
SEPTEMBER 12TH, 1918. 

A METHOD OF CALIBRATING A SHARP-EDGED ORIFICE 
USED FOR DETERMINING THE FLOW OF AIR. 

HERBER'r J. SWAIN, B.A., B.Sc., B.E ., A.M.I. Mech. E . 
Late 1851 Science Research Scholar . 

BIBLIOGRAPHY. 

Weisbach : Der Civiiingenieur, Vol. .5, 1859. 

Fleigner: Del' Civilingenieur, Vol. 20. 

Durley: Am. Soc. Mech. Eng., Vol. 27, 1906. 

Moss : "'Power," Sept. 20 al~d 27, 1906. 

Hirn: Annales de Chimie et de Physique, 1 86. 

MillIeI': Zeitschrift des Yer-cins deutscher Ingenieure. 
190B. 

---- Watson : Inst. Mech. Eng., 1918. 

Dalby : Engineering, 1910. 

The methods available for the determination of the 
quantity of air supplied for any particular purpose may be 
summarised as follows :- (1) Meters, (2) Orifices, (3) 
H eater . These methods may be further subdivided as 
shewn in Fig. I. 

Volume Meters.- 'l'hese are of two kind, wet and dry. 
The former are gener ally· restricted to small quantities, on 
account 'of their dimensions. Some forms of dry meters are 
very uitable for large volume mea urements, and are made 
in size capable of dealing with 100,000 c. feet of air per 
hour. This type of dry meter consists of a short vertical 
tube in which an anemometer i fitted, and which drives a 
uitable et of dials or other recording gear. 
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. Velocity meters are very suitable for continuous work
ing, and may readily be arranged, with r ecording 
gear, to take either a contilluous or intermittent record of 
the flow. The use of heater methods is quite possible; in 
fact, an electric gas meter has been designed. It con
sists of a series of resistance frames placed across the flow 
of the gas, and the variation of the resistance of these coils 
when a constant E.M.F. is maintained across the terminals 
gives a means of measuring the quantity of gas used. 

Any heating method is open to the objection that the air 
in pa ing through the meter i appreciably heated, with a 
consequent increase in volume. 
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In any method for determining the quantity of air sup
plied, the following data is required :-(a) Temperature; 
(b) pressure, and (c) humidity. 

The orifice method is a very simple one, and can be 
adapted to suit a very wide range of conditions and, pro
vided it is carefully calibrated, will give results correct to 
about 1 per cent. 

The information available on the calibration of orifices 
is confined principally to the experiments of Wei bach, 
1859; Hirn, 1886; Fleigner, 1859; Durley, 1906 ; Watson, 
1910 ; Milller , 1908. 

The work of Durley, Watson and Milller is the most 
recent, but unfortunately in each case a different type of 
oriJice was used, and consequently the results are not com
parable. The orifices used by Prof. Durley consisted of 
parallel holes bored through brass plates, having a constant 
thickness of 0.0571 in. just near the orifice. Such orifices 
are, .strictly speaking, short tubes of constant length 0.0571 
in ., and with a varying ratio of diameter to length, and 
therefore the results of one orifice are not comparable with" 
another one, for in order to get similar stream line flow it 
is essential that there should be geometric similari ty be
tween the various orifices, e.g., take 5-16 orifice length is 
0.0571 in. ; 4! orifice length is 0.0571 in.; i.e., ratio of" 
len~h to diameter is in one case over 14 times what it i in 
the other. 

The orifices used by Dr. Watson were parallel p oles in 
thin plates ; whilst those by MUller were champhered at an 
a;pgle of 45 deg., out had a small portion parallel for a 
lengt~ of .004 in. 

From these particulars it is clear that there is not geo
metric similarity between these various orifices. One reason 
why such orifices have been made is on account ' of the sup
posed ease of reproduction. Prof. Durley stated that, as the 
diameter of the orifice is increased the coefficient is de-
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-ore a ed. It will be remembered in the ca e of orifice for 
water that with parallel holes thei'e is a tendency to wet the 
front · edge of the orifice, and, if this doe happen the coeffi
-cient is m.uch higher. A somewhat simil.ar effect .occurs in 
t he case of air, and is the cause of the higher coefficients 
with the smaller diameter orifices design d by Durley. 

TIJ e' use of sharp-edged orifices removes the objection due 
to geometric dissimilarity, provided. the angle of champher
jng is constant. They are fairly easy to make, .and may be 
made of .ample thickness to avoid any bre'athing action. 
The angle of champhering is usually 45 degrees. 

Some time ago I had occasion t o determine the velocity 
of the air supplied to a piece of apparatus, and decided to 
~se a sharp-edged type. I was unable to get any informa
tion concerning their calibration, and finally decided it 
would be desirable to undertake the work. 

There are several methods that were possible, e.g., a 
hoil er could have been filled with air under known condi
t ions of pressure and temperature, and then allowed to 
.expand in suitable pipes, etc., with provision for maintain
ing a constant temperature, and finally escape through the 
,orifice. The pore snre and temperatqre readings would give 
~ measure of t~e volume discharged, and, the pressure and 
-temperature readjngs neal' the orifice would give the C011-

.ditions ~?Ci sting ,th,ere, from which the necessary data could 
b e. determined. 

The method I adopted was as follows :-A known quan
tity of CO2 gas was mixed with the stream of air, and at 
-some convenient position an average sample, of the mixed 
gas and air was taken and analysed. The actual volume 
of air flowing could be determined from the quantity of 

'CO'~ admitted to the stream, and the amount . obtained in 
the analysis: 

This method gave fairly good re ult , and I have called 
it the Gas Shunt· method of caiihrat ion. The idea occurred 
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to me after reading an account of a method of gauging a 
r iver , which was as follows :-A known quantity of a salt 
was mixed with the river water, at some · selected position 
up stream, and at the required position for gauging, a 
sample of water was taken and analysed. From this analy
sis, and the total quantity of the salt added, the volume of 
the stream was readily obtained. This is rather a crude 
system compared with the refinea methgds now adopted, 
but I understand they gave fairly good results. 

The apparatus for this investigation was as follows :
A 10 in. Sturtevant blower, driven by a 2 H.P. electric 

motor, was provided on its suction side with a wooden box, 
1ft. 6in. square by 2ft. 6in. long, in the end of which the 
orifices could be fitted. On the delivery side of the blower 
the air was passed through a length of piping, and then to 
another wooden box of similar dimensions, and then to the 
atmosphere. The pressure on either side of the orifice was 
determined by an ordinary water manometer , which proved 
quite satisfactory owing to the steady condition of the flow 
during the experiments. 

It is most important in usil}g the water manometer that 
t he inlet pipe should be flush with the inside of the box. 

The OO~ was stored in a carefully calibrated gasometer. 
The sampling vessel consisted of a set of 4 glass gas tubes, 
having a combined volume of 958.32 cubic centimetres at 
a pre sure of 760 m/ m and at 0 °0. This sampling vessel 
was exhausted by means of a vacuum pump, which r educed 
the pressure to from 1.5 to 2 m/ m of mercury. The volume 
of the contents of the sampling vessel after sampling was 
determined by means of pressure and temperature reading, 
both before and after sampling. The contents were slowly 
displaced . .bY means of mercury through weighed potash 
and soda lime tubes. The increase of mass of these tubes 
gave a measure of the volume of the 00 f in the sample, 
wJ.rich was checked by measuring the amount of air left in 
the sample. 
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The rate of admis Ion of the OO~ from the gasometer 
was d t ermined by mean of a stop watch, and a defini te 
interval of time Wa allowed after admission of the OO'~ 

before taking the sample, to ensure a true mixture. The 
p"ipe f01' obtaining t.he sample extended across the full width 
of the 6in. pipe, and was provided with a number of small 
holes along its length. 
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In these experiments the greatest difficulty .I met was to 
devise a means of making the wooden boxes airtight, and 
keeping them in such condition. - I finally decided to pro
vide all joints with a tongue, and, ~fter screwing up tight, 
n m in a quantity of marine glue. This gave satisfactory 

\ 
\ 
• 
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r esults for some time, but I would recommend anyone re
quiring an airtight vessel of wooden construction to line it
with sheet metal, and solder all joints. 

The orifices were made of gunmetal 7in. diameter x 3-16· 
in. thick, and ranged in size a follo~s :- 2, :3, 4.5, 6, and 8.5· 
centimetres, with angles champhered at 45 degrees. 

In all the experinients the results were reduced to dry air
at oDd and 760 m/ m. It was found that coefficient of' 
velocity was practically unity, so that the coefficient of' 
contraction is also the same as the coefficient of discharge. 

The value of the coefficient of discharge was obtained by 
the method over a range of .5in. water up to 5in., and it. 
was found to have a constant value over this range. 

The values are given in Table ]. 

The following i a set of readings taken from one experi-
ment:-

Barometer , 755 mimi at 19.3°C. 
Diam. of orifice, 6 c/m=2.362in. 
R.P .M. of blower, 3300. 
W ater pressure, 6.3in. water. 
Temp . of sample, 21.8°C. 
Mercury column before sampling, 753 m/ m. 
Mercury column after sampling, 2 m/ m;' 
Mass of CO! In sample, 0.0586 grs. 
Rate of passing CO~ into air, 4 cubic feet in 35.5 seconds. 
Theoretical velocity, 161 ft . per second. 
Quantity of dry air at 760 ml m and O°C., 181 cub. feet 

per Illlll. 

Coefficient = .615. 
The theoretical velocity of the gas is calculated from 

equation 4 in the Appendix. 
The value ' of the coefficients for the various orifices is 

given in Table 1. These values were determined over a 
range of lin. up to 6.3in. of water, and over this range the 
coefficient is con tanto 
p 
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TABLE 1. 

Diameter of Orifice. Coefficient. 

Centimetere. Inches 
-----

2 ·787 ·61 7 
3 1·18L ·617 
4 '5 1·77L ·615 
6 2·362 ·615 
85 3·346 ·6]4 

In order tb check this method of calibratiol?- I arranged 
the apparatus as shewn in F ig. (3 ) so that two orifices 

could be placed in sen es. 

--6~O-·- \ ---L 2:...·6 :... 

fiG. 3 -
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After the air had passed t.hrough one orifice it went 
through a square pipe of constant section, and finally issued 
"from the second orifice. 1'0 make these compa\-isons I made 
'Some orifices according to Prof. Durley's design. The re
. sults from this comparison were very good indeed, and gave 
the same value, .615, for sharp-edged orifices, 4 _ 5 and 6 
clm and also .615 for orifices 2, 3 and 8.5. The co
efficients for Prof. Durley's Design of orifice are given in 

'~'able II. . 
Diameter 

WATE R PRESSURE. 

of 
Orifice. 1 illch. 2 inch. I 3 inch_ 4 inch_ 5 inch. 

---- - -------- --- ---
516 ·603 -600 -610 -613 -616 , -602 '605 -608 -6 LO '6111 

l -601 '603 -605 '606 -607 
11 -601 '601 -602 -603 -603 

2 ' 600 '600 -600 '600 -600 2, -599 -599 '599 -598- -598 
a '599 -598 -597 -596 -596 

I 
3, '599 -597 -596 -595 -594 

4. '598 ' 597 -595 ' 594 -593 

4! '598 ' 596 -594 '593 -59ll 

As a further check, one of these orifices was used to 

m easure the air supply to a gas engine. The engine was 

.arranged to be driven by a motor at its normal working 

peed, and its air supply was taken from a large box fitted 

with the orifice. In order to get fairly steady readings at . 

the pres ur e gauge it was necessary to make the volume of 

the su ct.ion box between 700 and 800 times the volume of 

the cylinder. 

The posit ion in the stroke at which the air was at atmos
-ph eric pressure was determined both by means of light 
"Spring indicator cards and also by a diaphragm indicator 
.and detector. The temperatu re cor responding to , the at

mospheric pressure was also measured. 
F rOID the piston displacement and its volumetric effi

<ciency, also the pressure and corresponding temperature, 

, 
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. the quantity of air per minute could easily be obtained, and 
the coefficient for a 3 cl m orifice was .615 at 5in. water 
pressure. . # 

"B'inally a photographic method was tried to see if it 
were 'possible to measure the vena contracta as the jet ap
peared so well defined. Some smoke particles were int ro
duced into appar~tus, and a beam of light from an arc 
lamp was d!rected to the emergent j et. 

The photographs whicn I have made into slides shew 
very clearly the type of j et , and, in the case of the 4.5 clm 
orifice, coefficient, obtained by measuring the photograph, 
was of the or der . 62, which is, I consider, a very fair check 
measurement. 

APPENDIX. 
THE FLOW OF A PERFE CT GAS THROUGH AN 

ORIFICE. 
The flow is assumed adiabatic, i.e., the gas neither r e

ceives or r ejects any heat, and further, that the flow is 
free from eddies. 

The fundamental gas equation is:-
H eat supplied = Work done + Charge in internal energy i. e., 

dD = Pdv + Cv dT 

for a n adiabatic change dH = 0 .'. Pdv + Cv d T = O. 

In passing through the orifice the gas does work on itself 
in generating kinetic energy at the expense of its internal 
energy. 
say small adiabatic flow 

t hen dk + Cv dT + d (Pv) = 0 
dk + Cv dT + Pdv + vd P 0 

but Pdv = - Cv.dT 

.'. dk + vdP = 0 
In going from conditions p] v 1 t o P ~v~ 

V Tn 
f dk = f VdP 

V , P 2 

.. 
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. V: - Vi y (p. 
. . = -- lV l 

2g I' - 1 

Assuming we start at zero Velocity 

V' I' - - -- (P lV l - p.v. ) 
2.t/ I' - 1 

Quantity of air discharged in 'lbs. per sec.:-
W = ~ V = velocity in ·feet per second 

'I.' . A = area in squa re fee 
1 

245 

~ P l ) -;; 'l.' 2 = VI I p .. 
v . = specific volume of llb of a ir at 

pressure p. 

I I' l- (P ' )~J 
' .. W=V (~)~~29 Y _I Pl V l 1- \7, y . 

1 p . I' . 

I p [ p:4 P 1'+ IJ I 

."" W = A ~ 2g -Y- _ ' (_2)-:; - (~)y ... (3) 
1' -1 Vi , Pi P l 

The condition for maximum discharge is when the ex
pression in the square bracket is a max., i.e., when 

2 /,+ 1 
(P2 )-:; _ ( P, ) - y- is a max. 

P I '\.P, 

i.e. when - - M - - M-- - 0 when M -. -d ( 2 1' + 1 ) ' _ _r. 
dM I' I' P l 

2 ) 1 . 2 M - - 1 ( I' + 1 M - . _ f) - I' - -- 1' -
I' I' 

l' fQr air is 1'404. 

This gives a value to M of .53. 
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i.e., when the ratio of the pressure in either side of the 
orifice is . . 53, we have the condition of maximum discharge_ 

Equation (2) may be used to determine the theoretical 
velocity 

V= ~ 2y 1' : 1 l'V. [1'- (~: ) 1';IJ 
p V = PoT 

.'. V = ,,-! 2g - I' R 1'. [ 1 - (P.) I' ; I J 
.' 1' - 1 1'. 

This reduces to 

V = 109'1 ~ l'. ll- \;:) I' ; 1 J (4) 

V = Velocity in feet per seo. 

g = 32':2 • 

gamma = C P = \'404 for air. 
G'v 

P = Pressurtl in lbci per squa re foot. 

il = Area in square feet. 

R = Gas Const. = 53 ·2 foot lbs pel' 10 of air. 

l' = Absolute Temp. Fah. 

v Volume of air in cubiC fee t per poun~. 

k = Kinetic Energy. 

Discussion. 
MR. A. W. TOURNAy-HINDE said that it gave him pleas

ur e to propose a vote of thanks to the author of the ex
tremely interesting paper that had been presented to, 
them that evening. 

'1'he paper was particularly lucid as to the methods: 
used by the author for calibrating a sharp-edged orifice, 
wIl en used for determining the flow of air. It inter-, 
ested the speaker very much, and he also felt sure that 
those present could not fail to be impressed -with the 
f.limplicity and with the accuracy of the methods em
ployed by Mr. Swain. The paller was not one that per-
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