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[ Abstract] An essential problem in the design of mechanical impact systems is the impact of a piston on a rod. The im-
pact of a semr finite cylindrical piston on a nomr uniform rod was studied. Based on wave mechanics and characteristic line
theory, an inverse numerical approach to determine the piston profile was proposed, by means of which the geometry of an
impact piston may be determined from the given stress waveform for a given rod profile. Numerical results show that the

given stress waveform may be produced by means of the alternatives of design of piston and rod. There is good agreement

between the experimental results and numerical results.
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1 INTRODUCTION

In percussive drilling of rock, a piston is acceler
ated by a low-level force while the transit time is
much longer than that of elastic waves through the
piston. The piston impacts on a long, slender drill
rod. Through the impact process a high-level force
wave is generated which has duration of orders of the
transit time. This high-level short-duration force
wave performs work in rock fragmentation process. It
is necessary to produce high-level stress wave if hard
rocks are penetrated, but this can be done only at the
cost of increased energy losses in the system, result-
ing in plastic deformation and fatigue.

The geometrical shape of the piston determines
the stress waveform produced. Therefore the design
of piston geometry is of great significance both from
the view points of rock penetration performance and of
the system fatigue life, and now becomes a topic of
more than academic importance. LIU, et all"? pre
sented the inverse design of impact pistons based on
stress waveforms, by means of which the piston ge
ometry can be determined directly from the stress
waveform given. Similarly, Nygren, et al'®! proposed
the optimal design of elastic junctions with regard to
transmission of wave energy. It must be mentioned
that the rod impacted by the piston is uniform in the
model presented by LIU. Although the drill rod is u-
niform along most of its length, for practical reasons
its tail portion whose end-face is impacted by the pis-

ton is commonly non-uniform.

2 INVERSE NUMERICAL APPROACH
2.1 Mathematical model

The system to be studied is depicted in Fig. 1. A
short truncated conic piston, of length L, impacts a
semrinfinitely cylindrical rod of radius ro, with a
waist-drum like tail of length L,. And it is assumed
that a spring, of stiffness k, exists between the pis-
ton and the rod to simulate the impact contact of
them.

The motion of the impact system is governed by
the one-dimensional wave equation:

or(x) S04 2E g
p2a(x) 204 9= 0
Whose spring equations are

F(x= Li,t)= F(x = Li,1t)
dF(xz Lutl_ pryx= 17, 0)-
t
Ux= Li, t)]
Boundary conditions are (1)
F(x=0,1) =
F(x=x",t)= F (1)

Ux=x ,t)= F (1)/(RQA)

Initial conditions are
110 <x <L1, t
Ux > Ll, t=0)=

0):

F(x 20,t= 0) =
A(x) = Tr(x ),o< SLi+ Ly
A(x): A(), x > L1+ L2

where F is the normal force, positive in pressure; U

is the particle velocity, positive in the direction of in-
creasing x; [ ¢ are density and elastic wave speed of
piston and rod; A (x), r(x) are cross-sectional area

and radius which are function of the coordinate «;
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Fig. 1 Impact piston characteristic line grid

Ao, 1o are cross sectional area and radius of rod; 1) is
impact velocity of piston; F~ (1) is force wave at the
. * * . .
coordinate x (x > L+ L) propagating in the u-
and “ +
represent the impact endfaces of the piston and the

”» »

niform portion of the rod; Symbols “ -

rod respectively.

For the simplicity, the above equations can be
rewritten in non-dimension as follows.

Let

x= x/Ly, t= c/L;, U= U,

x = x/Ly, k= kL./RA,,

F' = F'/RAoW, r= r/ro
A= Lo/ Ly, F= F/RAQY

obtain
200 JF
Tt g = O
200 2F
rowt o= 0

F(x=1,1)= F(x= 1",1)
d.ELz(dz_L_IJ.:

t
E[Ux=1,t)- Qa= 1",1)] (2)
F(x=0,1t)=0

Ux> 1,t=0) =0
F(x 20,t=0)=0
r=r(x), 0 Sx <1

r=1 x> 1+ A

For given piston geometry r(x ), we shall seek
the stress waveform produced by the piston, this
problem is called as direct problem. Therefore, we
pose the inverse design problem: Given F~ (), find
r(x ) such that the piston with geometry r(x ) will
produces the force wave F~ (1) when it impacts on
the given rod.

2.2 Inverse numerical method
As a numerical analysis method, characteristic
line method is usually used to solve the wave equation
according to characteristic line theory, the following
differential equation can be obtain:
Vi+ Vx=0 3
r’ Vo VF=0 ()
Let a piston occupies x €/0, L], and consists

of N uniform segments with constant cross sectional
area and equal transit time 1/ n shown in Fig. 1. So a
characteristic line grid is established. Introduce three
points in the grid, a, b, c¢. Fj, 1 are normal force
and partial velocity at point a(ij ), respectively, and
so do the other points. For the three points, follow-
ing equations can be derived from Eqn. (3).
Fj— Fipji+ ri(Q- Wy1)=0
Fivjo1— Fijoa— ri(Wij-1- U,-2)= 0
(4)
T herefore,
Fiovj1= [Fi-y+ Fj+
ri(G - Uog)]/2
Uj-1= [ Q-2+ G+
(Fij= Fij-2)/ri]/2
Correspondingly, the spring equation, the
boundary conditions and initial conditions in Eqn. (2)

(5)

are changed.

Fo= 0 (6)
Fij= Fujoy= k(Uj- Uy)/n (7)
o= Fy (8)
o= 1, Fip= 0 (9)
ri= r{in) (10)

Based on stress wave theory and initial condi-
tions, we can gain
2 Lo
ol Ymi-i)
If F* (t) is known and r(x)(x> 1) is given,
the follow ing equations can be obtained
Foj= Fj = F(j/n) (12)
ri=r(i/n), i= n, -, m (13)
Inverse design of the impact piston, in which the
piston geometry r (x ) can be determined directly

i= 0, .un (11)

from the given stress waveform F' (1), may be sum-
marized. First, using Eqn.(5) repeatedly, ( F3,
U,) can be determined from ( F,;, U;). Then,
putting ( F3;, Uy;) into Eqn.(7) and Eqn.(8),
(F%, U,) can be obtained. The radius {r;}~ o can
be determined as follows: 1) calculating radius of the
piston r, (x = 1) from Eqn.(7); 2) again putting
the value of r,, (F,, U;) in Eqn.(5), (F(n- 1)),
U .- 1)j ) can be obtained. By using this procedure re-
peatedly, the radius of the piston geometry r;(i= 0,
-y n) can be determined successively from i= n to ¢
= 0. Finally, we obtain the radius of piston as func
tions of the coordinate x along the piston.

3 NUMERICAL RESULTS AND EXPERIMEN-
TAL VERIFICATION

In order to illustrate the use of the method, we
designed many kinds of the pistorrrod pairs by means
of the inverse numerical approach and a computer
code called as PID1. The pistorrrod pairs shown in
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Fig 2 could produce a same impact stress waveform,
approaching half-sine waveform

Mw

Fig.2 Designed pistorrrod pairs

The above designs were applied to the large Split
Hopkinson Pressure Bar (SHPB),

3. As it has been believed that a sine waveform is an

illustrated in Fig.

ideal loading stress waveform in the measurement of
material dynamic properties "*'. The impact actions
in the SHPB are similar to that in the rock drill, so
the SHPB is usually used to perform the impact ex-
periments. These experiments are very necessary in
the primary stage to make a comparison between the
desired waveform and the practical waveform to im-
prove the design of the piston and the rod.

In this experimental set-up, cylindrical steel pis-
ton was accelerated by means of an airgun, then it
impacted on a steel rod with length of 540mm and di-
ameter of 75 mm. The rods were guided by low-fric-
tion slide bearings so that they are free to move axial-
ly. A damping device at the end of the rod served to
absorb the energy and stop the motion after a test.
One pair of diametrically opposite and axially oriented
strain gauges were attached to the input rod in order
to measure the strains €(¢), which were used to cal-
culate the stress waveforms. Another similar pair of
strain gauges were attached to the output rod in order
to measure the strain &(¢t). The gauges for each pair
were connected to a bridge amplifier in opposite
branches, so that contributions from small accidental

bending strain were suppressed. The strain signals
were recorded by means of a two-channel digital oscil-
loscope with a sampling interval of 1Hs. The recorded
signals were transferred to a computer for evaluation.
A steel piston “ linearized” from designed profile
shown in Fig. 4(a) was tested. The SHPB experi-
mental set-up was shown in Fig. 3. The test result
shown in Fig. 4(b) is in good agreement with the
theoretical curve.

It is clear that we can obtain piston profile ac-
cording to a given waveform. And there are a number
of cases of pistorrrod to produce stress waveform of
the given character, so that it is possible for designers
to obtain satisfactory alternative for a desired stress
waveform from the respects of installation, perfor
mance and life of the system. This may well be true
of most of the drills in practice, but it may not always
be desirable. Based on the wave transmission efficien-
cy in percussive drilling of rock, Fairhurst, Simon
and Kovalenko expressed the concept of the ideal
stress waveform as having an initial exponential
rise> 7. LIU and LI discussed stress waveforms
suitable to impact machines from both energy trans-
mission efficiency of impact loading system and defor-
mation or fracture of working media respectively!® !
These studies show that the reasonable stress wave
forms are different from the mechanical models of
working media and piston geometries allowed in actu-
al impact loading systems. That is to say this inverse
numerical approach has more applications.

It has been generally believed that a percussive
drill system can produce a unique stress waveform,
but determination of some pistorrrod would be virtu-
ally impossible from the given stress waveforms,
which there are not so systems that can produce the

L1 Tt must also be mentioned

given stress waveforms
that the stress waveform used to determine the piston
geometry is only a portion of the waveform produced.
This portion for 1= 0 to 2 can determine the whole

piston geometry, and the other of the stress wave
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Fig. 3 SHPB experimental set-up
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