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Pressure-Measuring Transducer utilizing the Magnetostriction
Effect of Ferrite and its Application to the Field
of the Internal Combustion Engine

by
Yasuhiro HORI

A new pressure transducer using a ferrite core for a detecting element and its appli-
cations to the measurments of indicated horsepower and fuel injection rate of Diesel
engines are presented.

The properties cf a ferrite core selected out of commercialized supersonic vibrators
are investigated. The magnetic induction and the reversible permeability of the core
change in proportional to compressive stress at a part of higher induction than the knee
of the magnetization curve and the hysteresis of the respective change is not large. These
stress sensitivities are hardly influenced by temperature. In order to help our understanting
of those properties, the theoretical study based on the domain theory is done. An equation
for materials having negative magnetostriction, which indicates the relation between
magnetic induction changed by applying stresses and various foundamental constants of
the materials is developed. The frequency-response of the detecting element is examined.
The result shows that electro-magnetic losses are neglegible and good frequency-response
is obtaned up to a frequency of 65 kHz, limited by mechanical resonance.

Pressure can be transduced into voltage by utilizing either the change of magnetic
flux or the change of permeability. The transducers are classified by the transducing
methods as follows : direct acting type, amplitude-modulation type, frequency-modulation
type. General features of the transducers are itemized as follows: (1) Output is large. (2)
Inner impedance is minimized. (3) Frequency-responce is good. (4) Components are few
and mechanically tough.

The direct acting type transducer is applied to a horsepower indicator for monitoring
of a marine Diesel engine. The horsepower indicator indicates indicated horsepower,
indicated mean effective pressure and the maximum cylinder pressure. If a cathode ray
oscilloscope is used, this indicator can display a diagram of cylinder pressure vs time or
cylinder pressure vs cylinder volume on it. The test of the horsepower indicator is carried
out on the training ship “Ginga-Maru” for about 500 hours net. The test shows fairly
good results except that the sensitivity of the pressure transducer falls nearly at the rate

of 0.023 percent per hour, probably owning to combustion products piled up on the plunger
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head of the pressure transducer and the plunger head is slightly corroded.

Zeuch reported a method, by which the fuel injection rate of a Diesel engine was
obtained as the time derivatve of the pressure rise in a pressure chamber during injection.
The original injection rate meter is improved by using the direct acting type transducer
instead of a piezo-quarz pressure transducer. The new injection rate meter is easy to
handle and inexpensive. This measuring device is applied to measurement of the injection
rates of the injection system designed for a medium-sized, high-supercharged and exper-
imental engine. In particular, secondary injection observed there is shown in detail.
As another application of the device, the injection rates of the large-sized and geard Diesel

engine recently developed in our country are measured. The oscillating injection observed

at lower speed range is theoretically investigated.
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Table 1.1 Physical effects utilized for main mechano-electric tranducers.

Effect

Main object*

Sensitivity* ** Merit*

1. Resistance change due to variable | strain
dimensions and variable
resistivity of conductor

2. Piezoresistance effect of semicon- | strain
dutor.

of core position.

of air gap.
5. Piezoelectric effect of quartz or force
leadzirconate.
6. Magnetostriction effect of metal | force
or ferrite

3. Inductance change due to change | displacement

4. Capacitance change due to change | displacement

2 easy to handle and
small-sized.

100 high sensitivity.

1 V/mm stable and suitable for
large displacement
1V/p ultra-high sensitivity.

2.3X10712C/N | low temperature coefficient.
—12
600x107*C/N large output.
2000 large output.
1000

suitable for impact force.

* From ref. 44), except the item of piezoelectric effect.
** Values of no dimensions are given in gauge factor.
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Fig. 2.1. Size of a specimen
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Fig. 3.5. Detectors of piston displacement,

Fig. 3.7. Relation between indicated horsepower
engine speed and bottom dead centre

and shaft horsepower of the small-sized

1 Driving wheel coupled with a engine Diesel engine used for calibration.

shaft The curves show that the horsepower
2 Tachogenerator indicator can be calibrated by shaft
3 Clutch handle horsepowers added constant mechnical
4 Reducing gear losses at constant speed. The scale can
5 Differential trasformer for detecting be changed to that of another engine

piston displacement in proportional to the ratio of their
6 Reed switch for detecting b.d.c. cylinder volumes.
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(a) Pressure-time diagrams obtained with the
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and the amplitude modulation type
transducer

(b) Pressure-volume diagrams obtained with
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(c) Pressure-time diagrams obtained with the
amplitude modulation type transducer
(upper curve) and a strain-gauge type
transducer

(d) Pressure-volume diagrams obtained with
the same traasducers as mentioned at (c)

Fig. 3.9. Comparison of indicator diagrams obtained with three kind of transducers

(328)



21

[}

gavge type

with the direct acting type
transducer
+witha wire Strain- A
6 9auge type transducer

\
N
<

with the direct acting fype
transducer

ing

LHP obtained with the direct actin
type transducer and g wire strain-gauge

Lype transducer, Kglcnm?
N
S

~
S
Q

with @ wire Strain-
+ gauge type transcucer

K
S

N

er and g wire strain-
Kg/cm?

N
S
N

o
IS}
IME.P obtained with the direct acling

type transduc
transducer

0 20 40 60 &0 (00 /20 2 4 6 8
IHR obtained with the amplitude IMEP obtained with the amp/itude
modulation type transducer, Kg/cm? modulation type transducet, Kg/cm?

(a) (b)

A
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Fig. 3.14. Indicator diagrams displayed on the cathode ray oscilloscope
of the horsepower indicator (right side) and those obtained
with a Maihak indicator in following condition : (a) full speed,
(b) Half speed, (c) Slow speed
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Fig. 3.16. Measuring results through a voyage
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Fig. 3.17.

(b)

(a) Plunger head of the pressure transducer after use of 239 hours, remaining

trace of blow-by, and (b) the same part as shown by (a), of the substituted

pressure transducer after use of 257 hours till the end of the test.

In the

latter case, slight corrosions are observed but trace of blow-by is not.
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Fig. 4.1. Injection rate meter designed for a
medium-size injection system
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Fig. 4.3. Signals out of the pressure transducer, passed through a
low-pass filter of various cutoff-frequencies: (a) 10 kHz,

(b) 5 kHz, (c) 2 kHz,
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MWEZTHD, aTHEIOD TREIEHIKE-T, E Fig. 4.4. Pressure change due to injection
Hid8Tkg/em® FTLET 5, WHEAIE 24ms T into thedmea.xs;lnring chamber,

- s e I . measured with a strain-gauge
b3, c 'Cdif]‘l* DX B ATHON th 3 1 % pressure transducer (upper curve)
O, RELBBSEANETL, BEEEEEOMICd and output of the injection rate
E5, BHHMPOBMEFOHIPES E £ 5 2 meter
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o= Numerical derivatives of pressures
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Fig. 4.5. Comparison of the signal out of the injection rate
meter and numerical derivatives of the pressure
change shown in Fig. 4.4,

%, K4.51, EHERE®RSL T, BHEHEFHLIDD
W EHB LU TR 72,

YUY v HERORBREDIDIC, BEMSE I
MHBA LN EH, FNEFEL DRSO TA
REBBOHITEDBD I —HKL T3,

X4.6iF, K4.40HHEEL, 2vazxa—TORk
ELREIEELZ I TE-7d0TH B, FHIL, M
HFEAOTRUEL -EBHETH 5, T OEHERG&
R od CCER» SHEL EAER 1.94cm?
T, bShFRIDoRHESE, —EEr 2V ) vy
IWER L, T0&&OEHR Y FOREEED SERE
HELE L TRDIFIROBEHE 2.09cm? iGLHET
b5, BHERLBHEOENLOMGREL L, ¢
T, KAHET D - 7.8, V=610cm?,
n=520, S=1.54cm?, ¢=200cm/V, a=8.78%X107°
cm?/kg, A=8.41X10"°Wb/kg T& 2, 55, a T

Fig. 4.6.

Mesuring example of injection rate
(upper curve) and injection pressure
at a speed of 200 rpm and a injection
quantities of 2.09 cc. Vertical scale:
injection rate 42.9 cc/s/div. Sweep
speed : 5 ms/div.
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REROBELISH-RHTOEHRT, 4.1 Rz
FE->TEBRMIIBONKETS 5, HHE EDENE
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EHEZREDLD 5 LERRIC, BHIMLOTREFSL
fenEER I,

4.5.1 FEBEE K471, RBLLEHRD
BRER LT, COBRRIE, EEHORNCHEINL
WAL T, BaBEoBBENE OIS, oD
Ry 7LD OBERERORKRIERFOBBRT
b5, TOFELFEITCE, 2EDLHITH 5,

Auxiliary injection pipe

Check valve

Main injection pipe
Filter

Check valve

Injection valve ~
L Auxiliary ‘injcction pump

—l —I W -Main injection pump

Schematic diagram of the injection

system for a medium-sized and

experimental Diesel eagine

Injection pump: main PF1CD200A,
auxiliary PF1CD130A

Injection pipe: main 3.5X10X740mm
auxiliary 3.0x8Xx740mm

Nozzle : diameter 0.30mm, number 9
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AR

MEE A 7 X, PFICD200A, A4 Y 7 +18mm,
S5y /R rr—43mm, 735 E20mm, HH
FH S E L E472mm?

S - AVEI0mm X 3. 5mm X B & 740mm

S - B DL 140T, MO8 0.3mm, RO
9, BASFF 280 kg/cm?

FEHES R

R 7 X PFICDI30A, #4 Y 7 + 18mm

/00
Velocity ata speed
of 400¥pm
0-75 /'}_ /\/
Q § /
I 4
5 050 g
2 3 /// \
2 Lift
Y 025 |os / %
0 20 40 60 80
Cam angle, degree
Fig. 4.8. Characteristic curve of the cam

Test equipment for the injection
rate meter

1 Injection rate meter
2 Injection system

3 Reduction gear

4 D.c. dynamometer
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Rack d/sp/dcemenf, mm

. Illl...ll-.lll
’ EENEEEEES

75 100 125 350 175 200 225 250 215 300 325 350 375 400
Rotational speed, rpm

Fig. 4.10. Injection rates (upper curve) and valve lifts at various speeds
and various injection quantities
Sweep speed : 10 ms/div. at various speeds below 225 rpm and
5 ms/div. at various speeds above 250 rpm

c)

b «H

S
P eed 150 200 300 rpm

Fig. 4.11. Injection rates accompanied with secondary injection caused by
pressure accumulated in the auxiriary injection pipe (upper side)
and injection rates restored to the normal condition by the check
valve attached to the pipe, as shown with chaine line in Fig. 4.7.
Upper curve: Injection rate
Lower curve: Injection pressure
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Fig. 4.12. Comparison of injection pressures
measured at the valve side (lower
curve) and the pump side of the
injection pipe

5y /A ru—2s3mm, 75 v +%13mm, 0
O S E L& 204mm?

B A% 8 mm X % 3 mm X £ §740mm
B Y FOh LR, K4.8 IR 7o, HHE[D
&3 400rpm TH 2, K49 BERKET, 11
WHERE, 2 (MR, 3 13BIE 7.5 OBERE, 4
RERER O 50 PS OERBLSE G Th 2, BES
KHRBMHBEOT, BTAEEDIFIH -7, HHEK

- [ N w
“ > - o

Rack displacement, mm
S

15 100 125 150 115 200

Btid, M4 1ICORLBEEREDL, 4480 K 0FE
T B TLEFH O DTH B, B —/¥X » 7 4 VA&
DIEWE WS Z 1kHz & L1,

4.5.2 EERHR 410k, 59 /uBBLY
AL L TREL ERE, AR » 71
B, BARIEmEEEEZ TN, chic & »
T, BHROKUZHHET 2 EMNTE S, Logd
EHET, £OTKEBZL L THROTEA V&7 4
YRRDENEEE-T, HEIFOY 7 22 &L
fro 7w VHIE% 25mm KEEL T, BREEEE
ATHMHBE, T5rpm TREREEHZLTED,
100 rpm TEFARFEER by XOMTREL TH D
EH O IRBNTH 2, ChOEEETOE & i A&
T, Bolot g —VBZHIXBEONET L E 0,
125 rpm T{RIZIFIEFERLEHRSLEIN T SH, 150
rpm TR TREHHE CTW S, 175rpm BLET,
FOBFR—ET, FOBMEIZTEHB LEEEHO
EICHZBH, IBEB->TRMED 5 EEHRIT K
AR { CTEEB OMMC OB - bDTHB L
Ehbh b, TOEHIC, EEOEMELITHL « T
Y NTED LB RAKIBICEY, CoREL
FAHEbE 2 BEOREIRE 400rpm O & i ld 42°
Kb ->Td, TOMIBFIED 24.5° IKETH

250 275 300 325 350

Rotational speed, rpm

Fig. 4.13. Injection rates (upper curve) and valve lifts at varous speeds and

various injection quantities

Sweep speed : 10 ms/div. at various speeds below 225 rpm and
5 ms/div. at various speeds above 250 rpm
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400 rpm o BETHERTABHRICBOT, KW
150 rpm TRBHDIC 2 DRBEBIELETH DD
T, ZORREZHE~T, K4 11@)b)e)ic, 7 v 74
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%, K4.1213, BHEHEORY 7 (L) &/ XuiEo
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o= Improved system
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Crink angle, degree
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Injection rate, Kcal/deg.
Qe

Fig. 4.14. Injection rates actually occured in
the Diesel engine, measured by
pressure-lift method
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JiofticFDEROS 2 EBEZ 5N D, K4.11
(b)e) T, HEDOHK LB - 2 DRBES
&> THEABE TR 2 9hIc3 D, HHOEU S
ToTNBTENRENTNWE, £CT, %DOHEHE
ELT, M4.7hicgg R Lickdic, MBImEaE
O, FREEEEART SETCE ERERG T, WR
MOMETB AR, Fhick > TEHESN-EEH
K, M4.11@D BN TH D, FIOEAIE~RT,

80
A
g
S
2
¢
Y \
2 40
g N
Q \\\
—o— Running with the improved \\g

20 system

-~ Running with the original
System

170 180 /90 200 210 220 230
Crank angle, degree

Fig. 4.15. Comparison of cylinder pressures,
when the Diesel engine is operatd
by the injection rates as shown by
Fig. 4.14.

Table 4.1 Conparison of running performances of the Diesel engine
operated by the injection rates as shown by Fig. 4.14.

speed rpm
brake horsepower PS
maximum cylinder pressure kg/cm?
specific fuel comsumption g/PS+h
exhaust gas temperature °C
smoke concentration* —
brake mean effective pressure kg/cm?
delivery pressure kg/cm?

igé%i‘ég‘;yr?gﬁeg;g; Normal injection rate
364 364
116 114
66. 5 72
164 158
335 310
2.7 1.7
8.68 8.55
1.61 1.58

* Bosch Index
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EIr—SikKBETLTED, BHOKOILEHNTH
b, 7212, 300rpm Tid, BTHEDOENEHNT-DH
i, Thd+0%s & Su0MicE B HsEEL, b
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REHER, X4.15034 Oy — 28N, 4.1 38
BEEEELTRLEDDTH S, 197°C AfNTICE —
2 EFOH EEBIMANBIE o2 EiT kD, W
WHEEHNI 7%, HBRBED20C, PSEHRENE .
VasAVFy I ATIHEITTIR->TWES,

4.6 XEFEMABENOER

IEI, bBET, 1¥Y) y&£Hb 1500PS ol
NEROBEEMHOBHIEY —F « 7 4 —H L
BB S ichs, ZOBRRERT, ERIEO—-
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ELT, ZORREBRNB,

4.6.1 EEEE  [X4.161C, BHAOKEER
Uico BERY 71, WlfpERLD,, 20FEHE
g, 2EFDEBDTH B,

/njection va/}/e
X=-1 X=0

3]
1

1
Injection pipé )
-, G
Injection pump -,

to=mrdd | =D/ 1
k=mdiq =mdi/4

fily) = Ty, Sing, (y+4) ,
h=(dyp~dyX cotp,-colp;)

Details of the
need/e valve

Fig. 4.16. Schematic diagram of the injection
system for a large-size and medium-
speed Diesel engine
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BHE 7 X Ky val¥, H4Y 7 b6mm
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Fig. 4.17. Injection-rate meter designed for
the injection system as shown by
Fig. 4.16.

1 Injection valve

2 Measuring chamber
3 Plunger

4 Ferrite core
5 Overflow valve
6 Cam

7 Coil spring
8

9

0

1

Cl

|

Volume-adjusting cylinder
Bolt for air-escape
Cooling pipe
Thermoelectric couple
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3, TOMOEER, FIROLDLEFLTH S,

Fig. 4.18. Test equipment for the injection
rate meter

injection rate meter
Injection valve
Injection pump
Injection pipe

Fly wheel
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HEATFIS2E, 80rpm TEFMAIXA by iCEL
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BHOETNIREN S, SSIKEEETIFSEL, 2o
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ZIEEEEE TOMB R, K4 20TRLCERES
)7 EDHFEMNEEFHREEELTEAD S E,
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COBEBAERENOEERFHRRE L TELA,
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T, KRTHEDT,

ow , 1 adp

o +7W=O (4.6)
ow 1 p _
“ox T ae ot 4.7

T, t 3R, x BEHEECH > CoMNBEERE,
a FHOFE 0 IHOBETH 5,
BRMTOBRARMEE, >2¥FOXSIKEL,
Ry 7RITIE, B—EEETHPRAT S, T2
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185

65

Fig. 4.19.

50 rpm

Injection rates (upper curve) and valve lifts at various speeds

and an injection quantity of about 27 cc/stroke.

Vertical scale :

Injection rate 0.29 cc/ms/div.

Sweep speed : 10 ms/div. at various speeeds below 65 rpm and
5 ms/div. at various speeds above 80 rpm
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Lift of the needle valve,
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Fig. 4.20.

Flow rate, cni/s
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Relation between flow rate and
needle valve
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1

(4.18)

Qu=4/ ?2): VBo=by / (efo(301 (3ot h)

(4.6) X0 (4.16) TTOXD S, ¢ 2IBELEE L
TBL, 4 REHEET S, DXOLBRRHE S N
%62)0

I T
[ (fa))2 T (pasy? ] (4.19)

ZCT, hi3N4 160 TRUICERTH %,

R TOEEBSEZL S5 E Q M ETD,

2,
(wagd&muvm%—%ﬁﬁgkﬂ +1) )4.10) (4.1D) 75 po Yo BRB SN F, T OFEER
MBICBT2 Qp & Qy i (4.18) (4.19) 518 o h
+(Qy+fol){f+pf2%9Q§’}(e _,_D %o EEMIE, Thd Qoo Qp Qv & EHTRICH
(afe) T BEREE - T, BIERRIC L -T (4.17) L0
LN b, 4.2 FHERET, (4.17) ofobT,
+i{m22+02+k; _ofQ0Qy }(e“ -1
ap (pafa)? JHEBRDEN_DERL 72, FHHEICH - 72 ERITES
=0 4.1D) THRHERE, 2¥0EBDTH D,
Table 4.2 Proper valtes obtained from eq. (4 17).
nrpm | 50 | 6 { { 108 } 156 185
Q cc/s 740 890 996 1430 1630 1730
po kg/cm® 434 443 450 504 583 654
Yo cm 0. 044 0.048 0. 065 0.120 0.150 0.150
X —9.06+1250i| —12.5-+1250i| —15.6+1250i| —89. 5-1400i
(199Hz) (19912) (199Hz) | - (223Hz)
s 406+20701 | 347-F2890i | 270+2860i | —50.642680i| —129-+2480i | —138-+2480i
(473Hz) (4601z2) (455Hz) (426Hz) (3951z) (395Hz)
a=1.35X10°cm/s, E=1.67x10%kg/cm?, RBEPREONE T EPRENTED, CUSEAE
JSo=1.13cm?, f1=0.972cm?, f;=0.159cm? 4172 126Hz & 400Hz OIS T LD THS S,
Fo(3)=0.725(3+6. 40X 107%)cm?, h=6.40x107° WEE AR Y 7 OEESE B S &, 199Hz O ORER

cm, k=1.15%10%kg/cm, £==1.71X10%m,

m=4.17x10"*kg+s?/cm, P=343kg, p,=30kg/

cm?, ¢=0.479cm?, V=1.95cm? pe=0.7, m

=0.9, 0=0, p=9.38x10""kg+s/cm*

L AT L OVEHRHR Y IHRHOE T, BLOH
FTORIMMASNTEY, ¢ BEHFHBEON
EREMNE SN T3, 7z, WSy 7REIESRICH
B Qo i, [X4.19 OSSR hER & D 2 O
BABETE L TROEE E - 12,

50rpm DFEEHS B &, 199HzOEEER L473HD

BAREL, 473z DFOFREBEII/NES 1B T EATR
ENTEY, KRTOMHE—FKT S, FHR b yo¥
T THL LI 5N 208K 108rpm O icdH b,
Zh L OEERTRAER b v ICEE S TR
9, BOFEROADBEES B,

*UIDIEBNT k>0 OHETHD, Zhid

2La 285
(Qp ~71)( * +1)+%{e“ —1)=0

eV
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