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Sand Moisture Measurement with Microwave Technique
in Free Space at X-Band Frequency
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Abstract

A nondestructive moisture measurement technique has been applied to improve the previous moist-
ure measurement method in the building research. The experiment was done in free space using horns
since it is the key element for continuous and non-destructive measurement. For this purpose a micro-
wave bridge type analyzer at the frequency of 9.5 GHz was used to determine the moisture content of
sands in the range of 1~12 %. From this, the representative calibration curves were obtained. This
shows that moisture measurement technique using microwave is applicabe to the measurement of
moisture in non-metallic materials such as coal, pulp, foods, building materials, etc.

teraction of electromagnetic waves with water

1. Introduction and aqueous materials!', the interaction of

water with solid surfaces®, and the moisture

Water is abundant in our environment and transport properties of wet porous media#h
has more peculiar properties than other Since water is mostly in liquid form in the
substances, to which many scientists are temperature range of our daily experiences
attracted. Studies have been made on the in- and has strong polar nature, it is easily
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condensed and absorbed into surrounding
materials. It has been important to understand
its transport mechanism, the state of absorbed
' water, and to determine the amount of water
absorbed. Therefore several techniques to
measure the moisture content in various
materials in agricultural, industrial and manu-
facturing fields have been developed.

These methods are divided into two groups
based on their nature: primary and secondary.
Primary methods are those which yield absol-
ute amount of water and include oven-drying
method, vacuum drying method, Karl Fischer
and distillation methods. Oven-drying method
using weight change before and after drying a
moist material is being applied to the moisture
detection of wide ranges of solid and powder
type materials, However this can not give
total amount of water, rather it gives total
amount of free water,

Secondary methods including infrared, mi-
crowave techniques utilize various physical
nature of the interactions of the probe with
water molecules,

In IR method, the amount of water is deter-
mined by measuring and comparing reflec-
tivities of two light beams with different
wavelengths: one is strongly absorbed by
water and the other is not. But its measure-
ment is done only on the surface of the
sample, Therefore its accuracy is dependent
on the condition of surface. Microwave, which
is the electromagnetic wave in GHz frequency
range, strongly interacts with polar molecules
such as water via dipole relaxation process.
Microwave can efficiently distinguish a moist
material from many dry materials because of
the large permittivity differences. A micro-
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wave technique has more advantages com-
pared to IR since microwave signals represent
the average of moisture content in large vol-
ume and IR signal is limited to signal from
relatively small area of a sample. In this paper
a microwave bridge system was built using
waveguides with other passive components
and sand moistures from 1 % mc to 12 % mc
were measured. The obtained data were
compared with the results from the oven-dry-
ing method to get the calibration curves, Our
experimental data shows that a microwave
technique is suitable for moisture detection in
the building matenial.

II. Experimental Method
2-1 Principle

Microwave, the electromagnetic wave in the
frequency range of 0.3 to 300 GHz (equivalent
to 1 m to 0.1 cm of wavelength) is located be-
tween radio and infrared wave in the spectral
range. When microwave passes through a di-
electric medium (a moist material, in this
case), it is attenuated and its wavelength is
reduced due to the interaction with the me-
dium. If a plane wave is incident normally on
an infinite plane-parallel plate of homogeneous
dielectric medium, the system can be de-
scribed in relatively simple terms. Now con-
sider a system as shown in Fig. 1.

Here ¥, and ¥, are the propagation co-
efficients of the electromagnetic wave in free
space and a dielectric medium, respectively. R,
and T, are the amplitude of reflection and
transmission coefficients. From Maxwell eg-
uations with boundary conditions, following
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Fig. 1. A theoretical model for determining R, and
T().

equations can be obtained!s’,

(Vi =VE)e i~ (y2—y2)end

= (1
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where A, is the wavelength in free space; d,
the thickness of the dielectric medium: €, the
relative complex permittivity; &', the dielec-
tric constant: &’ the loss factor; a, the at-
tenuation coefficient and B, the phase coef-
ficient, respectively.

Power transmission and reflection,

PrefI:R' Piﬂ('y P/run.\:T' Pin( (5)

where, the power reflection coefficient, R=|R,|?,

and the power transmission coefficient, 7= |
Tol®. Therefore if R, or T, is determined, the
permittivity e, of the dielectric medium can be
calculated. R, can be determined from SWR
(Standing Wave Ratio) measurement. T, can
be determined from measuring the attenuation
4 A(in dB) and the phase shift 4 ¢ (in deg.)
which are caused by the presence of the di-
electric medium in the path of electromagnetic
wave transmussion. Then T, can be expressed

as follows,
_-A4 2n
T,=10 = exp(j360o 4¢) (6)
AL 2n
=10 ? expl(j %0 {4 otn-360°)) (7)

where 46 =4¢—+n-360° and 4¢ is a mea-
sured phase shift,

Since we can measure angle only within the
range of 360°, n, an integer number, has to be
determined to get the total phase shift caused
by the presence of the medium. This will be
discussed later in detail. @ and g are deter-
mined numerically by iteration from measured
transmission coefficients and equation (2).
Once « and g are determined, ¢ and ¢” can be
calculated using the following equation,

Ay, 0 Ao )

= o A B2—a?)+( X ) (8)
e (Moo,

"= on )22ap, (9)

where A, is the cut-off wavelength of the
waveguide,
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To simplify the process above equations are
rearranged, and with the approximation of
tan: <1, followings can be obtained'":,

49 0
= 4 |2
€ [ 1 60 - d } (10)
e
¢ = 3.686nd (1)

where d is the sample thickness and in cm
unit,

These approximate equations are useful for
the estimation of dielectric constant values
from the measured attenuations and phase
shifts.

A moisture content is usually defined as

mn'ul(’r
me=¥Y=———— (12)
MWry + Micater

where m... and my, are the weights of water
and dry material of samples, respectively. This
1s the ratio of water to total mass. Therefore it
1s called wet-base method.

A moist material can be modelled as a com-
pound with two constituents, water and dry
material, even though dry material may con-
sist of more than two components, In terms of
complex permittivity, it can be expressed as

e=elps, V) =& (pa, ¥)—j-lps, V) (13)

where pq is the packing density of dry ma-
terial. For the most dry materials, ¢ % 0,

In equation (13), frequency and temperature
dependencies are not included, The measured
permittivities should be calibrated against
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moisture content determined by a primary
method such as oven-drying.

A model describing frequency dependency of
polar molecule is proposed by Debye!”, For
pure water, the loss factor ¢” is maxima at
near 20 GHz and decreases as frequency is
either increasing or decreasing. At about the
same frequency, the rate of change of the di-
electric constant & against frequency change
1s also maximum and the slope is negative
around at this range. Temperature dependency
has been studied experimentally.

Buckmaster# and his colleagues have ex-
tensively studied on temperature dependency
of the permittivity of pure water near 9.4 GHz
from 0 to 40 ¢. Temperature effect on micro-
wave moisture content measurement is done
by few groups -1,

To select optimal frequency to use, several
factors should be considered. As frequency
increases toward 20 GHz, the attenuation
increases also. This may increase the sensi-
tivity, but decreases the penetration efficiency
of microwave to the sample. This will cause
poor phase shift data. On the otherhand,
decreasing the frequency down to 1~3 GHz
will increase the penetration depth. However
the ionic conductivity effect might override
the dielectric attenuation effect. Therefore
X-band (8.2--12.4 GHz) seems to be appropri-
ate to use and 9.5 GHz frequency is used for
this experiment,

The state of water in the moist material is
also very important. Bound water, which is
chemisorbed, and ice have dispersion curves
different from free water due to loss of free
rotational motion of water molecule. The loss

factors of those are maxima at much lower
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frequencies, i. e. KHz order. Therefore mosi-
ture content measured by microwave is not
the total water, rather reflect the total free
water,

Moisture dependency of permittivity can be
separated from density dependency. It is
known experimentally that the quantity (&'(pg,
P)—1) /e (ps, ¥)=f(¥) is independent of
the density*, Calibration equation which
relates 4 A and 4 ¢ to moisture content can be
established and applied to determine arbitrary
moisture content from 4 A and 4 ¢ measure-
ments . These calibration curves do not need
informations on the sample density or thick-
ness,

2-2 Experiment

A typical bridge circuit shown in Fig. 2 is
constructed. Extensive studies have been done
on sands. Conditioning hard solid material to
the proper moisture level is difficult and takes
long time. But powder-like material such as
sand is much easier to do conditioning, There-
fore sands are chosen in this experiment for
easier conditioning. Kraszewski also has done

microwave moisture measurement experiment

Reference
Path

Phase Attenuator
[solator Shifler B A Isolator
Micrawnve
ignal
Generator

Power Power
Sensor Meter

Isolator Sample Isolator

Measurement
Path

Fig. 2. The experimental set-up.

of sand from 1 % mc to 8 % mc and his results
have good correlation with moisture content:!/,
But the density of sands he used is much
higher than what we normally can achieve in
Korea. This suggests that the characteristics
of sands may be different from place to place.
Sand is obtained from a ordinary building ma-
terial supplier. It is washed and drained sev-
eral times to remove organic materials and
salt, Then it is dried completely in the air
flowing oven at 105 ‘C for more than 8§ hours,
Water with known weight is added to dried
sands and mixed throughly by hands, observ-
ing the change of contrast. Small amount of
four to five patches are taken randomly from
the mixture and their moisture contents are
determined by oven drying method. Variation
of water concentration in the mixture is less
than 0.1 % mc, suggesting that water is very
well mixed. Then for microwave measurement
mixed samples are placed in the containers of
the known volumes with sample thicknesses of
2cm, 4 cm and 8 cm, respectively, 4 A and 4
@ are determined by the bridge circuit after
that. The containers for sands are made of
plexiglas. The thickness of the container wall
is determined to minimize the container’s mul-
tiple reflection effect. This can be ac-
complished if the thickness is close to A, /2 =
Ao /2/& =9.7mm with &, =265 for Plexiglas.
A 10 mm thick wall has been chosen in the ex-
periment, To avoid for the diffracted portion
of microwave reaching the receiving horn, the
container is desinged to be about five times
larger than the horn. The distance between
horns is maintained at a fixed value as much
as possible. It was briefly mentioned pre-
viously that the necessitiy of the determi-
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nation of integer number n for absolute phase
shift due to the sample. n can be determined
from different methods depending on the
situations,
1) If the medium is not dispersive in the fre-
quency range used,

() =& (f2)

2) In the case that two different thicknesses
of the sample are used,

6’(d1) = 6'(612)

3) In the case that dielectric constant value
of the sample are known.

Methods 2 and 3 are used in this exper-
iment,

Since a datum obtained from one experiment
differs from another because of the slight den-
sity differences of the samples at each time,
data are normalized to the density of 1.34
g/cm® and to the thickness of d=2 cm,
These calibrated data are compared to
Kraszewski's results and are shown in Fig. 3.-%
Linear relationships between both attenuation
and phase shift and the moisture content can
be expressed as,

44=9.91 - ¥—-0.44, r=0.988 (14

4 ¢=2113.7 - P+111.4, r=0991 (15)

where r is the linear correlation coefficient. 4
A is in dB unit, 4 @ in degree, ¥ in decimal
number.

Phase shift data are more reproducible than
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Fig. 3. Data from sand moisture measurement at
9.5 GHz. (O) Data are normalized to p=
34 g/cm?® and to the thickness of 2 cm,
The line is the least square fit to our data.
These data are compared to the fit results

of the reference 14 (¥).

attenuation data and agree well with the result
of Kraszewski’s experiment. The reason for
disagreement of our attenuation data with ref-
erence 14 is not well understood.

The dielectric constants and the loss factor
of moist sands are calculated using equations
(10) and (11), and are shown in Fig. 4. It
should be noted that, in low moisture range,
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Fig. 4. The dielectric constant and the loss factor
calculated from above data using equations
(10) and (11).

the loss factor approaches to zero asympto-
tically. Experiment done by Meyer and Schilz
on tobacco clearly shows that the curvature of
the loss factor in low moisture content range
becomes nearly parallel to the abscissa and
intersects the ordinate about (.01,

The loss factor of moist sands deduced from
the above concept varies as much as 200 times
as the moisture content increases from dry
state to 12 % mc. Meanwhile the dielectric
constant &’ changes only by 10 times.

F5459) vhol 220§ o §8 AF BN AL RS REA

Il. Discussion

We have obtained attenuation and phase
shift data as a function of moisture content in
sand and corresponding calibration curves
were calculated, They are compared to known
results and found that using phase shift for
moisture determination is better than using at-
tenuation or using both since attenuation data
are relatively poor. It needs to be improved
further in future but our data suggest that mi-
crowave method can be applied to moisture
content measurements as a non-contacting
probe since measurement can be done in free
space. With some modifications this can be ap-
plied for continuous on-line moisture sensor
system for various non-metallic materials such
as coal, pulp, food, building materials and so
on. Due to experimental difficulties to main-
tain homogeneous temperature and moisture
distribution at the same time in free space
measurement, data for our experiment had
been taken under the environment of rela-
tively constant room temperature in the range
of 1.5 C around 25 C.

For the proper experiment two factors are
important, First frequency. Second the state
of water,

Since multiple reflections from other sources
can influence measurements, we have checked
the measurement system briefly by changing
the distance between horn antennas and the
location of empty container between them.
There were some scatters in certain data but
not to the extent as a major error contributers,
Moreover our samples attenuate the micro-
wave signal by more than 10 dB in certain
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moisture ranges, for example, over 3 % mc
with 8 cm thick samples and this should re-
duce its effect on the data. From this, we can
conlcude that it should have contributed to our
result by some extent, but not as a major error
sources, For future experiment, modifications
to the measurement system, such as mea-
suring SWR for various frequencies, averaging
data for several locations between horns,
sweeping frequencies and tilting the sample
container with respect to transmission axis,
should improve data further. Diffraction effect
can be avoided either by using samples larger
than horn or filling empty space with dielec-
tric medium, which allow direct transmission
through free space. Sample position between
horns may cause variations between data
points. Taking average of readings at several
different positions or fixing the position at a
certain point will reduce the effect. Uncer-
tainties due to temperature variations are yet
to be studied. Inhomogeneous distribution of
sample and /or moisture does not need to be
greatly concerned about because large trans-
mission area (about 100 cm?) will average out
inhomogeneity, Other factors such as the pres-
ence of conductive object, uncertainties in
density measurement and the false estimation
of absolute moisture content in oven-drying
method etc. should also be considered.
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