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ABSTRACT,. 

A general review of the literature pertainillb to flov1 
measurement with orifice plates is presented. Special 
emphasis is laid on the factors influencing the coefficient 
of discharge.of orifice plates and. on the difference between 
the various engineering standards. Particular consideration 
is given to the effect on the discharge coefficient of 
rounding the upstream edge of the orifice plate and of changes 
in plate eccentricity. Various methods to calibrate orifice 
plates and to measure the edge roundness of orifice plates 
are discussed. 

Orifice plates with area ratios ranging from 0,1.to 0,55 
were tested in order to evaluate variations in the coefficient 
of discharge with changes in: 

a) the upstream edge radius; 
b) the pla·te concenctrici ty. 

The calibration tests were conducted with apparatus based 
on a system of weighing the worki~g fluid which accumulates 
in a tank over an accurately determined time interval. 
In order to measure the upstream edge radius of an orifice 
plate, a lead foil holder was designed. Using the holder, 
accurate imprints of the edge profile were obtained in the 
lead foil. 

The apparatus used and the method of calibration is described 
in detail. Attention is drawn to the precautions required 
for accurate calibration. The method of calibration used was 
complicated by fluctuations in the differential pressure. 
It was found that the mean of twelve randon pressure differ­
ential r~adings at a specific flow rate: did not vary by more 
than .f ·- o, 05 mm of mercury. Increasing the number of pressure 
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readings taken did not .improve upon the accuracy of the 
calculated mean pressure reading. 

When the validity of the results are considered the 
following-factors must be remembered: 

a) The calibrations were performed in a pipe of 100 mm 
diameter. 

b) The repeatability of the upstream edge radius measurement 
is between t 2 and t 5 per cent depending on the edge 
radius. 

The results indicate that an increase in the coefficient 
of dis:C.harge of up to O, 5 per cent arises due to a change 
in the position of the upstream pressure tapping from D to 
D + 0,035D and of the downstream pressure from D)2- 0,02D 
to D/2 + O, 04 7D. This shows that the tolerance quoted 

,.· 

in the British Standard for the positioning of the D and 
D/2 tappings is to high for accurate flow measurement. 

The coefficient of discharge obtained for the sharp edged 
concentric orifice plates were compared with the various 
engineering standards. ~ne comparison showed that the 
experimentally determined coefficients were within the tolerance 
limit quoted by the British standard but some were outside 
the tolerance limits of ASME and I.S.O. If the correction 
factor determined in this thesis for orifice plates whose 
edge sharpness is not 0,0004 is applied to the coefficients 
of discharge of the orifice plates tested, then an improvement 
in agreement with the various standards results. 

The author's results showed that the coefficient of discharge 
o:f square edged orifice plates did not remain constant at 
high Reynolds numbers. Thus ·they_ agreed with the spec if ica tion.s 

of ASWIE and not with those of the British Standard. 

The results indicate that the coefficient of discharge i:s 
' dependent on the sharpness ratio and on the area ratio of an 

... 
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orifice plate. The discharge coefficient of the orifice 
plate with an area ratio of O,l was more affected by 
changes in the sharpness ratio than that of the other 
plates. 

The experimental results for effect of edge sharpness were 
compared with Herning's result. Agreement to within 0,2 
per cent was found. From Hernings and the authors results 
correction curves for effect of edge sharpness were 
deduced. 
The author recommends the use of three different correction 
curves: one for orifice plates with sharpness ratios varying 
between 0,0002 and 0,0006; one for orifice plates with 
sharpness ratios larger than 0,0006 and area ratios greater 
than 0,2; and one for orifice plates with sharpness ratios 
greater than 0,0006 and area ratios less than 0,2. 
The results showed increasing or decreasing the sharpness 
ratio of an orifice plate above or below 0,0004 caused a 
corresponding increase or decrease in the value of the 
discharge coefficient. It was found that small changes in 
the upstream edge radiu:-:; of an orifice plate caused considerable 
changes in the value of the discharge coefficient. The 
specifications of ASME and ISO for the upstream edge sharpness 
of an orifice plate proved to be completely inadequate. 
The specifications of both the German and the Bri·~ish Standards 
were satisfactory only if errors in the coefficient of discharge 
of~t 0,5 per cent were acceptable. 

It was found that the change in the coefficient of discharge 
was a function of eccentrj.ci ty and. of the area ratio. The 
relationship between the coefficient of dis.charge and the 
eccentricity ratio can be expressed by an equation of the 

following form: (E/tJ-d)B. 
= A e 
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The larger the area ratio of an orifice plate the larger is 
the effect of .eccentricitye Adherence to the specifications 
for maximum allowable eccentricity as given by the various 
engineering standards, was found not to cause such an error 
.in the value of the specified coefficients that they would 
lie outside their tolerance limits. It was also found that 
improvement in the accuracy of the standard coefficients· 
would result if the specifications for maximum allowable 
eccentricity would be given by equation2 · ~ 

100 E < 3,55 - 1,69 m •..••. 2 

D~ 

If the specifications of equation 2 are used then the 
maximum error in the coefficient of discharge due to 
eccentricity will be less than O,l per cent. 

The specifications of the British standard and AGA concerning 
eccentricity of an orifice plate are not as stringent as those 
given by this equation, although the ISO specifications 
compare well with the experimental findings. 
The data obtained for the effect of eccentric location 
correlates well with results obtained by other researchers in 
this field. Further research is required to prove co~~lusively 
the validity of equation 1 and 2. 
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after the orifice plate 

area ratio d 2 
(D) 

eccentrici~y ratio E 

D-d 

pressure at the upstream tap 

pressure at the downstream tap 

(xxi) 

Units 

me tr.es 

metres 

met:t>es 

metres 

millimetr.es 

metres 

millimetres 
of waten 

metres 

metres 

millimetre,­
of water 

millime·tre 
of water 



r 

mass rate of flow . 

upstream edge radius of the orifice 

plate 

kilograms 

millimetre 

Red Reynolds number based on the orifice 

.Re:r: 

t 

diameter 
' 

Reynolds number based on the pipe diameter 

thickness of the orifice plate millimetre 

v
1 

velocity of the water at the upstream 
tap millimetres 

v
2 

velocity of the water at the down-
stream tap millimetres 

u velocity at a point millimetres 

U average velocity millimetres 

y 

-~ 
f 

coefficient of ,expansion 

coefficient of friction 

diameter ratio 

coefficient of size 

lamda friction factor 

dynamic viscosity 

coefficient of contraction 

density of the fluid 

(xxii) 

kilograms/ 
cubic metre 



GLOSSARY 

· ·· Area ratio 

. ( 

The ratio obtained by dividing the area of 

the orifice by the area of the pipe. 

Coefficient of discharge - An empirrcal ---~-- factor obtained by di vi ding 

·Diameter ratio 

the actual mass rate of flow by the theoretical 

mass rate of flow. 

The ratio obtained by dividing the orifice dia­

meter by the pipe diameter. 

Eccentricity ratio - The ratio obtained by dividing the eccentricity 

of an orifice plate by the difference between 

the pipe diameter and the orifice diameter. 

Fully eccentric orifice plate - An orifice plate which is·so positioned 

that one side of the circular opening is flush 

with the inside wall of the pipe. 

An oversharp orifice plate - An orifice plate whose sharpness ~atio is 

less than 0,0004. 

Sharpness ratio -

( x xiii) 



CHAPTER ONE 

INTRODUCTION 

1.1 BRIEF HISTORY OF ORIFICE METERING 

It is known that man has been metering water by some means or 

another since ancient times. The first record of oriflce 

plate usage appears in a book written by Lentus Frontinus t~e .. 

Water Commissioner of Rome. In his book entitled "De Aquaeductu 

Urbis Romae'' he describes a comprehensive system of water meter­

ing employed during the first century A.D. (1). 

Towards the end of the 19~h cent~ry Professor Robinson of the 

Ohio State University designed an orifice meter which was used 
•· 

to measure the flow rate of gas (2). Later in 1903 Thomas R. 

Weymouth (3) performed experiments with square edged, concentric 

orifice plates. He used the results of these experiments to 

determine empirical coefficients which he correlated with the 

ratio of the orifice diameter to the pipe diameter. His experi­

ments were performed with flange taps. In 1913 Hickstein (4) . 

conducted similar tests from whi~h he developed empiric~l coeffi­

cients for orifice plates with pipe taps. Professor Hor.ace Judd 

(5) presented a paper at a meeting of A.S.M.E. in 1916 on the use 

of orifice plates with Vena Contracta taps. 

Beitler (6&7)' did much research on orifice plates between 192~- -

1935. The results of his work formed the basis of the joint 

A.S.M.E. and A.G.A. report (8) of 1935 which itself forms the 

basis of the A.S.M.E. (9, 10, 11) and A.G.A. (12,13,14) standards. 

The work of R. Witte (15, 16, 17) was adopted by I.S.A. (18, 19, 

20) and D.I.N. (21, 22). Although these standards are continually 

being revised, the basic orifice design remains that of these two 

researchers. To widen the use of orifice plates, researchers 

designed special type of orifice plates. In 1916 Judd published 
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his findings on tests conducted with eccentric orifice plates. 

Later he initiated research into segmental orifice plates. 

Masson (23) continued with work in this field. Today the 

American Standards give actual values for the coefficients of 

discharge of these plates. The use of a semicircular edged 

orifice plate was first suggested by Professor Smidt. In 1933 

Giese (24) tested quadrant edge orifice plates while later 

Kpennecke (25 & 26) recommended values for the ratio of the edge­

radius to the pipe diameter (r/d) to be used for these plates. 

Recently tests by Ramamoorthy and Seetharamiah (27 & 28) have 

shown that these plates can be used in the range of Reynolds 

numbers from 20 000 to 600 000. To improve on the sensitivity 

of the orifice plate to disturbances in the upstream flow con­

ditions, the Royal Aircraft Establishment investigated the use 

of annular orifices. Howell (29) found that thes~ plates are 

less sensitive to swirl and other upstream flow conditions than 

the sharp square edged orifice plate. 

In industry today the orifice plate is the most common flow 

measuring device. Spencer (30) found that orifice plates are 

used more often than any other flow meter in Great Britain while 

Caldwell (31) states that most high pressure, large volume gas 

streams within the United States are measured with orifice meters. 

In the petroleum industry approximately 90% of all flow measurement 

is done with orifice plates. The quantities of fluid measured to 

day are high and therefore high accu~acies in measurement are 

required. For example a petroleum plant pumps as much as thirty 

million cubic meters of fuel a day into tankers and here a 1% 

error is equivalent to 300 000 cubic meters (32) while in the 

natural gas transmission industry 1% of annual sa~es amounts 

to ten million dollars (33). Similarly in large power stations 

because of the quantities involved errors of 1% are considered 

unacceptable. 

Since orifice plates are so widely used and because higher 

accuracies are continually required, research into orifice 

plates is continual~y taking place especially with respect to 

factors affecting their coefficients 0f discharge. These factors 

are discussed in Chapter 2. 
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1.2 THE ORIFICE PLATE 

The orifice plate is a pressure differential device used for 

measuring the flow rate of a fluid in a closed conduit. It 

consists of a thin flat plate containing a circular hole as 

shown in figure 1. The plate is usually clamped between 

flanges at a joint in the pipeline. The plane is perpendi­

cular to the axis of the pipe and the hole is concentric with 

the pipe. The upstream edge of the plate is square as this 

ensures complet~ contraction of the fluid stream within the 

orifice. The cylindrical entrance piece (e) is kept short 

so ~s to maintain jet stability and to avoid re-attachment 

of the jet. The bevel angle is there to ensure that no inter~ 

ference takes place with the natural expansion of the jet in 

the downstream vicinity of the orifice plate. 

upstream t·ace{A) ----i 
downs.tream face (B) 

,• 

Bevel Angle ( ) ' 
' 

' ' 
downstream edge 

upstream edge 

F . 1 A standard orifice ~_late. igure . 
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From the above discription it is evident that the orifice plate 

is a very simple device. It creates a change in the static pres-

sure while the fluid passes through it and this change in pressure 

is proportional to the flow rate. Often in industry the ~anometer , 

or the pressure measuring device is calibrated directly in flow units. 

A review of the the advantages of the orifice plates illustrates 

why they are so comrrionly used. It's advantages are:-

1. No moving parts. 

2. Simple to.construct. 

3. Cheap to manufacture, install, operate and maintain .. 

4. Highly accurate with good repeatability. 

5. Able to effect a highly 10calized pressure drop with a small 

overall throttling effect. 

6. Reasonably insensitive to viscos{ty changes over a large 

range of flow rates. 

7. Usually installed with the pressure tappings in close proxi­

mity to the meter. Thus errors due to temperature variations 

are minimised. 

It's main disadvantages with respect to other flow meters are:-

1. Relatively high pressure loss. 

2. Can not be used with any certainty for flows where th~ 

throat Reynolds number is below 10 000 or above 10 000 000 

although with slight modifications it can be used outside 

this range. (34). 

3. Most affected by upstream flow conditions. 

To ensure high accuracy, engineering standards have been published 

which stip~late.·installation and metering conditions. Since the 

orifice plate i~ so sensitiv~ to upstream flow conditibns the over­

all accuracy which can be expected if the plate is installed to any 

of the engineering standards is only in the order of ! 1.5 percent .. 

If the orifice plate is calibrated an accuracy o~ ~ 0,1 percent can 

be achieved. 
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1.3 ENGINEERING STANDARDS AND CODES RELATING TO FLOW MEASUREMENT 

WITH ORIFICE PLATES 

To avoid the necessity of .calibrating every orifice plate, standards 

on flow measurement have been drawn up by various engineering bodies. 

In the standards details are specified regarding the design, the man- -

-facture and the precautions to be adopted in the installation and use 

of orifice plates. 

If the standard specifications are adhered to,then the specified coefficients 

are applicable. The calculated flowrate corrected by using the relevant 

equations and coefficient is correct within cert~in tolerance limits. 

Those limits as given by A.S.M.E., I.S.O. and the British standards 

are reproduced in Table 2. In the I.S.O. code the tolerance limit is 

expressed in equation form for corner tapped orifice plates. 

These tolerance limits only apply if the value of the pipe diameter, 

diameter ratio and Reynolds number are accurately known. 

The flow codes most frequently referred to in practice are:-

1. The British Standards BS 1042:1964. 

2. The American Society of Mechanical Engineers, ASME flow code. 

3. The German DIN code. 

4. The International Standard Organisation, ISO Recommendations. 

5. The American Gas Association, AGA Report. 

A small difference in the value of the calculated flowrate results if 

the specifications given by the various codes are used for the 

- 5 -
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calculations, The resultant variation is due to minor differences 

between the standards. These differences therefore require further 

discussion. 

1.3.1 The Difference between the Standard Specifications 

The difference in specifications regarding the design of the orifice 

plate, the precautions regarding installation and the effect of Reynolds 

number on the c~efficient of discharge are discussed. 

1.3.1.1 The Design of the Orifice Plate (Figure 2 ) 

The specifications relating to the design, the size and the shape of an 

orifice plate are given in Table 2. From Table 2 it is eviden't that real 

differences exist in the specifications of the different codes regarding 
--

the shape, size and surface finish of an orifice plate. A discussion 

on some of these follows. 

I~ 
I / 

• -i 
! j 

i/ \e ·~E:\IEL .\NG.VF • 

1--- . 
i 

d_'.__ _ _;j-+--'---
I I 
-- _e j_; 

I 
-----~ t 

l~ 

fjg_.2. A Square-edged Orifice Ptate 
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a) Edge sharpness. The edge sharpness of an orifice plate affects the 

flow conditions and this affects the value of the coefficient of dis­

charge and that of the calculated flowrate. The definition of the edge 

sharpness given by the ASME ·and ISO codes is vague. The British Standard 

and the DIN code specify the maximum edge radius. The minimum edge 

radius is not specified by any of the codes. The following questions 

regarding the edge sharpness of an orifice pl ate need to be answered: 

1. At what value of the edge radius is the standard coefficient 

correct? 

2. Does a relationship exist between the edge sharpness and the co­

efficient of discharge and, if so, how are they related? 

3. If the edge is sharper than specified by the British Standard, 

what is the effect on the coefficient? 

b) Thickness. The thickness of the orifice. plate.(t) and 6f its upstream 

. edge (e) is not fully specified by some of the codes. The British Stan­

dard does not specify the minimum allowable thickness for an orifice 

plate, while the ASME and AGA codes do not specify the maximum allowable. 

For practi ca 1 purposes the advice of T.H. Redding (36) 

should be followed. He states: "The criterion governing the minimum 

orifice-plate thickness is ·that it should be sufficient to withstand, 

without distortion, any difference in pressure that may be established 

between its faces, including any transient pressure difference due to 

water hammer or other cause of surging pressure. The maximum plate 

thickness must not, however, be so great as to affect the flow pattern 

in the upstream and downstream proximity of the orifice which contain 

the various pressure tappings 11
• He suggests that the minimum thickness 

used should be that given by ASME & AGA while the maximum thickness 

should be equal to that specified by ISO & B.S. 1042. 

':" 8 -



c) Orifice Edge Thickness. The latest ISO code (37) specifies both the 

minimum and maximum value of the orifice edge thickness (e) and that of 

the orifice plate (t). 

d) Bevel Angle. The bevel angle is specified by ASME & AGA as equal to 

45 degrees while the British and ISO standards allow this angle to vary 

between 30 and 45 degrees. 

e) Circularity. The ASME and AGA standards do not specify circularity 

of the orifice bore and the extent to which the bore has to be parallel. 

There is a difference of 0,05% between the specification given by ISO and 

by the British Standards concerning the circularity of the orifice bore 

of an orifice plate with diameter ratios less than 0,67.· 

f) Surface Finish. The surface finish of the upstream face of the 

orifice pl ate is fully specified by BS 1042, while the other standards 

simply specify a finish as good as that of good corrrnercial rolled stock.· 

Any difference in shape, size and surface finish resuHs in a change in 

the flow conditions, thereby affecting the pressure difference readings 

which in turn affect the accuracy of the calculated flow rate. 

1.-3.1.2 Installation of the Orifice Plate 

a) Straight length of approach piping required 

Most of the errors attributed to inadequate straight length of approach 

piping are a result of swi-rl, eddying and vortices. The errors caused 

can be considerable and therefore the minimum approach length is of 

·_.t '. 
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importance for accurate measurement. Comparing the minimum approach 

lengths as specified by the different national standards shows large 

differences (Fig. 3.,. 4, 5, 6). For examp 1 e: The difference in the 

approach length after one 90 degree elbow as specified by ISO and by 

ASME for anorifice plate with a diameter ratio of 0,6 is over 100%. 

(ISO, 18 pipe diameters; ASME 8 pipe diameters). In all cases the 

straight length of approach piping required for measurement of flow 

with a small aiameter ratio orifice plate is considerably less than 

for orifice plates with large diameter ratios. 

b) The use of flow straightensrs 

In many corrmercial installations it is not possible to use the stipu­

lated straight length of approach piping and therefore flow straighteners 

are introduced. 

The various engineering standards differ in their recommendations 

relating to the use of flow straighteners. Both the American standards 

(ASME & AGA) allow for their use, while the British standard is non-

committal and the German one is against their utilisation. 

The British standard recommends the use of two or three perforated 

plates spaced one pipe diameter apart, rather than ~low straighteners of 

the honeycomb or nest type. If any flow straightener is used, it is 

recommended that a minimum of 10 pipe diameters of straight approach 

piping is used. 

c) The conditio~ of the upstream and downstream 'piping (Table3 ) 
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TABLE 3 

The specifications of ISO and of the British Standards regarding the 
condition of upstream and downstream piping. 

ITEM OF INTEREST 

Surface and condition 
of approach piping 

+ lower limit for 
pipe size 

+ upper limit for 
pipe size 

Pipe circularity 

Protrusions into the 
pipe 

Thermometer Pocket 

Downstream Pipe 

I 

ISO 

Inside surface must 
be clean, free from 
pitting and deposit 
and not encrusted. 
Factors for different 
surface finished 
pipes is given 

Dmin = 50mm 

BS(l042) 

Correction factors are 
given for various size 
pipes made from various 
materials· 

25mm for all t~pings 
except for a f!ange 
taping for which 

! Drain = 50mm 

Dmax = 750mm ' 

D - D +/- 0,003D for 
L > 2D. It is con-

1

f 
sidered circular if 
it appears so by I 
mere visual in- I 
spection. 1 

No protrusions; 
obstructions or 
branch corrections 

It should be placed 
at least SD after 
~late (downstream). 
If it is placed up~ 
stream then it is 
the same as for 
B.S. (1042} ' 

no upp~r limit 

If L < 2D then 
D = D +/- [2.(1-m)] D 

100 

If L < 2D no projections 
into upstream pipe allowed. 
If L > 2D then the pro­
jection length is given by 
(l-m)(2,SL/D-4)D 

100 

Pocket diameter is < 0,03D 
if 20D < L > SD and-0,13D 
if L > 20D 

Same diameter as the 
+/- 2%. 

upstream pipeline within 

'

!I 
No fittings installed at a 
di.stance less than 3 pipe 
diameters. 

+ NOTE - Upper and lower limits of pipe sizes are imposed by the availabil:tty 
of data and does not imply an inherent limitation on the lower and upper limit 
of pipe size for the different types of orifices. 
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Small differences exist between these specifications. The British 

standards are more specific in their r~quirements. 

~It is interesting to note .that the standards do not specify a specific 

surface finish to the upstream pipe just before the orifice plate. Work 

done by Clark and other researchers (see Chapter 2) has shown that the 

surface roughness of the upstream pipe just before the orifice plate 

affects ·the _coeffiC'ient of discharge and thereby the accuracy of the 

flow measurement. 

d) Concentricity of orifice plate axis with that of the pipe 

The orifice plate has to be concentric with the pipe. The maximum 

distance (eccentricity) between the axis of the orifice plate and that of 

the pipe is specified by the standards (see Table 4). 

'TABLE 4 

Specifications of the standards regarding the maximum 
allowable eccentricity of an orifice plate 

~ 

Standard 

ASME AGA BS ISO 

- 0,8 mm 0,030 !0,005(1-!!>)D 0,015D(i-l} 

The difference in the allowable eccentricity according to the various 

standards is great. For example if in a one hundred millimetre pipe 

line an orifice plate with diameter ratio of 0,5 is installed, then 

according to AGA a three nri11imetre eccentricity is allowed; while 

- 1s-·-
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according to BS 1042, the maximum eccentricity should not exceed 

0,25 millimeters. 

e) Squareness of the.plate· 

The British standards and the ISO codes stipulate that the upstream 

face of the pla.te must be perpendicular to the axis of the pipe within 

two percent and one percent respectively~ 

f) Gasket size. 

The gasket inner diameter on either side of the orifice plate must be 

greater than the pipe diameter. The above statement can be found in 

both the British and the ISO standards. The British standard qualifies 

the above statement further by specifying the maximum size of the inner 

diameter of the gasket to be less than 3 per cent greater than the pipe 

diameter. 

g) The pressure taps 

The specifications regarding condition, size and shape of the pressure 

tap holes are given in Table 5below. It can be seen that very small 

differences exist in the specifications regarding the size, shape and 

conditions of pressure taps with the exception of ASME which allows 

for the use of larger diameter pressure tap holes. 

- fg 
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TABLE 5 

The Specifications regarding the shape, size, finish and locati~n 
of the pressure taps. 

Sphere . ASME ISO BS 1042 . 

Type of tap Single ·or multiple taps may be used 

The location of the taps is dependent on the choice 

\ 

Location of 
pressure taps of tappings.(i.e.flange taps, vena contractQ taps, etc. 

diameter of 
pressure holes, 
llJll 

0<50 ;9 ,575">3 ,2 
75>0>50; 12 '7>& >6 ,4 
200>0>100;19,0>S>9,5 

0>250;25,4>a>12,7 

f~0,80 ~<.0,10 
and preferably No restriction is 
between 
5· & 12 mm. 

placed on the 
minimum diameter 
but it must be 
kept la~ge enough 
for no :~cidental 
b1ockage of 
these holes. 

The upstream and downstream taps 
must have the same diameters. 

~-------+----------+----------------~ 

¥-Minimum 
length of 
pressure taps 

No change in tap 
hole diameter for a 
distance of at 
least 2,5 times the 
hole diameter, as 
measured from the 
inner surface of 
the pipe. A 
distance of 3oto 

No change in pressure tap 
diameter for a distance of not 
less than two diameters {S), 

!before expanding into pressure 
pipe 

5 S is recommended J 
1-----------+-i __ f __ p_os_s_i_b,_l_e __ ~- -------~----------i 

Finish of 
pressure holes 

Radius of the 
hole edge 
rounding, "f 11 

No wire edges of projectin9 burrs into the pipeline 
are allowed at the pressure holes 

If 0<50;(~0,4 
If 200::-0>50; f ~ 0 ,8 
If D>250;t~l,6 

c~ 0,1~ f ~ 0,1~ 

1. 3·. 1. 3. Reynolds Number 

The coefficient of discharge is dependent on the Reynolds number. An 

increase or a decrease in the Reynolds number results in significant 

changes in the value of the coefficient of discharge. 
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The codes are not unanimous as to the effect the R.eynol ds number has on 

the value of the discharge coefficient. The variation of code flow 

coefficients with the square root of the reciprocal of the Reynolds . 

numb er is shown in Figure 7: 

It is stated in the ASME code that a linear relationship exists between 

the squa~e root of the reciprocal of the Reynolds number and the coeffi­

cient of discharge. According to the British standard the coefficient 

of ciischarge increases with increasing Reynolds number until a limiting 

value is reached above which it is independent of the Reynolds number 

and therefore remains constant. The ISO and DIN codes show a continuous 

change of coefficient with the Reynolds number. 

The dependence of the discharge coefficient on the Reynolds number 

increases with increasing area ratio. Further comparison shows that 

the ISO, AGA, ASME and BS coefficients differ most when the pipe diam-

eter is small and the area ratio is la,rge. · 

1.3.2. The Significance of the Difference beb1een the Engineering Codes 

From the above discussion it can be seen that the codes are not unanimous 

as to the value of the discharge coefficient and therefore, under the 

same conditions, the calculated flow based on the different codes will 

result i~ a variety of answers. The difference in the calculated flow­

rate according to the different codes can exceed ± li%. This percentage 

is outside the allowable tolerance given by any of the. codes. 

- 21 -. :··-
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1.4 OBJECTIVES 

Due to modern industrial demands the accurate measuranent of the flow 

rate in closed conduits is of utmost importance. A number of flow meas­

uring devices are available of which the square edge orifice plate is 

the most popular.· The advantages of the orifice plate are numerous 

but the accuracy within which the flow rate can be measured with an 

uncalibrated orifice plate is! 1,5 percent. In many cases this 1 evel 

of accuracy is satisfactory, but c>.s alrea';ly shown, a greater degree of 

accuracy is often required. 

In order to obtain greater accuracies in flow measurement using orifice ' 

plates, more stringent specifications than those called for by any of the 

engineering standards are required. Spencer and Harrison (38J at NEL and 

West (39) at ESCOM have proved that the flow rate in a pipeline can be 

measured using an orifice plate to an accuracy of± 0,1%. Herning and 

other researchers (See Chapter 2) have shown that minor imperfections in 

the upstream edge of an orifice plate, and blunting of this edge, cause 

significant errors in the measured flow rate. Similarly the roughness 

of the upstream pipe, the position of the orifice plate relative to the 

pressure taps and to the centre of the pipe will affect the accuracy of 

the obtained measurement. The work done by various researchers thus 

shows that there is a need for experiments which will lead towards a 

better understanding of the effect on the coefficient of discharge of 

minor imperfections in the shape of the orifice plate and of small 

errors.inthe installation of the plate. The difference in the specifica- · 

tions of the various engineering standards further highlights the need 

for the above experiments. 
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Due to the above findings the author decided to conduct experiments with 

the obj'ect of determining the effect on the co-efficient of discharge of: 

(a) varying the sharpness of the upstream edge, and 

(b) varying the eccentric location of the orifice plate. 

It is hoped that the results of these experiments will lead towards a 

better understanding of flow measurement with orifice plates. 

Fig. 7· 
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The Variation in the Coefficient of Discharge as specified 
by various Engineering Standards with the Reynolds nwnber 
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CH1WTER TWO 

LITERARY SURVEY ON THE THEORY OF ORIFICE METERING 

2.1 GENERAL FLOW EQUATION FOR ORIFICE PLATES 

The ·~:1eoretical equation for determining the rate of flow is given by 

* . 2 (P p) G _ rrd- (2p. l - 2 ) 
q ·- 4 1 - (~) I+ ( 1) 

A number of idealized assumpt1ons are made to derive equation 1. (See 

Appendix A). This leads to a discrepancy between the actual and theo­

retical flow rate. To account for this difference an empirical factor 

called the "coefficient of discharge 11 is introduced and equation 1 

can be written as 
4 

(~) (2) 

The .,~oefficien,t of discharge, c0 is defined by the following expression: 

actual mass flow rate 
c = 
D theoretical mass flow rate 

Numerous experimerits have been conducted ove~ the years to determine 

the value of this coefficient. Different engineering bodies have drawn 

up standards which are based on the results of these experiments. 

Using the values given by the various standards, the actual flow rate 

can be calculated. 

2. 2 METHODS OF EXPRESSING THE OVERALL ~OE FF I CI ENT OF DISCHARGE 

Equation 2 can be written in the f o 11 owing form: 

- 24 - . 



q = 
2 Jid 

4 
K .. 

where K is the overal~. <:oefficient of discharge. 

This coefficient can be expressed in the following ways: 

1) K = 
c D 

/
. d if 
1 -· Cu) 

(3) 

In this case K is expressed in terms of a single coefficient and this 

coefficient accounts for all the modifications introduced into equation 1. 

It is influenced by: 

1) the diameter ratio 

2) the Reyno 1 ds number 

3) the pipe diameter 

4) the position of the pressure tappings 

5) the viscosity 

6) compressibility 

7) the positioning of the plate relative to the pipe. 

8) the flatness and thickness of the plate 

9) the shape of the velocity profile 

10) the squareness and sharpness of the ~pstream edge 

11) the surface roughness of the pipe and plate 

12) swirl and turbulence 

This is the most popular way of expressing this coefficient but it helps 

little towards explaining why it varies with the above factors. Calcu-

lation of the flow rate is quick and simple if this overall coefficient 

- 25 -· 
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is used. (See Appendix D). 

2) K = 

Engel, F.A. (40941,42) prefers to use this method of expressing the 

overall .coefficient of disch~rge. In the above equation Cc and Cv 

represent the coefficients of contraction and velocity respectively. 

ASME (10) states that no practical advantage is derived from ex::i,·~ssing 

the discharge coefficient as a function of separate factors• Engel, 

~0.42,43,44) however, believes that if one crucial phenomenon after the 

other were to be eliminated then a better understanding could be obtained 

of the flow conditions which determine the characteristics of the dis-

charge . •cref f i ci ent. 

The erroneous assumption that the velocity at the downstream pressure 

tap is related to that at the upstream pressure tap, as the area of the 

orifice to that of the inlet pipe, can _be avoided by introducing the 

contraction ·..coefficient. This coefficient· is equal to the ratio of 

the area of the jet at the vena contracta to that at the orifice. Since 

the area of the jet at the.vena contracta varies with the diameter ratio 

and the properties of the fluid, the coefficient· of contraction and 

that of discharge will vary accordingly. The coefficient of contraction 

is the primary factor affecting the overall .. coefficient (in the order 

of 0,96 X K). 

The velocity :.coefficient is introduced to correct the assumption in 

equation 2 that the velocity is uniform across a cross-section of the 

pipe. Engel ha~ found that the velocity profile and th2 lambda-friction 

- 26 -



2.3 FACTORS AFFECTING THE tOEFFICIENTS OF DISCHARGE 

In section 2.2.1 the factors influencing the value of the overall 

discharge coefficien~, K, ~re listed. These factors can be expressed 

by the following equation: 

L1 L2 (3 r e t t1 t2 o e D ) { ) 
K = f(Red'lr' D' '<r'U'IT'TJ'o'TJ'TJ' 6 

where Red is the Reynolds number based on the orifice diameter, 

L1 and L2 are the ratios of the straight lengths of the approach and exit 
I) 1J 
pipes, to the pipe diameter. 

S is the diameter ratio 
d 
Tl 

r is the radius of the upstream edge 

e is the thickness of the orifice edge 

t in the thickness of the orifice plate 

t~ & t2 are the di stances to the centre of the pressure tappi ngs from 

the upstream face of the orifice. 

o is the diamete~ of the pressure tappings 

0is the roughness of the pipe wall (size of the surface granules) 

2.3.1 The Effect of Varying the Straight Length of Pipe Immediately 

Before and After the Orifice Plate 

For the overall coefficient of -discharge to remain constant with 

varying pipe lengths, fUlly developed flow free of abnormal swirl and 

vortices with the fluid streams uniformly distributed across the pipe, 

is required. 

For the flow to become fully developed a certain straight length of 

piping is necessary (See Figure 8). 
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Pipe fittings which cause swirl such as valves, bends, T-pieces, 

diffusers, transition pieces and other irregularities will affect the 

velocity profile, and thereby the total straight length of piping required 

for fully deveJoped flow at the.orifice, 

The various engineering standards stipulate the minimum length of straight 

pipe required after any such disturbance and therefore the effect of L 

rr1 and can be considered constant~ 

In practical applications there is sometimes insufficient space available, 

and a shorter length of straight pipe must be installed than stipulated 

in the standards. This ha·s the effect of increasing the va 1 ue of the 

discharge coefficient~ 

Murdock and his fellow researchers (47) found that the error caused 

by having a globe valve a short distance upstream from an orifice plate 

is less that 2%. Sasiadek (48) has~found that using a double orifice is 

preferable when the minimum length of straight pipe is not avaiable. 

Herning and Bellenberg (49) have found that at least 30 diameters are 

required for fully developed velocity profile to be achieved. 
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Sprenkle and Courtright ( 50) have shown that if any flow straightener is 

used then the straight length of pipe ~pstream of the orifice plate can 

be considerably shorter than required by the standards without signifi­

cant errors being introduced. They found that the perforated plate flow 

straightener was better than the honeycomb one for this application. 

Zanker (51) has designed a flow straightener which requires only five 

pipe diameters after it for accurate measurement. 

2.3.2 The Effect of the Orifice Edge Thickness 

The width of the o~ifice edge can not be made too large with respect to 

the pipe diameter as with increasing edge thickness re-attachment of the 

jet can occu~. This causes a decrease in the jet contraction which 

results in an increase in the flow coefficient, K. 

The American standards stipulate that the ratio of the edge thickness 

to the pipe diameter (e/D) must not be greater than 1/30. To be able 

to compare the data of one researcher with that of another this limita­

tion must be adhered to. ~lthough this stipulation has dampened re­

search interest in the effect of edge thickness, some characteristics 

have emerged: Beitler 1s experiments showed that for orifice plates with 

diameter ratios less than 0,1 the edge thickness could be increased till 

it was equal to 0,2 of the orifice diameter(52) . If the diameter ratio 

is greater than 0,1_ then the edge thickness has to be less than 0,02 

pipe diameters. Ruppel (53) confirmed the above but he found that if 

the diameter ratio is greater than 0,7 then e/D can be increased to 0,04. 

Thrasher (54) found that if the edge thickness is greater than 1/40 of 

the pipe diameter then the discharge creffi ci ent increases; such 
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increase being greater at lower Reynolds numbers. 

2.3.3 The Effect of Plate Thickness 

With a thick orifice plate re-attachment of the jet occurs at the walls 
t 

of the cylindrical portion of the orifice and normal contraction does 

not occur. The jet is enlarged resulting in an increase in the flow 

coefficient. ·To avoid this occurring the cyl i ndri ca 1 edge, 11e U, is kept 

thin (wi~hin standard specifications} and the outlet corner of the 

orifice is beveled at an angle of 45 degrees to the face of the orifice 

plate (see Figure g). Different values for the plate thickness are 

specified by the various standards. (Section 1.5). 

Very little research work has been done to investigate the effect of 

plat~ thickness on the discharge coefficient. In 1930 Marks L.S. (55) 

pointed out the difference in flow pattern through a thick and a thin 

cylinder. Grace and Lapple (56) showed that the thin plate orifice is 

more consistent in performance than the thick plate orifice. 

Fig. ~ The edge thickness and beveZ'wigle of an orifice plate 

·2.3.4 · The Effect of Pressure Tap location 

If the general flow pattern through an orifice plate is studies an under­
standing for the precise positioning of pressure taps results. 

'.•: 
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Figure 10 illustrates the general flow pattern of the streamlines across an 
orifice plate. The pressure varies along the pipe wall as shown in Figure 11. 
It can be seen that the pressure difference between the taps depends on the 
position of these tap~ rela~ive to the orifice itself. 

0 AND 0/2 TAPS 

:PBES$,l!BE OH 

?!fE W1'U..$1 

..... '· ' '. 

PLAHe o~ '1eH111 
Co1<T~"ICTA 

'FLANGE TAPS 

- '- - -

Fig. 10. General Flow Pattern of Stream Lines Across an Orifice Plate. 

As the fluid flows through the upstream pipe towards the orifice plate, 
the pressure on the pipe wall decreases very slowly due to the dissipation 
of energy as heat in frictional losses. (These losses are exaggerated in 
figure 11). In the absence of the orifice plate the pressure would continue. 
to fall as indicated by the dotted line. Immediately in front of the 
orifice plate there is a s~all increase in the pressure on the pipe walls 
due to the impact pressure on the plate. As the fluid enters the orifice 
its velocity .increases very rapidly and the pressure on the pipe wall 
decreases sharply. The jet continues to contract until the vena contracta, 
where the streamlines a~e parallel and both the pressure and cross sectional area 
of the jet are at a minimum. Downstream from the vena contracta the jet 
expands, causing the pressure on the pipe walls to increase until maximum 
recovery has taken place. This occurs about eight diameters downstream 
from the orifice. Here the velocity of the fluid falls back to its 
initial value. The pressure~ however, never reaches the ~alue that it 
would have had in the absence of the orifice plate. The difference is known 
as the "net pressure loss" (See figure 11). This loss is due to the 
dissipation of some of the energy as heat in the damping of turbulent 
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eddies by internal friction. 

--.. /ff~~~ 
- -- - -- -- - - - - _j '---------

C:-.·-· 

--- n•----· 

Fig. 11. Section of Square-Edged Orifice Plate showing Variation of 
Pressure along the Pipe Wall. 

From the above it can be seen that the location of the pressure taps will 
affect the pressure difference measured across the orifice and therefore 
the coefficient of discharge. A number of standard positions have been 
adopted for pressure tap location. A description of those specified in the 
standards and those used in industry follows: 

(a) Vena-Contracta Taps 

The upstream connecting hoie is located one pipe diameter from the upstream 
face of the orifice plate and the 'centre of the downstream connecting hole 
at the position of the vena contracta. The mean position of the vena 
contracta is given by ASME (11) and by ISO (20). 

(b) Radius or D and 0/2 Taps 

This tapping is favoured by the British. The upstream tap is located one 
pipe diameter from the upstream face of the orifice while the downstream 
taps are located half a pipe diameter from the upstream face. 

When compared with the vena contracta taps, the pressure readings are 
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slightly less stable due to eddying and diverging flows downstream of 
the orifice. 

(c) Flange Taps 

The upstream and downstream. pressure tapping holes are both positioned 
one inch away from the orifice plat.~ faces. These and corner taps 
are used when it is difficult or undesirable to make tappings in the 
pipe wall •. 

(d) Corner Taps 

Both taps are located immediately adjacent to the plate faces. The 
pressure holes open in the corner formed by the pipe wall and the 
orifice plate. 

(e) Pipe or Full Flow Taps 

The upstream tap is located 2.5 pipe diameters from the face of the 
orifice, while the downstream tap is 8 pipe diameters from the same 
face. This arrangement is mainly used in the United States. It has 
been designed to effect a lower working pressure drop for any given 
flowrate~ It is therefore useful when dealing with very large flowrates, 
especially when the area ratio is already at its maximum permissible 
value of 0.7 (as yiven by the standards). A disadvantage of using these 
taps is that tl1eii flow coefficients are very dependent on pipe roughness. 
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2.3.5 The Effect of Varying the Diameter of the Pressure Taps 

The diameter of the pressure tap holes must be so small that thei~ size 

wi 11 not affect the pressure observed at them. They must be free of. 

burrs so that suction effects and changes to the velocity profile will 

be kept to a minimum. 

Rayle R.E. (57) found that drilling burrs cause.errors of up'to~30% of the 

dynamic head, and that for sharp-edged holes, an• increase in the hole 

diameter from 0,01 to 0,12 inches results in a 1% change in the readings. 

Variations in the shape of the edge do not cause errors greater than 1% 

in the pressure readings. The work of Zanker and Fe 11 erman ( .58) con­

firms Rayle's findings. They show that over_a range of diameters from 

0,0050 to 0,040 the measured coefficient increases by only 1%. 

2.3.6 The Effect of Pipe Roughness 

Pipe surface roughness will affect the velocity profile in the following 

manner: 

1) A rough pipe surface gives rise to a highly centralised velocity 

profile and therefore an i~crease in the discharge coefficient (See 

Figure 12). 

2) A smooth pipe surface gives rise to a flat velocity profile which 

causes a decrease in the discharge co ef fi ci ent. r 1-- • :::_ , -- <:\ 
--. - ---- \ I 

>;>--= ,·7 _;; / .,,..: ,,} \/. /T,r ,-·,r //////7 ?_!..!_ 
(.bL ( Q.), 

Figure 12 • The Shape 
(b) 

of Velocity P-~oj"ile in (a} rough pipe 
smooth pipe, · 
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P.H. Oosthuizen (59) derived an equation (on the same principles as 

that in Appendix A 4) which can be used to predict theoretically the 

effect of velocity profile on the discharge . coefficient, 

Schag, A. (60) stated that no definite rules based on actual roughness 

are available. This experiment showed that the value of K was least 

affected if D & 0/2 tappings were used. Abrama.dtz (61) was the first 

to study the effect of artificially roughened walls. He used wire 

meshing glued to the surface of the pipe. Results showed that if the 

wire mesh is ended two pipe diameters from the face of the orifice 

plate, then an error of 1% is introduced {A= 0,08; rough pipe) and 2% 

when ;.,. = 0,13 {very rough pipe). If the mesh is ended 0,125 pipe 

diameters from the plate, then the error increases to 6% in both cases. 

Clark W.J. (62) perfonned the most thorough investigation to date in 
I 

this field. He found that downstream incrustations had no significant 

effects. The error introduced by upstream incrustations varies with the 

degree of roughness, pipe diameter, area ratio and the Reynolds number. 

His major finding showed that clearing a rough pipe for a short ·distance 

before an orifice plate will reduce the errors to within standard 

specifications. This is surprising, as the ·coefficient of discharge 

varies with the velocity profile just upstream of the orifice plate, 

and it seems unlikely that this will have changed in the short distance 

of two diameters. His results were conclusive. This shows that the 

present explan.at:ion for the effect of pipe roughness is not totally 

adequate. The practical application of his findings is that the orifice 

plate can be installed in a separate length of smooth pipe, six diameters 

long, which can be conveniently removed for periodic inspection. 

Thibessard, G (63) has developed a linear equation which can be used to 
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detennine the correction coefficient for pipe roughness effects if 

corner taps are used. Herning and Wolowski (64) have shown that to 

use correction factors based on pipe diameter only is inadequate and 

therefore the friction factor should also be taken into consideration. 

Spencer and fellow researchers at NEL have found that the effect of 

pipe roughness is greater for large area ratio orifices (~5) 

2.3.7 The Effect of Orifice Surface Roughness 

The effect of orifice surface roughness is similar to that of pipe 

roughness. The effect was considered negligible until 1954 when Dall 

·(66) showed that this is not true.- He suggested that a quantitative 

rather than qualitative definition for the surface roughness of the 

plate be included in the future codes. 

2.3.8 Effect of Pipe Diameter, 0 

The contraction of the jet is affected by the proximity of the pipe 

walls. The discharge coefficient of small pipes is greater than that 

of large - pipes. 

In the British standards (67) correction factors for the combined 

effect of pipe size and roughness are given • (See Figure 13). 

•.. -----... -~--··· .. ....:...-----.--.:...~- .. 

m 

Fig,- 13· Pipe size aorreotian factor for> an orifice ptate with 
D & D/2 tappings as gi·IJen by BS 1042: 1964 

\ 
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Spencer (68) states that conclusive evidence showing that there is a size 

effect in addition to a Reynolds number effect does not exist .. Experimental 

results suggest that a size effect does exist, and therefore, the above theo-

retical explanation is correct. 

This uncertainty is due to the fact that all the separate factors which 

affect the ~ischarge coefficient are interdependent and therefore difficult 

to determine. 

2.3.9 The Effect of Diameter Ratio d/D 

For the same pressure differential and fluid, the inward radial velocity of 

the fluid particles close to the wall increases with decreasing diameter 

ratio. The increased radial velocity results in: 

l} increased contraction of the jet 

2) higher turbulence and eddying (thus higher losses). 

The overall coefficient of discharge, K, therefore decreases with decreasing 

diameter ratio. 
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Much work has been done in this field, in which the general trend has been 

to find how the contraction coefficient varies with the diameter ratio. 

Kirchoff, Trefftz, Von Mises and others developed equations according to 

·which the value of Cc is between 0,60 and 0,62. 

The practical experiments of Engel {69) showed that the coefficient of dis­

charge is related to the diameter ratio. Beitler {70) found that a linear 

relationship existed between Kand B if Bis less than 0,7. 

2.3.10 The Effect of Reynolds Number, Red 

a)· Significance of Reynolds Number 

According to ASME (10) mechanical similarity is realized when the ratio 

of the forces acting on a fluid particle in one flow is the same as 

the ratio of the forces acting at a corresponding point in the other 

flow. 
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The Reynolds number is the ratio of the inertia forces to the viscous 

forces. 

where 

It is expressed by the following equation: 
€vL Re = 

\l 

P = · density of the fluid 

v = average ·velocity of the fluid 

L = characteristic length 

µ = dynamic viscosity 

For orifice plates the characteristic length, L, is taken to be equal 

to the orifice diameter, d, and t~.erefore 

PVd 

.ll 

If the Reynolds number for flow through two orifices is the same then 

mechanical similarity is achieved. 

b) Variation of the . Coefficient of Discharge with the Reynolds number 

If the shape of the orifice and the specifications for the installation 

are according to the standards, then the overall :coefficient of the 

orifice meter will be a function of the diameter ratio and the Reynolds 

number only. 

K = · f ( 13 , Red ) 

The effect of varying the diameter ratio has been discussed earlier. 

For a specific orifice piate in a specific installation the coefficient 

K is dependent on the Reynolds number only, since the velocity distribu­

tion, jet contraction and shear are dependent on the inertia and the 

viscous forces. 
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The relationship between the· coefficient, K, and the Reynolds number, 

Red, is illustrated in Figure 14. 
'-"!.;-:::,,}!_;.,_ - ·- - U!IiJ.~Jd.l~i:JJ...0.VV B t;.G IM I;. {; ____ _ 

/. 

10 1 

Fig.14_. The relai=ionship between the . Caeffiaient of 
discharge & the Reynolds nwnber 

It can be seen that different relationships exist for the two main 

regions of flow (i.e. (1) Laminar (2) turbulent). 

(1) Laminar Flow 

Johansen (71) observed and photographed the flow pattern through orifice 

platei at low Reynolds numbers. At Reynolds nu~bers equal to 15, complete 

laminar flow existed, but a jet began to form with a stagnant region 

adjacent to the downstream face of the orifice. 

The flow followed th~ contour of the orifice plate ~s shown in the 

Figure t5 below. 
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Fig. 15 Fl(JI;) at Red = 5 

As the Reynolds number increased to lOOJa laminar flow back-eddy formed 

with a slight contraction of the jet issuing from the orifice. The 

laminar back-eddying increased in length along the tube with further 

increases in the Reynolds number. At a Reynolds number of about 230 the 

jet issuing from the orifice became unstable due to the formation of 

ripples along the boundary of tile jet. These ripples were spaced (near 

the orifice) at regular intervals of 0.1 orifice diameters apart 

(See Fig. 16L 

~-------·-·~~· 

E_ig-!_ 16 The Fomzation of th.e Bernard von Karman eddy 
streets when using orifice plates 

At higher Reynolds numbers, completely coiled vortex rings spaced at 

intervals of about one diameter are formed. 
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This condition prevailed until Red of 2000 was reached after which 

turbulence set in, The laminar regime terminated when the discharge 

~oefficient reached its maximum value. The maximum value of the co­

efficient is dependent on the diameter ratio. Johansen (71) measured 

the frequency of the vortex rings and correlated the Reynolds number 

with the Strauhal number. The application of the Strauhal number as an 

"intermittence factor" (for the explanation of the onset of turbulence) 

is due to Rotta (72) • · 

Iverson {73) derived the following equation for laminar flow through an 

orifice plate: 

q = KA f 2gh (7) 

Red 
where K is equal to - and B is a constant determined experimentally. 

B 

In laminar flow the Reynolds number is directly proportional to the mean 

velocity and therefore to the drop in the piezometric pressure. There­

fore ~quation 7 can be wr1tten as 

q = FA2gh (8) 

where F is a constant equal to 1/B. 

For laminar flow the friction head-loss coefficient, Cf, is equal to 

16/Red *and therefore K is related to Cf. 

' Iverson (73), Millar and Nemecek (74·) and other researchers have found 

* NOTE This value for the friction facto:::i is commonZy used in Britain, 
The Americans use a friet?.'.on .factor equ::iZ to four times this value. 
The equations used for overaU head Zoss in the two countries diffel'' · 
by a factop of four. · 
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both analytically, and by experiment, that for full laminar flow, the 

friction coefficient is inversely proportional to the Reynolds number. 

The constant, F, is a function of the length to the diameter ratio of 

the orifice. Small variations in the upstream and downstream flow 

conditions and in the plate dimensions cause substantial changes in the 

laminar velocity profile and in the shear stress pattern and thus in 

the meter coefficient. Giese (75) and more recently Marxman and 

Burlage (75), demonstrated the importance of the effect of small 

variations in the shape of the orifice plates when used in la~;nar 

flow measurement. Their findings showed that variations of up to 10% 

occured in the coefficient of discharge whenever small changes were 

introduced in the shape of the orifice plate. As the Reynolds number 

increases, the laminar flow considerations become small compared to 

inertia influences, and the exact geometry of the plate plays a less 

important role. 

(2) Turbulent Flow 

The overall effect of the Reynolds number on the <;:oefficient js a result 

of changes in the contraction of the jet and in the friction. The effects 

are opposing and the resultant curve is as seen in Figure14 .. The above 

can be explained if .the overall coefficient K is expressed as: 

(See Appendix A 2 for derivation) 

The ve 1 ocity CGefficient, Cv, accounts for changes in velocity due to 

friction, (. 
( 1. e. c _ V actual ) 

v - "\i ideal ) 
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The contraction . coefficient, Cr accounts for the contraction of the 
~' 

jet ~ i , e, = 8rea,_9f_~e~ at tapping J 
Orifice area 

The variation of the· discharge coefficient, K, with the Reynolds number, 

Red is due mainly to the action of the turbulent viscous forces. The 

viscous forces increase with a decrease in the Reynolds number. This 

results in a decrease in the velocity coefficient and an increase in 

the contraction coefficient. In turbulent flow the change in contraction 

coefficient is greater than that in the velocity coefficient. As the 

Reynolds number decreases the P.ffect of the velocity coefficient 

increases and in. laminar· flow it. becomes pred9minant. At very low 

Reynolds numbers no more contraction occurs and the change in the contrac­

tion coefficient is due to the change in the velocity coefficient 

{See Laminar Flows). 

If two fluids are metered, the fluid with a higher viscosity will have 

the higher coefficient of discharge. For example, for the same jet 

ve 1 ocity, the discharge coefficient for a medium oil is higher than that 

of water. 

The relationship between the Reynolds number and the coefficient of 

discharge has baen expressed in a number of ways. Witte (77~ presented 

his results by plotting K against log Red· (See Figure 17). 

Beitler (78)found that plotting the coefficient against the reciprocal 

of the Reynolds number results in a linear relationsh·ip for a wide range 

of flow rates. In 1935, after his results were already presented, he 

suggested the use of 1/JReJ.. as abscissa instead of 1/Red. (79). A 
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better linear relationshi.p i~ obtained if this plot is used. Marchetti 

(80,81) discovered the same relationship. (See Figure 18) 

Fig. 17. Characteristic Curves of K plotted against corresponding 
values of log Rea. · Si'.milar curves can be fourid in IS.4 
(buUetin 7 2) and in VDI 

Fiq. 18. 

IO~Rco, 
Variation of the squar'e 1'oot of the Reciprocal. of the Reynolds number 
-with the Discharge Coeffi"c1:ent 

Beitler and Marchetti independently came to the co~clusion that the 

discharge coefficient could be expressed mathematically for Reynolds 

number greater than 54 000 p2 
by the following general equation (82) 
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The value of K0 .and of b are functions of the diameter ratio and the 

pipe diameter. A number of equations have been determined by different 

researchers. 

Buckingham suggested.the following equation for D & D/2 tappings .(83) 

K0= go,6014-0,01352D-!tl + uo~3760+0,07257D-!)( tll~~,~~~~~250 + /~'I +l,5/3")) 

and 

b= Qo,0002~0,~0ll]+ [(0,00038+~004 ) ('f>2
+ {16,5+5D] /3

16
)] 

Marchetti 1s results (84) ·are expressed by the following equations: 

K
0 

= 0,6031 + 0,34j3 4 + 0,62( J3 -o,7) 5
13 

and 

b = (0,026}3 4 + 0,002)K
0 

These experiments were performed with orifice plates with corner taps. 

R.B. Dowdell and Yu-lin Chen(85) have done statistical analyses on the 

results of a number of researchers and have.suggested that the following 

equations are more realistic for D & D/2 taps: 

c = D 

. . 

0,59557 - 0,000610'+ 0,004270~ + 0,03622/3 2 .. 0,00567DJ3 2 -

(317,5 - 211 930 -2988,5~ + 1367,5Df3 + 2961,1~ 2 , - 1708Dj3 2) /Red 

The International Standards Organisation (ISO) presents the value of 

the·· rnefficient in the following form: 

0( = 0<.'(l+ pA) 
Re:!) 

0(;:: O<e ( 106t1~ ) 

106·d .+ 381A 
where 
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and 

' 5 4 
= 0,5993 + 0,1778 +(0,364 + 0_-2830) 

ae D ID 
+ 0,4( 1,6 -25,40) + -u-

'(0;07 

an<.i 

+ 12,70) 
0 

ej
51

2 - (0,009 + 0,8636)(0,5~B) 3/2 + 
D 

2 
A = 0,03937d(830 - 5000 S + 9000 B - 4200 s3 + 2671 ) 

ID 
Marchetti found that linear relationships existed between K and 103; ~ 

for Reynolds numbers greater than 54000 e2. As the diameter ratio 

increased the departure from linear relationship occurred at lower and 

lower values of 103; JRed.· 

Marchetti found that the location of the region where a critical change 

took place (namely where the curve deviates from a straight line) changes 

with diameter ratio. He thought that the orifice edge sharpness also 

affected the range o~er which linear relationship existed. Scimemi 's 

experiments (86). showed that a critical change took place even with 

orifices which had rounded edges. Buckingham and Bean @7,88) have 

found that for turbulent flow, the limiting values of the ~coefficient, 

K0 are sensib'ly 1 inear with respect to f3 4 over the range of j3 values 

from about 0,2 to 0,7. 

The British Standards cor:rects for the effects of the Reynolds number 

by introducing a correctton factor Zr. (See Figure 19 below.) 
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(b) Revnolds Number correctio" factor 
!·OS 

1·04 

1·03 

1·02 

.1·01 

Fig. 19 · Reynotds nwnber Correction Factor as given by BS 1042: 1964 

A lot of research has been done Gii the effect of the Reynolds number for 

numbers between 20 000 - 500 000. For Reynolds numbers greater than this 

the different engineering standards do not agree. Insufficient experi­

mental evidence exists to prove any of the standards correct. 

2.3.11 The Effect of Eccentricity 

If the centre of the orifice does not coincide with axis of the pipe then 

the orifice plate is said to be eccentric. The flow coeffi.cient of an 

eccentric orifice plate differs from that of a concentric one. This 

difference is due to a change in the flow pattern. (See Figure20 below) 

- ::::: =::; -j , 

\S ;~--~~~~-4--'~ 
,, ·J 

~~ -~ -r 
... -.- - - .... 

Fig .. 20. Diffe1'ence in j'Zow patterr11 beb.»een a concentric 
and eccentric orifice 

The vena contracta moves further downstream from the plate, resulting· 

-so--··.· 



in a smaller pressure difference across the plate at fixed tappings; 

hence an increase in the discharge coefficient. 

The area of the jet is reduced less on one side than on the other since 

one side of the orifice is closer to the pipe than the other. The· 

position of the pressure tapping with respect to the eccentricity of 

the orifice plate therefore influences the discharge, coefficient. 

Beitler (89) conducted experiments which led to the determination of 

the flow coefficient for fully eccentric orifice plates. ThE~e co­

efficients have been adopted by ASME (10). 

Limited data is available on the actual effect that eccentri~ity has on 

the flow coefficient. Miller and Kneisel (90) have found that for all 

area ratios the error increased with increasing eccentricity towards the 

taps. They stated that for all the tests the ·coefficient for an 

eccentrically positioned plate was higher than for the same plate 

positioned concentrically. They suggested that using multiple 

tappings (a piezometric ring) will reduce errors due to directional 

effects. In 1 ater tests ( 91 ) they found that the change in fl ow co-

efficient is a function of the magnitude and direction of the eccentri­

city. Hinz, Scofield, Casale and Edwards (92) developed empirical 

equations for determining the flow .co2fficient, Ka, for orifice plates 

which are eccentrically located. These equations are: 

Ka = K[i+f ( F - ~060 )1 for 0 ~ F< 0,35 
0-d '_I 

Ka= K[l+f (0,70-F)(0,04715)] for 0}35~F<:0,70 
1 

Ka = K [i + f { F - 0 , 7 0 ) 0 , 06 3 9 6 j for 0 , 10 .~ F ~ 1 , 0 
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where F is the distance between the centre of the orifice and the axis 

of the' pipe, divided by the pipe radius. . 

K is the flow coefficient·determined from the equation given by 

Beitler (See section 23.10.2). 

They found that three definite regions existed which can be expressed 

by the above equations. In the region where F is greater than 0,35 a~d 

less than 0,70, large pressure fluctuations occur due to extreme turbu­

lence. For F greater than 0,70 stability in pressure readings is again 

restored. These findings contradict that of Miller and Kneisel 

who state: "The relationship between these quantities is not readily 

discernible There appears to be no straightfoY'\'Jard way to explain 

the phenomenon of eccentricity other than by graphical presentation of 

flow calibration data. Because of this, the projection of these results 

into other line sizes, Beta ratios, eccentricities, pipe roughness, etc. 

would not be recorrmended. 11 

Bean ( 93) defined the eccentricity ratio as: 

M = 2E/ {0(1-~ )j ( 11) 

He found that if the eccentricity ratio is equal to or less than 0,05 

then the discharge coefficient will not vary by more than 0,2% for 

flange taps and diameter ratios ~p to 0,7. 

West (94). represented graphically the variation in the co-efficient 

with the motion of the centre of the plate towards and away from the tap-

pings. He found that for. an orifice plate of 0,7 diameter ratio, which 

is 0,050 eccentric to the pipe axis, the flow coefficient is increased· 
' 

by 3,5%. 
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Spink (95) has presented graphically the variation in the correction 

factor which is to be applied for a fully eccentric orifice. The 

different engineering standards stipulate the maximum allowable eccen-

tricity for an orifice plate for which the standard coefficients still 

apply. The equations given by the various standards differ, and this 

difference .is discussed in Chapter 1. 

2.3.12 The Effect of Edge Sharpness 

The upstream edge of the sharp square-edged orifice is the only place 

where the flow lines touch the orifice plate. Hence rounding of the 

edge will affect the jet i.ssuing from the plate. Figure21 below shows 

the shape of the stream 1 ines for a sharp square-edged orffi ce and for 

an orifice with a rounded upstream edge. 

From this sketch it is apparent that the area of the jet increases as 

a result of rounding the upstream edge. An increase in the discharge 

coefficient results. If the edge radius is increased a stage will be 

reached where no contraction of the jet will occur and in this case the 

orifice plate will act as a flow nozzle. Further increases in the 

radius would cause separation at the edge. 

In 1948 Co'llacott (96) stated that although it was kno\'/n that the 
.. 

discharge efficients of chamfered orifices are higher than fo~ square-

edged ones, little work had been done to study this effect. 

He tested a number of orifice§ whose edges were chamfered from 30 to 120 

degrees and found that by increasing the bevel angle from 55 to 68 

degrees and reducing the head from 20 inches to 4 inches of water, the · 
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maximum discharge coefficient increased almost linearly from 

0,87 to 0,907. 

ORIFICE FLANGE 
/ UNION 

Edge 

DETAIL A. 

Fig. Li• Ftow Linea Showing Effect of Dutiing Upstream Orifiae Edge 
This figure is .a direct c_opy from Spink, L,K, (97). 

The 1943 edition of the British standards does not give q quantitive 

value for the edge radius of a standard orifice plate. The edge is 

considered to be sharp when a beam of light directed onto it will not be 

reflected. Since 1943 much res€arch has been done on the effects of 

rounding the edge cf an orifice plate. Spink (97) states that rounding 

the edge of an orifice by 0,025 m~ has the same effect as increasing 

its diameter-by 0,05 mm. 
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Herning (98) has develop~d a method of measuring the sharpness of the 

upstream edge of an orifice plate, He took impressions of the edge by 

pressing lead foil onto it. These impressions were magnified and the 

edge radius measured. From his experimental results he derived a 

multiplying correction factor for basic discharge coefficients. The 

correction factor is dependent on the ratio of the upstream edge radius 

to that of the pipe diameter r/D and on the area ratio. An error of 

3,9% occurs for an orifice plate with area ratio of 0,1 and edge radius 

of 0~02 millimeters, while with the same edge radius an ·error of 1,76% 

occurs if the area ratio is equal to 0,4. Hence the effect of rounding 

the edge has a smaller effect on the discharge _coefficients of orifice 

plates with large area ratios. 

In a later article written in cooperation w'ith Wolowski (99) they 

found that for standard orifices the discharge coefficient correction 

factor is the same for the same sharpness ratio. + 

A graphical representation of their findings can be seen in Figures 

22 and 23. 
/ 

Herning found that the German standard o~ orifice plates (DIN. 1952) was 

. correct for orifice plates whose upstream edge radius is equal to 

0,06 mrn (See Figure 24). 

Howard L. Bean (100) showed that errors up to 8% occur due to rounding 

the edge of orifices of 0,31, 0,50 and 0,69 diameter ratios. This 

occurre-d in a 100 rrnn line with ratios of radius of curvature of the 

NOTE: $ Sharpness .Patio i_s defined as t:he 21aUo of ·the upstream edge 
radius divided by the orvif'ice ·internal diame te1~. 
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inlet corner to the radius of ·the orifice bore ranging from 0,001 

to 0,050. 

"·' o,2 o,l 

Q.§:C R"11>14f! (r) 

Fig2:Z. __ , Herninq's Results Presented 
G1?aphical ly 

0 

' ' .. ' .. ..... .. ' ·.. -- ~'"' .... • • - '.!.r~ ............ - - -
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Fig. 2'-',. Correction Faatoi• which 
would have to be applied 
to Orifice Plates with 
Rounded Upstream.Edge 
Radii 

Fig. 23 Correction Factor for Orifices· whose Edges have 
been rounded 
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K.A. Crockett and E.L. Upp (101) conducted experiments whose results correlated 

well with that of Herning and Wolowski. Similar experiments were carried out 

in England. Spencer, Cal'ame and Singer (112) individually carried out experi-· 

ments on the same set of orifice plates. The orifice plates were made to con­

form to the specifications 9f the German Flow Measurement Standard DIN 1952. 

These experiments were conducted respectively at the University of Stuttgart, 

at the London Laboratory of Electroflo Meters Co. Ltd., and at NEL, East Kil­

bride, Scotland. 

Their results showed that the coefficient of discharge of an orifice plate 

with area ratio of 0,09 was one percent above the value given hy the British 

and the German standards. This error occurred because of microscopic im­

perfections at the edge of the orifice. Work done by West (103) substantiated 

Spencer's findings. He stated that the effect of the orifice edge geometry 

on the discharge coefficient was more serious than originally believed. 

The British standards have adopted Herning's suggestion that an orifice 

plate be considered ~harp if the ratio of the upstream edge-radius to 

the orifice diamter is less than or equal to 0,0004. Gallacher (104) de­

veloped a new method of indirect measurement of edge sharpness. An impres­

sion of the orifice edge is obtained by fir~t forming a negative casting 

which is then used as a mould for the positive cast. The positive cast is 

then used for viewing the edge. A thin slice from it is polished and used 

for mea~uring the edge sharpness. 

In 1975 Benedict, Wyler and Brandt (105) published the results of their ex­

periments. They found that the change in the fl ow coefficient due to 
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rounding the upstream edge of an orifice is expressed by the following 

empirical equation: 

= _0,85 ln ( ~ x 103) + 1,74 (12) 

During the discussion on the above paper Head V.P. (106) suggested the use 

of the following equation instead: 

C = 0,6015 + 0,37Re~' 5 
+ 0,018(1-e-850r/d) (13) 

The use of this equation eliminates inconsistent results for perfectly 

sharp plates as given by the previous equation. 

An optical method for measuring the edge sharpness was proposed by 

Aschenbrenner (107) whereby the projection of a fine beam of light 

directed at the orifice edge is observed. The profile of the distorted 

image of the upstream face of the orifice and its bore is photographed. 

By a geometric equation, together with a reticle, the radius of curva­

ture of the orifice edge is obtained. Upp (108) and more recently 

Jepson and Johnson (109) have improved on the design of the apparatus 

used by Herning. Brain and Reid (110) compared the three methods and 

came to the conclusion that for quick and accurate results the lead 

foil w.ethod was the most suitable. 

Upp (108) suggested that to determine the actual relationship between 

the edge radius and the discharge coefficient required further 

investigation. 
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CHAPTER THREE 

EX PERI MENTAL APPARATUS AND PROCEDURE 

The major obje:ct of this thesis is to determine the effect that 

eccentricity and edge sharpness have on the coefficient of discharge 

of orifice plates. 

In order to attafo these objectives a test facility was designed which 

could be used to calibrate the orifice plates. From the results of 

these calibrations the discharge coefficient of each plate was deter­

mined. To determine the effect of edge sharpness, the edge radius of 

each plate was increased after each calibration a~d the _coefficient 

of discharge of each plate was determined. To determine the effect of 

eccentricity similar tests v1ere performed but the eccentric position­

ing of the orifice plate was varied. 

Small changes in the coefficient of discharge were expected and there­

fore the minimum overall calibrating accuracy of the test equipm~nt had 

to be ± 0,2 percent. Other criteria which the test equipment had to 

meet were: 

a) To maintain a constant flow rate for the duration of any test. 

b) To allow for the eccentric positioning of an orifice plate and for 

the accurate repositioning of the orifice ~late during a calibration. 

c) To allow for the calibration of orifice plates with varying edge 

sharpi1ess. 

-59-



d) To utilize the one hundred millimeter pipe line installed, 

e) To use water as a working agent. · 

f) To comply with the most stringent specifications of the various 

engineering standards. 

I 

In addition to accurate flow measurement a method for the measurement 

of the upstream edge of an orifice plate was required. Thi~ could be 

achieved by reproducing the contour of the upstream edge of the orific~ 

plate and then measuring the ~dge radiu~. 

·Finally a visual aid was required to obtain a better understanding of 

the changes in flow conditions which occur as a result of varying such 

parameters as edge sharpness, area ratio, eccentricity and Reynolds 

number. 

3.1 CALIBRATING EQUIPMENT 

To calibrate an orifice plate, constant flow in a pipe line is measured 

with the orifice plate and with a reference meter whose accuracy and 

repeatability is well known. The measured flowrates are compared and 

the orifice plate coefficient is determiiled. The accuracy of the overall 

system is slightly lower than that of the reference meter. 

A wide variety of methods are used to calibrate orifice plates. Some 

of the more widely used ones are: 

a) A Volun~tric or Gravimetric Tank in the Standing-Start and Finish 

Mode. . . 
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A simple calibrating system of this type is shown in Figure 25. This 

system is based on comparing the volume or weight of working fluid 

passed.through the test meter with the volume added to the tank during 

the period of calibration. The gravimetric system is preferred' when~_,.. 

calibrating with wate·r or with high viscosity oils, while the volumetric 

method is generally used for calibrating with low viscosity hydro-

carbons. This method is better suited to the calibration of quantity 

meters than to flow rate meters. 
( 

'11hermometer Pockets ----..::::: 

Test Meter 

Valves 

Fig. ?9· Method of Calibrating an Orifice with a voZwnetno 
·tank in the standing-starit & finish mode. 

b.) Gravimetr-i c fly'ing Start ar.d Fini sh Method with. Dynarni c Weighing 

The calibrating equipment consists of a test meter, a timer ~nd a 

weigh tank which has a dump valve at its base. The calibrating 

procedure is as follows: · ~~"!1en the water in the tank reaches a preset 

·weight a timer is set into operation until another pr~set weight is 

reached when the timer is switched off and the dump valve is opened. 

This method is suitable for c~librating at moderate flowrates, as at 

high flowrates inertia effects cause substantial errors. 
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c) Pipe Provers 

A pipe prover consists of a hollow synthetic rubber sphere which is 

filled with water at a high pressure so that the diameter of the sphere 

is about two percent l~rger than that of the pipe from which the prover 

is constructed. The sphere is forced into the pipe so that it acts as 

a seal and as a piston which travels round corners. When calibrating, 

the fluid passes through the test meter, then thr.ough the prover and in' 

so doing it takes the sphere from one end of the prover to the other. 

The time taken over a specified di~tance is recorded and the flowrate 

is calculated. 

Pipe provers are expensive to install, but once installed they are 

reliable, rapid in operation, have a low operating cost and are highly 

accurate to ! 0,1 percent. 

d) Gravimetric Flying Start and Finish Method with Static Weighing 

This method of calibration is used successfully at NEL and ESCOM (111, 

112). In this system the fluid passes through the meter, a control 

valve and then a fishtail, from where it emerges as a fan-shaped jet. 

The jet of fluid is then diverted into a reservoir (sump) or into a·~· 

weigh tank. A switch connected to an electronic timer is operated by the 

· di verterw. In this way the ti me re qui red to fi 11 the weigh tank and al so 

the mass of the water is measured. 

This method is widely used where flowrate meters have to be calibrated 

with water. 
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3.1.1 The Design of the Calibrating Equipment 

The calibrating equipment used in the experiments is similar to that 

used by the National Engineering Laboratory at East Kilbride in Scotland 

and by the Elec·tricity Supply Commission at Roshervilk! Johannesburg in 

the Republic of South Africa. 

This equipment was chosen for the following reasons: 

1. The existing calibrating faciiity at U.C.T. is based on the above 

system and therefore only minor modifications were required. 

2. The overall accuracy of the NEL and ESCOM calibrating facility is 

±0,1 percent and thus it was assumed that s·imilar accuracy could be 

achieved with similar equipment at U.C.T. 

3. It is the most suitable equipment for calibrating orifice plates 

with water at medium flowrates (Red 105 - 5 x 105} in a laboratory. 

3.1.1.1 General Layout of the Equipment 

The general layout of the equipment i~ illustrated in Figure 26. The 

apparatus consists of a centrifugal pump which pumps the water from the 

sump into a constant head tank and from there through a flow straightener 

into the test section where the flowrate is measured with an orifice 

plate and this measurement is compared with that obtained with the 

reference meter. The reference meter is situated after the test section 

and it consists of a fishtail 3nd a diverter. The diverter, which is 

pneumatically activated, diverts the water into the sump or into the 

weigh tank. During a calibration, an electronic timer is activated by 

the diverter so that the time during which the weigh tank is being 

filled is recorded. Thus from these readings the actual flowrate can b~ 

calculated. 
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Fig . 26 General layout of the Experimental Equipment 
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3.1.2 Detailed Description of t he Cali brat i ng Equipment 

The apparatus consisted of the following parts: 

a) Working Fluid 

Water \'ias chosen as the working fluid as it is incompressible, its 

properties are well known and it is readily available. 

b) Apparatus to supply water to the Constant Head Tank 

The water from the sump was delivered by a suction pump to the constant 

head tank. In order to ensure that no excessive rise in the water 

temperature would occur during a test due to the water being re-circulated 

the capacity of the sump was made to be five times that of the tank. 

Furthermore, the depth and len gth of the sump ensured that no vortex 

entrainment of air occurred at the pump and that no air bubbles were 

introduced at the point where the return water from the system and from 

the tank overflow we re discharged into the sump. 

To keep the water in the system free from large size solid impurities, it 

was strained by a co arse mesh filter before the pump and it was filtered 

by a combined medium and fine mes h filter after the tank. 

c) The Constant Head Tank 

As swirl an d puls ating flow affect t he accuracy of t he orifice plate, 

direct pumping to the test li ne was not considered and a cons tant head 

t ank was used t o sup~ ly t he t es t li ne with wa t er. To ensure that no 
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' \ 
large fluctuations in the height of the free surface occured, the tank 

was fitted with a weir. The excess water flowed over the weir into the 

overflow and back to the sump. 

The flow to the tank could be adjusted with a valve which was positioned 

after the pump. By correctly adjusting the flow to the tank, fluctuations 

in the head which occurred as a result of a varying fl ow over the weir 

were limited to ten millimeters . The tank was 25 meters above the test 

line and thus the maximum pres sure fluctuations in the test line did not . 

exceed 0,04 percent. 

d) The Test Section 

The test section was supplied with water from the constant head tank . 

via a flow straightener. The f low straightener was introduced to reduce 

the swirl and the eddying in the test section. 

The test section vrns made from one hundred millimeter smooth cornl}lercial 

P.V.C. pipe. To ensure fully developed flm>J at the orifice plate the 

test section consisted of a straight length of round pipe over a dis-

to.nee of forty-seven pipe diame ters upstream and fifteen pipe diameters 

downstream from the orifice plate. The orifice plate and the test 

section complied with the requirements of BS 1042:1964. 

The orifice plate \'/as installed betv1een specially designed flanges 

whi ch allowed for t he eccentric install at ion of these plates and for the 

accurate t·epositioning of a plate during testing. The plates used were 

round or rectangular depending upon whet he r tests for either edge sharp-

ness or eccentricity were bei ng conducted . The flowrate was set by the 
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use of a valve v1hich v1as situated in the fifty mi1limetre p·ipe line after 

the test section. 

e) The Diverter 

The water flowed through the test section into the diverter via a 

11 fish tail 11 which was introduced to chan ge the circular jet issuing 

from the pipe into a thin rectangular one. 

The diverter frame was pivoted above its centre of gravity so that the 

water could be diverted to the measuring tank or to the collecting 

trough. The coll ecting trough was connected to the sump. To avoid 

spi llage of water due to splas hing at high flowrates, the diverter 

top and bottom anns were covered with ru bb er sheeting (Fi gure 27). 

The time taken for the flew to be diverted into the measuring tank was 

measured ~iJ,l-.:i..s...eool'His- by me ans of a crystal-controlled electronic 

timer v1hich v1as actuated by a photo-electric cell mounted adjacent to the 

rear of the dive r ter. A brass plate was fitted to the rear of the 

dive rte r and when the diver te r was actuated this brass plate cut 

across the light em i tted by th e photo-el ectric cell and so actuated 

the electronic timer. 

The di ve rter \·Jas actuated by a do~1b l e- act ing rneu m2, ti c cyl i ncier to 

which air \vas supr:ilied by means of a 11 Hydrova ne 11 comp resso r. The 

diversion was started by press ing a s pri ng return val ve,wh ich actuated 

the pneumatic cyli nder , thu s effe cting the diversion. Thus the complete 

ope rat ion of the dive rter and of the timer was control l ed by t hi s valve. 
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The rectangular jet 1ssuing from the "fish tail" was of finite thickness 

and therefore it took a finite time for it to be diverted. Due to this . 

fact the diversion of the jet had to be as fast as possible, the velocity 

of traverse had to be equal ·;n both directions and the brass plate which 

acuated the timer had to be so positioned that the electronic timer was 

started and stopped when the diversion plate crossed and recrossed the 

mid-point of the jet. To ensure equal velocity of traverse of the 

diverter in the two directions, a restrictor was introduced into the 

pneumatic circuit. The speed of traverse of the divert·.er was set by 

adjusting the delivery pressure of the compressor. 

f) The MeasDring Tank 

A large capacity measuring tank was used so as to allow for the accurate 

determination of the mean flow rate. The level of the water in the 

measuring tank could be observed through the sight glass which was 

fitted into the side of the tank. The tank was covered so that no 

losses due to splashing would occur. 

The measuring tank was placed on a measuring scale so that the mass of 

the tank and its contents-could be getermined at all times. To ensure 

th~ accurate determination of the mass of the tank the measuring scale 

was calibrated regularly against assized weights. 

g) The temperature measurement 

The temperature of the water in the tank as well as in the test section 

was measured in order that the density of the water could be accurately 

determined. 
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To measure the temperature in the test section, measurements both up- . 

stream and downstream of the orifice plate had to be taken. For this 

purpose thermometer pockets were fitted into the pipe. In order to 

avoid any disturbanc~ in the flow at the orifice plate as a result of 

the insertion of the thermometer pockets, these pockets were placed 

forty six pipe diameters upstream and fifteen pipe diameters downstream 

from the orifiCe plate and were allowed to protrude only thirty milli-

meters into the pipe. 

(To measure the temperature of the water in the test section and in the 

) tank, mercury thermometers were used. These thermometers were ca 1 i b rated 
' 

~gainst a standard thermometer. 

To accurately determine the density of the mercury in the manometer the 

temperature of the atmosphere surrounding the manometer was measured. 

« h) The Pressure Measurement 

D & D/2 taps were chosen as they are comrnon.ly used in industry. Some 

of the other factors which were considered when the choice of taps was 

made were: 

a) that the downstream tap lies in the vicinity of the vena contracta 

for orifice plates with a wide range of area ratios and for a wide range 

of flows, resulting in stable pressure readings and in large_pressure 

drops being recorded. 

b) that the coefficient of discharge fdr orifice plates fitted into 

installations with D & D/2 tappings is specified in a number of 

engineering standards. 
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To obtain rel"iable average pressure differential readings four D & 0/2, 

tappings were connected by a ring chamber (Figure 28). 

Fig.28. The Ring Chamber at one .of the Tapping Positivns 

The pressure differential was measured with a water-mercury and a 

water-air inverted manometer. The mercury manometer was specially 
- - ,- •• --.=-........c..r-----c·•c -- --....,,-,.~-=-=-_,,..r:--=-- -~-'"-"'~-<::' ~-, 

designed for this experiment (See Appendix B for details). Some of the-
-------------,-----~-- ·--

features of this manometer were: a least count of 0,05 millimeters; 

valves allowing for the purging of the manometer from air; and valves 

which allow for the flow to the manometer to be shut off instantaneously 

and thus for accurate instantaneous pressure differential readings. 

To determine the magnitude and the frequency of fl uctua li,012? .. ~ixtJ:he 
~-------~~. ~--~-"===--=-~--"-0-"-::Cc~~::""'=-~""-"-:r- ~- > • i -~~·..---

different i a 1 pressure and the cause of these fluctuations, a pressure 
___:..___::_~__:._....:.....:.--!..,..:_:_:____:__;__;_;_;_;_~-----~-----

differential transducer was installed between the ring chambers. The 
-------~-~~~.~~~-.. ---~--~-~~---~~. .-~-~"-

transducer output was amplified and recorded by means of an ultra violet 

recorder. In order to obtain accurate readings the transducer was 

calibrated against a dead weight pressure gauge calibrator. Thus with 

this apparatus continuous recording of the differential pressure 

across the orific~ plate was possible. 

3.1.3 Some Factors Affecting the Method of Calibration 

1. Pressure Differential Fluctuations --------
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Although the static pressure in the test line was kept constant to 

within 0,04 percent, due to turbulence in the line, small fluctuations in 

the flow occurred resulting in "fluctuations in the pressure difference 

readings. The magnit~de of the fluctuations was dependent on the flow 

rate. Using the high speed pressure differential transducer, it was 

found that the fluctuations at the maximum flow rate across the orifice 

plate were in the order of± 4 per cent. 

The magnitude of the pressure fluctuations when measured with the 

. mercury manometer was lower than when measured with the pressure 

transducer. For example, when using the mercury manometer, the meniscus 

1 fluctuations were in the order of 0,3 per cent at low flow rates and 0,7 

per cent at high ones. 

To determine what caused the pressure fluctuations in the test line, the 

fluctuations as measured with the presiure transducer were recorded with 

an ultra violet recorder. The recordings showed that the variations in 

the pressure differential were random and thus these fluctuations were 

expected to be caused by natural turbulence. To prove that these 

pulsations were not due to such factors as water hammer or "chatter" • 

(113) an investigation was conducted. Calculations showed that the 

pulsations were not due to either of these factors and thus it was 

concluded that they were due to natural turbulence. 

Even though fluctuation in pressure occurred~ the mean pressure differen­

ti a 1 reo.di ng was expected to remain constant if it were to be determined 

::; Note: CHATTER is defined in Reference 722 as being simUar in eharac­
teristic to water hammer but it is a l"esult of elasticity in 
the fluid system. For exan;ple, ae~'ation or air ent.rainment 
cou?,d cause chatter, Chatter can be detected by the axial 
oscillation of the fZ.uid system.· 
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from a number of readings taken at random intervals of time. Tests to 

determine how many readings had to be taken with the mercury manometer so 

that the average readings would remain constant to within± 0,05 milli­

meters of mercury, were conducted. It was found that a minimum of 

twelve readings were required at high flow rates while at low flow rates 

eight readings were sufficient. To keep the experimental procedure as 

simple as possible it was decided to take twelve pressure readings 

irrespective of the flow rate. 

2. Mechanical Vibrations 

It was observed that during its operation the diverter caused the 

frame on which it was mounted to vibrate. Since the pipe joining the 

test section to the 11 fish tai1 11 was fixed·to this frame, the lateral 

· vibrations were transmitted to the test section. 

To reduce the amplitude of the transmitted vibrations a rubber pipe was 

introduced into the system. It was positioned ~etween the test section 

and the control valve. After the introduction of the rubber pipe no 

vibrations in the test section were observed. 

Tests to determine whether the operation of the diverter would affect 

the pressure differential readings were conducted. The following 

procedure was followed: The diverter was operated on a number of 

occasions with no flow in the test section. The pressure difference 

was measured with the pressure transducer. Zero reading was recorded 

on each occasion and therefore it was concluded that the operation of 

the diverter did not affect the pressure differential readings. Further 

tests sho~ed that the vibraticn of the frame did not cause any change 
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or spillage in the diverted flow. 

3. Pipe Diameter 

The various engineering standards specify that the pipe must be round 

within certain limits in the vicinity of the orifice plate. In order 

to ensure that the requirements of these standards were adhered to, the 

diameter of the pipe was measured in a number of pla.ces in the vicinity 

of the orifice plate. The positions where the measurements wer2 ta~en 

is shown in Figure 29. Six readings around the circumference of the 

pipe were taken at every position. From those measurements the diameter 

of the pipe was determined. Radial expansion in the P.V.C. pipe was 

expected with increasing flow rate and temperature. Such expansion 

could not be detected during any test by means of the vernier calipers 

used. These·calipers could be read to± 0,025 millimeters. From the 

results obtained it was 

considered constant for 

Fig. 29. The position whet-e-:the diameter of the pipe was measured 

4. The Orifice Diameter 

The orifice plate was made from brass. Since the ~oefficient of thermal 

expansion of brass is high, the change in orifice plate diameter with 
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change in the water temperature should have been significant. Assuming 
' , ~ ' . 

that the temperature of the plate was equal to that of the water flowing 

through it, the maximum temperature variation from f8 degrees Celsius 

was ± 10 degrees Celsius. ~he largest orifice plate would have increased 

or decreased in diameter by 0,02 millimetres. This variation in the 

diameter of the orifice plate was considered significant and was taken 

into consideration in the calculations. 

5. The Density of the Water 

To ensure that the coefficient of discharge of any orifice plate would 

be determined to an accuracy of±0,1 per cent, the density of the water 

was determined experimentally at various temperatures to within .·~O ,01 

per cant. Since the density of the water had to be known accurately, 

small changes in its value due to factors other than temperature had 

to be corisidered. For example particles of dust and dirt could.have 

collected over a period of time in the sump and they could have dissolved 

in the water. To ensure that no change in the density other than that 

predicted by the temperature variation occurred, tests were conducted 

monthly. The findings showed that the density at a specific temperature 

remained constant with time. 

6. The Buoyancy of the Air 

The mass of air displaced from the tank by the water during a particular · 

test was taken into account. It was found that if this factor was 

neglected an error of 0,1 per cent would result. 

7. Equal Velocity of Traverse of the Diverter in both Directions 
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When the fori'Jard diversion into the measuring ta_nk took place some 

water (volume A) passed into the measuring tank before the timer started 

and some water (volume B) passed into the sump after the timer had 

started (See Figure ~O). The two volumes had to be equal and self­

compensating for zero error. Similarly, when the return diversion ou"t of 

the measuring tank and into the sump occurred, some water passed into the 

sump before the timer stopped and some water passed into the measuring 

tank after the timer had stopped. Thus, to ensure zero error the follow­

ing criteria had to be fulfilled: 

a) Equal velocity of traverse in both directions was required so that 

any error introduced during the forward diversion would be compensated 

for by an equal and opposite error during the return diversion. 

b) the shape of the flowing jet had to be symmetrical, the timer 

switch had to be placed at the geometrical centre of the diverter and 

the centre of the jet had to coincide with that of the diverter so that 

during the forward or during the return diversion the vo 1 umes A & B 

described above would be ~qual and self-compensating. 

c) A high velocity of traverse is required so.as to minimize any possible 

error which could be introduced during a diversion. 

To ensure equal veloc;'ty of traverse in the two directions, the following 

ex~eriment was performed periodically: The timing plate was replaced 

by a small plate which could be mounted in such a manner that it would 

be symmetri ca 1 about _the di verter pl ate. The divers ion time in either 

direction was measured and the restrictor in the pneumatic line was 

reset until equal diversion time in the two directions was achieved. 

The diversion time in either direction was seventy seven milliseconds 

which time was achieved when the compressor operating pressure was set 

at 689,5 l<N/m2• 
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Fig. 80. . Positions df the Di verter 

.·. 8. The Condition of the Orifice Plate 

The orifice plate and the test section were designed to conform to the 

specifications of BS 1042:1964. The Br~tish standard on flow measurement 
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was chosen as at the time of the design of the orifice plates only 

this engineering standard 1;1as available in the library and its specifica• 

tions were considered to be as relevant as that of any other recognized 

engineering standard. 

To ensure that the orifice plates which were made by the department's 

workshops conformed to the required specifications, the following· checks 

were made: 

a) The upstream sharpness of eac~~ plate was measured by the 1 ead foil 

method described in section 3.2. The sharpness ratio (edge radius/ 

orifice diameter) of the sharp orifice plates was found to be less than 

0~0004. The only orifice plate with a sharpness ratio greater than 

0,0004 was plate number one whose area ratio was equal to 0,1 (i.e. the 

plate with the smallest orifice diameter). 

b) The surface roughness of the orifice plates was measu~ed with a 

11 Ta1ysurf 11 meter. To ensure that the worst condition of the surface 

of the ·Orifice plates was recorded, measurements \'1ere taken at positions 

where major blemishes or major imperfections in the surface of the plate 

were detected. Thus the average surface roughness-of the plate was 

better than the recorded one. The measurements obtained showed that 

the surface of the plates was smooth and was equivalent to a ground 

finish. 

c) The dimensions of the plate, the flatness and the straightness of 

the plate were also measured. The plates conformed to the requirements 

of BS 1042: 1964. 

3.1.4 General Method of Calibrating an Orifice Plate 

a) Start up Procedure 
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Before starting to calibrate an orifice plate the following procedure was 

followed: 
/ 

If an orifice plate was mounted between the flanges, then it was checked in 

order to ensure that the correct orifice plate would be calibrated. Before 

installing an orifice plate care was taken to check the condition of the 

plate. After the plate was installed the test section was straightened and 

l eve 11 ed by adj us ting the pipe supports. The pump was then primed and 

started. The control valve was turned until the desired flow rate was 

achieved .. To ensure that the level in the constant head tank re~ained con~ 

stant and that the temperature of the circulated water would not rise ex-

cessively, the rate of overflow was adjusted until a slow, steady rate 

was achieved. 

Before starting the calibrating procedure the manometers were levelled and 

the manometer line was purged of the air which was entrapped in it. The 

manometer leads which were open to the atmosphere were then clamped. 

The oil level in the thermometer pockets was then checked. This procedure 

was necessary to. ensure that correct instrument readings would be achieved. 

b) · Calibrating Procedure 
--....... 

After the start-up procedure was completed the calibrating of the orifice 

plates could begin. The. calibrating procedure was as follows: 

Five pressure differential readings were taken before preparation for the 

first diversion was started. The preparation for the first and second di­

version entailed the closing of the drain va1ve of the measuring tank, the 

weighing of this tank, the switching on of the electronic timer and of the 
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photo-electric cell and the starting up of the compressor. The diverter was1 

then actuated. While the tank was fillin~ up, the temperature was taken of 

the water in the test section, in the tank and of the atmosphere. The 

pressure difference across the orifice plate was measured. When the measuring 

tank was nearly full the diverter was actuated and then the mass of the meas­

uring tank was noted. The time taken to fill the measuring tank was then 

read off from the digital display of the electronic timer. 

' 
Before the second diversion was started the measuring tank was drained and 

four 1.::;re pressure differential readings were taken. The procedure followed 

dur·ing a diversion was repeated. After twelve pressure readings had been 

taken and the procedure for the second diversion was completed the flow rate 

was increased and the overflow was readjusted. 

The procedure described above was then repeated until tests over twenty-four 

flow rate readings over the full range of flow was completed. 

c) Tests for Repeatability 

The procedure which is described above for calibrating an orifice plate at a 

specific flow rate was adhered to. The difference lay in the fact that at 

each fl ow rate setting eight readings were taken. The fl ow rate settings at 

which tests for repeatability were conducted were as follows: 

1. low flow rate (about 4 kg/s) 

2. medium flow rate (about 8 kg/s) 

3. high flow rate (about 10 kg/s) 

4. maximum flow rate (about 13 kg/s} 

The above tests were performed with an orifice plate with an area ratio of 
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O ,3 and the object of these tests was to prove the repeatability of any 

reading at a particular flow rate. 

The next day the orifice plate was replaced with one which had an area 

ratio df 0,55. This plate was used as it had the largest area ratio of 

the plates which were to be calibrated and thus the pressure difference 

across this plate would be low even at high flow rates and therefore 

repeatability under the worst conditions would be proved. 

The plate was calibrated over the f~ll range of flow. As described in 

the calibrating procedure each odfice plate ~1as calibrated at twenty 

four flow rate settings. These flow rate settings varied from maximum 

to minimum and for this experiment they were increased or decreased from 

lreading to reading at random. The above procedure was repeated four 

times during the following four days. Before repeating the procedure 

the orifice plate was first removed and then reinstalled between the 

flanges. The object of the above procedure was to prove the repeat­

ability of a set of readings at any time under all operating conditions. 

Similar tests were performed with the orifice plate whose area ratio 

was 0,15. These tests were conducted a.s-t-he~pr:e.s,Sure difference acr~ss 

this orifice plate had to be measured with both t~mgJ:f.t.Jry~an~ 

at high flow rates and with the inverted water manometer at low flow 
~- .-~~-~~·"o""•----. .... --,-~--T~~~--~ 

rates. 
~ 

3.1.5 Tests for the Effect of Eccentric Location of an Orifice Plate 

For these experiments specially designed rectangular orifice plates with 

area ratios of 0,15; 0,45 and 0,55 were used. These orifice plates could 

be moved vertically up or down from the centre position by means of the 
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adjusting handle. The centre position was defined as the position where the 

centre of the pipe coincided with the centre of the orifice and it was poss~ 

ib1e to locate this position by means of a dovJel pin. 

The procedure followed for c~librating each plate was similar to that de­

scribed in sectidn 3.1.2 with the exception that initially each plate was 

calibrated in the central position and then in various eccentric positions. 

Before each calibration was started the eccentricity of the orifice plate 

was measured with·the dial gauge, which was fitted to the flange, and th~ 

reading obtained was noted. 

3.1.6 The Procedure Followed to Determine the Effect of Rounding the 

Upstream Edge of an Orifice Plat~ 

These experiments were performed with orifice plates of area ratios of 

0,1; 0,2; 0,3; 0,4 and 0,5. The same procedure as described in section 

3.1.2 for calibrating an orifice plate was followed. Before a plate was 

calibrated, its upsteam edge radius was measured and any blemishes or 

imperfections visible at these edges were noted. After the calibration 

was complete the upstream edge radius of the plate was increased and 

measured. When the required edge sharpness w~s achieved the orifice plates 

were recalibrated. This procedure was repeated until sufficient data was 

available on the effect on the coefficient of discharge of varying the 

edge sharpness of a particular orifice plate. In general an orifice plate 

at fiVe different edge radii was calibrated. When all the experimental 

readings were completed then calibration curves for each plate were drawnr 

3.2 UPSTREAM EDGE RADIUS MEASUREMENT 

To achieve the objectives of this thesis it was important to develop a way 

or means by which the upstream edge radius of an orifice plate could be 

measured accurately. 
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The problem facing other researchers in this field was how to measure the 

upstream radius of the orifice plate without damaging or destroying the 

plate itself. This problem has been overcome in recent times by the develop­

ment of the following three methods: 
' . 

1. The casting method. 

2. The 1 ead foi 1 method. 

3. The optical method. 

Method 1 uses the orifice plate as a mould for casting a replica of the edge 

from a cold forming plastic. The resultant cast follows the contour of the 

plate closely but a number of disadvantages or problems exist with this 

method. These are: 

(a) The operator has to be highly skilled to produce a good casting which is 

free from air bubbles and is not distroted during shrinkage. 

{b) The time taken for a complete measurement is more than twenty four hours. 

Method 2 which was initially developed by Herning was based on the idea of 

obtaining an impression of the upstream edge of the orifice by pressing a 

very thin lead foil onto it. The problem with this method was that sometimes 

a fragment of lead jutted out into the radius of the remaining impression 

which rendered measurement impossible. 

In the Optical Method a fine beam of light was projected onto the orifice 

edge and the image obtained was photographed. Using geometric equations the 

edge radius of the orifice plate was then calculated. The disadvantage of 

this method was the lower accuracy obtained for any measurement. 

The above methods, their advantages and uses were discussed in detail in 

Appendix B. 
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3. 2 .1 l\epa ra tus U?.ed 

In order to help decide which method to use for measuring the edge sharpness 

of the orifice plates tested a short experiment was performed (see Appendix B 

for detail). The experiment consisted of measuring the upstream edge of an 

orifice plate at a spec.ific p·oint by using both the casting and the lead foil 

methods. The optical method was not tried as Brain and Reid stated that "this 

method was the least reliable of the casting, lead-foil and optical methods". 

The casting method proved to be laborious and the obtained radius was not 

measurable. This was due to the fact that Technovit and Epikote 816 which 

were recommended by Gallacher for ~~e in the casting method were not available 

and silastic had to be used instead. To obtain a thin and straight slice of 

silastic was difficult and thus photographs obtained showed a double edge 

thus making it difficult to measure accurately the upstream edge radius. 

The lead foil method proved to be quick. A measurement could be completed 

in a few minutes and reasonable repeatability was achieved. The extent to 

which the imprint in the lead followed the edge was not known, but it was 

known that Brain and Reid found that good agreement exists between the_ 

measurement obtained by the casting method and by the·lead foil method. 

Based on the above findings the lead foil method was adopted. 

To ensure repeatable and accurate measurements of the upstream edge radius of· 

an orifice plate a lead foil holder was designed (see Figure 31). The cri­

teria for the design of a holder were the following: 

(a) It should be capable of clamping the orifice plate in a position such 

that if an impression of its upstream edge were to be taken, then such 

impression would be along a diameter of the orifice plate. 

(b) The orifice plate when clamped in the holder would. have to be perpen­

dicular to it and the approach of the lead foil to the holder would have 
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Fig .31 • Lead Foii Holder Designed to Measure the Upstream Edge 

Radius of an Orifice Plate 



to'bi perpendicular to it.and the approach of the lead foil to the 

holder would have to be at an angle of forty-five degrees to the upstream 

face of the plate. 

(c) The depth of each impression taken would have to be the same for each 

and every measurement. 

The lead foil holder designed fulfilled the above criteria with the exception 

that the depth of the impression was controlled by a micrometer screw and· 

therefore the operator had to ensure that the depth of each impression was the 

same. An additional feature of the holder, not regarded as one of the pre­

reqtiisite design criteria listed above, was the facility for lifting the lead 

foil from the orifice edge without distorting the imprint which it contained. 

This was achieved by means of a spring assisted return device for the retraction 

of the lead foil from the orifice edge. 

3.2.2 Method of Measurement 

Six positions where impressions were taken of the upstream edge were marked onto 

the orifice plate with a 11 koki 11 pen. The orifice plate was then clamped into 

the holder in such a manner that the impression taken was at one of the marked 

positions. The lead foil was clamped into the holder so that a thin edge of 

about ll5 millimetres deep projected from the end of the clamp as illustrated 

in Figure 32. The micrometer arm was turned until the depth of the imprint was 

one millimetre, after which the direction in which the micrometre had been 

turned, was reversed. When the arm which held the lead foil was lifted clear 

of the plate, the lead foil was removed by means of a pair of tweezers and 

transferred onto a transparent negative which bore the image of a scale graduated 

accurately in half millimetres. The lead foil was held in position on the 

film by a small piece of tape and then the film was placed into a slide holder. 
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__- Lead foil 
,,.-- . 

Holder Arm 

Fig. 32. Method of Clamping of Lead Foil into the Holder. 

The slide was then eiamined under a small microscope. If the radius was 

measurable then the slide was placed into an enlarger and the enlarged image 

obtained on a screen was photographed. Some of the photographic prints ob-

tained, showing the imprint of the orifice edge magnified three hundred times, 

can be seen in Figure 33a. From these photographs the radius of the upstream 

edge of the orifice plate was measured with a template or a radius curve. For· 

each orifice plate the average edge radius measured at the six different posi­

tions was assumed to be the edge radius of that particular plate. 

3.2.3 Tests to Prove Repeatability of Edge Sharpness Readings 

In order to prove the repeatability of edge sharpness measurement when 

the measurements are conducted as described in section 3.2.2, the fol­

lowing experiment was performed. An o~ifice plate w~s clamped to 
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Fig.33a. Photograph of the image of the inprints obtained in the lead fnil 
when measUPing the edqe eharpness of an p1>ifice plate (m?.gnification JOO) 
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the holder and. six ,consecutive impressions of the same edge were 

taken. The plate was then rotated through 45 degrees and six 

impressions of the edge of the plate at these positions were a­

gain taken. The resultant measurements of a specific edge were 

then compared. Similar tests were then conducted to show repeat­

ability of measurements of the edges of plates with comparatively 

large edge radii. 

3. 2. 4 THE METHOD OF INCREASING THE EDGE RADIUS OF A PLATE 

The orifice plates and the flanges which held the orifice plates 

were made with the aid of a jig. This jig ensured that the centre 

of the orifice coincided with ~hat of the flanges whose centre 

coincided with ~hat of the pipe. To increase the edge radius of 

an orifice plate, the plate was placed into the jig which was 

placed in the appropriate lathe. Using fine emery paper rolled 

onto a ten millimeter brass tube, the upstream edge of the orifice 

plate was rounded. To ensure that the edge radius was made approxi­

mately equal around the circumference of the orifice, the edge was 

initially inspected with a magnifying glass and later using the lead 

foil technique, it was measured in six different positions around 

the circumference of the orifice. 

3. 2. 5 PROPLEMS ENCOUNTERED IN MEASURING THE EDGE RADIUS 

The repeatability of the edge sharpness reading varied from 

± 2 + s d d. h h f h percent to - percent epen ing on t e s.arpness o t e 

edge. The factors which caused the low repeatability of a read­

ing are discussed below. 

The extent to which the imprint in the lead foil followed the up­

stream edge profile is not known and therefore the accuracy of the 

measurements is unknown. When the imprint in the lead is made, 

elastic and plastic deformation in the lead occurs and the possibility 

of errors due to elasticity can not be ignored. 

Although the lead foil holder was designed to ensure that no 

distortion during the retraction of the foil from the edge would 

occur, on a number of occasions distortion of the edge occured. 
On these occasions double edges were observed on the photographs. 

Improvem~nt to the spring retraction mechanism in the apparatus 
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helped to avoid this occuring. Distor~ion during the removal 

of the foil from the holder was another problem which bould 

only be avoided by -careful handling. The above shows that for 

accurate measurements using the lead foil method requires a 

skilled operator. 

The accurate determination of the magnification of the edge -

profile was difficult with th~ apparatus used. This was due 

to the thickness of the scale markings when maghifi~d three 

hundred times. The measurement of the distance between the 

scale markings was open to personal interpretation. The max­

imum error that could have occurred in the determination of 

the .magnifica·tion was-- ::- -1. percent. 

The method of measuring the edge radius of an orifice from . 
the magnified imprints with a template is ~hown in figure 33b. 

It was difficult to determine the correct edge radius as the 

upstream edge of the orifice plate was not always perfectly 

round and because the diameter of the templates available in­

creased in one millimetre intervals. The limited sizes in which 

the templates were available could have caused a maximum error 
+ of - 2, 5 percen_t. 

On a number of occasions the profile of the orifice edge was 

not perfectly r6und and its shape w~s similar to that shown· in 

figure 33c. This lack of roundness was due to a lack of control 

in machining the size and shape of the edge profile while the 

edge radius was increas~d. To measure the edge radius of an 

orifice plate whose eage was not perfectly round was very diffi­

cult. In these cases the roundness of the edge was estimated. 

/LEAD FOIL 

Fig. 33b. The Method of Measuring the Edge 

Sharpness with a Template. 
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On a number of occasions fragments of lead jutted out into the 

radius thus making measurement impossible. This problem occur­

red frequently especial~y when very sharp· edges were measured. 

This occurrence was due to curling up of the displaced lead onto 

the sides of the imprint. (Fig. 33d). This factor could have 

caused.the double edge~ and the undefined edges of the imprints 

observed in some of the photographs. Examples of problematic 

prints are shown in ~igure 33e. In all these cases new imprints 

had to be taken. 

/LEAD FOIL 

Fig.33c. A sample of the Shape of the Edges of 

some of the Orifice plates. 

LEAD FOIL 

Fig.33d. Curling up of the displaced lead onto 

the sides of the imprint. 

Upp and Crokett had e~countered similar difficulties using the 

lead foil method. They had found that from eight measurements 

of the same edge, one was not measurable and tne other seven 

were within : 1,5% of the mean. The difference in repeatability 

between their measurements and the experimental ones was due to 

a difference in the technique and the apparatus used, This em­

phasised the skill which was required to obtain accurate measure­

ments using the lead foil method. 
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Fig'JJe·· E-i;ampZes of Problematic imprints obtained, 
(magnific::itio.n equals 300) 
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3.3 APPARATUS USED FOR FLOW VISUALIZATION 

In order to achieve ·a better understanding of flow through an 

orifice plate, separate tests were conducted utilising a smoke 

tunnel to simulate the flow through an orifice plate: 

(a) whose.edge radius was gradually increased; and 

(b) which was positioned eccentrically to the pipe line. 

The pipe walls and orifice plate were built from thirty milli~_·. 

metre thick wood which was sanded in order that a smooth finish 

would be obtained. This st1·ucture was then fitted into the 

s~oke tunnel (See Figure 34). The smoke tunnel was fitted with 

a small variable speed fan which allpwed for the control of the 

speed of the smoke which was blown through the tunnel. Photo­

graphs of some of the flow patterns obtained are shown in 

Figure 35. 
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Fig.14. Smoke Tunnel Used for Flow Visualization. 

Fig.35a;. Ups·tream edge of Orifice Plate slightly Rounded. Low Flow Rate 
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Fig.351:1 . La;rige Upstream Edge Radius. Low Flow Rate . 

Fig. 3 5.c • Large Upstream Edge Radius. High Flow Rate. 

Fig.3S . Change in FZow Pattern with Increasing Upstream Edge Radius of an 
Orifice PZate and Increasing FZow Rate 
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CHAPTER J!'IOUR 

R E S U L T S 

4.1 REPEATP.BILITY OF EXPERIMENTAL READINGS 

4.1.1 Repeatability of the Reference Meter 

The overall tolerance, within the 95 per cent confidence limit, 
to which the flowrate can be determined with. the reference L'leter 
is equal to + 0, 12% at ~aximum flowrate and t. O, 05% at low 
flowrates. 

~1he tolerances quoted above were derived with the aid of an 
error analysis (See Appendix F). 

The repeatability of individual flowrate readings was deter-­
mined experimentally and it was found that at the maximum 
constant flowrate, the measured flowrate varied by t. 0,095% 
from the mean.· Similarly at minimum flowrate the repeata-· 
bility of a reading was t. 0,03%. The repeatability of flow­
rate measurements taken between these two limits was found 
to be between the above values. 

4. l. 2 Repeatabili tv of the value of the __ experimentally 
determined discharge coefficient 

Experimental tests showed. that the repeatability of the 
a.etermined coefficient of discharge of an orifice plate 
with an area-ratio of 0,3 at a.constant flow rate of 
12,9402 kg/s was"!:. 0,095 per cent In the above tests 
eight calibrations at each :flm'' rate were undertaken 

Further tests were conducted over the full range of flow 
with orifice plates of area ratio equal to O~ 15 and O, 55. 
The value of the coefficient of discharge obtained from 
each of the tests w0,s plo.tted against the R.e:ynolds number. 
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(See figure .36 and 37). It can be seen that for an orifice 
plate with an area ratio of _0,55, the repeatability of an 
individual reading varies from "t. 0,19 per cent to'"t. 0,15 per cent 
depending on the Reynolds number while for the orifice plate 
with area ratio of 0,15 the repeatability of the determined 
coefficient of discharge varies from t 0,19 per cent to 

t 0,08 per cent. 

A polynomial of the fourth order was drawn through the set 
of points obtained from one complete calibration and the 
value of the coefficient of discharge at any particula,r 
Reynolds number was determined from the curves obtained. 
If this procedure was followed for each set of data then the 
variation from the mean in the value of the coefficient 
of discharge for the orifice plate with area ratio of 0,55 
is "!:.. 0,065 per cent at a reynoJ.ds number of 100 000 and 
~ 0,09 per cent at a Reynolds number of 200 000 (See Figure 

-·--·---····-··-·---·---~-------·· ------··--·. ----------··--. -
38) 

,, 

---i TABLE 6 

Variation in the c~fficient of Discharge of an orifice plate 
with an area ratio of 0,55 as detennined from four sets of 
readings 

Set of Reynolds number 

reading 100 000 150 000 200 000 225 000 I 

1 0,6168 0,6147 0,6137 0,6146 

2 0,6160 0~6148 0,6146 0,6142 

3 0,6162 0,61El 0,6148 0,6151 

4 0,6160 0~6156 0,6146 0,6146 

() Mean Coeffi 0,6163 0,6151 0,6144 0,6146 
cient 

-
I Max % Varia-1 !0,065 +o 073 :o,ogo ~0,073 

tion from c· I mean I 
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If -a similar proqedure is f ollowe'd · to determine the value 
of the discharge coefficient of the orifice plate with an 

area ratio of 0,15, then the variation in the value of the 
coefficient of discharge· is "!:.J0,08 per cent at. a Reynolds 
number of 100 000 and it is~ 0,01 per cent at a Reynolds 
number of 225 000 (See Figure 39 and Table 7) 

TABLE 7· . 

Variation in the . coefficient of Discharge of an Orifice plate 
with an area ratio of o,~5 as determined from three set of 
readings 

Set of Reynolds number 

reading 100 000 150 000 200 000 225 000 

-
1 0,6073 0,6051 0,6044 0,6044 

2 0,6080 0,6054 0,6046 0,6045 

3 0 6072 0,6052 0,6046 0,6045 

Mean Coef fi - 0,6075 0,6052 0,6045 0,6045 
cient 

Max % Varia- 0,082 0,033 0,017 0,011 tion from I mean 

From these results it can be concluded that the repeatabilitJ 
of the coefficient of discharge as determined in the experi­
ment will at worst be equal to± 0,09 per cent. 

4.1.3 ReE..§_2-tability of the Edge Radius Measurement . ~ 

The ed.ge sharpness at a particular position of an orifice plate 
was measur·ed six times. It ·was found that if a very sharp edge 
was measured (r -.:: 0, 01 millimetre3) then the repea·t;abili'ty of 
a measurement wast 5 per cent. If .the edge was rounded 
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(r = 0,33 millimetres)then the repeatability of a reading 
increased to ~ 2 per cent. The photographs taken of the 
lead indentations of the edge of the plate whose edge radius 
was 0,33 millimetres can be seen in Figure 40. 

4. 2 COEF'FICIENTS FOR STANDARD SQUlffiE EDGE ORIFICE 

PLATES IN A 100 MILLTI~E~1E PIPE LINE 

4.2.l The Variation of the coefficient of discharge 
with the Reynolds num"v~r 

The coefficient of discharge was plotted against the Reynolds 
number, the reciprocal of the Reynolds number and the square 
roo.t of the reciprocal of the Reynolds number (Figure 41, 42 
and 43 respectively). 

From the plot of the coefficient of discharge versus the 
Reynolds number the following observations can be made: 

a) In the region where the Reynolds number based on the 
orifice rliameter was greater than 50 000 and less than 125 000 

the coefficient of discharge decreased rapidly with a small 
increase in the Reynolds number. The boundaries of this region 
varied depending on the area ratio of the plate, but within 
the boundary quoted above, this tendency in the relationship 
between the discharge coefficient and the Reynolds nwnber was 

apparent irrespective of the area ratio. 

b) In the region where the Reynolds number was greater than 
125 000 no distinct: relationship between the Reynolds number 
and the coefficient of discharge was observed. By the expres­
sion "no distinct relationship" is meant that it.was impossible 
from tb.e available data -C;o determine whether the coefficie1i-t 
would remain constant with increasing Reynolds number or whether 
i.t would continue to decrease at a very low rate. 

To see if more info:r111ation could be extracted from the da.ta 
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avatlable the coefficient of dis~harge was plotted against 
the reciprocal of th,e Reynolds number. From this graph it 

was evident that the coefficient of discharge decreased with 
increasing Re;ynold.s numbers. The relationship between the 
reciprocal of the Reynolds number and the coefficient of dis-

1 

charge could be approximated by a straight line for Reynolds 
numbers greater than 100 000. 

Plotting the coefficient of discharge against the square root 
of the reciprocal of the Reynolds nmnber showed that the co­

efficient of discharge decreases with increasing Reynolds 
numbers. For Reynolds numbers greater than 100 000 this plot 
yielded a straight line with a higher correlation coefficient 
than did the plot of discharge coefficient versus the reciprocal 
of the Reynolds number. 

It was clear from the above that the coefficient of discharge 
decreases with increasing Reynolds numbers in the turbulent 
flovv region. 

4 2.2. Variation_of the coefficient of Discharge of Orifice 
Plates with the Area Ratio of the Plates 

The coefficient of discharge of all the standard concentric 
orifice plates was plotted against the· Reynolds number. A 

polynomial of the fourth order was fitted to the data and from 
the obtained curve the coefficient of discharge of each plate 
was determined. at a Rey.a.olds number of 100 000, 150 000 and 
200 000. The determined coefficient of discharge of each plate 
at a particular Reynolds number was plotted against the area 
ratio. Curves similar 'to those shown in Figures 44 and 45 were 
obtained. The maximum scatter of individual experimental values 
about the curves obtained were as follows: 

100 000 

150 000 
200 000 

Maximum Scatter 

.3% 
~uJ 

f j1:> 

.15% 

At Area Ratios of 

0,15; 014 & 0,5 
0,15 & 0,45 

0,15, 0,45 & 0,55 
----·----------------·-----------
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From Figures 44 an.cl 45 it is evident that the coefficient 
of discharge of orifice plates increases with :'increasing 
area ratio. It is also evident that the scatter of individual 
points about,the cttrv-es obtained decreases with increasing 
Reynolds numbers. 

4.3. THE EFFECT OF ECCENTRIC POSITIONING OF AN ORIFICE 
PLATE 

4.3.1 General 

During the tests it was observed that the fluctuations in the 
mercury manometer reading initially increased with increasing 
eccentricity, reached. a peak and then decreased until fully 
eccentric positioning was achieved. The magnitude of the -vari­
ation in the instantaneous pressure difference across the orifice 
plate .with increasing eccentricity was measured with the pressure 
differential tra..T1sducer and the results were plotted in Figure 46. 
From Figure 46 it is evident that the magnitude of the pressure 
fluctuations is dependent on the area ratio of the plate and 

the eccentricity of the plate. The lower the area ratio the 
smaller the pressure fluctuations which occur and therefore the 
higher is the certainty in the experimental readings. It is 

also evident that for highly repeatable measurements the eccen-
. tricity ratio should be lower than 0,1 or greater than 0,9 ir­
respective of the area ratio of the plate. 

4,3.2. The Effect of Eccentricity on the Coefficient of 

~~ 

Plotting the coeffj_cient of discharge against the Reynolds number 
for an orifice plate initially located centrally and then in 
different eccentric pos:Ltions 1 results in curves similar to those 
shovm in 'Figure 47. Fr0.m Figure 47 it is evident that the co-­

efficient of discharge increases with increasing eccentricity. 

The Yalue c1f the coeffieient of discharge at a Reynolds number of 

100 000, 150 000 and 200 000 of the orifice plates tested was 
rJlot·i~;ed against the eccentricity ratio: (Figure 48). From the 

·.Lo~ - . l. -



resultant figure it can be seen that for each orifice plate 

the curves obtained for the variation of the eccentricity ratio 
with the coefficient of discharge at the various constant Re~rnolds 
numbers are parallel and. therefore the results obtaj_ned apply 
at any given Reynolds nuruber. Since the experimentally deter­
mined coefficients are more accurate at high Reynolds numbers, 
the Reynolds number at which the effect of eccentricity is 

determined and discussed is 200 000. 

The coefficient of discharge at a Reynolds nwnber of 200 00 

was plotted against the f ollo~ing: 

a) eccentricity, E, (Fig. 49) 
b) eccentricity/orifice diameter, E/d (Fig. 50) 

c) eccentricity/area ratio, E/m (Fig. 51) 
d) eccentricity ratio, 2E/D-d (Fig. 52) 

It was found that a logarithmic relationship exists between the 
coefficient of discharge and any of the above variables. The 
relationship between the coefficient of discharge and any of 
the above yariables can be eA.'J)ressed by an equation of the 
form 

Y = AexB 

In this equation A and B are constants. 

The curve obtained from the plot of discharge coefficient versus 
eccentricity ratio had the highest correlation coefficien·t and 

therefore should be :used to best represent the results. From the 

above plots it is evident that the effect of eccentricity on 
·the coefficient of discharge is related to the area ratio and 

the magnitude of the eccentricity. The gradient of the curves 
increases with increasing area ratio. The larg~r the area ratio 
the greater 'the effect.of' eccentric location on the coefficient 
of discharge. This can best be seen from Figure 53 in which the · 

Percentage change in the ·value of the coefficient of discharge is 
plotted against the area ratio of the different orifice plates 
at various eccentricity ratios. From this f'igure it ca.n also 
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be seen that when the plate is fully eccentric, the percen.tage 
change in the coefficient of discharge varies from 6,2 per cent 
to 8,5 per cent for plates with area ratios varying from 0,15 
to 0,55 Furthermore, the effect of small positional changes 
for an eccentric orifice is much greater than for a concentric 
one. 

For further analysis of the results, the percentage change in 
the coefficient of discharge of the orifice plates tested is 
plotted against the eccentricity ratio. (See Figure 54). From 
the resultant curves one can see that if the eccentric.i.ty ratio 
is less than five per cent then the percentage change in the value 
of the coefficient of discharge does not exceed 0,1 per cent for 
any of the plates tested. Since initially such large variations 
in the eccentricity of an orifice plate causes such small changes 
in the value of the coefficient of discharge there is no reason 
why the effect of eccentricity on the coefficient of discharge 
of orifice plate~ used in practice today cannot be kept under 
O,l per cent. To do this ·the standards would have to specify 
maximum allowable eccentricities equal to those determined below. 

From Figure 54 the value of the eccentricity ratio at a change 
in the coefficient of discharge of 0,1 per cent is read off and 
then this value is plotted against the_ area ratio, as in Figure 
55. From Figure 55 it is evident that a linear relationship 
exists between this allowable eccentricity and the area ratio of 
an orifice plate. _ The allowable eccentricity for the error 
in the coefficient of discharge to be less than 0,1 per cent 
can be calculated from equation 1. 

For the error in the coefficient of discharge to be less then 
0,1 per cent 

100 E 
1)_ ~ ji 

3,55-l,69m ....... 1 

From equation 1 the allowable eccentricity for the plate with 
area ratio of 0,15 is 2,03 millimetres, while for the plate 
with area ratio of 0,55 it is 0,68 in.illimetres. This shows 
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conclusively that the coefficient of discharge of large area 
ratio orifice plates is more affec"'Ged by error in eccen-tric 
location than are small area ratio orifice plates. 

4. 4 'EFFE'CT OF ROUNDING THE EDGE OF A SQUARE EDGE 

ORIFICE PLATE 

4.4 1 Variation of the coefficient of discharge with the 
Reynolds number for orifice Rlates of various 
Edge Radii 

A typical experimental curve of the coefficient of discharge 
ve~sus the Reynolds number for various edge radii can be seen 
in Figure 56. It is evident that at high Reynolds numbers the 
curves are approximately parallel and thus the curves derived 
from these results at any constant high Reynolds number (greater 
than 100 000) will be similar. This fact is well illustrated 
in Figure 57 where the coefficient of discharge is plotted 
against the edge radius for orifice plates of area ratios of 
O,l and 0,5 at various constant Reynolds numbers. Similar 
curves are obtained for the orifice plates of area ratios of 0,2; 
0,3; and 0,4. 

Further analysis of the results is at a Reyilolds number of 
200 000 as this is the highest Reynolds number at which all 
the plates were tested. As the curves in Figu.re 57 are paral- · 
lel, the analysis of the results at a Reynolds number of 200 000 
applies at any Reynolds number as long as turbulent flow exists. 

The Relationship between the Edge-roundness and the 
discharge Coefficient 

The value of the coefficient of discharge of each orifice 
plate was dete:rmined at a Reynolds number of 200 000 and then 
it was plotted in Figure 58 against "the edge radius (r). From 
Figure 58 it can be seen that the coefficient ~f discharge 
increases with increasing edge radius and the relationship bet­
ween these two variables can be expressed by a quadratic equa­
tion. The equation which represents the relationship between 
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' the discharge coefficient and the edge radius of one 
orifice plate differs from that representing the same 
rel.ationship for another orifice plate. T"nis difference 
is due to the plates·having different area ratios and 
therefore it can be concluded that the effect on the 
coefficient of discharge of varying the edge sharpness 
of an orifice plate is dependent on both the area ratio 
and the magnitude of c-the edge radius. 

Plotting the coefficient of discharge of the orifice 
plates tested against the sharpness ratio results in 
curves which can be expressed by a quadratic equation. 
(See Figure 59). From figure 59 it is evident that a 
small increase in the sharpness ratio of a sharp orifice 
plate affects the discharge coefficient more than a 
similar increase in the sharpness ratio of a plete whose 
upstream edge is already rounded. 

To determine the correction factor which should be applied 
to an orifice plate whose sharpness ratio is not 0,0004, 
the coefficient of discharge of each plate at this sharpness 
ratio was read off from ·figure 59. The sharpness ra.tio 
of 0,0004 was chosen as a reference as the British and 
the German Standards define a sharp plate as one whose 
sharpness ratio is equal to or less than 0,0004. The 
percentage deviation in the coefficient of discharge of 
each plate from that of a sharp plate was calculated and 
then it was plotted against the edge radius and the sharpness 
ratio of the orifice pla·tes tested {See Figures 60 and 61 
respectively) 

From Figure 60 it is evident that the orifice plate with an 
area ratio of 0,1 is most affected by a change in the upstream 
edge radius of the plate. The other orifice plates with 
area ratios between 0,2 and 0,5 have correction factors 
which lie within a small band which widens with increasing 
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edge radius$ From Figure 60· it can be seen that the 
effect on the coefficient of discha't'ge of an initial 
small increase in the edge radius is greater than that 
of subsequent increases. For an orifice plate whose 
edge radius is· greater than 0,1 millimetres, the increase 
in the percentage change in the coefficient of discharge 
is linear with increase· in the edge radius. 

The percentage change in the coefficient of discharge 
increases with increasing sharpness ratio. The most 
affected is the orifice plate with an area ratio ~f 0,5. 
From Figure 61 it can be seen that the coefficient of 
discharge of orifice plates whose sharpness ra"ti<? is less 
than 0,0004 are as badly affected by a change in the 
sharpness ratio as are those whose sharpness ratio is 
greater than 0,0004. This shows the inadequacy of the 
standards regarding the specification for sharp orifice 
plates if highly accurate measurement is required with an 
uncalibrated standard orifice plate. 

It is also evident that a single correction cur7e for 
orifice plates of various sharpness ratios will result in 
errors in the coefficient of discharge of up to t 1 per 
cent. Due to the above, for accurate flow measurement a 
simple correction curve for all area ratio orifice plates 
is not recommended. 
A single correctio~ curve can only be recommended for 
orifice plates whose sharpness ratio varj.es between 0,0002 
and 0,0006. This correction curve is determined from 
Figure 61 and is plotted against the sharpness ratio_~_in 
Figure 62. Using the correction curve specified in Figiire 
6;? the coefficient of discharge of any orifice plate can -' 

be corrected for the effect of edge roundness to within 
~ O,l per'cent. Although this correction factor applies only 
to orifice plates whose sharpness ratio is between 0,0002 

and 0,0006 it is very useful as most orifice plates bored out 
on a lathe have a sharpness ratio which lies within these 
bounde.ries. 
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Fig. 40 Repeatability of Edge .Sharpness Measurement Using the 
Le.ad Foil Method (Edge Radius of 0, 33 mm) 
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CHAPTER FIVE 

D I S C U S S I 0 N 

5 .1 METHOD OF CALIBRATION AND GENERAL RESULTS. 

In Chapter Four it was shovm that the repeatability of the 

coefficient of discharge increased with increasing Reynolds 
number, which in turn increased vwi th increasing flow rate. 

The accuracy of .the pressure difference readings also in­
creased with increasing flow rate. From the above information 
it was concluded that the change in the repeatability of the 

coefficient of discharge with flow rate was mainly due to the 
change in the accuracy of the pressure measurement. The 
reason for the large difference between the accuracy of the 
pressure difference reading and the repeatabi.li ty of the 
coefficient of discharge at high flow rates was due to the 
decrease in the repeatability of the reference meter reading 

with increasing flow rate. Therefore the repeatability of the 
reference meter and the accuracy of the pressure difference 
reading influenced mainly the repeatability of a single cali­
bration. 

5.2 RESULTS OBTAINED FOR THE SHARP ORIFICE PLATES. 

It was found that the sharpness ratio (r/d) of the orifice 
plates varied even though the edge radius of each plate was 
approximately equal. The variation in the sharpness ratio: .. 
frcm 0,0004 caused a significant increase or decrease in the 
dis6harge coefficient. (see section 5.5). 
Thus to determine the relationship between coefficient of 
discharge and area ratio of orifice plates tested, the co­
efficient of discharge of each concentric plate had to be 
corrected for sharpness ratio. 
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The coefficient of discharge of the orifice plates with 
area ratios of 0,15; 0,45.; and o, 55 was about o, 5 per cent 
higher than expected·. 
This difference can only be attributed to a minor change in 
the apparatus used to calibrate these orifi~e plates. The 
modification was introduced because special flanges were 
required which allowed for varying the eccentricity of the 
orifice plates without having to remove the plates. 
For the edge sharpness experiments, the upstream·-:and downstream 
tappings were positioned at a distance of lOOmm and 49mm 
respectively. With the new flanges, these distances changed 
to 104 and 55 millimetres respectively. :The position of the 
tappings in each case satisfied the British Standards ;-:,; .. ::-::. 
specifications for D .. and D/2 tappings but in the latter case, 
the po-sition of the downstream tap was D/2 + 0,047D which was 
close to the maximum allowable-limit of D/2 + 0,5D. Since 
the British Standard Specifications were adhered to, the change 
in the position of the downstream pressure tap was considered 
acceptable . This increase in the distance of the downstream 
pressure tap caused the increase in the value of the coefficient 
of discharge of the orifice plates with area ratios of 0,45 and 
0,55. 

The distance of the vena contracta from the orifice plates of 
area ratios of 0,45 and 0,55 was 0,48 and 0,41 pipe diameters 
respectively. Moving the downstream tapping further away from 
the orifice plate resulted in a lower pressure drop for the same 
flow rate than would have occurred with the ·taps in the initial 
position. The coefficient of discharge therefore increased • 
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The sharpness ratio of these plates was 0,0003 and 0,0002 
re spec ti vely. If an orifice plate vm.s considered to be sharp 
when it had a sharpness ratio of 0,0004,then these plates 
could have been cons.idered oversharp and as a result their 

coefficients were lower than for sharp plates. For the 

orifice plates with the area ratios of 0,45 and 0,55 the 
effect of moving the downstream pressure tap further away 
from the upstream face of the orifice plate was opposed by the 
oversharpness of these plates. The net result was a coeffi0~ent 

which was slightly higher than expected for these orifice 

plates. 

The actual correction factor for these plates was not known 

as the re:Lationship between the position of the pressure taps 
and the coefficient of discharge was unknown. The above results 
demonstrated the necessity for the accurate location of the 

downstream taps and highlighted the need for stringent 
specifications if hign accuracy was re~uired• · 

The plate with the area ratio of 0,15 was found to have a 
sharpness ratio of 0,0007 and this roundness of i'ts· edge caused 

an increase in its coefficient of approximately 0,4 per cent. 
The findings of Spencer, Calame and Singer substantiate the above 
statement. They found that for orifice plates with small area 
ratios, a substantial increase in the coefficient of discharge 
occurred as a result of microscopic imperfections in the edge. 

5.3. COMPARISON OF THE EXPERIMENTAI, RESULTS FOR SHARP CONCENTRIC 

ORIFICE PLATES AGAINST VARIOUS STANDARDS - = :r:rn;:_a 

a). The British St_?..ndards. 

The coefficients of discharge determined experimentally at a 
Reynolds nmnber of 100 000 and 200 000 for the sharp orifice 
plates tested and the coefficient of discharge specified by 
the British standards at these Reynolds numbers was plotted 
against the area ratio (figure 63 & 64). 
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From figures 63 and 64 it is evident that the experimentally 

determined coefficients of discharge are well within the 
tolerance limits of the British Standards. The largest 

difference betvveen ~he experimentally determined coefficient 

of discharge and the British Standard coefficient of dis­
charge at a Reynolds number of 200 000 is for the orifice 

plate with area ratio of 0,4, and this difference is 0,49%. 
Therefore it can be concluded that if the British Standards 
were used to determine the coefficient of discharge of the 

orifice plates tested, then the largest error that would occur 

v10uld be equal to O, 49%. 

If the correction-factor determined in section 4.4.2 for 
orifice plates whose sharpness ratio was not 0,0004 was applied 
to the coefficient of discharge of t-he orifice plates tested, 

then the British Standard coefficients would be in agreement 
v1i th the experimental ones to within t O, 35 per cent. This 
shows that improvement in the tolerance limit specified by 

the British Standard could be achieved by including a correction 

factor for the sharpness of the upstream edge of the orifice 
plates. 

It is also evident that the closest agreement between the British 

Standard coefficients and the uncorrected e~perimental one is 
for t~1e orifice plates v.rhose area ratios_ are greater than 0, 45. 
This is contrary to expectations as the tolerance limit. on 
the coefficient of discharge of the orifice plates with area 
ratios less than 0,4 is constant at -t. O, 75% while for the __ plates with 
area ratios greater than 0,4 this tolerance increases with 
increasing area r?-tio. As a result of the above it was expected 
that the specified standard coefficient for low-area. ratio orifice 
plates would be in closer agreement with the experimental 
results than the coefficients for the large area ratio plates. 
The explanation for this ocrurrence seems to. be that· the, effect 
of upstream edge roundness is greater for the small area ratio 
plates than for the lareer ones. This explanation is substantiated 
by the notable improvement in aE;,Teement between the British 
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Standard. and the experimenta.l results which were corrected. for 

edge sharpness effect. 'I1his improvement 1vas especially 

notable for the low area ratio orifice plates. 

Similar results are achieved at a Reynolds number of 100 000, 

but the difference between the British Standard coefficient 

and the experimental one is larger for both the corrected and 

uncorrected co·efficients. · 

b) A.S.rvI.E. 

The experimentally determined coefficient of discharge for 

sharp· orifice plates was compared vii th the American Standards 

in figUre 65 .. ·where the re spec ti ve coefficients of discharge 

determined G.t a :t·:.eynolds number of 200 000 are plotted agaj_nst 

the area ratio. This comparison shows that the experimentally 

determined coefficients of discharge of the orifice plates 

with area ratios of 0,15; 0,40 and 0,50 are outside the tolerance 

limits specified by ASME. 1rhe largest differenc-e between the 

ASME and experimental coefficient is for the orifice ·olate 

vvi th area ratio of 0, 15 and this difference is equal to O, 89 

per cent. 

If the experimenta.l coefficients e.re corrected for edge sharpness, 

then this difference decreases to 0,65 per cent. This shows 

clearly that the experimental results are closer to the British 

Standard coefficients than to the ASME ones. Furthermore 

ASME coefficients a.re supposed to apply within a lov.,rer tolerance 

1 . . . (+ 0 5 Cc1.) th th · B.,.. . 4- • h ·' + 0 15°1 ) Th lffilli ·-:-. 1 
1;o an. .. e. "'-lvlS Ones l - , ;o. e 

experimental results clearly indicate that ASliIE coefficients 

are high for large area ratio~ plates ( m) O, 3) and low for plates 

\vhose area ratio is less th2.n 0,3. The only orifice plate 

whose experimental coefficient is equal to that specified by 

ASIViE is the one with area ratio of 0,3. 

I.S.O. does not specify the coefficients of discharge of orifice 

plates 'Nith D & D/2 taps, but specifies the coefficients of 
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discharge of orifi9e plates with vena contracta taps. The 
coefficients specified by I.S.O. should be correct within 
a tolerance limit of "t. 0,25 per cent for orifice plates 
wi·th area ratios ranging between 0,15 and 0,45, as the 
I.S .. O. specif'ications for the vena contracta are adhered 

i 

to by a D/2 tapping for these orifice plates. 

In figure 66 the experimentally determined discharge_ co­
efficients were compared with the I.S.O. coefficients. The 
coefficients of discharge were determined at a Reynolds 
number of 200 000. The results show that contrary to ex­
pectations, only the coefficients of discharge of the orifice 
plates with area ratios of 0,4 and 0,5 are within the tole­
rance limit specified by r.s.o. The coefficients of all 
the other orifice plates are too high. The actual percen­
tage difference between the coefficients specified by the 

· I.s.o, A.S.M.E. and British Standards as compared with the 
experimental coefficients, as stated in Table 8. 

The experimental coefficients of discharge were corrected 
for edge sharpness and these coefficients were compared with 
the I.s.o. coefficients. This results in a reduction in the 

' maximum difference between the experimental coefficients and 
the I.S.O. coefficients from 1,26 per cent to 0,79 per cent. 

From these results one can conclude that the I.S.O. speci­
fications regarding either the position of the vena contracta 
or the tolerance limit on its coefficients are in need of 
revision. 
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1· 
I 

TABLE 8 

Comparison between the values quoted for the discharge 
coefficient by the various standards and by researchers 
with the values obtc..ined. experimentally. 

Area Ratio PERCENTAGE DIFFERENCE BETWEEN THE STANDA.t"1D 
of 

Or if ice 
Plate 

0,1 
0,15 
0,2 
0,3 
0,4 
0,45 
0,5 
0,55 

NOTE: 

AND EXPEE Il/IENTAL 
RESULTS AT A REYNOLDS r-rm.rnER OF 200 000 

B S. ASM'E ISO Buckinghams :q·owell &· 

Equation Yullin Chen 

Equation 

-0,30 -0,30 -0,78 -0, 30 0~17 

-0,45 -0,89 -1 26 
' 

-0,89 -0,13 
0,50 -0,15 -0,60 -0,15 0,30 
0,54 -0:03 -0,49 -0,03 0,12 

0,49 0,84 0,23 -0,84 0,39 
-0 38 ' . 

0,20 -0,31 0,20 0,10 
0,07 0,79 0,18 0,79 0,72 

-0,29 0,34 -0,39 0,34 0,44-

ISO VALUES ARE FOR VENA CONTRAC'J~A TAPS ANTI NOT 

D & D/2 taps. 
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d) Dowell & Yo-Lin Chen's proposed coefficients. 

Comparing the experimental results with Dowell and Yu-Lin 
Chen's proposed coefficients shows agreement within 0,3 
per cent for the orifice plates with area ratios lower 
than 0,3 and at worst, of 0,72 per cent for orifice plates 
with area ratios greater than 0,3 (Fig. 67). This shows 
that there is good agreement between the author's results 
ana the coefficients proposed by Dowell and Yu-Lin Chen 
for orifice plates with area ratios less than 0,3. Dowell 
and Yu-Lin Chen's proposed equation results in coefficients 
which are too high for plates with area ratios greater 
than 0,3. 

If the experimental results are corrected for upstream 
edge sharpness,~ then the maximum difference betvveen Dowell. 
and Yu-1.in Chen's proposed coefficients and the experimental­
lY determined ones, decreases to 0,50 per cent. 

From these comparisons, it is evident that the experimentally 
determined coefficients are in the closest agreement with the 
British Standard; then with Dowell and Yu-1.in Chen's co­
efficients, followec by A.S.M.E. and lastly I.S.O. The re­
sults also shov; that the agreement between the experimental 
results and any of the standards can be improved by intro­
ducing a correction factor for upstream edge sharpness. 

It must be noted that the author's experiments were conduc­
ted in a 100 millimetre pipe and therefore the above analysis 
applies to this pipe size only. To try and extend it for 
other pipe diameters, reliable results on pipe size effects 
must be used. 
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Figure 64. Comparison between experimentally 
determined coefficients of discharge 
and the ones specified by the British 
Standard for the orifice plates tested. 
(Comparison at a Reynolds nwnber of 
200 000). 
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5. 4 THE EFFECT OF E'CCENTHICITY. 

a) Relationship between dischar~e coefficient and eccentricity 

Three orifice plates were tested and a logarithmic relation­
ship between the coefficient of discharge and eccentricity 

was obtained. 

The initial small increase in the coefficient of discharge 
with increasing eccentricity was expected as similar findings 

were reported by Miller and Y..neisel after the completion of 

their experiments. Miller and Kneisel did not find a readily 
discernible relationship between eccentricity and the coefficient 
of discharge. Although their findings differed from the 

results obtained :i.n this experiment, the difference was due only 
to the fact that they did not test for larger eccentricities 
than 7,5 mill'imetres. An examination of their results showed 
that if they would have continued to increase the ee:centricity, 
results similar to those found in this paper would have been 
obtained (See figure 68). 

..._ 
4,0 z: 

:z 1.1.J 

lJ 

LL.I a: 
l!) 

u.., 
w z 0 

<( u :r: 
2,0 u LL.I 

(!) 

h.l 0:: 
l!) < 
<{ :r: .,_ u 
:z Vl 
w a w 0,0 ex: 
w w 
Cl. :r: o. 25 0,5 .,_ 

ECCENTRICITY 

Fig. 68 Typical Results obtained. by Miller & Kneisel 
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For small eccentricity ratios the work done by.Hinz, 

Scofield, Edwards and Casale was in agreement vri th the 

uxperimental findings. 
The results.obtained by Hinz and his fellow researchers 

are shown in figure 69. 

1-
z 
~ 
~ 
LL.. 
u... 
UJ 
0 
LJ 

3: 
0 _. 
u... 

0,68 

0,64 

0, 60 L..L_-..Jc__ _ _J_ _ ___Jc__ _ _,_ __ ___.'-1 

0,0 0,4 0,8 
ECCENTRICITY 

Fig. 69. The Hesul ts obtained by Hinz and Fellow Researchers. 

For eccentricity ratios greater than 0,35,differences between 
the findings of Hinz and co-authors and those of the author 
exist. 

One of the reasons vvhy their resu.l ts did not agree with the 
author's findings vr2.s that their experiments were cond~cted 
in a 25, 4 millimetre pipe. T"ne author's results \'·.rere 
applicable to .flov7 in one hundred. millmeter pipes only, and 
thus could not be compared v1i th those of Hinz and his fellow 
researchers. FurthGrmore the change in the trend of the flow 
coefficient with eccentricity ratio as determined by them 
could not be explained. Even Hinz states that:- "the c:mthor 
feels that the data in this region may be less reliable than 
in the other regions". He refers to the second region where 
the eccentricity ratio varie:::; from O, 35 to O, 7. 

The ex)erimental results showed that the coefficient of discharge 
was related to the magnitude of the ec.centrici ty and to the 
diameter r2.ti(). 

148 



~ne above findings were substantiated by statements found in 
the standards, and by the findings of Miller and Kneiser ... _ 

The effect of eccentricity on the coefficient of discharge 
increased vvi th increasing area ratio. They have found that 
the coefficient of discharge was also related to the direction 
of the eccentricity with respect to the pressure taps. 

Iviul tiple tappings were used in the experiments conducted by 

the author and thus no releYant comment could be made on 

the above statement. With the use of multi:ple· tappings, 

directional influences were neither expected nor detected. 

All other researchers stud;ying the effect of eccentricity 
found an initial increase in the pressure fluctuations and 
a subsequent decrease with increasing eccentricity. Tiie 

recordings ta.1.cen v.1ith the pressure differential transducer 

of the fluctuations in pressure with incre2.sing eccentricity, 
clearly illustrated this point. 

b) Determination of the maximum error in the coefficient of 
discharge of standard o~if ice plates as a result of 
eccentricity snecifications. 

From the specifications of the various standards the maximum 
allowable eccentricity for various area ratio.: plates was 
determined. From these values, the maximuin allowable eccen­
tricity ratio for e<.ich orifice plate v;as determined. From 
figure 54, the percentage change in the coefficient of dis­
charge of concentric orifice plates due to eccentricity of 
these plates v;as obtained.. The results obtained for the 
various engineering standards are tabulated in table 9 
on the· :f ollovving page. 
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. TABLE 9 

The percentage error in the coefficient of discharge, as 
specified by the various standards, which arises when 
the orifice plate, :is positioned at the limit of the ec­
centricity specifications of the standard concerned. 

ENG IN.81!."R ING PERCENTAGE ERROR IN THE COEFFICIENT OF 

DISCHARGE AT AN AEEA RATIO OF 

0,15 0,45 0,55 

B • S • 0 , 20 0 ,. 3 5 0 , 4 
A.S.M.E. 0,05 0,08 0,12 
A.G.A. 0,16 0,85 1,4 
I.s.o. 0,12 0,08 0,08 _J 
,_B_E_A_N_S~SU_G_G_E_,S_T_I_O_~_~_._ ____ o~._0_8~~-'-~~~-o~,~0_8~__.--~---0~,]-·0 __ 

From table 9 it is evident that aclhering to the British 

standard specifications for maximum allowable eccentricity 
can cause errors gr~ater than 0,4 per cent. Considering 
that the tolerance limit quoted hy the British Standard on 
its coefficient is 0,75 per cent for orifice plates with 
area ratios below 0,4, the error introduced Ly eccentricity 
alone is very high. 

A.S.M.E. specifications for eccentricity of the plate are 
more stringent than those of the British Standard· arid 
consequently the error due to the maximum allowed eccentricity 
is very low. Only orifice plates with area ratios greater 
than 0,55 will have errors in their coefficients v1hich are 
greater than O, 1 per cent. 

- 150 -



The I.S.O. specifications are less stringent than the A.S.M.E. 

ones for small area ratio plates but they are more stringent 
for large area ratio plates. The manner in which I.S.O. specifies 
the maximum allowable eccentricity is therefore bette~_as it does 
not call for over stringent specifications where it is not 
required. (i.e. small area ratio plates). The maximum error in 

the coefficient of discharge due to eccentricity will not 
exceed 0,12 per cent if I.S.O. specifications are adhered to. 

A.G.A., similarly to ASM~,specifies a constant maximum allowable 
eccentricity irrespective uf the area rati~but cont~ary to 

AS1'1rn its specifications are so slack that errors of over 1,4 per 
cent can occur. 
These errors can place the coefficient of discharge outside the. 

tolerance limit quoted by A.G.A. 

Bea~~ suggestion for maximum allowable eccentricity results in 
the smallest errors. The maximum error due to eccentricity will 
not exceed 0,1 per cent. 

c) The author's suggestion for maximum allowable eccentricity. 

The experimental results show that initially large changes in 
eccentricity cause small errors in the discharge coefficienti 
and that further increases in eccentricity result. in large errors 
in the discharge coefficient.> (see Figure 5.4) 

As a result of these findings, and because of the need to ·· 
improve on the accuracy of the standard coefficients, the author 
feels that specifications which will limit the maximum error in 
the coefficient of disnharge due to eccen.tricity to below 0,1 per 
cent, are justifiable and also possible to achieve. 

To limit the error in the coefficient of discharge due to 
eccentricity to 0,1 per cent, the maximum allowable eccentricity 

' can be calculated from the following equation: 

100 E 
= 3,55 -1,69 m ••• ., .••.• (1) 

D-d 
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d) Comparison with ASTuTE for fully eccentric ori.fice ;plate~. 

The experimental results could not be compared with the ASME 
coefficients for fully eccentric orifices as the coefficients 
specified in ASME were for vena contracta taps. Since the 
distance of the vena contracta from the orifice plate· increased 
with increasing eccentricity, the experimental tests, which 
were obtained with D and D/2 tappings,resulted in coefficients. 
which were higher than those quoted in ASME • 
.An indication of the difference between 'these coefficients 
~s given in table 10. 

TABLE 10 

The difference between the coefficients of discharge 
determined experimentally with D & D/2 taps and those 
quoted by ASME for vena contracta taps for fully eccen-

I trio orifice plates. 

Area Ratio Experimental coeff. ASME % diff e-
coeff. rence 

0,15 0,632 0,621 1,74 
' 0,45 0,657 0,640 2,59 

0.55 o .• 665 0,645 3,01 

5 • 5 • THE EFFECT OF EDGE SHARPNESS. 

5.5.1 General findings. 

The autho;~ experimental results showed that the coefficient of 
discharge of every orifice plate tested increased conside~ably 
with increasing edge radius, but the shape ot the curve portraying 
the relationship between sharpness ratio and change· in coefficient 
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of discharge varied for the different area ratio plates. These 
. ' 

curves were similar, but the curve for the orifice plate with 
area ratio of O, 3 was almost linear. Furthermor0, the change 
in the coefficient of discharge with increasing edge radius 

was greatest for the orifice plate with area ratio of 0,1. 

5.5.2 Comnarison with Hernings results for orifice__I:!lates 

with area ratios of 0,1 and 0,3. 

The results obtained by the author and Herning for orifice 
plates with area ratios of 0,1 and 0,3 are· compared. in 

figure 70 and 71 respectively. 

It is evident from this ccmparison that close agreement exists 
between Herning.'s and the author's results. These figures 
indicate·. clearly the similarity between the experimentally 

determined curves and those determined by Herning. They 
show ·~ that the coefficient of discharge of the orifice plate 
with area ratio of O, 1 is· more affected by a variation in the 

edge radius than the plate with area ratio of 0,3. 

The coefficients of discharge determined by Herning for a.n orifice 
plate with area ratio of 0,1 are higher than those determined 
by the author. The reason for. this discrepancy :is that Herning 
determined his coefficients at a Reynolds number of 70 000 while 
the author determined his coe.fficients at a Reynolds number of 
200.000. Since the discharge coefficient decreases with increasing 
Reynolds numbers, the experimental coefficient had to be lower 
than Hernings. The results for the orifice plates with area ratio 
of 0,3 correlate•. with each other to within 0,2 per cent. This 
difference in the results is underste.ndable, as the repeatability 
of a calibration as performed by the author is + 0,1 per cent and 
the measurement of the orifice edge radius is + 2%. 
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' This result showed that measurements obtained with orifice 
plates are highly repeatable. 

5.5.3 Analysis of the results. 

From the results obtained the author determined the per-centage 
change in the coefficient of discharge of orifice plates whose 
sharpness ratio was not equal to 0,0004. This change in the 
coefficient of discharge was then plotted against the sharpness 
ratio. The resultant data Yras then studied by the author and 

·he came to the conclusion tha·t :from this data reliable 
correction curves for the effect of edge sharpness on the 
coefficient of discharge can be deduced. 

Initiall.y a single correction curve for the effect of edge 
sharpness on the coe1·1·icien·t of discharge of any orifice plate 
was determined. (see figure 72). Such a correction curve was 
considered useful as the deduced correction 1·ac"tor would be 
dependent on the value of ·tne sharpness ratio only, and therefore 
the coefficient of discharge o!' any orifice plate could be 
corrected 1·or edge sharpness e:n:·ects. If tne proposed· correction 
curve is used, then tne tolerance on tne corrected coefficient 
of discharge wil:J. be in the order ot· t, l, 0 per cent. 

Herning and Woiowski also determined such a correction curve, but 
the tolerance in the coefficient of discharge corrected by their 
curve is on.J..y t 0,75 per cent. The author compared his correction 
curve with that of Herning and Wolowski in figi.ire 73. ~·rom this 
1·igure it is eviden·t that ·che correction :!:"actors proposed by the 
author are at most 0,3 per cent lower than those presented by 

Herning and Wolowski. For small sharpness ratio plates, agreement 
to within 0,1 per cent exists. 

To enhance the validity of the proposed correction curve, the 
author decided to use his ovm results and those of Herning to 
derive a final proposed correction curve(see :figure 73) 
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The tolerance on the coefficient of discharge corrected by 
use of this correction curve is in the order of~ 0,9 per 
cent. Because of this high tolerance on the corrected co­
efficient of discharge~ this correction curve is not accep­
table if highly accurate measurements are required. 

To reduce the tolerance on the corrected discharge coefficient, 
the author decided to take into account the effect of area 
ratio on the coefficient of discharge of orifice plates with 
rounded upstream edge radii. It was found that the percentage 
change in the coefficient of discharge of all the orifice 
plates which had area ratio~ equal to or greater than.0,2 
was independent of area ratio, and was dependent on· the sharp­
ness ratio only. As a result of the above findings, it was 
decided to propose two correction curves; one for the orifice 
plates with area ratios equal to or greater than 0,2, and. the 
other for orifice plates with area ratios equal to 0,.1. These 
two correction curves are shown in Figure 73. 

From Figure 73 it is evident that if the general correction 
curve is applied to orifice plates with area ratios greater 
than 0, 2, then the tolerance on "the correct.ed coefficient of 
discharge is in the order of ~ 0,4 per cent. For the orifice 
plate with area ratio equal to 0,1 1 the tolerance on the cor­
rected coefficient of discharge is equal to -t.. 0,1 per cent. 

The tolerance limit on the correction coefficient is reduced 
considerably by this approach, but care niust be taken on how 
t:1ese correction curves are used. This is due to the fact that 
the experimental results were obtained for orifice plates with 
area ratios of 0,1 0,2, 0 7 3, 0,4 and 0,5 only and the effect of 
edge roundness on the discharge coefficient of orifice plates 
with area ratios smaller than 0,2 is not known, with the ex­
ce~tion of the plates with area ratios equal to 0,10. Due to 
the above, the correction curve for orifice plates with area 
ratios equal to or greater than O, 2 should he corrected. for edge 

sharpness effects by the use of the proposed correction factor, 
while for orifice plates with area ratios less than 0,2 th~· 

- 157 - ' 



correction factor proposed in Figure 72 should be used. 

Al though the correction factors deduced in f igu.res 72 and 73 are 

useful, lower tolerance on the correctj.on -coefficient -of 
discharge of orifice plates with sharpness ratios varying from 

0,0002 to 0,0006 can be achieved. Such a ·correction curve 
was presented in chapter 4 and the tolerance on the corrected 
coefficient is in the order of t 0,1 per cent. Most 
orifice plates in use should have sharpness ratios smaller. 

than 0,0006 as an orifice plate bored out on a lathe has a 

sharpness ratio which varies from 0,0002 to 0,0006 and therefore 
the proposed co~rection factor in figure 62 could be used in 

most cases. 

The author tried to compare his results for small sharpness 

ratio plates with those of Herning, of Benedict, Wyler and Brandt 
and those of Crocket and Upp. He found that such a comparison 
was not possible as the Reynolds numbers at which their results 

vteregiven was diffferent from the range over which the author 
tested his plates. Furthermore, to determine the percentage change 
in coefficient of discharge, the different researchers used 
different standard coefficients as the reference coefficient. 
For example Upp and Crocket and Benedict, Wyler and Brandt based 
tl'leir comparison on -the A.S.M.E. standard coefficient. It is 
interesting that in both these references the difference between 
the standard coefficient and their experimentally determined ones, 
for sharp orifice plates exceeds the tolerance limit specified by 
ASll'IE. 

Herning. used the I.S.O. and the DIN coefficients as a basic 
coefficient and he compare cl all his results vii th the specifications 
of the.se standards. Al though the basic coefficient used for 
c_omparison by Herning is different from the author's, close agreement 
between their results exist for small sharpness ratio plates. (see. 
figure 74). For orifice plates with sharpness ratios varying from 
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0,0002 to 0,0006 the largest difference between the proposed 

~orrection factors i~ d,15· per cent. 

Herning had found that the same correction factor for edge 

roundness applied .irrespective of the pipe diameter. Since -

the experimental results were for one hundred millimetre 
pipes only, no· comment was made on the above finding. If 

it is assumed that Herning's findings are correct and the 

author~ results prove this, then the proposed correction 

factor could be used for pipes of all sizes. 

Based on the above discussion the author makes the following 

recommendations.::·: 

1. If any orifice plate with area ratio less than 0,2 
nnd sharpness ratio greater than O, 0006 is used,. then the 

correction factor proposed in ¥igure 72 should be used. 

2. For any orifice plate with area ratio greater than 0,2 
and sharpness ratio greater than 0,0006, the correction 
curve proposed in ~igure 73 should be used. 

3. For any orifice plate with sharpness ratio varying between 
0,0002 and 0,0006 the correction factor proposed in figure 62 
should be used. 

5. 5. 4 Analysis of the Engine_ering standards regarding edge 

sharpn?.J§lL 

From figures 67 and 68 it was evident that the effect of 
rounding the edge of an orifice plate co.used substantial 
increases in the discharge coefficient. ]'or example, ±ncreasing 
the sharpness ratio of an orifice plate with an area ratio of 
0,5 from 0,0002 to 0,0003. caused an increase in the coefficient 
of discharge of 0,16 per cent. Thus an orifice plate which 
had a sharpness ratio smaller than 0, 0004 and was ref erred to 

159 -



as 'oversharp' in this thesis, would have a ~3imilar error 

in its coefficient as a plate 1rvhose edge was slightly rounded. 
As a result of the above findings, the validity of the 

definitions of the various standards was examined. 

1. ASME and I.S.O. 

Small changes in the sharpness ratio were not detectable by 

a mere visual inspection, thus illustrating the fact that the 
ASME and I.S.O. specifications f;-;r the condition of the 

upstream edge of an or if ice p18. te were inadequate. and thu:s 

the specifications of tt.ese standards were in need of revision. 

2. British and German Stanq§.-Fd_~. 

The British and the DIN standa1~ds on flmv measurement specified 

that the sharpness ratio had to be equal to or less than 0,0004 
for an orifice plate to be considered sharp. For highly 

- accurate measurements this specification was also inadequate as 
tvw plates, both conforming to the above specification but 
differing in sharpness ratio, could have coefficients of discharge 

differing by as much as 0,5 per cent. 

5.5.5 The validity of the exuerimental results~. 

The two factors which affected the validity of the experimental 
results were firstly the variation in the shape and size of the 
upstream edge of the orifice around its circumference, and 
secondly the uncertainty in the measurement of its edge sharpness. 
The problem of the varying radii along the edge of a single 
orifice plate could. have been overcome by designing a special tool 
which could have been used to increase the edge radius of each 
plate. Since the increases in the edge radii were small, the 
tool had to be very accurate and therefore it would have been 
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expensive. Such a tool was not warranted because of the 
low repeatability in the meas~rement of the edge radius 
and because of the high cost involved. 

Using the average edge radius as obtained from six measure­
ments around th~ circumference of an orifice plate caused 
errors in the results obtained, but these results neverthe­
less gave a good indication of the effect of varying the 
edge radius of an orifice plate. The close agreement between 
these results and those.- :of Herning seem to substantiate 
their validity. 
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CHAPTER 6 

CONCLUSION 

The author found that the experimental results were accurate 
within~ O,l per cent. These results, when compared with 
the var5.ous standards1 showed that some of the experimentally 
determined coefficients were outside the limit of some of 
these standards. The experimental results were within the 
tolerance limits of the British Standard but outside those 
of ASME and I.s.o. The comparisons showed that best ~o-reement 
existed between the British Standard and the experimental 
results. The next best agreement was between the experimental 
results and Yu Lin Chens proposed coefficients.· .. · This was 

. followed by ASME and then I.S.O. In all cases, when the ex­
perimental coefficients were corrected for effect of edge 
sharpness, better agreement between the experimental results 
and the standards was achieved thus proving that such a 

·correction factor would be useful. 

An increase in the coefficient of discharge arises as a result 
of an increase in eccentricity of an orifice plate. The 
effect of eccentricity was no·I; only dependent on the magnitude 
of the· eccentricity but also on the area ratio of the orifice 
plates. The larger the area ratio, the greater was the effec·t 
of eccentricity on the discharge coefficient. Adherence to the 
specifications for maximum allowable eccentricity,as given by the 
various engineering standards,was found not to cause such an 
error in the value of the specified coefficients that they would 
lie outside their tolerance limits. It was also found that 
j.mprovement in the accuracy of the stand.ard coefficients would 
result if the specifications for maximum allowable eccentricity 
would be as given in equation 1. 
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100 E 

D-d 
< J,55 ~ l,69 m ······~···(1) 

This specification can be adhered to without any difficulty 
and the error in the coefficient of discharge due to eccentri­
city of the plate would be reduced to below 0,1%. 

It was found that small increases in the edge sharpness resulted. 
in large increases in the yalue of the discharge coefficient. 
As a result of this the specifications of ASME and I.SoO• 

~ 

regarding edge sharpness are in need of revision. The 
specifications o:t· both the German and the British standards 
are satisfactory only if errors in the coefficient of discharge 
of' !. 0,5 per cent are acceptable. 

Correction curves for the effect of edge shaTpness are proposed, 
which will reduce the error caused by edge roundness. These 
correction curves are based on the authors and Herning's results. 

' 
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APPENDIX A 

' DERIVATION OF THE THEORETICAL HYDRAULIC EQUATION FOR ORIFICE PLATES 

The theoretical hydraulic equation can be derived in a number of ways, 

depending on the assumptions made. 

Method 1. 

The flow pattern through an orifice is as shown in figure 76· 

Figure .76 - General flow pattern 
through an orifice. 

Application of Bernoulli's equation between point (1) upstream of the 

orifice and the vena contracta (2) for an ideal fluid and-uniform velocity 

distribution gives 
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+ 

v 2 -
2 

v 2 
1 

2g 

= 2 

p 
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Assuming steady state, no loss or gain of heat energy, no friction losses 

and applying the continuity equation gives: 

= p2 V2 A2 = ................... 

Assume the fluid to be incompressible 

and = 

VI = V2A2 .............................. 
Ai 

and v2 = q 

A2 
.......................... 

p 

substituting the value of Vl from equation 4 into 2 gives 

v 2 
2 

v 2 = 

V 2 A 2 
2 2 

A 2 
1 

= 

r2--(Pl p- P2) 1 

f 1 (~~r 

.. " ....... . 

................... 
/ 

Substituting the ~alue of v2 from equation 5 into 7 gives, . 

q 

q = 

·11--

= 

P~<\:-;~l 

J 1 - e~ Y 
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The area of the jet at the vena contracta is difficult to measure 

and therefore for practical considerati~ns it is assumed that the velocity 

at the downstream pressure tap is related to that at the upstream pressure 

tap, as the area of the orifice to that of the inlet pipe. 

Equation 8 can then be written as 
l 

rrd
2 ( [2P (P 1 - p 2)] y 9-'q = -4- ........... 

\ (~)41 [ 1 -

The flowrate determined experiment~lly does not agree with that computed 

from equation 9. To correct equation 9 the right hand side is multiplied 

by the coefficient of discharge, c~. 

q = 10 

The overall coefficient of discharge, K, includes the velocity of approach 

factor, 

q = K. ( TI~2 .) 11 

If the fluid is compressible then a coefficient of expansion, Y, is in­

troduced and equation 11 becomes 

q = Y.K. ............ 12 

Equation 12 is used by all the standards to determine the flowrate when 

orifice plates are used. 

Method 2. 

In this case a real fluid is assumed. Applying Bernoulli's equation gives. 

-1 SQ .. 



c 
v 

~ 

[2g Ch1 - h2 + v12>) 

2g 

e I • I e I I I I I I I I I I I I I I I I 

where C is the coefficient of velocity (11~. 
v 

13 

The ratio of the area of the jet at the vena contracta to the area of 

the orifice is equal to the coefficient of· contraction, C • c 

Applying the continuity equation and expressing the area at the vena 

contracta in terms of the coefficient of contraction and orifice area 

gives, 

= ....................... 14 

.............................. 15 

................................... 16 

Substitute value of v1 from equation 15 into 13. 

= c v 

Substituting for V2 in equation 17 gives, 

Let 

q 
C AP c 0 

= 

q = C • C .A • fl c v 0 

K = C C 
c v 

................... 17 

. . . . . . . . . . . . . . . 18 

••••• 0 •••••••••• 19 

I I I 1 I I I I 1 I I I I I I I I I I I I I I I I ·1 I I I I I 20 
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Equation 19 is identical to equation 11. 

Method 3. 

In this analysis a size coefficientn is introduced. The derivation 

is the same as in method 2 but the overall coefficient of discharge 

can be expressed as 

................... 
K = 

Method 4. 

Spinks (.115)derives the theoretical flow equation by using the. equation -for power. 

The total power at pointl for a variable velocity profile is 

3 

[
pVl 

2 . and at point 2 is 

3 

[
pV2 

2 . 

0 

The total hydraulic power at point 1 must be equal to that at point 2 

if no gain or loss of power is assumed. 

pz
1 
v

1 
+ P

1 
vJ oA

1 

g 

A2 

• 0~:~3 +pZ2V2 + p2~0A2 
• • • • • • • • • • • • e • • • • • g22 

In a circular pipe with a symmetrical velocity profile, the velocity 

can be expressed as a function of the distance, a., andOA = Tiaoa. 
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·--
Pardoe ( 116 )and Streeter Cll 7 )have U$ed this equation to analyse 

the effect of pipe roughness and that of other disturbances which are 

related to the velocity profile. 

If a constant velocity profile is assumed then equation 22 yields 

3 
P1 Vl Al 

3 

-2 + PZl Al V 1 + p 1 V 1 Al = 
----

g 

p V2 A2 
2 + PZ2 A2 v2 + P2 V2 A2 

g ............... 

The final flow equation is identical in form to equation 12 and no 

benefit is derived from this complex derivation. 
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APPENDIX B 

THE DESIGN OF THE EXPERIYiENTAL EQUIPMENT 

1. ORIFICE PLATE CALIBRATING EQUIPMENT 

The tolerance on the final measurement of the flow rate is in the order 

of +/- l~ percent if the orifice plate is made and installed strictly to 

the specifications of any Standard Code. This includes the coefficient 

tolerance, errors in the determination of the density of the fluid, the 
I 

area ratio of the-plate and the manometric differential pressure. If the 

rate of flow of the fluid in the pipeline is to be known to an accuracy 

great~r than li percent, the plate has to be calibrated. 

To calibrate an orifice plate, constant flow in a pipeline is measured 

with the orifice plate and with a reference meter whose· accuracy and 

repeatability is well known. The readings are compared and the orifice 

plate coefficient is determined. The accuracy of the overall system is 

slightly lower than that of the reference meter. 

It was required to design an orifice plate calibrating unit whi.ch would 

satisfy the following criteria. 

a) an overall accuracy of +/- 0,2 percent 

b) in accordance with the specifications of BS 1042 1964 

c) for water as a working fluid 

d) to suit a lOOmm pipeline installation 

e) to enable the testing of any orifice plate with the following 

differing parameters: 

(i) orifice diameter.less than lOOmm 

(ii) 

(iii) 

orifice edge sharpness 

orifice eccentricity 

f) to maintain a constant flowrate during a test. 

A wide variety of methods are used for calibrating orifice plates, some 

of the more popular methods are described below: 

A. VOLUMETRIC OR GRAVIMETRIC TANK USED IN THE STANDING-START AND FINISH 
MODE 

A simple calibrating system of this type is s!io>;.TU in figure 77. Before 
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the pump is started the pipeline has to be full of water from the pump 

to the hose of the tank. The pump is started with the stop valve closed 

and the dial of the meteI set to zero. The volume or the weight of the 

tank is noted (dependent on the system used). The valve is rapidly opened. 

When the tank is nearly full the valve is rapidly closed and the volume or 

the weight of the tank noted. The total volume passed through the meter 

is then compared with that added to the tank. The gravimetric system is 

preferred where metering water or a viscous oil, while the volumetric 

method is used for low viscosity hydrocarbons. This method is suited 

for the calibration of quantity meters rather than rate meters • 

... -~..,.._.~,.· ~-

··--.'5:'-_,.· 

SL.ALE 

IHERMOMETER POCKETS 

VALVES 

v 
f 

Figure 77- Volumetric tank, standing-start and finish. 

B.. GRAVIMETRIC FLYING START A11D FINISH METHOD WITH STATIC WEIGHING 

This method of calibration is used successfully at N.E.L., and ESCOM. 

In both cases an accuracy of +/-- o,l percent is claimed. In .this system 

the .fltiidpasses through the meter, a control valve and then a fishtail, 

from where it emerges as a ran shaped jet. Figure 7B. shows the divcrter 

which then diverts the fluid into a reservoir (sump) or into a weigh tank. 

A switch connected to an elecr:ronic timer is operated by the diverter 

plate. This allows for the measurement of the time during which the 

weightank is being filled. 



I 

This method is widely used when f lowrate meters have to be calibrated 

with water. 

,' _,, 
I 

I 
I 

I ,. 

Fig, 78. Control Valve, FishDail. and Diverter in Pilot System 
found at NEL • . This Figure is a Replica from 
Reference (ltZ) . 

. · .... 
-- . 

C. GRAVIMETRIC FLYING START AND FINISH METHOD WITH DYNAMIC WEIGHING 

The fluid passes through the meter and then into a weightank and out 

through a dump valve at its base. When calibrating, the dump valve is 

suddenly closed and when the water reaches a certain weight a timer is set 

into operation. When another preset weight is reached the timer is switched 
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off and the valve reopened again after a few seconds. This method is 

suitable for moderate flowrates but with large flowrates inertia effects 

cause errors. 

D. PIPE PROVERS 

Pipe provers are used to obtain a reference measurement on site. They 

are expensive to install but once installed are reliable, rapid in 

operation, have low operating. cost and are highly accurate to +/- 0,1 

percent. 

In this type of meter at hollow sphere of synthetic rubber is filled with 

water at high pressure so that its diameter is about 2 percent larger than 

that of the pipe from which the prover is constructed. The sphere is 

forced into the pipe. It then acts as a seal and as a piston which can 

travel round corners. The fluid, after passing through the meter which 

is being calibrated, can either flow through the .Prover or bypass it, 

depending upon the manipulation of shut-off valves. When calibrating, it 

flows through the prover· and takes the sphere from one end of the prover 

to the other. The time taken over a specified distance is recorded and 

the flow rate is calculated. In order to obtain a high degree of accuracy, 

tests in both directions are performed so that directional effects in the 

sphere detectors are eliminated. 

E. OTHER METHODS 

Any meter whose accuracy and repeatability is well known can be used as 

a reference meter and be installed in series with the orifice plate. The 

disadvantage is that two me.ters are used simultaneously and that both are 

affected by wear and dirt deposits. 

CALIBRATING METHOD ADOPTED 

The chosen calibrating system is similar to the one used at ESCOM and at 

N .E.L. (method B above). The calibration circuit is illustrated schematically 

in figure 79. The water from the sump is delivered by a suction pump to the 

constant head supply tank. The excess water is returned via an overflow to 

the sump. A pipe connects the test line to the constant head tank. Into 

this line a medium and a fine meshed strainer are introduced. The orifice 

plate is installed into the test line betwee~ specially designed flanges. 
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I 
The straight length of pipe upstream of the orifice plate is preceded 

by a flo.w straightener and a 90 degree bend. The flow rate is controlled 

by a 50mm valve which is inserted into the pipeline which connects the 

fishtail to the test line. Immediately before the valve a short l~th . 

of rubber piping is used so that vibrations due to the quick c~ ?V_~r 

~h~ __ (j_j_y~rtg:r; Eosilli_~ ~.i,11 no_t __ ~e ~:an_~f!i_i 1:.te.~L1::9_J:J:ie _ t:~~i: _li:ne. The 

water flows through the fishtail into the diverter. The diverter frame 

is p.ivoted above its centre of gravity so that it can direct the water 

to the measuring tank or to the collecting trough which allows the water 

to flow into the sump. The diverter is actuated pneumatically. The com­

pressed air is supplied to the pneumatic cylinder by a 'Hydrovane' compressor. 

The air is kept dry by passing it through an air receiver before the 

pneumatic cylinder. The diverter actuates a crystal-controlleu timer which 

times the diversion interval. The measuring tank is placed onto a scale 

and its mass is measured before and after the diversion. The pressure 

difference across the orifice plate is measured with a mercury manometer 

or a water manometer (depending on the magnitude) and a pressure differen­

tial transducer. The output from the transducer is amplified and then it 

is read off directly from a voltmeter or a graphical plot is obtained by 

using an Ultra-Violet recorder. D and D/2 pressure tappings connected to 

a ring chamber are used. The temperature of the water is measured upstream 
--..-----=-t-··-~·-·-•"Oo_-•·._--T. ""=""" • --....- ""·--=-------...=·-·- _._ . .,-..,-~ -=-=-•• -'-------...=·" 

and downstreClll} of t_h_e Q!'.".if_ice plate with mercury thermometers. 
- --- --~ --·- -- - ~- - - - ·---·--o-~-~ ~, ---::' ----=-- --=-- -~ ·-- --..----··-

A detailed description of the individual components of the calibrating 

system follows: 

(i) The Sump (figure 80) 

The sump is positioned below the test line. It is made from cement and 

its capacity of 13m3 (13000l) ensures that no excessive rise in the 

temperature of the water occurs during the period of a test. It is 1.3 

metres deep thus ensuring that no vortex entrainment occurs through the 

pump into the system. It is sufficiently long to ensure that the air 

bubbles, introduced intq the sump at the point where the water from the 

system is discharged into the sump, are not carried back into the system 

by the pump. 

(ii) Coarse meshed suction strainer 

The frame is made from light gauge angle-iron. A coarse wire mesh 

is bolted to the frame. Large foreign matter in the water is kept in the 

sump, thus the pump is protected and the tank is kept clean. 
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(iii) ·.Constant Head Tank ·(figure .81) 

A constant head supply tank is used so as to ensure a steady flowrate 

through the test section. The tank is fabricated from 6nnn mild steel 

plates. It is l,82m long by l,22m wide and l,22m high. The capacity 

of the tank is 2,6m3 (2600£). The tank has a dividing section which 

ensures that no air bubbles and large f.luctuations in the pump discharge 

are trans~itted to the calibrating section. The.tank is fitted with a 

weir so that no large fluctuations in the height of the free surf ace 

occur. The water flows over the weir and down the overflow pipe to the 

sump while a separat~ pipe leads to the test section. Small variations 

in the height of the free surface occurs with varying flow over the weir, 

resul~ing in a variation of the quantity of flow which passes through .the 

test line. To eliminate this variation, the supply rate to the tank is 

controlled. 

The tank is mounted on the roof of the building so that the free surface 

. of water is approximately 25 metres above the test pipe centre line. 

Under operating conditions the variation of the free surface of water did 

not exceed 10 mm resulting in a maximum pressure fluctuation in the test 

line of 0,04 percent. 

(iv) The Medium and Fine Meshed Strainer 

The strainer is introduced into the supply line, about twenty pipe 

diameters after the tank. The strainer i.s fabricated from six millimetre 
\ 

mild steel plate. After fabrication the whole unit was galvanised. A two 

millimetre wire mesh filter precedes the 0, Brom one. Quick replacement or 

cleaning of the filters is possible. 

Before the introduction of this strainer, clogging up of the flow straightener 

occurred and the frequent cleaning of the straightener was required. The 

introduction of this strainer solved the above problem. 

(v) The Flow Straightener 

The flow straightener was introduced to reduce the swirl and the eddying 

~occurs straight. after a 90 degree bend. The use of a flow straightener 

reduces the straight length of pipe required for fully developed flow to 

occur. 

Figure 82shows the construction of the flow st,raightener. The wire mesh 
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at the discharge end ensures that the straws are not swept away by the 

flow. The straws can easily be replaced when required. 

(vi) The Straight Test Section 

As already pointed out in chapters 1 and 2, an orifice plate will give 

inaccurate readings if the streamlines of the flow approaching the plate 

are not parallel to the axis, or if ~symnietric velocity distribution across 

the diameter occurs or if the flow is not fully developed. The need for 

long, straight piping free from encrustations is essential for accurate 

readings. The British Standard calls for 40 pipe diameters before and 

7 after the plate for orifice plates with area ratios less than 0,55. The 

test cection is straight and circular for a distance of 47 pipe diameters 

upstream from the plate and 15 pipe diameters downstream from it. The lOOmm 

P.:...V.C. pipe was specially selected and it has all the requirements specified 

by BS 1042 : 1964. 

~ (vii) The Control Valve 

The flow is controlled by a 50mm gate valve specially suited for P.V.C. 

piping. It is located in the pipe which connects the test section to the 

diverter. 

(viii) The Diverter System 

Due to the high calibrating accuracy required, the reference meter has to 

be very accurate. The most accurate method of measuring the flow rate is 

achieved by measuring the time taken for a quantity of fluid to flow into 

a container. To achieve this the jet of the fluid has to be diverted from 

the recirculating system into the measuring tank for a period of time. 

Figure 83shows the diverter. The central plate moves across the jet at· 

a high speed and diverts the flow into the sump or the measuring tank. 

The diverter frame is pivoted above its centre of gravity. A point above 

the pivoting point and on the line of the axis of symetry of the diverter 

is connected to a double acting pneumatic cylinder. When the piston is at 

one end of the cylinder the "diverter" directs the water to the collecting 

trough as shown in figure . 83~ while with the piston at the othi:;r end the 

water is directed to the measuring tank. To avoid.splashing, to ensure 

a finite jet and an even distribution of the water in the diverter, the 

circular jet issuing from the pipe is changed into a narrow rectangular one 

by a "fishtail" fitted at the end of the circular pipe and just above the 
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I 

diverter. To ensure no splashing at high flowrates the diverter top 

and bottom arms are covered, as shown fn figure 85, with rubber sheeting. 

A brass plate is mounted at the rear of the diverter. A photo-diode and 

a light source are mounted onto a box as shown in figure 86 • 

(a) 

Figure 86 - Actuator on 

(a) ·Water 

(b) Water 

'PHOTO 

LIGtlT J · 
So..illCE 

'----· 

(b) 

the Digital Counter 

is directed to the sump - Counter 

is directed to the measuring tank 
Counter 

is off 

is on 

When the water is diverted into the sump the light from the bulb is 

detected by the photo-diode and theelectronic counter is not registering. 

When the water is directed into the measuring tank the back plate is- in 

the position shown in figure 86b, the beam of light is cut by the back 

plate and the electronic counter is registering. The time during which 

the measuring tank is filled is thus recorded. 

The jet of water issuing from the "fishtail" is of finite thickness and it 

takes a finite time to cross the dividing plate. To overcome the problem 

posed by the above fact a high and equal velocity of traverse is maintained 

in either direction. The velocity of traverse can be varied by changing 

the constant compressor delivery pressure. During the experiment the 

compressor pressure was maintained at 100 lbf/in
2

. To achieve equal 

velocity of traverse in either direction the time interval between the time 

taken by a small back plate to cross and recross the mid-point of the jet 

is measured. The small plate is mounted centrally, in line with the diverter 

plate. The diversion time is controlled by using a restrictor to control 

the air flow to the double acting pneumatic cylinder and by monitoring the 

time taken for the small back plate to traverse the light source in either 

direction. 
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* (ix) The Timer 

To ensure accurate calibration with limited random errors the electronic 

timer is actuated automatically by the movement of the diverter. The 

actual method of actuation was described in Section (viii) above. 

Figure 87 shows the electronic circuit used to activate the electronic 

timer. 
r 

I 
-=- I 

I 

l : '"n -
• I ~ 

G _ _____...l-3v I_o e1c·~"k 

~OU~l..m.._ 

----0 

Figure 87 - The electronic circuit used to actt,iate the electronic 
timer 

The light falling on the photo-diode overbalances the divider. The op-

amp compares the input signal with the ground. Its output is rectified to 

give specific pulses which actuate the electronic timer~. 

The electronic timer has a quar~crystal frequency generator passing pulses 

to a digital counter. The counter thus measured the time, in milliseconds, 

during which the measuring tank is being filled. It is important to ensure 

that the timer starts and stops counting when the diverter is in mid travel. 

and therefore the back plate has to be carefully positioned. Since the jet 

is of finite thickness, when the first diversion into the weigh tank occurs 
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some water passes i.nto the ~umo and into the tank while the timer is 

actuated. The same procedure is repeated during the second diversion. 

If the plate is correctly positioned the error occurring during the 

first diversion is compensated by the one recurring during the second 

diversion. 

(x) The Pneumatic Circuit 

The diverter is actuated by a double acting pneumatic cylinder. The air 

flow diagram is illustrated in figure 88. 

Figure 8~ - Pneumatic Circuit 

~--'I }'op.I, 2 WAX, BS.LA)', t>u.ot/PILO"! 

,~ '3 B?RT, 2.WAY -ro 
J 

C:1AN 'M ~_Q,&R8.lil) I 
SPRIN4 RETYBH, 

The "Hydrovane" compressor supplies air at constant pressure to the double 

acting cylinder. The cylinder is actuated by two manually operated spring 

return control valves. By selecting the correct switch the diverter is 

actuated. 
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The water collector was introduced due to the excessive amount of water 
' 

collecting in the cylinder which caused a decrease in the change-

over speed. 

The cylinder, the relay and the control valves are standard "Festa" 

equipment. The model 9 PU "Hydrovane" compresRor is capable of deliver-

ing air at a maximum constant pressure of 1020 kPa. It is driven by 

a l,SkW, 220 volt, 50 Hertz motor. The water collector is 

made from brass.· Its dimensions and shape is as shown in figure 89. 
I· •• 

·--60 

--===ft-'-=:!:'l:o~--- 1 
13 

Figure 89. - The water collector. 

(xi) Orifice plate mounting flanges 

The orifice plate is mounted between specially designed flanges. The 

following factors must be borne in mind in designing the flanges: 

1) Orifice plates with varying edge radii: and area ratios bu·t with 

constant outside diameter and thickness are to be tested. 

2) The flanges must allow for eccentric positioning of the orifice 

plate. The amount of eccentricity has to be known to O,Olmm. 

It must be possible to vary the eccentricity of the plate while 

water is flowing through the system, without altering any of the 

other prevailing conditions. 

3) When assembled the flanges must always be in the same position 

relative to each other. 
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4) Changing of plates must be simple and quick to perform. One 

person sho.uld be able to change the plates without any assistance. 

The design of the flanges is illustrated in figures 90 and 91.. The round 

orifice plates used to determine the effect of rounding' the upstream edge 

of an orifice plate are placed into the recess provided •. Two five milli­

metre dowels, one on either side of the plate, are fitted into one of the 

flanges. The other flange has holes drilled in the appropriate places to 

ensure correct matting of the flang~s. 0-rings on either side of the 

orifice plate, mounted in the flanges ensured sealing. Six specially 

designed shouldered bolts are used to fasten the flanges together. Two 

six millimetre bolts are secured into the flanges. These bolts are· 

tightened for quick and easy removal of the orifice plates. The flanges 

were mounted concentrically with the pipe. This was achieved with the 

use of a mandril. 

The orifice plates used for the determination of the effect of eccentric 

location on the coefficient of discharge are rectangular. The orifice 

hole of these plates is circular with its centre coinciding with the 

midpoint of the rectangle. A small location hole is drilled into every 

orifice plate. A dowel, fitting this hole within a tolerance of +/-

,005 mm locates the orifice plate relative to the flange and the axis of 

the pipe. The plate can be moved i..ertically up and down by turning handle 

A. The movement is measured with a dial gauge. 

The position of the plate can be varied if required under test conditions. 

(xii) The Temperature .Measurement 

The water in the system is slowly warmed up during the day due to friction 

losses in the pipes and pump. The atmospheric temperature varied during 

the day and this affected the temperature of the water and of the merc11ry in 

the manometer. ··~' ·- ... · 

Mercury thermometers were used to measure the temperature of the water up­

stream and downstream of the orifice plates. The thermometer p_os:~kets were 

made from brass. A small quantity of oil was placed into them. The 

·thermometers were calibrated. They were used to measure the temperature 

of the water to within 0,1° C. The siting of the thermometers in the pipes 

conformed to the requirements of BS 1042. By measuring the temperature up-
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I 

stream and downstream of the plate, any variations in.the temperature 

of the water were detected. A mercury thermometer was lowered into the 

measuring tank so as to measure the temperature of the water in the tank. 

The local atmospheric temperature was measured to within 0,1°c. All the 

thermometers were calibrated against standard thermometers. 

(xiii) Pressure-differential Measurement 

The pressure drop across the orifice plate was measured with U-tube 

manometers and with a pressure-differential transducer. Pressure 

fluctuations due to turbulence occur and therefore the accurate measure-

ment of the pressure differential is difficult to obtain. The flow 

straightener helps to improve the flow regime but fluctuations in the 

pressure differential still occur. 

To overcome the above, the manometeJS designed were fitted with special 

valves so that instantaneous pressure difference could be measured to 

within 0,05nun of mercury at high flowrates and 0,5mm of water at low 

flowrates. A number of readings at one flowrate were taken. The 

average of these readings was used for the calculations. It was found 

that if twelve readings or more at maximum flowrate (condition of greatest 

pressure fluctuations) were taken the average calculated pressure did not 

vary by more than +/- 0,05 mm of mercury. Therefore 12 pressure differential 

readings were taken at each flowrate. 

The D and D/2 pressure tappings conform to the stipulations of BS 1042. 

' The piezometric ring joins the four pressure taps. The nverage 

pressure at the taps is therefore measured. The undamped pressure leads 

connect the piezometric rings to the manometers. The pressure difference 

can be read on either the water-mercury manometer or the water-air inverted 

manometer and the output from the pressure transducer can be recorded on 

the U.V. recorder. 

Figure 92 illustrates the manometers, the amplifier and the U.V. recorder. 

The water-mercury U-tube manometer can be used to measure a maximum pressure 

difference of five hundred millimetres of mercury. The pressure difference 

can be measured within +/- 0,05 millimetres of mercury. The operation of 

this manometer is as foll9ws: 

Valves A and B are closed and the upper measuring unit is moved approximate-

ly in line with the rnF,;niscus Screw C :ls tightened. The meniscus 

is sighted through the eye-piece and screw D ts turned till the hair line 
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of the eye piece lines up perfrectly wiFh the meniscus. The height of 
.. 

the meniscusis then read from the rule and the vernier., 

scale. Similar procedure is adopted using the other measuring unit to 

measure the height of the meniscus in the other leg of the manometer. 

One must remember to level the manometer before testing starts, to purge 

the air from the line and to check that the same readings are obtained 
---------------·--~-~--~~·~~-c-.···~•·--• ---~-~----~----

from both the up~~ ai:,d lower measuring units. At no flow the reading 

obtained using any of the measuring units should be the same in both legs 

of the manometer. 

The water-air manometer is used to measure the.pressure difference up to 

eight hundred millimeters of water. The manometer can be read t~ within 

+/- 0,5 millimetres of water. The shape and size of the manometer can be 

seen in figure 92 Initially the manometer was filled with water. With 

all these valves open compressed air was blown in through the top tube. 

When the water was at the right lev'e.l (i.e. the level at about midpoint 

of the rule) valve C at the top was closed. The· U tube is made from 12mm 

glass tube. The steel rule is calibrated accurately to within O,Smm at 

20°C. 

The pressure transducer is used to monitor the instantaneous pressure 

difference. The fluctuations in the instantaneous pressure difference can 

be measured. The _transducer, voltmeter on the amplifier and the U.V. 

recorder were calibrated against a dead weight pressure gauge calibrater. 

(xiv) The Measuring Tank 

The plastic measuring tank is 1,1 metres high with an internal diameter 

of G, 74 meters and has a capacity of 0 ,5m3 (500 2). The tank has a remov­

able plastic cover. A sight glass is installed on the side of the tank. 

'*- The 50mm P.V.C. outlet E!:ee is fitted with a butterfl:L.Y£t1Ye_ci_11A_the water 
~-------- ----..-~~.--T - .. ----=---- ..------" -

from the outlet pipe is directed to the sump. 

(xv) The Weight Measurement 

The mass of the tank before and after diversion is measured using an 

"AVERY" weighing scale. The scale is graduated in 0,1 kg divisions up 

to 500 kilograms. The scale was calibrated by using assized 20 lb. mass 

weights. 
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(xvi) The Orifice Plates 

The orifice plates used conform to BS 1042. They are made from cold 

rolled brass plates. The plate thickness is 3mm, the edge thickness is 

l,2mm and the bevel angle is 45 degrees. The surface finish of the 

·.plates was measured with .a '.'Talysurf" surface roughness meter, 

The edge sharpness, flatness and diameter of each orifice place was recorded. 

In order that ~he plates would not get damaged they were kept in a special box. 

The size of the orifice plates used is given in Table 11 
-• .... 

TABLE ,11. 

~ize of the orifice Elates used. 

TYPE OF PLATE 
PLATE ORIFICE PIPE AREA 

NO DIAMETER DIAMETER RATIO 
. 

ROUND PLATES l 31,55 100,51 0.,099 

2· 44,75 100,51 0,198 

3 54,61 100,51 0,295 

4 63,00 100,51 0,393 

5 70,99 100,51 0,499 

:ru;;~TANGULAR PLATES 15 38,93 100,51 0,150 

45 67,42 100,51 0,450 

55 74,54 100,51 0,550 

NOTE: The orifice and the pipe diameter are given in table 11 in 
millimetres. 

The Edge Radius Measurement 

-

Little work has been done on the effect of edge sharpness of the orifice 

plates due to the difficulty of measuring the sharpness.of the edge without 

destroying the plate. Researchers in this fieldknew that the edge sharp 
. , 

ness did affect the flow coefficient, but to what extent was not known. 

Lately a number of ways have been developed for measuring the edge sharpness 

of orifice plates. These .;;_re: 
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1) the casting method 

2) the lead foil method 

3) the optical method. 

1. THE CASTING METHOD 

This method was developed by Gallacher. The plate is thoroughly cleaned 

and an impression of the orifice edge. is obtained by forming a negative 

casting within a region defined by a wax boundary cup. The negative 

casting is made from a yellow coloured cold forming plastic known as 

Technovit. Once the casting has hardened it is removed from the plate. 

A positive casting is then made in a second wax cup formed around the 

negative casting. Epikote 816, a t~ansparent epoxy resin is used to form 

the positive casting. This positive casting is sliced and polished prior 

to viewing and measuring the edge sharpness. During casting care must be 

taken for air bubble formation within the casting and for shrinkage during 

the setting of the casting material~ 

The advantage of this process is excellent following of the edge profile 

resulting in accurate measurement of the edge radius and in the determina­

tion of the shape of the re-entrant profile. The disadvantages of this 

method are: 

a) · the requirement for great skill to produce a good casting. 

b) the duration to complete a measurement is over twenty-four hours. 

2. THE LEAD FOIL METHOD 

Professor Herning was the first researcher to use this method. The apparatus. 

designed by Herning was improved upon by Upp and more recently Johnson and 

.Jepson. 

An impression of the upstream edge of the orifice is obtained by pressing 

a very thin lead foil onto it. The indentation in the foil is magnified and 

the edge radius measured using a template. Brain and Reid compared this 

method with the optical and the casting ones. Their results showed that 

the value obtained for the edge radius by the casting method and by the 

lead foil method approach one another closely. Upp found that a repeata­

bility of 2 percent can be achieved using this method. The lead foil method 

is quick but skill is required for accurate measurements. Often a fragment 

of lead juts out into the radius of the remaining impression and measurement 

is rendered impossible. 
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3. THE OPTICAL METHOD 

This method was suggested by A. Aschenb~enne~. The projection of a fine 

beam of light directed onto the orifice edge is observed and photographed. 

The profile of the distorted image of the upstream edge is measured with 

a reticle. By using geometric equations the edge radius of the orifice 

plate is obtained. 

Brain and Reid state that this method is the least reliable but affords 

the quickest results from the three mentioned. They suggest the use of 

this method for examining large diameter plates for burrs and for 

excessive rounding of their edges. 

The designed apparatus for measuring the edge roundness of the orifice 

plates. 

Taking into consideration the findings of Brain and Reid it was decided 

to use either. the casting method or the lead foil one. Measurements 

were taken using both these methods. The description of the method used 

and the conclusions drawn are as follows: 

1. Casting Method 

The cold forming plastic called Technovit was not available and silastic 

was used instead to form the negative casting. Further procedure was the 

same as suggested by Gallagher. The resultant cast followed the shape of 

the edge well. Difficulty was found in measu.ring the edge, as to cut a· 

straight and thin section required great skill. When measured under the 

microscope a double edge was visible. To complete a measurement takes over 

twenty-four hours. 

2. The Lead Foil Method 

Initially the following crude method was tried to give an indication of 

the usefulness of this method. The lead foil was clamped in a holder and 

then pressed onto the edge. This method was quick and easy to use. 

Reasonable repeatability was achieved and no difficulty was experienced 

in measuring the edge. This method was therefore adopted and a special 

lead foil holder was designed. 

To use this method successfully the lead foil holder nrust be designed so 

that: 
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1) the orifice plate will be clamped in such a position that the line 
I 

of travel of the lead foil will be ~long the appropriate marked 

diameter on the plate. 

2) the orifice plate will b~ perpendicular to the holder and simul­

taneously the approach of the lead foil will be at 45° to the up­

stream face of the plate, 

3) the depth of the impression is the same for every measurement. 

If the above are fulfilled, then accurate, undistorted measurements can 

be obtained which can be used to compare realistically the edge radii. 

A photograph of the apparatus designed can be seen in figure ;31 in the 

main text. (Chapter 3). 

Method of using Apparatus 

Clamp orifice plate onto holder as shown in figure 93. Place main body 

of apparatus onto the rails and slide till pins A & B just touch• circum­

ference of orifice. Tighten screw C. Figure 31 shows the apparatus at 

this stage of the procedure. The micrometer screw is turned until the lead 

foil just touches the orifice edge. The fine control of the micrometer 

is turned until the lead is pressed onto the e~e until the indentation in 

the lead is 0,2 mm deep. The lead foil is then retracted by turning the 

micrometer screw in the opposite direction. By keeping to this procedure 

no change in the indentation occurs during the removal of the lead foil 

from the orifice edge. The lead foil is removed from apparatus by'loosening 
screw D. It: is then placed onto a transparent film which has accurate half mil~l-

metre graduations on it. The film is placed into a slide holder and viewed 

with a microscope. If the microscope is equipped with measuring apparatus, 

the radius can be measured directly. Since such a microscope was not 

available, the slide was placed into an enlarger and the image photographed. 

The image from the photographic negative was further enlarged. The correct 

magnification could be determined from the scale. A template was used to 

measure the edge radius. Typical photographs of the edge radius of an orifice 

plate and the-method of measurement is shown in figure 94. 

Tests for repeatability of measurement were carried out. Two orifice plates 

were used and 2 positions on_each plate were selected. At each position 

six imprints were taken. The image of the imprint was magnified 50 times 
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Figure 93 - Orifice plate clamped into holder 

and 300 times respectively.· The following results were obtained in the 

best case. The same edge radius measured on six occasions was equal to 

0,320nun in four of the measurements while the remaining two measurements 

were equal to 0,330mm. Maximum d§viation of the reading was therefore 

+/- 2 percent from the mean. The edge radius in this case was large and 

therefore low magnification of the imprint was required. For very sharp 

edges a magnification of 300 was used. In the worst case the maximum 

range of a reading was +/- 5 percent. 

During experimentation the edge radius of each plate was measured in six 
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Fig. 

• 

·" 

94 Photographs ob·tained of the E'dge Radius of an Orifice PZate 
using the Lead Foil Method (Magnification 100) 
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different positions (see figure 95) • ~ 

2 

----
Figure· 95 - Position for measuring the edge sharpness 

of a plate. 

The average edge radius of a plate was determined. 

The upstream edge radius of the orifice plate was increased by using emery 

paper while the plate was rotated in a lathe. Because this operation was 

not accurately controlled, the edge radius of the plate varied along its 

circumference. For the edge radius to be equal around the entire cir­

cumference would have necessitated the design and manufacture of a special 

tool. Since the increases required in the edge radius were only in the 

order of 0,1 millimetre, such a tool would have been costly. As the 

variations in the edge radius around the orifice circumference did not 

exceed 2,5 percent and because the repeatability of an edge measurement 
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reading was only +/- 2 percent, the expense of the above tool was not 

warranted. 

The measuring of the edge radius with the template is subject to personal 

interpretation. To overcome this bias two independent persons were asked 

to measure the edge radius. The value of the size of the edge radius of 

one plate at a specific point as measured by the different persons varied 

by +/- 1 percent from the average reading at that point. The average 

radius measured by these people was then used for further analysis. 

The following problems occurred during measur~ment of the edge sharpness: 

1) On a ncmber of occasions fragments of lead jutted out into the radius 

making it impossible to .measure it. 

2) Sometimes a double edge or an undefined edge was observed. 

These problems occurred mainly when very sharp edges were measured. In 

all these cases new imprints were taken. Figu;~·e 33~ shows some examples 

of problematic prints. Upp found similar difficulties using the lead 

foil method. 

It can be concluded that the edge radius of an orifice plate can be 

measured w:i.th the designed apparatus and a repeatahility in the readings 

of +/- 5 percent can be achieved. Brain and Reid found that the edge radius 

measured by the casting method and the lead foil method were in good agree­

ment. The work done by the author similarly agrees with the results obtained 

by the aforementioned researchers. 
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APPENDIX C 

THE DETERMINATION OF THE DENSITY OF THE WATER 

To achieve the required overall accuracy for the calibration of an 

orifice plate, the density of the water has to be determined to within 

+/- 0,01 percent. To obtain this degree of accuracy the following 

instruments were used. 

1) A specific gravity bottle whose volume is accurately known to 

+/- 0,004 percent. 

2) A chemical balance capable of measuring to within +/- 0,1 mg. 

3) Standard assized masses. 

4) Calibrated mercury thermometer. 

Monthly and/or each time the water in the sump was changed samples of it 

were taken. The water was heated to different temperatures in beakers. 

The specific gravity bottle was cleaned and dried using low pressure com­

pressed air. The empty specific gravity bottle was weighed on the chemical 

~alance. The bottle was then filled with the sample water from one of the 

beakers. The mass of the bottle and water was measured. The temperature 

of the water in the bottle was measured to within +/- 0,1°c. The density 

of the water was calculated from the readings and it was determined at 

a number of different temperatures, and a graph was drawn showing density 

versus temperature. See Table 14 for results obta;ined. As the density 

of the water was likely· to change over a period of time as a result of the . 

accumulation of dust and dirt in the sump and the constant head tank, it 

was necessary to determine its density periodically. At monthly inspections 

it was found that the density of the water had not changed as a result of the 

above causes • 

During the calibration experiments only the temperature of the water in 

the pipe and tank was used. The correct density of the fluid was determined 

from the plotted graph. 

An error analysis of the results was done. It was found that the 

uncertainty of any single measurement of the density at a specific 

temperature was+/- 0,004.percent. 
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Error Analysis 

p 

Wp 

Wp = 

p = 

or p = 

= M 
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-~~ w ) m 
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(Op Wv )2/ + ~ = 
om ov -

2 2 ~ 

) 
+ /49,7267 x 10-3_x 2 x 10) J 

l- (50,032 x 10 6) 2 ~ 

1 
v 

+/- 3.98 x 10 -2 kg/m3 -7 Wm = 1 x 10 kg 

Wv 
-6 3 = 0,002 x 10 m 

993,90 +/-
. . 3 -3 0,0398 kg/m M = 49,7267 x 10 kg 

v = 50,032 x 10-6 m3 

993,90 +/- 0~004% 
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APPENDIX D 

SAMPLE CALCULATION: 

To determine the coefficient of discharge of an orifice plate at various 
Reynolds numbers the following procedure was followed: 

C = The actual mass rate of flow 
D lheoret1cal mass rate off low 

• • • • • • • • • • • • • • • • • • 1 . 
The actual mass flow rate was determined in this experiment with the 
reference meter.. The first set of data given in Table 15 was used for 
the sample calculation. 

The experimental data 

Initial Mass of the measuring tank 
Final Mass of the measuring tank 
Time taken to fill the measuring tank 
Temperature of the atmosphere 
Temperature of the water in the test section 
The pressure difference across the orifice plate 
Orifice diameter 
Pipe diameter 
Atmospheric Pressure 

The Ca lcul at ion 

36 ,,20 kg 
478,85 kg 

260,436 seconds 
16,9°C 

16.2°C 

52,30mm of Hg 
31,55mm 

100,51mm 

759,45mm Hg 

The mass of water added to the tank in 260,436 seconds was 

Final Mass - Initial Mass 
478,85 36,20 = 442 ,65 

----')-

I 

The mass of the air displaced from the tank was calculated from the following 
equations: 

Volume of air displaced, V = Mw • • • • • • • • • • • • • • • • • • • • • • • 2 

Mass of the air displaced, Ma = • • • • . • • • • .• • • • • • • • 3 

Where Ma is the mass of the air displaced from the tank 

MW is the mass of water added to the tank 

Pa is the density of the air 

PW is the density of the water 

. From table 12 the density of the water at 16,2°C is 999,19 kg/m3 • From 
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table 60 the density of the air at a pressure of 760mm of mercury and a 
temperature of 16,9°C is 1,216 kg/m3 • 

The density of the air at a pressure of 759,45mm of mercury can be calculated 
by using equation 4 which is derived as follows: 

= 
Pa 

Since R is a constant and T1 = T2, the density of the air at pressure P2 is 
given by: 

Pa 1 = . Pa2 
:P31 .E'a2 

x ................. 4 

at a pressure of 759,45mm of mercury the density of the air is: 

p 
a2 = 759,45 x 1,216 

760 

·p 
a2 = 1,215 kg/m3 

and the mass of the air displaced is 

M = 1,215 x 442,65 
999,19 

= 0 ,54kg ~ 

the net mass of the water was.equal to 

442,65 - 0,54 = 442,11 kg ~ 

The actual mass rate of flow was calculated from equation 5. 

q = Net mass of water added 
Time Taken 

q = 

= 

442,11 
"260 ,436 

1 ,6975 kg/s -r 
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The theoretical mass rate of flow was calculated from equation 6 

q = 

where hw is 

hm is 
and Pm is 

. . . . . . . . . . . . . . 6 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . • • . . 7 

........................ 
Pw 

the pressure difference in millimetres of water 
the pressure difference in millimetres of mercury 
the densiry of the mercury in the manometer 

The temperature of the mercury was assumed to be equal to that of the 
atmosphere. From table 59 the density of the mercury at 16,9°C is 
13,553 kg/m3 • Substituting these values into equation 8 gave 

= 

52,30 (13533 - 999,19) 
999' 19 

657,10mm of water 

The orifice diameter had to be corrected for contraction due to its 
temperature being lower than when measured.. It \'Jas measured at 18°C. 

The coefficient of expansion of brass is 10 x 10-6 mm/m~ °C 

The diameter of the orifice at 16,2°C was calculated by using equation 9. 

= d(1-k6.T) .•••.•••...••.•.••• 9 

= 31,55 [1,- 19 x 10-6 x (18 - 16,2)] 
= 31 ,55mm 

Substituting the appropriate data into equation 6 yielded 
hw 

(31 ,55 x 10-3)2 [2 x 
f> ~ 

x 657,10 x 10-
3

) j q = -,,- x 999' 19 (999,19 x 9,7965 
4 (31 ,55 } 

4 
1 - mr,51 · 

q = 2,8166 kg/sec 
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The coefficient of discharge was then computed from equation 1. 

= 

The Reynolds 

Red = 

and q = 

Red = 

1,6975 
-2,8166 

number was calculated with the aid of equation 10: 

pVd 
µ 

pVA 

qc:l ................... 10 
Aµ 

Where Red is the Reynolds number based on the orifice diameter,~is the 

viscosity of the water in the test section. From table 61 at 16,2°C the 

viscosity of the water was given as 1,1160 centipoises. 

Substituting into equation 10 

. 1,6975 x 31,55 x 10~3 

3 X TI x (31 ,55 x 10-3}2 
1,1160 x 10-

4 

61384 . 

Similarly the coefficient of discharge of each plate and the Reynolds 
number at which the coefficient of discharge was determined,was calculated 
from the available data. 
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APPENDIX E 

EXPERIMENTAL DATA 

READINGS FOR PLA'rE NO. 1 

orifice diameter . . . . 
edge radius 

area ratio 

Atmospheric Pressure 

. . . . . . . . . . 
......... 

TABLE NO. 13 

31. 55 mm. -

0.0255 mm. 
0.099 

759,45 mm Hg 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass 
deg. C deg. C kg. kg. 

16.9 

16.9 

16.7 

16.7 

16.7 

16.8 

16.9 

16.7 

16.9 

17.0 

16.9 

17.1 

17.2 

17.3 

17.8 

17.9 

17.9 

17.9 

17.9 

17.9 

16~8 

16.8 

16.9 

16.9 

16.2 

16.4 

16.6 

16.9 

17.0 

17.2 

17.4 

18.3 

18.4 

18.4 

18.6 

18.7 

13.7 

18.8 

18.8 

18.8 

18.9 

18.4 

18.4 

18.4 

16.5 

16.6 

1 7 • .1 

17.l 

36.20 

37.70 

33.10 

37.45 

-37.90 

37.70 

37.95 

36.45 

37.85 

37.20 

36.55 

37.70 

33.00 

37.80 

37.50 

38.80 

39.80 

36.15 

38.10 

40.05 

38.55 

38.90 

37.85 

36.45 

478.85 

467.60 

469.70 

467.15 

475.95 

475.70 

465.50 

471.35 

476.35 

470.60 

468.65 

468.10 

466.55 

469.05 

469.60 

467.00 

466.75 

470.10 

464.20 

470.90 

466.70 

469.35 

476.00 

472.25 

'rime Press. dif. 
seconds mm.Hg. 

260.436 

201.373 

180.595 

157.294 

142.751 

129.788 

117.910 

113.858 

103.283 

103.577 

97.933 

95.602 

93. 97 6 

92.002 

88.355 

86.104 

84.442 

8 5. 4 26 

93.812 

111.617 

127.608 

139.234 

408.500 

233.998 

52.30 

82.65 

103.85 

135.65 

171.50 

207.60 

240.00 

266.55 

299.65 

319.90 

355.35 

370.85 

380.55 

401.90 

437.10 

452.20 

467.15 

4 71. 05 

377.55 

272.20 

205.80 

174.90 

21.10 

63.40 

NOTE: For the last eight readings the atmospheric pressure was 
748~95 mm Hg. 
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READINGS FOR PLATE NO. 1 

orifice diameter 

edge radius 

area ratio 

. . . . . . . . . 
. . . . . . . . . . 

31. 55 mm. 

0.0794 mm. 

0.099 

At!T!mspheric Pressure ... 750.80 mm. Hg 

TABLE NO. ili4 

Readings for the calibration of the test orifice plate 
~ 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg.. C deg. C kg. kg. seconds mm. Hg. 

15.5 

15.8 

15.7 

15.5 

15.8 

15.9 

15.8 

15.8 

15. a· 
15.9 

15.9 

15.7 

15.·7 

16.0 

16.1 

16.0 

16. 9 

15.0 

15.3 

15.5 

15.6 

15.9 

16.1 

15.9 

16.2 

16.7 

16.9 

17.l 

17.2 

17.2 

17.2 

17.3 

17.4 

17.4 

17.4 

17.4 

17.4 

17.4 

17.5 

17.5 

17.5 

15.4 

15. 7 

15. 9 

15.9 

18.0 

18.1 

18.2 

38.30 

36.80 

37.15 

36.40 

37.70 

37.90 

37.60 

37.90 

37.05 

38.55 

38.10 

37.55 

37.40 

38.65 

39.30 

39.45 

39.20 

36.20 

37.60 

37.80 

36.30 

37.30 

38.35 

38. 20 . 
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478.35 

478.10 

474.25 

467.85 

476.50 

478.95 

475.80 

480.30 

476.80 

479.40 

468.10 

467.70 

4 77. ·45 

467'.65 

473.60 

466.20 

469.85 

470.00 

472.45 

466.05 

472.35 

473.90 

472.40 

476.00 

291.017 

246.705 

206.209 

185.865 

160.927 

143.977 

133.820 

124.411 

115.068 

109.304 

101.9.11 

96.732 

95.099 

90.708 

90.810 

88.057 

85.612 

84.570 

96.398 

116.961 

142.240 

159.206 

188.051 

303.745 

40.65 

57.05 

80.15 

95.55 

131.90 

167.60 

191.35 

225.15 

260.30 

290.10 

318.80 

352.80 

374.15 

399.20 

408.80 

419.35 

452.10 

469.75 

363.50 

239.00 

1·67. 85 

134.45 

95.15 

36.90 



READINGS FOR PLATE NO. l 

orifice diameter 

edge radius 

31.55 mm. 

0.1025 mm. 

area ratio •..••..•.• 0.099 
Atmospheric Pressure .•. 760.50 mm Hg. 

TABLE NO. 15 
Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C. deg. C kg. kg. seconds mm. Hg. 

15.8 

15.4 

15.4 

15.4 

.15. 4 

15.4 

15.4 

15.3 

16.4 

15.5 

14.9 

15.5 

14.9 

14. 9 

15.0 

15.4 

15.l 

15.8 

15.2 

.15.0 

15.1 

15.l 

15.2 

15.2 

16.7 

16.9 

16.9 

17.1 

17.2 

17.3 

17.3 

17.3 

17.4 

17.4 

15.8 

16.0 

16.1 

16.2 

16.3 

16.6 

16.7 

16.9 

16.9 

17.1 

17.7 

17.8 

17.9 

17.9 

36.35 

38.30 

37.75 

38.60 

37.70 

37.65 

37.95 

38.55 

39.40 

37.85 

39.50 

37.70 

38.15 

39.35 

39.35 

39.35 

39.30 

42.10 

38.90 

39.70 

38.40 

37.85 

37.75 

38.10 
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471.10 

463.55 

467.05 

462.40 

464.95 

468.10 

469.30 

468.70 

466.25 

465.75 

465.30 

468.90 

464.20 

467'.65 

468.20 

472.60 

465.20 

469.35 

470.55 

467.40 

4 71. 45 

475.45 

472.55 

467.70 

275.279 

220.190 

188.635 

159.345 

140.818 

131.051 

123.478 

115.816 

109.446 

102.885 

103.729 

99.064 

95.079 

92.672 

88.347 

85.809 

81.678 

79.959 

80.041 

94.513 

119.255 

138.430 

185.500 

104.735 

4 3. 95 . 

65.45 

91.20 

126.20 

162.60 

190.60 

216.45 

244.9-5 

269.60 

307.10 

299.55 

336.35. 

355.80 

379.35 

418.65 

445.85 

481.85 

508.10 

514.30 

363.15 

234.60 

177.45 

97.65 

299.00 



READINGS FOR PLATE NO. 1 

orifice diameter 31.55 mm. 

edge radius . . . . . . . . . 0.2133 mm. 

area ratio . • • • . . • . . . 0. 09 9 

Atmospheric Pressure ... 754.40 mm. Hg 

TABLE NO. lt; 

Readings for the calibration of the test orifice plate 

Air temp~ Water temp. Init. mass Final mass Time 
deg. C deg. C kg. kg. seconds 

15.3 

15.3 

15.5 

14 •. 1 

14.1 

14.1 

14.3 

14.2 

14. 2 

14.3 

14.4 

13.5 

13.7 

13.9 

13.9 

14.1 

14.1 

13.9 

14.1 

14.3 

14.4 

14.6 

14.7 

14.7 

17.0 

17.3 

17.4 

15.3 

15.5 

15.7 

15.8 

16.2 

16. g· 

17.l 

17 .• 1 

15.0 

15.4 

15. 8 

16.0. 

16.2 

16.4 

15.5 

15.8 

16.0 

16.3 

16.5 

16.8 

16.9 

38.80 

37.20 

37.15 

36.20 

38.20 

. 38. 25 

38.10 

38.50 

38.25 

38.60 

38.40 

36.20 

37.15 

37.25 

39.1*5 

38.15 

38.60 

36.10 

37.95 

38.50 

38.10 

38.60 

37.80 

37.80 
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464.60· 

463.05 

471.80 

465.65 

470.55 

472.15 

4 71. 50 

468.95 

455.35 

475.10 

469.85 

459.60 

462.05 

474.80 

472.05 

470.30 

484.00 

461. 50 

468.60 

465.60 

470.65 

464.00 

462.65 

462.00 

297.496 

203.515 

189.630 

168.847 

152.591 

14 0 .158 

128.865 

118.153 

109.146 

108.003 

100.996 

95.607 

94.396 

95.362 

91. 781 

89.927 

91.475 

84.684 

84.388 

82.153 

82.191 

79.792 

79.425 

86.945 

Press.dif. 
mm. Hg. 

35.10 

74.65 

89.65 

110.40 

136.85 

164.25 

193. 85 

227.40 

251. 25 

280.25 

313.40 

336.30 

348.60 

360.90 

380.45 

396.65 

406.50 

433.45 

447.40 

464.45 

476.60 

488.90 

492.55 

409.20 



READINGS FOR PLATE NO. 1 

orifice diameter 

edge radius 

area ratio 

. . . . . . . . . 
. . . . . . . . . . 

31.55 mm. 

0.2867 mm. 

0.099 

Atmospheric Pressure ••. 759. 20 mm. Hg 

TABLE NO. 'J.-1 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass 'rime Press. dif. 
deg. C deg .. C kg. kg. seconds mm. Hg. 

15.5 

15.5 

15.5 

'15. 3 

"i4. 8 

15. 3. 

15. 7 

15.7 

15.9 

16.2 

16.5 

16.5 

16.3 

16.4 

16.5 

16.8 

16.8 

16.8 

16.9 

16.9 

16.9 

16.9 

16.9 

16.9 

18.9 

19.1 

19.2 

19.3 

16.6 

16.8 

17.1 

17.7 

18.0 

18.3 

18.7 

18.8 

19.0 

19.7 

19.8 

20.0 

20.2 

20.2 

20.3 

20.4 

20.4 

20.4 

20.4 

20.4 

36.00 

37.00 

37.15 

36.80 

36.00 

36.45 

37.65 

37.85 

37.65 

37.20 

37.90 

38.50 

37.60 

36.50 

37.50 

76.30 

39.55 

39.05 

38.40 

36.85 

3e.9o 

38.75 

38.80 

39.30 

472.30 

466.60 

465.90 

470.20 

466.40 

462.45 

469.35 

463.90 

463.10 

472.20 

467.50 

466.95 

469.10 

467.15 

465.60 

946.95 

453.20 

460.80 

453.65 

463.35 

456.45 

456.05 

461.70 

456.50 

265.538 

208.223 

182.626 

161.323 

144.619 

134.706 

130. 274 

123.59i 

li8.990 

115.826 

110.902 

104.484 

101.633 

99.048 

94.551 

190.603 

89.025 

88.263 

85.440 

86.023 

83.154 

81.176 

80.387 

77.468 

45.25 

71.65 

93.30 

122.40 

150.05 

169.55 

1.86. 65 

202.00 

217.20 

239.75 

255.45 

286.75 

307.15 

322.80 

349.65 

3 55. 90 

367.95 

388.75 

402.60 

419.00 

429.50 

450.10 

4 71. so 
494.20 

NOTE: For the last twenty readings the atmospheric pressure 
was 764.55 mm Hg. 
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READINGS FOR PLATE NO. 1 

orifice diameter 

edge radius 

area ratio ..•.•..... 
Atmospheric pre~sure 

TABLE NO. 18 

31.55 mm. 

0.4100 mm-. 

0.099 
754.90 mm. Hg. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

17.4 

18.0 

18.4 

18.3 

18.5 

18.7 

18.8 

18.9 

18.9 

19.1 

18.9 

18. 9 

19.0 

19.0 

19.0 

19.0 

17.3 

17.4 

17.5 

17.5 

17.5 

17.5 

17.6 

17. 6 

19.3 

20.7 

21.0 

21.4 

21.9 

22 .• 2 

22.9 

23.1 

23.2 

23.4, 

23.5 

23.6 

23.7 

23.8 

23.8 

23.8 

18.1 

18.2 

18.2 

18.2 

18.2 

18.2 

18.3 

18.4 

36.25 

39.60 

39.10 

39.40 

39. 80. 

39.60 

36.75 

38.90 

38.90 

38.85 

39.05 

38.95 

38.40 

37.00 

39.25 

38.60 

. 36. 05 

37.85 

33.50 

38.55 

38.60 

38.05 

37.20 

37.50 

-217-

465.80 

461.95 

461.55 

467.25 

449.85 

470.75. 

470.20 

466.20 

466.45 

470.05 

463.65 

462.95 

466~50 

466.40 

465.85 

464.55 

469.60 

462.70 

462.25 

463.00 

451.70 

453.50 

467.80 

461.30 

278.632 

203.356 

167. 271 

153.721 

133.164 

131.758 

123.773 

115.386 

109.208 

104.726 

98.437 

94.644 

93.191 

90.878 

86.894 

84.093 

81.103 

77.873 

77.000 

80.227 

83.341 

100.905 

128.361 

189.349 

39.00 

73.90 

105.50 

128.15 

157.30 

177.60 

203.80 

227.60 

254.80 

282.35 

309.70 

333.80 

351.45 

371.45 

401.40 

427.60 

475.80 

495.05 

505.05 

466.15 

408.80 

281.75 

186.55 

82.75 



READINGS FOR PLATE NO. 2 

orifice diameter 

edge radius . . . . . . . . . . 
44.75 mm. 

0.02 mm. 

area ratio .•..••.•••• 0~198 

Atmospheric Pressure .•••.. 747.50 mm Hg. 

TABLE NO. ;18 

Readings for the calibration of the ~est orifice plate 

Air temp. Water temp. !nit.mass Final mass Time Press. dif. 
seconds mm. Hg. deg. C deg. C 

16.9 

17.2 

17.4 

17,5 

17.5 

17.7 

17.7 

17.7 

17.7 

17.7 

17.7 

17.5 

17.7 

17.7 

17.7 

17.7 

16.4 

16.5 

16.8 

16.9 

16.9 

16.9 

16.8 

16. 5 

16.l 

16.4 

16.7 

17.1 

17.4 

17.7 

18.1 

18.8 

18.9 

19.0 

19.1 

1.9. 3 

19.3 

·19. 3 

19. 4 

19.5 

16.0 

16.6 

16.8 

17.4 

17.5 

17.5 

17.6 

17. 4 

kg.. kg. 

37.20 

37.35 

40.15 

38.15 

37.70 

37.55 

37.10 

36.55 

37.50 

37.55 

37.35 

36.80 

78.65 

80.15 

80.25 

77.40 

76.05 

75~75 

78.45 

. 76. 20 

73.90 

38.60 

37.15 

37.15 

470.90 

470.55 

469.50 

464.00 

465.50 

469.80 

471.75 

471.15 

477.00 

465.55 

466.35 

470.95 

932.75 

·935.15 

940.50 

934.30 

930.10 

930.25 

937.95 

930.60 

917.05 

463.85 

466.00 

466.40 

-218-

150.591 

123.346 

103.270 

91. 023 

80.834 

74.254 

66.214 

62.517 

58.912 

54.179 

52.240 

51.198 

97.653 

95.520 

93.357 

91.668 

90.104 

88.743 

86.314 

84.515 

80;604 

51.486 

66.103 

96.661 

35.15 

52.85 

74.20 

94 .35 

120.85 

146.55 

186.60 

209.45 

241.60 

270.80 

293.25 

312.45 

332.05 

348.75 

369.05 

380.15 

390.35 

402.85 

431.30 

444.65 

470.25 

296.85 

182.50 

85.40 



. 
REl\DINGS FOR PLATE NO. 2 

orifice diameter . . . . .. 44.75 nun • 

edge·ra~ius . . . . . . . . . . 0 .;[6·: nun. 

area ratio • • • • • • • • • • • 0. 198 

Atmospheric Pressure •.••.•• 759.45 mm Hg. 

TABLE NO. 20' 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass 
deg. C .deg. C kg. 

15.3 

15.5 

15.7 

15.7 

15.8 

15.8 

15.8 

15.9 

15.9 

15.9 

15.7 

15.7 

15.6 

15.5 

15.5 

15.7 

. 15.8 

15.9 

15. 9 . 

16.1 

16.1 

16.2 

16.2 

16.2 

18.0 

18.3 

18.5 

18.7 

18.9 

18.0 

19.1 

19.l 

19.2 

19.2 

16.2 

17.0 

17.2 

17.5 

. 17.7 

18.2 

13.3 

18.5 

18.7 

19.1 

19.2 

19.3 

19.4 

19. 4 

36.05 

38.45 

38.55 

37.40 

38.75 

37.45 

37.35 

37.25 

37.35 

37.35 

36.10 

36.75 

37.05 

37.00 

37.15 

36.55 

37.10 

75.15 

76.95 

75.35 

78.25 

77.30 

77.55 

76.90 

Final mass Time 
kg. seconds 

474.85 

464.60 

467.75 

465+85 

4 69. 15 

468.15 

470.00 

467.05 

464.35 

458.95 

464.40 

469.60 

461.70 

463.05 

460.00 

462.30 

458.90 

908.10 

918.35 

930.05 

908.50 

916.65 

919.45 

907.50 

157.901 

134.864 

121.968 

111.126 

102.663 

95.689 

87.767 

81. 904 

75.386 

70.035 

65.588 

63.209 

59.029 

56.787 

54.151 

53.034 

51.383 

97.864 

95.379 

93.491 

89.417 

87. 314 

85.320 

76.634 

Press. dif. 
nun. Hg. 

32.30 

41. 20 

51.05 

61.65 

72.80 

83.95 

101.05 

114.70 

133.90 

151~20 

177.90 

195.45 

215.15. 

235.50 

255.70 

269.80 

282.35 

303.60 

326.35 

350.65 

360.80 

388.30 

409. 05 

493.25 



READINGS FOR PLA'rE NO. 2 

orifice diameter 44.75 mm. 

edge radius ...• ~..... 0. 40 mm. 

area ratio . . • . . • . • . . • 0 .198 
Atmospheric Pressure ..... 75a.20 rnm Hg. 

TABLE NO. 2l 

Readings for the calibration of the t~st orifice plate 

Air temp. Water terrp. Init. mass 
deg. C deg. C kg. 

17.9 

17.9 

17.9 

17.9 

17.9 

17.9 

17.9 

17.5 

17.5 

17.6 

17.8 

17.8 

17.9 

17.9 

17.9 

17.9 

17.9 

17.9 

18.0 

18.0 

18.0 

- 18. 0 

17.9 

17.9 

20.9 

21.0 

21. 0 

21.0 

21. 0 

21. 0 

21.0 

13.7 

19.4 

19.7 

19.9 

20.1 

20.4 

20.7 

20.9 

21. l 

21.8 

21,9 

22.0 

22.l 

22.2 

22.2 

22.2 

22.2 

20.65 

36.75 

37.25 

37.20 

37.25 

37.20 

37.25 

36.10 

39.65 

39.05 

39.60 

37.80 

39.40 

39.40 

30.65 

39.60 

75.60 

79.60 

78.95 

79.25 

76.50 

78.40 

79.00 

79.30 

:..~20-

Final mass Time Press. dif. 
kg. seconds mm. Hg, 

472.35 

464.45 

465.80 

465.95 

465.90 

459.05 

462.25 

469.95 

457.40 

460.90 

455.80 

462.75 

449.40 

452.35 

448.65 

452.75 

903.15 

919.80 

921.70 

905.40 

921.25 

892.15 

900.40 

921.30 

133.685 

114.982 

103.982 

97.685 

90.402 

85.000 

80.434 

75.849 

67.487 

64.951 

59.981 

58.573 

54.573 

53.108 

50.930 

50.077 

95. 093 

93.686 

91.585 

86.731 

86.334 

79.016 

78.596 

78.564 

45.45 

55.35 

68.10 

77.45 

90.30 

99.25 

112.40 

132.20 

154.45 

170.40 

195.40 

211.40 

228.90 

245.35 

26 2. 60 

275.80 

308.15 

326.65 

344.05 

368.60 

389.55 

430.65 

446.15 

4-6 6. 10 



.READINGS FOR PLATE NO. 3 ·-·--·-------

orifice diameter 

edge radius 

54.61 mm. 

0.02 mm. 

area ratio . . . • . . . . . . • 0.295 
Atmospheric Pressure ..... 761.50 mm. Hg. 

TABLE NO. 2'.2 

Readings for the calibration of the test orifice plate 

Air temp. water temp. Init. mass 
deg. C deg. C kg. 

19.8 

19.8 

19.8 

19.8 

20.1 

20.1 

20.1 

20.1 

20.1 

20.1 

20.1 

20.1 

17.3 

17.5 

17.7 

17.7 

17.7 

18.0 

16.7 

16.9 

17.0 

17.7 

17.8 

17.1 

21.5 

22.0 

22.1 

22.2 

20.7 

21.3 

22.1 

23.2 

23.4 

23.7 

23.8 

23.9 

18.5 

13.9 

19.3 

19 .a 
19. 9 . 

20.1 

18.3 

19.0 

19.1 

19.2 

19.3 

19.5 

36.90 

38.65 ' 

39.50 

36.85 

35.95 

36 .85 

36.95 

36.40 

37.15 

33.65 

75.85 

74.30 

38.70 

38.70 

77.25 

74.95 

80.85 

77.85 

38.20 

36.65 

37.00 

77.55 

78.05 

76.50 

Final mass 
kg. 

449.15 

434.50 

439.55 

450.35 

464.95 

454.60 

455.30 

461. 30 

454.95 

450.10 

886.25 

883.75 

451.75 

434.90 

387.90 

871.80 

854.25 

883.00 

443.60 

443.65 

444.30 

891. 75 

909.10 

874.10 

Time Press. dif. 
seconds mm.Hg. 

39.190 

32.706 

31. 8 79 

32.328 

99.536 

s9.11a 

58.723 

46.718 

58.137 

39.057 

63.430 

70.196 

102.275 

64.857 

89.037 

75.372 

60.250 

71.031 

73.931 

58.947 

50.618 

84.376 

74.961 

62.459 

203.30 

270.05 

289.70 

301.10 

33.65 

88.75 

92.20 

151. 65 

94.40 

203.90 

301.05 

244.95 

29.40 

68.10 

151. 15 

205.15 

3·03.40 

236.50 

54.70 

86.70 

118.05 

169.85 

225.30 

299.95 

NOTE: For last six re~dings the atmospheric pressure was equal 
to 756. 50 mm Hg. 

-221-



READINGS FOR PLATE NO. 3 

orifice diameter 

edge radius •••....... 

54.61 mm. 
0.03 mm. 

area ratio . . . . . . • . . • . 0. 2 95 
Atmosphe:h.c Pressure ....... 750. EPmm Hg. 

TABLE NO. 2), 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. sec·onds mm. Hg. 

15.3 

15.5 

15.4 

15.5 

15.7 

15.8 

15.8 

16.0 

15.8 

15.9 

15.9 

16.0 

15.9 

16.1 

15.1 

15.5 

15.8 

15.8 

15.4 

15.7 

15.5 

16.l 

15.9 

16.l 

16.9 

17.1 

18.1 

18.2 

18.3 

13.4 

18.4 

18.5 

18.5 

18.6 

18.6 

18. 6 

18.6 

18.7 

16.1 

16.4 

16.8 

17.0 

14.9 

15.1 

15.6 

15.8 

15.9 

16.0 

36.60 

37.60 

36.35 

37.80 

37.90 

37.65 

39.70 

39.95 

40.10 

38.70 

37.75 

38.00 

37.80 

78.00 

77.25 

76.05 

78.00 

77.75 

75.30 

77.40 

79.40 

78.80 

78.95 

79.20 

-222-

469.25 

468.55 

4 71. 60 

474.35 

468.90 

473.25 

475.25 

477.20 

473.65 

465.95 

462.15 

466.85 

459.65 

929.00 

946.70 

944.20 

926.20 

946.05 

945.20 

940. 55 

921. 55 

902.50 

923.95 

924.80 

104.702 31.05 

96.484. 36.05 

89.827 42.35 

82.687 50.35 

75.198 59.50 

70.934 68.30 

64.135 83.65 

·61. 399 91.80 

58.688 99.20 

54.217 112.90 

50.754 ·127.15 

49.703 1.35.15 

46.828 147.35 

92.091 155.35 

91.147 165.30 

88.301 175.90 

83.693 186.90 

83.078 199.00 

84.279 194.50 

75.835 236.40 

71.399 253.95 

68.488 263.55 

69.528 ?69.65 

69.211 272.15 



READINGS FOR PLATE NO. 3 

orifice diameter 

edge radius ••.•...... 

area ratio .•........• 

54.61 mm. 

0.10 mm. 

0.295 

Atmospheric Pressure ...•. 763. 50 mm Hg. 

TABLE NO. 24 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time 
· deg. C deg. C kg. kg. seconds 

14. 9 

15.0 

14.0 

14.8 

15.0 

14.8 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.5 

15.0 

14.9 

15.0 

15.2 

15.3 

15.5 

17.3 

15.3 

13.5 

15.5 

16.1 

-· ---- ------~--~~·---·~. 

15.1 

' 15. 2 

14.2 

14.8 

15.0 

13.2 

15.9 

16.0 

16.8 

16.9 

17.0 

17.0 

17.1 

17.1 

17.1 

17.1 

17.2 

17.2 

17.2 

14. 7 

15.4 

14.2 

14.7 

16.1 

36.50 

37.80 

36.50 

38.90 

37.55 

37.60 

37.50 

37.90 

36.45 

37.40 

37.85 

37.75 

39.15 

36.75 

37.90 

.37.50 

37.25 

76.65 

79.40 

'78. 90 

. 78. 00 

77.45 

75.95 

76.60 

470.50 

467.30 

472.80 

473.30 

473.60 

475.25 

469.55 

468.85 

477.65 

473.05 

467.40 

471.10 

468.25 

454.55 

469.85 

468.05 

464.40 

923.20 

918.65 

907.95 

921.95 

912.25 

928.10 

887.40 

121.115 

110.397 

106.267 

98.671 

93.188 

87.369 

78.851 

74. 342 

71. 581 

67.436 

62.793 

60.305 

58.039 

54.207 

54.175 

51. 914 

49.962 

92.475 

86.574 

82.519 

80.704 

75.677 

73.981 

68.531 

Press. dif. 
mm. Hg. 

22.90 

26.70 

29.80 

34.15 

38.55 

44.40 

53.05 

59.20 

67.55 

74.10 

83.50 

92.55 

98.00 

106.45 

·113.80 

123.20 

131.10 

150.80 

168.90 

181. 95 

196.60 

219.65 

239.50 

252.70 

/ 



READINGS FOR PLATE NO. 3 

orifice diameter 

edge radius 

. . . . . . . . . . . . 

54.61 mm. 
0.22 mm. 

0.295 area ratio 

Atmospheric Pressure .•.••.. 755.90 mm Hg. 

TABLE NO. .?,5 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass 
deg . C deg. C kg. 

15.7 

15.7 

14. 7 

· 15. 0 

15.1 

15.3 

15.3 

15.3 

15.3 

15 .3 

15.3 

15.2 

15. 4 

15.4 

i5.4 

14.8 

14.9 

15.4 

15. 4 

15.8 

15.9 

15.9 

15.9 

15.9 

17.8 

17.9 

15.5 

16.1 

16.3 

16.5 

16.6 

16.5 

16.1 

16.2 

16.4. 

16.6 

16.9 

16.9 

17.0 

15.5 

15.7 

15.9 

17.2 

17.4 

17.5 

17.7• 

17.8 

18.0 

39.30 

38.40 

38.55 

40.35 

38.35 

38.05 

37.05 

37.15 

38.85 

38.40 

38.55 

38.70 

38.00 

37.35 

37.35 

36.15 

76.70 

77.80 

75.45 

77.40 

79.00 

77.30 

77.00 

78.35 

.. 224-

Final mass 
kg. 

466.70 

475.05 

472.70 

466.35 

463.75 

462.35 

467.05 

460.40 

463.75 

457.40 

462.90 

460.25 

454.60 

454.90 

458.55 

452.50 

913.30 

916.35 

923.70 

930.25 

907.60 

924.50 

909.10 

924.20 

Time Press. dif. 
seconds m H m. g. 

105.698 28.55 

101.004 32.50 

93. 330 . 37. 85 

86.188 42.55 

79.994 49.35 

76.070 

73.156 

68.002 

64.742 

61.078 

58.757 

56.287 

53.511 

52.096 

51.111 

43.647 

93.382 

90.263 

88.562 

35.954 

79.913 

79·. 581 

71.540 

71.075 

54.10 

60.15 

67.75 

75.80 

82.75 

91~80 

98.40 

106.75 

113.40 

120.00 

129.75 

142.55 

153.40 

162.55 

174.20 

190.80 

200.85 

240.25 

251. 85 

/ 



READINGS FOR PLATE NO. 3 

orifice diameter 54.61 mm. 

edge radius .•........ 0.27 mm. 

area ratio • • . . . . . . . . . 0. 2 95 
Atmospheric Pressure •.•..•. 759.20 mm. 

TABLE NO. 26 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press.dif. 
deg. c deg. C kg. kg. seconds nun. Hg. 

15. l 

15.1 

14.8 

14.8 

14.9 

13.3 

19.6 

19.6 

19.8 

19.8 

19.4 

19.4 

19.6 

19.7 

19.1 

17.9 

18.2 

18. 3 

18.3 

18.5 

18. 5 

18.6 

18.7 

18.7 

16.l 

16.8 

16.9 

17.1 

17.2 

15.6 

17.9 

18.1 

18.4 

18.7 

19.4 

19.6 

19.7 

19.9 

20.0 

18.9 

19.5 

19.8 

20.1 

20.3 

20.6 

21.3 

21. 5 

21. 6 

39.00 

37.65 

39.10 

39.15 

37.25 

38.15 

35.95 

37.00 

37.25 

37.15 

36.50 

37.10 

36.45 

37.25 

. 37.40 

36.10 

74.90 

76.50 

76.70 

77.40 

76.80 

74.40 

76.55 

76.85 

462.20 

461. 55 

467.55 

461.15 

455.40 

450.20 

468.40 

457.50 

459.15 

465.00 

463.40 

462.70 

462.40 

449.50 

461.60 

458.05 

936.45 

906.90 

894.25 

910.25 

906.75 

899.30 

892.20 

909.00. 

107.565 

98.423· 

93.173 

85.169 

79.027 

72.378 

82.954 

71. 042 

66.784 

64.433 

60.979 

56.999 

54.299 

50.653 

50.441 

48.009 

95.075 

87.807 

83.136 

82.139 

79.866 

77.739 

70.739 

70.000 

26.90 

32.10 

36.50 

42.40 

48.35 

56.25 

47.00 

61.00 

69.55 

76.95 

85.60 

97.80 

107.50· 

116.40 

124.40 

136.20 

144.45 

157.45 

169.95 

180.90 

190.50 

198.25 

235.10 

249.75 



READINGS FOR PLATE NO. 3 

orifice diameter 

edge radius 

54.61 mm. 

0.30 mm. 

area ratio . . • • . . • . . •. 0.295 
Atmospheric Pressure ......... 757.95 mm Hg. 

TABLE NO. '8!.t 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass 
deg._ C _ deg. C kg. kg. 

17.5 

17. 7 

19.9 

17.8 

17.8 

17.3 

17.5 

17.5 

18 .1 

17.7 

16.2 

16.4 

16.4 

16.6 

16.7 

16.9 

16.9 

16.9 

17.1 

17.3 

17.5 

17.5 

17.5 

17.1 

19.6 

19.8 

20.2 

20.3 

20.3 

19.4 

19.9 

21.0 

21.5 

21.6 

17.4 

17.6 

18.0 

18.3 

18. 6 ' 

18.2 

18.6 

18.6 

18.6 

20.5 

20.7 

20.9 

21. 9 

19.4 

36.10 

36.85 

37.35 

37.70 -

37.70 

38.30 

36.55 

36.45 

36.50 

37.55 

75.25 

76.95 

76.45 

77.70 

79.15 

.75.10 

77.35 

75.25 

37.10 

36.60 

37.35 

37.25 

36.45 

37.60 

472.35 

472.15 

472.00 

468.10 

4 71. 20 

462.70 

448.15 

465.65 

453.90 

463.25 

913.25 

918.05 

917.10 

931.45 

915.60 

909.75 

890.70 

885.85 

461.30 

469.00 

461.55 

466.65 

465.85 

455.35 

Time Press. di£. 
seconds mm. Hg. 

113.516 

99.724 

92.066 

83.203 

77.305 

59.565 

54.743 

52.791 

49.176 

48.644 

9 o. 246 

86.244 

83.396 

81.593 

25.45 

32.65 

38.15 

45 .80 

53.90 

87.45 

97. 7 5 

114.30 

124.65 

132.50 

149.25 

164.90 

176.30 

190.25 

77.853 200.45 

70.588 . 243.05 

67.298 254.20 

66.511 

53.813 

60.604 

56.954 

63.458 

70.417 

50.721 

259.30 

108.10 

88.40 

96.15 

79.25 

64.25 

117. 95 

NOTE: For last nineteen readings the atmospheric pressure was 
equal to 755.40 mm Hg. 
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READINGS FOR PLATE NO. 4 

orifice diameter 

edge radius . . . . . . . . . . 
63.00 mm. 

0.02 mm. 
area ratio •..•....•.. 0.393 
Atm9sphei·ic Pressure ••.••.. 758.00 mm Hg. 

TABLE NO. ::28 
r 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass Time Press. dif, 
deg. C deg. C kg. kg. seconds mm. Hg. 

17.0 

17.0 

17.1 

17.1 

17.3 

17.3 

17.3 

16.1 

16.5 

16.7 

16.5 

16.9 

16.9 

18.4 

18. 8 

18.9 

18.3 

18.5 

18.7 

18.9 

19.0 

19.1 

19.3 

19.1 

17.0 

17.4 

18.7 

18.8 

19.2 

19.3 

19.4 

17.3 

17.7 

18.6 

17.8 

19.0 

19.3 

28,6 

19.0 

19.2 

18.9 

19.5 

19.8 

19.9 

20.1 

20.3 

20.'5 

20.8 

36,35 

37.00 

36.70 

37.25 

37.05 

76.80 

77.45 

38.85 

36.75 

76.05 

85.35 

74.75 

78.65 

40.80 

36.95 

78.30 

36.15 

36.50 

37.45 

77.25 

79.15 

77.25 

75.95 

38.35 

-22 7-

464.25 

470.00 

464.35 

452.45 

446.25 

918 .15 

915.10 

465.45 

453.20 

914.45 

928.75 

905.85 

911.10 

470.45 

457.65 

932.35 

465.75 

461.85 

454.35 

926.20 

915.20 

902.95 

904.80 

467.40 

92.097 

63.441 

52.441 

45.105 

37.575 

71. 331 

64.684 

78.520 

50.585 

84.372 

84.094 

72.832 

69.284 

86.183 

57.373 

63.822 

110.677 

55.518 

47.397 

90.045 

80.273 

72.996 

64.366 

72.817 

19.95 

43.60 

63.45 

81.15 

113.25 

133.25 

16"0.35 

27.45 

64.60 

94.10 

96.00 

124.35 

137.85 

23.05 

50.65 

171.15 

13.90 

55.20 

74.05 

85.00 

103.45 

122.20 

158 .. 35 

32.65 
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READINGS FOR PLATE NO. 4 

orifice diameter 

edge radius 

area ratio 

. . . . . . . . . . 
·63. 00 mm. 

0.18 mm. 

0.393 

Atmospheric Pressure ...•.. 754.40 mm Hg. 

TABLE NO. ~@ 

Readings for the calibration of the test orifice plate 

Air temp. 
deg. C 

16.6 

16.6 

16.7 

16.8 

16.9 

16.9 

16.9 

17.3 

17.4 

17.3 

17.3 

17.3 

17.3 

17.3 

17.3 

15.7 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

15.9 

Water temp. 
deg. C 

18.0 

18.2 

18.4 

18.6 

18.8 

18.9 

19.l 

20.0 

20.0 

20.2 

20.2 

20.3 

20.3 

20.3 

20.4 

17.2 

17.4 

17.8 

18.0 

18.2 

19.0 

19.3 

19.4 

19.5 

Init.mass 
kg. 

36-00 

37.15 

37.60 

38.30 

38.10 

38.25 

. 3 7. 25 

37.65 

37.50 

36.60 

37.10 

37 .. 10 

37.30 

37.40 

37.35 

36.10 

74.05 

75.50 

75.90 

76.90 

74~45 

76.40 

76.65 

75.15 

-228-

Final mass 
kg. 

474.65 

459.05 

463.00 

463.30 

467.60 

467.90 

465.55 

464.20 

466.85 

458.35 

454.30 

457.40 

460.40 

451.25 

459.95 

464.50 

896.05 

906.00 

907.95 

901.75 

896.75 

887. 4 5, 

893.60 

891.65 

Time 
seconds 

112.024 

98.549 

93.326 

87.676 

83.511 

78.990 

73.732 

67.845 

63.889 

58.565 

54.682 

52.682 

50.611 

47.780 

46.638 

61.268 

34.361 

81.955 

78.956 

75.331 

73.239 

65.696 

67.771 

63.574 

Press. dif. 
mm. Hg. 

13.80 

16.53 

18.80 

21.15 

23.90 

26.85 

30.65 

35.85 

41 .• 25 

47.30 

53.40 

58.35 

64.10 

69.00 

75.90 

44.80 

86.50 

94.70 

102.45 

110.75 

116.60 

141.00 

134.70 

152.60 



RE.l>.D INGS FOR PL1\.'l'E NO. 4 

orifice diameter 

edge radius 

area ratio 

Atmospheric Pressure 

63.00. mm. 

0.23 mm. 
0.393 

. ,, ... 755. 40 mm Hg. 

TABLE NO. :30 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

15.9 

15.9 

15.9 

16.l 

16.l 

16.l 

14.5 

14.8 

14.9 

14.9 

15.0 

15.l 

15.3 

15.3 

15.2 

15.3 

15.l 

15.8 

16.0 

16.0 

15.3 

15.6 

15.7 

15.7 

17.8 

17.9 

18.0 

18.l 

18.1 

18.2 

16.0 

16.5 

16.8 

17.0 

17.2 

17.4 

17.5 

17.8 

17.8 

18.0 

18.l 

17.5 

18. 2 

18.5 

17.4 

17.9 

18.4 

18.7 

36.35 

37.40 

37.55 

37.75 

37.85 

37.70 

36.15 

36.85 

38. 30 

37.05 

37.30 

38.25 

38.50 

36.80 

37.35 

.38.20 

75.95 

73.40 

75.35 

75.00 

73.70 

76.15 

75.65 

76.75 

469.65 

470.95 

466.70 

473.30 

467.90 

461. 70 

465.45 

464.90 

462.75 

461.30 

460.20 

453.85 

4 64. 00 

455.05 

452.15 

457.60 

889.60 

893.10 

8 98. 65 

901. 70 

905.05 

883.80 

890.80 

879.55 

106.774 

99.913 

89.784 

85.742 

78.976 

72.904 

67.456 

63.128 

6G.775 

58.593 

56.196 

53.686 

53.176 

50.803 

48.107 

47.416 

88.974 

82.710 

81.502 

78.661 

76.933 

71.740 

65.985 

62.861 

14.80 

16.85 

20.30 

23.00 

26.60 

30.25 

36.30 

41.10 

43.65 

47.10 

50.90 

54.00 

57.80 

61.00 

67.20 

70.55 

75.75 

89.55 

93 .10 

100.55 

106.45 

115.55 

139.35 

148.65. 



READINGS FOR PI.ATE NO. 4 

orifice diameter 

edge radius 

area rat~o 

63.00 mm~ 

0.37 mm. 

0.393 

Atmospheric Pressure ..... . 757.95 mm H,g. 
~~~~~~~--~~~~~ 

TABLE NO. Jl 

Readings for the calibration of the test or~fice plate 

Air temp. 
deg. C 

16.3 

16. 3 

16.3 

16.5 

16.5 

16.6 

16.6 

16.7 

16.7 

16.9 

16.9 

16.9 

17.1 

17.l 

17.l 

17.1 

17.1 

l 7. 4 

17.5 

17.5 

17.5 

17.9 

17.9 

17.9 

Water temp. 
deg. C 

18.4 

ld.6 

18.8 

19.2 

19.2 

19.5 

19.5 

19.6 

19.7 

18.2 

18.8 

19.0 

19.2 

19.4 

19.5 

19. 6 

19.8 

20.2 

20.4 

20.5 

20.5 

19.5 

19.8 

20.3 

Init.mass Final mass Time Press. dif. 
mm. Hg. kg. kg. seconds 

36.05 

37.45 

37.55 

37.80 

37.60 

38.35 

37.95 

37.25 

37.25 

39.50 

36.60 

37.20 

37.75 

37.80 

38.00 

39.60 

78.25 

76.15 

78.25 

79.25 

76.50 

74.00 

76.10 

76.10 

4 71. 90 

466.70 

468.90 

469.15 

466.25 

459.30 

467.40 

458.85 

456.3'0 

462.30 

459.45 

455.40 

461.40 

455.65 

457.15 

446.60 

912.90 

890.85 

897.60 

898.30 

901. 65 

917.25 

890.45 

889.80 

109.270 

99.723 

92.437 

85.707 

78.114 

72.253 

69.072 

64.539 

61.935 

58.697 

56.104 

52. 8 04 

51.064 

14.00 

16.05 

18.90 

22.00 

26.00 

29.35 

33.35 

37.00 

39.85 

45.45 

49.85 

55.15 

60.45 

49.050 63.90 

47.712 67.95 

45.299 71.25 

88.058 79.45 

82.175 87.05 

79.399 94.35 

76.460 101.85 

74.488 109.00 

70.362 127.50 

66 .. 530 133.25 

64.397 142.10 

NOTE: For last fifteen readings the atmospheric pressure was 
equal to 756. 90 mm Hg. 

' 



REJl~DINGS FOR PLATE NO. 5 

orifice diameter ...•. 

edge radius ...•...•.. 

area ratio 

Atmospheric Pressure 

TABLE NO. 32 

71.00 mm. 

0.01 mm. 

0.499 

7?1. 65 mm Hg. 

Readings for the calibration of the test orifice plate 

Air temp. 
deg.C 

22.9 

22.9 

22.9 

22.9 

22.8 

22.8 

22.8 

22.8 

22.8 

22.8 

22.8 

22.8 

22.8 

22.8 

22.7 

22.7 

21.8 

22.2 

22.6 

22.6 

22,6 

22.8 

22.8 

22.8 

Water temp. 
deg. C 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

23.4 

23.7 

24.3 

24. 6 

24.3 

25.0 

25.3 

25,5 

Init.mass Final mass 
kg. kg. 

36.&5 

39.70 

39.75 

39.55 

37.70 

39.60 

39.35 

40.00 

39.65 

39.65 

39.65 

39.35 

39.30 

39.10 

38.60 

38.65 

75.40 

75.35 

79.40 

79.65 

79.35 

79.35 

79.65 

79.80 

475.15 

472.20 

473.55 

475.20 

469.60 

469.10 

468.15 

471.00 

463.55 

465.80 

460.45 

468.80 

459.45 

460.50 

466.30 

452.10 

924.70 

919.55 

917.35 

917.35 

919.15 
•. 

916.80 

915.95 

922.20 

Time Press. dif. 
seconds m..~. Hg. 

83.669 w 179.25 

168.627 w 43.25 

126.099 w 77.00 

108.094 w 106.50 

92.665 w 140.50 

74 .673 w 215. 75 

68.113 w 260.00 

64.190 w295.75 

59.454 w 333.00 

56.123 w 378.25 

52.870 w 415.25 

51. 776 w 45LOO 

48.795 w 486.50 

47.288 w521.00 

46.736 w550.25 

43.894 46.35 

88.078 

85.612 

81.940 

79.505 

77.184 

75.155 

73.594 

72.938 

48.50 

50.90 

54.50 

57.75 

61.65 

64.35 

66.95 

69.80 

w: pressure difference in millimetres of water 



READINGS FOR PI.ATE NO. 5 

orifice diameter . . . . . 
.,. edge ·radius . . . . . . . . . . 

71.00 mm. 

0.15 mm. 

ar~a ratio ···~······· 0.499 
Atmospheric Pressure ..•. 755.80 mm Hg . 

. TABLE NO. $] 

Readings for the calibration of the test orifice plate 

Air terrp. Water temp. Ini t. mass Fjnal mass Time Press. dif. 
deg. c deg. C kg. kg. seconds mm. Hg •. 

21. 2 

21.2 

21,4 

21.4 

21.4 

21.4 

21.4 

21.4 

21.4 

,20. 7 

20.8 

20.9 

21. 2 

21.2 

21.0 

21.0 

20.5 

20.5 

20.7 

20.7 

20.7 

20.7 

20.9 

20.a 

24.0 

24.0 

24.l 

24.0 

24.0 

24.0 

24.0 

24.0 

. 24. 0 

21.6 

21.7 

21.8 

22.0 

22.1 

22.5 

22.5 

22.6 

22.8 

23.l 

23.2 

23.3 

23.4 

23.7 

23.8 

36.75 

39.60 

39.65 

40.10 

39.80 

39.95 

38.75 

39.95 

39.70 

36.30 

39.20 

38.95 

39.15 

39.00 

36.95 

39.10 

79.95 

76.75 

78.75 

79.55 

80. 05 

79.75 

76.85 

79.65 

-232· 

472.85 

468.20 

475.70 

470.90 

470.55 

470.40 

476.40 

470.90 

466.20 

467.10 

463.80 

464.15 

46.4.70 

461.30 

464.95 

463.40 

926.15 

912.20 

925.60 

923.55 

916.20 

909.85 

917.95 

912.05 

167.224 

125.318 

109.744 

94.610 

83.286 

74.856 

69.990 

63.983 

59'.6.66 

56.945 

53.706 

51.506 

49.679 

47.750 

46.957 

45.554 

88.584 

83.525 

81.858 

79.484 

,77. 028 

74.755 

73.626 

12.024 

42.50 

72.50 

98.25 

128.75 

16-6.00 

205.75 

244.00 

282.25 

318.50 

357.25 

3 90. 50 

425.50 

458.25 

489.50 

519.75 

540.75 

45.55 

49.80 

53.00 

55.75 

58.35 

61. 05 

64.75 

66.40 



READINGS FOR PLATE NO. 5 

orifice diameter 71.00 mm. 

edge radius • . . . • . . . . . 0. 26 mm. 

area ratio • • . . • . • . . . . 0.499 
Atmospheric Pressure ..•... 754.30 mm Hg. 

TABLE NO. 34 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init.mass Final mass 
deg. C deg . C kg. kg • 

?.3. 4 

23.4 

23.3 

23.3 

23.3 

20.5 

21.4 

21.4 

21.3 

21.4 

21.5 

21. 5 

20.9 

21.0 

21.3 

21.4 

21.6 

. 20. 9 

20.6 

20.9 

20.9 

20.1 

20.5 

20.9 

26.4 

26.5 

26.7 

26.7 

26.7 

21.8 

21.8 

22.0 

22.6 

22.9 

23.0 

23.l 

23.2 

23.3 

23.4 

23.5 

23.6 

24.3 

24.4 

24.4 

24.5 

24.5 

24 .5 

24.5 

36.65 

39.55 

37.10 

38.95 

39.40 

36.05 

38.50 

38.60 

37.05 

39.85· 

39.80 

39.80 

39.70 

39.30 

39.95 

39.90 

78.95 

76.70 

79.75 

79.75 

79.70 

79.60 

79.40 

76.75 

-233-

473.65 

471.90 

474.15 

472.95 

468.50 

475.20 

473.85 

463.25 

467.95 

464.20 

459.60 

466.50 

469.80 

461.30 

454.95 

458.90 

925.50 

884.45 

922.10 

940.10 

923.75 
' 

920.90 

930.30 

914.90 

Time Press. dif. · 
seconds . mm. Hg. 

167.024 

153.788 

126.479 

106.975 

92.725 

88.504 

83.767 

73.759 

68.511 

62.661 

58.505 

56.163 

54.095 

50.983 

48.522 

47.278 

92.935 

86.288 

86.035 

84.716 

80.612 

77.912 

76.490 

73.198 

43.75 

50.25 

75.75 

104.50 

136.00 

156.25 

170.75 

209.75 

250.50 

291.00 

327.25 

366.25 

402.75 

436.25 

465.75 

5 00. 75 

528.00 

44.45 

48.40 

52.15 

55.40 

58.90 

62.55 

66.45 



READINGS FOR PLATE NO. 5 

orifice diameter 

edge radius 

71.00 mm. 

0.37 mm. 
area ratio . . . . . . . . . . . 0.499 

Atmospheric Pressure ..•.... 756.10 mm Hg. 

TABLE NO. 35' 

Readings for the calibration of the test orifice plate 

Air tern~. Water temp. Init. mass Final mass Time Press. dif .. · 
mm. Hg. deg. C deg. C kg. kg. seconds 

2~.o 

21.1 

21.1 

21.1 

21.1 

21. 2 

21.2 

21. 2 . 

21.2 

21.2 

21.2 

21.2 

21. 2 

21.l 

21. l 

20.9 

20.9 

20.1 

20.1 

20.5 

20.5 

20.5 

20.3 

20.2 

23.5 

23.5 

23.5 

23,5 

23.5 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

23.6 

20.9 

21.1 

21.6 

21.8 

21. 9 

21. 9 

21.9 

36.70 

39.80 

39.60 

39.80 

39.80 

'40 .10 

39.15 

40.00 

39.40 

39.70 

40.00 

40.15 

39.20 

39.15 

38.60 

37.95 

79.25 

76.00 

78.50 

75.05 

78.85 

78,20 

80.35 

78.85 

470.00 

476.80 

474.65 

474.25 

474.50 

474.15 

477.60 

469.95 

466.70 

469.00 

461.00 

459.75 

461.10 

458.65 

461.a5 

459.10 

925.70 

923.70 

912.85 

919.15 

929.55 

913.75 

906.30 

921. 75 

167.206 w 41.00 

156.209 w 47.75 

125.197 

106.924 

93.934 

82.601 

75.669 

68.032 

63.241 

59.939 

55.267 

52.842 

50.765 

48.511 

47.309 

45.844 

89.560 

85.602 

81.432 

79.757 

78.587 

75.703 

72.672 

72.674 

w 74.00 

w 101.25 

w 131. 25 

w 169.50 

w 206.00 

w 245.50 

w 281.25 

w 318.25 

w 357.75 

w 388.75 

w 425.50 

w 460.-50 

w 493.75 

w 520.00 

w 552.50 

48.20 

51.60 

55.10 

57.35 

59.75 

63.35 

65.95 

w: pressure difference in millimetres of water 
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READINGS ,FOR PLATE NO. 5 

orifice diameter 

edge radius 

71.00 mm. 

0.49 mm. 

area ratio . . .• . . . • . . . 0.499 

Atmospheric Pressure .•.•.. 749.05 mm_H--=g_. __ _ 

TABLE NO. 3_§ 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

20.1 

20.l 

20.2 

20.2 

·20. 2 

20.2 

20.2 

20.3 

20.3 

20.3 

20.5 

20.5 

20.4 

20.3 

20.4 

20.5 

20.s 

20.5 

20.1 

20.2 

20,3 

20.3 

21.0 

2Ll 

19.7 

19.7 

19.8 

19.9 

20.4 

20.6 

20.'6 

20.6 

20.7 

20.8 

20.9 

20.9 

21.2 

21.4 

21.4 

21.4 

21.4 

21.5 

20.0 

20.3 

20.6 

20.9 

·22.5 

22.7 

36.35 

39.55 

40.10 

40.00 

36.65 

38.95 

39.20 

39.75 

39.40 

40.15 

39.70 

38.75 

36!85 

37.20 

38.20 

40.00 

78.10 

77.00 

76.15 

79.55 

79.65 

79.15 

76.95 

79.05 

472.95 

473.80 

469.75 

473.45 

475.20 

465.15 

467.75 

467.55 

461.45 

469.70 

463.30 

459.65 

466.30 

460.75 

458.30 

470.85 

924.80 

935.10 

921.60 

932.25 

917.95 

926.45 

909.00 

924.95 

168.082 w 40.25 

156.396 w 45.50 

123.225 w 72.25 

106.775 w 98.25 

95.042 w 126.25 

81.532 w 163.00 

73.952 w 200.00 

67.955 w 236.00 

62.073 w 276.25 

59.604 w 310.25 

55.482 w 348.75 

52.463 w 384.75 

51.382 w 417.25 

48.748 w 450.75 

46.787 w 481.50 

46.698 w 509.00 

89.264 w 538.00 
' 

86.335 46.95 

80.612 52.40 

79.230 55.15 

77.017 56.45 

75.687 59.65 

72.567 62.60 

72.448 64.80 

w: pressure difference in millimetres of water 

-235-



READINGS FOR PLATE NO. 15 

orifice diameter 

plate ec~entricity 

38.86 

0.00 

mm. 

mm. 

area ratio ....••.•..•.. 0.150 
Atmospheric Pressure ..... 755. 40 mm Hg. 

TABLE NO. 37 

Readings for the calibration of the test orifice plate 

Air temp. water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

18.3 

18.2 

18.2 

18.3 

18.3 

18.2 

18.3 

18.5 

18.5 

18.5 

18.l 

18.3 

18.5 

18.7 

19.0 

19.2 

19.2 

19.3 

19.3 

19.3 

19.3 

19.3 

19.3 

19 .. 3 

18. 7 

19.0 

19.5 

19.7 

20. 0 

20.2 

20.3 

20.5 

20.6 

20.7 

19·. 8 

20.l 

20.5 

20.9 

21.3 

22.l 

22.2 

22.8 

22.9 

23.3 

23.3 

23.3 

23.3 

23.4 

38.90 

38.95 

36.65 

37.45 

38.75 

37.70 

37.15 

37.30 

37.20 

37.35 

36.25 

37.30 

37.40 

37.10 

37.20 

36.60 

38.95 

38.15 

38.50 

36.75 

38.85 

38.50 

78.05 

76.95 

-236-

467.70 

467.65 

470.75 

467.15 

464.85 

463.90 

463.25 

466.85 

465.20 

461.50 

466.15 

462.80 

458.45 

463.60 

460.65 

464.30 

457.00 

458.20 

459.30 

461.90 

45'5. 45 

458.65 

909.15 

913.75 

254.228 

194.400 

172.304 

146.619 

131.531 

119.146 

108.308 

100.146 

92.507 

84. 4 00 

76.827 

72.952 

68.896 

67.415 

64.996 

63.441 

60.340 

59.019 

57.712 

56.959 

54.825 

54.372 

105.867 

103.463 

21.50 

36.90 

48.35 

65.65 

80.30 

97.95 

119.20 

141. 60 

164:75 

195.05 

24 l. 75 

262.20 

288.40 

308.65 

327.40 

350.45 

371.05 

391. 70 

409.85 

430.50 

445.90 

461. 25 

475.60 

504.75 



READINGS FOR PLATE NO. 15 

orifice diameter ·· 

plate eccentricity 

area ratio . . . . . . . . . . . 

38.86 mm. 

0.05 mm. 
0.150 

Atmosnheric Pressure ...... 755.90 mm Hg. 

TABLE NO. 38 

Readings for the calibration of the test orifice plate 

Air temp. Water temp.· 
deg. C deg. C 

l!L. 3 

19.2 

19.2 

18.2 

18.2 

18.3 

18.3 

18.4 

18.4 

18.5 

18.6 

18.6 

18.6 

18.7 

18.8 

18.8 

18.9 

i8.9 

18.9 

18.9 

18.9 

18.9 

18.9 

17.2 

23.3 

23.3 

23.4 

20.5 

20.7 

20.9 

21.1 

21.3 

21.5 

22.2 

22.4 

22.5 

22.6 

22.7 

23.0 

23.1 

23.1 

23.1 

23.1 

23.1 

23.0 

23. 0 

23.0 

18.0 

Init. mass Final mass Time 
kg. kg. seconds 

36.85 

37.80 

37.85 

36.40 

37.70 

37.75 

37.45 

37.55 

37.80 

36.65 

37.60 

37.60 

37.65 

37.65 

38.65 

38.90 

38.50 

38.60 

33.60 

38.40 

39.15 

38.75 

77.45 

76.10 

-237-

. 469.95 

4 72. 65 

467.80 

466.60 

4 67 .15 

469.00 

467.25 

469.05 

467.15 

464.25 

463.90 

458.45 

462.20 

468.65 

461. 75 

464.60 

459.90 

462.35 

456.65 

464.30 

458.45 

456.50 

910.75 

919.15 

234.623 

198.062 

171.296 

157.892 

138.748 

124.809 

113.478 

100.884 

93.248 

87.413 

80.753 

75.085 

71. 304 

69.353 

64.768 

62.767 

60.164 

58.733 

56.320 

56.447 

54.110 

52.887 

103.849 

103.845 

Press. dif. 
mm. Hg. 

25.65 

36.60 

47.65 

56.60 

73.00 

91.45 

110.25 

140.80 

163.35 

184.10 

214.40 

242.35 

273.40 

298.30 

329.95 

354.75 

378.95 

402.05 

425.70 

440.15 

463.75 

482.50 

498.25 

508.35 



READINGS FOR PLli.'rE NO. 15 

orifice diameter 

plate eccentricity 

area ratio . . . . . . . . . . . 
Atmospheric Pressure 

TABLE NO. 39 

38.86 mm. 

0.15 nun. 

0.150 
753.10 mm Hg. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init.mass Final mass Time Press.dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

17.3 

17.5 

17.6 

17.6 

17.6 

17.8 

17.8 

17.8 

6.2 

16.4 

16.5 

16.7 

16.8 

16.8 

16.8 

16.6 

16.6 

16.6 

16.6 

16. 6 

16.7 

16.8 

16.9 

17.0 

18.8 

18.9 

18.9 

19.0 

19.2 

19.4 

19.6 

20.9 

18.4 

18. 6 . 

la.8 

19.0 

19.1 

19.3 

19.4 

19.6 

19.7 

19.7 

19.8 

19.8 

19.9 

20.0 

20.2 

20.3 

38.90 

39.00 

39.00 

38.85 

33.30 

38.95 

37.85 

36.60 

38.70 

37.55 

37.50 

37.70 

38.50 

38.95 

38.90 

36.70 

39.10 

39.80 

39.85 

39.90 

39.80 

'39.70 

77.45 

79.45 

-238-

465.50 

462.75 

461.00 

461. 10 

463.30 

459.60 

461.15 

461. 30 

470.25 

466~15 

467.00 

465.35 

461.15 

458.00 

468.95 

453.85 

456.70 

453.40 

457.40 

453.65 

461. 25 

455.15 

910.40 

912.50 

257.205 

197.597 

169.667 

148.723 

132.864 

117.656 

110.510 

101.008 

95.096 

86.904 

82.517 

77.015 

71. 005 

67.194 

66.258 

62.013 

59.684 

57.740 

56.791 

55.054 

54.898 

53.235 

104.679 

103.041 

20.70 

34.85 

47.00 

61.25 

78.40 

98.20 

112.75 

136.05 

158.45 

186.80 

208.25 

237 .. 65 

273.20 

299.85 

324.90 

349.45 

377.70 

395.50 

416.75 

436.20 

455.05 

471.00 

488.60 

504.25 



READINGS FOR PLA'rE NO. 15 

orifice diameter 

plate eccentricity ft •••• 

38.86 

0.30 

area ratio . • • . . . . . . . . • . O. 150 

mm. 

mm. 

Atir!-osphe.ric Pressure •..•..••. 750.30 mm Hg. 

TABLE NO. 40 

Readings for the calj_bration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

16.3 

16.3 

16.5 

16 .. 5 

15.5 

15.8 

15 .-8 

15.9 

16.1 

16.2 

16.2 

16.3 

16.4 

16.5 

16.7 

16.7 

16.6 

16.6 

16.6 

16.6 

1·6. 6 

16.4 

16.6 

16.6 

17.8 

18.l 

18.2 

18.3 

16.5 

16.7 

17.4 

17.6 

17.9 

18.l 

18.3 

18.4 

18 .. 6 

19.5 

19.8 

19.8 

19.9 

20.0 

20.1 

20.2 

20.3 

20.5 

20.5 

20.6 

35.95 

37.30 

37.50 

37.15 

36.25 

33.90 

36.85 

38.90 

38.95 

38.90 

33.95 

39.00 

38.90 

36.65 

38.90 

38.90 

38.80 

38.95 

38.90 

38.95 

39.30 

37.00 

77.60 

78.30 

470.40 

469.50 

471.15 

462.45 

467.15 

464.25 

461.15 

457.15 

464.80 

463.15 

464.55 

463.65 

458.50 

458.85 

464.15 

461.40 

457.75 

460.40 

455.90 

459.60 

455.70 

454.10 

923.50 

915.55 

-239-

228.949 

186.692 

164.147 

139.921 

127.834 

114.839 

104.763 

96.050 

92.352 

87.029 

81.929 

76.622 

71. 040 

67.756 

64.896 

62.163 

59.589 

57.927 

56.381 

55.604 

54.064 

53.051 

106.396 

102.951 

27.05 

40.30 

52.75 

70.15 

86.70 

104.60 

125.40 

145.50 

163.00 

182.55 

207.15 

236.40 

268.45 

298.55 

330.70 

355.80 

380.55 

407.90 

422.00 

441.80 

457.65 

476.20 

487.65 

509.85 



'READINGS POR PLJ.l.'~"E NO. 15 
~ 

orifice diameter ...... 38.86 mm. 

plate eccentricity 0.60 mm. 

area ratio ......•..•.. 0.150 
~~~~~~~----'"Awt~mosnheric Pressure ...••.•.. 756.40 mm Hg. 

TABLE NO. 41 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass Time 
deg.C deg. C kg. kg. seconds 

16.6 

16.3 

16.6 

16.8 

16.9 

16.9 

16.0 

16.3 

16.3 

16.3 

16.5 

16.5 

16.5 

16.7 

1<6. 7 

16.7 

16.7 

16.7 

16.7 

16.8 

16.7 

16. 8 ' 

16.8 

16.a 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

16.9 

17.4 

17.7 

18.0 

18.4 

18.7 

19.0 

20.1 

20.3 

20.3 

20.3 

20.6 

20.6 

21.0 

21.1 

21. l 

21. l 

21.l 

37.00 

38.40 

37.65 

37.55 

37.55 

37.60 

36.20 

33.90 

38.85 

37.85 

37.35 

37.35 

37.50 

36.70 

37.30 

37.70 

39.15 

39.20 

39.00 

36.80 

36.95 

78.60 

78.70 

39.10 

-240-

468.00 

470.65 

4 71. 85 

467.55 

468.60 

468.75 

467.25 

469.15 

466.10 

469.70 

469.75 

469.80 

465.20 

464.65 

461. 95 

465.50 

461. 10 

467.55 

463.50 

457.80 

464.35 

923.30 

929.50 

465.65 

227.558 

200.076 

164.630 

145.687 

128.339 

117.086 

105.564 

98.572 

89.854 

85.040 

79.821 

75.289 

70.561 

67.170 

64.029 

62.192 

59.695 

59.025 

56.875 

54.895 

54.537 

106.490 

104.674 

55.214 

Press. dif. 
mm. Hg; 

27.00 

35.00 

52.75 

66.05 

86.20 

103.85 

128.00 

146.05 

173.35 

197.90 

225.70 

254.20 

283.00 

312.50 

339.00 

363.85 

385.85 

406.55 

428.50 

453.50 

471.50 

484.70 

508.70 

461.10 



READINGS FOR PLATE NO. 15 

orifice diameter 

plate eccentricity 

38.86 

1.20 

area ratio . . • • . . . . . . . . . O. 150 

mm. 

nun. 

Atmospheric Pressure . . . • . . . . . 763 .10 mm Hg. 

TABLE NO. 42 

Readings for the calibration of the test orifice plate 

Air temp. 
deg.C 

16.8 

16.8 

16.8 

16.8 

.16.8 

16.8 

16.7 

16.9 

17.1 

17.1 

17.l 

17.5 

17.5 

17.5 

17.8 

17.8 

17.8 

17.9 

17.9· 

17.9 

17.9 

17.9 

18.1 

18.1 

water temp. Ini t. rrass Final mass Time Press. dif. 
deg. C kg. kg. seconds mm. Hg. -

21.0 

21.0 

21.0 

21.0 

21.0 

21.0 

19.3 

19.5 

19.7 

20.0 

20.2 

21.2 

21. 4 

21.6 

21. 7 

21.8 

21.9 

22.0 

22.2 

22.3 

22.3 

22.3 

21.0 

21. 2 

36.80 

37. 75' 

38.35 

37.50 

37.40 

37.55 

36.20 

38.95 

38.95 

38.95 

38.95 

36.65 

37.45 

37.50 

38.90 

38.85 

38.65 

38.25 

37.00 

39.30 

39.45 

38.75 

75.20 

77.75 

471.30 

467.80 

466.45 

468.85 

471.25 

469 .55 

469.45 

467.75 

469.10 

468.65 

467.70 

471.00 

464.15 

462.00 

461.30 

464.90 

464.10 

468.45 

463.95 

463.50 

467.55 

462.75 

935.75 

923.50 

-241-

238.788 

194.187 

164.386 

145.301 

130.217 

119.771 

107.360 

96.572 

' 90 .102 

83.869 

78.993 

75.841 

70.747 

66.940 

64.015 

62.465 

60.328 

59.113 

57.095 

·55.490 

55.580 

54.654 

107.758 

104.251 

25.35 

37.10 

51.25 

66.95 

84.65 

99.30 

124.90 

151.25 

174.90 

201.65 

225.85 

252.45 

279.75 

310.10 

335.95 

358.10 

383.15 

406.85 

430.75 

450.50 

458.55 

463.80 

491. 60 

507.20 



READINGS FOR PLATE NO. 15 

orifice diameter 

plate eccentricity 

area ratio 
At~ospheric Pressure ..•... 

TABLE NO. 4.3 

38.86 

5. 00 . 

0.150 

nun. 

mm. 

754. 60 mm Hg. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass Time 
deg • C deg. C kg. kg. seconds 

17.4 

17.4 

' 17. 9 

18.0 

·18.3 \ 

17.9 

17.9 

17.8 

17.8 

17.8 

17.8 

17.8 

17.8 

17.8 

17.8 

17.7 

17.8 

17.9 

18.0 

18.2 

18.5 

18.5 

18.5 

.18.5 

19.6 

19.9 

21. 3 

21.5 

21.5 

20.3 

21.8 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

18.9 

19.2 

19.5 

20.0 

20.5 

21.4 

21.6 

21. 7 

21.9 

36.10 

38.80 

36.60 

38.90 

38.90 

36.25 

36.50 

36.25 

37.05 

37.20 

37.30 

37.25 

36.90 

37.35 

37.30 

36.15 

37.70 

37.70 

39.40 

37.65 

36.75 

38.95 

78.85 

78.35 

-242-

465.40 

467.20 

467.15 

467.30 

468.00 

475.60 

4 71. 65 

463.80 

471.25 

475.60 

465.40 

466.40 

468.25 

465.50 

465.95 

470.55 

468.30 

462.85 

467.30 

466.10 

465.00 

467.35 

932.40 

926.80 

234.413 

198.079 

161. 260 

139.807 

128.054 

118.882 

105.628 

95.391 

87.340 

82.190 

76.448 

72.852 

70.361 

67.613 

66.004 

66.823 

63.900 

61. 302 

60.611 

59.352 

58.368 

57.642 

109.850 

104.765 

Press. dif. 
mm. Hg. 

25.30 

34.95 

53.80 

71.55 

85.30 

104.15 

129.25 

152.85 

188.95 

217.80 

239.70 

266.00 

286.10 

307.40 

323.85 

322.55 

346.05 

366·15 

382.25 

396.12 

411.35 

424.31 

463.00 

4 99 .. 35 



READINGS FOR PLATE NO. 15 

orj_f ice diaJUeter 38.86 mm. 

plate eccentricity 10.00 nun. 

,_ area ratio . . • . . • . . . . • • O. 150 

Atmospheric Pressur~ ....... 756.95 mm Hg. 

TABLE NO. 44 

~· ~eadings for the .calibration of the test or if ice plate 

Air temp. Water temp. Init. mass Final mass Time Press.dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

20.5 

20.7 

20.9 

20.9 

20.5 

20.7 

20.7 

20.7 

20.9 

21.1 

21.l 

21.0 

21. l 

21.1 

21.2 

21.1 

21.8 

21.5 

21.5 

20.7 

20.8 

20.8 

20.8 

20.8 

22.4 

22.7 

22.9 

23.2 

21.8 

21.9 

22.2 

22.4 

22.5 

22.7 

. 22. 8 

23.3 

23.4 

23.5 

23.8 

23.8 

23.9 

23. 9 . 

23.9 

22.7 

22.7 

22.7 

22.8 

22.8 

38.85 

38.95 

38.80 

38.95 

36.25 

37.50 

38.90 

38.85 

39.00 

38.90 

38.90 

36.70 

37.25 

37.65 

36.80 

38.30 

36.65 

37.45 

38.60 

36.25 

38.95 

39.10 

41.40 

39.90 

474.05 

474.40 

473.00 

476.85 

472.20 

466.30 

470.30 

463.90 

467.45 

466.30 

472.75 

472.80 

465.30 

470.60 

471.45 

468.55 

464.75 

466.75 

465.60 

468.95 

461. 20 

461.60 

461.45 

458.70 

-243-

261.250 20.65 

217.282 29.70 

173.388 46.10 

151.814 61.45 

133.773 79.05 

117.154 100.35 

108.762 117.45 

96.775 143.90 

89.078 172.25 

84.048 193.20 

80.911 213.65 

75.313 251.15 

71.000 273.30 

69.073 293.10 

67.385 310.25 

64.523 333.95 

61.899 356.85 

60.600 375.40 

59.333 390.00 

59.056 402.70 

56.327 417.80 

55.469 432.60 

53.988 453.55 

51.184 498.25 
' 



READINGS FOR PLATE NO. 45 

orifice diamet~r 

plate eccentricity 

67.51 

0.00 

area rat.io .• • . • . •• . .• . 0.450 

mm. 
mm. 

Atmospheric Pressure .•.•. 748.90 mm Hg. 

TABLE NO. 45. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. 
deg. C deg. C 

21. 2 

21. 3 

21.3 

21.2 

21.1 

21.0 

20. 9. 

20.6 

21.1 

21.1 

21.2 

21. 3 

21.6 

21.7 

21.8 

21.9 

21.9 

22.1 

22.1 

21.7 

21.7 

21.9 

21.8 

21.8 

22.3 

22.4 

22.4 

22.6 

22.7 

22.8 

22.8 

22.9 

21.2 

21.4 

21.6 

21. 7 

22.8 

22.9 

23.l 

23.3 

23 .5 

23.7 

23.8 

24.5 

24.7 

24.7 

24.9 

25.0 

Init. mass Final mass 
kg. kg. 

36.20 

39.20 

37.15 

36.85 

36.95 

37.10 

37.15 

37.20 

36.35 

37.90 

38.90 

39.05 

37.05 

39.95 

38.90 

38.35 

79.80 

79.75 

79.25 

76.20 

78.80 

79.45 

79.50 

78.95 

476.60 

468.85 

468.20. 

462.45 

457.25 

470.45 

467.30 

464.75 

472.75 

463.05 

461. 90 

458.15 

461.75 

464.50 

464.80 

463.10 

929.15 

910.60 

930.10 

918.20 

910.45 

916.35 

916.15 

910.55 

Time Press. dif. 
seconds mm. Hg. 

160.104 

126.030 

108.327 

93.479 

82.225 

76.789 

70.692 

65.549 

62.549 

58.053 

55.134 

52.574 

51. 259 

49.691 

48.392 

47.577 

92.396 

88.661 

89.167 

85.160 

81.895 

79.607 

77.914 

76.550 

w 63.00 

w 96.75 

w 132.25 

w 173.50 

w 218.75 

w 267.25 

w 310.50 

w 359.75 

w 406.75 

w 449.25 

w 492.75 

w 533.25 

45.95 

48.95 

51. 90 

53.50 

56.75 

59.10 

60.95 

65.85 

69.30 

74.15 

77.35 

79.00 

w: pressure difference in millimetres of water 
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READINGS FOR PL~.TE NO. 4 5 

orifice diameter •..... 67.51 mm. 

plate e.ccentricity 3. 50 mm. 

area ratio •. . •. . • . • . . . 0.450 

Atmospheric Pressure ....... 751.25 mm Hg. ----
TABLE NO. 46 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass 
deg. c deg. C kg. 

21.3 

21.4 

21.4 

21. 5 

21. 3 

21.3 

21. 3 

21. 3 

21.3 

21. 3 

21. 3 

21.4 

21. 3 

21.5 

21.5 

21.6 

21.8 

21.8 

21. 7 

21.7 

21. 7 

21.8 

21.8 

22.3 

25.1 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

25.0 

24.9 

24.9 

24. 9 

24.9 

23.4 

23.5 

23.7 

23.9 

24.0 

24.2 

24.3 

24.4 

24.8 

24.8 

25.0 

25.0 

36.60 

38.80 

39.85 

39.60 

39.10 

39.:l5 

39.30 

39.65 

39.75 

39.65 

39.60 

39.80 

36.60 

38.00 

37.60 

37.35 

77.75 

78.55 

78.90 

79.40 

76.95 

79.55 

79.85 

80.50 

Final mass Time 
kg. seconds 

472.45 

472.80 

470.35 

469.20 

475.45 

469.50 

470.35 

468.45 

462.60 

463.10 

467.80 

460.95 

466.95 

466.30 

465.20 

461.10 

922.40 

914.30 

919.85 

931. 90 

905.10 

909.30 

901. 75 

902.00 

154.994 

128.278 

107 :226 

94.125 

84.951 

75.875 

69 .. 869 

64.855 

59.925 

57.407 

55.440 

52.483 

51.854 

49.998 

48.550 

46.945 

91.545 

88.814 

87.250 

86.290 

81.039 

78.754 

76.497 

75.587 

Press. dif. 
nun. Hg. 

w 64.60 

w 93.50 

w 130.50 

w 171.50 

w 216.25 

w 264.00 

w 312.50 

w 361.00 

w 410.00 

w 449.25 

w 493.00 

w 532.50 

45.25 

48.25 

50.95 

53.40 

56.10 

58.10 

61.00 

64.10 

68.70 

72.95 

75.85 

77.60 

w: pressur~ differeµce in millimetres of water 
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READINGS FOR :PLA'J.'E NO. 4 5 

orifice diameter 

plate eccentricity 

67.52 

8.00 

mm. 

!Tull. 

area ratio ....•......•. 0.450 
Atmospheric Pressure .•..•.•. 750.60 :r:nm Hg. 

TABLE NO. 47 

Readings for the calibration of the test orifice ~late 

l.\.i r temp. 
deg.C 

2?. .1 

21.5 

21.7 

21.6 

21.6 

21.6 

21.6 

21. 5 

21. 7 

21.8 

21.9 

22.1 

22.1 

22.0 

22.1 

22.0 

22.1 

·2i. 5 

21. 7 

21.8 

21.3 

21.2 

21. 2 

21.2 

Water temp. 
deg. C 

25.0 

25.4 

25.2 

25.3 

25.2 

25.2 

25.3 

25.3 

23.2 

23.3 

23.4 

23.5 

23.6 

23.8 

24 .1: 

24.3 

24.4 

24.9 

24.9 

25.0 

25.1 

25.1 

25.1 

25.l 

Ini t. mass Final mass Time 
kg. kg. seconds 

Press. dif. 
mm. Hg. 

39.90 

39.30 

39.55 

39.70 

39.85 

39.50 

40.00 

40.20 

36.45 

469.70 

398.60 

475.05 

469.65 

469.00 

475.15 

469.50 

465.75 

469.00 

473.10 

466.55 

469.00 

465.55 

453.15 

459.20 

459.75 

915.75 

920.35 

903.50 

916.70 

906.85 

916.50 

916.15 

910.60 

162.933 w 54.00 

39.80 

39.65 

39.85 

39.40 

37.95 

39.10 

38.30 

76.70 

75.55 

78.35 

78.60 

79.95 

79.60 

76.35 

78.70 

103.747 

108.744 

93.488 

83.267 

134.490 

75.300 

69.000 

65.587 

61. 810 

57.957 

55.862 

53.269 

50.020 

49.002 

4 7. 984 

93.202 

91.608 

86.728 

84.784 

80.913 

79.408 

78. 086· 

76.234 

w 93.75 

w 126.00 

w 167.75 

w 206.00 

w 82.25 

w 257.50 

w 298.25 

w 342.00 

w 388.50 

w 429.50 

w 467.00 

w 506.50 

42.85 

46.00 

49.10 

51. 25 

52.90 

57.30 

60.85 

66.95 

69.95 

73. 75 

75.40 

w: pressure.difference in millimetres of water 
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READINGS FOR PLATE NO. 45 

' 
orifice diameter • . . . . . • 67 .51 nun. 

plate eccentricity 

area ratio ..........•.• 

Atmosph~ric Pressure ..... . 

TABLE NO. 48 

13.00 nun. 

0.450 

753. 45 mm Hg. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass 
deg. C deg. C kg. , kg. 

21.2 

21. 2 

21.4 

21. 4 

21. 5 

21.6 

21. 7 

21.8 

21.8 

21.8 

21.6 

21.6 

21.7 

21.5 

21.5 

21.3 

21.4 

·21.1 

20.0 

20.0 

20.2 

20.3 

20.3 

20.5 

20.2 

20.5 

20.7 

20.9 

21.0 

21.2 

21.4 

21.5 

21.7 

21.8 

22.9 

23.0 

23.1 

23'. 2 

23.2 

23.3 

23.3 

23.8 

20.5 

20.8 

21.5 

21. 7 

21. 9 

21. 9 

35.90 

39.40 

39.65 

39.85 

39.80 

39.45 

39.85 

39.90 

40.30 

39.85 

36.95 

39.90 

39.80 

39.85 

39.80 

39.25 

78.20 

75.30 

76.00 

75.65 

76.65 

78.75 

77.05 

78.05 

474.75 

473.60 

466.40 

474.50 

471.25 

469.00 

467.35 

471.40 

467.25 

470.00 

463.55 

462.15 

466.75 

452.60 

469.20 

458.65 

907.55 

924.00 

919.50 

919.10 

915.55 

905.00 

912.55 

918.70 

Time Press. dif. 
seconds mm. Hg: 

172.612 

128.474 

·107. 464 

94.238 

83.391 

75.541 

69.403 

64.780 

60.426 

57.730 

54.785 

52.021 

51.264 

47.377 

47.862 

45.562 

87.931 

86.494 

83.109 

81.012 

77.887 

75.252 

74.952 

74.519 

w 48.75 

w 85.75 

w 119.75 

w 160.00 

w 202.00 

w 244.00 

w 287.25 

w 336.00 

w 377.75 

w 420.50 

w 461.50 

w 501.25 

w 525.50 

45.85 

48.60 

50.90 

53.60 

58.30 

62.10 

65.90 

69.90 

72.60 

75.30 

77.30 

w: pressure difference in millimetres of water 
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READINGS FOR PLATE NO. 45 

orifice diameter 

plate eccentricity 

area ratio 

Atmospheric Pressure 

67.51 mm. 
. • . . . 16.31 mm. 

0.450 
...... , 755.55 mm Hg. 

TABLE NO. 49. 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init. mass Final mass 
deg.C deg.C kg. kg. 

21.8 

22.3 

22,4 

22,4 

22.4 

22.4 

22.5 

22.6 

22.6 

22.4 

22.4 

22.3 

22.4 

21.8 

21.9 

22.l 

21.7 

21. 7 

22.3 

22.3 

22.3 

22.3 

22.8 

22.6 

23.5 

23.6 

24.0 

24.l 

25.2 

25.2 

25.5 

25.6 

25.6 

26.0 

26.0 

26.0 

26.1 

26.0 

26.0 

26.0 

23.6 

24.l 

25.l 

25.3 

25.4 

25.6 

25.9 

26.0 

37~35 

39.80 

37.95 

39.75 

36.65 

39.85 

37.20 

39.60 

38.70 

36.85 

39.05 

38.50 

37.85 

38.35 

37.55 

37.55 

75.20 

78.30 

75.95 

78.70 

79.05 

79.40 

75.90 

79.05 

476.75 

476.25 

475.55 

480.25 

476.75 

473.15 

4 71. 85 

470.00 

466.90 

466.10 

459.95 

464.20 

463.65 

459.10 

458.05 

457.40 

927.90 

917.35 

921.65 

922.65 

910.40 

917.55 

908.90 

913.45 

Time Press. dif. 
seconds mm. Hg. 

160.527 w 55.00 

125.649 w 88.75 

106.807 

96.010 

85.432 

75.828 

69.815 

64.491 

60.079 

57.373 

53.693 

52.008 

50.229 

47.923 

46.588 

45.380 

88.200 

86.040 

82.691 

81.519 

78.532 

77.163 

74.758 

73.626 

w 123.25 

w 154.75 

w 195.25 

w 240.50 

w 284.25 

w 327.50 

w 373 .25 

w 412.75 

w 452.50 

w 494.75 

w 531.44 

45.70 

48.25 

50.35 

54.95 

56.20 

61.60 

63.05 

65.75 

69.25 

73.00 

76.00 

w: pressure difference in millimetres of water 
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READINGS FOR PLA'l'E NO. 5 5 

orifice diameter 

plate eccentricity 

74.41 

0.00 

nun. 

IILm. 

area ratio. . . . . . . • . . . • . . O. 550 
Atmospheric Pressure .....•. 755.35 mm Hg. 

TABLE NO. 50. 

Readings for the calibration oi t.he test orifice plate 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
mm. Hg. deg. C deg. C kg. kg. seconds 

20.4 

20.6 

20.6 

.20. 7 

20.7 

20.8 

20.7 

20.9 

20.8 

20.7 

20.6 

20.4 

21.3 

21.1 

21.0 

20.9 

21. 2 

21.4 

21.4 

21.0 

21.0 

21.0 

21.2 

20.9 

22.1 

22.3 

22.8 

22.9 

22.9 

23.0 

23. 0 

23.1 

23.1 

23.1 

23.1 

23.l 

20.6 

20.8 

21.0 

21.1 

21.4 

22.0 

22.3 

23.3 

23.5 

23.6 

23.6 

23.6 

36.40 

38.70 

36.40 

39.15 

39.10 

38.60 

38.55 

38.10 

38.60 

38.95 

37.25 

37.85 

36.15 

38.50 

38.60 

37.60 

78.95 

76.90 

78.85 

75.50 

79.45 

79.85 

77.30 

80.20 

474.50 

473.20 

470.65 

4 74. 15 

468.70 

473.15 

470.05 

470.75 

469.20 

473.80 

464.00 

464.45 

464.95 

466.10 

457.20 

459.65 

927.50 

919.50 

913.85 

928.75 

885.65 

906.80 

904.80 

891.55 

212.118 w 

176.260 w 

148.787 w 

21.00 

30.00 

42.00 

122.249 

105.870 

94.347 

83.372 

75.046 

68.162 

64.752 

59.125 

56.340 

55.822 

54.195 

50.921 

49.832 

93.227 

88.643 

85.114 

82.252 

74.547 

72.936 

71.176 

68.865 

w 62.50 

w 81.50 

w 105.50 

w 133.00 

w 164.75 

w 198.75 

w 226.00 

w 259.00 

w 286.25 

w 294.25 

w 310.75 

w 337.50 

w 359.00 

w 415.25 

w 452.25 

w 482.00 

42.90 

46.60 

51.15 

53.90 

55.35 

w: pressure difference in millimetres of water 
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READINGS FOR PLATE NO. 55 

orifice diameter 74.41 mm. 

plate eccentricity ...•. 2.00 mm. 

area ratio ..•.......... 0.550 
Atmosvheric Pressure .•....•. 753.85 mm Hg. 

TABLE NO . 51_ 

Readings for the calibration of test orifice plate 

Air temp. ·water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds mm. Hg. 

20.1 

20.3 

20.5 

20.4 

20.4 

20.7 

20.8 

20.9 

20.9 

20.9 

20.9 

20.9 

20.9 

21.0 

21.1 

21.1 

21.l 

21.l 

21.1 

21.l 

21.0 

. 21.1 

20.9 

20;.9 

23.6 

23.6 

23.6 

23.5 

23.5 

21.4 

22.1 

24.0 

24.0 

24.0 

21.1 

21.2 

21.4 

21.5 

21.6 

21.8 

22.5 

22.7 

22.a 

23.0 

23.5 

23.6 

23.6 

23.7 

37.15 

39.60 

39.70 

39.35 

38.70 

38.05 

36.85 

36.50 

38.85 

38.80 

36.05 

38.75 

39.30 

38.95 

39.20 

39.10 

75.05 

79.10 

78.80 

79.05 

76.60 

. 79. 90 

78.35 

79.25 

466.05 

478.75 

474.30 

475.65 

474.55 

468.70 

470.95 

471.75 

468.85 

466.60 

469.25 

461.65 

467.40 

466.65 

461.60 

463.25 

926.35 

913.65 

923.25 

914.00 

917.05 

919.15 

915.25 

917.50 

158.853 w 35.25 

126.879 w 58.25 

107.744 w 79.50 

92.990 

83.747 

80.183 

76.776 

71.319 

65.594 

61.524 

62.733 

58.620 

56.798 

54.360 

51. 767 

50.387 

98.181 

91. 741 

90.944 

87.972 

83.875 

80.631 
' 

77.291 

76.871 

w 107.75 

w 132.00 

w 141.25 

w 155.75 

w 182.00 

w 210.25 

w 236.00 

w 233.50 

w 255.00 

w 278.25 

w 302.75 

w 326.50 

w 347.50 

w 368.00 

w 405.75 

w 424.25 

w 442.75 

w 495.00 

w 534.75 

46.20 

46.80 

w: pressure.difference in millimetres of water 

-25 0-



READINGS FOR PLATE· NO. 55 

orifice diameter 

plate eccentricity 

area ratio 

74.41 

5.00 

0.550 

mm. 

. nun. 

Atmospheric Pressure ,, .... , 1 761.20 mm Hg. 

TABLE NO. 52 ' 

Readings for the calibration of the test-orifice plate 

Air temp. Water temp. Init.mass Final mass Time Press. dif. 
mm. Hg. deg. C deg. C kg. · kg. seconds 

20.7 

20.9 

20.9 

20.9 

21.0 

21.0 

21.0 

21.2 

21.1 

21. 3 

21.5 

21.6 

21.7 

21.3 

21. 3 

21. 3 

21. 3 

20.9 

20.9 

20.9 

20.8 

20.8 

20.9 

21.1 

23.6 

23.6 

23 .6 

21. 7 

21.9 

22.0 

22.3 

22.7 

22.9 

23.0 

23.1 

23.2 

23.3 

23.3 

23.4 

23.5 

23.6 

23. 9 

24.0 

24.0 

24.0 

24.0 

24.1 

24.1 

36.70 

39.30 

37.15 

36.30 

39.70 

39.85 

39.75 

36.85 

39.90 

39.85 

39.80 

39.85 

39.80 

39.75 

39.80 

39.60 

79.65 

76.30 

79.30 

79.70 

.75.30 

78.60 

78.10 

78.55 

471.05 

469.95 

465.30 

463.95 

471.95 

459.80 

461.85 

466.15 

463.60 

463.40 

453.30 

451. 30 

452.90 

453.70 

447.70 

446.75 

913.95 

894. 60. 

888.95 

878.15 

896.40 

918.85 

889.05 

890.30 

158.965 ~ 34.50 

127.032 w 52.75 

105.845 w 76.50 

90.347 

83.075 

73.322 

67.112 

63.946 

58.996 

54.425 

51.714 

49.228 

47.603 

46.145 

44.120 

42.858 

85.654 

80.244 

74.487 

70.908 

70. 744 

71.501 • 

68.571 

68.550 

w 105.50 

w 127.25 

w 155.25 

w 185.75 

w 213.00 

w 244.00 

w 287.50 

w 302.50 

w 331.25 

w 355.00 

w 381.25 

w 407.50 

w 426.50 

w 452.50 

w 492.75 

44.55 

48.00 

50.70· 

52.25 

52.55 

52.95 

w: pressure difference in millimetres of water 
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HEADINGS FOR PLA'I'E NO. 55 

orifice diameter 

plate eccentricity . . . . . 
area ratio . . . . . . . . . . . . . 

74.41 

7.25 

0.55 

ffi..'U. 

mm. 

Atmospheric ~ressure ···••:t• 757. 65 mrn Hg. 

TABLE NO. 53 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Init.mass Final mass Time 
' deg. C deg. ·c kg. kg. seconds 

Press. dif. 
mm. Hg • 

22.7 

22.9 

22.7 

22.8 

22.9 

22.8 

23.0 

22.3 

23.3 

23.2 

23.5 

23.5 

23.8 

23.8 

23.6 

23.4 

23.5 

23.5 

23.2 

23.0 

22.9 

21.4 

21.7 

21.2 

. 22. 4 

22.6 

23.2 

23.3 

23.6 

23.7 

23.9 

24.0 

24.2 

24.3 

25.4 

25.4 

26.1 

26.1 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

26.2 

23.9 

23.7 

23.6 

38.50 

39.85 

39.80 

39.45 

39.50 

39.70 

39. 80. 

39.70 

39.80 

39.55 

39.45 

39.80 

38.65 

39.25 

39.50 

39.50 

78.75 

78.95 

80.00 

73.85 

79.20 

79.40 

79.75 

76.40 

467.45 

472.50 

474.85 

470.00 

471.80 

472.75 

465.60 

464.50 

460.35 

461.50 

461.05 

462.25 

464.30 

467'.15 

463.05 

453.75 

921.30 

905.70 

915.80 

904.15 

894.10 

900.35 

893.05 

891. 20 

155.808 w 33.50 

127.430 w 51.75 

108.152 w 72.75 

91.764 w 98.50 

82.931 

74.717 

67.818 

62.140 

57.924 

54.880 

52.626 

50.449 

48.992 

47.509 

45.476 

43.389 

85.114 

82.751 

76.735 

73.456 

70.677 

69.067 

68.437 

68~043 

w 121.50 

w 150.50. 

w 178.50 

w 211.75 

w 241.00 

w 270.25 

w 295.00 

w 318.50 

w 343.25 

w 371.50 

w 396 .. 2s 
w 417.75 

w 447.75 

w 459.50 

43.15 

46.05 

48.25 

51.20 

52.25 

52 .. 65 

w: pressure difference in millimetres of water 
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READINGS FOR PLATE NO. 55 

orifice diameter ....... 74.41 mm. 

plate eccentricity •..•. 12.13 mm. 

area ratio ..•..••...... 0.550 

Atmos:r.iheric Pressure .....•••.. 759.30 mm Hg. 

1rABLE NO. 54 

Readings for the calibration of the test orifice plate 

Air temp. Water temp. Ini t. mass Final mass Time Press. dif. 
mm. Hg. deg. C deg. C kg. kg. seconds 

20.1 

20.2 

20.5 

20.5 

20.6 

20.7 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.6 

20.5 

20.0 

20.2 

19.7 

20.l 

20.0 

19 .'9 

23.2 

23.3 

23.3 

23.3 

23.3 

23.3 

23.3 

23.3 

23.2 

23.2 

23.2 

23. 2 

23.2 

23.2 

23.2 

23.l 

23.l 

23.1 

23.5 

23.6 

23.7 

23.7 

23.7 

.23.7 

36.0C 

39.85 

37.30 

39.35 

38.70 

39.10 

37.50 

38.70 

39.00 

39.20 

39.10 

39.30 

39.60 

39.30 

39.30 

39.50 

79.05 

79.40 

76.95 

79.15 

78.60 

75.70 

75.75 

77.90 

473.35 

475.50 

473.90 

473.30 

472.60 

471.65 

467.05 

469.10 

463.95 

462.90 

463.15 

465.55 

460.90 

460.45 

457.40 

457.05 

916.75 

909.45 

920.80 

915.90 

916.95 

913.70 

910.70 

912.90 

166.313 w 29.50 

124.851 w 52.50 

108.308 w 69.50 

92.709. w 93.75 

81.959 w 119.75 

74.215 

67.378 

62.735 

58 . 121 

54.780 

52.077 

50.318 

47.764 

46.202 

44.357 

43.129 

84.528 

82.096 

82.218 

78.396 

76 . 208 , 

74.364 

73.958 

73.799 

w 147.00 

w 174.75 

w 202.75 

w 230.25 

w 258.50 

w 286.75 

w 309.75 

w 336.50 

w 358.25 

w 384.25 

w 403.75 

w 423.25 

w 441.00 

36.15 

39.15 

41.65 

43.00 

43.55 

44.00 

w: pressure difference in millimetres of water 
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READINGS FOR PL~.TE NO. 55 

orifice diameter 

area ratio 

Atmospheric Pressure 

74.41 mm. 

0.550 

. . . . ~ ...... 754.60 mm . 

TABJ .. E NO. 55 

Tests for repeatability of a reading 

Air temp. Water temp. Init.mass Final mass Time Press. dif .' 
seconds mm. Hg. deg. C deg. C kg. kg. 

21.6 

21.7 

21. 7 

21. 7 

21.8 

21.7 

21.6 

21.6 

21.6 

21.7 

21. 7 

21.6 

21.7 

21.6 

21. 7 

21.7 

21. 7 

21.7 

21. 7 

21. 7 

22.0 

22.1 

22.1 

22.1 

23.6 

23.8 

23.9 

23.9 

24.0 

24.1 

24.1 

24.2 

24.3 

24.3 

24.3 

24.3 

24.3 

24.3 

24.4 

24.3 

24.2 

24.8 

24.8 

24.9 

25.C 

25.0 

25.0 

25.0 

39.85 

40.80 

40.75 

39.35 

40.30 

38.90 

40.30 

39.75 

36.85 

40.20 

40.20 

40.20 

40.30 

40. 30 

40.35 

40.25 

78.95 

76.55 

79.75 

79.30 

80.10 

80.05 

80.50 

80.05 

477.05 

478.20 

476.90 
• 

476.10 

475.00 

475.30 

473.80 

469.05 

468.95 

469.70 

456.20 

472.55 

470.05 

461.05 

470.45 

464 '. 00 

911. 30 

935.70 

934.80 

910.75 

926.80 

933.20 

924.90 

918.45 

134.057 w 52.50· 

126.539 w 59.00 

107.867 

93.615 

82.990 

75.087 

68.361 

62.772 

59.831 

5G.131 

51.737 

51.544 

49.293 

46.592 

46.273 

w 81. 25 

w 108.00 

w 136.75 

w 168.25 

w 200.50 

w 233.75 

w 260.75 

w 292.75 

w 324.00 

w 351.25 

w 380.25 

w 407.90 

w 431.50 

44.325 w 457.75 

85.172 w 478.50 

86.043 w 499.50 

82~294 w 540.75 

76.795 

75.258 

73.992 

72.194 

71.226 

46.55 

5·0. 30 

52.80 

54.50 

55.25 

w:. pressure difference in millimetres of water 
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READINGS FOR PLATE NO. 55 
. 

or if ice diameter ·• . . . . . 7 4. 41 mm. 

area ratio .•...••....• 0.550 

Atmospheric Pressure ...... , .. 755.60 mm Hg. 

TABLE NO. 5~ 

Tests for repeatability of a reading 

Air temp. Water temp. Init. mass Final mass Time Press. dif. 
deg. C deg. C kg. kg. seconds · :mm. Hg. 

21.6 

21.6 

21.8 

21.9 

22.0 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.3 

22.3 

22.3 

22.4 

22.5 

22.5 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

23.4 

23.5 

23.6 

23.6 

23.7 

23.8 

23.8 

23.9 

24.0 

24.0 

24.0 

24.1 

24.l 

24.2 

24.5 

24.5 

24.6 

24.8 

24.8 

. 25 .o 
25.0 

25.2 

25.3 

25.3 

36.40 

39.60 

40.35 

40.30 

40.30 

40.30 

40.30 

40.20 

40.40 

40.30 

40.20 

40.30 

40.30 

,39.50 

37.00 

40.30 

80.60 

80.60 

80.35 

80.10 

79~90 

77.35 

80.10 

76.95 

475.55 

472.70 

478.00 

477 .. 65 

480.10 

476.40 

467.80 

475.00 

468.80 

473.75 

470.15 

472.70 

467.80 

462.65 

463.00 

467.70 

924.65 

929.50 

929.20 

931.60 

921.00 

920.95 

928.55 

919.25 

169.986 w 33.00 

155.573 w 38.25' 

126.758 w 59.25 

107.822 w 81.50 

94.417 w 107.75 

83.316 w 136.50 

73.553 w 168.75 

68.951 w 198.25 

63.029 w 230.50 

59.344 w 261.75 

55.949 w 294.75 

53.664 w 324.00 

50.857 w 352.75 

48.363 w 382.75 

47.151 w 408.50 

45.924 w 432.25 -

88.162 

85.924 

82.220 

78.423 

75.089 

73.224 

72.471 

70.816 

w 459.00 

w 488.00 

w 532.75 

46.80 

49.80 

52.95 

54.50 

56.10 

w: pressure difference in millimetres of water 
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\ 

Air temp. 
deg. C 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

22.7 

22.5 

22.5 

22.5 

22.6 

22.6 

22.6 

22.6 

22.6 

22.7 

22.4 

22.7 

22.7 

22.7 

22.7 

22.8 

READINGS FOR PLZ\TE NO.· 5 5 

orifice diameter .•..... 74.41 mm. 

area ratio ....•........ 0.550 

AtmaRphe;cic Pressure ........ 756.10 mm Hg. 

TABLE NO. 57 

Tests for repeatability o'f a reading 

Water temp. Ini t. mass Final mass 'l'ime 
deg. C· kg. kg. seconds 

Press. dif. 
mm. Hg .• 

25.6 

25.6 

25.6 

25.6 

25.6 

25.6 

25.6 

25.6 

25.6 

23.4 

24.5 

23.6 

23.7 

23.8 

23.8 

24 ,• 2 

24.3 

24.3 

24.4 

24.4 

24.6 

24.8 

25.2 

25.4 

36.80 

40.15 

40.30 

39.80 

39.80 

39.80 

39.25 

40.15 

39.80 

36.50 

40.00 

40.20 

40.10 

40.10 

40.15. 

37.15 

80.15 

80.05 

80.70 

81.55 

41.20 

82.55 

78.10 

82.55 

479.40 

479.10 

479.65 

475.35 

472.60 

478.80 

470.60 

471.10 

466.10 

476.25 

468.40 

475.00 

472.50 

468.60 

467.60 

465.70 

935.00 

924.30 

925.50 

912.15 

459.10 

910.95 

911. 25 

'920.05 

172.509 

138.743 

126.904 

108.143 

93.059 

84.116 

72.749 

67.856 

62.345 

60.567 

55.873 

53.883 

51.269 

48.971 

47.259 

46.019 

87.259 

82.610 

80.710 

75.564' 

37.035 

71.743 

.70.988 

70.985 

w 32.50 

w 49.50 

w 59.50 

w 80.75 

w 107.75 

w 135.75 

w 174.75 

w 200.75 

w 233.50 

w 262.50 

w 293.75 

w 324.25 

w 354.75 

w 382.25 

w 408.50 

w 433.25 

w 479.25 

w 522.50 

w 548.75 

48.00 

50.70 

53.20 

54.75 

55.30 

w: pressure difference in millimetres of water 
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.APPENDIX F 
:..J 

ERROR ANALYSIS OF THE FLOW MEASUHEMENT WITH THE EXPERIMENTAL EQUIPMENT 

1. MEASUREMENT WITH THE REFERENCE METER 

Mass flow rate q = Mass of the water accumulated in the tank 
Time taken 

q :::; MFINAL f-4NITIAL 
Time 

and w fr2i w ) 
2 

+ (~ WT) 2] = 
q M 

~_g_ = 1 ~ = M 
&M T and 

6T T2 

where w is the uncertainty in the mass flow rate 
q 

WM is the UNCERTAINTY IN THE MASS OF THE WATER 

WT is the uncertainty in the time taken 

~ 

At maximum flow rate the final mass minus the initial mass was 430 k'.g 

on the average and the uncertainty in the measurement was +/- 0,5 kg. 

The time taken was 29 seconds and the uncertainty in the time measurement 

was 0,01 seconds. The high uncertainty in the measurement of the water 

was due to spilage. 

= J + (430 x 0,01) 
29 x 29 

= +/- 0,0180kg/s 

q 14,8276 +/- 0,0180 kg/s 

or q 14,8276 +/- 0,12% llJ!l;o 

At low flow rates the mass of water added to the tank on the average was 

430kg and the uncertainty in the measurement was +/- 0,2kg. The time taken 

for this mass of water to accumulate was 280 seconds and the uncertainty in 

the time measurement was +/- 0,01 seconds. 
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[(Q,J_\2 
~ 

w = 
0;01)

2
] q 280) 

+ (430 x 
280 x 280 

= 0,0007 kg/s 

q = 1,5357 +/- 0,0007 kg/s 

or q = 1,5357 +/- 0,05% 

2. MEASUREMENT WITH THE ORIFICE PLATE 

Uncertainty in the calculated flow rate can be calculated by using 

equation 1. 

+ 

............. 1 

Equation 1 is derived in British Standard, BS 1042:1964 on page 72 and 73. 

For example, the measurements taken and the tolerances on them for an orifice 

plate with area ratio of 0,15 are given below: 

orifice diameter, d = 38,93 +/- 0,025 mm 

pipe diameter, D 100,51 +/- 0,025 mm 

pressure differential, h 500 +/- 0,05mm Hg 

density of the water pw = 999, 19 +/- 0,04 kg/m3 

area ratio, m = 0,15 

The uncertainty in the calculated flow rate is calculated as shown in 

Table 58. At high flow rate for the orifice plate with area ratio of 

0,15 the overall tolerance on the flow rate measurement is +/- 0,129% 

and the accuracy of the measurement is +/- 0,062%. 

Similar calculations have yielded the following results: · 
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AREA RATIO PRESSURE DIFFERENCE ACCURACY OVERALL TOLERANCE -----
in mm Hg ~ 

0,15 27 +/- 0,113% +/- 0,167% 

0,55 21 +!- 0,50% +/- 0,58% 

0,55 40 +/- 0,08% +/- 0.18% 

Similarly, the uncertainty in any of the measurements can be calculated. 

3. THE TOLERANCE ON THE COEFFICIENT OF DISCHARGE CD 

The coefficient of discharge C = 
D 

CD 
qm 

= 
qc 

. = [(:~: 
2 

WC Wqm ) D 

ftqm ") 2 = 
WC 

D Qc 

Example m = 0, 1 

WC = 
D 

w 
CD. = 

CD = •• 

c = D 

Measured Mass Flow Rate 
Calculated Mass Flow Rate 

w JI + (~CD 
oq 

c qc -

+ cci.i x. wqc 

Qc2 
)j 

h= 52,30 + 0, 05 mm Hg -

i 

i 

0,0007 2 + 1, 6975 x 0, 0002 
2 I 81 73 

(2, 81 73)2 ____ 

+ 0,0005 -

0 I 6 025 + 0,0005 -
0,"6025 + 0, 08% 

---

2 t 

Similar calcul?tions were conducted to determine the greatest uncertainty 

in the coefficient. It was found that the overall tolerance on the coefficient 
+ 

should not exceed - 0, 1 percent. Only when very low pressure difference 
+ 

(below 30rn'Tl of mercury) did the tolerance on the coefficient exceed - 0, 1 percent. 

In these cases the water manometer 'Nas used to 11easure the pressure difference. 
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TABLE NO. 62 

READINGS TO DETERMINE THE PIPE DIAMETER D 

Upstream from orifice plate 

Diameter of pipe in inches 

3.966 

3.970 

3.971 

3.963 

3.977 

3.970 

3.955 

3. 973 

3.978 

3.973 

3.936 

3.933 

3.943 

3.952 

3.933 

3.949 

Average 3.959 

Downstram from orifice plate 

Diameter of pipe in inches 

3.958 

3.953 

3.952 

3.940 

3.957 

3 •. ~no 

3.946 

3,957 

3.954 

3.959 

Average 3.955 

Pipe diameter, D = 3.957 inches 

The pipe diameter is therefore 100.51 mm.-+ 
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TABLE NO. 63 · 

CALIBRATION OF THE THERMOMETERS 

Tenp. on standard Thenrorreter Therrrorreter Thermorreter Therm:meter 
therm:meter A B c D 

20. 7 °c 20.6 20.6 20.8 20.9 

23.1 °c 23.0 23.1 23.2 23.3 

25.1 oc 25.1 25.1 25.2 25.3 

28.4 OC 28.3 28.3 28.5 28.5 

30.9 °c 30.8 30.8 30.9 31.1 

32.5 °c 32.3 32.4 32.5 32.7 

At a Correction factor for 
temperature 'Iherm:meter Therrrorreter Therrconet.er Thenrorreter 

of A B c D 

21. 7 °c - 0.1 - 0.1 + 0.1 + 0.2 

23.1 OC - 0.1 0.0 + 0.1 + 0.2 

25.1 OC o.o 0.0 + 0.1 + 0.2 

28.4 OC - 0.1 - 0.1 + 0.1 + 0.1 

30.9 OC - 0.1 - 0.1~ 0.0 + 0.2 

32.5 °c - 0.2 - 0.1 o.o + 0.2 
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APPENDIX H 

RESUL~S 

' 

TABLE NO. 64 

JlESllLTS OBTAINED FROM EXPERIMENTAL DATA FOR VARYING 
T'r!E EDGE SHARPNESS OF AN ORIFICE PLATE . ~ -. ... ~- ·' 

-
- Coefficient of discharge at a -

Edge radiuc I 
Reynolds Number of 

Area Ratio in 
millimetre~ 

100 000 150 000. 200 000 

0,018 0,6009 0,5996 o, 5996 
0,065 0,6072 0,6069 o, 6065 

0,0985 0,100 0,6090 I 0,6084 0,6090 
0,227 0,6201 0,6186 0,6173 
0,293 0,6231 0,6213 0,6209 
0,403 0,6302 0,6293 0,6283 

0,1982 
0,012 o, 6057 0,6034 0,6027 
0,216 0,6167 0,6154 0,6135 
0,403 0,6288 0,6252 0,6236 

o, 012' 0,6108 0,6089 ,0, 6081 
0,028 0,6120 0,6104 0;6090 

0,2952 0,100 0,6188 0,6147 0,6124 
0,185 0,6223 0,6195 0,6169 
0,240 0,6247 0,6221 0,6194 
0,322 0,6275 0,6258 0,6237 

0,012 0,6165 o, 6103 0,6079 
0,153 0,6246 0,6210 0,6183 

0,3929 0,219 0,6286 0,6259 0,6224 
0,380 0,6388 0,6351 0,6313 

0,014 0,6132 0,6111 0,6111 
0,147 0,6215 0,6202 0,6201 

0,4990 0,261 0,6277 0,6258 0,6261 
0,320 0,6312 0,6299 0,6295 
0,489 0, 6406 0,6396 o.6~q~ 
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TABLE NO • 65-

RESULTS OBTAINED FROM EXPERIMENTAL DATA FOR 
VARYING THE . ·~ ;_ECCENTRI.CIJY. OF AN ORIFICE PLATE 

Eccentricity Coefficient of discharge at a 
Area ratio in. Reynolds Number of 

millimetres 
100 000 150 000 200 000 

o.oo 0.6073 0.6051 0.6044 

o.os 0.6080 0.6054 0.6046 

0.15 0.6072 0.6052 0.6046 

0.1500 0.30 0.6086 0.6059 0.6051 

0.60 0.6087 0.6058 0.6049 

1.20 0.6092 0.6063 0.6050 

5.00 0.6105 0.6082 0.6073 

10.00 0.6170 0.6152 0.6140 

o.oo 0.6158 0.6149 0.6127 

3.50 0.6278 0.6205 0.6197 

0.45 
8.00 0.6356 0.6345 0.6334 

13.00 0.6481 0.6469 0.6463 

16. 31 0.6576 0.6567 0.6546 

0.00 0.6168 0. 614 7 0.6137 

2.00 0.6216 0.6208 0.6177 

o.ss s.oo 0.6333 0. 6 314 0.6307 

7.25 0.6478 0.6441 0.6423 

12.13 0.6630 0.6616 0.6615 

... 267 .. 
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