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Airfoil-Boundary Layer Subjected to a Two-Dimensional
Asymmetrical Turbulent Wake
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The results of an experimental study of interaction between an incompressible two-dimensional asymmetrical
turbulent wake produced by a symmetrical airfoil at incidence and a boundary layer formed on a similar airfoil
immediately downstream are discussed. Extensive measurements of time-averaged quantities of the flow and
turbulence characteristics in the interaction region are performed. Particular attention is paid to analysis of the
flow structure with the downstream airfoil position being changed across the wake. In particular, a significant
reduction in the level of turbulent velocity fluctuations has been found in the boundary layer if the airfoil is located
in the wake periphery. A similar effect also has been registered in the outer flow region (outside the boundary
layer) for the case when the wing is located in the central part of the wake. Although the interaction process has
rather a complicated character, the distribution of the normalized mean velocity defect in the outer region of the
interacting flow can be roughly described in the frame of well-known correlations valid for a wake flow immediately
downstream of a transverse-positioned circular cylinder. A detailed analysis of the interacting flow components
(i.e., isolated turbulent wake and boundary layer) is presented, and a possibility of their description in self-similar

variables is shown.

Nomenclature
wing aspect ratio
wake width
local skin-friction coefficient
static-pressure coefficient, (P — P,.)/q
chord length
boundary-layershape factor, H = §* /§**
effective wing span
static pressure
dynamic pressure, pu?/2
Reynolds number
airfoil thickness
streamwise velocity component
streamwise velocity fluctuation
coordinate measured from leading edge or trailing
edge of the wing parallel to freestream direction
coordinate normal to x-z plane, distance from wall
spanwise coordinate
angle of attack
displacement thickness
momentum thickness
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Subscripts

airfoil
based on airfoil chord

a =
c =
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e = conditions at the boundary-layeredge
or in outer wake region

is = isolated

max = maximum value

min = minimum value

s = section

W,L = windward, leeward

w = conditions at the airfoil surface

1 = based on lengthof 1 m

00 freestream conditions

Superscript

=) = time-averaged value

I. Introduction

HE problem of interaction between a turbulent wake produced

by a flow around a body and a boundary layer formed on a
surface immediately downstream (especially a curved surface) is
an important but poorly studied problem of viscous fluid dynamics.
This problem can be part of a more complicated problem because
the turbulent wake can produce a number of adverse phenomena
on a downstream surface, up to a buffetlike phenomenon.! From
the practical point of view, such a wake can lead to a loss of lifting
properties of the surface downstream and considerable spanwise
loads, and thus present a significant danger for flying vehicles that
are in the wake influence region. The most adverse phenomena
are known to occur when the wake contains intense tip vortices.
However, the rate of climb of an aircraftcan decreaseevenif thereare
no tip vortices because the central part of the wake has a downward
velocity vector component.

Modeling of interactingflows thatdevelopunder the conditionsof
an increased turbulence of the wake, and its significant asymmetry,
involves certain difficulties caused by several reasons. The main
reason is that the process under study is strongly nonlinear, which
is primarily caused by a nonequilibrium (according to Clauser®)
characterof initial flow produced by the upstream surface. Initially,
such a flow is usually formed under the conditions of a streamwise
pressure gradient, which, as is shown by experiments of Cousteix
and Pailhas® and Cousteixet al.,* decreasesintenselyalong the wake
itself. This flow relaxes gradually to a state of full hydrodynamic
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equilibrium that, depending on specific conditions, is achieved at a
distance from several tens to several hundreds and even thousands
of reference lengths of the body. For these reasons the character
of interaction of the system nonequilibrium wake/boundary layer
becomes much more complicated.

Another aspect of the problem has a direct relationship to the
development of effective numerical methods and generation of a
suitable physical model of the flow. This is a necessity of improv-
ing the calculation procedures for the flow around a curved surface
with regard for the turbulent wake effect. Despite a long time his-
tory, this problem has no proper theoretical justification. Although
the Navier-Stokes equations that describe such a flow are known in
principle, their solution faces certain difficulties, even taking into
account the latest achievements in the field of computational aero-
hydrodynamics. In this case an explicit approximation of all terms
of the transport equations for the Reynolds stresses is needed to
solve the closure problem. This, in turn, complicates significantly
the turbulence model itself, which is based to a large extent on
experimental data. Thus, the development and improvement of the
flow modeling process and the developmentof effective methods for
calculating this class of flows require accurate information on the
structure, transport mechanisms, and regularities of flow evolution
in a wide range of varied conditions.

Studies®~? carried out during the past two decades allowed one to
understand and verify some details of such flows for certain values
of determining parameters. A strong influence of the turbulence
level in the wake on the process of its interaction with the boundary
layer of a flat surface was found by Zhou and Squire.!®!! From the
computational viewpoint one can see that the most severe problems
arise in the initial section of interaction where the flow regions
having a negative turbulent viscosity are formed.

Some studies'?~!* were performed for configurations used in air-
craft engineering, and the results are rather specific. A number of
papers (e.g., Refs. 15, 16, and others) are devoted to experimen-
tal investigation of aerodynamic forces and moments (e.g., lift and
rolling moment) acting upon a schematized flying vehicle that is
entrained into the wake of an upstream aircraft. The data obtained
were used to construct an aerodynamic model that allowed eval-
uation of the interference between the upstream and downstream
flying vehicles.

In additionto this, it should be emphasizedthat some of the papers
justreferenced were concerned with gaining an understandingof the
effect of the wake from an wing slat on the boundary-layerflow on
the wing surface immediately downstream of the slat; thus, part of
the initial boundary layer was not in the wake flow, and the wake
gradually merged with the boundary layer. Also in some of studies
care was taken to ensure that the presence of the wake-producing
airfoil did not change the pressure field.

Unlike the papers just cited, the initial flows (wake and boundary
layer) in the presentstudy are formed in the flow around fully identi-
cal, comparatively thin symmetric airfoils located in tandem, which
can change their positions both in the streamwise and crosswise di-
rections. Thus, to study the structure and properties of an interacting
flow in the framework of a simple model approachis possible when
the relative positions of the wake and boundary layer are changed.
This is of vital importance because these changes lead to a signif-
icant amplification or attenuation of the interaction intensity up to
complete vanishing of the interaction process. However, in actual
practice this process can be complicated by vortices shed from the
wing tip. In the approach used here, this influence is deliberately
eliminated so that the problem is not complicated by additional
effects. Thus, the relative simplicity of the models used and their
practical validity offer an opportunity to study the basic regularities
of the developmentof such flows, which, in turn, can form the basis
for constructing a physical flow model.

Some comments should be made concerning the term interaction
used here. Obviously, this term can be used when two (or more) in-
dependent hydrodynamic flowfields (structures, non-uniformities,
etc.) start to affect each other (as, for example, the interaction be-
tween a shock wave and a boundary layer). In principle, such a
situation arises in the present study when the peripheral part of an
asymmetric turbulent wake falls on a developed boundary layer of

a wing immediately downstream. When the wing is located in the
central part of the wake, it is probably more reasonable to say that
the boundarylayeron such a wing is formed under wake flow condi-
tions with inherent properties. Nevertheless, we will conventionally
use the term interaction although in most cases we deal with an
asymmetric nonuniform turbulent shear flow around an airfoil.

II. Experimental Conditions and Procedure

The wind tunnel used for these experiments was the closed-return
low-turbulence wind tunnel. The tunnel is driven by an axial fan
and powered by a 0.6-MW dc motor. The settling chamber contains
10 screens with a special filter mounted on the first screen. The con-
tractionreduces the octahedral cross section of the settling chamber
to the square cross section of the test section with the fillets in the
corners and has a contractionratio 17:1. The test sectionhas a cross
section of 1 x 1 m? and a length of 4 m. The streamwise velocity
fluctuations are less than 0.06% at a velocity i, of 25 m/s for the
presentexperiments.

The model under study consists of two identical unswept rectan-
gular airfoils (upstream and downstream) located in tandem in the
test section (Fig. 1). The constructionallows various wing positions
in the streamwise x and crosswise y directionsand various angles of
attack o within o = +40 deg. The models were mounted vertically
to avoid problems with model bending from its weight and for con-
venience of measurements the models spanned the tunnel height.
Each of the wings had a Joukowskii-type symmetrical airfoil sec-
tion with a chord ¢ =257 mm, whole span 970 mm, and relative
thickness ¢ /c =0.07. Static-pressure orifices 0.35 mm in diameter
were located at the both sides of the wing along its central chord.

The choice of the wing geometry and its relative thickness was
conditioned by two basic considerations. First, the known prop-
erty of hysteresis of steady total and distributed characteristicsdoes
not manifest itself in the flow around comparatively thin airfoils!’
Second, the aerodynamiccharacteristicsbecome independentof the
Reynolds number,'® whichis importantfor identification of the gen-
eral features of the flow under study.

To reduce the tip vortex intensity and increase the effective aspect
ratio of the wing R.¢, the model was equipped with aerodynamic
end plates made as ellipses whose majoraxisis 1.5 of the wing chord.
The distance / between the end plates in the wing span direction
is 771 mm, which corresponds to the wing aspect ratio AR =3.0.
However, followingthe results of Krassilschikoff,"” the actual aspect
ratio is determined from the formula

Ry = R[1+1.66 (h/1)]

where £ is the end-plate height. Thus, in our case AR was equal
to 3.83.

A three-dimensionalflow with longitudinallydevelopingvortices
is formed in the regions of junction of the end plates and the wing
surface, which are typical corner configurations?’ To reduce the
adverse effect of these vortices on the main flow region, we used
fillets whose geometry was chosen on the basis of data of Kornilov
and Kharitonov?! Preliminary experiments showed that the flow
around such a wing is planeparalleland is essentially similar to the
flow around a wing with an infinite aspect ratio. Visualization of
the limiting streamlines did not reveal any flow singularities, such
as node or saddle points, foci, etc. Thus, the efficiency of the fillets
used was confirmed.

The test angle of attack range was —7.5-18 deg in increments of
2-2.5deg. The actual angle of attack of the wing was established us-
ing a Vernier incidence scale with an optical cursor having an error
notexceeding 0.25 deg. The initial position of the wing correspond-
ing to a zero angle o was determined on the basis of a calibration
dependence (Py — P1)/qs = f(a,.), which was verified for each
set of experiments. Here, (Py — Pp) is the pressure difference mea-
sured in the points characterized by an equal x coordinate at the
windward and leeward sides of the model, and o is the angle of
attack of the model registered on a scale.

The value of dynamic pressure g, was controlled using the dif-
ference between the total and static pressure registered by a Pitot-
Prandtl tube mounted at a distance of about four chord lengths up-
stream of the model. The freestream velocity upstream of the model
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Fig.1 Schematic of the model and tested airfoil profile coordinates. (Not to scale; all dimensions in millimeters.)

was keptconstantat i, =25 m/s, whichyieldeda Reynoldsnumber
based on airfoil chord Re, =4.28 x 10° (Re; =1.66 x 10 m™!).

The static pressure on the model surface was measured by
pressure orifices at various positions in the streamwise direction
and changing angle of attack of the airfoil. The pressure taps
were connected by a device similar to a Scanivalve to a DISA
micromanometer.

To carry out the boundary layer and wake measurements, a man-
ually controlled traverse gear having three degrees of freedom was
used. The traverse gear provided linear movements with an accu-
racy of 0.01 mm (precise scale) and 0.1 mm (rough scale) in the y
direction and with an accuracy of 0.5 mm in the x directionand also
the angular rotation in the xy plane with an accuracy of 0.5 deg.

The mean velocity and the streamwisecomponentof velocity fluc-
tuations were measured using a DISA 55M hot-wire constant tem-
perature anemometer. The arrangementincluded a 55M10 hot-wire
bridge with a 55D10 linearizerconnected to its output. The constant
component of the linearized signal corresponding to the mean flow
velocity i was measured using a 55D31 digital dc voltmeter. The
variable component of the signal correspondingto the rms value of
the streamwise velocity component./u’? was filtered by a 55D25
auxiliaryunitand measuredby a 55D35 rms voltmeter. As a primary-
measuring transducer, a miniature hot-wire probe with a single sen-
sor made of tungsten wire with diameter of 5 «m and active length
1.2 mm was used. In the course of measurements, the probe wire
was oriented perpendicularto the freestream velocity vector.

The experiments were carried out in two stages. During the first
stage, the characteristics of the components of the interacting flow,
namely, an isolated wake and an isolated boundary layer, were

analyzed under naturally developing conditions. During the second
stage, the boundarylayer on both wings was artificially tripped. This
was done using a strip of sandpaper 12 mm long and 0.6 mm thick
glued along the wing span on both its sides at a distance of about
5% of the chord from the leading edge. Such an approach assumed
that a trip chosen would still produce a fully developed turbulent
boundary layer over the flow surface, and the boundary layer would
attain equilibrium some reference trip thicknesses downstream of
its position.

For the downstream wing to be in the wake influence zone, the
upstream wing should be mainly moved in the positive direction of
the y axis (to the left-side wall of the wind tunnel). In this case the
generated wake had a general direction from the left to the right
tunnel wall (looking downstream) occupying the flow core region.
Therefore, we hope that the wake flow interference with the bound-
ary layer on the tunnel walls is negligible.

The main measurements were performed in 14 stations along the
wake in the range from x /¢ = 1.004 (near the wing trailingedge) to
X /c=2.543 (far wake) and in eight cross sections in the boundary
layer of the downstream wing within x /¢ = (0.195 = 0.962).

A detailed discussion of the measurement error for the different
techniques used in these experiments is summarized in Table 1.
Let us only note that for variables C,, T, ¢u, U, lls, and Ju'?
Table 1 gives the random measurement error normalized to their
maximum values observedin experiments. It does not seem possible
to present the normalized measurement errors in a more suitable
form because they vary significantly over the height of the region
under study. The sign of averaging of some variables (C,, etc.) is
omitted for simplicity.
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Table 1 Estimates of measurement errors

Measured variable Method of measurement Measurement error Remark
Angle of attack of airfoil Vernier incidence scale 0.25 deg —_—
Distance from wall Traverse gear 0.01 mm Precise linear scale
0.1 mm Rough linear scale
Streamwise distance Traverse gear 0.5 mm —_—
Cp TS AGI micromanometer +0.3% —_
and DISA micromanometer
Too Electronic thermometer +1% —_
oo DISA micromanometer +0.25% e
Uoo DISA micromanometer +0.5% —_
and lab. equipment
to measure air density p
u__ Hot wire +0.5% —_
Ju'? Hot wire +£2% —_
Sm. 12 3 4 5 6 7 9 10 11 12 1314
60 b e e e e e
aokl- |l
201 * < T P
E A 1 N T
g o / [
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Fig. 2 Streamwise mean velocity profiles in the wing wake at o =7.5 deg. Values of chordwise location x/c: 1, 1.004; 2, 1.037; 3, 1.111; 4, 1.196;
5,1.391; 6, 1.586; 7, 1.780; 8, 1.897; 9, 2.014; 10, 2.130; 11, 2.247; 12, 2.364; 13, 2.480; and 14, 2.543.

III. Results and Discussion

The objective of the first stage of the study was an analysis of
the state of the boundary layer and the wake behind an airfoil under
naturally developing conditions. It was essential to find the range
of the angle of attack where the flow around the airfoil is attached
to avoid complicating the problem by additional influences of sepa-
ration effects. The results obtained are exactly as expected and just
show that for the cases no more than 9 deg the flow over the airfoil
is attached. This circumstance was the basis for choosing the test
flow regime for subsequent experiments, which involved an angle
of attack of « = 7.5 deg. In the course of subsequentmeasurements,
the time-averaged parameters of the flow and turbulence charac-
teristics of an isolated wake and boundary layer on the airfoil at
angles o < 7.5 deg were analyzed in detail. Similar to Cousteix and
Pailhas® and Cousteix et al.* for the wake behind a swept wing,
a natural transition to turbulence at the leeward side of the model
takes place. Therefore, at « =7.5 deg the boundary layer is turbu-
lentbeginning from the leading edge. The level of turbulent velocity
fluctuations at the windward side of the model is a transitional flow,
at least, at « = 7.5 deg. This is also confirmed by analysis of other
characteristic quantities: mean velocity isolines and isolines of the
streamwisecomponentof velocity fluctuationsin the boundarylayer
and in the wake itself. Obviously, the ambiguous state of the flow
behind the windward and, hence, leeward sides of the wing can alter
significantly the pattern of the wake interaction with the boundary
layer of a downstream wing. Therefore, all subsequentexperiments
were carried out using artificial tripping of the boundary layer on
the both sides of the wing.

A. Characteristics of the Isolated Wake

Figure 2 is a plot of the mean velocity profiles i /i, = f(y) at 14
stations along the wake produced by an airfoil installed at an angle
o = 7.5 deg. In the following y = 0 coincides with the plane passing

throughthe trailing edge of the wing parallel to the longitudinalaxis
of the wind tunnel. The upper and lower boundaries of the wake
shown by horizontallines are defined as distances toward the y axis
where the linear character of the mean velocity distribution across
the wake begins. (The linearity of # /u, is caused by a changeability
of velocity of potential flow in this region and has the same sense
as for a flow past a curved wall.)

There is an explicit asymmetry in the mean velocity distribution
with respectto y = 0 in the near wake for the results plottedin Fig. 2
(stations 1-3). That asymmetry is caused by a significant difference
of the boundary-layer formation at the suction and pressure sides
of the wing. As the x/c coordinate increases, a tendency to sym-
metrization and flattening of the profile i /u, = f(y) is observed.
Typically, the deviation of the wake axis yo from the value y =0
determined by the position of the minimum velocity line in the pro-
file iu/u, = f(y) has a constant value roughly equal to 2.5 deg. An
exceptionis only the flow region 1.0 < x /c < 1.1 (near wake) whose
behavior is more complicated. Besides, this is fairly well validated
by the distribution of equal velocity lines u/it, = const (Fig. 3),
where the velocity minimum does not change within the mentioned
region.

Analysis of regularities of the mean velocity evolution across the
wake is of interest. For this purpose self-similarcoordinatesare used
to describe the normalized velocity defect (4, — ) /(it, — Upn) in
the wake produced by a transverse-positional cylinder. The results
of this approach are illustrated in Fig. 4. The y coordinate was
measured from the position of the wake axis, and yy s corresponds
to the value of y where the velocity defect is half of the maximum
value. In a wake two values of y, 5 can be determined. In this paper
Yo.s was defined as yos5 = (Yo.si+] + Yosi—1)/2. The change of ygs
along the wake correlates satisfactorily with the empirical formula
Yos = 0.693./x derived by Marumo et al.?* for an isolated circular
cylinder.
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20

Fig.3 Streamwise mean velocity contours #/ii, = const in the wing wake at o =7.5 deg.

-2 -1 0 1 2
Yos

Fig. 4 The shape of self-similar streamwise mean velocity profile
in the wing wake at a=7.5 deg. Values of chordwise location x/c:
A, 1.196; A, 1.391; O, 1.586; W, 1.780; V, 1.897; V, 2.014; O, 2.130;
X, 2.247; X, 2.364; *,2.480; and 4, 2.543; - - - -, exponential function of
Ref. 23: (1, — @)/(il, — fimin)=exp[— 0.637(y/yo.5)? — 0.056(yly¢.5)*].

The profiles measured in a clearly asymmetric wake have a self-
similar character (except for the near wake region mentioned early)
and are readily approximated by the exponential function

_ _ 2 4
i, — it

=2 —exp —0.637<i> - 0.056<i>

Uy — Unin Yos Yo.s

suggested by Wygnanski et al.?® (dashed line) for the wake flow
behind a circular cylinder.

Now consider some flow features in an isolated wake behind
the wing. Wygnanski et al.* found that in the far wake formed
by symmetric generators of different shapes the dimensionlesshalf-
width of the wake is a functionof velocity defectand has an universal
form, as follows:

85 [vos = Fllie = ihin) /it ]

where 87" is the momentum thickness in the asymptotic wake re-
gion, which is usually taken in a far station of the wake.?* Using
such arepresentationin Fig. 5 yields a good correlation of all of the
data, including those of Ref. 23 (dashed band), as a simple linear

0.0 041 02 0.3 0.4
(e — umin)/ ue

Fig. 5 The dependence of 6 */yg.s as a function (&, — tyin)/ite:
e, present results; the shaded region shows the boundaries of exper-
imental values according to Ref. 23 for various wake generators.

1.7

! L I

10 12 14 16 18 20 22 24 26

x/c

Fig. 6 Variation of shape factor along the wing wake at o =7.5 deg.

expression. Moreover the results of the present work cover not only
the far wake flow, but also the flow region located closer to the trail-
ing edge of the wing. Thus, it seems probable that the dependence
suggested in Ref. 23 has a universal character.

The evolution of the integral characteristicsof the wake flow can
be presented by the change of the shape factor H = §* /§** along the
streamwise coordinate x /c plotted in Fig. 6. Here

e u © i u
8*=/ (1—_—>dy, 5**=/ _—(1—_—>dy
. i, o e i,
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Fig.8 The normalized streamwise turbulent normal stresses distribu-
tion across the wake at a=7.5 deg. Values of chordwise location x/c:
A, 1.391; O, 1.586; W, 1.780; V, 1.897; V, 2.014; O, 2.130; /X, 2.247;
X, 2.364; x,2.480; and ¢, 2.543.

are the displacementthicknessand momentumthicknessdetermined
from the streamwise component of the wake velocity vector. Near
the trailing edge of the wing (x/c = 1.004), the value of H is 1.68,
which is somewhat higher than its commonly observed value in
gradientfree turbulent boundary layers. Obviously, this behavior is
caused by the influence of the adverse pressure gradient on the
leeward side of the wing. As x/c increases, the shape factor H
rapidly decreases, but it is clear that the asymptotic character of
this dependence extends to considerably larger distances along the
wake.

Figure 7 shows the profiles of the streamwise rms component of
velocity fluctuations /u’2 /i, = f(y) along the wake. Considerable
flow asymmetry is evidentin the near wake, which vanishes gradu-
ally downstream. On the whole, the profiles possess the featuresof a
turbulent boundary layer formed under the conditions of a gradient
flow on the wing. Indeed, at negative values of y, the profile has a
maximum (peak) around y = 0, and this resembles a corresponding
profile on a flat plate; at positive values of y, the maximum in the
distribution /u'? /i, = f (y) is shifted upward, which reflects the
existence of an adverse-pressure gradient on the leeward side of
the wing. The lines of equal values +/u’2/ii, = constin the wake es-
peciallyin the flow region 1.0 < x /c < 1.1 are an additional support
to this statement.

The data on distribution of turbulent velocity fluctuations in the
wake behind a symmetric generator indicate that each wake is
approximately self-similar?®> However, this process depends on ge-

0.2 0.4

W/t

000 0O OO

Fig.9 Boundary-layerstreamwise mean velocity profiles at x/c = 0.962
on the windward side (open symbols) and leeward side (closed symbols)
of anisolated wing. Values of angle of attack: ©, 0 deg; O and ¢, 2.5 deg;
V, ¥,and W, 5 deg; and A, A, 7.5 deg.

ometry of the wake generator. In this connection it is of inter-
est to consider analogous distributions in self-similar coordinates
for a considerably asymmetric wake behind an airfoil (Fig. 8).
Here, /u’2, is the maximum value of the streamwise component
of velocity fluctuations in the profile /u'?/ii, = f (y). Although
the scatter of the values of /u?/\/u/2, is large (see the region
—0.8<y/y05 <0.1) and it has a systematic rather than random
character, the profiles presented appear to have a form close to a
self-similar behavior. Thus, apart from some specific features, an
asymmetric turbulent wake behind an airfoil has a certain similarity
with known types of flow.

B. Characteristics of the Isolated Boundary Layer

Figure 9 shows the mean velocity profiles on the windward and
leeward sides of the wing (x /¢ =0.962) for various values of the
angle o as a function i /i, = f(y). Here, u,,, is the potential flow
velocity on the wall (Refs. 25, 26) whose essence can be understood
from the inset figure. On the whole the data presented have noth-
ing unexpected and correlate with the known concepts of the flow
around a wing at incidence (see, for example, Refs. 27-29, and oth-
ers). In particular, the just-mentionedgrowth of the adverse-pressure
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Fig. 10 Boundary-layer rms streamwise velocity fluctuation profiles
at x/c = 0.962 on the windward side (closed symbols) and leeward side
(open symbols) of an isolated wing. Values of angle of attack: ¢, 0 deg;
O and W, 2.5 deg; V, 0,and ¥, 5 deg; and A and A, 7.5 deg.
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Fig. 11 Variation of boundary-layer integral parameters on the
leeward side with angle of attack (x/c =0.962).

gradient on the leeward side of the wing with increasing o favors a
reduction of profile fullness (closed symbols). Naturally, a reverse
tendency is observed on the windward side of the wing (open sym-
bols).

The profiles of turbulent velocity fluctuations (Fig. 10) on the
windward side (closed symbols) are characterizedby the maximum
/u? /it near the wall resembling a corresponding profile on a
flat plate. On the leeward side (open symbols), on the contrary, the
growthof the angle « rapidly shifts the characteristicmaximum from
the wall and increases simultaneously the amplitude of fluctuations,
which is also typical for this type of the flow.

Some idea aboutthe integral characteristicsof the boundary layer
&%, 8*, and H on the leeward side of the model with varied « is
presented in Fig. 11, which illustrates the results of measurements
in the cross section x/c =0.962. Here, the integral thicknesses §*
and §** have the form that is generally applied for the flow past a
curved wall® where as a reference velocity is used the potential
flow velocity i1, (see the inset to Fig. 12). As expected, the value of
H ata =7.5 deg s close to the corresponding value obtained in the
wake near the trailing edge of the wing (x /c = 1.004).

Now considerin more detail the boundary-layercharacteristicsat
o = 0 deg because the study of the interacting flow was carried out
for the downstream wing at zero incidence. The mean velocity pro-
files it/u,, = f(y) measured at different dimensionless distances
x /c from the leading edge of the wing contain nothing unexpected.
It is more important that the distribution of mean velocities in the
boundarylayerplottedin the terms of the variablesi /u, = f(y/5*)
has a self-similar character (Fig. 12). An exceptionis only the first
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Fig. 12 Nondimensional boundary-layer streamwise mean velocity
profiles at zero angle of attack. Values of chordwise location x/c:
X, 0.195; 00, 0.311; *, 0.428; e, 0.545; V, 0.661; +, 0.778; A, 0.895;
and ©, 0.962.
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Fig.13 Boundary-layerstreamwise rms velocity fluctuation profiles at
zero angle of attack of the wing. Designations are the same as in Fig. 12.

cross section (x /¢ =0.195), which is caused by the formation of a
nonequilibriumflow region behind the boundary-layertrip. Similar
behavioris also noticeablein plots of turbulent velocity fluctuations
Juw? /it (Fig. 13) as reduced fluctuations in the near-wall flow
region at the first measurement cross section.

The chordwise distribution of integral characteristics of the
boundary layer §*, ™, H, and C for the same experimental con-
ditions are presented in Fig. 14. The local skin-friction coefficient
C; was determined from the well-known empirical correlation of
Ludwieg and Tillmann:

Cy =0.246-107"" 7 . Re 0%

based on the use of experimental values of H and §**. Interestingly,
the shape factor H remains nearly constant along the model. This
behavior can be explained as follows. A decrease of H along the
model is observed in a gradient-less turbulent boundary layer. On
the other hand, the presence of an adverse pressure gradient favors
the growth of H. Obviously, the present pressure gradient is such
that the shape factor is kept nearly constant as x varies.

C. Characteristics of the Interacting Flow
The flow characteristics for conditions when a turbulent wake
interacts with a boundary layer were measured at the same cross



1556 KORNILOV, PAILHAS, AND AUPOIX

01 02 03 04 05 06 07 08 09 1.0
x/c

Fig. 14 Chordwise variation of boundary-layer integral parameters
and local skin-friction coefficient at zero angle of attack of the wing.

40

30

» (mm)
7

10+

SoL—1 - I I -
03 04 05 06 07 08 03 1.0

ul upy

Fig. 15 Streamwise mean velocity profiles at x/c =0.962 and various
position of the wing across the wake (symbols) as compared with cor-
responding boundary-layer profiles for isolated wing (- - - -) and wake
(——); - - -, wing trailing-edge position.

sections as for isolated flow around the wing. Most of the exper-
iments considered conditions when the downstream wing was lo-
cated in the wake flow region with coordinates 1.58 <x/c <2.58.
The following measurement procedure was used. The downstream
wing was mounted at a given distance y, across the wake, and mea-
surements were performed in eight cross sections along the wing.
(Here y, is the distance from the wake axis to the wing chord at
an examined cross section x /c). Naturally, depending on the y,
coordinate, the wing was in different flow regions with mean and
fluctuating charateristics either weakly or strongly changing in the
streamwise direction.

As anexample, Figs. 15 and 16 show the distributionsof the mean
velocity u /iy, and the streamwise component of velocity fluctua-
tions \/u' /i, at the cross section x /c =0.962 for various y,. For
simplicity the mean and fluctuating velocity profiles for isolated
wakes and boundary layers are shown by solid and dashed lines,
respectively. The data presented here refer to the last measurement
cross section where the wing thickness is small. In this connection
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Fig.16 Streamwise rms velocity fluctuation profiles at x/c =0.962 and
various position of the wing across the wake (symbols) as compared with
corresponding boundary-layerprofiles for isolated wing (- - - -) and wake
(——). Other designations are the same as in Fig. 15.
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Fig. 17 Histogram showing the flow regions with favorable and unfa-
vorable interference on the wake width. (x/c =0.962.)

the line coinciding with the wing chord (dash-dotted line) is located
near the point (conventionally shown by a line) that characterizes
the profile coordinate in a given cross section.

The following typical features of the flow under study should be
noted:

1) If the wing is located at the wake periphery (y =26.2, 6.2, and
—43.8 mm), a certain increase in mean velocity is observed simul-
taneously with a decrease in the level of turbulent fluctuations, as
compared with the case of an isolated flow. The latter can be proved
by considering a conventional histogram (Fig. 17) that shows the
presence of flow regions with favorable and adverse interference at
various relative position of the wing 2y, /b. The vertical sections
indicate the difference between the turbulent velocity fluctuations
of the interacting flow and the corresponding values for the flow
around an isolated wing. Data on the boundary layer height are
presented up to an external flow region where a so-called generic
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profile is observed (see the following). When the wing is located
near the upper (2y,/b=~1) or lower (2y,/b~ —1) wake bound-
ary, flow regions with favorable interference prevail {the difference
[(Vuw'? /it ) — (Ju'? /i1y, )is] is negative}. This behavior can be ex-
plained as follows. First, with the flow around the wing under study
being assumed similar to the flow around some body under the
influence of an increased freestream turbulence, some useful con-
siderationscan be noted. In particular,increasingthe velocity profile
fullness on a flat surface with increasing the freestream turbulence
is well known.?® Concerning the streamwise component of veloc-
ity fluctuations, these authors emphasize a conservative character
of distribution of this quantity near the wall. In principle, such a
tendency is also observed in the present tests (Fig. 16). At the same
time, inside the boundary layer Dyban and Epik*® noticed only an
increase of \/u’?/ii, toward the wall; the lower the freestream tur-
bulence, the higher this increase. (Unlike /u’2/ii,, the component
/v'? /i, can decrease as the freestream turbulence increases.) Sec-
ond, the downstream airfoil is in a downwash field. Clearly the
downwash changes one surface into a suction surface and the other
into a pressure surface. Therefore one would expect the downwash
effect to decrease the longitudinal pressure gradient and as a con-
sequence to attenuate the turbulent fluctuations on the examined
surface of the downstream airfoil.

2) For any value of y,, the profile of the mean velocity and,
hence, the streamwise component of velocity fluctuations in the
outerregion of the interacting flow follows the isolated wake profile.
Within a certain uncertainty band (dashed band), it is possible to
identify in this region a typical profile that unifying for all values
of y,, called a generic profile. This generic profile is shifted with
respectto the isolated wake profile toward the positive valuesof y at
a distance Ay. Analysis shows that the value of the dimensionless
ratio Ay/c for identical x /c smoothly decreases with increasing
distance Ax between the upstreamand downstreamairfoils.Itcanbe
expected, however, that the asymptotic behavior of this dependence
can be traced downstream over a large distance.

3) The distribution of the analyzed quantities in the intermediate
flow region has a more complicated character. When approaching
the wake axis, the profiles of both the mean velocity and turbulent
fluctuations deviate from the correspondingdistributions typical of
an isolated boundary layer and acquire gradually the features of
an isolated wake profile. It is worth noting that the level of turbu-
lent fluctuations in the generic profile decreases compared to cor-
responding values in an isolated wake. These features are observed
for all values of the x /c coordinate. When approaching the leading
edge of the wing, the difference in the level of turbulent fluctua-
tions of 4/u'?/ii,, in the generic profile and isolated wake increases
noticeably. Similar measurements performed when the position of
downstream airfoil was changed along the wake (though within
narrow limits) showed that this effect is conserved. The mentioned

0.2
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Fig. 18 Shape of self-similar mean velocity profile in the exter-
nal part of interacting shear flow. Values of chordwise location x/c:
0, 0.311; x, 0.428; e, 0.545; V, 0.661; +, 0.778; A, 0.895; and ©, 0.962.
Other designations are the same as in Fig. 4.

early complex character of distributions of the time-averaged and
fluctuating flow quantities inside the interactionregion does not yet
provide simple correlation functions for their generalization.

As far as the outer flow region is concerned, the previous features
laid the basis for generalizing the data on the mean velocity distri-
bution in self-similar coordinates. Data obtained are presented in
Fig. 18. The results of measurements at eight cross sections along
the wing for its seven positions y, across the wake are shown. (For
simplicity, the normalized velocities for a particular value of x /c are
designated by one symbol irrespective of the value of y,.) Although
the scatter of experimental data is large, all of the data correlate as
a single curve (dashed line) used to describe the normalized pro-
file of velocity defect in the wake behind a transverse-positioned
cylinder. This means that the outer region of the interacting flow
under study can be approximately described in the framework of
the known model.

IV. Conclusions

An experimental study of the interaction of an asymmetric two-
dimensional wake producedby a symmetric airfoil at incidence with
a boundary layer formed on a similar airfoil immediately down-
stream was carried out for incompressible flow. On the basis of this
work, several conclusions may be drawn:

1) The normalized profile of velocity defect in an asymmetric
isolated wake can be easily described in the framework of the
well-known correlations valid for a wake flow behind a transverse-
positioned cylinder. One can also argue that the profile of rms fluc-
tuations of the streamwise velocity component on a significant dis-
tance along the wake can be roughly described using self-similar
coordinates.

2) A self-similar character of the mean velocity profiles in the
boundary layer on an isolated wing, except for the first measure-
ment cross section, gives grounds to believe that the shear flow is in
an equilibriumstate on the larger part of the model. This fact seems
importantbecausethe additionalflow featurescaused by nonequilib-
rium, separation,etc.,could only complicate the interactionprocess.

3) Some increase in the mean velocity was observed simulta-
neously with suppression of turbulent velocity fluctuations in the
interacting flow, as compared with an isolated flow, when the airfoil
is located in the peripheral part of the wake. A similar effect was
also observed in the outer region of the interacting flow when the
airfoil is located in the central part of the wake.

4) Normalized profiles of velocity defect in the outer region of
the interacting flow can be roughly described by simple correlations
traditionally used for a wake flow behind a transverse-positioned
circular cylinder.
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