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Trailing-Edge Region of Airfoils
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Measured and calculated results obtained in a set of trailing-edge flows are examined to consolidate
understanding of the requirements and implications for airfoil calculation methods. The experiments
investigated sharp, round, and blunt trailing edges, attached and separated turbulent boundary layers, and
boundary-layer interaction with the wake of an airfoil on the suction side. Emphasis is placed on higher angles
of attack and on the consequences of flow separation. A combination of inviscid-flow calculatlons, interactive
boundary-layer calculations - with equations in integral and differential form, and Reynolds-averaged
Navier-Stokes calculations have been used to confirm conclusions based on these experiments and to assess
implications for approximations. The measurements suggest, and calculations confirm, that streamwise and
normal momentum equations need (o be solved in calculations of trailing-edge flows and that, in particular,
normal pressure gradients and turbulence normal stresses need to be represented. Turbulence production from
Reynolds normal stresses can exceed turbulence shear stress production in a separated flow, and this has
implications for turbulence models. The ability to calculate contributions to lift and drag is considered within
the trailing-edge reglon, and the expenmental and computational uncertalntles mcurred in the results are
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examined.
Nomenclature
C = chord length
Cy = drag coefficient
C = moment coefficient
C, = pressure coefficient (P-Prer)/ V2o Ures?
iLJj = subscripts for streamwise and normal coordinate
directions
k = turbulence kinetic energy
P = pressure
Pper = static pressure at boundary-layer trip
s, n = boundary-layer coordinates (see Fig. 1)
t = time )
U = streamwise velocity (x;-direction)
Urgr = freestream velocity above boundary-layer trip
V = normal veloctiy (x,-direction)
x, ¥y = wake coordinates (see Fig. 1)
z = spanwise direction
a = angle of incidence
o = boundary-layer thickness (U/U, of 0.98)
€ = rate of ‘dissipation of turbulent k1net1c energy
0 = density
U = kinematic viscosity
v = dynamic viscosity (u/p)

= superscript denotes fluctuating component
= time-averaged quantity

~
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I. Introduction

HE development of calculation methods for the properties
“of the flow around airfoils and wings has received con-
siderable attention in recent years.!»? Solutions of inviscid-
flow equations provide useful information of lift, and interac-
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tion of these solutions with different forms of the viscous-flow
equations has allowed consideration of near-wall properties,
including overall drag.? Advances in computer technology
have led to growth of expectations to include the possibility of
calculations of the flow around complete air frames, but
quantification of accuracy remains difficult to establish.

The problem of establishing accuracy is present in the airfoil
flows considered here and can be discussed from the stand-
points of requirements and limitations. It has been possible to
calculate lift of a simple airfoil at low angle of attack within
about 10% for many years. The current requirement is to
calculate values considerably better than this and for angles of
attack up to those approaching stall. Drag is a second require-
ment, and it would be advantageous to be determined with an
accuracy approaching a few percent. Reduced accuracy may
be acceptable for landing, maneuvering, and takeoff configu-
rations since they represent a small portion of the total flight
cycle. Since results are presented frequently in terms of pres-
sure coeff1c1ents with local regions of steep gradient, it can be
difficult to assess the accuracy of a lift calculation and graphs
of lift coefficient against drag coefficient can obscure calcula-
tion errors.

The limitations of a calculation originate in numerical and
physical assumptions. The numerical errors are usually great-
est with the least approximate physical assumptions, as in the
solution of the time-dependent Navier-Stokes equations, and
may be a consequence of limitations in the solution procedure
or practical constraints associated with computers and ex-
pense. Numerical errors also occur in the solution of inviscid
equations and integral or differential forms of the boundary-
layér equations, but they can often be arranged to be small.
Physical assumptions are involved in any reduced form of
transport equations and, to achieve accuracies of the order
of those indicated above, require representation of turbulent
aspects of the flow either explicitly in turbulence models or
implicity in velocity-profile assumptions.

In calculations that involve reduced forms of the Navier-
Stokes equations, turbulence assumptions, boundary condi-
tions, and a numerical solution procedure, the accuracy of
numerical assumptions can seldom be determined directly,
and measurements provide the essential basis for the evalua-
tion of uncertainty. It is important, therefore, to examine the
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available experiments to determine the fequirements that they
reveal, and then to assess the implications for calculation
methods. This paper does this in relation to trailing-edge flows
that comprise one limited, but identifiable, region of an airfoil
flow. Thus, questions associated with the leading edge, re-
gions of strong favorable pressure gradient, and transition are
omitted here to allow concentration on the region of the airfoil
close to its trailing edge and of the wakes. The present empha-
sis is on the higher angles of attack associated with high lift
and the consequences of suction-surface flow separation .

The following section considers the implications of the se-
ries of experiments reported by Thompson and Whitelaw,*”’
Thompson,? Adair et al.,>!? Reis,!! Adair,!? and Acharya et
al.,!? which involve configurations of a trailing plate at deflec-
tion angles of 14, 16, and 17.5 deg and detailed measurements,
of velocity and pressure characteristics in the vicinity of the
trailing edge. The flows over those configurations emphasize
the trailing-edge region, but differ from airfoil flows in that
the wake has some features more closely related to those of a
plane mixing region. To make the link with airfoil flows, the
more important conclusions are considered in relation to the
airfoil flows of Nakayama.!%!> Each of these flows has been
investigated with specific objectives for that configuration,
but there is an overall interrelationship between these flows
that provides further understanding useful to the development
of models and calculation methods and to the designer, that
needs to be presented, and is the subject of this paper.

The third section of the paper examines the equations of
motion and the various reduced forms used in calculation
methods. The discussion places emphasis on the requirements
indicated by the measurements examined in the following sec-
tion and the likely consequences of their omission. The fourth
section-considers some calculated results obtained with differ-
ent equation forms and relates the findings to those of the
previous two sections. The paper ends with a summary of the
more important conclusions.

II. Physical Information

The series of experimental investigations carried out at Im-
perial College led to results that included distributions of static
pressure, two components of mean velocity, Reynolds normal
and shear stresses, and some spectral information. Two as-
pects of the results are highlighted in the following paragraphs
and correspond to the variations of mean pressure and of tur-
bulence normal stresses. The first has consequences for the
choice of the form of the viscous-flow equations and the
second for the choice of turbulence model within time-aver-
aged equations. Before discussing implications of the results,
it is necessary to assess the experimental configuration, the
two-dimensionality of the mean flow and the nature of the
wake, and to establish that they are representative of airfoil
flows. _ '

The experimental arrangement is shown in Fig. 1 and offers
the advantage of concentration on the near trailing-edge re-
gion and the disadvantages associated with the use of a com-
paratively small wind tunnel, including deviations from two-
dimensionality and different freestream velocities on the two
sides of the trailing edge. These two disadvantages require
further comment since they imply differences from airfoil
flows. Thus, although later comparisons with the airfoil re-
sults of Nakayama confirm the present conclusions, it is useful
to examine the implications of deviations from two-dimen-
sionality and a normal wake before examining pressure and
normal-stress distributions.

The deviations from two-dimensionality are associated with
the growth of the secondary flows in the corners formed by the
model and the side walls of the wind tunnel and increased with
deflection angle. Passive splitter plates were attached to the
side walls of the wind tunnel to break up the secondary flows,
and resulted in a region of two-dimensional mean flow over a
limited span of the tunnel. Spanwise distributions of mean
values of pressure, velocity, and Reynolds stresses were found
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to be constant over a minimum of 40% of the tunnel span, and
the two-dimensional integral momentum equations balanced
within about 6% of the largest local term, which is within
experimental uncertainty. Figure 2 shows examples of the
region of constant surface static pressure at 90% of chord in
the attached boundary layers and separated regions of
Thompson and Whitelaw* and Reis.!! The flow of Reis!!
involving a boundary layer interacting with the wake of an
upstream airfoil has the largest momentum deficit of those
considered here and, although it is the most susceptible to
three-dimensional effects, mean velocity distributions in the
wake at locations on and off the centerline (Fig. 2b) reveal
only small deviations.

The wakes that resulted from the present arrangements are
peculiar to this type of flow configuration. The difference in
the freestream total pressures on the upper and lower side of
the plate results in a turbulence structure, although not mean
flow patterns, which is proportioned differently from that
usually associated with symmetric and asymmetric airfoil
wakes. Reynolds stress distributions are similar but magni-
tudes are different so that, for example, there is only one peak
in the cross-stream distribution of longitudinal normal stress.
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Fig. 1 Trailing-edge configurations.
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Also, the Reynolds stresses are larger in the pressure-side shear
layer in airfoil wakes, whereas they are larger in the suction-
side shear layer in the present flows. The far wake of the
present arrangement develops into a plane mixing layer with
associated turbulence production. The wake is wide so that the
strain rate is small, and turbulence production is about the
same magnitude as the other transport processes.

These comments on two-dimensionality and on the nature
of the wake provide support for the further examination of the
flow characteristics. The profiles of static pressure obtained
with the three deflection angles are shown in Figs. 3 and 4 and
were obtained with surface taps and a five-hole probe, respec-
tively, on a coordinate system corresponding to orthogonals to
the surface and, in the wake, normal to the tunnel roof. There
are uncertainties associated with the use of the taps and the
probe, and careful examination suggested that they might be
as large as 0.0035 and 0.034 of C,, respectively; they are not,
however, sufficiently large to influence the following conclu-
sions that are extracted from Figs. 3 and 4. The longitudinal
adverse pressure gradient is shown in Fig. 3 to increase with
deflection angle. Cross-stream pressure gradient also increases
with the angle of deflection of the trailing plate and extends
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Fig. 2a Spanwise surface pressure distribution at 17.5-deg incidence
and s/c of 0.9; z is the spanwise coordinate direction. Tunnel side wall
is at z/c of 0.134.
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Fig. 2b Profiles of mean velocity at s/c of 1.066. Trailing-edge plate
at 17.5-deg incidence with upstream airfoil, z/c of 0.0 (1; 0.04 O ;
0.75 A. Tunnel side wall at z/c of 0.134.
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over a larger portion of the flow, as shown in Fig. 4. Cross-
stream pressure gradients in the vicinity of the trailing edge are
apparently significant at small incidence (also see Naka-
yama'?), and the present flows quantify the increase in magni-
tude and importance with greater asymmetry between suction
and pressure-side boundary layers and, thus, with increase in
angle of attack.

Terms in the equations that represent transport of stream-
wise and normal momentum were obtained by substitution of
measured ensemble-averaged quantities from hot-wire, flying-
wire, and impact probes into discretized expressions for each
term. These terms are shown in Fig. 5 and suggest that normal
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Fig. 5 Distributions of terms in momentum transport equations at s/c of 0.9.

pressure gradients are important. In order to verify this con-
clusion and to discount any misinterpretation associated with
experimental uncertainty, values of cross-stream pressure gra-
dient obtained from measurements were compared with those
obtained from imbalance in the cross-stream momentum
transport equation and were found to agree within 15%.

The relative importance of the cross-stream pressure gradi-
ent and the need to solve the normal momentum equation in
calculation methods are apparent in the flow characteristics
measured with angles of attack that approach or result in
boundary-layer separation. With the trailing plate at 14-deg
incidence and the suction-side boundary layer close to separa-
tion, streamwise and normal pressure gradients were of the
same magnitude, and were greater than transport terms associ-
ated with turbulence quantities, except in the near wake where
turbulence transport increased, and all of the terms were of
similar magnitude. The pressure gradients were associated
with mean flow curvature, which was apparent from upstream
of the trailing edge into the curved wake.

With trailing-edge separation and deflection angles of 16
and 17.5 deg, the cross-stream pressure gradient was larger
than the streamwise pressure gradient in the separated flow
region near the trailing edge. Cross-stream pressure gradients
were measured to be larger than in the attached flow with the
14-deg deflection angle; cross-stream pressure gradients were
up to three times larger with the 16-deg deflection angle, and
the separation occurred 6% of the chord upstream of separa-
tion, and up to 10 times larger with 17.5-deg incidence and
separation located 13% upstream of the trailing edge. Flow
curvature and turbulence effects were found to be large in the
shear layer that separated forward and back flow, and this

resulted in pressure gradients in both streamwise and cross-
stream directions around the periphery of the back-flow re-
gion. In the back-flow region, cross-stream and streamwise
velocity components were similar with values less than 10% of
the freestream velocity so that convection is small compared to
that in attached boundary layers, and pressure gradients bal-
ance turbulence transport effects. The cross-stream pressure
gradient increases with the streamwise and cross-stream di-
mensions of the recirculating flow region and is required to
represent physical behavior observed in the vicinity of the
recirculation region.

Pressure gradients also affect development of the wake.
Favorable streamwise gradients accelerate the near-wake flow
with attached boundary layers at the trailing edge and, simi-
larly, there is a mild favorable pressure gradient in the vicinity
of the downstream stagnation point of the recirculation re-
gion. The corresponding cross-stream pressure gradient acts to
decrease the width of the wake, so that the minimum width is
just downstream of the trailing edge or downstream of the
stagnation point and plays an important role in determining
the curved trajectory of the wake. Flow curvature in the wake
depends in part on the local momentum deficit and, thus, on
angle of attack in that, for example, the wake of a separated
flow with its larger momentum deficit is more easily deflected,
and thus more likely to be highly curved, than the wake of
attached boundary layers in which inertial effects are more
predominant. The geometry of the trailing edge also affects
the wake flow. In the case where the trailing plate was inclined
at 14-deg incidence and the boundary layer remained attached,
the effect of the geometry of the trailing edge was confined to
a small region in the near wake whose cross-stream and down-
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stream dimensions were 10% and 55%, respectively, of the
boundary-layer thickness at the trailing edge. The wake flow
in this case was important mainly in the determination of base
pressure. In contrast, with the trailing plate at 17.5-deg inci-
dence that resulted in boundary-layer separation, the structure
of the separated and wake flow regions was significantly af-
fected by the trailing-edge geometry. For example, the loca-
tion of mean flow streamline detachment as measured with the
flying-wire, which was 12.3% of chord upstream of the sharp
trailing edge, moved upstream by 1.2% of chord with a blunt
trailing edge of 0.0033 chord thickness. The distributions of
surface pressure and mean velocity were significantly altered,’
which indicates that both lift and drag are affected. The
results suggest that accurate calculation of lift, drag, and the
onset of separation on airfoils as a function of incidence
requires representation of the effects of trailing-edge shape
and thickness on the pressure gradients in the direction across
the boundary layer and in the streamwise direction, especially
in the wake.

Comparisons with the flows of Nakayama!*!* around air-
foils at 4- and 12-deg incidence show many similarities, and
also suggest that variations in normal momentum need to be
represented in calculations of the flow at 14-deg incidence,
and that of Nakayama'!* at 4 deg shows that the streamwise
and normal pressure gradients are distributed in a similar
manner with the pressure-side boundary layer less important
to the wake development. One difference is the total pressure
deficit on the pressure side of the plate at 14-deg incidence
which, although it does not affect the mean flow patterns
significantly, changes the turbulence structure because of
decreased turbulence production in the wake, as discussed
previously, and presents a difficulty to calculation schemes
that rely on equal values of total pressure in the freestream
above and below the airfoil.

The flow at 16-deg incidence and that of Nakayamal’ with
an airfoil at 12-deg incidence also show similarities, although
experimental methods are different: Adair'? used the flying-
hot-wire anemometer of Thompson and Whitelaw,® whereas
Nakayama!® used laser-Doppler anemometry. Also, the flow
configurations have different three-dimensional effects.
Nevertheless, both experiments show large normal pressure
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gradients and almost constant surface pressure near the trail-
ing edge. The magnitude and distributions of flow curvature
and its stabilizing and destabilizing effects on turbulence are
similar.

The previous paragraphs deal with one aspect of the mean
flow, and the discussion is now changed to consider the rela-
tive importance of turbulence normal-stress and shear-stress
production. Measured values of mean and turbulence quanti-
ties were used to obtain the ratio of turbulence production by
normal and shear stresses shown in Fig. 6. It is evident that
normal-stress production is more important than shear-stress
production in the vicinity of back flow. The effect, and corre-
sponding need to represent normal-stress production, in-
creases with increase in angle-of-attack. For calculation meth-
ods, this suggests that normal-stress production may be
ignored for attached flows and possibly small regions of recir-
culation, but requires representation as the angle of attack
approaches maximum lift. For moderate and large regions of
back flow, the maximum values of normal-stress production
along lines normal to the surface exceed the corresponding
maximum shear-stress production in the vicinity of detach-
ment or the downstream stagnation point, although at differ-
ent locations across the profile. Normal-stress production
achieves a maximum in the back flow close to the wall,
whereas maxima of shear-stress production are associated
with maxima in strain rate. This suggests that turbulence
models based on eddy-viscosity assumptions will fail at large
angles of attack because of their inability to represent normal-
stress production in the back flow. The calculations of
Thompson® with the k-e turbulence model tend to support
this, and an additional, empirically based term was developed
to represent the normal-stress contribution to production of
turbulence kinetic energy in the near-wall recirculating region.

III. Transport Equations

The time-dependent Navier-Stokes equations are assumed
to be appropriate to the flows over airframes and may be
expressed, together with mass conservation, in the incom-
pressible form

al;
i (1)

al, . aU; 10P 1 9 10/
— 4 [jl_ = —— 4 - — ——

at ax; pdx; pax; \" ox; ()]
where ~ indicates instantaneous quantites, and the subscript j
is summed from Egs. (1-3). Because this set of equations
cannot be solved in sufficient detail to represent all turbulent
scales, recourse is made to simpler forms. Reduced forms
considered here include the two-dimensional, steady-flow

equations, which may be expressed as
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for viscous, boundary-layer flow. Equation (4) provides infor-
mation about lift that can be improved by consideration of the
viscous shear layer represented by Eq. (5), and the consequent
interaction of the two equations provides information about
drag. This approach has been taken by many authors includ-
ing, for example, Seebohm and Newman,'® Melnik et al.,"?
Gilmer and Bristow,!® Williams,!® Le Balleur,?° Bradshaw et
al.,?! Veldman and Lindhout,? Cebeci et al.,? Van Dalsem
and Steger,?* and Adair et al.,!® and discussed in the reviews
by Briley and McDonald,?* Cebeci et al.,26 and Cebeci and
Whitelaw,?” for example. Other types of interaction involve
the solution of thin shear-layer Navier-Stokes equations (see,
e.g., Mehta et al.?®) and the more general two-dimensional,
time-averaged form of the Navier-Stokes equations:

U KUY _ 1 &P)

\
x VD ay {(p) ox

Uy U
+(V)< T 6y2>

<U>

9 2 __E_ P4yt
- a(u ) ay(u v’y (6a)

vy KWy
ax < Jy

Uy U
+(v)< F) + 7

1 o(Py

{p) 9y

KU>

9 72 _i P!
~5;<v ’> ay(u v’y (6b)

In this latter case, a solution may be obtained by generating a
finite-difference mesh, for example, with the inviscid flow
equations and solving the complete time-averaged Navier-
Stokes equations on the grid as, for example, by Thompson,?
Briley et al.,?® and Briley and McDonald® or by relaxing in the
viscous terms as by Briley and McDonald.3!

A major conflict occurs since Egs. (3-5) can usually be
solved with good numerical accuracy, but may inadequately
represent the flowfield, especially at higher angles of attack;
Eqgs. (3) and (6) may represent the flowfield more accurately,
but their solution can introduce numerical errors that are
difficult to quantify. In both cases, the time-averaged nature
of the equations implies that information has been disre-
garded, and an accurate solution to the equations may not be
an accurate representation of the flow. The choice of a turbu-
lence model to represent the Reynolds stress terms seeks to
minimize this last difficulty, but cannot remove it.

The appraisal of the previous section has implications for
the choice of equations. It is evident from Fig.5 and the
related discussions that the cross-stream pressure gradient can
be of similar magnitude to, or larger than, the longitudinal
pressure gradient, and that neither can be considered to be an
order of magnitude less than that of the turbulence diffusSion
or convection terms. Further evidence for this is provided by
the calculations of Thompson,? Reis,!! and Reis and Thomp-
son?*? obtained from the numerical solution of Egs. (3) and (6)
with hybrid combinations of bounded-skew-upwind differenc-
ing and upwind-control differencing and a modified version of
the TEACH code as described by Thompson.® These solutions
are subject to numerical uncertainty, but not to an extent
which influences the conclusions that are drawn in the discus-
sion of Fig. 5. Estimated values of numerical error were ob-
tained for calculations of the flow around the trailing plate
at 17.5-deg incidence with and without the wake of an up-
stream airfoil element on the suction side. The estimate of
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numerical uncertainty is the imbalance in Eq. (6a) when the
constituent transport terms, shown in Fig. 7, were calculated
from the numerical solution and compared to those obtained
from higher-order approximation as described by McGuirk et
al.’® The implication of imbalance terms in excess of 10% of
the largest transport term, i.e., net convection, net diffusion,
or net source terms in the local cell balances, is that numerical
error makes a substantial contribution to diffusion so that
profiles of the dependent variable spread at a greater rate than
is represented by the differential transport equations: the
finite-difference equations have significantly larger diffusion
than the transport equations from which they were derived.
Numerical errors were negligible over about 70% of the calcu-
lation domain in calculations both with and without the suc-
tion-side wake.

There are three regions where the imbalance term shown in
Fig. 7 indicates numerical errors of the order of magnitude of
local pressure gradient terms: in the potential flow, in the
suction-side shear layer that borders forward and reversed
flow, and in the vicinity of the trailing edge downstream of
where the pressure-side boundary layer enters the calculation
domain. In the potential flow, convection balances pressure
gradient, and any numerical diffusion appears large relative to
physical diffusion. In the shear layers that divide forward and
reversed flow, the largest imbalance terms are found. The
magnitude of the imbalance here is comparable to the physical
diffusion in only this small but important region of the flow
on the freestream side of both shear layers. Numerical errors
were unimportant inside the separation bubble, as is evident
by the differences between bounded-skew and hybrid upwind-
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Fig. 7 Assessment of numerical error at x/c of 1.12 with 17.5-deg
incidence. Terms are nonmimensionalized with &,/ U?.
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central difference calculation shown in Fig. 8; the bounded-
skew scheme calculated slightly larger cell Peclet numbers as a
consequence of less numerical diffusion in the outer shear
layer and, therefore, employed central differences over 60%
rather than 75% of the back flow as in the upwind-central
calculations; however, differences in the calculated recirculat-
ing flow were insignificant.

Figure 8 shows the effect of different numerical approxima-
tions for convection terms and helps to quantify the corre-
sponding numerical error. The profile of mean velocity and
the streamwise variation of static pressure are not greatly
affected by the different numerical representations of convec-
tion, and the discrepancies between measured and calculated
results are not substantially improved. Results obtained with
the bounded-skew scheme were in somewhat better general
agreement with trends of the measurements and showed less
numerical error,’ but calculated values were not significantly
improved, and both calculations were different from measure-
ments. Turbulence quantities were calculated to be very simi-
lar in the bounded-skew and hybrid upwind-central calcula-
tions,3 and this suggests that improvements in the turbulence
model assumptions may be important to successful calcula-
tions of the influence of separation. The contribution of the
flow in the vicinity of the trailing edge to lift coefficients was
within 3 and 2% of experimental values when obtained with
hybrid bounded-skew-central-upwind and hybrid central-up-
wind approximations, respectively. The wakes of both calcula-
tions were in poor agreement with measurements and indicate
that the calculated drag coefficient was at least 20% different
from that of the measurements. Turbulence-model assump-
tions are apparently more important to the prediction of drag
coefficient than to the calculation of lift coefficient.

Both calculation schemes gave results that quantitatively
disagree with measurements, and the distributions of pressure
and velocity characteristics differed to a degree that would
have influence in aircraft design. The pressure distribution in
the vicinity of the recirculating flow differed from the mea-
sured pressure coefficient around the location of mean stream-
line detachment. The bounded-skew calculation overpredicts
C, in the attached boundary layer and underpredicts it in the
separated flow, but because of cancellation errors, gives an
overall lift coefficient that is closer to the measured value. The
freestream flow calculated with the bounded-skew scheme is in
about 2% better agreement with measurements in the sepa-
rated region and the wake, but in about 1% poorer agreement
in the attached flow region, and this is a direct consequence of
reduced numerical error. Numerical errors are not solely re-
sponsible for discrepancies: wall function and turbulence
model approximations make a contribution to the overall
error. It is difficult to separate these errors, to determine their
source and, thus, to guide improvements to numerical or
turbulence model approximations.

The importance of dP/dy in a curved wake is to be ex-
pected and requires consideration of some form of second
momentum equation. The question arises as to the extent to
which sensible results can be obtained without consideration
of the wake and of the normal pressure gradient, and this
depends on the angle of attack. At small angles of attack, lift
should be well calculated with approximate representation of
dP/dy or wake curvature at least in part, because the region
with cross-stream pressure gradient, and associated flow cur-
vature, extends over a small region around the trailing edge.
Drag is less well calculated because neglect of these pressure
gradients does not allow adequate representation of the devel-
opment of the boundary layers, which is important to skin
friction and form drag. As the angle of attack increases, the
large cross-stream region of strong interaction near the trailing
edge becomes larger and stronger so that lift and, to a degree,
drag values are calculated to be increasingly different from
measurements. At angles of attack approaching separation
and higher, the strength of the interaction appears to have a
first-order influence on boundary-layer development. This is
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consistent with calculations (e.g., interactive boundary-layer
calculations) that do not account for the distribution of pres-
sure in the vicinity of the trailing edge, being successful in the
calculation of lift, but are unable to obtain drag reliability at
any angle of attack. ‘ '

¢ measurements
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Fig. 8 Calculated results with trailing plate at 17.5-deg incidence.
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IV. Calculated Results

The previous section emphasizes some of the implications of
the experiments for calculation methods. In this section, the
problem is reversed, and results are presented that have been
obtained by interaction of Eqs. (3-5), including a second
momentum equation in which normal pressure gradient is in
balance with centrifugal acceleration, and by numerical solu-
tion of Egs. (3) and (6). Again, the emphasis is on the tralhng-
edge region and on the higher angles of attack.

Cebeci et al 26 and Briley and McDonald? refer to a number
of calculations which demonstrate that interactive methods
can be used to predict flows with small separation and are
often preferred for practical applications, which include cer-
tain three-dimensional flows because their computational re-
quirements are modest. The alternative approach is to solve
the most complete form of the transport equations that is
possible throughout the domain. Solutions of the time-aver-
aged Navier-Stokes equations have been reviewed by Brad-
shaw et al.,3* Shang,® Cebeci et al.,6 MacCormack,* and
Shang and Hanley_37 and applied to alrfoﬂs with separated and
attached flows (see Shamroth and Gibeling, Sugavanum and
Wu,* Hegna,® Rhie and Chow,* and Adair et al.,” and
three-dimensional aircraft configurations, for example by
Shang and Scherr®? and Chaderjian.*® The results from these
calculations show that the alternative provided by solution of
the Navier-Stokes equations throughout the flow does not
solve the problem in that numerical approximations, turbu-
lence modeling assumptions, and boundary conditions. intro-
duce uncertainty. In principle, numerical errors can be elimi-
nated with a combination of grid refinement and the use of
higher-order finite-difference approximations such as those of
Raithby™ or Leonard,* but success has been limited because
of computer capabilities and insufficient improvement offered
by the higher-order methods (also see Leschziner®). Tt is also
difficult to distinguish errors associated with turbulence mod-
els and numerical approximations, as discussed previously.

Several calculation procedures have been applied to sepa-
rated flows. Gilmer and Bristow!® solved with inviscid and
viscous-corrected flow equations and obtained very good
agreement with experimental values of lift and drag for single-
element airfoils with separation, as shown in Fig. 9. An ap-
proximate representation of the separating streamline was
arranged to give constant surface pressure downstream of
separation. Poorer results were obtained for multielement
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Fig. 9 Comparison of viscous and inviscid calculations of forces and
moments on an airfoil with Fowler flap deflected 25-deg.
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airfoils (see Gilmer et al.#”), and this can be explained in part
with the measurements of Reis!! that show a significant effect
on the structure of the recirculating flow and a larger variation
in surface pressure downstream of separation than occurs
without confluence of the suction-side boundary layer and
wake of a second element.

The FLARE approximation has been used in calculations
with recirculation because it allows solution by a forward-
marching algorithm at reduced computational expense. It
omits longitudinal convection and is likely to lead to errors,
which increase with the size of the region of separated flow as
discussed, for example, by Briley and McDonald.?

It seems unlikely that methods that integrate the flow in the
viscous regions can be developed to predict flow over three-di-
mensional aircraft configurations, which include vortex, sepa-
rated and confluent-boundary-layer flow regions. Integral
methods rely on empirical information introduced through
profile distribution assumptions and correlations (see Lock
and Williams*® and Williams,!® for example), which restricts
their application to the family of flows with which they were
developed.

Second-order boundary-layer approximations such as those
of East* are required in the vicinity of the trailing edge, and
additional empirical information abouit the cross-stream pres-
sure gradient and turbulence normal stresses need to be pro-
vided. The pressure distribution in the region of transition
from boundary-layer to wake flow depends on parameters
such as trailing-edge shape, confluence in the upstream
boundary layers, separation and trailing-edge thickness, and
development of a correlation for each condition is required.
The lack of generality and consequent need for experimental
information, even for relatively minor changes in the trailing-
edge configuration, seems likely to limit the benefits to be
obtained from integral methods.

For blunt, sharp, and round trailing-edge flow where the
boundary layer is attached to the end of a sharp trailing edge,
it seems adequate to represent the effects of the finite trailing-
edge thickness by extending the surface streamlines until they
intersect in the wake. For the purposes of boundary-layer
calculation, the base pressure may be taken as the average of
the pressure and suction-side values at the location where the
airfoil is truncated. For the calculation procedures that at-
tempt to provide representation of the onset of separation or
of the recirculating flow, there is a need to account for the
influence of trailing-edge shape: the geometry of the trailing
edge has influence upstream of the initial stages of develop-
ment of the reverse-flow boundary layer and, thus, affects the
structure and the size of the back-flow region. The scale of the
flow in this region, which includes a second counter-rotating
recirculation within the back flow, is small compared to the
scale of the boundary layer or outer inviscid flow.

Calculated results confirm the requirements for representa-
tion of cross-stream pressure gradients and turbulence normal
stresses in the trailing-edge region determined from experi-
ments. Cebeci et al.,® found the accuracy of calculations of
attached boundary-layer flow to be poorer near the trailing
edge, whereas it was acceptable further upstream, Discrepan-
cies were attributable to misrepresentation of normal pressure
gradients and turbulence normal stresses upstream of the
trailing edge. Chang et al.> also calculated turbulent airfoil
wakes, and results were acceptable although representation of
cross-stream pressure gradients associated with wake curva-
ture was required and appropriate terms were included in the
form of a boundary-layer transport equation that was solved.
Calculation procedures for attached flows that use boundary-
layer approximations but ignore cross-stream pressure gradi-
ent do not represent the flow or its development sufficiently
accurately, especially for drag, in the region near the trail-
ing edge where the adverse pressure gradient on the surface
changes to a favorable pressure gradient in the wake.

The measured importance of cross-stream pressure gradient
found in separated flow is also verified in calculations. Mea-
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surements suggest, and calculations confirm, that details of -

the back flow are of small consequence to the overall flow
pattern when compared to the importance of shear layers that
separate forward and reversed flow. Transport in the stream-
wise and cross-stream directions due to turbulence diffusion
from this layer can typically exceed 300 and 500%, respec-
tively, of the largest convective transport terms. Characteris-
tics of these shear layers dominate those of the recirculating
flow, including its size and, consequently, affect the pressure
distribution in the vicinity of the trailing edge. The Navier-
Stokes calculations of Reis and Thompson® and Adair et al.!
in separated flows obtained values of pressure gradient normal
to the: surface that were consistent with experiment: normal
pressure gradients in the large recirculation region obtained
with the trailing plate at 17.5-deg incidence were calculated to
be 11 times greater than those in the flow of Nakayama'’ over
the airfoil at 12-deg incidence and 16 times those calculated
with the trailing plate at 14-deg incidence and are comparable
to measured values. The effect of neglecting the cross-stream
pressure gradient terms is also difficult to quantify. A sensitiv-
ity analysis to demonstrate the effects of omitting and includ-
ing the cross-flow momentum term is needed, but requires
assurance that the complicating effects of numerical and tur-
bulence assumptions are inconsequential. Some evidence can
be gleaned from the.surface-pressure calculations of Adair et
al.,!® which included a correction term for the displacement
surface curvature and were in poor agreement with measure-
ments in the recirculation region: specifically, the pressure
recovery was underpredicted at the upstream end of the recir-
culation region, and an unphys1ca1 favorable pressure gradient
occurred at about the center of the backflow over the surface
so that the pressure was in good but fortuitous agreement at
the trailing edge. The consequences were about a 1% error in
lift, but a 30% error in drag obtained from the momentum
deficit of the wake.

The largest discrepancies between calculatlons and measure-
ments are found where large shear stresses occur in the vicinity
of recirculation and near wake. Reis and Thompson®2 calcu-
lated velocity distributions that qualitatively represented fea-
tures in the recirculating and wake flow, but values differed
from measurements. The drag coefficient obtained by inte-
grating the calculated mean velocity across the wake taking
account of static pressure variation, was 20% different from
the drag obtained from measurements. Numerical errors con-
tributed to local momentum balances in the region of large
shear stress associated with recirculation, and turbulence cal-
culations suggest that turbulence-model assumptions were de-
ficient. It appears that at least the stabilizing and destabilizing
effects of streamline curvature, which occur in the attached
boundary layer and around the downstream stagnation point
of the recirculdtion bubble, respectively, and also the complex
interaction of the stiction-side and pressure-side boundary
layers with the backflow, are not well represented in the k-¢
turbulence model. Measurements show that the flow patterns
near recirculation are strongly dependent on diffusion pro-
cesses so that their representation is important to the success-
ful calculation of the shear layers that border the forward and
reversed flow. The importance of diffusion suggests that dif-
fusion processes need to bé better represented in turbulence
models and not present in the numerical approximation.

Flows with attached boundary layers at the trailing edge can
be represented by simpler turbulence models. Cebeci et al.2
and Chang et al.*® preferred a well-found algebraic eddy-vis-
cosity model which allows calculations to be performed about
three times faster than with two-equation models and 10 times
faster than with Reynolds-stress transport models. Its accu-
racy was found to be almost within experimental error. Exper-
iments have shown that turbulence normal stresses are impor-
tant in- the trailing-edge region where the turbulence shear
stress does not change in proportion to kinetic energy and
eddy-viscosity coefficients vary considerably. It is apparent
from these results and from the calculations of Adair et al.!?
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and Reis and Thompson3? that representation of separated
trailing-edge flow requires the use of transport equations for
streamwise and cross-stream flow, and that these should rep-
resent convection, pressure gradient, and turbulence diffusion
in both streamwise and cross-stream directions. The solution
domain that requires these equations extends from upstream
of the trailing edge or separation point to at least two chord
lengths downstream of the trailing edge and over at least the
wake width.

V. Conclusions

Our understanding of airfoil and wing flows involves uncer-
tainties including the onset and nature of.transition, large
vortices and interactions between the flows associated with
components such as the fuselage, wing, nacelle, and empen-
age. Uncertainties also exist due to wind-tunnel characteristics
and cannot always be resolved. The following conclusions
stem from experiments with simplified configurations and the
discussion presented here.

1) Calculated results have uncertainties that are difficult to
quantify and increase with angle of attack. It is evident that
inviscid flow calculations can provide lift within about 10%
for simple airfoils at moderate angles of attack, and that
inclusion of viscous effects, through interaction with
boundary-layer calculations; can improve this figure even
without consideration of the wake. -

2) At higher angles of attack where the boundary layer
remains attached, it is necessary to include viscous effects and
represent the downstream wake. In this way, the maximum in
the lift vs angle of attack curve can be represented, although
accurate values are likely to require consideration of the cross-
stream pressure gradient.

3) Neglect of the effects of the wake and normal pressure
gradients has more serious consequences for attached flows on
wings at high angle of attack in that they can influence the
distributions of pressure and cross-flow velocity and, hence,
the accuracy of calculated values of lift, drag, and stability
characteristics.

4) In all of the above cases w1thout separation, the turbu-
lence characteristics of the flows can be adequately repre-
sented with simple turbulence models.

5) When a large region of suction-side separation exists at
the trailing edge, turbulence normal stress becomes important
to the momentum balance, but the accuracy of Navier-Stokes
and interactive methods are insufficient to resolve the conse-
quences.

6) The influence of traﬂmg-edge thickness of airfoil is small
at low angle of attack and can be accommodated in calcula-
tion methods. The effect increases with angle of attack and
around maximum lift can have an important consequence for
lift which cannot be easily accommodated within calculation
methods. It can be expected that the. influence will be even
greater in the calculation of flow around wings.

(7) The ability to calculate drag is less satisfactory than for
lift and, in most cases, is not adequate for design purposes.
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