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Flow over a Trailing Flap and Its Asymmetric Wake

S. Acharya,* D. Adair,T and J. H. Whitelaw
Imperial College, London, England

Detailed measurements of pressure and velocity characteristics are reported for the attached flow on a trailing
flap and in its downstream asymmetric wake. The results indicate that the flow over the flap is subjected to an
adverse pressure gradient. Near the trailing edge, an inflection point develops in the streamwise velocity profile
and the flow approaches intermittent separation. The wake is asymmetric with a destabilizing curvature on the
suction side and a stabilizing curvature on the pressure side. Streamwise variations in thé near wake are primarily
confined to the inner layer, and further downstream the mean velocity -and turbulence quantities attain self-
similar profilés. Nonequilibrium effects are present in the near wake and imply that mixing length models are not
appropriate. Both the pressure gradient term and the cross-stream gradient of the turbulent stresses are found to
be important. Streamwise gradients of the turbulent stresses are, however, small.

Nomenclature

b =width of the upper part (y/6>0) of the wake

B = constant in the law of the wall equation

c =chord length (Fig. 1)

c, =pressure coefficient

¢,»  =pressure coefficient along the flap surface

Cpw  =freesiream pressure coefficient

k =constant in the law of the wall equation

I, =distance from the wake center to the point where
the streamwise velocity defect in the pressure side is
half the maximum defect

I3 =distance from the wake center to the point where
the streamwise velocity defect in the suction side is
half the maximum defect

L =mixing length

n =normal distance from the flap surface

D =pressure

q =kinetic energy of turbulence

s =distance along the surface measured from the trip
wire

u,u’ =mean and fluctuating velocity in the streamwise

~_ direction

u’v’ =mean shear stress

#’? =mean normal stress in the streamwise direction

i, =mean streainwis¢ velocity at wake center

u,  =mean streamwise velocity in the suction-side
freestream

Uy =mean streamwise velocity in the pressure-side
freestream

s =mean reference velocity in the streamwise direction

7,0’ =mean and fluctuating cross-stream velocity

2’2 =mean normal stress in the cross-stream direction

w’?2  =mean normal stress in the spanwise direction

x,y  =streamwisé coordinate in the wake measured from

the trailing edge, .and cross-stream coordinate

] =boundary-layer thickness, i.e., the distance from
the wall where the velocity reaches 99.5% of the
freestream velocity
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0, = displacement thickness, So <1 —_L dy
eu
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0, =momentum thickness, S - (1 —— )dy
0 ueu ueu

v = kinematic viscosity

¢ =angle of the flow vector

P =density in the isothermal flow

_ Introduction

HE flow in the vicinity of the trailing edge of a high-lift
aerofoil is subjected to strong adverse pressure gradients

and involves strong interaction between the inviscid flow and
nonequilibrium turbulent boundary layers, streamline cur-
vature, and an asymmetric wake. The current ability to predict
such flows is unsatisfactory' due; in part, to the limited
understanding of the flow in the neighborhood of the trailing
edge. The present work describes one of a series of ex-
periments designed to improve the understanding of the struc-
ture of turbulent flow over high-lift aerofoils as a function of
the angle of attack. In the earlier experiments,?? trailing flaps
with a deflection angle of 17.5 and 16 deg led to regions of
separated upper-surface flow. The present work provides
detailed measurements of pressure, mean velocity, and tur-
bulence quantities for the attached flow over a flap at a deflec-
tion angle of 14 deg and in its asymmetric downstream wake.
A number of studies have been reported on the flow around
the trailing edge of a flat plate*® and a symmeétric aerofoil, 14
and recently Nakayama!®> and Viswanath et al.'® have in-
vestigated the flow in the trailing edge region of an asymmetric
aerofoil. In Ref. 15, the flow near the trailing edge at 0 and 4
deg incidence was observed to be attached while a separation
bubble appeared at the trailing edge at an angle of attack of 12
deg comparable to that of the present arrangement. In Ref.
16, measurements were obtained for subsonic attached flow
(freestream Mach number =0.4) on a trailing flap at a deflec-
tion angle of 12.5 deg. In this paper, the flow characteristics
for an attached trailing-edge flow at an angle of deflection of
14 deg with a freestream Mach number of 0.072 are examined.

Flow Configuration and Instrumentation

The experiment was conducted in the 450 X 310-mm work-
ing section of the low-speed wind tunnel described by Crabb.!’
The model configuration (see Fig. 1), spanned the working
section and comprised a 1035-mm flat plate placed at an in-
cidence angle of 1 deg to the floor of the tunnel, a 249-mm
trailing plate set at 13 deg deflection and connected to the flat



898 ACHARYA, ADAIR, AND WHITELAW

plate by an arc of radius 749.25 mm. Potential flow existed
over a region of around 230 mm above the trailing edge and
also in a 82 mm region underneath. The reference parameters
associated with this arrangement are given in Table 1.

Surface oil-flow visualization and spanwise pressure and
hot-wire measurements were made to determine the extent of
the two-dimensional flow. The visualization indicated that the
flow was two-dimensional except within the immediate vicin-
ity of the sidewalls, and this was also confirmed by wall pres-
sure and hot-wire measurements which were identical within
experimental errors in the central 320 mm of the flap. Span-
wise profiles of velocity and pressure measured in the wake
just downstream of x/c of 0.1 agreed to within 2% in the cen-
tral 280 mm.

In regions of potential flow and for the calibration of hot-
wires, a pitot-static probe with 2.2-mm o.d. was used. In other
regions, a five-hole probe (calibrated as recommended in Ref.
18) was used to measure the flow angle and the static and
dynamic pressure. The pitot-static probe gave mean velocity
data within 0.7% and static pressure data within 1.0% of 2
pu?. In the boundary layer, the accuracy of the five-hole probe
was within 1.5% of the local velocity, 4% of Y4 pu? for static
pressure and 2 deg for the flow angle.

Hot-wire instrumentation and equations were used to inter-
pret and calibrate the signal of stationary hot-wires (DISA
55P10 and DISA 55P61). The anemometers (DISA 55M10)
were operated in the constant temperature mode with an
overheat ratio of 1.8 and a cutoff frequency in excess of
100KHz. A DEC PDPSE computer was used to record and
process the anemometer voltages. The mean velocity data ob-
tained from the hot-wires were accurate to 2%, with the
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close to the trailing edge and in the near wake were made with
the flying hot-wire arrangement described in Refs. 2 and 3,
which is suitable for measurements in both forward and
reversed flows. Results from the flying hot-wire were found to
be close to those of the stationary hot-wire (within experimen-
tal uncertainty), indicating that although the flow is close to
intermittent separation, instantaneous flow reversal does not
actually occur.

Results and Discussion

Figure 2 shows lines of constant static pressure coefficient
and mean velocity vectors which together provide an overview
of the flow. The asymmetric nature of the wake is clear from
the wake velocity vectors on either side of the trailing edge.
The lines of constant ¢, indicate that the boundary-layer flow
experiences an adverse streamwise pressure gradient, while in
the near wake, the flow behind the trailing edge is subjected to
a favorable pressure gradient. The elliptical shape of the con-
stant pressure coefficient lines in the vicinity of the trailing
edge implies that the cross-stream pressure gradients are larger
than those in the streamwise direction. The pressure distribu-
tions indicate that the largest streamwise and cross-stream gra-
dients occur in the near wake region, and comparison with the
results of Ref. 3 shows that the cross-stream gradients increase
by an order of magnitude as the incidence angle is increased
from 14 to 16 deg.

Table 1 Reference parameters

greatest uncertainty near the surface. The accuracy of the tur- Parameter Symbol Value
bulence quantities varied with turbulence intensity so that, for Velocity Upeg 25.00 m/s
example, the normal stresses are accurate to about 15% and Static pressure o ~156.38 N/m?
shear stresses to about 11% at 15% turbulence intensity. Fur- (relative to atmosphere)
ther details of the accuracy of the pressure and hot-wire Viscosity v 15.22x 107 %m?/s
probes used are given by Thompson.'? Density o 1.197 kg/m?

As will be seen later, the near-wall flow close to the trailing Temperature T 20°C
edge has very low velocities leading to the possibility of inter- Chord length LTI 1.4394 m.
mittent separation, in which case stationary hot-wire results Reynolds number Re=— 2.36x 10
are unreliable. For this reason, a number of measurements
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The surface curvature influences the suction-side static
pressure coefficient from approximately 2.4% of chord
upstream of the start of the curved surface, s/¢=0.694 (see
Fig. 3), and in common with the results of Ref. 2, 3, and 16,
initially decreases along the curvature and then recovers
quickly to a much larger value. The freestream pressure coeffi-
cient, however, increases monotonically from the start of the
curvature. Along the curved surface (s/c=0.694—0.85), the
two pressure coefficients have different magnitudes, with this
difference decreasing towards the trailing edge. The skin fric-
tion coefficient ¢y (Fig. 3) was obtained from Clauser charts
and increases slightly due to surface curvature before decreas-
ing with the adverse pressure gradient.

The freestream velocities (Fig. 4) develop in a manner con-
sistent with the static pressure, and it should be noted that the
suction-side freestream velocity in the wake is nearly twice that
on the pressure side. This difference in the two freestream
velocities is due to the mildly curved splitter plate in the wind
tunnel contraction (upstream of the 1035-mm flat leading
edge) and the screen on the pressure side (shown in Fig. 1),
which is used as a flow straightener and to reduce spatial
variations in turbulence quantities. As the flow is retarded by

the pressure gradient, the boundary layer along the surface
grows rapidly and the displacement and momentum
thicknesses 6, and 8, rise rapidly to the trailing edge, where the
shape factor 6,/8, and the ratio 8,/6 have values of 2.2 and
0.2 respectively. These values imply (using Sandborn and
Kline’s® criteria) that the flow is close to intermittent separa-
tion, and this is reinforced by the small, though positive,
values of ¢, (Fig. 3) and the near-wall values of the streamwise
velocity (Fig. 5) close to the trailing edge. However, as noted
earlier, comparison of flying and stationary hot-wire results
indicate that instantaneous flow reversal does not actually oc-
cur. In the wake, 6; and §, decrease and the shape factor ap-
proaches unity.

Mean Velocity

The development of the upper-surface boundary layer is
shown in Fig. 5. From Clauser chart plots of the velocity (not
shown), the law of the wall, with k=0.41 and B=5.0, is found
to be valid along the entire aerofoil surface, despite the
deceleration of the streamwise flow to a near-separation con-
dition as evident in Fig. 5a. The cross-stream velocity, also
shown in Fig. 5a, increases by nearly an order of magnitude
along the curved surface and is always less than 10% of the
streamwise component. At s/c=0.98, the streamwise velocity
profile develops an inflection point in the central region of the
boundary layer, and this propagates downstream into the
wake. At higher incidence angles, the origin of the inflection
point moves upstream, and the flow separates at s/c=0.93 for
16 deg incidence® and s/c=0.87 for 17.5 deg incidence.?

The velocity profiles of Fig 5b reveal the wake asymmetry
that stems from the differing wall boundary layers on the
pressure and suction sides. On the pressure side, the boundary
layer is thin and the cross-stream gradients are confined to a
narrow region near the trailing edge and are greater than the
cross-stream gradients on the suction side. As on the suction
side, the pressure-side velocity profile has an inflection point.

The location of the minimum streamwise velocity in the
wake moves upwards from the trailing edge to x/c=0.0347,
beyond which it moves towards the pressure side; at
x/c=0.347, the flow has recovered to that of a plane mixing
layer, which is characterized by the minimum wake velocity
occurring in the pressure-side potential stream and the absence
of the inflection point in the pressure-side velocity profile.
With separated flow,>* the wake was more pronounced and
the location of minimum wake velocity moved rapidly up-
wards up to x/c of 0.344 for 16 deg incidence and up to x/c of
0.428 for 17.5 deg. Thus, the location of the minimum wake
velocity where the shear stress changes sign, and the location
of the inflection points where the intensities and the shear
stress peak, are different in the wake of separated flows and
are directly responsible for altering the distributions of the tur-
bulence quantities.
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The pressure-side cross-stream velocity in the near wake in-
creases up to x/c of 0.0139, followed by a decay indicating an
initial rise in the wake curvature which is also seen in the
dividing streamline in Fig. 2. At x/c of 0.208, the cross-stream
velocity is nearly zero and the wake tends to a plane mixing
layer. The corresponding locations for 16 and 17.5 deg in-
cidence are 0.275 and 0.33 respectively, indicating the effect of
increasing trailing-edge separation on wake development.

Examination of the near-wake profiles show that the upper
part (¥/6>0) of the wake changes over its entire width with
the larger variations in the inner regions, whereas the changes
in the lower part (/6 <0) are confined to the inner region, ex-
cept in the very near wake (x/6,=1-2). The asymmetric
wakes of Refs. 15 and 16 and the separated wakes of Refs. 2
and 3 exhibit similar behavior, while the symmetric wakes of
Refs. 5 and 15 indicate that the major changes occur only in
the inner region.

The similarity of the near-wake profiles was examined by
using the difference between the maximum and minimum
velocities (u,, —#.) as the velocity scale, and the distances
from the wake center to the points where the streamwise
velocity defect is one-half the maximum velocity defect on the
pressure and suction sides (denoted by /, and /). The scaled
velocities are plotted in Fig. 6 and indicate that similarity ex-
ists except near the outer edges of the very near wake. The pres-
ent data in scaled coordinates compares well with those of
Hah and Lakshminarayana,'# and the similarity profile seems
to follow the Gauss function exp[ —0.6993(y/I;)?].

Reynolds Stresses

The distribution of Reynolds stresses along the suction sur-
face are shown in Fig. 7 with the corresponding wake values in
Fig. 8. Over the curved surface, the maximum normal stresses
77’2 'and 0'? decrease, due to curvature, by approximately
10% and 20% respectively, while w’2? remains almost un-
changed. The maximum shear stress decreases by about 27%
along the curvature with large decreases in the outer region.

Downstream of the curvature, the maximum stresses in-
crease by around 30% at the trailing edge due to the adverse
pressure gradient that also causes the (y/6) location of the
peak Reynolds stresses to increase to a value of around 0.3.
Beyond s/c¢c of 0.928, the near-wall velocity gradient
diminishes (Fig. 5a) and the Reynolds stress production and
the Reynolds stresses themselves decrease; thus, at s/¢=0.98,

the near-wall stresses are nearly the same as at s/c=0.946.
Further downstream, the decrease of 3#/dn near the wall is
reduced, and the normal stresses show a gradual increase
primarily due to diffusion from the central region of the
boundary layer. The region 0.928 <s/¢<0.946 is associated
with the inflection point in the streamwise velocity profile
moving upwards from the surface. For separated flows,?3 the
inflection point is similarly deflected upwards and around the
trailing-edge separation bubble and, as in the present flow,
turbulent diffusion from the inflection point to the near-wall
region plays an important role.

In the very near wake, rapid changes occur around the wake
centerline, while the corresponding changes in the outer
regions are relatively gradual. The normal stress profiles in the
near wake exhibit two maxima; the first occurs near y/6=0
and corresponds to the inflection point in the pressure-side
velocity profile, and the other is located at a value of y/8 in the
range of 0.15-0.35, where the inflection point in the suction-
side velocity profile occurs. With streamwise development, the
mixing process smooths out the smaller peak near the
centerline and the normal stresses decrease outward from a
single peak at y/6<0.3. This decay in the smaller peak inten-
sity is slowest for the streamwise component as is also observed
in the asymmetric wake data of Refs. 14 and 15. As in Ref.
15, the turbulent suresses in the upper part of the wake increase
(with the suction-side maxima increasing by 10-20%) up to
x/c=0.0347 due to adverse pressure gradient and destabilizing
streamline curvature; beyond x/c of 0.0347, the stresses
gradually decay. On the pressure side, the turbulent intensities
show only small variations in the streamwise direction due to
the counteracting effects of turbulent diffusion and stabilizing
streamline curvature. At higher incidence angles, the wake is
more pronounced and the wake center shifts upwards.?? Due
to the higher production-to-dissipation ratio in the near wake
of such flows, the turbulent stresses are higher at the larger in-
cidence angles, and since the wake center has moved upwards,
the turbulent stresses peak at a larger /6 value. The flows in
Refs. 2 and 3 also recover to a plane mixing layer but at much
greater distances from the trailing edge; for example, the
double-peak intensity profiles of the present flow reduces to a
single-peak profile at x/c=0.07, while for 16 and 17.5 deg in-
cidence, the corresponding values are approximately 0.275
and 0.35 respectively. Consistent with the measurements in
Refs. 2, 3, and 14, the present results indicate that
u'/aki>w/ul, >0/ ul.
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In the near wake, the largest cross-stream gradient 912/9y is
at the pressure-side inflection point, but the normal intensities
do not have their maximum value at this location, indicating
that the turbulent kinetic energy is not linearly related to the
strain rate 0u/dy. On the suction side, the location of
minimum intensity does not coincide with the location of the
minimum velocity, indicating a departure from equilibrium.

The turbulent shear stress (Fig. 8) changes sign in the
neighborhood of the location of zero 9#4/dy (shown by an
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arrow in the figure) and again implies nonequilibrium
behavior. The shear stress on the suction side increases due to
the combined influence of adverse pressure gradient and
destabilizing streamline curvature. Since shear stress is more
sensitive to streamline curvature than are normal stresses, the
increase is correspondingly larger, with the peak suction-side
value increasing by nearly 70% between 0.0069 <x/c=<0.069.
Unlike normal stresses, the magnitude of the peak negative
shear stress on the pressure side increases by a factor of 3 be-
tween 0.0069=x/c<0.069 and then decreases until the shear
stress in the pressure side is entirely positive (at x/c=0.347).
At 16 and 17.5 deg incidence, the shear-stress distribution and
its streamwise development are more complex due to the in-
fluence of the trailing edge separation bubble. Unlike the
streamwise normal stresses whose magnitudes at 14 and 16 deg
deflection are of the same order, the peak suction and
pressure-side shear stress at 16 deg deflection is more than
twice the corresponding value at a 14 deg deflection angle.

The mixing-length distributions at three locations are shown
in Fig. 9. Along the surface, the maximum L/§ values are
smaller than the 0.09 value expected in zero pressure gradient
flows, and unlike the results of Refs. 12 and 15, there does not
appear to be a level value in the middle portion of the layer.

The local similarity of the shear-shear profile was confirmed
by plotting the values of —u’v’/(—u’v’) ., against y/b (not
shown). The results also agree well with those of Refs. 6 and 8
and with the asymptotic shear-stress profile.

Momentum and Turbulence Energy Balances

Terms in the momentum balance equation representing
advection, pressure gradient, normal and shearing stress gra-
dients and terms in the kinetic energy balance equation
representing advection, production, and imbalance were
calculated from the measured data in order to quantify their
relative importance. The curvature terms were assumed to be
small. A computer program that fits a monotone Hermite
cubic spline?! to the measured data was used.
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Figure 10 shows the distribution of the terms in the stream-
wise momentum equation, the normal momentum equation,
and the kinetic energy equation at two locations in the bound-
ary layer (s/c=0.817 and 0.98) and at one location in the near
wake (x/c=0.035). In the boundary layer, the stress gradient
d11’2/dx in the streamwise momentum equation is small com-
pared to the dominant pressure gradient and inertial terms.
Close to the wall, the shear-stress gradient du’v’/dy is
important but decays to a small value beyond n/é of 0.5.
Therefore, for n/6>0.5, the pressure gradient and inertial
terms balance each other (i.e., #- Vu= — Vp). The stream-
wise pressure gradient dp/dx varies across the boundary layer
indicating, as confirmed by the terms in the normal momen-
tum equation, that dp/dy is nonzero. In the wake, the stress
gradient du’v’/dy is also important, and therefore this term
should always be included in the momentum equation to cor-
rectly represent the details of the flow. The stress gradient
terms become increasingly important with increasing angle of
incidence.?3 The terms in the normal momentum equation are
at least as important as those of the streamwise momentum
equation, with the normal pressure gradient term dominant
and balanced primarily by the sum of the inertial term and
normal stress gradient 5’2/8y. Unlike the separated flows at
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Fig. 8 Reynolds stress distributions in the wake (legend in Fig. 5).
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Fig. 9 Mixing-length distribution (legend in Fig. 5).
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Fig. 10 Terms in the conservation equations: a) streamwise momentum equation, b) normal momentum equation, and c) kinetic energy equation.

16 and 17.5 deg incidence, the shear-stress gradient ou’v’/dox
is small, and since du’2/3x is also small, a partially parabol-
ized’ form of the Navier-Stokes equation may be appropriate,
except in the immediate vicinity of the trailing edge. For
separated flows, the streamwise gradients of the turbulent
stresses are comparable in magnitude to the cross-stream gra-
dients, and a more complete form of the Navier-Stokes equa-
tion is required. In general, the streamwise and normal
pressure gradients are of a greater magnitude than the tur-
bulence quantities and must be represented. Only in the near-
wall region and in the near wake do the turbulence quantities
become as important as the pressure gradient and inertial
terms.

Terms in the kinetic energy balance equation indicate that
the production of energy due to normal stresses is negligible in
contrast to the separated flows at 16 and 17.5 deg incidence,
and again confirms the validity of the parabolized form of the
Navier-Stokes equation. The dominant term in the balance
equation is the shear-stress production, which peaks in the
vicinity of the maximum shear stress. The imbalance term
represents the sum of turbulent diffusion and viscous dissipa-

§The term ‘‘partially parabolized’’ implies the neglect of streamwise
diffusion of viscous stresses, but not the normal pressure gradient or
the normal momentum equations.

tion and also peaks near the location of maximum intensity or
shear stress. As noted earlier, turbulent diffusion from the
peak intensity location becomes an important mode of energy
transfer to the near-wall locations, since the near-wall produc-
tion of energy diminishes rapidly towards the trailing edge. In
general, the production and dissipation terms do not balance
each other and therefore the flow is not in local equilibrium.

Concluding Remarks

The measurements of pressure and velocity characteristics
indicate that over the flap and in the near wake the flow is sub-
jected to an adverse pressure gradient, while in the near wake
immediately behind the trailing edge, there is a favorable
pressure gradient. As the flow approaches the trailing edge, an
inflection point is formed in the streamwise velocity profile
which moves upwards with downstream distance. At the trail-
ing edge, the flow is close to intermittent separation. The wake
is observed to be asymmetric, with a destabilizing curvature on
the suction side and a stabilizing curvature on the pressure
side. In the near wake, the suction-side velocity profiles shows
streamwise changes across the entire upper wake, but the
larger variations are confined to the inner layer while in the
pressure side streamwise variations are relatively small and
confined to the inner layer. The destabilizing wake curvature
in the suction side and the adverse pressure gradient in the
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near wake cause the stresses in the near wake to increase with
the shear stress increasing by as much as 60% between x/c of
0.007 and 0.035. Beyond the near wake, the mean velocity and
turbulence quantities become similar, with the upper part
(»/6>0) of the wake attaining the characteristics of a sym-
metrical flat plate wake.

Nonequilibrium effects are noted in the near wake and
imply that mixing-length models are not appropriate. Terms in
the conservation equations indicate that the pressure gradient
terms are of a greater magnitude than the turbulent quantities
except in the near-wall region and in the very near wake.
Streamwise gradients of the turbulent stresses are small and
imply that a parabolized form of the Navier-Stokes equations
may be adequate to describe the flow.
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