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Relative Dielectric Constant
of Water

A practical guide to relative dielectric constant of water, covering the reader
intent, the relationship to relative dielectric constant of water, key evaluation
criteria, common risks, and the information the intended project audience should
confirm before taking the next step.
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In the field of industrial level measurement, the relative dielectric constant of a
medium is one of the most critical parameters for ensuring instrument accuracy
and reliability. For engineers and technicians working with liquid storage and
process vessels, the relative dielectric constant of water serves as a primary
benchmark. Because water is a polar molecule with a high dielectric constant, it
provides a strong reflection for radar waves and significant charge storage for
capacitance sensors. Understanding how this value changes with temperature,
pressure, and purity is essential for selecting the correct measurement technology
from a Main Page of instrumentation options.

Measurement Principles and the Role of Dielectric
Constants

Before selecting a level sensor, it is necessary to understand the physical
principles that govern how these devices interact with the process medium. The
relative dielectric constant ($er$), also known as relative permittivity, is a
dimensionless ratio that compares the permittivity of a substance to the
permittivity of a vacuum.

In industrial level measurement, two primary technologies rely heavily on this
property:

|Radar Level Measurement (Time of Flight)

Radar level meters emit electromagnetic pulses that travel through the air or
vapor space and reflect off the surface of the liquid. The strength of this reflection
is directly proportional to the difference between the dielectric constant of the
upper medium (usually air, $er = 1%$) and the lower medium (the process liquid).
Because the relative dielectric constant of water is significantly higher than that of
air, water surfaces produce very strong, easily detectable echo signals.

| RF Capacitance Measurement

Capacitance sensors treat the probe and the tank wall (or a reference ground) as
two plates of a capacitor, with the process medium acting as the dielectric. The
total capacitance ($C$) is calculated as:
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$$C =0 er (A/d)$S$
Where:
- $€0% is the permittivity of free space.
- $er$ is the relative dielectric constant of the medium.
- $A% is the area of the plates.
- $d$%$ is the distance between them.

As the water level rises, it replaces air between the probe and the wall. Since the
relative dielectric constant of water is roughly 80 times higher than that of air, the
total capacitance increases drastically, allowing for precise level determination.

The Physics of the Relative Dielectric Constant of
Water

Water is unique among common industrial fluids due to its high polarity. The
oxygen atom in a water molecule attracts electrons more strongly than the
hydrogen atoms, creating a permanent dipole moment. When subjected to an
external electric field (such as that from a radar pulse or a capacitance probe),
these molecules align themselves with the field, a process known as dipole
polarization.

|Typica| Values at Standard Conditions

At 20°C (68°F), the relative dielectric constant of water is approximately 80.1. This
high value makes water one of the easiest liquids to measure using
electromagnetic-based sensors. In comparison, most hydrocarbons and oils have
dielectric constants ranging from 1.8 to 5.0, which require more sensitive
electronics to detect.
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|Temperature Dependence

One of the most important factors for process engineers to consider is that the
dielectric constant of water is not a fixed constant; it is highly dependent on
temperature. As temperature increases, the thermal agitation of the molecules
interferes with their ability to align with the electric field, causing the dielectric
constant to drop.

Temperature (°C) Relative Dielectric Constant ($zr$)

0 88.0
20 80.1
50 69.9
100 55.3
200 34.5
300 19:7

In high-temperature applications, such as boiler drum level measurement, the
reduction in the dielectric constant must be accounted for in the instrument's
calibration to maintain accuracy.

| Practical Selection Table for Industrial Media

When designing a level measurement system, engineers must compare the
relative dielectric constant of water against other materials in the process to
determine if interface measurement is possible or if specific radar frequencies are
required.
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Relative Dielectric Measurement Ease
Constant ($er$)

Vacuum 1.0 N/A
Air / Nitrogen 1.0006 Reference
Diesel / Fuel Oil 25 Low (Requires GWR or

high-sensitivity radar)

Isopropyl Alcohol 18.3 Medium

Distilled Water 80.0 High

Tap Water 80.0 - 82.0 High

Sea Water 81.0 High (Conductive)

Ice (-20°C) 3.2 Low (Solid phase change)

| Impact on Technology Selection

| Guided Wave Radar (GWR)

GWR utilizes a physical probe to guide the electromagnetic pulse. It is highly
effective for water because the high dielectric constant ensures a massive signal
reflection at the surface. GWR is also the preferred choice for measuring the
interface between water and a lower-dielectric liquid (like oil). The radar pulse
passes through the oil ($er = 2$) and reflects off the water layer ($er = 80%).

| Non-Contact Radar
Non-contact radar (80GHz or 26GHz) is ideal for water treatment and chemical
storage. Because the relative dielectric constant of water is high, the beam does

not need to be perfectly perpendicular to the surface to receive a usable return
signal, making it more tolerant of surface turbulence and small waves.
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| Ultrasonic Sensors

Unlike radar, ultrasonic sensors rely on sound waves and are entirely independent
of the dielectric constant. If the dielectric constant of a liquid is extremely low
(below 1.4) or fluctuates wildly due to chemical reactions, ultrasonic technology
may be a more stable alternative, provided there is no heavy foam or vacuum
present.

| Installation Considerations and Limitations

While the high dielectric constant of water makes it easy to detect, it also
introduces specific challenges during installation and operation.

1. Condensation and Coating: Because water has a high dielectric constant, a thin
film of condensation on a radar antenna or a capacitance probe can be interpreted
by the sensor as a high level. For water applications, utilizing PTFE-coated probes
or horn antennas with drip-off designs is recommended to prevent false readings.

2. Conductivity vs. Dielectric: While distilled water is an insulator, most industrial
water (tap, process, or wastewater) is conductive. For capacitance measurement,
this requires the use of insulated probes. For radar, conductivity does not
negatively impact surface reflection, but it does prevent the radar signal from
penetrating the water to see the tank bottom.

3. Steam and Vapor Layers: In high-pressure steam applications, the vapor space
is not pure air but a dense concentration of water vapor. This vapor has a higher
dielectric constant than air, which slows down the radar signal. If not compensated
for, this can lead to a "distance error," where the sensor reports the water level as
being lower than it actually is.

4. Phase Changes: When water freezes into ice, its relative dielectric constant

drops from ~80 to ~3.2. A sensor calibrated for liquid water may lose the signal or
provide inaccurate data if the medium freezes. In cold climates, tank insulation or
heating may be required to maintain the liquid phase for consistent measurement.
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| Evaluation Criteria for Water Level Instrumentation

When reviewing the Main Page for suitable instrumentation, consider the following
criteria based on the dielectric properties of your specific water source:

Accuracy Requirements: Does the application require millimeter precision (e.g.,
custody transfer) or general process monitoring?

Process Temperature: Will the temperature exceed 50°C, causing a significant
drop in the dielectric constant?

Tank Geometry: Are there internal obstructions? High-dielectric water produces
strong reflections, but it also produces strong "false echoes" if the signal hits a
ladder or agitator blade.

Vapor Presence: Is there heavy steam or chemical vapors that might alter the
propagation speed of the radar signal?

| Frequently Asked Questions (FAQ)

Q: Does the purity of water affect its relative dielectric constant?

A: For most industrial applications, no. Whether the water is ultrapure (DI water) or
contains dissolved minerals (tap water), the relative dielectric constant remains
near 80. However, the conductivity changes significantly, which affects
capacitance and hydrostatic sensors more than radar.

Q: Can radar measure the level of ice?

A: Yes, but the reflection will be much weaker than liquid water because the
relative dielectric constant of ice is only about 3.2. The instrument must be
configured for a lower dielectric medium.

Q: Why is the dielectric constant of water so much higher than oil?

A: It is due to the molecular structure. Water is a polar molecule with a strong
dipole moment. Oils are generally non-polar, meaning their molecules do not align
strongly when exposed to an electric field.
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Q: How does pressure affect the dielectric constant?

A: In the liquid phase, pressure has a negligible effect on the dielectric constant of
water. However, pressure significantly affects the density of water vapor in the
headspace, which can impact radar signal travel time.

Q: Is a stilling well necessary for water measurement?

A: While water provides a strong reflection, a stilling well may be necessary if
there is heavy foam (which absorbs radar) or extreme turbulence that scatters the
signal. For clean water in calm tanks, non-contact radar is usually sufficient
without a well.

By understanding the relative dielectric constant of water and its sensitivity to
environmental factors, engineers can ensure they select a level measurement
solution that provides long-term reliability and minimizes maintenance
requirements in demanding industrial environments.
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