MASTER

UNITED STATES F'l'E cgpvt

DEPARTMENT OF THE INTERIOR ~ BUREAU OF RECLAMATION
BUREAU OF RECLAMATION HYDRAULIC LABORATORY

NOT TO Br REMOVED +ROM #ILES

THEORETICAL CONSIDERATIONS ON DISCHARGE
MEASUREMENTS BY TEE ALLEN METHOD

Hydraulic Laboratory Report No. Hyd-33

ENGINEERING LABORATORIES BRANCH

DESIGN AND CONSTRUCTION DIVISION
DENVER, COLORADO

March 1, 1938




-THEORETICAL CONSIDERATLONS ON
'DISCHARGE MEASUREMENTS

'BY THE ALLEN METHOD

A translation of
Considerations theoriques sur 1a
mesure des debits d'eau par
la methode d'/llen

by
P. de Haller
in
‘Helvetica Physiea Acte

Vol. 3, 1%20, p. 17

Tranclated by

AEnﬁardiF, Wllsey, Assistant Engineer

U. .5, -Burean of Reclemation

Denver, Coloredo

Mhrchil.;lQSB.




K

THEORETIC/L CONSIDERATICNS O DISCHAROE MEASURELENTS
BY THYE ALLEN s»[BIHOD

Summery

Measurements of the discharge of weter by the Allen method
are affected by errors arising from the principle of the method
itself. The importance of different sources of errors and mesns of
-attenuating their effects hns besn investigated on the besis of ‘the
theory of turbulent flow.

4 new method for the determinetion of the discharze of
water, -ronceived by the smerican engineer, Cherles M. Allen, nes
been frequently used for ascme years. It is chiefly arplicuble to
measurements in cenals and pressure conduits; the memsurement is
‘simple and rapld and does not necessitete = previous c¢sllbration nor
experimental coefficients. However, it is not ahsolutely free of
errors ‘arising from the principle itself; the eim of this work is a
purely theoretical study of the method with a view %o avaluating the
possible errors independeunt of the errors in observation and those
arising from the imperfections on the apparatus. It appears possible
to reduce these errors cousiderably by modifying the spparatus. This
seems most desirable:considering the numerous advantages of & prec-
ticul nature inherent in the iller method,

i,z
The principle is as follows:

{1} A concentrated solution of salt is injected over e short
interval of time at the upper extremity of e conduit. This aolution
modifies the electricael conductivity ot the water. (2) Puirs of
electrodes, each pair being connected to = socurce of current apd to
& recording gelvanometer, are placed ut ony two sections .of & concuit.
Each peir of electrodes detects the pussage of the selt solution.

The time, T, separating these two passsges and alsc the volume, ¥,
:of the condult between the electrodes is measured. The dischurge
18 evidently:

1l 4llen, C. I, and Taylor, E. A.: The Salt-Velocity Method of
Water Measurement; Trans. american Society of Mechanicel En-
gineers, vol. 45, 1923.

2 Miller: Die Salzgescwhindigeits-Methode von Allen; Schweizerische
Bauzeitung; vol. 87, Jan. 23, 1926.




r'l/‘

However, the solution forms o cloud waich occupilis a
certain volume within the conduit. The deflections of the galva-
nometers will not be instantoneous, but will occupy a certein time;

hence the determination of T presents an uncertainty.

« ¥
Q T

Allen overcame this difficulty in the following fashion:
Let A (figure 1) be the ourve recorded by a galvanometer during the
rassage of the solution pdst the first pair of electrodes and let B
be a similar curve for the second pair of electrodes. The centers
af gravity Ty and Tp of the two cross-hatched arems are determinad:
the time separating these two points will be the time, T, to intro-
duce 1inhto the formula.

This procedure is justified. Briefly, in order to deter-
mine the discharge, it is necessary to determine the nverage velooity
of the water. Illowever, the average velocity of a deformable body is
equel to the veloeity of its center of gravity. It will suffice there-
fore to determine the instants that the center of gravity of the cloud
formed by the solution passes by the electrodes at 1 and at 2 (figure 2).

Suppose now that an idenl pair of elecetrodes is placed at
e section whose abscigsa is x;. These electrodes will occupy the
entire section of the conduits and their conductivity is constent
et all points. Such electrodes can be conceived as $we trellises
nade up of very thin conductors. These trellises are very close
to one another and in ho way disturb the free flow of the liquid.
They are insulated electrically from one another vnd are subjected
to a constant difference of potentiel. At the pastage of the eloud
formed by the solution, a current is set up betweeneach pair of
electrodes. If the concentration and conseguently the conductivity
of the solution is constant, this current will be directly proportional
to the area, S, of the cloud at the plane of each pair of electrodes,
or . :
L =S

Suppose in addition that during a passage by a pair of
electrodes, the cloud is not deformed, that is to say, the velocity,
v, at every point of the cloud is the same. In order to sinplify
the reasoning, it pay be assumed that the cloud is stationary and
that the first pair of electrodes is displaced with u velocity, v.
Then

x-X =v(t-T); dx= vdt




where X; = the abscissa of the center of grevity of the cloud., Also
j; ()"" ji;) S dx = o

Combining we have

2
L S(x-Xde.x =0 = 1i(t-T )de

t(t-T)dt =0

This showz clearly that T3 is the sbscisss of the center of gravity
of the curve recorded by the galvancmeter.

The same reascning applies to the second pair of slec-
trodes at the section whose abacisse is X5. Allen's procedure is
therefore correct, providing the following three ceonditions sre
satiefied:

(1) The velocity of every particle constituting the eloud
remalns constant. In other words, the cloud is not deformed between
the two peirs of elsctrodes.

(2) The electrodes are nets which occupy the entire section of
the conduit end do not disturb the flow of weter; they have & constant
conductivity et every point.

(2) The sconcentretion is constant at every point of the cloud.

Prectically none of these three conditions is satisfied;
the first, because the particles inp the neighborhood of the walls
of the conduit mre held back, end, in conseyusence, the velocity of
flow in this region is different from that which obtains et the
center of the condult; the second, because such electrodes cannot
possibly be made and, hence, present considerable resistence to
the flow; and the third, because, even though it were pasgible to
obtein & fairly constant concentration of the cloud at the moment® of
injection, diffusion will jyuickly modify this condition,

Therefore, there ere three scurces of error independent of
one arother and ell of which can influence the results of messurements.




We shall now attempt to estimate their effect.

First of sll, let us essume that conditions (2} end (I)
are sgtisfied and attempt to evaluste the mrxor srising from the
deformetion of the cloud. This deformation is due tu the fect that
the velocity of flow is not u« constant at every point on & diemeter
of the conduit. We know that in the case of lamibar flow, the dis-
tridution of velocity is parabolic, zero at the walls, and maximum
.at the center. Turbulent flow in pressure copdult differs from
laminar f£flow in that the peth of a fluid particle is no longer o
etreight line but an irregular line ocacillsting back and forth in
‘all directions withcut, in the meantime, going astray very far.
Diffuslon and the viscosity both increuse in intensity; the velce=-
ities 0f flow thet are used in calculetions are not the lmstantaneous
values but ere the mean vgluss depending on . certain intervsl of
time, The genersl principles of leminar flow e£re slsc epplicable
to turbulent flow, Only the muuerical constante differ. .In partion-
lar, the diatribution of velouclity on a diamntei of the -conduit is
no longer a parabola; it is genermlly admitted™ thet it mey be repre=~
sented by the formule:

where u, = the velocity at the center of the corduit and n is an

ezponeng which varies within certein limits depending oa the locel

conditions @nd eépecislly on Reynolds' Number,{®)= UD, 1/ being
' v

+he kinematic wiacosity,

Consider now a cylindricel pipe whoge diemeter is I » 2R.
A 8alt solutiorn is injected at point x = 0 and et the time t =0
(fig. 3)s The molution first forms a clcud bounded by two parallel
planes et a distance, e, apart; let v be the veloelty of eny point
P.on the fropt of the cloud at a distence r from the exis of the
pipe. Tkis front hes & tendency io deform hecause of the difference
of velocity between adjacent points op the front. At some instent,
t, the displacement of P can be represented by the equation:

X = v
1 :Randbueh der Physik (Geiger und Scheel) wol. 7, p. 144, J.
Springer, Berlin, 1927
Karman, T. v; Zeitsehrift flir angewandte Mathamatik und ifechanik,




where v has the value indicated by eguation(lf; introducing this, we
heve .

mn r‘.ﬁ.

The plane at X cuts the fromt of the cloud in the following circle

of radius r':
_ "
r = R [l - ____X.) ]
u,t | (2)

It cuts the back of the cloud in a cirele of radius r" or

r‘"z = R? [I - (Xﬁ-e )“

Ug t

(3)

#ocording to the assuned conditionse, the current pmssing
‘between a palr of electrodes is simply proportiomal to the eres of
the cluud et the plane X; or 1 » & S. S is evidently:

S=n (:”’2 - '_,,E! )

Therefore the equation for the curve recorded by the gulvanometer is

R (E)0- )]

The abacissa of the center of gravity, Tl' is defined as

follows:

. . fitde

w—

{lat




:'I'horerbro

T.s(X+

* Tpunalator's Bobe,

The integretion may be parfomd a8 Tollows: Chenge the limits
of the first integral, thus. ' ‘
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(CEEe
xmo

T +e
Uo

We pow have three inmtegrals., Combine the two heving the same limits
and rewrite with the third integral, thus

+€
© % -

¥ ™
‘X'E_; 2-‘/‘49

o
Integrating and substituting the limits we have

Ue /

X\ X, X,
() T +(% 5 - z)(me)n-z +4(3=

X

- %( E;)z + z¢= ) (h—-Z)(x +e)‘h 2 \ Uo ) (h _2)(

Simplifying, we bove

¥+e) .4 Xﬁe) (__ -
'V\"'z . « —_—-

Further simplification gives

, -~ N2 , 'f.‘_'l
(\E'CF) ( 2 T w2, ( Ued \ 2 * A2,




An enmlogous calculetion for the second electrods at the
ebseissa X, gives:

, A~
=( X 5%')Tj1

Therefore the average veloeity of flow, Ugs ‘cOrresponding to that
‘messured by the illen method will be: '

U, = filz:-fEE‘ = ::1::25 U,

-f(:e )

‘The true mean veloeity, T, dsducﬁed from the law of the distribution
of wvelacity 1is

I;'.‘;l‘ranslator'.s note.
The .uversge veleocity is computed from




‘The reletive error defined by

Ua—U

€= no2 o =« =

m=L M | n(n-t) | | "Ji(JB‘:')'-.--»C

. ' This error is negative, thet ig to 8&y, the method of illen -
will ;give results thet are too .smell. The error rises repidly to O
for increasing ‘values of n. For n = 7, whieh is & freguent mean, this
-@rror is minus 4.8 pervent (fig. 4). . : ‘

_ . For .an n less than 2, formula {8) ceases to be valid,, This
‘ariseg from the fact that the curve 1 is e function of t. Referring
%o figure 5 it is seen tbet for velues of n less then 7 » the curve
FTlattens out .80 mueh thet the inteiral

Vit at

‘0eases 40 have & meaning for:n T2 . A8 @ result, we have the ,
-paradox that for lemipar flow :corresponding to n = 1, aecording to
equation (8) Allen's method is not appliceble, In ‘practice this is
ot the case. Actually, we.are obliged to insulate eleotrically the
.electrodes from the walls .of the ppips; therefore, the electrodes do
:not :oecupy all .of ‘the.area of the .conduit and therefors 4o J0t record

L A




the'passage<ofzthe.slowly'moving:particles in the .immediste neighbor-
-hood of the walls,. It ig Drecisely these perticles which -are the
cause of the spreading out of the curve of tue ‘eurreant for smgl)
“velues of n, We £hall mow ‘study in more :detail ‘the design of alece
trodes. ‘ ' ‘ , ; -

‘Toks the case where .cordition 2 is no longer sstisfied. The.
-electrode will Lave .such s form that it is symmetricel with ‘Tesrpect
‘to 'the ‘nxis of the pipe., TIts ‘contribution to the ‘current is there-.
fore u funetion of the radiug 1. ‘ ' -

Let .di ‘be ‘the .current ‘pessing ébetwaenvcorrespond?i‘ng elements
of area, dS, ‘on.e puir of elsctrodes. Referring to fizure 6, we .
‘shull have ‘then o ' o

dit =ods

‘O and d9 "both';be'ing functions of r. The total acurrent._:'i will be _
rexpresazed by: - - I L
.

el

jads =g (e)r(em)

r' and r"have here the Sems .meaning «s in the preceding discussion,
But with e redistribution of welogity rt is uniguely -a functiorp .of
and " of a&l‘f_ -+ The equstion of the curve recorded by the

",\%c-:b o - N

gelvorometer is tlherefore




, ... 'The ‘abscissa -of the center of gravity of the curve of the
‘eurrent .can be written es rollows: :

. —r' - S( + 2 )e » “ ; wheve Y= LP ( X' )
5;3‘ dy . Ut

@) a8 it is easily seen, 1s proportionsl tot or

t
o

e, =e

- ‘The two integrals have -the limits:




‘Tharefore,

we ‘have:

(108) |

Since the limits of ithe integrals 1;93;10 snd 105 are the Bame, we -
can put ' i




.and :hence

‘The averege welocity T, ‘is:

This meau:velocityfdoes;not'depend:solely<on the fomm of
the -electrodez ard on theadistributioninr:velocitx,:both:ot these
quantities being contained in ‘the fuctor K, ‘but also or the loca-
tion of the.elsctrodss in :the conduits,

One type-of electrode frequently used is .shown in figure @:
Two :iron plates of .width b are .placed e :shert distance epart and
along & diemeter of the pipe, their distance-apart:diminiahing
linearly :from thefcanter:of:the,pipe‘tO‘the,warla.

Ehe.elamant:or~current=di;isfharq, approximately

di = o = dr

and since




‘By mekiog the sene assumptions -as heretorore concerning ‘the di8tribu-
*tion of velocity, we have :

The ‘function rﬂ) ‘in this cuse is

W)= o) 2

-and , therefore:

U o

€ =

4in which K 1s computed a8 defined .«bove,

We have -determined thie coefficient, K, -and -the correspond-
Aing error graphically for different velues :of .n-and for 84/8y = 5.
The exror ‘is gtill negative end inveriaoly grester than -that obtaoin-
ed .with ideal electrodes as -defined by -condition:2 (fig. 4). How~
.ever, for smell veluss of -the ratio eyfey the error is small. It
incressges for ilncreasing valuaes of Eﬂ_asfis:shown in figure ‘9 which

a ,

As plotted for n =7, 1

Let :us now take the generel case where :the .elsctrodes do
not occupy the entire diesmeter of the pipe. 'This meens that Tor
redii, x, lerger then-e certain. radius, Lo the contrivution to
the current is:0.

JIntegral 9 for the value of the current 1. will therafore
‘buve the following Llimits:




W and et if T Ty

" and v, 1if ‘-r""é Ty

This reans ‘that .in figure 7 curves y and ¥ will mot ‘pass
‘beyond ‘the rordincte y,. ‘It ‘is .necessary to deterniine ‘the center :of
‘gravity ‘of the amer ABCD. 'This .celeulation is ‘artirely enalogous
to the one nmade .uhov_e. '"The ‘coafficient 'K is now defined ‘by
z

o - ¥

§4 ¢iz)az

K
y
t

- {15)

o4

‘Where Zp :is obtained .from the reletion

:Let us apply this to the ideal electrodes for which .

- vy -] %|._'Z:*a

= o {_[__Zm-l

a

For x, =R, Z, =.0, and

-— . ——

" -2,

_ n il
K

Using this velue in squation {14) will .r
‘which -agress .with equation (8).

esult in an expression




For vy =0, Ly =1, K=1, and ?.Ua - ug.

Elgure'ld:showa'the:errorrg,as’a.functionror“rh‘ror‘n‘-'ﬂu
for ‘both ideal and -ordinary ‘electrodes with -ap « 5,

2y

Starting from r,/R = 1, it is seen thet, &t first, the
-arror decreuses rapidly. It,paases:through.o-When-ra'niomgsiR,
then .becomes positive :and ctteine its maximum walue for rg =0 .
‘when ‘the electrodes are reduced to :points und'the'malocity‘obtainéd
is-evidently ‘that which -obtains -at this ppoint, that is to 88y, ug.

This suggests & study of ‘the cage wherse this point -electrode
Ansteud ‘'of being placed at the center of the pipe is pleced at a dis-
tance rp from the axis. Iset us in particular search for the distancs
rp for which the error is:0.

The neture of the curve Tecorded by the .galvonometer is .now -
dirferent. .t the moment when the fronmt .of the .cloud reachee the
.electrode, the current pesses rapldly to & certein value, remsins
constent during the passing arnd falls vepidly $o0 0. The asymptotie
teil :is therefore elimineted. Such .z tall mikes the determinstion
0T 'the conter of gruvity difficult (fig. 1l4). :On condition that‘rp :
13 the seme for the two pairs of electrodes, we hauve simply: o

v (Tz_"T) =%, -X, where U, =v

-and since

T B -y
| = A N =
l“} " 1 °

in order that the error be: 0, it is necessary that Ug =.U, ox.

a- S AT
e nH

{17y



This distance Ty varies very little -relative to m (fig. 1l).
It may thersfore be .expected thot given e zero -exror for o = 7, the
error for.a velue of rp remeins mmall if the distribution:of velooity 'is
differsnt from that defined for n = 7. Figurs 12 :shows that this
error 1s less than 1 percent for wll values of n greater then n = 4;
41t is insignificent for velues of'n greater then 7.

We have assumed up ‘to now that the concentration wes the same
at £ll pointe of the cloud formed by the solution. ‘

In fact, even though a constant :concentration is realized
at the moment of the injection of the solution, :diffusion will temd
to disburse the cloud -so0 that 1ts boundery will be .less and less well
defined. It mey be foreseen that & first effect.of this:diffusion
will be to round the sherp asngles of the theorstical curve recorded
by the gamlvancmeter. Thus, it approaches neerer to the .curve record-
ad experimentslly.

Diffusion in & regime of :turbulent flow is not simply &
phenomenam that is purely molecular -as 1%.is in the eese of a fluid
at rest, The particles are-transported by an irregular movement
{turbulent ) which has & ¢considerably greeter amplitude than molecular
motion. Their speciul properties, electrical conductivity, temper-
ature, and momentum are #lso -chenged. It 1s therefore ths :same
mechanism which governs diffusion that also governs ‘the thermal
conductivity, the viscosity, ete.l

Lot us imegine now'a quantity G somehow uttached to -each
particle and whose value varies from one point to enother. 'The
gmount of the yuantity G passing per unit of time acroas e unit .of
aree will :be -

ngéL- = é;=§!§é

gé%being the gradient -of the varietion of -G dlong the normal 1o
the element of ares, and the cosfficient of diffusion, £ , baing
a -uentity independent of the nature of .G. ' .

If G is the momentum ;fbv., a'éeg is the tangential force

by definition.eyusal toiﬂng%iwhere n is the coefficient of wvis-

cosity. From this: ;P5 =7 s = %

1 Handbuch der Fhysik, vol VII, p. 138

17




‘ ' Wie ‘arrive, 'therefore,. :ut ‘the ‘inportaut ‘result ‘that ‘the
-coafficient of diffusionzis:equélatotthsrrntio;orm(mheicdetnicienx
,of;viscosityfto'the'dendityfntwtheﬁrlﬁi&; 'The :coefficient of i
tviscbeityyﬁqtgﬂisinnt-the:seﬁéﬁaaithat;ohtainaﬂﬁby'miaunsimatnr'7f'2
‘measuremsnts and ‘may bssaeveralftimeafgreater, -I% ‘is an-appaprent
cosfficient analogousftofthsfﬂturbﬁlanue".intrnducea?by:BousdineaqL

Ina cichlar:pipe,fthe:tangantiglrrorcs,ﬁC,.3is:not ,
-.eonstant at‘GVEry,pointadf‘u‘transvarnezaectiqn;.it'wnyﬁbptqasily
'shown that dtwis;prqpqrtionletO‘thaﬂradiua;1this.ia:axconsaquanna '
‘orithefractﬂthatithefpresaure“should:berconstantaon:dll;ﬁlanss '
;perpandicularatOtthEsaxis.nrathe'pipe. We ‘bave: o

-Agsuning thatltheadistributiohaor‘velocity-can?bafexpreshed?hy:tha'
-equation v _ : ‘ :

we hove o | L

. ; f nr

: 5' " '2“.)‘%7 . "“‘. A
T ee— ,__u - qp— A T R i R .
CAS B - LR 2

Tromwhich we obtedin

r -iz:'?ﬁsﬁiz {4 erqyiﬂﬁ

The loss or.pressure1per,unitrof,leﬁg§h_ﬁs

=10
N

AN P w7 -4




:where U is the-mein velocity of flow:and.D the diametar of ‘the
-eonduit. Blesius" gives the following ‘axpression for :&;:

Y Y
A= 0.3b\ o %i--: Reynolds’ Numoer

‘The coefficient .of ‘diffusion is computed to be,

£o/

S =©.0605 'U (“‘ %ﬂ.

 Roughly,.Rsynn1d§"mumherzia of “the -order of 105,:hhﬁﬂe a

.
§= ~1alo v(a R,,,)h

.

This .is more'th&n'zgaooitimas'the'#ulueaofftheacoefficieﬁt of ‘@iffu-
- sion for still .water.

The fact that §is a function of ¥ mekes it possible to
. : R '

find.a general solution of ‘the problem. Howevayr, :in -order to obtain some
‘ddes of the importance .of diffusion, we assums that it does act .
only elong the axis of -the: Pipe, thus we meglect diffusion-along a8
‘radius, ‘This redial diffusion is probably -emell beceuss .at the -osn-
‘ter-of the pipe where the ccefficient -of diffusion .is lerge, :the
-gradient of ‘the.conventration of the solution :is:emall, in.conse-
quence:of the. srmmntry, -and, ‘inversely, -in -the Beighborhood of
the walls where the concentration gredieat is: high, the Loeffxcient
saf ‘difTfusion. is ampll, .

hssuming that ‘the . difxusion 18 purely axiael, the equaxicn
of the problem is .

51‘;thdbuch'dar;Phxaik,zvol.'NIiT;p,flﬂo-,

P a




& 3 C’.
;:_3’\_‘_1:.. T

and its Zeneral solution :-cén -be writteniin ‘the :’I‘or{ﬁl

5

a><2

-—(5(4' S)a i
At

-F (x) belm the redistritution of :the . concentration at the f;jm

.- 0.-tm3 moment of ‘injection. . At

‘this:ipstent, the- cloud ,15 bound-f
8d . by two paraliel . planes: at-a distance, e, apert. .Therefore ‘f :{x).
wis asg’ i‘ollows- ' : . S o

‘for -9/2 L4 &L 0/2 ifR) —ceg
for x¢ —0/2 and -x .y -9/2 Lix) -0

.and. a;uation (20) becomes:

-Courent and Hilbezti : .‘uat;noden der mathemat‘~
~of Mathenatical Lh's«rs;j.csl) L, p. 81, T.: Syringer, ‘Berlin.

Jahnke and Eude: Funztionentafeln it ;Formeln.und. furven (Tablas I
cof :Funetions . wi’ch F@mulas and Carves), B. LGf,' ‘laubner, m.lpzig,

L¢28. :

achm Phya 1k 1 Iuiethods




- : S R S
~ :By’introducing Hinto -this ‘equation ‘the wvelue of & ccalw
-eulated abova’andaby;ﬁlading;x-n&vtiinﬂordar;zoitakqﬁinto;gcccunt;w
:thewderormationforfthe-cloud,“wefcanfcﬁlculata%thegcbnceﬂtr&tion};

at each .instent ‘at-each point .of ‘the pipe-anﬂgtrqmaﬁnisift=is

-easy:to&determine:xhefcurrent:paaaing hetweenra:pdirfdr;éleotrodea
&3 .a function of the time, e o

_ ;It‘13'hardlyﬂpossiblattofdrawjgenéral;dbnniusfdns;heza.'
;wﬁ—shﬂllaconrine:oursalvésLto,the-computation:qr%a&npmsricél'.J;
gexample«givenfthe,rdllowing: o “‘i_‘ éw

‘Dlameter of the pipe  D.= ‘G.5:msters (18.0 feet) < 0
--Meanavelodityss¥v‘=-3;1;meters-perfsecondibloga;feet;perfseconﬂ) '

-Time ‘of ‘injection .= 0,97 .secon 8 o
‘Lengths :of the:cloud =.e =.3:meters (9.8 feat’)

: . ﬂIhefrirét:pair;or.electrddea,iSfﬁlaeéd at“17 xmeters (55.8
‘feet), the second*atiséumetersg&l??tfeat):rromzthe‘sectionuat-which
*the:sdlution'is-iﬂjeoted. ' T LT

‘The :coefficient of Aiffusion {s:

S [q YRN8y
§=8(1—- &) '
WAAYE :580'2'0."_0'250_53111\ ""V - ot

: ‘ B, '
® =iqesx0’ 8= 1005 €M fec.

‘Flgure 14 shows the cuzve of the current such .as would ‘be ‘récorded
by & point electrode placed.at a distanue=:p:u‘O.BRsfrdmﬁtheaaxigg*
‘of :the p4pe.'%Itsis'seen;thatuthe-nirfusioniservas *o round: -the
-angles and togelongatetthercurveawithout,;howeven.adisplacing o
;gpprec;ably*the-center-or‘gravity. ' _— A

5In4figura;lﬁ;arﬂ;shoun‘curves:such¢as‘wouldlbextecordsd

;byaalectroﬁss:occupying;the:whqle?aeotion.orfthe;pxpe.,LEere%agaiq,
:the=diffuaion‘does-nof?hnvegailurgeminﬁluenca,‘;Calculatiﬁns:basad'
;ontzhesa'twu;curves.fthuszﬁnking:into;acbountztheﬁdiffusion.;shaw:
;a:vélocity:ortflowfwhOSe;maanavalue*is:ZQBB;msters‘perrsecondTEB;Zl“
'reet,per;second).whichfis;dirfarentvbyacazﬁpexcent,fram;thst;pna-l
dieharbw:thelelamenta:y.theogx,:andfthiaadirferpﬁﬂe;iq, mORROYOY,
flassvthan.the:praeisionsot»calcnlaticn. ] - o

jIn1sp1tesor;the;highavalﬁe;af:the:onatf;éienxsof;airfusion
‘inlthiS;particular?oasg.«tha;dtffusion;dogs1not;qu;£y;aansibly.’ '
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the numericsl resvlts obtained heretofore. -On the contrary, it
-reprasents the trua;phanumenon:much'more‘exaotly,:aaiis'shownfby

‘the third curve of figure 15, which “i8 !taken from a recording of
‘Wwhich :figure 1€ .is an-exast ‘copy. ‘This racord has been chtsined
-dn‘the ‘course of tesis on a pipe Which .sutisfiss -approximstely .

“the ‘conditions which we ‘have ‘aduitted; in regard to ‘the ‘theoretieal
curve,eevsn’thﬁughfitﬁia.not'abadlutelyfidenticalato>that‘wnioh T
we could hape to-expect, -at least’itfahons:a‘similarityforacharadter :

which leads us to think that ocur Teasoning is wvalid.

‘Canclusionsa,

A8 a basgils -for this atudy;»we.haverassumﬁﬁ~that:the:apparg-
tus necessary fcr applying the Allen:method, ‘funotions ‘in an ir-
-reproschable and theoretically perfect manner. This being admitted,
we~havexshownitha$'tha“variousaerrorsuubich may oceur dapsnd .essan-
‘tlally on the velocity distribution -dlong e diemetar of s conduis
‘and “the form:of ‘the elestrodes. It 'is-thevretically pessitle, .given
aaLlaw:for‘thewvalocity'distribution,'tn choose e form of elactrods
-8uch that the error is:0. But if the onbicipated distribution A8
not .realized, an error reappearva, ‘We .arrive, ‘therefors, at the'con-
‘elusion thet in order to.meke relisbls meesurements, it ‘18 necessary
"to ‘know this distribution of velosity. . ' -

“The form -of elestrode which gives theorstically ‘the best
-results, 'is. a point elsctrode placed at & -distence -from 0.75R to .
‘0.8R :Trom ‘the exis -of ‘the cunduit; .as ws have seen, large differensces
‘in‘the wvelocity distribution cccasion-only s minimunm error, .on
- condition, howsvar, :that ths Tlow is perfectly.symmetrical.

‘Some very careful megsurements made on g -conduit .of =

‘large power plent have shown that -this 18 not generelly :the sase,
'The :section -of measurement ‘was in the middle reaah -of u :atraight
:pipe 220 meters (722.Test) long. Consequently, it was very favor~
-ably :situsted. Messurements hed 'been made, uging ‘Bufourts current
" ‘mater method, -at 38 points distributed along two diemsters perpendi-
‘eular to.each other. fThe distridbution .of velocity was found to be
‘unsymmetrical, more =m0 slopg e horizontal diamater than elong a
‘vertical diemeter. The results of four memsurements made at the ‘
-same distence from the axis on .both horizontel and verticdl .dimmeters,
differed from such other by more jthan 4 perceant; nevertheless, their
mean ‘18 almost exactly ‘the game.as that given by formula (1) whish
‘we ‘have used, -n-Will have the-following values corresponding 4o
*theuvelacitylor,rlow_at:thﬁ;canter_or«theﬁccnduita,;uoz :




0

/8ac,

R

0.81 5,68 1.51:x 105
1.39 5.80 2.61 x 108
2.22 6:50 4423 x 10
2,86 6475 4.9 x 106

#ith such an unsymmetrical velocity distribution the Allen -
method, :utilizing point slectrodes, will give very uncertain raesults,
It will ‘be praferable, therefore, 0 use annular electrodes ‘whose
radius is :0.77R :(fig. 17). The wveloelty which will be meesurs@
Will ‘ot ‘be exactly ‘the average velocity at each point .of this -elec~
trode, hit an approximate velue whick, in this particuler case, will
differ by only 0.3 percent,

We ‘have .shown that:even by assuming the most favorsble
-conditions as to the unifoxmity of the .flow, the perfect function-
ding of ‘the apparatus, ete., Allen's method leads +o results which
-arse :aubject to errors, whose msgnitude, ;however, 4is ruarely possible -
%0 predict but which -can be expected to -emount 10 :several percent.
A8 ‘regards the flow ‘phenomens , .we have used the minimum -of .erbitrary
-assunptions. It may be objected that the initizl form of #he reloud
-1s not as:simple as we huve assumed; in this cage, however, our
Teasoning leads to the same .generel results. The mmericsl osleuls-
‘tions given have cnly the wvslue of an example; It will e perfectly
Allusory fo .ask them to servs ms.correct axperimentdl resulte,

‘Small scsle laboretory tests have shown e very good agree-
‘ment between measurements by ‘the Allen method ‘and weir measurements.
It is therefore probable thei the sources .of .error thet we hava
rointed out are not the only omes: and it is pessible that ‘tha ‘differ~ .
-ent .exrors neutralize each other. : : '

Fhatever 'the .case may be, this method does ot appear %0
be above all eriticisw., Certainiy it should be possible to find
Bome arrangemsnt of and ‘some formof electrods -‘such ‘that the error
is reduced to .o minimum. Furthermoze, ithe apparatus actuelly in
uge ‘15 -suseeptible 1o considersdle improvement. On the other hand,
the ‘4llen method possesses the mors -essential advanteges. Most
- Amportant of £1l, it permits the making of .a lerger number .cf measure-
ments in-a short period .of time. Thus, even ‘in ‘its present form, it
48 .0of .great service sech tims that it will .suffice o know the dia-
charge to.s .few percent. Only e large number «of :comparable tests ‘
- covering e wide range of .conditions will diaclose whether or not it is
:also -applicable ‘to sases whare .a high degree of precision 4e reguired.
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We wish to thank the ‘Chief Engineer,ackerst, for the
numerous Suggestions that he has mnde 'lp the course of the -elab-
oration of this worke. o
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