Effect of Cylinder Length on The Ratio of Safety Factor and Weight of Rocket Motor Tube Using Thin-Walled Cylinder
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Abstract. The paper examines the effect of cylinder length on the rocket motor tube's safety factor and weight ratio using a thin-walled cylinder. The outer diameter, wall thickness, cap thickness, and cylinder fillet radius were 550, 8, 50, and 100 mm, respectively. The length of the cylinder was varied 3, 3.5, 4, 4.5, and 5 meters. The internal pressure used is fixed, which is 12 MPa. The materials used are Aluminium 7068-T6 and Aluminium 7034-T6. Stress analysis using the finite element method with Ansys Workbench software to select the optimal length of the rocket motor tube in terms of the safety factors and tube weight ratio. The simulation results show that the longer the rocket tube, the lower the safety factor ratio and the weight of the rocket tube both when using Al 7068-T6 and Al 7034-T6 materials. The highest ratio value is when the rocket tube has a length of 3 meters using Al 7034-T6 material.
INTRODUCTION
In previous studies, the maximum von Mises stress, which is the leading cause of failure of rocket motor tubes, can be minimized by increasing the wall thickness, cap thickness, and fillet radius 1–3. It is just that this method can increase the weight of the tube. The most optimal method is to increase the fillet radius because it does not significantly increase the tube's weight. 
Rocket motor tubes that use thin-walled cylinders have the advantage of being lighter in weight. It dramatically affects the longer range of the rocket for the same thrust. However, It can fail if careful calculations are not carried out because it works in high temperature and pressure conditions 4.
One way to increase the rocket's propulsion is to extend the rocket motor tube so that it can accommodate more fuel. However, increasing the rocket tube's length would also increase the tube's weight and affect the maximum von Mises stress. This study examines the effect of the length of the rocket motor tube on the ratio of the safety factor and the tube's weight so that the rocket motor tube's optimum length can be obtained. 
The cylinder length is not a factor affecting maximum hoop, longitudinal and radial stresses in thin-walled cylinders. In the thin-walled cylinder equation, the factors that influence the three stresses are internal pressure, internal diameter, and wall thickness. However, several previous studies have demonstrated that the failure of rocket tubes occurs due to the maximum von Mises stress, which is greater than the three stresses.
In this paper, the wall thickness, cap thickness, fillet radius, and internal pressure were constant, namely 8 mm, 50 mm, 100 mm, and 12 MPa, respectively. The values of wall thickness, cap thickness, and fillet radius were based on previous research 5. The outer diameter of the cylinder is 550 mm. The cylinder length was varied 3, 3.5, 4, 4.5, and 5 m. The material used is Al 7068-T6 and Al 7034-T6. Aluminium series 7000 (Al-Zn-Mg) was chosen as the rocket tube material because of its good formability and high specific strength, so it is widely used for aircraft structures 6.
The stress analysis used the finite element method with Ansys software to select the rocket motor tube's optimal length in terms of the safety factor ratio and its weight. The software is often used to analyze rocket motor tubes from various materials such as composites and metals 7,8.

MATERIAL AND METHOD
2.1. Material
The material used for the rocket motor tube is Al 7068-T6 and Al 7034-T6. Its advantages include very high tensile strength, good formability, corrosion resistance, and lightweight. Table 1 shows the mechanical properties of Aluminium 7068-T6 and Al 7034-T6.

TABLE 1. Mechanical properties of Aluminium alloy 7068-T6 and Al 7034-T6.

	Material
	Density (g/cm³)
	Yield Strength (MPa)
	Tensile Strength (MPa)
	Young Modulus (GPa)

	Al 7068-T6
	2.85
	683
	710
	71

	Al 7034-T6
	2.89
	730
	750
	71



2.2. Finite element analysis
The pressure vessels, based on their dimensions, are divided into thin-walled and thick-walled. The thin-walled cylinder has a wall thickness smaller than 1/20 inner diameter (Di), while the thick-walled cylinder has a wall thickness greater than 1/20 inner diameter (Di).
The thin-walled cylinder stress will occur in three directions: hoop (circumferential), longitudinal (axial), and radial. The maximum stress equation for thin-walled cylinders in the hoop, longitudinal and radial directions is:
								(1)
								(2)
								(3)

Where pi = internal pressure (MPa), Di = inner diameter of cylinder (mm), and t= wall thickness of cylinder (mm). 
The von Mises stress analysis of the rocket motor tube was carried out using the finite element method with the help of Ansys software. Ansys is one of the most popular software used in finite element analysis 9,10. Ansys is also widely used to measure the stress concentration in thick-walled and thin-walled cylinders 11.
The finite element method (FEM) is one of the most common methods used to calculate any physical phenomenon, such as structural or fluid behaviour, heat transfer, and electromagnetic component engineering 12,13. This method allows each product design to be analyzed in detail and reduces the number of physical prototypes, making it easier to develop better products faster.
The FEM procedure allows the continuum to be discretized into a limited number of parts (elements) and emphasizes that the continuous domain's characteristics can be estimated by assembling the same properties of discrete elements per node. This process is known as discretization. The values between nodes are determined from polynomial interpolation using the computational matrix method. The accuracy of the results depends on discretization, the accuracy of the assumed interpolation form, and the accuracy of the computational solution method 14–16. The FEM is very popular because of its ability to model many numerical problems regardless of geometry, boundary conditions, and loading.
Figure 1 depicts a thin-walled cylinder design with a length of 3000 mm, a wall thickness of 8 mm, a cap thickness of 50 mm, and a fillet radius of 100 mm. Because the cylinder shows symmetry in the longitudinal (axial) direction, it can be modelled with its upper half 17.  
Figure 2. demonstrates the one-eighth part of a cylinder with a length of 3000 mm, the wall thickness of 8 mm, cap thickness of 50 mm, and fillet radius of 100 mm. This section is quite representative of the finite element simulation because the pressure applied to the fluid in the cylinder is closed. The pressure will be continued equally and evenly 18. 
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Fig. 1. The thin-walled cylinder design with a length of 3000 mm, a wall thickness of 8 mm, a cap thickness of 50 mm, and a fillet radius of 100 mm.
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Fig. 2. The one-eighth part of a cylinder with a length of 3000 mm, a wall thickness of 8 mm, a cap thickness of 50 mm, and a fillet radius of 100 mm.

Figure 3 explains the boundary conditions of the finite element analysis, namely the type of constraint (left) and loading condition (right). Table 2 shows the finite element analysis assumptions and their parameters using Ansys Workbench.
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Fig. 3. The constraint type (left) and loading condition (right).
TABLE 2. The finite element analysis assumptions and parameters using Ansys Workbench.

	Parameters
	Value

	Length of cylinder
	3, 3.5, 4, 4.5, and 5 m

	Outer diameter of cylinder
	550 mm

	Wall thickness, cap thickness, fillet radius
	8 mm, 50 mm, 100 mm

	Internal pressure
	12 MPa

	Size of element
	15 mm



RESULT AND DISCUSSION
In this section, Figure 4 displays the maximum von Mises stress for a rocket tube length of 3 meters (left) and 3.5 meters (right). The simulation results show that the maximum von Mises stress increases when using a rocket tube from 3 meters to 3.5 meters long but then decreases when the tube is 4 meters and 4.5 meters (Table 3). The condition means that an increase in the length of the rocket tube can result in a fluctuating increase or decrease in the maximum von Mises stress. The increase and decrease in maximum von Mises stress are not significant. All values for the maximum von Mises stress are still below the yield strength of the material, both Al 7068-T6 and Al 7034-T6. That is, the rocket motor tube is safe for all length variations because yielding is one of the rocket industry's reported failure criteria, apart from fractures 19–22.  
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Fig. 4. The von Mises stress for a rocket tube length of 3 meters (left) and 3.5 meters (right).

TABLE 3. Effect of rocket tube length on the maximum von Mises stress using Al 7068-T6 and Al 7034-T6.

	Material
	Length
(m)
	Number of nodes
	Number of elements
	Maximum von Mises stress (MPa)

	Al 7068-T6
	3
	35680
	17872
	374.43

	Al 7068-T6
	3.5
	41310
	20652
	377.71

	Al 7068-T6
	4
	47502
	23703
	375.02

	Al 7068-T6
	4.5
	52609
	26267
	374.48

	Al 7068-T6
	5
	57666
	28794
	376.74

	Al 7034-T6
	3
	35680
	17872
	374.43

	Al 7034-T6
	3.5
	41310
	20652
	377.71

	Al 7034-T6
	4
	47502
	23703
	375.02

	Al 7034-T6
	4.5
	52609
	26267
	374.48

	Al 7034-T6
	5
	57666
	28794
	376.74



The fluctuating increase and decrease in von Mises stress certainly affect the safety factor of the rocket motor tube, which also fluctuates as well. It can be seen in Table 4. The fact makes us think that choosing the length of the rocket tube is something specific, depending on the design we want. Moreover, the maximum von Mises stress value for a rocket tube length of 3 meters and 4.5 meters is almost the same. It's just that the selection of a rocket tube with a length of 4.5 meters certainly has consequences for the additional weight of the rocket itself. The condition will affect the ratio between the safety factor and the weight of the rocket tube.
Moreover, Table 4 illustrates the effect of the length of the rocket tube on the ratio of the safety factor and the weight of the tube. The safety factor in this study is calculated using the maximum strength of the material because the rocket motor tube is a single-use component. The simulation results show that the longer the rocket tube is, the lower the safety factor ratio and the weight of the rocket tube both when using Al 7068-T6 and Al 7034-T6 materials. The highest ratio value is when the rocket tube has a length of 3 meters using Al 7034-T6 material. The safety factor in this variation is 2, the value of the minimum safety factor for a component that can withstand dynamic loads 23. 
It can be summarized that the results of this study prove that although the length of the rocket tube does not have a significant effect on the maximum von Mises stress and the safety factor, the longer the length of the rocket motor tube actually decreases the safety factor ratio and the weight of the rocket tube itself. It means that the increase in the length of the rocket tube must be considered proportionally to obtain optimal performance.

TABLE 4. Effect of the length of the rocket tube on the ratio of the safety factor and the weight of the tube.

	Material
	Length
(m)
	Safety factor
	Rocket tube weight
(kg)
	Ratio

	Al 7068-T6
	3
	1.90
	99.55
	0.019

	Al 7068-T6
	3.5
	1.88
	109.26
	0.017

	Al 7068-T6
	4
	1.89
	118.96
	0.016

	Al 7068-T6
	4.5
	1.90
	128.67
	0.015

	Al 7068-T6
	5
	1.88
	138.37
	0.014

	Al 7034-T6
	3
	2.00
	100.95
	0.020

	Al 7034-T6
	3.5
	1.99
	110.79
	0.018

	Al 7034-T6
	4
	2.00
	120.63
	0.017

	Al 7034-T6
	4.5
	2.00
	130.47
	0.015

	Al 7034-T6
	5
	1.99
	140.32
	0.014



conclusion
The effect of cylinder length on the rocket motor tube's safety factor and weight ratio using a thin-walled cylinder is analyzed using finite element software. The simulation results reveal that the longer the rocket tube, the lower the ratio of safety factor and the weight of the rocket tube both when using Al 7068-T6 and Al 7034-T6 materials. The highest ratio value is when the rocket tube has a length of 3 meters using Al 7034-T6 material.
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