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Abstract: A crankcase explosion relief valve (ERV) is installed to prevent accidents caused by explosions inside the crankcase of 

marine engines. Engine manufacturers demand lower prices of parts due to declining shipbuilding and engine prices. PROSAVE de-

veloped an ERV for a 30% cost saving. The developed ERV is the largest product to be installed in marine diesel engines. In this study, 

structural analysis was conducted on the ERV, and the radial displacement and von Mises stress were within the allowable range. An 

explosion test was performed according to criteria set by the International Association of Classification Societies (IACS) to evaluate 

the performance of the ERV. The test results show that the difference between the reference pressure and explosion pressure satisfies 

the IACS reference value, and the ERV was sufficiently airtight after the explosion. Flames did not spread outside during the explosion, 

the temperature rise in the flame arrester was acceptable, and there was no damage to the components. According to the performance 

test results, the ERV developed by PROSAVE satisfied the criteria required by the IACS, and the ERV showed a reliable performance 

at a 30% production cost saving. 
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1. Introduction

Explosions caused by oil mist inside the crankcase of marine die-

sel engines can cause damage to the engine as well as human casu-

alties. Therefore, crankcase explosion relief valves (ERVs) are in-

stalled in diesel engines to prevent such accidents [1]. 

Computational fluid dynamics (CFD) has been used to study the 

occurrence of explosions in exhaust systems in ships using liquefied 

petroleum gas (LPG) as fuel. The results of the numerical analysis 

can be used to design the safety device of the exhaust system in LPG 

ships [2]. In addition, CFD has been used to analyze explosion acci-

dents occurring in ships using liquefied natural gas (LNG) as fuel. 

The explosion pressure can be predicted using an explosion analysis 

[3]. To develop a relief valve, it is necessary to conduct a numerical 

analysis, and to analyze the flow characteristics of the relief valve 

using CFD [4]. Previous studies have performed analyses related to 

flow and explosions using CFD, however this study conducted a 

structural analysis of the manufacturing cost savings of an ERV. 

Advanced research has been conducted to analyze the structure of 

the ERV. Jiang et al. [5] analyzed the structure of the flame arresters 

of crankcase ERVs and suggested a guide for their design. Lee et al. 

[6] conducted a structural analysis on the crankcase ERV spring of 

LNG-fueled ships and proposed an application method in the field 

where it is difficult to apply the coil spring because of the narrow 

space. 

As aforementioned, the previous research has studied the ERV of 

the crankcase to evaluate the performance, however the ERV of the 

intake and exhaust system was not analyzed. This study focused on 

the structural analysis of ERVs applied to intake and exhaust sys-

tems. Structural analysis was also conducted to reduce manufactur-

ing costs. 

The provisions related to ERVs are specified in UR M9 and UR 

M66 by the International Association of Classification Societies 

(IACS). IACS UR M9 specifies the installation of ERVs for marine 

diesel engines and the compulsory installation of ERVs for internal 

combustion engines with a cylinder bore of 200 mm and above [7]. 

IACS UR M66 defines the test materials and methods for crankcase 

explosion relief valves [8]. MAN Energy Solutions who are engine 

manufacturers, approve products that meet the criteria of the IACS 

regulations [9]. 
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PROSAVE Co., Ltd (Korea) and Hoerbiger (Switzerland) are 

leading players in the ERV market. PROSAVE has a market share of 

more than 60% in Korea. Owing to declining shipbuilding prices and 

engine prices, engine manufacturers continue to demand lower parts 

prices. Therefore, PROSAVE developed an ERV that could reduce 

the price of parts [10]. 

Existing ERVs are installed in the crankcases of engines to protect 

against accidents caused by oil mist, but recently, demand has in-

creased owing to the need to additionally install ERVs in the intake 

and exhaust systems of an engine using dual fuel. As the number of 

ERVs installed on the ship increases, lowering the manufacturing 

cost is essential for manufacturers and shipowners, so that they can 

ensure stability of the engine systems. 

The ERV was developed by reducing the width of the flame ar-

rester and changing its shape. The total weight and manufacturing 

costs were reduced through this process. A structural analysis was 

performed to calculate the radial displacement and von Mises stress 

to confirm the ERV design. Finally, an explosion test was performed 

according to the IACS regulations to check if the developed product 

satisfied the regulations [11]. 

In this study, we attempted to reduce the manufacturing cost by 

changing the structure and confirming its stability through structural 

analysis. 

2. The Structure of the Developed ERV
Figure 1 shows the structure of the developed ERV, which is com-

posed of a cover, spring, disk, flange, and flame arrester. The ERV 

induces flames from an explosion in the crankcase and prevents 

flames from escaping the crankcase by quenching the temperature as 

it passes through the flame arrester [12]. The relief pressure is set 

using a spring between the cover and the disc. This spring is a cone 

spring that meets the cover and disk [6]. 

Table 1: Specifications of the crankcase ERV 

Item Specification Unit 

Airtightness of valve 0.049 barg / 30 sec 
Opening pressure 0.05 ± 20% bar 

Flame trap: thickness 0.6 mm 
Flame trap: weight 30 kgf 
Flame trap: width 18.93 ~ 25.18 mm 

Number of flame trap layers 4 - 
ERV: weight 200 kgf 
Coil diameter 20 mm 

Spring deflection 308 mm 
Mean coil diameter of top 168 mm 

Mean coil diameter of bottom 551 mm 

PROSAVE developed an ERV that could reduce production costs 

by 30%. Table 1 lists the specifications of the developed ERV. The 

company reduced the price of parts by reducing the width of the 

flame arrester compared to other products and changed the shape 

from horizontal to vertical. For cost reduction, the most significant 

change was made in the thickness of the flame trap. The thickness 

was reduced from 1.0 mm to 0.6 mm. The element width was re-

duced from 80 mm to 47 mm, and the diameter of the flange and 

cover was reduced from 987 to 930 mm. The weight decreased from 

220 to 200 kgf. 

3. Structure Analysis of ERV
3.1 Modeling and analysis conditions 

The thickness of the developed ERV trap was reduced from 1.0 

mm to 0.6 mm to save costs, and structural analysis was performed 

by modeling this in the same way as the actual shape. To compare 

the developed ERV with the conventional ERV, the variables were 

set as trap thicknesses of 1.0 mm and 0.6 mm and performed struc-

tural analysis. The trap was one body and was wound in four layers 

in a cylindrical shape. The results of the four layers of traps were 

compared based on the position on the same straight line. For struc-

tural analysis, the finite element analysis code Ansys Mechanical 

2020 R1 was used, and the results of radial displacement and von 

Mises stress analysis were compared. 

Figure 2 shows the shape of the ERV for structural analysis, in 

which the model was simplified by excluding the components that 

did not affect the analysis results. The size of the trap hole and the 

gap of each wound layer were the same in the 1.0 mm and 0.6 mm 

models and were modeled in the same shape as the model in which 

the explosion test was conducted. 

Figure 1: Structure of the crankcase ERV 
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Table 2: The material properties of each part 

Property SAE9254 
(Spring) 

SPCC 
(Trap) 

Steel 
(Others) 

Density (kg/m3) 7850 7872 7850 
Young’s modulus (MPa) 200 200 210 

Poisson’s ratio 0.29 0.29 0.3 
Thermal expansion 

coefficient (/K) 
1.2×10-5 1.2×10-5 1.2×10-5 

Specific heat (J/kg) 470 470 434 
Thermal conductivity 

(W/mK) 
52 27.3 60.5 

Yield stress (MPa) 360 170 250 
Tensile stress (MPa) 660 270 460 

Structure color Blue Red Gray 

Because the bottom of the ERV base flange is attached and fixed 

to the engine, all six degrees of freedom of the base flange bottom 

were restrained and fixed, as shown in Figure 3. 

 Table 2 lists the material property values for each part used in the 

structural analysis. In terms of the material properties, SAE9254, 

SPCC, and mild steel were applied to spring, trap, and other compo-

nents, respectively. 

 In terms of the loading conditions, the pressure calculated through 

the explosion analysis was used. Figure 4 shows the pressure distri-

bution during the early stage of the ERV explosion. The pressure ap-

plied to the ERV differed according to the trap layer. In terms of de-

fining the innermost layer as the first layer, the maximum pressures 

applied to the first to fourth layers are 0.0295, 0.0286, 0.0277, and 

0.0268 MPa, respectively. For the temperature, 300 °C was applied 

by referring to the test results. 

Figure 4: Pressure distribution during explosions analysis 

3.2 Radial displacement results 
The radial displacement of the trap was calculated according to the 

temperature and pressure during the relief valve explosion. Although 

there are no criteria for allowable values of displacement, the goal 

was to develop an ERV that does not cause a displacement of more 

than 20% based on the spacing between each layer. 

Figure 5 shows the radial displacement of each layer when the 

trap thickness is 1.0 mm. The largest displacement (0.35 mm) ap-

peared at the inner-most layer, and the displacements decreased to-

ward the outer layers. The displacement of the conventional ERV 

was up to 13.8% based on the spacing between each layer. 

Figure 5: Radial displacement when the trap thickness is 1.0 mm 

Figure 2: ERV structural analysis modeling for (a) Entire struc-

ture, (b) Entire trap structure, (c) Enlarged shape of 4-layer trap 

structure, (d) Trap structure mesh 

Figure 3: Structural boundary conditions. (six degrees of free-

dom restraint on the bottom of ERV Base Flange) 
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Figure 6: Radial displacement when the trap thickness is 0.6 mm 

Figure 8: Von Mises stress when the trap thickness is 0.6 mm 

Figure 6 shows the radial displacement and radial displacement 

of each layer when the trap thickness is 0.6 mm. The largest displace-

ment (0.46 mm) appeared at the innermost layer, and the displace-

ments decreased toward the outer layers. The displacement of the de-

veloped ERV was up to 18.1%, based on the spacing between each 

layer. This satisfies the goal of developing a product with less than 

20% spacing between the layers. 

3.3 Von Mises stress results 
The von Mises stress applied to the trap was calculated as the pres-

sure and temperature increased owing to an explosion in the ERV. 

The material of the trap was SPCC, the yield stress was 170 MPa, 

and the tensile strength was 270 MPa; therefore, plastic strain oc-

curred at a stress of 170–270 MPa, and the trap was damaged if the 

stress was over 270 MPa. 

Figure 7 shows the von Mises stress when the trap thickness is 1 

mm. The maximum stress (117.3 MPa) appeared in the innermost 

layer, and the stress decreased toward the outer layers. The maximum 

stress was equivalent to 69.0% of the allowable stress (yield stress); 

therefore, the trap will not be damaged in the event of an explosion. 

Figure 8 shows the von Mises stress when the trap thickness is 0.6 

mm. The maximum stress (139.5 MPa) occurred in the innermost 

layer, and the stress decreased toward the outer layers. The maximum 

stress was equivalent to 82.1% of the allowable stress, so the trap 

would not be damaged in the event of an explosion. 

Table 3 compares the structural analysis results when the trap 

thickness is 1.0 mm and 0.6 mm. Although the displacement and 

stress were higher at 0.6 mm than at 1.0 mm, the maximum stress of 

the 0.6 mm trap is still less than the yield stress of the material (170 

MPa), so the trap will not be damaged in the event of an ERV explo-

sion. 

4. Method of explosion test
Many organizations have explosion test equipment for relief 

valves, but only a limited number can test ERVs according to the 

regulations. The explosion test of this study was performed by 

FYZIKÁLNĚ TECHNICKÝ ZKUŠEBNÍ ÚSTAV (FTZU) in the 

Czech Republic, which is an institute approved by MAN Energy So-

lutions. 

Table 4 lists the parameters of the explosion tests. The capacity of 

the pressure vessel is determined by the size of the ERV, according 

to the IACS UR M66. The capacity of the pressure vessel used in the 

explosion test was 10 m3, which is the largest capacity for pressure 

vessels in the ERV explosion tests. 

Figure 9 shows the configuration of the explosion test apparatus. 

The pressure vessel was filled with a methane-air mixture of 9.5 

vol% methane, and the explosion inside the pressure vessel was 

caused by ignition with an energy of 100 J or less on the opposite 

side of the ERV. 

Figure 7: Von Mises stress when the trap thickness is 1.0 mm 

Table 3: Results of structure analysis 

Trap thickness 
(mm) 

Radial displacement 
(mm) 

Von Mises 
stress 
(MPa) 

1.0 0.35 117.3 
0.6 0.46 139.5 

Table 4:  Parameter of explosion test 
Parameter Value Unit 
Free area 3,905 cm2 

Chamber volume 10 m3 
Methane concentration 9.5 ± 0.5 Vol% 

Ignition energy 100 or less J 
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Figure 9: Configuration of explosion test apparatus and pres-

sure measured points 

In all explosion tests, the pressure was measured at the same two 

positions: Point 1 was the center of the pressure vessel and Point 2 

was the neck of the ERV. 

Two types of pressure transducers were used, depending on the 

pressure. The 701A piezoelectric pressure transducer from Kistler 

was used for pressures above atmospheric pressure. An under-pres-

sure transducer and data logger Almemo2950 was used for vacuum 

pressure. The vacuum pressure was measured to confirm whether the 

valve was shut off and kept tight after the explosion. The methane 

concentration was measured using an infrared gas analyzer (Nicolet 

Avatar FT IR 32). 

In terms of the methane concentration, a 9.5 ±0.5 vol% methane-

air mixture was used for the explosion test. The maximum explosion 

pressure (8.61 bar) occurred when the concentration of methane was 

9.6% [13]. 

The explosion test was performed in two stages in accordance 

with IACS US M66 (Rev. 3 Jan. 2008), which is required by MAN 

Energy Solutions [14]. The first stage was a foil test, where a 0.05 

mm thick polyethylene film was installed in the place where the ERV 

should be installed, and then ignited to measure the explosion pres-

sure inside the chamber. The purpose of the foil test is to establish a 

reference pressure to determine the performance of the ERV when 

the pressure rises in the pressure vessel. The performance of the ERV 

was evaluated by comparing the difference between the reference 

pressure determined in the foil test and the pressure from the follow-

ing explosion test. The difference between the reference pressure and 

the maximum pressure of the explosion test is regulated to be within 

1.4 barg to minimize the engine damage when an explosion occurs 

in the crankcase. 

The second stage consisted of two explosion tests after the instal-

lation of the ERV. The first explosion test was carried out by wrap-

ping a 0.05 mm thick polyethylene bag around the ERV before in-

stalling it for the test. The purpose of the polyethylene bag was to 

confirm whether the flame arrester prevented flames from escaping. 

During the experiment, the ERV opened and some unburned me-

thane-air mixture remained in the polyethylene bag. If flames escape 

through the flame arrester, the unburned methane-air mixture re-

maining in the polyethylene bag will ignite.  

The 2nd explosion test was performed without a polyethylene bag. 

The average temperature outside the flame arrester must remain be-

low 220 °C after the explosion, and the ERV must operate normally 

after the 2nd explosion test. 

After each explosion test, the test container was kept closed for at 

least 10 s to ensure the robustness of the ERV. The robustness of the 

ERV was confirmed by measuring the vacuum pressure after the ex-

plosion test. 

5. Results of explosion test
Explosion tests need to be conducted on the ERV to check whether 

it meets the regulations and the results need to be analyzed based on 

the regulations proposed by the IACS and engine manufacturer. In 

the test procedure, after performing the foil test, two explosion tests 

were performed to check the pressure and vacuum pressure and were 

observed with a thermal imaging camera to check whether the flame 

was leaking. 

5.1 Foil test 
Figure 10 shows the explosion pressure over time in the foil test. 

The maximum pressure occurred 0.5 sec after ignition and was 0.44 

barg at Point 1 and 0.32 barg at Point 2. Although the maximum pres-

sure appeared at the same time, the pressure at Point 2 was less be-

cause the diameter of the neck was smaller than the diameter of the 

pressure vessel. This study set 0.44 barg (Point 1) as the reference 

pressure and compared it with the results of the explosion test. 

5.2 First explosion test 
Figure 11 shows the explosion pressure results of the first explo-

sion test. The maximum explosion pressure was 1.75 barg at Point 1 

and 1.73 barg at Point 2. 

In terms of comparing the results of the first explosion test 

with the foil test, there was a pressure difference of 1.31 barg. 

Because MAN Energy Solutions regulations require a pressure 

difference of less than 1.40 barg, the results satisfy the 



Jong-Hwan Kimㆍ Sung-Wook Kangㆍ Kyeong-Ju Kong 

Journal of Advanced Marine Engineering and Technology, Vol. 45, No. 3, 2021. 6      119 

regulations with a margin of 0.09 barg. The pressure difference 

between Point 1 and Point 2 was not significant compared to the 

foil test because of the installation of the ERV. 

Figure 10: Pressure results of foil test 

Figure 12 shows the pressure after the explosion. The maxi-

mum vacuum pressure was -0.731 barg. In addition, it was con-

firmed that the pressure was maintained below -0.3 barg for 50 

sec, and a secondary explosion was prevented by maintaining a 

closed state after the explosion. 

5.3 Second explosion test 
Figure 13 shows the explosion pressure results of the second 

explosion test. The maximum explosion pressure was 1.52 barg 

at Points 1 and 1.45 barg at Point 2. 

Comparing the results of the second explosion test with the foil 

test, there was a pressure difference of 1.08 barg. Since the MAN 

Energy Solutions regulations require a pressure difference of less 

than 1.40 barg, the results satisfy the regulations with a margin 

of 0.32 barg. The pressure difference between Point 1 and Point 

2 was not significant compared to the foil test because of the in-

stallation of the ERV. 

Figure 12: Vacuum pressure results of first explosion test 

Figure 13: Pressure results of second explosion test 

Figure 14: Vacuum pressure results of second explosion test 

Figure 11: Pressure results of first explosion test 
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Figure 14 shows the pressure after the explosion. The pressure 

was maintained below -0.3 barg for more than 10 sec, and the maxi-

mum vacuum pressure was -0.732 barg. In addition, it was confirmed 

that the pressure was maintained below -0.3 barg for 50 sec, and a 

secondary explosion was prevented by maintaining a closed state af-

ter the primary explosion. 

5.4 External temperature of flame arrester 
MAN Energy Solutions require the external temperature of the 

flame arrester to be kept below 220 °C one min after the explosion 

[14]. 

(a) 

(b) 
Figure 15: Thermal photograph of second explosion test for 

(a) cover of ERV, (b) flame arrester 

Figure 15 shows a photo of the external temperature of the ERV 

in the second explosion test using a thermal imaging camera. Flames 

did not erupt during the explosion test, and the highest temperature 

was observed in the flame arrester. The external temperature of the 

flame arrester reached up to 187.6 °C, and the average temperature 

during the explosion test was kept below 220 °C, as required by 

MAN Energy Solutions. 

The MAN Energy Solutions and IACS also recommend changing 

the ERV when an explosion occurs inside the crankcase [7]. As a re-

sult of the open up inspection of the ERV after the explosion test to 

verify the reliability, there was no damage to the components. 

6. Conclusions
In this study, an ERV with a 0.6 mm thick trap was developed to 

reduce the cost of the ERV for the crankcase. The results of the struc-

tural analysis and performance tests are as follows. 

(1) According to the structural analysis of the developed ERV, the 

maximum radial displacement of the trap was 18.1% at the 

first layer and the maximum von Mises stress was 139.5 MPa 

at the first layer. These values were within the allowable range 

where the trap was not damaged by the explosion. 

(2) The maximum pressure in the foil test was 0.44 barg, and the 

explosion pressure was 1.75 barg in the first experiment and 

1.52 barg in the second experiment, which satisfies the IACS 

reference value. 

(3) The external temperature of the flame arrester reached up to 

187.6 °C and met the MAN Energy Solutions requirements. 

(4) The production cost was reduced by 30% by restructuring the 

ERV. 

Based on the results of the structural analysis, the flow analysis in 

a follow-up study will analyze the porous passing through the flame 

arrest when an explosion occurs and use it to develop an ERV suita-

ble for flow characteristics. 
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