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Abstract

This paper presents new data and shows that tistinexi
drain-hole equation in ISO/TR 15377 is unsatisfactat
leads to flowrate errors up to nearly 2% in magtétuThe
data on drain holes have a surprisingly strong aégece
on the circumferential location of the pressurepiags.
However, a new analysis takes this into account lzasl
produced a formula fod’, the corrected orifice diameter
taking account of the drain hole. It is very dakle to
amend ISO/TR 15377:2007.

Introduction

Despite recent advances in other flow metering
technologies, the simplicity, reliability and lowpmtal cost
of the orifice plate have ensured that it remaihe t
instrument of choice for many applications. lbisfar the
most common flow meter in industrial service, actng
for over 40 per cent of the market, across a wadge of
sectors including oil and gas, process, energychedical.
However, where an orifice plate is used to metegaa
flow, the presence of small quantities of entraitigdid
can present a problem as, if steps are not takalaw the
liquid to pass the plate, a pool will build up awsithe
upstream face and undermine the metering accuracy.

One solution is to provide a liquid bypass in thenf of a
drain hole in the plate allowing liquids in a gaseam to
pass through the plate. While drain-hole platesaacost-
effective way of measuring gas with a very low ldju
content, they are not as accurate in single-pHaseds the
standard design. As the extent of this inaccuracgot
well documented and as industry is sceptical ofetkisting
formula, drain-hole plates are not as widely usedhey
might be: new data have therefore been neededvi® gi
confidence in their use.

It is important to state that in a flow in whichete is a
significant continuous flow of liquid a drain hole not

required. ISO/TR 11583 [1] covers wet-gas flowngsi
orifice plates without drain holes. There is ncegted
correlation for over-reading for orifice plates witlrain

holes in wet gas, and one is probably not needednany

wet-gas flows through an orifice plate with a dréiole

most of the liquid would pass through the orificegt

through the drain hole.

A drain hole is appropriate where some liquid tsdduced
to the pipeline over a short period of time, b@rdafter the
flow is dry. In this case there is no need for -gas
measurement; however, it is essential that therm isrror
in the dry-gas flow due to a pool of liquid thatvee passes

through the orifice. Another installation wherdrain hole
was found appropriate was one where without a drala
there was very significant accumulation of dirt;naw
orifice plate with a drain hole solved the problem.

There is a desire within industry to use orificatpk with
drain holes, but ISO/TR 15377 [2], the only refa®n
document, is based on a very simple theoreticaleh@ohd
there was a need for experimental data to imprdwee t
understanding of the physics of flow through drhoies
and then to revise the standard.

Data on orifice plates with drain holes were cdlélcand
published in [3]: 4”4 = 0.4, 0.6 and 0.75 and &= 0.42
and 0.6 data were taken; #'= 0.6 data withE/D = 0.05
were taken in addition to data with the typi€dD = 0.03.
D is the pipe internal diameted,is the orifice diameter3

(=%) is the diameter ratigndE is the plate thickness. In

the earlier data most of the data had flange taspibut
some of the 4” data had corner tappings. Sombeofiata
were taken with tappings on the side of the pif#2 {6 the
drain hole) or on the top of the pipe (28® the drain
hole), but some of the data were taken with tappiag
115 or 155 to the drain hole. There were sufficient data
to show that the equation in 5.1.2 of ISO/TR 152007
creates a bhias but not sufficient to produce aabédi
equation.

New data

Since the publication of [3] additional data haveei
collected: 8" = 0.2, 0.6 and 0.75; 28 = 0.49 and 0.6.
For the 8”4 = 0.6 dataE/D = 0.02, since data with/D =
0.03 and 0.05 had already been taken. The 2" Wate
published by CNR [4]. All the new data use flange
tappings, were taken in water at NEL, and are shown
Table 1. The drain hole diamete&k, was chosen so that
d/d < 0.1. The percentage shift in discharge coefficien
the change in discharge coefficient from that otediwith
the same plate without a drain hole: the orificenugterd,

is used for both calculations of discharge coedfiti(not a
corrected orifice diameter for the drain-hole plateThe
most surprising feature of the data is that theltedave
such a strong dependence on the circumferentiatitot of
the pressure tappings. Accordingly in the 8” rappings
at 150, 120 and 60 to the drain hole were added and data
obtained: these data are shown in Table 2. Intipec
tappings at 60would not be used. Tappings at’3fr (°
might have disturbed the flow near the drain hdir the
points in Table 2 the baseline discharge coefficions
taken from the baseline values with the same blatevith
different tappings in the same planes.



Table 1 Percentage shifts in discharge coefficiemt
water (without correcting the orifice diameter)

% shift in discharge
coefficient
D Tappings | Tappings
(mm) E/D B dy/d | on side on top
(90° to (180 to
drain drain
hole) hole)

203 | 0.03] 0.2 | 0.04% 0.273 0.282

203 | 0.03] 0.2 0.07 0.626 0.649

203 | 0.03] 0.2 0.1 1.263 1.291

203 | 0.02] 0.6 | 0.04% 0.306 0.54

203 | 0.02] 0.6 0.07 0.63 1.189

203 | 0.02] 0.6 0.1 1.257 2.196

203 | 0.03] 0.75| 0.045 0.762 1.034

203 | 0.03] 0.75| 0.07 1.341 2.037

203 | 0.03] 0.75 0.1 2.033 3.171

52.5 | 0.06/ 0.489 0.03P 0.225 CNR
52.5 | 0.06/ 0.489 0.104 1.369 CNR
525 | 0.06) 0.6| 0.032 0.279 CNR
525 | 0.06) 0.6 0.1 2.12 CNR

Table 2 Percentage shifts in discharge coefficieirt
water (without correcting the orifice diameter)

Percentage shift in discharge
coefficient
D Tappings | Tappings | Tappings
mmy| EP | B | W] 15010 | at 120 to | at 60 to
drain drain drain
hole hole hole
203 | 0.03]| 047 0.1 1.446 1.354 1.209
203 | 0.02] 0.6/ 0.1 2.046 1.708 0.911
203 | 0.03] 0.75 0.1 3.085 2.817 0.807

The errors in measured flowrate using the equatidnl.2

of ISO/TR 15377:2007 and all the data in [3] and ables

1 and 2 are shown in Figure 1, together with theedainty
given in 5.1.2 of ISO/TR 15377:2007. It is clebattthere

is almost always an under-measurement (unless the
tappings are at less than°9®om the drain hole) and that
the under-measurement is often larger than themelai
uncertainty.
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equation in 5.1.2 of ISO/TR 15377:2007

0 0.02 0.04 0.1 0.12

The data in Table 2 together with the values wlia $ame
plates using tappings on the side and on top areglin

Figure 2. Additional data with plates with draialds for
which no baseline was available are also includegigure

2. Baseline discharge coefficients taken from edédht
plates made from the same drawings by the same
manufacturer were used: their effect on the datignre 2

is very small.
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When the data in Figure 2 are fitte®l, the percentage shift
in discharge coefficient from the value obtainedthwi
tappings on the top, is given by

S = —26.884'9( -2

180 )

j—o.ga 7.5649: 0.16%‘1
h

where@is the angle from the drain hole (the bottom & th
pipe) to the pressure tapping. The shift in disgba
coefficient is much larger than would have beeneekgd
given the size of the drain holes.

Analysis

Applying Bernoulli's theorem and adding the flows
through the orifice and the drain hole gives apjpnately

7d’C(Re), 8)2(8") [2(Pup ~ Pena)

J1-p" p

. %Tdhzchf(ﬂ") 2(Pup = Pdn btm
\ 0

Vi-pt

(}\/ =
(@)

where

2
5=p /1+ Cndn”
Ccd?

gy is the total volumetric flowrate,

dh is the drain hole diameter,

C is the discharge coefficient for the orifice witange (or
corner etc. as provided) tappings,

Cy is the discharge coefficient for the drain hol¢hwilange
(or corner etc. as provided) tappings at the bottdnthe
pipe,

€is the expansibility factor,

Pup is the pressure at the upstream tapping,



Panav IS the average pressure on the wall on the pipe

circumference at the downstream flange (or corter as
provided) location,

PanptmiS the pressure on the wall on the pipe circumfezen
at the downstream flange (or corner etc. as pralide
location at the bottom of the pipe,

pis the density.

The definition of B" takes account of the different

velocities in the drain hole and in the orificethalugh this
effect is small. It is assumed thi@a&nde are unaffected by
the presence of the drain hole, except for theceftd
change in diameter ratio. It might be that theckiisge
coefficient for the flow through the orifice is wedifferent
from C(Rgy,[") owing to asymmetry, for example. In

the subsequent analysis the need for this refinemas
not clear; presumably any effects were absorbedtlier
terms. The simple fit appears to work surprisingsfl.

Following the practice in ISO/TR 15377 the calcetht
flow will be given by using a diametdt such that

T2 ' d _
o = 4 d"“C( R%:ﬂ)f(ﬂ)\/z(pup Pdn mead 3)
- ?
where
F=2,

Pan, meas|s the measured pressure at the downstream flange Pdn,av=

(or corner etc. as provided) location.

It is necessary to provide a formula fal'.
Equations (2) and (3) gives

d'? _C(Rey,8)e(B") [1-8*
d?> C(Re,B)e(B) \1-p"*
~ Pdn av dh Ch Pup™ Pdpbtm
pup Pdn meas Pup P dnmea

Since the second term is much smaller than thé thes

Equating

effect of change in diameter ratio (%1 is negligible.

From Equation (1) it might be reasonable to supploae

P n
L, 1-
Pdn, meas= P dn top~ a(ﬁ 2 ]( p up p an{ 180]

®)
where
Pan.1opiS the pressure on the wall on the pipe circumfegen
at the downstream flange (or corner etc. as prayide
location at the top of the pipe.

n might be a function ofg,L, and % The available

data only requirm(ﬁ,%j.

However, the weakness of this approach is thafl sends

to O % does not tend to 0; moreover, af and n are

. d
calculated from Equation (1), a{(;;ltends to Op becomes
discontinuous anfg, pmdoes not equalyn top
A possible solution is to assume that

Pdn,meas= P dntop” & P up P dn dv

e n
[1——) (60 <8<180)
180 (6)
n f
21 e 0| 1-[E (0 <6<60)
3 2f 60
This has%zo at 8= 0 provided thaf > 1 and givep

and % continuous a¥ = 6. Provided thah tends tox

dy
as F tends to Qg pmbecomes equal Wy, wop

Integrating Equation (6) gives

n+3

aﬁn ( )
= Pdn top~ 3(n+1) 6(f 1) Rip =~ Rin av

)
Substituting from (7) into (5) and simplifying give

Pup ~ Pdn meas_
Pup ~ Pdn av

n n
1-al[2) [ 0*8 .0 9 Vi er<o)
3)\3n+1) 6(f+1) 1180
n f
1+ an(gj 2, 2f+3 -_1£ 4 j (6<60°) (8)
3 3h+1) o6f (f+1) 2f{ 60
Substitutingd = 0 into Equation (8) gives
— n
Pup ~ Pdn btm=1+an(gj { 2 . 2f +3 } ©)
Pup ~ Pdn av 3 3(n+1) 6f(f+1)

Dividing Equations (8) and (9) gives, fora® 8< 180,

pup ~ Pdn btm _

Pup = Pdn meas
2f +3 ] (10)

BIEz
1+an| — +
3 3n+1) 6f (f+1)

1 {(ZJ”( n+3 n ] ( 9 j“}
-a - + — 1_7
3) | 3n+1) 6(f +1) 180




Substituting Equations (8) and (10) into Equatidhdives,
for 60° < < 18C,

d? _C(Re,8e(B") [1-8
d> C(Re,B)e(B) \1-p*
dp2Cy, 3
1+ N Zc \/1+an (3(n+1) of (f+1)j (12)

X
n n
1-a 2 nt3 _ n _ 1_i
3) (3n+1) 6(f+1) 180
It remains to determina andn. From Equation (1) it is to

be expected thaa should be proportional tg8™. It is
worth testing the possibility thaa is proportional to

k '
d_h . As IL
d dy

where |, is the distance to the downstream tapping and

Lod | .
{zL] increasesa should decrease,
h

% . Accordinglya might be expressed as

k
a=agm (d?hj exp[ a ﬁzd(: }

Similarly from Equation (1) it is reasonable to expthat

L2' =

(12)

n=n+npm+ d"di (13)

h

Sn is a function ofd—h [= ﬁMJ

C E dE

For an orifice whose axis is the pipe axis the affef
changing the ratio of the orifice (bore) thicknesto the
orifice diameterd is to change the orifice from a thin
orifice, in which it is as ife were as close as possible to 0
given that a square edge is required on the oyifica thick
orifice, whose discharge coefficient is approxirhat@.8
for e/d = 1, because the flow has now reattached to the
orifice bore. The discharge coefficient changeswhl
wheree/dis small but more rapidly arouredd = 0.6. This

is well exhibited in a set of data from NBS (nowSNY))
(see [5]) given in Figure 3.
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Figure 3 Shift in discharge coefficient from the alue
where e/d is close to 0: 4’4=0.25 from NBS (see [5])
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It is reasonable to suppose that for appropriataegaof
C,C',randr”

C if d/Esr
C rn_rr h
C' it r"sdy/E (14)

Since the discharge-coefficient data had been lzaémlias

B T42¢( Rey, B)e(B) |2(Pup = Pdn mead [1 j
\/1 Vi 0 100
(15)
whereSis the percentage increase in discharge coefficien

from Equations (3) and (15) the percentage errotha
measured flow is

100{ _d’c(Ry Lrelf) _ [1-4* _1] )
d2C(Rey, f)e(B)1+0.019) 4

To determine the coefficients in Equations (12) &8l a
value of a" was assumed, what the data points in Figure 2

qv,true

would have been al, = 0 was calculated, and then
a,mk i, m fland n" were calculated (given that

Figure 2 is for changes in discharge coefficierqu&tion
(5) for changes in pressure). As might have bepeced
from Equation (1) no significant improvement was
obtained with non-zerd or with m and m" unequal.

Then the data on percentage errors in measuredaflew
were examined and the errors  minimized:

a', f,C',C',rand r" were determined. Then the value

of a" was used to refit the data in Figure 2 and theqs®s
repeated to convergence.

After rounding the coefficients are as follows:

a=0.668%° exp - 0.1824 (17)
Bdy,
n=-0.45+ 7.3%% + 0.117(;1 (18)
h

f=2 (19)

c 1 if E/d,<03

?h: 0.85+ 0. /o, if 0.3 E/d,< 0.¢  (20)
1.3 if 0.9<E /d,

Equation (20) does not follow Figure 3 exactly, that is
not surprising, since a drain hole is differennfiran orifice
plate in that the fluid in a drain hole remainselied to the
pipe wall.

Figure 4 shows the points included in Figure 2 With
Equations (5) and (6) compared. Collection of mdaa
would be required to show that Equation (6) acyuéts
the data ford < 60° as well as providing a good model for
the data ford= 60°.
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obtained with flange tappings on the top: 8” pipe

The errors in flowrate using Equations (11) and (d720)
are given in Figure 5. Iteration is required técatate d’
using Equation (11). Shown on the graph is a ptessi
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Figure 5 Errors in measured flowrate using Equatios
(11) and (17) to (20)

In practice it is very desirable to have a fixedueafor d'
(not a function of flowrate); so it would be necagsto use
(with f put equal to 2)

gyf_=<:(Rq5,zW)\/I:757r
d*  C(Rey,p) \1-5"
1+dh2ch\/1+an[2jn( 2 +7j
d?c 3) (3nh+1) 36
1-a (2)”[ n+3 +n]_[1_9jn
3) | 3p+1) 18 180

where Rgy' is, say, 4x 10 for high-pressure gas flows,

(21)

Ch

where a, n,F are given in Equations (17) to (18) and

(20) and B

106<Reb <5x10'the error due to the use of a fixed

Reynolds number is less than 0.012% in magnitudéhi®
values of #' and 8" used in the analysis. pb/p, > 0.98

just below Equation (2). If

and x > 1.25 the error due to omitting the expansibility
ratio term is less than 0.014% in magnitude.

The number of iterations to convergence using Eonat
(21) can be reduced by rearranging the equatiobrity
B andd’ to the same side of the equation:

\—4 vy )P
(EL} =(1_[¢4)(<:(Rq3,zi)]
d C(Rg). ")
1-a [2]“[ n+3 +n]_[1_9jn
3) (3n+1) 18 180
X + 3

2
2 n
1490 Ch f14 a0 2 LI
d2c 3) {3n+1) 36

Conclusions

(22)
4

This paper presents new data and shows that tistinexi
drain-hole equation in ISO/TR 15377 is unsatisfacto
The data on drain holes have a surprisingly strong
dependence on the circumferential location of thesgure
tappings. However, a new analysis has taken tits i
account and has produced Equation (22) fbr, the
corrected orifice diameter taking account of thaihole.
More data would be good, but it is very desirablamend
ISO/TR 15377:2007, given that its equation leads to
flowrate errors up to nearly 2% in magnitude.
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