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Transition Prediction on the Slat of a High-Lift System

M. R. Malik* and R.-S. Lin®
High Technology Corporation, Hampton, Virginia 23666

In this paper, a transition prediction approach for the slat of a high-lift system is presented. Accurate mean
flows over a multi-element airfoil at various angles of attack have been calculated by using a Navier—Stokes code.
Linear parabolized stability equations have been used to analyze these mean flows and to generate the database for
simplified transition prediction correlations. The slat transition prediction module, constituting these correlations,
is then used to analyze low-disturbance wind-tunnel data for transition onset in the slat boundary layer. Good
agreement is found when Ny =9 is used as the transition criterion for the two-dimensional flow on the slat of a
three-element high-lift system for a range of angle of attack. Comparison of velocity profiles from Navier-Stokes and
boundary-layer computations indicates significant departure from the assumptions associated with the first-order

boundary-layer theory.

Nomenclature

C, = pressure coefficient
c = chord, m
dn/dRys = disturbance growth rate
H = shape factor
H, = kinematic shape parameter
M = Mach number
N = N factor
Ry = momentum thickness Reynolds number
Re = Reynolds number
Ts = transition begin
Te = transition end
u = streamwise velocity
X = streamwise coordinate
o = angle of attack
1) = boundary-layer thickness
8* = displacement thickness
n = wall normal coordinate
0 = momentum thickness
" = viscosity
o = density
Subscripts
e = boundary-layer edge
tr = transition
o0 = freestream

I. Introduction

HE performance of high-lift system at takeoff and landing con-

ditions is a critical factor in the overall design of a new aircraft
wing. It not only has a strong impact on issues such as runway dis-
tance, approach speed, climb rate, payload capacity, and operation
range, but also on the community noise control because an efficient
high-lift system reduces thrust requirements and hence the noise.
Navier—Stokes-based computational-fluid-dynamics (CFD) meth-
ods play a crucial role in the design of such systems and in the air-
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craft design process, in general. Various CFD code validation studies
(compare Refs. 1 and 2) for high-lift systems have been performed
using a suite of turbulence models (compare Refs. 3—-6). Reference
7 gives arecent review of the status of CFD methods for flow predic-
tion associated with high-lift systems. It is commonly recognized
that the location of transition can have a significant effect on the
computed results (compare Ref. 8). However, predicting laminar-
turbulent transition remains a challenge in these applications.

Most CFD codes prescribe rather than predict transition locations,
and the transition process itself is usually not modeled. In most of
the CFD computations, the eddy viscosity or turbulence computa-
tion is simply “switched on” at given transition points rather than
allowing for a streamwise extent in which flow gradually changes
from laminar to turbulent regime (however, see Ref. 9). Recent study
by Rumsey et al. 8 showed that changes in drag caused by different
turbulence models are negligibly small. On the other hand, the effect
of transition location on viscous drag solution can be very signifi-
cant. Therefore, it is clear that to further improve the capability of
CFD methods for high-lift design more attention needs to be given
to developing accurate and robust transition prediction methods.

Several transition criteria for boundary-layer flow have been de-
veloped in the past, such as those by Michel,'© Wazzan et al.,"
Drela and Giles,'> Govindarajan and Narasimha,'? etc. These meth-
ods often represent a shortcut approach rooted in the ¢° method.
Transition criteria were derived from the tabulated results of linear
stability analyses on a wide class of self-similar or locally simi-
lar boundary-layer flows accounting for effects such as pressure
gradient, suction, heating, or cooling. These approximate methods
require only integral boundary-layer parameters and perform rea-
sonably well for attached flows and in the absence of strong surface
curvature. However, because of strong surface curvature and the
existence of boundary-layer separation first-order boundary-layer
solution does not represent a good approximation to the mean flow
on a slat. Hence, it does not come as a surprise that, after a thorough
evaluation of existing transition prediction methods for a high-lift
device, Bertelrud'* concluded that none of the published criteria
appear to provide predictive capability for such flows.

The present study is aimed at providing transition prediction ca-
pability in CFD codes. However, this paper constitutes only a first
step towards providing such a capability. The basic premise of this
development is to compute the stability properties [based on parab-
olized stability equations (PSE)] of some representative basic flows
and to interpolate between the tabulated database for any given sit-
uation to estimate the streamwise development of the most unstable
waves. Therefore, the approach is essentially the same as that of Ref.
12, except that we compute mean flows using Navier—Stokes and
employ PSE for the stability analysis. Because of the complexity
of the problem and a wide range of relevant parameters, the present
effort focussed on the development of such a module for application
to the slat of a two-dimensional multi-element airfoil only. We use
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the configuration employed in Ref. 8 to develop the database and
then test the performance of the transition prediction module for the
slat experimental data reported by Bertelrud.'*

In Sec. II, we describe the solution procedure for mean flow cal-
culations, including an account of the model geometry, grid genera-
tion, flow solver, and turbulence model used. In Sec. III, we present
boundary-layer stability results using linear PSE analysis. The de-
velopment of a transition prediction module is also described in
this section. In Sec. IV, we perform computations using the NASA
Langley Courant-Friedrichs—lewy three-dimesional (CFL3D) code
coupled with the transition prediction module and show good agree-
ment with the experimental data for the slat. Conclusions are pre-
sented in Sec. V.

II. Basic Flow Calculations

The first step in developing a database transition prediction tool
is to obtain a group of relevant basic flows and then use those to
generate stability data sets. Here, the three-element high-lift system
of McDonnell Douglas at landing configuration is used as the model
problem for that purpose. Mean flows at various angles of attack,
a =238, 10, 12, 16, 19, and 21 deg, are computed at M., =0.2 and
Re=9 x 10° based on stowed-geometry chord. Details of these
calculations are given next.

A. Airfoil Configuration and Grids

The three-element high-lift configuration selected for present
analysis was tested in NASA Langley’s Low Temperature and Pres-
sure Tunnel (LTPT). The model has a stowed chord of ¢ =22 in.
(0.56 m). The particular slat and flap settings employed are slat de-
flection of 30 deg, slat gap of 2.95%, slat overhang of 2.5%, flap
deflection of 30 deg, flap gap of 1.27%, and flap overhang of 0.25%
with respect to c¢. This is typical of a landing configuration, and it
has been designated as 30P-30N in Ref. 14.

Two types of grids have been used in this study. One is a free-
air grid with far field extending to about 15¢. This grid consists of
four zones. A close-up of this grid near the airfoil is shown in Fig. 1.
Another grid that models LTPT walls consists of five different zones.
This latter grid extends 15¢ upstream and 19¢ downstream of the
airfoil to avoid the possibility of inflow/outflow boundary influence
on the solution, although the actual LTPT test section does not extend
this far. The tunnel height of LTPT is 4.09¢. The latter grid (not
shown) enables the study of tunnel wall effects because high-lift
configurations at higher values of angle of attack o can produce a
significant blockage effect if the tunnel height is not large compared
to the airfoil chord.'>!'® An initial set of grids were obtained from
NASA Langley Research Center (personal communications with
Chris Rumsey, Feb. 1999). The number of grid points used in various
zones for these grids are given in Table 1. In this study, we only
used the free-air grid for o < 19 deg. Computations were performed
for wind-tunnel grid only for « =21 deg and using both grids for
a = 19 deg. Wind-tunnel grids for o = 19 and 21 deg were generated
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Fig. 1 30P-30N configuration, free-air (four-zone) grid with every
other grid point removed.

Table 1 Dimensions of the free-air grid (four zones) and wind tunnel
(five zones) of original langley Research Center meshes

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Grid (slat) (main) (flap) (outer) (inflow)

Free air 745 x 57 597 x 89 265 x 65 685 x 33 e
Wind tunnel 745 x 57 597 x 89 265 x 65 685 x 33 21 x 141
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Fig. 2 Local mesh in the vicinity of slat: ny =169.

using the GRIDGEN program. However, it was found that the tunnel
wall effects are insignificant for both the mean flow and the stability
results for the chosen 30P-30N configuration.

One approach to generate slat mean flow for PSE analysis is to
solve boundary-layer equations using C,, distribution from a coarse-
grid Navier-Stokes computation. However, because of strong sur-
face curvature, the solution based on the first-order boundary-layer
equations does not provide a sufficiently accurate representation of
the slat mean flow. Moreover, this approach cannot provide solution
past the separation onset. This is the main reason why most exist-
ing transition criteria simply assume that transition occurs right at
the location where flow separates, although it is well known that
transition can actually occur inside the separation bubble (compare
Ref. 17). As a result, we chose to solve Navier—Stokes equations to
obtain boundary-layer profiles.

To generate mean flow for stability analysis by solving Navier—
Stokes equations, the grid quality becomes a major concern. Expe-
rience indicates that in order to sufficiently resolve the boundary
layer approximately 50 to 70 mesh points need to be placed within
the viscous layer. The slat grid of Table 1 had only 57 mesh points
in the wall normal direction which translates to about 15 to 20 mesh
points within the boundary layer. This resolution is not adequate
for boundary-layer stability analysis. Therefore, two fine grids with
medium and high resolution in zone 1 (slat) have been generated
using the GRIDGEN program. One has 113 mesh points in the wall
normal direction in zone 1, and the other has 169 points. The for-
mer one will be designated as resolution FA, and the latter will be
designated as resolution FB. In these two grids, other zones remain
unchanged. For resolution FA, we used about 50 to 60 mesh points
within the boundary layer, wheres for resolution FB the mesh points
ranged from 75 to 90. The FB grid for the slat region is given in
Fig. 2. Here, we point out that all mean flows used to generate
stability data are computed by using the FB grid.

B. Flow Solver and Turbulence Model

The compressibility effect can be significant for a high-lift con-
figuration because of the large pressure gradients generated. In fact,
the edge Mach number on the slat can go above 1.0 for a freestream
Mach number of M., =0.2. In addition, viscous effects are cru-
cial as well'® in spite of the fact that high-lift devices work es-
sentially through manipulating the inviscid pressure distribution.
Therefore, compressible Navier—Stokes code CFL3D from NASA
Langley Research Center! is used to compute the mean flow for
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the present study. In all of our calculations, convergence is consid-
ered reached when the residual drops more than five orders from its
initial magnitude.

The Spalart—Allmaras model? is used in this study. The choice of
turbulence model is not crucial here because we are only concerned
with the laminar part of the slat boundary layer. A more relevant
question is how and where the turbulence model is turned on. Ide-
ally, one would like to turn on the turbulence model computations
employing intermittency-based methods at the transition onset lo-
cation, but this capability was not available in the CFL3D version
used in this study. Therefore, the turbulence model was turned on
rather abruptly. Calculations showed that this caused an upstream
influence on the computed laminar boundary-layer profile, which
extended 68 grid points (for the grid used) upstream. As a result,
the laminar boundary-layer profile numerically contaminated by the
turbulence model becomes less unstable and yields a lower N factor
if the turbulence model is turned on too close to the measured tran-
sition onset location. Therefore, we decided to turn on turbulence
model computations at seven grid points downstream from the mea-
sured transition location to ensure a fully laminar boundary-layer
solution up to the transition point. We note that ¢ method is an em-
pirical method for estimation of the onset of transition. Comparison
with experimental transition data indicates that an N value of about
9 gives a good correlation for boundary-layer transition induced by
Tollmien—Schlichting (TS) disturbances.

C. Results

In Figs. 3a and 3b, streamwise velocity profiles using a first-order
boundary-layer method?® are compared with that of CFL3D solution

0.40 -

0.30

U,

0.20

0.10

0.00

PRI S S PRSI S S S AN ST ST S SN ST ST ST S SN ST SR S BN
0.00000 0.00010 0.00020 0.00030 0.00040 0.00050 0.00060
Y/C

a) x/c = —0.0852

040 [

030 |

Uy,

020 |

000§

L 1 1 | 1 1 |
0.00000 0.00010 0.00020 0.00030 0.00040 0.00050 0.00060
Y/C

b) x/c = —0.07060

Fig. 3 Comparison of streamwise velocity profiles of the boundary-
layer flow on the upper surface of slat at M =0.2 and o =8 deg. ----,
boundary-layer solutions; and -]-J—, N-S solutions. There are 10 grid
points between two neighboring symbols.

Table 2 Locations of T and Tf in terms of x/c
for M=0.2 and Re =9 x 10°

o, deg Tg Tg

8 —0.07765 —0.05638
10 —0.08012 —0.06291
12 —0.08200 —0.07453
16 —0.08435 —0.08012
19 —0.085277 —0.082277
21 —0.085277 —0.082277

Y/C
T..=460°R

0051

-0.10

PR L
0.10

N ) ERVLANT; o = -
-0.10 -0.05 0.00 0.05
X/C

Fig. 4 Slat cove flow: M =0.2, Re=9 x 10°, and o =8 deg.

at two different streamwise locations. The boundary-layer solution
is computed based on the C), distribution extracted from the Navier—
Stokes (N-S) solution. The freestream conditions of these two solu-
tions are M =0.2, Re =9 x 105, and & = 8 deg. For this particular
configuration, the flow on the upper surface of slat is free of separa-
tion bubbles. At x/c =—.0706 (and stations up to x /c = —.03368,
not shown) the comparison shows a noticeable difference between
boundary layer and N-S solutions. The disagreement indicates that
higher-order boundary-layer effects, particularly the surface cur-
vature effects which are not accounted for in the boundary-layer
formulation, have a significant effect on the boundary-layer profile.

Figure 4 shows flow structure near the slat for « =8 deg. Also
marked on the upper surface of the slat are transition begin Ty and
transition end Ty locations determined based on the experimental
data reported by Bertelrud."* The T and Tj locations for cases
studied in this paper are given in Table 2. For the CFL3D calcu-
lations, the numerical transition locations on the upper surface are
set seven grid points downstream of the transition onset. However,
the turbulence model is switched on for the slat lower surface at
the beginning of the cusp, and the flowfield in the cove is treated as
turbulent.

III. PSE Stability Analysis and the Transition Module

Here linear stability analyses are performed by solving the lin-
ear PSEs. In three-dimensional boundary layers, one must con-
sider three types of instabilities: TS waves, crossflow instability
(CF), and attachment-line instability. However, because of the two-
dimensional nature of the present configuration, we only need to
investigate the growth of TS waves. In addition, the present tran-
sition analysis is limited to slat boundary layer only. We assume
that turbulence level is low, and, hence, ¢ analysis is relevant. In
low-disturbance environments, an N value of about 9 is known to
correlate transition onset location quite well for two-dimensional
flows.

A. Linear PSE Analysis

The stability computations are performed by using a PSE code de-
veloped at High Technology Corporation. The advantage of the PSE
method is that it allows mean flow variation (i.e., nonparallelism)
and surface curvature effects to be accounted for in a rational manner.
Figure 5 shows the results for the case with M =0.2, Re =9 x 100,
and o« = 8 deg. A Navier—Stokes solution was obtained for the FB
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Fig. 5 Results of linear PSE analysis based on the N-S solution for
M=02,Re=9 x 10°, and o =8 deg.
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Fig. 6 Results of linear PSE analysis based on first-order boundary-
layer solution for M =0.2, Re=9 X 10%, and o =8 deg. C, distribution
extracted from N-S solution is used.

grid (ny = 169). As just mentioned, laminar boundary-layer flow on
the upper surface for this case is free of separation. It is found that
unstable disturbances have frequencies in the range of 10-100 kHz,
and the dominant unstable mode has a frequency of about 45 kHz.
The analysis gives an N factor of 6.1 at the measured transition on-
set location T. Calculations were also performed by using grid FA
(i.e., ny =113, and the corresponding N factor value was 6.15, in-
dicating convergence. The higher resolution N-S solutions are used
for all subsequent computations.

Figure 6 shows the stability results for the preceding conditions
except that the first-order boundary-layer equations are solved, in-
stead of Navier—Stokes, to obtain the mean flow. The N factor at
transition onset is about 4.1 as compared to 6.1 for the Navier—
Stokes code. This discrepancy results because of the differences be-
tween boundary-layer and N-S solutions, as noted in Fig. 3. Clearly,
the mean flow computed by solving the Navier—Stokes equations
is physically more relevant, and the associated N factor value is
closer to the expected value of 9. The comparison between Figs. 5
and 6 further indicates that transition prediction methods based on
the combination of boundary-layer code and linear stability theory
are not adequate for predicting slat transition.

Figures 7-11 show the results of stability analyses for the same
30P-30N airfoil at five different angles of attack: o =10, 12, 16,
19, and 21 deg. Note that in these figures boundary-layer separation
points are marked with dashed lines. Results show that for most
of the cases the measured beginning of transition 7 occurs very
close to the separation point. The only exception is the case of
a = 16 deg, where transition begins well into the separation bubble.
PSE computations continue through the separation bubble without
any numerical instability provided the stepsize limitation of Ref. 21
was observed.
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Fig. 7 Results of linear PSE analysis based on the N-S solution for
M=0.2,Re=9 x 10%, and a:=10 deg.
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Fig. 8 Results of linear PSE analysis based on the N-S solution for
M=0.2,Re=9 x 10°, and o= 12 deg.
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Fig. 9 Results of linear PSE analysis based on the N-S solution for
M=0.2,Re=9 x 10%, and a:=16 deg.

The computed N values at the measured location for beginning
of transition T are summarized in Table 3. The first thing that one
notices is the extremely low values of N factor for the cases of « = 19
and 21 deg. At first, it was thought that these low values might be
associated with tunnel wall effect, but the stability analyses for the
case of o =19 deg performed on both of the grids indicated that
was not the case. The possibility of absolute instability has not been
investigated in this study.

Another interesting observation about the relatively low tran-
sition N value for the case of « =8 deg was brought to our
attention by Craig Streett of NASA Langley Research Center
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Table 3 Computed transition N factors on slat for /7 =0.2 and
Re=9 x 10°

Transition N factor (Ny) Transition N factor (Ny)

o, deg free-air grid “wind-tunnel” grid
8 6.1 —_—
10 11.3 —_—
12 132  —
16 9.9 —
19 0.8 0.8
21 — 1.5
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Fig. 10 Results of linear PSE analysis based on the N-S solution for
M=0.2,Re=9 x 10%, and o =19 deg.
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Fig. 11 Results of linear PSE analysis based on the N-S solution with
wind-tunnel grid for M =0.2, Re=9 x 10°, and o =21 deg.

(personal communications, NASA Langley Research Center, May
1999). Acoustic measurements?>2* performed in the LTPT at NASA
Langley Research Center indicated that, when the slat setting and
the flap deflection are complied to 30P-30N configuration and when
the aerodynamic loading can be referenced to the free-air situation
of a« =8 deg, tonal noise with a rather high amplitude appeared in
the vicinity of 45 kHz in the acoustic spectra. This frequency hap-
pened to coincide with the frequency of the most unstable TS waves
in the boundary layer on the upper surface of the slat and might have
contributed to the enhanced receptivity of TS waves.

B. Slat Transition Prediction Module

As with most other database methods, the present method also
attempts to relate the local amplification rate of the dominant TS
wave to the local laminar boundary-layer integral parameters. Drela
and Giles'? used the Falkner—Skan profile family and solved the
Orr—Sommerfeld equation to generate the database and showed that
the neutral points and local amplification rate of TS wave primarily
depend upon the shape factor. Here, we use an approach similar
to that in Ref. 12, except that the database is generated by solving
Navier—Stokes equations and parabolized stability equations.

To calculate the integral quantities of the laminar boundary layer,
the edge of the boundary layer must first be located within the flow-
field. Once the boundary-layer edge is defined, all edge quantities,
such as edge Mach number M,, edge density p,, edge viscosity
e, etc., can be determined from the mean flow solutions. With the
boundary-layer thickness & given, the displacement thickness §*,
and momentum thickness 0,

[l
fEE @

are computed using the trapezoidal rule. The shape factor H and
momentum thickness Reynolds number

H=¢5"/0 3)
and

Ry =Peue9/l/-e “)

follow directly. When compressibility effect is important, a kine-
matic shape parameter H; is known to provide a better fit to the
stability data set. The definition of H; used here is that derived by
Whitfield?* for an adiabatic wall:

H —0.29M>

—— ¢ 5
140.113M? ©)

k

The results of the PSE analysis described in the preceding section
are used to generate the data set. For each angle of attack, the enve-
lope curve tangent to all stability curves and the location of neutral
points are first identified. Along this envelope, dn/dRy, n being the
N value described by the envelope, is computed using finite differ-
ence method at each local station. Thus, at each streamwise location
local dn/d R, and local H, contribute a data point to the global data
set for all of the cases just computed. The global data provide easy
to use empirical formulaes.

For a fully attached laminar boundary layer, the shape factor (H
or Hy) increases gradually as the flow moves downstream. When
the flow begins to separate, the shape factor increases rapidly be-
cause of the increase in the displacement thickness. Because some of
the computed mean flows involved a separation bubble, we found
it difficult to fit all of the data with a single equation. Therefore,
two separate equations were used to provide a satisfactory fit for
all of the data. Based on the current data set, which only includes
a Navier—Stokes solution for slat flow, laminar boundary-layer sep-
aration occurs when the shape factor H; exceeds about 3.1. (Note
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Fig. 12 Discontinuous curve fit for the local growth rate as function of
the kinematic shape factor Hy.
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the value is 3.5 based on the Falkner—Skan profile family). Based
on the present results, the local growth rate dn/d R, and the critical
Reynolds number Ry .;; can be expressed by the following empirical
formulas:

For H, <3.1:
(% =2.02191 x 1075 H/-13%6% (6)
For H, > 3.1:
dn 0.1076146 exp(—0.162025 Hy ) )
dRy
For H, > 2.55:
Ry .crie = 32.086199 exp(0.798429H ) (8)

Note that the shape factor H, instead of the kinematic shape pa-
rameter Hy, is used in Eq. (8). Figures 12 and 13 show the curves
defined by the preceding equations together with the actual data
points that generate the fit. Equations (6-8) are the core elements
of the database method for slat transition prediction. Because the
preceding relations are based on a few data points from a single ex-
periment at a given Reynolds number, no claim to generality of the
preceding correlations is made here. In any case, it is demonstrated
here how these correlations can be used to predict onset of transition
in conjunction with a CFD code.

IV. CFD Computations Using Transition Correlations

In this study, we use the CFL3D code to perform computations
for the high-lift system. Transition location for the main element

Pick initial
transition points

T
V4
High-Lift Airfoil
TvEs l
Reset
NO|" transition gi’go rm
I;)Catlons Computation
Transition , Compute af‘:;?:}te B-L
prediction transition t
module locations parameters

Fig. 14 Design procedure for high-lift system using a CFD method
coupled with the transition prediction module.

and flap are fixed for the present computations, and the preceding
correlations are used for suction side slat transition only. The compu-
tational strategy for slat transition prediction involves the following
iterative procedure:

1) Provide a guess for the transition location for the slat. Obtain a
reasonably converged (but not necessarily fully converged) viscous
flow solution for the high-lift system in the usual way.

2) From the preceding N-S solution, obtain the integral quantities
of laminar boundary layer and use as inputs to the slat transition
prediction module. Within this module, the N-value distribution is
computed by using Eqs. (6-8) and the relation given here:

R dn
N = ——dR 9)

0, crit

3) Use N =9, say, to relocate the onset of transition and repeat
the process until both the flowfield and transition locations converge
within assigned tolerances. Figure 14 depicts this simple computa-
tional strategy.

As mentioned before, if the turbulence model is abruptly turned
on at the predicted transition location it can contaminate the desired
laminar boundary layer several grid points upstream and would lead
to a poor transition prediction as a result of the rapid variation in
shape factor and momentum thickness Reynolds number. There-
fore, for the simulations performed here we consistently turned on
the turbulence model at seven grid points downstream from the pre-
dicted N, =9 location to avoid this contamination. In general, the
upstream penetration distance can depend on many factors, such as
turbulence model used, local Reynolds number, streamwise grid res-
olution (i.e., numerical damping), etc. Here, we make no attempt to
generalize our practice, but mention that, for the current parameter
space, the preceding approach keeps the contamination in reason-
able control. Ideally, the intermittency factor approach should be
used to modify the turbulence quantities in the transition zone, but
this capability was not implemented in the CFL3D version available
to us.

In a typical computation using the transition prediction mod-
ule, one can encounter two situations that will require different
treatments:

1) Transition is predicted at some distance As (either upstream or
downstream) from the preceding transition point. This new position
will be used by the Navier—Stokes code to update the location where
turbulence model should be turned on in the next iteration.

2) All computed values of N are below N, over the entire laminar
portion of the boundary layer. In this case the new transition point
for the Navier—Stokes code can be determined either by shifting the
transition location downstream by a prescribed distance As or by
using an extrapolation, as will be demonstrated next.
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We note that in the present computations only the transition loca-
tion on the upper surface of the slat is updated between iterations,
while transition locations on the main element and on the flap are
fixed at the locations determined by available experimental data.
Also, a value of N, =9 was utilized since the experimental data
was obtained in the LTPT, which has a relatively low turbulence
level (~ 0.04%). We note that for the case of fixed transition onset
location 2000 multigrid cycles were found to be sufficient to obtain
a fully converged solution for the present configuration.

As the first test case, we considered the 30P-30N configuration of
M=0.2, Re=9 x 10° and o 16 deg . Initially, the turbulence
model on the slat is turned on at x/c = — 0.0598, which is down-
stream from the measured transition end 7, thatis, x /c = —0.0799.
In the first iteration, 1000 multigrid (MG) cycles are used in the
CFL3D computation in order to establish a meaningful mean flow
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solution. At the end of the first iteration, the residual has dropped
about two-orders of magnitude. In the subsequent iterations with
an updated transition location, 500 multigrid cycles are performed
within each iteration. In each iteration, the maximum of computed
N values in the laminar portion of the flow exceeds N, = 9; hence,
the shift of transition As is readily determined. At the end of the
third iteration, the shift of predicted transition As becomes less than
one grid spacing, and the overall residual of CFL3D reduces by
four-orders of magnitude. Therefore, a converged solution in terms
of both transition prediction and flow solution has been achieved.
Table 4 shows the history of convergence and the lift and drag coef-
ficients for the slat at each stage of convergence. At the bottom row
of the table, results of a CFL3D calculation with transition fixed at
the measured transition onset location T are also given for com-
parison. Note that both sets of calculations require a total of 2000
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10" — g
EXP.trEnds
s/c TSR v
(Slat) NN T
N=9)
102| ( )
10'3.i,iii.§.|,|.|.!.
4 6 8 10 12 14 16 18 20 22
Angle-of-Attack, Alpha [deg]
a) “CFL3D+slat module”
14 980510.04
s/c RS <{
(slat) T
\\- meammm—  EXP.trBegins
§ S w—  EXP trEnds
o1 1. . ~—&—  Michel
' :ZIJ I L=~ Drela(N=9)
...g_, — x’gm_ e e 3 e Wazzan.
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o BUBBLE Reattachment
3 ,
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001 +— v
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b) Transition predicted by other empirical methods.

Fig. 15 Transition prediction for flow on the slat suction side of 30P-30N and with freestream conditions of M =0.2, Re=9 x 10°: a) calculated by
CFL3D-+transition prediction module, and b) based on existing published criteria (see Ref 14).
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Table 4 Convergence history for the case of M =0.2, Re=9 x 10°,

and o =16 deg
Iteration x/cat Ny =9 Cp Cp Total cycles Residual
1 —0.0852 0.5475 —0.3816 1000 0.3E—4-0.5E—6
2 —0.0848 0.5681 —0.4682 1500 0.2E-7
3 —0.08448  0.5947 —0.5038 2000 0.6E—8
Fix tr. —0.08447* 0.5885 —0.4963 2000 0.5E—8

Measured transition begin (7).

Table 5 Convergence history for the case of M =0.2, Re=9 x 10°,

and =12 deg
Iteration x/c at Ny =9 Cp, Cp Total cycles Residual
1 —0.07922* 0.3677 —0.2668 1000 0.3E—4-0.6E—7
2 —0.08175 0.4115 —0.3215 1500 0.8E—8
3 —0.08264  0.4278 —0.3417 2000 04E—-8
4 —0.08274  0.4347 —0.3504 2500 0.1E-8
Fix tr. —0.08228" 0.4319 —0.3469 2500 0.2E—-8

aDetermined by extrapolation. *Measured transition begin (7).

multigrid cycles. Therefore, the compute time for the case with slat
transition module is larger only by a small amount as compared to
the fixed transition case.

As the second test case, we considered the 30P-30N configuration
of M =0.2, Re =9 x 10%,and o = 12 deg. In this case, we purposely
switch on the turbulence at x /¢ = —0.08337, which is upstream from
the measured transition begin T, that is, x /c = —0.08228, to start
the calculation. As before, the first iteration of the coupled solver
takes 1000 MG cycles, whereas only 500 cycles are used in the sub-
sequent iterations. At the end of the first iteration, the maximum N
value computed by the prediction module in the laminar portion of
the flow only reaches about 3.5; hence, no transition is directly pre-
dicted by the module. Therefore, we extrapolate the N-factor curve
to N =9 and predict transition location indirectly. This extrapola-
tion sets a new transition location at x/c = —0.07922, which is
downstream from Tp. From this point on, the behavior of the cou-
pled solver follows what has been seen in the preceding case. Table
5 summarizes the history of convergence for this test case.

Calculations for the cases of « =8, 10, 19, and 21 deg have also
been carried out by using the coupled solution method. The agree-
ment was somewhat less satisfactory for the o« = 8 deg case in which
it is known that the experiment is under the influence of a tonal
noise. In fact the predicted transition location based on N, =9 lies
downstream from the measured 7, which shows the correct trend
associated with enhanced freestream disturbance level.

The variation of transition location computed by the present
method is illustrated in Fig. 15a, and the results show that com-
putation and measurement are in good agreement over a wide range
of angle of attack. We note that because the application of the
database method only requires the integral properties of the bound-
ary layer and no stability computations are required a relatively
coarse grid can be used in the Navier—Stokes computations. The FA
grid (ny =113) was used for all of the computations reported in
Fig. 15a. Figure 15b is taken from Bertelrud,'* who used existing
transition prediction criteria for slat flow and concluded that none of
the published criteria can provide satisfactory predictive capability
for high-lift systems.

Laminar-turbulent transition is an initial boundary-value problem
whereby the onset of transition is influenced by freestream condi-
tions (acoustic disturbances, turbulence, particulates, etc.) as well
as surface quality. Therefore, a variable N, method (along the lines
of Mack? is, in general, required. The value of N, ~ 9 is expected
to provide reasonable correlations only when transition occurs in a
low-disturbance environment.

In three-dimensional flows, the introduction of leading-edge
sweep brings new transition mechanisms into play. These include
turbulence contamination along the leading-edge attachment line
and the growth of unstable stationary and traveling CF instabil-

ities. For a multi-element configuration, the upstream wakes can
increase the overall turbulence level in the flow and thus contami-
nate the downstream laminar boundary layer. Depending upon flow
conditions, turbulent contamination of the main-element or flap at-
tachment line can be followed by relaminarization caused by strong
favorable pressure gradient, with the flow retransition further down-
stream. In practice, crossflow instability might have to be consid-
ered when relaminarization has occurred after attachment-line tran-
sition. Thus, various prediction modules need to be developed to
account for all of the possible scenarios for three-dimensional high-
lift transition.

V. Conclusions

This research is aimed at developing a database method for
high-lift transition prediction and demonstrating the feasibility of
coupling this empirical method with computational-fluid-dynamics
solvers to form an effective design tool for high-lift systems. In this
study, the upper-surface boundary-layer flows on the slat of a three-
element high-lift airfoil with angle of attack « = 8, 10, 12, 16, 19,
and 21 deg are used as the test cases. The freestream conditions are
M =0.2,and Re=9 x 10°. The CFL3D code is used to compute
viscous mean flow, which accounts for the effect of compressibil-
ity as well as higher-order boundary-layer effects. Comparison of
Navier—Stokes results and boundary-layer solution shows strong
surface curvature effect for the slat boundary layer. Linear paral-
bolized stability equation analysis is performed to generate the sta-
bility data set. Integral parameters of the laminar boundary layer
are used to correlate these data, which form the basis of the slat
transition prediction module. The coupled solutions using CFL3D
and the transition prediction module show good agreement with the
experiment when N =9 is used for transition onset criterion. Ad-
ditional computations are needed to expand the database to allow
transition prediction for all of the elements of the high-lift system.
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