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AEROACOUSTIC CHARACTERIZATION

OF TURBO-MACHINERY

Mats Abom

KTH-The Royal Inst. of Technology, Marcus Wallenberg Laboratory for Sound
and Vibration Research, SE-100 44 Stockholm, matsabom@kth.se

Acoustic analogies such as Lighthill can be regarded as linear aero-
acoustic models which imply that they can be formulated using so called
“multi-ports”. A multi-port model has a “passive” part describing the scattering
and an “active” part describing the sound generation. Multi-port techniques are
particularly useful for ducted systems where the acoustic field can be projected
on a known basis of acoustic modes [1]. Assuming a time-invariant system a
multi-port can in the frequency domain be described by:

P, =Sp_+p., )
where p is a state-vector containing acoustic modal pressure amplitudes, S is
the scattering matrix (“passive” part), ps+s is the source vector or “active” part
and +/- denotes propagation out from or into the system.

Fig. 1. A ducted multi-port with two openings a and b

The projection of the field on acoustic modes reduces the effect of turbu-
lence in the data and further improvement is possible by combining data at dif-
ferent cross-sections. Note that the form of Eq. (1) implies that the source data
(ps) is reflection-free, i.e., it corresponds to an infinite system. This is very
convenient both in experiments and for numerical modelling and facilitates
comparison of numerical and experimental data. In principle a multi-port gives
a complete acoustic characterization of a ducted component and any duct sys-
tem with turbo-machines can be reduced to a network of multi-ports. At KTH
experimental techniques for multi-port eduction have been developed since the
1990°s [2-5]. More recently multi-port methods have with success also been
applied to numerical data and here examples of these efforts will be presented.
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The general procedure to determine a multi-port is based on a two-step
method. First the system is tested by sending in waves (“modes”) and determin-
ing the reflected and transmitted waves. If the multi-port is active filtering or
correlation methods are applied to eliminate the influence of the source field on
the procedure. In the second step the active part is determined by applying Eq.
(1) with a known S.

Kierkegaard et al. [6] proposed a frequency domain Linearized Navier
Stokes Equations method (LNSE) to determine the scattering or “passive” part
of multi-ports. The method requires that the background mean flow first is
solved, e.g., by a RANS solver and then the LNSE equations can be solved us-
ing standard FEM methods. Using a frequency domain approach eliminates
absolute instabilities and convective instabilities are controlled by the viscosity.
In Ref. [7] Kierkegaard et al. applied the LNSE method to predict whistling for
a ducted orifice by computing the complete (“passive”) 2-port for the system
and applying the Nyquist condition. More recently [8] it has been found that for
certain cases, e.g. a T-junction, it is crucial to include eddy viscosity or turbu-
lent dissipation of the acoustic field in the LNSE model.

Alenius et al. [9] applied Large Eddy Simulations (LES) and computed
both the “active” and “passive” part of the plane wave 2-port for an orifice
plate. The structure of the source part was also studied using so called Dynamic
Mode Decomposition (“Koopman modes™). The scattering was computed using
harmonic incident waves and turbulence was supressed by time domain averag-
ing as well as projecting the field on a propagating plane wave mode. Using
reflection-free boundaries the source part could be directly computed from p..
i.e., by projecting the pressure on the plane wave mode.

In the most recent KTH work multi-port methods were applied to develop
new and more efficient modelling tools for complex duct systems [10]. A key
aspect of the work was to apply and test multi-ports also beyond the plane wave
range. One example of the results can be found in the paper by Shur et al. [11]
analysing an axial fan unit for aircraft climate systems. In the paper the reflec-
tion free acoustic source data for the fan is extracted by projecting the field
computed using compressible IDDES (“Improved Detached Delayed Eddy
Simulation”) on the acoustic modes. The results demonstrate the usefulness of
the multi-port approach for an adequate comparison of numerical and experi-
mental data. Other results from the work concerns modelling of single and tan-
dem orifice plates, see Sack et al. [12]. The flow modelling is based on a com-
pressible IDDES which is time averaged and used as background flow for a
LNSE model of the scattering. The source or “active” part is then computed
from IDDES by applying Eq. (1). Note this type of mixed approach is computa-
tionally much more efficient then using IDDES or LES to compute both the
“passive” and “active” part. Of course with the risk of a larger error for cases
when eddy viscosity effects are important.
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JET AEROACOUSTICS: SOME INSIGHTS FROM NUMERICAL
EXPERIMENTS

Sanjiva K. Lele'

!Stanford University, Stanford, USA, lele@stanford.edu

In this talk I plan to discuss the computational and physical modeling is-
sues, which need to be carefully addressed in numerical simulations of turbulent
subsonic and supersonic jets, to achieve accurate prediction of the laboratory
measurements of the mean flow, turbulence, and near- and far-field sound ra-
diation, see [1] for details. Next, I will discuss how the simulation data can be
used to gain some insights into jet aecroacoustics, such as characterizing the
dominant noise source mechanisms and their modeling for engineering purpos-
es. I will also emphasize the use of numerical experiments to learn about sound
source mechanisms, and end the talk with a discussion of some open issues.
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ON THE IDENTIFICATION OF SOLID SOUND SOURCES VIA
THE FFOWCS WILLIAMS-HAWKINGS INTEGRAL

P.R. Spalart

Boeing Commercial Airplanes, Seattle, USA, philippe.r.spalart@boeing.com

The Ffowcs Williams-Hawkings (FWH, [1]) formula shown here in its
far-field approximation (eqn. 1) is extremely valuable in computational
aeroacoustics, and is widely used to post-process unsteady simulations, in order
to calculate the sound at distances beyond the accurate range of the numerical
grid. The formula distinguishes the monopole and dipole contributions from the
solid surfaces X (third and second lines) and that from the quadrupoles present
in the fluid (first line). Curle showed that at low Mach numbers, the solid-
surface terms dominate [2]. Furthermore, for compact sources, the unsteady
force on the body dominates. Very few studies have explicitly included the
quadrupoles in the volume, but many have used a permeable FWH surface X,
which in principle surrounds the quadrupoles, giving valid results independent
of Mach number. However, in spite of some serious doubts over the solid-
surface approach [3], many people in the field prefer using it, partly due to sim-
plicity and partly because of some difficulties associated with turbulence cross-
ing the permeable surface.
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Our purpose is to explore these effects, using two model problems. An
additional attraction of the solid-surface approach is the idea of identifying the
“true” source of the sound by computing separately the integrals for different
components; in a landing gear, one may ask whether the wheel, the door, the
post or the cavity “makes more noise,” and is therefore the better candidate for
noise-reduction technology [4, 5]. We wish to determine whether this “self-
evident” argument gives a rigorous and effective approach. Our focus is on air-
frame noise, because the neglect of quadrupoles is much less defendable for
engine noise. One key feature is the shielding of sound towards various direc-
tions; any approach that fails to reflect this shielding will be suspect.

Our first problem does not involve quadrupoles, but leads to the identifi-
cation of sound sources, and shielding. As shown in Fig. 1a, a dipole is placed
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under a sphere. This is a generic model for an aircraft component such as a
wheel applying an unsteady force to the fluid. The “straightforward” identifica-
tion approach would calculate the solid-FWH sound field, and declare that “this
is the sound of this part of the airplane.” Here, the sound field of the dipole is
known analytically. The dipole is injected into the flow field over a small vol-
ume, and is therefore “a compact source.” We only show cases with a vertical
dipole (F}), but results with a horizontal dipole led to the same conclusions.

Fig. 1. Dipole placed under sphere; left, geometry; right, pressure field

There is no flow, and the walls are treated as free-slip surfaces. The pa-
rameters are as follows: the wave-length is 1/3 times the sphere radius R, and the
dipole is /2 a wave-length away from the surface. This creates interference pat-
terns with 45 degrees for the dominant direction, as seen in Fig. 1b; other cases,
with different offsets for the dipole, produced different patterns. As could be
expected, the shielding by the sphere in the upward direction is very definite.

We now turn to quantitative results, comparing the sound at a distance of
11 wave-lengths A from the origin. A FWH utility, valid in the near-field, was
provided by Drs. A. Dyben and T. Kozubskaya of Keldysh Institute of Applied
Mathematics (Moscow) and allows comparisons with the direct output of the
simulation, where the grid is still fine; the same conclusions would be reached
for far-field sound, but the simulation cannot provide that, since the grid coars-
ens for large » (and a sponge layer was introduced). In Fig. 2a the simulation
result, in magenta, confirms the interference pattern and the shielding seen in
Fig. 1b. The peak level at 45 degrees is 25dB higher than the lowest level, in
the straight-up direction. This result is accurately reproduced by the permeable
FWH formula, independently of the radius of the FWH sphere (blue and green
curves). The sound field of the dipole itself (black), in contrast, does not repro-
duce shielding; the only difference between the up and down direction is due to
the difference in distance (14.5 A versus 7.5 A). It also misses the interference
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patterns. The sound field of the dipole with an opposite image dipole inside the
sphere (not shown) does capture interference, to leading order, but that does not
provide a very practical method.

Fig. 2. Left, sound extracted from simulation, and produced by integral
formulas; right, FWH surface term on the sphere

Of more interest are the results of the sphere’s solid-surface contribution,
in red, and its combination with the dipole, in orange. In the upwards direction,
the two almost cancel. This combination gives a very accurate answer, almost
as good as the permeable formula. On a theoretical basis, this may be unsurpris-
ing, since this problem has no quadrupoles. However, in practice, this shows
that while the dipole is the true source of sound, the calculation of the sound
field must include the sphere’s contribution, which in practice would mean the
airplane’s fuselage and wing. Figure 2b shows the FWH integrand on the
sphere, in other words the “footprint” of the dipole. Its extent appears to be a
few times the distance from the dipole to the surface.

Next, a generic fuselage with a simplified landing-gear cavity is consid-
ered, as illustrated in Fig. 3. This flow having quadrupoles, the results may not
be as close to perfection as in the first case, but we expect strong effects of
shielding, with the approach separating various parts of the surface in the FWH
integral possibly leading to paradoxes.

The flow is treated with Delayed Detached-Eddy Simulation, with most of
the fuselage boundary layer in quasi-steady RANS mode, and strong clustering
of the grid near the cavity. The Mach number is 0.25 and the Reynolds number
based on fuselage diameter D is 10’. The simulation produces the expected
highly unsteady shear layer bounding the cavity, and weaker but fine-scale
vorticity in it. Turbulence then propagates along the body. The pressure field is
marked by waves with a wavelength slightly longer than D (somewhat con-
trolled by grid spacing).
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Fig. 3. Simplified landing-gear cavity. Top left, vorticity contours; top right and
middle, pressure field (time derivative); bottom, permeable surfaces

Fig. 4. Spectra from simulation and from permeable-surface integral at two
points above and below fuselage (see Fig. 3)

Figure 4 shows that the permeable-surface FWH formula reproduces the
sound in the simulation very accurately. This includes the strong sheltering,
since the sound level at Point 5, above the body, is about 25dB lower than at
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Point 14, below it. On the other hand, the spectrum shape for low frequencies is
very similar at those two points, which we have not explained yet.

Fig. 5. Sound power levels in the vertical direction with different FWH ap-
proaches; far-field results; upper graph: upwards; lower graph: downwards

Figure 5 presents results in the upwards and downwards direction, which
are not as simple as for the sphere-dipole case. The difference between direc-
tions is weaker than in Fig. 4, around 8dB, due to this applying in the far field.

The solid and permeable results in Fig. 5 are almost identical up to a
Strouhal number of 4, and in particular the peak at St ~ 3.5 is identical. Given a
Mach number of 0.25, this corresponds although loosely with the dominant
wave of Fig. 3. For St larger than 4, the two results diverge, and the solid-FWH
calculations essentially miss the shielding effect, even though these are results
with the full surface (cavity and fuselage skin), an approach which was success-
ful for the sphere-dipole case. This appears to reflect the quadrupole contribu-
tion, which would have constructive interference with the surface terms in one
direction, and destructive interference in the other direction. The relative suc-
cess of the solid formula for low frequencies (which would not be relevant in
airline practice) has not been explained yet; in particular, a simple argument
such as the source being compact does not seem to apply since A ~ D.
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The dominant frequency is of interest. If we assume that the large eddies
in the mixing layer propagate at half the freestream velocity, St = 3.5 corre-
sponds to an eddy spacing of D/7, which is larger than the visual spacing in the
simulation. The Strouhal number based on cavity length L is 1.4, which would
approximately correspond with the third Rossiter mode, using

St = (n—y)/(M+1/x)
with y=0.25 and k=0.57. This is not very conclusive. Finally, the cavity length
and depth are 0.4 D and 0.2 D, respectively, so that conjectures based on half-
or quarter-wavelength modes are not satisfied either.

Overall, our results strongly support the permeable-surface FWH formula,
and indicate that the solid-surface formula can be misleading regarding the ac-
tual sources of sound, and in particular fail to capture directional effects.
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NEXT STEPS IN WIND TUNNEL AEROACOUSTICS:
MEASUREMENTS AT FLIGHT-REYNOLDS NUMBERS

Thomas Ahlefeldt

German Aerospace Center (DLR), Géttingen, Germany, thomas.ahlefeldt@dIr.de

In my talk | will present the microphone array measurement technique

which was advanced at the DLR Géttingen for the use in cryogenic and/or pres-
surized wind tunnels [1]. This extends the range for acoustic measurements on
scaled aircraft models in start and landing configuration up to real-flight Reyn-
olds numbers. This abstract describes the measurements carried out in the Euro-
pean Transonic Wind Tunnel (ETW) and presents the results.
In the talk I will also give additional examples for measurements performed in a
cryogenic wind tunnel [2-3] and give an insight in the comparability of micro-
phone array measurements. In the example chosen, results obtained from the
same model but different wind tunnels are being compared [4].

Motivation

The use of microphone arrays to acquire acoustic data of scaled models in
wind tunnels has become a standard measurement technique. However, the
comparison of the results obtained in the wind tunnel to those obtained at real
flight tests usually reveals differences. These differences are attributable to a
lack of model fidelity, installation effects, a discrepancy in Reynolds number,
and the applicability of the assumptions made in phased array processing [5].
The work presented in the following is focused on the effect of varying Reyn-
olds number.

Measurement setup

The ETW facility is a high Reynolds number transonic wind tunnel with a
2.0 m x 2.4 m closed test section. By injection of liquid nitrogen, the wind tun-
nel can be operated over a temperature range from 110 K up to 310 K and the
total pressure can be varied between approximately 115 kPa and 450 kPa.
Thereby the ETW provides a testing environment for full-scale Reynolds num-
bers and independent variation of Reynolds number, Mach number, and load
[6].
Figure 1 shows the measurement setup with the half-model in high lift configu-
ration (scale 1:13.6) in the center of the test section of the ETW. The position-
ing of the microphones was limited to discrete dummy windows and side wall
slots as can be seen on the left side of Figure 1. For the sensors, Briel & Kjaer
cryogenic-type sensor of type 4944A were used. This sensor was developed
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together with the DLR and the ETW. The corresponding frequency response
measurements at different pressures and temperatures were performed in a cry-
ogenic vessel at the ETW site. They exhibited a non-linear combination of the
amplitude response caused by varying the static pressure or temperature sepa-
rately [1,7].

Measurements were taken for several Mach numbers, Reynolds numbers and
angles of attack. In order to additionally assess the influence of the different
load on the model at higher pressures (deformation), several measurement
points were chosen to give the following features: (1) comparisons at same de-
formation but different Reynolds numbers, (2) comparisons at the same Reyn-
olds number but different deformations. Thus, the effect of the elastic defor-
mation can be separated from the effect of the Reynolds number.

Fig. 1: Photo of the setup and arrangement of microphones.

Algorithms and Assumptions

For the reconstruction of the source auto powers on a chosen grid, the
conventional beamforming approach in the frequency domain was used [8].
The limitation for the microphone positioning lead to strong side
lobes in the beamforming procedure caused by insufficient spatial
sampling. Here, results will be shown using the pseudo-deconvolution method
CLEAN-SC [9].
For the calculation of the results, several assumptions are to be made. Inde-
pendent of the cryogenic/pressurized environment, the phase shift of each re-
constructed source was calculated using a point source assumption under ho-
mogeneous flow conditions.
For the comparison of results obtained at different temperatures and pressures,
the influence of those quantities must be considered in terms of corrections.
First, a correction is required to take into account the alteration of the radiated
sound pressure caused by the different temperatures and pressures. This correc-
tion will be also dependent on the assumptions made for the nature of the
source. Here, the main contributing kind of source from the half-model in the
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test section is considered to be dipole sources [1]. This correction can be de-
rived from the Ffowcs-Williams—Hawkings solution of the acoustic analogy
with surface sources in the far-field. The resulting decibel correction for dipole
sources with consideration of different temperatures and static pressures in the
test section is given by (for details see [1]):

Here, the density is taken as po = 1.25 kg/m® and the speed of sound as a, = 337
nvs (values for pure nitrogen at international standard atmosphere conditions).
Second, as an additional normalization approach, the results are be compared at
the same Strouhal number to account for the different flow velocities, where
even the Mach numbers are still the same at these different temperatures and
pressures.

With the application of these assumptions, differences found in a comparison
can be related to source mechanisms not scaling as a compact dipole source or
with the Strouhal number (i.e., Reynolds number effects, cavity or jet noise).

Experimental Results

The source maps were computed over an equidistant discrete grid with
69,165 grid points covering the region of interest in an observation plane of
1.30 x 1.32 m on the half-model. Exemplary results are shown in figure 2. It
shows a comparison of results at Reynolds numbers of 1.43x10° and 20.06x10°.
In general, the source maps exhibit dominant sources at the inboard slats, slat
tracks, and flap side edge, with less dominant sources at the flap and the flap
track fairings. At a Strouhal number of 20 the source maps are almost equal
showing the same source positions and the same level. However, for a Strouhal
number of 130, the source map for the real-flight Reynolds number exhibits
differences. Sources with a significantly increased noise level appear on the
inner flap and on one flap fairing. The sources on the inner flap are the most
dominant ones for the real flight Reynolds number case. On the other hand, the
sources on the slat are significantly decreased.

For a closer observation, figure 3 shows spectra taken at an angle of attack of 3
deg. Each spectrum represents different areas on the wing, the slat and the flap
area. The spectra were calculated by integrating the CLEAN-SC results over the
grid points covering the slat or flap area.

For the comparison of the slat spectra one important effect of the Reynolds
number can be observed: various slat tone peaks disappear for higher Reynolds
numbers. These so called “slat tones” are related to different noise mechanisms
occurring at the slat cove. They can be considered a model artifact due to too
low Reynolds numbers and manufacturing and handling constraints [10].
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The comparison of the flap sources also shows various differences for both
Reynolds numbers. First, a hump is visible at a Strouhal number of 40, related
to the flap side edge showing a slight shift of the Strouhal number as well as of
its source strength. Of major significance are two large broadband increases
appearing in the Strouhal number range of 100 to 150 and 170 to 200 at the
flight Reynolds number. These humps are related to sources on the inboard flap
(see figure 2) and the outboard flap showing a level increase of approximately
10 dB.

St1/30ct = 20 (frull-scale,1/30ct = 360 Hz), M = 0.203, a = 3 deg

Res = 1.43x10° Res = 20.06x10°

St1/30ct = 130 (frull-scate,1/30ct = 2.4 kHz), M = 0.203, a = 3 deg

Res = 1.43x10° Res = 20.06x10°

Fig. 2: Comparison of source maps at different Reynolds numbers.

— Res = 1.43-10°
— Res =20.06-10¢

Fig. 3: Comparison of spectra at different Reynolds numbers (red).
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In summary, several sources with a significant Reynolds number dependence
were being shown. These include dominant sources on the flap at real flight
Reynolds number and various peaks in the spectra with combined Strouhal and
Reynolds number dependencies. The ability of measuring airframe noise at real
flight Reynolds numbers now gives the possibility of separating the effect of the
Reynolds number from the effects of model fidelity and Mach number on aero-
acoustic behavior.
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O.P. Bychkov'?, G.A. Faranosov'

!TsAGI, Moscow Research Complex, Moscow, aeroacoustics@tsagi.ru
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The importance of jet installation noise problem can be seen from a large
number of recent publications [1-13]. Many papers are devoted to the develop-
ment of simplified analytical models of this effect [2, 3, 5, 9, 11, 12, 13]. Ana-
lytical approaches are usually based on the considerable simplification of the
initial geometry, e.g. real wing is replaced by a flat plate (all models), angle of
attack is set to zero (all models except [11]), co-flow is not taken into account
[2, 5, 6, 11]. Numerical high-resolution methods can be used to obtain physical
assessments for realistic configurations and flow parameters [7—8], however
their application is still usually restricted to selected cases due to high computa-
tional costs, and they are not convenient for parametric studied/optimization.
Note that recently developed fast solvers using GPU and running on a conven-
tional desktop computer may fill this gap [14]. However, engineering applica-
tion requires reliable and fast low-order models capable to predict jet installa-
tion aeroacoustic effects with acceptable accuracy, e.g. at initial stages of air-
craft design.

The present work is focused on the development of such low-order meth-
od. This work continues the previous studies of the authors related to the analyt-
ical modeling of jet-wing installation effect for model geometries of increasing
complexity: 2D model [3], round jet and plate — scattering of axisymmetric
mode [9], round jet and plate — scattering of spinning modes [13].

The model is tested on experimental data and the data of the numerical
simulation. It is shown that the far-field spectrum of the installed configuration
can be predicted on basis of near-field data of the standalone jet or installed jet
for simplified and realistic configurations.

The work has been partly supported by the Russian Foundation for Basic
Research (project 16-01-00746a, experiments and numerical simulation) and by
the Russian Ministry of Industry and Trade, project “ORINOCO-2" (theoretical
model development) as a part of the European Union‘s Horizon 2020 project
ARTEM, grant No 769350.
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A PECULIAR CASE OF FAN-WING ACOUSTICS
Vladimir V. Golubeyv, Stanislav Karpuk, Marina Kazarina
Embry-Riddle Aeronautical University, Daytona Beach, USA,
golubdlb@erau.edu

This work presents a numerical study of the acoustic signature of NACA
654221 airfoil featuring a leading-edge-embedded Cross-Flow Fan (CFF) used
as an Active Circulation Control (ACC) device. Such fan-wing design has been
proposed and recently investigated [ 1] for a prospective medium-size Extremely
Short Take-Off and Landing (ESTOL) UAV concept. Three different configura-
tions are analyzed and compared to determine the acoustic impact of the fan-
wing concept: the conventional airfoil with a single-slotted Fowler flap, the fan-
wing airfoil with the Fowler flap and non-operating fan, and the fan-wing airfoil
with the rotating fan. Far-field noise levels are predicted based on the near-field
CFD data using an integral technique, with several interfering noise sources
identified.

The CFF technology, first patented in 1893 by Mortier, is now actively
used for heating, ventilation, and air conditioning. Such fan consists of three
major parts: the inlet, the impeller with forward-curved blades located inside the
housing consisting of rear and vortex walls, and the outlet (Figure 1(a)). For
almost four decades, the fan has been discussed as a potential Active Flow Con-
trol (AFC), distributed-propulsion, high-lift, and VTOL device. Kummer and
Dang [2], Chawla [3], Lin [4] and Nieh [5] studied CFF flow physics when the
fan is embedded in the airfoil. Kummer and Dang [2] also considered CFF as a
novel propulsion device that could improve the aircraft performance in order to
reduce the fuel burn and decrease the operational cost of the aircraft. Numerical
and experimental investigations showed significant increase in airfoil lift and
increase of the stall angle of attack. In addition, Ref. [2] demonstrated the thrust
capabilities of the fan embedded close to the wing trailing edge by building a
number of scaled UAV prototypes. Application of CFF as a VTOL device was
studied by Gossett [6] and included a conceptual design of a VTOL aircraft.

Application of CFF to a commercial aircraft was studied by Kramer et al.
[7] and showed a promising result. It was determined that an optimized Gold-
schmied wing with the fan embedded at the trailing edge of the transonic com-
mercial aircraft could reduce fuel consumption comparing to Boeing SUGAR
aircraft by 12% percent.

The research on using CFF as a high-lift device was conducted by Golo-
gan et al. [8] and Phan [9]. Ref. [8] used the same fan configuration used by
Kummer and Dang [2] to investigate the power requirements for the fan in-
stalled in a commercial regional STOL aircraft. Although the model was not
optimized, the wing-embedded CFF showed potential to be a strong high-lift
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device for a commercial aircraft. Phan [9], on the other hand, investigated a
different configuration, with CFF embedded into the leading edge of the wing,
as shown in Figure 1(b). He applied his results to examine flight performance
data based on Piper PA-18 aircraft. The results demonstrated reduction of the
take-off run by 50%. In addition, three-dimensional CFD analysis was per-
formed on a wing featuring a cross-flow fan embedded along the entire span.

(a)

(b)
Fig. 1. (a) CFF schematic; (b) airfoil geometry with LE-embedded CFF

The feasibility of the leading-edge-embedded CFF high-lift technology
applied to a multi-purpose transport aircraft was studied by Karpuk et al [1]. An
aircraft with the CFF technology was designed and compared to a similar air-
plane featuring conventional high-lift devices. For a 16,000 Ib aircraft, the take-
off distance reduction and a payload reduction due to the fan mechanical system
were 18% and 13.6% respectively.

Although significant work was done regarding CFF physics and its aero-
dynamic ACC impact when embedded in the aircraft wing, the acoustic behav-
ior of the fan-wing concept was never addressed. The present work focuses on
the numerical aeroacoustic investigation of the CFF airfoil. Three cases were
simulated: an airfoil with a single-slotted Fowler flap and without the fan, a
CFF airfoil with the flap and non-operating fan, and a CFF airfoil with the flap
and operating fan.

Numerical simulations employed a conventional NACA 654221 airfoil
with the flap-to-chord ratio is 30% and the flap deflection of 30°. For the base-
line airfoil (Case 1), the slot gap was equal to 6%, but the gap for the CFF air-
foil embedding 36-blade fan was reduced to 1% to ensure attachment of the jet
flow from the fan.
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(a)

(b)

(c)
Fig. 2. Dilatation contours: (a) baseline case; (b) CFF airfoil with stationary fan;
(c) CFF airfoil with rotating fan

Pointwise [11] T-REX mesh generator for accurate resolution of the
boundary layer was used for all cases, with the maintained value of y+=1. The
computational-domain far-field was located 70 chords away, with imposed far-
field non-reflecting boundary conditions. All computational cases have 450000-
500000 cells.

ANSYS Fluent [12] with embedded FW-H algorithm was used to estimate
the far-field acoustics of the airfoils. Unsteady RANS with Spalart-Allmaras
turbulence model was used. The airfoils were simulated with the free-stream
velocity of 15 m/s at a=0°. 30 virtual microphones were located 15 chords
away to capture the far-field pressure around the airfoil.

Preliminary results obtained for the dilatation fields for each case are
shown in Fig. 2. It appears that the acoustic sources for the Case 1 baseline air-
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foil configuration (without the fan) are localized at the slot region to contribute
to the expectedly dominating trailing-edge noise components. Similar results
are observed in Case 2 for the CFF airfoil with non-operating fan. Furthermore,
the slat lip and the unsteady flow disturbed by the stationary fan generate addi-
tional acoustic components. However, the most severe noise appears induced by
the rotating fan in Case 3. The major additional noise source is attributed to the
wall jet generated by the fan from the slat exit on the suction side of the airfoil.
The final presentation will include comparison of acoustic directivities and
acoustic spectra at the selected monitor points to clearly identify the contribu-
tion of the dominating fan-wing acoustic sources.
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TOWARDS AFFORDABLE CAA SIMULATIONS OF
AIRLINER’S WINGS WITH DEPLOYED HIGH-LITF DEVICES
V. Bobkov, A. Gorobets, A. Duben, T. Kozubskaya,V. Tsvetkova
KIAM RAS, Moscow, Russia, cherepock@gmail.com

Vortex-resolving approaches allow to more accurately predict integral
properties (lift, drag, moments, etc.) and, more importantly, to obtain non-
stationary aerodynamic and acoustic characteristics. However, the use of such
simulations in industrial applications is limited due to a high computing cost
that arises from spatial and temporal resolution demands. The goal of the pre-
sent work is to find the ways to reduce the cost of numerical prediction of aero-
dynamic and acoustic characteristics of a swept wing with high lift devices.

Modeling of a high aspect ratio wing requires large areas of high spatial
resolution along the wingspan. Reducing the problem to a small section of a
wing could be a solution. To that end, spanwise periodic boundary conditions
can be applied for an unswept wing. For a swept wing there is no such a statisti-
cally uniform direction. In this case we propose to combine a RANS-resolution
computing domain for a wing with a short in span LES-resolution zone inside it
for capturing unsteady aerodynamic and acoustic properties.

In order to elaborate this methodology we begin with studying the well-
known model configuration NASA MD-30P30N [1] that represents an unswept
wing with deployed high-lift devices. This configuration allows to obtain a rea-
sonable-quality numerical solution at rather low costs by apply periodic bound-
ary conditions. The algorithm of our study consists of several stages:

1) compute the reference case 30P30N with periodic boundary conditions
and compare it with the available experimental and numerical data;

2) investigate the potential of computing cost reduction: coarsening the
resolution (especially in spanwise direction), using wall functions, op-
timizing mesh concentration and position of FW/H surface, etc., and
analyze the corresponding changes in quality of results;

3) using the experience obtained at stage 2 in reducing the costs, compute
the 30P30N case applying the approach with partial LES-resolution
and compare results with the reference;

4) apply the proposed approach to a whole swept wing with deployed
high-lift devices.

The present work covers stages 1) and 2) of this algorithm. The 30P30N
configuration was computed using a mesh of 36 million nodes made by extru-
sion of a 2D base mesh in the spanwise direction. The spatial resolution of this
mesh, denoted Meshl, is in agreement with numerical studies of other authors
[2]. The NOISEtte code based on the higher-accuracy EBR scheme [3] was
used to perform the simulation. The distance from the turbulent zone of the flow
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to the FW/H surface was minimized in order to reduce the high-resolution area.
At the same time the surface was placed far enough from turbulent fluctuations
and short-range spurious oscillations. The view of the instantaneous flow field
and the FW/H surface are shown in Fig. 1.

Then, two reduced-resolution simulations have been carried out: one with
the mesh derived from Meshl by coarsening it twice in the spanwise direction,
denoted Mesh2, and another with the mesh derived from Mesh2 by reducing
twice the number of nodes in the base 2D mesh, denoted Mesh3. Mesh2 and
Mesh3 have 2 and 4 times less nodes than Mesh1, respectively.

The simulation technology focused on reduction of computing cost will be
presented in detail. Comparison of results on the three meshes with experi-
mental and numerical data and evaluation of quality of the obtained results is to
be presented as well.

The work has been partially funded by the Council on grants of the Presi-
dent of the Russian Federation, project MD-5968.2018.1 (work on reduction of
computing costs). This work has been carried out using computing resources of
the federal collective usage center Complex for Simulation and Data Processing
for Mega-science Facilities at NRC “Kurchatov Institute”, http://ckp.nrcki.ru/.

Fig. 1. Instantaneous flow field and FW/H surface contour
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ON THE POSSIBILITY OF ACTIVE CONTROL OF
INSTABILITY WAVES IN UNEXCITED TURBULENT JETS
V.F. Kopiev, G.A. Faranosov, S.A. Chernyshev, O.P. Bychkov
TsAGI, Moscow Research Complex, Moscow, vkopiev@mktsagi.ru

A strategy of active control of natural instability waves in subsonic turbu-
lent jets is developed. The strategy is based on the approach tested earlier on
tone excited jets. This approach allowed to demonstrate the possibility to con-
trol artificially excited instability waves by means of linear adjustment of the
excitation and the control action. Analysis of the results for the excited jet con-
trol has shown that the approach based on the instability waves generation near
the nozzle edge is the most effective in terms of the required amplitude of the
control action and, hence, realization of the linear interaction of the waves in
the jet.

Peculiarities of such an approach are investigated for the case of the con-
trol in broad frequency band. A way to get the reduction of the integral signal
level is proposed. The proposed strategy of natural instability waves control is
tested on really measured stochastic signals and is shown to be generally realiz-
able. Typical restrictions that should be taken into account during experimental
implementation of the strategy are determined.

The work is supported by the Russian Foundation for Basic Research
Grant No. 16-01-00746a.
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BACKGROUND ACOUSTIC DISTURBANCES IN HIGH SPEED
WIND TUNNELS

V.A. Lebiga!?, V.N. Zinovyev!, A.Yu. Pak!

Khristianovich Institute of Theoretical and Applied Mechanics SB RAS
Novosibirsk, lebiga@itam.nsc.ru

’Novosibirsk State University, Novosibirsk

The basic relations between the output hot-wire signal and characteristics
of the acoustic field are considered in terms of the fluctuation diagram, i.e. de-
pendence of the normalized hot-wire output on the probe overheating parame-
ter. This approach allows determining both intensity of acoustics and the direc-
tion of propagation of acoustic waves in the flow as the angle y between the
normal to the front of the acoustic wave and the mean flow velocity vector. This
angle y depends (and can be calculated) on the location of the intersection point
of the fluctuation diagram with the abscissa axis. It is shown also that the hot-
wire approach allows not only obtaining information on the intensity of acoustic
fluctuations propagating in the flow, but also to identify sources of disturbances
and their localization.

The results of measurements of background fluctuations in wind tunnels
of several research centers are presented, namely TsAGI, ITAM SB RAS (Rus-
sia), ETW (Cologne, Germany), ASTRC NCKU (Tainan, Taiwan). It is shown
that the prevailing contribution to the flow fluctuations in test sections of the
blow-down wind tunnels is provided by acoustic fluctuations radiated from the
boundary layer on the walls of the nozzle and test section, from the wall perfo-
ration, from slots and gaps in the test sections. Contrariwise, in the closed cir-
cuit wind tunnels the most important can be temperature inhomogeneities in the
absence or ineffectiveness of heat exchangers, as well as in cryogenic wind tun-
nels. In this case, the contribution of acoustic disturbances in total fluctuations
decreases, however it can be not correct for some ranges of the frequency spec-
trum.

The work was partly supported by the RFBR Grant No 18-58-52005.

32



GPU CABARET SOLUTIONS FOR THE COJEN JET NOISE
EXPERIMENT
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2School of Engineering and Material Science, Queen Mary University of London,
Mile End Road, London, UK, s.karabasov@qmul.ac.uk

Development of high-fidelity jet noise prediction models for dual stream
flows to complement and potentially replace the existing scaling law models
such as those developed in [1-3] is of great interest to turbofan engine design-
ers. Up to present, a few experimental campaigns have been launched to sys-
tematically study the dual stream jet noise and provide databases of flow and
noise data for validation of theoretical and computational models. One of such
databases was generated as the result of CoJen: the EU-funded Computation of
Coaxial Jet Noise project, which data are now in the public domain. The flow
field and acoustic data from CoJen were used in [4] for validation of several
Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simulation (LES)
based methods. For example, the work of [5] presented a detailed account of
Particle Image Velocimetry (PIV) techniques used in the CoJen experiment. An
experimental near-field acoustic array technique was used in [6] to study the
axial, temporal and azimuthal structure of the pressure field of jet flows at vari-
ous operating conditions from the CoJen experiment. ColJen data were also
considered in [7] who applied an LES method combined with the Ffowcs Wil-
liams — Hawkings (FW-H) approach for far-field noise predictions. In the con-
text of co-axial jet noise modeling, a combination of the Lattice-Boltzman
method and the FW-H approach was used in [8] who used the measurements of
[6] for validation. In [9], a combination of the RANS solutions and a ray-tracing
method based on the Lighthill acoustic analogy was used to investigate the co-
axial jet noise production mechanisms in application to the CoJen experiment.
Hydrodynamic stability and noise generation mechanisms for CoJen jets were
investigated in [10]. More recently, in [11] the flow data from the CoJen exper-
iment were analysed using PIV and Laser Doppler Anemometry (LDA) tech-
niques.

In this paper, we will apply an LES method combined with the FW-H
technique for flow and noise calculation of several benchmark co-axial jet cases
from the Colen experiment. The method we use is based on the GPU
CABARET solver. A detailed description of the CABARET solver can be
found in [12-16]. This current solver is a GPU implementation of the low-
dissipative, low-dispersive CABARET scheme [17-19], with asynchronous
time stepping [20] for the acoustics sensitive solution of Navier-Stokes equa-
tions in the framework of Monotonically Integrated LES [21]. The flow solver
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(a)

(b)

(c)
Fig. 1. Instantaneous velocity and pressure fields for three different
operation points for the axi-symmetric short-cowl CoJeN nozzle. (a) OP 1.1
(b) OP 1.2 (c) OP 1.3.

is coupled with the penetrable FW-H integral surface method for jet flow
and noise prediction. The implementation of this makes industrially relevant
LES studies of jet noise modeling possible in reasonable time (several days)
using just a single workstation computer to handle computational grids circa 20
and 80 million grid cells. In [16], the GPU CABARET solver has also been
extended to include split-hexa (hanging node type) meshes, allowing one to
accomplish the mesh generation using the OpenFOAM utility “snappyHex-
Mesh” (sHM). This mesh utility enables automatic hexa-dominant mesh genera-
tion from triangulated surface geometries (e.g. CAD geometry), an essential
need for complex LES-based optimization techniques. Furthermore, sHM also
has the possibility to “snap” the mesh to the geometry as well as the ability to
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generate “layers” of body-fitted grid near the boundaries if need be. By using
sHM and extending CABARET to include hanging nodes, it is possible to gen-
erate meshes and solve flow and acoustics for complicated geometries while
retaining the hexa-dominancy for accuracy, which is enhanced thanks to a very
compact stencil of the governing CABARET advection scheme that takes one
cell in space and time.

In the current work, the GPU CABARET solver on sHM meshes in com-
bination with the penetrable integral surface formulation FW-H method follow-
ing [22-24] is applied for flow and noise calculations for one of the short-cowl
nozzle geometries considered in [5].
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A numerical approach to problems of aeroacoustics is considered. This
approach is based on splitting the acoustic field from the flow field. Commonly,
the level of acoustical fluctuations is much smaller than the flow fluctuation,
therefore this method is well fit to deal with variables of different order in mag-
nitude. The method has certain advantages over other methods that treat sound
and flow fields in uncouple manner. In particular, numerical schemes for acous-
tic and fluid equations can be chosen properly to take into account basic fea-
tures of these equations. In the first approximation, the flow equations are found
to be unsplit from the acoustic equations, i.e., the generated sound does not af-
fect the flow field. Feedback effects of acoustics upon fluid are taken into ac-
count by terms of higher orders that introduce a minor influence and can be
neglected. In the present paper we use this assumption.

There are different flow/acoustic splitting methods that incorporate analyt-
ical solutions to Lighthill’s equation [1]. All these methods are derived on the
assumption that the solid surface is small enough in comparison with the propa-
gating acoustic wave length, and the observation point is far from sound
sources. However, in some situations one has to study near acoustic field so that
the scale of the solid can not be considered as small as, e.g., an automobile rear-
view mirror. The above mentioned splitting methods are then not applicable.

In the present paper we develop a different approach. It is inspired by the
study of Slimon et al [2]. We consider the solution to the compressible Navier-
Stokes equations as an expansion in series with respect to a small parameter that
is the squared Mach number. The leading terms in these expansions that define
the base flow field is governed by the incompressible Navier-Stokes equations.
Higher order terms are for the acoustic field, and are governed by a reduced
system that depends on parameters of the base flow. Such an approach allows
the acoustic equations to be applied not only in the far field, but in the near field
also.

Let us consider the system of compressible Navier-Stokes equations and
introduce non-dimensional flow variables by means of inflow parameters:
U=ulu, P=(p-p,)/(pu’), R=(p—p,)/ p,/M>, whereM is the
inflow Mach number. Then, the solution to the obtained non-dimensional sys-
tem of equations we try to seek in the form of the following asymptotic expan-
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sion: Q=Q, +M>q'+O(M?), where Q=(R,U,P), q=(p,u,p).

The system of equations that correspond to the leading terms is obtained
by neglecting O(M?) terms. This system reads as the incompressible Navier-
Stokes equations with respect to Q,, and an equation that describes the density
perturbation R,. By introducing 6, =Re(R, —P.)/(y—1), where Re is the
Reynolds number and yis the specific heats ratio, the latter is written as

D6,/ Dt = AB, / Re/ Pr— AP, / Pr—2e,e, @)

where Pr is the Prandtl number, e, is the strain rate tensor.
The acoustic field is described by terms of order O(M?) in the mass and
momentum equations:
op'/ot+of, /ox, =—D,p, / Dt 2)
of; 1 ot+0h, | ox, =-D,(p,u,,;)/ Dt
with
fi=0+p, + oY +pu, 5 b= f(u, +u)+ 1+ p)u, u; + p'o,
Here p, = M.R,. We assume that the acoustic field is isentropic, and employ
the following relation: p'=C2p', where C2 =y(1+yMZ2B)/(yMZ2Z(1+ p,)) .
It was shown in [3] that the r.h.-s. of (1) has small effect and can be ne-

glected. With this assumption, there is no need to solve (2); it results in a simple
relation R, = P, which is used in the present paper.

The flow field equations are calculated with the LES model by Inagaki et
al. [4] with the mixed-time-scale SGS model. The discretization method is the
finite volume method on the collocated grid [S5]. The spatial derivative is ap-
proximated by the second-order central difference; time integration is per-
formed with the Crank-Nicolson implicit scheme. The pressure field is calculat-
ed by the SMAC scheme.

Fig. 1. Rear-view mirror model
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The acoustic field is calculated by the finite volume method with the
WENO scheme. The solution vectors on the both sides of the cell face are cal-
culated by the fourth-order WENO scheme, and the HLLE approximate Rie-
mann solver is applied to calculate the numerical flux. Time integration is per-
formed with the two-step Runge-Kutta scheme.

The above numerical approach is applied to calculate the acoustic filed
generated by the rear-view mirror of an automobile. We analyze a mirror with
the shape supported by the short stay shown in Fig. 1. The flow field and the
sound field are calculated around the rear-view mirror on a flat plate in uniform
flow. A sketch of the computational domain with the boundary conditions used
in the calculation of the flow field and the acoustic field is shown in Figs. 2a
and 2b, respectively. In the flow field calculations, we use a single-block struc-
tured grid over the whole region. The grid spacing normal to the wall for the
first point is 0.4mm. The number of the grid points is 309x143x159 for x, y, z
directions. The main flow velocity is 38.9m/s, and the Reynolds number based
on a reference length of 0.1m and the main flow velocity is 253,000. Under
these conditions, the Mach number is equal to 0.113.

Fig. 2. Computational regions (x-y plane)

In the acoustic field calculations, the number of grid points is
283%150%160 in x-, y-, z- direction. We implement the PML (Perfectly
Matched Layer) approach that guaranties no reflection in the far field. The
dumping function in the PML is proportional to square of the distance from the
inner edges of the PML.

The Courant number 0.25 was chosen for acoustics, and 0.0625 for flow
calculations. One time step calculated for the base flow corresponds to four
steps acoustics calculations. To match the computed data, we use a cubic inter-
polating function that interpolates acoustic variables keeping continuous gradi-
ents. The time step for flow is 2.56x10 seconds and that for acoustics is
0.64 x 10 seconds. This time steps are reasonable as we are interested in the
sound in the region 1-2 kHz (5.0 x 10 - 10~ seconds).
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Fig. 3. Computed acoustic field: x-z plane, ground surface (left),
x-y plane (right)

Some numerical results related to the acoustic field are shown in Fig. 3.
The distribution of pressure in the x-y plane near the central cross section of the
rear-view mirror is shown on the right, and the distribution of pressure on the
ground plane on the left.
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The large-scale motion in a jet is the primary cause for its noise emission
in all directions and for all frequencies [1-3]. It is true that the turbulent motion
inside the jet appears to be dominated by small-scale velocity fluctuations, but
their acoustic radiation efficiency is very small. A computational experiment
was performed to study the influence of the large-scale motion on the unsteady
pressure field inside and outside a dual stream jet. It is demonstrated with the
aid of cross-spectral densities of the pressure fluctuations that the motion is
dominated by the influence of instability waves in the jet shear layer, motions
that are naturally of large scale. It was already shown in the CEAA 2016 work-
shop [4] that the pressure field for the peak frequency in each axial position is
dominated by a few low-order azimuthal components. It is now shown in addi-
tion that the coherence of the pressure fluctuations decays very slowly for axial-
ly separated probe positions for this frequency. This explains the rear arc ampli-
fication of jet noise due to source interference [3].

The unsteady flow field of a dual-stream jet with a short-cowl nozzle is
analysed. The simulation is performed with Detached Eddy Simulation (DES), a
hybrid RANS-LES method, using recent improvements to accelerate the RANS
to LES transition [5]. The time step corresponds to a sampling Strouhal number
fsDo/U. = 1035 and every 32nd time step was stored for the later analysis. D, =
0.183 m is the diameter of a circle that has the same area as the sum of the exit
areas of the two nozzles. U, = [Ap(U,-Uy)+As(Us-Uy)] /(Ap+As)+Up = 236 m/s is
calculated with the nominal speeds U, and U, in the primary and secondary
nozzles and the speed Uy = 90 m/s of the flight stream. The simulation was run
over 186 convective time units D, /U,. This is very short, but the analysis took
advantage of the independence of the azimuthal position of the reference probe
for azimuthally or axially displaced probe positions.

All flow data that are possibly relevant for the noise sources were stored
on disk but only the pressure fluctuations are analysed here. The one-third oc-
tave spectra of the pressure fluctuations in various positions x/D. downstream of
the secondary nozzle are shown in Fig. 1. The radial positions with the largest
peak levels of the spectra are chosen. These positions are close to the largest
radial gradient of the mean axial velocity in the jet. The pressures are normal-
ized with the ambient pressure py. It can be seen how the peak frequencies get
smaller with increasing axial distance from the nozzle. This is a well-known
result for jet turbulence.

41



Fig. 1. One-third octave pressure spectra inside jet for various distances
x/D. from the nozzle for the radial position with highest one-third octave level
(po is ambient pressure)

Fig. 2. Coherence spectra for x/D.=2.5 for circumferentially displaced
probe positions

The computational experiment made it possible to evaluate the cross spec-
tra and coherence spectra for the pressures for azimuthally displaced “probe”
positions. Results for the coherence spectra at x/D.~2.5 for azimuthally dis-
placed probe positions are shown in Fig. 2. The range around the peak Strouhal
number S=0.9 decays only slowly with increasing azimuthal probe separation
Ao, while the rest of the spectra at higher and lower Strouhal numbers decays
rapidly. The coherence is seen to increase again for very high Strouhal numbers,
but one must consider that the pressure levels are more than 50 dB lower in this
range. This range is likely dominated by the radiated sound field from more
upstream positions in the jet, an assumption to be checked by analysing the ra-
dial and axial components of the phase speeds.
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The high azimuthal coherence of the pressure fluctuations in a relatively
narrow frequency band is likely caused by the growth of instability waves in the
jet’s shear layer. These instability waves were studied by Michalke and Her-
mann [6] for a jet in a flight stream. They are dominated by low order azimuthal
modes and their most unstable frequencies depend for given jet and flight
speeds primarily on the shear layer thickness. The thin shear layers close to the
nozzles are most unstable for high frequencies and the thick shear layers further
downstream for low frequencies. It was shown by Michalke [1] that the mode
numbers m of the instability waves are directly related to the order m of the
Fourier decomposition of the cross spectra. We conclude that the dominance of
low-order azimuthal components of the pressure fluctuations in a relatively nar-
row frequency band is caused by instability waves in the jet and that the wave-
like motion in the jet shear layer dominates the jet noise emission.

A similar behaviour as in Fig. 2 can be observed in Fig. 3 for axially sepa-
rated probe positions. The coherence for two positions separated by one jet di-
ameter is astonishingly high at y?>=0.65. This can also be explained by the dom-
inance of instability waves.

The results for other axial positions are very similar to Figs. 2 and 3 and
differ only in the peak frequency.

Fig. 3. Coherence spectra for x/D.=2.5 for axially displaced positions,
Ax=0.05 D to 4 D

The assumption that the instability waves are the cause of the pressure
fluctuations is supported by an evaluation of the axial phase speeds of the fluc-
tuations. This is shown in Fig. 4 for the Strouhal number 0.7. The phase speed
of the pressure fluctuations is seen to be almost independent of the radial posi-
tion and is identical to the flow speed only in the middle of the shear layer for
1/De=0.5.
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Fig. 4. Axial component of phase speed and mean-flow speed as function
of
radial position 1/D. for St=0.7
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AKTYAJIBHBIE TPOBJIEMbBI ADPOAKYCTUKHN: KAKHUE
CIHEKTPbBI OBEIIAIOT CAMOJIETHI C IBUT'ATEJISIMA
HOBOTI'O ITOKOJIEHUSA

B.C. BaknanoB

ITAO «Tynones», Mockea, baklanov@tupolev.ru

BypHoe pa3BuTHE ABUTATEIECTPOCHHS MO3BOJIIIO CO3AAaHHE IIETOTO psiaa
JIBUTATENlell YBEMYSHHON CTeNeHH ABYXKOHTypHocTH (8,5 — 12). CemeiicTBo
neurareneit Leap, TRENT 1000, TRENT XWB, GE9X, I1/I-14 u cemeiicTBO
neurareneit Tuna PW1000G onpenenuio HOBBIM 3Tal pa3BUTHS TPaXAaHCKON
aBUAIUU U TO3BOJIMIO MPOBOJUTH KaK PEMOTOPU3ALUI0 OJAHONPOXOAHBIX Mac-
coBbIX camonetoB (tuna B737, A320), sanumaromux 80% mnapka Maructpalib-
HBIX CaMOJIETOB M MOIMYNSIPHBIX CaMOJIETOB Apyroro kmacca — B777 u A330,
TaK ¥ CO3JaHME PAa HOBBIX CAMOJIETOB.

CamorneTsl, OCHAIEHHbIE TAKUMH JIBUTATEIIMHU, MOTYT YCIIEITHO BBIIOJ-
HUTh HOBBIE ImymMoBBIe cTaHAapThl (Tin. 14 ICAQO), obecneynTh CHIKEHHE
BPEIHBIX BBIOPOCOB M cymecTBeHHOE (12 — 15 %) moBbleHne TOITUBHOM 3¢-
(heKTUBHOCTH.

[ToBeIIeHHAss CTENEHb NBYXKOHTYPHOCTH JBUTATEIsI IPUBOIUT HE TOJIb-
KO K 3HAYUTEIHHOMY YBEIHUEHHIO aKyCTHYECKONH MOIIHOCTH BEHTHJIATOpA, HO
U K M3MEHEHHUIO CIIEKTpa IIyma, TJie NpH CYIIECTBEHHOM CHIDKEHHM IIymMa
CTPYH, ONPEACIIOIYI0 POJb 3aHUMAET IIyM BEHTHJIATOpPA, H3Iy4aeMoro W3
nepeHei u 3aHel noaycdep CHIOBOH YCTAHOBKH.

C yBenu4yeHHEM AMaMeTpa BEHTHIATOPA KOHIIB! JIOMATOK BPAIIAIOTCS CO
CBEPX3BYKOBOI CKOpPOCTBIO, I'€HEpUPYS YAAapHble BOJIHBL. B3aumopneicrsue
yIapHBIX BOJH C KOJIECOM BEHTWJIATOpA 0Opa3yeT IOJMTapMOHHYECKHH psif
JMCKPETHBIX COCTABILIIONIMX BOKPYT OCHOBHBIX YacTOT CIJICIOBAHUS JIOMATOK
(mepBast M BTOpas TApMOHHWKH), OTJIMYAIOIIMXCS HA YacTOTy BpalLICHUs Baja
BEHTHJIATOPA, HA3BAHHBIA «ITUI000pa3HBIM mryMmom» [1].

[TosToMy mIym, M3mydaemblii M3 BO31yX03a0OpHHKOB JABUTATENeH 0OJb-
IIOW CTENEeHH NBYXKOHTYPHOCTH B AajbHee mnose (IIyM Ha MECTHOCTH) W IO
HaIpaBJIEHUIO K CTEHKe (DI03eJshka, COCTOUT M3 MHOTOKPATHBIX TOHOB Ooiree
HHU3KHX YaCTOT, YTO OTMEUYAETCA M B CIIEKTPE IIyMa MepeIHEero MacCcaknpceKoro
calloHa TpPH MWCIBITAHUHM HOBBIX JBHUTaTeled Ha CaMoOJEeTa—IEMOHCTpaTopa
QTDI1 - B777 ¢ nBuratenssmu TRENT 800 [1,2].

OpmHa n3 HEOOXOIUMBIX Mep OOPHOBI C yIapHBIMHU BOJHAMHU — CHUIKCHHE
OKPYXHOH CKOPOCTH BEHTHJISITOPA, YTO TPeOyeT CHM)KEHHS YacTOTHl BPAIIEHUS
BaJIa BEHTHJISITOpa. BHOpaMOHHBIN CIIEKTP TYpOOBEHTHISITOPHBIX ABHIaTeNeH
CYLIECTBEHHO PacIIUpsETCS CO CABUIOM B HU3KOUYACTOTHBIIN AMana3oH BCIen-
CTBHE TIOHIKEHHOH YacTOTHI BPAILIEHUS] pOTOpPa BEHTHIIATOPA, OCOOEHHO B CIIy-
yae npuMeHeHus peaykropa (puc. 1) [3, 4].
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Puc. 1. YacToTsl BpallieHHs Bajia BEHTUISITOPA JBUTAaTENsl U COOCTBEHHBIE
YacTOTHI IJIaHEepa caMoJieTa (CJIeBa), JIONATOUYHbIE YaCTOThl BEHTHIISITOpA
(cpaBa) B TipoIiecce dBOTIOIUY JBUTATENeH [4]

1-as momacTHas TapMOHHKA IITyMa BEHTIJISATOPA CHIDKaeTcs B 1,5 — 2 paza
(mo 600 I'm) HE TOIBKO 3a CUET CHIDKEHHUS YacTOTHI BPAIICHHUS Baja BEHTHIIATO-
pa, HO ¥ YMEHBIICHHS YHCIa IHPOKOXOPAHBIX JIoNaToK (Hampumep, mit GE9X
¢ 22 no 16). YpoBeHb 3THX COCTAaBITIONINX B OOJBIION CTETIEHU OTIPENeNIeTCs
YCIOBHSMHU Ha BXOJIC B BCHTWJIATOP (BO3MOXKHOCTHIO TCHEPUPOBAHUS adPOJIH-
HAMHYECKOT0 UcOaaHca JITUHHBIX JIOMATOK BEHTUIIATOPA).

DTU cocTaBisfOmKe U OyAyT ONPENeNATh CIEKTP TUHAMUYECKOTO BO3-
JIEUCTBUS JBUTATENEH, IepelaBaeMblil uepe3 y3Jibl KpeIIeHUsI Ha KOHCTPYKIIMIO
IUIaHepa.

Jis TutaHepa COBPEMEHHOTO caMoJIeTa XapaKTepHO HAIWYHE HECKOIBKUX
ZIECSITKOB COOCTBEHHBIX ()OpM KOJICOaHWI B HH3KOYACTOTHOH YaCTH CIIEKTpa
(puc. 1); B3amMoeiicTBAE HEKOTOPHIX M3 HUX C BOMYINAIOIINM BO3IEHCTBAEM
CHIJIOBOH YCTAaHOBKH MOXET IIPHBECTH K TCHEPHPOBAHUIO B KAOWHAX CaMOJICTOB
IUCKPETHBIX HHU3KOYACTOTHBIX COCTABIMIONIMX IIIyMa BBICOKOTO YPOBHSA
(puc. 2) [3, 4].

AKyCTHYECKO€ TIOJie TePMOKAOWHBI MPETEPIEBAET CYIIECTBEHHOE H3Me-
HEHUE C MPUMEHEHHNEM JIBUTaTelNel O0NbIION TBYXKOHTYPHOCTH [3, 6].

DTO TOATBEPKACHO WCCIECIOBAHUSIMU Ha CaMOJETe-IEeMOHCTPATOPE
QTD2 (B-777 ¢ nurarensmu GE90-115B, cteneHb ABYXKOHTYPHOCTH KOTO-
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pBIX paBHa 8,7), T HU3KOYACTOTHBIC COCTABIISIOIINE BO3BHIMIAIOTCS B 00IIEM
cnekrpe Ha 30-40 ab (puc.2) [5].

Puc. 2. Cnektp nryma B nepeHei 4acTi KaOUHBI cCaMoJieTa-
nemoHctpatopa QTD2 - B777 300ER ¢ nurarenssmu GE90-115B, crenenn
IBYXKOHTYpHOCTH — 8.7 [5]

WTtak, cuoBasl yCTaHOBKA CaMOJIETOB C ABMTATENsIMH MOBBIIICHHON cTe-
MICHN IByXKOHTYPHOCTH Oy/eT N3/Ty4aTh:

- M3 nepeaHeii mosaycdepbl IIyM BEHTHWIATOPA HA TAPMOHMKAX JIONATOYHON
YacTOTHI, IIOHKEHHOH B 1,5 — 2 pa3a, ¥ AIHHHBIA P TApMOHHK «ITHI000pa3-
HOTO» IITyMa (CpaBHUTE CHEKTP pHUC. 2),

- W3 3aaHeill moJycdepsl IIyM BEHTHWIATOpPA Ha FapMOHUKAaxX JOMATOYHOM
YaCTOThI, MOHWKCHHOM B 1,5 — 2 pasa, myM CTpyH ra3oreHeparopa, o0oramicH-
HBIl BBICOKOYACTOTHBIMU COCTABJISIIOLIMMH MHOTOCTYIIEHYATON TYpOWHBI HH3-
KOTrO JaBjieHHs 0e3pelyKTOPHBIX JIBUraTeleld M CIIEeKTPOM BHOPALMOHHOIO TO-
peHusi KaMepbl Ccropanusi, padboTaroiieil Ha OeHBIX CMECSX ISl PEeLIeHHs Ipo-
OJIeMBI BEIOPOCOB.

Pemienue npodsemM CTPYKTYPHOIro IMIyMa HU3KOYACTOTHOM YacTH CIEK-
Tpa MoTpedyeT CO3AaHMsI HOBOTO IOKOJEHHS KPEIUICHHs IBUraTeiel (BUINMO,
C BCTPOCHHBIMH HU3KOYACTOTHBIMH OJIOKAMH BHOPOM3OJLSIINY WM MHE303JICK-
TPUYCCKIMH aKTyaTopamu) [6].

3amuTa OT 00Jy4eHHs MepefHeil YacTh repMOKaOHHbI MOTPEeOyeT yiryd-
HIeHHUs BUOPOHM30JIMPYIOLIMX CBOWCTB OopTa (hro3eska.

Penrenue npodJieM myma Ha MeCTHOCTH, BUANMO, TOTpeOyeT nepeHoca
BHUMAaHHS C TPAAUIIMOHHBIX METONOB (ycTaHOBKM Hu3kodacToTHBIX 3IIK, oT
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KOTOPBIX TpeOyeTCs MOBBIIICHHAS BBICOTA) HA METOIBI OOPHOBI C MIYMOM B HC-
TOYHMKE (IIUPOKOXOP/IHBIC JIOMATKH BEHTHJISITOPA, TEXHOIOTHUS OJIHCK, aKTya-
Topkl) [7, 8].
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BAJIMJALNSA COJIBEPA DDES HA BA3E PA3PBIBHOI'O
METO/JIA TAJTEPKHHA JIJISI 3AJAY TEUEHWM C
HCITOJb30BAHUEM BBICOKOITPOU3BOIUTEJIBHOM
BBIYACJIUTEJIBHOM TEXHUKH

N.C. bocusikos, C.M. bocusiko, B.B. Bnacenko, A.B. BoJikos,

C.B. Muxaiinos, B.1O. [Tonapyes, A.W. Tpomun

Lenmpanvuutii aspoeudpoounamuyeckuti uncmumym (LHAI'H), 140180, Mockos-
ckas o6bn., XKykoeckuil, Poccust

B Hacrosimieit pabote mpeacTaBieHbl TEKYIIHE Pe3yJIbTaThl pPa3padOTKH
BhICOKOTIpon3BoauTebHOro consepa LES/DDES B LIATU. Consep 6a3upyercst
Ha Metone DG u HampaBieH Ha MOJEIUPOBAaHHME HECTAIIMOHAPHBIX adPOMHA-
MHYECKHX TypOyJIEHTHBIX TEUCHUH. DTO HCCIEAOBAaHNE NMPOBOJUTCS B paMKax
eBpornelickoro npoekra TILDA. Llenp npoekTa - NpeasioxKUTh METOAbI U MOI-
XOJBI, COYETAOIINE COBPEMEHHBIE U 3(P()EKTUBHBIC YHCICHHBIE CXEMBI BHICOKO-
TO TOpsIKa ¢ MHHOBanMOHHBIME nogaxonamu K LES u DNS ¢ nexpro pa3pemmrs
BCE CYIIECTBEHHBIE OCOOCHHOCTH TEUCHHUS HA JECATKAX THICSY IPOLIECCOPOB, 3a
BpeMs pacdeTa, He IPEBBIIIAIONIee HECKOIbKUX THEH.

Byner npencrasnena Banmumanusi paspeiBHOro merona ['anepkuna (PMIT,
DG), npenHazHaueHHOTO /ISl HECTAIIMOHAPHBIX BHIYHCIEHUH. SIBHAs S-11aroBas
ycroifuuBas cxema Pynre-KyTra 4 mopsaka HCIONIB3yeTCs B COUETAHHUU C IJIO-
0aJbHBIM M JPOOHBIM IIaramu 1o BpeMeHH. DyHKIMOHANBHBIH 0a3uc oOpazo-
BaH OPTOHOPMHPOBAHHBIMH B (PM3MYECKOM IIPOCTPAHCTBE MOJIMHOMAMHU MOPS-
ka K BmroTs 710 5, KoTopbie popMasbHO Aaf0T HOpAnok K+1 To4HOCTH cXEMBI.
Jis BA3KHUX OTOKOB IpUHUMaeTcs moaxox Bassi-Rebay 2. Moaenuposanne o
Metony oTcoennHeHHBIX Buxpell (DDES, 2006) ucronp3yercss B COUYETaHUU C
OPHUTHHAJIEHOH (DOPMYINPOBKOHN 3aKOHOB CTEHKH.

B kauecTBe TECTOBBIX CllyyaeB A BalMAALUU HCIOIb30BAIUCh BUXPb
Teitnopa-I'puna, Teuenne Ha «mepuogudeckux xoiamax» (tect ERCOFTAC),
ocecUMMeTpHyHas cTpys u3 comia NASA 1 IBYXKOHTYypHOE HIyMOTJTyIIaimiee
comio TILDA. Pe3ynpTaTel BKIIOYAIOT CpPaBHEHHE TOYHOCTH Pe3yJIbTaTOB U
pacdeTHbBIX 3aTpart, mnokazaHa 3(dexkTHBHAs MaclITaOMPyeMOCTh pa3paboTaH-
HOM mporpaMMsl mipu pacuére Ha 10 000 smep mpormeccopos.

Texymue wcciaeoBaHUS SABISIOTCA NPOJOIDKEHHEM paboThl, MpoJiesaH-
HOH B paMkax eBpomneiickoro npoekra IDIHOM FP7, B kotopom 0611 pazpabo-
TaH napanienbHblii DG-Koj, OpUeHTHPOBAaHHBIN Ha YCTAHOBUBILUECS adpOJu-
HaMHUUYECKUE TeUCHHs. DTOT KOJ UCIONb30Bal CXEMY UYETBEPTOrO MOpsAAKA TOU-
HOCTH Juisi peuieHust ypaBHeHnii RANS c sBHOI anreOpanyueckoil MOZEIbIo
HanpsbkeHull PeltHonbaca. Mapin o BpeMeHM BBIMOIHSJICS HESIBHOM CXEMOH,
YCKOPEHHOH aJIrOPUTMOM /p-MyIbTUTPHIA C CETOYHBIMH /i-ypOBHSAMH M TIOJIHU-
HOMHAIIBHBIMHU p-yPOBHSIMU. B OTiIM4ME OT 3TOTr0, MpEeACTaBICHHBINA B HACTOA-
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1mee BpeMst KOJI TpeTHa3HaueH Ul HECTaMOHApHOTO MOJICITMPOBAHMS, paspe-
LIAIOIIEr0 KPyIMHOMacIITaOHbIe TYpOYJIEHTHBIC ABHKEHHS. JTO MOApPa3yMeBaeT
UCIIONIb30BaHKE OoJiee MPOCTHIX MOJIeNIel HAIPSHKEHUH MOJCETOYHOI0 MacIITa-
0a, TOYHBIX IO BPEMEHHM CXEM M paciiupeHus 3QpQeKTUBHOI paboThl Ha emé
6oinbiee konmuecTBo siyep LII1. B HacTosiiee Bpemst MBI IojiaraeMcst Ha SIBHbIE
CXEMBI, n3y4as BO3MOXKHOCTH MX YCKOPEHHs, HAIpUMEp, METOJOM JIpOoOHOTO
IIara o BpeMEHH U NOoAXoJaMHu K QyHKIMAM cTeHKH. [1o cpaBHEHHIO ¢ KOJOM
IDIHOM MBI yBenUUMIM MaKCUMAaJIbHBIN MTPOCTPAHCTBEHHBIN MOPIIOK TOYHO-
CTH CXeMBI OT 4 110 6.
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PACYETHBIE UCCJIEJOBAHUWS PACIIPEAEJIEHUS
JABJIEHUA U TYJbCAIIAN JABJEHUSA HA
MNOBEPXHOCTH NNMJIOTUPYEMOI'O TPAHCIIOPTHOTI'O
KOPABJIA TPU OTAEJIEHUU I'OJIOBHOI'O BJIOKA

A.B. T'apbapyk', M.X. Crpenen', M.JL Llyp', A.A. Jlanpkun?,

C.I1. Pribax?

! Canxm-Ilemepbypackuti nonumexnuueckuti ynusepcumem Ilempa Benuxozo,
Canxm-Ilemepoype, Poccus, agarbaruk@mail.ru

’PKK "Dnepaus”, 2. Koponee Mockosckoii ooaracmu, Poccus

OnHO# U3 MHOTHX CJIOKHBIX 33J1a4, BOSHUKAIOIIUX MPU NPOEKTUPOBAHUU
NUJIOTHPYEeMbIX TpaHcnopTHbIX kopabneit (IITK), sBnsercs pacuer HecTanuo-
HapHBIX BO3JICHCTBUI Ha WX DJIEMEHTHI — BO3BpaIiaeMblii ammapar (BA) u nsu-
rarenbHbI oTcek ([JO) — co cTOpoHBI TypOYIEHTHOTO IOTOKA, (POPMHPYIOIIE-
rocs B 3a30pe Mexxay BA u obtekarenem JJO (OO) B mpomecce SKCTPEHHOTO
OTJeNICHHSI TOJIOBHOTO OJI0Ka OoT pakeTsl Hocutens (PH).

Pemenne naHHOHM 3amadyM BO3MOJKHO JIMIIb HA OCHOBE BHXpEpa3periaro-
KX MOJXO0J0B K ONHCAHUIO TYpOYJIICHTHOCTH (HAllpuMep, METOAa MOJICIHpPO-
BaHUs KpyMHHbIX Buxpeil — LES), mockonabKy TpaaullMOHHBIE METOJBI pacyera,
Gazupyroluecs: Ha pelieHnn OCPEJAHEHHBIX Mo PeitHonbacy ypaBHennii HaBbe-
Crokca (RANS), He MO3BOJSIIOT MOJIY4YNUTh HMHGPOPMAIHMIO 00 aMILIUTYIHO-
YaCTOTHBIX XapaKTepUCTHKaX TypOyJIeHTHBIX Mynbcaluii naBieHus. OmHako
pacuer obrexanus ool koHpurypauuu [ITK merogom LES tpedyer orpom-
HBIX (ITOKa HEJOCTYIHBIX) BEIYUCIUTEIBHBIX 3aTpaT. B CBA3M ¢ 3TUM BO3HMKaET
HEO0OXOIMMOCTh TIOCTPOCHUS Ooliee AKOHOMHUYHBIX THOpuIHBIX RANS-LES
METO/I0B, MO3BOJISIOIINX JOCTATOYHO TOYHO PEIINTh PACCMaTPUBAEMYIO 3a1ady
C HCIOJBb30BaHNEM CYLIECTBEHHO MEHBIINX BBIYHCIUTENBHBIX PECYpCOB, IO-
CTYIHBIX YK€ B HacTosiee BpeMs. IMeHHO Takoi MeTOox NMpeJIoKeH U pean-
30BaH B JIaHHOM pabore.

OroT MeTox 06azupyeTcs Ha CIeyIOIeH ABYXITaltHO npoueaype.

Ha nepBom (BcriomorartensHOM) dTane npousBoaurca RANS pacuer 06-
TeKaHUsI OTAesieMoro rojosuoro 61o0ka (OI'B) u ¢pparmenta PH ¢ O10 u 10O
(puc. 1). Ilpu stom npouecc pa3aenenus OI'b u PH paccunTsiBaeTCs B KBazu-
CTallMOHAPHOM NPUOIIKEHUH, a I 3aMbIKaHus ypaBHeHUH RANS ncmons3y-
eTcs ABYXIapaMeTpHdecKas MOTyIMIIMPHUECcKas k—® MOJeNb TypOyJICHTHOCTH
Menrepa (mozmens SST [1]) ¢ monpaBkoii Ha KpuBH3HY JMHUH ToKa [2]. C yue-
TOM TOTO, YTO OCPEIHEHHOE TE€UCHHE MMEET UYEeTHIPE IUIOCKOCTH CHMMETPHH,
RANS-pacuer npoBoaUTCS B a3UMYTaIbHOM CEKTOPE C YTIOM pacTBopa 45°.

Ha BTopoM 3Tamne ¢ momousro Buxpepaspematomero Mmeroga SA DDES
[3] mpousBoanTCS pacdeT MpeACTABIAIOIIEr0 OCHOBHON MHTEpPEC HECTallMOHAp-
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HOTO TypOYJICHTHOTO TEYEHUs B momo0mactH, “BcTpoeHHOUW’ B RANS-00macth
u BKtovarouieit umb yacte BA, OO ¢ 10O u 3a30p Mexay HUMH (cM. puc. 1).
[Tpu sTOM rpaHu4HBIe ycioBHs Ha cBoOOmHBIX rpanunax DDES-nono6nactu
CTaBsTCA C MCIOJB30BAHUEM IOJIEH ra30JMHAMUYECKUX BEJIMYMH Ha ATHUX Ipa-
HHIAX, NoxyueHHbIX Ha nepBoM (RANS) srane pacuera. B orinune or RANS,
DDES-pacuer Bbimosinsercs B monHoi (360°) obnacTé 1O a3uMyTalbHOMY
HANpaBJICHUIO, TIOCKOIBKY B paMKaxX BHUXPEPa3pelIalonInX MOAXOAOB K MOje-
JMPOBAHMIO TYpOYJIIEHTHOCTH WCIIOJIb30BAaHHUE YCIOBHH CHMMETPHH, CIIPaBEA-
JIMBBIX JJISI OCPEAHEHHOTO TEUEHMs, SBJISICTCS HEONpaBAaHHBIM. BaxHOH oco-
OEHHOCTBIO 3TOTO JTalla pacdeTa SBIAETCA TAKXKE HCIOIb30BAHUE YCOBEPILIECH-
ctBoBanHOU Bepcuu DDES [4], B KOTOpO#i MOACETOYHBIN JTHHEHHBIH MacITad
TypOyJICHTHOCTH aIaITUPOBaH K ciosiM cMerneHus (A = Agpa [4]), 9ro obecre-
yuBaeT ObIcTpoe (OpMHUpPOBAHKME pPA3BUTOH TPEXMEPHOH TYypOYJIEHTHOCTH
B OTPBIBAIOIIEMCS OT MOBEPXHOCTU BA cioe cmemenus.

Puc. 1. Cxembl pacueTHBIX 00aCTeH, HCIIOIB3YEMBIX
Ha RANS- u DDES-sTanax pacuera

OnucaHHasl AByXdTamnHas mpoueaypa pacuera peanusoana B CFD koze
NTS (Numerical Turbulence Simulation) [5], paspabotanHOM B jabopaTopuu
“BpranciuTesnbHas adpoakycTuka u TypOyneHtHocts” CIIOITY. Jlns pemenus
ypaBrHeHHT RANS 1 DDES ncnons3yercst Moaudukanus HESBHOM CXEMBI pac-
HICTUICHNST Pa3HOCTEH BEKTOPOB MOTOKOB Poy [6]. IIpum sTom mis pacuera He-
BA3KMX COCTABIIIONINX BEKTOPOB MOTOKOB B RANS mpuMeHsieTcs mpoTHBOIO-
TOYHas cXeMma TpeTrbero mopsaka, a B DDES — “B3Becs” mneHTpambHO-
Pa3HOCTHOM CXeMbl 4-ro Mopsjka U MPOTHUBOINOTOYHON CXEMBI 3-TO MOPSIKA.
Bsi3kue cocTaBisiomue MOTOKOB aMpOKCUMHUPYIOTCA Ha 000MX 3Tamax pacdera
C UCIIOJIb30BaHUEM CHMMETPUYHON CXEMBI BTOPOTO HOpsiika TouyHOCTH. MHTe-
TPUPOBAHME 10 BPEMEHU OCYLIECTBIIAECTCS C IIOMOLIbIO HESIBHOM TPEXCIOWHOMN
CXEMBI 2-T0 TOpsI/IKa C BHYTPEHHUMHU HUTEPALUAMHU T10 NICEBI0-BPEMECHH.

B pacuerax ucrnone3oBanack MHOro004Hast cetka tuna “Chimera”, uunc-
JI0 siYeeK KOTOPOHW 3aBUCUT OT paccTosiHus mexay BA u OJJO u cocrasiser
okojio 15 u 30 mmwutnonoB B RANS u DDES pacuerax cOOTBETCTBEHHO.
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PacueTsl BBITOTHEHEI IS IEBATH PEKUMOB TI0JIETa, OTIMYAIOIIAXCS 3HA-
yeHHeM 4ymciaa Maxa mortoka/BeicoTel moiera (M =0.8-1.5; 7 =6.5-15 kM)
u paccrosaueM Mexay BA u O10 (dX/D = 0.5-2.5, D — nuametp munens BA).
HexoTopble pe3ynbTaThl 3THX pacyeToB NPE/ICTaBICHBI Ha pUcC. 2 U 3.

Tak, Ha puc. 2 TpeiCTaBIeH NPUMEP MIHOBEHHOTO ITOJISI MOMYJISI 3aBHX-
PEHHOCTH B MEPHIMOHAIBHON IIIOCKOCTH B 3a30pe Mexny BA u O/10 mis ox-
HOTO M3 PACCMOTPEHHBIX PEKUMOB TedeHWsA. OH HATTSAHO WILTIOCTPHPYET
CIIOKHYIO CTPYKTYpY TE€UCHHS B 3TOH 00JaCTH, KOTOPOE BKIFOYAET CIIOI cMe-
IICHUS, CXOIMIIHHA C KpOMKH BA m B3amMopeiictByrommii ¢ skpaHoMm [{O,
¥ OOIIMPHYIO 30HY pEeIUPKYIAINH 32 fHAIIeM BA. Kak BHIHO U3 yBeIHYeHHO-
ro (parMeHTa IO 3aBUXPEHHOCTH, pa3pemiacMble Ha HCIOJIB3yeMOW CeTkKe
TpeXMepHbIE BUXPEBbIE CTPYKTYpHI (“TypOyJieHTHbIE BUXpH’) (OPMHUPYIOTCS
B CJIO€ CMEIICHHs] NPAKTHYECKH MTHOBEHHO I10CJIE €r0 OTPhIBA OT HOBEPXHOCTH
BA. 3Oro siBisiercst KpaiiHe Ba)KHBIM JUIs 00€CIIeYEeHUs] TOUYHOCTH pacuera B Iie-
JIOM M CBHJICTEIBCTBYET 00 3((HEKTUBHOCTH HCIIOIB30BAHUS aJalITUPOBAHHOTO
K CJIOAM CMELIEHH MOACETOYHOro MaciuTada Ag , M JOCTaTOYHO HU3KOH JucC-

CHUIIaTUBHOCTH IMOCTPOCHHOM Pa3HOCTHOW CXEMBI.

Puc. 2. MrHOBEHHOE T10JIe MOAYJISI 3aBUXPEHHOCTH B MEPHINOHATLHOM
miockocTd u3 DDES-pacuera npu M=1.5 u dX/D =1.5

Uto kacaercs mynbcanui JaBiieHHs] HA MOBEpXHOCTH 3neMeHTOoB [ITK,
OIpe/ielIeHue KOTOPBIX SIBJIAJIOCh OCHOBHOM LIENbIO pacyera, TO AN BCEX pe-
JKMMOB TIOJIeTa HanboJiee CHIIbHbIE ITyJIbCallui HaOIOal0TCsl Ha TOBEPXHOCTH
skpana J[O. CooTBeTCTBYOIUE paAualbHbIE PaclpeeIeHuUs SIBISIOTCS CUIBHO
HEpaBHOMEPHBIMHU (CM. pHC. 3a) U UMEIOT BBIpa)KEHHBIE MAKCUMYMBI B OKPECT-
HOCTH KPOMKH 3KpaHa (1pu » = 2.4 M), T.e. B o0JlacTH “najieHus” Ha HEro WH-
TEHCHUBHBIX BUXPEBBIX CTPYKTYp CJIOSI CMEILIeHHUs, cxoadiiero ¢ BA. Bennuunst
yKa3aHHBIX MaKCHIMYMOB CPaBHHUTEJILHO Cl1a00 3aBUCST OT peXXUMa I0JIeTa U He
npeBblmaoT 169 n1b. B mpoTHBONONIOKHOCTE 3TOMY, CHEKTpalbHBIA COCTaB
MTyJIbCAlMi IaBJICHHSI CYIIECTBEHHO 3aBHUCHT OT 4Hcia Maxa rojieta M CTaanu
orgeneanss OI'b or PH (paccrosaus mexny BA u 0O). B wactHOCTH, IpH
TPAaHC3BYKOBBIX CKOPOCTSX IOJ€Ta HAa HAYalbHOM JTale pPas[elcHUS
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(dX/D = 0.5) nabmoaercst “pe30HAHCHBIA” PEKHUM, JUII KOTOPOTO XapaKTEePHO
HaJIMYMe B CIEKTPE SPKO BBHIPAKEHHBIX TOHOB C aMILIMTYJOH, NPEBBIIIAIOIICH
YPOBEHb IIMPOKOIOJIOCHOTO curHaia 6onee yem Ha 30 nb (puc. 3B). OTMeTnm,
YTO B COOTBETCTBYIOUIMX CIIEKTPaX MPUCYTCTBYET HECKOJIHKO TOHOB, 4aCTOTEHI
KOTOPBIX OTBEYAIOT YaCTOTaM IEPBBIX JBYX WJIM TPEX MOJ CTOSYMX aKycTHUe-
CKUX BOJH, (opMupyronuxcs B 3a3ope Mexny BA u JIO. Ha Oonee mo3muux
cramuax pasgenerns OB m PH (dX/D 2 1.0) pacdeTsl IIpencKa3bIBAaOT
peanm3anuio “Hepe30HAHCHBIX PEXHMOB, B KOTOPBIX CHEKTPHI ITyIbCAIIUit
JIaBIICHUS SBJISIOTCS IIMPOKOMOJOCHBIMH (cM. puc. 30). Bce aTth cmekTpsl
HNMEIOT MaKCUMaJIbHBIN YPOBEHb IyJIbCaIlMi B 00JaCTH HU3KUX YacTOT, YTO, O-
BUJIUMOMY, CBSI3aHO C TJI00QIBHBIMHM a3UMYTAJIbHBIMH KOJICOAHUSIMH TOTOKA B
cnene BA.

0) B)
Puc. 3. IIpuMeps! paananbsHOTO pacipeaesieH s CpeJHEKBaAPaTUIHbIX
MyJbcaluui JaBieHus (a) U CHEKTPOB MOIIHOCTH ITyJIbCALMi JaBJICHUS IIPpU
y=2z=0 (0, B) Ha moBepxHOCTH AHUIIA BA 1 sxpana J]JO
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Pa3ButHe METOI0B MAaTEMaTHYECKOTO MOJCIUPOBAHUS CABUIOBEIX TypOYy-
JICHTHBIX BBICOKOCKOPOCTHBIX TE€YECHHUI MPUBOIUT K HEOOXOAUMOCTH AETATBHO-
TO ONMCAHWA yCIOBHH (OPMHPOBAHUS TaKWX MOTOKOB [1]. B wactHOCTH, IpH
MOJICIUPOBAHNH CTPYHHBIX TEUEHHH BCTaeT BONpoc 00 ypOBHE HadYaIbHBIX
BO3MYILIECHHMH B MOTOKE U MX BIMSHHUM Ha Pa3BUTHUE cJI0s cMelleHus. B naHHo#
paboTe Ha TpuUMepe BBICOKOCKOPOCTHOW BO3IYIIHOM CTPYHM, HCTEKAIOMEH u3
OCECHMETPUYHOTO COIUIA HCCIEAYIOTCS  XapaKTePUCTHKH CJIOS CMEIICHHUS
BOJIM3M Ccpe3a COIUIa M HAa HEKOTOPOM PAacCTOSIHUU OT Hero. Llenbro paboTsl
SIBIISTIOCH WCCIIEIOBAHUE BIMSHUS COCTOSHHS MOTPAHUYHOIO CJIOSl COIUIa Ha
XapaKTePUCTUKHU CJIOS CMEIICHUsSI B HAYaJIbHOM Y4YacTKe JI03BYKOBOH BBICOKO-
CKOpPOCTHOM CTpyH.

Pe3ym>TaT1>1 HCCJIEAOBAHWA BAXXHBI U [JII OpraHu3anyu 3KCIICPUMCHTAJIb-
HBIX MCCJIEIOBAHUM, MPU U3TOTOBJICHUMU MOJENEN ISl UCCIENOBAaHUM CTPYKTY-
peI TeueHus1. COBpEMEHHOE pa3BUTHE TEXHOIOTHH 3D—T1e9aTy mo3BoOsAET H3To-
TaBJIMBATH TEJlA CIIOKHOW (POPMBI M3 pa3IMIHBIX METALTHYCCKIX W HEMETaILIH-
geckux MaTtepuanoB. OKHIAaeTcs, YTO dTa TEXHOJOTHS MO3BOJHUT YCKOPUTH U
VACIICBUTH B M3TOTOBIICHHUE KAaK y3JIOB M KOHCTPYKIIMH peallbHBIX ammapaToB,
TaK U UX MOJIeJICH, IpeTHA3HAYCHHBIX [UIS UCCIICAOBAHNS B a9POAHHAMIYCCKUX
ycTaHOBKaX. B TO ke BpeMs, Ka4ecTBO IMOBEPXHOCTEH MOJENeH, U3TOTOBIICH-
HBIX JaHHBIM MCTOJOM, MOXXCT OTJIIMYAThCA OT Moueneﬁ, H3roTOBJICHHBIX Tpa-
IUIAOHHBIMHU CIIOCOOAMHU.

AKTyanpHOHM 3amaueil CTAaHOBUTCS OLIEHKA MPHUTOTHOCTH MOJenei, u3ro-
TOBJICHHBIX 3D-HpOTOTI/IHI/IpOBaHI/IeM, K HMCCICAOBAHUIO HAYYHO-TIPAKTUYCCKUX
3aaa4. B YaCTHOCTH, HeOGXO}II/IMO BBISICHUTH, KaK BJIMACT IHEPOXOBATOCTH
CTCHKH COIUIA HA CTPYKTYPY U XapaKTePUCTUKU CTPYHHBIX TedeHui. V3BecTHO,
YTO CJOW CMEIIeHHs [O3BYKOBOM CTPYH HOCHUT aBTOMOJIEIbHBIA XapakTep
[2, 3]. OnHAaKO MOKHO OKHMJATh, YTO COCTOSIHAE CTCHKH COIUIA (Er0 MIepOXoBa-
TOCTh U JIOKaJbHOE OTKJIOHCHHUE OT TEOPETUUECKOTO KOHTYpa) OyAeT BIUATH Ha
XapaKTePUCTUKU CTPYWHOTO MOTOKA B HAYAIbHOM Y4acTKe CTPYH, B TOM YHCIIE
U Ha MyJIbCAlIMOHHBIE XapAKTEPUCTUKH CIJIOSI CMEILICHUSI.
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Puc. 1. ®dororpaduu uccieryeMsix conesn

HccnenoBaHo ueTsipe comna (puc. 1), BHyTpeHHUIN KOHTYpP KOTOPBIX OIU-
ceiBaetTcst mpoduminem Burommnckoro. Commo Ne 1 umeer BXOIHOW auameTp
Din=88 MM, BbIXO#gHOW muameTp D, =60 MM, mHY TpoQHINPOBAHHOTO
yaacTtka corma L = 150 mm, crenenp momxatus s =2.15. Comio M3roToBIeHO
W3 CTajJd W BBIOPAHO B KAa4eCTBE STAJOHHOTO U CPAaBHEHHS C OCTAILHBIMHU
comramu. Comto Ne 2 — TO e COIUIO, HO ¢ YCTaHOBJIEHHBIM Ha paccTosHuu 10
MM OT BXOJHOTO cedeHus TypOymm3aTopoMm. TypOymu3aTop uMeeT BUI KOJbIA
BBICOTOM A ~ 330 ... 350 MKM, MAPHUHOH 2.5 MM W W3TOTOBJICH M3 IITH(OBAIE-
HOM Oymaru (pa3zmep 3epHa 50 ... 63 Mxm). Comto Ne 3 aHanmoruuso comny Ne
1, HO m3roToByeHo u3 rwiactmMaccel ABS Ha 3D-npuntepe. [ToBepxHOCTH coma
mepoxoBaras BOJIHHUCTASL. Hcnonp3oBanoch AJId TIPOBEPKU BO3MOKHOCTU TIPU-
MCHCHUS ﬂaHHOﬁ TEXHOJIOTUN B SKCIECPUMCHTAJIbHBIX HWCCJICIAOBAHUAX. Coruto
Ne 4 — coruto BuronmMHCcKoro cranbHoe, ero XapakTepUCTUKHU OIUCaHbl B pabo-
te [4]. Auametp Bxoma Diy=88 MM, mmameTp BbIXxomHOro cedeHus D,=30 mm,
cTereHp mopKaTus s=8.60.

OKCIIEPUMEHT MPOBEAEH B CTPYHHOM MOJYJE a’pOIUHAMHAYECKON TPYOBI
T-326 UTTIM CO PAH (pwuc. 2a). Tpyba ocHamieHa kamepoi Diidens, B KOTO-
POl MPOBOAWIIMCH U3MEPEHUS MCCIEAYEMOr0 CTpyHHOro TeueHus. Ilapamerpsl
SKCIIEpUMEHTa: Yrciao Maxa Ha BbIxoze u3 cora M, = 0.85; Npr = 1.6 (nozzle
pressure ratio, OTHOLIEHHE TIOJIHOTO JABJICHUS Po K JABJICHHUIO B OKpPYIKalolleM
CTPYIO BO3MYXE Pe); Repa=9.5-10° (mis conen ¢ D, = 60 mm) u Rep,=4.75-10°
(mmst comna ¢ D, = 30 mMm).

BEINONHEHBI: IIIMPCH-BU3YAIU3aIisl TCUYCHUS, 30HIUPOBAHHME IOTOKA
TpyOKoii [TuTo, M3MepeHue MorpaHUYHOTO CJI0sI BOJIM3H BBIXOJHOTO Cpe3a Coll-
Jla, U3MEPCHUE MYJIbCALUI TOJIHOTO JABJICHHUS, U3MEPEHHUE ONMKHErO aKyCTH-
YECKOT0 TMOJISl CTPYH B KaMepe YCTAHOBKH (IUI1 KOHTPOJS JOCTOBEPHOCTU W3-
MEpEHUS IYJIbCAIIHA OJTHOTO TABICHUS).

Y CcTaHOBIIEHO, YTO TOTPAHWYHBIN Cioi (puc. 206) BOMM3M cpe3a cormia
(x/Ra =—0.05) B comnax ¢ D,=60 MM TypOyneHTHBIA. COCTOSTHUE MMOTPAaHUIHO-
ro ciosi B corute ¢ D,;=30 mm (ceuenue x/R, =—0.1) ckopee Bcero raMuHapHOE,

57



HO TpeOyeT AOTOJIHHUTEIFHOTO YTOYHEeHUs. BrusHue TypOynu3aTopa Ha COCTO-
SIHAE TTOTPAHUYHOTO CJIOS HE 3aMeucHO. TOJNIIMHA MOTPaHUYHOTO CJIOSI BOJIM3H
cpesa comen cocraBiset: d1, ~ 0.06R, s cranpHOro comna ¢ D,=60 MM, &3 ~
0.1R, mas umactMaccoBoro coria D,=60 MM u 64 ~ 0.03R, mig crajabHOro cor-
na ¢ D,=30 mm. [IpuMepHO MOTYyTOPHOE YBEIMYCHUE TOJIIMHBI TOMPAHUYHOTO
CJIOSl B TUTACTMACCOBOM COILIC [0 OTHOIICHHIO K CTaJbHOMY BBI3BAHO IIEPOXO-
BaTOCTHIO M BOJHHCTOCTHIO €T0 MOBEPXHOCTH. BO3MOXKHBIE NMPUYMHBI YMEHB-
IICHUS] OTHOCHUTEIBHOM TONIIMHBI TOTPAaHUIHOTO CJIos B cotuie ¢ D,=30 MM 1o
OTHOWIEHHIO K COILTy ¢ D;=60 MM - BRICOKOE KadeCTBOM (TIONHMPOBKA) BHYTPEH-
Hel MMOBEPXHOCTH coTuia [4] v 3HAYUTENBHO OOJIBINAsI CTEIeHb MOKATHS MTOTO-
Ka B coIUIe. 3/IeCh X — OceBasl KOOpAWHATA, OTCYUTHIBAEMAas OT cpe3a coria, Ry
— paauyc BBIXOJHOTO CEUYCHHUS COIUIA, O — TONIIMHA MOTPAHUYHOro ciios. Ha
puc. 26 0003HauCHBI: Y — paJidaJIbHAs KOOPIMHATA, OTCUUTHIBAEMAsi OT CTCHKU
coria, V — CKOpOCTh IOTOKA, V, — CPEIHSIS CKOPOCTh MOTOKA HAa Cpe3e coIia B
MOTEHIMATHHOM SIIPE CTPYH.

6) B)
Puc. 2. Crpyiinsrit Mmogyns T-326 UTTIM CO PAH (a); nmpodwmu

TTOTPAHUTHOTO CJIOS s uccienyeMbix corex NeNe 1-4 (6); mutupen-
¢dotorpadus ctpyn Ma = 0.85, Npr = 1.6, ucrexaromieii u3 corura Ne 1 (B)
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Ha puc. 2B npuBeneHa TUNMYHAsE MTHOBEHHas (IKCMO3ULUS 4 MKC, HOX
DyKO pacIoNOKEH TOPU30HTAIBHO) ITHPEeH-QoTOrpadus CTpyH, UCTEKAKOMICH
u3 coria Ne 1. HITpuXOBBIMU JTMHUSMU MMOKA3aHBI JIUHUHU, BIIOJIb KOTOPBIX BBI-
MOJHEeHbI W3MepeHus. Ha puc. 3 mokaszaHbl Jjisl BCEX HCCICIOBAHHBIX COIMEI
paauaNbHBIC PACIPECIICHHs MOTHOTO JaBICHUS B TPEX XapaKTCPHBIX CCUCHU-
SIX: HEMOCPEJCTBEHHO y cpe3a comia (x/R, = 0.01), B cnaboBo3myIéHHON va-
CTH cJ0sl cMemeHus cTpyH (x/Ra = 0.2), B 06macti pa3BUTOr0 TypOYJIEHTHOTO
ciost ememeHus (x/R, = 3.0). Hauano koopauHaT moMenieHo Ha cpe3 coIuia, T —
panmaneHas KoopanHata. BUOHO, 9TO BIMSAHNE MOTPAHUYHOTO CIIOS HA TOJIIIH-
HY CJIOS CMEIICHUs YK€ CTAaHOBHTCS claObIM Ha PACCTOSHUU TMOPSIKA ABYX —
TpEX panyCcoB cpe3a COIUa.

a) 0)

B)
Puc. 3. PaguanbHble pactipeieIeHHs IMOJIHOTO JTaBJICHUS B TPEX
XapaKTepHBIX CEUEHUSIX CTPYH M3 UCCIICTOBAHHBIX COMEN:
a—x/R,=0.01,6-x/R,=0.2,B—x/R,=3.0

PesynbTaThl U3MEPEHUIA MyJIbCAIHIA TOJIHOTO JABJICHUS B CIOC CMCIICHHUS
CTPYH IOKA3bIBAIOT, YTO BIUSHHUE COCTOSIHHS MOTPAaHUYHOTO CJOs Ha cpes3e
COIUIa HA XApPaKTEPUCTHKH CJIOS CMCIICHHS W Ha YPOBEHb MYJIbCAlldil B HEM
TOYTH HMCYE3aeT HAa PACCTOSIHMU JIBYX THAMETPOB OT cpe3a corwia (KamuOpoB)
utst conedt ¢ D,;=60 MM 1 Tpéx - mist cormna ¢ D,=30 mm.
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3KCHEPUMEHTAJIBHOE NCCJIIEJOBAHUE
HEJJMHEMHOTI'O AKYCTHYECKOT'O UMITEJAHCA
OTBEPCTHUH

AU. brixos!, A.. Komkun', M.A. Mupounos'

Mocrosckuii 2ocyoapcmeennoiii mexnuveckuti ynueepcumem um. H.D. Ba-
ymana, Mockea, akomkin@mail.ru

2 Axycmuueckuti uncmumym um. Anopeesa, Mockea, mironov_ma@mail.ru

AKyCTHYECKHI UMIENaHC OTBEPCTHUS MPU BBICOKUX YPOBHAX 3BYKOBOTO
JIaBJICHUSI HCCIIEIOBAJICS OKCIIEPUMEHTAILHO B OonbIIOM umncie pabor (cM.
Hanp. [1-6]). TeopeTndeckuM OCHOBAHUEM JUIsl MHTEPIpETAllMU PE3yJbTaToOB
9KCIIEPUMEHTOB CITY’KUT 3aKOH BepHy/UIM I CTaIHOHApHOTO MOTOKA depe3
OTBepCcTHs. PacmpocTpaHeHHEe 3TOTO 3aKOHA Ha OCHIJUIMPYIOUINE TEUCHHS B
OTBEPCTUU JAET, B YACTHOCTH, JTMHENHYIO 3aBUCHMOCTD JEUCTBUTEIBHON 4aCTH
aKyCTHIECKOTO MMIIEJaHCa OTBEPCTHS OT aMIUIMTYIbl KOJIEOATEIbHOW CKOpPO-
CTH B OTBEPCTHH M HE3aBHCHUMOCTB €€ OT JuameTpa orBepcTrs. OTHaKo BHUMa-
TENBHBIM aHAJIN3 3KCIICPUMEHTAIBHBIX PE3YJIbTATOB MOKA3aJl, YTO JHAMETP OT-
BEPCTHS CYIIECTBEHHBIM 00pa30M BIIMSIET Ha MOBEJCHUE UMIIEJaHCa TIPH BBICO-
KHX YPOBHSIX 3ByKOBOTO JIaBJIECHUSI.

Llenpto maHHOM pabOTHI SBISETCA TOJyYeHUE HaJIeKHBIX JKCIEPHUMEH-
TaJIbHBIX JAaHHBIX, IEMOHCTPUPYIOIIUX BIUSHHUE TUAMETPa OTBEPCTHs IEpero-
POJKHU Ha €ro aKyCTHYECKHH MMIIEAAaHC IIPH BBICOKUX YPOBHSIX 3BYKOBOTO JaB-
nenus. OHa IPOJIOIKAET UCCIIEJOBAHUS aBTOPOB [5, 6] B 3TOM HanpaBlIeHUH

W3mepenns nmpoBelieHbl B MIMIIEJAHCHOH TpyOe ¢ BHYTPEHHHM IUMETPOM
d=99MM wmeromoMm ABYX MHUKpodoHOB. Mcmonb3oBanuchk 1/4-aroiiMoBBIC

KOoHJIeHCaTopHble MUKpodoHbl PSB 482C05. McTOYHHKOM 3BYKa CITY>KWI JIU-
Hamuk Beyma 12MI100 momuOcThIO 400 BT. [l BO30OY»KACHUS JMHAMHKA
MCTIONB30Bacs y3kononocHbIH JIYM-curnan ¢ mmmpunHoi noxocs! 10 I'n u mieH-
TpambHOH yacTtoToit fo = 150 I'm. Ammmuryma JIYM-curaana BapbHpOBajach,
TaK 4TO YPOBHH 3BYKOBOTO JTABJICHUS B HMIIETaHCHOH Tpede MOTIIN U3MEHSTHCS
B auama3one ot 85 ab mo 155 nb. C uaMepuTensHON CTOPOHBI UMIIEAAHCTHOM
TpyOBI yCTaHABIMBAINCH MIEPETOPOAKH TONIIMHON 2 MM C OCECHMMETPUIHBIMU
OTBEPCTHUSMH, THAMETPHI KOTOPBIX BapbUPOBATHCH OT 3 MM 110 20 MM. CHTHAITBI
¢ MUKPO(GOHOB TOJBEPraiCh CICKTPAIbHOMY aHAIU3Y C MOMOIINBIO aHAIIN3a-
topa B&K PHOTON+, mo pesynbraTaM KOTOPOTO METOJOM TMepenaTodHON
¢byaknuu [17] ompenensuics kK03(Q(UIUEHT OTpa)KCHHs 3BYKOBOH BOJHBI OT
MEPEropoiku R, a MOTOM U Oe3pa3MEepHBI aKyCTHYCCKHIA UMIICIaHC OTBEPCTHUS
B neperopojike. KonebarenbHas CKOPOCTh B OTBEPCTHH BBIYHCIISIACH 10 H3ME-
PEHHBIM JIABJICHUSIM HA MUKPO(OHAX.
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B pesynbraTe mpoBeIEeHHBIX HCCICIOBAHUI OBUIO YCTAHOBICHO, YTO OCO-
OCHHOCTH MOBEJICHNUSI MHUMOM YaCTH HEJIIMHCIHOTO UMIICIaHCa OTBEPCTHSI, BbI-
PaKEHHOH B TEPMHUHAX €r0 MPUCOCIUMHEHHOMN JTUHBI, COCTOUT B CICAYIOIIEM: C
POCTOM 3BYKOBOTO JaBJCHHS (TOYHEE aMIUIMTYIbI KOJIeOATeIbHON CKOPOCTH B
OTBEPCTHHU) MPOUCXOIUT PE3KOE CHUIKCHUE MPUCOCIUHCHHO UTMHBI OTBEPCTHUS
C BBIXOJIOM Ha HOBBIN CTAIlMOHAPHBIA YPOBEHB, KaK 3TO YK€ OMKCHIBAIIOCH B
pabote [5]. Hebompmioe oTnudane 1Mo CpaBHEHHIO C pe3ylibTaTaMu paboTHl [5]
COCTOHUT B TOM, YTO 3HaUY€HHE STOT0 HOBOTO IIOPOTOBOTO YPOBHS HECKOJBKO
TIOBHIMIACTCS TIPU OYCHB OONBIINX 3HAUYCHUSIX KONEOATEIFHOW CKOPOCTH, COOT-
BETCTBYIOLIMX JAMANAa30HY 3BYKOBBIX AaBiieHu# ot 135 no 155 ab.

Puc. 1. [lefictBuTenbHas 4acTb O€3pa3MEpHOr0 UMIEJaHCca [IPU pa3ind-
HBIX TUaMETPax OTBEPCTHSL: © — 3 MM, O — 4 MM, == — 5 MM, & — 7 MM, @ —
10 MM,
m— 12 MM, ¥ — 15 MM, & — 20 MM

3aBUCHMOCTH ICUCTBUTENbHOM YacTH 0e3pa3MepHOr0 aKyCTHYECKOTO
HMIIEIaHCa OT KO0J1e0aTesIbHOM CKOPOCTH B OTBEPCTHH JIJISl PA3ITHMYHBIX JHAMET-
pOB OTBepCTHs MpHBeeHs! Ha puc. 1. 3xech Re(Z) = Re(Z)l,/(pcd,) , tne Z —
HUMIEAHC OTBEPCTHS, P — IJIOTHOCTh BO3/yXa, ¢ — CKOPOCTh 3BYKa B BO3ZyXeE,
do — IMaMeTp OTBEPCTHS B EPETOPOAKE, MM; o — eTMHUYHEIN pasMep, 10° mm;
U=U / (ov)*’, rae U — ammnutyzna xone6aTenbHOM CKOPOCTH B OTBEPCTHH,

o= 27[]6 , V — KMHEMAaTU4CCKas BA3KOCTbL BO3yXa.
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[omy4yeHHBIE pe3yNbTaThl TOKA3BIBAIOT, YTO MPHU BHICOKUX 3HAYCHHAX KO-
ne0aTebHON CKOPOCTH B OTBEPCTHH MPHUBECHHBIC 3aBUCUMOCTH HOCST SBHBIN
HENIMHEWHBIA XapakTtep. KpoMe TOro, OHH HE CIMBAIOTCS B OJHY JIHHUIO MPH
HOPMHPOBAHUYU MMIIE/IAaHCA HA JUAMETP OTBEPCTHUS, KaK 3TO UMEET MECTO IPHU
MEHBIINX 3HAYCHUSIX KOJICOATEIEHOW CKOPOCTH B OTBEPCTHH [6].
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TEOPUA JAUTXWJIA M PE3YJIBTATBHI HCCJIAETOBAHUSA
IIYMOOBPA30OBAHUSA B TYPBYJIEHTHBIX CTPYSX

C.10. KpamennnunkoB, A.K. MupoHoB

Llenmpanvuviii Hnemumym Asuayuonnozo Momopocmpoenus, 2. Mockaa,
krashenin@ciam.ru

1. OcHoBHble TONOXKeHUsT Teopuu JlalTxuiia, u3noxxkennole B [1, 2], ka-
CaroTCs mpolecca MryMooOpa3oBaHusl MPHU PACcPOCTPAHCHUHU JO3BYKOBOH Typ-
OYJICHTHOW CTPYH B HEIMOJBH)KHOW CpEIe TOrO K€ COCTaBa, YTO U BEIIECTBO
CTpYyH.

[IpumepoM ompeneneHuss CBSI3M aKyCTHUCCKHUX ITYJBCAIIMA B 3BYKOBOM
mojie CTPyH C THAPOIUHAMHYCCKUMH SIBISIETCS aKyCTHYecKas aHaJIOTHS
Jlaitrxmna [1]. Cucrema ypaBHennit HaBre-CTokca mpeoOpasyercst TakuM 00-
pa3oM, 9TO IUIA ITyJbCAIMHA TUIOTHOCTH B aKYCTHYECKOM IIOJIE ITOTydaeTcsl BOJ-
HOBOE ypaBHEHHE

82p 292 o°T,
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X — pacCToOdHUEC OO0 HMCTOYHHKA, p’— myjabCalliu IUIOTHOCTU B 3ByKOB017[
BOJIHC, p — HNaBJICHHUC, Ui, Uj — KOMIIOHCHTbI CKOPOCTHU, & — CKOPOCThL 3BYyKa, 77 —
MOJICKYJIIpHas BA3KOCTb, O — IJIOTHOCTb. B 3ByKOBOI7[ BOJIHC

r_ 2
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(yrmoBeie cKOOKH 0003HAYAIOT OCPETHEHUE IO BpeMeHH). TeM caMbIM To-
TOK 3BYKOBOM HEPTUH OMpPEEseTCs] BEIMYMHON BTOPOTO MOMEHTA CIIy4aitHON
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MoxHO BHIETb, UYTO BeIWYMHA [ OmpeAenseTcd MPOCTPAHCTBEHHO-
BPEMEHHOI KOppesaLueil 04eHb CI0KHOIO KOMIUIEKCa MapaMeTpoB. DTO OTpa-
JKAET CI0XKHOCTH (PU3MUYECKOTO IPOILECcCca MOPOXKAEHHS IIyMa TypOyJEeHTHBIM
MIOTOKOM, B KOTOPOM IPUCYTCTBYIOT 3(p(heKThl HETHMHEHHOTO B3anMOAEHCTBUS
ra3oJJMHaMHU4eCKOr0 U aKyCTUYECKOTrO MOJeH, MOpPOKACHUs, AUCCUMALUU U
nHTEpdEPEHIINN MMyIbCALIH.

CyIIecTBEHHO, YTO NPH TOJYYEHUH 3TOTO COOTHOIICHMS MPHUHUMAIOTCS
YCIOBUS

(P=p)/py <1, a=ay, ®)

03HAYaIOMIKe, YTO IJIOTHOCTh U CKOPOCTH 3BYyKa B 00JIACTH €ro MOpOKIe-
HUS IPAKTHYECKU paBHBI MX 3HAUCHISIM B OKpPY’KalOIIel cpeze.
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2. B paborax [6—9] mpuBeneHBI pe3yibTaThl HCCIENOBaHHS Ipolecca
LIyMOOOpa30BaHUs B TYPOYJIEHTHBIX CTPYsX. MICIOJIB30BaIHNCh JaHHBIE TEPMO-

aHEeMOTpPUYECKUX u3MepeHuil u PIV
TEXHOJIOTUU JUIs OIpEJeNeHus Xa-
PaKTEPUCTHK IIyJICALIMOHHOTO JIBH-
XKeHus. V3mepsutich  IyJibcanuu
CTaTHYECKOTO JABJICHHUA B IIOTOKE
cTpyu. IIpoBeieHO BEIYHCIUTEIHHOE
MonenupoBanne Ha ocHoBe LES
TEXHOJIOTUH TypOyJICHTHOTO Tede-
HUSL W CMEIIEHHS TYpOYJIEHTHBIX
CTpYyH.

B pesynbraTe momaydyeHs! JaH-
HBIE O B3aUMOJeicTBUU TypOylIeHT-
HOTO TEYEHHUS B CTPYSAX C OKpyXKa-
IolIel cpenoi, MpuBoIsIIEeM K o0pa-
30BaHMIO 3BYKOBBIX BOJIH.

[Ipn pacnpocTpaneHun TypOy-
JICHTHBIX CTPYH IIyMOOOpa3oBaHKE
00yCJIOBIIEHO  TI€PEMEKaEMOCTHIO
TypOyneHTHOCTH [6, 7]. Pe3ymbpTars
uccnenoBanus [8] mokazamu, 4YTO
BCJICICTBHE 3TOTO SIBJICHHS B CJOE
CMEIIIEHHUsT BO3HUKAIOT O0JIACTH IO-
HIDKEHHOTO U TIOBBIIICHHOTO JaBje-
Husl. MakcumanbHBIM ypOBEeHb pas-
peXEHHUsI B ITHX 0OJACTAX COCTaB-
et okosio 20% OT CKOPOCTHOTO
Hamopa B HA4YalbHOM CEYCHHHU
CTpYH.

CpenHee 3HaueHHE pa3pexke-
HUS B CEpPEIUHE CJIOS CMEUIEHUs
cocTaBigeT okoiao 4% OT CKOpOCT-
Horo Hamopa. I3-3a sToro nepemnana

Puc. 1.

JIaBJICHUS] BOSHUKAET BHEIIHEe HHAyIMpOoBaHHOe TeueHue. Ha puc. 1, rae npea-
CTaBJICHBI PE3YJIbTATHl BBIYMCIUTEIBHOTO MOJCIUPOBAHHS TEUCHUS B TypOY-
JICHTHOW cTpye m3 [6], moka3aHBl YpOBHH JaBIeHUS (TEMHBIE 00IacTH — paspe-
JKEHUsI) ¥ JIMHUK TOKA BHEITHET0 HHAYIIMPOBAHHOTO TCUCHHSL.

MOXHO BHIETh YETKYIO CBSI3b MEXKAY JABHKCHHEM BHEIHEW cpebl U 00-

JJaCTAMHU IIOHMXKCHHOTO JaBJICHUA.
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OTH 00J1acTH ABMXKYTCS W BBI3BIBAIOT IIEpPEMEICHUE JIMHUN TOKa, KOTO-
pBIE COBEpLIAIOT NMEPUOAMYECKOE IepeMelleHnst Boum3u rpanuy crpyu. Co-
IJIACHO pe3yabTaTaM pacyéra HeCTAl[HIOHAPHOTO TE€YEHUs, JIMHUM TOKa MEepUo-
JMYECKN TSHYTCS 332 OOJACTSIMU TOHM)KEHHOTO JaBJICHHsI U BO3BPAILAIOTCS B
NepBOHAYAIbHOE IMOJIoKeHUe. Ilepuos 3TOro ABMXKEHUS B KaXKAOM CEUYEHUH
CTPYH COOTBETCTBYET ONPEAEIEHHBIM IO ONBITHBIM JAHHBIM [7] 3aBUCUMOCTH
YacTOTHl 3ByKa, M3Iy4aeMOTO OTHENBHBIM YYacTKOM CTPYH, OT HPOJOJIBHON

KOOpAWHATBI

Puc. 2.

Sh=ﬁ=1.55£y
u, X
“

CorylacHo  JaHHBIM  [6, 9],
TIOTYYEHHBIM Ha OCHOBE (ha30BOTO
aHanM3a MyJIbCalluii CKOPOCTH H
JIaBJICHUS, BO3HHUKHOBEHUE 3BYKO-
BBIX KOJICOAHWH NPOMCXOAMT BHE
ClIOSl CMEIIeHHs CTPyH, B Tak
Ha3bIBAEMOM «OJIMDKHEM aKyCTH-
9YECKOM I10JIe» CTPYH.

OTO TaKKe TOATBEPIKAACTCS
BU3yaJu3alyeil mporecca pacipo-
CTpaHEHHs] BO3MYILCHHI Ha BBIJC-
JIEHHBIX 4YacToTax, u3 [6], moka-
3aHHOro Ha puc. 2. IlpuBeneHsl
Ppe3yIIbTaTHI BBIYHCIIATEIHHOTO
MOJIETIMPOBaHMS  3BYKOOOpa3oBa-
Hus Ha ocHoBe LES TexHonoruu u
®dypbe aHamM3a Ui 9acTOTHI, CO-
otrBerctBytomieir Sh=1. Ilpusene-
HbI 3Ha4YeHust (a3 MmyJibcauuil naB-
nenust yepes 1/3 nepuopa.

BusyanpHo pasznuuuMble Ha
¢urype QpOHTBI COOTBETCTBYIOT
3HaveHno ¢assl 0 i 360°. Co-
OTBETCTBYIOIINE (POHTHI ITyJIbCa-

III/Iﬁ HOHCpC‘{HOﬁ CKOPOCTH MPAKTUYCCKH COBIIAAIOT C q)pOHTaMI/I JaBJICHUA,
T.C. NOJIYUYCHHBIC JTAaHHBIC XAPAKTCPU3YIOT pACIPOCTPAHCHUA 3BYKOBBIX BOJIH.
MoxkHOo BUACTH, YTO HAYaJIbHOC IIOJIOKCHUE 3BYKOBBIX BOJIH HAXOAUTCA BHC

CJIOA CMCUICHUA.
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[lo pesympratam da-
30BOr0 aHalu3a ONpeseieHa
o0nactb, B KOTOPOH T'HApO-
JMHAMHYECKUE  ITyJIbCAlUN
MIPOM3BOJAT ~ AKyCTHYECKHE
Bo3mymienus [9]. Ha puc. 3
IIPUBE/ICHA CXeMa TEUCHUS B
CTpye, COBMECTHO C T'PaHH-
mamu 00JIACTH OOpazOBaHUSA
3BYKOBBIX BOJH (Iudpa 2).

Puc. 3. Ota 001aCTh COOTBETCTBYET

ommkHeMy nomo ctpyd. Ee

XapakTepHasi IIMPHHA B KaKAOM CEYEHHH COCTaBJISET NMPHUOIN3UTEIBHO YeT-

BEPTh JUINHBI BOJIHBI, COOTBETCTBYIOIIEH YacTOTE M3JIyUEHHs U1 JAaHHOTO ce-
4yeHus cTpyH (4). OHa yBeTUUHBaACTCs IPU YMEHBIICHUHU Uo.

BriBoioM uccienoBaHus SIBISIETCSl MOATBEPIKACHHE CIEIYIOMINX Mpel-
CTaBJIEHUH O IyMOOOPa30BaHNH B TYPOYJIEHTHBIX CTPYSIX.

[ITymoo0pa3oBaHue SIBISETCS CIEACTBHEM MEPEMEXAEMOCTU TYpOyIeHT-
HOCTH. /IBrKeHHEe 00pa3yIomuxcs Ipy 3TOM 00Js1acTell MOHMKEHHOTO JaBICHUS
BBI3BIBAET NEPUOJUIECKNAE BO3MYIIEHHUA CKOPOCTH B MHIYLUPOBAHHOM CTpyei
TeueHuH. [Ipu nBMKEHUM BHEUIHEW Cpelibl, BOBIEKAEMOW B CTPYIO, BOBHUKAIOT
«HOYTI TEPHOIUYECKHE MyIbCANH M3-32 TIEPEMEICHNS 00TacTel TOHNKEH-
HOTO JaBiicHHs B cTpye. Co3naBacMble UX JBIKCHHEM BO3MYIICHHUS BO BHEII-
Hell cpesie NPUBOIAT K 00pPa30BaHUIO 3BYKOBBIX BOJH.

OTH IyJbCALUH CO3/1AI0T 3BYKOBBIE BOJIHBL. VICTOUHHUKOM MX SHEPTUH SIB-
JISIETCS SHEPTHSI IBHXKESHUSI BHEITHEH CpeJibl.

[TpuMeHHUTENBEHO K BBIBOAY MTOIOBOTO COOTHOIIEHHUS Teopuu JladTxmmia
pe3yabTaThl MPOBEIEHHOIO MCCIEJOBAHUS MO3BOJIAIOT CAENaTh BBIBOJ, YTO OC-
HOBHBIC MPETON0KEHUS TEOpUH, coiepxaiiiecs B (3), cpaBeUIUBBI U TPHU
BBICOKOI CKOPOCTH PacHpOCTPaHEHHsI CTPYH. DTO SIBISIETCS CIEIACTBHEM TOTO,
YTO B 00JIACTH ITOPOXKICHNUS 3BYKOBBIX BOJIH YPOBEHb CKOPOCTEH OYEHb MaJl.

3. PackpeiBasg cooTHOIIeHHE (2), HCMONB3YSd Pa3MEPHOCTh BXOMSIINX B
HEro MnapameTpoB, MO0 aHAJIOTHU ¢ [3, 5], MOXHO MONYYUTh 3aBUCHUMOCTH, Xa-
PaKTEpHU3YIOLLYIO BIMSHUE YKiciia Maxa UCTeYeHHsl Ha MOTOK HU3JIy4aeMoi 3By-
KOBOM 3HEpruu.

Crnenyst moHorpaduu [5], npuHIMaeM, 9T0 Kaxnoe auddepeHIupoBaHie
10 BPEMEHH B MOJIBIHTEIPATLHOM BBIPaXKEHUH JIs Tjj, MMEKOILETO TIOPSIOK 1,
YMHOXXAET 3TOT MOPSIOK Ha YacToTy u/l, Tae [ — XapaKTepHBIA MPOCTPAHCTBECH-

HBII MacIITad mynbcalui, T.e.
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i} 4
?Tij ~u/l
(%)
Ecmu A — xapakTepHbIii pa3Mep BO3MYIIEHHOH 00JIacTH, TO
I ~A. (6)

Hcnone3ys mapameTpsl, Bxozsuue B (2), Beauunny /(X) MOXKHO mpencTa-
BUTH CJIELYIOLINM 00pa3oM:
0t A% A2yt

425 25
P, I'x"a xX"a

I(x) ~ (7)
3neck A — pasmep 06JIaCTH MHTETPUPOBaHHUS. (3aMETHM, 9TO 3aKOH u° SIB-
JISIETCS CIIEACTBUEM COOTHOIICHUS (5).)

Otcroza cremyer:
2

A 3 5
I(x)~p—uM (8)
x
[MTonHas MOMIHOCTH U3ITyYEHHS
— ~ 2
W, = | dds ~ 1,5
e€ BenuuuHa 1o (8) ecTb
_ 5 0342
W,.=pMuA”.
Hcnonp3yst cooOpaskeHns1 pa3MEPHOCTH NPH OTPECIICHUHN aKyCTHIECKOH
MOIIHOCTH CTPYH Wk, MOXKEM BBECTH MOHSTHE akycToMexanndeckoro KIT/I:
T]ZWak/ W,
e W=u’F/2, up — ckopocTh MCTEUEHHUs CTPYH, P — IUIOTHOCTh, F — miio-
11aJb CEYSHUs COIIa, U3 KOTOPOTO PACIIPOCTPAHSIETCS CTPYS.

Ecii IPHHATE, 9TO XapaKTepHas CKOPOCTh IMyJIbCAIIAOHHOTO JIBHKEHHUS U
NPONIOPIMOHANBHA tg, @ A2~ F, T0 Wa=nW n 1~Mu’. Tem caMbiM

Wa=nW u n~Ma. ©

4. Ecnu npuHATH, YTO pe3ynbTaThl MPOBEACHHBIX HCCleAoBaHull [6-9] B
JOCTaTOYHOW Mepe MOATBEPXKAAIOT MPEANOIOKEHHE O TOM, YTO aKyCTHYECKOE
H3JIyYeHHE CTPYH CO3JaeTcs KBAa3UIEPHOIUUECKUM JIBH)KEHHEM Cpelibl BOJIM3HU
TPaHUI] CTPYH, TO MOXHO CUMTATh, YTO MPEAIOJIOXKEHUs Teopuu JlanTxmmuia B
OTHOIIIEHUH BO3MO>KHOCTH HCIIOJIb30BAaHUsI YCIIOBHH (3) U YCIOBUSL p=const=py
CIPaBeAJIUBBl Jake MPU BBICOKUX CKOPOCTSIX UCTEUEHHS. DTO SIBJISETCS CIEA-
CTBHEM TOT'0, YTO aKyCTHYECKHE BO3MYIIEHUs OOpa3yloTCsli BHE CTPYH, NPH
HU3KOCKOPOCTHOM JIBU)KEHHH CPEJIBI.

B pabote [2] mns 00BsiCHEHHS 3aBUCHMOCTH AWATPaMMbl HaIIPABICHHOCTH
0T uucna M TPUBIECUCHBI MPEACTABICHUS O KBAaAPYNOJIbHOM XapaKTepe aKy-
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CTHYECKOTO M3JIydeHus cTpyd. Ho corimacHo mpoBeieHHBIM HCCIIEAOBaHUSIM
[6, 9] MO)XHO OOBSICHUTH BIMsHHME Yucia M Ha auarpaMMmMy HarpaBiIeHHOCTH
N3JIyYEHHS] TEM, YTO BHE CTPYH MPOSBISIECTCS BIMSHHE €l OJJHOTO apaMeTpa —
JUIMHBI 3BYKOBOI1 BOJIHBL. CTPYKTYpa caMoro CTpyHHOT'O TEYEHUsI HE 3aBUCHT OT
CKOPOCTH MCTEYEHUS, HO pa3Mep OOJIacTH HIyMOOOpa30BaHMS YBETUYUBACTCS
IIPY CHUYKEHUH CKOPOCTH UCTEUEHHS CTPYH U3-3a POCTA JUTUH BOJIH M3JTyUCHUS.
DTO M BIUSET HAa TUArpaMMy HAIPaBICHHOCTH.

M3BecTHblll BBIBOA Teopuu JIaWTxmina — 3aKOH HapacTaHHUS MOIIHOCTH
3BYKOBOTO M3JIy9€HUs CTPYH Kak u® — cnemyer n3 cootnornenuit (5)—(7).

PaboTa BemosHeHa npu noaepxke rpanta PODOU 17-01-00213a.
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YUCJEHHOE MCCJEJTOBAHUE PA3BUTHS BOSMYIIEHUN,
TEHEPUPYEMBIX 2JIEMEHTAMHU HIEPOXOBATOCTH, ITPU
CBEPX3BYKOBOM OBTEKAHUHU 3ATYIIVIEHHOT' O KOHYCA
A.H. Kyapsisues, J{.B. XoTsHoBCKMI

Hncmumym meopemuyeckoii u npUKIaAOHOU MEXAHUKU

um. C.A. Xpucmuanosuua CO PAH, Hosocubupck, alex@itam.nsc.ru

IIpoBeaeHO mNpsIMOE YUCIEHHOE MOJECIUPOBAHMUE BIMSHUS OTAEIBHBIX
SJIEMEHTOB ILIEPOXOBATOCTH U PaCIpe]esIeHHON MIEpOXOBAaTOCTU Ha CpeaHee
TE€YEHUE U TeHEepalUi0 BO3MYIICHUN B CBEPX3BYKOBOM IMOTPAHHYHOM CJIOE HA
cepryecky 3aTymJIeHHOM KOHyce npH uucine Maxa M = 6. MoaenupoBanue
BBITIOJIHEHO B TPEXMEPHOH pacueTHOH 00NacTH HaJ KPHBOJIWHEHHON MOBEpX-
HOCTBIO 3aTYIUICHHOTO KOHyca. |'paHU4YHbIE yCIIOBUS Ha BXOJHOW M BHELIHEH
TpaHMIaX TPEXMEPHOW pacueTHOW 0OJIacTH 3aJafoTCs ¢ MCIOJIb30BAaHUEM JaH-
HBIX, MOJTYYEHHBIX U3 MPEIBAPUTEILHOTO OCECHMMETPUYHOTIO pacyeTa CTaIHo-
HApHOTO CpeHEro TeueHus. THIHIHBIA pa3Mep 00JIacTH 10 a3uMYTy BapbUpPO-
BaJics B ipeaenax ot 15 1o 30 rpagycos. BOmm3u BXOZHOTO cedeHUs pacueTHOM
o0Js1acTu Ha MOBEPXHOCTU KOHYyCa pa3MeEIIeHbI 3JIEMEHTHI liepoxoBaTocTH. Pac-
CMaTpUBACTCA MIEPOXOBATOCTH ABYX pa3JIMUHBIX THUIIOB! B BUAC OTACIBHOTO
3JIEeMEHTa WM TPYIIBL 3JEMEHTOB 3aJaHHON (OPMBI U pa3Mepa, a Takxke pac-
IpeJesieHHas [IepoX0BaTOCTh, KOTOpas MOJECTUPYETCS HECKOIBKHUMHU JeCATKa-
MU DJIEMEHTOB CO CIIy4allHbIM MOJIOKEHHEM U pa3MepaMu — puc. 1.

Puc. 1. PacnipenenenHnas mepoxoBaTOCTh Ha TIOBEPXHOCTH KOHYyCa

Pa3mepsl ameMeHTOB Bapbupytotes oT 6 g0 10 9, rae & — Gra3uycoBckast
TOJIITMHA TIOTPaHUIHOTO cJos. [TogoOHas MeToarKa Mo IeupoBaHus 3P PeKToB
pacripesieleHHOH MIepOX0oBaTOCTH ObliIa paHee HMCIONb30BaHa B HANINX pacde-
TaxX BO3HHKHOBEHUSI HEYCTOMYMBOCTH B CBEPX3BYKOBOM IIOI'PAaHUYHOM CJIO€ Ha
wiockoi ractude [1-3]. B yacTu nmpoBeaeHHBIX pacueToB A BO30YKACHHS
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HECTALUOHAPHBIX BO3MYILICHUM Takke HCHOIB30BANCS MEPUOIUYECKUI
BIYB/OTCOC 4epe3 OTBEPCTHE, PACIIOIOKEHHOE BBEPX IO MTOTOKY OT 3JIEMEHTOB
LIEPOXOBATOCTH.

MonenupoBaHue NPOU3BOAUIOCH ¢ moMoleo mnporpammsl CFS3D g
YHCIIEHHOTO pemieHust ypaBHeHuit HaBbe—CTokca u ee rudpuanoii LIITY/TTTY
CUDA Bepcuu HyCFS. Anroput™ BeIYMCIEHUS KOHBEKTHBHBIX TIOTOKOB OCHO-
BaH Ha TVD u WENO cxemax CKBO3HOTO cYeTa BEICOKUX TOPSIKOB TOYHOCTH,
YTO MO3BOJISIET PACCUUTHIBATE CBEPX3BYKOBBIE TEUECHUS C ra30JUHAMHUYECKUMU
pa3pbIBaMH, a TAKXKE MOJEIUPOBATh HECTALMOHAPHBIE BOJTHOBBIE ITPOLECCHI, HE
BHOCS W3JHMINHEH YHCICHHOW JUCCUMALINU.

YucieHHOE MOJIETMPOBAHME TT0KA3aJlo, YTO HanOojIee MHTCHCUBHOE BUX-
peobOpa3oBaHue HaOJOAaeTCs B clielle 3a Haubosiee KPYHMHBIMH 3JIEMEHTaMHU
LIEPOXOBAaTOCTH, T'JI€ BO3HUKAIOT MPOJOJIbHBIE BUXpEBBbIE CTPYKTYpHL Ilepumo-
JIMYECKUH BIYB/OTCOC MPHUBOAUT K HECTAIIMOHAPHBIM MYJbCAlMsIM B 00JacTH,
3aHATOW BHUXPEBBIMU CTPYKTypamu. OOjacTH HECTAlMOHAPHBIX MyJIbCallUit
PaCIIUPSAIOTCS 10 a3UMYTY. B HEKOTOPBIX CIydasix CYIIECTBEHHYIO POJIb UTPAET
B3aMMOJICHICTBHE BUXPEBBIX CTPYKTYP, MOPOKAAEMBIX OJIIM3KO PaCIHOI0KEHHBI-
MU DJIEMEHTAMH, YTO MOKET NPUBOJUTH K CIUSHHUIO COCEJNHUX CTPYKTyp. B
KOHEYHOM C4YeTe, aMIUIUTYJAa IyJbCalluil CYIECTBEHHO BO3pPAcTaeT, TEUEHUE
IPUOOpETaeT CTOXACTHYECKNI XapakTep, M MIPOUCXOIUT MePexo K TypOyeHT-
HOCTH.

a) 0)

Puc. 2. JlamuHapHO-TYpOYJICHTHBIH IE€pexo/l, HIyLIUPOBAHHbIH
pacripezielIeHHOI IepOXOBAaTOCThIO B KOMOWHAIIUH C NIEPUOIMYECKUM
BIYBOM/OTCOCOM: HM30IIOBEPXHOCTH Q-KpHUTepHs (a) M IMyJIbCAIlNN TaBICHUS
Ha TIOBEPXHOCTH (0)

TunuuHasg KapTUHA pa3BUTUS HEYCTOWYMBOCTU IIPM COBMECTHOM JEil-
CTBUH pAacIpeeieHHON IIepoXOBaTOCTH M HECTAIlMOHAPHOTO BIyBa/OTCOCA
npexacrasiaeHa Ha puc. 2. Ha puc. 2a nokasaHbl U30II0BEPXHOCTH TaK Ha3blBae-
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Moro Q-KpHTepHsl, BU3yaJIH3UPYIOIET0 00JIaCTH COCPEAOTOUCHHON 3aBUXpPEH-
HOCTH. XOPOILIO BUAHBI Pa3IHUHBIE dTalbl Pa3BUTUS U PACLIUPEHHS] BUXPEBOTO
clefia 3a 3IEMEHTOM. MTrHOBEHHbIE MyJIbCAllUK JABIECHUS Ha MOBEPXHOCTH KO-
Hyca B LIEHTPAJIbHOM CEUYEHUU IO a3UMYTAJIbHON KOOpJMHATE MOKa3aHbl AT
JIAHHOTO Cily4ast Ha puc. 20. AMIUINTYAa MyJbCcalliii 3aMETHO YBEJINYNBAETCS
npu x = 90 R, rae R — paauyc 3aTyIJIEHUs KOHYCa, PaBHBII B JaHHOM Cllydae
2 MM. OIHOBPEMEHHO PACIIUPSCTCS YaCTOTHBIA CHEKTp IMyJIbCAllUi, W OHHU
MIPUOOPETAIOT CTOXaCTHIECKUH XapaKTep.

a) 0)
Puc. 3. JJamuHapHO-TYpOYJI€HTHBIH TIEPEX0/1, HHAYLMPOBAaHHBIN
PETyISAPHO PaCIOIOKEHHBIMH 3JIEMEHTaMU IIEPOXOBATOCTU: pacIpeAeIeHue
JIaBJICHUS HA TIOBEPXHOCTH KOHYca (a) 1 u3onosepxHocty Q-kpurepus (0)

ITepexon k TypOyieHTHOCTH HAOJIIOJAJCS TAK)KE B Cilydae, KOrJa Ha I10-
BEPXHOCTH KOHyca OblIa MOMEIIEHa TPYIa U3 TPeX Map 3JIEMEHTOB, PacIoio-
KEHHBIX PEryJIsIpHBIM 00pa3oM — puc. 3a. B aToM cirydqae Mexmy sneMeHTaMu
KaXI0TO TaHIEMa MOABIAETCA PELUPKYIALMOHHASA 30HA, KOTOPas MOXET CIy-
KHUTh UCTOYHHKOM HECTAI[MOHAPHBIX (IYKTYyalli MPOJOIBHOTO BHUXPs, 00pa-
3YIOLIErOCs B CIENE 3a Mapoi DIIEMEHTOB.

Pe3ynbTaThl YUCIEHHOTO MOAEIMPOBAHNUS TOKa3bIBAIOT, YTO Jake Oe3 me-
PHOANYECKOTO BO3SMYILCHHUS TEYEHUSI C IOMOIIBIO BJIyBa/OTCOCA B IAHHOM CIIy-
yae JEeHCTBUTEIILHO IPOUCXOAUT PA3BUTUE IyJIbCALUI B KaXIOM U3 IIPOJOJb-
HBIX BUXpeU. BUxpeBble cileibl, FTeHEPUPYEMBIE KaXKIA0U U3 TPEX I1ap HIEMEHTOB
Pa3BUBAIOTCS HE3aBUCUMO IPYT OT ApyTa 10 3HaYEHUS IIPOJOJIBHOM KOOpAUHA-
Tl X = 88 R. Hike 1Mo moTOKy HAaUMHAETCSl B3aUMOJIEHCTBUE COCEHUX BUXPEH,
COIPOBOKIAIOIIEECS UHTCHCUBHBIM POCTOM TPEXMEPHBIX IyJbCAlUil HAa BCEM
MIPOTSHKEHUH PACUYETHOW 00JIACTH IO a3UMYTy, cM. puc. 30. Pacnax mamuHapHO-
r0 TEYEHMsI IPOUCXOUT Npu X = 97 R.

73



JanHOe HCciemoBaHHME MOAACPKAHO PoccHHCKMM HaydHBIM (HOHIOM
(rpant 14-11-00490 p).
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3. D.V. Khotyanovsky, A.N. Kudryavtsev. Direct numerical simulation of the
transition to turbulence in a supersonic boundary layer on smooth and
rough surfaces. J. Appl. Mech. Technical Phys. v. 58, 2017, pp. 826-836.
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PASBUTHUE METOJA PACYHETA HINPOKOITIOJIOCHOI'O
ITYMA 3JIEMEHTOB CHJIOBBIX YCTAHOBOK HA OCHOBE
30HHOI'O MOAXOJA K BUXPEPA3PEILIEHUIO

B.E. Maxkapos, B.A. IllopcToB

Lenmpanvhvlii uncmumym asuayuorno2o momopocmpoenus, Mocksa,
vmakarov@ciam.ru

[IpencraBneHHBIN AOKIAA COAEPKUT TPU pa3ziesia, CBA3aHHBIX C pa3BUBa-
eMbiM B [IUAM 4ncneHHBIM METOJIOM PELIEHUs adPOAUHAMUYECKUX U aKyCTH-
yeckux 3ana4 Ha ocHoBe RANS-IDDES 30oHHOrO mojaxoja K BUXpepaszpelie-
HUIO, OCHOBHBIE MOJIOXEHUS KOTOPOTO ¢ IpUMEpaMH UCIOJIb30BaHUs IIpUBE/E-
HBI B [1].

[epBEIit U3 3THX pa3enoB COACPKUT He Bomenmue B [ 1] neranm pacuert-
HOM METOJUKH, KacaloLMeCs] BOZMOKHOCTH YBEJIMUEHHUS JOIYCTUMOTIO Iara 1o
BpPEMEHU, BBEICHUS HESBHOCTH 110 OJHOMY WJIH JBYM CETOYHBIM HANPaBICHUIM
Ha OCHOBE HE3aBUCUMBIX PEKOHCTPYKLMM, BBEACHMS IOIPABOK JIi PEKOH-
CTPYKUMI MapaMeTpOB TEUEHMsI Ha TpaHAX sA4YeeK ISl CTYLIAIoIIeHcsl CeTKH,
Fl/I6pl/IZlI/ISaLII/II/I CXEMbl Ha OCHOBC B3BCHIMBAHUA LHECHTPAJIBbHO - paSHOCTHOﬁ )41
MPOTUBOMOTOYHON CXEM CO CIIOCOOOM BBIUMCIICHUS «BECA» ITUX CXEM.

BTopoii pa3aen noknana NoCBAILIEH aHAIU3Y Pe3yJbTaTOB PEIICHUS U Ba-
JUJANUKM 33Ja4 O NPUCTCHHOM TEYCHUM M IIyMe 3aJHEed KPOMKU MpOQMIIL
NACAO0012 npu cymiecTBeHHO pa3HbIX uuciax PeliHonbca no xopae npoduis
Re.. BeimonmHeHHBI aHaIM3 MOKa3all, 4TO TPU BCel (OpMambHOW CXOXKECTH
MOCTAaHOBOK KaXk/as M3 PEIISHHBIX 3a]ad WMeEeT IepPEeUUCIICHHBIE HIDKE (CM.
Ta0JINIY) OCOOEHHOCTH M TpeOOBaHUS K PACUCTHBIM MOJEIISIM U METOJIHKE.

Re=2-10° Re=10°
Oco0eHHOCTh Tpebona- Oco- Tpebosa-
HUS OEHHOCTH HUS
TypOynu3za- Heo6xo- Pa3Bu- Heobxo-
LHsl B OTPBIBE Jia- JIIMO paspe- Toe TypOy- JIIM 30HHBII
MHUHApPHOTO MOTpa- | IIaTh BUXpHU JIEHTHOE Te- WMLES ¢
HUYHOTO CJIOS C TIOPSIJIKA TOJI- YeHHUE TTOYTH STG renepa-
OBICTPBIM TIPUCO- IIWHBI JJAMH- o Bceit xop- TOPOM Ha BXO-
eauHeHneM bubble | HapHOTO MO- €. ne B WMLES
transition. TPaHUYHOTO 00J1acTs.
CJI0s1, IpUMe-
Henue WM
COMHHUTEIIBHO.
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Hamawne To- Heo6xo- Criextp Heobxo-
HAaJILHEIX COCTaB- IIAM CII0# 0e3 TOHab- MO MUHHUMH-
JISIOIIMX B CHCKTpe | OOJNBIIOro pas- HEIX COCTaB- 3UPOBAThH JIOK-
M KaK CJICJICTBUEC maxa. JISIFOITHUX, Helif mym STG
OoJibLIas JUIMHHA YPOBCHB IIIy- reHeparopa u
KOI'€PEHTHOCTH IO Ma HHU30K. MepPEeCTPOCHU-
pasMaxy. €M TeUCHUS 3a

npodumem.

Tpebyetcs Heo6xo- Tpeoby- Heobxo-
pacder 1nryma B JuMa peamn3a- eTCs pacyeT JuMa peajm3a-
JaJIbHEM II0JIE. mus FWH. uryma B musgs FWH.

JaJIbHEM I10-
JIe.

Tpertnii pa3aen HokIaaa MOCBAIICH pa3BUTHIO MeToa [ 1], HeoOXoauMomMy
JUIs pelIeHus 3a4ad O MIUPOKOMOJOCHOM IIyM€ BBIXOIHBIX YCTPOWCTB Iep-
CHEKTUBHBIX I'PaXKJJaHCKUX CBEPX3BYKOBBIX CaMOJETOB U BEHTUISATOPHOH CTy-
nean TPJI/1 Gosbiioii creneHn ABYXKOHTYPHOCTH. DTO COBEPILEHCTBOBAaHUE,
BKJIIOYAET KaK pelleHne METOAUYECKUX BOIIPOCOB, TaK U BATUAAIUIO IPUHSITHIX
pelIeHuit.

K uncny Takux METOANYECKUX BOIPOCOB OTHOCATCS:

—  pa3paboTka (pyHKIMH CTEHKH WM YYeT BIHMSHUE Iara CeTKH MO pa3Maxy B
WMLES nocraHoBke;

—  CpaBHEHHE pe3yIbTAaTOB PacdeTa Pa3BUTOTO TypOYJICHTHOTO TEUYEHHS B
IUIOCKOM KaHaJle JUId aHaJIN3a BIMSHHS YBEJIMYEHUS Il1ara B HalpaBICHUH
pasmaxa JI0 1ara IpoJoJabHOTO HAaPaBICHNUS;

—  CpaBHEHHE pe3yJbTaTOB pacyeTa pa3BUTOrO TypOYJIEHTHOTO TEYEHHs B
TUIOCKOM KaHaJse JUIsl aHaJdu3a BIMSHUS yBEIUUEHHUs IPUCTEHHOTO Iara ¢
npuMeHeHneM (QyHKIUH CTeHKHY;

—  HCIIONIb30BaHHE 0OBEMHOTO TeHepaTopa CHHTETUYECKOM TypOyIeHTHOCTH
(VSTG — renepatopa) Ui CJI0sI CMEUICHHUS;

—  CpaBHEHHME pe3yJbTaTOB PAacueTOB TE€UEHUS B CIIydae T€HEepallii CUHTETU-
4eCKOW TypOyJIEHTHOCTH B MPUCTEHHBIX TEUCHUSIX IO Hadaja CJIOsl cMe-
LIEHUS U €€ TEHEPALUH B CJIOE€ CMEIICHHS.

Banmunanust HOBBIX BO3MOXHOCTEH pa3BUBAEMOI0 METOJA OCYIIECTBIIAET-
cs Ha NpHMepax pacdeTa IyJlbCAHOHHBIX M AKyCTHYECKHX XapaKTEPHUCTHK
Pa3IMYHBIX CTPYH, BKJIIOYas U3BECTHYIO MOJEIbHYIO CTPYIO C YHCIOM Maxa Ha
cpese ~0.9, ucrekarouryo u3 Kpyrioro coruia. s 3Toil MOAENbHON CTPYH,
HapsALy CO CPaBHEHUE PACUETHBIX U IKCHEPUMEHTAIBHBIX JAHHBIX 10 IIYMYy B
JaTbHEeM I0JIe, TIPOBOAUTCSI CPAaBHEHUE PE3yNIbTaTOB PAcYeTOB HA JBYX CyIIe-
CTBEHHO Pa3HBIX MO MOUIHOCTH CETKaX C YHCICHHOW TypOyJm3anuen TedeHus
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OKOJIO Cpe3a COIUIa, ¢ pe3yabTaTaMH, OJYyYeHHBIMU ¢ ucnosib3oBanueM VSTG
reHeparopa. Ilpeanonaraercsi Takxke aHajJu3 HOBBIX BO3MOXKHOCTEH YHCICHHO-
ro MeToJa MO pacueTy MYJbCAIMOHHOTO TEYEHHs] B CUCTEME «POTOP-CTATOP)
MozensHoM ctynenn R4 NASA.

Jluteparypa

1. B.A. lllopctos, B.E. Makapos. Pacuer a’poguHaMHuUeCKUX U aKyCTUUe-
ckux xapakrepuctuk npoduiast NACAO012 ¢ ucmonap30BaHUEM 30HHOTO
RANS-IDDES noaxoma. Marematudeckoe Mmozaenuposanue, 2018, Tom 30,
HOMED 5, cTp. 19-36.

77



NMOTJVIOEHHUE BOJIH «IIIEH‘-IYIIIEﬁ TAJTEPEN»
M.A. MupoHnosB
AO AKHH, Mockea, mironov_ma@mail.ru

B kananax aBuratesns Bo30yXKIal0TCsl, B OCHOBHOM MOJIBI C BBICOKUMH yT-
JIOBBIMM HOMEpAaMHU — CHHpanbHble MOJBL. VX akycTHueckas MOIIHOCTb KOH-
LEHTPUPYETCS OKOJIO BHEIIHEH cTeHkU kaHana. BenencTsue sToro, a Takke u3-
3a TOTO, YTO UX BpeMs PAcIPOCTPAHEHUS MO KaHAy BEJIUKO, 3BYKOIOIJIOIIA0-
masi 0OJIMIIOBKA CTEHKM KaHalla MOKET J0CTaTo4yHO 3((EeKTHBHO MOTJIOMATH
9T Mozbl. B moxmazme paccmarpuBaercst mpobieMa BrIOOpa aKyCTHUECKHX I1a-
paMeTpoB OOIMIIOBKM ISl TOTJIOIIEHHS CHHPAIbHBIX MO C OONBIIMMH YTIIO-
BBIMH HOMEpPaMH, B TOM YHCIIE U JUIS TIOTJIOMIECHHUS BOJIH «IIEIYYIIEH rajaepemy.

XapakTepHasi 0COOCHHOCTh 3BYKa, T€HEPHPYEMOTO BEHTHWIATOPHBIM Ka-
HaJIOM TypOOpPEaKTHBHBIX IBHIATENICH, COCTOUT B JOMHUHHPOBAaHMUH B €ro Ipo-
CTPAHCTBEHHON CTPYKTYpE BpAIAIOMIMXCA MOJ C OOJIBIINMH 3HAYEHUSIMU yT-
JIOBBIX HOMEpOB. Takas MpOCTPaHCTBEHHAsA CTPYKTypa OJaromnpusTHa Ui IO-
IJIOIICHHS 3BYyKa Ja)ke Mpu HeOOJBLION JIMHE KaHana JABHUTraTelis, IIOCKOJIbKY
3BYK pacrpoCTpaHsIeTCs 10 CHUPAIH C HEOOJBIIUM HIArOM BIOJb OCH KaHala.
CyllecTBeHHBIM SIBIIAETCS NIPaBWIBHBIN BBIOOP MapaMeTpOB 3BYKOIOTJIOIIA0-
meit koHctpykiuu (3I1K). na ompenenenus HEOOXOAMMOW MPOBOAMMOCTH
3PK B [1] npeanokeH yHUBEpCaJIbHBIH MOAXOJ, COCTOSILIMHA B CIIEAYIOLIEM.
PaccMoTpuM rapMOHMYECKHI MCTOYHHUK 3BYKa CKOJb YTOJHO CIOXXHOW CTPYK-
TYpbI B BOJHOBOJIE€, CTEHKU KOTOpOTo S npeanonaraercst nokpbiBaTh 3I1K. Cun-
TaeM, 4TO CTEHKH HE BIUSIOT HAa HCTOYHUK 3BYKa. 3BYKOBOE II0JIC, CO3/IaBaeMOe

UCTOYHUKOM p , COCTOUT U3 CYMMBI ITOJIA pi , KOTOPOE co3aaBall OBl HICTOYHHUK

B CBOOOJHOM MPOCTPAHCTBE, KaK €CIIM Obl CTEHOK BOJHOBOJIA HE OBLIO, U MHO-
FOKPATHO OTPaXKEHHBIX BOJIH OT CTEHOK BOJIHOBOJA p,: p = p; + p, - MbICieH-

HO yﬁepeM CTCHKH BOJIHOBO/JA, HpeHHOJ'IO)KI/IB, YTO UCTOYHHUK 3ByKa IIOMCIICH B
cBoboanoe npocrpancTso. Torna p = p;. Jlanee, BHMUCINM HOPMAIBLHYIO K
CTCHKE BOJIHOBOAA S KOH€6aTeJ'H)HyIO CKOpOCTL, COOTBGTCTByIOH_[yIO IIOJIFO AaB-
JeHus p; :

1 op;

_ia)p on |S'

n,i
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Ornomenne xonebaTeabHOH CKOPOCTH U,

; K aKyCTH4CCKOMY JaBJICHUIO

p; Ha TOBEPXHOCTH S MOXHO Ha3BaTh aKyCTHYECKOH NMPOBOIMMOCTBIO JUIA
[1aIaf0LIErO ITOJIS 5;‘ =u,, / D; -

[pemnosxeHnsIi B [1] moaxo 1 3aKIr09aeTCst B TOM, YTOOBI IPOBOUMOCTD
3IIK cnenarb pasHoli nposoaumoctu ¢&,. [Ipu Takom BeIGOpEe OTpakeHHe OT
rpaHULBl BOJHOBOJA OyJET CTPOro paBHO HYIIO — Iojie p; OyNEeT HOIHOCTHIO
OTJIONIEHO. B omnpezeneHHOM cMBICIE JaHHBINA BBIOOD SIBISIETCS ONTHMAIbHBIM
— OH ofecrieynBaeT IMOJHOE IMOTJIoNnieHUe 3ByKa. B [1] npuBeneHO HECKOJIBKO
poCThIX IpuMepoB napameTpoB 3IIK s s71eMeHTapHbIX HONEH P, : IIOCKOR
Oeryieil BOJHBI, HAKJIIOHHO IaJalolieii Ha IJIOCKOCTb, IOJISI MOHONOJIBHBIX H
JUIOJIBHOTO TOYEUHBIX UCTOYHUKOB OKOJIO IUIOCKOCTH. B Hacrosimem gokmnane
paccmotpeHsl ontuMainbhbele npoBojguMoctd 311K, coorBercTBylomue Ooiee
OJM3KUM K peaslbHOCTHU IOJISIM BO BXOJHOM KaHaje TypOOpEeaKTHBHOIO JIBUTa-
TeJs.

Jlureparypa

1. M.A. MupoHoB. Bo3MOXHBIN MOAXOA K ONTUMHU3ALMN ApaMETPOB 3BYKO-
MOTJIOMAIOIIAX KOHCTPYKIMHA UII MHOTOMOJOBBIX BOJHOBOIIOB. AKYCT.
KypH., 2011, T. 57, Ne 6, c. 741-745.
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MOJEJIUPOBAHUE HECTAIHIUOHAPHOI'O TEYEHUNSI,
HOoJIsA JABJEHUA 1 JMHUMHNYECKNX HAT'PY30K B
ABTOHOMHOM TYPEUHE

A.A. Akcenos!, P.O. Umaep?, JI.B. Kmumenxko®, C.®. Tumymes?
1000 «Tecucy», Mocksa

’I'HI] ®I'VII «l{enmp Kenoviua», Mockea

SMAH (HUY), kagpedpa «Paxemuvie Osuzamenuy, Mockea,
irico.harmony@gmail.com

CoBpeMeHHBIH TPEH]I Pa3BUTHSl PAKETHO-KOCMUUYECKON TEXHUKH HarpaB-
JIeH Ha pa3pabOTKy M BHEAPEHUE PaKeTHBIX ABUTaTeNledl MHOTOKPAaTHOTO HC-
nosp3oBanusl. Co3/iaHHe HOBBIX TPAHCHOPTHBIX PAKETHO-KOCMHUUYECKHX CHCTEM
MHOTOPa30BOr0 HCHOJIb30BaHUS IPEABSBISCT IIOBBIIICHHBIE TPEOOBaHUA K
HAJIGKHOCTH W pecypcy 0e30TKa3HOi paboThl TypOOHACOCHBIX arperaTtoB
(THA) »xunkocTHBIX pakeTHBIX asurateneit (OKP/I).

Puc. 1. PacueTnas MOACIIb Typ6I/IHLI C mapuuajJbHbIM IOABOJOM rasa

B nanHO# paboTe BBIMOIHEHO YHCICHHOE MOJCIUPOBAHKUC HECTAIIMOHAP-
HOTO TPEXMEPHOTO TEUSHHSI B aBTOHOMHON TypOHHE ¢ mapIiHaJbHBIM IT0ABOAOM
(puc. 1). IoBrimenue >PPEKTUBHOCTH W YAETHHOM MOIIHOCTH TypOOMAIInH
JKPJI, BeIBOAWNT Ha TepeHUH IUIaH MpoOIeMbl, 00yCIOBICHHBIE HECTAI[MOHAP-
HocThio TedeHHs [1-3]: mo 90 % OTKa30B COBPEMEHHBIX >KHUAKOCTHBIX PaKET-
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HBIX JIBUT'ATEJICH CBS3aHO C TIOBPEXICHUSIMHU 3JIEMEHTOB KOHCTPYKIIMU CUCTEMBI
MoJjayyl BCJEJCTBUE BBICOKOTO YPOBHS BHOpanny KOHCTPYKIMU TypOOHacoc-
HBIX arperaTtoB MOAA4H, MPEX/e BCero TypOUH U LEHTPOOEKHBIX HACOCOB.

HecraunonapHsle siBiieHHsT B TypOOMalllMHaxX BBIPAXKAIOTCS B CPaBHU-
TEJIHO BBICOKOM YpPOBHE MYJIbCAIMH JaBJICHUS U BUOpaUUi KOHCTPYKIUH, He-
CTaI[MOHAPHBIX CHJIaX U MOMEHTE, JEHCTBYIOIIUX HA POTOP U OMOpPHI Baja, KO-
71e0aHMAX aBJICHHS, KOTOPBIE MOTYT IPH HEONAromnpUsTHOM COYETaHHUH KOH-
CTPYKTUBHBIX M PEKUMHBIX [TapaMETPOB BBI3BATH PE30HAHCHOE YCHIICHHE aM-
IUATYIBI KOJEOaHUN MaBIICHUS W BHOpAIlMi B TMPOTOYHOW YacTH TypOoMarim-
HBI, B ra30BOAaX TypOUHBI HJIM B MarkuCTPaJsiX CUCTEMBI IIOJa4H.

Puc. 2. HectanmonapHoe mojie CKOPOCTH B MTPOTOYHOHN YaCTH TYpOUHBI

ABTOHOMHbBIEC Typ6I/IHLI Typ60Hacocm,1x arperaTtoB XUAKOCTHBIX PAKET-
HBIX HBHFaTeHeﬁ HUMCIOT psij 0COOEHHOCTEH - CBEPX3BYKOBLIC CKOPOCTU TCYC-
HUs, napunanbﬂmﬁ IoABO/ rasa, BLISI)IBa}OIIII/Iﬁ BBICOKHM YPOBEHb HEOAHOPOI-
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HOCTU NapaMeTpPOB TEUEHHUS U IIyJbCAlUM JAaBJICHUS B IMPOTOYHOH dacTU. DTO
TpeOyeT NeTalbHOTO aHalu3a 0COOCHHOCTEH HECTallMOHApHOTO TEYEHHs U Te-
Hepaly aKyCTU4eCKOT0 MOJIs JaBJIEHUs Ul TOYHOIO MPOTHO3a HecTaloHap-
HBIX Harpy3ok u pecypca TypOunbl. Ha puc. 2 moka3aHo MrHOBEHHOE paclpe-
JIeNIeHne CKOPOCTH B MIPOTOYHON YacTH MaplHaibHONW TypOUHBI.

YucneHHOE MOJIeNMpOBaHNe 00ecreunBaeT AaHHbIE M0 TeHEepaluy IMyJib-
canuii AaBJIEHHs, HECTAIIMOHAPHBIM Harpy3KaM 3J€MEHTOB IPOTOYHON YaCTH U
pacIpoCcTpaHEHNH aKyCTHIECKUX BOSMYIIICHHUI.

Jlureparypa

1. B.K. Ypanos, A.M. Kamxkapos, E.H. Pomacenko, JI.A. TonctuxkoB Typ6o-
HacocHble arperatsl JKPJI xorctpykmmm HITO Duepromam // B xH. IIpo-
Onembl paspabotku arperatoB THA n OycTepHBIX HACOCOB COBPEMEHHBIX
JKP. Ilox penmakimed MOKTOpa TEXHHWYECKHX Hayk, mpodeccopa B.K.
UsanoBa — [SSN2079-0228 deaepanbHoe KocMuueckoe areHTcTBo Oplie-
HOB Jlennna, OxTs0psckoi PeBomonuu u Tpynosoro Kpacnoro 3namenu
HITO Dnepromain um. akagemuka B.I1. I'mymxko (I'IJI-OKB) 2017, 483 c.

2. b. U. boporckuii, I''A. Emenun, F0.1. Kananun, C.®. Tumymes, JIL.A.
ToncrukoB, b. H. UymaueHko DKCEpUMEHTAIBLHOE MCCIIEIOBAaHUE BIIUS-
HUSI TUTIA OTBOJIA HAa SHEPTeTHUYCCKHE U MyJIbCAallMOHHO-BHOPAIIMOHHBIC Xa-
PaKTepUCTHKH IEHTPOOEKHOTO Hacoca // B KH. [IpoOiemsl pa3paboTku ar-
peratoB THA u OycrepHbix HacocoB coBpemeHHBIX JKP/I. ITon pemakiueit
JIOKTOpa TEXHUYECKUX HaykK, mpodeccopa B.K. Usanosa — ISSN2079-0228
®OenepanpHOe KOcMHUeckoe areHTcTBo OpaeHoB JlennHa, OKTAOpBCKOM
Pesomroruu u Tpynosoro KpacHoro 3namernn HITO Dnepromamn uMm. aka-
nemuka B.IT1. Tnymko (I'1JI-OKB) 2017, 483 c.

3. Kuumenxko JI.B., Tumymes C.®., Kopuunckuii B.B. CpaBHuTenbHbINH aHa-
JIU3 MyJbCcalliil JaBJICHUS B BapHaHTaX TPyOUaTOTrO HAIPABIIAIOLIECTO aria-
paTa IIHEKOIIEHTPOOEKHOTO Hacoca >KUAKOCTHBIX PAKETHBIX JIBUTATENEH.
[http://www.mai.ru/upload/iblock/1{9/klimenko timushev_korchinskiy rus
.pdf] // Tpynet MAU, Beimyck 82, 20158S. Timouchev, J. Tourret, Numeri-
cal Simulation of BPF Pressure Pulsation Field In Centrifugal Pumps. 19th
International Pump Users Symposium, Houston, Texas (USA) 25-28 Feb
2002. Proceedings, pp.85-105.
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NPAMOE YUCJIEHHOE MOJAEJIMPOBAHUE
B3AUMOJIEMCTBUS YIAPHOM BOJIHBI C TEPEXOHBIM
INOT'PAHUYHBIM CJIOEM

J.B. Xorsinosckmii, A.H. Kyapssues

Hnemumym meopemuueckou u npuKIaoHou MexaHuxu

um. C.A. Xpucmuanosuua CO PAH, Hosocubupck, khotyanovsky@itam.nsc.ru

IIpoBeneHO YHUCIEHHOE HCCIENOBAHUE BIMAHUS HECTAl[HOHAPHBIX BO3-
MYIIEHUI B NEPEXOJHOM CBEPX3BYKOBOM IOIPAaHHMYHOM CJIO€ Ha MJIOCKOH Iuia-
CTHHE Ha B3aHMMOJAEUCTBHE TEUEHUS C MAJAIONUM KOCBIM CKaYKOM YIJIOTHEHHUS.
[Ipsmoe gncnennoe moxenuposanue (DNS) mamMuHapHO-TYpOyIEHTHOTO IIEepe-
XOZa B IMOTPAaHUYHOM CJIO€ Ha TIOCKOW IUIACTHHE BBINOJIHEHO C MOMOIIBIO pac-
getHoro koxa CFS3D mpu umcne Maxa motoka M = 2. IlapameTpsl TedeHUs
COOTBETCTBYIOT IKCIIEpUMEHTaNBHOH padote [1]. BerancnurensHas npouemypa
st DNS nepexoqHOro morpaHudHOTO CJIOS CIEXyeT MOAXOAY W UHCICHHBIM
METO/IMKaM, WCIIOJIb30BaHHBIM B HAIIMX MPEIbIAYIINX HCCIENOBaHMAX [2] mme-
pexosa B CBEpX3BYKOBOM IOI'PaHUYHOM ciioe. MojenupoBaHue Ha OCHOBE pe-
meHus ypaBHeHuii HaBpe—CTOKCa IIPOBOJIUTCS B TPEXMEPHOM pacueTHOH obia-
cTH. ['paHUYHBIE YCIOBUS Ha €€ BXOJHOW IpaHHMIIE 3aal0T aBTOMOJEIBHOE OC-
HOBHO€ TCUCHHC B JIAMWUHAPHOM NOIpaHUYHOM CJIO€ C HAJIOKCHHBIMU Ha HETO
HECTAllMOHAPHBIMU BO3MYIICHUSAMU B BUAC HaH60nee HeyCTOﬁHHBbIX BOJIH JIHU-
HEMHOM TeOopUH YCTOHYMBOCTH, KOTOpBIE MPECTABISAIOT COOOM /BE CHMMET-
puuHbIEe TpexMepHble BoOJHBI TonmuHa—lllnuxTHHTaA, pacrnpocTpaHIIOIHecs
I10]] paBHBIMHU M ITPOTHBOIIOJIOKHBIMH YTiaMu +55° k motoky. Benencreue Bos-
Oy>XIeHUs Ha BXOJHOHM IpaHUIC HEYCTOWYNBBIE BOJHBI HApaCcTAIOT B MPOAOIb-
HOM HaIpaBJIeHUHX (BJIOJb OCH X) YTO, B KOHEYHOM CYETe, IPHUBOAUT HIDKE I10
TEUCHHIO K JJAMUHAPHO-TYpOYJIEHTHOMY Tepexony. Ha mepexoaHsiii morpanud-
HBI CJIOM M3 BHELIHEro MOTOKa MajaeT Kocoil ckauok. B sxcnepumentax [1]
MaJaloMMUKA CKa4OK T'eHEPHPOBAJICS C MOMOINBIO KJIMHA, PACIIOIOKEHHOTO Ha
HEKOTOpO# BBICOTE HAJ IUIACTMHOM. B naHHBIX pacdeTax NaJaroIlUNA CKAvyOK
3a/1aeTCsl ¢ MOMOILBIO T'PAaHUYHBIX YCIIOBUN Ha BEPXHEW IpaHMIE pacyeTHOH
obnactu. YToma ckauka paBHseTcs 36.2°, 4TO COOTBETCTBYET YTy KiIuHa 7°.

Bcenencteue B3aumMozeicTBUsA ¢ majarouied yaapHOW BOJHOM B Mepexoj-
HOM TIOTPAaHMYHOM CJIO€ BO3HMKAET HEOJIArONpPHSATHBIM TPaIveHT IaBIICHUS.
3TO NPHUBOIUT K OTPHIBY MOTPAHUYHOTO CJIOSl M BBI3BIBaET 0OpazoBaHUE oOJia-
CTH BO3BPAaTHOTO T€YEHUsI, cM. puc. 1. KpymHomaciuraOHble CTPYKTYpHI, pa3Bu-
BAaIOLIMECS B MEPEXOJHOM MOIPAaHHMYHOM CIIO€, BBI3BIBAIOT 3HAUUTEIbHBIE OC-
LWUISAIIA MTHOBEHHOTO TIOJISI TEYEHHS B 00JIaCTH B3aMMOAEHCTBHUS, YTO TPO-
SIBJISIETCS] B U3MEHEHMH TTOJIOKECHUS U POPMBI JINHUH OTPBIBA M IPUCOETUHEHHS,
a TaKke B KOJIeOaHUAX OTPaKEHHOH yIapHOH BOIHBI. Pe3ynbpTaTsl MpoBeeHHO-
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r0 MOJEIHPOBAHHS MOKA3bIBAIOT, YTO JTMHUU OTPHIBA M NPUCOCAUHEHHS UMECIOT
CJIOKHYIO M3BHIIMCTYIO U OBICTPO MeHsIoMIytocs popmMy, cM. puc. 10, rae Gesble
KPUBBIC COOTBETCTBYIOT HYJIEBOMY 3HAYCHHIO KOA()(DHUIHMEHTA MOBEPXHOCTHOTO
Tpenus Cr.

a)

0)

Puc. 1. MruoBeHHas BU3yanau3alys B3auMOJEICTBUS yJapHOU BOJHEI C
MOTPAaHUYHBIM CJIOEM: MOJIE TUIOTHOCTH M JIMHUU TOKa B BEPTHKAJIBHON
iockocty (x, ) (a); pacrpeenaeHue IIOTHOCTH Y TIOBEPXHOCTH IUIACTUHBI U
npeJeNbHBIC IUHUK TOKA B TUIOCKOCTH (X, z) (0)

HecranmonapHoe B3anMOJICHCTBUE BBI3BIBACT TAKXKE 3HAYUTENbHBIC MYJIb-
canu GOpMBI M TIOJOXKEHH OTpaKeHHOH yrmapHOH BonHBL Ha ocHoBe BpemeH-
HBIX OCLH/UIOIPAMM Ta30[MHAMHYECKUX BEIMYKH, TOJYYCHHBIX B pacuerax,
pHC. 2, MOXHO TPEIOI0KUTh, YTO JAUHAMHKA TEUCHHUS OMPEACISICTCS HEepery-
JSIPHBIMU TYJTbCALUSIMHU PA3IIMYHBIX YaCTOT. XapaKTEPHbII MEPHO/] ITHX MyJIbca-
it cocrapnsier 10+12 80.99/Us,. OCHOBHOW TEpPHOM, 3aperHCTPUPOBAHHBIA B
paMKax HCMONB30BAHHOIO B HAIIMX pacyeTaX BPEMEHHOTrO0 OKHa, paBeH 30
80.99/Uss, uT0 cooTBeTcTBYET uniciay Crpyxams Sh=0.033. Jlannas 6e3pa3mepHas
4acTOTa MPUMEPHO COBMANACT C UMCIOLIMMHCS IKCIIEPUMEHTAILHBIMH IAHHBIMH.
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Ha ocHoBe pe3ynbTaToB NPOBEAEHHOTO YUCIEHHOIO MOJAEIUPOBAHUS MOXK-
HO 3aKIIIOYUTh, YTO JUHAMUKA TEUEHUS OTPENENIETCs] B3aUMHBIM BIUSIHHEM OT-
PBIBHOI 30HBI, BO3HHUKAIOIIEH IMOJ JEHCTBHEM Majarolledl yIapHOW BOJHBI, U
KPYITHOMACIITAOHBIX TYPOYJICHTHBIX CTPYKTYP, IPUCYTCTBYIONIUX B IIEPEXOTHOM
MOTPaHUYHOM CJIOE.

Puc. 2. OcnunnorpaMma mynbcamnuii JaBjaeHUs BHU3 IO IOTOKY OT
00J1acTH B3aMMOJICUCTBHS YAaPHOH BOJHBI C TOTPAHUYHBIM CIIOEM

JlanHoe wuccnenoBaHue mojepkaHo PoccuiickuMm HaydHbBIM  (QoHIOM
(rpant 18-19-00547).
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