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Present work reports details of the design, fabrication, and laboratory testing of a 
natural draft metal biomass cookstove for a community kitchen. Heat transfer and 
fluid flow considerations along with experimental data available in the literature are 
used for the design of the community cookstove. The summation of pressure drop in 
different sections of the cookstove is compared with the outside pressure drop for the 
system using buoyancy considerations. The cookstove is fabricated as per the 
dimensions finalized during the design stage. Laboratory testing of the cookstove is 
conducted according to Bureau of Indian Standards (BIS) protocol. The tests are 
conducted under different conditions of main air hole closing viz. 0%, 25%, 75% and 
100%. Each test is replicated thrice and an analysis of data is performed using a 
student’s t-test. The efficiency of cookstove is found to be about 42% i.e., well above 
the BIS limit of 25% for natural draft metal cookstove. The effect of insulation on the 
outer body of cookstove is studied experimentally. It is found that the efficiency 
enhances by about 5.3% due to insulation. The authors found that provision of primary 
and secondary air holes play a very important role in the performance of the 
cookstove. When 100% main air holes are closed, the average efficiency of the 
cookstove is found to be poor (27.3%) due to no supply of secondary air to the 
combustion chamber of the cookstove. 
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1. Introduction 
 

The early According to WHO [1], about 2.4 billion people across the globe use traditional biomass 
cookstoves using different types of biomasses such as wood, animal dung, crop waste, and coal as 
fuels. Each year about 3.2 million people die prematurely due to illnesses attributable to indoor air 
pollution. Indoor air pollution also causes diseases including stroke, heart disease, chronic 
obstructive pulmonary disease (COPD), and lung cancer. Close to half of deaths due to pneumonia 
among children under 5 years of age are caused by particulate matter (soot) inhaled from Indoor air 
pollution. 
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For more than 3 decades, researchers across the world are performing research on clean cooking 
using biomass cookstoves. Report on the work done by various researchers in the form of design, 
development, laboratory and field testing, and dissemination of biomass cookstoves and discussion 
on various social issues related to the cookstoves is found in different review articles [2-13].  

According to BIS protocol [14], solid biomass cookstoves having power output ratings in the range 
of 3 kW to 10 kW are known as community cookstoves. Such cookstoves are used by a group of 
people in community kitchens. Community cookstoves are used in schools, at religious places, in 
community gatherings, etc. for cooking food. Biomass cookstoves can be classified as natural draft 
and forced draft based on the draft created in the cookstove. Based on the methodology of air 
supplied to the cookstoves, they are classified as gasifier and combustion cookstoves. The cookstove 
in which solid biomass is converted into a combustible gaseous product by thermochemical 
conversion is known as a gasifier cookstove. The cookstove in which biomass burns completely in the 
stages of drying, pyrolysis, flaming combustion of pyrolysis products, and glowing combustion of char 
in presence of excess air, is known as a combustion cookstove [9]. In both gasifier and combustion 
cookstoves, the air is supplied in two parts viz. primary and secondary. In gasifier cookstoves, 
biomass is generally fed once whereas, in combustion cookstoves, biomass is fed continuously or in 
a batch. 

The available literature focuses more on domestic cookstoves having a power output range of 2-
5 kW. Very limited literature is available on the design and development of community cookstoves. 
Debajit and Sanjay [15] developed updraft and downdraft gasifier systems for community cooking. 
The authors reported a 65% saving in fuel as compared with traditional cooking systems. A report by 
Smokeless Cookstove Foundation [18] presents characteristics of different types of community 
cookstoves available in India. These cookstoves are Vikram Jumbo Chulha, Greenway Jumbo stove, 
Envirofit EFI-100L, Saverpro Aghanya stoves, TIDE Pyro stove, and Prakti Institutional stove. The 
information on cookstove manufacturer, efficiency, fuel burning, food cooking capacity, warranty, 
approximate cost, etc. is provided in the report. Robinson et al., [19] reported results of a natural 
draft Top Lit Up Draft (TLUD) Institutional Improved Cookstove (IIC). The efficiency of the cookstove 
was up to 59% at an input power of 25.5 kW with very low CO emissions. Baharuddin et al., [20] 
reported use of organic Rankine cycle based biomass carbonization system for conversion of thermal 
energy into electricity. Jankaew et al., [21] reported experimental and computational studies on 
crude palm oil combustion. It was found that higher preheat temperature and pressure resulted into 
long, high temperature flame with larger penetration. Martin et al., [22] reported a methodology to 
reduce potassium contents in a biomass fuel viz. empty oil palm fruit bunches to improve its heating 
value and overall utilization as a renewable energy source. Domestic stove was used for the 
experimental investigations. Balli et al., [23] reported experimental studies on a prototype gas fired 
furnace for a pottery- ceramic industry. The prototype furnace was found to be energy efficient as 
well as less polluting as compared with the traditional gas fired furnace. It is found from the available 
literature that detailed design, development, and testing of community cookstoves are not reported. 
The present manuscript reports the step-by-step design procedure, fabrication, and testing of the 
community cookstove. 
 
2. Design of the Cookstove 
 

For the present design of the cookstove for a community kitchen, input power is considered to 
be10 kW and the lower calorific value of biomass fuel was taken as 16 MJ/kg. The fuel burning rate 
for this combination comes out to be 37.5 g/min. One kilogram of biomass requires approximately 6 
kilograms of air for complete combustion in ideal conditions. While designing a thermal system using 
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solid fuel, 20% excess air is considered for complete combustion of the fuel. Hence, for the present 
case of a community cookstove, the amount of air requires comes out to be 37.5 × 6 × 1.2 = 270 
g/min. Now, 70% of the required air is supplied near the base of the combustion chamber of the 
cookstove as a primary air for initiation of combustion, pyrolysis, oxidation, and char burning. The 
reaming 30% of the required air is supplied near the top of the combustion chamber as secondary 
air to burn the pyrolysis products so that the products of incomplete combustion shall be reduced 
and clean combustion is ensured. 

The air enters from the holes provided near the lower portion of the outer body of the cookstove. 
Now, out of this total air, 70% of the primary air comes into the lower portion of the combustion 
chamber through the holes provided in the grate, and the remaining 30% is directed through the 
annular space between the combustion chamber and the outer body in the upward direction and 
enters into the combustion chamber through the secondary air holes near the top.  

Figure 1 presents the schematic diagram of the proposed community cookstove with a pot shield. 
To calculate the number of primary and secondary air holes, the system of cookstove is divided into 
four zones. The calculations for pressure drop through these zones are performed considering basic 
concepts of fluid flow and heat transfer.  

Bryden et al., [24] reported design principles for biomass cookstoves. The authors have used 
these principles in deciding the dimensions of the proposed community cookstove. A detailed step-
by-step procedure used for the calculation of a number of primary and secondary air holes for a given 
size of the holes and other dimensions of the cookstove is reported in this section. 
 

 
Fig. 1. Schematic diagram of proposed community cookstove 
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Table 1 reports the design parameters for proposed community cookstove. 
 

Table 1 
Design parameters for the proposed community cookstove 
Parameter Dimension 

Diameter of combustion chamber 300 mm 
Diameter of outer cylinder  350 mm 
Diameter of main air entry holes on outer cylinder 14 mm 
Diameter of primary and secondary air supply hole  14 mm 
Number of main air entry holes on outer cylinder  20  
Number of primary air entry holes  14 (Assumed) 
Number of secondary air entry holes 06 (Assumed) 
Height of combustion chamber  360 mm 

 
To start with design of the proposed community cookstove, consider, 
 
Input power of a community cookstove: 10 kW 
 
Lower calorific value of a biomass fuel: 16 MJ/kg 
 
Fuel burning rate of cookstove: 10 kJ/s/(16000 kJ/kg) = 0.000625 kg/s = 0.625 g/s = 37.5 g/min 
 
Stoichiometric air fuel ratio: 6:1 
 
Considering 20% excess air, actual air fuel ratio: 7.2:1 
 
That is, 1 gram of fuel requires 7.2 grams of air or 37.5 grams of fuel requires 270 grams of air 
 
Amount of primary air: 𝑚̇pa = 70% of 270 grams = 189 g/min = 0.00315 kg/s 
 
Amount of secondary air: 𝑚̇sa = 30% of 270 grams = 81 g/min = 0.00135 kg/s 
 
Amount of total air 𝑚̇t = 𝑚̇pa + 𝑚̇sa = 0.0045 kg/s 
 
2.1 Outside Pressure Drop (∆Poutside) 
 

The total height between centre of main air entry air holes on outer cylinder and the topmost 
point of the cookstove i.e., H = 640 mm. 
 
Hence, outside pressure drop between points A and B due to difference in elevation [25]:  
 
∆Poutside = ρa × g × H = 1.165 × 9.81 × 0.640 = 7.314 N/m2 or Pa       (1) 
 
where, ρ: density of air in kg/m3. At ambient temperature of 30 ⁰C, ρa = 1.165 kg/m3. 
 
2.2 Inside Pressure Drop (∆Pinside) 
 

During travel of primary and secondary air through the cookstove, a pressure drop occurs at 
different locations such as entry of primary and secondary air holes, porous bed of biomass, annular 
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space between the combustion chamber and the outer body, annular space between the pot and 
shield, etc. The summation of all these pressure drops is accounted for in the calculations for the 
inside pressure drop. 

For calculation of inside pressure drop, the system of cookstove is divided into four zones viz. 
zone 1, 2, 3 and 4. 

For creating a natural drat of air through the cookstove, the inside pressure drop must be less 
than or equal to the outside pressure drop between the entry at zone 1 and the exit at zone 4. 
 
2.2.1 Pressure drop in zone 1 
 

It includes pressure drop through main air entry holes (∆Pma) through primary air entry holes 
(∆Ppa) and also through grate (∆Pgrate). 
 
Pressure drop through main air entry holes (∆Pma) 
 
Air enters through main air entry holes at ambient temperature of 30 ⁰C, ρa = 1.165 kg/m3 
Diameter of each hole = 14 mm and number of holes = 20 
Total area of main air entry holes, Ama = (π /4) × (0.014)2 × 20 = 0.003078761 m2 
 

Let us assume that all the air required for complete combustion of fuel enters through these holes 
only. 
 
Hence, velocity of air at inlet of main air holes, Vma = 𝑚̇t/(ρa × Ama) = 0.0045/(1.165 × 0.003078) = 
1.255 m/s 
 
Pressure drop at inlet of main air holes, 
 
∆Pma = 0.5 × ρa × Vma

2 = 0.91745 Pa           (2) 
 
Pressure drop through primary air entry holes (∆Ppa) 
 
Air enters through primary air entry holes at ambient temperature of 30 ⁰C, ρa = 1.165 kg/m3 
Diameter of each hole = 14 mm and number of primary air entry holes = 14 
Total area of primary air entry holes = Apa = (π /4) × (0.014)2 × 14 = 0.002155 m2 
 

It is assumed that 70% of the primary air required for pyrolysis and oxidation of fuel enters 
through these holes only. 
 
Hence, velocity of air at inlet of primary air holes, VPA = 𝑚̇pa/(ρa × Apa) = 0.00315/(1.165 × 0.002155) 
= 1.2547 m/s. 
 
Pressure drop at inlet of primary air holes, 
 
∆Ppa = 0.5 × ρa × Vpa

2 = 0.91701 Pa           (3) 
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Pressure drop through grate (∆Pgrate) 
 

The whole primary air supplied to the cookstove enters into the combustion chamber through 
grate. The grate is a plate of 2 mm thickness with diameter of 300 mm. 120 holes of 8 mm diameter 
are drilled in the plate to allow entry of the primary air into the combustion chamber. Assuming 
temperature of primary air entering through the grate into the combustion chamber to be 30 ⁰C, its 
density will be ρa = 1.165 kg/m3.  
 
Total area of holes in the grate = Agrate = (π /4) × (0.008)2 × 120 = 0.754 m2. 
 
Hence, velocity of air at the inlet of holes in the grate, Vgrate = 𝑚̇pa/(ρa × Agrate) = 0.00315/(1.165 × 
0.754) = 0.00359 m/s. 
 
Pressure drop at inlet of holes in the grate, 
 

∆Pgrate = 0.5 × ρa × Vgrate
2  0.00 Pa           (4) 

 
2.2.2 Pressure drop in zone 2 
 

It includes pressure drop through porous bed of fuel (∆Pbed) as well as during flow of secondary 
air through annular space between the combustion chamber and outer cylinder (∆Pas). 
 
Pressure drop through porous bed of fuel (∆Pbed) 
 

Gudekote and Choudhari [26] reported the effect of velocity slip and the angle of inclination on 
the motion of casson fluid flowing through an elastic tube with porous walls. The authors found that 
with increase in porosity there was significant decrease in pressure drop.  
 
Height of porous fuel bed, hbed = 300 mm and diameter of combustion chamber = 300 mm 
 

Temperature of combustion chamber is taken as 800⁰C from the data available in the research 
by Brady et al., [27]. 

Considering the fluid to be the wood gas, at Tg = 1073 K, different properties of wood gas available 
in a research by MacCarty and Bryden [28] are: 
 
µg = (-7 × 10-12 T2 + 4 × 10-8 T + 8 × 10-6) kg/m-sec = 4.2861 × 10-5 kg/m-sec, 
 
ρg = (353.09/T) kg/m3 = 0·32907 kg/m3 
 
Cross-sectional area of the combustion chamber, Acc = (π/4) × (0.03)2 = 0.07069 m2 
 
Mass flow rate of fluid through combustion chamber mcc = mass flow rate of fuel (mf) + mass flow 
rate of primary air (𝑚̇pa) 
 
𝑚̇cc = 37.5 g/min + 189 g/min = 226.65 g/min = 0.003775 kg/sec 
 
Hence, velocity of hot air in porous bed, Vbed = 𝑚̇cc/(ρa × Acc) = 0·16202 m/sec. 
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Pressure drop due to flow of fluid through porous bed of biomass particles is calculated using 
Ergun relation reported by Kaviany [29]. 
 

∆𝑃𝑏𝑒𝑑 =  {
𝛼 𝜌𝑔 𝑉𝑏𝑒𝑑

2 ℎ𝑏𝑒𝑑 (1−𝜀𝑏𝑒𝑑)2

𝜀𝑏𝑒𝑑
3 𝑑𝑐,𝑏𝑝𝑅𝑒𝑏𝑝

} + {
𝛽 𝜌𝑔 𝑉𝑏𝑒𝑑

2 ℎ𝑏𝑒𝑑 (1−𝜀𝑏𝑒𝑑) 

𝜀𝑏𝑒𝑑
3 𝑑𝑐,𝑏𝑝

}       (5) 

 

where,   = 180;   = 4 (for rough biomass particles); bed is bed porosity = 0.5 (assumed); Vbed: Velocity 

of fluid in reactor, Reynolds number of biomass particles, 𝑅𝑒𝑏𝑝 =  
𝜌𝑔 𝑉𝑏𝑝 𝑑𝑐,𝑏𝑝

𝜇𝑔
; characteristic particle 

diameter dc,bp = 6/Ao where, Ao = surface area of particle/volume of particle. For average particle 
diameter of 20 mm and height of 30 mm, Ao comes out to be 266.67 m-1. Hence, dc,bp = 6/Ao = 0.0225 
m. 
 

𝑅𝑒𝑏𝑝 =  
𝜌𝑔 𝑉𝑏𝑒𝑑 𝑑𝑐,𝑏𝑝

𝜇𝑔
 = 

0.32907 × 0.16202 ×0.0225

4.2861 ×10−5
 = 27.9883        (6) 

 
Substituting all value in Eq. (4), pressure drop through porous bed of biomass particles  
 
ΔPbed = {((180 × 0.32907 × (0.16202)2 × 0.3 × (1 - 0.5)2))/(0.53 × 0.0225 × 27.9883)} + {((4 × 0.32907 × 
(0.16202)2 × 0.3 × (0.5)))/(0.53 × 0.0225)} = 1.4815 + 1.8428 = 3.3243 Pa 
 
Pressure drop during flow of secondary air through annular space (∆Pas) 
 

The secondary air passing through the annular space between the combustion chamber and outer 
cylinder gets heated due to convective and radiative heat transfer. The temperature of gases inside 
the combustion chamber is taken from the literature is 1073 K [27]. 

Zube [30] reported that in case of a natural draft biomass cookstove with a pot shield, total 
convective and radiative losses between the combustion chamber and the side wall are about 5.6% 
and 15.5% respectively of the total energy produced by combustion of wood. 

Now, for the given design of cookstove with 10 kWth input power, 
 

Rate of heat lost to the wall of the combustion chamber by convection, 𝑄̇𝑐𝑜𝑛𝑣 = 560 W 
 

Rate of heat lost to the wall of the combustion chamber by radiation, 𝑄̇𝑟𝑎𝑑 = 1550 W 
 

Total rate of heat lost to the wall of combustion chamber (𝑄̇𝑙𝑜𝑠𝑡) = Heat lost by convection (𝑄̇𝑐𝑜𝑛𝑣) + 

Heat lost by radiation (𝑄̇𝑟𝑎𝑑) = Heat transfer by conduction through wall of combustion chamber 

(𝑄̇𝑐𝑜𝑛𝑑,𝑐𝑐) = Heat lost by convection through outside of combustion chamber to the secondary air 

flowing through the annular space between the combustion chamber and the outer wall (𝑄̇𝑐𝑜𝑛𝑣,𝑎𝑠) 
 

𝑄̇𝑙𝑜𝑠𝑡 =   𝑄̇𝑐𝑜𝑛𝑣 +  𝑄̇𝑟𝑎𝑑 =  𝑄̇𝑐𝑜𝑛𝑑,𝑐𝑐 =  𝑄̇𝑐𝑜𝑛𝑣,𝑎𝑠 = 2110 W        (7) 
 

Now,  𝑄̇𝑐𝑜𝑛𝑣 = 560 W = hconv,cc × Asurf × (Tg - Tcc,is)         (8) 
 
where, Convective heat transfer coefficient, hconv,cc = 10 W/m2K [28] 
 

Inner surface area of the combustion chamber, Asurf =  × Di,cc × hcc= 0.28274 m2 
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Inner diameter of the combustion chamber, Di,cc is 300 mm 
 
Height of combustion chamber, hcc is 300 mm 
 
Then, temperature of inner surface of the combustion chamber Tcc,is is found to be 874.94 K. 
 
Now, with this value of Tcc,is, radiative heat transfer coefficient (hrad,cc) shall be estimated. 
 

For  𝑄̇𝑟𝑎𝑑 = 1550 W = hrad,cc × Asurf × (Tg - Tcc,is), hrad,cc = 27.68 W/m2K      (9) 
 
For conduction heat transfer through cross section of the combustion chamber of 2 mm thickness, 
 

𝑄̇𝑙𝑜𝑠𝑡 =  𝑄̇𝑐𝑜𝑛𝑑,𝑐𝑐 = 
(𝑇𝑐𝑐,𝑖𝑠− 𝑇𝑐𝑐,𝑜𝑠)

(
ln (

𝑅𝑖,𝑜𝑏
𝑅𝑜,𝑐𝑐

⁄ )

2𝑘𝑐𝑐ℎ𝑐𝑐
)

                     (10) 

 
Using Eq. (9), the unknown temperature at the outer surface of the combustion chamber i.e., 

Tcc,os is calculated, which is found to be 871.351 K or 598.351⁰C (Figure 2). 
 

 
Fig. 2. Fluid flow and heat transfer through combustion 
chamber 

 
Assuming the overall heat transfer coefficient at the interface of outer surface of combustion 

chamber and the flow of secondary air, i. e. hcc,as = 30 W/m2K, average temperature of the secondary 
air (Tsa) in the annular space between the combustion chamber and the outer body can be estimated. 

For uniform surface temperature condition, for estimation of convective heat transfer through 
annular space between the combustion chamber and the outer body, following relations is suggested 
by Bergman et al., [31] 
 

𝑄̇𝑐𝑜𝑛𝑣,𝑎𝑠 = hconv,as × Acc,os × ΔTlm = 2110 W                    (11) 
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where, log mean temperature difference ΔTlm is given as 
 

ΔTlm = 
(𝑇𝑐𝑐,𝑜𝑠−𝑇𝑠𝑎,2)−(𝑇𝑐𝑐,𝑜𝑠−𝑇𝑠𝑎,1)

𝑙𝑛(
(𝑇𝑐𝑐,𝑜𝑠−𝑇𝑠𝑎,2)

(𝑇𝑐𝑐,𝑜𝑠−𝑇𝑠𝑎,1)⁄ )
                     (12) 

 

In Eq. (10), outside surface area of combustion chamber, Acc,os =  × Do,cc × hcc = 0.28463 m2 and 
overall heat transfer coefficient, hcc,as = 30 W/m2K. The temperature of outside surface of combustion 
chamber (Tcc,os) is assumed to be constant at steady state and its value is found to be 871.351 K from 
Eq. (9). The temperature of secondary air at the inlet of the annular space (Tsa,1) is 303 K and that at 
the outlet of the annular space (Tsa,2) is found to be 793.162 K from Eq. (11). Then the average 
temperature of the secondary air, Tsa = (Tsa,1 + Tsa,2)/2 is found to be 548.081 K or 275.081⁰C. 

Now, to calculate pressure drop during flow of secondary air through annular space i.e., ∆Pas, the 

properties of air at 548.081 K are found to be: ρsa = 0.629039 kg/m3, sa = 2.85605 × 10-5 kg/m-s. 
Velocity of secondary air flowing through the annular space between combustion chamber and 

the outer body of the stove is given by, 
 

vsa = 𝑚̇sa /(ρsa × Aas); where, the area of annular space, Aas =  (Di,ob
2 - Do,cc

2)/4               (13) 
 
where, Di,ob: Inner diameter of outer body and Do,cc: Outer diameter of combustion chamber. 

Then, Aas = 0.02458 m2 also, 𝑚̇sa = 0.00135 kg/s, then, vsa = 0.00135/(0.629039 × 0.02458) = 
0.087313 m/s. 

At this velocity of secondary air, Reynold’s number of the flow is given by, 
 

Re = [ρsa × vsa × Das]/sa                      (14) 
 
Now, Resa = (0.629039 × 0.087313 × 0.326)/ (2.85605 × 10-5) = 626.912 
 
As Reynold’s number is less than 2300, the flow is laminar. Hence, Darcy friction factor (f) can be 
calculated as [31]: 
 
f = 64/Re = 64/626.9012 = 0.1021                     (15) 
 
Now, ∆Pas = (ρsa × f × hcc × vsa

2)/(2Das) = 0.000225 Pa                  (16) 
 
2.2.3 Pressure drop in zone 3 
 

It includes pressure drop at secondary air inlet into combustion chamber through holes (ΔPsa) and 
also pressure drop due to 90⁰ bend/tilting of burnt gases at two places (ΔPbend). 
 
Pressure drop at secondary air inlet into combustion chamber through holes (ΔPsa) 
 
Number of secondary air holes = 06 and diameter of each hole = 14 mm 
 
Total area of secondary air entry holes = Asa,h = (π /4) × (0.014)2 × 06 = 0.000924 m2 
 
Then, velocity of secondary air at the entry to the holes, vsa,h = 𝑚̇sa /(ρsa × Asa,h) = 2.3236 m/s 
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Hence, pressure drop at inlet of secondary air holes, 
 
∆Psa = (ρsa × Vsa,h

2)/2 = 1.69813 Pa                     (17) 
 
Pressure drop due to 90⁰ bend of burnt gases at two places (ΔPbend): 
 
Mass flow rate of burnt gases 𝑚̇g = 𝑚̇f + 𝑚̇pa + 𝑚̇sa = 0.005125 kg/s                (18) 
 

Zube [30] reported 819 K as temperature of flame near the pot bottom. Considering temperature 
of burnt gases Tg = 819 K near the pot bottom, properties of burnt gases [28], 
 
µg = (-7 × 10-12 Tg

2 + 4 × 10-8 Tg + 8 × 10-6) kg/m-sec = 3.60647 × 10-5 kg/m-sec, 
ρg = (353.09/Tg) kg/m3 = 0·4311 kg/m3 

 

Now, velocity of burnt gases vg = 𝑚̇g/[ρg(Dshield
2-Dpot

2)/4] = 0.7723 m/s 
 

ΔPbend = kbend × 
(𝜌𝑔 × 𝑣𝑔

2)

2
 = 0.95 × 

(0.4311 × 0.77232)

2
 = 0.1221 Pa                  (19) 

 
where, Kbend = 0.95 [32]. 
 
Total pressure drop in two bens, ΔPbend = 2 × 0.1221 Pa = 0.2442 Pa 
 
2.2.4 Pressure drop in zone 4 
 

It includes pressure drop in the annular space between the pot and the pot shield or skirt (ΔPshield). 
Zube [30] reported a convective heat transfer coefficient of 14 W/m2K for a shield gap of 10 mm in 
case of a natural draft metal cookstove. The author also reported that out of the total rate of heat 
gained by the pot, 55% is accounted by convective gain and 45% is accounted by radiative gain. Also, 
out of this rate of heat gain, about 21% of the radiative rate of heat gain and 65% of the convective 
rate of heat gain occurs from the pot shield. 

Let us use above data for the present case of community cookstove with 10 kW input power. 
Assuming overall efficiency of the cookstove to be 35% i.e., net rate of heat gained by the pot will be 
3.5 kW. Out of this total rate of heat gained by the pot, 45% i.e., 1575 W of energy will be coming 
through radiation and 55% i.e., 1925 W of energy will be received through convective rate of heat 
transfer. Now, Radiative and convective rate of heat gained by the pot from the burnt gases flowing 
through the gap between the pot and the shield will be 330.75 W (i.e., 21% of 1575 W) and 1251.25 
W (i.e., 65% of 1925 W). Total rate of heat gained by the pot through shield will be 1582 W. 

This rate of heat gained (1582 W) is used to heat water in the pot from about 25 ⁰C to 95 ⁰C along 
radial direction. Heat transfer coefficient for natural convection heating of water varies from 100 
W/m2K to 1200 W/m2K [33]. Let, the average value of heat transfer coefficient on water side (hwater) 
be 650 W/m2K. From this data, temperature of inner surface of aluminium pot (Tpot,is) is estimated as 
follows 
 

𝑄̇𝑔𝑎𝑖𝑛 = hwater × Apot,is × (Tpot,is – Twater) = 1582 W                   (20) 
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where, inner surface area of pot Apot,is =  × Dpot,is × hpot =  × 0.474 × 0.28 = 0.417 m2 and Twater = 95 
⁰C. From this data, Tpot,is is found to be 373.837 K or 100.837 ⁰C (Figure 3). 

Now, considering conductive heat transfer from outer surface of aluminium to the inner surface 
along the radial direction, the temperature of outer surface of aluminium pot (Tpot,o) can be 
estimated. 
 

 
Fig. 3. Heat transfer and fluid flow in zone 4 

 
For conduction heat transfer through cross section of aluminium pot of 3 mm thickness, 
 

𝑄̇𝑔𝑎𝑖𝑛 =  𝑄̇𝑐𝑜𝑛𝑑,𝑝𝑜𝑡 = 1582 W = 
(𝑇𝑝𝑜𝑡,𝑜𝑠− 𝑇𝑝𝑜𝑡,𝑖𝑠)

(
ln (

𝑅𝑝𝑜𝑡,𝑜𝑠
𝑅𝑝𝑜𝑡,𝑖𝑠

⁄ )

2𝑘𝑝𝑜𝑡ℎ𝑝𝑜𝑡
)

                    (21) 

 
where, Rpot,os = 0.24 m, Rpot,is = 0.237 m, kpot = 239 W/mK, hpot = 0.28 m. Using Eq. (21), the unknown 
temperature at the outer surface of the pot i.e., Tpot,os is calculated, which is found to be 373.884 K 
or 100.884⁰C [34]. 

Assuming the overall heat transfer coefficient at the interface of outer surface of the pot and the 
flow of burnt gases, i.e., hg = 14 W/m2K, temperature of the burnt gases (Tg,2) near exit of the annular 
space between the pot and the pot shield can be estimated. 
 

𝑄̇𝑔𝑎𝑖𝑛 =  𝑄̇𝑐𝑜𝑛𝑣,𝑝𝑜𝑡−𝑠𝑘𝑖𝑟𝑡 = hg × Apot,os × ((Tg,2 –Tpot,os)) = 1582 W                 (22) 

 

In Eq. (22), outside surface area of the pot, Apot,os =  × Dpot,os × hpot = 0.42223 m2 and heat transfer 
coefficient on burnt gas side, hg = 14 W/m2K. The temperature of outside surface of the pot (Tpot,os) 
is assumed to be constant at steady state and its value is found to be 373.884 K from Eq. (21). Using 
Eq. (22), temperature of the burnt gases near the exit of the zone 4 (Tg,2) is found to be 641.5106 K. 

Now, temperature of the burnt gases near the entry of the zone 4 (Tg,1) is 819 K. Then the average 
temperature of the burnt gases, Tg,average = (Tg,1 + Tg,2)/2 is found to be 594.796 K or 321.796 ⁰C. 
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Now, to calculate pressure drop during flow of the burnt gases through annular space between 
the pot and the shield i.e., ∆Pshield, the properties of burnt gases at 594.796 K are found using 
following relationships: 
 
µg,shield = (-7 × 10-12 Tg,average

2 + 4 × 10-8 Tg,average + 8 × 10-6) kg/m-sec = 2.93154 × 10-5 kg/m-sec, ρg,shield 

= (353.09/Tg,average) kg/m3 = 0·594 kg/m3 

 
Now, velocity of burnt gases flowing through the annular space between the outer surface of the 

pot and the shield of the stove is given by, 
 
vg,shield = 𝑚̇g/(ρg,shield × Ashield)                      (23) 
 

where, the area of annular space, Ashield = (Dpot,os
2-Dshiels,is

2)/4                 (24) 
 
Here, Dpot,os: Outer diameter of the pot = 480 mm and Dshield,is: Inner diameter of the pot shield = 500 
mm. Then, Ashield = 0.015394 m2 also, 𝑚̇g = 0.005125 kg/s, then, vshield = 0.5605 m/s. 
 
At this velocity of the burnt gases, Reynold’s number of the flow is given by, 
 

Re = [ρg,shield × vg,shield × Dshield,average]/g,shield                    (25) 
 
where, average diameter at the shield, Dshield,average = 490 mm. Now, Resa = (0.594 × 0.5605 × 0.49)/ 
(2.93154 × 10-5) = 5564.96 
 

As Reynold’s number is greater than 2300, the flow is turbulent. Hence, Darcy friction factor (f) 
can be calculated as [31]: 
 
f = (0.790 × lnRe -1.64)-2 = [0.790 × ln(5564.96) -1.64]-2 = 0.0374                 (26) 
 
Hence, ∆Pshield = (ρshield × f × hpot × vshield

2)/(2 × Dshield,average) = 0.001994 Pa                (27) 
 

Now, total pressure drop in all four zones from Eq. (2), Eq. (3), Eq. (4), Eq. (15), Eq. (16), Eq. (18) 
and Eq. (26), 
 
∆Pinside = ∆Pma + ∆Ppa + ΔPbed + ∆Pas + ∆Psa + ΔPbend + ∆Pshield = 0.91745 + 0.91701 + 3.3243 + 0.000225 
+ 1.69813 + 0.1221 + 0.001994 = 6.981209 Pa 
 
Also, outside pressure drop from Eq. (1), ∆Poutside = 7.314 Pa 
 

As, ∆Poutside > ∆Pinside, the assumed dimensions for design of cookstove are acceptable for natural 
draft of air required for operation of the cookstove. 

Thus, as per the design parameters reported in Table 1, the cookstove was fabricated by the 
professions in a factory (Figure 4). 
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Fig. 4. Photograph of the factory 
ready community cookstove 

 
3. Laboratory Performance of the Cookstove 
3.1 Experimental Methodology 
 

The performance of the community cookstove was tested in the laboratory according to the 
Bureau of Indian Standers (BIS) protocol for solid biomass cookstoves [14]. As per the procedure 
given in this protocol, the testing of the cookstove is conducted in two stages viz. i) To determine the 
fuel burning rate and input power of the cookstove and ii) To determine the thermal and emission 
performance of the cookstove. During both stages of the experimentation, each test is replicated 
thrice and the uncertainty analysis is conducted using the student’s t-test [35]. 

In the present case, two kinds of experimentation are planned viz. stove without insulation and 
stove with proper insulation of alumina fibre. This will help us in the estimation of the effect of 
insulation on the thermal and emission performance of the cookstove. 

 
3.1.1 To determine fuel burning capacity and input power of the cookstove 
 

In this method, the cookstove is supplied with fuel for about 30 minutes and the mass of fuel 
burnt during this period (mf1) is recorded. The total amount of fuel burnt for one hour (mf) is twice 
of the fuel burnt during the half hour test (mf = 2 × mf1)). Heat input into the cookstove (Hin) of the 
cookstove is the product of total fuel burnt in one hour to the lower calorific value (LCV) of the 
biomass fuel. 
 
Hin (in kJ) = mf (in kg) × LCV (in kJ/kg)                                  (28) 
 
3.1.2 To determine thermal and emission performance of the cookstove 
 

The BIS protocol recommends for a constant power one hour laboratory test on biomass 
cookstove [14]. Following procedure is used to conduct laboratory test on the community cookstove 

 
i. The total mass of biomass fuel required for the laboratory test on cookstove is determined 

from the first stage test i.e., fuel burning capacity (mf). This biomass fuel is divided equally 
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into 10 parts. Initially (at time t = 0), the first batch i.e., 0.1 mf of fuel is fed into the 
cookstove, after a duration of 6 minutes next batch of fuel (0.1 mf) is fed into the 
cookstove. This process is repeated till the last batch of fuel fed into the cookstove at t = 
54th minute. The test end at time t = 60 minutes i.e., when complete combustion of the 
fuel takes place. 

ii. Depending on the fuel burning rate of the cookstove, size of aluminum pot and the mass 
of water (mw) in the pot is selected from the chart given in the document of BIS protocol 
[14]. Let mp be the mass of empty pot with lid. Two to three aluminum pots with the 
designated quantity of water are kept ready during the test. Temperature of water at 
ambient conditions (Tw1) is recorded. 

iii. As the first lot of the fuel starts burning, the first aluminum pots with the designated 
quantity of water (mw) are kept on the stove. The water gets heated by absorbing heat 
due to combustion of biomass fuel till it reaches 95⁰C. This pot is replaced by another pot 
of same size and filled with same quantity of water. The water in the second pot is also 
heated till it reaches Tw2 = 95⁰C and replaced by new pot with water. This process is 
repeated till the test ends i.e., 60 minutes. In this case the last pot might not reach 95⁰C. 
Number of pots used (np) and final temperature of water in the last pot (Tw3) is noted for 
calculation of efficiency of the cookstove. 

iv. Fire wood with LCV of 16000 kJ/kg, having size of 30 mm × 30 mm × 50 mm was used as 
biomass fuel for the tests conducted in laboratory. 

v. Following relation is used to calculate thermal efficiency of the cookstove 
 

Hout  = Heat output of the stove in kJ  

= [(np–1) × (mw × Cpw + mp × Cpp) × (95-Tw1)] + [(mw × Cpw + mp × Cpp) × (Tw3 -Tw1)]              (29) 
 
where, Cpw and Cpp: Specific heats of water (4.186 kJ/kg/°C) and aluminum (0.896 kJ/kg/°C) 

respectively. 
 

Thermal efficiency of the cookstove,  (%) = 
𝐻𝑜𝑢𝑡

𝐻𝑖𝑛
 × 100                               (30) 

 
Input power of the cookstove, P (kW) = Hin/3600                                (31) 

 
3.2 Results and Discussion 
 

Water boiling tests were performed on the cookstove in laboratory, using BIS protocol with and 
without insulation on its outer body. Alumina fiber blanket of 25 mm thickness was used as an 
insulating material to avoid heat loss by convection and radiation from outer body and pot skirt of 
the cookstove. Each test, with and without insulation, was repeated thrice. The uncertainty analysis 
was conducted at 95% confidence level (CL) according to student’s t-test using following relations 
 
Standard deviation, 
 

s = √
∑ (𝑋𝑖−𝑋̅)2𝑛

𝑖−1

𝑛−1
 and uncertainty, u = (t × s)/(n)1/2                   (32) 

 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 102, Issue 2 (2023) 1-20 

31 
 

where, for three replicates of the tests i.e., at n = 3, from t-table, at 95% CL, t = 4.303. The other 
symbols have usual meaning as reported by Navidi [36]. 

For a natural draft cookstove, BIS recommends minimum efficiency of 25% [14]. The average 
efficiency of the cookstove without and with insulation was found to be 37.3% and 42.6% 
respectively. That is, there was an increase in efficiency by about 5.3% due to the provision of 
insulation on the body of the cookstove (Figure 5). Without insulation, the whole outer body of the 
cookstove and the pot skirt is exposed to the ambient air causing convective and radiative heat losses. 
Most of these heat losses are avoided due to alumina fibre blanket insulation of 25 mm thickness. It 
also provides safety also to the operator as the outer body remains at near ambient temperature 
avoiding accidental burns while working with the cookstove. The efficiency of the cookstove with and 
without insulation was found to be well above the BIS limit of 25% for natural draft metal biomass 
cookstoves. 
 

  
(a) (b) 

Fig. 5. Images of the cookstove during laboratory tests, (a) 
cookstove without insulation, (b) cookstove with insulation 

 
During both types of tests on the cookstove, input (fire) power was found to be of the order of 

17 kW when all main air holes on the outer body were open. The stove was designed for 10 kW input 
power but the actual input power was 170% higher than the design power. While designing the 
cookstove, it was assumed that the total air required for combustion of the fuel will enter only 
through the main air holes and entry of the air through the fuel feeding port was not taken into 
consideration. But in actual case, it was found that a lot of air enters into the combustion chamber 
through fuel feeding port also. This causes an increase in fuel burning rate which results in higher 
input power of the cookstove than the design power. The use of a sliding door on the fuel feeding 
port will control the amount of air entering the combustion chamber resulting in control of the input 
power of the cookstove near design power. Table 2 reports the results obtained for the water boiling 
tests conducted on the cookstove in laboratory. 
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Table 2 
Results of laboratory tests on the cookstove 

 Parameters  Symbol  Without Insulation With Insulation 

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

Mass of water in pot (kg) mw 40.00 40.00 40.00 40.00 40.00 40.00 
Mass of vessel with lid (kg) mp 3.26 3.26 3.26 3.26 3.26 3.26 
Mass of solid fuel 
consumed 

mf 3.89 3.96 3.94 3.90 3.85 3.86 

Initial temp. of water (⁰C) Tw1 23.00 23.00 24.00 20.00 20.50 21.00 
Final temp of water in the 
last pot (⁰C) 

Tw3 90.00 86.00 92.00 26.50 26.50 25.50 

No. of pots used np 2 2 2 3 3 3 
Net Heat input (kJ) Hin 62240.0 63408.0 63040.0 62400.0 61600.0 61760.0 
Net input power (kW) P 17.29 17.61 17.51 17.33 17.11 17.16 
Net heat output (kJ) Hout 23680.67 22999.21 23680.67 26662.05 26406.50 25980.59 
Net thermal efficiency (%)  38.05 36.27 37.56 42.73 42.87 42.07 
Average thermal efficiency avg 37.29 42.55 

Standard deviation for  s 0.92 0.43 

Uncertainty@95% CL for  u 2.28 1.06 

Efficiency with uncertainty 
(%) 

avg ± u 37.29 ± 2.28 42.55 ± 1.06 

Average Input power (kW) Pavg 17.47 17.20 
Standard deviation for P sP 0.17 0.12 
Uncertainty@95% CL for P uP 0.41 0.29 
Input power with 
uncertainty (kW) 

Pavg ± uP 17.5 ± 0.4 17.2 ± 0.3 

 
3.2.1 Effect of main air hole closing on performance of the cookstove 
 

There are 20 main air holes on the outer body of the cookstove. To investigate the contribution 
of the main air holes to the overall performance of the cookstove, five conditions of main air hole 
closing were maintained viz. 0%, 25%, 50%, 75% and 100%. During each main air hole closing 
condition, water boiling tests were conducted according to BIS protocol [14]. Each test was replicated 
thrice and the uncertainties in input power and thermal efficiency were investigated using the 
student’s t-test. 

As the main air supply holes are closed, less amount of air will be available for fuel burning, 
resulting in a decrease in the input power of the cookstove (Figure 6(a)). With the increase in the 
percentage of air hole closing from 0% i.e., all air holes open to 100% i.e., all air holes closed, the 
average input power decreases from 17.5 kW to 7.4 kW and the That is, there was a 236% decrease 
in the input power of the cookstove for 100% closing of the main air holes. During each condition of 
air hole closing, as the entry of the air through the fuel feeding port was allowed, the operation of 
the cookstove was continued at a lower fuel burning rate than the normal one. 

At 0, 25, 50, and 75% of air hole closing, the average thermal efficiency dropped slightly from 
37.3% to 35.5% (Figure 6(b)). This drop in efficiency was within the uncertainty range and hence 
almost negligible. It is very important to note that the input power dropped from 17.5 kW to 12.4 kW 
during these tests. All these input power values are above the design input power of 10 kW. That is 
the stove was found to be operating efficiently when up 75% of the main air holes were closed. 
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(a) 

 
(b) 

Fig. 6. Variation in (a) input power and (b) thermal efficiency at 
different main air hole closing conditions 

 
The air entraining through the main air holes and through the fuel feeding port was sufficient for 

the efficient operation of the cookstove during the first four conditions of the cookstove. When all 
main air holes were closed, the only possible entry for the air was through the fuel feeding port. This 
might be insufficient for the efficient operation of the cookstove. Hence as 100% of main air holes 
were closed, the average efficiency dropped to 27% at an input power of 7.4 kW. 

As discussed earlier, some of the air entering through the main air holes enters the combustion 
chamber as primary air which initiates the combustion process, helps the fuel in its pyrolysis and the 
remaining air enters at the top of the combustion chamber as a secondary air which helps the 
pyrolysis products in their efficient combustion. 

Thus, at 100% closing of main air holes, there will be theoretically no secondary air available for 
efficient combustion of the pyrolysis products resulting in a sudden decrease in combustion efficiency 
and then the overall efficiency of the cookstove. An insufficient supply of secondary air also results 
in a sharp increase in emissions of carbon monoxide and unburnt hydrocarbons. 

The cookstove designed for 10 kW input power was found to operate in the range of 17.5 kW to 
7.4 kW i.e., with a turn down ratio (it is the ratio of maximum power to minimum power between 
which the cookstove can operate without interruption) of 2.4. 
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4. Conclusions 
 

The present article reported a detailed procedure for design of a community cookstove using heat 
transfer and fluid flow considerations. Data available in literature was used at appropriate places for 
calculation of pressure drop in different sections of the cookstove. The cookstove was fabricated as 
per the design. Laboratory testing of the cookstove was conducted according to BIS protocol and 
analysis of data was performed [14]. Following conclusions can be drawn from the present exercise 

 
i. It is possible to develop a combustion system such as a biomass cookstove using 

fundamental equations of heat transfer, fluid mechanics and the related data available in 
literature. 

ii. The average efficiency of the cookstove was found to be 42.6% (at 17.5 kW average input 
power) and 37.3% (at 17.2 kW average input power) with and without insulation 
respectively. The efficiency of the cookstove with and without insulation was found to be 
well above the BIS limit of 25% for natural draft metal biomass cookstoves. 

iii. The highest average efficiency of the cookstove was found to be 42.6% and 37.3% with 
and without insulation respectively. That is there was the improvement in efficiency by 
about 5.3% due to insulation. 

iv. When main air holes were closed from 0% to 75%, the average efficiency and input power 
of the cookstove were found to be in the range of 37.3% at 17.5 kW to 35.5% at 12.4 kW. 
Thus, in this range of main air opening, the variation in average efficiency was within 
uncertainty limits though considerable variation in input power was reported. 

v. The provision of primary and secondary air holes plays a very important role in the 
performance of a cookstove. When 100% main air holes were closed, the average 
efficiency of the cookstove was found to be poor (27.3%) due to no supply of secondary 
air to the combustion chamber of the cookstove. 

 
It is proposed to conduct field studies on the new community cookstove at the community 

kitchens. Also, it is proposed to measure pollutant emissions during operation of the cookstove. 
Based on the suggestions from the end users, modifications will be done in the present design. 
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