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This study developed a mathematical model for the operation of a small scale palm fruit biomass-fired autoclave
boiler and validated the model developed. These were with a view to providing an insight into the theoretical
prediction of the boiler performance under different operating conditions and to also serve as reference point
for scaling up. Models were developed using fundamental equations that apply conservation laws and were
validated by comparing predicted results from theoretical combinations of the operating conditions with the
experimental results obtained. The amount of air required per kg of shell, fiber and EI'B as calculated were 6.60,
5.98 and 6.27 kg, respectively. Therefore, 20% of the optimum air required were introduced for all fuel
combinations as excess air in order to achieve a better combustion process. Some of the values for predicted /
experimental results for steam temperature profile include: 154 / 156 °C; 158 / 150 °C; 166 / 159 °C; 149/ 161
°C after 60 minutes firing time while some of the predicted / experimental results for furnace core temperature
profile after 60 minutes firing time include: 704 / 605 °C; 678 / 611°C;595 / 613 °C; 650 / 640 °C; 637 / 640 °C
etc. The predicted result obtained were in line with the experimental result as the result of the model validation
showed that the predicted and experimental values of average steam temperature and furnace core temperature
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compared well with overall deviation value of about0.12and 1.68%.
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INTRODUCTION

Steam boilers today range in size from those
required to heat a small-size home to the very large
ones used in large scale processing industries. The
fundamental requirement for a boiler system
production of smooth and continuous energy
flow. To satisty this requirement, it is desirable that
the rate and quantity of steam generation be
properly controlled so that the production and
consumption of steam energy can be maintained
in equilibrum at all times (Mabhlia ¢# a/., 2003). This
can only be achieved through proper
understanding of theory of the boiler operation.
Modelling provides key information as to the
characteristics that are vital for the investigation
and prediction of the boilet's performance. It also
helps in measuring the performance of existing or
proposed systems under different operating
schemes (Mahlia ez a/., 2003).

A number of transient heat exchanger models
with a wide range of complexity have been
developed since the1970's, and most of them
came with a system model. Most recent attempts

divided the heat exchanger into thermal segments
to find overall performance (Xuan ez al., 2000).
Generally, boiler models can either be derived
from fundamental laws of physics or based on
measured data from real plant operation. The first
approach considers mass, momentum, and energy
conservation as well as the laws of heat and mass
transfer. The second approach utilizes system
identification techniques to develop black-box
models that describe the system ina particular
operating_condition. Boiler modelling using the
first approach can be found in the work of Mahlia
et al. (2003); Haq et al. (2016) and Tawfeic ez al.
(2013) among others.

A working example of the second approach
can be found in Nazaruddin ez a/ (2008a;
2008b). Other methods include: model based
control system, distributed parameter methods,
slip-flow model, finite volume method, moving
boundary approaches, simple mathematical
model describing the thermodynamic processes
taking place in the system, fuzzy modeling
approach (as described by Jamshidi e al., 2012),
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dynamic modelling based on real parameters of
heat exchanger, among others. Most of these
available models were on large scale boilers found
in large industries. However, there is need to adapt
these modelling approaches to small scale boilers
to optimise boiler operations.

Alotof authors have been dealing with improving
extraction efficiency and production quality of
small scale palm oil production through
development and performance optimization of
small scale biomass fuelled boiler. Notably among
the contribution of authors in the past is the
characterization of the palm fruit biomass as fuel,
development of adaptable small scale boiler with
special focus on cost estimation, ecology point of
view to reduce pollutant emission using low cost
sensor to sense the trend of carbon monoxide
emission (Mizakova et al, 2021; Oladosu et al,
2018 and Salako e al, 2014). Similarly, models
have also been developed to predict with accuracy
the quasi-steady behavior of Organic Rankine
Cycle (ORC) in order to understand some physical
phenomena affecting the performance of small
scale boiler. Also, simulation of small scale fixed-
bed biomass thermal conversion systems,
computational fluid dynamics (CFD) modelling
of wood in fixed bed boiler have also been
undertaken by researchers in the past (Santos ez al,
2017, Collazo et al, 2012, Bai et al, 2002).
However, these existing models have not
addressed the existing gap between the local
production and industrial scale production of
palm oil in terms of oil quality and extraction
efficiency.

Therefore, in order to bridge the gap and optimize
the operation of the small scale boiler for palm
fruit processing, suitable model that will provide
key information as to the characteristics that are
vital for the investigation and prediction of the
boiler's performance has to be developed. It will
also help in measuring the performance of
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existing or proposed systems under different
operating conditions and provide a basis for
further optimization of its design and capacity
scale-up be developed; hence, this study.

Conceptual Physical Geometry and Theory
of the Biomass-fired Boiler

The palm fruit biomass-fired boiler developed,
following a conceptual physical geometry as
shown in Figure 1 operates on a concept of heat
and mass transfer. The first law of
thermodynamics requires that the rate of heat
transfer from the hot fluid be equal to the rate of
heat transfer to the cold one as stated by Sebastian
(2002) and Sebastian and Antto (2002) thatis,

Q = mccp,c (Tc,out - Tc,in}= My Cp,h (Th,iﬂ - Th,out) (l)

Where: m_is the mass of cold fluid (kg)
m, is the mass of hot fluid (kg)
C, is the specific heat capacity (J / (kg.K))
T'is the temperature of fluid (K)
Suscripts:
.denotes cold fluid
,denotes hot fluid
. denotes fluid inflow
denotes fluid outflow

out

In the heat exchanger analysis, the product of the
mass flow rate and the specific heat of a fluid can be
combined into a single quantity. This quantity is
called the heat capacity rate and is defined for the
cold and hot fluid streams as stated in Equations 2
and 3, respectively.

C.= m,

@

Crp= my Cp,h (3)
Therefore heat flux (QQ) can be stated as

Q= Cc(Tc,our_ Tr:,:'n} (4)

Q= Ch(Th,:’n_ Th,our) (5)
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Figure 1: Conceptual physical geometry of the modified biomass fired boiler.

The fluid in the boiler which undergoes a phase-
change process, has heat transfer rate

g= 'mhfg (6)

Some fundamental physics laws were reviewed in
time-dependent form, and the process model
established using the following fundamental
equations as stated by Jamshidi ez o/ (2012) and
Mabhlia ezal. (2003).

Conservation of mass

The mass balance equation or conservation of
mass is expressed by:

dVp) _ . .
dt = My, — My, (7)

Conservation of energy

The conservation of energy which is the first law
of thermodynamics, can be expressed in terms of
the relationship

d(Vph_,
% = mmh:’n - mourhour +Q-W (8)

Heat energy transfer expressions according to
Mabhlia e# al. (2003) are as stated in equations 9 to
11.

Gas to metal

Qp = kgwy (T, —T) )
Metal to fluid (one phase flow)

Q= kw**(T,—T) (10)
Metal to fluid (two phase flow)
Q = k(T,,—T)°

1D

Theory of heat exchange in the various sections of the boiler
Within the furnace, water flows in shells with
different geometries and exchanges heat with the
hot flue gas flowing through the tube
arrangement. The boiler comprises of the
furnace, shell and tube section. At the furnace the
rate of change of heat energy at the furnace can
be expressed as:

d
_fz Qf+ Q.- Qfg

d (12)

Where: Q; is the amount of heat energy in fuel
sample (kW)
Q, is the amount of energy in combustion
air
Q,, is the amount of heat energy in flue
gas
As stated above, heat flux can therefore be
expressed as
¢ =m.C,.AT = p.V.C,p.ﬂT=h.m (13>
Also, the amount of heat energy in fuel material is
the product of its calorific (heating) value and the
mass of the fuel.
Thatis,
Cr = Crmy (14)
Where: C,is the calorific value of the fuel sample
m;is the mass of fuel sample
C, is the specific heat capacity
Therefore,
dq

— = Gmg+ hymg — heyme,

= (15)
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Where: A, is the specific enthalpy of air (k] /kg)
m, is the mass of air (kg)
h,, is the specific enthalpy of flue gas

g
J/kg)
m,, is the mass of flue gas (kg)
The heat exchange between the hotter fluid in the
tube and colder fluid in the shell takes place at the
shell and tube section. The boiler has a fire in tube
arrangement where the bulk movement of the hot
flue gas from the furnace is being transferred into
the tube side of the boiler. The heat energy gained
is then conducted through the tube to the shell
side of the boiler thereby increasing the
temperature of the fluid in the shell.

The shell and tube arrangement as illustrated in
Fig. 2, is the basic mode of heat exchange at
various section in the boiler viz: water and steam,
saturated steam and superheated steam sections.
The change in heat flux in the system for both the
tube and shell side are as expressed in equations 16
and 17, respectively

dq

d:g = Qfg in Qfg out Qtubs - Qshsl! (16)
dq,
E = Qs in Qs out + Qshs!! (17)

Similarly, Equations 18 and 19 can be expressed as:

Qe

Tube

i
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dQr,
dt

d@,
dt

= (hfg'mfgjin_ (hfgmfgjout T Qrupe — qw(l8)

= (hei)y, — (haiy) e + Ganan (19)
Where: O, energy of the flue gas flowing into the
section

O, energy of the flue gas flowing out of
the section

0., .. energy gained by the tube

0, energy gained by the shell

Development of mathematical model for the
small scale palm fruit biomass-fired boiler
Steam boiler is a complex system consisting of
numerous components (as shown in Fig 3),
therefore to develop the mathematical model
describing the thermodynamic processes taking
place in the various components of the system,
the boiler will be divided into four major
subsystems and for each subsystem, mathematical
models will be developed based on established
modelling principles from past literatures. The
subsystem models are:

i. Boiler furnace model
Boiler water/steam section model
Boiler saturated steam section model
iv. Boiler superheated steam section model

.
1i.

Shell

Qrzin

Figure 2: Rate of change of heat energy at the shell and tube section of the boiler.
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Figure 3: Detailed labelled view of the modified biomass fired boiler.

The model of the boiler is represented by a large
number of differential equations following the
modelling approach as expressed by Mahlia e¢7 a/.
(2003), Tawfeic (2013) and Haq ez o/ (2010)
amongst others. Most of the equations are related
to fluid flow, heat and mass transfer involving
derivatives of time only. Simplifying assumptions
have to be made to facilitate ease of solving the
equations. In the analysis, the boiler is divided into
sections as stated earlier and for each lumped
parameter section, the steam and flue gas assumed
to vary in the axial direction and linear variation
with space is neglected.

3.1 General assumptions for model
development and boundary conditions
Based on literatures (Mahlia ¢z al, 2003), the
simplifying assumptions made are stated as
follows:
i. Calorific value and moisture content of
each of the fuel materials (EFB, Fiber and
Shell) are assumed to be constant;
ii. Inertia of the hot gases is neglected and
velocity changes take place
instantaneously;

.

iv.

vi.

vil.

viii.

iX.

Temperature of combustion gases in
furnace is proportional to fuel feeding
rate;

Delay in heat capacitance of hot gases is
neglected, i.e. temperature changes occur
instantaneously in combustion gases;
Enthalpy of the flue gas at initial stage is
taken to slightly higher than enthalpy of
the ambient air;

Initial ambient temperature is assumed at
room temperature (36 °C);

A lumped parameter approach with
ordinary differential equation is used to
describe the system.;

No gas accummulation in the tube, i.e
equal rate of flow of flue gas in and out of
the tube

No rate of change of stored mass in the
shell and tube side; and

Tube wall heat resistance is neglected, i.e.
tube temperature is assumed to be equal
to the temperature of the hot flue gas
flowing through it.
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3.2 Model development

The model development involved all the different
units of the boiler as detailed below, following the
guidance provided by Jamshidi ez a/. (2012); Mahlia
etal. (2003); Chin (1977) amongst others.

3.21 Boiler furnace modelling

Much of the behaviour of the boiler furnace (as
shown in figure 4) is captured by mass and energy
balances.

Mass balance:

Rate of Fuel Air Flue gas
changeof furnace | = |flow |+ |flow|— | flow (20)
gas flow rate rate rate

The mass balance of the combustion is expressed
as stated in equation 20.

Rate of change of combustion gas flow is given by
Equation 21 as expressed by Mahlia e# a/., 2003;
Tawfeic, 2013 and Haq ez al., 2016.
be.Epg =t + rh, —1h,, (21)
The energy balance for combustion chamber is

given by the rate of change of energy of hot gas
and is described by the differential equation.

Energy balance:
Rate of
change of Energy Energy energy
energy from from carried
of hot gas | = | Fuel |+ air — by (22)
in the input input furnace
furnace gas
Qfuel
Qg
Q
S
Input Combustion Heat cncrgy released

Figure 4: Rate of change of heat energy at the boiler
furnace.
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Therefore, the energy balance for combustion
chamber is given by the rate of change of energy
of hot gas and is described by the differential
Equation as expressed by Mahlia e# a/. (2003) and
Tawfeic (2013).
d e
Vor2; (pghy) = Cpthy + hyth, — 1, =(1 + 200 e (23)
Expanding-the equation and applying necessary

boundary conditions and assumptions as stated,
Therefore,

% = m[cfﬁqf + haty — iy e(1+ =Sy | (24)
Boiler shell and tube model
The boiler consists of three shell and tube
sections. These are:

i.  Steam + Water section

i. Saturated steam section

iii. Superheated steam section
Steam and Water Section
Mass balance (Shell side):

Rate of Rate of
Rate of
change of mass flow of flow of (25)
; nd wat = |feed water | — steam out
of s :;a:z:d warer to the shell from the shell
d
VW'EPW = g, — i, (26)
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Energy balance (Shell side):
Rate of

E‘ ]
change of energy | _ [ Energy of } — tg:ﬁgag
of steam and water|  lthe feed water From shell
in the shell
d . .
VWE [:pwh‘w:] = hfw'mfw - hsms' + A (28)

Expanding the equation and applying necessary
boundary conditions and assumptions as stated,
Therefore

+
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Heat energy

transfered
to steam — water (27)
shell
d .. .
Vfg'Epfg = Mrgin — Mrg our (31)

Assuming there is no gas accummulation in the
tube, i.e equal rate of flow of flue gas in and out of
the tube as stated earlier. Then:

dr, 1 Prgin = Prgous (32)
w . "
— = ———|h; 1, —h.h_ +q,
dt C‘p prw [ U w it qw:l (29) d
Therefore, Vig3; Pra = (33)
Mass balance (Tube side):
Rut Rate of Rate of Energy balance (Tube side):
ate of flow of Flow of
change of mass | _ L : (30)
of flue gas - flue gas | = | flue gas ou
i the tube into the tube from the tobe
, Rateof
Rateof Energy of Hegt Energy energy
change of energy | _ [ Energyof gain by tube
= | —| the flue gas —| transfer (34)
of flue gas the flue gas in out from tube from t0 shell
in the tube hot flue gas 0 shell from
tube
4 Mass balance (Shell side):
Vo 7 (Pratira) = (trg-t170)in = (g ous — deuve — 0w (35) Rate of :j?*g f} e
. . . ow o
Expandmg the €quation and applylng necessary chaz}];itugi::ass = | steam in |— |saturated steam out (37)
boundary conditions and assumptions as stated, in the shell fo the shell from tha shall
dr,, 1 _ _ a _ .
dt = C‘p ngfg [(hfg'mfgjin - (hfgmfgjout ~ Qrups ‘Iw] (36) T’!ss'ap:s = Mg gy — My ppe (38)
Saturated Steam Section Energy balance (Shell side):
Rateof Heat energy
) Energy of Energy of
Chﬂ?ﬁf ; Gftuenegg; - the steam in — [fat.steam out | + to strggr?lsjfre:;dmbe <39)
H e saturare to the sat.steam shell from shell
steam shell
d " "
Vss E (ng hss:] = (hsms)in - (hssmss)out + Qe (40) d
. . . N V. .. — ) = m .. — I vt 4
Following the modelling procedure as describedin ~ 79/* dt Praist rginjst ~ Mrgout/st (43)

the water and steam section, the differential
equation to express the temperature profile at the
shellin the saturated steam section will be given as:

dTSS 1 [h " h " + ]
= ——|hm, — h_m q

dt C,p -L!: . ps: g =2 25 25 35 (41)

Mass balance (Tube side):
Rate of Rate of
Rate of ] )
change of mass | _ Ef.[uw Df__ lfﬁau of : (42)
of flue gas = | flue gasin |— flue gas ou
in the sat. tube to the sat. tubs from the sat. tube

Assuming there is no gas accummulation in the
tube, i.e equal rate of flow of flue gas in and out of
the tube. Then:

mfg outfst

(44)

mfg infst

Therefore, Vegsae Epfgfﬂ =0 (45)



496
Energy balance (Tube side):

Rateo Energyof
change of 9):193'"3}-' Energy of the flue gas
= |the flue gas in| — ¢
of fiue gas to sat.tube o

in the sat. tube from sat.tube

d
I{r’g;"sr E (pfga’sr hfgfsr) = (hfg' mfg:]:'n jst (hfgmfgjour;’sr ~ Qiarrube — Has

Similarly, following the modelling procedure as
described in the water and steam section, the
diffrential equation to express the temperature

deg.n":r _
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Heat energy Rateof
gain by ENErGY
sat.tube |—| transfer (40)
from to shell from
hot flue gas sat. tube
47)

profile at the tube in the saturated steam section
will be given as:

- [(hfg'mfg)im’st - (hfgrhfgjout,."st T Qeprrubs Qs-s] (48)
dt C‘P I{fgpfg
Superheated (SH) Steam Section
Mass balance (Shell side):
Rate of Rate of
Rat
chaon, iz;{nmss flow of flow of d
g = |zat.steam in|— | 5H steam out (49) Vo= Py = MW — Ty oo (50)
of SH steam to the shell from the shell dt
in the shell
Energy balance (Shell side):
Rateof Heat energy
Energyof Energy of
y t?" d
chanﬁle;}; ;r;ferg} = {ghe sat.steam in|— |SH steam out | + to SH st:;l;fgzm tube (51)
to the shell from shell

steam shell

d . .
Vsh ;(pshhshj = [:hssmss):’n - [:hshmsh:]our + Gen (52)

Mass balance (Tube side):

Rate of Rate of Rate of
flow of flow of
change of mass | _ Flue gasin | — flue gas out (54)
of flue gas

to the 5H tube from the 5H tube

in the 5H tube

Assuming there is no gas accummulation in the
tube, i.e equal rate of flow of flue gasin and out of

Ihfg infsh — Ihfg outjsh (56)
Energy balance (Tube side):
E 7
Rateof Energy of nergyof
change of energy | _ ) the flue gas
of flue gas = |the flue gas in| — out
in the SH tube to SH tube from SH tube

d . .
Vigrsn 37 [pfgfsh hfgfsh) = (g )inpsn — (MpgMeg Joue jsn — Qsn tuve — Qon

drfg."S?‘. — 1
de U Cprg¥igPrglish

[(hfg'mfg)in.-’sh - (hfgmfg)our.n’sh T 9 shtune T qsh:l

dT, 1 . .
f = CoVen Pan [(h:sm:s:]in - (hshmshjour + qsh] (53)
d
Vta/sn 77 Prajsh = Mg infsh ~ Meg our /s (55)
the tube. Then:
d
Therefore, Vrg/sn o Prgssn =0 (57)

Heat energy Rate of
gain by energy
SH tube —| transfer (58)
from to shell from
hot flue gas SH tube
(59)
(60)
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Model Solution and Validation

Solution to the model equations

The differential equations developed describing
the thermodynamic processes taking place in the
various component of the system-were solved
analytically and numerically as follows:

Solution to the boiler furnace model equations
Recall from equation 24

dTg _ 1

e
—f2= — |Cimh, + ho, — 1 1+ —3h., | (61
dt cpvbfpfg[ " tha ~thrg=(1F 7o) fg] ©1)

Recall, the initial temperature of the furnace gas at
t=0,1s assumed to be at temperature 36 °C.
Therefore,

Cai, 4 h o, — 1 s(1+—2)h
ng FF g 100/ g £+ 36 (62)
CoVorPra
Solution to the boiler (steam/ water section) shell and tube
model equations
Shell side:
From equation 29
4T, ! [hy, 1 hi, +q,]
T — Wm w - s'ms' qW
dt — CVp, 7 (63)

Recall, the initial temperature of the inlet water at
t=0, is assumed to be at room temperature, i.e. 36
°C

Therefore,

h, m. —hrth —q,
“fw o w i qw:lt+36

T =

? CoVuPy:

Tube side:
From equation 36
dfy, 1

dt CoVegPrg

(64)

[(hfg'mfg)in - (hfgmfg)out T Qrups — qw] (65)

Recall, as eatlier determined under the boiler
design specification, the temperature of the flue
gas entering the water and steam section at t = 0 is
260 °C.

Therefore,
ng — (hfg'rhfgjin - (hfgmfgjout ~ Qrupe — Gu £+ 260 (66)

C‘FJ Vfgpfg

Solution to the boiler (saturated steam section) shell and
tube model equations

Shell side:

From equation 41

dr, 1

dt C,V.p

p " zsFas

[hs Ihs - hss rhss + qgs] (67)
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As earlier determined, at the saturated steam
section of the boiler, the initial temperature of the
inlet steam at t=0, was determined to be T > 100
°C

Therefore,

h i, —h_th.+
Tss — |: = 4 25 25 qS'S' t—l— 100 (68)
C‘pl{?spss
Tube side:
From equation 48,
Wrarse _ 1 [(heyotis ) ijse —
dt CoVraPra TorTalmE
(hfgmfg)out,’st T Qenrrube — qss] (69)

Recall, as earlier determined under the boiler
design specification, the temperature of the flue
gas entering the saturated steam section at t = 0 is
176.93 °C.

Therefore,
he .1 ciee — (P 1E wbfor — ube — Oy
Typree = [( g+ Wrgingse — ( J;gr:fgjomsr Dsattube qw]t+ 176.93 (70)
»'raPra

Solution to the boiler (superbeated steam section) shell and
tube model equations
Shell side:
From equation 53,
dT, 1
dt CoVenPan

&

[(hssrhs:j:'n - (hshmshJour + qsi‘z] <’71)

As earlier determined, at the superheated steam
section of the boiler, the initial temperature of the
inlet steam at t=0, was determined to be T > 130
°C

Therefore,

hosty ) in = (Rapta o
= [: s:mssjm [: shmsh:]ogr+QSh t+ 130 (72>

T h
: Cp Vshpsh

Tube side:

From equation 60,
dT,,, 1
faish .
= (hy oty Yonon —
dt (Co VegPra) jon [ rarTradini

(hfgmfgjoutf:h T 4 sk tubs q:h] (73)
Recall, as earlier determined under the boiler
design specification, the temperature of the flue

gas entering the superheated steam section at t = 0

is 142.53 °C.
_ |

(hfgmfgjout,’sh T Qspeupe o
(C'p Ii’gpfg).n’sh

e mfgj:’n fsh T

Tf afst

t+ 142,53 (74)
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Boiler design parameters and operating conditions
Heating values of different fuel combinations

Palm fruit biomass used as fuel to fire the boiler
was combined differently to establish the best
possible proportion that can produce optimum
boiler performance. The calorific (heating) value
(CV) of EFB, fibre and shell from oil palm
biomass were 13.99, 11.2 and 14.94 MJkg,
respectively, as obtained by Salako ¢ a/., 2009 and
Najmi ez al., 2008.

Representing EFB with 'X', fibre with "Y' and shell
with 'Z', therefore different possible combination
of 'XYZ'"and the heating value of each proportion
can be determined.

Stoichiometric (theoretical) air and excess air

The amount of air required per kg of shell, fiber
and EFB calculated following the procedure
provided by Mahlia ez /., 2003 were 6.66, 5.98 and
0.27 kg, respectively. The optimum and excess air
requirement for the fuel combinations was also
calculated based on the amount of air required per
fuel combination. 20% excess air were introduced
for all the combinations in order to achieve a
better combustion process.

Theoretical boiler fuel consumption (FC)

The boiler fuel consumption was calculated as
stated by JBC (2016) using equation 75 stated
earlier. Using the calorific (heating) value (CV) of
shell, fibre and EFB from oil palm biomass as
established by Salako ¢7 a/., 2011 and Najmi e al.,
2008, therefore from the different fuel
combination ratio established above, the boiler
fuel consumption for the various combination of
biomass can be calculated using.

hy = R,

FC= P X ee <1y (75)
24
Where:

FC is the boiler fuel consumption;

SP is the steam production (kg / hout)
h,is the specific enthalpy of steam (kJ/kg)
h_is the enthalpy of feed water (k] /kg)
BE is the boiler efficiency (%)

LHYV is the lowest heating value (kJ/kg)

Predicted and Experimental Results
Results of Programme Runs for the Boiler Model
Model equations developed were processed using
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Maple Mathematical Software to predict the boiler
performance viz a viz the properties of the steam
that will be generated. The predicted steam
temperature profile of the oil palm fruit biomass
fired boiler using the model developed. The result
also indicated that the properties of the steam
obtained varies directly with firing time. The
highest predicted steam temperature obtained was
173 °C obtained at fuel combination ratio 1:8:1,
while the least predicted steam temperature of 142
°C obtained at fuel combination ratio 2:7:1. The
steam pressure as shown in the figure increases
gradually within 30 minutes firing and increased
rapidly thereafter.

Similarly, using the model equation developed to
determine the predicted furnace core temperature
profile, the result indicated that the predicted core
furnace temperature profile increases steadily with
time. The fuel samples behaved differently in
terms of the predicted furnace core temperature
such that the temperature recorded ranges
between 777 to 410 °C this resultis in line with the
findings of Najmi ez /. (2008) and Li ez al. (2016).
The predicted result also indicated that fuel
samples with higher combination of shell
produces better result in terms of furnace core
temperature while fuel samples with higher fiber
produces the least result in terms of predicted
furnace core temperature.

Experimental Results

The heating value of the various fuel composition
has a direct effect on the resulting steam
temperature as fuel combination with higher
proportion of fibre was observed to produce the
best result in terms of steam temperature as the
boiling point was reached faster. Although it burns
quickly in the furnace which can result to drop in
the temperature if corresponding rate of fuel
input into the furnace is not maintained. The
highest steam temperature of 161 °C was
recorded when fired with fuel combination 3:5:2,
closely followed by fuel combination 2:6:2 which
yielded steam temperature of 160 °C. Similarly,
the least value for steam temperature of 141 °C
within the experimental period was recorded at
fuel combination (1:2:7) with higher proportion
of shell, but burns longer in the furnace therefore
the frequency of fuel input is lower compare to
fiber and EFB. This result is corroborated by the
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findings of Salako e @/ (2014) and also the
findings of Oladosu ezal. (2018).

Temperature of the flue gas at all the sections
increases with time due to steady in-flow of fuel
material and decreases along its flow path. This
shows that high gas cooling rates occurred as the
combustion gases flows from the main
combustion area (furnace) to the exhaust. The
peak of the core temperature for all the fuel
samples ranges between 602 to 738 °C. Although
higher core temperature was recorded at fuel
samples with higher concentration of fiber,
however it was also observed that more fuel was
consumed during the process as discussed earlier,
this is due its lower density and physical properties.
This result is in line with findings of Hani ez a/.
(2020) and Najmi ez a/ (2008). The average
temperature difference between the saturated
tube, superheated tube and the exhaust gas at the
chimney was also estimated to be about 15 °C.
Validation of this Model Using Experimental Data
Figures 5 (a to v) and 6 (a to v) show the
experimental results in comparison with the
predicted results obtained for the steam
temperature and furnace core temperature profile,
respectively. The predicted result in terms of the
steam temperature correlates very well with the
experimental results except with the fuel
combination 2:7:1 that has the least correlation

=== Predicted ==@==DNIzazured

Steam Temperature ()

5 10 15 20 25 30 35 40 45 50 55 &0

Firing Time {mit)

Figure 5a: Model Validation of Fuel
combination 1:1:8
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coefficient. Similarly, the predicted core
temperature profile obtained also compares
closely with the experimental result with the
exception of fuel combinations 1:8:1, 2:7:1, 1:7:2
and 3:6:1 with relatively low correlation
coefficient. The low correlation coefficient
obtained was observed to occur at fuel
combinations with higher percentage of fiber as
stated above, this is because fiber is best utilized to
support other fuel materials to enhance fast
combustion (Najmi ezal., 2008).

Generally, the predicted results obtained are in line
with the experimental results as the result of the
model validation shows that the predicted and
experimental values of average steam temperature
and furnace core temperature compared well with
overall deviation values of about 0.12 and 1.68%
after adopting reasonable assumptions based on
literatures. The calculation of the E-value for
experimental and predicted temperature profiles
is calculated as follows:

N
_ 10007, - 3
mo= Sty Lo
=

Where: Y, = Experimental temperature profile
result obtained
Y, = Predicted temperature profile result
obtained

(76)

s Predicted  sges Measured
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Firing Time {mit)

Figure 5d: Model Validation of Fuel
combination 1:6:3
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CONCLUSION

Conclusively, the findings from this study has
provided an insight into the theoretical prediction
of the boiler performance under different
operating conditions and has also provided the
basis for further optimization of its design and
capacity scale-up.

Some of the values for predicted / expetimental
results for steam temperature profile include: 154

/156 °C;158 /150 °C; 166 / 159 °C; 149/ 161 °C

507

after 60 minutes firing time while some of the
predicted / experimental results for furnace core
temperature profile after 60 minutes firing time
include: 704 / 605 °C; 678 / 611 °C; 595 / 613 °C;
650 / 640 °C; 637 / 640 °C etc. The predicted
result obtained is in line with the experimental
result as the result of the model validation showed
that the predicted and experimental values of
average steam temperature and furnace core
temperature compare well with overall deviation
value of about0.12 and 1.68%.

Notations

h,, water / steam enthalpy (k] /kg)
m,, mass flow rate of steam or water (kg/s)
t, specific heat capacity of the fuel (J/kg.K)
AT temperature change (K)
t time (s)
Ce lower heating value of the biomass fuel (k]/kg)
L heat capacity at average temperature (]/K)
Cp Specific heat capacity (] / (kg.K))
Ey percentage excess air level (%)
h specific enthalpy of sat. steam passing out of the shell (SH steam section) (k]/kg)
h specific enthalpy (k] /kg)
h .o specific enthalpy of sat. steam passing out of the shell (sat. steam section)
h. specific enthalpy of air
he enthalpy of feed water (k]/kg)
hs, specific enthalpy of furnace gas
h, specific enthalpy of steam
h. enthalpy of feedwater
k thermal conductivity in W/m.K
m.. mass flow rate of steam into the shell (sat. steam section) (kg/s)
Muin mass flow rate of steam into the shell (SH steam section) (kg/s)
m, mass of the fuel sample (kg)
I, mass flow rate of air (kg/s)
m; mass flow rate of fuel
Mg, mass flow rate of furnace gas through the boiler.
g mass flow rate of feed water
q quantity of fuel used per hour (kg/hr).

[ue volume of the combustion chamber of the furnace (m’)

[ volume of the tube (water+steam section).
£ stoichiometric air/ fuel volume ratin
05, density of flue gas in the tube (water+steam section) (kg/m’)
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