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Abstract

This paper describes twenty one Venturi tubes manufactured in a range of diameter ratios from 0.4 to 0.75. Fifteen of them are
standard, with a convergent angle of 21°, manufactured in a range of diameters from 50 mm to 200 mm and of diameter ratios
from 0.4 to 0.75. Six are standard except for the convergent angles which are either 10.5° or 31.5°; they are of diameter 100 mm.
They have all been calibrated in water and high-pressure gas. For the standard Venturi tubes an equation for the discharge coefficient
in water has been obtained with an uncertainty of 0.74 per cent. Work on the physical basis of the equation for the discharge
coefficient at high Reynolds number is described, and an equation fitting all the gas data from the standard Venturi tubes with an
uncertainty of 1.23 per cent has been derived. It is clear that the data in gas from the Venturi tubes with a convergent angle of
10.5° are much smoother than those from Venturi tubes with the standard or the higher convergent angle: an equation fitting all
the gas data from the three Venturi tubes with a convergent angle of 10.5° has been obtained with an uncertainty of 0.71 per cent.
 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is an increasing desire to use Venturi tubes for
wet gas measurement, but to ensure accuracy it is neces-
sary to understand their behaviour in dry gas first. How-
ever, the work of Jamieson et al. [1] and of van Weers
et al. [2] has shown that their performance in gas is very
different from that in water. This project is being under-
taken to examine the performance of a range of Venturi
tubes whose manufacture was carefully specified and
controlled. One way of improving the results in high-
pressure gas is to change the design of the Venturi tube.
The option of changing the convergent angle is described
here. This work is a fuller version of part of that
described in References [3] and [4].

2. Description of the Venturi tubes

Fifteen classical Venturi tubes with machined conver-
gent sections were manufactured by Jordan Kent Meter-
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ing Systems/Seiko and Crane Perflow for calibration in
water and in gas: the former manufacturer manufactured
Venturi tubes with diameter ratio b=0.4, 0.6 and 0.75
for nominal diameter 50 mm, 100 mm and 200 mm,
together with b=0.5, 0.65 and 0.7 for nominal diameter
100 mm only; the latter manufactured Venturi tubes with
b=0.4, 0.6 and 0.75 for nominal diameter 100 mm only.
Six additional Venturi tubes with machined convergent
sections were manufactured by Jordan Kent Metering
Systems/Seiko for calibration in water and in gas with
diameter ratio b=0.4, 0.6 and 0.75 and nominal diameter
100 mm. They were standard Venturi tubes except that
three had a convergent angle of 10.5° and three had a
convergent angle of 31.5°. They were manufactured to
drawings with tight tolerances designed to ensure that
where possible the results were not affected by uncon-
trolled variables. Each Venturi tube was manufactured
out of solid metal so that there would be no steps due
to welding within the Venturi tube. They were made of
stainless steel and were suitable for use at pressures up
to 70 bar with ANSI Class 600 flanges. They were
designed not only to meet the requirements of ISO 5167-
1 [5] but to follow its recommendations. The Standard
recommends the use of a divergent angle between 7° and
8°: 71

2° was specified for the Venturi tubes used in this
project.
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Nomenclature

C Discharge coefficient
Cwater Mean discharge coefficient in water
D Diameter of entrance cylinder, m
d Throat diameter, m
dtap Tapping hole diameter, m
e Change in measured pressure, Pa
k Uniform equivalent roughness (as on the Moody diagram), m
Ra Arithmetic mean deviation of the roughness profile, m
ReD Pipe Reynolds number
Red Throat Reynolds number
Retap Tapping hole Reynolds number (=utdtap/n)
Re* Venturi throat tapping Reynolds number (=Reddtap/d)
ū Mean velocity, m/s
ut Friction velocity (=√(t/r)), m/s
b Diameter ratio (=d/D)
l Friction factor
n Kinematic viscosity, m2/s
r Density, kg/m3

t Wall shear stress, Pa

So that the results would not be corrupted by the intro-
duction of steps at joins in the pipework, an upstream
length of 8D (6D for 200 mm pipe) and a downstream
length of 4D, where D is the diameter of the entrance
cylinder, were manufactured with machined bores; this
ensured that in no case was there a step in diameter
greater than 0.0035D at the upstream flange of the Ven-
turi tube. The lengths of pipework were manufactured
by boring out Schedule 80 pipe to the bore of a Schedule
40 pipe. The lengths of pipe and the Venturi tubes were
dowelled to ensure concentricity; O rings were used to
ensure that there would not be recesses or protruding
gaskets. The distance from the upstream pressure tap-
pings to the first upstream flange was 1.5D, 1.1D and
0.7D for nominal diameters of 50 mm, 100 mm and 200
mm respectively.

In addition to the shorter lengths of pipework already
described, an additional 21D (23D of 200 mm pipe)
length was manufactured by welding a 19D (21D of 200
mm pipe) length of Schedule 40 pipe to a 2D length of
pipe machined to the bore of the other pipes, smoothing
off any step at the weld. This length of pipe was installed
with the machined length adjacent to the machined pipe
already described, so that there was at least 8D of
machined pipework, whose bore matched that of the
Venturi tube very accurately, immediately upstream of
the Venturi tube. In total there was 29D of pipe of the
same schedule with no recesses, protruding gaskets or
significant steps upstream of the Venturi tube. Upstream
of this assembly there was generally further pipe of the
same nominal diameter preceded by a flow conditioner.

The Standard recommends that the radii of curvature

at the intersections of the entrance cylinder and the con-
vergent section, the convergent section and the throat,
and the throat and the divergent section be equal to zero,
although significantly larger values are permitted. The
drawings requested a maximum radius of curvature of 1
mm. In order to measure the radius of curvature,
measurements of profile were made through the conver-
gent and the throat with one trace per Venturi tube. This
was not possible for some of the Venturi tubes. The aver-
age of the measured radii of curvature was 15 mm. Some
radii of curvature were outside the permitted value of
0.25d, but the range of radii of curvature does not appear
to be the cause of the spread in measured discharge coef-
ficients.

The Standard requires that the surface finish of the
entrance cylinder, the convergent section and the throat
be such that Ra/d shall always be less than 10�5, where
Ra is the arithmetical mean deviation of the roughness
profile. However, this was typically exceeded by a factor
of approximately 3; the typical surface finish was Ra�2
µm. All the Venturi tubes had 10�5�Ra/d�10�4. If the
Draft International Standard proposed to replace ISO
5167-1 is accepted the maximum permissible roughness
will be increased so that Ra/d shall be less than 10�4.
The project wished to use Venturi tubes with surface
roughnesses typical of those used in the field. Moreover,
the range of roughnesses does not appear to be the cause
of the spread in measured discharge coefficients.

Except for the Venturi tube with a throat diameter of
20 mm the pressure tappings were 4 mm in diameter;
the throat pressure tappings were of constant diameter
for a length of 94 mm and the upstream tappings for a
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length of 53 mm. The Venturi tube with a throat diam-
eter of 20 mm had pressure tappings of diameter 2.6
mm; the throat pressure tappings were of constant diam-
eter for a length of 62 mm and the upstream tappings
for a length of 37 mm. Tappings of constant diameter
were used because the work described by Jamieson et
al. [1] suggested that they might be beneficial. The tap-
pings were connected in “triple-tee” arrangements.

For most of the Venturi tubes the convergent angles
were determined both from three measurements of diam-
eter for each convergent cone and from the wall profile
measurements from which the intersection radii were
obtained. The measured value of the convergent angle
never differed from the nominal value by more than
0.14°.

Except for one measured diameter in the 20 mm throat
(nominal diameter 50 mm, b=0.4), the measured throat
diameters were within 0.1 per cent of the mean value of
the throat diameters at the pressure tappings. The meas-
ured diameters of the entrance cylinders were within
0.075 per cent of the mean value of the entrance cylinder
diameters at the pressure tappings.

3. Calibration in water

The Venturi tubes were calibrated in water in the
UKAS-accredited National Standard facility for water
flow measurement. For each Venturi tube the data in
water lay on a straight line and with a small scatter. The
gradients were small: when fitted against ReD the
majority had a positive gradient but since several had a
negative gradient it seemed appropriate to represent the
discharge coefficient of each Venturi tube by its mean
value. Over the range of the data the average increase
in discharge coefficient with Reynolds number was
0.0007. The results for the standard Venturi tubes are
shown in Fig. 1. Where two Venturi tubes are made from
the same drawings the maximum difference in mean dis-
charge coefficient is 0.57 per cent. The Reynolds number
range over which the data were used to calculate the
mean was that over which C was approximately con-
stant. In one case there was a significant hump in the data

Fig. 1. Mean discharge coefficients in water: standard convergent
angle.

for 1.2×105�ReD�2×105; the throat Reynolds number
below which C decreased rapidly varied but was typi-
cally about 2.5×105.

Fitting the data in Fig. 1 gives an equation for C in
water of

Cwater�0.9878�0.0123b. (1)

This equation has an uncertainty (based on two standard
deviations) of 0.74 per cent.

The data from the non-standard Venturi tubes are
shown in Fig. 2. For comparison Eq. (1) is shown. The
discharge coefficients of the Venturi tubes with a conver-
gent angle of 10.5° are smaller than those with the stan-
dard angle owing to the additional pressure loss in the
longer throat. The discharge coefficients of the Venturi
tubes with a convergent angle of 31.5° are also smaller
than those with the standard angle. This may be due to
separation at the downstream end of the convergent sec-
tion.

The non-standard Venturi tubes together with five
with standard convergent angles were calibrated in water
both in the NEL Water Bay and in the NEL Multiphase
Flow Facility. The two Venturi tubes with convergent
angle 31.5° and diameter ratios 0.6 and 0.75 gave results
significantly different from the pattern of results taken
with the other nine Venturi tubes. They have discharge
coefficients which are higher in the Multiphase Flow
Facility than in the Water Bay. Perhaps for some reason
the flow separated in the throat of the Venturi tube in
the Water Bay but not in the Multiphase Flow Facility.
Perhaps Venturi tubes with convergent angles signifi-
cantly larger than the standard value give less repeatable
results than ones with the standard convergent angle.

4. Calibration in gas

The Venturi tubes were calibrated in gas in the
UKAS-accredited National Standard facility for high-
pressure gas flow measurement at two static pressures,
20 bar and 60 (or 70) bar, and the data from those with
the standard convergent angle are presented in Figs. 3–

Fig. 2. Mean discharge coefficients in water: non-standard conver-
gent angles.
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6. All the gas data were collected in air except the data
for 100 mm for b=0.4 from Jordan Kent Metering
Systems/Seiko, which were collected in nitrogen. Since
there are two 100 mm Venturi tubes for b=0.4, 0.6 and
0.75, the ones from Jordan Kent Metering Systems/Seiko
are described as “100 mm” and those from Crane Per-
flow are described as “100 mm*”. In Fig. 5(a) and (b)
“Yokogawa DP” and “Mensor DP” refer to the devices
used to measure the differential pressure; they were used
for two separate calibrations. The data collected in gas
are more scattered than those taken in water. There are
peaks and troughs in the data sets. In general better
agreement is obtained between the two sets of data
obtained at different static pressures when the data are
fitted against Reynolds number; however, it is clear that
the location of the peaks and troughs is a function of the
throat velocity. This can be seen in Figs. 3–6, or more
clearly, since there are fewer points, in Figs. 7–9. The
points for which �p/p1�0.08 were omitted from the
curve fitting in this paper since these points displayed a
reduction in discharge coefficient from what would have
been expected from other data from the same Venturi

Fig. 3. (a) Calibration in gas against Reynolds number: b=0.4, stan-
dard convergent angle; (b) Calibration in gas against throat velocity:
b=0.4, standard convergent angle.

Fig. 4. (a) Calibration in gas against Reynolds number: b=0.5, 0.65
and 0.7, standard convergent angle; (b) Calibration in gas against throat
velocity: b=0. 5, 0.65 and 0.7, standard convergent angle.

tube. It is assumed that this effect is due to expansibility
effects which are not incorporated in the expansibility
equation. The difference is, however, less than the pre-
dicted uncertainty of e1 in ISO 5167-1.

The data for non-standard convergent angles are
presented in Figs. 7–9. The peaks and troughs are larger
in the data for a convergent angle of 31.5° than in those
for one of 10.5°. In the former case there are throat velo-
cities near which the discharge coefficient changes rap-
idly.

5. Static hole error

In order to fit the gas data it is helpful to observe that
some of the variation in C can be removed by examining
C�Cwater where Cwater is the mean value for the water
data for that Venturi tube as shown in Fig. 1 or 2. A
possible cause for the change in discharge coefficient
from that obtained in water is static hole error. Static
hole error is the effect that pressure tappings of finite
size do not measure the pressure which would have been
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Fig. 5. (a) Calibration in gas against Reynolds number: b=0.6, stan-
dard convergent angle; (b) Calibration in gas against throat velocity:
b=0.6, standard convergent angle.

measured using an infinitely small hole. The effect of
static hole error is that the measured pressure using a
pressure tapping is higher than the static pressure would
have been if the tapping had not been present. This effect
is considered in many papers (e.g. Franklin and Wallace
[6] and Gibson et al. [7]). If the increase in measured
pressure is denoted by e and the wall shear stress by
t, then

e
t
�f(Retap), (2)

where Retap is the tapping hole Reynolds number
defined by

Retap�
utdtap

n
, (3)

dtap is the tapping diameter, n is the kinematic viscosity,
ut is the friction velocity, √(t/r), and r is the density.
Because the velocity and therefore the wall shear stress
are much higher in the throat than in the entrance cylin-
der, the static hole error leads to a reduction in the meas-

Fig. 6. (a) Calibration in gas against Reynolds number: b=0.75, stan-
dard convergent angle; (b) Calibration in gas against throat velocity:
b=0.75, standard convergent angle.

ured differential pressure and an increase in the meas-
ured value of C. To calculate the static hole error it is
necessary to have an estimate of the relationship between
t and ū, the mean velocity at the tapping plane. Follow-
ing Schlichting [8], this is expressed in terms of the fric-
tion factor, l, where

t�1
8lrū

2. (4)

In a standard Venturi tube, in both tapping planes
Lindley [9] made measurements of t from which l can
be deduced. Lindley showed that in the entrance cylinder
l appears to be becoming asymptotic to 0.012 as Reyn-
olds number increases. For 106�ReD�107 and
k/D=5×10�5, l will always be within 10 per cent of
0.012 in a straight pipe according to the Moody Diagram
(see Schlichting); so it seems an appropriate value to
use. In the throat, Lindley’s measurements of l are
approximately 18 per cent higher than would be obtained
in a straight pipe of the same relative roughness and
Reynolds number; so in determining the static hole error
a figure of 0.015 has been used (for 106�Red and
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Fig. 7. (a) Calibration in gas against Reynolds number: b=0.4, 100
mm, non-standard convergent angles; (b) Calibration in gas against
throat velocity: b=0.4, 100 mm, non-standard convergent angles.

k/d=10�4, 1.18l will always be within 6 per cent of
0.015 according to the Moody Diagram).

On this basis (and assuming incompressible flow) the
predicted value of the total reduction in differential
pressure, etotal, is given by

etotal�1
8ū

2
throatr(0.015f(Retap,throat)�0.012b4f(Retap,up)), (5)

This corresponds to an increase in discharge coef-
ficient of approximately

0.015f(Retap,throat)−0.012b4f(Retap,up)
8(1−b4)

(6)

In deriving an equation it is necessary to consider the
change in C from that found in water. Towards the
higher end of the Reynolds number range of a calibration
in water a typical value of Retap,throat is 3000 at which f
is approximately equal to 3.8; so f(Retap) is written as
f*(Retap) +3.8 where f*(3000) is equal to 0. In water
Retap,up will be less than 3000, but the coefficient of f
will be larger than 0.012. Assuming that

Fig. 8. (a) Calibration in gas against Reynolds number: b=0.6, 100
mm, non-standard convergent angles; (b) Calibration in gas against
throat velocity: b=0.6, 100 mm, non-standard convergent angles.

f ∗(Retap)�a(e−nRetap�e−3000n) for Retap�3000 (7)

the measured values of C�Cwater can be fitted, and the
best fit of f* to the gas data is

f ∗(Retap) (8)

��7.165−8.839e−0.00007Retap for Retap�3000

0 for Retap�3000.

This fit has an uncertainty based on two standard devi-
ations of 0.0074. The true static hole error (rather than
the difference between the static hole error in high-press-
ure gas and that in water) is based on

f(Retap)�10.965�8.839e−0.00007Retap for Retap�3000 (9)

and is shown in Fig. 10. Moreover, when the uncertainty
of the complete equation (from Eqs. (1) and (6))

C�0.9878�0.0123b (10)

�
0.015f ∗(Retap,throat)−0.012b4f ∗(Retap,up)

8(1−b4)
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Fig. 9. (a) Calibration in gas against Reynolds number: b=0.75, 100
mm, non-standard convergent angles; (b) Calibration in gas against
throat velocity: b=0.75, 100 mm, non-standard convergent angles.

Fig. 10. Static hole error.

with f *(Retap) given by Eq. (8) is considered, the uncer-
tainty (based on two standard deviations) of the complete
database of values of C in gas is 1.24 per cent.

Similarly for a convergent angle of 10.5° the best fit
of f * to the gas data gives

f ∗(Retap) (11)

��5.229−5.896e−0.00004Retap for Retap�3000

0 for Retap�3000.

This fit has an uncertainty based on two standard devi-
ations of 0.0056. The true static hole error (rather than
the difference between the static hole error in high-press-
ure gas and that in water) is based on

f(Retap)�9.029�5.896e−0.00004Retap for Retap�3000 (12)

and is shown in Fig. 10. When the uncertainty of the
complete equation

C�0.9677�0.219b (13)

�
0.015f ∗(Retap,throat)−0.012b4f ∗(Retap,up)

8(1−b4)

with f *(Retap) given by Eq. (11) is considered, the uncer-
tainty (based on two standard deviations) of the complete
database of values of C in gas is 0.76 per cent. This
equation is based on the best fit to the mean discharge
coefficients in water for a convergent angle of 10.5°
(three points shown in Fig. 2) together with Eq. (6). This
uncertainty is much lower than that obtained with the
standard convergent angle, but is based on data from
only three Venturi tubes.

For a convergent angle of 31.5° the best fit of f * to
the gas data gives
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f ∗(Retap) (14)

��9.879−11.138e0.00004Retap for Retap�3000

0 for Retap�3000.

This fit has an uncertainty based on two standard devi-
ations of 0.0130. The true static hole error (rather than
the difference between the static hole error in high-press-
ure gas and that in water) is based on

f(Retap)�13.679�11.138e−0.00004Retap for Retap�3000 (15)

and is shown in Fig. 10. When the uncertainty of the
complete equation

C�1.0189�0.0619b (16)

�
0.015f ∗(Retap,throat)−0.012b4f∗(Retap,up)

8(1−b4)

with f *(Retap) given by Eq. (14) is considered, the uncer-
tainty (based on two standard deviations) of the complete
database of values of C in gas is 1.47 per cent. This
equation is based on the best fit to the mean discharge
coefficients in water for a convergent angle of 31.5°
(three points shown in Fig. 2) together with Eq. (6).

None of the equations from Venturi tubes of different
convergent angles is inconsistent with the data in Fig.
10 (see [7] for the CFD and [10–13] for the other data;
the CFD results from many analyses have been rep-
resented by curve fits, as the sets of results were in good
agreement with one another). This is encouraging in that
there is a physical explanation for the discharge coef-
ficient values measured in gas. Results at high Reynolds
numbers, however, depend on other parameters besides
Retap. This can be seen not only in the work done for
this paper but also in the other experimental results,
which are very varied at high Reynolds numbers,
whereas (see [7]) good agreement between experimental
data has been achieved at the Reynolds numbers
obtained in water. Moreover, the cause of the peaks and
troughs in the data is not clear: they may be the result
of unsteady effects (e.g. acoustic effects), whereas the
basic static hole error is a steady effect. These unsteady
effects may lead not only to peaks and troughs, but also
to a change in the static hole error from its basic value.
The agreement between the CFD with the RSM turbu-
lence model and Eq. (12), which is based on data with
small peaks and troughs, suggests that for Venturi tubes
with a convergent angle of 10.5° the basic static hole
error model may be a very good model of the data in gas.

6. Practical equations

An alternative method of presenting the data which is
easier to use than the method in Section 5 is to observe

that the upstream static hole error term is much smaller
than the throat term and that therefore it is possible sim-
ply to correlate the data with the throat tapping Reynolds
number; the simplest presentation of this is to define the
Venturi throat tapping Reynolds number

Re∗�
dtap

d
Red. (17)

The data for C�Cwater can then be plotted against Re*,
and Figs. 11–13 give the gas data for the standard con-
vergent angle and for convergent angles of 10.5° and
31.5° respectively. Fitting the gas data for the standard
convergent angle for C�Cwater gives:

C�Cwater (18)

��0.0133−0.0169e−0.4(Re∗/105) Re∗�60000

0 Re∗�60000

This is shown in Fig. 11. It has an uncertainty (based
on two standard deviations) of 0.0074. When the corre-
sponding overall equation

C� (19)

�1.0011+0.0123b−0.0169e−0.4(Re∗/105) Re∗�60000

0.9878+0.0123b Re∗�60000

is compared with the database for C obtained in gas, it
has an uncertainty (based on two standard deviations) of
1.23 per cent.

For a convergent angle of 10.5° fitting the gas data
for C�Cwater gives

C�Cwater (20)

��0.0085−0.0148e−0.4(Re∗/105) Re∗�140000

0 Re∗�140000

This is shown in Fig. 12. It has an uncertainty (based
on two standard deviations) of 0.0047. When the corre-
sponding overall equation

C� (21)

�0.9762+0.0219b−0.0148e−0.4(Re∗/105) Re∗�140000

0.9677+0.0219b Re∗�140000

is compared with the data for C obtained in gas, it has
an uncertainty (based on two standard deviations) of
0.71 per cent. This figure is much lower than that
obtained for Venturi tubes of standard convergent angle.
It is necessary to establish that Eq. (21) is applicable for
general use by undertaking further test work, since it is
based on only three Venturi tubes. The standard devi-
ation of the fit to the mean data for a convergent angle
of 10.5° in water is 0.42 per cent.
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Fig. 11. C�Cwater with standard convergent angle.

Fig. 12. C�Cwater with 10.5° convergent angle.

For a convergent angle of 31.5° fitting the gas data
for C�Cwater gives

C�Cwater (22)

��0.0161−0.0281e−0.4(Re∗/105) Re∗�140000

0 Re∗�140000

This is shown in Fig. 13. It has an uncertainty (based
on two standard deviations) of 0.0102. This is more than
twice the value for the Venturi tubes with 10.5° conver-
gent angle.

When the corresponding overall equation

C� (23)

�1.0350−0.0619b−0.0281e−0.4(Re∗/105) Re∗�140000

1.0189−0.0619b Re∗�140000

is compared with the data for C obtained in gas, it has
an uncertainty (based on two standard deviations) of
1.36 per cent. The standard deviation of the fit to the
mean data for a convergent angle of 31.5° in water is
0.79 per cent.
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Fig. 13. C�Cwater with 31.5° convergent angle.

7. Conclusions

Twenty one Venturi tubes of a wide variety of diam-
eters and diameter ratios have been made and calibrated
in water and high-pressure gas. Fifteen of these are of
the standard design, and an equation for the discharge
coefficient in water has been obtained with an uncer-
tainty of 0.74 per cent. This uncertainty is derived from
the mean values of discharge coefficient for each Venturi
tube and is based on 2 standard deviations of these mean
values about the equation. In gas the situation is con-
siderably more complicated. The recommended equation
is Eq. (19) with Re* defined in Eq. (17). This has an
uncertainty of 1.23 per cent. The physical basis of this
equation is static hole error theory. This provides a par-
tial explanation of the measured discharge coefficients.
Given the problems with the use of Venturi tubes in gas
found in earlier work, this uncertainty is considered to
be good.

The effect of changing the convergent angle of the
Venturi tubes has been investigated and most encour-
aging results obtained with a convergent angle of 10.5°;
indeed the gas data from the three Venturi tubes can be
fitted with an uncertainty of 0.71 per cent by Eq. (21),
which both has a physical basis and gives optimum
results in water. This equation for Venturi tubes with a
convergent angle of 10.5° is only based on three Venturi
tubes; so further work in this area is desirable.

Further work on the effect of Venturi shape and of
tapping diameter is being undertaken.
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