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Meeting the Challenges of CO2 Measurement 
with a new kind of Orifice Meter
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Motivation Carbon Capture and Sequestration
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Motivation CO2 Properties
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Pure CO2

96% CO2
4% N2

CO2 Density as a Function of Pressure
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Robert Hooke
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Venturi Meter

DESTINATION TIME

YEAREVENT
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Venturi

Giovanni Battista Venturi (1797)
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Venturi

Diff. 
Pressure

Flow

1

2

𝑃ଵ +
𝜌𝑉ଵ

ଶ

2
= 𝑃ଶ +

𝜌𝑉ଶ
ଶ

2
Daniel Bernoulli (1738)
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Venturi

Diff. 
Pressure

Flow

𝑃ଵ +
𝜌𝑉ଵ

ଶ

2
= 𝑃ଶ +

𝜌𝑉ଶ
ଶ

2

1

2

𝑚 = 𝜌𝑉ଵ𝐴ଵ= 𝜌𝑉ଶ𝐴ଶ
“Energy” 

Conservation
Mass

Conservation
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Venturi

Diff. 
Pressure

Flow

1

2

𝑚 = 𝐶஽𝐴ଶ

2𝜌 𝑃ଵ − 𝑃ଶ

1 −
𝐴ଶ
𝐴ଵ

ଶ

Cd=0.98
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Orifice Meter

DESTINATION TIME

YEAREVENT ISO
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Orifice

𝑚௧௥௔ௗ = 𝐶஽

𝜋𝑑௢
ଶ

4

2𝜌𝛥𝑃௧

1 − βସ

Cd=0.6
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𝑚௧௥௔ௗ = 𝐶஽

𝜋𝑑௢
ଶ

4

2𝜌𝛥𝑃௧

1 − βସ

Cd=0.6
Orifice
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Orifice
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Orifice
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Orifice
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Pressure Flow

1

Orifice

2

𝑚 = 𝐶஽𝐴ଶ

2𝜌 𝑃ଵ − 𝑃ଶ

1 −
𝐴ଶ
𝐴ଵ

ଶ

3 4

𝑚 = 𝐶஽𝐴ଶ

2𝜌 𝑃ଵ − 𝑃ଶ

1 −
𝐴ଶ
𝐴ଵ

ଶ𝑚 = 𝐶஽𝐴௢

2𝜌 𝑃ଷ − 𝑃ସ

1 −
𝐴௢
𝐴ଵ

ଶ

Ao

Vena 
Contracta

𝐶஽
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Orifice

𝑚 = 𝐶஽𝐴ଶ

2𝜌 𝑃ଵ − 𝑃ଶ

1 −
𝐴ଶ
𝐴ଵ

ଶ𝑚 = 𝐶஽𝐴ଶ

2𝜌 𝑃ଵ − 𝑃ଶ

1 −
𝐴ଶ
𝐴ଵ

ଶ𝑚 = 𝐶஽𝐴௢

2𝜌 𝑃ଷ − 𝑃ସ

1 −
𝐴௢
𝐴ଵ

ଶ

• CD = 0.6, uncertainty ± 0.5%

• Uncertainty in mass flow (m) = ± 0.5 to 1%

34



3/20/2023

35

Venturi

Orifice Physics

New Equation

Compressible 

Oculus

CO2

Motivation

Future

35



3/20/2023

36

Venturi

Orifice Physics

New Equation

Compressible 

Oculus

CO2

Motivation

Future

36



3/20/2023

37

Three ΔPs

DESTINATION TIME

YEARMONTHEVENT
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DP Diagnostics

PPL Meter

Traditional Expansion
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Three DP Meters

𝑚௧̇

ΔP୰

𝑚௥̇

ΔP୔୔୐

ΔP ୲

𝑚௉௉௅̇
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Three DP Meters

𝑚௧̇ ΔP୰𝑚௥̇

ΔP୔୔୐

ΔP ୲

𝑚௉௉௅̇

𝑚௧̇ = 𝐸𝐴௧𝑌𝐶ௗ 2𝜌Δ𝑃௧
ଵ ଶ⁄ 𝑚௥̇ = 𝐸𝐴௧𝐾௥ 2𝜌Δ𝑃௥

ଵ ଶ⁄

𝑚̇௉௉௅ = 𝐴𝐾௉௉௅ 2𝜌Δ𝑃௉௉௅
ଵ ଶ⁄
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3 4 5

ΔP4→5

1

2

ΔP3→5

ΔP3→4

𝑚 ∝ 𝐶஽ ∆𝑃ଷ→ସ
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3 4 5

ΔPr

1

2

ΔPppl

ΔPt

𝑚 ∝ 𝐶஽ ∆𝑃௧
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“Energy” Conservation 
(1→2)

3 4 51

2P

KE
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“Energy” Conservation 
(1→2)

3 4 51

2
P

KE
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“Energy” Conservation 
(1→2)

3 4 51

2

Mass
ConservaƟon (1→2 →5)

Momentum ConservaƟon (1→2)
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M * V2M * V1
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P2

P3

P3

P1
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Momentum ConservaƟon (2→5)

Mass
ConservaƟon (1→2 →5)

Mass
ConservaƟon (1→2 →5)

3 4 51

2 Losses due 
to 

turbulence
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New Orifice Flow Equation
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New Equation

2
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𝑚௧௥௔ௗ = 𝐶஽

𝜋𝑑௢
ଶ

4

2𝜌𝛥𝑃௧

1 − βସ

𝑚௡௘௪ =
𝜋𝑑௢

ଶ

4βଶ

𝛥𝑃௥ 𝜌

2 1 − βଶ 𝛥𝑃௥ + 𝛥𝑃௣௣௟

New Equation

ISO-5167-2
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Real Data, 
Water, 8” 
Pipe, 0.4 β

𝑚௥௘௙ = 44.44 kg/s

𝑚௡௘௪ = 42.88 kg/s

3.5 % differenceDo=80mmDp=200mm Dvc=63.9mm

0.173 bar

0.832 bar

1.004 bar

ΔPppl

ΔPr

ΔPt

𝑚௧௥௔ௗ = 44.52 kg/s𝑚௧௥௔ௗ = 73.97 kg/s
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“Energy” Conservation 
(1→2)

3 4 51

2

P

KE

L
P
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“Energy” Conservation 
(1→2)

3 4 51

2

KE

PL
P
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𝑃ଵ +
𝜌𝑉ଵ

ଶ

2
= 𝑃ଶ +

𝜌𝑉ଶ
ଶ

2
+ 𝐿

New Equation (with Losses)

𝑚௡௘௪ = 𝜌
𝜋𝑑௢

ଶ

4βଶ

1 − βଶ 𝛥𝑃௥ + 𝛥𝑃௣௣௟ − 1 − βଶ 𝛥𝑃௥ + 𝛥𝑃௣௣௟

ଶ
− 𝑵𝛥𝑃௥

ଶ

𝜌𝑵

𝑃ଵ +
𝜌𝑉ଵ

ଶ

2
= 𝑃ଶ +

𝜌𝑉ଶ
ଶ

2
+ 𝑁

𝜌𝑉ଵ
ଶ

2
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Real Data, Water, 8” Pipe, 0.4 β
±0.6%

±1.4%
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Data Reconciliation

DESTINATION TIME

YEAREVENT
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Two Independent Meters in Series

M1

Meter 1
Flow ṁ1

Uncertainty ±εṁ1%

M2

Meter 2
Flow ṁ2

Uncertainty ± εṁ2%

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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Meter 1 reads 
100.5 ±1%

𝑃ଵ =
1

2𝜋𝜎ଵ
ଶ

𝑒
ି

௠೟̇ ି௠భ̇
మ

ଶఙభ
మ

Two Independent Meters in Series
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Meter 2 reads 
99.0 ±2%

𝑃ଶ =
1

2𝜋𝜎ଶ
ଶ

𝑒
ି

௠೟̇ ି௠మ̇
మ

ଶఙమ
మ

Two Independent Meters in Series
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P2 P1

Two Independent Meters in Series
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P2 P1

𝑃ெ௅௎ ∝ 𝑃ଵ ∗ 𝑃ଶ

PMLU

Two Independent Meters in Series
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P2

P1

𝑃ெ௅௎ ∝ 𝑃ଵ ∗ 𝑃ଶ

PMLU

Two Independent Meters in Series
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P2

P1

𝑃ெ௅௎ ∝ 𝑃ଵ ∗ 𝑃ଶ

PMLU

Two Independent Meters in Series
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P2

P1

𝑃ெ௅௎ ∝ 𝑃ଵ ∗ 𝑃ଶ

PMLU

Two Independent Meters in Series
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P2

P1

𝑃ெ௅௎ ∝ 𝑃ଵ ∗ 𝑃ଶ

PMLU

Two Independent Meters in Series
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Two Independent Meters in Series
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Maximum Likelihood Estimate (MLU)
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ெ௅௎ 100.2 ±0.89%

Maximum Likelihood Estimate (MLU)
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Δ𝑃௧ Δ𝑃௥

Δ𝑃௉௉௅

Three DP Measurements
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Pressure Drop Constraint

Δ𝑃௧

Δ𝑃௥ Δ𝑃௉௉௅
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Pressure Drop Constraint

Δ𝑃௧ Δ𝑃௥ Δ𝑃௉௉௅Δ𝑃௧ = Δ𝑃௥ + Δ𝑃௉௉௅
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Δ𝑃௧ Δ𝑃௥ Δ𝑃௉௉௅Δ𝑃௧
෡ = Δ𝑃௥

෡ + Δ𝑃௉௉௅
෣

Pressure Drop Constraint
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Kalman Filter

DESTINATION TIME

YEAREVENT

Rudolf E. Kálmán
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Kalman Filter Applications
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Update Step

Updated State 
(Time Step, t)

Predict Step

Uncertain
Measurements
(Time Step, t)

Based on 
Physical 
Model

Prior State
(Time Step, t-1)

Kalman Filter Algorithm
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Prior State
(Time Step, t-1)

Based on 
Physical 
Model

Uncertain
Measurements
(Time Step, t)

Kalman Filter Algorithm - MLU

Update Step

Updated State 
(Time Step, t)

Predict Step

Flow 
coefficients & 

physical 
properties are 

“constant”

Initial Estimate Cd,0´, 
κ0´, μ0´

(Time Step, t=0)
+ Uncertainties

t=1
Cd,1´= Cd,0´

κ1´= κ0´
μ1´= μ0´

ΔPt,1
ΔPr,1

ΔPPPL,1
+ Uncertainties

ConstraintsPressure
‘Mass’

Cd,1´
෢ , κ1ෞ́, μ1´ෞ

ΔPt,1 ෣, ΔPr,1 ෣ ,ΔPPPL,1´෣

Cd,1´
෢ , κ1ෞ́, μ1´ෞ

(Time Step, t=1)
+ Uncertainties

Calculate 
mass flow

m,1ෞ
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Hypothetical Example – KPPL’ Evolution
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Hypothetical Example – ΔPt Evolution
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Hypothetical Example – Mass Flow Rate 
Uncertainty

Kalman MLU 
Uncertainty reduces 
with each time step

84



3/20/2023

85

Steady state MLU
Kalman MLU

Hypothetical Example – Mass Flow Rate 
Uncertainty
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Oculus

DESTINATION TIME

YEARMONTHEVENT
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Real Data, Water, 8” Pipe, 0.4 β
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Real Data, Water, 8” Pipe, 0.4 β
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3 4 51

2

𝑚 = 𝝆𝟏𝑉ଵ𝐴ଵ=𝝆𝟐𝑉ଶ𝐴ଶ=𝝆𝟓𝑉ହ𝐴ହ

Gases: Compressible Flow

Mass
ConservaƟon (1→2 →5)
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3 4 51

2

𝑚௧௥௔ௗ = 𝜺𝐶஽

𝜋𝑑௢
ଶ

4

2𝜌𝛥𝑃௧

1 − βସ

Gases: Compressible Flow
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Gases: Compressible Flow: ISO 5167-2

𝑚௧௥௔ௗ = 𝜺𝐶஽

𝜋𝑑௢
ଶ

4

2𝜌𝛥𝑃௧

1 − βସ
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𝑚௩௘௡௧ = 𝜺𝐶
𝜋𝑑௢

ଶ

4

2𝜌𝛥𝑃௧

1 − βସ

Gases: Compressible Flow: ISO 5167-3
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DoDp Dvc

Isentropic Expansion (κ)
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DoDp Dvc

Isentropic Expansion (κ)

Adiabatic Joule Thomson Expansion (μJT)

Temperature
°C
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Real Data, Natural Gas / CO2, 8” Pipe, 0.56 β
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Real Data, Natural Gas / CO2, 8” Pipe, 0.56 β
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Mean Absolute Deviation (%)Meter Type

0.67%8” 0.56 Beta Orifice Traditional 

0.51%8” 0.56 Beta Orifice with Oculus

Real Data, Natural Gas / CO2, 8” Pipe, 0.56 β
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Conclusions

Oculus

Tested H2O, CO2

Advantages

Cost

Information

Modern Meter

New Equation

Future

2
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Calibration, where we’re going, we don’t need calibration.
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