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An experimental investigation of the near wake of a thin airfoil at various incidence
angles is reported in this paper. The airfoil (NACA 0012 basic thickness form) was
located in a wind tunnel, and the wake structure was measured using hot-wire sensors.
The measurements of mean-veloeity, turbulence intensity and Reynolds-stress com-
ponents across the wake at several distances downstream show the complex nature
of the near wake and its asymmetrical behaviour. The asymmetry in the wake pro-
perty, which is maintained up to a length of 1-5 chords downstream of the trailing
edge of the blade, is dependent on the incidence angle of the inlet flow. The streamwise
velocity defect in an asymmetric wake decays more slowly compared to that of a
symmetric wake. The streamline curvature due to the blade loading has a substantial
effect on the mean velocity profile as well as the turbulence structure. The numerical
study of the same wake indicates that the existing turbulence closure models need
some modification to account for the asymmetric characteristics of the wake.

1. Introduction

The study of the characteristics of the asymmetric near wake of an isolated airfoil
has significant scientific and engineering applications. Most of the previous study in
this area has been concerned with the far wake (e.g. cylinder) or the symmetric wake
(as in the case of zero loading). The turbulence structure and mean velocity profiles of
the asymmetric wake of streamlined bodies, such as airfoils, have been known to be
different from that of the symmetric wake.

The objective of the present study is to measure and to predict the mean velocity
and turbulence structure in the near wake of an isolated airfoil. Operation of the
airfoil at different incidences provides the asymmetry in the wake, a cage which is of
extreme practical and scientific interest. The present experiment also provides
scientific data for validating various turbulence models and numerical techniques,
since this data includes the effect of simple streamline curvature, flow in the trailing-
edge region, as well as the asymmetric nature of the wake.

Silverstein, Katzoff & Bullivant (1939) studied the turbulent wake of an airfoil
experimentally. They measured the mean velocity profile at near and far wake, and
provided empirical relationships for the wake decay. More systematic investigations
of the mean velocity characteristics of the wake behind an isolated airfoil were carried
out by Preston & Sweeting (1943) and Preston, Sweeting & Cox (1945). They observed
similarity in velocity profiles and provided a general expression of the decay of velocity
defect which is independent of the shape of the body or the loading on the body. This
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expression is believed to be valid only in the far-wake region where the effect of
physical characteristics of an airfoil and its loading are not important, and hence is
devoid of all the flow history effects. None of the above investigators provided a
detailed structure of mean velocity or turbulence characteristics. The only available
data on the turbulence quantities in near and far wakes are those provided by Chevray
& Kovasznay (1969). Unfortunately, they measured only three non-zero Reynolds
stress components in the symmetric wake of a flat plate, and the data are inadequate
in providing a valid test for various turbulence models and numerical flow prediction
schemes.

No systematic measurement of mean velocity or turbulence quantities in the
asymmetric wake hag yet been reported. The effect of airfoil loading on the turbulence
structure and the mean velocity characteristics has not yet been explored.

An experimental and numerical investigation of the asymmetric wake of an isolated
airfoil with three different incidence angles (3°, 6°, 9°) at high Reynolds number
(3 x 10% based on the chord length) is reported in this paper. In § 2, the physical nature
of the airfoil wake is discussed. Detailed description of the governing equations,
turbulence models employed and the numerical analysis are given in §3. In §4, the
experimental set-up and measuring technique are discussed. The experimental
results, interpretation and comparison with previous study are given in § 5. The experi-
mentally measured quantities include mean velocity profiles and all the non-zero
Reynolds stress components at various distances downstream of the airfoil trailing
edge. In §6, the numerical predictions with various turbulence models are presented,
and the effect of the streamline curvature is also analysed.

2. Physical nature of the asymmetric wake of an airfoil

The wake of an isolated airfoil at non-zero incidence is asymmetric. The asymmetric
nature in the wake is due to loading on the airfoil and the differing nature of boundary
layers on the ‘pressure and suction sides of the airfoil. The asymmetric nature of the
wake disappears after about 1-5 chord downstream from the trailing edge of the
airfoil. The asymmetric wake of an isolated airfoil has a different decay rate of mean
velocity defect and turbulence quantities from those of a symmetric wake. This
subject will be discussed further later.

The characteristics of an asymmetric wake can be classified and discussed in three
categories, depending upon the flow evolution.

(@) Very near wake: In this region, the viscous sublayer on the airfoil is not com-
pletely mixed with the surrounding inertial sublayer. The molecular viscosity has a
substantial effect on the flow evolution in the wake centre region. This region is
confined to the trailing edge of the airfoil and the velocity defect is large.

(b) Near wake: In this region, the physical characteristics of the airfoil and aero-
dynamic loading on the airfoil have substantial effects on the evolution of the wake.
For turbulent wake, the effect of molecular viscosity is negligible. The wake defect is
of the same order as the mean velocity in this region.

(¢) Farwake: In thisregion the wake structure is almost symmetric and the physical
characteristics and aerodynamic loading have almost negligible effects on the develop-
ment of the wake. The velocity defect is small and ‘history effects’ (such as airfoil
shape or loading) have vanished.
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Figure 1. Co-ordinate system for the isolated airfoil wake.

3. Theoretical and numerical analysis of the airfoil wake
3.1. Co-ordinate system and governing equations

The curvilinear co-ordinates shown in figure 1 were chosen for the analysis of the
curved turbulent wakes of an isolated airfoil. In this figure, r is the distance from the
origin of the curvature, s is the streamwise distance from the trailing edge on the
specified path and b is normal to s and r.

With this co-ordinate system, the actual streamline of the wake follows closely the
s direction at the very-near- and the near-wake regions. Details of this co-ordinate
system, matrix tensor, and Christoffel symbols are given by Hah (1980) and Hah &
Lakshminarayana (198054). The derived fundamental metric tensor and non-zero
second kind of Christoffel symbols of this co-ordinate system are as follows:

2
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The equations governing the steady incompressible flow for the chosen co-ordinate
system are as presented below.
Continuity :
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where U, V are mean contravariant velocity components in the streamwise (s) and
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normal (r) directions, respectively (figure 1), and u, v are the corresponding fluctuating
velocity components.

Momentum equations :

UQ— Va—U—+ U, + VT + 2U VT,

0 2\ pP) ouv 0 — —_
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in which v is kinematic viscosity;
U?iK V%Z—+U2F + V3 +2U VI,
=—%(g+;?§)~a—gg—%¢—uzf‘z ~ 2%, —uvly,
+v[(1+82)f85+f5+2f22m (4)

8.2. Theoretical considerations
Mean velocity

The entire wake region of the flow field can be approximately divided into three
regions, as explained earlier. Approximate analysis of the mean velocity defect, with
its decay rate, based on the governing equations and suitable assumptions, is given
below.

(@) Very near wake: The molecular viscosity is larger than the eddy viscosity in the
wake centre region in this flow. Although this region is small (su*/v < 100, u* is
frictional velocity at the wake centre and v is molecular v1s0051ty) the wake centre-
line mean velocity recovers to about 6070 per cent of the free-stream velocity in this
region.

The U-momentum (3) on the wake centre line at the very near wake can be written
as follows:
3U + UMY, = vaag+Dp, (8)
where D, = —p~1(1+2/r%) aP/as and is assumed to be constant at the very near
wake. The turbulence terms are neglected because the molecular viscosity governs
the fluid motion in this flow region.

From the linear velocity distribution in the viscous sublayer,

U
=T (6)
The thickness of the viscous sublayer is
Y, ~5. (7)
Then - .
7 1uy
Y Ty (8)

From (5) and (8), p
hally g6 2 _ 20
7 U 2 5 U 55 + 2D, (9)
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where 7, and U, are the radius of the streamline curvature and velocity at the wake
centre line, respectively. This equation represents the variation of the wake centre-
line velocity at the very near wake and will be compared with the experimental data
later.

(b) Near wake: The near wake is still transitional flow whose evolution is not slow.
After the very near wake, the viscous sublayer is mostly mixed in with the neigh-
bouring inertial sublayer. Therefore, the molecular diffusion is much less than the
turbulent diffusion. For this region, Alber (1979) derived a similarity solution for the
symmetric wake of a flat plate. His expression for the wake centre-line velocity is
given by

and

U 1
u—*_z(lng—7)+B, (11)

where g(Ing — 1) = «*(su*/v) and «, y, B are constants.
The actual curve for this wake region is very similar to

%_1lp. p, (12)
where «’ and B’ are constants. This expression is the law of the wall and wake derived
by Coles (1956) for a boundary layer.

for the asymmetric wake with streamline curvature, various assumptions used in
the derivation of (11) are not valid. However, equation (11) is considered to be valid
when the curvature effect is mild. The experimental data will be compared with (12)
in §5.

(¢) Far wake: Schlichting (1968) obtained the following analytical solution for the
turbulent wake of a body at far-downstream locations using the mixing-length

concept: J10/ s 4 fe
- fee) -

where U, = U, — U, fis a constant, C;is the section drag coefficient, d is the maximum
thickness of the body and b is the local wake width. The above analytical solution is
valid when U; <€ U,,. Since the asymmetric wake becomes symmetric far downstream,
the above solution is also valid for a wake which is asymmetric initially.

Turbulence quantities
The transport equation of turbulent kinetic energy can be derived from the
momentum equation of fluctuating velocity components, as follows:

Uk; =~ (W),j —2u'P;/p—uwwl, ;— WUL i+ vgigt(a, ; + ), (14)
where k is turbulence kinetic energy. In the present co-ordinate system, the produc-
tion term can be written as

—wwl ;— iU, ; = —u2(%—+ U2 VS—)—vz(—V+U V:—a)

(OU ov U
—up

83
+5;——+U +V Vr4)' (15)
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The following eddy viscosity is introduced for the simplification of (15):

where vey; is effective eddy viscosity and g% is the fundamental metric tensor. Neg-
lecting higher-order curvature terms, the production term can be written as follows:

— — oU\? ov\2 (oU\%* [(oV\2
o5t (2 2

26U3V vov Ua_({]

or s ros r or (17)

This expression can be further simplified for the thin wake of an airfoil at near and
far wake,
—_— 2

The second term represents the extra production of turbulent kinetic energy due
to the streamline curvature. This extra production term increases the production of
the turbulence kinetic energy when the angular momentum decreases in the direction
of the curvature radius, and, conversely, the production of turbulence kinetic energy
is decreased when the angular momentum increases in the direction of the curvature
radius. The above effects of streamline curvature in the transport equation are con-
sistent with the comprehensive analysis of the curvature effects presented by Brad-
shaw (1973).

3.3. The numerical prediction of the airfoil wake

The wake of an isolated airfoil is predicted by the numerical analysis of the exact
equations, including several turbulence models. A description of this analysis follows.
Turbulence closure model : Various turbulence closure models were compared for
the performance of the streamline curvature effect by Hah & Lakshminarayana
(1980a). The k-¢ equation model and Reynolds-stress model employ the following
modelled transport equation for the rate of turbulence kinetic energy dissipation:

€2

2~70_ s

. 0¢ 0 Vett oe
3 —_—
oxt  oxt ( (19)

——=]+8-C
o, 69:1) + ¢
where ver = C,k/e, 8 is the source term, ¢ is the rate of energy dissipation and
C.,, 0, are constants.

Most turbulent-flow calculations have been done with the following expression for
the source term:
€

S = 051];

P, (20)
where P;; = —u;u;U; ; is a Cartesian tensor. As discussed in §3.2, the production P
increases as the flow field is destabilized due to the streamline curvature and, conse-
quently, the level of € also increases. The effective eddy viscosity is proportional to
k?/e for the models. Therefore, the resulting turbulence transport is not well repre-
sented for the effect of streamline curvature (both the & and ¢ increase when the flow
field is destabilized and, consequently, the quantity k£?/¢ does not change much). To
represent the curvature effect accurately, various forms of the source term in the
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dissipation equation were suggested by Hah & Lakshminarayana (1980a). The follow
ing form of the source term is used for the present calculation:

8y = Cre¥l~3(uind — 3kdy,) (win' — §k6;;). (21)
A modelled form of the transport equation of the turbulence kinetic energy was also
employed, as follows:

. 8k 8 Vett 8k
i
u oxt é)xi(

Vett 0K _ 2
o )+ P (22)
where k is the turbulence kinetic energy and o, is a constant.

The Reynolds stress components were calculated with the following transport
equation of Reynolds stress:

0= (1+0y) (~ 2wVl ~uuill) (1 y) = §g¥ie(1 ~y)  Cpu 7 (T — 3g¥h).  (23)

This equation is a simplified form of the exact Reynolds stress equation. The combined
effect of the diffusion and the convective terms are related to the production term
through the variable C;. y and Cy, are constants.

With the known values of U, W, L, € at each point in the flow field, the four non-zero
Reynolds stress components can be estimated from (23). Therefore, equations (19),
(22) and (23) form an algebraic Reynolds stress closure model.

Numerical scheme: The governing equations (2), (3) and (4), together with the
turbulence closure equations (19), (22) and (23), were solved in elliptic form. The
calculation domain extended from the trailing edge to 1-5 chords downstream and
one chord length on either side of the airfoil in the transverse direction. The experi-
mental data was used as the initial condition at the trailing edge. In the free stream,
the turbulence level was specified as the free-stream turbulence value at the trailing
edge. The outlet flow boundary conditions were based on the correlation given by (13)
and the correlations for the turbulence quantities derived in §5 (equations (27) and
(28)). The governing equations were approximated with the finite-difference equa-
tions, with central differences for spacial derivatives. The resulting finite-difference
equations were solved iteratively using a line S.0.R. For the universal constants in
(19) and (22), the values used by Pope & Whitelaw (1976) were employed. The ex-
pression given in (21) was used for the source term of the energy dissipation equation
and the value of C, was 1-8. The detailed descriptions of the finite-difference equation,
boundary conditions and numerical procedure are given by Hah (1980). The result of
numerical calculations will be presented in §5.

4, Experimental method and instrumentation

The hot-wire anemometry technique was used for the, measurement of mean velocity
and turbulence quantities. A two-sensor cross-wire probe with nearly equal resistance
(5-64 and 5-70 Q) and length-to-diameter ratio (I/D = 350) was used in these measure-
ments. To measure all three turbulence intensity components and the resultant shear
stress, the cross wire was first placed in the plane containing the streamwise direction
and perpendicular to the spanwise directions. The cross wire was then rotated so as to
make one wire parallel to the spanwise direction during these measurements (b direc-
tion in figure 1).



258 C. Hah and B. Lakshminarayana

Al
|

0, 0-16, 0-94 5/C=1-5
0032 028

F1cURE 2. Measuring stations (airfoil is drawn to scale).

The output voltages from DISA 55M10 constant-temperature anemometers were
digitized and statistically processed usging the H.P. 2100-S computer system at the
Department of Aerospace Engineering, The Pennsylvania State University. All the
mean velocity and turbulence quantities were obtained through proper statistical
averaging at the instantaneous velocity components. The hot-wire results were
corrected for deviation from the cosine law. The details of the instrument set-up, the
system of hot-wire equations, the error analysis and the statistical procedure are
given by Hah (1980).

The measurements were performed in the subsonic wind tunnel. The wind tunnel
has a test section of 1:5 x 1-5 x 2 m, and the free-stream velocity in this section can be
continuously raised up to 60 m s~1. All the experiments were done at a free-stream
velocity of 30 m s~ and a turbulence level of free-stream of 0-2 9%,. The profile of the
blade used in the experiment is the NACA-0012 basic thickness form with chord
length of 0-2 m, spanwise length of 1-1 m. Details of this profile are given by Abbott &
Doenhoff (1958), and the profile is shown plotted to scale in figure 2. The wake measure-
ments were done at the centre of the span and the mean flow field was two-dimensional
at the measuring stations. The incidence angle of the inlet flow varied systematically
by 3° 6° and 9°. The Reynolds number based on the chord length was 3-8 x 10°
throughout the experiment. The wake profile was measured at s/C = 0, 0-032, 0-16,
0-28, 0-94 and 1-5, as shown in figure 2. The traverse survey included about 25 stations
across each wake.

5. Experimental results and comparison with predictions

Results of the comprehensive set of data acquired during this program is presented
below. As mentioned earlier, such data is not available in the literature, and hence
should serve as a useful set for validation of future analysis and numerical schemes.

5.1. Mean velocity and related wake parameters

As already mentioned, the mean velocity profiles and turbulence quantities were
measured across the wake at several streamwise distances for three incidence angles.
Plots of the mean velocity profiles are shown in figures 3 (a, b, ¢), where n = r —r, and
7, is the radius of curvature at the wake centre and negative values of n indicate the



Turbulence in the near wake of an airfoil 259

U/U.

Pressure side Suction side

(a)

0-10 0-05 0 —0-05 -0-1v

U/U

U/U.,

(c)

i A
. g

0-10 0-05 0 -0-05 -0-10

n/C
FI1GuRrE 3. Streamwise velocity profile at (a) 3°,.(b) 6° and (c) 9°. @, 8/C = 0; O, §/C = 0-032;
A,8/C = 016; V,s/C = 0:28; A,s8/C = 0:94; ¥,5/C = 1-5. (See figures 1 and 2 for notation.)
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FiqURE 4. Streamwise mean velocity profile on semi-logarithmic scale at
S/G: 0. O, .9i= 30; A, A’i= GO;V’ ';i‘_—“ 9.

suction side of the airfoil. At the region very close to the trailing edge of the airfoil,
the mean velocity profiles show the characteristics of a boundary layer, with sub-
stantial asymmetry for all three incidence angles. Due to the unfavourable pressure
gradient, the boundary layer is thicker in the suction side than that in the pressure
side near the trailing edge of the airfoil. For all three incidence angles, the velocity
profiles show that the boundary layer is not separated and no recirculating zone is
involved for the present experiment. The mean velocity profiles become almost
symmetric after one chord downstream. It is also evident that the decay rate slows
down with an increase in the incidence.

In figure 4, the mean-velocity profiles at the trailing edge are plotted in ‘law of the
wall’ co-ordinates. The friction velocity (uy) in this figure was estimated from the
velocity profile in the wake. The solid line shows velocity defect laws in the inertial
sublayer. The experimental data are in good agreement with these velocity defect
laws in the inertial sublayer and the outer region, although some scattering is observed
towards the wake centre region. The data illustrated in this figure demonstrate that
the flow structure at the very near wake is similar to that of a typical boundary layer.
Also, the existence of a flow region, where the logarithmic velocity profile prevails, is
clearly shown.

As presented in figure 5, an attempt is made to check the similarity in velocity
profiles by reducing the mean-velocity profile to a single curve through the use of
suitable velocity and length scales. The difference between the maximum and mini-
mum streamwise velocities across the wake was used as the velocity scale (U, —U,).
U, is the streamwise velocity at the wake centre. Two length scales, which are distances
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(U — AU~ - U)

exp (06993 (n/I9)?

nfl, n/l;

F16URE 5. Similarity for mean velocity profile. O, s/C = 0; A, 8/C = 0-032;
V,s/C = 0'16; @,3/C = 0-28; A, s/C = 0-94; ¥, 3/C = 1'5.

from the wake centre to the points where the streamwise velocity defect is half of the
maximum velocity defect on the pressure and suction sides, respectively, were used.
These are denoted as I, and [, respectively, in figure 5. The figure shows that the
similarity in velocity profile with the proposed velocity and length scales exist except
in the very-near-wake region (s/C < 0-032). In the very near wake, the characteristic
length and velocity scales are inner scales, and a similarity rule based on outer scales
cannot be used. All the similarity profiles in figure 5 seem to follow the Gauss function
exp [ —0-6993(n/1,)%], except the very near wake.

The decay of the wake centre-line velocity defect (U, — U,) is presented for three
incidence angles and compared with numerical prediction in figure 6. This showsthat
the wake decay rate is directly correlated to the incidence angles. At the very-near-
wake region, the defect is almost the same for all three incidence angles. However, the
decay rate is faster at lower incidence angles in the near-wake region. Beyond s/C = 1-0,
the decay rate slows down for lower incidence angles compared to that of higher inci-
dence angles. Consequently, almost the same wake defect is observed at the far wake
region, and the history effect becomes smaller in that region. The experimental data
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Ficurk 6. Decay of wake centre-line velocity defeet. O, 7 = 3% A, 7 = 6°; V,¢ = 9%
@, flat plate wake by Chevray & Kovasznay (1969); —, predictions for asymmetric wakes.
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Fiaure 7. Correlation of the centre-line velocity defect in the far wake.
A, 1=3:@,7=6°0,7= 9°;— -—, equation (13) with § = 0-18.

provided by Chevray & Kovasznay (1969) are also compared in figure 6. The velocity
recovery at the wake centre occurs much earlier for lower incidence angles (50 %, of
free-stream velocity is recorded for ¢ = 3°, while only 209, is recorded for 7 = 9° at
8/C = 0-1).

Figure 7 shows an attempt to reduce various wake-decay plots to a single curve
using outer scales. The correlation curve for the far wake in this figure is from the
analytical solution by Schlichting (1968), given in (13). The values of C,; used in
figure 7 were evaluated from the momentum thicknesses in the wake and are con-
sistent with experimentally obtained values by Abbott & Doenhoff (1958). The values
of lift coefficient, C;, and drag coefficient, C,, are given in table 1. As expected, figure 7
demonstrates that the decay law of the wake defect based on the outer scale does not
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Incidence angle ()
A

r A
3° 6° 9°
o 0-338 0-621 0-901
Cy 0-011 0-014 0-019

TaBLE 1. Section lift coefficient (C}) and drag coefficient (Cz) for three
incidence angles for NASA 0012 airfoil use.

Uclu,

10 102 103 104 105

) su,fv
Ficure 8. Centre-line velocity in the near wake of a single airfoil. V, flat plate wake by Chevray
& Kovasznay (1969); —, equation (10) with D, = 0-0; ———, equation (12) with k" = 0-41 and
B’ = 5:0; —: —, Goldstein’s (1930) near-wake solution. Data: A,7 = 3°; @.¢ = 6°; O, % = 9°.

describe very near wake and near wake. At very near wake and near wake, the wake
centre region is dominated by the viscous sublayer and inertial sublayer. Therefore,
the inner scale should be used for any successful correlation at these regions. The
experimental data in the very near and near wakes, as presented in figure 8, are com-
pared with the correlation based on inner scale equations (10) and (12). Also, Gold-
stein’s (1930) solution for the fully laminar flow is compared with the experimental
data. The radius of curvature was estimated from the wake centre-line trajectory. The
reasonably good agreement between experimental data and correlation equations
(10) and (12) shows that the decay of the mean velocity defect at the very near and
near wakes can be properly correlated through the decay laws based on inner scales
of the wake. As was shown in figures 7 and 8, any decay law based on single length
scales cannot be used for the description of the entire wake region, and different decay
laws based on the locally prevailing length scales should be used for successful correla-
tion.

The variations of momentum thickness (6) for three incidence angles are shown
compared with numerical prediction in figure 9. Also shown are variations of the
shape factor (H), which is the ratio of displacement thickness (§%) to momentum
thickness. The displacement thickness and momentum thickness are defined as

follows:
© U » U\NU
¥ — — — e} —
5 _f_m(1 Uw)dn, 0 f_m(1 Uw) T dn. (24), (25)
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Figure 9. Variation of momentum thickness and shape factor. —, prediction for asymmetric

wake. O, 1 = 3°; A, = 6° V, ¢ = 9° @, flat plate wake by Chevray & Kovasznay (1969).
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F1GURe 10. Semi-wake width correlation. Q, 7 = 3°; A,% = 6° V,? = 9%
@, flat plate wake by Chevray & Kovasznay (1969); —, equation (26).

As expected, the momentum thickness in the wake increases with the blade loading.
Unlike the cascade wake (Raj & Lakshminarayana 1973) and the rotor blade wake
(Reynolds, Lakshminarayana & Ravindranath 1979), the momentum thickness is
almost constant downstream of the trailing edge of the airfoil. The shape factor con-
verges to the value 1 downstreamwise regardless of loading on the airfoil. The shape
factor value of 1-4 near the trailing edge indicates that the flow is not separated in this
region.
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Caption for figures 11 (a, b) on p. 266.

The variation of semi-wake width is shown in figure 10. Semi-wake width (L) is
defined as the width of the wake where the total mean velocity defect is one-half of the
velocity defect at the wake centre. The widths on the pressure side (/,) and suction
side (I,) are added to get the value of L. Experimental data show that the wake width
increases with the higher blade loading, which is consistent with the increase of the
boundary-layer thickness with higher loading. In figure 10, the variation of semi-wake
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Ficure 11. (a) Streamwise, (b) normal and (¢) spanwise turbulence intensity distributions for
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width is correlated using 03. It is interesting to note that most of the data points can
be approximately represented with the following single correlation:

L s s\t

ove - 2 (6-8) (26)
where D, is constant and s,/C represents virtual origin of the wake. The values of D,
and s,/C are 0-29 and 0-36, respectively. Figure 10 shows that the semi-wake width
correlates well in the far wake, although considerable scatters are observed in the very
near wake. The correlation in this figure confirms that the effect of loading can be
well represented with C; at far downstream, but C; cannot be used for the loading
effect at very near wake.

5.2, Turbulence properties

The relative turbulence intensity distributions across the wake at several streamwise
locations are shown in figures 11, 12 and 13 for 3°, 6° and 9° incidences, respectively.
The intensity values are non-dimensionalized with free-stream velocity. For all three
incidence angles, the turbulence intensity level is lower on the pressure side than on
the suction sidein the very-near-wake region. The fact that the mean velocity gradient
is steeper in the pressure side than in the suction side indicates that the turbulence
kinetic energy is not linearly related to the mean shear rate, and that the simple
mixing length or eddy viscosity cannot be used for the turbulence closure in this
region. The dip near the wake centre in the turbulence intensity is observed for all
three incidence angles in the near- and far-wake regions. The dip in the turbulence-
intensity profile disappears faster for the normal intensity component than for the
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Caption for figure 14 (a) on p. 272.

other two components, as usually observed in the far wake of a cylinder. In the very
near wake, the turbulence-intensity level is low on the pressure side and high on the
suction side across the wake centre-line, and the dip in the profile is hardly observed.
In the very near wake, the wake width is extremely thin and the measuring stations
across the wake were not close enough to detect the dip. The width of the dip is related
to the boundary-layer thickness, and is also different between intensity components.
The profile of turbulence intensity across the wake is highly asymmetric at the very
near wake and near wake, but becomes more symmetric downstream. The symmetric
profile is achieved more slowly for higher incidence angles. The intensity profile does
not have a dip at the wake centre in the very near wake ; however, in the near wake, the
turbulence-intensity level increases fast enough to form a dip. Then the profile changes
the same way that a symmetric wake decays.

The maximum turbulence intensity occurs very close to the wake centre-line at
near wake. However, far downstream of the airfoil, maximum turbulence intensity
occurs away from the centre-line due to the spread of the wake. The streamwise
turbulence-intensity component is much higher than the normal and spanwise inten-
sity components at very near wake, but the difference in magnitude disappears far
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downstream due to the more isotropic turbulence structure. The maximum values of
turbulence intensity at the very near wake are almost the same for all three incidence
angles. Throughout all of the wake regions, the relative magnitudes of the three
intensity components are (u2)}/U,, > (wht/U, > (v3)}/U,.

The similarity rule was examined for turbulence-intensity profiles, which are shown
plotted in figures 14(a, b, ¢) for the streamwise, normal and spanwise directions,
respectively. In these plots, the turbulence intensity was normalized with the maxi-
mum turbulence intensity. In situations where a dip was noticed at the wake centre,
an extrapolated peak intensity near the wake centre was chosen. Also, free-stream
turbulence intensity was subtracted from the local values. The distances from the
wake centre-line to the locations where the local turbulence intensity is half of the
maximum turbulence intensity were chosen as the characteristic length scales [,, and
I, for the pressure and suction sides, respectively. Similarity profiles seem to follow the
Gauss distribution (exp[— 0-6933(n/l)%] or exp[ —0-6933(n/l,)*]). However, a large
discrepancy is observed in the outer region of the wake as well as at very near wake.

The decay rate of the maximum turbulence intensity downstream of the trailing



272 C. Hah and B. Lakshminarayana

()

wHz/U
A,

—_1

30 20 1-0 0o -10 -20 -30

nflp n/flg
Fioure 14. Similarity in the (a) streamwise, (b) normal and (¢) spanwise turbulence intensity
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¥,s/C = 1:5; —, exp [—0-6993(n/1)2].

edge is shown in figure 15. The decay of the streamwise intensity component is faster
than the normal and the spanwise intensity components at the near wake, and the
three components decay at nearly the same rate far downstream and reach more
isotropic conditions. The variations of the three maximum intensity components can
be approximately represented by

(WD Us)maxs (0D Usmax, (W0 /Ug)max x 100 = ay(s/6y+5,/60)%, (27)

where 0, is the momentum thickness at the trailing edge of the airfoil and a,, b;, so/05
are 21-3, —0-33 and 0-04 for the streamwise component; 19-2, —0-23 and 0-03 for
the normal component; and 19-0, —0-22 and 0-03 for spanwise component. Equation
(27) is also plotted in figure 15 as solid lines, and represents the experimental data
quite well.

The streamwise shear stress distribution is shown in figures 16(a,b, ¢) for 7 = 3°,
6° and 9°, respectively. The shear stress is non-dimensionalized with free-stream
streamwise mean velocity in these figures. The shear stress profiles are asymmetric
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O,i=38% A, i=63V,i=9%

at the near wake and become symmetric beyond one chord downstream. At the very
near wake, the magnitude of the shear stress in the pressure side is smaller than that
in the suction side of the airfoil, and the difference in the magnitudes of shear stresses
becomes smaller downstream. As in the case of turbulence intensity, the maximum
value of shear stress in the suction side does not vary according to the incidence angle,
and is of the same order of magnitude as the wake of a flat plate (Chevray & Kovasznay
1969). The difference of magnitude of shear stresses between the suction side and pres-
sure side of the airfoil as well as their absolute magnitude depend on the blade loading
or incidence angle. This is because the streamline curvature in the wake is dependent
on the incidence angle, and the turbulence diffusion is very sensitive to the streamline
curvature. The shear stress changes its sign near the wake centre-line, but the zero
shear stress does not always occur at the point of minimum mean velocity. The lower
value of shear stress in the pressure side, where the mean-velocity gradient is much
larger than that in the suction side, indicates that any eddy-viscosity or mixing-length
model requires a proper modification for the asymmetric nature of the wake. The width
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between points where maximum shear stress occurs in the pressure and suction sides
of the airfoil isnarrower than that of turbulence intensity for all three incidence angles,
as shown in figures 16(a, b, ¢).

According to previous experimental studies of symmetric turbulent wakes of a
single airfoil or a flat plate (Klebanoff 1955; Chevray & Kovasznay 1969), the mag-
nitude of shear stress is nearly equal to 0-3k (k is turbulence kinetic energy). The
present experimental results indicate that this relation is not quite valid for asym-
metric turbulent wakes. Figure 17 shows the ratio of shear stress to turbulence
kinetic energy at half of the wake width. The magnitude of this ratio varies from 0-4
in the trailing-edge region to 0-3 far downstream. Also shown in figure 17 is the varia-
tion of (—%V)max/kmax for three incidence angles, whose value also varies slightly
from trailing region to far-wake region. The decay of maximum shear stress is shown
in figure 18. The maximum shear-stress decay can be approximately represented by
the following equation:

[(—uV)max/U%] x 10* = 121(s/6y+ 5,/6,)7"%, (28)

where s,/6, represents the virtual origin, and the value for this figure is 0-07.

The distribution of eddy viscosity (v, = —uv/(2U /éy)) in the wake is shown in
figure 19. The eddy viscosity was calculated using the experimental data. A fourth-
order polynomial function was used to represent mean velocity profile in estimating
eddy viscosity across the wake. Distribution is asymmetric in the near wake and
becomes symmetric in the far wake. The large variation of the eddy viscosity across
the wake as well as in the streamwise direction is clearly observable.

The turbulence data is examined for the property of self-preservation. The produc-
tion of turbulence kinetic energy, neglecting the curvature and smaller terms in (15),
is given by

— Uy — — (u?—v?) —. (29)
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The second term introduces non-self-preservation into the flow as it occurs in the
description of an isotropic far wake. The first term is negligibly small in homogeneous,
distorted turbulence. The production of turbulent energy depends on the shape of the
body and the incidence angle in the present case. Reynolds (1962) deduced the follow-
ing criteria for self-preservation, based on the above energy-production terms:

—uwoU/on ]
n=L’

P~ | st o

where L is half the wake width. Figure 20 shows the variation of PR for three inci-
dence angles. The experimental data illustrated in figure 20 show that the self-
preservation is attained more slowly when the loading on the blade is increased. For
the present experiment, complete self-preservation is not attained for all three
incidence angles (for complete self-preservation, PR > 10).

5.3. Comparison between experimental data and numerical analysis

The predicted results from the numerical analysis described in §3.3 are compared
with the experimental data in figures 21-23. To represent the effect of streamline
curvature on the development of an asymmetric wake with the presently adopted
turbulence closure model, the source term described in (21) was used for the present
prediction. Also, the results with the conventionally used source term (equation (20))
are compared at one streamwise location. As explained in § 3.3, the governing equation
was solved in elliptic form, and the necessary boundary conditions were obtained
from the experimental data and the correlation law. The finite-difference equation was
solved iteratively. The comparison of the mean velocity indicates that the profile and
the decay of mean velocity are predicted accurately with the newly adopted source
term in the energy dissipation equation. When the conventional source term (equation
(20)) is used in the dissipation equation, some deviation in the velocity profile between
theory and experimental data is observed in the pressure side, and the wake centre-
line velocity decay rate is predicted to be faster than is found in the actual experi-
mental data. The present turbulence closure model with modified source term in the
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energy dissipation equation predicts the effects of streamline curvature accurately for
the turbulence intensity (figures 23a, b, ¢) and Reynolds shear stress (figure 22). Here
again, the prediction with the conventional source term in the energy dissipation
equation shows considerable discrepancy from the experimental data. Both the
turbulence intensity and Reynolds shear stress are overestimated in the pressure side
and underestimated in the suction side of the airfoil with the conventional source
term. Maximum difference between the predicted results and experimental data
occurs for the streamwise turbulence-intensity component, especially at s/C = 0-28,
as shown in figure 23(a). As demonstrated through the comparison, the effect of
streamline curvature on the development of the wake can be properly incorporated
through modification of the energy dissipation equation. The numerical calculation
required about 3 min of C.P.U. time using the I.B.M. 370/3033 with the nodes of
60 x 60.

6. Discussion and conclusions

The experimental data and numerical analysis reported in this paper indicate that
the asymmetric wake of an isolated airfoil differs from the symmetric one in several
respects. Some of the important conclusions are as follows.

(1) The decay rate of the mean velocity defect at the wake centre decreases when
the incidence is increased.
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(2) Similarity in mean velocity profile exists for all the incidences, except at the
very near wake and at the wake centre regions. It seems to follow the Gaussian dis-
tribution when proper velocity and length scales are used.

(3) The conventional boundary layer characteristics, namely, increase in thickness
in the suction side as compared to the pressure side at higher incidences, is observed
in the wake.

(4) The asymmetric wake becomes nearly symmetric after one chord downstream
of the trailing edge of the blade.

(5) The turbulence kinetic energy and shear stress increase in the suction side and
decrease in the pressure side due to the effect of streamline curvature.

(6) The profiles of turbulence intensity show similarity when proper length and
intensity scales are utilized. However, similarity is not evident in the wake centre and
in the very near wake.

(7) The profile of turbulent shear stress distribution becomes more asymmetric at
higher incidences and the profile changes to symmetric one more slowly than the
turbulence intensity.

(8) The maximum turbulent shear stress decays faster than the maximum turbu-
lence intensity for all the three incidence angles.

(9) The relationship between the turbulent kinetic energy and the shear stress
observed for a symmetric wake is not valid for an asymmetric wake.

(10) The eddy viscosity calculated using the experimental values of the shear stress
and the mean shear rate shows large variation in both streamwise and normal direc-
tions of the wake.

(11) The analysis based on outer scales of the wake do not correlate well with the
wake data in the very near wake and the near wake. Analysis based on inner scales
of the wake can be successfully used in correlating the experimental data in these
regions.

(12) The streamline curvature, which arises from the non-zero incidence for the
present study, substantially affects the profile of the mean velocity as well as the
turbulence characteristics. The wake defect is almost doubled due to the curvature in
the near wake when the incidence angle is changed from 3° to 9°.

The wake properties are predicted using the exact equations of motion and modelled
equations of turbulence. To predict the asymmetric wake accurately, the effect of
streamline curvature should be properly modelled in the turbulence closure scheme.
The effect of streamline curvature cannot be properly accounted for when the produc-
tion of turbulent kinetic energy is used as a source term in the energy dissipation
equation. When a more rationally derived source term that does not include the mean
shear rate is utilized, better agreement between theory and experiment is obtained
and the effect of streamline curvature is properly accounted for.

This work was supported by the U.S. National Aeronautics and Space Administra-
tion, through the grant NSG 3012, with L. Shaw as the technical monitor.
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