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Introduction
We’ll start here to examine the phenomenas underlying the High Frequency Fill Level Inspection
of beverages based on water. Described also eﬀects on the inspection due to ambient
fluctuations or derives of the Temperature or Humidity. At first sight, these may appear purely
theoretical subjects.
They'll acquire their full relevance and explanatory power in the following pages devoted to the
way the HF inspection measures the level of a water-based liquid in a bottle. It is important to
understand that Electronic Inspectors when operating in a Beverage Bottling Line, are
collections of Measurement devices not allowed to accomplish their functions in the optimal
conditions: a Laboratory.

DEVELOPERS' PORTAL

SITEMAP

High Frequency Fill Level
inspection

High Frequency fill level inspection bridge, on the left side, preceded by a LASER trigger photocell to whose signal are
referred also fill level inspection measurements. Shot in a PepsiCo® Bottling Line on the Arabian side of the Persian Gulf.

Close-up on Water
Water is a polar molecule, meaning that there is an uneven distribution of electron density.
Water has a partial negative charge near the Oxygen atom due the unshared pairs of electrons,
and partial positive charges near the Hydrogen atoms. The electrostatic attraction between the
partial positive charge near the Hydrogen atoms and the partial negative charge near the
Oxygen, results in the formation of a Hydrogen bond. In absence of electromagnetic fields, the
spatial orientations of water bonds and molecules are random, meaning there is no one
preferential direction.
A polar molecule is a molecule with opposite charges on the opposite sides. The reason why a
water molecule is polar is due to its ‘V' shape. Instead of spend their time around every atom
in the molecule, the (negatively charged) electrons spend their time around the Oxygen atom,
while the Hydrogen atoms are left alone, then remaining positive. Because of this polarity,
water molecules can attract one another and stick together, thus forming water.

We’ll re-

encounter end deepen the polarisation of the water later in the text, because of its relevance for
our Beverage Quality Control application.

The Basic Bond of a Water Molecule

(../../../../about-us/contactus/index.html)

A Hydrogen atom is made up of one positively charged proton that is orbited by one negatively
charged electron (see figure on right side). The Oxygen atom has eight
protons (positive particle) and eight neutrons (neutral particles) in its
nucleus. A nucleus surrounded by eight electrons.

Because of the

structure of Oxygen, they exist two open spots open in the
electrons’ cloud. These spots are filled when a Hydrogen atom is in
proximity of the Oxygen.
When Hydrogen bonds with Oxygen, the electrons that have bonded are
formed into five pairs of ten electrons:
one pair gives existence to the Oxygen atom's inner electron cloud;
two pairs form the Oxygen atom's outer electron cloud;
two remaining pairs form the O-H bonds, which create the polar
molecule H2O.

On right side: Hydrogen bonds are labeled in Figure on side.
Negative [-] Oxygen atoms bond to the positive [+] Hydrogen atom.
Each water molecule can make or accept two H-bonds.

The Importance of Hydrogen in Water
Because of Hydrogen bonds, water has many of its
known features. The partial charges and dipole for
the water molecule are shown in Figure on right side.
These partial charges result in water molecules
being strongly attracted to one another in the liquid
phase.

In other terms, for a group of water

molecules, the positively charged H-atoms are
electrically attracted to the negatively charged Oatoms.

On right side: partial charges are the origin of the
strong reciprocal attraction of molecules in the
liquid phase named water

One of the many features due to
Hydrogen bonds in the two figures on
side: also the familiarly represented
aspect for a drop of water derives by
the H-bond extended to a
macromolecular system with many

participating molecules.
We can think of this attraction as
water molecules tending to stick
together, and the results are
interesting.

This strong electrostatic

attraction between Hydrogen atoms
on one water molecule to Oxygen
atom on another is called Hydrogen
Bonding, or H-bonds.

Above: Hydrogen-bonds are the origin of the bubbles of water and the mechanism hidden
in the background of something we all recognise. In the reality, no spherical external
surface exist around the drop of water here
depicted, rather a nebular cloud of electrons
and (rare events) of nucleons

HF fill level
synthesis

inspection,

in

In synthesis, the High Frequency (HF) fill level
inspection considers the liquid and/or gas in the
neck of the glass or PET or PRB container as the
dielectric of a Capacitor in a resonant circuit. The
circuit is closed by mean of the Earth connection
to the metal mass of the steel of the Conveyor,
immediately under the HF fill level bridge where
the bottle is inspected.

A Capacitor is a device

used for storing electrons. It normally consists of
two

conducting

plates

with

an

interposed

dielectric material.
The property named Capacity, exists also in
absence of electric current applied to the
Capacitor by a Generator.

This, because

Capacity originates by the mere presence of electrons and their positively charged counterpart,
protons in the atoms of metal. From a macroscopic classic perspective, the capacity depends
on the metallic surface of the plates, their geometry and distance and, what is most important
for our application, the kind of dielectric interposed between the plates.
The following video (credit University of Cambridge, United Kingdom) illustrates in what a way a
dielectric aﬀects the Capacity of the Capacitor.

On right side: liquid status for water and its
molecular molecular arrangement, relevant for
Bottling Controls, in absence of external
electromagnetic

fields

and

in

the standard conditions of temperature and
pressure

Above: the beverage and gas in the bottle neck, summed to the humidity in the air and the air between neck and HF
sensor constitute the equivalent of the dielectric of a Capacitor. Diﬀerent levels of beverage in the bottle neck reproduce
diﬀerent values for a physical property of the Capacitor named Dielectric Permittivity. In the figure below on right side,
some Capacitors in welded on an electronic printed circuit board

Dielectric permittivity of the bottle’s
The dielectric constant is a property related
to

the

permittivity

of

the

material.

Permittivity is a quantity that describes the
eﬀect of a material on an electric field: the
higher the permittivity, the more the
material tends to reduce any field set up in
it.

Since the dielectric material reduces

the field by becoming polarised, an entirely
equivalent definition is that the permittivity
expresses the ability of a material to
polarise in response to an applied field.
The dielectric constant (sometimes called
the ‘relative permittivity’) is the ratio of the
permittivity

of

the

dielectric

to

the

permittivity of a vacuum, so the greater the
polarisation developed by a material in an
applied field of given strength, the greater
the dielectric constant will be.

In

general, the more available polarisation
mechanisms a material possesses, the
larger its net polarisation in a given field will
be and hence the larger its dielectric

κ

constant will be.

and

ε are two

common symbols for the same concept of
dielectric

permittivity.

Dielectrics

becomes

polarised

in

an

electric field. Now imagine switching the
direction of the field, reproducing an
electromagnetic alternative field.

The

Above: electric capacitors

direction of the polarisation will also switch
in order to align with the new field. This
cannot occur instantaneously: some time is

peaks

needed for the movement of charges or

relative dielectric constant (κ in the

rotation of dipoles.

video

If the field is

in

the

down,

plot

credit

of

the

University

of

switched, there is a characteristic time that

Cambridge, United Kingdom) versus

the orientational polarisation (or average

frequency,

dipole orientation) takes to adjust, called

frequencies of the ionic and electronic

the relaxation time.

Typical relaxation

polarisation modes. A dip appears at

times are ~ 0.01 ns.

Therefore, if the

frequencies

electric

direction

a

resonance peak, which is a general

frequency higher than ~ 100 GHz, the

phenomenon of all damped resonance

dipole

responses,

field

switches

orientation

cannot

at

follow

the

at

just

the

resonance

above

corresponding

each

to

the

alternating field, the polarisation direction

response of the system being out of

is unable to remain aligned with the field,

phase with the driving force. In this

and this polarisation mechanism ceases to

case, in the areas of the dips, the

contribute

polarisation lags behind the field.

to

the

polarisation

of

the

dielectric.

At higher frequencies the movement of
charge cannot keep up with the
alternating field, and the polarisation
mechanism ceases to contribute to

The bottle in an electromagnetic
field

the polarisation of the dielectric. As
frequency increases, the material’s net
polarisation drops as each polarisation
mechanism ceases to contribute, and

In an alternating electric field both the ionic and

hence its dielectric constant drops.

the electronic polarisation mechanisms can be

The animation below illustrates these

thought of as driven damped har- monic

eﬀects.

oscillators (like a mass on a spring), and the
frequency dependence is governed by
resonance phenomena. This leads to

Above: exposing a beverage to an alternating electromagnetic field reveals three diﬀerent polarisation mechanisms acting
at the Beverage molecular level: electronic, ionic and orientational. The video shows the eﬀect of the variation of
frequency on the behaviour of each mechanism. Beverage Bottling Fill Level Controls are focused on the orientational
mechanism, because applied to a polar molecule: water.

The red dot in the video set in the flat horizontal zone,

corresponding to the frequency of 21 MHz, commonly used by HF fill level inspectors.

At frequencies > 1000000 THz (THz, terahertz, equivalent to 1000 GHz) like those
characterising ultraviolet, X-rays and γ-rays bands, none of the polarisation mechanisms are
able to switch rapidly enough to remain in step with the field.

The beverage no longer

possesses the ability to polarise, and the dielectric constant drops to the same value as that of
a vacuum.

This last detail here added to clear a basic diﬀerence of the High Frequency fill

level inspection, with respect to other, competing technologies UV, X-rays and γ-rays which
check for the absorption of energy.

Ambient conditions and HF fill level inspection

In the following, we'll examine 365 consecutive days, comprised between October 20, 2012 til
October 19, 2013 of the temperature registered (data credit Vector Magic, Inc.,
http://vectormagic.com) in a test-place. We'll consider records at the Hartsfield-Jackson
Atlanta International Airport (Atlanta, Georgia, USA).

Why Atlanta ?

Because:
has a warm humid temperate climate with hot summers and no dry season;
is a town well known to Bottlers because hosting the Headquarters of the World greatest
Company of Beverage;
is definetely not one whose ambient conditions are subject to seasonal or daily extremes
of temperature or humidity;
the choice of this temperate site enforce the sense of the conclusions for those Bottling
Lines sites which are subject to extreme seasonal or daily temperatures and humidities.
Typical examples of these, being the semi-desertic or desertic places, both sharing
extreme deviations on the ambient temperature along the 24 hours and along the season.

Ambient temperature
The ambient temperature is a relevant factor along our process of measurement of the fill level.
The subject is deeply treated here. (../high-frequency-with-thermal.html)

In brief, the Complex

vector dielectric permittivity, for an em wave ω has its imaginary component jε′′

(ω) related

to the dissipation of energy within the medium. Medium is all what lies, gas, liquids,
solids, in the space interested to the wave transfer of energy. Energy dissipation within the
medium is related to the average molecular and bonds’ motion, say to the beverage water
temperature. Dielectric permittivity ε will change continously, as temperature decrease.
Knowing this relation, we’ll look at the daily Temperature data registered for last 12 months at
Atlanta.
The hottest day of the 12 months period was August 29, with a high temperature of 33°C. For
reference, on that day the average high temperature is 30°C and the high temperature exceeds
33°C only one day in ten. The hottest month of the last 12 months was June with an average
daily high temperature of 29°C.

Relative to the average, the hottest day was January 12. The

high temperature that day was 23°C, compared to the average of 11°C, a diﬀerence of 13°C. In
relative terms the warmest month was January, with an average high temperature of 14°C,

compared to an typical value of 11°C.

The longest warm spell was from January 7 to January

22, constituting 16 consecutive days with warmer than average high temperatures. The month
of December had the largest fraction of warmer than average days with 74% days with higher
than average high temperatures.

The daily low (blue) and high (red) temperature during the last 12 months with the area between them shaded gray and
superimposed over the corresponding averages (thick lines), and with percentile bands (inner band from 25th to 75th
percentile, outer band from 10th to 90th percentile). The bar at the top of the graph is red where both the daily high and low
are above average, blue where they are both below average, and white otherwise (quoted analysis and graphics
credit Vector Magic, Inc.)

The coldest day of the 12 months period was February 17, with a low temperature of -4°C. For
reference, on that day the average low temperature is 3°C and the low temperature drops
below -3°C only one day in ten. The coldest month of the last 12 months was February with an
average daily low temperature of 3°C.

Relative to the average, the coldest day was March 27.

The low temperature that day was -1°C, compared to the average of 9°C, a diﬀerence of 10°C.
In relative terms the coldest month was March, with an average low temperature of 5°C,
compared to an typical value of 7°C.

The longest cold spell was from February 28 to March

10, constituting 11 consecutive days with cooler than average low temperatures. The month of
March had the largest fraction of cooler than average days with 71% days with lower than
average low temperatures.

Ambient humidity
Humidity is an important factor in determining how much water lies in the space between the
bottle’s neck and the HF bridge (an em radiator tuned at ~21 MHz). This water contributes to
the beverage water lying in the neck, biasing our measurement, emulating additional beverage.

When reading the graph below (credit Vector Magic, Inc.) keep in mind that the hottest part of
the day tends to be the least humid, so the daily low (brown) traces are more relevant for
understanding daytime comfort than the daily high (blue) traces, which typically occur during

the night. Applying that observation, the least humid month of the last 12 months was March
with an average daily low humidity of 37%, and the most humid month was July with an
average daily low humidity of 61%.

Above: the daily low (brown) and high (blue) relative humidity during the last 12 months with the area between them
shaded gray and superimposed over the corresponding averages (thick lines), and with percentile bands. These last the
inner band from 25th to 75th percentile and the outer band from 10th to 90th percentile

High Frequency fill level inspection is the name of one of the most widespread Technologies for
the control of the fill level.

Its merit ?

It is cheap for the Vendor, due to the low cost of the

hardware parts there necessary. But, when we say that it is really cheap for Vendors, we have
not said that an Electronic Inspector equipped that way shall cost sensibly less than with, e.g.
X-ray fill level inspection.
In other sections we’ll treat the fine-detail of the technology behind the High Frequency fill
level inspection for:
still beverages;
foaming beverages.
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Water, dielectric in a resonant circuit
Refer to the image on side, showing the conical section of a bottle neck, filled with water and

SITEMAP

High Frequency Fill Level
Inspection

CO2 passing thru a bridge. We are naming High Frequency bridge a sensor presenting two
metal plates toward the bottle neck. These metal plates are the equivalent of the capacitor
plates seen here. (index.html) This Capacitor is made of metallic material and wired to an high
frequency generator by mean of metallic wires. All metallic parts have their own induction and
capacity, depending by pure geometric factors and by constants. The system is connected to
an high frequency Generator, part of the Inspector, tuned at ~ 21 MHz.
When the Generator is active:
the induction of all of the metallic part implies inductive reactance;
the capacity of the metal plates implies capacitive reactance;
the resistance of the metallic parts to the transfer of active power implies what is
commonly named an ohmmic resistance.

We are in front of a resonant circuit whose impedance is the vectorial sum of these components. The length, section, shape and kind of
metal wires is constant, then the inductive reactance is also constant. On the opposite it is variable the Capacity, because of the
reasons here yet analysed (index.html).
As an example, introducing water in the neck, at a reference temperature of 20 ºC, it is felt a huge increase (80.1 times) of the dielectric
permittivity ε with respect to the value present in a vacuum (no water), and a nearly neglibile for the magnetic permeability μ. This,
implying changes on the capacitive reactance and, as a consequence, changes of the total impedance of the resonant circuit, say the
impedance presented by the entire system:
liquid beverage + gas, in the bottle neck;
humidity between the bottle neck and the metal plates in the bridge, where Generator's radio-frequency (RF) is applied;

HF fill level inspection bridge electronic circuit own impedance to the
frequency of the Generator;
metal masses around the bottle;

to the movement of the electrons of the generator.

The Environment around the HF fill level inspection is
measured too
The last contribution, cannot be ignored, because the conveyor:
and the side guides defining bottles’ passage thru the bridge are massive
metal objects, commonly grounded for safey reasons;
can be interested to the transient passage of parasitic currents, originating
e.g. by several other conditions of the machinery around the Electronic
Inspector.

It is always necessary to provide an excellent (Radio Frequency grade) connection
of the HF bridge to the conveyor. Also, it has to be cared that the bottles’ passage
side guides' inner metal parts are connected the same way to the conveyor.
Wherever a doubt exists, it is necessary to add multi-wire copper cables, to reduce
the impedance. And this last is the keyword: a common multimeter, powered by a
3 VDC battery, cannot test in high frequency the impedance of such a circuit. It
can only measure the ohmic resistance component of the impedance complex
vector. More, a measurement instrument for impedances is
not something commonly available into Bottling Factories.
That’s why having a doubt, it is better to add copper meshes.
A common copper cable is thinked to handle, virtually
without impedance, frequencies like 50 or 60 Hz. But here
they have to be grounded components whose frequency is 21
MHz, where skin eﬀect shows itself in such a way that the
current only flows in a thin external layer of each copper
individual wire. The impedance of the same copper
conductor at 50 Hz is completely diﬀerent than at 21
MHz: negligible in the first case and very high in the second.

Above: a common copper

The conveyor has to be perfectly balanced, on both axes X and Y, all around the inspection

multithreaded cable of this kind is

bridge.

the best way to immunize the HF fill

As seen with more detail elsewhere in these pages, the exposure of clustered water molecules
to high frequency electromagnetic fields, like the commonly used whose frequency ~ 21 MHz,
implies a transient reorientation of part of the clusters, caused by the cyclically changing
polarity of the field, a phenomenon named dielectric relaxation.

The coloured graphic on right side shows the frequency spectrum of the dielectric permittivity
and details its character for the frequency of 21 MHz. But, there is more than that: also the
transient reorientation of part of the clusters and individual molecules, participates in the
changes aﬀecting the impedance of the resonant circuit. Red and blue colour curves represent
respectively the real and the imaginary parts of the complex vector permittivity. The real part
related to the energy stored within the medium. The imaginary part related to the dissipation of
energy within the medium.

level inspection circuit by the
dagnine eﬀects (e.g. false rejects) of
the changes in the geometry of the
metal masses around the bottle
passage

Changing the amount of water in the neck shall imply a net change on the current absorbed by
the Generator, because of the change on the impedance of the entire circuit, caused by the
change of permittivity of the Capacitor.

Above: frequency spectrum of the
complex dielectric permittivity ε. Water
dipolar bonds relaxation evidenced by
yellow colour at the frequency of 21 MHz
adopted by electronic inspectors’ HF
filling level check. The red and blue
curves represent the real and imaginary
components of the complex vector
permittivity

The electromagnetic field
used
as
a
fill
level
measurement instrument
The animation below, abridged by MIT
TEAL/Studio
hypothetical

Physics

Project,

mechanical

shows

device

a

that

separates electric charge to produce an
electric dipole. Initially, we have a negative
and postive charge on top of each other. There is no net charge and no electric field anywhere
in space. Each charge is connected to a rod, and the rods are pulled apart. As the rods are
pulled apart to their maximum extent, the charges are separated slightly.

This separation takes place over a time T, after which the charges remain a fixed distance
apart. This separation generates electric field. Initally we see a pulse of radiation of radial extent
cT that propagates outward at its own speed, the speed of light naturally. Once that pulse
disappears, we have left the classice static electric dipole field. In evidence the phases of
radiation, radiation reversing and radiation by a quarter-wave cutted antenna. The complexity
of action of the real fill level measurement instrument, the electromagnetic field, is hinted by the
following video.

Ambient conditions
As yet seen elsewhere in the fine detail, the high frequency fill level inspection is sensible to the
changes on ambient conditions, namely:
ambient humidity;
beverage temperature.

There is an additional contribution to the dielectric permittivity

ε also by the humidity in the air

interposed between the Capacitor and the bottle neck filled with water.

This is attacked with

systems trying to compensate it. Then, to reduce this dagnine dependance hinting to false
rejects, some Vendors equip the high frequency fill level inspection with a system recontrolling
automatically the amount of humidity in the air, each one time at least 0.5 m of conveyor
passes without containers, say when only the air can be measured.
These results are later subtracted by the measurements of the containers, ameliorating the
estimation of the amount of liquid in the neck. One of the Vendors’ devices keeps in memory
the ambient conditions of last 72 hours of production. To measure the intensity of the electric
current crossing a circuit when there are no bottles, does not provide any information about the
Temperature of the Beverage in the bottle. Thus, the high frequency fill level inspection remain
exposed to massive false rejects because of this variable.

Inspection
HF fill level bridge has to be perfectly centered on the avg.
passage line of the containers. “Perfectly” means maximum
error 1 mm. This restriction is another hint on the random
measurement of the HF fill level check.
An inspection window, whose extension is optimal when
being ≈ 60 % of the diameter of the liquid column in the
container, has its centre after a certain distance to the prior
trigger.

In Figure down the inspection window is displayed

by mean of a couple of blue vertical segments, where the
peak value for the red-colour curve shall be considered the
variable’s measurement.

The variable is measured into

evaluation windows

Containers' height compensation
An (optional) further linearization is oﬀered by some Vendors: it is considered the fact that
containers’ height is not identical, something much more true when speaking of PET bottles,
inflated at diﬀerent temperature conditions.

As a matter of fact, we are measuring in an

indirect way the height of a column of water which lies in a bottle, then the bottle does matter.
Height compensation circuit and algorithm allow to linearize the filling level measurement,
reducing the fluctuations due to this factor, ameliorating the filling measurement.

Evaluation
The final step is the comparison of the linearized measurement with a sensitivity parameter set
during inspector commissioning.

The container shall be considered underfilled (defective)

when the measurement is lower than sensitivity threshold.

Both sensitivity threshold and

measurement, are expressed by mean of adimensional units in the scale of the digitizer circuit
processing the analog values incoming by the HF resonant circuit.

.

.

.

PRICE LIST

OUR REFERENCES

Graphene

®

SERVING BOTTLING

TECHNOLOGY

DEVELOPERS' PORTAL

ABOUT US
TERMS

Service and Integration of Bottling Controls

SITEMAP

Knowingly, soft-drinks obtained by adding CO2 to sweetened water are markedly foaming.
What is foam ? An extremely complex system of polydisperse gas bubbles, separated by
draining films. The total amount of liquid lies in two separate forms: liquid and draining
films. We have examined here the simplest case, no foam at all (high-frequency-forstill.html): we’ll see in the following how-to treat the case with foam. The figure on right
side shows the special foam curve, programmed along the inspector commissioning
phase, to reach minimum false rejects and maximum fill level inspection performances
when checking for under and over filled bottles.

On right side: foam + liquid phases, after a sample of one thousand accumulated
measurements. Each white colour dot represents a the couple of measurements:
(Foam; Liquid) referred to diﬀerent statuses of the water. Graphics uses the term “fill”
to mean “liquid”

On left side: depicted the necks full of foam in a European famous Brewery, 10 m after Filler Machine starwheel release point.
Beer remains densely foamy along ~ 8 to 15 m after bottles’ are released by the Filler. Where to inspect the fill level ? A basic
empirical rule of design prescribes at least 1 meter of distance by the release (tangent) point per each 10000 containers-per-hour
of production speed. To have the full bottle inspector closer, means to inhibit its basic function of Quality Control

Underfilling boundary
appears light-blue
colour and over
filling boundary depicted
with blue colour. Each
white colour dot in
between light and dark
blue splines represents,
for each one bottle, the
couple of independent
measurements (X, Y)
where:
(X, Y) = (Foam, Liquid)

In the example considered above: 13 (adimensional units) is the measured
foam value (abscissa axe) and 123 the measurement referred to the liquid
phase. Graphics in the figure above has been rendered monometric to easy
its comprehension. Foam compensation module implies two separate
hardware channels along which two distinct informations are separately
processed. For liquids like still and carbonated water it is unnencessary, but
vital for carbonated soft-drinks with added sugar.

On right side: the presence of a foamy neck of the bottle implies the
necessity for a special version of the HF fill level inspection, thinked on
the base of a foam compensation module. Two separate hardware
channels along which two distinct informations have to be separately
processed. What for liquids like still and carbonated water is unnencessary, results vital for carbonated soft-drinks with added
sugar

