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North Sea

MI Introduction FLOUJ

Measurement Workshop

» A common definition for wet gas flow is any gas-liquid two-
phase flow with X ,, less than approximately 0.3.

Lockhart-Martinelli parameter  X.. =JS”p erfictal liguid nertia. _ m, \/E
P

superficial gas inertia  m,

Power plant Petroleum Nuclear Chemical Pmarmacy

\ ‘
: : [

» Accurate online measurement of wet gas flowrate is of great

significance, especially for wet natural gas.
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MI Introduction

Flowrate Measurement of wet narural gas

¥

é Well allocation

* Flow assurance
* Allocate bulk measurements to individual wells

* Taxation / sales

@ Fiscal allocation * Production allocation in joint pipelines

« Well surveillance

2 Operational control Process and equipment performance

UZ\’ X

 Maximize hydrocarbon recovery

A i
Reservoir management | Exploitation plan

~
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2. Overview of traditional metering methods
based on DP flowmeters
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s> Throttle Device (TD)
'_ﬂ:E..cZ;‘:t;im, ( b Al o ;
| » = | —=
i B Orifice Venturi Cone

uuuuuuuuuu

{ Single-phase flow AP} ~im : m=EACe/2pAP

llllllllllllllllllllllllllllll
L]

Two-phase flow APy ~ imyi+im i AP = f(mg,m)

» Single-parameter measurement -- The fluid flow is wet gas but
the main focus is on the measurement of the gas flow.

» Two-parameter measurement -- Both valuable natural gas and

hydrocarbon liquid flow are required to accurately measure. .



BI Overview of methods based on DP

1 ) Metering methods applying dual-DPs
¥ Dual-TDs-dual-DPs: DIFFERENCE TECHNIQUE

rAP1 :fl(mg»mz» pg/pl9L ) (ngfl*(APl,APz, IOg/pl’L )

4 = - )
AP, = fy(mmy, p /ol ) | m= (ARAR, p, /oL )

AP, 4P, AP, AP,

dual slotted orifice plate V-Cone Shuttle-Cone

Relatively high head loss created by the multiple throttle devices.
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BI Overview of methods based on DP

1 ) Metering methods applying dual-DPs

™ Single-TD-dual-DPs

" Upstream-throat DP AP, =f1(mg,m,, P,/ psL )
Throat-downstream DP AP, =f2(mg,m,, pg/pl,L )

A

. Upstream-downstream DP  AF, = f, (mg,mz, p./piL )

A4apP,, 1

4

dp

APm

PLR=
—_— Front-Cone

€ AP
\ t
/N Back-Cone




BI Overview of methods based on DP

2 ) Metering methods based on DP fluctuation

Characteristic parameters

~ DP signals
AP [ Time average AP

¥

Magnitude O,

. Frequency o,,

rngfl (P, T, AP, a)AP,5AP,pg/pl,L )
(PP, 0, L)

Neural Network
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3. Evaluation of traditional metering methods
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MI Evaluation of traditional methods

1 ) Metering principles

™ Over-reading: the gas flow rate is over predicted.

= mg app mg

Over-reading

Dry gas m, = EAers\/ZpgAP

Wetgas AP, >AP, o m, = FA, (Cd{;‘)tp \/ZpgAPw >m,
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MI Evaluation of traditional methods

1 ) Metering principles

1 Wet gas correlation: to correct the liquid-induced error.

m m
OR=—22| f(m m,p,/p,L) = m= sy
[ mg] f(mg ! pg/pl ) g f(mg,m;,,Og/,O,,L )
t

Provided the liquid flow rate or the form of the liquid-to-gas flow rate
ratio is obtained, the over-predicted gas flow rate tends to be correctable.

t

Auxiliary correlation: to provide information of m,.
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MI Evaluation of traditional methods

1 ) Metering principles

1 Wet gas correlation
Author D Correlation
Murdock (1962) Orifice plate | OR=1+1.26X,,,
Chisholm (1967) | Orifice plate | or=./1+Cx,, + X2, c=[ﬂ]v4+(&j“

Lin (1982) Orifice plate | OR=1+06x,, o-/[%)

de Leeuw (1997) | Venturitube | or-.1+cCx,, +X, c(i}(p_) —

t modified forms

[0 R=1+X,, ] Correlation derived from the separated flow model
13/47




MI Evaluation of traditional methods

1 ) Metering principles

1 Wet gas correlation

North Sea

»The OR generally doesn't increase linearly with the Lockhart-Martinelli

parameter.
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MI Evaluation of traditional methods

2 ) Error propagation

1 Prediction error pattern

Relative error (%)
D
X m, m, my,
Cone +7% +5% +12% +10%
Venturi tube +5% +2% +30% -
Orifice plate +10% +5% +25% +10%

Metering methods based on wet gas correlations exhibit similar error
pattern: the prediction error of the gas flow rate is small, while that of the

liquid flow rate is large.
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MI Evaluation of traditional methods

2 ) Error propagation

¥ Estimation of gas flow rate prediction error

Separated flow model OR=1+X,, - EC,eA4,2p,AP, N
x provided by the auxiliary correlation x+(1=x)-\p, /P,

Relative error of gas flow rate &1, ~ Relative error of gas mass quality o,
om

£ox
Ox P./P Sx \/p/ P,
Sr = _ o0 .5r €& C < <03+,
's m, (1+X,,)x x et ¢ Pel P

For wet gas XLM=1_7x4/pg/pl <03 = —“pg/plSOSJr‘/pg/pl

o r, is smaller than & r, when the square root of the gas to liquid density

ratio is less than 0.7 ( < 37MPa for air-water flow).
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MI Evaluation of traditional methods

2 ) Error propagation

#l Estimation of liquid flow rate prediction error

Separated flow model OR=1+X,,, - EC,cA,]2p,AP
m
x provided by the auxiliary correlation l

5_5)6& e Tl Sx cs & -+ Lo 1
= o +TW —x x " Xy, 1-x 13(1-x)

l-x x
t

For wet gas X, <0.3

For wet gas with x > 0.23, C, is larger than 1, meaning that the prediction
error of m, is amplified due to error propagation. (e.g. x=0.99 — C,=77)
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4. Characteristics of pressure drop
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.I Characteristics of pressure drop
PART

1 ) Contribution of each phase to the two-phase DP

™ Flow rate equation if each phase flowed anloe

m
_ g
m :ECdgA\/z,o AP , VAL CEC,A.[2p AP i
g g g »< d“t g» zozmz ,Og:X2 <0.09
LM :
= EC,s4./2p,AP, AP —— ™ AP \my ) P
\ EC,A4.\/2p,

1 Flow rate equation when two phases flow together

m—ECAZ
e e BB = AR AR,

2,0[ A
R, = %o L 577
AR, 14Xy, > The wet gas DP is mainly caused by gas
» < u n . .
R = ARy _ X _ g3 phase and is slightly affected by liquid phase.
\/@ X 19/47




.I Characteristics of pressure drop
PART

2 ) Repeatability of DP signals

Apt

Standard deviation o(AP)

A
;/ [ \“ /U \ \ / /\‘/:Time-avera e value AP
v‘/\/ v \/ JAVA g

The standard deviation is used to quantify the degree of fluctuation.
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.I Characteristics of pressure drop
PART

2 ) Repeatability of DP signals

@ DP time-average value

=
—)

| P=0.7MPa mg=400kg/h
N/

=N
=

N
—

W
—

(o]
—

Differential pressure mean value (kPa)
N
(=]

[y
=)

0 | 50 I100I150I200I250l300.350l400

m (kg/h)
The DP time-average value can reflect flow rate changes of wet gas.
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.I Characteristics of pressure drop
PART

2 ) Repeatability of DP signals

@ DP time-average value

38.0
s P=1.0MPa, m_=400kg/h
I 4
N3
S
S 375
=
=
S
Q
S
s 3701
>
S
E" @ Experiment 1
§ 36.5 - o (A})tp) X Experiment 2
S 0= < 10.46% & Experiment 3
& APtp * Experiment 4
= A Experiment 5
Q 36.0 | | | | . | .
0 20 40 80 100 120

ml6 ?kg/h)

The DP time-average value has good repeatability. (&, < £0.46%)
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.I Characteristics of pressure drop
PART

2 ) Repeatability of DP signals
@ DP fluctuation value

12 L mg=200kg/h
g=250kg/h
1.0 - —*— mg=300kg/h
- =& mg=350kg/h
- —<— mg=400kg/h

| —O— m

) (kPa)
%

O'(APtp
o
=N

i
=
I L}

P=0.7MPa

=
)
I L

0 | 50 I1(|)0l1g0l260'2é01360l3é0l400
my (kg/h)
The DP standard deviation can reflect flow rate changes of wet gas.
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.I Characteristics of pressure drop
PART

2 ) Repeatability of DP signals

@ DP flucttfzation value

5 /%

tp)/kPa

AP

o

[ (b)

P=0.7MPa, mg=300kg/h

my (kg/h)

The repeatability of the DP standard deviation is poor. (max(35,) = 10.9%)
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I Characteristics of pressure drop

3 ) Non-monotonicity of the pressure drop

- —— ‘\|
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.I Characteristics of pressure drop
PART

3 ) Non-monotonicity of the pressure drop

™ Throat-downstream DP

V%Lag W

i T T T T T T T 24 T T T
| —o—DP_back | ' ' ' ' | —A—DP_back ' ' N ' ' —A—DP back
11.2 _ - 120 F s WA, 4 ]
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A _ A )

4 - |
A 17|
A
1ol “a, A — / T~ .
L A il A 2 T
14 14 A A,
........ C A‘AA.AA s 1 L 1 L \A

The non-monotonicity may result in three types of prediction: correct
prediction, incorrect prediction an no prediction.
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0.16
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.I Characteristics of pressure drop
PART

3 ) Non-monotonicity of the pressure drop
™ Pressure profile: Upstream-throat DP

.Pi P, P;
M::-:::_.“ B Wﬁ_—-ﬂ’
P Y e oo Y
Pl | Upstream head loss H,
Pl apP, | Hf_ Friction
H,— Vortex
AP, AP,
Bernoulli's equation of single-phase flow 1-2 :
B v B v AP P-P, V' —v?
1 +V1 — 2 +V2 +HU » l‘: 1 2:V2 Vl +Hf_|_HV
pg 28 pg 28 Pg  pg 2g
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.I Characteristics of pressure drop
PART

3 ) Non-monotonicity of the pressure drop
™ Pressure profile: Throat-downstream DP

P P, P;
W:%_ﬂ. _____ﬂ-:_:-:.--ﬁ"‘“""ﬂ__ﬂ’
B Wi 5 e, Y
[T "\‘L\\ Downstream head loss H,
Pt AP,|  H’:—Friction
H’, — Vortex
AP, AP,
Bernoulli's equation of single-phase flow 2-3 :
P, v P, AP P—P,  vi-v; C
2 .Y _ 55 +H = 570 5 V3—(Hf+HV)

pg 22 pg 2g pg  pg 2g
28/47



North Sea

.I Characteristics of pressure drop
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3 ) Non-monotonicity of the pressure drop
™ Pressure profile: Pressure loss

Upstream head loss H,

Downstream head loss H,,
H:, H’; — Friction
H,, H,— Vortex

Bernoulli‘s equation of single-phase flow 1-3  (v;=v,) :

2 p : AP P-P
P1_|_v1 _ 3+V3 +H,+H, = r=1
pg 2g pg 2g pg  pg

=H , +H +H,+H,
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3 ) Non-monotonicity of the pressure drop
™  Influence of trace liquid on Cone and Venturi tube

Rt s b 2 £ Lol & Lo i L e I‘I'. LR b T
CARIR 0 g | T £ Fon it ol (i i 1

\ f j r | 5 | ) L b h
i l 1
\: ] r ti A B ‘I- "

. " , - P ~ — o "
7 ERL £
-

B e !
o P W

Assumption: the gas velocity holds constant.

r AP T v22 —vf
The presence of trace liquid in the gas P v G
flow brings about:

Upstream: gas-liquid interfacial friction - Aj}; "22‘; ~(H, T+, 1)1

Downstream: entrainment of the liquid to

the gas core (turbulence dissipation) AR T _ (H, 2+, o1, P oi 1)1
- pg

30/47
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I Characteristics of pressure drop

North Sea

Measurement Workshop

3 ) Non-monotonicity of the pressure drop
1 Influence of trace liquid on orifice plate

" .
Flow modulation of the trace liquid ;—_—j

Assumption: the gas velocity holds_ constant.

~

-

2 2
ARV v v(H, M +m L)L 5 °°
pPg 28 =< 04
\L ) 5 0.3
— . , 53
ALY _ vV ~(H, T+H, T)T
Pg 2g %
51
€ w
AP ' ' x
mi:(HfT+Hv¢+HfT+HVT)¢ 4
Pg ' '

0000

/.
P
[

~ —u— Frictional pr&ssure drop

' —e— Up-throat DP

w.moﬂ'ulatlon

H, reduce /greatl/ ue to

reduces

0003

0.006

0009 0012 0015 0018
X 31/47



.| CONTENTS

5. Development of new measurement model
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.I New measurement model
PART

North Sea

Economical measurement of gas and liquid flow rates in wet gas ]

New correction factorJ Flow pattern modulation] Liquid film measurement

\

J

4 N\ N\
Two-phase.n?ass flow Vertical + Swirling Based on wall shear
coefficient stress
4 4 2
K reflects the Annular flow Metering liquid flow
. blockage JL ) |__rate independently
_ mg +m g -
(T Mapp | ' |
K exhibits good Annular flow o : Independent

Imeanty and is

improves prediction |
sensmve to liquid flow; | accuracy

————————————————————————————————————————————————————————————————————

measurement of the

quuid flow

______________________________________



North Sea

I New measurement model FLE
1 ) Gas-liquid two-phase mass flow coefficient ( K)

® K is obtained under the separated flow assumption.

® Both dimensional analysis and experiment demonstrate that K is
dependent on the gas Froude number and pressure.

® To make the correlation better correspond to the real case, the
precise nature of the function is obtained by experiment.

K =

N A

My oo CdgA,Bz\/ZpgAP

)

K denotes the influence liquid on the gas measurement when
introducing a small amount of liquid into the dry gas. For dry gas,
X v=0, K=1.
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1 ) Gas-liquid two-phase mass flow coefficient (K)

K = f{Fr p—)X +1= (a+bFrg+c/‘/pg/pl)-XLM+l
P

mg »app

| m P=0.7TMPa e P=0.8MPa 4 P=0.9MPa v P=1.0MPa

120 - m=200kg/h

L A A
115 | v
. R R
1.10 - J
. A
1.05 Ay v
1.00 A a
| margrwa®™ ¥V
0.95 - = L 1 1
2.2 r m =200kg/h e,
20 T
[ AN
1.8 L Lt
L “',',;;2*‘ ,
1.6 - ;:iiﬁif’ ' Goodness of Fit (R')
14 g;s*‘z;;’ ------- R'=0.9979
' .,ﬁ"' ------- R'=0.9982

12b “..."' ceeeees R'=0,9991

.................

0 L"'" S R=0.9964

0.00 0.02 0.04 006 008 010 012 014 016 0.18

XI' M

Orifice plate

K exhibits better linearity and is more sensitive to the change of X, ;.
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5

® P=0.7MPa e P=0.8MPa
A P=09MPa * P=1.0MPa
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1 ) Gas-liquid two-phase mass flow coefficient (K)

1 Application to Cone

75|

m— "\l

Homogeneous
Murdock
Chisholm
Smith & Leang

# Lin
+ deLeeuw
¥ Steven

* Present

Results based on K
* 5, < +4%
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me New measurement model FL

Measurement Workshop

1 ) Gas-liquid two-phase mass flow coefficient (K)

=1 Application to Venturi tube e

|t‘, | fl
(@) 15 : (b) 15 )
;:9_“ 12 -X]_M=G.El?5:: De Leeuw correlation E ; E? 12 Xp=0.1 .E Steven correlation
T or | a3 = 9 .
S 6 .30% £ 4 S
E 3 %‘- ------ o Wp— IL ................................................................. Tu' “ODD
= 0 N = 0.0%
et £ L comom .- ,,
[ah] P O #0 [14]
:% Bf 0% .'% n ° *oc.c # '% o1
= 9t | $# - o2
QO ! [1¥]
2l 2 | :;
_-15 5 1 I 1 1 1 _'15 L i L 1 1
0.00 0.05 010 015 0.20 0.25 0.30 0.00 0.05 010 015 0.20 0.25 0.30
XLM XLM
f N
(c) 10 (d) 10
a:?-‘ 8r ISOVTR 11583 correlation E ; _‘_H'? 8 r present correlation
— 6 = a3 “n—" 6 B
2 c 2
0/ 3 0.0% = ; o 0
3% 3 o 3 0f -2% — +3%
T L )
b ] L 24 Q
= -4t = A4r o1
5 -6+ E % L o 2
o] @ & 3
x .8 ¢ 8} S
_10 " i i N i L i i L _-1(} 1 1 1 L 1
0.00 0.05 010 0.15 0.20 0.25 0.30 0.00 0.05 010 015 020 025 0.30
X, L Xy ) 38/47
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I New measurement model FLOUJ

Measurement Workshop

2 ) Flow pattern modulation

Transform the horizontal stratified flow, wave-
stratified flow and pseudo-slug flow into vertical
downward annular flow.
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I New measurement model
PART

3 ) Measurement of liquid film via wall shear stress

Downward annular flow

r  (Gas core — m,

Liquid film — m,

A

-~ Entrained liquid droplets — m,,

Assumption:

> Constant pressure across the cross-section;

> Neglect the entrainment of the liquid phase to the gas core;

> Steady parallel flow in the liquid film;

> Constant wall shear stress around the periphery. 40/47
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North Sea

3 ) Measurement of liquid film via wall shear stress

1 Velocity profile within the liquid film

v — Shear stress within
the liquid film

u — Velocity profile

Annular flow with a laminar film:

2\ dz 2r
<
du ,
{ T=—4, o Newton's law of viscosity
r

1 dP rr—p? r
:_K__ Pzgj : +(P1_Pg)g’”i2 In—

N

}]
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.I New measurement model
PART

3 ) Measurement of liquid film via wall shear stress

™ Flow rate of the liquid film
g 0 1
©

Velocity profile within the liquid film

u—L (—d—P jrz_r2+( — )rzlni
2 7 Pg > P~ Pg ) 8 -

Integrate the profile across the liquid film

2 2)?
- (—dp+ng)(r° ") —(pz—pg)gnz[r°2_'72—'?2 1n’”—0)

| dz 8 4 2 -
< = |

o) o)
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I New measurement model FLE

3 ) Measurement of liquid film via wall shear stress

#  Implementation of measurement

> m,is obtained via the pressure gradient and
the wall shear stress.

dP
&

m, = f [ ; Tw] Measured independently

> m, is obtained via the K model with the input
of the liquid flow rate

mg :f(ml) K)
Wall shear stress

sensor 43/47
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.I Conclusions
PART

> For wet gas flow, the two-phase differential pressure is mainly caused
by gas phase and is slightly affected by the liquid phase.

> For orifice plate, the differential pressure and the pressure loss
decrease at first and then increase as the liquid hold up increases. A
proposed reason may be the flow modulation of the trace liquid.

> The fluctuation of the differential pressure is stochastic, causing the
fluctuation characteristic parameters, such as the standard deviation,
having the properties of poor stability and repeatability.

45/47



.I Conclusions
PART easurement Worksho

> The error propagation analysis demonstrates that the prediction error
of liquid phase flow rate is much larger than that of the gas phase,
which is a universal phenomenon of metering methods based on over-
reading correlations.

> A new correction factor — the gas-liquid two-phase mass flow
coefficient is proposed (K). Compared with OR, K exhibit better
linearity and is more sensitive to the change of X, ;.
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