S
Sevecteetscserves v

PQeITINN 3 FTY

NNCO—VVHQlO—PGVTFOOOV
O vevaes .o DOUIULK
-.u-_—-——w~~NNNANNﬂﬂA

QCG Cﬂhl\.cﬂ\c llr:ravn.e-pwun.co¢

R se e
r\r\vn"—-cc OGQCFVNOQOU'QU'NO——-—'CC
VWAL NN 2 D 2 D MM AN NN NN

PO OGN O W NG OADN - ON INT Im
QQ' QWP CAN Y T AN -A=CCCOOO00C00

".'l"..'...""'.'.'
cc:cecoototﬂwvoﬂnhohBwlrhlh
oo

-3
eceeegocccecetcteccccceccc:
DR .

CCUTAOPFIaEAAY VOV AR LOLA ~mCH G
ARG O NG ARA DI O AUA D OMN W O O~
CC mm=AAARF AUV VLSOO RrRRAEr

BRI XX
- APA P O SO NC N O RO NONONG
~emefAAMPrgery COMFa

ochN@:mhcuor—mNo»
. seaaen
¢cooocc-——mmmwnvwvo

et et g 4t 8 =8 ot ot ot ot ot

Bt DNOG O O N T DNOY =t = NO

U T T T T T NN PN NN

FCICICICICICIOIOIS
NECHUECPY L CPALE CMEE —
Bl T T L TOE 26 £ 8- JV TV TV, TV, .Y

~m=o¢—§0030=¢—=0r0
“ e «s e

'IQ—CU“'C‘OV"—IP\
- . . .
K‘((CCOOOOOC —-—f\.l\l\."."

w et e e
tNNncawcs#(occ_

P e e LTy x 0ttt ettt ot n N I

x
VOAUDOIT I ODOM-NG - TNDON Ofs et e €, P NG A, T 0y
VLAWK O AL —CO < CALLQPCACH = IV -
ASTIOMONITMA~=T L DD © A——OPPLANTNOL Om
TP I e g AU, L € LN rTIATATIgemne
etsec s snsstatesnss Csssessecteenee

[ ]
ICICICIOICICITICIO I0IOCICIOCTOIOIO
rECP I ECMyECHyaCHydc N NICHyraECrvacriacs
=N T T T IO O AN 3 33 3PN O

(cwccrn(ov¢cqxnv(pnm
.0 “seret e raean
¢<»Nh(¢(¢cooccc—_—mmr

- et e ot et g e

vcvccv:wcwc(wN
Wt ess e
R—NNMGQV’CC‘(OOO-—

4t ottt e e s TV

O INONMAININOL ~ oL~ S
MU= C— KO TIO T LENO
A DD ONTMMANDSO T INIT N~ W
L arsn b ol 40 19 0 M0 OUAL AL OL AN, o oe om
sés e s v e s s ans st enss e

AN I =D VNS
CICOCOrC AT
APCP O NT N T e
LIATIIITI AN
s e e s e e e

ICICICICIOCIOICIOIO IO
A CCHUECIMrEC & Cmyac
= NN A PP T T T F AN D

FCIOCTICICIOCIOCTO
rECHrECHMyECHraec
NN DI I T IHWNNG

Y ®m ASN MM

VCW O LMOAVNDO IO~V
Wt ereses et s ey
COCCCmrAAFE TN &

qf&b#&thc—#wh&hr<—¢oqp
seens e .. ces e
crmVKVCGCGFhrrltt(oocec

—— x L Ly g o pai iy SR
I
FNIN I =MD OB ODVFODNCT MG ONm LU DT N T DO OO~
rCmOALEO ~CACCCCU O mrO - < ALK ~CACCCa LD
A QNN OOCr DM CN I I DI T © AVVFONTANNSNO O~ O
CHNIE PO BT 15 1P 2 0 O AU UL UL o v o o € LYITITITISTr AN
eat s e s eesassetaetaeren R R
»
IJOICITIOTOICICICICIOIO CICIFPIOICICIOCICOTIOT
ANECINECHrCrCCHyracCryac x> MCIU L CH I C IR CMya G
Ralalalo A I VIV T Yl E e £ W I IR ANy ER L £ as

VTC{CNPmFOC—nMFO—#VNCPWF
Weesese DR
g_——~~&mmmmrrrnrraaaavwrr

YNNG OGNS N T S O
AN K ICRACNACILC IVCAFAY
AT IFI AN ~=OOC TG~ O OB TN
Lot mma e mC CCCCCCCCC

s et es st eetees e stes e

1§50 MM

0 IO0 3O IO>IOCICICICICID
AN E CHrecMyaECmyRcryac
et AN NP T T T TV

X =

ravtro—rwro—nr::wclocmv«cm
wresean .o . «on
q———a——A&N&AF'?F#V”FMQ:QQWV

TOOQUNIN - INCNG MO O ONCNT T O
P Erar et AL COAnmEAl ~fECOCAL
Ot ettt =t mOOCC PO LT O LN T I AN —
orrmmmemrmnmsCCCcCcOCCCCCCCcCCOC
st essresesecssecssssscsane

Y 8 100 MM

€0 ICIFICICIOIFICOICIOIOIOCIO
- FUECHUECHVECH RCKLECrrac
e s NS T Y

4n
b
3
5
6

CAIVIEK—ru™ Occc-—nwr-o—pr’
W et e e e e e
u———-——Nn&nnmnrrvrrrﬂﬁreqee

TIIAINNNDBE O
—————C O MO O
Q OROE OO PP
tecccecccecoce
P A N ]

5N wum

£0 30303030 IC 20
N FUKEVTECKFIEC
» o e v P PN P

FFF(IQCKVFU‘(GF(OCNQV(CNU"
PR RN

l——————&wamﬁwnw&nrwnnnunq.

Table 3 Pressure distribution
My

20 3030 7030 30 30 3IC IO 30

29
«CcecrYaLTEs R CPNacC
-t et AR T T @ TV @

370




\D=A089 239 AIR FORCE WRIGHT AERONAUTICAL LABS WRIGHT~PATTERSON AFB OH F/¢ 20/4
VISCOUS AND INTERACTING FLOW FIELD EFFECTS.{(u)
JUN 80 A W FIORE

UNCLASSIFIED AFWAL=TR=80-3088 NL




"m 10 s g2

o2
ol £

nae
R

||||| T
= RS

22 s nie

MICROCOPY RESOLUTION TtS1 CHARIY
NATIONAL Dt AT 0F STANDARIE, Do A




SEPARATION AND VORTEX PATTERN ON A
SPHEROID AT INCIDENCE

W. Haase
Dornier GmbH, Friedrichshafen

ABSTRACT

Results are given for threedimensional laminar incompressi-
ble flowfields past prolate spheroids at incidence. In addi-
tion to last year's DEA present paper is concerned with a
4:1 spheroid at Reynoldsnumbers up to 0.8 *+ 10°% (based on
length of spheroid). Furthermore vorticity- and pressure di-

stributions are given.

INTRODUCTION

This work is concerned with three-dimensional laminar sepa-
ration phenomena of the boundary layer over an inclined bo-
dy of revolution. It is a continuation of results [6] pre-

sented at the DEA-Meeting in Meersburg last year and espe-

cially investigates the high Reynoldsnumber case as well as
pressure distributions in the entire flowfield.

Analysed flowfield patterns clearly demonstrate separation
phenomena resulting in a combinuation of a free vortex layer
type and a bubble type separation. Navier-Stokes solutions
are compared with experiments by HAN/PATEL [7] and boundary
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layer calculations by WANG (12, 13], Stock [11] and GEISSLER
[2, 3]. Contrarily to these methods, integration of the Na-
vier-Stokes equations does not require any assumptions at
all.

Navier-Stokes calculations allow to predict complete surface
pattern as well as direction and strength of trailing vorti-
ces whose effect on downstream flow conditions can be severe.
Due to their direction of rotation these trailing vortices
cause a thinning of boundary layer at the plane of symmetry,
see e.g. STOCK [1l1].

DISCUSSION OF SURFACE FLOW PATTERN

For better physical understanding a brief discussion is given
dealing with the conception of three-dimensional laminar sepa-

ration.

In the two-dimensional case it is easy to specify separation
phenomena because the boundary layer separates at one single
point. At that point the first-order boundary layer equations
become singular and the tangential flow components at the sur-
face is reversed. Therefore, the downstream flow regime is
inaccessible for boundary layer calculations.

For three-dimensional flow problems it is much more complica-
te to give a definition for separation. In most previous stu-
dies concerned with three-dimensional separation, e.g. LIGHT-
HILL [8], MASKELL [9], WANG [12], ZAKKAY/MIYAZAWA/WANG [14],
authors correlate separation with an observation of limiting
streamlines.
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Separation lines are defined as follows, HAN/PATEL [7]:

- 1lines on which components of wall shear stress tends
to zero

- 1limiting streamlines joining singular points
- envelope of limiting streamlines

- 1lines dividing surface flow pattern into special
domains.

Each definition is only valid under certain conditions but none
is universally valid.

To describe the physical flow phenomena more precisely a body-
oriented coordinate system is given in Fig. 1; nevertheless,
present calculations were carried out in a cartesian coordi-
nate system, Furthermore, Fig. 1 shows the surface flow pat-
tern for an inclined spheroid for a mediate angle of attack
as first pointed out by WANG [13]. Streamlines starting from
the front stagnation point (FS) approach the solid part of
curve R;R; designated as the separation line of free vortex
layer type. In the area of the dotted part of R;R, stream-
lines still penetrate from region A to region B but the line
itself indicates the location of zero circumferential skin
friction. Specifically we define the complete curve R;R, to
be the line where (av/ae)w vanishes. Following WANG [12] and
HAN/PATEL [7) the solid part of R;R, is called a separation
line under the condition of "not too small" angles of attack.
At vanishing incidence no separation occurs just behind the
line of zero circumferential skin friction, but at medium
and high angles of attack, the boundary layer is so much
thickened before reaching R;R; that separation of the free
vortex layer occurs right after R;R, forming two symmetri-
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cally trailing vortices. Together with the negativ circumfe-
rential velocity component v which is derivable from bounda-
ry layer calculations, these vortices cause a thinning of
the boundary layer along the line of symmetry.

In region B the main flow velocity component u remains un-
changed. However, behind line $,S, u is reversed, too. We
define that part of the spheroid as region C. While R, and
R, are regular points because only one limiting streamline
passes through, S; is a saddle point. Additionally, FS, RS
and S; are nodal points satisfying the topological law of
LIGHTHILL [8], stating that the number of nodal points must
exceed the number of saddle points by two.

In opposite to WANG's proposals and calculations, HAN/PATEL
[7] found by flow field observations, that R may intersect
the line of closed separation $:S;, forming an RZI and RZII
on the opposite side of the body. Again these nodal points
together with FS and RS exceed the number of saddle points
(s, and S, (!)) by two and verify the topological law.

The numerical calculations of Navicr-Stokes equations are
quite similar to the observed flowfield configuration pre-
sented by HAN/PATEL.

NAVIER~STOKES RESULTS

To underline the foregoing discussion three-dimensional flow-
field configurations for a spheroid with axis ratio a:b = 4:1
are given, obtained from Navier-Stokes calculations. Flow is

assumed to be incompressible and laminar.
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To give an overlook to the entire flowfield around an sphe-~
roid at incidence (a = 30°) Fig. 2 shows the flowfield pat-
tern for the plane of symmetry (Fig. 2 a,b) as well as some
crossflow velocity plots (Fig. 2¢ - 2h).

Results are based to a Reynoldsnumber of Re = 1000 (Re =
U, * 2a/v; a = semi-major axis of spheroid). Into Fig. 2a
three lines are inserted, denoted by I, II and III. Line
I characterizes the locus of open separation, identical
with a separation of the free vortex layer type. Along
this line the boundary layer rolls up into a longitudi-
nal vortex. Line II enclose the region of bubble type se-
paration, e.g. reversed u-velocityand it is evident from
Fig. 2b, that the leeward separation point S; lies very
close near the rear end of the body. A more exact graph
of these separation lines is given in Fig. 3. Projected
into the plane of symmetry - as well as the previous
lines - curve III demonstrates the path of the longitudi-
nal trailing vortex. The path was found to be positioned
close to the body's shape, and the whole vortex will be
lifted up due to chosen Reynolds number and angle of
attack.

Remember, line III represents the projection of the vortex
path, and its lift-up is in fact not controverse to the di-
rection of the veiocity vectors in that region. These ve-
locity vectors are pointing towards the end of the spher~
oid, indicating the thinning of boundary layer at the plane
of symmetry and are caused by the direction of rotation of
the two symmetric vortices.

All three lines can be constructed with help of crossflow
velocity plots; some of them are presented in Fig. 2c-24,

their positions x/2a along the major axis of the spheroid
is indicated by vertical arrows in Fig. 2a.




Fig. 2c shows the crossflow pattern near the leading edge at
x/2a = 0.09; x measured from the body's tip. At the windward
side velocity vectors are pointed downwards due to a main
flow directed tangential to the body's shape. In Fig. 24 the
secondary vortex is not fully developed, but very small (ne-
gativ) v-components near the symmetry plane indicate the
vortex's starting point at that station x/2a = 0.4. Further
downstream - Fig. 2e: x/2a = 0.7 - this vortex is clearly to
be seen and is directed normally from the plane of symmetry
not changing its height in the z-direction. Due to the con-
vergent back part of the body, that vortex is lengthened as
shown in Fig. 2f at the station x/2a = 0.95, changing the
vortex path by no means as shown in Fig. 2e. The flow pat-
tern just behind the spheroid is shown in Fig. 2g at x/2a =
1.05, the secondary vortex remains unchanged.

Nevertheless, downstream - Fig. 2h, x/2a = 1.31 - it is for-
ced to lift up due to the main flow direction and at the same
time it is directed towards the symmetry plane again. Further-
more, the shape of that vortex has been rounded because of
viscous effects.

These viscous effects are also responsible for a vanishing
of the secondary vortex downstream of station x/2a = 1.6,
indicated by the dotted part of line III in Fig. 2a. Only
wake velocity-profiles can be identified looking at cross-
flow patterns downstream of x/2a = 1.6.

In addition to given explanations, Fig. 3 states a more pre-

cise documentation of separation lines and vortex pathes in
side- and top view respectively.
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To underline the previous discussion of threedimensional sepa-
ration, in Fig. 4 lines of constant vorticity (Fig. 4a) and
constant pressure (Fig. 4b) are presented, each for the plane
of symmetry when flow comes from the bottom of left. Especial-
ly in Fig. 4a one can examine the conical region of convected
vorticity behind the spheroid. The value 0.001 denotes vanishing
vorticity and the corresponding lines act as boundaries divi-
ding the flow regime into a rotation free outer region and
another one which is affected with vorticity. Following the
1.28-1line along the body, again the thinning of the symmetry
plane boundary layer can be examined, because that line is
directed towards the body downstream of the main cross-sec-
tion of the spheroid. Additignally the distribution of the
pressure coefficient is given in Fig. 4b.

The procedure, especially for calculating pressure in the en-
tire computational domain had been presented first by HAASE/
ELSHOLZ [4] and HAASE/HINDENBERG [5] and is comparable with
proceedings presented by MASON/SYKES [10].

That procedure integrates the pressure differential equation
directly in the whole domain, including the interior of the
body. Therefore pressure calculations can be made without
further body boundary conditions, these are implicitly con-
tained in the coefficients of the differential equations
because of the non-slip conditions.

To emphasize that procedure, in Fig. 4a,b and in the following
Figures 4c-4h lines of constant vorticity and pressure are ad-
ditionally drawn inside of body's shape, however these lines
are of no physical interest. Latter figures show the develop-
ment of vorticity (left hand part) and pressure (right hand
part) for various cross-sections. At the lower side of sphe-
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roid's cross-sections one can determine the growth of the
boundary layer thickness, while on the upper half only the
development of vorticity is visible. In other words: The
complete -0.3-vorticity-line cannot be interpreted as the
outer part of a boundary layer due to that large stretching,
but nevertheless it helps to demonstrate the differences
between flow regimes controlled by diffusion and or convec-
tion.

From the corresponding pressure results in Fig. 4c-4h, it is
evident that pressure-lines are nearly normal to the body
surface in the front part of the spheroid, see Fig. 4c

(x/2a = 0.09). Therefore, the boundary layer assumptions
with 3p/9n = O are valid in that flow regime and this in
fact is trivial, because the boundary flow is accelerated

in the corresponding part of the spheroid.

In Fig. 4d the normal derivative of pressure only vanishes
in the lower half of body cross-section, but is at variance
to that at the upper half due to the beginning of open sepa-
ration at station x/2a = 0.4. The influence of flow separa-
tion on the pressure distribution (or vice versa) can easi-
ly be verified by observing the ~0.2-pressure line in the
next two Figures 4e and 4f at x/2a = 0.50 and 0.70 respec-
tively.

Fig. 5 shows flow pattern in the symmetry plane as well as
zero circumferential skin friction lines, separation lines,
and the vortex paths in top and side view; free stream Rey-
noldsnumber is 0.8 + 10° and the angle of attack equals
a = 5°. Present results are compared with boundary layer

calculations by WANG [12] (for a = 6°) and with measurements
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of HAN/PATEL (7] (a:b = 4.3:1). The separation line II deno-

ting bubble type separation disagree with the calculations

by WANG, while comparison of separation points S; and S; with
calculations and observations are not too bad. That is quite

the same for the line of open separation (curve I).

In comparison with Fig. 3 the wvortex paths (III) is positio-
ned much closer to the body, following its shape until rea-
ching the end. This may be attributed to a thinner boundary
layer compared with the Re = 1000 case and to a smaller angle
of attack.

These effects can also be verified using Fig. 6, which shows
the o = 15° case for the same Reynolds number and axis ratio.
Lines of open separation are compared with finite difference
results by GEISSLER [2] and an integral approach by STOCK
[{11]. The agreement between present results and calculations
by these authors is only qualitatively acceptable. There are
in fact two main reasons for such discrepancies. At first,
some of these disagreements may be attributed to the use of
the potential pressure distributions in the boundary layer
calculations since the actual pressure distribution is sig-
nificantly changed by the complex flow patterns including

the strong interactions with trailing vortices. 4

Furthermore, using cartesian coordinates for noncartesian
bodies causes problems in the sense of meshpoint clustering
near the body and therefore it is not trivial to calculate
lines of separation. Nevertheless, cartesian coordinate
systems denote a worthy tool in predicting complex flow
field configurations and more than that, they are easy

to handle, e.g. see DAWSON/MARCUS (1] or MASON/SYKES [10].
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The last two figures, show the locations of the leeward se-
paration point S; (Fig. 7) and the windward separation point
S, (Fig. 8) for a 4:1 spheroid at Re = 0.8 +» 10° as a func-
tion of the angle of attack. They are compared with experi-
ments by WILSON [15], HAN/PATEL [7] and calculated values by
WANG [12].
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AND PRESSURE COEFFICIENT RIGHT HAND SIDE)
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EXPERIMENTS ON VORTEX IMPINGEMENT
ON CONTROL FINS

J. D. Gillerlain, Jr.
U. S. Naval Academy, Annapolis, Maryland 21402
W. J. Yanta
Naval Surface Weapons Center, Silver Spring, Maryland 20910

Abstract

Accurate prediction of the aerodynamic behavior of missiles and aircraft
experiencing vortex impingement on control surfaces becomes more essential as
high angle-of-attack maneuvering requirements increase. Detailed knowledge
of the three-dimensional viscous flowfield, as determined from windtunnel ex-
periments, is required in order to develop predictive methods based on the
vortex-fin interaction. Tests were conducted in the U. S. Naval Academy Aero-
dynamics Laboratory subsonic windtunnel using a rectangular fin model adjustable
for angle-of-attack. The impinging vortex was generated at different positions
upstream of the fin at the juncture of two adjacent airfoils set at equal but
opposite angles-of-attack. Force, moment, and pressure distribution data were
obtained for one freesteam velocity and one vortex strength. Flow visualization
tests utilized the fluorescent mini-tuft technigre. The three-dimensional flow-
field was surveyed using a laser Doppler velocimeter. The status of the
experimental program is updated, and the direction of future work is discussed.
Foreword

This paper is included in a session entitled "Research Updates." Part of
the project was outlined in Reference (1) at the 4th U. S. - German DEA Meeting
held in Meersburg. The introduction and background are included here for com-

pleteness, and the status of the work is reported.
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Introduction

The accurate prediction of vortex-control fin interactions is especially
important for both missiles and aircraft. As maneuvering requirements become
more severe, both types of vehicles must fly at larger angles-of-attack.
Consequently, vortices from noses, canard control surfaces, or fuselages begin
to interact more and more with rearward fins or tail surfaces. Therefore, in
the design of these vehicles it becomes increasingly important to accurately
model the aerodynamic characteristics of the vortex-fin interaction. One ob-
jective of this investigation is to develop predictive methods for the
aerodynamic behavior of missiles and aircraft experiencing vortex impingement
on control surfaces. Detailed information about the three-dimensional (3-D)
viscous flowfield, as determined from windtunnel experiments, is to be obtained
in order to model the vortex-fin interaction and to provide a basis for develop-
ing predictive methods.
Background

The literature in this area is fairly extensive. However, except for work
reported in References (2) and (3), there is a definite lack of detailed ex-
perimental data which adequately describe both the pressure distributions on the
fin and the external flowfield about the fin. Because of the difficulty in
determining the 3-D flowfield in sufficient detail, most of the reported work
has assumed a constant vorticity acting over the fin, and has made no attempt
to account for the effect of the fin on the incoming vortex. With the develop-
ment of the laser Doppler velocimeter (LDV), it is possible to measure actual
3-D flowfields without disturbing the flow. The LDV has been used to measure
leeward flowfields behind bodies at angles-of-attack up to 50°; for example, see

Reference (4). In addition, a recently developed flow visualization method
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reported in Reference (5) appears to present an improved tuft technique. The
method uses very fine nylon mono-filaments which are rendered visible by
fluorescence photography. The tufts do not appear to significantly alter the
flowfield. Experimental results from this program will lead to predictive
methods which may be compared with existing methods. Reference (6) presents a
viscous numerical analysis coupled with a vortex lattice 1ifting surface theory
which has proved to be quite successful in describing fin flowfields with vortex
interactions.

Approach

A control fin model, consisting of a rectangular fin with cylindrical
leading and trailing edges, was mounted in the U. S. Naval Academy Aerodynamics
Laboratory subsonic windtunnel as shown schematically in Figure 1. A single
vortex was generated at different positions upstream of the fin as the trailing
vortex generated at the juncture of two adjacent NACA 0015 airfoils set at equal
but opposite angles-of-attack, 6. The strength, I, of the vortex may be varied
by adjusting 6. A single s-setting of 5° has been used in all tests to date.
The freesteam velocity was 150 ft/sec (45 m/sec). The angle-of-attack, a, of
the control fin was varied from -10° to +10° in 5° increments. The position of
the vortex upstream of the fin was varied by moving the generator vertically,
and by moving the generator juncture laterally by rearranging end sections of
the airfoil.

Details of the control fin and the vortex generator are shown schematically
in Figure 2. Several geometrically identical fin models were fabricated. One
was an aluminum pressure distribution model with 50 pressure taps arranged in
five rows. Another was a phenolic model with a 0.5-inch by 0.5-inch (1.27 cm

by 1.27 cm) square mesh of nylon tufts which were applied by means of liquid
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adhesive. The fluorescence photography used selective light filtration utilizing
a high intensity, short duration flash with both exciter and barrier filters to
produce high contrast. Both of these models were mounted on the six-degree-of-
freedom windtunnel balance system.

In the 3-D flowfield measurements using the LDV system described in Reference
(7), a phenolic fin model was mounted on the windtunnel sidewall on a glass port
to provide a forward scatter optical path. The port was rotatable to vary the
fin angle-of-attack. The vortex generator was mounted vertically from floor to
ceiling in the windtunnel. Data have been obtained for the single freestream
velocity and single vortex strength for two upstream positions of the generated
vortex, one on and one off fin centerline, and for fin angles-of-attack of -10°,
® and 10°. Three-dimensional LDV measurements were made upstream of the fin
through the vortex core, and in planes at three chordwise stations along the
fin on both the windward and leeward sides.

Status and Plans

Data reduction and analysis is in progress. The data reduction will con-
centrate on (1) determination of the vortex strength from numerical integration
of the LDV data, (2) determination of the effects of vortex impingement on
aerodynamic coefficients from force and moment data, (3) comparison of forces
obtained from pressure distribution data with windtunnel force balance data,
and (4) determination of vorticity contours and velocity vector diagrams in the
3-D flowfield from LDV data. It is expected that selected initial results will
be presented in a forthcoming paper (Reference (8)). A data report is planned
for completion by fall of 1980. Further testing is planned using different
vortex strengths. In addition, some investigations of vortex meander and vortex

breakdown over the fin are being considered. Some analytical modeling may be
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undertaken to arrive at a formulation based on vortex strength and location.,
Such modeling of the vortex-fin interaction will contribute to the development
of predictive methods for the aerodynamic behavior of missiles and aircraft
experiencing vortex impingement on control surfaces.
Summary
Force, moment, pressure distribution, and flow visualization data have
been obtained for one freestream velocity and one vortex strength for ten
vortex generator upstream positions and five fin angles-of-attack., In addition,
3-D flowfield LDV measurements have been completed for two upstream positions
of the generated vortex and for three fin angles-of-attack. The LDV measure-
ments were obtained upstream of the fin and in planes at three chordwise stations
on the fins on both the windward and leeward sides. Data reduction and analysis
is in progress.
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COMPUTATION OF THE BOUNDARY LAYER AND SEPARATION LINES ON
INCLINED ELLIPSOIDS AND OF SEPARATED FLOWS ON INFINITE
SWEPT WINGS*

H.W. Stock, Dornier GmbH, Friedrichshafen, FRG*#*

Summary:

Integral methods are used to predict the attached boundary layer flow on
inclined ellipsbids. The boundary layer quantities and the vortex separation
lines (open type of separation) are compared to the results of finite dif-
ference methods.

Symmetry plane calculations allow the computation of the windward and lee-
ward separation points (closed type of separation). The influence of the
angle of attack and of the axis ratio of the ellipsoids on the position of
the separation point is investigated.

Results of an inverse method for the prediction of turbulent separated
flows on infinite swept wings are compared to available measurements.

LIST OF SYMBOLS

a Major axis of the ellipsoid

b Minor axis of the ellipsoid

b,c Parameters of the laminar crossflow velocity profiles
Cs Skin friction component in streamwise direction

Cfyr Cfy Component of the resultant skin friction in x- and y-direction

cp Pressure coefficient

F Thickness ratio a/b

H Shape parameter of the streamwise velocity profile H = 0;,/5}
Hx Shape parameter of the chordwise velocity profile Hx = ex/6;
Hy Shape parameter of the spanwise velocity profile Hy = ey/d;

* This work was supported by the Ministry of Defence of the Federal Re-
public of Germany under RUFo contract T/RF41/80052/81451

*# Senior Research Scientist, Theoretical Aerodynamics Group
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Re

81

Reynolds number Re = g%i

Streamwise direction

Stagnation point

Velocity component in x- and streamwise direction
Velocity component in y- and cross-flow direction
Carthesian Coordinates

Chordwise and spanwise direction

Angle of attack
Angle between the x- and streamwise direction

Angle of attack, for which the jump in the separation point lo-
cation occurs

Falkner-Skan pressure gradient parameter

Limiting streamline angle, angle between the projection of the
streamwise direction onto the surface and the resultant skin
friction direction

Boundary layer thickness

|
Three-dimensionah displacement thickness

Dimensionless three-dimensional displacement thickness
$* = s* /Re/2a

Displacement thickness of the velocity profile in x-direction

? u
§% = [ (1-4) dz
x (o] ue

Displacement thickness of the velocity profile in y-direction

¢ v
* = ]—
Gy £ ( ve) dz

Displacement thickness of the streamwise velocity profile
1
U
sy = | (1) dz
) e

Dimensionless displacement thickness of the streamwise velocity
profile

Y = &% /Re/2a
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83 Displacement thickness of the cross-flow velocity profile
§
» v
52=‘; dZ
o %o
n Similarity variable of the similar solutions of the laminar
boundary layer

Value of n for which 11]1_ = 0.99

n
8 e
8 Circumferential coordinate
8' Circumferential coordinate (Elliptical coordinates)
811 Momentum thickness of the streamwise velocity profile
§
U U
611 = [ g (1-g) dz
0% T
81, Dimensionless momentum thickness of the streamwise velocity pro-
file
611=611@/23
812 Momentum thickness
2 = 4 (1) oz
0o e e
855 Momentum thickness of the cross-flow velocity profile
6 f )
22 = = z
o Ve
u Kinematik viscosity
v Dynamic viscosity
T Resultant wall shear stress
1
3,2 | 3V, 2, /2
., = l53) + (53).]
w 32’ 0z’
Ty Dimensionless resultant wall shear stress
- 2a
TW_TWE/R—E
¥ Meriodinal coordinate
v' Meridional coordinate (Elliptical coordinates)
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Subscripts

e Condition at the outer edge of the boundary layer
W Conditions at the wall
@ Unperturbed flow conditions.

1. INTRODUCTION

In recent years, a number of difference and integral methods have been de-
veloped to compute attached laminar and turbulent, three-dimensional boun-
dary layers. Although some are developed to treat general problems, most
treat either of two specific classes of problems, i.e., flows on wings,

or flows past bodies of revolution. Results of the development of three-
dimensional, compressible boundary layers on wings using difference methods
are given in [1-4] and integral methods in [5-6]. The first subject ot the
present paper is the study of laminar boundary layer flows on inclined
ellipsoids using an integral method [6] which is applicable to general
problems.

Boundary layer calculations in the symmetry plane on the windward and iee-
ward side of a threedimensional configuration represent a fairly inexpensive
way to get a rough idea of the viscous flow field. Furthermore, the caicu-
Tation supplies boundary layer data in the symmetry plane in regions which
may be inaccessible for a conventional three-dimensional computation, The
second part of the paper investigates the laminar flow in the symmetry

plane of inclined eilipsoids.

In spite of the advances in computer technology and numerica' methods, the
numerical solutions of the Navier-Stokes equations are today still very
expensive and for some applications not necessary. It seems reasonablie to
compute flows with 1imited regions of separated fluw and no strung viscous-
inviscid interactions with the boundary layer concep®. The solutions o
the two-dimensional, steady boundary layer equations 7w=. singular {32,

at the separation point, where the skin friction vanic. es. It is imposs:.
in the direct problem - calculation of the boundary la:2r four a prescribed
pressure distribution - to generate solutions downstreawn the separation
point. Catherall and Mangler [34] have numerically shown that no singuiar
behaviour occurs at separation in the inverse problem - calculation of the
inviscid outer flow for a prescribed boundary layer quantity. Furhtermore
it is shown in [34] that downstream of separation the downstream marching
integration technique can be maintained.

In the past several two-dimensional inverse difference [7-8] and integral

boundary layer methods [9-14] were developed for the computation of sepa-

rated flows. In the third part of the present work the concept of the in-

verse method is extended to the infinite swept wing situation using an in-
tegral method [35].
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Z. THREE-DIMENSIONAL LAMINAR BOUNDARY
LAYERS ON INCLINED ELLIPSOIDS

2.1 Applied Integral Method and Calculation Procedure

The surface of the ellipsoid is a nondevelopable surface, which means that
the boundary layer computation can hardly be made in a Cartesian coordinate
system. A possible system is given by the streamline coordinate system,
which leads to orthogonal, curvilinear coordinates. However, this system
requires the knowledge of the external flow in great detail.

For small angles of attack the stagnation point is very close to the nose
of the ellipsoid and elliptical coordinates become fairly attractive, as
shown in the upper part of fig. 1. However, for large angles of attack, the
stagnation point moves away from the nose of the body, as shown in the lo-
wer part of fig. 1, and elliptical coordinates are not applicable.

The coordinate system, proposed by J. Grashof (151, in the lower part of
fig. 1 is applied for the present study. Here the coordinates are determi-
ned by the intersection with the body surface of planes, which are parallel
to the tangential pianes in the stagnation points. The angle y is one coor-
dinate which becomes a measure for the distance along the axis S : S. The
angle 6 is measured from the windward side to the leeward side. The windward
symmetry Tine is represented by 6 = 0~ and the leeward symmetry line by

6 = 180". The advantage of that coordinate system is that the geometric and
aerodynamic singularities coincide in the stagnation points. Fig. 2 gives

an idea of the computational grid.

Details of the applied integral method are given in Ref. [6]. The method is
written in non-orthogonal, curvilinear coordinates and uses a one parameter
(a) profile family (similar solutions) for the streamwise velocity profiles,
fig. 3, and a two parameter (b and c) profile family for the cross-flow
velocity profiles, fig. 4, (6th order polynomial). The momentum thickness
of the mainstream velocity profile 8,; is used as physical scaling parame-
ter for the boundary layer. For the solution of the problem the y- and &-
momentum integral equations and the y- and e-moment of gomentum integral
equations are used. The calculation is started at v = 9, which means 0,6 °
of the distance S : 8, fig. 1, downstream of the forward stagnation point.
Along the Tine ¢ = 9~ initial conditions are supplied, using the similar
solutions of the boundary layer together with the Mangler [16] transforma-
tion.

The integration is done from She windyard to the leeward stagnation point,
which corresponds to ¢ from 0° to 180~. Along the symmetry lines, where for
¢ = const a and o, are symmetric and b and c are antimetric, the derivati-

ves @, 301
20 A9 35

are identical zero. The quantities
ab 3C
38 and 36

are evaluated on the windward symmetry line by forward differences and on
the leeward symmetry line by backward differences.

The inviscid flow field is determined by a potential flow solution, see
Lamb [17]. This solution does not take into account the influence of the
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free vortices and the flow separation at rear part of the body on the wall
pressure distribution. Despite these deficiencies it is assumed that the
pressure distribution in the front part of the body, where the boundary
layer development is calculated, is not altered drastically due to viscous
interaction. This statement is validated by wall pressure measurements on
inclined ellipsoids.

2.2 Results

2.2.1  Comparison with finite difference solutions
The present computations are compared to the results of Geissler [18], who
solved the boundary layer equations in streamline coordinates using a
finite difference method. The momentum thickness 8;,, the displacement
thickness §% (both based on the mainstream velocity profile) and 3he resul-
}qnt gal] shear T, are compared for the ellipsoid F = 6 at o« = 10~ in

ig. 5.

Unfortunately Geissler did not present cross-flow quantities and the Timit-
ing streamline angle 8; 8 is shown nevertheless. The agreement, considering
the complexity of the flow, is very satisfactory, especially in the curves
1-3. When approaching separation (see chapter 2.2.4), curve 5 in fig. 5

the gradients get very large on the leeward side of the body, ¢ from 90" to
180", and some_disagreement can be observed. In the windward part of the
body, & from 0% to 90 , the agreement for all curves is perfect. The maxi-
mum values of the boundary layer thickness show up on the side of the
ellipsoid not in the leeward symmetryline. Especially the displacement
thickness ¥iproduces sharp peaks. The value of 6, where this happens,
differs not by too much in both methods. The rapide increase of the thick-
nesses is accompagnied by a sharp decrease in the resultant skin friction
T.. Its minimum appears at about the same s value, where the maxima of the
tHicknesses do occur. The limiting streamline angle 8 shows in that region
large negative values.

The sharp peak in g, which means a rapide change in the resultant skin
friction direction, indicates that the skin friction of the mainstream ve-
locity profile is going to vanish. Under these circumstances the pressure
gradient perpendicular to the mainstream direction can produce such drastic
changes in the flow direction close to the wall.

resultant skin friction ?Q is given for the windward symmetry
plane (6 = 8 ) and plotted vs. X/a. The ellipsoid F = 4 is calculated at
zero and 30~ incidence. For the zero incidence case the present calculations
are compared to the results of Wang [19] and Hirsh and Cebeci (201, both
finite difference methods. The integral method is in almost perfect agree-
ment with Cebeci's method, except that the integral calculation predicts
separation some distance downstream. Wang's results sh8w a certain differen-
ce. A similar situation can be seen for the case of 30" incidence. Here the
integral method is in perfect agreement with Geissler's results [21].
Wang's computations shown again a disagreement,

In fig. 6 thS

2.2.2  Comparison with_experiments

Recently at the DFVLR in Gottingen an experimental program was started to
measure boundary layer flcws on inclined ellipsoids. The first measure-
ments of the resultant skin friction using a hot film dsvice arg presented
by Meier and Kreplin [22]. For the ellipsoid F = 6 at 5 and 10~ incidence

406




the results are shown in fig. 7 in three stations. The deviation of the
computation from the measurements in station 1 is at most 17 %, which is
not too much considering the difficulties involved in skin friction measu-
rements. The agreemsnt in stations 2 and 3 is excellent. The ca]cu&ation
predicts for « = 10 in station 3 a minimum of 1 at about o = 150°. The
measurements seem to indicate a minimum in the s¥me location.

The skin friction distribution for a = 10° on the windward side (¢ = 0°)
is plotted vs. X/a in fig. 8. The calculation of Geissler [21] predicts an
almost identical behaviour. The measurements of Meier and Kreplin [22] are
given too up to X/a = 0.15. The boundary layer was shown to stay laminar
up ?o this point. The agreement between calculations and measurements is
perfect.

2.2.3 Displacement surface

The three-dimensional displacement thickness &% is calculated by a supple-
mentary equation, which is solved simultaneously with the boundary layer
equations [6]. In fig. 9 the dimensionless three-dimensional displacement
thickness * is plotted for different stations y vs. o, using 6 as polar
angle. Only the thickness &* is given, the thickness of the ellipsoid is
not represented.

In_fig. 9 the results for the e]lipsogd F =6 are given for o = Sg, 10° aBd
15, The curves from 1 to 9 for o« = 5 and from 1 to 6 for a« = 10" and 15
give an idea of the displacement surface development. The curves 9 and 6
respectively give the last results of the attached layer, downstream of
these curves a free vortex layer separation, see chapter 2.2.4, is indica-
ted.

The displacement surface grows everywhere in the downstream direction, es-
pecially on the sides of the ellipsoids, except on the leeward symmetry
line, when approaching the free vortex separation. Here the displacement
surface decreases in downstream direction. The reason is, that the growth
on the sides is such drastic that the boundary layer material, which is fed
into the growing layer, stems partly from the leeward boundary layer
material.

At separation the vorticity inside the boundary layer will be shed into the
free stream forming two vortices. The deformation of the displacement sur-
face just before separation seems to indicate the direction of rotation of
the shedded vortices. They are counterrotating and rotate, view in the

free stream direction, left on the right hand side and vice versa.

The effect of the angle of incidence is to move the separation region up-
stream (decreasing Vg }. Furthermore, the relative lateral extension of the
displacement surface fe decreasing with incidence and the relative extension
in the crossflow direction of the inviscid flow is increasing. The boundary
layer material is blown away from the windward to the leeward side.

2.2.4  Free Vortex Layer Separation Lines

The phenomenon of separation in three-dimensional steady flow is reviewed
recently in Ref. [23] and gives an idea of the complexity of that problem,
as compared to the easiness of the definition of separation in two-dimen-
sional steady flow. Maskell [24] gave definitions of three-dimensional sepa-
ration, which can be referred to the present study.
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Maskell [24] decribes two types of separation, the closed and open type.

In the closed type the separation line is closed around the body and pas-
ses through the singular points of the limiting streamlines, where the to-
tal skin friction vanishes. A distinct reversed flow region develops, in
which the streamlines originate from the rear stagnation point. The stream-
lines in the attached region originate from the front stagnation point. In
contrast, the separation line of the open type is not closed and does not
originate or terminate at singular points. The limiting streamlines on both
sides of the separation line originate from the same front stagnation
point. However, in either case, the separation line is determined by the
appearance of an envelope of limiting streamlines.

Geissler [18, 21] has determined the location of the free vortex separation
line, where numerical instabilities occur in his method.

Wang [25] determines the location of the free vortex layer separation line
by identifying that line with the position where cf.', the circumferential
skin friction component, vanishes. He argues that tRe limiting streamlines
approaching the zero-cf,' 1ine, make a sharp turn and merge into the zero-
cf,' line so that the letter virtually becomes an envelope of the limiting
stheamlines. Although this envelope is located slightly above the zero—cfe'
line, he does not make such a distinction, because they are such close to
each other.

In the present integral method the free vortex separation line is positio-
ned, where the mainstream skin friction component vanishes. This line coin-
cides with the points, where the limiting streamlines make a sharp turn.
Thus, the separation lines evaluated by the present method should be al-
most identical to the separation lines determined by Wang (25].

The direction of the resultant skin frictiog with the present method is gi-
ven in fig. 10 for the ellipsoid F = 6 at 5 angle of attack. The direction
is plotted in 12 stations y = const, which are indicated in the figure. In
station 7 the onset of separation is predicted for & ~ 120°. The flow field
downstream of station 6 was evaluated only on the windward part of the body
in order to determine the free vortex separation line. The plot of the re-
sultant skin friction direction gives an idea of the limiting streamline
behaviour and shows clearly the appearance of an envelope of the limiting
streamlines.

In fig. 11 the calculated free vortex separation lines for the ellipsoids

F =2, 4 and 6 at different angles of incidence are compared to the cal-
culations of Geissler [18, 21]. The agreement in circumferential and meri-
dional direction is excellent. The effect of the angle of incidence is to
move the separation line upstream and downstream if the geometric parameter
F decreases.

A special feature shows up for the ellipsoid F = 2. At the rear end of the
separation line close to the windward side Geissler indicated a reversed
flow region (closed type of separation), which produces a sudden change in
the separation line inclination. In this part of the body the two types

of separation, open and closed, may merge. Indeed, Wang [25] discussed the
possibility that the two types of separation must intersect for certain
geometries and angles of attack. The present integral method predicts in
almost the same region the same behaviour.
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3. LAMINAR BOUNDAR LAYER SEPARATION IN THE
SYMMETRY PLANE OF INCLINED ELLIPSQIDS

The separation point motion on the windward and leeward side will be in-
vestigated as a function of the ellipsoid geometry and the angle of attack.

3.1 Applied Integral Method

Details of the applied integral method are given in Ref. [30]. The method
uses the same velocity profile families as the approach described in chap-
ter 2.1. Following Moore's idea [31] for the solution of the symmetry plane
problem, the continuity equation, the y-momentum equation and the 8-momen-
tum equation differentiated with respect to & are used. This set of equa-
tions leads in the integral approach [30] to the y-momentum and moment of
momentum integral equations and to the differentiated s-momentum and moment
of momentum integral equations.

3.2 Results

Fig. 12 gives the results for ellipsoids at 12° angle of attack as a func-
tion of the aspect ratio b/a. The finite difference results are taken from
Wang [19]. The results for a sphere b/a = 1 from Ref. [26] are given too.
Wang's computations for the sphere may be incorrectly represented. Extra-
polating Wang's data to b/a = 1 on the windward side (e = 0") agreement
may be found Hith the results of Ref. [26]. Doing the same on the leeward
side (8 = 180") a slight discrepancy may be seen.

The integral method pregicts for b/a = 1 separation slightly upstream of
the exact location (3.5  in terms of y). The overall trend of the separa-
tion point motion is well represented when compared to Wang's results.

Fig. 13 shows for the geometry F = 4 the separation point location as a
function of the angle of attack. On the windward side the present results
are in almost perfect agreement with those of Wang [19]. On the ‘eeward
side both boundary layer methods calculate an upstream motion of the sepa-
ration point for small angles of attack and a downstream motion for larger
angles. Round about 40° both methods predict a jump of the separation point
from the rear part of the body to the front part.

Measurements [28, 29] and Navier-Stokes solutions [27] are shown for com-
parison., Wilson [29] observed for small angles of attack an upstream motion
of the separation point, which was not indicated in the experiments of Ref.
[28]. The difference between the boundary layer solutions and the measure-
ments and Navier-Stokes solutions may be mainly due to the fact that for
the boundary layer calculations the potential flow pressure distribution
was used which does not take into account the influence of the viscous-
inviscid interaction.

Fig. 14 shows the pressure coefficient on the leeward side of the ellipsoid
F = 4 up to separation. It is clearly to be seen that the boundary layer

can withstand increasingly larger pressure gradients in tge rear part of

the ellipsoid for increasing angles of attack. For a = 40" the laminar boun-
dary layer can overcome the pressure recovery nearly right down to the

rear stagnation point (c_ = 1.0). In the nose region of the ellipsoid the
suction peak gets more pFonounced if the angle of attack is increasing and
the recompression downstream of the suction peak will lead finally to nose
separation of the flow.
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Fig. 15 shows the momentum thickness and the shape parameter of the
mainstream velocity profiles.

Taking the shape parameter H as a measure to indicate flow separation
(H~ 4.1) the lower part of fig. 15 demonstrates that in the nose region
the flow is on the vergg to separate for an angle of attack of 40°. For
angles o larger than 40~ the flow separates at the nose. These features
demonstrate why the separation point jumps from the rear part of the body
to the front part. Downstream the peak in H for o < 40~ the flow relaxes
and at the rear part of the ellipsoid H increases again leading to
separation.

Another effect of the angle of attack, fig. 15 is to thicken the momentum
thickness 61, in the nose region and to thin 8;; in the rear part. Consi-
dering that the pressure gradient 3c_ /5y is everywhere positive except in
the nose region, fig. 14, the decreaging values for 8,; can only be explai-
ned by a three-dimensional flow effect. (In two-dimensional flow a boun-
dary layer and hence the momentum thickness will grow even steeper for
adverse pressure gradients). The reason is that on the leeward side on the
aft part of the ellipsoid the boundary layer flow close to the surface is
severely divergent. This statement is supported by the results for the 51-
miting streamline angle 8, fig. 5, since the gradient 38/36 for g = 180

is considerably increasing in downstream direction.

Fig. 16 describes for different thickness ratios F > 2.165 the separation
point motion on the leeward side as a function of a. For small angles of
attack the separation point moves upstream for values of F < 5 and slowly
downstream for F > 5. The angle of attack o*, for which the jump of the
separation point from the rear to front part of the body occurs, gets smal-
ler for thicker ellipsoids, decreasing at the same time the jump distance.
For slender ellipsoids the flow separates further downstream and after the
Jump further upstream. Finally, for ellipsoids F < 2.165 no more jump is
predicted, fig. 17.

In fig. 18 the shape parameter distribution is shown for the ellipsoids
F =2.17 + 6 at the angle of attack a*.

It is clearly to be seen that the relaxation process of the boundary layer
downstream the peak in H is getting progressively less pronounced for
thicker ellipsoids. For curve 1 in fig. 8 for the ellipsoid F = 2.17 the
flow stays almost separated downstream the peak in H and finally separates
only a small distance downstream the peak. From these results it is
understable why for thickness ratios F < 2.17 no more jump does occur.

Fig. 19 finally shows a* as a function of b/a and it may be argued that for

extremelg s]snder ellipsoids there exist a limiting value of a* round
about 427-43
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4. TURBULENT SEPARATED BOUNDARY LAYERS ON
INFINITE SWEPT WINGS

4.1 Applied Integral Method

A newly developed integral method [35] which calculates turbulent separated
flows on infinite swept wings is applied. The method uses the two parameter
Coles profile family for the streamwise velocity profiles which are extended
to flows describing separated profiles in a similar way as in Ref. [9,11].
Cross flow velocity profiles are not described by the Mager [36] or
Johnston [37] empirical approach. It is assumed that the velocity profile
in spanwise direction can be represented by a flat plate velocity profile.
Knowing the angle a, fig. 20, and the streamwise velocity profiles it is an
easy matter of geometry to evaluate the cross-flow velocity profiles To
describe turbulence, the entrainment concept was applied together with a
Lag-Entrainment formulation (381,

4.2 Results

The integral method was tested up to now only for the van den Berg and
Elsenaar [39] test case. They measured the turbulent boundary layer deve-
iopment on a swept flat plate to avoid surface curvature effects on the
turbulence structure. The boundary layer develops from a two-dimensional
zero pressure gradient layer to a three-dimensional separation. The desired
pressure distribution on the plate was induced by an appropriately shaped
body near the plate. Care was taken to simulate flow conditions that occur
on infinite swept wings.

Fig. 21 shows the measured velocity profilles in the spanwise direction.
Separation was indicated in the measurements around station 8. It can be
seen that the v/, profiles do not change considerably from the flat plate
situation (station 1) to the separated state (station 10). The continuous
line is the Coles profile for a flate plate and gives a reasonable repre-
sentation of all the measured velocity profiles. Fig. 22 shows the displa-
cement thickness &%, which is based on the velocity profiles in chordwise
direction. The continuous line is the smoothed curve which is used as input
to the inverse method. Fig. 23 gives the momentum thicknesses 8;; and 6,
and fig. 24 the momentum thickness &,, and the displacement thickness &,%,
the latter quantities are based on the cross-flow velocity profiles. 65,

and 6,* are in good agreement with the measurements considering the crude
approach on which the cross-flow profiles are based. The limiting streamline
angle g is given in fig. 25. Three different shape parameters H, H and H
are given in fig. 26. H is the shape parameter of the streamwise vé]ocityy
profile, H, and H_ are the shape parameters of the profiles in x- and y-di-
rection reépectivgly. H_ stays constant in the measurements, which further-
more supports the assumﬂtion that in spanwise direction the velocity profi-
les are close to those on a flat plate. Comparison of the skin friction with
measurements is given in fig. 27, cf¢ and cf, being the components of the
resultant skin friction in x- and y-8irectioX and cf being the skin friction
in streamwise direction. Separation is indicated by definition for an infi-
nite swept wing at the location where c¢ vanishes. As may be seen the.ex-
perimentally observed separation locatioft is well predicted by the calcula-
tion,

Finally fig. 28 represents the results of the inverse method. The magnitude
of the resultant velocity vector at the outer edge of the boundary layer Ue
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and its position o are given. The agreement between measurements and calcu-
lations is fairly good.

5. CONCLUSIONS

The lTaminar boundary layer development on inclined ellipsoids is calculated
for different body geometries and angles of attack. The thicknesses of the
boundary layer, the skin friction parameter and the limiting streamline
angle are compared to finite difference solutions. The agreement is shown
to be good. The computation of the skin friction reproduces the measure-
ments in good agreement. The displacement surface on inclined ellipsoids

is shown up to separation of the free vortices. The deformation of the
displacement surface close to separation seems to indicate the direction

of rotation of the shedded vortices. The free vortex separation lines
calculated by the integral method are shown to be in good agreement with the
finite difference results.

The separation point motion on the windward- and leeward side of inclined
ellipsoids was investigated changing the ellipsoid geometry and the angle
of attack. The results agree well with finite difference computations. It
is shown that the jump of the separation point on the leeward side from the
rear part of the body to front part does occur for ellipsoids F > 2.17 at
a certain angle of attack a*. For larger thickness ratios F the angle a*

is increasing and the jump distance is increasing too. For ellipsoids

F < 2.17 no more jump is predicted anymore.

A newly developed inverse integral method for turbulent separated boundary
layers on infinite swept wings was compared to one test case. The results
seem to be encouraging.
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