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Prediction of High-Lift Flows Using Turbulent Closure Models
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The flow over two different multielement airfoil configurations is computed using linear eddy-viscosity turbulence
models and a nonlinear explicit algebraic stress model. Transition locations that were recently measured using hot
film on one of the configurations are presented, and the effect of transition location on the computed solutions is
explored. Deficiencies in wake profile computations are found to be attributable in large part to poor boundary-
layer prediction on the generating element rather than on inadequate turbulence modeling in the wake. Using
measured transition locations for the main element improves the prediction of the main-element boundary-layer
thickness, skin friction, and wake profile shape. However, using measured transition locations on the slat still
yields poor slat-wake predictions. The computation of the slat flowfield remains a major problem in the successful
prediction of multielement flows. In general, the nonlinear, explicit algebraic stress turbulence model yields results

that are similar to those of the linear eddy-viscosity models.

I. Introduction

A. Overview

HE prediction of high-lift (multielement airfoil) flowfields cur-

rently represents a difficult challenge for the computational
fluid dynamics (CFD) and turbulence modeling community. Even
in two dimensions, state-of-the-art CFD codes fail to predict trends
with regard to Reynolds number or flap and slat rigging changes
with sufficient accuracy.! Without the capability to consistently
predict trends using CFD, aircraft designers must rely on heuristic
techniques and wind-tunnel experiments, which can present addi-
tional difficulties when the results are 'scaled up to flight Reynolds
numbers.2~*

The flow around a multielement airfoil or wing is inherently com-
plex. Variations in angle of attack and different slat and flap settings
often present very different and distinct challenges. For example, for
typical landing configurations viscous effects can dominate com-
pressibility effects near stall, whereas for typical takeoff configu-
rations compressibility can dominate the stall physics.> Also, flap
separation is often seen at low to moderate angles of attack, whereas
at stall the aft portion of the main element is often unloaded and the
flow over the flap surface is attached.!

Although high-lift devices work essentially because they manip-
ulate the inviscid flow,? viscous effects are crucial and are coupled
strongly to the inviscid effects. According to Meredith,’ some of the
viscous features that can affect two-dimensional multielement sys-
tems include boundary-layer transition, shock and boundary-layer
interactions, viscous wake interactions, confluent wakes and bound-
ary layers, and separated flow regions. Some important insights into
the physical processes that govern high-lift aerodynamics were sum-
marized by Smith in his landmark 1975 paper.” In particular, he
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described several effects that contribute to the improved high-lift
characteristics of multiple elements.

A great volume of work on high-lift flows, both computational and
experimental, has built up since 1975. (See, for example, discussions
in the papers by Lynch et al.,! Haines,? Woodward and Lean,? Thib-
ert et al.,” and Valarezo.!®) Computational methods range from
coupled viscous and inviscid methods, e.g., Ref. 11, through in-
compressible and compressible Reynolds-averaged Navier—Stokes
approaches (see the review paper by Ying’). Several CFD code
validation efforts have been undertaken. For example, an AGARD
three-element takeoff configuration, tested in the early 1970s and
subsequently used as part of a battery of AGARD test cases,'?
was recently used as a code validation challenge'® by the Com-
putational Fluid Dynamics Society of Canada. Experiments have
also been performed in the NASA Langley Low Turbulence Pres-
sure. Tunnel (LTPT)!*'* on McDonnell Douglas (MD) three-
element landing configurations; some of those configurations were
used as test cases in a CFD Challenge Workshop held at NASA
Langley Research Center in 1993. Several papers have been writ-
ten that describe various aspects of experimental testing on those
configurations. 620

Since the NASA CFD Challenge Workshop, many CFD results
have been reported for the MD three-element configurations, ob-
tained from a variety of numerical schemes for the Navier-Stokes
equations. The incompressible Navier—Stokes code INS2D, which
uses both point-matched and overset grids, has been used extensively
to assess the capability of CFD to model trends that occur with con-
figuration changes, to assess the tunnel-wall and grid density effects,
and to evaluate the use of different turbulence models.?'~2* This code
has also been coupled with a transition-prediction methodology.?’
Compressible Navier—Stokes codes have been used as well. Jones
et al.?6 used the code CFL3D with overset grids to compute flow
over the two-dimensional MD three-element configurations and
three-dimensional flow over wings with flaps. The structured grid
codes OVERFLOW and TLNS3D and the unstructured-grid codes
NSU2D and FUN2D have also been applied to the two-dimensional
MD configurations.>:27-28

B. Code Validation Issues

Overall, comparisons of CFD results with experimental results for
the two-dimensional MD three-element configurations have been
somewhat ambiguous. Considering the inherent complexity of the
flowfield, CFD results are surprisingly good, particularly with regard
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to surface pressures. Unfortunately, the predicted trends that occur
with Reynolds number and configuration changes are not accurate
enough to meet the needs of wing designers, and the maximum lift
coefficient and the angle of attack at which maximum lift occurs tend
to be overpredicted.! However, the reasons for these deficiencies are
not clear at this time. Possible causes are inadequate modeling by
the CFD codes, e.g., turbulence and transition models, and the like-
lihood that the CFD codes are not simulating the same configuration
as in the experiment.

The first possibility may play a role because most of the turbulence
models in use today are eddy-viscosity one- and two-equation mod-
els that do not account for effects such as curvature or anisotropy.
Missing effects such as those may be important in certain regions
of multielement flowfields. Additionally, most CFD codes prescribe
rather than predict transition locations; those locations can have a
significant effect on the solution.??:3 Moreover, the transition pro-
cess is usually not modeled. Instead, the eddy viscosity is generally
switched on at transition points. More sophisticated transition mod-
els, such as that employed by Cebeci’! (in an interactive boundary-
layer code that is coupled with an algebraic turbulence model),
are currently not widely used. The presence of laminar separation
bubbles, which are usually associated with high peak suctions and
steep adverse pressure gradients,* are also generally not taken into
account.

The second possibility, that the CFD codes may not simulate the
same configuration as in the experiment, arises particularly because
of questions regarding the deviation from two-dimensionality in ex-
perimental tests and the applicability of two-dimensional CFD sim-
ulations to such flows. Additionally, the effects of surface roughness,
tunnel turbulence, external tunnel devices, and structural model de-
formations must be considered. Because multielement airfoil flow
appears to be highly sensitive to these parameters, the determination
of precisely why a CFD simulation deviates from a given experimen-
tal result is often difficult. To cite an example of this experimental
sensitivity, a three-element airfoil section that represents the Airbus
310 wing section at 59% span was found to yield a negative trend of
Cmax With increasing Reynolds numbers between 6 and 16 x 106
for an unpolished model but a positive trend when the model was
polished.*?

C. Turbulence Model Studies

Rogers et al.?* showed that several different eddy-viscosity mod-
els are generally consistent in their prediction of the flow over the
MD three-element configuration. The differences between the tur-
bulence model predictions are generally smaller than the differences
between computational and experimental results. Further perspec-
tive may be gained on the issue of turbulence modeling by consid-
ering both the experimental and computational results for different
configurations. Squire®* and Agoropoulos and Squire®* compared
computed velocity profiles and turbulence quantities with the ex-
perimental results from a study of flow over a two-element model;
this study was designed to explore the interaction between the slat
wake and the boundary layer of the main wing. They describe the
merging process with three regimes: the unmerged region, when the
wake and boundary layer are separated by a potential core; the initial
merging region, when the outer part of the wake and the inner part
of the boundary layer are unaffected; and the region of full merging,
which results in a new, thicker boundary layer. By using the incom-
pressible Navier—Stokes equations with a k—¢ turbulence model and
an algebraic stress model (ASM), Agoropoulos and Squire** found
that both models agreed well with the experimental results in the
initial stages of the merging, with somewhat better results using the
ASM. Decelerated flows were predicted with the same accuracy as
those in constant pressure.

In addition to computing the landing configurations for the
CFD Challenge Workshop, Anderson and Bonhaus® computed
the flow over an MD three-element takeoff configuration by us-
ing the unstructured code FUN2D. They compared those computa-
tions with the experimental results (including turbulent shear stress
data) of Nakayama et al.*® The one-equation eddy-viscosity turbu-
lence model of Spalart and Allmaras®’ (S-A) was used; turbulent
shear stress profiles were found to be in overall reasonable agree-
ment with the experiment. Peak levels were underpredicted on the

flap, but results in that region may not have been sufficiently grid
converged.

Lien and Leschziner®® and Lien et al.* computed the flow over
both a separated single-element ONERA airfoil and a two-element
(main element and flap) NLR-7301 airfoil.*’ They compared results
that were obtained using k—& two-equation eddy-viscosity models
with those obtained using full second-moment Reynolds stress clo-
sure models on the ONERA airfoil and found the latter models to be
generally superior. However, all of the turbulence models performed
poorly in the far wake, in regions where the turbulence production
over dissipation was low. The k—¢ eddy-viscosity model performed
fairly well on the NLR-7301 airfoil, although the wake mixing was
incorrect and insufficient mixing was predicted between the wing
wake and flap boundary layer. These inaccuracies were attributed to
the inability of the k—¢ the model to represent curvature—turbulence
interaction.

Godin et al.*! also computed flow over the NLR-7301 airfoil us-
ing the one- and two-equation eddy-viscosity turbulence models of
Spalart and Allmaras’ and Menter*? [shear stress transport (SST)].
Good agreement was generally noted for both models, although the
SST model was more accurate in separated flow regions and the S—A
model performed better for attached flows and wakes, including the
region in which the wake and boundary layer merge. Turbulent shear
stress profiles generally agreed better with the experimental results
than the k—¢ eddy-viscosity model results of Lien et al.,* but veloc-
ity profiles were similar. Cao and Kusunose,? Jasper et al.,** and
Fritz* also computed this two-dimensional flow using various zero-,
one-, and two-equation eddy-viscosity models. Generally positive
agreement with experimental data was obtained for lift, surface pres-
sures, and velocity profiles, although the zero-equation (algebraic)
model used by Jasper et al.** resulted in less accurate predictions
of boundary-layer parameters and stall onset in comparison with
the one-equation model. No comparisons with Reynolds stress data
were made in these three references.

The results for the NLR-7301 airfoil support the findings of
Rogers et al.2* (for the MD configuration) that, although notice-
able differences are certainly evident at a detailed level, many eddy-
viscosity turbulence models tend overall to have only relatively mi-
nor effects on global properties for multielement airfoil predictions.
(This conclusion is, of course, dependent on the particulars of the
flowfield in question. For example, for flows with boundary-layer
separation, models such as the S—A and SST models have been
shown to be superior to the standard Jones—Launder version of the
k—e model.*?-#) The question of whether more advanced nonlin-
ear turbulence models would produce significantly better results for
multielement airfoils remains open.

D. Focus of this Paper

Because of the complexity and interdependence of many factors in
high-lift computing and experimentation, focusing solely on the sub-
ject of turbulence modeling without regard for other factors seems
inappropriate. We, therefore, take a somewhat broader approach.
The purpose of this paper is to facilitate a greater understanding of
the issues that surround CFD validation against high-lift wind-tunnel
tests. As a consequence, this work focuses on both experimental and
numerical issues. Specifically, the purpose is threefold: to introduce
a subset of transition locations for the two-dimensional MD three-
element configuration that were recently measured in the LTPT with
hot film, to demonstrate the effect of transition location on CFD so-
lutions, and to explore the effects of a nonlinear explicit algebraic
Reynolds stress turbulence model*® on the Computational Fluid Dy-
namics solution for both the AGARD takeoff configuration'?'* and
the MD landing configuration.!=? By taking this approach, we
hope not only to determine the impact of modeling the nonlinear
Reynolds stress terms but also to demonstrate the importance (and
difficulty) of accurately modeling the wind-tunnel experiment, par-
ticularly with regard to the transition process.

This paper is organized as follows. In Sec. II, two airfoil con-
figurations are presented and some numerical sensitivity issues are
discussed. Section III presents the experimental transition test, and
Secs. IV and V describe the CFD computer code and turbulence
models, respectively. Section VI presents results and discussion for
the two configurations. Section VII gives conclusions.
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II. Numerical Sensitivity, Airfoil Configurations,
and CFD Grids

Two multielement configurations are investigated in this pa-
per. Both employ one-to-one point connectivity across grid zones.
Grids with one-to-one point connectivity ensure conservation across
boundaries and provide improved continuity of grid spacing at zonal
interfaces, although the grid generation for this type of grid is sub-
stantially more difficult than for overset or unstructured grids.

The grids employed in the current study were developed based on
extensive grid sensitivity studies that were published previously for
both CFL3D? and other codes?!~?*2 for similar configurations.
Those studies indicate that velocity profiles are more sensitive to
grid density than are surface pressures and lift coefficient. When be-
tween 100,000 and 200,000 grid points are used for point-matched
grids that are similar to the grids used in the current study, further
refinement yields only minor differences in the computed velocity
profiles.?® These earlier studies also indicate the importance of hav-
ing sufficient resolution (via grid clustering) in all boundary layers,
wakes, and their confluent regions. The grids used in the current
study have over 100,000 grid points with minimum normal wall
grid spacings that yield an average y+ of approximately 0.3-0.4 for
their respective freestream Reynolds numbers. The grids are also
clustered in the wake and confluent regions of each element.

The first case is a three-element configuration that is defined as
case A2 in a battery of AGARD test cases'? and was used as a test
case for the code validation challenge'? by the Computational Fluid
Dynamics Society of Canada in June 1996. Although tested in a
wind tunnel with solid walls, this AGARD test case is performed ona
free-air grid with a far-field extent of approximately 10 chords. (The
original model has a stowed chord of ¢ =0.7635 m, and the tunnel-
height-to-chord ratio is H/c=15.19.) The slat is positioned at an
angle of 25 deg, and the single-slotted flap has a moderate deflection
angle of 20 deg, which is typical of a takeoff configuration. The four-
zone grid has 114,908 grid points. This configuration is computed
at M = 0.197 and Re = 3.52 x 10° based on the stowed-geometry
chord. Transition is tripped on the main element at x /c = 0.125 on
both the upper and lower surface and is free on the slat and flap.

The second configuration is a three-element MD configura-
tion'6-20 that was tested in the LTPT and used as a test case in the
CFD Challenge Workshop held at NASA Langley Research Center
in 1993. The model has a stowed chord of ¢ = 0.5588 m, and the
tunnel-height-to-chord ratio is H/c = 4.09. The particular slat and
flap settings employed include a slat deflection of 30 deg, a slat gap
of 2.95%, a slat overhang of —2.5%, a flap deflection of 30 deg,
a flap gap of 1.27%, and a flap overhang of 0.25%. This rigging
designation is referred to as 30P-30N and is typical of a landing
configuration. This configuration is computed using both a free-air
grid with far-field extent of approximately 15c¢, as well as a grid that
models an angle of incidence of 19 deg with the LTPT walls. This
latter grid extends 15¢ upstream and 19¢ downstream of the model
to avoid the possibility of inflow and outflow boundary influence on
the solution, although the actual LTPT test section does not extend
this far. The grid without walls is a four-zone grid with 135,428 grid
points, and the grid with walls is a five-zone grid with 138,389 grid
points. Both are computed at M = 0.2 and Re =9 x 10° based on
stowed-geometry chord. In the wind-tunnel test, transition is free on
each of the elements. Figure 1 shows the grid topology for the MD
30P-30N configuration. The grid topology for the AGARD config-
uration is similar and can be found in Ref. 47.

III. Description of Transition Test and Data

A subset of transition data recently taken in the LTPT is pre-
sented here for the MD three-element configuration. The hot-film
sensors are similar to those used by Nakayama et al.*® for a sim-
ilar configuration in the same wind tunnel. The sensors are thin
nickel films on a 0.05-mm polyimide substrate. The sensors are ar-
ranged in a straight streamwise array at 73.4% span, whereas most
pressure taps are located at 50% span. Side-wall suction is used to
maintain approximate two-dimensionality of the flow. However, the
suction is optimized for an angle of attack of 16 deg. Up through this
angle of attack, the discrepancies in pressure distribution between
the 50%-span row and an auxiliary-pressure-tap row near the hot

A

I
il

=
—

l \}\\\\\\\\\\\ \\\\\

N
O\ i

\
N }\\\ AR

—1
o e —
1
——1
—
—1
—
—
—

LT
)

W ';7';//////
il

Fig.1 30P-30N grid, with every other grid point removed.

1.0

films are generally moderate. Above 16 deg, three-dimensionality
becomes more pronounced; hence, the three-dimensionality may be
a contributing factor in results shown later. Details can be found in
Ref. 49.

Three-dimensionality affects the data in two ways. First, span-
loading variations, which manifest themselves as variations in ef-
fective angle of attack, cause the locations of suction peaks and
stagnation points to be displaced in the chordwise direction. Sec-
ond, separated or low-shear regions, as well as brackets, for example,
may cause spanwise flow that alters the transition data. Assuming
that the experimental data are available, the upper surface chord-
wise effects may be accounted for in the CFD code at least in part
by relating the transition to the distance downstream of the suction
peak as opposed to using an absolute geometric location. However,
for the MD cases in this paper, this step is not necessary because the
computed suction-peak locations agree with those in the experiment
to within a distance that is less than the densest pitch of the hot films.
Spanwise effects are not easily taken into account.

Transition locations are determined based on information from
359 surface hot films on the three elements. The beginning and
end of transition are extracted from an analysis of a combination
of standard deviation, skewness, and flatness factors of the hot-
film signals, plus in most cases an additional examination of the
signal traces for auto- or cross correlations. Note that, even though
the films are located at 2.54-mm pitch (or As/c = 0.0045) in the
densest regions, the flows at higher angles of attack have fairly short
transition regions, so that only one or two films pick up the feature.

Table 1 lists the starting and ending transition locations for the
30P-30N configuration at two angles of attack, along with locations
of the suction peaks. Results are given in terms of both the surface
coordinate s/c (where s/c = 0 corresponds to the location on the
forward part of each element in the stowed position where y/c = 0)
as well as the deployed x /c coordinate. Depending on the location,
the data are accurate to between As /¢ = £0.002 and 0.005. Possible
film-sheet influence on transition has not been taken into account.
An N/a for the transition start (S) or end (E) indicates that a definitive
start or end to transition, respectively, was not detected before the
cusp on the lower surfaces of the slat and main elements or before
the trailing edge on the flap. The L for the upper suction peak at
19 deg indicates that the location is actually on the lower side of the
element when the slat is in its rotated position.

Note the discrepancy that is present in the location of the flap
suction peak between the 50%-span station (mid) and the auxil-
iary station near the hot films at 73.4% span (aux.) at both angles
of attack. Computed suction peaks agree best with the mid data.
This table represents only a subset of the transition-location mea-
surements taken. More details on the experimental database can be
found in Refs. 49 and 50.

IV. Description of Computer Code

The computer code CFL3D’!3* solves the three-dimensional
time-dependent Reynolds-averaged compressible Navier-Stokes
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Table 1 Hot-film transition data for 30P-30N configuration
with M = 0.2 and Re = 9 x 106

8 deg 19 deg

Surface feature s/c x/c s/c x/c
Slat

Lower suction peak N/a o N/a e

Lower transition S N/a e N/a e

Lower transition E N/a e N/a —_—

Upper suction peak 0.015 —0.084 0.006 —0.0852L

Upper transition S 0.030 -0.077 0.010 —0.0853

Upper transition E 0.060 —0.057 0.020 —0.082
Main

Lower suction peak —0.510 0.526 —-0.620 0.635

Lower transition S —0.405 0.422 —0.670 0.685

Lower transition E —0.510 0.526 N/a —_

Upper suction peak 0.000 0.0496 0.008 0.055

Upper transition S 0.012 0.058 0.016 0.061

Upper transition E 0.025 0.068 0.025 0.068
Flap

Lower suction peak N/a R — N/a —

Lower transition S N/a o N/a _

Lower transition E N/a e N/a —_—

Upper suction peak 0.026 0.888 0.024 0.886

(mid)
Upper suction peak 0.020 0.882 0.016 0.878
(aux.)
Upper transition S 0.030 0.892 0.030 0.892
Upper transition E 0.070 0.931 0.060 0.921

equations with an upwind finite volume formulation. The code ne-
glects viscous cross-derivative terms, which results in thin-layer
Navier—Stokes equations in specified coordinate directions. For all
the results in this paper, the thin-layer assumption is employed with
viscous derivatives included in the direction normal to the walls
only; computations with viscous terms included in both coordinate
directions showed essentially no differences. The code uses third-
order upwind-biased spatial differencing on the convective and pres-
sure terms and second-order differencing on the viscous terms; it
is globally second-order spatially accurate. The CFL3D code can
solve flows over multiple-zone grids that are connected in a one-to-
one, patched, or overset manner and can employ grid sequencing,
multigrid, and local time stepping when accelerating convergence
to steady state. Upwind-biased spatial differencing is used for the
inviscid terms, and flux limiting is used to obtain smooth solutions
in.the vicinity of shock waves, when present. Viscous terms are
centrally differenced. The flux-difference-splitting (FDS) method
of Roe™ is employed to obtain fluxes at the cell faces.

The CFL3D code is advanced in time with an implicit three-
factor approximate factorization method. The implicit derivatives
are written as spatially first-order accurate, which results in block-
tridiagonal inversions for each sweep. However, for solutions that
utilize FDS the block-tridiagonal inversions are further simpli-
fied with a diagonal algorithm (with a spectral radius scaling™ of
the viscous terms). Further details of the CFL3D computer code
can be found in the cited references. The CFL3D code has been
used successfully to compute two-dimensional multielement airfoil
flowfields.?6:4* These studies included analyses of grid density ef-
fects.

When free-air grids are used, a far-field point vortex correction’’
is applied at the outer boundary. This correction has a significant
impact, particularly on the computed drag for multielement airfoil
flows.!> When internal flow on a grid with walls is computed, the
inflow total pressure and total temperature are specified according
to isentropic flow relations, and the outflow back pressure is set to
obtain the desired inflow Mach number.

V. Turbulence Modeling

The S-AY one-equation and SST* k-w two-equation eddy-
viscosity turbulence models that are employed in this study are
documented in their respective references. However, the SST model
has been modified slightly from its original form. Details are given

in Ref. 58. [Note that an error exists in Eq. (17) in that reference.
The equation should be

I = max(2l3; T'y) . (€8]

Also, in Eq. (1) in that reference the terms o* u; and o i, should be
replaced with u + o*u, and pu + o u,, respectively.]

The explicit algebraic stress model (EASM) of Gatski and
Speziale*® represents an effective compromise between the full
second-moment closure and a two-equation eddy-viscosity model.
This model extracts an algebraic relationship between the turbulent
Reynolds stress and the mean velocity field by assuming equilib-
rium hypotheses on the convective terms of the Reynolds stress
transport equation, neglecting diffusive effects, and assuming a ten-
sorially linear pressure strain correlation. The EASM model requires
atwo-equation platform; it was first implemented in CFL3D by Abid
et al.” in both the k— and k—¢ formulations. Further modifications
to the model have been made since that time.*° For the results in this
paper, the model is implemented in the k—w formulation as follows:

Dk 1 9 ur\ ok
Dt kT +p8xj[(u+ak)3xj] @
Dw , 1@ ur\ dw
— =P, — - £ )— 3
Dt o= po+ p 0x; [<“+ 0, ) 0x; ®)
where the production terms are
au,-
P =—1;— 4
k Tij axj ( )
and
du;
p,=r2 _f,.j_" )
k Z)xj

and 0, =14,0,=22,=0.83,T=8—[k*/0,4/c},], and k=
0.41. The equilibrium eddy-viscosity term employed in the diffusion
terms of Eqgs. (2) and (3) is given by

ui = c, (pk/w) (6)

where ¢, = 0.081.

The explicit nonlinear constitutive equation that is used to close
the Reynolds-averaged Navier—Stokes equations is given (after reg-
ularization) by

2 1 2uo
pTj = Spkaij = 24k (Sij - §Skk6ij) el (Six Wi + SjkWii)

w
4pla 1
42 SikSkj — = SkSudij @)
3
where
1/ 0u; du;
Sii=—|—+—L 8
/ 2<8xj+8x,-> ®
and
1/ 0u; du;
W, == 1 9
] 2(8.}6]‘ 8x,-) ( )

are the mean-rate-of-strain tensor and the mean-vorticity tensor,
respectively. The turbulent viscosity w, is

B = cu(pk/w) (10)
and

304+ +02(0° +¢%) o
3+n2+6§2n2+6{2+n6+§6

1 an

Cu

1= (@a/@)(Si;S;j)? 12)

¢ = (a3/w)(Wi; Wij)? 13)
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where a; = (4/3 — C2)(g/2), 00 = 2 — C3)(g/2), a3 = (2 —
C4)(g/2),and g = (C;/2+ Cs —1)~1. The constants that govern the
pressure-strain correlation model of Speziale et al.%! are C; =6.8,
C,=0.36,C3=1.25,C,=0.4, and Cs =1.88.

The u, terms in Eq. (7) are given by

u; = ¢, (pk/w) (14)
where

g 30+ .
“T 3t 4 602 + 602 + 1 + ¢

1 (15)

The freestream value of k (nondimensionalized by a;) is taken
to be 9 x 1077, and the freestream value of w (nondimensionalized
bY oo,/ loo) is taken to be 9 x 1073, As discussed in Ref. 62, two-
equation models in the k—w formulation can suffer from dependency
on the freestream value of w. However, computations for this study
are insensitive to a large range of tested freestream values of w from
9x10™*t09 x 1071,

The turbulence model equations are solved uncoupled from the
Navier—Stokes equations. For the eddy-viscosity models, the only
effect from turbulence is felt through the eddy viscosity term wu,.
For the EASM, additional nonlinear terms are also included in the
Navier—Stokes equations. These nonlinear terms are treated explic-
itly, i.e., the diagonal left-hand side terms are treated with the same
approximate spectral radius scaling® as for eddy-viscosity models.

VI. Results and Discussion

Results are computed for both the AGARD and MD configura-
tions. Three turbulence models, the S—A and SST models and the
EASM, are used for the AGARD configuration, but only the S-A
model and the EASM are used for the MD configuration.

A. AGARD Configuration

For the AGARD configuration, computations are performed with
transition set at x /c = 0.125 on the upper and lower surface of the
main element and with the slat and flap computed fully turbulent.
The implications of these transition settings will be discussed in the
context of the MD configuration in Sec. VL.B.1.

Experimental boundary-layer profiles of the total pressure coef-
ficient have been measured'? at x /c = 0.35 on the upper surface of
the main element as well as at three stations on the upper surface of
the flap, as shown in Fig. 2. Results are shown for the 4.01-deg case
in Figs. 3a and 3b for two of these stations. The parameter d in the
figures represents the normal distance from the airfoil surface. All
three models yield similar results and agree well with the experi-
mental results, except that the EASM predicts more mixing between
the flap boundary layer and main-element wake than is predicted by
the other models. Also, the computations with all three turbulence
models show evidence of a slat wake; the experimental results do
not show this same evidence.

Although not shown here, comparisons of the computed and
experimentally measured surface pressure coefficients, as well as
boundary-layer profile comparisons at a higher angle of attack of
20.18 deg, can be found in Ref. 47. Overall, results for this configu-
ration indicate that, although minor variations are evident between
the three turbulence models, these models generally produce very
similar surface pressure and boundary-layer total pressure predic-
tions. Lift and drag coefficients over the range of angles of attack up
to maximum lift are also predicted similarly by the three turbulence
models for this case, as shown in Figs. 4a and 4b. The CFD inte-
grated quantities compare well with the experimental results over a
large range of angles of attack, but the computations overpredict

Fig.2 AGARD profile locations.
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the maximum lift coefficient and the angle at which maximum lift
occurs. The computations also do not show the rapid dropoff of lift
that occurs beyond C, yax, Which is typical of takeoff configurations
with leading-edge stall.2

B. MD Configuration
Most of the following results use the MD 30P-30N landing con-
figuration at an angle of attack of 19 deg, although some results are
also given for a lower angle of attack of 8 deg. Note that the hot-film
data and the pressure, velocity, and skin-friction data were taken
in independent wind-tunnel tests.!%~% 4 Velocity profiles are given
at the locations shown in Fig. 5. When transition locations are set
according to the experimental data given in Table 1, these locations
. are taken at the end of transition as determined from the hot-film
data. One exception to this procedure is on the slat upper surface at
an angle of attack of 19 deg. In this case, placing the CFD transi-
tion at the ending location results in separation because the laminar
boundary layer cannot negotiate the severe adverse pressure gradi-
ent. (Although not shown, this result has also been confirmed by
using a finer, embedded grid around the slat nose and with an in-
dependent boundary-layer code. Furthermore, the result is the same
whether or not tunnel walls are modeled in the CFD.) Slat transition
is instead placed as far downstream as possible so that the laminar
boundary layer on the slat does not separate.

1. Effect of Transition Location

The effect of transition location is explored with the S-A turbu-
lence model on the free-air grid only. The CFL3D code does not
employ transition modeling; the code merely zeros out the produc-
tion terms in the turbulence model equations in the regions in which
laminar flow is desired. No transition state exists; the turbulence pro-
duction is either off or on. (Turbulence transport and diffusion are
always active, however.) This transition procedure is different from
the trip source term procedure employed by Spalart and Allmaras.*’
The current method is used to maintain consistency between the dif-
ferent turbulence models in CFL3D. Fully turbulent solutions are
accomplished with the production terms of the turbulence models
active everywhere. Although this setting does not guarantee that a
turbulent boundary layer will exist as far forward as the stagnation
point, for the current applications the transition locations for fully
turbulent solutions are all very close to the stagnation point of each
element,*’” well forward of the experimental regions from Table 1.

0.45 0.85 0.89817

x/c=0.1075
.0321

( 1.1125

Fig.5 30P-30N profile locations.

Figures 6a—6¢ show surface pressure coefficients on each element
both for the fully turbulent solution and for a solution in which the
transition on each element is specified according to the experimen-
tal data in Table 1. Both sets of computed results agree well with
the experimental results,'® 18 with only small variations evident on
the upper surfaces between the fully turbulent results and the results
for which transition is specified. The transition location has only a
small effect on the surface pressure for this case because the flow
is well behaved (no upper-surface separation) and, as pointed out
in Sec. I.A, the multielement interactions largely manipulate the
inviscid flow. However, these small variations in pressure translate
into a difference in lift coefficient of approximately 0.12, which is
2.7% of the lift value and is of the same order of magnitude as the
experimental differences in lift coefficient that are attributable to
small flap rigging changes.! Furthermore, as will be shown next,
the velocity field is quite sensitive to transition location. Because
viscous effects are a contributing factor to skin-friction forces, pos-
sible boundary-layer separation, and the stall process governed by
the unloading of the aft end of the main element, the accurate predic-
tion of boundary-layer and wake profiles is necessary. Therefore, the
effects of transition location are important and need to be examined
carefully.

The effect of the main-element transition location is demonstrated
in Figs. 7a and 7b. The velocity profiles at two stations are shown
for the case of a fully turbulent main element and for the case of
transition on the main-element upper surface set close to the end-of-
transition location given in Table 1. The slat and flap are both fully
turbulent in these cases. When the main element is fully turbulent,
its boundary-layer profile (below the slat wake in Fig. 7a) is too thick
in comparison with the experimental results.!® When transition is
set, the agreement between the computed and the experimental re-
sults for the profile below the slat wake improves. The portion of
the wake that results from the main-element upper surface boundary
layer, i.e., the upper part of the main wake in Fig. 7b is also predicted
better when the main element transition is specified. Although not
shown, the computed skin-friction coefficient on the main element
aIS(‘)”agrees better with the experimental results when transition is
set.

Figures 7a and 7b show that when the slat is fully turbulent the
slat wake is predicted to be too wide and too deep. Because the slat
transition location is likely to have a large influence on the slat-wake
structure over the downstream elements, we next turn our attention
to an investigation of its effects. Both the upper and lower surfaces
of the slat contribute to the shape of the slat wake. However, because
the flow over the lower surface is further complicated by separation
and then reattachment in the cove, we focus our attention solely on
the effect of the slat upper surface transition location. Transition on
the lower surface is set at the cusp for all cases shown here.

Unfortunately, the upper surface transition location on the slat
cannot be pushed farther downstream than approximately x/c =
—0.0847 while maintaining an attached laminar boundary layer
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Fig. 6 Effect of transition location on 30P-30N surface pressure coefficient for S~A model on free-air grid with o = 19 deg.
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(the experimental transition range from Table 1is x /¢ = —0.0853 to
x/c=—0.082). To effectively force transition farther downstream,
we employ suction over a small region on the slat in the computations
to prevent the laminar boundary layer from separating. Computed
velocity profiles are shown in Figs. 8a—8c. Locations A, B, and C
correspond to x/c=—0.0847, —0.082, and —0.073, respectively.
Their locations relative to the starting and ending locations from
Table 1 are shown in Fig. 9. The wake velocity profiles that result
from transition at location C agree best with the experimental pro-
files, although differences still exist between the computations and
the experimental results, particularly in the region in which the slat
wake and the main boundary layer merge at x /c = 0.85. In the no-
tation of Squire®® (discussed in Sec. 1.C), the latter station is located
in the region of initial merging, whereas the first two stations are in
the unmerged regime. Note that transition location C is downstream
of the experimentally measured transition region.

Even at the first station x/c = 0.1075 (Fig. 8a), the wakes that
are predicted using a fully turbulent slat or using slat transition
locations A or B have deficits and thicknesses that are too large.
(The difference in edge velocity between the computational and
experimental results in this figure is probably a result of improper
calibration in the experimental data.) The computed slat—~wake width
and deficit using location C roughly agree with those measured
experimentally at this first station, as well as over the entire length
of the main element. This general agreement indicates that the S—A
turbulence model does a fairly good job in representing the wake
development given a good initial profile. Therefore, poor prediction
of the slat wake may not be attributable to any particular failure of
the turbulence model in modeling the wake but rather to the fact that
the computed boundary layer that leaves the slat is too thick.

At a lower angle of attack of 8 deg, the experimental results!®
indicate an extremely diffuse slat wake at and beyond x/c = 0.45;
the computations do not show this same result. Velocity profiles are

0.08 - \

slat fully turbulent
R slat transition at A
..... slat transition at B

0.06  ._.._.. slat transition at C
o exp
L
(6]
. 0.04 -
o)
0.02
0.00 . -
0.40 0.44 0.48 0.52 0.56 0.60
9/,
a) x/c = 0.1075 (main element)
0.08
slat fully turbulent
. slat transition at A
..... slat transition at B
0.06 [ ... slat transition at C
o exp
(@]
. 0.04 -
o)
0.02 +
0.00 = - ]
0.20 0.24 0.28 0.32 0.36 0.40
9/,
b) x/c = 0.45 (main element)
0.12
slat fully turbulent
| slat transition at A
—. slat transition at B
2I;.\t transition at C
008 | ° P
o
o |
o]
0.04
0.00 :
0.16 0.20 0.24 0.28 0.32

¢) x/c = 0.85 (main element)

Fig.8 Effect of slat transition location on 30P-30N velocity profiles for
S—-A model on free-air grid with o = 19 deg.

shown in Figs. 10a and 10b at the first two stations of the main ele-
ment only. (Results at x /¢ = 0.85 are similar.) When the slat is fully
turbulent, the computed slat wake is too deep and too wide at the first
station x /c = 0.1075 and remains so farther downstream. However,
even moving the slat transition location to D, i.e., x/c = —0.056,
which is the approximate end of transition based on the experimental
results, or to E, i.e., x/c = 0.015, near the slat trailing edge, yields
a wake deficit that is still too large. (In this case, boundary-layer
suction is not necessary to move the transition location downstream
because the adverse pressure gradient is not too severe for the lami-
nar boundary layer to handle.) Therefore, at this angle of attack, no
upper surface slat transition location provides satisfactory slat—-wake
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profiles that agree well with the experimental results. Although not
shown, the results with the EASM are similar.

At this time, the particular physical processes on the slat that are
not being modeled correctly in the computations are not known. Al-
though we strongly suspect that the primary cause relates in some
manner to transition (e.g., upper and lower surface transition lo-
cations, transition modeling, laminar bubble modeling, or possible
transition in the cove free-shear layer), three-dimensional effects or
unsteady effects that result from the slat—cove separated flow may
also be contributing factors. Certainly, inadequate turbulence mod-
eling in the wake may be a contributing factor as well; however, no
evidence has been found at this time to indicate that inadequate
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turbulence modeling is a primary source of error. Determining the
actual causes will be difficult because almost no experimental flow-
field data over the slat are available at this high Reynolds number.
Drawing conclusions about the ability of turbulence models to accu-
rately predict processes such as the merging of the slat wake and the
boundary layer will be difficult until we are confident that the slat
flowfield and, consequently, its initial wake profile are computed
adequately.

2. Effect of Turbulence Model

.For the computations in this section (at 19 deg), the end-of-
transition locations from the experimental results (see Table 1)
are used, except that transition on the slat upper surface is placed
at x/c = —0.0847 to avoid laminar boundary-layer separation. No
boundary-layer suction is employed. As a result of the transition
location studies discussed in Sec. VI.B.1, it is recognized that the
flow over the slat is not modeled correctly; therefore, the results are
deficient in that regard. Also, all computations in this section are
performed on grids that include the tunnel walls. A description of
the effects of tunnel walls can be found in Refs. 23 and 47. Velocity
profiles that are computed with the S—A model and the EASM are
compared in Figs. 11a-11d. The results given by the two models
are quite similar. Although not shown, the turbulent shear stress
profiles computed with the two turbulence models generally only
exhibit minor differences.*’” An explanation for this similarity may
be that this flowfield—like the AGARD flowfield—is for the most
part a unidirectional shear flow (albeit a complex one). Therefore,
the nonlinear constitutive relationship is probably important only in
relatively small, localized regions where detailed experimental data
are currently not available. Note that nonlinear terms are necessary
for flows in which anisotropic turbulent stresses drive secondary
flows, such as inside square ducts, or for flows with significant non-
inertial effects, such as in rotating channels or pipes. As mentioned
in the Introduction, the extent to which nonlinear terms play a role
in predicting aerodynamic flowfields of interest has yet to be de-
termined; the current study is an initial effort to demonstrate their
effect for multielement airfoil flows.

Computations with the S—A model require roughly between 3000
and 8000 multigrid cycles to converge, depending on the case and
the initial conditions, at a CPU cost of approximately 10 us per
grid point per multigrid cycle on a single-processor Cray C90. The
EASM is more dependent on the initial conditions and, therefore,
can often require more multigrid cycles to reach convergence, at a
CPU cost of approximately 13 ps per grid point per multigrid cycle.

VII. Conclusions

The flows over two different multielement airfoil configurations
have been computed using linear eddy-viscosity turbulence models
and a nonlinear explicit algebraic stress model. Transition locations
on a McDonnell Douglas configuration that were recently measured
using hot film have been presented, and the effect of transition lo-
cation on the computed solutions has been explored. Based on the
computed results and comparison with experimental data, the fol-
lowing conclusions are made.

1) Transition location is crucial to the accurate computation of
boundary-layer velocity profiles. Poor boundary-layer profile pre-
dictions lead to poor trailing-edge near-wake profile predictions
and, therefore, poor predictions in the far-wake region. Thus, in-
adequate wake predictions cannot be attributed solely to inadequate
turbulence modeling but must be attributed in part to deficiencies in
transition prediction on the generating element. Recently measured
transition locations are helpful in this regard. Use of these locations
to specify transition on the main element improves the prediction of
the boundary-layer thickness, skin friction, and wake profile shape.

2) The flowfield over the slat is not well understood and is difficult
to predict. Specifying transition on the slat using measured transi-
tion locations results either in slat separation or in only marginal
improvement in slat-wake profiles when compared with the experi-
mental data. Possible reasons for this disagreement include the fact
that most CFD codes do not model the transition process, which
may be more important on the slat than on the other elements; the
possibility that the hot-film array used to measure the transition

locations may have some effect on the flowfield and possibly on the
transition locations; and the fact that important slat physics, e.g.,
possible three-dimensional effects, laminar separation bubbles, and
shear-layer transition and unsteadiness in the cove region, are not
modeled in the computations. Future CFD efforts in this area may be
hampered by the fact that detailed experimental flowfield measure-
ments can be difficult to obtain in the slat region, particularly at high
Reynolds numbers, because of the smaller scales. However, because
the computation of the slat flowfield remains a primary obstacle in
the successful prediction of multielement flows, additional experi-
mental efforts to document the flow physics in this region may be
prudent.

3) Although some variations are evident, the nonlinear explicit al-
gebraic stress turbulence model overall yields results that are similar
to linear eddy-viscosity turbulence models.
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