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Abstract. In engineering, ceramic liners are used as heat retention, insulation, and wear-resistant components
for industrial and domestic applications. However, due to lack of production standards, particularly under small
industrial operations, there is variation in liner-hole diameter and inter-hole spacing of liners used in clean
biomass stoves. This study assessed the production processes and analysed ceramic liner-hole diameters and
inter-hole spacings for standardisation. Standardising liner-hole parameters is a major process towards
sustainability and improved efficiency. Methods employed were — material composition, particle size
distribution analysis, study of production processes, and 51 liner-hole diameters and 66 inter-holes spacing were
randomly sampled and analysed. The results indicated material composition of clay (70%), sand (23%), and
sawdust (7%) of various particle sizes. A flow chart diagram of 7 production processes was created for
standardisation. At 95% C.I, liner-hole diameter of ¥20.8+2(0.66)mm and inter-hole spacing of
27.5+2(1.06) mm were determined. Mean liner-hole diameter of ¥21.03 mm resulted in a relatively high
thermal efficiency, n,=37%. For practical applications, liner-hole diameter of @21 mm and inter-hole spacing of
30 mm are recommended. Standardising the production processes and the liner-hole parameters will contribute
to sustainable production and thermal efficiency improvement.

1 Introduction

The ceramic liner is utilised as heat retention, insulation,
corrosion and wear resistant product for industrial
and domestic applications [1,2]. Depending on the
desired property and application, ceramic liners could
be made from different material combination such as
Al,03-Cry03-SiC, and Al,03-ZrO»-TiO, composites [3],
silicon-based SiBCNZr composite [4], NasAl,TigOq6
composite [5] and silica sand tailings [6]. Industrial uses
of ceramic materials include surface strengthening [7]
and reducing heat transfer in high temperature applica-
tions such as in diesel ignition engines [8]. Ceramic liners
are also used in marine diesel engines due to IMO Sulphur
2020 regulation, because new fuels have lower sulphur,
more corrosion and wear.
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For domestic applications, ceramic liners are heavily
used for heat retention in cooking and burner devices [2].
Cooking is one of the major energy costs in the homes of
many developing countries [9]. In these households,
biomass still remains the dominant cooking fuel [10-12],
and the numbers are estimated to rise especially in sub-
Saharan Africa [13]. In Ghana for example, more than 75%
of the population rely on biomass fuels for cooking [14].
Methods of reducing fuel cost for cooking including the use
of improved biomass stoves [15] is therefore of high
relevance.

For clean biomass stoves ceramic liner is one of the
major components that help to reduce biomass fuel
consumption by as high as 40% through heat retention
and metal cladding insulation [16]. Ceramic liners in clean
biomass stoves are expected to be standardized to ensure
reduced emissions and improved thermal efficiency [17].
Thermal efficiency is a measure of the portion of heat
produced by the fuel that makes it directly to the substance
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in the cooking pot with the rest lost to the environment
[17]. To increase air flow and improve thermal efficiency
when using ceramic liners, parameters such as the liner-
hole diameter and inter-hole spacing must be taken into
account.

Furthermore, analysing the composition and particle
size distribution of the materials used for the production of
the ceramic liner will unleash opportunities for improving
the production processes. However, there is a lack of in-
depth scientific studies on ceramic liners, particularly those
that are used for insulating clean cooking stoves.

The purpose of this study is to assess the material
composition and particle size distribution, production
processes, and performance metrics with focus on the
association between the ceramic liner-hole diameters and
thermal efficiency of ceramic liners produced by a typical
clean energy stove company. The objectives of the study
are to: determine the major materials that are used in the
composition of ceramic liners; assess the production
processes being employed to produce the ceramic liners;
determine the ceramic liner-hole sizes and arrangement
that are required for standard production; and analyse how
ceramic liner-hole sizes influence thermal performance of
the ceramic liner.

The outcome of this study will contribute to knowledge
required by industries and small businesses to repurpose
the production processes and standardise the diameter of
the ceramic liner-holes and their arrangement for improved
thermal efficiency and sustainable production. The
innovation is that the materials used for production, the
ceramic-liner product and the biomass fuel are all
sustainably produced to improve thermal efficiency and
achieve clean energy. With improved thermal efficiency, a
significant amount of the heat from the biomass fuel will be
transferred directly into the cooking pot without losing
most of that energy to the environment.

2 Materials and methods
2.1 The study areas and methods

The study employed mixed methods of observation and
survey, laboratory testing and statistical analysis. The first
part was a close observation, notes taking and survey of the
workers of Man and Man Enterprise Ltd — an award
winning clean cooking Biomass Stove and Ceramic Liner
Production Company located in Darko, a suburb of
Kumasi, Ghana. The enterprise is sited on a 2 acre land,
which is located near Kumasi. The enterprise has 24
workers including a manager, a secretary, an administra-
tor, an accountant and 20 production staff. The enterprise
manufactures 200 clean biomass stoves daily. It is reported
that the company’s production capacity in the year 2013
was about 28,000 stoves [18]. The stoves are distributed in
several regions of Ghana and some markets in West Africa.
A total of 14 respondents were interviewed using
structured questionnaires. The respondents included: 2
administrative staff (manager and administrator); and 12
production staff comprising 1 fireman; 6 moulding persons;
4 metal fabricators; and 1 sprayer. The second part was the
laboratory analysis of the materials composition and

particle size distribution of the ceramic liner. The third
part was the laboratory testing of random samples of
ceramic liners fixed in clean cooking stoves.

2.2 Material composition and particle size

Clay, sawdust and sand were primarily the materials used
for the production of the ceramic liners. These materials
were sourced from different locations around the city of
Kumasi, Ghana. The particle size distribution test was
carried out in the Soil Mechanics Laboratory of the
Department of Civil Engineering, Kwame Nkrumah
University of Science and Technology, Kumasi, Ghana.
To characterise the soil samples two main tests were
performed, namely sieve analysis and hydrometer test
using SDMT 422 to standardise the test method for particle
size analysis of the soil samples. The results obtained in
regard to the amount of each particle size (clay, sawdust,
and sand) that was determined by the laboratory are
presented in Table 2.

2.3 Laboratory considerations, materials and
conditions for testing the ceramic liners

Three randomly selected ceramic lined stoves were tested
at the Cookstove Testing and Expertise Laboratory
(C-Lab) of KNUST in Kumasi, Ghana. The combustion
chambers of the stoves were fitted with fired ceramic liners
of 17 holes whose sizes and arrangements varied from stove
to stove. Each stove had a door to regulate the flow of
primary air into the combustion chamber. ISO Water
Boiling Test (WBT 4.2.1) protocol was used to test each
stove in 3 replicates on 3 phases — cold start; hot start; and
simmering [19,20]. Charcoal fuel was used for testing the
ceramic lined stoves. The calorific value for the charcoal
was determined using bomb calorimeter. The moisture
content of the charcoal fuel was determined using
Delmhorst J-2000 moisture meter. The lab testing focused
on measuring the thermal efficiency. Fuel consumed for
each of the three stages were analysed as a time-weighted
average to determine the WBT key indicators [19,21,22].
Data were analysed using WBT 4.2.3 data calculation
spreadsheet.

2.4 Theoretical consideration

Thermal efficiency is a measure of interest since heat
retention devices including ceramic liners are expected to
have high thermal efficiency and reduced heat loss with less
effect on the environment. High thermal efficiency signifies
a greater capability to transfer the heat produced into the
needed device. A key design requirement desired by most
people is to achieve highest heat flow to where it is needed
as useful energy. However, this does not happen in reality
since heat flows out in several ways through the ceramic
liner-holes to the cooking device and surroundings as heat
loss [21]. Important metric that is of significant interest to
this study is thermal efficiency. Thermal efficiency is a
measure of the portion of heat produced by the fuel that
made it directly to the water in the pot with the rest of the



K. Donkor et al.: Renew. Energy Environ. Sustain. 6, 23 (2021) 3

energy lost to the surroundings [22]. The thermal efficiency
of unenclosed three-stone stoves is about 15% [22]. This
means that in an unenclosed three-stone fire, only 15% of
energy produced gets to the cooking pot with 85% lost to
the environment [23]. Again, the thermal efficiency of
traditional coalpot stove used in Ghana is about 23%
[24,25] implying that nearly 77% of the total heat is lost to
the surroundings. In the case of an insulated rocket stove
with pot skirt, only 35% of the total heat produced gets to
the pot and 65% is lost to the environment [26]. While this
seems like a modest increase over the three stone stoves,
and other unenclosed traditional stoves, there are still large
losses to the environment [26]. Generally, the heat bearing
capacity of the material defines the heat loss by walls of the
stove. The less the thermal conductivity, the less would be
the heat loss [27].

Thermal efficiency (%)
 4.186(T1sf — T1si)(P1fs — Plsi + Wsr)/2 + 2260Wsv
B fsd LHV

(1)

where Tlsf=Water temperature at end of test (°C);
T1si = Starting water temperature (°C); P1sf = Mass of pot
with water after test (grams); P1lsi = Starting mass of pot
with water (grams); Wsr=Effective mass of water
simmered (grams); Wsv=Water vaporized (grams); f
sd = Equivalent dry fuel consumed (grams); LHV = Net
calorific value (dry wood) (kJ/kg).

2.5 Description of the ceramic liner

The ceramic liner has 17 perforated holes that allow the
flow of air and ash to fall through and be gathered at the
base of the stove. It is made out of clay material which is
moulded into a V-shape and fired clay (fired at 700-900 °C)
that gives heat retention properties to the cookstove. When
fixed inside the stove, the ceramic liner insulates the fire
and keeps it hot. Further, the insulation prevents the heat
from being conducted into the body of the stove instead of
the cooking pot. Figure 1 shows the engineering and
pictorial drawings of the ceramic liner.

Lining clean cooking stoves safeguard the metal casing
from direct heat. It is expected that good quality clay will
exhibit the following properties: retain strength once fired
at a temperature of 900 °C; be able to maintain its porosity
when temperature is raised to 1150 °C; should not distort
when fired at 1250°C [28]; and the thermal conductivity
should not be more than 2.5W/(mK) at 500°C [29].
Further, in order to minimize the possibility of cracking
after firing, its reduction in size should be below 8% [13].
Any clay that possesses the above quality is a fireclay. Clay
reduces in size when being dried or fired and it should be
noted that various clay reduces in size at varying rates from
4% to 15% [30]. Clay shrinkage can be computed using
equation (2) [28].

Dry measurement — Fired measurement

Clay shrinkage =
Dry measurement

x 100% (2)

Fig. 1. Engineering drawing and pictorial view of a ceramic liner
and clean biomass stove.

2.6 Statistical methods and data analysis
2.6.1 Central limit theorem and coefficient of variation

Let z;, ,..., ¥, be a random sample from a distribution
with (finite) mean p and (finite) variance o”. For large
sample size of n, sample mean z follows an approximate
normal distribution. Now, the following equations of the
mean and standard deviation are used [31,32]:

X1+X2+X3,...,+Xn >, X
n n

Meanx =

3)
where n = sample size.

Standard error of sample mean, oz =

o
W
where o = standard deviation of the population mean.

The confidence intervals for the mean with large
samples and standard deviation of the sample mean at
95% confidence interval will be estimated based on the
empirical rule using equation (5):

Lower limit = X — 20; Upper limit =X+ 20  (5)
Coefficient of variation (CV) is also known as relative
dispersion [31]. It is useful when comparing two data sets
that are not exactly alike, especially if the different data sets
are not measured using the same units [31,32]. It measures the
percentage of variation in data compared to the mean. CV is
calculated using the formula stated in equation (6).
s
Coefficient variation CV = (:) 100%
X
where S=sample standard deviation;
T = sample mean.

(6)
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Table 1. Material composition and purpose of using the materials.

Material Ratio per Weight of material % of total weight Purpose of using the materials
batch per wheel barrow (kg) of materials

Clay 3 106.6 x 3 = 319.8 70% Clay is chosen due to its relatively low thermal
conductivity <2.5 W/ (m.K) at 500°C and reddish
colour after firing.

Sand 1 106.8 x 1= 106.8 23% Sand adds roughness and strength to the wet clay
and prevents cracking

Sawdust 1 31.3 x 1= 31.3 7% The ceramic liner becomes porous when sawdust
is included.

Total weight 458Kg 100%

2.6.2 The empirical rule

Assuming the data being used are normally distributed,
then the empirical rule can be used and it is expressed as
follows:
i. M £1S indicating 68% of observations in the range
(M £18).
ii. M £2S indicating 95.4% of observations in the range
(M £28S).
iii. M £3S indicating 99.7% of observations in the range
(M =+ 3S).

2.6.3 Data analysis

Two key variables were focused on, namely the ceramic
liner-hole diameter and inter-tooth spacings. Methods and
tools for statistical analysis included: frequency distribu-
tion; central tendency; dispersion and measures of varia-
tion; empirical rule for normal distribution; and confidence
intervals. To provide a graphical representation of the data
and analytical guide for corrective action, frequency
distribution, frequency curve, central tendency, 68-95-
99.7 rule and confidence interval were employed for data
analysis. Normal distribution template in Microsoft Excel
2010 (originally by W.F. Coleman, 1997 and adapted by
[33] was used to plot the various normal distributions for
this paper. Level of significance p < 0.05 is used in this
analysis.

3 Results and discussion
3.1 Material composition

The results in Table 1 indicate the ratio per batch of the
major materials including: 3-parts of clay to 1-part of sand
to 1-part of sawdust with percentage of the total weight of
materials being clay (70%), sand (23%) and sawdust (7%).
The weight of material per wheel barrow of 458 kg per
batch could produce 92 ceramic liners. If on average 6
batches are produced in a day; then a daily production of
about 552 ceramic liners is realized. In addition to the
composition of the materials, the purpose for which the
materials are used is also presented. The varied nature of
clay and additive materials such as sawdust makes the

study of the physical properties of clay including its
strength an intricate one [34-36]. What is most significant
is that moulded and clay fired liners have the strength,
durability and can give heat retention properties to the
stove.

3.1.1 Particle size distribution

Table 2 presents data on the grading test results of
unsieved clay, unsieved sand and unsieved sawdust
materials. From the results, about 99.7% of the clay had
particle size of up to 2.00 mm. Nearly 97% of the sand had
particle size up to 3.35 mm, while in the case of sawdust
about 78.0% of the particle size was up to 0.60 mm. Some
amount of sand, silt and gravels were found in both the
unsieved clay and unsieved sand. However, sand and silt
accounted for about 70-80% of the ceramic liner materials.
The relatively high content of sand and silt in the
composition might explain why nearly 10-20% of the
ceramic liners get broken during firing.

3.2 Production processes

Figure 2 is the flow chart that indicates seven production
processes required for producing the ceramic liners. The
production processes determined are as follows: (1)
Composition and preparation of the liner; (2) Moulding
the ceramic liner; (3) Making holes in the ceramic liner; (4)
Drying the ceramic liner; (5) Firing the ceramic liner; (6)
Making casing for the liner; and (7) Fixing the ceramic liner
in a metal casing.

Step 1: Composition and preparation of the liner

From the study, sustainable materials that were used
for the production of the ceramic liners included clay, sand
and sawdust in the proportion of 3:1:1 by volume. In spite
of the fact that the 3:1:1 proportion is what was followed, in
some cases when the clay was felt to contain more sand, the
composition was adjusted by reducing the amount of sand.
Another observation was that those working on the
composition did not entirely adhere to the 3:1:1 proportion
owing to speed of production, and lack of quality control
measures. In planning the composition the clay was doused
in water in a pit for one day. The next day sand and
sawdust were included and thereafter blended together
using an electric pug process.
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Grading test of materials Sieve Weight Percentage Percentage Percent of gravel, silt,
size (mm) retained (kg) retained (%) passed (%) sand and clay in
unsieved materials
475 0.15 0.21 99.79 Gravel (1%)
) 3.35 0.10 0.14 99.65 Sand (29%)
Unsieved Clay (70.9g) 2.00 0.38 0.51 99.65 Silt (43%)
0.075 7.04 9.93 77.89 Clay (27%)
475 0.82 0.88 99.14 Gravel (16%)
. 3.35 1.79 1.87 97.14 Sand (65%)
Unsieved Sand (95.6g) 2.00 12.89 13.49 83.77 Silt (15%)
1.00 21.70 22.71 61.08 Clay (4%)
0.600 13.19 21.96 78.02
0.425 14.67 24.45 53.57
Sawdust (60.0g) 0.300 16.28 27.13 26.43
0.100 12.16 20.27 6.17
Batching of clay, sand
and sawdust
.| Mixing of composition
l Disposing of faulty
liners
Is the shape Moulding of liners
Making of holes
Drymé of liners No

cracks?

+

Making of metal
claddings

v

Firing of liners

r

mplete Holy cook
stoves ready for the

market

Fixing of liners in metal
cladding

Y

re the liners ok
for use?

1

Painting of the stoves

J

Fig. 2. Flow chart indicating the production processes of the ceramic liner. Source: Authors own construct (2020).
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Table 3. Central tendency, dispersion and measure of variations.

Description Ceramic liner hole diameter Ceramic liner inter-hole spacing

1 Number of observations (n) 51 66

2 Minimum value 18.4 15

3 Maximum value 224 39

4 Median 20.8 29

) Mean 20.8 27.5

6 Mode 21.1 27

7 Standard deviation (SD) 0.66 1.06

8 Coefficient of variation (CV) 3.17% 3.85%

9 Standard error (SE) 0.09 0.13

Step 2: Moulding the liner

Before the liners were formed, the blend was pressed
continuously with the hand to free any air bubbles and a
few undesirable materials. The Jigger-Jolley machine was
utilized for the mass production of the liners; additionally
for consistency in the size of the liners. Wood cinder was
sprinkled to the side metal form of the Jigger-Jolley
machine in order to remove it simply. There were 3
workshop inlets for forming the liners; these were worked
by 3 persons. When the shape of the liner was mutilated, it
was sent back to the clay pit to be sustainably re-produced
through recycling and reusing to reduce waste.

Step 3: Making holes in the liner

After the new liners have been formed, they are cleared
out to dry for 24 hours. 17 perforations are physically made
employing a cylindrical metal device with a sharp edge.
This number of perforations differs from those of the
Sazawa charcoal stove which has between 19 and 44 holes
[37]. Additionally, the number of liner-holes is different
from the Kenyan Ceramic Jiko, whose liner-holes vary from
small stoves of 14 liner-holes big stoves of 19 liner-holes
[38]. It was noted that no specific design was utilized in
making the liner-holes and thus the hole sizes and inter-
hole spacing are distinct from stove to stove.

Step 4: Drying the liners

Typically, one day after making the liner-holes, they are
gently stacked on each other to dry on wooden racks within
the open of a shed for 7 days. They were at times opened to
the sun. It took about 10 to 14 days to dry the ceramic
liners, particularly during the wet season. A ceramic liner is
deemed to be sufficiently dried when the colour changed
from dim brown to light creamy brown.

Step 5: Firing the liners

After cross-checking that the liners are dried enough,
they are again stacked on each other face down within the
furnace. The furnace employs firewood and can fire almost
1500 ceramic liners. When the furnace is completely filled
up with the liners, the entrance is covered. 3 spy-holes are
made to inspect the liners. It takes approximately 3 days to
fire the liners. During the first day the furnace is heated
slowly, thereafter it runs full blast for two days. When the
spy holes are peeped and the interior of the furnace is seen
to be gleaming or the colour is a bit ruddy, the required
temperature is likely to be reached. After the liners are
fired, the furnace cools down for 24 hours before the liners

get removed from the furnace. To find out whether the liner
is sufficiently fired, it is tapped with a knuckle and the
sound would indicate the readiness of the liners. From
experience about 10-20% of the liners might have surface
cracks and defects.

Step 6: Making the metal casing

Scrap sheet metals of thickness 0.4-0.5 mm are used for
the fabrication of the metal casing. In order to have
standard parts, templates are utilized to guide the marking
and cutting of the various parts for the metal casing. The
template is set on a sheet metal and the outline is drawn
with a pencil or a nail, the marked out parts are cut out of
the sheet metal. The cut out parts are joined together using
fabrication methods like folding and riveting. Owing to the
lack of adherence to standards, the metal casing fabricators
do not utilize the same measurement and templates; hence
there is a lack of interchangeability and standardization of
the entire fabrication of the metal casing.

Step 7: Fixing the liner in metal casing

After the liners have been physically inspected those
that do not show any cracks are selected to be fixed in the
metal casing. Since the liner cannot sit freely within the
metal casing, it is bonded to the casing. A mortar blend of
2-parts cement to 1-part sand is smeared on the back side of
the liner. In the case of the Kenyan Ceramic Jiko the
mortar blend for holding the liner to the metal casing is a
blend of vermiculite and cement or nearby materials like
mica, fiery remains or lime [39]. At this point, the liner is
carefully set within the upper portion of the metal casing.
Spill over mortar is wiped off and cleaned by employing a
damp cloth and the bonded liner takes some time to set.

3.3 Statistical analysis of liner-hole parameters

The study assessed 51 liner-holes and 66 inter-hole spacing.
The results in Table 3 indicate liner-hole diameter ranged
from min =18.4 to max = 22.4 mm and inter-hole spacings
ranged from min = 15 mm to max = 39 mm. The wide range
of liner-hole sizes and inter-hole spacings could be as a
result of quick random perforations of the ceramic liners
without the use of a standard guiding tool or template.
Clean cooking biomass stove producers insulate their
stoves with ceramic liners to protect the stove and
minimize heat loss. This produces a hotter flame leading
to a better efficiency and improved performance [25].
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The ceramic liner insulates the metal casing from being
consumed by fire [34]. The size and arrangement of the
perforated holes in ceramic liners help improve air
circulation and good combustion.

3.3.1 Frequency distribution

The two frequency distributions of the liner-hole diameters
and inter-hole spacings shown in Figure 3 indicate where
most of the data are concentrated, namely around liner-
hole diameters of 920.2 to ©¥21.3mm and inter-hole
spacings of 25 mm to 34 mm. Analysis of the two frequency
distributions will help make decisions on the optimum
liner-hole size and inter-hole spacing of the ceramic liners.

3.3.2 Central tendency, dispersion and measures
of variation

To understand the central tendency of the data, mean (M),
median (M,;) and mode (M,) can be very useful for
statistical quality control analysis. Table 3 presents the
following central tendency values of the ceramic liner: liner-
hole diameter (M=?¥20.8mm; M,;=?20.8mm; M,=
?21.1mm; n=>51); and inter-hole spacing (M= 27.5 mm;
M;=29mm; M,=27mm; n=066). The data presented in
Table 3 indicates wider spread or deviation in the data for the
inter-hole spacing with standard deviation (SD = 1.06 mm)
when compared to the spread in the data for the liner-hole
diameters (SD =0.66 mm). To understand the variation in
the data relative to the mean, coefficient of variation (CV)
was used. CV measures the percentage of variation in the
data relative to the sample mean — lower CV values are
relatively more uniform [16] and more consistent than higher

CV values [32]. In Table 3, the computed CV value for the
liner-hole diameter was (CV =3.17%), while that for the
inter-hole spacings was (CV =3.85%). Although the two
data sets showed some variation in data, since the CV
for the liner-hole diameters was lower than the CV for
the inter-hole spacings, it is implied that the data on the
ceramic liner-hole sizes are more consistent than the data
on the inter-hole spacings.

3.3.3 Ceramic liner-hole sizes and arrangement required

The empirical rule and confidence interval

Figure 4 presents the normal distribution curves and
percent of the population in a given range for both the
ceramic liner-holes and inter-hole spacings using their
means and standard deviations. If it is assumed that the
data are normally distributed, then the following empirical
rule (or 68-95-99.7 rule) applies [31,40]. To enable the
production process to work and be standardised within the
95% confidence interval, it is expected that about 95% of all
the liner-hole diameters and inter-hole spacings will fall
within mean + 2 standard deviations. From the results,
for 95% of the values around the mean, liner-hole diameter
of 20.84+2(0.66) mm and inter-hole spacings of 27.5+
2(1.06) mm were determined. The same approach was
used in determining the inter-hole spacing between
adjacent holes on concentric circles as shown in Figure 5.
This implies that the study can confidently state that 95%
of the entire data of the liner-holes and the inter-hole
spacings fall within the stated range. These values could
be used to standardise the size and arrangement of the
liner-holes that would have implications for improved
thermal efficiency.
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Inter-hole spacing
between holes in the
outer circle = 30mm

30mm

Inter-hole spacing between

20mm

holes from the outer circle
to the inner circle and from
the inner circle to the centre
=20mm

21mm

Fig. 5. Template for ceramic liner-hole diameter and inter-hole spacing.
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_ Stove 1| 2042 | 21.78 | 20.9240.50 |  2.40% 17

Liner-hole diameter (imm)
Stove 2 | 20.18 | 21.86 | 21.03+0.50 2.40% 17
Stove 3 | 18.44 | 21.48 | 20.37+0.75 3.67% 17

Fig. 6. Liner-hole diameter and thermal efficiency.

Practical implications for sustainable production
For practical purposes, the following dimensions shown
in Figure 5 can be used to develop a template for standard
production:
— Liner hole diameter should be 21 mm.
— Inter-hole spacing between holes in the outer circle
should be 30 mm.
— Inter-hole spacing between adjacent holes on a concentric
circle should be 20mm.

3.4 Ceramic Liner-hole diameter and thermal efficiency

Figure 6 shows horizontal bar plots of the ceramic liner-
hole diameter against thermal efficiency (7). The bar plots
indicate that among the three stoves with different liner
hole diameters, stove 2 whose liner diameter was (¥20.18—
(¥21.86 mm gave the highest thermal efficiency of (n 7= 37%),

followed by stove 1 with liner diameter of 20.42-21.78 mm and
thermal efficiency of (n7=30%) and stove 3 with liner
diameter of 18.44-21.48 mm and thermal efficiency of 27%.
From the statistical analysis, the ceramic liner-hole diameter
that appears to give relatively high thermal efficiency has a
mean size of P21 mm. The lower coefficient of variation
values of Stove 2 (CV =2.40%) and Stove 1 (CV =2.40%)
suggest that there is relatively low variation in the size of the
liner-holes of stoves 2 (n7=37%) and Stove 1 (n7=30%).
It is essential to optimize some design features such as
the shape of the stove, distance between pot and burning
charcoal, and size of the ceramic liner-holes [41]. Optimiz-
ing such features is likely to lead to enhanced air circulation
to transfer heat and generate the required draft for efficient
burning [41]. It is reported in the literature that improved
stoves in Ghana such as Gyapa and Ahibenso have average
thermal efficiencies ranging from 27.3% to 28.3% [42],
and this is consistent with the value obtained for stove 3
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(nT =27%) whereas the value for stove 1 (nr =30%) is also
consistent with thermal efficiencies of up to 36% for
charcoal cookstoves [42]. Stove 2 recorded a thermal
efficiency of (n7=37%). This is slightly above the reported
values for similar stoves [42,43]. Thermal efficiency of a
stove is good when a significant amount of the heat from
the fuel is transferred directly into the pot without losing
most of that energy [22].

4 Conclusions

The study assessed the material composition, production
processes and liner-hole parameters of the ceramic liner. To
characterise the materials used for production, particle size
distribution test was carried out in the laboratory.
Furthermore, various liner-hole diameters and inter-hole
spacings were randomly sampled, measured and statisti-
cally analysed. The study established that clay, sand and
sawdust with distinct purposes and proportions are the
primary materials used for production of the ceramic liners.
Flow chart diagram of seven production processes was
created out of the study. From the statistical analysis, the
ceramic liner that resulted in relatively high thermal
efficiency had a mean liner-hole diameter of ¥21.03 mm.
For practical and wider applications, the following
dimensions have to be repurposed for standard production
and improved thermal performance — liner-hole diameter
should be 21 mm; inter-hole spacing between liner-holes
in the outer circle should be 30 mm; and inter-hole spacing
between liner-holes on concentric circles should be 20 mm.
Adequate air circulation within the liner combustion
chamber helps burn the fuel completely. These results are
significant contribution to knowledge required to stan-
dardise ceramic liner-hole size and arrangement for
sustainable production and improved thermal efficiency.

Special thanks go to the staff of Man and Man Enterprise (an
award winning clean cooking stove company in Ghana) as well as
the technicians working in the Laboratories where the equipment
for testing were used.
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