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In the field of industrial level measurement, the dielectric constant (relative
permittivity) is a fundamental parameter that determines the efficacy and
accuracy of electromagnetic-based sensing technologies. For engineers and
system integrators, understanding the dielectric constant for vacuum is essential
because it serves as the absolute reference point for all other material
measurements. Whether utilizing non-contact radar or guided wave radar (TDR),
the behavior of electromagnetic waves in a vacuum—or environments
approximating a vacuum—dictates the selection of instrumentation and the
configuration of signal processing algorithms.

This guide examines the physical principles of the dielectric constant, its specific
value in a vacuum, and the practical implications for level measurement in process
industries such as chemical manufacturing, oil and gas, and vacuum distillation.

Understanding Dielectric Constant in Level
Measurement

The dielectric constant, denoted by the Greek letter epsilon ($\epsilonr$), is a
dimensionless number that represents the ability of a material to store electrical
energy in an electric field. In the context of level measurement, it is more
accurately referred to as relative permittivity. It is the ratio of the permittivity of a
specific medium to the permittivity of free space (a vacuum).

| The Role of Permittivity

For industrial instrumentation, the dielectric constant influences two primary
factors:

1. Propagation Speed: The velocity at which an electromagnetic pulse travels
through a medium.

2. Reflection Strength: The amount of energy reflected back to the sensor when a
signal hits the interface between two different materials (e.g., from a gas or
vacuum to a liquid).
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In most level measurement applications, the instrument emits a signal through the
"ullage" or headspace of a tank. If the headspace is filled with air at standard
temperature and pressure, the dielectric constant is approximately 1.0006, which
is close enough to a vacuum for most industrial calculations. However, when the
process involves a true vacuum, the dielectric constant is exactly 1.0. This
difference, while seemingly minute, is the baseline upon which all radar-based
distance calculations are built.

| The Physics of Dielectric Constant for Vacuum

The dielectric constant for vacuum is defined as exactly 1. This is because the
vacuum contains no matter to polarize; therefore, it does not impede or assist the
electric field beyond the fundamental constants of physics.

| Wave Propagation in a Vacuum

According to Maxwell's equations, the speed of light (and all electromagnetic
waves, including radar signals) in a vacuum is a constant, approximately
$299,792,458% meters per second. The formula for the velocity ($v$) of an
electromagnetic wave in any medium is:

$%v = \frac{c}{\sqrt{\epsilonr}}$s

Where:

$c$ is the speed of light in a vacuum.

$\epsilonr$ is the relative dielectric constant of the medium.

Since the dielectric constant for vacuum is 1, the square root of 1 is 1, meaning the
wave travels at the maximum theoretical speed ($c$). As the dielectric constant of
the medium increases, the velocity of the wave decreases. This is a critical
consideration for Guided Wave Radar (GWR) when the probe is submerged in a
liquid, but it is equally important when calculating the time-of-flight through the
headspace.
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| Reflection at the Interface

Level measurement relies on the reflection of signals. The reflection coefficient
($\Gamma$) at the boundary of two media is determined by the difference in their
dielectric constants:

$$\Gamma = \frac{\sqrt{\epsilon{r2}} - \sqrt{\epsilon{r1l}}} {\sart{\epsilon{r2}}
+ \sgrt{\epsilon{rl}}}$$

In a vacuum application, $\epsilon{rl}$ is 1. Therefore, the strength of the
reflection depends entirely on the dielectric constant of the product being
measured ($\epsilon{r2}$). If the product has a very low dielectric constant (such
as liquid nitrogen or certain hydrocarbons with $\epsilonr < 1.4%), the reflection
from the surface back into the vacuum will be extremely weak, requiring highly
sensitive receivers and advanced signal processing.

| Impact on Radar and TDR Level Measurement

Radar level meters are the preferred technology for vacuum applications because,
unlike ultrasonic sensors, electromagnetic waves do not require a physical medium
(like air or gas) to propagate.

|Non-Contact Radar (FMCW and Pulse)

Non-contact radar units transmit signals through the vacuum. Because the
dielectric constant for vacuum is a stable 1.0, there is no signal attenuation caused
by the medium itself. However, the lack of air molecules means there is no
atmospheric pressure, which can affect the boiling point of the liquid and create
vapor clouds. While the vacuum itself does not change the radar's accuracy, the
presence of heavy vapors (if the vacuum is imperfect) can slightly alter the
effective dielectric constant of the headspace, leading to small measurement
errors if not compensated.
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| Guided Wave Radar (TDR)

Guided Wave Radar (GWR) utilizes a physical probe to guide the signal. In a
vacuum, GWR is often superior for low-dielectric liquids. Because the energy is
concentrated around the probe, the signal-to-noise ratio is higher than non-contact
radar. When measuring a liquid with a low dielectric constant in a vacuum, GWR
can detect the "bottom reflection" if the signal passes through the liquid and
reflects off the tank bottom. This allows for "End-of-Probe" (EOP) algorithms to
calculate the level even when the surface reflection is too weak to detect directly.

For a comprehensive overview of available technologies and to compare different
radar models, engineers can consult the Main Page of Welk’s technical catalog.

Selection Criteria for Level Instruments in Vacuum
Applications

When selecting a level meter for a vacuum environment, the dielectric constant of
the target medium is the most critical variable. The following table provides a
guideline for technology selection based on the product's dielectric constant
relative to a vacuum.

Product Dielectric Recommended Technology | Considerations

Constant ($\epsilonr$)

1.4to 1.9 (e.q., Liquefied Guided Wave Radar (High Requires coaxial probe or
gases, LPG) Sensitivity) large surface area probes to
maximize reflection.

2.0 to 4.0 (e.q., Fuel ails, Non-contact Radar (80GHz) High-frequency radar
Benzene) provides better focusing and
handles low reflections well.

4.0 to 10.0 (e.q., Non-contact or GWR Standard industrial units are
Concentrated acids) usually sufficient.

> 10.0 (e.g., Water-based Any Radar Technology Strong reflections; very easy
solutions) to measure in a vacuum.
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| Why Ultrasonic Fails in Vacuum

It is a common mistake to attempt using ultrasonic level sensors in vacuum tanks.
Ultrasonic sensors rely on mechanical sound waves, which require a medium (gas
molecules) to vibrate and transmit energy. In a vacuum, there are no molecules to
carry the sound, resulting in a total loss of signal. Therefore, for any process
involving a vacuum or near-vacuum, radar is the mandatory choice.

| Installation Considerations for Vacuum Vessels

Operating in a vacuum introduces mechanical challenges that go beyond the
dielectric properties of the medium. The integrity of the tank seal is paramount.

1. Process Connections and Sealing:

Instruments must be equipped with hermetic seals. For high-vacuum applications,
glass-to-metal seals are often required to prevent air ingress. Standard O-rings
may fail or outgas, contaminating the vacuum. Welk provides specialized flange
mounts desighed to maintain vacuum integrity up to $10"{-6}$ Pa.

2. Nozzle Geometry:

In a vacuum, the absence of air means there is no signal scattering by atmospheric
density changes. However, the physical nozzle can still create false reflections
(ringing). The nozzle height should be kept to a minimum, or a GWR probe should
be used to bypass nozzle interference.

3. Temperature Extremes:

Vacuum processes often involve cryogenic temperatures or extreme heat (e.g.,
vacuum distillation). The dielectric constant of the liquid may change with
temperature. While the dielectric constant for vacuum remains 1.0, the instrument
electronics must be thermally isolated from the process flange using cooling fins or
stand-offs.

4. Vapor and Boiling:
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Under vacuum, liquids boil at much lower temperatures. This creates turbulence
and foam. Foam has a dielectric constant between that of the liquid and the
vacuum (usually between 1.05 and 1.2). Radar signals may reflect off the top of
the foam rather than the liquid, or be absorbed entirely. Selecting a lower
frequency radar (e.g., 6GHz or 26GHz) can sometimes help penetrate foam,
whereas 80GHz is better for clear surface detection.

| Limitations and Challenges

While radar is highly effective in vacuum environments, there are specific
limitations engineers must address:

Minimum Dielectric Threshold: Most radar level meters require the target medium
to have a dielectric constant of at least 1.4. If the medium is below this (e.qg.,
certain specialty solvents), the reflection may be indistinguishable from the
background noise of the vacuum.

Antenna Buildup: In vacuum distillation, heavy vapors can condense on the
antenna or probe. Since the vacuum cannot "carry away" these deposits, they can
harden. If the buildup has a high dielectric constant, it will attenuate the signal.
PTFE-coated antennas or purging systems are recommended.

Signal Divergence: In very large vacuum spheres, non-contact radar signals can
diverge. Ensuring the beam angle is narrow (using larger horn antennas or higher
frequencies) is hecessary to maintain a strong return signal to the sensor.

|Frequent|y Asked Questions (FAQs)

1. Does the dielectric constant for vacuum change
with pressure?

No. By definition, a vacuum is the absence of matter. The dielectric constant of a
pure vacuum is a physical constant (1.0). However, in "industrial vacuum" (which is
actually low-pressure air or gas), the dielectric constant will vary slightly between
1.0006 (at 1 atm) and 1.0000 (at total vacuum). This change is usually negligible
for level measurement accuracy.
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2. Can | use a standard radar meter in a vacuum
tank?

Technically, yes, the measurement principle works. However, you must ensure the
mechanical construction (the seal) is rated for vacuum. A standard unit might leak
air into your process or fail to provide a pressure-tight seal, even if the radar
electronics are functioning correctly.

3. How does vacuum affect the measurement of
liquid interface?

If you are measuring the interface between two liquids (e.g., oil and water) under a
vacuum, the vacuum only affects the top layer's measurement (the headspace to
the first liquid). The interface measurement depends on the dielectric difference
between the two liquids. GWR is the standard choice for interface applications.

4. Is the dielectric constant for vacuum different
from that of air?

Yes, but only slightly. Air at sea level has a dielectric constant of approximately
1.000589. For almost all industrial level applications, air and vacuum are treated
as having a dielectric constant of 1.0. The difference only becomes significant in
high-precision laboratory physics or extremely long-range satellite
communications.

5. What happens if the liquid has a dielectric
constant very close to 1?

If a liquid has a dielectric constant of, for example, 1.1, the reflection at the
vacuum-liquid interface will be extremely weak (less than 1% of the signal energy).
In these cases, you must use Guided Wave Radar with a coaxial probe, which acts
like a stilling well to concentrate the electromagnetic field and capture the faint
reflection.
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For further technical specifications on radar level transmitters and their
performance in various dielectric environments, please visit the Main Page for
detailed product data sheets and application notes.
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