THEORY, DESIGN, TESTING Vol. 91 (2) 2024 Tractors and Agricultural Machinery

181
DOI: https://doi.org/10.17816/0321-4443-604622 .
Original Study Article Gheck for
updates

Computational study of the gas-dynamic approach
for noise reduction in the two-stroke engine's
exhaust system
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ABSTRACT

BACKGROUND: The traditional approach to designing exhaust mufflers relies mainly on energy dissipation. In the gas-dynamic
approach, the flow of exhaust gases is equalized by introducing long channels into the muffler to separate impulses and to shift
them in time. It is assumed that this ensures noise reduction without generation of significant counterpressure.

AIM: Evaluation of the prospects of the gas-dynamic approach to reducing the noise level of the exhaust system of two-stroke
internal combustion engines.

METHODS: The study has a computational and theoretical nature. The study object is the RMZ-551i two-stroke gasoline two-
cylinder engine, which exhaust system includes a resonator (ensures gas-dynamic supercharging) and a muffler. The processes
in the gas-air circuit of the piston engine were calculated using the 1D model. The noise characteristic was the effective sound
pressure at a specified point in the environment, calculated using the 2D model of propagation of disturbances in elastic
medium. Initially, the engine parameters and sound pressure level with the stock muffler at full load and close to nominal
engine speed were calculated. Then, the structure of the stock muffler was modified by adding a channel between its
two chambers. The parameters of the modified muffler were optimized based on the criterion of gas pulsations reduction
at the outlet. The noise reduction of the muffler implementing the gas-dynamic approach was evaluated relatively to the stock
muffler and expressed in terms of sound pressure levels in dB. The parameters and sound pressure were finally calculated
over a wide range of engine speeds.

RESULTS: According to the computational estimation, the optimal implementation of the gas-dynamic approach in the muffler
reduces exhaust noise by 7 dB, while engine power decreases by 2.5%. Calculation of the sound pressure level based on the full-
load curve showed that at an engine speed of 3000 rpm, the calculated sound pressure exceeds the minimum (99 dB), obtained
for the optimally tuned muffler at an engine speed of 5000 rpm, by 8 dB. It is suggested that the gas-dynamic approach
with optimization is also applicable for uniform noise reduction over a wide range of engine speeds, with a more complicated
design of the exhaust muffler.

CONCLUSION: Theoretical evaluation of the muffler with a tuned channel connecting its two chambers was carried out.
The RMZ-551i two-stroke engine with a stock muffler is a basis for comparison. At the optimum point on the full load curve,
the exhaust noise was reduced by 7 dB, while the calculated power decrease was insignificant. The authors note the suitability
of the methodology for rapid assessments and automated computational optimization of mufflers that utilize wave effects.
They also point out the limitations of the models used, which require validation or calibration based on the experimental data.
The necessity in the development of applied models of acoustic effects and measuring devices for domestic CAE packages is
pointed out as well.
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ODVII'VIHaJ'IbHOG nccneaposaHme

PacyeTHoe uccnepoBaHue razogMHaMuyecKoro
noaxoAa ANSA CHUXKEHMUS WyMa BbINyCKa
B ABYXTaKTHOM JABuUrarese

A.A. YepHoycos, P.[. Enukees, P.3. Japawos

YpUMCKUIA yHMBEPCUTET Hayku M TexHonorui, Yda, Poccuitckas ®enepaums

AHHOTALMA

06ocHoBaHMe. TPaMLMOHHBIA NOAXOA K NPOEKTUPOBAHWIO TNYLIMTENEN LYMa BbIMyCKa BO MHOFOM NOJIaraeTcs Ha AMCCU-
naumio B HUX 3Hepruu. MNpu «ra3ogmMHaMUYecKoM» NOAXofe MOTOK BbIXOMHbIX Fa30B BbIpaBHWBAKOT, BBOAA B MyLWKUTENb
A/MHHblE KaHanbl 719 pa3feNieHus UMNYNbCOB W CMeLLeHUs X no BpeMeHu. MpegnonaraeTcs, YTo 310 06ecneunT CHKeHNe
wyma 6e3 co3AaHNA CyLLLeCTBEHHOrO NMPOTUBOAAB/IEHMS.

Lienb paboTbl — oLEeHKa NoTeHUMana «ra3oAMHaMUYECKOro» NoAaxoAa K yMeHbLLEHUIO YPOBHS LYMa BbIX/I0Na ABYXTAKTHbIX
ABUraTesiell BHYTPEHHEr0 CropaHus.

Metoabl. WccnenoBaHne HOCUT pacyETHO-TeopeTUYecKuin xapakTep. O6BbEKTOM ABNSETCA ABYXTAKTHbIA 6EH3UHOBLIN ABYX-
LMAMHAPOBLIA apuratenb PM3-551i, BbiMycKHas cucTeMa KOTOPOro COLEPUT pe3oHaTop (0becnedynBaeT rasoAMHaMUYeCKUi
HapayB) M cobcTBeHHO raywmTenb. Mpouecckl B ra3oBo3ayLWHOM TpaKTe ABUraTeNif paccyuTaHbl N0 0AHOMEPHON MOZENH.
XapaKTepucTHKoiA LWyMa Bbixiona 6bino addeKTMBHOE 3ByKOBOE AaB/eHMe B 3aaHHOM Touke M3 2D pacyéTa ynpyrux Bos-
MYLLIEHWI B OKpYKaloLLlen cpefe. BHayane paccumTaHbl NoKasaTeniM ABUraTens U YypoBEHb 3BYKOBOr0 AaBNEHUS C CEPUMHBIM
FAyLUMTENEM Ha MOJTHOM MOLLHOCTY W YacToTe BpaLLieHus, 6/IM3KOM K HOMUHaNbHOM. [lanee U3MeHeHa CTPYKTYpa FyLUMTeNs:
MexXnay [ByMs ero Kamepamu fobaBneH KaHan. [lapaMeTpbl TaKoro raywuTens onTMMU3MPOBaHbI, KPUTEPUEM Dbl MUHM-
MYM MyNbCaLMii NOTOKA Ha BbIXxoAe. CHUXEHWe LyMa BbIXiona Ans MyLUMTeNSs, peaiu3ytoLlero ra3ouHaMm4eckuii Noaxog,
KaK M NS CepuidHOro, OLEHEHO MO YPOBHAM 3BYKOBOTO AaBieHus B Ab. PaccuuTaHbl nMokasaTenu B LUMPOKOM AMana3oHe
YacToT BpaLLeHMs Bana, B YaCTHOCTM — YPOBEHb 3BYKOBOTO [aBJIEHMSI.

Pe3ynbTarbl. [To pacy€THLIM OLIEHKaM, ONTUMarnbHas peanu3auus ra3oJMHaMUYecKoro Noaxoa B ryLWNTENe CHUXKAET LyM
BbIXfI0Na Ha 7 Ab Npu TOM YTO MOLLHOCTb BUraTeNs yMeHbLuaeTcs Ha 2,5%. PacyéT ypoBHA 3BYKOBOTO AaBNEHMUS N0 BHELUHEN
CKOPOCTHOI XapaKTepUCTUKE MOKa3an, 4To Ha yacToTe BpalLeHus, pasHoi 3000 06/MuH, 3ByKoBOE faBnieHue Ha 8 ob npeBbl-
waet MuHMMyM (99 AB), nonyyeHHbIA Ha YacToTe BpaleHus B 5000 06/MUH LS ONTUMaNbHO «HACTPOEHHOrO» FNTYLUNTENS.
BbickasaHo npefnonoxeHue, 4TO ra3ogMHaMUYECKUA MOAX0S, NPUMEHUM W K PaBHOMEPHOMY CHUXEHMIO LYMa B LUMPOKOM
[Mana3oHe YacToT BpaLLeHus (MpY YCIOXKHEHWUM CTPYKTYPbI FYLUMTENSA LWyMa BbIX/I0NA).

3akntoueHue. TeopeTUUeCKM OLIEHEH MNYLUUTENb C KaHanoM nofobpaHHO! AfMHBI, COEAMHAIOLLMM [iBe ero Kamepbl; 6asa
LNs CPaBHEHUS — [ABYXTaKTHbIM ABuratens PM3-551i ¢ cepuitHbiM rnywuteneM. Mo pesynsTataM pacyéTtos, B TOUKe On-
TMMyMa Ha CKOPOCTHOM XapaKTepUCTUKE LUyM BbIX0Ma CHUXeH Ha 7 OB, NpuyéM MOLLHOCTb CHU3UNACh HECYLLeCTBEHHO.
ABTOpbI OTMETMAM NPUTOAHOCTD METOAONOMMK A1 OMEPaTMBHBIX OLIEHOK U 1S aBTOMAaTM3MPOBAHHON PACcYETHOM OMTUMM-
3aUum ryWwnTenen, NCNob3YIOLLMX BOTHOBbIE 3Q(EKTHI, HO TaKXKe W OrpaHMYeHUs Mofieneld, KoTopble TpebylT NoATBepXK-
LEHWS UM KannMOPOBKM N0 3KCMEPUMEHTaNbHBIM JaHHbIM. OTMeYeHa HyXAa B pa3paboTaHHbIX CneuyanucTaMm NpuKnagHbIx
MOAEeNsAX aKycTUYecKnx 3P HeKTOB U M3MePUTESNbHBIX YCTPOWCTB Ans oTevecTBeHHbIX CAE-nakeTos.

KnioueBble cnoBa: OBYXTaKTHble ABUratesin; WyMm BbiXjiona; rywuTesin; BoJIHOBbIE 3¢l¢€KTbI; MoJenuMpoBaHue Ha JIBM;
onTUMU3aLnA.
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THEORY, DESIGN, TESTING

BACKGROUND

A reciprocating internal combustion engine (ICE)
is a cyclic heat engine. Intense pulsations of gas flow
at the outlet of the gas—air flow duct (GAD) create
noise characterized by completely unacceptable sound
pressure levels unless mufflers are used [1]. Intense
wave phenomena in the GAD of modern ICEs induce strong
pulsations of pressure and other parameters in the flow
at the outlet of the “power” part of the exhaust or intake
system. Pressure fluctuations and flow pulsations are
especially intense when using gas-dynamic settings.
In these cases, exhaust noise mufflers are required
to convert a flow with pulsations into a stationary flow
(ideally) and with a low flow rate of gases flowing into
the atmosphere.

The design of ICE exhaust silencers usually contains
chambers connected by holes and short channels.
The damping of pulsations of gas parameters in such
mufflers is associated with dissipative processes
during flow and interaction with the elements of the
sound-absorbing packing. This approach to creating
noise suppression systems for pulsating flows is called
“dissipative” [2].

Another approach (gas-dynamic) can be incorporated
into the muffler design [2]. In the flow part of such
mufflers, the chambers are also connected by
relatively long channels. These channels ensure a delay
in the arrival of the pressure wave in the last chamber
of the muffler in the antiphase with the disturbance from
flowing through holes and short channels. Consequently,
pulsations of parameters in the chamber and flow velocity
in the outlet pipe are significantly weakened. That is,
with this approach, flow pulsations are weakened using
mainly wave rather than dissipative effects. Therefore,
a muffler implementing this approach with comparable
dimensions can presumably be made more efficient
without significant complications in its design or without
making it heavier.

Computer modeling methods for the intake and exhaust
noise of ICEs are traditionally based on one-dimensional
models that enable accounting for flow pulsations in GAD
sections. Models and techniques for the quick assessment
of sound pressure levels and optimization of muffler
designs have been developed and tested [3, 4]. Using such
techniques and tools [5], exhaust noise mufflers were
optimized and then tested.

However, not all actual sources and frequencies of
the gas-dynamic noise spectrum of an ICE are accounted
for by the technique unless it is based on a detailed
three-dimensional (3D) model. Such a model considers
real geometry and requires a fine-mesh grid and large
computing power. Researchers have been deepening
methodologies in this direction for more than two
decades. Early works were based on calculations using
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a one-dimensional (1D) model of pulsating flow in GAD
channels coupled with 3D calculations of the flow in the
muffler (with a given more or less realistic 3D geometry;
e.g., [6]). By calculating the flow in the chambers and
channels of the muffler with moderately high detail in 3D,
at least large-scale unsteady structures are revealed.

On this basis, the jet unsteady outflow of gases
into the environment can be calculated in detail. For the
adequacy of the calculation, a wide range of scales of
vortex structures must be identified. In areas of the order
of the distances where the sound level meter microphone
is placed (measuring the spectrum and equivalent sound
pressure), the disturbance can also be calculated in detail
using the acoustic equation. Such problems are solved
in conjunction with solving the equations of a detailed
3D model of flow in a jet using high-precision numerical
methods. In this formulation, exhaust noise is studied
using both commercial computational fluid dynamics (CFD)
solvers and their own development means in aeroacoustics
models and methods [7]. These development means can
be used to calibrate fast-calculating models of acoustic
fields in the environment. These models can then be used
to evaluate quickly the spectra and integral noise indicators
of engines and other systems in CAE packages [8-10],
which implement 1D models of processes in engines,
coupled with models of microphones and sound level
meters.

In this study, using existing models and methods,
the maximum capabilities of a gas-dynamic type muffler
were assessed using comparative calculations. Nonlinear
processes in the entire GAD of a two-stroke engine with
a tuned exhaust system (containing a resonator and
a muffler) were calculated using a 1D thermo-gas-dynamic
model. The sound pressure level, which characterized
the noise caused by the pulsating flow at the outlet
of the muffler, was assessed using a technique that
included a two-dimensional (2D) numerical calculation
of disturbances in the environment. The noise level and
performance of an engine with a total power and a rotation
speed close to the nominal speed were determined, and a
muffler with a change in structure was examined. A long
channel connecting its two chambers was added to the 1D
model of the muffler. The optimal parameters of a muffler
of this design were determined. Then, engine performance
and exhaust noise were calculated over a wide range
of engine speeds. Calculations using the applied
methodology enabled the approximate estimation of the
effectiveness of muffler circuits that implement the gas-
dynamic approach, as shown in relation to a two-stroke
engine with a wave-tuned exhaust system.

AIM

This computational study aimed to estimate
theoretically the limits for reducing the exhaust noise
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level of a two-stroke forced engine when implementing
a gas-dynamic approach to reducing gas flow pulsations
at the outlet of a muffler.

METHODS

The possibilities of a gas-dynamic approach in reducing
the exhaust noise of two-stroke ICEs have been studied.
The approach under consideration involved the use of
a relatively long connecting channel to provide a time
delay in the arrival of the wave in the last of the muffler
chambers. The separation of pulses and their temporal
displacement weakened fluctuations in gas parameters
in the last chamber, bringing the flow through a short
exhaust pipe closer to a stationary one.

This study was of a theoretical nature (computational
experiment). Using numerical calculations with a 1D model
of thermo- and gas-dynamic processes in a two-stroke
piston engine and using a special calculation technique,
the sound pressure level at the outlet was assessed.
For marginal valuation of the approach effectiveness,
the parameters of the connecting channel and muffler
chambers were computationally optimized, aimed at
minimizing exhaust noise while maintaining the power
level of the serial engine.

The RMZ-551i engine produced by the Russian
Mechanics concern was taken as the study object. This
two-stroke two-cylinder engine has a displacement
volume of 553 c¢cm3. The engine is applied in various
civilian fields, such as in snowmachines, snowmobiles,
airboats, and paragliders. A sample engine is at the
disposal of the ICE Department of the Ufa University

Fig. 1. The RMZ-551i engine.
Puc. 1. [isuratens PM3-551i.
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of Science and Technology and is studied on a test
bench. Figure 1 presents a general view of the engine.
Table 1 presents the engine parameters declared by
the manufacturer.

Table 1. The key technical specifications of the engine
Tabnuua 1. KpaTkas TeXxHU4ecKas XapaKTepucTMKa

Type Two-stroke
Number of cylinders 2
Cylinder diameter, mm 76
Piston stroke, mm 61
Power, h.p. 65
Fuel supply system With injector
Lubrication system Separate

Exhaust system With resonator

To simulate the engine, the ALLBEA software package,
released in 2023 and created at the Ufa University
of Science and Technology [11], was used, including
the ALLBEA OPTIM [12] and ALLBEA NOISE programs.

The graphical environment of the package contained
a block diagram of a 1D model of processes in the GAD
of an engine (Fig. 2). The 1D model contained models
of individual elements (channels and containers, including
the crank and working chambers of the engine), as well
as models of connections (local resistances, check
plate valves, gas exchange ports, and tees), taken from
the library of models implemented in ALLBEA.

A 3D geometric model of the engine, including all
components of the GAD, was provided by the Russian
Mechanics concern. Geometric models were studied
to represent adequately the GAD structure in a 1D model
(Fig. 2), as well as the geometry of the components
and the laws of the opening of the exhaust and blowoff
ports. On the basis of 3D models of the flow path parts,
calculation areas were created for 3D calculations
of the flow characteristics of all groups of ports and
the blowoff characteristics of the working chamber during
gas exchange. The calculations were performed in a CFD
package using a proven methodology, with the results
processed and inserted into a 1D model in the form
of tabulated characteristics.

The engine exhaust system, including exhaust pipes,
a tee, a resonator, and a muffler, is presented in Fig. 3.
The resonator in the engine was used to increase power and
efficiency due to wave effects in the gas flow. It was most
effective at the tuning rotation speed, at which a significant
part of the air—fuel mixture leaving the working chambers
into the exhaust system returned to the chamber before
the exhaust ports closed. The resonator of this engine had
a complex 3D shape (Fig. 3). It was simplified in the 1D
model as a set of profile channels (Fig. 2; the elements
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Fig. 2. The structure of the 1D model of the engine in the ALLBEA.
Puc. 2. Crpykrypa 1D mogenu pguratens 8 ALLBEA.

of the stock muffler were highlighted). The 1D resonator
profile included forward and reverse conical sections,
as well as a central internal channel in the reverse conical
section.

The wave processes in the resonator and the resulting
oscillations in the flow at the inlet to the muffler were
very intense. To smooth out pulsations in the mufflers,
perforated partitions and meshes were used. Gas passing
through these obstacles reduced the noise level but created
back pressure. In this engine, the muffler consisted of two
chambers of different volumes, which were connected
by holes in a common partition. The muffler diagram is
presented in Fig. 4.

The elements of the 1D model of this (stock) muffler
are outlined in Fig. 2.

After a 1D model of the engine was created and
all the necessary initial data were entered, the model
was tested for accuracy and showed satisfactory
agreement between the calculated and measured
parameters on the bench in several operating modes.
The task of fine-tuning the model was not posed as
the model was intended for comparative calculations
of the efficiency of exhaust noise mufflers (stock and
optimized).

The noise produced by the flow from the exhaust
system was assessed using the effective sound
pressure, defined as the mean-square deviation
of pressure from pressure p, in an undisturbed
environment (Pa):

Tractors and Agricultural Machinery
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Fig. 3. The 3D model of the exhaust system.

Puc. 3. 3D Mopenb cucTeMbl BbiNycKa.

V, = 3452 cm?

[

V,=1651 cm?

[

Fig. 4. The scheme of the stock muffler.

Puc. 4. CxeMa cepuifHOro rmyLuuTens.
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1 peo+o 1 2
Py = \/;j [p()-pJ = \/ﬁzf_l( pi=p.)

where N is the number of nodal pressure values taken
with a constant step in the time interval t (equal to
or a multiple of the pulsation period).

In acoustics, the sound pressure level is expressed
relative to a characteristic (reference) value (in dB).
The accepted equation with the decimal logarithm of this
ratio is [2, 13]

L=201g(p,;/ py)s

where p,=2-10" Pa is the reference value.

The point location was taken at a distance of 500 mm
from the section of the outlet pipe and at an angle of 45°
to its axis [14].

As the microphone model was not built into ALLBEA,
a special technique was used to calculate the sound
pressure level L at an environmental point based
on data on the pulsating flow at the outlet of the muffler
(from 1D calculation). This technique was developed
at the Department of Internal Combustion Engines
at the Ufa State Aviation Technical University and was

[
[ 1]

Fig. 5. The scheme of the modified muffler with the extended
connecting channel.
Puc. 5. CxeMa ryLumTens ¢ [JIMHHBIM COEAMHUTENbHBIM KaHaNoM.

[ 1
Restriction Restriction
LN 232 g 112112 sy 1 N1 7[2

Restriction Restriction
0 AR i

Fig. 6. The 1D submodel of the muffler with the channel connecting
two chambers.

Puc. 6. MoaMofenb ryLIMTENs C KaHanoM, COEOUHAIOLLMM [Be
KaMepbl.
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used for the design of exhaust systems and evaluation
and optimization of mufflers (e.g., [3]).

For calculations using this method, the ALLBEA
NOISE program was used. The program calculated
disturbances in the environment using a 2D axisymmetric
model. Processing of numerical data gave an estimate
of the sound pressure level L at a point.

First, we calculated the indicators and sound pressure
level L at the exhaust of an engine with a stock muffler.
Several calculations were also performed, where the influence
of the volume of the first muffler chamber, the flow sections
of the holes, and the replacement of their parts with a short
channel on the exhaust noise level and on the engine power
was studied. Calculations revealed the futility of optimizing
the stock muffler parameters. The results of these calculations
are not presented in this work.

Then, a modified scheme was adopted, with the
addition of a long connecting channel between the muffler
chambers (Fig. 5), implementing a gas-dynamic approach
for reducing flow pulsations. The channel fitted into
the overall volume and dimensions of the muffler.
The elements of the 1D model of the modified muffler are
presented in Fig. 6.

The main dimensions L. and D, of the channel
(Pipe element No. 24 in Fig. 6) were made with optimized
parameters, as was the diameter Dy, of each of the two
holes left in the partition between the chambers. The total
volume of the two chambers of the muffler V' was left
equal to 5,103 cm?, which corresponded to the volume
of a commercially produced muffler. The channel volume
(considering the thickness of its walls of 0.8 mm) in the 1D
model was subtracted from the volumes of the chambers
in proportion to their initial values, for which ¥, +V, =V".
The initial volume ¥, of the first muffler chamber along
the gas flow was also selected.

The optimization problem was associated with finding
the maximum of the objective function (OF), defined as

-1
meanAsq.) H

f(LT’DT’Dholc’I/l) = (Au

where Au,... .. isthe mean-square deviation of the gas
flow speed at the section of the muffler outlet pipe from

the average flow speed at this section:

1
Aumean.sq = \/ﬁz[l\/l(“l - uav, )2 ’

1
u,, = NZZI u, .

OF, inversely proportional to A, ., , was an optimality
criterion (instead of L) due to the lack of an adequate
microphone model in ALLBEA.

In addition to OF a limitation was considered; that
is, the calculated engine power should not be more than
3% lower than the calculated power with a stock muffler
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(41.09 kW). When calculating OF for an option that violated
the limitation, a penalty value (a sign of an unacceptable
option) was transmitted to the optimization algorithm
instead of the OF value.

Thus, the muffler parameters were selected with
the smallest (according to the OF) speed pulsations
at the outlet to the atmosphere but without a significant
loss of engine power. The described optimization problem
was solved for the engine at full power at a shaft speed »
of 5,000 rpm. The optimization problem involved determining
such values of variables that induce the maximum
reduction in noise level with minimal changes in the design
of the muffler and power at a specified frequency.

The optimization calculation was automated using the
ALLBEA OPTIM program [12]. The program uses a genetic
algorithm for searching the OF global maximum with
restrictions. The program is configured for a specific
optimization problem by setting the algorithm parameters
and connecting an external software module in C or
C++. With each call to calculate the OF, the module takes
the current values of the optimized parameters, substitutes
them into the process calculation and, based on the
results, calculates and returns the OF value or penalty
value. In this work, for a 1D calculation of the process
in the engine GAD, including the muffler, the module
called a calculation program: the ALLBEA package solver.

RESULTS

Calculations assessed the marginal effect of a relative
change in the volume of the muffler chambers and
the addition of a connecting channel between them. Using
the described methodology, engine performance and noise
levels were calculated when using a stock muffler. Then,
the muffler design was modified by introducing a tuned
connecting channel, and the main dimensions of the muffler
of the modified design were optimized. For the optimal
muffler option determined, the engine performance and
exhaust sound pressure were calculated in the crankshaft
speed range. The data obtained were analyzed.

CALCULATION OF POWER AND NOISE
LEVEL WITH A STOCK MUFFLER

For a stock muffler (Figs. 2-4), the calculated value
of the sound pressure level L at the outlet was 105.9 dB
at full power and n of 5,000 rpm. The estimated value
of effective engine power was 41.09 kW.

OPTIMIZATION OF MUFFLER
STRUCTURE AND PARAMETERS

A computational optimization was performed for
a muffler with a tuned channel connecting two chambers
parallel to the holes in the partition (Figs. 5 and 6).
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The determined maximum of corresponded to a minimum
Al peansq  Of 1.812 m/s with the values of the muffler
parameters of L, = 1,810 mm, D, = 31,0 mm, Dy =
20,5 mm, and ¥} = 1786 cm3.

Calculated dependences of the flow rate and
temperature of the exhaust gases at the outlet of the
stock and optimized muffler in Fig. 7 are presented
for comparison in the form of graphs of the shaft rotation
angle within one pulsation period (/2 revolution for a two-
cylinder engine). The estimated effective engine power
was 40.06 kW at n of 5,000 rpm.

With the optimal muffler parameters detected,
engine performance was calculated at several rotation
speeds at full power (i.e., according to the external
speed characteristic). At the calculated operating points,
the sound pressure levels L were determined using
the method described above. The graphs of the effective
power and L are presented in Fig. 8.

DISCUSSION

Calculation estimates showed the possibility of
reducing the exhaust noise of the RMZ-551i engine
by approximately 7 dB by adding a tuned channel between
the two muffler chambers. The optimized muffler was
fitted within the dimensions of a stock muffler and
reduced the calculated effective engine power by only
2.5% (for the same speed of 5,000 rpm).

Notably, at a frequency of 3,000 rpm, the calculated
sound pressure level was approximately 8 dB higher than
the minimum; that is, the gas-dynamic setting ceased
to have an effect. This was an expected result, similar
to reducing the effect of wave tuning of the inlet and outlet
channels of the main (power) part of the GAD.

Complicated structural diagrams of the muffler (e.g.,
with two parallel connecting channels of different lengths)
remained beyond the scope of this study. The structure
and parameters of such mufflers could also be optimized
to reduce uniformly the exhaust noise over a wide range
of shaft speeds.

Limitations of the methodology and instruments
could significantly affect the results as some physical
processes in the muffler and the outflowing stream
were not considered. Thus, flow pulsations at the outlet
of the exhaust pipe were calculated using a global 1D
model, where the muffler chambers were represented
by zero-dimensional models of containers that filtered
out the high-frequency component of the pulsations.
To calculate the sound pressure, a technique was
used based on the calculation of disturbances in the
environment produced by flow pulsations at the muffler
outlet. However, the numerical calculation of disturbances
using a 2D model of air movement as an inviscid elastic
medium does not convey the effects of vortex generation
in a turbulent jet. For these reasons, the calculated
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estimate of the reserves of the gas-dynamic approach to  effects and measuring instruments for application
the creation of exhaust noise mufflers is quite approximate  software are more promising.
even for the case of comparative calculations, the results

of which are expressed in relative values (dB).
Thus, additional experimental studies are required to CONCLUSION
confirm the results obtained or to tune the models used. The efficiency of a muffler with a tuned long channel

Further, comprehensively improving the models of acoustic ~ between the chambers was theoretically assessed using
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an RMZ-551i two-stroke engine as an example. The results
of numerical calculations based on a 1D model of the
process and a method for calculating 2D disturbances
in the environment showed the possibility of reducing
exhaust noise by 7 dB compared with that of a stock two-
chamber muffler. The estimated engine power decreased
insignificantly (by 2.5%).

The methodology and tools impose limitations that can
significantly influence the results. Therefore, the models
and methodology require additional experimental studies
for confirmation (as well as theoretical studies for
clarification). However, the applied methodology and
tools can be recommended for immediate assessments
and computational optimization of mufflers using wave
effects. The optimization of multichamber mufflers
should be automated according to the necessary
criteria using 1D models of processes in the GADs
of engines.

Software in several aspects must be improved to
increase significantly the adequacy of calculated estimates
of the ICE acoustic performance. The development
of applied models of acoustic effects and measuring
devices can be performed by specialists in the field
of computational and technical acoustics. The backlog
of mathematical support for Russian CAE packages in this
field must thus be eliminated.
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