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In the field of industrial level measurement, understanding the physical properties
of the medium through which a signal travels is as critical as understanding the
properties of the material being measured. For non-contacting radar, guided wave
radar (GWR), and capacitive level sensors, the dielectric constant of air serves as
the fundamental baseline for all calculations. While often treated as a constant
value of 1.0 in basic applications, precision engineering requires a deeper look at
how atmospheric conditions, pressure, and temperature influence this value and,
consequently, the accuracy of level instrumentation.

Understanding the Dielectric Constant in Level
Measurement

The dielectric constant, also known as relative permittivity ($er$), is a
dimensionless number that represents the ability of a material to store electrical
energy in an electric field compared to a vacuum. By definition, a vacuum has a
dielectric constant of exactly 1.0.

In level measurement technologies, particularly those utilizing electromagnetic
waves such as radar, the dielectric constant determines the velocity of the signal.
The velocity of an electromagnetic wave ($v$) through a medium is inversely
proportional to the square root of its dielectric constant:

\[ v = \frac{c}{\sqrt{er}} \]

Where:
- $c$ is the speed of light in a vacuum (approximately 299,792,458 m/s).
- $er$ is the dielectric constant of the medium.

Because the dielectric constant of air is very close to 1.0, radar signals travel
through air at nearly the speed of light. However, when the signal hits a medium
with a higher dielectric constant (such as water, with an $sr$ of approximately 80,
or oil, with an $er$ of 2.0), a portion of the energy is reflected back to the sensor.
The strength of this reflection depends on the difference between the dielectric
constant of the air (the upper medium) and the dielectric constant of the process
material (the lower medium).

Welk Reference Guide 2



WELK REFERENCE GUIDE Dielectric Constant of Air

| Properties of the Dielectric Constant of Air

Under standard conditions (0°C and 101.325 kPa), the dielectric constant of dry air
is approximately 1.000589. In most industrial process control scenarios, this is
rounded to 1.0. However, for high-precision applications or extreme environments,
engineers must account for the slight variations caused by environmental factors.

#### Temperature and Pressure Effects

The dielectric constant of air is influenced by its density. As pressure increases, the
concentration of molecules increases, which slightly raises the dielectric constant.
Conversely, as temperature increases at a constant pressure, the density
decreases, lowering the dielectric constant toward 1.0.

In high-pressure boiler applications or compressed gas storage, the dielectric
constant of the "gas phase" (which may be air or a mix of vapors) can rise
significantly. For example, at very high pressures, the $sr$ might reach 1.05 or
higher, which can introduce a measurement error of several percentage points if
the radar transmitter is not calibrated for the specific gas density.

#### Humidity and Water Vapor

Water vapor has a much higher dielectric constant than dry air (pure water vapor
has an $er$ of approximately 1.007 at 100°C). Therefore, high humidity increases
the effective dielectric constant of the air space in a tank. While this effect is
negligible for short-range measurements, in deep silos or long-range outdoor
applications, it can lead to a minor propagation delay, causing the level sensor to
report a distance slightly longer than the actual distance.
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Condition Temperature (°C) Pressure (kPa) Approx. Dielectric
Constant (zr)

Vacuum 1.000000
Dry Air (STP) 0 101.3 1.000590
Dry Air 20 101.3 1.000536
Dry Air 100 101.3 1.000430
Dry Air 20 1,000 (10 bar) 1.005300
Saturated Steam 100 101.3 1.007000

| Significance in Radar and Ultrasonic Technologies

Industrial level measurement relies on the transition of energy between media.
The dielectric constant of air acts as the "reference" through which the signal must
pass before reaching the product.

###4# Non-Contact Radar (FMCW and Pulse)

Non-contact radar transmitters emit microwave signals through the air. The time it
takes for the signal to travel to the surface and back is measured. Since the
dielectric constant of air is nearly 1.0, the signal speed is constant. However, if the
air is replaced by heavy chemical vapors or high-pressure steam, the signal slows
down. Modern advanced radar systems from manufacturers like Welk include
compensation algorithms to account for these changes in the vapor space,
ensuring accuracy even in volatile environments.

#H### Guided Wave Radar (GWR)

In GWR, the signal travels along a probe. While the principle of reflection remains
the same, GWR is particularly sensitive to the dielectric constant of the material. If
the dielectric constant of the material is very low (close to the dielectric constant
of air), the reflection is weak. For materials with $er < 1.4%, specialized probes or
high-sensitivity electronics are required to distinguish the product surface from the
background noise of the air.
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#### Ultrasonic Sensors

It is a common misconception that ultrasonic sensors are affected by the dielectric
constant. Ultrasonic technology uses sound waves, which are mechanical
longitudinal waves, not electromagnetic waves. Therefore, the dielectric constant
of air has no impact on ultrasonic measurement. Instead, ultrasonic sensors are
highly sensitive to air density, temperature, and turbulence, which affect the speed
of sound.

| Dielectric Constant and Signal Reflection

The success of a level measurement depends on the Reflection Coefficient ($I'$).
This is calculated using the dielectric constants of the two media at the interface:

\[ [ =\frac{\sqrt{e{r2}} - e{r1}}{\sqrt{e{r2}} + e{r1}} \]

Where:
- $e{rl}$ is the dielectric constant of the upper medium (usually air, $er = 1%).
- $e{r2}$ is the dielectric constant of the product being measured.

If the product has a dielectric constant very close to the dielectric constant of air
(e.g., liquid nitrogen $er = 1.4% or certain solvents), the reflection coefficient is
very small. In these cases, much of the radar energy passes through the surface
rather than reflecting back. This requires the use of high-frequency radar (e.g., 80
GHz) or guided wave radar with a coaxial probe to concentrate the signal energy.

| Practical Selection Table for Level Instruments

When selecting a measurement technology, the relationship between the dielectric
constant of the medium and the air must be considered. Refer to the Main Page for
specific product specifications and application support.

Welk Reference Guide 5



WELK REFERENCE GUIDE

Product Dielectric Range
(€19)

1.2 -1.9 (e.g., LPG, LNG,

Plastic Pellets)

1.9 - 4.0 (e.qg., Oils, Solvents,
Sugar)

4.0 - 10.0 (e.g.,

Concentrated Acids, Grain)

> 10.0 (e.qg., Water-based
liquids, Slurries)

Recommended Technology

Guided Wave Radar / 80GHz
Radar

Non-Contact Radar / GWR

Non-Contact Radar /
Ultrasonic

All Technologies

Dielectric Constant of Air

Considerations

Requires high sensitivity;
GWR with coaxial probe is
preferred for liquids.

Standard radar works well;
ensure no heavy foam is
present.

Strong reflections; very
reliable measurement.

Excellent reflection; easiest
to measure with radar or
ultrasonic.

| Installation and Environmental Factors

To ensure the dielectric constant of air remains a reliable constant in your
measurement loop, several installation factors must be addressed:

1. Condensation and Build-up: While the air itself has a low dielectric constant,

water droplets (condensation) on the antenna have a high dielectric constant ($er
~ 80%). This can attenuate the signhal or cause false reflections. Using PTFE-faced
antennas or air purging can mitigate this.

2. Vapor Blanketing: In tanks using nitrogen blanketing, the dielectric constant of
the gas phase remains very close to 1.0. However, if the tank contains heavy
organic vapors, the "air" space may have a higher effective $&r$. For
high-accuracy custody transfer, gas phase compensation is necessary.

3. Dust and Particulates: In solid level measurement (e.g., flour or cement silos),
heavy dust in the air does not significantly change the dielectric constant of the
air, but it can scatter the radar signal. High-frequency radar is generally better at
penetrating dust than lower-frequency versions.

4. Vacuum Conditions: In a total vacuum, $er$ is exactly 1.0. Radar works perfectly
in a vacuum because electromagnetic waves do not require a medium to travel.
This is a significant advantage over ultrasonic sensors, which cannot function in a

vacuum.
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| Frequently Asked Questions (FAQs)

Q: Does humidity significantly change the accuracy of my radar level meter?

A: For most industrial tanks (under 20 meters), the change in the dielectric
constant of air due to humidity is negligible. The error introduced is typically much
smaller than the specified accuracy of the instrument (e.g., < 1mm).

Q: Why can't | measure liquid hydrogen easily with radar?

A: Liquid hydrogen has an extremely low dielectric constant (approx. 1.23), which
is very close to the dielectric constant of air. The reflection is so weak that it often
gets lost in the electronic noise. Specialized GWR or high-gain 80GHz radar is
required.

Q: How does pressure affect the dielectric constant in a steam boiler?

A: In high-pressure saturated steam, the dielectric constant of the vapor space
increases. If not compensated, the radar will "think" the signal is taking longer to
return, leading to an error where the level appears lower than it actually is.
Modern boiler-level radars use a reference reflection at a fixed distance to
automatically compensate for this.

Q: Is the dielectric constant of air the same as its conductivity?

A: No. The dielectric constant refers to the ability to store/polarize charge
(permittivity), whereas conductivity refers to the flow of electrical current. Air is an
excellent insulator with very low conductivity, but it still has a measurable
dielectric constant.
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| Conclusion

In the realm of process automation, the dielectric constant of air is the silent
benchmark for electromagnetic level measurement. While it remains stable at
approximately 1.0 across most standard applications, engineers must remain
vigilant regarding the effects of extreme pressure, temperature, and vapor
composition. By understanding these principles, one can better select the
appropriate technology—whether it be radar, ultrasonic, or hydrostatic—to ensure
reliable and accurate data. For detailed technical data and to explore our range of
measurement solutions, visit our Main Page.
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