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ARTICLE INFO ABSTRACT

Received: 18 Dec 2024 In this study, flow control on a NACA 0012 airfoil is investigated under various

rotational speeds at a Reynolds number of Re = 3.6 x 105. The commercial

computational fluid dynamics (CFD) software, ANSYS Fluent, is utilized to perform the

Accepted: 28 Feb 2025  simulations. Both rotating and non-rotating cases are examined at a fixed angle of
attack of 18° to assess the effects of rotation on aerodynamic performance
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To analyze the stall-delay phenomenon in rotating airfoils, a combination of boundary
layer theory, numerical simulations, and experimental measurements is employed. The
results indicate that rotation significantly influences the flow behavior by delaying the
onset of flow separation compared to the stationary (non-rotating) two-dimensional
case. This rotational effect contributes to improved aerodynamic stability and lift
characteristics, highlighting the potential of rotational motion as a passive flow control
method for enhancing airfoil performance in relevant engineering applications.
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INTRODUCTION

On a rotating blade there’s two main forces play an important role in separated boundary layer, i.e. the centrifugal
forces that produce a span wise pumping effect that leads to the deviation of the streamlines in span wise direction
towards to the tip. On the other hand, Coriolis force, which acts in the chord wise direction as a favorable pressure
gradient that tends to delay separation [1].

Presently, rotational influences remain incompletely characterized and understood. The widely cited experiments of
Himmelskamp indicate that stall delay and lift enhancement due to rotation were first noted for aircraft propellers.
To explain these results, radial thinning and chordwise acceleration of the steady boundary layer, due to centrifugal
forces and Coriolis effect, were postulated [2-4]. The effects of rotation on the boundary layer of a wind turbine blade
have been found in many theoretical computations and experimental measurement data. During the last decades,
researchers have studied the boundary layer development on a rotor, and several papers have been published about
laminar boundary layer in a rotating condition. Of them, the most interesting one was a short technical note published
by Banks and Gadd.

In this paper the authors assumed an external velocity with a linear adverse velocity gradient. They found that the
separation point was postponed due to rotation, and for the extreme inboard stations the boundary layer was
completely stabilized against separation[5].

The present work aims at giving a better understanding of the main influence of rotational effects on the boundary
layer that develops over wind turbine blades.

Several studies in the past have been conducted to try to understand stall delay phenomenon for which no convincing
and consistent physical description has been established yet. A 3d panel analysis of a HAWT was performed by
Wood (1991) He found that when stall approached ,the large negative pressure gradients near the leading edge of a
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rotating airfoil were reduced in magnitude as a result, the boundary layer separation was delayed on the suction
surface due to this reduction of the adverse pressure gradient [6-7].

Recently, with the advent of the supercomputer, CFD tools have been employed to investigate this phenomenon.
Narramore and Vermeland used a full Navier—Stokes equation solver with an algebraic turbulence model to calculate
the flowfields on a high angle of attack on a helicopter rotor. The calculations showed that the separation point is
delayed because of the effects of the rotation. They pointed out that the stall-delay effect is particularly pronounced
for the inboard sections [8].

The Coriolis forces occurring in the boundary-layer flow are the main cause for the stall delay and increased three-
dimensional post stall lift coefficients. Dimitrescu and Cardos (2004) and disagreed with the explanation provided
by wood (1991) that stall delay was due to the external pressure gradient however Wood (2005) rebutted that the
coriolis force whithin the boundary layer might not be the only mechanism for stall delay since Dumitrescu and
Cardos (2004)did not consider the modifications to the external inviscid flow by the rotational effect [9].

Shen and Sorensen (1999) showed that the effect of rotation is to stabilize vortex shedding and suppress the growth
of the separation bubble. Results from another navier- stokes modeling performed by Chaviaropoulos and Hansen
(2000) revealed that when flow was massively separated at high AOA, the coriolis force redirected the flow within the
separation bubble to the radiale direction and thus reduced the volume of separated flow which in turn induced a
pressure drop on the suction surface of the rotating blade [6].

Coriolis and centrifugal forces play important roles in 3D stall-delay,. The 3D rotation effects are essentially the
consequences of the centrifugal acceleration causing radial flow in the boundary layer and Coriolis forces tending to
accelerate the flow in the chordwise direction toward the trailing edge (a reduction in the adverse pressure gradient).
Therefore, this delays the occurrence of separation to a point further downstream .

The separation location is mainly affected by three key non-dimensional parameters (r/c, Qr/U,, , Re). The analysis
shows that increasing Qr/U,, and Re and decreasing r/c can result in the delay of the separation point[10].

MATHEMATICAL MODEL

Compared to wind tunnel measurements and airfoil computations the characteristics for airfoil sections on wind
turbine blades are influenced by rotation and 3D flow. Since 2D computations give a fast way to obtain the
characteristics, it is desirable to take account for rotational and 3D effects in computations on airfoil sections
described in 2D airfoil computations [11]. The first attempt at calculating the boundary layer on a rotating blade was
made by Fogarty in 1951 for the case of hovering flight. Fogarty made use of a theorem of Sears which states that if
®, (%, z) is the potential for plane steady flow past the cylinder in a parallel stream at unit speed, then the potential ®
for flow about the cylinder when rotating at angular velocity Q is:

O=0Q [D,(x,2) — x] ®
It was also shown that the velocity components u1, vi, wi, relative to the blade are, Fig. 1
v, =0y 22 2
V,=Q [®;(x, z) — 2x] 3)
w,=ay 21 4
1=x2y EP 4)

Thus the velocity components u1 and w1 in the plane of the cylinder are the same as those of steady plane flow about
the cylinder in a stream of velocity Qy. The spanwise component v1, which is independent of the radial distance, can
be found directly from the plane flow potential ®,. These relationships establish the appropriate boundary conditions
outside the boundary layer.
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The equations used are the familiar Navier—Stokes equations referred to co-ordinates rotating with the blade, Fig 1.
If the usual boundary layer approximations are made, and certain terms are neglected on account of the high aspect

ratio of the blade, we have for the boundary layer equations [12].

ou N ou Oy = 1dp  0%u c
“ax "Wz = p 0x Va2 ®)
v N v 20U — Oy = 10p N d%v .
Yox "W T TR Y = TGy TV G2 (6)
ap
—=0 7
57 (7
Together with the continuity equation:
Ju N ow 0 8
ox 0z ®)

. ) a . . . .
To find the pressure gradients i and £ we use Bernoulli’s equation for the external potential flow, i.e

Figure 1. Rotating Blade

%+ %(ul2 +v,%) = %Qz(x2 + y2) + constant 9)
Then, neglecting the small terms and v, %, we have approximately

10 Ju
;£=sz—u1 a—xl (10)

10p 2 ou,y
2P g2y I 11
pady Y 1oy ab

So that, on substituting for the pressure gradients, the boundary layer equations are

ou N ou oy N 0%u 12
Yax TWaz T™M ox TV o,2 a2
ov N ov 20u = ou, N 0%v 13
Yox "Wz U=t dy Va2 13

du ow
a E =0 (14)

Together with the boundary conditions

u=v=w=0forz=0
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u,=0y 21 15
- = R
u 1= oo (15)
vovl = Q[0,(x,2) — 2x] (16)
0D,
w - W;=Qy P forz - a7

We notice that eq 12 is the same as the boundary layer equation for two- dimensional plane flow and may therefore
be solved by any of the known methods. Having solved this equation for u and w, we can obtain v from the solution
of eq 13. This has been done by Fogarty for the case of a flat plate and the section defined by z = kx(1 — x2).

The significance of rotational forces on rotating blade aerodynamics first became apparent in 1947 with
Himmelskamp’s investigations on the aerodynamic characteristics of propeller blade sections and the comparison to
data obtained in a stationary reference frame. He found that rotation postpones stall onset to higher lift coefficients
than it would be expected from non-rotating,two-dimensional tests with the same airfoil [13]

COMPUTATIONAL METHOD

The NACA o012 airfoil, a well-characterized profile from the NACA 4-digit series, was selected due to its extensive
documentation and widespread use in aerodynamic studies.

The Reynolds number for simulations expected from non-rotating two-dimensional tests with the same airfoil was
set to approximately 3.6 x 10°, The computational model is tested for steady flow and the k— w SST turbulence model
has been used for turbulent computations, and then validate them with existing experimental data from reliable
sources. To do so, the model was solved with a range of different angles of attack from o to 18°.

Fig 2 shows the lift and drag coefficients as a function of the angle of attack for the NACA o012 airfoil, a commonly
used airfoil in VAWTSs, a comparison between the numerical study and the experimental results of Sheldahl and
Klimas (1981) [14] is presented. This comparison gives a good agreement between the two results.
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Figure 2. a Comparison between experimental and numerical results for NACAoo012 aerofoil at a Reynolds number
of 3.6 x 10°. Model Validation Study Drag Coefficient
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Figure 2.b Comparison between experimental and numerical results for NACA0012 aerofoil at a Reynolds
number of 3.6 x 10°. Model Validation Study Lift Coefficient

RESULTS AND DISCUSSION

After the validation a Simulations for various rotational speed were done in order to be able to compare the results
from the rotating models and non-rotating naca 0012 airfoil.

The unsteady k— w SST turbulence model has been used for turbulent computations at rotating speed of 120~300
rpm.

The effects of rotation on boundary layers separation are investigated.it is concluded that the height of the separated
region is smaller for the rotating case than for the non-rotating case. This reduced height continues until rotational
speed equal to 300 rpm. this is confirmed by Fig. 6 [15].

The streamlines around the rotating and non-rotating naca oo12 airfoil section are represented, Figure 3.2 shows the
streamlines of non-rotating naca 0012 airfoil suction. The results show that at the angle of attack of 18 degrees we
have separated flow on the clean airfoil. But In the case of rotating airfoil the flow is completely reattached at
rotational speed equal to 300 rpm (figure 6.2). It is seen that the effect of rotation was to stabilize vortex shedding
and suppress the growth of the separation bubble.

A similar conclusion was obtained in experimental research [11] [15].

Figure. 3.1. Contour of velocity profile at AOA a= 18 deg and Re=3.6 x 10°

the minimum and maximum values of the colour legend are mentioned below the figure.
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Fig. 3.2. Contour of streamline at angle of attack a=18 and Re=3.6 x 10°

Figure. 4.1. Contour of velocity profile at angle of attack a= 18 , Re=3.6 x 10°> and Rotational Speed = 120 rpm

Figure. 4.2. Contour of stream line at angle of attack a=18, Re=3.6 x 10° and Rotational Speed = 120 rpm

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 729

which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Journal of Information Systems Engineering and Management
2026, 11(3s)

e-ISSN: 2468-4376

https://www.jisem-journal.com/ Research Article

Figure. 5.1 Contour of velocity profile at angle of attack a= 18 ,Re=3.6 x 10° and Rotational Speed = 200 rpm

Figure. 5.2. Contour of stream line at angle of attack a=18 , Re=3.6 x 10° and Rotational Speed = 200 rpm

Figure. 6.1. Contour of velocity profile at angle of attack a=18 , Re=3.6 x 10° and Rotational Speed = 300 rpm
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Figure. 6.2. Contour of stream line at angle of attack a=18 , Re=3.6 x 10° and Rotational Speed = 300 rpm
CONCLUSIONS

The present study systematically investigates the boundary layer behavior of the NACA 0012 airfoil with the aim of
controlling flow separation. As an initial step, a validation study is conducted using steady-state experimental data
of lift and drag coefficients provided by Sheldahl and Klimas (1981) [14] at a Reynolds number of 3.6 x 105. This
comparison ensures the accuracy and reliability of the numerical methodology adopted in the current research.

Following validation, detailed computational simulations are performed using a commercial CFD code to analyze the
flow field under two distinct conditions: a two-dimensional stationary airfoil and a two-dimensional rotating airfoil.
The numerical results reveal that rotation significantly affects the development and separation of the boundary layer.
Specifically, the centrifugal and Coriolis forces induced by rotation contribute to the delay of flow separation, thereby
enhancing aerodynamic performance compared to the stationary case. These findings underscore the importance of
rotational effects as a mechanism for passive flow control in aerodynamic applications.
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