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1 INTRODUCTION 
 
Despite recent advances in other flow metering technologies, the simplicity, reliability and 
capital cost of the orifice plate have ensured that it remains the instrument of choice for many 
applications.  It is by far the most common flow meter in industrial service, accounting for over 
40 per cent of the market, across a wide range of sectors including oil and gas, process, 
energy and chemical.  However, where an orifice plate is used to meter a gas flow, the 
presence of small quantities of entrained liquid can present a problem as, if steps are not 
taken to allow the liquid to pass the plate, a pool will build up against the upstream face and 
undermine the metering accuracy. 
 
The most widely applied solution is to provide a liquid bypass in the form of a drain hole in the 
plate allowing liquids in a gas stream to pass through the plate.  While drain-hole plates are a 
cost-effective way of measuring gas with a low liquid content, they are not as accurate as the 
standard design.  As the extent of this inaccuracy is not well documented and as industry is 
sceptical of the existing formula, drain-hole plates are not as widely used as they might be: 
new data are therefore needed to give confidence in their use. 
 
Applications for the work include: gas off-take measurement where hydrocarbon liquids can 
be entrained, causing errors in inter-field allocation and impacting on company and tax 
revenues; gas-metering systems where water from compressor cleaning has to pass through 
the meter; and steam metering where condensate is present. 
 
There is a desire within industry to use orifice plates with drain holes, but ISO/TR 15377 [1], 
the only reference document, is based on a very simple theoretical model, and there was a 
need for experimental data to improve the understanding of the physics of flow through drain 
holes and then to revise the standard.  For example, if the flow remains partially attached in 
the drain hole the simple theoretical model on which the standard is based will not apply. 
 
The project started with a brief literature survey and contacts with those with relevant 
experience.  No published experimental data were found.  One contributor’s experience was 
that drain holes as large as are permissible in ISO/TR 15377 were normal to avoid blockage, 
another’s that drain holes either larger or smaller may be used, and another’s that drain holes 
are typically 6 to 10 mm in diameter, regardless of pipe size.  Although drain holes are 
sometimes not placed on the wall all contributors agreed that they should touch the wall.   
Blockage with solid material is a risk with drain holes.  One contributor had found that in a 
particular installation without a drain hole there was very significant accumulation of dirt; a 
new orifice plate with a drain hole solved the problem.   
 
 
2 EXPERIMENTAL WORK 
 
In order to determine the effect of drain holes on orifice plates it was important to test over a 
range of values of diameter ratio, β, drain hole diameter, dh, pipe diameter, D, plate thickness, 
E, pipe Reynolds number, ReD, and of tapping locations.  Throughout this report β remains 
the ratio of orifice diameter, d, to pipe diameter.  From physical considerations it is reasonable 
to expect that the key parameters are dh/d, β, E/dh, and L’2, where L’2 = l’2/D and l’2 is the 
distance between the downstream face of the orifice plate and the downstream pressure 
tapping. 
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To achieve an appropriate pattern of test data an existing 4-inch orifice run with flange and 
corner tappings was used with new plates with β = 0.4, 0.6 and 0.75.  These three plates all 
had E = 3 mm.  3 mm is near the middle of the permissible range of values in ISO 5167-2 [2].  
In the US E = 1

8  inch (3.175 mm) is standard.  It seemed reasonable to suppose that thicker 
plates might make a difference, as the flow within the drain hole is more likely to reattach 
within a thicker plate (relative to dh) than within a thinner one; so a plate with β = 0.6 and E = 
5 mm was manufactured.  Where E/D = 0.05 the plate is designated as thick.   
 
The maximum permissible value of dh/d in ISO/TR 15377 is 0.1; so dh = 0.1d was tested 
together with dh = 0.07d and, where possible, a higher value of dh too.  The pattern of tests is 
given in Table 1.  The drain holes (like the orifices) were inserted using spark erosion 
(sometimes called Electrical Discharge Machining).  The measured hole diameters were so 
close to the requested values that it is acceptable to assume that dh/d is exactly equal to the 
value specified in Table 1 (the error in the drain-hole diameter never changed the total open 
area of a plate by more than 0.011%).  All the plates with all the drain holes were tested in 
water, and to examine whether there was an effect of Reynolds number baselines and data 
with dh = 0.1d were obtained in gas (nitrogen) at nominal gauge pressures of 20 bar and 60 
bar. 
 

Table 1   Summary of tests 
 

D d E β Fluid dh/d dh E/dh 
mm mm mm    mm  

Water and Gas 0 0 n/a 
Water 0.07 2.863 1.05 

Water and Gas 0.1 4.091 0.73 
102.28

4 40.906 3 0.400 

Water 0.2 8.181 0.37 
Water and Gas 0 0 n/a 

Water 0.07 4.296 0.70 
Water and Gas 0.1 6.137 0.49 

102.28
4 61.37 3 0.600 

Water 0.167 10.249 0.29 
Water and Gas 0 0 n/a 

Water 0.07 4.296 1.16 
Water and Gas 0.1 6.137 0.81 

102.28
4 61.373 5 0.600 

Water 0.167 10.249 0.49 
Water and Gas 0 0 n/a 

Water 0.07 5.370 0.56 102.28
4 76.709 3 0.750 

Water and Gas 0.1 7.671 0.39 
Water 0 0 n/a 202.56 85.067 6 0.420 Water 0.1 8.507 0.71 
Water 0 0 n/a 202.56 122.12 6 0.603 Water 0.1 12.212 0.49 

 
To determine the effect of pipe diameter an 8-inch orifice run was constructed and tested in 
water with two orifice plates, β = 0.42 and 0.6.  The pattern of tests is again given in Table 1. 
 
For the water tests the orifice plates were installed in the NEL gravimetric system at least 70D 
downstream of a perforated-plate flow conditioner, itself preceded by around 10D of straight 
pipe.  There was at least 20D of straight pipe downstream of the orifice plates.  At least 15D 
of the straight pipe upstream of the orifice plate and at least 4D of that downstream were 
machined.  At flanges within 40D of the orifice plate on the upstream side dowels and ‘O’ 
rings were used.  Two differential-pressure transmitters, calibrated over the ranges 0-2 bar 
and 0-1 bar, were used in water with each pair of tappings. 
 
For the gas tests the 4-inch orifice plates were installed in Test Line 2 of the NEL high-
pressure recirculating loop.  Following a concentric reduction from the primary line size of 6-
inch there was 49D of 4-inch pipe upstream of the plate.   
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Downstream of the plate 15D of 4-inch pipe was used; the gas temperature was measured 
13.7D downstream of the plate.  A metering package consisting of four 4-inch turbine meters 
was used as the reference.  This was installed downstream of the orifice-plate test section. 
 
Two pairs of tappings were used for each test.  In single-phase flow the crucial issue is the 
location of the tappings relative to the drain hole.  In the 4-inch data the A tappings were 
flange tappings at 115° to the drain hole; the B tappings were corner tappings at 155° to the 
drain hole.  In the 8-inch data both sets of tappings were flange tappings, the A tappings at 
180° to the drain hole, the B tappings at 90° to the drain hole. 
 
The discharge coefficient, C, is obtained from the following equation 
 

  2
4

2
41

πε ρ
β

= Δ
−

m
Cq d p       (1) 

 
where qm is the mass flowrate of fluid, Δp is the differential pressure and ρ the density.  ε is 
the expansibility as given by ISO 5167-2:2003.  When a drain hole is included S, the 
percentage shift in C from that obtained with the same plate without a drain hole, was 
calculated. 
 
The data are analysed as a function of (106/ReD)0.5, and are presented over the range for 
which they are linear (at low Reynolds number they cease to be linear because of the 
increased uncertainty in the measured differential pressure).  The water data for β = 0.4 are 
presented in Figures 1A and 1B; data for dh/d = 0.2 were not stable and are not considered in 
Figures 1A and 1B; they are considered later in this report.  In Figures 2A and 2B the water 
and gas data for β = 0.4 are presented; only those gas data for which the uncertainty in 
expansibility is less than 0.067% are included.  Shifts in discharge coefficient for water as in 
Figures 1A and 1B are given in Table 2.  Shifts were evaluated by fitting lines to the data sets 
and then calculating the difference between the lines at a point near where their uncertainty is 
minimum.  The lines are close to parallel to each other, and close to parallel to the Reader-
Harris/Gallagher (1998) Equation as found in ISO 5167-2:2003; the Equation with its 
uncertainty band is plotted in Figures 1A – 2B.  Shifts are considered as simple increases in 
discharge coefficient without changing either d or β. 
 
Shifts in discharge coefficient for water for dh/d = 0.1 for the data in Figures 1A and 1B, for 
gas for each pressure for the data in Figures 2A and 2B, and for all the data in Figures 2A 
and 2B are given in Table 3 for comparison with one another.  Equivalent data for β = 0.6, β = 
0.6 (thick plate) and β = 0.75 are given in Figures 3A – 8B and are included in Tables 2 and 
3.  For the A tappings for β = 0.75 in water the estimates of shift were obtained by fitting only 
over the top of the Reynolds number range.  Table 3 shows that the shift in discharge 
coefficient has no significant dependence on Reynolds number.  Water data for β = 0.42 and 
0.6 obtained in 8-inch pipe are given in Figures 9A – 10B and are included in Table 2.   
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Table 2  -  Percentage shifts in discharge coefficient in water 

 
Percentage shift in 

discharge coefficient D (mm) E/D β dh/d Tapping 
pair A 

Tapping 
pair B 

102 0.03 0.4 0.07 0.751 0.913 
102 0.03 0.4 0.1 1.249 1.612 
102 0.03 0.6 0.07 0.840 1.528 
102 0.03 0.6 0.1 1.456 2.578 
102 0.03 0.6 0.167 3.487 5.163 
102 0.05 0.6 0.07 0.892 1.583 
102 0.05 0.6 0.1 1.575 2.778 
102 0.05 0.6 0.167 3.662 5.429 
102 0.03 0.75 0.07 1.590 2.330 
102 0.03 0.75 0.1 2.266 3.508 
203 0.03 0.42 0.1 1.512 1.258 
203 0.03 0.6 0.1 2.234 1.306 

 
 

Table 3 - Percentage shifts in discharge coefficient for those  
drain holes (all dh/d = 0.1) for which there are water and gas data 

Percentage shift in discharge coefficient 
D (mm) E/D β 

Tapping 
pair Water Gas  

(20 bar) 
Gas  

(60 bar) 
Water 

and gas 
102 0.03 0.4 A 1.249 1.225 1.221 1.215 
102 0.03 0.4 B 1.612 1.566 1.547 1.573 
102 0.03 0.6 A 1.456 1.447 1.517 1.439 
102 0.03 0.6 B 2.578 2.551 2.581 2.567 
102 0.05 0.6 A 1.575 1.574 1.565 1.585 
102 0.05 0.6 B 2.778 2.742 2.719 2.752 
102 0.03 0.75 A 2.266 2.143 2.251 2.242 
102 0.03 0.75 B 3.508 3.310 3.427 3.426 
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Figure 1A   4-inch Orifice Plate in Water, β = 0.4, A Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1) 
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Figure 1B   4-inch Orifice Plate in Water, β = 0.4, B Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1) 
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Figure 2A   4-inch Orifice Plate in Water and Gas, β = 0.4, A Tappings 

(drain hole dh/d = 0.1) 
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Figure 2B   4-inch Orifice Plate in Water and Gas, β = 0.4, B Tappings 

 (drain hole dh/d = 0.1) 
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Figure 3A   4-inch Orifice Plate in Water, β = 0.6, A Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1; drain hole 3: dh/d = 0.167) 
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Figure 3B   4-inch Orifice Plate in Water, β = 0.6, B Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1; drain hole 3: dh/d = 0.167) 
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Figure 4A   4-inch Orifice Plate in Water and Gas, β = 0.6, A Tappings 
 (drain hole dh/d = 0.1) 
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Figure 4B   4-inch Orifice Plate in Water and Gas, β = 0.6, B Tappings 

 (drain hole dh/d = 0.1) 
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Figure 5A   4-inch Orifice Plate in Water, β = 0.6, Thick Plate, A Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1; drain hole 3: dh/d = 0.167) 
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Figure 5B   4-inch Orifice Plate in Water, β = 0.6, Thick Plate, B Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1; drain hole 3: dh/d = 0.167) 
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Figure 6A   4-inch Orifice Plate in Water and Gas, β = 0.6, Thick Plate, A Tappings (drain 

hole dh/d = 0.1) 
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Figure 6B   4-inch Orifice Plate in Water and Gas, β = 0.6, Thick Plate, B Tappings (drain 
hole dh/d = 0.1) 
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Figure 7A   4-inch Orifice Plate in Water, β = 0.75, A Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1) 
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Figure 7B   4-inch Orifice Plate in Water, β = 0.75, B Tappings 

(drain hole 1: dh/d = 0.07; drain hole 2: dh/d = 0.1) 
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Figure 8A   4-inch Orifice Plate in Water and Gas, β = 0.75, A Tappings  

(drain hole dh/d = 0.1) 
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Figure 8B   4-inch Orifice Plate in Water and Gas, β = 0.75, B Tappings 

 (drain hole dh/d = 0.1) 
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 Figure 9A   8-inch Orifice Plate, β = 0.42, A Tappings 
 (drain hole dh/d = 0.1) 
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Figure 9B   8-inch Orifice Plate, β = 0.42, B Tappings 

 (drain hole dh/d = 0.1) 
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 Figure 10A   8-inch Orifice Plate, β = 0.6, A Tappings 
 (drain hole dh/d = 0.1) 
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Figure 10B   8-inch Orifice Plate, β = 0.6, B Tappings 

 (drain hole dh/d = 0.1) 
 

The one exception to the general pattern in the tables and figures above is the data for β = 
0.4 and dh/d = 0.2: here the data are unstable.  This is illustrated in Figure 11 which depicts 
the differential pressure during the diversion for a single point (ReD = 48800).  For this drain 
hole E/dh = 0.37.  E/dh is greater than this value for all the rest of the data except one point 
(dh/d = 0.167 for β = 0.6 with E/D = 0.03).   
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The cause of the instability is unknown, and so it is not clear whether this instability occurs 
simply because dh/d is large or whether the fact that E/dh is small is significant too. 
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Figure 11   Differential pressure measured during the diversion for a single point  

(ReD = 48800) for β = 0.4 and drain hole dh/d = 0.2 
 
 
3 ANALYSIS 
 
The data in Tables 2 and 3 were fitted to give a general equation for the effect of drain holes.  
To do this it is helpful to plot the data in Tables 2 and 3 as in Figures 12, 13 and 14. 
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Figure 12   Shift in Discharge Coefficient Due to the Drain Hole for β = 0.4 
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Figure 13   Shift in Discharge Coefficient Due to the Drain Hole for β = 0.6 
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Figure 14   Shift in Discharge Coefficient Due to the Drain Hole for β = 0.75 

 
The water data for E/D = 0.03 are then fitted: the data in Figures 12 - 14 show curvature as a 
function of the ratio of the drain-hole area to the orifice area (=(dh/d)2); they also show an 
increase in shift with α, the angle (in degrees) between the tapping and the radius from the 
centre of the pipe to the centre of the drain hole, and this increase is greater for larger β.  
 
There is also a dependence on the axial location of the downstream tapping: CFD (not 
reported here) suggests that rather than work in terms of L’2, the number of pipe diameters to 
the downstream pressure tapping, it might be more appropriate to work in terms of M’2, the 
number of dam heights to the downstream pressure tapping, (= 22 /(1 )L β′ − ).  When the 
orifice-plate discharge-coefficient equation was derived it was found better to work in terms of 
L’2 than in terms of M’2.  A fitted equation for S that meets these requirements is given in the 
following equation: 
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1.34

2
2 2 = (0.97 - 0.43 0.18 )(1 (0.004 0.035( 0.4)) ) 10 hd

S M M
d

β α ⎛ ⎞′ ′+ + + − ⎜ ⎟
⎝ ⎠

                (2) 

 
All the deviations from Equation (2) for the water data in Tables 2 and 3 are shown in Figure 
15.  From Table 3, as stated previously, there appears to be no significant effect of Reynolds 
number.  The effect of increasing the plate thickness is quite small: from Table 2 the shifts in 
Equation (2) are multiplied by 1.06 if E/D = 0.05.  Owing to the number of parameters in the 
equation additional data would be helpful, especially if dh/d were to be greater than 0.1. 

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0 0.005 0.01 0.015 0.02 0.025 0.03

Ratio of drain-hole to orifice area 

D
ev

ia
tio

n 
fr

om
 E

qu
at

io
n 

(2
) (

%
)

beta = 0.4 or 0.42

beta = 0.6

beta = 0.75

 
Figure 15   Deviations of the data in Table 2 from Equation (2) 

 
Equation (2) is very different from the equation in ISO/TR 15377, and so a change in ISO/TR 
15377 is clearly required.  The deviations of the data in Table 2 from the equation in ISO/TR 
15377 are shown in Figure 16.  It should be noted that the equation in ISO/TR 15377 is only 
to be used for dh/d ≤ 0.1, which corresponds to a ratio of drain-hole to orifice area of 0.01. 
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Figure 16   Deviations of the data in Table 2 from ISO/TR 15377 
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4 CONCLUSIONS 
 
Tests were carried out in two pipe sizes (4 and 8 inch), with up to three diameter ratios per 
pipe size, and up to three drain hole diameters per plate (in addition to a baseline without a 
drainhole).  Flange and corner tappings were used in the 4-inch run.  Flange tappings on both 
the side and the top of the pipe were used in the 8-inch run. 
 
The effect of the drain holes on orifice metering has been measured and an equation derived.  
This equation fits the shifts in discharge coefficient to about 0.25%; the errors with the 
equation in ISO/TR 15377 can be up to 2.5%, and so an amendment to ISO/TR 15377 will be 
required.  By tests in both water and gas the effect of Reynolds number has been shown to 
be small.  The agreement between water and gas data is remarkably good for the baseline 
data also.  From testing a plate thicker than normal but within the requirements of ISO 5167-2 
the effect of plate thickness appears also to be quite small.  Owing to the number of 
parameters in the equation that are still significant collection of further data is desirable. 
 
 
5 NOTATION 
 
C Discharge coefficient - 
D Upstream pipe diameter m 
d Orifice diameter m 
dh Drain hole diameter m 
E Orifice plate thickness m 
L’2 Dimensionless distance from 

downstream face of plate to 
downstream pressure tapping  

 (= l’2/D)  - 
l’2 Distance from downstream face 
 of plate to downstream pressure 

tapping m 

M’2 Number of dam heights to 
downstream pressure tapping 

 (= 22 /(1 )L β′ − ) - 
qm Mass flowrate kg/s 
ReD Pipe Reynolds number - 
S Percentage shift in discharge 
 coefficient - 
α Angle between tapping and 
 radius from centre of pipe to  
 centre of drain hole - 
β Orifice plate diameter ratio (= d/D) - 
Δp Differential pressure Pa 
ε Expansibility - 
ρ Density kg/m3 

 
 
6 ACKNOWLEDGMENTS 
 
Work at TUV NEL described in this paper was carried out as part of the National 
Measurement System’s Engineering and Flow Programme, under the sponsorship of the 
United Kingdom Department for Innovation, Universities & Skills. 
 
This paper is published by permission of the Managing Director, TUV NEL.   
 
 
7 REFERENCES 
 
1 INTERNATIONAL ORGANIZATION FOR STANDARDIZATION.  Measurement of 

fluid flow by means of pressure-differential devices – Guidelines for the specification 
of orifice plates, nozzles and Venturi tubes beyond the scope of ISO 5167.  ISO/TR 
15377:2007.  Geneva: International Organization for Standardization, 2007. 

 
2 INTERNATIONAL ORGANIZATION FOR STANDARDIZATION.  Measurement of 

fluid flow by means of pressure differential devices inserted in circular-cross section 
conduits running full – Part 2: Orifice plates.  ISO 5167-2:2003.  Geneva: 
International Organization for Standardization, 2003. 




