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Introduction
Threaded fasteners such as the bolts used in automotive engine connecting rods are frequently subjected to cyclic loading.  It is very important to consider the fatigue life of the fasteners in these situations.  The two bolts used in connecting rods are shown in the exploded view of a typical “I-beam” connecting rod below (Figure 1).
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Figure 1: Connecting rod exploded view.
These two high-tensile strength bolts carry the inertia load due to the reciprocating piston and connecting rod.  The bolts are carefully torqued to apply a specified pre-load.

The main dimensions of the rod have already been determined by previous design work and are summarized in Table 2.  The average cross sectional area of the bolted parts will be 0.56 in2 per side (not including the bolt holes).  The grip length of the bolts will be approximately 1 inch.  Using the following data along with the dimensions outlined in the Variable Definitions section, the bolt diameter and torque specification are to be determined to meet a minimum safety factor of 1.5.
	Table 1:  Design Data

	Yield point for bolt material
	131 kpsi

	Endurance limit for bolt material tested in reverse axial loading
	70 kpsi

	Fatigue stress concentration factor for threads
	3

	Rated engine speed
	5000 rpm


Variable Definitions

Before calculations are performed, variables must be clearly defined to avoid confusion.  The following figures illustrate the relevant variables and their locations in the crank/connecting rod/piston assembly.  Table 1 summarizes the variables being used, what they represent, their value, and their units.  The values in bold were given as design parameters while the values not in bold are calculated in subsequent sections of this report.
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Figure 2: Crank/con rod/piston schematic.
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Figure 3: Connecting rod equivalent masses.
	Table 2:  Summary of Variables
	
	

	Symbol
	Variable Description
	Value
	Units

	ω
	crank shaft angular velocity (RPM/60*2π)
	523.5988
	rad/s

	θ
	crank angle
	variable
	deg

	r
	crank radius
	1.9375
	in

	L
	con rod length
	6.5000
	in

	a
	length from center of mass to big end
	1.8
	in

	b
	length from center of mass to small end
	4.7
	in

	M
	mass of con rod
	1.4100
	lb

	mA
	mass of big end
	1.0195
	lb

	mB
	mass of small end
	0.3905
	lb

	mcap
	mass of cap
	0.35
	lb

	minsert
	mass of inserts (both)
	0.09
	lb

	mpin
	mass of wrist pin
	0.3900
	lb

	mrings
	mass of all piston rings
	0.1740
	lb

	mpiston
	mass of piston
	1.4100
	lb


Piston Acceleration

Before understanding the forces acting on the connecting rod, it is important to investigate the acceleration of the piston assembly during engine operation at the rated speed (5,000 RPM).  In most automotive engines, chemical energy is transformed into mechanical energy by combusting fuel and forcing a piston down into a cylinder.  This force is then transferred by the connecting rod to one of the journals of the crank shaft.  As the crank shaft rotates, the piston moves up and down inside the cylinder, resulting in a reciprocating motion.  The change in direction inherent in reciprocating motion causes significant positive and negative accelerations.
These accelerations are responsible for inertia forces that will be analyzed in the following section.  In order to find the maximum force, we must determine where the maximum acceleration occurs.  Considering the motion of the piston to be in the x-direction (see Figure 2), we can approximate the acceleration of the piston using the following equation:
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A rigorous derivation of the equation is left for a more in depth engine design course.  Having been given values for r, L, and ω, a spreadsheet program such as Microsoft Excel can be used to determine the acceleration at every angle through one full revolution.  The figure below shows the greatest acceleration occurs at 0 and 360 degrees of crank rotation with a value of approximately 57,000 ft/s2 in the negative x-direction.  
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Figure 4: Piston Acceleration
Force Calculations
The main purpose of the connecting rod bolts is to prevent the cap from separating from the rest of the connecting rod.  In order to accomplish this, the bolts must withstand the inertia forces of the reciprocating piston and connecting rod.  In order to simplify calculations, the connecting rod is approximated as two lumped masses (see Figure 3).  One mass, mA, is located at the center of the crank pin and is referred to as the “big end”.  The other mass, mB, is located at the center of the wrist pin and is referred to as the “small end”.  This kinetically equivalent system has the same mass, the same center of gravity, and the same moment of inertia as the actual connecting rod.
Knowing that the sum of the lumped masses must equal the total mass of the connecting rod and that the moment about the center of mass must be zero, the following equations can be used:
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Simultaneously solving these two equations for the two unknowns, it can be seen that 
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The maximum force on the bolts occurs when the crank angle is zero degrees.  This point is known as top dead center (TDC) and is the point where the piston is at the top of its stroke and is changing direction.  As illustrated in the following figure, there are two inertia forces trying to separate the cap from the rest of the connecting rod at this point.  One force, F1, is due to the inertia of the big end of the connecting rod and one of the inserts, minus the cap.  The other force, F2, is due to the inertia of the small end of the connecting rod, piston, rings, and wrist pin. 
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Figure 5: Inertia forces at TDC.

It is know from Newton’s Second Law that force is the product of mass and acceleration:
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For F1, the mass is that of the big end of the connecting rod (mA) plus the mass of one insert (minsert/2) minus the mass of the cap (mcap) because the cap was included in the calculation of mA, but is not contributing to the force applied to the bolts.  The acceleration is the centripetal acceleration due to the rotation of the crank shaft.  Thus,
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For F2, the mass is that of the small end of the connecting rod (mB) plus the mass of the piston (mpiston) plus the mass of the rings (mrings) plus the mass of the wrist pin (mpin).  The acceleration is the linear acceleration due to the reciprocation of the piston.  This acceleration can be found using the following equation:
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The mass and acceleration are then used in the force equation.  Note that the force of inertia acts in the opposite direction of acceleration.
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The total force applied to the bolts is the sum of F1 and F2.  Thus,
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The minimum force on the bolts occurs when the crank angle is 180 degrees.  This point is known as bottom dead center (BDC) and is the point where the piston is at the bottom of its stroke.  There is only one inertia force acting to separate the cap from the rest of the connecting rod at this point.  This force, F3, is due to the inertia of the cap. 
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Figure 6: Inertia force at BDC.

Turning again to Newton’s Second Law, the mass is that of the cap (mcap) plus the mass of one insert (minsert/2).  The acceleration is due to the rotation of the crank shaft.  Thus,
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Bolt Analysis

analysis

Conclusion
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Appendix B: Calculations Spreadsheet
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