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BALL CANIISTER AND SYSTEM FOR 
CONTROLLING CAVlTATllON IN LIQUIDS 

This is a division, of Ser. No. 95,044, ?led Dec. 4, 
1970 now Patented 3,731,903 
This invention relates to apparatus for controlling or 

repressing cavitation in a ?owing liquid, and has partic 
ular reference to a ball canister and further reference 
to the ball canister‘s cooperation with a control valve 
in a liquid ?ow system. ' 
Cavitation generally refers to the formation, growth 

and collapse of vapor cavities in liquid as the pressure 
is reduced to near or below the vapor pressure of the 
liquid by the ?ow conditions. The pressure reduction 
necessary to cause cavitation can originate from accel 
erating the liquid or from non-streamlined flow. In the 
latter case, turbulent eddies are created and the pres 
sure reduction at the core of the turbulent eddies can 
be of sufficient magnitude to produce cavitation even 
when the average pressure in the liquid stream is con 
siderably higher than the vapor pressure of the liquid. 
The onset and severity of cavitation in liquid ?ow sys 

tems is affected by a large number of variables, but gen 
erally speaking, whether it be chemicals, oil, gasoline 
or water, at a selected point within a given system a 
critical liquid velocity can be determined empirically at 
which cavitation is insipient as a given pressure. De 
pending upon the energy available and the degree by 
which the critical velocity is exceeded, the cavitation 
may vary from light to heavy and from fine grained to 
coarse, or the system may go into super-cavitation 
wherein the full stream is vaporized. 
Once formed, the vapor cavities move downstream, 

become unstable and collapse, with the implosion of 
the cavitation bubbles creating extremely high local 
pressures which can be on the order of 105 to 106 psi. 
The growth and collapse cycle of a vapor cavity can be 
of very short duration, such that cavitation can form 
and collapse inside a valve, turbine or other valuable 
structure thereby pitting and eroding the structure 
which caused it; or, depending on many variables and 
the degree of cavitation, the cavities may collapse 
within the stream or downstream against another struc 
ture. For example, in the case of super-cavitation, the 
vaporized zone may extend many feet downstream be 
fore collapsing. ‘ 

The extremely high collapse pressures of cavitation 
bubbles, depending upon the energy in the system, can 
constitute an enormous and earth-shaking destructive 
force wrecking havoc with the hydraulic system and 
structures while creating sonic and vibratory levels of 
such magnitude that it is uncomfortable to be in the 
near vicinity, and at lesser magnitudes can constitute 
an insidious eroding force on expensive hydraulic 
equipment, or a useful phenomenon for cleaning, for 
mixing and homogenizing of liquid, or for the break 
down or synthesis of chemicals. In addition to destruc 
tive effects, the presence of cavitation can produce un 
desirable pressure and ?ow variations and can reduce 
the ef?ciency of turbines, pumps and control valves. 
The potential of having destructive cavitation occur 

in a liquid flow system places a large burden on the de 
sign and utility of such systems. In many instances the 
use of a multiplicity of large and expensive hydraulic 
control devices is required where otherwise a simple 
and single device would suf?ce and, even so, cavitation 
may be substantially repressed only over a very small 
useful range of pressures and flow rates, and in some 

10 

20 

25 

30 

35 

45 

65 

2 
cases may never be sufficiently repressed to prevent se 
rious erosion and replacement problems. It would be 
ideal if cavitation could be controlled or limited by 
some simple device of relatively small size and univer 
sal application, so that the device is readily adaptable 
in design to many different types of installations and 
system requirements, is relatively inexpensive, and can 
be designed not only into new systems but can be added 
in existing systems where space is at a premium. 
We have discovered that a ball canister can approach 

this ideal and, either acting alone or in cooperation 
with a control valve, can effectively control or suppress 
cavitation under different system requirements while 
providing a substantial pressure break. While ball can 
isters or devices resembling ball canisters have been 
used in gas systems as early as 191.7, for example as il 
lustrated in British Pat. No. 112,980 to Briggs et al, and 
have been used in water systems as early as 1898, for 
example as illustrated in British Pat. No. 24,148 to 
l-lurst, so far as is known there has been no specific ap 
plication of ball canisters to the phenomenon of cavita 
tion in flowing liquids, nor has the structure of ball can‘ 
isters been particularly suitable for this purpose. 

In accordance with our- discovery, in a given liquid 
?ow system, a ball canister if properly constructed will 
serve to receive the liquid stream at high pressure and 
discharge the liquid at a relatively low pressure while 
controlling or repressing cavitation in the liquid. 
Broadly speaking, such a canister comprises a case hav 
ing an inlet and outlet, a plurality of balls ?lling the 
case along at least a portion of the length thereof, and 
means retaining the balls in the case. The halls are 
small relative to the diameter of the case so that it re 
quires many balls to fill a cross~section of the case, and 
the case diameter and the case length portion filled by 
the balls are sized to significantly limit the occurance 
of cavitation in the liquid stream passing through the 
ball volume at the maximum designed volume flow rate 
of the system. The sizing depends upon the system re 
quirements and the results desired. ‘ 
More specifically, and in accordance with one em 

bodiment of our invention, the canister case includes a 
tapered portion which gradually increases in diameter 
in the direction from the inlet toward the outlet, the 
balls are tightly packed in the tapered portion, and in 
one or more layers at the upstream end of the ball vol 
ume, the balls are welded together. We have found that 
the tapered construction maximizes the pressure reduc 
tion afforded by each layer of balls in relation to critical 
cavitation velocities of the liquid at the local pressures, 
thereby greatly reducing both the number of balls and 
the length of the canister while increasing its efficiency. 
For maximum ef?ciency while repressing cavitation, 
the diameter of the canister case at the upstream end 
of the packed balls is made sufficiently small to present 
a liquid velocity at the ?rst layer of packed balls near 
the incipient cavitation velocity at the maximum de 
signed volume flow rate of the system. 

In accordance with our invention, a system for sup 
plying liquid at a relatively low pressure from ahigh 
pressure supply while repressing cavitation in the liquid 
comprises a control valve connected to the high pres 
sure supply and a ball canister connected on the outlet 
or downstream side of the control valve. The case di 
ameter and the case length portion containing the ball 
volume are sized to signi?cantly suppress cavitation at 
the control valve over a range of volume ?ow rates 
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which includes the designed maximum volume flow 
rate of the system. In one embodiment of this system, 
the control valve includes an operator responsive to a 
hydraulic condition in the system, and means for sens 
ing the hydraulic condition downstream of the packed 
balls in the canister. 
The ball canister of our invention and its cooperation 

with a control valve is explained in greater detail in the 
following description made with reference to the ac 
companying drawings, in which: 
FIG. 1 is a side elevation of a high pressure testing in 

stallation in a water system, illustrating the ball canister 
operating in conjunction with a control valve; 
FIG. 2 is a graph illustrating cooperation of the ball 

canister and the control valve at different degrees of 
opening of the valve; 
FIG. 3 is a graph illustrating the empirical determina 

tion of cavitation in a given system; 
FIG. 4 is a modi?ed longitudinal sectional view of the 

ball canister proper of FIG. 1; 
FIG. 5 is a sectional view taken along line 5—5 of 

FIG. 4; 
FIG. 6 is a fragmentary sectional view taken along 

line 6-6 of FIG. 5; and, 
FIG. 7 is a sectional view taken along line 7-—7 of 

FIG. 4. 
Referring to FIG. 1, there is depicted a test installa 

tion in a high pressure water system wherein a 4 inch 
steel high pressure supply line 10 is anchored in a con 
crete slab l2 and runs to a manually operable plug 
valve 14. A four inch steel discharge or delivery line 16 
is anchored in the concrete slab 12 at a distance from 
the supply line 10, and is connected to a similar plug 
valve 18, such that various apparatus can be connected 
between the plug valves 14 and 18 for testing and ob 
servation. The plug valves serve to shut down and open 
up the system and, if desired, help provide resistance in 
the line for control purposes. As shown, the outlet of 
the plug valve 14 at the high pressure supply is con 
nected by means of a four inch to two inch reducer 20 
to the inlet 22 ofa control valve 24, which is a two inch 
“Roto-Disc” valve manufactured by Hitco, of Gardena, 
California, and generally described in U.S. Pat. No. 
3,424,200. The outlet 26 of the control valve is con 
nected to the inlet of a ball canister 28, the outlet of 
which in turn is connected to the inlet of the discharge 
plug valve 18 by means of a four inch steel pipe section 
30. Intermediate support is provided by a pair of adjust 
able jacks 32, 34 having saddles 36, 38 respectively, 
shaped to fit under the ?anges shown. 
As shown in FIG. 1, the control valve 24 includes an 

electric operator 40. While in actual tests on this sys 
tem a manually actuated electric operator was used, 
conventional electric or hydraulic operators are avail 
able for responding to a hydraulic condition in the sys 
tem to automatically control the degree of valve open 
ing, and in FIG. 1 there is illustrated a water pressure 
sensing line 42 running from the operator 40 to a loca 
tion downstream of the balls in the canister, and in this 
case actually running to a pressure tap 44 on the bot 
tom of the outlet section of the canister itself. Normally 
severe cavitation will interfere with a pressure or flow 
measurement downstream from a control valve, and 
the present system offers advantages in this regard by 
suppressing cavitation at this nearby location. 
When the pressure in the liquid is suddenly reduced, 

dissolved gases diffuse out of solution and collect in 

20 

25 

35 

45 

50 

55 

60 

65 

4 
bubbles. Although this condition is not related directly 
to cavitation, it is important from the standpoint of sat 
isfactory operation of a sensing device such as a ?ow 
meter located downstream of the canister. Accord 
ingly, we provide a conventional gas relief valve 46 
mounted on a gas pressure tap 48 located on top of the 
canister at a position downstream of the balls for vent 
ing such gases. 

In the system illustrated, it is signi?cant that the ball 
canister is located downstream from the control valve 
in order that the maximum ?ow control at the valve be 
realized while suppressing cavitation at the valve. With 
the canister upstream, the valve would'have a very lim 
ited capability of controlling flow without being sub 
jected to cavitation at high ?ow rates; but, with the can 
iste'r located downstream of the valve, the canister pro 
vides suf?cient back pressure on the valve such that 
higher flow velocities through the valve, hence higher 
pressure drops across the valve, can be realized without 
the valve being subjected to cavitation. 
The distance of location of the canister downstream 

of the control valve can also be significant. Even aside 
from the obvious advantages of compactness of the sys 
tem, convenience, and the desirability of using a short 
sensing line 42, under certain conditions a proximate 
location can be advantageous from the point of view of 
cavitation. From the latter point of view, if no cavita 
tion is ever expected at the valve, the canister can be 
located at any-convenient distance downstream of the 
valve. However, if some cavitation can be expected 
under certain flow conditions at certain degrees of 
valve opening, one would desire that the canister be lo 
cated far enough downstream that the cavitation col 
lapses before impinging upon the upstream layer of 
balls in the canister. This distance is dependent upon 
the valve opening and normally varies between about 
two to ?ve times the inside diameter of the control 
valve outlet 26, with the distance S being measured 
from the downstream end of the throat 50 of the valve 
to the upstream end of the balls in the canister. For this 
purpose the throat of a valve is considered to end and 
its outlet begin at the point where the throat constric 
tion merges with the pipe like portion normally pro 
vided as an outlet, characteristic of conventional 
valves. On the other hand, a relatively ?at velocity pro 
?le normally requires at least about ?ve diameters. Yet, 
if very heavy or super~cavitation may be expected 
under certain ?ow conditions and valve openings, even 
on a temporary basis as when a valve is in the process 
of being opened or closed, the canister should be close 
to the valve such that full development of the cavitation 
can not be realized due to the canister balls being inter 
posed in the zone, thereby collapsing the super 
cavitation before it can fully form and suppressing vi 
bration. For this condition a desirable distance S is 
about two internal diameters of the valve outlet. Fur 
ther, where signi?cant cavitation is expected under cer 
tain conditions, and especially when the distance S is 
within about five diameters, it is desirable that the inlet 
and the ?rst few upstream layers of balls be constructed 
of a highly erosion resistant material, such as stainless 
steel, with the balls being welded together and to the 
canister case. We have found that about ?ve diameters 
normally is the optimum distance, all factors consid 
ered. 
As can be seen in FIG. 4, the case of the ball canister 

is of welded steel construction and includes a detach 
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able inlet section 52, a conical or tapered section 54, 
a cylindrical retainer section 56, and an outlet section 
58, with the direction of liquid ?ow being indicated by 
the arrows in the ?gure. 
The detachable inlet section 52 has an upstream con 

necting ?ange 60, a downstream connecting ?ange 62, 
a smooth or streamlined two inch internal diameter 
neck or inlet 64, and a conically tapered throat 66 
which merges smoothly and is streamlined with the 
downstream end of the neck 64. The throat 66 of the 
inlet section extends downstream through the connect 
ing ?ange 62 and terminates at the downstream end 69 
of the conical section 54 so as to provide a smooth con 
tinuous cone, the diameter of which gradually increases 
in the downstream direction with the throat 66 de?ning 
the truncated apex of the cone. 
The throat 66 of the inlet section contains the ?rst or 

upstream four layers 71 of a volume of relatively small 
balls 70 which ?ll the conical section of the case and 
which are bare or exposed at the upstream end. These 
?rst four layers of balls are nested and extend ?at 
across the case with the center line 72 of the ?rst layer 
being located in the throat 66 at a position where the 
inside diameter of the throat D,, is of a predetermined 
value, and with the fourth or downstream layer being 
located approximately ?ush with the planar ?ange face 
68 de?ning the downstream end of the throat. The balls 
in the ?rst four layers are welded or fused to one an 
other and to the case, essentially in point to point 
contact so that there is no signi?cant restriction of the 
passageways through the nested ball layers. ‘ 

ln constructing our test canister we used 1/2 inch di 
ameter cast iron grinding balls, and for the ?rst four 
layers in the throat of the entrance section, the balls 
were coated with 0.0005 inches of copper and furnace 
braised so as to fuse or weld them together and to the 
wall of the throat. Cast iron grinding balls, while not 
ideal, are relatively inexpensive and readily available, 
and are adequate for many applications. 
As seen in FIGS. 4i and 7, tightly packed balls nest in 

polygon patterns and a layer of nested balls will not at 
all points around its perimeter reside in contact with a 
circle, thus leaving edge voids, for example as shown at 
74 in FIG. 4. Improved performance in the critical ?rst 
four layers 7]. may be expected by ?rst welding the 
balls together in a larger nested configuration and then 
turning or milling them down to exactly ?t the throat 
66, thereby achieving ideal layers with certain partial 
balls disposed around the perimeter so that no voids are 
left, such as partial ball 76. If desired, all ball volumes 
in the canister could be constructed in this manner. 
As indicated, the conical case section 54 of the canis~ 

ter matches the conical throat 66 of the inlet section 52 
to form a continuous truncated cone. The conical sec 
tion has a downstream connecting ?ange 78 to which 
the upstream ?ange 62 of the inlet section is detachably 
bolted, with a gasket 80 disposed between the abutting 
?ange faces to seal them. The conical section 54 ex 
pands to a predetermined diameter Dd at its down 
stream end, such that the volume of balls 70 has a 
length L as measured between the center lines 72, 82 
of its ?rst and last ideally nested layers. Give predeter» 
mined upstream and downstream diameters Du, Dd, the 
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angle 0 of the cone is determined by the length L which i 
is in turn determined by the number of nested layers of 
balls and the diameters of the balls. 

6 
The cylindrical retaining section 56 is welded to the 

downstream end of the conical case section 54, and is 
?lled by a volume of larger retaining balls 84 tightly 
packed therein and in abutting relationship with the 
last or downstream layer of the relatively small balls 70. 
As also seen in FIGS. 5 and 6, the retaining balls 84 in 
clude a downstream‘or terminal layer of balls 86 which 
forms the base of a pyramidal nest I88 of retaining balls, 
welded together, centered within the volume of retain 
ing balls 84, and pointing upstream. ‘A retainer plate 90 
abuts the terminal layer 86 of retaining balls and has a 
hexagonal opening 92 centered therein. A plurality of 
ribs 94 are welded in said opening and extend across 
said opening in spaced parallel relationship to divide 
the opening into a plurality of openings; The retaining 
balls in the terminal layer 86 are tightly nested and 
?xed in a pattern which includes rows of adjacent balls 
having their center lines aligned with said ribs, as typi 
cally indicated at 96, with the balls in the row abutting 
the rib in point contact and being welded thereto. This 
provides solid support for the base layer 86 of the pyra 
midal stack of retaining balls 88, while providing a min 
imum ofinterference with liquid flow by preventing the 
balls from seating in the openings between the ribs. 
As an aid in fabrication and for further solid support, 

a shoulder plate 98 abuts and is welded to the retainer 
plate 90 on its upstream side. The shoulder plate 98 has 
a hexagonal opening 100 therein which is larger than 
and is aligned with the hexagonal opening 92 in the re 
tainer plate 90, so as to form a peripheral shoulder 102 
extending around the periphery of the hexagonal open 
ing 92 on the upstream side of the retainer plate. The 
terminal layer 86 of retaining balls is nested in a pattern 
which exactly ?ts the hexagonal opening 100 in the 
shoulder plate 98. Thus, in combination the shoulder 
plate and the retainer plate 90 form a dished grill 
matching the terminal layer 86 of retaining balls. in 
fabricating our test canister, we used one and ‘A inch 
diameter cast iron grinding balls for the retaining balls. 
The pyramidal nest 88 was formed and welded to the 
shoulder and retaining plates 90 by coating the balls 
with 0.0005 inches of copper and furnace braising 
them to one another and to the shoulder plate and re 
taining plate. . 
As can be readily appreciated, the retainer construc 

tion must be strong in order to prevent any balls from 
getting into the liquid flow system downstream, and at 
the same time should provide a minimum and known 
interference with liquid ?ow. The retainer structure 
shown supports the downstream end of the volume of 
small balls 70, and provides a method whereby a retain‘ 
ing plate having a plurality of openings can be used 
without the problem of the small balls seating in or ob 
structing such openings and altering the ?ow character 
istics, as is the case in conventional canister construc 
tion. Being held in position by the retaining balls in 
point to point contact therewith, the ?ow through the 
last layer of small balls is not substantially impeded nor 
are the balls able to reach any opening in the retainer 
plate. 
The outlet section 58 includes a dished head 104 

welded to the downstream end of the cylindrical re~ 
tainer section 56. A stub outlet 106 of four inch inside 
diameter is welded centrally to the dished head and 
carries a connecting ?ange 108 flush with its down 
stream end. 
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As best seen in FIG. 4, the canister includes a pres 
sure tap 110 located upstream from the ?rst layer of 
balls and communicating with the interior of the neck 
64 of the inlet section. A similar pressure tap 112 is lo 
cated immediately downstream of the last layer of rela 
tively small balls. The other pressure tap 44 is located 
at the bottom of the outlet section 58 and communi 
cates with the interior of the dished head 104, and the 
air tap 48 is located in the same position but on the op 
posite side of the canister of what would be the top side 
of the canister in operation since the air bubbles tend 
to vcollect at the top. The pressure taps serve in con 
junction with pressure gauges (not shown) to monitor 
pressures at strategic locations in the canister during 
operation to evaluate the performance of the canister 
under different ?ow conditions; or, as in the case of the 
downstream pressure outlet 44, they may serve control 
functions when connected to a hydraulic control de 
vice, such as to the control valve operator 40 by the 
pressure line 42. The pressure tap 44 being located at 
the bottom also serves as a means of draining the canis 
ter. When not in use, the pressure taps and air tap 
would be plugged, for example as illustrated in FIG. 4. 

In constructing the canister loose retaining balls 113 
are poured through the open upstream end 69 of the 
conical section 54 and surround the pyramidal stack 
88. The canister case is vibrated or struck with a ham 
mer until the retaining balls become tightly packed and 
immobile. After the cylindrical section 54 is ?lled ap 
proximately ?ush with‘ its upstream end, the ‘fa inch di 
ameter balls 70 are poured into the open end of the 
conical case portion 54 and the case is again vibrated 
or struck with a hammer until these balls settle against 
the larger retaining balls and become tightly packed 
and immobile. ‘4 inch diameter balls are added until 
they fill the conical case portion 54 and reside approxi 
mately ?ush with its open upstream end, after which 
the detachable inlet section 52 containing the ?rst four 
layers of welded balls is attached by bolting its down 
stream, ?ange into the upstream ?ange of the conical 
section 54. 
As would be expected the relatively large retaining 

balls 84 and the relatively small balls 70 will not reside 
entirely in nested layers as shown in FIG. 4 merely for 
purpose of illustration, except where they are welded 
together. The small and large balls will settle into some 
of the void areas shown around the perimeter of the 
layers in FIG. 4, or the layers will spread to ?ll some of 
these voids, and some of the small balls may enter cer 
tain adjacent void areas in the volume of larger balls, 
as illustrated for example at 116, 118. Nevertheless, the 
balls both in the conical and retaining section will ap 
proximate layers, and are tightly packed and immobile. 
The relatively small balls ?lling the conical portion of 

the canister should have a diameter which is relatively 
small compared to the diameter of the case so that 
many balls are required to form a given layer ?lling a 
cross-section of the case. Seven nested balls in a layer 
probably would be sufficient, but in our test canister we 
used 19 for the upstream layer at a position where the 
case diameter D, was 2.7 inches. We believe that the 
balls should be as small as practicable consistent with 
their not acting as a strainer, such that the passageways 
between the balls tend to be clogged by deposits from 
the liquid medium ?owing through them, and consis 
tent with keeping the cone angle 0 small. 

15 

35 

45 

55 

65 

8 
It is desirable to keep the cone angle Brelatively small 

in order to insure streamlined ?ow through the en 
trance section of the case without boundary separation 
at the location where the cone merges with the neck 
64. In our test canister, an angle 0 of about 15 and 1/2" 
worked fine, but the degree this angle could be in 
creased while maintaining performance is uncertain, 
and decreasing the size of the balls say from 1/2 inch to 
‘A inch diameter would greatly increase the cone angle 
0 for the same number of ball layers. Consistent with 
the above considerations, we have found that the balls 
should have a minimum diameter of about l/é inch 
while, of course consistent with case diameter, larger 
balls could be used thereby increasing the length of the 
volume of balls 70 in the case accordingly. 
While it is possible to mix the size of balls so that the 

void ratio is gradually decreased toward the upstream 
portion of the canister, this is not considered a satisfac 
tory substitute for a tapered canister because it would 
be dif?cult to construct and control, its operation 
would be dif?cult to predict and the canister would 
have a tendency to act like a strainer and plug up. 
The small balls 70, as well as the retaining balls 84, 

should be approximately spherical and ideally should 
be constructed of a very hard material highly resistant 
to erosion and to corrosion by the liquid medium. 
While we have used cast iron grinding balls in our. tests 
due to their low cost and ready availability, and while 
these balls would render acceptable performance in 
many liquid system applications consistent with re 
placement costs, better balls are available such as re 
jected stainless steel ball bearings or ceremic grinding 
balls such as those available from Coors Porcelain 
Company of Golden, Colorado for which there are 
methods of welding and fusing the balls together and to 
the case without signi?cantly reducing the passageways 
through the ball areas. 
There are of course many types and varieties of liquid 

?ow systems where ?ow rates or pressure differentials 
are suf?ciently high that our ball canister is useful, and 
within any given system there are a large number of 
variables which can affect cavitation. For example, 
some of these variables are the pipe diameter, the up 
stream pressure, the downstream pressure, the proper 
ties of the liquid medium such as density and viscosity, 
the ambient temperature and the vapor pressure of the 
liquid at that temperature, the air pressure, the gas con— 
tent of the liquid, and generally the size and shape of 
any obstruction, constriction or bend in the path of liq 
uid flow in the system, for example, the size and shape 
of a control valve ori?ce at different degrees of valve 
opening. Fortunately, for most systems, many of these 
variables are of known value and remain constant or 
substantially constant so that a mean or average value 
of many variables can be used for design purposes. 
Thus, in a given system into which the canister is to be 
inserted, and for a given liquid at a location where the 
environmental conditions are known, the major vari 
ables will be variations in pressure and flow rates and, 
where a given control valve is used in conjunction with 
the canister, changes in the degree of valve opening. 
Normally, the upstream pressure is known and is ap 
proximately constant, and system is designed to deliver 
a maximum volume flow rate at a much lower down 
stream pressure while controlling or repressing cavita 
tion. 
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In designing our canister for test in the water system 
illustrated in FIG. 1, we assumed a maximum volume 
flow requirement of 800 gallons per minute at an ap 
proximately constant upstream pressure P,, of 660 psig. 
set by the pressure in the supply line 10 in conjunction 
with a full open setting of the plug valve 14. It was con 
sidered desirable to deliver this water over a range of 
volume flow rates under the control of the control 
valve 50 to an approximately constant downstream 
pressure Pd of 20 psig. We noted from the basic rela 
tionship that liquid velocity is equal to volume ?ow rate 
divided by the area of the water stream, that a pipe hav 
ing a two inch internal diameter would result in a 
stream velocity of about 81.5 feet per second which, 
while a high velocity, should not result in cavitation 
caused by the mere acceleration of the water under 
streamlined tlow at the local pressure. 

Generally, where the canister is to be used in a sys 
tem including a control valve upstream of the canister 
as illustrated in FIG. 1, the next design consideration is 
to select a control valve all of the components of which 
are of adequate pressure rating to accommodate the 
maximum working pressure with a safety factor, and 
with the valve having a high velocity rating so as to min 
imize the size of valve required to obtain the maximum 
flow rate, thereby normally to minimize the cost of the 
valve and its appurtenances. Many valves are not con 
structed to operate at a water velocity of 8L5 feet per 
second. The “flow-through” type valve normally is best 
in this regard. As this expression is used here, “?ow 
through" refers to the type of valve where the stream 
passes through the valve in a substantially straight path 
as opposed to a tortious path, and where, when the 
valve is wide open, it essentially provides no constric 
tion and matches the pipe. Also, the ?ow-through type 
valve generally will handle higher liquid velocities with 
out cavitation at a given operating pressure. A good ex 
ample of such a valve is the I-Iitco “Roto-Disc” valve 
illustrated in FIG. 1 having a two inch internal diameter 
throat 50 which matches the pipe when wide open. 
Another reason for selecting a valve type and size 

which will provide the desired ?ow rate at high veloc 
ity, is that the liquid velocity issuing from the valve out 
let should be near the critical cavitation velocity of the 
liquid at the operating pressure at the first layer of balls 
in the canister in order to take full advantage of the 
maximum energy which can be dissipated by the ?rst 
layer of balls without cavitation, so that a minimum of 
reductions or increases in the internal diameter of the 
inlet section of the canister or other pipe upstream 
from the first ball layer is required to achieve such ve 
locity. 
The next step normally to be employed in design is 

the determination of the size of balls to be used and the 
size of the canister portion containing the balls. Ball 
size has already been discussed; hence, using 1/2inch 
spheres in our test canister, the exercise was to calcu 
late the diameter Duat the upstream layer of balls, the 
diameter Ddat the downstream layer of balls, and the 
length L required to achieve the desired pressure re 
duction at maximum ?ow rate. 
To calculate the upstream and downstream diame 

ters Du, Dd, laboratory measurements should be made 
in order to ascertain the critical cavitation velocity Vcat 
different operating pressures. FIG. 3 generally illus 
trates such a laboratory determination. When a sensor 
such as an accelerometer is attached to the exterior of 
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an ori?ce being tested, the sensor output will increase 
as the liquid flow velocity is increased at constant pres 
sure, the measurement normally being made by mea 
suring the liquid velocity upstream of the ori?ce at con 
stant upstream pressure with changes in flow velocity 
being obtained by adjusting the downstream pressure, 
although the measurement can be made in a reverse 
fashion at least for purposes of determining incipient 
cavitation. 
As illustrated by the curve in FIG. 3, as velocity is in 

creased at constant pressure, the sensor output will ?rst 
gradually increase on account of increasing ?ow noise 
until a point is reached where the sensor output begins 
to rise rapidly, this being the point of incipient cavita 
tion with the flow velocity at this point being referred 
‘to as the critical cavitation velocity, V,. Further in 
crease in the ?ow velocity will result in a rapidly in 
creasing level of cavitation and ?nally, if there is suffr 
cient energy in the system, in super-cavitation where, 
if the cavitation collapes some distance downstream, 
the sensor output may and frequently does decline 
somewhat because of its more remote location from the 
area of collapse. Critical cavitation velocity will vary 
with pressure, and it is found that the point of incipient 
cavitation will occur at lesser velocities as the local 
pressure is reduced. 

In the design of our test canister, the critical cavita 
tion velocity of the upstream layer of balls at alocal 
pressure of about 660 psig. was estimated to be about 
41 feet per second, based on previous laboratory expe’ 
rience. For the downstream layer of balls at the re 
tainer, the critical cavitation velocity was estimated to 
be about 7.2 feet per second as measured in the stream 
issuing from the last layer at an assumed local pressure 
of 20 psig. Using the mentioned relationship between 
velocity flow rate and area, it was calculated that the 
upstream diameter Dushould be about 2.7 inches and 
the downstream diameter Ddshould be about 6.7 
inches. 
However, as to the downstream diameter Ddof the 

balls, it was decided to allow for a safety factor and use 
a value of 10 inches because of the retainer construc 
tion, on the theory that at worst the retainer could be 
considered to be a device blocking off part of the area 
of the last layer of small balls. This accounts for the rea 
son that the total open area provided by the grilled 
opening 92 in the downstream retaining plate 90 was 
made approximately equal in area to a 6.7 inch diame 
ter circle as originally calculated for the downstream 
layer of small balls residing at D“. 
With the upstream and downstream diameters Du, 

Ddof the cone set at 2.7 inches and 10 inches respec 
tively, we then proceeded to find the length L of the 
ball volume required to provide the necessary pressure 
drop by using the following energy equation, with the 
left side of the equation indicating in psi the energy in 
the water system upstream less the energy in the system 
downstream, and the right side indicating in psi the 
summation of the energies dissipated by the respective 
layers of balls in the ball volume: 
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The following values appear in the energy equation: 
Q = Volume flow rate in gallons per minute. 
D,,= The internal diameter at the cone at the center~ 

line of the upstream layer of small balls expressed 
in inches. 

Dd= The internal diameter of the cone at the center 
line of the last layer of small balls expressed in 
inches. 

PW = The upstream pressure at the canister inlet in 
ps1. 

Pd = The pressure downstream from the canister in 
ps1. 

dB = The diameter of the small balls in inches. 
N = The number of layers of small balls, equal to L 
divided 0.866 d,,. 

L = The distance between the centerlines of the ?rst 
and last layers of small balls expressed in inches. 

KB = What is assumed as a ball constant for the 
léinch diameter balls, having a value of 0.0157. 

Substituting the values 0 = 800 gallons per minute, 
Du= 2.7 inches, Dd= 10 inches, Pvc= 660 psig, and 
RF 20 psig. into the left hand side, the energy 
equation indicates a pressure drop of 653.5 psi 
across the volume of small balls in the canister. The 
summation was solved as an interation by assuming 
various values for L which resulted in an integer 
value for N, the number of ball layers, until a cor 
rect value was found which caused the summation 
of pressure drops across the successive layers to 
add up to the 653.5 psi pressure drop calculated 
across the ball volume indicated at the left side of 
the equation. As it turns out, this is approximately 
true when L equals 13 inches such that N equals 30 
layers, with the calculation indicating a pressure 
drop across the ?rst layer of balls of about 189 psi 
and rapidly decreasing pressure drops across subse 
quent layers until the drop across the last or thirti 
eth layer is on the order of 1 psi. 

The test canister was constructed in accordance with 
the above calculations and it worked remarkably well 
considering that we ignored the pressure drop across 
the retainer and outlet section of the canister, which 
should be added to the right side of the energy equation 
to valuate whole canister operation. As measured this 
pressure drop turned out to be about 25 psi. The per 
formance seemed remarkable for other reasons as well, 
such as the matter of assuming critical cavitation veloc 
ities from previous laboratory experience rather than 
actually measuring them at the laboratory. Pu, and 
Pvcwere both assumed as constant at about 660 psig. 
with the control valve 100 percent open. Puactually 
varied from about 720 psig. to about 674 psig. as the 
valve was opened from ?ve percent to one hundred 
percent open, with Pdvarying accordingly from about 
20 psig. to 24 psig. Further, our value for the ball con 
stant Kbwas determined from the measurements made 
on 1/2inch cast iron grinding balls tightly packed in a 
four inch diameter cylinder, and we are uncertain as to 
whether the ball constant Kbmight vary from layer to 
layer depending upon the diameter of the balls and the 
diameter of the canister at the layer. Of course, these 
factors can be measured in the laboratory although we 
have not yet done so ourselves. _ 

In calculating Kbwe used the following ball constant 
equation in relation to measurements of the flow 
through a cylindrical canister tightly packed with 
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1Azinch diameter balls: K,, = (P,, — Pd) '866 d, D‘/L Q2 

In the ball constant equation Puthe upstream pressure 
was 539 psig, Pdthe downstream pressure was 51 psig, 
dbthe ball diameter was l/::inch, D the case diameter was 
4inches, L the length of the ball volume was seventeen 
inches and Q the volume flow rate was 450 gallons per 
minute. 
As can be seen from the energy equation calculations 

where the pressure drop across the last or 10 inch di 
ameter layer of small balls is on the order of lpsi, if a 
cylindrical as opposed to conical canister case were 
used, the cylindrical canister case might require be 
tween 600 and 700 such layers of balls to achieve the 
same pressure drop, as compared to the mere 30 layers 
of balls required by the conical canister, when both op 
erate at the same cavitation intensity. 
FIG. 2 is a graph illustrating Pvcas actually measured 

at different degrees of valve opening. PuC was measured 
at the longitudinal position indicated in FIG. 1 and was 
a measure of the downstream pressure on the valve or 
the upstream pressure on the canister, both being 
roughly the same. Also, the measured volume ?ow 
rates in gallons per minute corresponding to various 
points on the curve are shown in the ?gure. The pres 
sure differential across the valve (P,,- P“) as well as the 
pressure differential across the canister (PD, - P,,) are 
only approximate from the ?gure because the men 
tioned minor variations in the upstream and down 
stream pressures are not taken into account. 
The system illustrated in FIG. 1 was instrumented 

with accelerometers (not shown), and with pressure 
gauges (not shown) at various locations including the 
longitudinal positions indicated at P,,, Pvc, and Pd. Flow 
measurements were made downstream of the canister. 

In the tests, the accelerometer readings remained in 
the vicinity of 10,000 to 20,000 inches/sec.2peak to 
peak, except in the 20 to 25 percent valve opening 
range where some readings approached 50,000 to 
100,000 inches/sec.2, which appears to be about the 
percentage valve opening where about half the pres 
sure drop in the system was across the canister, and in 
dicates the possible presence of some fine-grained cavi 
tation at the valve. Also, large quantities of air were dis 
charged through the ori?ce 48. 
By contrast, the system was otherwise a super 

cavitating liquid flow system. Thus, in the same system 
with the canister removed, and with the upstream pres 
sure at about 700 psig, the pressure measured at the 
valve outlet varied from a vacuum of 9 inches of mer 
cury at a ?fteen percent valve opening to a vacuum of 
17 inches of mercury at a 40 percent valve opening, 
with the flow rates varying from 445 gallons per minute 
to 937 gallons per minute at these openings. Without 
the canister, the vibration and noise level was so great 
in the vicinity that it was not considered safe or desir 
able to maintain the valve open at 40 percent or to 
open it further. 
Even with the canister installed some minor cavita 

tion also was occurring at the valve in the opening 
range of 10 percent and below; however, the test struc 
ture was of such heavy steel construction and the ?ow 
noise was so great that whatever cavitation there might 
have been was not at a suf?cient energy level to be ap 
parent in the measurements. 
Also, it is apparent from FIG. 2 that if the maximum 

desired ?ow rate were achieved at substantially less 
than a one hundred percent valve opening, such as say 
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30 percent open, and the canister were sized accord 
ingly, the valve could then be opened 100 percent to 
cause a sufficiently excessive ?ow rate and pressure 
drop across the canister to cause cavitation in the can 
ister in order to clean it of any scale or deposits. This 
appears to be practical because, as can be seen from 
the ?ow scale in FIG. 2, most ?ow control by a valve 
occurs at valve openings below forty percent. 
We claim: 
1. In a liquid ?ow system, an apparatus for supplying 

the liquid at a relatively low pressure from a high pres 
sure supply while repressing cavitation in the liquid 
comprising, a ball canister containing a volume of balls 
and inserted in said system, said ball canister including 
a case having an inlet and outlet and including an elon 
gated tapered portion approximately in the form of a 
truncated cone having a circular cross section at the 
upstream terminus thereof the internal diameter of 
which excedes a plurality of ball diameters, said trun 
cated cone gradually increasing in diameter going 
downstream, said volume of balls ?lling at least a por 
tion of the length of the tapered portion of the case, the 
length of the ball ?lled tapered portion of the case 
being in excess of many ball diameters and the internal 
diameter of the case at the upstream end of the up 
stream-most ball in the ball volume exceeding a plural 
ity of ball diameters, and means retaining the balls 
tightly packed and immobile in the case, with the diam 
eter and length of said ball ?lled case portion being 
sized to signi?cantly repress cavitation over a range of 
volume ?ow rates which includes the designed maxi 
mum volume ?ow rate of the system. 

2. The apparatus of claim 1 wherein the diameter of 
the canister case at the upstream end of the ball volume 
is sufficiently small to present a liquid velocity near the 
incipient cavitation velocity at that location at the de 
signed maximum volume ?ow rate of the system. 

3. The apparatus of claim 2 wherein the diameter of 
the case at the downstream end of said ball volume is 
sized to produce a liquid velocity at that location near 
incipient cavitation velocity at the designed maximum 
volume flow rate of the system. 

4. in a liquid flow system, a ball canister for receiving 
the liquid stream at high pressure and reducing the 
pressure while repressing or controlling cavitation in 
the liquid, said ball canister comprising a case having 
an inlet and outlet, a volume of balls ?lling a portion of 
the length of the case, and means retaining the balls in 
the case, said ball ?lled case portion being tapered with 
its diameter increasing in the downstream direction, 
with the diameter and length of said ball ?lled case por 
tion being sized to signi?cantly repress cavitation in 
said system, and with'the canister including a gas tap 
communicating with the interior of the case at the top 
thereof and at a position downstream of said ball vol 
ume, and a gas pressure relief valve connected to said 
tap. 

5. A ball canister for repressing or controlling cavita 
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inlet and an outlet, a plurality of relatively small balls 
?lling the case along at least a portion of the length 
thereof, and means retaining the small balls in the case, 
said retaining means including a plurality of relatively 
large balls contained in the case downstream of the 
small balls and in abutting relationship therewith, and 
means retaining the relatively large balls in the case, 
with a plurality of the relatively large balls being 
welded together. 
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6. A ball canister for repressing or controlling cavita 

tion in a liquid flow system comprising a case having an 
inlet, a plurality of relatively small balls ?lling the case 
along at least a portion of the length thereof, and means 
retaining the small balls in the case, said retaining 
means including a plurality of relatively large balls con 
tained in the case downstream of the small balls and in 
abutting relationship therewith, and means retaining 
the relatively large balls in the case, with the plurality 
of relatively large balls including a downstream layer of 
‘balls and a pyramidal nest of balls welded together and 
having as its base said downstream layer of balls. 

7. A ball canister for supplying liquid at a relatively 
low pressure from a high pressure supply while signifi 
cantly repressing cavitation in the liquid, comprising a 
case containing a volume of balls and having an inlet 
and an outlet, the case including an elongated tapered 
portion approximately in the form of a truncated cone 
having a circular cross section at the upstream terminus 
thereof the internal diameter of which excedes a plural 
ity of ball diameters, said truncated core gradually in 
creasing in diameter going downstream, said volume of 
the balls filling the case interior along at least a portion 
of the length of the tapered portion of the case, the 
length of the ball ?lled tapered portion of the case 
being in excess of many ball diameters and the internal 
diameter of the case at the upstream end of the up 
stream-most ball in the ball volume exceeding‘ a plural 
ity of ball diameters, and means retaining the balls 
tightly packed in the case, said retaining means includ 
ing one or more layers of balls at the upstream end of 
the ball volume which are welded in position. 

8. The apparatus of claim 7 wherein the retaining 
means includes a retaining plate having a plurality of 
openings therein disposed downstream of said ball vol 
ume, and a plurality of balls abutting said retaining 
plate and welded in position so that they do not pass 
through or obstruct said openings. 

9. The apparatus of claim 7 wherein the upstream 
layer of balls in the ball volume is bare and fully ex 
posed to the liquid stream without intervening support 
structure. 

10. A ball canister for supplying liquid at a relatively 
low pressure from a high pressure supply while signifi 
cantly repressing cavitation in the liquid, comprising a 
case having an inlet and an outlet, a volume of balls fill 
ing the case interior along at least a portion of the 
length thereof, and means retaining the balls tightly 
packed in the case, said retaining means including one 
or more layers of balls at the upstream end of the ball 
volume which are welded in position, the interior of 
said case portion being of circular cross section and the 
perimeter of the ball volume at one or more of said 
welded layers of balls being machined to match said 
circular cross section. 

11. A ball canister for supplying liquid at a relatively 
low pressure from a high pressure supply while signifi 
cantly repressing cavitation in the liquid, comprising a 
case having an inlet and an outlet, a volume of balls ?ll 
ing the case interior along at least a portion of the 
length thereof, and means retaining the balls tightly 
packed in the case, said retaining means including one 
or more layers of balls at the upstream end of the ball 

volume which are welded in position, with the ball can 
ister case including a detachable inlet section contain 
ing one or more layers of balls which are welded in po 
sition therein. 
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12. A ball canister for supplying liquid at a relatively 
low pressure from a high pressure supply while signi? 
cantly repressing cavitation in the liquid, comprising a 
case having an inlet and an outlet, a volume of rela 
tively small balls ?lling the case interior along at least 
a portion of the length thereof, a plurality of relatively 
large balls contained in the case downstream of the 
small balls, and means retaining the balls tightly packed 
in the case, said retaining means including one or more 
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layers of the relatively small balls at the upstream end 
of the ball volume which are welded in position, and a 
retaining plate having a plurality of openings therein 
and contained in the case downstream of the relatively 
small balls with a plurality of said relatively large balls 
abutting the retaining plate and being welded in posi 
tion so that they do not obstruct said openings. 
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