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ABSTRACT

In the present study, an improved laminar-turbulence
transition model y — Reg, — CF* has been developed for
simulating three-dimensional flow transition, including the
effect of interaction between the Tollmien-Schlichting and
crossflow instabilities. To accommodate the acceleration of the
transition process due to the interaction between the two
instabilities, a new trigger function was additionally introduced
to include the effect of the crossflow instability. Since the main
modification was made only in the trigger function, the present
model primarily works on local flow variables, and thus can be
effectively implemented in the CFD flow solvers based on
unstructured meshes by inheriting the advantages of the
baseline y — Reg, transition model. For the validations, the
present y — Reg, — CF™ transition model was applied to the
NREL Phase VI wind turbine rotor blade. It was found that the
present model is well established, and is useful for predicting
the flows involving three-dimensional laminar-turbulence
transition more accurately than the y — Reg, model for
simulating horizontal axis wind turbine rotor blade problems.

INTRODUCTION

In modern computational fluid dynamics (CFD), predicting
laminar-turbulence transition is one of the most important
issues. This is particularly true for general complex three-
dimensional configurations, since transition phenomena are
closely coupled with complicated three-dimensional flow
characteristics. Because general three-dimensional laminar-
turbulence transition phenomena are induced mostly by either
the Tollmien-Schlichting instability, the crossflow instability,
or the interaction of both, it is important to properly capture the
effect of those instabilities in simulating general three-
dimentional flows.

Recently, the flow solvers based on unstructured meshes are
frequently adopted for solving many practical engineering flow
problems. In this situation, the problem becomes particularly
demanding, because flow transition need to be assessed based
only on local flow quantities without relying on the mesh
distribution. To predict laminar-turbulence transition using
unstructured meshes, a correlation-based transition model,
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which is called the y-Re,, transition model, was first proposed
by Langtry and Menter [1]. In their transition model, only local
quantities are used in determining the onset of transition.
Because of this advantage, the y-Re, model has been used
successfully in general-purpose CFD flow solvers for
predicting flows accompanying laminar-turbulent transition.
However, the y-Re,, model has a limited capability for
capturing general three-dimensional transition phenomena
involving crossflow instabilities, because the Reynolds-number
correlation was driven based on the two-dimensional Blasius
boundary-layer velocity profiles. A previous study [2] showed
that the y-Re,, model fails to capture flow transition induced by
the crossflow instability.

To overcome this limitation, Choi and Kwon [3] proposed a
novel methodology of predicting crossflow-induced transition
inside general three-dimensional boundary layers by adopting
local flow variables based on the FSC velocity profiles, and
suggested a new laminar-turbulence transition model, called
y-Rey,-CF model. Nevertheless, this new transition y-Reg-CF
model still has a shortcoming that the important interaction
phenomena between the Tollmien-Schlichting instability and
the crossflow instability are not properly incorporated. This is
because implementation of the model was based on the
assumption [4] that, when an empirical criterion is utilized for
predicting three-dimensional transition phenomena, turbulence
appears by either the Tollmien-Schlichting instability or the
crossflow instability. However, in real physics, there exists an
interaction between the two instabilities, which further
accelerates the transition process. Therefore, it is important to
develop a transition model which also enables capturing the
interaction phenomena.

In the present study, an improved laminar-turbulence
transition model y-Rey,-CF" has been developed for simulating
three-dimensional transition phenomena including the effect of
the interaction between the Tollmien-Schlichting and crossflow
instabilities. For this purpose, the existing y-Re,,-CF model [3]
was further extended by adopting the e” method’s approach [5]
which handles the interaction between the two instabilities. For
validation, an application was made to the NREL Phase VI
wind turbine rotor blades. The results were compared with
experimental data and other predictions.
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NUMERICAL METHOD

In the present study, based on the same assumption [5] that
the transition process is accelerated when both the Tollmien-
Schlichting and crossflow instabilities are simultaneously
excited, a new turbulence transition model, y-Req-CF", is
proposed by introducing a modified form of the function
Fonser1 3p Modification into the y-Re,-CF transition model [3].
To determine that the transition criteria are fulfilled, the
function can be written as:

Fonsetl_3D = max ( Fonsetl’ Fonsetl_CF ' Fonsetl_inter)
34 20
Fonseuiimer _ 5 : Fonsetl + ﬁ : FonsetlfCF ’ Fonsetl >0.5 and FonsetlfCF >0.15
0, Foes < 0.5 0Or F, <0.15

onsetl — onsetl_CF —

Here, Fonset1 inter,» Which is the linear combination of Fy; 50y
and Fypsee1 cr, activates Fyp 001 3p When the value exceeds one,
even though each of the transition criteria, Fo,ser1 OF Fonset1 cr
remains less than one. Through this mechanism, Fyset1 inter
enables to incorporate the effect of interaction between the
Tollmien-Schlichting and crossflow instabilities. The transition
criterion considering the interaction between the two
instabilities is illustrated in Fig. 1.
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Fig. 1 Illustration of transition criterion considering interaction
between Tollmien-Schlichting and crossflow instabilities.

Another modification adopted in the present y-Reqy-CF"
model is that the trigger function F,;,set1 cr in the crossflow
direction is now expressed in terms of the critical Reynolds
number, Res,,, instead of the transition onset Reynolds number,
Regy,, similar to the streamwise trigger function Fye¢; :

—® - Re . =0.9-Re;
r-Re

Fonsetl_CF = s2¢ 52t

52¢

For the present formulation, Fiengpn 3p Should also be newly
estimated. In the present study, Fiengn 3p is calibrated by using
the experimental data for an inclined 6:1 prolate spheroid at a
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Reynolds number of 7.2 X 10° and an angle of attack of 30
degrees [6] as:

[398.189-10’1 -(119.270-10 ) Recr —(132.567-10’5)Reép], Recr <400

263.404—(123.939-10 % ) Recr
400 < Recr <596

R +(194.548-10°° ) Recr —(101.695-10 B)Reil'

length_3D —

[0.57(R9CF —596)-3.0-10"‘], 596 < Recr <1200

[0.3188], 1200<Recr

Recr =Rea [LL)
l2

Here, the effect of crossflow instability is implemented by the
) . .
term (1n—/2) and, as a result, Fio, g, 3p returns to its original

form, Fjengn, When the local sweep angle, ¢, approaches zero.
More detailed information about the present transition
model can be found in Ref. [7].

RESULTS AND DISCUSSION

To investigate the practical applicability of the present
y-Req,-CF" model to rotating bodies, calculations were made for
the upwind axial flow cases of the NREL Phase VI wind turbine
rotor blades, and the results are compared with those of the
experiment [8] and other predictions [2]. The measurements were
made at a rotational speed of 71.63rpm, and the inflow wind
speed varied from 7m/s to 25m/s. The calculations were also
made by using the fully-turbulent k-& SST model, the baseline
v-Rey, transition model [1], and the y-Re,-CF transition model [3]
for comparison. It was reported in the previous study [2] that, for
this particular wind turbine configuration, laminar-turbulent
transition mainly influences the rotor aerodynamic performances
at inflow wind speeds of 10m/s to 15m/s. In the calculations, the
freestream turbulent intensity, Tugg, was set to 0.5%, and the
viscosity ratio, (ur/u) s, was set to five.

In Fig. 2, the computational domain and the imposed
boundary conditions are presented. To eliminate the effect of
boundary condition, the downstream boundary was set at 15 rotor
radii downstream from the rotor disc plane. At the upstream
boundary located six rotor radii from the rotor, an inflow
condition was imposed. In the radial direction, the side boundary
was set at 3.5 rotor radii away from the rotor shaft axis. For this
two-bladed rotor, the calculations were made only for a single
blade by imposing a periodic boundary between the blades. The
unstructured hybrid mesh consisted of 6,683,329 cells, 2,777,943
nodes, and 145,330 boundary faces. To capture the boundary
layer accurately, 35 prism layers are packed on the blade surface.
The initial thickness of the prism cell is 1.11x10°R, and the y*
value at the first prism layer is approximately 0.5.
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Fig. 2 Computational domain and boundary condition for
NREL Phase VI rotor blades.

In Fig. 3, the predicted shaft torque distributions of the
NREL Phase VI rotor for different inflow wind speeds are
compared between different turbulence models. It is shown that,
in the case of the inflow wind speed of 7, 20, and 25 m/s, the
fully-turbulent model and all transition models predict similar
shaft torques, because at these inflow conditions the laminar-
turbulent transition has no direct effects on the rotor as reported
in the previous study [2]. However, in the case of three
transient inflow wind speeds of 10, 13, and 15 m/s, a fairly
large difference is observed between the models. The fully-
turbulent k- SST model overpredicts the shaft torque because
the model does not capture the laminar flow region, while the
baseline y-Re, transition model underpredicts because it fails
to capture the transition induced by crossflow instability. This
underprediction of the y-Rey, transition model is also observed
in Serensen’s result [2], except at the inflow wind speed of
10m/s. In contrast, both the y-Rey-CF and y-Rey,-CF™ models
capture the transition due to crossflow instability, and predict
the shaft torque more accurately than the other models, even
though there exists some deviation from the experimental data
at 15m/s inflow wind speed. In the present case, it is shown that
the transition of the rotor mainly induced by the crossflow
instability because the difference between the y-Rey-CF and
y-Reg-CF" model is almost negligible.
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Fig. 3 Predicted shaft torque of NREL Phase VI rotor.

In Fig. 4, the radial variations of the normal and tangential
force coefficients are compared between the fully-turbulent
model and the transition models. The measurements were made
at five selected spanwise locations (0.3, 0.47, 0.63, 0.8, and
0.95 R). The results again confirm that the present transition
model works well by capturing the transition due to crossflow
instability. In the case of tangential force coefficient, it is
shown that the present y-Re,-CF™ model predicts the
coefficient more accurately than the other models, particularly
at 0.63 R section for the 10m/s inflow case, 0.8 R section for
the 13m/s inflow case, and 0.95 R section for the 15m/s inflow
case. This is because the transitional regions move radially
towards the rotor blade tip as the inflow wind speed is
increased. In the case of normal force coefficient, the difference
between the fully-turbulent model and the transition models
becomes smaller than the tangential force coefficient, because
the laminar-turbulent transition mainly influences the skin
friction force rather than pressure force. Nevertheless, the
present y-Reo,-CF" model shows better results in normal force
also, especially, at the inflow wind speed of 15m/s. The present
transition model compares better than the fully-turbulent k-
SST model for the 0.8 R section and also than the baseline
y-Req, model for the 0.95 R section.
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Fig. 4 Comparison of radial variations of normal and tangential
force coefficients for NREL Phase VI rotor at three inflow
wind speed of 10, 13, and 15 m/s.

CONCLUSIONS

In the present study, an improved laminar-turbulence
transition model y-Rey,-CF" has been developed for simulating
three-dimensional transition including the effect of interaction
between the Tollmien-Schlichting and crossflow instabilities. For
this purpose, a new trigger function, Fy,set1 inters 1S introduced

into the previously proposed y-Req-CF model to consider the
acceleration of the transition process due to the interaction
between the two instabilities. Because the main modification in
the present y-Rey,-CF" model lies in the trigger function, the
present model works on local flow variables, and thus can be
effectively implemented in CFD solvers based on unstructured
meshes by inheriting the advantages of the baseline y-Rey
transition model,.

For validation, the present y-Re,-CF" model was applied to
the NREL Phase VI wind turbine rotor blades. It was shown that
the y-Re,-CF and y-Req,-CF " model capture the transition due to
crossflow instability, and predict the shaft torque more accurately.
Also, it was observed that flow transition on the rotor blades
mainly is mainly induced by the crossflow instability because the
difference between the y-Rey,-CF and y-Rey,-CF " model is almost
negligible.
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