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INTRODUCTION

Cooking energy amounts to about 90% of the totargyn consumption for most households
developing countries such as Nigeria [1, 2]. Inafuareas, cooking energy is obtained through tregeiof
firewood and agricultural residues, because comialefgels such as kerosene and cooking gas areecaofily
available. Specifically, fire wood remains the mrdjgel cooking energy being utilized by rural dveed in spite of
the various benefits that renewable energy sucth@susage of solar energy offers [1]. It is of eonimental
concern that the continuous usage of firewood hessed the increase in rate of deforestation whiah
necessitated a high demand for energy sustainalfiim renewable sources such as the solar cookeigsr
cookers are devices that convert direct sunliglergninto heat which can be utilized for cookingldar some
other processes such as pasteurization and stédhiz[3]. Solar box cooker (SBC) is a thermal deuihat is very
useful and readily available throughout the wofi@w characteristics of SBC as a renewable energymi
device are portability, user friendliness, easiy@ble, environmental friendly as air pollutiorrésluced and it is
economical to obtain. A SBC is basically an insedabox with a transparent glass cover and a toplhidh has a
mirror booster on the inside to reflect sunlighbithe box when the lid is kept open [4]. SBC ieay useful and
popular thermal device which is available throughitne world. It is one of the few renewable enetiggrmal

gadgets which are portable, user friendly, easilgrable, meant to fulfill the very basic need andnemically
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competitive. Its affordable price makes it veryrattive commercially, especially among the rurapydace in the
developing countries. A reasonable interest has Isbewn by the scientists, from time to time, imgosing various
parameters which can be considered as the meakitsetlrermal performance. According to Ohunakirakt[5], Nigeria
is located around the equator which is within ahhéginshine belt of fairly well distributed soladiation is fairly well
distributed. Through estimation, it was stated thatannual daily average of total solar radiatiaries from about 12.6
MJ/nf/day (3.5 kWh/rf/day) in the coastal region to about 25.2 Maday (7.0 kWh/r/day) in the far north, thus making
her to have an estimated 17,459,215.2 million MJ{d&.439 TJ/day) of solar energy falling on it8968 kni land area.
No load and full load tests was conducted on SBiCtewo figures of merit (F1 and F2), which shouldveeas the measure
of obtaining its thermal performance was recommdnig Mullick et al. [2] and accepted by BIS 200qQ & the
benchmark indicators of its thermal performance/e®a research works have been carried out in tquast years in the

world which clearly shows the utilization of sokmergy as the greatest needs of mankind.

Adewole et al. [1] evaluated the performance afwa feflector based solar box cooker. The thermadiopmance
of the cooker in terms of figures of merits andlarcefficiency were evaluated based on BIS 2000RéFkults show 6
stagnation point at maximum isolation of 520 W/ 2.00 pm and minimum of 246 wirat 11.00 am. Theoretical and
experimental investigation was carried out on arselater sterilization system with thermally coligd flow by [7].
The effects of environmental conditions on the exsyss behaviour for the hot box solar cooker wengied out using the
basic heat transfer analysis. Thermal and biolodiests of the water samples during the sterilaratprocess were
obtained. In the work presented by [8], the ovenekt transfer coefficients between the componafassolar box cooker
were determined. This necessitated the work of @k [9] in modeling the performance of a hot bolas cooker by
using the coefficients determined and obtained®yNMathematical model was presented for the peréarce of a novel
hot box solar cooker developed by [10]. In the gfudere was no agreement between theoretical gpetienental results
even with the usage of the geometric constantsinejdior the solution to the 4th order Runge-Kuttathod used in
solving. A novel design of solar cooker in whiche tabsorber is exposed to solar radiation fromtdpeand the bottom
sides was developed; and theoretically and expetadig examined by [11]. In order to direct the iedthn to the lower
side of the absorber plate, a set of plane diffaflectors was utilized. Temperature variation a€te part of the cooker for
both steady and transients conditions were pratlictEing the general energy balance. Using thisigetl values,
comparison with measurements made under actuahamreabnditions were done. The effects of instrurmgon error was
investigated and analysed by Ishan [12] on theoperdnce of SBC. Folaranmi [13] recorded a stagnatimint of 119C
stagnation point at solar radiations 740.12 YWhich occurred at 1.00 pm. A0.11 KnfW ™ value of first figure of merit
was obtained where the allowed standard first &gqfrmerit value test greater than 0.12 is marked-g@rade cooker and
those of lesser values are marked B-grade cookehd\Bureau of Indian Standard (BIS). Other studirssolar box

cooker and dryer in Nigeria include [14 — 17] anahy more.

This study describes the development and performaha solar box cooker made from locally sourcedenials
with detachable reflection plates, which is capaifleooking and drying of agricultural products.eTéolar cooker grade
was determined through the experiments performedn fthe figure of merits. The cooker thermal effimg was

determined when no reflector, one reflector, twiteotors, three reflectors and four reflectors wesed.
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MATERIALS AND METHOD

Description and Construction Procedures of the SotaCooker

The design and construction of a solar box cookeguires fewer technicalities. In this study, seldclocal
materials were put together to develop a solar endkeak, a popular hard wood with high stabilggpd strength, high
resistant to decay and rot, containing natural pelybased cellulose was sliced to a thickness ahftband joined to
form a box with dimension (500 x 400 x 300 mm) aonglered at the bottom. The inner walls of the obter were lagged
20 mm wide round the box including the base witindiglass material to reduce the rate of heat Rigsvood of thickness
10 mm was cut and joined together to form the idr@e with a dimension of 400 x 300 x 200 mm, tiglixed to the
insulated layer and inclined at angles add 110 in order to reflect light and transmit heat to tilmoking pot which is
placed at the centre of the box. The inside oftitwe are lined round with the aluminium foil to aieflection towards the
centre of the cooker aperture. A 400 x 300 mm ahivmi plate, painted black was placed inside thetbabsorb the heat
inside the solar cooker. All radiations that eriter solar cooker are absorbed by the black pladecanverted to heat for
cooking. A transparent 4 mm glass was cut out aachéd 400 x 300 mm to cover the top of the boxsTHelps in
trapping heat and helps to prevent convective lesat To prevent heat losses at the corners, tes gjlazing is fixed
tightly at the edges with a rubber lining. Fourezrtl reflectors of 10 mm thickness were hingechdothe box with a
leather skin, flexible but tough, which can allowe tremoval and replacement of the solar cookeeatfts. The longer
sides of the solar cooker box were fixed with endéreflector of size 500 x 400 mm at opposite siddile the shorter
sides were fixed with external reflector of siz€040400 mm at opposite sides and placed dtan@ 110 tilt angles.
This angle of inclination reflects a higher pereg of light rays into the solar box (Folaranmil20 The surface of the
external reflector is then covered round with alionin foil with the aid of synthetic glue as the exxial reflecting surface.
The isometric view of the solar cooker is as shawhigure 1. Figure 2 (a - €) shows the construstddr box cooker with

no reflector, one reflector, two reflectors, threflectors and four reflectors, respectively.

Reflectors

Glass cover

Cooking vessel

Frame

Figure 1: Isometric View of a Multiple Reflector Sdar Cooker
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Figure 2(A): Cooker with No Reflector

Figure 2(E):Cooker with Four Reflectors

Design Calculations

Maximum heat generated by the radiating black pfatee cooker was obtained using Eq. (1)

Q
& = e gA(T} - T 1)

Wheree is the emissivity of a black body,is the Stefan-Boltzmann constant (WKf), A is the surface area of

the black body (R), AT = (Tr - T;), the temperature difference between the radiatiogy and the temperature of the
surrounding {C), At is the time (s) 6 h (21600 se&@) is quantity of heat generated (J)

Eq (2) was utilized to determine the energy reqliceraise one litre of water to 1D
Q = (MC)wAT (2)

Where, Q is quantity of heat, M is the mass of wateis the specific heat capacity of water @fdis change in

temperature between the ambient and desired tetopera
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Experimental Procedure

The experiment was carried out at the Universitylarin, llorin environs (8° 300"N, 4° 32 60’E). The readings
were taken from 9 am to 6 pm within the month abife@ry to June, 2017 (a total of 150 days in &§ch reading for a

particular test was carried out in triplicate ahd average was used.
Stagnation Test at no Point Load Experiment (Firstrigure of Merit)

The cooker is placed in the sun to receive soldiaten. Two thermocouples were utilized. One waske the
cooker’s inner temperature {iTand the other is to take the ambient temperaflge A corresponding solar radiation
reading is taken alongside with a solar power melde connecting wires were kept intact to take tdmperature

readings. The stagnation temperature is ascertdinoed the reading and the first figure of merit waaculated using
Eq. (3)

(Tc—Tq)
F, =T 3

Hs
Where,F, is first figure of merit, Tis cooker temperature,Tis ambient temperature akd is solar radiation.
Sensible Heat Experiment Procedure (Second Figurd Merit)

The cooker is preheated for 30 minutes to remop®raside the cooker which can limit the rate s tooking
performance. One litre of water is poured intoliteck pot and covered tightly. A thermocouple isdito take the cooker
temperature (J), the water temperature (I and the ambient temperature j(Tof the cooking environment.
A corresponding solar intensity reading is takemmgside with a solar power meter. The door of theker is shut tightly
to avoid outflow of heat energy from the cookereTdonnecting wires were kept intact to take thepemature readings.
The results from this experiment were used to etalthe second figure of merit mathematically [W8ihg Eq. (4) as
stated by [1].

1-=(Tyo—T,
F,= Fl(ff)w In L_EETWZ_T“;H (4)
F1 wil a

Where, F is first figure of merit (KriW™), Mw is the mass of water as load (kg), i€ the specific heat capacity
of water (J/kg°C), Tis the average ambient temperature (°C), H isatlezage solar radiation incident on the aperture of
the cooker (W/if), Tw; is the initial water temperature (°C), Tis the final water temperature (°C), A is the aper area

(m?) and t is the time difference between Tamd Twy (S).
Cooker Efficiency
Mathematically, the overall thermal efficiency tietsolar box cooker can be expressed in termseofétio of

work output to work input as obtained using Eq. (5)

T']O_MWCWAT (5)

B IuvA,;At

Whereyj  is overall thermal efficiency of the solar cook#, is mass of water (kg is specific heat capacity

of water (J/kg/K) AT is temperature difference between maximum temperaif water and the ambient temperaftCig
A is area of aperture of the cooker?mt is time required to achieve the maximum tempeeatir cooking, /s, is

Average solar intensity during the interval(W/m?) and4,, the aperture area of the cooker.
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RESULTS AND DISCUSSION

Stagnation Point

Figure 3 shows the stagnation point when no reffeatne reflector, two reflectors, three reflectarsd four

reflectors were used at a corresponding value laf gatensity.
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—m=— Three Reflectors
—=— Four Reflectors
—e— Solar Intensity

Figure 3: Stagnation Point Readings for a MultipleSolar Box Reflector

From Figure 3 increase in time of heating incredisesemperature of the cooker when no reflect@s used and
when reflectors were used. It can also be deduwadsblar intensity increases from around 9:40 atit between 1 and 3
pm which illustrates the reason for the increasedoker temperature until around the said time,albthe experiments
carried out using the different reflectors. Howeleyond 3 pm, the solar intensity began to redusetwwas reflective
on the cooker temperature reduction. Although wager be boiled using two, three and four reflectbmswvever, using
four reflectors gave a very high cooker temperatdrabout 188C when compared to others. This implies that uging
reflectors was efficient and would easily boil watte 100C and cook food. Water can only be warmed and aiéd at
100°C when no reflector and one reflector are utiliZEdis is because, water boils at 100and the cooker temperature
could not reach 10C for both conditions.

First Figure of Merit
Table 1 represents the results obtained for tlseffgure of Merit as evaluated using Eq. (3)

Table 1: No Point Load (First Figure of Merit)

Class of SR
Solar Cooker | SP €C) | AT (°C) (W/m?) FFM (°Cm?/W)
(AR) (m?)

NR 69.8 37.4 973.97 0.033
1R (0.2) 81.9 36.93 965.4 0.047
2R (0.36) 122.7 35.93 955.98 0.091
3R (0.56) 154.8 36.2 986.4 0.12
4R (0.72) 175.7 37.7 974.5 0.142

*NR is cooker with no reflector,*AR is area of reftor, *1R is cooker with one reflector, *2R is &eo
with two reflectors, *3R is cooker with three refters *4R is cooker with four reflectors, *SP is
stagnation point for the solar cooker, *AT is aygraambient temperature (Ta), *SR is average solar

radiation intensity and *FFM is first figure of niker
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The stagnation point of the cookers increases vthdesolar radiation values are approximately wwitthie same
range for all the class of solar cooker reflectdsre energy is harnessed and stored as the nurobexdernal reflector
are added. This leads to an increase in the vdltleedirst figure of merits of the cooker typesthe number of external
reflectors increases. From Table 1, when the fiigsire of merit result was compared with the Burefundian Standard
(BIS) [6] for solar cooker having no reflector athdt with one reflector, both classes of cookerdassified as grade B
becauseF; < 0.09 while those with first figure of merif; > 0.91 are classified as grade A solar cookers. Heree, t
designed solar cooker with two, three and four regtereflectors are classified as grade a solakeoby the Bureau of

Indian standard [6] and used in laboratories fgirdy of glass wears [19].
Results of Sensible Heat Test (Second Figure of Mgr
Table 2 represents the results obtained for bodimg litre of water with the solar box cookers.

Table 2: Boiling Time for one Litre of Water by the Solar Box Cooker

Tlme [e] (o] (o] (] (]
SIN @My | NRCO | IRCO) | 2R(C) | 3R(C) | 4R(C)
1 12:00 30.4 30.6 30.5 30.5 30.4
2 12:10 30.5 31.2 32.4 34.6 35.7
3 12:20 30.8 315 39.8 40.8 42.8
4 12:30 31.4 31.6 44.6 45.6 53.4
5 12:40 31.7 335 48.4 50.4 60.8
6 12:50 31.9 34.8 53.7 55.6 67.2
7 13:00 32.1 36.2 55.8 59.1 75.1
8 13:10 32.5 36.9 57.8 62.2 83.5
9 13:20 32.7 38.2 59.6 65.6 89.2
10 13:30 33.4 39.6 63.1 67.3 92.3
11 13:40 35.6 40.4 65.9 70.6 96.7
12 13:50 37.8 42.2 67.4 72.2 100
13 14:00 39.2 43.8 69.8 75.4 100
14 14:10 41.3 45.8 71.2 80.5 100
15 14:20 42.6 495 735 85.3 100
16 14:30 43.8 55.3 73.9 84.6 100
17 14:40 45.1 59.7 745 84.5 100
18 14:50 47.1 63.2 75.6 84.6 99.6
19 15:00 48.6 66.1 75.6 84.5 99.5
20 15:10 50.4 65.9 75.2 84.5 98.9

*NR is cooker with no reflector,Rlis cooker with one reflector, *2R is cooker witho reflectors, *3
is cooker with three reflectors and *4R is cookéhviour reflectors.

At optimum hour (12:00 — 15:00 GMT), one litre oter was placed inside the cooker. It was obsethatdafter
110 min, cooker with four reflectors raised the penature of one litre of water to its boiling po{0C°C); cooker with
three reflectors raised one litre of water to 84 .&fter 160 min, cooker with two reflectors; 7% Gfter 160 min, cooker
with a single reflector; 66°C after 180 min and cooker with no reflector; 30.4fter 180 min. The results from the
sensible heat test were used to evaluate the sdigpmd of merit using Eq. (4) Table 3 represehis second figure of

Merit (SFM) value obtained from sensible heat teseach class of solar cooker.
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Table 3: Evaluation of Second Figure of Merit

Class of Solar Cooker .
S/IN (AR) (m?) At (min) | SFM
1 NR 185 0.262
2 1R (0.2) 160 0.303
3 2R (0.36) 145 0.334
4 3R (0.56) 122 0.397
5 4R (0.72) 110 0.44

*AR is area of reflector, *NR is cooker with no leftor, *1R is cooker with one reflector, *2R is
cooker with two reflectors, *3R is cooker with threeflectors *4R is cooker with four reflectors and

*SFM is second figure of merit.

It was observed that the values of second figurenefit increase as the number of reflectors inee@kis is
because, more solar radiations are trapped whean sobkers of higher number of reflectors are ued.solar cooker
with no reflector, its second figure of merit is262, solar cooker with one reflector; 0.303, satapker with two
reflectors; 0.334, solar cooker with three reflest®.397 and solar cooker with four reflector&4@. The criteria for
value by [6] is that fFshould be greater than 0.4, & 0.42). From this study, only the solar cooker with fexternal
reflectors has ajFvalue (0.44) that is above the compared stand@aged on this value according to [1], solar coaker
suitable for utilization such as for boiling of watand drying of agricultural products. Therefdtee solar cooker with
four reflectors will be useful for both water baij and agricultural products.

Overall Cooker Thermal Efficiency

Table 4 represents the result of thermal efficiemaf solar cookers evaluated from the resultsimddafrom the
sensible heat test. The value for average solangity from the sensible heat test and averageeathbeémperature are

953.5 W/nf and 35.1C, respectively. The overall thermal efficiency whaen evaluated using Eq. (5).

Table 4: Evaluation Cooker Thermal Efficiency

Class of Solar o : o Overall
SIN | cooker (AR) (m?) )| Al | AT Efficiency (%)
1 NR 50.4 185 15.3 18.72
2 1R (0.15) 66.1 160 31 30.43
3 2R (0.2475) 75.6 145 40.5 40.32
4 3R (0.3975) 85.3 122 50.2 53.39
5 4R (0.495) 100 110 64.9 72.22

*HTW is the highest temperature reached of wateringusensible heat testAT is the temperature
difference between maximum temperature of water tiedambient temperatureA# which is the time
required achieving the maximum temperature of W& is area of reflector, *NR is Cooker with no
reflector, *1R is cooker with one reflector, *2R é®oker with two reflectors, *3R is cooker with ¢ler
reflectors and *4R is cooker with four reflectors.
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Table 5: Relationship between the Figures of Meritand the BIS Grading System

SIN C%E‘fsrczfASR‘;';rz (('I:n@//l\/\l) SFM | EFF (%) | BIS Grading
1 NR 0.033 | 0.261 18.72 B
2 1R (0.15) 0.047 | 0.30B  30.43 B
3 | 2R (0.2475) 0.091 | 0334  40.32 B
4 | 3R(0.3975) 012 | 0397 53.39 A
5 4R (0.495) 0142 | 044 7222 A

*AR is the area of reflector, FFM is first figurd merit, SFM is second figure of merit, EFF is calér
efficiency, BIS is Bureau of Indian standard gradin

The relationship between the figures of meritss{fiigure of merit and second figure of merit) ahd Bureau of

Indian Standard [6] grading system is as shownabld 5.

The efficiency of the cooker increases with incessnumber of reflectors from 18.72% to 72.22%erHfore, it
can be established that solar performance of smlaker increases with increase in number of extamitectors. In
comparison with the efficiency of the solar cookehieved in the study by Adewole et al. [1] whichsw70.8%, this
present study achieved a better output of 72.22%a$ observed that as the figures of merit in@sathe efficiency of
the cooker also improves from cooker with no rafleco cooker with four reflectors. Classificatiof solar box cooker
based on the Bureau of Indian standard gradingsystows that the cooker with three and four eateneflectors with

second figure of merit 0.39 are graded A while those0.39 are graded B.
Cooking and Drying Results

Cooking test was performed using the solar cooker the result obtained for the second figure ofimeith
solar cooker having four external reflectors shéwes it can be used for cooking and drying. Thiseag with the work of
[1]. The result shows that, from BDof water, the time required to cook 120 g of nesdlindomie super pack) was 80

min, 150 g of rice cooked after 122 min and an efggb g boiled in 90 minutes.

The solar cooker was utilized to dry cassava ektieable 6 represents the result of the drying ¢estassava
extract. Cassava extracts, popularly known as Istarsed in textile industry while packaging fabaiee preserved by
drying. A 14% moisture content of cassava extraas placed inside the solar cooker and under tleetdsun for drying.

The drying process was monitored and recorded semtilples were dried.

Table 6: Result Obtained for Drying of Cassava Extact (Starch) of 14% Moisture Content

Time : : o o Weight of Sample | Weight of Sample in
(GMT) Duration (Min) | Ta (*C) | Te (°C) 3\ Sun (g) i thg Solar Boxp(g)
12:30 0 32.3 63.7 300 300
13:00 30 32.8 89.2 292 287
13:30 60 34.5 123.7 273 253
14:00 90 35.6 156.1 269 244
14:30 120 36.1 170.3 258 244
15:00 150 36.3 172.5 246 244

At optimum hour (12:30 to 15:00 GMT), the samplesrevobserved from initial weight of 300 g. After 80n,

the sample in the solar box cooker dried at 1%bvthile that which was under direct sunlight dridtea150 min with
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presence of impurities. The rate at which the sardpied inside the cooker was faster compared thighrate at which it
dried under direct sun. This may be as a resuttare radiation that is focused into and attractethie external reflectors
of the solar cooker. Exposure of the sample toctlisein light opens the sample to interference giuirities. This could
also have slowed down the rate of drying of the@arander direct sunlight. The enclosed systenhefsblar box cooker

thus preserved samples from impurities hence, ngakimetter and more preferred.
CONCLUSIONS

The design of solar box cooker with four exterr@lactors and a base absorber suitable for cookimydrying
was developed from locally available materials. Stagnation point for solar cooker with no reflectane reflector, two
reflectors, three reflectors and four reflectore &9.8, 81.9 122.7, 154.8 and 178,7respectively. With 175
stagnation point of solar box cooker with four enté reflectors, warming of water, food and remoeBmoisture from
wet samples were achievable. The first figure awbsd figure of merits increased from 0.9382/W to 0.142Cm2/W
and from 0.262 to 0.44, respectively. The perforoeatest indicated that solar cooker with higher benof reflectors
performs better than those with lower number omeiftector. The efficiency of the cooker increasssttee number of
external reflectors increase from 18.72 to 72.226oker with four external reflectors has the bdfitiency. The

designed solar box was able to boil water, eggk cme, noodles and dries a 14% moisture contente$ava extract.
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