Liquid flow through obstruoted passsges; with spacizl reference io

the influence of the approasch on the disc % orifices snd

nossles,

Thesis for tho degree of
Joctor of Philosophy
of the
University of London

ty

Flight Lieutenant R, A, Collacot®, R.A.F.V.R.,
Bo sco(m. ) ] A.E-i.I .M&!‘.Eo

Jm; 1944.



Book 1. ~— Tissertetion.

4 eritical study of the existing information published

on the flow of fluids throush obstrucited possages.



“orevord.

The Tollowin~ notes hizve beon prepared in order thet the render
moy approach the subject contrined in this thesis Irom the same angke
as the cuthor,

Firstly, it wezs decided to trect the sudject from 2 purely
practicsl acvcet such gg that adopted by msny engincers. TFor this
roason, 2 physical interpretsiion of the phenomena associzted with
this subject hes beon sttempted., Tespite the many objections te the
usce of coefficicnts, the suthor has based his conjectures very largely
upon these fzctors since the procticsl enginecr tonds to use coeflfici-
onts more Trecuently snd with grester confidence than he does pure
methenetics. Tor this, znd personzl reacsons, the suthor has strictly
cvoided the use of advenced mathenaticel deductions and has concentroted
instead on the sprlication of well zccepted definitions or principles
deaplte, in cortain circumstances stated herein, the limitationa which
apply to these nore clementary mathemcticel erleulations,

In sddition, cn atiempt has been made to coordinate the whole
subjeet in such & momer thot Mrther developzentsz may spring from
thisz work, The exdsting reporbts on thiz subject hove been thorou hly
rnalysed ond suitably ceordinzted with Port I of this thesis., The
enthorts omm experimentel work in Pert IT hes been compared with these
fomer reports snd ccomparicon mede. Keeping in mind the possibility
of Mature deveolopment work the zuthor hea produced a resort of the
outstanding problems end suggested, wherever possible, mesns for their
solution. : '

Tespite those optinmigtic enticinations of the future the suthor
hes experieniced considerchle personsl difficultiss in its completion.
This work wos first contemplsted 2nd elementary work started in the
easrly part of 1939, By the middie of the year cnnorstus hod been
collected for the exverinentsl part and ¢ mess of notes nroparcd for
the diszertation. After the declaration of wer the suthor wsg oble
to complete some experiments hefore joining the services., Tron
thercon the experinonizl work hes only heon completed during those
short pariods of lesve from duty vhich the suthor wag fortunate
enouzh to zeceiva, The compilation of this mrmsceript wes only
completad at odd off duty hours wnder. conditions not ~lwnys conducive
to sericus study. Tor thece rezaons the ruthor bess the resder's
toleronce chould sny minor mistoles inadvertently nrise in the text.

In view of his Sexvice commitizonts the ruthor hzs becn unnble
te conmult meny people whoze opinions he would have reaopected
rogording severszl of the points raised by this thesis., This

‘th
rapregents thorefore the cuthor's sole opinion on the many asoects



roized, It iz hoped therefore, that whatever may be lecking from this
thesis in technicsl zcoursoy will be offset by the demonstretion of
individusl powers of investigotion.

The suthor'sc imponding denarturs Tor snrvicﬂ overyens hos prevented
the completion of a third scction which had been "eontemplated and in
which it wns hoped to relate tho cheracteristics. of these orifices to
the performance of enginesring equipment.® It is nevertheless hoped
that this worlz will provice the reader with inspiration smd will meke
gome contribution to thig subject. :

R, 4, Collscott,

Rochaster,

lloverber, 1343,

g .
Should the mthor be sble to colicot this infommation, it is proposed
to publish it leter in the proceedings of the professionsl institutions.



Teld for future resesrch,

The introductory chapter of thins dlasevtation shows that there
has not been o reslly seriocuz effort to determine the relationchip
of the C¢ and Gy of = oxifice in ary of the other controlling factors.
There ig necd for o aystamatie inveastigetion, both guentitstive end
physicel, of the whole phenomenn asisociated with the flow of fluids
throush obstructed passeges. :

2, Secattered roforcnces have baen ssscombled deseribing the variations
of Ce with orifice ratics lioat of ths experiments referred to have
been conducied on free jot, not on sutmerged orifices, EIxperiments to
datermine the contrastion of the jet should be made in order to
ascertain the veriations of Ce, not only with 'm', but 2lso with the
other varisbles ancocicted with orifice flow,

3¢ &t the como time it would be velusble to evslucie Cve Thiaz
could Be carrisd out most suitably by determining the velocity
distritution in the vicinity of the orifice. 1o such determination
hzs yet bean carried out =md if Cp wero obteined at the seme time by
neasuring the flow, & check on the values of C¢ and Cv deduced Trom
the velocity-distribution curves would bo obtzined. In addition,
such en investigation would sssist in determinins the contours of
the lines of flow throuch the orifice.

4. A simllor study of re-entrant noszzles should rlso be made, for
in view of their favoursble discharze characteriatica the author
believes these nozzles may be applied more extensively then is st
pregent realised, Ho work hao been published, so far as can be
cscortzined, on the effocts of chimpfer on the Cp of the nozzles,

5. The offceis of viscosity appear to hove recaived 2 considershble
cmovnt of aidtention, yet, as the mthor indieates in the following
disgortztion, this has 21l been concentrated on the flow through

. cherp-edged thin plate orifices. Vexry little information has been
published concerning the visecous flow of fluids through noszles snd
charpfercd orifices, It would also be interenting to study in
greater deteil the limiting Re for viccous flow discusmed from the
rosults described in section 3,

Ge  The affects of vapours flowing threugh pipes, of vapour locks
mnd their eifect on €D require to be investigntcd wmore cempletely
then has been possible in thig dissertztion. It would =lso be
interesting to study the flow of a freezing mixture when passing

through on apertuve.

7. The resultn relating Cp to the totnl head still require
clarificstion, the results quoted by the muthor require greater
amplification,
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8. imch rzmains to be studied of ths effcet of sdge length upon the

Cp of an orifice or nozzle. The review which has zlrecdy been nade

of this aspect indicates that besides a lack of infommation regarding
"the flow through long rozzles o considerable rmount romaing 4o be Xnovn
of the efZect of the edge-length of thin plate orifice. TWith submerged
nozzles, the shape snd genersl vroportions of the nozzie will have =n
interesting intluence upon the rate at which the flow recovers., With . -
plate orifices the actusl deflection of 2 thin plate would be en
interesting siudy. "

9+ The zuthor has endecvoured to chow that = relationship exists
between tho tengent to the jet where it brezks zwsy from the edge

end the enzgie of chempfor of the orifice, It is felt thot the actucl
ongie of breckawsy of the jet should be studied ~ probably by coloured
filaments in o glass pipe - in order to obiain tho fundemental csuses
for CD acquiring such high volues vwhen fluid pssses through = chompfered
orifice. o

10. A more detsiled study of the pressure rise upstresm of the orifice.
& more complote deseription of the upstresn vortex is nlso required.
11. Of the characteristics of orifices used 4o produce sprays, rmch
remeing to be studieds  Thore is vory little positive informatiom
releting the stomisation and penetration of these sprays to the
characteristics of the orifices preducing them. IZven in the formation

~

of sinzle droplels the effecis of orifice size hnave not been studied.

12, It has been muggested to the author that the roughness of the bore
of an orifice produced by resmering has very little influence upon the
Ch. o published infomation ic avéilable to confirm these remzriks ond
for that reason it would be usoful to determine the €D of a series of
an oxrifico with 2 kmovm roughnesa fector, Similarly, microphotographs
of the cdges of fine bore orificos would give usefml information for
produetion of jets for injectiom pumps. In sddition, the suscentibility
of the edso of 2 jJet to corrosion snd covitation srosion influence should
be studied,

The foregoins review covers only thoss aspects of orifice flow
invelving the fundsnentsl principsls either of the design or operation
- of orifices under normal conditions of operation., Thisz informetion is
required to improve the mamufzcture of mony types of apparatus., Tith
the dovelomment of exhsust ¢jactors, internel combustion turbines end
other new cquirnent, the charzeteristies of orifices both under hizh
temperstures ond with Tluids at supersonic veleocities will have to be
atudied,



LISET OF SYITROLS.

“he following represent the symhols used for the genersl purposes

emmersted; when these symbols =2re used for other purposes,
referanices are givem to these apecizl applications in the text.

Snffixes, prefixes, etc., rafor to steeisl conditiong invelvwing the
] p > ? B vy
game gencraiised appliestions,

dischérge, Cu, ftn/seca

o -
a = area {sectionel) of orifice, sq. ins,

A - " " " rnpproach, 8g. ins.

v = velocity throush orifice, f4./sec.

T = n " approach, i“t./sec.

P = pressure in orifice, 1b./sq. ins,

P x " " spproach, l'b./sq. ing,

d = orifice dizmeter, ins.

D = pipe I L ~ ins,

n = orifice ares ratio % = (-%)2

b =  orifice thickness.

u, U = velocities zcross the scction of 2 jet or pipe.
X (zlphz) = angle of bevel of orifice, meazured betwosn

, : the bevel and orifice foce.

¥ (pst) ‘= included angle of bevel = 180 = 2 X

2] = gize of rougimess in spproszch.

A (upsilon) = Xkinematic viscosity -//%, 2q. ft./sec.
A (m) = coefficlent of vimeosity, 1b./Tt./sec.

;‘,ﬁr ggﬁg‘;ﬂ) or « donsity, 1b./cu. ft.

¢  (signa) = surfeee tension 1b./ft.

Y (germe) = ratio of specifio h;aats, (geses.)

Re = Roynolds' Fumber = .‘*I:/&_ﬁ, Y;;é‘-

Yach. o, - volozﬁ{ff’i? Sound 2

Yy = Cepillarity Tmber = -‘-3-%&-—

H = discharge hend.

e = pecelerction due to grevity (32.2 £t./acc./sce.
N (1zmne) = friction coefficient (olso used es wevelength

of stetioncry oscillations of = jet.)
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(pnt)

furbulence.

. " o JE R - - . * I Ny
snala of jou, teamivad Lebs

inclnéed =ngle of tangent of the jet.
frequency of vortex formation.
time of drop formration,

=on the tengent
* 4o the jet and spprecch fzoce
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1.

Introduction.

Object of the investisations.

Mn earlier paper by the suthor evoused his intercst in the
operztion of the recduction volve used in refrigerating spparatus,
It wza desirable to know the influence of the refrigerant flow upon
the presmre differonce scross the valve tnd its effects upon the
coefiicient of porformance of the refriferator, Other exsmples of
fixed obstmuctions in fluid systems such =3 vzlves, filters, eto.,
=lso occurred to the suthor o5 involving some rolationship between.
the pressure drop, hesd-logss snd flow, Such data is of use in the
design of hydrmalic systemz and is of greet importance in the con-~
gtmmetion of sutomatic control epparatus, it 2lzo has other wide
applications. The suthor therefore deterrmined to investigate the
flow of fluids throush obstructed peszzges.

To reduce these investigstions into recconsbly genersl terms
applicable to a mmbor of different obstmetions it was deoided to
study in deteil the flow throuzh. orifices znd nozzles together with
the influence of obsiructions on their éischarge characteristies.
These throttling devices have becn used in o veriety of spporatus
and have a simpler function thon other types of enperatus.

Before comaencing any experimentsl roscarch the exdsting deta
on this subject wes carefully exemined. Ilany publications exist
dving the influcnce of various factors on the discharge character-

‘istics of orifices, porticulerly with regerds to their use as flow-

metera, Other contrilutions with a bearing on this subject have
been found in reporis on injection nozzles, cartmrelbtors, stesm
nozzles, ete, This dato does not vet exist in one whole collected
work and hags been zgscombled into the critical dissexrtation, part 1
of thia thesls, a feat involving some considercble zmount of pionecer
resecrch into a mass of published literature on this subject,

The experimentsl work fzlls into two parts, (1) fundsmental
celibration of certnin orifices ond nozzles (2) determinations of
the influence of obatructions on the discherge cherzeteristics of
these pro cslibrated orifices snd nozzles. The reaults obtained
from the first geries of investigations were used to compere with
the gtatements of other experiments described in the dissertation
spd were 2pplicd a8 & basis of comparigon fer the second series.

’R. A, COLLACOTT. Control ipperatus in Iferine Refrigerating Plent.
Trens. 1 MHar, E. March, 1940,



This work hos been conducted only Tor liquid flow. By this
meang the study hag been oimplificd by eliminsting the compressibility
Tactor ascociated with goseous flow and the epnaratus has not been so
gensitive to such physical changes as the temperature, viscosity and
dengity.

Irom these investigetions it hss becen poszible to plsce the
effeet of the apvroach on & rational besis. Turther exverimentsal
end =nslytical work remains {o be carried upon the vortex fomation
in a contracting stresm 2né other extensive subjects which are far
beyond the scope of thia thesis. The suthor hes however considered
i1t advisable g 2 puide to those vho may follow in his path and seek
to develop thiz subject, to appcnd a short review of the work which
in the lizht of hig exporience, remeins to be pursued.

gy-
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Flow Coefficients.

15

¥hen a liquid flows through a pipe and|ihen constricted to pass
through en orifice, tha mesn velocity is incressed in order to main-
tain contirmuity. of flow. The pressure energy is therefore reduced
in order to compensate for the grin in kinetic energy, twms, rsferring
to fig. (2.1.) for contimity of flow the rate of discharge Q = 2.V, =

b

A .
A.v.‘ iCEI V= 'a"V ‘ S %V

Agswming no energy is lost in the contraction, then, by Bermomllia?
aquation )

2 2
P1V“ 2 R v
w 2g w'2g
V2-72 = Pep
28 w
i.e. v = 28. (% PO P SsLPORDECOPIOEIGEOIETEPIEINOEOTEPENTTDIDY 2.1.
l-nm

This expression is besed entirely upon the assumption that there
is no loss of energy by fluid friction, eddy formation, ete, In
praotice these losses do ocour so thet the true meen voloecity i3 less
than the theoreticsl. In order to fzcilitate design and the study of
fluid flow it has been necessery to introduce a facior to compensate
for this velocity variztion, thus the

. . True mean veloeity,
Coefficlent of Veloc:'_.t}, C¢ ® Theorotical meon VYelool 1y
In 2 simileor woy, the tmie oroos mection of the {low veries from the
theoreticsl scction obtained by mecsurement of the eperturs. Thia
rosulis from the inability of the stream lines to conform to the
contours of the nperture owing to the high centrifugel pressure created
ot high refes of flow. 4 faotor has therefore been introduced to

- ¢oupenaate for thig veriation, co that the

Tro gectional ares of flow.
oefflicient of trzotio = - =
Coeffl Contraction, cc: Theoretical sres,

Aa both the mesn velocity and the seciionsl arez very from the theoreticsl,

the actual rate of discherge will very from the thcoretical value.
For this also, a fector hag been introduced given by

Aotial rate of discharme.
oA E-d . 745) -
Coefficient of Tiacharge, 030 ® Theoreticsl rate of dlscharge,
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Eoch of thege flow coefficients is subject to wvarictions sccord-
ing %o the conditions of flow, tlms with viscous flow the contraction
is unity tat the velocity coefficient is low., Under turbulent flow
the coefiicient of velocity is nesrly unity vhile the coefficient cf
contraction is low., These coefificients are also influenced by the
orifice -~ pipe dismeter ratlo, the inlet champfer on the orifice,
its length and a veriety of othor conditions. Generally the effect
ol these conditions on the individunl coofficients hsave not been
sacertained, it still remeining o matter of speculation 23 to their
reletive influence, zs the cumulztive effect on tho discharge
coafficient is most ususlly obteined in procticsl tests.

The diffiounlities involved in separating these coefficients are
very great. This is becruse they do not remain independent constent
quentities but are inter-related with czch other. An elementsry
determination of this relationship has been given by Ower (1), If
the pressure teppings for P are itsken in thoe undisturbed psrt of
the approach to the orifice snd for p 2t the position of least
section of the jet, i.s. the vens~contrsota, it cen be shewn thet
the theoratical discharge with coatraction but without losz of
velocity is

=C & | 2EiER)a o 2.2
Qh c. ] w l_cc m) LR RE RN I AN W AN W I 'Y [ -2 Y

Ifc, is talen into sceount howover, then the true discharge will be

given by

2
Qa Cv' Co. 8/\/w 1_ cm) S0P 0a0rPL IO nan e 203-

If the discharge coefficient CD is obtained from thet derived from

the theoretical velocity in equation (1) =nd the sectionel arca of
“he orifice "A", then the true discherge is

2g (P-
w (l-m
50 that from equations (3) and (4)

Q - CD- Ac

[ RN XN RN R NEENENENNNE N 2.4.

bt 5
CD- Cv. cc' i%éc—-—u% O....O'C..O.."CI'OOQ 2!).‘

This forrula is frequently simplified when m is small, %o the

expreasion = C Tieo head lont hy the fluid may be divided
v' c.

into two perts (1) viscous (2) cddy losses. Under viscous flow
the vigecous loos is high and Cv very smell tut under turbulent flow the

viscous loss is smell end the eddy loss -~ which is proportionately
groater than the viscous loss under turbtulent flow - is elso low.
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It moy thersfore be tekon that for turbulent flow. Cy—21e0.- Hence,
expanding squation (5) . :

CO ”/i:nz?%_ﬁg) appm}dm&tely .p-cu-cuaoo-----osuf 2.60

Cers st be tcken in applyinc this equation to obtain the correct
value of Cg since tho pressure drop used to cslculzte Cp must be teken
betweon the wndisturbed upotream and the vens~-contrecta. This
complicates really accuratic determination of the relationship betwoen
Co 2nd Cp a8 the position of the vens-contracte veries with the rate
of flow; 1t is in faot becoming customery with flownmetering techmique
to tcke pressure tappings from each face of the orifice end so avoid
difficulties arising with the vena-contractz teppings.

Exporiments by Witte (2) quoted by Ower yileld the values for Cg
with various velues of "a", given in Teble I.

TABLE Z2.1.

B 0l 0.2 0s3  0:4 0.5 0.6  OsT
Co  0+COL 0+610 04623 0639 04658 0678 0.702

The conditions of the experiments from which these results were
produced have not been sscertzined by the suthor. It is importent
to vorify that venas-contracta teppings were tsken but, even without
such assursnces, the resulta given lie within the generslly scecepted
renge of values. .

fhe Coefficient of Contrzetion.

The values of Cs glven in Teble I have been plotied against "m"
in fig. 2.2, which emphasises the mamer in which the coefficient of
contraction decrezses with the ratio ™a". The pictorial represente-
tions of the flow in fig. 2.3. (s) (b) amnd (¢) indicate thet this
veriation is probably the result of en almost constent depression (x)
at tho vena contract%i 2 The area oF the jet at the vena contraetas is
T (6-2x)2 = 1!'(12(1-..3.) go that the

Coefficiont of Contrrction Cp = (1-2&:5)2

2= 30o/00) wevenenne 2(D)

TABLE 2.2,
m Q.1 0.2 003 0.4

0:5 06 07
q/'é}, 0775 0-781 0-789 0-800 0-8l1 0-8235 0-838



TABLE 2,2, (Contd,)

_:L#cc 00225 0s21G 0+211 00200 00189 0.177 0-162
~J2-(ZLV€;) 0-113 0-103 0.106 0.100 0:094 0-089 0-081 = %
%,? 0+036 04049 0:058 0-065 0-067 0069 0-068

It will bo seen from Fig, 2,2, thet x verios with the dlsmotom.
ratio, Tut that {the sotusl walne of E i weelly emall, It can be
ssen that X rises to & nexbmom at m = 0460 snd then decrrages slowly

as m incresses fo unity, Actnally, the depression z depends upon
the curvature of the stresm-lines at the cige of the orifice vhich
is itgelf comtrolled by the centrifugal pressurses acting on the
fluid a3 it converges through the constriction. It would gseem

that a mathematicel snslysis of these foroes should yield a solution
to the contraction.

in ettempt ot this problem was made by Villemil (4) based on
the ssme assumptions ss those quoted by Prantdit! (3) who atiributed
the veriations in contraction for various diemeter-ratios to
different degrecs of curvature of the streem lines in their attempt
to follow radial peths. The trensverse componsnt of the radisl
velocity being zero et the vene~contracta. Viliemil essumed that
& hemisphere could be drewn sround the orifice, the velocity being
the scme at eech peint on its surfsce and directod radially to the
centre of the orifice. The hemisphere of dismoter equal to that
of the orifice wen assumed to possess the asne velocity as the
digharging jet o that the volume of liguid contsined by this

surface, i.e. & d% must resolve itself into a jet of length equel

to the orifice radius. Hence, if 4 = area of orpss section of
the equivalent oylinder.

Volune of liquid dissharsed 3137-&’ - 5

e 4 = % e - -g- Orifice Area,

s o . 2
i.e. Coefficient of Tischarge (2‘3 =T eeeseneenes 2.8.

This gsolution hos many faulis snd requires several refinements, the
enswer is 50 close to thaet given by experiment howevar, that the
idea seems worthy of Turther development,

This developnent has sctuclly heon nede to some extent by
Howlend ond Richetta (5) bosing their snolysis on the provious work
by Profescor Hoopsr (6). They essumed that the pressure reduction
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2
et 2 point was ‘—z—g- where v wag the veloeity ot that point end hich
they furthier assumed to be on an equi-velocity henisphore so that the
Discharge .
velocity v = = = where r = radius
Area of surtoce of hemisphere 2
rea o enisy Y
of the hemisphere. Iy equating &1l the i‘o*'ccs gnd zprlying the
olementary momentun theoxry they were sble to deduce the ratio of

area of the jet to that of the orifice =nd 'b.;r solving the quadratic
equation :
1-2cc+ -c£2 = 0 PO S P PO SORUYEECEEOPRIOOPIOOOS RN PIOETRTS 2.9'

3
obtained C . = 2 - = 0¢536 instead of the velue 04590

computed by Professor Hoover. This semc result they cleim has been
dednced in a slichtly different memmer by Titt tenbener (7). The
suthor heg not verified this clainm,

That the coefficient of contrection rmst certzinly be greater
then 05 was demonstrated by Reyleigh (8) in 1876, Jor the velocity
acquired in the cbsence of friction ig , v =20Dp
end if the sreo ot the vens-contracia ig b the irue di"chargc is v
end momcn‘un/unit tine is (Gv) v = &'v?, which requires that force to
keep the vessel still, nemely p & vhere é is the ares of the orifice.
A relief pressure must however exdst sround the orifice corresponding
to the velocity at thet region, i.e. })56’! Hencae, by emating the
forces '

1 9
p(6+86) h b v Séé 2 p.
i Som—— = J‘ AR R RERE TN RN NN N RN NN [
i,e. (2c = & },.E <+ 6 2,10
This shews thot es B 6 ~Q, Cc — 0.50, By thig reasoning the
reaciion force »reoduced by a chonge of momentun sround the jet oxtends
for an zroa Q4= (2C,~1)4  so from Teble 2.2. we got

m 0.1 0.2 0.3 0
%9’ 0202 04220 0e246 O

itThia sugeaats on experimentel method of flow calibration which does
not appezr to have been published before

Force T = lomentum/sec. = w.Q.¥. = W.Q.Cv. 28
8 g
L] - F
« o G,




This epplication is not strictly correct 23 Resyleigh's theory
appiies te &n orifice in &n infinite well vhich certzinly is not
comparsble with an orifice in a pipe. The additional area wag
originally thought by the suthor to remlt from sn equi-velocity
spherical gurface shewn in fig, 2,4., this being the besais of
" previous saqumptions for Cg.

Aree of surface n{d (r - x) 86-r6 -’r 4196 .
A ’ o.. §_é = dgr—x! = égr":’ "'l ssee --ollo
6 )/(L‘L 4
T A *
s, fron tsble 2.3.
TAFLE 2.4,
041 002 0e3  0e4 05 06 07
0+300 0-305 0°+315 0319 0°329 0°339 0°351
s267 253 <238 4230 <215 198 <180

AlH p-lz o

which shews that the radial flow theory does not entirely hold for
the values uased, the pozition of the foczl point varying considersbly
with the orifice dicmeter. '

‘ A olassicel deduction of the coefficient of contrzetion for a
perfect fluid isesuing throuzh a elit in tho wall of a large vessel,
wes given by Lemb (9) tut which he zttribuics to Kirchoff (@) end

13 based on the thoory of free stresm lincs. By the sapplication of
mathematics he deduced the fom of the boundaries of the et to be

given by
xgi-&n = midy = & {lo& tan *‘-)‘Sme.......... 2.12.

where 2b is the 2 ‘..syx:mtctio mi.d’ch to vhich the jeb contracts, and
iz 2 mathematical parsmeter. Trom this, the width of the slit is

given by b (‘\‘H—?.) S0 jl;\}.mt the ratio of areas is
m = 0'610-....c--n-q.c.-‘---iooo 2.19-

Footnote contimicd from page T.

ALl the quantities Q, w, H may be determined snd if the eppsrstus is
mounted on guides on ball beerings or other Trictionless supports, one
end of the experimentzl tube may be comnected by rubber tubing to the
supply end the other discherge through the orifice into space. IT
the axial stifimess i3 pre-calidrated, deflection during flow mey be
obtained with & oclock gsuge or travelling microscope snd hence the
reaction force moy be decduced,
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This figure is very frequently quoted a2z the true theoretical value Co.
It is only calculsted however for tho {low through e s£lit and the effeot
of three dimensionsl flow will probably medify this value; it is
interesting to record however thot the opinions *enevally do not anti-
cipatz eny considerable modification to Cv from this source. In
approximate solution by Jscob (II) glves 2 valuo of 0,618 for the
theoratical coefficient which is in reasonable agreenent with the

valua obtained by Lonmb,.:

2n attempt to deduce by mere dircet methods 2 velue of the
coeﬂ f:.cu:r’c of contraction in texma of the flow was proposed by

£ (12.) 7Py a mothemoticsl troatment of the equation to motion
md from o study of its zpplication ta the curveturc of the boundaries
it was possible to deduce the ares u% the venz contracta, This
method, which is presented in detail ..ater, "‘}.ves a zolution of
the form

Cc=1~a. Re. PO PRI OEPUEP LT ES OB PIOIIINIOGeseonRUOEPTD 2-14.

where & is a constant, This indicatea o linear reduction from unity
23 the Re:molds Ihzber-increases, a rosult which in practice, is only
applicable to wrscous flow, experinents indicating that & constant
vAlue of 0.610 zpplies to the turbulent zone.

Smith & Wolker (13) investignted the free discherge of jets
through holes of varying size and under diffcrent heads. Measure-
ments of the contraction of this jet, 2s talen by 2 ring-geuge were
used to deduco tho coefficient, This method does not appesr to
offer results of sufficiently high accursey for precise determinations,
tut nevertheless ensbled the suthors to conclude that the coefficient
never becomes less then 0.61 and for the rezion of turbulent {low,
could be reloted to the heed znd orifice dirmeter by the expression

a

Cogl- - uto-.oc-loncDtlo.loucl..'.ouo-c.lu.nlq-coolo 2.150

0.15
dc hv»
and Cc  0.610 vhen they are large, it is poassible to deduce 2 = 9.329,
It is difficult to substitute z function of Reynolds Thmber for x
which complicates compsrigson botween equetions 15 snd 14, Vhen Smith
& Welker's equation is expanded,

Cc = (1-0-39)-"0.393" ‘o'.-ng?‘xf' + veseese &te,
= 0,610 + 0.39x = 019522 T .i.ceus OtCeeseenens 2.16.

or, subgtituting for x, Cec = 0.610 + 0.0586

d h 25 oo.oonoo--oougoc-. 2.17.
neglecting the second snd higher powers of x beczuse Tor turbulent flow
both & end h are sufficiently lerge Lfor the product to mske high
powars of x negligible.

where x .{ (h, 4) = end since Cec-l when h & d are emsll



Torking on the principles of his previous paper, Howland (14)
shewed thet in the transition snd turbulent zone

Cc = 2-J4-%§i

L2 A BN BN 2K B0 BN B BE A A0 BN B BN 2 2 B 2 IR BN BN BN AR 3 B BY BY S BN N 2.180

1.052

which reduced to Cc = 33252 47 Ov 7 0.723. 1% the seme time,

Howlend related Cv to Reynolds Iumbexr by the expression
1l

cv' ." [ AN AN NN ENENENNENNNNEERNENNNNNENERNNN) 2.19'
/% + 1 . |

which can be simplified by reducing it to

Cvnl- ’M ll“..‘.f‘.!..'.......O.l..'l.‘.l. 2.20.
provided R)ug. Substituting equation 2.20 in the reduced version of
ecmation ‘2"%- G A 0P PO SOLABLOEIPOESOTECEREEIOORNOPNOSOSIOEOLNQSIDS wl

Ce = 0.500 [1 - %ﬁ‘] -2

‘0.500(1+§) 9O GLT OV IS LIPSO NIPEIPOPTIIS 2'21.
30.500* .2% (A NN S RN R NENENNERNERENENERZNINNRENN] 2‘22.

Thizs equation does not asres with the obgervations made by Smith and
Welkor thet o3 R+ o0 Cc-»0.61. It is therefors sugzested that 2o
more suitoble expression would be

-ccgo.610+i 4B O PRV ESPIREERBLOOOSSEIPIOEOPERRERIS 2'23'
NR

In view of the fzvourable indications chewn in Tsble IV of the radisl-
flow theory, it appears to afford the most convenient spprosch to
construe & physicnl solution to the problems of contraction; it mey
provide =n answer to the problems of the position of the vens~contracta
and the veloclty coefficient,

2 (b). The Coefficient of Velocity. The originel definiiion of
coefficient of veloclty was given 2s the ratio between the zetusl

ané theorotical velocities of flow and ¢ definite note was made after
equation 6 to indicate certain preceutions to be telen in selecting
tapping points. It is essentisl thed a correct knowledgse be szcquired
of the veriations in preasure ccross the conatriction in order theat the
theorcticol mesn veloclty moy be correctly ascertained,




Then a liguid flows throuzh en orifics there is a slight gradient
- due to frictional losses followed by & comparatively stecp inerease in
pressure olose to the plate os shewn in fig. 2.5. This rise of '
pressure is generslly etirilmtad 4o the izpack of filsments on the
plate, cnd is therefore called the ™impact pressure.® This reference
%o impact is not quite happily made, but it will be shewn in a
following section (Seoction 15) that this increase arises from the
transverse velocity component of the contracting stresm.

To cpply Bernoullis'! theorum it is neceszary for the filsments
of the {luid siream to be parsliels Althoush not atrictly correct,
(such conditions only =pply to the stezsdy Tlow part upstrerm end the
vena-contrac’ca,) under these conditions the equation is

— = v - :
"1'3."3' gz + s zznd Vaem v for conti_.r;uity

i.e. v -l?— (Pl-{—ﬁ%; o coouming the Cc tem is

n@ﬁlectgd *sesprsotsonev e 2.24.

This represents what iz the only true theoraticel velocity in zccordence
with the genersl requiremenis of Bernoullis® theorum,

Tho distonce in vihich contraction iskes place is so =mall thot
ordinary "pipe" friction for the distance between the neasuring voints
is negligible, momentum logses are =lmo small in the contracting
portion., It is therefors highly probeble that cquation 2,24 represcnts
the zotusl or true meon velocity., If then, the discharge is ealenleted
on pl p3 =nd pp (where P3 is the Mmpact pressure” derived from the
inoreeso of head at the plate)

’ 2 1 ~ p2) "
i.eo vn_,%l%l_t;%rl) o.oo-.vol.ulowtcoaonccoc‘.oo 2.550

as the theoroticsl velocity, then colculated szeinat v from equation
(24) 2s the true velocity

?3
- El - 12 - esecesvvevassas 2.26.
plip3 - p2~ 1 % Pl ~ p2 approx. :

The suthor iz of the impression that considerntions of friction loss
between tapping points as made by scme writers are not vexy practicsl
and thet the true detemination of the volocity coefficient centres
sround the evaluation of p3.

Cv

Working on the lost head hypothesis, if we let px = hezd lost in
the contraction of the jet (110'%-@, this ig not tho sexe as the head
logt in the expsnsion of the jet which is rmch greater) then, from
Bernoullis? equationg



2
-l C P AW NP SN POOOS OO RACEPYIONOIEIOLIIBOORLES 2.270
2g w 2g

Again the mis-use of Bernoulli should be observed, For it is not correct
to usc this enerzy cquation for conditicns involving a loss of hesd.

Emuation 2.27 combined with the contimity expression V=m va gZives

wnfrglebpy LT T e
|(Lm{ﬂM,¢mwﬁﬁm ((‘l” IS /03-\ Oﬁ' Nad, h n.thq,( ’IM)’W‘/.
m:xl%éﬂll:l}’) e m s m e e T s mm e e m e — Zz.29

tm;:nc:e,' : ' - ' ’ . . T

Cosfficient of T=loolty, OV = L P-2x-p

-1l - (ff—l) eereneeneennennenns 2,30,

From this it con be essily shosn thot if ﬁ_—-ls amall then Cv =

x
1 - 2 p .
Vith viscous flow the whole "loss of pressure™ px is very neerly
equel to the pressurc drop snd therefore Cv—>0 o8 Re—30; but with
turbulent flow the viscous loases sxre very suoll, i.o. Px is
negligibvle. Voricus text-boolis quote Cv = 0.98 5o that 3"1 = 0.04.

Towland¥s atiempts to predict a theoretical relocity coefficient
for the turbuvlent zone have been described. The equotion Cv =
b}

l - "'Jjﬁ'e' does not gseem open to serious objection ~nd cortsinly lies

5y

in the correct range for turbulent flow., If then, we csuate this to
equation 30 2nd px is sssumed smell,
é b

X
wel-ztem =1 A

B

X "
i.e. gg—P' - 11 ooocooa'i-nouoao---n-o.vlnoco 2.31.

ie

This zreprescnts bul one psrticuler condition for it is most probeble
that the volue 17 is & complex Dmction representinsg the form of the
cpproech end the orifice. It is open to the objection thn {,51'!; as
derived on the asmumption that the loss of head varies as V  ro%
wiereas in proctice this is time only of 2 limited portion of the
turtulent sone.
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It sheuld be noted that if Px = L. Vl‘s, P-» =1

ﬁand
W m?Z2 2g
v.d , then
Re = >
s
(z, ¥2) = ‘

T, =

Be <8 J* o

. ’ 2 ,

® o BI = . gﬂ%%-:é '%‘ . PR 0 aBPsOCNRIOOIBLbERBOEES 2-32

and theorefore varies accoxrding to 2 rmumber of physicsl conditiens of
the Tlow,

switt (12) proved, by equating the head loss to V, that

I&'ﬁ.*'_l_ --...........-....Where&isaconsﬁan‘t
2g Re

80 that Cv = (1+3 )""’Ij
Re

& ~n -
= ] - 2 Re annTOX., R N RN 4039-
Hence E;— = 4. somming thet Ov = 0,98 when Re = 2000, then
Re
eL-BO- i.G. > 4 = .Q'O_’ SPevesesces et INNELIRNSTLILOEGLRTS 2'340
B

To generszlise the vhole nesition in rogerd to the determinztion ef
'Cy, let N = index of approzch velocity representztive of the hesd loss.

w 72 -2
i.ee Hy = 35~ E&Eg (Re. Cy) 5
But Hx = 3, -5 =1 2

g LGy

' -2
wnere X = M, Re

ond 2)T XM 1
hence 1 ~-K Cvﬂ= Cy2
Eczv'i.“' cg- hnd 1 = O @0 0090000 PB B 0t esseEPRPOEEBOIOCEOIPOIEEOSEOEOITTSE 2.3 .

T™his expression is too. complicated to give &z simple relationship
between Cv znd ¥H,XK, IEvon i this ware sn cogy methemetical equatien,
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its direct usefulness iz in dovbt, for the hesd-loss index H veries
g3 Be and therefore as X

liellanby and Eerr (15) have suggestcd 2 nethod to determine Cv
from the velccity profile. Thus, essuming that for turbulent flow

the velccity distribution, such a2g in :E‘::.g. 24Ge zollom the lew
2 n

v = V.-'b- COCI BBV I TIECIIIOIINNISIYUCSIOEENSLREILEOETDPES A-o,z6-

and noting that v=0 forx = ¢q.

v =, (1 -(i—)a") fteterenensesaeentasssntnnancanes 22370

80 that the a2res under ths curve is

g
Xyom 2m
vy J'ﬁ.-(;-) Jax = 2vy ¢ 5oy
A -

If the theorciicel velocity is vy then the eres under the curve is 2 Y. co

R 2m
leCo CVS%'% 3 mtl

or if vy = vy

2n
2 ml

(AN RN ENRNENIENNNEN NN NN NN S NN NN RN NS NN 2.‘58.

Thizs has ¢ fundemental defect however, as the ratio of areas i3 no
criterions Tho rate of discharpe is a deciding factor if the mouth-
pliece is full. ' ’

dq = 21 x.dx.u .
e 2
b < 2:::] N C n
Ifug = theo*ctic"l unifom velocity

Ct = 2 ub.
Tence, % ul ('i'mﬂ)
ut
N 4] .
ﬁsmlﬂ&'uttul "n:*,_l‘ eesvevesvsrassesrORsOELPIATOTS 2.39.

which gives a lower valus for Cy than does equation 28,

The value of the index m depends upon 8 variety of £ tors
including the rate of flow, Reynolds muwiber, wall rou~hnem or pipe
loss ond othor varicbles waich it is not possible to detewine briefly.
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Work on the velocity profile of liquids throuzh pipes hes tsken 2 con-
sidereble time to develor =ud tho present stage of resesrch indicetes
thet the fundemental low cssumed by Mellenby & Kerr is not setisfectory.

L solution der:l.ved along the lines indicatcd by these euthorities
caxmot be complete unless a good kmowledge of the velocity distribution
befors the constriction is svoilable. Once more the suthor considers
that a simplified sscumption such as that of "radisl flow" will provide
‘a cortain smount of fundemental date to form the basis of coefficient
and other calcu.lations.
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The Principles of Flow Similerity.

In the pro-calibration of hydreulic spperatus it is necessary to
obtzin both geometricel end dynsmic similarity in the apvaratus znd
flow pattern. Then two systems are sinilar, the flow coefficicnts
should be equel and other hydrsulic phenomena are likewise similer.
If the principles of flow similarity are maintnined it is possible
to compare the performance of two systens.

With orifice flow, similarity is difficult to obtein becouse of
the large munber of variables introduced with restricted flow,
For this reason it is difficult to compare test results by a mamber
of different investigators without vitiating tho precise conditions
of similarity, It is thercfore convenient to divide the conditions
into a2 mmber of parts each representative of some controlling frctor.

(2) Geometricel Similarity.

To compsre one orifice system with enother it is necessary for
£ll the dimensions to be in the seme rotio @3 ezch other. This
principle of similarity is shewn in fig. (3.1a); it i3 neocessary
for every essentizl detzil of the hydraulic system to be sealed in
en accurate ratio. This involves gecmetricsl similarity in the
epproach ond discharge lengths, in the dismeters =nd orifice thickmeas.

In some ccoges the orifice is rediused or chzmpfered as in fig. 3.1b.
To obtain similarity in these cmses 1t is necessary for the dimensions
to be arrenged in the scme memner.  Vith chempfered edges it is
considered that geometricsl gimilerity of the linear dimensions should
be meinteined., Hence,

Mgle subtended by large orifice = 2. tant (g’-‘:i-g) veves 341,
-] k‘ d.—d’

" i " smaller " = 2. tan 5% 1
= 2. taﬁl(éé:'i‘q') sesenve 3.2.

from which it will be secn thet to preserve geometrical similarity the
angle of chempfer must remoin constent,

It i3 of utmost importence that the zpprocch ond dischsrse sections
should be in correct proportion. There are limits of straight pipe
which heve been set, beyond vhich it is not necessexry thet similerity
should be maintsined. Up to these linmits it is essentisl that the
systen shall be geometricelly similar in order thot the flow shell
suffer the szme conditions in esch case. This is important with
regerds to such detzils as woll roughimess. Experiments have shewmn
that the wall roughness influences the boundary lsyer thickness and

the wvelocity profile across tho stresm, both of which have en effect
on the orifice discharge choracteristics.
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(b) Dynemicsl Similerdty.

The conditicns necessery for flow similerity require the
procuction of similar dynsmic pattems, generally covered by the
exprescion "gcsle effect.” TVoxrtices of proportionate sirength,
pitch end spzeing ave often classifisd o5 exsmplss of dymenic
paetterns., Vith orifice flow tho deductions made by Reynolds sre
Tairly satisfzetory ag a basis for flow cszlibration.

Reynolds HMumber mst not be regsrded as o completely satisfsctory
besis of corrclation for obastructed flow. This question was
discuszed by Tuve end Sprenkle (16) who raised the following voints.

(1) T™e flow mst be steedy, nonm-pulsating and nom=helical, In
prazctice, undamped pulsations in the approzch violate these conditions
and restrict the spplication of Reymolds* mmber in this section of
the systom; vortex fommation in the discherge section is constreined
by the pipe walls and therefore pulsations sre transmitted through the
fluid and Reynolds® mmber agoin fzils as a2 besis of correlation.

(2) The approach velocity = mx orifice velocity so that corrections
for the .approach flow are not independent of the geometrical similority
of the system.

( 3) The discharge vortex aystem is not wholly dependent upon Reynolds'
Tiumber,

(4) Reymolds mumber does not account for =11 the properties of the fluid.
By applying Loxd Rayleights theory of dimensionsl similaerity to

geometrically similar orifices, Mawson (17) hes demonstrated thet it
i3 possible to zprly these principles end showed that

CD::A—*-B‘F(—“—ZIL-TT') R R LR AT RERLILY 3e3

while Swifk hzs shewn that for viscous flow

CDS }_"‘\"B‘ (ﬁ) $0eNGOEBORIINIILOIRIESBSIOENISEOTUENDSY 304.

Cornish (18) on the othor hend, regerds the "capillarity-mumbor”
d.w. 2

oexpreased by -6'—-:,?? to give a2 betier basis for comparizon with free

dischergo through amell orifices under low heads,

In view of the considerable conflict of views in this matter it
secng that o neothod cuggested by Swift is the easiest method of
obtzining o comparison when a large mnber of factors sre involwvad,
This method, which wea derived from the mothematicel theorems of
- Riabouchinsky (19) gives:
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CD = Co r eritlmeticrl sumaation of fmeiions of the
modifying factors.

1.0, Cp = c§+-§'(¢)-pf2n)+ 's-m »(4) eesee €tCervaas 3.5,

for which it is nccessary to obtain the fumctions in order to offect
comperisone The author considers that this method affords
excellent scope for development,
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The Re-cntrent Tozzle.

Zorda shewed from theoreticsl reasonings bhased upon the nomantum
theoren, that the the retical contraction coefficient for a re-entrsmnt
nozzle waes 0,500, vhich corresponds to the minirmm possible value for
a non-entrant orifice as deduced by Rsyleigh. 1In his clagsica
researches Dordae (20) obteined & value of 0.5149 for the contrazction
coefficient. Other expoerinenters have s2lno sttempted to obisin the
minirmm coefficient of contreetion yet Fidone (21) only reached
0.5547 znd Weisback (22) 0.534. ‘These discrepencies sppear to
arise from & yumbsr of factors due to instsbility =t the spproach to
the nogzle. This ceuses the curvature of ths stresm lines to
incrense the jet at the vens-~contrscta znd so increszse the coefficient
of controzoction.

4 point of prectical significance was brousht out by Unwin (23)
when he stated that it was possible for = re~ontrent pipe to mn
full if there was the slightest disturbence in the 2pprosch.  This
contirms that tho issuing jet is for from steble 2and eny source of
dlaturbsnco, no mztter how glight, which msy arise from experimentsl
imperfoctions, mast inevitebly tend to increase the contrzetion
coefficiont. In order to obtain the minirmm coefficiont then, it is
necegsaxry to nount the sovpsratus entirely Tree from vibration and to
ensure that the epproaching streem is not digturbed. In preetics,
these conditions ¢zn rarely be obtained, it is most probehle that a
re-entrant nozzle will run full.

Experiments on the flow of verious licuids (inoluéing nercury)
throusgh gless tubes shew that it in poscible o obte=in a low
coefTiciont of contrzction by waxing the sides of the tube, This
removes any possibility of the jet-surface adiiering to the tube so
that contrzction is completed,.

Investigstions by Timnie (24) on the use of a vertical

pipe as
the overflow for & loxrge tenk snd in particular its zcppliention to
large reservoirs, show thet the dischorze is grestly affecied by

a
the type of flow exdsting ot the entrsnce to the pipe. In generel,
three types of flow cre distinguisheble, (1) full flow in which the
atream exponds to the full diemoter of the pipe after the vena-
contractz, (2) Dordz flow in which the stresm contrects to & minirum
diemeter which is msinteined ofter the vems-contrscts snd (3) an
intemeciste flow in the transition stoze from (1) to (2). It cen
be ssen from Tigs. 4. la. that at very low hezds the water adheres
to the pipe vhile surrounding sn wndisturbed core of zir (wator
appeers blzck in the photograth snd zir is white.) Tig. 4. 1b.
shows various stsges of pulsation in the flow which produce 2
gulping noise after the hend has incressed to sbout 0,90 ins., 2s
the hesd increases so the frequency of the noime decrecses until in
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{ig. 4. 1f. & fluttering, trensient ripples are produced which grow

until st fige 4. 1h, the base of = high heszd vortog becomes visible.
The critical heerd st which noisze cezged (indiceting the cessation of
alr entraimient) wns determined by Binmie for several srrangerents,

these zre given togethor with the flow rstes in table I below.

TABLE 4.1.

Arvengement Criticul Heed Flow
REE—— (irs.) - (eu. Ins/zee.)
Flat end, 1" diz, pipe 2 £t. long 0.95 75
Shaxrp end ® ™ " wow .w . 0.92 €8
wom Mm% 514, long 1.02 93
1" die. pive 5" trumpet 5 £t. long overall 0.60 116

Calculations based on the assumption of full-flow chow thnt the dis-
charge coefTicients under the abeve circumstcoricos sre as glven in

mn

Table II.

TAPLE 4.2,

Hezd Veloci Theorotical Tischarge EE
G2 (et e inefaee)

24.95 99.80 78.40 0.957
24.92 99.75 78430 0.867
61.02 153.00 120.10 0.774
€0.60 152.60 ’ 111.90 0.968

The hizh values revealed by this snolysis sre such as ney be expected
with Mll-flow,

In genersl, the litersiure for ro-entrant mouthpicces is extremely
scent, poanibly due to tho asrumption that a low Cp must alweys exist.
This erroncous impression has probably arisen Tron the widespread
vublication of Borda's theoretical coefficient without reference to
practicel reoults, That this flow is unstoble end full-flow with
high coefficicnts more proveble should be more fully sppreciated cnd
the eprlications of ihis mouthpicce better recogmised.
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-CHAPTER 2.

The Tffect of the Fluid and Flow Properties on the Tischergze.

Viscosity.

The streight isothemsal flow of a fluid through a long straight
pipe waz shewn by the classicerl experiments of Qshorns Reymolds to
take place by mesns of one of several mechenisms, At low Reynolds
Fumbers the individusl particles of n fluid flow in sirzight lines
perallel to the exis of the pipe, thoy have no spprecisble radiel
component of velooclty, This is Imown g laminar, strecmline or
viscous flow which persists for Reynolds Ifumbers betzeen O snd
shout 2000, 4 transition zone exists betweenn 2000 and 2100 in
¥hlch the flow i3 pertly lsminar sméd partly turbulent., Vith
turtulent flow at high Reynolds Mumbers the individusl particles
move in irrogular paths with veleocity components in!all directions,
Sound waves originate et very high Reynolds Ihmbers™ in the region

"of supersonic velocities, shock waves being produced by the

propegation of pressure thrcugh the flowing fluid. This briefly
explains the tyves of flow which mey he dlstinguished when a fluid
flows isothermally through a streight pipe; in practice the

flow i3 mainly turbulent but in some csses the flow through the
orifice is viscous. Vore frequently (and this is a point which is
not slways sppreciated) the snprosch flow mey be viscous vhile flow
in the orifice region to the venc-contrscta ond further downstresm
until steble conditions ere resmumed, ithe flow may be turbulent.
Tmigz, if

Re S = approcch Reynolds Fhmber
apnroach >

= Y.D e 9SG QC O OPPRIEBSROIEOIEOIOORBOEINOSECOGEONOEODS 5.1‘
I 5 2
Rate of flow, @ = V.1 ¥ = v T

Iy
i-eo ch - v.d. (%) L3 "/?n. v.do eresenesvccrtoe 5.2-

Substituting in 5.1.

ve@
RX1S

Re 2ppro BCh = (M, >~ =,m. Re, ori. fice

Thus it is possible for the anproach flow to be visecous over = large
renge of orifice Reynolds Fumbers even though the orifice flow is
definitely turbulonte Then such & state exists - snd the suthors
experiments have included this condition - the flow in the zpproach

*® . . e
Or, under the zeronauticsl aystem of supersonic definitions, at
MTACH TURBERS greater then 1.0

*
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will comnmence as viscous, scme way bafore the orifice it will swmibime ente.r-
the transition gome and finslly pass turbulently through the orifice.

The following will show thet whem viscous forces predominste the

discharge coefficients are low rising to & constant value when

turbulence prevails in both the approsch and through the orifice.

It is therefore to be snticipated thet under conditions of viacous
approach and turtulent discharge the coefficicnt will be lower than

for complete turbulence.

At low Reynolds Mumbars the flow is completely vigcous end eon-
siderable influence on the flow is exercised by ithe shear forces
betwsen adjscent particles and leyers of fluid, It is possidle by
en elementary mathematical manipuletion” to shew that the velocity
distritution 2cross a pipe under purely viscous flow is

V= Vm. (l -g') P 0OIIRNINETALEEROOVNOIRICINSIVYIEIGEROIQRRETDRES 5-3.
where y = vericble redius, R = radius of the pipe.
Integration of 5.3, shews that the mean velocity of floW, Vygum = %+ Vgox.

2

h.nce’ T = 2' vmam (1-%) .oauaoccbc_.toqo‘-tln\'oo'h-ou 5040
This verietion of velocity is interesting, studied in conjunctii i with
the velocity distribution 4n the region of the orifice 1% shews that
while some of the strezm lines will be rotexrded, others will be
accelerated, The effect of these forces are negligible for purely -
viscous flow tut in the vizcous-turtulent systems previously desoribed
they rmuat influence the discharge. oo

Viscous flow throush orifices. A

When liquid flows through an orifice nt very low Zeynolcls i
Yumbers the stresmlines converge end diverge symemetrically around
the edge as in fig. 5.1. Johenoem (25) showed in a series of Do
photographs of tho flow pattem that ss the xcte of flow, 1.e. Reymolds
Tunber incressed, the divergence of the sirecm lines in the jet behind |
the orifice was not so repid. At very low Reynolds Numbers there is '
11ittle or no contrnction of the jet, 1.e, there is no perceivable ,
vens-contracta zo that the coefficient of contraction is very neesrly v
und ty. K

* Consider an elemental ovlinder redii y snd y+dy, length L
preasure difierence p.

Viscous forces = Avea X Viscous Stress = av
2T yha &
Pressure force = Ares x Pressure Iifforence = p, T y2

Equating R d?.?_%?.ydg
_ Integrating Va/lp yiyep (B2 ~ y2) » Vgax, (1 -
3&1 3 -8
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YVieny investizators heove conducited exporiments to dotomine the
effoct ¢f viscosity on the discharge cocfficient., The most complecte
series of results have been published by Johansen (26) in R, & 1M, 1252
Tor the flow throush shnrp—edged orifices at% very low heads. Five
orifices of dismoter reotios (3) 0.C90, 0,203, 0.4%0, 0.595 end 0.753

were used ind in cach case, geometricel similarity with regards to
disphregm thickness wes maintsined, The results of these experiments
ghewn in {igas. 5.2. indicsate

(1) a2t very low Reynolds Iubers the discharge coefficient
varies directly as 4/Ra.

(11) comcidersble variations in the discharge coefficient occur
in the itronsition zone according to the variations in the
diemneter ratio,

All Roynolds Tamabers plotted in these curves refar to the orifice,
this is 2 common practice tut the aunthor bhelieves that they should be
made with reference to the pipe asm this would offer z hetter rezdy
basls for comparison with the friction loss and gimiler date,

It cen be shewn from fiz. 5.2(2) that conclusion (1) =bove holds
for cach orifices, Let this ba expressed by

Ch= Mo gfRe  cvieenieneniririirieinenianeeneineion, 55,

The variztions of 1T with the oxifice dismeter are chewm in itsble 1.
togethor with the ronge of flow over which this linear lsw holds.

T23LE 5.1,
| ‘ on
< = 0.090 0.209 0.400 0.595 0.794
/g 0.1561 0.1539 0.1461 0.1369 0.1273
et wdeh 502 L 9.68 2,67 - 6.80 297 = 8.45 3.0° = 9.00 3.2% = 10.20

chenge occurs

In order to rednce discrepsncies in viscosity due to variations
in the rate of shear. Bond (27) used mixtures of glycerine and water
to obtzin veariations in the kinematic viscosity of from 0.C0L o
T.00. Tith such miztures flowing throush a sharp-edsed orifice
0.14€9 c.rty dicnoter 0.0075 c.mi. thick in =z giess tube 2.85 c.me
diameter, Tond obitadned s curve similer to fig. 5.2(a). Tessurcments
wore nade from the vublished graph (m‘.‘c‘n aome difficulty ss the graph
was smell cmd no velues were tebulated) the following values wers
obtzined,



s D.0515
- . 00180
Re 1.8% = 3.26 {very cpproximately)

Bond chewsd or his curve thet previous oxperiments by Davidson (28)
obteined with thick engine oil ilowing through a rounded orifice,
diffored very considerchly sccording to the viscasity. He
attributed this to variotions in the rate of shear owing to the englne
oil. ~ fThe effecta of rate of shear were neglected by Tuve & Sprenkle
(1¢) who used a considersble muber of diffevent liquids with s wide
variation in viscosities; the resulta which they obtained were
consistent with those of other investigators,

In all experiments other them those by Dsvidson the veriation
in Be of cach ligquid was derived by verying the velocity. TIavidson
varicd Rg by heating the oil, It would seem therefore that the
digorersncies in the latter's reoults arose from two sources (i) the
use of rounded orifices (ii) varictions in temperature zeross the jet.
Rounded or bevelled orifices, sz will bhe shewn lator, influcnce the
diascharge cocfficient consicderably so that it ig difficult to compare
them with the results of sharp-edged orifices. Then the fluid is
heated the temperature scrosa the jeot domends unon the rate of heat
transferrence, i.c. upon the rate of convection and conduction which
ere themselves wroportional to the fluid velocity. With viszcous flow
it has been shewn in equations 5.3 mmd 5.4 that the velocity dia~
tribution is parabolic. A pioneer investigetion by Psrmell (29)
in 191€ shewed that the temperature ¢istribution resenbled the velocity
distribution for liquids in turbulent flow, A similar resemblrnce
with leminer flow was indicdated by chdems (30) who stated thet the
application of heat to a liguid in leminsr flow gave the psrticles a
transverse velocity which distorts the form of the velocity-profile
curve; the effect wss smell howover znd the tempersture varied
systematicslly zcrosz the section.

The effect of themmsl flow cannot he easily resolved for a
bazis of flow similarity. Viscozity will very over the section so
thet some correction mey be neceszsary when uwsing the meen velue given
by the ordinary methods of viscosity mecsurement. These veriations
ere therefore more likely to be nore impoxtent then rvate of change of
shezr due to veriotions in velocity. This conclusion sppears to be
supported by the results of Griffithg (321) for the viscosity of water
at low rates of chear in vhich no experimsnicl evidence could be found
that 2t low rates of chear the viscogity of elre-free water differed
from that st nommel rates of shear. This would confirm the
impreoasion that rate of shear is not criticel for the viscous flow
through oxifices.
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o

Tuve =nd Sprenkle obtained their curves from = great mmber .
of reacings, the results of mumerous experiments. Their romilts
shew thet with very viscous liquids the dimchorge coefficient is
independent of the dismeter ratio, The following results were
taken from their publishied gzaph,

TAELE_ 5.3,
-3
D Hot ¥nown,
no o. 16
Re. 4.50

Eemons (32) showed from theoroticel conciderations derived by
applying the Navier-Stokes equations that Cpef Re? and indicated
thet the curves of Smith & Steele (33) gave Cpec Rg 948 and that
those by Fdwerd S. Smith (34) follow the low CpecRe 0+91+ It would
geem that the power of Ry given by experiment is not clweys consistent
end that the theoreticsl indox of 0.50 satisfics most conditions.
The following volues have been compiled from the curves published by
Irmons,

TATLE 5.4
fothor, Suith & Stecles Hodgson. £.SMMLE.
a 0.10 (Yozzle) 0.842 0.50

D
el 0.074 0.097 0.06
X3 0.003  0.0137 0

® This ip a constent tesm introduced in the equetion Cp = I\*.R‘ﬁﬁ- Z,

Experimente by Hodgson gquoted by Johriusen gave tha results of
TableSVstzken from "smoothed" curves.

TADLE 5.5,

0.00 0.2 0.4 0.6 0.8
0.1565 0.1505 0.1376 0.1209 0.1005

= o)

These were obtained with sharp-edged orifices z2nd not sguare-
edgod oxifices of constent thickmess/orifice dlsmeter ratio 28 used
by Johsnaen himself,
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Co--ordination,

Vhen the results of thege experimenters are co-ordinated as in
fige 5.3. it will be seen thet considorzble varistions exist in the
values of the slope WI."  The results obtained & consistent cna
uniform method presenting vecious velues of I =nd & such as those of
Jahanzen snd Fedgaon follow poguler lews of va*iat@on. The mesdirum
value of ¥ is obisined with = 0 snd esgrecs in both series of
remilia, the meximm value gtrinea by Tuve and Sprenkle is only
slightly higher then that given by the others,

By plot'bing T egsinst (1))2 Johensen obtzined the empiriesl
forrmla

Il_—z 6.38"— 2‘333 (%)2 RS OSOPEOOOSOBIESEEBPDOCSOENOIOIEVPDS 5.6.
]

which sppiies to 211 vzlues of (g) up to 0.8, vhich msy be expanded into
J'.q = 0.1568-0.0573 (5‘)2 S00s0dssssvecitrorssony 507.
The values obtained by Hodguon plotted in fig. 5.3. zives

;_ = 6.40+5.140 (%)2 8000680008000 00500csOIsEOOS 5-8-
n

In order to explain the disparity betwecn tho slopes of these graphs,
Johansen considers the effect of the parallel portion of the square-
edged orifice to comme an sdditionsl resistence in the velocity of the
flow and therefore to ccuse a rednction in Cy. To confim this it
geens that further date relating the effect of orifice length on the
discharge characteristics at low rates of flowyis rectomei

The comparisons serve to show scme veriations in the viscous
region et various different dismeter ratios, fThe results presented
bty Bond, Smith & Steele, end the £.5.)0.T. Swmary appesr to lie out-
side the rangoe of gystemetic varistion, tut this may be due to
experimentzl orrors and to variations in gecmetricsl cimilerity.
This latter foctor was rigidly meintzined by Johsmsen, which probebly
accounts for the wniformity of his remulta, Mn interesting sub-
atitution by this suthor wes to determine the equivalent length of
pipe with the seme dismeter as the orifico which would procuce the
seme resisicnce to flow a3 the orifice. Henece, on the beoig of
Poisevilles equation for lsminar flow he produced

o= L= (D4
- d 64'1‘I2 R R E RN E R N N N I W IS S A A S ST S ISP Ir 5.9-

Yo systematic variation in the Reynolds Fumber =t which the flow
deparis Ix czx the souere-root lew is te be found, it is brobable thet
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complstely viscous flow cxists only in the region of Re leas than 10.
Some indication of the behaviour at low Reymolds Tumbers is to be

found in the work of Davies & Thite (35) for the flow of finids through
rectangular end squere pipes. These investigations shewed that a
complete state o? leminar flow existed up to sn Ry of 140 in which
vortex formation wos not possible, Johansen zlgo determined a regiom
of lzminar stability up to an Rg of 141, The closeness of these two
resulis serves to indicate the exigtance of a laminer state up to 140~
141 snd & sub~-leminar flow in the higher romge.

Theoretical Conjeetures on the Laminer Tlow of Fluids through Orifices.

Tisual oboervations of the flow through orifices confirm that
% very low Reynolds Tambers the cocfficient of cortrazction apnronches
unity so that the low cocfiicients of discharge zriscs from the very
smell coefiicient of velocity. Under vi:accus Flow the logs of
preasure 1s due to the oneryy loss by chear baetween adjacent concentric
tubes of fluid.

In equations 5.3 and 5.4 the pressure drop zlong s pipe wes
shomn to very directly za the mesn velocity snd pipe length

th‘ls, p82QVme‘mxi%— R R R R I W S S PP IR S TP T PSP 5010.

Johsnsen shewed from his remulis that the oressure loss ’c}w'ngh an

- orifice could be expressed in terms of an "equivalent pipe,"

equation 5.9, The physical signifleance of thia deduction has
not yet been mzde clear, but from genoral laws of viscous flow it
secmg that the prescure drop through en orifice is due to

(i) the theorcticnl Bernoulli - pressure-drop due o inter-
chenge of kinetic enexgy,
(1i) viscous losses which depend upon
Ea; the velocity (b) length of %equivalent pipe"”
c

yeelprocel of the coofficient of viscoalty.
Thig viscous loas represonts the pressure logs.

How, zdopting the loss of head method used by, both S?Eét and Howland
it will be seen that the loss of head, hy = (%Vz-l) 5¢ = 2, end
w

using the value given in equation 5.10 for the valuas of an
"omivalent p:!:oe," with viscous flow,

G 2-1) 'u- - CLRLY/

.= COnS'uSn'tx ?-g- el $ € S 000305 P800SR 0PRSS P0se 5'11.
2e Re



where v = nean velocity through the orifice
L = "equivalent pipe length® of orifice bore
Rg = ;eynolds Thumber for the orifice.
znd therefore the Constent K= 8.5. L
Iguation 5.11 gives a2 valve for Gy of )
Oy = (1+£5) - PO, 5. -2
end ascuming K > By we get

ov- (%24‘-?" ‘ﬁe 3/2 Iu-on.'..i.bo‘-o'tolcolooo-..!ln5013n

Then Re is @mezll, the second term of this equation may be neglected so

that .
W‘(% J-I?B .l.l...l.l..l....l...-......".l'..."‘05.140

Agsuning Cg = 1.0 =2t very low Reynolds Tumbexs over the renge in which
equation 5.14 eprlies,

CD - (%)ﬁa ‘uoo-coo..oonn.-c.-hooocooqo--aooocooa-coo5¢15.

Comparing this '&i*bh eguation 5.5 bwe gee that the conastant

'fff ,/__.— ceesssessssssasesaresenssasenassssscasdalb,

The fractor L in this equetion is cmpirical,

« L ‘

. c'&"' m\qz l.il..t.ntlOOOOQI0.0.C..C.O:I.Ot.o'|5017n

1% .

61thcuﬁ deviged in a 8ifferent manner to 5.9 this equation/fof the seme
form slthough it indicstes o very shoxt "equivelent-length™ of pipe.

It 18 intereating to note that if the vaeluc of N = L given by

Johznsen in 5.6. is substituted in 5.13 and Ce taken aos IE 00, i.e.
Cp = Oy, it will be seen that

a(cp) = 5&(3@)‘5-533/2 3/2(33)’5.................5.18.

d Te
ané that when Cp is meximum, i.c. 5.18 ig zero, we have
Re = 3/2 K

] 61.4 + 44.6 m2+ 8.20 m4 oo.oo.uo.o.o--o-uo-.0.-5019.
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This will be sean to vary from Ro = 61.4 at m = o to Re = 114.2
at m = 1.0, both of which are much lower then those obiained in
exporiments and recorded by Engel & Irench (36) in fig. 5.4. From
an znalysis of this graph it would appeer that at Ro = 140 corres-
ponding ¥o m = o there is a limit to & type of flow in which no
eddies czn develop, i.e. it is entiroly viscous. Farthermore, the
value Rg = 4,500 corresponding aprroxinately tom = 1.0, i.e. & smooth
pive, zalthough hish, i3 somevhere in the region of the knmown transition
point which is usuelly teken to be shout 2,200 although leminar flow
hag been recorded up to volues of 20,000 or nore. For {these reasons
it is cuite posncible thet this curve gives the correct relztionship
between Re snd m vhile equation 5.19 gives vslues which are far too
low. Io physicsl explanation appeers to be sveilable to explain this
discrepancy.



Cepillaxity or Surfsce Tensiom,

The eifect of this property on the discharge of s liguid through
en orifice is very smeli, The "skin-tension® property opposes
contraction of the jet so thet liquids of high surfece tension have
larger coefficients of contrection than those of lower surfece tension.
Surface tension does, however, reduce the velocity end csuses a
lowering of tho coefficient of velocity; clthough this effect is very
small ond tckes place in the short column of liquid between the orifice
plete and vena contrzeta it has a grester releiive value than on Ce
with the resull thet the coefficient of dlschaxgs is in affect very
slizhtly reduced by surface tengion,

Cornish (37) conalders however, that cepillarity has 2 far greater
influence on the discherge through orifices at very low rates of flow
than hes viscosity. In support of this view, Comish quoted experi-
nments which he made on different liquids pessing through very fine
borea under low heads, Under these conditions it was stated that
Reynolds Iunmber (which is based on the laws of sinilarity for viscous
flow) did not yicld satisfretory results, tut that by using a
"oepillarity mmber" (Ny) where
ﬂ& ”.dcwogcg S B INOGPVESLRONTVL0B¢iPNseLereePEPOSIPESRY 6.1.‘
and d= Core of the pipe,

we density of the fluid,

§= surface - tension coefficient,
Qe discharge'rate,

gm area at vena~-contrzcta.

it was possible to obitain a sztisfectory comparison of the various
I'C‘Sﬂllts.

Swift has 2iso reviewed the influcnce of cerillerity end pointed
out thet while i% is almost negligidle it hes 2 slightly measursble
effect on the frec diacharge of 2 fluid under the previcus conditions.
Cepillarity cruses z pressure-drop ascross the jet which mey be resdily
celceulated at the vens-contrects, thus from the definition of the
surface-tension cecefficient

26 B%p.d = Ils. We d. BO0ONSPROGRNETEIOIBIOICGROIOEPRARCRIOIOSIDRPTDYE 6.2'
.
The back pressure given by this eamation will be set up inride the jet
g0 &g to reduce the effective head by zn emount

hs = 206 ...0.'I.....0'....l‘....l.'.l.'.ll'..‘;'l.' 6.3.
wed.

using the constants for water, this equation may be written,
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hs=00022 inS. B OGO II L EB 000 EPTOPORELIPLPIICEOIODVPOIPOIOTITS 6-4-
A———

: d

where d i2 mensured in inches ot the vene-contracta. It is clear that
under favoursbhle capillarxry conditions, i.e. mall orifice diemeters snd
low heads, the effect of cepillserity on the discharge may be quite
large. 3By substituting for hg in the emergy cquation for discharge

it csn be shewn that hs ‘

Co = Co + Fri= (Co - A2C - 1.) 6.5,

end zince C, = 0.610 D % this indicates s slight increase in area at
the vene~contracta for all positive values of hg., The constant A is
introduced to sllow for variations in the velocity-distribution zcross
the jet between the orifice face ond the vona-contrscta.

If hg i the only resistence to flew that is cncountered, then we
ney assume
W = 1 - h~lg L LRGN I N L B O BB B BN BN BN BN AU AR BN BU N X BN R N BV B BN A K NF BN BN NN B BN A AW 3 6.6!
211
g0 thet by multiplication of equations €.5. snd 6,6, we obtain
hs
Cp = Cyt 2B-hs (Cy - A ZCo - 1)=C, %.Hs.

- he” (Co - A TCo-T.)
21( 2Hl~hs '

....I...I...-.‘. 6.7'
which, for ezpillary flow, with hg very smsll, may be written approxi-
mately =

%aco- ZEI'IS (co-é) © 0 00 OGS IIEDNAsIOGUEISBLORSIOEDPEESTITTYS 6.8.
o

which es hy «¢6, eccuction 6.3, mekes it possible io introduce £ (€) s

a modifying fzetor. The value of A rmot be Do} , Swift considers

that it is probsbly oquel to Co. Put in the ertreme cese of A= 1

the correction for cepillaxy will be 2 § (Co - %) vhich has a value
Hwd

of =bout ‘%—gg-

measured in inches,

for vater at normel temperature where 4 snd II are

Expending equaetion 6.8,,

CD':-‘ Co - 2 R (Co-%) @8 BP0V PNLIEOINBNGEOEOSBOIPOEROETOOS 6.9.
QoWoll

end by definition, v = 8= Cy. 1[2 gR

2 & 5
. & = (Cv2.28)H
a2
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2
icec II= —_'2£§_"—
G2 2g

L 80P LB O IOLEDLENOISIELON L LTINS TROBLES 6.10

and substituting in 6.9.

CD - co - _.___2' 2&___0_12___&'2 (CO - %)

-

-CO‘ .I'-I%. 'Q...Il..'..‘......QC.'.',..I..I.O.... 6.11

where Ny = cepillerity mmber, used as & modifying factor
K = constent used in conjunction with funetion Wy =
2

2ACv.“2g(C, - %)

Equation 6.11. based on the cclculations of Swift substentiates the
conclusion reached bty Cornish thet ¥y i3 & good basis of ecorrelation
for that type of flow in vhich capillary predominctes.
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Lensity,

Broedly spezking, fluid density plsys a vexy small part in
orifice flow phenomena, This is perhaps due to the fact that most

fluids have densities of sbout the same order; excent for LIeTeury,

the density range is very restricted. Tensity hss wo main influences,
(1) on Reymolds mmber, (2) on the presmure-varistion of sases.

Concidering the bosic Tormils for orifice Tlow ¢iven in oquaiion

2.1, nenmely
28 (P ' e ‘
VG/JV 23‘:?;1%) o.--o»c-.aoo-onvunbni.nocoocuoooocnuoo 7.1.

it iz seen that the theoreticsl velocity of discherge varies inversely
a3 the gqusre-root of tho density. Zgein, Reymolds Tunmber varies as
the ratio of velocity snd density, so that using the theoroiical velocity,

Bg. o ¥
-

06;37'2 DO!0.0.lloobtonv--oi‘n--oova..a.tctoonlo 7g2.

The lews of discherge Tor viscous liquids show that-in the very viascous
range, CDeC Rg
hence, Cp o

1 on--ooooo.-o-o--ttn.-.uon;ouoo-o 7.3-
7 |

It will thorefore be scon thot in the region for which donsity hsa the
grestest of its effects the result upon Cp ig not very great. The
originsl stetement that fluid density does not play e very large pext

in orifice flow phencmena ie borme out by the first superficizl
examinstion. In practice the ficld of application of these conditions
is very restricted 2nd sven with chemical enginecring installations !
the range of viscosity is greator then thet of density. Some very
special ficlds of application in comnection with melten metsls ney

gone day require an investigetion of the density effect, but even thig
secma & remote, unpractical possibility.

Combressibilitl._

Although en octtempt hes been nndeo 4o limit thia dissertation to
tho flow of liquids, the effoct of density is most pronounced on the
effect of preseure veriation on the density of geses ag they flow
throush nozzles =mnd orifices. But this aspect is rertly spplicoble
to the flow of hot ligquids through in sn aperturc vhen vzpour pasces
off at the low pressures at the vone-contracta, This problenm is
more complex than gaseous flow cven and is best eprrozched from zn
initiel study of the compresaibility effeet =nd density voriation of
centracted gea flow. :
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The cxriterion which revresents the effact of compreasibility mry
be written in the form X- r whers

r = ratio of pressure difference to
initizl pressure = PlL=-p2
' rl
‘y = ratio of the speeific heats of the gzs.

This is applied to orifice flow through the introduction of sn
"attermation factor Cp" which is used to eccount for the variation
between the actuel weight of gas which is discherged os compered
with that which is cslenlated from the equation based on St, Venents
forrmla (3%8) which is based on the initisl density

i.60 CA = fctual weight discherged + VWeight based on the initisl

. Y1 2 _ : density
. 1 _I_ 32/" 1 ~-1R Y E_......]:...
85‘. Y"l. m"R 2” PR e00ePOPSEVQISISIOITLE 7.40
where R = I;Lf = l-r, I% should be noted tazt Tor zn inviscid liouid,

Cs corresponds to €p. In most metering apseratus, xr is very nearly
equsl to 1, a6 that

Ga=(1-2 2 A 4y ooproximetely

end when m is smell, it further spproxdimates to

CA - l - ‘_:,,3. Ny "%é0sccevcrsessvecvessusersesssniesesss 7.5.
R

these calculations essume Gy = 1.00 zlthough experimonts by Todgson ( 39)

or the flow of gzmses through 2 chorp-edged orifice shewed that it wag
posaible fo express the coefTiciont of controction in the fom

Cc 3 Co (1 0.585 ";:) (AL EE RN RENERENERE NN RN EE NN NN NN NN 7.65

- g

8o that Cﬁfi'co(l"%. ;’) ®ss0esvsserseessr0esnssantns e 7.7.
~ Vepours,

Some common installations such #s5 carburetiors involve fluid netering
under evaporating conditions, volatilse fuel gpproaching the orifice in
the liguid state and passing off es & vanour when the pressure falls
so that the vapour is liberated. In the case of the carburettor this
foature is coupled with excessive oveporstion znd mechenical disinteg-
rotion.  Vepourisetion introduces complicztions (1) in that the true
densitios snd viscosities cammot be casily determined (2) the prossure
cenditions ere influenced by the expansion of the vapour., ZIxcent for a
few casusl roferences in scattered publications this does not appear to
heve been studied very seriously yet. :
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Totel Hend.

The velocity of flow varies directly 23 the sguare-rcot of the
pressure-hesd for turbvlent flow; =and direccily as the pressure-heszd
for viscous flow. It is Imown thet the toiel heed influcnces the
discherge coeflicient snd experiments heve sheawn that alithough the
effect i3 smell, it is ensily meesureszble.

The precise effect cf veriations cf head camnct be trocod to any
merked influence upon either the coefficients of velocity or of
contraction since 1t foilows a fairly unifom law over the whole flow
range. It may be, however, that the change in flow similsrity
produces these fairly systematic variations in the discharge coefficient.

Swift has shewn that in order to intrcduce a modifying fzctor to
compensate for the effects of head it is possible to relste the total
head end orifice diame'ber' in the fom '

Cp = }(% e tereeeeteerannsanerannsanoenstessseasees Bule

For &n aperture placed in & verticel plezne the hesd of liquid is rot
the seme for eech filement, but corrections on & ratiocnal basis which
heve boen proposed by lfonteil (40) mey be expressed in the fomm

. ™2
aD = c° - A ('E’) l'.o.00'0.0000-.00000.-..-0..0.0-‘o‘.. 8.2.

for rectangular end circulsr orifices, whore r iz the semi-vertical
dimension of the orifice. For values of D 4 r the modification is

te smell and slmost negligidle, tut with lower heads the position of
the orifice influences the discharge. ’ :

With zn orifice Titted in the horizontsl plane, =1l filsments sre
placed undexr the scme head and no correction factor between the orifice
dimensions snd herd is required.

The equation
CD‘ CO + Klll-é PSR O PPN OPILBOCOEIPPPIITRIPIROIOOIIAITSGTS 8030

has bean supported by experiment as 2 relationship betwoon Cp and I,
Swift quotes Hemilton Smith snd Bovey (41) for the rolationship

0.0%6
CDSCO + —dﬁ' 2000000000V EsOIRNIGCOEISIOIIQROIOOROENROLIUTTS 8.4-

whors d snd U are measured in inches; it was found that Co — 0.590.
Mawson (17) found from the values of Hemilton Smith and Balton (42) that
the exmression

Cp = 0.592 + 0.002637 (EJJ'ﬁ') 0.736

LI I I RO N N 8-50

could be obtainaed. It scems however thet lawson hos woxked o sn over—
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large sccurecy in computing thig formmls and that experimentel errors
have caused the 0.736 power to be obtzined. Unwin (23) quotes Iir (43)
for the relztionship '

CE = 006075 +QQO% - 000037 d Steseonesntosornosevse 8.6-

rere H is in feet znd @ in inches; =nd if I is in inches equetion 8.6.
nz2y be writien :
hnd 000037 d 908000000 rtsotenrreee 8070

Cp = 0.6075+ 9—"%-29-

Values quoted by Dezin (44) yicld the oxpression

CD = 0.626 ‘Y‘%?r.ol

whore I 12 in metres; which
becomes

Cp = 0.626 +

¢ 0 2C PRI OERNNOPERPCISELPIINTTOIOSOSEOEODS 8.8.

0.0C016

where I is in inches,.

It seenrs from the foregoing that excent for Mewson's equation a2t 8,5.
the discharge ceefficient may be expressed as a function of V.
Swift gave a velue of 0,590 as the posoible value for Cp tut the
experiments quoted indicate discrepancies between the velues obtained
for both Cp =nd X, If other modifying factors wore not present it
is ronsible that the correct value for Cp should be ahout 0,610,
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9. ‘ipnrosch Conditions.

¥ith flow metering spperatus, every effort is made to instel the
orifice in gsuch 2 mammer that the contracting stresm lines zre not
under the influence of preceding disturbances, That meens that the
aspproach conditions must not upset the flow.

For this roeson, devices are used to "dermp out” any wnwonted
epproach disturbences. In general, a length of zporocoh pipe is
placed bafore the orifice, this length mist =lweys be grester than &
certain prescribed minirunm, the value of which does not yet sppesr to
have been completely determined, btut which depends upon the disturbances
at the entrance to the pipe. Only in metering instruments is the method
of inatellation important; in connection with such aspparatus as fuel
injection pumps and noszles, or in carburettors, the approach piping
ia governed by other recquirements and probzbly conforms to a very
tortucus foxm, .

The discharge cheractoristics of these devices will very con-
giderably sccording to, the proximity of the metering device to the
disturbance, Disturbances noy arise from bends, pipe roughness,
contrections, vzlves or other obatructions involving the fometion of
eddies,

9a, The "inlet-length" for licuid entering a pipe.

Yhen liquid enters a »ipe it usuzlly hes 2n 2lmost constent
velocity profile as in fig. 9.1. This constant-velocity condition
may be quite definitely obteined if & short itrumpet-shaped funnel
is fitted to the pipe-inlet and no disturbances sllowed to effect the
inflowing liquid; it is however, & condition vhich mey also be guite
easily obtained with 2 streight, square-entry pipe if swirl, ete., is
eliminated from the approach. As the liquid pssses along the pips,
fluid near the walls is reterded and the central portion accelerated
in order to ensure a2 constsnt discharge zcross each section. The
retorded fluid (which eventually forms the boundary layer) grscuclly
growa until the ultimato thickness is reached cnd = steble wvelocity
éistritution is atteined. This process is shewn in Tig. 9.1.

With viscous flow, the boundary layer ultimstely extends to the
centre of the pipe. It will be seen that until the boundery layer
recches the centre of the pipe & core of fluid exists which hes been
precticelly wninfluenced by viscosity, furthemmore it will be seen that
es the core accelerates there is o corresponding f2ll in pressurs.

For orifice metering it ic umel (zo hns been previously expleined) to
plsce the orifice a2t 2 place frec from disturbsnce, in thig case the
dictance mat be such that the centrsl core hes venished snd the
boundery lsyer has fully formed.
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The "inlet lencgth™ hes been calounlated from the sprroxims tions
of.Pohlheusen (45) and Schiller (46) for the trznsition region of
fluid flowing in viscous flow, giving spproxinmately

X e 0.075. T Roe svecvascescoseenscasasscsscossssssss Jalo
and thet the pressure 2t this point is given by
Po~D= .1.5. We (Vmeen»)2 ceascenserseccsassvesssssee Fe2.
ivhere Po = dressure at the cntrence
vmem = mean flow velocity.,

These velucs hold only for undisturbed entry., The form of
disturbance asgociated with the transition from leminar flow to
turbulent flow in o straight pipe of circular cross-scction with
verious types of entry heve becn execmined experimentally by Schiller
(47) and Heumerm (48), 2 coloured indicstor being used For visuel and
photographic inspection. Three types of flow were distingulished in
these investigntions, ‘

(1) 1t very low Reynolds Tumbers, oven if the zpproach before
entering the pipe wes disturbed the motion inside the pive was not
intermuptoed and the coloured thread renszined perfe’ctly straight.
Naumarn considers this condition to bBe maintained throughout the
“riscous renge" discussed in section 5(c), btut, however, he quoted
Be » 280 23 & limiting factor. This requires further investightion
in view of the value 140 - 141 proviously asecribed.

(2) A wave-like form is asmumed by the filememt at hig,her
Reynolds Tumbers vhich is mezinteined for roughly the Minlet length®
‘but becomes straight further downstrezm. Tho weve is apparently due
t0 o vortex sheet being formed st the edge of the entry pipe which is
probably unstsble at fairly high speeds, This is meintained up
t0 Re = 1600, '

(3) Then Re is betwoen 1600 and 1700 the vortex shoot bresaks
up into s single lerie stotionery single eddy which extends from the
pipe entry to 2 distence downstreem. This breaks down into s series
of eddies so thot demping-out of the initisl disturbsnces cammot be
schieved and the flow is vholly turtulent.

The sequence of these oporations is shewn in fig. 9.2,

Tith tarbulent flow it hes only been posagible to casleulete the
transition or inlet-length by assuning a wholly turbulent flow at inlet.
Latzo (49) besed his calculations on the momentun equation with en
agsumption of the l/7th power law for tho volocity distribution in the
boundary layer. This caleulation gave a value of
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1
X = 1.386. e (RQ)‘;- $C00erreststesPar s IvIBVORIOGIIGRORTOIEGES 903.

This velus is emeller then that glven by experiment, the nosrest value
boing that gttributed to Ilkuradse with a value 6f 40 dirmetors at

Rg = 9 x 107, when the theoretical value wsg 21 cizmeters, Such -
diserepencies are probably due to the difficulty of obtaining completely
turbulent entry conditions such zs the enlculations csunme,

If =n orifice is placed enywhere botween the pipe entry and the
inlot length, the zpproach velocity will not be stebilised snd some
of the undisturbed core will contrect into the orifice. It would
thus be possible for 2 combined viscous-turbulent flow to oxist,
which would then control’ the flow characterigtics. Since the
indivicdual effeots of these types of flow ere go distinctly different
it is usual for metering apparetus to be instzlled at considerable
distences downstresm, Rules have been mzde quoting the mindmm inlet
length and 2 very extensive series of regulations are specified by the
Anericen Society of Mechenical Fngineers in its publication "Fluid
Heterss their Theory end Applicetion,™ = trectise vhich stipulztes
mindmum lengths for a variety of inlet conditionn including free-entry,
valves and pipe-bends.

The effect of bends on the flow of liquid throush o pipe.

Then fluid flows thrcugh curved Pipes the presmures due to the
centrifugal forces create 2 secondary rotationel motion which, when
superinmposed on the originsl trenslatory motion produces o swirl in
the fluid flowing throush a pipe,

This secondery motion is more pronounced et low Reynolds Iumbers,
i.e. for viscous flow, then st higher mumberz, owing to the Tact that
the valocity varies so consicderably across the secction = licuid under
viscous flow that centrifugzl forces have more influence in producing
flow veriations than with turbulent flow. Under favoursble circum-
atences the spiral flow will not be easily dcmped out, therefore =
tengentinl velocity component will exist for some dintonce elong the
pipe., If an oxifice is plzced in the vicinity of this bend the
gwirl will not be demped out whens the strosm contracts., It is there-
fore possible thet the contraction and velocity coefficients will be
larger under guch conditions,

The flow throuch i-cur_gh Dipes,

The term "pipe roughness" covera the irregulerities leoft on the
bore of pipes by mimite, irresuler undulations ag the result of
nemifecture.  Then these irresulcoxitios project into the fluid the
flow mey be disturbed setting up oddies and cousing loss of head due
to self-crested variations in the velocity distribution,
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Schiller (50) has devised 2 unique, simple method of estimating
the mexirum size (e) of these protuberances which will have no effect
on the character of the flow through 2 pipe under viscous forces.
Thus from the law {deduced in section 5)

s f
vﬂzvmean l-(r) (AR AR RN N Y NNy Y YN 9.4.

the velocity at the tip of 2 protuberznce will be

ey2
’ve = 2 vmem [1 had (1 -;) ]oo-o--.oaotuotcn-ooooooo--o .9050

e
= 4 vmeaﬁ T Spproximetely vhen e is sma;l. seeses 9.6,
If, therefore, the roughness hes not disturbed the flow, the Reymolda
Tamber at thiz tip will be

: ~ e. Ve 82,
R(e)- v = 2(1‘) . Rl-o-ctcoogot-doco.oo-ttc- 9.7-

where R = -2-’1"—-——-@32‘-"-. It ig stoted in Micdern Tevelopments in Fluid

Dynemics™ (reference 51) thet so long as Re 1s below a critical velue
depending on the chape of the protuberznce, that no vortices will

form in the wake, i.e. the velocity distribution w21l not be offected
by well rouglmess, Thus, for & cylinder, a oriticsl Reynolds Iumber
of about 50 mey exisi; +this lesds, from equation 9.7. to the condition
that provided

2 (9% R < 50

2]
i.en '2": ("% 2009900000080 00e0sinssssetsLtIIGnas 908.

the exisizncs of surface roushness will have no offect on the flow. o
A flat plete nomsl to the stresm hos o eriticsl R(o) = 30 ao thet -;(

q/%.:T.s the condition for sherp-edse roughness.

Those conditions, based on purely Zheooretical grounds give some
indication of %he possible negnitude of the pine ronghness. Thus,
teking 2o 2 rough genersl mile

% ‘, 4-2 CI LT P EIPRPOIRPINDIIOILQIVEPNLTOIOINGSOEDLYE 9'90

for a 2" I,T. pipe with R = 900, the meximum value of o is 0,15 ins.
(Viscouz flow enly).

It w11l he geen thet e diminiches ss R incresses ond incresses as R
decreases, Agein, since e varies directly 23 r its size inecrecses
with lerge pipes and decreages with small bores.
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Under turinlent {low it is nocessaxry to include 2 factor not
enly for (e) tut for the specing of the protrusions. Generally
spacking, if the irregulariting do not »roject into the leminar gub-
layer the srpuments used for viscous fiow will hold; even when
these protubersnces extond completely in %o the boundazy layer it is
poasible %o uge this reasoning since under such oircumstences both
the visccus stresses and Re ere of compersble mognitude. Ralmetoff
(52) presented a genersl equetion deduced frem the works of Prandtt,
for the velocity distritution in e pive, *thus

A8 3 ER (- RN )} IR

in which f\ repragents the frigtion coefficient snd is related to
the roughness size (e) in the mmmer given in table 9.1, below, end
k is =z constunt tsken as 0.40.

TABLE 9.1.

Priction Coefficient A 0.02 0.03 0.04 0.05 0.06
xr .

Roughness -é-° 500 100 45 25 15

The posgibilities afforded by equation 9.10 of giving & mesng of
deducing Cp have been exploited by Fngel end Devies (53) which is
disenssed in section 9 (£). It seems however that the methods
originelly mugzested by Koxrr snd Mellenby (15) in section 2 (b) mey
be applicd indirectly to this equation for the velceity distribution
with pipe friction,

Fngel and lavies (53) hzve surveyed the effect of pipe roughneas
en orifice flow from the aspect of kinetic energy in conjunction with
Bernoullis? squetione. - They chowed thet compered with the discherge
coefficient Cp, for flow through o pipe where A= 0.002 the diecherge
cocfficient Cp is given by -

2

l-n
Cn = Cra 222, 2
D il sz_q'm

P2 B0t RPOIPOEOIOERNSIOIIPBOOEROLEES 9'20.

\'1'3191‘98! Qf (3)3. I'- d(s) S8 pencennrsr et nsesntssacore 9.?10
o ‘U ;o T,

which receives the velues 2), 8, according to the =flect of roughness on
the velocity distritution snd on %. From Bekmeteff, equation 9.10, it
wes cheen thot for f‘\z 0.02, 8y = 1,054, vhile the value of a, depends

upon the rcughnegs selected.



9d.

9e.

- 42 -

’Flrzep plo’ct d 23 in fig. 9.5, it will be seon that roughness
a cnur:,c'be'ﬂistzc cormion to #1l conditions of
turbulent eporosch, It would therefore apresr that if the fundementel
c‘wractcnsmc of the turbulence behind cn obstruction can be

determined 1t should be ponsible to 2nply the resulis to orifice flow.

Flow throush ¥ one**cm*’o znd Grids.

In flow messuring apperatus the use of & grid ez a "{low
straightener” is frequently suggested. This dovice uses the principle
thet the non-trenslotory velocity, i.e. redizl ond tengentisl, will
be suppressed by the zrids so that only translatory energy will be
reteained in the fluid, Iy renoving the swirl velocities the
necessery Minlet length! decrezases to thot required by a straipght-
entry pipe.

4 considerable study hos been mzde of the turbulence introduced
into & fluid strerm by a mesh. This problem hes been porular owing
to the aprliceticn of the monentum theo::'y cf tarhulence diffusion to
the mixing length behind a grids It is stated (51) that the distence
downstresam at which the walke cue to the bers of a 5rid will be
dissipate depends roushly on ‘z:he ratio where T = dizmeter of the

1
grids and U = mesh of the grid, ~nd that when 3 2 is as large as 5 the

E—:- El'itj

length is approximately 20i; it ig vossible that = law of the fom
X = Kl i-'uf "l-Kz QeSS PO OI LSRN CILENNPIEOEIOEOEIOEVTIEIBLIOES 9-110

relztes the mixturs Iemgth and -g-. £llowences, vhich will not be

discussed, ore required to modify 9.11 for the effecte of the intensity
of pre-grid swirl, o*“ the pipe size and with plate grids, the effect
of plate length.

Velves =nd other obstruciions.

43 with ¢ nmesh, the inclusion of a valve or other obstruction
ocausing & contraction of the lines of flow produces e weke consisting
of a resular succession of vortices. At very low Reynolds mumbers
the woke ic not formed, becsuse the necesszry surfaces of discontimity
are not sufficiently strong., Inastesd, the flow parts to flow around
the obstacle snd then returns to its origincl distrilution in the mammer
shewn for "potentisl {low.®" The critical Reynolds mumber et wiich
this potentit.l flow gives way 10 =2n eddy-forming flow depends upon the
shope of the obatscle, 1ts relative proportions nnd also, to = slight

extent upon its surface moothness. The velues of g = 50 for =&
cylinder and Ry = 30 for a2 flot plate edgewise to 2 strecm are only very
approxinate and are in prectice subjeet to modification under the
influence of & number of factors.
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As Reynolds rmmber increrses beyond the critical, so the eddies
which form the weke proceed to brezk off ot z regular frequency and
at well-defined spzcings. Then complete turbulence sets in these
eddies are lost in the confusion of the flow, so that it is only for
a limited range of flow that thoy are distinctly visible. The
disturbances introduced by these eddies require some considersble
digtsnce before thoy ars removed.

In studying the effect of velves and cther obstructions on the
flow it is neceasary to investigate (1) the criticel Reymolds mumber
(1) the strength of the eddies (iii) the trensition length in
relation to the dimensions of the obstruction. In commection with
orifice flow the offects of valves tmd obatructions are more involved
in view of the contraction of the flow =nd its effect on the eddies.

The effects of turbulence =nd cuppressed contrzction on the discharse
cocfficient.

Yo exhrustive study has yet been mede of the relationship between
the approach and Cb; 1t iz the objoct of this dissertstion to fill in
some of this gep between the verious hydrodymeric phenomens. Swift
(54) has dealt with the goometry of cpproach and the effects of &
forced turtulsnce on the discherge through zn orifice otherwise vary
1ittle has been published on this importont zspect of orifice flow.

Referring to the suppressed contrsction when on orifice is plzced
in the side of 2 pipe, fig. 9.3. and the answer to o question in the
Ilaths. Tripos ( ii) exeminetion, 1900, Swift showed that the dimensions
of tho approzch chombsr nomsl to the orifice modifies Co zccoxding to
the equation '

1 1+ k
-]é' = l_‘:ﬁ (ko-fv%:) 1og9 "-"""'_'o- eesvrrecerssine 9-120
O <o l‘-}xo

&
vhere ko = =

by

This equetion mast be treated with some reserve zs it does not hold
for the zero or infinite values of ko but it is valusble to demonstrate
that for fairly small values of k, = &t leest grecter then 1.0, eny
alterztion to the nomel dimension b, will cause a considerzbhle
veristion in the coefficient C.  Similarly, IHtchell (55) hes shewn
that restrictions to the laterzl approach to an orifice, fig. 9.4. will
mocdify the coefficient Cy sccording to the equation

1
= 14 ’T\; (El - kl) ton kl sevevessnsensnssessees J.13,



Tor small welues of kl, 1.0 & m b, this expression mey be written
. 2

spproxinstely in the form

. ~ Q2
c. cc"'ot}-‘. Kl Oodoculo-lv-ou.o-o.-bcn'..ou.onoc.' 9014.

Tarbulent epprosch hes been mathenaticslly (end pertly experi-
mentally) investigated by Swift in which he mgnests thet would
provide & simple unit for compexison, being = typical linesr
dinension of tho spparatus and is = representative dimension o the
eddy syatem characteristic of the turbulence. THers it should be
noted that in generzl, the dogreo of turbulence is in some wey
dependent upon the statistical size of the cddy-fomation. Under such
conditions ths loss of head due to turbulence may be expressed in the

fom 2
- ,
hx' "2"5 . 4. r nocoo;-oavtcoovoooocootcic-ocooocc-alQ'OOO 9.15.
g0 that G = (1+ Q. P2

sl_a.’f

"‘2— Pevsenereesresnt et ctnrnsevsencorsnte 9.160

{, \
where T =+ (‘g) end’a in = constent, The discussion on strecmlines
siven by Swift in 1926 shewed that

cc = co -+ b' ?(1 - CO) (2 - co) AR KRR AN KN W I I NN N S I PPy 9.170

vhere b iv o constent. It con therefore be shewm fron equetions
2.16/17 that 17 €D = Cpe Co. then,

CD = o‘rb 'r(l -'Co) (2 - Co) - CQ. &é evostssesseacsrsesens 2,18,

These shew that althoush turbulcnce tends to increasze the arez of the
Jot it also reducea the velocity., The incrcase of jet size is however
the deminznt fsetor so that

. C,
b (1 ~ 2~ 2 Lo
i'e. if C = 00610)
b >’ 00560 2 ®OVserscnnsIINBVEPIINIIRIROLSEIOIOLOLES 9.19.

Experinents wore nede by Sw Tt, turbulonce being induesd by stirring =nd
Uy lowering the hesd, which confirmed the faet that Cp wes inecrecsed by
turbulence. It wos found that when the dizcharge under a groduclly
felling hecd was meagured it was fomd thot s mean incresse of 0.05% wag
obtained over the mesn value,

From the definition of T it iz to be exneoted that turbulence -
and thersfore Cp - will incweage with the orifice dicmoter, mmd that
the aige of tho eddies »ill decrease with the ineresse of Re.
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Acceleratine {or Pulazating) Fluid.

The culibration of zn orifice wndex conditions of vericble flow
han not yiolded =matisfactory results. It is probable thot the
coefficient is hisher for mulsating then Tor steedy flow owing to
turtulonce; oxperiments to verify thls hove not bsen published,
pexrtly cue perhnops to seversl difTiculties which are involved in the
production of 2 controlled {low tosether with complications in the
regsurement of the preosmure~-drop.

Tischarge veries accoxding ta asveral features charecteristic
of the flow, (1) welocity-tine varlotions {2) emplitude of +he motion
end (3) specd of the impulses. An attemst hns beem mede to control
these by using 2 leathor, liquid filled bag which was simack by a
hermer operated by a cam, this is sn indirect method which must
neceasarily be employed foxr precticel measurements but which is
rather hompered by lzek of cboolute sccursey. It would seem however
that the first step to be tsken in an investigstion of this neture
would be 1o neasure the effcet of acceleration on the dischargae,
widich eould then he applisi in o aten-by-step integration of tho
velocidy-tine curve.

Tith nost comercial plate meters overating under conditions
Tevoursble to mlsating flow evary effors is Jirst mede to oliminzte
vulsations in the flow to the orifice and then to obiain o siesdy
measuring head, This involves some demping-out of oseillatory
prosoures arising out of the pulsating head, so that o steady memn
velue g is shewn,  Swift (56) ststes that in ordor to compute the
meen rate of flow from the oboerved (dremped) preasure-difference it
is neeeasary to use o factor glven by X where

q
E = dsmped reading of the preasure-dlfference,
a1 = voot-nosn~giuere pressure differsnce

In order to oompute the correct pressure-difference reading it is obvicus
that q mast be used,

ioeo q S'E ':’

wio

= Observed Reading (demped) + form Fector.

Elementery metacnatios have been used to determine g for various wzve

q
forms, thus with liguids under impulaive forces vhich vary in the menmer
of two simusoidsl arcs,



T ius genersi cane In which the flow mlsetions follow the law
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q

The sffectiveness of these artifices whan used on flow meter instellations
bas to seme extont razoved the urgency Tor calivrating orifices under
palsating flows It woild help to reduce the complicetions end exponae
of zn ingtallation due t0 the embodiment of regservoira and speoizl
"dempod® menometors, if the coefficients of mm orifice under rulsating
flow werc found. This would also faciliteto the design of carburettor
Jets, injection nozzles znd other sower viemt equipnent where fiow
netering is periodic. The suthor agress thet the difficulties of such
o taok are very greet but believes thet the nroblen mey be tackled
diroctly by the study of sccelersting flow, experiments being mede on o
rotating armm, radins :nd rotetional speed boing varishle,
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CTrPTER 3.

The EZffect of the Orifice Tesign en the Iischarsze.

11, Orifice Size., The fresz Retio 'n,. !¢

The influcnce of the rres ratio "m" on the approcch velocity with
aluo 1is effact on the flow coefficients were initinlly detriled in
gection 2, The theorcticsl discharse coefficient decrecses with
inerease of m and vice~versa so thet the lnrge orifice gives a smaller
rate of flow for the a=zme hecd znd genersl conditions then the small
orifice., TFor this to be obeyed it is necessary to meintein flow
similitudo., The varistions in orifice dimensions srising from changes
in the value of m, 2lter the conditions for geometrical similarity so
that comparisons must be based in terms of the srez rvatio in the memmer
suggested by Swift.

1le, The Turbulent Zone.

By teking the presmures from teppings on ecseh side of an orifice
Ingel (S57) obtained a series of resdings giving the discharge
cocfficient of orifices of different srecs-ratios for o wide Tange of
Reynolds Tumber. From the "smoothed aqurve" glven by Fngel the
fol.lowing values have been talmlateds-

TIALE 11.1.
Ro = 200.10°

@ 0.0267 0.0477 0.0954 0.143 0,285 0.382 0.477 0.525 0.575 0.620 0.668 0,715 0.763 0.816
Cp 0.€02 0.611 0.€00 0.633 0,609 0.615 0,603 0,603 0,602 0.597 0.592 0,581 0.5€8 0.548

Re = 400.10°

Cp 0.€02 0.611 0.600 0.603 0,609 0.611 0.600 0.5%8 C.597 0.589 0,583 0.576 0.561 0.527
20 = 60{).103

3p 0,602 0,611 0.600 0.€03 0.609 0,609 0.599 0,596 0.593 0.588 0,581 0.574 0.556 0.529
e = 800,10

3 0,602 0,611 0.600 0.603 0.609 0.6OT 0.598 0.596 0,592 0.588 0,581 0.574 0.555 0.528
2 = 1000,102 |

’p 0,602 0.611 0.600 0.605 0.609 0,605 0.598 0.595 0,551 0,587 0.581 0.574 0.554 0.526
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Then these values aro plotted it con be shem thet Tor eny porticulsr
flow the curve relating CD tom (where CD 1s calculated from plate-taps)
varies in the menner shevn in fig. 11.1, The curves are only plotted
for Reynolds lumbers of 200.103, 400,103 and 600,103 which aprecrs to
shew a mecdmum velue for €D of sbout 0.608 a2t m = 0.4 sporoximately.

2% higher values of m, Cp decreases very rapidly, so thst ths gurves for
various Reynolds Tumbers 2lmont rumm together. It will be seon from
tzble 11.1, that in the turbulent zone, increase of Reynolds number
csuses the curves to develop = stesdy contour., Ingels experinents
therefore 1lerd to the following conclusionas

(1) For large values of m at #1l Reymolds Iumbers the discherge
.coefficient is grestest for = velue of m = 0.4 approximately end
deoreages ravidly as m increases.

(2) For volues of m ) 0.35, the discharge coefficient in the tur-
tlent region verieg inversely =3 some function of Re so that as Re
increases the discharge coefficient decrenses to sn almost asymptatic
value,.

These results only cover a limited renge which, slthough it mey be
degeribed os the "useful! or 'procticelt ronge, does not provide &
comrlete picture of the problenm. Tms the effect of Reymolds lumber
at smell area ratios in the turbulent 2nd lcminsr zone rmat be explained.

1lb., The Trensition Zone.

The genersl curve showing the effect of Reynolds lumber, given by
Johensen, is chewa in Tig. 5.2, (b) which shews thet the discherge
cocfficient is mexdrmm when in the trangition zone sud that considersble
discrepency srises due to veriations in 4 in this region. Takdng the

S - D
valuez of CT for verious valves of % in this region, the related velues

et the constant Reymolds mmbers queted arc given in table II. 4.

TABLE TI.2.

d -
Re Cly 32 %Ry 33 ‘g,#%:s
3600 Cp 0.750 T0.675 0.640 0.620
- 2500 ¢ 0,810 0.690  0.645 0.625
1600 . 0D 0.890 0.710 0.650 0.625
900 Co 0.920 0.730 0.660 0.640
400 Cg 0.890 0,755 0.69% 0.6€0
225 o)) 0.820 0.745 0.7.0 0.685
100 Cp 0,725 0.720 0.690 o.éas'
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It will be gaen from Tig. 11.2. that for 211 values of Re the
discherge coefficient vories as the orifice ratio m rnd so decrezges
ag m 1s reduced.

llec. Laninny or viscous flows

Frem = study of fig, 11.2, it will be scen at eech value of ™"
the slope of the Cp '~ m curve increases to 2 maxdmm with reduction
of Re go that beyond the critieal, further reduction of Re couses a
rapid decrcese in slope.

43 the velue of Re approaches the viscous renge the slope of
the curve gradually folls so that at very low volues of Re, the
velue of Cp is slmost constont for 211 velues of me  Referring back
to scetion 5 (2) equation 5.5. it was stoted that CD = . 4/Re and an
empirical velue of ¥ = 0,1568 - 0.0573 n was glven by equetion 5.7.
It ig cvident therefore fron theso cquations thet et very omall velues

of Re
d. c = - 0’0573 Re LA L0 B A I AN I A I WY BN WY I Y B RPRF AN IR N Y llol.
dm
end 80 as Re-~=0 the value of CD becomea almont constent for sll wvelues
of Me

11d. Mexdmum discherso coefficients.

The noximum discherge coefficicnts shewn by Johensen in fig. 5.
2 (b) exhiibit = reguler variation with diemeter retio os regrrds both
nagnitude cnd the value of the Re at which %they occur. These features
are shewn in fig. 11.3 (&) and (b). Extrspolation of fig. 11.3 (a)
to velues of A/Fn'v grocter than 0.80 suggests thet CD may exceed unity.
Thig is stated to be confimmed by 2 mexiemum Cp of 1.04 obtained by
Hodgaon at,\/'zT = 0.845. A pert oxplanation of this apparent anamoly
is attributed %o the dispority in velocity distribution across the
pipe et the apvrosch to the orifice and scross the jet which is
discharged., On the basis that the true kinetic enorgy of the fluid
is obtcined from the integration of the velocity distribution curve,
Johansen showed thot if @ is the true discharze coefficient based
on the cctucl digtribtuiion of velocity at tho iwo secetions where
static preasure is measursd, then

[%1]2 =[1 -(%)4 4] S B -

1- 23

which gives the folloving velues for @



T:ipLE | TIT
Jn 0.209 0.401 0.595 0.794
CDrex. 0.685 0.708 0,760 0.925
'S 0.684 0,698 0,704 0.542
These values zre plotted in fig. 11.3 (&) which shews signs of

gimilarity to fig. 1l.1.

It is interesting to nots that vhen the approach Re is plotted
83 in fig, 11.3 (b) thet the difference is greztest at smell velues .
of n &nd also that vhenm = 1.0, ,\/—R-e = 48, l.e. Re = 2204, The
closeness of this to the nccepted tronsition point is a further
exsuple of the agcuraey of Johansen's results; m = 1.0 corresponds
to e strzisht pipe.

lle. Impiriczl Jormulce.

4 oumbersone geries of formulce by Puckinghenm cnd Besn, wes
appended to the puper by Beitler (58).  This wos not satisfactory
anc has not been odopted very widely. A simpler fomm teking into
~ #ccount the effeots of orifice dizmeter rnd which i3 due to Bernes (59)
accounts for both the orifice rztio and Reymolds Mumber in the fom
op = 0:620

Re )H S0 S LI R BACOPICOIOBTOIOROIOIOIEORBROEOLOLOILOINTIBNOROIOPEOIGQIEOSOEOGSIDPEY 1103I

(===

2025

vhere the index N is 2 function of the orifice ratio. This equstion
mey be modified in accordence with the experiments of Johensen snd
Imgel, to be of the fom

0.610

_".CR—é—.)S S 9 P08 RO POIRNDPIBUROEBEOOLEPRNIOINPIIEIRIRBSBOLES DS 11.4.

Cp =
(2300

where the index © is & fwiction of the oxifice ratio, The equations
atron-ly resemble the well-lmomn equation fiven by Plasius for the
Trictionzl coofficiont of = mmooth pipe tut are only valid over the
limited range of orifice retios greater than 0.35 and Reymolds
Tiunmbers botween 52,000 and 2,720,000, This restricts the overztion
of these formulze so that the method of modifying factors proposed by
Swift is perhsaps e better basie for caleulations.

lieny empirical formmlee bagsed on modifying factors hove been
proposed by meny past experimenters. Meir (€0) zives the reletionship
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Cp = 0.€075 +

WO.che —000037 d-- (AN ENEENENEE RN R RFIE RN 11050

where h is in ft., and 4 in inches 23 sn empirical formils releting
factors. Tt would seem from the power of *d' s though the factor m-
would apnly and thet the modifying eqmuation should be of the fom

Cnuco-*bzﬂlé .......'.l..".‘ll..l....-..I............ 11.6.

Then the velues of Cp given in Teble I are plotted against né the result

is a2 parabolic type curve with only the slightest resemblence to
linecxity in tho renge of between 0.6Q end 0.80, A very rough
value for equation 11.6 when Re = 200,107 is given by

CD - 0.684 — 0.11 !é 00!...!‘0’0'..100.0"...Ol....u.bl..o‘ 11-7.
It does not yot seem however that a successful soluticn has yet been

obioined so that in the design of flowmeters it is necessaxry to use
the stmdarﬁ vslues rather than to apply on empiricel formula,
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The Fffset of Qrifice Shape,

Veristione of shape have little application o most common
engineering apparatus; Tor in the mamfszcture of instruments vith
which & precise knowledge of the discharge characteristics is
eggentizl it is not economicsl to memifaciure anything t orifices
of circular shape. Some cemparative tests have been made with
square, rectanguler ond trisngulsr orifices but it is probable that
slight insccuracies of mermfeooture may have masked the effects of
shape, . '

Smith =nd ¥alker stated that for any orifice zhape the greater

" the velue of perimeier ¢ eres of the orifice, the greater does the

value of the coefficient of controction become, they did not however
mplify this astatement with eny experimental evidence. Theze
euthorities alao stated thot it wes probeble that adhesion of the
surfece of the jel to the walls of the orifico played en importent
pert in the effcet of orifice shape on the discharge. This indicates
that surface tension has a lorge influence on the effect of shape which
takes the discussion beck to the paver by Cornish where it was olaimed
that the capillarity mumber wous & mors important factor in orifice flow
then wns Reynolds mmbexr™ but this is only likely to be true for very
small heeds. The experinonts by Cornish on apertures of verious
shepes did not indicete eny systemstic variation due to differences

in the periphery of the epertures. It seemn that the effeot of

shepe 1s negligible =nd thet veriztions due to morufacture induce
cerrors of greater mognitude than those due to the influences of
adhesion or surfzee tensicn.

& possible effect of shape may =loo lie in the suppresasion of
radial velocity., Although the zuthor belicves that this has no v
greeter influence than capillary it is proboble that it influences the
position of the vena-contracta, This is due to vrriztions in the
rate of apvlication of these sxial forces csusing a subsesnent decresse
in the rate of contrection and therefore plzecins the vens-contracts
farther from the orifice. ‘

*rg should be noted from the definition of ferpillerity mmber” that
2l

T o

By = Ry d.wyD.



13, Orifice Edge-Lenzth.

A "thin-plate” orifice is nsuslly specified in the design of
orifices for use in flow messucement, Thig mesns that the axdal
length of the orifice mast be emnll compared with its dizmeter. Then
the orifice dismeter is feoirly largo, ©.8. greater than ;3; inch, the
thickness is sufficient to cnzbla the orifice to be eut out of sheet
metai snd it is therefore more conveniont to produce thin-plate
erifices then those of greater length. Thin orifices have low
dischzrge coefiicients but this is not greatly influenced by slight
veriations in edge-length so thot when made commercislly, thin-plate
orifices for flow meters ere zble to be produced more eccnomicslly
and accurately thon are long orifices, generally termed "™mouthpieces™
or "noazlas.”

Unwin (23) gtates thet with a thin orifice discharging Treely
into the atmosphore the jet is completely contrzcted a0 thot Cp is
gbort 0.610, but with o long orifice or nozzle the contraction of
the Jjet is suppressed so that it issues "full-bore™ snd Cq becemes
unity so that allowing for CVF, Cp is sbout 0.98, The transition
between thin pleate snd nozzle flow is stoted to occur at an edge
length zbout equel to ¥ orifice dismeter. Celelles ond Moxsh (€0)
fourd on testing fuel injection nozzles that the coefficient of
discharge was comstant for %between 1.0 and 4.0 tut that for %

greater then 4.0 friction losses in the nozzle bors csuse Cp to

deoreage, vhile for % less then 1.0 the effects gave irregular

rosults but indicated that Cp decreased with reduction of %. It

is probable that irregularities in the bore of these injection
nozzles (they are very fine) together with someo slight inedvertent
burring snd heveling of the bore may heve czused the inconsistency
of these results., Pye (61) stetes without referring to sny oxperi-

nmentzl works that the effeet of %. is to ceuse the Cp to be C.62 for

thin plates znd 0.98 with long carburatior jets.

In the tests mede by Boitler (58) on sulmerged orifices it was
shewn that the coefficient of discharge was constant up to the ratio
edge length 4 orifice dicmeter = § after which CD inoressed with %,

in interesting cpplication made by Beitler was the plotting of the
coefficient egeinst the Mdzm height" as represented by _19_5_2 3 this

showed that the critical height wes spproximately 4 x edge-length.
By introducing the "dzm helght" Beitler ingeniously contrived to
include the orifice ratio as 2 controlling factors The effect of
pipe dismeter was noted by Buckinghsm (62) in the study which he
made regerding the effect of flonge and vene-contracta teps.



The Rermoldée Number of the flow is 2lso sn impertent fretor
- eonsrolling the oriticel edge-length since with lominer flow the

fluid follownm the contours
the oriticel edge length is

of the cbastruction very closely. Thus
a factor, not orly of the orifice sige,

but slso of Reynolds Tumber., It will be seen from the fellowing

that the ratio edge length:
bases for comparison.

orifice diemeter suprlies = favourzble

The effect off edpoe-lensgth ond Re.

Several investizations

-

cve been nade to determine the infiuence

.of the thin edge-length; tut in fow caves has the Moxditicel™ lenzth
(for trassition between mouthpizce end thin-plate flows eewsr) been
evaluated 23 & function of Re. » ' ,

A comprehensive invest

igation was mrde by Ruppel (63) for very

thin crifices., These experiments led to the conclusion that for all
dizmoter ratios the discharge coefficient of cylindricsl-edged orifices
of ratio 1 less thzn 0.20 is independent of the odge length &t Reynoléds

d

mmbers of ebout 5000 and higher. Zuckrow (64) made & thorough study

of the offect of nozzle len
aovered the renge of snail
nozzles, Of the two works

sth end Reyrolds numbor, . Thus while Fuppel
edge~lengths, Zuckrow covered the longer
it would scem that the experiments oy

Zuckrow give the most reliable results. Plotting the curve obtained
from these exneriments, fig. 13.1. it will bo seen '

(1) the "eriticel™ length occurs et about = = 1.0 for all values of Ra.

(2) for % greater then the eriticsl the valus of Cp decresses zs =

d

. d
increnses,

(3) :E‘or%— greater then the critiosl Cj incresses with incresse of
Re in the menner shewn in fig. 13.2, for == 2,0 =nd that

the curve tends
tends to infinit

a
to acquire on ssymptotic value of Cp es Re

$7.

The experiments by Zuckrow are unvelisble for the renge of %d" less

than 1.0 and the ezuthor dee

s not find RPuspel's results easy to follow.

The extra~poleted velues of fig. 13.1 eéppser to indicate that the
relationship between Cp and Re for the smell length ratios follows very

difforent laws to those dic

tated in the previous paragrsphs. o

relisble results ave available for this zone, but from the work of
Zuckrow and alao o curve presented by Pigher (65) it would sppear
that vhile CD is grestest at low yaluces of Re, this situation is

reverged with long orifices

or mo){thpieces which sequire thelr maximm

coefficicnta at very lsrge values' of Re.
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. Trom these resulis 1t appears thet the effect of cdge-length is
dependent upon the type of flow. The suthor i3 not satisfied however
that suflicient experinentsl infomation is availsble to frame a
‘thecry from which to deduce the distinguishing cheracteristics of each
type .0f flow slthongh a prolirinary exemination of the whole question
appears to show that flow through orificesof varying length is governed
pertly from considerations of viscosity ond vpertlyr momentum. The
preseure distribution st the vena-contracta during mementum flow is
probebly the criterion for edgo-length.
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14, 2Rovel =nd Rounding.,

It has been found from exporience with flowmeiering orifices =nd
carburettor jets that the slightest rounding or turning of the bevel
on the inlet edge will increase the discharge-coefficient considerebly,
This ineresse is duc to the sensitwity of the CD - ingle of Bevel (d)
Curve in the region of the square-edge condition, the slove of this
curve is so greet when d = o thet 2 cmall increnent of dA is sccompenied
by 2 large increese of #ACD.

 Swift showed that for rounded nozzles, if the tangent to the jet
at tho lecding edge made en sngle © with the dismeter of the orifice
then it could be shown that the coefficient of contraction mey be
determined by the equation :

C, = A

¢ T+2 Cos ©

the plot of which zhows that Co varies from 0.61 to 1.00 in the menner
of fig. 14.1. This curve, it rmust be asreed, does not comply with the
gtetements previcisly mede, for when © = o the slove of the ocurve is
vory smzll., In przctice however, the jet mckes en anglo with the
plate (refer Chapter 4) so thet, while giving 2 very good result, it
does not appear desirsble to use emustion 14.1. too seriously. It

iz folt that if the relationship between the sngle of jet end the angle
of bevel were deducod, some use may bo then mede of the foregoing
eguation.

SO SSN0CIBLIIONOEPIOSSEOIPIRIOIOIRIGEIESPOS 14010

In order to oimplify this equation for cmall angles it is pogaivle
to chow that \

Com Co + N 5in°©
or to raduce this to zn even more generzl fom wo ney write
ODQ %* R.sinz .OU."......Q.‘...l.l..l.l'll..l.‘..‘ 14.2.

where o\ 1s the rngle of chempfor snd A is & consient including the velue
of 47" :nd the relationship between © mndd

TFactors controliing the effect of bevelling on the orifice flow.

Then en orifice is champfered the controlling factors can only
be convenienily introduced through the usze of nodifying factors. In
general, the effective factors influencing the flow through a bevelled
orifice are :

1) redius of curvature, or the anzle of bevel,

2) length of the are of curvnlure, or the donth of the bevel R
3) orifice size,
4

Reymoldas munber.
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Towmiec Smith (€6) tested three geometriczliy similsr rounded
orifices ond found that for two orifices 0.250 snd 0.5035 inches
diameter the curves relating CD =nd Re werc contimious vhen Re was
varied by uzing hot oil &nd hot water, but thet in relation to esch
other the digcherge coefiicient for the large orifice wes about 0.50%
higher then Tor the smaller orifice at the same Reynolds mmher, It
is difficult however to treat these results enslytically zs the
curvature of Downie Smith's orifices wes nmede up from two arcs of
different redii and centres of curveture., Watson and Schofield (67)
made comperative tests with four orifices renging from sherp edged
to rounded with o radius equel to 4 orifice plate thickness, Their
experiments on these orifices indlccted (1) zn increase in radius of
curvature on the orifice-edge csused &n increase in €D, (2) an incresse
in diameter of the orifice with rzdius of rounding = % plate thickness
caused 2 decrease of CD 23 shewn in Teble 14.1.

TARLE 14,1,
. Tismeter of Orifice, ins. . 0450 1.0 2.0
Increased Discharge ¢. 4.8 to 5.1 1.80 1,70

(Compared with sharp-edged) Orifice

Pye (61) found thot the degree to which the cdge of a carburettor jet
was rounded or champfered made little difference once the originsl
sharp edge had been removed., I% thorefore appears that omall orifices
are not ssceptible to changes in' the rmount of rounding but thet such
variztions do effeot the dischorge coefficicnts of larger orifices.

4 veluzble contribution to our Imowledge of the flow through
champferad orifices =nd nozzles waz mede by Zauckrow (68) who
exporimented with seversl orifices of different angles of chempfer
using "gmell® znd "deep" chempfers. The results of these tests are
glven in figs. 14.2, 3, 4 =md 5 from vhich it will be seen that the
discherge coefficient is = fanotion of the flow oriterion Te for
constant sngles of chempfer.  Although Zuckrow ¢id not pudblish sny
velues it i3 estimated from 2 "faired™ curve of his results thet the
angles of chmpfer giving meximm flow were as follows in table 14.2.

TABLE 14,2,

Smell Chempfex, w.gdoT, 4600 2400 1200
‘ S 39 40 40

Deep Champfer.  w.d.r. 4600 2400 1200
EN 50 45 55
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It will be seen oloo, that

(i) the enzle of maxdmunm flow iz, a3 for es can be ascertained,
independent of the Reynolds Ifumber, in the region of
viscous flow, cnd

(ii) occurs at 40° for mmell chempfer end 50° (epnroximntely)
for the deeper chempfors.

The "depth® of cheampfer which is enalogous to the "are" of curvature
hes a veyry decided effect on the maxirum discharge conditions.

' Zuckrow's experiments, while adveneing in the correot directionm,
i.e. attenpting to mske a Pmdamental study of the effect of chempfer,
fail to be entirely satisfactory,

(i) beczuge his epparatus involved approach disturbances,
(ii) beocuse his readings were insufficient.

| The results givcn, eve however, suitable for 2 comporison with besie
formulee end for the genersl conclusions which have basen given.

Been, Buckinghesm and Murphy ( 69) when disconssing the flow of
liquids throush orifices ramazled thet centrifngsl forces introcuced
by the curvature of the jet, influenced the coefficient of contraction.
The relationship botween the curvature of the flow ond the bevel of
the orifice st be detemincd before this theoory is develoved.

To obitsin scme rolationsghip between the "m;lea & mnéd © the
suthor hes extrapoleted between figs. 14.1. #=nd 14,2. Thus the velue
of 4 given by theory for a cortain CP end the values obtained Tor the
included anzle Y by experiment are sssumed to be related. A though
© such a condition ss this is poasibly incorrsct {rom a detsiled point
of view, it iz considered to be sufficiently satisfactory to give a
genersl relationship between £ & ¥,  TVolues sve therefore riven in
the following tebles for sn orifice with depth of champfer 0.008 ins,
L 3.55.

D

TABLE  14.3.

WePal'e = 4COO . . " . "
chl T, S S a ¢
.75 60 1 9 175 <115

.80 44 6 38 103 =59
.825 38 20 18 70 -32



!
1
3

!

TABLE 14.4.

Wefaxs = 2400,

. 3 60 0 60 - - /
' 76 56 5 51 156 ~100 ‘
W8 %0 14 36 98 -48
9 47 18 29 80 33
.80 44 50 -6 64 <24
TABLE 14.5.

'.%or. = 1200;

728 69 0 69 180 111
3 67 1 66 168 101
74 63 7 56 143 -0
T3 60 13 47 120 -60
co76 56 20 36 100 -44
TT 55 60 -7 ~ -

Then plotted an in fig, 14.6, these curves raverl that the difference
between the flow lines end the orifice bevel engle graduslly diminiches
ag the orifice bevel is incrgased, end even becomes negztive for most
values of ¥ greater than 40°. Thend - ¥ becomes negative the flow
- cemmot leave the leading edge of the orifice 23 in fig, 14.6 (a)
(insert) tut mat instead, lesve by the Mtrailing® edge. It is obvious
therefore that at 2 velue of ¥ = 40° sporox. the discharge through en
orifice is approzching s mexdirm 2nd at higher values the flow zt the

edges is disturbed, a conclusion substantisted in fig, 14.2 snd table
14.2, '
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Characteristics of the Flow - Sulmerged.

Upgtreenm presmure distribution,

Vhen atatic pressure tappings are telken from the side of 2 pipe
through which licuid is flowing it hes been found that the flow some
congiderable distance upsiresm is unaffectsd by the obstruction csused
by an orifice, The pressure slong the pipe thorefore fells uniformly
elong the pipe down to about one pips dirmoter Trom the orifice plete.

lieasurenents by Johonsen (26) of the pressure difference between
‘two sectiona 4 snd 16 dismeters unstresm of =n orifice in s brasa pipe
esteblished the fzot that the disturbances at the orifice did not extend
to this reglon es the results which he obtained wers in good zgrecmont
with those predicted frem the works of Stenton snd Permell (70). '

Johensen elso detexmined the position of the minirmm upatrern
pressure for various Reynolds mirbers znd orifice~ratios. The Tesultis
of these tests have been wveplotted in fig. 15.1. from which it will be
geen that in the turbulent renge from on Re of sbout 4000 the position
of the minimum upstrecm pressure incresses a2s Re is incressed, up to 2
constant value which veries according to the orifice rotio. Then the
values given in fig. 15.1. are used to plot this distance egminst 'm! .
ag In fig. 15.2, it will be geen that the distance inerecses with
increage in 'm'.  Although these values were obtained feirly satis-
factorily for turbulent flow, Johensen wes wzble to determine zeccurately
the position of the minirmum during viscous flow as the pressures involved
wore so very amsll., It eppeocrs however from the few readings which
Johansen did munage to obtsin that the impeet pressure follows entirely
different rules under viscous flow then during turtulent flow, for
after decreasing to a ninimm ot spproximately Re = 3,500 the impact
pressure (end also the distence of minimum pressure) increeses very
rapidly ss Re is further reduced.

The greph glven by Johcnsen to relste the pressure-rise at the
orifice plate to the Reynolds mmbor is shewn in fig. 15.3. 1o be very
gimilar to fig. 15.1. releting distsnce =nd Re in that, for the '
turbulent renge the impaet prassure increesses ssymptotically zs Re is
incressed, while for leminar flow 2 similer condition svpecrs to exist
a3 the Reynolds mumber is decreased.

Then this pressure rise ocours upsiresm of an orifice the "corner®
boetween the orifice rlate ond the pipe must be filled with disturbed
fluid. The existence of this disturbonce heas been inventigeted by
Betz (T1) whose statements lead to the conclusion thst a vortex similar
to a trapped "emoke-xing™ is fomed in this space. This, Retz sttributes
to the collection of fluid particles rolling slong the wall and returning



- €l -

boeckwerds a0 a8 to fom 2 vortex which is mainteined by the constrnt
regeneration of fluid poriticles from the reterdeé body of the Ffluid.
The suthor doex not consider this a completely satisfactory explanation
of the vortex-fomation, but zgrees with Pets (slthough scme others
eppecr to doubt) that & vortex will be formed. The photogravh,

fig. 15.5 which Zetz used, shows quite clearly that st high valuss of
Re & strong vortex will exist at this point. '

In attempt to calculate the impect pressurs wos nmade by Fngel &
Tavies (53) who considered the pressurc to be csused by the chenge in
nomentum of the axial velocity of the flwid. TUnder {lhic sssumption
the uniforn excess preasure py over the surfece of the orifice plate
is glven by ,

2 2y
A~ 1)) = Irtpul) v .
s :
thug, the impact pressure P iz siven by,
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5o thet 1f the voraseters %, % » fnd the zrea ratio m are introduced,
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vhere @ = Ay . J[+(;oﬂ . -‘:.c\.% ond -F(-;o) is contained in
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by

equation 9.10. fpplying the general cxpression for the differentisl
Pressurc across on orvifice, i.e.

1-m2

!
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end dividing into ecuation 15.4., the impeoet nressure will thon be
expressed as 2 ratio of the presmare ceross the orifice by,
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To comvensate equotion 15.5 for the effects of dischorge, the coofficient
Cp mast be included in equetion 15.5 so that the pressure rise moy be given
by the oxpression
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The results of Witte (2) mnd Mgel (72), vhen plotted by these
investigators ( 53) showed & very good agrecment with the values of
P = given by tho ecuztion
Fp = Py 2 *
-—-——2—-——; - cn. ﬁ‘_—g—__a 2608000880 00RPReRRORORS 15080
=P ==

(in which the constrm? of proportionzlity in ecquation 15,7 is unity), for
both lonz nozzles (Cp = 0.98) end thin plate orifices (Cp = 0.61) and
for roush znd smooth approsch pipes.




16. The Vena~contracta.

After loaving the orifice the jet of fluid contimies to contrsct
down to 2 ninirm at the vena contracta, which lies some distznoe
downstresm from the orifice. At this point the retio of the sren
of the jet te the aren of cross geotion of the orifice i3 defined ao
the coeflicient of contraction, fuller detnils regarding which have
been given in Chapter 1. 2(a).

Then the zssumptions of parallel-flow are used the position of
the. vena~contracta is generslly regerded as being identicel with the
position of the minimm dowmstresn pressure. Sush zn sssumption is
generelly suf{iciently zccurate as to give satisfeotory resmlts. The
euthor considers, however, and it must be remembered, that when transverse
readings are made from a stresm which is elther contracting or diverging
the reading which is observed will be glven by
.2
p=p° : ;";;.,-Y"L' 9000 ts et sscrsecrsPrsvrOoVLLERVIIPTIOIROEOIOETN 16.1.
where Vy is the meon transverse velocity component which must be added +o
Po when the flow is diverzing but subtracted from it when the flow is
contracting, L
If then we zomame Pernoullis?! equation 1o be sufficiently accurste
for a determinztion of p,,

Tx
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o
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Po = w (h -~
where h is the total heed at the point under consideration,

Tx is the mean axdal veloecity of flow, mnd dx ig the effective jet
diameter,

Blt_vxw Q = 4Q "]:')2 Seseccccantrsetustressrra 16-3-
R a T =
/1- x

so thaet substituting from equations 16.2 znd 3 in 16.1. we have

2 2
pew(-3 43 &) 1wl

= W{h- (%1)4_] T %2 Cesvecsccsnesssnscssesenssoonee 16-4-

where X = (é—;—)",‘- (%E)%:

Then the atrecm is contreeting to the vena-contracts it con be shown
that there is very little loss of hesd if any 2t 11, there is instezd en
exchongo of energy between the pressure end velooity heeds. Ilence, for
the region of contracting fluid



neamred tronsverse presmire p = w |h ~ ( ) ~ J cesssssss 1C.H,
2g .
although, the theorsticzl pressure should he :

b= v |- (%-14} 1626,

Turing the contrzeting poriod thorefore, the messursd heed will be less
thzn thet cor"esnonainf* to the shaze of the contrseting jet.

At the vene-contrzcta it is sscumed that Uy = 0 snd so the measured
pressure should 'be equel to the thooreiicel pressurc if all the particles
of fluid sre movinz in 2 paraliel path,

Townstresm of the venan~contracta the hecad h will be reduced b7 the
formation of eddies in the divergzing stremm, the loss of head beir 2
2
consicdered equel to

h - (Vx - Vxpdx
2g

which indiecates thzt the mesoured hesd will be reduced if enly the effect
of totzl herd is considered, The effects of impoet will be to increrse
the neasured head, It is therefore obvicus thet the loss of totsl head
15 offoot by the impact vressure due to the transverse velocity Vy &nd
80 the prescure which is cetuslly meemired ot 2 "static” tepping point
will be,

2
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The recovery of theflow (cs discussod i eater detail st zeciion 17)
is initially very slow as shewn in fi 2.5. until the pres~ure-zecovery

curve beccnes stes:—:p n@ 11"[6‘4.. l\lnn..;; thia initicl period the vslue
of Yy rust be very smell, =nd it i quite poasible thot duritis this phese
the pressurce-loss will exceed the impcet pressure and so the meﬂf'ured
pressure nay be slightly less thon at the vens-contractea.

From these clementary considerations it is thousht that the vosition
of the mindmm M"static" pressure cs messured by the tronsverse taspings
will not necesserily coincide with the rozit'on of the vene~contrzcts
tut will be located frrther dormsirvesm, i.e. the stue poaition of the vens-
contracte will be nearer to the orifice them is the vosition of the minirmm
trangverse pressure res sding. To exporimentsl or theoreticsl evidence is
available on this subject, tut from the ressoning which has been cdven it
vould zppear that the error would he greater at laorger rotes of flow than
when the velocity end encrgy of the system is =mall,

cgoing covzclurn_on"
g not likely +

The suthor congiders however, that despite “Lh gifo)
ng i
troduced by using

the position of the minicum tmnsvcrse vre*wrw ond

G
ing
be far fron the itrue vens-contractz ac that the o I'T"' v in



thig point is likely 4o lie within the rengs of experimendal ¢iscrencncies,
For this reagon the author proposes 4o accent without further coment,

the position of the least trangverse prescure oz determined by meny
investigators, ea the true posision of the vena-contracta.

Only in the case of Jchsnzen, however, heve theo investigations been
pufficiently detailed for obgervations to Be mede of the cherscteristics
of the vens~contractas It wes found that the position of the vens~
contrs¢ta dopended upon (1) the Reynolds mmber snd (2) curvaeture of
the flow. In the study of the effects of viscozity on the dischoarge
coefficiem? ( Chepter 2 scction 5) it e explaired fthat at low values
ef Re, i.e. vory vircous Tlow, the fluid conformed very closely +o the
crifice and zo the nosition of the venc—contracts almost coinecided with
the trensverse centrsl plane of the orifice. ‘Tig. 16.1. relates
Johensen?s observaotions of the ninirnm downoirern pressure o the
Peynolds mumbeor, It will be ssen that this position varies conziderably
at low rotes of Tlow but becomes constent as the turbulence is incressed.
The position fTor lrninsy flow with d = 0.401 decresses from constrney

a2t Re = 10,000 and although a D siniler tendesney is indicsted from
his plotted points Jehensen extrapolated the curve of & = 0.595 to show
en increcse in demmstrecn mindmun pressure for any D further

reduction of Te. This construction certzinly cpnesrs to conforn with
the voint plotted for &= 0.794. 2t about Re = 2000, tut in view of the
initicl slope and the D absence of further confirmation of the accuracy
ef this plot the suthor considers this result to be errcnecus cné that
as the value of Re iz reduced zo the position of the ninirmum presmure
recedes back to the orifice centre-pline. IT the lest point on the &
= 0,794 curve is omitted then it is possidble that the correct D
orientation of the curves sheuld e as indicated in fig. 16.1.

The effect of diometer rotio in shown in T1g. 16.2 vhich was
obteined frem fig., 16.1. tnd upon vhich the romlts given by Judd(73)
heve been producecd. The velues attributed to Johensen hove been token
fron his rezdings et Re = 20,000 23 it i3 ssmumed that variscions with
Rio have becoma mufficiently mnll ot this flow for the nositicd of the
rdnitam pressurc to be regorded a3 being indemendent of the vslue of De.
The vslues given by Judd were however, not siated for eny rarticulnr rete
of flow elthough o3 his experiments wore meinly confined to the tarbulend
zone it is caswned thet kis curves alsoe apply to tho region of astobility
whore the position of the vens contrcot: depends only upon the dismoter

There is not & very good sgrecment batween the remilis of these itwo
Investigztors. Then 8 is =mall the results ziven by Johensen give ne
incication of D decreasing sithouzh with Judd 2 =iisht decrezse
is observed. It would seem however from puvely abatrect romsoning thet
vhen d = 0, i.c. orifice dizmeter'd = 0 so that the pipe 1s in effect

L



Tolanked-0TT," that the vens-contractz will eoineide with the orifice
plate. Tm fullmb tendeney of Juddts curve wouid *berefore be gquite
logicele At the other end however where 8 = 1.0 the vena contracte
would be nen-existant end its position ) agein at the orifice plate,
This egrees with the velues given by Johsnsen when oxtrspolated to d =

1-00 . D

Congsiderzble divergencics exist hetween the volues in the central
region ziven by Johznsen snd by Judds A careful study of the records
published by both experinenters reveals that these devictions mc,y be
due to the considersble differences 1n the sizes of pipe =nd orifice
used, thue while Judd used pipee of & and 3 inches bore, Johanzen
experimented with a 3.194 cme (1.25 i'la.) dizmeter brass pive. It is
probeble that accidentel chsmpfering of Johensen's orifices wouléd be
more critical then with Judd, so that tho slope of the pregsure curve
w2s not so great, This woulé be in agrecuent with the results of
section 14 that when the orifice is chsmpfered €p is lerge beccuse
for the seme ne:n vcxlociiy the hecd aercas the orifice-would be 1 es<*
with Johrngen thon with Sudd owing to the mzller slope of the pressure-
head curve in the instx letlon uged by the former,
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17. 2wcovery of the Tlow.

~

Yhen the mitmerzed jet fronm the orifice has prssed beyond the venc-
contmctr it commoaces to grow lorger so oo ‘co £111 the pize, i.e. the
"10" mences to rocover its charscteristic orientation with roancct

to the ﬂvpe. Naference to Tig, 2.5. chows t_,k t in recovering from

the vona contracts the nressure inerezses linecyly bo o maximum, at

vhich point ths full recovery is easuned to occur. 2fter the maxdimn-
presoure min* hea been nozsed the pressure begins to decrcase, slowly

ot Tirst end then more steadily ot the rate cheracteristic of the nressure
drop fTor "ho conditions which preveil, Three stzges in the rrcovovy of
the flow domsiream of the vens-contrscts remain to be studied, (1) the
slope of tho pressure-recovery CuIrve, ( ) vogition of the moxinmm jJ,.eszm,n'\,
PCCOVATY, ( ) the hezd lost between the upsiresm snd downstresn aceticns
of the jet lue %o the obgtructing influence ¢f the orifice.

Then the jebt attempts to recover it commences to spresd in the grne
monner a5 a Jjet soreeding invo en unrestricted gpoe (seo section 18.)
This free-spresd of the jet only lasts Tor 2 vexry short distrnce es
impoct with the pipe walls cousnes it Yo be deflected back to the nomeal
flow distribution. The rosults obtrined by scveral investigeiors
indicate thaot during the "frec~joit" period the prescure rises in
sporoxdimately a linecr meymer, The slove of iie strzight psrt of the
pressure curve vories inversely s the Re (elthough over the turbulent
renge this variation is omell) but divectly es & (wu.c% is eon 1éo”zble)
thus wmder viscous flow the strecm diverges T xepidly, but when the
jet issues ot high velocity the stresm issues alnost pd:c":llel.

/

Since the slope of this curve varies sz the rotic 3 it would sppear
th.-’it the trensverae velocity of the jet is very cmell vhen the orifice
s smell end large vacn the orifice is large, which indiecates thet the
emmlus of Tluid surrounding the jet ncy be the eriterion of the
divergence. The slope of the "irse-joi" msy therefore be itrken os
proporticnsl to the ratio of the ares of the jot to u.,&t of the =zmmlus
of liquig, ' ‘
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Tebulse t:mb the v&luos of 2 plotied by Jchangen in his fig. 14 in table
17.1. we heve, assuning Co = 0.€0

TABLE 17.1.

d

5 0l 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ap/ s | Ol .04 06 .10 W14 .22 .36 .64
d 2 oOl 004 009 016 525 '.36 449 064
(3

0.£0 (%)2 L0C 024  .054 \.096 .15 .216' 294 .384

1+ 0.€0 (%)2 1.C0 1.02 1.05 ;.10 1.15 1.22 1.29 1.38

(%)2 \,1+O‘60 (_%)ZJ .01‘ 04 L095 J1T6 .208 .439 .635 ,883

ne

Then occuetion 17.1. is plotted as in fige 17.1, it will be seen that
the presmure-reccovery is not quite linear, slthough it is probsble that
if the veriztion of Cg with d i sllowed for it will be found thot o
linear relotional 1ip ney D exist indicating that the M™impeding”
theory advenced in the foresoing mcy be mbatentizted by experiment.

The trensverse velocity ig reduced o zero vhen the pipe wall
rostricta tho free-jet sprezd, so that the filements of fluid will be
compelicd to move elong the »ive in the normzl mammer. It 12 possidble
that during the flow-racovery period in which the transverse velecity is
elimineted, that a "rebound" offect mey occur 2t the nipe well for the
intervel during which full recovery of the flow tekes place. The effects
of violent turtulence snd vorticity in the downstreom flow sre howeveor
sufficiontly large 33 to cormletely mask this vhenomenon,

1“
\l

24
pregrure (
ctic

C“

he flow o2 rocovered its nozmal dist: 'butio*z the {rinsverse
iich noy then ho talien cs 7 accurate monsurenant of
roganre zince there is no tr Saferid V.

he stotic o erse velocity component)
echea o naxirmm, — Turther downstresm the trensverse pressure commences
"ko deercase at & veio 'L‘""opo*tm.u,l to the flow snd charactorigiic of the

roughmezs of the vipe. Trom the resulis glven by Johensen (reﬂlot ed
in fige 37.2) the vosiition of the mexdram dowmsirern preasure is seen

to be verxy aenmitive to voriztions of Re in the laminar region but to

renain almost independent of Re in the turblent region.
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The valuen given by Joningen Tor the nesitions of the mozimum nTenTre
recovery do net however agree well with those gdvén by other suthorities
In sll the tests, howsver, the posi+ion from the orifice ws=g showm to
have the sszme chers. teristic of decreasing =s 8 was increzsed. The velues
of Judd =re not aveilable for compzrison end D Johcnsen advanced no
explaonetion for the digscrapencies. The euthor considers however thzt os
the downsircen position of the maxdrmum pressure vhen meosured from the
orifice is the sum of

1) distance of the vena~contrzota downatresm,
2) digtence of the mexirum pressure from the venm-contracts,

ond tha% £8 (1) is conoiderebly influenced by the orxifice shape whores
(2) is not believed to Yo 90 sensitive to the orilice design, then the
voriations betvesn the remults due to Johamsen and ‘:.’,10563 of other

investigutors sre due to nlight amounts of chempfering of the orifice.

The ma y;ni'buc.e of the presmure-recovery, or more sccurstely, the =mount
of thc pressure-loss hes interesied meny investigators since it is o
necsurs of the resiricltion crused by en orifice. In 21l the pevers which
have boen studicd, tho pressuve losa iz given oo the difference betwaen
the ungtrezn minimm osresoure and the dowstresr noxirmm. Athough for
practical purpogses thin sives wolues of the pressure logs which lie within
the range of e:f_cﬁrimentnl crroy, the zuthor wishes o record thrt the
restriction-loss o3 mescsured in this monmer chould be modified to allow
for the nommcl presoure-drop in £ pipe. Thus it is considercd that tho
tmne loss of hend due $o on orifice muot be messursd between the differcnce
in oxdinate 2% o point when one of the two curves is extrapolzted as ot
point A, iz, 17.3. To bo aven more nreocise, the suthor wonld even
stipulate mesrmrenent &t the vens-contreots ~ =g suning that 211 the losa
occurred during the re-exprnsion of the jet - if the slopes of the Pressurc-—
drop (nlpa) curves arae Sifforent, die Yo oither Gifferences in roughness,
chepe or bore of the upastresn ond Covngtresm s::c*n.o*m.

It han been strted by Cibron and ve ""1{'10& b*' other cuthorities that
the overzll lonao due o & *"nln-plc-'ic orificeo in o pipe-line iz entirely
due to the dowmatrerm enlergement of the jot fren tho vone -contrecta.
Thia indiceteon thot only r«*al:;.r*iblr fricticn ocours durding the contraction

of the jet to the vene -con'b With long orifices, tha jeot retumns +o
the walis of the noccle 'boxorr— rmﬂr&:n,:': end then diverging to the vipe wells.
Three losses st therefore arise, (1) internzl wnozzle loss on divergence

to the nozzle wells (2) friction losa ircide the noccle wells (3) divergence
loags Quring the dacherigs from the nozzle. So for o5 the muthor ic cwsre,

no attempts have been mede to meusure esch of these losses geparately.

Johrngen stoted that if the volecity distritntions soroas the pipe end
across the jet st the positions of minitam nressure (both upatrezn tnd
downstresn) were the szme, then if the memm veloeily vg at the vena contracin
wers calcr.,.lpted znd the mean veloci*‘; VR dommatresn wore deduced, then the
loas/}m:% could be estimated from the ordinary momentum equation

\ :
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These veluen were then compared tith those obteined by experiment, table 17.2.

TATLE 17.2.

Cversll Loan of Heed

Preasure Drop (Orifice) Tift.

Ratio

=] [

Calenlated Messured

.2 0.9%0 0.947 .003
.3 0.£97 0.694 .003
4 0.821 0.812 .009
.5 0.727 0.724 .003
.6 0.608 0.617 =~ .009
.7 0.483 0.490 - .007

Tren the column of differences between the csleuletod nnd meeoured
ratios it 10 evident thot the discercvoncies follow no definite lsw.  The
conclugion iz therefors reached, thsat for = thin-plate orifice, the
vaiues given by equetion 17.2 correspond very clesely with those given
in practice.

Asmuming OF = 1.00, then for clementory celeulations we mey assume

that VQ =1i2.{5-h. -noo-o.ob---Qcoc;-o.oo-.-.coc 17.3.

vhers b = head soross the orifice,
znd thet VR = Qo Ve

n
= cc .:E:'! 2@1 I ZEE R NEN NN NRENENENNNELANE NN XENNE SR ENENR] 17.4.
where @ = avez of Jet ot veno~coniracta

Q = ares of orifice
A = arez of vipe.
Henee, substituting in equetion 17.2.
8
hf = (1-Co3) R
5 .
= [..l - Cc(%) ]h ..........OOC.CI.l.l.‘.‘.‘UOIOIIQOO'I"..... 1705'
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Then the velues of Co devived from the opplicstion of 17.5 to the
rezsured vslues of Teble 17.2. 2re plotied zzzingt &d end ouperimposcd
on fig. Z.2. the velues aroe Yound to he grecter D/ than these of

Witie. This veriation is considered to be cue to the use of Gy = 1,00

and that & correction for velocity wonuld asccure grester accurscy of
co-relation, .



18.

-72 -

Charecteristics of the Jet.

Yhen & Jet leaves the back edge of the orifice or nozzle plate the
boundary layer is compelled to "bresk-zwsy" from the orifice walis.
This phenomena is similer to the bresk-sway of the boundery layer from
the surface of a {lat plate or aerofoil tut is influenced very considerzbly
by the convergence of the flow end its effect upon the distritmtion of
presoure at the orifice wells, In faet, to distinguish briefly between

the two kinds of brecksway, whem = fluid passes over a flet plate 2 dimensional

forees predominate wherees when & fluid flowa through =n orifice or nossle
2ll 3 dimemsionsl forces influence the motiom.

This breskawny of the stresm from ~n edge~wigse plate hes been discussed
by Goldstein (74). It was comsidered thet this breckawey occurs when the
fluid in the boundery-leyer wan made to move sgeinst e pressure-gradient.

 Such a condition srises whon the flow diverges on the Gowmnatresm side of a
submerged orifice cnd the mesn velocity of flow is rcduced by the considersble

incrocge in cross-sectional eres. 'The preasure on the downstresn side of

the jet thorefore attempts to incresse so that the conditions for dreakewsy
are intraoduced, m:nples of this breekswey in ¢ diverging nozzle heve bean
published by Prendif while Goldstein refors to demensirstions made by .

Terren at Cenbridge University to illuetrate the flow breckewsy in & .

divergirs channel.

Prondit (75) showed mothematically thet 2 vortex sheet would be set
up by sn invisecid fluid when the jet broko eway cnd demonstrated this
conclusion experimentelly (76) with cir.® Tomnend (77) found with his
testa on the free-zir jet in = zmell 3 inch open wind tunrel that the
downstresm shape of the orifice or ncgzzle hnd a very considersble effect
on the form of the domnsireem vortex. This implies that the back face of
the orifice or noxsie hes z oritical effect on the downstresn flow pattem.
Thus, with e sharp-edged back face the well-known Kéwmén vortex sheet was
observed in which the e¢ddies wore shed slternatively from the top and .
bottom of the Jot wherees with am orifice suitesbly rounded to give & radial
Jet the vortices appeared to be shed simmlteneously frem the top snd bYottom
in the mexner of an unsteble Kammen vortex sheet., ‘The cuthor believes it
possible thet the vortex speeing varies with the rate of divergence of the
Jet. An interesting observation made by Townend was that the vortex
fomation influenced the interior of the jet so that with the "sliernctlws®
vortex formation the Jet wss "wrigcled™ or "smsked," vwhereas with the
"girl taneous” vortex fomsation the jet was squeczed by eanch vortex so that
& puaping sation takes place within the jet. It is possible however, that
these pressure fluctuntions sre cnly restricted to the mixing region of the
transverse section of the jet end do not influence the core.

¥Me formetion of vorticee behind o sherp edge is naed considerably in the
design of whistles and syrens vhere the eeolisn tones of the vortex sound
weves possess & frequencgy corresponding to a certain pitch. Similerly the

offect on & sensitive fleme is also the remult of these vortices. A grecter

explenation of those ;henomma ir gtven by E. G. Richardson in "Sound"™ publ.
Amnold, Londom (1935. ’

»_/:’ . e
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t was suggested by Kretschmer (78) thet o depression of pressure
existed in the vortex givenm off =%t the jet, which coused the flow to be
cucked beck to the walls of 2 long nozzle.  Althoush no experiments heve
been published 1%t would sppear thet by creeting sn srtiTicisl turbulence
ot this point the return of the jet would teke plzce in = rmch shorter
orifice length, '

Then & jet dischsrges into an atmosphere ond ie dispersed by the
diffunion of its molecules into the surrounding media it hes been shewn
both experimentelly ond enzlyticzlly by sndrade (79), =nd confirmed by

o~

Binnie & Squire (80) that

(1) +the meen sxial velocity of the jet decrecszes =3 the distance
from the orifice increeses,

(2) the vélocity across sny cross-section of the jet decresses
outwards to zero =t the jet boundary,

(3) the jet diverges outwards from the centrsl core of undisturbed
fluid which is abzorbed into the surrounding medis 2t 2 rate
which is proportional to the dist:nce Trom the orifice.

- It wss found by fndrede that the jet from o slit~orifice wos very senaitive
to oven slizht disturbsnces snd that stesdiness could only be ensured
(without teking very specizl precautions) ot values of Re less then 10

to 20 vhile ot Re grestor then 30 definite turbulence could be observed.

Then & sutmerged orifice ig fitted into = pipe the theories of free
Jets carmot be rendily applied since the well effects modify the generel
flow charscteristics. The author does not clzin ony advenced mowledge
of the mathematical theory of fluid dynmmics but would suggest that the
analysis by Schlichtung (81) which wes simplified by Bickley (82) and
gave the exial and trensverse velocity distributions for = Jet, nay be
epplied to this problem. '

, Very little attention has been peid to the velocity distribution
downstresm of the orifice so that only hazy conjectures cen be made of
the true behaviour of the jet. Tuaselt (83) showed that for e nozzle
vith the flow retarded et the boundery lsyer, the axinl velocity wes
negative et this region. On purely conjecturzl grounds the suthor hss
therefore considered that the velocity distribution throuszh sn orifice is
similar to that depicted in fig, 18,1, In this the meximmm velocity
incresges up to the vens-contracts snd’'then stesdily decreonses so thet
after pazssing the turbulence-diffusion region of vortex Tor netion it
regaing its original distribution. Throushout the orifice flow the
velocity is negotive ot the pive wells excont ot the inlet vhere it is
alnoat congtont, - 2 conclusion sleo reached by Prof. fndrade. The
champfering of cn orifice definitely effects this distribution snd reduces
the "negative-velocity™ region. A further series of conjecturas for long
orifices or nozzles could be bsgsed on the flow-distribution st the entry
to pipes.
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Townsirerr Tortex Tormnation.
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At low Beynolds Tumbers the dowmstream flow psttern consists of
viasible vortices the rate of geneistion of which veries with Re so that
vwith very viocoua flow their crestion is scarcely perceptible while out
of the liminsr ringe snd with turbulent {low the whole dowmstresm is
confused vy the very repid creztion of vortices =nd their dissipation
into the downstrec: mass, ‘

Visuel cxperiments were corried out by Johansen on the vortex pattemn
at low Reynolds Mumbers, from the rubliched resulis of vhich the photo-
graphs of fig. 19.1. have been token, The flow 2t 'a' with Re = 30 is
gymmetriczl arcund the ovifice plate with the fluid close to the plate
being deflected ot right angles yet adhoring to the sides of the disphregm.
This effect corresponds very closely to the quertitaziive ovidence for
viscous flow that at low Re the coefficient of contraction is slmost umity,
At alightly higher rates of flow the fluid pessing sround the sherv edge
of the orifice is thrown clesr, i.e. separates, for s smell distence, but
gsoon diverges sgein rapidly to the »ipe wells, In cccordsnce with the
conclusions of section 18 1{ will be scen that a2t higher Reymolds mmbers
tha jet diverges less repidly, while when Re = 100 s slight vensc-contrzecte
ney be observed which forms close to the orifice edge.

These charactcristics of the jet contimie to develop ag the rate
of flow is increased until & more or less cylindrical jot 2 pipe dismeters
long issues from the orifice. These limitations usuzlly exist &t Re = 250
to 350. A return flow between the jot snd the pipe becomes inercesingly
noticesble 2t these Reynolds mumbers, which hzs 2 mesn velocity ebout 0,2
of that of the coentral filsment of the jet. At Re = 250 some ripples eppear

- along the boundaries of the jet, the starting point for vwhich comes closer to
‘the orifice face as the flow is increesed, then, at Re = 350 the ripples

- travel shout one-hslf 2 pipe dismeter downstresm and thon appear to cozleace

into imperfect vortex rings, fig. 19.1.d. Further increase of Re enables
sufficient fluwdid to be carrisdé 2long with the jet to form 2 train of more
or less complete vortex ringa spaced sbout 1 orifice dismeter svsrt; the
mean diemetor of these rings is initially lesxz them the orifice dismeter
tut as the rings trsvel domatresm they are "stretched" by the expending
Jet 8o thet they incresse in dismeter. - These xings - which appear to be
coniiected to ench other by 2 thin film of fluid - msintein z2lmost constent
size end spacing for sbout 2 pine dismeters downstresm ofter which thew
increecse in bulk, decresse in velocity ~md spzeing until the vhole trein
becomes unstable snd merges into the general turbulence sbout 5 dismeters
domnstreznm, Under very favoursble conditions Johsnson observed smell
individuel rings which formed at the orifice snd passed dowmstreon at high
velocities so that they nassed through two or three of the larger rings
comprising the trzin. It is of interest to note that all these vortices
were contrined in the plane normsl to the pipe, i.c. the plane of the
orifice, there was no teadency for them to be shed from the edge of the
orifice in the form of 2 spiral, :
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Attempts were made by Johensen to time the fresuency of the vortices
by means of & stop watch. The results are given in table 19.1. for the
rate of vortex formation =t various Reynolds mimbers

TABLE 19.1.

ORIFICE 1.346 ¢.m. dlemeter. PIPE 2,685 c.m. dirmeter, (§) = 0.502.

‘Re Ringa/Sccond %é‘-
222 0.78 0.576
234 10.87 0.610
344 1,25 ' 0.594

- 600 2,40 0.655
7%  2.m 0.578
1020 3.42 0.548

In spite of the large varictions from the mesn in those fisures deduced for
colum 3 sbove, these variztions are not gysztemetic, For this reason it
hes been suggented thet the function f.d. is 2lmost a constent. The anthor

belicves however. that with more v accurste nesng ot messuring f and
v thet it will be found thet f,d. veries with Re, m, =nd the other varisnts,
Y

At Re of zbout 1800 the vortices contimre to form z2bout 1 orifice
dicmeter dowmstrears ut cre repidly dissirveted. TUnder these conditions a
violent turbulence extends for about one %o five pipe dismeter downsiresm
from the orifice.

The forecgoing results were obtained by Johangen for three sizes of
orifice (% = 0,095, 0.246 and 0.502) who found that =lthough those sequences

which have just been described were followed, the Reynolds yumber for ¢ given
event varied with %. increasing vrogressively with this ratio.

2 noteworthy feature of the cdownsirezm flow is the distonce which the
Jet issuing from the orifice penetrates into the dowmstresm fluid. This
length incresses stezdily from zero ot Re = 10 to & meximmm upon the first
appearsnce of vorticity. The Jjot length then decreases at a1l further
increases of Re, Vhen the jet length is mexirnmm the resistonce to flow
ig 2 minimm, which corresponds with the conditions of maximm CD given in
section IT. The suthor also considers (emd this is 2 point overlooked by
Johansen) that the point of vortex formmation must correspond with that of
the jet re-cxpansion, einc?'.vortices 2lways Toxm when the fluid diverges;
the point of vortex m ig the venc-contracts end being shed from
this source the vortices will inherit the characteristios associated with it.



The available literature on this seotion of orifice characteristics
is very meegre, in fect Johensen appears to have made the only serious
atteupt to study this aspect. In view of its velationship with CD,
pressure recovery, Cv and pressure loss it will be necessary for this
subject to be developed more thoroughly in the very near future.
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CHAPTER 5.

Cherecteristics of the Flow - Tree Tischerge.

In order to cover that aspect of orifice flow not desli with in
Chaptexr- 4 zn attempt is made to survey briefly the more outstanding
cheracteristics of s fluid vhen discharged into an etwosphere of much
lower denaity end with vhich it ceamot readily difiuse.

Pendant Irops.

Under the influence of very low hydrostatic heads with large surfece-
tension propertics snd fina bores on orifice moy pags only just sufficient
fluid to enable o drop to form, for which the capillary or surface-tension
forces belance the other loeds, i.e. for vhich siatic equilibrium is attained.

The shepe of this drop mzy be determined from sn anslysis of the siresses
virich meintnin the drop in static equilibrium; such czloulations being besed
on the fundementol equations derived by Young (84) mnd slso by Laplece (85)
that the pressure csused by the curvature of the surfzce is eguel to the
oroduct of the boundary (surfsce) tension end the meen curveture snd that
also for conditions of equilibrium the verticel forces across amy horizontal
plene shell belance,  TWorking on these principles, Freud end Herkins (86)
substituted the certesizn coordinates for the radii of curveture R end Ro
in the femilisr Lanlace ecustion

‘ p'b(;m.+}ﬁ-2) S0 8040000 LAV EIRIP OV IVPOIOONLIOGEOOLOLIBEOLOEUOLRNOEDIAEDS 20.1.

these coordinates being meszsured from the bottom of the drop as X - axis
and through the vertical axis of syrmetry as the Y - sxis, then

N A : vt
P = b —(5T)7 53/2%{1«-(#)‘}51

1
where y* and ¥ ore tho first end second ¢erivatives of y with respect to x.

P LOS OGO REDIEOIOCTS 20.2.

liow the pressure p at eny point on the surface will be equal to
w (h=y) vhere h ig the capillery heod over the bottom of the drop, so that
if we put @2 = 2 | 3,0, double the rotio of the density to the surface

tension, then for equation 20.2 we nmoy write

‘ 7 -2
[1*(} )213 D + x[l*‘(;;r*")d ..[ ;é -3_12 (h"' }') eovecanse 2045,

This represents the basic equation Tor the contour of a rendant drop snd may
be selved by integration in series.




- 78 .

This tesk wes carried oul by Frewd -ad Harising who gove thelr results
in the form of 2 graph, veproduced &s fig. 20.1. which gives the drop
profiles for values of h ranging from o to 4 cms,. end which uses as
ordinates X end ¥ to avold the apvlication of the charccter 's! so thet the

physicel coefficients are not involved, '

'If the head over en orifice remains constent, then z steble drop will
Torm {or which eny veriations due to increesing the head will cause it to
- grow 8o that vhen the head is reduced the drop will bo too large, it will
be wngtable with reapect to tho diminished head and will thercfore fzll off.
On the other hand a reduction of pressure from the normsl will cause the -
drop to "shrink" and so anmy incresse in pressure will find it in e steble
condition, capzble of inereasing in size without becoming severed, It
will be seen from fig, 20.1. thot at oach particuler head a drop hes en
optimum stzble volume which led Lohnatein (87) to conclude that if through
any ceuse this volume was exceeded, the drop muet ultimetely be severed.

. When feilure cccurs & "neck" is fommed in the -suspension of the ‘drop
which contimes to incresse until finelly the drop becomes severed. '
Theory glves the simple expression ( ses Ldser, "Genersl Physics for Students,"

MecMillen, (1933) p.319)-
w” 2”(\1'. 6 b.on-coo.oo-ooont-.-o.o.c.oo;;o--ccoooooon-o--co. 2004-'

for the weight of c single drop mevered from 2n orifice of rzdius r after
fully developing, This velue is, howover, too large as it includes thet
smsll volume contained between the orifice and the ™meck." For practicel
purpoges this is sllowed for by introducing a fsctor P, so that the truc
drop-welisht is given b the expression

m = Fo 2-1l/ I‘-b POVNEPENBINNCPOC IO RENOIONDIVIISOIORUERBIETNRIOGTS 20-5-

Experiments show ihet ot % = 1.0, F= 0.6 lut vhen -:-;- is lowered the velue of

T is considerably increased since the proportionate size of this "neck® is
then much smeller; =a valune of 0.93 having been referred to by Freud & Harkins,

It is interesting to note thot after the drop fells a long neck is
distended after it which mey elso become detached at one or more places so
that a secondary Grop or drops will follow behind the larger érop. This
hea been called Platesu's spherulo end can easily be observed in many
ingtances when the rate of formation is slow.
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Low Velocity Jets.

Yhen fluid iscues from mn orifice ot velocities ontside the range for
viaiich cepillery (ar surfsce tension) forces sra cffective or compsrsble
with the viscous or momentun forces, ~ eplumn of fluid will be mainteined
at the end of which drops may form., This colwan appecrs to be & development
of the Mretained flnid"™ between the neck end tho orifics referrcd to in
sgction 20 as being left behind when 2 drop is formed. ‘

The length of jet which een be neintained Lefore drops are formed,
wes studied experimentally by Smith =nd lfoss (88) who showed that in the
Tirat stoge the effscts of surface tension predominsate while in the second
stags the effects of viccooity were more importsnt., TFrom = dirmensionszl
analysis of the conditions Tyler =nd Richerdson (89) showed that for the
zone of surface-tension domination the jot length I deofined as the
"ecentirmaous length of cylindrical portion" mzy he evelneted from the

expression
L . w.d
e C Tan’ . —_— 2600000030 00s0c00rB0 e 000N Y 2 el
3 = Lonstent x 7 Al b : el.l

for which the experimentsl resulis would appecr to offer 2 vslue in the
region of 16.0 for the conatant of all fluidde with = density -houyt wiity
(water, methyleted spirits, ete.) In plotting L sgeinst V. - it wes
found thot two straight lines of diflerent slope were obtained from which
it wes concluded that two criticel velocities v} snd v2 could exist, cne of
these velocities being very small while the other was fairly lsrge. The
slope of the % curve is mch greater =t low velocities, i.e. for the Wy

region, than for the other region. After the uprer critical velecity V2
hzs been exceoded the streisht-line law f2ils, the slope deoresses to zero
and then becomea zero so that the jet length decreases ag the velocity
increcses. It is poszible thot the lower criticel velocity is only
influcnced by surface tension end repragonts the change~over from slow to
faat drop fommation, while the wpper limit involves both surfece tension c
end viscosity; vhen the length of the Jet shorteas the viscous forces|to
prodominate. It wz3 ohomm by Tyler & Richerdson that the upper criticel
velocity wea controlled by =n equation of the fom

vzxﬂ.&l. 6d + Bl ) A 0d4c i 0 v s ersssarsesstrs 21.20
UW- .

Wede

vinerae the Tirnt term covers the surfoce tension affeet ond the second
covers the viscoaity eifect.

While f2lling this Jjet will exchenge some of its potentisl energy for
kinetic encrgy end in order to meintzin contimuity the cross section=l eres
will decrease ng the velocity is made 1o incresse., The jet does not
however, maintain & regular circular cross-gectlon bLut divides up into very
regular awellings s shown in flg. 21.1. which wes obteined by the zuthor in

ommente
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pouring coloured woter from 2 Jug. These swellinge sre censed by extronely
glight disturbences te the Jet where it leaves the orifice, nd will be set
up by the dischaorge of fluid through =n aperture of sny shape,

OF the various theories put forwerd to expluin this behaviour of 2 jet,
the suggestion made by Platesu end developed by Lord Reyleigh (90) that
such swellings zre the reralt of oscillations in the flnid which travel with
it snd spoesr ultimately a3 stationery waves or swellings, has met with the
greetecast success. Thus, by means of o mathamatical snslysis of the stebility
of the stationary oscillations of the fluld colurm sbout = centrsl Tisure
of equilibrium snd superimposed upon the gonersl motion of the jet, Revleigh
found the frermc’s;z(cy (t) of these oscillstions to be given by
’ 2

t =

S0 ¢ P I I IPONOIQEENIOPEOOIYIVNEORNOEPOOEPLOIODRIOOSRBNREOEGEOIEOEOIOPESIOAETOLTS 21.3.

P
3 -
wherep=4"'. 63!’./0-5 A" I'TS-IT.

4 = cross-gsectional crea of orifice.

¥ = mumber derending on shape of orifice = 1 for =
circulsr orifice

. = 2 for a

elliptical orifice
= 3 for a

trisngular orifice :

= 4 for a

squere orifice. '

It wes shown that the wavelength (A) of these oscillationz was constent
down the jet despite the reduction of erea which occurs, and was given by

A=Tt- 4/285(31/'4 Lbrph A= 1)

= ﬂé AB/zp. zgtn P06 00 0BV 0B INOIBSOESIIEIRNDRNOITSITITDS 21.4.
6w - W)

The accuracy of thege deductions wag checlzed by Rayleigh sgeinst experiments
with distilled weter snd the results in Teble 21.1. obtained.

Orifice n  Allcasured ACeleulated, CMS.
Ellipticsl 2 3.95 3.93
Trisngular 3 2.30 2,10
Square 4 1.85 1.78

The sgrecnent botween thoe messured and calculeted wave-length is oufTiciently
accurate to allow ccuction 21.4. to be accepteds It is obvious that the
wevelongth incrceses with increase of srea, density or henrd ox 1 the surfzce
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tension iz reduced; while with ths smaller veluo of N for ciroular orifices
the wevolength is greater for this then for any other shape. (It apnears
23 though N varies with the mumber of sides of the orifice, ™Mt as &
circle mey be regerded &5 2 multi-sided orifice it would secm thatm for

& large sided polyson will {end towsrda the value for an orifice of circular
shepe. For thig reason it is sugzested that opf gravh relating N to the
"mumber of gides™ may not be linear zs suggestod from the foregoing notes,
This requires +to be determined.)

The smplitude of these oscillations or Mawellings™ is 2 critical fesctor
in the stability of these jets. It was shown both enslytically and
theoreticelly by Platemm, that e column of licquid would remain atable if
the weve-length were less then the ciroumfeorence of the orifice. If A is
grester than 211 r the nechs between tho swellings will become deeper znd
deeper until they zre finally aeveored and the drop iz free. Hore recent
work by Litteye (91) confimms that 241 r represents limit to stability.



Then jots are wmstable, the protuiberations grow &t the expense of {luid
in the neck. The cznillrry Forces sre recuced snd tho fluid ot the end of
the jet scoarstes or ruptures swey from the moin colurm with the result
that 2 drop is formed,

It was shown by Rayleigh that with 2 non-viaccus flow the time of
dicintegration of - liquid droplet depended upon the initisl digturbsnce
at the orifice (ao) and its rate of growth, sccording to the expression

1 s D d ‘
tc"’- - —" PERNEEIIEPIEONIOPSCEOIOSIBOOOCEOIRNOBIONOIURED 22-1.
y lcge (aa XM 6 »

where & = finsl omplitude of distuarbence before rupture, this ig
megsuraed in the tremsverse plone of the jot.
¥y = finction of

1 4

the jot. N |

This eguction should be modified by a multiple of -[-( t\/ﬁg.d.) to allow for
' A

controlling the degree of instzbility of

- viscosity. The oxperiments cc-rr'lcd out by Tvier cg?QHatkin (92) sucgest
d

that this Tunction should be El—t— ( 6

g o . 1
Tyler showed (93) thut the frequency of drop formation (¥ = -) was

related to the velocity of the Jet at the disruption znd to the drm speeing
( No) by the expression

VHI‘T' xo "‘.'-...l.l.'.'.'llI..l..II.l.ll'..'.'."l.“...'. 22.2.

and that sssaming conuimti ty, with d = jot dis motar at break-up,

-

D = effective dismeter of & sphericesl drop,

by neglecting Platesu's spherule,

{gn?nmj. v
y:
3D | 225

9. dE P 0 005 PPN ORINOINNGIRETRSNSPBROQPRLIEOREOEONSIsOPIOBINEITOS

1.0

=]

T frem equations 22.2 end 3,

é°=_L S %(%3 .0.tooooo----ru.ov-o.oo.accpoooo-o.-. 22-4-

H.d

anary to modify equetions
f rmation is hich,
s ond thorefore the

In order to determine the drop alze it iz nec
20.4. tnd 5, for these conditions whore the rets o
inertia forces wanken the neck between »nrotuberntions
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drop weight is less then the theorsticel. In genersl, drop weighi
nereases Yo o maximm 2t & rete of drop formation for which the drovlets
“ra most completely formed. By using distilled water, 2dler (94) obteined
the following results to relate the drop woight to the rate of drop fome-
tiong~ ' .

TABLE 22.1.

0.57 0.62 0.65 0.70 0.80% 0.88 1,02 1.38 2,05 3.14 3.85 5.25
78.87 79.67 80.05 £0.65 81,30 81.25 80,65 80.15 79.05 78.00 77.60 77.00
0.74 0,77 0.91 1,15% 1.55 2,05 2.95 4.00 4.47 5.06 6.50
137.6 138.5 140.15 140.8 140.3 139.1 137.7 136.6 136.1 135.9 135.1
1.16% 1.50 1.66 1.75 2.04 2.47 2.96 3.54 4.05 5.43 6.41 6.
249.0 247.9 246.0 245.8 244.7 242.5 241.7 239.0 237.7 255.3 234.4 232.4

\N
W

t =« rate of drop formation, secs. w = drop weight, ng.

Thus it will be seen thet for d = 5.00 m.n. the meximm woight is obtzined
vhen t = 0,80 sec., for d = 9.40 m.n. when t = 1.15 sec, and when d = 15,90
n.m. vhen t » 1.18 sec. (probzbly less, cven)
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Formation of Sprays.

hen & fluld is aproyed from en orifice mnder high pressure the mmber
of factors affecting the sproy fommation exrs very conaiderasble, Undsr:
the conditions for spray fommation the forogoins theory by Rayleigh for the
formation of (single) drops by & non~-viscous fiuwid under potential flow
does not hold; while the effects of ineriin forces only extend over the
ronge of comparatively low velecities. It was in fzct, shem by Hainlein
(95) and also by Lee & Spencer (96) that the dizintegretion of a jet imto
a spray, passes through severcl stages ne the injection velooidy (ox
pressure) is incressed, the stages proceeding through the surface tension,
riscosity, inertis-forces range to the formation of en unstable Jjet which
"smokes" and then disintegrates. Under these conditioms it must be
remembered that the single drop formstion by the detechment of shole
portions of the jet, is replaced by the disruption of meny parts of the jet
nd in tum, the fearing-off of portions 6f thesme disrupted parta as well.

The whole process ig curmlative, :

4 survey has beon made by Schweitzer (97) of the msny theories which

have beon a2évinced to explain the disruptions of o jet end the formation
of sprsys, | The process of Mztomisation” when a Jet i3 ceught up in en

rstrean, cs for exsmple, in & carburettor, was deseribed by Castlemen (9‘!)
as the result of a2 portion of fluid being detached Trem the mein jet at 2
voint where the surfsce was ruffled. One ené of this dstached portion of
fluid remains attached to the mein jet, while the other, frea, end is
drevm off go that the ligemont of fluid so produced is compelled to drew
out finer snd finer while z "dent" grows at the neck securing it to the
main jet, Finelly, this fluid becomes detzched snd is dramm into the
eir strecm, vhile rapidly drawing itself up into o sphericel droplet., It
was suggested by Castleman that ag the eir apeeds inereased ao the ligaments
becene finer, their time of disintegration shorter snd drop gize smeallepr,
Still furthexr, it weg proposed that the disintegration of 2 jet deponded
vory lergely upon ths -ir friction.

Thet zir friction does influcnce the disintegration of & jet hes baen
proved by seversl investigators when injecting Tine sprays of various iiqui
into atmosphores of vsrious pressures snd densities. The phyaiczl propert
of the fiuid, the nozzle promortions »nd the in‘ection pressures are- inport-
ent factors which nlco control the atomisztion of the “Jjet. By using neny
modifying azasumptions in order to simplify his deductions and by atadying
the disruption of a fluid mzss with o oylindricsal body znd hemisphericel
ends, Trichnigs (99) menoged to procduce @ {formmila for the glebule dizmeter,
a generalised version of which is

£2.2

d= nl.rﬂ. 860020 caPVRPIRIOCIIQRIOIOIETRITSSEBRRIOROY 23.1.

(131 - PQ)W
whore py - p, = presvure difference, Kg./sq.m. ceusing injection,

w = density, Rg./cub.mm. of the air into which the fluid is
injected.

3

ds
ies
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In rovicwing the suitability of thiz oquation and comparins the values
widch it gives egzinst those obtained by experiment, Sass 100) showed
that it wos unsuitable for sproys injected into low-pressure chambers,
tmt that some mensure of agrocment could be obtained when used with jets
injected into high pressure sir, These comparisons are given in Table
23.10 ’

TABLE _23.1,

Bsck Presmars, a%maapheres. 1 30
Injection Pressurs, stmospheres. 100 150 200 300
Caleulated Trop Iismeter, mm. 0.516 0,344 0.258 0.0174

' 0.035 0.030 0.020 0.020
Messured (Mean) Irop Tismoter, mm. to to to to

0.005 0.004 0.003 _ 0.010

Other attempts to enlculate the drop size have been made by Xuehn
(101) who unsucceasfzlly stiempted to ~pply the laws of flow similarity,
while Schenbel (102) endeevoured to snalyse the vhenomens somowhat '

- empirically from his experimental records. Tone of these attempts have
Yyet evolved a satisfzctory explenation of the vhenomens of sproy formation.
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24. ttomisetion snd Penctration of Spravs.

of Tl

The irresulzr drop formation which is crested within = spray, not only
complicates the calculationz Tor mesn drop aize, tut involves practical
difficulties with regerds to the wmiformity of atomisation. Thiz subject
is of particuler importonce with regerds to the solid-injection of fuels
in conpression-ignition engines and from the investigstions into this
sspect of 'iree! discharge of fluids ithrouzh apertures, the following notes
heve becn draw. ‘

In the desiga of sypreys for fuel injection engines it is desirsble to
inject smell droplets into the cylinder, oll of these droplets having the
same dicmeter. To test these sproys, e somnle is obtsined - by verious _
neans, of which cne is the insertlon of a lamp~blacked plate into the spray -
of the droplets in the sprsy over one srea. Tor this gazmple, the mmber of
droplets of 2 certain size-group are counted and their mmber plotted egainst
the mesn dismeter of the group. this mecns it is vosaible to draw
curves such rs Tig. 24.1.2&) and (b) whioh sre described by Sass as
"frequency-curves, " probebly in view of their similarity to the zmplitnde-
frequency curves plotied in the study of vibration (cnd where the nmexirmm
or peck amplitude occurs ot the reconant frequency, i.e. the natursl
frequency of the elastic system.) Tith these curves, the fincness is
repregonted by the drop size of the maxdirum oxdinate, i.e. the ehsicea
of the maxdrmm ordinste, for, the smeller this welue becomes, tho smaller
do most of the droplets become znd therefore the finer is the atomisation.

In fig. 24.1. curve (a) revresents s sproy which is much finer thsn curve (b).
Unifornity is represcnted by the mesn alope of the first pert of the
frequency curve, the cmeller this glope the grester is the unifomity of
the sprey; ourve (b) is therefore s morc wmifom sprey then curve (a).*

The distridution of & sprey inside the cylinder depends when (i)
enersgy of the droplets mmd (ii) width or rngle of the spray. Ifller &
Beardsley (103) showed from 2 series of cine-pictures that the penetration
of a fluid oprey into z high prescure gas increased as the spray cdoveloped
until it reached o constent value for which further prolongation friled to
increeae the venetration. The limiting renetration, i.e. the agymptote
of the penetrztion-time curve, depends upon the injection ané chember
pressures. The actuzl curetion of = sproy (o9 compared with its time of
developnent) has no effect upon the nonetration, co thet from the point of

%1t is interesting at this stege to note the photographs, fig. 24.2. of

the spreys through sn orifice ?1) undexr blest injection (ii) solid injection.
The ztomisation for blest injection st low pressoures is equel to thet of
aolid injection vhich ia attoined only by ucing high injection pressures,
thus the 75/30 blest is aporoxdmately equel o the 300/ 20 solid while the
65/30 blzst is equel to the 250/30 solid, Thile not pretending to be in
sny wsy conclusive of the efficecey of hlasgt injection these photographs
offer striking evidence of the mperior injection to be obtained from

blast injection. .
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LI -
view of injection charadteristics =z short intemiittent cvroy penetrates ond
atomises exactly the szme as = "gtationory™ sprsy. - It should slso be
recorded that the work of Gellales and !Tarsh (104) indicotes thet on
intemittent injection does not itself alter the perfommance of e
compresslion~-imition ut thet the sccomponying valve action is detrimental
to atomisation. Sohweitzer (105) showed from tests in which the yenetretion -
wag measured by impinging the opray on 2 sensitive cloctric contset, that
the most importsmt verisbles in spray ponetrztion could be expressed in the

formmlae

S$ ¥(toJ—o) 0!.00-o'-l0.0-U.'loo.'i'Io.l'oitultl-loooolo. 24.].“
%- 4(’}) --o.-o--o--.c-oooo|-..ooubooocnncohnoooooco 24.?.

S(l+pa) - (to Pa) Qnt-ao'p.-o.oooo-o-cto-onocvotcnvo.o.occ-goo 24-3-

in vhich t = time, (milliseccs.)
 p = injection pressurs

d = orifice dizmetor

Pa = cﬁember :L)ressure.

- The zetuel phencmens zasocistod with the penetration of z sprcy have not yet
been atudied from the physical astect in spite of the meny cusntitative
experiments which have been performed.  Schweitzer (106) hes steted that
althoush the initinl velocity of the jet depends uron the injection preasure
this influence only extends fTor = short distence along the jet. A precise
interpretation of these renarks is difficult to make, but from the vrevious
notes on drop formotion it would appecr that the influence of air/droplet
friction render the flow unstabla. Some =zllowonce will =lso be required to
account for the inflow of mixing sir. It is clso interesting to record
the observations mede by Bird (107) who states thst the flow of oil in the
conditions under roview foll between stresm-lined (leminer or viscous) =nd

Churbulent flow, thus the flow of the oil is chonged in o msnmer which hes
not previcusly been subjected to a cloze ohysical review., It wes also
noticed by Bird thst the injection prescure end veloclty veried zecording
to the exnrossion '

P = Constent x VN '

where the index N was about 1.2 at 1000 1b./3c. in. and incressed to 2.0 ot
5000 1b./zq. ins,

Zpray engle does not appear to vary to any great extent but Toms an
angle of 600 under nosrly 211 conditions of Tlow. Experiments by Jorchin
and Deardsley (108) showed that the sproy angle wowld first decrease tnd
then increase with the length/dismeter ratio of sn orifice. By collecting
meraured somples of the spray Ie Juhesz (109) found gl) that the cone sngle
increased with injection nrescure end air density (2) decressed with the

vigeosity of the fuel.
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It would appear, that related to the penetration end cone engle is
the variation in size of the drops st distences from the orifice. This
subject has been exemined by several suthors in commection with fuel
injection but is complicated by the evaporation of the particles at the
boundsry of the spray. From the evidence at present availeble it would
geem that (1) the droplets have en everage smoller size =t the bounderies
then at the core (2) the aversge drop size deéreases as the distance
from the orifice is increased. Other theon these bald statements of feot
there is insufficient information availsble to develop this subject -

further, '
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Fig. 14.6 The relationship between the
curvature of the flow lines and the
orifice champfer.
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Fig. 15.3 The variation of orifice
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Fig. 17.3 Illustration of the correct measurement
of head-loss due to an orifice .



Fig.18.1 Deduced distribution of velocity (axial) in the vicinity of an orifice.
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Figre2lel. Stationery Vaves of a jet.(Obtained by iuthor),
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