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Abstract

A method for measuring rotation frequency of cylindrical object is considered, taking into account
teatures of retroreflecting surface based on micro glass beads. Method involves single-beam object
probing, detection of scattered radiation and spectral analysis of the recorded photocurrent. A
mathematical model of the proposed method is described. Results of physical simulation are
presented in form of plots, showing dependencies of received signal power on the frequency.
Analysis of changes in registered photocurrent spectrum was done, taking into account both
changes due to the vary of angular velocity of cylinder and those caused by rotation axis

displacement in regard of falling light beam.
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1. Introduction

Nowadays laser sensors are widely used for various purposes in such fields as scientific researches, industrial
applications, remote control of the environment, etc [1, 27].

When irradiating an object, the light, which is scattered on a rough surface or on a set of particles in the flow,
creates a specific speckle pattern, the analysis of which can be useful in controlling movement of the surface,
determination of its quality or deformation, astronomical observations and other applications. One of such
applications is the measurement of the objects motion velocity based on the correlation analysis. Depending on
measuring device type, observed parameter can be a dynamically changing speckle pattern [37] or the motion
velocity of individual particles in the flow [47] and, also, the Doppler shift of scattered laser radiation particles [5-
87. Last mentioned meters, called laser Doppler velocimetres (LDV), are now being used successfully to solve a
number of applied problems.

Recently, for practical applications, a new class of retroreflective surfaces (RRS) has appeared, consisting of
miniature retroreflectors based on either microprizms or glass beads [97 which make it possible to substantially
increase the power of detected laser radiation. Their essential difference from rough surfaces or scattering particles
in the flow is regularities of scattered radiation spatial distribution. With this difference in mind, a whole range of
new efficient devices can be built, such as vibration sensors [107] or acoustic vibration sensors [117] as well as
linear or angular motion velocity meters [12, 137 ie laser velocimeters. In the paper [137 the analysis of the
Doppler frequency of scattered laser radiation was used to describe the velocimeter work principles. The obtained
results allow us to determine the rules for its construction and the features of practical implementation of LDV
using RRS. Some experimental studies results and theoretical analysis of the constructing principles of an angular
velocity meter using the interferometric approach are presented in Dolya, et al. [127]. But such an approach seems
to have limitations, because it does not allow describing some essential features of the device. In the present paper
to solve this problem we are using a method based on analysis of Doppler frequencies of scattered laser radiation
on a rotating cylindrical object with RRS, which makes it possible to describe a broader series of regularities of
devices operation for practical use.

2. Main Part
Fig. 1 shows the structure of the front-illuminated retroreflective surface containing a set of glass beads. As

can be seen from the presented figure, the beads are located chaotically, they have an average diameter d close to
hundreds of micrometers.

Figure-1. A sheet with microscopic glass beads

The diffraction pattern formed in the observation plane also has a random structure and changes as the object
moves. Iig. 2.a shows the results of simulation modeling of the laser radiation diffraction process on the random
implementation of RSS.

Figure-2. Results of simulation modeling of the laser radiation diffraction process

In Fig. 2.b the diffraction pattern averaged over the realizations is presented. The angular width of the

maximum has magnitude of order Ald and is a few degrees in the characteristic observation conditions. Here A
is the wavelength of the laser radiation.
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Figure-3. The scheme of beam falling on a rotating cylinder

To analyze the variation of the diffraction pattern in time via parameters, we use the scheme and notations

shown in Fig. 3. We assume that a cylinder has a radius R and, being covered with a retroreflective surface,
rotates with a cyclic frequency V about an axis that is perpendicular to the plane of the figure. The points on the

surface have velocity V. =27R.

A laser beam of diameter @ with a plane wave front falls on the surface of the cylinder, the beam axis being a
distance of N from the direction to the axis of the cylinder. Diffuse (diffracted or scattered) radiation is observed at
an arbitrary point A. All points within the illuminated region on the surface of the cylinder contribute to the

observed intensity of laser radiation at the point A. For the sake of simplicity, we consider only the rays lying in
the plane of the figure. Using the approach proposed in Dolya and Lytvynova [137] we can represent the

dependence of the intensity at point A on time in the form of expression
1 . . .
l(t)=?IE(h,t)eXp[JZﬁfl(n)t]E (2 t)exp[ j27 1, (r,)t]dyd 7, (1)
S

Here 7 denotes the angle at which radiation is scattered to point A from an arbitrary point within the
illuminated region. It follows from the patterns of retroreflection that the amplitude of the field observed at the
point A is maximal in the case » =0 and substantially decreases for angles J greater than few degrees (Fig. 2a,

b). This feature of laser radiation scattering by the RRS makes it significantly different from scattering by
individual moving particle in applied anemometry problems [5, 67 and also from the case of the rough surface [7,

87. The values of the amplitude E are random (Fig. 2a) and depend on the realization of the surface at the
observation time. The movement of the object causes intensity fluctuations in time, which are smoothed out when
the object moves (averaging over the realizations).

Another factor that causes fluctuations in time is the difference in frequencies f; and f, in the ratio (1), due to
the Doppler eftect. These frequencies are different because on the surface of the cylinder there is a difference

between the angles of incidence @ and reflection ¢ for different points. The expressions for the frequencies f,

and f2 have the form, respectively, for points on the periphery of the beam

f=f [1—%@030:1—005(/)1)} (2)

f,=f [1—%(c05a2—c03¢2)}. (3)

If we integrate the intensity of the scattered radiation within the observation region and detect the received
power, then the current at the output of the photo detector will also fluctuate in time with a continuous set of

frequencies within the limits f, — f,. Note that the value of f, — f, is maximal when the points contributing to the
photocurrent are located on the periphery of the beam (points C and B in Fig. 3). In addition, we note that
f,—f, >0 at a >0, since in this case the angular difference for the incident and reflected rays disappears.

We will estimate the range of Doppler frequencies arising when detecting laser radiation scattered on a
rotating cylinder in more detail. We write the expression for the frequency difference in the form

f—1, =%(COS(p1—COS(p2+COSO£2—COSa1). (4)

We consider separately the summands in the given relation. So

. +a, . - . T—EFE, & . &
coswz—coswl:—Zsmal 2 gin & 2=—2$|n—125|n—°:—2cosﬂsmE°. (5)

2 2 2 2
In carrying out the transformations, obvious equalities were taken in mind
4
Apté,= Pk
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o+, =—(e+¢,);
o—a,+&,—¢,=0.
Here it is also taken into account that
€176, =&y
&118 _ B
5 P

which follows from the notation in Fig. 3.
We will transform the second term with an account of the following relations

Vo =n+0;
Vi TP, T, =7
Consequently
a+o,=2n—(oq+a)—(n+7)=r—(q+a)+(e,+6,);

P—P,=6,+0.
Therefore
ATD PP _

2 2

_(7/1+722)+(31+82)Sin &+ _

—2003(7/1 V2 ﬂ)sngﬁa
2 2

COS ¢, —COS @, =—25in

. T
=-2sIn

(6)
=2 cosMcosﬂHinMsin,B sin@cosé+cos@siné =
2 2 2 2 2 2

Nntr 2 9 & in O
=-2| cos:—~2cos B +sin ¥, sin sin—2 cos — +Ccos—2sin
g cospsingsing j( 2 TR 2)

t7s a
=-2| cos S+sinE—2sin —
prsin= ﬂj(zfm.)

In the derivation of the last relation, the smallness of the angular quantities was taken in account

.0 a
Sin—~—;

cosézl;
2

a
sine~ 2,
2 2R

cose ~1,
2

which follows from the statement of the problem assuming that the size of the laser beam is much smaller than the
cylinder radius, and the observation point is sufficiently far from the illuminated region. In addition, it is also taken
into account, that a significant contribution to the spectrum of the observed Doppler frequencies is made by rays

with ¥[1 1, which follows from the properties of retroreflection. Therefore, we can assume that COS]/ 5 Y2 =1
The above relations enable us to represent the equality (4) in the form
f—f,=Af +5f (7)
where
2fVa R
Af = cos | 1+— |, 8
cR p 2L (®)
and
vV . 7n+7, .. a a
st =—sinil25inpl 2421, (9)
c 2 R L

Expression (7) makes it possible to estimate the width of the range of Doppler frequencies arising in the
photocurrent spectrum upon detection of laser radiation scattered by a rotating cylinder with RRS. As can be seen,
these frequencies are concentrated in two ranges, which have a different nature of dependency on the conditions of
observation. Let us first consider the case when a laser beam hits the surface of a cylinder in a direction passing

through the center of the cylinder, i.e. in the case when h=0. In this case f=0; SIN =0 and 6f =0. Then in

the spectrum of Doppler frequencies there will be frequencies present only in the range of Af

drva R
ANf=—T]1+—|.
P ( +2L) (10)

© 2018 by the authors; licensee Asian Online Journal Publishing Group



Asian Engineering Review, 2018, 5(1): 1-7

Here it is taken in account, that V = 2R , where V is cylinder rotation frequency, and that f/C ZJ/Z.
Analyzing this ratio, it can be noted that for a8 —>0, Af —0 , which has obvious physical meaning and has

already been discussed above. In addition, if the observation plane is sufficiently far from the cylinder, then R[] L
and the Doppler frequency band does not depend on the radius of the cylinder. We note that this fact was
confirmed experimentally in Dolya, et al. [127]. Also, it should be expected that the band of observed Doppler
frequencies should increase with increasing angular velocity of the object V.

To verify the last statement and for making subsequent conclusions from the analysis of the obtained relations,
an experimental setup was assembled, the scheme of which is shown in Iig. 4.

e
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’

\/

Figure-4. The scheme of experimental setup

Here the numbers denote: 1 - solid green laser, 2 - beam incident on 3 - cylinder with RRS, 4 - mirror with a
hole in the middle, 5 - lens, 6 - photo detector. The current of the photodetector, which occurs when the laser
radiation scattered on a rotating cylinder is detected, was digitized and obtained spectrum was analyzed. For an
experimental estimate of the magnitude of the range, the laser beam was directed to the cylinder surface in such a
way, that the condition h=0 was satisfied. It was expected that the value of O f would be a zero, as follows from

relation (9).

0.0
—— f1=f(h, v1)
-11.3- —— f2=f(h, v2)
—— f3=f(h, v3)
—22.6 — f4=f(h, va)
—— f5=f(h, v5)
33.8 o
% -45.1 vl<v2<v3<vd<vd
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Figure-5. Dependence of photocurrent spectrum width on rotation frequency

The results of an experimental study of the width of the spectrum of Doppler frequencies are shown in Fig. 5.
On the horizontal axis, the values of the amplitudes of Doppler frequencies are plotted. On the vertical axis, the
values are the frequencies of photocurrent fluctuations proportional to the power of the detected light. In order to
avoid the influence of fluctuations in the photocurrent, due to the dynamically changing structure of the RR surface
during its motion within the illuminated region, the recorded photocurrent was averaged over time.

The figure shows a set of curves obtained for different values of the angular velocity of rotation V. It can be
seen from these curves that the maximum amplitude of Doppler frequencies is observed at the beginning of the
spectral range and decreases with increasing of Doppler frequencies. This can be explained by the fact, that the

maximum amplitude of the light waves E is observed at angles 7 close to zero. In addition, it can be seen from

these graphs, that a greater width of the spectral range Af corresponds to a greater frequency of cylinder
rotations around the axis V, which corresponds to the theoretical analysis results (relation (8)).
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Figure-6. Dependence of photocurrent spectrum on V

The next stage in the experimental studies was the study of the dependence of the ranges Af and & for the

case h#0 when the observation conditions were changed. One of the research results is shown in Fig. 6. Curves
1-5 were obtained with increasing angular velocity V for a fixed value of h. From these curves, it is seen that as

the V increases, spectral range o] expands, with all frequencies within this range shifting toward higher

frequencies. It is interesting to note that along with the main range & for curves 1-3, an additional spectral range

at the doubled frequency is clearly noticeable. This is due to the interaction of waves spreading to different points,
which are symmetric with respect to the beam axis in the forward and backward directions in regard to the motion

velocity vector. It is also seen that the character of the change of the range & from the angular velocity V is in

good agreement with the theoretical analysis results, despite a number of limitations accepted in the theoretical
analysis in this scheme of laser velocimetry.
It is also worthwhile to pay attention to the low-frequency range of the spectral distribution of the Doppler

frequencies in Fig. 6, which corresponds to the range Af considered above. Its value in this case is described by

4rrva R h?
AfF=28g Th- (11)
A 2L R

As can be seen from the Fig. 6, in this case with h=0, as well as with h=0, the range Af broadens with
increasing the value of v, that matches well with relation (11).

the relation

0.0
—— f1=f(h1, v)
-12.2 — f2=f(h2, v)
—— f3=f(h3, v)
—2441 —— f4=f(h4, v)
-36.61 —— f5=f(h5, v)
v=const > 0
S -48.8- hl<h2<h3<h4<hs
5
S -61.14
=
8 -73.31
E il
i) \ /m
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q"'!-l-_-vﬂ,,,._,.--‘..‘..b‘.,_m“___‘M.m‘l“ _ _
-109.9 1
-122.1 . . ; ! ! . . | ! |
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Doppler frequency (Hz)

Figure-7. Dependence of photocurrent spectrum on h

Fig. 7 shows the results of experimental studies of the Doppler frequencies spectrum for a fixed V value, but a
variable value of the parameter h. Curves 1-5 correspond to an increase in the value of h. It follows from (9) that

of = 2m/hsin Ll singo(1+5j. (12)
A 2 L
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This means that as the value of h increases, the regularities of the change in the frequencies & are analogous

to the dependences obtained when V is varied, i.e. with increasing v, the spectral range & expands, and all

frequencies inside it are shifted towards increasing frequency as the value of the parameter h increases. Analysis of
the course of the dependencies in Fig. 7 shows that the experimental studies results are in good agreement with the
results of the theoretical analysis.

Analyzing the relation (11), it can be noted that when changing the parameter h, we should expect a change in
the value of Af although it is rather weak for small values of h. This conclusion corresponds to the nature of the
change in the spectrum of Doppler frequencies in the low-frequency region in Fig. 7. It can be seen that the curves
obtained for different values of N are practically indistinguishable, in contrast to the character of the dependencies
of the spectra in the low-frequency region in I'ig. 6.

Analyzing the relations (8) and (9), we can note that Af []V oS/ and & f [1Vsin #. This means that the
appearance of Doppler frequencies within Af is due to the transverse to the ray projection of the point’s velocity

on the cylinder. Similarly, the frequencies within the limits of Jf are due to the longitudinal component of the

velocity. From the results of the theoretical analysis (relations (8) and (9)) and experimental studies (curves in Fig.
5-7) it follows that the component of the velocity of the cylinder surface transverse to the beam leads only to an
expansion of the Doppler frequencies spectrum, while the presence of the longitudinal component leads to the
appearance of second frequency range with their own, different from the first, properties. Here we can also state a
good correspondence between the results of theoretical analysis and experimental studies.

It should be noted that the last conclusions made are analogous to those made in [167] for the features of laser
Doppler velocimetry of planar objects moving rectilinearly.

3. Conclusions

In this paper we consider a method for measuring frequency of cylindrical object rotation, taking into account
the features of retroreflecting surface containing a set of micro glass beads. The method is based on single-beam
object probing, detection of scattered radiation, and spectral analysis of the recorded photocurrent. The spectral
distribution has a noticeable correlation with the value of the cylinder rotational velocity, which is the basis of its
practical use. A theoretical analysis of the spectral distribution features is done. It is based on the description of the
Doppler shift regularities of the laser radiation frequencies on a moving surface. The experimental studies results
and theoretical analysis are in good agreement, which confirms the validity of conclusions made.
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