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CORE THESIS — THIS IS NOT NEW SCIENCE

The principles behind the AquaFlow Valve — pressure stabilization, entrained-air
management, controlled flow conditioning, improved meter presentation — are NOT
novel claims. They are the direct application of long-established fluid mechanics and
metering-correction principles codified across API, ISO, AGA, OIML, NIST, and AWWA for
more than seven decades, and sold today as standard equipment by Honeywell, Emerson,
Siemens, Krohne, ABB, Schneider, Yokogawa, and Endress+Hauser. AquaFlow is applying

known principles — not inventing science.
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EXECUTIVE SUMMARY

For CFO, engineer, and evaluator.

Entrained air and entrained gas in flowing liquids causes water meters to over-register. The physics has been
codified in petroleum metrology since the 1950s. AquaFlow is applying that established engineering to

commercial water service — a solved problem in oil & gas, now solved at the building scale.

Non-negotiable conclusions

e Entrained air makes commercial water meters over-register by 1-6 %. This is a known, peer-reviewed,
standards-codified phenomenon — not a marketing claim.

e Every dominant flowmeter technology (PD, turbine, ultrasonic, Coriolis, EM) is affected. Single-phase
flow is the published operating envelope of every meter in service.

* The oil & gas industry has solved this problem for seventy years. Honeywell, Emerson, Siemens, Krohne,
ABB, Schneider, Yokogawa, and Endress+Hauser build a $2.1 B annual market to correct it.

e The water industry's own standards body (AWWA) publishes the same engineering — M6, M51, C512 —
but has never brought it to the building service entrance.

e AquaFlow is a building-scale LACT system: pressure stabilization + entrained-air management + flow

conditioning, passive, sealed, inline, zero power, zero maintenance.
Financial impact at a glance

The financial translation

1 % void fraction = 3-6 % over-billing = $15K - $30K / year on a $500K annual

water spend.
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Portfolio-scale recovery

Independent U. Maine PDC verification (2021): up to ~6 % meter over-registration
corrected with the AquaFlow Valve installed. On a 50-property portfolio averaging

$200K / year per property, expected recoverable spend is $300K - $600K annually.

Why AquaFlow

Why vs. doing nothing?

The over-billing compounds every year. A $500K annual water spend at 4 %

over-registration bleeds $20K every year, indefinitely.

Why vs. other solutions?

AquaFlow is the only passive inline device applying pipeline-scale LACT engineering
(pressure stabilization + entrained-air management + flow conditioning) at the

commercial building service entrance.

Why now?

Independent third-party validation (MARS Company, U. Maine PDC, IAPMO NSF/ANSI

61) is complete. The engineering lineage is settled. The financial case is measurable.
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FINANCIAL IMPACT

The number on the invoice that is not
water.

Every commercial water bill contains a line-item for water that never reached the building. This section

quantifies the size of that number and the recoverable value an AquaFlow installation returns.

1-6 % $20K 12 mo ~30 %

METER TYPICAL ANNUAL LOSS PAYBACK PEAK OBSERVED SAVINGS

OVER-REGISTRATION On a $500K / yr water spend Full ROI recovery typical in Monthly reduction in

Verified range on at 4 % over-registration year one deployed customer bills

commercial service lines

Portfolio-scale impact

Table 1 - Exposed dollar value per account, scaled to typical commercial portfolio sizes. Numbers assume the U. Maine
PDC-verified 4 % midpoint over-registration.

ANNUAL WATER 4% 50-PROPERTY 100-PROPERTY

SPEND OVER-REGISTRATION PORTFOLIO PORTFOLIO

$10,000 / yr $500,000 / yr $1.0M /yr
$20,000 / yr $1.0M /yr $2.0M /yr
$40,000 / yr $2.0M /yr $4.0M /yr

$200,000 / yr $400,000 / yr
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What this means

Any commercial water portfolio with more than $250K in annual aggregated spend is
carrying a six-figure hidden over-billing. An AquaFlow installation program converts
that into recoverable operating margin without any change in water consumption

behavior at the fixtures.
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DOCUMENT CONTROL

Formal document control.

Table 2 - Document control fields.

FIELD VALUE

Document title Entrained Air and Entrained Gas in Fluid Metering Systems
_ AquaFlow Technical Validation Series

AF-TVS-2025-004 Rev 3.2.041 and all prior editions
AquaFlow Technologies, Inc. — Applications Engineering
Office of the Chief Technical Officer

Intended audience Engineers, facility directors, procurement, technical consultants, distributors,

Engineering Reference Edition

plumbing professionals, legal and compliance reviewers, commercial-customer

evaluators

Related documents AF-DPP-2026.Q1 (Distributor Partnership Program), AF-SAV-2026-01 (How the

AquaFlow Valve Delivers Savings)
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Governing standards APIMPMS Ch.5.2/5.3/5.6/5.8 - AGARpt. No. 9 - ISO 4064 - 1SO 5167 -
ISO 12213 - OIMLR 49 - OIMLR 117 - NIST Handbook 44 - AWWA M6 / M36
/M51 - AWWA C512, C700 - C712 - NSF/ANSI 61

Purpose, scope, and reader orientation

This document establishes in technical detail that the engineering principles
implemented by the AquaFlow Valve are long-recognized, standards-codified, and
commercially validated across every major industry handling flowing liquids. It is
written for skeptical readers — engineers, facility directors, CFOs, procurement,
technical consultants, distributors, plumbing professionals, and legal/compliance
reviewers — and is intended to withstand engineering-audit scrutiny. Part |
establishes the fluid-mechanics foundations; Part Il quantifies how each meter
technology fails under two-phase flow; Part Il documents the oil & gas,
petrochemical, power, and process-industry seventy-year precedent; Part IV
translates that precedent to commercial water service; Part V addresses the cultural

objections that cause skepticism despite the settled physics.
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CONTENTS

Table of contents.

Structured in five parts plus four appendices. Read in sequence or navigate to the section addressing your

specific question.

PART | FLUID-MECHANICS FOUNDATIONS

1 Introduction and scope

2 Fluid mechanics — governing principles

3 The three physical states of gas in a liquid

4 How gas enters and persists in real systems
PART II METERING IMPACT

5 Measurement theory — what each meter is doing
6 Meter-by-meter failure modes

PART IlI INDUSTRIAL PRECEDENT

7 Oil & gas custody transfer

8 Petrochemical and refining

9 Power generation and process

10 The standards landscape

11 The OEM landscape

PART IV APPLICATION TO WATER

12 The water industry's own acknowledgement
13 How entrained air gets into municipal water
14 AquaFlow engineering positioning

PART V CLOSING

15 Why this concept is misunderstood

16 Conclusions

APPENDICES

Standards index

B Glossary of technical terms
o Bibliography and engineering references
D Third-party validation records
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PART | - SECTION 01 — INTRODUCTION AND SCOPE

The thesis, stated without hedging.

Every flowmeter in commercial service — regardless of technology — depends on a single assumption: that
the substance moving through it is a homogeneous, single-phase liquid. The moment that assumption breaks,
accuracy breaks with it. This document demonstrates that the assumption breaks routinely in real piping
systems, that the engineering literature has documented this for more than seven decades, that the response
to the problem is an entire industrial-equipment category with eight global OEMs and a $2 B annual market,
and that AquaFlow Technologies applies exactly the same correction logic to commercial building water

service at the service-line scale.

1.1 The settled conclusions
Six propositions, each supported in the sections that follow:

e Entrained air and entrained gas in flowing liquids is a measured, peer-reviewed, and standards-codified
engineering reality.

e Every commercial flowmeter technology — positive displacement, turbine, ultrasonic, Coriolis,
electromagnetic, differential-pressure, and vortex — is affected by entrained gas. Every manufacturer's
installation manual states this in print.

e The oil & gas industry has treated this as a first-order engineering problem for seventy years, developing
a complete ecosystem of air eliminators, degassers, flow conditioners, and custody-transfer skids now
totaling a $2-billion-plus annual global equipment market.

e Honeywell, Emerson, Siemens, Krohne, ABB, Schneider Electric, Yokogawa, and Endress+Hauser each
build and sell solutions to this problem as a core part of their flow-measurement businesses.

e The physics is identical in water. AWWA — the water industry's own standards body — publishes
air-valve standards, identifies meter over-registration driven by entrained air in its installation manuals,
and documents this as a leading cause of apparent loss.

e AquaFlow Technologies applies the same established principles — pressure stabilization, entrained-air
management, flow conditioning — at the commercial-building service-entrance scale, independently
validated by MARS Company, the University of Maine Process Development Center, and IAPMO R&T
NSF/ANSI 61.
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1.2 What AquaFlow did not invent

UNMISSABLE

AquaFlow did NOT invent the existence of entrained gas in liquid systems. AquaFlow did
NOT invent the idea that gas affects metering. AquaFlow did NOT invent the need to
condition fluid before accurate measurement. These are solved problems with seventy
years of petroleum-industry engineering behind them. AquaFlow has engineered a
passive, inline, sealed application of those long-established principles to commercial water
service — at the service-line scale, without power, without moving parts, without

maintenance.

1.3 Scope of this document

This document covers five domains: (i) the governing fluid-mechanics principles — Bernoulli, Venturi, Boyle,
Henry, Reynolds, cavitation, Wood's equation, two-phase regime behavior, void fraction, and microbubble
dynamics; (ii) the failure modes of all five dominant flowmeter technology families under two-phase
conditions; (iii) the seventy-year industrial precedent in oil and gas, petrochemical, power generation, and
process industries; (iv) the direct applicability of the same principles to municipal water service, supported by
AWWA's own published standards and manuals; and (v) the positioning of the AquaFlow Valve within that

engineering lineage, along with the independent third-party validation that confirms its operation.
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PART | - SECTION 02 — FLUID MECHANICS FOUNDATIONS

The governing science, in depth.

This section establishes the physics that every subsequent argument in this document rests on. Readers
already versed in fluid mechanics may skim; readers who have been told that entrained air is a fringe concern
will find here the textbook-level principles that explain why it is not. Each principle is the standard material of
a first-year graduate fluid-mechanics course and appears in Miller (Flow Measurement Engineering
Handbook), Baker (Flow Measurement Handbook), White (Fluid Mechanics), and Fox, McDonald & Pritchard

(Introduction to Fluid Mechanics).

2.1 Conservation laws — continuity and Bernoulli

Incompressible steady flow in a pipe obeys two conservation laws. The first is continuity — mass entering any
control volume equals mass leaving it. For an incompressible fluid this reduces to volumetric continuity: A-v =
constant. The second is conservation of mechanical energy along a streamline, written as Bernoulli's

equation:
P, + “pv,> + pgh;, = P, + Ypv,” + pgh,

The three terms — static pressure, dynamic pressure (kinetic-energy density), and elevation pressure
(potential-energy density) — trade against one another. If any one term rises, at least one of the other two
must fall by the same amount. The practical consequence is the foundation of every flow-measurement
device that infers flow rate from a pressure difference: accelerate the flow into a smaller area, and pressure

will drop in precise proportion to the square of velocity.
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Bernoulli's Principle — pressure falls where velocity rises

flow direction
P1 HIGH Pz HIGH

i P2 LOW i
]

vi (low) vz (high) vz (low)

> - ——

/N

P1+1pvi +pghy = Py +2pv3+ pgh,

Bernoulli's equation — mechanical energy is conserved along a streamline

Figure 1 - Bernoulli's Principle — mechanical energy conservation along a streamline. Where velocity rises, static

pressure falls. This is the foundation of differential-pressure, Venturi, and orifice-based flow measurement.

2.2 The Venturi Effect and pressure recovery

The Venturi Effect is the direct consequence of continuity and Bernoulli applied to a converging-diverging
pipe section. A reduction in cross-sectional area forces an increase in velocity (Av; = A,v,), and the
accompanying static-pressure drop can be very large. In a 2:1 area reduction at 3 m/s inlet velocity, for
example, the static pressure drop across the throat is approximately 35 kPa (5 psi) in water, and can be much
greater in refined products with lower density. Downstream of the throat the area expands and pressure
partially recovers — partially, because a fraction of the mechanical energy is lost to viscous dissipation and

turbulent mixing.

The critical engineering consequence for metering: any cross-section change in a real piping system — a
reducer, an elbow, a valve disc, a butterfly-valve vane, a strainer basket, a check-valve clapper, or an installed

meter itself — creates a local Venturi. At each such location, static pressure drops, and with it, the local
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saturation pressure for dissolved gases. This is how micro-bubbles are born, one fitting at a time, throughout

any real piping system.

Venturi Effect — cross-section drop forces gas out of solution

P high P LOW P high
Ax dissolved gas
throat (A2) breaks out
? %
—— ——
(]
(62505

Continuity: A;v; =A,v>  Bernoulli: Py — P, =2p(vi — v3)

Reducing cross-section accelerates the flow; pressure drops; dissolved gas is forced out of solution.

Figure 2 - Venturi Effect — the cross-section drop forces acceleration; the resulting static-pressure drop pushes dissolved

gas below its saturation threshold, forcing it out of solution as micro-bubbles in the throat.

2.3 Boyle's Law and the compressibility asymmetry

Boyle's Law — P-V = constant at fixed temperature for an ideal gas — is the reason gas in a liquid stream is
not a minor perturbation but a first-order measurement problem. Water is essentially incompressible: its
bulk modulus is 2.2 GPa, which means volume changes less than 0.05 % across the full operating-pressure
range of a commercial building. Air, by contrast, halves its volume every time pressure doubles. The gas

phase and the liquid phase therefore have compressibilities that differ by four orders of magnitude.

That asymmetry shows up everywhere a meter tries to interpret a two-phase mixture. Every pressure change

in the piping system — from a valve adjustment, a nearby fixture opening, a pump transient, or simple gravity
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head through the building — expands or contracts the gas phase while the liquid volume is essentially fixed.
Volumetric meters count the combined volume. The apparent volume is therefore a moving target that
depends on whatever the local pressure happened to be at the moment the meter rotor, turbine, or

ultrasonic pulse sampled it.

Boyle's Law — pressure doubles, gas volume halves (liquid volume barely changes)

Boyle's Law: P-V = constant (isothermal)
2.00 A
175 Compressibility of gas vs. liquid

1.50 A

1.25 A

1.00

0.75 A

Volume V (relative)

0.50 - latm:- V 2 atm - V/2 4 atm - V/4

0.25 A

0.00 T T T T T T
05 10 15 20 25 30 35 40 45 50

Pressure P (relative)

Figure 3 - Boyle's Law — isothermal P-V = constant for a gas. Three-piston illustration shows gas halving in volume every
time pressure doubles. Liquid, by contrast, is essentially incompressible over the same range — the source of the

measurement error.

2.4 Henry's Law — solubility and breakout

Henry's Law states that the equilibrium concentration of a gas dissolved in a liquid is proportional to the
partial pressure of that gas above the liquid: C = k-P. The proportionality constant k depends on the gas-liquid
pair and on temperature. Every liquid in a real piping system carries dissolved gas up to its current
equilibrium concentration. Water leaving a treatment plant is typically saturated or near-saturated with
atmospheric oxygen (7 - 12 ppm), nitrogen (12 - 18 ppm), and carbon dioxide (0.5 - 5 ppm depending on pH
and alkalinity).

The engineering consequence: any local pressure reduction — even a modest one — pushes the local

equilibrium concentration downward, and the excess dissolved gas must come out of solution. It comes out
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as micro-bubbles, exactly where the pressure drop occurred. A 30-psi drop across a pressure-reducing valve
at a district-metered area will force micro-bubble formation equivalent to roughly 0.2 - 0.5 percent of the
liquid volume passing through, which is precisely the range that produces 2 - 6 % over-registration on

downstream volumetric meters.

Henry's Law: C = k- P (linear over normal operating range)

== = O (low-solubility) - k = 1.0
N2-k=1.8
=== CO2 (high-solubility) - k = 6.5
50 A pressure drop - J
gas forced out of solution

60

40 -

30 A

20 A

10 A

Dissolved concentration C (arb. units)

Partial pressure of gas above liquid (atm)

Figure 4 - Henry's Law — linear relationship between partial pressure above a liquid and dissolved-gas concentration.
Any pressure drop pushes the local equilibrium below the actual dissolved level, forcing the excess gas out as

micro-bubbles.
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Pressure drop — gas breakout (Henry's Law applied)

10
Typical municipal-service AP
releases 1-4 % a downstream
8- e
-
-
-
-
v
o -
6 -
-
-
-

= (2 contribution
N2 contribution

= CQ2 contribution

== : Total released void fraction a
Typical district PRV drop 30-80 psi

0 . . - T T T T T T T T
0 10 20 30 40 50 60 70 80

Pressure drop AP across a restriction (psi)

Released void fraction a (%)

Figure 5 - Quantifying Henry's Law — gas released from solution as a function of pressure drop across a restriction. A
typical district PRV (30-80 psi drop) releases 1-4 % void fraction into the downstream flow. Every meter downstream of

that PRV is measuring a two-phase stream.

2.5 Reynolds number and the flow-regime map

Pipe flow is characterized by the Reynolds number, Re = pvD/u — the ratio of inertial to viscous forces. Below
Re = 2,300 the flow is laminar (concentric shells with a parabolic velocity profile). Above Re = 4,000 the flow is
turbulent (chaotic eddies, a flatter mean profile, and large random pressure fluctuations). Between the two
lies the transitional regime, which is metrologically the worst place to operate a meter: unstable,

history-dependent, and impossible to calibrate for.

Commercial building water service at typical design flow rates sits solidly in the turbulent regime (Re = 20,000
to 200,000). Turbulent flow itself is not the problem; turbulent flow with superimposed micro-bubbles and
pressure pulsation is. Each pulsation excites bubble dynamics — growth, collapse, oscillation, merger — and
each event registers on the meter as volume. The engineering goal of a flow-conditioning device is not to

force laminar flow (which would require decelerating the stream by two orders of magnitude), but to deliver
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quasi-steady, fully-developed turbulent flow — stable, symmetric, without the high-frequency pressure

content that drives bubble instability.

Reynolds Number — streamlines and velocity profiles by regime

= Laminar flow r—
ZRe < 2,300 — et

* Transitional

utry

* Turbulent flow ! —

e

N

DY

e ——— e et e———
- e ———
- Re > 4,000 ——
uqr
vD \ ) ) .
Re ZPT — ratio of inertial to viscous forces

Figure 6 - Flow regime as a function of Reynolds number. Laminar (bottom-left) has an orderly parabolic profile;

turbulent (top-right) contains chaotic eddies; transitional flow is the worst case for measurement.

2.6 Cavitation and vapor-pressure thresholds

Cavitation is the name given to the formation of vapor bubbles in a liquid when static pressure falls below the
local vapor pressure of the liquid itself. It is the most severe form of two-phase flow: the bubbles are not
atmospheric air but low-pressure pockets of the liquid's own vapor, and they collapse violently when they
re-enter a higher-pressure region downstream. In severe cases, cavitation will erode valve seats, pump

impellers, and meter rotors over time.
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Cavitation and gas breakout under Henry's Law are different phenomena with the same geometry: a local
low-pressure zone in the piping. In most commercial water systems the static-pressure drops are too small to
induce true cavitation of the water itself, but they are easily large enough to force dissolved gas out of
solution. The effect on measurement is the same: a bubble where there was not one before, flowing into a

meter downstream.

Cavitation — static pressure falls below local vapor pressure
60 -

U
o

iy
o
]

20 +

Pressure (psi equivalent)
W
o

== Static pressure along pipe

=
o
]

Cavitation zone: P < P_v

Position along pipe (arbitrary units)

Figure 7 - Cavitation — when static pressure along a pipe falls below the local vapor pressure P_v(T), the liquid itself

partially vaporizes. Even without reaching true cavitation, the same pressure profile forces dissolved gas out of solution.

2.7 Two-phase flow regimes

When gas and liquid share a pipe, the resulting flow organizes itself into one of several distinct regimes
depending on gas fraction, velocity, and pipe orientation. The Taitel-Dukler flow-regime map (1976) and the
Mandhane map (1974) are the canonical references. In horizontal pipes, as gas volume fraction increases
from zero, the flow progresses through bubbly = plug = slug = churn = annular regimes. Each has a distinct

velocity profile, pressure-drop signature, and effect on every class of flowmeter.
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Two-phase flow regime map (horizontal pipes)

Bubbly Plug Slug Churn Annular

- increasing gas velocity / void fraction —

Figure 8 - Two-phase flow regime map (horizontal pipes). Each regime produces a different velocity profile and has

distinct measurement consequences; no flowmeter is calibrated across all of them.

2.8 Void fraction (gas volume fraction)

Void fraction a — also called gas volume fraction (GVF) — is the fraction of pipe volume occupied by the gas
phase at a given cross-section. It is the single most important quantitative parameter in two-phase

measurement analysis. Void fractions are reported across several industries:

Table 3 - Typical void-fraction ranges across industries.

SYSTEM TYPICALA

Pure liquid (single-phase) Reference condition for every meter's stated

accuracy.
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Dissolved-gas only, saturated water ~0 % Volume of dissolved gas at pressure is negligible

— the problem emerges when pressure drops.

Commercial water service line 05-15% The void range produced downstream of PRVs,
(typical range) pump transients, and thermal cycling. Produces
2 - 6 % meter over-registration on most PD

meters.

Aerated water (mains after refill) upto5% Transient condition after main break or planned

shutdown; can take hours to degas.

Produced fluids at wellhead 10 - 60 % The oil & gas upstream case that drove the

original air-eliminator development.

Flashing flow at a restriction up to 40 % Severe local two-phase regime; encountered at

throttle valves and pressure lets-down.

2.9 Wood's equation — the acoustic-speed collapse

Wood's equation (A. B. Wood, 'A Textbook of Sound', 1930) describes the speed of sound in a homogeneous
gas-liquid mixture. It produces one of the most counter-intuitive results in applied fluid mechanics: even a
tiny gas fraction collapses the acoustic speed of the mixture far below either pure-phase value. At a = 0.5 %,
the speed of sound drops from the pure-water value of 1,480 m/s to roughly 160 m/s — below the speed of
sound in pure air. This is the root cause of every ultrasonic meter's inability to tolerate entrained gas: its

timing model assumes a fixed, known sound speed, and that assumption has no validity in bubbly flow.

AQUAFLOW TECHNOLOGIES
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Wood's Equation — collapse of acoustic speed with entrained gas
c(pure water) = 1,480 m/s

1400
1200 A

1000 A

800 A
0.5% void

600 - c= 167 m/s

400 A

200 +

Speed of sound in mixture c (m/s)

O_

10-3 1072 107! 10° 10! 10°
Gas void fraction a (%, log scale)

Figure 9 - Wood's Equation — collapse of the mixture speed of sound with even small gas fractions. Pure water: 1,480
m/s. At 0.5 % void: ~160 m/s. At 1 % void: ~120 m/s.

2.10 Microbubble dynamics

Entrained gas exists as a population distribution — diameters from 10 um up to about 2 mm — governed by

three continuous processes:

e Rayleigh-Plesset oscillation — bubbles grow and shrink with local pressure fluctuations (a 100 um bubble
in water resonates near 30 kHz, coupling to acoustic waves and meter electronics).

e Buoyant rise — by Stokes law, a 100 um air bubble rises at ~6 mm/s, which is why a vertical eliminator
with 10 s of residence time clears the dominant population.

e Ostwald ripening and coalescence — small bubbles dissolve into larger ones; over tens of seconds the

population shifts toward fewer, larger bubbles (bubbly = plug).

All three run continuously in a commercial service line, producing a gas phase that always biases meter

reading toward over-registration.
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PART | - SECTION 03 — THE THREE STATES OF GAS IN A LIQUID

Dissolved, entrained, and free.

Gas can coexist with a liquid in three physically distinct ways. Each state behaves differently at a pressure
change, a flow restriction, or a meter — and each requires a different correction strategy. The three are

continuously interconverting in a real piping system as pressure, temperature, and flow conditions change.

The three states of gas coexisting with a liquid — each with a distinct metering consequence

DISSOLVED GAS ENTRAINED GAS FREE GAS
C=k-P (Henry's Law) a=03-2% typical a=D5_-60% (pockets/slugs)
sl (o) . >
Q .@
%] . i
S O 0 o
O, ¢ (; o <JO,. 5
o 5 a L)ﬂq ® " ;
b O o
D o g o C o
\uc o e (e o o~ L) o

Gas molecules in solution at the moleculaDiseceéte micro-bubbles 10 pm to 2 niimalesced gas as distinct pockets or slugs.
Invisible. Volume at pressurdnviiBte by eye at low a. Compresses/expandsauithuliites at high points and reducers.
Example: municipal water saturated with Oz (8El4nypvo)umetric meter over-registEiedd audits: 5-40 % meter over-registration.

Figure 10 - The three states of gas coexisting with a liquid — dissolved (molecular level, invisible), entrained

(micro-bubbles suspended, invisible at low a), and free (coalesced pockets, typically at high points).

Table 4 - The three physical states of gas in a liquid and their metering consequences.

DESCRIPTION TYPICAL CAUSE EFFECT AT THE METER

Dissolved gas Gas molecules held in solution Natural atmospheric Minimal at steady state

within the liquid at the equilibrium; dissolved O, — but any pressure drop
molecular level. Invisible. and N, at 8 - 14 ppm in below saturation
Volume at pressure is essentially municipal water; dissolved (Henry's Law) forces gas
zero. CO, in crude oil and out of solution and the
produced water. meter then sees a

two-phase flow for which

it was not calibrated.
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Entrained gas

(micro-bubbles)

Free gas

(pockets / slugs)

AQUAFLOW TECHNOLOGIES

Discrete bubbles 10 um to 2 mm
suspended throughout the bulk
liquid, moving with the flow and
compressing/expanding with

local pressure variations.

Coalesced gas existing as distinct
pockets, columns, or slugs —
typically at high points, reducers,
or upstream of closed valves.

Behaves as a separate phase.

Pump cavitation; line refill
after a pressure-loss event;
joint leakage under
vacuum; turbulent mixing
at valves, elbows, and
reducers; thermal
outgassing; gas breakout

through PRVs.

Air trapped during pipe
refill; gas breakout above a
PRV; startup and shutdown
transients; improperly bled
systems; high-point

accumulations.

Meter measures
combined volume of
liquid + gas. Because gas
is compressible and has
negligible mass,
volumetric meters
over-register — counting
bubble displacement as

product volume.

The worst case. A gas
slug can momentarily
drive a turbine, PD rotor,
or oval gear at full speed
while essentially no
product is passing. Field
audits have recorded 5 -
40 % over-registration
errors during free-gas

events.

PAGE 24 / 73




AyauaFlow

TECHNICAL VALIDATION SERIES

PART | - SECTION 04 — HOW GAS ENTERS AND PERSISTS

Real pipes, not textbook diagrams.

In a textbook, the pipe is horizontal, straight, full, pressurized, isothermal, and flowing steadily. In a real

system, none of those conditions holds for long. Eight mechanisms in routine use continuously inject and

sustain a gas phase in every commercial water distribution system.

Table 5 - Eight mechanisms that inject or sustain a gas phase in real piping systems.

MECHANISM

Henry's Law breakout

Vapor-pressure flashing

Pump ingestion

Thermal outgassing

Elevated-tank breathing

WHAT HAPPENS

Dissolved gas forced out of solution at any

local pressure drop.

Liquid itself partially vaporizes when static

pressure drops below P_v(T).

Air drawn through suction-side packing or

under vacuum transients.

Air pushed ahead of the advancing water

front during pipe refill.

Gas solubility falls with temperature; cold
service warming inside a building sheds 10 -

20 % of its dissolved-gas capacity.

Storage tanks inhale/exhale with

consumption; top layer re-saturates with air.

AQUAFLOW TECHNOLOGIES

WHERE IT MATTERS

Every PRV, elbow, reducer, valve;
district metered areas;
service-entrance pressure-regulating

stations.

Pump suctions at low NPSH;
throttling valves; hot-water service

branches.

Every booster pump; cooling-tower
make-up pumps; irrigation lift

stations.

After main breaks, hydrant use,
planned maintenance, and seasonal

flushing.

Every service line — particularly in
cold-winter climates and in
basements where service runs

parallel to boiler rooms.

Rooftop and gravity-fed tanks;

hydropneumatic pressure tanks.
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Shear mixing at fittings Each elbow, tee, reducer creates a Multi-turn service entries; complex
micro-Venturi; local pressure drop drives manifold geometries typical of
breakout and the turbulence disperses commercial mechanical rooms.

resulting bubbles.

Back-siphonage Negative pressure transients draw air through Irrigation subsystems; fire-service
check valves, vacuum breakers, and imperfect double-check installations; process

seals. skids.
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PART Il - SECTION 05 — MEASUREMENT THEORY

What each meter is actually doing.

A meter does not measure 'water.' It measures a specific physical proxy — displacement, rotation, pressure
difference, acoustic transit time, induced voltage, Coriolis phase shift — and converts that proxy into a
volume based on the assumption that what passed through was clean, single-phase liquid. When the
assumption breaks, the conversion is wrong. The meter is behaving exactly as designed — it is the input that

has changed.

5.1 Volume versus mass

Almost every commercial meter is a volumetric device. Billing is done on volume; rate structures are written
in gallons, cubic feet, or cubic meters. The problem is that entrained gas occupies volume but has negligible
mass and negligible economic value. A 1 % void fraction at atmospheric pressure means one of every
hundred cubic inches passing the meter is air. The meter counts all hundred. The customer pays for a
hundred cubic inches of water but receives ninety-nine. Compounded by pressure variations that drive void
fraction above 1 % intermittently, the typical over-billing on a commercial service line lands in the 3 - 6 %

range — exactly the range independently measured by the University of Maine PDC.
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Translating meter error into billing impact
$60K 1

Range measured by U. Maine PDC (2021)
$50K 1

$40K

$30K -

Annual $ billed for water never consumed

Meter over-registration / void fraction (%)

Annual water spend
=== $30K/yr === $100K/yr $250K / yr m— 500K / yr — $1M /[ yr

Figure 11 - Translating meter error into billing impact. For a $500 K/yr property, a 4 % over-registration is $20 K/yr paid
for water never consumed. Across a portfolio of 50 commercial properties the aggregate exposure reaches seven figures

per year.

5.2 The universal response curve

The five meter classes do not fail identically. Each class has a characteristic response to increasing void
fraction, summarized in the curves below. What every response curve has in common is that no meter

achieves its nameplate accuracy at any non-zero void fraction.
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Published meter-accuracy response to entrained gas
12 A

[typical commercial service-line void range]

10 A1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Gas void fraction a (%)

Meter error (%, positive = over-registration)

== Positive-displacement (PD) Turbine = |J|trasonic == = Coriolis Electromagnetic

Figure 12 - Published meter-accuracy response to entrained gas. The highlighted band shows the typical void-fraction

range found on commercial water service lines.

Engineering takeaway

Every meter technology class degrades above a = 0.5 %. Positive-displacement and
ultrasonic meters fail first and fail hardest — and both are common in commercial
water service. A 1 % average void fraction translates to 1-6 % over-registration at the

meter, before any instantaneous excursion is counted.
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PART Il - SECTION 06 — METER-BY-METER FAILURE MODES

Five meter classes. Five failure modes.

What follows is a technology-by-technology analysis. For each meter class we state (i) what the meter is
physically doing, (ii) the representative product lines on the market, (iii) the failure mechanism under

two-phase flow, (iv) the published error range, and (v) the manufacturer-recommended upstream treatment.

6.1 Positive-displacement (PD) meters

Used in residential and small-commercial water service, fuel dispensing, batch chemical dosing. Product lines:
Neptune, Sensus, Badger, Mueller, Kamstrup, Honeywell Elster, Itron, Master Meter (water); Smith Meter

F-Series, Liquid Controls M-Series, Brodie 2000 Series (hydrocarbon custody transfer).

6.2 Turbine meters

Used in aviation fuel, cryogenic custody transfer, hydrocarbon measurement (API MPMS 5.3), mid-range
water and wastewater. Product lines: Emerson Daniel 1500, Honeywell Elster TRZ2, Faure Herman FH8400,

Sponsler SP, Cameron NuFlo.

6.3 Ultrasonic transit-time meters

Dominant in natural-gas custody transfer (AGA 9) and large-diameter water mains. Product lines: Emerson
Daniel 3410/3818, Krohne ALTOSONIC V12 & OPTISONIC, Siemens SITRANS FUS, Honeywell Elster Q.Sonic
plus, FMC Smith Meter Ultra, SICK FLOWSIC 600, Badger Dynasonics, KROHNE WATERFLUX.

6.4 Coriolis mass meters

Gold standard for mass-basis custody transfer. Product lines: Emerson Micro Motion CMF & ELITE, Krohne
OPTIMASS 6000/7300, Endress+Hauser Promass Q, Siemens SITRANS FC, Yokogawa RotaMASS, ABB
CoriolisMaster FCB, Foxboro CFT50.
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6.5 Electromagnetic meters

Dominant in water and wastewater above 2-inch line size. Product lines: Endress+Hauser Promag, Emerson

Rosemount 8700, Siemens SITRANS F M, Krohne WATERFLUX, ABB AquaMaster & FlowMaster, Badger

M-Series, Yokogawa AXF.

The failure mechanisms:

Table 6 - Meter-by-meter failure-mode summary. Quantitative response curves by meter class are shown in the

preceding section's figure on meter-accuracy response to entrained gas.

METER CLASS

Positive-displacement

Turbine

Ultrasonic transit-time

HOW IT MEASURES

Precision chamber filled and
emptied per cycle; register counts

cycles.

Helical rotor spins at rate
proportional to axial velocity;
pickup counts blade passes, each

pulse = K-factor volume.

Piezoelectric transducers measure
acoustic transit-time difference
with and against the flow; velocity

inferred from At.

AQUAFLOW TECHNOLOGIES

FAILURE MODE UNDER ENTRAINED GAS

Chamber fills with whatever is at the inlet —
liquid or gas. Each gas-filled cycle increments the
register with zero product delivered.
Compounded by gas expansion across the
meter's inherent pressure drop. Published error:
0.8 - 6 % over-registration in the typical

service-line void range.

Gas occupies flow area but contributes negligible
momentum transfer; liquid fraction accelerates
to maintain continuity; rotor spins faster than
actual liquid flow justifies. Bubble passage causes
local slip. Published error: =0.3 %/% void in

bubbly regime, >10 % in slug flow.

Wood's-equation collapse of mixture sound
speed (1,480 = 160 m/s at a = 0.5 %) invalidates
the timing model. Bubbles also scatter and
absorb the pulse. Published error: >5 % above a =

0.5 %.
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Coriolis Vibrating tube; Coriolis force « Bubbles decouple from tube walls and oscillate at
mass flow produces measurable different frequencies, noising the phase signal.
phase shift between inlet and Density measurement drifts. Degrades above a =
outlet sensors. 5 % even with manufacturer GVF compensation.

Electromagnetic Faraday's law: conductive liquid Signal requires complete-fill flow tube. Air pocket
through magnetic field induces at top of horizontal meter disrupts signal
voltage « velocity. unpredictably: under-registration, noise, or

dropout. AWWA M6 and ISO 6817 therefore

specify vertical-up installation.

CROSS-TECHNOLOGY CONCLUSION

Five meter classes, five physical principles, five distinct failure modes under two-phase
flow — and one universal industry response: remove the gas upstream. No meter
manufacturer publishes accuracy specifications that apply to liquid containing entrained
air. Single-phase flow is always the operating envelope. The installation manuals say so in

print.
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PART Il - SECTION 07 — OIL & GAS CUSTODY TRANSFER

The industry that wrote the rulebook.

Every principle in the preceding sections has been known to petroleum engineers for seventy years. The
economic stakes are large enough that entrained-gas correction is not a conversation — it is a line item on
every pipeline engineering drawing. A global infrastructure of standards, products, and services exists solely

to deliver a single-phase liquid stream to a custody-transfer meter.

THIS IS A SOLVED PROBLEM IN OIL & GAS

Entrained gas in flowing liquids was established as a first-order metering issue in
petroleum measurement in the 1950s. It has been codified in APl MPMS Chapters 4, 5, 8,
11, and 12, in every edition published since. Air-eliminator hardware has been mandatory
equipment on PD custody-transfer meters since APl MPMS 5.2 was first issued. The

pipeline industry does not debate this — it installs it.
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Metering-error exposure — oil & gas vs commercial-water scale

% $2.0M
2.0M

$1.8M
$1.5M A
$1.2M A
$1.0M A
$750K
$500K

$250K
$50K $50K

$0K -

T
Single LACT Regional refined Commercial portfolio Industrial campus
station products terminal 50 properties x $100K 10 meters x $500K
(one year) (one year) (one year) (one year)
Oil & gas exposure is larger per site, but portfolio-scale water exposure adds into the same order of magnitude. Same physics, different accounting page.

Annual dollar exposure per 1 % metering error ($

Figure 13 - Metering-error economic exposure — oil & gas vs commercial-water portfolio scale. Individual site

magnitude differs, but portfolio-aggregated water exposure reaches the same order of magnitude.

$25M +0.10 % 16+ 1952

AT STAKE PER 0.25 % INTERNAL TARGET GOVERNING STANDARDS FIRST US PATENT

Typical LACT station, 300 - Custody-transfer accuracy, APl - AGA - ISO - OIML - NIST Smith Meter float-operated
500 kbpd, $75 crude major operators air eliminator

7.1 The economic stakes

Custody transfer is the transactional moment at which legal ownership of a liquid hydrocarbon passes from
one party to another — producer to midstream, midstream to pipeline, pipeline to refinery, refinery to
terminal, terminal to ocean-going vessel. Payment is based entirely on metered volume, corrected for
temperature, pressure, water-cut, and density per APl MPMS calculation procedures. A single Gulf-Coast
crude LACT station moves 300,000 to 500,000 barrels per day. At $75 per barrel, a 0.25 % metering error is

approximately $25 million per year per station in disputed volume.

Regulators (BOEM, BSEE, PHMSA, and the state oil and gas commissions) audit custody-transfer accuracy to
fractional-percent tolerances. Internal auditing inside the major operators (ExxonMobil, Chevron, Shell, BP,

TotalEnergies, Saudi Aramco, Equinor, Occidental) is tighter still — typical targets are +0.10 % of measured
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volume on LACT units. At that tolerance level, anything that introduces gas into the stream is a first-priority

engineering problem. And in every oil and gas stream, gas is always trying to come out.

7.2 Gas breakout in crude oil systems

Crude at reservoir conditions carries dissolved light ends — methane, ethane, propane, butanes, hydrogen
sulfide, carbon dioxide — at pressures typically above 1,500 psi. As the crude moves from reservoir through
production tubing, the wellhead, primary and secondary separation, the gathering system, booster stations,
and finally the LACT skid, absolute pressure drops by an order of magnitude. Dissolved gas comes out of

solution at every stage.

Even after three stages of separation, residual dissolved and entrained gas still heads into the pipeline.
Pressure-regulating stations at each district boundary, hill crests, pump suctions, and booster pumps all
provide new opportunities for gas breakout. Refined-products service (gasoline, diesel, jet fuel) experiences
the same problem at lower vapor pressures but with equally strict accuracy requirements — notably because

refined-products transport taxes and excise duties are computed on the same metered volumes.

7.3 The industrial solution — LACT skids

The oil and gas industry's solution to this problem is the fully-engineered Lease Automatic Custody Transfer

(LACT) skid. Seven functional stages in series, each addressing a known failure mode:

Figure — Typical LACT custody-transfer metering skid

Block o Air Flow Back- Proving
valve i Stainey ”| eliminator [’| conditioner [ s > pressure valve ”| connection
1 2 3 4 5 6 7

Blocks 3 - 4 are dedicated entrained-gas management - same role AquaFlow plays at the commercial-building scale

Figure 14 - Typical LACT custody-transfer metering skid. Blocks 3 and 4 — the air eliminator and flow conditioner — are
specifically entrained-gas management. The same function is performed by the AquaFlow Valve at the building-service

scale.
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The first three stages are entrained-gas management — strainer (removes particulates that would skew the
velocity profile), air eliminator (decelerates the flow in a vertical chamber and vents accumulated gas), and
flow conditioner (restores symmetric velocity profile). The meter then operates on a conditioned
single-phase stream. The back-pressure valve downstream keeps static pressure above vapor pressure
between the meter and the delivery point, preventing new gas breakout. Sampling and proving connections
allow periodic calibration verification against a prover (ball prover or small-volume prover) traceable to NIST

through API MPMS 4.9.1 methodology.
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PART Ill - SECTION 08 — PETROCHEMICAL AND REFINING

Process plants — where the stakes are
even higher.

Inside a refinery or petrochemical complex, fluid measurement is not just a billing function — it is a
process-safety function. Every stream between two unit operations is metered, and a material-balance
closure is computed continuously. An unexplained metering divergence is flagged to the control room as a
potential leak, potential composition upset, or potential two-phase-flow condition. All three require

immediate investigation.

8.1 Where two-phase conditions arise in refining

e Crude-oil feed lines after the desalter — vapor breakout after water removal changes density profile.

e Atmospheric and vacuum distillation column bottoms — residence-time design assumes single-phase
withdrawal; entrained vapor affects downstream pump NPSH.

e Hydrotreater and reformer feed metering — hydrogen-rich environments where any gas slip degrades
catalyst loading.

e Ethylene and propylene lines at cryogenic temperatures — vapor-pressure sensitivity to transient heat
input.

e Tank-truck and rail-car loading racks — AccuLoad-based preset control relies on accurate volume to
authorize disconnect; air slugs cause preset overshoot and tank overfill.

e Marine bunkering operations — SIRE/OCIMF guidance explicitly requires air elimination upstream of

cargo metering.

8.2 The equipment category
Table 7 - Core entrained-gas-management equipment categories in petrochemical service.

REPRESENTATIVE
MANUFACTURERS

EQUIPMENT PRIMARY FUNCTION
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Air eliminator

(float-operated)

Strainer-combination unit

Vacuum deaerator

Two-phase / three-phase

separator

Flow conditioner

Coalescing filter / mist

eliminator

Vertical chamber decelerates flow; float

vents accumulated air.

Particulate removal + air elimination in

single vessel.

Sub-atmospheric pressure extracts

dissolved gas actively.

Gravity separation of gas, liquid, and

solids in pressure vessel.

Restores symmetric, low-swirl profile

for the meter.

Removes entrained liquid droplets from

gas streams (inverse problem).

AQUAFLOW TECHNOLOGIES

Smith Meter F-Series (Honeywell);
Liquid Controls A200/A300 (IDEX);
Brodie 2000; Neptune Red Seal;

TechnipFMC compact eliminators.

Smith Meter Strainer-Air Eliminator;
Liquid Controls S-Series; Brodie

strainer-deaerator; Neptune S-Series.

Alfa Laval centrifugal degasser; Swaco
vacuum degasser (drilling); Cochrane

tray-type; Pentair spray-type.

Sulzer; TechnipFMC NATCO;
Koch-Glitsch; Schlumberger SLB ONE;
FMC Separation.

Canada Pipeline Accessories CPA 50E;
Emerson Daniel Flow Conditioner;
Vortab VTP; Zanker plate; Sprenkle
plate.

Koch-Glitsch; Sulzer MellaPlus; Jonell;

Parker Finite.
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PART Il - SECTION 09 — POWER GENERATION AND PROCESS

Boiler feedwater, cooling loops, pharma
process.

9.1 Why power generation cares

In a steam power plant — fossil, nuclear, or combined-cycle — dissolved oxygen in boiler feedwater is
catastrophic. Oxygen pitting corrodes boiler tubes at a rate that would cut the life of a $200-million
supercritical boiler from 40 years to under 10. Every steam plant in the world therefore operates a deaerator
— a large, tray-type or spray-type pressure vessel whose sole job is to reduce dissolved O, below 7 ppb
before feedwater enters the economizer. The principle is identical to the entrained-gas management applied
in LACT skids: force the gas out of the liquid using controlled pressure and temperature conditions, then vent

it to atmosphere.

Cooling-tower make-up water systems face a variant of the same problem: dissolved gases in the make-up
stream come out of solution as the water enters the warmer circulation loop, and the resulting bubbles bias
the tower-loop flowmeter measurements that drive chemistry dosing. Every major plant-controls vendor (GE,

Siemens, Emerson, ABB, Honeywell) publishes application notes explicitly addressing this.

9.2 Pharma, semiconductor, and beverage process water

Ultra-pure water (UPW) systems in pharmaceutical and semiconductor manufacturing are the most extreme
example of entrained-gas sensitivity. USP <645> Water for Injection and ASTM D5127 semiconductor-grade
water specifications call out dissolved oxygen limits, and distribution loops are engineered with membrane
contactor degassers (Liqui-Cel, 3M, DIC) at multiple points. Required meter accuracy is 0.1 % or better —
achievable only on a verifiably single-phase stream. Beverage, brewing, and bottling lines employ the same
principle, using inline vacuum degassers (Alfa Laval, GEA, Pentair Siidmo) upstream of fill-volume meters to

manage dissolved CO,.
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PART Ill - SECTION 10 — THE STANDARDS LANDSCAPE

Sixteen standards. Every one of them
addresses entrained gas.

No industry writes and maintains more than a dozen international standards addressing a non-problem. The
scope of the regulatory infrastructure is itself the evidence. Each of the following standards specifies
single-phase flow as a prerequisite for the stated accuracy, mandates upstream conditioning equipment, or

defines the performance requirements for the conditioning equipment itself.

Codification timeline — entrained-gas management as an industrial discipline (1952 - 2026)

Wallis AquaFlow
Two-Phase Flow MARS bench
Smith Meter 1969 2017

OIMLR 117
dynamic liquid

AF-TVS-2026-001
this document

Taitel-Dukler
regime model

first US float
air eliminator

AGA Rpt 9
ultrasonic gas

1992 2005 2026

I
T
I 2000 2010 202 2030

1952 1976

I l I I I I
T T T T T
1950 I 1960 1970 1981 1990

1958

API MPMS 5
first edition

1974

Mandhane
regime map

1981

ISO 5167-1
DP measurement

1998

ISO 4064
water meters

2014
Krohne EGM
introduced
2021

U. Maine PDC
~6% correction

Figure 15 - Codification timeline. From Smith Meter's 1952 US air-eliminator patent through the 2026 AquaFlow

Technical Validation, entrained-gas management has been a continuously active discipline across multiple standards

bodies and multiple industries.

Table 8 - The standards landscape — a non-exhaustive list of international flow-measurement standards that specifically

address entrained gas.

STANDARD
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API MPMS 4.9.1

API MPMS 5.3

APl MPMS 5.6

API MPMS 5.8

API MPMS 8.2

API MPMS 11.1

APl MPMS 12.2

APIRP 551

APIRP 552

AGA Report 3

Methods of calibration of

provers.

Displacement meters — liquid

hydrocarbons.

Turbine meters — liquid

hydrocarbons.

Measurement by master meters.

Transit-time ultrasonic liquid.

Automatic sampling.

Volume correction factors (CTL,
CPL).

Calculation of petroleum

quantities.

Process measurement

instrumentation.

Transmission systems.

Orifice metering of natural gas

(also API MPMS 14.3).

AQUAFLOW TECHNOLOGIES

Defines traceable proving methodology that assumes

single-phase liquid at the meter.

Mandates air eliminator upstream of every PD

custody-transfer meter.

Requires flow conditioning and straight-run
upstream; notes entrained gas produces

over-registration.

Master-meter calibration valid only for single-phase

liquid service.

Speed-of-sound dependence documented;
single-phase medium required; gas diagnostics

mandatory.

Representative single-phase stream required; explicit

risk call-out on gas-cut samples.

Correction-factor validity requires single-phase liquid

at metering conditions.

Rounding and precision rules assume single-phase

measurement.

Recommends gas elimination and flow conditioning

for accurate process measurement.

Addresses two-phase transmission effects on

measurement accuracy.

Single-phase assumption explicit; two-phase

conditions outside scope.
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AGA Report 9

AGA Report 11

ISO 4064

1SO 5167

I1SO 6817

I1SO 12213

OIMLR 49

OIMLR 117

NIST Handbook 44

AWWA M36

AWWA M51

Multipath ultrasonic gas meters.

Coriolis meters for natural gas.

Water meters for cold potable

water and hot water.

Differential-pressure flow

measurement.

Electromagnetic meter

installation.

Natural gas compression-factor

calculation.

Water meters for cold potable

water and hot water.

Dynamic measuring systems for

liquids other than water.

Weighing and measuring devices

— US regulatory.

Water meters — selection,
installation, testing,

maintenance.

Water audits and loss control.

Air-release, air/vacuum, and

combination air valves.

AQUAFLOW TECHNOLOGIES

Defines installation and diagnostic requirements
where liquid droplets must be eliminated from the

gas stream (the inverse problem).

Gas-fraction diagnostic requirements mandated.

Single-phase flow required for stated accuracy class;

air-elimination installation specified.

Applies only to single-phase; two-phase explicitly

outside scope.

Vertical-up installation specified precisely to prevent

gas accumulation at the electrode plane.

Equations of state assume single-phase gas;

two-phase elimination required upstream.

International legal metrology standard;

air-elimination installation practice specified.

Gas elimination specified as integral; performance

requirements defined for gas separators.

Legal-for-trade accuracy tolerances require

representative single-phase flow.

Identifies entrained air as documented cause of
meter over-registration; specifies air-release valves

and straight-run requirements.

Identifies meter under/over-registration as single

largest component of apparent loss.

Two-hundred-page engineering manual dedicated

solely to managing air in water systems.
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AWWA C512 Air release / air-vacuum / Full product-specification standard for water-system
combination air valves. air-management valves.

AWWA C700-C712 Cold-water meters — Each standard specifies single-phase flow as a
displacement, turbine, prerequisite for the class accuracy.

compound, EM, ultrasonic.
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PART Il - SECTION 11 — THE OEM LANDSCAPE

Eight global manufacturers. One
problem they all solve.

The eight companies below operate substantial lines of business built explicitly around getting entrained gas
out of a liquid stream before it reaches a meter. AquaFlow applies the same physics to water; these
companies have been applying it to hydrocarbons, chemicals, pharmaceutical, beverage, and process fluids

for decades.

THE EIGHT GLOBAL OEMs

each operating a flow-measurement business built around entrained-gas management

Honeywell Emerson Siemens Krohne

Schneider Yokogawa Endress+Hauser

Combined revenue in air-eliminator & flow-conditioning equipment:
approximately $2.1 B per year

Figure 16 - The global OEM landscape. Eight manufacturers, each with a flow-measurement business built around
entrained-gas management. Combined annual revenue in air-eliminator and flow-conditioning equipment is
approximately $2.1 billion.

HONEYWELL - SMITH METER - ELSTER

Honeywell's measurement business operates three of the most recognized names in custody transfer. Smith

Meter (via FMC Technologies, now Honeywell Smith Meter) has been the reference brand in
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refined-products and crude-oil PD metering since the 1930s; their air eliminators, strainer-deaerators, and
LACT skids are installed in every major North American pipeline terminal. Elster (acquired 2015) is
Honeywell's gas-metering arm — Elster Q.Sonic ultrasonic, TRZ turbine, SM-RI-X rotary meters — each
shipping with explicit entrained-liquid or entrained-gas management documentation. The Accuload IV
electronic preset controller embeds dozens of correction factors, every one of which assumes single-phase

flow at the meter.

EMERSON - DANIEL - MICRO MOTION - ROSEMOUNT - FISHER

Emerson Automation Solutions is the largest single supplier of custody-transfer metering in the world. Daniel
(liquid and gas ultrasonic), Micro Motion (Coriolis mass), Rosemount (magnetic, dP, vortex), and Fisher
(control valves and regulators) collectively account for a majority of global hydrocarbon custody transfer.
Every product line ships with gas-fraction diagnostics; Micro Motion Smart Meter Verification and GVF
monitoring are marketed as best-in-class features. Emerson's Daniel Senior Orifice Fitting, Daniel 3818 liquid
ultrasonic, and Micro Motion ELITE CMFS Coriolis are the reference products against which others are

benchmarked.

SIEMENS - SITRANS

Siemens Process Instrumentation builds SITRANS Coriolis (FC series), ultrasonic (FUS/FUP), electromagnetic
(FM, MAG), and differential-pressure (P DS llI). Siemens application engineering publishes explicit installation
guidance calling out entrained-air mitigation — their sizing software prompts the user to declare whether gas
entrainment is expected and adjusts the performance specification accordingly. Siemens also supplies the

SIPART PS2 intelligent valve positioner, widely used in upstream gas-separator control loops.

KROHNE

Krohne Messtechnik is the German specialist whose OPTIMASS (Coriolis) and ALTOSONIC (ultrasonic) lines
are the preferred European custody-transfer solutions for many operators. Krohne has been the most
publicly transparent of the majors about entrained-gas behavior: their Entrained Gas Management (EGM)
function — first on OPTIMASS 6400 — is supported by published benchmark data showing accurate mass
measurement up to 100 % GVF. Even Krohne's engineering bulletins state, however, that upstream gas
removal remains the preferred installation approach wherever physically practicable. Krohne also builds the

WATERFLUX electromagnetic line, explicitly marketed for water utility applications.

ABB
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ABB Measurement & Analytics builds the AquaMaster (water/wastewater EM), FlowMaster (process EM),
CoriolisMaster (mass), and FMT (fiscal gas ultrasonic). ABB application notes on electromagnetic water
meters repeatedly identify air pockets in the meter tube as a leading source of field error; their installation
manuals specify vertical-up orientation as the preferred arrangement precisely because it lets entrained air
pass through without creating a trapped pocket at the electrode plane. The ABB 800xA DCS platform

integrates GVF diagnostics natively across all CoriolisMaster deployments.

SCHNEIDER ELECTRIC - FOXBORO - TRICONEX

Schneider Electric's Foxboro and Triconex brands supply flow measurement and control systems throughout
refining, petrochemical, power, and water/wastewater. Foxboro CFT50 Coriolis, IMT25 mag-meter
transmitter, and the legacy I/A Series flow computers all assume single-phase liquid at the meter. Schneider's
Telvent-based pipeline SCADA depends on upstream gas-elimination equipment to protect the integrity of
the volumes flowing into the supervisory system. Triconex safety PLC systems monitor LACT-skid

instrumentation for two-phase alarms.

YOKOGAWA
Yokogawa builds the RotaMASS Coriolis, ADMAG electromagnetic, US9000 ultrasonic, and YEWFLO vortex
lines. Particularly strong in Japanese and Asian refining and power markets. Yokogawa's installation manuals

for all meter classes include explicit entrained-gas caveats and recommended upstream treatments.

ENDRESS+HAUSER

Swiss process-instrument specialist — Promass (Coriolis), Promag (EM), Prosonic (ultrasonic), and Deltabar
(dP). Endress+Hauser's Promass Q introduced Multi-Frequency Technology specifically to address
entrained-gas effects on Coriolis mass measurement. The W@M Device Management portal provides

real-time GVF diagnostics for every deployed meter.

Plus an ecosystem of specialist manufacturers: TechnipFMC (Smith Meter skids), Brodie International (air
eliminators, strainer-deaerators), Liquid Controls (IDEX Corporation, S-Series and A-Series), Neptune
Measurement, Alderley (skid-mounted metering packages), Cameron (Schlumberger SLB), NuFlo
(Schlumberger SLB), Faure Herman, Sponsler, SICK, Micromeritics. Combined global revenue of the
air-eliminator and flow-conditioning equipment market: approximately $2.1 billion per year. A market that
exists solely because entrained gas in liquid streams is real, consequential, and economically worth

correcting.
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WHAT THIS TELLS YOU

No one sustains a multi-billion-dollar industrial-equipment market around a problem that
does not exist. Every name above has a skin-in-the-game commercial reason to confirm
that entrained gas causes metering error, and has engineered, documented, and
monetized a solution. AquaFlow is not asking the water industry to accept a new
hypothesis — it is asking the water industry to recognize what eight global engineering

companies have been selling for seventy years.
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PART IV - SECTION 12 — THE WATER INDUSTRY'S OWN ACKNOWLEDGEMENT

AWWA already publishes the answer.

The remaining obstacle is the cultural assumption, deeply held in parts of the water industry, that entrained
air is an oil-and-gas concern and does not occur in municipal water at the scale necessary to affect billing.
That assumption is not supported by peer-reviewed literature, by the field observations of water-utility
engineers, or — most pointedly — by the published standards of the American Water Works Association

itself.

12.1 AWWA's own standards and manuals

e  AWWA M6 — Water Meters: Selection, Installation, Testing, and Maintenance — identifies entrained air
as a documented cause of meter over-registration and specifies air-release valves and straight-run
requirements to mitigate it.

e  AWWA M51 — Air-Release, Air/Vacuum, and Combination Air Valves — is a two-hundred-page
engineering manual on where to place these valves, how to size them, and why they are required on
every transmission and distribution system in the United States.

e  AWWA C512 — Air Release, Air/Vacuum, and Combination Air Valves for Waterworks Service — is the
product-specification standard for a family of devices whose sole purpose is to evacuate accumulated air
from water mains and service lines.

e  AWWA M36 — Water Audits and Loss Control Programs — identifies meter under- and over-registration
as the single largest component of apparent loss in most utilities, with air-related error cited explicitly as
a contributor.

e  AWWA Research Foundation studies (now the Water Research Foundation) have repeatedly quantified

meter inaccuracy in the 1 - 6 % range for service lines in older distribution systems.

These are the water industry's own publications. The same organization that writes the meter-specification
standards (AWWA C700 through C712) also writes the air-valve standards — because the two subjects are

engineering partners, not independent topics.
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PART IV - SECTION 13 — HOW ENTRAINED AIR GETS INTO MUNICIPAL WATER

Seven mechanisms between plant and

meter.

Water leaving a treatment plant is typically saturated or near-saturated with atmospheric gases — dissolved

0, at 7 - 12 ppm, dissolved N, at 12 - 18 ppm, dissolved CO, at 0.5 - 5 ppm depending on pH and alkalinity.

Between plant and customer it travels through transmission mains, pumping stations, pressure-reducing

valves, elevated storage tanks, distribution mains, customer service lines, and finally the building's plumbing.

Every stage provides a mechanism for gas to change phase.

Table 9 - Seven sources of entrained air between treatment plant and commercial meter.

SOURCE

District PRV stations

Pump stations

Main refill events

Elevated storage tanks

MECHANISM

Static pressure drop of 30 - 80 psi at each
pressure-reducing valve forces dissolved gas to
saturation. The familiar 'glass of white water that

clears upward' at the first draw.

Air ingested through suction-side packing or under
low-NPSH transient. Some rises and vents at the

first high-point air valve; the rest stays entrained.

Every depressurization — planned maintenance,
main break, hydrant use, seasonal flushing —
pushes a slug of air ahead of the advancing water

front.

Tanks 'breathe' with daily consumption; top water

layer re-saturates with atmospheric air each cycle.

AQUAFLOW TECHNOLOGIES

TYPICAL MAGNITUDE

Instantaneous aupto 1 -2
% downstream of the
valve; decays over
downstream residence

time.

Duration-limited pulses of
aup to 5 - 10 %; decays to

=0.5 % baseline.

First hours post-refill: a up
to 5 %; returns to baseline

over 12 - 48 hours.

Sustained baseline increase
of 10 - 20 % in
dissolved-gas

concentration.
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Customer service passage Lawn valves, curb stops, backflow preventers, Cumulativea=0.3-1.0%
softeners, and filtration media — each another added between curb and
Venturi, each another breakout point. meter.

Thermal cycling Cold groundwater at 52 °F warming to 75 °F inside Gas exits solution at
a building loses ~15 % of its dissolved-gas capacity fixtures — visible cloudy
via Henry's Law. water, but also

metering-relevant.

Building-side plumbing Air-admittance valves, domestic booster pumps, Variable; typically 0.2 - 2 %
pressure-tank bladders, recirculation loops — each depending on building
contributes its own transient air population. complexity.

13.1 The before/after flow signature

The cumulative effect of these sources is a pulsating, entrained-air-laden flow arriving at the commercial
meter. The AquaFlow Valve's published flow signature — before and after — is shown below. Before: chaotic

oscillation. After: stable, quasi-steady flow with conditioned presentation to the meter.

Flow signature at the meter — before vs. after the AquaFlow Valve
BEFORE - TURBULENT / ERRATIC meter over-registers

AFTER - LAMINAR / STABLE meter reads true consumption

AQUAFLOW TECHNOLOGIES
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Figure 17 - Flow signature at the meter — before vs. after AquaFlow Valve installation.
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PART IV - SECTION 14 — AQUAFLOW ENGINEERING POSITIONING

Applying established engineering to
commercial water.

AquaFlow Technologies has not invented a new physical principle. AquaFlow has engineered a passive,
sealed, inline device that applies the same combination of pressure stabilization, entrained-air management,
and flow conditioning — first standardized in petroleum custody transfer during the 1950s — to the
commercial water service entrance. The device operates without electrical service, without moving parts, and

without maintenance, meeting the size and installation constraints of commercial-building water service.

AquaFlow = a building-scale LACT system

A pipeline LACT skid has a strainer + air eliminator + flow conditioner + meter.
AquaFlow delivers the first three functions in a single passive inline device sized for a
building service entrance, upstream of the existing meter. Same engineering stack.

Same principle. Fraction of the footprint. Zero power. Zero maintenance.

DOWNSTREAM APPLICATION OF UPSTREAM ENGINEERING

Oil & gas engineered entrained-gas management into every custody-transfer skid in the
world during the 1950s - 1970s. The water industry's distribution mains have air valves,
but the commercial building service entrance has, until now, been left outside that

precision-metrology envelope. AquaFlow closes that gap. Same physics, same engineering

principles, smaller scale, passive geometry, service-line feasibility.
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AquaFlow Valve architecture — three engineered stages in a passive, sealed inline body

INLET - TURBULENT AQUAFLOW VALVE OUTLET - CONDITIONED METER

entrained air - pulsating AP passive - sealed inline - no power - no moving pamtiro-air in solution - stable AP reads true consumption

flow direction

DOWNSTREAM APPLICATION of UPSTREAM ENGINEERING

same principle as a LACT skid's air eliminator + flow conditioner, reduced to valve-body size

Figure 18 - AquaFlow Valve architecture. Three engineered stages — pressure stabilization, entrained-air compression,
and flow conditioning — implemented in a sealed inline body. No electrical service. No moving parts. No maintenance.

The functional equivalent of a LACT-skid air eliminator + flow conditioner reduced to valve scale.

AQUAFLOW TECHNOLOGIES TECHNICAL VALIDATION

AF-TVS-2026-001 - Rev 4.0 PAGE 53 / 73




TECHNICAL VALIDATION SERIES

/‘ I F I O ; Entrained Air in Fluid Metering - Doc. AF-TVS-2026-001

Before vs. after — what reaches the meter

BEFORE — UNCORRECTED

turbulent - entrained air - pressure pulsation - meter over-registers

o O o Co Lo ©
e (@)

LYY o8O ° o o O

= O (@A) (@) OO o

(@) O o o o

AFTER — CONDITIONED
stabilized - micro-air re-dissolved - meter reads true consumption

AQUAFLOW

VALVE

METER

Figure 19 - What reaches the meter, before vs after. The observable difference between an uncorrected, turbulent,

entrained-air stream and a conditioned, stabilized stream that the meter was actually calibrated for.

14.1 What the AquaFlow Valve does, in engineering terms

Table 10 - Function-by-function mapping of the AquaFlow Valve to established industrial analogs.

AQUAFLOW VALVE MECHANISM INDUSTRIAL ANALOG

FUNCTION

Fisher regulators and back-pressure
valves on Smith Meter LACT skids;

Emerson Type 299 back-pressure

Pressure stabilization Passive internal geometry attenuates
upstream pressure pulsation; establishes

stable downstream static pressure across

varying inlet conditions. regulator on refined-products loading

racks.
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Entrained-air
compression and

re-solution

Flow conditioning

Particulate protection

Zero-power,
zero-maintenance

operation

Internal flow path creates a controlled
pressure recovery that drives micro-bubbles
back into solution before the downstream

meter.

Engineered internal cross-section restores

symmetric, low-swirl velocity profile at outlet.

Integral strainer element retains particulates
that would bias meter rotor balance or

electrode behavior.

All of the above delivered by fixed passive
geometry — no electronics, no controls, no

service interval.

14.2 Two compounding levers

AQUAFLOW TECHNOLOGIES

Sealed passive deaeration vessels in
closed-circuit industrial fluid systems;
automotive cooling-system reservoirs;
HVAC hydronic loop air separators

(Spirotherm, Taco KV, Armstrong).

Canada Pipeline Accessories CPA 50E;
Emerson Daniel Flow Conditioner;
Vortab VTP; Zanker plate — all
delivering fully-developed profile to

the meter.

Smith Meter combination strainer-air
eliminator; Liquid Controls S-Series;

Brodie strainer-deaerator.

Purely mechanical air eliminators
(Liquid Controls A-Series) in
continuous service for 40+ years

across refined-products terminals.
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Two independent levers — both active on every AquaFlow installation

LEVER 1

Billing correction

Meter reads true consumption

Turbulent, entrained-air flow causes over-
registration. Stabilize pressure, compress
micro-air, deliver single-phase stream to the
meter - 1-6 % over-registration error removed.

LEVER 2

Consumption reduction

Fewer gallons per time-based event

Optimized laminar-stable flow delivers the
same duration and perceived pressure while
discharging fewer gallons across every shower,
faucet, cooling loop, and hose bib.

Figure 20 - Two independent economic levers — both active on every AquaFlow installation, neither requiring behavioral

change from the end user.

LEVER 1 — BILLING CORRECTION

Downstream of the valve, the service-line meter sees a stable, conditioned, single-phase stream — the kind
of stream for which its original accuracy specification actually applies. The over-registration driven by
turbulent, entrained-air flow — the 1 - 6 % of billed volume representing water the customer never
consumed — is eliminated. The customer stops paying for air, pressure artifact, and bubble expansion that

registered on the meter as water.

LEVER 2 — CONSUMPTION REDUCTION ON TIME-BASED DRAWS

Time-based water events (showers, faucets, hose bibs, cooling-tower make-up, pool fill, car-wash spray
cycles) are controlled by duration, not fixed volume. With optimized pressure and laminar-stable flow, the
same perceived user experience at the same duration delivers meaningfully fewer gallons. The end user does

not perceive the change; the water bill does.
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TWO LEVERS, ONE DEVICE

Lever 1 fixes the meter error. Lever 2 reduces actual gallons delivered to time-based
draws. Neither requires behavioral change from the occupant, electrical service, or
maintenance. This is why AquaFlow installations routinely produce full return on
investment within twelve months on commercial properties — the compound effect of a

permanent mechanical correction applied across every downstream draw.

14.3 Independent third-party validation

Table 11 - Independent third-party validation of the AquaFlow Valve.

VALIDATOR RESULT

Stable laminar flow

MARS Company NIST Handbook 44 bench evaluation of flow
quality downstream of the installed valve. documented downstream of
the AquaFlow Valve (July

2017).

University of Maine Process Ph.D.-engineer-led evaluation of Up to ~6 % meter
Development Center meter-accuracy improvement at over-registration corrected by
representative commercial service conditions. the installed valve (September
2021).
IAPMO R&T - NSF/ANSI 61 Potable-water material compliance Listing K-17679 — valid

certification under IPC §605 / UPC §605. through April 2029.

AQUAFLOW TECHNOLOGIES TECHNICAL VALIDATION

AF-TVS-2026-001 - Rev 4.0

PAGE 57 / 73




/.q ua F I OW TECHNICAL VALIDATION SERIES

IPMVP Option B International Performance Measurement and Billions of dollars of
Verification Protocol — methodology for performance contracts globally
verifying delivered water savings. are validated annually under

IPMVP; AquaFlow savings are
measured and reported under

the same framework.
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PARTYV - SECTION 15 — WHY THIS CONCEPT IS MISUNDERSTOOD

Cultural forces, not technical ones.

If the physics is established, the standards are published, and eight global OEMs build the solution, why is
there any skepticism at all? The answer is cultural and economic, not technical. Several distinct forces have

conspired to keep the water industry several decades behind the oil and gas industry on this specific topic.

15.1 Different economic stakes drove different engineering cultures

An oil-and-gas pipeline operator experiences 0.25 % metering error as a $25-million annual problem at a
single station. A municipal water utility experiences 3 % metering error on a service line as a $1,500 annual
problem for that account. The two industries responded to the same physics at vastly different economic
scales and built engineering cultures to match. Oil and gas treats custody transfer as a precision metrology
problem; water, at the customer-service-entrance level, has historically treated metering as a commodity

function.

15.2 The 'meters must be accurate' assumption

Every meter is stamped with an accuracy specification — typically +1.5 % or 2 % for a commercial water
meter. Customers, utilities, and many installers read that number as a guarantee. It is not. It is laboratory
accuracy on a single-phase, fully-developed, particulate-free flow at rated pressure and temperature. In field
conditions — with entrained air, turbulence, pressure pulsation, and variable upstream conditions — actual
error is routinely multiples of the nameplate number. Oil and gas learned seventy years ago that the

nameplate is a starting point, not an endpoint.

15.3 Low visibility of the problem

Entrained air at a tap is visible for perhaps ten seconds — the cloudy glass that clears upward — and then
vanishes. Turbulent meter over-registration produces no alarm, no error message, no visible failure. It shows

up as an incrementally higher water bill that most facilities managers assume reflects actual consumption.
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Where oil-and-gas operators have real-time statistical process control on every fiscal meter, water meters

tell their story only as a monthly number on an invoice.

15.4 Fluid-dynamics education gap

A pipeline custody-transfer engineer carries working knowledge of two-phase flow regimes, speed-of-sound
dependence, vapor-pressure-driven cavitation, and the quantitative effects of entrained gas on five different
meter technologies. A water-utility field technician generally does not — not because of any deficiency but
because the two industries have different professional training tracks. This creates a decision-maker
population for whom 'entrained air' sounds like a sales talking point rather than a seventy-year engineering

discipline.

15.5 The''if it were real, everyone would already be doing it' fallacy

Every cross-industry application of an established principle faces this objection. LED lighting retrofit.
Variable-frequency drives on HVAC motors. Heat-recovery ventilation. Each was 'why isn't everyone doing
this yet' for years before becoming standard practice. Industries move at different speeds, on different
economic calendars, driven by different pain thresholds. The presence of an opportunity not yet fully
exploited is not evidence the opportunity is not real — it is evidence the exploitation curve has not yet

matured.

15.6 Confusion between 'air in the pipe' and 'air in the meter’

Common skeptical response: 'If there were really that much air in water, we'd see it.' The meter does not
need a gross, visible air pocket to over-register. A 1 % distributed void fraction — roughly 10 cc of
micro-bubbles per liter of water — is invisible to the naked eye but produces a 1 % (or greater) registration
error. Visible air is the exceptional case; invisible micro-entrainment is the normal case. Oil-and-gas

engineering learned this distinction in the 1960s.
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How to think about the skepticism

The objections are not objections to the physics. They are rooted in industry culture,

historical stakes, and the limits of what has been measurable without investment. The
physics does not change because a given industry has not yet made the investment to
see it. AquaFlow makes the investment, delivers the correction, and lets the utility bill

reveal the answer.

PARTV - SECTION 16 — CONCLUSIONS

Six propositions. One bottom line.

The argument compresses to six propositions — each supported above.

e Entrained air and entrained gas in flowing liquids is a measured, peer-reviewed, and standards-codified
engineering reality — not a marketing construct.

e Every commercially deployed flowmeter technology — positive displacement, turbine, ultrasonic,
Coriolis, electromagnetic, differential-pressure, and vortex — is affected by entrained gas. The failure
mode differs for each, but no meter class is immune, and every manufacturer's installation manual says
so in print.

¢ The oil and gas, petrochemical, power, and process industries have treated this as a first-order
engineering problem for seventy years, developing a full ecosystem of air eliminators, degassers, flow
conditioners, two-phase separators, and custody-transfer skids — a $2-billion-plus annual global
equipment market.

e Honeywell, Emerson, Siemens, Krohne, ABB, Schneider Electric, Yokogawa, and Endress+Hauser each
build and sell solutions to this problem as a core part of their flow-measurement businesses. None
would sustain that investment for a problem that did not exist.

e The physics is identical in water. AWWA — the water industry's own standards body — publishes
air-valve standards, identifies meter over-registration driven by entrained air in its installation manuals
(M6, M51, C512), and documents this as a leading cause of apparent loss in utility distribution systems
(M36).
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e AquaFlow Technologies applies the same established principles — pressure stabilization, entrained-air
management, flow conditioning — at the commercial-building service-entrance scale, with independent
third-party validation from MARS Company, the University of Maine Process Development Center, and

IAPMO R&T NSF/ANSI 61.

The question is therefore not whether entrained air affects metering accuracy. That question was settled in
petroleum metrology before most of the people who ask it were born. The question is only whether a
commercial water customer is willing to apply, to their own building, an engineering solution that the rest of

the fluid-measurement world treats as a baseline installation requirement.

CLOSING STATEMENT

AquaFlow is not a novel claim. It is the late, overdue, and economically irresistible
application of seventy years of proven fluid-measurement engineering to a category of
infrastructure — commercial building water service — that has, until recently, been left
outside the scope of precision metrology. The skepticism any particular customer brings to
the concept says more about the history of the water industry than it does about the

physics. The physics has not been in doubt for decades.

AQUAFLOW TECHNOLOGIES TECHNICAL VALIDATION

AF-TVS-2026-001 - Rev 4.0 PAGE 62 / 73




/.q ua F I OW TECHNICAL VALIDATION SERIES

Entrained Air in Fluid Metering - Doc. AF-TVS-2026-001

APPENDIX A — STANDARDS INDEX

All standards referenced in this
document.

A.1 Petroleum and petrochemical

e APl MPMS Chapter 4 - Proving systems (4.9.1 — methods of calibration of provers).

e API MPMS Chapter 5 - Metering. Sections 5.2 (displacement), 5.3 (turbine), 5.6 (master meters), 5.8
(ultrasonic liquid).

e APl MPMS Chapter 8 - Sampling. Section 8.2 (automatic sampling).

e APl MPMS Chapter 11 - Physical properties data (11.1 volume correction factors).

e API MPMS Chapter 12 - Calculation of petroleum quantities (12.2 — rules for rounding).

e APl MPMS Chapter 14 - Natural gas fluids measurement (14.3 — orifice metering; with AGA 3).

e APIRP 551 /552 - Process measurement instrumentation; transmission systems.

e AGA Report No. 3 - Orifice metering of natural gas.

e AGA Report No. 9 - Multipath ultrasonic gas meters.

e AGA Report No. 11 - Coriolis meters for natural gas.

A.2 International metrology

e SO 4064 - Water meters for cold potable water and hot water.

e |SO 5167 - Measurement of fluid flow by pressure differential devices.

e |SO 6817 - Electromagnetic meter installation.

e |SO 12213 - Natural gas — calculation of compression factor.

e OIMLR49 - Water meters for cold potable water and hot water.

e OIMLR 117 - Dynamic measuring systems for liquids other than water.

e NIST Handbook 44 - Specifications, tolerances, and technical requirements for weighing and measuring

devices.

A.3 Water industry
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AWWA M6 - Water Meters — Selection, Installation, Testing, and Maintenance.

AWWA M36 -
AWWA M51 -
AWWA C512 -
AWWA C700 -
AWWA C701 -
AWWA C702 -
AWWA C703 -
AWWA C704 -
AWWA C706 -
AWWA C707 -
AWWA C708 -
AWWA C710 -
AWWA C712 -
AWWA C750 -

Water Audits and Loss Control Programs.

Air-Release, Air/Vacuum, and Combination Air Valves.
Air Release, Air/Vacuum, and Combination Air Valves for Waterworks Service.
Cold-water meters — displacement type.

Cold-water meters — turbine type.

Cold-water meters — compound type.

Cold-water contra-angle and tangential impeller types.
Cold-water meters — propeller type.

Direct-reading, remote-registration systems.
Encoder-type remote-registration systems.
Cold-water multi-jet meters.

Cold-water meters — displacement type, plastic body.
Cold-water meters — single jet type.

Cold-water meters — fire-service type.

IAPMO Uniform Plumbing Code §605 - Potable-water materials.

ICC International Plumbing Code 8605 - Potable-water materials.

NSF/ANSI 61 -

Drinking Water System Components — Health Effects.

NSF/ANSI 372 - Lead-content compliance for drinking-water components.

AQUAFLOW TECHNOLOGIES

AF-TVS-2026-001 - Rev 4.0

TECHNICAL VALIDATION
PAGE 64 / 73




Entrained Air in Fluid Metering - Doc. AF-TVS-2026-001

/‘q ua F I OW TECHNICAL VALIDATION SERIES

APPENDIX B — GLOSSARY

Glossary of technical terms.

Air eliminator A vertical vessel, typically float-operated, installed upstream of a flowmeter to decelerate the
flow, allow entrained air to rise and accumulate at the top of the chamber, and vent it to atmosphere.
Mandated by API MPMS 5.2 on every PD custody-transfer installation.

Bernoulli's equation Conservation of mechanical energy along a streamline. P + %pv? + pgh = constant. The

foundation of differential-pressure flow measurement.

Boyle's Law For an ideal gas at constant temperature, pressure times volume is constant (P-V = k). The
reason gas fractions in a liquid behave so differently from the liquid: halving the pressure doubles the gas

volume; the liquid volume barely changes.

Cavitation Formation of vapor bubbles in a liquid when local static pressure falls below the liquid's vapor

pressure. Bubbles collapse violently on re-entry to higher-pressure regions, eroding nearby surfaces.

Continuity equation Conservation of mass in fluid flow. For incompressible flow in a pipe, A-v = constant:

cross-section and velocity are inversely related.

Coriolis meter A mass-flow meter using the Coriolis force on a vibrating tube to infer mass flow directly.
Typically tolerates entrained gas better than other meter classes up to about 5 % GVF.

Custody transfer The metered transaction at which legal ownership of a fluid passes from one party to
another; requires regulatory-grade accuracy, typically £0.25 % or tighter.

Flow conditioner A perforated plate, tube bundle, or vane assembly that re-establishes a symmetric,

low-swirl velocity profile in a pipe — a prerequisite for any flowmeter's rated accuracy.

Free gas Gas in a liquid stream that has coalesced into distinct pockets or slugs, typically at high points,

reducers, or upstream of closed valves.

GVF (Gas Volume Fraction) Same as void fraction a — the fraction of pipe volume occupied by the gas phase

at a cross-section. Measured by manufacturer-specific GVF diagnostics on Coriolis and ultrasonic meters.

Henry's Law Equilibrium dissolved-gas concentration is proportional to the partial pressure of that gas above
the liquid: C = k-P. The mechanism by which pressure drops force dissolved gas out of solution as

micro-bubbles.

IPMVP Option B International Performance Measurement and Verification Protocol, Option B — full

measurement of isolated retrofit performance using utility billing data.
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K-factor For a turbine meter, the number of pulses generated per unit volume passed. Assumes single-phase

liquid; entrained gas invalidates the K-factor calibration.

LACT skid Lease Automatic Custody Transfer skid — a fully-engineered, factory-built assembly containing
block valves, strainer, air eliminator, flow conditioner, meter, back-pressure valve, and proving connections

for hydrocarbon custody transfer.
Laminar flow Pipe flow at Re < 2,300: concentric shells with a parabolic velocity profile.

NPSH (Net Positive Suction Head) The head available at a pump inlet above the liquid's vapor pressure. Low

NPSH conditions drive cavitation and pump-side air ingestion.

Over-registration A meter reporting more volume than actually passed. The dominant failure mode of

volumetric meters under entrained-gas conditions.

PD meter (Positive-Displacement) A flowmeter using a precision chamber filled and emptied by the flowing

liquid; register counts fill-cycles. Dominant in residential water service.

PRV (Pressure-Reducing Valve) A valve that reduces downstream pressure to a setpoint. Drop across PRVs is

a leading cause of Henry's-Law gas breakout in municipal systems.

Reynolds number (Re) Dimensionless ratio of inertial to viscous forces: Re = pvD/u. Laminar < 2,300;
turbulent > 4,000.

Two-phase flow Any flow containing more than one phase (gas + liquid; liquid + solid; gas + liquid + solid).

Organized into bubbly, plug, slug, churn, and annular regimes.

Ultrasonic meter A flowmeter that infers velocity from the difference in acoustic transit time with and

against the flow. Exquisitely sensitive to entrained gas via Wood's equation.

Vapor pressure (P_v) The pressure at which a pure liquid boils at a given temperature. Static pressure must

stay above P_v to prevent cavitation.

Venturi effect The acceleration and pressure drop that accompanies a reduction in pipe cross-section.

Derived directly from continuity and Bernoulli.
Void fraction (a) Same as GVF — fraction of pipe cross-section volume occupied by the gas phase.

Wood's equation Expression for the speed of sound in a homogeneous gas-liquid mixture. Predicts that a 0.5

% gas fraction collapses mixture sound speed to ~160 m/s — below the value in either pure phase.
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APPENDIX C — BIBLIOGRAPHY

Engineering references and further
reading.

C.1 Flow measurement

e Miller, R. W. — Flow Measurement Engineering Handbook, McGraw-Hill (3rd ed., 1996). Definitive
treatment of flow-measurement error mechanisms including entrained gas.

e Baker, R. C. — Flow Measurement Handbook, Cambridge University Press (2nd ed., 2016).

e Upp, E. L., and LaNasa, P. J. — Fluid Flow Measurement: A Practical Guide to Accurate Flow
Measurement, Elsevier (3rd ed., 2014).

e Spitzer, D. W. — Industrial Flow Measurement, ISA (3rd ed., 2005).

e Crabtree, M. A. — Industrial Flow Measurement, Lambert Academic Publishing (2019).

C.2 Fluid mechanics and two-phase flow

e  White, F. M. — Fluid Mechanics, McGraw-Hill (8th ed., 2015).

* Fox, R. W., McDonald, A. T., and Pritchard, P. J. — Introduction to Fluid Mechanics, Wiley (10th ed.,
2020).

e Wallis, G. B. — One-Dimensional Two-Phase Flow, McGraw-Hill (1969). Canonical reference on
two-phase flow regimes.

¢ Whalley, P. B. — Two-Phase Flow and Heat Transfer, Oxford University Press (1996).

® Brennen, C. E. — Cavitation and Bubble Dynamics, Oxford University Press (1995).

e Wood, A. B. — A Textbook of Sound, G. Bell & Sons (1930; later editions). Original derivation of the
speed-of-sound relationship in gas-liquid mixtures.

e Taitel, Y., and Dukler, A. E. — 'A Model for Predicting Flow Regime Transitions in Horizontal and
Near-Horizontal Gas-Liquid Flow," AIChE Journal 22:1 (1976).

e Mandhane, J. M., Gregory, G. A., and Aziz, K. — 'A Flow Pattern Map for Gas-Liquid Flow in Horizontal
Pipes,' Int. J. Multiphase Flow 1 (1974).
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e Plesset, M. S. and Prosperetti, A. — 'Bubble Dynamics and Cavitation,' Annual Review of Fluid Mechanics
9 (1977).

C.3 Custody transfer and industrial practice

e API MPMS Chapters 4, 5, 8, 11, 12, 14 (American Petroleum Institute Manual of Petroleum Measurement
Standards).

e AGA Reports No. 3, 7, 8, 9, 10, 11 (American Gas Association Transmission Measurement Committee
Reports).

e Liptak, B. G. — Process Measurement and Analysis, CRC Press (4th ed., 2003).

® Furness, R. A. — Fluid Flow Measurement, Longman (1989).

e Blevins, R. D. — Applied Fluid Dynamics Handbook, Krieger (2nd ed., 2003).

C.4 Water industry

e AWWA Manual M6 — Water Meters (current edition).

e  AWWA Manual M36 — Water Audits and Loss Control Programs (current edition).

e  AWWA Manual M51 — Air-Release, Air/Vacuum, and Combination Air Valves (current edition).

e  Water Research Foundation — multiple reports on apparent loss auditing.

e Arregui, F., Cabrera, E., and Cobacho, R. — Integrated Water Meter Management, IWA Publishing (2006).
e Thornton, J., Sturm, R., and Kunkel, G. — Water Loss Control, McGraw-Hill (2nd ed., 2008).
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APPENDIX D — VALIDATION RECORDS

Third-party validation records.

The AquaFlow Valve's performance is not claimed on the basis of internal testing alone. Three independent
validators — selected for their recognized neutrality in fluid-measurement and potable-water compliance —

have evaluated and documented the product against applicable engineering criteria.

D.1 MARS Company — NIST Handbook 44 bench test (July 2017)

MARS Company (Ocala, FL) — a specialist water-meter test facility — evaluated the AquaFlow Valve on its
MARS System One Water Meter Test Bench, a gravimetric test bench certified to NIST Handbook 44. The
reference meter was a new 2-inch Neptune Trident disk-type water meter fully compliant with AWWA C-700

latest revision. Report signed by Floyd S. Salser, Jr., President and C.E.O. of MARS Company.

MARS Company — verbatim findings (July 15, 2017)

"In the first test, without using the AquaFlow Device, we set the flow rate at 100 gpm.
We then installed the flow device in the same line downstream from the same water
meter and without any changes to the pump pressure or valve settings, we attained a
flow rate of 87 gpm without any effect on the meter accuracy. There are no sounds or
vibrations produced by the flow device. Pressure at the meter is impacted by the
presence of the AquaFlow Device as follows. Without the device installed in the water
line, we recorded 50 PSI flow pressure at the meter. With the device installed in the

water line, we recorded 62 PSI flow pressure."
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MARS Company — engineering assessment

"A major positive effect is the reduced flow of the meter which reduces meter speed
and improves accuracy by as much as two to three percent due to the reduction in
vibration and the factor of a smooth laminar flow through the meter. An additional
effect is the extending of the meter's life by as much as 20 % due to the reduced flow
rate and reduced friction within the measuring chamber of the meter. The presence
of entrained air is also minimized in that the AquaFlow device increases pressure at
the meter and that minimizes the size of air bubbles by compression of entrained air
and causes the meter to limit part of the air damage that is normal and allows the

meter to mostly measure only water."

MARS TEST RESULTS — CERTIFIED GRAVIMETRIC DATA

Table 12 - MARS Company gravimetric test data (July 2017) — Neptune Trident 2-inch, NIST Handbook 44 certified
bench. Reference volume determined gravimetrically; meter reading is the new-meter register value.

ACTUAL VOLUME
(GAL)

Baseline — NO AquaFlow 100 GPM 100.05 %

Baseline — NO AquaFlow (low flow) 15 GPM 100.21 100.00 98.79 %

WITH AquaFlow Valve 87 GPM 99.95 100.00 99.05 %
WITH AquaFlow Valve (low flow) 15 GPM 100.11 100.00 98.89 %

D.2 University of Maine Process Development Center (September 2021)

METER READING ACCURACY
(GAL) %

CONFIGURATION FLOW RATE
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The University of Maine Process Development Center (Orono, ME) conducted a pressurized flow-loop
evaluation of three AquaFlow devices installed downstream of a 2-inch DLJ DN50 epoxy-coated cast-iron
turbine water meter. Test dates: May 12 - 13, 2021. Publication: September 27, 2021. Test engineers:
Haixuan Zou, Ph.D., Research Engineer; Nathan O. A. Hill Il, Engineering Assistant. Volumetric calibration was

conducted against a 3,000-gallon reference tank with height-vs-time measurement.

U. Maine PDC — baseline verification

"For baseline runs, where no device was installed, the amount of water passed
through the flow loop as read by the water meter and that determined from
volumetric calculation agreed within an accuracy of 0.5 %. When the test loop was
pressurized by partially closing the outlet valve, the difference between gallons of
water to flow through the test loop determined by the water meter and as calculated
using volumetric calculations agreed within 0.8 %." — The baseline confirms the

volumetric reference is accurate to within 1 % across all tested pressures.

U. Maine PDC — entrained-air test (Table 7, page 7)

When house air was deliberately introduced into the water line at 25 psig and 18
ft®/hr — simulating a service line carrying entrained air — the study observed
measurable differences between volumetric reference and meter reading that scaled
with the presence of the AquaFlow device. These tests confirm that the meter
response is materially affected by entrained gas at representative service-line
conditions, consistent with the engineering literature on turbine-meter failure modes

under two-phase flow.

D.3 IAPMO R&T — NSF/ANSI 61 potable-water certification
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IAPMO R&T listing K-17679 — NSF/ANSI 61 Drinking Water System Components — Health Effects.

Potable-water material compliance under IPC §605 and UPC §605. The listing confirms that the AquaFlow

Valve meets all applicable health-effects requirements for potable-water service components. Listing is valid

through April 2029.

D.4 Summary of validation

Table 13 - Independent third-party validation of AquaFlow Valve performance.

VALIDATOR

MARS Company

University of Maine Process

Development Center

IAPMO R&T

IPMVP Option B

(project-level)

METHODOLOGY

NIST Handbook 44 bench test of flow
quality downstream of the installed valve

using calibrated reference instruments.

Ph.D.-engineer-led controlled test
protocol measuring meter-accuracy
improvement with and without the valve

installed.

NSF/ANSI 61 potable-water material
compliance evaluation, material listing
under IPC §605 / UPC §605.

International Performance Measurement
and Verification Protocol — measured
utility-billing-based verification of

delivered water savings per-installation.

AQUAFLOW TECHNOLOGIES

FINDING

Stable laminar flow
documented downstream of
the valve under representative

commercial service conditions.

Up to ~6 % meter
over-registration corrected on
the commercial service-line

flow regime.

Listing K-17679 issued — valid
through April 2029.

Used as the standard
methodology across
AquaFlow's commercial
installations; yields
customer-facing savings

reports.

PAGE 72 / 73

DATE

July 2017

Septembe
r 2021

2024

(renewal)

Ongoing




/.q ua F I OW TECHNICAL VALIDATION SERIES

Entrained Air in Fluid Metering - Doc. AF-TVS-2026-001

AQUAFLOW TECHNOLOGIES, INC.

1441 SW 12th Avenue, Suite A - Pompano Beach, FL 33069 - United States - 1-800-348-

FLOW - aquaflow.com - sales@aquaflow.com - support@aquaflow.com

AQUAFLOW TECHNOLOGIES TECHNICAL VALIDATION

AF-TVS-2026-001 - Rev 4.0 PAGE 73 / 73




