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ABSTRACT

This study seeks to propose a new model of hearth for the consumption of biogas produced by a biodigester of
4 m~3. The cylindrical furnace is used to heat an empty pot for 3 hours. To do this, the system is subdivided
into two sub-systems, the first is the flame, which heats the bottom of the pot. The latter is the second hottest
point. The developed network is composed of 8 isothermal points, interconnected by thermal resistances,
each of which represents a particular type of heat transfer mode. The resolution of the system required 8
differential equations. The modeling allowed us to appreciate the temperatures governing the system. The
experimental study proves an agreement with the model temperatures. Studies show that the cook stvoe’s
optimal thickness and height are respectively 18 mm and 09 cm. The heat ide the internal air of the kettle
is 220°C and the flame temperature is 900°C. The instantaneous efficiency of the cook stove obtained is
65%. In addition, a validation with literature data to confirm this study with maximmum gap of 5%, therefore
its adoption will lead to reducing the consumption of biogas and therefore have a positive impact on the woodcut.

Keywords: Biogas; cook stove; validation; energy performance.

2010 Mathematics Subject Classification: 53C25, 83C05, 57N16.

ABBREVIATIONS

ABBREVIATIONS
A1..A10 Area surface of the heating m?
a,b...j,k differents points in the stove kJ.L™1
D biogas flow L.s*
Cd coefficent de pertes de charge  Without unit
Cp Chaleur spefique W(mK)
h Heat transfer coefficient (W.m™2.K)
Ui—; Conduction heat transfer W.K™!
m Mass kg
PCI Power Calorific Value kJL™!
A Thermal conductivity (W.m™2.K)
p Density kg.m3
Ta...Tk Température °C,K
B coefficient of expansion °cc!
Gr Nombre de grasoft Without unit
Nu Number of nussselt Without unit
F Form Factor Sans unite
Ra Number of Raleigh Without unit
Pr Number of Prandtl Without unit
p Pression atm
o 5.6.1078 (W.m?K*)
Q,qcomsb Quantity of energy J
7 energy efficiency %

1 |NTRODUC|0N census [2] shows that 76.4% of households in Burkina

Faso use firewood and charcoal with a single hearth to

) ) cook food. Households using fuels (butane gas and
Households are the most dominant energy-consuming biogas) represent 16.1% in the country. The heavy

sector, accounting for around 80% of the country’s total  |gjiance on the use of single cook stoves which have
energy consumption [1]. According to the population
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a relatively low conversion rate of biomass to energy is
one of the factors contributing to the over-consumption
of biomass resulting in an increased rate of forest
degradation [3]. Butane gas is experiencing disruptions
in distribution, which are hampering its adoption
by households.  Given this situation, researching
technologies to improve the conversion of biomass to
energy in even a small country can have an overall
impact on the economy of available fuel. In this sense,
the Burkina Faso government has set up the National
Biodigester Program (PNB-BF) to offer an alternative to
fuelwood [4]. Thus, optimizing the energy consumption
of the household will allow the acceptance of the
biodigester technology in a household which can lead to
the adoption of biodigesters as the desired goal [5]. This
study was motivated by the need to assess stove energy
efficiency. The stove prototype is cylindrical in shape
with a burner containing a 3.5mm nozzle fed with 60%
methane biogas. The study focuses on modeling under
MATLAB R2021b by the thermal network approach and
experimentation. In the end, we will have the optimal
dimensions of an energy-efficient cook stove compared
to an existing.

2 MATERIALS AND METHODS

2.1

The system is subdivided into two subsystems
{a,b,c,d, k, h} et{d,e, f,g, h} The way it works is that

Presentation of the Model

—— Conductive transfer
Mle Rodiotion transfer

|/ convective transfer

(a) Physical model

the heat source point exchanges with points (a, b, c,
d, h, and k). The greatest exchange is with point (d)
which will later become the second hottest point. This
last point will exchange vice versa with the points (e,
f, 9), and the ambient medium (k). Point (d) acts as
a bridge between the two subsystems. Conduction was
studied between (h) and (a), considering the strong heat
coming from the burner at point (a) and the doubled
thickness of 14 mm between (a) and (h). The search
for the temperature of the internal air of the kettle is the
objective of the heating. The physical model and the
circuit allowing the discretization of the equations are
represented in Fig. 1a and 1b.

2.2 Simplifying Assumptions
Assumptions are adopted to simplify the modeling.
- The airflow is even in the burner

- The heat flux and temperature of
component are uniform at each time step

each

- The volume of air in the pot is constant

- The temperature of the outdoor air and the
fireplace is uniform and the same as that of the
floor

- Heat loss around fireplace does not affect room
temperature

- No mass transfer is considered

- The derivative is a function of the time in the
discretization.

(b) Temperatures network

Fig. 1. Study model and circuit of thermal network model in the discretization of spots hot
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(a) Study cook Stove

(b) Experimentation with the fireplace

Fig. 2. Type of stove and the complete experimentation device

2.3 Stove Presentation

The cook stove is constructed from 14 mm thick iron
and the pot is recycled aluminum. The height of the
hearth is 30 cm from the ground. With a radius of 15
cm and a height of the combustion chamber is 10 cm,
playing the role of the tunnel that can lead the hot gases
to the pot. It is designed on two levels, the first is the
combustion chamber with a diameter of 10 cm, and the
second allows housing the pot with a thickness of 2
cm. A 13 cm radius pot is designed to fit snugly into
the fire pit to prevent leaks. The pot has a lid of the
same material as the pot with a radius of 14 cm. The
cover covers it during the test to fit without any air intake
gap. The biogas arrives at the chimney with a 3.5 mm
diameter burner through a pipe from the biodigester. 09
thermocouples are used to take the temperatures which

are recorded in the mini data logger; The hearth device
is shown in Fig. 2a and that of the entire device from
Fig 2b for testing.

2.4 Fuel Quantity Calculation (fired-
biogas)

The amount of fuel is obtained by the equation of
Bernoulli’s theorem in fluids [6] presented in 2.1. With D,
the diameter of the burner (mm), p the pressure (kPa),
and p the density of the biogas (kg.m~2). The discharge
coefficient 0.9 is obtained from the Bernoulli diagram.
The loss coefficient is introduced to account for all
inefficiencies of the included flow tube effect € [0;1] [7]

Geomb = Qbiogas PCT = 0.0360dD2\/§PCI 2.1)

2.5 Numerical Study of the Thermal Efficiency of the Fireplace

The instantaneous efficiency is determined by considering the quotient of all the energies arriving on the kettle as
useful energy by the energy of combustion. The energy received by the pot is given by 2.2, avec i are the different

pot points.
Qu =

m;Cpi(T; — To)
Times

2.2)
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T is the value of the initial temperature which is at the same time the ambient value. The yield is now given by:

Qu

qcomb

n= 100 (2.3)

This function is entered into the program with the same time step as the temperature calculations.

2.6 Thermal Exchange at the Flame (node a)
The conservation equation of energy from burning biogas to heat the combustion chamber is:

dTC" y — T c —da
mcombcpcombi = AlFlQU(Tb Ta) N hlAl (T T )+

= 2.4
dt -"-141F1140'(CT§1 - T;l) + U1—8A1 (Th - Ta) + QComb ( )

The heat produced by the exothermic combustion of the gas is around 900°C, of which the specific heat of the

air mixing with the biogas is 0.9536 kJ/kg/°C [8]. Thus, the equation of this quantity of energy at the level of the
burner was calculated at 2.1

2.7 Heat Exchange at the Hearth Wall (node b)

The temperature of the wall of the furnace is close to the flame and calculated according in 2.5.

G @0 [ AsPno(To! = Ty) + haAo(Te = To) + AsFo (Ty — Ty)+ (2.5)
wivPuwl =g = +AsFoyo (T — T 4 ha Az (T — Tp) '
2.8 Heat Exchange at the Combustion Chamber (node c)
The heat balance in the combustion chamber is described in equation 2.6.
) AT | hiA(Te = Te) + haAx(Ty — Te)+
mazr,lcparr,l dt - |: +h1A4(Td _ Tc) (26)
2.9 Heat Exchange at the Base of the Kettle (node d)
The base of the firebox is the part in direct contact with the flame and the equation is presented in 2.7
dT A4F‘410’(T,§1 — T;) =+ h1A4(Tc — Td)+
mpotcppotT: = | +AF00(Ty — T3) + AsFuso(Td — Ty)+ (2.7)
+hoAs(Ty — Ta) + AsFuzo(Ty — T7)
2.10 Thermal Exchanges at the Level of the Pot Thickness (node e)
The energy balance between the walls of the pot and the other points is presented by 2.8.
T AeFs40(T3 — T 4+ ho A (Ty — Te)+
mpotcppotT; = | +AcFs70(Ty) —T2) + ArFo (T — T2)+ (2.8)
+hsA7 (T, — Te)
2.11 Heat Exchange Inside the Pot(node f)
The pot is empty, the air is heated whose energy balance equation is 2.9.
A dTy [ hoAs(Ta—Ty) + hoAs(Te — Ty)+
mazr,ZCpazr,2 dt - |: +h2A8(Tg _ Tf) (29)
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2.12 Heat Exchange at the Pot Lid (node g)

The heat balance on the lid of the pot is given in 2.10.

mcovercpcover

2.13 Heat Exchange at the Cook
Stove Base (node h)

The lining of the base of the fireplace reduces the heat
transfer from the burner to the bottom of the fireplace.
The energy balance at the bottom of the fireplace, i.e.
the most insulated part of the fireplace, is presented in
2.11.

dTyw | hoAwo(Tk — Th)+

—_— = 2.11
dt +AwFo(T — Ty) @)

Moy, 2 pr,Q

2.14 Determining the Constants

The constants follow the three modes of heat transfer.
The conduction considered at the bottom of the focus is
given by 2.12.

(2.12)

€hase
With Ki.on, the conductivity of iron and epqse is the
thickness of the firebox.
The form factor to calculate the radiation coefficient
between two points i and j are given by 2.13.

1

+5(2-)
F;; is the shape factor between the surface of S; and S;
€4, £; are the permissivities of the surfaces. The focus is
a black body so ¢ is 1 and that of the pot (aluminum) is
0.8. After reduction, the radiative exchange coefficient
between two bridges becomes 2.14

Fijeq =

(2.13)

1

€q

1 i_l
Fi;

1+ L

hT’i_j :O'&‘(le—FT’]Z)(TZ—‘—TJ) (214)
The interior of the combustion chamber having the
shape of a tube whose D < L is in natural convection.
The Nusselt number is given by the relation 2.15

Nuy = 0.023Re®3(1 + (/L))" " 0.6851/3)  (2.15)

The interior of the empty pot and the surrounding
medium are in natural convection [9] so the Nusseelt
number is given by the relation 2.16.

Nuy = 0.54(Gr Pr)©2% (2.16)

ATy, _ [ hoAs(Ty = Ty) + AsFrso(T) — T,)+
dt +AoFo (T — T)) + AsFrao(Ty — Ty) + haAo(Th — Ty)

21

(2.10)

The rest of the constants, namely the number of
Grassoft Gr, prandlt, thermal expansion 3, and the
coefficient h of convection are given in 2.17 and 2.18

3 2
Gr=TL7" p, _ —“ip (2.17)
W
g=1/T;n =K (2.18)

L

2.15 Model Validation

The numerical validation consisted in retrieving the
author's numerical data and finding a polynomial
equation describing these data [10] according to 2.19.

......... +ao  (2.19)

n n—1 1
Y = anT + An—1T +ai1x” +

With a the coefficients and n the degree of the
polynomial. This polynomial is implemented under
Matlab in order to determine the errors committed on
the results with the static formula RMSE (Root Mean
Square Error) [11] present in 2.20

RMSE = \j

yexp are the collected measurements, ysim are the data
predicted by the model, 6 represents the parameters to
be determined and N is the number of measurements.

1

¥ 2 Wesn () = yaim (£1,0))  (2.20)

2.16 Numerical Resolution Procedure

Partial derivative equations are reduced to a system of
algebraic equations. The dimensions of the hearth are
considered in our calculation code. We proceed to read
the coefficients These elements allow us to calculate
the first four terms (k1, k2, k3, and k4) from RUNGE
KUTTA to 7'(¢). Then the temperature value T'(i + 1) is
determined explicitly and so on the program runs over
multiple numbers of steps. A total of eight temperatures
are to be determined with a for loop until the time of
n — 1 before displaying the results. When a solution
of the temperatures foresees unsatisfactory results in a
region, a modification of the time step is made. With
several attempts, a time step of 0.1 second is retained.
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3 RESULTS AND DISCUSSION

3.1 Presentation of Results

The figures below show the evolution of all 08
experimental and simulation temperatures as a function
of time.

The presented flame temperatures Ta 3a reach their
maximum at 900 °C at t= 500 seconds and remain
stable. This good result in the quality of the biogas
raised 60% of C' H4 according to the work of Jiang [12]
whose PCl = 37.78 kJ.L~*. The 3.5 mm nozzle burner
factor achieves this result by helping to obtain a good
air-fuel mixture [13]. The simulated and experimental
temperature Tb in Fig. 3b obtain values of 500 °C
and 465 °C respectively. This result is favored by the
thermal inertia created by the burner thickness of 14mm
[14]. Also, the 13 cm diameter of the fireplace allows
the flame temperature to touch the walls, increasing
its temperature. The Fig. 4a of the combustion
chamber temperatures Tc are found at t=10 min at T=
600 °C. The characteristics of the fireplace, namely its
thickness, diameter, and height, lead to this result. The
height of 10 cm and diameter of 13 cm gives a reduced
volume to be heated. Also, the cylindrical shape fits
well with the pot avoiding the renewal of the air in the
room. The curves in Fig. 4b show a slow evolution to
reach values to reach its maximum of Td =500 °C at t
= 500s. We find that the heat transfers in the enclosure
are influenced by the increase in the heat flux of the
burner. Thus, the hot air from the chamber is directed
directly to the base of this pot keeping its temperature
high at 500°C. Moreover, we see that the temperature
of the pot base presented in fig. 4b is not different
from that of the flame and this explains a good transfer
of heat towards the pot. The temperature curves of
the air inside Fig 6a the pot reached a maximum of
220°C. Nevertheless, we notice a difference between
this temperature and that of 900°C. This is due either to
losses related to the characteristics of the pot (thickness
= 2mm, aluminium) or to the continuous renewal of
the air within the pot. Looking for a steel pot would
yield better results. This result is sufficient to cook
any type of meal according to the work of bastista [15].
Bagaya et al [16] on hotplates found a temperature of
408.2 °C and sufficient to prepare any type of food.
The curves in Fig. 5a and 5b show respectively the
temperatures of the lid and the thickness of the pot.
We observe temperatures of 400°C. These results also
represent losses dissipated by the pot. This result

22

shows that the pot has low thermal inertia [17]. The
Fig. 6b shows the temperatures of the hearth base
corresponding to the losses due to the wall of the
hearth. The temperature of the loss The in Fig. 6b is
around 60 °C which is progress and similar to the work
of Sagouong [18] whose result of the parietal loss This
80 °C. This result that the thickness of 14 mm doubled
at the base of the hearth made it possible to preserve
the temperature within the combustion chamber. This
good result makes it possible to reduce the loss of
heat which is the problem of open hearths [19]. The
experimental temperatures give a good look with the
simulated temperatures showing a good prediction of
the reduction of heat losses.

3.2 Study Validation

Fig. 7a represents the study of the hottest temperature
validation of the hearth between our study and that
of sagnoug. Both studies used the RUNGE KUTTA
method implemented in MATLAB. The temperature of
the Sagouong flame is 750K and 802K for our study at
time t = 150s. This observed difference between the
two flames is justified by the heat source of the two
studies, i.e. the nature of the hearth according to the
work of Kausley et al. [20]. Our heat source is biogas
fuel and that of Sagouong is coal. This delay, ignition
leads to low heat production without forgetting the PCI
of coal lower than the PCI of biogas [21]. Also, our
black colored steel hearth reduces losses compared to
the aluminum author’s hearth. The two curves stabilize
around 800K after 400 seconds of simulation. The
comparison of the calculation error between the two
studies is 0.4 K at the end of time t = 800 seconds.
We can say that our simulated curve admits the same
pace as that obtained by Sagouong [18] proving the
effectiveness of the RUNGE KUTTA model. The curves
in Fig. 7b show the efficiency of our study and that of
Khaushik in a time of 10800 seconds. At t= 0s the 7
is and 0%, 15% respectively for our study and that of
the author. After a time t = 6000s the performance of
our study is 50% and that of Kaushik [22]is 49%. It is
from this time of 600 seconds that an error deviation
(RMSE) of 4% is created with our study. The author’s
study is superior to our study and this is due to his
CFD digital model used, i.e. the ceramic which is
the protective insulation of the fireplace. Sowgath
showed that CFD is a somewhat simplified structure for
analyzing temperature profiles [23]. Also, this author
has shown that the results of a study can vary from
one software to another due to its flexibility to interact
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with subroutines and the consideration of simplifying
assumptions. The experimental and simulation figures
at the level of the flame show a variation of 900
°C at 850 °C at t=2000s. After this time the two
are in agreement with a difference of 3%. For the
other experiments, the greatest deviation of 5.75% is
observed at the level of temperature (Tc). These

o

% m=Ta [Runge kutta]
g 600 m=Ta [Experience]
s

§

g 400

5

3

200

o

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Cooking time ( seconds )

(a) Flame

differences are due to the phenomenon of the wind
sometimes creating a vortex effect in the combustion
chamber during the experiment and the renewal of the
air in the pot. On the whole, the values predicted by

the model are acceptable and provide a solution for the
manufacture of stoves.

G500

& m=Th [Runge kutta]
£400 | ==Th [Experience]
®

& 300

E

8200]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
cooking time ( secondes )

(b) Firebox wall

Fig. 3. Flame temperatures and the thickness of the hearth

a
2
S

C,
@
3
S

muTd [Runge kutta]
wuTd [Experience]

Temperature(°C)
Now B
g 8 &
g 8 8

=
3

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

Cooking time ( seconds)

(b) Pot base wall

Fig. 4. Combustion chamber temperatures and the base of the pot

Esno mmTc [Runge kutta]
g m m=Tc [Experience]
£

& 300

E
& 200

100}

(1] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
cooking time ( seconds )
(a) Combustion chamber

500

6400

==Tg [Runge kutta]
waTg [Experience]

Temperature (

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Cooking time ( seconds)

(a) Lid

==Te [Runge kutta]
==Te [Experience]

Temperature(°C)

0

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Cooking time ( seconds )

(b) Vertical wall of the pot

Fig. 5. Lid temperatures and the vertical thickness of the pot
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~
=1
=

o

<
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2 == Tf [Runge kutta]
i}
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(a) Internal pot temperature
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(b) Base wall of the fireplace

Fig. 6. Pot internal air temperatures and the firebox base
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=
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(b) Energy efficiency validation

Fig. 7. Flame temperature validation with the numerical model of Sagouong et al and thermal efficiency
validation with the Khaushik LK et al model
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(b) Insulation temperature

Fig. 8. Impact of thickness on thermal performance and the firebox base temperature

Influence of Stove Thickness

Fig. 8b shows the influence of the thickness on the
energy loss by the base of the cook stove called the
insulation. Fig. 8a presents the thermal efficiency. For

24

a thickness e=14 mm, the efficiency is approximately
65% and the base temperature is 45 °C.

In general, the increase in thickness leads to a gain
in thermal efficiency and a reduction in energy losses
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Fig. 9. Impact of chamber height on internal pot temperature and energy efficiency

to the environment. On the other hand, a thickness
of less than 10 mm results in a yield of 25 % and a
loss of up to 100 °C. This is because the thickness
allows control of the thermal inertia of the cook stove.
The conduction studied at point (h) shows that for a
thickness of 8 mm the temperature Th is at 115 °C in
03h. This can also be explained by the fact that the
heat transfers by conduction between the center of the
hearth enclosure and the wall of the hearth becomes
weak if the thickness of the hearth is high and strong
if the thickness becomes more and more strong. For a
thickness e = 18 mm the energy efficiency reaches 90%
which means a quantity of energy is sent to the pot. The
optimal thickness is e=18mm beyond which no energy
is observed as shown in the Fig. 8a.

3.4 Influence of
Chamber Height
The curves in Fig. 9 show the evolution of the

temperature in the kettle and the efficiency as a function
of time.

Combustion

With an increase in the height of the combustion
chamber, the flame does not reach the bottom of the
pot. This results in a large combustion chamber surface
area, which reduces wall temperatures. Therefore, the
height leads to a decrease in thermal efficiency. With a
height H = 14 cm the n = 40%, H= 10 cm 5 = 65%, and
H=10 n = 70% the temperature. This shows the lower
the height, the closer the pot is to the flame, therefore
a high thermal gradient (Ta=900°C) is recovered by
the pot. The optimal height is H= 9 cm beyond that,
there is no longer any gain illustrated in curve 9b. This
means from 9 cm all the energy detectable by the pot is
reached.
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4 CONCLUSION

This work, the objective of which was to propose a
prototype of an energy efficient- biogas stove, has
yielded results. The cook stove studied numerically
under MATLAB R2021b gave results in line with the
experiment. The biogas flame reached a temperature
of 900 °C and the combustion chamber around 600
°C.The temperature of the interior air in the pot reached
is 220 °C which can cook a meal according to the work
of Shen [24]. The instantaneous thermal efficiency of
the fireplace is 65%. It appears from this study that the
optimal height of the combustion chamber is 09 cm and
the optimal thickness is 18 mm. Numerical validation
with the literature [22] gives agreement with a maximum
car of 6%. This result is better compared to Bagaya'’s
study [16] on the biogas stove, for which n = 55%,
therefore acceptable according to the literature [25].
However, the energy performance of the home will drop
in a busy kitchen, but its adoption by a cooking stove is
already an important step in reducing wood cutting in
Burkina Faso.
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