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Abstract: Gun drills are widely utilized for deep hole machining due to their high aspect ratio, low 
stability, and susceptibility to vibrations, which can adversely affect machining accuracy and 
efficiency. During the machining process, cutting fluid must be injected through the drill rod to 
facilitate chip removal, resulting in a cross-sectional design with circumferential asymmetry. This 
asymmetry introduces more complex dynamic characteristics compared to conventional circular 
cross-section rotors. This study develops a Rayleigh rotor model of the gun drill rod and employs the 
Galerkin method to evaluate its free vibration characteristics and stability. The findings reveal that 
the gun drill rod exhibits distinct unstable speed ranges compared to circular cross-section rotors. 
Furthermore, the impact of various dimensional factors on the free vibration characteristics and 
stability of gun drill pipes was explored through detailed examination. The theoretical results were 
validated through comparative analysis with ANSYS simulations, confirming the reliability of the 
findings in this study. 

Keywords: gun drill rod; Rayleigh rotor; vibration stability; free vibration 
 

1. Introduction 

In mechanical systems, rotors play an extremely important role whose performance directly 
determines the operational stability and efficiency of the entire mechanical equipment. Rotors 
commonly used in engineering are predominantly solid or hollow with circular cross-sections, 
offering excellent stability due to their circumferential symmetry. However, in practical engineering 
practices, factors such as complex manufacturing processes, specific installation requirements, 
material property variations, and diverse working conditions often result in the use of rotors with 
circumferentially asymmetric cross-sections. Examples include gun drill rods and BTA drill rods used 
in deep hole drilling. These rods must rotate to perform cutting operations while simultaneously 
allowing high-pressure cutting fluid to flow into the cutting area and facilitating chip removal. The 
difference between these two types lies in the flow path of the cutting fluid; to be specific, for gun 
drill rods, the fluid flows through the interior of the drill rod, and chips are discharged from the chip 
groove; whereas for deep hole drill rods, the fluid flows through the gap between the drill rod and 
the workpiece, with chips discharged through internal holes within the drill rod. This functional 
design imparts circumferential asymmetry to their cross-sections. The irregularity of such cross-
sections significantly complicates the determination of parameters such as moment of inertia, 
centroid position, and anisotropic material properties, in contrast to symmetric cross-sections. 
Therefore, researchers need to account for these complex factors during the modeling process to 
ensure the model accurately represents the structural characteristics and facilitates subsequent 
theoretical analysis and numerical calculations. From a theoretical perspective, the study of shafts 
with circumferentially asymmetric cross-sections greatly expands the scope of traditional rotor 
dynamics analysis, and in-depth exploration of asymmetric rotors contributes to the advancement 
and enrichment of the theoretical system of rotor vibration analysis. 

The dynamic characteristics of circumferentially symmetric rotors and rotor systems with 
various materials and structural forms have been extensively studied; however, research on the 
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dynamic characteristics of rotors with circumferentially asymmetric cross-sections remains relatively 
rare. 

P. Jamshidi et al. [1] analyzed the nonlinear vibration in a rectangular cross-section rotor system 
using a multiscale method, demonstrating that asymmetry has a significant impact on the dynamic 
characteristics of the rotor system. Bavi R et al. [2] conducted dynamic analysis on composite 
laminated rotors, employing rectangular sections to simulate the geometric asymmetry of the cross-
section, accounting for gyroscopic coupling effects, and utilizing Euler angles to achieve angular 
velocity. Their research encompassed multiscale analytical studies of parameter excitation systems 
under both resonant and non-resonant conditions. In deep hole machining, the substantial hole depth 
necessitates slender drill rod structures, resulting in low structural rigidity. The consequent vibration 
problem during the working process significantly affects machining efficiency and the surface quality 
of the hole. This has prompted extensive research interest in deep hole drilling, with primary focus 
areas including surface quality issues [3,4], vibration suppression and process optimization [5-8], and 
innovative shock-absorbing drill rod design [9-12]. However, studies on the stability of free vibration 
in drill pipes are relatively limited. Quanbin Zhang et al. established a fluid-structure coupled 
transverse vibration differential equation for boring bars using Hamilton’s principle, taking into 
account the effects of bending, torsion, and axial deformation. The transverse vibration characteristics 
were solved through application of the Galerkin method [13]. This model can be used to analyze the 
relationships between system stability and key parameters including equivalent stiffness, equivalent 
shear modulus, and axial force. L. Li et al. [14] developed a dual nonlinear damping model and 
explored its damping mechanisms under nonlinear stiffness. Bayly [15] compared theoretical 
predictions with experimental results, analyzed the torsional vibration of the drill pipe system, and 
provided a detail analysis of the distribution range of tool chatter frequencies and stability criteria, 
ultimately revealing significant nonlinear characteristics in the drill pipe system during deep hole 
machining. 

Previous dynamic analyses have typically employed either predetermined equivalent stiffness 
for drill pipes or modeled them as circumferentially symmetric circular or hollow circular section 
rods. This study takes the gun drill rod as an example for analysis, and models it as a cantilever beam 
structure with asymmetric cross-section. The research method encompasses the development of free 
vibration equations within a dynamic coordinate system, analysis of free vibration characteristics and 
stability parameters for asymmetric shafts, and validation through ANSYS finite element analysis, 
thereby establishing a relatively complete analytical system. 

2. Materials and Methods 

2.1. Mechanical Model 

The structure of the gun drill, as shown in Figure 1, consists of three main components: the drill 
blade, drill pipe, and drill handle. The drill handle serves as the connection point with machine tools, 
while the drill blade performs cutting operation. This study focuses on the analysis of the drill pipe 
section, disregarding the structural characteristics of the drill blade. For dynamic analysis, the drill 
pipe is simplified as an isotropic cantilever beam with a circumferentially asymmetric cross-section, 
as shown in Figure 2. 

To facilitate analytical and computational efficiency, the drill pipe cross-section is assumed to 
have a symmetrical axis 0y  (or Cy axis). The axes Cy  and Cz  represent the centroidal principal 

inertial axes of the section. The bending vibration of the drill rod predominantly occurs in the 
direction corresponding to the minimum moment of inertia, which correlates with minimum bending 
stiffness. Point C denotes the centroid of the cross-section, with the corresponding axes Cy  and Cz  

serving as the principal inertial axes through this centroid. The cross-sectional area is designated as 
A, and the distance from the centroid to the coordinate origin is represented by
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Figure 1. Structural diagram of gun drill assembly. 

  

Figure 2. Simplified gun drill rod model. 

2.2. Vibration Equation of the Rayleigh Rotor for Gun Drill Rod 

Based on literature [16-17], the vibration equation of the Rayleigh rotor in a dynamic coordinate 
system is expressed as: 

     2( 2 ) 0
C Cy yEI v A v w v I v                                 （3） 

     2( 2 ) 0
C Cz zEI w A w v w I w                               （4） 

where v  and w  represent the displacement of the cross-sectional centroid along the Cy  and 

Cz  axes, respectively.   denotes the angular velocity of the drill rod rotation, and  represents 
the density of the drill rod material. Comparing equations (1) and (2), it is evident that 2 A w    

and 2 A v    characterize the effects of Coriolis acceleration, while 2A w   and 2A v   
represent the rotational inertia forces. 
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2.2. Solution Methods 

The study employs the Galerkin approximation method, a widely used technique for vibration 
and stability analysis of continuous systems. This approach utilizes assumed vibration modes to 
eliminate spatial position variables of the blades, thereby transforming the free vibration equation 
into a time-dependent ordinary differential equation.   

  For the cantilever shaft analysis, the bending deformation is expressed as the following 
formulation: 

         
1 1

( ) ( ),   ( ) ( )
N N

j j j j
j j

v W t x w V t x 
 

          （5） 

The bending mode function of a standard uniform cantilever beam is defined as: 
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（6）   

Substituting equations (5) and (6) into vibration differential equations (3) and (4), and applying 
the Galerkin method with weighted integration of mode functions, a system of 2N ordinary 
differential equations is derived: 

                  0}{  XMXGXK                             (7) 
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The matrix elements are defined as: 
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The solution of equation (7) yields the free vibration characteristics of the circumferentially 
asymmetric cross-section. 
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3. Results 

3.1. Reliability analysis 

Analysis was conducted on a steel drill rod with the following specifications: L=0.4m, D=0.04m, 
d=0.01m, a=0.01m, ⸰, E=210GP, G=210GP, and material density of kg/m3. The relationship 
between natural frequency and rotational speed is shown in Figure 3. 

From Figure 3, the natural frequency values in the dynamic coordinate system can be distinctly 
categorized into two types with increasing rotational speed: forward motion and backward motion. 
When the backward motion frequency approaches 0, the system becomes unstable. Due to the 
circumferential asymmetry of the rotor structure, the frequency values for backward motion can 
attain 0 or negative values within specific speed ranges (negative values are represented as 0 in the 
plot). Figure 3 also compares the theoretical analysis results presented in this study with the ANSYS 
simulation results, which demonstrates a high degree of consistency between the two, thereby 
validating the reliability of the results in this study. 

Displacement response analysis is employed to analyze the drill rod behavior when the first-
order frequency approaches zero. Due to the circumferential asymmetry of the rotor, the gun drill 
rod exhibits eccentricity. Under centrifugal force conditions, with specified initial displacement and 
velocity parameters, the Runge-Kutta method is implemented through the ODE45 function in 
MATLAB to analyze displacement responses at varying rotational speeds. Figures 4-7 illustrate the 
displacement responses from 0 to 200 second at different rotational speeds. Under identical initial 
conditions, the displacement response converges at rotational speeds of 100rad/s, 500rad/s, and 
1500rad/s. At lower speeds, the amplitude of the steady-state response is small. However, as the 
speed increases, the inertial force intensifies proportionally, resulting in increased steady-state 
response amplitudes. At  =1000rad/s, the displacement diverges rapidly, indicating the existence 
of a rotational speed instability region for the circumferential asymmetric rotor. 
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Figure 4. Displacement response diagram at  =100rad/s 
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Figure 5. Displacement response diagram at  =500rad/s. 
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Figure 6. Displacement response diagram at  =1000rad/s. 
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Figure 7. Displacement response diagram at  =1500rad/s. 

3.2. Influence of Dimensional Factors on Vibration Stability 

This section analyzes the influence of various dimensional parameters of the gun drill rod on its 
free vibration and stability. As shown in Figure 8, increasing aspect ratio leads to a progressive 
decrease in both drill rod stiffness and natural frequency. According to calculations, we obtain 

1 441  rad/s, 2 195   rad/s, and 3 14  rad/s. The results suggest that as the aspect ratio 

increases and natural frequency decreases, the unstable region correspondingly diminishes. Based 
on Figures 8, 9, 10, and Table 1, it can be seen that the dimensions of the cutting fluid inlet have 
minimal impact on natural frequency values. However, reducing the cutting fluid inlet dimensions 
narrows the speed range of the unstable region (441-371=70 rad/s). Decreasing the distance from the 
cutting fluid inlet to the center of the outer circle only affects the stiffness of the gun drill along the 

Cy  axis, resulting in a variation in the first-order frequency alone. Conversely, reducing the distance 

between the cutting fluid inlet and the shaft increases the stiffness along the Cy  axis, leading to 

higher first-order natural frequency values while simultaneously narrowing the speed range of the 
unstable region (441-374=67 rad/s). The dimensions of the chip removal groove significantly influence 
the first-order frequency, while the second-order frequency remains relatively constant. Smaller chip 
groove dimensions correlate with higher first-order frequencies and reduced unstable regions (from 
441 rad/s to 316 rad/s). While increasing chip removal groove dimensions enhances chip removal 
efficiency, it simultaneously introduces greater system instability. 
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Figure 8. Influence of aspect ratio on stability. 
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Figure 9. Influence of cutting fluid inlet dimensions on stability (L=0.4m, a=0.01m, α=45 º). 
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Figure 10. Influence of cutting fluid inlet position. 

0 500 1000 1500 2000
0

100

200

300

400

500

900 1200
0

20

40

60

na
tu

ra
l f

re
q

ue
n

cy
  

/H
z

rad/s

 

 

 

 

 

 

 

Figure 11. Influence of chip groove size dimensions. 

Table 1. Influence of dimensional parameters on vibration stability. 
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Dimensional Parameters (Hz,  ( Hz,   (rad/s) 

d=0.01m   a=0.01m   =45º   L=0.4m 137.9 208.3 441 

d=0.005m  a=0.01m   =45º   L=0.4m 142.7 202 371 

d=0.01m   a=0.005m  =45º   L=0.4m 148.53 208.3 374 

d=0.01m   a=0.01m   =30º   L=0.4m 152.85 203.35 316 

4. Conclusions 

This study establishes a Rayleigh rotor model for a circumferentially asymmetric gun drill rod 
and analyzes its free vibration characteristics and rotational stability. The analysis reveals that, unlike 
rotors with well-defined critical speeds, the circumferentially asymmetric gun drill rod exhibits a 
distinct range of unstable rotational speeds within which displacement rapidly diverges. 
Investigation of the influence of dimensional factors on vibration stability yields the following 
conclusions: (1) An increase in aspect ratio and natural frequency corresponds to an expansion of 
unstable regions. (2) Reducing the dimensions of the cutting fluid inlet effectively narrows the speed 
range of unstable regions. (3) Positioning the cutting fluid inlet closer to the coordinate origin 
increases the first-order natural frequency values and reduces the speed range of unstable regions. 
(4) Increasing the chip removal groove dimensions leads to significant reduction in the first-order 
frequency and expansion of the speed range of unstable regions. The modeling method and 
conclusions presented in this study are applicable to the analysis of other circumferentially 
asymmetric rotors, which can provide valuable engineering guidance for the design of gun drill rods. 
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