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List of symbols

Nomenclatures:
Ar Archimedes number
Area  Total Area of a bed element exposed to air interaction (m?)
Cpa  Specific heat of air (J/kg K)
Cpv  Specific heat of vapour (J/kg K)
Cpw  Specific heat of water (J/kg K)
Cpm  Specific heat of material (J/kg K)

jm1

jpl

CS

DWB.

Dp

Ga

hfg

hfgm

Water diffusion conductance between pair of nodes j and (j-1) in the spherical

particle,( kg/s)

Water diffusion conductance between pair of nodes j and (j+1) in the spherical

particle, (kg/s)
Cross-sectional area of dryer (m?)
Diffusivity of water in the material particle,(m?/s)
Diffusivity of water in air,( m?/s)
Diameter of grain (m)

Mass f low rate of dry air (kg/s)
Mass flow rate of dry material (kg/s)
Heat transfer coefficient (W/m? K)
Latent heat of vaporization of free water, (kJ/kg)

Latent heat of vaporization of water contained inside material, (kJ/kg)

[[2502.2 - 239T,)(1 + 0.5e7 14> X)])] empirical formula of h¢m for canola[1]
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hm Mass transfer coefficient (kg/m?)
Hm, Material enthalpy at i node (J/kg)
Hmi+1  Material enthalpy at (i+1) node (J/kg)
Haji+1 Air enthalpy at (i+1) node (J/kg)
Haj Air Enthalpy at 1 node (J/kg)

Ha, in Enthalpy of inlet air (J/kg)

Ha oue  Enthalpy of outlet air (J/kg)

H Height of the dryer bed (m)

Ja Mass transfer factor

Ka Thermal conductivity of air (W/m K)
LB Length of Bed (m)

LMTD  Logarithmic Mean Temperature Difference

LMYD Logarithmic Mean Humidity Difference

M Dry mass of each element of a single particle, kg, [ = (4/3)7Tr03 pm/NEP]
m Total mass of the grains in the bed (kg)

NEB Number of elements along dryer length

NEP Number of elements along particle radius
Nu Nusselt number

Patm Atmospheric pressure (Pa)

Py Air vapor pressure (Pa)

Pys Air saturation vapor pressure (Pa)

Pr Prandtl Number

r Particle radius, m
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To Particle outer radius, m

R universal gas constant (k J/mol K).

Ro Radius of the particle (m)

R Radius at any point inside grain (m)

Re, Reynolds number for particle based superficial velocity
RH Relative Humidity (decimal)

Sc Schmidt number

t Time (s)

Tm Temperature of material (°C)

Tm1 Temperature of material at 1% node of dryer (°C)
Tmi Temperature of material at i node of dryer (°C)
Tamb Ambient air temperature (°C)

Tap Dew point temperature (°C)

Tain Temperature of inlet air (°C)

Tmin Temperature of inlet material (°C)

Ta Temperature of air (°C)

Tai Temperature of air at 1% node of dryer (°C)

Tai Temperature of air at i node of dryer (°C)

Tdp Dew point temperature (°C)

Usup Superficial Velocity of air (m/s)

VG Volume of grain (m?)

VB Bed volume, m®, [Bed length x Bed width x Bed height]

Wn Mass flow rate of material (kg/hr) (wet basis)
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Wa Mass flow rate of air (kg/hr) (wet basis)
Xin Inlet moisture content of material (kg water/kg dry basis)
Xout Outlet moisture content of material (kg water/kg dry basis)

Xm Distributed moisture content of grain (kg water/kg dry basis)

Xl Value distributed moisture content at 1% node in grain (kg water/kg dry
basis)
X Average moisture content in grain (kg water/kg dry basis)

Moisture content of center of grain (kg water/kg dry basis)

X1
P Previous value of moisture content of grain at centre (kg water/kg dry basis)
X1
Moisture content of grain at intermediate point (kg water/kg dry basis)
x .
j
o Previous value of Moisture content of grain at intermediate point (kg water/kg dry
j
basis)
Moisture content of grain at outer surface (kg water/kg dry basis)
XNEG 1
P Previous value of Moisture content of grain at outer surface (kg water/kg dry basis)
XNEG 1
Distributed Moisture content of grain coming out from dryer (kg water/kg dry basis)
XNEBP1
Y Humidity of air (kg water/ kg dry air)

Yeq Equilibrium humidity of air (kg water/ kg dry air)

Yin Inlet air humidity (kg water/ kg dry air)

Yi Humidity of air at i node (kg water/ kg dry air)

Yi+ Humidity of air at i+1 node (kg water/ kg dry air)

Yeql Equilibrium humidity of air at i node (kg water/ kg dry air)

Yeqi+1  Equilibrium humidity of air at i+1 node (kg water/ kg dry air)
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V4 Coordinate in vertical direction (along bed height)

E Voidage (decimal)
(0] Sphericity (%)
Pp Density of material (kg/m?)

(AT)m  Logarithmic mean temperature difference for heat transfer from air to
grain for a dryer element,(°C),
(AY)m Logarithmic mean air moisture concentration difference for mass transfer

from grain to air for a dryer element, (kg/kg),

Pa Dry air density,( kg/m®)

Pm Dry particle density,( kg/m®)

€ Void fraction (Fraction of bed volume occupied by ait)
Ua Dynamic viscosity of air (kg/m-s)

AP Pressure Drop (Pa)

AHs (1) Heat of sorption of material with X(i) moisture content,( kJ/kg), [= hfem — hyg]
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Preface

Drying is essential in many sectors, such as food and ceramic materials. For the food sector,
drying is used as a method of preservation. The vaporizing of water provokes a cracking of
ceramic materials during firing at high temperatures. So the water used for forming must
imperatively evacuate before firing, so the necessity of the drying operation. Hence, in this
thesis, an investigation has been carried out to analyze coupled heat and mass transfer
phenomena during steady-state and different drying modes. To carry out this study, a non-
equilibrium drying model and related computer program have been developed for different
drying processes considering other materials like biological and ceramic. Governing equations
include moisture mass balance, enthalpy balance, heat transfer rate, an element's mass transfer
rate, along bed height. And diffusion equation of moisture inside a single kernel has also been
solved simultaneously through an implicit scheme using TDMA (Tri-Diagonal Matrix
Algorithm). An iterative approach has been used to solve the governing equations for a selected
geometry of the dryer. The rating analysis can be used for arriving at improved quality and
higher dryer efficiency. The simulation program developed is fairly general and can be used
for any material. The detailed performance prediction results can be used to arrive at an
optimum design. To quantify the enhanced performance characteristics and fulfill the research
gaps, numerical and experimental investigations have been done on a different type of dryer

using different kinds of material.

This thesis is divided into 11 Chapters.
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Chapter 1 introduces the thesis work, including the background related to drying and drying
phenomena. It describes different drying techniques, other types of dyer, the need for drying,
and their application for biological and ceramic materials.

Chapter 2 includes the literature review and objective of the investigations. The literature
review sought the recent drying trend like different drying models for different dryers, different
types of drying materials, and different drying mechanisms. The objective of the present study

includes the importance of a new mathematical model and related computer programs.

Chapter 3 describes the experimental procedure and preparation of materials and a brief

description of the instruments used and characterization techniques.

Chapter 4 depicts the mathematical modeling in detail for different types of dryers.

Chapter S reports Performance analysis of deep bed drying of canola seeds using a numerical
technique in detail. And full drying performance and rating analysis of deep bed dryers have

been investigated, and numerical study has also been validated with experiment.

Chapter 6 presents a sequential numerical technique for efficient utilization and quality
improvement of rough rice using multistage deep bed drying with tempering. This study
investigates the effect of tempering in drying, and multistage drying has been studied in detail.
And the experiment has been done to validate the mathematical results.

Chapter 7 presents a sequential numerical technique for analyzing coupled heat and mass
transfer phenomena during fluidized bed drying of particulate materials with exhaust gas

recirculation and application to wheat drying. In this chapter, the performance of a fluidized
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bed dryer has been studied. The effect of recirculation on the drying performance of the dryer

has been investigated in detail. An experiment has also been done to validate the program.

Chapter 8 describes the design analysis of continuous counter-current deep bed drying of corn
through modeling and simulation.

Chapter 9 explains an experimental and sequential numerical technique to study the effect of
environmental conditions during fluidized bed drying of kaolin clay. The effect of drying rate
on the quality of the product has also been examined. And the experiment has been done

throughout the year in different sessions to test the mathematical model.

Chapter 10 The outcome of the entire investigation was summarized. This chapter also
includes the future scope, a suggestion based on the results, and explanations acquired in this
effort.

Chapter 11 Summarizes the overall general conclusions covering chapter 6 to chapter 10 and

future scope of the drying.
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