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Abstract—Microwave techniques have been considered for a determination of moisture content and, in some instances,
long time for moisture sensing in many food processing and determination of both density and moisture content [2], [3].
agriculture-related industries. They are suitable for on-line real- These methods have the advantages of being nondestructive
time monitoring and control. However, with particulate materi- lowi . . d | d i !
als, bulk density fluctuations cause significant errors in moisture fa owing Contlnuou.s_ mon_ltorlng an antro, and, '.n most
content determination. To overcome this shortcoming, density- instances, not requiring direct contact with the material under
independent calibration functions are needed. In this paper, test. Among these methods, microwave techniques are attrac-
a new approach is presented in which both bulk density and tjye because at these frequencies the electric energy is strongly

moisture content are determined directly from measured mi- 5o heq by water due to the dipolar character of water
crowave dielectric properties. A simple relationship between

bulk density and the dielectric properties is identified, and a molecules, and the effect of ionic conductivity is negligible [4].
new density-independent function for moisture content predic- Also, microwaves are distinguished by their spatial resolution
tion, exclusively dependent on the dielectric properties of the and their safe use. Furthermore, the recent development of
material under test (<', <), is proposed. The validity and ap- rgliaple low-cost and reduced-size microwave components

plicability of this function are demonstrated with an extensive . . . i
data set obtained from measurements on a granular material make microwave methods more competitive with other tech

(wheat), over wide ranges of frequency (11-18 GHz), temperature Niques. Taking advantage of all these features, many moisture

(=1 °C-42°C), moisture content (10.6%-19.2%, wet basis), and meters have been developed and successfully used in various

bulk density (0.72-0.88 g/crh). Explicit calibration equations for  industries [2]. However, more improvements are needed for

moisture prediction at different frequencies and temperatures are - timm design of such instrumentation. Besides the economic

provided. Although data obtained by a transmission microwave . . .

measurement technique were used, this new approach remainsCha"enges' (.:allbratlon and acpuracy can be considered as the

valid in general for other techniques, provided thate’ and ¢’ are Main tasks in microwave moisture meter development. For

determined accurately. this purpose, more research has been devoted to a better
Index Terms—Bulk density, calibration functions, density in- understanding of the wave interaction with moist substances

dependence, dielectric properties, microwave sensing, moisture by measurements of their dielectric properties [2], [3].

content, particulate materials, permittivity. The dielectric properties of a material are intrinsic properties

usually expressed by the relative complex permittivity—

¢ — j¢”, where ¢ is the dielectric constant and represents

. . the ability of a material to store electric energy, asidis

M OISTURE content is a key parameter in many fooghe |oss factor and represents the loss of electric-field energy
/| processing and agriculture-related industries. It is Oft§R the material. Another parameter often used to describe the

defined on a wet basis as the ratio of mass of waigrto the  amount of loss is the loss tangenin 8, defined as the ratio

total massim., + mq, wheremy is the mass of dry material. 7/ The dielectric constant and loss factor, as well as the

I. INTRODUCTION

When expressed in percentage, it can be written as loss tangent, of moist substances are generally dependent on
Mo 100 (1) frequency, temperature, density, moisture content, and other
T My + My ' factors, such as the material structure and composition and

c ional hni f . d L the binding modes of water molecules, which are known to
onventional techniques for moisture determination ajg, important but for which no data are available for quan-

based either on oven drying and weighing of samples Yffication. The influence of frequency, temperature, density,

cording to a well-defined protocol [1] or chemical titrationand moisture content have been explored and reported for

(Karl Fisher test). T_herefore, they are destructive and t'mﬁiany materials [5]-[15]. Knowledge of these dependencies
and energy-consuming.

. . is important in optimum design of meters for industrial use.
A few decades ago, methods based on the interaction tj . . . . .
- _ago, ction oy instance, when the dielectric properties are used to predict
radiation and moist substances were developed for indirect . X
frioisture content, effects of other factors such as density and
Manuscript received February 11, 1997; revised November 30, 1998. temperature should be either accounted for or canceled out by
The authors are with the Richard B. Russell AgriCUItUraI Research Centmentlfylng temperature_”f]sensrtlve and dens|ty_|ndependent
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30604-5677 USA. calibration functions over a certain frequency range. Ideally,
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a broad frequency range should integrate the two conceptsee microwave measurements. This standard specifies drying
The temperature-insensitive concept has been considered {8ijground 10-g samples of wheat for 19 h at P80

[12], but no particular relations have yet been identified. In Seventy-one moisture levels were measured for the two
fact, in many industrial applications, measurement of tempevheat cultivars. For each sample, the bulk density was grad-
ature is much easier than measurement of density. Therefarally increased by settling the grain in the sample holder
corrections based on empirically determined relations showdd adding more kernels. The attenuation and phase shift
be sufficient. It is for this reason that, for the last tweneasurements were repeated for at least three different bulk
decades, more efforts have been dedicated to the developnuemisities ranging from loosely packed to compacted. Mea-
of meters for moisture sensing independent of density. surements were also taken at temperatures below and above
this paper, a new density-independent calibration functisoom temperature, 24C. Sealed samples of various moisture
for moisture content determination in particulate materiatontents were allowed to stabilize for three days in a chamber
is defined based on experimental observations, the existemdeere the temperature was adjusted to the desired level. For
of a simple relationship between the bulk density, and tts®@me samples, temperature was checked before and after the
two components of the relative complex permittivity andnicrowave measurement. On average, temperature was stable
the distribution of dissipated and stored energy in dielectriggthin +£0.5 °C. An extensive data set was obtained over
expressed bytand. The new density-independent functiorwide ranges of frequency (11-18 GHz), moisture content
is totally defined in terms ot’,¢’ and a frequency factor (10.6—-19.2%, wet basis), bulk density (0.72—0.88 gjcrand

(as). Its frequency, density, temperature, and moisture contéamperature {1 °C—42 °C).

dependence are presented for a granular material (wheat), and

explicit calibration equations for moisture prediction are giveB. Relative Complex Permittivity Determination

along with the standard errors of performance. When an electromagnetic plane wave is transmitted through

a dielectric slab of thicknesd placed in air, the complex
II. MATERIALS AND METHODS transmission coefficient for perpendicular incidence can be
expressed as
A. Measurement Technique and Sample Preparation 2\
e (=T
T =|r]e!? = 1 _T2c-2vd 2
erel is the complex reflection coefficient at the air-slab
mterface andy is the complex propagation constant.
The complex reflection coefficieltat the air—slab interface

Measurements of the relative complex permittivity were
performed by using a free-space transmission technique [19].
A sample holder, with 0.1-cm polyethylene walls, rectangul
in cross section, providing a sample 10.4 cm thick, 12.4 c
wide, and 15.4 cm high, was filled with wheat kernels and
inserted between two WR-62 horn antennas. As the waVe
propagates through the layer of material, it is attenuated and 11—/
the phase is shifted. The attenuatidnd and phase shifh® 14 e
were measured relative to an empty sample holder betwelerQe complex propagation constaptis
the two antennas by means of a vector network analyzer
(Hewlett-Packarti8510B) calibrated in the transmission mode vy=a+jf (4)
with a response type calibration. To avoid multiple reflections
within the sample, the sample thicknegs= 10.4 cm, was wherec is the attenuation constant afids the phase constant.
selected to ensure at least a 10-dB one-way attenuation. TH€Y are expressed as functions of the dielectric constant
measurements were performed at selected frequencies betwith 10ss factor” as follows:

3)

11.3 and 18 GHz which correspond to the best matching of

; 2r | ¢ ¢’?
the two antennas with the empty sample holder between them P 1+ _1 (5)
(typically, VSWR <1.2). Ao\ 2 2

Two cultivars of hard red winter wheatyiticum aestivum
L., ‘Karl’ and ‘Arapahoe,’” grown in Nebraska in 1992 and 3 _2n c_’< 14 LQ +1> (6)
1994, respectively, were used in this study. Sublots of different T\ 2 €2
moisture contents were prepared by spraying distilled water on
the wheat kernels and storing them in sealed jars for 72 hvatere )\, is the free-space wavelength.

4 °C to equilibrate. Each sample was mixed periodically by Because the modulus| and argumenty of the complex
rotating the sealed jar so that the moisture content was unifotransmission coefficient are coupled nonlinear functions af
throughout the entire sample. Before the attenuation and phage 3, it is not possible to compute and 3 directly from |7
shift measurements were performed, the sealed samples vateo. Assuming thal® = 0 in (2), the complex transmission
allowed to equilibrate to room temperature (28 + 1 °C) coefficient reduces to
for at least 24 h. The moisture content of each sample was

determined by a standard oven method [1] immediately after

H 1 / H H /
1Mention of company or trade names is for purpose of description onE/Or low loss mate”als{e < ¢ )v the d'el?cmc constard
and does not imply endorsement by the U.S. Department of Agriculture. and loss factor” are expressed as functions @fand 3 as

r=e 4 (7
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follows [2]: 3.4 T T T
2
e = ﬁ (8) M=17 5%
Bo w 32F .
203 =
¢ = % 9 £
0 % 30 [ 14.5% _
wherea = AA/d, B = A®/d+ by, and By = 2r/Xg. The 3
attenuation and phase shift are related to the modilu$ % 11.1%
. L 28+ 7
and argumend,,, of the measured transmission coefficient as;
follows: o >
w
AA =20log 7] @) ° *°r ) }
AD =y, —2mn (12)
24 | 1 1
where ¢, is the reading of the instrumeft= < ¢ < +u) 0.70 0.75 0.80 0.85 0.90
andn is an integer to be determined when the thicknésg DENSITY, g cm™
the layer is greater than the wavelength in the material. The )

integern can be obtained by repeating the measurement with

samples of different thickness or by taking measurements at 0.7 . T T

two frequencies [20]. i
ForI" # 0, an iterative procedure was used to comptite 06 W17 5% .

ande¢” from (2). First the intervals foe’ ande’” were selected

with their mean values equal to those given by (8) and (9)5 g5l

respectively. Then, for each couglé, €’), the complex trans- (ﬂ)f

mission coefficient (2) and the differencéd = |20log || — § 14.5%

; . 04 |- s
201log |7m|| @andé® = |¢ — .| Were calculated. The iteration DD/DO/%

process was continued until andé® converged to the values
of uncertainties in attenuation and phase-shift measurements %3 [ 1.1%

specified for the type of instrument used in this study. In M

this instance, the iteration procedure was terminated when 0.2 - 7
6A <0.1dB andé® < 1° were achieved. Calculations based
on the measurements of the complex transmission coefficient 0.1 ' ' '

at a midband frequency (14.2 GHz) and room temperature (24  0-70 075 0.80 0385 0.90
°C), for the investigated moisture content and bulk density DENSITY, g cm®
ranges, showed that the differences in the values ahd¢” (b)

were less than 2% When compared to thOS? detetrmmed V\M& 1. Density dependence of (a) the dielectric constant and (b) the loss
(8) and (9). Therefore, in this study, the dielectric constanictor of hard red winter wheat at 14.2 GHz, 2@, and indicated moisture
and loss factor were calculated according to (8) and (9). Dagptents.

available in the literature are very limited for this type of

material and often are restricted to a single frequency apd b., the mean value of the attenuation wa46.50 dB with
a single temperature. However, valuesebfand ¢’ compare g standard deviation of£0.1 dB and the mean value of the
quite well with those obtained for the same material usinghase shift was-1372.92° with a standard deviation af1.21

a reflection measurement technique where the sample holdeThese values are within the ranges specified for this type
was either a short-circuited coaxial line or WR-90 waveguidsf instrument.

[5], [11]. According to (8)—(11), the accuracy of the dielectric

constant and loss factor measurements is based on the accuracy ;. DensiTY AND MOISTURE DEPENDENCE

with which AA and A® can be measured. The measuring OF THE RELATIVE COMPLEX PERMITTIVITY

system performance was improved by appropriate calibration , ) . i

and satisfying requirements for selection of sample thicknes n th|s'sectlon, bOth the density and moisture dependence
and frequencies of best matching of the two antennas for e considered at a m|dlgand frequency of 14.2 GHz and room
frequency range under consideration [19]. Repeatability of tHemperature (24C £ 1 °C).

measurements was checked by measuring the attenuation and _

phase shift of two samples of wheat ten times each. Results”atP€Nsity Dependence

14.2 GHz and 24C show that, for a sample of wheat of 11.8% Bulk density is usually defined as the ratio of the total
moisture content, w. b., the mean value of the attenuatiomass to the total volume. Fig. 1 shows the variations:of
was 21.96 dB with a standard deviation80.02 dB and the and<” with bulk density for different moisture contents. Both
mean value of the phase shift wad176.08° with a standard ¢ and ¢’ increase linearly with density. When analyzing
deviation of£1.06°. For a sample of 18.5% moisture contentthese variations, one should keep in mind that the relative
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3.4 T , . . of 12% for<’ and, as expected [4], a more important variation
of about 140% for<”. Similar trends were found at other
is compacied temperatures over the investigated frequency range.
= o ¢
Z . | IV. DENSITY-INDEPENDENT CALIBRATION FUNCTION
E 3.0 F o . o | -
8 o ° e A. Density-Independent Concept
ﬂ;’ 28 L o . 0° . o i The concept of a density-independent function that is in-
E ° o ° toosely packed sensitive to bulk density fluctuations in particulate materials
i o oo was first introduced by Kraszewskt al [13]. It is based on
O 26t . . a two-parameter measurement, namely, the attenuatidn
° and phase shifA® of microwaves passing through a moist
substance at given frequency and temperature. They identified
2-410 112 1[4 1'6 1'8 oo  empirically the ratioA®/AA as being density-independent
. over a certain range of moisture contents. Later, Meyer and
MOISTURE CONTENT. % Schilz [8], [14] expressed this ratio in terms of dielectric
@) constant and loss factor #&' — 1)/¢"] x [2v/¢ /(e +1)],
07 : | | | where the tern2v/¢’ /(1++/¢') was then omitted because of its
compacted negligible influence for small'. They have shown the density-
06 L ° i independent character @’ — 1)/¢” for different types of
o o | materials. Jacobsoet al. [7] used these results and developed
. o o several industrial moisture meters. Kress-Rogers and Kent [12]
;— 05 ° o looselypacked | and Kent and Kress-Rogers [15] confirmed the consistency of
e L ° the density-independence of these ratios by measurements on
E‘._J 041 o ° ¢ . powders (coffee and milk). However, they have demonstrated
@ . ; ° that the ratioA®/AA was less sensitive to density varia-
S 03} . 0 = tions than(e’ — 1)/¢”. Recently, Menke and Kichel [16]
g . extended the use of the ratio of phase shift and attenuation to
o2l ° 4 higher and lower moisture contents by considering the ratio
(A®/Aw)/(AA/AwW), wherew = 2xf was swept over a
o1 . , . , broad ran.ge.of frequency. In general, applications based
10 12 14 16 18 20  on the principle of a two-parameter measurement and the
MOISTURE CONTENT, % ratio A®/AA [17], are limited to transmission techniques. It

®) is more attractive to define a density-independent calibration

Fio 2 Moisture d g f (@) the dielectr tant and (b) th |function that is directly related to the dielectric properties of
1g. 2. oisture dependence or (a, € dielectric constant an e S . .

factor of hard red winter wheat at 14.2 GHz, 2&, and three different bulk e material under test and.therefore can be applied regardless

densities ranging from loosely packed to compacted. of the measurement technique.

Figs. 1 and 2 show that density and moisture content

| ittivit idered h is th Hacti affect the measured dielectric properties in a similar fashion.
compiex permitlivity considered here 1S Ine average efiec I\ﬁmrefore, when moisture content is the target parameter, the

permittivity measured for a m'Xt”Fe consisting of air and .Whe%tensity fluctuations will cause undesirable errors in moisture
kerngls. Fora_sample holder of f|xed_ volume, by changing tlEi‘:étermination. These errors can be reduced by a separate
density, the air and kernels proportions are changed, andn?gasurement of density and correcting the meter output, or by

the amount of water interacting with the incident wave is aIﬁaentifying density-independent entities exclusively dependent

changed. However, at the kernel Iev_el,_the dielectric propertig moisture content. A separate density measurement always
are constant and assumed equal within the same sample WRives an additional cost for a practical moisture meter

given moisture content. and adds more technical complications in the conception and
installation of the measuring system. The density-independent
B. Moisture Dependence concept is considered to be a better alternative.

The variations ofe¢ and ¢’ with moisture content are ) ) ]
illustrated in Fig. 2 for three different densities ranging fron®- Relationship Between the Bulk Densitgnd <’ and ¢”
loosely packed to compacted. Since the permittivity of water Fig. 3 shows the loss factor plotted against the dielectric
is large compared to that of dry material (typically the realonstant, at 14.2 GHz and 24C, for different moisture
part is about 2 and the imaginary part is expected to be vargntents and bulk densities. A cluster of data points is obtained
small [4]), the measured dielectric constant and loss factiorthe complex plane. The nature of the dependence of the
show significant variations with moisture content. A change ¢ivo components of the relative complex permittivity on bulk
about 8% in moisture content produces, on average, a variatd®ensity (see Fig. 1) implies that dividing bottt and ¢”
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Fig. 3. Locus in the complex plane of the relative complex permittivitiegig. 4. Locus in the complex plane of the relative complex permittivities
of samples of hard red winter wheat of different moisture contents and bullvided by bulk density for samples of hard red winter wheat of different
densities at 14.2 GHz and 24C. moisture contents at 14.2 GHz and indicated temperatures.

by the bulk density should reduce the density effect. This TABLE |
is illustrated in Fig. 4 where the points are now located S-oPE <y 'NTERCEPTEONSTANT k, ﬁhND COEFF'C'ENEOFDETEF;“L’”NAT'ON
along the same straight line in the complex plane. The same QSECE)FFIT;E@'NFE’;RDIFEFGEF;E;,ST',(Z’QEQUOELTCEIES'NS;E\ e
line is obtained with data collected atl °C and +42 °C. MEASUREMENTS AT ALL MOISTURE CONTENTS AND TEMPERATURES
These poinf[s overlap those measured af @4 with t_he data Frequency, GH7 [ 115 (123 133 |14z 152 168 |18
correspondmg to the lowest temperature_located in the lower P 05960 To 6000 106355 To6a72 T0 6396 06905 07187
region of the graph. Therefore, at a given frequency, t_he k 3765 12776 2776 12758 5707 12756 2773
temperature effect corresponds to a translation along the line:
Similar dependence was observed at other frequencies. This
reflects the thermal behavior of “bound” water in organic
materials, where the water molecular dipoles occupy well- 19
defined sites and are not free to rotate because of their bonds
with surrounding neighbors and the nature of forces acting on
these dipoles. There are different degrees of binding, and each %8 [
water molecule may have up to three bonds (ice) depending on
the structure and composition of the material and the amount
of water available. As the temperature increases, the mobility,
of the water molecules increases, making their contributiori;
to the polarization of the medium higher and increasing the 0.4 |
losses at the same time. In contrast, the lower the temperature,
the slower the action of the molecular dipoles, and the losses
tend to be negligible. By extrapolation, the losses reach the
zero value at a temperature where the electrical behavior
of the material tends toward that of the dry material (see 0.0
Fig. 4). From the complex-plane representation, the effects 25
of temperature and moisture content seem to be perfectly
interchangeable. The normalized dielectric properties for a _ , o
given moisture conten at high temperatures are those fof, L0657 complex pane of e resive comper permittes
higher moisture content at lower temperatures. moisture contents at two extreme frequencies and different temperatures
At each frequency, a data set is formed by data points, cOri S _tT_("(%)ﬁ J;A(:Z’)/. Alsokih(\JNvi\irr]] Ei;hdee agr?(lji nl? otfh?n gi(;rt?ﬁlee)((:o?‘:;nn?
responding to measure,ments a,t all tempera}tures ?nd mplsg%?tzlr;p(g;ataref,;ndea/;l)mctibr.i of frequenc?/ alone.
contents (396 data points), which can be fitted with a linear
regression of the form

7?2 0.9907 | 0.9875 | 0.9888 | 0.9900 | 0.9884 | 0.9891 | 0.9868

06 -

02

o o for different frequencies are given in Table I. In Fig.5/p

— =ay <'— — k) (12) versuse' /p is plotted for all temperatures and moisture con-

P P tents for the lowest and highest frequencies considered in this

whereq s andk are the slope and-axis intercept, respectively. study. Similar lines are obtained at the other frequencies with a

The values ofi; andk and the coefficients of determinatioh  slope increasing as the frequency increases (see Table I). The
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intercept constant is essentially constant for all frequencies 0.20 , , .

T
and has an average value of 2.76. All the lines crossathe 0o o
axis at a common point (2.76, 0). This point corresponds to ;45 | o‘;csg °5 i
(¢’/p) = 0 and can be considered as the coordinates, in the (ﬁ‘i(g °
complex plane, of the dielectric properties of a totally dry air- 016 L gr%g o' A
kernel mixture or that of a sample of any moisture content, 858
at very low temperature. Measurements carried out on dried @8 °°
samples of different bulk densities over the same frequency 0.14 - 8?3 %" T
range and at room temperature provided a value of 2.74 %ggfq’
for ¢'/p, which agrees well with that obtained by graphical 012 - 2od g
extrapolation. As expected, the dielectric properties of the %fg“g S
dry material are nondispersive and thus showed no variation 0.10 - 8 §%° .
with frequency. Although the microwave measurements on dry §§ o
samples were made at room temperature, there is no reason g gg | ! I I
to expect these properties to be temperature-dependent. The 10 12 14 16 18 20
frequency effect can be described as a rotation of the line MOISTURE CONTENT, %
at_)OUt the point¥; 0) makmg an anglé in the complex plane Fig. 6. Moisture dependence tfn 6 for hard red winter wheat at 14.2 GHz,
with the ¢’/p = 0 axis 24°C, and different bulk densities ranging from loosely packed to compacted.

6//

0 — arctan ? (13) a density—independen_t functiodr is defined as the ratio pf
¢ ’ tan é to the bulk density from (15). The following expression
re k is obtained forv:

Thus, 8 is independent of moisture content and temperature U= ﬂ(;ﬂ) (16)
and is a function of the frequency alone. Therefore, a relation- ape — e\ ¢

ship between the slope; and the frequency can be establishe
empirically. A linear regression shows that is related to the
frequency f as follows:

\dy is fully defined in terms of dielectric properties of the
material, the intercept constaiit, and a frequency factor
ay independent of moisture content and temperature. For

ay =0.0184 f 4 0.3826 r2 = 0.993 (14) practical purposes, the fewer extrinsic parameters involved in
the calibration equation, the easier is the calibration procedure.
where f is in gigahertz. Examination of (16) indicates that for a given material at
As aresult, from (12), the bulk density can be expressedangiven frequency the produét- a; is a constant and thus
terms of¢’ and ¢ as follows: can be omitted. Therefore, the density-independent calibration
1/ aze — ¢ function ¥ when used in calibrating a measuring system
=1 <T) (15)  operating at a single frequency can be simplified to
Equation (15) shows that a simple relationship exists at — e’ ] (17)
any given frequency between the bulk density and the two d(apcd — ")

components of the rel_at|ve _complex permittivity. Thereforqh this simplified form only one extrinsic parameter is needed,
from the measured dielectric constant and loss factor an

knowledge of the intercept constahtand relation (14), the hdmely the frequency factar;.
bulk density can be determined without prior knowledge of i )
moisture content and temperature. D. Density and Moisture Dependence&of
The density dependence fs shown in Fig. 7 for the same
C. Definition of the Density-Independent data used in Fig. 1. The straight lines are now essentially par-
Calibration Function¥ allel to thep axis, thus demonstrating the density-independent

The loss tangent is the entity that best describes the distril:():&]-a r.acter of. Variation of /¢ with mqstuye content is shown
Fig. 8, for the same data used in Fig. 6. The square root

tion between dissipated and stored energy in dielectrics [21]. .= . . )
. ) . : £ increases linearly with moisture content. The spread

At high frequencies, when an electromagnetic wave mtera((:)t]s ; . - .

. ) . . . points related to bulk density variation at each moisture
with a moist substance, water is the dominant factor associafed” ~. . ~.» . .

. - . . evel is significantly reduced. Both Figs. 7 and 8 confirm the
with the energy dissipated in the material. Therefore, adensagnsit independent character of
independent function based on the loss tangent should bettér Y P
describe the wave—material interaction from the energy point
of view. Fig. 6 shows the variations afn § with moisture E- Frequency and Temperature Dependencé of
content at 14.2 GHz and 24C. As with ¢ and ¢”, tané To complete the study of, the frequency and temperature
increases with moisture content. However, the density effatgpendence have to be considered. The frequency dependence
is still visible at each moisture level. To reduce this effecis illustrated in Fig. 9 for two levels of moisturé.decreases
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Fig. 7. Density dependence éfat 14.2 GHz, 24 C, and indicated moisture F9- 9-  Frequency dependence of the density-independent calibration func-
contents for hard red winter wheat. tion (£) at 24°C and indicated moisture contents for hard red winter wheat.
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Fig. 8. Square root of the density-independent calibration fun¢fpnersus
moisture content at 14.2 GHz and 2€ for hard red winter wheat.

Sl'.ghtly W'th increasing frequency, in a way similar to the Var'l':ig. 10. Temperature and moisture dependencé af 14.2 GHz for hard
ation with frequency noted for' and¢” [19]. Therefore, for red winter wheat.

a moisture sensing instrument operating at a single frequency,
the frequency selection should be based on other criteria,
such as the dynamic range and sensitivity of the system, {i§g. 2). At each temperature, a linear regression of the form
thickness of the layer, the dimensions and shape of the kernels
(scattering phenomenon), etc.

The temperature dependencegf at 14.2 GHz is shown VE=A-M+B (18)
in a three-dimensional illustration (Fig. 10) along with the
moisture dependence. A network of essentially parallel lines
is obtained. As expected/¢ increases linearly with moisture a5 ysed to fit the data, wherkis the slopeM is the moisture
content and temperature. The increasg/gfwith temperature -ontent in percent, and is the intercept. The values of
reflects the thermal behavior of “bound” water as interpreteghq B and the coefficient of determinatior® are given in

above. Table 1I(a)—(c) at different frequencies and temperatures. The
slope A generally shows very small temperature dependence,
V. CALIBRATION EQUATION FOR MOISTURE DETERMINATION  gnd considering the errors il and ¢/, A can be assumed
Based on Fig. 8, at 14.2 GHz and 2@, a change of about constant. In contrasB increases with temperature. An explicit
8% in moisture content produces a variation of 50% &, relation can be established empirically betweBnand the
which is between that of the dielectric constant and loss factemperature. For example, at 14.2 GHz and 7'(°C)< 34,
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TABLE I 20 T T T T
SLoPE A, INTERCEPT B, AND COEFFICIENT OF DETERMINATION r2 N
OF THE LINEAR REGRESSIONREPRESENTING /€ VERSUS M =
(See FiG. 8) AT DIFFERENT FREQUENCIES AND TEMPERATURES E 18 | 8¢ i
(@) f = 11.3 GHz. (b) f = 14.2 GHz. (c) f = 18 GHz. E
Temperature, °C | -1 9 16 24 34 42 8 g
A 0.0173 | 0.0176 | 0.0186 | 0.0187 | 0.0191 | 0.0174 g:“ 16 +— ¢ —
B -0.0023 | 0.0200 | 0.0242 | 0.0392 | 0.0546 | 0.0933 E
172}
72 0.9858 | 0.9916 | 0.9911 | 0.9883 | 0.9946 | 0.9924 o s
= 14 | o .
(@) g ©
|_
< o]
Temperature, °C | -1 9 16 24 34 42 5‘ 12 + I
A 0.0161 | 0.0160 | 0.0172 | 0.0174 | 0.0183 | 0.0177 ;
B 0.0076 | 0.0303 | 0.0348 | 0.0446 | 0.0540 | 0.0800 (&)
1
7 09811 | 0.9905 | 0.9878 | 0.9855 | 0.9913 | 0.9921 10 ' : l
10 12 14 16 18 20
(b) OVEN MOISTURE CONTENT, %
Temperature, °C | -1 5 s 2 34 ) Flg: 11. Predicted moisture cor_]tent calculated by (20) versus oven-drying
moisture content for hard red winter wheat.
A 0.0144 | 0.0148 | 0.016 0.017 0.0179 | 0.0182
B 0.0187 [ 0.0362 | 0.0376 | 0.0430 | 0.0488 | 0.0636
72 0.9843 | 0.9888 | 0.9845 | 0.9772 | 0.9852 | 0.9857 TABLE I
: ) : ) ) : SEPoF MoisTURE CONTENT PREDICTION AT DIFFERENT FREQUENCIES AND24° C
(c) Frequency, GHz | 11.3 | 123 | 133 | 142 | 152 | 16.8 | 18.0

SEP, %* 02410221023 |0.26 (026030032

a linear regression gives

For the SEP calculation, at each frequency, the data set was
split into two subsets covering the same moisture range.
. . . One subset was used for calibration, i.e., to determine the
whereT_|s the temperglture n degrges CeIS'US: coefficients A and B in (18). The second one was used
The high values oF" show the high correla_tlon betweenfor validation, i.e., to calculate moisture content according
V€ and M and demonstrate that the densny—mdependeﬁ)t (20). Values of the SEP for different frequencies and
calibration f9”9t‘°”5 can be of potential_ use for mOiStweroom temperature are given in Table Ill. Their increase with
content predlcnon. Therefore, when (18) is used, the mo'suﬂgquency might be related to the scattering effect and/or
content in percent, at a given frequgncy_and temperature’ @brs in measurement of attenuation and phase shift, both
be calculated from the following calibration equation: more pronounced at higher frequencies. At the 95% confidence
level, the uncertainty for moisture content determination over
M%) = Vvé(ag, e €e’) — B(T). (20) the investigated frequency and bulk density ranges at room
A temperature can be taken as twice the SEP value. On average,
. i i in this instance, moisture content can be determined from
In Fig. 11, the moisture predicted by (20) at room temperatugg,actric properties measurement wit.5% error (percent
and 14.2 GHz is plotted versus oven moisture content. The d{gisiure content). The accuracy with whidt is determined
points lie along the straight line which corresponds to the ide@épends mainly on the accuracy with which the dielectric
relationship. The effectiveness of (20) in predicting mOiSt”rﬁroperties of the material are measured. In this respect, the
content can be evaluated by calculating the standard errorcghice of the measurement technique is important. Moreover,
performance (SEP) which is defined as as in any calibration procedure for indirect determination of
a particular parameter, moisture content in this instance, the
choice of the reference method is an important factor. The

N
1 . . . .
R M2 oven-drying technique was used in this paper.
SEP N1 ;:1 (AM; — M) (21)

B(T)=9.77-10"* . T4+0.0206 +*=0.99 (19)

VI. SUMMARY AND CONCLUSIONS

where V is the number of samples\M; is the difference A gensity-independent calibration function for moisture
in moisture content predicted from that determined by th&nsing in particulate materials was defined, based on exper-
reference method for thith sample, and imental observations, a complex-plane representation of the
normalized dielectric properties, and the energy distribution
N in dielectrics expressed byan 6. Both the bulk density and
M = (1/N) Z AM;. new density-independent calibration function are expressed in
i=1 terms of the two components of the relative complex permit-
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tivity (¢' and¢’) and a constantk) and a frequency factor [18] M. Kent, “Application of two-variable microwave techniques to com-
(as), proper to each particular material. The new density- ggzigon analysis problems,Trans. Inst. M C vol. 11, pp. 58-62,
mdepgndent calibration functhn fOf _mOIStur? determinai 9] A. W: Kraszewski, S. Trabelsi, and S. O. Nelson, “Wheat permittivity
takes into account the energy distribution and integrates effectS measurements in free spaca, Microwave Power Electromagn. Energy
of both frequency and temperature. Its density independence Vol- 31, no. 3, pp. 135-141, 1996.
was shown for wheat over wide ranges of density, frequendg? S: Trabelsi, A. W. Kraszewski, and S. O. Nelson, “Use of measurements
. . . . . . at two frequencies for phase-shift determination,"lHEE MTT-S Int.
and temperature. Explicit calibration equations for bulk density  wicrowave Symp., Workshop on Electromagnetic Wave Interaction with
and moisture content determination can be generated at differ- Water and Moist Substances, Summari296, pp. 129-130.
ent frequencies and temperatures from Tables | and II. TH&] A. von Hippel, Dielectrics and Waves. New York: Wiley, 1954, p. 26.
accuracy with which both entities can be determined is based
mainly on the accuracy with whicH and¢” are determined.
Values of the SEP, given in Table Ill, indicate that, at the 95%
confidence level, moisture content in the range 10-19%, wet
basis, can be determined withitD.5% error on average. Since
this approach is independent of the measurement technique, it
provides more freedom of choice for the appropriate techniq
for nondestructive sensing of either entity, i.e., bulk densi
or moisture content. Therefore, it can be of potential use
many applications, particularly for on-line configurations fo
monitoring and control of such entities
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