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- . CHAPTER 1 , ‘ .
LIQUID OPERATED OSCILLATOR ~ *~ . 7

-1 INTRODUCTION . . .

Majo} problems have limited the exten‘t‘of work done on 1;'.qu'id
‘operated low freqz_lency oscillators. One suéh difficulty is tf;ét the
’ wave propagation velocity in liquid is fnany times higher than.in ) ‘ .
air; therefore, any ]iquid‘oscﬂla\tor design u;fng thé wave propa-
gation priﬁciﬁle‘wil] result in alhdeviée“vvlith high oscillation
frequencies. Furthérm‘ore, the in'compressibﬁity of liquids prohibité .
the ~use of fixed‘vglume capaci'to}s (the incohpressibi]ity of quids . -
necessitates the use of variable vo]ume capaéitors which add to the =
<.:omp'1ex1
[2]. '
- The  f Towing d1scussiorr'[3] (4] pnesents the con,;:ept of a

as well as the physical dimensions of the system) (1],

* o

simple hquid operated Tow, frequency oscﬂlator' the. diaphragm type

fluid oscﬂ'lator-.' The main operating pmncip]e of this oscillator

. depends on the ifxertia effect of the fluid in the discharge tube of

"o the oscillator.

1.2-  DIAPHRAGM TYPE FLUID 0SCILLATOR

'1.2.1 Description and work}ng Prtinciple ‘ -7
. ' N ‘ 7
A schematic cross-sectional view of the fluid oscillator is -,

_ sho«n 1n Flgure 1. The devicc consists of a supply nozzla that




" - )
; 3 . . a
v £

' . directs flow into a receiver having a larger diameter than, and

1ocate;i concentric with, the supply naozz]e. Between the receiver and
the ;supp],y nozzle there is a s-ma]]_gap, called the ejecto'r chamber,
. connected to thé_ outp{:t line. The supply nozzile, recéiVer and the
output line togethe_\r act as an e'j'éctxor system. The other end aof the
- receiver connects to 'the seat chamber. Surrounding the seat chamber -

is the vent chamber connected to a .yent tube. A-diaphragm made of
‘bol}u‘r‘ethaagﬁ clb'gm curtain area between the two chambers. <A i
"‘_A o spring v;ith a forcé adjusting screw is provided to keep the dia-

(‘(‘ ‘ phragm in position. A spr‘ing retairi'er is placed between the dia-

phragm an& the spring to .make the -motion of the diaphragm uniform.

Fluid at a supply pressure PS enters the seat chamber, where the

.
~ N '

presggre is P-](t), through the supply nozzle of cross-sectional area
Ap There¥is no flow into the vént c‘harrber while the d'aphrtagm is
N closed.. As the pressure P] increases, it eventu'aHf ca&-v\the diq-
phragm to' 1ift from the seat and to allow flow in@p« the 'vent‘chanber,'
\ where the*Pressure is Pz(t). ‘Th_e di'aphragm con{inues to move upward
' o Ce as '\1;ng as the forces on the diaphragm due to P, and Py, ‘together
. with the inertial force dug‘ to the mass pf the diaphrégm, are greater

©

~than the downward force‘ of ‘the spring. During this phasé 01'7
6perjat10n, the output-,channeh which is connected to the ejector
ch;nber, 1‘§ experiencing a négative pf“essure due to the venturi
“effect of the ejector system. At this Bgt;‘pt, the spring is ’beiﬁg‘l'
. compressed, ei,certing a force which tends to close the diapﬁrﬁbm

‘against its seat. Furthermore, it can be seen that as maximum flow

1 ' ' ' Y

£ o . N
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into the vent chamber is achieved, the fluid velocity between the -

iy

diaphragm and the seat is at its !fighest value and, according to the*/

\ Bernoulli's re]ation,‘ pressure will decrease corresbon"ding]y. The

reduction in static pressure in that region causes the diaphragﬁ' to
start moving downwards, When this happens, the cross-sectional flow
area between tf;e seat and" the diaphragm wiT‘l"be reduced. This will
decrease the flow into the vent chanﬁer and further reduce- 1't:s~ pré;;
_sure. This reduction of pressure causes an additional downward de f-
1.ecti'on of t;le diaphragm résu]t’i’ng in a further decrease of flpw

intol the vent chamber. Eventually, the diaph‘n;gm vn’il sna.p onto the
s'eat blocking thev entire flow into the vent .chamber, However,’ béfone \
the snap closingh of the ‘diaphragm, ‘the whole column of liquid within .
the vent tube has beén accelerated., Due to the inertia of the

liquid, the sudden closing of the diabhragin cahrlgt produce an

immediate stoppage 01f the ‘moving liquid within the vent tube. The

liquid in the tube continues to move, thus creating-a strong vacudm

within the vent chamber which pu’ns_the diaphragm further downwards
against the seat. 'Th‘i's‘ effect c.reates an even ti ghter c1osing\of the
diaphragm against its seat and aivefts ail the supply flow into the
" output line.” This process produces a strong positive oscillating
phenpmenon with a high output bressure recovéry.'

‘As soo‘n. as fhe ine?tia of the liguid in the vent tube has'

expired, the bréssure in the vent chamber returns' from sub-ambient to

ambient. When the pressure in the vent chamber retums to normal

anbient pressure, the total force acting on the diaphragm will be

b}




* high enough. to push the diaphragm upwards against the spring force.

Once the diaphragm starts to-open, the flow entering the vent

: cnqnber‘wiil again build up. This build up of pressure thus causes
‘e further deflectiopn of the d1aphragm. Nhen this occurs, the output
'pressure at the outlet drops immediate]y and reaches a sub- anbient

J
pressure caused by the entjire supp1y flow enter1ng the vent chamber

1

through the receiver tube.
Ca . )
Since the inertia effect of the colum of liquid in the vent

tube_ is responsib]e for the osci]latien phenomenon, the variation in -

tube geometry will change ‘the 1nertia effect thus causing a corres-
" ponding change 1n the’ oscﬁl]at1on frequency Figure 2 [3}, [4]

111ustrates the effect of vent “tube geometry on the frequency,

Generally, increases in oscil]ation frequency can be aghieved by

1ncrea51?g vent tune d1emeter, deereas1ng vent tube length,

decreaSiné vent and seat dfametee; and incneasine spring etiffness
" and initial spning force.

Typical oscillator eutput pressure wayeforns (2] are shown in

Figure 3. An‘anathica1 study of this o§c111atqr’ﬁas carried out
ustng the linear graph technique ég described in references [3],[4],
1n‘ankattemet to understand the effects of various design.parametefs
which affect the operation of the pscilleter.' o

1.3 % APPLICATIONS.

The qperatiod as well as the construction of the fluid dia-

phragm oscil]gtnr are relatively simple. ThishgeMQQS;iflears to’

%

et an




offer exciting performance character15t1cs and excel]ent re11abil1ty\

due to lack of moving ﬁarts. These advantages.nake the fluid

osc1llatpr part1cu1ar1y attract1ve for var1ous appl1cations such as a

Tawr spr1nk1er [5), puls ting dental syringe. oscillating ;howerhead -

~-

{23, and pulsating car wash [1].




- ' CHAPTER z

. FLUID"BALL OSCILLATOR: THEORETICAL APPROACH

Ciw

2.1 INTRODUCTION .
“In th1s\chapter, a new type of a liquid o;;erated Tow fréquency .

' oscillator, which is the sub/ect of the thesis, is introduced. The -

,~0perat1ng prmc1pﬁle of this type also depends upon the inertia effec’c

. of the fl_uld in the discharge tube. This oscﬂlator has many

advantages such-as simple design and construction, reliable operation’

and does not ‘need MIfCh maintenance, Applications of the ball oscil-
lator incfude an oscilfieting showerhead, a pulsating car wasn as well
as.: offher. water cleaning devices. T!ie main objective.of this chapt\er
1ér‘to present the tfonéepé of "the new. 1iquid operated Tow f'?ehuency K
oscillator. P S ) .
. . o 1 >

2.2 - DESCRIPTION AND OPE/E(A‘*TIN PRINGIPLE OF THE BALL OSCILLATOR

A genen‘zﬂ form of the oscillator consists of a housing, of *
~diameter‘ﬁD having a flmd 1nlet channe] connected to a pressure '
source as \sr‘\own in Flgure 4. At the bottom of this housing, there -
atre:“two outlet discharge tubes of inner diameter d, and a ball
‘ insfde the: housing cfonfro]s the water discharge through these tubes.

The di;charge tube lenbthe can be easily varﬂ% by connectmg
additional tubing at the ends of ‘the original’ tubes:

Nhen.the ball blocks the inlet hole of one of the t;wo dis-

.
.
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charge tubes of the oscillator, the colqrm of water already inside
the b‘locked'tube continues to move downwards due to the z\‘ﬁer't‘iéi‘of’
the fluid. Thus a strong vacuum is developed in the cavity beween
t'he'baH and the downward moving. water colum. The liquid slug in-
side -the tube cont‘iﬁqes to move downwards _until the, inertial energy

is dissipated and the velocity is" reduced to zéro. At this point, '

lthe fluid slug starts to return towards the ball, owing to the dif-

ference between the vabor pressure inside the cavi ty a;ld the o\utside
ambient pressure, unt?it reachres. the uppep’end of the discharge
tube. At th1s stage of operation, the total pressure .inside the

housing is 1arge enough to push the ball to the inlet of the bther

discharge tube énd the same procedure 1s then repeated \\
' J

' Since the inertia effect of the co]unm of Tiquid in, the dis-
charge tube 1}5 responsible for the fo‘rward and:-reverse motion of the

liquid slug, any Variation in tube geometry (diameter and length)

will affect the time interval between the ball-valve closure and the

collapse of the cavity.

The secondary 6aramet&r§~affect1ng the total time for one
) s \

‘co.mplete ball oscillation cycle are: the ‘in!et water temperature,

discharde tube material, inside geometry of the ba'll-housing and the

size and we'ight of the ball.

2.3 CALCULATION PROCEDUW(C;/CEPT

N '
The total time necessary for one conplete cycle may be cal-
culated as fo'ﬂows: ‘ ‘ - o "

\‘ *

»
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I = pemod of osc1l1ation

= time during ghich the ball. remains on the hole.

~

o
—_
|

= time required for ;moving the ball from one hole to the other.

- } ) ¢

: > . ' ' .
~ 2.4 CALCULATION OF TIME t, - o

— . .

y - ' 2.4.1 Main Factors Affecting the Time t;

o
~
|

. 1. Inlet water temperature, The. slpply water tenper'%.mef

affects the vapor pressure, the specific weight of the

P

. water and the viscosity.

. . . "2 '\Sup‘pu pressure. Experimental and theoretica‘l@egufts
ave shown _f:hét the sup’pl’y pressure is the most inpéi't-

ant factor affecting the oscillator ufrequency This is

-
Because an increase in pressure le@ds to an 1ncmase in’

~J 1 the discharge veloci ty. )
- 3. The \1ength ajd diameter of the discharge tube. _ The

length of the discharge tube has been found to be a -
- ' ‘ .. very important\factor. The diameter of the discharge A

_' o 7. tube also affegts the time t but not to the same deg- .

AT L . ree as scharge tube length,

4. Tube miterial. The friction faétor depends on the ttbe\

material and 1ts surface finish. For the case of flow
s o in very smooth pipes, values of friction factor f vary

4 with Reyno'lds number Ry» 35 shown: fn ‘the curve of .

—_ ' * ‘l . e\

[
W 4
4
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.Fi gure 5. 1t may i:e seen that,tﬁis curve never
" ~becomes hori szaI; which shows ‘that the fluid prop- -
erties inﬂuen'ce the f1‘ow throughout the entire ranée
of Reynolds number.™ Glass pipes or very smooth-drawn
tubing or reasoﬁably smooth pipes would fall into this
- category [6]. 4 |
In_the case under study, the prototype ball.oscil)ator
was manufactured from plexi-§]ass and hence the ‘fsmooth
pipes" curve, shﬁwn in Figure 6 was chosen for the cal-
culation of the tim; .
Sin;:e the velocity ins‘ide the tube varies with time
(starting from the initial discharée velocity until
zero), the value of the friction factor is not consfant
during the time period t].« (

"

2.4.2 Evaluation of Friction Factor Regions ‘
\\/Ié relationship between Reynolds number R, and the friction

factor .fm“ any type of commercial pipe is shown in Figure 6 [7].,[8].

Figure 7 i]_]«ustrates the mathematical relationships between Reynolds
number and the fr‘ictil_m facfor dand their regions-of validity given
prmvious invesfigators [9],{10) . Those mathematical relationships

4 . . .

may be expressed as follows:

for R, <2 x 10%; f= 64/'Re; valid in region (A) - A1)

’ ‘ v . ey S
for 2 x 103 < Ry < 4 x IO";——]—-= -’2109(%9+ g-'-rs-l;)j'

/¥ R/ T

“valid in region (8)




1

. for R24x10%; —L- = 210g(R,/F) -.80; valid in region (C) - (3)
’ »/—? . o . \ ] . .

where Re is the Reynolds number,

v

f the friction factor,

hat

e/D the relative roughness.

T . The mathematical expressions of the fri&tion factor given by

. Equations (1), (2) and (3) may be simplified for ease of computat- -

ional programming as shown in Figure 7, . In thisa figure, the curve
in regions B and C, is approximated by two empirical straight line

) . « “
I v equations. The res?lts of the friction factor obtained by using the.

: Y Tatter equations have proved to be sufficiently accurate [19] , [10]
N “ ”
— [17]. The two straight lines intersect approximately at a Reynolds
number equal to 1x105. According to Figure 7, the friction ;‘:actor\

N

regjons may be expressed as follows‘ [1my,021,ne)

for R;<2x10%; f = 64/R,; valid in region (I) - - (4)

¢ for 2xI0°<R<IXI0% f = .3164/Ry %% valid i region (11) ()
.. for RIXI0%; f=".1840/R,+#%; valid in region (III) ~ (6)

- »

Equations (4), (5) and (6) are enployédlin this rep'ort'to cal-

. culaté the variation of the friction facfor for varying values of Re'

L}

T N 2.4.3 Idealized Theoretical Model of the Siug Motion

+2.4.3.1. Introduction and General Concept

\
-

_Figure '8 shows a‘,generalizéd mode1 used to fnvestigate
the slug motion fn an inclined tube. The control volume consists of

a short Tength, %, of rigid wall tube and a ball-valve which blocks

*
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| dissolved yin the water enters the cavity and so raises the cavity

*rigid colum" theory in which the liquid is assumed to be incom-

"charge tube due to pressure waves. Ho;vever, since the ‘tube length is

wa g e . . — e dons

11

Jone of the two tubes of the osci]lator Each tube

has an inside  diameter, d, and is inclined at angle 6 to the ver-
tical ;xis With the ba]l valve fully open (Figure 8 a) the water
flows through the tube at initlal velocity V If the ba]l valve is
suddenly closed (F:gure 8 b), the column of water already inside the
tube continues to move due to the 4nertia of .the fluid, i.e., sudden
closing of the ball-valve .cannot produce an immediate stoppage of

the nbving'1iquid. Tpus a cavity of growing length x, is deve]opedxm
between the downstream ball-valve side and the forward roving water

colum. The pressure inside the cavity is made up of two components -

one of whi ch is the vapor pressure of ‘the Hquid. Pv.- However, air

pressure slightly Thus. the pressure inside the cavity 1s the vapor
pressure of the water plus the partial pxessure of the air re]eased
out of the water in the neighborhood of the cavity At the discharge
end of the ‘tube the pressure, Pa’ is atmospheric pressqre.

The following'ana)ysis is based on‘a theory referred to as the
pressible [13]." The coefficient of'frict1on, f, for unsteady f]u;
will be assumed. to be essentiaﬁy the same as for steady flow [13). S
Actually.fthe\!elocity at any instant varies slightly along the dis- ‘

short, the wave propagation time is much less than the total time
taken by the water column to move forward and return. _Hence. the ‘ '

Y

effect of pressure waves on velocity is neglected.  One purpose of

. T -




_partial pressure of the air reléased from j:hé water, Several

' previous models for cavity pressure consider. the éffecf: of the dis-

where — A
Paip = the pressure of the air in the cavity at the time t. o
' V.” = the volupe of the cavity at time \t.

"R

o

*
7

. )
2.4,3.2 Effect of Dissolved Air

-

_The wa‘tgr column contains dissolved air which -comes out

of solution and enters ‘the cavity (157, 006),[17). The pr\essu“re

inside the cavity is ;equ‘aY to the sum of the vapor pressure and the .

sotved air [15],[16}. dyhen' the model assumes the rate at which air -

comes out of so]utipn [15] and jthe universal gas law is used, the

cavity pressure may be expressed as: .

T A "

Pe="Py*Pair

Pa,”;ix Ve = Mair " Rair * Tair

i
1

m R T )

P’ _Mair " "air a1r=8jt(Rair " Tagr) ¢
atr %1V, T (nd?/8) .x

\

e CBt(R e Ty S
therefore P =P, + air ___air L
- i ' 7 (nd?/4).x

| 4

Mgy = the mass of air fh the cavity at time t.

v =’the gas" constant of air.

ai



the temperature of the air wi thin the cavity, which is-

air
assumed constant.and equal to the water temperéture. ‘ .
B = air release’ rate from the water.
d = inner diameter of the discharge tube. |
x = length of the cavity at tfme t. 0

The rate at which dissolved air enters the cavity,.B , is
. ]

assumed equal to 20x10-¢ kg/sec.jﬁThis is close to the value recom
x

ended in [15),[18] fd‘r the water column §éparation and cavitatio

in short tubes., The effect of the dissolved air becqmes progres

sively more significant as the initial discharge velocivt)", is Towered.

When ‘the initial velocity is low, the cavity volume remains small so
- . N
that the air entering causes a higher cavity pressure. This acts to

move the -column further in the forward divection.
During ‘the reverse slug motion (cavity ¢q11apse), no afr is I
. allowed back into the solution [16],[18]. Thus, the mass of air n

the cavity is fixed at B.t and the cavity pressure is:

Xmax

s ) . ' ‘
’ \/—T\ B tymax Rair

Pc = Pv +
* - (wd?/4).x

" Tai r')

where txma‘x is the time necessary.for maximum forward slug aisplace-

. . ment.

L4

- For simplicity, the cavity pressure may be assumed cons tant

and equal to fhe vapor pressure, 1.;!.'.8 = 0. This assumption is-

reasonable when the 1n1t‘1ﬂ velocity is hig}l. \Tl‘nen, the cavity

volume is ]a}ge and the dissolved air has 1ess;effect [18]:

~
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2.4.3,3 Formulation of the Equation - ' * S

v TN ‘Governing the SJug Motion
Tné resdl‘tant force actiné on' a control volume is equal E \ Lo
.o to the time rate of 1ncr'e§se’of li(r{ear momeﬁtum wi.ttﬁn th;e control * *
voiume plus the net\efflu’x of'glinear ‘momen tum from the (gontro] 'i’
& volume [10]. The Hnghr momen tum equatidr; is given by [91,010],

1,097 o S

el pVV.A# S pVdy s (N |
‘ . ) control . at cont ‘ - ° ot
b . C surface , - volume: 3} - =~ . - . .

As the time t-1s the only mdependent vamable, the partial T , ‘ ;%7
- differentiatlon may be r"eplaced by total di fferent1at1on -For thié ) A /

special case under study we have:

‘o

V the velocity is not a function of the area A, N

~ v the element of volume equal to A‘(R,-x)
&

V.dA = 0, where there is no inflow or outflow at the left side of the

control volume under study. {} .
3 ‘ ’
T s . dt C,v. )
B N ' ) . ’ . ' .y d R "
b ~ EF = p A V24 - , -
3 ' | ' ' | ‘p v +¢AHVsz) " . (8) .
N . . a k. d
'since V = %{-, Equation (8) may be rewpitten as follows: ) : J ‘
o = o[G0 + a- (& m-x>]
.t - ) “
f" . \ ] .
) . T .,
gl :




+ (d’é) \%dx) )

P = o (5 +(9.x)

3= oA [(@97 + (0x) £2 - (& ] S -
dt? \
LF = p.A.(2=X)- -d—-z— density x area x slug length x acceleration , g
dt . or Newton's second law of motion. (9) :
" The left hand side of Equation (7) is: .y
N “ " ‘ : -
" " EF'= (PP )A - Tp(nd)(2-x) + pA(4-x) g cos@ . {10) ;
wh‘e're ( ' -t
C B. t(R Ty Lo o : g
Pé = cavity pressure = Pv + ar- a1r ' . » G- {
- (md?/8) - x ' :
L ¥ . P, = atmospheric pfe§suré ‘ , z
A = cross-sectional area of the tube
d = inner ‘tube diameter -
£ %= tube Tength .
T¢ = shear stress - | e ‘*\'-/ i
\ T . $ .. . -
; p = density of supply water .. o R
" ' . T ‘L
 § . (Pc-_Pa)fA = pressure force ¢
Tf(nd)('z-xi = shear force -~ . \_-

pA(R-x) g cos® = body force.
e 1
"Smce A = nd?/4 and rf 8 f-p- ( ) [n]

3 Substitution of the above values-of A and T¢ in Equation (10) yleldé

\. zp=(pc-pa)%-lgf-g(;) nd(2-x) + "L (3-x) g cose (1)




. in Figure 8 is similarly founc to be:

From Equations (9) and (10), we obtain the following:

nd? dxy2 = o Td? dx |
(Perpy) T § £-0- (990" mlaon)= 0 245 o0) [£X - g cost]
’ i)
2
(Pe-P,)d - 1 f0-(35) (%) =7p-d-(2-%) [i_— - g cosd |
(P-P,) ‘ 2 T
a 1 dxy“_ 9_5 _ ' : k
v pla-x)- EH-Tf"ET? T dt? g cos®
Rearranging,
dix , 1 dx, 2 o ] 48-t-Rs Tasn
"y +5g F (g} - 9 cost = rpey(P 4 air’_air - P,) (12)

-

nd?. x

Equation (12) represents the general solution for the slug

—~
) dynam1cs dur1nq the forward motion of t1me t] with the following-

1n1t1a1 cond1tlons

¥

att=0, x=0 and 4% = v, = initial discharge velocity.
- dx - .— | , :
and at x = x... at oz = 0. e e (¥3)

-
1

- The reverse slug motion, according to the control volume shown

®

+g fo (g )-nd(z-x )=p 1

. y md?
(Pcf?a)‘ q max

Rearranging,

ax _ ] f(dx)z-‘c;)sa-—(————)-] (P+4[‘3 :
dtz -2?-“ * af ] g : - p R,-Xmax v

R LT ‘
xmax’ awr. air _p )(]4)




\

! . where: txmax = time necessary for maximum fd&ward slug displacement.

Xnax = paximum forwar, ug displacement.

. ) i . ¥
Equation (14) represed%s the general solution for the slug -
: \

dynamics during the reverse motion of time.t] gith the following

X )
initial conditions:

C o amg X |
o . att=0 , x= fma and g =0 . (15)

) i -

R, 272 RO PRI S

The value ofathe‘friction factor, f, varies with the velocity
veriation and may be calculated, for the solution of Equations (12) '
-and (14), by using the Equations (4), (5) or (63 as the casé may be.
‘ F1gure 9 i1lustrates the forward mot1on and the reverse motion of the ‘ -
slug4durtng the timd ty. This mot1ona1 behaviour has been tonft?med |
. bystaking motion pictures using a high speed camera (4000 frames per

'second).

" 2.4.3.4 Effect of the Body Force on Tine t,

. - . and Genera1 emarks
3 . . |
The general equations of the slug motion dur1ng the tine o
. ty, may be solved together by using the MIMIC language techn1que

| ‘1 : ( Appendix A shows the detalls of the MIMIC program. Figure 10, illus-

i' trates the typ1cal graphical solution of Equations (12) and (14).

L ‘This figure shows the relationsh1ps bétween the time t, in m1111-~

E ] seconds, the forward and reverse slug nntion, the velocity. var1ation,,
r the Reyno]ds nunber and the friction factor variation ~ The, maximum

) - forward sfug displacement and the time t; may be obtained as shown in ~ . -

A

F1gure 10.




" effect on the total time ty.
- that the total time

"corresponding to the supply water temperature), different tube

18

; ' 1 »

This~brogram is useful for different working water tem-
peratures (this is done by putt{ﬁg)into the nain'program, the values
of the vapor pressdfe, the, density of the water and the viscosity,
$ .
length and diameter, and various values of initial discharge
velécity.

f _The computef'so]ution Has'been carried out for 6 = 0° (gase a,
where the dischafge is in the downward &irection), for 6 = 1809 .
(Cqse ¢, where the dischdrge is in the upward direction) and finally
for 8 = 90° (Case b, where the discharge fs in the‘horizontal
direction). " Figure 11 represents the theoretical.aﬁd éxggrimeﬁtal
resuits obtained for the;tﬁne t; versus-different initial discharge
Figure 12 rep-

velocities, for various tube lengths and angle 6.

résents the theoret{%}qrresults obtained for the maxiﬁhm forward s1ug’

displacement versus different‘initia1 discha%ge velocities, for
’ ¢
various the lengths and angles of inclination 6. From Figures 11

and 12 it may be noticed that for small tUbe'lengths (approximately .

_ less than 3 inches) the time t and the maximum forward slug dis-

placement are relatively small, thus preventfng prbper oscillation.

This behaviour has been éxperimenté11y verified by using an oscil- ‘
lator prototype w1th very short tube lengths. Figures 11 and 12 |
a]so show that for osc111ators such as the prototype, the angle of
inclination, 6, of the tube with the vertical axis has only a small

The. analysis of Figures 11 and 12 shgys'

between the ball-valve closuré and §ubsedyent

#




: L] o
‘?t—z-+§:5-f( ) -—(z—_yy(” + T2 Pa) mo tign

icavity collapse depends mainly ‘on two parameters. ‘The ffrs,f; para-’ 3
. meter is the initial velocity of the water in the tube ‘prlior- to

* closing. Tlie second parameter is the length of the dislcha;rge “tube.

" As a result of this insensitivity to variation ipe, the effect of,

‘body force [pA(E-x)g cos 6] on time t, may be neglected in‘the case of~

an oscillator such as the prototype espec‘ial]y when the discharge
tube length is short and the initial velocity is small. For a tube
Tehgth equal"to 3 inches, the body force ef;‘ect is experimen‘f{ﬂy
found to be neghg1b]e and for a tube 1ength equa] to 24 inches, the
variation in the frequency was found to be only +1 to 1.5 Hertz.

Consequently, Equat1ons (12) and (14) which govern the forward

. . and reverse slug motions re%pectively,‘ may be rewritten as follows:

L3 4“1 - ‘
d?x 48-t Rair Talr ’ Y . forward

~
-

d?x 1 ot i xmax'Rair'Tair‘_ p y reverse
a2 '71’ max) V. ‘ a’ motion

2.4.4. leakdge Effect on ttie Frequency

2.4.4.1 Calculation of the Léa!cage Area

The upper end of each discharge tube intersects with the ball- - -

housing“in én'e111pt1ca1 section. The two axes of the ellipse are °

. -the_maJ'or axis, .d/cos a, and the Iminorr axis q' as. shown in Figure 13,

where angle 1 is the inner housing inclination and d the inner tube

diamter. The asea of the ellipse is given by: :

N

The lower part of the ball-housing has a conical shape. -




H
i

‘ ful]); close all of the elliptical interséction of the upper end of

" represents ‘an orifice with a Tiquid inlet flow and a'\;apor outle't

d

: N _ _nd?
‘ Ae11=7*Cos 3 * 4= Tcos 3 .

_Hhen the ball, with diameter ‘Db’ stays on the hole, it\doe"s not

the discharge tube. Only a circular area e'qualh to nd2/4 prevents the

water from flowing through the discharge tube as shown in Figure 13.

Conseduently,‘the difference in area betweén the elliptical section

A4

and the circular section represents the leakage area, i.e.,

nd? - ndz‘. nd?, ,l-cos ay - "
AC]=4cosa' g = ( )(cosa) (16)

It must be noted that the clearance area depends only on the
tube inner dia;rpter d and on the innér housing inclination, as seen

in Equation (16). The ball diameter has no effect on the clearance °

area. ; ' _ e )
Due to the presence of this 1eakage area, a certam amount of
fluid is accumulated on the top-of the slug, thus affectmg the dis-
pla_cement x and consequently *reducing the time t;. Figure T4 .
illustrates the forward and reverse motion of the sTug dur:fn_g ‘the
time tj, with the 1eak’aq'é accumulation on the, top of the slug. ‘
. ' - Yo '

2'.4.'4.2_‘ Calculation of the Accumulation Velocity Vacc

An-attempt, based on the principles of fluid mechanics

to analyse the effect o‘f‘ lgaka’ge on fhe oscﬂ'laf,ion was carr;ied out -

é PR

without success. Relevant 1iterature pertaining to this case which

. [
A {

¢




the top of the slug.

the hole during the t1(t , and the amount of Ieakage accumulated'

D ba\\ diameler.
d cl|sd\m88 tube

diameter.

a

a inner housfna

Aindinai(ovx .

vena contracta

.

’* tmkma«-,

fmm\auo;.

12
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The actual case unger stydy represents a complex phenomenon of -

.an orifice with a liquid inlet flow and a vapor outlet flow, i.e.,

liquid to vapor orifice type.

N
[}

Since no experimental data is available for such a case (liquid

R et s s Y i,

P

. to vapor flow across an orifice}, the accumulation velocity on the top

of the slug may be represented émpirica1ly by the following equations:

A

o

= /542071 VAP ft/sec; for & =

.37428 . /&P ft/sec; for c

.23984 /AP ft/sec; for ¢ -

AP

Pg supply pressure

\

'P.'=-cavity pressure
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| The best correlation between experimental and theoretical - ‘ji
| results for tin t] and maximum forward slug displacement, xmax for . .

the case with le age was obtained when using the previous empi rilcal

retationships for calculating the accumulated veloEity; -
. - - ) @
* In order to-ana]yse such a complex leakage phenomenon ) . .

. (1iquid to vaPor flow}, actuwal experimenta) tests and mgasurement R

inside the cavity during time t\ would have to be done. Such

¥ ’ R . . : .
_ ) \ \U

measurements need very sensitive techniques which are beyond the

\scobe of this work. .
‘ ! - . ’ \ . l"

i

§ o . . o

S~
[

Figure 10 i]lustnatgs the typical ‘graphical solution fo; the

relationships between the time t, in milliseconds, the forward and

reverse slug displacement, the velocity variation, the Reynolds num-

‘ _ber and the friction factor variation. Clearly both the time ty any
! the maximum fonward s1ug displacement are less in the case with
]eakacp than in the case withoutqleakage Figures 15, 16 aqd 17 .
l illustrate ;he‘ﬁheoretical and experimental resuits for the rel fion-

ship between the 'time t, qnd'ihe initial velocity V; for differen

¢




"temperature-of 400F.

“

tube lengths with different iﬁclinati&ﬁ‘anglés a of 30°, 259 and 20°
respec(ive]y; ﬁurthermofe,‘Figures 18, 19 and 20 illustrate the
theoretical results for. the relétionship between the maximum slug
'ﬁgnwar&.displacenént, X ay» and the initiai velocity for different i
tube lengths with di fferent inclination angles & of 300, 250 and 200
respectively. o '

¢

Tqblés 1, 2 and 3 give some numerical values for the time t,

/

‘and the maximuin forward slug displacement for different tube lengths

(24, 12 and 6 inches) with leakage and without "leakage. Those values

ére for an initial discharge velocity of 22 ft/sec and a supply water

With No |
: - Leakage Leakage
Cone Angle & . | 120° 1300 1400 1200

Tine ty, millisec | 58.80 | 61.90 |63.20| 76.50 | L = 24"

Max; Displ., inch | 3.40 | 3.67 | 3.83 133

,‘TABLE. 17

With Ho -~
) Leakage ' - lLeakage —

Cone Angle’' @ 1200 | 130° | 1400 | 1200
Tine t;, millisec” | 28.00 | 30.80 | 32.40| 39.50 | L = 12"
Max. Displ., inch | 1.55 | 1.86 | 2.04| 2.38

TABLE .2

S " . fé Ca

- —




@, N o ‘Max. Displ., inch, g2 | .93 | 1,056 1.25. ,

With 1 N6
Leakage " feakanqe

: Cone angle & [ 1200 130¢ | 140° | 120°
3 s | Time- ty, millisec | 13.40 |15.50 |16.375 20.50 | L=6""

TABLE 3

bl

~ From the above Tables, it can be seen .that both time t; as well

as -the maximum forward é]ug displacement irjcrease as the cone angle & '

-

' ~increase. rur'thermore,‘ the Tables show-that the maximum possible

L

‘ values for t, and Xrax May be obtained when using the, no-leakage

inner ba]]-hou51ng. L1kew1'se,- as the dfscharge tube length increases,

Vboth t'ime-t] and Xmax increase.

~ ' The following numerical example gives a general idea on the

L accumulat1 on velocity, accumulatlon rate and the amount of 'lea‘kage

Therefore, for an initial discharge vefocity of 22 ft/sec, a‘&‘rscharge .

‘-.;

: ' ) tube length of 12 inches, and a cone angle of 1200 V ¢ may be cal-

culated as follows:

-3

. s T V= 4.965 ft/secs .05958 in/millisec

y T, " : oy

~ ' 2.




accumulation rate = velocity x-area

.05958xmx.25x.25/4 = .00292463 in?/millisec

\ 2.924 in%/sec - . . B

- the amount of accumulation

N 1

Vg X time A\

[

.05958 X 28 = 1.66824 inch.-

v
§

%entage of accumulation to the total

For th1s case, the per
length is 1 668?4/12 = 13. 902% and this accumilation reduces time t
from 39.5 mlll1sec w1thout 1eakaqe to about 28.00 millisec with '
" lpaPaqe Undpr the same cond1t1ons (V = 22 ft/sec, € = 1209) for a
tube ]Pngth of 24 1nches, thp amount of dccumulatien is .05958 x 58.8
= 3.5003 1nch,_hence the accumu]at1on percentage is 14.59% and this

accumulation reduces time t from 76.5 millisec without leakage to

about 58. 8 m1ll1sec with leakage
The accumulation ve10c1ty depends basically on angle a and on
the supp]y pressure, j.e., oh the initial discharge veloc1ty. fhe
tube length has no effect on’the’accumulation velocity, Practically,
the ball is not exactly épherical. Also, the nominal dimensions of y

* the distharge hole seat (the eliipse sectioﬁ) may change slightly

with tine because the inner ?a]]-housing is manufactured from

.- | ’
relatively soft material (p]ixi-g1ass) Due to these reasons, the

accumu]atlon velocwty may vary dCr1ng the operation.
1

v

The accumutation veloc1fy may be represented emp1r1cally by the

- . i

~following procedure: i ‘\,-, .

' .
! \ P

t

4

. 1
° i
|

3 -x

L4 -




' ,
therefore, ' oL

Vyeo = 542071 /P ft/sec ; for €= 120° (3 = 20°)
V,oo = -37428 /AP ft/sec ; for &= 1300 (& = 25°)
Voo = +23984 /BP ft/sec ; for €= 1400 (& =200) . IR

- .
Thus, from the previous study and ana1ysws we may summarize

the fo110w1ng p01nts

1. The two main parameters affecting time.t; and x . are the .’ :
initial discharge velocity (or, the supply pressure) and the
discharge tube length. As these two factors .increase, both

time t; and Xmax increase and vice versa.

2. The seconda\r{/ ‘parameter influencing time t] a xma;( is the
cone angle of the inner bal] -housing. As the ‘cone angle

incYeases, tme t and x nax increase s1ig‘ht1y.‘

3. The higher possible values of t, and x_. are,attained when .

nsi'ng the no-leakage inner ball-housing. \ .

4, Increasing the ﬁoughness of the discharge tube), 1.e. 1ncreasing
the friction factor,: wiﬂ result in an inc ease in the friction o

force, hence time t, and Xnax MY decr‘ease.

5. Increasing tne water supply temperature will increasc the
vapor pressure’inside thé cavity. ‘This results in. moving the
.. colum of water further in the fomard direction thereby ‘
| increasing the time t1 and Xma nght]y. This phenomenonchas
been verified experimntaﬂy in the 1ab0ratory by using a hot

N - L 4

water SUpp]_Y. ‘ '

« - P M . »
RN . v . , .
RN . ‘
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2.5 CALCULATION OF TIME tp ™~
- 2.5.1 Introduction R T

The time,t, may be defined as the time necessary for the ball

to move from one dt¥charge hole to the other.
. r

by the ball during this .{ime is called the travelling distance. = It

The distance travelled

is éssumed that the ball rolls é]ong the inner bottom surface of the
ball-housing until it rea\ches the opposite-discharge hole. .That is;
the ball does no@ gump from one hoile to the other through tﬁ'e wgter
;lnside the ba]l—hou;ing. This assump;.ion» hasfb\eer} verified by

expe‘riments using high speed photography.-

\

2.5.2 Calculation of the Travelling Distance v




1

N

The above figure represents the ba)l motion aléng the inner
surface of the ball-hous ng from one hole to the other, It has been

Iassumed that the ball‘is -almady outside the seat of the hole and

. that the. time necessary ‘for such small shift may be n'gglectec_! in : c o
) &o‘mparison to time _tz. From the fi gure, we may calculate the - A

travelling distance, 2Y, as follows: ..

“~
w

— ' tan a=1/r ;- 1= rtan.a

cos a ='7{7 i Yy=Ycos a+ Zcosa ; Ycos a=y - Zcos a
/ ' ~ . '
o ‘ Y= YIcos a .y

cos a - cosa  ‘ . ‘ . “

" . rsin a _ y-rsin a
K . ! = —-L—-- = 'y - =
& . Y Cos a ~rtana cCos a cos a cos a

travelling distance 2Y = g—%—‘—";—.a—l :

a

. VN
where & inner inclination of the ball-housing

~ v N r radius of the ball

.. -y distance from oscillator center-line to discharge tube

; . ‘ center lipe.
¥ | L .
L Table 4 represents the distance Y for different cone angles,

calculated for the oscillator model used in the experimental work,

Eﬂ : ‘ where the distance y = .25 inch and the ball diameter b, =2r= ,
g ‘ T . ‘ v
| 5/8 inch. . - ‘ C a0
| ) ., ‘ O . oo t e NV
N ‘ ' N Y
Ay -




iy ¢ R ST

Angle § +150 | 200 |. 250 | 300| 350

Cone Angle-2 | 1500 | 1400 | 1300 | 1200| 1100

Y mms .| 5.447 |3.868 | 3.305 |2.749 | 2. 194 A
* . TABLE &

2.5.3 The Concept o_f the Mathematical Model

Ln this study, a matheniatical model for calculating the time
t2 is introduced.. The mechanism and the fundamental properties of

oscillation are investigated analytically using this mathematical

\ngodel (Tumped parameter) and the validity of the model for cal-

cutating time t,Z is confirmed experimentally.

2.5. 4 Range of Operation for the Mathemat1ca1 Model
. [
This nathematical mode1 is applied for the range 1500>e>1100

Nhen the cone angle e is equal to or less than 1100, the c]earance
area between, the ball and the seat of the hole is increased. {Ad =

wd*(1-cos a)/4cos a). Corsequently, the amount ef leakage 1s large

. enqugh\to prevent the creation of the vacuum and the Ratl, in this:

case, will stay at the central region of the ball-housing. - On the

opher hand, when” the cone. ang]e 2 is equal to or larger‘ than 150u°..

the bottom of the inside casing is flat enough‘to produce instability

i‘n'ball operation and the ball, in this~case‘ will act in a random'

~manner until it closes and remains on one of the two discharge tubes.

These Hmi tations have been verified experinenta'“y and the operation

&+ v -

r ]

e A i,
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of the oscillator outside the above mentioned region has been found
,to be unstable. Table § gives the clearance area vaiue for dif-
ferent cone angles.

- o N . ) 3 N
- Cone Angle-2 1500 140° 130° 120° 1100

Clearance ‘ N '
Area Ac] -035235 .06418A | ,10338A | .1547A .22077A

je—Range of Operation — 4 A = nd?/4
TABLE § . ’
/ 4 ‘ J ‘
- ¥.5.5 Farce Analysis Approach - : ‘ DN

This section deals with the .investigation of the forces inside)

{

"the baH-housfng for the purpose of introducing the ma'ti{ematical
model for calculating the time t,. In this study, it has been
assumed that fhe ball is already,butside the seat of the hole and

§ .
starting to move to ‘the other discharge hole. The possible forces

s acting on the ball are ' as follows:

W

1. The gravity force Fy or Fg.

The flow force FZ or Ff. ‘ ‘
The suction fb?\:e Fqor Fe. ' K

B -4
$SHWw N

. The buoyant force Fq or Fp.

. 3
= i

The gh‘w;ctian‘o'ic the gravity force ‘is verfically downy:ard and

*
the direction of the buoyant force is vertically upward. The
* directions of the flow force and the suction force may be assumed -

.‘ . =" towards the center of the oppgsit‘e‘discha‘rée,/ﬁole as shown in

»

- * * -
D . . . :




Figure 21.

L
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- - For practical purposes'; the time t2 remains ‘approximately Qhe

same for both cases, qscflla‘tion with 1eakége and oscillation with-

- S ‘ out leali_gge. The following represents the procedure to calculate

’ | . © +  the above forces (F],- Fz, Fs F4).'
1. Fy =mx g=gravity force Fg; where . o -
S s . -m= the mass of the ball. .

\g = the gravitational acceleration. -

“ ( | 2. Fo =Py x Aj = flow forc\e Fes- where _
Py = mean value of the pressure inside theiball-
. . § . K housmg - ’ . f-
, A, = cross- _section area of the ball- housmg =
v T nD?/4, ' ’ ‘

. -
D = inside diameter of the ball-housing.

b

.3 F3 = suction force F,

head loss due to sudden contraction x specific weight
of supply water x cross-section area of the discharge

. tube,
— :K__ 2 2 . !
‘ L = (29\" )(W,)(nd /f). where
- , V = discharge velocity. > .
¢ ‘W, = speci fic weight of supply water. . ' / }z"’:\"x
d . = discharge tube dig_';neter. Lo A,/( o ]
g = gravitational acce'leration._ n ‘ | o \‘

K is a constant to be determined from igure 22 according o 7




e

coefficient. . + \ R o
Fg = Vy x W, = buoyant force Fg; whefe

L}

volume of the ball. ‘ e T

Yy
N\

Wy

specific weight of the supply water.

Therefore,

. ):FH‘I= Force summation in direction II (perpendicular to the inner

° -

bal]-housiné surface).

N, - (F1—FB)cos a - (F"?_+F3)s1'n b= mass x (aG)II =‘0

N, = (F;-Fg)cos a+ (Fp+F3)sin b ‘ - (17)

=, thﬁ normal force

= the ball acceleration in direction II

EFy = Force summation in direction I {parallel to the inner ball-

housing surface)

h (F]-’F'B)si‘n a+ (F2+Fé)cos b - F.=mss x (ag);

" (18)

where F = friction force ‘between the ball and inner surface of the

ball-housing.

(ag); = the ball acceleration in direction I ‘

© IMg = moment balance around point 6

. r= IG-oi ; where : ' - (19)

15 = moment of inertia of the ball = %—Im-r-2

r =ball ra‘di‘us . ‘ R

angular acceleration of the ball.’

N
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From Equation (19), it follows
=25t i _ :
Fr‘r‘-—gmr ‘a ; F A (20)

Y

The maximum force which can be developed to prevent slipping is:

‘-Fma -uN —u[(F F}cos a+(F+F3) s1nb].where

p = the coefficient of frictlon between the ball and the 1nner
surface of the baH housmg

If F.>F__ , the ball is rolling and slipping at the same time.

If F < F_ ., the ball is rollingwithout sTipping.

It is assumed here that the ball 1’> rolling without stipping. Thus,

in this case [20] (QG)i'= a'r , | « (21)
. \ . \

4

Su_bsti'tuting Equations (20) and (21), in Equation (18),

(F]-FB)sin a+t (F2'+F3)c'os b - %—m-r-a;: meae r

(F]-FB)sin a+t (F2+F3)cos b_= 1.4 mer-a

From the equation for the dlstance travelled

Y‘Vin t+ 1 (a) 1:2 s where
£
initial velotity of the ball

vin
t time.

Y distance travelled.
- s

we .obtain
= %—'(r-u)tz s a= Z.Y/rtz

From Equations (22) and (23), -

2Y _ 2.8m (y_ rsina)
rtz 12 cos a

(Fi=Fg)sin a + (Fj#F3lcos b = 1.4 mr-

8




2.8m(y-rsin a) e -

2
t (F1-FBTs1n a cos a+ (F2+F37cos b cos.a

2. 8m(y -rsin a)
'{(F] FB)sm acos a + (F2+T-'3)cos b cos & ' ,

S1nce the total travelling dlstance is 2Y, the time t, may be.

-

assumed to be equdl to 2t.

/ 2.8m(y-rsin a) ., -
2= 2,7 o ‘ (24)
. 4 ) : P] nD2 . 369311WWV2 dZ) : .
‘ (mg- =f 7r3_)sin a cos a+( + cos b cos a -
W : 4 8g . ’
or B ‘ "i
t, = 3.346 [ ' m(y-rsin a)/cos a

(mg-4.18r3ww)sin a+ (;78P]Dz'?l- .0045NwV2d2)cos b
. . 4N

and the range of vah’dity- of this equation is 159<8<350 or
1109<&<1500,

Table § gives the angles b for different cone’ angles.

-

Cone Angle & |- 1500 1400 130 | 1200 | Mmoo

Angle b 20.500 | 16.250 } 12.250 | 9.00° | 3.500
je—Range of Validity — o]

TABLE 6




Equation (24) has been solvéd using a FORTRAN‘p;'ogram (see
- Apbend&x B). ' Figures 23, 24 anci 25 illustrate te experimental “and
~theoretical results for the time tza f;ar dif?ere’nt ‘ang1es 3 of 300,
259 anci 200 respectiveﬂiy. Thé theoretical results _Show good agreé-
mmwnhmeumﬁmmmrmmm From Figures 23, 24 and 25, it"

is concluded that the ang]e of inclination & ofihe inner ball-

housing { has neg]1g1ble effect on time tzz " The main factors affecting

time t, ar'g the discharge tube ]ength and the initial discharge
velocity. -
As mentioned before in Section 2.3 of this Chapter, the total
time T s the time ﬁei:ess'é?y for one complete cyclé: T 1s equal to
i Z(t] + tz) mﬂhsec/cyc'le which” corresponds to a frequency of
0. 5(t1 + t,)" 1Her-tz. Figures 26, 27, 28 and 29 represent the
experimental and‘thﬁeoretwa] results giving the frequency for dif-

'A ferent tube lengths ‘and different angles of &, 300, 259, 200, for the

case without leakage.

)




CHAPTER 3 + ° ' .

_EXPERIMENTAL INVESTIGATION

\

Al

3.1  INTRODUCTION .

In order to verify the theoretical work developed for the ball

oscillatorf experimental work was carried out using a prototype * o 1

, & o osciﬂ"ator of; flexible design. An assembly drawing of the pr‘ototype. 4
1 w1£h its components is shown_in Figure 30. .Proﬁsion is mdde in the

. proto'typg for design flexibility in three main directions s ‘

°

: F, ‘ AR " For attathing discharge tubes of different lengths.
‘ ' ‘ 2. For inserting bali-housings with differen{ angles. ‘of

- ’ inclination.

'3, For inserti’n_g a specially designed ball-housing for the

Y o S ‘case without leakage. ' , -
\ a0t \

The expemmental work carried out in the F1u1d Contro] Center

laboratories fulfilled three d15t1nct purposes:
» .~ 1. First, to obtain qualitative information on the range of N

~

the frequency of oscillation for,different tube ‘Tengths

} . : i
and different discharge velogities for both cases, with



i B
,governing the fluid slug motgion during the time t]\.

l .
3. Finally, to check the validity oflthe_ developed math-

ematical ;nodel used to calculate §he time t2' 5

”~

P

H
%
i

3.2 COMPOWENTS OF THE PROTOTYPE ‘oschLA’rou‘ B

P

The components of the prototype oscillator consist of the

i

.

foHowmg

B f
o : !

= 1. The main outside body of the proto?:ype, Figure 3.

)

4

- 2." Inside' core with angle a = 359, Fii;ure 32, with leakage."
3. Inside core'with angle a = 30, Figure 33; with Teakage.
4.  Inside core with angle a = 250, ngre 34, with 1eakagen
5. In;side core-with angle a = 209, Figure 35, with leakage.

6. Inside core with angle a = 159, Figure 36, with leakage,
,7. Specially designed ball-héusing for the case without .
' { .

{
i

- leakage, Figure 37.

, The case' of no:leak&ge is achieved by the specially
- F . ' designed ball-housing in which the inside housing has a V-
. ' ” shape and tt;e discharge holés are drfﬂl_ed p'erpendicular:ly
‘on the housing surface. Also, in order to impro've the no--
- - * © leakage case, two rubber rings may be attached at the 1nlet

J

of the discharge tubes.

© 8. Locking nut, Figure 38,
9, Twin sets of different' tube lengthsqfn order’to obtain dif-
ferent discharge tube- 'lengths 3, 4.5, 6, 9, 12, 18, 24

— ° ]

. 1nches, F'lgune 39. e o ¢

. AR




! . -
10. Rubbér gaskets to prevent leakage between the different ' 7

( . . :
‘parts duh’n/g operation. - - .

11. Balls of different materials with a diameter of 5/8 inch.

)

Two balls were used during the experlmental work a rubber

P ‘ ball of speciﬁc weight 108 Ib/ft’, and.a steel ball of y

;peciﬁc weight 485 1b/ft’. S b

v ' 12 A lony connecting tube between the supply pres;ure and
the prototype (approxunate]y 56 inches long) ' ' 4

The material used in the construction of all the previous com- I 3
ponénts 01:' the p'roto.t_ype is plexi-glass, excepf: for .the ball and the
1o'cking nut which is in brass. Th.é mach;'ning of all the componen ts

® was carried out in the M{a‘c‘h'ine Shop of Sir George Hi]lia}ns Campus .
One of thle.best advantag\es of r;léxi-glass fs its transparency wﬁich '

permité the viewing of the 1nside of the prototype, ‘during operation
to observe ball motion and to verify the forward and reverse motwn

of the fluid slug by taking motion pictures using a high speed.

3

cameraf *

« 3.3 vemncmou OF me SLUG mnawwn BALL OSCILLATIONS »

i Ve
> valve closes the upstream end of the discharge tube. ' '
x 2. The bahl motion inside the ca\sing to determine whether fhe
. ba‘ll aIways moves 1n contact with the Tower surface of .
’ ‘ 1

*




hole to the other. :

«

i

Cad

[N

_ -“ducer arises. The situation whenein a Hquid is being used 1',!:

In order to achieve confidence over the theorétical concept of

v

the oscillator operation, three diffarent motion films have been

taken using a high speed camera with a speed of 4000 f.rames per second.

The fi rst film concentrates on the lower part of the pro‘totype to

‘show clearly the forward and reverse slug motion. The second film. * .

shows the upper part of the prototype to demonstrate the slug motion
and the ball motion during operation, Finally, the third film shows
the entire prototype during operatwn The béhaviét\.sr of the slug

' mot1on and ba11 motion shown in the. three films cor‘relates pell with

the theoretica] predictions. T e

3.4 EXPERIM—:NTM;’ APPARATUS
The general set-up of the experimental apparatus is shgan?%n
the foHowing figure. It consists of the fluid oscillator prototype -

- With all its components connected to the suppty 1iné and. to the

measurement unit. The measurement unit cons1sts of two pressune )
transducers with their assoliated ind{catqrs a storage osciﬂoscope

and an oscil}oscope camera. The ‘water supply to, the ﬂuid aoscﬂlator

is. obtained from the water main through a reguIator and a’ long con-

.necting tube,

[

A measurements are taken at puints l andnz as shown in the

assenb'ly drawing, Figure- 30, Since ‘the measurements are made “with a

_{pressure transducer, the question of fraquency response of the trans-

-~
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.‘gas' at ordinary pressure has a density and stiffness several orders’
. Tower in ‘magnitude than thode of a liquid.

. ducer, which js comprised of a mass-spring §ys£em, to change its a \

pressure L e

%oae" - rotametcf

connecting

tube

Prots-) T -y
reaulalor waler

Y e - ' ' . ‘_‘

presswe |- ‘ ] ‘ : Fws;“ re
tronsducer ( transdwer

) ' ‘\:m“sd»(er:(’
trnsducer Yo

indicolor b— I - Co

. : oscillostope
- N . [ .

. 0 N

transducer 1s-énth:ely différent from .that'of a gas fﬂ]g'd apparatus. -

A liquid is characterized by a"high density and stiffness, while a S .

Q -

This ‘causes  the trans-

A}

né'tural frequency as soon as 1t is eh'arged with'ﬁe thid 211,

frgquency of the transducers, thereby affecting the ioscﬂlator

freqwncy'meaéureﬁent Hence it is desirable to minimize the 1ength

of the 1nterconnecﬂng tubing betwe'en oscﬂ'lator and tqnsducers.
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3.5 PROCEDURE
Th¢ first step in the experiments is the calibration of the

pressufe transducers. A suitable sensitivity of the transducer is

, ) ] ) .
selected and a known supply pressure level is applied. :The trans-

//fﬂdcer fndicator is adjusted to the required reading, Now the supply

pressupe s cut off and the indicator 15 checked for zero reading.

If it does not read zero, it is adjusted to do so. - The -process is

‘repeated until ierg‘reading is obtained with zero input and full-

_scale reading with the full inpui. The calibration of the transducer

1

is then cgmpiete. ‘ ~
A speciffc supply pressure is now appliee to the prototype..
The flow rate is measured directly from the rotameter and the cor-
responding discharge velocity in fg/sec is caléu}y&ed as follows:
flow rate = 2 x‘A XV, wherg : ‘
A = cross-section area of the‘discharge.tube.

V= d1scharge velocity prior to closure,

Figure 40.represents the‘relationship% obtained experimenta]]y,

. between the supply pressure and the rotameter readlng. Figure N

111ustrates the relationship between the sypply pressure and the cal-
culated discharge velocity (ft/sec). At any particular discharge -
velocity. the pressure distribution;at points 1 and 2, during the

ball, oscillation, is. displayed on the oscilloscope screen. The above .

’ experimentaI procedure is repeated many times for different supply

pressures (10 to about 65 psig which corresponds to discharge
velocities of 7 to 22 ft/seéc) and for: various tube lengths (3, 8. 5,




o e

.
. -

6,9, 12, _18 and 24 inc‘hes‘). The experimental results for time ty
and time t, a~re obtained directly fqumN the osc¢illoscope traces’, A .
typiéa] pressure distribution is shown in Flgure 42 for‘ points ]~ -
and 2. Fi gur:és 43 to 50 reprg‘sent some oscilloscope trace phot’q-
graphs for typical pressuré distributions Gt points 1 and' 2 for

various supply pressures and tube lengths,
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R CHAPTER 4 )
: ©. , N - L
" DISCUSSION OF THE RESULTS,
¢ . -
4.1 - INTRODUCTION o o~ . ST

" been divided into two different parts The f1r<¥ part deals with the

" part of the analysis, a mathematical 1umped-paraméfer model is

N

‘ The theoretlcal analysis developed for the ba]] osc1llator has

forward and reverse motions of the fluid slug, during the period (t]) .

. when the ball remains seated on the dpstream end of the diécharge ‘ =

tube. For this part a differential equation governing the fluid

slug motion is derived and solved by a MIMfClprbgram. In the second

deve]oped in ‘order to calculate the time (tz) necessary for the ball

to move from one hole to the other. This mathematical model has been-

solved by a EQRTRAN program (see Appendix A for the MiMIC program and — %
Arpendix B 1:’or‘th‘e FORTRAN program). ] |

The behaviour of the fluid slug motion and the oscii]ation‘or
the ba11 during operation have been carefully observed and verified
by,neans of three motion p1cture films :taken using a high speed
camera (4000 frames per second) ‘ ~

The theoretical results for the times t] and tz showed a good
agreement with the corresponding experimental results. Cbnsequently.

the theoretically predicted oscillation closely agrees with the

; experimentally measured frequency. .

.

The oscil]ation frequency depends ona nunber of parameters

] . . ]
. N
. <
. N " . s
i
' N ‘




such es the ihitial discharge velocity, tube length, design of the

oscillator with 1eakage\or withgut leakage, the.angle of inclination

\ 8 of the inner casiﬁg,andwthe specific weight of the ball (i.e.
steel ball or rubber ball). The effects of these variables are dis- .

} cussed below,

>

N

4.2 EFFECT OF INITIAL DISCHARGE VELOCITY

A change in the injtial discharge velocity 1ntmduqes a change
in the oscillation frequency.‘The initial discharge velocity
increases .as the supply pressure increases Figure 48 shows the |
relationship between the supply pressure and the 1n1t1a1 discharge
velocity. As the discharge ve]ocity (or-gshe supply pressy‘e)w i
increases, the ‘freq;:ently first increases up to a certain( supply pres-
sure range, whiﬂch is dependent upon the tube length, and then starts'

. ‘ to decrease. This supply pressure.range becomes higher as the tube

length is decreased, o

4.3  EFFECT OF TUBE LENGTH - ,
'l

_The tube leryth Eppears to“be the most important parameter

affecting the frequency. First of QaH, it can be seen from Figures,
25, 26 and 27 that for short tobes (approximately Tess than 3 inches)
. the ball may not. be able to, oscﬂlate properly because the time t, |

and the corresponding maxmurp slug displacement are relatively very
v 'sman‘. This fact has been confirmed experimentally by using an

oscillator prototype with short.tube length and observing that the =

N\



M

ball had ceased to oscillate. General]y speaking, as the length of

the tube decreases, the ball fcequency increases, especially for

high discharge velocities. For rélativéTy small discharge velocities,

the frequency increases as the length of the tube increases.
Usually, the o§ci11atorvoperation is in the first region where the'

suppfy pressure is high enough to maintain and to provide stable

working oscillations.

. § ,
4.4 EFFECT OF OSCILLATOR DESIGN, WITH OR‘NITHOQI LtAKAGE

It is reconnended that the'design with leakage be used. As
shown in Figure 37, the inner casing of the no~1eakage oscillator is
complicated and some accuracy is required during the machinlng pro-

cess to drilldgng/two d1scharge holes perpendicu]ar]y on the V-shape

of the inner casing. A]so. this design is composed of two separate ;

parts g]ued together. On the other hand, for the case With ] leakage,
the inner casing is simplg 1n construction as it is composed of onqy
a single part Genera11y, the frequency obtained by the no-1eakage
design is Tess than the frequency obtained by the '1eakage design.
for the same tube length and supp}y pressure, as shown 1h Figures 33
to 36, This is due to the amount of leakage accumulated on the top

of the fluid slug and the consequent decrease 1n time t].

# '

."/

4.5 EFFECT OF THE ANGLE § ‘OF THE ;m_u;n CASING

v

As explained in Section 2.4.4. 2 the-amount of Teakage is
increased as the angle 3 increases. When 3 is equal to 900; the .’

~




- diameter,

™ \
a7

| _

amount of leakage tends towards infinity. The .oscillator may not

operate at all if the 1eakage is too much, because in this case, the

4

vacuum may not occur. As angle § decneases, the 1eakage decreases

Fia

and time t, increases and consequently~the ball frequency decreases. ?
As a matter of fact, the ball may not operate if the angle d'is too
$ma11 (1ess than 20°) because in this case, the bottomof the inner

? N
casing is flat enough to create instability in ball motion. Figures

33, 34 and 35 represent the results for the frequency for different
angles & of 309, 250 and 200 respectively., As mentioned in Chapter 2,
‘ghe ramge of‘operétion found experimentally is 150<8<350, N

. i

4.6 EFFECT OF THE BALL MATERIAL ' e ' .

During the experimental work, two types of balls have been -
‘uged each of 5/8 inch diameter, The size of the ball should be
suitable for the inner casing: geometry. ‘The first one is a rubber N
ball,of spec1fic weight 108 Ib/ft’ and the second ball is a steel one .
of specific weight 485 Ib/ft’ The time t, is the same for both |

balls since the clearance area does AO{ vary with the ball material.

1

The time t,, however, is dependent upd@\the ball material It has.
been found experimenta11y and theoret1 ally that the time t2 for a
"steel ball is approximately twice thatﬁfor a rubber ball of the same

\l\

| . ) \z‘\ M i D

Due to the variation in time tys khe frequency obtained with -~ -
the steel ball is approximately, 75%3 of \fhat obtained with the rubber. )
basl Also, the heav1er steel bql! requires a h1gher suppty»pressure

-
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* for both the start as well as to sustain oscillations. Thus, the ‘

oscillator using tﬁe rubber ball is. preferred. <

-3 N * .
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' CHAPTER 5 S
o CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK -
v .f . ' ) . : Y
5.1 CONCLUSIONS
A theoretical analysis of the ball oscillator is presented. .
£ This analysis is divided into, two parts. The first part predicts the
2 : - ‘

- ' "time necessary for the forward and reverse motions of the fluid slug
| “} and the solution of the formulated diffeNdntial equation is carried)
out by a MIMIC. program. The second part predic;cs the time required
for the baH to move from one discharge hole to the other, and the

| solution of the_ formulated mathematjcal mode1 (Tumped parameter type)

is carried out by a FORTRAN program. The thearetical results are in ‘ J
7 \good agreenent v{ith the experimental results in predicting the ball ‘
) 'frequenqy -
-

- Based on the theoretical -and experimental work, it can be

concluded that the par'ameters which effect the osci]lafion frequeni:y

" o ‘ are the in1t1al discharge \%locity which is directly related to the - .
.;: ® supply pressure, the length of the discharge tube, the design of the
. osqﬂlator with leakage or without leakage. the angle & of the inner .
- _f : ! 7cgsing inclination ‘a~nd the :specifjc wei‘gh_t of ifhe ball. The length
-of‘ the discharge tube ‘and the initial discharge velocity are the most
- " . important variables affecting the frequency. o '
. _ . The following r'emarks.on the oscillator are considered toPe .

significant: - T
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1. The oscillator may not be able to operate with very short

/ tubes (less than 3 inches).

2. It; is recommended to use an oscillator design with leakage
due to simplicity in.design and construction. LT
3. A ruber ball is better than a steel ball, A steel ba]i
needs higher supply pressu;'e for éustaining os'cﬂlat'ioﬁs.
4, Tﬁe\amount of leakage should not be too high, otherwise

» the necessary v‘apor pressure will not exist.

5. Trie,baﬂ oscillator is gelf-'startin—g excep\t in the vertical

/

f
I
i position.
. The theory deve]oped could be used as a basis for designing a

v

“ball oscillator to give a tertain range of frequencies. The theory

can Qe applied 1n the design of oscﬂlators for specific appHcations

such as a car wash, ‘cleanjng devices w1th water and a pulsating

showerhead.

toe

'5,2  RECOMMENDATIONS FOR FUTURE WORK °

Some suggestions for future extensions of this work are out~

.lined below. : ‘ -

1. The theoretical analysis may be done {n only one\part
1nstead of in two differént _separate parts. The new
analysis could end by studying the pressune distributio~n
inside the inner. casing and the pressure distribution under

the ball seat. Detafled kndwledge of these distributions '

could improve the prediction of the device behaviour,’

N

-

-
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2. A detailed study of the stability of the ball could be

_~conductad. This would assist the'solution of the -probtem-—

of self-starting in the vertical position.-" "
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