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Abstract

To reduce backpressure for improving engine power in exhaust system, a large difference of pressure is

required, but this is in conflict with the requirement for reducing exhaust noise that needs a small pressure

difference. In this paper, the controllable muffler designed by simplifying the structure of the exhaust system
has a low backpressure and a proper sound specification to the rotation of engine. The exhaust system in

conventional studies has been designed to have maximum noise reduction over the whole driving domain, but
due to its complex structure this led to increased backpressure. If the muffler is designed according to the
driving frequency, which is a dominant noise component in stationary driving speed, the backpressure is
reduced due to the simplified structure of the muffler. Furthermore, a multi-mode muffler able to change

structure with varied driving speed was designed.
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Fig. 1 Basic structure of side branch expansion
chamber resonator silencers

Hr},
AgAojHhg &
frequency)oll Al FH A
3 °\*<}94 o) THE ¢
dol 1 & Alolstn] 279 93] L & &¢e
A4 HAF}EF *?]01?53— W TR Aol
& 1A 4 259 F2E FagoM AA
i‘— =% 339 3—3.73‘31] 7V Ve AAE §
Sl -rlxl LSHE FAAEE Yot Aux
2% A7 aA%E 48 F IA
T4 7‘——l°]4 7}““]"” SHEE (ol W
), H"; oo =g d¥o] A} "“357
}7‘] )J\E}' T oA e
CH"*"“H‘E AE
= Ry AlOL}' =4
7b wg o] sth “?1’/]'*1 £
H oz A L2 F

F4&%F T (fundamental
o] WFor 2 a Ee
& TINNEE 3579
A

u:E
rlo

I:l
Nio
L

mln
mlo
,.

ol

v
T,

Enx

1%}3:

o] F&o| A

Ll rfr o R o Fif

>

N
N
oY
92
)

%
=7
kil

\'3

=

“

(=] A
E.E'_i—— &
=

T

22 CEERE wj7|Ale] 2oy StEMGD
A7 TAEE %ug% 2y
A AR, 2, n=123,..& §FFoZ R
off A wtAlEic z}%x} 'd}]7]7:ﬂo]]}\1 dEPE o=

#EL SYFAFE BRI, 3T
F97) WA BRSNS ES AA Do) |
& 240 AWM 7 Fold Aol 1

471% AFe] $AFHS wat 2HE 3,
HA  dolE  650rpm(21.7Hz) A 7.9m o]
6500rpm (216.7Hz)*1 A 0.79m o] 3ol dwarA

tio



Axng Auds A dFER= WAL 254

o2 FIAA FHAFE 650pm o EHE A9
FAHA gorz Hu Hol m 2 AHIH
850rpm oA 1 A FHo| WAFNEF AT ZJr
R gy v 47 FEF 2T =1
12 ARt 22l 1A éoH 1/4, 1/6, 1/8,
38 A 42 E78 AAINUE BT olEH
£33 He$ A (transmission loss)y& Fig. 2 o YERY
pelag

Fyae 37t 14 o fAT B¢
Zdols} & H3E ze 3% FHT [, &% EF
o FofoM FHoR Qg S}HELR 79
AX7F dAstd SFAG &4 HHA S0 &
Agc oz 479 AA 2 o RFH 9
ong FHH o] 2 ujE HALE ZtE Fig
2 9 218 Eu) FHEEqA FHLE AT
SFAAY Y7o AA7t Xt FFALEA
HU A7 A, FHE dold #Fe e
F3tee] g T4 2f, M E SFAE &4
o] A9 glo] AEHo AFVENY Ao E
A A g o] Fd& Aoy FFAE &) ¥
Ex=8

79 AL U6 Q) Afole THHEY Hold
1.5 8ol e HFE
o} (6n+3)fy2 FHFEANAN FHoz AT
AAg gE7Y AR AT
o] FH9 2& AN AH7L
¢+ goy A EHE 2E 4 dr *
dge o 7 HAA vstd FA Hepdo

EF9 X7 18 Y ASE FHH Ho| 2

50+

P
=]

(%]
=]

Transmission Loss [dB]

~
=]

=)

0 50 100 150 200 250 300 350 400 450 500
Frequency [HZ]

Fig. 2 Theoretical transmission loss of side branch
expansion chamber resonator silencer
length / = 6 m, diameter of exp. chamber = 0.1m,
diameter of inlet & outlet = 0.05m, outlet
locating position I, = I/4, 1. = /6, I. = /8, [. = 31/8

@n+a)y2 FHF SN SFALGEL

o] RAA T o] FRFEL AT Y

FEHA ¥on AP EHE 42

g5 g9o] WA vehdn. ol

£ HAY Bede A A

7t FA dEhdn. A2 79 94%17} 38 2

B AFe M) wre AR

Aol A AggAo] Pormz AL LIVEE

AHE otk med £ dTdMe &7

28 Aol dAste] EAxA w2 7S A

9 A7l FEEA WrlasE Aostad dn
23 di7|Alel = R LSHOf gy ZH
19 o2y nZs FH & =3

72 14, 18 ol AAFYAT M 28 Fio

1o &
2,

w2t oo SFALEAE e e7UE A
UnA £78 @& 2%, Green 5ol A3 o] &

A LFAGEA THS Fig 3 o HehAh o
2 22X ZTE 14, 6o AT 3% Fig. 29
A Ve E 114Hz B2l S3kdAdEAde] HA
He AT F itk wEhA o] Aol HolA

g dtoobgt ApFe] AT IS %‘Qioﬂ ¥ &
F Atk

Fig. 3 oM 4 7|% aAFY dFIF 39
(650rpm ~ 6000rpm)2 £1(21.7Hz)9N A f3(200Hz)7+A]
ojf o] FFoME YL S AEdHd gHE
de F ok gEd B dFdME 79 H4A
Z y4, 18 o AN 2 MY EF WHAAE
E3ld OF R 42878 FAEA

700, —h

Transmission Loss [dB]

0 50 100 150 200 250 300 350 400 450 500
Frequency [H2]

Fig. 3 Theoretical transmission loss of side branch
expansion chamber resonator silencer using
valve control ( f; = 650 rpm, f; = 6000 rpm )



fr

1374 T -

3. ckE2E Bi7[Ae Mol 7=

3.1 chEmc w7|H e A

Ay oF 2z wiZAlE A SR, AS
B adlm Ao]HE Fig 49 Zo] AL 2%
e o, 39S 2 29 EFRELE 74
o AEEE Ao a8 AXs) % FEH
dAe} sA&EEE #AA e FRoE FAHH.
aga AljRE A7) dug v A
BEe Eg3 Faog H@A7E TF o
S

SR JiE FHH Zoly Fdd HA
ok FHH dolE 6m o EFE 0.75m &
1.5m o Z}zZ} AXx3g & winE B[t ol
0.75m o Ax® WBE vgolgt 33 1.5m o A
g Wug v, g gt deEFTFY ARHL 0.05m
ol FHFY AAHL 0.1mo|th

AZRAA AR FA4F ZAHREL A
o}7|25H o AHE" JNIZZFH A

Pl =1
A=

o >
s
ol
o
3]
=,
)
i)
ot
2
ox
A o

Engine
rpm.

[ Valve Driver

4

Controller
(Computer)

Microphone
‘ Magnitude Detector
for Engine Exhaust

"Noise Frequency

A

(a) Block diagram of multi-mode silencer

Microphone

(b) Prototype of the Multi-mode muffler

Fig. 4 Block diagram of multi-mode silencer and its

controller

s
ol
.24

. gz}]

olo

W FasA7E Pl gtk B eRaAE
Vs Vg O o] Fojzl Wn Azge AN
A5 A ALY 24 Aol AAH2FE ol
& Aolg 77 Agaen FERE FAL o
§3te] Wu g Aojsgch

32 XS e 71X Hoj7|el +MO

H9YQd &3k AAE AMEE A7]e] AHAJEE
< Fig. 59 #o] #4894 &3 FUHFsE 2
HaA e A 2879 EAo] e A
o] HAHFE 2274rpm(75.8Hz) 4530rpm(151Hz)°)
. 2279 ERAAgE W9 IHAFE YFH
2 F3oq ¥e JHE Aojdt}. e 2§
o] ETEFE SU4E FAHA QARA A7
o HYql AT x7] FALHANE v, 8EE
g1 Vy BB E gt &34 ASU Futstd
AR FAF7 2310pm(77HZ)O) ©|2W /4 BE
oA g REZ WA Astoq v EHE €1
V, 85 e gE I3 A4 4560rpm(152Hz)
A I8 BREOA /4 RER HAEING go
AR} AT/t FAE A WRFFFY XA
& 939 AF PFE T 4500 rpm(150Hz)% A
4 REA g Z=g WA 2250rpm(75Hz)
A /g REA y4 RE& HAGTH 23n £
=9 F76F 293 ¢4 5 1A g2 8
49 g B At 27N SU4E S

ot 4o F7HA REWHRE A =@

y

Valve V, Open
Valve V, Close

Valve V,Open
Valve V, Close

Fig. 5 Flowchart of sequential control system with
differential gap



Ahd AWE A dFEE WA 2540

8 Moj7| F=00
71741 el gYs exx Azl
R 4% e

33 2IZXsE of&
A IR
o] wa} Wi

S50 W3lg doA Y FHLE 9
1t} 2y Z4 RoEzE 2xe 4¥HE &4
F gloenz g9 s o]83td AAH
#He dEspodor ity zEm wir|Ae FRA
FEol Ax R} 8o TA}A &= R
Aol FFod A% F49 WHIE S|t 29
st} wheba] A9 slAger Ao A 9_72}
wteja2EY EUE o] &3 Y FHAFE 4
Z3taof ith, aeBg w7 AIE Aofstr] HSH
A Aol thadol digh 3t mddo] PQ x|
23 uAdP Ay qFo] sted AiEA o
TR 571 AAA7I= ALgFHojof gt}

B A7 NAzGE o8 Ay F
-8 Fig. 6 3 #oh AANZLE o] &3 Ao}y
= AA9 FASF, AT W, E7 wES9
AEN3} a2)a WHe] dA4 e JYgo = A}
g3tk AR Ha IAF(650mpm)et Hol 3
AF(6000rpm)E -1 3} 1 Alo]| &2 AMGAA B3}
stk AR A wge
A&A -1 o gg AlEsd HEHS FAdAT)H,
HESS S7HA 1, A -1 2 A"} gy
Hoj ’a}ﬂk V, 2HE J1Fo® 4L AL 1,
238 F$ 1 2 93 itk %E‘—P 1 N2
AV, B“HA A4 Aojstn v, WRE v,
Wy el v A3

o]

™l
uom B

LA -

4. 4= Mo 25 54

4.1 AlEgo|Moll 2|8 HMoidzn

Aol ¢uyE BINE HFE7] s
Green 3 ALt 7@ o8 JEEHE AR
3§ HdEAE AR A5 PE o8
A7 NAZ 2T AA7E 44 TS Al

Valve ¥, |-
Engine rpm_—_y)| Muiti-Mode Em?s“':‘
Neural Muffler N
Network >
Valve ¥V, }—»
Amplitude

Detector |

Fig. 6 Block diagram for a multi-mode muffler
controller using neural network

7 1, AEA 0,

1375

oY gFrE 4287 BEE FART 2871
Bde Ao diridel #%°] fle AHe
Green & o]&3l9 T3 SFAY =4S A}
gagoen ddHe vy Ivie RS AL
et 8L U4y NE7 Aold £F AEAES
535to " A¥HRE dojA 38 e
EHY AELE FE3d 289 FHE AR
HYIAAY. dFgHE AR FHFE AR
o] 3A4E 650rpm oA 6000rpm 7HA] IS
2 JHEANREL b v, 28 1L IS A3 F

5 AE o8 xﬂ°17l§ Abg-3to] Aog 759
A+ ol e &8L Fig. 79 e

Fig. 7 olA Ao} A9 HFFEAHL 27] ¥re
Aol v, BB TS 98 Aez dAste &3¢A

2 fo

0.2

4
3
2 0
£
a

1 2 3 4 s 5
Time [sec}

Fig. 7 Simulated sound ratio through the multi-mode
muffler when rpm of 4 cycle engine is constantly
accelerated from 650rpm to 6000rpm
Black line : result with differtial gap control,
Gray line : result when only valve V, is opened

—— Differential Gap Control
----- - Only Valve V, Open

9

----- Only Vaive V, Open

w
=3
Y

Transmission Loss [dB]
n N
=] o

0 50 100 150 200 250 300 350 400 450 500
Freguency [Hz]

Fig. 8 Transmission loss for actuated frequency in the
case of differential gap control simulation



v

7

g 4 9ok AF AL ALEE Ao A¢
76Hz &} 152Hz oA B Nelg AF Aoz
AN AAHoR B S AYEL Holxn gt
o] A7 & Fu4 d9oF uFd Fig. 8 7 )
AE AL o433t AREH AEHNHAE P
Aol AFE olBHoz JIF 2 gAY &9
ZEHE ZF fA%E ¢ F U a2lx A=
FE ol&3 AE FIYF AEIHoH Axe
Fig. 9o YelGth o] A& SFAGEA]
AYFES & AATEE 4 F Uk gy 2
=T A4 R 7 7R Ao E 4z

50 T T T T
—— Neura! Network Control

A
[

Only Valve V, Open

Only Vaive V, Open

W A
& o

(%)
=]

[N)
o

~

Transmiss'ign Loss [dB]
0

100 150 200 250 300 350
Frequency [Hz]

Fig. 9 Transmission loss for actuated frequency in the
case of neural network control simulation

15 —
D =
-
3% 5
=
& st
o N " . N N " .
20 40 60 80 106 120 140 150 180 200 220
Frequency[Hz)
(a) Iniet Sound Pressure
2 —
g
015}
k=
2
T
0 g : o
20 40 60 80 100 120 140 160 180 200 220

FrequencyiHz]
{b) Outlet Sound Pressure

Fig. 10 Sound pressure level of input and output in
frequency domain

#

=
[

A

C oA

g3ttt

42 AF 2HEZ o83t AE Zul

AAE 2879 285X AlEdEHolA A=
& AF37] A8t Fig. 4 o HAAl 2EE TA
lglon Agde AR A4 NG T3
_ll:

o g 29AE AHEstd sHREY. ¢
&7 AL 005m oM, THHL ¥ 0.1m,
Aol 6m 9 PVC &g AT A7lE AHF
A& 0183 Aojriet AAHNZYL o] F3 A
718 42 AHgste Ao AnE FIoh

d4Ee AR FALE 650rpm o4 6000rpm 7}
o] #F3H= 21.7Hz H-E 200Hz 7HA1 Q) F @3}
E 29AE B3t ZAANAY 4dEn 29
249 A5 o= Fig. 109 2t} Fig. 10(a)°l Al
30 Hz ol3tE 23A A4 g3tq Az izl
o] o]FolxA ¢&E& & F Ut Fig. 10(@)°A
2L 7S Hol1 Q¥ 64Hz A RS Fig 2914 Y
Ed 57Hz 7} 0] 53 FHFEA, 5 YA F
7] 4FNA 50 mm $X]o) mlo|ARES AMX
A7 ERFAA A FH7] UFe FH o
g ghot 79 Y=t 49delnE F5dy
7] 8 AN 23" Aoz Agdd. g
A WALt 33E 98 59l dig 289 3
719 &% REZNE AL T B$ 6aHz FE9 I
Zu)7t 3A veldA go AlEdel s Ag9
FHFalolE oA E FTIBL 9A AA=R
T A E s3] &l FAEH A

Fig. 11 ¥} Fig. 12 & A& 3A &2 AFejoA
7t MY E 49 o F97] 47 ¢ 27 o
g 27 3¢ 271€ BAISET Yok Fig 11 9

1 -
a9
0.8
07
e
5o
38
305
2
<04
03
02 v +
TN L L
ol v, .
0 40 @0

100 120 140 160 180 200
Fraquency [Hz)

0 80

Fig. 11  Sound amplitude ratio of the output to the
input when only valve V, is opened



Az AudE AF dFRE W74 A9

Amplitude Ratio
o o © o o ©o ©
W B J (] ~ @ @O -

o
N

o

=]

0 20 40 60 80 100 120 140 160 180 200

Frequency {Hz]

Fig. 12 Sound amplitude ratio of the output to the input
when only valve Vy is opened

A 64Hz 9] ARl F AL dHol 7] Wi
A" Aoz AAH ¥ 3x gt ¥@H
Vb 89X BAol 4 & FUTE 124Hz
2 of FagE o|BMHAAY 114Hz 7} °]FF
Fa¢ A& & 4 U Fig 12 & ¥H V7 €
Y A2 o] &4 57Hz ¢ 171Hz A 23AE
o] & Aoz YeuA vt APA AN 62Hz ¢
186Hz oA SgAde] IA Yeh} o|&x <zt
9] ZolE Holn glon) Aoy wlr|Ale] ALEF
Ae Faslez FARo

Fig. 13 & F34¢8 Z7IA12 9 76Hz & 152Hz
X dre A& +F A ATt AA
Hog g dig &9 SYuIst 0.1 olFE
FAE R Y FuLd da MEEHE g9d F
g &28717F A LE72A Aol 8l
2 H9F1 Qlth wgtd AF 3y Aorju A
A E2Y ANE AF3 zgstdE A& oF
BE w7|AE FAE 4 58 BdF 3 vk

Fig. 14 & ¢olA A& a5 A& 712 A
718 AMgdte Ao 3 F$EA 64Hz, 124Hz,
180Hz oA EAo ymA Yelvja gk o] F
H5EY A4 &4l F7IE A8 Hue dHE
HAEs HYd 8o Qdtd yepd Adolt
27327 Fig 15 A$E SYdA devdn
Ao HHde g SFAG &4 AsE V1A
o3 ot weA FF Hyqde aRE HAas
Al71E Alo]7]e] FA o] "W).

HA w7IAlY FxR7F ezt 71 A FAo
2 Hof gl gt &A= $&As] oE R
2 71FA EXAL FAE o)FHA &S AR
BEES FUANA F e JFEE P 2¥s

1377

e o o o
3 ~ @ © N

Amplitude Ratio
=] =]
» o

o \/M

0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz)

Fig. 13 Sound amplitude ratio of the output to the input
in the case of human control

Amplitude Ratio
©o o o ©o o o ©
(NI SR L A - -
4

o
N

o

o A X R T N
60 80 100 120 140 160 180 200
Frequency [Hz)

[ 20 40

Fig. 14 Sound amplitude ratio of the output to the input
in the case of differantial gap controller

Amplitude Ratio
© o o o & ©o o o
N W R D N @ O -

(=

. . N

0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]

0

Fig. 15 Sound amplitude ratio of the output to the input

Helo e A3st el



1378 EFT -

Sty agla FFgALGEMe] £33 F A &
T F2E AgslY Aoy tFRE wriAY T
zE AR

@) SEFEE u7)AlY AE Ysld AEFE Ay

o] &% Alolr|et ANAHZFE o] &3 Aoy
€ AA3StY Ztztol] ik o83 AT AAA
3t A3 BF BYIA ¢4 2SA]
F Y. metA A3 2]
< nHY o, Foq AHIEGE
718 FAsHE Aol 9 fEdE ¢

o
4
ol

2
ot
2 ox M2 o=

i
a2 I
2 o to

4 2 e Jm o oy wo
ok,
tjo

e 50
-
o

g3l JlE ARy £59 W)
j2¢ 729 Aol GERE W
rE Aol 23 4717 99
Aol o & P29 A4
77+ ez,

™
_xg
i
ko)
u
>

fu
o M

[e

ok T
32
i)

Ag A%
= A3

i %

I A7} 74

1)

Lo
d

LAY

X

gy

2o
A g
re

of ¥

% 7]

£ d7e 1996 9 d3HsAGe dHAF
#(961-1001-006-2)2] AFH|A YL o} o] Fo]
Rem #AA AHEA ZA =8 ol

ool
2
lo
2
olo

m
e

tns

(1) Hiroshi Matsuhisa, Baosheng Ren , Susumu Sato,
1992, "Semij-active Control of Duct Noise by a
Volume-Variable Resonator," JSME International,
Series II1, Vol. 35, No. 2, pp. 223~228.

(2) Eizo Suyama, Motohiro Inaba, Ryuo Mashino, 1989,
"Characteristics of Dual Mode Mufflers," SAE paper
890612, pp. 1~9.

@) HEA, 57, 2A4E, 1998, “Hj71&E Ao
£ 5FE 428719 AT Hrbd #F o
T A=, A 22 @ A 2 3, pp.
251~257.

(4) 4. Everett Arnold, Warner Fraxer, W.J.J. Hoge, 1991,
"Development of a Prototype Active Muffler for the
Detroit Diesel 6V-92 TA industrial Engine," SAE
paper 911045, pp. 57~67.

() &7, AFH, £AS, 1999, “ALE At
S A% dFERE ASA wrAd A AF
- Aoy w7 A F2AA AFAETHI =
3, A 74 A 3E,pp. 168~177.

(6) Yang-Hann Kim, Seong-Woo Kang, 1993, "Green's
solution of the acoustic wave equation for a circular
expansion chamber with arbitrary locations of inlet,
outlet port, and termination impedance," J. Acoust. Soc.
Am, Vol. 94, No. 1, pp. 473~490.

(7) Dowling A.P., Ffowcs J.E. Williams, 1983, Sound
and Sources of Sound, Ellis Horwood.

®) €57, AFA, 2A4E, 1999, “A A& ol &
& JATF2E A3Y AZ3 AAAE d
1A =EA, A 2348 A2 3, pp. 326~333.

(9) Katsuhiko Ogata, 1996, Modern Control
Engineering, Prentice Hall Press.

(10) Yoh-Han Pao, 1989, Adaptive Pattern Recognition
And Neural Networks, Addison-Wesley, Massachusetts,
pp. 111 ~167.



