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Vibration Measurement of an Automobile Exhaust System in Operation
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ABSTRACT

In this work,

the operational deflection shape(ODS) of an automobile exhaust system is

measured by using a recently—developed magnetic sensor. The magnetic sensor is composed of a
solenoid and two pairs of permanent magnets generating an antisymmetric magnetic field in the
lateral direction inside the solenoid. Lateral movement of a ferromagnetic pipe inside the magnetic
field of the suggested sensor induces an electromotive force in the solenoid corresponding to the
lateral velocity of the pipe. Due to the simplicity and non—contact characteristics of the magnetic
sensor, dynamic behaviors of the structures operating under high temperature such as an exhaust
pipe can be efficiently observed. It is shown that the lateral ODS of an exhaust system can be

successfully measured by the suggested sensors.

Ak A 7 e
FE A= A
7}11% E 4 e, vi71A (exhaust system) E3
o}urol‘:} w71 Al 2 sl RakEe gl
2 AFo] A AeHE ® UE ARE

17114 Ao A8 Aol viAe GF) ds

WAAA}; A, FA R 7)AFEE
E-mail : gangwon@kunsan.ac.kr

Tel © (063)469-4725, Fax : (063)469-4727
* Fahsta oiEhy J)AIF SR

w AR 7)edTe

sk AN S 71 A F o

-+

Ne gl

= At olFold gk ol F2 A7)
o Aoka A4 97 29y Ee F30°9, o)
A AE ANE BB AAR 9K 4D,
G AAgE FE WA fRes v 4
S0z AP ¢ Ak F2 A4 Bop AT 2
A7k me e A S AAse) Astel 3
A5 o|F WAL ol gl s gk

pIp-=s

=]
1o

v

olglgt wi7AS A EAUA Aol F2H
714 e g 549 A4dH Bt £ T2t
w714 me HAR deiMe ded d7Eel
NE o] R ok AA TETA el
7IAle AE 54E SAE AEle 0 g
ok wj7IAl] AR AE Tl % ¥l dH"
“JH AF 540 oW@dAE duEe AT e
a3lth. AF 5o AW FEA WAL AT
WY s g Al‘?‘r‘?‘i H7IAY A E
7h P AE A AARE AAst Al A



A =Z.

1 O

3 3ne

£ %] HAIHES & 4 9 Rolth =
A F8 Fol WZIAY A e BEFoR
A w7IAe W7 3 Sl 248 = ok
Hi71A1e] 2E B4 detd g 611 22l A
Hg] A3 Ao] BHEF olf-E oy HAE
T Aoy FARGOE A ?% 2 H71A9
78‘5‘ R ol BAl gskEel JlQd

°1] EEHE WA 54 2EF
9 HF
% Z\" of-¢- 01%3‘4 34:‘ =] o]
ZopellA
27t 75”3] 1”4 QXM] 44
Alg} 2ol i—i.’é}f?l ?{%a 7R F2EY AEE

=g
3
1—

ot
nl[o
e

Z 3 21 oo o
N
il
4o

Ll 2
_\,.L
b
H
;
o 1> r
[m
-
2
X
, ©
>

N

o] AteAE At 31% H7]74H A5E A
’”ﬁ.ﬁi BHE F de N2 Wke AAlstaat
gAY JY AEE HPFez &3

T A AZE FH A7) AAClE =] A
A7E ARHJEHD, o] AFelME o] 043}
of AA FEFY w7IAY AFL nHEFow 24
a3tk o] AN FE7} dste] AAZHoE A
g glon FojA LA Sl ujE w7 A
AAE}7)7 g o R £o)3 AHo) 9t

o] =% 4L oy 2ok 94 2] AX9Y
HeE ERkA A9t o)lF o]E ojfdll A
A TEFA WA AEE wEEor E4slo
AN &4 5 AFHAY. FFHo=E T3
A FA wi71Ae]l 4% ¥¥ A operational
deflectlon shape : ©|3} ODS)& F&3 V¥ F3

T Hgox Agdoz #Adsty 1 A0S 435
93‘3}.

2. Xt7] MAMel @z

Fig. 19 #}7] AAe] F+2& Yehsich v3&
AEY A/l 47 1489 97 AL AAe
o o] AN Ee] o8] AE2 ol Fig. 29 2
o] & Wgoz HY v A% YK (magnetic
flux density) & Zte Z7)ge] A" 4% =
el ZYE &dxols ez oy AT 7R
5 FA8A Fig. 39 AAe o)y A B
X SoA EElolE YRS FAE A wj#

DN
w
Q
_?E
H
B>
mio
>
of
o
it
o
rir

/4174 A3 %, 20074

P
3;.;

FAF0 AFEF wAe AAAND BTY
UE EEE ansysE ol&3le] A Awoltt
(case A). T A A7} A7 Wow $EF
&exolE FAA Moy ok A% UE X
= A5 o] Wsgitt(Case B). Fig. 4% BIth3
A7) st A AHA Bfjdo]l 9A WO T + 2mm
o MYE 2T 5 A% Sdwolsuiy A%
W3 A Adoltt. o] At éﬂri—r\ﬂ Py
o] Mo dial Aoz Wzlel= AL A5
290wz olg A (1) go] EHF & %1\;}

O=qav 4h)

71l @& AAGA Y W WY vel ©E
A&k, av AY AFE njsict

FH, FYo] Qe I FHAA Hgo] Azt
w2t gty Zdele thed Zo] Hde]-
#(Faraday—Lentz) WXl 93 Hz 71749
(electromotive force) g°] AR}

g=—N”Z—‘f (N: 22 8 2) ©

AR WY vE 2 2ol Azt dig %3}
8k (harmonic function) v=Ve” (V: 8¢ 37))
2 Yehd £ 4 (D& A @ ddshd b3 2
< 3E 4 F Ak

d (a Ve'™ )
dt

&e=-N =—Na(iw)Ve™ =-Nal(io)v

Fig. 1 Schematic diagram of the suggested mag-—
netic sensor used in the work



7523

A

.

o

ﬁd
=3
)
-,
1o,
it
o
i
o

5
o
<

Bosition in ¥ axis

005 o B.04
Magnetic flux density 8}

Fig. 2 Antisymmetric magnetic flux density gene—
rated inside the suggested sensor

R s

Position in Y axis

ECRE T ooz oo oo4
Magnetic ﬂux deas;ty {B ]

Bos o

Fig. 3 Change of magnetic flux density according
to the movement of the ferromagnetic pipe
(Case A: before movement, Case B: after
movement)

Displacement in y axis jmm}

Msgneﬁﬁc fhux ¢ ), e
Fig. 4 Variation of magnetic flux inside the sensor
according to the displacement of a
ferromagnetic pipe

2
30
o
10,
=
o
el

2
offl
fjo
e
o
ut
Ay

>4
<+ ox dlo
re E

I A
o X

o

T

=

o -
iy
[e3

], A AME 1}7]”4
A% olgstue HHEoE

LR SR A S
A= BAGel B8 F5ue

é{
=
1o e g

o -y rg
o, 3o oX
or

flo fol o
by e
o Lo
10 ox
A sk

B My > 2L
),

e,

Fig. 194 AR 3T A4 Was o 3713
SAE A9AY A" P ug wE SR ol
Ak FEe W) oWt WA AR WA
Fig. 19 w2 ARold 2% g2 wgoz
FabA A9 A e SEg A0l B 27
sz mase] A3A NFE AL 4 glon A

Z9 94 AR wa Atk A 909,

_1

3. Ol R

| g W

+SA HIIAS NE FF

3.1 48" FR Y

Fig. 5o A% A9 MEF=g vepddch 5%
e Fig. 60 vERd nlsl 22 g ate] W7o
24, G 92 80mmoltk AT 3L Sex
o=t A4 0.3mm% &dwo]l=E 27 130 mm,

L3 Boor,

R € suggested sensor
Exhaust systam

Preamplifier

F T:;na yzér
Fig. 5 Experimental setup diagram

Fig. 6 The exhaust system of a tested passenger

HRASHSTER=2H/A 178 A 32, 2007d/237



IR L I LT

o N F- B

WA 112mme BlE% 4% % 1503 ZobA A
Zsiginh, T3k 459 /sl Zzt 1449 10
mm X 20mm X 3mm& Nd—Fe-B 97A4& A
At AZ UFelA wi71d F wake] A7Fe
SR ARE AN ELS Fig 59148 o] 2}
#Fe sHpel AFTY, w7|AYd AEIR A=F
AAgitt. AA e FFANEL AEE TEL
X9 datge] Axste] wizje] x| A9
AFE SIS 33t} Fig. 72 1349 Ak
Azel]l e ARRloZA AR 971 AR dhgko
o SdlxolEedd 4T AsE AAFE7] SRS
SR 560004 FE3 F Fu¢ BAY] Agilent
35670AF o]&st] Fak BAEith
FY A =HoZREH §YHE A5 4TS d)
Astar wi7|AS AE Fde @
& AAAZ BHAAN MBS FFsA S F
AL F3H AHE FABA

mi oSk Ky

o
1 Tl
i
_OL
N
o
-_?é
—>r4-“
ot

)
of
o,
N
o%
_O'E
x

z-coordinate [mm}

Fig.7 The magnetic sensors installed on the
exhaust system(The numbers in parenthesis
denote z—coordinates of the sensors)

238/8t2 A2 XS LEHF

rr

=8/A 174 A3 3%, 20079

qovz AANr Bad RAZHE AME FUH
= A%L W% unEgich o] AeelA Ade A
Aol o8 EA4E wiZ|AS] RAF ANZE AT 49
o tha) vERNE Fig 83 ok Axe] <k 810
rpme F33A AgolEg wir)Ale] AssE A%
< A7 333 F] A g3 MFA 13.5Hz
(=810rpm/60sec)9 4715 AAY Adg Y
Zut o o3 NFQA 27Hz (=1 &% FF/2
A 1718 * 471% * 135 3A/2) @ 19 %
3l(harmonic) AE-ERE o]FoA Y& HOE 44
gt o)= 99 A% ANIE Fs BHYE F¢
oz vepdth(Fig. 9 Fx). o|2HE Ats Al
AEg 0]48 A5 uiZ|A AFE EAGle] 54
F g & T YAk

>

L

3.2 28 Mo 24 U ODSS £&
o] AolNE A7) ANE olgsie] ZHH AF A
s28E w742 ODSE £33 ATE AN,

Amplitude {V}

&
-

"o 01 0.4 o5

o2 0.3

Tirae (sec)

Fig. 8 Vibration signal measured by the suggested
sensor under idling condition

27 Mz {2w)
g
8
£ 008
5
2
54 Hx {4a)
13.5 Hz {10
0 20 40 80 80 100
Frequency (Mz}

Fig.9 FFT of the vibration signal measured by
the suggested sensor



TEEU ABR A AE 54 54

ODS+ HEHoRE BA Fugore F+2E9
HE gAoz AHYsin, HZ SolxeE 24 A%

shl ol gl F2E A2 OE 27 o) A
9 £F Y4E guishe 2oz Ho) 2,

ofdd Alxglo] 98 {Flo| g3 24 5%
“—/] T-L]'T oA ¥8 FF (X} o

-5 @

J
S
>

(S Al o

2
oV AR F FAshe Aol Aastt o 3
T AE Al Ad &l ds) 0DSE Ve
F otk Wl e ol des S
ODSE AiiA gl 54 Ads 7ledes 4
gkl HE ARST of 71FH Al A 2%
= AuHEye Zo] dasiy o] A= wizlA
o $&H A ODSE F74s] flste] F 1329
S48% d4ste Fig. 73 o] 54 HR AN
g At Aol ARSs WA Sdel F

2z

:

of $1x3 glx
ol S1x8) ik Ala
(exhaust pipe) °ll
Hell A=) ok = .6°ﬂ vrebd nps} 72
ol WZIAE AAIEH7] sl Al 8 9 Alel,
AA 18T 3 HEZY Alolox= dA FFEE AL
atoy wiZ1AIZE AbAle} AZAHo] k. delAf AF
S nis} o] ODSE A#R7] i 8}’«}31 7]
#70] Btk

H)| 7] o] 3T
(bellows) 9 nz

* of AFelM 130 MY A
ANTE 712 AzE A} Fig 7904 23 9o
A Bd HEYE VEeR S W A= T

gko 2 o] HXEZ(z—coordinate)S oj9|sith,
ODSE AXtelrl dalre 2 A8 &3 A

folr

ol 2] #¢ AFEY (auto power spectrum)-S
Artste] o]2HE A dvltte] Fuke E A% 259

W1 FEG OF, H9Pn TP Al Y

100 - - o
80

60

oDs

50 100 150 200 250 300 350
z-coordinate [mm]

Fig. 10 ODS at 1w (13.5Hz), 20w (27Hz) and 4w

(564 Hz)

400

39 AFEH (cross power spectrum)g T3H]
o|2HE 7|EH uFt 7t SHH A At T
37 ODSE 78 5 A "tk o] AFoAE Fu
T BAYE olgste] 7F #Y AHEHS AAlsta,
STAR-MODAL%E o]&3to] ODSE dejufiith
Aoz £ w7]A 9 ODSE Fig. 109 veh

Ak o714 25 Fig 7ol XS st 2o] B
o nEeE Tlzes ¥ A% FYY HES o
Peth 38 0DS WS ¥ AR e A
¥ owe 1, 2% 39 RE PR s ¥ 5
Ak ol T Wl Hls) o) 2 w7l U
S A4S s Folth B ME %

$e 3935 99 W5Fe) B 2L AFS
@)l WIES) AFe) A3 WA K AFE
2FHE) AN ARE ¢ % ek WP F

T e £ NI 9AF 229mm AW A
Zo] 2 gk AHolrh wehA W)Y A5l
Zo} AARE Bl AU 40D Aol A
Aoz @A o 299 AFL Fig 63 dol

HdzEog &4 3}1_‘:_
Al

AQEatsict. o] Aol ARG

FRASHESSI =2 /A 17 A A 35, 20073/239



A= olFG - FeES. - AgA.o)ad.- 34
AA wigo] EAR ANA T2 stol|A FA w8kl and Kim, M. B., 1992, “Dynamic Characteristics

T T A% Aol Wshs d4E ol &3l
HEEC "Ji—% %xé“‘ T At o] ANE ¢
g 3 e AYsA AR
o] g3t <R T3 Al 7]
& %@ﬂ@l oFAZA A =SR] gFgka uf
7179 £4F AF e FAE £ AU
Aol Adste AAE wEoz FIHAY o)
1A AE 54 APAHoE metd £ glogg
By, EE o] HAE FAY A FAFA A
Zoll B e WAY A A% E=F A
Aoz sfeta) & & ez Azt

(1) Kim, B. S. and Kang S. J., 1992, “Study on
ldling Vibrational Characteristics of Engine Exhaust
System” , Proceedings of the KSAE 1992 Fall
Annual Meeting, pp. 497 ~505.

(2) Kim, Y. Y., Lee, C. M,, Kim, Y. H. and Kim,
J. H., 1995, “The Bend Modeling Technique in the
Vibration Analysis of the Exhaust System” ,
Transactions of the KSME A, Vol. 19, No. 2, pp.
597~610.

(3) Yoon, K. R., 2002, “A Study on the Method
of Vibration Analysis for the Exhaust System in
Car Model” , Proceedings of the KSAE 2002
Spring Annual Meeting, pp. 760~765.

(4) Oh, J. E, Im, D. G, Lee, J. Y., Cho, J. H.

no
s
L
ok
Hi
B
ojo
]
oln
Okl
Jo
o
rr

=E/A 1749 A3 3%, 2007d

Identification of Automobile Exhaust System and
Determination of Hanger Optimal Position” ,
Transactions of the KSAE, Vol. 14, No. 3, pp. 58 ~70.

(5) Lee, S. S. and Lee, C. M., 1993, “A Study
on Determining Hanger Positions of Exhaust System
and the Effect of Bellows” , Proceedings of the
KSAE 1993 Spring Annual Meeting, pp. 315~321.

(6) Cho, M. and Jung, H., 2001, “Verification of
the Finite Element Model of an Automobile Exhaust
System Using Modal Testing” , Proceedings of the
KSNVE Annual Autumn Conference, pp. 665~670.

(7) Lee, C. M., Park, S. T. and Kim, S. H,
1997, “Application of Frequency Response Function
for Verification of the FEM Model of the Exhaust
System” , Transactions of the Korean Society for
Noise and Vibration Engineering, Vol. 7, No. 6, pp.
1049~1058.

(8) Rothberg, S. J. and Bell, J., 2004, “On the
Application of Laser Vibrometry to Translational
and Rotational Vibration Measurements on Rotating
Shaft” , Measurement 35, pp. 201~210.

(99 Han, S. W., 2005, Development and
Application of Magnetic Sensor for the Non—
contact Measurement of Bending Vibration, Ph. D.
Theses, Seoul National University.

(10) Ewins, D. J., 2000, Modal Testing: Theory,
Practice and Application, Research Studies Press
Ltd., Baldock, England.



