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Abstract

The use of cookstoves is as old as human civilization, and food cooking is considered to be one of the major steps respon-
sible for human brain development. Around 60% of the world population still relies on the use of biomass cookstoves for
cooking and heating needs. The present work is an attempt to find a better and easy solution for designing a cookstove. A
mathematical approach is presented in the paper to determine the performance of a cookstove to reduce the trial and error
method of experimentation. The mathematical model is verified and validated with the experimental results. Three sets of
water boiling test are performed to measure the cookstove performance. The average deviation in the model predicted and
the experimental values for mass flow rate, temperature and thermal efficiency is 4.4%, 9%, and 7%, respectively. To deter-
mine the exhaust values, the mathematical outputs are set as the computational model input and the values of temperature,
exhaust and flow structures are determined. The exhaust values of the computational model are in good agreement with the
experimental results.

Keywords Cookstove - Modelling - Water boiling test - Computational fluid dynamics

1 Introduction urban population still depend on traditional biomass, as a
source of total primary energy need, as per the report of
The biomass cookstove usage is as old as human civilization. ~ Ministry of renewable energy (MNRE), India. The tradi-
Majority of the world population (55%) lives in rural areas,  tional biomass cookstoves suffered with inefficient design
and this situation will remain until 2050 [1] who depend  and more emissions, causing environmental and health
primarily on biomass. Even today, the biomass cookstove is ~ hazard issues. Modernization of the biomass cookstoves, in
the first choice of rural people in many developing countries.  India, started in the 1940s in terms of cookstove design,
India is one such country, where 70% of its population still alternative fuel used and to reduce indoor air pollution (IAP)
lives in rural areas and about 66% and 32% of its rural and [2]. The first improved model of biomass cookstove devel-
oped in the late 1940s was Magan Chulha, reported in the
literature. However, the success was limited in terms of per-
formance and efficiency. During the 1950s, the initiative was
Electronic supplementary material The online version of this taken by the western countries in developing the improved
article (https://doi.org/10.1007/s40430-019-1839-z) contains biomass cookstoves for the rural people of third world coun-
supplementary material, which is available to authorized users. try [3]. The oil crisis during 1970 also helped in generating
- the wave for improvement in biomass cookstoves. It also

< Vilas R. Kalamkar . . .
rohanpande1991@yahoo.com: dragged the total attention towards environmental issues and
vilas.kalamkar @rediffmail.com conservation measures associated with biomass cookstoves.
The scientific progress in the design of biomass cookstove
started in the 1980s. Figures 1 and 2 show the progress in
the field of biomass cookstove in terms of research papers
published year-wise and country-wise, respectively [4]. In
the present time, a wide variety of developed cookstoves
are available for usage by the locals in the different parts
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of the world [5-10]. India launched the first programme on
improved Chulhas (or biomass cookstoves), National pro-
gramme on improved Chulha (NPIC) during 1985-86 [11].
Baldwin [5] introduced general semi-empirical guidelines to
design and improve the performance of cookstove. In 1954,
the first laboratory test was conducted by Theodorovic in
Egypt. The design aspects of the stove were shifted to the
monitoring of exhaust coming out of the stove for meas-
uring its performance during the early 1980s. The various
methods were used to measure the performance parameters
of the stove. Different testing protocols for the working of
cookstove were also developed. The testing methods help
to compare different stoves (Chulhas), considering various
parameters. In 1980, Intermediate Technology Development
Group (ITDG) came up with the procedure for testing of
a cookstove in the laboratory as well as in the field [11].
Subsequently, in 1982 Volunteers in Technical Assistance
(VITA) carried out further work on the above to release a
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draft protocol as a provisional international standard [12].
These standard procedures were reviewed and accepted in
1985 by several groups working on cookstoves. Therefore,
the three testing protocols, namely water boiling test (WBT),
kitchen performance test (KPT) and controlled cooking test
(CCT), are the most popular testing methods used by the
researchers. In 1991, Bureau of Indian Standards (BIS)
adopted the water boiling test as its own standard to test the
biomass cookstoves, which also included the measurement
of CO/CO, ratio as a separate test. The summary of different
testing protocols is well explained in research articles [7, 8].

The current investigations are mostly focused on the
reduction of pollutants coming out from the traditional cook-
stoves by introducing the “improved single-pot” cookstoves
[13—-16]. Many parameters, influencing the performance
of cookstoves, were identified and studied by researchers
[17-26]. The effect of moisture content [21, 22], different
types of fuels [21, 23, 24] and different design aspects [5, 25,
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26] are investigated. Few researchers [27, 28, 30] also con-
ducted the field surveys and evaluation of many improved
“single-pot” cookstoves. However, the majority of work
so far deals with the single-pot cookstoves, and very few
work has been reported on “multipot” natural draft biomass
cookstoves. Most of the houses in rural areas in India use a
multipot biomass cookstove [29].

The recent research on the performance investigations
with the experiment on the multipot cookstoves lack geo-
metrical design parameters consideration. Moreover, these
experiments were conducted on a trial and error basis. Till
date, no contemporary research provides a mathematical
model on the multipot cookstove. There are few investi-
gations on the multipot cookstove: Oanh et al. [22], in his
research work, presented the results of 12 selected wood-
burning cookstove used in Asia. Out of the 12, metallic and
ceramic made Nepalese 2-pots were the multipot cookstoves
used. The overall performance of the stove was poor with
thermal efficiency lower than 20%. The emission of par-
ticulate matter and polyaromatic hydrocarbon was highest
among the other stoves. Bhattacharya et al. [26] compared
the emission of the Nepalese cookstoves used by Oanh
[22] with wood and charcoal. The thermal efficiencies
were below 15%, and the emission factors were also not
appreciable. The emission factors for ceramic and metallic
pot cookstoves were around 113 and 45 g/kg of fuel used,
respectively. Honkalaskar et al. [30] performed experiments
on two-pot and three-pot cookstoves by inserting the twisted
tape device. The experimental results showed a substantial
decrease in the fuel consumption and soot accumulation.
Also, the cooking time was reduced by around 18.5%. How-
ever, the making of twisted tape is not an easy task for the
local artisans/blacksmith; it involves cutting, drilling, heat-
ing, twisting and welding operations. Though the authors
claim to show some improvement in the performance of
cookstove, no detailed analysis was presented in the paper.
Joshi and Srivastava [31] performed experiments on three-
pot cookstove and compared the results with the traditional
mud stove. The paper failed to present the detailed analysis
of WBT results. MaCarty et al. [32] presented the results of
fifty cooking stoves in the laboratory, and few of the stoves
were multipot cookstove. They used two-pot cookstoves like
Uganda 2-pot cookstove, Onil stove and Justa stove along
with the other stoves. All the stoves were provided with the
chimney and used sunken pots. The efficiencies for Onil and
Justa stoves are below 25% with the highest fuel consump-
tion, among the fifty cookstoves. The highest efficiency of
35% was obtained with Uganda 2-pot; however, the diameter
of the vessel used for operation was less than that of the
cookstove hole, restricting the users to use specific vessels
for the stove. The chimney also needed continuous monitor-
ing to keep the “indoor air” pollutants free.

2 Need of study

The use of firewood in rural areas is still predominant, since
it is often the only acceptable, accessible and affordable
fuel in the region. Acceptability of firewood is very high
since ancient times and has therefore shaped cooking habits
accordingly. Accessibility of firewood is a crucial factor as it
is available closely to their homestead for cooking purpose,
especially in rural areas where LPG is not easily available.
Also, the biomass is available year-round and not suscep-
tible to heavy seasonal fluctuations. Affordability plays a
decisive role in the use of firewood for cooking, as many
households can collect firewood for free, so it remains the
cheapest energy source for cooking and heating. However, it
must be recognized that firewood would be extremely expen-
sive if the additional cost of labour done by women and
children collecting firewood were considered and the nega-
tive impacts on health and the environment are internalized.
Around 3-4 million people prematurely die every year,
and many more are affected by morbidity due to indoor air
pollution (IAP). Speaking about India, the reports from the
India State-Level Disease Burden Initiative report 2017 [34],
around 12.4 lakh deaths occurred due to air pollution, out
of which 4.8 lakh deaths were attributed to IAP. The root
cause for IAP is the exhaust coming out of the traditional
biomass stoves. The toxic gases like carbon monoxide, poly-
cyclic aromatic hydrocarbons and soot particles contribute
to IAP [23, 33-35]. The health-damaging carbon monox-
ide and particulate matter cause chronic obstructive lung
disease, respiratory infections and many such fatal diseases
[36]. According to a World Health Organization report
[37], smoke from biomass cookstove inhaled by the opera-
tor is equivalent to smoking 400 cigarettes in an hour and
causes severe respiratory and other diseases. Out of the mil-
lion deaths globally, 27% are due to pneumonia, 18% from
stroke, 27% from ischemic heart disease, 20% from chronic
obstructive pulmonary disease (COPD), and 8% from lung
cancer. Majority of the deaths occur among the person han-
dling (who happen to be females) the cookstove, and hence,
awareness programmes regarding the adverse effect of IAP
should be conducted. In spite of such fatal consequences,
people have not stopped using cookstoves, especially in rural
areas. However, in urban areas, firewood for cooking has
been dominantly replaced by LPG or other modern fuels
[38, 39]. The main reason is the free availability of fuel and
the least maintenance cost of cookstoves. Every house in a
rural place uses a single- or multipot biomass cookstove.
The use of biomass cookstove has also contributed to
deforestation over past years in developing countries. The
fuel consumption is high due to very low thermal efficiency
of traditional biomass cookstove. So it is very necessary to
know the dependency of different parameters to enhance
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the thermal performance of the cookstove. The major hin-
drance is the measurement of the performance on the field,
as the result differ quickly. Therefore, a mathematical model
is proposed to save time and energy resource. Hence, the
present work is an attempt to minimize the efforts required
for the experimentation process and avoid the costly instru-
ments to predict the performance of the cookstove. The
work comprises mathematical modelling, experimentation
and computational approach to determine the performance
of cookstoves.

2.1 Methodology
2.1.1 Mathematical model

The modified geometry is selected from the two-pot cook-
stoves used in the rural parts of Maharashtra by doing the
survey [29]. The model geometry consists of a single feeding
zone, a primary combustion chamber and a secondary zone
where second pot can be placed.

The model is shown in Fig. 3 . The cookstove is divided
into different zones as shown in Fig. 3.

Zone 1: a primary zone where the combustion takes place
Zone 2: an intermediate zone which connects zone 1 and
zone 3

Zone 3: a secondary zone where flame from zone 1 propa-
gates

Zone 4: pot 2 bottom

Zone 5: pot 2 gap

Zone 6: sides of pot 2

Fig.3 Modified two-pot cook-
stove model

2.1.2 Assumptions

The cookstove involves a complex combustion phenomena.
The heat transfer occurs through conduction, convection
and radiation. To simplify such complex phenomena, cer-
tain assumptions were made without neglecting the impor-
tant aspects of cookstove operation. The assumptions are
as follows:

1. The temperature and the emissivity of burning char are
taken as 1100 K and 0.85, respectively [20, 40—42].

2. The emissivity of the stove inner surface and pot bottom
is 1. (The few trials before the final reading turn both the
surfaces black due to soot deposition).

3. The pressure drop across the combustion bed is negligi-
ble.

4. There is no pot gap between zone 1 and pot 1; hence,
the mass of flue will remain constant throughout all the
zones till exit.

The correlations used to model the two-pot cookstove
are as follows:

u=0.3501 x 7% x 107° (1)
k=8x1075 x 710152 2)
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9 = 0.0009 x T'7%7 x 107° Q)

hy = 0.00032273 x T* + 1.64833661388 X T + 2021.531847
(©6)

2.1.3 Mathematical equations

Zone 1

Combustion chamber

The fuel combustion takes place in this zone. It is the
feeding zone, through which the fuel input is metered. Thus,
the amount of air entering is controlled by changing the inlet
area ratio (IAR) [20]. The losses like char radiation, flame
radiation, heat losses through the walls and feed door (inlet
opening) are taken into consideration. In addition, sensible
heat loss of hydrogen and moisture present in fuel are sub-
stantial and are included in the modelling.

Area unoccupied by the feed door

IAR = - . @)
cross - sectional area of the chimney

Applying heat balance for Zone 1,
01 =0y~ (Qs+ Q4+ 05+ 0 + 0 + Q) ®)

where

0, is the heat gain by the flue gases and Q, is the actual
amount of heat supplied by the fuel, while Qs, Q,, Os, O,
Q, and Qg are different heat transfer losses in zone 1 as
shown in Fig. 4.

Ql = Myeral X C pfgl (ngl - Tamb) (9)

359.7 Tper
Mycyal = Cdx 1.003 XAcross\/Zng (H, _D2_l)<Tg - 1>

fel amb

10)

Fig.4 Sankey diagram for heat
balance (for FP—3.119 kW)

Heat supplied Q.
by the fuel -
(100%)

C, is the coefficient of discharge which accounts for
losses occurring in the cookstove due to viscous effects and
flow distribution of combustion process. The value of Cy
varies from O to 1 for the different types of chimneys [17,
43, 44]

Q, =y x NCV an
. FP
" = Nev (12)

Using the radiation network method [45], char bed radia-
tive heat transfer and flame radiative heat transfer (Q; and
Q,) are given as:

4 4
o X Acmbh (Tchar - Tpl >

Q; = e, 2 (13)
Te, | 14F,,
0, =0T}y - T ) (14)

The standard expressions for emissivity and absorptivity
in terms of temperature [46] are given as,

Vpm
= A <o.2*3.6$) (15)
T. \ 05
@ =g, X <%> (16)
A= 0.848 +9.02 X 1077}, (17)
B =0.9589 + 4.8 x 107°T},, (18)

Flame radiation loss (7%)

Qs

Fuel moisture loss (0.56%)

Heat gain by
Qi the flue gas

(40.41%)

; \\ H: moisture loss (0.03%)

Chal door loss (10%)

‘Wall heat loss (15%)

3

Char radiation loss (27%)
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where
_r 217

Vom = 7 X DiH (19)
_T 2

Apm - Z X D] (20)

The heat loss from flame to outer surrounding in zone 1
is given as,

T}gl - Tamb
| n (%) 1 @21

(h('il +hrﬂ] +hn-hl )Ail 2”Hi Kinsu (hvr)l+hr()l )Aol

Q5=

The convective heat transfer coefficient of inside combus-
tion chamber is estimated using the Dittus—Boelter equation
as given as [47]:

ky 08« p, 04
hep = D, X 0.023 X Rej;" X Pr (22)
The convective heat transfer coefficient for an outer wall
is derived for all values of GrXx Pr, considering constant
heat flux.

2
k 0.387(Gr x Pr)*1¢7
hegy = 22 5 10.825 + (Gr x Pr) 23)
H; 0.5625 ) 0296
14+ | &Y
Pr
hrol = GEZ(Tfjol + szb) (Twol + Tamb) (24)
6<51T‘.1 —alTii )
o = —— : (25)
T — Tyt
h. = O-(Tzhar + Tiil) X (TChar + Twil)
chr — l_fv Fc—w+F(—p
£ + Fc—w(F/:—w+2XFc—p) (26)

The shape factor [46] and configuration factors [48, 49]
are calculated using

<D% +2(H) + Wy )" = 2(H] + W, ) /D2 + (H] + Wil)z)

Fep= D2

27)

Fc—w= 1 _Fc—p_Fc—d (28)

The losses of energy in feeding zone, i.e. from the com-
bustion chamber bed to feeding door, are as follows:

Q() = Fc—d Xo ><Across X ((Tchar)4 - (Tamb)4> (29)

@ Springer

Q, = (hy — 2547) % 0.09 * H, * riy X 1000 (30)

0, = (hx—4.187>< (T — 273) x( )xmf) x 1000

€29

M
100 — M

Also,

Heat transfer from the flame to inner wall =heat transfer
from inner wall to outer wall = heat transfer from outer wall
to the surrounding,

(ngl - Twil) (Twil - Twol)
Q=—"FT—""=0p= W =

(hril +hy +hchr)XAil
27!'><H’><Ki“s (32)

Twn _Tam
Qll = ( 1 1 b)

(Beor+hy1 )XA

Solving Eq. (8) and Eq. (32), we get the values of Tj,,
T,,and T .

Zone 2

The flue gas temperature in zone 2 (T%,,) is estimated by
averaging the temperature T, ., at the entrance of the zone
2 and T 1> at the exit. The equations used to determine the
value of T, ,1; are as follows:

T + T,
fgl centrall
QPOll = (hconv + hrad) ><Apotl x <f - P1>

(33)
2
hmd =€, xo 7}‘gl + Tcenlrall + TW,- ngl + Tcemrall + T%.
2 2 wi
(34)
Ql - onll = Myerual X Cpfg2 X (Tcentrall - Tamb) (35)
The equations used to determine the value of 7., are
as follows:
Mactual X Cpfgl—Z(TcenLrall - Tamb) (36)
- Q12 = Myeggar X Cpfg2—3 (Tcemral2 - Tamb)
0, = Tcentral - Tamb
12 —
1 I”(%z) 1 (37

(heinthpa)Apn 27H’ King, (h( 02+ M2 )A()Z

The convective heat transfer coefficient for the inner
flame in zone 2 is given as:

kﬂue gas

ey = x [4.82+0.0185 x (Rep x Pr)"7T|  (38)

hmz = 6£5<(Tw01)2 + (Tamb)2> (Twol + Tamb) (39)
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0.167

Grp, X Pr

0.296
{ (0.559 )0.5625 }
14 (22
Pr

The convective heat transfer coefficient (h
wall is obtained at film temperature.

Again, from the analogy of multimode heat transfer for
the wall in zone 2, we have,

kﬁue gas

co2 = 2 - x<0.6 +0.387

(40)

o2 for an outer

T eentrat — Tooin Toio—Tpon
Ql3 — Cenlrdl Wi — Q14 — Wll < — ;() —
(heipthyp)xAn M\
2XAXLXK; o
T T 41)
Q5= u =0,
(Begr iy ) XA
Teentrat 1 + Teentrar2
Tcentral = w - ngz 42)
Solving Eqgs. (35), (36) and (41), we get T.opiar 20 Livin
and 7,,,.
Zone 3 and zone 4 (pot 2)

The different heat zones for pot 2 have been solved for the
various parameters using the heat balance equations

Myctual X C X (TcentraIZ dmb) Q16 27
- ( Myerual X C ( e3 Tamb)) (43)
- Qp0t2 = Myeryal X cp(TES - Tamb)

The heat loss from the wall of stove body in zone 3 of
pot 2 is given as
T3 — Tamp

. ln( e ) . (44)
(heizthps)Ai 27H) Kingu (heosshios)Aos

Q6 =

The different heat transfer coefficients for pot 2 are deter-
mined in the similar fashion as that of pot 1

k
s =~ %0023 X Re® x P14 45)
3

2

k 0.387(Gr x Pr)*1¢7

= mems 0825+ (Grx Pr) -
(D, +2x1) { [0_437]0.5625 } :
14+ |97
Pr

(46)
hr03 =0 X 56 X (Twoz + Tamb) (Tw03 + Tamb) (47)

Using the multimode heat transfer through walls of zone
3, we have,
: 3 3

= ng = _Wll ( - )WO =
1 Nes
(heiz+hps)Ass S -
27X (Dy+) XKy (48)

Tw03 - Tamb

Qo=—7"1

(Peos+his YA o3

=05

T+ T
3t 1
ontZ = (hconv3 + hrad3) ><Apgl X <gT - Tp2> (49)

h

conv3 —

3 D2

(Tps + T3) Trs+ T3\’

123 e3 183 e3 2

hrad3=GX£7<T+Twi3> |:<T> +(Twi3) :|
(

The change in enthalpy of flue gas leaving zone 3 is,

k : —0.191
b"D‘“"“ X 0.726 X Re%3 x <—> (50)

Orp = Myepyar X (hng - he3) x 1000 (52)

The heat gain by flue gases leaving zone 3 is taken by
pot bottom,

T +T
fe3 3
Totla _Tp2> 53)

Qs = heonyz XAz X < >

Solving the above equations, we can get the values of 7 4
and ng3’ wi3» Two3

Zone 5 (for pot 2)

Pot 2 gap

The heat transfer on pot bottom surface using heat bal-
ance is given as

Q22 = Myequal X (heS - hc3) % 1000 (54)

Tc3 + Te3

0y = hpol gapApg X — - T,|+o XApg

Tc3 + TeS ¢ 4 (55)
x( e ~222) —au(7,0)

And, the heat transfer coefficient is evaluated by,
-0.191
h 22 % 0.726 X Re%33 x <—> (56)
pot gap = D D3

Solving Eqs. (54) and (55), we get T,
Pot 2 side (zone 6)

@ Springer
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The convective and radiative heat transfer from flue gas
coming out through zone 3 increases efficiency of the cook-
stove. The heat losses from the sides of the pot to the sur-
roundings are also considered in this zone.

The convective and the radiative heat transfer in this zone
is calculated using the following equations

2

TC3 + T03 ! 4
Os5 = 0 X Agiger + 4 €9 ) TasXxTy (58)

The heat loss from pot side to the surrounding is calcu-
lated by assuming the combined convective and radiative
heat transfer coefficient to be 10 W/m’K.

T,+T
04 = hgiges X Agiger X <u - Tp2> (57)

Tc3 + To3
Qside loss — 10 ><Asidel X T - Tamb (59)
_ Kgige 0.5 0.333
hyge = T X 0.664 X (Rey,,) ~ X Pr (60)
027 = Myea X (hc3 - ha3> x 1000 61)
Qs = Qs + Oos + Oside 10ss (62)

Solving Eq. (62) gives T3
Thus, the overall efficiency can be calculated as,
ontl + QPOtZ + Q24 + Q25 + 067Q3

- 63
n, = x 100 (63)

2.2 Performance evaluation criterion

The geometrical parameters were selected by considering
the thermal efficiency and excess air ratio (EAR). The values
of thermal efficiency for natural draft biomass cookstove
should be above 25% as per the MNRE, India. Also, as per
the guidelines for evaluating the performance of cookstove
given by international workshop agreement (ISO 2012), the
stove is rated between five-tiered (0-5) rating system for
fuel use and emissions. For the stove to lie above Tier 2, the
efficiency of the stove should be greater than 25%. Since
the model fails to present the exhaust, an indirect method of
the evaluation of combustion is applied. As excess air has
some advantages and disadvantages, it should have some
safe limit. Excess air increases the turbulence and promotes
mixing in the combustion chamber ensuring complete fuel
combustion. It converts the harmful gases of CO into CO,.
It also lowers the formation of unburned hydrocarbons.
However, the excess air reduces the thermal efficiency and
combustion temperature and increases the value of NO,.
Hence, there has to be some limit for the value of EAR.

@ Springer

Hence, there has to be some limit of excess air ratio (EAR).
Prasad et al. [50] suggested that the excess air factor should
lie between 1.5 and 2.5 for safe working of stove. Liu et al.
[51] claimed that the optimize value for EAR is 2. Hasen
et al. [52] suggested the best wood combustion occurs when
the value ranges between 1.4 and 1.6. Carvalho et al. [53]
recommended the EAR value of 1.6-2.2 for minimum CO
emissions. Obaidullaha et al. [54] performed experiments on
wood stove with capacity 10 kW and 20 kW and found the
EAR values of 1.76 and 2.05 for minimum CO emissions
for the 10 kW and 20 kW, respectively. Kshirsagar and Kal-
amkar [34] suggested the region of good combustion which
is bounded by limiting value of the excess air ratio between
1.95 and 5.98. Ingwald et al. [55] claimed that for gas burner
the excess air factor is around 1.2 for almost complete gas
burnout regarding CO and organic compounds. Jian Sun
et al. [56] performed experimentation on wood-burning
stove and measured the value of exhaust. It was found that
the optimized EAR is 2.5. Hence, considering the above
literature, the limiting value of EAR was set to be between
1 and 6 for safe working of stove.

2.3 Experimental method

The experimental set-up is shown in Fig. 5. The insulation
was provided with ceramic wool to prevent the heat losses.
Babool wood was used as fuel. The recorded quantities were
mass of fuel required to boil water from pot 1, water tem-
perature in both the pots, velocity of flue, time taken to boil,
amount of char left and exhaust emissions, i.e. CO, CO,, O,
and particulate matter(PM). Table 1 shows the specifications
of the instrument used. The duct with the cross section of
65 x 65 cm? was used to collect the exhaust gas. An exhaust
fan was connected at the end of the duct, and the velocity of
the fan was controlled by a dimmer. The anemometer probe
was placed exactly at the centre of the duct. Care was taken
to control the velocity such that the combustion flame should
not get disturbed. The probe for measuring the PM and a
K-type thermocouple to measure the flue gas temperature
was placed inside the hood. Thus, calculating the dilution

Anemometer
Probe PM Measuring

| — Probe

( Hood ~~° > X > X X
A A ExhaIst Fan

,_\ S~Flue gases
Ve
Data

Logger

Exhaust
Probe

Stove body

Fig.5 Schematic of experimental set-up
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Table 1 Instrumentation used in

. . Sr. no. Instrument Type/make Range
experimentation

1. Flue gas analyser Indus CO: 0-1,000,000 ppm
CO,: 0-25%
0,: 0-25%

Anemometer Kanomax 6162 Temperature range of 500 °C
3. Particulate measuring instru-  Air Veda PM, 5: 0-999 pg/m’
ment PM,,: 0-1999 pg/m?
. Weighing machine LG electro 0-60 kg
5. Exhaust fan 450 mm Havells 1400 RPM

ratio the values of PM, s were obtained in pg/m®. The time
taken to boil water from pot 1 was noted down by a stop-
watch. The weight of the charcoal left was recorded to meas-
ure the exact dry fuel consumed. The firepower (FP) values
obtained through three sets of water boiling test (WBT) were
used as input for the proposed mathematical model. The
flame temperature, thermal efficiency and exhaust obtained
through the experimentation were compared with the math-
ematical model results.

2.4 Computational

The mathematical model has no provision to calculate the
values of exhaust gases, and hence, using the mass flow
rate of air from the mathematical model as an input to the
computational model the exhaust coming out of the stove is
calculated. Along with the exhaust values, the temperatures
at different zones were calculated and validated with the
experimental data. ANSYS Fluent 16.0 was used to simulate
the combustion. The assumptions used are:

1. Since the average parameters over a length of opera-
tional time are more important, the operation of cook-
stove is assumed to be at steady state for a particular
inlet area ratio and firepower [4, 46, 57-59].

2. A two-dimensional (2-D) model is considered for solv-
ing the computational domain to save the computational
time [58, 60-62].

3. The exhaust generated in the domain does not undergo
any further chemical change.

2.4.1 Grid independence test

It is important to have a grid independence test before solv-
ing any computational problem. It helps to save the compu-
tational time required to solve the given problem. Two tem-
perature points 7', and T, in the computational domain were
monitored. Table 2 shows the independence test done for
firepower 2.99 kW. The number of nodes was varied from
117,051 to 253,748. The values of T, and T),, at 170,410,
209,340 and 253,748 nodes were having the difference of

Table 2 Grid independence test

Sr.no. No. of nodes T % Difference T, % Difference

1 11,7051 1080.76 — 846.13 —

2. 170,410 1035.12 -9.12 856.14 —1.18
3. 209,340 1041.35 0.96 861.42 —0.62
4 253,748 1042.52 0.58 867.41 —0.70

less < 1%, so the simulation was carried out with 209,340
nodes.

The computational domain with the boundary conditions
is shown in Fig. 6. The values of mass flow rates for different
firepowers are given in Table 3. The effect of radiative and
convective heat transfer is taken into account though walls
and pot bottoms of the cookstove. At the exit, the pressure
outlet condition is given.

2.4.2 Governing equations

The continuity, momentum and energy equations were
solved in the non-premixed combustion model. The com-
bustion chemistry of fuel was solved by generating prob-
ability density function table (PDF). The transport equation
for conserved scalar mixture fraction is taken from Biswas
and Eswaran [63].

ap

—+ V. =0

5 TV (64)
0

% + V.(pvww) =—=Vp - V71 + pg (65)

In Eq. (2), the first and second right hand side terms are
the pressure gradient and molecular transport due to viscos-
ity, respectively, where 7 is the viscous stress tensor.

= —y[ZS - %Vv] (66)

S= %(Vv+VvT) (67)

@ Springer
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Fig.6 Computational domain
with the boundary conditions

Pot Bottom 1

Pot Bottom 2

v

Outlet Outlet AN SYS

R16.0

Air and
Fuel inlet

*Thick lines in the figure presents the wall boundary condition

*Cross marks given in the figure are the positions of the R-type thermocouples

where V1T is the transpose of the velocity gradient and u is
the dynamic viscosity

o(pH) _v(k
— + V.(pvH) = V.(Cp VH) +3S, (68)

Equation (5) represents the energy equation.
where the total enthalpy H is defined as the sum of the
mass fraction and enthalpy for the jth species.

H=2 VH, (69)
J

where H; is defined as

T
H = / CoidT + 1 (Tey) (70)

T,

ref,j

Table 3 Mass flow rate at different firepowers

Sr.no. Firepower (kW) my (kg/s) m, experi- m,; model
mental predicted
(kg/s) (kg/s)

1. 2.202 0.00013 0.0014 0.0013

2. 2.241 0.00014 0.0013 0.0012

3. 2.572 0.00016 0.0013 0.0012

4. 2.623 0.00016 0.0014 0.0012

5. 2.981 0.00018 0.0015 0.0012

6. 3.119 0.00018 0.0015 0.0013

@ Springer

where (T, ;) is the enthalpy of formation of species j at

the jth reference temperature.
2.4.3 The PDF transport equation model

The non-premixed combustion probability density function
(PDF) of the mixture fraction is selected for modelling the
sub-grid scale mixing. The transport equation for conserved
scalar mixture fraction is written as:
d(pP)

_ d
—o + VP + (pg = VD).V P+ 2} o, [w;P]

n

=
n

=V,.[-V.r+ V@ |v.yp)P| - ; 0%,- [(V.(oDVy) v, y)P)
(71

The first two left hand side (LHS) terms of Eq. (71) are
the local change and convection of the PDF in physical
space. The third term represents transport in velocity space
by gravity and the mean pressure gradient. The last term on
the LHS contains the chemical source terms. In the right
hand side (RHS) of the transport equation, there are two
terms that contain gradients of quantities conditioned on the
values of velocity and composition. Therefore, if gradients
are not included as sample space variables in the PDF equa-
tion, these terms occur in unclosed form and have to be mod-
elled. The first unclosed term on the RHS describes transport
of the probability density function in velocity space induced
by the viscous stresses and the fluctuating pressure gradient.
The second term represents transport in reactive scalar space
by molecular fluxes. This term represents molecular mixing.
Many combustion simulations tend to ignore the effect of
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Table 4 Temperatures at

: Sr. no. Parameter Description Temperature (K)
different zones
Zone 1
1. Ty Flame temperature in zone 1 1025
2. Ty Inner wall surface temperature for zone 1 1004
3. Tyor Outer wall surface temperature in zone 1 593
Zone 2
1. T centralt Temperature of flue-entering zone 2 784
2. Ty Inner wall surface temperature for zone 2 589
3. Tyor Outer wall surface temperature of zone 2 446
4. T central2 Temperature of flue-leaving zone 2 769
Tty Average flame temperature in zone 2
Zone 3
1. Tiy3 Flame temperature in zone 3 721
2. T, Inner wall surface temperature in zone 3 549
3 Tyo3 Outer wall surface temperature in zone 3 397
4 T, Temperature of flue-leaving zone 3 673
5. T Temperature of flue at the corner of pot 2 649
6. Ty Temperature of flue-leaving the side of pot 2 440
Table 5 Energy balance of the Energy encountered Watt %
stove
1. Charcoal bed radiative heat transfer 838.67 26.89
2. Flame radiative heat transfer 216.49 6.94
3. Heat loss due to hydrogen-related moisture in fuel 1.02 0.03
4. Heat loss due to fuel moisture 17.33 0.56
5. Heat loss in the feeding area 311.55 9.99
6. Heat taken by pot 1 bottom 449.65 14.42
7. Heat taken by pot 2 bottom 77.07 2.47
8. Heat taken by side of the pots 34.11 1.09
9. Heat loss through walls of different zones 604.60 19.39
10. Heat lost to the exhaust flue 568.13 18.22
Total 3118.62 100.00

radiation in the calculations. This is because the governing
radiative transfer equation is of integral-differential nature,
which makes the analysis difficult and computationally
expensive. The method and model selection was done by
using ANSYS Fluent user manual guide.

3 Results and discussion

The equations were solved iteratively using a MATLAB®
script, and the iterative solution yields 13 temperatures
values. The other output parameters like mass flow rates,
thermal efficiency, different heat encountered, enthalpies,
etc., were then determined from these temperatures val-
ues and flue gas properties. The calculation for firepower
(FP)=3.119 kW for selected geometry is shown in Table 4.

The energy balance for the entire stove is given in Table 5.

Table 6 Average parameters of WBT test with standard deviations
(n=3)

Phase Parameter Unit Value

High power  Thermal efficiency % 26.74+2.08
Firepower kW 2.60+0.34
Specific fuel consumption g/l 89.25+15.7
Time taken to boil Min 35.00+10.18
Dry fuel consumed G 324.89 +60.31
CO g/MJ, 10.59
PM, 5 mg/MJ; 108.77

Lower power Thermal efficiency % 32.23+2.36
Firepower kW 1.39+0.17
Specific fuel consumption g/l 42.95+5.47
Turn-down ratio - 1.80+0.22

@ Springer
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Three sets of WBT were performed on the model stove.
The average performance parameters with standard devia-
tions are given in Table 6 for high- and low-power phases.
The parameters include thermal efficiency of the stove, spe-
cific fuel consumption, firepower, time taken to boil water,
dry fuel consumed and the exhaust coming out of the stove.
Few parameters like temperature, exhaust, mass flow rate are
used to validate the mathematical and computational mod-
els. The relative error percentage which is the ratio of the
difference between the experimental and model predicted
to the experimental values was calculated using Eq. [64].

3.1 Flame temperature

The values of flame temperature were monitored by placing
R-type thermocouple in each zone. Two thermocouples were

placed in the zone 1 and zone 3, while one more was placed
in zone 2. The average temperatures in the zones were vali-
dated with the modelling results. Figures 7, 8 and 9 compare
the variation of flame temperatures in different zones. The
average temperature variations with the mathematical mod-
elling for zone 1, zone 2 and zone 3 are 10%, 3% and 8%,
respectively. Also, the average temperature variation with
the computational modelling for zone 1, zone 2 and zone
3is 7%, 12% and 13%, respectively. It can be seen that the
values obtained through experimentation are less than those
obtained through modelling. The possible reasons can be
due to the placement of the thermocouples, due to the non-
uniformity of flame temperatures in the radial directions, the
assumption of a 2-D model and unaccounted losses.

Mass flow rate: The variation of mass flow rate of air
with firepower is shown in Fig. 10. The model-predicted

Fig.7 Variation of flame 1400 T T T T T T
temperature in zone 1 with
firepower 1300 - 7
==0 = Experimental
1200 === Mathematical -
X === Computational
9 1100 Standard Deviation -
=
<
o 1000 - A
3
o L i
2 900
[}
E 800 i
]
TN
700 - A
600 [ 1
500 1 1 1 1 1 1
0 2.202 2.241 2.572 2.623 2.981 3.119 5.000
Firepower, kW
Fig. 8 Variation of flame 1000 T T T T T T
temperature in zone 2 with
firepower 950 |- =0 = Experimental .
=== Mathematical
xh 900 - === Computational 7
g Standard Deviation
& 850 4
©
S
g
£ 800 - .
(4]
|—
o 750 4
£
8
W 700 4
650 [ a
600 1 1 1 1 1 1
0 2.202 2.241 2.572 2.623 2.981 3.119 5.000
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Fig.9 Variation of flame 900 T T T T T T
temperature in zone 3 with
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Fig. 10 Variation of mass flow %1073
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values are in good agreement with the experimental values. ~ Table7 Thermal efficiency for different firepowers
The average deviation is+10.88%. Six different values of sy no. Firepower, kW Mexpt Mmodel % Error
firepower of firepower of hot start test are used to validate
the mathematical model. The values of the air flow rate are 2.202 37.87 35.19 7.09
calculated considering all the losses involved in the stove. 2.981 3444 36.69 —654
3.119 34.58 37.13 -7.39

Losses like fuel bed resistance, friction losses in the chim-
ney, sudden contraction or expansion, sudden bend in the
flow, losses in the entry as well as the exit are considered
while calculating the flow rate mathematically.

@ Springer



350 Page140f18

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:350

3.2 Thermal efficiency

The value of thermal efficiency of mathematical model is
validated with the experimental results of high-power hot
start test. The experimental and model values are found to
be in good agreement. The average deviation is estimated
to be 7%. Table 7 shows the value of thermal efficiency for
different firepowers. The average value of thermal efficiency
is just above Tier 3 [65].

3.3 Exhaust
3.3.1 Carbon monoxide (CO emissions)

The output of the mathematical model is given as input for
the computational model to understand the working of the

9000 T

cookstove. Figure 11 shows the variation of CO emissions in
parts per million (ppm) with the firepower. The average devi-
ation of experimental and computational values is 9.09%,
and also the values predicted by the computational model
are on the higher sides, so it is safe to design cookstove
with the help of a mathematical and computational model.
The exhaust was also calculated by WBT standard in g/MJ .
The average value of CO in g/MJ, for high-power test was
10.59. Figure 12 shows the comparison of CO emissions
for different stoves available in the literature [5, 29]. The
stoves like Uganda 2-pot, Onil stove and Justa stove which
are sunken pot stoves can have a good comparison with the
present model. The advantage with the current design is
that no specified pots are required for the operation of stove
likewise in the other two-pot stoves mentioned above. The

Fig. 11 Variation of CO with
firepower
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values of CO are considerably low compared to traditional
multipot biomass and 3 stone fire available on the field.

3.3.2 Combustion efficiency

The value of modified combustion is given as,

Co,

MCE = ——2
CO, + CO

The variation of experimental and computational modi-
fied combustion efficiencies is shown in Table 8. The com-
putational values are in good agreement with the experi-
mental results.

The value of modified combustion efficiency decreases
with increasing firepower; it means the combustion dete-
riorates as we increase the firepower keeping the same IAR
[66]. The same is observed in the experimental as well as
computational results.

3.3.3 Percentage of O, variation

Variation of O,% with firepower is shown in Fig. 13. The
trend of O, is same as predicted by the other researchers [20,

Table 8 Variation of modified combustion efficiency with firepower

40]. The values of O,% decrease with increase in firepower.
As firepower is directly proportional to mass flow rate, after
increasing the fuel input, the amount of air decreases, i.e. by
inserting more sticks in the feeding zone, we restrict the flow
of air into the combustion zone. The same is observed in the
case of modelling as well as experimentation. The average
variation of O,% between experimental and computational
values is 18%.

3.4 Flow structures

Figure 14a shows the temperature contours for different val-
ues of firepower. CFD helps in predicting the flow structure
with the increase in the firepower. The flame propagation
increases with the increase in firepower. The shifting of the
higher-temperature zone can be seen through the tempera-
ture contours. Figure 14b shows the streamlines which help
in detecting the flow pattern in the selected geometry, and
also, it determines the wake region and gives a clear picture
of the flow at the exit. The distribution of the flow at the bot-
tom can be seen through the streamlines. Also, CFD helps
in determining other parameters like velocity, concentration
of species, etc.

4 Model limitations and future scope

The mathematical model is applied where the mass of flue
remains constant throughout the working zone of the cook-
stove. Also, the model holds good only for the natural draft
cookstove and is not applicable for a forced draft or gasifier
stove. The limitation of exhaust value determination by the
mathematical model is overcome by using the computational
model. In future, the mathematical as well as the computa-
tional model can be used to obtain the results much closer to

==Q = Experimental
=== Model-Predicted
Standard Deviation

Firepower (kW) MCE, experimen- MCE, computa- % Error
tal values (%) tional values (%)
2.202 98.39 98.05 0.35
2.241 97.47 97.18 0.30
2.572 96.56 95.98 0.60
2.623 96.49 96.02 0.48
2.981 94.73 95.01 -0.30
3.119 94.14 93.89 -1.03
Fig. 13 Variation of O, with 11 l
firepower
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the experimental values. The model generates a large num-
ber of solutions for different geometrical and operational
inputs. This will help to optimize the design, which is the
task to be taken up in future.

5 Conclusions

The mathematical approach to design the cookstove serves
to be a better solution to develop a new biomass cookstove.
The model will help to predict the performance of cook-
stove for various geometrical inputs. The parameters like
thermal efficiency, mass flow rates and flame temperatures
at different locations can be predicted by the model. The
non-premixed combustion model along with the PDF gives
a better picture of the working of a cookstoves. This will not
only save energy resources but will help in experimenting
with different parameters of the cookstove. A detailed para-
metric analysis may result in finding a new parameter which
may directly or indirectly affect the performance of cook-
stove. The model-predicted values of temperature, as well
as exhaust, are varying with the maximum average deviation
of 13 and 16%, respectively, from the experimental results.
The cost of the instruments required to determine the val-
ues of CO and PM, s is too high and is not always available
with the researcher. Hence, the combination of mathematical
and computational modelling can be of great help to design
cookstove with good accuracy.
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