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Determination of the wind speed and direction
by means of fluidic-domain signal processing

P. Bruschi, and M. Piot

Abstract—This paper presents an analytical model for a
recently introduced class of 2-D directional anemoeters based
on fluidic structures capable of averaging the diférential
pressure developed by the wind across distinct diagters of the
transverse cross-section of a single cylinder. Inrpvious works, it
was found that performing the average over a properset of
diameters produces a differential pressure that degnds on the
wind direction according to a cosine law, allowingsimple
direction estimation. This fact, which was not invstigated in
previous articles, is explained in this paper takig into account
symmetry and angular spectral properties of the presure
distribution. Besides analyzing previously proposedievices, this
paper introduces several new configurations, whiclare classified
according to the type of average and number of diasters
involved. Comparison of the estimated performancesvith the
experimental results obtained in earlier works cledy shows that
prototypes proposed so far were far from achievingthe best
theoretical accuracy, suggesting that significantmprovements
can be obtained by re-design of the fluidic structtes.

Index Terms—2-D anemometer, fluidic-domain signal
processing, cylindrical pressure probe, pressure pbe theory.

I. INTRODUCTION

these requirements. However, their cost is comparabthat

of a complete small autonomous vehicle, making rthei
adoption not convenient. Furthermore, the powesaoption

of currently available ultrasonic anemometers is ledst
several hundred mW, which is a significant fractiohthe
power budget of a small robot. Development of lastc
ultrasonic anemometers [5] was proposed, but tesiuracy is
not adequate for critical operations, such as seiings in
autonomous sailboats.

Examples of small robots employing thermal anemenset
have been proposed [6]. Thermal sensors are relativ
compact and maintain an excellent sensitivity eaereduced
pressures [7]. The main drawbacks are high power
consumption and small bandwidth [8]. A significant
improvement can be reached by using MEMS (Micratte
Mechanical System) technologies to reduce thermases
and increase thermal insulation [9, 10]. Howevepidal
MEMS microstructures are fragile and their respassgrone
to be altered by even single dust particles or mditeplets.

Another popular solution is represented by prespunbes.
The simplest pressure probe is the well-known Pitdte,
which measures only the absolute value of the wigldcity.
Multi-hole pressure probes [11] provide also infation on

EASUREMENT of the wind velocity and direction has the wind direction by comparing several pressutaestaken
played a key role for a long time in many differen@t different points on the outer surface of a barfstreamlined

scenarios, such as meteorological monitoring amectst,
navigation, sport disciplines (sailing, track ard, golf etc.),
and landing/takeoff activities in airfields.

Recently, innovative applications of anemometeeskaing

body exposed to the wind. The so-called “Cobra”bpso
[12-15], based on a faceted head, are charactebizeeduced
direction ranges. Extension to a full 360° 2-D ramy to full
3-D detection capability has been proposed by rpaitit

suggested by the introduction of autonomous vehiclemeasurement of the pressure distribution aroundhdsis

Detection of the wind velocity and direction is esal for
maintaining the correct pitch angle and relatives@@ed of
fixed wing drones [1] and for sail adjusting in @ubmous
sailboats [2]. Algorithms that make use of direcéb
anemometers have been proposed to allow terrestriaérial
unmanned vehicles to find and track pollutant sesir§3].
Anemometers designed for these applications habe temall

[16, 17] and spheres [18-20]. In these devices ptiessure is
sampled by several holes drilled into the body aef
connected with pipes to independent pressure tumess.
Therefore, the complete wind sensor turns out toekaively
large and power demanding. In addition, complexedures
are required to calibrate the semi-empirical athons used to
estimate the quantities of interest [21]. Thesesetspconflict

parts, to avoid sensitivity to inertial forces. fdkonic
anemometers [4] currently represent the option ltleat meets
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small autonomous vehicles.

An ideal solution would be designing a probe witbhape
and configuration of holes capable of producingfteéntial
pressure that exhibits a cosine dependence omtiie formed
by the wind with respect to a reference axis. Twihhagonal
probes with such a response would produce two press
signals proportional to the cosine and sine of thied
direction (angle). Then, the angle could be catedlaby
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means of a simple arctangent operation. In addittemsum of
the squares of the two pressures would depend amlthe
wind velocity, which could be simply estimated froan1-

dimensional calibration curve.

In 2009 [22], we showed that a differential presstiat
exhibits a cosine dependence on the wind direatmunld be
obtained by averaging several pressure differertedégn

across distinct diameters of the transverse cresgos of a
single cylinder (diametric pressures). This is tidial, since
the original dependence of diametric pressuresarsfriom

being sinusoidal. Using this principle, indicatedrédn with

DPA (Diametric Pressure Averaging), we built anawative

2-D pressure probe that used a proper pipe steictar
calculate the required average in the fluidic demadihe two
orthogonal section required to calculate the wimdation and
velocity were carved inside the same cylinder bo@xerall,

only two differential pressure sensors are requiratiile

calculations are simple and straightforward. Openaat wind

velocities as low as 1m/s and below was obtaingd
measuring the small pressure differences (ordet &) by
means of high-resolution MEMS sensors exploitingedgon

of the flow rates induced by the pressure to be soreal
through capillary pipes. Prototypes proposed so dae
custom-made MEMS sensors [22-24], which can beaoepnl
by inexpensive commercial devices (e.g. Sensiri@P&0

differential pressure sensors [25]) at only the@of moderate
size increase. In this way, anemometers that camobirerall

dimensions of a few centimeters with a much lowest and
power-consumption than ultrasonic anemometers can
obtained.

We have demonstrated the effectiveness of diffeftaitic
structures, performing three-diameter [22] and -fii@meter
[23] arithmetic DPA, and seven-diameter weightedA}24].
In all cases, the main parameters (e.g. the argiageen the
diameters) were found by means of an exhaustiveerioad
algorithm that minimizes the deviation from thegetr cosine
law. Such optimization, performed at a single wirgocity,
was maintained across a large velocity range (ntbae a
decade) in spite of apparent changes in the shépineo
pressure distribution. This was regarded as an pewtd
result, and a theoretical explanation was missing.

The aim of this work is to derive an analyticaltjfication
of the DPA method from the characteristics of tlergbtric

pressures. The paper is organized as follows: Skct.

introduces the main quantities and conventionswsim also
the symmetries and the spectral properties of thetion that
relates the diametric pressure to the angle formgdthe
diameter with the wind direction. The role of higharder
harmonics in producing the observed deviation fthencosine
law is highlighted. In Sect. Ill, it will be showthat the
contribution of higher order harmonics can be reduby a
proper average of distinct diametric pressures (PRfading
to excellent approximations of the cosine depeneefievo
possible DPA approaches to the approximation ofcitene
dependence are examined.
approaches with fluidic structures is analyzedeotSIV while
comparison of the proposed configurations in terofs

theoretical accuracy is presented in Sect. V. Binah

Sect. VI the analytical predictions of the proposeddel are
compared with experimental results described inpravious
works [22-24] concerning prototypes implementingeth
different DPA configurations.

Il.  ANALYSIS OF THE PRESSURE DISTRIBUTION AROUND A
CYLINDER

The main conventions used in this work are illusiain
Fig.1, representing a cross-section of the cylini¢h a fixed
reference axig. The wind vectow, lying in the same plane as
the cylinder cross-section, forms an arfglsith axisx.

A point on the cylinder surface is determined by #mglep
formed by the radius passing from the point andréfierence
axis. For a non-zero wind velocity, pressure dédferes with
respect to the undisturbed flow develop in theaagund the
cylinder. The value assumed by the pressure diftereat a

oint on the cylinder surface is indicated wjitg@0,u), to
emphasize dependence upon positign (ind direction @)
and wind magnitudeu.

b

Fig.1. Cylinder cross-section showing the conventieed for the quantities of
interest. The wind velocity vector and the stagmapoint are indicated with
“v"and “0”, respectively.

In order to reduce the number of variables, itdavenient
to consider that, for a given wind velocity, thefage pressure
depends only on the angular distanfe=¢—-6) from the
stagnation point, indicated with “0” in Fig.1. Welluse the
notationpo(,u) to indicate the function that relatBsandu to
the surface pressure. It can be easily shown figafdlowing
transformation holds:

Ps (®.6,u) = p,(9-6,u) = p,(B,u) (1)

For the analysis that follows, the most relevaramiity is
the “diametric pressure” defined as the pressufterdince
between two diametrically opposite points. Agairge wan
identify points on the surface with the angulatatise either
from the fixed reference axig)(or from the stagnation point.
Accordingly, the respective expressions for thenuitxic

Implementation of the nRbESSUre are:
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Pos (@,6,u) = pe (@,6,u) — ps(@+ 11,6,u) diametric pressures was demonstrated in [28] bynsied a
PDo(B:U)E Po(B u)— PO(B'HT,U) @) prototype that uses four differential pressure gens
The task would be strongly facilitated Hoo(B,u) were
Obviously, the transformation law given by (1) &id also proportional to cofl). The fact that this does not happen
for the diametric pressures, i.e.: means that harmonics of higher order than the fovedal are
_ _ present in the spectrum pfo(B,u) calculated over the interval
Pos (@.8.1) = Poo(0-6.u) ®) [-m,rd. The result of angular spectral analysis of pae(3,u)
Fig. 2 (a) shows the pressure distribution on andgr with respect to variabl@ is shown in Fig.3. The figure
surface as a function of anglg for different Reynolds displays the minimum and maximum normalized magitaf

numbers defined by: each harmonic component across the following seRef
numbers: 30, 100, 250, 1240, 2900, 8500 and 40>f1@e to

Re:@, (4) the half-wave symmetry gfoo(3,u), only odd harmonics are
M present. It is apparent that the difference frompuare

where u is the undisturbed wind velocity (magnitude ofSinusoidal function mainly derives from the relati large
vector v), p and p are the air density and V|SCOS|ty,thIrOI harmonic component.
respectively, whereaB is the cylinder diameter. These date
have been obtained by precisely digitizing a set ¢ 10° L@, T max
experimental curves reported in [26]. Interpolatiwes been ®] H )

performed using cubic splines. As customary, presdata are )
normalized to the dynamic pressupei¥2). From the data of
Fig.2 (a) we have calculated the corresponding eiem
pressures, shown in Fig. 2 (b).
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B (deg) A way to obtain a differential pressure that apprate the
Fig.2. Normalized pressure (a) and diametric presf) around the cylinder desired COS_Q) dependence is combining severall diametric
lateral surface as a function@for different Reynolds numbers (Re). pressures in order to reduce the content of higheler

harmonics. The diameters taken into consideratiorthis
The first question is whether it is possible tocosdte the linear combination form a configuration that is syetrical
wind direction @) and velocity (u) from the knowledge of with respect to axix, from which they are separated by the
only two diametric pressures, picked up along twbagonal following 2N+1 angles:
axis, namely andy. { N N N }
Considering that the axis is placed at a distan@= -6 @or E Py Py o By (5)
from the stagnation point, then the diametric presslongx,  With @ =0 and @ <m/2 for i Of1,N]

Pox(8.), is equal to  poo(-8,U)=poo(8.u). Similarly, the Summing up the diametric pressures taken across the

pressure along y is given Dbyox(Bu)= Poo(T12-8U)  Giameters identified by (5), the following diffeté pressure
=ppo(6-1v2,u). Due to the non-monotonic behavior of the.gn pe obtained:

poo(6,u) function in the interval Gefor Re>100, determination
of 8 and u from measurement of only two orthogonal Px (8,u) = ZW Pos (@ ,6,u) (6)

diametric pressures is not possible [22]. Solutittra rely on =N . .
monitoring three diametric pressures have beensemed wherew; are arbirary positive weights such thai=w; and

[27], although complex multi-dimensional look-upblies are @+= ~®- Using (3), we obtain the equivalent expression:
needed. Estimation of wind speed and direction frimur
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N should be solved by means of numerical proceduableTl

Px (B,u) = i;lwi Poo(® —6, 1) () shows the optimal angles fbrin the range 1-5, determined by
It is convenient to represent the dependenceog®.u) and numerical solution of equation set (12). For ebickalue, two
' solutions, marked with “a” and “b”, are reported Tiable I.

Px(8,u) on with a Fourier series: Solutions “b” differ from “a” ones for having thargest angle

© of the setgn, lying in the interval 80°-90°.
Poo(@U) = - A (u)cogke) (8)
k=135.. TABLE |. OPTIMAL ANGLES FOR THEUW CONFIGURATIONS
w N Solution | ¢ G2 [ G 08
P ©Ou) = B, (u)cogke) €) T |a ZIOR S I
k=135.. b 80
whereA(u) andB(u) indicates coefficients that depend onthe |2 |2 21.8° | 52.0° | -
wind velocity u. Note that only odd cosine components are 3 2 f?'go 38245% EF
present due to the evenO half-wave symmetryps{6,u), b 207 | 462 | 858
which can be easily extendedpd6,u), from its definition. By 4 a 113 [ 277 | 39.0 [ 62.4
means of simple passages, it is possible to relaeéficients b 155° | 314° | 53.1| 86.6
By to coefficientsAy: 5 a 141 [ 164 | 355 | 433 62.5
N b 11.8 25.2 38.4| 57.6 87.2
B,(u)= Ak(u)_ngi coske) (10) ¢, case2: Uniform diameter spacing (UDS)
Notice that the fundamental component, given by: With the second approach (UDS), the weights areunidibrm
. while the angles are uniformly distributed betw@eandrv2.
B, = A&(U)ZW cod,) (11) Introducing an integeM, anglesq@ can be expressed as
= ' follows:

is always positive due to (5) and the conditigrO. T
With a proper combination of weightg and anglesp it is @ :'N
possible, at least in principle, to magg6,u) approximate a S .
cosine law. We will consider two particular cas@sarbitrary ~ €onsidering that, as in the general cages —@ andw-i=w;,
angles @ with uniform weights (UW) and (ii) uniform Eqn. (7) becomes:

diameter spacing (UDS) with arbitrary weights.

v T
B. Case 1: Uniformweights (UW) P (BW= i-ZM W pDO(I M ® uj (15)
In the case of uniform weights, it is possible éamcel all non-

fundamental harmonics up to the\(2l)-th one by imposing
Bi= 0 fork=3,5, ..., N-1in (10). TheN unknowns to be found { )
i ~ |

wherei = 0]...,.M (14)

Let us focus on the following choice for the wegght

are anglesp for 1<i < N. It is worth recalling that all even W =W, C0s{p) =W, co (16)

harmonics are already zero for the mentioned symymet

properties. The higheN, the higher the number of harmonicswhere vy is the weight of the central diametric pressir@Y,
that can be cancelled, and then, the better iscth&@ne Supstituting (16) into (15) we get:

approximation. However, larghl values result in increased

system complexity, since the number of diametriespures P, (B,U) =W, i poo(ii-e,UJCO{iij (17)
involved is equal to I9+1. Recalling thatp= —@., and @=0, Ty 2M 2M

and imposingB«=0 for k>1, equations (10) can be re-arrange

to obtain the following equation set: ?t can be easily shown that the sum in (17) repissan

approximation of thecos(@)poo(@-6,u) integral over the

N _ _ [-1v2, 172] interval, calculated over a set of discretenpoi
1+2i2:1: codkq)=0 for k=35..2N +1 (12) separated by2M increments. More precisely:
Since the larger non-fundamental harmonic compoitetite 2M "¢
third one, even withN=1 it is possible to obtain a good Px (G’U)DDWOT_TJ;EDO(([) 8,u)cose)de (18)
approximation of the cosine function. In that casgjation set
(12) reduces to the following single equation, vanstiould be Using the Fourier series expansiorpef given by (8):
satisfied to cancel the third harmonics: 2
2M >
1+ 230i3(p1):0 13) Px (G,U)DDW()T _[ { ZAk(U)CO{k(P_ ke]}COS(tp)dtp (19)
—rt/2 | k=135...

Equation (13) has two exact solution: the [OW2] \ith tedious but elementary transformations, ipissible to
intervat @=40° and ¢x=80°. For N>1, equation set (12) demonstrate that the integral in (19) is exactlyatqto
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(TV2)As(u)cos@), so that (19) becomes:
P (8,u) L w,MA (u)code)

In this way, we have obtained the desired propodity to
cos@). Clearly, the higher the number of pointdvi2l), the
better the approximation of the integral and th&the cosine
law. The addends fde=xM, corresponding t@=+172 do not
give contributions since their weights, given bg)lare zero.
Then, (17) can be rewritten as:

n —e,u]co{i
2(N +1)

(20)

— N i -r[
b, (6,U) _W‘”i; poo(l 2(N +1)] )

whereN=M-1 plays the same role as in the UW case, since the

actual number of diametric pressure to be combigetiN+1.
It is possible to derive (20) from (18) also wittoma intuitive
arguments. Indeed, the integral in (18) coincideth vthe
expression of the cosine component of the firstrwanics of

p((i+m)

(b)

(c)

Fig.4. (a) Cylinder cross-section showing an exampl fluidic structure
implementing a linear combination of surface pressuwith non-uniform
weights. (b) Electrical equivalent network of thadic structure. (c) Uniform-

function ppo(@-6,u). Differently from the general expressionsweight configuration.

of the Fourier series components, the integralbsaoalculated
over half period 1) instead of the whole period 1g, due to
the half-wave symmetry opoo(@-6,u). Since ppo(¢-6,u) is

obtained by shiftingpo(,u) by 6, it loses the even symmetry
of poo(@u) and both cosine and sine components will be
present in thepo(@-6,u) Fourier expansion. In particular, the

coefficient of the fundamental cosine componentjctvhs
extracted by (18), is just proportional facos@), proving
(20).

IV. LINEAR COMBINATION OF PRESSURES IN THE FLUIDIC
DOMAIN

A. Description and advantages of the fluidic approach
A straightforward implementation of the general raggh

given by (6) is using I2+1 differential pressure sensors to
detect the corresponding diametric pressures argh th

combining the output signals in the electrical domd&his
solution offers the maximum flexibility, since itlavs post-
manufacturing tuning of the weights in order to pemsate
for fabrication tolerances. On the other hand, #gproach
requires a large number of sensors. Considering tihia
orthogonal sections X' and “Y”) are required for the
determination of the wind vector on a plane, thaltaumber
of differential pressure sensors for a 2-D anememédt

2(2N+1). Even in the cas®&l=1, six pressure sensors are Pr1 ™ Puz =

required. Furthermore, sensors belonging to theessaation
should have closely matched sensitivities, whicn dze
obtained only with individual sensor calibration.

An alternative solution is performing the lineandanation
in the fluidic domain, so that only one differeht@essure
sensor per section is required. The principle lissttated by
Fig. 4(a), showing a cross-section of the cylinddrere two
symmetrical sets of channels connect cavitieahtl H with
the outer surface. The channels reach the cylisdgace at

— (i
angular positiongn (see the figure). The example in Fig. 4(a) P1™ Prz = z a Pos (@ ,6,)

refers to the particular cadé&2; configurations for differentl
values are conceptually similar.

Considering micro-channels with maximum diameteraof
few millimeters, it is reasonable to assume tha flow
through the channels is laminar. In these conditiothe
relationship between pressure drop and flow ratdinisar,
allowing the use of the equivalent electrical cir¢29] shown
in Fig. 4(b) to represent the fluidic structure. this
equivalence, pressures are voltages and flow saesurrents.
The fluidic conductance of a channel (G) is defiasdhe ratio
of the mass flow rate (Q) over the pressure drapsacthe
channel AP). From the well-known Hagen-Poiseuille formula
for laminar flow, it is possible to derive the foling
expression for G [22]:

Q_ mbl

ap P1zspL

where L is the channel length anD. is the equivalent
channel diameter, defined Bs=4A/P, with A andP indicating
the area and perimeter of the channel cross-section
respectively.

Solving the simple electrical network of Fig. 4 ,(lihe
following expression can be found for the presdliference
between the two cavities:

N

= Zﬁpsap.,e,u)—zgpsm +mOu) (23)

i=——N i=—N

whereG; is the fluidic conductance of channel at angle
andGr is the sum of al;, that is:

=36 (24)

Simple rearrangement of the terms in (23) leads to:

) (25)

i=—N

which is equivalent to (6) with:
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whereLg is the length of the central channel.

— Gi
W ‘a (26)  As for the case of uniform channels, it is intergstto
consider the rati®:/A1. From (14), (24) and (27):
In this way, we have demonstrated that the flugdracture 2
of Fig. 4 (a). is c_apable of producing g d|fferehtn§ess_ure G, Z co —| G v J.co;{(p (29)
(pH1—pH2) which is equal to the required combination of Phard 2

diametric pressures expressed by (6).
] ) ) o where the approximation of the sum with the integranade

B. UW-DPA obtained with uniform channel characteristics following the same considerations used for (18)lc@ating

If the channels are identical (same length and serosthe integral and using (26) witkO it is possible to find w
sections), as shown in Fig.4(c), &l are nominally equal and which turns out to be approximated ly=174M. Substituting
the fluidic structure implements the UW case, exadiin thjs value into (20), and recalling the meaningBef we find
Sect. IlI-B. Considering (26), all weights assurhe talue the approximation:
1/(2N+1). If angles@ are chosen according to Table I, the
differential pressure pui—pv2 follows a nearly cosine B, DEA11 (30)
dependence of. The maximum magnitude of the pressure,

assumed foB=0 andT[, coincides with CoefﬁCienBl, which The expression in (30) should be regarded as amnmsy'c
depends orfy through (11). Note thad, is the magnitude of |imit, which is reached foN that tends to infinity and the sums
the fundamental component of the Fourier seriesesipn of jn (17) and (29) converge to the correspondinggirats. The
the diametric pressureppo(B,u). Considering Fig.3, the exact values of théBi/A; ratio are reported in Table Il
Adpu?/2 ratio does not vary much when Re is swept acrogonsistence with the asymptotic valwd is within nearly 5 %
two orders of magnitude (from 30 to 40 #L0rhus,A;can be even forN=1.

considered nearly proportional {u%2. The By/A; ratio is
given in Table Il for all solutions representedTiable I. It can
be observed that this ratio is higher for solutitasthan for N 1 2 3 4 5
solution “b”. This means that, for a given wind agity, Bu/A, | 0.828 0.804 0.796 0.792 0.790
solutions “a” are capable of producing a largerfedéntial
pressure and are then advantageous for high saysiti

devices. Consequenﬂy’ in the rest of this pape"y eolution ACCOFding to the cases studied so far, a fluidiodtre can
a” will be analyzed. be classified as UW (Uniform Weights) or UDS (Umifo

Diameter Spacing). For each type, numibérdefines the
complexity of the channel configuration, since thenber of
N _ 1 2 3 4 5 | different diametric pressures involved is equalh+1, and
By/A, (Solution a)| 0.844 | 0817] 0.807] 0801 0798  the toral number of channels that connect cavitieand H to
BJ/A (Solution b)| 0449 | 0572] 0629] 0661 0.682 the outer surface are just twice this number. ldeorto
determine the optimal structure for a given set of

C. UDS-DPA obtained with non-uniform channel lengths. specifications, it is important to investigate thgpact of these

Non-uniform channels, i.e. channels with differtanigths Parameters on the device performances. Equatioha@peen
and/or cross-sections are required to implementtb& case implemented by means of the spline interpolatioreaaly
examined in Sect. II-C, requiring different weighfor ~Mmentioned in section Il. A program using the pytsoipy
different diameters. Tuning df and cross-sections (.8, Scientific modules [30] have been used to autonthe
allows modulation of the conductance of the indigd calculations. A few significant results are showrHgs. 5-7.
channels, according to (22). In order to obtainghts that Figure 5 shows the result of the cosine approxipnatibtained

TABLE lll. By/A; RATIOS AS A FUNCTION OFN FOR THEUDS SOLUTIONS

V. PERFORMANCE ESTIMATION

TABLE II. By/A; RATIOS AS A FUNCTION OFN FOR THEUW SOLUTIONS

case ofN=1. The ideal cosine behavior is shown to fac#itat
G =G,cos@), (27)  comparison.

It is apparent that both the UW and UDS configaagi do

0 not produce a good approximation of the cosineeforN=1.

(pl ).th ¢ of thi that the id _dThe quality of the approximation was found to depen
n the rest o IS Ppaper, we assume tha e 1aul significantly on the Reynolds number. The case Rérl

conductan_ce IS modulated actmg_ tn Char_lglng chﬁmnel shown in Fig.5 is the worst that we have analyZednuch

cross-section is clearly also a viable option. Wgkinto better approximation of the cosine curve can bainbtl even

account (22) and (27), the lengthof the channel at anglg with N=1 at different Reynolds numbers, such as Re=2900

should be given by: shown in Fig. 6

where Gy is the conductance of the central channel (angle

L = LO
' cosfp)

(28)
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In order to estimate the performances of anemomdiased
on the proposed principle, we have considered tiemtical

1.0 Re =100 . fluidic structures, indicated with X and Y, respeely. The X
N =1 structure is aligned as in Fig. 4(a), while the tvusture is
05} . simply rotated by 90° with respect to section XpJif6,u) and

pv(6,u) are the differential pressures produced by secKo
and Y, respectively, we obviously have:

05 py (B,u) = py (T/2-6,u) = p, (6-T1/2,u) (32)
' iﬁ‘é"s If the approximation of thex dependence o with a
A0+ A0 | Ideal cosine . cosine function holds, then we can write:

Py (B.U) = Pyyax (u)co(6)
Py (B,U) = Py ()sin(B)
Taking into account (32), estimates of an@ldindicated

with Bm) and magnitudemax can be calculated by means of
the following formulas:

-180-135 -90 -45 0 45 90 135 180
0 (deg)

Fig.5. Output differential pressurpyf at Re=100, normalized to the dynamic
pressure as a function of the wind direction far thw and UDS solutions
with N=1. Noticeable departure from the ideal cosine fionds visible.

(32)

A good approximation throughout the whole explofel

range (from 30 to 40x3p can be obtained with a hightt 6 =arctar{p,, p,) (33)
value. For example, Fig. 7 shows that an excellent
approximation of the cosine dependence can be rautaat Puax :in +p¢, (34)

Re=100 withN=3 for both UW and UCS configurations.
where “arctan” is the four-quadrant inverse tangent

function. The wind velocity can then be derived fromuax,
since its dependence on the wind velocity is mamotaas it
will be shown later.

1.0 T T T T T T T T T

Re =2900
N=1

05} 1 As an example, Fig. 8 shows the result of applyB®) and
) (34) to the case Re=100J=1 for both the UW and UDS
N@ 0.0F ] configurations. The angular error, definedam, presents an
= important dependence on the wind directi®h Furthermore,
< as the wind direction is swept across the 360°nate pwax
-05¢ E shows oscillations that, for the examined caseshrdd % of
the mean value. Both the angular error and thex
e I(ileal c?sine ... - oscillations are due to the imperfect cosine apipnation.
1.0 -180-135 -90 45 0 45 90 135 180

---- UDS|
—uw

T T
Re =100
N=1

0 (deg)

Fig.6. Output differential pressurg at Re=2900, normalized to the dynamic
pressure as a function of the wind direction far thw and UDS solutions
with N=1.

Angular error (deg)
W N =2 O =2 N W

101 Re=100 |
N =
0.5} 4 1.10
N 8 0l
2 00f T < 100}
= 3
Q>< QE 0.95
-0.5}F . . . . . L . . .
—uw -180 -135 -90 45 0 45 90 135 180
---UDS 0 (deg)
A.0F 7 e Ideal cosine 1 ) —_— ) o
. ) ) . ) ) ) ) ) Fig. 8. Angular error anpuax oscillations as a function of the wind direction.
-180-135 -90 -45 0 45 90 135 180 Fig. 9 shows themax over pu?/2 ratio, as a function of the
6 (deg) Reynolds number for both the UDS and UW configorsi

Fig.7. Output differential pressurpy at Re=100, normalized to the dynamic with N being varied from 1 to 5. Thauax value used in Fig.9

\;I)Vrlfhs?\lu:rg as a function of the wind direction far thwW and UDS solutions is averaged across the full 360°wind direction eaba filter
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out the oscillations.

13 T T T
-
o
Ll
12+ i . é b
1.1} $ 1
~ . i = UWN=T
& 10f o UWN=2
2 i A UWN=3
= v UWN=4
3 09¢ 3. * uwnss
< H o UDS N=1
0.8} o UDSN=2
4 UDSN=3
0 7 | v UDS N=4
' . ] © UDSN=5
10 100 1000 10000
Re

8

Figure 10 suggests that we can approximateihe behavior

with the dynamic pressure and, consequently, use

following formula to estimate the wind velocity:

o = (35)
P

It can be shown that the maximum error derivingrfrihis
approximation is less than of 15% over the displayelocity
range. For better accuracy, a more complex fitfimgction
can be adopted.

Finally, Fig.11(a) and (b) shows how the angulaorand
puax oscillation magnitude depend on the configurafiow —

th

UDS) and numbeml. The angular error is the maximum

absolute error obtained across the 360 degrees.rang
Since both the angular error apgax oscillations depend

Fig. 9. Normalizedpwax values as function of Re for all configurations @lS0 on Re (i.e. on the wind velocity), we haveorégd the

examined in this workpuax is averaged over a 360° wind direction interval.

It is worth recalling thapwmax practically coincides witlB;,
i.e. the fundamental component of the differemiassurex.

The ratio BJ/A; falls within the interval 0.82 + 0.03 in all

examined cases, as Table Il and Il show for the (@lution
“a”) and UDS configurations, respectively. As a sequence,
the observed dependence of fagx overpu?/2 ratio on Re is
mainly due to the dependence of thg over pu%2 ratio,
which, in turn, is a general property of the flow.

Figure 10 shows the actual dependence of the €iffid
pressure on the wind velocity for a particular egir diameter
(2 cm) exposed to a room temperature (300 K) airflbhe air
density and viscosity used to calculate the ploFigf10 are
reported in the figure. All the examined cases (dhd UDS,
N from 1 to 5) produce plots
undistinguishable in the scale of Fig.10, and dreepresented
by the solid line. As we have anticipated, the bérais
monotonic.

10° . . -
Cylinder diameter = 2 cm
p=1.177 Kg/m®

u=1.84 x 10° Pa- s

10%L
10"k
10°F

107

Pyax (P2)

—— All cases

2
107 - - -pu?2

10°F

-4 I I 1
100,0‘1 0.1 1 10

u (mf/s)

Fig.10. Example of estimatg@hax dependence on the wind velocity, obtained
with a cylinder of 2 cm diameter, exposed to a@aitns in standard conditions
(see air parameters in the inset). In this scale,curves obtained with UW

that are practically

best (min) and worst (max) value encountered wheniR
swept from 30 to 40 x£0It can be observed that, in all case

S!

the errors tend to decreaseNass increased, although not in a

monotonic fashion.

g 3 uw
T, I UDS
o r .
5 (a)
3 1 .
]
g A 5 o
1 2 3 N 4 5
g 10 Cluw 4
g I uDs
5 [ [' u 1 ®
(8]
(7]
(o]
2(<01
S .
Q 1 2 3 N4 5

Fig.11. Angular error anguax oscillations as a function ®f for the UW and
UDS configurations. The vertical bars span from thméimum to the
maximum error estimated over the 30-40%R@ range.

On the basis of the results of Fig.11, there is mot
configuration which is clearly advantageous oves tither.
Overall, the UDS approach gives a slightly lowemaar
error, while magnitude oscillations are similar. tiBo
configurations may be used to obtain an accurdimai® of
the wind angle and velocity with magnitude osdiias
smaller than 2.5 % and angle errors less than rIRE8. The
choice between the two configurations should rely
manufacturability issues.

VI. CLASSIFICATION AND ANALYSIS OF PREVIOUSLY

PROPOSED DPABASED ANEMOMETERS
An earlier work that contains some anticipationshef DPA

(o]

and UDS structures with N from 1 to 5 are not digtishable (solid line). The approach is Ref. [31], where the non-monotonic &argu

dashed line represent the dynamic pressure of itie (@u?/2).

The dashed line represents the dynamic prespufi.

behavior of a differential Pitot tube was solvedilyoducing
more pressure ports distributed along a ring. Géacaé
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parameters were decided only by means of a tridl emor
procedure and only a qualitative explanation wapgsed. In
spite of the analogy between the ring and the dglinthe
device proposed in Ref. [31] does not fit withire tbategories
proposed in this work, mainly because the wind diiioa is
not perpendicular to the ring axis.
anemometers that use the DPA approach as it i€megb in
this paper are reported and classified in Table IV.

TABLE IV. RECENT WORKS ON ANEMOMETERS BASED ON THEPA APPROACH

Year Type N | Cylinder Channel Angular
diameter cross-section | error
2009 [22] uw 1 3cm 05x1mm | +6°
2011 [23] uw 2 2cm 1.0x1.0 nfm| +5°
2016 [24] uDS 3 2cm 1.0x 1.0 Mm| +12°

The directional anemometers proposed in [22] a3}l (Be
uniform channel configurations with angles betwete
central diameter and the lateral ones that aretipadly
coincident with the optimum angles proposed in &abl

improvements deriving from a largé value. Note that the
worse performance of the UDS device is likely toidefrom
having experimented channels with aspect ratioectos1:1,
prone to non-developed flow effects. In all casegortant
improvement can be expected to come from redesigheo

Works descgbinfluidic structures in order to make them implemBfA with

less non-idealities.

VILI.

This work provides an analytical explanation foe thPA
approach, a principle embodied in recently proposed
directional anemometers. The possible DPA confidpma
have been classified according to an integesuch that the
number of diametric pressures involved in the ayerss
2N+1. Moreover, the interest has been restricted wo t
different classes of DPA configurations. In thestfitype, the
diameter position N angles) is free, but the average is
performed with uniform weights (UW); the seconddypas
free weights but uniform diameter spacing (UDShds been

CONCLUSIONS

(solutions “a” forN=1 andN=2, respectively). Note that the shown that, in the UW configurations, theangles can be

criterion used to find the optimum angles in [2B8H423] was
minimization of the mean square error (MSE) betwésn
differential pressure and the cosine function. @ation was
performed at Re=2900 through exhaustive exploratibmll
possible angle combinations. As in this work, dtigitl
literature data [26] were used for the pressuréridigions.
The fact that such optimization, performed at aglsinRe
value, produced an acceptable approximation ottisine law
across a large Re range was regarded as a purgnegpil
result and a clear explanation was missing.

In the light of the results of this work, the MSRtionization
performed in [22] cancelled the third harmonicsnirdahe
dependence on the wind direction, while the mormplex
structure of Ref. [23] cancelled both the third ahé fifth
harmonics. The excellent results that can be obthieven
with a simple configuration as that of [22] is newplained by
the dominant role played by the third harmonic (se.Il).

chosen to canc® harmonics present in the diametric pressure
dependence on the wind direction. Conversely,Nheeights

of the UDS structures can be adjusted to obtain an
approximation of the integral that extracts thetfoosine term
(fundamental one) from the diametric pressure.dthlrases,
the approximation of the target cosine dependenets g
progressively better ds$is increased.

It has been shown that the fluidic structures ugetie first
two DPA anemometers [22,23] fit well in the clagsifion
proposed in this work, simply being example of UW
configurations withN=3 and N=5, respectively. For both
prototypes, the optimum angles were determined ésms of
a sort of blind numerical approach, which produerdctly the
same result as the more general criterion propbsesl Using
angular spectral analysis, this work also explaiwts/ the
cosine approximation remains excellent across gmessively
large interval of wind velocities.

The accuracy figures proposed in this work are & b

The first example of UDS-DPA anemometer is th@egarded as lower bounds for the residual erroms ¢hn be

prototype proposed in [24], which was mounted osnall
quadrotor to test the influence of the vehicle pilgys on the
wind measurement. That device was designed whethéuoey
exposed in this work was being developed, thusctienel
lengths were properly designed according to (28).
Considering the angular error reported in Table ikVis
apparent that increasing thevalue from one [22] to two [23]
and three [24] did not produce the accuracy impmoesmst
predicted by Fig.11. It should be observed that éneor
estimates in Fig.11 do not take into account theorgr
introduced by the fluidic structures in
computation. These errors may derive from (i) maotufring
uncertainties in the channel dimensions, (i) nokhyf
developed flow in a significant portion of the chats, (iii)
misalignment between the X and Y sections, (iviyrbation
of the pressure distribution produced by the chhopenings
on the cylinder lateral surface, whose dimensioomaide
with the channel cross section (see table 1V). these
mechanisms may have neutralized the theoreticaliracg

the average

obtained with the DPA technique. Manufacturing esrand
non-ideal behavior of the fluidic structures aré¢ cansidered.
Nevertheless, the results proposed in this workulsho
stimulate the design of new fluidic structures tiparform
DPA with better accuracy than the devices propasedar,
allowing fabrication of very accurate and inexpgasi
anemometers with compact size and low-power consamp
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