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ABSTRACT

Accoprding to previocus experience in hot-wire measurements in the flowfield of
a rotor model in hover conditions, the paper describes problems connected to this
kind of experiments and their possible solutions.

In particular, it deals with the reliabiliity of directional measurements re-
lated to triple hot-wire probes, the data validation procedure and validity of expe-
rimental results, the choice of probe orientation and some uesful way of presenting
the results in graphieal form.

Furthermore, the paper discusses one way tc analize the signal in statlstlcal
form in order to reconstruct turbulent or vertical structures without the usual
"smoothing"associated tc ensemble averages due to the long-peried "wandering'™ of the
wake.

INTRODUCTION

¥ The measurements of the rotor wake
are wide problems in which we may recog-
nize the following main aspects:
-the overall induced velocity field,
-the shape of the shed vortex sheet,
"'! l ~the structure of tip vortices,
IIIIﬁﬂHﬂI! ; -the interference between wakes and blades,

e Soves reFTIPPTFLSYPP Pt VP KT the unstesdy effects on the structure.
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It is usually impessible to obtain =
information about all these phenomena in,
a single experiment or by a single measu-
ring tachnique, For this reason it is qui:-
te interesting to investigate the limits

) of possible applications of hot-wire ane-
A) r/R, =87 Z =147 mm Phase =Q° mometry to the wake analysis. As prelimi-
nary work, it is interesting te discuss
- briefly the reasons to use single, dou-
. ble or triple hot-wire probes and toc com-
pare them to laser anemometry.

The rotor flowfield is largely un-
steady in the sense that, mainiy in the
tip veortices, not only the velocity wvalue
but also its direction change in time
with very steep gradients ., A second re-
mark is that the flow is not periodic but
contains two kindsof almost random fluc-—
tvations: the first is short-periocd and
may be recognized as turbulence, while
the second has a time scale quite larger
than the rotor reveolution and may be pro-
duced either by environamental turbulen-
ce or by potential flow instabjilities {or
FIGURE 1  Signals of a single bot wire by both?). On this basis we can assume
probe in the rotor flow, that the hot-wire applications are limited
Is the peak in figure i) a vortex shest by the directional response of probes,

B) rfR,=.82 2= 17mm Phase = 0"

or & prong u?ke? In f%gu.re B) the. p?&k which does not affect laser anemometry.
shows a typical velocity discontimuity But the cost of laser system is alsc a
produced by a vortex sheet, relevant problem. On the other hand, the

theoretical or empirical bias correction




in laser anemcmetry is still an open problem, the seeding of large flowfields is
net s¢ easy and, finally, seeding particles may not fill the vorte» core.

The number of wires is a second important question. From the authors' expe-
rience it seems that, in many cases, the time response of a preobe to the creossing of
a thin vortex sheet is rather similar to the response of a wire when it is sensing
the wake of one of its own prongs: in figure 1-A it is possible to see a peak which
origin 1s not clear. (from ref. 1), In this sense, the use of single or double wire
probe ;is limited by the skillness in detecting correctly similar phenomena. ¢n the
other hand, in any double or triple wire probe the number of prongs is larger, gi-
ving meore interference probability,and it is also possible to have thermal wakes and
another interference effect. ’

1) 3.0 MEASUREMENTS_AND [DATA ACQUISITEION

Three-dimensicnal measurements are rather difficult in any kind of tests, e-
ven with pressure probes. 0f course, they are also difficult with hot-wires, mainly
due £o interference and probe volume , but also for the fact that the velocity sign
is not recognized. In this sense laser anemometry has some advantages, although it
is difficult to measure three orthegonal components. Also data acquisition may be
a provlem with many commer-
¢ial systems. If one wants
to know the correct histery
—wd Ichannel b—ia;y b . p of the velocity field for
hwp cta L] s ma memory statistical data analysis,

: he shall measure many points
i 1 in the same revolution, (at
arror least each 2°) for measuring
checi the steep gradients in the
g;:“" ' . wep vortex' sheets. Furthermore,
Yrive - for a correct discrimination
‘WW-I ) { [ between harmonic and subhar-
Deripharal monic frequencies, it is ne-
mmn—J cesgsary to measure many re-—

volutions { at least,10).

By safety ‘:‘I‘" The three ccmponents

' rar of the hot-wire signal should

be measured at the same time

and not one after another,
to avoid systematic errors.
FIOQURE 2 The data acquisition system. Finally, we should
note that, to keep consztant
the tip Mach number, in any
. medal test, the angular
speed has to be increased with respect to full-sczle. Therefore all frequencies are
larger requiring shorter data acquisition times.

L1

All those things led to the requirements for a data acquisition system which
was specifically designed for this task.It was yet outlined in a previous paper
presentad in one of these forums (1) and is described in details in another paper,
(2}.

The principles of the system, sketched in fig 2, are simultzneous data acqui-
sition and analcg-to-digital conversion with external triggering: it allows measu-
rements at prescribed azimuth angles. Successive digital multiplexing and direct
memory access are syncronized to the computer clock.

The system results therefore cheap and reliable and gave no measurement pro-
blems., In actual form it allows measurements uvp to a frequency of 30 kHz and has 32
K of direct accessible storage, plus some 16K for programs and data handling.

2) MODEL AND EXPERIMENIAL SETUP

The tests reported in this paper are relative to our two-blade tilt rotor
model, yet described in (1). The rqtor diameter is 1.16 m, the blade chord 55 mm,
the angular speed 1000 rpm.

The instrumentatioen consists in a three channel hot-wire system, a triple
probe with the wires aligned in axial, radial and tangential directions, a photae-
lectric device giving probe proximity signals in the range within the two fast mil-
limeters from the blade ( safety system) and the data acgquisition microcomputer as
described in the previous paragraph. A drilled disk is mounted on the rotor shaft
and has a reference hole and 256 equally spaced holes shutting the light of +two pho-
toelectric sensers. A modulo-256 counter produces the enceding signal and an error
detector checks if the counter is at zero setting when the reference hole is crossed,
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The counter output,used as address for direct memory access, is also conver-
ted in analog form and sent as X-axis signal to a four-traces oscillesccope to pre-
sent the three wires signal and the safety signal both for menitoring the whole

test

3) TRANSFER CURVES AND DATA VALIDATION

and to look at the signal aspects. Significant pictures of the screen were
taken and one is shown in the paper as Tig.s.

A hot-wire is equally sensitive to any velocity normal to it, thus it does
nct feel the velocity sign. Furthermore its response to the velceity modulus (sca-
lar response) is not linear and its semnsitivity tends to zero as the velocity tends
to zero also, For these reasons it is difficult to obtain accurate informatien in
a fully unknewn flowfield. If high accuracy is not required, (let's say some per-

i v signal

9 comp. sinus. responaw

——= W, response

cent of error) it may
be assumed that the
directional response
in a plane containig
the wire is sinusecidal.
In the + 50° range a
good proke may have
errors less than 2%,
as shown in fig. 3.
This transfer curve is
net correct oniy for
very low velocities,
when thermal convec-—
tion dominates, but it
is possible to avoid
speration in this re-
gime, at least redu-
e¢ing the probe over-
heath ratio in order

- sno 0: ?Ioc
FIGURE 3 The directional response of a single hot wire probe

at various flow veloecisies, compared to a sinusoidal response,

I —

‘l hot wire signasl

——

o
/” \"\
—
//’ . F
- 2
-g0° -45° 45°
/xh ol rointion
af the prebwe
FICURE 4 Directional response of a trdple hot wire probe
with wire 1 normal to the flow direction and rotated as

shown in the lower sketch ,

The arrow 'ald

necegsary safety margin ,

indicates a
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to decrease the self-
induced convective
flowfield. This is a
typical problem only
for small models of
reduced power and will
be negligible in full-
scale testsg,

In this case, for
three equal orthogonal
probeg, the ratiac of the
signals is propertional to
the direction cosines of
the velocity vector,thus
its resolution, beth in
diprecticn and modulus is
rather simple. If better
agouracy is desirable, an
iterative procedure ocutli-
ned later on will give
good results.

Unfortunately, for
a multi-wire probe the re-
sponse is much more com-
plicated and it may not bhe
even monothenic, for the
interference effects, as
shown, for example, in fig.
4. The figure represents
the directional response
of the three signals of a
probe rotated around one
of his wires in an uniform
flowfield. In principle,
the calibration would be
correct at least in a half
sphere, but, zt large an-
gles, strong deviations



show interference effects, produced either by the prongs or by the thermal wakes.

Of course, the problem is to detect, from the measured signal, when the flow
direction is such to produce unreliable data. Otherwise the test would be meaning-
less at all, It is therefore necessary to establish some automatic data validation
procaedura either during acquisitien or during data reduction programs, Not valid da-
ta have to be rejected and the experimenter must be informed of data rejection in
order to decide whether:

- change the probe orientation and repeat the test, if the scatter of data is
net tao large,
- try to obtain some information from valid data only, if the scatter is very
large.
The term'large scatter" means here that the flow direction {luctuates in a cone lar-
ger than the one in whic¢h the probe can be uniquely calibrated. A test ilike the one
of fig. 4, repeated around all wires, will define this ccne. We shall not conly li-
mit the angle in the range of sinusoidal responge, but alsoc the signal shall never
be larger than the spuriocus peaks that may exist in the probe response, as it appe-
ars at the right hand in fig. 4., This may be a muach more limiiing condition as can
be gseen on the figure, where limiting angle is shown, with a small safety margin.
The smaliest of the possible angles, referred to the probe axis and not;as in the
calibration procedure, to the axis of rotation, gives the safe operation cone.

When the limiting cone is known, we can establish the validaticn procedura:

1) if the wires are not exactly equal, we must correct their response, in order
to have the same signal for the same velocity: it is only a multiplicative constant;
2} from the three corrected signals, 8 , r , and t we abtain the modulus m as:
2 2 2 2
m=7r + 35 + t H
3) we get the direction cosines , a , b , and c as:
- a=r/m. , b =s/m , c= t/m

and the direction of the velocity wvector with respect to the probe axis;

4) we compare the direction with the limit cone and decide wether accept the da-
ta or to reject them;

5) from the modulus m, throughout the scalar calibration curve, we get the velo-
eity medulus.

We need therefore three triple directional calibration curves and a single
scalar calibration, aligning the prebe axis to the flow.

For taking into account that the response is not exactly sinusoidal, after
having caleulated the first approximation veloeity vector, it is possible to reeva-
luate it on the basis of the calibration curves instead of the sinuscidal laws.

4) PROBE ORIENTATION

As formerly seen, the probe should be oriented to the velocity vetor within
the correct cone, in order to have reliable data. It is therefore desirable to know
a prieri the possible orientation of the velocity vector.

On the other hand, it is alsec desiréble, whenever possible, to choose simple
and conventicnal orientations, like axial, radial and tangential with respect to
the rotor axis.

We may now observe that, in hover or vertical flight c¢onditions:
-the tangential velocity is directed in the sense of rotation both upstream the bla-
de { for the presence of a stagnation point) and in its wake,for the kinetic energy
less. In between, for the effects of thickness and circulation, it has opposite di-
rection on the upper surface and alsgo on the lower surface for small lift coeffi-
cients, as sketched in fig. Sa;i
-the axial velocity is directed downwards, except in a limited region c¢lose to the
tip vortices and possibly upstream the blade lifting vortex (gupwash),as shown in
fig. 5b;
-the radial velocity is always directed irnwards, except in the case of ground effect
as shown in fig. 5 d and e.

As far as the blade tip region is concerned, it should be noted from the
clagsical aectuator disk theory that the stream tube must be tangent to the disk,
thus giving no mean axial velocity at the blade tips. This is the only wayto ebtain
continuous pressure at the tips: ctherwise the peoints Pl and P2 in fig. 5S¢ shoud
have different pressures, although equal to pressure in P3, On the other hand it
is well known that a blade impinges the tip vortex of the preceding one.

In this tip region there is the maximum change in the direction of the vele-
city vector, because one component has no mean value and therefore its flow is the
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mast difficult to be
studied with a single
probe orientation.
Furthermopre, the tip
vortex lays in the
fieid sweeped by the
W blades and it is im=-
possible to go into
it with any fixed de-
vice, and therefore
alse with fixed hot-
wires.

This regioen
must be therefore ana-
lyzed either by flying
hot-wires or by laser
EA S anemometTy.

For axisymme
trie flews, it appe-
ars that the best
choice is to have ef-
v, fectively three wires
oriented in axial,tan-
gential and radial di-
c) d) .) rections, with the

probe support directed
Q“” Q—" _ downwards, inwards and
against the rotation.

P, Tt is impossible to

direct the probe sup-

! f port upwards to measu-
Py H re the flow close to

the blades, when we
may find upwash, for
geometrical interfe-
rence,so that some
special probe may be
useful.

The problem
would be much more
FIGURE 5 Details of the rotor flowfield complicated in for-

a) The tangential velocity ¥, induced by a blade, ArTows :i‘:z f:;;‘:l;z iiZU1:;—
indicate the flow direction with respect to the probe , 5 L should bp
b) Axial velocity induced by a lifting vortex: V, _ in two € axis €
. X Aow gradually oriented
. dimensiens, ¥, in the rotor flowfield ., againat the o N
¢} d) Details of the rotor stream tube , gain € onse

" . A Flow. Actually we did
@) The radial velocity induced by the rotor , not test similap con- -

== figurations.

5) DATA PRESENTATION

It is quite obvious that the data presentation in table form is rather impos-
sitsle to understand, as the number of data increases, as in a complete flowfield.

On contrary, graphic presentation is reasonable whenever several (but not too
many!} data have to bhe presented on the same sheet.

A perspective three-dimensional view of the velocity vector, represented on

a plane sheet of paper, is, in our experience, rather difficult to look., Therefore,

on a graph, it seems to be better to represent in vector form twe of the three com-

ponents in one plane and the.third component separately. Two seem to be the
moest useful representations:

- the First, suitable for the velocity field in planes normal to the potor axis,
the velocity is divided into the wvector parallel to the disk and its normal compo-
nent and then projected from a suitable view angle;

- the seccond, suitable for the development of vortex sheets, the velocty vector

is divided in its component normal to meridional plane and the vectcr in that pla-
ne.



= 48

4 T I
L Ii
r——
o= 80
FIGURE 6 Various angles of view for the graphic

representation of the plane vector and the
component of the three wire probe signals ,

axial

The first one was tested,
as the second is more familiar,
and the view angle was changed
in order to obtain the most un
derstandable graphs (figures §
and 7). In figure 7, with an

‘angle of view of 60°, the sudden

changes in the velocity field
due to the presence of vortical
sheets is c<learly visualized by
the strong deviations of the hot
wire signal vectors in a plane
parallel to the rotor disk.

It must be noted that, al
though data were obtained at 256
azimethal positions per revolu-
tion, only points spaced of 30°
are reported for simplicity, in
order to get an intelligible re
presentation.

When the small scale
structures of the signal are par
ticularly interesting, it would
be better to present the hot-wire

- aignal as a function of azimuth

at each measuring point, asg
shown in the oscilloscope pictu-
re of figure 8.

6) DATA ANALYSIS

buring the acquisition of
instrumental measurements or of
statistical data, the unavoida
ble inaccuracy of methods and
instruments or the randomness of

sampling introduce some devia
tion from original values.
To overcome such devia

FIGURE 7

Graphic representation of the hot wire signals showing the crossing
of vectors in the vortical sheet (angle of view = 60 degrees) ,
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Fiens and to obtain a better in
terpretation of the phenomena,
suitable correction methods can
be used.

In the particular cased
repetitive phencmena, which ob
viously have a periodic beha
viour in time, it is extremely
useful and natural to approach
the problem either by trigonome
tric approximations (analagous
to the Fourier series of conti
nuum mathematics) or by stati
stical analysis {(like ensamble
averages). Also the clmsical
Fourier transform is suitable
to analyze such data, but only
to obtain power spectra for vi
bration and fatigue analysis.
It does neither require multi-
component measurements ner syn
cronization to the rotor reve

iution.
When a detailed descrip
FIGURE 8 The three hot wire sigpals as a function tion of the vortex structure is
of azimuth, in 8 successive revolutions , Peak A desired, the simplest way is to

is due to airfoil thickness and circulation . Peak gompute the ensamble average and

B is produced by the crossing of a wake , the standa:;d deviatior? of the
. signal during successive revolu

lutions of the rotor, as outli=-

ned in {1). It must be noted
_that this technique may describe the overall shape of the wake but not the details
of the vortices, This is due to the fact that, at each reveolution, the vortex
shape is not exactly the same and not exactly at the same place. Because of the

very steep gradients in the vortex sheet, anyone of these effects will produce a
"smeothing” in any ensamble average in the revolution.

Two are the possible seclutions., The first one is to try an ensamble aver
age syncronized on the peaks themselves, while the second one consists in trigoneme
tric approximation, taking inte acecount alse of frequencies much lower +than the
rotor's fundamental.

The first of theese techniques, nct used in the present work, seems to be
suitable only for rather '"clean™ signals, where each single peak can be quite ea

sily identified. The second one is shortly presented in the following.

When trigonometric approximation is used, the series truncation supplies by
itself a simple and effective least sguare approximation. The correcting functicn,
truncated to degree m iz of the type:

i
- 20 .21
T (x) =0.5 A, + Z ( Ak cos —-L—kx + Bl{ sin —-E-kx )
k=] ¢
where: ) Lot -
A = y(x) cos —= kx with K from O to m
k L L
x=0
L=1
2 -5 14 B
8, =, XZ_O y(x} sin - kx with k from I to m

and L is the number of (odd!) measured data y(x} at the corresponding x posi
ticns.

The degree m of the function T(x} represents a filter and its value can
be choosen in such a way t¢ not only correct the input data, but also to help in
the description of particular features of the phenomenon under consideration, as
shortly outlined in the following,

First of all, the upper limit of the value of m is determined by the cut-

of f frequency of the instrumentation noise. A second limit is related to the max
imum frequency of the turbulence microscale or to the hot-wire resolotjon (cutoeff
frequency or measuring volume). Below this second frequency limit, a signal fi}

tering is performed which allows to isolate some peculiar features of the flow. For
example, keeping only the lowest frequencies, it is possible to get only the long
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Original H.W., signmi

v

50 tarmonica reconstruction

Envelope band ©f maost of the flrat 38 salutions

FIGURE § Example of a signal reconstruction

The original hot-wire signal, the reconstructed one, and the envelope band of mest
of the first 35 solutions

period fluctuations. Subtracting them from the sigral we may obfain some kind of -
"unperturbed periodic flow'. Another application is to cut off the highest frequen-
cies corresponding to turbulence and vortex cores, Again, by subtraction of a smoth-
ad signal we c¢an obtain only turbulence and vortex signal, Furthermere, we can ex-
tract a long period and a "blade frequency” signal, and by their crossing detect a
reference set of point which is in some way in phase with the vortex peaks. In this
way we may later on make the desired ensemble average of the peaks without going
through a much more complicated identification precedure.

~ One interesting feature of this analysis, sa applied to the rotor flow, is
that it is possible to separate fregquency bands well distinguished. If one takes
the whole ensemble of the approximations, starting from m=1, he¢ could notice that
many of the approximatiens tend to collapse on the same curve, one for ilong peried
fluctuations, one for blade frequancy and so on. The conclusioan is that, being
the typical frequencies contained in well separated bands, it is possikle , accu-
rate and not eritical at all to separate them and to operate on signal bands only.

Figure 9 shows one typical example of this kind of results. On tep, we have
the original signal, as it is discretized by the computer, containing very steep gra-
dients, turbulence and long period fluctuations. At centre, a reconstruction of the
signal keeping the first S0 harmonics. It preserves many of the signal structures,
but does not show turbulent fluctuations and the peaks are smoothed. AT bottiom,
an outline of the first 35 approximations, obtained dropping out the isolated curves
and saving those that collaps in the most significant bands: note that more than
twe thirds of the curves are retained.
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CONCLUSIONS

Although difficult, the hot-wire analysis of the rotor wake in its three ve-
loeity component is possible and givs reliable data, A good choice or a careful ma-
nufacturing of the probes, in connection with a good data interpretation and a sui=-
tabla data acquisition system are the means of obtaining such results,

Thne experience obtained in our tests, which had the scope of defining the
measuring limits rather than collecting a lot of data, has confirmed that, in our
low Reynolds Number model, 256 points per revolution are enocugh to describe all phe-
nomena including turbulence. Therefore, because we think that some tens of revolu-
tions are encugh to describe long period oscillations, a storage between 32 and 64 K
is reasonable. It means few seconds for each test and it is an acceptable time.

The kind of data analysis we attempted 1is suitable for not only a descrip-
tion of the flowfield, but alsc to isclate various aspects of the signal. 0f curse
a peak identification would be better for the pather difficult description of the
tip vortices, but in that region the flaw is not so 'clean" to allow simple identi-
fication procedures and much more work should be done in this field. Anyhow, our
kind of analysis is also suitable for a description of regicens of steep change of
the signal. -

The hot-wire technigque, compared te others, mainly to laser anemometry, seems
to be good encugh, both for limited cost and for bias and seeding problems, which
are not yet solved in a reliable way.

The only region of the flowfield for which the fixed hot-wire anemometer is
not suitable is, as seen before, the one sweeped by the blades, which contains the
very interesting part of the tip vortices. Ipn this region either laser anemometer or
flying hot-wire techniques must be applied. Flying hot-wire may be rather difficult
for operatien with small models, because of the high angular speeds, while its appli
cation seems to be more feasible on full-scale tests, helping to solve many preblems
of probe orientation and signal validation. In this case, a large known velocity is
added to the one we want te measure: when the former is larger than any value of the
latter,there is ne sign ambiguity. In any case, the total velocity vector is confi-
ned in a much smaller cone.

The final impression is that, at this peint, the hot-wire instrumentation is
ready for systematical tests in the rotor wake and not only for laboratory studies.
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