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ABSTRACT

A PKS-fired 5-10 kW micro power plant has been designed, modeled and simulated to produce superheated
steam for domestic and SMEs consumption. The target is to sustain power output at optimal design parameters.
Design, modeling and simulation analyses of plant’s components were carried and then integrated to a unit micro
power plant. These analyses were done to enhance the efficiency of whole power plant through reduction of heat
losses and optimal sizing of components. Modeling results indicated that running the plants at the lowest possible
temperatures (pressures) of 235 °C (0.35 MPa) and 235 °C (0.35 MPa) would be sufficient to enhance safety
with acceptable steam mass flow rates (0.00357 kg/s, 0.00178) and steam flow velocities (14.87 m/s, 7.43 m/s).
Design results showed that angular mild steel of diameter ranging 5 -10 mm were adequate for the plant stand.
Simulation results revealed that the designed parameters (stress, strain, deflection, and thermal resistance) were
within the acceptable standards, this portrayed design adequacy. Designed temperature of 0- 400°C was within
the acceptable range and far from maximum tolerable material temperature of 1200°C. Heat flux (2.31 W/mm?)
obtained from the design was conveniently within the simulated range, which shows that the design is workable.
Improvement efficiency of 12% was obtained as compared to past micro plant design; this is a remarkable
achievement.

Keywords: Micro steam plant, PKS, Optimal design parameters, Safety, Efficiency

INTRODUCTION

The pre-requisite for socio-economic development of an area includes the provision of basic infrastructure such
as good roads, water, electricity and other social amenities (Ekpo, 2005). Energy is central and life blood of
engineering activities globally (Ekpo, 2012; Makoju, 2003). There is a great demand for electricity energy, which
is in short supply (Ozoro, 2003). It was revealed that the electricity per capital consumption has a strong
correlation with National GDP, and that only about 10% of rural households have access to electricity (Makoju,
2003). These challenges have been looked into in the past (Awosope and Okoye, 2003). As part of solution
efforts, this study develops a scalable micro steam generator that utilizes biomass (Palm Kernnel Shell, Husk,
etc.) as fuel to generate steam for industrial application. Biomass is a renewable energy source which may also
include biodegradable wastes that can be used as fuel (Ajayi, 2007). In industry, biomass can be used to generate
electricity with steam turbines in place (Oladosu, 2016). Biomass wastes when left to decay may lead to
environmental nuisance (Binstocks, 1989). The main energy recovery goal for the palm oil industry is to provide
steam and electricity for the mill operations (Mohammed et al., 2011). This can also be extended for household
and commercial usage or by direct connection to the national grid. Utilizing waste from oil palm for energy
purposes could help prevent global warning resulting from emission of CO2 and other green house gases
(Mohammed et al., 2014)

A sustainable source of power supply through the use of biomass as fuel in furnace to generate superheated
steam will in no measure play a significant role towards providing power for domestic and SMEs applications.
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The existing micro steam generators (Astrom and Bell 2000; Yin et al., 2008; Oladosu, 2016) are deficient of
inability to regulate: the water supply into the boiler section and the release of steam from the boiling chamber
to the turbine; and heat distribution at the heating chamber for effective heating. Redesign of the steam generator
to include: mechanical regulators for water, fuel (biomass) and steam), location of steam drum inside the boiler
compartment, and heat lost reduction lagging-mechanism using bi-refractory bricks/fibre glass).

In this study a scalable PKS-fired micro power plant for superheated steam production is designed towards
provision of a scalable superheated steam power for domestic and SMEs consumption. The technology featured
improvement on the past micro power plant designs (Oladosu, 2016) for enhanced performance efficiency. This
operational designed is limited to 5-10 kW capacity. Thermodynamic operations of the micro power plant fired
by the Palm Kernel Shell (PKS) were not fully covered in the design.

LITERATURE REVIEW

Grate-fired boilers can fire a wide range of fuels of varying moisture contents and show great potential in biomass
combustion (Marrow, 2005). According to jekayinfa and Bamgbose (2008), Joller et al. (2007), about 0.07 tons
of palm shell, 0.103 tons of palm fibre and 0.012 tons of kernel are produced as the solid wastes. Paper and pulp
that are obtained by processing the oil palm wastes can be used in so many ways such as cigarette paper and
bond paper for writing (MNNA, 2001). Palm kernel shell (PKS) has been proposed for use as concrete
reinforcement in construction industry (Najmi et al., 2007; Okpula et al., 1990). PKS has been used as admixture
with Portland cement for production concrete (Oladosu et al 2016). PKS has been mixed with activated carbon
for industrial use (Adewumi and Ogedengbe, 2005). In addition oil palm trunks mixed with EFB has been
combusted to produce electrical energy (Sumanttin and Chai, 2008). The use of palm shells and palm fibres for
the production of briquettes has also been reported by Hussain et al. (2002). In all these studies, it is evident that
PKS has higher calorific value.

Fixed bed combustion is appropriate for biomass fuel with high moisture content, varying particle sizes and high
ash content. A good and well controlled grate is designed to guarantee a homogenous distribution of the fuel and
the bed of residue over the whole grate surface. In addition, a staged combustion should be obtained by separating
the primary and secondary combustion chamber in order to avoid back mixing of the secondary air and to
separate gasification and oxidation zone (Sjaak and Jaap, 2008). The better the mixing quality between flue gas
and secondary combustion air, the lower the amount of excess oxygen required for complete combustion in the
power plant (Oladosu, 2016).

Fluidized bed boilers have recently been used in steam generator. In fluidized bed boilers, biomass and the
additives are suspended in a combustion chamber by air blowing up through the bed. The amount of fluidization
that occurs depends on the size of the fuel and velocity of the air moving through the bed (Sjaak and Jaap, 2008).
In palm oil processing industry, biomass residues can be converted from being potential environmental pollutants
to useful fuel for steam and electricity generation which are largely needed for industrial use (Pelfersson and
Steenar, 2009). Nigeria, being the fifth largest producer of palm oil in the world accounts for about 1.5%
(930,000 metric tons) of the global output (Izah et al., 2016). However, a huge quantity of oil palm residues
which could otherwise be used for energy generation is being wasted. These oil palm residues if utilized can
generate a great percentage of electricity (Mohammed et al., 2014). This can significantly reduce green house
gases emissions and increase employment for local population (Khullar, 1995).

Fixed bed grate combustor has been applied in this study due to its simplicity of design and enhancement of
combustion with less oxygen requirement due to better mixing quality between flue gas and secondary
combustion air.

It is necessary to have a comprehensive understanding of fuel characteristics during the designing of combustion
equipment and boiler plant (Aho, 2001). The lower moisture and ash contents of the PKS fuel make it a good
choice in firing technology (Adeline, 2012). Grate firing system and fluidized bed combustor are technologies
suitable for reducing ash rich fuels. This challenge has been tackled previously (Oladosu, 2016). This study
focused only on utilization of heat content of PKS fuel in term of calorific value in designing and enhancing the
performance of a micro power plant for producing superheated steam.
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There are several technologies employed that enable biomass such as PKS to be useful for generating heat energy
for domestic and industrial consumption. In some cases excess energies produced were exported to enhance
foreign exchange in the recent past. Selected relevant studies on combustion of biomass on grate and fluidized
bed power plants are Pichet and Vladimir, (2014); Oladosu (2016); Yusniati et al. (2018); and Oladosu et al.
(2017). Findings from those studies showed that they concentrated more on optimizing PKS biomass
performance but they are deficient in optimizing actual plant efficiency. This is the gap this study posed to
bridge.

The consideration of PKS fuel in the design of micro steam power plant would lower the cost of fuelling (Kareem
and Babatunde, 2018; Kareem et al., 2018 a, b, c; Elefe et al. 2024). This study concentrated on how to enhance
the efficiency of whole power plant through reduction of heat losses and optimal design of components.

RESEARCH METHODOLOGY
Micro Steam Generator Design Concept

The steam generator used was designed to have water tank (reservoir) called primary water/feeder supported by
a frame called tank stand. This primary feeder (tank) (¢ 45 cm x 30 cm) is water fed by gravity from a reservoir
tank placed on building top/ tower by gravity. Primary tank water level is controlled mechanically using floating
mechanism. A metallic ladder is designed on tank stand to check primary tank’s water level if desired. The
primary tank is made to allow the flow water into secondary tank (30 cm x 15 cm) (reservoir) through half inch
(*2”") diameter metallic pipe whose flow rate is mechanically regulated/controlled using half inch (%2’’) diameter
metallic ball gauge valve. The secondary tank is designed to have floating mechanism to regulate water level in
the tank. The release of water from secondary tank into the boiler vessel (30 cm x ¢ 30 cm) is moderated by a
half inch ('%’”) diameter metallic ball gauge value and a half inch ('2’’) diameter non-return valve. Water inlet
orifice is located 18 cm from the 30 cm diameter base of the cylindrical vessel. A half inch diameter non-return
value is incorporated to prevent backflow of water/steam from cylindrical vessel to the secondary tank during
combustion process. The vessel is firmly sealed at the top using heat resistant leather insulator and secured with
six-number 19 mm bolts/nuts to prevent heat loss. A '4’” orifice was made close to the base of the vessel and
piped to allow evacuation of leftover water through a %4’ ball gauge fixed to its end after operation. Three equal
lengths (90 cm) and diameters (2”’) stainless helical-shaped risers are welded to balance on the top of the
cylindrical vessel and made to converge at 90 cm from the cylindrical vessel’s top using a small stainless
cylindrical-shaped (¢ 6 cm x 5 cm), A single stainless coiled (%2’ diameter) super-heater emerges from the
stainless cylindrical-shaped (¢ 6 cm x 5 cm) and terminated at a small steam tank (¢ 6 cm x 10 cm. The steam
tank had two outlets: one for steam regulator (incorporated with %42”’ ball gauge value) and testing steam presence,
and for evacuating condensed water after operation; while second outlet served as measurement window (steam
pressure and temperature) and steam supply channel for powering purpose. The furnace is provided combustion
using biomass PKS as fuel. Furnace is designed and insulated to prevent heat losses from the compartment using
combined refractory brick, fibre glass and synthetic leaders as insulators. Regulated primary and secondary air
flow systems are provided using regulated fanning mechanism (based on bimetallic strip controller) for effective
heating and to facilitate evenly temperature distribution across the combustion chamber. The line diagram of
the design is shown in Fig. 1.
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Fig.1. Micro Steam Generator Design Concepts
Design Calculations
Steam power plant/boiler system design and operation
The steam power plant/boiler has the following design and operation conditions:
I. Water-tube/steam generator-type.
ii. Operating pressure range.
iii. Superheated steam quality.
iv. Feed water at room temperature.
V. Palm kernel (biomass) shell (PKS) fuelled with calorific value 18MJ/kg
Vi. Assumed boiler system efficiency of 79% (Lawal, 2025)
Assumptions made in design calculations are:
i. Steady-state operation for the boiler system.
ii. Negligible heat losses and within the limit of the boiler’s efficiency.

iii. Properties of PKS as fuel (e.g. calorific value, moisture content) were not changed significantly
during usage.

iv. Specific design parameters for boiler remain constant (e.g. heat transfer area, tube diameter).
V. Thermodynamic property data for water and steam from steam tables are used.

The design focus is to obtain the following performance parameters
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I The required steam flow rate based on the system's demands.
ii. The required heat transfer rate to achieve the desired steam conditions.
Design of 5-10 kW micro steam power plant/generator

Micro steam power plant considered were within the range of 5-45 kW (Oladosu et al., 2018). Five-Ten (5-10)
kW micro steam power plant was selected for this study. For a superheated steam generator of 10 kW, with
operating pressure P, range of 0.45-4.5 MPa, feed water temperature T; of 34°C under atmospheric pressure,
palm kernel shell (PKS) of calorific value Cy 18 MJ used as fuel, assuming boiler efficiency of 79%, and tube
diameter of 12.7 mm. Design parameters for the steam flow rate, heat transfer rate, boiler outlet steam
temperature and pressure, steam flow velocity through the tube (pipe).

Design for Mechanical and Physical Properties

In order to estimate the maximum load F on the stand of the furnace/boiler casing, the total mass m; on the
mild steel stand was computed first:

m; = m,+m, +om, (1)

Where, m,, the mass of boiler casing/chamber; m,., the mass of refractory brick (insulation) lining on the boiler
casing; g is the fractional factor of casing mass attributed to the boiler elements (cover, fan, downcomer, steam
drum, riser, super-heater, temperature, pressure and flow rate gauges, PKS feeder, water feeder, etc).

m, was estimated using density, p. — volume, V. relationship for mild steel plate of standard thickness 5 mm
and density , 7850 kg/m?® as

me = pV; (2)

Based on designed cuboids furnace/boiler casing of 1000 x 1000 x 2000 mm by 5 mm thickness, volume of the
mild steel component V, of the cuboids;

Ve = Vee = Ve ©)
Where V., the external volume of the cuboids; and V,; is the internal volume of the cuboids.
That is;
=Amx1Imx2m)—(0.99mx0.99mx2m)=2m?-1.9602 m?
1,=0.0398 m?
Therefore, m, from Eqn. (32) revealed as
m,= 7850 kg/m® (0.0398 m?) =312.43 kg
By assuming a factor of 0.9 for other attached elements, m_,, then;
Mg = 0.9m,=0.9(312.43) = 281.187 kg

Refractory brick made up of 60% kaolin by weight (particle size 2.5mm, ball clay (particle size 1mm) and saw
dust (particle size 2.5mm): 30% and 10% respectively used based on Oladosu (2016) specifications. Size 1.8 kg
(275mm x 130mm x 60mm) each of 150 refractory bricks, rectangular in shape was used to insulate the
furnace/boiler casing to reduce heat loss. Therefore, total mass of refractory bricks m, was estimated as;

m, = 1.8 kg (150) = 270 kg
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Total mass on the stand was computed using Eqgn. (31) as
m; = (312.43 + 281.187 + 270) kg = 863.617 Kkg.

The m; on the stand was approximated to 1000 kg (1 ton) due to other masses that were unaccounted for and
may come during welding, fabrication, and assembly process.

The stress, strain on a standard angle mild steel stand of length 1m and thickness 10 mm (0.01 m) under a
distributed load of 1ton (comprised mild steel and refractory bricks) were computed under the following design
parameters:

i.The angle mild steel is a standard equal angle section ( 50 x 50 x 5 mm-50 x 50 x 10 mm) was used as
stand/support.

ii.. The distributed load of 1 ton (1000 kg or 9806.65 N was applied uniformly along the length of the angle.
iii.. The angle is simply supported at both ends.

iv. The material properties of mild steel used are: Young's modulus (E) taken to be 200 GPa (200,000 N/mm?)
and Yield strength of 250 MPa (250 N/mm?)

v.. The load assumed to be applied perpendicular to one of the legs.

Total Load F is computed as product of mass (m;) of the mild steel/refractory brick and acceleration due to
gravity;

F =mg 4)
F =1000kg x 98.07 m/s?
F = 9807 N

For a standard equal angle section (50 x 50 x 5 mm), the moment of inertia (I) about the horizontal x-x axis is
taken to be 10.96 cm* or 109600 mm®*.

The Section Modulus (2)
Z=1/y ®)
where y is the distance from the neutral axis to the extreme fiber.

For a standard equal angle section, y = 25 mm (half the width of the angle).

Z = 109600 mm*/ 25 mm ~ 4384 mm?

Maximum Bending Moment (M) for a simply supported beam with a uniformly distributed load from;
M=FXL/4 (6)

=9807 N x 1000 mm/ 4

= 2451750 Nmm

The corresponding Maximum Stress (6) obtained from ;

c=M/Z @)
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o = 2451750 N-mm / 4384 mm?

~ 559.3 N/mm?

~559.3 MPa

The strain (€) also obtained from;

e =o0/E (8)
=559.3 N/mm2 / 200000 N/mm?

~0.0028

~0.28%

From Eqn. (7) the stress o obtained (559.3 MPa) exceeds the yield strength F,; of mild steel (250 MPa), which
means the material may undergo plastic deformation or failure under this load. Therefore, a safety factor applied
to ensure the material remains within its elastic limit to prevent design failure.

Then, the Factor of Safety (F,;) for the yield strength of mild steel of (250 MPa) under maximum stress o
obtained from;

Fos=Fos o (9)

F,s= 250 MPa / 559.3 MPa

F, .~ 0.447

The outcome F,;~ 0.447 showed that the design is not safe, therefore can fail under this load.

Then the corresponding deflection (6) for the simply supported beam with a uniformly distributed load
considered;

§ =(5XF xL*»/(384 xEXI (10)

= (5 x 9807 N x (1000 mm)?*) / (384 x 200000 N/mm? x 109600 mm®*)

6 =5.83 mm

The Shear Stress (1) also obtained from Eqn. (10), where area A, is a cross sectional area of the mild steel,
T=F/(2 %A, (11)

7 =9807 N/ (2 x 50 mm x 5 mm)

7~=19.61 MPa

The summary of the outcomes of the mechanical and physical properties obtained for a 50 x 50 x 5 mm angle
mild steel used as support stand/table (1 m x 1 m) for the furnace chamber/casing of the boiler is shown in Table
1.

Similar procedures were applied to estimate the stated parameters with the thickness doubled to 10 mm.

Moment of Inertia (1) for a standard equal angle section (50x50x10 mm), about the x-x axis is approximately
43.84 cm* or 438400 mm* .
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Section Modulus (Z) is

Z=1/y

where y is the distance from the neutral axis to the extreme fiber. For a standard equal angle section considered,
y = 25 mm (half the width of the angle).

Z =~ 438400 mm* / 25 mm = 17536 mm?

The Maximum Bending Moment (M) for a simply supported beam with a uniformly distributed load;
M=FxL/4

=9807 N x 1000 mm/ 4

= 2451750 N mm

The Maximum Stress (o)

co=M/Z

= 2451750 N mm /17536 mm?3

~ 139.8 N/mm? or 139.8 MPa

The Strain ()

e=0/E

=139.8 N/mmz/ 200000 N/mm?

~0.0007 or 0.07%

Factor of Safety (F,)

F,.= 250 MPa/ 139.8 MPa

~1.79

The Deflection (6) E, for a simply supported beam with a 9807 N uniformly distributed load:
§=(GBxF x L3 /(384 xE X I)

= (5 x 9807 N x (1000 mm)?) / (384 x 200000 N/mm? x 438400 mm®*)
~ 1.46 mm

The Shear Stress (1)

T = F/(2x Area)

=9807 N /(2 x 50 mm x 10 mm)

~9.81 MPa
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The physical properties evaluation with 5-10 mm thick mild steel with refractory brick lagging of thickness of
60 mm, while thermal conductivity of mild steel is 50 W/m K and thermal conductivity of refractory brick is
0.5 W/m K is sustainable.

In calculating overall heat transfer coefficient H,., the thermal resistance of both the mild steel and the refractory
brick lagging was considered.

Thermal Resistance of Mild Steel R, obtained from ratio of mild steel thickness (t,,,s) and thermal conductivity
(See);

Rms = th/StC
=0.01 m/50 W/mK
= 0.0002 m2K/W

The corresponding heat flux g,,,s with ambient temperature 22 °C and designed temperature of 400 °C was
estimated from

Gms = OT /Ry
Qms = (22 —400)°C /0.0002 m2K/W = 378K/0.0002 m2K/W=1,890,000 W/m?
qms =1,890,000 W/m? =1.89 W/mm3

The thermal resistance of refractory brick (R,.,) was estimated as the ratio of refractory brick thickness t,,and
that of its thermal conductivity R, as;

Ryp = trp/Rep
=0.06 m/ 0.5 W/mK
=0.12 mPK/W

The corresponding heat flux g,, with ambient temperature 22 °C and designed temperature of 400 °C was
estimated from

qrp = 0T /Ry
g = (22 — 400)°C /0.12 m2K/W = 378K/0.12 m2K/W=3,150 W/m?
4, =3,150 W/m? = 0.003150 W/mm?
Overall Thermal Resistance (R;) was obtained from;
Rr = Rps + Ryp
=0.0002 m2K/W + 0.12 m2K/W
~0.1202 m*’K/W
Overall Heat Transfer Coefficient, H,,
H,.=1/R;

=1/0.1202 m?K/W
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~ 832 Wm*K

The corresponding heat flux g,,s with ambient temperature 22 °C and designed temperature of 400 °C was
estimated from

qr = 0T /Ry

qr = (22 — 400)°C /0.1202 m2K/W = 378K/0.1202 m2K/W=3,144.76 W/m?

qr =3,144.76 W/m? = 0.003145 W/mm?

If the mild steel thickness is 5 mm (0.005 m), then,

Rins = tins/Stc

=0.005 m/50 W/m K

=0.0001 m2K/W

Overall Thermal Resistance (Ry) would be;

Ry = Rps + Ry

=0.0001 m2K/W + 0.12 m2K/W

~0.1201 m*’K/W

Then, Overall Heat Transfer Coefficient H,. would be;

H,.=1/R;

=1/0.1201 mK/W

~8.326 W/m? K

The corresponding heat flux g,,s with ambient temperature 22 °C and designed temperature of 400 °C would be
qr = 0T /Ry

qr = (22 —400)°C /0.1201 m2K/W = 378K/0.1201 m2K/W=3,147.377W/m?

qr =3,147.377 W/m? = 0.003147 W/mm?

The outcomes showed that refractory brick lagging significantly reduces the heat transfer rate due to its low
thermal conductivity while there is no significant change in heat transfer rate reduction in usage of mild steel
plate of 5 mm and 10 mm thickness. Hence, the choice of mild steel plate of 5 mm thickness or less would be
economical.

In the case of down comer, riser and superheater, stainless steel material was used. By assuming thermal
conductivity kg of 16.2 W/mK (range from 16.2- 22.6 W/mK, 100°C (373K)- 500 °C (773 K)) for popular
stainless steel 304 with a thickness L, of 0.003m (3 mm), heat flux g for stainless steel heated from ambient
(outside) temperature of 22 °C to design temperature of 450 °C can be obtained using Fourier’s law from;

Qss = —kssOT [Lgs

qss = —16.2 W/mK (—428 K)/0.003
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gss = 2,311,200 W/m? ~ 2.3112 W /mm?
The thermal resistance R, can be calculated from
Rss = Lss/kss
R = 0.003 m/16.2 W/mK = 0.000185 m2K /W
Then, Overall Heat Transfer Coefficient Hys; would be;
Hg =1/ Ry,
=1/0.000185 m2K/W
~ 5,405 W/m?* K
The hydrostatic pressure Py, on the reservoir cylinder is obtained using Eqn. 12 as;
Pps = pwghy (12)

Where p,, is the desity of water in the cylinderial vessel, g, is the acceleration due to gravity, and h,, is the
possible maximum height of water in the vessel.

For the cylindrical basin (reservoir) design,
P, Ytnder — , gh,, = 1000kg/m3(9.807m/s?)(0.3m) = 2,942N /m?>
For the cuboid basin (feeding tank) design,
P, 0% = p gh,, = 1000kg/m3(9.807m/s%)(0.15m) = 1,471N/m?
For the designed volume, V,,;
Vye = mrih, :§ (0.15)2 0.3 = 0.02121525m3= 21.22 litres
By considering density of water p,, as 1000 kg/m3, then, mass of water m,,,. is estimated as;
Mype= VyePw =0.02121525m3(1000kg/m3) ~21.22kg
Force acting on the cylindrical water tank (reservoir) stand, F,,.

F,. = my.g = 21.22(9.807) = 196.14N

Equivalent volume of mild steel container (density p 7850 kg/m®) and thickness (5 mm) for the cylindrical water
reservoir tank was estimated from

Vipym = mrh,, — nr'?h,, (13)
22
Viprm = 0.02121525m3 — 7(0.14—5)2 0.3 =0.001392 m3

Myrm = PVYrm = 7850(0.001392) = 10.92724 kg
Total weight;

Fopp =FEye + F'yye = 196.14 N 4+ 10.92724(9.807) ~ 315.27N (14)
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Stress o', exerted on the stand by the cylinder reservoir; was obtained as the ratio of total force applied F,,
and the base area 4,,,p;

Fwrr_ 31527 31527
Awrb  22(0.15)2  0.07071429

!
O wrr =

= 4,458.36 N/m? (15)

Similarly, for the cuboids water feeding tank
V. = lbh,, = 0.276(0.1835) 0.15 = 0.0075969m3= 7.6 litres
Then equivalent mass of water (kg) m,,. and weight F,,. is respectively estimated as;
Myye= VpePr =0.0075969m3(1000kg/m3) ~7.6kg
Fye = my.g = 7.6(9.807) = 74.5332N ~ 74.5N

Equivalent volume of mild steel container (density p 7850 kg/m®) and thickness (5 mm) for the cuboids water
feeding tank was estimated from

Viyem = lbh,, —Ub'h,,’ (16)
Viyem = 0.276(0.1835)0.15 — 0.771(0.1785)0.15 = 0.000340875m3
Myem = PVoem = 7850(0.00034087) = 2.676 kg
Total weight;
Fyer = Fye + F'yye = 74.5332N + 2.676(9.807) ~ 100.78N (17)

Stress o', .y exerted on the stand by the cuboids; was obtained as the ratio of total force applied F,,.; and the
base area A,,cp;

, Fwer_  100.78

T wer = AWCZ_ 0276 (0.1835) 1,989.9N /m* (18)
Total stress on the stand a,7;

Ocrr = O yrr + 0'yer = 4,458.36 N/m? + 1,989.9N /m? (19)

Oury = 6,448.26 N/m?

In analyzing the stress exerted by the PKS feeding hopper on its stand, PKS feeding rate (0.000703 kg/s =2.5308
kg/hr) and density of PKS (350-400 kg/m3, 375 kg/m® on average) were considered. On this basis, volumetric
flow rate, Vs

Vs = 2 (20)

Ppks
My 1S the mass flow rate of PKS while p,, is the PKS average density.

_ 2.5308kg/h
Pks ™ 375 kg/m3

= 0.00675 m3/h

Then, the volume of the pyramid container V;, to fill with PKS was obtained using frustum of a pyramid formula
as;

_l _l IANAN]
V, = zabh——a'b'h (21)
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v, = ! (0.152)(0.152)(0.156) —%(0.04)(0.03)(0.042)

K
V, = 0.001201408 m* — 0.0000224 m* = 0.001179008 m?
Then, the volume of the cuboids component V, to fill with PKS was obtained using;

V. = l.b.h. = 0.04(0.03)0.042 = 0.0000504 m?

The volume of the cylindrical component V, to fill with PKS was obtained using;

22
%, =y ?hy == (0.015)%(0.17) = 0.0001202198 m?

Total maximum possible PKS volume in the hopper container, V,,,; was estimated by;

Voks =V, + Vo + 1, = 0.0013496278 ~ 0.00135 m3 (22)

Actual size that took care of scaling in the AutoCaD design V,,,,; Was computed as;
Vapks = 2Vprs = 2(0.00135) = 0.0027 m®

Time taken t,to fill the hopper volume 0.0027 m? to the brim was estimated as;

_ Vapks _ 0.0027m3
Vpks 0.00675 m3/h

tr = 0.4h = 24 mins. (23)
Total mass of the PKS in the hopper m,,, was computed using,

kg
m3(0.0027 m3)

Mypies = Ppks (Voks) = 375 =1.02 kg

Also, estimation of mass of the mild steel of density (p,,s = 7850 kg/m?) PKS feeding hopper having
pyramidal and cuboids thickness of (5 mm), and cylindrical section thickness of 10 mm (to compensate for the
auger shaft) was carried out, thus:

V', = %(0.147)(0.147)(0.156) —%(0.035)(0.025)(0.042)

V’p = 0.001123665 — 0.00001225 = 0.001111418 m3
Similarly,

V', = 0.035(0.025)0.042 = 0.00003675 m?

22
V’y == (0.005)20.17 = 0.0000133578 m3
Viks =V'p + V' + V', = 0.0011615258 m?
Actual size that took care of AutoCaD scaling V' ,,,s Was computed as;
V' apks = 2V pis = 2(0.0011615258 m®) = 0.0023230516 m?

Volume differential V,
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Va = Vapks — V'aps = 0.0027 m3 — 0.0023230516 m® ~ 0.000377 m? (24)
Therefore, the mass of steel my is given as (with density of steel p;);
ms = Vyps = 0.000377 m3(7850 kg/m3) = 2.942kg
Total mass mgy
Mgy = Mg + Myps=1.02 + 2.942 = 3.962 kg (25)
Hence, total weight on the hopper stand Fj,g;

Fps = 3.962 (9.807) ~ 38.85N

By assuming that maximum stress was acted on the neck portion Area of the hopper (4,;), then stress on the
hopper stand a;, Is given as;

Fps _ 38.85N
Aps 0.04 m (0.03 m)

Ops = = 32,375 N/m? (26)
Control of air blower fan to aid combustion of PKS was facilitated using Direct Current (DC), 12 Volts Electronic

Temperature Controller (ETC) programmable to -50 to 110°C Heating/Cooling Thermostat Control Switch
Module Waterproof with Sensor Probe Dual Colour LED Display Monitor.

The location of the sensor was established using dimensional similarity analysis based on ratio of maximum
temperature of sensor T;,,;  with that of maximum temperature of furnace T, which is equivalent to the ratio
of distance of sensor location from the tip of the air blower fan d to the center distance of the furnace/burner

dsp;

That is;

Tms _ s

i s (27)

Then, sensor location distance on the air blower fan,

Tins

= Ty

Therefore, provided that there is no heat loss;

110°C (0.181m

drs = ogop >=0.0083m

The actual distance after considering design scale, d';
d’fs = 0.0083 (6) = 0.0498 m = 49.8 mm

Furnace sieve for ash release from the burnt PKS fuel was designed with sieve size of 0.0028 m by 0.00204 m
for easy passage of ashes from the combustion chamber to the ash collector/ basin located at the base, below the
furnace/heating chamber.

Micro Steam Plant Design Modeling and Simulation

Each of the components was modeled using Solidworks CAD software and then analyzed (simulated) using
Ansys software to determine their design integrity. Isometric projection model of the designed micro power plant
using Solidworks/ AutoCAD tools is shown in Figure 2. Thermal (physical) and mechanical properties)
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analyses were used to determine the behavior of the model (component) with respect to the temperature
differences and the load applied, respectively. First, the static structure analysis of the component was carried
out based on the load capacities. Second, the total and dimensional deformation, strain, and (\VVon- Misses) stress
equivalents were determined, and third, the thermal analysis of the steam generating furnace/chamber was
carried out.

Figure 2: Isometric view of the Steam Plant Model.
The list of material standard mechanical properties used for the analysis is shown in Table 2.

Table 2 Material Selection

Material Properties Low Carbon Steel | Refractory Stainless Palm Kernel Shell
(Mild Steel) bricks/Marble steel (304) | (PKS)

Density (kg/m°) 7850 2780 7720 350-400 (375)

Young’s modulus (Pa) 2.1e+11 5.926e+11 2e+11

Poisson’s ratio 0.29 0.175 0.28

Tensile Yield stress (Pa) 3.29e+08 3e+6 3e+8

Tensile Ultimate stress (Pa) 4.4e+08 5e+6 6e+8

Specific heat capacity, J/kg/C | 485 870 688

Thermal Conductivity, W/m/C | 50 5.48 16.2

Thermal Yield stress, Pa 3.2%+8 7.75e+6 2.91e+8

RESULTS AND DISCUSSION

Design and simulation Results of components

The design results of the mechanical and physical properties obtained for the furnace chamber/casing of the
boiler are shown in Table 3. The results showed that angular mild steel stand of 5 mm thickness cannot withstand
the load due to low factor of safety (0.447). Redesign results using angular mild steel (10 mm) showed a good
factor of safety of (1.79), which is highly adequate to support the plant’s chamber. This outcome indicated that
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any angular mild steel of diameter ranging 5 -10 mm should be adequate as support for the plant. All other
designed parameters (stress, strain, deflection, and thermal resistance) were within the acceptable standard, this
portrayed design adequacy.

Table 3 also shows the outcomes of applications of conventional and simulated design methods. It can be
clearly shown that the mechanical, physical thermal and simulation outcomes were adequate for all the
parameters under consideration for the micro power plant.

Table 3. Furnace Chamber designed by conventional and simulation methods

Designed Properties Conventional: Mild | Conventional: Mild steel | Simulation: Mild steel of
steel of 5 mm thickness | of 10 mm thickness 10 mm thickness

Load, F, N 9807 9807 9807

Moment of inertia (I), mm* | 109600 438400

Section Modulus (Z), mm3 | 4384 17536

Maximum Bending | 2451750 2451750

Moment (M), Nmm

Maximum Stress (o), MPa | 559.3 139.8 497

Strain (g) % 0.28% 0.07% 0.0-1.69%

Factor of Safety (F,) 0.447 1.79 0.6-15

Deflection (6), mm 5.83 1.46 0.0-1.8

Shear Stress (t). MPa 19.61 9.81 9.81

Density, p, kg/m? 7850 7850 7850

Thermal conductivity, C;, | 50 50 50

W/m-K

Specific  heat  capacity, | 500 500 500

Thermal Resistance of Mild | 0.0001 0.0002 0.0002

Steel R,,,s, mK/W

Thermal Resistance  of | 0.12 0.12 0.12

refractory brick ( R, ),

m2K/W

Thermal Resistance of mild | 0.1201 0.1202 0.1202

steel and refractory brick

(Ryp), mK/W

Total Heat Flux of|0.00315 0.00314 2.4008 x 101? — 17.066

combined mild steel and
refractory bricks at 0T
(22°C-400°C (378
°C=378K) W/mm?
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The design results of other supporting components using conventional and simulation methods are respectively

presented in Table 4.

Table 4 Supporting Components designed by conventional and simulation methods

Design Parameters Conventional 5mm | Conventional 3mm | Simulation
thickness mild steel | stainless steel (304)

Water tanks (feeding /reservoir) support/stand -

Load, F, N 416 -

Maximum Stress (c), kPa 6.44826 - 370-3490.7

Strain (g) % 0.07 - 0.0-1.69

Factor of Safety (F,) 1.78 - 0.6-15

Deflection (6), mm 1.45 - 0.0-1.8

Density, p, kg/m? 7850 - 7850

PKS Fuel feeding hopper support/stand

Load, F, N 50 -

Deformation 0.0 - 0-0.001343

Elastic strain 0.0 - 0-0.00002384

Maximum stress kPa 32.375 - 81.92-4970.9

Factor of Safety (F,) 1.78 - 0.-15

Hopper Auger /Shaft

Deformation (mm) 0 - 0-0.00025118

Elastic strain 0 - 0.0-

0.0024396

Factor of safety 1.5 - 0.65-15.0

Maximum Stress, kPa 32.375 - 0-4970.90

Thermal analysis of the furnace chamber

compoents

Steam Chamber analysis: Heating effect and | 400 - 0-1200

retention , °C

Steam Chamber Total heat flux, W/mm? 0.00315 - Zié;oggax 1012
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Boiling vessel/ down-comer  under thermal 450 450-1403.2

loading, °C

Total heat flux vessel/down-comer/risers, W/mm? 2.31 1.9971 x 101
- 56.653

Thermal Resistance of Stainless Steel R, s, m?K/W 0.000185 -

Air Blower Sensor location (mm)

49.8

Design Validation by Simulation Analysis of the Plant’s Components

The outcomes of the simulation analyses of the components of the micro steam power plant are shown in Tables
3 and 4. For example, the results of the total deformation of the water tank support showed that it was within the

acceptable range (Figure 3).

A: Water tank support
Total Defarmation
Type: Total Deformation
Uit rm

Tirme: 1

A8 2025 5:25 Ak

1.8143e-5 Max
1.6127e-5
1.4112e-5
1.2096e-5
1.008e-5
8.0637e-6
6.7 -6
4.031%e-6
2.0159:-6

0 Min

Figure 3 Total deformation of the water tank support.

Figure 3 shows the response of the frame to the elastic strain, which indicated that designed value was within
the range (Tables 3 and 4). Simulation analysis results on stresses, strains, factor of safety on water tank support,

water storage tank, PKS feeding hopper, and other components are presented in Tables 3 and 4.

Material selection for the thermal simulation analysis of the designed steam power plant is presented in Table 5.

Table 5: Material selection for thermal simulation of designed power plant components

Material Properties Mild steel Marble Stainless Steel (304)
Density (Kg/m?) 7850 2780 7720

Thermal conductivity (W/m/C) 52 5.48 16.2

Specify heat, Co (J/Kg/C) 485 870 488

Poisson Ratio 0.29 0.175 0.28

Young Modulus (Pa) 2.1E+11 5.926E+10 2E11

Thermal Yield stress 3.29E+8 7.75E+6 2.91E8
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The results generated for the steam chamber for temperature analysis are presented in Figure 4. It was revealed
that designed temperature of 0- 400°C was within the acceptable range and far from maximum tolerable
temperature of 1200°C. Besides, the results indicated that there are more heating effect happening inside the
chamber and the heat loss is negligible, since the outside seems to show a blue colour, showing that the material
can withstand the thermal effect even beyond 1200°C.

B: Steam chamber analysis
Ternperature

i :
427,2025 1:45 PR

1200 Max
1059.9
o19.79
Tro.e9
638,59
493,48
359.38
219.27
Fo17
-60.933 Min

Figure 4: Temperature difference inside the Steam Chamber.

The outcomes of other simulation results indicated that chamber accommodate the designed heat flux (0.00315
W/mm?). System has ability to superheat from 450 to 1140.2 °C based on the simulation results is an indication
that the maximum designed superheated temperature of 400- 450 °C could be accommodated. These simulation
outcomes have validated that of the conventional design, and hence workable. Comparative results of the design
efficiency (79%) with the existing power plants (Elefe et al., 2024; Oladosu et. al., 2017; Oladosu, 2016) showed
a good improvement (12 %) as indicated in Table 6 and close to the standard expected value (85%). This is a
novel contribution in the area of micro steam power plant development.

Table 6: Efficiency Comparison with Past Designs

Studies Elefe et al., | Oladosu et. | Standard Rated | This Improvement over
2024 al., 2017 Design Capacity | study | Elefe, et al, 2024)
(Oladosu, 2016)
Plant efficiency (%) 67 59 85 79 12
CONCLUSION

A PKS-fired 5-10 kW micro power plant has been designed, modeled and simulated to produce superheated
steam for domestic and SMEs consumption. The design outcomes were compared with those obtained from
the micro power plants designed in the past. Sustainable power output at optimal design parameters were
achieved due to enhancement of efficiency across the plant’s components. Reduction of heat losses at optimal
design of components was also evidenced. Other conclusions made from the results obtained are itemized as
follows:

i. Temperature range of 220-400 °C has effectively enhanced the performances of the designed 5- 10 kW
micro steam power plants.

ii. Temperatures (pressures) of 250 °C (2.5 MPa), and 220 °C, 250 °C (0.38 MPa, 2.5 MPa) resulted to the
highest seam mass flow rate of 0.00452 kg/s and 0.00181 kg/s respectively for the steam power plant of
10 kW and 5 kW capacity under similar PKS feeding rate of 0.000703 kg/s and 0.000352 kg/s,
respectively.
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Vi.

Vii.

For highest steam flow velocities design (15.5 m/s, 16.5 m/s) temperatures (pressures) should be
maintained at 400 °C (0.45 MPa) and 250 °C (2.5 MPa) respectively for the 10 kW and 5 kW power
plants.

. For safety and economy of operation, running at the lowest possible temperatures (pressures) of 235 °C

(0.35 MPa) and 235 °C (0.35 MPa) will be sufficient in both plants (10 kW and 5 kW) for generating
acceptable steam mass flow rates (0.00357 kg/s, 0.00178) and steam flow velocities (14.87 m/s, 7.43
m/s), respectively.

Temperature (pressure) range of 220 - 400 °C (0.35-4.2 MPa) was adequate for the designed 10 kW and
5 kW steam micro power plants.

Angular mild steel stand of 5 mm thickness cannot withstand the load due to low factor of safety (0.447),
while angular mild steel (10 mm) showed a good factor of safety of (1.79), which is highly adequate to
support the plant’s chamber. Therefore, any angular mild steel of diameter ranging 5 mm -10 mm would
be adequate. All other designed parameters (stress, strain, deflection, and thermal resistance) were within
the acceptable standard, this portrayed design adequacy.

Simulation analyses outcomes of the components of the micro steam power plant were in agreement to
that of conventional design.

viii. Designed temperature of 0- 400°C was clearly within the acceptable range and far from maximum

tolerable temperature of 1200°C.

ix. There are more heating effects inside the chamber and the heat loss is negligible. This shows that the
material can withstand the thermal effect even beyond 1200°C. Hence, the furnace chamber can operate
normally under temperature higher than of 400 °C.

X. Ability of the system to superheat from 450 to 1400.2 °C based onthe simulation results is an indication
that the maximum designed superheated temperature of 400- 450 °C could be accommodated.

xi. Heat flux (2.31 W/mm?) obtained from the design was conveniently within the range, which shows that
the design is workable.

xii. Locally sourcing of many materials and equipment used to develop the plant is an indication of
sustainability.
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