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Kraszewski, A.W. and Nelson, S.O. 1992. Wheat moisture content
and bulk density determination by microwave parameters meas
urement. Can. Agric. Eng. 34:327-335. Simultaneous measurement
of twoelectromagnetic waveparameters (magnitudeandphaseshift)
of the wave transmitted through the grain sample permits two vari
ables of the wheat sample (water concentration and dry grain
density)to be determined.Knowledgeof these two variables permits
the calculation of the moisture content and the grain bulk density in
real time. Although static experiments carried out at 4.8 GHz and 9.4
GHzare described in the paper, the results can be applied in dynamic
measurements of flowing grain. The measurement does not require
anycontactbetweenthe materialand the equipment, is fast, continu
ous, and nondestructive. At these frequencies, the same system
calibration was valid for soft and hard red winter wheat grown in
different locations in different years. Uncertainty in static calibration
is 0.5% moisture at the 95% confidence level.
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devaluation simultanee de deux parametres de l'onde electro-
magnetiques (amplitudeet phase) transmise dans un echantillonde
grain permet de determiner deux variables de Techantillon de ble
(concentration d'eau et densite d'un grain sec). La connaissance de
ces deux variables donne la possibility de calculer le contenu de la
teneur en eau et de la densite volumetrique du grain en temps reel.
Bienque lesexperiencesstatiqueseffectueesa 9.4 Ghz decritesdans
Particle. Les resultats peuvent etre applicables aux mesures dy-
namiques du coulant. La mesure n'exige pas de contact entre la
matiere et l'equipement. La procede de mesure est rapide, continu et
non destructif. A ces frequences, le meme systeme de calibration est
valable pour le ble mou et le ble rouge dur de l'hiver qui poussent en
des endroits differents et pendant les annees differentes. L'incerti
tude dans le calibration statique est de 0,5% de la teneur en eau avec
un niveau de confiance de 95%.

INTRODUCTION

Moisture content of grain is one of the most important factors
determining grain quality during processing, storage and
transportation. Usually, the moisture content of grain is de
fined as:

mw
x 100= 100mM =

mw + md

where:

M = moisture content of grain (% wet basis),
mw = mass of water,

md = mass of dry material, and
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m = fractional moisture content determined on wet basis.

For a given volume of material, v, Eq. 1 may be rewritten in
the form:

ntw

v
m = -

mw md

v v

(2)

where:

k = water concentration in mass per unit volume, and

p= bulk density of the moist material.
Some useful relationships may be obtained from Eq. 2,
namely:

mw
k = — = om

v
and — = p(l-m) (3)

which will be used later.

The standard method of moisture content determination is
based on the definition, Eq. 1, and requires determination of
both components, mw and md. Separation of these two com
ponents for grain can be achieved by various methods, such
as water evaporation, extraction, or distillation. Each of these
methods requires a long time for completion (up to 19 hours
for whole-kernel wheat), and results are obtained for one or
several samples of 2 to 10 g each. Because of high variation
in water (moisture) distribution in large grain lots in eleva
tors, ships, or mill storage, many samples must be measured
for reliable moisture content data.

In practice, there is need for a fast method of moisture
content determination that would allow a much larger amount
of grain (ultimately all of it) to be monitored. Such a moisture
monitoring method should be nondestructive and noncon-
taminating. Over many years, electrical methods of indirect
moisture content measurement have been developed, based
on the correlation between electrical properties of grain and
its moisture content (Nelson 1973). As already noted (Nelson
1977), in the beginning the measured variable was direct
current resistance. Later, radio-frequency (RF) capacitance
was used, and more recently microwave attenuation by the
grain sample has been used (Taylor 1965; Butcher and Greer
1966; Ismatulayev et al. 1967; Kraszewski 1973). The in
crease in the frequency of the signals used for this purpose
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results in some advantages related to higher frequency inter
action with water and gradual development of appropriate
instrumentation as discussed elsewhere (Kraszewski 1980,
1991).

Changes of an electrical signal interacting with a moist
material, regardless of operating frequency, are proportional
to the water concentration, k, and are affected only to a small
extent by the mass of dry material, md. Thus, while k can be
determined from electrical measurements, it is evident from
the definition of moisture content, Eq. 2, that determination
of moisture content, m, requires the density of the wet mate
rial to be known. With laboratory batch-sample instruments,
this requirement is often overcome by measuring a sample of
given mass or of constant volume (AMT 1983), but for
on-line equipment, the information can only be obtained
from a separate density measurement, for example, by using
a y -ray density gauge (Kay-Ray 1982).

Microwave moisture meters developed several years ago
for various materials including grain (Taylor 1965; Ismatu-
layev et al. 1967; Wilmer 1975) allow nondestructive testing
of significant amounts of material being transported from one
place to another. The measurement takes place without any
contact between the instrument and the material, and the
results relate to an average moisture content of the material
through which microwaves pass. Such a method is not sensi
tive to differences in the water distribution in the grain
kernels. Okabe et al. (1973) showed that for rice dried for a
short time with hot air, moisture meters based on conductiv
ity measurement (at 200 Hz) and on capacitance
measurement (at 10 MHz) required sample conditioning for
10 hours and 6 hours, respectively, before obtaining correct
indications of average grain moisture content. A microwave
meter operating at 9.4 GHz indicated the correct value imme
diately, because its operation was not affected by water
migration from the interior to the drier surface. Also, meas
urements of the dielectric properties of moistened and dried
wheat showed that the dielectric constant stabilized after 3, 2
and 0 hours for measurements at 18 MHz, 300 MHz and 2450
MHz, respectively (Sokhansanj and Nelson 1988).

Sekanov et al. (1978) indicated that errors of RF capacitive
moisture meters due to the location of grain origin and to
cultivar variation may amount to 1.4% moisture content.
Differences in the type of grain (hard or soft wheat) may
account for errors up to 1%, and the year of harvesting may
account for errors of 0.7-1.5% moisture content. In addition,
the readings of capacitive moisture meters may depend upon
the nature and degree of grain impurities, type of moisture
(natural or added), and on granular geometry and grain com
position as indicated by the test weight (Stevens and Hughes
1966). It is expected that some of these effects are related to
differences in ionic conductivity, and therefore could be
limited by using microwave measurement methods.

The purpose of this paper is to discuss principles of simul
taneous moisture content and density determination in grain
by microwave measurement techniques and to report results
of recent experiments with these techniques. Although the
results reported are for measurements on static samples of
grain, these results should also be applicable to on-line dy
namic measurements of flowing grain.
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GENERAL CONSIDERATIONS

The dispersion and dissipation of electromagnetic waves in
teracting with a layer of dielectric material depend upon the
dimensions and the relative permittivity (dielectric proper
ties)of the material. The generalassumption is that a linearly
polarized, uniform plane wave of angular frequency is nor
mally incident on the flat surface of a homogeneous material
and that the planar sample is of infinite extent laterally so that
diffraction effects at the edges can be neglected. In such a
case, the sample can be considered as a two-port network for
which the reflection and transmission coefficients can be
measured between two antennas in free space. For dielectric
materials with magnetic permeability n =1, the presence of
the material changes the wave propagation constant

(4)

where:

a = attenuation constant,

(3 = phase constant

£*=£' - j£" = £'(1 - j tan 8) = relative complex permittivity
of the material,

e' = dielectric constant,

e" = loss factor of the material,

tan 6 = e"/e',

y0=j(2n/Xo), and

Xq= free-space wavelength.

The transmission coefficient of the electromagnetic wave
traveling through the layer of material is expressed as:

T=exp(-yt) = \T\e~j*
where:

I x 1= modulus of the transmission coefficient,

$ = its phase angle, and
t = thickness of the material layer.

The practical measure of the wave magnitude is called an
insertion loss or attenuation and is given as:

A = 20 log IxI=-10 log
P̂in

(5)

(6)

where Pout, Pin = microwavepowermeasuredat the outputand
the inputof the dual antennastructure. Attenuationis expressed
in decibels. Phase shift introduced by the material samplemay
be expressed in radians or in degrees, and is usually defined as:

(|) = arg x ± n 360° (7)

where n is an integer. The phase shift ambiguity may be
removed by repeating the measurement for samples of differ
ent thickness.

When moisture content of the material changes, a change
is reflected in the material permittivity, and that in turn
affects the wave parameters (the propagation constant and the
transmission coefficient). Any change in the wave parame
ters is easily detected by measuring the attenuation and phase
shift introduced by the material sample at any given fre-
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quency. Because the relative permittivity of water (in its free
state or bound to the hygroscopic material) differs from that
of most dry hygroscopicdielectric materials, its effect can be
separated from the effect of the dry dielectric material. In
general, this may be expressed in functional form
(Kraszewski and Kulinski 1976) as:

oc= Oi

where:

^mw md ^
and p = O2

fmw md ^
v v

V J

(8)

a, p = any two descriptive electromagnetic wave parame
ters.

It has been shown (Kraszewski 1988) that regardless of the
complexity of the analytical expressions described by Eq. 8,
it is generally possible to solve the two equations and to
express the mass of water and mass of dry material in terms
of two measured wave parameters in the form:

mw
¥1 (a, p) and

md
= V2 (a, P) (9)

Substituting the analytical expressions corresponding to
Eq. 9 into Eq. 2, the general expression for moisture content
of the material can be written as:

M =
^1 (a, p)

4Ma,p) + ¥2(a,p)
x 100 (10)

which contains only the wave parameters, determined experi
mentally, and is totally independent of the material density.
Moreover, combination of Eqs. 2 and 9 provides the value of
the material density in the form:

p=^dL^ =^i(a,P) +^2(a,P) (11)

The bulk density of grain depends upon kernel shape,
dimensions, temperature, moisture content, and surface
structure and condition. Changes or fluctuations in the grain
density produceeffects similar to those caused by changes in
water content, creating moisture measurement errors. Provid
ing a constant density of grain during continuous moisture
content measurement under grain elevator or mill conditions
is a difficult proposition. Various ways of limiting the den
sity-variation effect in grain have been discussed recently
(Kraszewski 1988) and it was concluded that the only reliable
solution is the use of a density-independent function, e.g., a
relationship between the electrical properties of grain and its
moisture content, similar in general to that expressed by Eq.
10. This concept has been developed further for various
varieties of wheat (Powell et al. 1988; Nelson and
Kraszewski 1990; Kraszewski and Nelson 1991). In this
paper we present not only a method for determining grain
moisture content independent of bulk density, but also, at the
same time, a method for simultaneously determining the bulk
density, which might be used for further correction if neces
sary. Verification of these considerations with experimental
data for different varieties of wheat is also provided in this
paper.

MATERIALS AND METHODS

'Coker 9733' soft red winter wheat, Triticum aestivum L.,
was selected for calibration measurements. The wheat was

harvested in 1989 in southern Georgia and storedat 4°Cand
40%relative humidity. Test weight at 24°C and 12.8% mois
ture was 795 kg«m~ . Samples required to have more than
12.8% moisture content were conditioned by adding distilled
water and sealing them in glass jars at 4°C for at least two
weeks prior to measurement. Samples were stirred frequently
by rotating the sealed jars to aid in uniform moisture distri
bution. Moisture content was determined by a standard
forced-air oven method (ASAE 1990). Triplicate 10-g sam
ples were dried for 19 hours at 130°C ±1°C. Test weights
were determined at several moisture levels with a standard

weight-per-bushel apparatus.
Verification measurements were carried out one year later

with a cultivar of hard red winter wheat, 'Karl', grown in
Nebraska in 1990. Test weight at 24°C and 12.1% moisture
was 806 kg»m"3. Before the measurements, samples were
held in sealed jars for up to 16 hours at room temperature
(23°C). Between measurements, samples were gradually
dried by placing them in plastic trays at 23°C and -30% RH
for various periods of time. After every moisture change,
samples were conditioned for 5-7 days at 4°C in sealed jars
to restore uniform moisture distribution in the kernels and
among the kernels in the sample. Test weights were deter
mined at several moisture levels.

During the microwave measurement procedure, the sam
ple was held in a plastic container of rectangular
cross-section 100 mm by 110 mm. A sample of wheat weigh
ing approximately 1.4kg filled the box to a height of 160 mm.
The wheat was settled by shaking and tapping the sample
holder base on a work bench between successive measure

ments to obtain data as a function of bulk density.
A block diagram of the measuring arrangement is shown

in Fig. 1. Components of the transmission coefficient (attenu
ation and phase shift of the electromagnetic wave passing
through the wheat sample) were measured in free-space. The
wheat sample holder was located between two waveguide
horn antennas that were connected to the transmitting-receiv-
ing system operating at two frequencies: 4.8 GHz and 9.4
GHz, at which the impedance of the horn antennas was best
matched. The uncertainties of the measuring system were
evaluated experimentally as AA = ± 0.25 dB for the attenu
ation measurement and Af = ± 3° for the phase shift
measurement, considering repeatability of measurements for
several sample insertions during a short period of time.

Thirty-two wheat samples of different moisture contents
were measured, ranging from 10.7% to 20.1 % moisture. Each
sample was measured at 5 to 7 densities, providing 160 data
points at 4.8 GHz and 203 data points at 9.4 GHz for use in
developing the calibration equations. During the verification
process, similar measurements provided 217 data points at
4.8 GHz and 237 data points at 9.4 GHz.

EXPERIMENTAL RESULTS

Results of test-weight determinations are shown in Fig. 2,
where similar test weights for both wheat cultivars are evi-
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Fig. 1. Block diagram of the arrangement for free-space
measurement of attenuation and phase shift of
microwave signal transmitted through grain
layer of thickness t.

dent. Also the bulk density dependence on moisture content
is similar for both cultivars.

The measurements for the 160 data points taken at 4.8 GHz
and 203 data points at 9.4 GHz included measured values of
moisture content and density, and also attenuation and phase
shift of the microwave signals. The concentration of water
and the dry material density were calculated with Eq. 3.
These data are presented in Fig. 3 and Fig. 4. The attenuation
and phase shift of microwave signals of4.8 GHz as a function
of the water concentration are shown in Fig. 3a and 3b,
respectively, while in Fig. 4a and 4b the same variables for
microwave signals of 9.4 GHz are shown. Two linear equa
tions fit the experimental results for 4.8 GHz with high
statistical significance

MEASURING

SYSTEM

A=-1.17+0.1442^-0.0056^
v v

r = 0.9928

♦ =4.0 +2.401 ^ +0.1845^
v v

r = 0.9896

(12)

where r = correlation coefficient, and concentration of water
and density of dry material are expressed in kg«m" . Accord
ing to the theoretical considerations, use of Eqs. 10 and 11
provides the expressions for the moisture content and bulk
density in the form:

M =
3.733<1>+123.24 +129.7

<|>-14.8A - 21.362

p = 3.74<|>-55.35A- 79.93.

(13)

(14)

The same procedure applied to the results at the 9.4 GHz
measurements provided two linear equations:

A= 6.0+0.3126^-0.0302^

<>= 18.0 + 4.042 — + 0.4926 —
V V

r = 0.9828 (15)

r = 0.9806

which lead to the following calibration equations for mois
ture content and density:
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M =
8.805<1) +143.724 + 1020.83

<>- 10.38A+ 44.142

p=1.242<t>- 12.864 + 55.82

(16)

(17)

Validity of the calibration equations was checked one year
later with another wheat cultivar: 'Karl' hard red winter

wheat, harvested in Nebraska. Samples of 32 different mois
ture contents ranging from 10.3% to 19.3% were measured
with the same measuring set-up and the same procedures that
were used for the calibration measurements. A total of 217

data points for various moisture contents and densities at 4.8
GHz and 237 data points at 9.4 GHz were obtained during
these measurements. Data from those measurements were

used in Eqs. 13 and 14, and in Eqs. 16 and 17 and compared
with oven moisture tests and bulk density determinations.
The histograms presented in Fig. 5 show the distribution of
differences between oven moisture content and calculated

moisture content for these data. The mean value of differ

ences between oven moisture content and calculated

moisture content (bias) was - 0.032% and 0.039% moisture.
The standard deviation of the differences (standard error of
performance, SEP) was 0.271 % and 0.262% moisture, for 4.8
GHz and 9.4 GHz measurements, respectively.

The relationship between the moisture content determined
by the standard oven method and the moisture content of the
grain of arbitrary density predicted from the microwave
measurements at 9.4 GHz (Eq. 16) may be expressed in the
form:

MOven=l.00lM -0.046.

The graphical representation of this relationship is shown in
Fig. 6, while in Fig. 7 the relationship between the measured
grain density and the density predicted by Eq. 17 is shown.

The standard error of performance for the bulk density
determination is 18.6 kg«m~ , while the bias is - 1.6 kg«m~ .
The straight lines in these figures indicate the ideal agree
ment between the measured and calculated values. Figures 6
and 7 indicate that the sign of the error is not related to the
range of the measured value and that the error distribution has
totally random character. The experimental results at 4.8
GHz provided very similar sets of data.

EMPIRICAL APPROACH

It has been observed (Jacobsen et al. 1980; Kent and Meyer
1982; Kress-Rogers and Kent 1987) that the ratio of two
measured wave parameters (attenuation and phase shift) is a
good density-independent measure of moisture content in
material. Because both parameters are proportional to the
grain density and both depend on the grain moisture content,
it is reasonable to expect that their ratio should be inde
pendent of grain density. The dependence of the variable X =
§/A on wheat moisture content determined by the standard
air-oven method for 'Coker 9733' soft red winter wheat

measured at two frequencies is shown in Fig. 8. Simple
empirical expressions which fit sets of 160 and 203 experi
mental data points, respectively, have the form:
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Fig.2. Test weight (bulk density) for two wheat cultivars
at 24°C as a function of grain moisture content.

for/= 4.8 GHz ^ =0.00173M +0.00314 r=0.9606
(18a)

for/=9.4GHz ^ =0.00247M+ 0.01038 r=0.9849
(18b)

Inspection of theseexpressions implies calibrationequations
for moisture content determination in the form:

M =
578

1.82 (19a)

m

<
3

5

zu

18

1 r ill

i

16 Sk -

14
-3 £T

600 kg-m JH
-

12

700 kg-m" 7$
10 0

-

8

• iiii

-

M =
405

+ 4.2 (19b)

for the corresponding frequencies.
The validity of the calibration equations (Eq. 19) was

tested with the same data sets for 'Karl' hard red winter wheat
which were described above. The histograms presented in
Fig. 9 show the distribution of differences between oven
moisture content and moisture content calculated from Eq. 19
for the two frequencies. The mean value of differences (bias)
is - 0.028% moisture and the standard deviation of the differ
ences (SEP) is 0.38% moisture for the frequency of 4.8 GHz.
For measurements at 9.4 GHz, the bias and SEP are - 0.018%
and 0.23% moisture, respectively. These results are surpris
ingly good, taking into account the simple form of Eq. 19
comparedto correspondingexpressions, Eqs. 13and 16.The
resulting moisture content from Eq. 19 is independent of
graindensity.This approachdoes not provide informationon
thegrain density asdoestheapproach involving Eqs.16and 17.

UNCERTAINTY ANALYSIS

The accuracy of the instrument calibration is affected by an
uncertainty of the measuring system, om, consisting of the
repeatability of the result for the same grain sample of given
moisture content and an uncertainty of the moisture content
determination by the standard oven method used, ac. Since
both of those uncertainties are of random character, the un
certainty in using the microwave instrument for moisture
determination in wheat may be defined as:
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Fig. 3. Attenuation (a) and phase shift (b) of 'Coker9733' soft red winter wheat asa function of water concentration

measured at 4.8 GHz and 24°C on layer of grain 87 mm thick. Lines are for constant values of dry-material
density (md/v) indicated.

60 80 100 120 140 160 180

-3

CANADIAN AGRICULTURAL ENGINEERING Vol. 34, No. 4,

October/November/December 1992

331



45

40

35

CD

30

<

S 25

20

15

10

600 kg.rn

- 700 kg.rn

60 80 100 120 140

WATER CONCENTRATION, kg-m

1 60 180

-3

1000

i i i i 1

<D
•D

t
X
(/)

UJ
CO
<
X

900

800 kg.nrf3 Jfcgvb

800

ft&fflo / 600 kg.rn"3
/W

A

700 700 kg-m~3

1 1 i i i

60 80 100 120 140

WATER CONCENTRATION, kg-m

160 180

3

Fig. 4. Attenuation (a) and phase shift (b) of 'Coker 9733' soft red winter wheat as a function of water concentration
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density (md/v) indicated.

cs = ± ^Icm + cc (20)

The uncertainty in the measuring system can be determined
by differentiation of Eqs. 13 and 16 in a general form

M =
a§ + bA + c

d§ + eA + g

which gives:

(ag-cd) + (ae-bd)A
cm =

(dty + eA+ g f
AA

(bg-ce) + (ae-bd)<b AA
+—77—:—r-^ A(t)

(dty + eA + g)'
(21)

where A<|> and AA are the uncertainties in the measured wave
parameters, expressed in degrees and in decibels, respec
tively. The uncertainty in the moisture determination using
the microwave method and empirical calibration equations
(Eq. 19) can be expressed in the form

cm =-M
AA Ad)

A <j>
(22)

The average spread in triplicate samples determined by the
standard oven method was 0.181% moisture. This value was

taken as an uncertainty of the standard method, cc. Taking
the average values for M, A and <|> in Eqs. 21 and 22, together
with experimentally determined values of errors and numeri
cal coefficients from Eq. 13, one obtains gm = 0.207% and
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Gs = 0.275% moisture from Eq. 20 for 4.8 GHz, which is to
be compared with 0.271% moisture determined experimen
tally (see Fig. 5a). The same numbers for numerical
coefficients from the calibration equation obtained by the
empirical approach are: cm = 0.343% and os = 0.388%
moisture, which is to be compared with 0.381% determined
experimentally (see Fig. 9a). Similar agreement between pre
dicted uncertainties and those determined experimentally
were obtained for results of measurements carried out at 9.4
GHz.

DISCUSSION AND CONCLUSIONS

The microwave method of moisture content measurement in

grain was proven to provide reliable results on a Georgia-
grown soft red winter wheat and a Nebraska-grown hard red
winter wheat without need for change in calibration. Earlier
work indicated similar universality of calibration for wheat
(Vardanian and Ptchakhtchian 1969; Kraszewski et al. 1977).
The microwave method also provides a reliable measurement
independent of bulk density variation. The expected uncer
tainty is 0.5% moisture content at the 95% confidence level,

which can be compared with ± (1.7 - 2.0%) obtained during
extensive tests of capacitive moisture meters (Sekanov et al.
1978) in a similar range of moisture content. The moisture
content determination is totally independent of grain bulk
density, and the mass of the sample is irrelevant. Further
more, by measuring two electromagnetic wave parameters
(magnitude and phase shift of the wave transmitted through
the layer of material), two variables of the grain sample can
be determined (water concentration and dry grain density).
Knowledge of these two variables permits real-time calcula-
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tion of both moisture content and bulk density of the grain
with simple calibration equations, e.g., Eqs. 13 and 14. Be
cause both measured quantities relate to a grain layer of a
certain thickness, the calibration equations can be simultane
ously solved without explicit knowledge of the material
thickness.

Although measurements on static samples are described in
the paper, the principles are applicable to a dynamic moisture
determination in a flowing stream of grain (in pipe or con
veyer). The measurement does not require any contact
between the material and the equipment; thus it can be fast,
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continuous, and nondestructive. Microwave moisture meas
uring instruments could be applied during grain tempering
before milling, as suggested earlier (Butcher 1970; Anon.
1971), or in grain drying after harvest. On-line measurements
could be used for automatic control of water sprinklers or of
the fuel supply to the drier burner. Direct comparison of the
results obtained at two microwave frequencies of 4.8 and 9.4
GHz indicates that there is no obvious advantage for either.
Thus, the choice of the operating frequency should be based
on other considerations. The statistics are a little better for

results obtained at 9.4 GHz, but they could be improved at the
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lower frequency by using a thicker material layer. As a matter
of fact, at 4.8 GHz a layer of wheat of up to 200 mm thick
could be conveniently measured.

Until now, applications of microwave methods for mois
ture content measurement have been limited because of

relatively high costs of the equipment. Recently, prices of
components, devices and systems have been significantly
reduced; thus, microwave moisture meters may now be pro
duced at prices more nearly competitive with conventional
capacitive moisture meters.
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