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Abstract

Numerical predictions of the NLF(1)-0416 air-
foil operating at moderate Reynolds numbers
and low angle of attack have been carried out
by coupling Navier-Stokes and e transition
prediction methods.

The consequences of either prescribing
point transition or applying a transitional flow
model in the Navier-Stokes solver have been
systematically investigated. Several classical
models have been considered in this study.

1 Introduction

The development of design tools in the frame-
work of laminar flow technology mostly focuses
on the generation of reliable transition methods.
To this aim, various levels of approach have
been considered, ranging from simple empirical
relationships to direct numerical simulations.
However, for the aircraft industry, the eV
method [1, 2] is the state-of-the-art tool for the
prediction of the laminar-turbulent transition
onset. The assumptions of local, linear stability
and parallel flow are still those most commonly
used in this tool [3], though the aforementioned
method has already been presented in a multi-
tude of variants. Furthermore, the analysis of
three-dimensional flows offers several options
for the integration of the N-factor [4], namely
the envelope method, the fixed frequency and
constant wave propagation direction method,
and the fixed frequency and constant total wave-
length or constant spanwise wave number
methods. Additional options entail the inclusion
of compressibility and curvature effects [5].
These variations basically result from the nu-

merous attempts to improve the performance of
the " method, as it does not account for some
fundamental aspects of the transition process.
Nevertheless, in nearly 50 years of use, the
method has proved its merits and there is still no
other practical technique presently available for
industrial applications. In addition, the two N-
factor method, which enable us handling (in an
engineering manner) the simultaneous presence
of Tollmien-Schlichting and crossflow instabili-
ties in swept wing flows, has shown great suc-
cess when applied to wind tunnel and free-flight
transonic data [6].

The ¢ method is nowadays frequently
used in conjunction with viscous-inviscid inter-
action methodologies for wing design. Recently,
the problem of coupling Navier-Stokes codes
with the ¢" method has also been tackled [7-9].
However, it must be noted at this stage that the
modeling of the transition process involves not
only the prediction of the transition onset but
the prescription of the transition location to the
flow solver as well. The latter refers to the cou-
pling procedure between the transition predic-
tion method and flow solver, which encom-
passes also the application of a transitional flow
model. In fact, it has been shown that the fore-
going procedure may be of critical importance
for the accurate evaluation of aerodynamic per-
formance [8]. Furthermore, the implementation
of point transition in Navier-Stokes calculations
may, in some cases, prevent iteratively coupled
procedures to converge as a result of the up-
stream influence generated by a too strong vis-
cous-inviscid interaction [8]. Yet, the scatter in
predicted transitional lengths hampers the
straightforward application of classical transi-
tional flow models.



In this context, the most interesting cases
can be found in airfoils operating at moderate
Reynolds numbers, for which transition may
occur in separated flow regions [7]. As a conse-
quence, the NLF(1)-0416 laminar airfoil [10]
operating at Reynolds numbers Re = 2 x 10° and
4 x 10° for an angle of attack &= 1.01° has been
selected for this investigation. Numerical pre-
dictions of the aerodynamic performance of the
aforementioned airfoil using coupled Reynolds-
averaged Navier-Stokes (RANS) solvers and
transition prediction methods have been pre-
sented before, e.g. by Krumbein and Stock [11],
Stock and Haase [7], Brodeur and van Dam [12]
and Stock [8].

The present paper describes a systematic
study on the application of classical transitional
flow models in RANS computations coupled
with the " method for transition prediction.

2 Numerical Methods

The RANS solver employed in this investiga-
tion is based on a second-order accurate finite
volume method. A low-Reynolds number ver-
sion of the two-equation k-¢ turbulence model
by Coakley and Huang [13] was used to de-
scribe the near-wall region downstream of the
transition location. A distinctive characteristic
of this version is the fact that its viscosity-
related damping functions and some of the nu-
merical constants have been calibrated with ref-
erence to data from direct numerical simula-
tions.
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Fig. 1. Airfoil geometry and numerical mesh.
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Nonorthogonal, curvilinear meshes formed
by 512 x 128 control volumes have been gener-
ated through the solution of a system of Poisson
equations. Figure 1 shows the airfoil geometry
and a partial view of the numerical mesh used.

The ¢" method was used for transition pre-
diction based on the linear, local stability analy-
sis of boundary layer profiles [14] produced by
the RANS solver.

Additional details concerning the above-
mentioned methods and the coupling procedure
were given by Sousa and Silva [9].

3 Transitional Flow Modeling

The classical approach to transitional flow mod-
eling results from Emmons [15] concept of in-
termittent appearance of turbulence spots, which
grow as they move downstream until they fi-
nally merge to form a turbulent boundary layer.
Experimental verification of this theory was
achieved by Schubauer and Klebanoff [16], El-
der [17] and others.

Dhawan and Narasimha [18] have pro-
posed a universal intermittency function, which
was adopted in most transitional models. The
idea was to define an inttermittency factor
(varying from zero to unity) given as the frac-
tion of time occupied by turbulence spots, so
that all averaged flow properties of the flow
may evolve smoothly from the laminar to the
turbulent regime. Although it has been already
shown that the intermittency factors vary across
the boundary layer both for attached and sepa-
rated flows [19], it is usually assumed in the
classical approaches that wall-normal variations
may be neglected. Hence, the intermittency
function yis defined as:

y:l—exp(—0.412§2)’ (1)

where ¢ is given by:
§=(x-x,)/2 )
X=Xy 3)
A=X,_075=Xyz025 4)
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The downstream limit of the transitional zone,
where fully turbulent flow is reached, is defined
by:

Xoury = Xy=0.99 (5)

thus yielding the following expression for the
transition length:

Ltr:Xturb_Xlr=3'36ﬂ" (6)

Examples of classical models for the tran-
sition length L,., corresponding to incompressi-
ble flat plate flows are:

e Narasimha model [20]

Re;, =30.2Rey 7)

e Chen and Thyson model [21]
Re, =60Rey’ (8)

e  Walker model [22]
Re; =52Rey’ 9)

It can be easily concluded that these mod-
els produce a wide range of possible values for
the transition length. For example, a direct com-
parison between Egs. (7) and (9) indicates
nearly a six-fold variation in L, for the same
value of the local Reynolds number. As an at-
tempt to reduce this scatter and to cope with
pressure gradient flows, it was suggested that
boundary layer history effects should be intro-
duced in the models, thus replacing the X-
coordinate at transition by an appropriate
boundary layer property. Stock and Haase [7]
have proposed the use of the displacement
thickness as scaling property, resorting to the
incompressible flat plate Blasius flow relation.
Hence, modified versions of the models above
may be derived as follows:

e Narasimha model (modified)

Re; =13.4Re§32, (10)

e Chen and Thyson model (modified)

Re;, =29.1Re}:’ (11)

o

e Walker model (modified)

3/2
ReLtr = 2.3Re5; (12)

Measurements by Gostelow, Blunden and
Walker [23] have shown a strong dependency of
the transition length with the pressure gradient.
However, the use of a Blasius flow relation to
account for this effect seems rather inconsistent.
A sensible alternative procedure may be the ap-
plication of Cebeci and Smith [24] version of
Chen and Thyson model [21], which assumes
that spot propagation velocities at any given X-
location are proportional to the local external
velocity U, (X ), thus yielding the following

expression for the intermittency factor:

y= 1—eXp[— G(X—Xn,)r( [d_XH (13)

tr Ue

where G stands for a spot formation rate pa-
rameter given by:

G= (1/1200)(U3 /vz)Re;l-34 . (14)

As pointed out by Walker [25], an addi-
tional though more complex option consists in
the recent innovation of using intermittency
transport models to compute the variation of the
turbulent intermittency through the transition
zone. This procedure is currently under investi-
gation following the suggestions of Suzen and
Huang [26]. They have shown its viability using
Menter’s SST model [27] for flows with and
without pressure gradient, in the presence of
significant free-stream turbulence effects. It was
observed that consistent intermittency factor
profiles might be obtained. Furthermore, these
differed significantly from the simple empirical
formula proposed by Klebanoff [28] to describe
the cross-stream variation of intermittency in a
turbulent boundary layer.

4 Results and Discussion

Initial computations of the NLF(1)-0416 airfoil
have been carried out at Reynolds numbers
Re =2 x 10° and 4 x 10° for an angle of attack
a = 1.01° prescribing point transition in the

3



RANS solver. The pressure distribution result-
ing from the application of coupled RANS and
¢" methods to these cases is shown in Fig. 2.
Very good agreement can be observed between
the numerical predictions at Re = 4 x 10° and
the experimental data (symbols, [10]). The
small differences between the numerical results
obtained for the different values of the reference
Reynolds number are mainly a consequence of
the distinct transition locations.
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Fig. 2. Numerical predictions of the pressure distribution
using point transition (symbols denote experiments).

Excellent agreement between computed
and experimental transition locations [10] was
obtained, irrespective of the fact that point tran-
sition has been used. These results are illus-
trated in Fig. 3 for a limiting N-factor of 11,
which is the same value used in previous studies
of the present airfoil (Note: the light blue bands
indicate experimental transition data).
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Fig. 3. Predicted transition locations using point
transition for Re = 2 x 10°:
a) upper surface;
b) lower surface.

Figure 4 shows the computed evolutions of
the skin friction coefficient for both computa-
tions. The results indicate that a small separa-
tion bubble is formed both on upper and lower
surfaces of the airfoil for Re = 2 x 10°. How-
ever, the flow does not separate on the upper
surface for Re = 4 x 10°, which is again in
agreement with experimental observations [10].
An additional computation has been carried out
for the lower value of the Reynolds number by
prescribing the transition locations at laminar
separation on both surfaces (obtained from the
previous point transition computation).
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Fig. 4. Evolution of the skin friction coefficient using
point transition.
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Based on these preliminary computations,
it was possible to perform the a priori investiga-
tion of the performance of the various transi-
tional flow models. Figure 5 portrays the evolu-
tion of L, as a function of the transition location
for Re =4 x 10°. It must be noted that the results
for Re =2 x 10° show similar trends but the val-
ues of L, are even higher. The figure indicates
that the modified versions of the models (dotted
lines) generate very large transition lengths in
the presence of a separation bubble, as a conse-
quence of the sharp increase in displacement
thickness. This does not seem to be physically
correct, as the transition is expected to be rapid
(though not a point phenomenon) in separated
flow. In addition, it can be easily concluded that
the model of Narasimha ([20], modified or not)
is clearly inadequate for this type of flows, pro-
ducing transition lengths which extend up to the
airfoil trailing edge and beyond.
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Fig. 5. 4 priori evaluation of the transition length
generated by the various models at Re =4 x 10°.

New computations using the coupled
methods have been carried out for both values
of the Reynolds number employing transitional
models instead. Results have been obtained
(when possible) for the base and modified ver-
sions of the model of Walker [22]. In addition
the application of Chen and Thyson model has
also been investigated. However, preference
was given to the implementation used by Cebeci
and Smith [24], as described by Egs. (13)-(14).

All transitional flow models led to a very
slight upstream movement of the predicted tran-
sition location (maximum: 0.01C). This result
can be appreciated in Fig. 6 for Re = 2 x 10° as
an example.
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Fig. 6. Predicted transition locations using Cebeci
and Smith version of Chen and Thyson
transitional model for Re =2 x 10°:

a) upper surface;

b) lower surface.

The use of transitional models has im-
proved the convergence between the coupled
methods in order to reach a common transition
location (within 0.005C). However, due to the
establishment of larger separation bubbles, a
larger number of iterations was required to ob-
tain a solution from the RANS solver.



A summary of the transition locations pro-
duced by the coupled methods and the transi-
tional lengths obtained for all solutions is pro-
vided in Table 1. The serial number of the nu-
merical simulation is also identified in this table
for later reference in the paper.

Table 1. Predicted transition locations and transition
lengths for all computations.

J.M.M. SOUSA

The transitional models provide a smoother
transition in C; than point transition. However,
small values of L, produce locally high values
of Crin the turbulent regime.

In order to investigate the consequences of
using transitional flow models in the analysis of
the aerodynamic performance of the airfoil, the
values of lift and drag coefficients have been
evaluated. The results have been summarized in

N Model, X0, L,/C Table 2.
Reynolds No. upper | lower | upper | lower
1 | Point, 2x10° 042 | 063 - - Table 2. Predicted aerodynamic coefficients for all
2 | Point, 4x10° 0.385 0.61 - - computations (experimental data is also given).
3 | Separation, 2x10° 0.41 0.59 - —
4 | Walker, 2x10° 0.41 0.625 | 0.066 | 0.072 N Numerical predictions Experiments
5 | Walker, 4x10° 0.38 0.605 0.052 | 0.057 C, Cposurs Cpovip CL Cp
6 | Walker modif, 2x10° — — 0.115 0.347 1 0.575 0.0082 0.0069 0.550 | 0.0071
7 | Walker modif, 4x10° 0.38 0.605 0.066 | 0.136 2 0.584 | 0.0075 0.0062 0.561 0.0059
8 | Chen/Thyson, 2x10° 0.41 0.625 0.119 | 0.158 3 0.575 0.0084 | 0.0070 0.550 | 0.0071
9 | Chen/Thyson, 4x10° 0.38 0.605 0.100 | 0.131 4 0.576 | 0.0083 0.0068 0.550 | 0.0071
5 0.585 0.0075 0.0061 0.561 0.0059

As an example, the evolution of the skin 3 0585 10,0075 | 0.0060 3:22(1) g:ggz;
friction coefficient using the transitional models S | 0576 | 0.0081 | 0.0068 | 0550 | 0.0071
is presented in Fig. 7 for Re = 4 x 10°. Similar 9 170585 | 0.0073 | 0.0060 | 0.561 | 0.0059

trends were obtained for Re = 2 x 10°, though
flow separation occurs on both sides of the air-
foil and a stable converged solution could not be
obtained for the modified version of the model
of Walker [22] due to the large value of L, ob-
tained for the lower surface (Cf. Table 1). It is
interesting to note that Krumbein [29] has also
reported convergence problems with the use of
this model on a high-lift multi-element airfoil
configuration.

0.008|||||||||||||||||||

Point transition

—— Walker (base)
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Fig. 7. Evolution of the skin friction coefficient using
transitional flow models for Re = 4 x 10°.

The values of the drag coefficient obtained
by surface integration Cp.y,r have shown always
to overpredict the experimental values. How-
ever, the application of the transitional flow
models has, in some cases, brought these two
values closer to each other. Excellent results
were always obtained when the drag coefficient
was evaluated through a wake integration pro-
cedure Cp.,jp [30]. Furthermore, it observed that
the coupled methods systematically overpredict
the experimental values of the lift coefficient
C;. However, this is in agreement with previous
studies of the present airfoil and it was argued
that this anomaly might be due to uncorrected
wind-tunnel effects [8].

5 Conclusions

The coupled RANS/e" computations carried out
for the NLF(1)-0416 airfoil at moderate Rey-
nolds numbers and low angle of attack have
shown that the use of transitional flow models is
recommended though not indispensable. In ad-
dition, care should be taken when these are ap-
plied because the classical models often produce
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disparate values of the transitional length, espe-
cially in the presence of separated flow. Such
behavior may ultimately preclude the generation
of converged solutions by the RANS solver.
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