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Abstract: A Reynolds-averaged Navier-Stokes solver, a laminar boundary-layer code and
different transition prediction methods for the prediction of Tollmien-Schlichting and cross
flow instabilities were coupled in order to perform Reynolds-averaged Navier-Stokes
computations of three-dimensional, finite wings with automatic laminar-turbulent transition
prediction. The results from computations based on two database methods and a local, linear
stability code together with the e"-method are compared for a three-dimensional wing
configuration.
1. INTRODUCTION

The modelling of laminar-turbulent transition in Reynolds-averaged Navier-Stokes (RANS)
solvers is a crucial issue when high quality simulation results for aircraft shall be produced.
Especially the simulation of flows around high-lift systems of aircraft may result in significant
errors when the transition points are of insufficient accuracy or are not taken into account at
all. High-lift systems very often involve multi-component wings (e.g. slat, main wing, and
flaps) and may have very high levels of total circulation. Because all components of the high-
lift system are in close interaction with one another the total circulation and the complete flow
field is affected by one transition line on one of the components.

Although the overall lift value may be predicted with satisfactory accuracy slight deviations
between the real and the computed pressures can lead to large errors in the computed
overall drag value. This issue was investigated in detail in [1] and it was shown that the
overall pressure drag of a high-lift configuration, which dominates the drag value of the
configuration as a whole as well as the drag of every single element, is composed of a
balance of very large positive and negative contributions. The contribution of one single
element may be one order of magnitude larger than the resulting overall drag of the complete
configuration. Thus, a relative error of 5% of the computed drag on the slat upper side may
result in a change of 50% for the overall drag value.

For the design process of wings in industry, there exists the demand for a RANS-based
computational fluid dynamics (CFD) tool that is able to handle flows automatically and
autonomously with laminar-turbulent transition. Existing transition prediction methods vary
from empirical transition criteria via the local, linear stability equations based on small
disturbance theory or non-local, linear and non-local, non-linear stability methods using the
parabolized stability equations over large eddy simulations to direct numerical simulations of
the Navier-Stokes equations. Empirical transition criteria and the e"-method [2],[3] based on
local, linear stability theory and the parallel flow assumption represent state-of-the-art
methods for the prediction of transition onset in many industrial applications. Although they
do not account for a number of fundamental aspects in the transition process e"-methods are
used in aircraft industry most frequently for design purposes covering transition due to
Tollmien-Schlichting (TS) and cross flow (CF) instabilities. Because there are no other
practical methods presently available for industrial applications [4] e"-methods together with
the two-N-factor method and empirical criteria for transition mechanisms which are not
covered by the e" approach (e.g. bypass and attachment line transition) are going to be used
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further on for the design of aircraft wings and wing systems even for a future laminar wing of
transport type aircraft.

The first steps towards the setup of a RANS-based CFD tool with automatic transition
prediction were made, for example, in [5], where a RANS solver and an e"-method were
applied and in [6], where a RANS solver, a laminar boundary-layer method [7], and an eM-
method were coupled. There, the boundary-layer method was used to produce highly
accurate laminar, viscous layer data to be analyzed by a linear stability code. Hence, the very
expensive grid adaptation necessary to produce accurate viscous layer data directly from the
Navier-Stokes grid was avoided. The use of e"-database methods [8],[9] results in a coupled
program system that is able to handle transition prediction automatically. In [10] a database
for the growth rates is used which are represented by a trained neural network based on
Falkner-Skan-Cooke profiles. Alternative approaches using a transition closure model or a
transition/turbulence model directly incorporated into the RANS solver are documented in
[11]-[13]. A correlation-based transition modelling approach built on local variables using
transport equations for the intermittency and for a transition onset criterion in terms of the
momentum thickness Reynolds number is documented in [14].

At the Deutsches Zentrum fir Luft- und Raumfahrt, German Aerospace Center (DLR), the
block structured RANS code FLOWer [15] is used together with the laminar boundary-layer
method in [7] and the e"-database methods in [8] and [9]. The laminar boundary-layer
method and the e"-database methods form a so called ‘transition prediction module’ that is
coupled to the RANS solver and that interacts with the RANS solver during the computation
[16],[17]. Presently, the transition prediction module of FLOWer can be applied to two-
dimensional one-element or multi-element configurations and to three-dimensional one-
element or multi-element wing configurations.

The main objective of this paper is to point out a severe problem which can arise when
transition prediction tools based on the e"-method are applied to configurations tested in a
wind tunnel. Here, a shortcoming of the e"-method plays a crucial role. This shortcoming is
inherent in the e“-method because it is a semi-empirical method which requires the
knowledge of the N factors. The N factors have to be determined experimentally, and for
wings of transport type aircraft in free flight the ranges of values of the N factors for TS and
CF instabilities were determined in extensive flight test programs. This fact justifies the
application of the e"-method when free flight configurations are investigated numerically. For
wind tunnel flows, however, the N factors must be determined individually for each wind
tunnel because their values depend on the specific characteristics of the wind tunnel. Here,
difficulties can arise — especially in the case of CF instabilities — when the N factors are not
known. These difficulties become particularly obvious when validation work must be realized
based on experimental test cases which lack sufficient information necessary for the
transition prediction or when the experimental data are not clearly interpretable or even
contradictory. In these cases, the e"-method must be calibrated using transition information
from the experiment itself.

Up to now it was necessary to use transition database methods in order to apply the e
method for transition prediction in a fully automatic way so that the transition location iteration
could be executed without intervention (automatic) by the user of the RANS code and without
a priori knowledge of the transition characteristics of the specific flow problem (autonomous).
Now a fully automated local, linear stability solver [18] is available using a frequency
estimator for the detection of the relevant regions of amplified disturbances for TS instabilities
and a wave length estimator for CF instabilities. The new stability solver is currently
incorporated into the FLOWer transition prediction module.



In this work the new stability solver is applied to a three-dimensional wing configuration,
the transition locations are determined using the e"-method and the results are compared
with results from the e"-database method for TS instabilities and the e"-database method for
CF instabilities. The comparison and assessment is done in terms of the maximum N factor
curves for TS and CF waves based on the two different approaches. Special emphasis is
given to the values of the critical N factors N*TS and N*CF and the Ncg-Nrs stability boundary.

2. TRANSITION PREDICTION COUPLING

The coupled program system consists of the RANS solver itself [15], a laminar boundary-
layer method for swept, tapered wings [7] and different transition prediction methods, which
are provided with all necessary data by the laminar boundary-layer method. The laminar
boundary-layer method solves the compressible laminar boundary-layer equations for conical
external flow using the surface pressure distribution from the stagnation or attachment line
point along a wing section as input.

The RANS solver communicates the surface pressure distribution of the configuration as
input data to the laminar boundary-layer method, the laminar boundary-layer method
computes all of the boundary-layer parameters that are needed for the transition prediction
method and the transition prediction method determines new transition locations that are
given back to the RANS solver. This coupled structure results in an iterative procedure for the
transition locations within the iteration of the RANS equations [19],[20]. The structure of the
approach is outlined graphically in Fig. 1 (where lam. bl is the laminar boundary layer).

During the computation, the RANS solver is stopped after a certain number of iteration
cycles k usually when the lift has sufficiently converged, that is when pressure oscillations
have been damped to a sufficiently low degree. Then the transition module is called and first
the surface pressure distribution c,(cycle = k) along a wing section is used as input for the
boundary-layer code. All viscous data — basically the velocity profiles in streamwise and
crossflow direction and their 1% and 2™ derivatives — are calculated by the boundary-layer
code. Then, the transition prediction method analyzes the laminar boundary layer and tries to
determine a transition point which is located upstream of the separation point predicted by
the boundary-layer code. If a transition point due to TS or CF instabilities was found it is
communicated back to the RANS solver. If no transition point due to TS or CF instabilities
upstream of the laminar separation point could be found the laminar separation point is used
as approximation of the real transition point. This is an attempt to predict transition due strictly
to the presence of separation bubbles. This approach often yields a good approximation of
the real transition point when transition does not occur before the laminar boundary layer
separates, particularly for low Reynolds number flows. These steps are done for the upper
and lower sides of all specified wing sections. When all new transition locations, x,-T(cyc/e = k)
with j = 1, ..., ny, where nt is the number of transition points, have been communicated back
to the RANS solver, each transition location is slightly underrelaxed to damp oscillations in
the convergence history of the transition locations. Then, all underrelaxed transition points —
they represent a transition line on the upper or lower surface of a wing element in form of a
polygonial line — are mapped into the surface grid of the configuration applying a transition
setting algorithm [16] subdividing the surface of the geometry into laminar and turbulent
regions, and the computation is continued. In so doing, the determination of the transition
locations becomes an iteration process itself. With each transition location iteration step the
underrelaxation factor is reduced until a converged state of all transition points has been
obtained. A wing section is approximated by a chordwise surface grid line of the block-
structured grid.

3. COMPUTATIONAL RESULTS

In [20] computational results for the ONERA M6 wing [21] obtained with the transition

prediction coupling procedure for the aerodynamic parameters M., = 0.262 and Re., = 3.5x10°



are shown. There, these results are compared to the experimental findings reported in [22]
which presents the outcome of experiments carried out in the ONERA S2Ch (Chalais-
Meudon) wind tunnel for which a turbulence intensity of Tu, = 0.2% is given. In the
experiments the laminar regions were detected and visualized applying a sublimation
technique based on naphthalene.

Here, this configuration was computed using the Baldwin-Lomax turbulence model [23]
and the two e"-database methods using Mack’s relationship N'=-843-24 tn(Tu.,,) for the
two critical N factors N*Ts = N*CF = 6.485. The transition points were determined in three wing
sections, = 0.22, 0.42, 0.86. In [22] the development of the transition points on upper and
lower sides of the wing are given in a diagram for the angles of attack « = 0°, 5°, 10°, and 15°
for the wing section at n = 0.45 (for which most experimental transition information is
available) and compared here with the results obtained for 7 = 0.42 which corresponds to the
grid line nearest to n = 0.45, Fig. 2. On the upper side of the wing all transition locations are
due to laminar separation, that is, all transition points were approximated by laminar
separation points from the boundary-layer code. On the lower side of the wing all transition
points are due to CF instabilities according to the CF database method. The comparison of
the computed and experimental results shows clear deviations from one another. The
deviations on the upper side are an indication that approximating transition points by laminar
separation points can lead to errors which can be eliminated when criteria for the prediction
of transition inside laminar separation bubbles [24] are applied which yield a transition point
downstream of the point of laminar separation instead of using the separation point itself. The
incorporation of criteria for this transition mechanism into the transition prediction module is
one of the next development steps for the transition prediction module. The deviations on the
lower side can be explained with an inappropriate setting of the values of the critical N factors
N'3s and N cr. This issue is addressed next.

Especially the unacceptable deviation on the lower side for ¢ = 5° requires an
investigation of the N factor curves for this angle of attack which are shown in Fig. 3. For the
three wing sections the N factor curves for TS and CF instabilities are shown. It can be seen
that in the inboard section (Sec. 1) and the outboard section (Sec. 3) TS instabilities and in
the midboard section (Sec. 2) a CF instability lead to transition when N1s = N = 6.485 is
applied. Especially the setting N'cr = 6.485 is inappropriate because Mack’s relationship is
valid only for TS transition.

In order to find an appropriate value for N'gr experimental information from [25] for the
S2Ch wind tunnel were used and the attempt was made to derive the stability boundary, Fig.
4. The stability boundary is defined by four points in the Nge-Nrs plane and by a curve which
approximates the region of mixed (TS and CF dominated) transition. The four points are
given by the two critical N factors N*Ts and N*CF on the one hand and by the values which
mark the endings of the regions of purely TS dominated or CF dominated transition and thus
define the initial and end points of the mixed transition region, N5s and N’cr, on the other
hand. In [25] the values N*TS =7.0, N*CF = 6.0, N5s = 3.5 and N = 5.5 — these values
correspond to the coordinate pairs (0.0, 7.0), (3.5, 7.0), (6.0, 5.5) and (6.0, 0.0) in the Ngg-Ntg
plane — and a linear curve for the approximation of the mixed transition region (stability
boundary No. 1) are used. In the transition prediction module which is used with the FLOWer
code the region of mixed transition is approximated by the quarter of an ellipse leading to
stability boundary No. 2 in Fig. 4 based on the same values for N*Ts, N*CF, N’ts and N'cr.
Using N1s = 6.485 according to Mack’s relationship and Ng = 5.75 omitting the
experimental data point at (=7.0, »2.0) leads to stability boundary No. 3. All these three
stability boundaries are equivalent because the very limited amount of experimental
information for the stability boundary makes a clear decision impossible.



As can be seen, none of these three stability boundaries leads to a significantly better
result from the computation. According to the Ngg-Nrs curve along the mid wing section of
this flow case in Fig. 4 transition is purely CF dominated and to obtain the experimentally
detected transition location (x7/C)sec ® 0.34 on the lower side in the mid wing section at « = 5°
a value of N¢r ~ 5.16 is required. It is very probable that the naphthalene sublimation
technique has strongly affected the CF transition process and accelerated transition. Using
the value N'cr ~ 5.16 which was calibrated for one angle of attack (a = 5°) the computations
for & = 5°, 10°, and 15° were repeated leading to the results shown in Fig. 5. On the lower
side of the mid wing section all computed transition points especially those for « = 10° and
15° are of good accuracy.

In [20] it was shown that it is necessary also to calibrate N'1s in order to obtain good
results for the transition lines over the whole span of the M6 wing for all angles of attack.
Very probably also the TS transition was accelerated by the naphthalene sublimation
technique. Calibrating the critical TS N factor using N'1s = 4.75 for the TS database method —
the calibration was done using the experimental transition location on the lower side in the
wing section 7 = 0.96 from « = 5° — yields the expected improvements and leads to the
stability boundary No. 4 in Fig. 4 when the values for N’rs and N’ are kept as before, N5g =
3.5and N'cg = 5.5.

If the assumption is true that the naphthalene sublimation technique has influenced the
transition process it is clear that it is not possible to obtain correct transition prediction results
using transition data from other experiments which did not suffer from the same influence.
Thus, in the case that validation work for transition prediction methods has to be carried out
using a specific test case it can happen that the calibration of the TS and CF N factors is the
only way possible to execute the task.

The computation of the N factor curves for TS and CF instabilities for « = 5° in the three
wing sections n = 0.22, 0.42, 0.86 using the local, linear stability solver LILO [18] yields the
results depicted in Fig. 6 where the three curves are compared with the results from the two
database methods. While the N factor curves for TS instabilities based on the two different
approaches are very close to each other the N factor curves for CF instabilities differ
significantly. Along the complete chord of the wing section the slopes of all three CF N factor
curves from the stability code are much lower than those from the CF database method
leading to much lower N factor values. Over a wide range of the chord the stability code N
factors are more or less half as big as those from the database method. Beyond the
chordwise position (x/C)sec ~ 0.6 all curves from the stability code tend smoothly to lower
values while the curves from the database method show a wiggly behaviour. The global
shape of the corresponding curves for the three wing sections is very similar for the two
different approaches. Also the gap between the curves for Sec. 1 and Sec. 3 on the one hand
and the curve for Sec. 2 on the other hand occurs in the results of both approaches.

The differences in the CF N factor curves are essentially due to the different integration
strategies used for the calculation of the CF N factor value at a certain surface point of the
wing section specified by a chordwise position xs... While for the computation of the TS N
factor Nrs the integration strategy is the same in the TS database method and in the LILO
code namely

Xsec

Nrs(Xsec) = max I— ai(f; Xsec ) dXsec (1)
f

0
Xsec



(with the local spatial amplification rate «;, the frequency f and the neutral-point location e,
where o(f; x%.c) = 0) for which the integration is carried out in the direction of the inviscid
stream line taken as wave propagation direction, for the CF N factor N¢g different integration
strategies are applied in the CF database method and in the LILO code. The CF database
method uses

Xsec

Ncr(Xsec) = max| max J—ai(f, ¥; Xsec ) dXsec | |, (2)
' f

Xsec

the maximum value out of all available N factor values from the set of curves given by the
parameters f and ¥, which denotes the wave propagation direction. Because f # 0 in the
integration strategy the CF database method is suited for instationary (travelling) CF waves.
In the LILO code

Xsec

Ncr(Xsec) = max I_ ai(f=0, 4; Xsec ) dXsec (3)
Xgec

is applied using the wave length 1 as parameter for stationary CF waves (f = 0).

Both travelling and stationary CF waves can be present and lead to CF dominated
transition depending on the flow environment. It is commonly accepted that travelling CF
waves trigger transition in a high disturbance environment, whereas stationary CF waves
dominate CF transition in a low disturbance environment. The former are excited by free
stream turbulence and the latter by micronized surface roughness [25]-[28]. The turbulence
intensity value Tu, = 0.15% is often given as threshold between low disturbance and high
disturbance environment, but experimentally it was found that in the range 0.1% < Tu, <
0.3% one can not be sure about which type of CF transition actually occurs [28].

In Fig. 7 the different Nge-N1s curves along the mid wing section for the two approaches
and the corresponding (x/c)sec-Over-Ngr curves are depicted. Calibrating the CF N factor
using the value which corresponds to the transition location from the experiment (x7/C)sec ~
0.34 yields N'cr ~ 2.86 and shows that also here transition is purely CF dominated. Keeping
the values N’rs = 3.5 and N’z = 5.5 as before lets the corresponding stability boundary
degenerate to a rectangle (stability boundary No. 5). This is an inaccurate representation of
the stability boundary and can lead to errors in the simulation.

Because RANS-based CFD tools with automatic transition prediction are applied to many
different flow configurations, for example, to aircraft in free flight with a low disturbance
environment or to models in wind tunnels tested in a high disturbance environment, it is
advantageous to have different transition prediction tools at hand which, as a whole, cover all
transition mechanisms which can occur in practical applications, especially those which are
common in different branches of industry. For the practical application of transition prediction
tools based on the e"-method it is necessary to have sufficient experimental transition data at
hand, so that the stability boundary for the transition prediction can be derived. For the
determination of the stability boundary it is necessary to know at least four values, Nts, N,
N’rs, and N’g, which, in principle, must be derived for every particular integration strategy
using the same experimental data. This means that higher efforts, experimentally as well as
computationally, must be undertaken when model configurations with transition are to be
investigated in order to have full benefit of the transition prediction tools which are currently
available. From a validation point of view it is necessary to satisfy this requirement because



otherwise it is not possible to use the complete range of the simulation capabilities which can
be provided.
4. CONCLUSIONS

Two e"-database methods and a linear stability code were used to calculate the maximum
N factor curves for TS and CF waves and transition locations for a three-dimensional wing
configuration. The results of the different approaches were compared. Special emphasis was
given to the values of the critical N factors N*Ts and N*CF and the Ngg-Nrs stability boundary
and the problems which arise when the experimental information is too limited to properly
derive the stability boundary. If validation work has to be done for a specific test case it can
be essential to calibrate the N factors for the usage of the transition prediction tools. The
necessity of having sufficient experimental transition information for validation purposes
available was emphasized.
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