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Abstract
Waste heat recovery along with low-grade energy can be utilized for numerous applications in our daily life. This manuscript 
presents a novel idea of utilizing the waste heat from domestic cooking devices for assisting the solar desalination system 
through simulation and validated experimentally. To assess the potential of waste heat from a 2D axisymmetric model of water 
jacket has made using ANSYS Fluent while applying the user-defined function (UDF) to the outermost wall of the cookstove 
having the temperature as high as 340 °C during the operation. Further, to ensure the recovery of the waste heat, without 
affecting the performance of the cookstove, an air gap of 0.05 cm was provided between the combustion chamber and the 
water jacket. The efficiency of the original cookstove without air gap was found to be ~ 33%, which enhanced up to ~ 43.79% 
without flow of water in the jacket, and finally reached up to 56% when water flows in the jacket. This indicates that the 
arrangement used in this particular study has not only recovered the waste heat but also improved the overall performance 
by ~ 69.34%, without disturbing the cooking phenomenon.
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Abbreviations
�  Thermal efficiency of cookstove
n  Total number of vessel used during the experiment
Cw  Specific heat of water (4.18 kJ/kg)
Cv  Specific heat of the aluminum vessel
mp  Mass of vessel along with lid (kg)
mw  Mass of water in the vessel (kg)
mh  Mass of hot water received in the vessel (kg)
Xfuel  Mass of solid fuel consumed (kg)
Xk  Mass of petrol for ignition (kg)
Hfuel  The calorific value of solid fuel (kJ/kg)
Hk  Calorific value of petrol (kJ/kg)
p  Static force
�⃗F  External body forces
𝜌�⃗g  Gravitational body force
WH  Weight of hot water obtained by the vessel along 

with lid (kg)

T  Absolute temperature of sampled gas, in K
Sm  Mass added to the continuous phase from the dis-

persed second phase
ρ  Density
K  Thermal conductivity
τ  Transmissivity
g  Gravity (9.81 m/s2)
t1  Initial temperature of water (°C)
t2  Final temperature of water (°C)
t3  Final temperature of water in the last vessel after 

the test (°C)
t4  Final temperature of water obtained from the water 

jacket
ϕ  Dissipation mechanism
�   Stress tensor

Introduction

In modern society, energy is one of the critical elements 
ensuring the minimum living needs of the people, such as 
cooking, heating, cooling, and thermal comfort, globally. 
In social relations, similar uses of energy are found for dif-
ferent cultural and religious events. Therefore, biomass has 
been the main source for supplying and meeting the energy 
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demands for both heating and cooking requirements, cultur-
ally for centuries. Even today, around 40% of the global pop-
ulation is using traditional cookstoves to meet their day-to-
day cooking and heating requirements, globally. Also, more 
than two-thirds of the Indian household still use conven-
tional biomass cooking stoves to cook their meals through 
the burning of solid fuel such as dung, coconut husk, agro 
waste, and palm waste. Almost all biomass energy sources 
used for domestic energy purposes and craft industries in 
developing countries exist in solid form, which accounts for 
56% of total biomass energy [1, 2]. The recent data indicate 
a steady decline in the number of people worldwide without 
access to clean cooking, and the pandemic caused additional 
challenges reversing this modest situation. There are seven 
times more people in developing Asia, with 1.6 billion peo-
ple lacking clean cooking facilities than electricity, however, 
with 670 million people gaining access since 2010, the latest 
data show encouraging signs and access rates in India and 
China hit 49% and 71% in 2018, respectively [3].

In the Asian countries, around 68% of the population 
still use to live in rural areas and from that mainly in India, 
around 0.2 billion peoples use the following as a cooking 
fuel, like 49% use firewood, 28.6% liquefied petroleum gas 
(LPG), 8.9% cow dung cake, 2.9% kerosene, 1.5% coal, lig-
nite, or charcoal, 0.4% biogas, 0.1% power, and 0.5% by 
other means [4]. The use of biomass-based cooking is as 
old as about 100,000 years, which is clearly evidenced from 
historical findings [5]. Kumar et al. [6] have studied various 
processes of heat transfer in a cookstove. According to them, 
three modes of heat transfer are important to remember, i.e., 
conduction, convection, and radiation. The conduction is the 
heat transfer through the metal body, and convection is due 
to the flow of a medium, which may be a solid, liquid, gas, 
or a mixture of all.

On the other hand, radiation is an entirely separate phe-
nomenon, in which the heat loss occurs from the flame and 
the cookstove, and this radiation travels into the gases and 
is absorbed from the exposed surfaces of the pot or griddle 
by cooler molecules. In general, the thermal efficiency of 
a traditional cookstove is in the range of 12–18%, which 
means more than 82% of energy is lost due to several rea-
sons; therefore, the heat losses from conventional cooking 
stoves are very high. Sedighi and Salarian [7] reported that 
around 14–42% of total energy is wasted from the cook-
stove exclusively due to conduction. Besides that, flue gases 
escape the cookstove without any interaction with the pot in 
large amounts due to unchecked combustion of carbon. Gas 
losses are roughly 22–39%, i.e., convective loss. Due to its 
low thermal efficiency as well as the increasing difference 
between supply and demand for firewood, coupled with the 
lack of fossil fuels and contamination caused by conven-
tional stoves, the technologists have been forced to concen-
trate their efforts on improving the thermal efficiencies of 

these stoves and to make more powerful smokeless stoves. 
This will add a positive effect on health as well as on the 
atmosphere due to increased thermal performance.

At present, there is only a small number of cookstove 
certified by the Ministry of New and Renewable Energy 
(MNRE) with a registered maximum thermal efficiency of 
40.81 (TERI SPT 0314 Stove) for domestic size forced cook-
stove and 37.12 (IMPMETAL TERI SPFB 0514b) for group 
size forced cookstove [8]. Approximately 65–70% of thermal 
efficiency is lost in the atmosphere, and the temperature of 
the air rises, which may be detrimental to the person who 
directly runs the cookstove now. It is well known that the 
transfer of heat in a cookstove is an important phenomenon, 
but due to the various losses, it is necessary to do thorough 
research on different heat transfer processes to know the 
heat transfer mechanism and their utilization, if possible. 
According to a World Health Organization (WHO) assess-
ment, smoke from biomass burning causes around 3% of 
the total global burden of illness, resulting in 1.6 million 
premature deaths each year, including 0.9 million children 
under the age of five [9]. Household air pollution, ineffi-
cient energy use, and haphazard fuel wood collection have 
all been identified as roadblocks to achieving Millennium 
Development Goals [10].

During the 1940s, India was one of the first countries to 
create biomass-based cookstoves. Following the oil crisis of 
the 1970s, more extensive research and development activi-
ties on improved cookstoves took place all over the world, 
resulting in the establishment of many improved cookstove 
programmes (ICPs) in a number of developing countries, 
including India, to address the energy crisis, deforestation, 
kitchen smoke reduction, and other issues. Despite the fact 
that these projects began in numerous nations and were 
conducted by a variety of government agencies, NGOs, and 
donor organizations, they were unable to meet the required 
objectives due to a variety of factors and constraints [11]. 
Improved cookstove should be built in ways that will fulfill 
the requirements and easy to use by the consumer [12, 13]. 
Firstly, in contrast to the use of open fires, the proposed 
improved design must be cheap. Secondly, for a minimum 
of a year and ideally longer, the stove must be robust to 
survive constant use without cracking. The Government of 
India, the Ministry of New and Renewable Energy has pro-
posed computational fluid dynamics (CFD) models for stove 
production work (MNRE 2010) because CFD nowadays has 
become an important tool for the analysis of combustion 
processes and many other similar phenomena. In a very pre-
cise time and price than an actual model, CFD can deliver 
a more broad analysis, but experimental evaluation of the 
CFD model is mandatory.

As per the authors’ information, only few studies have 
been done so far, to utilize the waste heat from the outermost 
wall of the cookstove without altering the main purpose 
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of the cookstove, i.e., cooking. Senthil Rajan et al. [14] 
employed a heat exchanger and a circulation pump to trans-
fer high-temperature energy from a biomass heat source to 
saline water in the still at a constant current rate. Thermo-
electric power generated from waste heat from a biomass 
dryer at a wall temperature of 180 °C–200 °C has significant 
applications, particularly with thermoelectric cooling mod-
ules [15]. Some other researchers [16, 17] used waste heat 
from biomass cookstoves to create electricity using TEG, but 
no one used waste heat to generate hot water. The process 
of extracting waste heat by fabricating a water jacket around 
the outermost wall of the domestic type forced draft cook-
stove and calculation of water outlet temperature obtained 
from the respective water jacket has been presented in the 
manuscript. In this, a 2D axisymmetric model of a water 
jacket has been prepared using ANSYS Fluent to estimate 
the waste heat recovery from the domestic forced biomass 
cookstove, while applying the user-defined function (UDF) 
to the outermost wall of the cookstove ranging from 40 to 
340 °C, as recorded by FLIR A325sc infrared camera. The 
steady-state model, tested against the experimental results, 
forecasts the temperature of water collected at the outlet.

Material and methods

The household energy database exhibited [18] that there 
is a gradual decline in the number of people lacking clean 
cooking facilities, but attempting to undo this moderate rises 
due to Covid-19 pandemic, as shown in Fig. 1. The thermal 
performance of the cookstove depends on many factors, such 
as the geometry of the combustion chamber, the material 
used to make the burner, the insulation used to minimize 
thermal loss, the geometry of the pot, the fuel stack, and 
the pot-stove difference. Losses are having a big impact 
on the thermal performance of both types of cookstoves, 
i.e., domestic and community type. When discussing the 
three form of losses during cooking on cookstove; first, the 

conduction heat loss from the wall of the cookstove and for a 
variation in temperature more energy can be store by a bulky 
cookstove, another loss due to convective heat movement as 
the jet around the bottom and/or sides of the pot, where the 
hot gases escape outward and upward and from the distance 
between the pot and wall, as well as, from the exterior sur-
faces of pans and finally, the various fields of radiation loss, 
such as the radiation released by the blaze, the exchange of 
radiation between the wood surface and the pot, the inner 
walls and the loss of radiation from the wall, the pot, the 
chimney as well as from the combustion chamber opening 
to the atmosphere.

All these types of losses are shown in Fig. 2. Although 
the transfer of heat in a cookstove is an unpredictable phe-
nomenon, anyone can use the following equation for under-
standing and estimating heat flow in a cookstove, and there 
are certain assumptions for using this equation:

• The phenomenon of steady-state heat transfer
• Isotropic material
• Thermal conductivity varied with temperature, but con-

stant is assumed here.

The Sum of the release of waste heat through the stove 
wall is given as;

The losses also depend on cookstove fabrication materi-
als. Here is some commonly used material for cookstove 
fabrication (for k), and their properties are given in Table 1.

Apart from the aforementioned issues, the traditional 
cookstove has a slew of others, including longer cooking 
times, higher fuel consumption, and the fact that women 
spend a significant amount of time gathering fuel wood [19, 
20]. A number of factors, including the family’s income, the 
availability of other fuels, and the geography (rural, urban, 
and remote), determine the type of fuel used for cooking in 
a particular household. Furthermore, as family income rises, 

(1)Q
loss

= Q
conduction

+ Q
convection

+ Q
radiation

Fig. 1  Household energy database [18] Fig. 2  Process of heat transfer in a cookstove
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people transition from biomass to kerosene, coal, LPG, and 
natural gas, depending on the resource and degree of educa-
tion [21, 22]. Although there has been a move from biomass 
to LPG in urban areas, people in rural and isolated areas 
have remained to rely on biomass fuel due to its price and 
availability, as well as traditional and cultural hurdles [23].

Computational analysis

The cookstove thermal imaging test has been done using 
FLIR A325sc Infrared cameras, and the image is displayed 

in Fig. 3. It is clear from Fig. 3 that a lot of heat is being 
lost from the cookstove outer wall and the maximum tem-
perature reported at the top of the cookstove was approxi-
mately 350 °C and the temperature decreases as the bed 
move down and the lowest temperature measured at the 
bottom of the stove was near about 40 °C. This enormous 
volume of heat, that is lost, can be used in multiple ways 
to satisfy the energy requirement for different applica-
tions. This idea motivated the authors to extract that waste 
heat by fabricating a water jacket around the forced draft 
domestic cookstove, keeping some air gap so that it would 
not interrupt the natural cooking process. The hot water 
can be used for dishwashing, cloth washing, bathing pur-
poses, or it can be utilized to improve the productivity of 
a small solar distillation unit.

In the current simulation, the following assumptions 
are made:

1. The average parameters over time are more important 
than the instantaneous values since the activity of the 
cookstove is not in a steady state.

2. The average efficiency of the cookstove is therefore 
believed to be steady state [24, 25].

3. To save simulation time, a two-dimensional (2-D) 
axisymmetric model is used in Fluent [24, 26].

In regards to geometry creation and simulation of the 
cookstove, to find out the appropriate air gap and tem-
perature of the water from the outlet of the water jacket, 
the design modeler and FLUENT R19.2 by forming struc-
tured quadrilateral cells were used. The 2D model of the 
axisymmetric system is shown in Fig. 4. The cookstove 
was taken for simulation with a fixed diameter of 0.180 m 
and a length of 0.350 m. (one module). The schematic of 
the geometrical fabrication of the water jacket is shown in 
Fig. 5a, b. Operating pressure considered to be one bar, 

Table 1  Thermal properties of commonly used material for cookstove 
fabrication

S. No Material Specific 
heat (J/kg 
K)

Density (kg/m3) Thermal 
conductivity 
(W/m–k)

1 Mild steel 502.416 7850 46
2 Cast iron 460.548 6800–7800 80

Fig. 3  Thermal imaging test of cookstove using FLIR A325sc

Fig. 4  Schematic of a 2D 
axisymmetric model of fabrica-
tion of water jacket
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user define function (UDF) (as per temperature variation 
from top to bottom) was applied to the outer wall of the 
cookstove as shown in Fig. 6.

Governing equation

The governing equations, which can be stated in the general 
form of integral equations [27], are the source of the essen-
tial concepts of Newton's law and Reynolds law. The three 
equations, namely continuity, momentum, and energy, can be 
obtained as follows [28] using the conservation equations:

Continuity conservation equation
The mass conservation equation is applicable to both com-

pressible and incompressible flows.

Momentum conservation equation

where �  is the stress tensor.

(2)
𝜕𝜌

𝜕t
+ ∇ ⋅

(

𝜌�⃗v
)

= S
m

(3)𝜌

[

𝜕
(

�⃗v
)

𝜕t
+
(

�⃗v ⋅ ∇
)

�⃗v

]

= −∇p + ∇ ⋅

(

𝜏
)

+ 𝜌�⃗g + �⃗F

Energy conservation equation

where h (specific enthalpy) = e + p/(ρT).

Experimental setup

The current experiment was executed in the biomass 
combustion-testing lab (WS-206) at the IIT Delhi cam-
pus (28.6139° N, 77.2090° E). To find out the efficiency, 
tests were carried out in a regular cookstove testing hood. 
The biomass cookstove has an inner and outer diameter of 
0.128 m and 0.180 m with a height of 0.350 m and made of 
mild steel with a batch feeding system. In terms of primary 
and secondary air, fans are used to provide enough air for 
the combustion of biomass using a dual DC power regula-
tor. The weighing machine has been used to calculate the 
fuel, cookstove, and pot weight, and to measure the water 
temperature, PT-100 thermocouple sensor has been used. 
To initiate the ignition, around 10 ml of petrol has been 
used. The diagram of the cookstove with the testing hood is 
shown in Fig. 7, and the experimental setup is shown in Fig. 
S1 (supplementary material).

Design of water jacket

The fabrication of the water jacket has been done using 
0.002 m of mild steel sheet around the outermost wall of 
the cookstove, retaining a sufficient air gap as per the result 
obtained from the simulation. The water jacket inlet and 
outlet are attached to a solid steel pipe. During testing, the 
exterior temperature of the stove was reported to be more 
than 104 °C, which can burn consumers, so when moving or 

(4)𝜌
[

𝜕h

𝜕t
+ ∇ ⋅

(

h�⃗v
)

]

= −
𝜕p

𝜕t
+ ∇ ⋅ (k∇T) + 𝜙

Fig. 5  Schematic of water jacket fabrication a Line diagram, b Pictorial view

Fig. 6  Geometrical setup and boundary conditions
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holding a hot stove, it is advised to use a handle. After the 
fabrication, the different view of the water jacket around the 
cookstove  can be seen in Fig. S2 (a) and (b) (supplemen-
tary material), respectively. The width of the water jacket is 
0.010 m, so the current outside diameter cookstove with the 
water jacket and air gap is now 0.224 m. Here, 0.003 m is a 
distortion effect during the fabrication of the water jacket, 
since it was very difficult to preserve such a small air gap 
using mild steel a thickness of 0.002 m.

Performance of cookstove

In various countries, the number of cookstove testing pro-
cedures is used to determine the thermal efficiency of cook-
stove in both laboratory and field circumstances. One of the 
major protocols for laboratory experiments stated by BIS, 
which is generally used in different countries, is Water Boil-
ing Test (WBT). In 2013, the Bureau of Indian Standards 
updated its old solid biomass cookstove test code [IS 13152 
(Part 1): 1991] (Chulha). The test code was created with the 
goal of covering all of the requirements for various designs 
and types of solid biomass portable cookstoves for domestic, 
communal, and commercial use. Thermal efficiency testing, 
emission testing, quenching testing, and surface temperature 
testing are all covered [29]. In compliance with the protocol 
of the MNRE, the Water Boiling Test was carried out to this 

studies determine the thermal efficiency of the device. The 
water boiling testing starts with a sprinkling of 10 ml of oil 
over the fuel bed, followed by the initiation of fire using a 
match stick. After initial ignition of bed, the speed of the 
fans (primary and secondary) was adjusted to get the best 
possible flame (speed, color, and smoke level), the cooking 
vessel having the required quantity of water in it was placed 
over the cookstove, while the time and temperature of water 
in the pot were noted down.

During the testing, the temperature of the water, the outer 
body of the cookstove, cooking pot, plate, and flame were 
measured at a regular interval of 5 min. As soon as the tem-
perature of water reached 95 °C, the first vessel was changed 
with the second one and the time taken for the boiling was 
recorded simultaneously. The same process was repeated until 
the fuel consumed completely and/or the flame disappeared, 
whichever is earlier. In case if the experiment does not last 
within an hour, the unconsumed fuel was taken out, weighted 
and the heating value was evaluated and recorded for mass 
and energy balance to calculate the thermal efficiency. The 
temperature of the outside surface of the stove was reported 
more than 104 °C during the test in a very short time, which 
means that there is huge potential of mitigating the conduction 
as well as radiation heat loss from the cookstove exterior skirt.

The thermal efficiency of cookstove without water jacket 
[29]

(5)� =

[
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W
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w
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3
− t

1

)]

[(

X
FUEL
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)

+
(

X
P
× H

P

)]

Fig. 7  Schematics of a hood 
with dilution tunnel for testing 
of cookstove
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The thermal efficiency of cookstove with water jacket

The K-type thermocouple was placed on the outer wall of 
the cookstove using thermal insulation and high-temperature 
sustainable tape (silver tape) for the assessment of outer-
most wall temperature, as seen in Fig. 8a. These measuring 
arrangements, as shown in Fig. 8b, cover with ceramic fiber 
(glass wool) for the precise calculation of temperature vari-
ation as the combustion bed travels down over the time as 
well to avoids air exposure otherwise temperature measure-
ment will not be accurate. The temperature would also differ 
according to the variation in the water mass flow rate, so it 
is desired to take proper temperature calculation to find the 
effect of flow rate variation on the outermost wall tempera-
ture, as well as on cookstove efficiency. The water jacket 
outlet has been arranged on the upper most side of the water 
jacket. So that the cooking mechanism should not be dis-
turbed and the waste heat can be recovered through counter 
flow of water, as the bed is moving down.

The hot water from the water jacket outlet is stored in a 
tank that is fully insulated with ceramic fiber using a hot 
water PVC pipe attachment, and the ceramic fiber is com-
pletely covered by aluminum-insulated tape to minimize the 
vessel's heat loss to the maximum degree possible as shown 
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[
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in Fig. S3 (supplementary material). The PT-100 tempera-

ture sensor has been arranged just below the collecting area 
for correct temperature measurement of the coming water 
through the outlet of the water jacket. The temperature cal-
culated by PT-100 is connected by an 8-channel data logger, 
and it was noted every 5 min, and the same was done with 
the cooking vessel kept over the cookstove.

Results and discussions

The water boiling test (WBT) was carried out with and 
without a water jacket to compare the thermal efficiency. 
Before and after the fabrication of the water jacket, the 
output parameters such as the thermal efficiency of the 
cookstove were evaluated on the same cookstove, and 
graphs were plotted on both instances. During the simula-
tion, it was found that when the air gap is around 2 mm, 
the water outlet temperature was reached more than 
371.23 K, but due to the fabrication constrain, it is strict 
to use a wide air gap between the outermost wall of the 
cookstove and water jacket. Thus, for simulation using the 
2D axisymmetric model with the water jacket thickness of 

Fig. 8  Arrangements of measuring outermost wall temperature using K-type thermocouple
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0.01 m with standardized quadrilateral cell with 0.005 m 
of air gap was finalized for actual fabrication to the out-
ermost wall of the cookstove. The grid-independent test 
was conducted with the number of numerical cells ranging 
from 55,000 to 284,000 and found that 127,500 of cells 
were ideal for simulation. The basic air-gap temperature 
contour is shown in Fig. 9. The schematic representation 
of the difference in temperature by maintaining the differ-
ent air-gap is shown in Fig. 10. The fabrication of a water 
jacket has been completed along the outermost wall of the 
cookstove, retaining 0.005 m of air gap.

Thermal efficiency

The water boiling test was performed according to the 
MNRE protocol, and the thermal efficiency of the domestic 
forced draft cookstove was found around 33.17%, imply-
ing that approximately 67% of the heat is being lost from 
the cookstove. The various losses through the stove wall 

eventually decreased only by fabricating the water jacket, so 
the thermal efficiency of the cookstove is now 43.79%, when 
there is no flow of water in the jacket. It implies that the 
efficiency increased by 32%. The water jacket without any 
flow of water acts as insulation, which reduces the heat loss 
from the outer body and delivers it to the pot and improving 
the efficiency of the existing cookstove, as shown in Fig. 11.

The water starts flowing with a different mass, flow rate in 
the jacket has now been stored in an enclosed pot as shown 
in Fig. 8, to determine the total performance of the system, 
and the temperature has been continuously measuring using 
the PT-100 temperature sensor. At the moment, when com-
bustion began, the initial temperature of the water has been 
noted and the final water temperature has been taken up to 
the point, when it starts decreasing, during the test. It was 
very difficult to maintain the flow rate of 0.002 kg/s and 
when the flow rate was 0.002 kg/s, the temperature of the 

Fig. 9  Temperature contour 
of water temperature variation 
concerning increasing air-gap

Fig. 10  Water temperature variation with respect to increasing air-gap

Fig. 11  Efficiency comparison with and without a water jacket
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water more than 91 °C, which is already more than sufficient 
for any household application such as washing utensils or 
bathing purposes, or as pre-heated water supply to solar still 
basin [30], so there is no need to maintain such small flow 
rate. The maximum amount of water has been vaporized 
during the test, and a very less amount of water has been 
received in the enclosed pot when the flow rate was mini-
mum and vice-versa.

The total efficiency is equal to, the useful heat supplied 
to the pot and the heat gained by the water flowing in the 

water jacket during the experiment. As the mass flow rate 
increases, less usable heat is going to the pot whereas more 
heat gain by the water circulating in the jacket, but in total, 
the overall efficiency increases. The operating condition 
is shown in Table 2 and increases the overall efficiency of 
the cookstove by adding the yield as shown in Fig. 12. It 
was also observed that there is a marginal decline in overall 
efficiency when the mass flow rate rises above 0.005 kg/s 
because less heat is going to the pot as well as to the water 
flowing in the jacket as shown in Fig. 13. Computational 
values were checked by equating similar geometrical and 
operational parameters with the experimental findings, as 
shown in Fig. 14. The maximum and minimum percentage 
of deviation in temperature was about 1.76% and 1.16%, 
respectively, as compared to the experimental value. The 
simulation results were found to be in good agreement with 
the experimental results (less than 2%).

All three modes of heat transfer take place here during the 
process, convective, and radiative heat transfer from the out-
ermost wall of the cookstove and transfer it to the innermost 
wall of the water jacket, and from there, heat is transferring 
to the water through conduction, so when the mass flow 
rate of water is minimum, the contact time will be more and 
more heat gained by the water and this suited up the water 
temperature results in a huge amount of water get vaporized. 
The flow rate is having a huge impact on efficiency, and 
it is realized that when the mass flow rate increases above 
0.005 kg/s, the pot efficiency starts decreasing and water 
jacket efficiency gets increased, but when the flow rate was 
above 0.006 kg/s, the heat gain by water flowing in the jacket 
also starts decreasing, so that overall efficiency has been 
decreased. The temperature gain by the water in the pot, as 
well as the water streaming in the jacket, is very less when 
the mass flow rate is above 0.005 kg/s, while the water loss 
is very less, but no substantial temperature gain, so there is 
also no need to go beyond this mass flow rate.

When comparing all three cases, like:

Table 2  Operating conditions

S. No Flow rate (kg/s) Water supplied 
in liter

Initial 
Temp. 
(°C)

1 0.002 12.72 14.6
2 0.003 19.80 13.8
3 0.004 28.32 12
4 0.005 34.80 15.2
5 0.006 36.36 14.8
6 0.007 41.16 14.2

Fig. 12  Overall efficiency at a different mass flow rate

Fig. 13  Useful heat delivered to the pot and water jacket

Fig. 14  Validation of simulation results with experimental results
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Case 1. Cookstove without water jacket (conventional 
cookstove)
Case 2. Cookstove with water jacket with zero mass flow 
rate of water and
Case 3. Cookstove with water jacket with varying mass 
flow volume.

Based on the water boiling test, the thermal efficiency of 
conventional domestic forced draft cookstove was found to 
be of 33.17%  but after fabricating a water jacket around 
the cookstove even without flow of water, the efficiency has 
increased up to 43.79% (~32% increment); which is attrib-
uted to the reduced heat loss to the surroundings as the addi-
tional air gap (i.e. the water jacket) behaves like an insula-
tion. On the other hand, the  thermal efficiency has increased 
up to 56.17% when the water flow rate has taken to 0.005 
kg/s in the water jacket. There is a significant improvement 
(69.3% and 28.3%, respectively) in the thermal efficiency of 
the cookstove as compared to the first two cases (cases 1 and 
2), as can be seen clearly in Fig. 15.

Sensitive analysis

During the experiment, it was discovered that the highest 
amount of water was vaporized, while the flow rate was 
lowest, and vice versa. The flow rate and air gap affected 
the temperature of hot water received from the water jacket 
outlet. As a result, the flow rate and air gap are the most 
important parameters in the sensitive study of heat and mass 
transfer process. Exogenous factors or relationships between 
variables are frequently included in simulation models, yet 
our knowledge of them is typically insufficient. Sensitivity 
analysis is the process of assessing which of the guesses are 
truly important, and whether a slightly altered guess will 

have a major impact on the model's behavior [31]. In this 
scenario, the water input temperature was varied; it was 
determined by the day's ambient temperature. The experi-
ment was conducted in the last week of December, when the 
water input temperature was quite low, ranging from 14.6, 
13.8, 12, 15.2, 14.8, and 14.2 °C, with flow rates of 0.002, 
0.003, 0.004, 0.005, 0.006, and 0.007 kg/s, respectively.

When comparing the temperature gain at different air-
gaps while maintaining the same flow rate, it was discovered 
that the temperature variation is very small. For example, 
when the flow rate is maintained at 0.002 kg/s for a 25% 
variation in air gap, the temperature only varies by 4% in 
the case of maximum temperature gain by the water, and 
for the 0.008 kg/s flow rate, the temperature variation is 
only up to 4.5%. When comparing the temperature gain by 
water at different flow rates while keeping the same air-gap, 
it was discovered that when the mass flow rate varies from 
0.002–0.008 kg/s while keeping the air gap 6 mm, 7 mm, 
and 8 mm, respectively, temperature gain up to 21.99%, 
23.76%, and 22.16%. Fig. 16 depicts the temperature gain 
and hot water produced at a specific mass flow rate of water. 
Because of the aforementioned research, it can be stated that 
when the two variable parameters, air gap and mass flow 
rate of water, are compared, the mass flow rate is the more 
sensitive parameter.

Uncertainty analysis

The error occurred in the measuring instruments is calcu-
lated in this section. The minimum error that occurred in 
any instrument is equal to the ratio between its least count 
and minimum value of the output measured. It is important 
to quantify the divergence in experimental results due to the 
accuracy of instruments used for data measurement. When 
Q is the function of a number of independent variable x1, 

Fig. 15  Efficiency comparison of different cases

Fig. 16  Temperature gain at different mass flow rate and air gap
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x2, x3,……xn and z1, z2, z3,……..zn are their corresponding 
uncertainty, then in Q can be estimated by the following 
relation:

The uncertainty associated with the calculation of ther-
mal efficiency has been evaluated using the least count/
accuracy of the instruments that were being collected the 
data during experiments. The value of uncertainty involved 
in the calculation of thermal efficiency was found to be in 
the range of 2.65%–2.81%.

Conclusions

The improved cookstove with a water jacket has been 
tested to reduce the heat loss from the outermost wall of a 
domestic forced draft cookstove. To determine the thermal 
performance, WBT has been done and this has been con-
ducted at the IIT Delhi campus (28.6139° N, 77.2090° E) 
in the biomass combustion test laboratory (WS-206) with 
and without a water jacket. The results showed that the 
thermal efficiency of the conventional cookstove was 
33.17%, while the efficiency increases after fabrication of 
jacket and found 43.79% of modified cookstove having the 
water jacket without any flow. Thus, there is an increment 
of 32.01% in thermal efficiency as compared to the first 
case. The overall efficiency was measured as the usable 
heat supplied to the pot and heat obtained by the water 
flowing in the water jacket, continuously increasing up to 
the flow rate of 0.005 kg/s and reaches 56.17%, which is 
69.34% and 28.3% more as compared from the first two 
cases.

The maximum gain in efficiency is at 0.005 kg/s, and it 
starts declining above this flow rate, like when the flow rate 
was 0.006 kg/s and 0.007 kg/s, the efficiency was 54.12% 
and 52.59%, respectively. Thus, it was observed that the flow 
rate of 0.005 kg/s is adequate to achieve the maximum over-
all efficiency without altering the actual cooking job, and the 
obtained hot water is very useful in household applications 
and decreases the burning of additional biomass or fuel, that 
has to burn in heating of water in many in rural houses. 
This water jacket fabrication not only produces hot water 
but also lowers the emissions due to less combustion of bio-
mass fuels, so it can provide two-type of products in a single 
burning, i.e., cooking of food as well as producing hot water.
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