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ABSTRACT

Solar funnel cookers can be designed as attractive and affordable low-cost devices accessible to people in all con-
tinents of the world regardless of their walk-in life. The present work is aimed to investigate the applicability of
funnel cookers to attain the temperature in excess of the boiling point of water. It widens their acceptability for
cooking and opens new opportunities for technological developments in such designs of solar cookers. Two iden-
tical designs of funnel cookers, FC1 and FC2, have been tested with appropriately sized identical cooking pots
and glass enclosure to serve the purpose. Cooker FC2 is tested with a glass enclosure only, while a glass enclosure
is not used in FC1. Glycerine is used as a test load. Cooker Opto-thermal Ratio (COR) as a thermal performance
parameter and overall cooking efficiency are used to compare the performance of the two funnel cookers. It is
shown that the temperature of the test load in the cooker FC2 can reach 140 to 150 °C. So, this funnel cooker de-
sign can be preferred for cooking food at a relatively high temperature over the boiling point of water. The exper-
imental results show that: i) the mean values of the Cooker Opto-thermal Ratio for cookers FC2 and FC1 are esti-
mated to be 0.157 and 0.110, respectively, and ii) the values of the overall cooking efficiency for cookers FC2
and FC1 are estimated to be 11.8% and 10.2%, respectively.

0" Rate of useful heat gain by the test load per unit cooker
Nomenclature aperture area (W/m2)
T, Temperature of ambient air (°C)
A, Aperture area of the cooker (m?) - . . .
c Concentration ratio (1) T, Average temperature of ambient air for the interval of
COR Cooker opto-thermal ratio ((m? ‘C)/W) T eIx;.)e.rllment on the gn;en da;y (dC)F' N
(Alfcpf)} Sum of thermal capacitances of test load (glycerine) f nitial temperature of test load (Fitted) ('C)
and the cooking pot along with lid (J/°C) Tz Final temperature of test load (Fitted) (C)
F' Heat exchange efficiency factor Thn Mean temperature of the test load (Fitted) (°C)
F'n, Optical efficiency factor Tpnax Theoretical maximum achievable fluid temperature
F'U, Overall heat loss factor (W/(m?C)) Q)
C_?T Global solar irradiance (W/m?) Tay Temperature of glycerine (°C)
Gr Average global solar irradiance for the interval of ex- T(Glym Mean temperature of glycerine ("C)
periment on the given day (W/m?) Ty Temperature of stagnation attained by glycerine (°C)
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U Heat loss factor (W/(m2'C))

Greek symbols

TR Reference time (seconds)

At Time interval (seconds) (unless otherwise specified)
Mo Optical efficiency

n Overall cooker efficiency

Abbreviations

FC1 Funnel solar cooker no. 1
FC2 Funnel solar cooker no. 2

1. Introduction

United Nations sustainable energy goals inducted the solar cookers
as one of the important devices to provide clean energy for all (UN,
2021). Solar energy-based cooking is an established field for decades,
and diverse designs of solar cookers have been developed. Many of de-
signs are reported in the literature (Mullick et al., 1987; Tiwari and
Yadav, 1986; Grupp et al., 1991; Nandwani and Gomez, 1993; El-
Sebaii, 1997; Algifri et al., 2001; Jaramillo et al., 2007; Mirdha and
Dhariwal, 2008; Kurt et al., 2008; Harmim et al., 2012a,b; Sethi et al.,
2014; Coccia et al., 2017; Cuce, 2018; (Singh and Sethi, 2018)Singh
and Sethi, 2018; Saxena et al., 2018; and Sagade et al., 2018a) operate
at low temperature (i.e., up to 95-100 °C). However, many food
processes (frying, baking, roasting, etc.) need intermediate tempera-
tures (120-240 °C). Different studies reported by Balzar et al., 1996;
Stumpf et al., 2001; Mehmet Esen, 2004; Hussein et al., 2008; Kim et
al.,, 2013; Singh et al., 2015; Craig and Dobson, 2017; (Edmonds,
2018)Ian Edmonds, 2018; Sagade et al., 2018b; and Mawire et al., 2020
assessed the ability of solar cookers to attain intermediate temperatures
by incorporating different modifications and improving designs. Also,
recent modified and advanced designs of solar cookers have been re-
ported in the literature by several researchers such as Zamani et al.,
2017; Zhao et al., 2018; Abd-Elhady et al., 2019; Hosseinzadeh et al.,
2020; Coccia et al., 2020; Cuce et al., 2020; Saxena et al. 2020;
Anilkumar et al., 2020 and Thamizharasu et al., 2020 enhance the
propagation of solar cooking sector to the common people. Also, most
recently, Singh, 2021; Arif et al., 2021 and Tawfik et al., 2021 have re-
ported the performance of novel designs of solar cookers in India and
Egypt.

Also, several studies are available in the literature on different de-
signs of solar panel cookers tested at low temperatures using water as a
test load. Solar panel cookers in funnel configuration are made of multi-
ple panel reflectors can be classified as a panel-type solar cooker. Out of
these designs, solar panel-type cookers are generally suitable for a slow
cooking process. They provide different advantages such as i) simple
design; ii) ease of construction and use of inexpensive and locally avail-
able materials; iii) minimal need of tracking the sun; iv) easy of opera-
tion, handling, transport, and shipping and v) low risk of burning the
food. Because of these advantages of solar panel type cookers, several
designs have been developed adopting different types of greenhouse ef-
fect enclosure around one pot or one set of staggered pots, such as
Cookit (SCI, 2020a), the Copenhagen Solar Cooker Light (SCI, 2020b),
the Lightoven III (SCI, 2020c), the Haines 2.0 (SCI, 2021a), the HotPot
(SCI, 2021b, Ebersviller and Jetter 2020) and the funnel concrete solar
cooker as also known as Pucca cooker (Ruivo, 2017). Teong Tang (SCI,
2020d) developed some designs considering the possibility of no use of
a transparent enclosure around the pot, such as the Foldable Fusion
Cooker, Sun-Funnel, Fun-Panel, and the Suntastic Panel Cooker.
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Several solar cookers have been investigated using a test procedure
developed by Funk, 2000 for testing and reporting solar cooker perfor-
mance (ASABE, 2013). Results of testing ten different designs of solar
cookers have been reported by Solar Cookers International (SCI, 2020e)
by evidencing that the standardised cooking power values obtained are
in the range of 41 W to 117 W.

The two identical funnel cookers and the influence of the type of lid
used in the pot, glass lid, or black metal lid have been investigated fol-
lowing the same protocol by Ruivo et al. 2021. The standardised cooker
power obtained, for the funnel cooker, while using the glass lid
(73.9 W) was clearly superior to that obtained while using the metal lid
(50.6 W). The tests were performed during cold months under low sun
elevation. The ratio of standardized cooking power to the solar radia-
tion collecting area, while using the glass lid, is estimated to be
147.8 W/m?, which indicates that the performance of the funnel cooker
is in between the performance of box-type cooker and parabolic-type
cooker also tested recently by Ebersviller and Jetter, 2020. Chepkurui
and Biira, 2020 tested four different sizes of the solar cooker with a fun-
nel shape. Using the progression of water temperatures reported in this
work, it is needed four hours to raise the temperature of 1 kg of water
by 70 "C in the largest of the cookers, i.e., cooker with the biggest aper-
ture area. Gupta et al., 2021 tested two different designs of low-cost re-
flective panel-type solar cooker vis-a-vis conventional box-type cooker.
The test results show that the maximum temperature achieved by the
load, i.e., water and rice for the best solar panel cooker, is around 70 °C.
Thus, these cookers operate at very low temperatures.

The thermal performance of solar panel cookers mainly depends on
meteorological conditions and different parameters such as the geome-
try and the aperture area of the cooker, the type and design of the cook-
ing pot, the design of the greenhouse device adopted, and the quantity
and type of food to be cooked. Thus, suitable-sized black pained or
coated cooking pots with low weight and negligible wall thermal resis-
tance are recommended. In most solar panel cookers designs, the cook-
ing pots are wrapped with an appropriately sized transparent enclosure
made of glass, acrylic, or plastic. Such enclosure provides a greenhouse
effect and allows to retain heat and reduce the heat losses from the pot
to the surrounding ambient. Despite the scarce data, like those indi-
cated by Teong Tang (SCI, 2020d), evidences of such performance data
are difficult to find in scientific literature.

Literature review depicts that the attainment of the desired cooking
temperature for any solar cooker depends on the particular design of
the cooker. Out of several designs of solar cookers, box-type designs are
preferred for low-temperature cooking, wherein concentrating type and
advance and modified designs are preferred for intermediate-
temperature cooking.

However, solar panel cookers, particularly funnel cooker designs,
are known to reach intermediate temperature, but there is a lack of in-
formation on this topic. Thus, it is interesting to check the realistic per-
formance of solar panel cookers to attain temperatures in excess of the
boiling temperature of the water. This may increase the acceptance of a
low-cost and effective clean cooking solution by more users. Also, the
modified and advanced designs of the solar panel cookers may be
adopted for the households or the building with the limited sunny space
for cooking.

Therefore, owing to the literature mentioned above gaps, the nov-
elty and objectives of the present work are justified as i) to investigate
the applicability of solar panel cooker to attain the temperatures above
the boiling temperature of water for the first time, a subject of interest
and research owing to their advantages mentioned above; ii) to test the
applicability of suggested thermal performance parameter for solar
panel cookers for the first time; iii) to evaluate solar panel cookers in
terms of reference cooking time, maximum temperature attainment and
inter-cooker performance comparison owing to small design change at
intermediate temperatures using intermediate temperature test load be-
cause of lack of such comprehensive efforts, and iv) to comment on the
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usefulness of solar panel cookers for intermediate temperature cooking
and recommend their future prospective.

Therefore, the present work is initiated to investigate the perfor-
mance of solar panel cookers with funnel configuration, usually called
as solar funnel cookers, for the solar cooking at the intermediate tem-
perature over the boiling point of water. Thus, for the first time, two
identical designs of funnel cookers (Ruivo et al., 2021), named as FC1
and FC2, were tested using glycerine as a test load and Cooker Opto-
thermal Ratio (COR) as a thermal performance parameter (Sagade et
al., 2018b, 2019 and 2020; Tawfik et al., 2021). Cooker FC2 and FC1
were tested simultaneously with and without transparent glass enclo-
sure on the cooking pot, respectively, under the same meteorological
conditions. This allows the inter-cooker performance comparison of the
cookers. Also, overall cooking efficiency (1) is used to compare and
comment on the performance of both cookers.

2. Materials and methods

2.1. Experimental setup and instrumentation

In the present work, the tests were carried out from October to De-
cember 2020. The experimental set-up was installed on the rooftop pa-
tio of the “Escuela de Ingenierfas Industriales” at the University of
Malaga in Spain (36.9 'N, 4.4 'W). The experimental setup is depicted in
Fig. 1. The reflectors IPPON PANEL-LIGHT PE material and geometry
maintained as it is depicted in Fig. 2. The distance between the two ver-
tices A and B and the maximum value of the solar cooker aperture area
of each reflector are 0.99 m and 0.5 m?, respectively. Each reflector has
a reflective surface area of 1.063 m? and a reflectivity value, catalogued
by the manufacturer, of 0.85. The design and construction of the cook-
ers were described and detailed in the earlier study (Ruivo et al., 2021).

Only the modification made to the cookers in the present work was
to put it on a support stand connected to a tripod as compared to a pre-
vious study (Ruivo et al., 2021). Also, the cookers were renamed as FC1
and FC2 instead of CSR1 and CSR2. Both the cookers were assembled to
the tripod, with a stand at 38 cm above the floor of the patio, as de-
picted in Fig. 3. Both the cookers loaded with respective cooking sets
were tested without being tilted, i.e., the line defined by points C and D,
shown in Fig. 2, is parallel to the floor and the stand holding the cook-
ing set.

Two identical cooking pots, made up of shiny black enameled car-
bon steel and equipped with identical glass lids, were used in the exper-
iments. The cooking set without glass enclosure depicted in Fig. 4a was
used in funnel cooker FC1, and the coking set with glass enclosure
shown in Fig. 4b is used in funnel cooker FC2.

Loading capacity of cooking pots is close to 3 L. The glass lids were
made of tempered glass with a stainless-steel rim. The glass enclosure is
composed of two transparent doors of washing machines. The inner vol-
ume of the glass enclosure is approximately 5.3 L, i.e., 77.5% greater
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than the volume of the pot. Table 1 indicates the mass and specific heat
values for the pots, lids, glass enclosure, and glycerine.

T-type thermocouples were used to measure the temperature of sev-
eral points in each cooking set. Five of them were immersed in the glyc-
erine at 10 mm from the bottom of the pot. An average value of the
temperature of glycerine was determined and used in the calculations.
A Campbell Scientific CR1000 data logger was used to record tempera-
ture readings every 15 s. The temperature instrumentation was de-
scribed and detailed extensively in the previous study of Ruivo et al.,
2021.

The solar irradiance was measured with two Hukseflux LP02 pyra-
nometers, placed close to the cookers as shown in Fig. 4, and logged by
the same data logger also every 15 s. One pyranometer was placed hori-
zontally and the other on a tilted plane with an inclination angle of 50°.
Using the measured irradiance values, beam normal irradiance and
global normal irradiance were computed using the Liu Jordan sky
model (Duffie and Beckman, 2013), with an albedo of 0.2. In the pre-
sent experiments, the value of total solar radiation (G;) was measured
normal to the beam radiation, and this corresponds to a maximum
value of solar radiation recorded in that direction.

Also, wind speed (v) and ambient air temperature (T,) were mea-
sured by a dedicated Onset weather station placed closed to the cookers
and logged with the same acquisition frequency adopted for solar irra-
diance and temperature at several positions of the cooking set.

During the experiments, azimuth adjustment of the cookers and the
tilted pyranometer were performed simultaneously, every 20 min.

Another meteorological station at Engineering School's, which has a
second data logger (Campbell Scientific CR1000) and pyranometers
(Delta T Devices Ltd SPN1 and Hukseflux LP02), is placed near to the
experimental setup. The data logged by this weather station was used to
check and validate the measurements of the solar irradiance made by
the station close to the cooker being tested.

2.2. Experimental methodology

In the present experiments, both cookers FC1 and FC2 were tested
simultaneously side by side under the same weather conditions. The
thermal performance of the cookers was estimated using thermal per-
formance parameters, i.e., COR and 7 for the standard specific thermal
load of 10.46 kJ/(m?'C) defined by the ratio of the product of mass and
heat specific of glycerine to the cooker maximum aperture area (Sagade
et al., 2019). The thermal performance tests to determine the COR were
performed using the test procedure reported by Sagade et al. 2018b.

Owing to the limitations of water as a standard test load (Sagade et
al., 2018b), glycerine is preferred as a test. It enables performance in-
vestigation of cookers at a temperature higher than the boiling point of
water. Moreover, glycerine as a test load allows better insight into the
resolution of the thermal performance parameters as its specific heat is
lower than that of water. Hence, it offers a higher resolution in design-

Fig. 1. Experimental test setup.
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D

Fig. 2. Schematic design of the reflector of the funnel cooker.

Fig. 3. Funnel cooker assembled to the tripod with stand to hold the cooking
set.

induced changes in thermal performance parameters. Thus, the rise in
temperature per unit of heat gain is better visible. It enables the more
realistic determination of thermal performance parameters for a spe-
cific design of solar cooker at low and intermediate-range of tempera-
ture (Sagade et al., 2018b).

In the present experiments, the solar cookers and the respective pots
loaded with test load were heated near the ambient temperature before
starting each experiment. This allows them to be in thermal equilibrium
with the ambient. Then, both cookers were allowed to heat up under
the solar radiation in the window of solar noon to allow the test load to
attain an apparent stagnation temperature.

The experiments were conducted around 120 min of the local solar
noon at the experimental location under the environmental conditions:
Gy >700 W/m? 15°C< T, <40 °Cand v < 1.5 m/s.

3. Thermal analysis of the solar funnel cookers
3.1. Determination of the cooker Opto-thermal ratio

Several experimental tests were conducted to determine the thermal
performance parameter Cooker Opto-thermal Ratio, COR, using the re-

spective test procedure reported by Sagade et al., 2018b. The experi-
mental measurements of heating tests were used to determine the value
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b)

Fig. 4. Cooking set: a) without a glass enclosure and b) with a glass enclosure.

Table 1
Data for cooking set and glycerine.
Metal pot  Glass lid Glass enclosure  Glycerine
Mass (kg) 0.560 0.366 2.240 1.736
Specific heat (J/(kg°C)) 510 670 Not applicable 3014

of the heat flux (Lahkar et al., 2012) that corresponds to the rate of use-
ful heat gain by the test load per unit cooker aperture area (4,) as:

~ M Cop)(Try = Tpy)
- A, At

I

@

where (Mprf)} is the sum of thermal capacitances of test load (glycer-
ine) and the cooking pot along with lid; Ty; and Ty, are the fitted values
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of initial and final temperatures of the test loads for a small interval At,
respectively.

Using the measured experimental data for both the cookers, two
characteristic curves of exponential fit of the temperature of the test
(T/m__Ta)

T
plotted. In the present case, glycerine was used as a test load. Thus, T,

corresponds to T(Gp)m- The exponential relation is generated through a
fit between the temperature of the test load and time. Here, the differ-
ence between fitted values of T; and Ty, for a small time interval At is
used in Eq. (1) to calculate the Q’ " value for that time interval and the
mean of fitted values of Ty and Ty, (i.e., Tpy,) is used in the further analy-
sis using the relevant plot for determination of COR (Sagade et al.,

load versus time and the corresponding linear fit of g—” Vs. were
T

2020). For this, the corresponding linear fit of g—” Vs. U”g—_r”) is used to
T T

estimate F’n, (intercept, i.e., optical efficiency factor) and F'U;/C
(symmetric value of the slope, with SI unit as W/(m? °C)), which were
used to determine the COR (Lahkar et al., 2012) by:

P _ mC

COR=—% =
FU/C U

(2)

where, 7o is the optical efficiency, C is the concentration ratio and U is
the heat loss factor.

3.2. Determination of overall cooker efficiency

The overall cooker efficiency (;) is given by the ratio between the
amount of solar energy transferred to the test load and the pot and the
solar energy being collected by the cooker (Olwi and Khalifa, 1993;
Harmim et al., 2012):

M;C, ). AT,
_ _/ By 3)
Grd, Aty

where AT is the difference between final and initial temperatures of
test load for the entire duration of the experiment Al

4. Results and discussion

Figs. 5a and 6a depict the rise in the temperature of glycerine in
cookers FC2 and FC1, respectively, obtained in the experiment con-

ducted on 10.11.2020. The corresponding linear plots of g—// Vs.
T

(TGym=Ta)
Gr
ducted on different days to check the reproducibility of the results in

terms of COR and overall cooker efficiency. The corresponding plots,

are shown in Figs. 5b and 6b. Several experiments were con-

the rise in the temperature of glycerine and g—// Vs. (T(‘””G)’#T“)Are pre-
r T

sented in Appendix A.

As expected, the rate of the temperature rise of test load decreases
with an increase in time. When it becomes very low near the end of the
window of 4 h of solar noon, an apparent stagnation temperature is
reached, depending upon the ambient conditions of a location and the
design of the solar cooker (see Figs. 5a, 6a, and Figs. Ala to Al4a).

In the case of FC1, the typical value of the apparent stagnation tem-
perature attained by glycerine (T, ) is seen to be 116.2 °C, and that
value for FC2 is seen to be 146.1 'C, respectively, on the given experi-
mental day at a location. A seasonal variation is expected to occur in the
apparent stagnation temperature (T, ;). It is evident that there is a grad-
ual fall in solar irradiance after attaining the highest value around the
solar noon. In the case of cooker FC2, it is seen that the glass enclosure
is adequate to speed up the heating process and maintain the tempera-
ture of the test load as compared to cooker FC1 without a glass enclo-
sure.
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Fig. 5. Characteristic plots of cooker FC2 on test day 10.11.2020: a) tempera-
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Also, the use of the cooking set with a glass enclosure may enhance
the time constant of FC2 as compared to FC1. It may be one reason for
the delayed response of cooker FC2 to the fall in the value of the tem-
perature of glycerine associated with the decline in solar irradiance.
Thus, using cooking set with a glass enclosure influences the possible
attainment of a comparatively high value of apparent stagnation tem-
perature of glycerine with FC2 than FC1.

The values of F'n, and F'U,/C determined from the respective lin-

ear plots of g—” Vs. M for both cookers, FC1 and FC2, along with
T T

their mean values, are listed in Table 2. It is observed that the mean val-
ues F’'n, and F'U;/C for FC2 are seen to be 0.301 + 0.049 and
1.922 = 0.387, respectively, with a percentage standard deviation of
16.6% and 20%, respectively. Similarly, the mean values of F’5, and
F'U,/C for FC1 are estimated to be 0.299 + 0.056 and 2.730 *+ 0.560
respectively, with a percentage standard deviation of 18.7% and
20.5%, respectively.

Subsequently, the mean values of the COR for the cookers FC1 and
FC2 are determined to be 0.157 + 0.008 (m2°C)/W and 0.110 *+ 0.006
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ture of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of g—” Vs.
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Gr :

(m?°C)/W, respectively. A percentage standard deviation in the mean
values of COR of the cookers FC1 and FC2 are seen to be approximately
5.1% and 5.45%, respectively. From the experimental results, it can be
seen that the mean value of COR for a particular design of solar cooker,
either FC1 or FC2, remains approximately unchanged with acceptable
deviations. Also, the literature results (Lahkar et al., 2012; Sagade et

Table 2
Summary of the experimental data and performance parameters of solar cookers.
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al., 2018; Sagade et al., 2019; Sagade et al., 2020; Khallaf et al., 2020)
confirm the same. Table 2 depicts the results achieved for both cookers
FC2 and FCI.

4.1. Determination of COR dependent objective parameters

Theoretical values of COR dependent objective parameters, maxi-
mum achievable fluid temperature (Tfmax), and reference time (7r) for
both the funnel cookers were determined using the value of COR on a
given experimental day. Objective parameters are dependent on the
meteorological conditions of a location on a typical experimental day,
and seasonal variations are expected in their values (Sagade et al.,
2020).

The theoretical value of T, on a typical experimental day can be
determined (Lahkar and Samdarshi, 2010 and Lahkar et al., 2012) by:

Tfmax = Ta + COR(GT) (4)

The reference time (7z) is a theoretical time taken by the test load to
heat up from lower to the upper limit of temperature under given mete-
orological conditions. It can be determined (Lahkar et al., 2012; Sagade
et al., 2018) by:

_ T -T,
MG, Gr— L=
g = ———L x CORx In| ——C%R_ (5)
ApF'n, G, -2l
T~ "Ccor

In the case of FC2, the typical maximum and minimum theoretical
values of Ty, and 7r are estimated to be 174.2 'C and 159.8 C, respec-
tively, and 37.4 min and 63.4 min, respectively. Similarly, in the case
of FC1, the typical maximum and minimum theoretical values of T,y
and 7r are estimated to be 131.3 °C and 116.1 °C, respectively, and
43.6 min and 96.4 min, respectively. On the other hand, experimen-
tally observed maximum and minimum values of the T4, and 7r for
FC2 are 154.5 'C and 123.1 'C, respectively and 38 min and 61 min, re-
spectively, and that for FC1 are seen to be 125.4 'C and 98.1 'C, respec-
tively and 43 min and 89 min, respectively.

Table 3 depicts the comparison of the theoretical and experimental
values of the two objective parameters for both the cookers.

Comparing the theoretical and experimental values of both objec-
tive parameters depicts that the FC2 performs better than FC1. The im-
provement in the performance of the FC2 can be attributed to the glass
enclosures, which produce the greenhouse effect. More details are dis-
cussed in the upcoming section 4.2.

4.2. Comparison of inter-cooker performance of cookers FC1 and FC2

The results of experiments of two identical designs of funnel cookers
FC1 and FC2 are compared to comment on the inter-cooker perfor-

Test day Test conditions Performance parameters of cooker FC2 Performance parameters of cooker FC1

Solar altitude angle at noon G, T, F'n, F'u,/C COR (m*C F'n, F'u,/C COR (m*’C

O w/m? (0 (W/(m?>C)) /W) (W/(m?C)) /W)
27.10.2020 40.3 960 24.4 0.359 2.298 0.156 0.394 3.539 0.111
30.10.2020 39.3 938 22.8 0.345 2.358 0.146 0.337 3.336 0.101
10.11.2020 36.0 913 22.7 0.367 2.416 0.152 0.346 3.088 0.112
17.11.2020 34.2 920 22.1 0.290 1.891 0.153 0.290 2.837 0.102
20.11.2020 33.5 895 22.4 0.289 1.769 0.164 0.288 2.532 0.114
2.12.2020 31.2 951 21.2 0.257 1.682 0.153 0.255 2.382 0.107
9.12.2020  30.4 881 15.3 0.261 1.590 0.164 0.242 2.118 0.114
18.12.2020 29.9 871 17.8 0.238 1.392 0.171 0.237 2.006 0.118
Mean value with standard deviation 0.301 + 0.049 1.925 *+ 0.387 0.157 + 0.008 0.299 + 0.056 2.730 * 0.560 0.110 * 0.006
Percentage standard deviation 16.6% 20.1% 5.1% 18.7% 20.5% 5.45%




X. Apaolaza-Pagoaga et al. Solar Energy xxx (xxxx) 1-23

Table 3

Theoretical and experimental values of the objective parameters for cookers FC1 and FC2.
Test Day Test conditions Cooker FC2 values Cooker FC1 values

7, () GT (W/m?) COR (m**C/W) Theoretical Experimental COR (m**C/W) Theoretical Experimental
Tnax CC) TR (min)  Tppee CC)  Tr(min) Tfnax CC)  7rR(min) Tfnax (CC) 7r(min)

27.10.2020 24.4 960 0.156 174.2 37.4 154.5 38 0.111 131.3 43.6 125.4 43
30.10.2020 22.8 938 0.146 160.0 42.6 148.4 43 0.101 117.6 62.8 111.6 56
10.11.2020 22.7 913 0.152 161.5 40.9 146.1 42 0.112 125.0 56.7 116.1 52
17.11.2020 22.1 920 0.153 162.6 51.5 137.2 51 0.102 116.1 76.8 105.2 70
20.11.2020 22.4 895 0.164 168.9 51.4 142.6 50 0.114 124.2 70.4 112.9 65
02.12.2020 21.2 951 0.153 166.3 55.6 140.2 54 0.107 123.0 76.9 110.9 69
09.12.2020 15.3 919 0.164 159.8 63.4 123.1 56 0.114 120.3 92.2 98.1 89
18.12.2020 17.8 871 0.171 166.8 66.8 133.4 61 0.118 120.7 96.4 102.9 86

mance. The values of different experimentally determined parameters
are used to reach the conclusions.

It is seen that FC2 is able to attain a higher apparent stagnation tem-
perature as compared to FC1. Figs. 5a and 6a depict that the rise in the
temperature of the test load is fast, and the attainment of apparent stag-
nation temperature of glycerine is seen to be higher in the case of FC2
as compared to FC1. It enhances the reference time of the FC2 as com-
pared to FC1.

The mean value of F'U,/C for cooker FC2 is lower than that for FC1
as expected (see Table 2). It can be attributed to the use of the glass en-
closure in cooker FC2 that enables the trapping and retaining of heat.
Also, it leads to the attainment of a relatively high apparent stagnation
temperature in FC2 as compared to FC1. This may be due to the prop-
erty of glass, which blocks the longer wavelength re-radiation from the
glass enclosure and gets heat up. Moreover, the glass enclosure de-
creases the convective losses from the cooking pot of FC2 as well. On
the other hand, the cooking pot of FC1 is exposed directly to ambient
and may be responsible for the increase in the heat losses compared to
FC2. Thus, the mean values of the F'U,/C are seen to be lowered in
cooker FC2 as compared to cooker FC1.

Contrary to the expectation, the mean value of ' for FC2 is seen
to be approximately equal to FC1. It can be attributed to the property of
glass to transmit the shorter wavelength solar radiation to the cooking
pot of FC2.

Also, cooking pots in both cookers may not be able to absorb a com-
plete range of the solar spectrum, which may impact the optical perfor-
mance of cooking pots. This may result in an approximately equal value
of the optical efficiency factor for cookers, FC1 and FC2. But, the lower
value of the F'U,/C in the case of FC2 more than compensates any re-
duction in the value of F'r,.

Thus, the use of a glass enclosure on the cooking set of FC2 leads to a
positive impact on the COR's value. Hence, the mean value of COR for
the FC2 is seen to be improved as compared to FC1.

From the comparison of the two objective parameters given in Table
3, it can be seen that typical experimental values of the maximum
achievable fluid temperature and of reference time are seen to be im-
proved for FC2 as compared to the typical experimental values attained
with FC1. The performance increment can be attributed to a relatively
lower mean value of the F'U,/C, which is clearly visible for FC2. How-
ever, F'ny may have a negligible effect on the performance of the
cooker in comparison to F'U,/C.

As shown in Table 3, the mean value of the COR for FC2 is improved
compared to FC1. Hence, COR seems to be sufficient to reflect design in-
terventions in the solar cooker and precisely predict the inter-cooker
performance comparison with reasonable accuracy.

Thus, from the experimental results, it can be concluded that the use
of a glass enclosure on the cooking pot of FC2 helps to enhance the
opto-thermal performance of the cooker in terms of reference time.

Glass enclosure not only helps in attaining a relatively higher tem-
perature in case of FC2, but also enables a fast-heating process of the

load compared to FC1. Also, the glass enclosure improves the heat re-
tention ability of the FC2.

4.3. Overadll efficiency of the funnel cookers

The overall cooker efficiency values for both the cookers FC1 and
FC2 are determined by using Eq. (3) for each experiment on a typical
day. The calculated average values of # are 11.8% and 10.2% for FC2
and FC1, respectively. Thus, it clearly depicts that the FC2 performs
better as compared to FC1. Also, the overall cooker efficiency obtained
for both cookers is compared with the cookers reported in the litera-
ture. Results show that efficiencies of cookers FC1 and FC2 are reason-
ably improved as compared to that reported by Olwi and Khalifa (1993)
and Harmim et al. (2012).

However, it is essential to note that test load, glycerin, is able to at-
tain temperature values greater than the boiling point of water. More-
over, overall thermal resistance to the heat transfer between test load
and ambient is more significant in the case of FC2 as compared to FC1.
Thus, FC2 may have lower values of thermal losses as compared to FC1.
However, both solar funnel cookers work with low concentration ratios
and may have low optical efficiency. This may result in lower overall
cooker efficiency for both cookers. However, the overall efficiency of
cooker FC2 is slightly higher than FC1 because the cooker FC2 was
tested using the glass enclosure on the cooking pot. This glass enclosure
acts as a heat trap. It reduces the heat losses from the cooking pot, im-
proving the performance of the cooker FC2, which is reflected in terms
of the relatively high value of overall cooker efficiency for the cooker
FC2 than cooker FC1. Therefore, these results of funnel cookers are en-
couraging for future improvements.

5. Conclusions

The present work discusses the possible application of solar funnel
cookers attaining an intermediate temperature cooking greater than the
boiling point of water. The thermal performance of solar cookers is esti-
mated using COR and overall cooker efficiency. Also, the inter-cooker
performance of the cookers FC1 and FC2 are compared based on COR-
dependent objective parameters to comment on the performance of
cookers at intermediate temperature. The major finding of the present
work are as follows:

i) Experimental results clearly depict that solar funnel cookers are
able to attain temperatures in the range of 140 to 150 'C with the
use of the glass enclosure.

ii) The mean values of COR for the FC2 and FC1, using glycerine as a
test load, are estimated to be 0.157 m2'C/W and 0.110 m2'C/W,
respectively. Also, the average values of overall cooker efficiency
are 11.8% and 10.2% for FC2 and FC1, respectively.

Based on the values of COR and overall cooker efficiency, it is
concluded that FC2 performs better as compared to FC1. The glass

iii)
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enclosure on the cooking pot in the case of FC2 imparts the
greenhouse effect and helps to enhance the opto-thermal
performance of the cooker. It enables to improve the reference
time, providing faster heating of the load as compared to FC1. It
also helps in attaining relatively high values of the apparent
stagnation temperature in the case of FC2 compared to FC1. Also,
glass enclosure enables reduces the heat losses from cooker FC2
may improve the cooker's heat retention ability.
The overall efficiency of cooker FCl1 is slightly lower than FC2. A
glass enclosure used in the cooker FC2 helps to reduce the heat
losses from the cooking pot. This leads to improving the thermal
performance of the cooker FC2 than FC1.
The typical experimental values of reference cooking time for
cooker FC1 and FC2 are 43 min and 38 min, respectively. The
typical experimental values of maximum achievable load
temperature for FC1 and FC2 are 125.4 'C and 154.5 ‘C,
respectively. This clearly shows that solar panel cookers can
attain temperatures in excess of the boiling temperature of the
water. They help cook the boiling type of food and intermediate-
temperature food items. Also, as expected, they can cook faster
under clear sun conditions. Thus, solar panel cookers can be vital
devices in the propagation of clean cooking technologies.

vi) Presented results for solar funnel cookers are unique and
encouraging, owing to their different advantages. Thus, they can
be utilized for future developments, such as a) investigation of
different tracking reflector designs, b) investigation of
possibilities of incorporating additional heat storage elements,
and c) investigation of cookers performance under high solar
altitude angles. Such developments may improve the designs of
relatively simple configurations of the funnel cookers, and they
may able to perform better.

iv

—

v

—

Appendix A.

A.1. Reproducibility of the results
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vii) Thus, the experimental results of the present solar funnel cooker
may be necessary for the propagation of the solar cooking
technology to the common people.
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Figs. 5 and 6 show the characteristic plots for one experiment of testing cookers FC2 and FC1, respectively. In this appendix, the same charac-
teristic plots are presented for the experiments performed on different days. Figs. A1-A7 show the characteristic plots for cooker FC2 and Figs.

A8-A14 show the plots for cooker FC1.
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Fig. A2. Characteristic plots of cooker FC2 on test day 30.10.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of g—” Vs.
T

(TGiym=Ta)
Gr
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Fig. A3. Characteristic plots of cooker FC2 on test day 17.11.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of g—” vs.
T

(TGiym=Ta)
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Fig. A8. Characteristic plots of cooker FC1 on test day 27.10.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of & .
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Fig. A9. Characteristic plots of cooker FC1 on test day 30.10.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of & ys.
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Fig. Al12. Characteristic plots of cooker FC1 on test day 2.12.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of & ys.

(Tiem=Ta)
Gr :

20

Gr



X. Apaolaza-Pagoaga et al.

Tew (°C)

0" Gr

1107 T T T T

100+

G, (W/m®)

600

0= T T T T
0 20 40 60 &0 100

— T — T

T T T
1200 140 160 180

Time (minutes)

a)

= Gy vs. (Tigiym — Ta)/Gr

—— Linear Fitof Q" /Grvs. (Ticiym ~ Ta)/Gr

' Y = -2.118(X) + 0.242
Gy =919 W/m* T, =153°C

0.00 T T T T T T T T T 1
0.00 001 002 003 004 005 006 007 008 009 010

(Teetyym — Ta)/Gr (0’ °Cyw)
b)

Solar Energy xxx (xxxx) 1-23

Fig. A13. Characteristic plots of cooker FC1 on test day 9.12.2020: a) temperature of glycerine (Tg,) and solar irradiance vs. time and b) linear fit of g—” vs.
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