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ABSTRACT: In this paper, the authors bring an element of performance to the angular limit of the central
shield of the aero-motor. Through an implicit finite-difference scheme, they numerically solve the permanent,
laminar and three-dimensional transfer equations between an isothermal body of revolution and a Newtonian
fluid considered in upward flow generated by natural, forced, rotational and coupled two-by-two convections.
The lack of scientific literature on this subject prompted the authors to make a contribution. The aim is to
provide an element of performance to the airflow channeling device that conveniently appears in conical or
elliptical form at the central inlet of the usual sensors on modern wind turbines.
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limit.
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NOMENCLATURE

Roman letter symbols

a  thermal diffusivity of the fluid, [m*.s™]

a’ length of the semi-axis, according to the length: case of ellipsoid, [m]
b length of the semi-axis, perpendicular to the axis of revolution, [m]
b’ length of the half-axis of the truncated base of the ellipsoid, perpendicular to the axis of revolution, [m]
Cf, meridian friction coefficient

Cf,, azimuthal friction coefficient

Cp specifique heat capacity at constant pressure of the fluid, [J.kg?.K™]
Gr dimensionless Grashof number

L  length of the reference body (cone, ellipsoid), [m]

Nu local Nusselt number

Pr  Prandtl number

r normal distance between the M projection from a point P to the axis of revolution, [m]
Sx.Se,geometric configuration factors

T, fluid temperature away from the wall, [K]

T, wall temperature, [K]

V, velocity component in x direction, [m.s™]

V, velocity component in 'y direction, [m.s?]

V, velocity component in ¢ direction, [m.s?]

X, y meridian and normal coordinates, [m]

Greek letter symbols
a  body inclination angle, [°]
a, eccentric angle in the literature: case of an ellipsoid, [rad]
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azimuthal coordinate, [°]

kinematic viscosity, [m?.s™]

thermal conductivity, [W.m™".K™]

volumetric coefficient and thermal expansion, [K™]
dynamic viscosity [kg.m™.s™]

half angle of the cone: case of a cone, [°]

T ~< 5

D
S

Indice/Exponent
+  dimensionless variables

l. INTRODUCTION
In this treatise, we offer a clarification of the angular limit that was previously proposed [1], with the aim of
better concretizing its range of use and offering new knowledge to the community of researchers and players in
the field.
Many researchers are investing in the physical and aerodynamic behavior of the wind sensor, but until now, one
rarely finds work focusing on the necessity and performance of the commonly used conical or elliptical shape of
the nose of these wind turbines (figure 1).
Among the numerous authors listed in this field, the works deal more with the conceptual aspect of sensors, and
the scientific concept of these remains solely in the observation leading to correlation or law at the whim of
each, usually, to meet the subjective and hypothetical perception of their project.

(b)
Figure 1. Illustrative profile images, [2]
(a): elliptical shaped device; (b): conical shaped device

However, the profile in question conveniently represents the wind turbine nose, attenuating the
disturbance caused by the central depression. It contributes to the turbine's stability by channeling the central air
flow to the sensors. This disturbance can influence not only the design of the mast or a sub-assembly of the
infrastructure, but also the economic dimension of the structure.

Furthermore, given the complexity of the flow around the collectors, a mathematical model is proposed
for its resolution. In such a situation, the Navier-Stokes equations will be used for this purpose, with simplifying
assumptions facilitating resolution of the system of equations, continuity, momentum and heat.

Il.  THEORETICAL FRAMEWORK

The scientific concept of the subject is based on the thermodynamic relationship between an isothermal
body of revolution and a fluid flowing through it. The general relationship between the solutions of an
axisymmetric system of an isothermal body has been developed by Merk and Prins [3] since 1953. The authors
studied natural laminar thermal convection of the boundary layer type in the vicinity of a cone with a smooth
surface. They observed that the surface condition of the body contributes to the transfer performance, with
roughness attenuating the exchange. Authors such as Alamgir [4] and Bapuji [5] investigated on the global heat
transfer in unsteady laminar natural convection from an isothermal vertical cone using the integral method.

Hossain and his contributor [6] analyzed the effects of transpiration velocity on laminar boundary layer
flow by free convection around a vertical non-isothermal cone and showed that due to increasing temperature
gradient, both velocity and surface temperature decrease. Up to now, many authors have dealt with
thermodynamic problems around bodies of revolution (spheres, cones and ellipses) immersed in two- or three-
dimensional, linear or rotational flow [7 - 15], but without any alliances with practical reality. What's more,
work on the typological coupling of convections influencing the variability of fluid physical properties [16 - 20],
contributes very little to the techno-scientific desire, to societal and social demand, precisely, the practical side
of research.
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Considering all these services, our ambition is to contribute to the aerodynamic performance of the usual wind
turbine sensors, through a new scientific understanding that demystifies the need for conditioned use of the
profile in question, located at the central inlet of the aero-motor.

I1l.  THEORETICAL FOUNDATIONS
The physical model consists of a body of revolution (cone and ellipsoid) of length L, inclined at an
angle o or not to the vertical. The wall of the body is maintained at a constant temperature Tp, different from the
temperature Too of the fluid away from the wall, which is also constant. Figure 2 shows the spatial configuration
of the physical model of the system under study.
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Figuré 2. iDhysicaI model and co-ordinates system B

Generally, in turbines, each time the wind direction changes, the profile changes position from one instant to the
next, under the effect of the directional control device or rudder and, at the repeated instant t, the flow remains
inclined by a varied angle o before this profile is reoriented, and the reason for this configuration.

V. CONSERVATION EQUATIONS
The equations are the same for both body types. We present only the case of natural convection, in order to
soften the reading, and supplement it with references and our published work (forced, rotatory and three two-by-
two couplings of the three convections).

Case of pure natural convection
We pose AT =T,-T,, and the appropriate reduced variables are [21, 31]:

1
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Continuity, momentum and heat equations
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Nusselt number and friction coefficients expressions

- Tt vy _
NuGr™# = (6y+)y+=0 ;Cf, = Lot (ay+)y+=0 and Cf, = Leg( ay+)y+=0 (6)
Lc; represents a coefficient which results from the adimensionalization.
Conditions to the limits
Atthewall,y, =0, T* =1,V =0,Vy =0and Vg = 7)
Away from the wall, y, — o, T* - 0, V¢ - 0,Vy - 0and Vg — 0 (8)

'
vl
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The conservation equations, the reference quantities suitable for adimensionalization and boundary conditions
dealing with pure forced convection, pure rotatory convection and couplings thereof are given in our work [22,
23, 24, 25, 26, 27].

V. METHODOLOGY AND MODELING
The dimensionless transfer equations are discretized using the finite-difference method in its implicit

form. The body wall is divided into small curvilinear elementary surfaces using Np and Mn, which represent the
parallels perpendicular to the axis of revolution OO' and the meridians passing through the poles O and O'. The
points of intersection of these parallels and meridians define the nodes of the mesh, from which calculations are
made from the wall towards the bosom of the fluid along the normal. The study domain is decomposed into N x
M x L curvilinear parallelepipeds attached to the body and defined by the dimensionless pitches Ax,, Ay. and
Ag.. In this case, L and N are fixed in advance, as they are directly linked to the geometric discretization of the
body. However, for a given stack and indexed by p, the thickness of the boundary layer is not known in advance
and the index (JMAX)p characterizes the thickness and changes a priori from one stack to another. Then, M is
defined by the relation:

©)
M =>" (IMAX)p

p=1
Calculations are performed at nodes (i+1, j, k), with 1 <i <IMAX, 1 <j<]JMAXand 1 <k < KMAX. For
the dimensionless quantities Vy,V,/,Vaand T*, we approximate the partial derivatives as follows, with X
denoting one of them and the unknowns being the quantities denoted by i+1.

The terms V;f, V;f and V) in the operators V; 2 vr-2 and vi-2 are respectively replaced by the values
y ¢ x4 ?ap,

Y oy,
K k k Sl
(Vi (V;)HL]_, (V(j;)m,j and calculated at nodes (i+1, j, k).
We denote by U, V, W and T the meridional, normal and azimuthal components and the dimensionless
temperature. The discretized equations can be written as follows:
AX]'+1 + BX] + CXj-l = D], for2 < ] < ]maX -1 (10)
The algebraic systems (10) associated with the discretized boundary conditions are solved using the Thomas
algorithm. The dimensionless normal component Vg, is obtained from the discretization of the continuity
equation:
(Vis1; = i[A' + B']
A= 3Vil-(i-1,j+1 + Vi]-(l-l,j—l (11)

Kk K K+1 Kk K—1 Kk
B/ = 2A Uir1;7Uij | 3Wir1j=4Wit1j+Wiygj | Uiy 1 rf
- Y+ Ax + A + + —
+ @41j Axy r

i+1 i+1
With 1<i<N-1, 1<k<L-1and 2<j<]Jmax—1
We have taken a precision € = 107°, and the convergence criterion within the boundary layer is assured when:
[P - ()P (12)
Sup(IX)P+IOPDI —
(X)P and (X)P*?! are the values of the quantity X at iteration p and p+1 respectively.

VI. RESULTS AND DISCUSSION

The phenomenon of a neutral point is often visible on the dimensionless normal speed on which all
parameters have no effect at a defined point on the surface. This point represents another avenue of investigation
into the performance of an aerodynamic profile for the community of actors, but in this paper, we will present in
part the physical meaning of it.

The inclination of the body and the opening at the top, in the case of a cone, contribute strongly to the
variability of the intensities of all the dimensionless quantities. However, the evolution of these magnitudes
around an ellipsoid is limited in the case of free convection, enabling us to witness and corroborate the events
observed through a cone. The recommendation or need to use the questioned profile on the usual wind turbine
sensors, particularly those with horizontal axes, would be substantiated. The calculation code is validated with
Lin (1976) for the case of a cone (figure 3) and with Jaman (2010) for the case of an ellipsoid (table 1).
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Figure 1. Our results and those deduced from the literature (Lin).
Steady-state temperature against y+, Pr=0.72, x+=1.0 and a=0°.
Case of the cone

Tableau 1. Our results and those deduced from the literature (Jaman).
Exchange coefficient, o, € [0, ], Pr=1.0 and b/a=0.25.

Ellipsoid case
a, Present results M.K. Jaman et al. (2010)
0.0 0.8412 0.8426
0.2 0.7714 0.7706
04 0.6622 0.6619
0.6 0.5790 0.5781
0.8 0.5184 0.5175
1.0 0.4736 0.4729
12 0.4397 0.4392
14 0.4146 0.4132
1.6 0.3936 0.3929
1.8 0.3772 0.3768
20 0.3644 0.3641
22 0.3539 0.3538
24 0.3450 0.3451
26 0.3368 0.3370
28 0.3264 0.3270
3.0 0.3072 0.3062
3 0.2782 0.2780

The ranges limiting the opening at the top of the cone are obtained from a repeated, criterion-referenced
simulation of two dynamic quantities, [31]:
00 1imit = /2 — (a-1) and g imir> a+1 (normal and tangential) (13)

The dimensionless normal component appears negative for 6, < a on the lower meridian of equation ¢
= 0° and contrary on the upper meridian. This indicates the presence of suction in the azimuthal position defined
by ¢ = 0° (Figure 5.a), and of a slight detachment of particles at ¢ = 180° (Figure 5.b). On the other hand, in the
interests of good stability and knowing that o = f (6,), we adopted the conditions defined by relationship (13).
Following the linear projection of the stopping point towards the base of the truncated part of the ellipsoid
(a>b"), 2b" is proportional to 2r of the large base of the cone, as shown in figure 4.
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The author and his contributor used an elongated ellipsoid since b represents the vertical half-axis of revolution
in their configuration. In ours, a' represents the latter, and b' is the length of the half-axis of the truncated base of
the ellipsoid, perpendicular to the horizontal axis of revolution and parallel to b.

Furthermore, in results based on the elliptical profile, let's note a'=a and b=c to soften the reading.

/

|
Figure 4. Configuration of profile shape and position parameters

In this article, we focus on the dimensionless normal component, due to the high frequency of its
appearance as a function of the variability of physical parameters. The dimensionless velocity V+ is generally
the most significant dynamic quantity in fluid mechanics.

Figure 5.a shows variations in the dimensionless normal component on the first parallel. The curves
suggest an expansive negative pole as the profile opening angle increases. The presence of suction of the fluid
towards the wall causes a slight depression to develop on the trunk of the body. In this figure, the disappearance
of this phenomenon starts from the equilibrium between the two angles, i.e. 6, = a. As a precaution, in order to
ensure good stability taking into account the related hypothesis, we will limit the ranges of use of the opening
angle by the aforementioned relationship. However, on the upper meridian defined by ¢ = 180°, this component
always appears positive over wide ranges of aperture from 0° to 90°, and tilt from 10° to 45° (figure 5.b).
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Figure 5. Variations in the dimensionless normal component U+, against the opening angle at the top of the
cone, for several values of a at the lower and upper meridians
(a): for a=10° to 45°, with 0,=0° to 90° and ¢=0°
(b): for a=10° to 45°, with 6,=0° to 90° and ¢=180°
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The modulus of the normal velocity is important depending on the increase in the angle of inclination, and the
magnitude of this causes a strong suction certainly causing a depression and also generates a disturbance of fluid
at the inlet central (figure 6). As for the growth of the a/c ratio, it amplifies the suction of the fluid towards the
wall following the dimensionless normal direction (figure 7.b). In addition, this growth contributes to the
amplitude of the pulsation following the dimensionless meridian direction (figure 7.a).
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Figure 6. Variations of the dimensionless normal component VV+ against the dimensionless normal coordinate
y+, for several values of 6y, o and x+=0.5
(@) : for 9=0°, a=0° and 30°, 6,=10° - 30°
(b) : for ¢=0° and 90°, a=45°, 6,=10° - 30°
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Figure 7. Variations of the dimensionless normal component V+ as a function of the dimensionless meridian
and normal coordinates, for several values of a/c
(a) : V+ against x+, 9=45°, 0=10° and a/c= 0.5, 0.8, 1, 1.5, 2
(b) : V+ against y+, ¢=180°, a=10° and a/c=0.5,0.8, 1, 1.5, 2
Concerning the dimensionless temperature in the pure natural case, the physical parameters have very
little influence on it, and Figure 8.a corroborates this observation. In figure 8.b, the inverse consequence of the
adhesion intensity seems to be seen, and the increase in the opening and the inclination of the body attenuates
this magnitude, i.e., the decrease in the negative value indicates that the tangential friction is reduced as a
function of the growth of o and 6,.
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Figure 8. Evolutions of the dimensionless temperature T+ and the meridian or tangential friction coefficient
(@) : T+ against y+, x+=0.25, 0.5, 0.75, a=0°-45°, 6,=10°-30° and ¢=0°-180°
(b) : Cf, against ¢, a=10° and 45°, 6,=10°- 30°

In this work, we limit ourselves to the opening of the body, contributing to the aerodynamic
performance mentioned previously to our research question. The neutral point represented by the independence
of the dimensionless quantity indicates the starting point and inversion of intensity, and in this point, the
physical parameters have no influence on this quantity. During the exploration of the results, this point is visible
at certain moments and almost on all dynamic quantities, and very little on thermal ones. Its azimuthal position
is near 90° and this is proportional to the limit value of the aperture (figure 9.a and 9.b). The lower optimal
value is around 60°. So, the performance values are in an interval of 60° to 90°. Beyond these, the stability
condition begins to be broken, the profile studied can no longer fulfill its role of channeling the flow, of
regulating the central air flow towards the sensor.
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Figure 9. Evolutions of the dimensionless normal component V+ as a function of the dimensionless azimuthal
and normal coordinates

(a) : V+ against ¢, 0=0°, 10°, 20°, 45°, 6,=15° and 20°
(b) : V+ against y+, ¢ = 0°, 45°, 90°, 134° and 180°, 6,= 5°, 60°, 90° and 180°, x+=0.5
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VII.  CONCLUSION AND PERSPECTIVE

We carried out a numerical study of heat and mass transfer in the boundary layer developed around
bodies of revolution immersed in a three-dimensional flow. The conservation equations were solved by an
implicit finite-difference scheme associated with the Thomas algorithm. Numerous reviews have been carried
out across thousands of results deriving from various cases and several authors to answer a research question
offering an alliance between fundamental and applied research. The conical or elliptical shape at the entrance to
wind turbines is not a matter of chance, or for aesthetic reasons, but plays a vital role in the stability of the entire
aeromechanical wheel.

The recommended optimum range of use, between 60° and 90°, would contribute to the aerodynamic
control of the entire aero-motor. In the next paper, however, we offer an ideal best-performing value for this
interval.
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