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Abstract: Owing to the increasing size of modern vessels, the operating pressure of fire monitors has increased to cover larger spraying 

areas and distances in the event of fire, leading to more frequent occurrences of damage. This study examines the optimal design factors 

for preventing damage to fire monitors on ships, even under high-pressure operating conditions. This study focused on two main aspects. 

First, the pipe thickness is optimized to prevent damage under high-pressure conditions. Second, the force on the flange bolts that 

connects the pipes to the spray nozzles is evaluated, ensuring that they can withstand high pressure. The performance of these bolts 

plays a critical role in preventing damage. Through a systematic analysis, this study examines how these design factors affect the 

performance and durability of fire monitors and provides design guidelines for damage-free operations. The ultimate goal was to 

enhance the stability and reliability of fire monitors for effective fire suppression on ships. 
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1. Introduction 

This study aimed to investigate the optimal design factors that 

prevent damage to fire monitors on ships, even under high oper-

ating pressures[1]. With the increasing size of modern vessels, 

fire monitors are required to cover larger spraying distances and 

areas in the event of a fire[2][3]. As a result, the operating pres-

sures of fire monitors have been increased to improve their per-

formance, leading to more frequent damage. Previous studies on 

fire monitors have focused on predicting spraying distances and 

evaluating structural safety. However, this study is original in 

terms of the design factors. This study focuses on two main as-

pects. First, the pipe thickness was optimized to withstand the 

resulting loads and thereby prevent the damage caused by high 

operating pressures[4].  

Second Evaluation of Force on the Flange Bolts. The study 

also examined the force acting on the flange bolts that connect 

the pipes to the spray nozzles, ensuring that these bolts can en-

dure high pressure without failure. The performance of these 

bolts is critical for preventing damage[5]. This study systemati-

cally analyzes the impact of these design factors on the perfor-

mance and durability of fire monitors and provides design guide-

lines to ensure damage-free operation. The ultimate goal was to 

enhance the stability and reliability of fire monitors for effective 

fire suppression on ships. 

 

 

Figure 1: Helideck fire fighting system 

 

  

Figure 2: Fire-fighting foam monitor 
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2. Modeling and Analysis Conditions

2.1 Model 

The analysis model used was a 150A fire monitor, where the 

nozzle section was not modeled separately, and only the piping 

section was considered in the analysis. The fire monitor analyzes 

the features of an elliptical pipe with a thin rod connected hori-

zontally inside the pipe to prevent the pipe from expanding later-

ally. 

(a) ISO view 

(b) Front view 

(c) Side view 

(d) Top view 

Figure 3: 3D model of the fire monitor 

Table 1: Material property 

Material 
Density 
(kg/m3) 

Young’s 
Modulus 

(GPa) 

Poisson’s 
ratio 

Allowable 
stress 
(MPa) 

SUS316 7,850 200 0.3 205 

Figure 4: FE model of the fire monitor 

The analysis involved increasing the pipe thickness in 1 mm 

increments from 3 to 12 mm, and a structural analysis was con-

ducted for each increment. Based on the results, if the generated 

stress was lower than the yield strength of the applied material, 

the material was considered structurally safe, and the analysis 

continued under this assumption. Figure 3 illustrates the model 

used in the analysis. 

The material used in the analysis was SUS316. Table 1 lists its 

mechanical properties. 

Figure 4 shows the finite element (FE) model used in the anal-

ysis. A total of 144,649 nodes and 110,193 elements were ana-

lyzed. A structural analysis model was developed using the eight-

node structure SHELL281 element, which is an eight-node ele-

ment. 

2.2 Analysis Condition 

The analysis conditions were defined by applying a design 

pressure of 2 MPa to the internal piping of a fire monitor. In ad-

dition, all degrees of freedom at the bottom part, where the fire-

fighting water inlet was located, were constrained. The analysis 

was conducted under these conditions.  

3. Structural Analysis

3.1 Optimization of Pipe Thickness 

A structural analysis was performed using ANSYS MECHAN-

ICAL 2022R2[6]. Based on the analysis results for the optimal 

pipe thickness, considering an allowable stress of 205 MPa, it is  
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(a) Maximal deformation 

(b) Maximal equivalent stress 

Figure 5: Structure analysis results of the fire monitor 

(a) Maximal deformation 

(b) Maximal equivalent stress 

Figure 6: Structure analysis results of the fire monitor without 

the nozzle part 

Table 2: Analysis results based on pipe thickness 

Thickness 
(mm) 

Defor-
mation 
(mm) 

Equivalent 
stress 
(MPa) 

Allowable 
stress 
(MPa) 

Evaluation 

3 3.78 505.96 

205 

Fail 
4 2.38 325.33 Fail 
5 1.66 221.47 Fail 
6 1.24 184.57 OK 
7 0.97 163.33 OK 
8 0.78 146.09 OK 
9 0.65 132.05 OK 

10 0.55 120.52 OK 
11 0.47 110.93 OK 
12 0.41 102.85 OK 

(a) Maximal deformation  

(b) Maximal equivalent stress 

Figure 7: Structure analysis results of the fire monitor for various 

pipe thicknesses 

predicted that structural safety can be ensured with a thickness of 

6 mm or greater[7]. For a pipe thickness of 6 mm, the maximum 

deformation was 1.24 mm, and the maximum equivalent stress 

was 184.57 MPa. As the thickness increased, the stress decreased 

by approximately 10–20 MPa, and the deformation decreased by 

approximately 0.1–0.3 mm. Table 2 shows that when the thick-

ness increased beyond 8 mm, the reductions in the deformation 

and stress became progressively less significant. 
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Figure 5 shows the analytical results for the entire model, and 

Figure 6 shows the analytical results for the piping, excluding 

the section connected to the nozzle. Maximum deformation oc-

curred in the section connected to the nozzle. Additionally, Fig-

ure 6(a) shows that the pipe expands laterally, thereby causing 

stress, and that significant forces are applied to the flange con-

nection. 

As shown from the slope of the graph in Figure 7, when the 

thickness is increased in 1 mm increments from 3 mm to 7 mm, 

both the deformation and stress decrease significantly. However, 

for thicknesses greater than 8 mm, the slope of the graph indi-

cates that the reduction effect becomes negligible with a further 

increase in thickness. 

3.2 Evaluation of the Force on the Flange Bolts 

In this section, the reaction forces at the bolts connecting the 

flanges were calculated to determine the bolt diameter required 

to select an appropriate bolt size. As mentioned in the previous 

analytical results, the flange section expands laterally when pres-

sure is applied to an elliptical pipe. Therefore, the selection of the 

correct bolt size is a critical factor among the design parameters. 

The fire monitor has two flanges, as shown in Figure 8(a). The 

bolts applied to flange 1, totaling eight bolts, were numbered 

from Hole 1 to Hole 8, as shown in Figure 8(b). The bolts applied 

to Flange 2, with a total of eight bolts, were numbered from Hole 

9 to Hole 16, as shown in Figure 8(c). 

In the previous pipe thickness optimization analysis, the reac-

tion forces generated at the 16 bolt holes were calculated in the 

X-, Y-, and Z-directions. Owing to the structural characteristics 

of the bolts, they exhibited high strength in the Z-direction, which 

corresponded to the tensile loading in this analysis[8]. However, 

they exhibit significant vulnerability to shear forces acting in the 

X- and Y-directions. Therefore, the calculated forces in the X- 

and Y-directions were converted into the resultant forces to cal-

culate the shear force. Based on these results, an appropriate bolt 

size was selected[9].  

The reaction force review results show that the maximum re-

action force in the X-direction occurred at Hole 6, with a force of 

-3,828 N, and the maximum reaction force in the Y-direction oc-

curred at Hole 12 with a force of -4,571 N. The reaction forces 

exhibited a symmetrical pattern when the absolute values of 

flanges 1 and 2 were considered. 

The shear forces in the X- and Y-directions decreased as the 

thickness increased; however, the effect of this reduction was 

minimal. However, the tensile force in the Z-direction signifi-

cantly decreased as the thickness increased. 

(a) Flange positions 

(b) Hole positions in flange 1 

(c) Hole positions in flange 2 

Figure 8: Flange and hole positions 

(a) X-direction 

(b) Y-direction 
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(c) Z-direction 

Figure 9: Reaction force results on the holes by direction on 

flange 1 

(a) X-direction 

(b) Y-direction 

(c) Z-direction 

Figure 10: Reaction force results on the holes by direction on 

flange 2 

The results of the reaction force calculations are presented as 

graphs for each direction in Figure 9 and Figure 10.  

The resulting shear force, represented as the vector sum of the 

X- and Y-direction reaction forces[10], was approximately 5,963 

N. Considering that the shear strength of the bolt was 82 N/mm², 

a bolt with an area of at least 73 mm² was required to withstand 

the shear force. Hence, a bolt with a diameter of 10 mm or larger 

must be used. 

Therefore, using M10 or larger bolts is expected to ensure the 

safety of the nozzle and piping connections. 

4. Conclusion

The results of the pipe thickness optimization and bolt specifi-

cation review, considering the high pressure of fire monitors on 

ships, are as follows: 

1) This study conducted an analysis to optimize pipe thickness

and assess the structural safety of fire monitors on ships.

The analysis model considered only the piping section of a

150A fire monitor with a thin rod horizontally connected

inside the pipe to prevent lateral expansion. The pipe thick-

ness was increased from 3 mm to 12 mm in 1 mm incre-

ments, and structural analysis was performed for each in-

crement.

2) The analysis results confirmed that a pipe thickness of 6

mm or greater ensured structural safety with a decreasing

trend in stress and deformation as the thickness increased.

This study provides essential foundational data for optimiz-

ing pipe thickness for the safe design of fire monitors and

offers design guidelines for enhancing safety in high-pres-

sure operating environments.

3) Based on the analysis results for optimal pipe thickness, it

was predicted that structural safety could be ensured with a

thickness of 6 mm or greater. For a pipe thickness of 6 mm,

the maximum deformation was 1.24 mm, and the maximum

equivalent stress was 184.57 MPa. As the thickness in-

creased, the stress decreased by approximately 10–20 MPa,

and the deformation decreased by approximately 0.1–0.3

mm.

4) The shear force, represented as the vector sum of the X- 

and Y-direction reaction forces, was approximately 5,963

N. Considering that the shear strength of the bolt was 82

N/mm², a bolt with an area of at least 73 mm² was required

to withstand the shear force. This leads to the conclusion

that a bolt with a diameter of 10 mm or larger must be used.
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Therefore, the use of M10 or larger bolts is expected to en-

sure the safety of the nozzle and piping connections. 

5) In future research, fluid performance evaluations will be

conducted to predict the spraying distance and area based

on the completed design of the fire monitor considering the

design factors.
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