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Abstract—This paper is a study on the shaft behavior of BTA deep hole drilling tool. The dynamics
of tool shaft are often taken to be that of a second order lumped mass system for other cutting
processes. This simplification does not apply for deep hole drilling because of its shaft length and the
fact of fluid coupling. This paper constructed the general equations of motion for the pipe-like fluid
conveying tool shaft of deep hole drill. The proposed general equations can be reduced to different
specific forms of former works. Solutions for lateral and longitudinal motions were given. Series of
experiments were designed and performed. Comparisons between theoretical and experimental
results confirmed the validity of the constructed equations. The studies disclosed build the know-
ledge about the tool shaft and pave the way for future research concerning the correlation between
the tool shaft and cutting process taking place on the cutting head.
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NOTATION

Ag, A, area of the cross section of the fluid flow, drill tube, respectively, m?
¢ viscous damping coefficient in longitudinal and lateral vibration
C, centroid of area A, of the fluid flow
C, centroid of area A, of the drill tube
cr viscous damping coefficient in torsional vibration
E Young’s modulus of the drill tube, Pa
F force resultant on the cross section of the drill tube, N
S, fluid quality, /min
G shearing modulus of the drill tube, Pa
g gravity
I, I, the moment of inertia of the area A, A, respectively, m*
I.;, 1, the moment of inertia of the area A, with respect to x, y axis, respectively, m*
I, 1,s the moment of inertia of the area A, with respect to x, y axis, respectively, m*
I.;, I, the polar moment of inertia of the area Ay, A,, respectively, m*
J; mass moment of inertia of drill head, kg-m?
k, k' components of curvature of the strained central line of the drill tube, 1/m,
1 length of drill tube, m
M, coupled resultants about S, on the cross section of the drill tube, N-m
M¢ coupled resultants about C, on the cross section of the drill tube, N-m
m, mass of drill head, kg
N tension, N
N, tension at the centroid of the cross section on the tool head, N
O, mass center of the small element of the fluid flow
O, mass center of the small element of the drill tube
fluid pressure, N/m?
, fluid pressure on the tool head, N/m?
R displacement of a point P, on the central line axis of the drill tube, m
F location of a point P on the strained central line axis of the drill tube, m
71 location of a point P, on the central line axis of the drill tube, m
¥, location of fluid at the O, m
s arc length of the strained central line of the drill tube, m
S, shear center of area A, of the drill tube
t times
T, torque at the centroid of the cross section on the tool head, N-m
Ty, 12, Ty unit vector in the direction x, y, z, respectively
U fluid velocity, m/S
u(s, 1), v(s, 1), w(s,t) component of K in the direction X, Y, Z, respectively, m
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Ve, shearing force in direction 7,, T,, respectively, N
eigencolumn matrix, 2M x 2M
component of 7 in the direction X, Y, Z, respectively, m
unit impulse function
extension of the central line of the drill tube
angle of twist
eigenvalue
absolute viscosity, kg/m-s
o5 ps density of fluid, drill tube, respectively, kg/m?
7 twist of the shaft, 1/m
qs, gy force per unit length at the point O,, O/, respectively
Ges» ey external force per unit length at the point O,, O, respectively
A, A s moment per unit length at the point O;, O, respectively
Aes A.; external moment per unit length at the point O,, O, respectively

g ‘C‘

X(s, 1), Y(s, 1), Z(s, t

=

"N Do, O

1. INTRODUCTION

A deep hole drilling machine can drill deep holes with depth-diameter-ratio above 100 due
to its special design and construction. In a deep hole drilling operation, good hole
tolerances with respect to bore diameter, roundness and straightness [1] can be obtained.
The hole surface qualities equal those from reaming, honing and grinding, sometimes even
surpassing them.

With such excellent machining performance, deep hole drillings are often applied in high
precision manufacturing such as the military industry, machine tool and automobile
industries. Applications examples are hydraulic cylinders, landing gears for aircraft, large
holes in diesel truck applications, turbines, heat exchangers, and oil industry components,
etc. [2].

There are three kinds deep hole drilling, namely, gun drilling, BTA(Boring and Trepann-
ing Association) and ejector drilling. The gun drilling is used for a small size of hole and the
BTA or ejector drilling is used for a large size of hole. In a deep hole drilling process the
pressurized coolant is used.

1.1. Purpose of the study

Because of its length, the shaft dynamics of the deep hole drilling influences the quality of
cutting process on the tool head. The deflection due to lateral bending and vibration
worsens the axial hole deviation, tolerance, straightness, roundness, etc.

The purpose of this study is to establish a system model and investigate the dynamics of
the shaft behavior of deep hole drilling tool theoretically and experimentally.

The behavior is correlative with the effect of fluid flow and structural dynamics. In
this study we use the theories of pipes and tubes conveying fluid, with a velocity and
Bernoulli-Eulerian theory containing symmetric bending and torsion to find the shaft
behavior of the deep hole drilling.

1.2. Literature review

Flegel [1] published the quality of the deep hole drilling processes. Rudd and Hetherin-
gton [2] explain each of the three deep hole drilling processes. Rao and Shunmugam [3-6]
made many experiments about hole size, axis deviation, roundness error, surface finish,
axial and transverse profiles of the holes of drilled length, and wear of center, support-
ing pad of BTA drilling tool for many different machining conditions such as cutting
speed, feed rate, cutting time, etc. El-Khabeery, et al. [7] made experiments about
surface integrity of deep drilling holes (such as surface roughness, hardness, micro
hardness, plastic deformation of the surface and subsurface layers) for many machining
conditions. For example, drilling speed, feed rate and work hole diameter in gun drilling
processes. Corney and Griffiths [8] presented experiments analyzing the combined
cutting and burnishing action in which the forces generated at a single cutting edge are
balanced by the rubbing pad in the BTA drilling process. Sakuma et al. [9] made
experiments and proposed simple formulas about the burnishing action of guide pads
and influence on hole accuracies for machining conditions such as cutting forces,
cutting torque, depth of deformation, and waves on burnished surface in the BTA process.
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Sakuma et al. [10] found that the frequency of the bending vibration of the boring bar
during machining of the holes corresponds to the number of the corners of the hole.
Simple models of the support and boring bar was proposed by Sakuma et al. [10],
but there were no complete considerations about motions, for example, the bending
and torsional vibration of the shaft conveying fluid flow. Katsuti et al. [11] proposed
comparison of single- and multi-edge tools for many conditions such as wall
thickness, hardness of the bonded plate, etc.. This paper presented simple models for
cutting forces.

Yumshtyk and Kedrov [12] investigated the gun drill vibration with a very simple
model which considered the lateral vibration by neglecting drill length, torsional
vibration and the effect of the fluid flow. Sakuma er al. [13] presented the deflections
of misalignment in tool pilot bush or bar support on the straightness error of a drilled
hole, but there were no considerations about complete motion and fluid flow. Some
guide values about gun drills, BTA drills and ejector drills, for example, cutting
speed, feed, net power, cutting fluid quantity, cutting fluid pressure, etc. can be found in
Ref. [14].

Chin et al. [15] proposed the theory of signal of chip formation and proved it experi-
mentally. Detailed mathematics concerning chip signals were given by Chin and Wu [16].
Chin and Lin {17] discussed the stability of the drilling process by treating the tool shaft as
a second order lumped mass system, Chandrashekhar et al. [18] proposed a three-dimen-
sional model of the BTA machining system including the interaction between the workpiece
and cutting tool. A physical model for stationary workpiece and rotating cutting tool was
proposed. The modes method along with Lagrange’s equation was used to obtain lateral
and torsional vibration equations to represent the influence of axial force and torque.
Chandrashekhar et al. [19] found the solutions and predicted the helical grooves which
were observed on the drilled workpieces, and compared theories with experiments on
roundness error, but there were obvious discrepancies between theoretical and experi-
mental results. The radial and tangential forces were not considered in Ref. [19]; the
velocity of fluid was held constant in the BTA drilling processes, and the vibration solution
only considered the fundamental mode.

The papers below proposed the theories of pipes and tubes containing a fluid flow.
Blevins [20] proposed the planar lateral motion of the pipes with constant velocity of
fluid flow, and the critical flow velocity due to the buckling of the pipe and due to the
flutter. Paidoussis [21] proposed the extension of gravity on hanging cantilever tubes.
Paidoussis and Issid [22] proposed the extension of the fluctuation velocity of fluid
flow. Yoshizawa et al. [23] proposed another method about the theory of the pipes
conveying fluid with fluctuation velocity, and obtained critical flow velocity and max-
imum values of the static deflection of the buckling pipes. Thompson and Lunn [24]
presented static elastic formulation and concluded that the net effect of the fluid flow
in the static case was to add an end follower thrust to the mechanically applied forces.
Lundgren et al. [25] investigated the three-dimensional lateral vibration of the tubes
of uniform annular cross section containing fluid flow with constant velocity. The
papers above investigated the lateral vibrational of the pipes with double symmetric
cross section, and neglected rotary inertia. Edelstein et al. [26] applied the finite element
method to the same equation described in [25] to obtain the oscillations. Hill and
Swanson [27] proposed the lumped masses on the tubes conveying fluid. Sugiyama
et al. [28] studied the spring effect on pipes conveying fluid and proposed the criterion of
stability and critical flow velocity. The pipe theory above covered the stability and critical
velocity due to flutter but did not consider the axial force, critical axial force and critical
fluid pressure.

Literature investigation reveals that there are no rigorous equations of motion available
that govern the tool shaft of the BTA deep hold drill. In this paper the three-dimensional
general equations of motion for lateral, longitudinal and torsional motion of the shaft
containing the fluid flow are constructed. Specific equations solutions are given for lateral
and longitudinal motions. Finally, the proposed equations for lateral motions are verified
by experiments.
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Fig. 1. Relation between the location 7 and the displacement R.

2. EQUATIONS OF MOTION

The system under consideration consists of a shaft, conveying a fluid. The temperature
and nozzle effect are neglected. The basic assumptions for the shaft are as follows:

1. Elastic homogeneous isotropic material is considered.

2. No shear deformation is considered.

3. Plane sections before deformation remain plane during deformation because of the
Bernoulli-Euler theory.

4. The shaft is of uniform and thin-walled closed cross section and is initially straight.

5. Warping deformation is neglected and shaft deflection is small.

2.1. Bernoulli-Eulerian theory
The determination of orientation of shaft element conforms to Love [29]. Figure 1 shows
the coordinates of a slightly displaced tool shaft. Let P} be a point on the central-line near
Py, and P! be the displaced position of P}. The length of the arc P P! is designated by 4.
The location of a point P on the shaft axis is given by

T=X(s 00+ Y(s, 0] + Z(s, )k (1)
where _ifj*jc' are fixed orthogonal unit vectors. The location of a point P, is given by
Tr=s,k
and the displacement vector is as follows:
R=7—7 =uls, )i + v(s, t)j + wis, Dk,
The unit tangent vector is

. 0r 0X- 9Y.. 0Z-
3—a—s—a—sl+—a?]+a'k. 2)

Let the force and torque on the cross section of the shaft be F and M with
F=V1+V,i,+NT (3)

where V,, V, are shearing forces, and N is the tension.
If the shearing forces V,7; + V,f, do not act through the shear center S;, it can be
replaced by a statically equivalent system shown in Fig. 2 [30]. We obtain

Me = MG + Ssa.sx(Vle + Vy?Z) (4)

where C, is the centroid.
Applying the Bernoulli-Eulerian theory yields

M, = EI .k, + EL k'T, + C,t (5)
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F=Veti +W Gz +N iz

E—

equivalent

Vot +V,t,
cross section cross section

Fig. 2. Statically equivalent system.

Fig. 3. The small element cut from the shaft.

where k and k' are the component of curvature of the strained central line, 7 is the twist of
the shaft and C, is the torsional with

C.=GJ.
2.2. Effect of fluid flow

Consider a small element of the shaft, with length ds, (see Fig. 3). The corresponding mass
of the enclosed fluid is dmy. p, is the density of fluid. Then

om, = prA;os;.

The rate of change of momentum L, can be written as:

dL, 0%7; 0%, , 0% oU ar;

@ = PrAsoss (’a? o, U e T, (©)
dL, ] V-

—L = pa —+U— ) 7
dt Pr féSf <6t + Uasf) rf(sf, t) ( )

The results agree with the papers by Blevins [20], Paiduossis and Issid [22], Yoshizawa,
et al. [23], Lundgren et al. [25].

2.3. Small deflection
A small elements cut from the shaft is shown in Fig. 3.
Coordinate transformation yields:

— %Y., ?X_. o6,
Me= _EIxs ‘é—s‘i‘tl +Elys th"'G‘]at} (8)
The following fundamental equation holds

S M1
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Let (f-fa)s and (HG), be the rates of change of the angular momentum about O, and O
respectively. If the shaft deflection is small, the following equation can be obtained:
Y _. »PX_. 030
(ﬁG)s = I.:saZa t1+lysat26 t2+lisaz

where I, I}, I, denote the principal centroidal moments of inertia and

IJl:s ll 2 PX I;s = Psts‘SS; Izls = p,1.,0s.
Let ~
(HG)S = pshysas
then
- Y _. X _. 529
hgs= — I, 6t26 tl +Iys 3120 t2+Iz, T, 5 (9)
Similarly,
— Y _. X 9%0_.
hgf:_leaza tl+1yf6t26 t2+szazt3 (10)
and the tension is:
N=E4 (1)
Os

2.4. Equations of motion of BT A drill shaft with stationary cutting tool
In BTA drilling processes, the shaft is of uniform annular cross section, the points C,, C,

S, are of the same location, and the points O,, O, become identical. So we can take
ILy=I,=1I; I,=1,=1I
Sp=8 Tr=T
and the flow velocity U is opposite to the direction defined earlier, so the rate of change of

momentum L, of BTA drill becomes:

dff 0 o\
? = pfAf(SS (E - U'a;) r(s, t).
The force equation is:
0F 0P _
6s+6 +4;+4,=0 (12)
where
- o*F - =
9= — P;As E’z‘ + P;Asg + Ges

- 0 d\ .. - =
dr= —psAs (5 + Ua_s,) Tr+ PrAsd + ey

The moment equation is:
A+ A= (13)

where
As = - pshys + Aes
As=—prhys + Aoy
The following relations can be established from Fig. 4:

M - -
G+A,+A,).

—_ 0
rv'=m3+t,x( " (14)
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L z;
ty F
T F

Fig. 4. The relationship of the force in rectangular coordinates.

Substituting Eqn (14) into Eqn (12), the following general force equation can be obtained

(. 0F\ o zar L9 i

3

6 X Y 7
l:(psl + prf) tza :ltl + I:(psl + prf) tza :|
0 or o 0 )2
+%|:(N_PAf)E:|_psAsa_ pfAf <at+U s)

+(psA +PfAf)g +qes+Qef+ [t3x(Aes+Aef)] - (15)

If we do not consider the twist 7, the gravity g, the external force, the external moment, the

rate of the change of the momentum Z(p, I, 5%)..., it is the same as the equation in

Refs [25] and [26]. If we also neglect the k,, it is the same as the equation in Ref. [20].
Fromi- in Eqn (15) the following form can be obtained by neglecting the high order terms

o ?X\ , @ Fx7 .8 F)'e
_F<E13?>+E§[(psls+pflf)m:| [(N PAI)—]
’X 0 d\?
ASW_pfAf<E+Ug)X—(psAs+pfAf)g

+i'(qes+qef)+l'&[tBX(Aes+Aef)]=O- (16)

If we do not consider the twist z, the gravity g, the external force, the external moment, the
pressure P of the fluid flow, it is the same as the equation in Refs [18] and [19].
From 73-in Eqn (15) the following equation is obtained

8 , a1, oF 87
2= (EL)k; + El~ <2k ) (GJt =X 6s2)

0 oU o*r
+5§(N_PAJ)"'pfAf PP — (s As + pr Ap)ts- e
+(psAs+ pr ADE G + T3 (Ges + Gey)

S .

+ ts‘a—s[ta X(Aes + Aep)] =0 (17)

. . . . T, 27,
where k, is curvature in the normal direction k, = |32| = |% .
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Fig. 5. Boundary condition on the tool head.

If E, I, U are constant and the twist 7, gravity g, external force, external moment are
neglected, it is the same as the equation in Refs [25] and [26].

2.5. Boundary conditions
The boundary conditions are constructed as that shown in Fig. 5. The condition at
location s = [ can be expressed by two models.

Model 1. The boundary condition contains the mass m,, the moment of inertia of mass .J;,
the forces, the torque, the springs and the dampers.

Model 2. The boundary condition at s = / is free while the mass m,, the moment of inertia
of mass J;, the forces, the torque, the springs and the dampers are replaced by concentrated
forces and torques.

3. THE SOLUTIONS OF EQUATIONS OF MOTION

The solutions of equations of motion of the BTA drill shaft will be given for the following
general cases:

- o7 . ~ -
o= —c 5{ £y (5. 0T + fo (5. O + f3 (s, OF (18)

where — ¢ denotes viscous damping force and f;, f2, f3, are the external forces per unit
length.

Gy =0 (19)
— 00_. -
Aes = - Ct'&lZ +f4(s’ t)k (20)

where — ¢, % denotes viscous damping torque and f, is the external torque per unit length.
Aes =0. (21)
3.1. Lateral motion of the shaft
The equation of motion for lateral motion can be derived from Eqn (16):

X *x @ ox
— EI, — I))———+—|(N—PA,) —
s 5t Tl T 510 575+ 5 [( 9 65]

a4 ¢ 0
— psAs e prAy (5; + U%>X —(psAs + prAg)g

e %if st =0, 22)
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B.C’s
s=0, X=0, a—X=0
0Os
02X
S=l, EIS—[}?:O
#*X X X 0X
S—-—l, EIsF——m,E}T—CIE—le—N,E;.
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If my, ¢, in boundary condition are neglected it is similar to the equation in Ref. [22]. I.Cs

t= Os X= gxl(s)

dXx
t = —_— X
09 dt Ix2 (s)

Assume the solution of Eqn (22) is of following form:
X(S, t) = Xl(s, t) + Xz(s).

We first find X,(s) by applying model 1 of the boundary conditions.
Suppose

X, =Xon+ X3,

where X, is the homogeneous solution and X, is the particular solution. We have

s2(ps As + prAg)g

X, = — :
7 U 2(=Ny+PA; + pA UP)

Because N; < 0 which is a compressive force we have

_ —N,+P,Af+pfAfU2
EI,

X;,=dysinb,s +d,cosb,s —d,b,s — d,

bl

where d,, d, can be obtained from the following two linear equations:

62
Xol) _ _ 4 b2 sin byl — d,b2 cos b,| — —\PrAs ¥ PrANg

ds?
— EI,( — d;b? cosb,l + d,b? sin b,]) =

- kl[dl(sin b,l — bl) + d;(cos b,l — 1)

_ P(p,As + prAg)g
2( —_ N[ + PIAf + pfAfU?')

_ l(psAs + pfAf)g
—N; +P1Af +pfAfU2 '

It is convenient to introduce the dimensionless quantities for X;:

- X, _ s
XN=7 §=7

_ 1 EI; 172
f=to|—0w=
12 (PsAs + pfAf)

T = psls + psly U=uUl prA\?
P BlpsAs + prAgy El,

“ N+ P A+ p A U

] - N,[dl(b,, cos b,l) — dyb, sin b,1
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- PrAy . 2
Pr = oA+ ps Ay T CTEL(p A, + pr AT
- m - l
S WA, 4 prA) 1T O EL(p,A, + pr AT
_ 13 _ 2 _ IZ
ki =k, -E—Is, N; =N, E—I;’ P, =P A; EL.

. P g
h =f1ET; gx3=_13

Gea =4 41<M>‘/2 wz__Q[Z(_p‘_Aﬂf_A_f

EIl, EI,

and the equation is rearranged as:
64X1 = 64X1 8X1
- N.&6(5 — 1) —1
g5 e gmae TN D 50
X, 4 *X, X,
as* = of OF 05
GZXI - 0)_(1 02X1

as_z +C—aT+m16(S—1)—a—t_z—

— (N~ P) +20p}?

+ 02

X, - -
+ 1005 — 1)%—;— + k165 — 1)X, =£15. 1)

with B.C.’s
_ oX
§=0, X, =0, —=0
0§
_ X, X,
§=1, 55 — 0 5 =,

The Galerkin method is used to find X,. Suppose that

%60 = ,ﬁl Fn(3)qn)
where ¢, (5) satisfy all the boundary conditions of the system.
We take
¢m($) = cosh B, § — cos B,,5 — o, (sinh B, § — sin §,,5)
where B, satisfies the equation
cos fncosh B, +1=0
and

_ sinh PBm — sin B,
" cosh B, +cos B

m

By the Galerkin method, the following equation in matrix form can be obtained:

A4 + B4+ Cq = f(i)

where A4, B, C are M x M matrices and g, f, ® are M x 1 matrices. We can write:

X,(5,7) = ®T(3)q(F)

)1/2

(23)

29

(25)

(26)

27)

(28)
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where g(f) is of the following form [31]:

. ¢ . 0
qf)=Ww,, e”[ e Wl AT (Ddr+ W, e W {q( )} (29)
0 4(0)
where J is the Jordan matrix, W = [W,, W, ]", W ~! = [W ! W;!], W = eigencolumn
matrix.
The matrices g(0), (0) are found by using 1.C. and the orthogonality of ¢,,(5) as follows:

%©=me%®a

1
%@=Lm®@®ﬁ
Finally, we obtain
X\ (s, t) = X, (5, F)] = 10 (3)q(f)
X(s,t) = Xy(s, 1) + X,(s).

This completes the solution of equations for lateral shaft motion. Y (s, t) can be obtained
in a similar way by neglecting gravity.

3.2. Longitudinal motion of the shaft
The equation of motion for longitudinal motion can be derived from Eqn (17):

3w 3w ow
EA 357 PyA; — (psAs + prAy) 2 +fils,0=0 (30)
where P, = 3£ = — 84U [32]
B.C’s:
s=0, w=0
ow ?w ow

S=l, EAsg= —m,? —k3W—C3E+N1

ILCs

t=0, w(s0)=g,(s)

t=0, w(s,0)=g,(s)

Assume the solution of Eqn (30) is of following form:
w(s, 1) = wy(s, t) + wals).

We first find the static solution w,(s) by solving the following reduced equation:

3w
EA, ?22 ~PyA; =
It leads to
PyAf (1 , k412 N,
= st~ L : 1
was) = g4 (2 S TSt B4, v ko)) T EA v Rl 3D
wi(s, t) is governed by the following reduced equation:
62w, 62w1 6w1
EA, o2 (psAs+ psAp) vl +fi(50)=0
B.C’s
s=0, w; =0
ow, ?w, ow,

s=1, EA, — kaw;.

s ™ME Y
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1C’s
t=0, wi(s,0)=gs(s) = gi(s) — wa(s)

t=0, Wi(s,0) = gals) = ga(s).

It is convenient to introduce the following dimensionless quantities

1
b= [E_1

PsAs

_,b_t( EA \"

T I \p A, + psAs

- l
c=cC 12

[EAs(psAs + pfAf)]
: 1
=c
3 3 [EAs(psAs + pfAf)]llz

F l - 43 _Ya
j‘3_f3EA_s, g3 = l, g4"b

_ PsAs + pr Ap\'?
w=Ql (———-——E ” )
and the equation is normalized as
*w,  *w, _*w,  _ Py
2 + P +c e + m a7 o5—1)
_ 0wy _ - -
+ c3—a—f—5(s — 1)+ k3w 85— 1) =f3(5,1) 32
with B.C.s
s§= 0, Wl = 0
§=1, M1 _g
3
Again the Galerkin method is used to find w,. Suppose that
M
150 = Y Gm(5)gml®) (33)
m=1
where ¢, (5) satisfy all the boundary condition of the system.
We take
o = 2m — 1
¢m(3) =sin 4,5, where 4, = (——’?-2——)3, m=12,..
The ¢,,(5) are orthogonal over the span of the cantilever.
By following operation similar to that in Section 3.1, we can obtain
(34)

AG+ B4+ Cq=f(f)

where A4, B, C are M x M matrices and ¢, f, ® are m x 1 matrices.

Using
4:0) = — [ j ¢.-(s')g3(s‘)ds-]
my; 0

da® 1T,
dr =;;.U; ¢i(S)g4(S)ds]
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Table 1. The natural frequencies of lateral vibration of the shaft of BTA drill
{hanged horizontally with no fluid)

Theoretical values Theoretical values Experimental

of Eqn (35) of Euler beam values

Mode (Hz) (Hz) (Hz)
1 36.522 36.538 38.752
2 100.629 100.718 103.469
3 197.170 197.447 199.699
4 325.541 326.390 326.396
5 485.673 487.571 492.157
6 677.275 680.987 693.670
7 900.084 906.640 914.559
8 1153.745 1164.528 1178.076

where m; = 3, the g(F) can be found by the same method is Section 3.1. Finally, we obtain
wils, 1) = wy(S, E) = 1D(5)q(F)
w(s, 1) = Wy(s, t) + wy(s).

This completes the solution of equations for longitudinal shaft motion.

4. SYSTEM SIMPLIFICATION

The foregoing equations of motion were established in a general sense. They could be
simplified to cope with the practical engineering features.

For example, the tool shaft is of steel material so that the deformation is small and the
effect of rotatory inertia could be neglected. This leads to an Euler Beam. In order to make
system simplification the following two preliminary system analyses are performed.

4.1. System eigenproperties—solid shaft
The equation of motion in lateral direction can be derived from Eqn (22) as follows:

*X X 0X X

El, —F 4+ pAs—5+C——pl—5— = 35
a5t PPt O Tl qagn (33)
This equation can be further simplified to become an Euler beam equation:
o*X *X 1.4
ElI, — — +C—=0. 36
gt T TG =0 (36)

The following boundary conditions are used to investigate the shaft eigenproperties.

oo DX _PX_

R Y
D, GEIED. ¢

S=l, —7:——3:
0s Js

The natural frequencies of modes 1-8 of the two theories and of experiment are listed in
Table 1 which reveals that theoretical values of Euler Beam are closer to the experimental
values than those predicted by Eqn (35).

4.2. System eigenproperties—solid shaft with static fluid
The purpose of this analysis is to examine the system under the influence of the static
fluid.
The equation of motion can be rewritten from Eqn (22) for lateral shaft motion as follows:
*X a9, ¢ 0X X

hudilinkel = = _ 1) ——=0. 7
EIS 634 +(psAs+pfAf) 6t2 +C ot (psls+pf f) 6S26t2 0 (3)
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Table 2. The natural frequencies of lateral vibration of the shaft of BTA drill
(hanged horizontally with static fluid)

Theoretical values Theoretical values  Experimental

of Eqn (37) of Euler beam values
Mode (Hz) (Hz) (Hz)
1 34935 34.989 34.877
2 96.258 96.338 96.881
3 188.612 188.861 189.887
4 311.432 312.195 313.895
5 464.658 466.368 472781
6 648.028 651.373 654917
7 861.305 867.213 868.056
8 1104.167 1113.887 1116.072
Amplifier —WCHZ
4%
Microlink |—
| Amplifi J
mplifier CHI
3D
Accelerometer
—Shaft of BTA drill

VAN
Personal
Computer
; 0t Pump
0il Outlet (R 68 )
Fig. 6. The setup of experimental equipments.
The equation of motion of an Euler Beam is:
liad. ¢ 92X X
El, — s A Aj)—+C—=0. 38
s 3gt +(p st Pr f) at2+ ot (38)

Both system equations are subjected to the same boundary conditions as that in Section
4.1.

Comparing the theoretical values of natural frequencies of modes 1-8 with those of
experiment in Table 2, it is seen again that the theoretical values of an Euler Beam are closer
to the experimental values than those predicted by Eqn (37).

Based on the results of the above two series of preliminary analyses, the proposed
equations of motion can be simplified and the shaft of the BTA drill be taken as an Euler
Beam. In the following studies only the simplified equations of motion will be used.

S. THE EXPERIMENTAL ARRANGEMENTS

The experimental arrangements are shown in Fig. 6, in which a heavy duty lathe is
equipped with self-designed fixtures to hold the drill on both ends. The experiments which
involve generally modal testing techniques [33, 34] are divided into two parts:
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/ Chuck

Fixture
/ Acclerometer
N 1 2 3 % 7 8 9 10

w /
The shaft of BTA drill

Fig. 7. The arrangements of experiment (shaft without fluid, both ends are clamped).

7

Fixture

o SNNNTAAN NN

0Ol Seal

11 12 13 14 15

Tool Head

(1) The shaft of the BTA drill is installed on the machine without introduction of oil.
(2) The shaft of the BTA drill is installed on the machine with both ends fixed and oil is
supplied.

Details of the experimental arrangements are as follows:

. Lathe:
SAN SHING SK26120 HEAVY DUTY PRECISION LATHE.
(Distance between chuck center and tailstock center: 3m)
. Hammer:
Hammer: PCB 086B05 SN5163 (range: 05000 1b)
Amplifier: PCB model 480D06 power unit.
. Accelerometer:
accelerometer: TEAC 601Z (weight: 0.3 g)
amplifier: TEAC SA620.
. Data acquisition system:
MicroLink: four independent channels, stand-alone type with 64k samples per channel on-board memories.
. The deep hole drill:
. drill head:
Type: SANDVIK 420.6-0014D 18.9170
Mass: 0.030205 kg
Mass moment of inertia J;: 1.420 x 10~ % kg-m?.
. drill tube:
Type: SANDVIK 420.5-800-2
Length: 1.6 m
Internal diameter: 11.5 mm
External diameter: 17.0 mm
Material: JISSNCM 21
Density p,: 7860 kg/m>
Young’s modulus E: 2.06 x 10'! Pa
Shear modulus G: 8.1 x 10'° Pa
. Fluid:
Type: R68
Density p;: 866 kg/m*
Absolute viscosity w: 0.383 kg/m-s.

6. THE SHAFT BEHAVIOR IN INSTALLED CIRCUMSTANCES

The shaft is installed on the lathe by the fixtures and the shaft behavior in installed

circumstances is investigated in this section. The arrangements of this experiment are shown

in Fig. 7.
The equation of lateral motion is:
X (5.4 X
El{— + p;A;,—5 + C— = 9
Gt ThA Gt O =0 39)
with B.C’s
s=0, X= (3_X =0
ds
_, ox_ex o
SEL B T e

MS 38:5-B
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Table 3. The natural frequencies of lateral vibration
of the shaft of BTA drill (both ends clamped horizon-
tally with no fluid)

Theoretical Experimental
Mode values (Hz) values (Hz)
1 44.488 44.178
2 122.634 115.958
3 240411 230.559
4 397412 368.149

Let
X(s, t) = Zo(s) q(¢).

The mode shape function ¢;(s) can be obtained from the boundary conditions:
¢;(s) — cosh ;5 — cos B;s — a;{sinh ;s — sin f§;s) (40)
and

. cosh ;1 — cos f3;1
7 sinh B;l — sin §;!
cosh B;l-cos §;l = 0.
Giving an impulse to the shaft yields
*X X 0X

I == L+ C= = h).

By doing the Fourier Transform of the above equation and solving for the closed form,
the solution yields

Hjw) = — — (41)
L .
BFEL | | BFEIL
psAs Cj

The theoretical natural frequency is equal to

1 [p; EI
= [H— 42
I 32\ pd. 42)

The frequency response function is
M
H(Ss’ Sy W) = Z ¢j(ss) d’j(sr‘) H](W)
j=1

a. Natural frequency

In this experiment, the tool head is fixed with two bolts and an oil seal ring is present
which makes the practical boundary condition complex and not ideal. The comparisons
between the theoretical and the experimental values of natural frequencies of modes 1-4 are
listed in Table 3 in which the agreement can be seen, but the discrepancies are somewhat
larger than that in Tables 1 and 2.

b. Mode shape
The mode shape function of the shaft is

cosh ;1 — cos ;1

: p—y h s — . p—
$i(s) = cosh fys — cos s — g om0

(sinh ;s — sin §;s).
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. Normalized displacement
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08f
04t
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Fig. 8. The shape of mode 1 for lateral vibration (shaft without fluid, fixed—fixed).

; Normalized displacement

o8}
06}
0.4l
0.2}
°
-0.2}
-0.41
-08f
-08+
- 1 L i | 1
° 02 04 06 08 1 12 14 18
Length of the shaft (m)
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Fig. 9. The shape of mode 2 for lateral vibration (shaft without fluid, fixed—fixed).
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Fig. 10. The shape of mode 3 for lateral vibration (shaft with fluid flow, fixed—fixed).

The mode shape of modes 1-3 according to the above equation are compared with the
experimental result in Figs 8—10. We find all the theoretical mode shapes are in agreement
with the experimental counterparts.

Although some discrepancies due to the practical clamping and sealing are seen, the
experiments conducted in this section have confirmed the general agreement between the
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J0  f1 12 13 14 1§ ‘.\\\

I
44 .\\\\\\ Y

777770000
LLLTLL TS /
% The shaft of BTA drill Tool Head
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0il Outlet

Fig. 11. The arrangements of experiment (shaft conveying fluid)

practical fixture effects and the ideal boundary conditions. This is very encouraging for
future research since mathematical tools are obtained for this conventionally empirical area.

7. THE SHAFT BEHAVIOR OF THE BTA DRILL WITH CUTTING FLUID

In this section, the behavior of the shaft conveying fluid is investigated. The arrangements

of this experiment are shown in Fig. 11.
The fluid pressure on the tool head P, is read from a pressure gauge to be
P, = 392 x 10° N/m?.

Due to the limit of the available hydraulic system the flow rate cannot be changed. We

have
Flow rate = 1.2 x 10" % m3/s

Flow velocity = 1.155 m/s.

The equation of motion is:
Elsa(;T)f— 0 (N — PAf) +psAsa;T)2(+pfA, (%—U%>2X+C%)?{=O (43)
with B.C’s
s=0, X= aﬁ)s(
s=1, X= 86—)5( =0.

In this experiment, the axial force N is zero. Rearranging the above equation yields

X 0*X .4 *X 0X
EI Wy +(P1Af+pfAfU) 3 2pfAf +(p5A +pfAf) 2 +C—=0.
0s Os dsdt ot
(44)
Let

X(s, ) = Z¢(s)q(t)

the mode shape function ¢;(s) is
j(sinh ;s — sin f§;5) (45)

¢i(s) = cosh ;s — cos ;5 — o;
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Table 4. The natural frequencies of lateral vibration
of the shaft of BTA drill (both ends clamped horizon-
tally, conveying fluid)

Theoretical Experimental
Mode values (Hz) values (Hz)
1 43.424 43.015
119.689 112.382
3 234.634 220.889

and

. cosh ;1 — cos f3;!
77 sinh B;1 — sin B;1

cosh f;l-cos ;1 = 1.
Giving an impulse to the shaft, the equation of motion becomes

64X 62X 62X aZX 0X
By doing the Fourier Transform of the above equation and solving for the closed form
solution, we can obtain

1
Hjw) = >
1— id —i d
ELB'¢ + (PA; + p, AU BT 9" ELB/d + (P;As + p, A, U} "
(psAs + prAs)d ;¢ — 20,4, UB;9’
(46)
The theoretical natural frequency is equal to
fo 1 \/EI Bip + (PLA; + p, A, U B2 @)
" 2n (psAs + pyr AP '

The frequency response function is
M N
H(SS, S5 W) - Z d’j(ss) (»bj(sr) Hj(w)-
j=1

a. Natural frequency

Comparing the theoretical values of natural frequencies of modes 1-3 with those of
experiment in Table 4, we can find the theoretical values of natural frequencies being close
to the experimental values.

b. Mode shape
The mode shape function of the shaft is

cosh B;l —cos Bl
sinh g;/ —sin g;l

The theoretical and experimental mode shapes are compared in Figs 12—14. It is seen that
the agreements are satisfactory, but the fluid has caused even larger discrepencies.

¢(s) = cosh ;5 — cos f§;5 —

(sinh B;5 — B;s).
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Fig. 12. The shape of mode 1 for lateral vibration (shaft with fluid flow, fixed—fixed).
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Fig. 13. The shape of mode 2 for lateral vibration (shaft with fluid flow, fixed—fixed).
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Fig. 14. The shape of mode 3 for lateral vibration (shaft with fluid flow, fixed—fixed).

8. CONCLUSION

The shaft behavior of deep hole drilling is important in the cutting process but rarely
studied. This paper studied the tool shaft of deep hole drilling by treating the shaft as a pipe
and using the Bernoulli-Eulerian theory. The general equations of motion for the BTA drill
shaft are rigorously derived which can be reduced to different specific equations of former
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works. The constructed general equations govern the lateral, longitudinal and torsional
motion of a tool shaft conveying pressurized fluid.

The solutions for lateral and longitudinal motion are obtained by combined analytical
and Galerkin methods.

A preliminary comparison between theoretical and experimental results shows that the
rotatory inertia effect is negligible and the term pI % in the shaft dynamics can be deleted.
The shaft can be treated as an Euler Beam.

Two series of experiments are performed to verify the lateral shaft dynamics for an
installed tool with and without cutting fluid. Although the boundary conditions of fixture
damping are not ideal, the comparisons of natural frequencies and shaft mode shapes
between theoretical and experimental results are satisfactory. Since the natural frequencies
are lower than those of usual cutting tools, and the rotating workpiece might worsen these
values, it can be predicted that the shaft dynamics are not negligible in the cutting process.

The constructed general equations of motion for a tool shaft build a foundation of
knowledge about it and pave the way for future studies concerning correlation between
cutting process and shaft behavior.

Acknowledgement—The authors thank the National Science Council of the Republic of China for the support of
this study under the Grant Number NSC-81-0401-E-009-13.
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