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ABSTRACT

The crop-waste is available in abundant to generate energy. The energy
conversion process involve production of biofuel from crop-waste. This paper
considers the conversion of rice straw to energy. The conversion involve the pre-
processing of rice straw which includes drying and its conversion to powder form.
This paper proposes the microwave assisted drying process for rice straw. The single
strand of rice straw is considered in the paper. The Multiphysics simulation is
performed to understand the heat generation and heat-transfer rate with variation in
the size of rice straw. The proposed process involves the cutting of rice straw to
specific sizes. The rice straw size plays an important role in absorbing microwave
energy. The heating pattern depends on the mode of transverse electric field
interacting with specified size of rice straw. The different modes getting excited in the
rice straw depends on its size. It is observed in this paper that the large size of rice
straw help in achieving multiple modes in a single strand of rice straw. Hence, it
results in optimized microwave process to achieve the uniform heating in rice straw.
The cutting of rice straw before microwave processing requires the rice straw to size
between 8 cm to 12 cm.
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1. INTRODUCTION

The major non- renewable sources of energy are major contributors to the two-third of
world’s electricity production. The contribution of coal and natural gases in producing energy
for domestic usage globally is 40.8 % and 21.6% respectively. It is evident that the last 16
years the earth have witnessed increase of 32.31 Giga tonnes of CO, [1]. Hence, the
researchers focus is to define sustainable and environment friendly energy sources. The crop-
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waste has proven sustainable raw material for production of the energy. The rice straw is
available in bulk at the global level. Hence, the rice producing countries like China, India and
Indonesia are the potential source of bio-butane[2]. The conversion of rice straw to biofuel
requires pre-process of rice straw. The drying is essential pre-processing step require to
convert the rice straw to biofuel. The conventional drying process with convection heating
and vaporization offers efficiency up-to 25-30 %. The evolution of microwave technology has
enabled the energy efficient drying of the rice straw. It is claimed that the output of
microwave drying process eases the torrefaction process[3]. The microwave heating during
pretreatment severely rupture the surface of biomass and release light hydrocarbons during
the torrefaction process. Hence the rice straw after the microwave drying followed by
torrefaction results in reduced high heating value (HHV) in comparison to conventional
drying process[3]. Hence, the microwave drying is not in practice to dry the rice straw in bulk.
The microwave energy has disadvantages of non-uniform microwave heating and the
undesired chemical processes which take place due to non-thermal effects of microwave.
Hence, the target is to achieve uniform processing of object and control the temperature
within the specified range. The advantages of microwave drying process such as the 1/6™ the
time to dry rice straw and the energy efficiency up-to 70 % has triggered research in
redefining the process for rice straw drying[4]. The current research focuses on achieving the
drying of rice stubble without disrupting the chemical composition required to convert it into
bio-mass[5]. The microwave drying depends on physical, electrical and thermal properties of
material[6]. The physical properties include size and geometry of the object. The electrical
property includes dielectric constant and the loss tangent. The thermal property includes
specific heat of capacity and phase transition (P-T) point/latent heat.

This paper analyzes the effect of size and orientation of rice straw on its heating pattern.
The analysis also includes the variation in thermal and chemical properties with the size of
rice straw in microwave cavity. The analysis allows the definition of uniform heating
processes and control the temperature to dry the rice straw as per the requirement of
torrefaction process. The analysis is performed with multiphysics computer simulation[7].
The simulation is performed with 3-D structure of rice straw placed inside the microwave
cavity. The simulation of microwave heating involves solution to Maxwell’s equation
simultaneously with heat-transfer equations[8]. The simulation deploys finite difference time
domain method to solve the equations with 3-D structure.

2. MATERIALS AND METHODS

The analysis performed in a COMSOL Multiphysics software. The three dimensional (3D)
cavity is designed which closely resembles the commonly available commercial microwave
cavities of BAJAJ1701 MT. The size of the microwave system is tabulated in the Table 1.

The rice straw is defined in cylindrical shape with the radius of 3 mm. The simulation
requires defining the electrical and thermal properties of rice straw. The same is provided in
Table 2[9-11]. The parametric study with the length of the rice stubble is performed for
analysis. The length of rice straw is varied from 4 cm to 12 cm in increment of 2 cm. The
sample is heated for 10 seconds with a microwave power of 300 watts. The effect of length on
the temperature profile of sample is studied.
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Table 1 Physical properties of microwave cavity

Width (cm) Depth (cm) Height (cm) | Diameter (cm)
Microwave cavity 26.7 27 18.8 -
Waveguide 5 7.8 1.8 -
Glass plate - - 0.6 22.7
Stubble outer diameter - - - 0.6
Stubble inner diameter - - - 0.1
Table 2 Electrical and thermal properties of rice straw
Rice stubble Glass Air Copper
Relative permittivity, 3.042-0.086*j 2.55 1 1
Hy
Relative permeability, 1 1 1 1
Er
Electrical conductivity, 0.000414 0 0 5.99e7
o (S/m)
Thermal conductivity, 0.053 23 26.24e-3 400
k (W/m?2k™)
Density, p (kg/m3) 90 300 1.1839 8960
Heat capacity at 2.4e3 34 1006 385
constant pressure, C,,
(kg k™)

The 3D arrangement of cavity is shown in Fig. 1. The rectangular cavity carries three
objects viz. the rotating table and the cylindrical shape vertically placed rice straw. In the
practical scenario, It is essential to assume the random orientation of rice straw however the
vertical placement of rice straw enable detailed analysis in respect to important parameters.

Figure 1. Half geometry of the microwave system

However, the geometry in Fig. 1 is made symmetrical to reduce the simulation time and
hence the processor requirements. The symmetry allows the reduction of the geometry to half.

The microwave system in Fig. operates at a frequency of 2.45 GHz with maximum power
of 300 W. The walls of the microwave cavity are made up of copper with the rice stubble
placed at the center of a non-rotating glass plate.

The multiphysics computation requires meshing of the 3D structure to solve differential
equations. The options are to choose between uniform meshing and non-uniform meshing.
The non-uniform meshing controls the meshing density as per the requirement of physics.
Hence, the physics-controlled mesh is chosen for the simulation with the element size in range
of fraction of millimeters. The meshing comprises of tetrahedral element. The meshing of 3D
geometry is shown in Fig. 2.
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Figure 2. Meshing of 3D geometry of the model

2.1. Governing Equations

The meshing of 3D structure is followed by definition of equations which help in
simultaneously solving the electromagnetics and heat and mass transfer equations. The
electromagnetic principles are governed by Maxwell’s equation and given in equation 1[12].

(2rf)? (8 _Jo

c? wEe

VX (VX E) — >E=0 )

Here u, is relative permeability of material, ¢, is the relative permittivity and g, is free
space permittivity (F/m), o is electric conductivity of material (S/m), f is the frequency of
operation of microwave and c is speed of light, 2.9979 X 10® m/s, , E is the electric field
(V/m).

The heat and mass transfer equations are governed by thermodynamics principles and are
defined in equation 2[13].

aT
pCy=r = V(KVT) +Q )

Here Q represents heat produced from the applied energy, p is the density of material
under test (kg/m®), k is the thermal conductivity of the material (W/m?k™), and T is the
temperature in kelvin (K), C, is the specific heat capacity (J/kg™ k™).

The equations defined above are solved as per the boundary conditions. The boundary
conditions are essential and important aspect of heterogenous and Multiphysics simulations.
The impedance boundary conditions are defined for cavity and waveguide walls. It is
considered in the paper that the field penetrate to a short distance outside the boundary and
hence the conditions are governed by equation 3. The boundary conditions are visible in fig 3
and implies the applied impedance boundary condition on the geometry.

Lr.aan+E—(n.E)n=(n.Es)n—Es (3)
Eo&r —J =
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Figure 3. Impedance boundary condition

The previous sections discuss the symmetry followed in the design of the structure.
Hence, the symmetry boundaries are defined as PMC (perfect magnetic conductor) boundary.
It leads to equation 4 and these boundaries are thermally insulated. The applied magnetic field
boundary condition is depicted in Fig 4.

nxH=0 4)

Figure 4. Perfect magnetic conductor boundary condition

The port boundary condition at the inlet as shown in Fig. 5 is excited by a electromagnetic
wave operating frequency of 2.45 GHz. The applied port boundary condition on the geometry
is shown in Fig. 5. The microwave power is kept at 300 watts.

Figure 5. Port boundary condition
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While the simulation model analyzes the characteristics parameters, the need is to define
the assumptions to complete the model. The assumptions are essential as the model under test
has some uncertain variables

e The air flow inside the microwave cavity is not modelled.
e Therice stubble is assumed to be isotropic and homogeneous.

e The dielectric properties and thermal conductivity of the crop stubble are independent
of the temperature rise.

e Simulation is performed at a single frequency of 2.45 GHz with a rectangular wave
guide.

e The position of crop stubble is fixed in space and thus the glass plate is not rotating.

3. RESULTS AND DISCUSSION

The distribution of the electric field in the microwave cavity at 300 W power at plane of
symmetry as shown in Fig 4. It is clear from the Fig. that the maximum electric field is 4x10*
V/m near the waveguide. The weak spots of electric field has the value is 0.5x10* V/m. It
clarifies the non-uniform distribution of electric field in the microwave cavity. A strong
electromagnetic field at a particular position results in more heating of RS as compared to
heating of RS at a position where electromagnetic field is weak.
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Figure 6. Distribution of electric field inside the cavity

The temperature profile in the rice straw is given in the Fig. 7. The length is varied from
400 mm to 12000 mm. Due to the low thermal conductivity of the rice straw, generated heat
is not able to conduct along the length of stubble at a fast pace. Thus, hot spot is created on
the lower edge of the rice straw and the variation in temperature profile is observed.
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Figure 7 Temperature profile in different lengths of rice stubble
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The lengths are compared after the normalization of the length. The factor normalized
axial variable is introduced as y=x/L. The parameter is used in the analysis, here x is the
length along vertical axis where temperature is measured, and L is the length of the rice
stubble. As shown in the fig. 8, the length of the rice stubble has significant impact on the
temperature profile along its length. The graph clarifies that the high amount of variation in
temperature of rice straw along the length. In contrast, when the length of the RS start
increasing from 6 cm to 12 cm, the exponential decay is not observed. The large size of the
rice straw results in variation in form of one minima. Hence the level of non-uniformity is
reduced. The practical scenario involve multiple modes interacting with multiple rice straw
strands at a time. It will result in more uniform heating and hence drying of the rice straw. For
a length of 12 cm, the temperature profile on the top edge and bottom edge are symmetrical.
This shows a dumbbell like distribution of temperature in the long lengths. This is attributed
to the low dielectric loss value of rice stubble. In general heating, one would expect that the
maximum heating would be in the sample of 4 cm length, but in this study, it has been
observed that the maximum heating occurred in the sample of 12 cm length. The non-
uniformity in temperature profile also indicates that the heat generation rate is much faster as
compared to heat transfer rate in RS due to low thermal conductivity.
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Figure 8. Temperature distribution along the length of rice stubble for different lengths

It is expected that the cutting mechanism of bulk rice straw results in uneven length of the
rice straw. Hence the results discussed in the section suggests two essential points which can
help optimizing the process for immediate and energy efficient drying. The first consideration
is that the heat generation is faster than the heat conduction. Hence the heat conduction can’t
help in achieving the uniform pattern in rice straw. Further, the rice straw should be cut into
small pieces but the size should be kept between 8 cm to 12 cm.

4. CONCLUSION

This paper establishes that the microwave energy results in non-uniform heating and hence
drying of the object under test. Hence it is important to optimize the process of microwave
drying before using it for bulk processing. This paper considers the detailed analysis of single
strand of rice straw applied to microwave energy for immediate drying. It is essential to cut
rice straw according to a particular size before applying it to microwave cavity. The
optimization of rice straw is achieved with the help of Multiphysics simulation. It is observed
through temporal (with respect to time) simulation that the heat generation in microwave
cavity is more than heat transfer through conduction. Hence the heat conduction doesn’t play
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a role in achieving the uniform heating for microwave drying process. Also, it is observed that
the larger size of rice straw should be expected to generate better uniformity. It is suggested
that the rice straw should have length between 8 cm to 12 cm to achieve uniform drying
process.
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