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Abstract

In the processes of deep hole drilling and boring, tool deflection and chatter are prevalent
problems that significantly affect the quality and efficiency of deep hole part machining.
This paper designs a Helical-Type Vibration-Damping and Deflection Correction Device
for BTA (boring and trepanning association) deep hole drilling based on the principles of
fluid dynamic pressure lubrication and squeeze film damping. By leveraging the flow field
characteristics of cutting oil during machining, the device achieves vibration-damping,
deflection correction, and enhanced support for the tool system throughout the drilling
operation. Through theoretical analysis, this research examines the oil film pressure distri-
bution and stability of the Designed Vibration-Damping and Deviation Correction Device.
It also explores the influence patterns of factors such as cutting parameters, device structure,
minimum film thickness, film thickness ratio, and length-to-diameter ratio on its vibration-
damping, deviation correction, and stability performance. Taking a ¢29.35 deep hole as
the research object, an experimental platform was designed and constructed to measure
and verify the device’s vibration-damping and deviation correction effects under different
operating conditions. Deep hole drilling tests were carried out on 10 conventional gun steel
specimens (¢29.35 x 3000 mm). The results indicate that, when the minimum oil film gap
of the Vibration-Damping and Deflection Correction Device is 0.08 mm, the axis deviation
range is 0.27~0.45 mm, with a surface roughness of 0.589 to 0.677 um. Compared to similar
conditions without the device, these represent reductions of 55~73% and 47.07~53.95%,
respectively. It allows for a reduction of over 10% in blank material allowance and an
increase of 5-15% in tool feed rates.

Keywords: BTA deep hole drilling; fluid dynamic lubrication; squeeze oil film;

vibration-damping and deviation-correction; stability

1. Introduction

Wan et al. [1] discussed deep hole drilling technology, deep hole drilling technology
originated from barrel machining and is now widely applied in the manufacturing of core
components for military equipment, oil and gas extraction, and other machinery. Wang
etal. [2] believe that during deep hole machining, the high depth-to-diameter ratio (typically
exceeding 5) commonly leads to tool deflection and chatter in the tooling system (including

Machines 2025, 13, 986

https://doi.org/10.3390/machines13110986


https://doi.org/10.3390/machines13110986
https://doi.org/10.3390/machines13110986
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0009-0008-7980-8569
https://orcid.org/0009-0004-6655-7343
https://orcid.org/0000-0001-6620-1831
https://doi.org/10.3390/machines13110986
https://www.mdpi.com/article/10.3390/machines13110986?type=check_update&version=1

Machines 2025, 13, 986

2 of 25

both the cutting tool and tool holder). This results in suboptimal hole straightness and
roundness precision. Furthermore, as mechanical products evolve and workpiece materials
become increasingly complex, higher demands are placed on the machining accuracy,
quality, and production efficiency of deep holes. Examples include deep hole drilling and
boring in ultra-high-strength materials and zigzag deep hole machining in special materials.
The prevalence of these challenges leads to elevated processing costs, significant resource
consumption, and even the difficulty of machining certain deep hole components.

To address these issues, experts and scholars in relevant fields have conducted
in-depth research.

Richardson et al. [3,4] reviewed the role of guide strips in BTA deep hole drilling tools
during machining, analyzing the influence of factors such as cutting speed, feed rate, and
guide strip squeeze finishing on the surface roughness of deep holes. Li et al. [5-8] estab-
lished the variation patterns of contact angle, contact stress, and extrusion deformation
between BTA drill guide strips and hole walls during drilling using elastoplastic defor-
mation theory and Hertzian contact theory. Afzaal et al. [9-12] investigated the motion
characteristics of micron-sized chips during electrical discharge machining (EDM) via CFD
simulation, proposing that chip trajectories correlate with chip size. Robert et al. [13-15]
proposed integrating a sensor system beneath the guide key of BTA drills to capture machin-
ing parameters and comprehensive hole wall surface information. Frederic et al. [16-18]
designed a deviation compensation device between the drill and drill rod, employing
ultrasonic monitoring for hole wall thickness; Kong et al. [19,20] investigated the nonlinear
dynamics of tool systems and the unsteady hydrodynamic characteristics of cutting fluid
between drill rods and borehole walls during deep hole drilling. They elucidated the
influence of drill rod motion parameters and structural design on cutting fluid forces, as
well as the mechanisms affecting drill rod vortex formation and instability. Robert et al. [21]
investigated the influence of cutting speed, feed rate, and factors such as wall-induced
pressure and cutting forces on the subsurface characteristics of AISI 4140 and AISI 304 L
ultra-high-strength materials during deep hole drilling. Their findings provide a basis for
optimizing machining processes to control part fatigue strength and reliability.

In conclusion, the existing research on improving the quality and efficiency of deep
hole machining has mainly concentrated on the optimization of process parameters and
equipment, the integration of ultrasonic vibration assistance, the application of specialized
machining techniques, and the implementation of real-time monitoring and control. Never-
theless, research on comprehensively leveraging the flow characteristics of cutting fluids to
achieve vibration-damping and tool deflection correction within deep hole tooling systems
has yet to be conducted.

Taking into account vibration-damping and deflection correction for deep hole cutting
tools is crucial for addressing such problems. In contrast to the previously mentioned
research results, this paper innovatively puts forward a design theory for a Helical-Type
Vibration-Damping and Deflection Correction Device based on dynamic pressure lubri-
cation theory and the principle of squeeze film damping. By making use of the cutting
oil present in deep hole machining, the device is designed on the basis of the existing
common process equipment. It is characterized by a simple structure, convenient operation,
strong adaptability, and remarkable efficacy, thus overcoming the problem of poor hole
straightness faced by current deep hole drilling equipment when machining difficult-to-
cut materials. Moreover, this paper expounds on the Vibration-Damping and Deflection
Correction mechanism of the device, uncovering the factors and patterns influencing the
tool oil film pressure distribution and stability during deep hole machining. Through
a rational structural design of the Vibration-Damping and Deflection Correction Device,
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effective vibration-damping and deflection correction of the tool system during machining
are achieved.

2. Theory of Vibration-Damping and Deviation Correction for BTA Deep
Hole Drilling Tool Systems

2.1. Vibration-Damping and Deviation Correction Mechanism

The BTA system is among the most frequently employed deep hole machining sys-
tems. Its operational principle is as follows: during the process of deep hole drilling,
the workpiece rotates at a speed of w; while the tool system rotates at a speed of wy,
thereby generating relative rotational motion. Concurrently, pressurized cutting oil enters
through the oil feeder into the annular space between the outer wall of the drill rod and
the machined surface of the workpiece. This oil reaches the tool head for the purposes
of cooling and lubrication, and it expels chips through the interior of the drill rod [2], as
depicted in Figure 1a. Building upon this system, this paper integrates the theory of fluid
dynamic pressure lubrication with the principle of extrusion film damping. By taking into
account the flow characteristics of cutting oil and boundary layer theory, a Helical-Type
Vibration-Damping and Deflection Correction Device was designed to connect the drill
head and shank. Its structure, installation location, and operating principle are illustrated
in Figure 1.

Figure 1b shows the wedge-shaped gap filled with cutting oil. Owing to the viscosity
of the oil and the narrowness of the gap, the oil within the boundary layer adsorbed on
the surface of the bore wall rotates counterclockwise along with the workpiece, moving
from the larger end to the smaller end of the wedge gap. Yu et al. [22] believe that once
the conditions for forming a dynamic pressure oil film are met, the oil film will generate
dynamic pressure. When the tool system rotates clockwise, the viscous forces of the cutting
oil in the external flow region of the boundary layer are significantly smaller than the
inertial forces. Furthermore, the gap at any cross-section A of the wedge-shaped oil film
decreases as the tool system rotates, causing the oil film to be compressed and generate
a reaction force. This results in oil film compression pressure. The combined dynamic
pressure and compression pressure of the oil film provide support and positioning for the
tool system located at the hole center. When the tool system deviates from the hole center
due to cutting forces and undergoes displacement motion near the hole center, as illustrated
in Figure 1c (i.e., tool chatter occurs), two phenomena occur: First, the wedge-shaped gap
oil film forms oil film damping due to compression or stretching. This damping dissipates
the tool system’s vibrational energy and prevents oil film rupture, creating an oil film
damping force that suppresses tool vibration. Second, the oil film in the wedge-shaped gap
thins under compression, generating relatively greater dynamic pressure, while thickening
under tension produces relatively smaller dynamic pressure or negative pressure. This
forces the tool system to deviate from the hole center back toward the hole center position.
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Figure 1. (a). Schematic diagram of the Vibration-Damping and Deviation Correction Deep Hole

Drilling Tool System. (b). Schematic cross-section of the device at the ideal position of the tooling

system. (c). Schematic cross-section of the device during tool system flutter eccentricity.
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2.2. Theoretical Analysis of Oil Film Pressure Distribution in Devices
2.2.1. Thickness of the Wedge-Shaped Oil Film in the Device

To investigate the pressure distribution of the wedge-shaped oil film in the apparatus,
it is first necessary to derive an expression for the oil film thickness h. Given that the three
wedge-shaped protrusions of the device are configured with a uniform circumferential
distribution, and their cross-sectional curves adhere to an Archimedean spiral, we analyze
one protrusion, as shown in Figure 2. Here, Oy is the rotational center of the bore and
device, a is the lowest point of the wedge protrusion, R, is its polar radius, and h; is the
oil film thickness at this point. b is the highest point of the wedge protrusion, R; is its
polar radius, and hy, is the oil film thickness at this point; Ry denotes the deep hole radius.
Selecting any point p on the wedge surface with a rotation angle 6, the oil film thickness at

point p is as follows:
h=Ry—R,—Ad-(m—9), (1)

where Ad = Ri=Ra

/3

Figure 2. Positioning relationship between the surface of a single wedge-shaped projection and the
hole wall.

2.2.2. Analysis and Calculation of Pressure Distribution Within Wedge-Shaped Oil Film
for Device

The wedge-shaped gap formed between the wedge-shaped protrusion surface of the
device and the bore wall of the workpiece is filled with cutting oil. As the workpiece rotates
at an angular velocity w1, the flow of cutting oil adhering to its bore wall resembles the flow
within a boundary layer. Based on boundary layer theory, a rotating coordinate system
Oxyz is established, as shown in Figure 2. The y-axis is normal to the inner hole surface
and points toward the center of the workpiece’s inner hole. The z-axis aligns with the axis
of the inner hole, while the x-axis is the axis of rotation, coinciding with the cross-sectional
circle of the workpiece’s bore, pointing counterclockwise, i.e., as follows:

x = Ry(mr—0), (ifsegn), 2)
Therefore,
Ad
h(x) =h, — —x, 3
(1) =ha= T @

where h; = R, — R,.
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The hole wall moves at a constant speed,
U = wRy, 4)

along the x-axis. The pressures at both ends, i, and h;, are taken as constant values,
po, and the oil film thickness is defined as /(x). The arc length of the hole cross-section
corresponding to the cross-section of the wedge-shaped protrusion is calculated as follows:

R
1 =0x, = =¥, 5)

3
Since the oil film thickness i(x) is on the micrometer scale, it is much smaller than /,

i.e., we obtain the following:

e=hy/lorhy/l, (6)

which is a small amount.
Let the flow velocity of the cutting oil within the gap be represented by the vector

V = u(x,y). Referring to the boundary layer problem, estimate the order of magnitude of
Pu s Pu Ip
9x2 / 9y?’ dy

Introduce the following dimensionless quantities:

/ %, using ¢ as the estimation criterion.

f_u o, _ 0, p

N L @)

=2 y’:zt':i (8)
L’ L’ T’

where P is pressure, p is density, and u and v are the scalar components of velocity Vin a
two-dimensional coordinate system. v is the characteristic velocity, L is the characteristic
length, and T is the characteristic time.

Clearly, within the boundary layer, u and V are of the same order of magnitude.
Therefore, 1’ is of the same order of magnitude as 1. Let the following be true:

u ~1, )

Secondly, as y' varies from 0 to ¢, 1’ varies from 0 to a quantity of the same order as 1.

Therefore, the order of %‘: is %, i.e., we obtain the following:

o' 1
TVI ~ g, (10)
Similarly, the following can be proved:
?u 1
2 ~ 872, (11)

Y

When x" moves from point O’ to a quantity of the same order as 1, u’ changes by a
quantity of the same order as 1; therefore, the following is true:

ou’
Similarly, the following can be proved:

o2’
ox'?

~1, (13)
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From Equations (11) and (13), we obtain the following:

2u' 9%’
/= = O(e? , 14
2/ 57 = 0©) (14)

Pressure gradient is a passive force, typically serving a regulatory function. The order

/ !/
of magnitude of %, 3—5, is determined by the largest order of magnitude among the inertial
forces and viscous forces. The inertial forces and viscous forces are of the same order;

/ /
therefore, the orders of magnitude of % and 3—5/ are, respectively, as follows:

a /
a—? ~1, (15)
a /
aT’Z/ ~E, (16)

/
The gradient of pressure along the normal direction y, 3—5,, is one order lower than the

gradient along the x-direction of the pore wall, g—z: Compared to g—ii, within the first-order
approximation range, g—;; =0.
Converting Equations (15) and (16) to their dimensionless forms yields the following:

dp dp _
@/a =0(e), 17)

The pressure value does not change in the direction perpendicular to the boundary

layer, p = p(x).
Based on the above analysis, the system of equations for the planar steady-state motion
of cutting oil in the wedge zone is derived:

divV=0
, 18
{p‘ii‘[:pF—gradp—i-%AV (18)

This can be simplified as follows:

Ju Jvu
g + @ =0 (19)
ou du\  dp 9%
P(“ax”ay> =i TMap 0

An order-of-magnitude estimate is now provided for the ratio of inertial forces to
viscous forces:

Inertial force pu s B M/V-%g%: B puTz Ul (h\* Ree? 1
Adhesive force V?,ié’ B %32112’ B @ N y(l) - e @)
Yy 8y/ ha
where Re = Ul /v, v = %, v denotes the kinematic viscosity of the cutting oil.
The current drilling data for a $29.35 x 3000 mm deep hole is as follows:
Workpiece rotational speed w; = 100 r/min, tool speed wy; = 490 r/min,

U=0.90669m/s, | = 0.0153676 m, v = 0.204 x 10~ m?2/s, h, = 0.00018 m, and
hy, = 0.0001 m.
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After calculation, it is found that Re = 683.02, ¢ = 0.00651, and Ree? = 0.0289. It can
be seen that the inertial forces are smaller than the viscous forces. Therefore, the equation
of motion in (20) can be written as follows:

dp  9%u

The continuity Equation (19) can be replaced by the condition that the flow rate is
constant across all cross-sections.

h(x)
Q= / u dy = constant, (23)
0
The boundary conditions are the following:
y=0:u=Wy=h:u=0, (24)

x=0:p=pyx=1:p=po, (25)

Since % is a function of x, integrating Equation (22) twice and considering boundary
condition (24) yields the following:

2
—ui-Y)- B2

Using Equation (23) and boundary condition (25) to determine Z—i, substituting
Equation (26) into (23) yields the following;:

h(x) y W2 dpy y Uh 1 dp
Q- | [“(1;1) 2;4dxh(1h)}dy_ 2 1o 27)
Namely,
dp u aQ
{7136_1214(2;12 MJ’ (28)

Let h at ZZTZ = 0 be denoted by i1*; then, we obtain the following:

u, .
Q=Sh, (29)

Substituting Equation (29) into Equation (28) and considering Equation (3), let the
following be true:
h(x) = h, — Cx, (30)

where %—Z = (. Then, we obtain the following:

dh

We then obtain the following;:
dp  euU /1 k¥
5~ (m ) o

The integral is obtained as follows:

Ceul (1 I
r= 2 (imam) ve o
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P= [ (p—po)ix=

where

, (34)

Substituting boundary condition (25) into the above equation determines the integra-
tion constants C and h*, yielding the following;:

"= ha +hy’ %)
com- i)
G,

Substituting into (34) yields the following:
p= p0+6yu1{k.n/3.w (38)

h?(hZ — h%) ’

According to Newton’s law of internal friction, the viscous shear stress on the inner
bore wall is as follows:

(oY o _pyp_Ldr o _pdf, 817
T°“<3y>0 U3l = h<4 n ) 39)

Using Equation (39) in conjunction with Equations (32) and (35), the resultant pressure

on the hole wall section [ corresponding to the wedge-shaped protrusion section B can be
calculated as follows:

6uU(Ry-7/3)° [Znh” 2= hb)] _ SpU(Re7/3) [an— 2k - 1)}, (40)

(ha—tp)2 L e hathy (k—1)2K2 k+1

where
k=h,/h

Equation (40) represents the mathematical model for oil film pressure, with its numer-
ical simulation analysis shown in Figure 3, and the meanings of variable symbols in the
figure are shown in Table 1.

700

600

5001

P (KPa)

300

200

100

U(m/s) §E

(a) (b)

Figure 3. The numerical simulation analysis of the mathematical model of the oil film pressure of the
device. (a) P-k relationship curve. (b) P-U-h;, relationship surface.
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Table 1. Variable Symbol Meaning Reference Table.
P Oil Film Pressure
u Relative Speed
hy Minimum Oil Film Thickness
k Wedge-Shaped Oil Film Thickness Ratio
Ry Hole Diameter
U Dynamic Viscosity of Cutting Oil

Based on Equation (39), the resultant viscous force acting on the bore wall cross-section
I corresponding to the wedge-shaped protrusion cross-section B is calculated as follows:

!
WURe-7/3[ . hy  6(ha—hy)]  pURg7/3 6(k—1)
F /0 Todx = A T Ty TR e T

From Equation (40), it can be seen that the value of the combined pressure P depends
on the magnitude of k. When k = 1 and k = oo, P = 0. Within this interval, there exists an
extreme value of P. Now, we find the derivative of P with respect to k:

%= —2k— 1) ink = 20| - (k- 1) 2 [} -2k + 1) -

(42)
20k — 1) (k + 1)*2} = —2k(k + 1)%Ink + 4k°> — 4k + (k— 1) (Zk +1- 3k2),
Thus, the transcendental equation satisfied by k when P attains its extreme value is

obtained as follows:
k> + 5k — 5k — 1 — 2k(k 4 1)Ink = 0, (43)

The approximate numerical solution sought is as follows:
k=218, (44)

At this point, P reaches its maximum value.

In the above-mentioned theoretical calculations, it is postulated that the workpiece
and tool system experiences two-dimensional motion, and that the oil film pressure does
not decrease in the z-direction. Moreover, the calculations presume that the oil viscosity
coefficient is invariant and that the oil is incompressible.

2.3. Key Dimension Design for Vibration-Damping and Deflection Correction Device in Deep
Hole Drilling

2.3.1. Helix Angle

As shown in Equation (41), the greater the velocity of the cutting oil from the larger gap
end to the smaller gap end, the larger the oil film force generated. However, the rotational
speed of the workpiece and tool system, which governs this velocity, is constrained by
process limitations. When cutting oil enters the gap between the Vibration-Damping and
Deflection Correction Device and the workpiece bore under pump pressure, it possesses a
certain velocity and pressure. Its direction of velocity, v¢, points along the workpiece bore
axis toward the tool, as shown in Figure 4. Simultaneously, the rotation of the workpiece
bore wall induces the cutting oil to rotate around the axis, generating a rotational velocity
vy The resultant velocity combining v and vy, is vp. When the v, direction is perpendicular
and points toward the axial helix of the device’s wedge-shaped protrusion, a greater oil
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film force can be generated. Therefore, it is preferable that the tangent value of the helix
angle 8 of the axial helix satisfies the following condition:

vf
tanf = —, (45)
Un
o Passing through Wedge-shaped
BELETE the oil tank protrusion

Edge chamfering

Figure 4. Vibration-Damping and Deflection Correction Device and tooling.

Among these, B is typically set between 10° and 15°. Compared to linear wedge
protrusion designs, the right-handed helical wedge protrusion structure offers two key
advantages: First, it exhibits a superior deviation correction capability, with cutting oil
flowing from the larger end to the smaller end of the wedge gap at a relative velocity
approaching its maximum value while maintaining a uniform flow rate, thereby generating
the maximum and most stable theoretical oil film force. Second, it exhibits a superior
operational stability. Due to its circumferential force distribution, it partially compensates
for uneven oil film forces caused by manufacturing and installation coaxiality errors,
thereby reducing their impact on the tooling system. Third, the device exhibits an extended
service life. Its longevity is determined by wear rate, and the helical structure effectively
prevents failure due to friction wear caused by severe tool chatter where a wedge protrusion
edge rubs against the workpiece inner wall.

2.3.2. Minimum QOil Film Thickness

The radial clearance between the outer surface of the Vibration-Damping and Deflec-
tion Correction Device and the bore wall affects the oil film pressure and motion stability of
the device. Based on the aforementioned theoretical analysis, under constant conditions, the
smaller the minimum oil film thickness /;, on the wedge surface of the Vibration-Damping
and Deflection Correction Device, the greater its load-bearing capacity. However, the mini-
mum oil film thickness cannot be infinitely small in practical applications due to constraints
such as the roughness of the borehole inner wall and the wedge surface of the device, the
rigidity of the device and tool holder, geometric errors in deep holes caused by tool wear,
and installation errors of the device. To ensure the device operates under liquid friction
conditions, the minimum oil film thickness must be equal to or greater than the allowable
oil film thickness [h], i.e., the following must be true:

hy > [H], (46)

[h] = 4S(Ray + Rap + VC + A), (47)

In the formula, Ra; and Raj represent the arithmetic mean deviations of the inner wall
profile and the wedge surface profile of the device, respectively. For conventional deep
hole drilling of gun steel, Ra; and Rap can be set to 3.2 pm and 1 pum, respectively.

VC denotes the radial wear of the drill bit, with VC values ranging 10~20 pm in the
conventional deep hole drilling of gun steel.
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A represents the installation error of the device. For the conventional deep hole drilling
of gun steel, this is set to 20 um.

S represents the safety factor, accounting for surface geometric errors, deflection of the
device and tool holder, etc. Generally, S > 2 is adopted.

2.3.3. Film Thickness Ratio

The film thickness ratio refers to the ratio of the oil film thickness h, at point a of
the wedge to the oil film thickness h;, at point b, which influences the magnitude of the
resulting oil film pressure. As shown in Equation (41), once the drilling parameters are
fixed, the viscous force F depends on k,; and hj,, where uURy is a constant. When h, = hj,
or hy; > hy, F = 0. Since the minimum oil film thickness &, is constrained by permissible
conditions, there exists a specific value of h, within this range that yields the extreme value
of F. Its numerical solution is as follows:

o~ 2.18hy, (48)

2.3.4. Oil Passage Groove

To ensure that a sufficient flow of cutting oil reaches the cutting edge during drilling
operations and prevents the installation of the Vibration-Damping and Deflection Correc-
tion Device from compromising the oil’s cooling, lubrication, and chip-flushing functions,
an oil channel has been designed, as shown in Figure 3. The radius Ry of the device’s
cylindrical base must satisfy the following conditions:

Ry = \/ R,2 — 2k [sz - (kZRk)Z}, (49)

where the coefficient k; ranges from 1.1 to 1.5, while k; ranges from 0.9 to 0.93.
As shown in Figure 2, let the depth of the oil passage groove be d. We then obtain
the following:
d = Ry — Ry, (50)

2.3.5. Edge Chamfering

The lower end point a of the wedge-shaped protrusion is designed with a fillet or
streamlined profile at both the edge and its intersection with the base cylinder, as shown in
Figure 3. Therefore, the fillet radii at these two locations in Figure 2 are as follows:

n=E=Ro)/ (51)

The purpose of this design is twofold: first, to reduce resistance to cutting oil flow
toward the narrow end of the gap; second, to prevent vortex formation at the oil groove
and the step at the low end of the wedge-shaped protrusion during device rotation, thereby
minimizing kinetic energy loss. The high end b of the wedge-shaped protrusion features a
rounded edge with a radius rp = 0.2 mm to prevent the tool system from scratching the
inner wall of the guide sleeve or the bore wall of the workpiece during severe vibrations.

2.3.6. Aspect Ratio

The length-to-diameter ratio refers to the ratio of the axial length L of the wedge
structure in the Vibration-Damping and Deflection Correction Device to the diameter D of
the processed hole, i.e., %. When selecting the length-to-diameter ratio, the average oil film
pressure of the device must be considered:

2F

Pm = EI (52)
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The value of p;; should be set higher to enhance the stability of the device opera-
tion and reduce its overall dimensions. For standard gun steel ¢29.35 deep hole drilling
workpieces, considering factors such as machining process parameters, device machining
and installation errors, and the structure of the machine tool oil feeder, the % value of the
Vibration-Damping and Deflection Correction Device is 1.67~2.67.

3. Experimental Analysis
3.1. Laboratory Bench Design and Construction

This experiment aims to determine the effects of factors such as the wedge structure
and rotational speed on oil film pressure. The machine tool used was a WB CNC deep
hole drilling and boring machine. A ¢29.35 Botek drill bit was employed, with a ¢24 drill
rod. The cutting oil used (deep hole drilling oil) has a kinematic viscosity of 18~22 mm? /S
at room temperature. Since the cutting oil supplied during the rotation of the Vibration-
Damping and Deflection Correction Device is pumped from the oil reservoir, its tempera-
ture is maintained between 25 °C and 30 °C, allowing its oil properties to be considered
unchanged. The experiment workpiece material was 45 steel (¢85 x 2500 mm). Eight differ-
ent specifications of the Vibration-Damping and Deflection Correction Device were tested:
5T29.35-0.1-0.22-10, 5T29.35-0.08-0.175-15, 5T29.35-0.08-0.175-10, ST29.35-0.03-0.066-10,
5T29.35-0.03-0.066-10, LT29.35-0.1-0.22-0, LT29.35-0.08-0.175-0, and LT29.35-0.03-0.1-0. The
model format meaning was as follows: A-B-C-D, A—Device structure (ST29.35: ¢29.35 drill
bit with helical device; LT29.35: ¢29.35 drill bit with straight-type device), B—minimum
wedge oil film thickness, C—maximum wedge oil film thickness, and D—helix angle. A
physical diagram of the device is shown in Figure 5.

Figure 5. Actual images of ¢29.35 Vibration-Damping and Deflection Correction Device with different
specifications and structures.

Using the ST29.35-0.08-0.175-15 Vibration-Damping and Deflection Correction Device
Tool System (including drill bit, Vibration-Damping and Deflection Correction Device, and
tool shank), drill a 350 mm deep hole in the workpiece. Then, machine drainage installation
holes at 170 mm and 340 mm from the workpiece end face, as shown in Figures 6 and 7.
The upper end serves as the mounting position for the M5 pressure sensor probe, while
the lower end features a ©2 mm drainage hole. This hole directs pressure oil from the
wedge gap to the sensing end of the pressure sensor probe, enabling the measurement
of the oil film pressure within the Vibration-Damping and Deflection Correction Device.
The pressure sensor employs a miniature dynamic liquid pressure transmitter with a
measurement range of 0 to 1 MPa and a measurement accuracy of £0.5% of full scale.
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Proximitor
Sensor probe
L Workpiece
sealing ring
M 5 internal thread Cutting oil

Drainage hole inside the hole

D2

Figure 6. Schematic diagram of workpiece drainage positioning holes and pressure sensor installation.

Drainage and
installation holes

Figure 7. Actual view of workpiece drainage holes and sensor mounting holes.

The slip ring is installed at the workpiece port, as shown in Figure 8. Its inner
ring rotates with the workpiece, while the outer ring remains relatively stationary via a
lever, enabling the transmission of oil film pressure voltage signals. The eddy current
displacement sensor bracket is secured to a support mount positioned 0.9 m from the
machine tool feeder’s oil seal. The eddy current displacement sensor is then installed,
as shown in Figure 9, to measure the x- and y-axis displacement of the drill pipe at this
location; the sensor has a measurement accuracy of 0.001 mm and is calibrated using
42CrMo alloy steel (drill pipe material) prior to shipment. Sensor signals are acquired via a
dynamic signal testing and analysis system, and the sampling frequency is set to 12.8 kHz,
as illustrated in Figure 10.
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Workpiece Pressure sensor Slip ring 01l feeder

Figure 8. Actual installation diagram of pressure sensor and slip ring.

Displacement

sensor Cutter bar Bracket seat

Oil seal Drill pipe

Figure 10. Sensor data acquisition system.

3.2. Measurement and Analysis of Oil Film Pressure Distribution and Stability

For the aforementioned test bench, the Vibration-Damping and Deflection Correction
Tool System was first inserted into the workpiece’s internal bore. By setting different test
conditions, experiments were conducted on eight device samples to obtain their oil film
pressure distribution and drill rod vibration displacement data under varying conditions.
Partial data for the 5ST29.35-0.08-0.175-15 Vibration-Damping and Deflection Correction
Device is shown below. The first row in Figure 11a depicts the oil film pressure waveform
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diagram, analyzing the oil film pressure distribution. The second row shows the horizontal
(x) displacement waveform at the drill pipe measurement point, while the third row
displays the vertical (y) displacement waveform at the same point. Figure 11b shows the
approximate circular radius of the axis movement trajectory at the continuous measurement
points obtained after processing the x-y data., which is used to analyze the stability of the

device’s operation.
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Figure 11. Oil film pressure distribution and drill pipe vibration displacement test data. (a) Oil
film pressure distribution and drill rod vibration at tool system speed of 490 r/min; (b) Movement
trajectory of the drill pipe axis at the measuring point during the feed process of the tooling system.

3.2.1. The Influence of Structure on the Distribution and Stability of Oil Film Pressure in
the Device

Under the cutting parameters of workpiece speed 100 r/min, tool system speed
490 r/min, and feed rate 40 mm/min, the oil film pressure distribution and stability of the
$T29.35-0.08-0.175-15, ST29.35-0.08-0.175-10, and LT29.35-0.08-0.175-0 devices were mea-
sured. Utilizing the data processing capabilities of the dynamic signal testing and analysis
system, the oil film pressure and average oil film pressure range at the measurement point
were obtained by statistically summarizing 5000 peak values and calculating the radius of
the centerline trajectory circle, as shown in Table 2 and Figure 12 below.

Table 2. Data processing results for oil film pressure and axis trajectory circle radius at the measure-

ment point.

Workpiece- Params Mean Standard 95%

Tool Speed Deviation Confidence Interval
by * 47.861 3.211 [41.567,54.155]
b, * 59.417 3.102 [53.337,65.497]

90-0 r/mi Py * 66.235 3.128 [60.104,72.366]

—o /i rn* 191.087 24.363 [143.336,238.838]

rp* 187.592 13.962 [160.226,214.958]
r3* 163.569 22.103 [120.247,206.891]
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Table 2. Cont.
Workpiece- Params Mean Standard 95%
Tool Speed Deviation Confidence Interval
) 228.86 2732 [223.508,234.218]
P, 282.67 2.491 [277.786,287.550]
. P, 32027 2293 [315.778,324.766]
0-490 r/min " 135.41 17.687 [100.743,170.077]
"2 8435 8.659 [67.380,101.324]
ra 43.69 5.663 [32.589,54.787]
P, 364.8 2172 [360.545,369.059]
P, 455.06 1.752 [451.629,458.497]
. P, 516.68 1.585 [513.571,519.785]
100-490 r/min " 123.55 16.596 [91.018,156.074]
"2 66.56 7.302 [52.245,80.869]
rs 25.38 4.695 [16.181,34.585]

* P1, Py, and P5 represent the oil film pressure at

measurement point when the wedge helix angle o

300

the measurement point when the wedge screw angle of the
device is 0°, 10°, and 15°, respectively (KPa). r1, rp, and r3 represent the radius of the axis trajectory circle at the

f the device is 0°, 10°, and 15°, respectively (um).
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Figure 12. Effect of wedge helix angle on oil film pressure and stability at different rotational
speeds. (a) Workpiece rotational speed 90 r/min; (b) tool system rotational speed 490 r/min;
(c) workpiece-tool speed 100-490 r/min.
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As shown in Figure 12, the oil film pressure generated by the device increases with the
increase in its wedge helix angle; the radius of the axis movement trajectory decreases with
the increase in the helix angle. This experiment demonstrates that designing the device’s
wedge protrusion as a helical structure can increase oil film pressure by 40% and improve
operational stability by nearly sixfold. However, the helix angle should not be excessively
large, as this would impair the chip-breaking function of the cutting oil.

3.2.2. The Effect of Minimum Oil Film Thickness on the Oil Film Pressure Distribution and
Stability of the Equipment

By replacing the drill bit guide key to alter the diameter of the workpiece’s deep hole,
the minimum wedge oil film thickness of the device is indirectly modified. The oil film
pressure distribution under different minimum wedge oil film thicknesses is measured. The
following figures show the average oil film pressure and stability of the 5T29.35-0.08-0.175-
15 vibration-damping and alignment device under the following conditions: workpiece
speed of 90 mm /min, Vibration-Damping and Deflection Correction Tool System speed of
490 r/min, and workpiece-tool system speed of 100-490 r/min. Process the collected data,
the results are shown in Table 3.

Table 3. Data processing results for oil film pressure and axis trajectory circle radius at the measure-

ment point.
Workpiece— Params Mean Standard 95%
Tool Speed Deviation Confidence Interval
by * 421.362 1.881 [417.675,425.049]
P+ 398.952 1.912 [395.204,402.700]
Py * 319.664 2.311 [315.134,324.194]
Py 276.032 2.568 [270.999,281.065]
Ps * 50.910 3.150 [44.736,57.084]
90-0 r/min Py * 21.007 3.254 [14.629,27.385]
ry* 39.838 5.676 [28.713,50.963]
rp* 51.257 6.775 [37.978,64.536]
r3* 43.686 5.901 [32.120,55.252]
rg* 48.363 5.210 [38.151,58.575]
rs* 189.532 23.941 [142.608,236.456]
e * 192.319 24.110 [145.063,239.575]
P 91.332 3.029 [85.395,97.269]
) 84.754 3.106 [78.666,90.842]
P; 66.235 3.128 [60.104,72.366]
Py 57.921 3.151 [51.745,64.097]
b5 9.772 3.322 [3.261,16.283]
. P 3.799 3.436 [—2.936,10.534]
0-490 r/min r 193.160 25.056 [144.050,242.270]
03 191.689 24137 [144.380,238.998]
3 163.569 22.103 [120.247,206.891]
T4 168.051 22.109 [124.717,211.385]
s 182.848 23.444 [136.898,228.798]
T6 189.276 23.000 [144.196,234.356]
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Workpiece- Params Mean Standard 95%

Tool Speed Deviation Confidence Interval
P 631.824 1.193 [629.486,634.162]
b, 594.027 1.335 [591.410,596.644]
P; 515.739 1.524 [512.752,518.726]
Py 405.023 1.867 [401.364,408.682]
Ps 62.935 3.167 [56.728,69.142]
P 24.791 3.223 [18.474,31.108]

100490 r/min

r 24.962 2.945 [19.190,30.734]
s 28.937 4.395 [20.323,37.551]
r3 25.382 3.221 [19.069,31.695]
4 26.778 3.305 [20.300,33.256]
5 159.341 20.963 [118.254,200.428]
76 171.062 23.665 [124.679,217.445]

* Py, Py, P3, Py, Ps5, and Py represent the oil film pressure at the measurement point when the minimum oil film
thickness of the wedge is 0.005, 0.03, 0.08, 0.1, 0.3, and 0.6 mm, respectively (KPa). r1, 1, 73, 4, 15, and r¢ represent
the radius of the axis trajectory circle at the measurement point when the minimum oil film thickness in the wedge
is 0.005, 0.03, 0.08, 0.1, 0.3, and 0.6 mm, respectively (um).

As shown in Figure 13, the oil film pressure increases as the minimum oil film thickness
decreases, with the rate of increase gradually slowing down. Within the 0.005-0.1 mm
range, the radius of the shaft center’s motion trajectory remains largely stable, exhibiting
a fluctuating pattern. This experiment demonstrates that, the smaller the wedge-shaped
device’s minimum oil film thickness, the greater the generated oil film pressure; however,
the more severe the wear on the device’s wedge surface, the more likely it is to scratch the
workpiece’s inner bore surface and induce chatter in the tool system. When the minimum
oil film thickness is 0.08-0.1 mm, a relatively high oil film pressure can be generated without
wear observed on the device’s wedge surface, and the radius of the shaft center’s trajectory
is small. When the minimum oil film thickness exceeds 0.3 mm, the oil film pressure
becomes very low, and the oil film fails to form effectively. This experiment verifies that,
when the tool system deviates or vibrates during drilling, the side with the thinner oil film
experiences higher oil pressure, while the side with the thicker oil film has lower pressure.
This pressure difference guides the tool system back to the hole center, achieving correction
and vibration-damping.

3.2.3. Effect of Rotational Speed on Oil Film Pressure Distribution and Stability in
the Device

The ST29.35-0.08-0.175-15 Vibration-Damping and Deflection Correction Device is
selected for analysis, featuring a minimum oil film thickness of 0.08 mm and a feed rate of
40 mm/min. The settings are as follows:

(1) Tool system stationary; workpiece rotation at 40 r/min, 70 r/min, 90 r/min,
125 r/min, and 140 r/min

(2) Workpiece stationary; tool system rotation at 190 r/min, 290 r/min, 390 r/min,
490 r/min, and 590 r/min

(3) Both workpiece and tool system rotating: 40-290 r /min, 90-490 r /min, 177-413 r/min,
100-490 r/min, 100-520 r/min, and 125-590 r/min. The average values of oil film
pressure and the radius of the shaft center’s trajectory are recorded, as shown in
Figure 14.

Process the collected data, the results are shown in Table 4.
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Table 4. Data processing results for oil film pressure and axis trajectory circle radius at the measure-
ment point.

Workpiece- Params Mean Standard 95%
Tool Speed Deviation Confidence Interval
1001 /mi P * 30.756 3215 [24.455,37.057]
—vr/mn r* 191.763 24.241 [144.251,239.275]
2001 /mi P, * 50.564 3.159 [44.372,56.756]
—vr/mmn o * 176.325 23.482 [130.300,222.350]
90-01/mi Py * 66.235 3.128 [60.104,72.366]
—vr/min r3* 163.569 22.103 [120.247,206.891]
. Py * 76.763 3.165 [70.560,82.966]
125-0 r/min ryt 141.021 20.276 [101.280,180.762]
, ps * 82.429 3.099 [76.355,88.503]
140-0r/min rs * 109.563 11.218 [87.576,131.550]
. ) 130.819 2,951 [125.035,136.603]
0-150 r/min " 93.852 10.264 [73.735,113.969]
. P, 203.080 2.789 [197.614,208.546]
0-290 r/min s 79.688 9.684 [60.707,98.669]
. Py 280.903 2552 [275.901,285.905]
0-390 r/min rs 59.323 7.998 [43.647,74.999)]
. P, 319.867 2313 [315.334,324.400]
0-490 r/min rs 43.692 6.001 [31.930,55.454]
, Ps 341.086 2.164 [336.845,345.327]
0-590 r/min s 32.024 4739 [22.736,41.312]
. ) 336.331 2235 [331.950,340.712]
40-290 r/min " 89.631 8.985 [72.020,107.242]
. P, 511.779 1.578 [508.686,514.872]
90-490 r/min . 25.414 3332 [18.883,31.945]
. Py 509.069 1.621 [505.892,512.246]
177-413 r/min ra 32,547 4.862 [23.017,42.077]
. P, 516.029 1.581 [512.930,519.128]
100-490 r/min rs 25.384 3.335 [18.847,31.921]
. Ps 525.119 1522 [522.136,528.102]
100-520 r/min rs 24.886 2.867 [19.267,30.505]
, Py * 561.872 1.463 [559.005,564.739]
125-590 r/min ro * 23.878 2245 [19.478,28.278]

* Py, Py, P3, Py, P5, and Pg represent the oil film pressure at the measurement point corresponding to each rotational
speed (KPa). r1, 2, 3, 4, 5, and r¢ represent the radii of the center circle of the axis at the measurement point for
the corresponding rotational speeds (um).

As shown in Figure 14a,b, the oil film pressure increases with rising workpiece rota-
tional speed and Vibration-Damping and Deflection Correction Tool System speed, though
the rate of increase gradually diminishes. The radius of the axial motion trajectory decreases
with increasing rotational speed and stabilizes. Figure 13c indicates that the rotational
speed ratio between the workpiece and Vibration-Damping and Deflection Correction Tool
System has a negligible effect on the magnitude of the generated oil film pressure. The
experiments demonstrate that, at a workpiece—tool system speed of 100 r/min—490 r/min,
a relatively stable oil film pressure of 516 kPa can be formed with satisfactory stability,
verifying the device’s supporting and vibration-damping effect during the drilling process.

3.3. $29.35 Deep Hole Drilling Test

Based on the aforementioned experimental analysis, a 5T29.35-0.08-0.175-15 Vibration-
Damping and Deflection Correction Device was selected for deep hole drilling tests on a
3 m long ordinary gun steel workpiece. The drilling test apparatus is shown in Figure 15.
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A sample size of 10 pieces was used. Partial workpieces after deep hole drilling, as shown
in Figure 16. The deviation at the exit of the drilled hole was measured indirectly by
determining the maximum and minimum runout values at the hole exit. The deviation was
calculated using the following formula:

AS = (81 —82)/2, (53)

where AS is the deviation amount at the deep hole exit, 61 is the maximum runout at the
exit, and 92 is the minimum runout at the exit, with each of the 10 samples tested three
times and the average value calculated. The surface roughness of the drilled hole was
measured using a roughness tester.
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Figure 13. Effect of minimum oil film thickness on oil film pressure and stability at different rotational
speeds. (a) Workpiece rotational speed 90 r/min; (b) tool system rotational speed 490 r/min;
(c) workpiece-tool speed 100-490 r/min.
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Figure 14. Effect of rotational speed on oil film pressure and stability. (a) Workpiece rotation;
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Figure 16. Partially machined workpieces using the Vibration-Damping and Deflection Correction

Tool System.



Machines 2025, 13, 986

23 of 25

Testing revealed that, when drilling 3 m ordinary gun steel workpieces using the
5T29.35-0.08-0.175-15 Vibration-Damping and Deflection Correction Tool System, the axial
deviation ranged from 0.27 to 0.45 mm, with a surface roughness of 0.589~0.677 um. The
machining quality of this machine tool for drilling workpieces of the same specifications
in recent years is as follows: the average exit deviation is 1 mm, and the average surface
roughness is 1.279 um. These data were provided by the production department of the
partner enterprise. The deviation at the deep hole outlet decreased by 55% to 73%, while
the surface roughness decreased by 47.07% to 53.95%.

4. Conclusions

1.  Anovel vibration-damping and deflection correction method for deep hole machining
based on dynamic pressure lubrication and squeeze film damping theory is proposed,
with a detailed elaboration on its operational principles. A Vibration-Damping and
Deflection Correction Device for BTA deep hole drilling is designed. This device
generates oil film pressure during drilling, exerting vibration-damping and deviation
correction effects on the tool system. Consequently, it reduces exit deviation in deep
hole machining and suppresses chatter.

2. Through theoretical analysis and experimental validation of the Vibration-Damping
and Deflection Correction Device, the influence patterns of structural dimensions,
minimum oil film thickness, rotational speed, and other factors on oil film pressure
distribution and stability were established. Design criteria for the key dimensions
of the Vibration-Damping and Deflection Correction Device were derived. Exper-
imental validation: The calculated results from the constructed oil film pressure
mathematical model exhibit consistent trends with the experimental measurements.
The numerical deviation between the two falls within +15%. Beyond considering
sensor measurement accuracy, the underlying causes warrant further investigation.
Research indicates that, when drilling ordinary gun steel workpieces, designing the de-
vice with a minimum oil film thickness of 0.08 mm, a helix angle of 15°, and a length of
50 mm can form a large and stable oil film, achieving the device’s vibration-damping
and deviation correction performance.

3. This vibration-damping and deviation correction theory has been applied in drilling
$29.35, ¢25, and deep holes, such as ¢95 and ¢110. The axial deviation of deep
holes after drilling was reduced by an average of 50% to 70%, while the roundness
error decreased by an average of 28%. The axial deviation of deep holes after boring
was reduced by an average of 25% to 50%, while the roundness error decreased by
an average of 15%. The roundness error is directly related to the amplitude of the
tool system vibration. Therefore, research on the dynamic characteristics (stiffness
coefficient and damping coefficient) of the wedge-shaped pressure oil film, both
through calculation and experimental determination, is of great significance for the
optimized design of this device.

4.  To facilitate inspection of the Vibration-Damping and Deflection Correction Device’s
machining quality, the device can be designed with four wedge-shaped protrusions
evenly distributed around the circumference—a structure symmetrical about the
axis origin. The wedge dimensions can be directly measured using a tilt meter
and micrometer.
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