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ABSTRACT

A general review of the literature pértaining to flow
measurement with orifice plates is presented. Special
emphasgis 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 plate concenctricity.

The calibration tests were conducted with apparatus based
on a system of weighing the working 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 profiie 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 readings at a specific flow rate did not vary by more

than + 0,05 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 £ 2 angd £ 5 per cent depending on the edge
radius. " v |

The results indicate that an increase in the coefficient
of discharge of up to 0,5 per cent arises due to a change
in the position of the upstream preséure tapping from D to
D + 0,035D and of the downstream pressure from D/2- 0,02D
to D/2 + 0,047D. 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
concentiric orifice plates were compared with the various
engineering standards. The 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.0. 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 discha;ge

of square edged orifice piates did not remain constant at

* high Reynolds numbers. Thus‘they‘agfeéd with the specifications
of ASME and not with those of the British Standard.

The resulits indicate that the coefficient of discharge is
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 0,1 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 O,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 radius of an orifice plate caused considerable
changes in the value of the discharge ccefficient. The
Aspecifications 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 British 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 eccentricity and of the area ratio. The,
relationship between the coefficient of discharge and the
eccentricity ratio can be expressed by an equation of the
following form: » (E/b‘@ﬁ.’

Cp, = Ae i~



The larger the area ratio of an orifice plate the larger is
the effect of eccentricity. 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 equation 2 in;

100 E . 3,55 -1,69m ......2
D-4 |

If the specifications of equation 2 are used then the
maximum error in the coefficient of discharge due to
eccentricity will be less than 0,1 per cent.

The specifications of the British standard and AGA conceraing
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 couclusively
the validity of equation 1 and 2.
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- GLOSSARY

- Area ratio - The ratio obtained by dividing the area of

. the orifice by the area of the pipe.

"Coefficient}of discharge -  An empirical . factor obtained by dividing
the actual mass rate of fldw by the theoretical

mass raté of flow.

Diameter ratio - - The ratio obtained by dividing the orifice dia-

- 'meter by the pipe diameter.

Eccentricify 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 ratio is

less than 0,0004.

' Sharpriess ratio - The ratio obtained by dividing the upstream
| edge radius of an orifice plate by the orifice

diameter,

(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 reccrd of orifice

plate usage appears in a book written by Lentus Frontinus the,
Water éommiésioner 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 century Professor Robinéon of the
Ohio State University designed an orifice meter which was used

to measure the flow rate of gas (2). La%er 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 whizh he developed empirical coeffi-
cients for orifice plates with pipe taps. Professor Horace 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 1924 -
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



his findings on tests conducted with eccentric orifice platés.
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 (2u) tested‘quadrant edge orifice plates while later
Kbennecke (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 Aircfaft Establishment investigated the use

of annular orifices. Howell (29) found that these 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 Brifain 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 measuremen
is done with orifice plates. The quantities of fluid measured to .
day are high and therefore high accuracies 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 sales améunts

to ten million dollars (33). Simiiarly 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 continually taking place especially with respect to
factors affecting their coefficients of discharge, These factors

are discussed in Chapter 2.



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 pléte 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 upstréam edge of the plate is square as this
ensures completé contraction of the fluid stream within the
orifice. The cylindrical entrance piece (e) is kept short
so as to maintain jet stability and to avoid re-attachment

of the jet. The bevel angle is there to ensure that no inter-
ferencé takes place with the natural expansion of the jet in

‘the downstream vicinity of the orifice plate.

m

~—— downstream face (B)
upstream face(A) —=—

P

Bevel Angle ( ) ' .

Hea— downstream edge'

upstream edge /////’

orifice plate thickness

‘Figure 1. A standard orifice plate.



" From the above dis¢ription 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 manometer

or the pressure measuring device is calibrated directly in flow units

A review of the the advantages of the orifice piates illustrates

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

No moving parts.
. Simple to construct.
Cheap to manufacture, install, operate and maintain..

Highly accurate with good repeatability.

N w N

Able to effect a highly lcocalized pressure drop with a small

overall throttling effect.

6. Reasonably insensitive to viscosity 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 the
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 stipulate.-installation and metering conditions. Since the
orifice plate is so sensitive to upstream flow conditions 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 Tis percent.
If the orifice plate is calibrated an accuracy of ¥ 0,1 percent can

be achieved.



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 ﬁp by various engineering bodies.
In the standards details are specified regarding the design, the man- -
facture and the precautions to be gdopted in the installation and use

of orifice plates. -

If the standardvspeéifications are adhered to, then the specified coefficients
are applicable. ' The calculated flowrate corrected by usihg the relevant
equations and coefficient 1is correct within certain tolerance limits,
Those 1imits as given by A.S.M.E., 1.5.0. and the British standards

are feprodhced in Table 2. In the 1.5.0. code the tolerance limit is

expreésed 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.

The American Society of Mechanical Engineers, ASME flow code,
The German DIN code.

Thé Internationa] Standard Orgénisation, ISO Recommendations.

The American Gas Association, AGA Report.

T W™

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

the specifications given by the various codes are used for the
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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 insta]]étion and the effect of Reynolds

number on the coefficient 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 Table2 it is evident 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
!

S \;‘e ~BEVEL ANGLE

Fig.é.:.' A Square-—e’é?ged Omlfvlcé Plate

-7 -



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 calcu)ated 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 followfng questions
regarding the edge sharpness of an orifice plate need to be ahswered:
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 re]ated?v
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 of 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 practical purposes the advice of T.H.Redding (36)
should be followed. He states: "The criterion governing the minimum
orifice-plate thiékness is-thét it should be sufficient to withstand,
without distorfion, any difference in pressure that may be established
between its faces, including any transient pressure difference due to
water hammer of other cause of surging pressure. The maximum p]ate'
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". 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 1ate5t IS0 code (37) specifies both the

minimum and maximum value of the or1f1ce edge thickness (e) and that of

\

the orifice plate (t).

d) Bevel Angle. The'beveT 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) gircularity. 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 cencerning 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 p]afe is fully specified by BS 1042, while the cther standards

simply specify a finish as good as that of good commercial rolled stock. -

Any difference in shape, size and surface finish results 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 attr1buted to inadequate straight length of approach
piping are a result of swirl, eddying and vortices. The errors caused

can be considerable and therefore the minimum approach iength is of

-9
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importance for accurate measurement. Comparing the minimum approach
lengths as specified by the different natibna] standards shows large
differences (Fig. 3. 4, 5, 6). For example: .The difference in the
approach length after one 90 degree elbow as specified by ISO and by
ASME for anorifice p]éte with a diameter ratio of 0,6 is over 100%.
(IS0, 18 pipe diameters; ASME 8 pipe diameters). In all cases the
straight length of approach niping required for measurement of fldw
with a small diameter ratio orifice plate is considerably less than

for orifice plates with large diameter ratios.

b) The use of flow straighteners

In many commercial 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.

Thé British standard recommends the uée of two or three perforated
plates spaced one pipe diameter apart, rather than flow straighteners of
the honeycomb or nest type. If any flow straightener is used, it is
recommended thaf a minimum of 10 pipe diameters of straight approach -

piping'is used,

c) The conditicn of the upstream and downstream'pipiné (Table3 )

- 13 -
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Installation Distance Recommendations for an Orifice Plate after a 90°Eibow
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Installation Distance Reconmerdations for an Orifice Plate after Two
90 Degree Elbows in Same Plane '

- 14 -



PPt Dy

Fig. 5

nol- : : e’

JEEI TN PN YRR ERLYFYLLRLS)

DIArETER RATIO “p

Spacing Recommendations for an Orifice Plate After
Three 90 Degree Elbows in Two Planes
Note: Upper A.G.A. curve, when first two are in

different planes,

Lower A.G.A. curve, when first two are in same

plane
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AM

Fig. 6  Spacing Reconmendations for an Orifice Plate After
a Valve,

Note: Upper A.S.M.E. & I.S 0. curve for a globe valve,

Lower A.S.M.E. & I1.5.0. curve for a gate valve,

- 16 -



TABLE 3 -

The specifications of IS0 and of the British Standards regarding the
condition of upstream and downstream piping.

ITEM OF INTEREST

IS0

BS(1042)

Surface and condition
of approach piping

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

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

+ lower limit for Dmin = 50mm 25mm for all topings
pipe size except for a flange
{ taping for which
i Dmin = 50mm
+ upper limit for = 750mm | no upper limit

pipe size

Dmax

Pipe circularity

L > 2D,

D-D +/- 0,003D for
It is con-
sidered circular if
it appears so by
mere visual in-
spection,

If L < 2D then -

D =D +/~- [2(iag)lD

Protrusions into the

pipe

No protrusions,
obstructions or
branch corrections

If L < 2D no projections
into upstream pipe allowed.
If L > 2D then the pro-
jection length is given by
(1-m) (2,5L/D-4)D

100

Thermometer Pocket

It should be placed
at least 5D after
plate (downstream).

If it is placed up~
stream then it is :

the same as for
B.S. (1042)

!

Pocket diameter is < 0,03D
if 20D < L. > 5D and 0,13D
if L > 20D

Downstream Pipe

Same diameter as the upstream pipeline within

+/- 2%. |

i

No fittings installed at a
distance less than 3 pipe
diameters.

+ NOTE - Upper and lower limits of pipe sizes are imposed by the availability
of data and does not imply an inherent limitation on the lower and upper limit
of pipe size for the different types of orifices.

- 17 -



Small differences exist between these specifications. The British

standards are more specific in their requirements.

It is interesting to note that the standards do not specify a specific
surface finish to thé upstream pipe just before the orifice plate. Work
done by Clark and other researchers (see Chapter 2) has shown that fhe'
surface roughness of the upstream pipe just before the orifice plate

affects “the coefficient 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

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

Standard
ASME AGA BS 150
0,8 mm 0,030 +0,005(1-p)D | 0,0150(3-1)

The difference in the allowahle eccentricity according to the various
standards is great. For example if in a one hundred millimetre pipe
line an orifice plate with diameter ratioc of'O,S is installed, then

according to AGA a three millimetre eccentricity is allowed; while

- 18-



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 plate 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 bipe 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 pressureltaps with the exception of ASME which allows

for the use of larger diameter pressure tap holes.

- 19 -



TABLE 5

Ay

The Specifications regarding the shape, size, finish and location
of the pressure taps. '

Sphere .

ASME

IS0

Type of tap

BS 1042

Sjng]e or multiple taps may be used

Location of
pressure taps

The location of the taps is dependent on the choice

of tappings.(i.e.flange taps, vena contracta taps, etc.

diameter of
pressure holes,

"CS 1}

D<50;9,5>8>3,2

75>D>50;12,7-6>6,4

200>D>100;19,0>8>9,5
D>250;25,4>8>512,7

§<0,8D
and preférably
between
6 & 12 mm.

§<0,1D
No restriction is
placed on the
minimum diameter
but it must be
kept la:ge enougn
for no cccidental
blockage 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 3§to
58 is recommended
if possible

No change in pressure tap

diameter for a

distance of not

less than twec diameters (S),
before expanding into pressure

pipe

Finish of
pressure holes

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

Radius of the
hole edge
rounding, "¢"

If D<50;¢6=0,4
If 200-D>50;¢<0,8
If D>250;¢<1,6

££ 0,18

£ 0,18

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.

- 20 -




The codes are not unénimous as to the effect the Reynolds 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 .

number is shown in Figure 7.

It is stated in the ASME code that a linear relationship exists between '
the square root of the reciprocal of the Reynolds number and the coeffi-
cient of discharge, According to the British standard the coefficfent

of discharge 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 IS0, AGA, ASME and BS coefficients differ most when the pipe diam-

eter is small and the area ratio is 1arge."

1.3.2. The Significance of the Difference between 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 in a variety of answers. The difference in the calculated flow-
rate according to the different codes can exceed : 13%.  This percentagé

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



1.4 OBJECTIVES

Due to modern industrial demands fhe accurate measurement of the flow
“rate in closed conduiis 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 witn an
uncalibrated orifice plate is 1 1,5 percent. In many cases this 1eve1“
of accuracy is satisfactory, but 23 already 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 éa]]ed for by any of the
engineering standards are required, Spencer and Harrison (338, 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 theorifice plate relative to the
pressure taps and to the centre of the pipe wiil 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 éf
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 object 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.
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Fig,7- ' The Variation in the Coefficient of Discharge as spect fied
- by various Engineering Standards with the Reynolds number
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CHAPTER TWO

LITERARY SURVEY ON THE THEORY OF ORIFICE METERING

2.1 GENERAL FLOW EQUATION FOR ORIFICE PLATES

The theoretical equation for determining the rate of flow is giver by

o -1z 2 (M- Pz))%
R N (1)

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

Appendix A). This leads to a discrepancy between the actual and theo-
retical flow rate. To atcount for this difference an empirical factor
calied the ‘“coefficient of discharge" is introduced and equation 1

can be written as ¢

q =,(£2E) (20 (Py - Pz)};

d .
The .coefficient of discharge, CD is defined by the following expression:

actual mass flow rate

CD =

theoretical mass fiow rate

Numerous experiments have been conducted over. 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 va]ués.given by the various standards, the actual flow rate

can be calculated.

2.2 METHODS OF EXPRESSING THE OVERALL ngEFFICIENT OF DISCHARGE

Equation 2 can be written in the following form:
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where K is the overa]].igoefficient of discharge.

This coefficient can be expressed in the following WayS:

CD .

1) K = '//:TT;%;E

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 Reynolds 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 upstream 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
Tittle towards expiaining why it varies with the above factors. Calcu-

lation of the flow rate is quick and simple if this ovérall coefficient
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is used, (See Appendix D).

4 N
- 2, 2 (d
2) K = /11 - ¢ c ()

Engel, F.A, (40;41;42) prefers to use this method of expressing the
overall cgeefficient of disthqrge. In the above equation C. and C,

represent the Coefficients of contraction and velocity respectively,

ASME (10) states that no practical advantage is derived from exuressing
the discharge coefficient as a function of separate factors:. Engel,
(40,42,43,44 ) 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 .ccoefficient,

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 c¢oefficient 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 ét the.véha 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 primarylfactor affecting the overall .ceefficient (in the order

of 0,96 X K).

The velocity :.coefficient is introduced to correct the assumpticn in
equation 2 that the velocity is uniform across a cross-section of the

pipe. Engel has found that the velocity profile and the lambda-friction
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2.3 FACTORS AFFECTING THE COEFFICIENTS OF DISCHARGE

In section 2.2.1 the factors influencing the value of the overall
discharge _Coefficient, K, are listed. These factors can be expressed
by the following equation:

L, L
K = f(Reys

2 8
R i | e e

Lo ®

| where Red is the Reyholds number based on the orifice diameter, . -

L, and L, are the ratios of the straight lengths of the approach and exit
T T |

pipes, to the pipe diameter.
B is the diameter ratio %
r is the radiué of the upstream edge
eAis the thickness of the orifice edge
t in the thickness of the ofifice plate
-2 & 22 gpe tﬁe distances to the centre of the pressure tappings from
the upstréam face of the orifice. '

§ is the diameter of the pressure tappings

Ois the roughness of the pipe wall (size of the surface granu]es)'

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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Fig. 8. Development of Velocity E?ofile
From the Entrance of a Pipe

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 devéloped 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 |
and L, can be considered constant,

D
In practical applications there is sometime§ insufficient space available,
and a shorter length of straight pipe must be instalied than stipu]ated
in the standards. 'This has the effect of increasing the value of the

discharge cCoefficient.

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

by having a g]bbe valve a short distance upstream from an orifice plate
is less that 2%. Sasiadek (48) has found that using a double 6rifice 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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Sprenk]é and CourtrightA(SO)'have shown that if any flowlstraightener is
used then the straight 1ength of pipe upstream of the orifice plate can
be considerably shorter than reguired by the standafds without signifi-
cant errors being introduced, They found that the perforated plate flow
straightener was betfer than the honeycomb one for this app]ication;

~ 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 orifice edge can not be made too large with respect to
the pipe diameter as,wifh increasing edge thickness re-attachment of the
jet can occur. 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 greéter than 1/30. To be able

to compare the data of one researcher with that of another this limita-
tion must be adhered to. Although this stipulation has dampened re-
search interest in the.effect of edge thickness, some characteristics
have emerged: - Beitler's experiments showed that for orifice plates with
diameter ratios less than 0,1 the edge thickness could be increased till
it was egual 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 fhe above but he found that if

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

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

the pipe diameter then the discharge coefficient 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
of the cylindrical portion of the orifice and normal contraction d6e§
not occur. The jet'is enlarged resulting in an increase in the flow
'coefficieﬁt. To av01d’this occurringthe-éylindrical edge, "e",is kept
thin (within standard specificétions) and the outlet corner ﬁf the"
orifice is beveled at an angle of 45 degrees to the face of the orifice
-plate (see Figure ). 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 effecf of
plate 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 berformance than the thick plate orifice,

DLATE THIEKHESS oo

e

| cose_mriennsss(e)

+

Fig. 9 The edge thickness and bevel angle 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 taps relative to the orifice itself.
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Fig. 10. General Flow Pattern of Stream Lines Across an Orifice Plate.

PIPE WAWS

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 small 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 veky rapidly and the pressure on the pipe wall
decreases sharply. The jet continues to contract until the vena contracta,
where the streamlines are parallel and both the pressure and cfoss sectional area
of the jet are at a minimum. Downstream from the vena contracta the jet l
expands, causing the pressure on the pipevwa11s to increase until maximum
récoVery 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 value 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.
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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 Tocation 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) Radiué-ofiD.énd:D/2~Taps

This tapping is faVoured by the British. The upstream tap is located one

o 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 Tess 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 plate féces. 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 wbrking'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 giVen by the standards). A disadvantage of using these
taps is that their 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 their size
| will not affect the pressure observed at them. They must be free.ofi
burrs so that suction effects and changes to the velocity profile will

be kept to a minimum.

Rajle R.E. (57) found that drilling bums 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 tb 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 Fellerman (58) con-
firms Rayle's findiﬁgs.. They show that over a range of diameters from

0,005D to 0,04D 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 increase in the discharge coefficient (See
Figure 12). “ | |

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

causes a decrease in the discharge coefficient,
o\ L e [~ L S s s ]
i §
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Figure 12 . The Shape of Veloczty Profile in (a) rough pipe
(b) smooth pzpe.
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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 ‘ceefficient;

Schag, A. (60) stated that no définite rules based on actual roughness
are avai]ab]é. This experiment showed that the value of K was least
affected if D & D/2 tappings were used, Abramaritz (61) wasvthe first
to study the effecf of'artificia]]& 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 A = 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.Jd.(62) performed the most thorough investigation to date in
this field, He found fhat downstfeam incrustatioﬁs 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 p]afe will reduce fhe errors to within standard
speéifications. This 1is surprising, as the ~coefficient of dischérge
varies with the velecity profile just upstream of the orifice p1ate,

and it seems unlikely that this will have changed.in the short distance
of two diamefers. His results were conclusive. This shows:that the
présent explanation for the effect of pipe roughness is not totally
adequate, The practical application of his findings fs that the orifice
plate can be installed in a separate length of smooth pipe, six diameters
Tong, which can be conveqient]y removed for periodic inspection.

Thibessard, G (63) has devé%oped a linear equation which can be used to
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determine thé 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 ét NEL have found that the effeét of

pipe roughness is greater for large area ratio orifices (65)

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 qué]itative definition for the surface roughness of the

plate be included in the future codes.

2.3.8 Effect of Pipe Diameter, D

The contraction of the jet is affected by the proximity of the pipe
walls. The discharge coafficient of small pipes is greater than thdt

of large " pipes.

In the British standards (67) correction factors for the combined
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effect of pipe size and roughness are given, (See Figure 13).
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Fig,13. Pipe size correction factor for an orifice plate with
D & D/2 tappings as given 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 discharge 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:
1) 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.

~33 —



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 C. 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 Tinear

relationship existed between K and 8 if g is 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.



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

forces. It is expressed by the following eguation:

fuL

Re = m

where P = density of the fluid
V = average velocity of the fluid
L = characteristic length
U= dynamic viscosity
For orifice plates the characteristic 1eﬁgth, L, is taken to be equal
to the orifice djameter, d, aﬁd therefore
. Avd
Rea = 773-

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( B"Red )

The effect of varying the diameter ratio has been discussed earlier.
For a specific orifice piate in a specific installation the coafficient
K is dependent on the Reynolds number only, since the vg]ocity 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,

Re , is illustrated in Figure 14.
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Fig.14. The relationship between the .Céeff‘icient of
discharge & the Reynolds number

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
plates at Tow Reynolds numbers. At Reynolds numbers 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 the contour of the orifice plate as shown in the

Figure 15 below.
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Fig. 15 Flow at Rey = &
As the Reynolds number increased to 100;5 Taminar flow back-eddy formed
with a slight contraction of fhe iet issuing from the orifice. The
laminar back-eddying increased iniiength along the tube with further
increases in the Reynolds number. At a Reynolds number of about 230 the
jét issﬁing from the orifice became unstab]é due to the formation of
ripples along the bodndary of the jet. These ripples were spaced (near
the orifice) at regular intervals of 0.1 orifice diameters apart

(See Fig. 16).

/
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Fig. 16 The Formation of the 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 untili Rey of 2000 was reached after which
turbulence set in, The Taminar regime terminated when the discharge
coefficient reached its maximum value. The maximum value of the co-
efficient'is dependent on the diameter ratio. Johansen (71) measured
the frequency of the Qortex rings and correlated the Reynolds humber
with the Strouhal number. The app1ication of the Strouhal numberAas an
"intermittence factpr" (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:
g = KA J2gh ‘ (7)

Re
where K is equal to —Eg and B is a constant determined experimentally.
In laminar flow the Reynolds number is directly proportional to the mean
vé]ocify and therefore to the drop in the piezometric pressure. There-

fore equation 7 can be written 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/Req "and therefore K is related to C¢.

Iverson (73), Millar and Nemecek (74) and other resear;her§ have found

# NOTE [This value for the friction factor is commonly used in Britain,
The Americans use a friction factor egual to four times this value,

The equations used for overall head loss in the two countries differ -

by a factor of four.
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both analytically, and by experiment, that for full laminar flow, the
friction ccefficient is inversely proportional to the Reynolds number.
The constant, F, is a function of the length tc 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
Taminar 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 laminar
flow measurement. Their findings showed that variations of up tc 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 f1ow considerétions become small compared tov
inertia influences, and the exact geometry of the p]dte plays a less

important role.

(2) Turbulent Flow

The overall effect of the Reynolds number on the Coefficient is a result
of changes iﬁ 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 exp]aihed if the overall coefficient K is expressed as:

(See Appendix A 2 for derivation)
¢y Cc

K =[1 - C(”:2 Cv2 (%)[ﬂé

The velocity ' ceefficient, C,,, accounts for changes in velocity due to

friction, (1 . c - V_actual )

V7 ¥ ideal )
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The contraction . coefficient, C.  accounts for the contraction of the

Jet éi,e, C - =  Area of jet at tapping
c _ Orifice area :

The variation of the discharge icoefficient, K, with the Reynolds number,
Rey 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 contfaction
Coefficient is greater than that in the ve]oéity coefficient, As the
Reynolds number decreases the effect of the velocity coéfficient
increases and in.laminar flow it becomes- predominant. At very low

Reyno]ds 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
velocity, the discharge coefficient for a medium 0il is higher than that

of water.

The relationship between the Reynolds number and the ¢oefficient of
discharge has been expressed in a number of ways. Witte (77Z presented

his results by plotting K against log Re4. (See Figure 17).

Beitler (78)found that plotting the coefficient against the reciprocal
of the Reynolds number results in a Tinear relationship for a wide range
of flow rates. In 1935, after his results were already presented, he-

suggested the use of 1/[ReJ_ as abscissa instead of l/Red. (79). A
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better linear relationship is obtained if this plot is used. Marchetti

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

QUERALL CHERFICIENT OF PISCHARGE, K,

log Ry

Fig.1]. Characteristic Curves of K plotted against corresponding
values of log Reg. ‘Stmilar curves can be found in IS4

(bulletin 12) and in VDI
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Fig. 18 Variation of the square root of the Recaprocal of the Reynolds number
with the Discharge Coefficient _

Beitler and Marchetti independently came to the cornclusion that the

discharge coefficient could be expressed mathematically for Reynolds

number greater than 54 OOOIB by the foilowing general equation (82)

} 3
K = K, + b 10

R s

\/Red
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The value of K, 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)

_ ) -3 [ 3760 -} 0,00025 u 13
Ky= [Zo,eow 0,01352D )]+ (0,3760+0,072570 H——————--D,Pz 000250 t P t1.5P )}
and o | ' , )

_ - 0,0011] T 0,0004 2 — 16
b = [(0,0002 + ——U——]+ (0,00038 + =) (P + {16,5 + 50] 7 )]'

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

4 5
K, = 0,6031 + 0,343 + 0,62( 3 -0,7)"/3
and

b = (0,0263% 4 0,002)K,
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:

¢, = 0,59557 - 0,00061D + 0,00427DP + 0,03622]32 - 0,005670,82 -
- : 2 2y /
(317,5 211,30 -2988,53 + 1367,50p + 2961,1 " - 1708D 3 ©) /e,

The International Standards Organisation (ISO) presents the value of

the: coefficient in the following form:

X = c><'(1+ %%%

where o' = cxe(___;ﬂéﬁg___
1004 + 381A
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.and

. : ' 4 5
- ., 0,1778 » . 0,3830 1,6 -25,40,
oy = 0,5993 + S +(0,364 + ,_[_).__...) + 0,4( T) +

- 5 ) : . 3
(0,07 + 12,70) - B /2 - (0,009 + 0,8636)(0,5<R) /2 4
2o
- o . 5
(41935 + 3)(8- 0,7)°/2
4 .
ana ‘
A = 0,039374(830 - 5000 & + 000 82 - 4200 83 + 2671 )
/D

Marchetti found that 1inear relationships existed between K and 103/ Re

d 1

for Reynolds numbers greater than 540C0 82. As the diameter ratio

increased the departure from linear relationship occurred at lower and
Tower values of 103/ Req.

Marchetti found that the location of the region where a critical change
took place (namely where the curve deviates from a straight Tine) changes
with diameter ratio. - He thought that the crifice edge sharpness also
affected the range over which linear relationship existed: Scimemi's
experiments (86) showed that a critical change took place eQen with
orifices which héd rounded edges. Buckingham and Bean (87,88 ) have

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

4

Ko are sensibly lTinear with respect to B ' over the range of’/B values

from about 0,2 to 0,7.

The British Standards corrects for the effects of the Reynolds number

by introducing a correction factor Z,.. (See Figure 19 below.)
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(b) Reynolds Number correction factor
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Fig. 19  Reynolds number Correction Factor as given by BS 7042: 1964

A lot of research has been done c¢ii the effect of the Reynolds number for
numbers between 20 000 - 500 000. For Reynclds 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 wfth axis of the pipe then
the orifice plate is séid to be eccentric. The flow coefficient 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 be]ow)

ffOR ECCENTAIE o R 1open TRz

THE VENA CONTRACTA MOVES FURTHER

RBOMNNSTREDST
SOONNON NN NN NN \\\ \\n\\\\\\ !\ e 7

D

T N TN B \\W\\ NN N NN N S WY

Fig,?20. Difference in flow pattern between a concentric
and eccentric orifice

The vena contracta ioves further downstream from the plate, resulting



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 :
posilion 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. These co-

efficients have been adopted by ASME (10).

~ Limited data is available on the actual effect that eccentricity has on
the flow coefficient. Mi]]er'énd 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
eccentrfca]ly positioned plate was higher than for the same plate
positioned concentrically. They suggested that using multiple
tappings {a piezometric ring) Wi]] reduce errors due to directional
_effects. In later tests (91 ) they found that the change in flow 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 .coafficient, K,, for orifice plates -

which are eccentrically located. These equations are:

Ky = K[+ (F - 0,060 )] for 0< F<0,35 (8)
| D-d - . |

K, = K[1+f (0,70-;—')(_0,04715)] for 0,35<F<0,70 - (9)

R P caoe] e 0 70 <

K, = K[1+f (F - 0,70)0,06396] for 0,/0& F1,0 (10)
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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 equat1ons. In the region where F is greater than 0, 35 and
lesz than 0,70, large pressure f]uctuations 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 straightforward way to explain
the phenomenon of eccentricity other fhan by graphical presentation of
flow calibration data. Because of this, the projection of these results
into dther line sizes, Beta ratios, eccentricities, pipé roughness, etc,

would not be recommended."

Bean (93 ) defined the eccentricity ratio as:

M o= 28//D(1-B)] - (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 up 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,én orifice piate of 0,7 diameter ratio, which
is 0,05D eccentric to the pipe axi§, the flow coefficient is increased

by 3,5%. N
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Spink (95) has presented graphically the variation in the correction
factor which is to be applied for a fui]y eccentric orifice. The
different engineering standards stipulate the maximum allowable eccen-
tricity for an orificg plate for which the standard cQefficients still
apply. The equations given by thé various standards differ, and this

difference .is discussed in Chapter 1,
2.3.12 The Effect of Edge Sharpness -

Tﬁe upstream edge of the sharp square-edged orifice is the only place
wheré the flow lines touch the orifice plate. Hence rounding of the
edge will affect the jet issuing from the plate, Figure2! below shows
the shape of the stream lines ¥or a sharp square-edged orifice 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 wili 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 Collacott (96) stated that although it was known that the
discharge efficients of chamfered orifices are higher than for square-

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

He tested a number of orifices 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 PLATE ORIFICE FLANGE
£ GASKET || w/ UNION
NI

DIRECTION
T OF FLOW

‘FLOW
//’_Jifharp Edge
“~<J_Rounded Edge

DETAIL A"

Fig,yi. Flow Lines Showing Effect of Dulling Upstream Orifice Edge
This figure is a direct copy from Spink, L.K, (97)

The 1943 edition of the British standards does not give a quantitive
value for the edge radius of a standard orifice plate. The edge is
considered to be sharp when a beam of Tight directed onto it will not be
reflected. Since 1943 much research has been done on the effects of
rpunding the edge cf an orifice plate. Spink (97) states that rounding
the edge of an orifice by 0,025 mn has the same effect as increasing

its diameter-by 0,05 mm,
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Herning (98) has developed a method of measuring the sharpness of the
upstream edge of &n 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 erifice 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 sma]]ef effect on the discharge coefficients of orifice

plates with large area ratios.

In a later article written in cooperation with Wolowski (99) they
found that for standard orifices the discharge coefficient correction

. . b
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 on orifice plates (DIN 1952) was
.correct for orifice plates whose_upstream edge radius is equal to

0,06 mn (See Figure 24).

Howard L. Bean (100) showed that errers up to 8% occur due to rounding
the edge cf orifices of 0,31, 0,50 and 0,69 diameter ratios. This

occurred in a 100 mm line with ratios of radius of curvature of the

NOTE: # Sharpness ratio ts defined as the ratio of the upstream edge
radius divided by the orifice internal diameier,
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K.A. Crockett and E.L. Upp (101) conducted experiments whose restlts correlated
well with that of Herning and Wolowski. Similar experiments were carried out |
in England.  Spencer, CeTame 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 of the German Flow Measurement Standard DIN 1952.
These experiments were coﬁducted resbective]y at the University of Stuttgart,
at the Londoh Laboratory of Electroflo Meters Cof Ltd., and at NEL, East Kil-
bride, Scotland. | |

Their results showed that the coefficien%lof discherge of an orifice plate
with area ratio of 0,09 was one percent abaove 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 sharp 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 first forming a negative casting
vwhich 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 measuring the edge sharpness.

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

periments. They found that the change in the flow coefficient due to
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rounding the upstream edgé of an orifice is expressed by the following
empirical equation: ‘
AC
)
— = 0,85 1n (% x10%) 41,74 (12)
C - d
D - . '
During the discussion on the above paper Head V.P, (108) suggested the use

of the following equation instead:

0,5

a1 . ~850r/d
L+ 0,018(1-e ) (13)

C = 0,6015 + 0,37Re

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 resuits the lead

foil method was the most suitable.

Upp (108) suggested that to determine the actual relationshipvbetween
the edge radius and the discharge coefficient required further

investigation,




CHAPTER THREE

EXPERIMENTAL APPARATUS AND PROCEDURE

The major object 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 attain these cbjectives 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 rédius of
each plate was increased after each calibration and the coefficient

of discharge of each plate was determined. To determine the effect of
eccentricity similar tests were performed but the eccentric positidn~

ing of the orifice nlate was varied.

Small changes in the coefficient of discharge were expected and there-

fore the minimum overall calibrating'accuracy of thebtest equipment had

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

meet were:

2) 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 plate during arcalibration.

c} To allow for tﬁe calibration of Brifice plates with varying edge

sharpiess.



~d) To utilize the one hundred millimeter pipe Tine installed,
e) To use water as a working agent.
f) »To comply with the most stringent specifications of the various

engineering standards.

In addition to accurate flow measurement 2. method for the measurement
of the upstream edge of an orifice plate was required, This_could be
‘achieved by reproducing the contour of the upstream edge of the orifice

plate and then measuring the edge radjus.

'anally 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 pipé Tine is measured
with fhe orifice plate and with a referencelmeter whose accuracy'and
repeatability is well known. The measured flowrates are compared and
the orifice plate coefficient is determined. 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 Volumetric or Gravimetric Tank in the Standing-Start and Finish

tode.
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A simple calibrating system of ﬁhis'type is shown in Figure 25. This
system isvbaséd on comparing the volume or weight of working fluid
passed. through the test meter with the voiume added to the tank during
the period of calibration. The gravimetric system is preferréd"wheﬁ:{
calibrating with water or with high viscosity oils, while the volumetric
methed is generally used for calibrating with low viscosity hydro-
carbons.. This methed is better suited to the calibration of quantity

-«

meters than to flow rate meters.

Thermometer Pockets ——<—=
N

AY

Test Meter

- '
@ Pump ' * Valves

Fig.,2§. Method of Calibrating an Orifice with a volumetric
tank in the standing-start & finish mode,

b) Gravimetric Flying Start and Finish Method with Dynamic Weighing

The calibrating eduipment consists of a test meter, a timer and a
weigh tank which has a dump valve at its base. The calibrating
pracedure is as follows:  kWhen the water in the tank reacheé a preset
-weight a timer is set into operatioa until another preset weight is
reached when the timer is switched off and the dump valve is opened,
This method is suitable for cq]ibratfng at modefate flowrates, as at

high flowrates inertia effects cause substantial errors.

_51;



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 Targer than that of the pipe from which the prover
is constructed. The sphere is forced into thevpipe so that it acts as

a seal and as a piston which travels round corners. When calibrating,
the fluid ﬁasses through the test meter, then through the prover and in’
SO dding it takes the sphere from one end of the prover to the other,
The time taken over a specified distance is recorded and the f]owrate'

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 (ill,
112). 1n 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 -~ -
Qeigh tank. A switch connected to an electronic timer is operated by the
- diverter.. In this way the time required to fill the weigh tank and also

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 Electricity Supply Commission at Roshervillz Johannesburg in

the Republic of South Africa.

This equipment was chosen for the following reasons:
1. The existing calibrating facility at U.C.T. is based on the above
system and therefore only minor madifications were required,
2. The overall accuracylof the NEL énd ESCOM calibrating facility is
. %0,1 percent and thus it was assumed that similar accuracy could be
achieved with similar equipment at U.C.T,
3. It is the most suitable equipmment for calibrating orifice plates

with water at medium flowrates (Rey 10° - & x 105) in a laboratory.v

3.1.1.1 General Layout of the Equipment

The general layout of the equipment is 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 straigntener
into fhe 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 séction
and it consists of.a fishtail and a diverter. The diyefter, which is
pneumatfca]]y activated, diverts the water into the sumb or into the
weigh tank. During a calibration, an electronic timer is activated by
the divertef so‘that the time during which the weigh tank is being
filled is recorded. Thus from these readings the actual flowrate can be

calculated.
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Thé rectangular jet issuing 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 nad fo be as fast as possible, the ve]oéity
of traverse had to be’equal'in both directions and the brass plate which
acuated the timer‘had to be so positioned that the electronic timer was
started and stopped when thé diversion plate crossed and recrossed the
mid-point of the jet. To-ensure equé] velocity of traverse of the
diverter in the twoldiréctions, a restrictor was introduced into the
pneuriatic circuit. The speed of traverse of the divertfr was set by

adjusting the de]iVery pressure of the compressor.

f) The Measuring 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
méasur%ng 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 determined at all times. To ensure
the accurate determimation 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 ineasured in order that the density of the water could be accurately

determined.
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To measure the témperature 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 disturbance in the flow at the orifice plate as a result of
the inseftion of the tﬁermometer 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 mi]11-4
meters into the pipe.

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

1

4>tank, mercury thermometers were used., These thermometers were calibrated

\fgainst 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

- L & D/2 taps were chosen as they are commonly 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
df flows, resulting in stable pressure readings and in  large pressure
drops being recorded. _
b) that the coefficient of discharge for orifice p]atés fitted into
installations with D & D/2 tappings is specified in a number'of-A

engineering standards.
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To obtain reliable average pressure differential readings four D & D/2,

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

e T A OrETER

<2 ™ /<g¢/g_ CHErrBER

“ o TEST_Prog

PEECSSURE TRPPINGS

Fig. 28, The Ring Chamber at one .of the Tapping Positiuns

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

water-air inverted manometer. The mercury manometer was specially

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 mqgnitude and thg%jﬁggugncy_of f]ugtquiggé_jnﬂihe

differential pressure and the cause of these fluctuations, a pressure

differential transducer was installed between the ring chambers. The

transducer output was amp]%fied and recorded by means of an ultra violet
recorder. In order to obtain accurate readings the transduéer was
caiibrated against a dead weight pressure gauge calibrator. Thus with.
thfs apparatus continuous recording of the differential pressure |

across the orifice plate was possible.

3.1.3  Some Factors Affecting the Method of Calibration

1. Pressure Differential Fluctuations

;71_



A]fhough tﬁe static-pressure in the test Tine was kept constant to
within 0,04 percent, due to turbulence 1h the line, small fluctuations in.
the flow occurred resulting in fluctuations in the pressure difference |
readings. The magnitude of the fluctuations was dependent on the flow
rate. Using the high speed pressure differential transducer, it was
found that the fldctuatiohs 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 meniscas
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 iine, the
fluctuations as measured with the pressure transducer were recorded with
an ultra violet recorder. The recordings showed that the variations in
the pressufe differential were random and thus these filuctuations 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-

tial reading was expected to remain constant if it were to be determined

# Note: CHATTER is defined in Reference 122 as being similar in charac-
' teristic to water hammer but it is a result of elasticity in
the Fluid system. For cxample, aeration cr air entrainment
could cause chatter. Chatter can be detected by the axial
cseillation of the fluid system.:

72



from a number of'readings taken at random intervals of time. Tests to
detérmine 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 wefe éuffiéient. 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 "fish tail" 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 positicned between 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 whethér the operation of the diverter would affect
the bressure differential readings were conducted. The following
procedure was followed: The diverter waé 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 therefcre it was concluded that the operation of
the diverter did not affect the pressure differential readings. Further

tests showed that the vibraticn of the frame did nct cause any change
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or spillage in the diverted flow.

3. Pipe Diameter

The various éngineering 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 places in the vicinity |
of the crifice plate. The positions where the measurements werz taken
is shown in Figure 29. Six readings around the ciréumference 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 femperature. Such expansion
could not be detected ddring any test by means of the vernier calipers

used. These calipers could be read to t 0,025 millimeters. From the

results obtained it was conc]uded(that the pipe diameter should be

e ————— e

considered constant for calculation purposes. 3

o g

e e i

Fig,29. The position wher'e™the diameter of the pipe was measured

4, The Orifice Diameter

The orifice plate was made from brass. Since the coefficient of thermal

expansion of brass is nigh, 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 18 degrees Celsius -
was t 10 degrees Ce]sius.‘ The 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 ofi0,1 per cent; the density of the water
1as determined experimentaily at various temperatures to within 10,01

per cant, Since the density of the water had to be known accurately,

small changes in its value due to factors qther than temperature had

to be considered. For example particies of dust and dirt could have

collected ovér a period of time in the sump and théylcou]d 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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wﬁen the forward divérsionrinto the measuring tank took place some

water (volume A) passed into the meaéurfng tank before the timer started
and some water (volume B) passed into the sump after the timer had
started (See Figure 30). The two volumes had to be egual and se]f;
compensatiﬁg for zero error. Similarly, when the return diversion out 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 travefse 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, tﬁe 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 volumes A &8
described‘above would bé equal and self-compensating.

c) A high ve]ocity of traverse is required so_as to minimize any péssib]e

error which could be introduced during a diversion.

To ensure equal velocity of traverse in the two directions, the following
experiment was performed periodically: The timing plate was rep]aced

by a small plate which could be mounted in such a manner that it would

be symmetrical about the diverter plate. The diversion time in either
direction was measured and the restrictor in the pneumatic Tine was
reset until equal diversion time in the two directions was achieved.

The diversion time in either direction was seventy seven milliseconds

| whiéh time was achieved when the compressor operating pressure was set

at 689,5 kn/m2,
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Fig.30.. Positions of the Diverter

8. Ihg Condition of the Orifice Piate | hff'

The or1f1ca p]a*e and the test sect1on were de51gned to conform to the

spec1f1cat1ons of BS 1042:1%64. 1he RFTLTSh standard on f]ow measuremﬁnt

"..',7-,:-* :
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was chosen as at the time of the design of the orifice piates on]y'
this eﬁgineering standard was 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 specificatidns; the following checks
were made: | _
a) The upstream sharpness of eaci plate was measured by the lead foil
method described in section 3.Z2. 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 measured with a
"Talysurf" meter. To ensure that the worst condition of the surface

of the orifice plates was recorded, measurements were taken at positions
wﬁere major blemishes or major imperfections in the surface of the plate
were detected. Thus the average surface roughness'of the plate was |
better than fhe recorded one. The measurements obtained showed that

the surface of the plates ﬁas smooth and was equiv#]ent to a ground
finish. |

¢) 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




Before starting to calibrate an orifice plate the following procedure was

followed:

Ve

If an.orifice plate was mounted between the flanges, then it waé checked 1in
order to ensure that the correct orifice plate would be calibrated. Before
installing an orifice élate»care was taken to check the condition of the
plate. After the plate was installed the test section was straightened and
levelled by adjusting 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 remained con-
stant and that the temperature of the circulated water would not rise ex-
cessively, the rate of overflow was adjusted_unti] a slow, steady rate

was achieved.

Before starting the calibrating procedure the manometers were 1evé11ed and
the manometer Tine was purged of the a{r which was entrapped in it. The
manomefer leads which were open to the atmosphere were .then clamped.

The oil 1éve] 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 Ca]ibrating of the orifice

p]ates 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 va?ve of the measuring tank, the

weighing of this tank, the switching on of the electronic timer and of the
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photb—e1ectric cell and thé starting up of the compressor. The diverter was
then actuated. While the tank was fi1l{ng up, the température was taken of
the water in the test section, in the tank and of the atmosphere. The
pfessure difference across the.orifice plate was measured. When the measuring
tank was nearly full thé 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 tﬁé measuring tank was drained and
four wsre pressure differential readings were taken. The procedure followed
“during a diversion was repeated. After twelve pressure readings had beén
taken and the procedure for the second diversion was completed the f]ow rate

was increased and the overflow was readjusted.

The procedure described above was then repeated until tests over twénty-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 flow rate setting eight readings were taken. The flow rate settings at

which tests for repeatability were conducted were as follows:

1. low flow rate (about 4 kg/s)

Ny

medium flow rate (about 8 kg/s)
high flow rate (about 10 kg/s)

S W

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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0,3 and the object of these tests was to prove the repeatability of any

reading at a particular flow rate.

The next déy the orifice plate was replaced with one whfﬁh had an area

ratio of 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

acress this piate would be low even at high flow rates and therefore

repeatability under the worst conditions would be proved.

The plate was calibrated over the 211 range of f]ow; As described in
the calibrating procedure each orifice plate was calibrated at twenty
four flow rate settings. Thesevflow rate settings varied from maximum
to minimum and for this experiment they were increased or decreased from
i_reading to reading at random. The above procedure was repeated four
times during the fol!Qwing 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

A T,

was 0,15. These tests were conducted as_the-pressure difference across
this orifice plate had to be measured with both the mercury mancmeter

at_high flow rates and with the inverted water manometer at low flow
- N — e — e e T o e e e

J—

rates.
L

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 handie. 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-

ible to locate this position by means of a dowel pin.

fhe procedure followed for calibrating each plate was similar to that de-
scribed in section 3.1.2 with the excéption that initially each plate was
ca]ibratéd 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 the

reaaing obtained was noted.

3.1.6 The Procedure Followed to Determine the Effect of Rounding the

Upstream Edge of an Orifice Plate

- These experiments were perfofmed 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 notéd. After the calibration
was complete the upstream edge radius of the plate was increased and
measured. When the required edge sharpness was achieved the orifice plates
were recalibrated. This procedure was repeated until sufficient data was
avaiiab]e on the effect on thé 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 experimenta]

readings were completed then calibration curves for each plate were drawn.

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 pTate 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 Tead foil method. _ ' <

3. The optica] method.

Methbd_l_uses the orifice plate as a mould for casting a replica of the edge
from a cold forming plastic. The resultant cast fdllbws 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 Tead foil onto it. The,prob1em with this method was that sometimes
a fragment of lead jutﬁed 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 Tower accuracy obtained for any measurement.

The above methods, their advantages and Qses were discussed in detail in
Appendix B.
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3.2.1 Apparatus Used

fn 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 p]ate_at'a.speqific point by using both the casting and the Tlead foi]
methods. The optfca] 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 use in the casting method were not avai]ab]e
and silastic had to be used instead. To obtain a thin and straight slice of
silastic was difficult and thus phctographs 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 fmprint 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 hoilder would have to be perpen-

dicular to it and the approach of the lead foil to the hoider would have
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to be 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.>AAn additional! feature of the holder, not regarded as one of the pre-
requisite 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 "koki" 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 1,5 millimetres deep projected from the end of the ciamp as illustrated
in Figure 32. The micrometer arm was turned until the depth of the imprint was
one millimetre, aftér 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 fweezers and
transferred onto a transparent negative which bore the image of a scale graduated
accurate]y 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.

-86-



Lead Toil Lead foil

T | -

l
.
=

Holder Arm

i L

Fig. 32. Method of Clamping of Lead Foil into the Holder,

The slide was then examined under a small microscope. If the radius was
measurable then the slide was placed into an enlarger and the eniarged image
cbtained on a screen was phetographed. Some of the photographic prints ob- .
tained, showing the imprint of tne 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 repeatabiiity of edge sharpness measurement when
the measurements are conducted:as described in section 3.2.2, the fol-

lowing experiment was performed. An orifice plate was clamped to
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Fig.33a. Photogrcph of the tmage of the

imprints obtained in the lead fnil

when measuring the edge sharpness of an orifice plate (magnification 300).
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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 cof 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 crifice 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 chat of the flanges whose centre
coincided with that 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’ v

The repeatability of the edge sharpness reading varied from

z 2 percent to z 5 percent depending on the sharpness of the

edge. The factors which caused the low repeatability of a read-

Cing 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 he 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 cf occasions distortion of the edge occured.
On these occasions double edges were cbserved on the photographs.

Improvement to the spring retraction mechanism in the apparatus
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helped to avoid this occuring. Distortion during the removal
of the foil from the holder was another problem which could
only be avoided by careful handiing. 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 the apparatus used. This was due
to the thickness of the scale markings when magﬁifiéd three
hundred times. The measurement of the distance between the
scale markings was open to personal interpretation. The max-
imum erfor that could have occurred in the determination of

c e s T
the magnification was =~ 1. percent.

The method of measuring the edge radius of an orifice from

the maénified imprints with a template is shown in figure 33b.
It was difficult to determine the cocrrect 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 percent.

On a number of occasions the profile of the orifice edge was

not perfectly rdund and its shape was 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 increased. To measure the edge radius of an
orifice plate wﬁose edge was not perféctly round was very diffi-
cult. 1In these cases the roundness of the edge was estimated.

G

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 impossiblé. Thié problem occur-
red frequently especially 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 edges and the undefined edges of the impfints
observed ‘in some of the photographs. Examples of problematic
prints are shown in figure 33e. In all these cases new imprints
had to be taken. '

'/-LEAD FOIL

4

Fig.33c. A sample of the Shape of the Edges of

some of the Orifice plates.

" Fig.33d. Curling up of the displaced lead onto

LEAD FOIL
//~

the sides of the imprint.

Upp and Crokett had encountered similar difficulties using the
lead foil method. They had found thaf from eight measurements

of the same edge, one waé not measurable and the 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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Fig3je- Examples of Problematic imprints obtained. .
: (magnification equals 300)
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3.3 " AFPPARATUS USED FOR FLOW VISUALIZATION

In order to achieve'a better understanding of flow through an
orifice plate, separate tesfS'wepe conducted utilising a smoke
tunnel to simulate the flow through an orifice plate:

(d) 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 structure was then fitted into the

smoke tunnel (See Figure 34). The smcke tunnel was fitted with
a small variable speed fan which allowed 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.

-93 -~









CHAPTER FOUR

RESULTS

4.1 CPEATABILITY OF EXPERTMENTAL READINGS

4.1.1 Repeatébility-of the Reference Meter

The ovefall tolerance, within the 95 per cent confidence limit,
to which the flowrate can be determined with the reference meter
is equal to - 0,12% at maximum flowrate and © 0,05% at low

flowrates.

The 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 fourd
to be between the above values.

4.1.2 Repeatability of the value of the experimentally

determined discharge coefficient.

Experimental tests showed that the repeatability of the
determined 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 flow rate were undertaken.

Further tests were conducted over the full range of flow
with orifice plates of area ratio equal to 0,15 and 0,55,
The value of the coefficient of discharge obtained from
each of the tests wzs plotted against the Reynolds 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 & 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 repeatébility of the determined
coefficient of discharge varies from p 0,19 per cent %o

* 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 particular
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

ig £ 0,065 per cent at a.reynolds number of 100 000 and

*t 0,09 per cent at a Reynolds number of 200 000 (See Figure 38)

TABLE 6
Variation in the coefficient of Discharge of an orifice plate
with an area ratio of 0,55 as determined from four sets of -
readings
Set of Reynolds number
reading 100 000 | 150 00C | 200 000 | 225 000
1 0,6168 0,6147 | 0,6137 0,6146
2 - , 0,6160 0,6148 0,6146 0,6142
3. ~0,6162 0,6151 0,6148 0,6151
4 0,6160 | 0,615 | 0,6146 | 0,6146
» Mean Coeffi 0,6163 0,6151 0,6144 | 0,5146
cient
Max % Varia- *0,065 +03,073 10,090 10,073
tion from
- mean
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If ‘a similar procedure is followed to determine the value
of the dischafge coefficient of the orifice plate with an
area ratio of 0,15, then the variation in the value of the
coefficient of discharge is ﬁ»0,0S per cent a4 a Reynolds
number of 100 000 and it is £ 0,01 per cent at a Reynolds
number of 225 GO0 (See Figure 39 and Table 7)

TABLE 7- -
Variation in the coefficient of Discharge of an Orifice plate
with an area ratio of 0,15 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 Coeffi- | ¢ 6075 | 0,6052 | 0,6045 | 0,6045
cient ‘ .
Max % Varia- ‘ ; '
tion from | 0,082 0,033 0,017 0,011
mean

.- -

From these results it can be ceoncluded that the repeatability
of the coefficient of discharge as determined in the experi-
ment will at worst be equal to g 0,09 per cent.

4.1.3 Repeatability of the Edge Radius MNMeasurement

The edge sharpness at a particular position of an orifice plate
_ was measured six times. It was found that if a very sharp edge
was measured (r = 0,01 millimetres) then the repeatability. of

8 measurement was - 5 per cent., If.the edge was rounded



(r = 0,33 milliﬁetres)then the répeatability of a reading
increased to t o2 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 COEFFICIENTS FOR STANDARD SQUARE EDGE ORIFICE
‘ PLATES IN A 100 MILLIMETRE PIPE LINE '

4.2.1 . The Variation of the coefficient of discharge

with the Reynolds numier

The coefficient of discharge was plotted against the Reynolds
number, the reciprocal of the Reynolds number and the square
root 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 regioa where the Reynolds number based on the
orifice diameter 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 coefficicnt and the Reynolds number 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 the available data to determine whether the coefficient
would remain constant with increasing Reynolds numbsr or whether
it woenld contimie to decrease at a very low rate.

To see if more information could be extracted from the data

-Qg9-.



available the coefficient of discharge was plotted against
the reciprocal of the Reynolds number. From this graph it
was evident that the coefficient of discharge decreased with
increasing Reynolds numbers. The relationship between the
reciprocal of the Reynolas number and the coefficient of dis-
charge could be approximated by a snralght line for Reynolds
numbers greater than 100 0CO.

Plotting the coefficient of discharge against the square root
‘of the reciprocal of the Reynolds number 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
flow region.

4 2.2. Variation of the coefficient of Discharge of Orifice
lates with the Area Ratio of the Plates

The coefficient of discharge of 211 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 Reynolds number of 100 00C, 150 000 and

200 000. The determined coefficient of discharge of each plate
at a particular Reynolds number was plotted against the area
ratic. Curves similar to those shown in Figures 44 and 45 were
cbtained. The maximum scatter of individual experimental values
about the curves_obfained were as follows:

R

eq Maximum Scatter At Ares Ratios of
106G 000 3% 0,155 0,4 & 0,5
150 000 | 3% 0,15 & 0,45

200 0090 .15% , 0,15, 0,45 & 0,55
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From Figures 44 and 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 curves 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 transducer and the results were plotted in Figure 46.
Prom 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

Discharge

Plotting the coefficient of discharge against the Reynolds number
for an orifice plate initially located centrally and then in
different eccentric positions,vresults in curves similar to those
shown in Figure 47. From Figure 47 it is evident that the co-
efficient of discharge increases with increasing eccentricity.

The wvalue of the coefficient of discharge at a Reynolds number of
1C0 000, 150 00C and 200 000 of the orifice plates tested was
plotied against the eccentricity ratio: (Figure 48). From the
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resultant figure it can be seen that for each orifice plate
the curves obfained for the wvariation ¢f the eccentricity ratio
with the coefficient of discharge at the various constant Reynolds'
nunbers are parallel and therefore the results obtained apply
at any given Reynolds number. 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 dischargé at 2 Reynolds number of 200 00
was plotted against the following:

a) eccentricity, E, (Fig. 49)

b) eccentricity/orifice diameter, E/d (FPig. 50)
c) . eccentricity/area ratio, E/m (Fig. 51)

a) 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 variables can be expressed 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
sccentricity ratio had the highest correlation coefficient and
therefore should be used to best represent the results. From the
above plots itv 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 larger 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 ccefficient of discharge is
plotted against the area ratic of the different orifice plates

at various eccentricity ratios. Trom this figure it can also
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~be seen that when the plate is fully eccentric, the percentage
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 eccentricity 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. Sincé initially such large varietions
in the eccentricity of an orifice plate causes such small changes
in the wvalue of the coefficient of discharge there is no reason -
why the effect of eccentricity on the coefficient of discharge

of orifice plates used in practice today cannot be kept under

0,1 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. PFrom Figure 55 it is evident that 2 linear relationship
exists between this allowable eccentricity'and the area ratio of -
an orifice plate;' . Thg 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 coefficiesnt of discharge to be less thsan
0,1 per cent

100 E 3,55 -1,69m ....... 1

D -4
From equation 1 the ailowable 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 millimetres. This shows
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conclusively that the coefficient of discharge of large area
ratio orifice plates is more affected by error in eccentric
location than are small area ratio orifice plates.

4.4 EFFECT OF ROUNDING THE EDGE OF A SQUARE EDGE
"~ ORIFICE PIATE '

4.4.1 Variation of the coefficient of discharge with the
Reynolds number for qrifice prlates of various '
Edge Radii

A typical experimental curve of the coefficient of discharge
versus 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 resvults 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

0,1 and 0,5 at variocus constant Reynolds numbers. Similar
curves are obtained for the orifice plates of srea ratios of 0,2;
0,3; and 0,4.

Further analysis of the results is at a Reynolds number of

200 000 as this is the highest Reynolds number at which all

the plates were tested. As the curves in Figure 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.

4.4.2 The Relationship between the Edge-roundness and the
discharge Coefficient

The value of the coefficient of discharge of each orifice
plate was determined 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 of 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 amd the edge radius of one
orifice plate differs from that representing the same
relationship for another orifice plate. This difference
ig due to the plates having different area ratics and
therefore it éaﬁ 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 :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 plate whose
upstream edge is already rounded.

To determine the correction factor which should be applied
to an orifice plate whose sharbness ratio is not 0,0004,

the coefficient of discharge of each plate at this sharpness
ratio was read off from figure 59. The sharpness ratio

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 calcuiated and
then it was plotted against the edge radius and the sharpness
ratio of the orifice plates tested {See Figures 60 and 61
respectively) |

From Pigure 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 discharge of an initial
small increase in the edge radius 1is 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 percentagé change in the coefficient of discharge
increases with increasing sharpness ratio. The most
affected is the orifice plate with an area ratio of 0,5.
From Figure 61 it can be seen that the coefficient of
discharge of orifice plates whose sharpness ratio 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 curve for

orifice plates of various sharpness ratios will result in
errors in the coefficient of discharge of up to + 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 correction curve can only be recommended for

orifice plates whose sharpness ratio varies 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 Figure

62 the coefficient of discharge of any orifice plate can

be corrected for the effect of'edge roundness to within

+ 0,1 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
boundaries.

~ 106 -



a2

0001

NEIQOUAN SAT0NASN

=L=2 === ’ S22 [ | (7o Rengiy { w21 a3 = 4 (725 = =1
NM m__ MH ——ﬁ mm wﬁ __ nﬁd ﬁ_ _- ~— N__ ~ﬁ “- -_ ﬂﬂ
yre A —
Q
T h SAA A ,\r —
- 2620| _+ T4 womtmo oA -
[ o r.@l H ] D.vO ﬂmﬂ. 8; AN I —
-
- % ° T o +Wdu0 & o -
A D
—— -+ -+ A M- —
— At wLE0 + ]
L]
_— + A O —
| +
el
- %€ 0! o —
3 A
— AT ——
yr- > b
1 h» » m. _, i — 1 m i m 1] _ 1 L 1 _ 1 ~ 1 — i ~ 1 — H _ 1 “ i M 1 h { m 1 ;— i

EE '8 O QI AWM vwEHAEAY HALIM BLVYidd TJOIISLIHO NY HOSd NOITLALVTIITIVYISESNT

L2731 Bri NI SNOILVYHGITIYD IvYNalIAatasi S0 ALITIEYIY3ASEY 04 818340

9f "ON T[HMNODI S

218 @

L=
a19 @
RPN
BEe @
=28 -2

A U0ITCEDY

XN
- 107 -

UDM&!&HUHLJZI-



. MIQUUMAN SEITIONAZM
@22 a2 4= a2
—

a2 2a=2% ro ] rol g

Loy

.

i _ i M i _ ! w I _ WJ i ﬁ H T _ l M‘ﬁ w “.i.u.

N U BT B

1

_i

I N T A

K1 'EF L0 OTivVa VINVY HILIIM JLYIld TSI N0 NY 2HO0HA NOITLWOTIYILIGNT
BNQILVARKITIVYO TIVAAIANAIAnNI SO0 ALTITNIRKAYILIVYIAZTN MDA SAlsS3IL

LE&3L Tl N1

WA

ron

FAMDT A

| =8 ==

[ra o = B

125

28 =

|2 =

=2T9

T3

< gn

DO W thot J td 2z}

ArNO0ICECY

oW

- 108 -




S
HIRKFP~IOAN SQTIONATZTN

S LR v i) c==2  eaa= <o @s 1 c=1 -1 <2 fr. X c=

‘ 2183
rerYrYrrYrrrr*rroev v rrr e rrr e

- — w1@ o
- —_— arm @
s - Dim @
o e

—— — s a

Mw_mnmﬁh.__mz______»__m~___M.__hp‘_w_-mm_,w_ == g

HOILY T iwLssEm e CAETBL OTBVri N AQAVLETL &K '8 S0 O1T4Avwa vYIMNY HLIMA TALVYTIid BOTISIHO
NY HO ITONVYHOSIA S0 LNRBIIOIIALATOO ML S0 ALIMISVIVYIAEY 204 gls34L

Q¢ *oN FanaT A

0L dAuwbdbgIr<eou

- 109 -

DOML ol wtizk



SEas T
HMIR/~A—RNAMAN SATTONATY

B - , . B2 . &&= 231 =21 SR

@z 7Y e
71T r v ¢+ttt
frasommes —— RS e %]
S PR
SO —— S BE B
S, p R oo B IR oo
qi-l .
e RN
- BIE DT
o micn 2123
N
- | , | | | ~
PR NS S NSNS TN SN TN NN TSN NN TN SN TN AU TN RN SN NN S SN SN NN TN NN T S -

NOITLYTITIVYLIENT LEBL =ML NI AQ3ILs&™L 1 '3 H0 OT LV wW3aANY rmMliAan Jlvad
VT LI XNO NV HJO ANITIDILSSIIOD IODAVYHIOSIA 3FHLIL HO0 ALITNIGEVYIVYIAEXY N2 S1s3L

bt *ON F2MOTI I

O4 A-HO0ICLDY

- 110 -

NOoWhLbwDrwidZhk



Fig.4G Repeatability of Edge.Sharpness Measurement Using the
Lead Foil Method  (Edge Radius of 0,33 mm)
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0,614 [

COEFFICIENT OF DISCHARGE (Cp)
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! ! 1 I 1
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Fig. 44 The results obtained for the variation in the
Discharge Coefficient with the Area Ratic at
a constant Reynolds Number of 100 000.
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PERCENTAGE FLUCTUATION ABOUT ‘THE. MEAN PRESSURE

PERCENTAGE FLUCTUATION ABOUT THE MEAN PRESSURE =

PRESSURE

time

b x 100
a

I l. 1 I‘l T T T ’ f T

S~——— -

: \\\p1ate 55

Area ratio = 0,55

\’\\"—‘” _’m___‘p]ate 45 - co
«\x\\\\\\\\ifea ‘ratio = 0,45
) s plate 15

Area ratio = 0,15

- and 0,55,

{ ! ] I { i ! 1 L

0,5 ( 1,0 .
2 X ECCENTRICITY RATIO ~—a)

Percentage Fluctuation About the Mean Prossure with =
Increasing Eccentricity Ratio for Flow Measurement
with»Orifice Plates with area Rattos of 0,15; 0,45
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Fig. 48 The effent on the Coefficient of Discharge of
increasing the eccentricity of the plate at a
constant Reynolds number
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Fig, 49 The Effect on the Coefficient of Discharge of
inereasing the eccentricity of an orifice plate. The
Coefficient of discharge was determined at a Reynolds
number of 200 0060 .
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- Coefficient of Discharge, CD

0,660

0,630

70,600 . L A 1 s .

0,650

0,640
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0
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iy 8 12 16 20 on

100 x ECCENTRICITY/ORIFICE DIAMETER (1%2—5)

Fig. 50. The Effect on the Coefficient of Discharge of
Increasing the ratio of eccentricity/orifice diameter.
The Coefficient of Discharge was determined at a Reynolds
number of 200 000. :
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Fig.51. The effect on the Coefficient of Discharge of
increasing the ratic of eccentricity/area ratic. The
Coefficient of Discharge was determined at a Reynolds
number of 200 000.
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COEFFICIENT OF DISCHARGE
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Fig. 2. The Effect on {the Ccefficient of Discharge of Increasing
the Eccentricity ratio of sn Orifice Plate. The Coefficient of
Discharge was determined 2t a Feynolds number of 2006 000
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Orifice Plates of Various Area Ratics on Increasing the
Eccentricity of the Plate
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Discharge due to Eccentricity will be under 0,1%.
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COEFFICIENT OF DISCHARGE
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qu,fSY The Effect on the 'Coefficient of Discharge of
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COEFFICIENT OF DISCHARGE
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Fig.66. The Effect on the .Coefficient of Discharge of Orifice
Plates of Increasing the Upstream Edge Radius of a Plate
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of Increasing the Sharpness Ratio of a Plate ‘
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Percentage change in the Coefficient

of Discharge. ( Cp - Cp

“Sharvn orifice.
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Fig.A62. The recommended correction factors

to be applied to Orifice Plates

whose sharpness ratio varies between
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CHAPTER FIVE

DISCUSSION

5.1 METHOD OF CALIBRATION AND GENERAL RESULTS.

In Chapter Four it was shown that the repeatability of the
coefficient of discharge increased with increasing Reynolds
number, which in turn increased with increasing flow rate.

The accuracy of the pressure difference readings alsc 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
vchange'in‘thé accuracy of the pressure measurement. The
reason for the large difference between the accuracy of the
pressure difference reading and the repeatability 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:.
frem 00,0004 caused a significant increase or decrease in the
discharge coefficient. (see section 5.5).

Thus to determine the relationchip 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 crifice plates with

area ratios of 0,15; 0,45; and 0,55 was about 0,5 per cent
higher than expected.

This difference can only be attributed to a minor change in

the apparatus used to calibrate these orifice 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 100mm 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 position 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 ccefficient
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 platéé was 0,0003 and 0,0002
respectively. If an orifice plate was considered to be sharp
when i1t had a sharpnéss ratio of 00,0004, then these plates

could have been considered 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 upstréam face of the orifice plate was opposed by the -
oversharpness of these plates. The net result was a coeffiezent -
which was slightly higher than expected for these orifice
plates. ' '

The actual correction factor for these plates was not known

as the redationship 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 high accuracy was required.

The plate with the area ratio of 0,15 was found to have a
sharpness ratio of 00,0007 and this roundness of its 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 substential increase in the coefficient of discharge
occurred as a result of microscopic imperfections in the edge.

5.3. COMPARISON OF THE EXPERIMENTATL RESULTS FOR SHARP CONCENTRIC
ORIFICE PLATES AGAINST VARIOUS STANDARD$

a). The British Standards.

The coefficients of dischargé determined experimentally at 2
Reynolds number of 100 000 and 200 000 for the sharp orifice
-piates 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 €4 it is evidént that the experimentally
determined coefficients of discharge are well within the
tolerance limits of the British Standards. The largest
difference between the 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 1is 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
would be equal to 0,49%. |

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 the orifice plates tested,
then the British Standard coefficients would be in agreement

with the experimental ones to within t 0,35 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 experimental one is

for tle orifice plates whose 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 + 0,75% while for the .plates with
area ratios greater than 0,4 this tolerance increases with
increasing area ratio. 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 ccourrence seems to be that the. effect

of upstream edge roundness is greater for the small area ratio
plates than for the larger ones. This explanation is substantiated
by the notable improvement in agreement between the British
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Standard and the experimentsal results which were corrected for
edge sharpness effect., This improvement was 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 experimentzl one is larger for both the corrected and
uncorrected. coefficients.’ ‘

b) A.S.M.E.

The experimentally determined coefficient of discharge for

sharp -orifice plates was compared with the American Standards:

in figure 65-where the respective éoefficients of discharge
determined a2t a Reynolds number of 200 000 are plotted against
the arca ratio. This comparison shows that the éxperimentally
determined coefficients of discharge of the orifice plates

with area ratios of G,15; 0,40 and 0,50 are outside the tolerance
limitslspecified by ASKE. The largest difference between the
ASME and experimental coefficient is for the orifice »nlate

with area ratio of 0,15 and this difference is egual to 0,89

per cent. _'

If the experimental coefficients are corrected for edge sharpness,
then this difference decreases to 0,65 ver cent. This shows
clearly that the experimental results are closer to the British
Standard coefficients than to the ASME ones. Furthermore

ASHE coefficients azre supposed to apply within a lower tolerance
limit (£ 0,50%) then the British omes ( L 0,75%). The
experimental results clearly indicate that ASHE coefficients .
are high for large area ratio-plates ( m» 0,3) and low for plates
whose area ratic is less then 0,3. The only orifice plate

whose experimental coefficient is equal to that specified by
ASHME is the one with area ratio of 0,3.

he coefficients of discharge of orifice

Q
,_I.
H,

]

<
ot

1.5.0. does not spe ¥
plates with D & D/2 taps, bul specifies the coefficients of
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discharge of orifice plates with vena contracta taps. The
coefficients specified by I.S.0. shculd be correct within .
a tolerance limit of % 0,25 per cent for orifice plates
with area ratios ranging between 0,15 and 0,45, as the
I.S.0. spe01f1cat10n° for the vena contracta are adhered

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 I.S.0. The coefficients of all
the other orifice plates are too high. The actual percen-~
tage difference between the coefficients specified by the

" I.5.0, 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.S5.0. coefficients. This results in a reduction in the
maximum difference between the experimental ccefficients and
the I.5.0. coefficients from 1,26 per cent to 0,79 per cent.

From these results one can conclude that the I.5.0. 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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Comparison between

TABLE 8

the values quoted for the discharge

coefficient by the various standards and by researchers

with the values obtained experimentally.

Area Ratio

PERCENTAGE DIFFERENCE BETWEEN THE STANDARD

of AND EXPERIMENTATL
RESULTS AT A REYNOLDS NUMBER OF 200 000
Orifice BS  ASME ISO Buckinghams Dowell &
Plate : Equation Yullin Chen
Eouation
0,1 -0,30 -0,30 -0,78 -0,30 0,17
0,15 -0,45 -0,89 -i,26 -0,89 ~0,13
0,2 0,50 - -0,15 -0,60 -0,15 0,30
0,3 0,54 _"0',-03 -0,49 -0,03 0,12
0,4 0,49 0,84 0,23 -0,84 0,39
0,45 -0,38 0,20 -0,31 0,20 0,10
0,5 0,07 0,79 0,18 0,79 0,72
0,55 -0, 29 0,34 -0,39 0,34 C,44
NOTE:  ISO VALUES ARE FOR VENA CONTRACTA TAPS AND NOT

D & D/2 taps.
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d) Dowell & Yo-lin Chen's proposed coefficients

Comparing the experimenta1~resu1ts 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
and the coefficients proposed by Dowell and Yu-lin Chen
for orifice plates with area ratios less than 0,3. Dowell
gnd Yu-lin Chen's proposed equation results in coefficients
which are too high for plates with area ratios greater
than 0, 3. o -

If the experimental results are corrected for upstream

edge sharpness,. then the maximum difference between Dowell,
and Yu-lin Chen's proposed coefficients and the experimental-
1y 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-lin Chen's co-
efficients, followed by A.S.M.E. and lastly I.S.0. The re-
sults also show 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 pive 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 number of

200 000).
T T T T g
0,614 | pe
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0,606
0,602 L .
0,598 L 1 | ]
0,1 0,2 0,3 0,4 0,5
Area Ratio, m.
LEGEND v '
Symbol Meaning
X experimentally determined coefficients of discharge
5] experimentally determined coefficients of discharge

corrected for edge sharpness

specified by this standard,
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COEFFICIENT OF DISCHARGE, Cp

FPigure 65. Comparison between experimentally
determined coefficients of discharge and the
ones specified by A.S.M.E.for the orifice plates
tested. (Comparison at a Reynolds number of

e

200 000.)
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5.4 THE EFFECT OF ECCENTRICITY,.

a) Relationship between discharce 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'eccentricify was expected as similar findings
were reported by Miller and Kneisel 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 in this experiment, the difference was due only
to the fact that they did not test for larger eccentricities
than 7,5 milYimetres. An examination of their results showed
that if they would have continued to increase the eccentricity,
resvlits similer to those found in this paper would have been
obtained (See figure 68).

= 4,0 l 1
=z
= O
e
)
v =
< o
< O
T
U ow 2,0 e
o
w o
o <
< T
—
=z n
g 2
a
ém 010 1 L
a z ' 0.5
- 0,25 ]

ECCENTRICITY

Fig, 68 Typical Results obtained by Miller & Kneisel
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For small eccentricity ratiocs the work done by-Hinz,
Scofield, Edwards and Caszle was in agreement with the
“experimental findings.

The results'obtained'by Hinz and his fellow researchers
are shown in figure 69.

0,68

- -

J ' '}5=0.3005
I —//v J

0,60 1 { ! 1 1 i
0.0 0.4 08
ECCENTRICITY

© AVERAGE FLOW 'COEFFICIENT

0.64

Fig. 69, The Results 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. ’ B ‘
One of the reasons why their results did not zgree with the
author's findings was that their experiments were conducted
in 2 25,4 millimetre pipe. The author's results were
appliceble to flow in one hundred millmeter pipes only, and
thus could not be compared with those of Hinz and his fellow
researchers. Furthermore the change in the trend of the flow
coefficient with eecentricity ratio as determined by Them
could not be explained., ZHven Hinz states that:- 'the author
feels that the data in this region may be less relizble than
in the other regions'. He refers to the second region where
ne eccentricity ratio varies from 0,35 Lo C

The experimental results showed that the coefficient of discharge
was related to the magnitude of the eccentricity and to the
diemeter ratio.



1
The above findings were substantiated by statements found in
the standards,and by the findings of Miller and Kneisel..

The effect of eccenfricity on the coefficient of discharge
increased with 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.
Multiple tappings were used 1in the experiments conducted by -
the author and thus no relevant comment could be made on
the above statement. With the use of multiple tappings,

directional influences were neither expected nor detécted.

All other researchers siudying the effect of eccentricity
found an initial increase in the pressure fluctuations and
'8 subsequent decrease with increasing eccentricity. The

B

recordings taken with the pressure differentizl transducer
of the fluctuations in pressure with increzsing eccentricity,
clearly illustrated this point.

b) Determination of the maximum error in the coefficient of

e
discharge of standard orifice plates as a result of
C

eccentricity specification

9]

From the specificatiohs of the various standards the maximum
allowable eccentricity for various area ratio. plates was
determined. From these values, the maximum allowable eccen- '
tricity ratio for cach orifice plate was determined. From
figure 54, the percentage change in the coefficient of dis-
charge of concentric orifice plates due t0 eccentricity of
these plates was obtained. The results obtained for the
various engineering standards are tebulated in table 9 .
on the following page. l

- 149 -



 TABLE 9

The perceﬁtage 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 specifibations of the standard concerned.

ENGINZER ING PERCENTAGE EFROR IN THE COEFFICIENT OF
STANDARD DISCHARGE AT AN AREA RATIO OF

0,15 0,45 0,55
B.S. 0,20 0,35 0,4
A.SMLE. 0,05 0,08 0,12
A.G.A. 0,16 0,85 1,4
1.5.0. | 0,12 0,08 0,08
BEANS SUGGESTION 0,08 0,08 0,10

From table 9 it is evident that adhering to the British
standard specifications for maximum allowable eccentricity
can cause errors greater than 0,4 per cent. Considering
that the tolerance limit quoted by the British Standard on
its coefficient is 0,75 per cent for orifice plates with
area ratios below 0,4, the error introduced by eccentricity
alone is very high.

A.SM.E. specifications for ecceniricity of the plate are

more stringent than those of the British Standard eand
consequently the error due to the meximum allowed eccentricity
is very low. Only orifice plates with area ratios greater
than 0,55 will have errors in their coefficients which are
greater than 0, 1 per cent.
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- The I.S.0. speéifications‘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.S5.0. specifies
the maximum allowable eccentricity is therefore better; as it does
not call for over stringent specifications where it ié 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 I1.3.0. specifications are adhered to.

A.G.A.,similaflyvto ASME, specifies a constant maximum allowable
eccentricity irrespective of the area ratio, but contrary to

ASIME its specifications are so slack that,efrors 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.

Beaﬁg suggestion for maximum allowable eccentricity results in
the smallest errors. The maximum error due to eccentricity will

not exceed 0,1 per cent.

¢) The authors suggestion for maximum allowzble eccentricity.

The experimental results show that initially large changes in

- eccentricity cause small ervors in the discharge ccefficient,

and that further increases in eccentricity result in large errors
in the discharge coefficient.. (see Figure 54)

As a resuvlt c¢f these findings and beéause of the need %o
improve on the accuracy of the standard coefficients, the author
feels that specifications’which will limit the maximum error in
the coefficient of discharge due to eccentricity to below 0,1 per
cent, are justifiable and also possible to achieve,

To 1imit 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
D-¢&

= 3,55 - 1,69m .,....... (1)



d) Comparison with ASHME for fully eccentric.orifice plates.

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'increasgd
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

is. given in table 10.

S | 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-
tric orifice plates.

Area Ratio Experimental coeff. ASNME 4 diffe-
coeff., rence
0,15 . 0,632 0,621 1,74
0,45 : 0,657 0,640 2,59

0,55 0,665 0,645 3,01

5.5. THE EFFECT OF EDGE SHARPNESS.

5.5.1 General findings.

'The authors experimental results showed that the coefficient of
discharge of every orifice plate tested increased considerably
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 similan but the curve for the orifice plate with
area ratio of 0,3 was almost linear. Furthermore, the change
in the coefficient of discharge with increasing edge radius
was greatest for the orifice plate with area ratio of O,l."

5.5.2 Comparison with Hernings results for orifice plates

with area ratios of 0,1 and O,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 aﬁthor'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 0,1 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 sn orifice
plate with area ratio of 0,1 are higher than those determined

by the author. The reason for this discreépancy is that Herning
determined his coefficients at a Reynolds number of 70 000 while
the author determined his coefficients 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 understsndable, as the repeatability
of a calibration as performed by the author is + 0,1 per cent and
the measurement of the'brifice edge radius 1is + 2%.
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This result showed that measuremeﬁﬁs obtained with orifice
plates are highly repeatable,

5.5.3 Analysis of the results.

From the results obtained the author determined the percentage
changé in the coefticient ¢f 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 shérpneés
ratio. The resultant data was then studied by the author and
"he came to the conclusion that from this data reliable
correction curves for the effect of edge sharpness on the
coefficient of discharge can be deduced.

Initislly a single correction curve for the effect of edge
sharpness on the coetticient of discharge of any orifice plate
was determined. (see figure 72). Such a correction curve was
considered useful as the deduced correction factor would be
dependent on the value of the sharpness ratio only, and therefore
the coefficient of discharge of any orifice plate could be
corrected ror edge sharpness ertects. If the proposed correction
curve is used, then the tolerance on the corrected ccefficient

of discharge wiil be in the order ot t;l,O per cent,

Herning and Wolowski also determined such a correction curve, but
the tolerance in the coefficient of discharge corrected by their'.
curve is oniy + 0,75 per cent. The author compared his correction
curve with that of Herning and Wolowskl in figure 73. From this
rigure 1t 1s evident that the correction tfactors proposed by the
author are at most 0,3 per cent lower than those presented by
Herning and Wolowski. For small sharpness ratio plafes, agreement -
to within 0,1 per cent exists.

To enhance the validity of the proposed correction curve, the
author decided t0 use his own results and those of Herning to
derive a final proposed correction curve(see figure 73)
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The tolerance on the coefficient ¢f discharge corrected by
use of this correction curve ié in the order of %t 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 ratios 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
piates with area ratios equalyto 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 corrected coefficient of
discharge is in the order of g 0,4 per cent. For the orifice
plate with area ratio equal to 0,1, the tolerance on the cor-
rected coefficient of discharge is equal to t 0,1 per cent.

The tolerahce limit on the correction coefficient is reduced
considerably by this approach, but care must be taken on how
tliese 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, 0,3, 0,4 and 0,5 only and the effect of
edge roundness on the discharge coefficient of orifice plates
with érea ratios smaller +than 0,2 is not known, with the ex-
ception of the plates with area ratios equal %o 9,10. Due to
the above, the correction curve for crifice plates with area
ratios equal to or greater than 0,2 should be corrected for edge
sharpness effects by the use of the proposed correction factor,
while for orifice plates with area ratios less than 0,2 the’
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correction factor propqsed in'FigureA72 should be used.

Although-thecorrecfionﬁfactors deduced in figures 72 and 73 are
useful, lower tolerance on the correction 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 + 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 proposedcorrection 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 Keynolds numbers at which their results
weregliven 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 standerd coefficients as the reference ceoefficient.

For example Upp and Crocket and Benedict,'Wyler and Brandt bvased
their 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
ASME.

Herning vused the 1.5.0. and the DIN coefficients as a basic
coefficient and he compared all his results with the specifications
of thésestandards. Although the basic coefficient used for
comparison by Herning is different from the avthor’s, close agreement
between their\results exist for small sharpness ratio plates. (see
figure 74). For orifice plates with sharpness ratioé varying from
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0,0002 to 0,0006 the largest difference between the proposed

sorrection factors is 0,15 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,_nb‘;comment‘was made on the above finding. If
it is assumed'fhat 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 1less than 0,2
‘and sharpness ratio greater than 0,0006 is used, then the
correction factor proposed in figure 72 should be used.

2. TFor any orifice plate with area ratio greater than 0,2
and sharpness ratio greater than 00,0006, the correction
‘curve proposed in figure 73 should be used.

3. TFor any orifice plate with sharpness ratio varying between
0,0002 and C,0006 the correction factor proposed in figure 62

should be used.

5.5.4 Analysis of the Engineering standards regarding edge

sharpness

From figures 67 and 68 it was evident that the effect of
rounding the edge of an orifice plate caused subsfantial
increases in the discharge coefficient. TFor example, increasing
the sharpness ratio of an orifice plate with an area ratio of
0,5 from 00,0002 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 00,0004 and was referred to



as 'oversharp! in this thesis, would have a similar error
in its coefficient as a plate whose edge was slightly rounded.
As a result of the above findings, the validity of the
definitions of the various standards was examined.

1. ASHE and I.3.0.

Small changes in the sharpness ratio were not detectable by

a mere visual inspection, thus illustrating the fact that the
ASME and I.5.0. specifications for the condition of the
upstream edge of an orifice plate were inadequate and thus

the specifications of these standards were in need of revision.

2. British and German Standerds,

The British and the DIN standards on flow measurement specified
that the sharpness ratio had to be equal to or less than 00,0004 .
for an orifice plate to be considered sharp. For highly

accurate measurements this specification was also inadequate as
two 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 ecxperimentsl resultss,

The two factors which affected the validity of the experimental
results were firstly the variaticn 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 measurement of the edge radius
and because of the high cost involved.

Using the average edge radius as obtained from six measure-
ments around the 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

CONCLUSTION

The author found that the experimental results were accurate
within * 0,1 per cent. These results, when compared with

the various standards,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.0. The comparisons showed that best agreement
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.0. In all cases,when the ex—
perimental coefficients were corrected for effect of edge
sharpness, better agreement hetween 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 not only deperdent 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 effect

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
improvement in the accuracy of the standard coefficients would
result if the specifications for maximum allowable eccentricity
would be as given in equation 1.
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100 E ¢ 355 2 2,69m eevenene..(1)

D-d o
This specification can be adhered to without any difficulty
and the error in the coefficient of discharge due to0 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 value of the discharge coefficient.
As a result of this the specifications of ASME and I.S.O.
regardiﬁé edge sharpness are in need of revision. The
gspecifications ot both the German and the British standards

are satisfactory only if errors in the coefficient of discharge
of 1’0,5 per cent are acceptable.

Correction curves for the effect of edge sharpness are proposed,

which will reduce the error caused by edge roundness. These
correction curves are baszd on the authors and Hernings 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,

Méthod 1.

The flow pattern throﬁgh an orifice 1s as shown in figure‘76.

. .
SRR UL W W, SR N SR W/ D TN
-

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

2 2
P v Z P \Y Z
'—;]: + ——]."' + l = ""'2—+ '—2_' + 2 o-o-c..co-o"ocsl
Pg 2g PE 2g '
Assume pipe is horizontal, i.e. Zl = 22
2 2
El__ P2 - V2 - V1
P g 2g
v.2 -y = 2. (p, -P)
2 1 I T Cerecneaeieee 2
p



Aésuming steady state, no loss or gain of heat energy, no friction losses

and applying the continuity equation gives:

Assume the fluid to be incompressible

;.‘ p = p

1 2
and V2A2 = lel s
I.I V = VA
1 .—‘_2-——2’ '.O'.'l..ll.l.ll..l'.....l..il. 4
&
and ’ v = q
2 pA l.'l'.l.'.ll'.'...l.ll".."‘ 5

2
substituting the value of V1 from equation 4 into 2 gives

Vz - 2 2 = —‘-2(P1"P2) I A A A 6

. A,
A

Substituting the wvalue of Vzlfrom equation 5 into 7 gives, .

q j 2 (P - PZ)’
D

(Y
A

1

L]

UL U SU—

¥ a = A m @y
, | 220 (@)%,

—
;N2

ﬁ _ fAz\

v \Ay
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The area of the jet at the vena contracta is difficult to measure
and therefore for practical considerations 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

2 '
q= 1 /[20, (P, -4P2)]

o Uan

The flowrate determined experimentally does not agree with that computed
from equation 9. To correct equation 9 the right hand side is multiplied
by the coefficient of discharge, Cg. '
, ) 3
] 2 . .. e . .
Soq o= CD-(E%—-—) [2e (B - Byl cevieene. 10

[1 -(%)4 ]

The overall coefficient of discharge, K, includes the velocity of approach

factor, 1 - (g) 4
. D g

. _ 2 , :
S. g = K. (3_21_) [20° (P; - P))] 11

1f the fluid is compressible then a coefficient of expansion, Y, is in-

troduced and equation 11 becomes

3
¢ = Y.K. (‘ndz) [20 (B, - B,)] i, 12

4

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
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. . - 2 .
V,= C [2g (b - hy + VD] el e . 13

2g

where Cv is the coefficient of velocityv(lﬂJﬁ.

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, Cc’

Applying the continuity equation and expressing the area at the vena

contracta in terms of the coefficient of contraction and orifice area

gives,
VlAl = V2A2 = V2 Cc Ao s e s s e R N A N NN 14
oo Vl = V2 C Ao
T Ceesesesennan veeeennn veeesssss 15
1 ,
and vV, = g _ '
2 CcpAo ® 04 0 00 9000000000000 0060000s0800000000 16

Substitute value of V, from equation 15 into 13.

' v, = ¢ [1%&8 0y -h) 1 ORI ¥

4 {1 ~ cv2 ccz(:@_)z
, A
1

Substituting for V2 in equation 17 gives,

-9 ___ = )
AP - C, [ 2¢ (hl-hz)]\‘
c o, > tesessicsanas . 18
- A
} {l—C 2C 2(___9_)}/
v ¢ \A
, ‘ . 1
) | | - \ 3
e 1T CorCy-tpr® [2g(h) - h))] \\ ................ 19
’ - '2-\/
; A
\{chzccz (f)
1 Y
Let K = d c
_ c’v .
P N Ceveeen weenel 20
(l Cc Cv (D) 12 )
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o Equation 19 is identical to equation 11.

Method 3. _

In this analysis a size coefficient™ is introduced. The derivation
is the same as in method 2 but the overall coefficient of discharge
can be expressed as

R

‘I-l- | DRI I SRR BERY N SR R BN I 21

Method 4.

Spinks (115 )derives the theoretical flow equation by using the equation

. E
for power.

The total power at pointl for a variable velocity pfofile is

Ay

3
oV, | |
r‘ + pZvy, + P V §A; and at point 2 is

Ay
3
pv,
/ [2 | t eV, +32‘_’z]“2
- |

&€

The total hydraulic power at point 1 must be equal to that at point 2

if no gain or loss of power is assumed.

: ~A¥i
s pvl3 - pv
) N + pZV+PV 6A +pZV +PV SA
0 2

.................. 852
In a circular pipe with a symmetrical velocity profile, the velocity -
can be expressed as a function of the distance, a., and§ A= mala,
-1§2-

e e e g et e LR - B - - B




Paraoe (];L6)and Streecter ('1]]7)have used 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
o1 Yy Ay ' p VA
-szf—*—— + DZl A1 V1 + Pl V1 Al = v + pZ2 A2 v, + P, V

2 TPy Vo4

g g€
B

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 EXPERIMENTAL EQUIPMENT

1. ORIFICE PLATE CALIBRATING EQUIPMENT

The tolerance on the final méasurement of the flow rate is in the order
~of +/- 1% percent if the orifice'plate is made and installed strictly to
the specifications of any Standard Code. :This includes the coefficient
tolerance, érrors in the determination of the density of the fluid, the
area ratio of the.plate and the manometric differential pressure., If thé
rate of flow of the fluid in the pipeline is to be known to an accuracy

greatar than 1} 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 which 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 100mm pipeline installation
e) to enable the testing of any orifice plate with the following
| differing parameters:
(1) orifice diameter.less than 100um
(ii) orifiée edge sharpness
(iii) 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 shown in figure 77. Before

-184-

1+ e N <t o 81 7 o eyt - A oA i oL RS oA e ¥ g e



the pump is started the pipeline has to be full of water from the pump

go the hose of the tank. The pump is started with the sfop valve closed
and the dial of the meter 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.

(V4]
(g
™
—
m
Ne

THERMOMETER POCKETS

, TEST METER
(‘ M .
J— | TP ot
VALVES
~PUMP :

Figure 77- Volumetric tank, standing-start and finish.

B. GRAVIMETRIC FLYING START AND FINISH METHOD WITH STATIC WEIGHING

This method of calibration is used successfully at N.E.L., and ESCOM.

In both cases an accuracy of +/- 0,1 percent is claimed. 1In this system
the .fluid passes through the meter, a control valve and then a fishtail,
from where it emerges as a fan shaped jet. Figure 78 shows the diverter
which then diverts the fluid into a reservoir (sump) or into a weigh tank.
A switch connected to an elecrronic timer is operated by the diverter
plate. This allows for the measurement of the time during which the

weightank is being filled.
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This method is widely used when flowrate meters have to be calibrated

with water. p

Sump ' 'M'eosurinq
tank

Fig. 78. Control Valve, Fishbail and Diverter in Pilot System
found at KEL, This Figure s a Replica from
. Reference (112).

PR -
- . sy

C. GRAVIMETRIC FLYING START AND FINISH METHUOD 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 a hollow sphere of syn&hetic 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 calibraﬁing, 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 calculéted. 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 meters are used simultaneously and that both are

affected by wear and dirt deposits.

CALIBRATING METHOD ADOPTED

The chosen calibrating system is similar tc the one used at ESCOM and at
N.E.L, (method B above). The calibration circuit is illustrated schematically
inlfigure'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 introducéd. The orifice

plate is imstalled intoc the test line betweer specially designed flanges.,
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The straight length of pipe upstream of the orifice plate is preceded
by a flow 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 length

of rubber piping is used so that vibraticns due to the quick change over

in the diverter position will not be transmitted to the test line. The
water flows through the fishtail intb ﬁhe diverter. The diverter frame

is pivoted 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-controlleua 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 (dépending 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 plct 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

s e e o

P — -

and downstream of the orifice plate with mercury thermometers.

A detailéd description of the individual components of the calibrating

system follows:

{i) The SqTB (figure 80)

The sump is positiohed below the test line. It is made from cement and
its capacity of 13m® {13000%) 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 into the sunp at the point where the water from the
system is dischargéd 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 constaﬁt head supply tank is used so as to ensure a steady flowrate
through the test section. The tank is fabricated from 6mm mild steel
plates. It is 1,82m long by 1,22m wide and 1,22m high., The capacity

of the tank is 2,6m3 (2600£). The tank has a dividing section which
ensures that no air bubbles and large fluctuations in the pump discharge
are transmitted to the calibrating section. The tank is fitted with a
weir so thgt no large fluctuations in the height of the free surface
occur. The water flcws over the weir and down the overflow pipe to the
sump while a separaté pipe leads to the test section. Small variations
in the height of the free surface occurs with varying flow over the weir,
resulting 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 excéed 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 iine, about twenty pipe

diameters after the tank. The strainer is fabricated from six millimetre
mild steel plate. After fabrication the whole unit was galvanised. A two
millimetre wire mesh filter precédesthe 0,8mm 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 swirli and the eddying

ghigh_ggcurs 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 straightener. 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 asymmetric 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 caction is straight and circular for a distance of 47 pipe diameters
upstream from the plate and 15 pipe diameters downstream from it. The 100mm
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 83 shows 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 tc the collecting
trough as shown in figure .83, while with the piston at the other 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

- .- B e p a menrs s e P B e e 22
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diverter..  To ensure no splashing at high flowrates the diverter top

and bottom arms are covered, as shown in 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,

PHETI -~ PHOTO
diope ) Dirope
T BECK PLATE
LIGHT . ' : LiGHT | .
lource i SouQCE

(a) : (b

Figure 86 - Actuator on the Digital Counter
(a) ‘Water is directed to the sump - Counter is off

(b) Water is directed to the measuring tank -
Counter 1is 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 pressﬁre. During the experiment the
compressor pressure was maintained at 100 lbf/iuz. 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 doﬁble acting pneumatic cylinder and by monitoring the
time taken for the small back plate to traverse the ligﬁt 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.
1 \
4o
T 2.£MQ
|
| -
LAMP
| ZS puoro drOBE
f
L
= |
- LYWL _
| 10 _Dicviay
" COuNTER_
O
i
Figure 87~ The electronic circuit used to actuate 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 timers.

The electronic timer has a quartZz crystal frequency generator passing pulses
to a digital counter. The counter thus measured the time; in ﬁilliseconds,
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 into the sump 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.

(%) The Pneumatic Circuit

The diverter is actuated by a double acting pneumatic cylinder. The air

flow diagram is illustrated in figure 88.

DOUBLE ACTING cyLinOER LINKED To TiE DIveRTER

’R.ESTg\cTQB @

' 4 poRT, 2 WAY, RELAY, PuOT/PILOT

V
<}____.

: ‘ — 2 PORT, 2waAy
j : CONTRO|, VALVE
' CIANUALLY _OPERATERD,
f SPRING _RETURN .

] \_/J wWHTER COLLECTOR

Figure 88 ~ Pneumatic Circuit

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 fthe 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 "Festo"

equipment. The model9'PU "Hydrovane' compressor is capable 6f deliver-
ing air at a maximum constant pressure of.102O kPa. It is driven by
a 1,5kw, . 220 volt, 50 Hertz motor. The water collector is

made from brass.  Its dimensions and shape is as shown in figure 89.

Voo

-

| 060 . ] 260

i

| |

i
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i

!
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A ¢ 1
mﬁruﬁ:_.a._
..-ei--},' i"‘" 3

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 piates with varying edge radiiiandrarea rétios but with
constant outside diameter and thickness are to be tested.

2) The flanges must allow for eccentric positioning of fhe orifice
plate. The amount of eccentricity has to be known to 0,01mm.
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 cother.
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4) Changing of plates must be simple and quick to perform. One

person should be able to change the plates without any assistance.

The design of the flanges is illustrated in figures90 and 91. The round
orifice plates used to determine the effect of rounding' the upstream edge
of an orifice plate are placed into fhe recess provided. , Two five milli-
metre dowéls, one on either side of the plate, are fitted into one of the
flané;s. The other flange has holes drilled in the appropriate places to
ensure correct matting of the flanges. O-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. Tﬁe 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 di;charge 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 wrtically 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 conditionms.

(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 mercury in

the manometer. Geew e

MefCUry thermometers were used to measure the temperature of the water up-

stream and downstream of the orifice plates. The thermometer pockets were

made from brass. A small quantity of oil was placed into them. The

e e e et e ) ST

‘thermometers were calibrated. They were used to measure the temperature
S TAOmMeLeLs Wete casipbtaltd

of the water te 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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stfeam 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 température was measured to within O,lOC.- All. the

thermometers were calibrated against standard thermometers. ‘

s

(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 butlfluctuations in the

pressure differential still occur.

To overcome the above, the mancmeters designed were fitted with special

valves so that instantaneous pressure difference could be measured to

within 0,05mm 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 réadings 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 ccenform to the stipulations’of BS 1042,

%he piezometric ring joins the four pressure taps. The average
pressure at the taps is therefore measured. The undamped pressure leads
connect the piézometric 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 mefcury. The operation of
this manometer is as follows:

Valves A and B are closed and the upper measuring unit is moved approximate-
ly in line with the meniscus , Screw C is tightened. The meniscus

is sighted through the eye-piece and screw D is turned till the hair line
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of the eye piece lines up perfrectly with 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

from both the upper and lower measuring units. At no flow the reading

obtained using any of the measuring units should be the same in both legs

A9

of the manometer. -

The water-air manometer is used to measure the;pressure differénce up to
eight hundred millimeters of water. The manometer can be read t5 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 comp;essed air was blown in through the top tube.
When the water was at the right level (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 tubée. The steel rule is calibrated accurately to within 0,5mm 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 0,74 meters and has a capacity of O,Sm3 (500%. 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 pipe is fitted with a butterf%zﬁxg}ye»gqﬂ_gﬁe water

o st e — 1

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 1b. 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
1,2mm and the bevel angle is 45 degrees. The surface finish of the

plates was measured with .@ "Talysurf" surface roughness meter.

The edge sharpness, flatness and diameter of each orifice place was recorded.

In ordex that the plates'would not get damaged they were kept in a special box.

The size of the orifice plates used is givén in Table 11

TABLE .11,

The size of the orifice plates used.
, PLATE ORIFICE PIPE AREA
TYPE OF PLATE NO DIAMETER DIAMETER RATIO
ROUND PLATES 1 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
RECTANGULAR 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

Littlé work has been done on the effect of edge sharpness of the orifice
plates due to the difficulty of measuring the sharpness'bf 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 ngmber of ways have been developed for measuring the edge sharpness

of orifice plates. These are:
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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 transparent 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 accurﬁte 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 Heraing 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 metﬁod 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. Aschenbremner. The projection of a fine
beam of light directed onto the orifice edge is observed and photographéd.
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 measuring 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 must be designed so

that:
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1) the orifice plate will be clamped in such a position that the line
of travel of the lead foil will be élong the appropriate marked -

diameter on the plate.

2) the orifice plate will be 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 edeuntil 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. 7The lead foil is removed from apparatus by’ loosening
screw D. It is then placed onto a transparent film which has accurate half milli-

metre graduations on it. The film is placed into a slide holder and viewed
with a microscdpe. 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 plateé
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

L - . o perewemmis © wems e rmwem s ¢ e ek mm abe e e = s o e m st i e —— P A
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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
0,320mm in four of the measurements while the remaining two measurements
were equal to 0,330mm. Maximum deviation of the reading was therefore
+/- 2 percent from the mean. The edge radius in this case was large andb
~therefore low magnification of the imprint was required. For very sharp
edges é magnification of 300 was used. In the worst case the maximum

range of a reading was +/- 5 percent.

During experimentation the edge radius o©of each plate was measured in six

.~
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Fig. 94 Photographs obtained of the Edge Radius of an Orifice Plote

using the Lead Foil Method

'-202 a-
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different positions (see figure 95). ,

<

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 cperation 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, guch 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.

Tﬁe 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 pointvas measured by the different persons &aried
by +/- 1 percent from the average reading at that pcint. The average

radius measured by these people was then used for further analysis.
The following problems occurred during measurement of the edge sharpness:

1) On a number 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. Figure 33e 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 with 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 aCcﬁrately known to
+/- 0,004 percent. |

2) A chemical balance capable cf 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
balance. 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 obtgined. 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 taﬁk, 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 +/- 0,00A’percent.
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Error Analysis

©
<=

3
© 2 _ 27
Wp =[_6_g wm) + ggw\z) p = 1
Sm oV - dm v
-7 -3
o = 10 + (49,7267 x 10~ x 2 x 10
50,032 x 107° (50,032 x 107°%) 2
Sp = M
)% 2
N -2 3 - =7
Wo = +/- 3.98 x 10 kg/m Wm=1x 10 ° kg .
| | W = 0,002 x 1070 n’
o = 993,90 +/- 0,0398 kg/m> M = 49,7267 x 107 kg
| v = 50,032 x 1070 o]
or p = 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:

_ CD = The‘actual.mass rate of flow
iheoretical mass rate of flow

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 ' - 36,20 kg

Final Mass of the measuring tank . 478,85 kg

Time taken to fili the measuring tank o 260,436 seconds,
Temperature of the atmosphere 16,9°C '
Temperature of the water in the test section 16.2°C

The pressure difference across the orifice plate 52,30mm of Hg
Orifice diameter - 31,55mm

Pipe diameter ' o 100,51Tmm
Atmospheric Pressure : '759,45mm Hg

i

The Calculation

The mass of water added to the tahk in 260,436 seconds was

Final Mass - Initial Mass

478,85 - 36,20 = 442,65,

The mass of the air displaced from the tank was calculated from the following

equations:
Volume of air displaced, V = '!ﬂ 2
Ow
” Py My
Mass of the air displaced, M, = ST e eseeene 3
W \

Where M_ is the mass of the air dispiaced from the tank
M
o}

is the mass of water added to the tank
is the density of the air

p.. 1s the density of the water

z o = o

. From table 12 the density of the water at 16,2°C is 999,19 kg/m*. 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: '

2 = RT
oy a

Since R is a constant and I1 = T2, the densify of the air at pressure P2 is

given by:’
Pa1 i ,Paz
. [ _ Paz .
LN ] a - ———e.
2 Pa1 x. Fé1 cerees teeeanans .. 4

at a preséure of 759,45mm of mercury the density of the air is:

Pa, = Z;gﬁﬂi x 1,216

'Pa2 _ 1,215 kg/m®

and the mass of the air displaced is

=
]

1,215 x 442,65
999,19

0,54kg - |

i Al ihls BT

i

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 eauation 5.

q = Net mass of water -added ‘ ' 5
TTie Taken——  ttrererreeeeceeeses
qg= 442,11
ZGUaHgG

- 1,6975 kg/s

;-
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The theoretical mass rate of flow was caiculated from equation 6

' 3
.t 20 - Py
KN rrcaul INRNEPPPTPRRPRPE .. 6
where P = O 9 hw ................... B
and hw N hm (pm B pw) ........................ 8 VQJ”A’ o ID&V?JLLA
41 -2
Pw F

where hw is the pressuré difference in millimetres of water |
he is the pressure difference in millimetres of mercury
and P is 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)
W 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 was measured at 18°C.

The coefficient of expahsion of brass!is 10 x 10-6 mm/mm  °C

The diameter of the orifice at 16,2°C was calculated by using equation 9,

d = d(1 - KAT)  iiiiiiiiieenn. .. 9
Y - -6
= 31,55 - 19 x 107 x (18 - 16,2)]
= 31,55mm
Substituting the appropriate data into equation 6 yie]déd o 'h 3
. ’ w
q= x (31,55 x 1072 [2x 999,19 (999,19 x 9,7965 x 657,10 x 1073)
+ - LS )4
100,51
q = 2,8166 kg/sec )
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The coefficient of discharge was then computed from equation 1.

= 1,6975
| 2,8T66

P~

= 0,6027

The Reynolds number was calculated with the aid of equation 10:

Req = | pVd
H
and q = pVA _
Rey, = ad
d i 10
Au

Where Rey 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

Rey = - 1,6975 x 31,55 x 1073
' : =342
1,160 x 1073 x LX (31,52 x 1073
S Rey = 61384 -
e d

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 PLATE NO. 1

orifice diameter .... 31.55 mm..
edge radiuS ...cece... 0.0255 mm.
area ratio ...cccee.e 0.099

Atmospheric Pressure ‘; ,,,,,,,, 759;45 mn Hg

TABLE NO. 13

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.
16.9 16.2 36.20 478.85 260.436 52.30
16.9 16.4 37.70 467.60 201.373 82.65
16.7 16.6 33.10 469.70 180.595  103.85
16.7 16.9 37.45 467.15 157.294  135.65
16.7 17.0 -37.90 475.95 142.751 171.50
16.8 17.2 37.70 475.70 129.788  207.60
16.9 17.4 37.95 465.50 117.910  240.00
16.7 18.3 © 36.45 471.35 113.858  266.55
16.9 18.4 37.85 476.35 108.283  299.65
17.0 18.4 37.20 470.60 103.577  319.90
16.9 - 18.6 36.55 468 .65 97.933  355.35
17.1 18.7 37.70 468.10 95.602 370.85
17.2 13.7 38.00 466.55 93.976  380.55
17.3 © 18.8 37.80 469.05  92.002 401.90

17.8 18.8 37.50 469.60 88.355 4237.10

17.9 18.8 38.80 467.00  86.104 452.20
17.9 18.9 39.80 466.75 84.442  467.15
17.9 18.4 36.15 470.10 85.426  471.05
17.9 18.4 38.10 464.20 93.312 377.55
17.9 18.4 40.05 470.90 - 111.617  272.20
16.8 16.5 38.55 466.70 127.608  205.80
16.8 16.6 38.90 469.35 139.234  174.90
16.9 17.1 37.85 476.00  408.500 21.10
16.9 17.1

36.45 472.25 233.998 63.40

NOTE: Fog the last eight readings the atmospheric pressure was
748,95 mm Hg
{ s . 4 LR i
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READINGS FOR PLATE NO. 1

orifice diameter ~.... 31.55 mm.

edge radius ......... " 0.0794 mm.
area ratio .c.eceeeee 0.099

Atmaspheric Pressure ...750.80 mm. Hg

TABLE NO. i34

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 16,2 38.30 478.35 291.017 40.65

15.8 16.7 36.80 478.10 246.705  57.05

15.7 16.9 37.15 474.25 206.209  80.15

15.5 17.1 . 36.40 467.85 185.865 95.55

15.8 17.2 37.70  476.50  160.927  131.90
15.9 17.2 $37.90 478.95 143,977 167.60

15.8 17.2 37.60 475.80 133.820 191.35

15.8 17.3 37.90 480.30 124.411  225.15

15.8 . 17.4 37.05 476.80 115.068 260.30

15.9 o 17.4 ~ 38.55 479.40 109.304  290.10

15.9 17.4 38.10 468.10 101.911  318.80

15.7 17.4 37.55 467.70 96.732  352.80

15.7 17.4 37.40 477.45 95.099  374.15

16.0 17.4 38.65 467.65 90.708  399.20
16.1 17.5 39.30 473.60  90.810  408.80

16.0 17.5 39.45 466.20 . 88.057 419.35

16.9 17.5 7 39.20 469.85 85.612  452.10

15.0 15.4 36.20 470.00 84.570  469.75

15.3 15.7 37.60 472 .45 96.398  363.50

15.5 15.9 37.80 466.05 116.961  239.00

15.6 15.9 36.30 472.35 142,240 167.85

15.9 18.0 37.30 473.90 159.206  134.45

16.1 18.1 38.35 472.40 188.051 95.15

15.9 18.2 ©38.20.  476.00 303.745  36.90
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READINGS FOR PLATE NO. 1

1

orifice diameter .... 31.55  mm.
edge radius ......... ~0.1025 mn.
area ratio ....cccese : 0.099

Atmospheric Pressure _,, 760.50 mm Hg.

TABLE NO. i§

'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 16.7 36.35 471.10° 275.279  43.95
15.4 16.9 38.30 463.55 220.190 65.45
15.4 16.9 37.75 467.05 188.635 91.20
15.4 17.1 38.60 462.40  159.345  126.20
15.4 17.2 37.70 464.95 140.818 162.60
15.4 17.3 37.65 468.10 131.051  190.60
15.4 17.3 37.95 469.30 123.478  216.45
15.3 17.3 38.55 468.70 115.816  244.95
16.4 17.4 39.40 466.25 109.446  269.60
15.5 17.4 ~37.85 465.75 102.885 307.10
14.9 15.8 39.50 465.30 103.729  299.55
15.5 16.0 37.70 468.90 99.064  336.35
14.9 16.1 38.15 464.20 95.079  355.80
14.9 16.2 39.35 467.65 92.672  379.35
15.0 16.3 39.35 468.20 88.347 418.65
15.4 16.6 39.35 472.60 85.809  445.85
15.1 - 16.7 " 39.30 465.20 81.678  481.85
15.8 16.9 42.10 469.35 79.959  508.10
15.2 16.9 38.90 470.55 80.041  514.30
15.0 17.1 39.70 467.40 94.513  363.15
15.1 17.7 38.40 471.45 119.255 234.50
15.1 17.8 37.85 475.45  138.430 177.45
15.2 17.9 - 37.75 472.55 ° 185.500  97.65
15.2 17.9 38.10 467.70 104.735  299.00
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orifice diameter ....

¥

4

edge radius ...

area ratio

Atmospheric Pressure ...

31
.. 0
0
7

'READINGS FOR PLATE NO. 1

55 mm.

.2133 mm.

99

54,40 mm, Hg

TABLE NO. 16

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.
15.3 17.0 38.80 464.60 © 297.496 35.10

15.3 17.3 37.20 463.05 . 203.515 74.65
15.5 17.4 37.15 471.80  189.630 89.65
14.1 15.3 36.20 465.65 168.847 110.40
14.1 15.5 ©38.20 470.55 152.591 136.85
14.1 15.7 . 38.25 472.15  140.158  164.25
14.3 15.8 38.10 471.50 128.865 193.85
14.2 16.2 38.50 468.95 118.153  227.40
14.2 16.9 38.25 455.35 109.146  251.25
14.3 17.1 38.60 475.10  108.003  280.25
14.4 17.1 38.40 469.85 100.996  313.40
13.5 15.0 36.20 459.60 95.607  336.30
13.7 15.4 37.15 462.05 94.396  348.60
13.9 15.8 37.25 474.80 95.362  360.90
13.9 16.0. 39.45 472.05 91.781  380.45
14.1 16.2 38.15 470.30 89.927  396.65
14.1 16.4 38.60 484.00 ©1.475 406.50
13.9 15.5 36.10 461.50 84.684  433.45
14.1 15.8 37.95 468.60 84.388  447.40
14.3 16.0 38.50 465.60 82.153  464.45
14.4 16.3 38.10 470.65  82.191 476.60
14.6 16.5 38.60 464.00 79.792  488.90
14.7. 16.8 37.80 462 .65 79.425  492.55
14.7 16.9 37.80 462.00 86.945  409.20
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READINGS FOR PLATE NO.

orifice diameter

edge radius

area ratio .
Atmospheric Pressure ... 759.20 mm. Hg

1
31.55 mm.
0.2867 mm.
0.09¢

TABLE No. 17

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 18.9 36.00 472.30 265.538 45.25
15.5 19.1 37.00 466.60  208.223 71.65
15.5 19.2 37.15 465.90 182.626 93.30
“15.3 19.3 36.80 470.20 161.323  122.40
14.8 16.6 36.00 466.40 144.619 150.05
15.3° 16.8 36.45 462.45 134.706  169.55
15.7 17.1 37.65 469.25 130.274  186.65
15.7 17.7 37.85 463.90 - 123.591  202.00
15.9 18.0 37.65 463.10 118.990 217.20
16.2 18.3 37.20 472.20 115.826  239.75
16.5 18.7 37.90 467.50 110.902  255.45
16.5 18.8 38.50 466.95 = 104.484  286.75
16.3 19.0 37.60 469.10 101.633 307.15
16.4 19.7 36.50 467.15 99.048 322.80
16.5 19.8 37.50 465.60 84.551 349.65
16.8 20.0 76.30 946.95 190.603  355.90
16.8 20.2 39.55 453,20 89.025 367.95
16.8 20.2 39.05 460.80 88.263  388.75
16.9 20.3 38.40 453.65  85.440  402.60
16.9 20.4 36.85 463.35 86.023  419.00
16.9 20.4 38.90 - 456.45 83.154  429.50
16.9 20.4 38.75 456 .05 81.176  450.10
16.9 . 20.4 38.80 461.70 80.387 471.50
16.9 20.4 456.50 77.468  494.20

39.30

NOTE: For the last twenty readings

was 764.55 mm Hg.
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READINGS FOR PLATE NO. 1

orifice diameter

edge radius

area ratio
Atmospheric pressure

31.55 mm.

0.4100 mm.

0.099
.. 754.90 mm. Hg.

TABLE NO. 18

Readings for the calibration of the test orifice plate

Press. dif.

Air temp. Water temp. Init.mass Final mass Time
deg. C deg. C kg. kg. seconds mm. Hg.
17.4 19.3 36.25 465.80  278.632 39.00
18.0 20.7 39.60 461.95  203.356 73.90
18.4 21.0 39.10 461.55 167.271 105.50
18.3 21.4 39.40 467.25 153.721 128.15
18.5 21.9 139.80. 449.85 133.164 157.30
18.7 22.2 39.60 470.75 131.758 177.60
18.8 22.9 36.75 470.20 123.773  203.80
18.9 23.1 38.90 466.20 115.386  227.60
18.9 23.2 38.90 466.45 109.208 254.80
19.1 23.4, 38.85 470.05 104.726  282.35
i8.9 23.5 39.05 463.55 98.437  309.70
18.9 23.6 38.95 462.95 94.644  333.80
19.0 23.7 38.40 466:50 93.191  351.45
19.0 23.8 37.00 466.40 90.878  371.45
19.0 23.8 39.25 465.85 86.894  401.40
19.0 23.8 38.60 464.55 84.093 427.60
17.3 18.1 36.05 469.60 81.103 475.80
17.4 18.2 - 37.85 462.70 77.873 = 495.05
17.5 18.2 38.50 462.25 77.000 505.05
17.5 18.2 38.55 463.00 80.227 466.15
17.5 18.2 38.60 451.70 83.341  408.80
17.5 18.2 38.05 453.50 100.905  281.75
17.6 18.3 37.20 467.80 128.361  186.55
17.6 37.50  461.30 189.349 82,75

18.4
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READINGS FOR PLATE NO. 2

orifice diameter

edge radius

+ area ratio
Atmospheric Pressure ......

0.198

747.50 mm Hg.

TABLE NO. 19

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.
16.9 16.1 37.20 470.90  150.591 35.15
17.2 16.4 37.35 470.55  123.346 52.85
17.4 16.7 40.15 469.50 103.270 74.20
17,5 17.1 38.15 464.00 91.023 94,35
17.5 17.4 37.70 465.50 80.834 120.85
17.7 17.7 37.55 469.80 74.254  146.55
17.7 18.1 37.10 471.75 66.214  186.60
17.7 18.8 36.55 471.15 62.517  209.45
17.7 18.9 37.50 477.00 58.912  241.60
17.7 19.0 37.55 465.55 54.179  270.80
17.7 19.1 37.35 466.35 52.240  293.25
17.5 19.3 36.80 470.95 51.198  312.45
17.7 19.3 78.65 932.75 97.653  332.05
17.7 19.3 80.15 © 935.15 95.520  348.75
17.7 19.4 80.25 940.50 93.357  369.05
17.7 19.5 77.40 934.30 91.668  380.15
16.4 16.0 76.05 930.10 ©0.104  390.35
16.5 16.6 75.75 930.25 88.743  402.85
16.8 16.8 - 78.45 937.95 86.314 - 431.30
16.9 17.4 . 76.20 930.60  84.515 444.65
16.9 - 17.5 73.90 917.05 80.604 470.25
16.9 17.5 38.60 463.85 51.486  296.85
16.8 17.6  37.15 466.00 66.103 182.50
17.4 37.15 466.40 96.661 85.40

16.5
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READINGS FOR PLATE NO. 2

orifice diameter ..... 44.75 mm.

edge radius .eeeeecens

area ratio ceveeeesaese

Atmospheric Pressure .....

-O.Q;f mm.

0.198

759.45 mm Hg.

TABLE NO. 20

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.
15.3 18.0 - 36.05 '474.85 157.901 32,30
15.5 18.3 38.45 464.60 134.864 41.20
15.7 18.5 " 38.55 467.75 ~121.968 51.05
15.7 18.7 " 37.40 465+85 111.126 61.65
15.8 18.9 38.75 469.15 102.663 72.80
15.8 18.0 - 37.45 468.15 95,689 83.95
15.8 19.1 37.35 470.00 87.767 101.05
15.9 19.1 37.25 467.05 81.904 114.70
15.9 19.2 37.35 464.35 75.386  133.90
15.9 19.2 37.35 - 458.95 70.035 151.20
. 15.7 16 .2 36.10 464.40 65.588 177.90
15.7 17.0 36.75  469.60 63.209 195.45
15.6 17.2 37.05 461.70 59,029  215.15 -
15.5 17.5 37.00 463.05 - 56.787  235.50
15.5 17.7 37.15 460.00 54.151  255.70
15.7 18.2 36.55 462.30 53.034  269.80
- 15.8 18.3. 37.10 458.90 51.383  282.35
15.9 18.5 75.15 908.10 97.864 303.60
15.9 - 18.7 76.95 © 918.35 95.379  326.35
. 16.1 19.1 75.35 930.05 93.491 350.65
16.1 19.2 78.25 908.50 89.417 360.80
16.2 19.3 77.30 916.65 87.314  388.30
16.2 19.4 77.55 919.45  85.320  409.05
16.2 19.4 76.90 907.50 76.634  493.25
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orifice di
edge radiu

area ratio

Atmospheric Pressure

ameter .o

s ....'..

“on 0

READINGS FOR PLATE NO. 2

75 mm.
40 mm.
.198

758.20 mm Hg.

TABLE NO. 21

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,
17.9 20.9 20.65 472.35 133.685 45.45
17.9 21.0 36.75 464.45  114.982 55.35
17.9 21.0 37.25 465.80 - 103.982 68.10
17.9 21.0 37.20 465.95 97.685 77.45
17.9 21.0 . 37.25 465.90 90.402 90.30
17.9 21.0 37.20 459.05 85.000 99.25
17.9 21.0 37.25 462.25 80.434 112.40
- 17.5 18.7 36.10 469.95 75.849  132.20
17.5 19.4 39.65 457.40 67.487  154.45
17.56 19.7 39.05 460.90 64.951 170.40
17.8 19.9 39.60 455.80 59.981  195.40
17.8 . 20.1 37.80 462.75 58.573  211.40
17.9 20.4 39.40 449.40 54.573  228.90
17.9 20,7 39.40 452,35 53.108  245.35
17.9 20.9 30.65 448.65 50.930 262.60
17.9 21.1 39.60 452.75 50.077 275.80
17.9 21.8 75.60 903.15 95.093  308.15
17.9 21,9 79.60 919.80 93.686  326.65
18.0 22.0 78.95 921.70 91.585  344.05
18.0 22.1  79.25 905.40  86.731  368.60
18.0 22.2 76.50 921.25 86.334  389.55
- 18.0 22.2 78.40 892.15 79.016  430.65
17.9 22,2 79.00 900.40 78.596  446.15
17.9 22.2 79.30 466.10

921.30

78.564
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. READINGS FOR PLATE NO. 3

orifice diameter

edge radius

area ratio

Atmospheric Pressure

mm.

TABLE NO. 22

Readings for the calibration of the test orifice plate

Time

Air temp. Water temp. Init. mass Final mass Press. dif.
deg. C deg. C kg. kg. seconds  mm, Hg.
19.8 21.5 36.90 449,15 39.190 203.30
19.8 22.0 38.65 434.50  32.706  270.05
19.8 22.1 139.50 439.55 31.879  289.70
19.8 22.2 36.85 450.35 32.328  301.10
20.1 20.7 35.95 464.95 99.536 33.65
20.1 21.3 36.85 454 .60 59.773 88.75
20.1 22.1 36.95 . 455.30 58.723 92.20
20.1 23.2 36.40 461.30 46.718 151.6%
20.1 23.4 37.15 454 .95 58.137 94.40
20.1 ' 23.7 33.65 450.10 39.057  203.90
20.1 23.8 75.85 886 .25 63.430 301.05
20.1 23.9 74.30 883.75 70.196  244.95
17.3 18.5 38.70 451.75 102.275 29.40
17.5 13.9 33.70 434.90 64.857 68.10
17.7 19.3 77.25 387.90 89.037  151.15
17.7 19.3 74.95 871.80 75.372  205.15
17.7 19.9 . 80.85 854.25 60.250  303.40
18.0 20.1 77.85 883.00 71.031  236.50
16.7 18.3 33.20 443.60 73.931 54.70

16.9 - 19.0 36.65 443.65 53.947 86.70
17.0 19.1 37.00 444 .30 50.618  118.05
17.7 19.2 77.55 891.75 84.376 169.85
17.8 19.3 78.05 909.10 74.961  225.30
17.1 19.5 874.10 62.459  299.95

76 .50

NOTE: For last six readings the atmospheric préssure was equal
: to 755.50 mm Hg.
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READINGS FOR PLATE NO. 3

¢

orifice diameter ..... 54.61 nmm.

edge radius ..evcee.n.. 0.03 mn.

area ratio t.ecieeciens. €.295
Atmospheric Pressure ....... 750.80mm Hg.

TABLE NO. 23

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.
15.3 . 16.9 36.60 469.25 104.702  31.05
15.5 17.1 37.60 468.55 96.484 - 36.05
15.4 18.1 36.35 471.60 89.827 42.35
15.5 18.2 . 37.80 474.35  82.687 50.35
15.7 18.3 37.90 468.90 75.198 59.50
15.8 18.4  37.65 473.25 70.934 68.30
15.8 18.4 39.70 475.25 - 64.135 83.65
16.0 13.5 39.95 477.20  61.399 91.80
15.8 13.5 40.10 473.65 58.683 99.20
15.9 18.6 38.70 465.95 54,217 112.90
15.9 18.6 37.75  462.15 50.754 -127.15
16.0 18.6 38.00 466 .35 49.703  135.15
15.9 18.6 37.80 459.65 46.828 147.35
16.1 18.7 ~73.00 929.00  92.091  155.35
15.1 16.1 77.25 . 946.70 91.147 165.30
15.5 16.4 76 .05 944,20 88.301 175.90
15.8 16.8  78.00 ~  926.20  83.693  186.90
15.8 17.0 77.75 946.05  83.073  199.00
15.4 14.9 75.30 945.20  84.279  194.50
15.7 15.1 77.40 940.55 75.835 236.40
15.5 15.6 79.40 921.55 71.399  253.95
16.1 15.8 - 78.80 902.50 68.4838  263.55
15.9 15.9 78.95 923.95 69.528  269.65

16.1 16.0 79.20 924.80 69.211 272.15
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READINGS FOR PLATE NO. 3

orifice diameter ..... 54.61 mm.

edge radius ...... vees 0.10 mm.

area ratio ..eeevecons 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 Press. dif.

" deg. C deg. C kg. ~ kg. seconds mm. Hg.
14.9 15.1 36.50 470.50 121.115  22.90
15.0 - 15.2 37.80 467.30  110.397 26.70
14.0 14.2 36.50 472.80 106.267  29.80
14.8 14.8  38.90 473.30 98.671 34.15
15.0 15.0 37.55 473.60  ©93.188 38.55
14.8 13.2 37.60 475.25  87.369 = 44.40
15.0 15.9 37.50 469,55 78.851 53.05
15.0 16.0  37.90 468.85 74.342 59,20
15.0 - 16.8 36.45  477.65  71.581  67.55
15.0 16.9 37.40  473.05 67.436 74.10
15.0 17.0 37.85  467.40 62.793 83.50
15.0 17.0 37.75 471.10 60.305  92.55
15.5 17.1 39.15 468.25 58.039 98.00
15.0 17.1 36.75 454 .55 54,207 106.45
14.9 17.1 37.90 469.85 54.175 113.80
15.0 17.1 . 37.50 468.05 51.914  123.20
15.2 17.2 ° 37.25 464.40 49.962 ~ 131.10
15.3 17.2 76 .65 923.20 92.475 150.80
15.5 17.2 79.40 918.65  86.574 168.90
17.3 14,7 78.90 907.95 82.519 181.95
15.3 15.4 78.00 921.95 80.704 196.60

13.5 14.2 77.45 912.25 75.677  219.65
15.5 14.7 75.95 928.10 73.981  239.50

16.1 16.1 76 .60 887.40  68.531  252.70
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" READINGS FOR PLATE NO. 3

orifice diameter ..... 54.61 mm.

edge radius .....ccc... 0.22 mm.

area fatio Mecceensess 0.295
Atmospheric Pressure ....... 755.90 mm Hg.

TABLE NO. .25

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.
15.7  17.8 39.30 466.70  105.698  28.55
15.7 17.9 38.40 475.05 101.004  32.50
14.7 15.5 38.55 472.70 93.330  37.85
'15.0 16.1 40.35 466.35 36.1883 42.55
15.1 16.3 38.35 463.75 79.994  49.35
15.3 16.5 38.05 462.35 76.070 54.10
15.3 16.6 37.05 467.05 73.156  60.15
15.3 . 16.5  37.15 460.40 68.002 67.75
15.3 16.1 38.85 1 463.75 64.742  75.80
15.3 16.2 38.40 457.40 61.078 82.75
15.3 16.4. 38.55 462.90 58.757  91.80
15,2 16.6 38.70 460.25 56.287  98.40
15.4 16.9 38.00 454.60 53.511 106.75
15.4 16.9 37.35 454.90 52.096 113.40
15.4 17.0 37.35 458.55 51.111 120.00
14.8 15.5 36.15 = 452.50 43.647 129.75
14.9 15.7 " 76.70 913.30 93.382 142.55
15.4 15.9 77.80 916.35 90.263 153.40
15,4 17.2 75.45 923.70 88.562 162.55
15.8 17.4 77.40 930.25 85.954 174.20
15.9 17.5 79.00 907.60 79.913 190.80
15.9 17.7 77.30 924.50 79.531 200.85

- 15.9 17.8 77.00 909.10 71.540 240.25

15.9 18.0 78.35 924,20 71.675 251.85
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READINGS FOR PLATE NO. 3

~orifice diameter ..... 54.61 mm.
edge radiusS .eceeeec.. 0.27 mm.
area ratio ..........0 0.295 _
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 mm. Hg.
15.1 . 16.1 39.00 462.20 107.565  26.90
15.1 16.8 37.65 461.55 ~  98.423. 32.10
14.8 16.9 39.10 467.55 ©  93.173  36.50
14.8 17.1 ©39.15 461.15 85.169  42.40
14.9 17.2 37.25 455,40  79.027  48.35
13.3 15.6 38.15 © 450.20 72.378  56.25
19.6 17.9 35.95 468.40 82.954  47.00
19.6 18.1 37.00  457.50 71.042  61.00
19.8 18.4 37.25 459,15 66.784  69.55
19.8 18.7 - 37.15 465.00 64.433  76.95
19.4 19.4 36.50 463.40 60.979  85.60
19.4 19.6 37.10 462.70 56.999  97.80
19.6 19.7 36.45 462.40  54.299 107.50
19.7 19.9 37.25 449.50 50.653 116.40
19.1 20.0 - 37.40 461.60 ~  50.441 124.40
17.9 18.9 36.10 458.05 48.009 136.20
18.2 19.5 74.90 936.45 95.075 144.45
18.3 19.8 76.50 906.90 87.807 157.45
18.3 20.1 76.70 894.25 83.136 169.95
18.5 20.3 77.40 910.25 82.139 180.90
18.5 20.6 76.80  906.75 79.866 190.50
18.6 21.3 - 74.40 ©899.30 77.739  198.25
18.7 21.5 76 .55 892.20 70.739 235.10

18.7 - 21.6 76.85 . 909.00" 70.000 249.75

A\l
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READINGS FOR PLATE NO. 3

orifice diameter ..... 54.61 mm.

edge radius ...eeene.. © 0.30 mm.
area ratio ieceeacean . 0.295

Atmospheric Pressure ......... 757.95 mm Hg.

TABLE NO. 27

Readings for the calibration of the test orifice plate

Air temp. Water temp. Init. mass  Final mass Time pPress. dif.
deg. C. deg. C kg. kg. seconds mm. Hg.
17.5 19.6 . 36.10 472.35  113.516  25.45
17.7 19.8 36.85 472.15 99.724  32.65
19.9 20.2 37.35 472.00 92.066  38.15
17.8 20.3 37.70 - 468.10 83.203 45.80
17.8 20.3 37.70 471.20 77.305  53.90
17.3 19.4 ©38.30 462.70 59.565 87.45
17.5 19.9 36.55 448.15 54.743  97.75
17.5 21.0 36.45 465.65 - 52,791 114.30
18.1 21.5 36.50 453.90 49.176 124.65
17.7 21.6 37.55 463.25 48.644 132.50
16.2 - 17.4 75.25 913.25 90.246 149.25
16.4 17.6 76.95 918.05 86.244 164.90
16.4 18.0 76.45 917.10 83.396 176.30
16.6  18.3 77.70 931.45 81.593 190.25
16.7 18.6 . 79.15 915.60 77.853 200.45
16.9 18.2 75.10 909.75 70.588 - 243.05
16.9 ©18.6  77.35 890.70 67.298 254.20
16.9 ~18.6 75.25 885.85 66.511 259.30
17.1 18.6 ©37.10 461.30 53,813 108.10
17.3 20.5 36.60 469.00 60.604  883.40
17.5 20.7 37.35 461.55 56.954  96.15
17.5 20.9 37.25 466.65 63.458  79.25

17.5 21.9 36.45 465.85 70.417  64.25

17,1 19.4 37.60 455.35 - 50.721 117.95

NOTE: For last nineteen readings the atmospheric pressure was'
equal to 755.40 mm Hg.
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READINGS FOR PLATE NO. 4

]

orifiée diameter" ;.... 63.00 mm.
- edge radius .i.iieeennn 0.02 mm.
area ratio .e.ceveeecees .. 0.393

Atmospheric Pressure ....... 753.00 mm Hg.

TABLE NO. 228

- '
- Readings for the calibration of the test orifice plate

Air temp. Water temp. 1Init.mass Final mass Time press. dif.

deg. C deg. C ’ kg. : kg. seconds mm. Hg.
17.0 17.0 36,35 464.25 92.097 19.95
17.0 17.4 37.00 470.00 63.441 43.60
17.1 18.7 ~36.70 464.35 52.441 63.45
17.1 18.8 37.25 452.45 45.105 81.15
17.3 ©19.2 37.05 446.25 37.575 113.25
17.3 19.3 76.80 918.15  71.331 133.25
17.3 - 19.4 77.45 915.10 64.684 160.35
16.1 17.3 38.85 465.45 78.520  27.45
16.5 17.7 36.75 453,20 50.585 64.60
16.7 18.6 76.05 914.45  84.372 94.10
16.5 17.8 85.35 928.75 84.094  96.00
16.9 19.0 74.75 905.85  72.832 124.35
16.9 . 19.3 78.65 911.10 69.284 137.85
18.4 28.6 40.80 470.45 86.183  23.05
18.8 19.0 36.95 457.65 57.373  50.65
18.9 19.2 78.30  932.35 63.822 171.15
18.3 18.9 36.15 465.75 110.677  13.90
 18.5 19,5 36.50 461.85 55.518 55,20
18.7 19.8 . 37.45 454.35 47.397 74.05
18.9 19.9 77.25 926.20 90.045 85.00
19.0 20.1 79.15  915.20 80.273 103.45
19.1 20.3 77.25 902.95 72.996 122.20
19,3 20.5 75.95 904.80  64.366 158.35

19.1 20.8 38.35 467.40 72.817 32.65
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READINGS FOR PLATE NO. 4

orifice diameter ..... ©93.00 mm.

edge radiusS ..iecevcean 0.18 mmn.
area ratio .......00... 0.393
Atmospheric Pressure...... 754.40 mm Hg.

TABLE NO. 29

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.
16.6 . 18.0 136.00 474.65 112.024 13.80
16.6 18.2 37.15 459.05 98.549  16.53
16.7 18.4 37.60 463.00 93.326  18.80
16.8 18.6 38.30 463.30 87.676  21.15
16.9 18.8 38.10 467.60 83.511  23.90
16.9 18.9 38.25 467.90  78.990  26.85
16.9 19.1 ©37.25 465.55 73.732  30.65
17.3 20.0 37.65 464.20 67.845  35.85
17.4 20.0 37.50 466.85 63.889  41.25
17.3 20.2 36.60 458.35 58.565 47.30
17.3 20.2 37.10 454.30 54.682  53.40
17.3 - 20.3 37.10 457.40 52.682  58.35
17.3 20.3 37.30 460.40 50.611 64.10
17.3 20.3 37.40 451.25 47.780  69.00
17.3 20.4 37.35 459,95 46.638 75.90
15.7 17.2. ©36.10 464.50 61.268 44.80
15.9 17.4 74.05  896.05 34.361 86.50
15.9 17.8 75.50 906.00 81.955 94.70
15.9 18.0 75.90 907.95 78.956 102.45
15.9 18.2 76.90 901.75 75.331 110.75
15.9 '19.0 74.45 896.75 73.239 116.60
15.9 19.3 76.40 887.45  65.696 141.00
15.9 19.4 76.65 893.60  67.771 134.70

15.9 ' - 19.5 75.15 891.65 63.574 152.60
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READINGS FOR PLATE NO. 4

orifice diameter ..... 63.00 - mm.

edge radius ..ceeescsn 0.23 mm.
area ratio ....00000.. 0.393

Atmospheric Pressure ..... 755.40 mm Hg.

TABLE No. 30

Readings for the calibration of the test orifice plate

Air temp. Water temp. Init. mass Final mass Time Press. dif.

deqg. C deg.C kg. kg. seconds mm. Hg.
15.9 17.8 36.35 469.65 106.774 14.80
15.9 17.9 37.40 470.95 99.913 16.85
15.9 18.0 37.55 466.70 89.784  20.30
16.1 18.1 37.75 473.30  85.742  23.00
16.1 18.1 37.85 467.90 78.976  26.60
16,1 - 18.2  37.70  461.70  72.904  30.25
14.5 16.0 36.15  465.45 67.456  36.30
14.8 16.5 36.85 464.90 63.128 41.10
14.9 ' 16.8  38.30 462.75 66.775 43.65
14.9  17.0 37.05 461.30 58.593  47.10
15.0 17.2  37.30 460.20 56.196  50.90
15.1 17.4 ~38.25 453.85 53.686 54.00
15.3 17.5 38.50 464.00 53.176 57.80
15.3 17.8 36.80  455.05 50.803 61.00
15.2 17.8 37.35 452.15 48.107 67.20
15.3 18.0 38.20 457.60 47.416  70.55
15.1 ©18.1  ° 75.95 889.60  88.974  75.75
15.8 17.5 73.40 893.10 82.71Q0  89.55
16.0 18.2 75.35 893.65  81.502  93.10
16.0 18.5 75.00 901.70 78.661 100.55
15.3 17.4 73.70 905.05 76.933 106.45
15.6 17.9 76.15 883.80 71.740 115.55
15.7 18.4 75.65 890.80  65.985 139,35
' 15.7 18.7 76.75 879.55  62.861 148.65
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READTNGS FOR PLATE NO. 4

orifice diameter .....

edge radius ..eceeeons

6

/
area ratio .....c000.

2.00 mm.
0.37 mm.
0.393

757.95 mm He,

TABLE NO. 31

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.
16.3 18,4 36.05 471.90 109.270  14.00
16.3 13.6 37.45 466.70 99.723 - 16.05
16.3 18.8 37.55 468.90 92.437 18.90
16.5 19.2 37.80 469.15 85.707  22.00
16.5 19.2 37.60 466.25 78.114  26.00
16.6 19.5 38.35 459.30 72.253  29.35
16.6 19.5 37.95 467.40 69.072 ' 33.35
16.7 19.6 37.25 458,85 64.539 37.00
16.7 19.7 37.25 456.30 61.935 39.85
16.9 18.2 35.50 462.30 53.697  45.45
16.9 18.8 36.60 459.45 56.104  49.35
16.9 19.0 37.20 455,40 52.304 55.15
17.1 19.2 37.75 461.40 51,064 60.45
17.1 19.4 37.80 455.65 49,050 63.90
17.1 19.5 38.00 . 457.15 47.712 67.95
17.1 19.6 39.60 446.60 45.299 71,25
17.1 19.8 78.25 912.90 88.058  79.45
17.4 20.2 76.15 §90.85 82.175 87.05
17.5 20.4 78.25 897.60 79.399  94.35
17.5 20.5 79.25 898.30 76.460 101.85
17.5 20.5 76.50 901.65 74.488 109.00
17.9 19.5 74.00 917.25 70.362 127.50
17.9 19.8 76.10 890.45 66.530 133.25
17.9 20.3 76.10 889.80 142.10

64.397

NOTE:

For last fifteen readings the aimospheric pressure was

equal to 756.90 mm Hg.
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READINGS FOR PLATE NO. 5

orifice diameter ..... - 71.00 .

edge‘radiuS' .......... 0.01 mm.
area ratio ... eecseans 0.499
Atmospheric Pressure ..... 751.65 mm He.

TABLE NO. 32

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 ram. Hg.
22.9 26.2 36.55 475.15  83.669 w 179.25
22.9 - 26.2 39.70 472.20 163.627 w 43.25
22.9 26.2 39.75 473.55 126.099 w 77.00
22.9 26.2 39.55 475.20 108.094 w 106.50
22.8 26.2 37.70 469.60  92.665 w 140.50
22.8 26.2 39.60 469.10  74.673 W 215.75
22.8 26.2 39.35 468.15 68.113 w 260.00
22.8 26.2 40.00 471.00  64.190 w 295.75
22.8 26.2 39.65 463.55  59.454 w 333.00
22.8 26.2 39.65 465.80 56.123 w 378.25
22.8 26.2 39.65 460.45 52.870 w 415.25
22.8 26.2 39.35 468.80 51.776 w 451.00
22.8 26.2 39.30 459.45 48.795 w 486.50
22.8 26.2 39.10 460.50  47.283 w 521.00
22.7 26.2 38.60 466.30 46.736 W 550.25
22.7 26.2 38.65 452.10 43.894 46.35
21.8 23.4 75.40 924.70 88.078 - 48.50
22,2 23.7 75.35 919.55 85.612 50.90
22.6 24.3 79.40 917.35  81.940 54.50
22.6 24.6 ~ 79.65 917.35 79.505  57.75
22.6 24,3 79.35 919.15  77.184  61.65
22.8 25.0 79.35  916.80  75.155  64.35
22.8 25.3 79.65 915.95  73.594  66.95
22.8 25,5 79.80 922.20  72.938  69.80

w: pressure difference in millimetres of water
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orifice diameter

» edge radius

READINGS FOR PLATE NO. 5

area ratio .e.eee.

Atmospheric Pressure

71.00 mm.

0.15 mm.
0.499

TABLE NO. 33

755.80 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. -
21.2 24.0 36.75 472.85 167.224 42.50
21.2 24.0 39.60 468,20 125.318 72.50
21.4 24.1 39.65 475.70- 109.744 98.25
21.4 24.0 40.10Q 470.90 94,610 128.75
21.4 24.0 39,80 470.55 83.286  166.00
21.4 24.0 39.95 470.40 74.856  205.75
21.4 24.0 38.75 476.40 69.920 244,00
21.4 24.0 39.95 470.90  63.983  282.25
21.4 24,0 39.70 466.20 59.666 318.50
20.7 21.6 36.30  467.10 56.945  357.25
20.8 21.7 39.20 463.80 53.706  390.50
20.9 21.8 38.95 464.15 51.506 425,50
21.2 22.0 39.15 464.70 49.679 458,25
21,2 22.1 39.00 461.30 47.750  489.50
21.0 22,5 36.95 464.95 46.957 519.75
21.0 22.5 139.10 463.40  45.554  540.75
20.5 22.6 79.95 926.15 88.584 45.55
20.5 22.8 76.75 912.20 83.525 49.80
20.7 23.1 78.75 925.60 81.858 53.00
20.7 23.2 79.55 923.55 79.484 55.75 .
20.7 23.3 80.05 916.20 77.028 58.35
20.7 23.4 79.75 909.85 74.755 61.05
20.9 23.7 76.85 917.95 73.626 64.75
20.8 23.8 79.65 912.05 72.024 66.40
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READINGS FOR PLATE NO. 5

orifice diameter ..... 71.00 mm.
edge radius .......... 0.26 mm.
area ratio ...cececee. 0.499
Atmospheric Pressure ......

754.3C mm Hg.

TARLE NO. 34

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.
23.4 26.4 36.65 473.65 167.024 43.75
23.4 26.5 39.55 471.90 153.788 50.25
23.3 26.7 37.10 474.15 126.479 75.75
23.3 26.7 38.95 472.95 106.975 104.50
23,3 26.7 39.40 468.50 92.725  136.00
20.5 21.8 36.05 475,20 88.504  156.25
21.4 21.8 38.50 473.85 83.767 170.75
21,4 22,0 38.60 463,25 73.759  209.75
21.3 22.6 . 37.05 467.95 68.511  250.50
21.4 22.9 39,85 464 .20 62.661  291.00
21.5 23.0 39.80 459.60 53.505  327.25
21.5 23,1 39.80 466.50 56.163  366.25
20.9 23.2 39.70 469.80 54.095  402.75
21.0 23.3 39.30 461.30 50.983  436.25
21.3 23.4 39.95 454,95 48.522  465.75
21,4 23.5 39.90 458.90 47.278  500.75
21.6 23.6 78.95 925.50 92.935  528.00
20,9 24.3 76.70 884,45 86.288 44 .45
20.6 24.4 ©79.75 922.10 86.035 48.40
20.9 24.4 79.75 940,10 84.716 52.15
20,9 24,5 79.70 923,75  80.612  55.40
20,7 24.5 79.60 920.90 77.912 58.90
20.5 24.5 79.40 930,30 76.490 62.55

76,75 914,90 73.198 66.45

20.9

24.5
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READINGS FOR PLATE NO. 5

orifice diameter“ ..... 71.00 mm.

edge radius ..eeeee- . 0.37 mm.
area ratio ...ceeenn .o 0.499

Atmospheric Pressure ,...... 756.10 mm Hg.

TABLE NO. 35

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.
21,0 23.5 36.70 470.00 167.206 w 41.00
21.1 23.5 39.80 476.80 156.209 w 47.75
21.1 23.5 39.60 474.65 125.197 w 74.00
21.1 23,5 -~ 39.80 474,25 106.924 w 101.25
21.1 23.5 39.80 474,50 93.934 w 131.25
21.2 23.6 40.10 474.15  82.601 w 169.50
21.2 23.6 39.15 477.60 75.669 w 206.00
21.2 23.6 40.00 469.95 68.032 w 245.50
21.2 23.6 39.40 466.70 63.241 w 281.25
21.2 23.6 39.70 469.00  59.939 w 318.25
21.2  23.6 40.00 461.00 55.267 w 357.75
21.2 23.6 46.15 459,75 52.842 w 388.75
21.2 23.6 39.20 461.10  50.765 w 425.50
21.1 23.6 39.15 458.65 48.511 w 460.50
21.1 23,6 33.60  461.35  47.309 w 493.75
20.9 . 23.6 37.95 459.10 45.844 w 520.00
20.9 23.6 79.25 925.70  89.560 W 552.50
20.1 20.9 76.00 923.70  85.602 48.20
20.1 21.1 78.50Q 912.85 81.432 51.60
20.5 21.6 75.05 919.15 79.757 55.10
20.5 21.8 78.85 929.55  78.587 57.35
20.5 21.9 78,20 913.75  75.703 59.75
20.3 . 21.9 80.35 906.30 72.672 63.35
20.2 21.9 178.85 921.75  72.674 65.95

w: pressure difference in millimetres of water
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READINGS FOR PLATE NO. 5

orifice diameter

edge radius

area ratio

oooooo

.00 mm.
0.49  mm.
0.499

Readings for the calibration of the test

TABLE NO. 36

749.05 mm Hg.

orifice plate

Air temp. Water temp. Init. mass Final mass Time Press. dif.
deg.C deg. C kg. kg. seconds mm. Hg.
20.1 19.7 36.35 472.95 168.082 w 40.25
20.1 19.7 39.55 473.80 156.396 w 45.50
20.2 19.8 40.10 469.75 123.225 w 72.25
20,2 19.9 40,00 473.45 - 106.775 w 98.25

20,2 20.4 36,65 475.20 95.042 w 126.25
20.2 20,6 38.95 465.15 81.532 w 163.00
20.2 20.6 39,20 467.75 73.952 w 200.00
20.3 20.6 39.75 467.55 '67.955 w 236.00
20.3 20,7 39.40 461.45 62.073 w 276.25
20.3 20.8 40,15 469.70 59.604 w 310.25
20,5 20.9 39.70 463.30 55.482 w 348.75

©20.5 20.9 38.75 459,65 52.463 w 384.75
20.4 21.2 36.85 466 .30 51,382 w 417.25
20.3 21.4 37.20 460.75 48.748 w 450.75
20.4 21.4 38.20 458.30 46.787 w 481.50
20.5 21.4 40.00 470.85 46.698 w 509.00
20,5 21.4 78.10 924.80 89.264 w 538.00
20.5 21,5 77.00 935.10 86.335 46.95
20.1 20.0 76.15 921.60 80.612 52.40
20,2 20.3 79.55 932,25 79.230 55.15
20,3 20,6 79.65 917.95  77.017 56.45
20.3 20.9 79.15 926.45 75.687 59.65
21.0 22.5 76.95 909.00  72.567 62.60
21.1 22.7 79.05 924.95 72.448 64.80

w: pressure difference in millimetres of water
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READINGS FOR PLATE NO. 15

orifice diameter ....... 33.86 mm.

plate eccentricity ..... 0.00 mm.
area ratio ...c.ececaann 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 C18.7 38.90 467.70  254.228 21.50
18.2 19.0 - 38.95 467.65 194.400  36.90
18.2 19.5 36.65 - 470.75 172.304 48.35

. 18.3 19.7 37.45  467.15 146.619 65.65
18.3 20.0 38.75 464.85 131.531 80.30
18.2 20.2 - 37.70 463.90 119.146 97.95
18.3 20.3 37.15 463.25 108.308 119.20
18.5 20.5 37.30 466.85 100.146  141.60
18.5 20.6 37.20 465,20 92.507 164.75
'18.5 20,7 . 37.35 461.50 84.400 195.05
18.1 19.38 36.25 466.15  76.827  241.75
18.3 20.1 37.30 462,80 72.952  262.20
18.5 20.5 37.40 458.45 68.896  288.40
18.7 20.9 37.10 - 463.60 67.415 308.65
19.0 21.3 37.20 460.65 '64.996  327.40
19.2 22.1 36.60 464.30  63.441  350.45
19.2 22,2 38.95 457.00 60.340 371.05
19.3 - 22.8 38.15 458.20 59.019  391.70
19.3 0 22.9 38.50 459.30  57.712  409.85
19.3 23.3 36.75 461.90 56.959  430.50
19.3 23.3 38.85 455,45 54.825  445.90
19.3 23.3 38.50 458.65 54.372  461.25
19.3 23,3 78.05 909.15 105.867 475.60

19.3 - 23.4 76.95 913.75 103.463 504.75
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orifice diameter =

.’ e o o o 38 L]
plate eccentricity ... 0.
area ratio ....e0c0e000n 0.

READINGS FOR PLATE NO. 15

Atmospheric Pressure ......

86 mm.

05 mm.
150

755.90 mm Hg.

TABLE NO. 38 -

Readings for the calibration of the test orifice plate

Air temp. Water témp; Init. mass Final mass Time Press. dif.
deg. C deg. C kg. kg. seconds mm. Hg.
19.3 23.3 36.85 - 469.95 234.623 25.65
19.2 23.3 37.80 472.65 198.062 36.60
19.2 23.4 37.85 467.80 171.296  47.65
18.2 20.5 36.40 466.60  157.892 56.60
18.2 20.7 37.70 467.15 138.748 73.00
18.3 20.9 37.75  469.00  124.809 91.45
18.3 21.1 37.45 467.25 113.478  110.25
18.4 21.3 37.55 469.05 100.884 140.30
18.4 21.5 137.80 467.15 93.248  163.35
18.5 22.2 36.65 464.25 87.413  184.10
18.6 22.4 37.60 463.90 80.753  214.40
18.6 22.5 37.60 458.45 75.085  242.35
18.6 - 22.6 37.65 462.20 71.304  273.40
18.7  22.7 37.65 468.65 69.353  298.30
18.8 23.0 38.65 461.75 64.768 329.95
18.8 23.1 38.90 464.60 62.767  354.75
18.9 0 23.1 38.50 459.90 60.164 378.95
18.9 23.1 38.60 462.35 58.733  402.05
18.9 23.1 33.60 456 .65 56.320 425.70
18.9 23.1 38.40 464.30  56.447  440.15
18.9 23.0 39.15 458.45 54.110 463.75
18.9 23.0 38.75 456.50  52.887  482.50
18.9 23.0 77.45 - 910.75 103.849  498.25
17.2 18.0 76.10 _ 919.15 103.845  508.35
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READINGS FOR PLATE NO. 15°

orifice diameter .

plate eccentricity

area ratic

* e n e

Atmospheric Pressure ...

38.86 mnm.
0.15 mm.
0.150

753.10 mm Hg.

TABLE NO. 39

Readings for the calibration of the tes£ orifice plate

Air temp. Water temp. Init.mass Final mass Time

Press. dif.

deg. C deg. C kg. kg. seconds mm. Hg.
17.3 18.8 38.%0 465.50 257.205 20.70
- 17.5 18.9 39.00 462.75 127.597 34.85
17.6 18.9 39.00 "461.00 169.667 47.00
17.6 19.0 38.85 461.10 148.723 61.25
17.6 19.2 33.30 463.30 132.864 78.40
17.8 19.4 38.95 459.60 117.656 98.20
17.8 19.6 37.85 461.15 110.510 112.75
17.8 20.9 36.60 461.30 101.008 136.05
6.2 18.4 38.70 470,25 95.09¢6 158.45
16.4 18.6 - 37.55 466,15 86.904 186.380
16.5 13.8 37.50 467.00 82.517 208.25
16.7 19.0 - 37.70 465.35 77.015 237.65
16.8 19.1 38.50 451.15 71.005 273.20
16.8 19.3 38.95 458.00 67.194 299.85
16.8 19.4 38.90 463.95 66.258 324.90
16.6 19.6 36.70 453,85 62.013 349.45
16.6 19.7 39.10 456.70 59.684 377.70
16.6 19.7 39.80 453.40 57.740 395.50
16.6 . 19.8 39.85 457.40 56.791  416.75
16.6 19.8 39.90 453.65 55.054 436.20
16.7 19.9 39.80 461.25 54.898 455.05
16.3 20.0 '39.70 455.15 53.235 471.00
"16.9 20.2 77.45 - 910.40 104.679 488.60
17.0 20.3 79.45 912.50 103.041 504.25

-238-



READINGS FOR PLATE NO. 15

orifice diameter  ....... 38.86 mm.

plate eccentricity ..... 0.30 mm,
area ratio ... ci0iieeea 0.150
Atmospheric Pressure ......... 750.30 mm Hg.

TABLE NO. 40

Readings for the calibration of the test orifice plate

Air temp. Water femp. Init.mass Final mass Time Press. dif.

deg. C deg. C kg. kg. seconds mm. Hg.
1643 17.8 35.95 470.40  228.949 27.05
©16.3 18.1 37.30 469.50 186.692  40.30
16.5 18.2 37.50 471.15 164.147  52.75
16.5 18.3 37.15 462.45 139,921 70.15
15.5 16.5 36.25 467.15 127.334  86.70
15.8 16.7 33.90 464.25 114.839  104.60
15.8 17.4 36.85 461.15 104.763  125.40
15.9 17.6 38,90 457.15  96.050  145.50
16.1 17.9 38.95 464 .80 92.352  163.00
16.2 18.1 38.90 463.15  87.029  182.55
16.2 18.3 33.95 464.55  81.929  207.15
16.3 18.4 39.00 463.65  76.622  236.40
16.4 18.6 38.90 458.50  71.040  268.45
16.5 19.5 36.65 453.85  67.756  298.55
16.7 19.8 38.90  464.15  64.896  330.70
16.7 19.8 38.90 461.40 62.163 355.80
16.6 19.9 38.80 457.75 59.589  380.55
16.6 20.0 38.95 460.40 57.927 407.90
16.6 26.1 38.90 455.90 56.381  422.00
16.6 20.2 38.95 459.60 55.604  441.80
16.6 20.3 39.30 455.70 54.064  457.65
16.4 . . 20.5 37.00 454.10 53.051 476.20
16.6 20.5 77.60 923.50 106.396  487.65
16.6 20.6 78.30 915.55 102.951  509.85
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‘READINGS FCR PLATE NO. 15

1

orifice diamecter ...... ' 38.86 mm.
plate eccentricity .... 0.60 mm.
area ratio .c.i.ieieeeeon. 0.150 '

Atmosvheric Pressure ......... 756,40 mm Hg.

TABLE NO. 41

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:
16.6 20.6 37.00 468.00  227.558 27.00
16.3 20.6 38.40 470.65 200.076 35.00
16.6 20.6 37.65 . 471.85 164.630 52.75
16.8 20.6 37.55 467.55 145.687 66.05
16.9 20.6 37.55  468.60  128.339 86.20
16.9 20.6 37.60 468.75 117.086 103.85
16.0 16.9 36.20 467.25 105.564 123.00
16.3 17.4 33.90 469.15  98.572 146.05
16.3 17.7 38.85 466.10 89.854 173.35
16.3 18.0 37.85 469.70 85.040 197.90
16.5 18.4 37.35 469.75 79.821  225.70
16.5 18.7 37.35 469.30 75.289 254.20
16.5 19.0 37.50 465.20 70.561  283.00
16.7 20.1 36.70 464.65 67.170 312.50
16.7 20.3 - 37.30 - 461.95 64.029  339.00
16.7 20.3 37.79 465.50 62.192 363.85
16.7 20.3 39.15 461.10 59.695  385.85
16.7 20.6 . 39.20 467.55 56.025 406.55
16.7 20.6 39.00 463.50 56.875 428.50
16.8 21.0 36.80 457.80 54.895 453.50
16.7 21.1 36.95 464.35 54.537. 471.50
16.8 ° 21.1 78.60 '923.30 106.490  484.70
16.8 21.1 1 78.70 929.50  104.674 508.70
16.3  21.1 . 39.10 465.65  55.214  461.10
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orifice diameter
plate eccentricity

area ratio

READINGS FOR PLATE NO.

15

]

---------

1.20 mm.

0.150

763.10 mm Hg.

Readings for the calibration of the test

TABLE NO. 42

orifice plate

Air temp. Wéter temp. Init.mass Final mass Time Press.dif.
deg.C deg. C kg. kg. seconds mm. Hg.’
16.8 21.0 36.80 471.30 238.788 25.35
16.8 21.0 37.75 467.80  194.187 37.10
16.8 21.0 38,35 466.45 164.386 ~ 51.25
16.8 21.0 37.50 468.85  145.301 66.95
16.8 21.0 37.40 471.25 130.217  84.65
16.8 21.0 37.55 469.55 119.771 99.30
16.7 19.3 36.20 469.45 107.360  124.90
16.9 19.5 38.95 467.75  96.572  151.25
17.1 19.7 38.95 4695.10 - 90.102 174.90
17.1 20.0 38.95 468.65 83.869  201.65
17.1 20.2 38.95 467.70  78.993  225.85
17.5 21.2 136.65 471.00  75.841  252.45
17.5 21.4 37.45 464.15  70.747  279.75
17.5 21.6 37.50 462.00  66.940  310.10
17.8 21.7 38.90 461.30  64.015  335.95
17.8 21.8 38.85 464.90  62.465 358.10
17.38 21.9 33.65 464.10  60.328  383.15
17.9 22.0 38.25 468.45  59.113  406.85
17.9 22.2 37.00 463.95  57.095 430.75
17.9 22.3 39.30 463.50  55.490  450.50
17.9 22.3 39.45 467.55  55.580 458.55
17.9. 22.3 38.75 462.75  54.654 -463.80
18.1 21.0 75.20 935.75 107.758  491.60
18.1 21.2 77.75  923.50 104.251  507.20
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READINGS FOR PLATE NO. 15

orifice diameterh ....... 38.86 mm.

plate eccentricity ..... 5.00 mm.
area ratio .......00.00. 0.150
Atmogpheric Pressure .... .. 754.60 mm Hg.

TABLE NO. 43

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 19.6 36.10 465,40 234.413 25.30
17.4 19.9 38.80 467.20 198.079 34.95

17,9 21.3 36.60 467.15 161.260 53.80
18.0 21.5 38.90 467.30  129.807 71.55

18.3 21.5 38.90 468.00 128.054 85.30
17.9 20.3 - 36.25 475.60 118.882  104.15
17.9 21.8 36.50 471.65 105.628  129.25
17.8 20.9 36.25 463.30 95.391  152.85
17.8 1 20.9 37.05 471.25 87.340  188.95
17.8 1 20.9 -~ 37.20 475.60 82.190 217.80
17.8 20.9 37.30 465.40 76.448  239.70
17.8 20.¢  37.25 - 466.40 72.852  266.00
17.8 20.9 36.90 468.25 70.361  286.10
17.8 20.9 37.35 ~ 465.50 67.613  307.40
17.8 20.9 37.30 465.95 66.004  323.85
17.7 18.9 - 36.15 - 470.55 66.823  322.55
17.8 19.2 . 37.70 468.30 63.900  346.05
17.9 ©19.5 37.70 462.85 61.302 366-15
18.0 20.0 39.40 467.30 60.611  382.25
18.2 20.5 37.65 466.10 59.352  396.12
18.5 21.4 ~ 36.75 465.00 58.368  411.35
18.5 - 21.6 38.95 467.35 57.642  424.31
18.5 21.7  78.85 932.40 109.850  463.00

.18.5 21.9 78.35 926.380 104.765 499.35
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READRINGS FOR PLATE NO. 15

orifice diameter ...... 38.86 mn.

plate eccentricity .... 10.00 mm.
area ratio .....eee.n.n 0.150 N
Atmospheric Pressure ....... 756.95 mm Hg,

TABLE NO. 44

. 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.
20.5 22.4 38.85 474.05 261.250 20.65
20.7 22.7 38.95 474.40 217.282 29.70
20.9 22.9 ~38.80 473.00 173.388 46.10
20.9 23.2 38.95 476.85 151.814  61.45
20.5 21.8  36.25 472.20 133.773 79.05
20.7 21.9 37.50 466.30 117.154 100.35

20.7 22.2 38.90 470.30 108.762 117.45
20.7 22.4 38.85 463.90 96.775  143.90
20.9 22.5 39.00 467.45 89.078  172.25
21.1 22.7 38.90 466.30 84.048  193.20
21.1 . 22.8 38.90 472.75 80.911 213.65
21.0 23.3 36.70 472.80 75.313  251.15
21.1 23.4 37.25 465.30 71.000 2732.30
21.1 23.5 37.65 470.60  69.073  293.10
21.2 . 23.8 - 36.80 471.45 67.385  310.25
21.1 ©23.8 38.30 468.55 64.523  333.95
21.8 23.9 " 36.65 464.75 61.899  356.85
21.5 23.9 . 37.45 466.75 60.500  375.40
21.5 23.9 38.60 465.60 °~ 59.333  390.00
20.7 22.7 36.25 468.95 59.056  402.70
20.8 22.7 38.95 461.20 56.327 417.80
20.8 22.7 39.10 461.60 55.469 432.60
20.8 22.8 41.40 461.45 53.988  453.55

:20.8‘ 22,8 39.90 458.70 51.184 498.25
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READINGS FOR PLATE NO. 45

2

orifice diameter

plate eccentricity

area ratio

Atmospheric Pressure ...

67.51 mm
0.00 mm
0.450

748.90 mm Hg.

TABLE NO. 45.

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.
21.2 22.3 36.20 476.60 160.104 w 63.00
21.3 22.4 39.20 468.85 126.030 w 96.75
21.3 22.4 37.15 468.20  108.327 w 132.25
21.2 22.6 36.85 462.45 93.479 w 173.50
21.1 22.7 36.95 457.25  82.225 w 218.75
21.0 22.8 37.10 470.45 76.789 w 267.25
20.9 22.8 37.15 467.30 70.692 w 310.50
20.6 22.9 37.20 464.75 65.549 w 359.75
21.1 21.2 36.35 472.75 62.549 w 406.75
21.1 21.4 37.90 463.05 58.053 w 449.25
21.2 21.6 38.90 461.90 55.134 w 492.75
21.3 21.7 39.05 458.15 52.574 w 533.25
21.6 22.8 37.05 461.75 51.259 45.95
21.7 22.9 39.95 464.50 49.691 48.95
21.8 23.1 38.90 464.80  48.392 51.90
21.9 23.3 33.35 463.10 47.577 53.50
21.9 23.5 79.80 929.15 92.396 56.75
22.1 23.7 79.75 910.60 88.661 59.10
22.1 23.8 79.25 930.10  .89.167 60.95
21.7 24.5 76.20 918.20 85.160 65.85
21.7 24.7 78.80 910.45 81.895 69.30
21.9 24.7 79.45 916.35 79.607 74.15
21.8 24.9 79.50 916.15 77.914 77.35
21.8 25.0 © 78.95 910.55  76.550 79.00

pressure difference in millimetres of water
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READINGS FOR PLATE NO. 45

]

ofifice diameter ..... . 67.51 mm.
plate eccentricity .... 3.50 mm.

area ratio ..escecenons 0.450
Atmosphefic PreSSure «ov.... 751.25 mm Hg.

TABLE NO. 46

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 nmm. Hg.
21.3 25.1 36.60 472.45 154.994 w 64.60
21.4 25.0 38.80 472.80 128.278 w 93.50
21.4 25.0 "~ 39.85 470.35 107.226 w 130.50
21.5 25.0 39.60 469.20 94.125 w 171.50
21.3 25.0 39.10 475.45 84.951 w 216.25
21.3 . 25.0 39.35 469.50 75.875 W 264.00
21.3 25.0 39.30 470.35 69.869 w 312.50
21.3 25.0 39.65 468.45 64.855 W 361.00
21.3 24.9 39.75 462.60 59.925 w 410.00
21.3 _’ 24,9 39.65 463.10 57.407 w 449.25
21.3  24.9 39.60  467.80 55.440 w 493.00
21.4  24.9 39.80 460.95 52.483 W 532.50
21.3 23.4 36.60 466.95 51.854 45,25
21.5 23.5 38.00 466.30 49.998 48.25
21.5 23.7 37.60.  465.20  48.550 50.95
21.6 23.9 37.35 461.10 46.945 53.40
21.8 24.0 77.75 922.40 91.545 56.10
'21.8 24.2 78.65 914.30  88.814  58.10
21.7 24.3 78.90 919.85 87.250 61.00
21.7 24.4  79.40 931.90 86.290 64.10
21.7 24.8 76 .95 965.10 81.039  68.70
21.8 24.8 79.55 909.30 78.754 72.95
21.8 25.0 79.85 901.75 76.497 75.85

. 22.3 25.0 80.50  902.00 75.587 77.60

w: pressure difference in millimetres of water




READINGS FOR PLATE NO. 45

orifice diameter ....... 67.52 mm.

plate eccentricity ..... 8.00 mm.
area ratio ........ ..., 0.450
Atmospheric Pressure ...... .. 750.60 mm Hg.

TABLE No. 47

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.
22,1 25.0 39.90 469.70 162.933 w 54.00
21.5 25.4 39.30  398.60 103.747 w 93.75
21.7 25.2 39.55 475.05 108.744 w 126.00
21.6 - 25.3 39.70 469.65 93.488 w 167.75
21.6 25.2 39.85 469.00 83.267 w 206.00
21.6 25.2 39.50  475.15 134,490 w 82.25
21.6 25.3 40.00 469.50 75.300 w 257.50
21.5 25.3 40.20 465.75 69.000 w 298.25
21.7 23.2 36.45 469.00  65.587 w 342.00
21.8 23.3 39.80 473.10 61.810 w 388.50
21.9 23.4 39.65 466.55 57.957 w 429.50
22.1 23.5 39.85 469.00  55.862 w 467.00
22.1 23.6 39.40 465.55 53.269 w 506.50
22.0 23.8 37.95  453.15 50.020 42.85
22.1 24.1° 39.10 459.20 49.002 46.00
22.0 24.3 38.30 459.75 47.984 49.10
22.1 24.4 76.70 915.75 93.202 51.25
21.5 24.9 75.55 920.35 91.608 52.90
21.7°  24.9 78.35 908.50 86.728 57.30
21.8 25.0 78.60 916.70 84.784 60.85
21.3 25.1 79.95 906.85  80.913 66.95
21.2 25.1 79.60 916.50 79.408 69.95
21.2 25.1 76.35 916.15 ~ 78.086 73.75
21.2 25.1 . 78.70 910.60 76.234 75.40

w: pressure difference in millimetres of water
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READINGS FOR PLATE NO. 45

" orifice diameter ...... . 67.51 mm.

plate eccentricity ..... 13.00 mm.
area ratio ....iiiecnaen 0.450
Atmosphéric Pressure ...... 753.45 mm Hg.

TABLE No. 48

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.
21.2 . 20.2 35.90 474.75 172.612 w 48.75
21.2 20.5 39.40  473.60 128.474 w 85.75
21.4 20.7 39.65 466.40 107.464 w 119.75
21.4 20.9 39.85 474.50 94.238 w 160.00
21.5 21.0 39.80 471.25 83.391 w 202.00
21.6 21.2 39.45 469.00 75.541 w 244.00
21.7 21.4 39.85 467.35 69.403 w 287.25
21.8 21.5 39.90 471.40 64.780 w 336.00
21.8 21.7 40.30 467.25 60.426 w 377.75
21.8 21.8 39.85 470.00 57.730 w 420.50
21.6 22.9 36.95 463.55 54,785 w 461.50
21.6 23.0 39.90 462.15 52.021 w 501.25
21.7 23.1 39.80 466.75 51.264 w 525.50
21.5 23.2 39.85 452.60 47.377 45.85
21.5 23.2 39.80  469.20 47.862 *©  48.60
21.3 23.3 39.25 458.65 45.562 50.90 -
21.4 23.3 78.20 907.55 87.931 53.60
21.1 23.8 75.30 924.00 86.494 58.30
20.0 20.5 76.00 919.50 83.109 62.10
20.0 20.8  75.85 919.10 81.012 65.90
20.2 21.5 76.65 915.55 77.887  69.90
20.3 21.7 78.75 905.00 75.252 72.60
20.3 21.9 77.05  912.55 74.952 75.30

20.5 21.9 78.05 918.70  74.519 77.30

w: pressure difference in millimetres of water
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45

READINGS FOR PLATE NO.

crifice diameter ...

plate eccentricity .

area ratio

a6 ® ¢+ 8 v =

0.450

TABLE NO. 49

Readings for the calibration of the test orifice plate

Air temp. Water temp. Init.mass Frinal mass Time Press. dif.
deg.C deg. C kg. kg. seconds mm. Hqg.
21.8 23.5 37.35 476.75 160.527 w 55.00
22.3 23.6 39.80 476 .25 125.649 w 88.75
22,4 24.0 37.95 475.55 106.807 w 123.25
22,4 24 .1 39.75 430.25 96.010 w 154.75
22.4 25.2 36.65 476.75 85.432 w 195.25
22.4 25.2 39.85 473.15 75.828 w 240.50
22.5 25.5 37.20 471.85 69.815 w 284.25
22.6 25.6 39.60 470.00 64.491 w 327.50
22.6 25.6 38.70 466.90 60.079 w 373.25
22.4 26.0 36.85 466.10 57.373 w 412.75
22.4 26.0 39.05 459,95 53.693 w 452.50
22.3 26.0 38.50 464.20 52.008 w 494.75
22.4 26.1 37.85 463.65 50.229 w 531.44
21.8 26.0 38.35 459.10 47.923 45,70
21.9 26,0 37.55 453.05 46.588 48 .25
22.1 26.0 37.55 457 .40 45,380 50.35
21.7 23.6 75.20 - 927.90 88.200 54.95
21.7 24.1 78.30 917.35 86.040 56.20
22.3 25.1 75.95 921.65 82.691 61.60
22.3 25.3 78.70 $22.65 81.519 63.05
22.3 25.4 79.05 910.40 78.532 65.75
22.3 25.6 79.40 917.55 77.163 69.25"
22.8 25.9 75.90 908.90 74.758 73.00

- 22.6 26.0 79.05 ‘913.45 73.626 76.00
w: pressure difference in millimetres of water.
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READINGS FOR PLATE NO. 55

orifice diameter

plate eccentricity .....

area ratio,

Atmospheric Pressure ..... ‘e

74 .41 mm.
0.00 mm
0.550

755.35 mm Hg.

TABLE NO. 50

Readings for the calibration of the test orifice pléte

Air temp. Water temp. Init. mass Final mass Time

Press. dif.

. deqg.C deg.C kg. kg. seconds mm. Hg.
20.4 22.1 36.40 474.50 212,118 w 21.00
20.6 22.3 38.70  473.20 176.260 w 30.00
20.6 22.8 36.40 470.65 148.787 w 42.00
20.7 22.9 39.15 474.15 122.249 w 62.50
20.7 22.9 39.10 468.70 105.870 w 81.50
20.8 - 23.0 38.60 473.15 94.347 w 105.50
20.7 23.0 38.55 470.05 83.372 w 133.00
20.9 23.1 38.10 470.75 75.046 w 164.75
20.8 23.1 38.60 469.20 68.162 w 198.75
20.7 23.1 38.95 473.80  64.752 w 226.00
20.6 23.1 37.25 464.00 59.125 w 259.00
20.4 23.1 37.85 464 .45 56.340 -w 286.25
21.3 20.6 36.15 464.95 55.822 w 294.25
21.1 20.8 38.50 466.10 54.195 w 310.75
21.0 21.0 38.60 457.20 50.921 w 337.50
20.9 21.1 37.60 459.65 49.832 w 359.00
21,2 21.4 78.95 927.50 93.227 w 415.25
21.4 22.0 76.90 919.50 88.643 w 452.25
21.4 22.3 78.85 913.85 85.114 w 482.00
21.0 23.3 75.50 928.75  82.252 42.90
21.0 23.5 79.45 885.65 74.547 46.60
21.0 23.6 79.85 906 .80 72.936 51.15
21.2° 23.6 77.30 904 .80 71.176 53.90
20.9 23.6 80.20 831.55 68.865 55.35

W pressﬁre difference in millimetres of water
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'READINGS FOR PLATE NO. 55 ‘

orifice diameter :.;.... 74.41 mmnm.

plate eccentricity ..... 2.00 mm.
area ratio ..eeecerensan . 0.550

Atmospheric¢ Pressure ........ 753.85 mm Hg.

TABLE NO. 5]

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 - 23.6 37.15 466.05 158.853 w 35.25
20.3 23.6 39.60 478.75 126.879 w 58.25
20.5 23.6 39.70 474.30 107.744 w 79.50
20.4 23.5  39.35 475.65 92.990 w 107.75
20.4 23.5 38.70 474.55 83.747 w 132.00
20.7 21.4 38.05 468.70 80.183 w 141.25
20.8 22.1 36.85 470.95 76.776 W 155.75
20.9 24.0 36.50 471.75 71.319 w 182.00
20.9 24.0 38.85 468 .85 65.594 W 210.25
20.9 24,0 38.80 466 .60 61.524 W 236.00
20.9 21.1 36.05 469.25 62.733 W 233.50
20.9 21.2 38.75 461.65 58.620 W 255.00
20.9 21.4 39.30 467.40 56.798 w 278.25
21.0 21.5 ~ 38.95 466 .65 54,360 W 302.75
21.1 21.6 39,20  461.60  51.767 W 326.50
21.1 21.8 39.10 463.25 50.387 w 347.50
21.1 22,5 75.05 926.35 98.181 W 368.00
21.1 22.7 79.10 913.65 91.741 w 405.75
21.1 22.3 78.80 923.25 90.944 W 424.25
21.1 23.0 79.05 914.00 87.972 w 442.75
21.0 23.5 76.60 917.05 83.875 ‘W 495.00
21.1 23.6 79.90 919.15 80.631 W 534.75
20.9 23.6 78.35 915.25 77.291 46.20
20.9 23.7 79.25 917.50 76.871 46.80

"w: pressure difference in millimetres of water
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READINGS FOR PLATE NO.

orifice diameter ....... 74.41 mm.

plate eccentricity ..... 5.00 . mm,

area ratio ...ccievecaons €¢.550
Atmospheric Pressure ., ....., 761.20 mn He,

TABLE NO.

52

Readings for the calibration of the test orificé pléfé

Air temp. Water temp. Init.mass Final mass Time Press. dif.
deg. C deg.C kg. kg. seconds mm. Hg. =
20.7 23.6 36.70 471.05 158.965 w 34.50
20.9 23.6 39.30 469.95 127.032 w 52.75
20.9 23.6 37.15 465.30 105.845 w 76.50
20.9 21.7 36.30 463.95 90.347 w 105.59
21.0 21.9 . 39.70 471.95 83.075 w 127.25
21.0 22.0 39.85 459.80 73.322 w 155.25
21.0 22.3 39.75 461.85 67.112 w 185.75
21.2 . 22.7 36.85 466.15 63.946 w 213.00

21,1 22.9 39.90 463.60 58.996 w 244.00
21.3 23.0 39.85 463.40 54.425 w 287.50
21.5 23.1 39.80 453.30 51.714 w 302.50
21.6 S 23.2 39.85 451.30 49.228 w 331.25
21.7 23.3 39.80 452.90 47.603 w 355.00
21.3 23.3 39.75 453.70 46.145 w 381.25
21.3 23.4 39.80 447.70 44.120 w 407.50
21.3 23.5- 39.60 446 .75 42.858 w 426.50
21.3 23.6 79.65 913.95" 85.654 w 452.50
20.9 23.9 76 .30 824 .60 80.244 w 492.75
20.9 ' 24.0 79.80 888.95  74.487 44.55
20.9 24.0 79.70 878.15 70.908 48.00
20.8 24.0 .75.30 896 .40 70.744 50.70 -
20.8 24.0 78.60 918.85 71.501 . 52.25

. 20.9 24.1 78.10 889,05 68.571 52.55
21.1 24.1 78.55 890.30 68.550 52.95

W

pressure difference in millimetres of water
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READINGS FOR PLATE NO. 55

orifice diameter ....... 74.41 m.
plate eccentricity ..... 7.25 mm.

area ratio ........ ceens 0.55
Atmospheric Préssvre eeeasea 07.65 mm He,

TABLE NO. 23

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.
22.7  22.4 38,50 467.45 155.808 w 33.50
22.9 22.6 39.85 472,50 127.430 w 51.75
22.7 23.2 39.80 474.85 = 108.152 w 72.75
22.8 23.3 39.45 470.00  91.764 w 98.50
22.9 23.6 39.50 471.80 82.931 w 121.50
22.8 23.7 39.70 472.75 74.717 w 150.50
23.0 23.9 39.80. 465.60  -67.818 w 178.50
22.3 24.0 39.70 464.50 62.140 w 211.75
23.3 124.2 39.80 460.35 57.924 w 241.00
23.2 24.3 ~ 39.55 461.50  54.880 w 270.25
23.5 25.4 39.45 461.05 52.626 w 295.00
23.5 25.4 39.80 462.25 50.449 w 318.50
23.8 26.1 38.65 464.30 43.992 w 343.25
23.8 26.1 39.25 467.15 47.509 w 371.50
23.6 26.2 - 39.50 463.05 45.476 w 396.25
23.4 26.2 ©39.50 453.75 43.389 w 417.75
- 23.5 C26.2 "~ 78.75 921.30 85.114 w 447.75
23.5 26.2 ~ 78.95 905.70 82.751 w 459.50
23.2 26.2 ~ 80.00 915.80 76 .735 43.15
23.0 26.2 73.85 904.15 73.456 46.05
22.9 26.2 79.20 894.10 70.677 48 .25
21.4 23.9 79.40 900.35 69.067 51.20
21.7 23.7 79.75 893.05 68.437 52.25
21.2 23.6 76.40  891.20 68.043 = 52,65

w: pressure difference in millimetres of water
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READINGS FOR PLATE NO. 55

orifice diameter

plate eccentricity
area ratio

Atmospheric Pressure

€ o o

'74.41 mm.
: 12-13 HHH.
0.550

759.30 mm Hg.

TABLE NO. 54

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 23.2 36.00 473.35 166.313 w 29.50
20.2 23.3 39.85 475.50 124.851 w 52,50
20.5 23.3 37.30 473.90 108.308 w 69.50
20.5 - 23.3 39.35 473.30 92.709 - w 93.75
20.6 23.3 38.70 472.60  81.959 w 119.75
20.7 23.3 39.10 471.65 74.215 w 147.00
20.6 23.3 37.50 467.05 67.378 w 174.75"
20.6 23.3 38.70 459.10 62.735 w 202.75
20.6 23.2 39.00 463.95 58.121 w 230.25
20.6 23.2 39.20 462.90 54,780 w 258.50
20.6 23.2 39.10 463.15 52.077 w 286.75
20.6 - 23.2 39.30 465.55 50.318 w 309.75
120.6 23.2 39.60 460.90 47.764 w 336.50
20.6 23.2 39.30 460.45 46.202 w 358.25
20.6 23.2 39.30 457.40 44.357 w 384.25
20.6 23.1 39.50 457.05 43.129 w 403.75
20.6 23.1 79.05 916.75 84.528 w 423.25
20.5 23.1 79.40 909.45 82.096 w 441.00
20.0 23.5 76 .95 920.80  82.218 36.15
20.2 23.6 79.15 915.90 78.396 39.15
19.7 23.7 78.60 916.95  76.208° 41.65
20.1 23.7 75.70 913.70 74.864 43.00
20.0 23.7 75.75 910.70 73.958 43.55
19.'9 23.7 77.90 912.90 73.799 44.00

W

e e e ey et e Ay

pressure difference in millimetres of water
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READINGS FOR PLATE NO. 55

orifice diameter ...... 74.41 mm.

area ratio ...eccecienen ‘0.550
Atmospheric Pressure .......... 754.60 mn.

TABLE NO. 55

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 23.6 39.85 477.05 134.057 w 52.50
21.7 23.8 40.80 478.20 126.539 w 59.00
21.7 23.9 40.75 476.90 107.867 w 81.25
21.7 23.9 -~ 39.35 476.10  93.615 w 108.00
21.8 24.0 40.30 475.00 82.990 w 136.75
21.7 24.1 38.90 475.30 75.087 w 168.25
21.6 24.1 40.30 473.80  68.361 w 200.50
21.6 24.2 39.75 469.05 62.772 w 233.75
21.6 24.3 36 .85 468.95 59.831 w 260.75
21.7 24.3 40.20 469.70 56.131 w 292.75
21.7 24.3 40.20 456 .20 51.737 w 324.00
21.6 24.3 40,20 472.55 51.544 w 351.25
21.7 24.3 40.30 470.05 49.293 w 380.25
21.6 24.3 40.30 461.05 46.592 w 407.90
21.7 24.4 40.35 470.45  46.273 w 431.50
21.7 24.3 40.25 464.00 44,325 w 457.75
21.7 24.2 78.95 911.30 85.172 w 478.50
21.7  24.8  76.55 935.70  86.043 w 499.50
21.7 24.8 79.75 934.80 82.294 w 540.75
21.7 24.9 79.30 910.75 76.795 46.55
22.0 ~25.¢C 80.10 926.80 75.258 50.30
22.1 25.0 80.05  933.20  73.992 52.80
22.1 25.0 80.50Q 1924.90 72.194 54.50

22,1 25.0 80.05 918.45 71.226 55.25

w: pressure difference in millimetres of water
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READINGS FOR PLATE NO. 55

orifice diameter

area ratio

Atmospheric Pressure ........ .

0.550

i

TABLE NO. 56

755.60 mm Hg.

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 23.4 36.40 475.55  169.986 w_ 33.00
21.6 23.5 39.60 472.70  155.573 w 38.25
21.8 23.6 40.35 478.00 126.758 w 59.25
21.9 23.6 40.30 477.65 107.822 w 81.50
22.0 23.7 140.30 480.10 94.417 w 107.75
22.2 23.8 40.30 476 .40 83.316 w 136.50
22.2 23.8 40.30 467.80 73.553 w 168.75
22.2 23.9 40.20 475.00 68.951 w 198.25
22.2 24.0 40.40 468 .80 63.029 w 230.50
22.2 24.0 40.30 473.75 59.844 W 261.75
22.2 24.0 40.20 470.15 55.949 w 294.75
22.3 24.1 40.30 472.70 53.664 W 324.00
22.3 24.1 40.30 467.80  50.857 w 352.75
22.3 24,2 139,50 462.65 48.363 w 382.75
22.4 24.5 37.00 463.00 47.151 w 408.50
22.5 24.5 40.30 467.70 45,924 w 432.25 -
22.5 24.6 80.60 924 .65 88.162 W 459.00
22.7 24.8 80.60 929.50 85.924 w 488.00
22.7 24.8 80.35 929.20 82.220 w 532.75
22.7 ©25.0 80.10 931.60 78.423 46.80
22.7 25.0 79.90 921.00 75.089 49.80
22.7 25,2 77.35 920.95 73.224 52.95
22.7 25.3 80.10 928.55 72.471 54.50
22.7 25.3 76.95 919.25 70.816 56.10

w: pressure difference in millimetres_of waterx
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READINGS FOR PLATE NO. 55

orifice diameter ....... 74,41 mm.

area ratic .....c..0000.0 0.550
Aftmospheric Pressure ........ 756.10 mm Hg;

TABLE NO. 57

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.
22.7 25.6 36.80 479.40 172.509 w 32.50
22.7 25.6 40.15 479.10 138.743 w 49.50
22.7 25.6 40.30 479,65 126.904 w 59.50
22.7 25.6 1 39.80 475.35 108.143 w 80.75
22.7 25.6 39.30 472.60 93.059 w 107.75
22.7 25.6 39.80 478.80 84.116 w 135.75
22.7 25.6 39.25 470.60  72.749 w 174.75
22.7 25.6 40.15 471.10 67.856 w 200.75
22.7 25.6 39.80 466.10 62.345 w 233.50
22.5 23.4 36.50  476.25 60.567 w 262.50
22.5 24,5 40.00 468.40 55.873 w 293.75
22.5 23.6 40.20 475.00 53.883 w 324.25
22.6 $23.7 40.10 472.50 51.269 w 354.75
22.6 23.8 40.10 468.60 48.971 w 382.25
22.6 23.8 40.15 - 467.60 47.259 w 408.50
22.6 24.2 37.15 465.70 46.019 w 433.25
22.6 24.3 80.15 935.00 87.259 w 479.25

o 22.7 24.3 ~ 80.05 924.30  82.610 w 522.50
22.4 24 .4 80.70 925.50 80.710 w 548.75 .
22.7 24.4 81.55 912.15 75.564 - 48.00
'22.7 24.6 41,20 459.10 37.935 50.70
22.7 24.8 82.55 910.95  71.743 53.20
22.7 25.2 78.10 911.25 70.988 54.75
22.8  25.4 82.55 1920.05 70.985 55.30

w: pressure difference in millimetres of water
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APPENDIX F

ERROR ANALYSIS OF THE FLOW MEASUREMENT WITH THE EXPERIMENTAL EQUIPMENT

1. MEASUREMENT WITH THE REFERENCE METER

Mass of the water accumulated in the tank -
Time taken

l!

Mass flow rate gq

. q = MrovaL - MyiriaL
. Time :
o : | 3
and W= [fsq w )2 + [8q W 2
' 4 ( M M) | <’T T)
§q = 1 dg = M
M 1 ond ST 2

where - W 1is the uncertainﬁy in the mass flow rate
: 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 kg
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.

q ( + (430 x 0,01
' 29 x 29

= +/- 0 0180kg/s

=
]

14,8276 +/- 0,0180 kg/s

Mo
[]

or 'q 14,8276 +/- 0,12%

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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5

=
L}

‘ ‘2 2 2 -
q '%éa) + (430 x 0,01
_ 280 x 280

0,0007 kg/s

i

’ : 1,5357 +/- 0,0007 kg/s

L ] q =
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. o -

W ' B . 2 2 2 2 t
, = 2wd m2 |
Q. /(1 ? 2 ) +(§£2) + (5 pr) + é W ) /

) 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:

38,93 +/- 0,025 mm

100,51 +/~ 0,025 mm
pressure differential, h = 500 +/- 0,05mm Hg
999,19 +/~ 0,04 kg/m>

1]

orifice diameter, d

pipe diameter, D

density of the water Py,

area ratio, m = 0,15
The uncertainty in the calculated flow rate is calculated as shown in
Table 38. 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 S ,
0,15 27 +/- 0,1137% +/- 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 Cﬁ

Measured Mass Flow Rate
Calculated Mass Flow Rate

The coefficient of discharge CD =

. qm - .
CD = ‘c-l-'— . '
C
3 .
- . 2 . 2 o
oo WC = 6CD + 6CD
D —6?‘ qu -G-—q'—' W .
m c qc - N
. | 3 ;
. 2
_ W
_ W ; 2 + me de
SoooW, T n ) Q.2
v D Qé c
Example ) m =20,1 h= 52,30 t 0,05 mm Hg
A 2 2 %
W = 0,0007 + 1,6975 x 0,0002
b 2,8173 (2, 81732
W = +
Ch. = = 0, 0005
' +
. CD = 00,6025 - 0,0005

_ . + o,
CD— 0,6025 0, 08%

Similar calculations were conducted to determine the greatest uncertainty

in the coefficient. It was found that the overall tolerance on the coefficient
should not exceed t 0,1 percent. Only when very low pressure difference
(below 30mm of mercury) did the tolerance on the coefficient exceed f G, 1 percent

In these cases the water manometer was used to measure the pressure difference.
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TABLE NO. £2

READINGS TO DETERMINE THE PIPE DIAMETER D

Upstream from orifice plate Downstram from orifice plate

Diameter of pipe in inches Diameter of pipe in inchesv
3.966 3.958 '
3.970 . c | 3.953
3.971 - 3.952
3.963 ' 3.940
3.977 ' ' A 3.957
3.970 3.970
3.955° 3.946
3.973 | 3.957
3.978 | | 3.954
3.973 ' | 3.959
3.936 |
3.933
_Y3.943
3.952
3.933
3.949
Average 3;959 B 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

Temp. on standard Thermometer Thermometer Thermometer Thermometer

thermometer 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 °c 25.1 25.1 - 25.2 25.3
28.4 °C 28.3 . 28.3 . 28.5 | 28.5
30.9 °C 30.8 30.8 30.9 31.1
32.5 °C 32.3 324 32.5 32.7

At a Correction factor for
temperature Thermameter Thermometer Thermometer Thermometer
of A ' B c D
21.7 °C - 0.1 - 0.1 +0.1 +0.2
23.1 °C - 0.1 0.0 +0.1 +0.2
25.1 °C "~ 0.0 0.0 S +0.1 +0.2
28.4 °C - 0.1 - 0.1 +0.1 + 0.1
30.9 °c - =-0.1 - 0.1" 0.0 + 0.2

32.5 °c - 0.2 . - 0.1 0.0 +0.2
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APPENDIX H

RESULTS

TABLE NO. 64

| RESULTS OBTAINED FROM EXPERIMENTAL DATA FOR VARYING
THE EDGE SHARPNESS OF AN ORIFICE PLATE

) Coefficient of discharge at a
' Edge radiug Reynolas Number of
Area Ratio in
millimetreA . _
100 000 150 000 - 200 000
0,018 0,6009 0,5996 0,5996
0, 065 0,6072 0,6069 0, 6065
" 0,0985 0,100 0,6090 |, 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
0,012 0,6057 0,6034 0,6027
0,1982 0,216 0,6167 0,6154 0,6135
0,403 0,6288 0,6252 0,6236
0,012 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 0,61¢4
0,322 0,6275 0,6258 0,6237
0,012 0,6165 0,6103 00,6079
_ 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 0,63393
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TABLE NO. 65

RESULTS OBTAINED FROM EXPERIMENTAL DATA FOR
VARYING THE . < ECCENTRICITY. OF AN ORIFICE PLATE

Coefficient of discharge at a

Area ratio Eccen:;%city Reynolds Number of

millinetres 100 000 150 000 200 000

0.00 0.6073 0.6051 0.6044

 0.05 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

0.00 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 0.5469 0.6463

16 .31 0.6576 0.6567 0.6546

0.00 0.6168 0.6147 0.6137

2.00 0.6216 0.6208 . 0.6177

0.55 5.00 0.6333 0.6314 0.6307
7.25 0.6478 0.6441 0.6423

12.13 0.6630 0.6616 0.6615
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