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An investigation of trailing-edge flows at high Reynolds number and subsonic Mach numbers is presented.
Symmetric and asymmetric trailing-edge flows are studied, each flow having pressure gradient regions upstream
of the trailing edge similar to an airfoil. Measurements include model surface pressures, mean velocity, turbulent
shear stress, and turbulent kinetic energy profiles in the trailing-edge and near-wake regions. Comparisons of the
symmetic flow data with numerical solutions of boundary-layer as well as Navier-Stokes equations employing
two different turbulence models show increasing effects of viscous interactions as the Mach number increases.
Both turbulence models yielded solutions of the mean flow of comparable quality. The experimental results of
the asymmetric case show the following main features: 1) in the near wake the mean flow development is
significant only in the upper part of the flow; and 2) eddy viscosity concept for modeling shear stress could be
applicable.
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Nomenclature
= kinetic energy of turbulence
= model length
= Mach number
= static pressure
= total pressure
= unit Reynolds number per meter
= temperature
= velocity component in x direction
= law-of-the-wall velocity coordinate,
= mean square of velocity fluctuation in x direction
= mean square of velocity fluctuation in y direction
= mean square of velocity fluctuation in z direction
= streamwise coordinate parallel to model cen-
terline measured from model trailing edge

= vertical coordinate normal to model centerline
measured from the model surface and in the wake
from the model trailing edge

= law-of-the-wall distance coordinate, <yVrwp/jLt
= flap deflection angle
= boundary-layer thickness
= displacement thickness
= momentum thickness
= molecular viscosity
= density
= shear stress

= based on model length
= nominal freestream conditions
= reference conditions
= turbulent
= total
= wall
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Introduction

THE flow near the trailing edge of an airfoil and in the
near wake plays an important role in airfoil design. It

controls the circulation around the airfoil, and influences the
entire flowfield. Trailing-edge flows can be dominated by
viscous-inviscid interactions,] and the overall effects depend
greatly on the severity of adverse pressure gradients over the
rear portion of an airfoil. At Reynolds numbers of practical
interest, the flow in the shear layers is generally turbulent.
Predictions of boundary-layer integral thickness parameters
in the trailing-edge and near-wake regions of accuracy suf-
ficient for engineering purposes are possible1 for moderate
adverse pressure gradients when the flow remains attached to
the trailing edge. However, if the adverse pressure gradients
are large, as on rear-loaded airfoils at transonic speeds or on
airfoils at even moderate incidence, there is a rapid thickening
of the boundary layer towards the trailing edge leading to
strong viscous-inviscid interactions, and our ability to predict
these flows is far from satisfactory.2'3 The difficulties are
often attributed to inadequacies of boundary-layer ap-
proximations and/or turbulence modeling.2 The airfoil
flowfield, under these conditions, is generally complex in-
volving nonequilibrium turbulent boundary layers, asym-
metric merging of shear layers, and streamline curvature.
Some advancement in analyzing viscous interactions with
turbulent boundary layers at a trailing edge for cusped or near
cusped airfoils has been successfully carried out recently by
Melnik and Chow4 and Melnik et al.5

From the few available studies on the subject, it is not clear
whether turbulence modeling is critical in the trailing-edge
region when unseparated boundary-layer conditions exist. In
fact, in Ref. 1, inviscid approximations are discussed to
model the flow near a trailing edge. Progress in turbulence
modeling has always relied heavily on detailed experiments
involving turbulence measurements. As far as trailing-edge
flows are concerned, experimental data on turbulent quan-
tities are available only for wakes of flat plates and cascades
of airfoils.6'8 Recently, Andreopoulos7 has made a detailed
experimental study of both symmetric and asymmetric near
wakes of a flat plate at low speeds with a view to understand
the basic mechanisms involved in interacting shear layers at a
trailing edge. His measurements include conventional tur-
bulent quantities as well as conditionally sampled data. Apart
from these few basic studies, there is hardly any information
on turbulence quantities on trailing-edge flows relevant to
practical application. It is the main objective of the present
work to improve our general understanding and prediction of
trailing-edge flows in realistic flow situations and, in par-
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ticular, to assess the importance of turbulence modeling
aspects.

With a view toward achieving the above objective, a study
of two-dimensional trailing-edge flows has been initiated at
Ames. Under this program, it is planned to systematically
study relatively simple trailing-edge flows of increasing
complexity to aid in the better understanding of the different
aforementioned effects. In this paper, new results are
presented for mean velocity and turbulence quantities in the
trailing-edge and near-wake regions for two different sym-
metric flows and an asymmetric flow at high Reynolds
number and at subsonic Mach numbers. These flows have a
region of pressure gradient upstream of the trailing edge
(induced by the model configuration) similar to an airfoil and
are attached to the trailing edge. These experiments on the
symmetric cases provide a logical extension of earlier studies
of flat plate near wakes6'7 and further include compressibility
effects. Comparison of the present symmetric data with
numerical solutions of boundary layer as well as Navier-
Stokes equations employing two different turbulent models
are made. New results for the asymmetric case will provide a
data base for guiding turbulence modeling as well as for
comparison with asymmetric trailing-edge flow predictions.

Experiments
Experimental Arrangement and Test Conditions

The experiments were conducted in the 38.1 x 25.4 cm
Ames High Reynolds Channel blowdown facility (Fig. la).
The model configuration spans the test section and is made up
of two parts: 1) a forebody, which is a flat plate 56.75 cm long
and 2.54 cm thick with a 24.51-cm tapered forward section
having a rounded leading edge (Fig. Ib); and 2) an aft body
flap with a sharp trailing edge 11.63 cm long and with an
included angle of 12.5 deg (Fig. Ib). The flap can be deflected
to any angle within ±20 deg about the center line. The Mach
number in the test section is varied by choking the flow far
downstream (see Fig. la). The above model configuration has
been chosen in view of the following advantages: 1) it
provides a thick and fully developed turbulent boundary layer
desirable for modeling studies; 2) the flap can be deflected to
impose different pressure gradients on the boundary layer on
the flap; and 3) the relatively long length of the model
combined with the high-stagnation pressures available with
the facility gives high Reynolds numbers, a unique feature of
the present experiments.

The test on the symmetric trailing-edge flows were con-
ducted at two nominal freestream Mach numbers Mn of 0.4
and 0.7, while the asymmetric case was studied only at
Mn =0.4. The freestream Reynolds number based on model
length ReL was parametrically varied between 9xl0 6 and
60xl06 over the range of Mach numbers and stagnation
pressures (PT) of the test. Because the influence of Reynolds
number on model surface pressures was found to be small, all

the detailed flowfield measurements were made only at the
moderately high stagnation pressure of 275 x 103 N/m2. The
values of ReL corresponding to the above value of PT and a
nominal total temperature of 480° R are 24.3xl06 and
36.6 x 106 at Mn = 0.4 and 0.7, respectively.

Surface and Flowfield Measurements
The flat plate model described previously had 68 static

pressure orifices of 0.075 cm i.d. located mostly on the center-
line of the model on both upper and lower surfaces. Span wise
static pressure orifices, in the flat plate and flap region,
corresponding to specific streamwise stations on the centerline
were also provided to assess spanwise uniformity of surface
pressures. Static pressure orifices at intervals of 10 cm were
also provided on the tunnel top and bottom walls in the region
of the model as well as downstream up to a distance of 45 cm.
The pressures were measured with strain gage pressure
transducers and each transducer was calibrated before each
tunnel run.

Flowfield measurements were made using a two-color laser
Doppler velocimeter (LDV) as well as conventional pitot and
static probes. Two static pressure probes, one with an
ellipsoidal and the other with a conical nose were employed in
this study with appropriate calibrations for each probe. Pitot
and static probe pressures were measured by Statham pressure
transducers. Details of the LDV optical arrangement, data
acquisition and processing are described in Refs. 9 and 10.

In addition to the above, the flow was visualized using
spark shadowgraph technique and the surface flow on the
model was examined using an oil-flow technique; a mixture of
titanium dioxide and vacuum pump oil was employed for this
purpose.

Two-Dimensionality of the Flowfield
Two-dimensionality was validated after making the

following observations: 1) spanwise measurements of static
pressure on the flat plate and flap over the central 20 cm of
span that showed negligible variation about centerline value,
2) surface flow visualization using the oil-flow technique
showed surface streamlines nearly parallel to the main stream
direction over 90^ of the span; and 3) momentum thicknesses
in the symmetric wake calculated from the measured velocity
profiles indicated a negligible variation in the wake region
where the streamwise presure gradients are very small.

Analysis
Computations for the symmetric trailing-edge cases

corresponding to experimental flow conditions have been
performed using both the boundary-layer equations (BLE)
and the time-dependent, mass-averaged Navier-Stokes
equations (NSE). Two turbulence models were employed, the
two-layer algebraic eddy-viscosity model developed by Cebeci
and Smith11 and the Wilcox-Rubesin two-equation eddy-
viscosity model recently developed for compressible flow.12

/

^Y

BELLMOUTH DIFFUSER
/ SPEED CONTROL

- —————————— TEST SECTION ————————— ̂\ \

. x

2.54
I

x/L
R=0.52 1.75°

/

,
yf 6.6.25°

-24.51- -56.75-

ALL DIMENSIONS IN cm

Fig. 1 Schematic of test section and test model.

Boundary-Layer Equation Solutions
Two boundary-layer computer codes were employed to

solve the experimental flowfields with the trailing-edge flap at
zero angle of attack. The algebraic eddy-viscosity model
computations were made with the boundary-layer program
originally described by Marvin and Sheaffer13 and later
modified by them to account for turbulent flow using the
Cebeci-Smith turbulence model. On the plate the com-
putations were carried out with the pressure gradient
correction of the Van Driest damping constant. In the wake
the outer-layer model was used throughout the flowfield. The
two-equation eddy-viscosity model computations were made
with the boundary-layer program developed by Wilcox and
Traci14 using the Wilcox-Rubesin two-equation turbulence
model. In the wake no modifications were made to the tur-
bulence model except for the use of symmetric boundary
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conditions at the wake center line. In the flow direction the
grid spacing varied from 0.001% of the viscous layer
thickness near the trailing edge to 25% far upstream and
downstream. In the transverse direction the boundary-layer
code employing the algebraic model used 51 grid points and
the code employing the two-equation model used 260 points.

The computations for each turbulence model were started
with a zero-pressure gradient equilibrium solution at the first
measurement station (x= -20.48 cm) that matched the
measured displacement thickness. The measured pressure
distributions on the plate and at the wake centerline were used
to calculate the boundary-layer edge conditions for each
flowfield.

Navier-Stokes Equations Solutions
The differential equations to describe the mean flowfields

are the time-dependent, mass-averaged Navier-Stokes
equations for two-dimensional flow of a compressible fluid.
The resulting equations are described in Ref. 15. As stated
earlier, solutions to the Navier-Stokes equations were ob-
tained using both the Cebeci-Smith algebraic and Wilcox-
Rubesin two-equation turbulence models. The equations for
these models are also described in Ref. 15.

Numerical Method
The numerical procedure used here is the basic explicit

second-order, predictor-corrector, finite-difference, time-
splitting method of MacCormack16 modified by the efficient
explicit-implicit-characteristic algorithm of Ref. 17. A
description of the method used, along with its adaptation to
multiequation turbulence model equations, is contained in
Refs. 15 and 18. Also contained in Refs. 15 and 18 is a
description of the boundary conditions and special procedures
used for the turbulence model variables and equations.

Computational Domain
The computational domain is divided into a two-mesh

system. Normal to the flow direction an exponentially
stretched fine mesh is used to resolve that part of the flow,
where viscous effects are important; the outer flow, that is
predominantly inviscid, is described using a uniform coarse
mesh. In the flow direction a variable mesh spacing was used
concentrating most of the points close to the trailing-edge flap
and in the near wake. The number of mesh points and the
minimum spacing used varied with the flowfield and the
turbulence model. The distance of the first y mesh point from
the model wall is selected small enough so that the solutions
are independent of the spacing. For the algebraic model the
first mesh point off the model is taken within the viscous
sublayer (typically within y +

 min =y\lTwpw/^w < 4); for the
two-equation model, the minimum y+ required was smaller
by a factor of 10 to 20. Typical mesh sizes were 60 points in
the streamwise direction and 50 points normal to the model
(with 30 to 35 points in the viscous layer). In each problem,
transition from the exponentially stretched fine mesh to
coarse mesh occurs near the outer edge of the viscous layer. In
the flow direction the mesh spacing varied from 10% of the
viscous layer thickness near the trailing edge to four times the
viscous layer thickness far upstream and downstream.

Boundary Conditions
The boundaries of the computational mesh extended in the

vertical direction from the model surface or wake centerline to
the wind tunnel wall and in the flow direction from x = - 50 to
x = 50 cm. The upstream boundary conditions were prescribed
by a combination of uniform freestream conditions and the
boundary-layer codes described above. As mentioned above,
the boundary-layer computations were started with a flat-
plate solution that matched the measured displacement
thickness at the first measurement station for each case. The
downstream boundary is positioned far enough aft of the

trailing edge that all of the gradients in the flow direction can
be set to zero. This boundary condition was verified by
moving the location of this downstream boundary and ob-
serving substantially unchanged numerical results. The model
surface is impermeable, and no-slip boundary conditions are
applied with a constant wall temperature. Additional details
concerning the boundary conditions for the two-equation
model surface are discussed in Ref. 15. On the wake centerline
symmetry conditions are imposed. At the upper boundary (the
wind-tunnel wall) inviscid solid-wall boundary conditions are
used. Details concerning this procedure are contained in Ref.
19.

Results and Discussion
Symmetric Case

Two symmetric flows at freestream Mach numbers of 0.4
and 0.7 have been studied. In this paper, the results at the
higher Mach number are discussed in detail, while only some
results at the lower Mach number are included. Additional
results at Mn - 0.4 and a discussion of flow symmetry are all
contained in Ref. 9. The experimental results are discussed
first followed by comparison with numerical solutions.

Experimental Observations
The measured mean velocity profiles on the flat plate at a

station 20.48 cm upstream of the trailing edge showed good
agreement with the law of the wall at both Mach numbers
indicating a fully developed turbulent boundary layer ahead
of the flap.9

Model static pressure distributions normalized by the
tunnel total pressure PT are shown in Fig. 2a at both Mach
numbers. The wake centerline pressures, as measured by the
static pressure probes, are also included. These distributions
indicate that the local freestream velocity is essentially
constant over a large part of the flat plate; it accelerates near
the hinge line and then decelerates over the flap in a manner
similar to that over an airfoil. The sudden decrease in the wall
pressure at the intersection of the flat plate and the flap is due
to a rapid change in the surface curvature. The magnitude of
the adverse pressure gradient on the flap increases with Mach
number. There is a weak favorable pressure gradient in the
near-wake region. Static pressure variations across the wake
centerline were small at both Mach numbers. Figure 2b shows
the static pressure distributions for the asymmetric case that
will be discussed later.

For the symmetric case, the data and computational results
are normalized by appropriate measured values at the edge of
the boundary layer close to the trailing edge (x= - 0.4 cm) at
each Mach number Mn. For the asymmetric case, the data
have been normalized by the boundary-layer edge conditions
on the flat plate (x= -40 cm) on the upper surface. The
values used are given in Table 1.

Mean velocity profiles in the trailing-edge and near-wake
regions for the symmetric case at both Mach numbers are
shown in Figs. 3 and 4 (note the shifted origins). As may be
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Fig. 2 Model surface pressure distributions.
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M

Table 1 Reference values for normalizing data

m/s (p«2)0N/m2 a, deg b*0 cm 00, cm

0.4
0.7
0.4

124.2
215.8
153.6

5.163X104

13.375 x lO 4

7.592X104

0
0

6.25

0.23
0.363

0.147
0.195

o EXPERIMENT
—— TWO-EQUATION MODEL, NSE

0 .2 .4 .6 .8 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U/UQ

Fig. 3 Comparison of mean velocity profile measurements with
computations; Mn = 0.4, ReL = 24.3 x 106, a = 0 deg.
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ALGEBRAIC MODEL

—— BLE
TWO-EQUATION MODEL

—— BLE
——— NSE

0 .2 .4 .6 .8 1.0 1.0 1.0 1.0 1.0 1.0 1.0
U/UQ

Fig. 4 Comparison of mean velocity profile measurements with
computations; Mn = 0.7, ReL = 36.6 x 106 ,a = 0 deg.

seen, measurements have been made at stations extremely
close to the trailing edge. Only one-half of the symmetric
wake is shown. The negative and positive values of x/60
correspond to streamwise distances upstream and down-
stream of the trailing edge, respectively. The velocity profiles
near the wall upstream of the trailing edge are less full at
Mn =0.7 compared to Mn =0.4 indicating the effect of the
increased adverse pressure gradient. The wake profiles show
that in the inner region the velocities change quite rapidly with
jc/00, while in the outer part the changes are very small at both
Mach numbers. Similar observations have also been made by
Andreopoulos7 on flat-plate symmetric near wakes. The
numerical solutions in Figs. 3 and 4 will be discussed later.

Figure 5 displays the streamwise variation of turbulent
shear stress profiles at Mn =0.7. The maximum value of the
shear stress shows an increase towards the trailing edge
continuing downstream in the near wake to about 3.2 00. It
then gradually decreases as the flow progresses downstream.
The increase in shear stress ahead of the trailing edge is
probably the result of the large adverse pressure gradients on

o a EXPERIMENT
——— TWO-EQUATION MODEL, NSE
—— • TWO-EQUATION MODEL, BLE

x/0 =-13.0 -2.0 0.6 3.2 11.6 32.5 71.4

0 1 2 3 4

Fig. 5 Comparison of measured turbulent shear stress profiles with
computations; Mn = 0.7, ReL = 36.6 X 106 , a = 0 deg.

o EXPERIMENT

—— TWO-EQUATION MODEL, NSE

x/0 =-13.0 -2.0 0.6 3.2 11.6 32.5 71.4

0 4 8 12 12 12 12 12
k/un

2 X 103

12 12

Fig. 6 Comparison of measured turbulent kinetic energy profiles
with computations; Mn = 0.7, ReL = 36.6 X106 , a = 0 deg.

the flap. As the wake develops, the location of the maximum
shear stress moves outward. In the outer part of the wake, the
normal shear stress gradients are small and there is little
change in the stress in the streamwise direction. The flow in
the outer region is behaving like an inviscid rotational flow.

The streamwise variation of turbulent kinetic energy
profiles at Mn =0.7 are shown in Fig. 6. To obtain the total
value of ky the contribution from < w'2 > was assumed equal
to !/z [< u'2 > -I- < v'2 >]. There is a small kinetic energy increase
in the inner region across the trailing edge and decreases
gradually downstream. The location of the maximum kinetic
energy moves away from the centerline with increasing x in a
manner similar to the shear stress. On the centerline, the
kinetic energy has a value comparable to the profile
maximum. The centerline value decreases very slowly with
streamwise distance. As with the shear stress, the kinetic
energy in outer layers show little change with x. Qualitatively
similar results were observed at Mn = 0.4 (Ref. 9.)

Comparisons with Numerical Solutions
As stated earlier, the symmetric flows have been computed

using both boundary-layer as well as Navier-Stokes equations
employing two different eddy-viscosity models.

Figure 7 shows predictions of model surface pressures and
wall shear stress (normalized by the wall stress at x- - 20 cm)
using the Navier-Stokes equations and the two-equation
Wilcox-Rubesin turbulence model. The agreement with
measured surface pressures is excellent at both Mach num-
bers. The computed wall shear stress variations are similar at
both Mach numbers; as to be expected, TW increases in the
acceleration region near the hinge line and decreases on the
flap due to the adverse pressure gradient. The surface pressure
predictions using the algebraic model with the Navier-Stokes
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Fig. 7 Experimental and computed surface pressure measurements
and computed wall shear stress variation; a = 0 deg.
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Fig. 8 Comparison of measured mean velocity profiles with different
computations; Mn = 0.7, ReL = 36.6 x 106, a = 0 deg.

equations were similar to those with the two-equation model,
and hence are not shown in Fig. 7.

The computed mean velocities using both turbulence
models with the Navier-Stokes as well as the boundary-layer
equations are compared with data in Fig. 8, for Mn =0.7. The
data correspond to two streamwise stations very close to the
trailing edge. Both eddy-viscosity models are adequate to
compute mean velocity profiles of comparable quality.
(However, the turbulent shear stress distributions of the
algebraic model did not exhibit as smooth a variation with y in
the trailing-edge region as the two-equation model.) The
Navier-Stokes solutions show better agreement with ex-
periment than the boundary-layer solutions regardless of the
turbulence model used. This difference is a consequence of

.3 r

O EXPERIMENT
————— TWO-EQUATION MODEL, NSE
—.— TWO-EQUATION MODEL, BLE

Mn = 0.4

O

Fig. 9 Experimental and computed displacement thickness variation;
a = 0deg.

including viscous-inviscid interaction effects near the trailing
edge. A similar comparison at Mn=QA showed that the
viscous-inviscid interaction effects are not as pronounced as
at Mn =0.7. Most subsequent comparisons with the data will
be made only with the solution of the Navier-Stokes equations
employing the two-equation model.

In Figs. 3 and 4, the mean velocities obtained from the
computations are also included. Good agreement is seen at
both Mach numbers. At large downstream distances (x/00 ~
71.4), all the different prediction methods give good
agreement with data (Fig. 4).

The computed results for the turbulent shear stress and
kinetic energy in the trailing-edge region are compared with
the data at Mn=0.7 in Figs. 5 and 6, respectively. The
predictions of shear stress in the inner regions are not good
except for large distances downstream (x/60 ^ 32.5). The
results from boundary-layer equations using the two-equation
model are also included for comparison in Fig. 5. As to be
expected, the results from Navier-Stokes equations are
reatively better. As regards to turbulent kinetic energy
profiles, the two-equation model shows good qualitative
behavior, but underpredicts the magnitudes. Similar com-
parisons of turbulent shear stress and kinetic energy at
M^=0.4 showed relatively better agreement with the data
thanatMn=0.7.9

The good predictions of mean velocities using the Navier-
Stokes equations at Mn = 0.7, in spite of noticeable departures
in the prediction of turbulent shear stress and kinetic energy,
suggest that detailed turbulence modeling is not as important
as including the effects of viscous interactions in the trailing-
edge region. The comparisons shown in Fig. 8 also indicate
that the first-order boundary-layer equations using the
measured surface pressures do not account for all the viscous-
inviscid interaction effects.

Estimate of boundary-layer displacement thickness
distributions in the trailing-edge and near wake regions is
important from the point of view of accounting for viscous
effects. Computed results from the Navier-Stokes as well as
boundary-layer equations using the two-equation model are
compared with the data in Fig. 9 at both Mach numbers. At
Mn =0.4, where the viscous interactions are relatively weak,
both predictions are nearly the same and show good
agreement with the data except for some departures upstream
of the trailing edge. At Mn = 0.7, on the other hand, where the
viscous interaction effects are significant, predictions using
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Navier-Stokes equations are appreciably better than the
boundary-layer solutions which is consistent with the im-
proved mean velocity predictions (Fig. 8).

Asymmetric Case
There has been growing interest in recent years concerning

the study of asymmetric near-wakes.7'8'20'22 These flows are
much less understood compared to the symmetric case and the
need for experimental data, particularly on turbulent
quantities, to improve predictions is quite clear for the studies
of Huffman and Ng21 and Deiwert.22 The present ex-
periments are aimed at providing such data, for a not too
complex, asymmetric flow configuration.

The experiments are made at a freestream Mach number of
0.4 and at ReL =24.3 x 106. The flap is deflected downwards
by an angle of 6.25 deg so that the lower surface of the flap is
in line with the lower surface of the flat plate, providing a
zero-pressure gradient turbulent boundary-layer flow on the
lower surface. This configuration is of particular interest
from the point of view of general understanding as well as
modeling since only the turbulent boundary layer on the, upper
surface experiences a pressure gradient.

Experimental Observations
Figure 2b shows the model static pressure distributions. As

may be seen, there is a circulation developed around the
model, and the static pressures on the flat plate on the upper

oa EXPERIMENT

0 2 4 .6 .81.0 1.0 1.0 1.0 1.0 1.0 1.0

Fig. 10 Measured mean velocity profiles; A/n=0.4.
ReL = 24.3 X106, a = 6.25 deg.

y, cm 0

-1

-2 I I P
.4 .8

U/U

and lower surfaces are practically constant at different levels;
the corresponding Mach numbers are 0.48 and 0.39,
respectively. On the upper surface, the flow accelerates
towards the hinge line and decelerates on the flap.

Mean velocity profiles in the trailing-edge and near-wake
regions for both sides of the flow are shown in Fig. 10. In this
figure, as well as in some of the subsequent ones, lines have
been faired through the data for clarity. Upstream of the
trailing edge, the profile on the upper surface is thicker and
less full compared to that on the lower surface reflecting the
effect of an adverse pressure gradient.

The streamwise development of mean velocity in the near
wake is best seen in Fig. 11. In regard to the upper part of the
near wake, changes all across the width can be seen but are
more pronounced in the inner regions. This is in contrast to
the symmetric case discussed earlier. In the lower part, on the
other hand, changes are seen only in a narrow region around
y = Q, and a large part of the profile shows no change. The

^ EXPERIMENT

Fig. 12 Measured turbulent shear stress profiles; Mn = 0.4,
ReL = 24.3 X106, a = 6.25 deg.

x = 2.3 cm
o a o EXPERIMENT

2 r

-1

-2
0 .2 .4 .6 .8 1 -3 -2 -1 0 1 2 3 0 5 10

u/u0 rt/(pu2)0 X 103 k/uQ
2X103

Fig. 13 Measured mean velocity, turbulent shear stress and turbulent
kinetic energy profiles; Mn = 0.4, ReL = 24.3 X106 a = 6.25 deg.

^ EXPERIMENT

-2.5 6-0.4 X0.15 10.7 12.3 6.4 14.0

Fig. 11 Development of mean velocity profiles in the near wake,
Mn = 0.4, ReL= 24.3 XlO 6 , a = 6.25 deg.

10 10
k/u02 X 103

Fig. 14 Measured turbulent kinetic energy profiles; Mn = 0.4,
ReL = 24.3 X106, a = 6.25 deg.
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profile at the last measurement station (x=14 cm) is still
asymmetric.

Figure 12 shows the turbulent shear stress profiles. Large
normal gradients in the vicinity of the minimum velocity
location are seen. The data also show that the shear stress
varies linearly with y in this narrow region. Further, the
results show that the shear stress and velocity gradient, du/dy,
vanish at the same location (see Fig. 13). This implies that
eddy-viscosity concept can be employed to model the stress in
prediction methods. The profiles show two peaks,
corresponding to the upper and lower flows. A closer
examination of these profiles shows that, except in the vicinity
of >> = 0, the shear stress is nearly frozen between x- 0.15 and
;c = 2.3 cm, but changes are seen at x = 6.4cm.

The turbulent kinetic energy profiles are displayed in Fig.
14. In the inner region, the kinetic energy increases across the
trailing edge. The near wake profiles show a characteristic
local minimum at the zero-velocity gradient location (see Fig.
13). As with the shear stress, two peaks are seen. Changes in
the streamwise direction, except in the vicinity of minimum
velocity location, are generally small for both upper and lower
flows.

Computation of this flow using the Navier-Stokes
equations is in progress at Ames and experimental data are
also being gathered for the same configuration, but at a
higher freestream Mach number.

Concluding Remarks
With a view to improving our general understanding, and in

particular, to assess the importance of turbulence modeling
aspects of trailing-edge flows, detailed experiments have been
made at subsonic Mach numbers and at high Reynolds
number representative of flight conditions. Symmetric and
asymmetric trailing-edge flow configurations have been
studied. All these flows have a region of adverse pressure
gradient upstream of the trailing edge similar to an airfoil.
Flowfield measurements of mean and turbulent quantities
have been made using a laser velocimeter.

Comparisons of the symmetric flow data with numerical
solutions of the boundary layer as well as Navier-Stokes
equations employing two different turbulence models show
increased effects of viscous interactions in the trailing-edge
region as the Mach number increases. Both turbulence models
yielded solutions of the mean flow of comparable quality.

The experimental results of the asymmetric case show the
following features: 1) in the near wake, the mean flow
development is significant in the upper part of the flow; 2) the
turbulent shear stress distributions in the near wake, close to
the trailing edge, are nearly frozen; and 3) eddy-viscosity
concept for modeling shear stress could be applicable. In
addition, the data provide a base for guiding turbulence
modeling as well as for comparison with asymmetric trailing-
edge flow predictions.
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