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Abstract : This study aims to estimate the combustion chamber pressure of a ship's main engine by installing
strain gauges on cylinder stud bolts to acquire and analyze strain data. By utilizing the pressure and strain
data, we calculated the force transmitted to the stud bolts and derived a calibration factor to estimate the
combustion chamber pressure. The experimental results showed high agreement between the estimated and
measured combustion chamber pressures with RMSE values ranging from 1.24 to 2.23, MSE values from 1.56
to 4.97, MAE values from 0.89 to 1.44, and an R? of 0.99 across 25%, 50% and 65% load conditions. This
study is useful for performance analysis of small and medium-sized ship engines where direct measurement of
combustion chamber pressure is difficult and presents a low-cost alternative to electronic pressure sensors in
the era of autonomous ships. This approach is expected to reduce reliance on expensive electronic pressure
sensors, lower maintenance costs, and improve the accuracy of engine performance analysis.
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Table 1 Specification of the main engine

Category Description

Model: MAN B&W 6L42MC-ME

Number of cylinder: 6

Cylinder bore: 420 mm

Main

engine

Stroke: 1,360 mm

MCR: 5,970 kW x 176 rpm
Mean effective pressure: 18.0 bar
Firing order: 1-5-3-4-2-6

Rotational direction: Clock wise

(@ Pressure sensor(Kistler)
@ Encoder
@ Strain gauge at stud bolt f —

Sensors

Table 2 Specifications for the experimental equipment

Category Description
Type: Incremental
Encoder Pulse/Rev.: 1024/1024
Output: A, B, Z
Model: Piezotron pressure sensor
Pressure Type: 6613CP
sensor Measuring range: 0-250 bar
Combined errors: <£1% of FS
Model: 482C05
Signal -
. Sensor input type: ICP
conditioner
Output range: 10 V
. Type: FCB-6-350
Strain -
Resistance: 350 Q
gauge
Gauge factor: 2.11 +1%

Fig. 12> A A@AA o] st A= U A
o 2HE 2E gy Axg AEHQ Aol
£ YeERdh wQl I8} 25%, 50%, 65% -5t
A ZAA e, A7) 4", 1 A-ee dad
el W WEE dolHE Systdrh 1w 3
4 dojge HdxEE Este] SIYLE
(Sampling rate)E 8,192 S/secZ A3t 3 Ho]g
g Asshec

Table 2= A&Ad|o] st AFFS el O,
a3 Aws 1 dde A 99 180

[ ]

A “"”“F=q
f-%@ lgm

y
Signal conditioner

Fig. 1 Overall experimental setup
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Data Measurement
(Row Data)

i

Data pre-processing

Data resampling
by crank angle

Il

Derivation of calibration factor

- Sensitivity & Offset

il

Data filtering & Smoothing

- Moving Average Filter

1

Compare engine performance

- Performance evaluation
- P-T diagram

Fig. 5 Flow chart of data pre-processing

2.4.1 Hlo|E] 2|M=T
Table 3& M| 25%, 50%, 65% H-3lo)A 1
Apol gl siEete tiEF el AlE(Sample) 5
Uetdey i) 1 Afo] S UrErd 5
A e AE e
o m&olA] ¢kl =
2hA 1 AtolEo 4T A o Y
delele] &Fe &7l Al Ada 4
AL HolHE dAED A

Table 3 Number of samples per cycle by engine load

Engine load Frequency Crank angle
[%] domain domain
25 4082 - 4088
50 3276 - 3278 720
65 3066 - 3082

=[S Z - OIZHE - OIXIS

242 uE A+ =&

HA MPEL AAtst7] s & dAFtolA=
62300 [Q ]9 77 AL Agston, o2
A @el ddshd Al )¢k 2ol MIEE 7Y
4 Qe

1 AB& RSRQ
‘ ?f( Ru ) (ARH_RO (R<+Hu)~196)
_ 1 (1.96)
2.11 ° 350
~ (0.00266 )

R,: Gauge resistance, R : Shunt resistance

Table 4% A7t AEE BEQ] AU Lehy
H, 0|2 4 (5), 4 (©)°] HASHA 4 (103} 2ol
AHE BEO A3 UL AN 4 vt

=0.00266 < (193 x 10°) x 0.0016
~ 821.41 [kMN] (10)

Table 4 Specification of cylinder stud bolt

Category Description
Number of each cylinder stud bolt: 8
) Cylinder stud bolt diameter: 45 mm
Cylinder - - -
Material : Stainless steel(Cr-Ni-Mo)
stud bolt
Young modulus: 193 GPa
Cross-sectional area: 0.0016 m’

Table 5 Sensitivity & Offset values of measurement

data
Description Sensitivity Offset
(Pressure average
No.1 Cylinder of cylinder BDC
pressure 50 [bar] +20° points) -
(Scav. air press)
No.l Cylinder
stud bolt strain | 504 [kN] )
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1 . Table 8 Result of MAE performance evaluation

Z(yfyAi)z
i=1 3 0,
AAAG(R? Score)= 1 — S R— (15) Evaluation Teslt Engine load (%)
Z (g, —y,)? cycle 25 50 65
i=1 1 0.878 | 1.310 | 1.569
2 0.894 | 1303 | 1.688
VA, Y A& Yy Ak ye A4S 3 | 0857 | 1305 | 1660
vol oo Lpehuich 4 1.006 | 1369 | 1.560
S ®ats = MAE 5 0.889 | 1.287 | 1.566
Table 6~9+= 5% 7IE Y3l AR 25%, 50%, 6 0912 | 1276 | 1593
65% H3tolA 1¥H Aol 8 Afo]F F A4 7 0859 | 1204 | 1.650
A 4o dE3H) =47-E RMSE, MSE, MAE, 8 0.843 | 1.304 | 1.690
R2 A EE AAbste] vepd Azfolrt. z+ A Avg | 0.892 | 1294 | 1.445

=279 HH-E RMSE 1.24-2.22, MSE 1.56-4.97,
MAE 0.89-1.442 eI, R2E= 0.992 A9 19 Table 9 Result of R? performance evaluation
e we HEE dehhd,

. Test Engine load (%)
Evaluation
cycle 25 50 65
Table 6 Result of RMSE performance evaluation | 0.995 0.994 0.994
) Test Engine load (%) 2 0.994 0.994 0.994
Evaluation
cycle 25 50 65 3 0.995 0.994 0.994
1 1.234 | 1.854 | 2.156 4 0.993 | 0.994 | 0.994
2 1.301 1.853 2.260 R? Score 5 0.995 0.995 0.994
3 1.183 1.832 2.316 6 0.994 0.995 0.994
4 1.372 1.928 2.194 7 0.995 0.995 0.994
RMSE 5 1.231 1.796 | 2.178 8 0995 | 0.994 | 0.993
6 1.252 1.783 2.172 Avg 0.994 0.994 0.994
7 1.219 1.706 | 2.228
8 1203 | 1.823 | 2335 Fig. 8~102 Q1A 2] 25%, 50%, 65% H-3}ol| A 1
Avg 1.249 | 1.821 | 2.229 W AlgE o] QA 1AFo]Z Zoto] g zhe-of
o glmolul, Axd ohee FAgY AZge
Table 7 Result of MSE performance evaluation Hn A =2 AXE Ve ot
, Test Engine load (%) SHATE 5 PAo] AlZtElE AWA A= 120°
Bvaluation | o ole [ 25 | 30 | & olF FAWI AZge AT} WAL AL
1| 1523 | 3440 | 4652 | AT 5 o9lom ole daddA vtasEE
2 1.695 | 3.436 | 5.109 WARE ol Yy AHE SER AYHe #
3 1401 | 3359 | 5365 ol M AlZERZE ASEG 7] w2 ol T 25%, 50%,
4 1.882 | 3.717 | 4.814 65% E3loA WAE QAR = 78T gx oF
MSE 5 1.516 | 3.227 | 4.745 1.5°0]1, o] A7t 992 3MAFS}H 2F 1.5~2 ms
6 1.568 3.182 4.718 Heojo] A|7Fx}7F WAy}l ).
7 1487 | 2913 | 4968 Sem FAa ZbE 2700 o] AT oA
8 | 1449 | 552 L S | g Aagke) ot wAlele A BT
Avg 1.565 | 3.324 | 4978 2 olth ol wWATAHe] olF wy|mu og
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