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a steer,ly dee-reaUns pressure gradient ovar the con­

vergent section oT o. meter, and thus the laminar lay» ' 

is preserved. On t̂ ie otliar hand an increasing '■ 

•adverse’ pressure gradient operates over the diverging 

portion which causes instability in the boundary-layer 

flow over the pressure transition stage in the vi jinity 

of the throat-, a laninar "bounfiary-layer at entrance to 

a meter is probably triggered to a turbulent one in 

the venturi throat and this transition, or absence of 

it , affects the discharge coefficient 0^ appreciably^

One important feature of venturi meter flov would 

l>e decisive in determining whether a throat boundary- 

layer is laminar or turbulent! It can bo shown ex­

perimentally that at entrance to *  meter - in the region 

of curvature change at the junction of a cylindrical pipe 

and a conical meter - the pressure rises steeply. this 

pressure grftdieat tendfe to trigs®*1 the unstable 

laminar boundary-layer at entrance to a metar, Separate 

bubbles could be formed prior to re-attachment of the 

boundary-layer in turbulent or laminar-turbulent forn. 

Such a boundary-layer would probably be wholly turbulent 

in the throat due to the pressure transition outlined 

earlier. On the other hand it is c W t h a t .  a laminar 

boundary-layer couia exist in a venturi throat - dependii 

on meter geometry and flow conditions - i f ,  for cxanple,

■ -s .

^  "4

f c l  ■

. .  .1

-J



the layer i? not fc*i.gger.oti at entrance to -a ateier ,

lo toe light of tie above considerations, the 

author proposes to estioB-ta the eSIect fit -this ^onuaary-. 

layer factor aBsualae the throat kcrandary-lfiyer ta 'a-, . . 

either laainur or turbulent. Jurtherk the eeau- 

infinite flat plate analacy uill \>e enployed, takian tlie 

effective lenetK Ear bouniiiiry-layor Sovelopnant as 

2 = 1 , 3  d, as suggested by S'-vvtton, instead of

2 1= d as used. l>y It io proposed so caloa-

lata the throat diaplB-cenent ttiictnressEB wkicli will 

modify the area ratio, n , and hence Cfl.

In eoneluision it needs to he onpuasizaa, however, 

that Batten’ s expression for shoved negligible 

changes ih Ca for snail variation is n.

3 . 5  The iapc.ct -Bygasttre effect

: The pressure in the oorner of the upstream side 

of a venturi contraction is  higher than that. Bay, one 

pipe diameter upstream flip inls_.. ^ 6  ‘the £\- ■ ■ <ers 

the •converging cone, the stroma lineo.are tenv li^ards; 

this 'saueeaing* of strenn tuheB cawseo ener0jr leases 

vhich give rise to a decrease in xtxial momentum of the 

fluid. The nooentu* loss, in turn, causes a reaction 

force at en,trnncc the coavar^ng c ^  vi.r  , i n c r e ^  

the differential pressure ahirw 4he t*ue MUue-
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This *ittpacti pressure* has been measured by ,

- (g2)
Bn gel and 1/itte who suggested a theoretical approach

for calculating the pressure. Their nsthaaatical 

treatment is vague and ancao'riaaitiB.' however, particularly 

where they introduce an undefined constant of proportionali­

ty tor determining the impact pressure coefficient. The 

effect of the converging cone anfile who neglected ia  spite 

of the fact that the degree of convergence is knows to' 

affect the induced impact pressure nnruiin.iy.

It is possible to calculate -the forct, ispoaed on the 

projected ccue surface "By the ahoveaentioneu c'lang'e in 

axial momentum and the resulting ittpacTj pressure can ba 

considered as proportional to the pressure caused ty 

this force or, •

Pt = K p ,> where is the impact pressure and.

5j  the sreesure caused by the nomentum change reaction 

force- The constant B vould depend on 0^, m, and f» 

where 9 is the angle of convergence, f (l the internal 

cone friction coefficient, and *  the srua ratio of the 

aeter. The determination of Pf is based on Kevton’ s 

second law which would ».ot he applicable i f  separation 

were to take place upstreaa of the contracting section.

This will he referred to furtner ou when the effect of 

separation, is dealt «it&.
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In an attempt to allow for the effect of this factor 

which has been ignored by coat investigators in the 

peat - the author has developed a theoretical expression 

for t>£, end evaluated the impact pressure utseffieieirt. .

3 .6  *S?hs effect of loases through the venturi meter

Sltis is yet another controversial factor, . ISie

losses through a coaictti aater are corafosea of i

: .£ ; 
the boundary resistances in & pipe of length in the

d
conical noatraotion, and in a throat length of .

Rigorous nath<Jras.tic&l treatment is complicated, -jVpart 

froa curvature, cdayinG ana possible sepasatiaii losses.*- 

•the velocity varies with length and the coefficient of

friction varies with velocity. effects of l»r*?6ure

gradients and boundary-layer growth in the cssnvergioR 

cone further complicate the analysis. .

Pordoc l5T) Bueaeated &a eapirie-sX Savfesld for 

aetaiminiitg these losses t \s  s

0.0>»35
where d i-epreseots the throat

diameter in ineBes The a!’ove formula can be written as

JC_
{<»,&>

K,L

where K is a constant.

I f  the eoflst«*t in equation (6 .2 )  « « •  of

friction ecreffiaiettt, ar*a ¥ * i * ,  « * * •  «* c 6 W r «tBtB

fit
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at e .,  JC would vary for different meters but equation 

(6 .2 )  would suffice provided that K cemla ie determined 

as a fuaetiott of./theBe factors* In the above form, 

however, it cannot to applied to a particular nete* since 

Kj. is not a function of the throat diameter only, wtiile

I  it «  complex funotioa of C» n , 0 , and the general 

iateraal .

Hutton developed the relationship s ,

«  f ( 6 » 3 )

He treated the entire nozsle loss ao heins .analogous 

to that ia an a^Mivaleut j>ipa of lengtH x anft aieiseter 

identical to the venturi throat diaseter, d. Button 

algo assumed t&at friction end leMeiie losses conld be 

included in one friction coefficient, S. His analysis 

of experimental data for meters having *a effective an- 

« „ , !  ,o »s»n««. PI « "  0,0022 stowed tttt f

can he taken &b approximately 2 , yielding s

This formula, when applied to practical teste,

good agreement «it« e » » r f . .» t « l  * • • « » » .  *  « "

joint , of . r f . i e i . .  .W i l d  » " « « *  »« »“‘ " a ‘

n o .  1» U »  * « « «  “ > M  r t l w  'T

v k .ru >  it i .  not. W .  .uttof 1< • »  tl">t
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•this erroneous) assumption does not affect the validity of 

equation (S .U) because the difference tie sctnal

and assumed fully davel-ajjed f xt>v conditions eas be 

accounted for in, the choice of the empirical value -g 

which is is fact deternined from experimental data.

Hutton dealt with roughness, friction and area ratio 

effects but n«sl««ted the effect of the angle of con­

vergence. Effects due to boundary-layer growth asd 

pressure gradients vera also ignored although it could 

be argued that the enpirieal value of ^ vould probably 

look after these influences.

The author attempted to derive.an expression for 

based on the aaae principle as tit at applied for 

determining the impact pressure. • By considering the 

change in 8-tial moaentsa. between the upstrean sad down­

stream tapping sections, the total lose through the . 

venturi could probably be flxps-oosed by Kt *  K*? j> 

vhere Pf is the pressure du® to the asial aoBantua ehwiB* .  

The restating relationship sa.ve values tor K& which 

agreed exactly » it i  those obtained from Sutton's 

for««li lor t»« classical *"■*« « * * « *  (»  *  °-«r),

M  tic M t h o r '. t o m l ,  * «  W 1'  * °  ” , *> * ° f

larser area ratios.

Guided *>y the above considerations, tha author



overall loss factor sine* his relationship, although 

•sot comprehensive, reeogiiiBee the effects of major irajjort,

3 ,7  The ata-tic pressure error affect

This error ia caused hy two separate factors :

An error is introduced flue to ti,e wall static pressure

hole size ands ia the second place, because t>S turVnioaee, 

even this corrected wall static pressure would fce in ex­

cess of the trxve average static pressure over the pipe cross­

section. .

The infloeacea of these factors were analyses cob- 

jrehBasiirely in Chapter IV to vhich the reader i*  re­

ferred for detail.

It aa surprising Xe. report that, apart from hvief 

references to their joraihia existence, the author could 

not find  any evidence ot attention having T^ejv paifi to 

the effects of these two factors ia  analytical or bx- 

peTimeatal vori. US*# it ia considers* that paia- 

atakiBE cc*c%«t£*M »** * '  « e W b o w t w r  «**» 

factors as water temparature, 4«aeity, Vacancy «*  nir

i ,  ■ „ « « . « « .  » H M  » »  w « « «  »r  ***

i»  ( w u n l  M l f M t  m l  « •  « W «  <* £*

it i ,  O t t  « » i «  *«« « » » « ! « » «

! . « « .  » * .  *>» » » « * "  « M i «
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pressure corrections are suggested. ■

3*7*1 Static pressure correction for hoie-siae

this correction is given, for different 

values of •*■*- and Reynolds nustber, in Fig. ft.3 of 

Chapter XV. Here ds «  static pressure hole diameter 

and D = pipe diameter. The correction will be de­

note * by or p * p + a \  where p„, represents 
P “1 * p ”-t

the wall static pressure corrected for hole oise,

3 .7 .2  Average static prssLufe correction due 
to turbulence -

The magnitude of this correction, is gives by

1 '  = J.,26 Tu> as shown in Pig. *i.9 of Chapter IV.
P

Ihus, the true static pressures are s 1

Pb1 » p - 1 .2 6  t» at ' ae upstream,

and- . . . .  (6 .5 )

w ■ jr - 1 .2 6  tu st the Vhroa* 
sS ' *vZ .

sections . . . . .  ( 6 . 6^

The effects of these factorstfcan therefore be evaluated

and corrected for as shown later. .

3 .8  Jhe effant of turbulence

Because of lack of experimental data op turbulence 

at entrance to an* in a venturi throat at different,



Beynolds numbers, tile effort of this factor Jibs 

t i l l  now teen neglected, I f  such data ver£ avaSlaVlc, 

the necessary corrections cculd be made by including • 

a turbulence term in the fuaiaa.'snta.l Bernoulli equation.

Thus, the total energy at, say, the upstream 

tapping section vould be expressed by :

« i  “  *» i  ♦ hH > vl  +

where n = -true static pressure.
s i ..

Aj is th-e upstream velocity distribution correction 

factor and •

£p + uj2 + «j2) is the turbulence correction

By correcting the total -pressure in %he throat 

section in a similar manner, a theoretical exp«saion Co* 

« »  4i,ctors» “ » l * *•■ *»•* - * *  ‘' i“  l *

»Uov» °»  - i»  «■>«■> ♦“ *  , * « or * « ♦ « .

Extensive further experiwenta^ tforfc on ir-B.a-

W i t *  t» i , . « • *  « .»  b ,

fully evaluated. "



3*9 ghe effect of rounded upstream ana throat corners

Rounded corners joining a converging cone to aa up- 

str«aa pipe or throat section aeea to affect the *buap' 

sometiaes found in water characteristics. It also ig~". 

fluencea throat boundary-layer growth.

Schlag reported; that the ‘hurap* tends to decrease

and even to disappear completely vhen the cone is ^oiooa 

to the upstream pipe and/or throat by means of fillets .7 

of large radii (t  = 2P). The peculiar dip sometiaes 

found in aeter characteristics at lov Reynolds nunhers, 

as reported by Schlag in reference (214» is attributable 

to the separation of flow caused Vjy deceleration in the 

peripheral stream lines. He states that this ia 

particularly evident when the radii at tfie outlet of 

the convergent cone are large. 'ike same watfeor also 

reports an increase in Ca at large Reynolds numbers due 

to ft radius at the outlet of the .'ionvercent cOne.

The throat radias should counteract separation 

at entry to the throat at high Bsynolds numbers and 

because o£ the effect on boundary-lay** **'«"»*& i»

m a t  e4. W « “  a»** «■ , U *

influence are available. .

The ASHE aesearch Committee [56) epseUiOn ts.ll** 

radii identical to those proposal by the Isternationsl .



Standards Organisation- The radius between a pipe ftrd 

convergent cone is Riven as between zero and 1.375 tiaee 

the pipe diaraeter, While that, between a oonverRent cone 

and the tnroat is specified to lie between 3| and 3t times 

tha throat diameter. Schlag reconnended a radius

of 2D in order to get rid of the ' hunp' but subsequently 

stated that he ifas opposed to radiussins on aaaount of 

aanuraeturiag difficulties. \ : V>

Rounding the entrance and throat comers would 

probably ensure a laminar throat bouodary-layei' at fairly 

high Reynolds numbers; this could be the cailse of the 

steady increase in Cd vitfc Reynolds nunber i f  Hall’ e 

boundary-layer ehsory is correct-

Witte found that the effect of these radii

on was suite marked} radiussing would theref^rs. be 

advantageous provided it could be standardised and con­

trolled.

To determine the exact effect of this factor, the 

author surest* that a sariea of *««ri<ient6 be carried 

out, uoias fillets of different rad ii , in which e*~ 

VMinentally det-orminaet Cj -vU w b  ccruia be correlated 

with fillet radii, resulting pressure sradieivta, on4

boundary-layer jjrovth,



3-11/ She effects of upstream and throat fcappias 
positions asd throat length

On a classical vcntari tseter, the upstre&O. -tapping 

joint is located at a distance i| upatreim frofi the in­

let to the convergent cone. Sehlag experimented 

ou venturi asters having dinecsionfi S =* 100 mm and S =

50 «i&, with different degrees of roughness in the upstream

pipe and convergent eoae, The position vt the upstream 
. jj

t.appinjj point was varied from approximately >19-75 ("g i

to 29.23 and 13-Z bbb fro® the convergent cone inlet.

Be reported that th<sse different positions had hd  Effect 

on the discharge coefficient. 33ie author is of the 

opinion tlJ&t, provided a tap-pisc is not locates ia -the 

upstreem corner, no effect should be noticeable. In  the 

corner the pressure would be affected sot only by curva­

ture of streamlines but also by aspect pressure-

Schlag also experiaented on the eTfect of

throat tupping poaitiatw tie used tie a*.Dveaentioned 

vsn-tnri meter vith throat lengths of 30, 25, 20 and 13 

mm, locating tbe tapping point 8 an flownstreaa from the 

entrance to the throat. She difference betweea C^-val^ee 

tor *o nvessent eo&e anRles of 1 0 ° and 20°  was., -with one 

exception, below 0 ,5  T>er cent and in soae coses it was 

negligible.

The author is of the opinion that i f  s tfcrsj&t tap
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is\ "ipsitioned at either end of .the throat length, pressure 

would "be affected by curvature of streaatipes and throat 

boundary-layer growth. However, at any .distance in 

■between where "boundary-layer development hue taken place, 

the tapping position should not affect a pressure ■■ 

reading. It is also evident that the throat length 

does not influence 0^.

3 .11 Tlie internal raster roughness effect .

It is known that increased roughness of a convergent 

cone causes Cg to decrease.

(90) . .
Schlag earned out experiments on a venturx

neter identical to the one referred to above. The 

internal surface of the cone vf/a progressively covered 

with a thin coat containing ttô e than 50 pur cent Ca0# 

and the ieter was successively tested with a 'smootk' 

and '< , upstreaa pipe. The effect on proved 

considerable and it was shown that smooth convergent cones 

were very easilj soiled. .. Be-also reported that cast- 

iren cones'show a'more ^onouriced^screpancy than.trass 

coaverc®nt cones in  the cXeswav sailed condition e 

respectively. ■ '

f 2) ' ^
Spencer and TUibessard found that ^ffereneos

in C due to increased raater roughness dininiahed with

11 5 •
decreasing Beynolds nunhers down to 2 x 10 . This



result is of the tvtaost importance Tor future experinentnl 

and analytical work. It  suggests a sinilarity to normal 

pipe flov in that ilia iaveited forias of meter eberactezt.f- 

t-ic curves of C vs !ie , for different internal meter 

roushnfisu, see® to "be identical la form ana shape to 

the n.ores.1 tys•  of pipe-friction chart or Sikuradee curves. 

I f  sinilarity or n definite relationship could "be esta­

blished, it ironld constitute a major break-through'/in this 

field . ’ ' ' }} "

In reference (2 ) ,  the authors state that s 

' I f  this siail.arity in flow n^ichanism is verified then 

a nethod of predicting the entire characteristic froa a 

knowledge of the original cii&x&eteristic, and the state 

of the ueter at any tine, becooes practicable-*• 'Further 

research in this direction should he of great value.

I f  internal rouBhnesa -changes are caused by 

aeeuaiulation of surface deposits, the roughness would al­

so influence internal pipo and throat diaactess- The 

changes in Cd resulting frora the use of inaccurate 

dianetor ne&sttrenants are Riven as s

For a .throat diameter error/b£ ~£'K.J>*cc*n,tB-Se change

2 . v *d , ttna for a pi^fa.jiaaeter error



2m®
of aD, percentage c*JiaaG« in C ^ - ~

Test on a 6 inch, 0.25 area ratio venturi '

meter with internal rust at B .K .L . shoved that 

applicatioa of the above correction factors reduced a 

possible error of 1 .0  per cent to one of the order of 

0 .3  p e r  cent. It can be shown that the pipe and taroat 

dianetvra must be measured to within _+ 0 . 1  and + 0*02 

per cewt respectively to keep the error- .tie to this 

influence to within tolerable linifs, -

It is evident that the change in resulting frori 

use and age is directly related to variation of internal 

neter roughness caused by internal deposits, c n t  fornation 

or soiling.

The problene associated with internal roughness were 

outlined very clearly by Jiayward in his discussion of 

reference 2 . He stated that 'i f  a venturi mete* 

was used to cultivate aoss" a h per e»nt loss of accuracy 

vats quite understandable. At D .E .L . where the laboratory 

water waa flocculated, filtered and treated, there vaa ft 

cbaoee of  ̂ Per eent ln °a after & venturi neter was left 

in -a line for only throe veelss. In industrial applications 

therefore, a user of venturi neters would not bo able 

to rely on even th© second decusal place giveu for in . 

the ca.Ubra.tiou certificate after* the -JOter haa been m

. - 250 -



use for some tine.

The first comprehensive analysis of tho roughness 

problem vas sad© by Button vho suggested a reasonable

semi-oapii'ical method, foe esti-nating reliable values for 

C4  after a number of year a of aeter use. . '

. ’She author suggests that future experiments $0 y ield . 

a saries of ohssrved feffeets on resulting froa changes 

iu internal neter roughness would net contribute t °  a 

better understanding of the probleo. Rather, the exaiapl® 

set by Hutton and Hall ^  should he followed,

yor different neter sises and/or roughness, oxperinentej.

c , values should be related to entranee-^‘d throat j
d . ,!/-••

velocity profiles, total neter losses, convergent eo'tff 1‘ 

ar.d throat ‘btrandary-laycr characteristics, inpoct i

-pres aarc, static pressure corrections a&d turbuleac^ ^  

structure, in an attenpt to correlate separately these 

effects on Cfi. ?he author has derived a theoretical . • 

expression for vh,i^h might he of assistance in such an 

experiaental prograafle. This is desl-t with .figth*?* on.

3 ,12 The effect ° f  rounding the inside edges of tUe 
■ pressure tappinft holes ...............-

. The effect of -this factor on static pressure ,•

«  « « M  r i «  i»  * • . « * « “ '  IT- ;

s o n  u t u r i t i e .  « * « « «  .  ' a U s i f
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internal edge while others are of -th* opitdon that this 

would not improve tbs accuracy of sto-tic preso-ora 

oe*aurement. >'

fi7)
Vorfi at liverjjool Univercity indicates than

a ’ slight’ radiuBsing of one-tenth the tapping hole dia­

meter is advantageous, while the AST-Si code prescribes ratfii 

vhich do not seed -to have any relationship to ndle Bae-- 

oo'ter. . .
In Gliapter IV , -the author eugcestsd tie listea ot 

further in vesta j;ati ona to Jefins oore precisely 'th.s 

influence of this factor. ....

3 ,13  The effect of the un/rles of conirw-iaon end 
diffusion________  ■ . .. . - ■

In  a. test series an identical venturi we^eru havaas 

angles of convergence of 12 degrees and 15 depreaa re­

spectively, Sehlag found thut meters with 12 degree 

cones gave diin •• fcrga coefficients conuirtRntly 1 to 2  per 

cent iicii°r than those for 15 degree conVerRence. Jlo 

also chawed that the overall losses for the nefcer having 

a 15 degree eons were !»igirer tiiw those for the actor 

with 12 decree convexnannc. >v , ■'

Tiio foroer result can he explained b y .^ e  fact that 

■tie larger contraction angle »*uia »a*o* 

differential "pressure fro be registered, flue to a higher



impact pressure, and therefore the 15 Segree meter would . 

Save a amalley ooefficient than the 12  degree one-

It Is clear that overt-Jl, lOBBes would be higher 

for the settsr with tiie larger convergence angle due to a 

higher degree of contraction.

In reference &8 Schlag reported that in tests 

on meters having 10  degree and 20 degree angles of di­

vergence, no offoct on could be detected but, no could 

l>s expected, the overall neter loas was higher /or the 

latter because the more gradual the diffusion, two onaller 

th« energy loss.

In hia discussion of the paper in reference IT, .. 

Hooper oxpraasad the -that a divergence angle, m

oxceea of 12 degrees wan liable to couse ceptkra^lon de­

pending on the turbulence level in the up&trsim flow* 

roughness effects, etc. fie found that when the divergent 

cone -H&8 greasy the flow tends to separata at high 

angles of divergence.

Contributing to Selling's paper, Buppel sai<t

they had ft'xai in Germany tnat "the angle of divergence h&& 

only a alight affect on the »ete* coeffveien*. tot that if 

the length ■between the throat pressure tap and the 

beginning of the diffuser was too short, there was a \yo- 

noUnced effect. . ..



The author is of the opinion that nere ohaervetion 

and racording of different effects caused by ohan.gi&R Vhc 

angle of convergence and divergence, as reported aboya, 

will oot contribute »ueh tovards o solution of 

problem. Correlation anonp, the Bajor effects in­

fluencing must he sought experimentally but on a basis 

dictated by atialyaia and new hypothesis. .

3»llv Effect of the method of pressure tanninrc

Static pressure tappings were dealt with in detdil 

in Chapter IV. The nost eonnonly employed actbodB oon- 

prise pieaoueter rings or a QURfesi.of static pressure holes 

around the pipe circuraforenoc - yeualiy four at the throat 

and six at tho apatseaji section. .

I f  piezoaefcer hojes or rings become soiled errors 

will arise ana furthermore circulation in piezomfivsr 

rinas, due to turbulence, will o.lso affect static 

pressure readings. Air trapped in theee rings or annular 

grooves should be bled off.

T'te author is of the opinion that future develop­

ment work on this factor should be concentrated on tho 

static hole psasBuie correction as sugesstea and outlined 

in Chapter IV, In nost practical applications, turhul«nt 

flov anuses circulation in w  annular Groove or ring, 

jo evaluate this effect seems to he a mach more coR»3ex



problen than to refine the correctioas.'to 'bo made to a 

vail static hole preoa-ore neasureaont. When a rmsber of 

static pressure boles aro linked, by an external ring, 

circulation in thin ring would be damped, to & greater 

degree than that due to turbulence in an internal 

pieaaaeter ring. Provision of static pressure Boles artnujd 

a circumference - correcting for Hole siae and turbulence - 

ia therefore to 60 preferred to aa internal pisioneter 

ring or annular ohaator.

3 .15 Other factor influences

Other factors affecting the determination ot 

are *. Differential pressure aeasurewoBt Mil corrections, 

aster installation effects and teapemture chonges in 

the aeterinG fluid. Reference 95 fieolo v\th these 

in detoil and it is clear that elvniti&tion of errors due 

to these factors does not constitute ® sreot obstacle 

because the aech&nisns involved ai*e well understood. 

Over-refineraent in dealing wish these errors *oul<i, 

however, be supsflluottC because of"the overriding in- ■= 

fluonces of the other factors discussed.

gHBORlSTlCAI, AKAkXSIS . . . .

In this section the author attefflpts tb analyse

th. major . « . . « «  « « »  « l » « S k

» cav-eal « * » »  *« *ke l i » “  ° f  tl“ '



The fuadaaant.a.1 relationship for. a venturi neter is 

equation (u .l )  which is derived from Bernoulli's Theorem - 

a simple aae~di»Qngiona}' -jpplication of -the energy con­

servation principle. Rtarf experimenter* refer tfasuely 

to sons of these neglected Jactors vithout attesptioc 

& eonpreheneive theoretical analysis which would taice 

account of the doninatiag factor effects. ;

The factors to be considered aay be listed as 

follows r . .

$ul Hon-uniformity of velocity distribution Outside the 

boundary-layer at entrance to a meter is to be evaluated 

by mesne of a coefficient

h .S  Bon-uniforoity of velocity distribution owtsidft ttv® 

bou.adary-la.yer at a ’fenturi throat is to be evaluated by 

means of a coefficient

It. 3  venturi nozzle losses due to the shape and rough­

ness is to be accounted for iy  «  coefficient K^.

U.J» Xapsct pressure caused by inward bending of etreaa

filaments in a contracted passaS* is be corrected for 

by a factor * operative on the differential pressure ip.

it.5 The effect of boundary-layer growth' and throat



boundary-layer i»f  j.uen-'je will be conBiflereif by assuming 

that iii*e effective throat ruiiua is fieeraaoed fay an 

amount eqaal to the boundary-layer displaeetaejit t&icfeneea 

which a.Vtera n , the area ratio.

■ In ttis first -place, a theoratinal -expression is ’ 

deri’red, expressing Cd as a function of tits atovs factor 

effects. Theoretical and experimental results are com­

pared. .

Id  the next step, three additional factors are con­

sidered and a relationship is sug&sstaa. far calculating 

C4  from experimental resulto in future reasaxci» These 

factors are the following s .

it, 6 The effect of static pressure correction doe to

1 static hole aizs.

l».*T The effect of average static pressure correction 

due to turbaleace.

li,8 The effect or total energy correction due to 

turbulence.

H A ) Derivation of first expression for Ca

Kinatio W W  m l t i e i M ,

rt r a t r u u  V  » ,  »»* Ki, “ »  * » * » «

n u a l t r  * i .  «»« # « n w <  «■* 4irr»r»»*i*i * T.



Adaustmont of ttle conventional energy relation­

ship for an iacoupreosiljle fluid, neglecting tur- 

bulenoe yields s .

n + + *gpVt  + KI>pVg 
®sl * .. 2 B Ps2 ~ --

-  « * „  - » „ )  *  ^  - - ' i  <h  * V  • . • • • •< « • »
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TbQ equation of continuity sivae s 

"  • *2 .

Equation (6 .8 )  tUerefore yields s

’
(X- 4 Kl  - XX »  )

. . . .  (* sl -• T>c2 = ip

t n v ui+h the conventional 
Cooiiarins osn&tiona *

equation (6-1) vis : ;

& ;

40S . .U . O )
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where m1 ia the altered area ratio Sue 1 

layer displacement thickness. »

1 the bousdary-

Equation (6 .10) suggests that it night he possible 

to predict Cd theoretically i f ,  for certain known conditions, 

the values of *2 * ® on^ m< caB 6va^ua^ °a*

In Appendix V the theoretical aaftlytti.6 of the above 

factors has been treated in detail from firs^e principles 

and appropriate expressions have been derived; evaluation 

of these (also dealt with in the Appendix) gave the follow­

ing results :

3/2
■» 1 + 2 .93  t •• 1.55 f . This relationship 

is given in graphical fovn in Pig» 6 .1 . ,

Xg “ 1*0(1, which is normal for a flat throat 

velocity profile- This value was checked by cslculatioi

(87)
k 2 f* according to Hutton's 

The author revaluated this result;

malysis.

8 varies from O.5802 for f - 0.011 to 0,9885 for 

f = 0. 0 3 , for the conical-type veaturi meter tested.

f l
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This result was determined from the author's theory aail 

Witte’s and Engel's experiaeatal findings, .

Values for m* were calculated for laminar and tur­

bulent flova in s 'boundary-layer j foe turbulent and 

m* for laminar flov.

It  was now possible trws equation (6.10) to cal­

culate theoretical C& valuae for various coefficients of 

friction and Reynolds nuabers. Kesulta « e  ahouu in 

Table V .I .  It  ia important io n»ate -that equation 

<6.10) yields Ca-values vhich are i'dontieal for, Xauiaar 

and turbulent boundary-layar cojiditie&s. \ This result 

pronpt-ia -the idsa thnt possibly the boundary-layer .*r 

some other factor was osrerwei^htftd in equation (6 .10 ).

On analyeins the individual favors in elation t6.101 

the author arrived at tha conelusio^. that the theoretl,Cil 

concept and evaluation of 6 suggest ^  d e r a il  lossw 

over a venturi aster w e  accounted for by this impact 

factor. St ia clear that overall losses caw * a 

aifferential pressure in excess of the true value and hence 

Hutton introduced, the correction factor K^. On t e 

Other haad the fc-t«tor also corrects loeasurafl

'■ W *  «  *">» * “  W

Pr. . , u r .  « « « * •  ! « « ( » «  » ■ * ! • “ “ “

1 « . . .  I„  t » .  » • '  « " ' sr°*'* ’ *

tta . . i n i . .  « U  if  » »  ! » * « * « « “  »* « *  M ” »





She resulting expression 1 

te written *« s

„ „ i M  vielied theoretical values for
Ihe above esttatio*1 J161”

. , tor v .»io«« » » * “ •  » « •“ "  “ “
■ficieats of 

33M similarity

. Values for 3-a.Bxnar

layer condition"
, again apparent.

these theoretical

,ill later he cotaparei

m . m B w . a a i a a s i »

, „f I t .  l .S .  S p m w r .
Under the ouiaanee

„ r r i « d  out " ”**

os a h-ioeh iiwsotri com'

k » 0 .25 . ^  ®et*

the laboratories at

ul venturi vitb

shown mH .B J

an ar«» rati

Fig™ 6 .2 . i „

■ «>rt tM •*«“*”**“
It  h «  eSt - cent  *< » «  HO

+ /i an aeon*66? 1)1 J 
Cd 5n a ^ o r a t o r y  ^  to * **  o*a.

major experimental Fro ve<uxiro&. hovev^;, =ali^

of 0 .25 S»*' cetlt ° r bcttffr _

SaSle v .I .
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Vration 'becomes a delicate operatio: <95)

Besults. of tests carried out at revealed

that accuracies to the order of 0.25 per cent reguire '«*» 

perimental technia'ies for measuring temperatures to 

0 .1 °C , 3 .0 .  of the operating fluid (in.this instance : 

water) to at least 0 . 0001, the division tine for de- 

teMaining flov rate to 0 .0 1 seconds end the volume di­

verted to 0 ,0 2  per oent.

If  the diverted flow is measured volumetrically the 

tani t.ho> Id fce calibrated at regular intervals with the 

utmost care by weighing small quantities of water into 

the tank. She weighing Machine should be sensitive to 

1 part in 1 0 , 000} depth ladings should he taken to nn 

accuracy of approximately 0.01 per cent of totsl dopth-j 

Vaoyancy corrections are necessary, and a large liumber 

of points on the calibration curve should he tafcea for 

detection of possible deviations in the voluae-height 

rels.tionaiiip. Teaperafure corrections should be made 

for the duration of the test and the tank should be 

sealed off to prevent evaporation.

Althougn flov sates are often neasured r0l«netri- 

eally in tanks, the nost accurate method io considered 

to he direct veia&ing of the diverted flow.(See Fig. 6 .3)

A sufficient length of straight pipe in tae cnli-





bration rifi aust lie provided both op- and Stmistrast'.'.ef 

the meter. The 5?eyt Cod«s specifies 20 4io,®e*ers -vp- 

streaa and 5 diameters downstream as a minimus. Ip 

the n .E .L . experiments the test length? verc increased - 

to US diameters upstream and 15 diameters awsivfftnsam S>S 

the meter. Before the meter is installed, it ib iti- 

poptant to unsure by pressure probe traverses ct nhs 

particular sections that the flow is fully &eTelopea oad 

that velocity profiles are symmetrical. Here, an in 

nuoeroue other relaxed experiments, pressure differential 

measurement to a familiar problem. ft* pxaeen-t it is 

believed that the ordinary U-tube manometer, using srater- 

nertury, air-vater, or other combinations, is more accurate 

than. waSet-bean ucita ot other deviceo. in tba laboratory 

the minisci can be read to 0 .0 0 1  inches by mean* of »  

cathetometer, bat the steady conditions necessary for 

■this accuracy are selSen realised i& the l&Vcrarfcory. 

Manomster fluctuations to tie order of 0,001 Df the 

Qiffc-rcatial at low flov rates, and as biijft as 6.005 of 

•the aifferential at hi fib flov rates, vers eacomrterea . 

with undamped pressure loads. Flew rtraigtetenere and 

honeycombs verc used in an attempt 4 i  improve tie .flov 

regime, but it was found that tSxeae precatrtions Mtt not 

reduce fluctuations to any .marked degree,' She apparatus 

ana exparimsatal jiroeeanre are described in detail in 

reference (59) .  r»e calibration rig is aUovn in tic*
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5 .8  Results

. " \
Experinental and theoretical coefficients at dis­

charge were plotted against Beynolda nvanhets as shown is 

Fias* 0 .5» u.iS (Bee 5afcla V*l for theoretical values).

The author's theoretical values, according to 

equation ( 6 . 1 0) and ( 6. 1 1 ) «s veil as Hall’ s results, have 

heett included in Ti&. 6 .G. Hall’ s theoretical values

'..re in good agreement with the experimental rasults.

The graphs also show that the author’ s results, although 

not as good as Kail 's , are in reasonable agreement when 

equation ( 6. 1 0) is applied in the Reynolds number range 

up to approxims,tely 1.5 x 10-1 and equation (6 .11) in the 

range 2 x  10^ and upwards. A transition sone seens to 

exist between these two Reynolds number values. Later 

tests were conducted on the same and identical venturi 

oeters at the University at LiSge and at W.B.ti. ; It  'Was 

reported. ^  that the initial H .E .I . tests vero^iarried 

out prior to internal cleaning of the meters with the 

result that there were discrepancies between the K.E.E.. 

results given in Fig. 6 .5 and the initial liis® results 

for an identical meter.

•She results of the final and tests are

shown in Pis. 6-7- The author's theoretical values

aceordiiij to equations (6 .10) and (6 .11 ), together with.





Hail's  and Hutton's results * ho.v« again 'oeen includes . 

in  this figure. It  ie evident that Ball's -raises for a 

laminar 'boundary-layer see in better agreenont with "tho 

experineatal determinations than the author's i«bu1 %b 

frra . equation (6 .10) t« a Reynolia nuofcer of apjiroxi— 

aafcBly 1 .5  x 10^» On the other hand, the author ♦•'Value* 

froa equation {6*11) are in alnost perfect aereejSoat with

the experimental findings at bcitfi. K»E»L« &nfi lAfcge in the

Reynolds wishes rantSe 2 *  lC"* and uptrardfi*

Hall’ s valu.ee for l&miaw tiounaary-lsyor condi­

tions Bhov t*ot Cd attains a constant value over the higher 

Reynolds number ranges vftile turbulant conditions are 

associated with a steedy iftereasa of C^. Estjatixdi (6 .11) 

suggests a constant value of Ca Tor the higher Hejnoias 

numlJerB.

3!he above results are now discussed in detail s 

BISCTS3IOH DT BESUIiTB

is pointed out earlier, the experiaewUl charac­

teristic ahowa in 3?iG* *5.5 differed considerably 

from that obtained on an identical venturi neter tested 

at LiSee. Ae BUteeqaently rftsbrte*,' this s-aa 

because the R .E .L . neter hed not been cleaned internally 

p^ior to testing* ftom  results *ro therefore not use*

•as a fcneie for comparison altHougH the theoretic!





characteristics have been included as shown. 'the '•■' 

experimental characteristics of the final tests at S .E .t . 

And LiAge on identical asters agreed excellently 

and these are compared with theoretical determinations 

in F ig. <S. T- In Pig. 6.Z result* are plotted,

on a log-normal scale to illustrate the resemblance to 

pipe friction curves.

She results show that i . I;

6 .1  The author's equation (6.10) yields '  curve having 

the sane general fora as those given by Euttoo* a and 

gall's  solutions hut lying further away fron the ex­

perimental values. Shis, therefore, suggests bo solution.

6.2 The author's equation (G .ll) yield's results which 

are in alaost perfecttagreeaent with experimental valuta 

in the Reynolds number range 2 s 1(P and above.

6 .3  Hutton's results and Hall's values for turbulent 

boundary-1«, ex conditions are mutually in good agreeaent 

bn-1- bota differ considerably from experimental values.

6 . It Referring to Fig. 6.C , 5U11'* results m  the 

laminar ra3ae from A to B together with the author's . 

theoretical values ta x  the turbulent rang® fron C to D 

represent tee best agreemeu* of theoretical with. w.- 

perimeatal determinatioJfS. /



6 .5  Experimental resalts plotted as shown--ia Pig* b.fl 

show s. close resetahlanoo ■i.o pipe friction curves of ' t. 

a Moody diagraB.

6 .6  A continuous theoretical curve A 2 C D, rassuaing 

the dotted part through this transition stage, also-hAars" 

a close reaeublanee to one a? a faWily of pipe friction

6.7 The ‘ hump* in the characteristics! curve seetta to 

disclose a feature omitted from the theoretical develop­

ment because no theoretical solution fits the transitional 

and 'h-jap* stsge. She results seefc to confirm tbs author* a 

arguments in the theoretical &n&ly»is t V-k the impact 

factor B atid the I^rs-f&ctor should not fcoth he 

included. in a theoretical relationship. ■ In equation , 

( 6 .1 1 ) ,  8 vas introfiueefd in favour of KL and the results 

herein excellent) agreement vitb experimental values

over the turbulent range, and even in the ’ hiiap* portion.

The author heliaved that a eoahination ot Hutton’ s 

and Hall*o theories, in a different or revised, fora,, 

might hold the key to a- theorutiaal solution, anS .

•ccordiiielX. adapt** Uutton's general theory *y introducing 

the 6-factox. Clearly* any theoretical. relatitnshi*. 

f M  aetenainiBS C^values afconia «Dntai7» 'laminar', 

Hr^ioitional* ana ’ tttrha^nt1 components ana Ball’ s and the



author'a equations offer a possible solution for tile 

laiuiaar and turbulent ranges.

Tie results furtUar iaply -that a critical throat 

Reynolds number lies betveeo 1.5 at 10^ and 2 .5  x 105.

Belov this range the coefficient appears to be dependent 

on Reynolds number add is unaffected by roughness* vbile 

above this critical ranee roughness and not Reynolds 

uuaber seeasto dominate Ca-values„ I f  this hypothesis 

can be verified, a aethod of predicting complete meter 

characteristics from surface roughness measurements trill 

follow. . .

Considering the theoretical srajft A 3 C D (Fiff. 6 .0  

it is clear that portion A B results froa Hall's bouttde.i-y- 

layer displacement -thicKness theory. She author's re- 

l . t i m . l i l  » ' - » < ! -  3.9*5 It ,) ~ °-S ) 2 «“ * •  «>■* ‘ to 

altered area, ratio is e function of Reynolds number only} 

the roughness factor does not enter the picture. Because 

at very tf">od 8.g*eeme»+, between experimental and theore- . 

tieal values over part A B of tbe gi-aph, it can bs stated, 

that below the critical Reynolds number C^aiufts are de­

pendent on Bejmolde number only.



in which .'ousimjas faatats prefitnsinste because li , ana 

8 are directly aod/or indirectly related to the coeffi­

cient of friction. Furthermore., SaBle V«1 olaasly 

shows that the displaesmetvt thickness 01 Reynolds nunber

effect on the area ratio, a, leaves C unaffected. «i\en 
a

calculated for laainaj: e.o& turbulent conditions by 

equation (o .l l ) ,  Iba B*cellent aeroejnent .htrtwoaa «fc- 

■periaental and -theoretical values therefore allows the 

atatensnt that., above the critical Reynolds' BJuSUer, 

C^-vftlues are dependent or roujjhncss effects ouiy and not 

v\, Beynolds naaber. Kence, the pipe friction curve hy­

pothesis seems to have ettbetBjitiiil. theoretical jutrtxfi-” 

cation in terns of flail*•  ai.ft the author's equations..

fleforring to Fie- f>-a fciie thr^e distinct a ones 

A. D> B C and C 5  oon therefore he analysed as fallows s

At entrance to a venturi seter it is assumed -that 

the boundary-layer is laminar, as hypothesised earlier, 

having an unstable character due to atlvai-ss pressure 

gradients caused by carvattu-c oIiihie'J. Ikeae TKreasnre 

« n a s « r  t u  • « « *  t h .

conical aection J7asuitiBB in n-t

SoW U .  w * W r .  » « « T  «  * » «  * > » » » ' . « -

1 W .  « t »  t a .  1 »  ' * »  » •  1 « * " > » ”

U « „  at i x l w  «»a t u r i m W  *1“  *»  « »  te»4*»jr- .

11 b ig u r  M jTOli* ««olar* « W



flow in the throat is wholly turbulent. "

Mmn, C^-char&cteristics are relates to laminar, 

transitional and turbulent zones, Reynolds nanber 

dominating the laminar zone while raugtmeaa effects control 

•the turbulent aotie as suggested by the theoretical analysis.

She hump in the eharacteriaticB-eurva also can be 

explained in  terms of the "boundary-layer theory. HBen 

reparation takes place after the laninar ^ouBdary-Iayer 

beta broken up, the effective flow area at the separation 

section is decreased and consequently Cg bos to increase 

for constant discharge through the meter, ■Inis C^-ralue 

decreases accordingly after re-attachment of the boundary- 

layer. Should the position of separation move downstream 

with increasing Reynolds number, it could aleo cause a 

decrease in  static pressure at the .\throat resulting in 

further lowering of Cd-values, 'fhus, a *hurapr could 

be formed in the transition zone. .

Th* transition none still remains theoretically 

undefined! .

The influence of free-stream turbulence and pressure' 

gradients on transition froffl laminar to turbulent con-., 

ditions in boundory-layers Us.a been investigated 'ay.

Taylor {i938}i Bohubauer and Skramstad ^  ̂ (19A3), :

« m  > . i u « u »  u o ’"  ( u « » > -  w w
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free-stream velocity due to turbulence,hoWBver, vare not 

considered and their results do sot soon to a^J,y to flow 

through contractions.

d o a i
In a recent pajer by Miller and Fejer, con­

cerned vitn transition in Blasiua-type boundary-iayere, 

it was reported that.the transition Reynolds number 

is influenced only by the amplitude oi £ree-etre&» tur­

bulent oscillations whereas tbe dineflsioaless transition 

length, i® controlled only by the frequency pt Crae-stream 

turbulent oscillations. Ihose fact ora., dienwtii inyeistiga- . 

tioa for various types of venturi nletors. .

6 .6 general theoretical congider&tioBS • ■

la support of tbe eo»ers.l fthsory, it wast tja stressed 

that most investigators hare tfrefisly Jj-slieved that * .

laminar boundary-layer at entrance 4i a aeter is otft'eiWsed 

ay decreasing pressure towards tUe throat and that, con­

sequently, a laminar layer is triggered scto trtjiEiiion 

only at entrance to the throat.' tfind-tuna«i s s j ja r i w a  

have confftrined that in fact stee&ly i^reasiafi »rsa8nte6 

are devcl'We^ at. entranea to a conical section ovins-feo 

reduction of curvature of the profile and t*»t the in­

tensity of this gradient can be sufficient t* cause 

transition near ihe critical Reynolds nuflbe*,^before 

the find of the a«st*M *«4 i? * » * & .& .  . ***»  . .,



transition i a not sudden but tends to ‘ davelpj/ over a 

range of Reynolds nuabess, Prom other investigations 

it appears thert bo'imi&Ty-layer’"tra!i3 itioo takes place 

at Beyaolds numbers between 10^ and 10^ - i .s .  ia the r 

gion Appropriate to most neaffureaeots in practice.

This boundary-layer ftypotheeio also *xi>JniM8 the 

fact that uncertainty in C4- values, together. vith tSie 

retarded tendency to oettla dova ■■&</ littiting values, 

is more pvemounced in saall tHan iarge throat taetsrs. 

Largs metiers behave nore rationally, possibly. because 

of reduced influence of tiinsition opectrito.n ,

In a strongly convergent nozsio, a turbulont 

boundary-layer, present from tiie outset, uould be n«st 

unliSely. Aco's-rding to the above theory s laaianr or 

lew-iner-turbulcnt aixture could be Expected in tBe 

boundary-layer £°r aorao distanoe froo the ^tart at the 

nozzle witU completed transition profcrybly confined to 

a particular zone, say at entrance to the tbsoat or • 

near tUe throat tapping {.for- conical oetere), Shis 

would explain the flattVaiag tendency of the Cd- 

characteriatic at bigh Reynolds amabers. ^

OBHlvm OK OF AJT EXPHBBSIQS fOH CAI.CUUWK0 C /  
EXPERIHSH’CAt. aESHL?S , . ... .. _  ---- ------

considering tlve original equation tan a. venturi



jwster- {equation 6. 1 ) ,  it is e*£4e»t that, tor a par-

Jhus, Q and 4^ are measured ex&erimSBtelly vhencc is 

calculated frca equation (6 . 1 2 )v

Tie author subaits that* at present, -tie accuracy 

with vht.aU ft is measured in a laboratory is higher -frhaa

ae«ti©n it. was shown that temperaturef buoyancy,, specific 

gravity and related corrections are necessary wh«a '

measuring Q* to bbsjji'b aecursoie^ at i>he order oi <?a2S 

per cent in C-. Cr t?va other hand* it as roiaftria.bXe 

tij&t coi-raotioafi for static Sole aise, jives-see -sifessura . 

distribution. and tttrtnle-nce s*v- tjagleeted vhen ..the 

differencial jsroas»u'e« is ae&snS'&fl At tils stage it. • 

is aot Kn*wn whether the above corrections woal<J be raaafcefl 

by proosure fluctuations, but even if  tftte vase so, the 

avexase reading recorded should be -corrected. She •..

senernlly accented Sortx of the expesiaeirtal characteristics 

could protoiMy 6e influenced by these different Si p.reas\i?e 

corrections; eape<i£*5.iy «»«* tt» loner Beynolda »u«ber -

ticular ooter aod flttid, this equation a an. be exgreas*&

{ 6 . 12)

that with which a is determined:.
P .

In the foregoing.



ranges, ^ccoraingiy, the folloving additional factors, 

vhieli were dealt with earlier on, ore co»Bitterea :

T .l  Static prcGsare correction due -to static holo•size.

T.2 Average static jreuoure corrsction due to turbulence,

7 .3  Correction of total energy equation aue * 0 turbulence. .

In Chapter IV a static pressure corrssti-os Una to 

the inherent static hole erroi- vss dealt with { P i g .A .3 ) .  ( 

It v ill  be assumed here that the eorrectea static precsure 

values for a venturi aeSar - depending on pipe dianeter, 

static liole size and Reynolds nttaftev - can bfe written 

aa aad pw2 at entrance and throat respectively.

Uue to turbulence, these corrected wall static 

pressures would he greater than the true average, static 

pressure bvar a pipe cross—section. Ascariinc to equation 

{1 .1C) in Chapter IV , this correction can be written as i

AV; = . i.srfi T 
*  \ .

If  the true average static pressures at entrance and in

a venturi throat are therefore aeuffted by PBl and p bJ} then *

P .!  '  »„l  : - ^  V  — ................- (S' 131

**» 5«  '  - 1-“  V .  ............ '

Rewriting tie General enercy equation and ailowing
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vftere represents the true corrected static pressure 

differential, the other symbols representing the original 

factor effects as defined. .>

As stressed is  Chapter IV, the above corrections 

are possible and of value only it  reliable experisental 

data on the r.aws. values ot turbulent velocity 

fluctuations in venturi meters arc available HheBoe 

can be calculated from equation ( 6. 10).

COHCLUBXOBS

& detailed oed conpreheniive analysis use made- of 

all the factors likely to influence the functioning of 

venturi meters. theoretical expressions for ca.lcula-ti.ng 

Ca vere derives and the values thus calculated were com­

pared -with those of other in’jiwiigatore and with . 

extensive experimental results free. It.E.I. and tif/?e,

The final tests at W .E .l . and iiftge sfcov results 

vhich are in very close agreement with the author’ s 

theoretical values for Reynolds naahers 2 *  IQ5 and 

higher, the maximum discrepancies being of the OTder of 

-0.1* pfer coat at the ’.hump' and ranBing from +0.03 to 

tero per een.t-.'f-iN^eynoldu numbers k x 10^ and upwards.

la the laainar r»a8e, part of the proposed ,

theoretical curve shovs aaxintt.1 deviations of a^proxi-



nataly + 0 .3  per cant up to A Reynolds nunber of

1 .5  % 105 .

Eftere seems to be theoretical verification, of 

the hypothesis relating venturi aeto; characteristics to 

pipe friction curves. Laninas, transitional and turbulent 

zones in the characteristic curve liave Veen sutjse-sted 

on experimental and theoretical grounds. Coefficients 

for the laminar and the turbulent ranges can be pre­

dicted very closely for csmcal-type neters. As in 

so jB&ny other fluid mechanics problems, ths transition 

mechanisn and transition Reynolds nwnbers otill remain 

obstacles. The 'huap* which io also found in the pipe 

friction c-trves is , according to the theory advanced, 

due to the affect cf separation and transition on tha 

Measured differential pressure over ft gnsn lengtft at 

pipe. She author submits that if  a correction for the 

effects of turtuleneo sad static hole error ware applied 

to differential pressure, the shape of the pipe friction 

curves over the transition zone would probably alter m  

the sane vay os does the charocterist ic. curve of a 

venturi netser. .

it is therefore suggested that in "future experi­

mental vorK on venturi meters, the measured different:.al 

pressure sIicuJU. corrected for the efA'CtS- of oapaet, ■ 

turbulence ntruefeares static hole error aau average



experimental characisriatic;'. Tr&nrition Reynolds 

numbers and transition. iWsths should be'- I n r e s t t g a t ' 

ttot •" •‘iatiS «<?S«rs and for various turbulence structures 

i r, :■ ;i;*< -‘C f-r) correlate these factors with the newly 

.ja* ‘..‘.iishit < .'ieteristit I. „■ "v 9

Tbt fcr^oi-ias advanced here will have 1&  be extended.. 

to venturi joe-iero ii».fing varv.ang roughness values, area __ 

arid geWtft.ri.’ ftl ahoaeft and rocoiring flows of 

rar'&us turbuiejac- .jructures ber®r«j the analysis and 

proa I sing s violence s iCaxtted acre can be isidered 

conclusive. ’.Rune’fî e-' application or theoretical con­

siderations -ii >J/ <K3nt,iou« aeat-»ith icultves until

Vew+uri fo*.-.- r . i  de^ssa , allowing better":,and nor* re­

liable flow r0ai .v ‘ .  pecified bj 1-oternaticnal -

Co .&«■•• s' res?a«t, t h U . J o v m s  .fcoiatfl are sub- 

ait-iSii for 6opsi.derati.on !».

6,J. A standard dojign eta^ld be^stablxaied for 

0 ,lv»-.»»l » . « .  U T O t o - V , » * ' * * • «  " * “ * “ *•>

M  « » •  t *  .
O M t  »•  « - ! • » »  i *  < * '• > * " » «  “ »  * “ * i * *-

VelCM-t I’*'.?* o St ((« r a n  <- *  aetef should be

M t t w u *  W  * * »  » » » •  *°



8.3 Internal sneter roughness should he properly aef&ned 

and standardmedi no shewn* tuis t a « w  wirtsralB the 

major part of the raster characteristics.

8,h The standard design should ensure that the ^esinilary- 

layer is tricc6red at entiMc? to the aeter to aitHure 

tuat a unifornly accelerated turbulent fconndarjil^yer 

tn-roKffhout is developed. Internal tftroaV and'divergent 

coop (j^onetry should. bn svih as to aoatrol this tustMvla'ret 

boundary-layer and enenro gradually fcer^asinij pressure 

S-hsruby provesting the bound*r"--3 ayer fron* reverting.h. i 

laoinar conditions. .. •

The taany hurdle* blacking the path to the iVssre-d . 

solution are evident. The author is of the opinio*,.... 

however > that research raetaods and the general approa-ch 

to the j»rohien of flow thr^'gh venturi rasters ̂ hould be 

brought in line with the analysis and Bugffest-ono con- , 

tainsd it tliiB Chapter. It .is trusted that this vita 

leaa to reliable relationships for predietinc discharge • 

coeiri^BTits -fcitViin sp»cifi*«v-li»5.T» ** accuracy and vV.»>« 

render meter calibration s#erfIu<Ms, . . .





Internal friction force; impact force.

Coefficient of friction. .-5

Function describing turbulent velocity distribution. 

Be.ivative of ai?ove function.

Pressure: coefficient.

Instrument constants.

Losses thrcnjBh n veniuri.

Instrument coefficient (spherical probe)

Floy constant.

Kathe&&tic&l constants.

Equivalent friction lengtfts for flow tkMugh -sphere.

Area ratio “ —

' '• A1 . 

Altered area ratio Sue to laninar displaceaent 
thickness.

Altered area ratio due to turbulent dispiaceoent 
thickaees.

Hunter of current neter revolutions in unit tine. 

Static pressuXTe at probe entrance.

Free stream Bfatie pressure. . .. .

Pressure caused by monentun change reaction for^a* 

Static pressure.

Total pressure.



Impact pressure. '

true static pressure at veil tapping.

Volume of injected dye. '

Pipe radii.

Pipe Reynolds nuaber-.

Reynolds number.

Reynolds number based on spfierical probe disoeter. 

Reynolds naaber based on throat .diameter.

Distance.

Theoretical le;;gth dimension associated with Ulade 
shape.

Time; temperature. .

Torque developed.

Torq.ua developed, on. blade*

Torque due to internal hydraulic resistance forces. 

Torque due to Fj. •

Torque due to internal mechanical resistance forces. 

True centre line velocity.

True measured -velocity.iHe to displacement.

Mean conduit velocity.



velocity of flow, or ve3.ot.fty registered 
j lijr «  currant ni -jor •

Free stream velocity.

Velocity at entrance to spherical probe. - - . 

Time average point velocity.

Relative velocity.

Instantaneous resultant Telocity.

Mean squared velocity. '

Diameter of tubular passage is spbere.

Diameter o f venturi orifice*

- ^  dinette ion-less position.

{ f>, f "  flotations denoting a function. 

Angle of flow or angle of attack.

Impact pressure coefficient.

Instrument constant; the partial velocity of a 
current meter.

Differential pressure.; difference betvaen t w  vail 
static pressure and that actually measured.

Turbulence error component in static pressure; 
differential jreafiure as measures. .

Average value of turbulence correction over a pipe 
cross-section. .

8onadary-l»yer displacement tBicinees. ■II





THEORETICAL AlTAWSIS FOR SPRUiri'bAS, 503A£ PRB5SUKE 
PROBE _______ . .

GENERAL EQUATION FOR TOTAL PK2SSUKE P^

Referring to Pig- I I . 1 and applying the total 

energy emotions between section fe) and section (2 ) , the 

turbulence t.rueture in tbe free-flov will tie considered 

as appt-oxiaately identical to that within the probe at . 

section (l ) and at exit at section {2). Provided the 

dtrean lines are deflected into the probe, this approxi­

mation should not prove unrealistic. Total pressure 

correction for turbulence in dealt vitb separately in 

Chapter II I .

Thus, tuu (effect of turbulence will be nealeeted 

hers and fcauee the total energy equations can be 

written as s .

|pv‘

px + ipVj + xe-1 + x9 (11.23

where represents the losses due to boundary resis­

tance between sections (e) and (1) and X, *■ ***  * « •





■ m
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Between section (1> end (a) ofte <s«.n wsits ?

P1 *  i»V® - p2 + Jpv| ♦ a1-2 ....................( I I . 3)

share J^_g is the pressure loss, due to fcounciars 

resistance, between sections (i ) and (2 ).

The pressure at the 'exhaust' end of the probe . 

can be expresses in terns of a pressure coefficient Tiz ;

• *................
where C is the base pressure coefficient. $h« total 

P

pressure Pt , which is registered by t»e probe at section

(l ) ,  moy fee expressed as s ,

Pl » i«v* - r„»t ............................V............. tn-5)

Where iC is defined as the instruaent cneffieieBtv^;- 

Equations ( I I . 1 ) ,  (1^.2) a-* ( H .3 )  y i * H  * ■ '

p„ * !»v| - Pt .  Is  * i»vl * *«-i * H-a *  *•

Over the Reynolds number rcefie tested the lasses 

in equation ( I I . 6) »ay be «y *

xe-l *  K1V1* '

*1-2 *  K2Vt .

n & r ;

* %



21ie tflergy loss due to the blockage effe-JJ of tha 

central sting aay He ralculated as follow  i U-.

' !! ■"

She drag coefficient C^, for a cylinder- In «ie Re­

range under consideration is approy.itta-tely 1 . 2  (froa 

standard graph). . .

t Drag on central stinc , 1?V "*#*

This drag force, expressed as a pressure operating 

over thi central chamber, yields :

-,pV*0l*x 2.i*uV£(S

Assuming that at the Reynolds numbers consider*., 

and due to the retardation of flo'f Bt entrance, as 

postulated, the *lov in the boundary-layer,.iBsid* the 

probe, takes place ia the laainar or partly laninar . 

range, an approximation for the fric*j.v.a factor, f»

<. §}L '
he vsvtten aa : f * ge .

,  P « 1  ^
Bov KaV1 = —

friction LftOBtfc hetveen.M r t i «  <*) aci <L)

where i, is the e4tu.r1O.ent

6}v * ivlp 
vjpjc ‘ 2x

f  -

2



Reverting now to equation {X I.6 ) , sufcaStfrMfcion <K9» 

*e-l» *1-2 5114 *b yiel®B • • •■-■■

P£ ♦ lo\ * KXVX * K,
‘2 2 .' It-*

The continuity equation ‘betvaen Bectiona (1) anfl {3} 

i  2 . 
yields J Vg = Vx {-) .  ;

Therefore rewriting in terms of equation (XI.10} 

becomes :

\  ■ *2 * Yi  * %  -  V i *  * t ? 4 ]

Eaua-tion ( I I . 1*) can he writ-ten iia :

p„ - *» V * - .  .........................................<n-M>

Subs-ti-ttrtiaB . on (11.12) j-b  ( IX .11)

p t  '  c P ^  * p a  1 [ y 5 +

• - ’ V , ..............C » .1 3 )

a
2.!/cy,0



Substituting equation (IX .2} anS ( I I . 5) tacfcin equation 

{ I I .l i )  yields s .; ■ •

rt ■ ( °p "  x > * V t  ♦ 'a 1'!  *  t h h t  *  4 [ w f  >* 
it* • L  -

Kx * Kg Vy/

K  (1 - K0 ) •  ioV0 (C - 1) ♦ T3L p t f j

Hov v = K'V ,  as 4«fined astgfcnsl.l’f

aad Vx =

V. «

V ( i ) 8 (fiom-tbe tiontiaaHy equation)

S ul.titu tiM  U i .  « 1 » .  V  together with 

.,urtion» (J I .S )  .ad U l- S). 1“  • « * « « »  ( H - « )  » ! « * • ’
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5t i x "  v  B lpVo {-cp - *  tv

vbioh on aimjjlification yialds

Equation {11.15) ia the general theoretical «*- 

presjion for Pt sb measured by « yartaculai' tctaJ—press 

probe ia a velocity f*«l« -Tlwirut at rel&eity of Vo.

When conparing equations »o.S (3.*i)

ia Chapter I I I ,  the functional. *aIaiiio»ahis> AS clearly 

illustrated.

Equation (II.3.5) can be written ia * aimj?Ier 

torm 66 5

p a V



for a part j.&ular inBtcumect where j

x ■'r K0 5 

p<(>p ~

8(1 - K0) ' 

*

filly fcjd.̂

32Uta*
■ »■ 'V ' ~  » 404

7oy

tf> for a particular instruaent, KQ, £’ an* C? . 

can be estifflflted the theoretical total pressure P̂ , 

would fee gi-jea by equation (1 1 . 1 6) .

THE DERIVA.1I0H OF AK EXPRESSION 70S Vg in OHSBR TO 

ES TIMA IB Kr PROM Vfl „ ■' --

According to the equation s

, . 2 . .. ~2 . v «2 * 2-!*Pvl'S •
Pt •= B2 + IpVg + K)?l * K2V2 -- . ■

* !  ■ »£ < 5 3 »»* f”  H  M '5 KS i B l

equation ( 1 1 . 1 0 ) yields s

2

1

a„ »



{11*1-7)

According to esuation (11.12)

*2 ‘

Substituting this equatioa ia equation (£1 . 1 ?) 

and siwplitying yields s

r  -  I  -  o JPv| .  Jpy* * .  32> V a* ° 1 2 * r=
^ yu

But P - pQ » Jp Vq *

Therefore equation (1 1 . 18 ) fceeoaes j

2 faaueiy8 32iit2 1
JbVo (1 - cp) = ifl'2 - »2 |

^ 2 -1;agylf y 4 ..................... ( I I . 2.9)

Bx5 ' 2

It is now clear tKat equation (11.19) can b*



r

A.



-  -

late KoS uniquely, for a particular inB'trunesrt, to terms

of tf, i f  V and C are Xnown. ' ,
° P  . -

The general equation (IX.X€) nay vi-ittan sa :

! |  ,  J v j .  u c u 8} .  (v , ^ i  4
v| 2 {_ 1 -  kJ 1 -K0J 2 '■y' * K*v0 * ^  ..

+ I S  . a2 + M f i i  £ I  ' "
k»v0 p* n x5J

p* a i  > it a2
• .  ^  d - K 0 ) - |  ( 0 , - D  *  <*•> | | 4 !

+ 32>itg d8 * tt-Bpgt ^

il

Hence :



Therefore, by equation ( I I . 2 1 ), £ can be CBlouiated 

for s probe of known dimensions in terms of a» at, . .. 

corresponding. K*-values , and for C? *  -O.lf. and- •

-0.2, at any free-stream velocity V„, Sample calou- 

lations are shown in Appendix I I I .



iiE CALCULATIONS AHD TABULATED RESULTS J»OB SPHBRICAI, 
TOTAL PBSSSUBE PBOBS .

Xb this Appeuflix tba theoretical agnations vere 

id by substituting data from probes on actual test.

iPiT HO. 1 ASP 80. S IB FIGURE 3.2a

K ' was calculated for different values of «  tfyosT

Av| ♦ BVg. + C = 0 .(ii.ao)

V
2

*

and fron this relationships s



TSe following -values ne'f-e s-uialji’iatea, s

A *> 0,02775 f t  •

* 0.336

P':. » 0,0023*1 s l u g s  pel-

t - 0.00l«5fl t t  ,S-

y 0.005833 ft

X - <3.0173 -it ,._A

„ 3.T5 x 10~^aZugs p e r  ft -sse

*■£
0.01U9 S t

£ H O.O 1O06 ft
1 • •

s -

V m 217*357 ft par see
0  .

T h e rBg«i.ts wre giT^a in Tables I H . l



r
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SABEB III-9 

Ora’Ph Ho. fol

CP 11 -0 -*

0 K» |
0. 26Q 0.0251

o.3^(S 0.01(78 •

O.feW •>• 0 -081*0

O.76 5 0.-2286

CH&FH gO. 3 Iff FIDURg 3.28

Values for the veating arif-Lce, y, were calculstefi 

for different sissuneft K*-values yielding theoretJ.cal 

o-TBltifts for oorxeKjonS'ins K*-v&luee accordins -to t&e 

equation : _5)

/

1—



The.following values were substituted ;

d *  0.019 ft ..

x “ 0.0 12  ft

•  0.0 10 0 8  ft •

tg - . O .OU96  ft

K’ •» 0.01

K0 = 0.991 

Cp = -0A
Values for the remaining symbols are identical 

to those used in Section 1 . :

The diameters of the probes -tested, were 0 .3 inch, 

0 .5 inch and 0.3^^ inch, giving an average value of ^  

0 .38 inch. In view of the internal geometry of -the 

different probes, the values of and I ,, were chosen 

ouch that t1 + 4a = ° * 3 inoil ( ° * 025 throughout. 

Th« results are given in Table I I I , 3

■CAi. .1 1 1 .3  

Grawh Ho. 3
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y (CALCULATED)

a .-i. K*

o.iiiio 1; 0,310

0. 311k . 4 '5°

0.U1H9 o.l?-:'

0. 6U60 0,20



Values for Kq vere calculated tor different (j-'ralu«6s 

usiae C^-values of -0 .2  and -O.lt aod. pyotse Aiaeaaions, — 

in e<lutfei,cB & ..
• r

H '

K’ o‘• M

.„K*y .

' ■■ if

( n .a i )

Expressions for Aj apd Gj» °2» °3 an4 atc ia

Appendix I I .

The following values

a - 0.27T5 «

X - '- 0.01733 «

y = 0.01325 ft

c
p

-0.U

0 - O.T65

K’ 0,25221

\
« OiiOlQOa ft.

*3 -
0.0lfc9<> ft

• , « ,»  avmUolB are identical ■ 
Values for tTte re»t.itii»S Jf . . . . .

to those used xfl
th e  previous ffslculatiaas.







3MS EETEBMIHAIIOB OF *2> B ASH TKB BEWHB/SHr-IiAtEa 

g?gBGS |\

. TSE fCIEETIC ESERQt COSFPICXSSTB ABU ig.

jjon-uniforaiity of velocity diBtrihtrtieitt vu*yiflft tie 

boundary-layer in pipe flo» ueeeaeit&ies BvoiuRtioa bS 

and .

Referring to Pip* V*l, the kinetic energy of an 1 

elementary ring at radiuB at section (1) snd -rg at 

section (S ) , is expressed as a fraction of th**,-total . 

kinetic energy in terms of the BTfrage *s4©eity w ar  tfcs 

particular cross-section considered. Integrating over 

the croB.s-sect2 ons yields and Considering .

section (lj  : At radius rx , the mass riowiag = .

s n r ^ r l V  - M. m  «  a * *  ■** m *  f f r *

iB “  vi* ' ■

,k,

I f  the average velocity St section (l) ifl Bi,mn i* 

the total kinetic energy i» .8***'* *y  • „■



r

'n

1

“1

%
fV

- • ■  i
p f e ' V ' - ;

; * 7 -,

s;r

f m k *

■ / . .  ,.P j.

C-
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Kinetic energy
!BBXVie * ' '

and according to the definition, 6\ oan bo vrifcten.es*!

2pKr^V^6r^ . ■

■ .

' “ 1 3 1 r

* ('vT} * 4  * • .(V .l )  '

In the limit equation (V .l) csn be written as i .

£  ............... « •*>

*> - 4 ( ^ >  - ^  .

Sut.tlttttiM for ^  in « « » « = »  (V.a) u l

yields s .■■

m a - H  * 2 ■- * ‘ * (v ' 31

.  \ ,r*\* 1\ A,Iis .fv.A] 
Sisilarly s “  2 £ **"

n  i .  . 1 . . .  m »  •««*“ • »  <T-3) “ *  ‘ ’ •W  “ **. '. 

I - . ! * * -  «  •  .*»**»'“ “  U

* »  -  *>» * "  “ * ‘ 2 "  ^  

l le M  „t  « .  P , «' ■***”

Tra.c.sfo£aing equation (V .S ) toy Putins  = u yieldo

-
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tfaa Telocity distribution in *  circular pips for tar- 

bulent flow, aod which css be approximated by s

7  ”  1 + 2-5 '\j~i ' |§  * Jg {1 - shj***-- <v-5i 

where f is the pipe friction coefficient given by. :

2gHd ■ . . .
f  « — T "  . ■

IiV

Xt must be stressed here that equation (V.5) does not 

satisfy conditions near a. pipe wall when tenSs to • * 

unity. However, the errors involved are snail, an«̂  

can be neglected in practice.

Snbsifcuting equation (V.5) in equation (T»3) yields s.

31 ■ . 

i L »  1 + 2 .93* - 1 .55f 8 ........................... <’ •»>

Thus XJ and can be calculated when the coefficient 

of fyiction, f» at a particular Wynolfla atmber as known. 

Values for ^  and can also be detenai-MSd Jroa velocity . 

traverses inaodiately upstream, aod at the throat oS a 

venturi. U  I . t l .  ” !l  »■> a ™ " 1 * "  “ * ' *  " *  

oa a 6-i»el venturi n tnr  =Ter t*» «■•>«•»*■ , *»» . . 

result. vere plott.d « .  « l « . i V

radii . < « . .  »-2l- <’1”M  » “ “ *  ' ’ •3l “ 4

(Y .t) vere . v . l u ^ .d ,  jrieialM » ! « « »  • »  ! • « «  *■» 3" M 1  

for A1 and respectively, at a SD approsiBKteXy 

•2 « M 5.  « . . .  values r 1**

s

L

\





t,y &irect integration. For aoraal Beysolds auaber ' •

ranges Bad roughness values in practice, f , Tables between

0 .0 1  and 0 . 0 *» giving corresponding values raagisu

from t.03 to 1 .11> vhile is usually taken a# l.QQ

(as the above experimental and calculated values indicate}-. 

(100) (101) 
Ferron determined as 1.000 while Coleaaa,.

Purdy ( 102) ana poster detertsitwi w

values of 0 .9 9 6 , 1.002 and 1.017 for * respectively. In

the light of the above *v. jience, a value of 1.00 for *s

seeas reaaonsole provided m <_ 0 ,3 .

Figure V .3 shows calculated valuae fat fo? 

different values of S, at various Reynolds nuahera by 

a lly in g  e la t io n  (V .6 ) . Froa the graph it is clear 

that Xx = l.OMv fos a pipe Reynolds sumter of 2 % A°5*

SHE PEgBRHtflATlOK OP %  . .. "■ ••., ■.

10 calculate t U  .»

u  o » n . . l .  4u. t .  t » . »"■ «» « *

ti W «  « » * » * “ *• * ** ’  ‘ ™

«  derive ,  — * » •  

without any practical success.,. . .

» .  „ « «  - * « * . .  *» • ' * * • ' *  K‘ bI

. . .  p r i .c ip l . W .  1 -  «  *»>“ *

». —■* ? r
<L.



1
m s s

venturi aster {a = 0 . 25) ,  \W.V**re not its aeroeneai' for 

neters of larger area ratio. - .

(87) ' ’ • :
HuVfeon susgfisteS a jseifltod by which' nOBile-

losses are referred to losses in sa a^uivtloafe file ' ''J

length having tta sase diameter as the venturi Sfcroat,

and arrived at tlie relationship t i

where ,

l is enuivaleat. t«? a length of pipe of dianeter 

a over which tie head lost i»  identioal to the leaft lo st . 

over the vetttari n«ster,..and . . •

d = diameter of venturi throat. . - 

.Button sfcove4 tba* %  can beyredi?fce4 fairly accurately

yhen |  £B taken as approximately 2. - Se aocorflintfty 

eatimated C^-v*.iaea to an accuracy of £  0-1 * «  ceat ’ 

M U O M b  » » « » «  »»!»»«■ ■»*» » * • " « .  

t .  » o ,«  »  not o-t»< ** “ * * “ * “ “  “ * "

! » « « «  I »  -*•»«>•»»* * “  » • *  » “ * " "  * “ " * * '  

. . . . . .  W  t * .  « * T  * « * • “  “ * S* ”

• U . l M f ,  for i* « « « » » “ «• »

.io uit  » .  , . ! . « «  «■ « « “  **SI'  ° f 

decidedly affects these, losses

i  ' • ftnd henee a *****  value
to a in the above relations ip» .

ifhioh

r fwnetiohaU? relateft -





of 4 = 2  vtsnia be subject' to errpr shea considering i? t ; 

different asters. dovever, this value of -j* is ^

substantiated fcy experimental tacJting, for the aster aiffier 

consideration, aad the author therefore accepts Suttcta.’ a 1 

expression* ^

. Ev.SJ

fUg PETERMlHMglOS 07 8 ••;

Engel and Davies attainted to foraalste this

(93^
correction factor ia  1938 vhile *k » \  '  . o %8*i* .•**«**»* 

to it -briefly ia  1953. -Because the auSihOT, 4oea sot . 

agToe with their theoretic*! ajprooeh, a i l f * e t « ^ ■'

M M  ia  K r t i M O  . M M « U « M  «™  «

M i , S t ° « « «  at a ^ M M  »  »  ™ « » *  »*■>■•

, l i ,  i m i l  M  «  « •

« , * » » .  « * •  - » w f *  5 a "  “ " N f  “ * ‘

™ « « « i  « . o  «  o " ' * 11 «“ « '  I" ‘  * “

« « „ „ „ « ! „ !  ^ . . . » *  « « “ » « “ *  “ * ’ **”  * '  

registered. ■■? •

, «  > « “ **“ “  “  ' i“ ” * ‘
.. sections {*) Bttd .

She rate of change of aoaeofoa

*- »m  force end ^B“ee *he
(2) (Fig- V.if) represents «  ,k

aa v  through the venturi. «»»• 
weaaare vaiah causes fl •

ia  not what xe sought, 50



»o»ent«B tfhich. rtx* t& the 'impact pressure’ „

is required.

The author therefore egtafal^abcjj. .̂ « t 5-TPHliî n tar :' ' 

jttomeatuB oi sections U )  iittfl (5 ). ifca raoaeotua at ■ 

section (£) was then tranafopsied Bta.thaaatSesiiy to s- -<. 

section Xl5 * 0  determine v&at the aomentam ot eestion T2-3'"■ 

would hare been ttt section {1} before the l&ttoab'Wtfr-oS-■ •■ 

streaa tube bending, Mid aBaoeiatVd energy losses. 2h'e 

expression representing t?ve ■Sifferenoo S&tveea the Eaaesj-r 

tun at section (1) and iiio -traMforoeii moaautua equation.,- 

vottie thus fiefine the reaction forei vhich causes the 

imphe'e pressure* Momentous correction tft-stors* due to 

satm-wnitorniity ol the velocity attribution oatsifi# the 

bo.uulia^y-lay et, are also eopaidered. - . !| . ,

Eeferrittg to Pig* V .l ve &«’«  *• *■■.■

Average Telocity o-*er ring Bt yaiius ri * vi  

. . .  riag momentuB » ............. (b *-s»s s )

and m « Sltr̂ Sr-jOV  ̂ .

- , 2 ............... -
* ring Qomen-toa = 2nrj 5rlplrl

' 2.2 ....... .
The Section moment v.n = " * ^ ' 1  ' ' '

i t  . . .  » «  I * ' ' * * “  “ *

t ,-W )  * * “  ‘





Equation now repsaaects tfce true moftenfcuia .

rt section iS)» ffyaasfawoiag ttois equation t«. ssfctittftv 

(1 ) yields : - . . v .

. {V.15)

Equation (V .15) represents tU4 well-StneHn Ersadtl- 

aquation, wfcicU define* tie valocit? «*a- . .. 

tributioD in a circular jipe for turbulent « o v  and f «  

differsct Talues of the coaffieiaat sf J>i9« *•

Mntheaiaticslly» r2 c m  written. as Fx «*4 .* & « » * « »  .

M
h:

;v4J|

SJ» . ' s p ' h  • • "

Tie continuity, equation yields i

*  V *

frv

K1
1%'

w-

Substituting equitio 

y?.elde :

Tranafomed sonett^un fso®

. - ...........(¥«,1T)

Also s





The aifferejace between the momentum at aec.ti.oti (ll 

(Edustion V.13) aa& th.e txiosfonsea mosaentum « 

(Bftuatioa V .l8) represents the 'inpact force*.

S a W“  Y, 2 t , 5, 1  •
- 8HR e'f S / (—i) . {~k) • *{-*)[ tffiere

1  H °  V1  * x R i J  . :

force due to impact. .

’  ~ ...............  IV,*9)

f\

• < $ •  * < % ]  ■

Mf.rrfM  «  * « •  »-5- *•* «W **“ ‘  “ *

„ „ „ W » «  « “  »  » '  *M  1“ “ ‘
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1 v a r -
3 . 1  Evaluation of - (_ i ) .  a{i i 5 . fyoa ;

■\ZH v, B, 8, • - , .
velocity profiles . '

The experimental data iti Fig. ve.6 ase& to plot

V 2 y r 1 *
(— ) * t-i) uga-inst (_iy ae aha*a ia Fig. V .6 . Vron

VI  lli  al ■ ' , " 

this the above integral vae e-raltse-tea as 0.3516. .

In verificatios of the afetfcsosfcieal reltt^YoiiBhipfi, .. 

th-s values of Kal and KaZ were also 4 oiorniaad, yielaing :

Knl •  1 .0S, and >  ,»• ••, ■ . 

Ka2 *  1,130 ’■

O .M  rttMt m t» Is W « w  * "  »

good, velocity profiles in question, .

3 .2 .1  J ( ^ ) a-  l i >  ■ . ( > )  W  *“ *'*
-«/5 V1 ■ B1 '

integration ~~*

Ik . above M . P >  • «  “  * ’  1 \ ■ :

/ * ( | ) 2 • (i>  ■ dil>
V =  V

th . K i t f U J * " "  e5«»ti™  -I* ■





for e. 6 inch noaals-typa veatari ssyfcer fBtfta

actual relocity profiles Tia i C.353S, the fliaerejrajjcy 

being approxisstely 7»B?. 3!lto tbIue of 0.35^7 would1' 

therefore be accepted Tor f  *  0.03* Other value's' of 

tiiis integral for different ane.ffi.Eleu'tes of .friction 

awl a  ■ Q .25 • m b  as follows -

f y-
•48T .

0.3809
Q«3Blf7 .

0.03 a.-jaat

fc>

Mi

3 . 3  ghe deternxnation of fi u

in the foregoing theory, an expression for B*

i derived ris <

(5 .)2 ,  i ) .  ] 

vi  %  « i

r-i
sfl
I ’ {

Cl
■jit



&3fiaed as that fraction. of tiie pressure on ft eois'reesing .. . 

cone wftioh is transfor&ed into so-called aapac-t jresaure - 

would toe a constant fo» a particular type of instrutteut . 

depending on the contraction ana inte^oal g.eaistr? only- 

TBarafoj-e, K would be considered as a eoaatftut for say 

a noasle-type venturi aetar at a particular atas (jaiio, 

and 6* would Ve dependent on f and a  only. ■

Mov eq.ual»ion (V.2&) defines S’ aa i . ,

•the

depending

-...... a (1 - a’ J ‘ 

....
and follovs that if tie left aide-of elation ;

(V .24) can lie measured expeyifflMrt-ally, S' «ould tre.eal- ’ 

« , ! . » <  t O t  *  p M t U . l . *  » < • " ■ » «  « *  «1” * '  *** “

I f ,  as euVained above, K is <
conaideead »b a constant tej

j .r .lm l ,.* /  « « « » »  ~ W ~  * »  » ' •  /

« U » « r t  '  " *  *  > * “ • COljl ** “ 1' /  : 

n u « . l  i W B «  “  *"** ’ °?/

:<l.uatiQn (V .25) i lj f

, 1 - *£{1 - « r> 

•;;93) 4id aeasu««





this impact preaau.se for nozzle and orificc-ty^a in- “ j . 

strumentB and cxpxeBBoa it as a percentage of the ;••' 

measured diffesenti&l pressure for 4itt«r«at valuta tff ' 

f 8.&<L a s.a Bhovn in Fig. V.7« ftoft t&as* graj&s tse ■■ 

impact pressure factors are 0.031 aafl. 0,0117 at M  ***** 

xfttio of 0 .2 5  and f 3  0.02 for aosste-aaa orifica-type 

venturi meters respectively.

Applying e<ittatiot>a (V.2 1 ) end (V*2^) as otffclinet 

atove givas *b* folleriiug Values for. E !

ft

K (orifice) = 0. 0?, and . . .  «

K (ooizle) e 0 . 2J2 a . ,

r „  « .  » « i « i  v . ,t«ri » . * «  « « »  »  « * •  **

K y ill therefore 1>e taken as O.Og. , . , ..«*

, • „  = O 25 soft 1£t “ 2 f* * *  substitution 
•ralues o? f* takiftB »  » °-2? “ “ L

. , 1  (V £5). These ealcai^s^ 
ia •n a tio n s  t » .2 D  8“ a „ . .





THE BOtHTDAWY-IiATER EFFECT

Variation of discharge ooaffieients for Yettfcusi ' > 

meters could also be related *o energy traoeforaartdoBa .r 

vitfain tii.© instruaant’ e bound&ry-isyere. Sttla reaaiaa 

a cosaplex prableisu . •  . . •

•jhe author decider to allow for tiiic .effect by 

calculating the boundajry-layor J*is?lftaeasat 

rfeich, according to the .Prandfcl hypothesis, e<m be .sate- 

gidsrad as an intev-nal concentric thin-walled, *Bbe which 

deceases the theoretical feffe.Etiva erosB-Btsctidaal «.ow 

area at tho throat. fteco*4iftSly, » r * H  ■■
1

vh/sse

m« = altered area rasfcSir̂ U'* t(> -ioundary-layefr 

effect} . •• .

a» - l U w i i  throat oroea-seotiattal w *  .

2 .
A a upstream •sro9s~sfiBtit>aal ar««u ,

„ ! « ,  * *  « * * » - ' *“ * * * '  -■■ 

boundary-lsyers. - - ■ ' _ a

-  * «•  »•* -  ♦“  - “ ■*■**** 

%  ( «  « « » * * ” «* : 

« „  1 *  « . * — ' « *  *“  " "  *



Ike velocity distributive £n a boundary-laygr ,

follova the lav * . ■ : .

i  n v 1' (j )  where i ts the houadafy-lRj'jr

tbicksesB. . . . . . . . .

Substituting this in equation (V.30) yields '■ . • . .

!* ' I t ' ^  ‘

, 1 .  W t  M r  Ilfs * *t«> ?“  » « * ' “ ”* “ *n

a lamioar boundary— layer* gi'fins i „ .

Ed 3  ^  .......... (V* ^
Jo L  . -* ^  *  keagyt RtyoQiiS wurt>*r}

B i .i l .r l r  «  « »  »« « * *  « “

» ,  .  > » ■ « • » '  »“  ** ”  ‘ 

Standard. f«*» &S i - -

v*0' 2 {V .3&V
. n O .o W  t (R£j •

4  • ■ '■■ ■. . ' » ■■■

. , •  . „R ftfcmLa*** **  e ft «^^ns' - - 
■Btae tvo possible cM>*^*»aS *■ .. „ --•>■; ,

• * *» be treated separately* • • .(v .31 ) a»a (v.3a) « e  to be. . .



It. i  Laminar boundary-layer fr .

Suta-tHntiag Hutton's value of I * 4 ia.In­

equation (V, 31-) 1 and eiaplifyine yields, s ---<)■■'

I  “  1 .3  «* 2 .6 Ba , vhete 4^ is ths.tteo**.

diameter.

. 1 .3  V (
1 . 3  S ,  vkafre R is the

^hro&t Keynolfis number.

. . Equation (V ,3l) becomes ^ 

1 .73 *  2 .6  Rg

°a
V ; i - 3 v

*  -3.9^5 (R J ■

It  « .  M l  « « * *  *»» « • * ”

thioineeu is givefe *y  Bg» «lien 1 ■ ; :■

.  «j - 3 .9 M  U2 (* .!

» (Bi ,S .  f l  - 3 .9 «  ( * . ) "„  ^ |  | 1 - 3.9*? '■«*'

n»f |
2 |  U -
“ i  L

vheace in' - “ I

m|  is tse transformed area ratio.

1» ,2 - n-..rtalent froun&ajysiLggS^- , : . -

- . .  i »  j in etyiatiOB {V«32j 
Subati-tutiaB I B 1«3 »  , ,- _.



an4 simplifying yields :

j j i  -  O . i is n  ta0} “°"2J  2 ••— (v.SiSS.(v.?

vitsre a ’ is the trattefornsd area ratio, U&acff s 

0.H4 aj. can be calculated for different values of 

5ii9 theoretical equations daxived fir C,: viz i .

3(1 - a')

0au aov be *val*at*d oa the * * * * * *  *  **■’* * » « * * * .  

parameter values t ^  ., . ■ -J

** * « *  s - 3) 

X2 «  1 .000 ( varitljsi'experimentally) ;

K. - 2f

0,980 (aBprosi®ate th^retiaal

,-0.5 I-2 -J
[ 1 - 3 .9 W (« ,I  *  f -

Results are

£ i  - o .nsif&Oe) u* ^

B tabulated la V*1‘
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