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Abstract

Thermal mass, defined as the capacity of materials to absorb, store, and radiate heat, plays a critical role in improving the efficiency of biomass
cookstoves. This study evaluates the integration of clay liners into charcoal cookstove designs using three methods: analytical modeling, Open-
FOAM simulations, and electrical-analogy modeling. Radiation modeling between clay-lined combustion chamber surfaces and the cooking
pot was validated experimentally by testing four Jiko-type cookstoves — which featured combustion chambers of different shapes but identical
top inner diameters — against a traditional metal stove. ISO Water Heating Tests and Controlled Cooking Tests (CCT) were conducted. Results
revealed that the net radiative heat transfer to the pot remained consistent (153 W * 0.5%), very slightly affected by combustion chamber
shape. However, chamber volume and fuel burn duration significantly influenced performance. Clay-lined stoves exhibited 32-59% higher
ISO thermal efficiency than metal stoves and achieved 34-47% fuel savings during standard cooking tasks. Notably, inverted-truncated-cone
designs achieved 20% greater thermal efficiency than right-circular-cylinder configurations; this improvement is attributable to their reduced
volumetric capacity and their resulting fuel economy during CCT. Additionally, the clay lining’s radiative effect intensifies over time, resulting in
an increase in thermal efficiency of up to 30% during the transition from cold-start to hot-start operational phases.
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1. Introduction

Biomass remains a vital source of energy for heating and cook-
ing in many countries, with global consumption reaching 34
exajoules (EJ) in 2023 [1-3]. Notably, 17% of all fuelwoods
harvested in the world are converted into charcoal, producing
an estimated 54.7 million tons annually—of which 64% is con-

sumed in Africa alone [4]. However, the reliance on inefficient,
low-quality stoves for charcoal combustion has three severe
consequences: (1) environmental degradation as overharvest-
ing of wood for charcoal production accelerates deforestation
and climate change [3-5], (2) health hazards with incomplete
combustion releasing harmful pollutants as carbon monoxide
(CO) and particulate matters (PM, ), linked to respiratory
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diseases [1,6,7], and (3) economic burdens, where fuel expenses
can consume up to 40% of household income [8-10]. Addressing
these issues requires transformative solutions, and one promising
approach leverages an age-old principle: thermal mass [11]. By
integrating materials that absorb, store, and gradually release heat,
charcoal cookstoves can transform into sustainable powerhouses,
reducing emissions, lowering costs and improving livelihoods, par-
ticularly for women [1,3].

In cookstoves, thermal mass materials (e.g., clay and ceramics) act
as “heat batteries”, stabilizing temperatures and extending cooking
cycles. A clay-lined stove retains heat long after the charcoal burns
out, enabling simmering without additional fuel [5,12]. Studies,
such as those on Kenya’s ceramic Jiko stoves [8,13], demonstrate 30-
50% reductions in charcoal use while also reducing emissions. This
effect is likewise present in rocket stoves with heat banks that are
used as space heating alternatives in sustainable home design, natu-
ral building, or off-grid living [14,15]. Other real-world applications
refer to hybrid designs prototypes that integrate thermal mass with
solar energy for heat storage during non-sunny periods [11].

Existing literature on biomass cookstoves [16-18] underscores the
importance of material selection in stoves performance. Clay, a
widely available and sustainable material [10], is recognized for en-
hancing combustion chamber efficiency. Studies by Still et al. [18,19]
showed that ceramic mixes made from clay insulation and common
ceramic bricks for rocket wood-burning stoves combustion cham-
bers achieve higher exit gas temperatures. Similarly, Odesola et
al. [12] in 2019 and Boafo-Mensah et al. [5]in 2020, reported that
ceramic clay linings improve combustion chamber performance.
However, the integration of clay as thermal mass in stove design
encounters significant challenges, primarily due to its high density,
which contributes to increased stove weight and elevated produc-
tion costs [20]. Drawing on a synthesis of prior research, Irro et al.
[21] emphasized that stoves built from heavyweight materials may
be more fuel consuming, as a portion of useful heat is absorbed by
the material itself, reducing fuel efficiency. Recent works have ex-
plored lightweight alternatives. For instance, Okino et al. in 2021
[22] and Kyuvi et al. in 2023 [20] demonstrated that incorporating
carbonized organic waste additives (e.g., sawdust, char) into clay
matrices can improve insulation properties by reducing bulk den-
sity and increasing porosity during the firing process. Additionally,
lightweight insulation materials, such as perlite, vermiculite, and
ceramic wool, have also shown promise in enabling high-efficien-
cy, low-mass stove designs [23]. Nevertheless, scalability barriers
persist in low-income regions, where reliance on these imported
materials imposes prohibitive costs, thereby limiting their economic
viability and geographic accessibility [13]. By contrast, clay-lined
stoves remain a culturally adapted, low-tech and low-cost solution,
solidifying their role as a cornerstone of clean cooking interventions

(5].

To be effective, thermal mass must be combined with other passive
design principles - such as optimized geometry and surface orien-

tation [5,11,21,23]. Despite progress in thermal science and cook-
stove engineering, critical knowledge gaps persist in understanding
thermal-mass mechanisms, particularly (i) modeling heat storage
and radiative exchange between clay-lined combustion-chamber
surfaces and the cooking pot, and (ii) analyzing how stove com-
bustion-chamber geometry (shape, volume) and pot configuration
affect performance. This study addresses these gaps through a dual
approach: (1) Modeling—analytical, numerical (OpenFOAM-based
CFD), and electrical analogy methods are employed to analyze
transient heat conduction, radiative transfer, and system dynamics.
In this work, the electrical-analogy model provides a state-space
description of the cookstove’s thermal system, with heat-storage el-
ements as state variables, while a radiative model quantifies heat ex-
change between passive surfaces. (2) Experimentation: Four cook-
stove prototypes are evaluated against the traditional metal model
using ISO 19867-1 Water Heating Tests (thermal efficiency) [24]
and Controlled Cooking Tests (fuel savings) [25], with a focus on
inverted-truncated-cone versus cylindrical combustion chambers.

This work aims to advance scalable, low-cost, and high efficiency
cookstoves by elucidating heat storage dynamics and radiative
transfer mechanisms. The paper is structured as follows: Section 2
details the materials and methods; Section 3 presents the results and
discussions. Section 4 outlines limitations of this work, and Section
5 is devoted to conclusions.

2. Material and Method

2.1. Transient heat conduction modeling

2.1. 1. A 1-D simplified analytical model in thermal mass

Thermal mass modulates thermal energy storage by absorbing and
releasing heat in response to temperature fluctuations. This section
examines how placing thermal mass near the fire affects its thermal
response. The transient conduction behavior of the thermal mass
can be modeled as one-dimensional heat conduction through a slab,
assuming no internal heat generation and time-dependent tempera-
ture variation at one boundary [26-30].

The transient heat diffusion equation is:

0T 0°T
ot % 0ex 1)

where a is the thermal diffusivity of the material (m* * s™) such as
a = k/oc ,and k is its thermal conductivity (W « m™ + K" ), pits
density ( kg + m™), cits specific thermal capacity ( J + kg' « K').

The system is governed by the following conditions:

g for t =0 (steady - state in the slab)
T(O,t)={ o for 0<t<oo (2)
k8L = T(L Y- T ] ()

X
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T(x,0) = f(x), for0 <x < L (4)

Prior to t = 0, the inner surface of the slab (x = 0) was maintained at
a constant temperature, B , determined by a surface energy balance
[27], while the back-side surface (x=L) was subjected to convec-
tive heat transfer. The heating duration was sufficient to establish a
steady-state temperature distribution within the slab. Then, for t >
0, the temperature at x=0 begins to decrease as a function of time,
¢(t), while the boundary at x=L remains under convective condi-
tions. The heat transfer coefficient is denoted by h (W - m™* - K")
and the ambient temperature T.. (K).

For time-dependent boundary conditions, the solution can be de-
rived using Duhamel’s theorem [28]. However, if the conduction
problem involves a non-zero initial temperature distribution, the
superposition principle may be employed to obtain the solution
[31,32]. The complete analytical solution to this problem (Equation
(5)) is presented in Appendix A.

Bi

T(X)t)z (T(O)t)_Tm) ° (1 (1+Bl) L)+Too
« 2T(0,t), I Bi(.L WL-sinp,L) | )
+Zn:140£(u“2)3 1-cosp,L+ it (iof%i)unL W (e - 1)sinL.x

(5)

Here the p,L are the typical roots to the transcendental equation:
tanpL = —%uL (6)

with Bi the Biot number, by definition Bi = —L, and p., the eigen-
values of the problem. The term T(0,t),. represents the derivative
of T(0,t) in respect with time.

The Robin boundary condition (or convection-type boundary
condition) is a general case that encompasses the Neumann con-
dition, Wthh corresponds to specifying the heat flux at the back
surface 9n(L t) as zero (an insulated boundary). This special case
is obtained by setting h = 0, which results in Bi = 0. Under these
condltlons, the roots of the transcendental Equation (6) simplify to
L = [27]

Table 1 presents the solutions for the transient temperature distribu-
tion in the slab when a linearly decreasing temperature is imposed
over time at the boundary surface x = 0.

for t =0 (steady - state was attained)

|B-T.|

B
T(O,t):{ At+B for 0<t<—%—, A negative

™)

Table 1. Temperature distribution within a slab under the condition of a linearly time-dependent
temperature decrease imposed at one boundary surface.

Initial condition: steady state in the slab,
T(0,t) = At+ B (atx=0)
Type of boundary conditionat x =L

Convection
(Robin b.c’s)

Zero heat flux / end insulated
(Neumann b.c’s)

- 2AL
20 a(u.L)’

T(x,t) = (At+B) +

Temperature distribution

T(xt) = (At + B-T.)

. ( + -Te
B1(unL cosé L- 31}1 u,,2 ] Wi )si
(1+Bi)p,L - L/siniaX

o (e G
n=1 n3

1-cosu,L+

16AL°
3

! )sin(15)

2.1.2. Heat transfer OpenFOAM-based numerical simulations

OpenFOAM is a free, open-source computational fluid dynamics
(CFD) software based on finite volume method and implemented
in C++ [33,34]. Among its applications, the LaplacianFoam solver
is specifically designed to simulate diffusion-driven scalar transport
phenomena in both transient and steady-state forms. Unlike many
commercial CFD packages, OpenFOAM employs a case-based
file-structure rather than a single case file [35]. The geometry can be
generated by defining the mesh in the file system’s blockMeshDict.
The 0 directory contains the initial and boundary conditions for the
simulation. The constant directory, in turn, contains files related to
the physics of the problem. To implement convective boundary con-
ditions in laplacianFoam, the swak4Foam library is required. This
provides the groovyBC utility, which offers considerable flexibility

for complex simulations [36,37]. Time control and solution I/O pa-
rameters are specified in system/controlDict, which also manages
access to the groovyBC library. The system/fvSchemes dictionary
configures numerical finite-volume discretization schemes, with
temporal terms defaulting to the Euler method. The linear equation
solver (default: GAMG) and other algorithmic controls are specified
in the system/fvSolution dictionary.

2.1.3. Thermal modeling using electrical analogy

The thermal-electrical analogy provides deeper information that
analytical models and experimental tests cannot obtain, particularly
for determining heat fluxes and stored energy [26,38,39]. Unlike
complex CFD modeling, this approach enables efficient unsteady
heat transfer simulations without requiring fine computational
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meshes or time-consuming procedures [38,39]. Table 2 summarizes
the key analogies between thermal and electrical concepts.

Table 2. The two pairs of analogy between thermal and electrical
equations [26,39]

Thermal Electrical

1) Fourier’s law: =

. Ohmslaw: 1(t) =
Qo = KAt

2V (1)

2) Heat equation applied to a body:

dT(t)_Q() C

Charge of a capacitor:

dV(t) 10

me,

The first pair of equations establishes a direct thermal-electrical
analogy between one-dimensional Fouriers law (governing ther-
mal conduction) and Ohm’s law (governing electrical conduction)
[26,39]. Fourier’s law expresses the conductive heat flux as Q)
proportional to the temperature gradient AT (t), and inversely pro-
portional to the thermal resistance, with the proportionality con-
stant defined by the material’s thermal conductivity, , cross-sectional
area, A , and characteristic length, 1. Analogously, Ohm’s law relates
electric current I(t) to voltage V(t) through electrical resistance R.

The second pair of equations formalize the analogy between thermal
energy storage and electrical charge storage. Thermal energy storage
is quantified as the heat capacity C = m__ (the product of mass, m,
and specific heat capacity, ¢ ) multlphed by the temporal derivative
of temperature dT_ This corresponds to the heat flux (Q(t)) re-
quired to induce temperature changes Similarly, the charge storage
in a capacitor is governed by ¥ _y(1) where C is the capaci-

tance and I(t) is the current driving voltage changes.

While the lumped-capacitance approach simplifies transient ther-
mal analysis, its validity depends critically on the Biot number
(Bi < 1), which ensures negligible internal temperature gradients
by assuming uniform temperature distribution within the object
[26,27].

Following the methodology of Ramirez-Laboreo et al. [39], the
cookstove is modeled as three components: the heating element
(charcoal bed), the insulating element (clay), and the external clad-
ding (stainless steel foil). In our readapted model diagram (Figure
(1)), the heating element generates power to maintain a prescribed
surface temperature T (t) on the internal cavity. The insulating ele-
ment (clay) is characterized by thermal resistance R, the cladding
(stainless steel foil) by thermal resistance R, and the ambience by
resistance to convection R..

I R R

i

Figure 1. The heating element generates power, maintaining a
time-dependent surface temperature T (t) on the internal cavity that
increases through resistance R, the temperature of the insulating ele-
ment T, (modeled as capacitor C ). The insulation partially transfers
through resistance R, some energy to the cladding of the cooking
stove (modeled as C)). Finally, a fraction of the power dissipates to
ambient temperature T through external resistance R,

For a cylindrical cookstove, the thermal resistances are defined as:

Ro= 2w
®)
where r, r ,and r_ represent the combustion chamber radius, insu-

lator outer radius, and cladding outer radius, respectively; 1 is the
chamber height, and h is the convective heat transfer coefficient.

The thermal capacitances for the insulator (C,) and cladding (C))
are:

C] = 0O 7f(r(2‘1 - r,z) lel Cz = pﬂt(rf, - ril)lcpz (9)

where p,, 0. are material densities, and ¢, , c,. are specific heat
capacities.

The system is modeled in state-space form using Kirchhoft’s
rules, with the temperatures of the insulator and the cladding
T,(t), T.(t)as state variables. The input is the imposed surface
temperature T, (t) , and the disturbance is ambient temperature T _
[39]:

[T.m _ (crx*er) cle [T o] |[cr 0 [Ts(t)]
Lol o {crx+cer) ol Ton o I
[yl(t)]_ 1 0][T1(t) (10)
y2()] 10 1Ty (t) (11)
Here, the state vector, x =][eT,(t);T.(t)]the output vector,

=[y:(£);y:(t) ], and U =[T.(t); T (t) ] the input vector defines a
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linear time-invariant (LTI) system. In Equation 11, the feedthrough
matrix is the zero matrix as inputs x = [T, (t); T (t) | directly affect
states but have no feedthrough to outputs. This state-space formula-
tion enables numerical simulation via MATLAB/Simulink, leverag-
ing its graphical interface for dynamic system analysis.

To analyze the stability of the state-space system, we first derive
the characteristic equation from the state matrix and then construct
the Routh table for this second-order system. From Equation (10),
the eigenvalues (\) of the system matrix satisfy:

2 1 1 1 1 1 /1 1 1 _
A%c&+cxﬁwmc+Q&ﬁ+ocAmm+mm+R3Q—?
12

The Routh-Hurwitz criterion verifies that:

. All coeflicients of the polynomial are present and share
the same sign since C,,C,, Ri,R,R5 >0

. The first column of the Routh table exhibits no sign
changes.

However, for our second-order system, this simplifies to a direct
search for the roots (poles) of the characteristic equation. The A
discriminant, after expansion and simplification, gives:

A_( Lo, 111 f+ 4
- C1R1 C]Rz CZRZ C2R3 C1C2R§ (13)

In our case, since A > 0 (because of the presence of a squared term),
this implies two distinct real roots, both strictly negative (since all
coeflicients in Equation (12) are positive). Thus, the system is as-
ymptotically stable.

2.2. Radiation modeling between surfaces
2.2.1. Design specifications of cookstoves samples

Figure 2 shows four examples of batch-loaded charcoal stoves used
to evaluate the radiative heat transfer from the combustion chamber
lining to the pot bottom. These Jiko-type ceramic stoves were devel-
oped by a microenterprise initiative, supported by the Center for In-
ternational Forestry Research (CIFOR) and the World Agroforestry
Centre (ICRAF), to produce improved cookstoves in Kisangani, the
Democratic Republic of Congo. The stoves are made from sheet
metal framework with clay thermal insulation [21] for the combus-
tion chamber and a perforated base, so air flow can be controlled be-
neath the grate by a door [5]. Metal fixtures mounted on the stoves
bear the weight of the cooking pot and allow air to circulate through
a small gap between the pot and the top of the combustion cham-
ber. Combustion chambers (CC) occur in two forms: right-circular
cylinders and inverted truncated cones (ITC). The traditional refer-
ence cookstove shown in Figure 2 was constructed from repurposed
sheet metal. Its combustion chamber, 29 cm in diameter and 8 cm
in height, is entirely covered with ventilation holes approximately 1

cm in diameter, regularly spaced at 0.5 cm intervals. The geometric
details for all stoves are provided in Table 3.

(1) (2)
AFBC-KIS BOYOMA
CC shape : cylindrical CC shape : Inverted truncated
cone

STOVE/POT system
configuration

(3) (4) I'RADITIONAL
JIKO BUTEMBO ORGABEN - Reference for Controlle
CC shape : Inverted CC shape : cylindrical

truncated cone Cooking Tests-

CC : Combustion chamber

Figure 2. Models of charcoal cookstoves

Table 3. Geometrical specifications of ceramic cookstoves models

AFBC JIKO

Description KIS BOYOMA _BUTEMBO ORBAGEN
Combustion . .
Chamber shape Cylinder IT Cone IT Cone Cylinder
CC up inner 0.100 0.100 0.100 0.100
radius (m)
CClow inner 0.100 0.080 0.080 0.100
radius (m)
CC depth (m) 0.070 0.080 0.070 0.100
CC volume (ms) 0.00220 0.00204 0.00178 0.00314
Insulation
thickness (m) 0.040 0.050 0.040 0.040
Number of grate 19 18 20 17
holes
Diameter of 0.018 0.018 0.018 0.018
holes (m)
Cladding 0.001 0.001 0.001 0.001
thickness (m)
Pot supports
height (m) 0.010 0.010 0.010 0.010
Door
. . 0.160 x 0.060  0.150 x 0.050 0.130x0.070  0.130 x 0.060
dimensions (m)
Stove height (m) 0.230 0.230 0.230 0.230
Stove weight 6.5 7.2 56 45
(kg)
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2.2.2. Analysis of radiation exchange between passive surfaces

Radiation constitutes the dominant mechanism of heat transfer to
cooking pots in charcoal-fueled cookstoves [40]. Geometric param-
eters — including combustion chamber geometry (shape, depth, and
diameter) and pot support height — are accounted for by a dimen-
sionless geometric parameter called the “view factor”. This factor
represents the fraction of the total incident radiation intercepted by
the target surface [26,27,41-43]. The radiative heat transfer from the
char bed using radiative network method is proposed in Zube [43]:

OA ( Tchar T; )
1 - Echar 2
€ char 1+ Fcharrpot

(char = (14)

where o is the Stefan-Boltzmann constant, €. the emissivity of
char, Fuupe the view factor, A, the pot bottom surface area, T,
the temperature of the pot, and Te.. the temperature of the charcoal
bed.

However, the intensity of radiative heat transfer from the char bed
diminishes as the fuel in the combustion chamber is depleted. As
this occurs, the thermal energy absorbed by the pot becomes in-
creasingly governed by radiation emitted from the ember bed and
by contributions from the interior surfaces of the combustion cham-
ber. As depicted in Figure 3, the combustion chamber-pot config-
uration can be approximated as an inverted truncated cone (or a
right-circular cylinder) that radiates onto a coaxially aligned disk
located at a distance L. The system comprises three surfaces of inter-
est, each characterized by distinct thermal and radiative properties:
the combustion chamber side surface s of area A, at temperature
T, with emissivity €., the grate surface g of area A, at temperature
T, with emissivity €,, and the pot base surface p of area A, at
temperature T, with emissivity €,. The effective emissivity of the
grate requires correction to account for radiative losses through its
apertures, because a fraction of the incident irradiation is transmit-
ted and dissipated.

L}

1

I ™
'—)

hol \
i : Combu stion chamber
H side surface (Te, Ag, €5)

grate sur face (T, Ay, fq)'

pot base sur face (T, Ap, Fp)

Figure 3. Combustion chamber - pot base surface configuration

Prior to evaluate radiative exchange between passive surfaces, sever-
al simplifying assumptions must be adopted [26,27]: (1) steady-state
conditions prevail, implying time-invariant thermal behavior; (2)
convective heat transfer is negligible compared to radiative transfer;
(3) surfaces are gray and diffuse emitters and reflectors; (4) each

surface in the cavity is isothermal, with spatially uniform radiosity
and irradiation; (5) the medium within the enclosure is taken to be
nonparticipating (a condition that becomes increasingly valid as
fuel depletion progresses in the combustion chamber).

The radiative heat transfer analysis is initiated by calculating the geo-
metric view factors between relevant surfaces. First, the view factor
Fy -enrance » Tepresenting the radiative exchange between the pot’s base
and the combustion chamber entrance, is computed. Subsequently,
the view factor, F,.; quantifying radiative interactions between the
pots base and the combustion-chamber grate, is determined. To
facilitate analytical evaluation of these view factors, the combustion
chamber entrance is approximated as a hypothetical circular surface
with radiusrp .

The equation of the view factor F; for two coaxial parallel disks i
and j, with respectively radius of r; and 1; is given [26,27,42]:

1+R;
R

Ri:ri/L, Rjzr,-/L,

4(r/ry 1}

S=1+

F=2{S-[
(15)

After finding F, cwanee and F,.,, we can use the summation rule to
determine F,., the view factor from the pot to the side wall. From
the summation rule: F,.. = F, cuance — Fy-p and from reciprocity rule,
we can additionally determine view factors, from the side wall to the
pot F.,,, from the side wall to the grate, F..;, and from the grate to
the pot, F,, .

Using the direct approach in [26,27,42], we can write for each of the
three surfaces s, pand g

Ji-J;

oTu-J:
(1-e)/(eA) ~ EFM’QZ 1/(AFy) (16)

where the J; are the radiosities (emission + reflected irradiation) of
each surface.

Equation (16) defines the radiative energy balance for the system.
The left-hand side describes the radiative flux emitted by the surface,
characterized by its surface resistance (1 - €;)€;A; term. This term
is set equal to the right-hand side, which accounts for the net radi-
ative exchange between the surface and all other surfaces via their
corresponding geometrical resistances. The resulting formulation
yields a system of three coupled linear algebraic equations that can
be solved simultaneously for the unknown radiosities, J,, J,, and J,.
Once the radiosities are obtained, the net radiative heat transfer rate
q: for each surface can be computed using:

oT!-J;

9= T e)/(eA) 17)
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2.2.3. Cookstoves performances and testing methods

To evaluate the impact of stove-pot configuration on radiation
transfer to cooking pot, we conducted ISO 19867-1:2018(F) Water
Heating Tests [24] and Controlled Cooking Tests [24,25]. The net
calorific value of the charcoal (30250 kJ/kg) was determined using a
Culture Instruments India LLP calorimeter in accordance with ISO
18125:2017. The average moisture content of the charcoal was 7%,
with pieces averaging 3 cm x 3 cm x 3 cm in dimensions. For testing,
we used a 22.5 cm-diameter x 19 cm-tall flat-bottom pot made of
0.8 mm-thick commercial aluminum and filled with 5 liters of water
(without lid). All tests were performed using the ARC Laboratory
Emissions Monitoring System (LEMS) in accordance with the ISO
19867-1:2018 Water Heating Test protocol. We conducted at least
five replicate tests at two power levels: the high-power ‘cold-start’
phase (stove door fully open) and the low-power ‘hot-start’ phase
(stove door fully closed). Each fuel-burning period lasted approx-
imately 35 min. The primary ISO metrics evaluated were thermal
efficiency, defined as the ratio of useful energy delivered to the total
heat generated[24].

The Controlled Cooking Test (CCT), adapted from the Rob Bailis
protocol [25], enabled fuel consumption comparisons between
cookstove prototypes and the traditional reference stove. Evalua-
tion involved two standard cooking tasks representative of typical
Congolese daily meals: Test meal 1 — fufu, amaranth, and fried
fish; Test meal 2 — rice, pondu (cassava leaves), and fried chicken.
Meal quantities satisfied the nutritional requirements of an average
seven-person household [44], with detailed meal compositions pro-
vided in Appendix B.

3. Results and discussions
3.1. Heat conduction modeling results
3.1.1. OpenFOAM-based simulations validation

In their experimental study, Kyuvi et al. [20] investigated the tran-
sient thermal response of a 0.028 m thick clay sample subjected to
a constant heat flux of 773 K at its inner surface. The temperature
evolution of the outer surface exposed to ambient conditions was
recorded systematically. For numerical simulation, a simplified slab
geometry was implemented in OpenFOAM’s system/blockMesh-
Dict, comprising a hexahedral block with dimensions 0.028 m x
0.001 m x 1 m in the x, y, and z directions. The mesh resolution was
set to 28, 1, and 100 cells along the x-, y-, and z-axes, respectively.
The thermophysical properties of clay are given in Table 4.

The front and back, and the top and bottom b.c’s have been set to the
fixed Gradient type with a zero gradient, since we do not consider
heat conduction in these directions. The inner Wall b.c. has been
set to the type fixed Value (uniform 773). The groovy BC utility was
used to specify convective b.c. in the 0/T file. Under the operating

conditions, a mean total convective heat transfer coefficient was es-
timatedtoh=40 W * m” + K'[45].

Table 4. Thermophysical properties of clay [26]

Property Value

Density (kg * m's)) 1800

Specific thermal capacity (] + kg + K) 710
Thermal conductivity (W + m™ + K') 08
Emissivity 0.75

Figure 4 presents a comparative analysis of the temporal evolution
of outer surface temperatures obtained experimentally and from
OpenFOAM numerical predictions. The results demonstrate good
agreement between experimental and simulated data, particularly
in capturing the thermal transient behavior. The system achieves
steady-state conditions at approximately 65 minutes, as evidenced
by the temperature stabilization in both datasets. However, notable
discrepancies are observed between 20 and 50 minutes into the
heating process. These variations may be attributed to potential lim-
itations in measurement techniques or instrumentation accuracy
constraints, as discussed in [20].
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Figure 4. Outer surface temperature on a 0.028 m thick clay sample

- Experimental [20] vs Open FOAM-predicted simulations

3.1.2. Transient cooling analysis: effect on the responsiveness
of thermal mass

To examine the thermal responsiveness of the clay sample when
placed near a heat source (or fire), we consider the following sce-
nario. After the slab reaches steady-state conditions (as discussed
in Section 2.1.1), a linearly decreasing temperature is imposed on
the inner surface for simplicity: T (0, t) = 773 — 0.3 t, while the
back surface remains exposed to ambient temperature (298 K). The
one-dimensional temperature distribution within the slab during
the cooling process is governed by the equations provided in Table
1. The key parameters include the initial hot-surface temperature B
=773 K and the cooling rate . A = -0.3K - s"' Based on these condi-
tions, the Biot number and thermal diffusivity are determined to be
1.2and 2 - 10"m” * s respectively.
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A C++ program was developed to numerically evaluate the trigono-
metric series solution from Table 1 by solving the 1D heat conduc-
tion problem. A custom class was implemented to instantiate objects
for computing the roots of the transcendental Equation (6) using the
Newton-Raphson method.

A comparison between analytical solutions and OpenFOAM-based
numerical predictions is presented in Figure 5. The results demon-
strate excellent agreement between the steady-state analytical solu-
tion and the OpenFOAM simulation. For a mesh resolution of 1 mm
and a time step of 0.01 s, the relative error between the analytical
and numerical solutions remains below 3.0% at both 500 s and 1000
s of cooling.

800

750 Steady Analytical
e Steady OpenFOAM
é L I B e T After 500s Analytical
o <« After 5005 OpenFOAM

650
E pasd P ey, | mmme——— After 1000s Analytical
g 600 —— = After 1000 OpenFOAM
g 550
@
~ 500 *

450

0 0,006 0,012 0,018 0,024
x (m)

Figure 5. Temperature distribution in a clay lining slab as one end
surface is subject to a decreasing temperature over time, and the
opposite convective side is exposed to the ambient

The time lag t, is the delay between absorption and release of stored
heat as the hot surface temperature decreases. It can be consid-
ered the time at which the decreasing temperature imposed on
the boundary surface falls below that of the region adjacent to the
boundary within the slab.

0T(xt) >0

x|, (18)

To estimate t, for a linearly decreasing boundary temperature, we
derive the trigonometric series solution T(x,t) (Equation (5)) with
respect to x and set the derivative to zero. Retaining only the first
term of the series (neglecting higher-order terms) and rearranging
yields:

e " X 0.0004143 - (t + 830.35) (19)
Equation (19) is implicit with respect to time t, and its solution can
be determined graphically. Yet, an exact closed-form solution can
be obtained analytically using the Lambert W function (see [46]),
which resolves transcendental equations of this form. The solution
is expressed as follows:

0.0007262 -
0. 0004143

-(0.0007262 - x-830.35) >

1
t = -830.35 + 50007262 W< (20)

where W is the product log function. From this, we compute an ap-
proximate reverse heat flow time of t, = 429 s.

When one boundary is perfectly insulated (zero heat flux) and the
slab reaches steady state, heat is conducted toward regions of lower
temperature.

3.1.3. Energy storage capacity: electrical analogy and
OpenFOAM

This section investigates the energy storage capacity of a typical
cookstove body using an electrical analogy and CFD simulations.
The system under study consists of a cylindrical combustion cham-
ber with a clay lining (inner radius r; = 0.114 m; outer radius r,;
= 0.138m) and a stainless-steel cladding (thickness § = 0.0008 m).
The thermophysical properties of the clay are provided in Table 4,
while the stainless steel exhibits the following properties: a density
(0:) of 7500 kg m~, a specific heat capacity (c,.) of 460 ] + kg™ *
K-1, and a thermal conductivity (k.) of 20 W » m™" - K" [26].

Based on the electric block diagram in Figure 1, the thermal re-
sistances Ry, R;, Rs  were computed using Equation (8), while the
thermal capacitances of the clay lining ( C, ) and cladding ( C, ) were
derived from Equation (9). The system’s state-space representation,
given by Equations (10) and (11), simplifies Equations (21) and (22)
under the selected assumptions.

Tl'(t)]_[—0.8964 0.8953 ][Tl(t)] [0.0011 0 ][773
()] " 19.0579 9.0725T.)| "l 0  0.0145/ 298

[yl(t)] [1 [Tl (t)]
ya(t 0 T, (t

This electrical circuit was implemented in Simulink®, a MATLAB®
graphical programming environment for model-based design. The
systemr’s asymptotic stability (evidenced by two poles with negative

real parts) stems from interactions between its dual energy-storage
elements:

| @y

(22)

. The clay insulator with its high thermal capaci-
tance (C, = 2428 X 107 - K"') and resistance
(Ri = 0.0380K +- W' ), governing the slow pole
( A =-0.00231s"), very close to zero, meaning the sys-
tem takes a long time to reach steady-state in the clay in-
sulator after a disturbance. The time constant for the slow
pole (t,=1/] A/|= 432s = 7min) shows how high
thermal mass resists rapid temperature changes, leading
to slow dynamics.

. The steel cladding with
(C, = 24 X 10°T-K")) and resistance
(R; = 4599 X 10°K - W), tied to the fast pole
( A, =-9.966s"). The time constant for the fast pole
(. =1/| A.|) implies that this transient state dies out al-
most instantly (within ~0.1 s).

negligible capacitance

Concurrently, the thermal system was simulated using OpenFOAM’s
computational fluid dynamics (CFD) framework (see sections 2.1.2
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and 3.1.1), employing the simpleFunctionObject utility to compute
volume-averaged temperature fields. This methodological step in-
volved integrating into the system/controlDict configuration file
within the laplacianFoam case directory, the functions sub-dictio-
nary of type volumeAverage. For 3D hollow cylindrical geometry
generation, the blockMeshDict mesh descriptor file was configured
using the #calc inline calculation directive, thereby enabling para-
metric mesh definition [33,37].

The clay temperature ( T, ) and cladding temperature ( T, ) were cho-
sen as state variables for comparison between the electrical-analogy
model and the OpenFOAM volume-averaged temperature profiles
(Figure 6). The key observations emerging from this analysis show
that the cladding’s minimal product C,R. ensures its temperature
rapidly aligns with the insulator’s T, leading to T, = T,. Sec-
ondly, the lumped-capacitance approximation underestimates the
temperature evolution predicted by OpenFOAM. This discrepancy
arises because the electrical analogy assumes uniform temperature
distribution, which is valid only for systems with a Biot number
Bi < 1[26,27].

o — N RN S N R RN S

4’-
o ’ .

Bl / == penFOAM i
g ’ == Electrical analogy

> 250 I | L I L
0 20 40 60 80 100 120

Time (min)

Figure 6. Volume average temperature of the clay lining: Electrical
analogy and OpenFOAM

After ~ 35 minutes, energy losses become dominated by convective
transfer to the ambient environment. To enhance the cookstove’s
heat storage capacity, the convective resistance can be increased by
applying insulation materials to the clay lining [23]. Heavily insulat-
ing the back side eliminates conductive losses, thereby converts the
inner surface into a re-radiating boundary (i.e., all incident radia-
tion is re-emitted) [27,42].

3.2. Radiation transferred to pot from inner walls

3.2. 1. View factors, radiosities and net radiative heat transfer

Following the methodology outlined in Section 2.2.2 and using the
geometric parameters from Table 3, we present the calculated view
factors between the relevant surfaces in Table 5. All four analyzed
cookstoves have identical top inner diameters (0.200 m) and pot
support heights (0.010 m).

Table 5. View factors between surfaces across varied cookstoves
geometries

JIKO

Viewiuor  ATICKIS  BOTOMA il ORBAGEN
Y (IT cone) b4
(side\;;ll to 0.32 0.42 0.46 0.28
pot)
(sidewall to 0.39 0.24 0.25 0.33
grate)
&P 0.46 0.30 0.33 0.35
(grate to pot)

A key distinction emerges between the truncated-cone and cylindri-
cal combustion chambers:

. In truncated-cone designs, most radiative heat transfer to
the pot bottom originates from the side walls because the
angled surfaces direct heat upward.

. In cylindrical designs, the grate surface contributes sig-
nificantly (flat base emits more upward radiation).

For the analysis of net heat exchange between surfaces, we assume
an average steady-state temperature of 1000 K at the combustion
chamber lining surface, consistent with experimental measurements
reported by Zube [43], and a fixed pot-bottom temperature of 373
K (the boiling point of water) [47]. We consider surface emissivities
of 0.75 for clay and 0.09 for the commercial aluminum pot [26,43].

We can first determine (Table 6) the radiosities, J,, J;and J,,, from
the set of the three algebraic Equations (16), and then evaluate (Table
7) the balances of the net radiation transfers, q,, q.and qj, , exhibited
by each of the three surfaces, using Equations (17).

Table 6. Radiosities of the three surfaces of interest

Radiosity JIKO
(W - mrz) AFBC-KIS BOYOMA _BUTEMBO ORBAGEN
Jp 50363 50235 50253 50644
(pot surface)
. Js 56021 55850 55804 56161
(side surface)
Js 55457 55110 55206 55898

(grate surface)
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Table 7. Net radiative heat transferred from surfaces Table 8. Net radiative heat delivered to pot per unit area of
insulation surface
Power AFBC-KIS BOYOMA JIKO ORBAGEN
W) -BUTEMBO Power per JIKO BOYOMA  AFBC-KIS  ORBAGEN
(Cylinder) (IT cone) (IT cone) (Cylinder) unit area of  -BUTEMBO
@B -153 -153 -153 _154 cavity surface (IT cone) (IT cone) (Cylinder) (Cylinder)
(pot surface) (W - m’ )
qs 90 115 108 102 %P 2722 2555 2195 1690
(side surface)
3.2.2. Thermal efficiency and fuel savings
63 38 45 52

8
(grate surface)

The contributions from the grate q, and side walls q, correlate
well with the view factors in Table 5, validating the theoretical mod-
el. Moreover, we can discern the following pertinent observations:

. The net heat transfer rate at the bottom surface q, is neg-
ative because the pot functions as an absorber. As a result,
the net radiative balance of the three surfaces is zero.

. The net radiative heat transfer to the pot q, remains re-
markably invariant at 153 W (+0.5%) across all four cook-
stove designs, regardless of the combustion chamber’s
shape.

This insensitivity to chamber geometry variations can be explained
by two fundamental principles of radiative heat transfer: energy
balance in an enclosed system and view factor saturation. In an
enclosed cavity, all thermal radiation emitted by a surface must be
absorbed by other surfaces within the cavity. In cylindrical designs,
a further increase in chamber depth enhances the sidewall’s thermal
contribution while reducing that of the grate, thus preserving the
energy balance. Likewise, in inverted-cone combustion chambers,
tilting the lateral wall increases the lateral wall’s thermal contribu-
tion while reducing the grate’s contribution due to the grate’s de-
creased surface area. Additionally, the view factor between the cavity
aperture and the pot approaches its maximum (~0.90) at short pot
distances (0.010 m). At this point, the pot captures nearly the entire
hemispheric radiation from the cavity [26,27,42].

While radiative net heat transfer (q,) appears similar, the overall
heat transfer efficiency to cooking pot fundamentally depends on
the specific radiative efficiency (q” ), a more meaningful metric that
we define as:

Net radiative heat to pot
9 = "Total cavity surface area

(20)

Table 8 ranks the cookstove designs according to this specific effi-
ciency measure, providing clearer insight into their relative perfor-
mance. Among the evaluated designs with fixed combustion-cham-
ber top diameter and pot-support height, Jiko-Butembo exhibits the
highest net radiative efficiency, followed by Boyoma; this perfor-
mance is attributed to their reduced cavity surface areas.

Figure 7 presents the mean results of five Water Heating Test repli-
cates, showing thermal efficiencies for the high-power (cold-start)
and low-power (hot-start) phases and their combined average. These
results align with the efficiency ranges reported by Boafo-Mensah et
al. [5]. For comparative analysis:

. The traditional cookstove, lacking clay insulation, demon-
strated a baseline thermal efficiency of 22% at a single
power level.

. All four ceramic cookstoves exhibited superior perfor-
mance, achieving 32-59% higher thermal efficiency than
that of the traditional charcoal cookstove.

ISO Water Heating Tests - Thermal efficiencies

45
EHigh power eff.
—40 (%)
X
=35 ELow power eff.
> 08 (g5
230
o 25 B Combined eff.
S (%)
% 20
=15
€10
2
5
=
0

AFBCKIS

BOYOMA JIKO-BUTEMBO ORBAGEN
Figure 7. ISO thermal efficiency.

Specific radiative heat flux to the pot (Table 8) is closely related
to the measured thermal efficiencies (Figure 7). Regarding stove-
cooking-pot, inverted truncated-cone designs performed better.
Their average thermal efficiencies are 20% higher than those of cy-
lindrical counterparts. This performance advantage correlates with
their reduced combustion chamber volumes (Table 3). Although
small-volume combustion chambers emit the same net radiative
heat from their surfaces as larger chambers achieve higher energy
efficiency, delivering comparable thermal mass contributions while
using significantly less fuel. JIKO-BUTOMBO (with the smallest
chamber volume) exhibited a high peak efficiency of 32%. This find-
ing supports Geskin’s [48] second law of thermodynamics approach
to optimizing fuel consumption for process heating applications.

Furthermore, truncated-cone designs exhibited 30% efficiency gains
from the cold-start (high-power) to hot-start (low-power) phases
(Figure 7). Extended heating periods benefit significantly from ther-
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mal mass effects, enabling substantial fuel savings. This enhance-
ment results from the following:

. Thermal mass effects during cold start (heat storage in
stove body).

. Re-radiation dominance during hot start (heated surfaces
acting as secondary emitters) [27,42].

. Minimized convective losses (ventilation door closed per

ISO protocol [24]).

The 35-minute test duration (corresponding to steady-state attain-
ment; see Section 3.1.3) indicated that combustion chamber volume
and operating duration were more influential than shape-related ef-
fects in charcoal cookstoves. The combustion chamber volume and
fuel burn duration emerge as key determinants of efficiency.

Controlled Cooking Tests were conducted to evaluate cookstove
performance using standardized local cooking tasks. Figure 8 shows
fuel consumption when cooking typical meals with different char-
coal cookstoves, including the traditional cookstove. The peak in this
energy demand is observed when using the traditional cookstove.
The difference in energy demand between Test-Meal #1 and Test-
Meal #2 is due to variations in cooking time and heating regimes.

CCT - Specific Fuel Consumption

259

250

200 |

BTEST-MEAL 1 (Fufu+

150 fish+ vegetable)

BTEST-MEAL 2
(Rice+chicken+veget
able)

100

50

TRADI. AFBC-K. BOYOMA JIKO-B. ORBAGEN

g of charcoal per kg of cooked food

Figure 8. Specific fuel consumption of cookstoves

Figure 9 presents the fuel savings of improved cookstoves (34-47%)
compared with traditional metal stoves. Results of the Controlled
Cooking Tests corroborate those of the Water Heating Tests (ISO
19867-1). BOYOMA, AFBC-KIS, and JIKO BUTEMBO are more
fuel-efficient in accordance with the previous observations [20-23].

CCT - Fuel savings compared to traditional cookstove

45 4 #35

—40 ! BATEST-MEAL 1 (Fufu+
E‘ fish+ vegetable)
D 30 WTEST-MEAL 2
£ (Rice+chicken+veget
= able)
& 20
i BAVERAGE
[T]
S 10
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o]

JIKO-B.

ORBAGEN

Figure 9. Fuel saving compared to the traditional cookstove

4. Limitations

Beyond the critical role of geometrical factors in cookstove perfor-
mance, analyzing radiative heat transfer between the combustion
chamber and pot surface presents multifaceted challenges. Key lim-
itations include:

. Complex reaction kinetics and fluid flow dynamics within
the reacting charcoal bed [40];
. Interplay of heat transfer modes: While radiation domi-

nates, conductive and convective effects demand rigorous
consideration [49,50];

. Participating media interactions: Charcoal particles, car-
bon dioxide, and water vapor in the combustion chamber
absorb, reflect, or scatter radiation, contradicting the sim-
plified assumption of a non-participating (transparent)
medium [27,42].

The combustion chamber volume further complicates optimization,
as it necessitates determining the minimum fuel quantity required
for efficient operation. Geskin [48] addressed similar challenges in
furnace design using second-law thermodynamics (exergy analysis),
a methodology adaptable to cookstoves. These insights highlight
critical research avenues, such as advanced multiphysics modeling
of radiative-convective coupling and experimental validation of par-
ticipating media effects in small-scale combustion systems [27,42].

5. Conclusion

This study systematically investigates the effects of thermal mass
integration on heat transfer efficiency in charcoal cookstoves, with
clay used as an insulating material. Our findings demonstrate that
transient conduction and radiation exchange between passive sur-
faces significantly influence cookstove performance. While the net
radiative heat absorbed by the cooking pot remains largely unaffect-
ed by combustion chamber shape, the chamber’s volume and fuel
burn duration emerge as key determinants of efficiency. Among
the tested designs, stoves with inverted truncated-cone combustion
chambers — which have smaller chamber volumes — delivered the
best heating performance. Standard ISO Water Heating Tests and
Controlled Cooking Tests confirmed that this optimized design
achieves 20% higher thermal efficiency than in cylindrical chambers
and achieves 34-47% fuel savings compared to the traditional metal
stove. After sufficient heating, the clay thermal-mass effect becomes
pronounced: the combustion chamber’s inner surface increasingly
functions as a re-radiating source, boosting efficiency. Specifically,
truncated-conical stoves exhibit an average 30% increase in thermal
efficiency when transitioning from the high-power ‘cold-start’ phase
to the low-power ‘hot-start’ phase.

To support these insights, we also developed innovative modeling
approaches combining transient conduction analysis (via a one-
term approximation and the Lambert W function), heat-flux calcu-
lations using a lumped-capacitance method (electrical analogy), and
radiation modeling between passive surfaces. These results provide



Journal of Thermal Engineering, 12 (2026)

1584

evidence-based design guidelines indicating that smaller combus-
tion-chamber volumes improve efficiency and that material selec-
tion is crucial for thermal performance. By advancing cleaner, more
efficient household energy solutions, this work directly supports
Sustainable Development Goal (SDG)7. Future research should ex-
plore alternative insulating materials, optimize combustion cham-
ber geometry, and develop strategies to improve material durability.

Appendices

Appendix A: 1-D transient heat conduction in a slab assuming
no heat generation and time-dependent temperature variation at
one boundary

Consider the transient heat diffusion equation:

o010
ot~ ~ 0x

(A.1)

where a is the thermal diffusivity of the material (m’-s™') defined as
a = k/(pc), with denoting thermal conductivity (W - m' K", p
the density (kg - m), and ¢ the specific heat capacity (J - kg_1 K.

The system is governed by the following conditions:

Initial condition:

T(x,0)=f(x), 0<x <L (A.2)
Boundary conditions:
Atx=0:
T(0,t)=¢(t), 0<t< oo (A.3)
At x = L (convective cooling):

OT o
-k Tx (L,t) = h[T@L,t) - Tx], t >0 (A.4)

Here, ¢(t) represents a time-dependent temperature function is the
convective heat transfer coefficient (W - m™ - K '), and is the ambi-
ent temperature (K).

To simplify the boundary value problem, we introduce the substi-
tution:

T (x,t) =T (xt) - Tes (A.5)

and decompose T* into steady-state (W*) and transient (v*) com-
ponents:
T*(x, t) = w*(x)+v*(xt) (A.6)

The steady-state solution w’(x) satisfies:

w*(x) = T*(O,t)<l ﬁx) (A7)

Substituting (A.6) into (A.1) yields the transient equation for v':

Oy a0 T 00, (1- P (A8)
with homogenized boundary conditions:

v (0,t)=0 (A.9)
hv' (L,t) + k (L t)=0 (A.10)
vi(x0)=0 (A.11)

Note that the term T (0,t),, represents the derivative of T* (0,t)
in respect with time. Using eigenfunction expansion [28,31,32], the
transient solution is expressed as:

V(%) =" ¥ (8)sin(1L.x) (A.12)
where ., L are roots of the transcendental equation:

L
tan(pL) = —% (A.13)

With Bi the Biot number, by definition Bi = hTL .

The source term s(x,t) = -T"* (0,t),t< 1- k+%x> can be expand-
ed in terms of associated eigen functions such as:

s(xt) =27 8 sin(jL.x) (A.14)

Using orthogonality property to find §,:

. 2T(0,t), Bi(p,Lcosp,L -sinp,L)
=L 1-cosp,L+ 1+ B)L (A.15)

Applying derivatives to the series expansion, then substituting them
in Equation (A.8), we have:

0 Zn 1{ av.,(t

Rearranging to get a single sum, and since the eigenfunctions are
linearly independent, it follows that the coefficient of each basis
function must always be zero t:

0 g“t(t) AT = &

+ apata(t) - §n}sin(unx) (A.16)

(A.17)

Multiplying both sides of the first order linear Equation (A.17) by an
integrating factor F = ™", and integrating, the solution for n*
becomes:

Ta(t) = li (e™-1) (A.18)

n

Taking the value of the series expansion coefficients of the source
terms §, of Equation (A.15) and insert it in (A.18):
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0~ IO o B g
(A.19)

And from Equation (A.12):

Vi) =27 72282)} [1 -cosp,L + Bi(”“L(iof %;)Lu'nim L) ](e ~1)sin Lax
(A.20)

where the summation extends over the positive roots of the tran-
scendental Equation (A.13).

Reconsidering Equations (A.5), (A.6) and (A.18), the solution T(x,t)
can be written:

Bi
T(x,t) = (T(0,t) - To) * (1 —m%)+Tm

. 2T(0,t) L7 Bi(p,Lcosp,L -sinp,L it .
+anlﬁ[l—cosunL+ (I-l (1+L§i)unL - ) (e " —I)SIHLL,.X

(A21)

Appendix B: Controlled cooking tests meals ingredients

Table 9. Test-Meal #1: Fufu - Amaranth - Fried fish

Ingredient Average weight of
cooked meal per stove (g)
Fried fish (horse mackerel) 580
Amaranth 1900
Fufu 6800
Total weight 9280

Table 10. Test-Meal #2: Rice — Pondu (cassava leaves) — Fried
chicken

Ingredient Average weight of
cooked meal per stove (g)
Fried chicken 585
Pondu (Cassava leaves) 2250
Rice 4800
Total weight 7635
List of abbreviations and nomenclature
A Constant rate of cooling of the boundary sur-
face of aslab (K.s™)
A Area of surface i (m’)
B Initial temperature value on the boundary sur-
face of a slab (K)
Bi Biot number
C Thermal capacitance (W + K')
G Specific thermal capacity (J « kg' + K')

o2

- = =

| onR

ol

Greek symbols

A
A
a

€

View factor

Heat transfer coefficient (W * m” - K)
Current intensity (A)

Radiosity of surfacei (W + K?)
Thermal conductivity (W *+ m™ - K")
Height of the combustion (m)
Characteristic length (m)

Heat flux (W * m?)

Power emitted by surface i (W - m?)
Net radiative heat transferred from surfaces i

Net radiative heat delivered to pot per unit area
of insulation surface

Radius of element i (m)

Thermal resistance of elementi (W™ + K)
Polei(s™)

Time (s)

Time corresponding to reverse heat flow (s)
Temperature (K)

Temperature of element i (K)

Time derivative of temperature of element i (K)

Ambient temperature (K)
Voltage (V)
Product log function

Cartesian coordinate

The difference

The discriminant

Thermal diffusivity (m*s™")
Emissivity of component

Arbitrary time-dependent function of
temperature

eigenvalues of characteristic equation s’
Density of material

Stefan-Boltzmann constant

Time constant (s)

Roots of the transcendental equation

pot base surface
Combustion chamber side surface
grate surface

Component of interest
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Abbreviations
b.c. Boundary condition
CC Combustion chamber
ITC Inverted-truncated cone combustion chamber
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