
of the transducer and of the system consisting of the bit vibrating 
on the rock. 

(4) The analytical techniques developed herein should be 
applicable to rock drilling with resonant mechanical systems 
driven by other means than by magnetostrictive transducers. 
They should also have more general applicability to predict the 
performances of resonant systems with nonlinear loads other than 
rock, particularly for the types of loads for which tension forces 
between the vibrating system and the load cannot exist. 

(5) It is tentatively concluded that vibratory drilling in rock of 
medium hardness may be just about economically competitive 
with conventional rotary drilling. In order to obtain a more 
definite conclusion in this regard, the following research is re-
quired: 

(a) Experimental measurements of the force-displacement 
characteristics of bits on rocks, with due consideration to their 
possible dependences on the relative frequencies of rotation and 
vibration for each given bit geometry and to the possible ex-
istence of significant rate of loading effects for some rocks under 
some conditions of operation. 

(6) Theoretical and experimental work to correlate the force-
displacement characteristics of bits as a whole with the relation-
ships among the forces, energies, and volumes of rock fractured 
out by the individual teeth of the bits. 

(c) Extension of the present theory to include transducer con-
figurations other than the half-wavelength vibrator and trans-
ducers other than magnetostrictive. 

(d) Investigation of the possibility of developing bit designs 
more suitable for vibration drilling than standard rotary bits. 
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D I S C U S S I O N 
L. W. Ledgerwood, Jr.4 

The author is to be congratulated for summarizing the ana-
lytical work done for Drilling Research, Inc., and for placing this 
summary in the public record for future use by other researchers. 

It should be re-emphasized that this is a mathematical analysis 
of vibratory drilling. The author states that the analysis is 
developed for magnetostriction transducers but would be ap-
plicable to other types of transducers, but it appears that perhaps 
further evidence should be developed to support this statement. 
Because of the lack of experimental work reported in the paper, 
we feel that perhaps a better paper title might be "An Analytical 
Study of Magnetostriction Drilling." 

We note that the author limits the applicability of this work 
frequency to above 100 cps and below 1000 cps. We would 
like to have the author discuss the applicability of this analysis 
to sinusoidal force displacement systems below 100 cps and in 

1 Jersey Production Research Company, Tulsa, Okla. Assoc. Mem. 
ASME. 

particular between 5 and 10 cps. Secondly, we also note that 
this is also confined to sinusoidal systems. We should like to 
have the author discuss its applicability to impact systems, that 
is, ones such as the Gulf hammer drill, the Hughes percussor, etc. 

We are fully aware of the reasoning leading to the choice of 
300 cps for the final form of the magnetostriction tool. With 
respect to this paper, however, we have several specific questions 
which we would like to ask: 

1 If the results of this mathematical analysis had been 
available, would 300 cps have been chosen as the desirable 
frequency for the magnetostriction tool? In other words, does 
this analysis predict that 300 cps is an optimum desirable con-
dition? 

2 Concerning Conclusion 3, is it possible for an operator to 
use this mathematical analysis to (a) use a vibratory tool already 
designed in a better manner than is possible now, or (6) design a 
better operating tool? That is, how is the Factor C discussed in 
the paper applied to a real case? 

3 Concerning Conclusion 4, would the author care to elaborate 
on the general applicability to other resonant mechanical s3'stems? 
We do not believe there is sufficient evidence in this paper to 
show its applicability to such systems. 

We most certainly agree with the author's conclusion con-
cerning the need for further research on vibratorj' drilling, in 
particular, the items listed at the end of his paper. 

Author's Closure 
The author wishes to thank Mr. Ledgerwood for his thoughtful 

comments and agrees that the title Mr. Ledgerwood suggests 
would be more pertinent to the contents of this paper. The 
author had originally intended to present a paper outlining the 
results of the laboratory and field experiments in vibratorj-
drilling under the present title, and hopes to have the opportunity 
to do so in the near future. However, the author developed the 
analysis presented in this paper after the completion of the 
experimental research program for Drilling Research, Inc., 
and felt that the early publication of this anatysis would be of 
greater value to future researchers in this field than publication 
of a summary of the experimental results already reported in 
References [1] and [2]. 

The frequency range of about 100 to about 1000 cps is men-
tioned in the opening sentence of this paper in order to give the 
reader a concept of the approximate frequency range encom-
passed by the term "vibratory drilling" as distinguished from 
the developments of drilling systems by other investigators at 
frequencies primarily below this range, using both sinusoidal 
and nonsinusoidal displacement systems. It was not intended 
to limit the applicability of the subject analysis to any particular 
frequency range; the analysis would be applicable to an}' fre-
quency range in which the assumption that the action of the 
vibrating bit on the rock could be represented by a force-displace-
ment characteristic with hysteresis is a sufficiently good approxi-
mation to reality. In particular, this assumption might well be a 
much better approximation to reality for some types of rocks in 
combination with some types of bits at frequencies between 5 
and 10 cps than at the higher frequencies, as could be ascertained 
by performing the experimental measurements suggested in 
Conclusion (5). 

The particular analysis presented herein would not be appli-
cable to nonresonant mechanical systems. However, it should 
be possible, in principle, to develop suitable analyses for such 
systems based on the assumptions presented in this paper 
regarding the nature of the interaction between the bit and the 
rock. The analytical development for a given mechanical 
impact system might be carried out as follows: (1) Start with a 
displacement versus time waveform for the bit as determined by 
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the driving mechanism, (2) compute the force versus time wave-
form as determined by the assumed force versus displacement 
characteristic for the bit vibrating on the rock and by the applied 
weight on the bit, (3) ascertain what effects, if any, the computed 
reaction force on the bit would have on the displacement wave-
form of the mechanism, (4) use the possibly modified displace-
ment waveform to recompute the force waveform and repeat 
until successive approximations are in reasonable agreement, 
and finally (5) compute the mechanical power output to the 
rock. 

The answers to the three specific questions are: 
(1) The analysis predicts that the value of the maximum 

mechanical power output to the rock should be independent of 
frequency, subject to the limitations discussed in the paper. 
This is in agreement with experiment. The optimum frequency 
discussed in the paper is the frequency at which the value of the 
weight on the bit should not be critical for obtaining operation 
at P(max) or at some usable fraction of P(max). There would 
be no way of ascertaining the value of this optimum frequency 
from the results of the analysis alone, since the unknown constants 
Ki and Ii2 are involved in the expression for/(opt). The values 
of these constants would be measured by the suggested experi-
ments. 

(2) The dimensionless parameter C has been discovered as a 
result of this analysis as an important parameter in determining 
the nature of the curves of P/P(max) as functions of W/Fm. 
It would be premature at present to say how this parameter 
might be used to obtain improved performance of present vibra-
tory tools or to design better tools. The full ramifications of 
the effects of the numerical value of C remain to be investigated; 
only two values of C were used by the author in computing curves 
of P/P{max) as functions of W/Fm and only a single value of C 
for computing curves of LJL as a function of W/Fm. The 
author did not consider it worth while to investigate the effects 
of the value of C more thoroughly until more experimental 
evidence is available on the nature of the force-displacement 

relationships of bits vibrating on rocks. If the assumed straight-
line relationships of Fig. 1(a) do not represent sufficiently good 
approximations to reality, the definition of C would have to 
be revised to incorporate the physical constants descriptive of 
the revised characteristics. 

(3) The analysis developed is strictly applicable to the 
particular case of a column vibrating longitudinally at the 
resonant frequency of its fundamental mode and driven by 
magnetostrictive action distributed uniformly along its length. 
However, only slight modifications of the analysis would be 
required to make the analysis applicable to other mechanical 
resonant systems for which the rock load would not react on the 
system sufficiently to distort the sinusoidal waveform of the 
motion of the bit to any appreciable extent. These modifications 
are: (a) The reformulation of Equation (1) to an expression 
for the pertinent relationship between the amplitude of the 
displacement of the bit £o, the Q of the new system, and the 
amplitude Fr of the Fourier component of the lumped or 
distributed driving force at the resonant frequency of the new 
system, and (6) the reformulation of Equation (3) to incorporate 
the new pertinent expression for the stored energy as a function 
of Po- All of the rest of the analysis would remain the same. 
The same curves of P/P(max) as functions of W/Fr would be 
obtained, as illustrated in Figs. 4 and 5, with a different numerical 
scale for the abscissa because of the use of W/Fr instead of W/Fm, 
and a different definition of C to include Fr and the mechanical 
characteristics of the new system analogous to Zc. These two 
modifications would also be the only ones needed to cover 
magnetostrictive drive systems other than half-wave vibrators 
or magnetostrictive drive systems incorporatingmechanical transi-
tion elements between the vibrator and the bit. Further-
more, if the reaction of the rock load were great enough to alter 
appreciably the sinusoidal nature of the motion of the bit, the 
successive approximation technique outlined here for use in the 
analyses of nonresonant systems could be employed also in 
the analyses of resonant systems. 
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