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Abstract

This thesis outlines the analysis of heat and mass transfer process of drying of black pepper
in a spouted bed coupled with a cyclone separator. Black pepper is a widely used spice and
is well-known for its pungency and aroma. Experiments conducted with wetted black pepper
reveals that conventional spouted bed has the higher drying rate, higher moisture diffusivity,
lower drying time and lower activation energy compared to those of spouted beds equipped
with porous draft tube and non-porous draft tube. Therefore, the conventional spouted bed
was used to conduct the experiments to achieve the objectives of the study since it was
identified as the optimum configuration of the spouted bed.

Spouting behaviour of raw black pepper was studied in the conventional spouted bed. The
minimum spouting velocities of particular bed heights at ambient temperature were
determined. Minimum spouting velocity of raw black pepper in the conventional
spouted bed versus static bed height was correlated to a power form of function and the
exponent of static bed height was 0.67. The effect of operational conditions; drying air
temperature, air velocity and static bed height on drying kinetics of raw black pepper was
analysed. The higher values of moisture removal rates were achieved when the dryer was
operated with moderately high air temperatures, high air flow rates and shallow beds. Drying
kinetic data of raw black pepper in the conventional spouted bed shows only falling rate
periods. Effective moisture diffusivity values increased with increasing drying air
temperature. The highest effective moisture diffusivity of 2.03x10™° m%s was obtained at air
temperature of 75 "C. Activation energy for drying of raw black pepper in conventional
spouted bed was 38.59 kJ/kmol. Specific energy consumption was calculated and the
specific energy consumption values increased with increasing air velocity and decreased
gradually with increasing the static bed height.

Drying kinetic data obtained from experiments were fitted to five thin layer drying models.
Results show that the Logarithmic model gives the best fit. In addition, four models were
developed for black pepper drying in the conventional spouted bed by correlating drying
constants and coefficients of Logarithmic model to stagnant bed height at specified
temperatures; 45 'C, 55 'C, 65 'C, and 75 "C. Developed models can be used to estimate the
drying time of black pepper in the conventional spouted bed dryer for given moisture
reduction in the ranges of 0.14-0.22 m stagnant bed heights and in 2.37 m/s air velocity at
specified temperatures.

Essential oil was extracted using hydro distillation from black pepper dried at five different
drying conditions. The analysis of components by Gas Chromatography Mass Spectrometry
technique shows that the black pepper essential oil comprised mainly monoterpenes and
sesquiterpenes. Analysis of variance was conducted and the results show that variation of
sesquiterpenes concentration in black pepper essential oil was significant while variations of
monoterpenes, oxygenated terpenes and caryophyllene concentration were non-significant in
black pepper essential oil with drying air temperature. In addition, the variation of essential
oil yield is statistically significant with drying air temperatures. 65 ‘C drying air temperature
provides consistent quality essential oil with high percentage of caryophyllene and higher oil
yield.

Heat transfer coefficients for black pepper drying in the conventional spouted dryer were
estimated for different drying conditions of unsteady state drying of black pepper dried from
initial moisture content to final moisture content of 15% dry basis. Heat transfer coefficient
varied from 35-68 W/m?K for the conditions under the investigation. Dimensional analysis



was carried out and important dimensionless numbers were identified. A correlation was
developed for heat transfer process as a function of dimensionless groups namely Reynolds
number, Nusselt number, Gukhman number and static bed height to particle diameter with
0.791 of coefficient of determination. Heat transfer coefficients predicted from the
developed correlation show a good agreement with the experimentally determined heat
transfer coefficients.

Keywords: Black pepper, spouted bed, drying kinetics, heat and mass transfer, essential oil
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Chapter 1

1. INTRODUCTION

1.1 Background to the research problem

Black pepper is the berries of a tropical vine botanically known as ‘Piper nigrum L.’.
Dried black pepper is one of the largest commodity in the international spice trade.
Global annual demand for black pepper is 250,000-300,000 MT in year 2017. Of the
total world trade in spices, one third of total volume is black pepper. Brazil, India,
Indonesia, Malaysia, Sri Lanka and Vietnam are the major pepper producing
countries. In Sri Lanka during year 2006 to 2016, the average annual black pepper
production is approximately 17,000 MT while average export is approximately
10,000 MT [1].

Black pepper is a widely used spice in food preparation all over the world.
Moreover, black pepper is also used in pharmaceutical industry and cosmetic
industry due to its aroma, pungency and other medicinal features such as antioxidant,
anti-inflammatory, anti-bacterial and anti-asthmatic actions [2, 3, 4]. Black pepper

is commonly available as dry seeds or in its powder form in the market.

The main pungent component in black pepper is piperine; C17H1903N which is
2 trans, 4-trans piperidine amide of piperic acid. Piperine is non-volatile and can be
isolated from solvent extraction (alcohol extraction) as oleoresins [5]. The essential
oil of black pepper, which consists of volatile components obtained by the steam
distillation or other methods, is a valuable additive in the food manufacturing
industry such as sausages, canned meats, soups, beverages and liquors and also in
perfumery and cosmetics industry. The quality of black pepper may be affected
depending on factors such as maturity level, type of cultivars, season and post-
harvest processing method [6].

Considering the post-harvest methods, drying is the most important unit operation as
it affects the quality of the final product. After harvesting, pepper berries are

removed from the spikes by either hand or using a mechanical thresher. These



berries are then spread as a thin layer on mats and dried in the sun for five to six days
depending upon the climate conditions. Delays in drying of black pepper after
harvesting will cause growth of moulds on the berries and lowers the product
quality. The best moisture content of black pepper to prevent the growth of moulds

during storage is found to be 12-14% dry basis [7, 8].

Sun drying is the commonly used method for drying of agricultural crops in tropical
countries. However, the method has several limitations such as non-uniform sun
light during the day and problems caused during the rainy seasons. Therefore, the use
of alternative drying techniques becomes essential. Among the techniques used for
drying of agricultural products, packed beds, fluidized beds, spouted beds and cross
circulation drying using tray dryers are commonly used. Many researchers promote
these drying methods due to their lower capital cost and maintenance cost, higher
heat and mass transfer rates and their ability to produce quality product compared to

high-end drying technologies such as freeze drying, drum drying and steam drying

9.

Spouted bed dryers are particularly suitable for heat sensitive materials such as
agricultural products or polymeric granules. Regular circulation of particles in three
hydrodynamic regions namely spout, fountain and annulus regions permit the use of
higher temperature gas without the risk of thermal damage to the particles than those
of the non-agitated driers. More information on spouted beds will be available in
Chapter 2.



1.2 Research objectives

The overall objective of this research was to analyse the heat and mass transfer
process of black pepper drying in the spouted bed dryer. Specific objectives are as
follows:

1. Evaluation of the spouted bed dryer for black pepper drying process
1.1. Study hydrodynamics of black pepper spouting.
1.2. Analysing the effects of initial bed height, air temperature, air velocity and
draft tube on drying.
1.3. Examine optimum drying air temperature to achieve black pepper with
maximum essential oil yield with consistent quality.
1.4. Analyse the effect of drying air temperature on mass transfer characteristics
namely effective moisture diffusivity.
2. Model heat transfer characteristics in the spouted bed dryer and validate the
model using the experimental data

3. Develop suitable drying model to describe drying behaviour (drying Kinetics).

1.3 Significant of the research

Black pepper has been identified as a high priority crop by National Committee on
Post-Harvest Technology and Value Addition (NCPHT & VA) of Sri Lanka Council
for Agricultural Research Policy (SLCARP). Furthermore, postharvest technologies
for black pepper such as drying, processing, packaging and storage are also focused
as research priority areas to be attended [10, 11].

Feasibility of using spouted bed dryer as a drying technique for black pepper drying
is explored from this research. It is required to identify the optimum operational
parameters such as air velocity, drying temperature and bed height to improve the

performance of the drying process.



The drying Kkinetics data, heat and mass transfer characteristics identified for black
pepper drying in the spouted bed, thin layer modelling and the non-dimensional
model developed in this research can be utilized in agriculture industry or other
researchers to optimize the drying operations in conjunctions with the various types
of drying models such as computational fluid dynamics (CFD) models or other

studies.

1.4 Structure of the dissertation

This thesis consists of nine chapters. Chapter 1 provides general overview of the
study and the scope of the study. Chapter 2 provides the literature review of the
study. Chapter 3 describes the methodology used to accomplish the objective of the
study. The results and discussion of the study are discussed in Chapter 4 to 7.
Chapter 4 provides the results of preliminary experiments conducted with wetted
black pepper. Chapters 5 to 7 present the results and discussion of main experiments
conducted with raw black pepper to accomplish the objectives. Chapter specific
nomenclatures and abbreviations are given at the end of each chapter from Chapter 1
to 7. Chapter 8 presents the overall conclusion and the recommendations for future

works. Finally, References and Appendices are presented.

Abbreviations
NCPHT & VA - National Committee on Post-Harvest Technology and Value
Addition
SLCARP - Sri Lanka Council for Agricultural Research Policy

CFD - computational fluid dynamics



Chapter 2

2. LITERATURE REVIEW

Many researchers have investigated on drying of agricultural crops. Various
techniques have been experimented. Drying Kinetics, heat and mass transfer have
been studied extensively. This section covers a comprehensive review on drying
theory, research conducted with spouted bed and drying models. In addition,
conventional methods of black pepper drying, research conducted on black pepper

essential oil and quality of black pepper are reviewed.

2.1 Principles & theory of drying

2.1.1 Moisture content

Moisture content of a material is described as either moisture content of dry basis (X)
or moisture content of wet basis. They are expressed as shown in Equation 2.1 and
2.2.

kg of moisture

Moisture content (dry basis) = (2.1)

kg of dry solid

kg of moisture

Moisture content (wet basis) = (2.2)

kg of wet solid

2.1.2 Drying

Drying is the removal of moisture adhering to a material by vaporization. Moisture is
located on the surface and in the interior of the material such as capillaries and

interstices.

When a sample of wet material is dried in a stream of air from initial moisture
content to equilibrium moisture content, typical variation of moisture content of the
sample with time can be shown in Figure 2.1. Equilibrium moisture content (Xe) is
the moisture content of the material in equilibrium with the air at given humidity and

temperature. Measuring the slope of tangent drawn to the curve of Figure 2.1 or by



determining rate of change moisture content (dX/dt), drying rate (N) can be

determined.

A

X (kg of moisture/ kg of dry
solid)

X

D

Time (hr)

Figure 2.1: Moisture content vs. time of a material being dried in a dryer (Typical
drying curve)
Drying rate, expressed in Equation (2.3) as mass of moisture evaporated per unit area
per time depends on the way of moisture present in the material to be dried and the

type of the material [12].

_ _WadX
N=——t— (2.3)

Where
Wy - mass of dried solid

A - cross section of the bed measured at right angles to the air flow

More information on drying can be obtained when the drying rate was plotted against
moisture content of the material as in Figure 2.2. If the material is very wet, unbound
moisture is available as a thin film of liquid on the surface of the solid. During the
drying, the surface moisture is vaporized first. Even the moisture on surface is
depleting, moisture concentration in depths is high. Due to high moisture diffusivity,
liquid moisture in capillaries and interstices move to the surface rapidly where rate of



drying remains constant at the value of N, as shown between points Q and R in
Figure 2.2. Surface is saturated with moisture or thin layer of moisture remains on
the surface of the material during the constant rate-drying period. Constant rate
drying processes are called as externally controlled processes since externally
controlled parameters govern the drying process [13]. Externally controlled
parameters are operational conditions of drying process such as air temperature, air

humidity, air velocity, etc.

The induction period or initial adjustment period shown in the period P'Q and PQ of
Figure 2.1 and Figure 2.2 is usually ignored in many works due its rapidity. If the
material to be dried is colder than the ultimate surface temperature, initial adjustment
occurs by increasing drying rate as shown in curve PQ. If the material temperature is

higher than the ultimate surface temperature, drying rate decreases as in curve P'Q.

When the moisture content reaches to the critical moisture content (X;), material is
unable to keep its thin layer of moisture on the surface and hot spots are appeared on
the surface. This gives rise to the unsaturated surface drying, first part of the falling
rate-drying period, between the points R and S. Eventually moisture available on
surface is entirely evaporated at an average moisture content corresponding to point
S.

On further drying, the moisture is expelled, because of concentration gradients exists
between deeper part of the material and the surface. Rate of internal movement of
moisture decreases as a result of reducing moisture concentration in the deeper parts
of the material. In the later part of the falling rate drying period, from points S to T, rate
of drying falls more rapidly than that of the first part of the falling rate-drying period. It
shows that internal movement of moisture governs the drying rate in falling rate-
drying period. Therefore drying processes having falling rate periods are called as
internally controlled processes. Movement of moisture from depth to the surface is
occurred due to many principles such as liquid diffusion, capillary movement, vapor

diffusion, pressure, etc. [14].
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Figure 2.2: Typical drying rate curve including constant rate and falling rate drying
conditions [14]

2.1.3 Moisture diffusivity

When a sample of wet material is dried, the drying rate can be constant or vary with
time. In constant rate drying period, the surface of the solid is saturated with
moisture and the rate of drying is controlled by the rate of water evaporation. In
falling rate drying period, movement of moisture from interior to surface of the

drying material is occurred mainly by diffusion and controls the rate of drying.

Effective diffusivity describes the potential of moisture diffusing from material
inside to particle surface. Many researchers have estimated the effective moisture
diffusivity (Des) of many materials for numerous type of material, dryer types and
numerous operating conditions, but a few researchers have estimated the convective
mass transfer coefficient of particle air interface. In most of the cases, moisture or
mass transfer coefficient has been estimated for steady state or constant rate drying
operations. To the best of the authors’ knowledge, experimental techniques have not
been used for estimating mass transfer coefficient of drying processes in unsteady

state operations. If a reliable technology exists to measure the humidity of the



particle air interface continuously with time, experimental mass transfer coefficients

in unsteady state conditions can be easily determined.

Moisture diffusivity in a material depends on the type of material, porosity, shape,
air temperature, initial moisture content, etc [15]. The general solution of Fick’s
equation can be derived for spherical particles as depicted in Equation 2.4 and it has
been used by several researchers in order to obtain the effective moisture diffusivity
of agricultural products [16,17,18].

_ Xt—Xe
T Xo—Xe

6 1
MR = ;Z” exp(—n’m?Fy) (2.4)

i=15,2
Where

Fo -Fourier number

MR -moisture ratio

t -time (S)

Xe -equilibrium moisture content (kg of moisture /kg dry solids)
X, -initial moisture content (kg of moisture /kg dry solids)

Xt —moisture content at time t (kg of moisture /kg dry solids)

Then Equation (2.4) is evaluated numerically for Fourier number Fq as in Equation
(2.5).
F, = et (2.5)

Rp
Where

Dess -effective moisture diffusivity (m%/s)

R,- radius of the spherical particle (m)

The moisture ratio is simplified to XX, neglecting X. term by some researchers,
since X, term is relatively small compared to X; and X, and the continuous fluctuation
of the relative humidity of drying air leading to change of equilibrium moisture
content of the particle being dried [19]. By neglecting the terms beyond the first
term of summations and replacing the Fourier number with proper variables, the

Equation (2.6) can be obtained.



— Xt & g2 Per
lnMR—lnXO—lnn2 /s R%t (2. 6)

Plotting ln%vs time at a given air temperature will result in a straight line of slope
0

2 % which can be used to find the effective diffusivity. In literature, it is found

p

that Dert has been expressed as a function of temperature in an Arrhenius type

equation as given in Equation (2.7) [20, 17]:

Desr = Doexp (— %) (2.7)
Where

Do -pre exponential factor of Arrhenius equation
E. -activation energy (kJ/mol)

R -universal gas constant (kJ/mol K)

T -absolute drying air temperature (K)

The plot of In(Deff) versus 1/T is used to determine the Dy and E,.

2.1.4 Specific energy consumption

Specific energy consumption (SEC), the energy supplied to evaporate one kg of

moisture is defined according to Equation (2.8) [21]

[Q (Cpa+vaYa) (Td_Tam) tdrying
Vh my

SEC = (2.8)

Where

Cpa-specific heat capacity of air (J/kg'C)
Cpv-specific heat capacity of water vapour (J/kg'C)
m, - mass of water removal (kg)

Q - Air flow rate (m%/s)

Tam - ambient temperature ('C)



Tq - drying air temperature at the inlet of the drying chamber ('C)
tarying - Total drying time (s)
Vi, - humid volume or specific volume of air (m*/kg of dry air)

Y, - humidity of air (kg of moisture/ kg of dry air)

2.1.5 Classification and selection of dryers

Dryers are normally categorized based on the method of heat transfer namely direct
contact type and indirect contact type. Usually direct contact type dryers transfer
heat by convection while indirect contact type transfers heat by conduction and
radiation. In addition, dryers can be classified as either batch dryers or continuous
dryers considering the method of operation. Furthermore, some researchers have
classified either on the physical form of the feed or residence time of the product
being dried in the dryer. Moreover, that some of the newer and novel dryers cannot
be fit to the classification suggested in literature even they are not mentioned in most
textbooks. About 50 types of dryers are widely used in practice to dry wide range of
materials but more than 400 types of dryers have been cited in the literature [22].
Examples for some of the commonly used in the industry are rotary dryer, tray dryer,
fluidized bed dryer, spray dryer, impingement dryer and flash dryer. Brief

description of some of widely used dryers is provided in Table 1 of Appendix A.

There is no specified theory or principle for dryer selection. Many factors have to be
considered to select a suitable dryer compromising among cost, efficiency, product
quality and the clean environment. In addition, selection of suitable dryer for
particular material is depending on the prior experience. Capital cost and operational
cost, quality of the product, safety considerations, convenience of handling and
installations have a direct impact on selecting a dryer for particular material. Quality
of final product such as flavour retention of most farming crops depend on the

method of drying and type of the operation such as batch or continuous mode.
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Usually drying processes cause air pollution by emissions of dust, gases and water
vapor. Therefore, dryers are coupled with dust collection equipment such as cyclone
separators, bag filters, scrubbers and electrostatic precipitator. In addition,
absorption, adsorption and incineration units can be used for treatment of noxious

gaseous pollutants exhausting from dryers.

Despite of lack of data availability for design and applications of spouted bed, many
researchers have investigated the use of spouted bed dryers for agricultural products.
Spouted bed gives many advantages such as small space requirement and etc. Section
2.3 elaborates more information on spouted beds.

2.2 Drying of agricultural crops

Drying of agricultural crops, as a post-harvest method is a requisite for safe storage
in order to prevent product contamination due to microbial attacks. Preservation of
agricultural crops through drying, dates back centuries is based upon solar power.
Wide varieties of crops such as grains, oil seeds, spices and some perishable crops
such as fruits and vegetables are subjected to drying. Development of alternate
drying technologies has begun due to limitation in sun drying in particular

uncontrolled weather conditions and mass production.

Many investigations have been conducted on conventional drying methods as well as
new drying techniques. Conventional drying methods such as packed bed, cabinet or
tray drying, fluidized bed drying are convective air-drying techniques. Most of new
drying methods consist of state of art equipments with high capital and operational
cost namely freeze drying, vacuum, osmotic, microwave and combinations of some

of the above.

However, drying contributes to the loss of aroma, flavour and nutritive quality of
product and hence careful selection of the best-suited drying technique and condition
for a given product is extremely important. Many researchers have compared the
drying methods by analysing traditional quality parameters such as: colour, taste,
bulk density and rehydration ratio of product while some researchers use
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standardization technique such as measuring levels of vitamins, bioactive material

and minerals [23].
2.2.1 Black pepper drying

In case of black pepper drying, most widely used method of drying is solar drying.
First pepper spikes are picked off from the fruiting branches of the vines at the
correct stage and they are kept as such for a day for de-spiking. The most common
pre-treatment for black pepper before drying is hot water blanching [24]. Blanching
reduces the mold and other microbial contamination from the surface of the berries.
In addition uniform glossy black color can be obtained to the product. After
blanching, pepper is spread as a thin layer on mats or pavements for sun drying.
Depending on the intensity of sun light, black pepper is dried in the sun for five to
six days. Green color of the skin of the peppercorn is changed to black as a

consequence of enzymatic reaction.

Solar dryers, cabinet dryers and flat-bed dryers are the commercially available
artificial dyers in Sri Lanka. Renewable energy sources such as fuel wood, rice husk
and saw dust as well as commercially available fossil fuels either kerosene or diesel
Is used as the fuel for hot air generation in the cabinet and flat-bed dryer [25].
Department of Export Agriculture of Sri Lanka recommends drying air temperature
of black pepper in the artificial dryers should be in range of 55 'C to 60 ‘C. They
emphasized that the drying air temperature should not exceed the 60 ‘C since volatile
compound in the black pepper can be evaporated with reducing the quality. In
addition, they recommend not to conduct the drying operation continuously but
intermittently [26].

Solar thermal energy is used as the heating medium in the solar dryers. Different
sizes of solar dryers are available in the market ranging from 10 to 60 kg of raw
black pepper capacity. Chambers with green houses also used to dry large quantities
of black pepper. Black pepper can be dried using solar dryers at low cost or no cost
[26].
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The cabinet dryer consists of two main components namely the tray drying chamber
and the hot air generating unit. Hot air is entered into the drying cabinet supplied by
an air blower. Maximum capacity of the cabinet dryer with bio mass driven air heater
is approximately 300 kg of raw black pepper while total drying time would be round
18 to 20 hours. The cabinet dryer with kerosene driven air heater has maximum
capacity of 450 kg of raw black pepper with around 12 hours of drying time.
Positions of the trays during the drying operation have to be changed periodically to

overcome the non-uniform drying [26].

The flat bed dryer also consists of two main components namely hot air generating
unit and the drying chamber with a base of perforated metal plate. The raw black
pepper is packed in the drying chamber and hot air passes through the perforated
plate at the base by means of an air blower. Particles are mixed periodically to
achieve uniform drying. Flat bed dryer with bio mass driven air heater has capacity
of 1000 kg to 1500 kg while drying time would be 18 hrs to 20 hrs. Usually flat bed
dryers are widely used since they have higher capacity and availability in market at
low cost. Also the flat dryer is popular due to ease of operation in loading, unloading
and mixing compared to the cabinet dryer [26].

2.3 Spouted beds

2.3.1 Introduction to spouted beds

Spouted beds are gas-particle contactors which has been applied not only for drying
of granular materials, paste with inert particles, solutions and suspensions but also in
a wide range of operations and chemical processes, such as blending of solids,
coating, granulation, cooling, combustion and pyrolysis, [27, 28]. Numerous
experimental and theoretical investigations on spouted beds during the past five
decades have been carried out with various types of particles such as bio mass
particles namely barley, millet [29],carrot cubes [30], paddy [31], soy bean [32] corn
[33], saw dust, etc. [34] and non-bio mass particles such as glass beads [35], sand
[36].
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Figure 2.3 : Schematic diagram of a conventional spouted bed [37]

A typical conventional spouted bed dryer is illustrated in Figure 2.3. This
representation shows the fluid inlet, the upward movement of solids in the spout
region and subsequent descending in the annulus region and the fountain region. The

particles can be loaded either batch wise or continuous mode.

Heat carrying gas is introduced vertically upward in to the bed through the centrally
located opening at the bottom of the vessel. Hot air jet causes a stream of particle to
rise rapidly through the hollowed central core or spout within the bed of solid.
Particles after rising to a height above the surface of the surrounding packed bed or

annulus, rain back as a fountain on to the annulus [37].

Particles in the annulus region slowly move downwards and fluid from the spout
leaks into the annulus and percolates through the moving packed bed and, to some
extent inward as a loosely packed bed. The gaseous streams flowing away through
annulus and spout region enter the fountain region, and both streams are mixed with

each other and flow away the dryer through the fluid outlet of the dryer [36].
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Pneumatic transport in the spout-region and the moving bed in the downcomer are
the two distinct hydrodynamic regions depicted in a spouted bed. Below mentioned
two hydrodynamic conditions have to be fulfilled to achieve a stable spouting regime

in a spouted bed.

i.  The bed depth must be lower than the maximum spoutable bed depth

Ii.  The gas flow rate has to be exceeding the minimum spouting velocity

Spouted bed dryer is suitable to handle coarse particles such as Group -D particles in
the Geldart classification of particles [38]. Figure 1 and Table 2 of Appendix A
gives more information on Geldart classification. Major difference between the
spouted bed dryer and the fluidized bed dryer is the particle flow pattern. In a
spouted bed the fluid is moving through the spout region using a nozzle rather than a

perforated distributor as in a fluidized bed [39].

Ordinary fluidized bed experiences an oscillatory and more random particle flow
pattern while particles in the spouted bed move upwards through the spout and come
down through the annulus. Some of the key characteristics of gas spouted and gas
fluidized beds dryers are compared in Table 3 in Appendix A.

The conventional spouted bed dryer is characterized by a cylindrical vessel with a
conical base. It has undergone various modifications to improve its performance
[27] such as spouted beds of different geometries [40], spout- fluid beds [41],
insertion of either draft tubes [42] or draft plates [33], multiple spouts, etc. [43].
Spouted bed vessels may have several geometries such as cylindrical, conical-
cylindrical, two dimensional (slot rectangular), triangular, paraboloid based and etc.
Figure 2.4 shows different geometric configurations of spouted beds including

conical- cylindrical, conical, two dimensional and triangular spouted bed.
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Figure 2.4-: Spouted bed Configurations: (a) conventional, (b) conical (c) two
dimensional with draft plate and (d) triangular spouted bed [27]

While particles moving down through the annulus region, they can enter into the
spout region resulting a random behaviour of particles. Insertion of an axially
positioned tube can reduce the random behaviour of the particles and improves the
solid circulation and stability of spouting [45]. Different types of tubes namely non
porous draft tubes, porous draft tubes and open sided draft tubes have been used for
different processes. Diameter of the draft tube (Dr), entrainment height (Ly), length
of the draft tube (Ly) and opening ratio of porous draft tube are key design
parameters for draft tube. Solid circulation, particle cycle time, gas distribution are
governed by entrainment height. In addition, the hydrodynamic parameters such as
minimum spouting velocity and operational pressure drop are also functions of the
type of draft-tube used [46]. Usually draft tube diameter is selected as similar to the
diameter of the spout without a draft tube or diameter is equal to or larger than the
that of the inlet gas nozzle [37]. Figure 2.5 (a) and (b) show non porous draft tube
and open sided draft tubes used by Altzibar et al. Figure 2.5 (c) shows a non porous
draft tube fitted conical spouted bed also. [46].
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Figure 2.5: (a) open sided draft tube (b) non porous draft-tube (c) draft tube fitted
conical spouted bed [46]

The characteristics of the conventional spouted bed versus spouted bed with non-
porous draft tube and spouted bed with porous draft tube are listed in Table 4 of

Appendix A for more information.

Spouted bed has good solid mixing and relatively large air velocity helps to maintain
the constant product temperature. As a consequence of it spouted beds can eliminate
the possibility of overheating when the moisture content of material is low at the end

of drying period [47].

2.3.2. Minimum spouting velocity

Knowledge of minimum spouting velocity of a specific type of material is mandatory
to design and scale up of a spouted bed. In conventional spouted beds, minimum
spouting velocity can be determined by using the plot of pressure drop versus
superficial gas velocity with increasing and decreasing the superficial gas velocities.
In contrast to the conventional spouted beds, the hydrodynamics of the conical

spouted beds are quite different. Minimum spouting velocity of conical bed is the gas
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velocity at the onset of internal spouting, which corresponds to the pressure peak
point on the curve of the pressure drop versus superficial gas velocity obtained by
increasing and decreasing the superficial gas velocity as shown in Figure 2.7.
Numerous correlations are available for determination of minimum spouting velocity
of spouted bed systems as shown in Equation 2.9 to Equation 2.14 of Table 2.1.
Among them, Equation 2.9; Mathur- Gishler correlation is the simplest predictor of
the minimum spouting velocity for wide variety of solid materials, bed dimensions
and nozzle diameters [37]. Moreover, Table 5 of Appendix A shows more details
about existing correlations.

Further majority of spouted bed studies are also limited to experimental columns of
diameter having 300 mm or less and studies on column of 1 m or larger in diameter
are rare [48]. Consequently, Lim and Grace (1987) studied the hydrodynamics of a
spouted bed column of diameter 0.91 m and found that the minimum spouting
velocity is not well predicted by the correlations developed for smaller vessels.

The minimum spouting velocity of a spouted bed without draft tube is higher than
that of a system with a draft tube. A spouted bed with open sided draft tube requires
much higher values of minimum spouting velocity comparing to a spouted bed with
non-porous daft tube [46, 45, 49].
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Table 2.1:Correlations for minimum spouting velocity
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2.3.3. Maximum spoutable bed height

There are three mechanisms, which causes spouting to become unstable for a given
limit of height. They are fluidization of solids in the upper surface of the annular
zone, choking of spout and propagation of surface instability created at the base of
the bed [55]. Therefore, maximum spoutable bed height is an important parameter
when improving the volumetric processing capacity and as well as the scale up
operation. Several researchers have studied maximum spoutable height in spouted

beds and various correlations were developed for the prediction as shown in Table 6

in Appendix A [37, 56].

2.3.4. Pressure drop

Numerous researches have been carried out to investigate the pressure drop in
spouted beds of different geometries with different types of particles and fluids.
Various correlations are available in the literature for determination of maximum

pressure drop of spouted bed operation as shown in Table 7 in Appendix A.

When the gas flow rate is increased, certain pressure drop is built up through the bed
of particles. The change in pressure drop with increasing and decreasing flow is
caused by the different packing conditions of the bed particles. Figure 2.6 shows the
photographic sequence of an evolution of spouting process of polyethylene
terephthalate (PET) chips performed in a squared-based half sectional 0.2 m side unit
by group of researchers [56]. Figure 2.7 describes the consequent hydrodynamic
evolution of spouting process, which express the pressure drop versus flow rate

hysteresis between an increasing and the decreasing flow of spouted bed.
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Figure 2.6: Photographic sequence of the evolution of a spouting process of PET
chips performed in a squared-based half sectional 0.2 m side unit [56]
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Figure 2.7: Pressure drop versus. flow rate hysteresis between an increasing and the
decreasing flow in a spouted bed of PET chips [56]
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2.4 Dimensionless models for analysis of heat transfer in spouted bed dryers

Designing of a dryer and evaluation of drying time and drying rate require the
knowledge of heat and mass transfer. Mathematical models which used to simulate
the temperature and moisture content of the material and the drying gas during a

drying process requires the input of heat and mass transfer coefficients.

Many studies have been carried out on analysis of heat and mass transfer in spouted
bed dryers. However, the consistency of the heat transfer coefficients estimated from
the existing correlations is very poor. Some shortcomings are appeared on them such
as assuming the whole drying period is a constant rate drying period. When heat
transfer coefficients are estimated from existing correlations, difference of one or
more orders of magnitude occurs for same value of input parameters. Many existing
correlations are not concerned about the flow pattern of the gas and particles and the
quality of spouting [57].

Generally, Nusselt number (Nu) is used to express the heat and mass transfer
coefficient as a function of one or more dimensionless groups such as Reynolds
number (Re), Prandlt number (Pr), the ratio of dryer vessel diameter to particle
diameter, the ratio of vessel diameter to static bed height, etc. The knowledge of
interfacial surface area, heat flow and the driving force; temperature difference is
required to calculate the heat transfer coefficients between the particle and fluid
stream [57].

Many authors have interpreted their drying processes have only constant rate drying
period without analysing the surface behaviour of the material being dried. Very
limited literature is available to determine the drying process is in whether constant
rate or falling rate drying period by direct measurement of surface behaviour.
However many investigations have been conducted by analysing surface temperature

and drying Kkinetics [58].

In many recent research works of computational fluid dynamics (CFD) modelling of
spouted bed drying, existing correlations have been used to evaluate the heat transfer
coefficient [59]. However, most of the existing correlations were developed based on
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either the external control conditions or in the steady state conditions. Therefore, it is
questionable to achieve good agreement with experimental value and the simulated

value because some drying processes have falling rate drying periods as well.

A number of investigations on heat transfer between particle and fluid in spouted
bed dryers are those of among the works of Prachayawarakorn et al. [39], Kmiec
[60], Kudra et al. [61], El-nass et al. [62], Rocha et al. [63], etc. In case of spouted
beds which supplies additional heat or remove heat out of the bed, wall to bed heat

transfer coefficient were evaluated by some workers [64 , 65].

Fluid to particle heat transfer coefficient was evaluated and several correlations were
developed by many researchers either applying dimensional analysis or empirically.
Equation 2.15 to Equation 2.21 in Table 2.2 show the correlations associated with
heat transfer of spouted beds [60, 63].

Equation 2.15 was developed after analysis of simultaneous heat and mass transfer
during batch drying of silica gel and activated carbon in spouted bed by Kmiec
assuming the overall process had the constant rate dying period [60].
Prachayawarakorn et al. developed two correlations; Equation 2.16 and Equation
2.17 for heat transfer coefficient for downcomer (annulus) and spout regions
separately for continuous drying of agricultural materials in spouted bed with draft
plates [39]. Oliveira and Feire studied continuous drying of liquid materials in
conical spouted bed [66]. One of the hypotheses used by them was that drying took
place at the external control condition that is called as constant drying rate period.
Owing to great deviation of experimentally obtained heat transfer coefficient with
values obtained from existing correlations, they developed a correlations using non-
linear regression as shown in Equation 2.19. Dimensionless equation for heat transfer
coefficient shown in Equation 2.20 in Table 2.2 was developed by Kudra et al., for
particulate drying in two dimensional spouted bed in the region of constant rate
drying period [61].
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Table 2.2 : Correlation associated with heat transfer in spouted beds
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2.5 Drying models

Mathematical modelling of drying processes describes the behaviour of drying. They
are used to estimate the drying time and temperature profile of the material being
dried and the drying gas for selected moisture reduction without operating a real
dryer [68]. Furthermore, mathematical modelling generates data to scale up, design
and control of existing dryers to identify optimum dimensions of the dryer and

operational parameters [69].

Early studies on spouted bed was focused on analysis of effect of operating
conditions (drying temperature, bed height and particle diameter) and contactor
geometry (air inlet diameter and cone angle) on drying behaviour and hydrodynamic
behaviour of gas and particulates. However many number of recent studies on
spouted bed drying have mainly focused on numerical simulation of drying

behaviour using modelling [27].

According to the Passos et al., published models for drying of solids in a spouted
bed dryer can be categorized into three levels namely zero level, one level and two
level modelling [27]. Zero level models, which consist of simple algebraic equations,
are based on the application of simple mass and energy balances for both gas and
solid phases at the inlet and outlet of the dryer. In zero level models, once both inlet
gas phase and solid phase conditions and outlet solid phase conditions are known,
outlet air conditions can be determined.

One level models are composed of overall mass and energy balance for the both gas
and solid phases at the inlet and outlet of the dryer and the sorption curve of solids
[36].

Two level models include the conservation of mass and momentum equation and
additional closure laws to describe the solid stress, interfacial forces and turbulence
of two phases. Particle -particle and particle-fluid interactions are considered using
these additional closure laws. Two level models are categorized into 2 types; A and

B. In 2A models, gas and water vapour mixture assumed to be behaved as a
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continuous mixture while particulate solids are to be considered as a discrete phase.
2B models are complex and they consider the gas and solid particulate flow in three
directions while only statistically mean particle path and main gas flow direction are
considered for 2 A model. Computational fluid dynamics (CFD) packages are being
used for solving of 2B model equations as they are more complex.

Application of Computational fluid dynamics (CFD) improves the understanding of
hydrodynamic behaviour of spouted beds. CFD has been applied to conventional,
conical ,two dimensional spouted beds [70], spouted fluid beds [30] and spouted bed
with either draft tubes or plates [71] to get an accurate prediction of drying
behaviour. Computer packages ‘Fluent’, ‘Comsol Multi Physics’, etc have been used
to facilitate the model [30, 72, 73].

So far, there have been many numbers of mathematical models in literature to
describe the drying behaviour of many agricultural products. However another
concise analysis of drying model by lJittanit et al. showed that models can be
categorized as empirical models ,semi empirical models and models based on heat
and mass balances, etc. [69]. Among them, thin layer drying models which
frequently having a semi empirical relationship are popular within many researchers.
Although thin layer drying models are popular, many of them are limited to specific
equipment, dryer configuration and specific material and operational conditions.
Thin layer drying modes are widely applied by many researchers due to its simplicity
and lack of required data [74].

Thin layer drying models are useful in designing new drying equipments, improving
existing drying processes and for prediction of drying time accurately [75].
Furthermore, they contribute to get an understanding about the heat and mass

transfer of the drying systems [15].

Thin layer drying models are categorized as theoretical, semi theoretical and
empirical models [74]. They describe the variation of moisture ratio (MR) of the
material with the time during the drying process. Ficks’ second law of diffusion is
the most widely applied theoretical model for drying and it considers the internal

resistance to transfer moisture between the drying material and the air. Semi
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theoretical and empirical models consider the external resistance to moisture transfer
between material and the air. However, they can be applied within a range of
operational parameters such as drying temperature, air flow rate, initial moisture
content, and for a particular drying material that they developed. Numerous semi
theoretical and empirical models are available in literature to fit the data of drying
kinetics of many agricultural products. Some of them are listed as shown in Equation
2.22 to Equation 2.33 in Table 2.3. The Newton model, Page model, Henderson and
Pabis model, Two component model and Logarithmic model are some of semi
theoretical models while Wang and Sing model and Thompson model are empirical
models available in literature. Coefficients of some thin layer models have been
correlated to operational parameters of the process such as drying temperature, air
velocity, etc. [76,77,78, 79].
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Table 2.3:Thin layer drying models

Equati

Model name Model Reference
on no
_Xe—Xe
Newton MR=y—x =¢ 2.22 | [80]
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a, b, k, ki, ko and n are drying coefficients and constants
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Thin layer drying models are applied when either thin layer of material is maintained
or the air velocity is high enough to cause good solid mixing to have uniform drying.
Moreover, the operating conditions of the drying process such as air temperature and
humidity are kept constant throughout the process [85].

According to Kuck et al., 67 potential thin layer drying models are available in the
literature from 2003 to 2013 [75]. Goodness of fit was evaluated under 28
performance assessment criteria. Coefficient of determination(R?), root mean square
error (RMSE), reduced chi square (%), mean relative percentage error, standard error
of estimate are among the most used benchmarks. In order to evaluate the goodness
of fit, many researchers used highest values of either coefficient of determination or
modelling efficiency, and lowest values of one of these parameters such that reduced

chi-square, the root mean square error and the mean relative percentage error [75].

Mathematical modelling on thin layer drying processes has been conducted on many
agricultural products such as cocoa [83], mint, parsley [86], apple [87], green pepper
[19], banana [88], eggplant [89], leek slices [90], jackfruit [91], etc. Most of the
drying processes were conducted using an air ventilated oven [83], open sun drying
[86], packed bed and fluidized bed dryers [92, 93].

According to Jittanit et al., thin layer drying models are applied to spouted bed
drying process since regular circulation of particles in the spouted bed achieves

uniform moisture content and uniform temperature of samples [80]

A limited published literature is available for analysis of thin layer models in spouted
bed drying process [79, 77, 33, 32].The thin layer drying models are evaluated for
spouted bed dryers considering the product type, drying parameters such as
temperature [80], air velocity, bed depth [79], etc. It was hardly found for
considering the configuration of the draft tubes. Although many researches have
been carried out on mathematical modelling of drying of agricultural crops,

published data available on black pepper drying in spouted beds is very limited.
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2.6 Scale up

Scaling up of a spouted bed can be approached in two ways either changing the
geometry of the conventional spouted bed or modifying the spouting operation [94].
The first approach implies increasing the size of a single unit or changing geometry
of conventional spouted bed in to two dimensional spouted bed or conical spouted
bed. Later is concerned to insertion of auxiliary device such as draft tube, draft plate,
mechanical devices or introduce additional fluid in the annular region. Design and
constructions of both options have to be conducted carefully to minimize heat loss,
investment and operating cost since they have some advantages and drawbacks.

Table 8 of Appendix A shows more information on scale up of spouted beds.

2.7 Research on black pepper essential oil

Essential oil of black pepper contains the volatile organic compounds. They which
imparts the flavor and perfumery to the black pepper have been studied by various
researchers [95, 96]. The volatile oil component of black pepper contains terpene
hydrocarbons and oxygenated terpenes. 90% of terpene hydrocarbon consists of
monoterpene and sesquiterpenes. The chemical formula of monoterpene and
sesquiterpene are CioHis and CisHas respectively. Terpene hydrocarbons possess
main desirable attributes of black pepper flavor. Oxygenated compounds which
present less than 4%, imparts the characteristic musty, moldy odor and off flavor of
black pepper [96].

A research conducted by Mccarron et. al. found that B -Pinene and Carryophellene (B
caryophyllene) and Sabinene were commonly available compounds in Sri Lankan
and Indian black pepper derived essential oil [6]. Another study reported by Menon
et. al. added three more compounds to the main components of Indian black pepper
oil namely delta-3 Carene, Limonene and a-Pinene. They analyzed four selected
cultivars of black pepper and identified 55 components of volatile organic
compounds [95]. Buckle et al. have recommended the local Sri Lankan cultivars for
perfumery industry than Indian and Sarawak cultivars since Sri Lankan cultivars

were rich in B caryophyllene which is the abundant component of sesquiterpene
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hydrocarbons [97]. According to Mccarron et al. and Buckle et al., the composition
of black pepper oil depends on the geographical conditions and varietal variations
and post-harvest methods. In fact recent studies carried out with comprehensive gas
chromatography—mass spectrometry (GC-MS) has identified more than 300
compounds in essential oil derived from black pepper [98]. In a recent research of

Jelen and Gracka, 273 components have been identified [96].

2.8 Quality of black pepper

Depending on the country, specification for quality requirement of black pepper is
varied. ASTA (American spice trade association), ESA (Europe spice association,
CSA (Canadian spice association) are some of authorized associations pertaining to
assure quality of spices and herbs in the global market. Table 9 of Appendix A
consists of some specifications required for black pepper defined by several
institutes related to spice and herb.

According to the European spice association (ESA) specifications of quality minima
for black pepper should have 12% w/w of moisture content and minimum 2% v/w of
volatile oil content for trading within the Europe [99]. Table 10 of Appendix A
consists of the quality standards approved by the Sri Lanka Standard Institute.

Chapter specific nomenclature

a, b, k, ki, ko & n - drying coefficients and constants
A -cross section of the bed measured at right angles to the air flow

Ar - Archimedes number
Cl - liquid concentration in the material (kg/kg)

Cpa and Cy, - specific heat capacity of air and vapour respectively (J/kg'C)

D, D, - diameter of the column (m)
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d, d, - particle diameter , horizontally projected diameter

Do -pre exponential factor of Arrhenius equation

Dy - upper diameter of the stagnant bed in conical spouted bed
Deit -effective moisture diffusivity (m?/s)

Di- gas inlet diameter (m)

Dt , dg -diameter of draft tube (m)

Ea -activation energy (kJ/mol)
Fo -Fourier number

Gu- Guckhman number

H H, -static bed depth (m)

Hq static bed height in downcomer region (m)
H, static bed height in spout region (m)

H+t- tube height (m)

Ly -entrainment height (m)

L1, l4 - total height of the draft tube

m,~- mass of water removal (kg)

- mass flow rate of the gas (kg/s)

m,,- mass flow rate of the liquid (kg/s)

N - drying rate or (mass moisture evaporated/(area)(time) (kg/m?s)

Nu- Nusselt number

Pr- Prandlt number
Q- air flow rate (m%/s)

R -universal gas constant (kJ/mol K)
Re - Reynolds number
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(Reo)ms - Reynolds number of minimum spouting, referred to gas inlet

R, -radius of the spherical particle (m)

s - slot width in two dimensional draft tubes (m)

T -absolute temperature (K)
t -time (s)

Tam - ambient temperature ('C)

Tg- inlet air temperature to the drying chamber or drying temperature ('C)
tarying - Total drying time (s)

Uns - minimum spouting velocity (m/s)

Vi, - humid volume or specific volume of air (m*/kg of dry air)

W - bed width (m)

Wy - mass of dried solid

W, - gas mass velocity (m/s)

W, -liquid mass velocity (m/s)

X - moisture content dry basis

Xo - initial moisture content (kg/kg dry basis)

X - critical moisture content

Xe -equilibrium moisture content (kg/kg dry basis)
Xi -moisture content at time t (kg/kg dry basis)

Y, - humidity of air (kg of moisture/ kg of dry air)

@ - particle shape factor, ®>1

y, 8 - angle of the conical base of the contactor, degrees
p - density of air or fluid
Py, ps- density of particle, kg/m®
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Abbreviations
SEC - specific energy consumption
ASTA - American spice trade association
ESA - Europe spice association
CSA - Canadian spice association

MR - moisture ratio
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Chapter 3

3. METHODOLOGY

This chapter describes the material preparation for spouted bed experiments,
experiments for determination of spouting behavior of black pepper, black pepper
drying experiments, determination of heat transfer coefficient, methodology of
dimensional analysis of heat transfer process and mathematical model development

of spouted bed drying process.

3.1 Experimental methods
In this section, experiments conducted to accomplish the objectives of this study are

described, including the materials, equipment, instruments and operational

parameters used.

A number of experiments were carried out to study the spouting behavior and drying
of black pepper to accomplish the objectives stated in Chapter 1. The experiments
are categorized in to two sections as preliminary experiments and major experiments.
Preliminary experiments were conducted to identify the best configuration of
spouted bed among two types of draft tube fitted spouted beds and the conventional
spouted bed. Major experiments were conducted to examine optimum spouted bed
parameters to achieve black pepper with maximum essential oil yield, to model heat
transfer characteristics and to develop mathematical model to describe drying
behavior.
Preliminary experiments were conducted using wetted black pepper and section 3.1.2
describes the preparation of wetted black pepper. Preliminary experiments are
categorized as:
e Finding minimum spouting velocity
= In conventional spouted bed
= In spouted bed with internal devices
e Non-porous draft tube fitted spouted bed
e Porous draft tube fitted spouted bed
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e Drying experiments
= In conventional spouted bed
= |n spouted bed with internal devices
e Non-porous draft tube fitted spouted bed
e Porous draft tube fitted spouted bed

Major experiments were conducted in the conventional spouted bed using raw black
pepper and section 3.1.1 describes the methods used to handle raw black pepper
prior to experiments. Major experiments are categorized as:

e Finding minimum spouting velocity

e Drying experiments

e Extraction of essential oil

3.1.1 Handling of raw black pepper for experiments

Raw black pepper (matured, unripe green colour) with their spikes collected from a
farm located in Gampaha District of Sri Lanka was used for conducting major
experiments. The initial moisture content of raw black pepper seeds (Xo) was 3.50 kg
moisture/kg of dry solids (350%). The raw black pepper were stored in a refrigerator
at 2-5°C to avoid spoilage. Required amount of raw black pepper was taken out of
the refrigerator around one hour before the experiment. Then seeds were removed
from their spikes manually and allowed to reach the room temperature.

The Precision balance; VWR ECN 611-2300 with reading accuracy of 0.01g was
used to measure the required amount of seeds. Figure 3.1 shows a tray of raw black

pepper with their spikes and prepared black pepper seeds for experiments.
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Figure 3.1: Raw black pepper preparation for experiments (a) black pepper spikes
(b) raw black pepper seeds

3.1.2 Preparation of wetted black pepper

Since black pepper is a seasonal crop and it is not available throughout the year,
wetted black pepper was used to conduct the preliminary experiments. Preliminary
experiments were conducted to determine the best configuration of the spouted bed
among the draft tubes fitted spouted bed and the conventional spouted bed. Effect of
configuration of draft tubes such as draft tube diameter (Dr), entrainment height (Ly)
and draft tube height (Ht) on drying kinetics were analysed by conducting drying

experiments with the wetted black pepper.

Dried black pepper was purchased from Jayantha Agrochemicals of Galle,
Sri Lanka. Dried black pepper usually has moisture content 8-15% dry basis. They
were rewetted to moisture content around 80% dry basis, as described in next

paragraph.

Dried black pepper seeds were wetted by adding distilled water. Dried black pepper
was put in to a polypropylene container and predetermined amount of distilled water
was added and mixed to wet the surface of the particles and absorb more water. Then
they were kept in a refrigerator at 3-5 'C temperature for 5-6 days in the tightly
closed container, until black pepper particles reached to the stable conditions.
Samples of black pepper were taken out and moisture content was measured daily

using the direct and indirect measuring methods.
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3.1.3 Determination of moisture content of black pepper particles

Moisture content of the solid is the key parameter for investigations in drying
processes. Moisture content is determined by direct methods or indirect methods
[100].

The direct method consists of drying known sample of solid material in a drying
oven at 102 ‘C -105 'C until the weight of the samples becomes constant and
measurement of sample weight before and after the drying process. Then the
moisture content, X (% dry basis) is given by Equation (3.1).

X(%drybasis) = % x 100 (3.1)

d
Where

W,,- initial weight of the sample (kg)
Wg-weight of sample after drying in the oven (kg)

For the direct measurement of moisture content, a drying oven; A lab Tech LDO-
060E with reading accuracy of 0.5 'C was used to dry black pepper samples. Weight
of black pepper samples were measured by a portable digital balance; KERN PCB
350-3 in the range of 0-300g and accuracy of + 0.001g.

Digital Moisture Analyzer (Citizen, MB 200X), with reading accuracy of +0.01
kg/kg was used for the indirect measurement of moisture of the black pepper seeds.

3.1.4 Experiment set up and equipment

A laboratory scale spouted bed dryer was designed and got fabricated by Mega
Heaters (Pvt) Itd, Kottawa, Sri Lanka. The dryer consists of an air blower with
variable speed drive (VSD) to control the airflow, air heater with control unit,
spouted bed contactor, temperature measurement sensors, a U tube manometer and a

cyclone separator as shown in Figure 3.2 and Figure 3.3.

The cyclone separator is reverse flow and used to capture entrained fine particles.
The spouted bed contactor is a cylindrical vessel with conical bottom. The

dimensions of the spouted bed column are: the diameter of the cylindrical column
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(D.) or diameter of the upper section of the conical base, 0.15 m; angle of conical
section, 60" and the height of the conical section 0.069 m. The gas inlet diameter (D;)
can be set for any of three values; 0.029 m, 0.035 m and 0.05 m. The total height of
the vessel (conical bottom plus cylindrical column) is approximately 1.07 m. A
perforated plate is fixed at the bottom of the spouted bed column which prevents
black pepper seeds entering the gas inlet tubes. The dryer could be adjusted to any
preferred drying air temperature between room temperature to 120 ‘C. The particles
to be dried are packed in the spouted bed column. The desired drying air temperature

is attained by electric heater and the temperature control unit.

The entire dryer is made of stainless steel. The bottom of the cone section of the
spouted bed dryer is connected to the heater and blower while the reverse flow
cyclone separator is channelled to top of spouted bed contactor to capture entrained
fine particles. Tables 3.1 summarizes the geometric factors of spouted bed set up.

Figure 3.2: Schematic diagram of the spouted bed drying experiment Set up;
1-VSD, 2-Blower, 3,4-Air heater with temperature control system, 5,7- Temperature
indicators, 6- Spouted bed column, 8- Cyclone separator
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The blower is operated by a 2.2 kW motor and the air heater has a capacity of 12
KW. Pressure measurements were carried out by means of a U tube water
manometer. Two Pt100 thermometers are located at the spouted bed inlet and outlet
to measure the temperatures of the inlet and exit air. In all experiments, the

fluctuations of temperature were within +1°C.

Five temperature sensors; DS18B20-PAR with + 0.5 "C accuracy were placed inside
the spouted bed. Temperature sensors are compatible with Arduino development
boards and coding was done to communicate with sensors. Arrangement of
temperature sensors are shown in Figure 3.4. Schematic diagram of arrangement of
temperature sensors in spouted bed column is shown in Figure 4 in Appendix C.
Measurements of temperature inside the spouted bed were used for the modelling of

heat transfer to determine the heat transfer coefficients.

Figure 3.3: Image of spouted bed drying experiment set up
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Figure 3.4: Arrangement of temperature sensors inside the spouted bed contactor

Table 3.1: Geometric factors of the spouted bed

spouted bed -Stainless steel

Column diameter D¢ (m) 0.15

Cone angle I (deg) 60

Height of the cylindrical sections H(m) 1

Height of the cone sections Hc (M) 0.07

Gas Inlet diameters Di (m) 0.049 0.035 0.024
Cone base diameter Do (m) 0.05

Air velocity at the inlet was measured by means of EXTECH CFM Thermo
anemometer model 407113 with an accuracy of +2 %. Relative humidity of air at
outlet of the dryer and the ambient air were measured by Thermo-Hygrometer Model
GMK-920HT with an accuracy of + 2%.

The draft tubes are cylindrical tubes with three arms made of stainless steel and
placed collinear with the axis of cylinder. Two types of draft tubes were used
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separately. They are namely porous draft tube and nonporous draft tubes having
similar configuration except to the perforations as explained in section 2.3. Figure

3.5 (a) and (b) illustrates non-porous and a porous draft tubes respectively.

The draft tube was fixed using its three arms at the bottom of the vessel collinear
with the axis of spouted bed column. The conical base of the dryer allows fitting a
draft tube at the inlet of conical section as shown in Figure 3.6. Distance between the
base of the arm and the base of the tube is called as the entrainment height. As per
the literature, dimensional parameters of a draft tube is categorized as diameter of
draft tube (Dr), entrainment height (Ly), tube height (Hr=Lt-Ly), width of the arm
where Lt- total height of the draft tube [46].

Width of arm was kept constant during this study while changing the other
parameters. Sixteen draft tubes with different configuration have been used. Seven
of them were non-porous and other nine were porous. Table 3.2 & 3.3 show the

dimensions of both types of draft tubes used.

Figures of all the equipment and instruments used for experiments are listed in
Appendix B. More information on spouted bed contactor, draft tube and the reverse

flow cyclone separator are also available in Appendix C.
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(a)

(a) (b) (c)

Figure 3. 5: a) non porous draft tube (b) porous draft tube [101] and (c) Image of
both type od draft tubes

Figure 3. 6: A porous draft tube is ready to fit into the spouted bed contactor
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Table 3.2: Dimensions of non-porous draft tubes

Draft tube no Draft-tube diameter | Drat-tube Draft-tube
(D7) (m) entrainment | height (Hr)

height (Ly ) | (m)

(m)

1 0.035 0.060 0.016
2 0.035 0.080 0.016
3 0.035 0.060 0.020
4 0.035 0.060 0.024
5 0.035 0.030 0.016
6 0.029 0.030 0.016
7 0.050 0.030 0.016

Table 3.3: Dimensions of porous daft tubes

Draft tube no Draft-tube Drat-tube Draft-tube height
diameter (Dt) (m) | entrainment height (Hy)
(Lu) (m) (m)

1 0.050 0.030 0.016
2 0.060 0.030 0.016
3 0.070 0.030 0.016
4 0.035 0.040 0.016
5 0.035 0.060 0.016
6 0.035 0.080 0.016
7 0.035 0.060 0.020
8 0.035 0.060 0.024
9 0.035 0.060 0.080
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3.1.5 Preliminary experiments

Spouting behavior of wetted black pepper was studied to determine the minimum
spouting velocity of the spouted bed of three different configurations namely
conventional spouted bed , spouted bed with porous drat tube and spouted bed with
non-porous draft tube fitted systems. Experiments were conducted for a selected bed
height; 16 cm of wetted black pepper. Way of determining minimum spouting
velocity is similar to those of the experiments conducted with raw black pepper in

conventional spouted bed. More details are elaborated in section 3.1.6.1.

Effects of geometric factors such as height, diameter and height of entrainment zone
of draft tubes on drying were determined. Samples of wetted black pepper with
initial stagnant bed height of 16 cm were dried in spouted bed fitted with different
draft tubes at their minimum spouting velocity at 75 ‘C drying temperature. Seven
non-porous draft tubes with different dimensions and nine porous draft tubes with
different dimensions were used.

Drying experiments with wetted black pepper were conducted using three
configurations of spouted bed. A number of experiments were conducted in a limited
range of drying conditions to identify the best configuration. Experimental
conditions are summarized in Table 3.4 to Table 3.6. When analysing the effect of
spouted bed configurations, two superficial air velocities were used. Air velocity was
set at their minimum spouting velocities and in a higher velocity; 0.89 m/s to ensure
the stable spouting operation with all possible bed heights without pneumatic

transport of particles out to the cyclone separator.
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Table 3.4: Operating conditions of preliminary experiments conducted to analyze the

effect of spouted bed configuration at minimum spouting air velocity

spouted bed

Configuration Air velocity Stagnant bed | Temperature
(m/s) height (cm) ('C)

Conventional spouted bed 0.74 16 55, 65, 75

*Non porous draft tube 0.51 16 55, 65, 75

fitted spouted bed

*Porous draft tube fitted 0.58 16 55, 65, 75

*D7=0.035m, Ly =0.06 m, Lt=0.26 m

Table 3.5: Operating conditions of preliminary experiments conducted to analyze the

effect of spouted bed configuration at superficial velocity of 0.89 m/s

spouted bed

Configuration Air velocity | Stagnant bed | Temperatur
(m/s) height (cm) | e ('C)

Conventional spouted bed 0.89 16 75

*Non porous draft tube 0.89 16 75

fitted spouted bed

*Porous draft tube fitted 0.89 16 75

*D7=0.035m, Ly =0.06 m, Lt=0.26 m
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Table 3.6: Operating conditions of preliminary experiments conducted to analyze the
effective moisture diffusivity of black pepper in three spouted bed configuration

Configuration Air velocity | Stagnant bed | Temperature
(m/s) height (cm) (C)

Conventional spouted bed 0.74 16 45, 55, 65, 75

*Non porous draft tube 0.51 16 45,55, 65, 75

fitted spouted bed

*Porous draft tube fitted 0.58 16 45, 55, 65, 75

spouted bed

* Dr=0.035m, Ly =0.06 m, Lt=0.26 m

3.1.6 Major experiments with raw black pepper

According to the results of preliminary experiments with different spouted bed
configurations, best configuration was selected as the conventional spouted bed.
Therefore major experiments were conducted with raw black pepper in conventional

spouted bed to achieve following goals of the study.

e Determination of minimum spouting velocity

Effect of operational parameters on drying kinetics

e Examine optimum drying air temperature to achieve black pepper with
maximum essential oil yield with consistent quality.

e Analyse the effect of drying air temperature on mass transfer characteristics
namely effective moisture diffusivity.

e Model the heat transfer in the spouted bed dryer and validate the model using

the experimental data

e Develop suitable drying model to describe the drying behaviour
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3.1.6.1 Determination of spouting behavior of raw black pepper

Spouting behavior of raw black pepper was studied to determine the minimum
spouting velocity and maximum pressure drop of the spouted bed of selected bed
heights; 7 cm, 14 cm, 18 cm and 22 cm. All the experiments were conducted using

ambient air.

Spouted bed contactor was filled with raw black pepper particles up to the required
static bed height. Air flow rate was increased in small increments by adjusting the
variable frequency drive connected to the blower. Airflow velocity and total pressure
drop across the spouted bed contactor were recorded simultaneously. Air flow rate
was increased gradually and air velocity and pressure drop measurements were
recorded. Once the bed is in fully spouted bed condition, the airflow rate was
reduced gradually and the total pressure drop was recorded. Total pressure drop is
the pressure drop caused mainly due to the black pepper bed and the perforated plate

fixed at the bottom of the spouted bed contactor.

Pressure drop across the perforated plate fixed at the bottom of the spouted bed
contactor was measured in the absence of solid particles over a same range of air
velocities. The true pressure drop across the bed of particles was determined by
subtracting the measured empty bed pressure drop from total pressure drop value
[13].

Then the minimum spouting velocity at the selected bed heights of raw black pepper
was determined using the plots of pressure drop versus air velocity at ambient

temperature.

3.1.6.2 Effect of operational parameters on drying Kinetics

The dryer was operated at hot air temperatures between 45 °C to 75 °‘C and stagnant
bed heights of 7-20 cm of raw black pepper. Air velocity was maintained at 1.60 m/s,

1.97 m/s and 2.37 m/s. During drying process, samples were collected in selected

time intervals and moisture content was measured using the direct method as
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described in section 3.1.3. The drying experiments were conducted until the moisture
of the black pepper reached to less than 15%.

Experiments were conducted as described below to determine the effect of drying
temperature on drying kinetics. Raw black pepper samples were dried in a spouted
bed dryer at 4 different temperatures; 45 'C, 55 'C, 65 'C and 75 'C keeping other
parameters constant. The initial stagnant bed height was 14 cm and the airflow rate
was maintained at 2.37 m/s.

Effect of air velocity on drying kinetics was determined by drying 14 cm initial
stagnant bed height of raw black pepper samples in the spouted bed dryer at three
different air velocities; 1.60 m/s, 1.97 m/s and 2.37 m/s keeping drying temperature
at 65 C.

Initial static bed height was varied as 7 cm, 14 cm and 20 cm keeping drying
temperature at 65°C and air velocity at 2.37 m/s to determine the effect of initial
stagnant bed height on drying.

Airflow with superficial velocity of 2.37 m/s was used for the experiments
conducted to analyze the effect of drying temperature and bed height. Air velocity of
2.37 m/s was selected to have stable spouting operation with all possible bed heights.
Since 2.37 m/s was below the terminal velocity of dried black pepper particle and it
was also above the minimum spouting velocity of maximum spoutable bed height
(25 cm) of the spouted bed column used for the current investigation. All the
experiments were duplicated. Terminal velocity of black pepper is 9.1 m/s and it was

calculated from the equation available in Appendix H.

3.1.6.3 Drying experiments for modeling of heat transfer

The dryer was operated at hot air temperatures between 45 “C to 75 "C and stagnant
bed heights of 7-24 cm of raw black pepper. Air velocity was maintained from 1.59
m/s to 2.60 m/s where all the experiments were conducted beyond the minimum
spouting condition and also below the entrainment velocity of black pepper particles
respective to their stagnant bed height. Superficial air velocity and inlet gas

temperature were kept constant during the drying operation.
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Drying experiments were conducted until the moisture of the black pepper reached to
less than 15%. 48 experiments were conducted and data was gathered for estimation

of heat and mass transfer coefficients.

During drying process, samples were collected in selected time intervals and
moisture content was measured using the direct method [100]. Temperature and
relative humidity of exhaust air of the dryer and temperature of the bed were
measured to estimate the heat transfer coefficient. Due to excellent mixing and heat
transfer occur in the spouted bed, gas and particle temperature profile in the spout
and annulus regions are almost identical and equal to the bed average temperature
[102]. Therefore, temperature of the bed was determined from the average of the

temperature measurements of five sensors located inside the bed.

Gas flow rate and inlet gas temperature is kept constant throughout the experiment.
Therefore, humidity of inlet gas is also constant assuming that there is no fluctuation

of humidity and temperature of the ambient air.

3.1.6.4 Drying experiments for development of model to describe drying
behavior

The dryer was operated at hot air temperatures between 45 °C to 75 ‘C and stagnant
bed heights of 14 - 22 cm of raw black pepper. The air velocity was maintained at
2.37 m/s since it was above the minimum spouting velocity of 22 cm stagnant bed
height of raw black pepper. The selected velocity was well below the terminal
velocity of black pepper. During the drying process, samples were collected in
selected time intervals and moisture content was measured using the direct method.
The drying experiments were conducted until the moisture of the black pepper
reached 15 % dry basis.

All the experiments described in section 3.1.6.1 to 3.1.6.4 were duplicated and

average of results are presented and described in Chapter 5.
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3.1.6.5 Experiments for determination of optimum drying air Temperature

Experiments were conducted as described below to determine the effect of drying
temperature in the spouted bed on quality of black pepper and to compare sun drying
with the spouted bed drying.

A fresh sample of raw black pepper was dried in sun for several days to reduce the
moisture content up to 15%. 14 cm stagnant bed height of raw black pepper was
dried in conventional spouted bed just above the minimum spouting velocity of 1.43
m/s at different hot air temperatures; 45 ‘C, 55 °C, 65 'C and 75 'C. Solar dried black
pepper and samples of black pepper dried in the spouted bed were used to extract
essential oil.

After drying, all the black pepper samples were packed in air proof dark polythene
bags to avoid the contact of oxidative agents with dried seeds and stored in a
refrigerator at 3-5 'C until they were used for oil extraction. Extraction apparatus
consists of a heating mantle, oil bath and 5 L round bottom flask with Clevenger

type volatile oil trap and a condenser as shown in Figure 3.7 (a) and (b).

(b)

Figure 3.7: (a) Schematic diagram of extraction apparatus (b) Photograph of
extraction apparatus
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Dried black pepper was chopped and placed in round bottom flask of extraction
apparatus with 2 L of distilled water and boiled for 3 - 4 hr. Essential oil was
collected in the graduated Clevenger type volatile oil trap. Collected oil was allowed
to cool and the volume of the essential oil was measured using graduated scale on
the oil trap as shown in Figure 3.8 and 3.9. Qil extraction experiments were
conducted for sundried and spouted bed dried black pepper. All the experiments

were replicated four times.

GRADUATED T0 O'iml

Figure 3.8: Clevenger type oil trap

®)

Figure 3.9: (a) Clevenger type oil trap in experiment set up (b) interphase of oil and
water in oil trap

52



The oil samples were subsequently analysed using Gas Chromatography Mass
spectrometry(Agilent, American 7890A/5975C GC-MS system) equipped with a
fused silica capillary Agilent Technology 5% phenyl dimethyl siloxane column. The
injector temperature was 25 ‘C, and the oscillatory temperature was 100 °C. A
volume of 2ul of oil was injected in split mode (split ratio of 1:100). The initial
temperature was kept at 70 'C for 2 min, and the temperature was gradually increased
to 270 'C at a heating rate of 5 ‘C/min. Figure 8 in Appendix Il shows an image of
Agilent, American 7890A/5975C GC-MS system.

Components in essential oil were identified according to the NIST (National Institute
of Standards and Technology). Microsoft Excel 2010 and IBM SPSS Statistics 20
(IBM, Armonk, US) were used for the analysis of volatile oil components of
essential oil derived from black pepper. In order to investigate the significance of the
drying temperature on quality and oil yield of black pepper, analysis of variance
(ANOVA) was conducted at 95% confidence level.
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3.1.7 Summary of experimental conditions

Drying conditions used in major experiments were summarized in Table 3.5.

Table 3.7 : The conditions used in drying experiments with conventional spouted bed

Objective of Air velocity Stagnant Temperature
Experiments* (m/s) bed height (C)
(cm)
Determination of minimum 7,14, 18, ambient
spouting velocity 22 temperature
Effect of drying 2.37 14 45, 55, 65, 75,
temperature- extraction of sun drying
essential oil
analyzing diffusivity 2.37 14 45, 55, 65, 75
Effect of bed height 2.37 7,14,20 65
Effect of air velocity 1.60, 1.97, 14 65
2.37
Drying kinetics 1.60, 1.97, 7,14,18,20 | 45,55,65,75
2.37
Thin layer modeling 2.37 14, 18, 20, 45, 55, 65, 75
22
Heat and mass transfer 1.6-2.37 7-22 35-75
analysis

*Material: Raw black pepper ; Configuration: conventional spouted bed; Initial

moisture content: 350 d.b%
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3.2 Model for heat transfer

3.2.1 Determination of heat transfer coefficient

The model used to define heat transfer coefficient is derived by applying energy
balance to the spouted bed dryer. The main assumptions adopted in the model are as

followings.

o Black pepper particles are assumed to be spherical, isotropic (uniformity in
all orientations) and identical.

e Physical properties of the dry matter remain constant with time.

o Particles are well mixed in the spouted bed and each particle remove same
amount of moisture with time and receive same heat flux from hot gas with
time.

e Dryer is well insulated.

e Heat is flown from hot gas to particles only. Conduction of heat and
moisture from particle to particle is negligible.

e Air that leaves the dryer is not in thermal equilibrium with the solid particles.

e Particle shrinkage is negligible.

e There is no accumulation of air inside the bed.

e Latent heat of moisture is assumed as constant throughout the process.

Drying rate at time t, N(t) of spouted bed dryer is expressed as kg of moisture

evaporated per unit area of bed cross section per unit time.

N() = ng;d_f)

(3.1)
where
N(¢) - Drying rate at time t (kg of moisture evaporated /m?s)

W), - mass of dry solid (kg)

Sy - cross section of the bed measured at right angles to the direction of air flow (m?)
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The general energy balance can be written as Equation 3.2 for either closed or open
system between two instant of time since energy cannot be destroyed or generated
[103].

Energy accumulation =energy input streams - energy output streams (3.2)
Energy accumulation = final energy of system- initial energy of system  (3.3)

Spouted bed drying process described in this work is a semi batch process where
drying material does not cross the boundary but hot gas stream enters into the dryer
and exits continuously. Figure 3.10 shows typical schematic diagram for unsteady

state spouted bed drying process.

! !

air air
Yi Yo

Figure 3. 10: Schematic diagram for unsteady state spouted bed drying process

Where

G- dry air flow rate (kg of dry air/s)

Tgi- inlet gas temperature ('C)

Tqo(t) — outlet gas temperature at time t ('C)

W,,- mass of dry solid (kg)

X- mean moisture content of the solid over the drying period (kg moisture/ kg dry
solid)

Y,; -humidity of air at the inlet of dryer (kg of moisture/ kg of dry air)

Ygo(r) -humidity of air at the outlet of the dryer at time t (kg of moisture/ kg dry air)
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When considering right hand side of the Equation 3.2 for unsteady state spouted bed
dryer, only the hot gas stream crosses the boundaries. Therefore right hand side
(RHS) may be written using the net energy given by hot air and the energy
transferred out by the system during moisture evaporation.

Energy balance was applied as follows to obtain an expression for heat transfer

coefficients with combination of Equation 3.2 and Equation 3.3-

= 77Gc,lircpav(Tgi - Tgo(t)) _M/b/1 (_ d);(tt)) (3-4)

= daT
(Wi Cps + WpXCpoy) =22

= daT
(Wi Cps + Wy XCpry) =22

—— expresses the thermal energy required to raise the

dx(t)
dt

temperature of bed. W,4 (— ) expresses the thermal energy required to vaporise

the moisture from bed of particle. nGclziGCav(Tgi - Tgo(t)) expresses the thermal

energy given for the drying process by hot air stream.

dT ax(t /]
(Wb Cpsw) % + ]/Vb/1 (_ #) = r]GaiGCav (Tgi - go(t)) (3-5)
Cpav = Cpa + YCpy (3.6)
Cpsw = Cps + XCpyy (3.7)

Where

Cpq- specific heat of dry air (J/kg'C)

Cpav- heat capacity of 1kg of dry air and associated water vapour (J/kg'C)
Cps - Specific heat of dry solid, (J/kg'C)

Cpsw- Specific heat of wet solid, (J/kg of dry solid C)

Cpy -specific heat of vapour, (J/kg 'C)

Cpw -specific heat of water in solid, (J/kg C)
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Y- mean air humidity, (kg moisture/ kg dry air)

H - Particle to air heat transfer efficiency

To( - mean temperature of the bed ('C)

X - moisture content of solid( dry basis) (kg of moisture/ kg of dry solid)
A~ Latent heat of water (J/kg )

If the thermal equilibrium between exit gas and bed solid is not achieved, it is
convenient to use a gas to particle heat transfer coefficient [13]. Then heat
transferred by hot gas is shown in Equation 3.8.

n =1; since no heat losses

c,lircpav(Tgi - Tgo(t)) = hpSpATLm (3-8)

Heat transfer area S, is the surface area of the particles and AT}, is the logarithmic

mean temperature difference defined in Eq. (3.9).

(Tgi_Tb(t))_(Tgo(t)_Tb(t))
AT, ., = 3.9
Lm 1T Tb) (39)
(Tg0)~Th(v))

_dx()

dT
(Wp Cpow) 22 + Wbl( -

) = hySpATy (3.10)
Where

hp - overall heat transfer coefficient (W/m?K)

S, - interfacial surface area of particles where heat transfer (m?)

Sensible heat gain is neglected as (W, Cps) d?;t) & Wy (— d};—f)) (3.11)

_dx(®)
dt

WA (= E8) = h,S,AT, (3.12)

~WpA [y 2 dx

h (3.13)

= =t
P sy [ AT dt
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Heat transfer coefficient (h,) were obtained by solving Equation 3.13 using graphical
method for particular time period. Observed data of logarithmic mean temperature
difference of the bed (AT,,,) vs time should be plotted and the area under the curve
gave the value of the integral in the denominator of Equation 3.13. Nevertheless area
under the curve of logarithmic mean temperature difference (AT,,) VS time
evaluated directly using the MATLAB codes.

3.2.2 Dimensional analysis of heat transfer process

Prior to dimensional analysis of the heat transfer process, fundamental dimensions
should be identified. Fundamental dimensions which is used to express momentum
transfer are length, time and mass. They are symbolized as L, t and M respectively.
Dimensional analysis of energy problems requires two more fundamental

dimensions, namely heat and temperature and symbolized as Q and T [104].

Considering the heat transfer process in drying of black pepper in spouted bed dryer,
the important variables, their symbols and dimensions are listed in Table 3.6

Table 3.8: Important variables for heat transfer of black pepper in the spouted bed

dryer

Variable Symbol Dimensions
1 Air velocity U Ltt
2 Static bed height H L
3 Particle diameter dp L
4 Gas viscosity Ug ML*t?
5 | Airthermal conductivity Kg QLT
6 Air inlet temperature Tyi T
7 Temperature difference of gas inlet and gas | Tgi-Tgi,w T

inlet wet bulb temperature
8 air density p ML?
9 Heat transfer coefficient-fluid to particle hp QLT
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Where
L, M, Q, T, t - Dimensions of length, mass, heat, temperature and time respectively

Then dimensional matrix for heat transfer processes is formed by tabulating
exponents of the fundamental dimensions. Dimensional analysis was carried out
according to Buckingham pi theorem and important dimensionless numbers were
identified [104]. A Possible correlation was developed using IBM SPSS Statistics 20

by non-linear multiple regression. Results are presented and described in Chapter 7.

3.3 Drying model development

Experiments related to accomplish the objective of developing a suitable model to
describe drying behaviour is described in section 3.1.6.4. Gathered data of moisture
content vs time of the black pepper during the drying process were used to model the

drying behavior of wetted and raw black pepper.

3.3.1 Mathematical modeling

Moisture content was normalized to dimensionless parameter; moisture ratio (MR).
Moisture ratio is calculated as follows:

MR = (X; — Xo)/(Xo — Xe) (3.14)

Xe, Xiand X, are equilibrium moisture content, i experimental moisture content and
initial moisture content respectively.

Moisture ratio vs time were used for model development. They were fitted to five
thin layer drying models namely Newton model, Page model, Henderson and Pabis
model, Two compartment model and Logarithmic model which were recalled in
Table 3.7. These models are the basic models among large number of thin layer

models and they are widely used by many researchers.
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Table 3.9: Selected thin layer drying models used for analysis

Model name Model Equati
on no
X, — X
Newton MR =2L—"¢ = ¢kt 2.34
XO - Xe
Xe — X —kt™
Page MR = XX~ e 5 35
Henderson _Xe—=Xe
and Pabis MR = Xo—X, ae 2.36
Logarithmic | MR = Xe = Xe _ pekt +b
9 X, —x, % 2.37
Two X, — X
compartment | MR = Xt Xe = ge k1t 4 pekat 2.38
0~ 4de

a, b, k, ki, ko and n are drying coefficients and constants

The moisture ratio is simplified to Xi/Xo neglecting X, term since X, term, is

relatively small compared to X; and X, and the continuous fluctuation of the relative

humidity of drying air leading to change of equilibrium moisture content of the
particle being dried [19, 76]. The software Matlab 2011 was used to facilitate the

model fitting.

The performance of these models were compared using three statistical parameters

coefficient of determination (R?), Root mean square error (RMSE) and sum of

square error (SSE). The statistical values were evaluated using Equation 3.20 to

Equation 3.22 [75].

2
SSE= Zinzl(MRpre,i - MRexp,i)

2
in= 1(MRpre,i _MRexp,i)
N

RMSE= \/

?=1(MRpre,i - 1\4Rexp,i)2

R? =
Y (MReypi — MR

1—

2
expmean)

Where
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MRexp,1 - i™ experimental moisture ratio

MRexp,mean - Mmean of experimental moisture ratios

MRyre,i - i"" predicted moisture ratio

N - Number of observation

According to the statistical analysis, best thin layer model which can describe the
drying behaviour of black pepper in spouted bed dryer was selected. Since developed
models can be used only for specified drying conditions, four models were
developed to describe the drying behaviour of raw black pepper in conventional
spouted bed. Drying constants and coefficients of best selected model were
correlated to bed height at specified drying temperatures using the regression

analysis.

Chapter specific nomenclature

a, b, k, ki, kp, n - drying coefficients and constants

Chpa - specific heat of dry air (J/kg'C)

Cpav- heat capacity of 1kg of dry air and associated water vapour (J/kg'C)
Chps - specific heat of dry solid, (J/kg'C)

Cpsw - Specific heat of wet solid, (J/kg of dry solid 'C)

Cyv - specific heat of vapour, (J/kg 'C)

Cpw - Specific heat of water in solid, (J/kg 'C)

D. - diameter of the column (m)

Di- gas inlet diameter (m)

D, - cone base diameter (m)

d, - particle diameter (m)
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D+ -diameter of draft tube (m)

G ;- dry air flow rate (kg of dry air/s)

H, H,- static bed height (m)

H, - height of cylindrical column (m)

hp - overall heat transfer coefficient fluid to particle (W/m?K)
Hr - tube height (m)

Kg -Air thermal conductivity (J/msK)

L, M, Q, T, t - Dimensions of length, mass, heat, temperature and time

respectively
Ly -entrainment height (m)
L+ - total height of the draft tube

MRexp,i- i experimental moisture ratio
MRexp,mean - Mmean of experimental moisture ratios
MRy, - i'" predicted moisture ratio

N- number of observation
N(t)-Drying rate at time t (kg of moisture evaporated /m?s)

Sg - cross section of the bed measured at right angles to the direction of air flow

(m?)

Sp - interfacial surface area of particles where heat transfer (m?)
To(y - mean temperature of the bed ('C)

Tqi, To- drying air temperature or inlet gas temperature (C)
Tgiw- gas inlet wet bulb temperature ~ (C)

Tgo(t) - outlet gas temperature at time t ('C)
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U - Superficial air velocity (m/s)

W), - mass of dry solid (kg)

Wy -weight of sample after drying in the oven (kg)

W,, - initial weight of the sample (kg)

X- moisture content of solid( dry basis) (kg of moisture/ kg of dry solid)
Xe, -equilibrium moisture content

X -moisture content dry basis (%)

X, -initial moisture content

Xt -moisture content at time t

X - mean moisture content of the solid over the drying period (kg moisture/ kg

dry solid)
Y 4i - humidity of air at the inlet of dryer (kg of moisture/ kg of dry air)

Y go(t) - humidity of air at the outlet of the dryer at time t (kg of moisture/ kg dry

air)

Y - Mean air humidity, (kg moisture/ kg dry air)
ug - Viscosity of air (kg/ms)

AT}, - Logarithmic mean temperature difference
n - Particle to air heat transfer efficiency

A - Latent heat of water (J/kg )

p - density of fluid/air (kg/m?)
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Abbreviations
ANOVA - Analysis of variance
R? - Coefficient of determination
RMSE - Root mean square error
SSE - Sum of square error

VSD - variable speed drive
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Chapter 4

4. RESULTS AND DISCUSSION ON PRELIMINARY
EXPERIMENTS

This chapter describes the outcome of preliminary experiments conducted with
wetted black pepper. Preliminary experiments were conducted using three
configurations of spouted bed dryer namely, conventional spouted bed (CSB), and
spouted bed equipped with non-porous draft tube (SBNPDT) and spouted bed
equipped with porous draft tube (SBPDT). Minimum spouting velocity, drying
kinetics and diffusivity of wetted black pepper drying in three configurations are
analysed and presented. Furthermore, results of mathematical modelling of wetted
black pepper drying in above-mentioned three configurations are presented and
discussed.

4.1 Minimum spouting velocity

Prior to conducting the drying experiments, minimum spouting velocities of wetted
black pepper for two bed loadings in three configurations of spouted bed were
determined. Plots of pressure drop versus air velocity were used to determine
minimum spouting velocity. As indicated in Table 4.1, spouted bed equipped with
non-porous draft tube (SBNPDT) has the lowest minimum spouting velocity
followed by the spouted bed equipped with porous draft tube (SBPDT) for a
particular bed height.

In the spouted bed equipped with non-porous draft tube, air stream is not percolated
in to the annulus region from the spout region as in other two configurations.
Therefore, energy required to disrupt the packing is achieved by low airflow rate
compare to other two configurations. Conventional spouted bed has the highest
minimum spouting velocity. In all cases, minimum spouting velocity increases with
increasing stagnant bed heights due to increase of energy required to disrupt the
packing. Altzibar et al. also stated that the conical spouted bed equipped with non-

porous draft tube had low minimum spouting air velocity compared to the conical
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spouted bed without draft tube. In addition, minimum spouting velocity was
approximately proportional to the stagnant bed of cylindrical spouted beds [46].
More information on determination of minimum spouting velocity from plot of
pressure drop versus air velocity is given in section 5.1 for experiments conducted

with raw black pepper.

Table 4.1: Minimum spouting velocity

) ) Stagnant bed Minimum spouting
Configuration _ _

height; H (m) velocity; Upys (M/S)

CSB 0.16 0.74

0.10 0.50

SBPDT 0.16 0.58

0.10 0.44

SBNPDT® 0.16 0.51

0.10 0.43

® Dy=0.035m, Ly = 0.06 m, L= 0.26 m

4.2 Effect of draft tube configurations on drying

Drying experiments were conducted to identify the effect of draft tube configuration
on drying. Spouted bed equipped with different dimensions of non-porous and
porous draft tubes were used. Geometrical parameters of draft tubes such as diameter
(D), entrainment height (Ly) and tube height (Ht) were changed. Drying
experiments were conducted until black pepper attained 15% dry basis moisture
content from their initial moisture content of 70-80 %. Drying time is defined as the
time taken to dry black pepper from initial moisture content to 15 % moisture

content.

Use of higher air flow rate is unproductive for spouted bed setting and considering
the cost and energy involved, many researches have been conducted at minimum

spouting conditions to ensure the regular movement of particles in the three
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hydrodynamic regions of the bed; spout, annulus and fountain [31]. Therefore, all the
drying experiments were conducted using airflow rates just above the minimum
spouting conditions. Results of experiments conducted to analyze the effect air
velocity on drying kinetics will be presented on section 4.3.

4.2.1 Effect of diameter of draft tube

Seven non-porous draft tubes and nine porous draft tubes with different dimensions
were used for the analysis. Dimensions of those draft tubes are presented in Table
3.2 and Table 3.3 in Chapter 3.

Three porous draft tubes with diameter of 0.05 m, 0.06 m and 0.07 m and non-
porous draft tubes of diameter 0.029 m, 0.035 m and 0.048 m were used. The draft
tube diameter is usually chosen to be similar or larger than the diameter of gas inlet
nozzle to achieve stable spouting [37]. Therefore gas inlet diameter of spouted bed
equipped with non-porous draft tube was set as 0.029 m and a porous draft tube was

set as 0.05 m for this study.

Effect of diameter of draft tube on drying kinetics of black pepper was analysed and
drying Kinetics data are shown in Figure 4.1 to Figure 4.4. When draft tube diameter
is increased keeping other parameters (entrainment height and tube height) constant,
drying time was decreased and rate of moisture removal was increased. The amount
of pepper particles that can enter into the spout region is higher in larger diameter
draft tubes than those of smaller diameter draft tubes, and hence intensive heating
takes place inside the spout. Therefore drying time decreases.
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Figure 4.1: Effect of diameter of non-porous draft tube on drying of wetted black
pepper under minimum spouting conditions in SBNPDT;
T4=55"C, Hy=0.16 m, Di =0.029 m, Ly=0.03m, Hy=0.16 m
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Figure 4.2: Rate of change of moisture content vs. moisture content;
of diameter of non- porous draft tube on drying of wetted black pepper under
minimum spouting conditions in SBNPDT. T4 =55 'C, H=0.16 m, D;=0.029 m, Ly
=0.03m, Hr=0.16 m
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Figure 4.3: Effect of diameter of porous draft tube on drying of wetted black pepper
under minimum spouting conditions in SBPDT; T4 =55 "C, H=0.16 m, D; =0.05 m, ,
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Figure 4.4: Rate of change of moisture content vs. moisture content;

Effect of diameter of porous draft tube on drying of wetted black pepper under
minimum spouting conditions in SBPDT; T4 =55"C, H=0.16 m, D; =0.05 m,
L4=0.03 m, Hr=0.16 m
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4.2.2 Effect of entrainment height of draft tube

Three non-porous draft tubes and three porous draft tubes of same diameter and tube
height having different values entrainment heights were used to analyse the effect of
entrainment height on drying kinetics of black pepper. Figure 4.5 to Figure 4.8
illustrate the drying curves for different entrainment heights of both draft tubes.
Increase in entrainment height significantly affected in the moisture removal rate in
both systems. For spouted bed equipped with non-porous draft tube, lowest drying
time of 110 min was recorded for the black pepper dried at 0.08 m entrainment
height at the combination of 75 "C drying air temperature and 0.16 m of non-porous
draft tube height. However, for the same geometric configurations when the

entrainment height was 0.06 m and 0.03m drying time were greater than 150 min.

The reason for the highest drying rate in the case of 0.08 m entrainment height is due
to the fact that when the entrainment height is larger, more number of particles can
enter through the draft tube to spout region and hence the spout region in which most

of the heat and mass (moisture) transfer occurs [105].
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Figure 4.5: Effect of entrainment height of non- porous draft tube on drying of
wetted black pepper under minimum spouting conditions in  SBNPDT; T4 =75 C,
H=0.16 m, D; =0.035 m, Hy=0.16 m, D+=0.035m
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Figure 4.6: Rate of change of moisture content vs. moisture content.

Effect of entrainment height of non- porous draft tube on drying of wetted black
pepper under minimum spouting conditions in  SBNPDT; T4 = 75°C, H=0.16 m, D;
=0.035 m, H=0.16 m, D= 0.035 m
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Figure 4.7: Effect of entrainment height of porous draft tube on drying of black
pepper under minimum spouting conditions in SBPDT; Tq = 75°C, H=0.16 m, D;
=0.05m, Ht=0.16 m, Dt=0.035m
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Figure 4.8: Rate of change of moisture content vs. moisture content.

Effect of entrainment height of porous draft tube on drying of wetted black pepper
under minimum spouting conditions in SBPDT;

T4=75C, H=0.16 m, D; =0.05 m, Hr=0.16 m, Dt=0.035 m

4.2.3 Effect of height of draft tube

Effect of height of draft tubes on drying Kinetics is shown in Figure 4.9 to Figure
4.12. A drying time of 150 min was noticed when the draft tube height was kept 0.16
m, and whereas it was 100 min at a draft tube height of 0.24 m at 75 'C air
temperature and entrainment height of 0.06 m at the minimum spouting conditions
for non- porous draft tube fitted spouted bed. The drying rate was also increased with
increasing draft tube height under investigation. In case of 0.24 m height draft tube,
the rate of moisture removal was faster than those of other two due to longer
exposure of particles to the heated air in the spout region [106]. Similar effect is
also shown for porous draft tube fitted spouted bed. The drying rate was also

increased with increasing porous draft tube height.
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Figure 4.10: Rate of change of moisture content vs. moisture content

Effect of tube height of non- porous draft tube on drying of wetted black pepper
under minimum spouting conditions in SBNPDT; T4 =75 'C, H=0.16 m, D; =0.035
m, Ly= 0.06 m, D= 0.035m
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Figure 4.11: Effect of tube height of porous draft tube on drying of black pepper
under minimum spouting conditions in; T4=75°C, H=0.16 m, D; =0.05 m, Ly=0.06
m, Dt=0.035m
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Figure 4.12: Rate of change of moisture content vs moisture content

Effect of tube height of non- porous draft tube on drying of wetted black pepper
under minimum spouting conditions in SBPDT; T4 =75 'C, H=0.16 m, D;=0.05 m,
Ly=0.06 m, Dt=0.035m

As a summary, analysis of Figure 4.1 to Figure 4.12 shows that the drying rate of
black pepper is influenced by the geometric factors of both type of draft tubes such
as diameter, entrainment height and height of the draft tube.
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4.3 Effect of air velocity on drying Kinetics for spouted bed configurations

Effect of air velocity on drying kinetics of wetted black pepper in three spouted bed

configurations was analysed. Experiments were conducted at two velocities namely,

minimum spouting velocity (Uns) of each configuration and 0.89 m/s (v;) at 75 'C

drying air temperature for 16 cm of static bed height. Latter is quite higher velocity

where particles will not transport pneumatically away from the drying chamber.

Drying time of respective experiments, percentage of increase in air velocity and

percentage of time reduction due to use of higher air flow rate are shown in Table

4.2. Percentage of time reduction and percentage of increase in air velocity were

calculated using Equation 4.1 and 4.2.

t -t
% of time reduction = % x 100

. . . . v
% of increase in air velcity = % x 100

Where

-U

ms

(4.1)

(4.2)

ty,,.- drying time when air velocity is set to minimum spouting velocity

t,, - drying time when air velocity is set to v,

Table 4.2: Drying time of black pepper at different spouted bed configurations at
different air velocities

Air velocity Drying time (minutes) % of % of

increase in time

. > Ums Vi . . .

Dryer Configuratio air velocity | reduction

Conventional bed 54 49 20.27 9.26

Spouted bed with 100 92 53.45 8.00
porous draft tube

Spouted bed with non- 105 100 7451 4.76
porous draft tube
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High air velocity decreases the drying time of black pepper as shown in Table 4.2,
Figure 4.13 and Figure 4.14 with increasing drying rate. This is due to the fact that at
high air velocity or air flow rate, solid circulation rate is high. Therefore particles get
more exposure to hot air in spout region than that of particles in spouted bed of low
velocity. Circulation rate of particle is the number of cycles where a particle moves
through spout, fountain and annulus region per unit time. However, percentage of
time reduction is below 10 % for the three configurations. Therefore using high
velocity air flow is not a good solution considering the energy and cost involved.
Figure 4.13 and Figure 4.14 show the change of moisture ratio and moisture content

of black pepper with time respectively while experiments were going on.

4.4 Effect of spouted bed configurations on drying Kinetics

Effect of configuration of spouted bed on drying kinetics of wetted black pepper
were analysed at minimum spouting condition for three different  drying
temperatures and results are shown in Figure 4.15 and Figure 4. 16. Installation of
both types of draft tubes in the spouted bed dryer reduces the minimum spouting
velocity of black pepper compared to that of conventional spouted bed dryer as
shown in Table 4.1. However, considering the drying process, non-porous draft tube
fitted system requires longer drying time and shows low drying rate due to gas by
passing through the spout without percolating into the annulus region. All the drying
rate curves are characterized by falling rate periods. According to Figure 4. 16,
conventional spouted bed experiences the highest drying rate followed by porous
drat tube fitted system while non-porous draft tube fitted spouted bed has the lowest
drying rate. Solid particles are less exposed to the hot air in the annular region of the
spouted bed equipped with draft tubes and hence show lower drying rates compared

to the conventional spouted bed dryers [107].
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Table 4.3: Drying time of spouted bed configurations at different drying

temperatures
rying air temperature Drying time (minutes)
55°C 65°C 75°C
Dryer configuration
Conventional bed 100 75 54
Spouted bed with porous draft tube 230 160 100
Spouted bed with non- porous draft tube 310 170 105
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