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Abstract: This work presents a new all-inclusive mathematical model that combines both processes
and an energy analysis of a semi-automated biomass-powered multipurpose dryer. A mathematical
model was developed and a wood sample was used to simulate the model. Energy interaction
between the system and sample was established. Most importantly, the incorporation of a sensor
control system ensures that, once there is an increase in thermal energy from the combustion of the
biomass, a signal is passed to the temperature sensor module that controls the system’s temperature
and hence shuts down the heat supply at a predetermined temperature; in this case, at 67 °C. The
results of the system’s modification show that the peak temperature of the drying space and the
sample was 67 °C and 56 °C, respectively, and that the maximum temperature lag witnessed by the
two regimes was 10 °C. The peak temperature removal rate of the sample was 0.0066 kg/h, while
the sample attained 0.4 (40%) moisture concentration of its initial value; 90% mass content removal
(10% remaining mass content) of the initial mass of the sample was achieved at the end, with a
simulation time of 240 s.

Keywords: biomass energy; energy analysis; multipurpose dryer; numerical modeling; sensor

1. Introduction

Beyond the limits of memory and recorded history, wood has been of importance to
man. It has been used for building structures as well as for making tools and furniture.
The drying of materials becomes necessary to ensure adequate preservation and loss
prevention [1]. Hence, if water is not removed, timber is not suitable for products that are
of good quality. When timbers are well-dried they are user-friendly and, as such, sell at
higher amounts than those that have not been dried. Subsequently, the strength of timber is
improved when dried and hence avoids infestations as well as ensuring color preservation,
weight reduction, and the regulation of contraction [2]. Since most farms produce other
materials mentioned above that contain a lot of water, about 50% [3], they need to be dried
effectively, such that the water is removed to the required standard. Wood, similar to other
materials mentioned, is, therefore, either air-dried or kiln-dried.

Despite the importance of drying in wood processing, the type of technology utilized
is even more significant in the process, as are the control methods for product quality [4].
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Additionally, the process of drying is energy-intensive for the evaporation of water from
wood. The increase in the utilization of kiln drying in recent years is tied to its comparatively
improved performance in moisture content removal, which makes wood immediately
suitable for applications [5]. Additionally, kiln drying dries wood and other materials
better than air drying because the process is controlled for optimal performance. There
are many sources of drying employed in recent times that are cost-effective and deployed
in areas with little or no electricity supply [6]. Some of these methods consider natural
conventions for drying [7]; however, it has been found that some of the downsides of using
a natural method such as air include material darkening as well as shrinkage [2]. Different
methods are employed depending on the energy requirements [8] and cost implications [9].
A Kkiln can be seen as a furnace for firing, burning, or drying porcelain or brick. The range
of energy required for drying (dependent on wood thickness) using conventional means
is between 1870 and 3116 kJ/kg. There is a large body of research [10-12] that suggests
drying wood in a kiln is superior to drying wood in the open air in terms of both the
overall productivity of the timber processing industry and the quality of the timber that
is ultimately put to use. In order to keep the final kiln-dried goods viable on the market,
this improved productivity and quality of kiln-dried timber, along with the rising cost of
traditional fuel (fossil fuel), have spurred the use of renewable energy for wood drying.

The concentration of most research on a solution to open-air drying, as well as on a
solution to fading-out traditional fuel methods of drying, is solar dryers [7,13]. Research by
Ndukwu et al. [14], made mention of special attention to solar dryers due to their cheap
operation and construction costs.

Sustainable drying uses little to no fossil fuels to dry agricultural products. Agri-
cultural products are dried using alternative fuels or energy sources, which could lessen
the environmental impact of food drying [15]. Renewable energy technologies have been
anticipated to be a good approach for food drying despite some obstacles, and they offer
various advantages, such as a cheap cost, high efficiency, expanding employment prospects,
etc. The following are the two primary research philosophies for sustainable food drying:
increasing the dryer’s efficiency, which can be carried out by insulating it, recovering heat
from it, recirculating air, and changing the operational parameters of the systems, and by
using combined heat and power (CHP), biomass-derived fuels, and other renewable energy
sources to enhance or replace the system'’s energy supply [16]. A large portion of literature
on sustainable drying is dedicated to solar drying; however, despite the immense potential
of solar drying, its major drawback is the intermittence of the process due to low or no
insolation at night periods, which causes subpar dried goods. Most studies have tried to
solve the issue of the intermittence of solar dryers by utilizing thermal storage, with a few
studies analyzing the hybridizing of solar dryers with biomass. A study by [17] analyzed
the use of solar heaters with thermal storage as dryers for aiding the drying process, even
during the night time. Their results showed that, upon incorporating a thermal mass, the
drying process continued even at night. A similar study by [18] added storage materials
underneath a flat-plate solar heater to improve the drying process, and their experimen-
tal analysis showed that the drying period was reduced. Though these studies showed
improvements in the drying process by incorporating thermal storage, there is still the
challenge of the low intensity of solar radiation, which only allows for a minimal increase
in the thermal mass, hence causing the dehydration process to be insignificant [19].

A veritable solution of using biomass as a backup for solar dryers has been analyzed
by a few studies in the literature. A study by Prasad and Vijay [20] investigated a solar—
biomass dryer. The top of the biomass burner features a rock slab that assists in regulating
the drying air’s temperature. These dryer models contain a backup heater but no thermal
storage for solar energy collection. After sundown, the drying chamber’s air temperature
decreases to ambient, needing backup heating even on sunny days. This results in the
waste of fuel and solar resources.

In most underdeveloped nations, biomass (particularly fuelwood) is a major energy
source and is frequently burned using ineffective means. The potential of biomass is huge
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in terms of it being an energy resource for the drying process [21], either used alone or
as backup for the solar drying process; however, biomass-powered drying processes are
almost nonexistent in the literature. This study seeks to cover this huge gap in the literature
by presenting a new all-inclusive mathematical model that combines both processes and
an energy analysis of a semi-automated biomass-powered multipurpose dryer.

A biomass kiln dryer is a heated chamber or oven in which cut lumber is dried and
seasoned. It has, as its major focus, the design and manufacture of wood drying (kiln)
using the natural convection of air and heat flow, making biomass the heat source. Again, it
is important to improve the drying chambers and systems depending on heat requirements
and the hardness as well as softness of the wood [22]. It has been observed that most
conventional methods present some error margins [23]. Some authors have reported on the
simulation of biomass kiln dryers over the past decades. Prominent amongst them include
Steinmann, [24], Holmberg and Ahtila [25], and Eriksson et al. [26]. Steinmann [24], in his
years of experience, developed a real-time simulation system. Eriksson et al., [26] presented
a unified transport model that considers diverse wetness phases. Numerical simulation
using a finite method approach to predict the average moisture content in spruce was
used. The simulations agreed reasonably well with the experimentally measured values.
Holmberg and Ahtila [25], modeled the bark drying process in a continuous cross-flow
dryer. The model included the use of secondary heat sources from plants for dry air heating.
The developed calculation model was utilized to establish the last fuel humidity content,
drying temperature, and degree of energy efficiency of the dryer [27].

With the overdependence on electric and solar energy for wood drying, especially
in most developing nations, it becomes necessary to develop a biomass-powered system
that would be optimal, cost-effective, and have high overall system efficiency. There are a
couple of reasons why numerical modeling and simulations were adopted in this study:
First, for the improvement of the efficiency and effectiveness of the system. Secondly, to
measure the variability in wood properties in a consistent numerical method, allowing for
the improvement of the overall system. Thirdly, it has been observed that conventional
drying devices that function based on test trials and the application of know-how take
significant time, huge financial resources, and experimental machineries to sufficiently
ensure the reliability of the system before production. However, the literature review
shows that there is presently no strong technical base for conclusions in relation to several
designs presented in the literature and their results globally. This, therefore, necessitated
the study of a biomass dryer, using mathematical algorithms to enhance its productivity
and performance, subsequently arriving at a criterion that would enable the adequate
evaluation of the system’s operations. The drying of biomass’s ability to increase global
temperatures is 9.2 kg CO,-e/t of biomass dried in an oven. It is assumed that wood waste
is used as fuel and that a belt dryer is used for drying. Due to fuel switching, there is large
potential to reduce CO, emissions from a typical black-coal-fired power plant if this dry
biomass is employed in a power plant as fuel for a steam boiler. This is presuming that
trees are grown to sustainably produce this biomass.

Therefore, this study presents a novel improvement of a far-reaching prototype for
dryers, incorporating temperature control mechanisms as well as establishing energy
interactions and the behavior of woods within the system during operation. In this study, a
wood sample of 100,000 cm? was used as a simulation of the model for the determination
of the temperature and energy interaction within the dryer during the natural convective
drying process.

2. Materials and Methods

A mathematical model was developed and a wood sample of (25 x 40 x 100) cm?
was used for the simulation of the model for the determination of the temperature and
energy interaction within the dryer during the natural convective drying process [28]. A
sensor control system was incorporated to ensure that, once there is an increase in thermal
energy from the combustion of the biomass, a signal is passed to the temperature sensor
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module that controls the system’s temperature and hence shuts down the heat supply at a
predetermined temperature. This would help in monitoring and controlling the drying rate
of the sample. To generate these models, a lumped system thermal analysis was adopted.

Figure 1 shows the semi-automated multipurpose dryer with a sensor incorporated to
regulate the temperature regime. The system’s sensor controls the upper temperature limit
of 67 °C to ensure gradual and smooth drying. During its drying operation, the sensor
ensures that an increase in thermal energy from the combustion of the biomass ignites a
signal and transmits the same to the temperature sensor module that controls, thereby
cutting off the heat supply on the attainment of 67 °C.

Dual control

sensor witch connector

Sensor panel
Main loading gate
Sensor switch control i

———— Sample loading gate

———Drying chamber
Sensor connector
l————Drying samples
Drying sample
connector Dryer wall

Heat transfer control panel
HT control panel connector p

~Heat flow direction

| Combustion chamber insulation

Combustion chamber

Pelleted biomass
sample

—Thermal expansion
accomodated chamber

Figure 1. Semi-automated multipurpose dryer.

2.1. Drying Chamber and Sample Temporal Temperature Regime Formulation

For the biomass dryer, the heat generation rate (power), Qg, can be given as follows:
Qg = mCy )

where m is the combustion rate of the biomass and C, = the biomass calorific value.

However, the energy generation rate of the biomass can be related to the internal
energy changing rate of the system as applicable to the rate of thermal energy content
change. The combustion chamber of the dryer is assumed to be constantly and fully fed
with biomass. Hence: T

Qe =p"CpV )

where T = the system’s temperature, V = the volume of the biomass combustion chamber,
p* is the material’s density, C, = the material’s specific heat capacity, and t equals the time
of the heating of the system. The generated heat is transferred through the convective heat
flow process; therefore, we can adopt a transient lumped system heat analysis process in
obtaining the temporal temperature variation in the combustion chamber. Hence:

aT
Qg = —hA(T—T,) = p*C,V = ®)
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To simplify (3), we have the following:
(Td—TTo) - p:g:th @
Integrating (4) yields the following:
In(T —T,) = p;éljvt—i-K ®)

where K is the constant of integration. As an initial value problem (IVP), the initial condition
(IC) can be expressed as follows:
Ti=0=T; (6)

where T; = the chamber’s initial temperature. Applying the IC:
In(T; — T,) =K @)

Substituting (6) into (7) with simplification yields the following:
T-T, —hA
Ti—T, eXpKP*CpV> *t] ®

T—T0+(T,~—To)*exp[(mélﬁ/>*t] )
p

In Equation (8), p*C,V represents the thermal capacitance (Cy,) of the material while
ﬁ is the thermal resistance (Ry,) of the material. Hence, Equation (9) can be expressed

as follows: T
- —t
? =ex ( ) 10
Ti - To P\ CuRa (10
Equation (10) can be expressed as follows:
6 = Biex ( - ) (11)
P\ CuRyy

Cy, and Ry, are analogous to the capacitance (C,) and resistance (R,) of the electrical
system. Where the chamber temporal temperature (at any time, t) is givenas T = 6 + T,
and 0; = T; — T,, Equation (9) can also be expressed as a function of dimensionless parame-
ters, hence:

6 = 0;exp(—Bi x Fo) (12)

where Bi is the Biot number and Fo is the Fourier number. Bi and Fo are expressed as follows:

. hL kt
Bi = —¢ ;Fo = —
A pCpL.
where Lc is the characteristic height of the combustion chamber, which is expressed as
L. = %, and d is the mid-diameter of the combustion chamber.
The convective heat transfer coefficient, /, is given as follows:

- Nul/\

"=

(13)
where A = the thermal conductivity of convective air within the dryer and Nu; is the Nusselt
number. The Nusselt number is given as follows:

Nuj = 0.14 % Ra,”? (1 ki 0'0107”)

1+0.01Pr 14
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Pr = the Prandtl number and Ra; = the Raleigh number. Rq, is given by Ra; = Gr; * Pr;

Pr = v/; B = YT,; v = #/p; and Gr; = gﬁﬁzﬂs.

With the adopted lumped system thermal analysis, and considering that the system
is well-insulated, there will be less of a temperature drop in the process of heat transfer
from the heat source. This temperature drop is a result of both convective and radiative
thermal resistance, Ry and Ry, respectively; hence, the temperature of the heat generator
and the dryer will continue to vary until thermal equilibrium is attained. At any time, the

instantaneous heat interaction per unit volume within the dryer is expressed as follows:

T-T,
0*CyT = 0,Cp, Ty + Tb (15)
th
where pp,, Cp,,, and Tj, are density, specific heat capacity, and the instantaneous temperature
of the oven, respectively, while Ry, is the overall thermal resistance, given as follows:

Ry * Ryt

Ry = < """
th Rcv + th

(16)
where R, = ﬁ and R,y = Aihy
h had been defined in Equation (13) and &, = the heat transfer radiation coefficient,
given as follows:
Ao (T> + T,*)(T+ Ty)
Ve, + ey — 1
where & and ¢, are the emissivity of the sources of heat and the dryer, respectively.
To acquire the temperature of the oven at any time (T}) as a function of the temper-
ature drop factor, T;, Equation (15) is simplified. After the elaborate simplification of
Equation (15), T} is expressed as follows:

hy = (17)

Tb = Td * T (18)
where T; is given as follows:
Rypp*Cp—1
T, = (”1" P ) 19)
RinppCpy — 1

Since the temperature variation in the heat generator was considered to be transient,
the temperature variation within the drying materials in the dryer will also be considered
to be unsteady since its temperature change is a function of that of the heat generator. This
can be derived from the evaluated temperature of the dryer, T;,. Hence:

e —1) " | (em) -1}
Ty==——=—— ) %< Ty + (T; — Ty) *ex * t 20
b <Rthpbcpb—1 (=T vep| ( Sy (20)

2.2. Biomass and System Energy and Efficiency

Therefore, the generated energy from the pelleted biomass over the period, ¢, can be
given as follows:
E; =mGCy (21)

m is the mass depletion rate due to the combustion of the biomass pellet (kg), and
Cy is the biomass calorific value (M]/kg). The energy expended by the biomass over the
period, t, can be given as follows:

Eexp = p"CpV(T — T;) (22)
The absorbed energy by the drying materials over the period, t, can be given as follows:

Eu = 0pCp, V(T — Th) (23)
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The efficiency of the system, s, is given as follows:

E,
=—_ 24
Ms E, (24)
The expended biomass energy-based efficiency, 1, is given as follows:
EEXP
= — 25
= F (25)

2.3. Temporal Evaporation Rate

The design shows a dryer compartment that was flawlessly insulated; therefore, the
inside energy increase/unit mass of the material equals the thermal energy needed for the
vaporization of its unit water content of the drying material:

heAs(Ty — T;) = tithgg, = hpAs(Cp — Ca)hifg, (26)

hp equals the coefficient of mass transfer, A; equals the external area of heat as well
as the mass transfer, m represents the frequency of moisture vaporization, hf,, shows
the latent heat with which the dampness evaporates, C;, equals the temporal moisture
concentration of the surface, and C, represents moisture concentration when first exposed
to air. In the case of a great temperature in the drying compartment when drying is taking
place, which would consequently make the temporary wetness of the component act in a
similar fashion to an ideal gas inside the compartment, which also depends on the initial
variation in a presumed constant temperature and pressure, then the concentration of the
moisture could reflect the change in the temperature inside the dryer. Therefore, its heat
transfer could be linked to the energy needed for mass transfer. In Equation (26), the rate at

which moisture is removed can be expressed as follows:
i heAs(Ty — Tp) 27

hf 8w

The difference in initial moisture concentration can be deduced using Equation (28):

o hc(Tb - Ta)
C— Cp= Thphie e, (28)
From Equation (26):
hC o Sc /s . 2/3
= pCP(Pr) = pCp(Le) (29)

where Le = the Lewis number given by (). Solving Equation (28) into Equation (29)
provides the following:

Cy = Cat pCp(Le)%w (30)
f8w

If C, is presumed to be zero (very low wetness):

oy (Ty — Ta)

A (31)

Cp = pCp(Le)
f8w

On the surface, heat, mass, and momentum movements happen concurrently inside the
compartment turbulently. Using the Chilton-Colburn J-factor to determine the relationship:

. . o
JH= ]D = o (32)
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Biomass
Thermal Energy
Generation

Equation (32) can also mean the similarity of momentum, heat, and mass transfer,
while C f shows its skin factor of friction; in a scenario of a flow on a flat plate, such as this
design, it is represented as follows:

1.2
Cr= 7?/28 (for laminar case) (33)
Re;
0.074
Cr= R02 (for turbulent cases) (34)
ey

It is noteworthy that j; = pv}éﬁPrz/ and jp = "25c¥°. With flows across a plate that
is flat, the transfer coefficient of heat, k., is as follows:

he = 0.037Re; "*puCp o Pr ? (35)

by = eo(Ty + T) (T + T2) (36)

Mathematically, the mass diffusion coefficient, ip, is as follows:
hp = 0.037 v Re; /°Sc ™ (37)

where p = the density of air, v = the velocity of air, and C; , = the air-specific heat capacity.
The Reynold number = Rey, the Prandtl number equals Pr, and the Schmidt number = Sc.

All are shown below:

povL

B pr = Cp,a}l. ¢
M

X ; Sc = B (38)
where p = the absolute viscosity of air, + = the air kinematic viscosity, and L = the length of
the heat flow surface.

R€L =

2.4. Thermal Sensor Activation

In other to control the dryer temperature, drying rate, and the system’s general opera-
tion, a sensor was incorporated into the system. The system was meant to be controlled
to an upper temperature limit of 67 °C to ensure the gradual and smooth drying of the
material. The sensor-incorporated system flow diagram is shown in Figure 2. The increase
in thermal energy from the combustion of biomass increased the temperature of the system.
This signal is passed to the temperature sensor module, which controls the system temper-
ature and hence shuts down the heat supply upon reaching a temperature of 67 °C. This is
to ensure the gradual drying of the element to avoid system overheating.

’ Shut Down Heat
Increase in

T t Supply f
Temperature of . emperature . tpply for
, Sensor Module Temperature Above
the System 65 oC

Figure 2. Sensor-incorporated multipurpose dryer flow diagram.

Figure 3 shows the closed loop of the smart multipurpose dryer, with the ambient
temperature and other combustion variables as the input signal to the biomass combustion.
The heat control unit (HCU) receives this signal and passes it to the drying elements after
scrutinizing the possible error signals. Other variables, such as temporal temperature and
concentration profiles, energy, and moisture removal rate, are the system outputs. Before
the outputs, the signal is sent to the thermal sensor for proper signaling and filtering, which
could then be sent back as feedback mechanisms or continuous processing.
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Reference (+, -)

Input T(t)

BIIC-)ll'enaZ;I:SS Drying ] System
Elements J Output
Energy

Y(t)

System Output Feedback r Thermal

L Sensor

Figure 3. Elements of the closed loop of a semi-automated multipurpose dryer system, where

T(t) is the time-dependent temperature from the biomass combustion as input in °C, Z(t) is the
time-dependent possible errors within the system, especially during heat control, and Y(t) is the
time-dependent output feedback of the system.

3. Results and Discussions

At first, the materials from the onset of drying with the drying chamber were,
respectively, maintained at temperatures of 26.5 °C and 30.8 °C. A small wood of
25 cm x 40 cm x 100 cm was used for the simulation. The metallurgical stability and
material properties of the wood were considered not to be severely affected, hence the
incorporation of the temperature-controlled sensor.

Figure 4 shows the plot of the dryer and its sample drying material. It could be
observed from the graph that the drying process was gradual, with the dryer and sample
temperatures, respectively, maintained at 67 °C and 56 °C as the peak. The temperature
regime of the system also followed the exponential function (as explained in Section 2), and
the peak temperature control by the sensor is to ensure that the material’s thermophysical
properties remain intact. This, however, shows that at every point in the system the dryer
maintains a higher temperature than the material being dried as a result of convection,
radiation, thermal resistance, and agitation around the drying chamber.
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Figure 4. Dryer temporal variation.
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Figure 5 shows the temporal temperature lag and drying sample temperature regime.
The sample at the early period of the process maintained a temperature of 26 °C. The
temporal temperature lag regime shows the temporal temperature difference between the
drying chamber and the sample as contributed by thermal resistance and agitation. In
the graph, the temporal temperature lag maintains a steady increase until it peaks at 10
°C, when the system was brought under control by the sensor. Again, the drying sample
increases gradually until it reaches the peak at 56 °C. This result shows that, at every point
in the system, the temporal temperature lag maintains a gradual increase due to a drop
in intermolecular agitation within the material with a subsequent moisture drop within
the material.

Temporal temperature lag and drying sample against time

10 o a0 @
= PR SR A E
=5 A:---A----A Temp_lag Aol L @
w95 -] At Q
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3 A e S
© S e
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S e 50 2
2 . - . R i g
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£ & L _g
u— S
o 74 P
> i S
i) i I 40
o 65 <]
s & o
o 6 - iS =
A - -—
@ 35 O
Q L o)
£ B § g
2 i =
— 5 s L 2
© 2.
s S 30 ©
3 a; [ s
= 4.5 o - 8_
S : | ............ Drying_sample £
2 L
4 I T I T T I T 1 I T T I I T T 25 S
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16

Drying time (hr)

Figure 5. Temporal temperature lag and drying sample.

Figure 6 shows the result of temporal temperature with the corresponding rate at
which moisture is removed from the drying sample. In the graph, the temporal temperature
increases gradually till it reaches a peak at approximately 56 °C. The temporal removal rate
of the sample dried gradually increases in a close range from 0.0002 kg/h at the initial stage
to 0.0066 kg/h at the corresponding sample peak temperature of 56 °C. This graph shows
that the drying sample moisture removal rate is also controlled by the sensor according to
the model in Equation (26); however, at some point in the system the temporal moisture
content remains steady at a very low level for the thermophysical stability of the sample.

Figure 7 shows the result of the temporal moisture removal rate and the corresponding
temporal fractional remaining moisture of the drying sample against time. The moisture
removal rate increases gradually until it reaches the peak (0.0066 kg/h). The fractional
remaining moisture decreases gradually until it falls or drops to 0.40 (40%) of the earlier
vapor content of the drying material, which is about 10% of the sample contents; however,
this shows that the rate at which moisture is removed behaves oppositely from the fractional
remaining moisture of the drying sample, and both regimes coincide at 3 h of the drying
time, indicating a moderate drying rate as the flow is controlled by the incorporated sensor.
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Temporal temperature and moisture removal rate of dying sample against time
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Figure 6. Temporal moisture removal rate of drying sample.
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Figure 7. Fractional remaining moisture of the drying sample.

Figure 8 shows the result of the temporal energy released by biomass and the temporal
absorbed energy by drying the sample against drying time. The drying sample during
the initial drying time maintained the absorbed energy of 6.7 kJ. In the graph, the biomass
witnessed a gradual increase in absorbed energy from 20 kJ until it reaches the peak at 140 k],
when the system was brought under control by the sensor. The dried sample’s temporal
absorbed energy regime maintains an exponential flow and later gradually increases until
it reaches the peak at 106.5 kJ; however, at every point in a system the biomass energy
maintains higher energy than the absorbed sample dried as some of the thermal energy
is lost, even though energy lost was minimized through insulation and the use of highly
reflective coating material on the drying chamber surface. Hence, excessive energy lag was
not recorded for the two regimes. The gross energy released and absorbed by the biomass
as well as the drying sample is, respectively, 120 k] and 99.8 k] (approximately 100 kJ). This
implies that approximately 20 kJ of the generated energy was lost.
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Figure 8. Energy released by biomass and absorbed by drying the sample.

Figure 9 shows the result of biomass-based and system efficiency against drying time.
The drying sample efficiency increases gradually at the early stage from the start of the
drying from 1% until it reaches the peak at 50%, which was attained correspondingly at
above 60% moisture content, after which it drops with the activation of the thermal sensor.
The biomass combustion energy release gradually increases from its initial percentage
value of 10% until it reaches the peak at 69.4% with the system deactivation by the thermal
sensor; however, the lag in the efficiency of biomass energy and that of the system based
on the drying rate of the sample is with that of their energy regime due to the energy loss
minimization measures and sensor control incorporated in the system.
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Figure 9. Biomass-based and system efficiencies.

4. Conclusions

In this study, a new all-inclusive mathematical model for the design of a biomass-
powered multipurpose dryer is presented. Mathematical models have also been developed
to evaluate the temporal temperature, drying rate, expended energy, and efficiency of
the system based on both biomass combustion and the moisture evaporation rate. In
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developing these numerical models, a lumped system thermal analysis was adopted with
the consideration that the system was well-insulated to avoid a drop in temperature in the
process of heat transfer from the heat source. A wood sample of (25 x 40 x 100) cm® was
used for the simulation of the model, and a temperature- as well as moisture-controlled
sensor was incorporated into the system. The highlights of the designed machine are
as follows:

e  The incorporation of the sensor control mechanism was to ensure that, once there is
an increase in thermal energy from the combustion of the biomass, a signal is passed
to the temperature sensor module, which controls the system’s temperature and hence
shuts down the heat supply at a predetermined temperature. This would help in
monitoring and controlling the drying rate of the sample.

e  The results of the simulation show that the peak temperature of the drying chamber
and that of the sample was 67 °C and 56 °C, respectively, and the maximum temper-
ature lag witnessed by the two regimes was 10 °C. The peak temperature removal
rate of the sample was 0.0066 kg/h, while the sample attained 0.4 (40%) moisture
concentration of its initial value; 90% mass content removal (10% remaining mass
content) of the initial mass of the sample was achieved at the end of the simulation.

e  The gross energy released and absorbed by the biomass and the drying sample was
120 kJ and 99.8 K], respectively (approximately 100 kJ), implying less energy loss; the
peak energy efficiency of the biomass and the system based on the drying rate was
69.4% and 50%, respectively. Therefore, the biomass-powered multipurpose dryer,
when incorporated with a sensor, is highly effective in achieving gradual and smooth
drying with little or no thermophysical effect.

e  This research was a design modification, mathematical modeling, and analysis of
energy interaction within an existing system.

It is recommended that, in subsequent studies, a system analysis using experimental
results be applied in validating the established model.
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