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Motivation Carbon Capture and Sequestration
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Motivation

CO, Properties
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CO, Density as a Function of Pressure
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DESTINATION TIME
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If I have seen further than others, it is
by standing upon the shoulders of giants.

Isaac Newton

Robert Hooke
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Venturi Meter

DESTINATION TIME
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Venturi

Giovanni Battista Venturi (1797)
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Venturi
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Venturi
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Venturi
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Venturi
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“Energy” Mass
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Venturi
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Orifice Meter

DESTINATION TIME
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Orifice

+
|
|
|
|
|
|
|

et
A
ot T

L

»
-

_——— ey

——

P T T e

-

LJJELINLEN I N N L B B

1.00

L0 0 L 0 L 0

2.00

-4.00 -3.00 -2.00 -1.00 o

-5.00

|

x/R

30

30



3/20/2023

Orifice
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Orifice
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m = CDAO

Orifice

2p(P; — P,) * C, = 0.6, uncertainty + 0.5%

1— (Ao>2 * Uncertainty in mass flow (m) =+ 0.5 to 1%

5.3.2.1

Discharge coefficient, C

The discharge coefficient, C, is given by the Reader-Harris/Gallagher (1998) equation [5]:

1085)" 1081%°
C=050 % 026 142 -0,2165% + 0,000 521{#} +(0,018 8 + 0,006 344)5’3-5(1?7]
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Venturi
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Three APs

DESTINATION TIME

1,1

rognosis

Differential Pressure Diagnostics
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DP Diagnostics
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Three DP Meters
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Three DP Meters
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“Energy” Conservation
(1->2)
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“Energy” Conservation
(1->2)

44

44



3/20/2023

PLUTONIUM

Mass
ation (1>2 )
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Mass

Conservation (12 -5)

Momentum Conservation (2—>5)

to
tu rbulence
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New Orifice Flow Equation
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new

New Equation

nd_AP’jp

4B2/2(1-B2)(AP+AP, )
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New Equation

d? AP.\[p

Mpyew =

4p* J2(1 — B2)(4AP, + AP,,)

1ISO-5167-2

wd2 |2pAP;
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Real Data
Water, 8”
Pipe, 0.4

’ AP, .l
=
B 0.832 bar
= X
1.004 bar 0.173 bar
AP,
_____ AE | 55
B \§ Meer =  44.44kg/s
D,=80mm +— lec:63.9mm 3.5 % difference

"
] / Mpew =  42.88kg/s
_____ Meypgqa =  73.97 kg/s

52

52



3/20/2023

“Energy” Conservation
(1->2)
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“Energy” Conservation
(1->2)
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New Equation (with Losses)

pV{ pV pV{
—_— N
P, + > P, + > + >

a2 |(1— B4R + APyy) — \/((1 — B2 (4P, + API,,,,,))2 — NAP?

Mpew = P 4p2 oN
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Difference with Reference Meter
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Venturi

New Equation
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Data Reconciliation

DESTINATION TIME

Process models

|

Algorithm

Data Reconciliation .
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Two Independent Meters in Series

Meter 1 Meter 2
Flow m, Flow m,
Uncertainty £em,% Uncertainty + em,%

Meters will report different flow rates
Which one is closest to the true flow?
Uncertainty (£1%, £2%,...)

@ 100% certainty — both meters are measuring the same flow
=  rate
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Two Independent Meters in Series
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Maximum Likelihood Estimate (MLU)

1.0

o o
@ o0

o
~

Probability Density

0.2

0.0

96 97 98 99 100 101 102 103 104

Flow

® TRUE e VILU e MLU

70

70



3/20/2023

Maximum Likelihood Estimate (MLU)
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Three DP Measurements
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Pressure Drop Constraint

AP, APppy,

AP,
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Pressure Drop Constraint
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Pressure Drop Constraint

A /

AP, = AP, + APpp,,
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Kalman Filter

DESTINATION TIME
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&V\Putar Vision

2D Image

Kalman Filter Applications
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Kalman Filter Algorithm
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Kalman Filter Algorithm - MLU
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Hypothetical Example — Kpp, " Evolution

0.464
0.463
0.462

= 0461

0.460

0.459

0.458

TN O MO NN S TN O MO QNS N0 ML ON N ® CT O
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

(| e—True KI' +Unc -Unc

82

82



3/20/2023

Hypothetical Example — AP, Evolution
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Hypothetical Example — Mass Flow Rate
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Hypothetical Example — Mass Flow Rate
Uncertainty
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Oculus

DESTINATION TIME
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Difference in Flow with Reference Meter (kg/s)
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Difference in Flow with Reference Meter (kg/s)

2.0%

1.5%

1.0%

0.5%

0.0%

-0.5%

-1.0%

-1.5%

-2.0%

Real Data, Water, 8” Pipe, 0.4

Difference with Reference Meter

~
-~
- -~
== —
A Z I L
' ¥ o
- = = .
”
rd
15 20 25 30 35 40 45
Flow Rate (kg/s)
Oculus Kalman = Traditonal Oculus Unc = =Trad Unc

88

88



3/20/2023

Venturi

New Equation

Motivation

Orifice Physics

89

89



3/20/2023

Motivation

Venturi
Orifice Physics
New Equation

Oculus

Compressible

90

90



3/20/2023

Gases: Compressible Flow

Mass
Conservation (12 -5)
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Gases: Compressible Flow

wd? |2pAP;
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Gases: Compressible Flow: ISO 5167-2

wd2 |2pAP;

5.3.2.2 Expansibility [expansion] factor, ¢

For the three types of tapping arrangement, the empirical formulal€l
[expansion] factor, ¢, is as follows:

" =1—(0,351+0,256ﬂ4 +0,93,88) {1_[_
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Gases: Compressible Flow: ISO 5167-3

wd2 |2pAP;
Myent = €C 4 [1—p*

5.1.6.3  Expansibility [expansion] factor, ¢

The expansibility [expansion] factor, ¢, is calculated by m

P s 2% 1- g4 1— =1/
Al k-1 1- pArx 1-7

94

94



3/20/2023

Isentropic Expansion (k)
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Adiabatic Joule Thomson Expansion ()

Isentropic Expansion (k) Temperature
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Real Data, Natural Gas / CO, 8” Pipe, 0.56 8
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Real Data, Natural Gas / CO, 8” Pipe, 0.56 3

Difference with Reference Meter
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Real Data, Natural Gas / CO, 8” Pipe, 0.56 8

Meter Type

Mean Absolute Deviation (%)

8” 0.56 Beta Orifice Traditional

0.67%

8” 0.56 Beta Orifice with Oculus

0.51%
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Conclusions

40% CO2
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Conclusions

New Equation
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Calibration, where we’re going, we don’t need calibration.
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