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91 Abstract

92 Dielectric properties of any particular material will determine the level of

93 microwave (MW) heating. Therefore, measurement of the dielectric properties of

94 MW treatment subject materials are necessary. This study investigated the

95 dielectric properties of six roughages and three concentrate animal feeds across

96 the microwave frequency range of 1x10°to 5x10° Hz. Six treatment groups,

97 named control (at equilibrium moisture constant), oven dried (0 % moisture),

98 25% moisture added, 50% moisture added, 75% moisture added, and 100%

99 moisture added groups were prepared for the study. Three separate replications
100 and five observations for each replication were used to assess the dielectric
101 properties of these materials. The results showed that for increasing moisture
102 content, from oven-dried, though the control status, to 100% added moisture,
103 both the dielectric constant (real part) and the dielectric loss factor (imaginary
104 part) increased for both the roughages and concentrates. However, the responses
105 were not linear. The oven-dried plant samples' dielectric properties were very low
106 compared with those of the higher moisture content samples. Thus, the sample's
107 moisture content was the dominant contributor to the feed samples' dielectric
108 behavior. Among all the feed samples, faba bean and wheat grain showed the
109 highest response to added moisture. Mathematical models were developed to
110 explain the dielectric properties of feeds as a function of frequency and moisture
111 content. The goodness of fit (r*) for these models' real part varied between 0.85-
112 0.99 for roughage and 0.98-0.99 for concentrate feed type. On the other hand, the
113 goodness of fit for the imaginary part varied between 0.59-0.78 for roughage, and
114 0.81-0.93 for concentrate feeds.
115 Keywords: forage; grain; moisture; dielectric, modelling

116 Introduction

117  Microwave (MW) technology is becoming more popular for uses in the human food and
118  animal feed processing industries (Chandrasekaran et al. 2013) due to its quick and

119  energy-efficient processing ability. It proved to be effective in improving human food
120 (Puligundla et al. 2013) and animal feed (Brodie et al. 2019) nutritive value. Several

121 uses of MW heat energy have been observed for the feed processing industry, such as
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drying, moisture measurement, removal of antinutritional factors, and improving quality
(Park et al. 1983; Higgins and Spooner 1986; Mahyuddin et al. 1988; Trabelsi et al.
2013). It is evident that the nutritive value of roughage and concentrate feed, for better
animal production, can be improved using MW heat treatment (Dong et al. 2005;
Sadeghi et al. 2005; Sadeghi and Shawrang 2006, 2008; Brodie et al. 2012). However, it
is necessary to understand the feed material's behavior when subjected to MW energy
(Nelson and Stetson 1975). The dielectric properties of the material determine
interactions between materials and electromagnetic waves. Therefore, the dielectric
properties of roughage and concentrate feeds play a significant role in applying MW
energy when it is being considered for processing. This knowledge of the dielectric
properties is required to optimize MW processing.

Many materials, which are regularly processed with Radio Frequency (RF),
MW, and millimeter-wave (mm-Wave) energy, contain bound and free water. The
water in materials, such as forage hay and grains, which is below saturation, is
predominantly bound water (Brusewitz et al. 1993). This is water, which is
hygroscopically fixed to the surface of the forage or grain's underlying cellular
structure. Unlike free water, the dipole molecules in bound water are less free to
respond to oscillating electromagnetic fields; therefore, its characteristic response
frequency is much lower than that of free water (Esch et al. 1999).

Debye (1929) developed the following basic model for the dielectric behavior of

materials with polar molecules:

Eof = Eop + R+ j— (1)

Where €, is the complex dielectric constant at any frequency (f), &, is the

complex dielectric constant at very high frequencies, &, is the dielectric constant at very
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low frequencies, f, is the fundamental response frequency of the dipolar molecules, o is
the electrical conductivity of the material, g, is the dielectric properties of free space,
and j = v/—1, which is the complex operator.

Debye's Equation applies to pure dipolar materials, with a single fundamental
response frequency. Most real materials have a dispersed response to the
electromagnetic fields, so Cole and Cole (1941) developed a modified variant of the

Debye equation to account for these dispersed responses:

& & . o
Eof = €0 T — =t (2)

Where a represents the level of dispersion in the response and can be
determined by plotting the real and imaginary components of €, in the complex plain.

Previous studies about the dielectric properties of some plant materials and
grains, with a diverse range of frequencies up to 15 GHz, already exist (Nelson and
Stetson 1975; Nelson 1981); however, there seems to be no specific data available on
the dielectric properties of roughage (forage hay, straw) and concentrate feeds related to
different moisture content at different frequencies. Therefore, this study was conducted
with the following objectives: to (1) measure the dielectric properties of roughage and
concentrate feeds over the range of 1x10° Hz to 5x10° Hz, (2) identify the relationship
between feed type, and moisture content, frequency, and dielectric properties, and (3)
determine the penetration depth within the selected frequency range to estimate the heat

distribution.

Materials and methods

The study was conducted at the Douglas Campus, James Cook University, Townsville,

Queensland, Australia.
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Feed sample collection

To investigate the dielectric properties of different feed samples, nine types of feed,
consisting of six roughages and three concentrates, were used in this study. The
roughage feeds were lucerne hay(Medicago sativa), canola hay(Brassica napus),
pasture hay (perennial ryegrass; Lolium perenne. L + white clover; Trifolium repens),
oaten hay (4vena sativa), wheaten hay (Triticum aestivum), and rice straw. The
concentrate feed samples were faba bean grain (Vicia faba), wheat grain (Triticum
aestivum), and maize grain (Zea mays). Lucerne hay, pasture hay, and maize grain were
purchased from a farm supply store in Shepperton, northern Victoria, Australia. Oaten
hay was collected from a sheep farm near Dookie Campus, northern Victoria, Australia.
Wheaten hay, canola hay, wheat grain, and faba bean grain were collected from the
Dookie Campus sheep farm at The University of Melbourne, northern Victoria,
Australia. Rice straw was collected from a local contact close to Shepperton, northern

Victoria, Australia.

Feed sample preparation

Initially, moisture and DM content of each type of feed were measured according to
Association of Official Agricultural Chemists (AOAC) 925.10 (AOAC 1990). To
observe the change in different feed samples' dielectric properties, samples were ground
with a coffee grinder prior to passing the material through a 2 mm sieve. One
equilibrium moisture content (EMC) control group and five-levels of different moisture
were added to each feed type to achieve five moisture added group sample at 0% (oven
dried), 25%, 50%, 75%, and 100% moisture, based on their DM weight. The selected
amount of deionized water for each treatment was sprayed onto the feed sample, which
was kept in a polyethylene zip lock bag and mixed thoroughly at least twice per day

while keeping them refrigerated at 4°C to ensure that the moisture was distributed
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uniformly. Samples are stored in the refrigerator for three days before the experiment

was conducted.
Experimental design

The experimental design of the current study is illustrated in Table 1

Table 1: Illustration of experimental design to determine dielectric properties of animal
feed

Feed type Moisture content No of No of
Replication observation
Roughage
Lucerne, Canola, Control 3 5
0% (Oven dried) 3 5

Pasture. Oat, wheat 5% 3 5

hay, and rice straw 50% 3 5
75% 3 5
100% 3 5

Concentrate

Faba bean, wheat, Control 3 5

and maize grain 0% (Oven dried) 3 5
25% 3 5
50% 3 5
75% 3 5
100% 3 5

Dielectric properties measurement

For measurement of complex permittivity (real part, €', and imaginary part, €") of the
feed samples the procedure of (Taheri et al. 2018) was followed. An open-ended coaxial
probe kit (Agilent 85070E Dielectric Probe kit 200 MHz to 50 GHz, Performance Probe
85070-60010) with a network analyzer (E8364B PNA network analyzer) was used to
measure the dielectric properties in the frequency range of 1 x 10° Hz to 5 x 10° Hz
(Figure 1). The network analyzer was connected to a computer with Agilent software.

To avoid any errors, the connecting cable and the probe remained fixed during
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measurement. Calibration was conducted within open-air, water, and an aluminum
sheet before starting the measurement. To confirm the calibration, the dielectric
properties of water, which are well known at room temperature, were measured. After
making these measurements match the correct water curves, the measurements on feed

samples were carried out.

Kit —_—
$
Sample

under test s

Figure 1. Schematic of vector network analyzer (E8364B PNA) with open-ended
coaxial probe kit and sample under test. (adopted from Kabir et al. (2020))

Three replications of each treatment sample were measured for dielectric
properties. For each replication, five data observations were collected from the vector
network analyzer, after the dielectric probe was removed and reinserted into a different
part of the sample. The mean values were considered for further statistical analysis. The
sample was placed in a Teflon container (4.5 cm length x 1 cm diameter) to measure the
dielectric properties via the probe. Feed samples were placed in the container in a
manner to create a plain surface, assuming that there is no other influence during

measurement. During the measurement, room temperature (25 =+ 2 °C) was maintained.
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For the measurement of the feed samples' dielectric properties, with an open-
ended coaxial probe, the sample must have a flat surface and be kept in contact with the
probe. When the solid sample comes into contact with the probe, a signal will be
reflected and measured as a flat surface. Finally, the measurement will be related to the

relative permittivity.

Penetration depth and wavelength
The depth, where the microwave power drops to 1/e (e = 2.718) or 36.8% of its primary

value in a material, is known as the "penetration depth." (Metaxas and Meredith 1983)

C

= nfvzer 3)

dp

The penetration depth is calculated from the dielectric properties of that material, using
Equation (3), where c is the speed of light in free space (3 x 108 m/s), and fis the
frequency (Hz). The penetration depth is inversely proportional to the frequency. The
higher the frequency, the lower the penetration depth into the material, and as a result,

surface heating will increase.

cV2

A, = 4
m f\/s’_2+ "2+ g1 @

The MW or RF field wavelength inside the material is inversely related to the frequency
and modified by the material's dielectric properties. Therefore, the wavelength in the
material can be calculated by using the dielectric properties in Equation (4). Prediction
of MW heat treatment is possible when the penetration depth, wavelength, and
geometrical structure of the applicator and load material are known (Brodie GI 2008;

Bhattacharya and Basak 2017).

10



249
250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

Dielectric Model for Forage Materials as a Function of Frequency and

Moisture Content

From their study of the dielectric properties of vegetation, Ulaby FT and El-Rayes
(1987) determined that the dispersion constant & in Equation (2), for bound water, was
0.5. Therefore, assuming that (1) the bound water is the most dominant factor in the
dielectric constant of unsaturated forage or grain, (2) there is little electrical
conductivity in the samples, and (3) that the dry forage has a small residual dielectric

behavior, the dielectric properties of forages and grains can be described by:

Eof = Egr t jEgi + F(M) | &g + ES_£'°; +j— Q)
Where ¢4, is the real part of the residual dielectric behavior of the dry material,
£4i 1s the imaginary part of the residual dielectric behavior of the dry material, and
F(m) is some function of the moisture content that is to be determined from the

experimental data.

)

1+ [6L)

multiplying the top and bottom of the fraction by 1 — ( j

The portion of Equation (5), described by , can be partially resolved by

L) to become:
fo

et G

1_jE

(6)

This can be further resolved by multiplying the top and bottom of the fraction by 1 + j % to

become:

11



(es—ew0)|1- |(1£) |14 ]
268 | e (7)
1+(E)
269 Knowing that the \/j = % +j %, the first square bracket of the numerator now

270  needs to be expanded to become:

|11 ENE = )

271 2 (8)
f
1+(E)
272 This can be resolved into its real and imaginary part so that all the dielectric

273  properties of unsaturated forage or grain can be described by:

e (DD

274 ger =g + F(M) | &0 + 9)
1+(%)
275  And
(Es_gw)[L_i D)-(L) /(L)]
276 £'er = £qi + F(m) ol (10)
1+(% 0
(7)
277 Where Sef = Slef +j£"ef
278 A second-order polynomial was used to account for changes in moisture:
279 F(m)=1+b-m+c-m? (11)

280  Statistical and other software analysis

281  Dielectric data were analyzed and displayed with the help of MATLAB software

282  (MathWorks, Inc., USA). Equations (9) to equations (11) were used in MatLab's Curve

12
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Fitting Tool as the basis for developing a semi-empirical model for the dielectric

properties of the forages and concentrates.

Results and discussion

Figure 2 shows the results of applying the model equations to the real and imaginary
parts of the measured dielectric properties for roughage and concentrate feed (lucerne
hay and faba beans, respectively) in the frequency range of 1-5 GHz. The dielectric
constant was higher in the case of high moisture percentage sample at low frequency.
However, it decreases or remains constant with increasing frequency. A similar result
was observed in the previous dielectric study with various types of grain (Nelson 1952).

Table 2 and Table 3 show a subset of the dielectric dataset of different feed
types (roughage and concentrate), MW frequency, and moisture content status. Both the
dielectric constant (real part) and the loss factor (imaginary part) increased with
increasing moisture percentage from oven-dried samples to control, 25%, 50%, 75%,
and 100% moisture addition, on a dry matter basis. On the other hand, the dielectric
constant and loss factors of roughage and concentrate reduced with increasing
frequency (Figure 2).

The dielectric properties of dry forage hays and grains are very low due to the
low moisture content. The presence of moisture in the material is the major factor that
determines the dielectric behavior of the material (Nelson 1981). The increase in the
dielectric value of forage hays and grains with increasing moisture content agreed with
previous studies. Ulaby et al. (1984) showed an increase in the dielectric properties in
wheat and maize leaves and stalk after they were extracted from the plants, and
moisture was added separately. Another study with various grains (barley, wheat, corn,
and barley) revealed that the dielectric constant increased with increasing grain moisture

content at any frequency. However, the measurement was done with very low

13
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frequencies, from 1 MHz to 50 MHz, in that study. Another study with various types of

grain (red winter wheat, sorghum, spring oats, soybean, and alfalfa/lucerne) was

measured from low frequency (250 Hz) to very high frequency (12 GHz) (Nelson and

Stetson 1975). The study showed that dielectric constant and loss factors decreased with

increasing frequency (Nelson and Stetson 1975).

An unusual fluctuation in the dielectric loss factor of wheat forage hay and

maize grain was observed, after some time, with increasing frequency. However, the

reason behind that is unknown. A possible assumption could be due to the improper

fitting of the open-ended coaxial probe of vector network analyzer on the sample under

test.

Table 2. A subset of dielectric data as a function of roughage, frequency, and feed

sample moisture status.

Forage Frequency Moisture status (Moisture added on dry matter basis)
Control Oven dried 25% 50% 75% 100%
hay type (>< 109 HZ) | " 1 " 1 " 1 " 1 " 1 "
€ € € € € € € € € € c c

1.0-1.95 1293 0.007 1.188 0.001 2.903 0.321 3.712 0.769 4260 1.162 6.848 2.030
Lucerne 2.0-2.95 1260 0.023 1.160 0.018 2.770 0.113 3.556 0.337 4.118 0522 6.754 0.812
3.0-3.95 1249 0055 1.153 0.040 2.717 0.059 3.509 0.050 4.092 0.144 6.784 0.097
4.0-5.00 1236 0.077 1.140 0.054 2.696 0206 3.509 0.166 4.115 0.146 6.909 0.424
1.0-1.95 1275 0.001 1.122 0.005 1457 0.047 2444 0433 4.002 1.159 6.459 2.624
Canola 2.0-2.95 1247 0031 1.098 0.007 1412 0.001 2345 0.184 3.836 0541 6263 1.300
3.0-3.95 1239 0064 1.091 0.023 1399 0.047 2318 0.017 3.791 0.160 6227 0.562
4.0-5.00 1233 0088 1.085 0.030 1393 0.077 2319 0.101 3.809 0.104 6.288 0.066
1.0-1.95 1217 0016 1233 0.005 1.830 0.124 2461 0391 3260 0588 4.831 1.200
Pasture 2.0-2.95 1.188  0.010 1.209 0.033 1.761 0.029 2357 0.166 3.167 0.188 4.730 0.456
3.0-3.95 1.178  0.039 1.200 0.064 1.741 0.052 2.324 0.008 3.153 0.071 4.728 0.004
4.0-5.00 1171 0.050 1.193 0.082 1.731 0.112 2320 0.104 3.171 0264 4.787 0.318
1.0-1.95 1415 0017 1.176 0.000 2219 0273 2214 0285 2630 0.167 9.144 3.773
Ont 2.0-2.95 1385 0028 1.155 0.017 2.124 0.119 2.142 0.112 2562 0039 8.776 2.063
3.0-3.95 1379  0.086 1.155 0.048 2.095 0.013 2.125 0.027 2.556 0222 8.664 1.079
4.0-5.00 1372 0.116 1.147 0.055 2.083 0.096 2.122 0.111 2573 0352 8.686 0.427
1.0-1.95 1111 0.002 1.165 0.016 1.429 0.044 3.014 0.148 3376 0385 3.927 0.437
Wheat 2.0-2.95 1.102  0.008 1.156 0.014 1.402 0.002 2.939 0.059 3.289 0085 3.839 0.033
3.0-3.95 1102 0.027 1.159 0.040 1399 0.040 2.928 0246 3280 0.145 3.840 0.270
4.0-5.00 1101 0.036 1.151 0.054 1391 0.070 2.943 0397 3298 0316 3.881 0.503
1.0-1.95 1216 0035 1.151 0.040 1.641 0.013 3.136 0.118 3.691 0.114 4.695 0.220
Rice straw 2.0-2.95 1.181  0.012 1.119 0.018 1.624 0.050 3.101 0.133 3.649 0.168 4.632 0.178
3.0-3.95 1.176  0.030 1.118 0.019 1.617 0.099 3.104 0.327 3.658 0399 4.652 0.491
4.0-5.00 1.167 0.026 1.108 0.010 1.621 0.156 3.144 0.508 3.715 0.607 4.731 0.756

14
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As shown in Figure 2, moisture had the most profound effect on both the dielectric
constant (¢') and the loss factor (&¢") of the roughage and concentrate samples. For
example, at 2450 MHz, the dielectric constant of lucerne increases from 1.13 to 6.72 as
the moisture content increases from oven dry to 100 % (w/dry w), and the loss factor

increases from 0.008 to 0.81.
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Figure 2: The (a), (c) real part and (b), (d) imaginary part of the dielectric properties of

lucerne hay and faba bean respectively as a function of frequency and moisture content

For any moisture content, the dielectric constant does not significantly change with
frequency; however, the loss factor reduces with increasing frequency. For example, at

100 % moisture content, the loss factor for faba bean changes from 10.1 at 1000 MHz to

15
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4.3 at 5000 MHz. This decline in loss factor is probably due to a combination of the

frequency response of bound water in the samples and ionic conduction at low

frequencies.

Table 3. A subset of dielectric data as a function of concentrate feeds, frequency, and

feed sample moisture status.

Moisture status (Moisture added on dry matter basis)

Concentrate  Frequency __control  Oven dried 25% 50% 75% 100%
type (>< 109 HZ) ev en ev en ev en ev en ev en ev en

1.0-1.95  1.683 0.036 1375 0.011 6344 1255 13750 4.332 17.220 6.065 19.741 5.598
Fababean 20295 1661 0114 1330 0035 5886 0754 13.015 2578 16427 3.652 19.263 3.081
3.0-395  1.655 0.179 1.327 0.087 5678 0352 12.691 1.534 16.089 2277 19.148 1.687
4.0-500  1.659 0242 1324 0.098 5591 0.037 12.608 0.782 16.057 1.344 19.342 0.748
1.0-1.95 1787 0.011 1524 0.013 3915 0419 878 1175 14.851 3389 24200 4.206
Wheat 20295 1735 0079 1482 0.072 3.689 0.215 8298 0.599 13.974 2.186 23.166 2.655
grain 3.0-395  1.724 0165 1478 0.137 3.588 0.015 8.094 0.095 13596 1.353 22.808 1.564
4.0-500 1720 0218 1476 0.165 3.546 0.140 8.041 0.292 13.497 0.762 22.867 0.827
1.0-1.95  1.687 0.033 1370 0.028 2208 0.016 2759 0.094 5101 0321 6.548 0.342
Maize 20295  1.648 0.029 1322 0.020 2170 0.116 2.723 0264 4971 0.004 6440 0.119
3.0-395  1.641 0.091 1.315 0.069 2172 0217 2740 0432 4961 0281 6477 0492
4.0-500  1.639  0.139 1310 0.077 _2.180 0.300 _2.771 _0.572_5.000 _0.495 6.575 _ 0.768

The same model can also describe the other roughages’ and concentrate feeds’ dielectric

properties, with comparable goodness of fit.

Table 4: Model parameters for the real part of the dielectric constant of various grains

Feed types

Parameter Roughage (forage hay and straw) Concentrate

Lucerne Canola  Pasture Oat Wheat Rice straw | Fababean Wheat Maize
€dr 0.902 0.959 0.941 0.701 0.645 0.311 0.837 0.250  0.246
£n 0.431 0.150 0.336 0.967 0.347 0.705 0.047 0.353  0.938
€ 2.985 0.410 1.050 4.390 4.040 0.930 11.09 1.198 1.280
fo (Hz) 3.277x 10° 0.843 0.124 5.242 x 10° 6.22 0.308 1270 0.568  0.211
b 0.065 -0.021 0.024 -0.058 0.102 0.006 5.104 0.211 0.026
c 0.001 0.004 0.001 0.001 0.000 0.001 -0.015 0.004  0.000
12 0.95 0.99 0.99 0.87 0.94 0.85 0.98 0.99 0.98

Table presents the model parameters for the real parts of the dielectric properties for

three grains and six forages.
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Table presents the additional model parameters for the imaginary part of the same
materials' dielectric properties. It is unclear why the moisture function parameters are so
different between the real and imaginary models; however, the other parameter values
of €., & and f, are the same.

It is also apparent that the model fits the real part of the dielectric properties very well;
however, the model does not fit the imaginary part of the dielectric properties quite as
well, especially for the forage samples. This may be due to the inherent error associated
with using a dielectric probe to extract the imaginary portion of the dielectric constant
(Brodie G et al. 2016). It may also be due to poor coupling between the surface of the
dielectric probe and the material under test.

Table 5: Model parameters for the imaginary part of the dielectric constant of various

grains
Feed types

Parameter Roughage (forage hay and straw) Concentrate

Lucerne  Canola  Pasture Oat Wheat  Rice straw | Fababean = Wheat Maize
€di -0.751 0.000 -0.492 -0.460 -0.417 -0.481 0.000 0.000 0.000
c 0.091 0.029 0.056 0.092 0.049 0.061 0.043 0.024 0.024
b -0.236 4054 -294.8  0.269 4.151 2335 -2.581 228.1 1155
c -0.002 -70.47 -1094 -0.004 -0.079 -10.11 -0.079 -30.67 -150.2
s 0.78 0.71 0.73 0.73 0.59 0.59 0.93 0.81 0.83

Figure 3 presents examples of the electromagnetic penetration depth in lucerne and faba
beans. In both cases, the penetration depth is highest at low frequencies in the dry
material and least at high frequencies in wet material; however, there are clear
differences in the rate at which the penetration depth diminishes as a function of

frequency and moisture content between the two feeds.
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364  Figure 3: Electromagnetic penetration depths of (a) lucerne and (b) faba bean as a

365  function of frequency and moisture content

366  These differences are directly associated with the differences in the dielectric properties
367  of the two materials. That same would be expected with all the other feed materials

368  tested during this study.

369 Conclusion

370  The data in this study clearly represents the impact of the feed samples’ moisture
371  content on the feeds’ dielectric properties. In addition, an applicable mathematical
372  model has been developed to predict the complex dielectric properties of different
373  roughage and concentrate feeds at different moisture contents and frequencies within
374  the studied frequency range. This model will help identify the proper frequency

375  response of the feed material for further processing with MW treatment technology.

376
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