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reading for btttic hole error aud, turbulence an 

accordance with i^uation This static ziressuro

measurement can t!\en be c<>?ipareil vith that deterai4ttf&

by aeans of a pitot'-stttfeic or static pressure tube »■$

■'*. f " 
tha sana point i«  orSter to evaluate h , whence K can 

• \  '  
he determined.,, .

!Chia method of static pressure neaatireaeat should 

be investigated. 1

SlSGUS^PUBPOSg STATIC PRESSUBE PROBES

Several attempts have been sttde in the past to 

develop a probe which will reliably aeasare static 

pressure only. A typical design is one in Irfticb the 

pressure is measured at a central hole drilled in the 

face of a thin circular disc. Experience has shown, 

however, that such instruments do not operate satisfac- 

terily . The slightest stisorientation yields totally 

M l U U  static pressure Meafcve»ert*, , « » .  » •  O M  

is i&ree—dimensional, in either Ste.dy or nn.te.dy Ho- 

regimes . i d  . «  > * *  « « » ! . » « • ' ! « « ! ■ .  «  

pressure is not register*^ •- ,

' 11.  . „ . d l . '  static p . . . ' .M .  P™ ** " « * ”  ai“ l “

di aa’iLv^nt age s .

p iM t  cylinder »  » •  * » “ "  « “  **  ’" 4i



as siBgiwyttTpose instrwaents for neosniittg static 

jresBMT6. ?h* eaversfj,  and hitSei-to unpredictable, 

factors tfdich influeaca ac'cura-ey of tkese instrtt- 

jsents were dealt with in the foregoing section. ,

The author therefore at*ee»sts4 -to ae-njlop i‘ ' - ' . . 

single~pafpose static preaaufa yrofce baseS dm completely 

aiffereat operating priacisles. •- "  \

5 .1  The suherical static rjrassnrc probe

In  -tie liglvt of -bke experience gainea in tie de- • 

veXapmftnt o£ tbe spkexic&l total pyes-gare pro'ae, it was 

deei&afi -to i.nTBStic&te tUe possibility or SeterBinius 

static pressure Iron a total pressure maaBuremajit to­

gether with the correspooaisB pressure in tie waft* of &  

ayiierej total pressure can b<  controlled by m u in i*m «  

its ilspeuaeBce on Heynoias auibep >wri tufiniance level, 

using t triy »tcw™ »r  * « “ 4 “ *

of U >  sphere to « • ““  e tar .rt .r istie .,

. 5 * 1 ,a gbeoretical  aaalysig j <(

neglecting tt» • * « «  « *  turtaleoc . W  

total pressure in  .  I « «  » « « “  « “ * “  * *  T„



xhe pressure is  the v&ke ueliind & sphere c&o be 

written as :

P{wftke) = pg - | pv 2 ........ .......................  (k.:

where fi represents a constant to be determined ex­

perimentally, its value depending on Beynolda cumber, 

turbulence level and Haeh number.

Rearranging the .above equations yields*. •

p - p(vake)
K , ' ........................ ( * . 18)

^ Vo2

and hence by determining the appropriate p^ssu-res, K 

can be calculated at various Reynolds numbers (baaed o« 

VQ and sphere diameter). '

Equations (k .l6 ) and {^.17). also yield :

- p _  P(wake) *  JpV02 (1 + K)

-  . / J s -  - i , i ‘ .
1 * K 1+K

pB *  pt "  2evo

Ubere £, is tbe 
P

s 1+K

l l t l M M i a  I B O W  * »  * h*

irake pressure.

» „  .x p .r i . .» t . l  objective m U  t i .r .t o r . »» to

t.h. t .  «  » > s S i i L « ^ S

£ =  tile Trnae pressure eoetfieient for a sphere-
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on the value of E , ovp.r the range tested, and to 

establish on average value for K for which a vide range 

of angular inseneitivi :.y in yaw and pitch would he 

possible, '

I f  this proved feasible, static pressure in a free 

stream could be determined from equation (& .J 9 ) ,  by 

measuring the total pressure and the pressure differen­

tia l relative to the vabo of the sphere. These pressure 

measurements could then be corrected as described in this 

and in the previous chapter. .

. At tho outset, probe sizes and operational velocity 

range were determined by studying the standard re­

lationship between drag coefficient and Reynolds number 

for a spherical body <FiS . *.-11). ioe graph shows that 

Cjj, the drag coefficient, and hence K, would be least 

dependent on Reynolds number effects over the apprexi- 

. . . .  range 5 *  10s « Bp « 1 * “ 5 . « » " *  ”p ** ll“  

Reynolds number. It was accordingly decided to select 

experimental probe diameters ranging from 3/16 inch to 

i inch, whence the speed range of the test rig « « •  *  

safe practical Reynolds number range of

6.75 x 103 < Ep < T 's *  loU‘

5 .1 .2  Test facilities and method of testing

The initia l tests were carried ou%, ia a

1 :

L





« i?to -

closed 3-inch disaster Slower fiact assenhly sp -veil as 

o» an interchangeable 6-inch free jet Car checkins 

purposes,

'She second and t-hird test scries were coaduefcsd 

to the 7.5-inch diameter closed tast section of the 

diffuser rig  at H .E .t .  These rigs vere used for ti.e 

derelo.Bsent o f tita cylinftfical a^d spherical total 

pressure probes <

Saitahle wall static tappings vere available in the 

-test section and readings vere taken at air speeds raasiug 

fron approxiaately ?Q to 280 tt/sec. In  these tests, 

the prohas on test vere used to recordthe djrooaic 

pressure rafereac® at th* centre line of the flow for 

sero angle of attack.

5 .1 . 2 . 1  In itial taste

Borly tests vere conducted to establish 

a general guide to -probe ^o aetry  end proTie rigidity, 

t ie  S3M *es tested are shown in Figs* * .12  «nd !f*13. The 

o rifice* w r e  • ! * * * ] *  au* <?M»

Spiii—es had tripping grooves.

■ r m i u t  differential*, relative to wall

» . «  « * » »  « *  > » * •  * “  ' 

H e O *  *o* *»* “ »  s,“ te " “" “ S'1

L
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'(ps - p( wV.e) ) .  the result-s of 33 measurements with 

probe Ho. 1 ,  at different speeds, repealed that K vao 

unstable showing * marked variation with Reynolds number* _

The reason for this was thought to lie in the 

proximity o f ’the sphere to the end of the oain stes, and 

in disturbances caused by the bent supporting tube vlten 

the probe ves facing downstream.

It was. therefore decided to increase the •4i&ta«ce 

between sphere atvd aain stemj to alter/ e supporting 

tuba configuration, and to increase thU sphere diameter 

to I inch in order to ensure better orifice and probe 

finish, and faster response. Accordingly profte Vo. 2 

{Fig. C "l3) vas designed and tested in the diffuser n g .

The results eonfi*m&8 tlle above diagnosis * ^

Ike vslue of K proved to re r .«so»«U y  s t « le  -ltbc'^ h 

r t U l  « » » < • *  «  « * «  * *  * *  “ * ? * •

I t .  main .t o ,  . M  W t M  « » *  » * "1 * « » » » « *  M “  

i  » « . «  influence on in.trnm.nt p.rfor,«»Oe .nd « « » l d

W  l o « t .d  «  i . * „ » « » . . - « »  «  “ *

probe he.d U . » .  »« to r ., . M l *  be * « t  ««

\ small as practically possible.





dioseter 3/X6 inch, with an l/S-inefc diameter atom.

The supporting tube design was altered 4s shown in 

Fig- to minimise it3 effect on the'vako pressure

distribution without loss aS rigidity following the in­

creased *X' dimension (2» =* 10,j)« The groove in the 

sphere v b s  replaced by; o trip wire* The resulting in­

strument-. probe So* 3:i is shown in Figb*...U.lA and U.15-. •

• The. -teut results retloc-ted a considerable improve­

ment in the K vs E relationship. 2t was nov possible 

to Select an average IC—value which did-not deviate by 

more than + 2 per cent over the entire test range* 

yav and pitch characteristics, however, were most dis­

appointing-, the probe with the rounded supporting tube 

showed poor sensitivity in pitch.. She latter result 

focused attention on the importance of parameter Y*

Due to the greatly increased X-dinension for this, 

probe, it. was arcued that the probe performance could 

probably >?e further improved by eliminating the influence 

of the supporting tube on the vake pattern. This could 

be achieved only if the sphere was supported in uuch a 

manner that the flow in its wake could take place oefpre 

reaching the supporting tube-

» * . .  the i d . .  o r I « i . * M  of m pportia* « h« sptiore 

at i t , u b - n l  *a4 to t«P 1 M  prosaur* « »  ■ H»n
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ncsr the support. So accoBjilish tbis the arigiaal 

probe orifice was .sealed off ana nitmts holVes* l/^- ineh 

diasteter, vere drilled in the fora of o rifts rovmd the- 

supporting tube where at enters the spherical 

The dimension I  was increased to 8 0 , 0 being tUe bross 

sphere diameter, in order to in.crec.vc the re-ai'e of in­

sensitivity to yaw and pitch «tA a txiji nise v&fi fixed 

fto the sphere. Details of -this inBtrwaent, probe Mo. b, 

ar» ehotra io PiE- ^ .Ik .

' 5.1-.2.3 Test utfriea III

Up test , probe 5So. k conld act or course be used 

for dcterxnini&G the reference dynamic pressure 1 spV02) } 

a spherical total pr.eBeure.urobs of tow type described zn 

Chapter I I I  was introduces fron the opposite v a U  of the 

duot for measuring this reference prcBBure.

itjie results revealed characteristic* which vsre «u>*t

r a . »  * “  « * « »  * •  " w  J * * 1 ' * 1"  '

"  * » j ~ » i ~ *  r . i * w  • — ** ** • * “

rf 0 .655  t a b ,  to * u .  *  i  . «  — * -  “ •  - — * •»  " 1“ • 

w a r  t t .  .see l  »«««■ W  « / « « *  » °  280 « / * • ' •

„ ■  „ „ « , ! «  « «  tk . r » w

« .  w o  » « < i »  « » * *  i

. yav and -15 decrees to
+30 degrees in pitch for i

K-value to
within 1 cent of d y W *  ! * • • » « - ,  1

H

r
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F1G.4 I6 VARIATION O F  K WITH

O F  ATTACK (tNSTR. N* ' 1 %

I 3 *.'- " U ,
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shown in Pis« fc.1 6 . It should be noted tJtat, according 

to tlie safe Reynoifia number range, this jtro'bs should 

give sa.'-iafactOTy results up to air speeds of approxi­

mately IvOO ft /sec . At higher speeds, however, the 

r&iiRC Of nnfinlar insensitivity would decrease.

Considering fch-3 errors involved, it stay be stated r- 

that this probe will neasure static pressure in pblitiue 

flow Kithis an error of l£se -than 2 per oetvV «  the Ayr-/ 

namic pressure. Although the iE.strus.e.nt is capable {, 

of betted perforaance with further development* there 

are certain restrictions. ’

Increasing the parameter Y would mast ‘probably 

improve probe perf&fraaBce». especially in piteh positions 

but, on the other hand, a bigger bole would be needed to 

accommodate the probe unless distance BC (Fie* & .1 * ) is 

increased; th is , in turn, could Bean forfeiting 

rigidity- Decreasing dimension AB and increasing BC 

by increasing 1 might, however, be investigated in 

greater detail in relation to dimension X which domi­

nates th8 probe stability in pulsating flow*

It i .  i .to rt .o t  * .  “ *

M M  ™ o «  for I M .  ( M »  * * •  .M r .c t t w . , _ » *  ~ U

•t n i c  * * . 1  « * “ ■**• -  r ,1 *l i “  “  M 's

. I s ,  . » «  » r .  '» *  ,
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characteristics, however, do not appear to fee so critical 

as to 'be affectod appreciably by these eorJrestieas.

CdHCLUsiom? •

Is  <SoncXudlE3 this clkaptes, it stay 'be stated that, 

aepeodiac *>» the profclen, the flov regime, and the 

accuracies ie^uired, static pre&aure can T>e neasured by 

jne&ns of vali static toppings, conbioed pitot-atafii? j3...- 

tubes, or single-purpose probes, Ibe euthoi\';ia8 de- 

velopsd a sinflle-purpooe probe which ahovsd reasonable 

performance characteristics and proaise tor further 

davelopmfcnt. The wall static tapping method proved to 

be the most reliable and accurate, sia-ridcd it vae 

applied vitiv the necessary ’ know-how* and corrections.

It hap been shovo that there are still siany com­

plex factors (Jeataudias furtive* inveBtigatioa and 

clarification vhatevffr the sothod of aeasuroiacat 

adopted. These factors have *>een identified and 

U U n a l  u «  . » » •  cormrtion nctors turn »» •»  ««M = s t .4 .



THE KEASaBBWEBT OF VBLOClttl 0? FLOW BY CI7BBEBT METBR

nUPftOflPCTIOK

Xa.ITSO, tfoltman invented the screw-type

current meter. He developed the theory of these meters 

and used the instrument for measuring flow veloeifctas; in 

rivers. The meter was itaprored frota tj.se to tiae and 

in 1925» L .A . Oft published a new ’Theory of current

meters' based on experiments perforaSd over many yearn . 

at the Mathematical and Keeh&nical Institute of the firm 

ft. Ott in  Germany. ?he resulting Ott current aster 

is now consideracL to he

yelooitiea in pipes and channels. '

She cup-type current nwter yas introduced by 

Parrand Henry in l86?i IS l M * .  ?rice developed an 

•improved type which has been widely used ever ain?K-, 

particularly ifi •the S .5 .i «  o .
Shis chapter deals with the screw- or propeller- 

type current ae*er with special reference to the m * H  

Ott propeller meters, which were use* “by the author in 

calibration, laboratory »“a iielft experiments in
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the United Kingdon,. _ .

FR0KLEH3 A6S0CIASED UXTS VELOCITS taUkSliSEBJJS* EHPLOIIHG 
cmtgBHT HETEBS_____________ ___________________________________

At a recant symposiun bn flov neasureaasnt in closed 

conduits, hold at Jf.E.l.., attention was drawn to the

fact that, althousb the current meter and pi tot tube 

were anonj; the oldest instranianta in nee for flov nessnr«- 

aect, contributions on the perforaance and application of 

these instmoents were still  topical, tfhcn it is appre­

ciated that there are no re than 200 papers dealino vitfc 

pitot -tubes anS their application and sarae 300 reference* 

to the characteristics and use of cuireat jaeters» ^63.)

■ it is renarkftble that there remain bo nany unsolved pro­

blems associated vith the application of these instrunents 

Witft present knowledge in this field , simple solutions -to 

probleas are admittedly not possible, but it is submitted 

that progress has been hewpered by the practice of 

collecting aasoes oi .-jr.pianneS experimental data, cf 

it quit® irrelevant «nd w u p p o r w a  by t ^ o r e t i ^ l  analysi 

8,ad basic thinking*

; » «  „ i ib r o t i « »  and application »r * * “ ”

■ « „  function.. »  mrrto* .t o « M  »« 

applied » 4 »  condition, .t a i l .r  W  t b .M  • »  «■!•» ** 

d i t o . t e d ,  or .  «*>*“  » •

to the dictates of actual experimental conditions. 7hic
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is seldoa, I f  ever» realised in practice.

. As shown in Chapter I ,  considerable rasaascli has

been done on the effects -of the various factors affecting 

the performance of current aetera,  but there still regain 

Bsny unknowns. Theories about these uncertainties have 

been advanced by many experts who differ markedly asong 

themselves. The following ar- some examples of contro­

versial factors : A neter is rated by towing through 

ntili. water, away froa solid boundaries, after which it 

is applied in  turbulent or oblique flows near flnae and 

■pipe valXe. The effects of »*ter supposting trwses, 

waiting periods in between rating runs» proximity and 

velocity eradients are, among others, still sources of 

speculation when conditions of rfting and application 

differ.

I-t is eftaouragins to laasn that experts M «  ■

t U u l a i  to J « 1  « K  « . . « « »  • « " * ■  * » “ “f

Tatiana ccu»t*i«. i» < »*•» * “ • w 1" * '  **•■* 

accurately,

H er .. t M  .< • » » '  «  “ *W "*  “ “

^ * i » »  . « . c U » B  » » •  « • « « «  » *  5* o ,. l W - t „ « .

« w .  « i «  « ‘ i « ‘  ■>' “ *  ;■

« • ! . ,  u .  proljleraa « «  « • « *  I- ™ **1* * ” ?

and solution.

e



The factors may be listed thas s

The practice of rating by tovino through etill 
water; '

. The effect of the supporting currant met®* frame;

The effect of aster positions relative to solid 
boundaries and to adjacent metersj

The effect of teapereture and pressure;

■She effect of vaitias periods in rating teats;

The-effect of submergence;

Oblique flow effects*

The effect of turbulence} , ,

The effect « f  steep velocity gradients} •

'thfi effect of inertias 1

2he effect of Beynolde number; .

. The effect of meter position fcsd n’imber in ft 

crosa-aeotions .

Recording, servicing, and care,

Ihe mi* In *■> «=»>?*• th« j w * l e » l  »eol>*ni«»« 

ratjior tuan to atufiy only experiments findings.

gSEORi: ASP ANALYSIS

3.1 ...»  ™ .ront »«t«f

■ vnjen .n  id »*l  M « o * l  ^io p .11 .1  is  «  *

">tM l  of involution* .«>■ »»it  “ »« »  *  - * * " *
,  .=1 ireineity 1V ' , the relationship flowing at average local velncity ,

» . « « » »  velocity « 4  » ™ l « t l « »  > •* *» *



follawiog simple fora ;

V - ...................................................................  <5 .,.)

vhere Ka denotes the geometrical piteh of the propeller. 

Complex mechanical and hydraulic resistance forces, how­

ever, nodify the above expression.

At present* no rigorous mathematical analysis fcao 

been advanced to correlate theory with experimental 

results. An approximate solution, suggested by 

Xt.A. Ott» yislds a seroi-empirical relationship

embodying constants which have to be determined by 

experiment. It  is  submitted that theoretical develop­

ment and a -thorough understanding of the characteristic 

equation of a current meter must precede a factor ana­

lysis.

The author, using dimensional analysis, has de­

termined the form of the basic equation. Following 

O tt '. H U M  . . u n t i e . . .  I62) th . M l * " «  fundamental 

factors are analysed :

3 .1 .1  The torque developed by the blades*,

3-1.2 B »  moment do. to . i t . n . l  lurt»«ill« 

forces;

3 .1 .3  n .  moment 4 » . to internal

3 .1 .1  Torque.

The tor,.™., T „ . developed W  « •  » * * ■ « • or



f l u id  through th e  b la d e s , can be expressed thue f

pY2Ka 3 *« { Ka, VK . -ft- >,

where V * average local valooityj

p - mass density <r ittid} .

. xa = geometrical pitcii of .prop«il<jjrj

S = a theoretics! lengtfc aimeoeion
associated with blade s-oa.jie deflnefi}

u *  kinenatic Viscosity;

n « number of revolutions par unit tlsffs

0i S notation denoting 'function*.

Equation. (5 .2 )  eserE«d troa di-mensiouaX analysis 

eided "by Buckingham's ff-theorea.

m ao  employing e«uation (5 ,2 )  to the

torque exartad Tiy a flow Radius on a particular neter, 

tbe dimenaionleaa parameter ^  and tlie factor fiKa 

can b« ..bo d ied  i»  an i„atrn ..»t  co.atant to »* drter- 

-»i.e4 * i *  • ■ » * « • * « "  ’ S“  4* ' ” 1  “

A .  particular b l .d .  « »

fluid density.

normal c .d i t i o a .  and flo» « l » . i » i »  ™  

to » ft./«ec, « . v  in « .  M —  » “ W  1 W “ * 

■ » .M  probably b . l » i » « .  *? *“ *

,bo* tb .t  tbe « ff»ct  of « » » » *  *“
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lar speed range is negligible, Tha author submits that 

at high velocities when the boundary-layer flow is purely 

turbulent the same arfjunent would apply and the Reynolds 

pntr.Vier effect would again be necked by other influences.

In the transition zone, however, it  saeas logical to argue 

that the Reynolds number effect would becoae important,

She ■fcroak sometimes displayed in a calibration curve 

seems to corroborate th is , 'SKus, outside the transition 

range of flow velocities the ten". , can he naelects4

os an influence on torque.

Equation (5 .2 )  can therefore be written as *

^b a co vE ’a"  ............................... * 5 ’ 3*

where C0 represents the iostrunent coefficient defined 

above.

In  u  . M O t t  to tli« functional relation-

M T .„>re»eoa » ,  equation 1 5 .3 ) ,  *■>»

She vector Ji«Sra . for f l °«  fart « •  » “ * ° r “ 

propeller-type currant meter is  aliOVnin Pi It 5 .

„  OF i .  th . force, M e  to fl o „  o , «  e l « e » W  

M a d , sect” on at radio* the t .r „u . » " * > » • *  «»» *  

written as i ..... ........
OT *  gtP.oA.r



new oF can t e  e x p re ssed  as

oT » C^lpV^Sinfl , vhere is the eoefJ 

o f'lift  on the blade section and dependent on tli< 

*©f attack « .

Alao, oA represents the elementary ares on 

chord at rediuB r or,

aA “  idr '

Sauce equation (5»*0 can be vritten as i

s i  »  JCj^Vr2ldTSiji fl .r  

from vbieH it  follova that :

T *> /<rT ■ /  (V2 + U2 ) i  Sin B .r.d:

Ojj. examining tbs above equation, otte °aa write •

. CL *

and henfr* CL - I - f"{r> and

Sin  T .. •  f 0* <r)

Therefore equation (5 *5 ) can T>« written as

*  - c> /  r M  !» 2 * “a ! • 4r .........

" ' r
i  .  o ;  { r? .v 2 .rl>-).»«- *  ?<■#*.«*>.«»>

Bow at fl particular rre« stream velocity V

! asgle 

the

. . ( 5 . 5 )

. .  (5 .6 )
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/  V2 .F (r } .d r  can be expressed as :

KjV2 in  evaluated forms

also ? U2 ,F (r ) .d r  « /  r2»2 F (r ).d r , -•

ri - ri 

Vhare u ct' angular speed ot rotation* and the above

can bo vritten in evaluated form, as :

/  r2«2 .? ( r } .d r  «* K2e(KBn}2 where £&n =*»

; Thus equation (5 .6 )  can be written as s 

T  *  C* (SjY2 + K2 8 (K an)2 ) 

or , 1  »  C" { Y2 + 8*(Kan)2  ) . . . . . -- **«»«.*, .{y.TJ

0» comparing equations (5*3) and (5*T) ®- seiiireiea 

is suggested, because tiie hydrod^naaio force oa 

in equal to the rate of change of axial aooentua af 

fluid passing through the meter. Due to the fw « * s  ©f 

friction, the theoretical velocity, u  reSist9re4 tfe® 

meter, i .e .  Kan at n revolutions par unit Uia«* 5e I m *  

than V , the actual flow velocity* ***« i *  '

due to the energy absorbed in ovaraoaine teoefcanic&l aa« 

hydraulic forces of resistance and hones 4© ttt* ®fe«6«Sf 

'in momenta yielding a force p«» unit » 0 8  * * «  «»  » * *  

vhicii is proportional to (V-Kan)»

Th«a,  equation (5-7) « « • • «  » *  th* * « *



relati°ns^ P  be written as : 

' I  = C" { V2 - (K a}2 )

and e la t io n  (5»3) suggests that the expression could be 

of the form : ‘

= 0oV2 (1  - Kan) ...........-............. . (5 .9 )

V

It is therefore .clear that i f ,  in equation (5 .8 ) ,  

(Kan)2 is written as Kaa*V , (Kan ” V) equation (5*8) 

is identical to equation ( 5 .9 ) .  Therefore the basic 

equation for torqua can bo defined i,« .!

XD.
CaV2 (l  •

vhetfe C is a constant to be determined experinentall^-.

3 ,1 .2  The moment due to external hydraulic fesistdaoe 

forces . i n — ■ - - -

The hydr&ulic forces opposing rotation art 

caused by frictiort between blades and fluid , by eddies 

tliat are sited near the rotor, and by impact of fluid 

particles on the meter body.

Applying dimensional analysis, this force, denoted

(5 .0 )

—  ) .
V
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This expression is very einilar to that j-epresenfcXDg

the Impact force caused iy  a jet of fluid striking a flat 1'

surface held aonftl to the jet axis, v iz .

F *■ pd2Va0 * J ............ .. (5*12)

vhese d  “  disaster of the jet , the other sys'bels /uaviag 

their usual significance. 5ite direct solution of 

equation (5*12) yieldfi amply s

p m pd2V2 which* for a current ester, can ba 

hy pS^V^ *  AV^

"where A is  a constant.

< How for sjsooth surfaces, such as current aster 

KfAdAC, 2 .  in equation t 5 .l l ) ,  is proportional to Beholds

a i? 2 ./  and thus the tarn ■■—" '■?
“ • $  ■■* . pis yz

i the constant of
may fce written as V(iD * v“s 

proportionality. -

On comparing aquations (5*11) and t5 .13)» it is

U v > A r «  SeeB W t  Fe i® » • "  »*  ot caapDQeat

' for a  v r t U d t t  fluid , would %• proportional

to 7» or PBn = C ,T  ............................ .

Hence W *i>« (5-J*J * •  represented the 

sua of the two friction force components (equations. (9-13)
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ihr. resisting nomeat due to the external hydraulic 

resistance forces may therefore be expressed as s

*11 ■ V *  ♦ V T  ..........................................  l5‘ 151

where Ah and C& ara instrument' constant^ to he deternined 

experimentally.

3 .1 .3  She moment due to internal mechanical resistance 

forces --  —

Internal mechanical resistance ie paused ty 

aiia l  and radial components of bearinc friction and t>y 

resistance in the contact mechanise of the mefcer.

■ At a particular free stream velocity V, the metex 

registers .  velocity V  O U k  U  1 . . .  t t «  « »  ■*” “

velocity, -t » «  •■ *««  W » rt* ‘  *hlf "

kyjr .ulie  .»d  ..c M o i c .l r e .is t .n c e  » !■ >  diecussio*. I f  

this eoaftitloa is considered . .  . M l w n *  » . »  * “ " 1 

ch.eg* ie f l .id  velocity fro . > « ■ ’ ,  « •  oorr.»Po,di»g 

ret. of chsnge of o b i  .o ,« « « -  P «  «■** * * «  ° f

flow ■ V ■ y’ or i.

. .  Y - »> - I*  - Ks“ >



where F* = force per unit jaaes rate flowing.

Ihus the force for the total mass rate flowing 

through the meter way bo written as :

Fv ■= B (V - Kan) .................... .....................  (5 .16)

where B is a constant for a particular water and velocity. 

It might he argued further that at this particular ve­

locity of flow n is constant and equation {5«lS) may 

expressed, as t

Fv ® 3 'V  

yielding a theoretical torq.ua °£ ®v a ®oV 

at the velocity considered. •.

Equation (5 .17 ) »ay therefore represen-t that portion 

of the available torque energy which is abaoi-befl by in­

ternal friction.

This result is confirmed by equation (5 *1 0 ) , v i*.

T a C V (V - Kan ) , which shows that, i f  a constant 

rel.tion.hin, e * i» t ,  » «»a H .n , the ior<t«», or a

portion thereof> • »  » •  « • » ■ ' *  < » » "t "> *i  «■

XI t h . actual internal friction {ore, i .  , the 

t o ,,u .  br thi, force. , t  * » .  « » •  « ™  * •



Where Cj ie an instrument constant,

or ** FiC£ (V - AV) ....................................  (5 ,18)

Ho--* iV aay be eliminated by vritinc AV « K’ n aad
a ■

hence equation. (5 .18 ) ms.y be ex>ress6& 46 t

T. = FjC. (V - K*n) (5 .19)

Equating equations (5*17) and. (5 .19 ) yields i

' F .C* (V - K^nX *  B0V» ' '•

' ■ J i ■.
■ ' ['S 0V • ..

or F.i “  ci ^  ~ Kaa!

Thus tho corresponding torque due to this force may be 

written as . s .

* .  T * f p  .....................................  I5-M >

where D = B°  is an ip'fetruraent constant.

The three fundamental factors involved may therefore be 

defined as follows s •

The torque developed by the blades s

\  - «„ • *“ (1 - T T 1 ........................ !5 -10>

I I ,  «o«=«t i n  *<■ K r tr .u ll ..

forces :

, .„2  „ „ ................... (5-15)
*h '  V v 4 °t ............. ■■

, to au. «  i . « » 1  « • » * * « « « •



When the propeller is ia motion, aafi developing 

zero power, the torque and resisting noraeats must be in 

equilibrium. -

Thus s .

T. = T* + T_ or .

. * \ 9 P.V, c0V - C0VKan = «nv + ChV + V - K^n

Dividing by V yields t .

V (CD '  Ah^ ~ ^oKa" "  ch "  V - ^a°

Solving for V gives :

C» CoKa _ + . P—  ^ * - T -
V *  C'o Zr\  *  Co - T J  * n 0o - ’ V - Kan 

°  (5 .82 )

* Grouping the instrument constants together t

equation (5-23) above, ve write s

0o“  Ah ^  h

and equation (5 .22 ) becomes s

AvY + C.VC,V‘  (1

V2 (c- - A .} - C YJC a - C^V - y f r j U



Equation {5 .23) is  the general characteristic cqnatioj 

of the current meter. When written in the fora s

(V ~ {a + i n ) )  (V - K£n) ■ a2 , 

it represents the well-knovn Ott hyperbola in V® an4

Solving the above equation for V yielfis t

vhieh io the general characteristic equation in explicit 

forsu ■

In practice,, the Otb propeller-type current neter 

has a very flat hyperbolic characteristic* which can be 

closely approximate* *7  a BetUa of *»*< *.

fron e la t io n  ( 5-2U), has the general fora.

, . , ...........................-(5.85)
V « k„n + A ....................................

-rt.re t .  I d  » « «  fionstoata »hi<* S m  »0 »«

d«t.r»»»«a  fr«« u l l w H "  *«*’>*• *te bJr_ 

draulic p i M h , » » » » • « *  " M 1 *

» .  . s a . l l !  « * > « • *  «  « .  th. < « . U ~ 1  « • « • »

t h . « « « < »  « " « " •  0" W * “  ** 

to 4. t . » a » .  k .  « « * w  w ™  » .«> •«  th ,.«»h  , « x x



3 .2  An analysis of the factors affecting the function­
ing of eurrent meters* . .

3 .2 .1  Rating by towinK through still water

The characteristic equations of a eurrent 

meter, as derived in the previous section,, are evaluated 

hy towing individual meters» or a group of meters, 

througfi’still vatej* in a calibration taut. She two 

methods employed are tangent rating, i .e .  strftight-lijSe 

towing in a rectangular tank, or rotary » 

toving along a circular path described 1

She flow patterns associated with the moving of a 

through still water aye quite different from those 

lag whoa a current meter is held stationary in a 

field  where oblique currents and eddies, rather than 

filaments, are encountered.

, It  will he shown later that a propeller-type current 

er tends to over-register in turbulent flow, while

un&erregistration. The difference,

flow structure when calibrating 

cation, con- 

the rating -

I to devise alten

L
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differ appreciably from that for the toviag condition.

It would therefore appear necessary to start 

thinking along the lines of developing possible methods 

by which sot only studies on current noter operation asd. 

performance, but possibly all current meter ratings 

could be carried out in flowing fluids instead of in a 

medium at rest. This aspect will be dealt with later.

3 .^ .2  The effect of the supporting currej.t meter 

' frame

In modern current metar practice, the 

supporting frame is constructed e.s lightly as possible 

to minimise blockage and interference effects, While 

streamlined sections are usually- adopted to prevent undue 

disturbance of the natural flow pattern. Framed struc­

tures and sections, for laboratory and field applications* 

should be similar to those used ia the rating tests.

Sbus far few references to experiments are to.be .

. found in l i t .» » « ™ .  <lM  “ d * “ « •  °” lr *'1'

. ! ? , «  of « u  supporting » . » «  on » *«”  p .r f o r ... .^  

been st.di.d-, « .  » a « i «  « •  * * " *  “  '

been neglected.

«  .  reoent n y .jo .in . on flo . . . . » M . » * n t ,  S .rp.nd 

„»4 Coffin (ll,) reported r .M l M  of M l  . w . r i » r t .  ,

L



associated with field  Measurements on a large Kaplan 

turbine; these cave flow-rate values 7 to B per cent 

belov those predicted according to Hutton's scale-

up formula. The authors suggested that the support 

frame used in the field tests had caused a local change 

of the velocity profile, vhicb turned out to be a flow 

retardation. 7bia paper focused attention, for the 

first tim e, on the aechanisa of the support frame dis­

turbance. The authors submitted that there was some 

form of retardation at the elevation of the horizontal 

frame together with a general acceleration on either side 

of it.

la the discussion of Beferense I 1*. Chaix reported 

a similar tendency in results obtained, ia* Geneva s an 

isolated rod carrying six current meters in a rectangular 

conduit r*tiet»red velocity aPi)ro*i.»t*ly 1 ?er cent belnv 

«  value 1» the sa»e -action Bains •  arid of

Eix vertical rods. As pointed out to Chsi*. t»i« . t » «

could la „ i l . l a a d  tvo- di..n .io«.l jotonti.l Jlo* 

th .ory , Which r .v a .l .  that »t«B»atioa »°int« would h .

at th . m a t i n s  rod. t h i . M l  » •  diaeua.ed 

presently.

la th . ran, d i .c » « i o » ,  w r .  » « « “ " » » » * «  

experiments i» a m « W l «  * « “ »»• “ *  **_

Switzerland, with support inf; rods differing is aeotaon



cent i be found that the error vas not dependent on the 

rod. section hut os the number of rods in the conduit 

section and, to a second order, on the number of current 

meters on the rods. He stated that further testing 

was in progress to verify the above findings. The 

author is  of the opinion that the reported independence- 

of the error ob  rod section is a debatable point which 

requires further investigation.

Winfceraita, on the other hand, reported results

o f aerodynamic nodel tests carried out at li.B.b. ia 

connection with current oeter measurements of flow in 

penstocks. The findings contradicted the above hypo­

thesis aad its related experimental results. In these 

investigations, undertaken in tie H .E .S . windtunael, the 

current oeter support consisted of a cross with four to 

eiSM  radial a r « ., in th . plan, of ....nre .ent-  !*= 

i *  i« — • “ " ’ *d *

. K e e f  » U *  -*« l » i * i .* « »  « « “ >»• » * « « ■ »

i-ro. » .  . . t . r i n ,  plan. “ * * » « ! * ' « « »  «»«“

not occur l . r t i r t > » « 4  l*  « “  s1" *  ° r “ *

err an t  « « t .r .  ™ U  theretor. ov.r- resi.M r, i .e .

indicate larger rate , .1  « » *  « —  « “  ® “

over-registration n .  * » » *  «  > . iir .Ctlr  proportional



.

to the blockage, irrespective of whether the support 

consisted of & multi—arm cress or a single iseober.

This hypothesis, directly opposed'to that 

enunciated hy Serpand, Coffin and others, was,

according to Winternita, confirmed experimentally at 

N.E«I>- The validity of transposing the findings op the 

model tests , reported in Reference lU, to prototype 

conditions is not relevant here.

The author will attempt to analyse the r es u lt  of 

the different experiments on interference effects. As 

stated earlier, a single horizontal cylindrical bar , 

carryJ»s cutrent meters iu , say, a flune or a pipe would 

form a Ijprizontal stagnation ’ line*. The fluid would 

tend to decelerate at the particular elevation of this 

•line* and the upstream reach of this effect from the

* line* , would produce a more slowly flowing sone enveloping 

the protesting eur.ent * ~ ld

registration. .

0„ either side of horizontal M r ,  hovev.r, 

there vould he a e o .l .r .t io . *»* «  « “  » ! « » « . .  

and at those p&rtitaular elevations, other than the 

metering one, i . e r k . , *  « l o = it i „ 4 .onid ho recorded

inerc-ivse of.velocity need not 
Bay, a pitot tuhe. Shis xn .1

v . , a f>„,8 at. 'vhe particular section
he imagined as inft' • ■ .



or elevation. The cond2(tionB could bo eaasidered be,'1 

analogous to a fora, of locally increased shear flotfj-in < 

that a flow layer at the bar elevation is gradually 

retarded vhile the two adjacent layers, above and below 

the bar, are gradually accelerated - hence the distorted 

velocity profile.

I f  this single bar is now replaced by a grid of se­

veral horizontal bars, or by a cross, it can be shown, . 

by applying tvo-diaensional potential flow theory,' that 

the upstream reach ftf the decelerated zone is^decreased 

considerably, so that«the projecting propellers would 

probably be located outside this sone. Under these 

conditions the degree of .under-registration would of 

course be lesB.

T»» . . n o r  twcVftr srt«Us th*t the 

vould obtain for *  I n  of circular »*«■■ motion .» *  

particualr dimension. the . « * . » » .  ol th . . K . r t

that the . ! » «  i t = .I f  " o l d  be controlled W  tto 

t „ .  » f  soction* 1 «  . « »  » *  « f  “ '» » “ ■ “ * • » *

m .  , ,r t » d  influence reported. in R .r .r .nce  ^  * '

■ p r ,» «M y  due to .he o ut.ii .d  oirc.lMf . . r t . . .  . .

.urront meter = » ' « “ • ** * •*? •

.t .t e .  , -I. this particular . . . . .  “r

of material0 » « ,  c n .id .r e d  . . » •  i » P O « . .t  ^



the designers than the precautions which vould have 

been taken by the fluid dynawiciflt*.  He concludes vith - 

the remark that they (the authors) 'wanted to give their 

colleagues the successive images of the velocity profile 

deformations with the displaeeaeot of an ovor-dinsnBiocea 

fram e'. ... '

Th>»s» wire's, using light streamlined strut sections 

in a current meter supporting ftMi*. the ■drag coefficient 

over the Rvaynoifls number range under consideration would 

decrease from approximately 1 (for circular cylinder)

rtvl for a»  air-foil strut section. Sere the formation 

of a stable horizontal stagnation 'l i n e ' ,  on the^thin 

•edge of *  strut* would be very unlikely in a flow field, 

and consequently the deceleration zone would be prevented 

or minimised. » «  only other factor which now enters tte 

argument is that of b l o d W  which, as jo*ntt4 out e a r lu r , 

would cause-an ove^-registration toe to gradual accelera­

tion »  « W  —  * *

i .  t h . i i « b v » f  « i .  F*rt. « • / » » * »  .

r . » r ~ 4  «  th.t th. » « » - . « • »  » i .

i .d .p a .a .M  of t»* ”» w  «  * i “  of ^

. . . 1 .  ru*th»r ; . v . . t l S.t»on M i

a i « t .i i .a  , t « w  <•»

. t .t i .  or ov.r



Relatively small probes could be employed to determine 

absolute vaiues of point velocities at tbe grid or 

fretae position, vhila velocity profiles at sections ■>.

immediately before and after the altering place could 

be investigated under various flow conditions sad frame/ >.■, 

aeter configurations. ■

3 .2 .3  Tbe effect of current meter positioas 
relative to solid boundaries and 
adaaceftt metecs

So measure velocities as accurately as 

possible by means of current aetero, it is essential to 

take measurements at a sufficiently large number of points 

in -the • yOBs-seetion <sf a pipe or fluae and, whara steep 

velocity gradients exist, e .g .  aaar solid boundaries, 

tb.e density of measuring points oust be adequate.

Optimisation of meter poaitionins-in a arose- 

M otion . i l l  » •  » • «  » « “ * “ * « '  .

po .Itlm h  »■ » « * '» *  «  " I ’' 1" ’1 “ a tl” !

of solid T f»M*-

Terence effects.

Th. « « » o r  oould . «  « » *  i» «»■ > « . » * « »  

or . . U . . U .  « * » »  «  « «  Bt" ‘  t6,°  “ 3

K «W  « ’ > r’.J .r t .a  . . m l * ,  i *



indepenaenfc of the absolute velocity.

Teats carried <rat fcy Ott revealed different

results, ia tbst the negative ex-yore increased iritis 

increasing velocity. Mftters near the botfcost shoveS 

errors of —1 ,2  per cent* while errors of —2 . 1  per -cent ,-

vexe registered Tjy meters near a wall, Tjoiii at a Telocity 

of 1 .5 a /a .  Ott a3.00 found that t&£se w e  bo Uigftifi- . 

©*at interference between tvo meters in tie veloeit-y , 

ra-age <3.1 to 0 .9  m/s. .J

According to B enin i/"11  ̂ research carried on* ** 

tie Im titnte  of Hydraulics i »  Belsrade yielded results ,

m .  u »  u  « i m  <itt -*»» m * v d * r  ). l»  tk*  T?1‘,4 tT

range 0 .5  * °  !‘-5 m/B. «etere near the fcotton reensfsrerli 

. .  m e h  n . 1 .1  F»r »ent » » °  “ »  “  “ *  ■»*“ “  w 3 »«U (r . 

* . « .  on three . t a i l r  - « • * * .  * » ' “  *l 3 “  ‘ * n" “  

or * » « " «  *■“  * “  * “ “ *  '* * "1 :

B r t , ,  to record lev * » « « • >  » « " • ' •  *>*

„ . r .  « «  « .  1 ~  v .l o n « i . . .  W  « “ » : 

at 0 .5  . .  0 ‘ B • “  * “ * “  ‘  

or even . «  W » i «  trend 'is therefore .on- ,*irt««t,

» M ,  uncertainty »*»■* • « " * •  U  * * *  : • :

n .c t . »  i »  « •  » t '™ . t i » . . a  • » "



She French code stipulates a mininun distance trots 

vail to propeller periphery of 3 css. fiie Gersan Code, 

on the other hand, specifies aininum distances in terns 

of propeller diameter D; vis. the minimus distance be­

tween meter axis and vail should be 0 . ?5 D, Vhile the dis­

tance between adjacent aeters should not be less than 

X . ,  » .  < « »

Recent experiaeuts'on proxiaity interference wer» 

carried out at Padua University by Prof. Benini 

vho towed pairs of current meters, suspended both verti­

cally and horizontally, through still water. Inter- 

feronce-free datum values ware established by towing 

adjacent current meters 60 cm apart, and a single meter 

was tdved a6 an identical distance from a wall. TH* 

i n t i  or . o h . . ™ . . . .  »«* 50 =•■ « »

a n o in t ! ,a ir  i» .o a .lu .iv e  *» di.cr.Paaaia* aM rilm t.M a 

to inh .r .atly  M a w M a M e  exp .ria .at .l  . n o r  u a b t  anj 

effect of proximity i n t .r f e r .a c  Sa aataittad that, 

,I * h i i  « .  W  i«raati«atad, th. * . . 1 * * .  « « * « „ « * «  

„ot « . . . d  0 .E  to 0 .3  per » . t .  * « »  « ■ « »  ™  

la direct contrast to thoaa r.portad W  oth.r iava.ti- 

gators. -

m e  results d i .c « .»«d  .0  far • »  « “ »

. W r i - W a r .  have concentrated on «h . e « . r i . . . f l  a , f a t  

of proximity int.M-.re.ee » * « ,  "o .p l .t .  dia»I«<rt for th.
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underlying physical mechanism.

The author is o f  the opinion that the root of the 

problem in in the method of towing current meters through 

still water, an<‘ this hypothesis is now .analysed.

The manner in which one current meter, or a solid 

boundary, can. interfere vith the operation of an aijaeent 

mete? may be visualised in broad outline by recognising 

that the ’ interference' results fror.an alteration in 

the natural flow pattern at or near the meter. . Whefl 

these are two adjacent jietets \he Slow otte will

interfere with that through the other. Tne flow direa- 

tion at exit from the blades of one current metar is 

such as to induce angular comjscnenis or artificial tur­

bulence in the fl°V field ° f ita n .is 5̂ 00** tfca ,,eW clt ' 

distribution induced (towing) Or natural (flowing) c»n be 

.0  distorted by th« proni.i»  of ■*« » * * « ' «  *noth.r *» .t  

'. .. jcter propeller is not • » ] ■ « • <  »» « ” “ 1 velocity

The picture i .  id en t ic ! *b.n »  current M t M  i .  

operated d o i .  to .  » U .  ««re .  bou.d.ry-l.y.r . t i n .  

vhich deflects currents obliquely into cr » « ,  fro , the 

flov field of •  meter. Th. f « ™  * «  «

altered ,h .»  the fl««  « i * i «  « «  ' » « * ”* «

fro . th . . .1 1  i«<*- »  * “  «* turbulence. to



brief, the et*\i<stu*e < 

velocity profile. .

Ttte next poiat to consider is j Sov do conctitions 

of towiag and flowing fti'fo.pt' tliis 1

Wlien a horizontal frame supporting t 

ia ■fco'wed through still water,-"there exist between the 

i of relatively ina£ live liquid foming 

s- tit and near the

This is particularly so if 

tione are used for tile supper* 

sellers are usually lo cate /vail upstream :tif tha Craw*. 

Oblique flow from the propellers thus imtfiftsM on these 

fluid partitions to either aide o# a particular current 

meter. Plow which is diverted around the meter boiiea 

is also shed into these inactive uarriera. fiependins 

oa the condition*, both types of flow ar« either let 

through into the active flow field of the adjacent 

current m«ter or damped*

When a single meter 16 towed in still water near 

,  w l l ,  .  '!■ r" " d 1>rt" *

the active propeller *®°° ond the wal1' anii tf/ndu

4«»p div .rt .d  U l  propeller flOw cortponento.

* ‘ S

' • fl 
' L * "  ̂ “



hanfl, the picture diffare markedly. Tkero are no in­

active fluid barriers Wt'ieen -fcfte propellers and.the . 

diverted flow components, and propeller flow can either 

be diffused la tne flo* zones betveen the propeller# r-Qt 

1je converted into Vurbnlence at or near tlie adjacent . 

5rop<-J.ler6, f> si-naXe neter noor a wail in flavins water 

wo'\14 Have no inactive fluid 'barrier lictveen itself and 

tbo wall. llore, diverted and propeller flow components 

Votild probably 'be ftefleetsa frost tUe wall a- a torn ->f 

tvrbulenne near tne propeller, .

The author submits that if  in the towing situation 

th. fluid partitions aot as damping sonos, .Decent * .t e r . 

would be protected from interference components, so that 

normal proximity int.f.- ««o-  effecta would not be de-

1 .0 1 .1 1 .*  This w - u . » i »  M U M  • » » * “  1f'“

results reported by -rot- B e n m i .^  1 Although the 

errors found b ,  Ott " 5£) , « »  rather high, the trend 

of his result. f . « *  S-tf line w it . this theory in tl-.t 

th . interference error i n c h e d  vit!. ~ l « . t ,  where.. 

Ott could not detect ajiy proximity interference e ffe t e  

between two current .e t .r s  in th . weloeity rang, 0 .1  

to 0.8 m/a.

The .n.l-j«i» therefor, suggests that it i» not 

correct to „ . W .  • « « * •  *  " " * •



experiments and then apply tie requite to current eeters 

placed in a flowing fluid.

Further an a Bore intensive research appears to be 

imperative, and it is most encouraging to loam,&oeord4nG 

to Prof. Cerbfer that soup  of the factors ana.iys*d

flbiave are to be invoatisftefl in 8etai 1 at the E .T .H . in 

Zorich, as veil sa by the Internatitinal Curi-eat Meter 

Group*

3. 2. 1< The temperature ana pressure effect - '

Teaperatuse changes and yiiff'B line pressures 

can affect current meter operation in that a change ia 

the viscosity of the I'abrieating oil can modify the 

internal friction forces and hence the value t>f t in t»e 

rating efiuatioa ( . , » a t i «  5-25>. «iffh pressures, 

acmetines encountered on hy4ro-eleetriB plants, can &J.s6 

change the viscosity of the protBCtinE rfil i» that voter 

pan Ue forced into tlie meter bearinss to nix with the oil.

In a recent paper os the influence OX this factor 

Coffifi (l3j Spnnft that vater temperature sad oil viscosity 

had a considerable etteut on rating characteristics, 

ass' ohowea tliot the variation rf i ,  the "resiflaal 

'W o « 3 .* y '»  v u  a function at oil *iw o *ity  «»* temperature 

or the « « /  it. vhi«* current « * t w i  P la «*L  * t o «

tu no t iw *! -reiAtion^i-pa vere uraphJcaliy.



Ike conclusions arrived at were tbat, for currant 

meters filled with Fngolene A o il, the variation of A 

was alaost proportional to Se«perat«re changes, an 4 that 

the Bean comprehensive rating formula vltbin the range 

Ji^n<ll could be Btated as s 

■" t°C

V = * » • * ■ & -  1125 °C ®^s 

where 't '  is the temperature of the water.

These results cannot be 4ee»ed to be a satisfactory 

baa ia for comparison because several groups of current . 

meters vere used with different brands of lubricating oil.

Discussing Coffin's paper, BShm-Haffay contradicted 

the conclusions and reported that in numerous calibration 

experiments conducted ia Vienna during the Last tea years, 

ia water temperatures v&Kring froa 50 C to 15 C* no effect 

of water temperature on tbe ratinfl characteristics was 

detected. In these experioents, Ott V-ty^e current 

meters lubricated with the manufacturer'a * U  v « *  used.

In t<M«* carried out at H .E .L , on 50.aa Ott current 

aetera in a. towins tanB, y i»tBroit* (l3) Sound that the 

ratine equations. determined vith pure oil and vith a 

M t .r /o l l  mixture in *6* « ♦ «  bearings were identical. 

This result fast both hi8h ^^ins p r e s e t  and

■ t s w a t u r *  variation* are to « **•«*  « * *-
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brat*on because it would require a conBidaratii.e teffipers— 

ture change to bring about a. viscosity equivalent to that 

of a. vs.ter/oil mixture.

insofar as it affects a type A lov-velaeity current ueter 

used by tile U .S. Geological Survey. The results show that 

vithio tvo decanal places the accuracy of ratings in the 

velocity range 0 ,15 to T*0 ft/sec as aot altered by change 

of vster tei&jerature from 36.9 to 6a .5 °f .

The aechaaisu of the modification of internal 

friction by viscosity and/or temperature changes, however, 

is not simple} often complex iuter-rel&ted iftfl\je»eoB,, 

-ucb. as prine.ry thermal effecto on friction, may r et ir e  

consideration. Available experimental data maicute

that this effect in not seri-oaa for the Ott-type current 

aetera lubricated with the nailer’ s o il, but this do«D cot 

neceeoarijly hold for other current meters of different 

design.- It would therefore seeo advisable to in­

vestigate possible temperature «id prsssure effects 

separately on differest types of current meters and, 

where aecesstry, t© establish correction factors for

various conditions of aeterinc It i* * > * «  « *ot « « « *  

aeters calibrated in Europe are cmrloyed in countries of 

tropical climate, vith possible introduction of un­

predictable error*



to overcome the difficulty* it may bt, necessary 

to design current aatarp having pressurized floating 

bearings. " };

3 .2 ,5  live effect of waiting period? ia rating 
tests . '

Irrespective o f the inherent Brrore associated 

vitb ratios current maters by towing through a ptill fluid , 

calibration errors can also result when voiting periods 

between consecutive towing runs are too short. Random 

currents induced in the towing tank during an earlier 

run, affect the rotational speed of a towed meter and 

hence influence the rating. ^Theoretically, the error is 

cumulative because with every consecutive test ruV fresh 

disturbances are superposed on decaying ones* Waiting 

periods should therefore be rather too long than tao 

short and should len&thes with messaging towing speeds 

as the rating proceeds. lb» 4 « p «  »* persistence of 

disturbances depends upon the dinensions or the towing 

tank and differs along the length of the tank. Being 

dependent on rating and waiting tines, calibration costs 

are high and it follows that it is important to determine 

accurately the reau i r ^  « * , * » «  interval* for a,particular 

vtoying tank at various rating velocities.

In the rtii*aoe -t f m U * U »  guide, d ittoing  . 

standards are p t t W  J *  B!snin* '  i  *-* hlE

-  179 -  . '



exporisieata, allowed a ’ qoraaJ' interval at  five Minutes 

between one tun and. tfc.e next. Apart froa the fact 

that the interval was ke$t loaa-fcant over a speed ranee 

of 0 .5  to s S  " /s »  it soeaa 'tu W  totally.inadequate*

“a U '.ar; . j'r. sBi'o-Baffay Cll} showed a core reajis- 

■tic •*!.! -Y f'aii '-SOS- Senin.v, He f oiind thki to--reduce

the s.c";ttrsr te »;.ahi«t fcp^roxiaately +/_• aa/a» ,m w  a- 

.-:«ias<fip<ted rang*! of U*9 to ’» n /s , Vaiting intervals of 

<«ij minutes -to ivjr* than one hour were necessary. 

.AW^pvS^'^.o reducs the.--- intervale airily widened the 

•. S'jfltVeVi , hince <lfce at Vieirfia and Padua sre alnoft.

‘M i V i o a l ,  the accuracy o'' Prof. Benini’ s results must be'

, tji.'Wiioned. ' • • • - . .  ■

f I/s iting t.'tov’ i •■.!>«««<• by the Sviss F e a e ^  Admini­

stration in the?* •*>» a - nvinO tank va*, t-~ns 

£ p m U  but . »  *'0*-*a*y ^ , . 3 0  to J*5 ■

t « t *  carried;,‘-at by {G8J

« » * • «  ” il ” * 

i l  at «,i . » » « « »  v .«  <11> M  « « r  " * •

n  ■> « / . ~ .  * * •  *■*»“ a? * » “ “ * * •  » •* • * « * .  " "

• ' not stiffen* 1 ' ' ' " ‘

Ir . calibration expennis».
.■xdertaken by the author

at t u  M M  » < " 0  I” -1'-1 -1

to i .  fe .lt  with later, m iting  tt ‘ H  v .ri«? f « .

(69)



fi5.v* ... 15 ninates Sat the towing tank was approximately 

twice tiie b iat of those at Vienna and at Pedsja.

It would sees that t'ae vaitijjg tiae aspect could 

ha investigated thoroughly by performing velocity tr&varsee 

at w i o w i  sections along i  toeing tanfc .at different 

tijoe-intervale folloviag eoapletion of a return rua. 

Sensitive miniature current netera, as developed hy 

Dedow a-t Wallingford, coaid be eaployed far tite

uUrpose. The resiiits viju14 yield a picture Gf tbe 

▼ayi'ition with time of disturbance intensities at 

Siffarent cross-.sections for different 'disi'srbaoce ran*1 ., 

tjti tJiese fioiild ba coQpared vith tbe actual scatter oa 

velocities obtained from subsequent ratiags at corraEpoa^.- 

ins times. For particular tank di»eo.6i«va, aininnsi 

waiting intervals for iliffeeeat t^ins'sfceeflB coold 

tfcea-m c s t a b X iW d  *t> meet Telocity scatter tolerances,

3 *2 .6  The effect o f submergence ,

;.«w a  a curr .at'aeter is too shallowly s-ab- . 

pergefi, free aurface « « • « *  » |  « « d  or * *  lhB

aappoT-ting fran* can be transmitted * »  t!w TirojeXl**,

r ’ thereby affecting .tbe rating characteristics, 2he 

author 'could not ftad literati^-.? in azjarfMnt.

,v. on this factor specifically '

' aenini. (li}  in his e*?erimeata oa proxioUy,
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effects, adopted a depth of 50 cm. In the discussion 

of tbxs paper, this depth was Varied  by Wiaternits who 

tSoucht that surface disturbances could probably still 

hare effect at that depth. .This point of view ia . 

difficult to reconcile vith the fact that,'after several 

trial runs to establish a reasonable and practical inter- 

ferottce-free depth, Hinternita and the author adopted a 

mininuft submergence of 1^ indies for their rating ex- 

perinents at H .P .L .

HiaiaHH depth must* of course, be dictate* by 

such factors ae ? laaximntn towing speed, locatj-PB 9f the 

tank (indoor or outdoor) and the degree of surface dis- 

turbaace caused hy the supporting trams.

3. 2.T  Oblique flov effects

The axis of rotation of ft current n«rter is 

usually aliened g ar b le ! to the axis of the conduit in 

which ueaonreraenta are to be made. In many practical 

installations, however, flow i i .o b liw *  to this axis hut 

evaluation of the component of velocity parallel to the 

conduit or ..eter a*is is desirad, not the absolute value 

of tfce IGcal o-bliqiw velocity. In Fis- 5*2. o p ­

ponent is given by Vx , vherc •_

« VCo«0

n  » * .  » •=» d .ter.ined experimentally ttrt for *“ « “

rrp— T'fSSSf
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flow, tlus velocity registered by thtf currant raeter ie 

always less thou the axial component Vx. Thio dis­

crepancy was found to increase with increasing 0 , tlie 

increment 'bains small*!' -for a blidu than for a scjfov- 

type rotor. The ideal current meter Bheuld therefore 

accurately record the instantaneous value of VCos#, as 

an average value of velocities over the area swept tty the 

propellers, for as larije a range of variation of 0 as 

practicable.

To gain an appreciation of the effect of oblique 

flow, its neeltaniao in relation to the- operation of a 

current meter will now be analysed. Fifl* 5-2 shows 

diagranutically a four-bladed current meter subjected to 

a mean oblique velocity vector V. In the theoretical 

analysis at the beginninB of this section* it yjtj* shown 

how the torque due to the axial velocity conpoiserrt Vx 

can be calculated. Here, however, the analysis is com- 

r lic t a d  by t » .  adiitiou.1 elTcct of tb« radial compoueat. 

« E aad Vy vh.n th . U . W  « *  “  po.ition. I .r j .» d i« .l .r  

or parallel to t h . . .  dir.ctioa.- I« P o .i «o u  shorn 

in Tit. 5 .2 ,  it  i» evideot « “ * blades 3 and » «r« perpen­

dicular to V , and parallel t" 1 “ *  2 

•re perpendicular to T , and parallel to V ,. I t .  

parallel „o .it io «  doe. not readily l « i  « » l f  »» 

mathematical a u .l y .i . .  A » “ * « •  “ a=l
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can, however, be applies vh&n’ the Slades are perpen­

dicular to the radial components. The effeot V 

on blades 3 and •< will therefore be considered.

I f  -the meter rotates in a clockwise direeiJon, i* 

is evident that as soon as 'blades 3 and It move away from 

the six o'clock position the radial component* V_, tends 

to producc a driving torque on blades 3 and 1 , accompanied 

by a reaisting torque on blades b and 8 . This effect 

will be a maximum on blades 3 and If when they are in the 

horiaontal position, and non-existent on blades 1 and 2 

vhen in the corresponding vertical position,

F ig . 5 .3  shows the vector diagrams (schematically) 

for blades 3 and U in horizontal position. Triangle ACE 

represents the diagram for any of the blades when subjected 

to the axial component Yx , while triangle ASE end ADB are 

respectively the vector diagrams for blade k (being 

resisted) and blade 3 Ibeing driven) under the influence 

of the radial component VE- It is seen that as the meter 

rotates the direction of the velocity at entrance to the 

blades varies according to the positions Vr , Vra» Vr ,

Vrx for alternately vertical, horizontal, vertical, and 

again horizontal blade positions.

I f  the current meter in to rotate at a speed de- 

ter-nined by V . « W ,  « *  » « • « * « »  " * ■ “  1 ““  “ *

L





spectively be balanced under the above *oui\ttons ot 

flow, nsijlecting toi -the noment the 8rf*s.t» oo the other 

blades?

The fundamental torque equation nay be expressed

thus :

2" ?  tlĵ p (VS + O ')  trOinBdr {see development

of equation 5 .5 ) .  pvr a particular blade design and 

pitch, angle, g, the torque is associated with a lift 

Coefficient ond the square of the relative velocity

V 2 (¥ 2 = V2 + U2 ) .  The effect of CL nay be analysed 

as follows :

F ig. 5 .3  ahovo that the angle of incidence on bladeB 

It and 3 varies from (B - 8? ) to (a <• • Consequently



Shua, differeaee depending on the aagu’ w ity

of flow. In Pig. S.It, the effect of this 'change in CL 

sbovs that the amount by vhieh the lift  coefficient on 

blade 3 ia increased* i .e .  I J , £a approximately equal 

to the decrease in on blade i*» i .e .  P G. ' I f  the 

angle of attack* a, at which the blade normally operates 

is increased (P is . $ ,h ) a. variation of this angle over 

the above range would have an identical effect on'^.be lift 

coefficient, provided the linear portioa of the C^'vs a 

curve is applicable. Thus, the difference in torque 

due to this soall second order difference in .lift  eo*- 

efficient is negligible, the resultant being e Very stsall 

driving torque (I  J >_? G).

The effect of the difference betveen the, aagnitude 

of Vrl and. Vy2 presents a different picture. Prom 

Fig. 5-3, these values can be written approximately as s

V a ¥r -• Vz Coa» and Vr2 = + V^Coaff

!» « „ ,  .s o r d in e  to „ » .t i o n  (5 .5 ) ,  *h« r e .i .t i .g  iorrn. 

on blade 4 ia gre.t.r  » ■  » «  drivina tom u. oo t u b  3. 

tbe difference being proportional to VySZ - where



flit»i3;ar artalyev.a vould shov that the effect of Vy 

on blades 1 aafi 2 , in.the sis o'clock position, produces 

a retarding toisyao. oj, blade 2  that is greater than the 

driving torque on blade 1.

In addition to the foregoing effects, the radial flow 

of Vy, vhen blades 3 and U are, in a horizontal position, 

together with the radial flov of V8 , when hlBdes 1 and 2 

are in a vertical position, would cause a drag force on 

these blades possibly resulting in under-registration.

It is evident that, fine to the reoistinc effects et 

the radial flow components, a current meter should under­

register in Oblique flows as experimental iseasure&cnts 

indeed shov.

Is  .v u t l o a  (5 .a 6 ) .  V, and » ,  are m « M  1*  «■

angularity and magnitude of the velocity of flow. She 

error of under-registration Bust, therefore, he Minimised 

hy selecting a large r .l u .  for' » and hy H.ojing the .peed 

of rotation, U, ae saall as practicable. ffhis conclusion 

i .  prohnhlj worthy of further investigation, e .peci.lly  

.under conditions strongly ihligue flow*

I f  pressurised li»»id . or floating «r.

used in current a .t .r a ,  internal aech.nieal resistance 

will 1 .  .in i .isO d j  . J . . d  of rotation can if  n .ce.s .ry  

he checked hy > « ,  >»•» *  “ *

L



calibration equation would -of to-aree c^aage fat different 

decrees o f brafeingv -and t&* »cte* non la have to he 

braised accordingly* '.. -This iz,nerely a broad aasgflst^otf' 

prompted by the idea ji.'ssitly ol setia&ring torque developed' 

instead of sjieed af rottt.'vtsa,  altii tie object of sis&B£%£n& 

tie errors «se.lysed above. ' ,  .

1 ' 171}
A classical setbod adopted by Lindquist in

1527 to jginifflia-e-Sbese errors va.-3 to shroud the propellers 

of a carr-Jnt neter ia a cylinder which caused the fib's to 

be diverted into the rropeZ?.«r circle to ensure $bat it 

voald be proportional to Cos J5» ‘ Cncfa a tteter followed 

tie cosine law to flaw angles of teore than 30 .

Cup-type meters reCistcr velocity inaccurately an 

oblique flow. Screv-type current asters yield wore re - 

li&bl* results because they measure the project** -ffeloci- 

ty to a higher accuracy. Aecordinc to Kolnpaila 

»  * et*r  with a 'w M jo w a t  « * » * • - « * w w «  *  srojaetloa 

M  t h , M  « « « « ■

flow angles of **5° more.

th , I M W l » *  « .« « ■ « .  »I  « »  • » * " ! « «  • »  *  « * » » *  

, « «  i «  . M i * *  « ™  ” «  “ *

« < t o «  « i .  W  » *  f l «  “ rt ” " r

normal coadiliicas of rating-

- IBS -
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3*2-3 ?he effect, of tnrfruleace

Under turbnl-ent ccmdi^ipna, successive seloeity 

rectors at entrance to the pru-peller tiftaes nay flaeiaata 

rapidly in  saeaitude causing variation in torqn«i . .. - 

(equation 5»5)» These vectors nay also freaeeatly strifce - 

the blades at oblique angles of possibly rapifiiy farying. 

nagaitude* Another pheaoaenon of lar'bojence Is  the non- : 

uoiforaity of iclocifcy distribution over the area swept 

"by the propeller blades. The effect of -these factors 

on the speed of rotation requires examination,

The stf^le of turbulence appears to be on important 

factor. I t  the dianeters of the fluid ssasaea eOBposins 

the tarbaleace are larger than the diaaeter of the meter* 

the propellers eoul-d be subjected to a type tl  homo­

geneous rlo-e field an which it would record a series of 

pulsations about the aver*B* T&lne• °® ot>er bend, 

in ewall scale turbulence, with eddies saali in relation 

to chord length of the blades, saall pulsations night .. 

be asasfced and the rotor velocity might be e«< ■ ’ f ­

lu  practices one tronld expeet the scale of tur- 

vbylence «o rary in si=<= fr«» very M e t  l * * s «  to Ter?

analler the* the » * «  « « . * « >  « **  “ ° * ar 111X1

be to a s p e * »  of t u r b o s  d .ff .cult  to

aaelyse, &  it be « * « » *  * W  * *«  ■ *«  *Blo,=ity ' '
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parallel to the axio of ratatior. is V And the instan­

taneous turbulent fluctuating components in this 

direction ar& vA» v2 , e tc ., negleetine at this stag® ’ 

the other tvo components at right angles, nfee torque and . 

hence the ap^ei of rotation will he dependent upon the 

square of the velocity Vs (equation 5 .5 )j  the iaeal • 

meter vould rotate at a speed proportional to tbr 

instantaneous average velocity through the moter area. 

Hovevey, due to turbulence, the velocities at different 

pointB iu the meter circle depart fron the true average, 

and the torque will cow depend on the ae^t. square value 

of these 4if£er*nt velocities; xa the meter aiea ir'.rte&a 

of on the square of the wean velocity. Thus, i f  these 

velocities are written as s

<VX + v1 j ,  (Vx + v2 ) .............. aad ( vs vn 5 . .

n + v ) 2 2 2VX a ?S y2
then — 5-- - .  Vxs + —  XI v *  J— jp- ,

which i .  c L a n y  »r » .t .r  « * »  » , “ • « ■ • • • » ” .

parallel to •  ••«««- • « =  =*««« * » •» » “ « '  { °  o w - T « i t t .r .

2110 t-a.iiivers^ tnrfculent component., which Were 

neglected in , M  • » « *  be con.ider.d . . .

altering the . .» » i t « d .  • » *  direction of the u l . l  W M . i t r .  

V „  .t  entrance to the H a d . . .  It  V , 1 . .li»htll in-

owr- resi.tr.tion w o ld  . .  «how«
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whereas a dirertion&l change would give rise to a radial 

velocity caajcnieat %rtvich» on one MRfle assists rotation 

while retarding it on the diametrically opposite blade,

This ift identical to the'i'ffect ot radial eonpot^nte 

caused.-hy oblique flov components dealt wittf ia,.the fore­

going; Sufc-B&ction, where it vis shown that the resistiljp 

tor^/e on one blade is greater than the driving; tornu^j 

on the other. The trasaverse components therefore •

cause under-registration.

The extent to which aver-registration aasko the 

under-rcgistration is not known. Kev,upaila» however,

pointed out that the mechanism ot ?.r.,.ct>ra

more as an irregular variation ib  the gsaeral SirecWon 

of flow rather than as a change j.n its aagnit.ttde. . If  

this hypothesis is accepted as «rprau.C*t«3r t r u t h s  « * * 1  

fluctuating components would cause ov-.̂ a !• rRtion, 

as shown, while the tranverse co»po»er.ta m « »  w « r -  

r&giatration only. Over-registratia* is » « *  ?»*• .

pronounced than uuder-reeistrfttjo b . tecflra“ 3  to 

reference (S ) ,  current jaeteri, way ^

faetory in s t r ^ g ly  p u l l i n g  f l « * .  o v ^ W a t e r i n s  

semetines as much as 2 *<** « « * •  •

of reference ( 9 ) ,  Chsix reported

experiments earned  i

In his discussu

■ collaboration vath 8ula«r

riros. and the i
■ Federal Uvdyoloisical Instvtuci



Bernej The -turbulent component normal to the runner 

axis of a component-type current meter was investigates 

by oBeill&tirs the B*ter in * vertical plane in running 

water. The me'ter re&tstered up to 2 per cent higher 

than when the instrument vsb at rest in the same flotf. 

Experimental results for the normal runner and for the 

effects of the other components of turbulence are not 

yet available.

Overi, in the same discussion, remarked that he had 

found a vane anemometer to over-register in pui^tlag 

flow toy an amount proportional to the square of the :J 

amplitude of the pulsations,

Thus, analytical conclusions and the results of 

current experimental work are in agreement on the effect 

of the turbulenoe factor. The aagnitode of the error 

resulting from turbulence for various types of current 

meters needs further attention.

The factor of M ill- il»i* c .litr.tioh U  . . . »  to 

re-enter the picture. « i« i  «nno t * •  •«-

X m l  rt.n  normal r«ti»S o».r«ot.ri.ti«>  «r« .p fliei  to 

, , „ , r . « r t .  Of i»  »tro»SW  tnrtalen* « « » • .

3 . 2 .5  . . . .  .r f .e t  of .te »E .v e l °c t a ,r«i?AS.tti.

m e , » ««t .r  W O I .U e r  cirel. U  .«t  »T *



steep velocity gradient, there arises a centre line 

displacement etlest analogous to that observed vben a- 

total preaa-ure probe is placed in a Steep pressure gradient.

Because of the velocity gradient, for ejcaaple near 

a solid boundaryj the blades of a current meter nearest 

to the boundary would be subjected to flow velocities 

Tower than those diametrically opposite. Consequently 

the average velocity operating an e boundary-eiae blade 

vo\jl& be lees than that for a blade on th<5 opposite side.

It is therefore evident that the average velocity, which 

the meter tends to register, does not pass Shrough the 

meter centre line but through a point displaced from the 

•centre line towards the higher average velocity. The 

veiobt of this factor would depend on the velocity 

gradient and on the current- aeter and pipe siaesj a 

small oeter in a  large pipe would be inappreciably 

affected* For air flow having a normal turbulent 

172 ̂  { 9 )
velocity profllo i»  ■ «i>>«. °««» ' ’ , <*•*

r t .  of u  « l « I *  h-a “  “ “  “ “

o „ „ - .i * «  of teo s iJ .  * •  * . »  U »  * « «  *»■ «

this factor below 1  per cent.

In h i . discussion « f  M l .r tn e . <9). f « * .  « • « * *  

r « r . „ o 4 «o «  aortor. 1  « « » •  «  **  I” ich V M .”

it w .  ( „ „ *  . « • « ■  th, . ,- M .d . 6  « » *> » *  . « « •  ■ 

.io » ,d ,  i»  1 . W  , .» . « o « M .  velocity Sr o « » .  «!«•»•■>«



from those in  snail laboratory pipee at identical 

Reynolds httmbere. TBis v&s probably attributable 

to tbe •displacement effect, Sut it would be of xatereirt 

to know wiuat the result, -Mould have been bad current aetera 

of different sizes been used in tbe sane pipe or penstock 

at identical Beynolde numbers- The veil proximity and 

turbulence effects is a large penstock would surely 

differ for the same current meter from those in a saall 

Inbrratory pipe.

£he experineataA procedure Tor studying tbe error 

arising frna this factor is complicated by tfce necessity 

to isolate proximity and turbulence offeet3 near a solid 

boundary where the velocity gradient effect would be 

a *&xiwua.

It would seen tbat atteapts to isolate tUese errors 

at tbis stage vould be fruitless; a calibration ftetbod 

in vhicb eoise factors ere a l l i e d  to combine and be re­

flected in the rating characteristics would seem to be 

a aore promising alternative.

i  f i o .i  »r !»*»>•«*» vteti.t M W i ~

k»- « . »  , i « »  «  » « l “ - » •* '= «  ot 

gr .a i .a t  « « . e *  «h»« »■>!■«« » *« •«  “

~ « . r  i »  , I P .  « »  « « » « « «  . . « « ! “ • *  * " *  > » * "  * * "  

codes.
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In  pulsating flow, a current niter respouse-

lag depands ob  the rete of velocity fluctuation and tbe

inertia of the meter including the virtual mass, Mbiplv

can be considered as the mass of flowing fluid causing

(?3)
propeller motion. Meter response can be es-pretaed 

as ;

dtf
j *  ■ I r '  from vhioh it follows that, for 

at ■

rapid response, the torque developed by a 9«all chcnge 

of velocity should be large, Tims, the' '-tnent'of 

inertia and bearing friction should be a minimum.

ui early, in tbis respect propeli-et—typ® current 

meters are superior to cup-typa-S »oreo-»er sapid- 

fluctuating velocities are not registered by a current 

t a t u  %• its tendency is to inte8rat® the velocity vith

3 . 2 . 1 1  The effect **  Reynolds number ...

In  a foregoing the author drev

to .  . « • . «  ° *  » « " 14s

« . . .  » •  H * 3* »«“ « ' *  1* » " ’

froic u . i . . r  to M H U M

< « » «  »  *»*  i l ‘ a*  ,M > *  “  *“  

Acoovflinfi «  (1 3 ), » •



break somotinea encountered in s rating curve could pro­

bably be attributed to this %ounftft,ty-layey transition.

. Ik* possible effect of this factor oa over- 

regiatration in turbulent flows above the critical 

Reynolds numbay demands investigation.

3 .2»12  The effect of number and location of meters.

Normally a pipe eross-seetion is  divided 

into concentric annular rings of equal area, t W  Niaeriaoot 

being a circle. Meters are positioned on concentric 

circles which bisect each ring into two equal areas and 

ttiM arithmetic mean of the velocity readings ie taken as 

the average flow velocity through the croas-section.

?he number of Gauging-points, their radial posi­

tions, attd the oetfcods of evaluation are detailed in 

standards of flow measurement and in power tost oodea 

in accordance with empirical rules. In the German 

standards &  195? there appears a table ot these 

positions.

»  « , „ . » «  *> **»»  " ,0“u  

e. r t W . 4  o.n » .  p « .r t l « l .W  t r .r f .i .r

» « * » • «  - * * "  brt’’” "  

M j » M  » m .  » = » « . • •  ,'‘, u *u ’ “ *

of « n w t  » * « «  • » *  «**ir  I ” * 1* 4" ’  *“ *



would, be dictated, by proximity effects, pipe diameter 

and roughness factor, and the velocity distribution.

With this in Bind, workers at -st'E.I.. developed

a novel method of numerical intecration of velocity 

profiles in pipes. This 'Log-Linear Lav* aethod is 

based on determination ftf the exact near. at the function ;

V = A *  B log + c .............. ....{5- 3?)

-where V ;■- *  point velocity,

y = distance from pipe vails ,

D = pipe diameter, and

A,B & C = constants far a given velocity profile 

having dimensions of velocity. It  can he shown that, 

for a particular velocity distribution* the original 

Eikura&se (7 5 ),(T 6 ) e latio n  for ftllT develops “  

rough pipes can be written thus :

V .  A + B los l^1, fro . rtlrt «■>■= *»«

Botertsoa ^  doa.o.4 . , « • « « »  (5.2T) M  tt. T .1 . .U T

distribution in inooi.plirt.lj «■<»-

Fro. .bor . « *  «>•

« « . ,  H * .  » ■ * • » «  • » • « “  “ ™ * i*  * “ ’•**

. . 1 « .  in tte Pip* ™  “ *»* v h „ .

th , of « .  v l o d t .  « “ *W  “

t l .  v .looity of «■>« « « » * »  “ ** *m l “”  " r " i4* “



that the velocity profile, can tie defined adequately by_ 

the above aquatione. Tie mean'flaw velocity for s 

cross-section would then be identical to th? sesa at the 

individual oeasureraents.

Skis method is dealt with in detail an reference .{7^) 

vbe-io the calculated positions for 3 , 6,  9 and 10 neter 

jositiofis yer diameter are tabulated.

She four-point log-liaear rule‘ when a l l i e d  to 

forty fully developed velocity profiles save assa relative 

errors of less than 0.5 per cent, while the standard s 

ten-polet tangential x'ule yielded errors of +1 per cent _ 

throughout. This numerical method has since received 

fare her attention at (78) »»« »«« * * m t  to to

superior both ia accuracy an-1- i:l confutation tine to 

; a r w h io .l  * u » i« « l « r fa *  n l  to « U  stM J.r#  »u».rics.l | 

ia t .c r .t i™  M o t a  s„«cii»«4 t .  M atter*. » i  * » « «  

test codes. ,

(9)
It m  recently W  » «*-  *olui»»l.

« » t  a velocity di.tritation la .  e o .M  »•■ *■ •«*•* “ «

„ t . r  position. computes = « d  « . t  . ..1 . S. W . » t « a  »y 

»  >irt»l  , r , .  uua.r th . T «  »  **

a » . » t . u y  . i . i w  to th . io g - ii» .^

qtv t̂ ve number ftttd. gositions of
Thus, in ftecio.’̂ ns D“

. , , j i  Anim 4n the ete.odards Cor flow 
meters, proscriptions laid .



measurement and in pover -test codes should not be 

followed iiJndly . Tie log-linear tae-Shod will -reaa2t 

in improved accuracy for fever netering positions, even 

for distorted Telocity profiles. .

3 . 2 . 1 3  Recording. aerTieiag. and care

Secordias astbofts and insfcxumants siiotfld "be 

accurate -and reliable. In the light of factors discussed 

it seems advantageous sad logical to apply auaerical 

aethods o f computation ifitfc digital recording, rather 

-than graphical evaluation of chronograph records.

Completely transistorised automatic recording gear 

for rating, laboratory and field application has Seen 

developed at S .E .L .  and is described in references {69), 

(T 9 ). {803, i 0 l ) ,  <62} aod {8 3) .  ««i« eqaipaent «nra**r

the most convenient and accurate recording fcnovn. to the 

aut&or.

A e c w M u  to a,,1 j « i » ,  a .  fun da*

« t a l  » v b » > .  • — » * *  « • » " * «

are »OT,r ,5 » e  M * » =  '» * « *  *»4

n i «  ™  »  »* ■**<*"*

tt . blade a l .p . ,  . » » » « *  « » - , « «  » « « «  — «*.■ " *



vicing and eare can 'Be controlled, evaluation as&/av 

control of complex interrelated error-effects due to the 

other factors analysed thus fat define the challenge which 

will have to be met i f ,i n  future, velocity measurements 

by current meter are to be in error by less then + 1  per 

cent. ' •

CUFOTHT MEIER CAIIBRASIOH AHD APPLICATION .

Current meters are among the standard means of flow 

measurement in -the Republic of South Afri'ta, These 

instruments are used extensively by workers in universities, 

.research establishments, the Department of Water.Affairs, 

ft is Chamber of Mines, consulting engineering organisations 

tl mention only a few. Measurements of uckn&sra accuracy 

w e  being need in research an8 design hecaua* not a single 

university o» ott.r research . . t . u i n n o *  i t * * *

r .c f  > .  tor . . U W . . L .  of eurr.nt m .tor,.

U . I . U I '  « i  - . . I - " " ' '  ~ * I« *  " *  ‘ ^ P“ ‘

instruments ere returned to M>« mnl.r, for

recalibration. ,

• At » . . « = »  »  » ” " *  *

. i t l  « .  « i . r t  of improving « ! « ( ? « » “ ■ “ 4

. ^ • -- The author was associated
application tcohma'*es- .

• » .  -iwied out at ‘vith rating experiments carr

fA.R.t.0  in tea*011 ana 
Admiralty Research Laboratori I
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8U.liaa4U.eat: .'' with further vorfc at JJ.E.L. on a 20-inch 

calibration line , and with field BeasuscQefits at a 

hydro-electric scheme at Kinlochleven. These exneriaeats 

led to the development of novel methods featuring auto­

matic recording gear, electronaenetic counters, electronic 

control and recording equipment,, twd improved techniques 

of calibration aivd evaluation. This vor>. and subsequent 

refinenents in  instrumentation are described m  distail xu 

references (v 9 ), (7 * ) ,  ( 7 6 ) ,  (79}, (S i) . (02) and (83),

The section vfcich follows, contains a discussion of the 

aethods adopted and results, which emerged frois the 

factor analysis first described,

>i. i Test facilities and experimental procedure

fc.1 . 1  Calibration exscrinqnts

Tvo tangential test 

at M .P .L . and one cosparativo eerie

tli. rotating—beaifl channcl «  Jld.i»alty lia.crrt La- 

boratorjec.

Thirteen =»«11 Ott-typa current ~ W *  ■»**»= 

propeller M a .e t .r ,  of 50 »o»i» ,l  W d r .n l .c  pitc»

=5 »  and electric contact tot • « »  r = ,o lr t ^ »

Qouatoi on a special fratt®

- netera were rated Birault»'5G°Uf,ly in J?1 «foreno# 

or four-acter batch ratios used by Ott.
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So. 2 tavitift tank at R .P .L .,  in yfcieb the tani^it, ’ -

ratings were perfcroed* is shown ia Pigo. 5*6 6Bt2 l>,1%

the latter figiir« illustrates the position of tisc

sapporti'as £xss* ti»fe tank. ?be fcoviog eaMi&ais wfi.*;

e^aipped with -as. electronic speed control of tfee c lo sed

loOi- aotosatac tjps shieb easitred constancy of a Set 

1&9)
speed s it& ia  elose 3.iai%&* 14 was ot -very Xigtot -is*

rigifi eDB*txac*ioji ana, as for as coaia be aseertaifiea, 

did not ralr-aie ass tie  s?eed range of tbe rating test-s..

3a the recsrSins eaaasssent a ^aert* cryBtal irns- 

sistDar S’yegiieaRj’ st&afiarfi* accturatc to 1  part iR 10  » wa^ 

sseg as tiias siasSarS. Post Office relays ve*« employed 

ia  tias aafcctinfix is> »eserote t.'.se oisnolo vftieh cenld fee 

select-s2  £a -tie rssige 5  1CS9 seconds. RnoH 

jsrajailes* Tigiex «  sabs it ivc ralfty whisii ifi

Srare ®n eleetr.oaasssfcie capflblf of ojseratuRjt

a* us ss 2 5  *>««* 3#6«>s«# The eauit’fcet’e eoutft t>"

r a n  «Oc«Srsa»#»£Se»ttr •« « » ,  #»iia M * * 4* 0,1 

tins iafterTsa .gscwe* s»4  tts* W M **f r>? I M  « » A  M*** 

sa?;aieS t w  *s>»5*er* -?fl }-«K«I »h U ^

were w j tSe i Ht'-HH'sfc*

pS*sS-s©f»5bi-S *#  _
£ s  * s *  f i f ? *  t<«>>* l|« i  >•«*•“ •"*” ,a

carytsijs *■*'* * ■

ftross ■» •»?. *i->/WA^ '



Ho. 2 towing tonic at il.P.L,, in which the tangential 

ratings were performed, is shown in Figs. 5*6 and 5.7$ 

the latter figure illustrates the position of tlie 

supporting frame in the tani. The towing carnage was 

equipped with ao electronic speed control of the closed-

loop automatic type which ensured constancy of a set

(69)
opeed within close limits. It was of very light and

rigid construction and, as for as could be ascertained, 

did not vibrate in the speed ran&e of the rating tests.

In the recording equipment a quarts crystal -tran­

sistor frequency standard* accurate to 1 part m  IQ6 , was 

used as time standard. Post Office relays were employed 

in the autotimer to generate time signals Mhich could be 

selected in the range 5 to i.000 seconds. Each 

propeller aeter operated a aenaitive relay in turn

drove an electromagnetic counter capable of operatuiB 

at up to 25 counts per second, live counter* could be 

reset electr o s tatic ally  ae*°* vfcl1*' * ec0r4s oC tUe 

ti»e interval choaen and the nujaber of the test ««re

eappli.a H  M o  .o u t e r s  • »  « •  * « • « “ ’> 5“ * 1 " u s

photographic recording of readinas.

I .  the t t a t  test . . r t , .  .t  » .P .L . .  « » ' < >  "»  * » •

o .r r i .g .  speed oht.i.ed  t M  « «t . c a l i b r a t e  «

„ o »  a ehroao.et.r . t .M . 4  •» *  W  . I M o - .K e h . .
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at the beeitmi-oa aad end of a recording distance of 

J»1»Q feet. In the seoond test series, the recording 

distance was varied, beginning and end signals being 

transmitted from rail jigs 2 0 Ceet apart} tae chroao- 

meter Mas replaced by the eryotal transistor frequency 

standard. vbieh. supplied the time aieoala for a pre­

selected mmber of jigs on the autotiafir.

In the circular rating testa at fi.fi.L., the saaa 

meter supporting franc was used and t o  bolted to the 

rotating bean* its centre line was located at a radius 

of 149.895 ft. (Fie* 5 *7 ) . allowing for submergence 

identical to that for the H .P .L . tests* (The motor 

driving the rotating baan was energised fros a Ward- 

Leonard motor-generator oet» with speed control ?*y 

generate*. excitation* Scam speed was controlled 

automatically by a closed loop servo system which re­

ceived it a signal frore an accurate tachometer driven hy 

the rotation-been. motor. Towing speeds for the 50- 

feet-radius towing path vere read ia ft/see £ro» a 

ointel oounte* hy means of a suitably dimensioned sear 

■aheel vhioh rotated between the pole shoes of a magnet, 

Spee* corrections were Bade in accordant .with meter 

portions relative to the centre oE rotation ’

Water temperatures throughout the tests vere 

coastaat at 15.5°C  *or the first and 1T°<1 U *  * « » 4
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test series, respectively, while waiting periods between 

test runs varied from 5 to 15 raisvi'tas. The second ratios 

series was carried out after the aeters had tee a seed on 

a hydro-electric field test seriea. fie stilts are 

discussed presently.

It. 1 . 8  Application on gQ-inch calibratios line

Five of the calibrated meters were ‘selected 

to he installed in the 20-inch calibration line in the 

laboratory at tf.E.L.

The test arrangenent consisted of a flow line 

. supplied, from a constant head tRnfc, control valve with 

aiverter find electronic timer, and o collecting tank 

suspended on ft weighbridge and is described in detail 

in reference On this r ig , discharge., determination

by aeans of •neighing E&,B results to within *  0 .2  per cent.

She five aeters «er« mounted on a s n o r t in g  croas

i»  i n « n » » - n i  Po »«io »«  «■ •»»*»  “  rt*- 5-8‘

» .  O t n a l M  « « i < «  »* th« * " *

i a „ t £ « l  to t k . . .  « . . i  « « ” * * «

> «  w , .U t o » .  • » » “ » s»  » ■ « * " > «  

t h . » U  «ith « « « »  » ■ » "  ™  * “  pil*

m «tre  line to h .lp  * . « » •  « “  v «l"e »W



ealibrfttioh experiments, sad the speed range was 

approximately Q.C a /s  <_ V < 2 .0  a /s .

For each current aetcr reaflinff there were aa stony 

as three veighing tank measurements of vhich the variation 

Was for the greater part to the order of 1 in 1000. Re­

sults are discussed later. '

It-.1 .3  PieJd application at a. hydro-electric 
installation ~

As apparatus and aeihods were prinatily 

developed for Sield application, it was decided to in­

clude in the research programme an experimental aeries of 

comparative flov ae&suresieate at- a hydro-electric power 

station.

In these tests, pitot tube, salt-dilntion, flalt- 

velocity and aurrent meter raethods veye applied siaul- 

taneously; the last BeSuticaad ««« u»aA &s  the test

(7 9 ) .  ( 8°) .
reference. ■ . ■ ■

H u  n i r t n n  M il-  0»t M » « w  «« « • ™ > M

»» .  aj.oi.ll-/ » « « » ■ *  oro«. =o».tr«ot.a n o *  M e  » •»»  ' 

section® O t f  t ~  « •  « « ? * « ■ < •  » “  « •

« U  d i M l a  ® *  *w * o J*1**  * " " •

«1U> a u n ,  * • »  inatallea i» »»■ «  « *

. » . » = » •  • * »  « »  » « "  " m “ lm  

n .  . . . . .  * * «  • « « «  » • * * ! • » •
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io. accordancc with tHe requirencnts of the German code 

and tUe log-linear law. See Fig, 5 .? .

Tiie use of small current meters woe dictated by 

t&e fact that t!ie pipe diameter, one metre, was too small 

to aceomnodate an adequate nunber of si&ndard-siSQd neters 

in interference-free positions. Both pipe diameter and 

meter size vere therefore less than the pei'fflissible 

mininum specified by the Power Test Code.

the internal pipe diameter was measured accurately 

by means of a specially designed rotating scale; the meters 

ware wired up and the cables taken tbrougb a atAndard plug 

in tbs pipe wall before being cemented into position with 

liquid araldite.

A second current meter station wan ea5*ipped with 

four standard-sise Ott meters arranged on four radii at 

a distance of 0 . 1 V2 D froa the pipe .* * !1  boundary as 

specified by the JoB-litiear law. In the 20-meh 

calibration line tests, the small Ott meters at these 

log-linear positions gave reasonable results and so at 

m s  decided to establish this secon* e*perimeut»l 

station in order to eo.nnr. H e  p.Mor.anoe ot the 

stattdara-eized .et .r s  at this n .« r » .l l  position vatl. 

that or tn . . . . 1 1  »«t»“  * '  « »



k.Z Discussion of rc a tilt a in tija light at the taetor 
analysis

IB -feliese experiQenta, tie flantifacturer* s original 

ratings and -those determined from -ties scconfl re—calibra­

tion afjrend tfifcb the initial ratings for aast of -fciie 

asters to within +_ 0 ,5  per eest, all Va-fc Voo Tjeing 

within +. 1  per cent.

TlLe coe-ditions in -the rating tsnfc, -tie axoerinsntal 

procedure, eaa the recorflinc method remained unchanged 

for the ttfo tangential rating experim&nis, .. Since, fcjr . 

comparison with tHe Ott characteristics, totfina

velocities -̂ aro required in the fires raiins tesi*:s , 

produce til a same number of. meter counts, it seems 

justifiable to ettrihate the differences to * **

cnrrent meters. The fliacresancy 1  3*5* <*nfc

ietveen the two tenaeniial ratings, **o m^tas *S&rt,

ID .  P O M I M .  ! « « « » • «  i»  »«•«■ '■ *« > •» •

W » « M »  »  »  tta f . «  « W »  i»  « ■ «  « «  “ »

» « « ,  .litoMSxa i»  

, m M  toy, > M  W »  rrtiM .-  a n ~ s ~ » t

« « • ! . .  «  « *  ” ”  ' 

t h . syBteaatic • > » «  ol « .  ««*«» ™

i  - I  » • '  « » * •  * -  W 4 “  ■t"4“1
• m m x m r t .w  i  °-=5 » • '  ” ’ * •  “ *

„ p » « . « . w  1  O '2’  »»?  ' “ 1 - '
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experimental results foil vitfcin the 95 per cant oftn*- 

fidenee limit hand* (Fvbb.-5.10 and 5 .1 l ) .

Waiting periods varied between 5 asij ±*i minutes far 

the two ratings and tlso depth of submereetKie was held 

constant. £ha lack of any discernible influence of 

these factors on the ratine results could probably lie . 

attributed to the size of the snpportins frame \*glativc 

to tank dimensions.

Grouping the current Deters into rirtRs of four 

limits the deviations between the tvo towina-tank. ritm ss 

to approximately * 0 .(S per cent, for the /jroup results, 

ao shown in FiG» 5-1 2 > this represents the tvo extreme 

groupings. A suumary of meter groupie results for

B .P .l . end Ofit ratings is shown in F*S* 5*13* St 

evident that, in ntill water ratings, any changes in 

meter charaeteristics^would he identifiable. ,

tfhe results fot;!tho circular ratine testa (jfivo

of « *  ■>* «  I>« » •»*  "»«»

■ W i l l  vith th . Cir«t « “ ■* » “

pt-o'oslily citunod by swirl indyleea *n tbe tire-zicn of 

• o n ™  w  the „ * » . « .  . t  « “ * “ a * “ "■

fore be lean tlien BOt‘ toeOB ajieefl in still v 

»ypie.l exp .r i.ent .l  n t i * «  eh«r.»t .ri.«le» »«- .»««»
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in Figs. 5 .11  and 5-l!‘ . In Bost ot the aetera, there 

»b«b* to ~oe a slight tendency towards a decrease in ae- 

viations with inoreaoinE tovinjs speed. I f  this is 

true it is probable that the increased swirl effect is 

offset by a reduction in iuteraal sea hydraulic meter 

friction vhacji, in turn, could be attributable vo vi­

bration of the rotating bean at higher speeds. On the >• . 

other band, &  certain degree of turbulence prevails at 

the Sigher bean speeds and eonaeiiuently ths svirl effect 

could also fee counteracted ly  an over-registration due 

to turbulence j the result would be a reduction of error. 

The result* is  the rotating beam channel seen to confins 

the oft-voiced critisisa of circular path rating of 

current oeters.

Four aetors in the 20-inch diameter calibration 

line at ff.E.L. gave six valnes or discharge to 

a maximal* error of about +0 .2  per cent, tor flows 

between lb and 19.5  cusecs, vhile at approximately .

1 0 .5  cusecs one value differofl oy as auch as -0 ,a  per 

cent fro* the araviastric « i *Bl»*rgt. ■ * M » « w « t * .  In 

this particular application, tTicrefore, utilVwafcer 

r .t ia js  » . »  in «» » •  • * • » “ * •  *»a " « “ * •* •

*u « h « r  m w i .  of « i .  « « « » t  I . .  ■ » » " * .  ■ » * » * » > •  

ESce Appendix IV Ittbla JV .l)*

» p „  „ » i . « i . «  « f  * .  ««>■

~  '  . y  '

L _





and calculations, tiie author noticed that below a actor 

speed of 6 revs/sec, two teat suns ahoved' negative dis­

crepancies which increased with decreasing flow sate.

These results vere originally not tabulated beonnse 

they fell outside the speed range for -the hydro-electric 

field, test which was S ^n jclO . At flow rates of 6 .T and, 

l).D cusccs, these discrepancies were apj?roxanately -2.0 

and -3 .2  per cent respectively, for corr&rtpondind 'i-valuea 

of 2 <n< Thfi meter characteristics were valid down

to a >.2 .

Plottinc of the individual meter readings discl&eed 

a particuiir fora o f velocity profile at the gauginc 

section below a. flow of approximately ?' cosecs. Between 

this and approximately 10.5  cusecs there was a transition 

■to an altered form of velocity distribution* while flew 

rates above 1 0 .5  =»*«=* S« «  *  ae^elojed

’profile form. •

T&US, belov a flow rate Q? approximately lf ‘ " 5 ewseea, 

error, are i .e r e * .' * • • « “ »»« " * *

. . . .  to a „ « i . »  of -3.= P «  « ”* •  ''h U * 

j o . i t i , .  m o r .  . 1  « . s  per « • «  » * " » “  

flow rates above 10.5  cusecs.

« „ M U «  to t»« t . « «  *■ *« “ * *“  t M
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Zlav r«**  aa& ftrros-s are caused by t&e s

frsaej velocity iatcyfssfcft** afreets, on fche ot6er >»»««, 

voota siTO rase to ttader-registration sad tfanrefare 

B9asfe£T?e Sisorepaaciea. The effect of rating ic set 12 

waiar is  afiaitfceaiy vnkaova, bat Che otter fs«6ars Sams 

iseft teseaa t s  have no appreciable influence in t&a letsnsr 

tics rassas. 2*  i&sxefpre appears ttsat st lev Trelceieies 

preseiaity effects are aasked 1>y tbose dae to Crass a»? 

Telcaity gr&aiea-fc asd yield a negative error, SSia ssa 

f 66)
SsSeed s-aSsftsntiated fay 0ti  vbo reported t&sfc iBtet-

fereace efSeats at lever veloeitiea were iosigjsifiesnfc.

Stt £s a2.se is  agjreeaeirt witSi the antbsr*a tsypafcfeeois 

efflsesassas t&« s t r s e t m  of proadrsity iisterjRsraeee «i- 

’tsneeS is  srai—section 3.23*

& t  *fee &i,3&er reloeitses, however, s  certaia <&*gree 

cr ftarSaSsace together vitft increased ««l«wsiiy fftnM&ctir r 

saS fxss# effects - «£X of vtoieli cause s«gBfc£»e arrays - 

are &?  * 5?* ?d#£*ir« error 4ae 6® sre*i»Jty

fa£ «r tM «m » • » « « < ,  W *  « « * » > »  *  * > • » « »

eras!? « « a M  raaal«<

.. , <«)■

5T*i* eX*2&(iati»& a m * *  witS <** *  fsi!4as®*

B*t*se *#«■ a  »<H* *h*«94 «rtsr» *t  ~2 . i  9*r « « *

M  *  ™ j » i M  . r  * . 5  » / » .  »«<* “ •*  w “ "  *

» * » «  -.» m m i f t r t y  « *  » « •»  «**»««*■  "  “ *

i o .  m  « »  » « »  » «  « » « ‘W  « > " » « • «  * » “ “  * '

. y <5̂ -,

'U
i _







the lower velocities.

The meters seen to be sensitive to velocity 

profile effects. Fig. 5.15 shove approximate profiles 

indicating the steep Gradients at some flow rates. The 

plot of individual meter velocities also revealed that, 

up to and slightly beyond 6*7 cueees discharge, veloci-'i 

ties , in decreasing order-of magnitude, were to be found 

at motor positions 1-2-3-5-b while at 10.5  cusses and 

above, the velocity order changed to l-2-3-'t“5 , i .e . 

it became cyclic anti-clockwise. Consequently meters 

k and 5 were subjected not only to steep velocity 

gradients- but also to a change-over in profile-forn at 

some flow M t«  botvaeu 6 .7 and 10.5 cusecs. The 

corresponding errors at these two flow rates ore -1.98 

and -0 .lt per cent.

As discussed earlier, Ott founi that proximity

interference effects were negligible in Vae velocity 

range 0 .1  to 1 m/s. 1 Since the velocity at the.above 

critical discharge is approximately"-—'i.^'hio range, the 

contribution, by .proximity effects, to an error difference 

of approximately -2 .0  and -0 .lt per cent would be small. 

Thus it seems possible!; that velocity gradient and changes 

in it were mainly responsible for the large error 

difference. ■_



Clearly^ in this particular expeiMnant, proximty-' 

interference and velocity gradient effects - tagetlM* 

with smaller contributions due to turbulence and 

supporting-frane effects - all combined to yield errors 

varying between +0 .2 2  and approximately -3»2 per cent 

in flow rate neasurements over a range «f  fe to X9.5 cuseos.

It should ba stressed he;--* that effects due to 

proximity iftjerferenee and supporting frnne also tend to 

alter the velocity profile which was shown to have sujSh 

a marked influence on «eV>r performance. This, ^gether 

with the aifference in velocity distribution aoder 

aonditiona of -bowing and flowing, is the crux of the 

problem.

56e above analysis ^uestie.-* tne validity of 

accepting the results of tjflv go-inch line tests as a 

verification of th* accuracies claimed in tlse field teotn 

at Klulocbleven, where the effects of the factors in­

volved were unknown.

In tn . field *«

. . M r .  s .T . « *  « • *  « • « • » * « » *  ■ « • « " *

d .t '.t io n . of W »  « * » « =  - W  log-line&r < M M  

fro . th . r„«d i» ,»  of .isht .»»11 «etpr. »» Bt.tion 1 - 

were the awOJUiot .recorded! the deviation from the 

flo* rate, determined Sr *jh l< .»W  «»i»S  * H  thirteen
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meters was lees than 0 .5 per cent.

Results oitftiaed froa the second current aeter 

station, equipped with four standard-sized aeters, were 

within 1 per cent of the reference at the lever flow 

rates hut differed > 7  as much as 2 per cent at the higher 

rates of flow. In theBe experiments, however, only com­

parative and not absolute accuracies vere possible; the 

current aeter results vere used as reference; The 

results at the seoosd station show thct the discrepancies 

increase at higher flow rates.probably due to the 

proximity interference and velocity grr.dient effects 

on «■*«'. srs of laruer aiameter. .

■ The meters were subjected to line pressiites 4iS

approximately 370 lt)/in . 2 and 390 lb /in . 2 ani' wore sub­

merged for more than 72 hours. •

0  . •
In recent experiments carried out S .E .t .  a.u4 ,

Swiss *86* teoaQ at Ftttschboch in Switzerland, thirteen 

identical miniature Ott current meters give results having 

Standard deviations of less than + 0 .8  per cent aruun* the,, 

means of Ilk results arranged in 21 groups. A second 

R ation  vttcb was eiaippeA with five normal-sised meters. , 

(one at the pipe centra line) gave results at the highei 

flow rates v«iafc were J"** cent ° r 4,110 r° "

ference. while the lower discharge rates yieUed results



a.ff«ctinR tie operation of current meters dictate.the 

accuracies of measurements. This analysis illustrates 

the narked influence of velocity gradient, proxiraity 

interference and frame effaets on & single ring of meters 

near a e<»lid ‘boundary vfcea nseasureneots are interpreted 

In terns of otill-water ratings. -

When thirteen current meters are arranged in three 

concentric rings, the factors discussed come into glay , 

and although, as ghotn, accuracies of * 1  g«r « B t  eaa be 

achieved wader certain conditions, such accuracy cannot 

lie guaranteed.

coscmsioflB

The foregoing factor analysis has accentuated the

i.port.nee or the difrereaae in r un  > » " * » ■  ».t»een 

eouditioaa vt toviDR and flowing. ?he ■ -thar is of the 

opiaion «IU.t « t « J .  rea.a.cb « " « U  »« •» * •«  •» 

a ccUiod by v-.ii';h ettcroat metare cast be sated in riovibg 

instead it  »t »  « « • » ,  tie indirlduM « e « r «  bains 

u r u i a l  in « .  •»■«» >» ’'»»«» « «  «”  t0 k'

It is auflG-eated Chat felly developed flo* profiles 

can be eatabliehed experimentally in a pi»e Or a floae.

1 ,  ,  „ p . r . t *  « » » » .  » •  tw bal.at

Jlo» co.pon.ata - •» be f f  ™ r f~ *  a m



sa%aa, followed ty total pressure traverses with wall 

static tappings to determine the correspendinH velocity 

profiles. Total pressure end static hole errors as 

described ia tie previous chapters must not be overlooked.

Sic next step would fee -the defceraination of now  

rates direatly by neaos oi accurate volunetrio neasuresents 

ia  a calibrates tank of suitable capacity, froia which the 

velocity profiles as determined above could he corrected. 

Applying the log—liaear law, these corrections would sinply 

soiail adjusting each individual velocity determination 

fey p pJr cent vfcere

p =_ (Vt - Vffl)lO0 , . , -

ia which = average velocities as fleteraiaeS faron 

the calibration tank, and 1

V = Mverage velocities as determined froa 

the total pressuri? traverses for each velocity profile.

At b-flis stage, accurate Telocity profiles at the 

aeswuriag section would nave Ijeejj estatlxeJied far 

corresponding rates of flow. _

^he currant jwters on »  supporting frame, or in­

dividual meters,  oaq then 'be placed in position. Toy 

eacS flow rate s particular jaeter would be satjeofced Ho 

o flov velocity fietefttitied froa tiie corresponding velocity



psoSile and meter position in the giuugiog ctoss-section, 

whereupon aeter epaede ooalii be reeordedifor diffareat 

velocities of ‘.’low at tbe actual tneter pooitions. Is  

order to assess the effect of distortion of tbe velocity 

protile due to the presence of tbe supporting frame, a 

corrected velocity profile ooula be determined at a 

section, ia tbe plane of the meter propellers, vitfc 

meters and supporting fr&ae in position* Shese veloci-ties 

ovmld then "be used, on outlined above, to calibrate'-the 

meters at various flow rates in flowing water. Initial 

experiments, based oo the above suggestions, would pio- 

>ably precipitate fusthe* development and refinement.

I f ,  as discussed in  tbe previous ebaptesa-, fatuM 

rese&r’ch can render more accurate tbe Measurement o-f total 

a»d statis pressure,this susijested calibration wet&oa 

vouia certainly 1« poaeitle. J* «» «» •“ • * « • » «  <*»* *'"> 

effeota due to factors auefc at turbulence> aupportms 

frame, oblique flov coraponenta, velocity ffraaienta,. . 

w t . r  prosi.ity interference, and W»£i.S » « 1 «  »* re~ 

flectefl aireetiy ill *  » W  *  calibrate™ al.raetorirtiee. 

It i i  al.o  p o .a iU e  Urtt «■* »«»« «“ “ « •  * « "  * t«ta t o * 

aiisaren-t ratine eharaetariatieii, aepenaiim w  iti . 

position in « pip« • *  «■” “  oroM-a.Mion "  « •  * * « ' • •  

end structure of turbulence ena anaularity Of flow, 5,'He 

i . f l u . n c .  of tie other'factor. ca» .U>o He r tn iU i  ta



ClowiaS water in accordance vith this suggested aethod.

The basie principles and factors o.tfectirtg'tii® ■/ 

operation f'nd. performance of pyopeiles-tyjn? flArrtmt KJ . . /■ 

meters hove been : nfliysail &»a suggestions-Aave Vaecs lute. 

for the poasibi*- development of more accurate. and rafijied 

tecUaiajiea for caXiDxatiott a&9. application. The

author trusts tbat those rfiil i s  of soafe. Value to research



THE KEASURBMEilg OF DISCUA5GS - THE VEBtliBI ttBIBB

iHTOrODUCTIOfl ' .

. la i&auy fields of engineer5ijis,»eafiurencnls of flow 

rets are dewundad to accuracies tax 'Aigiv«!C thaii -those . 

la'.d down by t&e various national Ota.idarSu. One .of 

’.he earliest -instrunente for neosutinfl di&charge as the 

veivtmri meter to which this ahapter in devoted.

iii Chapt-ar I ,  it was indicated that little or «o 

systematic analysis had been made of the theoretical and 

experimental factors affecting the operation of vcmturi. 

meters snd that a review o f existing•kn.awlea.e'a an flov 

through venturi meters had revealed many controversial 

points which demanded clarification and.soluti6».

' In  179T, t&e principle underlying the conversion

of energy in a converceat^i^ersent tube vaa postulated 

by Venturi who had only-' academic interest in the

KatWe’-. Clemens HeracHel t80} ««en intro ^csa  60 in- 

Btruaent fqr aeoauring the flow of vster. A netes-, 

almost identical to the aodern venturi actor, vao ori­

ginally developed by Bourdon for JBeftBurioB the flov ox



CAT) "  ■ • ■
air in m aea , ilerschel, however, vas j?rol>ably the

first to determine the flow of vater by measuring the

p M M t m  difference between main and t!iroat /pressures .

The orisinal meter theory vas based on Bercoulla,.f- 

equation an ap-plied 'to simple ona-dimensional flov. For 

incoapreasifcle fluide this yields the relationship s 

AS

ca J u - h v ■ .a_

q  *  quantity discharged;

C& * coefficient of discharge?

Aj_ « cross-sectional ar?a et ialet to the uet6r;

A2 »  cross-sectional area at venturi throat;

iip = measured pi'ssure differential, and .

0 s raasa d « » ,S y  of fluid* , ,

Departure from oae-Hiac^aional flov conditions 

a.eow>Bd, effect of shape of velacit; -orofilea, friction 

and k0W W * K V «  affects, <vnd tft. H f ’ ueac* of prounr* 

sradsanta all ae£v« to Ca a ^m »les  fm ctiw w

One of the first research workers to study factors

. « « * m  c a - v i . . .  « » • " .  <89) »”  18 15 » « • « * • *  

•to predict vaiu-s for tb *,d «< ih *tg« .ep «*fM i«t . Ho 

defitonefcraicd thwi C dcPeu*«4 ue°*» oaoug other factors.



the velocity profile at the gauging sections and. on the 

friction losses through the aetei.

Pardoe investigated the soSBifeiJi'cy’ of pre­

dicting values Cor Cd in 1 9 1 5 ,  lie calculated the totsi 

losses between the entrance and throat sections, but neg­

lected the effect of Telocity distribution vfei^b was 

sho'tfn by Gibs on to be of paramount importance.

Factors other than surface roughness were set out 

very slearly in Bef. 91 vbere test data froo different - 

countries were used for deriving eapirieal values tqr 

the discharge coefficient, without «viTtSfatinp the actual : 

effect of tbe diTferent factors involved,

A. concreteaaiva analytical approach to this protlera was 

attempted by gngel and Davies in 1938, and again

by Engel ia  1953. t93) Engel suggested correction 

factors -to account for non-uniiornUy of velocity 

distribution outaiae the boundary-layer at the neasurin/i 

sections. Be deal* vith an inpact correction factor 

to account for the snvard bending of atreanUnea ia the 

ttoavereiac portion of * * •  « » « * *  . ^  briefly mentioned 

boundary-layer growth hut ignored friction losses in 

the neter as well as adverse pressure gradients. He 

derived no w s a a i o n  for aad &i*  treat-

aent o f the so-called ‘ iapaet pressure* does not seen

L .



to to correct. •• .

la  a valuable contribution in 195l>, Hutton 

suggested a theoretical relatioaship for in -which 

be considered velocity distribution correction factors 

and losses through tlio veaturi. Inward fcetidino of 

streastliaeS » SM Tatw e  of streaalines, onfi boundary- 

layer grovtb wore not considered. Ue goiefcod out- tho 

possible effects of these factors on tbs SiucheBee ' 

coefficient, inviting further a-oalyaia &ntt reooarch.

Rivas and Shapiro ^  developed s* ta«osetilcftl 

relationsijip for tile discharge coefficient of roundsd- 

eivtyance meters. JUeir theory is based on an eff^etive 

friction length at entrance, b^ndary-layer grovth, 

and potential flow in the core outside tie t»oun4 a»y- 

layer. Although soofl. agreeaent tetveett experiBeatal and 

theoretical results vas Obtained, their aethod deals vith 

a particular type of instrument and pressure topping, 

and the authors nealected some'of the factors mentioned

fleeeotly, R »H  U 3  suGSested «. solution which h«s 

evoXed great interest. Ue Icnored oil factors in- - 

ftuMcine Cd and merely considered theoretically various 

features of flow in a throat Vouadary-lftyeri Be 

o a ^ ' a .  t M o r .t w .l  m o i u  *itk »>»■• < !»•«»«« i»



experiments on a It-mch venturi mater with which the 

author v&b associated at B.Siat. The agreeaeat was 

remarlcably good over th« laminar region, Some 

authorities argued that the solution, could hardly 1>e as 

simple aa it appeared, waile others veleteed Hall’ s '

method as a progressive approach.

The author ia of the opinion that the sere 

accumulation of aatt-ses of experimental data, without 

baeic fositor analysis and theoretical treatment, «annot 

lead to laproved accuracies m  venturi meter measurements,

2. THE VBSl’URI KBTBft PROBLEM

The above, together with the analysis in Chapter I ,

• ' clcvrXy outlines -the difficulties associated with flow, 

through contractions. This Brohlea vfae recently aptly 

foraulatea by fcngel who, to quote him ouce more, stated 

that. 4 'The main tasK ia the ne&s futwe would be Vo

• advance certain hypothesis and to confirm or refute them,

h. systematically ^arrowing down -the wide scope of con-

V '■ traSictory ^ r ^ e a t , ,  « d  «*»»» •  * « « «

insight Im v  the meohaciaa of flow tfermgb contractions'

She desire to obviate meter calibration - an

■ sLusiv* ®ball«nsing goal - “ c W J M "

l»niiv« theoretical analysis of venturi flow* sine* tfci.

x" could lead to ro la t io '^ ip *  tor predicting Cd-values -
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vithia specified limits of accuracy.

A possible theoretical expression for Cd ^hioh 

iacttrporates Hutto®* a ana Hall’ e theories aofl. Is 

addition allows for effects of turbulence and vail static 

pressure errors, could be of value in attempting to 

assess the hitherto uniaovo. influences of tte 'various . 

factors affecting-flow through venturi meters.

to this chapter, the author has analysed each of the 

controversial factors and developed a theoretical re­

lationship which gave C^-values in close agreeaent vith 

those determined experimentally, Extension of the above 

theory yielded a pesond expression C,j which is re -

commanded for future research. '

AHALYSIS OF JHE PACTOBS AFFECTIKG VEKTTOt METER OFEBATIOB

3.1

3 .a 

3 .3

3 .6 

3 ,'t 

3.0

The follovinG fetors  are analyi

Upstream pipe roughness. 

Upstream velocity profile.

2he length of straight upstream

The throat boundary-layer.

The impact pressure*

Losses over the venturi meter. 

The static preside  error.

Tarbuitfnce. - - >

pipe.



3-9 Bouadiag bi apstrean anil nhfoet entrances, - 

3 - 1 0  Upstream and taroat sapping peeitic&a and 

tbroat Jsagtb. „

?,J4. l a t e > s * i  »? Toughness. ■

t-li '.'*■•-ij> «-, Jv; lasifls edges of tbe yjreBaure

j..iS Of csti^rac’.ioa and Sifliiaion* • ■• ..

■ 1 
•■ - Kat^QiJ <?f pr#sfla3’e ta,«j#ans* - '

' ■' '* '
" ; ;  Se < tftustor i!5fflv‘-£f-'a»« '

■ . IfjSsi .‘eoa pi'Oe •ygfa&tvuXa*- efJetitS -.

l' ■ ;Et ia Lnovn. tfcttfc wins iacreseisB *»-

n.f-itif'A x-j-pe rcaghaef.'* . ScSjag ^ axpsr-stesji'tea on 

■j’Bwlaih'' ’ rougft'' ,"ipa* fcj>7 iofi fVVfelneii of 0,$jL5 aa& 

’D.'SS'S cer-’iftctW-ely1 is 4̂  , »>* tV-f Cd iBcreaseff *j>>r<>xx~ 

sately 0 . 5  pur ccn\ c~ f *•'&*, raae« »* His* SeynolSs

nwiii'gra. I • - : ■■.■." . :

?Ue r-riOH'smi- r’.'ouciness va^tf* .oi-> coefficient at

friotioa Bovs’WT afesnee *'lss*  5ne to tne

.1  I'rt.mol M p o n M  °»  H 11* ” , »1*

■rtimrt.l « » t  »  » • « «  « « " *  ■* ^ - £» el « “ ■**«»'

» * , « , * »  fcis. B .™  *  »  * -  “ **

w  « « •  ■»•>■■• *n ”  v -

:‘ -J. » i .»  M k t  trnt u t m a  = " “ " < s “ *

r, i r t » s , m  “ ” | a
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tions in>- » values of Ĉ . or Bj,- to *6  per cent for a 

3 6-inch x l£-ineh venturi meter.

It is inportant to note that upstreasi pipe rough­

ness* which tends to -vary with use and age, also affecta 

other raptor? listed aTjove. Changes in. roughness affect 

the upstrean velocity profile, which ia tarn influence C4»

I f  roughness variation is caused by iatsra&l grit de­

posits, t be pipe ccosa-sectional ares changes a.ct;orainf;l.y, 

thereby affecting C^-valnes. Hall submits that 

roughnets affects the throat boundary-layer tkickness 

vhic-Jv, according to hi» hypothesis, controls the value 

or c4-

According to Engel ^  the fora of the velocity 

profile at entrance, and therefore tbe.npstTeaa pipe •

rcnigSneos, also affects the impact jw^ssure factor.

He further pointed out that in ordtr to eliminate or 

miniaize Effects 4u-s to conditions in the approach pj/pe, 

a 'pointed’ velocity profile, having 8 *igh velocity at 

the conduit axis .must be aimed at,.

Hutton Bhovt. i that changefl in Ca, *ae tc

variation of »Pstr*as. i-ipe roughneBa, --:'.uia be eliminated 

l>y keeping® . th 0  ares xa'fcio» 1®S B °*3*

■ It M « U  necessary to devise a metfoa vbuwbjr 

• r o g u e s * ’ can He precisely * • « « *  andFnontrolleS -

E?
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a requirement which is at presejit not -satisfied.

3*2 Oga-tro&m ana Vhroat velocity profile effects

When Bernoulli's Theorem i,? applied to a venturi 

meter. the velocity teras refer to tU« nean velocities 

at the gouging sections and uniform distribution of veloci­

ty i& assumed. Correction should "be Bade for non­

uniformity in velocity distribution outside the boundary- 

lnyssr by introducing kinetic energy coefficients in the 

Bernoulli equation, when calculating experimentally 

determined C^-values. '

Engel ^  showed that it was reasonable to aseuae 

a gradual increase in dischargo coefficient tovorde unity 

as Reynolds numbers increased to 10^ or higher. Although 

nftt verified as yet, thiu is probably due to velocity 

profile chaoses. Engel also suggested that to minimise 

the affect of this factor upstream velocity profiles 

for conditions of calibration and application should be 

approximately identical. The difficulties associated 

with this requirement ip yracti<je are self-evident.

Schlag (21) reported experiments vith high, dianeter- 

ratio meters which showed that the ’ hump" in the rating 

curve disappeared when rough upstream pipes .«*e.»sed.

This factor is referred to here since the au— .

the opinion that th* 'hump' is caused in a ^-r .,wit:
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profile effect whiah, in turn, is influenced by the 

upstream pipe roughness, }

(3)
Engel suggested the desirability of a 'pointed* 

upBtreoa velocity profile in order.., to minimize the effects 

of changes in upstream pipe roughness. On the other 

hand, this vould demand an increase in the kinetic energy 

correction coefficient for tlie velocity profile at en­

trance. If  euch a '^pointed* profile should ’’le dis­

torted by upstream pipe fittings, the correction co­

efficient vould be subject to an unknown and variable 

error.

Thia velocity jxofile factor is also coupled to 

other factor effects. It is directly or indirectly re­

lated to upstream pipe roughness, Reynolds number, ■ 

approach pipe length, upstream pipe fittings, impact 

pressure and throat boundary-layer} tne effect can be 

studied theoretically and evaluated in the form Of a 

kinetic energy correction coefficient, provided that the 

upstream velocity profile is known. KJiie Js dealt with 

presently.

3 . 3  *■»,., nffect of the lenrctb of straight up8tream._E.iye

oaential to ensure a fully developed velocity
It is

profile at entrance
> the venturi and ttccorSingly the 

•  m e t  of «*» W  frcyiaim  «•



sufficient length of straight upstream approach pipe.

At R .E .L . lengths of from kS P to 77 D - depending on the 

meter size and tlie type of test l2>' < » )  - proved

satisfactory. ■

3. h ghe effect of the throat boundary-layer

In a recent paper, Hall ^  Bugeeoted that thb 

value of a discharge coefficient was determined a%&Siy 

by the throat boundary-layer thickness. The displacement 

thickness of the layer was considered analogous to a thin- 

walled uniform—bore tabe, inserted into a venturi throat, 

thereby altering the throat cross-sectional area froa A2 , 

-to A '.  Ue consequently defined the discharge coefficient

simply aa Cd = tli • which readers C. dependent 
A2 .

only on the throat boundary-layer. . ^

His theory is based on a simple sTlov a 'del. It 

is assumed that throat boundary-layer development is 

identical to that fof a flat plate with zero longitudinal 

pressure gradient, and that all the factors influencing 

the flow through a Venturi meter vouid automatically be 

embodied in the tliroot boundary-layer characteristics 

which, depending on the different factor effects, could 

be either laminar, turbulent, or both. H>-' made several 

assumptions vhich seem rather liberal and unsubstantiated. 

The approach, however, ■refreshing. nevertheless,



the degree of conformity between Hall's fcheowrtictil ' 

curves for laminar bounda.ry-la.yer flow ab4. a selected 

nuttier of U .C .L . experimental vnlueo ov*r a limited . , 

Reynolds number range, could iiardly be considered aa 

adequate verification of his assumptions.

Boundary-layer growth in a nozzle and throat in 

admittedly important, but no convincing explanation 

was submitted for neglecting the effects of the other 

factors involved. Hallos theory implies, for example, 

that losses over the meter, ss well as the effect of 

factors such as velocity profile, inpaefc pressure, 

roughness effects, turbulence and static pressure errors - 

to mention only a few - are all incorporated in the 

boundary-layer characteristics. This is clearly nil- . 

acceptable.

Op the other hand, it should be pointed out that 

this theory e&abled Hall to explain some of the irregu- 

Iw ritU s  shown by Cd v* Re calibration curves which had 

been ignored by most investiBators in the p » » .  „u u„-n's 

theory could, however* e~lso be adopted to p.„._d~ 

acceptable hypothesis as will be illuotrateu

In a stimulating discuosion of refercaae 1 . many 

leading a u t h o r it y  provided w t s l  «» ttl* tottbAtry-

layer concept, V»fc little .aexeeaent was reached con-

i



earning iti. mechejviesi a»fl. effects.

Three ,ia; ortant questions seeji -to emefRB fron th* 

above study, tamely t

3»*t.l I b the throat boundary-layer the only 

crucial factor?

3 .b . 2 Catf the -throat 'boundary-layer thickness 

be treated* theoretically, as analogo-aE 

to that fieveioj/thd on a seni-infinite flat 

plate -sri-th aero ';Vorvcit.uSi.B&l pleasure 

gradient? •• 'i1,

3»i*.3 Can the throat displacement thickness he

considered as analogous to the iatrodocticn 

of a unifera-fcore tuhe in the throat, re­

presenting th® ’ displaced4 boundary wall 

of the throat?

• Th@ a'oova questions can he aaslysed ifcus s

The author is of the opinion that the first ijuestxait 

should be answered ia the negative ‘  I *  woul^ he safer 

and a^ciieaiy logical to

effects ia association with the listed factor effects.

C o v t T m n T  » ,« »  » » « « *  to tie » .«=»*

« l . t .  * .« - .« ! .  * » ' «  ™  »«»****  “ *■ to * “  " ” * Tl‘ "-  

Xr several w * * . , 11’ thrt *  lm «tb  w »  f.r"-<'r ,ta(»
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a throat dianotejr would be required to easur? a fully 

develoyod laoinat or turtiuletrt. ooun Sari’—layer in a ventvri 

throat. (Hall used the relationship i  «t d in hie 

theoretical calculations). Secondly, the unknown 

pressure gradient in the throat affects boundary-layer 

growth and probably excludes the analogy of a seai- 

infinite flat plate with aero longitudinal pressure 

gradient. It  can also be argued that the analogy £3 

not applicable beer\se of the difference between flow 

conditions associated with ■haun&u.sy-la.yex growth ott a 

flat plate and that in a circular duct with totally 

confined flow.

Discussing Kail’ s pcper,. Hutton pointed out that it 

Bight be acceptable to write it = d for a noaale-type 

venturi aeter, bufi certainly not for a conical-type 

meter, such as the <■ . ; tested at W .V .l . Ha suagesteA . 

that a, value of * »  1,3 d would probably be sore justi­

fiable aeocrding to hi* findings described in reference 07.

In the above discussion, Bngel referred to work 

ta ,«  i>7 U .B M n n n  •« *  « * »  W6> “  »O K»««rr- iw » e™”** 

in a narrow rectangular channel fitted with an entrance 

nozale. Shis investiga^ic^ showed the* seltrt,v»*ly 

long distances were required to ensure fully developed 

laminar or turbulent boundary-layere. She author 

studied these experiments but cannot agree with Engel
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that this narrow channel node! shoved greater s-v irlarity 

to flow conditions ia a closed conduit tbftn that oYer ■« 

semi-infinite flat plate. The nere presence of a so- 

called ‘ second rigid boundary’ in the absence of  a 

pressure gradient in  fully confined flow does not seen 

to establish this nodal as a more acceptable alternative.

In the same discussion.,. Kylay and Barrow reported 

that they had applied the boundary-layer principle bat 

recommended the use of Vne moment-m itftagral equation 

instead of the semi-infinite flat plate analogy. Shis 

woulfl prooably be more correct. .

The author is  of the opinion that the flat plate 

analogy vould be applicable if  sufficient length- fot 

boundary-layer development is allowed i'n. the «.&S=njalation 

of the maximum displacement thickaeas in the ■threat. The 

effect of iauoriRB ‘the pressure gradient ia the analogy 

is not knavn, but it  certainly affects 'boundary-layer 

stability and hence the displacement thickness in both 

laminar and turbulent conditions of flow. At an -es­

tablished condition, however, a small change in d.s- 

placement thickness caused by *  pressure gradient in a 

venturi throat should have little effect on C^. 2f 

boundary-layer aontrol could ensure a turbulent throat 

boundary-layer over «  o«tir« flow range, as has been 

suggested. <X) the eesi-infinito fiat plats analogy

’ . r g - « , . I mM - - - i - _> .

•b- " • ■■ " '■ ' '



would be B.pr-2-oxiaately applicable. Question three ''' 

regnra? tlia principle of treating the displacement thici- 

ness as being o^ftl •('©us to a thin-valled tube in a 

venturi throat which, in effect* reduces th<j actual 

throat diaseter, and hence the are^'ratio n. TJii-s 

approach was suBS-eoted by the autHor at H.E.X.. in 1957} 

the idea vao never applied itnwever,because of lack of 

experimental data tt\ -the time on throat boundary-layer a 

and velocity profiles.

Under norae.1 ctavdvtions of flow in a pipe, this 

analogy would certainly apply since, according -to thte 

Pr&ndtl hypothesis, viscous influences are confined to 

developing wall boundary—layers while inviscid irr^jo- 

tional flow occurs m  an outside fluid core wmcfc 

novas forward at constant vel-oeity. - On the strength 

of its concept and definition the displacement thickness 

of a boundary-layer can therefore be considered as a« » 

internal concentric thin-wailed tube which, in effect, 

decreases the theoretical effective cross-sectional &Sca 

throv.ijb. vbich flow t&ies place. In order to evaluate 

the dinplacemettV thickness,. St is essential to know 

Whether the fli-v in a boundary-layer 5,J laran.^r or 

turbulent.

Asouwinc » laminar fcounda^y-l&yer to exist at en­

trance to a venturi aeter, this layer is subjected to ■.

, -2 3 5 -  ' '
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