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Multiphase Flow Background webinars

* Multiphase Flow Meters (MPFMs) E =0
— Continuous measurements of = g
oil/water/gas flow rates Q
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“Handbook of Multiphase Metering, NFOGM”
https://nfogm.no/wp-content/uploads/2014/02/MPFM_Handbook_Revision2_2005_ISBN-82-91341-89-3.pdf
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Multiphase Flow Background webinars
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Multiphase Flow Background webinars
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Multiphase Flow Background webinars

* Flow rates of oil/water/gas
— Three equations and three unknowns

Qror = Qo + Qw + Qg
S1 = f1(Qo» Qw, QG)
S, =1 (QO» Qw QG)




Multiphase Flow Background webinars

* Phase fractions of oil/water/gas and total flow rate
— Four equations and four unknowns
— Assumes no slip between phases

1=¢o+ ow + &g

51 = f1(do, dw, d¢)

S2 = f2(bo, dw, P¢)

Qror = Qror * Po + Qror * dw + QroT * Y66
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Multiphase Flow Background webinaes
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Multiphase Flow Sensing Domains =
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Overview of Electromagnetic Sensing Nl

* Part 1 will focus on Electromagnetic (EM) phenomena

* Progress thru the electromagnetic spectrum from low frequency to high
frequency

 Measurement examples from each EM domain that can be used in
MPFM systems to discriminate phase fractions and flow rates

(" ELECTROMAGNETIC PHENOMENA

DC & TIME \\\ PROPAGATING OPTICS IONIZING
VARYING // EM WAVES RADIATION
z++
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Overview of Electromagnetic Sensing Nl

Part 1 will focus on Electromagnetic (EM) phenomena
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DC & Time Varying Electromagnetics ——

* In this frequency range, quantify fluid phases with conductivity (o) and
permittivity (g)

e Difficult to discriminate oil and gas, typically provide just watercut

* Changes in o and ¢ for oil/water/gas are NOT independent

€0, € Ew
Pl
1 =i | r—
‘qzm_/'-l- bo+c g ~ 2 g, ~ 80
EM = f(¢W! ¢O+G) Em ,J_/O-M
_ 0o, 0¢q Ow
om = f(Pw, Po+c) . o

< 0.001 uS/cm > 50uS/cm



DC & Time Varying Electromagnetics =

e Arbitrary distributions of o and g, depending on fluid mix and flow regime
e Effective medium theory: mixing laws for homogeneous fluid mixtures

— Landaur, Bruggemann, Maxwell-Garnett, etc.
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DC & Time Varying Electromagnetics =

* In this domain, quantify o and € of fluid mixtures by measuring the
impedance distribution of the multiphase fluid mix

* Fluid mixtures as distributed resistors (1/c) and capacitors (€)

16



DC & Time Varying Electromagnetics =

 Measure impedance of fluid in broad frequency range
— Assume some distribution of capacitors & resistors (flow regime)
— Extract o and € from impedance vs. frequency plot behavior

A
VMEAS Q ZRES"’ 1/ o
-
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Isre(F) Q) N Fear™"/f
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DC & Time Varying Electromagnetics =

* Measure impedance of fluid around resonant frequency
— Assume some distribution of capacitors & resistors (flow regime)

— Extract o and € from impedance vs. frequency plot behavior
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DC & Time Varying Electromagnetics =

e Eddy current generation in conductive media to quantify o
— Modify mutual inductance due to opposing magnetic field

— Skin depth vs. frequency to target different sizes of conductive media
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DC & Time Varying Electromagnetics =

* Phase inversion region: transition from oil continuous to water
continuous and vice versa

— Resistance of conductive media blocked by non-conductive path
— Capacitance of dielectric media shorted out by conductive path

20
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DC & Time Varying Electromagnetics .
* Internal EM probes:
— Point sampling

— Electrode arrays on circumference
— Grid within pipe

— Tomographic imaging
e External EM probes:

— Metal pipe shorts out response

— Some methods made thru non-
conductive pipe




DC & Time Varying Electromagnetics =

* Flow rate estimation with cross correlation

L ——

:QTOT:: Qror * $o + Qror * dw + Cror - P6

P p—
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DC & Time Varying Electromagnetics

* Flow rate estimation with Faraday’s Law
— More complex with multiple phases / different geometries.
— Requires water phase continuity between electrodes
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DC & Time Varying Electromagnetics o

 Measurements are flow regime dependent, so well defined and/or
homogeneous flows

* Phase inversion region leads to model breakdown & inaccuracy
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Overview of Electromagnetic Sensing

* Propagating EM waves

— Stationary charge (electrostatics) to moving charge (electrodynamics)

— Frequency range spans ~100MHz to ~100GHz
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Propagating Wave Electromagnetics Woeomars

* In this frequency range, EM waves propagate through the fluid

— Take advantage of different physics to measure fluid properties
— Phase fractions are still quantified by electromagnetic properties o and €

— Same fundamental issue with differentiating water vs. oil/gas, and no
independence between ¢ and € functions, e.g. Oy + Do
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Propagating Wave Electromagnetics =

* Quantify o via attenuation of propagating wave

~exp [—f - Revj2nfu(o +j2nfe)]
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Propagating Wave Electromagnetics =

e Quantify o via attenuation and reflection/transmission off of fluid
interfaces

— Impedance differences due to Ao,As =» reflection/transmission
— Tomographic imaging with multiple TX and RX paths
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Propagating Wave Electromagnetics =

e Quantify € via propagation speed of pulse through fluid
— Speed of EM wave c~ 1/\/—

E

— Tomographic imaging with multiple TX and RX paths
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Propagating Wave Electromagnetics =

 Quantify o and € via characteristic frequency response from resonator
— Resonant response due to geometry of the cavity & propagating mode
— EM properties of the fluid define the characteristic response

LCAVITY

I
1] Ccaviry
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Propagating Wave Electromagnetics =

e Quantify € via propagation cutoff frequency
— Pipe & fluid acts as a transmission line

— Characteristic cutoff frequency where modes no longer propagate
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Propagating Wave Electromagnetics =

 Wavelength of the EM wave is critical in this sensing domain
— Wavelength is Ay ope~ 1//€ - co/f, e.g8. 3GHz wave in brine = 10cm
— Scattering losses occur at interfaces and effective medium
approximation breaks down, e.g. phase inversion region

Amope > CFEATURE Avope/2 = CrEaATURE
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Propagating Wave Electromagnetics =

* Flow rate estimation via cross correlation, similar to DC & Time Varying EM
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Propagating Wave Electromagnetics =

* Flow rate estimation via doppler frequency shift
— Moving interfaces in fluid modify the frequency of the source wave
— Reflected frequency frx T as reflector moves towards source fry

Sy

QrLuID it |
+— : (fRX - fTX) " CFLUID !
_> _EK—> t :QFLUID~ 2 frx :
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Propagating Wave Electromagnetics Wamars

* Phase inversion region leads to model breakdown & scattering loss

* Well-mixed homogeneous flows are ideal. Other flow regimes require
greatly increased model complexity
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Overview of Electromagnetic Sensing Nl

* Optical domain of EM Sensing
— Frequency range spans ~3THz to ~1PHz

— Switch discussion to wavelength in this domain, i.e. 3THz = 100um and
1PHz = 300nm

(" ELECTROMAGNETIC PHENOMENA
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The Electronic and Optical Gap Weeinars

* Gap in source power between ~100GHz and ~3THz

— Electronic oscillator sources: stray capacitance limiting energy output,
e.g. low pass filter

— Optical emission sources: entropy suppressing radiation, e.g. phonon
absorption near kgT

1)

‘|D|—_$ x‘*

100GHz 3THz (100um) .



Optical Sensing webtners

* In the optical wavelength region we see energy absorption from a
variety of physical phenomena: interatomic vibrations (phonons),
rotational modes of molecules, and valence electron transitions

Phonons Molecular Rotations Valence Electron Transitions

38
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Optical Sensing webinars

* |n this sensing domain, we discriminate ¢,, ¢y, @ by their unique
spectral absorption response in various wavelength regions

Terahertz & Far IR Mid IR & Near IR Visible & UV

| |

| |
- —

o o | |

ANNND | - |
- -«

oo | |

— _ N NSNS NN\
3THz, 100um 30THz, 10um 0.3PHZ 1um 1PHz,300nm

39



Optical Sensing =

e Spectral absorption («) is dispersive, e.g. changes with wavelength
* Can now utilize two independent equations to determine ¢, Py, O

1=q¢o+ dyw + ¢¢

1=¢o+ow + ¢¢
51 = f1(Po, dw, d¢) } q { a(ly) = poap(Ay) + dpyway(Ay) + Ppgag(1y)

Sy = f2(do, Pw, Pg) a(d;) = poap(Ay) + dwaw () + dgag(d;)

Qror = Qror * 0 + Qror * dw + QroT * Y66
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Optical Sensing webinars

* Mixing rule for absorption derived from Beer Lambert Law for multiple
media along ray path

! [y = Io(i)expl—¢ - a(A)]
(—e) I(Az) = Io(/lz)eXP[—f : a(ﬂz)]
I(Al) ~€Xp —td
lo(4:) a(A) = doao(hs) + pwaw () + dpeas(r)
. a(ly) = poapg(Ay) + dyay (1) + dpgag(4;)
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Optical Sensing webinars

* Mixing rule for spectral absorption: Beer Lambert Law

A

Ug

M
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ﬁ

Az

L

>

(A1) = Io(A)exp|—1 - a(A,)]
I(A) = Io(Ay)exp[—¢ - a(A,)]

a(A) = poap(Ay) + pyay () + pgag(1,)
a(Ay) = poap(dy) + pwayw(4;) + peag(4;)
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Optical Sensing webinars

e Combinations of broadband and narrowband emitters and receivers

* Exponential loss from absorption =2 systems typically have optical
emitters and receivers near each other

ay (A =5um) =~ 10*m™1

£ =0.5mm
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Optical Sensing webtners

* Flow rate estimation via cross correlation, similar to Propagating Wave EM
* Added difficulty due to point sampling of fluid with optical sensing
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Optical Sensing Webinars

* |deal response in homogenous mixtures, minimal cross section to
interrogate to represent the total flow volume

* Less absorption loss in high GVF flows
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Overview of Electromagnetic Sensing Nl

* lonizing Radiation domain of EM Sensing
— Frequency range spans ~200PHz and beyond
— Switch discussion to energy (eV) in this domain, i.e. 200PHz = 1keV
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lonizing Radiation Webinars

* In this high-energy particle range, photon energy is high enough to
rearrange or outright remove electrons within atoms and molecules

* Absorption and/or re-emission via Photoelectric or Compton effect
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lonizing Radiation wemars

* Atomic interaction effects (u) are dispersive, e.g. changes with energy
e Similar to optical sensing domain, utilize two independent equations to

determine ¢y, Py, ¢

1=¢o+ dw + ¢¢

1=¢o+ dw + ¢¢
51 = f1(Po, dw, d¢) } q { u(er) = poup(er) + pwuw(er) + pguler)

S, = f2(do, Pw, Pg) u(ez) = poup(ez) + pyuw(ez) + doug(er)

Qror = Qror * 0 + Qror * dw + QroT * Y66
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lonizing Radiation Webinars

e Similar to Optical sensing domain, mixing rule for absorption derived
from Beer Lambert Law for multiple media along ray path

I(e1) = Iy(ep)exp|—1 - u(ey)]
I(e;) = Iy(ex)exp[—£ - u(ey)]

Yam Ycs |

|

|

|

|
—

u(er) = poupler) + dwuw(er) + pgugler)

| 1, 1(ex) = donoler) + dwuwler) + deug(er)
100kelV 1000keV
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lonizing Radiation =

Webinars

e Typically in a transmission-style measurement

 Chemical sources which emit x-ray and gamma ray photons
(narrowband emission) or electronic x-ray sources (broadband

emission)

Isotope  y-ray Emission (keV) x-ray Emission (keV)
241Am 60 13.9,17.8
137Cs 662 32.1
M. Wang, “Industrial Tomography” Woodhead Publishing (2015).
A
Irx(e;) Irx(e;) |
|
|
IXRAY I
|
|

> 50
100keV 400keV




lonizing Radiation eobimaes

* Flow rate estimation via cross correlation, similar to Optical Sensing
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lonizing Radiation Webirars

* |deal response in homogenous mixtures, minimal cross section to
interrogate to represent the total flow volume
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Conclusion & Acknowledgements il
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4 ELECTROMAGNETIC PHENOMENA
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e Large variety electromagnetic phenomena across to discriminate phase

fractions
e Limitation in available methods to directly measure flow rates

* This is not a complete list! We will cover more sensing domains in part
two of this webinar series
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