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Thermoacoustic Oscillations in Resonators

Thermoacoustic processes involve heat and sound interactions. Their
appearances and applications range from combustion instabilities to novel
refrigerators and imaging techniques. The focus of this paper is on
thermoacoustic oscillations occurring in gases inside chambers. The
conversion of heat to sound energy in resonators generally requires in-phase
fluctuations of acoustic pressure and heat addition, whereas in specially
designed systems the supplied sound can pump heat along solid surfaces
from low to high temperature regions. Fundamentals, investigation methods,
and some applications of thermoacoustic oscillating phenomena in
resonators are reviewed in this paper.

Keywords: Thermoacoustics, oscillations; wave; Rijke tube

1 Introduction

Intensive acoustic fluctuations can appear in
gases inside chambers (resonators) with heat
release under suitable conditions. These
phenomena represent important engineering
problems in many industrial applications
ranging from burners and rocket motors to
thermoacoustic engines and refrigerators.

The main cause for thermoacoustic
instabilities in resonators is the presence of
unsteady heat addition component that
fluctuates in phase with acoustic pressure. This
requirement is known as Rayleigh criterion [1].
The quantitative form for the heat-sound energy
transformation under an assumption of uniform
medium in a chamber and small-amplitude
oscillations was derived by [2] where AE is the
amount of acoustic energy generated from heat
during an acoustic cycle inside a resonator, p'

and p, are the acoustic and mean pressure,

respectively, ¢' is the heat addition rate per unit

Permeable heater Resonator

volume of the resonator, and y is the gas

specific heat ratio. The integration in Eq. (1) is
carried out in time over the cycle period 7 and
in space over the resonator volume V . If
thermoacoustically converted power exceeds
acoustic losses, then amplitudes of excited
acoustic modes will grow in time:

AE=}/—_IJ | p'q'dtdv (1)
7}70 VT

There is a variety of system configurations
where thermoacoustic energy transformation
can occur. Some of them are illustrated in basic
forms in Fig. 1. A duct with mean flow and a
compact heat source (heater or flame) is known
as a Rijke tube (Fig. la); it can serve as an
imitation of some combustion chambers. A time
delay between fluctuating velocity and heat
addition rate is essential for exciting acoustic
modes in this system. This tube was first
described by Rijke (1859) and later was used by
many researchers as a convenient setup for
studying thermoacoustic instabilities [3].

Combustor chamber

Mean flow Acoustic motions
—_— >

(a)
Hot HX Cold HX

Reactants N :
—_— Acoustic motions
Vortex sheddin, < >
(b) and burning

Resonator Transducer

B

Acoustic motions

{c) Stack

Figure 1. Schematics of systems where thermoacoustic oscillations can occur: (a) Rijke tube, (b) dump combustor, (c)
thermoacoustic prime mover.

Another type of thermoacoustic instabilities,
involving vortex shedding and combustion,

Journal of Dynamics and Vibroacoustics, 2(1)

appears in resonators with sudden changes in
geometry and reacting flows. These instabilities
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are related to liquid-fuel motors with premixed
combustors, as well as to various industrial
burners and gas turbines. One schematic of a
process of this sort is shown in Fig. 1b. A
vortex generated at the flameholder (a
rearward-facing step in Fig. 1b) consists of cold
unburnt reactants from an incoming flow and
hot products from a recirculation zone [4].
Upon the impingement of such a vortex on a
downstream structure (or a wall of the
combustion chamber) or after a certain
induction time defined by chemical and
hydrodynamic properties, a rapid mixing of hot
and cold flow components occur, followed by
fast heat release due to vortex burning. This
sudden heat addition acts as an acoustic
disturbance, and resulting acoustic waves
influence the vortex shedding process, creating
a system with a feedback.

A schematic of a  standing-wave

thermoacoustic prime mover is shown in Fig. Ic.

At sufficiently large temperature gradients
inside a porous insert (often called a stack), the
resonator acoustic modes may become unstable
(Garrett and Backhaus 2000). The generated
acoustic power can be used to produce
electricity or pump heat.

The next sections of this paper review
several important phenomena and systems
involving  thermoacoustic  oscillations in
resonators, including combustion instabilities,
Rijke tubes and thermoacoustic engines. It
should be noted that besides thermoacoustic
processes in devices oriented on energy
conversion, there are other emerging
technologies related to heat-sound interactions,
such as separation of gases in mixtures [5],
thermoacoustic hyperthermia and tomography
[6], thermoacoustic transducers [7], and sound
absorbers [8].

2 Combustion Instabilities

Acoustic-combustion instabilities occurring
in combustion chambers are usually quite
harmful for the system operation, because they
may lead to intensive vibrations, unacceptable
for propulsion or power systems, and to
enhanced heat transfer, which can overheat the
structure. These phenomena were identified a

Journal of Dynamics and Vibroacoustics, 2(1)

long time ago with introduction of aerospace
engines. It still remains an important
engineering subject, since in the development
stage of rocket motors and modern gas turbines
(especially those operating in lean-fuel regimes)
practically all of them experience some sort of
thermoacoustic instability. On the other hand,
there are devices, such as a pulsed combustor
[9], where oscillations are essential for normal
operation.

The problem of the acoustic instabilities in
combustors attracted a lot of attention by many
researchers; and  extensive  theoretical,
experimental, and numerical studies were
undertaken [10-16]. A common approach to
simplified (reduced-order) analysis of such
instabilities is to apply an acoustic modal
expansion for fluctuating fluid and flow
properties and to use models for heat addition
that depend on pressure and velocity
fluctuations. Some basic elements of such
modeling are illustrated in the next section on
Rijke tubes. Due to high complexity of actual
physical processes in real-world combustors
and motors, more or less accurate models must
also include effects of mean flow, medium non-
uniformity, nonlinearities, noise, etc., which
lead to significant complication of the analysis.

More detailed simulations of acoustic-
combustion instabilities can be also conducted
with the use of modern computational fluid
dynamics (CFD) solvers [17], [18]. However,
such simulations remain computationally
expensive and still require extensive validation
due to simplified nature of some models
employed by these programs (e.g., for
turbulence and chemistry in reacting flows).

Comprehensive experimental studies of
combustion instabilities require sophisticated
equipment, such as laser-based diagnostic
systems [19] and are usually conducted in
simplified setups that may not accurately
represent real devices (such as motors of large
rockets). Nevertheless, these experiments
provide useful insight on  heat-sound
interactions and can be used for validating
numerical tools. One of the practically
important experimental directions is to measure
flame response to forced acoustic oscillations
with the purpose to establish relations between
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acoustic fluctuations and unsteady heat addition
(flame transfer functions), which can be
subsequently used in simplified modeling of
acoustic-combustion instabilities [20].

3 Rijke Tube

Perhaps the most commonly used setup for
demonstrating thermoacoustic phenomena and
studying fundamentals of thermoacoustic
instabilities, = both  experimentally = and
theoretically, is the Rijke tube (Fig. la). It
represents a resonator, usually a straight tube,
with a permeable heater. Mean flow through a
Rijke tube is the essential feature; it can be
caused either by natural convection (for
vertically oriented tubes) or by external means
(e.g., air blower in horizontal configurations).
At some values of the main system parameters
(supplied heat, heater position and mean flow
rate), self-excited acoustic oscillations appear.

In a simple approximation for a Rijke tube,
the one-dimensional wave equation for acoustic
pressure p' in the presence of heat addition

with rate ¢' per unit volume can be written as
follows [21]:

9°p'
ot’

9’ p 3
—faji=w—n£- )

where ¢ is time, a is the speed of sound, and x
is the coordinate along the resonator. Acoustic
motions in the chamber can be presented using
Galerkin technique for the acoustic mode
decomposition [22],

P60 = py > 1,0V, (x) 3)

1 dn, d

where 77, (¢) is the time-varying amplitude of
the n™ mode, ¥, (x) is the pressure mode shape,
and k, is the modal wave number. The mode

shapes and corresponding natural frequencies
can be determined by substituting acoustic
modes from Eq. (3) into Eq. (2) and solving
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with the zero right-hand side. For example, in
the case of uniform medium and constant cross-
sectional area and the simple pressure release
boundary conditions p'(0,¢) = p'(L,t) =0, the
will  be w, =sin(k,x) with
k,=nmn/L,where L is the tube length.

In the case of a compact heater, the unsteady
linearized component of convective heat
transfer rate can often presented as follows [23],

waveforms

9 _ 4

0 Uy

YO0 s x,) 5)

where QO and u, are the steady components

of the heat addition rate and flow velocity, o is
the delta function, x, is the heater location

along the tube, 7 is the delay due to thermal
inertia, and A4 is the magnitude of the transfer
function between velocity and heat fluctuations.
The form of Eq. (5) is similar to the well-known
n—t model commonly used for simple
analysis of thermoacoustic instabilities [24].

Considering small cycle-to-cycle variations
and utilizing Rayleigh criterion (Eq. 1), one can
determine a dependence of acoustic power
converted from heat for the first acoustic mode
in a Rijke tube

E, ~ %Asm(zn x, / L)sin(wr) (6)
u
where o is the angular frequency of
oscillations. With the time lag often being small,
Eq. (6) implies that positive heat-to-sound
energy conversion for the first mode can occur
only if the heater is positioned in the upstream
half of the tube, and the heater optimal location
is at one-quarter tube length from the tube
upstream end. Accounting for acoustic losses,
non-uniform medium and other effects,
reasonably good predictions can be made for
the sound onset in an actual Rijke tube. An
example of a simplified comparison of
theoretical results and test data is shown in Fig.
2c. These data also include results for a
segmented Rijke tube consisting of two tubes
with different diameters (Fig. 2a); such a
system was found to have substantially lower
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heating requirements for

thermoacoustic instability.

exhibiting

(a)

(b)

g T ' Straight o
> 300+ Excited regime tube P 7
® O __.-=""" Segmented
§ 200 | - O tube
% o""'
< ,o"o i
& 1007 o =" Quiet regime
5 -
I 0 1 1 1

0 05 1 1.5 2

Mass flow rate [g/s]

Figure 2. (a) Electrically driven segmented Rijke tube with controllable mean flow. (b) Nichrome wire heater. (c)
Boundaries between quiet and excited regimes in constant-diameter Rijke tube (filled circles) and segmented Rijke tube
(open circles). Symbols show experimental data points; lines correspond to theoretical predictions.

Besides the onset of sound, a variety of
nonlinear thermoacoustic effects are observed
in Rijke tube systems, including hysteresis,
limit-cycle saturation, noise-induced triggering
of instability, interactions between harmonics,
and so on. An example of hysteresis in the
stability boundary is given in Fig. 3a. Much
higher heating power is required to initiate
sound in comparison with the transition back to
the quiet state. This hysteresis loop resembles a
combination of subcritical Hopf and fold

bifurcations in a dynamical system (Fig. 3b).
Similar phenomena have been also observed in
actual combustion  systems prone to
thermoacoustic instabilities. In recent years,
some efforts have been undertaken to apply
nonlinear analysis of dynamical systems to
model such effects in Rijke tubes with a hope of
eventually extending these models to predict

and control performance of real-world devices
[25-27].
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Figure 3. (a) Acoustic pressure amplitude and transitions between quiet and excited states in Rijke tube (Matveev 2003).
Variation of heat supply rate: P, increase; «, decrease. (b) Subcritical Hopf and fold bifurcations.

4 Thermoacoustic Engines

Besides generally harmful thermoacoustic

instabilities in  rockets and  burners,
thermoacoustic  oscillations can be also
beneficially applied to convert heat into

mechanical and then to electrical power or to
pump heat. Novel devices developed for this
purpose are known as thermoacoustic engines,
which comprise both prime movers and
refrigerators. In these systems, thermal
interactions between oscillating gas parcels and
solid surfaces is essential, and most devices of
this sort employ s some sort of porous material
(called stack or regenerator) with large surface
area. A schematic of a simple standing-wave
engine is shown in Fig. 4. The acoustic power is
generated in the stack in the presence of
externally maintained, sufficiently large

Hot HX Cold HX

Stack /

Resonator

Acoustic oscillations
-

Closed
end

(@)

A:} E
P(x) | u(x)

temperature gradient. At the proper location of
the stack inside the resonator, the heat is
transported to gas parcels oscillating in the
fundamental acoustic mode at the moment of
their compression and extracted at the moment
of rarefaction. Therefore, acoustic power is
generated, according to Rayleigh criterion (Eq.
1). Besides simple standing-wave engines, more
complicated and more efficient traveling-wave
engines with closed loops, as well as cascade
engines, have been introduced [31-33], some of
which  experimentally demonstrated high
second-law efficiencies approaching 50%. With
a source of acoustic power, it is also possible to
invert the thermoacoustic process and pump
heat from a low-temperature space to a high-
temperature sink, thus producing refrigerating
effect [34].

Heat < " !
T Yol Heat
Hot Cold
(c)
p, = P(x)e'” u, =iU(x)e'™

(b)

0 Xs

>
>
X

Figure 4. (a) Schematic of a standing-wave thermoacoustic engine. (b) Ideal acoustic pressure and velocity waveforms.
(c) Thermal interaction between an oscillating gas parcel and stack plate with strong temperature gradient during one
acoustic cycle.

The initial fundamental analysis of
thermoviscous interactions between oscillating
gas and solid surface was carried out by [28].
The adaptation of this linearized theory for
practical calculations, development of a
numerical software DELTAE (freely available),
and construction and testing or prototype
thermoacoustic systems was accomplished at
Los Alamos National Laboratory [29], [30].
One of the major theoretical results is the

acoustic power WM produced by inviscid ideal

Journal of Dynamics and Vibroacoustics, 2(1)

gas oscillating near a two-sided solid surface
under a mean temperature gradient |VT

_lpl2 |VT| -1
Y Py ‘VTcr,id‘

2

. 1
W :EékBLcoy (7)

where B and L are the width and length of the
plate, and p, is the acoustic pressure amplitude.

The ideal critical temperature gradient ‘VTC oy d‘

10
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and thermal penetration depth 0, in Eq. (8) are
defined as follows,

VT, .| == ®
Pu€pth

5 = 2% )
a

where p, is the mean density, ¢, is the specific

heat of the gas at constant pressure, u, is the

acoustic velocity amplitude, and K is the
thermal diffusivity. The physical meaning of the
thermal penetration depth is the length over
which heat can propagate during one acoustic
cycle. The critical temperature gradient VT, ,

corresponds to the condition of sound onset in
the idealized system. These equations can be
used to roughly evaluate the necessary
temperature difference and the amount of
acoustic power that can be generated. For more
accurate estimations, one needs to account for
viscous effects in the stack and acoustic losses
in other system elements [35].

Although the linearized thermoacoustic
theory is found to be in reasonably good
agreement with experimental results, most
practical thermoacoustic systems operate (or are
expected to operate) in high amplitude regimes.
Accordingly, new scientific and engineering
challenges arise due to novel complex and
interesting phenomena, such as nonlinearities,
acoustic  streaming, interface conditions,
turbulence, transient regimes, integration with
electroacoustic  transducers, and so on.
Investigations of some of these effects have
started, but more  experimental and
computational studies are certainly required
[36-39].

With regard to practical applications of
thermoacoustic engines and refrigerators,
thermoacoustic ~ cryocoolers are  already
available on a commercial basis from several
companies, such as Qdrive and Sunpower.
Prototype thermoacoustic systems have been
tested for a variety of applications, including
natural gas liquefaction [40] remotely located
power systems and refrigerators [41], devices
for harvesting solar energy and waste heat [42],
cooking stoves that can produce electricity and

Journal of Dynamics and Vibroacoustics, 2(1)

cooling, and so on. There are also efforts aimed
at developing miniature thermoacoustic engines
that can provide power or cooling for remote
sensors when a heat source is available, thus
eliminating a need for battery replacement [43].
Figure 5 shows a demonstrator of a small-scale
engine (similar to that in Fig 1c but without an
electroacoustic transducer), as well as acoustic

pressure amplitude measured inside the
resonator.
——— 2500, ,
ittingfor pressurese i .
H p @ e
< 1500} | o @
e ! N
Hot part 500 i
Ceramic holder i
(a) N (b350 300 350

AT[K]

Figure 5. (a) A photograph of 67-mm-long standing-wave
engine. (b) Acoustic pressure amplitude recorded as a
function of the temperature difference across the stack.
The dashed line corresponds to the sound onset (critical
AT).

5 Concluding Remarks

Heat-sound  interactions in  acoustic
resonators with heat release can result in
excitation of acoustic modes. Amplitudes of
these oscillations may grow up to the level
detrimental or even dangerous for systems such
as rocket motors or industrial burners. On the
other hand, thermoacoustic motions can be
harnessed to generate useful
mechanical/electrical power from heat or to
produce refrigeration effect. The fundamental
physics of heat-sound interactions at low
amplitudes is reasonably well understood, but
many high-amplitude phenomena still represent
challenges  for  practical  control  of
thermoacoustic instabilities in combustors or for
efficient heat-sound energy transformations in
thermoacoustic engines. Hence, this area is
attractive for future scientific investigations and
technological developments. A variety of
constructed prototypes of thermoacoustic
devices demonstrate a potential promise for
widespread application of thermoacoustic
technology.
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1 BBenenue

OTtnenbHbIM UHTEpEC B CUITy
A’POJIMHAMUYECKHUX MPUIIOKEHHUH BBI3BIBAET
3a/1auya OIMUCAHUS HBOJIIOLUU U CTPYKTYPHI
yAapHOM BOJIHBI B Ta30BOM cpene. ITa
npobiieMa TOAPOOHO WCCleAoBalach B
paBHOBecHBIX cpenax [1] u ap. OgHako B
HocJieIHEE BPEMsI TIOSBUJIOCh 3HAYUTEIBHOE
4yHUCJIO paboT, UCCIEAYIOUIMX SBOJIIOLMIO U
CTPYKTYPY YJapHOM BOJIHBI B pa3psize.

EcrecTtBenHnon B HEPaBHOBECHOM
ra3opaspsgHOd IuUIa3Me€ IPEACTaBIAETCS
CUTyalusi, MNpU  KOTOPOH  pa3BUTHE
PA7€eBCKOM HEYCTOMYMBOCTU MPUBOAUT K
YCWJICHUIO AaKyCTHYECKHUX BOJH MaJou
aMIUTUTYAbl ¥ yJIapHbIX BOdH. OJHAKO
pacrpocTpaHeHHe  yJapHbIX  BOJH B
HEpPaBHOBECHBIX CpeJax, IMPEeXIEC BCEro B
YaCTUYHO MOHHU30BAaHHOM miasMme,
JEMOHCTPUPYET U JPYTUE YEPTHI, 3aMETHO
OTJIMYAIOIIME UX OSBOJIOLMIO OT TYTH,

O4YCPUYCHHOI'O BBIIIIC. B AKyCTHYCCKU
AKTHUBHBIX cpeaax SKCIICPUMCHTAJILHO
Ha6JHOI[aIOTC$I clIcayromue aHOMAJIbHBIC

3QQEKTH: YCKOpPEHHE YHApHBIX BOJH U
HEMOHOTOHHOCTh X (POHTA; 3aMeTHOE
YMEHBIICHUE AaMIUTUTYAbl YIAapHBIX BOJIH
Opd  OJHOBPEMEHHOM  YIIUPEHUH  HX
¢ponra, MOSIBJIEHHE MIPEBECTHUKOB
yaapHbIX BosH [2-4] u ap. Kpome toro, Ha
JKCIIEpUMEHTe HalmronaeTcss obpa3zoBaHue
BUXpel Ha (pOHTE yIapHOW BOJNHBI [2],
YMEHBILIEHUE BOJIHOBOTO COIPOTUBIIEHUS
[5], [6] u npyrue >3pdexTs.

Journal of Dynamics and Vibroacoustics, 2(1)

IKCnepumermalbHovlMu OAHHBIMUL.

Knroueswte cnosa: Obmexanue; akycmuueckoe nojie;, HepasHo8eCHOCHb,
HeUHEelHOCMb

2 IlocraHoBKa
pe3yabTaThl

3aja4Ya MU OCHOBHBIC

3anaya OIIpeeICHUS CTPYKTYPBI
aKyCTUYECKOTO IIOJISl, MCTOYHMKOM KOTOPOTO
CILy’HT TOHKOe Teno L/, >> M, rne I, u [, -
IIPOJOJIBHBIM M TONEpedHbIi MacmTald Tena,
HaxojdAmieecs B CBEPX3BYKOBOM  IIOTOKE
HEPaBHOBECHOTO ra3a, UMEeT BaKHOE 3HAUYCHUE,
MOCKOJIBKY UMITYJIbC, YHOCHMBI BOJIHAMH, AT
CYULIECTBEHHBIH BKJIAJ B CHIIy COPOTHUBICHHS U
MOJBEMHYI0  CHJIY TIPU  CBEPX3BYKOBOM
JBUKECHUH, bopmupys BOJIHOBOE
conpoTuBieHue [6].

AHanu3 JBWXKEHHS ra3a BJAIM OT TOHKOTO
TeNla, TMPU €ro JBWKEHUH B HEPAaBHOBECHOM
raze, OyleM TMPOBOAWTH MPU CIETYIOIINX
CTaHJApTHBIX NPEIOI0KEHUSX.
PaccmarpuBaercsi CBepX3BYKOBOE OOTEKaHUE
TOHKMX TeJl TpU MalbIX yriax aTaku
OJTHOPOJHBIM TIOTOKOM HEPaBHOBECHOTO Ta3a ¢
HEBO3MYILEHHON cKopocThio U = (U,0,0) mpu
YCIOBUM TOTEHIMAIBHOCTH BO3MYILICHUH €ro
napameTpoB (pucyHok 1). Takum oO6pazom,
MIPEIOIaratoTCs BBHIOIHEHHBIMU yCIoBUs: M
= volus >1, I/[,>> Mu 6 =1/, << I, tae l.,-
3¢ PEeKTUBHBIC JJIMHA U TOJIIMHA Tea, O - YToJ
ataku, M =U/us, us - CKOPOCTH 3BYyKa.
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Vo

Ca(x) o

l

Cu](xl

Ix X

Pucynoxk 1. [Tonepeunstit pazpe3 o6TekaeMoro Tena.

B kauectBe ucxonHoii OyaeM paccMaTpuBaTh
CUCTEMY YPaBHEHUH, BKIIFOYAIOLIYI0 YPABHEHUS
JBIKCHUs, HEIPEPBIBHOCTH, COCTOSIHUSA W
YPaBHEHUS Ul DHEPrUM IOCTyNaTEIbHOU H

KonebaTenbHOM  cTemeHedl  cBoOoabl  (Auis
OIIpEAEIEHHOCTU 3aukcupyem TUI
BHYTPEHHEH  CTemeHu CBOOOIBI,  BHIOpaB

K0J1€0aTeNbHYIO CTENIEHb CBOOOIBI).

[locnennue Tpu ypaBHEHHs, 3alMCaHHbIC
IUI BO3MYILEHUI JaBlI€HHUs U IUIOTHOCTH Ta3a
P" =(P-Py)/Py, p' = (p - Ppu)/po, cCBOOATCI K
onHomy [1]:

2
P'=u°°2p'+la }:O pv2_K 1 1 =
2 9dpg cy  Cp
mu02
T

+

0
J‘pv(ev)e—(e—e')/‘tdev,

[onoxum v(x,y,t) = U + v'(xy,8), px,y,t) = po
+ p'(xyt), nT.a., tae v, p, P, T’ &' ~ e << I,
HEBO3MYIIICHHAS CKOpOCTh OTOKA
napasuiesibHa ocu x, v' = V.

Kaxk yxazano B [7], ABMKEHUE ra3a BIajdu OT
TeNla, MPEJCTaBIseT COOOH 3BYKOBBIC BOJIHBI.
AkycTtHueckoe mose, (GopMupyemMoe TeIoM B
MOTOKE, HECTAIllMOHApHO, eciH uuciio Ctpyxans
MaJIo:

U™

Sh = <<1.

x
CranmronapHoe mojie OpMHUPYETCs, €CIIH YHCIIO
Crpyxans  Benuko: Sh >> 1, wm
JMCTIEPCUOHHOE COOTHOILICHHE ISt
BO3MYILIEHUH MOTOKA @ = usk + Uk nomyckaer
CYULIECTBOBAaHHME CTAIIMOHAPHBIX BO3MYILIEHHUH C
w=0.
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Bynem cHoBa cuuTaTh, YTO CKOPOCThH 3BYKa
COJIEPKUT (IYKTYUPYIOILYI0 KOMIIOHEHTY Us =
u[1+ @ ], tne 7 = (x,y), {(F) - onHopoaHas
ciyuaitHas Gyukius, <{> = (. [ocne cepuu
CTaHJIAPTHBIX TPeoOpa3oBaHUM, ONMUCAHHBIX B
[2,6], Wi BBICOKOYACTOTHBIX BO3MYIICHUN WT
>> ] ¢ TOYHOCTBIO [0 CJIATaeMBIX ~ £ HMEeM

9,ul 2(9—u2 (1+¢(F)) Vo=
ot ox -

=b 3+Ui 2p— o u. @+ R[®],
ot ox

rac
1 (9 dYdp 1(d . 9 )
Rgl=—| Z+0 2 | L~ [ 21y 2 |ve) -
. 2ui[at+ Bx] o 2uw[8t+ ax} ?
2

wo-1(d (a9

=yl [ Lrulp| -
uZ (aﬁ axﬂaﬁ o }

-V| Vg 2+Ui .
ot ox

[IpencraBuM (yHKIHIO (@ B BUAE CYMMBI
KOT€PEHTHOU U (PIIyKTYUPYIOIIEeH KOMIOHEHT (0
= <@> + @/, tne <> = 0. Torga B cucreme
oTcyeTa, ABMKYIIENcs co ckopocteio U, t = ¢, &
= x - Ut, y = y cTpyKTypa I0JI OIUCHIBAETCS
[1apoy CBS3AHHBIX YPABHECHUI:

2<o> o 2 ,0< Q>
———u V. <p>=bV -
a2 =e =P ot

= Ol Uy, <O>+R[<Q>]+ (1)

+2ul <Vig'>+ul <’ >Vig

82 |

a—(zp—ungch':ZuigVE <Q>. (2)
t

Pemenue ypaBHeHUs (2) MOKET ObITh MOIYUYEHO

MetoqoM ¢GyHKuuii ['puna: BeipaxeHue s ¢

MOJKET OBITh 3aIMCAHO B BUJIC

9'(71) =G0 * 2500V <> 3)
Bnecw . = (Ey).

[ToncraBum cooTHomieHue (3) B ypaBHEHHUE
(1). C npunstoii npu nonydenuun (1)
TOYHOCTBIO 3TO YPaBHEHHE MOXKHO IE€PENUCaTh
B CJIEIyIOLIEM BHJIE
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2
a<—('»—uf<,(1+c52)V Pcp>=
at2 g
0< Q>
=bV L o u, <Q>+
o Hes? L@

2
+R[<(p>]+4uiGB*§7V§ <Q>

UCKJTIOUMB  (DIYKTyHpYIOIIME BEJIWYUHBI |
[IOJIyYUB TE€M CaMbIM 3aMKHYTOE€ YpPaBHEHWE,

OINMCHIBAIOLIIEE  CTPYKTYPY  OCPEAHEHHOTO
aKyCTHYECKOTO TIOJISl, H3Iy4aeMOro TOHKHM
TEJIOM B CBEPX3BYKOBOM TIOTOKE
HEPaBHOBECHOTO Ta3a. 3/1eCh
Ot —1)B(r. —r'%)
B= L+ F[E],
U,
B(i —r'e ) =<C(:)C(r:)> -  Oe3pasmepHblii

KOppenaTop (QIyKTyalnuil CKOpOCTH 3ByKa, a
¢yHKIMA Z B YacTHOM CiIy4ae TIayCCOBOMU
KOPPEISILIMOHHOM byHKIMN

B=Byexp(—|r,—r'" ? /I?) umeer Bux

it gL\ f iut gL
Xp{( I 2)) erfC(( i3 2)j+
2u

—
— —
— —

oo

iu t gL ; iu t gL ’

exp| ——+—) |erfe| (——+—

(1 ot )

2u,,
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Oponronusl  cpeaHero  moias  <¢@p> B
3HAYUTEILHOM CTENEHN 3aBHCUT OT BEIMYUHBI
L/A, tne A - nouna Bomubel. Ilpu L/A << [

MOJIBIHTETPAIILHOE claraeMoe B (4) MOXKeET OBbITh
pa3NoXKEHO B pPAJ MO CTCNCHAM 7; —F':

+

Hcnonp3ys acMMOTOTHYECKOE Ipe/ICTaBIICHUE
byHKUMU erfc(z), TIPUXOAUM K YPaBHEHHUIO

2
a;—;’»—ui(l+302)vgz<q}>:
t
<>
BV 22T g u, <>+
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200—’ i} = ] el
MT:EJ(Fg—Fé)B|V&—V§|dF§_

[Ipu >THX yCIOBHSX XapakTepHas LIMpUHA
¢bponra BomHbl [ ~|Ur| >> [, roe Iy - nnnHa
cBOOOMHOTO  mpoOera, CoOBMAJArOMas IO
HOPSIIKY ~ BEIIMYMHBI € LIMPHHOW  (pOHTA
y/apHOH BOJIHBI B PaBHOBECHOM Trase IpU TeX
e YCIOBHSX.

JU1sl OLICHKH XapaKTEePHOH JTMHBI 3aTyXaHHUs
BO3MYIICHHUSA [p 3aMETHUM, YTO aKyCTHYECKOe
gyucno PeifHonpaca  Re Mg /\Url@ B
paccMaTpuBaeMbIX YCIOBUSX Mallo Re << [, B
CHJIy Y€Tr0 MOXHO HCIIOJIb30BaTh CTaHIAPTHYIO
IpOLEAYpY MOUCKAa peuieHust ypaBHeHus (5)
[1]. B pesynpTaTre uMeeM OLEHKY Ip ~
2ul\ur| @

Ecoun paccessHue BOJHBI NPOUCXOAUT Ha
KPYITHOMACIITa0HBIX BUXPSAX C 3((eKTuBHBIM
BOJIHOBBIM 4HCIOM k,, k. >> k, TO paccesHue
MIPOMCXOIUT B OCHOBHOM Ha Mallble YTJIBI, TaK
YTO 3aBUCHUMOCTh OT MEPEMEHHOH Yy MOXKHO
CUMTaTh MEIUICHHOU. B 3TOM ciy4ae sBomronus
yAapHOH BOJHBI YAOBJIETBOPSET YPABHEHUIO

2 3
29> 214367V, <(p>:baa<—(2>—

10,
<>
Tot

0 3 —_ —_

N J- d <(p(§—:,t—\:|)>B(E)dE
o oroE? ’

rae V., = O, U, - BPEMECHHOW HHKPEMEHT
pEeNeeBCKON HEYCTOMYUBOCTH, PUCYHOK 2.

+R[<Q>]+

PucyHok 2. 3aBUCHMOCTb aKyCTHYECKOTO HHKPEMEHTA B
KosebaTenbHO BO30YXKAEHHOM Ta3e OT BOJTHOBOTO YHCIA
k, ¥ cTeneH! HEPaBHOBECHOCTH S.
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Jlerko BUAETh, YTO TPU MOHOTOHHO
crajaromeld KoppelsiuuoHHOW —(yHKIMN B
JMCTIEPCUOHHASI 3aBUCUMOCTH IMPH JOCTATOYHO
(31031918170:¢ BOJIHOBBIX qHCIax HOCHUT
JUCCUNATUBHBIN Xapaktep: Im(w) > 0. llpu
3TOM K03 puLreHT TypOyJIeHTHOMI
NUCCUMAIIAN ~ Msz/ky MOXET CYIIECTBEHHO
IIpEBBILIATD KO3 PHUIHEHT BA3KOCTHOM
nuccunanuu b.

3 3axkiaouyenue

Mopenu, mNONMy4YeHHBIE 31ECh, ONMCBIBAKOT
Ooiee MIMPOKUI Kjacc sBICHUH. Xapakrtep

HBOJIIOIMK  CIIAOOHETMHEHHOTO  HAYaJIbHOTO
BO3MYUIICHUA B HepaBHOBeCHOﬁ
GaykTyupyromeil ra3zoBoil  cpeie  CHIIBHO

3aBUCUT OT CTCIICHHU HCPABHOBCCHOCTU CPCIBbI,

CHeKTpa W HayaJIbHOW  aMIUIUTYAbI
BO3MYILICHHUS], XapakTepa u CTENEHHU
TypOyneHTHOCTH cpenbl. Tor  dakrt, dYTO

SBOJIIOIMS  YAapHOW BOJHBI B aKyCTHYECKH
aKTUBHOM cpele 3aBUCHUT OT MHOXECTBa
YIPaBIISIONIUX apaMeTpoB,
MPOMJLTIOCTPUPOBAH BBIIIE M MOJATBEPKIACTCS
HKCHEPUMEHTAIBHO.

HedictBurensHo, B ycioBusx  [8,9]:
TJICIOIIUN pa3psal B Bo3ayxe wiu azote, P ~ 30
Top, M ~ 1.1-1.7, @ ~ 4-6-10° I'y, 7 ~ 3-5-107
c, o, ~ 2107 em!' mabmomaercs HEKOTOpOE
YBEJIMYECHUE aMIUTUTYbl yAApHOI BOJHBI NPH
OJHOBPEMEHHOM yHMpeHun ee ¢Qponra. B
YCIIOBHSAX JTAHHOTO HKCIIEPUMEHTA "
¢bnykryupytoumii  GOH UM BO3MYILIEHHE,
pacmpocTpaHsifonieecss B cpeie,  UMEIOT
OJMHAKOBYIO TPHUPONY - O3TO aKyCTUYECKHE
BOJIHBI. B pe3ynbrare dbopmupyercs
CTallMOHAPHAS AaKyCTHUYECKasi TypOyJIEHTHOCTb.
VYnapHas BOJIHA, pacHpOCTPAHSIOUIASCS IO
TaKOW cpesie, yCUIMBACTCS, a €€ paccesHue Ha
¢byKkTyanusax cpensl dopmupyer
TypOyJIEHTHYIO BSI3KOCTb M  IPUBOIUT K
YIIUPEHUIO (pOHTA BOJHBI Ha BenHuuHy Al =
u./ur@ - u./u.er. Hanpotus, B ycmoBmsx
[10] ymapwas BomHa M ~ 1.2-1.9,
pacrpocTpaHsiack B cpene, rae TypOyJieHTHbIe
MyJbCAIMU CO3AABATNCH IIEPOXOBATOCTSIMH Ha
CTEHKax pabodeil kamepbl TpyObl M HMenH
NPUPOJY, OTIUYHYIO OT TPUPOABI yIAPHOI
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HaAOJIIOIAJIOCH
U yIIHUpEHHUe

BOJIHBI. B pesyabpTare
OJTHOBPEMEHHOE  OCiIa0JIcHHE
(bpoHTa yIapHOI BOJIHBIL.

Pabora monmmep:xana MunoOpHayku PO B
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KoHKypeHTocnocooHocT CI'AY na 2013-2020
rr. u [ocymapcTBEHHOro 3aJaHusi By3aM WU
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NesATeIbHOCTH, MPOEKT Ne 608.
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L.P. Zavershinskii, fJACOUSTIC FIELD OF THIN BODY IN A FLOW OF
V.N. Knestyapin,ANONEQUILIBRIUM FLUCTUATING GAS

E.Ya.Kogan

The equations describing the structure of the average acoustic field of well

Samara State Aerospace University Wstreamlined thin body in supersonic gas flow of the non-equilibrium

34, Moskovskoye shosse, Samara, @random media are received. It is founded the dependence between shock

443086, Russia.@wave front shape and relation of correlation radius and wave length. The

ipzav63@mail.rufresults are compared with experimental data.

Keywords: Streamline; acoustic field; non-equilibrium; non-linear
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1 BBenenue

MexaHudyeckrue Kole0aTeNbHbIC MPOIECCHI
UMEIOT OOJIBIIIOE 3HAYCHHE B COBPEMEHHOU
TEXHUKE, MPUMEHUTEIBHO K KOTOPOM MHOTHE
MEXaHUYECKUX KOJeOaHMA Ha3BIBAIOT
BuOpanuen. Hanname takux xoyiebaHU MOXKET

BUJBI

subpomempuu”, Maii, 2015

INPUMEHEHUWE CTPYKTYPUPOBAHHbBIX B
IMPOCTPAHCTBE U BPEMEHMU JIASEPHbIX
IIYYKOB B BUBPOMETPUHN

Paspabomanvl nazepuvie uzmepumenu subponepemeujeHutl, no360a0uUe
00HOBDEMEHHO ~ (PUKCUPOBAMb MPU  NPOCMPAHCMBEEHHbIE  KOMHOHEHMbL
nepemewenull N0GepPXHOCm — 08e y2n06vie U 0OHy ROCIynamenvuyio. s
UBMepeHUsL Y208bIX KOMNOHEHM NepeMeueHuti UCTIONb3Yemc s 3ePKAIbHASL
cocmasnaowas OMPANCEHHO20 HOBEPXHOCTNBIO U3NYueHus, a
nocmynamenvhon — oupgysuas. HUmnyaibcHO-NepuoOUdecKull  percum
[pabomul nasepa obecnewusaem usmepenue vacmomeol eubpayui. Ilokaszano,
umo npumenenue 8 6UOPOMempax CMpyKmypupoSaHHvIX 6 NPOCMPAHCmee U
8peMenU 1a3ePHbIX NYUK08, noeviulaem Ovicmpodelcmeue sUOPOMEmpos u
[pacwupsiem nomenkiamypy usmepsemvlx napamempos.

Kniouesvie cnosa: eubpomempus, umnyivsc, Jaszep, nepemewjeHue,
nonepeuHas CmMpPyKmypa J1a3epHo20 NyuKad, 6PEeMEHHAsA  CMmpYKmypa
J1A3epPHOo2o nyvdKka
napamerpsl. M3 uU3BECTHBIX Tpex TPyl
ONTUYECKUX METOJOB H3MEPEHHUs BUOpAIIHIA:
JOIIJICPOBCKHX, rojorpapuuecKux u
3epKaJIbHBIX, IIOCJICTHUE OTJINYAIOTCS
OTHOCHUTEJIbHOMN IIPOCTOTOMN npubOpHOTO

o0ecrieyeHns: 1 MHTEPIPETAIUU PE3yJIbTaToOB, a
TAK)K€ I[IUPOKUM JIMANla30HOM H3MEPSIEMBIX

OTpakaTb  HCIpaBHOE  (PYHKIMOHUPOBAHHME | YACTOT U aMIUTUTYZ BUOpALUil.

MexaHu3zMa (IepeMelmuBaHiue Hu yYTpaMOOBKa TpaexTopus JIBYDKEHUS 3IIEMEHTa
O0eToHa, TPAaHCHOPTUPOBKA M  COPTUPOBKA | KOJEOJIOMIEHCS  IMOBEPXHOCTH  COACPIKUT
CHIYYMX TeJN, I0Jadya MEJKUX JeTaJied B | IEHHYI HHPOpManuioo 00 O0COOEHHOCTSX
MOTOYHOM IPOM3BOJICTBE, U3MeNbYeHHEe | KojeOaTenpHOW ~ CHCTEMBl M BHEHIHHUX
noponsl, 3a0uBKa  cBaif,  BHOpompokaT, | Bo3aeHCTBHsX [2]. Tak cTaTUCTHUECKUI aHAIIN3
BUOpOIIpECCOBaHME, BUOPOOYMCTKA, | TPAEKTOPUI BEPIIMHBI PEKYIIETO HHCTPYMEHTA
BUOpoaOpa3uBHOE  YNpO4YHEHHE, OypeHHe | B TPEXMEPHOM IPOCTPAHCTBE MOXKET MOMOYb
CKBOXMH HM T.JI. M T.OL), & MOXET OBITh | ONpeAenuTh cllabble  obmacT  paboyero
HE)KEJAaTeNbHbIM U JJa)K€ ONACHBIM SBJICHHEM, | MPOCTPAHCTBA CTaHKa, 33/]aTh HANpPaBICHUS
COITPOBOKIAIOIIUM ero OKCIUTyaTallii0 | MOWCKA  HEJOCTAaTKOB  €ro  KOHCTPYKIHUH.
(BuOpopa3pyiIeHre U U3HOC, pa3bloCTHpoBKa U | CpaBHUBasi ~ XapaKTEPUCTUKU  TPACKTOPHUH,

IIyMBI, IpoeCCHOHANbHBIE 3a00I€BaHUS U T.1.
u T.m.). COOTBETCTBEHHO 3TOMY TOBOPST O
BUOpalMK 1OJIe3HOM uiau BpenHo. Bo Bcex
Clly4asiX Kak IpU TOJE3HOM IPUMEHEHUU
BUOpanmii, Tak npu 6oprOe ¢ Hell HeoOXO0AUMO
pacnojiaraTb SKCHEPUMEHTAIBHO MOJYyYEHHOMN
uHpopManuen 0 napamerpax,
XapakTepu3yromux Budparmio [1].
beckoHTakTHBIE ONTUYECKUE METO/IbI
U3MEpeHUsl BUOpaIMil BHITOJHO OTIMYAIOTCS OT
KOHTaKTHBIX ~ OTCYTCTBUEM  MEXaHUYECKOU
CBSI3M M, CJIEI0BATEJIbHO, BIMSHUEM 30HJA WIN
JaTYMKa Ha OOBEKT M3MEPEHUI U U3MepsieMble

Journal of Dynamics and Vibroacoustics, 2(1)

MOJIYUYCHHBIX B OAWMHAKOBBIX YCJIOBUAX PEC3aHUSA
Ha pa3HbIX CTAHKAX, MOKHO BBISIBUTH INPUYHHBI
pPa3HOTO KadyecTBa MOITY4YaeMbIX MOBEPXHOCTEH
[3]. [Tepenaua BUOpalIMOHHBIX BO3MYILIEHUN IO

MEXaHUYECKON CTPYKTYype MaIINHbI
OCYIIECTBJISICTCS YIPYTUMH IPOJOJIBHBIMU U
[IONEPEYHBIMU BOJIHAMH (M3rUOHBIMH,
CIABUTOBBIMHU U T1p.) [4].

Wnentudukamms bopm Kose0aHui
9JIEMEHTOB KOHCTPYKLUUN TpeOyeT U3MEepeHUi
BUOpOIIEpEMELLIEHUI o HECKOJIbKUM
IIPOCTPAHCTBEHHBIM KOOpJMHaTaM B
IIOCJIEI0BATEIILHON WIN napajuieJIbHON
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MOCTAaHOBKE 7KcnepuMenTta [5]. EcrectBeHHO,
YTO MapajuieibHasl IOCTAaHOBKAa SKCIIEPUMEHTA
BO3MOXXHa  JIMIUb  [IPU  HCIIOJIb30BAHUU
MHOTOKOMIIOHEHTHBIX U3MepuTesieil. ABTopaMu
ObUIM  TIPEAJIOKEHBI  J1BA  OPUTHHAJIBHBIX
Ja3epHBIX U3MEpUTENIel BUOpOIIEpEMEIIEHNH, B
KOTOPBIX peain30BaH 3epKalibHbIA MeToa [6],
[7]. UcTouHnKOM H3MEpUTENHHON HHPOPMALIUN
SABJIAIOTCS maddysnas u 3epKajibHas
KOMITOHEHTBI OTPa)KEHHOTO OT BHOPHUPYIOIIEH
IIOBEPXHOCTU U3TyUYEHUS.

Bubpomerpsl MO3BOJISIIOT MU3MEPSATH
NapajuleJIbHO  JBE€  YIVIOBBIE M OJAHY
MOCTYIIATEJIbHYKD ~ KOOpAMHAThl  3JIEMEHTa

KOJIEOIIoecsl MOBEPXHOCTH HCCIIEyEMOIO
o0BeKTa, a MOCHeTHUN BapuaHT [7] - Takxke
yacToThl KojieOaHui. OLEHKEe NapaMeTpoB U
MOTPEIIHOCTEN IIOCJICHETO BapuaHTa
BUOpOMETpa U MOCBSIILIEHA HacTosIas padboTa.

2 CtpykTypa JazepHOro Buépomerpa

BUOpOMeETpa
Hasnauenue

CrpykTrypHas cxema
npejAcTaBieHa Ha pucyHke 1.

subpomempuu”, Maii, 2015

OCHOBHBIX 3JIEMEHTOB U HUX B3aUMOCBS3H SICHBI
u3 pucysnka. llomynpo3paynass miactuHa 2
CIIy)KMT JJI COBMEUIEHMs] NPUEMHOTO U
nepenaromiero  ka"ainon.  I[lomynpospaunas
mwiacTuHa 3 ¢ MaToBoM 4 M 3epKajJbHOU 5
MIOBEPXHOCTSAMHU 3aKperuisiercs Ha o0bekre 14
MaToOBOM CTOpOHOM 5 Kk  BHUOpHUpYIOIIEH
IIOBEPXHOCTH.

Eciu B oTpa)keHHOM OT KoJIeOIOIEerocs
00BEKTa M3ITYYCHUH COJEPKATCS JIOCTATOYHBIC
it paboTbl  (OTONPHUEMHBIX  yCTPOMCTB
MHTCHCUBHOCTH JTU(PQPY3HOH U 3epKalbHOM
KOMIIOHEHTBI, TO OHa BOOOIIE HE HYXKHa,
HanpuMep, AJIs OKPaIIEHHOTO METaJTIM4ECKOIO
npokata. Tenexkamepa 6 ¢ OOBEKTUBOM 7 H
MaTPUYHBIM  (OTONPHEMHUKOM & 00pas3yroT

KaHall HU3MCPCHUA YIJIOBBIX
BUOpOIIEpEMEILLIEHUI o 3epKaJIbHOU
KOMITOHEHTE. 3aech MaTrpuia 8

yCTaHABIMBAeTCS B (OKAIBHON TUIOCKOCTH
oOBeKkTMBa 7 M TpeoOpa3oBaHUS YTIIOBBIX
MepeMeNIeHUN B JINHEMHBIE.

1

Pucynok 1. CTpykTypHas cxema Ja3epHOro U3MEepUTeNs YIJIOBBIX U IMHEHHBIX BHOponepemMeneHuii: 1 — masep ¢
peryaupyeMoil 4acToToil cie10BaHUs HMITYJIBCOB; 2, 3 - IIOJIyIPO3pavyHble IUTACTHHBI, 4 — MaTOBas MIOBEPXHOCTh; 5 —
3epKalibHasl TOBEPXHOCTH; 6, 9 — Tenekamepsl; 7, 10 — o0bexTuBsI; 8, 11 — Matpuunbie poronpuéMHuky; 12 —
JIBYXKaHaAJIbHOE YCTPOicTBO conpspkenus; 13 — [I9BM; 14 — BuOpupyromiast moBepXHOCTh

Tenekamepa 9 co cBoum oOwekTHBOM 10 U
¢dorouyBcTBUTENBHON MaTpuuel 11 obpaszyror

Journal of Dynamics and Vibroacoustics, 2(1)

KaHaJll M3MEpEHUs
BUOpOIIEpEMEILIEHUI B

MOCTYIATEIbHBIX
HaIpaBJICHUU
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NENEI OIS N y4yKa LIUPOKO
pacnpoCTpaHEHHBIM TPUAHTYJIALIUOHHBIM
MeroaoMm [8]. POTOUYBCTBUTEIbHAS MaTpULIA
11 Tenekamepsl 9 ycTaHOBIEHA Ha pPAacCTOSHUU
pe3koro m3o0pakeHus: oT oobekTuBa 10 maTHA
J1a3€pHOT0 U3ITy4EHUs Ha MaTOBOM
noBepxHocTu 4. Onruyeckas ochb TeaeKamepsl 9
COCTABJISIET HEKOTOPBI WM3BECTHBIA YIroil ¢ C
MOJYTIIPO3PaYHOI IJTACTUHOMN 3 u
BUOpUpYIOIIEH IOBEPXHOCTHIO 14, 3HaueHue

KOTOPOTO  OHPENEIAETCS  PACCTOSHUEM 10
nosepxHoctu 14 w  ammauTyno  ee
BUOpOIIEpEMELLIEHUI.

Takum oOpazom, Tenekamepa 6 (uKCUpyeT
MIPEUMYIIECTBEHHO 3€PKAIBbHYI0 KOMIIOHEHTY H
CITY’KUT JTaTYUKOM YTJIOBBIX
BUOpomepeMenieHnidi, B TO BpeMs  Kak
Tenekamepa 9 (QuUKCHUpYET NPEeuMyIIECTBEHHO
T Gy3HyI0 KOMIIOHEHTY U CIY>KUT JAaTYUKOM
MOCTYMATENbHBIX ~ BUOpomepemeniennii. B
pe3yiabTare B TOJNE 3pEHHA KaXAOH U3
TeJIeKaMep, a, CIIeA0BAaTEeNIbHO, U BO BBEICHHOM
B IIDBM wu300paxeHun C KaKIOH U3
TeJIeKaMep MPUCYTCTBYET H300paKCHHE JIHIIb
OJTHOTO ITy4YKa, YTO CYIIECTBEHHO YIPOILAET UX
o0OpaboTky. I[lpuyem B TOMOOHOH ycTaHOBKE
YyBCTBUTEIHHOCTh K YIJIOBBIM IEPEMEIICHHUSIM
HE  3aBHCUT OT  YyBCTBUTEIBHOCTH K
MOCTYTATEIbHBIM.

XoTs B 1OJIe 3peHUs Telnekamepbl 6
npucyTcTByer nud¢dy3Has KOMIOHEHTa, HO: a)
oHa JnedokycupoBaHa; 0) e€ ypoBeHb s
MHOTHX peajbHBbIX TOBEPXHOCTEH — IpoKarta,
HamnpuMep, — MHOTO HIDKE 3€pKaJIbHOM; B) TO Ke
JOCTUTACTCS npu WCTIOJIb30BAHUHU
BCIIOMOI'aTeJIbHOW IOIYNIPO3PaYHON IIJIACTUHBI,
¢ukcupyemoii  Ha  0OBEKTE, 3a  CYeT
ONTUMU3ALMK €€ OTPaKaTeJIbHBIX CBOMCTB. Bee
TPY NPUBEACHHBIC IPUYHHBI YKA3bIBAIOT HA TO,
YTO MHTEHCUBHOCTb JU(Py3HOH KOMIIOHEHTHI
Ha (pOTOUYBCTBUTEIHLHON MATpHIIE TeEKaMEPHhI
3epPKaJIbHOTO KaHajla MOKET ObITh CHIKEHA 10
YPOBHS, Korja JIETKO OCYyILIECTBUMA
aMIUTUTYAHAS CeJIeKLIUs 3epKaJIbHON
KOMITOHEHTBI. Tyt BO3MOYKHA "
NPOCTPAHCTBEHHAsT  CeNleKuus, T.K.  JUId
MOJyYeHHUS BBICOKOW YYBCTBUTEIBHOCTH K
MOCTYTATEIBHBIM TIEPEMELICHUSIM HE00X0AUMO
paborate ¢ yBenuueHueM OonpmmM 1 B
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muddy3nom kanane. Ilpu pacroyiokeHUH ke
(OTOUYBCTBUTEIBHON MAaTPUIBI 3€PKATBLHOTO
KaHanma B (DOKAIBbHOM IUIOCKOCTH OOBEKTHBA
n300pakeHue co3JiaBaeMoe T dy3Hoit
KOMIIOHEHTOH Ha Hell Bcerna OyJeT 0CTaBaThCs
B LieHTpe. Hanuuue ycTpoiicTBa CONPSKEHUs U

I[15BM [103BOJISIET aBTOMAaTU3UPOBATh
U3MEPECHUS aAMILIUTY T YIJIOBBIX u
MOCTYNATENBHBIX ~ BHOpONEpeMEIIeHnil 1o

n300paxeHusIM. DJIeMeHThI 1, 2 coBMecTHO ¢ 6
— 11 00BIYHO OOBEAUHAIOTCS B €IUHBII OIITHKO-
MeEXaHUYeCKUil OJIOK.

3 Ounenka mnorpemHoOCTel Ja3epHOro
BuOpomeTpa

OnTHUKO-MEeXaHUYEeCKH OJIOK IOCTUpYyeTCs
TaKk, YTOOBI KOJUIMMHPOBAHHOE H3JIyuYeHHUE
naaano HEPIEHIUKYIISIPHO 3epKaJbHOU
MIOBEPXHOCTU 5 MOJIYNPO3PaYHOU IUIACTUHBI 3.
Torma oTpaxeHHOE 3epKalbHON IOBEPXHOCTHIO
5 ToJynpo3payHONl TMJIACTUHBI 3 H3JIyuYeHUE
OyZeT pachpoCTpPaHATHCS BIOJIb ONTHYECKON
ocH TenekaMepbl 6 (TesleKamephbl 3€pKajlbHOIO

kaHana). Omnruueckas och Tenekamepbl 9
(muddys3HOro KaHama) BBICTABISIETCS  I0]
3aJJaHHbBIM  yTJIOM @ K  HOpMaiu,
BOCCTaHOBJICHHOU K BHOpHUpYIOLIEH
MIOBEPXHOCTH.

3epkanbHas ~ KOMIIOHEHTa  OTPaXCHHOTO
IIOJIYIIPO3PavYHON IIJIACTUHOMN 3
KOJUTMMHPOBAHHOTO ~ W3IYYCHHUS COOUpaeTCs

00BEKTUBOM 7 TeJIeKaMepbl 6 Ha
(OTOUYBCTBUTEIBHON TUIOMIAJKE MAaTPHYHOTO
doTonpuéMHIKA 8. Pacnionoxenue
(OTOUYBCTBUTEIBHON IUIOMIAJKA MaTPHYHOTO
dotonpuémarka 8§ B (OKATBHOW IUIOCKOCTH
00BEKTHBAa 7 TO3BOJIAET TPeoOPa30BHIBATH
yTIJIOBBIC nepeMeIeHus OTPaKEHHOTO
3epKaJIbHON ITOBEPXHOCTBIO 5 MOJIYNPO3paYHOU
IUTACTUHBI 3, BBI3BaHHbIE BHOpaLUsAMHU, B
CMEILCHHS ¢doxanpHOTO MSTHA o
(OTOUYBCTBUTEIBHOM TUIOMIAJKE MAaTPHYHOTO
¢doronpuémMHuKa, MIPONOPIMOHATIEHBIE
(hOKyCHOMY  pacCcTOsSHUI0O  OOBeKTHMBa 7.
HopmanbHoe  mameHWe  OTPa)kKeHHOIO  OT
MOJTYTIPO3PAvHOro 3epKajia 2 J1a3epHOro Iydka
Ha BUOPHUPYIOIIYIO MOBEPXHOCTh "
NEPIEHANKYISAPHOCTD ONTUYECKOM ocu
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o0beKTHBa 7 K TOH JK€ IOBEPXHOCTH
o0ecreynBaeT OJUHAKOBYIO UyBCTBHTEIBHOCTD
K YIJOBBIM NEPEMEUICHUSIM IOBEepXHOCTH 14
OTHOCHUTEJIBHO JBYX B3alMHO
NEPNEHIUKYISIPHBIX OCEeH, JeXaluXx B €€
IUIOCKOCTH.

I[Ipy  Hamuuuu  yraoBBIX  KoJeOaHUU
MIOBEPXHOCTU 14 TpaeKTopus JIa3epHOro IyuyKa
B (hOKaJIbHOW TUIOCKOCTH O0BbeKTHBa 7 Oyner
OINMUCHIBAaTh 0/HY U3 Quryp Jluccaxy, KoTopas
IpU BBIOOPE YaCTOTHI CIICAOBAHHS HMITYJIHCOB
nazepa | kpaTHOW 4acTOTE YIJIOBBIX KOJIeOaHM
pacmanércs Ha cucreMy Touyek. Pasmax duryp
Jluccaxy, paccuutannbii I[IOBM 13 1o
oun(ppoOBaHHBIM YCTPOHCTBOM comnpspkeHus 12
M300paKeHUsIM TPH  U3BECTHOM  (HOKYCHOM
paccrostHUM OOBEKTHBA 7, M JACT 3HAUYCHHS
aMIUTUTYZ ~ YIJIOBBIX  BHOpONEpEeMEeNIeHHA
nosepxHoctu 14. KomuuectBo TOuek, Ha
KOoTOpble  pa3buBaercsi ¢urypa Jluccaxy,
MO3BOJIIET  ONPEJEIUTh YacTOThl  YIJIOBBIX
Kose0aHui, B 4YéM U IpOSBIAETCA
IIPEUMYLIECTBO  CTPYKTYPHUPOBaHHOI'O  BO
BPEMEHH JIa3epHOro IMyYka B (popMe KOPOTKUX
HUMITYJIbCOB M3JIY4YEHHMsI C IE€pecTpauBacMbIM
MIEPUOJIOM CJIEI0OBAHUSI.

[ToctynatenbHble BUOPOCMEIICHUS
MOBEpXHOCTU 14, nMerolue OTINYHYIO OT HYJIs

KOMIIOHEHTY B  HAIlpaBJICHUHM MaJaOIICTO
JIa3ePHOTO  Iy4YKa, BBI3OBYT ICPEMECIICHHS
U300pakeHUsi ero  cieAa Ha  MaroBOM

MIOBEPXHOCTU 4 MOJIyIpO3pavyHOil IUIaCTUHBI 3
[0 MOBEPXHOCTH MATPUYHOTO (POTONPUEMHHUKA
tenekamepbl 9. Ilpu  BbICOKOM  yacToTe
BUOpOKOIEOaHUN MO CPaBHEHHIO C KaJpOBOU
4acTOTOW TeJeKaMepbl H300pakeHHe cleaa
Oyner umeth Gopmy orpeska. [[nmHa oTpeska
BMECTE C U3BECTHBIM YIJIOM (P U MapameTpaMu
00bexTHBa 10 ABISIIOTCS MCXOMHBIMU JTaHHBIMHA
TUISL pacyeta AMILTUTY JIbI JTUHEHHBIX
BHOpoONepeMeIIeHU B HaIlpaBJIEHUU
ONTHYECKON OCH MAJalolIero Ha MOBEPXHOCTh
nazepHoro nydka ¢ nomoiisto [I9BM 13. Tlpu
9TOM JUIMHA OTpe3Ka OIpeAensercs 1o
onu(ppoBaHHBIM YCTPOMCTBOM COMpsDKEHUs 12

M300paXEHUSIM  TaKXke€ C  HCIOJIb30BAaHUEM
I[I5BM 13. BbiOOp dYacToOThl CIEAOBaHUS
UMITyJIbCOB  Jlazepa 1 KpaTHOM  yacToTe

MOCTYTATEIBHBIX BHUOPONEPEMEIICHUN, TaKkKe
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npuBef€T K pa3OMeHHI0 OTpe3Ka Ha CHCTEMY
TOUYEK, KOJIMYECTBO KOTOPBIX IPHU H3BECTHOU
4acTOTE CJIECJOBAHUSA HMITYJIbCOB JIA3€PHOIO
U3JyYEHUs IO3BOJIUT ONPEAENIUTh YacTOTy
MOCTYMATENbHBIX ~ BHOpAalMi  HCCIETyeMOro
y4acTKa IOBEPXHOCTH.

[Ipu mepememieHUN MOBEPXHOCTH OOBEKTa

14 B  HampaBieHMM  ONTHYECKOH  OCH
[aJaloIiero  IMyyka Ha  paccTosiHue /i
nepeMelieHue  MsATHa B NPOCTPAHCTBE
npeameroB  oObekTHBa 10 Tenmekamepsl 9
COCTaBUT V. B ciydae miockoil moBepXHOCTH
nepeMemieHuss 4 W v CBSI3aHBl IPOCTHIM
COOTHOILICHUEM:

h=v-ctgo; (1)

KOTOpPOE U SIBISCTCS MCXOAHBIM MJISi OICHKH
MOTPEUIHOCTH U3MEpPEHUs aAMILTUTY b
MOCTYTIATEIBHBIX BUOpOTIEpEMEIICHUH.
CootHomienue (1) cimegyer M3 paccMOTpEHUs
pHUCYHKa 2.

Pucynox 2. I'eomeTpust u3MepeHus IOCTynaTeIbHBIX
nepeMeIeHni: | — ma3epHsIii MOIyb; 2 — TelekaMepa
KaHaJla IIOCTYNAaTeIbHbIX IIEPEMELICHUN; A — ITOJI0XKEHHE
IATHA U31y4YCHHs HAa IOBEPXHOCTU B HAYaJIbHOM €€
MOJI0KEHUH; B — MookeHne nsTHa Ha CMEIEHHOM
MOBEPXHOCTH; /1 — CMEIIIeHNE TIOBEPXHOCTH; V —
CMELICHUE IISITHA B I10JIE NIPEAMETOB; (P - YTOJI MEXAY
ONITHYECKUMH OCSIMH JIa3epHOT0 IMy4YKa U 00BEKTHBA
TeJleKaMepbl
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AOGcomoTHas MOTPEIIHOCTh MeToj1a
U3MEPEHUM IIOCTYIATEIbHBIX IIE€PEMEILCHM,
KaK IOTpPeIIHOCTh KOCBEHHBIX HW3MEpPEHU,

CTaHJapTHO OIHMCHIBAETCS CJIEIyIOIIUM
BBIPAKCHUCM, YUUTBIBAIOIIMM BKJIAJ [BYX
COCTaBJISIOLINX, nepBast u3 KOTOPBIX
o0ycIoBJICHA U3MEpEeHUEM CMEIICHUS
JIa36pHOTO IIITHA 1o BUOpUpYIOILIEH
MOBEPXHOCTH, a BTOpas — MOTPEUIHOCTHIO

YCTAaHOBKHU YyTIJla MCXKAY OHNTUYCCKHUMHU OCAMHU

30HAMpYIOIIET0 TMyyka U oObektuBa 10
TeneKaMmepsl 9:
2 2
Ah= |2 a—hAv + a—hAqa =
v o

)

2 2 v 2
2-ctg"@-Av +sin4¢A¢

rne Av — abCoMIOTHAS MTOTPEUTHOCTh H3MEPEHHS
CMEILIEHUS JIA3€PHOTO ISITHA IO MOBEPXHOCTHU
0o0bekTa; A@ - abcomoTHAs TOTrPEIIHOCTb
U3MEpPEHUS YIJIa MEXAYy ONTUYECKUMHU OCIMHU
TeJIEKaMepbl U KOJUIMMUPOBAHHOIO JIA3€PHOIO
ITy4Ka. [Tockonbky IOCTYTATENIbHOE
IepeMEIEHUE 00BEKTa H3MEpSETCs MO JABYM
IIOJIOKEHUSIM ~ JIa3€pHOr0  IATHA HA  €ro
IIOBEPXHOCTU, TO cllaraeMoe, OOYyCIOBICHHOE
MOTPEIIHOCTbI0 AV BXOIUT B BbIpakeHue (2) ¢
KodpunreHTom 2.

Koppekrtuee Ka4eCTBO pe3yIbTaToB
U3MEpPEHUN XapakTepusyeT He aOcoIroTHas
BEJIMYMHOMN TorpemHocTu Ak, a ee OTHOIIEHUE
K U3MEPIEeMOit BEJIIMYMHE Ah/h -
OTHOCHTEJIbHAs BEJIMYMHA OLLIMOKHY.
Bocnonb3oBaBunch OIIpEIEIIEHUEM
OTHOCHUTEJIbHOM MOTPEIIHOCTH U nojacTaBuB (1)
B (2), IIOJIyYUM BBIPAKCHHE JUIS
OTHOCHUTEJIbHOM MOTPEIIHOCTH:

2 2
%h:z&+@ (3)

v sin2¢

Ounenum  BKJIAJ — KaXAOr0  CIAaraeéMoro
BbIpakeHUS (3) B UCKOMYIO MOTIpEHIHOCTh. T.K.
3TO BBIpaXCHHE IIPEJICTaBICHO B
OTHOCUTEJBHBIX  €IMHULAX, TO  IIEpPBOE
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ciaraemoe (AV/v)?, KOTOpPO€ B JaHHOM Cllydae
XapaKkTepu3yeT MPEeIMETHYI0 O00JIaCTh, MOXKHO
MEPEeBECTH B IUIOCKOCTh HM300pa)KeHUH -
IUIOCKOCTh ~ MAaTPUYHOrO  (HDOTONpPUEMHHKA.
['eomeTprueckue  UCKaXEHHUs,  BHOCHMBIC
OOBEKTHBOM TEJEKaMephl, C OJHOW CTOPOHBI,
JIOJKHBI SIBIISATHCS PEeIMETOM
CaMOCTOSITEIIbHOTO UCCIIEOBAHUS U, C APYrou
CTOPOHBHI, OCTaBasiCh ~ JKECTKHMH, OHHU
KOMIICHCUPYIOTCS ~ Ha  JTame  00paboTku
nzobpaxenuit [9]. Torma Belpaxenue (3)
IIPUMET CIIEAYIOLINNA BU:

M| (&Y (V280 . 4)
h w sin2¢

rae Aw — IOrpelHoCcTh U3MEPEHUsT KOOpAUHAT
YHEPreTHYECKOIO LIEHTpa n300pakeHUs
Ja3epHOr0 TNATHa Ha (OTOUYBCTBHTEIBHOM
IUIOIIAIKE MAaTPUYHOTO (DOTONPUEMHHKA; a W —
CMELIEHUE KOOPAUHAT YHEPreTUYECKOr0 LIEHTPa
n300pakeHus Myyka Ha (OTOUYBCTBHTEIBHOM
Matpuue. [lorpemHocTs U3MepeHnus KOOpAUHAT
YHEPreTUYECKOIO LIEHTpa n300pakeHUs
Ja3epHOro TNATHa Ha (OTOUYBCTBHTEIBHOM
IUIOIIAZKE MAaTPUYHOrO (HOTONpUEMHHKA Aw

3aBUCUT OT pa3peliarolied  crnocoOHOCTH
(hOTOUYBCTBUTEIHLHOM [13C-matpuist
TeJeKaMephl, anropuTMa 00paboTku
n300paXeHU U YCIOBUM  INPOBENEHUS
9KCIIEPUMEHTA.

Omnwmpasice Ha pesynsTatel paboter [10],
MO>XHO TOBOPUTH O TOM, YTO IIOIPELIHOCTH
U3MEpEHUsl  KOOpAMHAT  IpPU  IIOJCBETKE
KOHTPOJIMPYEMON IOBEPXHOCTH OOBEKTOB C
MU30TPOIHOU CTPYKTYPOH B IIPOU3BOACTBEHHBIX
ycioBusix coctaBisier B cpeaeMm 0,2 nk. B
Opyrux ucrtoyHukax [l11], MoxHO HailTu
JaHHblE, YTO INPU ONTUMHU3ALUU 3HAYECHUU
MOIIIHOCTH  W3Jy4Y€HUS M  HCIIOJIb30BAHUU
ONITUYECKUX  CXEM C  JOIOJIHUTEIbHBIM
OIIOPHBIM ITyYKOM, yaaercs JOCTUYb
IIPOCTPAHCTBEHHOT O paspeleHus,
UCYMCIAEMOT0 COTBIMM  JIOJIIMU  pa3Mepa
OTHOTO  (DOTOUYBCTBUTEIBHOTO  DIIEMEHTA
MaTPUYHOTO (poTONMpHEMHHKA, B YaCTHOCTH,
paBnoro 0,02 k.
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Bricokopa3zpemaroniue [13C-matpuist
TeJeKaMep JaroT YHCIIO AIEMEHTOB Pa3loKEeHUs
nzoopaxenus 1300x1030 mik [12]. B mudpoBbix
(doToanmaparax 3T0O YMUCIO MOKET JOCTUTATh 22
METaruKceNeid U MpH OTHOLICHUH CTOPOH 2/3
nonyyaercss nmoutu 4000 s1eMEHTOB B OJHOM
cTpoke. B nmocnennem ciyuae, npu Aw = 0,2 u
w = 4000, oTHOCUTENbHas IOIPEHIHOCTh B
U3MEPEeHUHN KOOpAWHAT MOXET OBITH
MUHAMH3HPOBaHA 0 3HaueHus (Aw/w)’ = 2.5
10°.  Cpenmepaspemarome  TelIeKaMepsl,
Hanpumep, tenekamepa SK-1004 umeer uuncio
3JE€MEHTOB paznoxenus 576 X 360 [13], uto
naet (Aw/w)* = 3,086 107

Jns u3MepeHHs  ymula  MEXIYy — OCbIO
JMarpaMMbl HapPaBICHHOCTH JIA3EPHOTO ITyYKa
U ONTHYECKOH OCBIO TEJIeKaMephl () MOXKHO
HCII0JIb30BATh TEOJ10JIUT. Teomonutsl
W3rOTABJIMBAKOT CO CPEOHEHW KBaJApaTUYECKOU
OomMOKOH TpU WU3MEPEHUH TOPU3OHTAIBHBIX
yrioB ot 0,57 (y BbicOKOTOUHBIX) 10 30”7 (¥
texHuueckux) [14]. Eciu B3sSTh 3a OCHOBY
TEOJAOMUT cpenHed Tounoctu 2T2, mud
KOTOpPOro - Ag = 2” = 9,696-10° pax, to mpu
U3MEPEHUH C €ro IOMOIIBI yria @
teononutoM Tuna 2T2, nonywsaem [2(A@
sing )] = 1,88-10"°. Ilnms Texumueckoro
teopoauTa pu A@ = 30” = 1,454-10™ pax u -
[2(A@ /sing )] = 4,228-10°. CnenosareinsHo,
s a000ro  (GOTONMPUEMHOTO  yCTPOMCTBA
MOKHO IMOA00paTh COOTBETCTBYIOIIUHN yTIIOMED,
9TOOBI BKJIQJ TOTPEHIHOCTH H3MEpPEHUs yria

naacHus KOJUIMMHUPOBAHHOI'O IIy4yKa HC
IPECBbIIIAJI MOrpCIHOCTU HU3MCPCHUSA
KOoopauHar SHEPTCTUUCCKOTO OCHTpa

N300paKeHUs IMyYKa.
ITockonbKy U3 CUIBHOTO HEPABEHCTBA!

(Aw/w)? >> [(2°° A )/sin2 @]’ (5)

CIIE/IyeT, YTO U3MEPCHUsI NMPAKTHYSCKH BCeria
MOXHO BBIINIOJIHATD B YCIIOBUAX, Koraa
HOTPEITHOCTh  KOOPJMHAT  JHEPreTHYECKOTO
LIEHTpa U300paxkeHus OyeT NMpeBaipoOBaTh, TO
HHTCpBAI OTHOCHUTCJIIBHBIX HOIpCIHHOCTCﬁ
OyIeT UMEeTh TPAHUIIBIL:

Ah/h =2 (Aw/w) , (6)
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YTO JUIsl 22-MEranuKCeJIbHON TeleKaMephl 1aéT

-4 - o
310" m 107 — mum cpemHepaspelmaomeii.
OTKYI[a BHUHA HCPaIOHAJILHOCTDb
UCIIOJIb30BaHUS BBICOKOpa3pELIarOIINX

TeJeKamep, T.K. YBEIHMYCHUE 4YHCIa THKCENIeH
n3obpaxkenuss ¢ 576 x 360 = 0,2 Mnk no 22

MOk [OpuBOOUT JMIIL K  TPEXKPATHOMY
CHIDKECHHIO TIOTPEIIHOCTH M3MEPEHHS MpU
BO3paCTaHUU o0beMa o0OpabaTbIBaeMOi
uHpopManuu Ha 1Ba mopsnaka.  bomee

palMOHAIBHBIA IIyTh COCTOMT B IIOUCKE H
CHUHTE3€ ONTHYECKHUX CXEM, HE TpeOyroImmx
(boTOnpPHUEeMHUKOB c IIpEACIIbHBIM
IIPOCTPAHCTBEHHBIM paspeleHueM, u
QJITOPUTMOB Cy03JIEMEHTHOTO pa3pelIeHHUsI.

._.\.élﬁn.:::,-::u _1 2

5

Pucynok 3. ITorpemnoctu HACTPOUKHU
tpuanrymsiunonHo JICUITIL: 1 - ¢oTouyBcTBHTENBHAS
nuHelKa; 2 — [LeHTpoBas JUHUS JHHEHKH, 3 -
CTPYKTYPHUPOBAHHBIN Ja3epHBIH My4OK B (hopMe OTpEe3Ka,
4 — KOJUIMMHUPOBAHHBIN JTa3epHBII My4OK; 5 — TPAEKTOPHUS
MepeMeIeHNs] HM300paKeHUsT Ja3epHOro IIydKka IIpU
CMEIeHIH 00BEKTa U3MEPEHUS

[pu U3MEPEHUHU MOCTYTATENbHBIX
BUOpOIIEpeMEeIeHUH BO3MOXHO HCIIOIb30BaHUE
BBICOKOT'O TIPOCTPAHCTBEHHOTO pa3peieHus 6e3
3HAYUTEIBHOTO  YBEJIMYCHHS  KOJHYECTBA
00pabaTbIBaéMbIX JJIEMEHTOB H300pa’KeHHUS.
Kak  ymommunHamoch  BbIIlE,  TPACKTOPHS
n300pakeHusl JTa3epPHOTO MATHA HAa JU(PPY3HOI
BUOpUpYIOIIEH TOBEPXHOCTH  MPEICTABISET
co0Oi  OTpe30K TpSMOH, TMOITOMY IS
M3MEPEHUsl UIMHBI 3TOTO OTpe3Ka JOCTATOYHO
JUHEWHOTO, a HE MATPHUYHOTO (POTONMPHEMHUKA.
Cospemennbie [13C wunu KMOII nuneiiku
comepxkat no 4096 u Ooynee 3IEMEHTOB Ha
onHOM KpHctamie, T.e. (Ah/h) ~ 107 Gymer
BBIIIOJIHATBCSA € ONPocoM Bcero 10 smemenTos,
9TO  TIO3BOJISIET  M3MEPSTh  MApaMeTphI
Kosie0aHusl IIMUHJENEH CTAaHKOB B pPEaJlbHOM
Macitabe Bpemenu [15].

[Ipu BomoOUmIeHMM KaHAlAa  HM3MEpPEHHUS
MOCTYTIATENIHBIX BUOPONEPEMELICHUN CIIETyeT
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YYMTBIBATh CKPEILIEHHOCTh ONTUYECKUX OCEU
mazepa M (QOTONPUEMHOrO yCTpOICTBA U
OTKJIOHECHHE TPacKTOPUHU IepEMEILICHUS
n300pakeHusl Ja3€pPHOro Iyyka OT LIEHTPOBOIA
muHud  (poTonpuéMHON JmHEHKkH. Pucynok 3

JEMOHCTPUPYET [IPEUMYLIECTBO
CTPYKTYpPUPOBAHHOTO JIa3€pHOTO Iyyka B
bopme oTpe3ka IO CPaBHEHHUIO c

TPaJUIIMOHHON (POPMBI IyUKa.

4 IlepcnekTHBHBIC 00JACTH NPHMEHEHUS
U JJIeMeHTHass 0a3a MHOIOKOMIIOHEHTHOI'O
Jia3epHOro BuGpomertpa

3epKaibHble METO/bl KOHKYPEHTOCIIOCOOHBI
c  uHTepPEepOMETPUYECKUMU B  00IacTu
OTHOCUTENIPHO OOJNBIINX TEepEeMENCHHH 0
CPaBHEHUIO C JUIMHOW BOJIHBI 30HJHPYIOILErO
AJIEKTPOMAarHUTHOTO M3JIy4EHHUs] ONTHYECKOIO
nuanasoHa.  IloaToMy — paccMmarpuBaeMblid
MHOTOKOMIIOHEHTHBI JIa3epHBI  BUOpOMETP
IIpeHa3HaueH, B IMIEPBYIO oOuepeab, s
M3MEpEHUsT BUOPOTIEpEMEIICHII 000I0YEYHBIX
3JIEMEHTOB: KOXYXOB JABHUIaTelIEeH, CTEHOK Ira30-
U TUAPONPOBOJIOB, I/I€ IOCTyHaTeJIbHbIE
[IEPEMEILEHUS] UMEIOT BEIUYMHY ~ | MM, a
YIJIOBBIE JIOCTUTAIOT 5°.

OtHocuTEeNbHBIE  BBICOKHE  AMIUIMTYbI
U3MEpPSIeMbIX BUOpONEpPEMEIICHUI NPUBOJAT K
OLIEHKE JUCTAHLIUU /10 ONTHKO-MEXaHMYECKOI'O
omoka mpubopa B 35 — 120 MM, KoTopasi, B
MEPBYIO OYepenb, OIpenensercss TpeOyeMbIM
yBenuuenueM ~ 10 B kaHaje M3MEpEHUs
[IOCTYNATENIbHbIX IEPEMEIEHUN HUCXOAs U3
XapaKTepHOIo JMHEUHOTO pa3mepa
COBPEMEHHOW ()OTOUYBCTBUTEIBHON MaTpPHUIIBI
unu  JuHedkun ~ 10 MM U uU3MepseMoro

nepemenieHuss ~ 1 MM. 3pech, ¢ Yy4y€ToM
nepeMeHHON TMCTaHIINH, OIITUMAIILHO
UCIOJIB30BATh KOPOTKO(OKYCHBIE OOBEKTHBBI C
NEpEMEHHBIM (oKycCHBIM paccTosiHueM,

nanpumep, tTuna CANON EF 11-24 mm F/4.0L
USM.

MakcuMansHag jgucradnus B 120 MM
MO3BOJIIET W JUII  U3MEPEHHs]  YIJIOBBIX
BuOpornepemMeriennii ¢ pasmaxom B 5°
WCII0JIb30BaTh CEpUHHBIE OOBEKTUBBI C BXOTHOM
aneptypoir 10 MM wu Oomee. Tpebyemoe
(OKycHOE pacCTOossHHE OOBCKTHBA KaHala
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U3MEpPEHUS  YIJIOBBIX  BUOpOTEpEMEIICHUN
coctaBut ~ 100 MM.

[Ipennoxxenuit mo kamepaMm ¢ MaTPUYHBIMU
" JTUHEHHBIMU ($OTOUYBCTBUTEIHHBIMU
JaTYUKaMH celdyac odeHb MHoOro. Heroxue
napameTpsl JEMOHCTPHUPYIOT KaMephbl
oenopycckoit ¢upmer OPMUHC. Bo-nepBbix,
9TH KaMephbl MTO3UIUOHUPYIOTCS, KaK
W3MEpUTEIIbHBIC; BO-BTOPBHIX, COBOKYITHOCTB
rapaMeTpoB, 3asBisieMas MPOW3BOJAUTEIICM,
JETKO  TEPECUUTHIBACTCI B  IMOTPEIIHOCTH
U3MEpEHUsT B TMPEAMETHOH o0iacth  uX
KOHKPETHOTO MIPUMCHCHHS.

Y4uuTeiBass ~ HEBBICOKHE  TpeOOBaHHUS K
KOTCPEHTHOCTH HM3JIYYCHHS B  3€PKAJIbHBIX
MeTOoZax HM3MepeHus BHOpauuii ¥ HeOOIbIINe
paccTtosiHus oT mpubopa A0 OOBEKTa, BIIOTHE

000CHOBAHHBIM MpeCTaBIsACTCSA
HUCIIOJIB30BaHUC B OIIMCBIBAEMOM BI/16p0MeTpe
JIa3epPHBIX MOJYyJIEN Ha OCHOBE

IOJIyIIPOBOJHUKOBBIX JIa3€POB C MOLIHOCTBIO
n3nyuenus ~ 1 MBT. B HUX ynauHO couerarorcs

TaKue TEXHUYECKHE U SKCIUTyaTallMOHHbIE
MapaMeTpbl, KakK CTPYKTypa IOIEPEYHOrO
CEUYECHHUS IyyKa, HHU3KOBOJIbTHOE
3JIEKTPOIIUTAHHUE, HaJIE)KHOCTh
MOJYIPOBOJIHUKOBOM  3JICKTPOHUKH, MpsiMas
MOJYJSUMAS ~ MOIIHOCTHM  H3JIYYECHHS TOKOM

HAKa4YKd, HU3Kast CTOUMOCTb.

B  kartamorax ¢Qupm  mpou3BoIUTENECH
ONTUKO-DJIEKTPOHHBIX ~ KOMIIOHEHTOB,  KakK
MPaBUJIO, MPHUCYTCTBYIOT JIa3epHBIE MOIYJIU CO
CTPYKTYpUPOBAHHBIM JIa3€pPHBIM IIyYKOM B
¢dopme otpeska npsimoi, Harpumep, LG-H635-
4-5, nazepHble MOJIYJIM C BHEUTHEH UMITYJILCHOM
MOJIYJISIIIUECH MOIITHOCTH U3ITy4YeHUs!, HalpuMep,
KLM-M650-4-5 ¢ MakcuMalabHOM YacTOTOM
moayisiiun 500 kI'm u 1. Ux cnekrp
W3ITyYeHUs MIPUHA]ICKUT BUJTUMOMY
IManazoHy, 4YTo o0ecrnedynBaeT  yao00CTBO
MO3UITMOHUPOBAHMSI TTPHOOPA TIO OTHOIICHHUIO K
O0BEKTY, XOTS MPH HEOOXOAUMOCTH MOXHO

nojobparb  aHaJOIH, U3Iydamue B
MHPpPaKpaCHOM JMama3oHe. 3/eCh CIeayeT
OTMCTHUTB, qTo MOIIHOCTH HU3JTy4YCHHUA

IIPAKTUYECKH JIF0OO0Tr0  IOJYIPOBOAHUKOBOIO
Ja3epa JIErKO MOJYJUPYETCsl TOKOM HaKauKH J10
4acTOT B JECSITKU Merarepl, 4YeM M pelaercs
3ajjaua M3MEpPEHHs BUOpaIMii MeXaHHYECKUX
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KOHCprKI_II/Iﬁ MHOT'OKOMITIOHCHTHBIM JIa3€PHBIM
BUOPOMETPOM.

5 3akja04yeHue

[Ipennoxkena ontuyeckas cxema Ja3epHOTO
BUOpOMETpA, KOTOpas MO3BOJISIET
OJHOBPEMEHHO HW3MEPSATh TPU KOMIIOHEHTHI
BUOpONEpEeMENICHUI — JIB€ YIJIOBBIE M OJHY
MOCTYTATENIbHYI0, a TaKXKe WX 4acTOThI. Jlis
U3MEPEHUsT  TIOCTYNATEeNbHBIX  CMEIIEHUI
BUOpUpYIOIIEH TOBEPXHOCTH  HCIIOJIb3YEeTCs
middy3Hass KOMIIOHEHTa OTPAKEHHOTO €10
U3IY4YeHUsI, a YIJIOBBIX —  3€pKajibHasl.
[IpocTpaHCcTBEHHBIE KOOPAWHATHI OTPAKEHHOTO
U3ITY4YCHUS buxcupyorcs IBYMSI
MHOTO3JIEMEHTHBIMH ~ (DOTONIPUEMHUKAMH, 10
BBIXOJTHBIM CHTHaJIaM KOTOPBIX u
pPacCUMTHIBAIOTCS  MEPEMEIICHUS]  METOJIaMH
00paboTKN N300PAKEHHH.

IIokazaHo, 4TOo
CTPYKTYPUPOBAHHOTO B
JmazepHoro  mydka, (opma
CeUeHHs KOTOPOrO  NPEACTaBIseT  CcoOOM
OTPE30K, YINPOLIaeT IOCTHPOBKY  ONTHKO-
MEXaHUYECKOTO 6moka OTHOCHUTEIIBHO
BUOpUpYIOIIEH IIOBEPXHOCTH.
CTpyKTypHUpOBaHHOE BO BPEMEHHU Ja3epHOE
u3aydeHue B (QopMe KOPOTKUX HMITYJIBCOB C
peryjaupyeMor 4acTOTOM CJENOBAHMS JeacT

UCII0JIb30BaHUE
IIPOCTPAHCTBE
MIONIEPEYHOI 0

BO3MOKHBIM U3MEpEHUE 9acTOT

MPOCTPAHCTBEHHBIX  KOMIIOHEHT  BHUOpalMii

BIUIOTh JIO JICCSITKOB U COTCH Merarepil.
OnTuko-MexaHW4ecKuii  OJIOK  J1a3epHOTO

BUOpPOMETpA MPU UCTIOIH30BAHUN COBPEMEHHBIX
TBEPJOTEIBHBIX MAaTPUYHBIX (DOTONPUEMHHUKOB
U Ja3epHBIX MOAYJIEH C IOJIyIIPOBOJHUKOBBIMU

JlasepaMu moJIy4acTcd KOMITaKTHBIM u
TCXHOJIOI'MYHbIM B HU3TrOTOBJICHUU u
IMIPUMCHCHUH.

Paborta BBIOJIHEHA TPU TOCYIAPCTBEHHOM
nojep)kke MMHUCTEpCTBa 00pazoBaHHsS |
Hayku P® B paMkax peanusanuyu MepONpUATHN
IIporpamMmbl HOBBILICHMUSI
KOHKYPEHTOCIIOCOOHOCTH Cray cpenu
BEIYIIMX MHUPOBBIX HAYYHO- 00pa30oBaTEIbHBIX
uentpoB Ha 2013-2020 roasr.
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APPLICATIONS OF STRUCTURED IN SPACE AND
TIME LASER BEAM IN VIBROMETER

Ekaterina V. Burnaevskaja, Developed laser meters vibratory, allowing simultaneous capture of three

Vladimir N. Grishanov spatial components displacement surface - two corner and one progressive.

To measure the angular displacement components used mirror component

Samara State Aerospace University reflected by the surface of the radiation, and translational - diffuse.
(SSAU) Repetitively pulsed mode laser provides a measurement of the frequency of

34, Moskovskoe shosse, Samara, vibration. It is shown that a primation in vibrometers structured in space and
443086, Russian Federation time of the laser beams, the performance of vibration meters and extends the

vladgrishanov@yandex.ru [l range of the measured parameters.

Key words: vibrometry; pulse; laser; displacement;, transverse structure of
the laser beam;, the temporal structure of the laser beam
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JIABEPHO-BUBPAITMOHHASNA JE®EKTOCOKOIINA
MHOT' OCJOMHBIX COTOBBIX OBOJIOYEK C
HCIOJIb30BAHUEM D®DEKTA OBPATHOM CBS3U B
MHOJYITPOBOJAHUKOBBIX JIABEPAX

Komnosuyuonnvie mamepuanvi, obradaiowue  YHUKATbHBIM — KOMWIEKCOM
DUBUKO-MEXAHUYECKUX — XAPAKMEPUCMUK, — 6Ce  WUpe  NPUMEHSIOMCS 6
asporocmueckou  npomviunennocmu. IIockonvky mpaduyuonuvle cnocoowvl
8bIAGNCHUS Oeghexmos He scezoa 0Ka3wbl8aOmMcs 00CcmamouHo
NPOU3BOOUMENLHLIMU U YYECEUMENbHbIMU, AKMYANbHOU 3a0ayeli sA8aAemcsi
paspabomka memooo8 u cpedcme KOHMPOJs U30eIUl U3 KOMNOZUYUOHHBIX
mamepuanos. Llerecoobpasno ucnonvzosams  memoovl GUOPOAKYCIMUYECKOT
OUASHOCMUKY, KOMOPAsi NO380JIAem He MONbKO 0OHAPYicUmb Oedexmbl, HO U
pacnosnasamv  ux. Jna  uckuouenus Opeuga pabouux xapaxmepucmux
USMepUMenbHOll  cucmemvl U NOGbLUMEHUs €€ YYECMEUMENbHOCIU
yenecoobpasHo coemeujenue QyHKYUll UCMOYHUKA ULYYEHUs U NPUECMHUKA 8
O00HOM DJleMeHme Npu UCHONb308AHUU  ABMOOUHHOU CUCTEMbl HA OCHOGE

yi. 3emena, a.18, r. Camapa,
Poccuiickas ®@enepanust, 443009
mail@progress.samara.ru

HOIYNPOBOOHUKOBO2O
2aPMOHUK  A8MOOUHHOZO CUSHALA TNO360J5Ie ONPedeisimb — PACCMOSHUL 00
00vexma u amnaumyoy nepemewjeHuti u ubpayull.

Jaasepa. Hcnonvzosanue 8blCULUX cnekmpalbHblxX

Kniouesvie cnosa: mnozocnounas comogas 060104Kka, Oeghekmul GHympenHerl
CIMPYKMYpbl, 1a3ePHO-8UOPAYUOHHBLL MEMOO; A8MOOUHHBIN CUSHA

1 BBenenue
KOMHO3I/ILII/IOHHBIC MaTepI/IaJILI,
o0Osamaroniue YHUKQJIbHBIM KOMILJIEKCOM

(U3NKO-MEXaHNYECKUX  XapaKTePUCTHK, BCE
IIMpe HNPUMEHSIOTCS B Pa3jIMYHBIX OTPaCisIX
MPOMBIIIIICHHOCTH, 0c00eHHO B
a’pokocmuueckoi. Kommosutel, obnamaromiue
BBICOKUMH MIPOYHOCTHBIMU CBOICTBaMH,
MO3BOJIAIOT COYETaTh HU3KYIO IUIOTHOCTHh U
BBICOKME  IIPOYHOCTHBIE  XapaKTEPUCTUKU
Marepuana, 4ro  oOecneuuBaer  Ooiee
XapaKTepUCTUKU  YAEJIBbHOM IMPOYHOCTU IO
CPaBHEHHUIO c HEKOMIO3UIIUOHHBIMU
Marepuaiamu [1], [2].

B omnuune OT OJHOPOAHBIX MaTEpUANIOB,
KOMITO3UTBI 00JaJat0T CJIOKHOM T'eTepOreHHOM
CTPYKTYpO#, pa3HbIMM CBOMCTBAMH COTOBOIO
3aIIOJTHUTEIS u OOIIMBKH, OOJIBIIMM
KOJIMYECTBOM TIpaHUIl pasjena CJIoeB U
cBa3yromero Marepuana. Hamuuwme  cTosib
CJIOKHOM CTPYKTYpbl, C OJHOW CTOPOHBI,
II03BOJISIET JIOCTUTaTh BBICOKHX

Journal of Dynamics and Vibroacoustics, 2(1)

9KCIUTyaTallMOHHBIX ~ CBOWCTB, €
CTOPOHBI,  OOYyCIIOBIMBAET  HEOOXOIUMOCTh
KOHTPOJISI €€ COCTOSIHUSL U3-3a  Hajluuus
noBpexxaeHnii u  aedexkroB. Hecmorps Ha
HaIM4YMe OOJBIIOTO YHCIAa  COBPEMEHHBIX
METOJIOB Ha 3KCIUTYaTUPYIOUIUX MPEANPUATHIX
coroBble KoHCTpykumH (CK) xoHTponupyrorcs
[IPEUMYLIECTBEHHO IIpU  I[IOMOILIM  METO0/a
CBOOOIHBIX  KoJeOaHui  (IMpOCTyKUBaHHE
U3AEIU C  perucrpauuei U3MEHEHUN
XapakTepa 3ByKa Ha CIIyX). DTO CBSI3aHO C TEM,
YTO HOBEWIIME CPEACTBA HEPA3PYIIAIOIIETO
koHTpost (HK) TpeOyroT kak 3HAYUTEIBHBIX

Ipyrou

(UHAHCOBBIX  3aTpaT, CBS3aHHBIX C UX
IpuoOpeTeHueM, TaK U CYLIECTBEHHO
YBEIUYMBAKOT TPYAOEMKOCTb  BBIIIOIHAEMBIX

paboT. B cBsI3U ¢ 3TUM COBpEMEHHBIE CPEACTBA
WCTIOJNB3YIOTCS JIMIIb Il YTOUHEHHS Pa3MepOB
ne(EeKTOB IpU PEMOHTE.

Panee ObLIa IOKa3aHa BO3MOKHOCTH
MPUMEHEHUS JIa3epHO-BUOPAIMOHHOTO METO/1a
JUJIS BBISABJICHUA I[e(beKTOB COTOBBIX
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koHcTpykuuii (CK) no pesynbraraM usmepeHus
napaMeTpoB BHOPaLIMOHHOTO Tporecca [3].
Henp  manHOi  paboThl —  MOKAa3aTh
BO3MOXXHOCTb ~ MCIOJIb30BAaHUE  aBTOJUHHOMU
CUCTEMBI C MOJYIPOBOJHUKOBBIM JIa3€pOM AJIs
ONpEeCNeHUs] AaMIUIUTYJbl IEPEMELIEHUN U
BUOpalMii MOBEPXHOCTEM, a TaKke s
Ja3epHO-BUOPAIIMOHHON NeeKTOCKOHNU
MHOI'OCIIOMHBIX ~ COTOBBIX KOHCTPYKLUUH H
000CHOBATH BO3MO>KHOCTh olpeeIeHUs
mapaMeTpoB  BHOpalMM 1O  pe3yJbTaTam
IIPOBEACHHBIX U3MEPEHUM.

2 AHaJIN3 CyLIeCTBYHOIIUX METO/A0B
KOHTpoJIsA. TpeGoBaHusi K MeTOLY

B mHacrosmiee Bpems BBISBICHHE WU
nponyck nedexra CK MOTHOCTBIO 3aBUCHT OT
JIUYHBIX CIOCOOHOCTEH nepcoHaa
MIPOBOJISIIIETO OTIepaTUBHBIN KOHTPOJIb
BO3AYIIHOTO CyJHa, T.€. PErJIAMEHTUPYETCS
YEIIOBEYECKUM (PaAKTOPOM.

Jnst 3¢ (HeKTUBHOTO peuieHus 3a/1a4
MPOTHO3UPOBAHHUS TEXHUYECKOTO COCTOSHHS
(TC) wm ocrarouHoro pecypca CHUCTEM,
MOBBIIICHUSI UX JOJTOBEYHOCTH AKTYaJbHBIMU
SBIISIIOTCSI:  COBEPIICHCTBOBAHUE METOJIOB H
cpeactB HK kontponss TC; aBromaruzanus
coopa, 00paboTku u XpaHEHUS
9KCIUTyaTallMOHHOW MH(pOpMaIMK; pa3padoTka
U BeaeHue 0a3pl JaHHBIX MoHuUTOpuHTa TC
cucteMm; (OpMUPOBAHUE MIEPEUHSI KPUTHIHBIX C

TOYKM  3PEHHUS  HAJEKHOCTH  DJIEMEHTOB
UCCIEAYEeMbIX  CHUCTEM I KOHTPOJS;
JeTalbHas npopaboTka nepevHs

KOHTPOJIMPYEMBIX MapamMeTpoB, MECT, METOJIOB
U TEXHOJOTMA W3MEPEeHUH, NpUOOpOB s

KOHTPOJIS u ux KJIacC TOYHOCTH,
MEePUOAUYHOCTH KOHTpOJIs [4], [5].

[Tockonbky TpaJUIIUOHHBIC CIIOCOOBI
BEISIBJICHHSI nedeKToB (Hammpumep,
yIIbTPa3ByKOBOW) HE BCErAa OKa3bIBAIOTCS
JOCTaTOYHO MIPOU3BOTUTEILHBIMH u

YyBCTBUTEIBHBIMHU, a, KPOME 3TOT0, TPeOyIoT
obecrieueHnss BCECTOPOHHETO JOCTyIa KO BCEM
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4acTsAM  M3JEeIMH,  aKTyalbHOM  3ajadeu
ABNSIETCS  pa3paboTKa METONOB U CPEICTB
KOHTPOJISL ~M3JENUMH U3  KOMITO3UIIMOHHBIX
MaTepuasioB. Hemocrarkamu yibTpa3BYKOBOTO
KOHTPOJISL  SIBJISIFOTCAL: HE00X0AUMOCTh
WCTIOJB30BAHUSI  KOHTPOJIBHBIX 00pas3loB ¢
3apaHee  CMOJICIMPOBAHHBIMU  Je(eKTaMu;
CyObEKTUBHOCTh  OIPENCIICHUS] TPaHUl] U
pa3MepoB nedexra, CBSI3aHHBIX c
CyOBEKTUBHOCTHIO u KB (hUKamuen
WH)XeHepa - ne(EeKTOCKONHUCTA;
OTPaHUYEHHOCTh  METOAAa TMPH  KOHTpPOJIE
YIIEPOACOAEPKALLINX KM BCJIEACTBUE
CIIO)KHOCTH  amlapaTypHOro  pa3peuieHus
OTPAKEHHBIX OT PA3IMYHBIX TPAHUI] pa3nena
KOMIIOHEHTOB ~ 9XO-CHUT'HAJIOB; OTrpaHUYCHHAs
MIPOU3BOIUTENEHOCTh H3MEPEHH.

Metoapl  Hepa3pylIAOMIEro  KOHTPOJIS
u3enui u3 YTIEPOJACOACPIKALIIX
KOMIIO3ULIMOHHBIX ~ MAaTe€pPHajOB  JOJDKHBI

COOTBETCTBOBATH CIEAYIOIIMM TPeOOBaHUM [ 1-
4]

- TpeOyemas HH(GOPMATHBHOCTh O HAIWYHU
neeKTOB (MIOBEPXHOCTHBIX U TITyOWHHBIX);

- ompezieieHre BUia 1e(heKTOB U MOBPEKICHUN
(TpemMHbI, KaBepHBHI (IIyCTOTHI), pacCIOEHUs,
HMHOPO/IHbIE BKJIFOYEHHUS U T.]1.);

—  OIpeleNieHHEe  KOOpAMHAT,  pa3MeEpOB,
riTyOuHBI 3aeranus Ae(eKToB.

3HAuUUTENbHBIA ~ MHTEPEC  IPEACTABISAIOT
ONTUYECKUE METOABl KOHTpOJIA, Onaropaps
OECKOHTAKTHOMY  TOJYYCHHIO  TNEPBHYHOU

uHpOpMAlUM W BO3MOXKHOCTH  IPOBOJIUTH
U3MEpeHusl in situ B mpolecce Harpy>KeHHs.
Tak, Hampumep, ¢ TOMOIIBIO  METOAA
KOpPEeJISLT U (POBBIX HU300paxKeHU,
HaOmro#ass 3a WM3MEHEHUSIMH TIOBEPXHOCTH,
PacCUUTHIBAIOTCS 0TSt BEKTOPOB
nepemenieHui. Jlajee moiaydaroT KOMIIOHEHTBI
neGopMaMd M PacCUUTHIBAIOT HE TOJBKO
KOJIMYECTBEHHYI0 MH(POpPMALUIO  (BETUYUHY
MHTCHCUBHOCTH JedopMallid B PAaCUETHOM
00J1acTH), HO ¥ Ka4eCTBEHHYIO (pacrpeieeHus
nedopMaIuu B 3T0M 00J1acTH).

Pacmmputh BO3MOKHOCTH KOHTPOJISI MOKHO
IMyTeM COBMECTHOH pPETUCTpallMd JIaHHBIX
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METOZIOB HAa OCHOBE pAa3HBIX (PHU3HMUECKUX
npUHIUNOB. Tak, HapUMep, B KOJJICKTHBE MO
pykoBojcTBoM mpodeccopa Crenanosoit JI.H.
(CubHUA wm. C.A. Yamieirmea) s
HKCIEPUMEHTATBHBIX UCCIICIOBaHHUN
nepopManmd W paspylIeHUs  SJIEMEHTOB
KOHCTPYKIIMHA COBMECTHO NPUMEHSIOT METOJIBI
aKyCTHUeCKON amuccuu (AD) U TEH30METpPHUH.
B UMCC VYpO PAH B rpynne mpodeccopa
Haiimapka O.b ucnonb3yeTcss KOMOMHUPOBaHHUE
AD u tepmomerpun. B UMAII YpO PAH B
rpynmne Ioja pyKoBOACTBOM akaneMuka O.C.
['opkyHOBa TPUMEHSIOTCSI MarHUTHBIE METOJIBI
U TeH3oMeTpusi U T.4. [ 1], [4]

B pabore [3] Ha ocHOBaHMH WCCIEIOBAHUN
psina aBTOPOB OBUIO YCTAHOBIIEHO, YTO IIPH
MOSIBIICHUH OTCIIOCHHUI B COTOBBIX
KOHCTPYKIHMAX KOd(PPHULIHEHT aeMpupoBaHUs
OyJeT yBEIMYUBATHCS, a COOCTBEHHAs 4acTOTa

KonebaHuid - cHwKaTbes. lloaTomy — ObLIO
IOPEAJIOKEHO JJIsi OOHApy>KEHHs OTCIIOCHUS
COTOBBIX HCIIOJIB30BAaTh KOMIIICKCHBIN

mapamMeTp B BHJE OTHOIICHHS BEJINYHMHEI
kodpduuuenta  aemmdupoBaHus & u
COOCTBEHHOM YacTOTE CHCTEMBI (O, KOTOPBIN
MO>KHO 3aITucaTh B BUJIE

K= (1)

@

Kpurepuem onenku cocrosaus CK Oyzer
SBJIATBCSA IPEBBIIICHUE JaHHBIM IAPaMETPOM
MaKCUMaJIbHO JJOITyCTUMOM BEJIMUYNHBI:

K</K],

rae /K] — MakcuMabHO JIOyCTUMOE 3HAUYECHHE
KOMILUIEKCHOI'O IapaMeTpa.

Jlnst BeIsiBIIeHUS AedexTa He0OOXOAMMO OLIEHUTH
aMIUIUTYyly M YacTOTy BBIXOJHOIO CHUIHAJa

npeoOpaszoBarens nocie BO30YKICHUS
koneOaHuii. C TOUKM 3peHMs] IOJyYEHUs
uHpopMauu 3ajaqy MOKHO

KJIacCU(UIIUPOBATh KaK OIEHKY HECIydYailHBIX
nmapamMeTpoB CurHaiza Ha ¢oHe myma. B
KauyecTBe ONOPHOM byHKINN MOKHO
HCIIOJIb30BATh 3aHECEHHBIN B [aMATh
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YCPEOHEHHbIA  CHUTHAJ,  COOTBETCTBYIOLIUN
0e3nedeKxTHOI 30HE 00BEKTa KOHTPOIIs [2].

[Tpubopsl, NpUHIMI  JEHCTBHA  KOTOPBIX
OCHOBaH Ha U3MEPEHUM aKyCTUUYECKOM 3MUCCHUH,
UMEIOT  HU3KUH  ypOBEHb  OTHOILIEHUS
CHTHAJI/TIIYM, a ONTUYECKHUE
UHTEpEPEHIIMOHHBIE CUCTEMBI
XapakTepu3yrTcs Jperom pabodux TOUYEK.
IToaTomy HCIIOJIB3YIOT METO/bI

BUOPOAKyCTHUECKOM JAMArHOCTUKH, KOTOpas
MO3BOJISIET HE TOJIBKO OOHApPYKUTh AE(EKTHI,
HO M pacno3HaBaTb HUX. B OcCHOBe nasepHOU
BUOPOAKyCTUUECKOM  TUArHOCTUKU  JIEKUT
SBJICHUE MOJYJALMUA YOPYTMMHM  BOJHAMH
OIITUYECKOI0 CUTHAJIA.

3 TeopeTuueckasi 4acTh

Hns  uckmoveHuss  nperiha  paboumx
XapaKTepUCTHK HW3MEPUTEIBHON CHCTEMBI H
TIOBBIIICHUS e qyBCTBUTEIHLHOCTH
1es1ecoodpa3Ho COBMEIICHNE byHKUIMI
MCTOYHMKA W3IYYCHHUS W TPUEMHHKA B OJHOM
aneMeHTe. Peanu3oBaTth 3Ty BO3MOXHOCTB
MO3BOJISICT ekt oOpaTHOI CBsI3H,
XapakTepHbId s MOJTYTIPOBOTHUKOBBIX
nazepos [6], [7].

Paboty mosynpoBOAHMKOBOTO Jiazepa C
BHEIIHEW  ONTUYECKOM OOpaTHOM  CBA3BIO
MO>KHO ONHCaTh B paMKaX MOJIEIH COCTaBHOTO
pe3onaropa. B a3Toii Momenu cuuTaercs, 4To
rpaHb Jiazepa, U3 KOTOPOU BBIXOIUT U3IIy4EHHE,
W BHEUIHUU OTpaxaTesb (BHEIIHEE 3epKalio),
KOTOpBI  BO3BpallaeT CBET B aAKTUBHYIO
o0nacth, 00pa3yloT (BHEWMIHWUN) pPE30HATOP
®abpu — Ilepo, KOTOPBIN ONTUYECKH CBSI3aH C
Ja3epHBIM PE30HATOPOM Yepe3 €ro BBIXOJHOE
3epKaio U 00pazyeT BMECT€ C HUM COCTABHOM
pe3oHarop. Koaddunment OTpaKCHHUS
COOCTBEHHBIX 3€pKajJ MOJYIPOBOJIHUKOBOTO
nazepa wman (mopsaka 0,3). Jnouna ero
pe3oHaTopa ropasio MEHbIIe, YeM B Jla3zepax
ApyruX TUNOB (MOpsiAKA HECKOJIBKUX COTEH
MHUKPOMETPOB), U TMOTOMY Jake Mpu ciaabom
OTPOXEHHM OT BHEIIHETO 3epKaja poJib
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BHEITHEW  ONTHYECKOW  0OpaTHOW  CBSI3U
CTaHOBUTCS 3aMETHOM.

B  nmanHoM  ciaydyae  Ha  BEIMYMHY
ONTORJIEKTPOHHOIO  CUTHaja CYIIECTBEHHOE
BJIMSIHUE OKA3bIBAKOT CTEIEHb KOTE€PEHTHOCTH
COOCTBEHHOTO W3IyYeHUs JIA3epHOTO AHOJa U
OTPAXKEHHOTO  MOBEPXHOCTBIO  M3IIyYEHUS,
NoJsipu3auus U JACNOJISIPU3alUs OTPaKEHHOIO
OT KOHTPOJIMPYEMOU NOBEPXHOCTH U3ITYyUYCHHUS B
3aBUCUMOCTU OT CTPYKTYpbl MOBEPXHOCTH,
BeTMYMHBI #  (HOPMBI  MHUKPOHEPOBHOCTEH,
BEJIMYMHBI HAINPSKEHUHM B [OBEPXHOCTHOM
cnoe. M3MmepeHue ONTORIEKTPOHHOTO CHUTHAJIA
TaKXe MO3BOJISIET ONPEIEIATh XapaKTePUCTUKH
Cpelbl B COCTaBHOM pe3oHarope. Ecnu BnusiHue
cpensl HE00XO0MMO MHHUMHU3UPOBATH,
1enecoo0pa3Ho MPUMEHEHUE CXEMbl JTATYMKOB,
HCMOJIb3YIOKUX OJHOMOJIOBBIA  BOJIOKOHHBIN
CBETOBOJI JUIsl 30HAMPOBAHUS IMOBEPXHOCTU. B
3TOM CIy4ae BBIXOJHOW TOPEL  BOJOKHA

pacnonaraercsi ~ BOJIM3M  KOHTPOJUPYEMOM
IIOBEPXHOCTHU.

[Ipu BBIABICHMHM BHYTPEHHHX J1e(EKTOB
(HenpoKIIEH, HapyllICHHE CIUIOLIHOCTH,
3KUPUBAHUE)  HCIOJB3YIOTCS  BHOpATOpHI

KojeOaHui, OJMH HAXOOUTCS C HapyXHOU
CTOPOHBI HUCCIENYEMOH IIOBEPXHOCTH B 30HE
PaCIIOJIOKEHUS OTPAKAIOIIETO 3epKasa. Bropoi
YCTAQHOBJICH C BHYTPEHHEH CTOPOHBI OOO0IOUKH.
OH co3maer KkonebaHUS BCEX Y4YacTKOB
000JIOYKHM TOJIOBHOTO OOTEKaTesss pakKeThbl-
HOCHTENS

[Ipu MIPOBEACHUU NehEKTOCKOTHH
BHYTpPEHHEHN CTPYKTYpPBI MHOT'OCIIOMHOU
COTOBOM 000JI0YKH BEJIMYMHA
OIITO3JIEKTPOHHOTO CUTHaIA OyAeT 3aBUCETh OT
CIICAYIOUIMX  MapaMeTpOB:  OTpa)kaTeIbHOU

CIIOCOOHOCTH KOHTPOJUPYEMOU IMOBEPXHOCTH,
paccTosiHUs OT BHEIIHETro 3epKaja JIa3epHOTrO
IUoJa 10 KOHTPOJIHPYEMOW TOBEPXHOCTH,
ONTUYECKUX CBOWCTB Cpeabl B COCTaBHOM
pe3oHaTope (IOTJIOIIEHHE, paccesHHEe W Ap.
mpoiecchl).  3aKOHOMEPHOCTH  HM3MEHEHHUS
OTpaXKaTEIbHOM.

Panee Obu1 ommMcaH METOJA OMpEICIICHUS
paccTosiHus 10 OOBEKTa MO OTHOIICHHIO JIBYX
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CHEKTPAJIbHBIX COCTABISIOIIMX AaBTOJUHHOTO
CUTHajla  MOJYNPOBOJHUKOBOIO  Jaszepa C
FapMOHUYECKON MOAYJALMENA JUIMHBI BOJIHBI
W3JIy4YEeHUs MOCPEJICTBOM YaCTOTHOMU
MOMYJISILIUUA TOKA HAaKa4KH JIa3epHOTO auoza [6].
Onnako, MCHOJB30BaHUE  TOJBKO  OJHOMU
MU3MEPSIEMON BEJIUYMHBI — OTHOILICHUS JABYX
CHEKTPaJIbHBIX COCTABJISIIOLIHUX, MOXKET
NPUBOAUTHL K  BBICOKOW  MOTPEHIHOCTH
U3MepeHusi, OOYCIIOBICHHBIX KaK BIIUSHUEM
YPOBHS BHEIIIHEH ONTHUYECKOW 0OpaTHOU CBS3H,
Tak ¥ O0JAcCThI0 HEOJHO3HAYHOCTH (DyHKIUN
Beccenst, ucnonb3yemMbpiX B COOTHOIICHUSIX JJIS
OTIpe/ICTICHUS] PACCTOSIHHSL 10 OOBEKTA.

PaboTy mosynmpoBOAHMKOBOTO Jiazepa C
BHEITHEH  ONTUYECKOW O0OpaTHOW  CBS3BIO
MOXHO OIKCAaTh B paMKax MOJIEJIHU COCTABHOIO
pe3oHaTopa, KOTOpbIi M300pakeH Ha PUCYHKE
1. B 370l MOzienu cunuTaeTcs, 4To rpaHb Jiasepa,
W3 KOTOPOM BBIXOJIUT M3JIYYEHHUE, U BHELIHUU
oTpa)kaTelb, KOTOPBIM BO3BpallacT CBET B
aKTUBHYIO 00JilacTb (B JajbHeieM Oyaem
Ha3blBaTh  €ro  "BHEIIHUM"  3EpKaJIoM),
oOpasyioT (BHewmHMi) pe3oHatop Pabpum —
[Tepo, KOTOPBIN ONTUYECKU CBSI3aH C Ja3€pHBIM
pE30HATOPOM YEPE3 €ro BBIXOAHOE 3EPKAIO U
o0Opa3yeT BMeCTe C HUIM COCTaBHOW PE30HATOP.

G(n), n(n)

Ld LBHCIH

<& »ld
< Ll

Pucynox 1. Cocmasnotii pezonamop. 1 — pezonamop
NOJIYNPOBOOHUKOBOR20 Nla3epd, 2 — GHeUHUll pe30Hamop, 3
— GHeulHee 3epKaio

[Iycte  snexkTpuyeckoe  MoOJe  BHYTPH
Ja3epHOTO pe3oHaropa uMeeT BUJ
E(t)exp{iQ2t}, a KoHUEHTpamus HOCUTENEH,
co3ZiaBaeMasl B akTUBHOM 00J1acTu, paBHa n.

Bygem  cumrtarh, uYro  KO3PPHUIHMEHT
OTpPaXKEHUsI BHEIIHETO 3epKaja JOCTaTOYHO MaJ
¥ MHOTOKPATHBIMH OTPa)XCHUSMHU BO BHEIITHEM
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pe3oHaTope  MOXHO  mpeHeOpeuyb,  TOrJa
MOBEJICHHE Jla3epa C TaKUM COCTAaBHBIM
PE30HATOPOM MOXKHO OIHUCATh CJEIYIOIUMHU
ypaBHCHHUSMHU:

1 ,
th(z) = {i[(u(n)— Ql+ ) [G(n) - F]}E(z) il -1 (2)
d 2
Sn=Tm G(n)E@®) +P (3)
3aech 2 — yacToTa reHepanuu, ® — OJHa U3
PE30HAHCHBIX qacToT CcOOCTBEHHOT O
pe3oHaropa JIa3€pHOTO Inoaa, G—

KodpuuueHT ycuiaenus moxabl. Bemmuuna G,
€CTECTBEHHO, ABJIETCS byHkumei
KOHIICHTpallMK HocuTene n. Yacrora @ Takxke
ecTb (YHKUMS BEIUYMHBI N, IOCKOJIBKY
IOKa3aTelb IPEIOMICHHUS AaKTUBHON 001acTH

3aBUCHT  OT  KOHIIGHTpPAIlMM  HOCHUTEJICH.
Koaddumment y — 3to oOpatHoe BpeMst KU3HU
HOCUTENEH,  OOYCIIOBJICHHOE  CIIOHTAHHOI
pexombumarmeit (<10° ¢'), T — norepu B

pesonarope (=10'' ¢'), a P — uncno HocuTeneii,
WH)KEKTUPYEMBIX B E€IMHUIy o0beMa 3a
eUHUILY BpPEMEHHU, Y —BeJMYNHA,
MPONOPIHMOHATIFHAS TOKY MHXKEKIUHU. 3aMETUM,
YTO BBIpAXEHHE B (PUIYpPHBIX CKOOKax HMeEeT
TOT € BHJ, 4TO M JUIs OOBIYHOTrO Ja3epa 0e3
BHEIIHETO pEe30HaTOpa.

Bxknag or BO3Bpara 4acTH H3JIy4YEHUS
ONMCBIBACT BTOPOM WWIEH B IIPaBOM YacTu
ypaBHenus (2). B Hem 1 — Bpems oOxoxa
BHEIIHETO  pE30HAaTOpa, K — IapamMmerp,
XapaKTepU3yIOMUH CTENEeHb CBS3H  MEXIY
BHEIIHUM ¥ JIA3€PHBIM  pPE30HATOpaMHU |
ONPEIEIAIOIINNCS BBIPAKECHUEM

k=(-R))(R,/R,)"*c/(2nL,) 4

rne R, umw R3 —  COOTBETCTBEHHO
KOA(Q(UIIMEHTBl OTPAKEHUS OT BHEIIHETro
3epKasia U 0OpalIeHHOM K HEMY T'paHu Jia3epa, a
L4 ¥ 1| — COOTBETCTBEHHO JIJIMHA ¥ TIOKa3aTellb
MPEJIOMIICHUsST PE30HATOpa AHOJIHOTO Ja3epa.
Kosddunment  orpaxkeHus  COOCTBEHHBIX
3epKall  IOJyNPOBOAHUKOBOTO Jlazepa  Mail
(nopsinka  0,3), K TOMYy K€ JJMHA €ro
pe3oHaTopa ropasio MEHbIIe, YeM B Jla3zepax
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JIPYTrUX TUNOB (MOpsiIKA HECKOJbKUX COTEH
MUKPOMETPOB), W TIOTOMY Ja)Xe IpHU clIadoM
OTPaXEHUU OT BHEILIHETO 3€pKajla 3HAYEHHUE K
BEJIMKO, BCJIEICTBHE YEro pOJb BHEIIHEH
ONTUYECKOW OOpaTHOW CBSI3U  CTAHOBUTCS
3aMETHOM.

B ciy4ae JIMHEHOMN 3aBUCUMOCTH
kodpdunmenta ycunenus G uW  moKazaTens
MpEeJIOMJICHHUS 1 OT KOHLEHTpPAallMd N U3
ypaBHeHUH (2) u (3) MOXHO BBIBECTH
CJIEYIOIINE COOTHOIICHUS [JIsl CTAlMOHApHOU
yacToThl () U  TMOPOrOBOTO  3HAYCHUS
ko3¢ purmenta ycuneHust Gyop (WM IOPOroBOii
KOHLEHTPALUU HOCUTENEN):

@, = Q+ ksin(Q7)+ ko1 —cosQ7) (5)
G,,=G(n,,)=T-2cos(Q7) (6)

31ech wy—COOCTBEHHAs YacTOTa pe30HaTopa
MOJTYTIPOBOIHUKOBOIO Jla3epa, a BEIUYMHA O —
OTHOIIICHHE M3MEHEeHHUS noKaszaTens
NPEeJOMJICHUS K HW3MEHEHHI0 Kod(dduuuneHra
yCUJICHHs Ha JUIMHE MA/4m, 00yCIOBIECHHBIX
BapHalMeil KOHIICHTPALUU HOCUTETICH:
on ,0G )
on on

B razoBeIXx W Jpyrux THUMOAaxX J1a3epoB
BEJIMYMHA 0. OOBIYHO HACTOJBKO Mala, YTO €10
MOXXHO  TpeHeOpedyb 10  CpPaBHEHHIO C
eIMHUIICH, OJHAKO B TOJYNPOBOJHUKOBBIX
naszepax Ha ocHoBe GaAs u InGaAsP BennuuHa,
a MO JKCIEPUMEHTATbHBIM OIICHKAM JIC)KHT B
npezaenax ot -1 g0 -7. DTo CBA3aHO C TE€M, YTO
BOJIU3M CHIEKTPAILHOTO MaKCUMyMa YCHJICHHS
KpHUBasi JHCIIEPCUU TIOKA3aTelNs MPEIOMIICHHS
UMEeT XapaKTEepHYI0 acuMMeTpuio. Takum
oOpa3om, Oonbiioe aOCONIOTHOE 3HAYCHUE
mapamMeTpa o  SBJISETCA  JAONOJHHUTEIbHOM
NPUYMHOW  CHUJIBHOTO  BJIMSIHHUSL ~ BHELIHEU
ONTHYECKOU oOpaTHOI CBA3U B
MIOJTYTIPOBOTHUKOBBIX JIa3epax.

Ocumumpyromue WieHbl, BXOJAIIUE B
BolpakeHuss (5) wu  (6),  ONHUCHIBAIOT
UHTEPEPEHITHIO BOJTH, OTPakKCHHBIX
COOCTBEHHBIM 3€pKajoM (CKOJOTOW T'PaHbIO
KpUCTaJlIa) U BHEIIHUM OTPaKaTeJIeM.

nop

oa=Q2w/n)
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biiok-cxema skcriepuMeHTaNbHOM yCTaHOBKHU
JUISL U3MEPEHHUsT OMNTOXJIEKTPOHHOTO CHUTHAJIa
MokasaHa Ha pucynke 2. UWzmydenwe ot
HCTOYHHKA CBeTa 1 c MOMOIIBIO
MUKpPOOOBEKTHBA 2  (OKYyCHpPOBAIOCH  HA

HCCIIeyeMYI0 TIOBEPXHOCTh 4 TakuMm 00pa3om,
9TOOBI OTPaXCHHBIM CBET Momajan oOpaTHO B
o0acTh

AKTUBHYIO JIa3CPHOI0 JuojJa.

Pucynox 2. Cxema sxcnepumenmanvuoil ycmanosku 0is

UCCIe008AHUSL INEKMPUUECKO20, ONMUYECKO20 OMKIUKO8

HOIYNPOBOOHUKOBO20 1A3ePa HA GHEUHION ONMUYECKYIO

obpammuyio c6a3v. 1 — nazepuwiii 0uod; 2 —
MUKPOOOBLEKmMuUe, 3 — noaynpo3paynas niacmuna, 4 —
uccredyemas nogepxHocms, 5 — pomoouod; 6 — 610k
RUMAHUSL ROCIMOAHHO20 MOKA, 7 — WUPOKOROIOCHbLU
yeunumens,; 8§ — ocyunnocpagp

MukponepemelieHieM oOBEKTHBA U Jiaepa
ApYr OTHOCHUTENIBHO Jpyra JAOCTHraJloCh TaKoe

B3aMMHOE pacIoaoKeHue qMoJa,
MUKpPOOOBEKTHBA M 3epKaja, KOrJa BeIMYHHA
BHEILIHEH oOpaTHOI CBSI3U Obu1a

MakcuMajabHOM. ONTORJIEKTPOHHBINM  CUTHA
Oompelessics Kak aMIUIMTyJa HMILYJbCOB
HaIpsDKEHUs, BOSHUKAaOMMX Ha auoze. Curnain
yCUJIMBAJICS ycuiuTedaeM 7 W HaOmronancs Ha
ocumorpage 8. Kpurepuem HacTpoilku Ha
MaKCUMyM BEJIMYMHBI BHEIIHEH 0OpaTHOi
CBA3U CIIYXKWIO JOCTHIKCHHE MAaKCHUMAJIBHOIO
3HAQYECHMsI OINTONIEKTPOHHOIO CHUTHaja IIpH
FOCTUPOBKE CUCTEMBI.
Jlnsg  ommucaHuss HU3KOYaCTOTHOIO — CIIEKTpa
aBTOAMHHOIO CHUTHAJIa IpU T'apMOHUYECKOU
MOJYJSIUMA  JUIMHBI ~ BOJIHBl  M3JIyYEHUS
JJA36pHOTO  MOJAa MOIIHOCTH aBTOJMHHOIO
CUTHaja MOXET OBbITh IpPEJCTaBIE€HAa B BHJE
pasznoxxenus B psag no gyskuusm beccens u B
pan Pypee [6], [7].

BBons kosddunmenter C,,, Capig, paBHBIC
o MOZYJIO YETHBIM M HEYETHBIM
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CIICKTPAJIbHBIM COCTAaBJIAKOIIMM CHUTHaJIa psaa
@dypbe U onpenensieMble Kak:

[ 2
C2n= dy, +b2n )

2 2
C2n+1 - \/a2n+1 +b2n+l ’

MOXHO MOJIYYUTh COOTHOIICHUS
XapaKkTEepPU3yIOlMe  CBA3b  CHEKTPaJIbHBIX
COCTaBJSIIOLIMX  YaCTOTHOMOJYJIMPOBAHHOI'O

aBTOJIMHHOTO CHUTHaJa ¢ QyHKIuUsIMH beccens
MEepBOTO Poja:

s 4eTHBIX n:

C,, =sin(0)1,(J,,,(0) = J,,.,(0)),

Jlns HeYeTHBIX n:

Copg1 =C08(O) (5, (0) =Ty, 5 (0)).

st ompeneneHuss paccTOSIHUA 10 OOBbeKTa L,
BXOJSIIIET0 B MapaMeTp G, HCIOJIb3yeM
OTHOIIEHHE 2n U 2nt2  CHEKTPaJIbHBIX
rapMoOHMK © otHomeHue 2n+l wu 2n+3
CTHEKTPAJIbHBIX TAPMOHHK:

G, Gy =(45,,(0)=,,,4(0))/

[y (0) = J,03(0)), ®)
C2n+1 / C2n+3 = (']2n (0)- S (0))/
/(T3 (0) = Ty,4 (0)). ©)

Pemenune mnomyueHHblx ypaBHeHud (8), (9)
OTHOCUTEIIFHO  HEW3BECTHOTO  IapaMmerpa
O =w,T,, Tpebyer 3HaHMUA IApaMETPOB
TOKOBOM MOJIYJSIIUKM J1a3€pHOTO aBTOAMHA, B
YaCTHOCTH JI€BUAIIMM  YaCTOTHl M3ITyYCHHS
JazepHoro auona @, . [lpuaumas BO BHUMaHUE,
4T0 7, =2-L/c, TOQy4a€M COOTHOLIEHUE IS
OIIPEIECTICHUS PACCTOSHUS JI0 OOBEKTa:
_c o

=< 1
2 o, 1o

4 3KCHepI/IMeHTaHLHBIe HCCJICI0BaAaHUA

KomnerorepHoe MOJIEJINPOBAHUE
aBTOJIMHHOTO CUTHaja u CIIEKTpa
4aCTOTHOMOAYJIMPOBAHHOTO
IOJYIIPOBOJHUKOBOIO  Ja3epa IPOBOJUIOCH
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IpU CIEYIOUMX TapameTrpax: JJUHA BOJIHEI
usnyuenus Jsasepa A =654 HMm,  yacrora
MOJYJSIUM TOKAa HHUTAHUS JIa3epHOTO HOAA
Q=100 T'u, paccrosaue mo0 odowvekra L =0.1
M.

Ha PUCYHKE 3 MIPEJCTaBIICHBI
9aCTOTHOMOAYJIMPOBAaHHBIE ABTOJIMHHBIC
CUTHAJIBI, CMOJEIHPOBAHHBIC TPU PA3IUYHBIX
3HAYEHUSX JCBUAIIMM YaCTOThl H3ITyYCHUs
HOJYIIPOBOJHMKOBOIO JIA3EPHOTO IHOAA (0, -
Kak BuaHO M3 pucyHKa 3, ¢ yBEIMYEHHEM (),
MIPOUCXOJIUT Kak  HM3MEHEHHE bopMbI
aBTOJMHHOTO CUTHAJA, TaK M €ro CIEKTpa, Mpu
3TOM HaOIIOaeTCsl  yBENMYEHUE 4YHCTa
TApPMOHHK HU3KOYaCTOTHOTO CIIeKTpa
aBTOJMHHOTO CUTHAJIA.

Jnist onpeeneHns pacCTOSIHAA 10 00beKTa L
o ¢opmyne (10), ucrmonb3ysi cooTHOmEeHUS (8)
u (9), ObUIM paccYMTaHBl 3HAYCHUS TMapameTpa
O m1no mnHabopaM YETHBIX W  HEYETHBIX
CHEKTPAIBHBIX TAaPMOHUK TIPU YBEITUYCHUU
JCBHALIMM  YaCTOThl HM3IYYCHHS JIA3E€PHOTO
aoaa @y. Pe3ynbTaThl pacdeToB MPUBEACHBI B
Tabmume 1.

Takum o0Opa3oM, TMOKa3aHO, YTO MpHU
TapMOHMYECKOH MOMYJSIIAKA  JJTUHBI  BOJIHBI
U3IY4YeHUsI JIA3€pPHOTO JHOAA, TIOCPEACTBOM
YaCTOTHOW MOJYJISIIAA TOKa HAKa4yKd, TpU
YBEJIIMYCHUH JCBUAIIMM YaCTOTHl H3ITyYCHUS
Ja3epHOTO JMO0JIa (W4 B CIIEKTPE aBTOIMHHOTO

CUrHajga HaONIOJaeTcsl yBEIMYCHUE 4YHCIa
CHEKTPaJIbHBIX  TrapMOHUK. Mcrmonb3oBaHue
BBICIIINX CIEKTPAIbHBIX TrapMOHUK

ABTOJIMHHOIO CHUTHAJIA ITO3BOJISIET OIPEIECIATH
napamerp G,, HEOOXOJUMBIN ISl OTPEeeIICHUS

ahpexma obpamuoil cés3u 6 NOAYNPOBOOHUKOSHIX Nazepax, Maii, 2015

paccTosiHus 10 00beKkTa L, W, CIeI0oBaTelbHO,
aMIUTATYI6I BUOPOTIEpEMEIICHHIA.

|
3
=
g0
[
-1
2
0 0.01 0.02 0.03 0.04
1, ¢
a
2
bl
£o
Al
1
2
0 0.01 0.02 0.03 0.04
G
2
o 1
N
=
g0
a;
-1
=
0 0.01 0.02 0.03 0.04
1€
B

Pucynox 3. Cmooenuposannutii
4aCMOMHOMOOYIUPOBAHHYLI ABMOOUHHBLLL CUSHATL U €20

cnexmp: (a) npu @, =25- 10® pao/c; (6) npu
w,=75-10° pad/e; (6) npu @, =125-10° paore.

Tabnuna 1. Pe3ynpTaTel KOMIIBIOTEPHOTO MOJAEIMPOBAHUS pacueTa mapaMeTpa ¢ 10 HOMEpaM CIIEKTPaIbHBIX TAPMOHUK

IIpU pa3JINIHbIX 3HAYCHUAX ACBUALUU YaCTOTHI U3JTYUCHHUA JIa3€PHOTO JUOAa a)A

Wy, hX 0 (paccunTaHHOE 10 HOMEPAaM CHEKTPAJIbHBIX TAPMOHUK)
pan./c (3ama | 2/4 3/5 4/6 | 5/7 6/8 7/9 8/10 | 9/11 10/12
HHOE)
25 1,667 | 1,667 | 1,667
75 5,0 50 | 5,0 5,0 5,0
125 8,333 8,333 8,333 | 8,333 8,333
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I[Ipu mocTpoeHuu cuCTeMbl C 0OpaTHOU
CBSA3bI0 HCTOYHMKOM IIYMOB U IIOMEX MOXET
ObITh CcaMa ONTHYECKas CXeMa, B KOTOPOH
OCYIIECTBJISIETCS MEXaHUYECKOE IepeMEIEHUE
HCCIIENyEMOW MOBEPXHOCTH. Tak, Ja3epHsbIil
peXUM  UYYBCTBUTEJIIEH K JUIMHE BHEIIHEH
ONTUYECKOW Iermu OOpaTHOM CBsI3U, T. €. K
pPacCTOSHUIO OT TOpLA JUOJa A0 OTpakarollen
MMOBEPXHOCTHU (pucyHox 1). Ota
YyBCTBUTEIHHOCTh MOXET OBITh HCIOJIb30BAaHA
Uil HaOJIIOJICHUI HEPOBHOCTEH IOBEPXHOCTH,
BBI3BAaHHBIX U3MEHEHUEM IIOBEPXHOCTHOM
CTPYKTYypbl ~WJIM €€  IHOBpexiaeHueM. B
pPacCMOTPEHHON CcXeMe BHOpalu BHEIIHErO
3epKaja MOTYT CTaTb HMCTOYHHKOM IIOMEX.
[TosToMy 1ETEC000pa3HO UCIIOIB30BATH JIa3€PhI C

JUIMHOM  KOT€PEHTHOCTH, MEHbBIIEH  JJIMHBI
BHEIITHEN CBS3U.
5 3akiaouenne
[Ipu MIPOBEICHUU Ne(EKTOCKOTHH

IIOBEPXHOCTU B COOTBETCTBUU C ypaBHEHUsIMU (2)
— (7) BenMuMHA ONTORIEKTPOHHOI'O CHUTHAla
Oyner CKJIaJbIBAThCS u3 CJIETYIOIINX
COCTaBJISIIOLIMX: OTPAXATEJbHONH CIOCOOHOCTU
BHEIIIHEro 3epkana R; (B maHHOM ciaydae — OT
OTpaXkaTeIbHOI CIIOCOOHOCTH KOHTPOJIHPYEMOM
noBepxHocTH), Ly — paccTosiHMEe OT BHEIIHErO
3epKajla JIa3epPHOTO0 JHOAA A0 KOHTPOJIUPYEMOH

MOBEPXHOCTH, TMapaMeTp C  XapakTepusyer
ONTUYECKUE CBOMCTBAa Cpeabl B COCTAaBHOM
pe3oHaTope (IOTJIOIIEHHE, pAacCestHue U JIp.
MIPOLIECCHI). 3aKOHOMEPHOCTHU WU3MEHEHUS

OTpa)KaTeIbHONH CIIOCOOHOCTH TOBEPXHOCTH B
3aBUCUMOCTH OT €€ COCTOSIHUS, CTPYKTYpBI,
HaJIM4YUsl pa3iudHOIO pojJa MOBPEXKACHUNM ObLIN
UCCIIEZIOBaHbI PaHEE.

Ha BenuuumHy ONTO3J1EKTPOHHOIO CHUIHAla
CYLIECTBEHHOE BJIUSHHUE OKa3blBa€T CTENECHb
KOT'€pPEHTHOCTHU COOCTBEHHOI0 U3ITy4eHUs
Ja3€pHOro JAMO0Ja U OTPAKEHHOIO NOBEPXHOCTHIO
U3ITy4YEHUS.

Hcnonbp30BaHne BBICIINX CIIEKTPATIbHBIX
rapMOHMK aBTOJMHHOTO CUTHAJIA TIO3BOJISET

Journal of Dynamics and Vibroacoustics, 2(1)
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OTIPECIISATH PACCTOSTHUE 10 00BEKTa U
aMIUTATYI6I BUOPOTIEpEMEIIICHHIA.

LenecooOpa3Ho NpUMEHSTH Ja3ephl C JITUHOM
KOT€pEHTHOCTH, MEHBILIECH JIJTMHBI BHEIIIHEN CBSI3H.
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LASER VIBRATION DEFEKTOSOKOPY OF
MULTILAYER SHELLS USING FEEDBACK EFFECTS IN
SEMICONDUCTOR LASERS

Composite materials with a unique set of physical and mechanical properties,
are wide used in aerospace branch. Since conventional methods for detecting

defects are not always sufficiently productive and sensitive, the actual task is to
develop methods and control products from composite materials. It is advisable
to use the methods of vibroacoustic diagnostics, which allows not only to detect
defects, but also to recognize them. To eliminate the drift performance of the
measuring system and increasing its sensitivity is expedient to combine the
functions of the radiation source and the receiver in a single element using laser
avtodyne systems based on semiconductor laser.. The use of higher spectral
harmonics autodyne signal allows to determine the distance to the object and
the amplitude of movements and vibrations.
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