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Umted States Patent .fﬁce _

el
 FLUID-DRIVEN PERCUSSION MOTOR

~ Joe C. Stall and Renic P. Vincent, Tulsa, Okla., assignors =

to Pan American Petroleum Cerpemtmm Tulea, lea oy
cerperatwﬁ of Delaware :

‘Filed Nov. 14, 1960, Ser. No. 69, e% .
11 Clﬁzms (Cl 173-—73}

“More patueularly, this invention relates to a
~ fluid-actuated percussion’ motor adapted to be incorpo-

o re.ted in a rotary dr1111ng apparatus tt'or applymg pereus-.
. sion to the drill bit.
- In rotary percussion drﬂlmg as 1t has been eecently |
practiced using compressible fluids such as naiural gas -
or air, the problem of producmg rapid, sharp, percussive -~
blows to the bit by the use of a reciprocating hammer has
However, actuation  of reelproeatmﬂ'- -

‘been overcome.

5

3 E@E ?%
Patented Aug 27 Egﬁl%

the plston or hammer is controlled by novel pressure-. |

 actuated inlet and exhaust valves.

‘Referring now to FIGURE 1 for a more detaﬂed "

-desenptmn of a preferred embodiment of this amrentmn | :
~a percussion motor 18 is shown connected to the lower
~end of a drill pipe 11. Upper valve spider 12 having a

multlphmty of llquld passages 13 e.d]acent the perlphery

| 1-0

motors by a hquld such as the drilling mud. used in rotary . . '

drilling is much more difficult, and no successful solution 290

- has been attained. A liquid is a relatively noncompres-
sible fluid. A problem in liquid-actuated motors not -

- present in compressible . fluid-actuated motors ds in -the
- removal of the fluid from beneath the hammier on the
downstroke so that the hammer can strike the bit (or s
an anvil attached above the bit) with a hard, sharp blow.

When the hammer is damped by liquid, there is no 1mpaet.:=' |

- is held in position in the motor casing 14 between the

~ This invention relates to a ﬁmd—actuated pereussmn'-- B
- motor.

upper shoulder 15 on the lower end of the drill pipe and

‘an expansion ring- ‘16 by -an upper spacer sleeve 17 and =
. the upper motor cyhnde:r 18.  The spider has a central
-axial valve member 19 with a top valve closure 21 in ==~
the lower end. The step plsten 22" (or hammer Yhas a
,greduced diameter portion. 23 operatmg in - the upper
-motor cylinder 18 and a lower major portlon or pasten-

24 operating in the major cylinder 25. A cawty 26 is

- formed between the etep piston 22, the upper motor
“cylinder 18, and the major cylinder 25.

‘This cavity is
connected by a conduit 27 to a lew-pressure zone, specifi-

cally a zone hawng a pressure desirably- substantlally

| lewer than the pressure of the power fluid driving the - o
Typically,  this' conduit' 27 is merely one or . - .

motor.

. more holes through the. wall of the ‘housing 14 located

which will assist the bit in chipping the rock. When.f '.

ztmpaet is attained, more rapid drilling results.

an improved percussion. motor.

object of this invention to pmwde a hqmd-actuated per- .
cussion motor which will be eﬁeetwe with either com-

pressible ﬂmds such as a gas or noneompresmMe ﬂmdsj'
such as water or drilling mud - adapted to be mcorperated -

It is, therefore, an obj eet of this mventmn to 'pr'o'irlde ._30

in the lower end of a drill d capable of producing
: ill pipe and capable o pro ucing  lower striking face 31 so that the power fluid is avail-

- rapid, vertical oscillations of the bit which will increase
the drilling rate.

It is still @ more specific object of this
invention to provide hydrauheally-ectuated valves and to
'_prowde 1mpreved hydra,uhc: valve. timing means inherent

40

in the device for use in a rotary percussion drill using -
- a substantmlly noneompreselble drilling fluid. We be-

lieve that the valve timing is a significant part of the de-

of this invention. will beceme appazrent fmm the followmg -

vice; therefore, this sheuld be included. Other objects

~ description.

In this deserlptie:e reference rwﬂl be mede to the accm -
| .panym g drawings wherein: FIGURE 1is a cross-sectional

'50; and bit when struck by hammer 24. . Downward static

view of a preferred embodiment of our percussion motor

i which the moving parts are shown near the end of the

- power stroke of the hammer; FIGURE 2.is a echematie

* at the upper end of the major cylinder 25 so that this
..-,c;awty 26 is connected to the annular space surreund- -
' ing the drill pipe which is at a substantially lower pres-

sure -than the pressure of the power fluid within the
drill pipe.
age back of the upper motor cylmder 8.

‘able for lifting the hammer and so that space is provided
~in the bottom center of. the hammer for a bottem valve -
: closure 32, | -

An anvil 33 1s. loesely supported in the lower end of

”the motor housmg, for example, by a split mit 34. Keys

or drive pins 35 are placed in the elongated grooves 36

to provide means for rotating the anvil with the drilling |

~pipe and motor housing and partleularly to pmwde loose .
- -.-or lost motion longitudinally between the motor 1‘101151"1g” o
- and the anvil so that any desired static downward pres-
- sure may be a,pplled to the anvil 33 and the bit 37 |

without restricting the-downward movement of the anvil

.. pressure 1s epphed to the anvil 33 and bit 37 tﬂrough a

drawing in which the elements of the ‘percussion motor

Iehown in FIGURE 1 are drawn in position to start the

hammer on the upstroke; FIGURE 3-is a similar sche-

matic view in which the elements are in a position attained

just prior to the end of the: return or upstroke; FIGURE-

4 is a similar schematic view showing the elements in -
- their position when the hammer is at the end of its
- upstroke; and FIGURE 5 is a similar- schematic view -
- showing the position of the elements at an'intermediate
- position on the downstroke when the top valve is just - |

‘at point of opening. FIGURE 6 is an enlarged cross_'._ o

~ section of a suitable valve. - g

This invention: may be deserlbed in bmef asa. pereussmn

drilling apparatus in- which a unique motor, actuated
- uvsually . by a liguid drilling fluid (thou ch gas may be
used), is Ieeated adjacent the bit at the lower end of a
drill -pipe.-
may be described generally as a 11qu1d- or gas—aetuated
free plsten type per rcussion motor m WhICh metlon of

shoulder 38 on the lower end of Spht nut 34, When

this shoulder is in contact with the anvil, and hammer

5'5_-_'22 is- in. comaet with . the anvﬂ the spaemg ‘between =

‘the top of upper sleeve valve 55 and the lower tip 41

 of top valve closure 21 is substantlelly equal to the length

of the. hammer stroke, which is typically in the range of
about ¥4 inch to 1 inch.

In our preferred design, the

o length of the hammer stroke (which is- actually controlled

by the stroke of the bottom valve 42) is about %% inch.

gevemed by the two sleeve wvalves, the lower of which

- 42 (eutlet valve) is mounted slidably in the anvil 33 '

o 65&nd the upper of which 55 (inlet valve) is similarly

" mounted in the piston or hammer 22. These valves are

‘novel in 'dBSIgIl and form the heart of the nnpmvement -
We have made in this motor.

Each such valve is of a

 partiaily balanced type; that is, the main controlled flow

In its more spemﬁe e.speets this invention 70

of fluid is largely transverse to the valve motion, and
fluid pressures are nearly balaneed so .that a small force
18 sufﬁment to move the V&h’e Eaeh Valve hes a mam '

- A ring seal 67 is employed to prevent feak- -
Inmdentally,- -
the construction shown in just one of several ways in o
It is a more specific ~ Which a smaller diameter can be achieved in the housing .
- of the tool adjacent the upper part 23 of step piston 2. .

- There is a fluid passage 28 in piston 22, preferably con-
:centrlca.lly located, which is cennected at the lower end =
1o the ports 29, These ports carry the power fluid from -

the fluid passage to the periphery of the hammer at the '

- Flow of fluid (liquid or gas) through the motor is =



)

=3

hellow cylindrical section, preferably with a constricted
portion, and possesses an external cylindrical piston
section closely fitting in a valve cylinder. Ports at or
near the top surface of the piston section give fluid com-
munication between the inside and outside of the main
cylindrical section. The stroke of the lower (outlet)
sleecve valve 42 is controlled by the length of the lower
- valve cylinder 43; that is, the stroke of the lower valve is
equal to the Jength of the valve cylinder 43 less the length
of the lower valve piston 44. Upward motion of this
Jlower valve is stopped by a bushing 45 which 1s remov-
ably connected as by threads 46 to the upper end of the
anvil 33. The top of this valve is flush or below the
top of anvil 33 when the valve is in the bottom position.

A valve port 47 through the wall of the valve at the
 level of the valve piston provides fluid communication
between the cylinder 43 above the piston 44 and the cen-
tral fluid passageway 48 which leads to the exhaust pas-
sage 49 via a fluid constriction 51 within the central
passageway of the valve. Due to this constriction (and
due to the weight of the valve), when the motor is oper-
ating and fluid is flowing downwardly through the motor,
the lower valve is held in its lower or bottom position,
as shown. The valve 1s lifted hydraulically when the
hammer striking face 31 and the upper anvil face 39
come together and shut off the flow of fiuid through the
central fluid passageway 48. With fluid blocked from
passageway 48, high pressure fluid in annulus space 160

10

20

is applied through ports 52 to the lower face of valve

piston 44. The Jower end of port 52 1s closed by the
lower end of valve 42 at this time. Fluid is exhausted
from annulus space 43 above the valve piston 44 to the
lower pressure in passageway 48 through ports 47, per-
- mitting rapid motion of valve 42. However (see FIG-

URE 6), upward motien of the sleeve valve uncovers

the lower end of ports 52. More properly, such motion

first uncovers the lower end of grooves 68 which extend

from the lower end of the valve cylinder 43 in the wall of

exhaust passage 49 through and below the lower end of
ports 52. These grooves are roughly the same diameter
as ports 52 and have a length of around 80 percent to
90 percent of the valve travel. The length of the valve
from the bottom of piston 44 to the lower end of the
valve should be about equal to the valve travel.

As soon as the valve uncovers the lower end of grooves
68, the upward force on the valve decreases markedly
but is still a positive quantity which results in the valve
rapidly moving upward dits total travel. However, the
decrease in force results in very little possibility of break-
age or jamming, and has been a very important factor
in getting long motor life. In other words, the valve
decreases in speed near the end of its stroke.

Other fluid passages can be used. The important fact
is to have easy communication (low fluid impedance)
from ports 52 to the lower part of valve cylinder 43.
There is, of course, considerably greater fluid impedance
from space 100 to the top of passage 49 through ports
52 (even when valve 42 is in top position) than that
through passage 48. Accordingly, little fluid leaks into
passage 49 when valve 42 is in top position, and the
pressure on face 31 at such times approaches that on the
upper face of piston 22. When the hammer strikes the
anvil, there 1s an instantaneous impact or water hammer
which produces a sharp pressure rise in annular space
160 and initiates at maximum acceleration the lift of the
lower valve 42 into closure 32 to stop flow through pas-

sage 43. <Closing the liquid outlet through passageway .
48 at the bottom of the hammer stroke reverses the mo- -

tion of the hammer 22.

1t may be seen from this description that the flow of
fluid from the space between the hammer striking face
31 and the upper anvil face 39 is unobstructed as the
hammer descends and that the closing of valve 42 oCcurs
after the faces 31 and 39 collide. This condition is im-

30

3,101,766

Vi)
ek

hammer to the anvil without fluid damping. The upper
end of valve 42 in its downmost conditions may be even
with the top of anvil face 39 or it may be spaced in a
lower position to provide for closing after the hammer
strikes the anvil.

There is an upper (inlet) sleeve valve 55 in the top
end of step piston 22 constructed and operated substan-
tially identically to the bottom valve 42. This upper
valve has a valve piston 56 operating in the upper cylin-
der 57 below the threaded bushing 58 in the top of the
step pisten. The upper end of valve 55 extends for a
substantial distance above the top of step piston 22 to
prevent contact of the top of the piston 22 and the lower
surfaces 41 of the closure 21. Upper valve actuating
fluid ports 52 extend from the upper face 6% of the pis-
ton down to a clearance 62 between valve 55 and the
surrounding part of passage 28 which leads to the bottom
end of the top valve cylinder 57.

- As discussed above, port 59 connects to the lower end
of valve cyiinder 57 for a more direct communication
of pressure fluid from port 52 to the lower face of valve
piston 56. (Actually, the valve and associated piston
are constructed as shown in FIGURE 6 except for pro-

‘trusion of the top of the valve.) Due to upward motion

of hammer 22, when the upper end of valve 355 ap-
proaches the lower tip 41 of valve closure 21, fluid flow
through passage €4 decreases, and the pressure within
this passage goes down. Full pressure is still exerted
against the lower face of piston 56 via port 59. Accord-
ingly, valve 55 rises into closure 21 and stops flow into
passage 64. The last part of the stroke 1s cushioned
by movement of the valve into the closure, and by liquid
in the upper end of the cylinder 57 exhausting into the

central fluid passace 64 of valve 55. Means such as a

50

40

45

50
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~raises the piston.
fluid is applied to both ends of the piston 23, the area

constriction 65 in the valve below ports 63, and the
weight of the valve tend to hold the upper valve in its
bottom position, as shown 1 FIGURE 1, when power
fiuid is flowing through the fluid passages 64 and 28
within the step piston.

‘As shown in FIGURE 1, the hammer or step piston
and the vaives are all shown in their positions at the
bottom end of the power stroke, 1.e., at the time at which
the hammer 23 strikes the anvil 33 to produce a per-
cussive blow on the bit. The operation of the valves
tc make the hammer or piston oscillate will now be de-
scribed in greater detall by reference to FIGURES 2-35,
inclusive.

Referring specifically to FIGURE 2, the hammer face

31 and the anvil face come together, closing off passage-

ways 48 and 49. The resulting pressure rise effective
on the bottom face of bottom valve 44 moves it up rap-
idly into closure 32 a distance substantially equal to the
length of the hammer stroke. (This assumes the depth
cf closure 32 exceeds the movement of valve 44.) Ra-
dial clearance between the upper end of this valve and
closure 32 1s small. This action stops flow of fluid
through passageway 48 and confines the pressure fluid
flowing through passage 28 to the annular area between
hammer and anvil surrounding the valve 44 and thus
1t 1s to be noted that while pressure

of the major piston 24 exposed to this pressure fluid is
substantially greater than the area of the minor portion

23 exposed to the same pressure, while cavity 26 is ex-

posed via ports 27 to a low-pressure area. Accordingly,
the piston raises until lower valve 42 no longer extends
into closure 32,

As piston 23 rises, eventually the upper end of the top
valve 55 enters the top valve closure 21, as shown in
FIGURE 3. (Momentum of the piston carries it up the
last small amount.) As this upper valve enters that clo-
sure, the pressure surrounding the valve which is sub-
stantially greater than the pressure within the fluid pas-
sage 28 acts through the ports 59 on the bottom face of

portant, as 1t permits the transfer of energy from the 5 valve piston 56, which rapidiy raises valve 55 to its top



pos,mon as shown in FIGURE 4 As soon as the bottmn

~of the hammer 23 clears the upper end of the lower valve
42, fluid exhausts from the hammer and flows through

- the bottom valve. Due to the constriction 51 and due
to the weight of the valve, the lower valve 42 is shifted

- rapidly (at least, more rapidly than the speed of plston |

- 22) to its lower position, allowing the power fluid in the
~ annular space 66 to flow freely into the passage 49 so
that the pressure actmg on the top 61 starts the hammer
23 down, as shown in FIGURE 5. After the plSt(}Il has
moved down about two-thirds of dts power stroke, the

~upper valve is withdrawn from the top valve closure.
This permits the power fluid to flow through the upper

valve fluid passage 64. The weight of the valve and

~the flow of fluid through constriction 65 force the upper
valve to its bottom position, as shown in FIGURE 1.

' 3,161,796
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our percussion motor without departing from the spirit of

the invention. This invention should, therefore, be con-

strued not to be limited by the above description which
has been directed specifically to a preferred embodiment,

but should be construed to be hmlted only ’by the scope

| Ic}f the a.ppended claims.

We claim: | |
1. A cylindrical sleeve valve cnmprlsmg a hollow cy-

| IIIIdI'ICE:ll member COHTL&HIII]U d CDIlStI'lCthIl ad hOUSlI]i“

10

“defining a cylindrical opening in which said valve is axi-

ally slidably disposed, said housing containing a conduit
for flow of fiuid therethrough and through said member,

~ hydraulic means including a piston connected to said

- member for axially sliding. said member, and closure

15

means disposed in the path of fluid flow through said

- member and shaped to contain a part of said member

The inertia of the hammer and the action of the pressure

fluid .on the upper end of the piston continue to force the
piston down until it strikes the anvil, as shown in FIGURE

1. At that time, the lower valve 42 is again raised, and

the motor goes through another cycle.

'whereby said valve may be slid to a position where said |
part is dlspssed in said tclosure means and said flow.is

s shut off.

20

- In spite of the fact that liquid- actuated percussmn'.

motors are inherently much more difficult to design suc-

cessfully than gas-actuated percussion motors, due to the

lack of compresmbﬂlty of liquids compared to gas, this
~ particular percussion motor has proved to be operable
within wide design limits. For emampvle the dimensions
of hammer 23 can be Varzed over a substantial range.

‘weights of 36, 24, and 105 pounds respectively.  In the

25

30

second, the valves were larger and of greater mass than in

the first. The third tool was. sealed up dimensioniessly
~ from the second. The sizes and locations of the ports
52 and 59 into the passages 28 and 49 were considerably

different between the ﬁrst and. second tools, yet both
operated well. | S

For simplicity of Ldeﬁmtmn in the rclalms fthe quantlty |

b—S as shown in FIGURE 2 is desztgnated “upstroke
standoff” and the quantity S—c or a of FIGURES 2, 3,
-and 5 will be designated “downstroke standoff.” =~

35

40

‘While the final design of the valve and associated ports

~ looks stra1ghtf0rward it should be pointed out that this
Four different basic Valve structures

were tried before one was found which was 'successful
45

- hardly 1s the case.

- One of the unsuccessful demgns had over a dozen varia-
tions attempted without ultimate success.
‘that the valve move rapidly.

- cause each valve to snap from end to end of its travel and

It is necessary
It is i111ghly desirable to

and said flow is shut of

2. A cylmdrical sle&ve valve lc:omprlsmg a +ho=110w cylin-
drical member containing a consiriction and an annular

piston disposed about and connected to said member, a

housing defining a cylindrical opening radmlly close fitting
said member and said piston but permitting limited axial
motion thereof, said housing containing a conduit for flow

of fluid therethrough and through said valve, said hous-
ing alse containing a fluid passage for application of pres- .

- sure to one side of said p1st011 means for draining fluid
‘Three successful motors have been built with hammer

from said one side of said piston, said valve containing an

“orifice through the wall thereof adjacent said piston oppo-
site said one side, and closure means disposed in the path -

of {luid tlow. thmugh said valve and shaped to contain a =
part of said member Wheveby said valve

12y beglid toa
position where said part 1S dlsposed in said closure means -

3. A 1cy11ndr1ca,1 sleeve valve comprising a hollow cy-

lindrical member containing a constriction and an annular
piston d1sposed about and connected to said member, a
- housing defining a cylindrical opening radially close fit-
ting said member and said piston but permitting dimited

axial motion thereof, said housing containing a conduit

for flow of fluid therethmugh and through said valve, said |
~ housing alsoc containing a fluid passage for apphcatmn of
. pressure to one side of said piston, said valve containing a
fluid drain permitting fluid to be removed from the region -
- opposite said one side of said piston, means closed by said

 member when said valve is in nearly full open position for

‘certainly travel faster than the velocity of the. hammer at -

that time.

celeratmn fo ~thﬂ valve than to the hammer.
turn, requires that the maximu

This, in

It is accomplished by applying “greater ac--

20

1 Ehydrauhc force applied -

to the valve piston divided by its weight (i.e., a quantity -

proportional to valve acceleration) be at Ieast equal to or - -
51

preferably greater than the maximum- hydraurhc force
applied to the hammer divided by its weight. The valve

also must be d_amped_,near the end of the stroke so that

it will not strike the stop at the end of its travel with.

permitiing. fluid to escape from said one side of said pis-

ton, and seating means disposed in the path of fluid flow

through said valve and shaped to contain a part of said

valve whe’reby said valve may be slid to a position where

said part is disposed in sald seatmg means and sard ﬂow is
shut off. |

4, A peroussmn motor ‘C(}IIlpr‘ISIIl‘T a cylmdrlcal hous-

mg, means for supplying fluid under pressure to said hous- o
1ng to drive said motor, a cylindrical piston including por--
tions of Iarger and of smaller diameter radially close-fit-

- ting portions of said housing, said housing and said piston

enough mtansny to cause the metal to peen This occurs -

1in the design shown by dash-pot action as the fluid on the -
downstream side of the valve piston is expelled into the
Thls is

also aided by a decrease in pressure in the valve plStOIl' __
‘cylinder when the ports such as 68 (FIGURE 6) are

main flow of fluid exha.ustmg from the motor.

opened. Also, the design must be such that the valve is
‘not subject to excessive wear, to the ‘action of- hydraulic

transients (which are particularly bad for liquid-actuated
'Additionally, the valve'

“devices), ‘or to fatigue failure.

60

65

design must be such that all- pants are self-draining, so

that any solid particles entrained in the drilling floid can-
not jam a working part and incapacitate the motor.

for drilling periods exceeding several hundred hours.

70
the current valve design has accomplished in actual tests

 From the foregoing, it can be seen that various modi-
ﬁCI&UOIIS can lbe made 111 the details of consbmctlon Gf 75

forming a variable-volume chamber, a conduit ¢onnecting
said chamber with a zone of pressure lower than that of

said fluid entering said motor, a passage through said

~ piston controlled by an inlet sleeve valve, an anvil slid-
~ably disposed in said housing adjacent and below said

piston, a passage through said anvil controlied by an ex-
haust sleeve valve, and passages through iat least part of
said piston and at least part of said anvil for applying

actuating pressure to said inlet and to said exhaust sfleeve.
valves, Iespectwely, whereby said -inlet sleeve valve is

maintained in open position during the major portion of
upward travel of said piston and said exhaust sleeve valve
-is maintained in open position during the major portion

~of downward travel of said plston

‘5. A percussion. motor comprising a cylmdncal hous-
ing, means for supplying fluid under pressure to said
housmg to duve said motor, a cyhndrlcaxl plston mcludmg B
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portions of larger and of smaller diameter radially close-
fitting portions of said housing, an opening through said
housing between top and bottom of said piston, a fluid
passage through said piston controlled by a top sleeve
valve, an anvil slidably disposed in said housing adjacent
and below said piston, a fiuid passage through said anvil
controlled by a bottom sleeve valve, and means actuated
by iluid flow through said piston and said anvil, respec-
tively, for holding said top sleeve valve open during the
major portion of upward travel and closed during the
major portion of downward travel of said piston, while
holding said bottom sleeve valve open until said piston
strikes said anvil and closed during the major portion of
upward travel of said piston.

6. Apparatus in accordance with claim 5 in which said
means for closing each of said sleeve valves actuates said
valve during the closing thereof at a speed greater than
that of said piston at the same time.

7. A percussion motor comprising a cylindrical hous-

ing, means for supplying fluid under pressure to said
housing to drive said motor, a cylindrical hammer includ-
ing portions of larger and of smaller diameter radially
close-fifting portions of said housing, an opening through
sald housing between the ends of said piston, a passage
through said piston controlled by a top sleeve valve, an
anvil shidably disposed in said housing adjacent and below
said piston, a passage through said anvil controlled by a
bottom sleeve valve, each of said top and bottom sleeve
valves being cylindrical and containing a piston portion,
a conduit in said hammer connecting hydraulically the
lower face of the piston portion of said top valve with the
upper face of said hammer, a conduit in said anvil con-
neoting hydraulically the lower face of the piston portion
of said bottom valve with the npper face of said anvil,
a vent 1n each sleeve valve connecting hydraulically the
upper ftace of the piston portion to the corresponding
passage, a port adjacent each sleeve valve and closed in
lower position thereby, each said port hydraulically con-
necting the corresponding conduit with the corresponding
passage, and a closure member above said top sleeve
valve and connected to said housing, said closure member
being so shaped with respect to said top sleeve valve as
to close off flow of fluid through said top sleeve valve
when it ds in top position, a bottom portion of said piston
being so shaped with respect to said bottom sleeve valve
as to close off flow of fluid through said bottom: sleeve
valve when it is 1n top position.
- 8. Apparatus in accordance with claim 7 in which the
ratio of total maximum hydraulic force ‘applied to each
valve divided by the weight thereof is at least equal to
the maximum hydraulic force applied to said piston
divided by the weight thereof. |

9. Apparatus in accordance with claim 4 in which the
upstroke standoff does not exceed the stroke and in which
the downstroke standoff is always positive and not substan-
tially greater than said stroke.

10. A fluid-operated free piston motor mcludlng a step
cylinder having a minor bore and a subjacent major bore,
a peripheral fluid inlet at the upper end of said minor

10

20

20

30
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bore, a step piston hammer having its upper end in said
nunor bore and its larger end in said major bore, said
cylinder and said hammer forming @ variable-volume

cavity in the upper end of said major bore, conduit means

from said cavity through the wall of said cylinder, an
axial fluid passage in the upper end of said hammer, an
inclined port extendmg from the bottom of said ﬂmd
passage to an off-center fluid outlet in the bottom of said
hammer, a top valve closure in said fluid inlet coaxial
with said fluid passage in said bammer, a hollow top
sleeve valve in said fluid passage adapted for imited lon-
gitudinal movement, mpper means including a piston

mounted 1in a cylinder and connected to said top valve

to raise said top valve, a conduit extending from the upper
end of said hammer to said cylinder and to a position in

said fluad passage covered by said top sleeve valve in

its lower position 'and uncovered by said top sleeve valve
in its upper position, said top sleeve valve being raised
by said upper means in contact with said closure whenever
the pressure ‘at said fluid inlet is greater than the pressure
in said fluid passage, a bottom valve closure in the bottom
center of said hammer, an anvil slidably connected to
the lower end of said cylinder, said anvil being so con-
structed and arranged that said hammer strikes the top
end of said :anvil at the bottom of the power stroke, an
axial exhaust port in wsaid anvil, a bottom sleeve valve
in said exhaust port adapted for limited longitudinal
movement, lower means including a second piston
mounted in a second cylinder and connected to said bot-
tom valve to raise said bottom valve, and a conduit ex-
tending from the upper end of said anvil to said second
cylinder and to a position in said exhaust port covered
by said bottom valve in its lower position and uncovered
by said bottom valve in dts upper position, said bottom
valve being raised by said lower means whenever the
pressure at said top end of said anvil 1s greater than the
pressure in said exhaust port.

11. A fluid-operated free piston motor as set out in
claim 10 including a constriction in the fluid passage of
each of said top sleeve valve and said bottom sleeve valve

~ to produce a pressure drop in the fluid flowing downward-
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ly therethrough and accelerate the opening of each of
said valves.
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