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© ust _@_ABBBEViiTiONS AND STMBOLS. . "
haEter II
d = Drop 31ze diameter R * :
D= Onf:l.ce dlameter T R -_J
| %: Relatlve drop szl.ze in d:l.mens:t.onless stndy
. ]31..'; Ratio oi‘ length to diameter of ‘the atomizen's orii‘ice
o Jet velocite?’ _': s C O
.v;11= Absolute VlSCOSlt}"\Of hquld : ﬁ S \‘F g
' v'a-.’-’ Absolute v:nscosity of air - | _ \ |
gii: 20L_= spray- cone_angle _f fg f='f- f .? € - ,';‘_.ﬁ'hj-
1:‘{'='Dehsity‘6f'- liquid” < "_-‘:' R

en51ty oi‘ surromd_lng a:Lr S , -

-_< ;U
" u

' Sm-face tens:Lon of lzl.qu:.d

E F,§ x{/- = "upt?tq._on _symbol. |

L Chapter I

' 'c*".-_.- C-oef_fic’ient_-df-.vi_scow 'damping
| D = ﬁ = Ioperator

) Fl"-. Inertia force -

F, = Vn.scous damping i‘orce
F3= Sprlng force :

e
'Il

Ekternalﬁf'orcel '
:E' Frequency

g = Acceleratlon due to gravity.




= Spring constan't. i

® | SO
-Iil'a' Poppet valve mass+ 1/3 spring mass
| mW ‘- Mass ﬂcm ra't.e :
: p' - Root oi‘ the characterlstlc equa.t:.on
- Q =3 Volume flew rate - -
. Tn Tlme p,er.-.gyele i. .T‘
vl = E:ci.'t. xfeloeitjr
" V2 : Valve veloclty ’
x_-.,- Vamable d:a.stance a.bove or beyond 5:0 ; o
xo= Average dlstance from the‘ eozzle dur:mg v:.bration
¥ = Speclflc welght of wa‘oer
= Angular velocit'y'. .

"

., Outlet fle.qr area at 'bhe orlf:l.ce

W

Cross-secta.on area a.t the valve gland
Orlf:.ce area
Cross sect:l.on area of the ‘stem o

= Equn.l:v.br:uum elongat.:l.on of the spnng

& Volwne of hqu:.d flcm throu.gh the nozzle in l second when

the valve is sepa.ra.ted one imit from the nozzle
Goeff:l.c:Lent of dlscharge -

Bulk modulus of elastlclty

= Pressure head

Pressure dmp acroas the oriflce

SN

Pressure 1nside the nozzle _ *- :




- Py = Average pressure --at‘average dlstance x
. ¥ = Jet velocrby = 2g
7= Volme of b chabers (17
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| The purpose of t.h:Ls thes:l.s is threefold. (1) the' analyblc stud;r
.. “of va.lve v:Lbrat:Lon (2) evaluatlon of valve performme and (3) the deter- _
.ma.nat.:l.on of 'bhe spray characterlstlcs. - |
' Spra;r charaoterlstlcs and the:;.r 1ni'1uences are summarlzed as the :

: background of the st.udy Then the analys:n.s of valve nbratlon 1s performed-
by postulatlng the system w:l.th some assmnptlons for the pur'pose of s:meli- '
R f:l.catlon. .A.n outline to tha v:.bratlon de.31gnl lS also suggested. Two |

—_'approaches .of analys:.s are: made, one .by d:l_rect derlvatlon am the other, |

- as a correct:.on, is by the analogy to that derlved by Den Ha.rtog on the

'dlesel—englne 1n3ecta.on-nozzle. The system is- found to be self—ex01ted

mder 1nfluenoe of the compresab:.ln.ty of i‘lm.d wh:Lch causes pressu.re . |
' _. .vanatlon 1n31de the nozzle. a o |
_ | Expenments were per;t‘ormed fccr the evalwtl.on of frequency of .
- vibratlon' and deter'mimtlon- 'of'the .t‘low -rate and -‘presslre--relatl-on. A
sequence of’ photographs was taken to stuﬂy 'hhe spra;y development ani
some spray characteristics can’ also be observed. 1J‘I’hen .one design of valve :
failed to v:l.brate longtudn.nally, another was des:.gned in the hope that
:-suoh v:n.bratlon would ooour. Th:l.s va.lve, too,. failed to v:.brate. Ai'ter B
' consideration of the analytlcal study, corlelusions ar\e reached as t.o the
‘cause of failure. _ . _ o -
Results obtai'll'ie_d..'-frrom the work'ldone show thaLt':‘..-'.
1. The. cﬁarac'ter:}stic_'o:urve'petweer-l'.,flo'y\ ra.t..'e'_ and _oress-ore is

. independent of ?:‘;brat.ion. -




C 26 Concernlng the sprqy characterlstlcs, better atomlzatlon
| 'results by h;gh pressure 1nJection and as spray is fully
’;_developed, spray cone angle depends on the valve angle.
.3+ Valve vlbratlon could not be obtalned from the experlment l
 due. to its complexlty and lack of time but v1bratlon seens
possible. N _ -
Also, ;t is suggested ttat spray ebtained from a vlbratxng valve :
:lw;ll have better characterlstlcs especlally in spray flneness and homogeneltyir:
whlch are SUlted to the requlremants of the combustlon process of the inter-

. pal combustion engins,._.-_'vf
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Power produced in an eng:l.ne cyl:l.nder does not depend entlrely on

the a.mount of fnel drawn 1nto it, but also depends upon other chs.racterls- o

_ '_tn.cs of the mxture such as 1ts d:.stn.but:.on and homogenelty. ; The air- -
'fuel m:.xlng device is known as a carburetor, a term wh:.ch is nb.snomer ie _
_ the sclentli‘lc sense, 1mp1,y:.ng as it -does something "Whlch supplies or'adds
.carberz: . a carburetor does not do 50.. The functiens of the carburetor !
I-_._are the mlxing ‘and supplying of the a:Lr-fuel maxture at almost a consta,nt
_fratlo and in proportlen according to the requ:l.rements of the englne a.t
_‘ a.ny speed. It is: an extremely 1mportant part in the oomplex problem of
. spark ignit:.on eng:.nes. _ I_ L _ ‘
| | In 1936 Bend:Lx Av:.atlon Corporatlon of Amerlca ca.me out. w:.th a’
: -newly developed type of carburetor, the Inaect:.on Carbm'etor, the method.
: employed is the 1n3ect10n of fuel under low pressure from a spra.y nozzle
‘.":Lnto an air stream passlng through an- :|.ndmt:|.on mam.fold. The amount of
fuel 1s controlled by the pressure drop across the ventum. tube. - The
‘poss:.blllty exJ.sts thet th:t.s type of carburetor 1s a meems f'or 1mpr0'v1ng-'“
fuel meterlng.' The greater the atomlzatlon of hqu;l.d fuel the greater
_Tthe homogenelty of the mlxture and therefcre the more effectlve the cbm—
best:.on should be. Combust:.on determ:l.nes s to a large degree, the fuel
economy, -smoothness of operatlor_l,_ acoelera_ta. o_n oharacter:ls_tl.q_and the

~ engine performance..
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This clrcumstance suggests a study dlrected toward examinlng the_ -
"'p0951b111ty of spray 1mprovement under low. pressure.- - -

Placing a sprlng loaded poppet valve on the outlet 31de of the _

sprey nozzle and a110w1ng the valve to vibrate under 1nfluences of” the'_"7 

“-flow provided a means for carrying oub the experlment. Prellmunary ob- L

-servatlons 1ndicated‘that the spr&y obtalned frem th&s unlt gava better
'_atomlzatlon. ' _f'f. : _  ; . j" - - _
o Thls the31s, then, was concerned w1th (lf analytlc studles of the .-
valve V1bration, (2) evaluatlon of valve perfonnance and (3) ths deterh

natlon Qf spray characterlstlcs.,'




| CHAPTER IT ~

BACHGROID 'ozq SPRAY CH&RAGTEHISTICS L

Previous work ha.s been done in the study of 'l:he follomng spray

characteristlos- . g B -: .

- 3 I,Sprg performance = This :I.S 'bhe study of spray shape from '
_ the nozzle :r.nto 1ts overall conflgurat:. on, Exam.nat:. on of

: J El

'thls characteristlc is for the utlhty of spray pred:l.ctL on,

o _Spray penetration - Th:s.s term is used for the determnat:.on

oi‘ t.he concentratlon ani compactness of the spray from a
nozzle. - .“ '_ ."-"': o ' _,' .

-Spraar cone-angle - ThJ.s 1s one of t.he most :unportant spray

o 'characterlstlos. :The a.ngle a.s meaeumd by dmwmg a targent '
11ne from the orlflce to tha spray envelope.

' -.'Spray dlspers:l.on‘ - Th:»_s characterlzes the ’dlS‘bI'J.b‘Ll'iIL on qua:!.ity_

of - spray and is associated d;.rectly wi‘l'h the spray cone-angle.'
" The measuremenb of this charactenstlc; iz the ratLo of the

’ ‘volume of 1iqu1d to the volume of air .~1n the spray cone. Its -

: .decrease denotes a better dlspersed spray‘. - |

' .Droplet size - Thls 1s anobher 1mportant property :m deflm.ng '

the spra.y i‘lneness. Due to t.he:u' variatd.on throughout. the C
. spray, then the concept of “mean drop s:u.ze" is estabhshed to '_

qua.llfy the degree of- atonuza.t:l.on.. '

Spray umfornu.ty - Th:l.s term indlcates the Vanatlon of the _:I

dr0p sme and homogenity of the Spray.




Observat:l.on a.nd imrestigation to fin;i the effects upon these spray:..f" )
chat'acterlstlcs have been performed by many persons elther analytlcally |
. or experlmentally.‘ Conclus:Lons have been drawn and curves plotted to ex-
: .'plaln the spra:,r phenomenon under each influence factor. , ‘I‘yp:l.cal effecte
 are- smmarized brlefly here. 2 !i

: .&.tomizer Desn.gn.--This is the p:c':l.ma.:c},r factor, focr the quallty of a spray o

in a glven set of condltlons detemnes the atom:.zer efflc:Lency., 'l‘wo

L essentlal types of - atomlzers have been des:l.gned,l the plaln atomzer and

.'the swirl atom:l.zer, depend:l.ng on t.he goal of appllcatl on, In a- plain
_ atomlzer, the flow from the nozzle is. cOnsidered' to be :|.n,a.n ax:Lal d:l.reo-
: b
tion for laminar flow and in both a.xial and radlal for. turbulent flow,
..: wh:Lle a swzl.rl atom:.zer is oons:l.dered to ha.ve a.x:n.al rada.al and’ tangentlall-_ N
---directlon. B o . | I_ . .. _ | ..
| The orn.fice shape afi‘ects the spray' appearance and the coef“flc:.ent )
of discharge wh:l.ch will affect the veloclty of discharge and hence the
a.tom:.zat:l.on. It has been found that the coefﬁcn.eﬂt of d:LScharge for the
'plaln atomizer :|.s higher than in the sw:.rl type and the. fineness of atom:l.za- o
h tion depends on wha:t type of atomlzer 1s be:Lng used. The plan.n atomzer
gives 2 narrow cone angle large droplet size btrt penetratirg spray. The :
-swirl type creates a wide cone-apgle, soft spray and a. better degree of o

. Spray d:.spers:.-on. Results from e:qoeriments have shown that a rat:Lo /D

b -j(ratzl.o of 1ength to dn.ameter of the atom:'..zer s orlfice) a.lso affects the )

. r

| "spray penetrat:n.on and cone angle. An increase :Ln oriﬁ.ce s:.ze results :m '
the increasmg of size and m:mber of biggest droplets. Unfortunately, the o
_1mportance of the atomizer becomes less when a h:l.gh pressur-e system 1s o

usad in the inject:.on and high density medium is 'introduceda. .




' Phymcal Sn.gmflcanCe of the Ia.qu:.d .--Phyelcal effects of the spray charac- o

(

g terlstlcs have also been stu‘tled extensn.vely from dlfi‘erent standpo:.nts.
It hae been fou.nd that the spe01f:|.c grav:l.ty ar dens:.ty’, surface tens:Lon '

. and v:.ecoelty are the mos'b 1mportant var:.ablee. ' Among these three var:l_- o

o a.blee, nscosity seems to be of the gxeateet 1nfluence, i‘or example, the L

- _'.approaﬂ.mate ra;t:Lo of spec:L:E':Lc grav:i.ty arrl eurface tenelon of kerosene and s

- l:u.ght fuel o:|.l a.re g and 21.; respectlvely, but :|.t 13 IT% for_ '-_the v:.scos:n.ty_. _

.

' '\ratloa .

In an} Iet;oml-zalr.on proce.s‘s.,.-beglnnlng w:n.th a flow fzpm a.n onf:.ce, -
gh v:.scoe:l.ty means 1ees tendency for 't.he jett ’Qo d:r.smtEgrate. Then,
' brea.klng up- of the .f'lm.d 1nto separate drople‘bs :|.s dne to the magnitude "
”'of surface tens:.on force. F:Lnally, subdlnsion of droplete to a‘bom:.zation".'
is under influences of many dependent varla.bles, such as epec:lflc granty,
"'v:l.scosny, surface ’cens:.on a.nd jet veloclty. | ' |

An 1ncrease :m va.ecoslty reeults 1n gettlng a more compac‘b spray

'and 1ncrease in droplet s:Lze Z but a decrease in spray cone angle, d:l.s‘t.rl-

butlon ahd spray unlfonnlty. vlscoszl.ty, 1nternally, retards the rate of

.flow within the nozzle and externally, decreases the re.te of breaking
Cup. of llgaments a.nd the rate o.f splitting up of droplets. _ S:Lzes of spray |
engles are :|.ni‘luenced largely by the viscos:.ty. Suri‘ace tens1on has the B

_tendency to oppose Jet distort:.on and d:l.sintegratlon of hga.merrbs. An in--.'.' |
- 'crease in deneity is. a meane of spray penetrat:.on bub it makee dlfflcult.

the dlspersn.on :Lnto the eurrounding meditm. e

+

_ Surroundlng dllm.--Bes:Ldes the atom:.zer :|.tself a.nd i‘he flmd pmpertles y

] -_a.nother :|.mportant fact.or affectlng spray characterlstlcs ig- the condlt.lon _




of the surrounding medium into wh:l.ch the flu:l.d is being :|.n3ected. Experi—

. ments show that :|.ncrea31ng a:Lr density Wlll 1mprove the spray up to an '

i optimmn degree azrl i‘urther 1ncrease of’ the air density has very little
efi'ect. Greater effect of air reszstance :Ls expected at lower :I.naectlon |
\'pressure an:l h:l.gher v:.scosity of the fluid. | _ SR
Spray penetration and droplet velocltr are reduced by a high pres- -

' ;. sure medn.um. Adva.rrtages are the increas:.ng of spray d:l.sperszl.on, cone angle
~and tendency.to sp].ltta.ng up of droplets.- Also , it 1mproves t'he dJ.s:Lntegra-‘ 3
jtion of spray. Increaeing of air temperature m.ll :mcrease the Spra.y' veloc-. |

ity which has _some effect on spra;r cone angle except in the case of h:.gh |

.Ipressure injectlon. Faster rate of evaporization and smaller droplets size

~are resulted in u31ng high temperature of the surrounilng med:l.mn._ Inves— o

tigat:l.on of mov:l.ng medium, 1ntrodum.ng at' turbul:ent a:l_r will break up spray

‘Ibetter than still air but 1t will sl:l.ghtly d.ecrease th—: spray umformlty

R 'J

T
Lo

and’ penetrat:n.on.

: Injectlen Pressu.re.-—Thls 1s the most 1mporta.nt s1ng1e 1nfluence upon ato:nl-»' '

- ,.';zation of ]iqun.d and therefore in turn ‘on the combustl.on process. Cous:l.der-

.:|.ng the case of combuetion, atomization :|.s the process of breaking up fluid

hinto a grea:t number of small droplets prov:.dlng a great surface ar'ea to maloe,-_' -

the preparatlon more combustlble. L. _ o _ N
_ High preesure has SPEcial effect Upon spra:? f:.neness. It 'u-ill'-' affect

.\ the spray cone angle wlthm a. certain range untal the epray :Ls fully devel-

- Oped beyond th:n.s increase in pressure will have ‘no ei‘fect. - It was _be-"ﬁ

‘lieved that increasing pressure would increase epray penetrataon but experi-'

.‘ment shcwed that th:.s was not true. An expla.nat:l.on for this phenomenon is
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this es pressure is increas:n.ng, there :Ls a tendency to decrease droplet
.. .s:l.ze wh:l.ch reduces spray pemtrat:n.on, the :|.ncrea.ee of penetratn.on by pres-—l-‘
'-sure on one hand and the decrease by mfluence of drop s:_ze on the other
hand 'm.ll balance ea.ch other, hence Ao effect results. N PR
| In the f:l.eld of dimensional analysis for- the study of relat:we drop

size: (1) useful va.rlables are cheeen. R :'5"_ k L

.Drol.a s1ze diaﬁneter-_,
Or:t.f:l.ce dJ.a.meter - e | D -
. .-Jet..-velgclty_ ) . - - = | v .,
_ sﬁra-y; cone a'mgle- o o L I e_gac, s

| __Den31ty of liquld ; T S T

-Absolute v:i.scoslty of l:.qu:r.d v

' Surface tension of liquid - . - - i Yy
Density.of surrounding air . =~ .7 . 7. Pa

I

e
|

Ab_seinterviecoeitjr of air - |
A relationshn.p may be expressed by writing

f(d D,V,e ?{ ,'V‘ Yz, é:v ) '—" 0

_ Us:n.ng the three fundamental um.ts, mass ML length L arg ta.rne T, and

wrlting down all varlables concerned in terms of these. pnmary um.ts then ."7.'- .

S solv:Lng b}' dimensmnal anal,VS:LS (2) the reeults a:oe. ]

g, MR DAY R
IR vy 27 . Pa Va

“or
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-

156) :

where, -

£y F and\Y represent i‘unction symbol.

' % represents relative drop szl.ze.

L ?.-.

By squanng the f:.rst d1mensa.onJess group of the nght ham slde _

. ' _ Dv2
) s.nd dividing by the secend we obtain another dimensionless group, ‘(ﬁ'
and replacing 'bhls gro'llp 1nstead .of " the second we have
$. g E" f o fz Al
g 4; _ )

fa IELI

- These snc dlmens:Lonless groups represent the functa.onal relat:l.on-'-

s}np equs.tlon. The analys:.s by thls me’c.hod only tells whlch dlmensmnless

i groups are lnvolved. The d:l.rect equation w:l.ll be fo‘und onl;yr experlmentally. R

1)v5D Dv2;=

Two mportant. groups, s Re}molds Nunber, a.nd. -

—l called the |
1 L i

' .'-Weber Number, are considered to be :|.mport.ant.. The former represer.rbs the
: flow phenomenon, to Justlfy that whet.her 1t 1s lamnar o:l‘ tw‘bulence. The
Ila’c.ter 1nﬁlcates'the,,rata.o oi'_ 1r;e1_'t1a- for-ce. to_.tpe sm‘_f&ce .tensi_;on force

Of fluid -

l
Y
&
[




'CHAPTER III = -

'-'Analysis of"Vibra'tion.-'-The eo"héept"-'of"iribratioﬂ is def:"l.ned'as-'tl":e behavior -

oi‘ a bod;y' under the 1nfluence of varlable forces. Its mot:Lon :|.s perlodic,

h _ repeats :Ltself :m equal 1ntervals of ta.me and 1ts characteristlc is a
complex one. In many cases, w.bra.tn.on has resulted in i‘a:.lure of machine-
parts > _unde31rab1e n01se a.nd :|.mproper operatlon. However, 1t is- more
des:i.rable 1n some o‘bher case as “in musmal sounds, v:bratzl.on produclngl |

machlne and in our problem. ;I |

In order to perfom the a.nalyt:l.cal soltrt:l.hon, it is necessary to _
- __malae some’ asswnptions to our system for the sake of ampl:.city, refernng s

'_ to Flgure 1, our assumpta.ons a.re‘ -

L #
1

_a.'_'that the flow is steady

':: b, that the v:l.brata.on is’ of one degree freedom 111
the d:\.rectlon of the flcm through the nozzle,

" e -and that all forces acta.ng downward are posa.tlva

'forces. .

Let x  be the average d:Lstame from the nozzle a.nd all varla.ble
d:z.stances above ‘or beyond X, is a351gned by x (can be plus or m:.nus)

The ana_‘l.ys:Ls starts m.th arn, exa:mnat:.on of all forces :Ln tlm system J
g
. with respect to ﬂieir magm.tuie and d:.rection. i

ok T
Inertia force, Fl, is the force due to mqss o.f.’ the va.lve a.nd the-

spr:l.ng (usually adds one-thlrd of the springs mass) acting opposite to

. \n




: the d::.rect:l.on of motlon. It is equal ‘bo.-m—gd z .

Vlscons da.mplng force, F2, is 'bhe reszl.sting i‘orce whlch 1s dlrectly :
. -proportional to the veloclty of mctlon, and acts upward when mot:.i.on 13 dom— :

:
'ward and v_lce.-ver_sa. Accordlng to our assumptlcn, thls force m_ll be

Spring fca‘ce, F3, :ps t.he restorlng force whlch pulls upwa.rd on the
mass when the d:l.splacement lS downward. ; Thus 'bh:i.s force 1s expressed by
- _\—k(x . x) B
| o Ebcternal force or excn.tlng i‘orce , h’ is the i‘orce acting on the
‘valve by the flew of flm.d i‘rom the nozzle :|.n pos:l.t.lve dlrection. L

_ At any posa.tn.on of x, summa‘b:l.on of forces are zero, then o

l

'l:

ax dx : _ .
- C k + F!:G_ - . - {1
"R dt2 & (x ) *R | ..;-. N

One more assumptlon w:Lll be made fcu:- the ':ltllit}" of calculata.ng the =~ .
| force Fh that- there shcnﬂ.d be no fluid leav:.ng the column until it stnkes
the valve.l' | o ;

_ | By moment.mn theory, a force act.ing on ‘a. body is equal t.q the t:.me
_ra.te chanﬂe of linear momentum ef the body in direct:r.on of the: f108. . et
Vl ami, V2 be the exit flow veloc:.ty from the nozzle and. the valve weloc:.ty
' -'resnectlvely, a.nd niﬂ be t-he 2SS flcw rate of the flu:.d colunm, Iwe may '

wnte

Fh ’ mw Svl-vz.)

' Introducing mﬂ_ = 89X , Wrere Q and . ‘are volume flow rate and specific |
we:.ght respectv.vely, hence o

Fu- &y (Vr e‘) @
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: ". each other, then equatlon h reduces to o

‘ form wh:!.ch can be- solved by the operator method (3) Denth;ng %_Eby D,. -

or -

A R

The veloclty ?1 is cons:.dered to be constant i‘qr' a particular flow

rabe and t.he veloc:l.ty V2 is a functlon of displacement x wh.lch perm:l.ts us_ . |

dx

to wr:n.te = t.hen eqmt:.on 2 becomes

Substltuta.on of equat:.on 3 1n'bo equation 1, we get._ - _:-_5-' o
| | ZX. Idx- (' ‘) Qh’ -I dx;
ol k x_ +t x} x . (v -
;;z i e
By rea.rrangmg terms a.rd sitnpl:,i‘ 'ng, we' ebta:l_n
e w\\%*; L

- T . 2 ““‘l&] {‘]‘] 4t N "'..“-I'. ; ‘- ¢ .-, Y v Ln, < : ‘o n ..‘: ok -.
codfx e VIR QY xR L QYT ey e gy

The two constant terms of the r:n.ght ha.nd s:.de 'm.ll vam.sh for they balance

= QY%E'-
' 'dtz (C v g_..)._-.cl‘o'-_+ a X _",‘9 - S ___(5)? R

ThlS 1s the expre551on of o nbratlng system :Ln the dlfferentlal

equation 5 g:l.ves :

D2 -(c + e K x 20

_ [D2::I+j _ I-.%(.C_ . ggi)Dﬂ\- .. %] x _ -

S
v.' O

The characteristic equation of the system is

B | O




' then .

It is necessary to have the va.lue of \, —-—(C + Q T)

_-Ebean

1mag1nary part. for 1nstab1].1ty af the system whlch brings U,'p to the erie

" terioh

e BRI
o) Loy 8y 7y
- 'K'_>'-_ hm(c Te -)ﬁ o ) (7)

* thus the angular velocity is'

Time for: one completed cycle is deflmd as

- ) T='76' o (___S:?),__
" Hemcs o SR L |

3 [ T

Cao




Referr:l.ng to the i‘oregoing analys:.s, many assumptions had been .
o pfesumed in an attempt to show the poss:.blla.ty and c1rcumet.ance unier.
‘wh:.ch v:l.brata.on w:.ll occur. One must keep in m:.nd that any a.nalyt:l.c'
'_'solut:n.on of a pract:l.cal eng:.neering problem mll have an accuracy and :

' relia.blllty only a.s good as the orlglnal assumptn.ons demand. .

| Outllne of Des:.gg_.e-Equatlon 7 a.nd 10 are used as the fundamental bas:.s _
in 't.he deslgn cons:.deret:.on. The term C m equata. on 7 depends .on proper—
-t:i.es of' the system, such as geometncal arrangemen‘t- ﬂuid propertles and

-".materlal used. No general value ca.n be determined fm’ ‘ahis tem, since

it. var:n.es from one system to another ) therefore 11; is a factocr wh:.ch makes

".'dlfflculty a.n the deelgn problem. J ‘I‘rial and error 15 used in the design

x -uon ‘the arre.ngement of spring constant (k) a.nd mass (m) until 1t produoes o

nbration. The frequency obtained from d:l.fi‘erent valms 3 the flow ra{';e

b (Q) and all known values are substltuted 1n equat:.on 10 to solve i‘or the

"
e

'_-values of C.. Havir:g detezmn.md the average value C then the second desn_gn,' -

s can be determlned fomall;r on the basis of 'bhe va.brat.ion crltenon.




. APPARATUS -

. 'Pressure Gage.-—--' '
| | Model &

- Range 0-100- psi

. Make '_Fo:'r.bero, Mass ‘5 U.S.A ‘
.Fiowra_t-.er__Meter’:' - I T I |

Model 3 1815/1 -

Connection P:.‘.pe Size 3 1nch I R
Meke'_‘ o o F:.sher a.nd Pcrrter, Hat.boro, Pa.,
. . L _. . . U.S.A. :I. ! R . .
. N

‘ A+omizer.--'1‘wo atemlzers were used 111 t.he expemmnt. see Flgure 2. and 3. i

g ~ The f:Lrst, consmt.s of a nozzle throu.gh whlch flu:.d 13 be:mg in,jected a

' co:n.l spnnv of whlch one end attaches to an adgustable screw and the other ,

5

h :end flxes to a poppet valve s rod.- The sprmg holds the valve t.o seat on -

the outlet. The atonn.zer body prev:.des a connectlon for t.applng to the -

.

p:l.pe 1ine, }131ng clty water supply ae the 1ngect1.on flu:Ld. The seeond one'. -
reSembles the ﬁrst, dlffering in the arrangement of the valve and spring
acl;justment the passage of the flm :|.nto the at.om‘l.zer an:l the geometnc

"conflgurataon.




el IllIl Append:r.x C. S

. -PRooi:pﬁRE' o
Before the expenment. wa.s performed, the pressure gage wa.s tested
' 'to find the correctlon curve The flowrator was also recallbrated :Ln order

o read G.P.M. of water on the millimeters scale. The:u.r plots are shown

' . . . .

F:Lgure h shows the schemstlc dla.grsm of the apparatm arrangement. .

"The flrst. atom:.zer, A, was tested at severa.l pressure 1evels. The spr:mg

. 1b
_constant was 2.2 -!if- snd the valve welght 0. 002)42 lb Rate of flow was

f
_ recorded a.ga:.nst each 1nd1cated pressure. Two d:l.i‘ferenb sprlng ferces -
”'.-.'.'were used in th:Ls test resultlng in ‘I'able l. aUnfortunately, the :E‘requency, , .
- -_“of vlbration could not be observed by a, stroboscope > for the v:n.brations |
were - 1rregular both in motlon an’d" d:l.nec’ta. on. In order to obta:.n nbratlon
in one dlrect:.on and elminat:l.ng off t.he other mot.lons, 'I:.hen, the second
.‘ a.t-omxzer, B was deeigned hmng the valve motion up an:l down along the
' gulde rod w1t.h‘~en ad,]ustable sprmg tension externslly._ The experlment
was carried on m_th the same procad‘are as’ before, but instead o.f using
 the flowrator, rate of flow was, aneasuzed by the weight obtained on t.he

".-"-balance wlthln an 1nterval tlme. Three va.lues of sprifng constar!t were

.‘, u

_-:._"'f-: used. Aga:Ln pressure and correspondlng rate of flow 1were recorded, wa.th
o no sign of- any vibration. . |
| A sequence of plctures were taken to study the spray development L |

'from the nozzle, see flgu:re 6. '
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“GHAPTER VI -
DISGGS_S_Iqi}i oF RESULTS P

A.t‘t-er the experlmnts were performed ani da‘ba plotted the resultsf__ |

_ 'were found tmsat:.sfactory from the sta:ndpo:,nt of valve nbrat:l.on. ‘i‘fe

¥

) '_shall d:l.scuss the reasons o ._

. -Rate of Flow—Pressure Relat.ion.--Figum 8 is the plot between the rate
- of flow from the nozzle a.ud the gage pressure, when a spr:mg constant of
1b
'O 287 —— 1s used.. The spr:l.ng force of curve I end II are 0.01795 1bf

. and O 0hh8 1'1:)),;r respectlvely. The pldbs show that they start from the

-l

points where the pressure force 1s just equal to the spr:mg force, or
- where

pie pressure :r.ns:.de the nozzle

' :  é__: equ:.librlum elongartlon. of the epﬁng
i enn iy ey s v sy e o iy e sqmion
Q = cdm.r"l- e '

. ch\r—

ii- . .'-u

u""




_ where

coeff1c1ent of dlS charge

Cd._= | .
A ; outlet flow area. at the or:x.f:n.ce lm2 :
‘his pressure head m. of water -;;'.
P = pressure drop across the orlﬁce ="' hy ——-‘g- '
, . . . o lm.
= speca.f:.e we:n.ght .
. . . ) cutfto-.l

o c"i -cda _\l. _2% = ojo\rstant fcn~. 'a, p'arti_g:tiiar__.ﬂqw_ ;'rate_._ |

As pressure is. :anreased the cur'wes I and II tend to have less

_ dev:.ation from one- another, suggesting that, when pressm'e is high enough
these two curves will jo:i.n together at the poa.nt where the mﬂuence of -
- pressur.e- 'upon the sprltqg _-comta_rrtl' fhas-vanls_hed-, Beyond_ th-:_.s_ point, Ithey

' -mll alwaye eoinc:l.de.

CI.

| F:Lgure 9 and 10 show the same characteristlc curwes as in Flgure 8

=-'.._for different spr::.ng constant and spring forces, and also does Figure 7. _

The experiment of' the vibrating spray nozzle by S]iepcev'lch Cons:l.gllo

and Kurata (h) were done at rather h:l.gh pressure and the:.r results shaw the'.. .

same shape of curves plotted between flow ra.te and ‘gage pressure., And at

'the pomt where tha curves co:.nc:.ded thej,r expla:t.ned that ' "at thls pres- o T

'- sure, the head of the valve stem is sufflclently removed from the orifice

'seat s0 that it no longer affects the flow chara.cterlsta.cs through the
annular dlsoharge." b

A comparlson of the charactenst:.c curve of the non—v:.bratlng valves

obta:.md by the author and of v:.brat:mg valves obtamed from the experlment' -

‘of Sliepcevich, Consiglio a__;x_i_ -Kurata-,'_'-lnd;eates. ,that there w;l.ll_b_e no e_ffect




upon the characte'ris“li:i;c-curve_. beﬁween,the flow rate amd th_'e-"pressure' so_

far as -iri:b'rati-on '-'concerned_; Lol

‘§pray Development.—-Flgure 6 is a photogrq:»hlc serles for dlfferent stages

ﬁ -. b
- ',of ‘spray. from the nozzle us:Lng a- sprug constant O 287 e.-—- and set—up

-spr:Lng force of 0.036 lb -As soon as t.he pressure was suf'ficiently large

f

i _to overcome the spr:l.ng force, the valve operzed forcing the: water through '_

‘ ‘a

the nozzle. _ _ _ _ o
“ E A‘b the earl:n.est stage when pre=33ure wag very small the water wetted
‘ "t.he valve and flowed along the wetted surface. The sprqar tended to spread
out as the pressure was’ :|.ncreased At. a pressure ef b ps:.., Figure 6-3., |
| -. the spray started to form a bulbar shape under the 1ni‘1uence of primarlly
_-_"surface tension and-viscosa.ty. The 1ncrease of pressure 13 the cause of

) “the rncrease of radial foree wh:Lch tries to overcome the s:rface tens:l.on

- _-force pulling the spragr outward. At a pressure e.f.‘ h.S psi., Flgure 6-b

the spray formati on changed fmm the bulbar shape becomlng tul:l.p-like, ) : .‘ .
'Wa.th a further :anrease of pressure, Figure 6—c and d, 'bhe spray gradualiy
spread oue characterlzed by the opem.ng of the t.uhp.' The full develop—
merrb of the spray, as shown in fig:u'e 6-e, occurred around a pressure of.‘
,.55 to 60 p31.,, and had no further effect to the sprao;r fomation after th:l.s I_ .
.'-._I_"po:.nt. Also, at t.h:r.s stage, t.he spray cone angle depends on the valve .
-"_angle an:l the seat. A m:l.st of spray drops were ebserved at. ra:bher hlgh

L 'pres_sure . .

I,

' Self-Excited Vibration.--~A clese -eaca;nimtiou':_of_'ﬁhe_ result 'obta:':L'_hed.'i."r.om.“
the vibration equation by the author; considering in the standpoimt of =

Y
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'.momentmn theory, bnngs out the crlte;m.on :

kj 1(c+9—) L m

It 1nd:|.cates that 'vlbrat:l.on is l:.mi'bed by the flcw rate for paa:'t:Lcu—
} ' © lar values ef k and s ‘When Q is great. enough 'bo make the right side great—'
'er than k vlbrata.on will etop s a result which does” not seem intuitlvely

- -"'”correct-. Hence, there m:.ghrb be seme controversy concernlng t.he arig:.nal

Ve .
AL e

asswuptlom. S

Tl:!:l.s bnngs up the questlon as to ’bhe Justlflcatlon ef mak:mg those

‘ orlga.nal assumptn.ons. ‘I’he greatest weakness 1n the plan of att.ack was the
1gnor1ng of the pressure varlatlom inside the nozzle. o i
Another soluta.on of our nbratlrg sya tan majr approach by analog to

'.that derived ei‘ Den Hartog (5) for d:Lesel fuel J.n;]ect:.on\valve, see Fn.gm'e -

e .'5' He made the assumptions o
| (a) that t.he m—-flow t.o the nozzle is comtant.
(b) and that the out-flow from the nozzle is vary:.ng

depemilng on the distance of the valve llfted frem

t.he seat. ' _ e o _ _
L...il o o = Hevmg made the ’me assumptaons, he then explained t,he phys:.cal
: | --phenomenon by pressu:ne vanatlon 1ns:|.de the nozzle due to the’ J.nequa]ity
. of the in—flow and out-flcm. (Another explansb:. on ha.s been s‘bated by
-'La.ngharne (6) by the theery of the pnessure wave propagata.on Qf fluid).
The vibrati on’ resulting from ‘bh:Ls phenomenon, he called self-excited or
- se]f-indmed mbratlon. _ ‘I‘h:.s type of VlbI‘&tLOIl Was- defired by Baker (?)

.‘as "t;he phenomenon in which the alternatlng forces i‘urm.shing the energy
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| to the vibratlon are controlled by the mo’cion in contradlstincti on to a
force vibra.tion, where |the force depende on tlme only.“__ _:' |
| The demvatlon 1s vem.fled in the follow:ug steps.
Iet x be the average distanoe from the nozzle dwing v:.bration,
'and po the average p:nessure at t.he dista.nce xo. 5 o

The general equatlon ef mota. on ma.y be wnttem 1n the form

_-_'_'The term pOA a.nd lcx are equal in magm.tl.ﬂe and opposrbe in direction,

“hence

C o R L R Tt =00 e

oomErcktlepAeO (k)
Emplcmng the definition of elast'iéiﬁy'?'(fs’)' which is "the fraction of the

" .change in volmne per um.t volume per um.t change in pressure“ , mathematically -

' wr:l.tten as e L .
“dp - 5
v - . . & ’ : - ..:- .
% v (15).

where v and P represent. .g_: and 32 respect:u.vely. S
Hartog also me.de the approx:.mat:.on that the veloclty ef 011 flom.ng :

'I'out. thmugh t.he nozzle is proportlonal to the dlstanee of the valve from "

- he nozzle. - -' A R f?

1 .

The rate of change oi' volume 1n51de the nozzle is made of tmo con— '

secutlve values 3 the excess volume of o:.h*flowim in. the nozzle per um.t
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LN

" second and the volume change in oil chamber due to the valve being in

o _'rﬁqtd.on, _they'are‘

4.

e T e

where S | | : R
C= volume of ou.l flcw through t.he nozzle in 1 second
“when the llft. is mity._- o '_
A_ = cross-—sectu.on area crt‘ the stem a:l: the glan:l
A negat:l.ve s:.gn means t.he contractlon :|.n volume due. to compress:.on' |
.__on flu:.d. _ | | | | |

Hence, equata.on 15 becomes

ior=. -.E_ccx ;-_.--m:;_;; e m) .
-"_.-Difi'erentlatlon of equata.on 1h m.th respect to. t.:Lme arxi the substituﬁon :

of equat.ion 1? :mto 1t, gives

i+ o +;.(-.“f‘.' %‘,—Ek = Re0. e

Employlng method qf operator 1ntegratu. on, 1eads to; the Cnterlon of vibra-

tion poss:.bullty, provides t.hat

ls' AE AEC-
":J(m my )<)'n

or

CE A

~ ——————-—-(k A2E):_j.,-.::. o (19)




. ng'- m(Al-Az). |
S Yk g (8y-A5)%E -
P g ‘

" and the. frequency .ééuati on is

* where

e _w;_,_;l.-_\f.@ . ) “e
- ] .2“ Y k4o (A].-AQ) E :
: .orii_‘ice_ -area

0 =
n n

B
]}

I- érdsé-‘sécﬁ on 'are'ai of thei "s'te.'ml
;v:.sccn:s damplng coefi‘:l.czl.ent
. volume of 1iqu1d flow through t.he nozzle

..'in 1 second when the valve 13 one umt

. '_ apa.rt from the nozzle

_'bhe mass of the valve + 1/3 (sprirg mass)

volume of the chamber

: :_m.?

spring cons tant.._ i

in.

‘in.

' The-analogy of this _eqﬁation to’ oﬁé system, see. _figuré 3, Tesults

B

(20)

_(21)'

lbg-sec.
) . ) ln_o

2.'

cinge

_ sec.

1b.

_' ' _:‘Ln S

b - o
' bulk modulus equal to 300 000 8 fer water (9) . -j :

1bf

in.,. .
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 CHARTER VIL
o c'oncmsmn_s '__A“rm -Ra'cdm NDATIONS

: T:Lme was not avalla.ble to obt.a:m all data- that tho a.ut.hor w1shed

‘to secm'e because of the diﬁ‘mcult:.es wh:.ch had been d:l.scussed in the

forego:.ng chapters. However y conclwlons and recommendatlons can be
made as a result of the wcrk done on thls thes:Ls. ..

Frcm the data obta:z.ned, 1t is evident that the charactenstlc

_curve bebween ra.te of . flow am pressure :|.s 1ndeperxien:b of vz.bratlon.

Tt is bel:l.eved that. atom:l.zat:l.on resul'ba.ng from v1brat|. on phenomenon o

will have better charac'berlst:l.cs especlally 1n spray flneness, umfornﬁty -
‘. : and ca.pabihty of evapor:r_zation. Improvemen‘b of spray cone angle can be S
:made mostly by :mcrease of valve angle. .

It is also recommended that the vibra.ta.rg t.ype of atom:.z:mg nozzle

| is feas:l.ble to eonstruet for operatlon from low pressure to hlgh pressure

' system. Compllcation occurs only at 101.1 pressum where s:.mpllfloation may e

' be made by using some mechamsm to produce pressure varlatlon of the flow L
in t.he nozzle the system m.ll change from self-excltation, whlch J.s ratlnr
compliceted to forced v:.brat:. on of a smgle degree of freedom by a known

| controlllng force 3 such ag by putt:i.ng an oecillat.orhvalve between the p:r.pe
- _3ine and . the nozzle. - b - . - .
| The vibrat:.ng type nozzle can be advantageom to suit any appllca-.:.-fl.: ;
- 'b:.on that. involves spray formation suoh as spray dryers and pe‘brol injec-'._ _ |

tion carburetors (10) wh:l.ch operate at low pressure. When uslng 1n the
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pe‘t.rol 1nject1 on carburetor, t.he outstanding feature :|.s a remarkable
: homogenelty of the m:r_xtune besides the other advantages of the 1n;]ection '

carbnretor, whlch make it supen or to the ordlnary carburetor.-
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(a) (b) (e)

(a)

Figure 6. Spray Development
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_Tabie Lo 'Exp'erirﬁ'entfal Data forAtom:i.zerA o

- .Spring Constent 2.2 lbf/:.n.
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Table .2. Expenmental Data for Atomzer B
a . Spring 'Constant' 0 287 lbf/ln. | B
o ‘Spring .Forc'e ' .01?95 lbf and 0.0hhS lbf

- Run Pressure Gage - o T :
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Table 3. ExPe'ri_inen.tal Data for 'A,‘boﬁyiz'eri B

- Spring Force

' Spring Constant = - 0.8 lby/in.

39

 Run Pressire Gage
. “Reading.
I '-psj'l_’ o

- Noa

min,.

Cofréc.t,?re-sﬁhr‘e " Water Flow ,T:i_.xﬁe Water_ Flow

pgli, . . {},P.M, C

R N A

g 20 o

o300

S
o 60-:

10
o 200
oy
e
R

e 70--'_-_'

27"

Sl
. :36 '

- L6

s
s

17.5

36

W

5

&

PP
_ 39 j  
o shs
¥ 59
o 6[;_:- !
“';9[[é5_5-.1:;1,

R

v

B 50 C
58.95
el

o S o |

= T A S =

olmg
o
i
Cosss
BRI
e

2,08

X

o260
o

Tay

sz o

o

5 1,93 o
2,068
L 2.1




. Table L. Experimental Data for. Atomizer B

~ Spring Constant - _;'2.098_.15?#}1. o

: W_Spring Force
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" GAGE CORRECTTON AND FLOWRATGR CALTBRATEON




' o PRESSURE. GAGE 'C‘ORRECTIQN_Q'_ )

. Increasing Weight - . Decreasing Weight . :
. o . o : lbp . _- - B . ib. o .- Average o
Test  Gage - True - . Test 'Gage -- . True - . Gage
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" FLOWRATOR RECALTBRATEON

Lo

. Test - Time -  Weight of Water 1b, -  Reading.  Watér Fiemw =
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