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Abstract

The sugar industry is an ideal sector for electricity cogeneration due to a large amount of burnable bagasse produce
as a by-product. Bagasse produced in the sugar industry always consists of moisture affecting the efficiency of
a boiler in the cogeneration plant. In our case study, a cogeneration plant run by bagasse burning found with
bagasse moisture problem and suffocating with low power generation for the last few years. The boiler efficiency
per tonne of bagasse is currently lower than optimal due to the substantial percentage of water present in the
bagasse. A bagasse dryer design for this industry can improve the efficiency of a boiler as well as the cogeneration
plant. In this paper, a pneumatic bagasse drying system is proposed to reduce the moisture content of bagasse
from 48% to 30%. This work provides a full analysis of bagasse dryer design parameters, including specifications
for dryer system components, such as feeders, fan, drying tube, and cyclone. The total bagasse drying system
proposed is expected to be fitted within a 6 x 6 x 25 m space to dry 60 tph of bagasse, reducing the moisture
content from 48% to 30%, in full compliance with all relevant Australian and company standards.

Keyword: Electricity cogeneration; Industry by-product; Moisture content; Sugar industry

Resumen

La industria azucarera es un sector ideal para la cogeneracion eléctrica debido a la gran cantidad de bagazo que
se produce como subproducto. El bagazo producido en la industria azucarera siempre consiste en humedad
que afecta la eficiencia de una caldera en la planta de cogeneracién. En nuestro caso de estudio, una planta de
cogeneracion operada por la quema de bagazo se encontr6 con un problema de humedad del bagazo y asfixiada
con baja generacion de energia durante los ultimos anos. La eficiencia de la caldera por tonelada de bagazo es
actualmente inferior a la éptima debido al porcentaje sustancial de agua presente en el bagazo. Un disefio de
secador de bagazo para esta industria puede mejorar la eficiencia de una caldera y de la planta de cogeneracion.
En este trabajo, se propone un sistema de secado neumatico de bagazo para reducir el contenido de humedad del
bagazo del 48% al 30%. Este trabajo proporciona un analisis completo de los parametros de disefio del secador
de bagazo, incluidas las especificaciones de los componentes del sistema del secador, como alimentadores, ven-
tiladores, tubos de secado y ciclones. Se espera que el sistema de secado total de bagazo propuesto se instale en
un espacio de 6 x 6 x 25 m para secar 60 tph de bagazo, reduciendo el contenido de humedad del 48% al 30%,
en total cumplimiento con todas las normas relevantes de Australia y de la empresa.

Palabra clave: Cogeneraciéon de electricidad; Contenido de humedad; Subproducto de la industria; Industria
azucarera
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Introduction

The sugarcane processing industry produces
bagasse as a by-product that persists after the
crushing of cane (Raj & Stalin, 2016)(Shrivastav
& Hussain, 2013)(Ravichandran, Kavinkumar,
Kumar, Prasanth, & Ramkumar, 2017). Around
12% of sugarcane mass becomes bagasse that
contains moisture and a small amount of soluble
solids (Gilberd & Sheehan, 2013). Bagasse
can be a useful waste for co-generation plants
such as for power production (To, Seebaluck, &
Leach, 2018)(Silva, Schlindwein, Vasconcelos, &
Corréa, 2017). With increasing pressure to find
alternative energy generation to that of traditional
fossil fuels, an increase in efficiency of the
burning of bagasse for energy generation will be
beneficial not only for the sugarcane industry but
also for society in general (To et al., 2018)(Silva
et al., 2017). Moisture is a key factor that affects
the efficiency of the burning of bagasse (Abdalla,
Hassan, & Mansour, 2018)wherefore, 26 kg/s
of bagasse flows with constant rate (proposed
design(Shanmukharadhya & Sudhakar, 2007).
A proper industrial scale improved design of the
bagasse drying system is essential to ensure the
resolution of such a problem.

To design a new industrial bagasse drying
system, information from a company that can
produce 2.16 million tons of crushed cane and
produces 63 MW of power from its co-generation
plant was considered. Its bagasse has been used
for electricity generation since 2005 and feeds
into the Australian power grid for many years.
The current operation sees on average 60 tph of
bagasse being consumed by a boiler at roughly
48% moisture content. By drying the bagasse (to
an average of 30%), the efficiency of the boiler can
be increased, resulting in greater profits, and a
sustainable system. This paper investigates the
designing considerations of an improved bagasse
drying system to reduce the moisture content of
bagasse fed into the boiler to increase efficiency.

A method of increasing this efficiency is to pre-
dry the bagasse. It has been demonstrated that
there can be up to an 18% reduction in bagasse
use by the boiler with the assistance of pre-drying
(Gilberd & Sheehan, 2013). To achieve these
aims, an improved bagasse dryer design is needed
that will increase the operational efficiency of the
boiler, and in turn, produce a higher return on
each tonne of cane. The design had to meet the
company’s requirements. To ensure compliance,
the company standard requirements were
reviewed to meet all relevant design standards
and regulations. Also, the design of a bagasse
drying system has been extensively studied from
different sources by a team of researchers and
the process was well documented and largely
parameterized to decide on our design.
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Using the required knowledge from the review
study, this work studies the design of a bagasse
drying system and parts specification that will
reduce the amount of moisture in bagasse from
approximately 48% to 30% following several
subsystem analyses. All the important subsystem
components are be studied and identified.

Materials and Methods

The design and performance analysis of the
bagasse dryer system was conducted with the
standard design compliancy of the Australian
company. In the first steps of the work, a risk
management study was conducted as specified
in AS/NZS ISO 31000:2009 Risk Management
- Principles and Guidelines (AS/NZS ISO
31000:2009). The bagasse drying system’s
installation, operation, and maintenance work
requirements were broken down into their
logical categories and exposures. The potential
risks and related hazards were determined in
a brainstorming workshop held by relevant
professionals, along with representatives from the
company. While completing the risk assessment,
factors with potential sustainable development
impact were also considered.

Using the “As low as reasonably possible”
(ALARP) system (Yasseri, 2013) each risk was
reviewed and alternate methods or additional
controls were identified as per the hierarchy of
controls until an effective and practicable level
of risk reduction was achieved. To develop the
most appropriate drying system for the sugar
mill, design requirements were followed to make
three major design components as follows-Inlet
and outlet feeders to introduce and remove the
bagasse from the system,

a. Drying tube to remove moisture from
the bagasse,

b. Dry scrubber (cyclone) to separate the
dry bagasse from the flue gas.

The proposed bagasse drying system should
not physically interfere with the existing plant.
The available space for the dryer system was
a 6x6 m pad area with a height limit of 25 m.
The new dryer was made compatible with the
existing plant using the same kind of fittings, pipe
diameters etc. Enough care was taken to avoid
any accessibility problem of mobile equipment
within the existing plant. For simplicity of the
design and analysis, the coupling between the
flue gas line (boiler exits), and the dryer, the
cyclone gas outlet, and the stack is not included
in the design. We also excluded the required
power supply to the bagasse drying system, and
cleaning of the flue gas before being introduced
to the dryer is also excluded from the design.



Boiler and bagasse information

The proposed dryer must satisfy the capability
of the boiler and bagasse is required to dry
before feeding into the boiler. The essential
boiler information (Table 1) has been supplied
by the company concerning the target boiler.
The information regarding bagasse (Table 2) is
sourced or provided from the sugar mill.

Dryer design parameters and
specifications

Feeder selection

After consultation with the company about
the importance of design aspects and design
requirements, a weighted decision matrix
(Ouye, Facility Technics Facility Management
Consulting) was devised for selecting the best-
fitted feeder for the dryer design. The rotary feeder
has found as the most appropriate choice for
both the inlet and outlet feeders (Table 3). Using
the boiler and bagasse information (Table 1-2),
the required volumetric feed can be calculated
as ~0.111 m3/s.

It should be noted that the bagasse is a
relatively light density material and at times due
to compaction, flows in a sluggish manner. As
such, the fill capacity of the bagasse in the rotor
pockets is approximately 60-80%. The worst-case
scenario (60%) should be considered to identify
the best rotary feeder model that could supply
the required feed rate of 0.111 m?®/s. From the
available Meyer rotary feeder types (Company
Catalogue, Smoot Inc, 2014), a feeder is available
to handle bagasse demand of 36 x 36 inch at 20
RPM (Company Catalogue, Smoot Inc, 2014),
capable of transporting 0.113 m3/s when our

Table 1. Boiler information

Parameter Value
Bagasse consumption rate 60 tph
Air inflow rate 190 tph
Flue gas exit temperature 141-155°C
Amount of flue gas exiting 250 tph

Flue gas composition (% Vol)

CO,- 11.47; SO, - 0.00; O,- 3.72;

H,0 - 25.36; N,- 58.75; Ar - 0.7

Table 2. Bagasse information

Parameter Value
Bagasse moisture in 48 % (W/w)
Bagasse moisture out 30.0 % (w/w)
Bagasse temp (ambient) 30°C
Fresh bagasse density 150-200 kg/m?
Bagasse equivalent cylindrical 1.86 mm

diameter (Silva et al. 2012)

Dryer design parameters and parts specifications
for an industrial scale bagasse drying system

design requires 0.111 m®/s (Table 4). Considering
gear ration of 1:50 between the shaft and the
final drive on the motor and 90% efficiency, the
required amount of motor power for the selected
feeder is 2 hp and the outlet feeder can be
specified as the same feeder as the primary feeder
(Meyer 36 x 36 inches rotary feeder (Company
Catalogue, Smoot Inc, 2014).

Dryer

Due to the limited space available at the involved
sugar mill, the short residence time required to
meet the 60 tph throughput (Table 1-2), and
the nature of bagasse (fibrous), a flash dryer (or
pneumatic dryer) system (Sosa-Arnao & Nebra,
2009)(Borde & Levy, 2006) would be the most
appropriate. The hot gas stream, (in this case,
flue gas from the boiler) can be used to evaporate
the moisture from the bagasse (solid). Following
the drying process, separation via a dry scrubber
can be implemented. The appropriateness of
the type of flash dryer was determined using a
weighted decision matrix (Ouye, Facility Technics
Facility Management Consulting) (Table 5). and
it was determined that the single-pass circular
drying tube is the most appropriate for the design
that was later approved by engineers from the
company with dimensions.

A thin-layer drying model (Vijayaraj,
Saravanan, & Renganarayanan, 2007) was used
and it was found that the Page model (Eq. 1) is
the most appropriate for the modeling of bagasse
drying (Gilberd & Sheehan, 2013) (Vijayaraj et al.,
2007) (Polanco, Kochergin, & Alvarez, 2013) The
equilibrium moisture of bagasse can be calculated
by the following equation-

MR = (M- M)/ (M, - M) = exp(-kt?) (Eq. 1)
N 2.2

M= 1800 _ [ _KH | KiKH+2KiKoK é—[ _ (Eq. 2)
W 1-KH 1+ KKH+ K{KyK>H

Where, M = material moisture content (%), M,
= equilibrium moisture content in % dry basis,
M, = initial moisture content (%), k = drying
rate coefficient (s'!), n = empirical constant
(dimensionless), t = required drying time (s), T =
temperature (K), H = relative humidity (%). W, K,
K, K, are all factors that can be solved by using
the equations below-

W=-7.7-0.1982T + 22.305T %
K=-2778.14 - 2042.09T + 5238.887 %
K, =-70.42-13.68T+ 180.22T°
K,=-194.01-0.62T + 51.48T°%°
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The drying rate coefficient (k), can be
determined by multiple regression analyses based
upon the Page model constraints (Vijayaraj et
al., 2007) (Polanco, Kochergin, & Alvarez, 2013).

k= 3.1094667E - 03(H,) - 3.1183596869E - 03(1) - 3.947507753E -
02(V) + 0.113762212(H,) + 0.49123557038  (Eq. 3)

Where, H, = drying air humidity (g of wet air/
kg of dry air), H,= product thickness (mm). The
empirical constant (n) is often calculated by the
following equation-

n=-0.86990405 + 0.238750462log(t) - 1.1754564904(k) (Eq. 4)

However, the investigation has found that
this constant can be let to equal n = 0.1485482
for the drying of bagasse (Vijayaraj et al., 2007)
(Gilberd & Sheehan, 2013). Again, the dried
bagasse is fluidized by drying gas (flue gas in this
case) to ensure an even flow of bagasse and to
reduce the chance of clumping of particles. The
required terminal velocity (V) for the fluidization
is selected by an empirical relation V, = 2.96
D, 0°® (Rasul, Rudolph, & Carsky, 1999), where
D, , is the equivalent diameter (mm). The flue
gas compositions are supplied from the target
company for the boiler (Table 6).

Table 3. Feeder decision matrix

The humidity of the bagasse H= (m /m ) can
be found using the molar volume of the flue gas at
operating temperature (155 °C), where m = mass
of moisture present, m_= total dry mass. Trial
and error methods were conducted to determine
the expected drying parameters at the low drying
time. For an arbitrary volume of 10 m® bagasse,
the calculation is made to obtain the mass of flue
gases (Table 7) and drying parameters (Table 8).
The drying time is within the expected range for
a flash drying system.

According to the company, the estimated flue
gas exiting from the boiler is m,, = 227,672 kg/hr
assuming ., = 1 kg/m?® of gas flow. The bagasse
flow rate is m, = 60 tph assuming , = 150 kg/m?®
of bagasse flow. Calculating a total flow balance
with the summation of the flue gas and bagasse
flow, we can determine the desired diameter and
length of the dryer (Table 9).

Parametric Study for Dryer

Due to the size restriction of a 6 x 6 x 25 m
footprint for the bagasse drying system, the
drying tube was optimized for both performance
and design requirements emplaced by the
company. The fluid mixture velocity influences
the dryer length (Fig. 1(a)). As the dryer length
should be kept to a minimum, it is advantageous
to keep the fluid mixture velocity to a minimum,;
thus, the values calculated for the arbitrary
volume of the bagasse (V= 6.742 m/s, and L =
4.61 m) were kept fixed and used.

Feeder Specifications Sutabity PSRt (il and Reliabilty  Infrastructure Tt Score
Weighting 5 5 3 4 3 100
Screw feeder 5 5 3 4 3 84
Belt feeder 1 3 3 2 3 46
Rotary feeder 5 5 4 4 5 93
Table 4. Rotary feeder decision matrix Table 6. Chemical composition of flue gas
Company Capacity  Physical Size Power Total Wet Volume Molar Mass Density
Rating 5 3 1 45 (%) (g/mol) (g/m’)
Young industries 2 5 5 30 co, 11.47 44.01 1253.47
Prater industries 2 5 5 30 S0, 0.00 64.06 1824.66
Meyer 5 5 3 43 o, 3.72 31.99 911.39

H,0 25.36 18.02 513.11
Ar 0.7 39.95 1137.80
N, 58.75 28.01 797.87
Table 5. Decision matrix for bagasse dryer concepts
Type Real e_state Head_space Structur§l Ins_talla_tiqn/ Fan/Pf)wer Desigq complexity/ Capital costs Total
required (height) work required  Erection difficulty required Maintenance Score
Weighting x8 x4 X6 X6 x5 x5 X6
Single-pass Small (5) Large (1) Small (5) Small (2) Moderate (3) Small (5) Small (5) 156
Series Moderate (3) Small (4) Moderate (3) Moderate (4) Small (5) Moderate (3) Moderate (3) 140
Parallel Moderate (2) Small (4) Large (2) Moderate (3) Large (2) Large (1) Large (1) 83
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Table 7. Mass of flue gas composition

Compositions Mass (g)
co, 1453.90
SO, 0
o, 34275
H,0 1316.21
Ar 80.544
N, 4739.59
Table 8. Calculated drying parameters
Parameter Value Source
M 30% Company
M, 48% Company
M, 5.67% Eq. 2
T 423.15K Company
D,., 1.86 mm (Rasul et al., 1999)
H, 1.86 mm (Mujumdar, 2014)
H 19.89%
k 0.586 Eq.3
v 6.742 m/s Vt+2.5m/s
MR 0.575 Eq.1
t 0.684 s Eq. 1

Table 9. Dryer dimension

Dryer design parameters and parts specifications
for an industrial scale bagasse drying system

Parameter Mathematical Value
relation
Flue gas flow rate (Qpegas) My for 63.24 (m?/s)
Bagasse flow rate (Q,,,,..) my oy 0.111 (m3/s)

Total flow rate (Q,,,)

Crogosse ¥ Ouegas

63.351 (m?/s)

length of drying tube (L) Vxt 4.61m
Diameter of dryer (D) [4Qmm,/rr V12 3.46m
Table 10. Final design parameters

Parameter Value
Bagasse feed rate 60 tph

Bagasse moisture in
Bagasse moisture out

Flue gas flow rate

48%
30%

6.0 m3/s, (21,600 m*/hr)

Flue gas temperature 150 °C
Fluid mixture velocity 6.742 m/s
Drying tube diameter m

At fixed dryer length (L=4.61 m), it is necessary
to reduce the dryer diameter (D) to limit the flow
rate of flue gas into the dryer. The excess flue gas
is directed to the exhaust stack as per the current
operation. However, the optimum flow rate of the
flue gas can be estimated at a particular dryer
diameter using the figures presented in Fig. 1(b).

From this analysis, it has been determined
that a flow rate of flue gas of 6 m3/s, results in a
dryer diameter of 1 m (Fig. 1(b)). This dimension
allows for a minimal footprint while being
comparable to the required inlet for the cyclone,
thus reducing losses, and reducing the chance
of bagasse becoming stuck and igniting during
operation (Table 10).

Heat Transfer Analysis of Drying Tube

Mass balance

Assuming the desired outlet bagasse moisture at
30% (as per the expected goal), an overall mass
balance can be achieved as below-

m fg.in dry + m fg.in wet + M bag.in dry + M bag.in wet = M fg.out

dry + m fg.out wet + M bag.out dry + M bag.out wet (Eq. 5)

As the dry components of bagasse and flue gas
are equal before and after the reaction, ignoring
these parameters the modified mass balance
equation is-

m fg.in wet + M bag.in wet = M fg.out wet + M bag.out wet (Eq. 6)

a)

40

Effect of Particle Velocity on Dryer Length

35

30

s /
\ /

Dryer length (m)

0 2 4 6 8 10 12
Partial velocity (m/s)

b)

Effect of Flue Gas Flowrate on Dryer Diameter

35 —

25 /
: /
/

Dryer diameter (m)

0 10 20 30 40 50 60 70 80
Flue gas flowrate (m3/s)

Fig. 1. (a) Effect of particle velocity on dryer length, (b) Effect of flue gas
flowrate on dryer diameter
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This mass balance can be broken into its
respective mass flowrates and moisture content
as shown below-

Mfg My in + Mbag Mygin = Mfg My oue T Mbag Mpagous  (EQ. T)

Calculated summary from the from the above
equations, presented in Table 11 and Table 12.

Table 11. Summary of mass balance values

Flowrate (M) Moisture (in) Moisture (out)

[kg/s] (%) (%)
Bagasse 16.65 48 30
Flue Gas 6.0 19.85 70

Table 12. Summary of flue gas (dry and wet) mass flowrates.

Parameter Flowrate [kg/s]
Dry Flue Gas (in) 4.809
Wet Flue Gas (in) 1.191
Dry Flue Gas (out) 1.8
Wet Flue Gas (out) 4.2

Bagasse Exit Temperature

To calculate the temperature of bagasse particles
at the exit of the drying tube, a lumped capacitance
method is assumed with flue gas temperature of
150 °C, bagasse properties are constant, bagasse
particles are spherical and have no effect on
neighboring particles. Using a free body diagram
of the idealized case (Fig. 2) and using flue gas
and bagasse properties (Table 13), the final
bagasse temperature (T) can be determined using
the following relation-

Table 13. Flue gas and bagasse properties

Parameter Value

Flue gas (@ 150 °C)

Dynamic viscosity (9) 32.39 10°m?/s

Thermal conductivity (k) 0.0373 W/mK
Prandtl Number (Pr) 0.686
Bagasse (@ 30 °C)

Density (p) 150 kg/m?

Heat capacity (C)) 0.7508 kJ/kgK

T,=150°C D=0.00186 m
V=6.742 m/s T:=30°C
T=0.684s =7

Fig. 2: Free body diagram of bagasse particle
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6lhf
g9
|z,

Tp= T, + x (T, —

) (Eq. 8

Using the empirical correlations for heat
transfer coefficient available for gas-particle flows
[6], we can determine the Reynolds number (Re
= 387.16) and Nusselt number (Nu = 58.07) to
obtain the value hfg =1164.52 W/m?K as well as
T.=67.96 °C.

Heat Loss through Drying Tube

In order to determine the insulation, thickness
the Fig. 3 and Fig. 4 was used and result
summarized in Table 14.

L=4.61m D|:1000mm

4

| Ny

Insulation

T =150 °C
V=6.742 m/s

D> =1016 mm

Fig. 3. Free body diagram of a drying tube. (Left) Side view, (right) internal
view exaggerating layers.

hy2mnL 2mkyL 2nk,L hy2mrsL

Fig. 4. Thermal circuit of bagasse drying tube

Table 14 summarizes the additional parameters
used, and the correlations or equations used to
find them. The heat transfer throughout the
drying tube occurs via three mechanisms, (i)
Convective (internal flow), (ii) Conductive (through
drying tube, and insulation) and (iii) Convective
(external flow) (Table 15).

An analysis is first conducted to find the outer
surface temperature of the drying tube without
insulation. The overall heat transfer rate is
calculated by Eq. 9-10.

q _ ng—Tm
== Eq. 9
r Rior (Eq. 9)
.
In|-%+
R, = — + [ ! (Eq 10)
ot = pomnnL  2mk,L  hy27mr,L

By establishing the overall heat transfer rate,
we can conduct a simple nodal analysis, working
from inside the drying tube to the outside.



This analysis allows the determination of the
inner (96.06 °C) and outer (95.96 °C) surface
temperatures.

Knowing the outer temperature of the drying
tube, we can now specify an appropriate
insulative material. ASO0 Insulative paint
(Product catalogue, Insulpaint Australia Pty Ltd,
2004) from Insulpaint Australia was chosen to
be applied to the outside of the drying tube. A
parametric study to find an appropriate thickness
of insulation was conducted (Fig. 5). Including
insulation, R _, becomes,

1 l"(:_f} Inf> ) 1

R =
ot poonr L 2nk1L anQL h,2mr, L

(Eq. 11)

Effect of Insulation Thickness on Surface Temperature
120
Inner dryersurface
o0 c:~i——+-_;__*__;

Outerinsulation surface

80 -

60

40

Temperature (°C)

0 1 2 3 4 5 6 7

Insulation thickness (mm)

Fig. 5. Parametric study, investigating the effects of insulation thickness and
surface temperature.

It is recommended that a paint coating of
between 2-5 mm be applied. Assuming a coating
of 4 mm, Table 16 summarizes the calculated
surface temperatures for completeness.

Flue Gas Exit Temperature

To calculate the exit temperature of the flue gas,

the overall energy balance has been considered as

shown in Fig. 6. It should be noted that the “one

bagasse particle” is a total representation of all

the individual particles in the dryer. The overall

balance is described below-
Qout q (qbag qwall) (Eq. 12)

From Table 16 the overall heat transfer rate
out of the dryer wall is 8034.93 W with a 4 mm
insulative paint applied. Therefore the Eq. 12 can
be solved for all other parameters.

Dryer design parameters and parts specifications
for an industrial scale bagasse drying system

gin qout
— Obag —
F s G T I B A AR L Y R R NS

Fig. 6. Overall energy balance for the drying tube.

Heat Transfer into Bagasse

In works published by Mujumdar (Mujumdar,
2014), the heat transfer rate (per volume) between
and gas and solid phase can be calculated via the
following Eq. 13.

= T hy(Ty = T) (W/m')  (Bq. 13)

qgs = qbag

where, €, = solid volume fraction in the
mixture, d_ = diameter of bagasse particle
(m), hgs heat transfer coefficient (W/m?K),
T, = temperature of the gas, and T, = average
temperature of the bagasse. The solid volume
fraction is calculated as €, = Q,/(Q, +Q, )=0.111/
(0.111+6.0) = 0.01816. Us1ng ‘the Baeyens et al.
(Maurice, Mezhericher, Levy, & Borde, 2015)
correlation for the Nusselt’s number, the heat
transfer coefficient can be established and the
heat transfer rate calculated (Table 17).

Thus, by substituting the known values into
Eq. 13, we can solve the heat transfer rate (per
volume) into a singular bagasse particle as 4,
oy = 6,892,047.57 W/m?. Knowing the volume of
one part1cle the heat transfer rate into one particle
is g,,, = 0.02322 W, the total heat transfer rate
can be found as Dpag, 101 = 765541 W.

Heat Transfer Rate In and Out

To calculate the energy at the inlet and outlet
of the drying tube, an analysis of the flue gas
enthalpy was conducted, assuming constant
pressure throughout. Expressions for the
enthalpy at the inlet and outlet are presented
below (Eq. 14-15). Table 18 summarizes the
parameters used to solve the enthalpy analysis.

q,=H =M . CT

Jg,in Jgdryin ~p~fgin

fg wet in (hu Cps fgin ) (Eq 14)

qo'“ = I_Ifg’o'ﬂf = ]wfg dry out Cp’I}g out + ]Mfgwetout (h C s ™ fg out ) (Eq. 15)

Thus, Eq. 14 and Eq. 15 gives g_ = 5593055 W
and g, = 8876280 + 10224. 108ngom respectively.
By subbing all components into Eq. 15, we
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Table 14. Summary of known parameters/properties

Table 17. Summary of parameters for calculating bagasse heat transfer rate.

Parameter/Properties Value
Flue gas temperature (T,g) 150 °C
Drying tube length (L) 4.62m
Velocity flue gas (V) 6.742 m/s
Ambient air temperature (7o) 27 °C
Ambient air velocity 3.11 m/s [20]
Drying tube inner diameter (D,) 1000 mm
Drying tube thickness 8 mm
Drying tube outer diameter (D,) 1016 mm

Insulation thickness

Insulation outer diameter (D,)

Inner drying tube surface (T,,)

Surface between dryer and insulation (T,)

Outer insulation surface ()
Flue Gas @ 150 °C

Dynamic viscosity

Thermal conductivity (kf)
Prandtl Number (Prf)

Air @ 27 °C

Dynamic viscosity (&)
Thermal conductivity (k)
Prandtl Number (Pr,)

?
?
?
?

?

32.39 10°m?/s
0.0373 W/mK
0.686

15.89 10°m%s
0.0263 W/mK
0.707

Table 15. Calculated parameters for heat transfer analysis

Parameter Value Equation/Correlation
Internal flow
Reynolds number (Re) 208,150.60 Re = Vng1/v/
Friction factor  (f)  (as 0.01549 Petukhov's correlation
turbulent flow)
Nusselt number (Nu) 314.156 Gnielinski correlation

Heattransfercoefficient(h,)
External flow

Reynolds number (Re)
Nusselt number (Nu)

Heat transfer coefficient
(h,)

Conduction (Dryer)
Thermal conductivity of
wrought carbon steel (k,)
Conduction (Insulation)

Thermal conductivity of
Insulpaint (A500) (k,)

11.718 W/m?K

195,790.50

343.04

9.022 W/m?K

58.82 W/mK

0.142 W/mK

h, = (Nu)(k)/D,

Re=V.D/v,
Churchill and Bernstein
correlation

h, = (Nu)(k,)/D,

[21]

[22]

Table 16. Summary of surface temperatures with 4 mm insulation.

Parameter

Value

Insulation thickness

Insulation outer diameter (D,)

Overall heat transfer rate (q,)

Inner drying tube surface (T,,)

Surface between dryer and insulation (T,,)

Outer insulation surface ()

4 mm

1024 mm

8034.93 W

102.757 °C

102.682 °C

87.394 °C
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Parameter Value
Diameter of bagasse (d,) 0.00186 m
Temperature of flue gas (7)) 150
Average temperature of bagasse (T) 49

Dynamic viscosity 32.39 10° m?/s

Velocity of flue gas (V) 6.742 m/s
Thermal conductivity flue gas (k) 0.0373 W/mK
Reynolds number (Re) 387.16
Nusselt's number (Nu) 58.07

Heat transfer coefficient (hfg) 1164.6 W/m?K

can solve the outlet temperature ng o = 396.8
K = 123.8 °C. Table 19 below summarizes the
parameters determined via the heat and mass

analysis as described above.

Cyclone separator

In the case of separating the dried bagasse from
the moisture-rich flue gas exiting the dryer the
most common form of the dry scrubber is a
cyclone separator (Strumitto, L. Jones, & Zylla,
2014)(Moor, 2007)(Bashir, 2015)(Pynadathu,
Thomas, & Arjun, 2014). The most common type
of dryer is shown in Fig. 7. Over the last 50 years,
the design and optimization of cyclones have been
extensively investigated by researchers such as
Stairmand, Swift 1, Lapple, Swift 2 and Peterson/
Whitby (Leith, 1990). Each design determines the
various component lengths and diameters as a
function of the body diameter (D) as outlined
below in ref (Leith, 1990).

Vortex finder

Outer spiral
Inner spiral

Fig. 7. Cyclone vortices



Table 18. Summary of parameters involved in the enthalpy energy balance
(Note: Constant thermal properties are assumed throughout)

Parameter Inlet Outlet
Mass flowrate flue gas (dry) 4.809 kg/s 1.8 kg/s
Mass flowrate flue gas (wet) 1.191 kg/s 4.2 kgls
Temperature flue gas 423K ?

Specific heat (Cp) air 1.01722 kJ/kgK

Specific heat water vapor (C,) 1.99836 kj/kgK

Water heat of vaporization (h,) 2113.4 kJ/kg
Table 19. Summary of heat and mass analysis.

Parameter Value
Moisture content bagasse (exit) 30%
Moisture content flue gas (exit) 4.2 kg/s (70%)
Temperature bagasse (exit) 67.96 °C
Temperature flue gas (exit) 123.8 °C
Insulation thickness 2-5mm

From this review of the literature and
consultation with the company (required
throughput rate of 60 tph), a high throughput
cyclone is required. The scheme chosen is the
Swift scheme (Leith, 1990) which is a function of
the input flow rate, inlet velocity and combined
density (Table 20).

Table 20. Swift cyclone design input parameters and values

Parameter Value
Input flow rate (m/h) 21,600
Inlet velocity (m/s) 25
Gas density (kg/m?) 1.0
t— De —>|

S a=D *xKy=0.69m
b=D % Ko=035m
S§=D xK;=083m
h De = D/Kpe=0.69 m
h=D xKy=2.43m
H=D xKyu=520m
B=DxKg=055m

Cyclone geometry Final cyclone geometry

s

Fig. 8. Cycle parameters as standard in reference (Utikar et al., 2010)

The main diameter is calculated and found to
be D= 1.39 m (p-o.0166709(;2)") according to the ref.
(Leith, 1990). In reference to Fig. 8, the following

Dryer design parameters and parts specifications
for an industrial scale bagasse drying system

equations describe the functional relationships
between the major diameter and the other
functional variables (Bashir, 2015)(Leith, 1990).

Table 21. Constant values for diameter and length determination

Value Stairmand Swift Lapple Swift Peterson/Whitby

K, 0.1 0.0924 0125 0.125 0.121264

K, 05 044 05 05 0.583

K, 02 021 025 025 0.208

K, 05 05 0625 06 0.583

K., 2 25 2 2 2

K, 1.5 1.4 2 1.75 1.333

K, 4 3.9 4 3.75 317

K, 0.375 04 025 04 05

The pressure drops = 13.38 cm of water

(aP=o0.005627 p? Ny ) across the cyclone is a function
of the velocity heads at the inlet and outlet N, =
3.804 (N, = (K,,)(ab)/ De*), the density of the gas (
kg/m?), and the velocity of the inlet (v, m/s). Using
the Shepard and Lapple empirical relationship
for velocity heads at the inlet and outlet of the
cyclone, the empirical constant has a value K, =
16 for tangential inlets and K, = 7.5 for cyclones
with an inlet vane [10].

Specification of Fan

A forced draught fan is installed upstream of the
drying tube to ensure the desired flue gas flowrate
is achieved. To ensure the correct specification
of the fan, the losses in the system must be
considered. This can be achieved by applying a
control volume (Fig. 9) and solving Bernoulli’s
equation (Eq. 16).

P, — P Vs -V
. : + 2 ! +(ZZ_ Zl )+ hL 1-2
rg 2g '

hfan = (Eq. 16)

where, P - absolute pressure (Pa), V - velocity
(m/s), z - elevation (m), h,,, - head loss (m).
The hL’li2 can also be described as hL’li2 =h ryer

syclone” Table 22 below contains the parameters,
equations, and assumptions made to solve for

the required fan head.
The head loss through the dryer can be
calculated via Eq. 17

2

L \%
hdryer = (fl_) + KL,minor) 2_g (Eq. 17)
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Commercial Steel = 0.045 mm
p=3.705 kg/m?

u=1.0283x107 kg/ms @ 150 °C
------ Control volume

KL =03

Cyclone

A =690 x 350 mm

|
I = 4610 mm i i
D> =1000 mm : :
L
B R — Az, = 7638 mm
Fan _@ ____________ K=03 Azj3 = 2775 mm
D1 =2514 mm

Fig. 9. Control volume of the drying system

while the head loss due to the pressure drop
in the cyclone can be found via hdryer = AP/ pg.
With the given information, Eq. 16 can be solved
(Table 23).

To be able to source parts and spares
nationally a fan will be selected from Aerotech
(Company catalogue, Aerotech Fans Pty. Ltd.). It
has been determined that a centrifugal pump is
most suited for the bagasse drying system. From
these options, it is apparent that the MAVX405
(Table 24) (Company catalogue, Aerotech Fans
Pty. Ltd.) is the only option that satisfies our
criteria. It has the required flow rate, while also
having a large enough static pressure head for
our requirements.

Drying Tube Selection

After consultation with the company about
the importance of design aspects and design
requirements, a weighted decision matrix (Ouye,
Facility Technics Facility Management Consulting)
was devised (Table 25) and determined that the
single-pass circular drying tube is the most
appropriate and accepted by company engineers.
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Proposed Structure

After determining all dryer design parameters
and parts specifications, this paper proposes an
improved design for the bagasse drying system
for the boiler of the cogeneration plant (Fig.
10). A scale model of the overall structure of
the proposed design has drawn (Fig. 10), which
included all the parts (feeders, fan, drying tube,
and cyclone). All parts of the proposed design (Fig.
10) are supported by a structure that fits within
the specified area of the mill without hindering
any accessibility problem. The proposed design
can be constructed in-place to dry the bagasse.
Since all the parts and specifications for this
design are derived for industrial scale, it will
be easy to modify the proposed design with
necessary bagasse and boiler information for any
kind of industrial bagasse drying system.

Conclusion

This work has analyzed the step by step boiler
and bagasse information for a case-study based
problem to determine all dryer design parameters
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Table 22. Parameters used for specification of fan

Flow gas exit

Parameter Value Comments
Dryer/Feeder
Length 7124 mm Elbow-length is excluded
Diameter 1000 mm
Flowrate 6m’s
Roughness (€) 0.045 mm Commercial Steel ®
Stgndard flanged elbow KL=03 5
minor loss factor (x2) E
Reducer minor loss factor KL=0.4 E
Using Swamee-Jain B ‘
Friction factor (f) 0.01145763 equation (Towler & agasse
Amherst, 2012) feed
Cyclone
Inlet dimensions 690 x 350 mm
Inlet velocity 24.85 m/s
Length 4865 mm 3
Rotary ¢
Pressure drops through 13.38 cm of feeder
the cyclone H,0
Fluid Properties & Other
) ) i Feeder
Mixture density 3.705 kg/m parts
Viscosity 1.0283%10°5 Assumee fluid viscosity of air Flue gas_—
at 150 °C .
inlet
Reynolds number 2,752,515.32
Atmospheric, as  per
Inlet pressure 101,325 Pa J. Gilberd (Gilberd &
Sheehan, 2013)
Outlet pressure 101,325 Pa
Elevation (in Fig. 9)
Figure 10. Overall proposed design. a: Bagasse exit; b: Feed point for water
suppression system; c: Structure
Table 23. Calculated Fan Head
Parameter Value and parts specifications for an industrial scale
P 14618 m bggasse drying syste'm. The proposed des%gn
04 m will be capable of drying bagasse and reducing
Lerdone ' moisture content from 48% to 30% for the boiler
Pran 86.782m of the cogeneration plant. The selected feeder
Static pressure 3154.18 Pa

Flow rate required

21,600 m*/hr

for the proposed design is 36 x 36 inch, 20 RPM,
Meyer rotary feeder for a drying tube of length

Table 24. MAVX405 properties compared to requirements

4.61 m having 3.46 m diameter. However, with a
trial-based optimization for 60 tph of bagasse flow

and 150 °C of flue gas temperature, the diameter

Parameter Required Fan Capabilities . . .

a P can be reduced to 1 m for certain estimated dying.
Static Pressure 3154 kPa 3.5kPa In the proposed design the drying tube will have
Volume flow rate 6.0 ms 0-20 m¥/s insulation of 4 mm thickness and will be painted
Power requirement 130 KW with a heat protected coating. The separation
Efficiency — of the flue gas and bagasse will occur in a flash

. cyclone separator. The design is planned to be
Table 25. Decision matrix for bagasse dryer tube selection
Structural Installation/ Design
Score 1 - Poor
Rl:: : lEJ?::;e H?::isr\:)c € Work Erection F;n/ I»‘i:w:r Complexity/ Capital Costs Total Score
5 - Good q g Required Difficulty equire Maintenance

Weighting x8 x4 x6 X6 x5 x5 X6
Single Pass Small (5) Large (1) Small (5) Small (2) Moderate (3) Small (5) Small (5) 156
Series Moderate (3) Small (4) Moderate (3) Moderate (4) Small (5) Moderate (3) Moderate (3) 140
Parallel Moderate (2) Small (4) Large (2) Moderate (3) Large (2) Large (1) Large (1) 83
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operated by a centrifugal forced draught pump
and the selected drying tubes are single-pass
circular type. On the basis of this design analysis
and specifications, an efficient industrial scale
bagasse drying system can be placed in any sugar
mill cogeneration plant to achieve a moisture
reduction. However, this work reserves the
following points for future research: Structural
design analysis of all components, Estimated cost
for the overall setup, Installation and run.
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