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[571 ABSTRACT

Improved drive shafting elements suitable for use in
high speed rotating crushing machinery are disclosed
comprising a central cantilever shaft mounted within a
surrounding sleeve to which the cantilever shaft is rig-
idly connected at one end and within which the cantile-
ver shaft has substantial radial play at the other end to
permit a rotating impeller or similar element mounted
thereon to center itself automatically for rotation on its
center of gravity at speeds above the first critical speed.
Means are included for damping radial vibrations as the
shafting rotates through the first critical speed and for
damping whirl due to shaft instabilities and self-excited
vibrations above the first critical speed. Improved im-
pactor targets for use in centrifugal crushing machines
and [and] an improved centrifugal crushing method
are also disclosed.

135 Claims, 17 Drawing Figures
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HIGH-SPEED ROTATING CRUSHING
MACHINERY

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of my copending
application Ser. No. 662,631, filed Mar. 1, 1976, now
abandoned, which is a continuation-in-part of my prior
copending application Ser. No. 501,551, filed Aug. 29,
1974 for IMPROVEMENTS IN HIGH-SPEED RO-
TATING CRUSHING MACHINERY AND
CRUSHING METHODS, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates generally to the field of high
speed rotating machinery and more particularly to
crushing machines of the type in which a stream of
material such as ore, limestone, coal, rock or the like is
fed to an impeller wheel or disk which accelerates the
material to a high velocity and hurls it centrifugally
against an adjacent target or impact surface where the
material is broken up by the force of the impact.

A prior art crusher of this type is shown in U.S. Pat.
Nos. 3,162,382 and 3,180,582 granted to Ostap Dany-
luke and assigned to the assignee of the present applica-
tion. In the patented devices, the material particles leav-
“ing the impeller are caused to collect in an annular space
outboard of the impeller, where they are subject to
continued bombardment by additional particles thrown
out by the impeller, producing additional crushing of
the particles. While this type of autogenous crushing
apparatus has some advantages such as minimization of
wear on the impaction surfaces due to the protection
afforded by the collected layer of material particles,
centrifugal crushing systems similar to those disclosed
by Danyluke have been subject to some vexing prob-
lems.

Factors such as shaft instabilities and self-induced
vibrations at high speeds have resulted in excessive
lateral vibrations and whirl in the impeller shafting.
This vibration is aggravated by imbalanced conditions
in the impeller wheels of prior art devices due, for ex-
ample, to uneven impeller wear in operation, a clogged
flow passage, manufacturing variations, or the presence
of a single heavy particle in the impeller. Such lateral
vibration is transmitted to the shaft bearings of both the
impeller and the moving impact surfaces, with resultant
high incidence of bearing wear and failure.

The lateral vibration of the drive shafting in such
prior art crushing machines is thought to be a combina-
tion of two different types of vibration or movement:
one, a forced or resonant type; and the other, a self-
excited or instability type. In the resonant type, the
most common driving frequency is the shaft speed or
some multiple thereof. Some stimuli which have been
noted for resonant vibrations are: rotor unbalance, in
which the vibration is excited by the centrifugal force
acting on the rotor’s eccentric center of gravity; shaft
misalignment, in which the rotor centerline is not true
to the centerline of the bearings at either end of the
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shaft; and periodic loading applied to the rotor by exter-
nal forces such as those mentioned previously.

Self-excited vibrations or instabilities are character-
ized by the presence of some sort of a mechanism which
causes the shaft to whirl at or near its own natural fre-
quency, usually independent of the frequency of shaft
rotation and other external stimuli. Such self-excited
vibrations are rather subtle and difficult to diagnose,
[buth] bur are potentially quite destructive since
whirling due to self-induced vibration induces alternat-
ing stresses in the shaft and rotor which can lead to
fatigue failures.

These instabilities or self-excited vibrations, generally
referred to as whirling or whipping, are characterized
by the generation of a tangential force normal to the
radial deflection of the rotating shaft. The magnitude of
the force is proportional to, or varies monotonically
with, the radial deflection of the rotating shaft. For a
more complete discussion of such behavior, see “Identi-
fication and Avoidance of Instabilities and Seif-Excited
Vibrations in Rotating Machinery” by F. F. Ehrich,
ASME publication No. 72-DE-21, Design Engineering
Division, 1972 (10 pages).

In crushing machines of the type now under discus-
sion, the self-excited tangential forces may be large
enough to overcome the external damping forces of the
device at some onset speed and thus induce a whirling
motion of ever increasing amplitude, subject only to
nonlinearities which ultimately limit deflections. Vari-
ous instabilities such as hysteretic whirl, dry friction
whip and fluid bearing whip are thought to contribute
to this whirling phenomenon. The following discussion
is not a complete catalogue of the mechanisms which
contribute to whirl due to instability and self-excited
vibration, but is presented only to illustrate the types of
problems overcome or controlled by this invention.

In hysteretic whirl, a nominal shaft deflection induces
a neutral strain axis normal to the deflection axis. As-
suming the neutral stress axis is coincident with the
neutral strain axis, the net elastic restoring force should
be parallel to and opposing the deflection. However,
hysteresis or internal friction in the shaft causes a phase
shift in the development of stress as the shaft fibers
rotate around through peak strain to the neutral strain
axis. The result is that the neutral stress axis is displaced
from the neutral strain axis so that the net elastic restor-
ing force is not parallel to and opposing the deflection.
The restoring force thus has a tangential component
normal to the deflection which may be large enough to
induce a whirling motion in the direction of shaft rota-
tion. The whirling motion increases the centrifugal
force on the deflected rotor, thereby increasing its de-
flection, thereby increasing the magnitude of the tan-
gential component and so forth. Hysteretic whirl usu-
ally occurs only at speeds above the first critical speed
of the shaft.

In dry friction whip, the surface of the rotating shaft
comes in contact with an unlubricated stationary, or
relatively slow moving, guide or shroud. When radial
contact is made, friction will induce a tangential force
on the rotor. Since the friction force is approximately
proportional to the radial component of the contact
force, instability can occur, as previously described for
hysteretic whirl. In this instance, however, the whirl
will be opposite to the direction of shaft rotation.

In fluid bearing whip, the shaft rotates in a gas or
liquid filled clearance. The entrained, viscous fluid will
circulate with an average velocity of about half the
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surface speed of the shaft. For a nominal radial deflec-
tion of the shaft, the bearing pressures will not be sym-
metric about the radial deflection line. Because of vis-
cous losses of the bearing fluid passing through the
close clearance, the pressure on the upstream side of the
close clearance will be higher than on the downstream
side. A tangential force results which tends to whirl the
shaft in the direction of shaft rotation. When this tan-
gential force is greater than the internal damping of the
system, a whirl is induced, as previously described.

Other factors known to contribute to self-excited
instabilities and their resultant whirl are asymmetric
shafting and pulsating torque application which may
cause parametric excitation. In the case of asymmetric
shafting, sufficient levels of asymmetry in the flexibility
associated with the two [principle} principal axes of
flexure of the shaft or rotor will cause periodic changes
in shaft flexibility as the shaft rotates. This will cause
instability at some speeds. The application of pulsating
torque to a shaft affects its natural frequency in lateral
vibration, which can cause instabilities in some speed
ranges.

In addition to the above types of problems, the autog-
enous grinding machines of the prior art frequently
require the use of higher power inputs or large numbers
of repeated crushing cycles to produce desired size
reductions, possibly due to dynamic inefficiencies of the
impacts experienced between material leaving the im-
peller and the material collected on the impactor sur-
faces. Moreover, autogenous grinding tends to produce
a large proportion of fines in the crushed product,
which may be wasted in many applications where
larger particles are desired.

OBJECTS OF THE INVENTION

An object of the invention is to provide a drive shaft-
ing apparatus for use in machines having a high speed
rotating impeller and in similar applications such as
centrifuges, liquid and solid separators and the like,
including means for permitting the impeller or other
high speed rotating element to rotate about its own
center of gravity, whereby vibrations are reduced.

Another object of the invention is to provide a drive
shafting apparatus for use in machines having a high
speed rotating impeller or the like, including means for
minimizing radial vibration of the shafting as the impel-
ler is accelerated past critical frequencies and for damp-
ing whirl due to instability and self-excited vibration
above the first critical frequency.

A further object of the invention is to provide a
crushing machine including impactor targets or vanes
arranged to be struck by material leaving a high speed
rotating impeller, the vanes being so oriented relative to
the path of particles projected from the impeller as to
produce optimum crushing due to a single impact and to
generate air flow past said vanes to sweep the vanes
clean of crushed material.

Another object of the invention is to provide a crush-
ing machine and method of crushing in which material
to be crushed is accelerated to a high velocity and pro-
jected toward a surrounding plurality of targets so
spaced from the impeller of the machine that a large
proportion of the fine particles in said material are
slowed by air resistance before striking said targets,
whereby said fines are not further crushed, thereby
minimizing the percentage of fines in the crushed prod-
uct.
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Still another object of this invention is to provide a
crushing machine which produces a crushed product of
substantially uniform particle size within a chosen size
range, having small percentages of oversize particles
and fines in the crushed product.

The above objects of the invention are only exem-
plary of the problems which applicant has sought to
solve, thus other objects achieved by the invention may
occur to those skilled in the art. Nonetheless, the inven-
tion possesses unique and advantageous features as are
more explicitly set forth hereinafter and recited in the
appended claims.

SUMMARY OF THE INVENTION

The above and other desirable objects are achieved
by the invention, which [comprise] comprises in one of
its embodiments a machine including a high speed rotat-
ing impeller or the like and having an outer sleeve shaft
mounted for rotation within said machine; an inner
cantilever shaft rigidly connected at one end of said
cantilever shaft within said outer sleeve shaft and hav-
ing substantial radial play within said sleeve shaft at the
other end of said cantilever shaft, said other end being
rigidly connected to said impeller; and damper means
situated about said other end of said cantilever shaft for
reducing radial vibration of said cantilever shaft as it
rotates through critical speeds and for damping whirl
due to instability and self-excited vibration above the
first critical frequency. In another embodiment of the
invention, a second sleeve shaft is located concentri-
cally and coaxially with the first to drive a rotating
impactor bowl or ring or other structure surrounding
said impeller.

The improved impactor bowls or rings and method of
crushing according to the invention may also be used to
produce a more uniform crushed product. To these
ends a plurality of circumferentially spaced impact tar-
gets are arranged about the impeller and spaced radially
therefrom, the targets presenting impact surfaces to
particles projected from the impeller which are oriented
at approximately right angles to the path of said parti-
cles. Where the targets are moving relative to said im-
peller, the orientation of the targets causes air flow to be
generated thereover, which tends to sweep the targets
clean of crushed materials.

The damper means according to the invention com-
prise at least one ring resiliently mounted about the
other end of the cantilever shaft, the ring being resil-
iently biased to allow limited radial deflection of the
cantilever shaft during rotation. In one embodiment, the
inner bore of the ring includes means for inducing loss
of contact between the cantilever shaft and the inner
bore. In another embodiment, the ring includes resilient
means for absorbing energy from the shaft as the shaft
deflects radially. Each embodiment of the ring tends to
substantially eliminate whirl due to rotational instabili-
ties and self-excited vibrations above the first critical
frequency. A hydraulic damper is also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an elevation view, in section, of one
embodiment of the invention in which single pass crush-
ing is achieved.

FIG. 2 shows an elevation view, in section, of one
embodiment of a drive shafting arrangement suitable for
the machine of FIG. 1 and similar applications.

FIGS. 3A and 3B show partial section views taken
along line 3—3 of FIG. 2, indicating schematically
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movement of the impeller shaft in operation (keyway
omitted).

FIG. 4 shows an elevation view, in section, of an-
other embodiment of the novel drive shafting and vibra-
tion damping features of the invention.

FIG. 4A shows an elevation view, in section, of an-
other embodiment of the novel drive shafting and vibra-
tion damping features of the invention.

FIG. 4B shows a plan fragmentary view of the oil seal
and damper ring [taken along line 4—4 FIG. 4A]).

FIG. 4C shows an enlarged elevation view, in fragmen-
tary section, of certain components of the embodiment
shown in FIG. 4A4. _

FIGS. 5A, and 5B and 5C show enlarged plan views
taken along line 5—5 of FIG. 4, indicating the unique
features of alternate embodiments of one of the mechan-
ical vibration dampers of the invention (keyway and
center screw omitted).

FIG. 6 shows an enlarged view of the unique features
of the hydraulic vibration damper features of the inven-
tion.

FIG. 7 shows an enlarged plan view, in section, taken
along line 7—7 of FIG. 4, indicating the principles of
operation of the hydraulic damper when the impeller
shaft has deflected.

FIG. 8 shows an elevation view, in section, of an-
other embodiment of the novel drive shafting and vibra-
tion damping features of the invention.

FIG. 9 shows an elevation view, in section, of an-
other embodiment of the invention in which provision is
made for internal recirculation and classification of the
crushed product to produce a pulverized product.

FIG. 10 shows a section taken along line 10—10 of
FIG. 1, indicating the unique arrangement of impact
targets according to one embodiment of the invention.

FIG. 11 shows a section taken along line 11—11 of
FIG. 9, indicating the unique arrangement of impact
targets according to another embodiment of the inven-
tion (structure over impeller omitted).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

~There follows a detailed description of the preferred
‘embodiments of the invention, reference being made to
the drawings in which like reference numerals identify
like elements of structure in each of the several figures.
Although certain embodiments of the invention are
disclosed with reference to crushing machine applica-
tions, one skilled in the art will realize that the unique
drive shafting and vibration and whirl damping mecha-
nisms will find application in many types of apparatus
where related vibration problems may occur, as previ-
ously suggested.

FIG. 1 shows an elevation view partially in section of
one embodiment of the invention in which single pass
crushing is achieved. An essentially cylindrical housing
or frame 10 includes an upper access cover 12 having a
centrally located inlet hopper 14 through which mate-
rial to be crushed is introduced into the machine.
Within cylindrical frame or housing 10 is located a
support spider 16 upon which is mounted a centrifugal
shaft housing 18, as indicated. The interior details of the
drive shafting enclosed by housing 18 are shown in
FIGS. 2, 4, 4A and 8. Extending below support spider
16 are impactor and impeller drive sheaves 20 and 22
which are housed within a protective channel (not
shown) defined by support spider 16 and lower wall 24,

Drive belts for sheaves 20 and 22 extend through the
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6
protective channel to provide motive power for the
crushing machine.

As shown in detail in FIG. 2, impactor sheave 20 is
rigidly affixed to outer sleeve shaft 28 by retainer ring
30. Outer sleeve shaft 28 is, in turn, mounted for rota-
tion within centrifugal shaft housing 18 via upper and
lower bearings 32 and 34, as shown. Outer sleeve shaft
28 is pierced at its lower end by a plurality of radial
passages 36 which allow flow of lubricant from the
interior of outer sleeve shaft 28, as will be subsequently
discussed. Cylindrical shaft housing 18 is pierced at its
upper end by a plurality of radial passages 38 through
which lubricant may be introduced under pressure for
cooling and lubricating bearings 32 and 34. Affixed to
outer sleeve shaft 28 at locations just below lubrication
passage 36 and above lubrication passage 38 are lubri-
cant flinger rings [44] 40 and 42 which facilitate pas-
sage of oil through the annulus between outer sleeve
shaft 28 and cylindrical shaft housing 18 downwardly
toward annular oil collection volume [40] 44 and
outward through passage 46 to the oil sump (not
shown). Seals 48 prevent [duct] dust and other con-
taminants from reaching the annulus between cylindri-
cal shaft housing 18 and outer sleeve shaft 28. The
upper end of outer sleeve shaft 28 is rigidly affixed via
suitable means such as bearing and seal retainer 49 to
impactor support disk 50 whereby disk 50 may be ro-
tated when rotative force is applied to sheave 20.

Mounted for rotation within outer sleeve shaft 28 is
inner sleeve shaft 52, via bearings 54 and 56. Conven-
tional labyrinth lubricant seals 58 and 60 are used to
minimize oil leakage from the annulus between outer
sleeve shaft 28 and inner sleeve shaft 52. Mounted
within inner sleeve shaft 52 is cantilever or quill shaft 62
which is shrink fitted at its lower end 64 to the inside
diameter of inner sleeve shaft 52 to provide a rigid
connection between cantilever shaft 62 and inner sleeve
shaft 52 at that location. At the upper end 66 of cantile-
ver shaft 62 there is provided a substantial radial clear-
ance 68 between cantilever shaft 62 and inner sleeve
shaft 52. This radial clearance is chosen to be the maxi-
mum permissible deflection without causing permanent
bending of shaft 62, but is small enough to facilitate the
hydraulic whirl damper to be discussed with respect to
FIGS. 6 and 7. Thus, upper end 66 of cantilever shaft 62
is permitted substantial radial movement relative to the
upper end of inner sleeve shaft 52. Rigidly attached to
upper end 66 of cantilever shaft 62 is the hub 70 of
impeller wheel or disk 72 of the crushing machine. As
referred to in this application, hub 70 and the upper end
of cantilever shaft 62 are considered to behave as an
integral unit; thus, contact with hub 70 is considered to
be contact with shaft 62. A flexible seal 74 joins the
uppermost end of inner sleeve shaft 52 to hub 70 to
prevent oil leakage from the annulus between cantilever
shaft 62 and inner sleeve shaft 52.

Sheave 22 is attached to the lower end of cantilever
or quill shaft 62 by means of a key 76 and retainer 78, as
indicated. Extending upwardly through the lower end
64 of cantilever shaft 62 is oil channel 80 which pro-
vides lubricant flow to the annulus between cantilever
shaft 62 and inner sleeve shaft 52. At the upper end of
inner sleeve shaft 52, just above bearing 54, are located
a plurality of radial lubricant passages 82 which provide
a flow path for lubricant into the annulus between outer
sleeve shaft 28 and inner sleeve shaft 52. Thus lubricant
flows upwardly through oil channel 80 and, due to the
rotating movement of inner sleeve shaft 52, spirals up-
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wardly along the inside diameter of inner sleeve shaft
52, out through radial oil passages 82, downwardly
through bearings 54 and 56 and outwardly through
radial oil passages 36 to exhaust through passages 46 to
the oil sump, as previously described. Since lubricating
oil flows on both the interior and exterior surfaces of
shafts 28 and 52, a substantial cooling of both shafts is
achieved by the flow. This tends to minimize any differ-
ential thermal expansion of shafts 28 and 52, thereby
minimizing changes of the axial clearances of bearings
54 and 56 which would induce stress and wear to the
bearings.

The impeller 72 of the invention may be substantially
identical to that shown in U.S. Pat. No. 3,346,203 which
receives feed of material to be crushed through a cen-
trally located inlet hopper 14, accelerates the material
radially and then projects it outwardly at a high rate of
speed into contact with a surrounding impactor surface.
Thus, it is the high speed of the particles, rather than the
[impactors] impactor, which produces the crushing
impact. In the embodiment of the invention shown in
FIG. 1, the surrounding impactor surface consists of a
plurality of upstanding impactor vanes 84 mounted near
the periphery of impactor support disk 50, as indicated.
The radial separation between impeller 72 and vanes 84
influences the amount of crushing achieved in that a
longer separation will cause the finer, or lighter, parti-
cles to be slowed from their initial high velocity quite
substantially by air resistance, to the point that virtually
no further crushing of finer particles is achieved at
vanes 84 due to the reduced velocity of the particles,
whereby a product having a small proportion of fines is
obtained. Conversely, reducing the separation of the
impeller and vanes will produce a product having a
relatively larger proportion of fines, since the air resis-
tance over the shorter separation is less effective in
reducing the velocity of the fines to the point where no
further crushing is achieved. The particular orientation
of the impactor vanes relative to the paths traveled by
particles leaving impeller 72 and additional unique func-
tions of impactor vanes 84 will be further discussed with
regard to FIG. 10.

In operation, sheaves 20 and 22 are driven by appro-
priate motors attached to the exterior of frame or hous-
ing 10 [until] ro rotare the impeller 72 and impactor
support disk 50 [have reached] at their preferred oper-
ating speeds. Normally impactor support disk 50 rotates
at about 300 to 400 r.p.m.; whereas, impeller 72 rotates
at from 2,400 to 6,000 r.p.m., or two to five times its
initial critical frequency. Since impeller disk 72 is a
relatively massive component which may weigh hun-
dreds of pounds and is made from a series of weldments,
it is not desirable economically to manufacture impeller
72 50 as to be perfectly balanced about its [geometruc]
geometric center. Thus, the provision of cantilever shaft
62, which is rigidly affixed to hub 70 of impeller disk 72,
provides sufficient flexibility in the rotating system
comprised of shaft 62, hub 70 and impeller disk 72, to
permit the impeller disk to rotate about its own center
of gravity, which eliminates any need for precise bal-
ancing of the impeller disk 72. Such self-centering oc-
curs at speeds above the first critical. The rotation of
the impeller disk 72 about its own center of gravity
causes the center of upper end of cantilever shaft 62 to
undergo an eccentric movement relative to the center
of the upper end of sleeve shaft 52. Most of the vibration
resulting from this eccentric movement is absorbed at
lower end 64 of flexible cantilever shaft 62. Thus, trans-
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mission of vibration from the high speed impeller shaft-
ing to the bearings supporting inner and outer sleeve
shafts 52 and 28 is minimized, thereby prolonging bear-
ing life.

While the embodiment of the invention shown in
FIGS. 1 and 2 has the desirable characteristic of mini-
mizing the transmission of vibration from the impeller
72 and its cantilever shaft 62 to the surrounding bear-
ings supporting the drive shafting at speeds above the
first critical frequency, it has been found that machines
including the unique shafting just described may con-
tinue to exhibit undesirable vibration while passing
through the first critical frequency. As is well known in
the mechanical arts, when a rotating system passes
through a critical frequency, the vibration amplitude
factor becomes very high, which will result in much
higher amplitudes of vibration at the critical frequency
than at speeds above and below this frequency. In some
systems, it is possible to pass through the critical fre-
quency without excessive vibration amplitude by care-
fully balancing all of the rotating parts; however, as
previously mentioned, in the crushing machines accord-
ing to the present invention and in many similar applica-
tions such precise balancing is not considered practical
due to the expense involved in precisely machining
parts such as the impeller disk which might otherwise
be made by less exacting procedures. Moreover, previ-
ously mentioned factors such as uneven impeller wear,
clogged channels in the impeller, presence of a single,
heavy particle in the impeller and the like could pro-
duce impeller imbalances no matter how carefully made
the impeller itself might have been to begin with.

FIGS. 3A and 3B show schematically two possible
positions of the cantilever shaft and impeller hub as they
rotate within bearing and seal retainer 49. The clear-
ances have been exaggerated for clarity. In FIG. 3A,
the cantilever shaft 62 and impeller hub 70 are shown
rotating essentially concentrically within the bore of
surrounding bearing retainer 49. As previously men-
tioned, the center of cantilever shaft 62 will experience
a slight eccentric motion due to the tendency of impel-
ler disk 72 to rotate about its center of gravity on the
flexible shaft 62. This motion may aggravate shafting
instabilities and self-excited vibrations of the types pre-
viously discussed. Moreover, due to the relatively large
mass of the impeller disk 72 and its high speed of rota-
tion, the rotating shaft 62 and impeller disk 72 exhibit
gyroscopic characteristics in operation, particularly at
speeds above the critical frequency.

FIG. 3B illustrates schematically the movement of
cantilever shaft 62 and impeller hub 70 from an essen-
tially central location radially into contact with retainer
49 as the impeller is rotated through a critical fre-
quency. No material is being fed to impeller 72 at this
point. As the amplitude of vibration of the cantilever
shaft 62, impeller hub 70 and impeller disk 72 increases
at the critical frequency, there may come a time when
contact will be established with the inside diameter of
retainer 49. This contact creates a new dynamic system
having a higher critical frequency. The rotation of the
new shafting system which includes the imbalance
caused by the deflected impeller and shaft results in the
direct transmission of excessive vibration to the bear-
ings supporting both the impeller and impactor shafts,
with attendant undesirable bearing wear. Further, the
contact between impeller hub 70 and the inside diame-
ter of retainer 49 results in excessive wear at those loca-
tions.
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For reducing the amplitude of vibration of cantilever
shaft 62, impeller hub 70 and impeller 72 to acceptable
limits while passing through critical speeds, applicant
has found the embodiments of the invention shown in
FIGS. 4, 4A and 4B to be quite successful. The shafting
arrangement shown in FIG. 4 is identical to that shown
in FIG. 2 in all respects except for the addition of a
mechanical vibration and whirl damper generally indi-
cated at 86 and a hydraulic whirl damper generally
indicated at 88. The details of the hydraulic damper 88
are discussed with regard to FIGS. 6 and 7. Mechanical
vibration and whirl damper 86 is attached below impel-
ler 72 to bearing and seal retainer 90 via a plurality of
circumferentially spaced tapped bores 92 in bearing and
seal retainer 90. An essentially flat damper ring 94 is
resiliently maintained in frictional contact with the
upper surface of bearing and seal retainer 90 via bolts
96, washers 98, biasing springs 100, and washers 102.
Bolts 96 extend through enlarged bores 104 of damper
ring 94 into threaded engagement with tapped bores 92
in bearing and seal retainer 90. Thus, when cantilever
shaft 62, impeller hub 70 and impeller disk 72 [moves]}
move radially as the impeller is accelerated past a critical
frequency, contact is made between impeller hub 70 and
the inner diameter of damper ring 94. Due to the fric-
tional resistance established between damper ring 94
and bearing and seal retainer 90 by bolts 96 and springs
100, damper ring 94 moves radially and thus provides
resistance to the radial movement of impeller hub 70
[an] within an acceptable limit defined by bores 104, as
impeller hub 70 moves [with] within the bore of re-
tainer 90. The amount of resistance provided by damper
ring 94 may be adjusted as desired by simply adding
more washers 102 or tightening bolts 96 to increase the
frictional engagement between damper ring 94 and
bearing and seal retainer 90; however, care must be
taken not to over tighten bolts 96 as this may rigidize
the system and lead to the same undesirable vibration
achieved with no damper ring at all, as previously dis-
cussed.

FIGS. 5A, 5B and 5C show views, partially in sec-
tion, taken along line 5—S5 of FIG. 4. The upper surface
of damper ring 94 is shown, along with the geometry of
the damper ring at its inner diameter. It has been found
that a solid damper ring of the type shown in FIG. 4
having a plane, circular inner bore will provide ade-
quate vibrational damping to prevent excessive vibra-
tion as the system is accelerated past a critical fre-
quency, as discussed above. Applicant has discovered,
however, that once beyond the critical frequency, insta-
bilities and self-excited vibrations, plus the gyroscopic
nature of the cantilever shaft 62 and heavy impeller 72,
introduce new variables into the operation of the cen-
trifugal crusher. One skilled in the mechanical arts will
recall that the angular movement of a gyroscope rotor
may be considered analytically, using the familiar right
hand screw convention, as a vector extending in the
direction to which the thumb points when the fingers of
the right hand curl in the direction of rotation of the
rotor. Similarly, any moment or torque applied to the
gyroscope may be considered as a vector oriented in the
same manner. A basic principle of gyroscopic motion is
that any torque or moment applied to the gyroscope
will cause the gyroscope to precess or whirl in such a
direction that the angular movement or spin [,] vector
of the gyroscope will tend to move in the direction of
the moment or torque vector. That is, the spin vector
“chases” the torque vector.
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It has been observed that the impeller is sometimes
subjected to uneven loading such as might be caused by
delivery of material to be crushed down only one side of
inlet hopper 14, which creates an imbalance in the load
moving on the counterclockwise rotating impeller.
Then, acting under the influence of the restoring mo-
ment exerted by shaft 62 and apparently behaving in the
manner of a gyroscope, the impeller will tend to drift
radially while whirling in a clockwise direction and
may come into contact with the inside diameter of
damper ring 94. At elevated speeds, countervailing
hysteretic whirl may be induced which decreases clock-
wise whirl velocity. Due to the eccentric movement of
the impeller shaft 62 [as] ar its upper end, any contact
with the bore of damper ring 94 will generally occur
over less than one revolution of shaft 62. Once radial
movement and clockwise whirl of impeller 72 and shaft
62 commence, it is thought that one of the following
may occur: First, the radial velocity imparted to impel-
ler 72 by uneven loading or other factors may be low
enough that the restoring moment exerted by shaft 62
will be sufficient to overcome self-induced effects such
as hysteretic whirl and prevent contact with damper
ring 94. This would cause impeller 72 to whirl on an
essentially decreasing spiral until the upper end of shaft
62 returns to its original, slightly eccentric path.

Second, the radial velocity imparted to impeller 72
may be sufficient to cause hub 70 to contact damper
ring 94 lighty whereby the damper ring applies some
reaction force radially to hub 70. This reaction force
applies a moment to the impeller 72 in opposition to that
exerted by shaft 62, which tends to induce a counter-
clockwise whirl in impeller 72. As previously men-
tioned, hysteretic whirl may also be induced. Thus, the
clockwise whirl velocity and angular momentum
caused by the restoring moment of the shaft 62 will be
reduced to some extent, depending on the rotational
speed and radial velocity at the time of impact and the
resultant reaction forces. Further such contacts are
thought to occur with the eventual result that the clock-
wise whirl velocity is essentially eliminated, thus per-
mitting the upper end of shaft 62 to return to its original,
slightly eccentric path.

Thirdly, it is thought that the radial velocity imparted
to impeller 72 may in some cases be high enough that
the reaction forces applied by successive contacts with
damper ring 94 are sufficient not only to stop clockwise
whirl, but also to establish counter-clockwise whirl of
impeller 72. Once actual whirl begins in the same coun-
ter-clockwise direction as the rotation of impeller 72, it
has been observed that impeller hub 70 will frequently
tend to drift into and remain in contact with the inner
bore of damper ring 94, particularly if the damper ring
is solid and its inner bore is circular. The kinetics of the
system which cause this behavior with the circular
damper ring bore are complex; however, it is thought
that increased centrifugal forces perhaps resulting from
hysteretic whirl are a strong factor in inducing the con-
tinued contact. Continued contact, of course, results in
continued radial forces applied by damper ring 94,
which in turn maintain the counter-clockwise whirl.
Since the cantilever shaft 62, impeller hub 70 and impel-
ler disk 72 will continue to precess counter-clockwise
about a circular inside diameter of a solid damper ring
94 once such contact has been established, undesired
cyclic loading of the cantilever shaft 62 and excessive
wear to the inside diameter of the damper ring 94 would
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result from continued operation with a circular bore
damper.

Applicant has discovered that if at least a momentary
loss of contact is induced between impeller hub 70 and
the circular inner diameter of a solid damper ring 94, the
undesirable cyclic loading and wear are substantially
eliminated. The loss of contact interrupts the radial
reaction forces acting on the impeller and, at all but the
higher operating speeds, gives the shaft reaction forces
a chance to return the shaft to its normal slightly eccen-
tric position. The inclusion of surface discontinuities on
the inner bore of damper ring 94 which alter its configu-
ration to a non-circular shape having sectors of mini-
mum and maximum radius will cause impeller hub 70 at
least momentarily to lose contact with the inner diame-
ter of the damper ring 94 as hub 70 moves from sectors
of minimum radius to sectors of relatively larger radius
in its traverse around the inner diameter of damper ring
94. This is because hub 70 will tend to depart the mini-
mim radius sectors along a tangent and “hop” over at
least a portion of the larger sectors. These periods of
non-contact eliminate the radial reaction forces tending
to maintain impeller hub 70 in contact with damper ring
94 and permit the opposing moment exerted by the
cantilever impeller shaft 62 to begin to restore the im-
peller hub 70 and impeller 72 to a more central rotating
position.

A variety of non-circular central bores for the
damper ring 94 have been shown to have beneficial
effects for eliminating the undesirable whirl of the im-
peller hub and shaft. Central bores having one or more
surface discontinuities or “bumps” extending radially
inwardly toward the center of the damper ring have
also proven successful, as shown in FIG. SA. A damper
ring having only one such “bump” has been shown to
be effective in reducing the whirl of the impeller and its
cantilever shaft; however, applicant has found that the
provision of four equally spaced “bumps” on the inner
bore of damper ring 94 achieves improved results in
reducing counter-clockwise whirl over a substantial
speed range. The [additional} addition of more bumps
also improves the reduction of critical frequency vibra-
tion by providing a larger contact surface for hub 70 as
the system passes through critical speeds.

As indicated in FIG. 5A, these discontinuities may
comprise cylindrical ridges [94AJ 94z extending along
the axial length of the damper ring 94. Regarding the
embodiment of FIG. 5A, it has been found that a radius
“r” for the cylindrical discontinuities [94A7] 94¢ of
approximately one-tenth the radius R of the impeller
hub is a sufficient means for interrupting the reaction
forces tending to maintain impeller hub 70 in contact
with damper ring 94, to effectively eliminate the unde-
sirable counter-clockwise whirl and its attendant delete-
rious effects. The minimum clearance “C” between the
peaks or minimum radius points of surface discontinuit-
ies [94A] 94a and the outside diameter of impeller hub
70 may be chosen as necessary to permit sufficient radial
movement of impeller hub 70 to allow the impeller to
rotate about its center of gravity without contacting the
damper ring at any times except when the system is
passing through a critical frequency. This ensures ade-
quate damping at the critical frequency. The exact
amount of clearance required in a particular application
will, of course, depend upon considerations such as the
geometry of the centilever shaft 62, its material, its
desired fatigue life, the amount of eccentric movement
required for self-centering and related factors, as will be
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apparent to one of ordinary skill in the art. In practice,
the applicant has found that the surface discontinuities
may be built up on the inner diameter of the damper
ring 94 by the simple deposition of a weld metal such as
bronze; however, it will be apparent that alternative
approaches could be used such as the inclusion of inserts
of suitable bearing material, including Teflon or Nylon.

Central bores which are elliptical in shape also have
proven successful, as shown in FIG. 5B, where the
minor axis of elliptical inner bore is chosen to ensure the
minimum clearance “C” mentioned above. The minor
axis points [94B] 945 thus constitute the minimum
radius points of damper ring 94.

FIG. 5C shows a further embodiment of damper ring
94 which includes the required points of minimum ra-
dius of surface discontinuities [94C] 94c to provide the
necessary damping. Discontinuities or sections [94C]
94¢ may be essentially randomly located around the
circumference of damper ring 94; however, a symmetri-
cal arrangement is considered preferable. Sectors
[94C] 94c have a minimum radius of curvature no
smaller than required for the minimum clearance to
ensure damping at critical frequencies as discussed
above. However, the portions of the bore between sec-
tors [94C] 94c may have any larger radius compatible
with the location of the enlarged bores 104 for bolts 96.
Sectors [94C] 94c may also be flat rather than curved,
so long as the minimum required clearance is provided.
Thus, contact with impeller hub 70 is interrupted be-
tween sectors [94CJ 94c, resulting in the desired elimi-
nation of the reaction forces and leading to the restora-
tion of the impeller to a more central position.

[ Centilever] Cantilever shaft 62 preferably is sized
so that its first critical speed is from one half to one fifth
of the desired operating speed. This ensures that the
rotor will self center. Moreover, for a shaft with these
characteristics, the loads transmitted by the shaft at
operating speed are markedly less, for a given unbal-
ance, than the loads transmitted at operating speeds
near or below the first critical speed. Also, to avoid
extreme conditions of rotor wobble and multiple shaft
bending, the second critical speed of the shaft should be
well above the operating speed of the machine, prefera-
bly about 50 percent greater. Damper rings 94 will
permit a certain maximum deflection of shaft 62 while it
moves through the first critical speed as limted by bolt
hole 104; however, contact with bolts 96 is clearly un-
desirable. So, shaft 62 is sized to have a maximum allow-
able deflection, without inducing a permanent set,
which is slightly greater than the maximum movement
permitted by damper rings 94. The deflection permitted
by damper rings 94 and the allowable deflection of shaft
62 are maximized within the space limitations of the
machine so that the force transmitted to the damper
rings at critical speed is minimized. Since the maximum
deflection of shaft 62 is limited by damper rings 94, contact
between shaft 62 and inner sleeve shaft 52 in the area of
radial clearance 68 and between impeller hub 70 and
bearing and seal retainer 90 is prevented.

While the damper rings shown in FIGS. 5A, 5B and
5C are successful for damping radial vibration and for
substantially eliminating whirl at speeds greater than
the first critical speed, at very high operating speeds
more than four times the first critical speed, for exam-
ple, the solid damper ring and its surface discontinuities
may experience rather high rates of wear. The dynam-
ics of machine operation in this speed range are com-
plex; however, it is thought that the instabilities and
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self-excited vibrations previously described become
dominant at such speeds; whereas, their impact is less
noticeable at lower speeds.

The embodiment of the invention shown in FIGS. 4A
and 4B includes an alternate type of damper ring suited
for use in damping lateral vibrations as the machine
rotates through critical speeds and for substantially
eliminating whirl of the shaft and impeller even at very
high operating speeds. The basic geometry of this em-
bodiment is identical to that shown in FIG. 4, as indi-
cated by the identical reference numerals, except for the
changes made in vibration and whirl damper 86, omis-
sion of hydraulic damper 88 and oil seal 74 and modifi-
cations to the Iubrication system.

Vibration and whirl damper 86 comprises an annular
steel flange or mounting ring 94a having a plurality of
enlarged bores 104a arranged around the circumference
thereof. Bonded to the inner diameter of flange 94a is an
annular layer 94b of rubber or similar material, such as
Flexane 60, a self curing flexible urethane made by
[Decron] Devcon Company. Rubbers having a hard-
ness of about 60 durometer and a compression set of
about 70% are preferred. However, other resilient
means such as leaf or coil springs may be used without
departing from the invention. A steel bushing support
ring 94¢ is bonded to the inner diameter of layer 94b and
supports a vibration damper bushing 94d of oil impreg-
nated carbon graphite, of the type commonly used in
carbon bearings or face seals. This material minimizes
undesirable friction when shaft 62 contacts bushing 94d.
Support ring 94c includes in its upper surface a plurality
of counter bores 94e arranged around the circumfer-
ence thereof. The clearance to shaft 62 is slightly larger
than that required to account for eccentric movement
during self-centering above the first critical speed.

Flange 94a is resiliently maintained in frictional
contact with the upper surface of retainer 90a via a flat
spring retainer ring 98a resting on the top of disk 50 and
a plurality of bolts 96a and nuts 96b which compress
springs 100a into contact with washers 102a. Bolts 96a
pass through bores 104a to engage tapped bores 92a in
retainer 90a. Thus, when [cantilevers] cantilever shaft
62, impeller hub 70 and impeller disk 72 move radially
as the impeller is accelerated past a critical frequency,
contact is made between impeller hub 70 and the inner
diameter of damper bushing 94d. Hub 70 is preferably
chrome plated to reduce friction. Due to the resiliency
of layer 94b, bushing 94d moves radially to absorb a
portion of the energy of the moving impeller, thereby
preventing the impeller from moving beyond an accept-
able limit. Under extreme conditions flange 94a may
also move radially within limits defined by bore 104a.

A combined oil seal and damper ring 74a is supported
above bushing 94d by a plurality of springs 74b which
seat in bores 94e. Ring 74a is supported by a circular
collar 74c which includes a plurality of counter bores
744 for receiving the upper ends of springs 74b. The
interior bore of ring 74a is tapered to mate with a corre-
sponding chrome plated conical suface 70a on impeller
hub 70. An annular lip 74e extends upwardly from ring
74a to contact chrome plated horizontal surface 70b on
hub 70.

The tapered interior bore of ring 74a and annular lip
T4e cooperate to maintain ring 74a properly oriented
relative to hub 70. As the tapered bore wears, ring 74a
is prevented from jamming against hub 70 by lip 74e.
Thus, the temperature of ring 74a is prevented from
rising due to excessive friction. Conversely, excessive
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wear of lip 74e is prevented by contact of the tapered
bore with surface 70a. Thus ring 74a is maintained in
constant sliding contact with hub 70, to provide an oil
seal and some damping of radial movement. A flexible
diaphragm or gasket 74f extends between [ring 74a]
collar 74c¢ and retainer ring 98a to minimize oil leakage
past the seals and provide additional damping. Ring 74a
is made from U.S. Graphite Graphitar Grade 80, for
example, so that it will cause minimal friction and yet
provide an adequate oil seal.

Because seal and damper ring 74a is in constant
contact with hub 70, there is a need to provide adequate
lubrication both to reduce friction and to maintain the
temperature of the ring within acceptable limits. To
facilitate this, a flow of low pressure air is introduced
into oil collection volume 44 through port 40a while oil
is pumped into the machine through passages 38 and 80.
From passage 80, oil flows upwardly inside sleeve shaft
52, over the top edge of shaft 52, downward through
bearings 54 and 56 and out through passage 36 to collec-
tion volume [40] 44. From passage 38, oil flows down-
wardly through bearings 32 and 34 into collection vol-
ume [40] 44. Simultaneously, air flows through pas-
sage 40a, countercurrently through passage 36 and up
through bearings 56 and 54 to the region of the rings 74a
and 94a. As the air moves upward in the machine, some
oil mist or vapor is entrained which covers rings 74a
and 94a as the small air flow (about [1] /0 to 15 inches
of [water} pressure by water gauge) escapes through
the clearance of rings 74a and 94d. The air flow also
helps to keep dust from working beneath seal ring 74a.

FIG. 4B shows additional details of damper and seal
ring 74a which facilitate air and oil flow. A plurality of
equally spaced grooves 75 in the tapered contact sur-
face of ring 74a provide a small flow path past surface
70a. A plurality of equally spaced staggered radial
grooves 77 in the top surface of annular lip 74e provide
a flow path past surface 70b. Alternatively, passages
(not shown) could be provided in hub 70 to permit air to
bleed [of] off from above seal ring 74a. Any oil
trapped below ring 74a returns to collection volume
[407] 44 via passages 40b.

Damper rings 74a and 94a-94d not only damp radial
vibration of impeller 72 as it passes through critical
speeds but also, essentially eliminate any higher speed
whirl due to the gyroscopic effects, instabilities and
self-excited vibrations previously discussed herein. Al-
though the mechanism by which whirl is eliminated is
complex, it is thought that the energy absorbing charac-
teristics of layer 94b are so effective in absorbing forces
acting on shaft 62 that the self-induced vibrations and
whirl are overcome. Ring 74a also adds some radial
damping. In contrast to this, the damper rings 94 shown
in FIGS. 5A to 5C absorb a much smaller amount of
energy upon initial contact because rings 94 do not
move radially unless subjected to rather high loads.
Loosening bolts 96 to enable rings 94 to move more
easily would permit more energy absorption at higher
speeds; however, the damping at critical speeds
[would] may then be insufficient.

FIGS. 6 and 7 show the details of the hydraulic whirl
damper according to the invention. As shown in FIG. 6,
a plurality of blind holes 108 is provided in the upper
end of cantilever shaft 62 on the same center-line loca-
tions as the radial oil channels 82 discussed with regard
to FIG. 2. A groove in shaft 62 will also suffice. Within
radial oil channels 82 are placed a plurality of sleeves
110 which extend from radial oil channels 82 across the
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clearance between inner sleeve shaft 52 and cantilever
shaft 62 and into holes 108 as shown, leaving sufficient
radial and diametral clearance at end 111 of sleeves 110
to allow for maximum anticipated radial and torsional
deflection of cantilever shaft 62. Sleeves 110 act as a
dam for oil which is flowing along a generally spiral
path upwardly on the inner diameter of inner sleeve
shaft 52 as indicated schematically in FIG. 4. Before the
oil flowing up inner shaft 52 may exhaust through radial
oil channels 82. the damming effect of sleeves 110
causes the thickness of the oil film to increase to a depth
greater than the clearance existing between cantilever
shaft 62 and inner sleeve shaft 52 at their upper ends.
Thus, the clearance between the shafts at this location
will be constantly maintained substantially full of lubri-
cating oil. The lubricant vicosity, surface finish of the
shafts and clearance may be adjusted to optimize the
friction drag forces of the moving lubricant relative to
the velocity head forces acting to resist motion of shaft
62 and thereby optimize the resultant forces acting on
shaft 62.

The significance of this feature is shown schemati-
cally in FIG. 7 where the impeller shaft 62 is shown as
having been shifted due to uneven loading to the right
hand side of the inner diameter of inner sleeve shaft 52.
Assuming no contact of impeller hub 70 with retainer
90, clockwise whirl of the impeller will result. Due to
the movement of shaft 62 the clearance between the
two shafts is reduced as shown. Because the oil flowing
along the inner [diameter] surface of sleeve shaft 52
has a wvelocity about the [inner diameter due to the
rotation ofJ same as shaft 52 in the direction shown,
while shuft 62 is whirling in the opposite direction, the oil
entering area [112A7 1{2¢ of reduced clearance expe-
riences 4 rise in Jocal pressure; whereas the oil leaving
area [112B] 772 of reduced clearance experiences a
drop in local pressure. In addition, the movement of
sleeves 110 within holes 108 creates a hydraulic shock
absorbing effect since sleeves 110 act as small pistons in
holes 108 and bores 82 restrict the flow of oil radially to
the annulus between shaft 52 and 28. These factors
produce a resultant force acting approximately in the
direction of the arrow R as shown in FIG. 7. Due to the
gyroscopic nature of the rotating impeller {72 and its
cantilever drive shaft 62, the resultant force R caused
by the pressure differential developed across impeller
shafi 62 will result in a moment applied to shaft 62 and
impelter 72 which has a moment vector Mg in a direc-
tion perpendicular to force R. The effect of the moment
caused by force R is to tend to move the impeller hub 70
away from coutact with bearing and seal retainer 90,
toward the center of sleeve shaft 52, in a direction op-
posing the existing whirl. This is a form of} 72, the
resultunt force R acting on cantilever shaft 62 below the
impeller tends io tilt the spin axis of the impeller around a

moment vestor in the divection of arrow My The effect of

wionens vecior M, ix o oppose clockwise whirl so that the
fmpelter fieh 70 fends teo move away from contact with
bearing wwd seal vetainer Y toward the center of sleeve
shafi 320 This is a form of fluid bearing whip. The
corrective effect of the hydraulic damper according to
the invention is a continuously acting one beyond criti-
cal specd, so long as the impeller shaft is deflected as
shown in F#G. 7 and provides an additive damping
effect to that provided by the mechanical vibration and
whirl damper 86 discussed with regard 1o FIGS. 4 and
5 Ciencrally, the hydraulic damper is not needed in the
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embodiment of FIGS. 4A and 4B; however, its use
there is within the scope of the invention.

FIG. 8 shows an embodiment of the invention
adapted for use in centrifugal crushing machines or
similar applications in which the impactor surrounding
the impeller is stationary one or in which the impactor
is driven by means other than a drive shaft concentric
and coaxial with the impeller drive shaft. Thus, FIG. 8
shows an impeller drive shafting arrangement in which
the outer sleeve shaft 28 as shown in FIGS. 2 and 4 has
been omitted and the inner sleeve shaft 52 is mounted
for rotation directly within a cylindrical shaft housing
[18A7] 18a.A stationary impactor support disk or hous-
ing [50A7] 502 might be attached to the upper end of a
shaft housing [18A] I8¢ as indicated. The remaining
components of this embodiment of the invention con-
tinue to function in a manner identical to those previ-
ously described.

FIG. 9 shows an elevation view, in section, of an-
other embodiment of a centrifugal crushing machine
according to the invention in which provision has been
made for internal recirculation and classification of the
crushed product to produce a pulverized product. The
overall function of an earlier centrifugal crusher incor-
porating similar provisions for separation and classifica-
tion is shown in U.S. Pat. No. 3,162,382, As shown in
FIG. 9, the centrifugal pulverizer comprises a cylindri-
cal housing 120 having thereon a cap or cover 121
which includes a central opening [121A7] /27a for
receiving the product discharged at duct 122 and also
the input or feed to duct 123, the vertical portions of
ducts 122 and 123 being concentric. Housing 120 in-
cludes an interior floor 124 on which are mounted cy-
lindrical shaft housing 18, outer sleeve shaft 28, inner
sleeve shaft 52, cantilever shaft 62, and their associated
components exactly as discussed with respect to FIG. 4.
Shaft 62 and sleeve shaft 52 are adapted to be driven
independently, either in opposite directions or in the
same direction, but with the impeller shaft at substan-
tially higher speed, as previously discussed.

Bow! 126 is adapted to be driven rotationally by outer
sleeve shaft 28 and is shown to comprise three sections;
a lower section 128, a middle section 130 and an upper
section 132. The lower section 128 of bowl 126 com-
prises a generally flat circular floor supported by sleeve
shaft 28 and having a central opening through which
the impeller drive shaft 62 passes. On the floor, interme-
diate its outer portion and the impeller drive shaft 62 is
an annular shroud 134 which prevents back flow of
crushed material to vents 136 located between annular
shroud 134 and the central hole occupied by the impel-
ler shaft 62. Vents 136 are provided at spaced intervals
along an annular path around the impeller drive shaft
62. The middle section 130 of bowl 126 comprises an
essentially vertical wall section which is joined to upper
section 132. Upper section 132 inclines outward and
upward at an angle, preferably 35 degrees from the
vertical, as discussed in U. S. Pat. No. 3,162,382,

Mounted within bowl 126 on impeller drive shaft 62
and driven rotationally thereby 1s impeller 72. Mounted
in the space [driven} between the outer periphery of
impeller 72 and the vertical wall of middle section 130
are a plurality of impact targets or vancs 135 which are
spaced circumferentially from one another and oriented
relative to the path of particles leaving impeller 72 so
that the particles will strike vanes 135 at essertially a
right angle, as discussed further with regard 10 F1G. 11
As discussed with respect to FIG. 1, the radial spacing
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of vanes 135 from impeller 72 affects the proportion of
very fine particles found in the product leaving the
vanes 135.

Four spaced apart directional vanes 137 support a
pair of coaxial stationary cones, an upper cone 138 and
a lower cone 140. Lower cone 140 is secured to the
lower [inclined] edge of vanes 137, as by welding,
with its lower circular edge just above the opening
leading to the impeller 72. Upper cone 138, which is
shown attached to the upper inclined edge of direc-
tional [vane] vanes 137, terminates [at its lower end,
the] with its lower circular edge [of which is] located
above the opening leading to the impeller 72 and also
above the lower circular edge of cone 140.

Pivotally secured to cover 121 of housing 120 are a
plurality of classification vanes 142 spaced apart along
an annular path around the upper edge of upper cone 138,
one of these vanes being shown in FIG. 9 to illustrate their
location. These vanes 142 depend from the cover 121
and occupy positions just above the upper edge of
upper cone 138. The radial position of these vanes is
adjustable and is one of the factors which control the
[ particles] particle size of the material carried out the
discharge conduit 122, as discussed in U.S. Pat. No.
3,162,382

Secured to flange 144 in cover 121 and adjustable
vertically within the vertical portion of discharge con-
duit 122, and depending coaxially therefrom is a classifi-
cation sleeve 146, the position of which is another factor
in controlling the particle size of the product delivered
from the pulverizer. The feed tube 123 is vertically
disposed above and along [on] the axis of the cylindri-
cal housing 120, extending down into housing 120 coax-
ially through upper cone 138 to a point above [above]
the annular opening to the impeller 72. Located at a
level below the [floor of the] bowl [136] 126 and the
[ wall] floor of housing 120 is an air input duct through
which air is forced as by a blower, not shown.

In operation, the particles of material, such as ore,
rock, pigment, clay and so forth which are to be re-
duced to a preselected size are fed, as from a hopper,
into vertically disposed feed tube 123. The material
flows down the feed duct 123 and into the annular open-
ing leading to the impeller 72. These particles fall onto
the floor of the rapidly rotating impeller 72 and are
thrown out by centrifugal force at a high rate of speed
toward oppositely rotating impact vanes 135 arranged
around impeller 72. The impeller includes an upper and a
lower disc, the upper disc having a central aperture for
receiving the lower end of inlet hopper 14. These discs
confine the particles discharged to a stream having an axial
depth less than the axial height of impact vanes 84 and 135
as shown in FIGS. 1 and 9. This feature prevents particles
Jed to the impeller from rebounding along paths that would
miss the impact vanes. The speed at which the thrown
particles leave the impeller is substantially equal to the
peripheral speed of the rotating impeller. In a typical
case, impeller 72 may be rotated at from 2,400 to 6,000
r.p.m. and the impact vanes at 300 to 400 r.p.m. The
crushed material leaving the impact vanes 135 is then
carried upwardly through the device and separated and
classified by cones 138 and 140 and directional vanes
137 to produce a desired fineness of the product ulti-
manely discharged through duct 122.

FIGS. 10 and 11 show sectional views taken along
lines 10—10 and 11—11 of FIGS. 1 and 9, respectively,
indicating the orientation of impactor vanes 84 and 135,
respectively, relative to the tangential path of particles
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of material thrown from rotor 72. For simplicity, only a
few vanes 84 and 135 are shown, it being understood
that such vanes are arranged completely around the
impeller. As shown, the impactor vanes or targets 84
and 135 are placed so that particles leaving impeller 72
essentially along a tangent line as shown in phantom
will strike the impact blades or targets at essentially a
right angle. The right angle impact is preferred in the
invention since it is believed that this orientation both
maximizes the force acting to crush particles striking
the vanes 84 or 135 and minimizes impactor wear due to
reduced scuffing of the impactors; however, impact
angles in the range of 80° to [110] 00" are acceptable.
The minimum rotational speed of 2,400 r.p.m. requires a
maximum impeller radius of about 19 inches in order to
achieve a peripheral speed of 400 feet per second. As the
impeller radius decreases, higher r.p.m.’s are required to
achieve the same peripheral speed. With an impeller radius
of 19 inches or less and tangential spacings S” (FIG. 10)
of at least 10 inches, the angle between the impact surface
of impact targets oriented as above and a radial line inter-
secting the tangent line at that surface will be equal to or
greater than about 18°. The vanes 84 and 135 are also
spaced circumferentially each from the other and radi-
ally from the surrounding housing wall 10 as in FIG. 10
or middle section 130 of bowl 126 as in FIG. 11. This
placement of the impactor vanes insures that material
crushed on each vane may escape radially outwardly
between the vanes and be carried from the crushing
area for further processing, as shown in FIGS. 1 and 9.
Also, this orientation of the impact vanes permits the
rotating impactors to function collectively as a centrifu-
gal blower which tends to draw air through the space
between adjacent impact vanes and thereby sweep each
vane of crushed material to prevent following particles
from striking previously crushed particles retained on
the impactor surfaces. This air flow thus minimizes the
production of unwanted fines. The rotating impactor also
permits the crushing of wet materials which are swept from
impactor surfaces by the increased air flow and centrifugal
Jorce generated by the rotating impact vanes. Air flow from
the impeller alone is not sufficient to prevent accumula-
tions of wet particles which can clog air flow passages be-
tween stationary impact targets.

As previously mentioned, the radial spacing of the
impactor vanes from the impeller plays a vital role in
minimizing fines production, due to the effects of air
resistance on lighter particles leaving the impeller at
high speeds. It has been observed in actual tests that for
particle speeds from the impeller of about 400 feet per
second and a tangential spacing “S” of about 10 inches
between the impeller and the nearest impactor, a crush-
ing machine embodying the impactors of the invention
will produce a crushed product such as coal where the
maximum fineness is 325 mesh, even after a plurality of
passes through the crusher. Moving the impactors
closer to the impeller will result in a higher percentage
of fines; whereas, moving the impactors further from
the impeller will result in a lower percentage of fines.
Increasing impeller speed to increase the percentage of
fines has little effect since the air resistance goes up as
the square of the particle velocity. The increased air
resistance either reduces particle velocity to a point
where no impact occurs or to a point where the impact
produces no further crushing.

Having described my invention in sufficient detail to
enable one of ordinary skill in the art to make and use it,

I claim:
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1. A drive shafting apparatus suitable for use in [ma-
chines including] @ machine having a high speed rotat-
ing impeller or similar element, comprising:

an outer sleeve shaft adapted to be mounted for rota-

tion within said machine;

an inner, cantilever shaft rigidly connected at one end

of said cantilever shaft within said outer sleeve
shaft and having substantial radial play within said
sleeve shaft at the other end of said cantilever shaft,
said other end of said cantilever shaft being
adapted for connection to said high speed rotating
element for rotation therewith; and

damper means situated about said other end of said

cantilever shaft for reducing radial [vibrartion}
vibration of said cantilever shaft as it rotates
through critical speeds and for substantially elimi-
nating whirling of said cantilever shaft and high
speed rotating element;

said damper means comprising an inner bushing

mounted about and spaced from said other end of said
cantilever shaft and means for resiliently biasing said
spaced bushing to allow limited radial deflection of
said cantilever shaft during rotation, said spacing
being such that said high speed rotating element ro-
tates about its center of gravity outside of a critical
speed without said bushing being engaged and said
bushing is engaged and becomes effective during pas-
sage of said high speed rotating element through a
critical speed.

[2. A drive shafting apparatus as claimed in claim 1,
wherein said damper means comprises a ring mounted
about said other end of said cantilever shaft and means
for resiliently biasing said ring to allow limited radial
deflection of said cantilever shaft during rotation.}

3. A drive shafting apparatus as claimed in claim 1,
including means for introducing flowing fluid into said
sleeve shaft; wherein said damper means comprise:

flow channel means for exhausting said fluid from

said sleeve shaft; and

means for causing said fluid to fill substantially the

radial clearance between said sleeve shaft and said
cantilever shaft in the region of said radial play.

[4. A drive shafting apparatus as claimed in claim 2,
including means for introducing flowing fluid into said
sleeve shaft, wherein said damper means comprise:

flow channel means for exhausting said fluid from

said sleeve shaft; and

means for causing said fluid to fill substantially the

radial clearance between said sleeve shaft and said
cantilever shaft in the region of said radial play.}

5. A drive shafting apparatus as claimed in claim [2]}
1, wherein said [ring} bushing comprises an inner bore
adjacent the outer diameter of said cantilever shaft, said
inner bore including means for inducing loss of contact
between said cantilever shaft [and said rotating ele-
ment,] and said inner bore, whereby said whirling is
substantially eliminated.

6. A drive shafting apparatus as claimed in claim 5,
including means for introducing flowing fluid into said
sleeve shaft, wherein said damper means further com-
prises:

flow channel means for exhausting said fluid from

said sleeve shaft; and

means for causing said fluid to fill substantially the

radial clearance between said sleeve shaft and said
cantilever shaft in the region of said radial play.

7. A drive shafting apparatus as claimed in claim 1,
wherein said damper means further comprises [an inner
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bushing spaced from said cantilever shaft;] resilient
means surrounding said bushing for absorbing energy
imparted to said bushing by contact with said cantilever
shaft; an outer mounting ring surrounding said resilient
means; and means for resiliently biasing said mounting
ring to permit limited radial deflection thereof.

8. A drive shafting apparatus as claimed in claim 7,
wherein said means for absorbing comprises a layer of
resilient material between said bushing and said mount-
ing ring.

9. A drive shafting apparatus as claimed in claim 1,
wherein said damper means further comprises a ring
surrounding said cantilever shaft and means for resil-
iently biasing said ring into contact with said other end
of said cantilever shaft [to limit radial deflection
thereof during rotation.

10. A drive shafting apparatus as claimed in claim 9,
wherein said cantilever shaft comprises a conical por-
tion and a radially extending horizontal portion at said
other end, and said ring comprises a conical face on its
inner diameter and a horizontal face, said conical por-
tion and said conical face and said horizontal portion
and said horizontal face being biased into contact.

11. A drive shafting apparatus as claimed in claim 7,
wherein said damper means further comprises a ring
surrounding said cantilever shaft and means for resil-
iently biasing said ring into contact with said other end
of said cantilever shaft [to limit radial deflection
thereof during rotation]

12. A drive shafting apparatus as claimed in claim §,
wherein said means for inducing loss of contact com-
prises a varying radius in said inner bore, whereby said
loss of contact is induced as said shaft moves from
contact with [a portion of said bore having one radius
to] a portion of said bore having one radius to a portion
having a larger radius.

13. A drive shafting apparatus suitable for use in
[machines includingd a machine having a high speed
rotating impeller or similar element and a surrounding
rotating bowl or similar element, comprising:

an outer sleeve shaft adapted to be mounted for rota-
tion within said machine and for connection to said
surrounding rotating element for rotation there-
with;

an inner sleeve shaft mounted for rotation within said
outer sleeve shaft;

a central, cantilever shaft rigidly connected at one
end of said cantilever shaft within said inner sleeve
shaft and having substantial radial play within said
inner sleeve shaft at the other end of said cantilever
shaft, said other end of said cantilever shaft being
adapted for connection to said high speed rotating
element for rotation therewith; and

damper means about said other end of said cantilever
shaft for reducing radial vibration of said cantilever
shaft as it rotates through critical speeds and for
substantially eliminating whirling of said cantilever
shaft and high speed rotating element said damper
means comprising an inner bushing mounted about
and spaced from said other end of said cantilever shaft
and means for resiliently biasing said spaced bushing
to allow limited radial deflection of said cantilever
shaft during rotation, said spacing being such that
said high speed rotating element rotates about its
center of gravity outside of a critical speed without
said bushing being engaged and said bushing is en-
gaged and becomes effective during passage of said
high speed rotating element through a critical speed.
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[14. A drive shafting apparatus as claimed in claim
13, wherein said damper means comprises a ring
mounted to said outer sleeve shaft about said other end
of said cantilever shaft and means for resiliently biasing
said ring to allow limited radial deflection of said canti-
lever shaft during rotation.])

15. A drive shafting apparatus as claimed in claim 13,
including means for introducing flowing fluid into said
inner sleeve shaft, wherein said damper means com-
prises:

flow channel means for exhausting said fluid from

said inner sleeve shaft; and

means for causing said fluid to fill substantially the

radial clearance between said inner sleeve shaft and
said cantilever shaft in the region of said radial
play.

[16. A drive shafting apparatus as claimed in claim
14, including means for introducing flowing fluid into
said inner sleeve shaft, wherein said damper means
comprises:

flow channel means for exhausting said fluid from

said inner sleeve shaft; and

means for causing said fluid to fill substantially the

radial clearance between said inner sleeve shaft and
said cantilever shaft in the region of said radial
play.]

17. A drive shafting apparatus as claimed in claim
[14] 73, wherein said [ring] bushing comprises an
inner bore adjacent the outer diameter of said cantilever
shaft, said inner bore including means for inducing a
loss of contact between said cantilever shaft Land said
rotating element] and said inner bore, whereby said
whirling is substantially eliminated.

18. A drive shafting apparatus as claimed in claim 17
including means for introducing flowing fluid into said
inner sleeve shaft, wherein said damper means further
comprises:

flow channel means for exhausting said fluid from

said inner sleeve shaft; and
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means for causing said fluid to fill substantially the 40

radial clearance between said inner sleeve shaft and
said cantilever shaft in the region of said radial
play. .

19. A drive shafting apparatus as claimed in claim 13,
wherein said damper means further comprises [an inner
bushing spaced from said cantilever shaft;] resilient
means surrounding said bushing for absorbing energy
imparted to said bushing by contact with said cantilever
shaft; an outer mounting ring surrounding said resilient
means; and means for resiliently biasing said mounting
ring to permit limited radial deflection thereof.

20. A drive shafting apparatus as claimed in claim 19,
wherein said means for absorbing comprises a layer of
resilient material between said bushing and said mount-
ing ring.

21. A drive shafting apparatus as claimed in claim 13,
wherein said damper means further comprises a ring
surrounding said cantilever shaft and means for resil-
iently biasing said ring into contact with said other end
of said cantilever shaft [to limit radial deflection
thereof during rotation].

22. A drive shafting apparatus as claimed in claim 21,
wherein said cantilever shaft comprises a conical por-
tion and a radially extending horizontal portion at said
other end, and said ring comprises a conical face on its
innner diameter and a horizontal face, said conical por-
tion and said conical face and said horizontal portion
and said horizontal face being biased into contact.
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23. A drive shafting apparatus as claimed in claim 19,
wherein said damper means further comprises a ring
surrounding said cantilever shaft and means for resil-
iently biasing said ring into contact with said other end
of said cantilever shaft [to limit radial deflection
thereof during rotation].

24. A drive shafting apparatus as claimed in claim 17,
wherein said means for inducing loss of contact com-
prises a varying radius in said inner bore, whereby said
loss of contact is induced as said shaft moves from
contact with a portion of said bore having one radius to
a portion of said bore [having one radius to a portion]
having a larger radius.

25. In a centrifugal crushing machine of the type in
which an impeller is mounted for rotation within a
bowl, the impeller being adapted to project particles of
material toward the wall of the bowl, the bowl having
a bottom wall extending radially from the impeller and
a circumferential wall extending upwardly from the
bottom wall, the improvement comprising:

spaced impact targets arranged circumferentially on
said bottom wall between said impeller and said
circumferential wall, said targets being spaced radi-
ally from said impeller and said circumferential
wall and presenting impact surfaces [being] ori-
ented at an angle to the path of said particles
whereby at least a portion of said particles are
crushed by impact with said surfaces;

a first sleeve mounted for rotation within said ma-
chine;

a central cantilever shaft rigidly connected at one end
of said cantilever shaft within said first sleeve shaft
and having substantial radial play within said first
sleeve shaft at the other end of said cantilever shaft,
said cantilever shaft being connected to said impel-
ler for rotation therewith;

damper means about said other end of said cantilever
shaft for reducing radial vibration of said cantilever
shaft as it rotates through critical speeds and for
substantial eliminating whirling of said cantilever
shaft and impeller.

26. The machine according to claim 25, wherein said
bowl is mounted for rotation independently of said
impeller, further comprising:

a second sleeve shaft mounted for rotation within said
machine and around said first sleeve shaft, said
second sleeve shaft being operatively connected to

" said bowl for rotation therewith.

27. The machine according to claim 26, wherein said
damper means comprises a ring mounted to said second
sleeve shaft about said other end of said cantilever shaft
and means for resiliently biasing said ring to allow lim-
ited radial deflection of said cantilever shafting during
rotation.

28. The machine according to claim 27, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for inducing loss of contact between said cantile-
ver shaft [and said rotating impeller,] and said inner
bore, whereby said whirling is substantially eliminated.

29. The machine according to claim 25, including
means for introducing flowing fluid into said first sleeve
shaft, wherein said damper means comprise:

flow channel means for exhausting said fluid from
said first sleeve shaft; and

means for causing said fluid to fill substantially the
radial clearance between said first sleeve shaft and
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said cantilever shaft in the region of said radial
play.

30. The machine according to claim 25, wherein said
damper means comprises a ring mounted in said ma-
chine[[,] about said other end of said cantilever shaft
and means for resiliently biasing said ring to allow lim-
ited radial deflection of said cantilever shaft during
rotation.

31. The machine according to claim 30, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for introducing loss of contact between said can-
tilever shaft [and said rotating impeller,] and said
inner bore, whereby said whirling is substantially elimi-
nated.

32. The machine according to claim 25, wherein said
damper means comprises an inner bushing spaced from
said cantilever shaft; resilient means surrounding said
bushing for absorbing energy imparted to said bushing
by contact with said cantilever shaft; [and] an outer
mounting ring surrounding said resilient means; and
means for resiliently biasing said mounting ring to per-
mit limited radial deflection thereof.

33. The machine according to claim 32, wherein said
means for absorbing comprises a layer of resilient mate-
rial between said bushing and said mounting ring.

34. The machine according to claim 25, wherein said
damper means comprises a ring surrounding said canti-
lever shaft and means for resiliently biasing said ring
into contact with said other end of said cantilever shaft
to limit radial deflection thereof during rotation.

35. The machine according to claim 34, wherein said
cantilever shaft comprises a conical portion and a radi-
ally extending horizontal portion at said other end, and
said ring comprises a conical face on its inner diameter
and a horizontal face, said conical portion and said
conical face and said horizontal portion [of] and said
horizontal face being biased into contact.

36. The machine according to claim 32, wherein said
damper means further comprises a ring surrounding
said cantilever shaft and means for resiliently biasing
said ring into contact with said other end of said cantile-
ver shaft to limit radial deflection thereof during rota-
tion.

37. The machine according to claim [30] 3/,
wherein said means for inducing loss of contact com-
prises a varying radius in said inner bore, whereby said
loss of contact is induced as said shaft moves from
contact with a portion of said bore having one radius to
a portion of said bore [having one radius to a portion]
having a larger radius.

38. In a centrifugal crushing machine of the type in
which an impeller is mounted for rotation within a
housing, the impeller being adapted to project particles
of materia! toward the wall of the housing, the improve-
ment comprising:

an impactor mounted within said machine and having

a supporting wall extending radially from said im-
peller;

spaced impact targets arranged circumferentially on

said supporting wall, said targets being spaced
radially from said impeller and said housing wall
and presenting impact surfaces to particles pro-
jected from said impeller, said impact surfaces
being oriented at an angle to the path of said parti-
cles, whereby at least a portion of said particles are
crushed by impact with said surfaces;
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a first sleeve shaft mounted for rotation within said
machine;

a central cantilever shaft rigidly connected at one end
of said cantilever shaft within said first sleeve shaft
and having substantial radial play within said first
sleeve shaft at the other end of said cantilever shaft,
said cantilever shaft being connected to said impel-
ler for rotation therewith;

damper means about said other end of said cantilever
shaft for reducing radial vibration of said cantilever
shaft as it rotates through critical speeds and for
substantially eliminating whirling of said cantilever
shaft and impeller.

39. The machine according to claim 38, wherein said
impactor is mounted for rotation independently of said
impeller, further comprising:

a second sleeve shaft mounted for rotation within said
machine and around said first sleeve shaft, said
second sleeve shaft being operatively connected to
said impactor for rotation therewith.

40. The machine according to claim 39, wherein said
damper means comprises a ring mounted [to] on said
second sleeve shaft about said other end of said [can-
tilver] cantilever shaft and means for resiliently biasing
said ring to [cantilever] allow limited radial deflection
of said cantilever shaft during rotation.

41. The machine according to claim 40, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for inducing loss of contact between said cantile-
ver shaft [and said rotating impeller,] and said inner
bore, whereby said whirling is substantially eliminated.

42. The machine according to claim 38, including
means for introducing flowing fluid into said first sleeve
shaft, wherein said damper means comprises:

flow channel means for exhausting said fluid from
said first sleeve shaft; and

means for causing said fluid to fill substantially the
radial clearance between said first sleeve shaft and
said cantilever shaft in the region of said radial
play.

43. The machine according to claim 38, wherein said
damper means comprises a ring mounted in said ma-
chine about said other end of said cantilever shaft and
means for resiliently biasing said ring to allow limited
radial deflection of said cantilever shaft during rotation.

44. The machine according to claim 43, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for inducing loss of contact between said cantile-
ver shaft [and said rotating impeller,] and said inner
bore, whereby said whirling is substantially eliminated.

45. The machine according to claim 38, wherein said
damper means comprises an inner bushing spaced from
said cantilever shaft; resilient means surrounding said
bushing for absorbing energy imparted to said bushing
by contact with said cantilever shaft; an outer mounting
ring surrounding said resilient means; and means for
resiliently biasing said mounting ring to permit limited
radial deflection thereof.

46. The machine according to claim 45, wherein said
means for absorbing comprises a layer of resilient mate-
rial between said bushing and said mounting ring.

47. The machine according to claim 38, wherein said
damper means comprises a ring surrounding said canti-
lever shaft and means for resiliently biasing said ring
into contact with said other end of said cantilever shaft
to limit radial deflection thereof during rotation.
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48. The machine according to claim 47, wherein said
cantilever shaft comprises a conical portion and a radi-
ally extending horizontal portion at said other end, and
said ring comprises a conical face on its inner diameter
and a horizontal face, said conical portion and said
conical face and said horizontal portion and said hori-
zontal face being biased into contact.

49. The machine according to claim [46] 45,
wherein said damper means further comprises a ring
surrounding said cantilever shaft and means for resil-
iently biasing said ring into contact with said other end
of said cantilever shaft to limit radial deflection thereof
during rotation.

50. The machine according to claim 41, wherein said
means for inducing loss of contact comprises a varying
radius in said inner bore, whereby said loss of contact is
induced as said shaft moves from contact with a portion
of said bore [having one radius to a portion of said
bore] having one radius to a portion having a larger
radius.

51. In a centrifugal crushing machine of the type in
which an [inpeller] impeller is mounted for rotation
within the machine and adapted to project particles of
material toward at least one target surface, the improve-
ment comprising:

a first sleeve shaft mounted for rotation within said

machine;

a central cantilever shaft rigidly connected at one end
of said cantilever shaft within said first sleeve shaft
and having substantial radial play within said first
sleeve shaft at the other end of said cantilever shaft,
said cantilever shaft being connected to said impel-
fer for rotation therewith;

damper means about the other end of said cantilever
shaft for reducing radial vibration of said cantilever
shaft as it rotates through critical speeds and for
substantially eliminating whirling of said cantilever
shaft and impeller.

52. The machine according to claim 51, wherein said
at least one target surface is mounted for rotation inde-
pendently of said impeller, further comprising:

a second sleeve shaft mounted for rotation within said
machine[[,] and around said first sleeve shaft, said
second sleeve shaft being operatively connected to
said at least one target surface for rotation there-
with.

53. The machine according to claim 52, wherein said
damper means comprises a ring mounted [to] on said
second sleeve shaft about said other end of said cantile-
ver shaft, and means resiliently biasing said ring to
allow limited radial deflection of said cantilever shaft-
ing during rotation.

54. The machine according to claim 53, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for inducing loss of contact between said cantile-
ver shaft [and said rotating impeller,] and said inner
bore, whereby said whirling is substantially eliminated.

55. The machine according to claim 51, including
means for introducing flowing fluid into said first sleeve
shaft, wherein said damper means comprises:

flow channel means for exhausting said fluid from
said first sleeve shaft; and

means for causing said fluid to fill substantially the
radial clearance between said first sleeve shaft and
said cantilever shaft in the region of said radial
play.
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§6. The machine according to claim 51, wherein said
damper means comprises a ring mounted in said ma-
chine about said other end of said cantilever shaft, and
means resiliently biasing said ring to allow limited radial
deflection of said cantilever shaft during rotation.

57. The machine according to claim 56, wherein said
ring comprises an inner bore adjacent the outer diame-
ter of said cantilever shaft, said inner bore including
means for inducing loss of contact between said cantile-
ver shaft [and said rotating impeller,] and said inner
bore, whereby said whirling is substantially eliminated.

§8. The machine according to claim 51, wherein said
damper means comprises an inner bushing spaced from
said cantilever shaft; resilient means surrounding said
bushing for absorbing energy imparted to said bushing
by contact with said cantilever shaft; an outer mounting
ring surrounding said resilient means; and means for
resiliently biasing said mounting ring to permit limited
radial deflection thereof.

59. The machine according to claim 58, wherein said
means for absorbing comprises a layer of resilient mate-
rial between said bushing and said mounting ring.

60. The machine according to claim 51, wherein said
damper means comprises a ring surrounding said canti-
lever shaft and means for resiliently biasing said ring
into contact with said other end of said cantilever shaft
to limit radial deflection thereof during rotation.

61. The machine according to claim 60, wherein said
cantilever shaft comprises a conical portion and a radi-
ally extending horizontal portion at said other end, and
said ring comprises a conical face on its inner diameter
and a horizontal face, said conical portion and said
conical face and said horizontal portion and said hori-
zontal face being biased into contact.

62. The machine according to claim 59, wherein said
damper means further comprises a ring surrounding
said cantilever shaft and means for resiliently biasing
said ring into contact with said other end of said cantile-
ver shaft to limit radial deflection thereof during rota-
tion.

63. The machine according to claim 57, wherein said
means for inducing loss of contact comprises a varying
radius in said inner bore, whereby said loss of contact is
induced as said shaft moves from contact with a portion
of said bore [having one radius to a portion of said
boreJ having one radius to a portion having a larger
radius.

64. The apparatus of claim 3 or 15 in which said fluid is
a liquid and said flow channel means cooperates with said

50 fluid filling means to keep said liguid continually in
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contact with said cantilever shaft in the region of said
substantial radial play as said cantilever shaft rotates
through a critical speed.

65. The apparatus of claim 64 in which said flow chan-
nel means includes at least one radial flow passage for
exhausting said liquid from said clearance, a radially
projecting sleeve cooperating with said radial flow passage
so as to restrict the flow of liguid through said flow passage,
and a radially extending cavity for receiving said radially
projecting sleeve during radial deflection of said cantilever
shaft.

66. The drive shafting apparatus of claim 15 in which
said damper means includes means for causing said fluid
to flow on at least one surface of said inner sleeve shaft and
on at least one surface of said outer sleeve shaft so as to cool
said inner and outer sleeve shafs.

67. The drive shafting apparatus of claim 15 in which
said damper means includes means for causing said fluid
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to flow on at least one surface of said inner sleeve shaft so
as to cool said inner sleeve shaft.

68. The drive shafting apparatus of claim 10 or 22 in
which said apparatus further includes supply means for
supplying a lubricating fluid to the areas of contact be-
tween said conical portion and said conical face and be-
tween said horizontal portion and said horizontal face, and
in which said damper means further comprises means for
providing a flow path for said lubricating fluid past said
areas of contact.

69. The apparatus of claim 68 in which said flow path
means comprises at least one groove in said conical face
and at least one groove in said horizontal face.

70. The drive shafting apparatus of claim 11 or 23 in
which the operating speed of said cantilever shaft is greater
than its first critical speed and said contact ring cooperates
with said inner brushing to substantially eliminate whirling
of said cantilever shaft at said operating speed.

71. The apparatus of claim 70 in which the operating
speed of said cantilever shaft is more than four times said
Sirst critical speed.

72. The crushing machine of claim 30, 43 or 56 in which
said damper means includes means for mounting at least a
portion of said damper means on said second sleeve shaft.

73. The crushing machine of claim 72 in which said
mounting means cooperates with said second sleeve shaft so
as to limit radial deflection of said cantilever shaft and
prevent contact between said other end of cantilever shaft
and said second sleeve shaft.

74. The crushing machine of claim 73 in which said
cantilever shaft is sized to have a maximum radial deflec-
tion without permanent set which is greater than the maxi-
mum radial deflection permitted by said mounting means.

75. The crushing machine of claim 23, 38 or 51 in which
said impeller and said impact targets are arranged so as to
be rotatably driven in opposite directions and said impeller
rotates at a speed above its first critical speed.

76. The crushing machine of claim 75 in which said
impeller rotates at a speed in the range of two to five times
its first critical speed.

77. The crushing machine of claim 76 in which said
impeller rotates at a speed in the range of 2,400 to 6,000
r.p.m.

78. The crushing machine of claim 77 in which the
operating speed of said impact largets is in the range of
about 300 to 400 r.p.m. .

79. The crushing machine of claim 75 in which the
operating speed of said impeller is more than four times
said first critical speed.

80. The crushing machine of claim 25, 38 or 51 in
which said machine further includes a first bearing
means and a second bearing means for rotatably sup-
porting said cantilever shaft, said first bearing means
being spaced radially from said cantilever shaft in the
region of said connected end and said second bearing
means being spaced radially from said cantilever shaft
in the region of said substantial radial play.

81. The crushing machine of claim 25, 38 or 51 in which
said impact targets are spaced from said impeller so that
substantially no crushing of projected particles of said
material smaller than a first preselected size is caused by
impact with said impact targets.

82. The crushing machine of claim 81 in which said
machine further includes separating means for returning
particles of said crushed material larger than a second
preselected size to said impeller, and said impact targets
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cooperate with said impeller and said separating means to
produce a crushed product of substantially uniform parti-
cle size within the preselected size range defined by said
first and second preselected particle sizes.

83. The crushing machine of claim 25, 38, or 51 in which
said impeller includes an upper disc and a lower disc and
said discs are arranged to discharge said projected particles
in a stream having an axial depth less than the axial height
of said impact targets.

84. The crushing machine of claim 31, 44 or 57 in which
said means for inducing loss of contact comprises means
for shaping said inner bore to provide a non-circular config-
uration for causing said whirling member to lose contact
with said inner bore.

85, The crushing machine of claim 30, 43 or 56 in which
said damper ring is resiliently biased into frictional contact
with an abutting surface of said machine so as to provide
Srictional resistance to radial deflection of said cantilever
shaft.

86. The crushing machine of claim 85 in which said
damper means further includes means for adjusting the
amount of said frictional resistance provided by said
damper ring.

87. The machine of claim 35, 48 or 61 in which said
machine further includes supply means for supplying a
lubricating fluid to the areas of contact between said coni-
cal portion and said conical face and between said horizon-
tal portion and said horizontal face, and in which said
damper means further comprises means for providing a
Alow path for said lubricating fluid past said areas of
contact.

88. The machine of claim 87 in which said flow path
means comprises at least one groove in said conical face
and at least one groove in said horizontal face.

89. The crushing machine of claim 29, 42 or 55 in which
said fluid is a liquid and said flow channel means cooper-
ates with said fluid filling means to keep said liquid contin-
ually in contact with said cantilever shaft in the region of
said substantial radial play as said cantilever shaft rotates
through a critical speed.

90. The machine of claim 25, 38 or 51 in which said
impact surfaces are oriented at an angle in the range of 80°
to 100° relative to tangent lines extending from the outer
periphery of said impeller to said impact surfaces.

91. The machine of claim 90 in which said impact sur-
faces are spaced from said impeller along said tangent lines
by a distance such that substantially no crushing of said
projected particles smaller than a preselected size is caused
by impact with said impact surfaces.

92. The machine of claim 91 in which said distance is at
least about 10 inches.

93. In a machine of the type having an inner member
and an outer member with at least one of said members
mounted for rotation relative to the other of said members
so as to allow substantial radial play therebetween, the
improvement comprising:

seal means extending radially for providing a lubrican
seal between said inner and outer members, said seai
means including:

a ring of seal material concentric to said inner member
and having a conical face and an axially extending
ridge, said seal ring being mounted on one of saia
members for both axial and radial movement relative
to the other of said members;

a conical surface and a radially extending ridge on the
other of said members; and,

biasing means for biasing said conical face and saic
conical surface into contact and said axial ridge anc
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said radial ridge into contact so that constant sliding
contact is maintained between said seal means and
said other member during said relative rotation with
substantial radial play between said inner and outer
members, said conical face and said axial ridge coop-
erating to prevent said ring from jamming against said
other member.

94. The improvement of claim 93 in which said conical
surface and said radial ridge are on said inner member
and the radius of said conical surface increases in the
direction of said radial ridge.

95. The improvement of claim 93 in which said seal ring
is mounted on said outer member. ‘

96. The improvement of claim 95 in which said inner
member is mounted for rotation relative to said outer mem-
ber.

97. The improvement of claim 95 in which said outer
member is mounted for rotation relative to said inner
member.

98. The improvement of claim 93 in which said inner
member and said outer member are each mounted for
rotation relative to the other.

99, The improvement of claim 93 in which said seal
means includes supply means for supplying a lubricating
fluid to the areas of contact between said conical sur-
face and said conical face and between said radial and
axial ridges.

100. The improvement of claim 99 in which said supply
means is comprised of grooves in said conical surface or
said conical face and in said radial ridge or said axial ridge
and means for causing a lubricating fluid to flow through
said grooves.

101. A drive shafting apparatus comprising:

an outer sleeve adapted to be mounted in a machine;

an inner sleeve shaft mounted within said outer sleeve for

rotation relative to said outer sleeve;

an inner rotating element with one end rigidly mounted

within said inner sleeve shaft for rotation with said
inner sleeve shaft and the other end including an end
portion spaced radially from and extending axially
beyond an adjacent end of said inner sleeve shaft, said
other end portion of said inner rotating element hav-
ing substantial radial play relative to said adjacent
end of said inner sleeve shaft; and, damper means for
reducing radial vibration of said inner rotating ele-
ment as it rotates through a critical speed, said
damper means comprising bushing means for contact-
ing said other end portion of said inner rotating ele-
ment at an axial position beyond said adjacent end of
said inner sleeve shaft during radial deflection of said
inner rotating element, resilient means for absorbing
energy imparted to said bushing means by contact
with said other end portion of said inner rotating
element, and mounting means for mounting said
bushing means and said resilient means on said outer
sleeve.

102. The drive shafting apparatus of claim 101 in which
said mounting means includes means for limiting radial
deflection of said bushing means so as to prevent said other
end of said inner rotating element from contacting said
inner sleeve shaft and said outer sleeve.

103. The drive shafting apparatus of claim 101 in which
said bushing means includes a ring adapted for sliding
contact with said inner rotating element.

104. The drive shafting apparatus of claim 103 in which
said damper ring is spaced from said other end portion of
said inner rotating element and resiliently biased into frac-
tional contact with an abutting surface of said outer sleeve
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50 as to provide frictional resistance to radial deflection of
said rotating element.

105. The drive shafting apparatus of claim 104 in which
said damper means further includes means for adjusting
the amount of said frictional resistance provided by said
damper ring.

106. The drive shafting apparatus of claim 103 in which
said ring includes an inner bore adjacent to the outer diam-
eter of said inner rotating element and said inner bore
includes means for inducing loss of contact between said
inner rotating element and said inner bore so as to substan-
tially eliminate whirling of said inner rotating element.

107. The drive shafting apparatus of claim 5, 17 or 106
in which said means for inducing loss of contact comprises
means for shaping said inner bore to provide a non-circular
configuration for causing said whirling member to lose
contact with said inner bore.

108. The apparatus of claim 107 in which said shaping
means includes a plurality of discontinuities on the surface
of said inner bore, said discontinuities being substantially
equally spaced around the periphery of said inner bore.

109. The apparatus of claim 108 in which said disconti-
nuities are at least four in number and comprise bumps on
the surface of said inner bore.

110. The apparatus of claim 107 in which said inner bore
is elliptical in shape.

111. The apparatus of claim 107 in which said shaping
means for inducing loss of contact comprises a plurality of
cylindrical ridges on the surface of said inner bore, said
ridges extending along the axial length of said damper ring
and having a radius of approximately one-tenth the radius
of the portion of said whirling member within said inner
bore.

112. The drive shafting apparatus of claim 103 in which
said resilient means includes means for biasing said ring so
that constant sliding contact is maintained between said
ring and said inner rotating element during relative rota-
tion between said inner sleeve shaft and said outer sleeve
with substantial radial play between said inner rotating
element and said inner sleeve shaft.

113. The drive shafting apparatus of claim 112 in which
said resilient means includes spring means carried by said
mounting means so as to bias said ring into constant sliding
contact with said inner rotating element.

114. The drive shafting apparatus of claim 103 in which
said ring is spaced from said inner rotating element and
said mounting means includes means for permitting lim-
ited radial deflection of said ring when contacted by said
inner rotating element.

115. The drive shafting apparatus of claim 103 in which
said resilient means includes a layer of resilient material
carried by said mounting means so as to absorb energy
imparted to said ring by contact with said inner rotating
element.

116. The drive shafting apparatus of claim 115 in which
said resilient layer comprises a ring of resilient material
around said bushing ring.

117. The drive shafting apparatus of claim 101 in which
said bushing means includes a first damper ring and a
second damper ring, said first damper ring being spaced
from said inner rotating element; said mounting means
includes means for permitting limited radial deflection of
said first damper ring when contacted by said inner rotat-
ing element; and said resilient means includes means for
bigsing said second damper ring so that constant sliding
contact is maintained between said second damper ring
and said inner rotating element during relative rotation
between said inner sleeve shaft and said outer sleeve with
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substantial radial play between said inner rotating element
and said inner sleeve shaft.

118. The drive shafting apparatus of claim 101 in which
said apparatus further includes a first bearing means and
a second bearing means for rotatably supporting said inner
sleeve shaft, said first bearing means being spaced radially
from said inner rotating element in the region of said con-
nected end and said second bearing means being spaced
radially from said inner rotating element in the region of
said substantial radial play.

119. In a machine of the type having an inner member
and an outer member with at least one of said members
mounted for rotation relative to the other of said members
so as to allow substantial radial play therebetween, the
improvement comprising:

damper means for providing at least some dampering of
radial vibration between said inner and outer mem-
bers, said damper means including:

a ring concentric to said inner member and having a
conical face and an axially extending ridge, said ring
being mounted on one of said members for both axial
and radial movement relative to the other of said
members;

a conical surface and a radially extending ridge on the
other of said members; and,

biasing means for biasing said conical face and said
conical surface into contact and said axial ridge and
said radial ridge into contact so that constant sliding
contact is maintained between said damper means
and said other member during said relative rotation
with substantial radial play between said inner and
outer members, said conical face and axial ridge
cooperating to prevent said ring from jamming against
said other member.

120. The improvement of claim 119 in which said
damper means provides a lubricant seal between said inner
and outer members and includes supply means for supply-
ing a lubricating fluid to the areas of contact between said
conical surface and said conical face and between said
radial and axial ridges.

121. In a machine of the type having an inner member
and an outer member with at least one of said members
mounted for rotation relative to the other of said members
so as to allow radial play therebetween, the improvement
comprising:

a ring concentric to said inner member and having a

conical face and an axially extending ridge;

means for mounting said ring on one of said members
for both axial and radial movement relative to the
other of said members;

a conical surface and a radially extending ridge on the
other of said members; and,

biasing means for biasing said conical face and said
conical surface into contact and said axial ridge and
said radial ridge into contact, said conical face and
said axial ridge cooperating to maintain constant
sliding contact between said ring and said other mem-
ber and to prevent said ring from jamming against
said other member during said relative rotation with
radial play between said inner and outer members.

122. The improvement of claim 121 in which said im-
provement further includes supply means for supplying a
lubricating fluid to the areas of contact between said coni-
cal surface and said conical face and berween said radial
ridge and said axial ridge, and seal means for substantially
preventing leakage of said lubricant between said ring and
the member upon which said ring is mounted.
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123. The improvement of claim 121 in which said bias-
ing means is arranged to provide at least some dampening
of radial vibration as said at least one rotatably mounted
member rotates through a critical speed.

124. A drive shafting apparatus suitable for use in a
machine having a high speed rotating element, said drive
shafting apparatus comprising:

an inner sleeve shaft adapted to be mounted for rotation

within said machine;

an inner cantilever shaft with one end rigidly connected

Jfor rotation with said inner sleeve shaft and the other
end having substantial radial play within said inner
sleeve shaft, said cantilever shaft being adapted for
connection to said high speed rotating element for
rotation therewith; and,

damper means situated about said other end of said

cantilever shaft for reducing radial vibration of said
cantilever shaft as it rotates through a critical speed,
said damper means including radially spaced oppos-
ing surfaces arranged to define a radial clearance
between said inner sleeve shaft and said other end of
said cantilever shaft in the region of said substantial
radial play, seal means extending radially across one
end of said clearance, supply means for supplying a
liguid to said clearance, and discharge means cooper-
ating with said supply means so as to keep said radial
clearance substantially full of said liquid such that
said opposing surfaces are continually in contact with
said liquid as said cantilever shaft rotates with said
inner sleeve shaft through a critical speed, said dis-
charge means comprising at least one radial flow
passage for exhausing said liquid from said clearance
in the region of said substantial radial play and at
least one radially projecting sleeve cooperating with
said at least one radial flow passage so as to restrict the
Sflow of liquid through said passage.

125. The drive shafting apparatus of claim 124 in
which said at least one radial flow passage extends radi-
ally outward from said clearance in said inner sleeve
shaft.

126. The drive shafting apparatus of claim 124 in which
said supply means causes said liquid to flow into said clear-
ance as a film on the inner surface of said inner sleeve shajft
and said radial sleeve causes the thickness of said film to
increase to a depth sufficient to maintain said clearance
substantially full of said liquid.

127, The drive shafting apparatus of claim 124 in which
said damper means further includes a cavity communicat-
ing with said clearance in the region of said substantial
radial play, and in which said radial sleeve extends radially
into said cavity.

128. The drive shafting apparatus of claim 127 in which
said sleeve cooperates with said cavity to provide a hydrau-
lic shock absorbing effect in response to radial deflection of
said cantilever shaft.

129. The drive shafting apparatus of claim 124 in which
said sleeve shaft and said cantilever shaft are mounted for
rotation at least partially within an outer sleeve.

130. The drive shafting apparatus of claim 1, 13 or 129
in which said damper means includes means for mounting
at least a portion of said damper means on said outer
sleeve, and said portion of said damper means is mounted
on said outer sleeve so as to contact said cantilever shaft in
the region of said substantial radial play during radial
deflection of said cantilever shaft.

131. The drive shafting apparatus of claim 130 in which
said mounting means cooperates with said outer sleeve so as
to limit radial deflection of said cantilever shaft and pre-
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vent contact between said other end of said cantilever shaft
and said outer sleeve.

132. The drive shafting apparatus of claim 131 in which
said cantilever shaft is sized to have a maximum radial
deflection without permanent set which is greater than the
maximum radial deflection permitted by said mounting
means.

133. The drive shafting apparatus of claim 1, 13, or 124
in which said cantilever shaft is sized so that its first critical
speed is in the range of one fifth to one half of its operating

134. The drive shafting apparatus of claim 133 in which
said cantilever shaft is sized so that its second critical speed
is at least about fifty percent greater than said operating
speed.

135. The drive shafting apparatus of claim 133 in which
the operating speed of said cantilever shaft is more than
Jour times said first critical speed.

136, The drive shafting apparatus of claim 1, 13, or 124
in which said apparatus further includes a first bearing
means and a second bearing means for rotatably support-
ing said cantilever shaft, said first bearing means being
spaced radially from said cantilever shaft in the region of
said connected end and said second bearing means being
spaced radially from said cantilever shaft in the region of
said substantial radial play.

137. The drive shafting apparatus of claim 3 or 124 in
which said damper means includes means for causing said
Sluid 10 flow on at least one surface of said sleeve shaft so
as to cool said sleeve shaft.

138. A drive shafting apparatus suitable for use in a
machine having a high speed rotating impeller or similar
element, comprising:
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an outer sleeve shaft adapted to be mounted for rotation
within said machine;

an inner, cantilever shaft rigidly connected at one end of
said cantilever shaft within said outer sleeve shaft and
having substantial radial play within said sleeve shaft
at the other end of said cantilever shaft, said other end
of said cantilever shaft being adapted for connection to
said high speed rotating element for rotation there-
with; and

damper means situated about said other end of said
cantilever shaft for reducing radial vibration of said
cantilever shaft as it rotates through critical speeds
and for substantially eliminating whirling of said
cantilever shaft and high speed rotating element;

said damper means including fluid supply means for
introducing a flowing liguid into said sleeve shaft, flow
channel means for exhausting said liguid from said
sleeve shaft, and flow restricting means cooperating
with said fluid supply means for causing said liguid to
Jfill substantially the radial clearance between said
sleeve shaft and said cantilever shaft and for keeping
said liguid continually in contact with said cantilever
shaft in the region of said substantial radial play as
said cantilever shaft rotates through a critical speed,
said flow channel means including at least one radial
flow passage for exhausting said liquid from said
clearance and said flow restricting means comprising
a radially projecting sleeve cooperating with said ra-
dial flow passage so as to restrict the flow of liquid
through said flow passage and a radially extending
cavity for receiving said radially projecting sleeve dur-
ing radial deflection of said cantilever shaft.
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