s steeply deerezying pressure gradient over bhe conm

vergent section of & meter, and thus the laminar laye

is preserved.  Ou the ofier hend an increasing o
‘adverse' pressure geadient operstgh over the aiverging
portion which causes instability in the boundary-layer
flow. over the pressure trensition stage in the visinity
of the throat; a laminar boundary-layer at entrance ta
& meter is probably triggered to & turbulent one in

the venturi throat snd this transitios, or absencé of

it, affects the discherge coefficient £; sppreciably:

One important feature of venturi meter flow would

be decisive in detcrmining whether a throat boundary--
layer is laminar or turbuleny: It can be shown ex-

1iy that ot %6 a meter - in the region

of curvature chénge at the junction of & cylindrical pipe
and & conical meter - the pressure rises steeply. —This
sdverse pressure gradlent tends to trigger the uastable
laminar boundary-lsyer at emtrende to o meter, Separavion
bubbles could be formed prior to re-attachment of the
boundary-layer in turbulent ox isminar-turbulent form.
Such a boundary-layer would probably he wholly turbulent
in the throat due to the pressure trugs\:\ficn outlined
earlier. Os the othker hand it is clg;f‘lthat‘ a leminar

boundary-layer could exist ia a venturi throat - depending

on meter geometry and Tlow conditions - if, for example,




the leyer iy no¥ triggernd eb entTancs to 8 meder,

In tde light of the aheve cpsyiderntions, %he

anthor proposss to estimete it efTer: o thls Bommiery

layer factor i. the Yhroat syer

either laninar or turbalest. Further, the semiw

infinite flat plate snalapy wild 'be employed, ¥akidn the

effective lenghh Tor boundnry-luysr Govelopment as.
5 = 1.3 d; A6 sugpeshed by Satton, BT Livtens of

1
2 7 das used by ne.l]..( ) 1t iz propebed $o kalon~
Jote the threat Aieplacenend thicknwsses vhich wild

nmodify the sree vatis, m, nad hanee Cy.

in soncluaiosn it mepds o be eophomizad,. Bowever,
that Huthon's expression For Gy showed negligibles
shanges in g, for swall varistiges ia m.

385 The impact pressure effech

The pressure in the corser of the npstream sids
of & vemturi costrection i x\i‘gm:r thun that, way, oze

e us X

pipe dimmeter upstress Frim I¥

the - ponverging cone; the - Linnu BYR bem, iom—aa,

this Tsqueening' of stream tubel causes energy losses
whieh give wise to & gecrease in wxial momwntum of Lhe’

fauide The zomentum Loss, in Hurn’s umxuen 5 repation

force at wptrenes %o the ccavux’gzng = e uh
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This "lupscy pressure’ has baem massursd by,

Bngel and Wigte (92) who suggested 2 theoreticel appioack
far caleudating the pressure.  Their mathamatinal ’
tressment is vagie and uneodvinsing, however,' partiewlarly
where they inwtroduce sn undefined constant of preportionsli-
ty for determining the impact pressure coeffipipnt.  The
efféct of the converging cone angle was neglected ig spite
of the fact that the degree of sonvergemee is kpown to!

affect the induced impact prezwure markedly.

I4 ie possible to caleulate the fores imposed on the
projectes ccue surface by the abovemantiones’ ¢enge in
axial momentum and the regulting impmrc$ pressure can’be
considered as proportional to the predsure caused bty

this farce ory

pj = Kpgs where py is the impast preseure snd

1y the pressure ceused by %he moumentum change reaction
force. The constant K would depend on #,, m, and f,
wheére ¢ is the angle of convergence, Fy the Internal

cone friction coefficient, zad m the arwa ratio af the
meter. The determinetion of pp i based on Navtou's

second lay which would not be applicable if separayion

were to tuke place upst of the 't

This will be referred 1o purtier on when the effect of

acparation iz dealt with.
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4
In an attempt to allow £07 the effect of this Testor =
which bas been igmnored by mast invektigators in the

past - the autbor hes devgloged s theoretical aarereaucn

for pg, opd evaluated the impect pressure adef{‘;cien‘t.

3.6 . §he effect of losses through the venturi meter
b8 effect of logses through the venturd maver

¢ s g N
§ This is yet another controversial fmetors  The

loxses through a conicki meter are fompesed of
2
%

the boundsry resishemees fn s pipé of iength gy in the

coniesl contractios, aad im s thpost langth of ‘3.

21 is i &, i Apar

B ) Rigorows

from curvature, cddying and possible separatiom Towsdes:

the velocity varies with length and ghe soerfibient of
friction varies with velocitys Fne effente of prepours
gradients and: boundary-layer ‘wrovth in the wnw;rgiu.;

cone further complicate the snalysis.

porase (97) puggeates an empirivel Sovmily. for

&eternining these loeses wiz ¢
0.0k3s
Kk, = —"a';", whare 4 repressmts the throat

G diameter in incles.

The shove Tormula ean be Writen 4v 3

A X
¢ K%, a8 Cevmveenrsrranmeeninassnnan (6B

¥here K i3 a copstant.

It gne cofstont in vquution (6,2} tskes core of

friction eopfiicient, ares fatin, angle of convergende
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ete,» K 'vould vary for different meters bub sguabion
(6.2) wonld autgice provided thet K vonld be determined
ae a fonetion ofythese factos, In the shove Zarm,
novever, it cemniit be applied o o parsicular nebey since
& is not a function of the throat dismeter omly, while
K ig & comnlex function of f, m, #, and the genersl

.

internal geometry.

mitton T) gevelaged the velsvionhip 't

x
TF  veantisrasrrvneseross
. ¥
He trested the entire mozzle lous as being.anulofous

%o that ia an equivelent pipe of lemgsh x and digmater
Sdenticsl to the venturi thromt dlsmeter, d. [Iutton
slso assumed thay fricsion snd kisetie losses could, be
incluged in one friction coefficient, #. His snalysis
ot sxperimentsl data for meters having 85 effscrive inw
seyma) roughnese size of € = 00022 shoved that F

can be taken ss approximstely 2, yielding :

£y B2 deameescersisrsvavesvenonaiss (6ab)

this formulas, when applied to practicnl tesis,

gave good agrvemynt with experimentel resulis. A few

points of criticism sbould however be noted *  Hutton
nésumed the fiow in the Ghromy to be Tully developed 3

wheress it is not. The gutmor s of the opinien that




*his ¢rronecur sgsumpiion dses .not affect tie validity of

quation (6.%) b tne & e betveed the metnal

and assumed fully developed favw conditions cax be
accpunted for in the shoice of e empirical velus ' F
which is in fact determined from experimental Aats.

gutton dealy with roughmess, friction and arss ratic
effects but neglected the effect of the sagle of non-
yergence. Effects que to boundsry~layer growth snd
pressure gradiests vers simo ignored sliough it Souwld
Ve axgued that the enpirical valns oo3 vould provably

Jook after these influences.

The suthor stteaptéd bo -derive.sn sxprassion fér

K, based on. the same prineiple as that spplied for

ing the impast p: : ‘#y convidering the
change in sxisl momentun butyeen the upstuﬁn snd dovne
strean tapping sections, the totel Lose through she
venturi cosld probably be axpivssed by Ky' = Ktpes

vhere py is the pressure due £o $he Qxis; mowentun shafige.
The resultiug reletionsnis gave valups Tor K, vbiem
Qpaed exnetly with those obtained from Sutton's

formula for the clsssiecal venturl peter tested to = 0,25),

. 6o
bub £he suthor's formuls did nat apply ro mesddd’ of

larger sre: ratiog.

Guiged by the above considerstivnss tha authar




decided to ure wxhe Autdon Yormula in allvwing for the
overall loss factor since his relatiopship, althongh

o4 comprehensive, recogsises the effects of major jmports
3.7 The stmtic pressure ervor effert

This error is ceesed by twa separate Tactors :
Bn error is introduced dse 1o the pipe wall sstis pressure
yole sizs ands ie the wevond place, bessuse nf turboleace,

even this wall static

would be in s~
cess of the true nvermge shabic pressure over the pipe Crops-

aertion.

The influences of thess foctoys wers anelysed com-
grehensively in Cheapter IV ta which the reader iz ye~

ferred Tor &stmil,

T ix murpriding to report that, mpart from brief
references to theix possible exisvenue, he author could
net Pind any evidence »f Attention having been peid v
4he effects of thess two Pactors in analytieal or ex-
perimentnl works Wees it i3 coneldered thet paiu-
staking codrestions ars made E vke Asboratory for such

denait of nir

fectors as WALET
in discharge meagureément, vaight mnd fougerature of air
in gonmpressed airowater manometers, and the vajue of (y
44, 4# rTemarksble that syutic pressurs and porbulense

correction Teckors are peaglecied. The Tollowidg rtrtic
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pressure corrections are suggested, g

3+7.1  Statie pressure correglion for Wolewsize

This correvhion is given, for gifferent

valués of -~ snd Reynolids. number, in Fige. k.3 of

b
Chapter IV. Here dg = =static pressure hole didmetey

and D = pipe diemeter. The correstion will be de-
L . n

otel by &1, 0r g, Py + B vhere py; vepresente

the wall stetic pressure corrected fov hole size,

3,T.2 Average static presbufe correction due
$0_turbulence

The meguitude of this correction is givgn By

»
Thus, the true static prassures ars : Lo

B! = 1,26 Tw.us shown in Fig, k) of Chapter IV.

b = B - 1,46 18 8% 7he upstream,
Bid- vess (B23)

5 = - 3426 Tw  owk the bhrody
Bz 7 T .
seetions. sesae (6.6

The effects of these Imctor an therefore be evgiunated

and eorrected for as shown later.

3.8 The effagt of turbuleste

RBecause of laek of exparimental dsts vp turbdulence

st entrance to apd in a vestuxi. threst st differend,
W
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Beynolds numbers, the effesy of thia fagtod his

+5{11 now bean neglected,  If such data veré ayeilsbie,

the necegsary uorrections conld be made dy ineludioq -

s turbulence term in the f 1 Bernonlli gqusti

Thue, the total eiergy st, say, the upstiesn

tapping section would be expressed by :

1 = By v hipvi o+ dp (:’f *;uiz ey

ORI B

whare S'u = 4rue statiec pressure.

A, is the up loéfty distrivetion sorrection

fastor nod
o (v{Z ¥ wj? +“WD) is the turbulence correction

tiéra.

By correcting the totel preéssure in ths hTeAy
se¢tiop in o similaer danner, 2 theoretigal expression foy

the discharge poefficient ean be. derived & ss will be

shown furkher on - in which this facton sffest fentures,

Bxtensive further experimental work Of a8
valtes of burbulent velosity fimetitions iy venburi

ovever, inporutive beford this efféet can ba ;-
i)

motefs is, ki

fully evalusbed.
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3.9 Rhe effect of roundsd 8nd throst poybews

Roundéd corners joining & convergiag eons to an up-
strean pipe or throas section meem to affect the Yhunpt
sonetines found iw wever cheracteristies. I% also izs

finences throgt boundery-~layer growth.

{98 i
sentag (9% reportes tnat the ‘bunp’ tends 4o Gecresse

and aven $o disappesr complétely when the gone is juised
to the upstresm pipe suifor {hrost by meens of Filleve
of targe wadii {» = 29). The peculiar @ip sometimes

found in meter characteristies at low Reynolds nunbers,

a3 reported by Schlag in (21}, is et dabl
to the separation of flov caused by deceleration i tie
peripheral stresm lines. He ststes that this is
particularly evident vhen vhe radii at tha Susiet ot
the convergent cope are large. nke wame suthor aiso
veperys an incresse in Cg at large Reynolds pumbers due

o 4 weaius at the outlet of the lonvergent come.

Tho' thyoat radins should countersct separation
a% entry to the throst at high Beynolds numbers and
becpuse of the effest on bdoundeny-leyer grovth in the
Woroat would influemse Cg»  Little published duta.on this: :

influence are availsble,

he AGHE Research Commitsae V700 opacities filley

& by the

radii idensical to these prop
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Stendards Orghnisation. The radins between a-pipe ard
convergent cone is given as betveen zers and 1.375 timoe
the pipe diameter, while that between a convergent cape
and the throat is specified vo lie between 33 and 3% times
the $hroat dismeter. Schiag (V%) recommendsd a radius
of 2D in order to get rid of ‘the 'hump' bt subsequently
stuted that he yas opposed te¢ radiussing on scaount of
atnufasturing aifticulties. | ¢ %

Rounding the entrance and thyoat corpers wauld
probably enssre a laminar throat boundayy-leyed at fairly
nigh Reynolds numberss this eonld be the cause of the
steady increase in Gy with Reynolds number if Hallle

boundary-layer theory is correct.

(109)

Hitse found that the effect of theme redii,
on Cq vas quite merked;. radinssing yould therefore be
advantageous provided it could be standardised snd con~

trolled.

To detexmine the exact effect of tbis fackor, the

aukBor suggedts Lhst e series of expevidments be ecaxried

owg, ueing £illets of different radii, in whish ea~

pensinentally deternined Ci-values could be correlaved

with rilles radii, resultiug pressure gradients, and

boundary-layer; gTOVED. i
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3.1u . The eXfects of upstrean snd throwt faypiss
positions wnd throt fength

On & elmssical venmbteri teter, the . upstresd tapping

point s Jocsted st & dintancs B, upstresa from 4aa fu-
et o the convergest come. Senleg (98) superimentea
ou vewburi meters having diwensisns B = 100 wm and § =

50 wm, with aiffsrent degreps of Fonghuess in the npehrean
pipe and comvergent cone. Fhe position of the wgstresm
tapping point wes varied from mpyroximstely 49.T% i%)

to 29.2F end 2.2 wn from the zoavergept tope fmled.

fie reporied thst these different poeitiods hod wo effect
on the discharge coefficiemt. — The -ufhor is of the
qpininn thet, provided m teppiug is nut Loosted in phe
ups:rém corner, me effsct skould be noticesbiz.’ Xn ihe
corner the pressure would be affected not only b}r‘uma-

ture of streamlinss but also by impeef pressure.

Schiag 98) 2150 experimented on thé sTfact of

throsy thpping positisan. Ue weed vhe shovementioned
vyenturi meter with throat lengths of 30, 25, 20 and 15

am, loseting the tapping peimt 8 sm Rovassresm. from the
antranee to the Lhrost. The differenta betusen Ty-valees
for sopvesgent nome angles of 107 ami 20° was, with one

exveption, below 0.5 per sest and -inm seme caues it vas

- negligible.

The suthor 35 of the opinien thut if & shrvet fep




is, waibioned at oither end of the throst lengilh; pressurs
would be affected bY curvature of. atresslipes ami thross
boundary-layer growth. llowsver, At a&ny distance in.
vetween ¥here boundary-layer devalopment hus taken placas
$he tapping position should not affect s pressure
reading. Tt iz olso evident that the throat Ienghh

does not influence €.

3.31 Zhe internal meter effect

It is known thut i 5 of & ant

cone causes G, to decresse.

48} : s
Schlag ¢ cavried ouy experiments on m venturi

meter identicsl to the one referred to abéve. The
interpal surface of the come wps progresaively cevered
with e thin cost containing mote than 50 Pir cent Gg0,

and thoe meter was snunegsively tested with a 'smnnth"

and '3 ‘..; upstrennm pipes The effest on cd proved
considerable and it was shown that smoobh convergent cones
were vary easily soiled. . lig slso zeported that cast-
irén cones show &' more E,rnnomfc d«iﬂ;screpnney shan brass
convergent cones in ths o

raspectivelys,

(2}

spencer. and Thibessard found that \qdfrarencns
in C; due to inersased meter roughness diminiahed with
decreasing Reynolds apmbers dova te 2 x.10%. | This
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result is of the wtwost importance for future expsrimentsl

and enslytical work. It suggests a sinilarity to normal

pipe Tiow in that 4he fnverted forms of meter chsrutz;s &

vie surves nr'lcd ¥8 R, for different intornal meter -
roughn‘t‘sn, scem to be identiecsl in form npd. shape 0.

$he nornel Sipe of pive-friction chart or Rikufedde surves:
iIr sinilerity or e defipite rolationship gmﬂé be esta~

blished, it would venstitwte o major bré fin this

rield.

In reference {2), the suthors state Zhet :
b
74 this similavity in flow mpehenism is verified then
a method of predicting the eptire characteristic from &

k ledge of the origiwal o {stic, and tie state

5% the meter at any time, becomes practicable’. ’ Further

researgh in this diréction should be of grest value.

If inbernsl roughness changes ore chuEed by
acenmulation of surface depesits, the roughpess would al-
so influence! internel pipe snd throat alemcters. e
chenges in G, resulting from tlte use of inaccurate

aiameter messurements asre given as :

For & threet dismeter errorg8% Ay, percentege. shange

in oy
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0¥ Ay, percentege change in €

Test on e 6 ineh, 0.25 area ratio venturi
meter with internsl rust at B.E.L. showed thot
applicetioa of the sbove porrection factars reguced a

possible error of 1.0 per cent to ome of the' order of

0.3 per cent, it can be ghown that the pipe and throet

diameiirs maet be weasured to within + 0.1 dnd £ 2402

h4 24
per cewt respectively to keép the error: . ue 3o this
influence to within tolerable limits,

It is avident that tbe chamge in €y resulting fron
nse #nd age is direstly related to varistion of internel

meter roughnest cassed by interpal ﬂenoq\itﬁ, grit fornation

or soiling.

The provléms associated with imternal roughness wore
ovtlined very clearly by llayward in nis discussjon of
referenee 2. Hle sbated that Tif o venturi myter
ves used to oultivets moss' a i.per sent loss of aceuraey
was quité understandable:. At U.E.L. where the luboratory
water wak Tlocculated, filtered and tresisd, therse was &
ehange of § per eent in G aftex o venturi meber Was left
inn liné for only thsee weeke. In ingustrial applications,
therefors, o user of vepturi neters would wot be .able
to rely on evea the second decimal” plm:s given far €4 in

the calitvotion ceytificate afio? the ueter hed been in




nse for some tine.

The first comprehemsive apalysis of the Topluess

problen was wade by Muvton 00} yho yuggested o réasonableé

seni-enpiricel methad for estinmeting relimbis values for

G4 after o mamber of years of meper umes

The eughor that future exp to yield,
& suries of observed effemts on Cg resulbing from chnug;‘-‘\
in internal neter roughmess vould hot contritute $6 8-
botter understending of the problem. . Rether, the example
set by Hutvon 87 ama #621'12) snoula ve ralioven.
For different mete;r sizes endfpy-roughness, uxpegimgubsl
C4 values should be related to zntranceff;(;a curpat 1
viifoeity profiles, total meter losses, convargent cop ©

and thiont boundary-ayes chezacteristies, impset 7 -,

A - 7
™ » static ons and terdulencd o’

structure, in an attemph o correldte separately these

effects on Cg- The autkor has derived.a theoretival | ¢

exproasion for €} whish might be of ansistance in sueh en

experimentsl programse. This is dealt with

3,32 The effect of rouading the inside edges of tis
syure tapping holes

The effect of ¥his factor on static pressure
neasurement ves dealt with iz detsil in CHapbur IVa

Some ‘sutherities advozate s Yslight! radiupsing of sy
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iaternnl edge while oihers mre of ths opinion that fhis
would not improve the wacuracy of chutic gresonsh
measurenent. .k’

Tork af Liverpool University (T inajsukes diav

= Yakight' rediuspisg of oae-seath the tapping hole dis-

LA N e

meter is advantageous, while ghe ASME code pregeribes radii
which 4o’ not beem to hove sny relztionsbip %o néle dde-

meLeT.

\
In Guupter IV, the autber suggested the lines 8¢
furkher investipations to Ae¥ine more. precisely ihe

influence of tiis Tfoactor.

3,13 Che effect of the sagles of copbreition sng
figfusion

o T

Zn o test series on ideptinal vesturi mepers having
sngles of comvergenss ol 2 dgaress and 1 deprees Tes
spectively, Senlag (O0) round thut metors with 12 -Sepree

cones gave dis.ibrge coefricisnts conpigtently 1 to 2 per

R

went bipher thyn those for 15 degree convergenge.’ e

e

also showcd that thé avergll lespes for the meber having
]

@ 15 degree cong were higher thoep those For the woter

with 12.degree comvernamoLs . | ,

The formey vesult com be explained by Zhe fuet thet

the larger eontrection amgle wpiird wanse s higher

44 freventinl prasmire to Be registered, due 1o 2 Bvigher




' nounced effest.
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impact pregaure, and therefore the 15 gegree mever would

have a gmalley poefficient hen the 12 degree one.

It s clear that overtll loemés would be higher
far the metek with he larger éonvergence uigle duf o &

nigher degref of coutraction,

In refqrence . 98 . Schiag yeported thit. in tesss

on metors baving I0 degres and 20 degred amgles of i~
vergence, mo uffost on 4 could be devected but, an could
be expected, thé overall meter loas wes higbg: for the
lagter because the more gradusl the ditfusion, tae snaller

thé energy loss.

In his disecyesion of the paper ia refavreage - 17,
Hooper oxpressed the opinidin that a aivdrgence angle. in
wxeesa of 12 degrees was Linble to cousé sepsrapion des
pending o5 the purbulence level in the upstrean flow,
roughness effects, ete, He found $lnt ¥hen the aivergont
done was gremsy ¥he flov tends %o separate at high

anpgles of divergemce.

Coriburing to Seilaga paper, (%) muppel said
they had feund in Germany thst the angle of diverganee hue
only & sﬁght effect an the weper cheffivfenyibnt that if
the length betieen yhe throat pressure tap knd vhe

veginning of the diffuser was too short, thepe wae o Tdon
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The euthor is of the opinion thwt merp sbaervation

and rocording of akIferent cffacte caused by changing the

angle of convergence and divergence, as feported aboys,

will not gontriduie puch towerds s solution of the

problem. Correlation smong, the uajor effects inw

fiveneing €4 must be sought experimentally but ow » basiy

dictated by enalysiz and nev hypothesis,

3.1%  Bffert of the method of pregsure teppipg

Seatfc prassure fappings were dsals with in dewiil

in Chapter IV. The most rommonly employed methods come

prise piesometer rimge or o sunbed

of stetic pressure holes

around the. pipe vircumforenve ~usuelly four at the throeat

and six at the upstresu section.

1f piezomever hojes or rings

Theohe Soiled erroxs

will arise snd furtherwore eirculation in piekoméver

rings, due to turbulamee, will slso affect stable

pressure readings. Adr btrapped in bhese rings or ennular

grooves should be Lied off.

he anthor is of the opinien

ment work op this factor should be

+apt futnre develop-
concentrated on the

end “outiined

static hole ¥ 3 ion aB

in Chapter IV, In most practiesl

appliostions, turbulent

flow sauses oirculsticd in s snpular groeve or ring,

o eveluate this effect &

woms 60 be u muck wore domplex
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problen thas to refine the correctionsito bé mede 6 &
well spatic hole pressurs neasurcmdnt. . When a mimber 4P
shasic pressure noles ars ligked by mn external ringi
eirculation in this ring vould be damped ta & greater
aegree than that due %o turbulonce in en internal
pieroneter ring. y
a cireunferance - correcting for hole size and turbulence -
in therefore to be praferred to aw interael piszometer

ring or suaular ¢hambor.

3.15 . Other factor influences

Other faoekor Anflusnges

Other factors affecting the aezeminnt%on ox €,
are t Differcntisl pressure msasurement and egrTections,
wmeter installation effects and zanper:;uure changes in
tho metering flnid. Reference 95 deals with thase
in deteil srd it is cleas that climiunstion ot wrrors Aue
4o these Pactors does not constitute s grest obstucle
“pecanse vhe mechanisms imvolved afe well upderatood.
Over-refinement in desling vish these wrrors wauld,
Rovevey, be suparflucup becsuse ot"\the overriaing in-

fiuonces of the otber factors discussed.

SHEORETICAL ANALYSIS

In this section the muthor. stlempts b sualyse
theoretionlly the major factars affecting flow thruaugh

a confesi veaturi mebir io the 1ignt of tHe foragoing

Provision of stat¥c pressuie holes sround

e

WL
JURUIES Sl

U S




faetar enelynis,

The fundomentsl relavionship for a venturi meter is
equation {6.1) which is derived Zrom Bernouwlli’s THeorem -~
4 sinmple onewdimensionnl m;;lication of the enexgy con~
servation prineiple. i/zmry/ experimsters refer vaguely
to somd of theass neplected factors vithout abtempting
& comprehensive theoretical analyeis which would take

récount of the doninating factvr effects.

The facters to be considered may be lisfed as

Followe
%.1 lon-uniformity of veloecity distridution ¢utside tie
boundary~layer st ensrasce to s meter iz to be evaiusted

by mesns of & coefficiemt h;v

4.2 Kon-uniformity of veloecity distrituticd oubside vhe
Boundary-layer % s yenburi sheont is e bs evalueped hy

means of & coefficient 3p.
%.3 - Venturi noszle losses due Yo the shape and rough-
ness im to be sccounted fox BY & coesticient Ky.

4.%  Ispset pressure eaused By inward bending of streamn
#ilmpents in o contPactéd passege i3 §6 e corresbed for
by & factor § operating on the dipferentidal pressure np,‘

%,5 The effect of boundery-leyer growth- and throsk
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voundery~layer infiuvense will be conidere® by nevuning
thoy the effective throay zadiua iy dsnsessed hy an

amsurt egual to the 1 4 thipkise

aispl

which alters m, the sres vaitis,

In the firel place, & thedraticel expressiop ds
aerived, expresning Oy s o function of the sbove ractor
effects. Theoretical and experimental ‘resalts sre com-—

pured.

In the next step, three addltionsl fastors are con

sidered and & relationship in s Tor snisulebd
Cq from experimental results im future rensarsi. . Theas
Taetors are the following @ N

Ay

Sy

4.6 The effect of sbutis pressure eprrectiol due 1o

static hols aizs.

%.7  The effzct of awversge static pressurs vorreckion

due to purtnlence.

5.8  The effect of total emergy sorrection dme vo
$urbulences

(A} . Derivetion ot first sxpressiow To¥ Cg

Kinstic energy evefiicient N li,affeuts the sverage

velocity mt emtrancs Vi3 Ay azd Ky influenve the throst

.weloeity Vp, and 8 sffects the preasure diflersnpial “1’1'

e N

" o o

ey

AW S
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Adjustrent of tfie gonventionzl ehergy relntion-

ship for sn incompressible fiuid, negiéeting  tuz~

buleace yigids :

2
¥y
Bey * =Ty o2
. . P
. « hyp¥e pvE
or BlRyy = Bya) —2—— = _;_ (2%

The equation of conpinuity gives

i T Ap Vas
A,z 2 A,
2 2 g7 P!
o 7, = ("1} VR W, avidT o Y

Equation (6.8) therefore yields ¢

o
Blpgy ~ i) —

2 208"

eene Upgy = Tgp = 853
ox ¥, = " ¥ a1 7 Reg B Ap
3 n(szI»,t-llm)“v L
. - B
i

2, a8
whenee | € =gty =y f e
2 [AEENEYE
Ay
o e R e e
Ay # oKy Ay W i i

Copparing eguations (6.5 witk the conveutional

equation (§:1) ¥is 3 .

2 -
Ve, *‘nﬂ"i
2 E)

(A * Ky = Ag B

N

+ KL'\ '““(6.0,\)

#)
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FIG. 4 FACTOR X




o

yields ¢

8 {1 - ut?)
7 sevnrennivacanued(Ba10)
ky'w Ky Apu

vwhere m' is the aliered arse ratio duwe to the boundary-

layer displacement thickness. .

Equation (6.10) supgeéts that it might be ypossible
vo predict Uy theoretically if, for certaln knovn chraidions

the values of Ay, hpy Kys & wnd mt cmn be evaliabod.

In Appendix V the thecreticu“qnni;mfw of the abav&
Factors has been treated in deteil from firsg primelples
and appropriute expressions muve been derivedi . evelustics
of these (also dealt with in the Appendiz) gave the Follow-

ing results :

ApoB 1+2.93% - L3 T 32 s relstionship

is given im graphicsl foum in Fig, = 6.1.
Ay = 1,00, which ie normal for a fiak. throat Hl

i

veloeity profile. This value was checked by caleulation; V)

€431

&, =. 27, sceording ko Hutton's analysis.

author reveluated this resulty

§ varies from 0.9882 for I'= ©.011 to 0,9885 for

0.03, for the conical-typs veuturi meter tested.
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Phis vesult wan determined from the euthor's theory spf

fitte's and Bagel's (?3) axperinental eindings.

Values for m' were caiculated for ieuinar and ter-~
bulent flovs in s boundary-leyer; ! for turbulest ana
ml for leminer fiow. N

It was now posaible Prom egudtion (6.108) o pal~
culste theorstical Oy valuee for Yarious. coefficienty of
friction =nd Reynolds pumbers. Resulis ;:a showh in
Tahle V.i. It fa important yo mobe that equakian
(6.10) yields Cq-velues vhieh dve Tdentlial for, Tamiiar
and turbulent boundaryelayer conpdititug. H.'lus regult
prompzéd the idas that possibly ihe haunﬂury~luye" .
some other fochor vwas overweighted in aqua‘:um (6,30}
o8 anaiyeing bbe ingividusl tators in epation (6.10)

that the bigal

the author arrived st the

eoncept and evsluntion of B suggést bust oversll lasses
over & venturi mefer sre accounted for by this imphet
tactor. It is clesr thay overall losses cause &
aifferentisl preaure i excess of the true value 4nd hence
Tutton imbroduced the eorrection factor Xp, On the

othet hatd the -factox aiso correch mimessured
aigferential pressure which is oo high due %o the ddpach
pressure effect on the wpstream yrexsure readifgs: 2nd
lusses in the' contrsction.  The suthor xa tharefore of

‘the ‘opinion thet it 8 is inkroguced in the rorm suggas:,ea,
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xp should be discerded.

ghe resulting expression for g can therefors

pe written as ¢

2
o, (841 - mt) rreen —
5 SiirieananiTesn
A Ay ! e

phe abOV
g
sriction, as shovn in
g~ Volues for lemise
inyer

values will later be

ENTAL TRVESTIGATT 0uS,

o eguation yielded tneorabical

for verious Reynolds numbars and £
Zable V.l. rne simiiarity deyvesn

conditions in aguiz app

ticients of

+ and vurbulent thysst bow
arenta

compared vith expet:

EAPERIM

ynder the guiea:

carried .o

an sres ratio of m

rigi 6.2

Sel Exgarimegtal tecnnigne and agouracigs

the determination of

14 Bas bee
Ca
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af 0,25 per cent OF

i iextensive tests i

o established thet

in & laborstory O
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ase of DEs hoB. SpERCETs

n the 1aboratoried at

NoE L ex a heinel ginmete? conicul

0.25. The meter 1t shown in

o accuracy of 2 p®

vetber c¥fe requized, howevels

(§.11)

vislues for

nasrys
fhebe theoraricsl
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bration Decomes & delicats operation. i95)

Results of tests earried out at N.E.D. revealed
that ageuracies vo the order of 0.25 per cent reg&iz—e B

perimental techpiques Tér memsurisg temperatures to

0.1°C, 8.G. of the opereting fiuid (in this instance 7.

water) to at least 0,0001, the divwion time for de-
termining flov refe to 0,01 seconds end the volume diw

~verted to D,02 per oent.

If the diverted flov is measured volumetrically the
tank vhot1d we celibrated at regular intervals with the
utmest care by welghing siall quantities of water into
the tank. The weigbing machine ghould be sewsitive to
1 parh in 10,0005 depth !';Adings shonld be $zken 6 an
accuracy of approximotely 0.0l per cest of totsl depthy
Yubysncy correations are necegsary, and a large Aumber
of points on the ealibratdon ecurve showld be takes for
detection of possible deviations in tne volunme~height
relstionship. Temperature corrections should he mude
for the durativn of the test and the tank should be

sealed off §o prevens evaporation.

Althomin fLow zdtes are often measured volymetri-
¢elly in banks, the most acturate method 45 considered

to be direct weighing of the diverted fiov.(Bes Fig. 6.3)

A sutricient lengbh of straight pipe in the celi-







the meter.

yratien rig wust be provided both wp. and aownstranr of.

The Tort Code specities 20 fiumekers up~

strean and 5 diemeters Qownstream as o minjmums . Twm

the H.B.L. experipents the $est lengbhs were ixereased

to b2 dinmeters upstresm and I5 disucters Jovmstresm ST

#he wetar. - Before the meter is dnrbal ed, -i% is in-

portant Lo wnsure by prossure probé travessis i whe

particular sections thst the flov iz fully fewploped mwid

that veloeity profiles ars symm#frical. lere, as dip

minerous other reluted i

i ial

measurement is a familier problem. At preseny-it s

velleved thay the ordinery U-iude manometer, usizg wsber—

merrury, air-water, or othes

than weipgh-bean upite ov otber devices.

i
ionE, ig mors

the minisei ¢an be read to 0,001 inches by meaps oFf &

cathztoneter, but the stendy vonditions neeessary for

this acenrsey sre seldem veslismed 1% the Asbvorstony.

Honomster Tlmatustions to the srder of 0,001 »f fhe

digfercatinl ot low flow rates, und 2z bigh as 0.005 of

4he Bifferential nt high Tlow rales, were encounbrred

with undamped pressups loads:

Frew strajghtensrs Bad

hoseycombs wern used in an attempt 46 improve ‘the Tlov

regime, But it wes fomnd that paese pravantions 8id not

reduca fluctustipas to any marked degree, | The apparatus

and experimsstel propedure are doscribsd im datail in

referance (93}, The eelibration rig is suowm in Pige B.h.

1D ‘the laboratory
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5.2 Resuits

Experimental ard vheoreyical coeffilients of aia-
charge vere plotted sgainst Reynolds numbers 28 shown ih

Figs. 6.5, 8.8 (Bes Tavle V.1 for theoretical valwss).

Tie wuthor's theoretical values, agcording %o
equation (6.10) and {6.11) #s vell as Hall's results, have
been ineluded in Fig. 6.G. Hell's theoZetizel valuew
wré in good agreement With the experimentel resulis.

The graphs slsc show that the muthor's results, sithongl
not as good es Hall's, are in redsonablé agreement when
equation {6.10) is applied in tie Reypolds number rengs
up to approximately 1,5 x 0% and eguation (6.11) in the
range 2 x 20° and upvards. A trensition zone seems to
exist between thede two Beynolds pumber valuess  Later
tesbs were conducted ou the seme snd identical venturi
weters at the Universidy of Lidge and st NuE.Le I% wes
roported ) bhat the intvisl W.E.L. tests veve karried
out prior to internal cleaning of the muters wi/\m the
result thet thers were diserepancies hetween thi LR
results given im Fig. 6.5 anad tbe inmitial Lidge results
for an identical meber. )

qhe results of the final N.B.D. wud Lidge tests are
shows in Fig. 6.7 The sukhor’s theoretical values

scsbrdity to equations. (6,10) ead (6.11); togethor with
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#all's asd Buyton's resulist, bove apgein bess ipciuded |

3in this figure. Tt is pvident that Hallls valnes for s
laminar voundary-loyer uwre in hetter agvbenent with e
experimental deterainstions than the suthor's Yesnlts !
frow equstion (6.10) op o = Woyaolds number of spproxi-
metely 1.5 x 10,  On the other hand, %he wubhnr?s waines
from ogietion (6.11) ave in wlnost pexfesh agresdent with
the experimental Findings gt bathk W.E.L. and ke in vhe

i
Reynolds mumbex yange 2 z 107 snf uwpvards.

Aall’s vaiues Tor leminer boundsry~lsysr contic
tions shov Lyt O, attains & coustant vilne over the higher
Feynolds number ;-snse, while purbulant conditions are
sssociated with a stesdy imcvemss of Cy.  Egnativn {621}
suggests o tonskant viiue of €y Por the higher Reynolds

sumbers.

The above results are now diseussed in detail
DISCURSION OF RESULTS
As poimed ows eariier, the exparivental rherae~
terigbic shown in Fig. 6.5 differed copsiderably

from that obtwined on oo identical vesturi mefer lested

[P £-3 RN
wt Tigge. . A6 sulseguently repbrved, £2) yhse wns

penauss the P.E,L. neter hed mot besn wleaned internally

peior bo testings These results ore bherefore umot'used

2& & bagis for comparison aifhough the theoreticel
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i
characteristics have been included as shown, i&;l/!e /‘

experizental characteristics of the final tents at 8,E.h.
and vibge (2) on fdenticul meters agreed exeeilently

and these sre compared with theovetial adererminations
in Fig. 6.7, In Fg. 6.0 results sve plotted,
on & log-normal scule to illustrsts the resemblance to

pipe friction curves,

Phe results shoy that :

5
: 6.1 The auther's vimation {6.10) yields. ™ curve having
v the some general form ap those given by Nuttan's =nd
8 Ball's solubions but lying further mway from the ex-

perimentsl values. fhis, therefore, suggests bo solution,

: S 6.2 The authorfs equetipn {£.11) yieldy resulis vhich
are in almost perfict mgrecment with experimentsl yalugs

in the Reynolds mumber sangs 2 % 10° snd sboves {

6,3 Hutton's results and Hall's values for turbulewt

. boundery-lu-er conditions urs matually in good

but bota differ considersbly from experimental values.

6.5 Referring to Pig. €.B, Rall's results in the

laminar rapge from A 2o B together with the author's

theoretical vslues for the turbulenpt ramge from C %o’ 1

b rep the best of theoreticsl vifh €x-

perimental determinatiods.




6.5 Dxperimental reswlts plotted 48 shownsdn Fig.
shov 2 close resemblance o pipe friction curves of

a Moody disgran,

6.6 A costinucus theoretioal eurve AW .C B, assuning
the détied part through the transition stage, nizo lmars’
a wlose reseublonce %o one of a fapily of pipe friction

curves.,

6.7 Tne 'hump' in the characteristic curve sesus o
disclose a fesburc omitbed from the thporatical dcvelop
ment beemuse no theoretical solution. fits the ¢ransitionad
and ‘hemp' stsge. - The results seek £0 confirn he anthorts
srguments in whe theoretical snslysiz ¥ist trd impan .
factor B and the Lars-fSetor K;; shonld not both be
ineluded in & Lheoretical relationship., . In equation
(6.11), 8 was introgur¢d in favour of Ky aad the regules
were in extellent sgreément with sxperineutal values

over the turbulent range, and even in the 'hump! portion.

fhe sutnér belisved that & cowbination of Nutton's
i

snd Hallis bheories, in & diffevent oy reyided form,

might nold éha Kkey 40 & theoretizal saolution, and

sccardingly, sdapted lugton's geneval theory by imtroducing

the Bwfactors . Clearly; any theo¥etical velatdsnsnis;

4 oontain 'laninart,

for Aetexmining Cgnvalues shonl:

spranaitionedt aud Yturbufént components snd Hall's and the
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sutharte equations offer & possible golution for the

lapinar and Lturbulent ranges.

The results further imply that a eriticsl throst
Reynolds npumbér Lies bebwess 1,5 x 107 and 2.5 x 105,
Below this renge the ceefficient sppaars bo be dependent
on Reynolds mumbsr and i uraffested by roughsess, vhile
above this pritical range roughnest and not Reynolds

wumber seemsto dominate Cy-values. If this hypothesis

can be verified, a method of prediciing completa meter
characteristics from surfdee roughness measurements will

Follow,

Qonsidering the theoretical graph A4 B ¢ D (Fig. 6.8
it iy clear that portion A B resulis from Hall's boundedy-

laysr displacement thickness theory. The auther!s re-
2
) = 9%) ® gnows shot tha

lationship m] = m (1 - 3.945 (Ry

sltered area ratic is e function of Reynolds pumber only;

she rouguness fmsbor dess ant snter the picture.  Becsuse

1 and ‘theore~

at véry ghed & betwesn

ticel velues over pars A-D of the gvaph, it can bi stated

that below the eritical Reynplds pumber Cgnviluas are de-

pendent on Reynolds numbox only.

Tow portion ¥ § is defived by 4he authdrts equation 3

.......}.’....(G.u)




- 269 <

in whieh frutors pr inate beooune "1" A and
8 are airectiy avdfor fadivectiy velated to the soeffis
cient of Triction. Furthermore, Takle V.l slearly
shows thet the displicement thivkness or Reynolde number
effect on the area ratin, u, leuves !:a upaftected when
calculated For laminar snd turbwlent comditions by
wguation (5.11)v - The. sivellent aprmment bekwesn €%
perinental and vheorsticel volues pherefore nllows the
stotenent Lhat, sbove the critical Reypolis’ wuibers
S, ~valyes are dependemt om rouphness e¥fects anly mad sok
.. Reynolds number. [Hence, the pipe frivtion eurve ny~

pothesin seems to have substantink theorstiral Justil:

cation iz terms of Hallls sud the suthox’s eguatlpns.

Referring to Fig. §.8 the thyee distinct zones

A D, 3 Cand © 5 omn therefofs be andlysed uo fullows 3

At entrance to 4 venguri meser it iw assumed thut
the boundary-layer is leminar, &8 hypothesised surlier,
Yaving ap unstable sharacter dus 0 aivsise pragsure
gredients caysed by cwreature chenge. Thess preasars
pradiests trigger the laninsr leysr after envering the

conical section vesulting in separstion at ths writiesd

Reypolds apmheEr. CARter of the

laysr, trensition gets in, inhhe ford of o Sonphex

mixcure of lomisar smé turbuleot flew din the bouadary.

lsyer. A higher Reynolés punbers the boundary-luyer .




flovw in the throst is wholly turbulent.

s, Cg-characteristics are relsted o laminar,
transitionsl and turbulent zomez, Reynolde ummber
domineting the lsminar zone while rougbness effects cowtral

the turbulen} zone ss sugRested by ths theorstical nnalysis.

The hump in the characteristics~curve alse can be
explained in terms of the boundary-layer theory.  iilben
pepazation Sukea plece affer the. laminsr boundbry~iiyer
hea broken up, the effective flow ared at the separation
pection is decrszsed and conBequently Cy Ros %o increase
for consbant distharge throwgh the meter. Tnis Gg~vsluo

a

1y after ttachment of the boundary-
layer, Should the position of separatign move downdiréan
with increasing Reynolds number, it could alec cause 2
deorcase in static pressuve b the {nm-z resuliing ia
further lowering of Cgmvalugs, ﬁun. a 7hump’ could

ve formed in the transition zones N

The tvansition zone still remaivs theoretlpally

undefined:

The influence of fres-stresh burbulence snd prafgurs:
gradients on trsnsition from laminax ko twrbulent conn
ditions inm hnundnry—luvau hae beet investigated ey

sayor (195} (1938); Sohubauer snd Skrsmsted 13959 1003y,

and Schiichtisg (ron {1962). Lorge fluctuations BEn
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freg-strean vekodity due to Lurbulénce,howaver, were nob

conwidered and their reswlie 4o pot =meem to apoly to Flow

through contractions. ”
¢ "
Tn'a recent paper by ¥iller and Fejer, Clog} eone

cerned with trapsition in Blasiusviype boundary-layers,

it was reported that.the transitivn Reynolds pumber

is influenced only by the amplitude o, fressstrean tme-
bulent oeillstions wherees the «iinanammeqn trn,msit‘ion

length i8 contrelled snly hy “the rnuuuncy vf r.mewnxs-ux

turbulent oscillations. hone Fagbors rzemo.nri iuveut:.gu—

tion ror various types of vu,h»nm zd;!tors-

6.8 Gene!‘&l thioreticni : 4 4

In support of the general ﬁh',am"y,‘ 16 k. be Bhressed
thet moss invesgigators Wevé wrangly blieved that s .
leminar bomndary-loyer at sntrange $6 -ever s oisvilised
By aecreasing pressuxe tovsrds tue threat and t’htﬁ,‘cun-’
sequensly, & lewipar layer is triggeyed TR wsieion

only st entronce $o the throatd mna-tunnel cxpnimnnw

nave confirmed that in Taeh steeply “igsreasiag yrsssnces
i
st déveldped st anwmnu 4o’ voniead gectitn eving e

reduction 9 owrvebure of ‘$he profile and eh\w the fne
tanut;r or thiw gradient eam be sufficient o cwae
transition nenr £heé etiuenl Reynolds nunbes, B betou

)
the snd of \:he -,.on'tuckcd :ev:t.im ip ravched.

Thin
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tradsition Is not sudden but iendw to *develppf over a .
range of Reynolds numhua. From other invent-iuntionia
it appears thet \o\\mmrvf-lnyer'tranaxtion ‘kakns ylncar

o4 fieynolas anabers batveen 10> and 105 - f.e. fn: bhe res

gion sppropriste 4o most mesdurements in practice..

Thig boundsry~layer hypothesis alss &xpIning the
fact thet uncervainty in Cg- valuas, fogetbex with the
ratarded tondency o settld dewa 5o idmiting veluss, . ©
iz mere pronounced in shall Ylan iergd throst heters.
Lergs mexers behave more z-ncionn.u.ys pasanuy becmme

of veduesd imfluemne of Lhe t

In a strosgly convergent nozule, & turbulont,

Boundury-layer, prosent from the vutset would be moss
lnlikely. = Anesrding to the wbove Yisory @ 1swidir or a
Zawiser-4wrbuient aixture cowld pe" dxperted in- the
boundary-layer for fomn distnn;e Tron, khe bqﬁut of the
nezzle witl conplebeq transition probpdly senfimed to

a particular zone, suy st entrance 4o the thwost or

neax the throat tapping {for copival metars)y  Thia
would explain the flattining tendency’ of the Cqm

characheristic at High Reynolls sunbefss %

DERIVAPION OF A EXPEESSION FDR CALCULARING ci A’flﬁer
EXPERTUENTAL REGULIS

conpidéring the oyzguml equation. foy A venturi
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neter {equation 6,1), it is evident Zbat, :ur 5. par<

ticular moter eod iuid, this sgudtion com be eEpreased !

a8 ¢

aﬂcaum—
T, =

'a % Aavasnsserkesinesae {602 .
f oy : g

Thué, Q and Ay sre messured experimeniilly whence Oy s

selustated from equation (6.12).7 @

The suthor submits that, &t present, the aceuraey
with which & is measured iy o laboratory ‘is higher gn;n
that with which n}; in dehernined.  In vhe foregoies
section it .vas ghova that temperature, bwoyamey) specific
gravity and related rorrections aTe pesedairy whem . -
neasnring @, to enenve accupscies of whe order 4z olas
per epat in fy. - vn $he phher hand, v ie rer’mrxa/{;h
shab curcheions for static ole size, nversge pjesante
gistrivagion end tnxhs{lencs s¥y weglepbed when }1”, e
dirferentiol praaaul’a.(is mepsuved. 4 this stage it
iu nét known whether the shove sorrertions’would:be mubked

by pressure rlueﬁuar,ia;xa. but even Lf this waxe so, the

wverags resding recordsd should be sarredted. - -The - § N

N N

generally ted fogn of the ssei
could probaply be influenned by-theme differeptisl presdvrd
coyractions, eapuci;,;ky gver the lower Heynolds puwber %

&
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rasges. Accardingly, vhe Polloviag additienal faetors,

which were dealt with earlitr on, sre comsifered

7.1 Ghatic pressure correction aa; to stasis hoia-sige.
7.2 average asetic. pressure corpsction gue tn purbulence,
7.3 correction of Lotsl ewergy eguation &ug o turbulence.

In Chepter IV & stetic pressurs correstion due to
the Snhorent atatic bols errox was deslt with (Pig.[4i3)e |
I% will be nssumed herTe that the verrected sistiec . pressure

valugs for a vepturi meter - &

nding on pipe dlometer,
statie hole size und Reynolds mm%w + non be written

ag gy 88d P AL EntTanc wnd meter Lhrost respertively.

fue to turbulence, fhese gorreched wall stevie
pressares would be grenter then the true nverege siotie
pressure gver o pipe cress-sections sparding 0 ‘eguntion

{4.10) dn Chepter IV, this.correction con be wvitten vs 1
o . v
o= 21287,

3.

Tf the true zverage static pressures st entrance and in

& venturd thromt ave bberefore dengtel DY Ty wnf ., then 2

1.26 T wwasarmesanes (6,23)

Py P Bur T wl

wd P, B omgy v AL T cewesereacqer {6, 15)

Rawriting tho genaral energy equution sed elloviag
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for the factors menbioned adave yiélds «
_ -z i
+ I p¥e 4 12 .02 L 9%y . B Py
Pai 1P+ Be(v® ugt ¥y ¥ _p‘Z * ¥ SV,
Y
E

ISEPRCRTR TN

— g e
+ dolvi® + uy” "é Yo o

| o - B -3 2

- e o8lBy B ) = eE, < Io¥, lag * Xy - Ay wt¥)

R (zvg® - 2982

oy e S B
288~ p{Ivi® - I¥ESY &,
e + suvmrsrivasl6216)

; 2
R at I

whare Ep =t B, "1..26 (-g”l - ’ua; A.,.<\(6.x1)

Hov @ = C &, ¥, end substitusing squatdon (6.36). for

‘l2 and nszleeting‘ £y yields :

L eemepadendn

V) (6.28)
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where Ap yepreseats the trye corrected stetic pressare

5 aifrerential, the other symbols representing the origimad

fogtor effects as defined. -

As stregsed in Chapter IV, the ebove c““cﬁn“‘
are possivle and of valne only §£f reliable experimental
dats on the r.m.s. values of bturbuledt velosisy
fiusbustions in vemburi meters are &vailahis whehed

C, can be ealeulated from equation {6.18).

éa

8,  CONGLUBIDNS

4 detailed srd comprehensive sndlysis was needlss

o &1 the factors likely to igfluence the fupetioning of

venturi metora, 1 far caleulay
©q vare Qorived and the valueg thus calcldbed were com-
pared with thosz of ether iuj)\pr&igntors and with
extoneive éxperimental resulys from H.B.L. snd Lidge.

The final tests at N,E.L, end Lidge show results

whieh arve in very close egreemant with the autharts
. P

sheoretival valuss for Raynodds mimbers 2 x 107 and

highey, the maximup discrepincias being of bhe order of
0.4 per cont ot the ‘hump' snd repging fram +.03 to

cero per cemt tse Reynolds mwmbers b x 167 and upverds.
cent uabes

I the lominar range, Dsiifs part 5f tie propesed

threoretical cwive shovs maximna devistions of wpproxi~
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metely # 0.3 pex cent tp £k Reynolds pumber of

1.5 x 1“5.

There scems to be theoreticel weriticabiow of
the hypothesis relating venmturi metar chnracterisiics to
pipe friction curves. Laminay, trensitiowal ond ‘turbulent
zones in the charactaristic curve have been suggested
on experimeniol end thesratical grounds, Coeffisients
for the laminer and the Yurbulent renges éan ne pre=
dizted very elosely for ¢onical-type mefers. . As in
55 meny other Fluyld mechanics problems, the trensition
mechenisn and transition Reynolds numbBers still remein
sbstacles. The 'hunp' which is also found in the pipe
frietion e¢urves iy, accordiny to the theoxy ndﬁ‘(:amed.
due to the effect of separavion ond ttnnsif,ion'ou the

1 over & given length of

pipe. Phe authoy submits that if & correction for the
effects 0f turiulenge apd static hole esror wers n‘p’plied
to differontial prescure, vhe shape of the pipe frietion
curves over the transition zome would probsbly alter in

the same wsy ss dosy tha charscteristic curve of &

venturi meter, .

g
Tg is therefore sngpested that inifuture experi-

mental work on vemburi meters, the messuréd differentiel

presgure shegid he cprrected Yor the effiets of inpast,
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. stetic pressure ip oxler v setabiish m mors pregize
experimenthl charseieristic. Tranzition Reynolds
sumbers end trancition Yengths showld he-investigateh
Foy ++rioug .w*ern and for various turbulence Ettllctui‘es

st ho dorrelate these factors with the neuly

T ravterigsic A. N #

T w\ox tag agvanced hers 1.111 nave t% e extended.
o vemtari meiem heving vnx‘yeng roughness velugs, ares

srihosy mu gabmﬂ.«"!wl snnpea anﬂ ;-eeuunu filows of
vai “bue b Ju-~ Larneyura 'o;-_z'om the znalysis and
nyanXslng eviwmcc sibmitted hers’ cam be srisidered du'
conclusive., - Punerkeg’ nyphcnuun of thecretical con~
atderatians -mx ccnsuue 4o meet; With gifficulsion m)nl
wufmi o L "x'«\a. gh.lo\u.ng hehtd?c\xsnd nore re-

apecified hy lmtsrnmucnpl

4 resphat, thili24i oving poiuta are sub-

v

stz for tojisideration .’n“ :
i 3

6% a sunaa—a Zoxign hanst ﬁevhunnahea for

wniveisel use« Ba\xndnty-l/ ;m« conditions, twr~

bmleue structura, ares .xn{ s :md ense pf manlizacture .

shums be considerei- in

8.3 ° Velooity profilel a,k //n

consralied by rings or grcntﬁr




aste the effect of the epprosch pipe fristion Ffactor.

8.3 Intermal meter roughuens should e properiy Hesined
and standerdisedi b shown, tais-facksr eoniyels wre.
major paTh of the meter cheracteriptics. - ‘

‘*\\

8.4 The standnrd design should knsere that the Dewpdaory-
3ayer is friggered st entraicd to the teter o envure

thet & uniforsly sccelerated tusbilest boundsriylayer
tnroughont is developed. Internsl throal and: nﬁvngznt
cone geometry shaonld be srah ilu +0 eontrol this. ‘u\\rhﬁlen‘t.
bouniary-layer and ensure grmmuv naz-ensing prvssure

Lherpby proventing tbe boundary-layer fx-m reverding &

laminar contitions.

The weny Bufdles blacking she ath to the' dedired
solution sre evident. The sutkor is o
however, that rascerch methudd sni-the fensrel spurafeh
4o the probaem of flow thyough veuturi nefvsl’l%“shfmlﬂ. 9e
brovght iy line with the' spalysis ‘and wnggestions son-

tainegd u this Chupters % i6 trusted that this w‘
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APPRIDEIY 1
Lom®anion

ROt eltionm

Instrument conatant,

b : E
Ay} i :
) Srods-sectional flow avens.
xy ) .
%) .
[ u’% Instrument coefficients)
, »
¢." w
c Average. sample i ical
[N Pischarge coefficient of & venturi muders drag
confeiciont for fisv roupd-a sihere.
Ty Logal ceeffisient of skin friction,
¢y -
b Instryment constasisi -
eg)
c, Confticient of Mift. e
% Pressure coefficient. N
» Diameter of sphére of pipe; current meter dismetex.
‘)
n‘; Meter cousbants. .
B,}
4a Dishetor of froatal inlet to sphére. B

B
g

4

Probe 4ismever.
Diametsr of probve static hole.

Diameser of static pressure arifice.

2.

e = Y Tthe relstive wughness,
14

Yorce due Yo externsl hydrauliz resistance forces.




Internal friction forcei impact tnrc;-

Coefficient of friptipn. o

Funetiion déseriving turbulent velocity d,iaérﬁhution-
Dei-ivative of above funetion.

Pressure; coeXficient,
Instrument constanta,

Lospes througk s vepsuri.
Instrument coefficlent {spherical prove)

Flov conatmat.

Hathenaricnl constants.

Equivalent Priction lengthy for flow phrpugh sphere.
hengthy | il

. Araa vatio = b e i

B 3,

Altered area ratic due to laminar displadement
thickness.

J I¢]
Altered srea rutio due to turbulent displacement
thigkness.

Humber of current meter revolutions in unit tike.
Statie puunix;a at probe entrande.

Free stream ué‘\hzia pressure.

Pressure ceubed by momentum chenge réaction ter/?a.

Static pressure.

Total pressu




= oa o

s

3
o

]
o

K

Impect pressurs.

True stetic pressure at wall ‘tepping.

Yolume of injected adye.
Pipe radii.

Pipe Heynolds number:

Reynolds anumber.

Réyrolds number based on sphericel probe gizmeser
Reynolds nusber Yased on thront dispeter,

Pistance.

Tneoretical Teugth &imedsion issveissed with Biade

shape.
Time; temperature.

Torque developed.

Porque dgeveloped ou hlade,

forque dus 0 internal hydrsulie resistance forses.

Torque due o Fj.

Porque due to internal mechsnicdl resistance forees.

frue tentre line veloeity.

Trus measured veloriiy

Friction veloeity

Mean conduib veloeity.

: [
Tine average mean values of xnstam}&neou! turtuleat
velogity tluctuationa im the =y

¢+ Bisplacement,

r &nd Bedirections.
4




vt TR S
v 1t I
— G ez ol ] Bummation of moan squered tirbulant)
“'2 N e s v'a ] weloeivy 23 .otantions. Se
2 2 2 '
Fo Vn Vyerumnn =
1 Ve ¥, 7 valocity of nuv or velocity registeved |
by @ curreut me i
¥a Tys Tgemenns
Vo Free itream velocity.
A Velovity at emtraice to sphericed probe. -«
¥ Pime sverage point veloeity.
v, Relmtive velocity.
v, Instentancbus resultant veloc'ity.
%, )
3 Avarage velocities oa de('.ernuﬂad frou oelibration iank
73 and total p
+
32 Viean squared veldeity. =
x Diameter of tubular passage im sphero.
¥ Diameter of venturi orifice.
¥ = % ainensionless position.
§s Xe Fi fy2 T5a f30 £', £ Hotations denoting a Function.

a Angle of flow or angle of attack.
8 Inpact pressure coefficient.
4 Instrument comstunti +the partisl veloeity of a

current meter.

3
n

Difrerential pressures difference betwaen trus wall
static p nd thet sevaally

error in stetie
ial ¥ as

%

4t
Aversge valus of turbulence goTTection over a pipe
cross-section, N

i & thick

Inyer




A,
*a-1)

Mp!

A

]
a)

£

Btotin presdore error due to probe static hole size.

. i i
Pryb, stitic pressure Teror dus th turbulendes
~

nir}.‘urem;inl pressure yelative o wake pra;a:}xe -
&, = 7, -~ pluaks) ’

% spherical probe parsmeser.
Mess density.

iinemetic vispoeity, ’ 4
Angle of Tonvergento.

\
Apgle of divexgsncﬂ.\y“

i
Denopes Tumstion, I

. Dismeter of centrel sting. . :

Afisylar spestd of rozetion.
Denotes Tunction.
Purbulence ocokstagte
Viscovity.

Hall shesT wtress.
Discherge. '

Totel enErgY.

Rinetis suerpy coefficlents. o

hasses dus to boupdary resistanve.

Losmes due to resisbamze of weubrel sting.
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ARPEWDIX W

5

CAL AWALYSIS FOR
PROBE

i i

GENERAL EQUATION FOR TOTAL PRESSURE Ty

Referring %o Pig. I1.} and applying the total
energy egquetions between section {e) and mection (2}, the
turbulence piructure in the free-rlow will Be considered
a5 approximstely identical to that within the prabe ab

section {1) ang at exit at seection {2).  Provided the

stream lines are deflected into the probe, this spproxi.

metion should not prove unareslistic. = Tobel pressure
correction for turbulerce in dealt vith separately: in

Chapter IIIl.

Thus, tae affect of burbulemee wil: be negledied
bere and kénee t¥he total energy equstions can be

written as @

2 2
By ¢ BoVE m B, e mgt BYL secenncinis (ELA)

N .
ana p, + Bp¥2 = mp v kel theat A LG
where i, represents the losses due t6 bonndsry resise

tanece betwsen sections (e) emd (1) and A, iw ¢he lase

aue to the blockage affect of the cantral sting.







where 3 o is the pressure loss, due o baundery

resistance, butween secvions (1} and (2).

The pressure ok the 'exhaust' end of the probe

can be expremged in terms of & pressuré csefficient wiz

2y -
[

Ce sevsnsoacnscoinsosasnasnys (ELub)

where cp §5 the base pressure coefficfent,  The total
pressure By, wiich is registered by the prove of seation’

{1), nsy be expressed &s ¥ i

pl+savi = K Py esravesernunsayiresans (IT.5)

whero X, is defined us the instyument. caelficient.:

Bqustions. (IT.1y, (13.2) s.d (31.3) yiele s

. 5 W
o+ 10V2 = B, o By v BV 4 dgy ¥ Mgt K -ofTE.6)

over the Reypolds pumber ronge hested the Jowses

in equatien (II.8) may be approximatadiby s
: .
2
(RN

2
Az = Kg¥a
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The ¢nergy lose due fo the

j
. - § .
The dvap voefficlemt Cj, for a cylinder If she R

range under is P 1y 1.2 {frem

standard graphl.

" Dreg on cemtral stinmg = 5 ;pv:ug

This drag force, us B 3

over th: central chember, yields :

222 x

F

2.4972p
s S

weanseny {1X.T)
ix

Assuming that at vhe Reynolds nnnbers copsidersd,

and due o the ¥ of fiow at as

postutated, the Flov in the boundery~layer, ipside hhe
Y

probe, takes pisce im the jaminar or partly lemingr

range, an approximation for the friction fagtory f. ean

be written &y

2 . s
= = where g, is the sgRivalent
ow K V) 1 i
friction lengtl between sechion fe) und {1}
2 g | aVie
"y VY 6% T TEx
32ufy
2
¥y




- . 32y
anti sislarly £ = o
2 7
¥V,

e sieestvennnans (319

Beverting now to equstion (II.8), subatitindon Tab o

Aeoys Mpup BBE A wieldw x

2
2.4V, 0
2 2 2 1 “

BT mp BV G Y BT, 6 TR R el (T30}

The cosbiouity equstisn betwesn sertipme (1) sud (2)

N x 2
yields : V, = ¥, (7). i
Thersfore rewriting in terms of Yy ogustion {IT.10Y

becomes &

2

3 3
= X, X 2.3
e, P, * Ty Ll,(,) + R ¥ B ¢+ B2 ].-(n.n)

Equation (II.}) cen be writiem s @

2
= L avsasmarunsnonsaconrrrmgen {ITa32
2, c, IV, * p, gon ok )

substituting’istion (13.12) in egustion (IL.11)
P .

yields ¥

z ¥ ) b z.a;ﬁ
2, = o, ¥t s Rl v h rm 5T

{123

T.33)




;\“)M

. . . . ;o
B, C?hve LR AR LM LU ¥, iv"; rk“_‘
ERYY
* x

Substituting equativo (ITL.2} end {¥I.5) veek-in egustion

{11.1%) yields s

; 5

= 3pv? o ew AR 4 BobeV, L2 !

B o= V2 (o, -2y EE s B ; AR Tp(3
ix

P

10 ¥
[T ; z ;
v v, (B4 ,‘A&(;*_LP!] T ¢ 191
. &

How V¥ = ®',, as defiped originakliy,

and vy om D (rromeane soneiuiity equition)

= xred?

, bogether with
6 (TT.14) yields ¢

Substituting thia value for V;

equabions (IT.8) and (I1.5), n equeti
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7, 2-%) v B (geay e

o Bty 32e, N

2 (7}
KTV, K1y a% 'y

whick on simplificetion yields v

2] 2 -
v, - vo{a [ﬁ;_,j].ﬂ.ﬁ

e, 2 N N Iy . B
UL W g
v, e ;ﬁ * o [ s seeens ST5,35)

Equation (II.15) it the gansia) Ghecrqsierd, ex~

1

presiion fer P as . by &y vui

probe in & veioeity field rlowfsg &% welosity ot ¥ .
When compering equatiocs LEE .25} pod {3.0)

is Cuspter ITI, the fusetionsl yalayiomehip 16 eisarly

illustrated.

Bouation (I1.35) can be writhen ia s simpler

2orm a&

2 vy2 s iy
Byo= Yy ¢, + (%) Ca[ *‘F *F * gy




a partitular instricent uhere

L

ol
TR, s
[
Bt el
2(1 « &)
%

-

Ghyeya?

Vo x

sewtya®
s and

12, for a partiesler instrument, K., K' snd &
1. total B,

cau be tinated the

would be given by eguatien (IT.36).
I3

oUE DERLVAYION -OF AK EXPREBSI

Q8 FOR ¥, TN ORDRE 10
EQTIMATE K¥ FROM ¥y < Coe

v

hcsording to the equation :

. .
[ LGt s 3 213
% g

2 2
B, o= pytdeVp* "1V§ # Kg¥p *+

,
synetituting ¥, = Vo (51 end for & ant €, in}

equation (11.10) yields. :




N 32\(!2‘72

P

wuveasisasnsss (2I.37)

o According to equation (IX.12}

F,

2
e = Opde¥o v

Subetituting this equation in équetion (1,17}

and simplifying yields :

2 2
- k-3 . Sﬂﬂzlvey 32u2,V,
Boo. o3 =0y Ve + }nvg « 32UR,

® ,J?
By b .
& T T esessechasine {rx.18)

2
But P, -, ® fov .

Thesefore equation (I1.18) becomes s

2
2 Pl S32uR5Y 32uty
b s+ o [ B T

2. kagy w2
1x? 2

T I T

5t is now elear that eguation (11.19) cmn he
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2 [:2 2alpd 1‘] 3 2
v, + == 32,
o B+ SR, vy ey, 32p,
nx xx N

expressed 4 a quatratic {n V,, bhus s

2
+ dovg o, ~2) = o

or Avi«r‘nvz*c B D veasvencmsvrsvasaves (TE20)

vhere : A = ]i%« ﬁ2112-‘“' ﬂ A '
g

kit

N -
—F ¢ = |» =nd
¥

e = 3h tm, D

By applying equetion (I1.20) b0 a particuler prohe

8t & known free strean velocity, V,

» it is pomsible to
caloulate V, ot an-ascepted Cp~value, From ¥y, V
e

and

tan be ined, by the inui 5t

hence K' may be estimated.

3. THE DERIVATION OF A& BELATIONSHIF ¥OR K, I8 THBME OF o

Amalysis of sguation {1I.16) shous that, Tor e
partioular probs, Ko can ‘b expressed in tefms of ¥ &Nl

¥, &nd that it should theréfore, he posmidle 4o ¢aleu-




1ntd Ky, uniquely, fof & particular instrumemty In. berss

of oy if ¥, 'ana C_ are uown.

The genersl equation {(X1.16} wmay te writtan ss.:

¢ -1 Shpt,
I @l an T g
2| 1-x] TXK)ETE oy, o F

3288, g2, o8 &Y T
KV, gt 1

olele”
v

2 ¥
(1-K) =g (0, - 1) + (YL

A B N k:Bp8

KV, x

Hence ¢

2 2 o, &y - 8
€, = 1.V &+ KD _%v-g.“4 .}h»,—‘é«
e, [ T A A

Y 5
2 6, - Gya [ L
v 2l %,%2% o, 3 &
o + (K"} ——y g
e, = 1-7F By S L‘EHE PR R
. .

cerveoveronn s 15,22) ?,,




Sy
s2uzpe® :
> Au ‘ “

4 - k-8pga®

Therefore, by equstion (IL.21),_ wen by galoulated %f
Rl
for a probe of known fimensions in terms of dy &Y ; .“

corresponding, K'~-values, and For cll = «Ou.d; and-

~0+2, 2 any free~stream velosity Vou

Sanple. célone
o e

istious ere shown in Appendiz IXZ.




& =
evelusted by substitufing dsta from probes oa astusl téat.

e

APrraniy g’

SAMPLE CALCULATIORS AND TAGULATED Rnsum's POR symmax.
TOTAL PREGSURE PROBE

In this Appendix ¥he ical eguetions vere

GRAPH RO, 1 A¥D ®O. 2 TN FIGURR 3.22

LRAPH RO, 1 AKD BQ. 2 IH FIOURE 3.22

K" vas osleulated for Aifferent valwes of o ¥rom™

aguatien :

2 = ORISRV ¢ 2 &
AV ¢ BV, + c 9 . {x )

2

2 sagy 320k, . 322, ¥

or v, %,, a.ngx vy Fen JX
X ¥ %'

2
*- - - O
oy, (c - kY

and from the relatioaships ¢
2 2 2

= 7 and
v a e

¥ - KV, rerrerravsrerrsesatrrarnannaal30T)




folloving values were substivubed 't

0.02775 £t
0,336
0.0023% slugs yer £t3
a.00k58 2%
0.005633 ‘1%
V.01T3 2 . .
3.75 x 10‘751\1‘;;13 pok £ se¢
8.0149 1%
001008 2&
= <050

= 237.357 £t per se

rn;:i;lts Wre given in Tadleg 11 apdl ATER

? PABLE 111.1

gragh To. (1)




BABLE I¥3.2

Srapk Yo. {2)

C =
; o 0.8
° 1o
i .
G260 0.0252

a. 3L}§ 0.0WT8
i

: 4
- D.b%E - 0.0850

04765 D.22B6 8l

2. GRAPH WO, 3 IN FIDURE 3.22

Values for the vesting orifice, y, wers salewlsted

for different assumed K'-values yielding sheoretical ”

s~valory for unr:enm}iling K*~yalues sccording o the-

eyuation @ )] N .

2 2
) e ot ShwyE -
rT K, [T (%) 4

RIVx

2
32pkpd" i 8o
K'Y,y Tx
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The Ypllovinz values were Bubstituted

2 = 0,019 £ B

x = 0,012 ft

2, = 0.01008 1t

By = . 0.01h96 £t

K = 0,01 -
K, = 0.99% =
cp = -0k

Values for the remaiming syabols sve identical

to those used in Section 1.

The diameturs of the probeés tested were 0.3 inch, S
0.5 ineh and 0.344 inch, giving an average valde of =
0.38 ineh, In view of the intersal ;smet»y oF the
different probes, the valuss of £ and K, were chosen
such thet &y + 4, = 0.3 inek {0.025 rv} throughout.

The resuits ave given inm Table IIL.3

TAb, . IIX.3 y i CALCUL’KTBB)
Craph Ho. 3 —

&t
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3. GRAPH §O. 4 AND ¥O. 5 IN FIC. 3.23 LR
Values for K wverd caloulated Por Gifferent. gevaluss,

usiag € -values of -0.2 snd i—mh and probe dinepsionsy

" inequstios §

Exprassions for Ay apd Gy, Gz Gy 308 Gy are, givéida

Gy

Appendix IT.

The following valuesd wexrs subskituted 3

4 = 0.2TT5 b

x = “b.o733 8 o .
- y = 0.01325 £% ’
e = - “y N
6 = - 0765 . e
K' = 0.2522% : )
L, = o;fé;ooﬁ b

s, = o.olﬂ96 E 23

Yalnes for the rewsining synboks ere i&!}(x‘;icfl

to thuse used in ghe previous saloudationss




- 30% =
whe Fesults sre given in Tablen IIT.h wid FIL.50

TABLE TIT.k

Gusaho oo i

.26 0u9587

0536 0.9287

o6 | o-omE | i
0,765 0.9977" 1. B

TAVLE TLL.5 R
Graph No. 3 h
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APPENDIX IV

CTATSEN AAVE Y0 LER HOM
BT SHELIW . JUIHUDS Xg TEUTHYEIHG BIZVE AOTL 20

RGIGVATT'IVD JouLI~0e

2 BHOTIVIANE HUVLUEIIUT

£°0+ | 410750+ cma.c\m Lyegr] ezrorl notos 3.3, 90'¢' m.m.a.m_
¢roe | 20 0+ | ogz-ut] averit | sto-oel sboros} opztit amm.: 2'9-1i*g —
1o+ | wlo‘o+ } gograt] 2840T{ owvo-] Enato-| gostorT| 0sgroy ETrL-TeL
sege ] GOT D+ [0zOy | SRTq | wElE~] 0ET0-| 2Oy st eromtes
§°T+ . { BT 0+ | 0999y | 8ORH 6 T~} TEL'O~| 089°9 219'9 B4TS
1o+ | qG0°0+ | QTOTRT | 490°4T o0 0t ] TOMT{ 10’47 mz_xa:;
cvo+ | es0c0+] ot 9t ] a9ev9T | £stro+| S307 04} SIETIT| SR 9 BUE-TUE ~
0+ | 89070+ | 006°LT] §94°LT | 86070+) g10*0+] aDS°LT| ygn L] Bre-T'E ~
n*0+ -} 4800+ | 0RE6T ]| EQET | gET 04| L20t0+| 08876T| £BET6Y H"T-T°T

by

%

b

oV

*

"

LBEL

I

AT

Togegen

azsn HOITVELLTVY




AEPBEBEX ¥

AL ABBLX ¥

THE IRTENMINATION OF A;, 4y, Xy, 8 AND THE BOURDARYLLAYER
PFFRET g

EHE KIRETLC ZXRERGY COEFFICIBNTS X:‘ AHD Agyn ’

Won-uniformity of velveity distribution vuspide the

boundary-lager in pize Clow necessitates svalastion bf

4y wnd Ag.

Referring to Fig. V.1, tbe kinesic snergy of an
elementary ring at ‘radius T & segtion (1) smd EAE ]
section (2), is expressed as & Fwapiivn.-of ‘shﬁ;toﬁ'ﬂl

¥inetie emergy in terms of the wrerage Wiocity over ihe

particular i 34 ing over
the cyess-sectious yields A, snd X, Considering
section (1) : At redius Ty, the mass Tlowing =
BRrygryvyp = m. The velosify of. flov foyr vhis ring
iz = vy

. 3 ;
. émvi pliryvy &y w
It hé average velusity nt sestisn (1} 38 piven B¥ ¥,
the Yobal kinetic emergy is given By ¥

2
uv;

2
w o= RV




VELOCITY DISTRIBUTON AT SECTIOND

R4DWS > 45

AV, VELOCITY =V

TBUTION. AT SECTION @

VELOGITY DIS

e e

. meows = 1%
B VELOTTY = V2

A
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V. Rinetic energy = ““i"i" L ]
and secording to thé Gefinition, 8%, san bo vrithen ps:

3
i . 2plix, V)

2,
’ SER VY

AT MR IN R R
i “

In the limit aquation (V.)) esn be welitenas e 0 0

]
237 .y
vy Hy Ry

gransforaing equetion {V,2} by putting

x ar
an = agdy = 1
E
dry £ e : .
Substitubing for g in sguetion (V.2) amd integrating

yields : N A

1.3 i " -
[ g(ﬁ) . 4;&). a(%)’ eek3)

g3 @
simiteriy : np = 21 G (Eh Al R

It ia eleay from sgustioms (V.3) asd (Vib) - phat

%he veloeily aistpripution &t n/pﬂﬂ:icullr ugabi:on i

: i e e
secounted for in he exprésaions. for Xy end Ko In h C\

light of the prandsl-Baktmetelt squation whicl defines
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the veloeity distridution in & circilar pipe for tur

bulent flov, and which esn he spproximated h} :

y ¥ 1’
: Fo- 1e25 \ % 3z

where £ is the pipe fristion coefficient given byi:z

2gHy
o g £ o= e o
. 3 e
K B . -
It must be stressed heré that eguation-(V.5) dces abt

satisfy conditions near = pipe welli vhen B fwmdsivo. .

unity. However, the errorv invélyed are smail, ang
chn be neglectad in practice.
Subsitubing equation (V.5) in equetion (V.3) yisids :

3, (en .
Ay m 12930 BSFE 2 aimievesanieny (TS

' Thus A and A, oan be ealeulsted vhen the eosteictent
of fucuon, £, at a particular Saynolds nmlblr i5 EaowL
N Values for Xy and X, can alse ve deterained :rma‘ vﬂoeihy

jately and ot phe throst of 3

el -

venturi., At F.BIo (9y)5uch wreverses vere cafrisd oub

on a S-meh venburi meter over swo dimmeteys.  ~The

results vere plotted us veldeity eoetPicisnts against pide

radius {Fig. V.2). From bhese piots equation {¥.3) and

(V.4). vera evaluated, yielding values of 1.0¥7 snd 1,001 °

Zor Ay and Ay respectively, 8t a Ry oF approximately

es checked vith thoee deterniied

2 x 10%. These valw
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by ddrect integration. Por noruel Sume)_Q; mumber

canges and voughuess values in prastice, €, varfes betvesi

0.01 and 0.0k giving carresponding Ay values rengivg
from $.03 to 131, whlle by i usudily tekun et 1,00 g
{as tha above experinental sxd caleulsted velues inuaube)'
Ferron detemxn:d Xy 88 1,000 shite: olegan,,

purty (292) sna Poster fion

detormined sprprefimete -\
vsluea of 0.996, 1.002 and 3.017 for b, respectively. “In
the light of the above eV dence, & vslue orwl.ua for Xy

seems reasonzble provided m g 9.3,

Figure V.3 shows coloulated valuss £ox Xz, for
gitferent velues of f, st various Reynolds aunbers by
applying squation (V,6).  From fhe graph it is eidar

that A, = 1.044 for » pipe Reysioxes nnm'ber of 2% 105

TRE DEYERMINATIOR -OF Ky, S
Pt

o caleulate the nozzle-logges in'e ‘rentux n\.sr
pemains sn obstacle due to the cnﬁvatzlng, bt and
diverging flow conditions. Several attempte hove besg
node to derive a vorkable exprassirmvrvr'this pasameted

r

without any pructical auveceBi.. -
)

The suthor attempted 0 evalbote Ky by sEplying

the principle from vhish the fupset Proseure tucto? was
i et axuetly with

derived. The resuliircg Ky wvalues agre "
: 4l

Yhose. obteined from e Huvion roxamla o7 & shusgls



L
- when = i taken 8s a.pproxmm\,ely 2. L Ha a4 ardingly

venturi meter (m = G.23), bwb wire not in apmesment for’
meters of larger area rstio. e

tery : :
Hurbon suggested a mephod bywhiqp‘ mu“u~

lbssen are referred to 1nlsaa in an umwshvt ripe L8
engtl hoviog the seme umeter BE the ventnn ehroat,

and 2yrived ak the relationabip :
=

2 ’ of
%, = £ 3 . O
£ q B R e ¢{.13

L T

where
% is equivelest be » leugth of pipe of Hanetar
a over which the head lost is identipal o the head 1oat =N

over the vemturi met'rm&nﬁ RIS

4 = aiameter of venturi throat,

‘Eutton showed dnut £y ‘van be ;rexlicpeea. tnirly npcurately

&
eatimated Cy~values fo &n acpurady of % 0.1 ger esn& T
nip yesuls:

2l Lo meavured valueas
o Pagt £HAL i

when comparing calewlat
is howetsr not sopeluaive owing §o LI
o measuring tbe hesd 1ost ovar t}le nese: ¢
ne. 18 sitenptipg ¥

&t

orrore inherent L

are caused by phe very faetors o
elininate; impact, £Ar inptance i5 naglacted.
the angle of convorgcnee, wpig)z

in :unctmmaux Telated . ‘Q

ard henoe & Tixed value

should be pointed out that
Becidedly affects inese loasess

% s 3
to g in the abdove ralasionships
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& L
of 7§ =2 would he subject 4o errer when cnnaiduring Fa
different meters. dowever, this velue of T s :

iated b i
i by basl: for the meter usder

congideration, and the author therafore accepts Hutiimfs
expression. k
¥

Hence, xL = 2f emrararvaruvernenis {¥eBY

TYE DETEBUIUATLOR OF 8

: 2
Engel and Davies to2) attanpbed to formulsye this

corraction Fector in 2030 ¥HILe Tagad 0 ageik TetErind
; .

to it briefly in 3953, = Because ibe aykher, do2d ot

agree with their theoretienl pprosehy 8 S.mem

method is postulsted : treaniizes are copsifered as

a her ab

& %6 & venturd meter.

veing g
This causes Timpact' smd & pusm;e nx&{\w the mzez
This squeenpd Yo thrﬁ\}’;h the

overall energy loss 3sd hence

we value i

L

pressure tepping.

yeaturi alsc precipitates an

o ifferestisl preseure higher vhea he TE

registered. .
i
The mathematical method employed is ey Eo}love

She rate of chapge Of momeaium between sections {1) snd
{2} (Fig. V.W) reprasemts the forge aud heénce the
pressare vhich ceuses f10w through the veawri. nﬂ".
4o Tate of chawse of axisl

ia not vhst is soushbs




e« ripg momentus

n:cnentun which gived rica 16 the ’impm:t xu-ensu:i

is regunired.

The suthor thersfore &anﬁli&h&&w@iﬂ;ﬂhiyv

mopentum b sections (1) wnd [2). ' Tha woméntui B

sertion {2) was then. foransSorwed mthmbir}nlfy 3o

section (1) %o dstornine whist the momestum ot Restivs (8)

would bave been &t section {1)] before the Iafime wn&‘
i

strean tubs Yending, end ssaowlated energy Soxhen, © Bhe

exprossion zeyrenenthg the Aiffereves brhweeu khe mankss

fadt

impact B
womeiniforwity of the velotity distrivution aitsifs ibe

beundary-layer, are slas coxsidersd.

Referring %o Bip. V.1 we hwewva 2

Averwge welonity over ring st radiue rl“s ¥y

<.~ ving momentum = MV, PR ¢ sn&u?

and m = 2l Sy 0¥y £

et

3
= 2%r, srlw O i

2ov" e
The Bection momentum = TR RV, eevrecirris and )
' i
meaton
If now K,y asd Ko areh gefined as ke B

/¥ snd (V.20) yieid 3

coneticients, agmebions (V<
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21 2
20, A7,0Yy

wZoVs,

- w2 x.
z(T’;) B (“Ii) . a(%‘ .

.. K»l = !ht.l = z!(__)“)’A(

snd pimilexly ¥

=

1 9.2 .
2 I - (3) . u——: .......,.«u.m
A

Fuz

i ans (:Lf g

npunh\l st 8ad
l&ﬂ ifd ﬂx«

Qne cen 2O¥ write ¥he

c‘nt.mn woetiieiel

g} 4n terES of the BYOYE mont

4 the VO l:ecinni yis 3"
¥ i

wYerREe yaiovitics ¥

Jomenkus 8¢ section ) ¢ . :
- §

e By

E

ot 1) .y,.,..

2 a‘v’ T 8
5 b
208,V {:(‘Tx) Fe

shds

sonentus &% paction {2}

. ® By
¥z ®

3 2
. - 3y e
PR Al Froly . g
= Raf2 ,(qz\ (32)'




o section (2). Treasforning this squstion tbyssetics
(1) yields : : R

> 9 ¢

Foronp ;

LN 's,}«

3

Equation {V.15) representa the Gelixnpun ﬁuiay,g,-
Bsckmeteff sgustion, which h:ir:an PuE. v‘eloeltx(’&ii-{w 1Y
4ripution in & cireular pipe for Suwrbulent Fiov ians fox :
letexers valuos of the aosffisiant of pive Syispion PH
Muthemabically, T, osm rivten ag Fy Bn thevetors .

v, BE Vis

aluo ¢

Sh
.

#

»

Viieeradsineredsenns (V16)

the combinuity sgustios yields : ; :

iiasheeiienensiavannty Teatn)

substituting equitions {v 36} and (va31) dn &ﬂlk)
yieldw & e A o

prenegoracd wonentun fros seetiod (2),68 11

o S

Rty Pt

i
"

5 o >
2,

F

1L oot i e 8oy






The differehce between the mmuentu;s st nuiim Ixf
(Equation V.13) and the transforned womentum cditsbion
(Bauabion V.1B) represents the 'impacs forests

: 1 2
soes P = auEEVT(A ix
i HAS RS apdy
[

2 g
- AR, R Rt
1lovy (s

forpe dus to impach.

fm

Referring to Fig.

on a gomverging o
Then,

2 2
vy #{R] - Ry =

AT

T 1l=-m

Ifmy * impset pressures
y

1
2 v,.2

or F. = 2WRSRVY F(
L v I

one due %O contrection of the stream Liness

1w
2| 2 .
¥ 1N 4B eeennt92202
L R %,

wsvanieai §¥29)

V.5, Aot Dy TepTEsEnt ThE PresmVEe-

1

2 v, .z x,

anslovd (B (2. FTaES)
fra By

ihis preboure can BE yritten: Oy




\ .
¥ Byr detinidg pgoms 5
2

8pV:

. = 1 -

£ 7 aad £, a constent Qepending i bhe
gevnetry of the meter, d - :

K . 1
Seopy s TR WV T Oy e
L IR O iy

Iz 1 By By

. g B
ce B o= 2R A A e dwen)
B !

w, 0.
vhere B' represents hhe fraction of the kinetie ehergy

st inlet whieh iz o dhgavt

Hov nn expression for By €he Appn¥E. Presatre

e¢orraetion factor; cen be debarmised by exprassing the

impact p: ax & oF $he i 25T Lerens

$ial presasure, thus 3 . o
Pifferentisl pressure spmsured

- - A om o
o on p, = b ms

frue differentisl pressure = Py~ Pp Ay

?35 o

3, =
i b g SHEXEIONE P
‘The ratio TR T T




written as

B
by T A N
2 e . B

A; e ‘1.,2(1 LgYY

From equation (¥,24)13% follovws that 5

or B = ga' where B is deRined sm zh
? »
sta
Boo= o KL+1-m2(1~g')

At this stage only & v

in order to caleulste B 5

W

ieiny sy

sine 8% remains ho bR dgtermingd
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Vas

» PR
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¥:6 EXAMPLE OF )7/«: EYERMINATION, OF é
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sECberty | PROFILE:




" ihe values of K,y =nd K, were ahemumim, yielaing s

v
3.1 Eveluation of F{Y

. :
g (E}-B. 6(2) fiom ny
1 By R

"y
velocity profiles

The experimentsl data ir Fig. ¥.% wes wisd Yo Loy

v. 2 ¢ x ; E
(~23 ° {2} mpeinst {-l} ae sh ‘B :
W r (51) ¢ shoun in Figs v76. Fion.
this the sbove integral vas evelusted ze S.3536. .
: e o

I verificetics of vhe methestichl relstiouduips;

Ky = 1.05,@3’ 5
Kpp %0 1a00
ne %o the] Aonaily

These values are to be

good veloeity profilje in guestions

1d2 r 2
3.2 Evelmmtiow of J{H) « (). afgd) Ty diveet
BT Ry By E

i tion

The aboye integral can be oxpressed 89 %

1 L
7 P(%)z B ad el

is the Prandtl-Baxhmetesf equation. ¥iz ¥

e 3
LI ;1{.17"—% 2sf§ vies 1§

avneEhEeid

Kee0n

V(. 26}




gubetituting eqﬁnbim {¥.26} yialés ¢

1
(vl)e » :
e Gh ah {3

5 &

)
he Tight Baad

1-4m

i/

2 . i :
{v + log 2} (3 ~ 2F o 42 RSP COWARESY § 5.1

Lol
°

2

76 fapilitate handling, equation (V.20).can Be wpidh .

up ingo :
14
LB
‘2 jbe + 2b log 2 * {lou 2" 4z
o .

1~ . <
- &27«;52 + 2ba 15 % + 2 {108 ﬂ dimraree {29}

xnugnnnlg squation (¥.293 27 ptﬂb aith sm;ivabix/\g L

Koo 0.k, b= 0.25 uarsc.vz "gieads :




v 2
1 ¢ ry e N, *
- weeEh S e

"
This velne is of the ampe drder ws thut %mm&éa
for & § inch noszle-iype N.B.L. vestiri meber fvdn
actusl velocity prugiles wis : 3536, the iinuvegancy
Being spproximsbely T.BS. The walue o 0;3547 mld“
therefore be accepted Tor £ = 0402,  Dther valies of
+uis integral for different cociTicieiys of ﬁiﬁi;n

sud m = 0,25, sTe =8 Todlows %

0,023 03808
0.02 0,38k -,
0.03 6,3887

3.3 The debermimation of 8

In the Foregeding theory, &R expresuion Tor 8

was dedtived viz i

. Bl
i‘n‘? i awerwee s (VSBLY

The above table shovs fow the inpegral in sgRAre
bracketa waxy With poefivient B aeietioll for constank
4het K w wpighwes

area rekio, Ehe euthor submits




defined as that frection of the pressnre of p.sdkverging
cons which {p drausformed inko sowcalled 'gnpntt pressurs A
would be a constant fo? & particul-r type of innmmam

depending on the ion and int 1

iy
fharafore, K wowld be sonsidered ms s constynt for bay

o noszle-type vemburi meter at’ s partiewier ufss (jatic,

and 8% would be dependust on f and % orlye

Y¥ow equavion (V.2k) derines 87 #a ¢

inpact pressure Py 2

R L A
L.

WeAsured differentisl ptesunrﬂ K 41 (1 - gx)

R J L LT L t\ 2h)
and St follows that 1f the lefy vand side.of mquabion
(V.74) cun. Do messured experimentaily, 8 eoild Be dhle
eulated for @ perticular Snatrument snd given I and
values, sbenca K oowid be aevernined from squstion (¥i21),
1£, as submitted sbove, K is eanudsud a6’ costent foy’
the yurticulax;‘"vinutrnment, din’etem values for 8"y
aepending on diffe apt T nnd 5 values, eobld be cal~
culnted yielding corresponding £ values fn bETRE M/

equation (V.25) wie ¢

Vot

'a;-m(l*s'}

aeeiveasy

 puat 199 aia mensire
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IMPACT PRESSURE PER_CENT OF DIFFERENTIAL
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FIG. 7.7 IMPAGT PRESSURE
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this impsct preasure for noszle and lori}ice type ine
- S

str\xments' and oxprevscd it as s percentuge of She
nensured differential presaurs fo diftersut vilugh 4f
£ asd m e shown in Fig. V.7T. . tﬁdﬁ; grsn}z:the h
impact pressure factors sre 0.032 end 0,0147 ut m aran’
retlo of D.25 end £ ¥ 0,02 for nouain-‘and oriﬂee-&;g’a
. i

yenturi meters xespectively.

Appiying squations (¥.23) bna [Vi2h) as oiblinéd

above givas the following Vl).\l!‘ﬁ for K @

¥ {orifice} = .09, and

X (noszie} e 0,252 2

For the sonicsl vezturl meter used yn teuts ok BaEeBhs

K will therefore be taken 28 0,09,
. Al \ g
Tt iz now pomeibls ve caleuists § for dilfevent
salues of 2, taking m = 0.2 =ad = 2k, br. abstivnnion’ s
in equstions {7.21) end (v.25), These ealdnated

vaiues are ag followd 2

882
0y5893
- 08083
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ENT THICKNESS OF THE BOUNDARY-LAVER
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' THE BOUNDARY-LAYER EFFROT

- F2 -

xagk BOURBAILYI-L/

Yaristisn of fissharge voxtfinisnts for vamtarl <0

meters could leso by releted %o eusrgy Sravkforantints -

within the inmstrumsnt?s boundsry-ieyérs. . #his reanins

a complex problen.

palenlating the leger Bl i

which, sczopding to the Prandsl Aypothesis, den be mn-« .
P

jdered &s sn inbesnad

kbl evaiied sube whish ]
decrenses the theoveticnl sffestive vrass-gewhijnsl flow A

axea 2% tho thromi.  Assosaiigly, m L B R

Y
vhere : T

e .

e :
@t = alieTed mrea robiifiiue b houngary-layer.’
effact; W BN

Al = alterad %hrost sross-ssstiomal drée, RT3

A = upetresm aross~ventiopEl areds

Veluss wers calonlated for laminer sl Puripledt

boundary-layers. - T N

Referriag to Fig. .8 and vriving %he'mtwnieu N
expreesion for g {she gisplevament -nniak;sgn.) i .
sceoréance with its getinition (£o% Plow oVRr R slst o e

piate } 7




S
wae | * 2 iV - v} ay
. s = 6/(1-%)3,,
°

The vetooity distribvutien fn
follows the law ¢

¥ = vw(x‘) where 5

thicksess.

Substibuting vhis in equation (V.30)'ziedds ¢

Y E-« F(ﬂ PRI

ghe exact solutien for P} = FE)

a laninar boundary-layavs, giving »

: 1
& = fE-P(zﬂ L8e
° Ry -

pimilerly it can be shown that the

for @ tur‘buiam‘, Pouhasrysizyer san

stendard forE =¥

4
] n 0,046 & (R b

a

)
The two posaible eondibions &8 !‘armli.lmad By equabiRRE G

s asperegel V230)

(.31} and (V.3¢} sre ¥ e trested sspux‘u’ceiy. .

o Bouidiey-Luyer
s

u “the hnun,auy»ln%u‘

1

ucnn be dﬂdrﬁiuéﬂ !ur

. ..,... (v.s:.)
Leugw Regnoiﬂ.r mubeﬂ

d;wlmanuv @Ic deny

bew&npruna gL g E

,‘ w.sz),,




4.1 peamigar Youndary-layer L

Substivuting Autton's vilue oF & = 1,3 .d iuf’] o

eguation (V.31}, and sinpligying ¥iedd

pe 134, = 206K, vhere g fs N6 dbrost,
5 o

aismeter.
- 1.3 V ed. S o
oome om el 3

% s 1.3, gB, whinge B, 33 Ahe
ghrost Reynolds mumber. O ; S

. . Hquetion (V.31) becomes i
A

173 % 2.6 Ry
& - Jubiu SR

¢ NEEEEN

T¢ the altered throat radiug Hus B0 4R ak&wwﬂi&n’cr

thickness is givei by Bhy then 2

né a By = 8

635
N AL

2 2" o :
o WEY wr, {7 PR
R A TR
Ry TRy : ‘
. B ) ou5 (R )-055 2 :\\Q‘z”‘ :
vhence m! = ® 13 2 e
: TR
al - is the trapsformed aren ratios o
e ¢ . .

4,2 - Turpulent bO ndagyeisye

34 in squatden W»;szﬂ) ;

substitubing T = 1«




" ag before : 3

~ 323

simplifying yields :
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