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Abstract

The present paper has dealed with two stages. In the first, an experimental set up of the
parabolic cooker with direct use has been made-up and studied at Renewable Energy Research
Center-University of Anbar. Based on experimental results, statistical studies by using Response
Surface Methodology (RSM) have been done to identify the optimum influential parameters and
estimate mathematical temperature model. In this study, parabolic collector parameters that can
effect on the Parabolic Collector efficiency are studied in more details. Six amounts of water are
used for measuring the increasing of temperature relative to the measuring time. Parabolic
Collector parameters are optimised with the consideration of single-response; temperature of the
working fluid (in terms of water). The achieved experimental results are analysed by the
desirability functional analysis DFA approach, and optimal levels of input factors have been
distinguished. ANOVA also has been utilized to recognize the assurance of powerful factors on

the response.
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1. Introduction

Solar cooker technology offers a wide variety of applications to exploit this source of
renewable energy. In the middle of the thermal applications of solar energy, solar cooking is
considered as one of the simplest, the most viable and promising opportunities in terms of the
utilization of solar energy. Solar cooker utilises solar energy that is recognized as one of the most
choices since it is free and offers clean and environmentally friendly energy. Therefore, it helps in
the reduction of the level of greenhouse gas (GHG) emissions and fossil fuel prices, also in the
solution of energy reduction in the remote areas such as desert regions [1-3]. Solar cookers can be
classified into four types [4]: (a) concentrator cookers; (b) solar ovens; (c) box cookers; and (d)
indirect solar cookers. The categories have been extra subdivided into different sub-categories.
Many enhancements have been prepared to many kinds of solar cookers, but typically
modifications have been developed to box type cookers & concentrator cookers owing to their

major effectiveness & users approachable.

Response Surface Methodology (RSM), is an experimental strategy first described by Box
and Wilson in 1951 for determining optimal conditions for multivariable systems, and is
considered an efficient technique for process optimization [5]. RSM is useful in the solution of
many types of engineering problems. Recently, one of these problems is optimization of the
response in solar cookers. One of the earliest mathematical models to test the thermal
performance of a Solar Cooker was obtained by Garg et al., [6]. Sinha and Sharma [7] defined a
model for parabolic collector as solar Thermal Electric power system, which was established for
high temperature uses. Kahrobaian & Malek Mohammadi [8] had presented a new procedure to
optimize parabolic solar collectors by the exergy analysis. In this work, mathematical models of
optical & thermal efficiencies are applied for simulation. Mohana Reddy & et. al. [9] estimated
the optimum variables of a solar parabolic collector of multi responses; for example temperature,
thermal & optical efficiency, using grey relational analysis. Also, P. Venkataramaiah et. al. [10]
applied the desirability functional analysis (DFA) approach to optimize a solar parabolic collector
process parameters. They are stated that the silvered mirror strip is the optimum option among the

used reflective materials.
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This study attempted to apply the RSM approach to evaluate, model and optimize of a solar
parabolic collector parameters namely mass of water, and time of the measuring of working fluid
temperature (time of trial) with the consideration of single response namely temperature of

working fluid.

2. Solar Cookers Performance
For comparing the different forms of the solar cookers. The characteristic values essential to
be well defined, The important values are the terms of power & efficiency. A mean heating

power of a cooker is considered as follow:

. My Cp'Ateo—95
Qheat = % (1)

Where;

my, is the mass of water (kg)
Cp is the specific heat capacity at constant pressure (J/kg K),
At,.gs5 is the temperature difference (K)

At is the duration of the measurement (sec)

Heating power typically is calculated from ambient temperature up to (95°C), to stay away the
instability of the precise boiling point. The power of evaporation is determined through the water
evaporation at the point of boiling. Solar cooker heatcapacity takes less effect on the thermal
performance due to the system works at a const. temperature. The power is considered the

measured mass of water evaporated.

Where;
m:an evaporatation mass of water (kg/s).
hry:latent heat of evaporation (J/kg).
Qev = M hyg (2)
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The efficiency is calculated in according equation (3). For parabolic concentrators, it is the
direct solar radiation on the aperture surface. For flat-plate collectors, the solar radiation is global
radiation on the surface [5].
7="Th @

Where;
| is the solar radiation (W/ m?).

A is the cooker surface area (m?).

The differences in the tracking mechanism and the surface of various cookers show that
efficiencies are appropriate to compare the cookers at the same kind. To compare various kinds of

cookers, further parameters, besides efficiency, are required [6].

3. Practical Set-up and Measurements

In this section, the practical results in Table 1 are used for evaluating the performance of
parabolic solar cooker. The parabolic solar cooker is shown in Fig.1 with a diameter of 1.8m. In
this test, 6 amounts of water are used for measuring the increasing of temperature relative to the
measuring time. The amounts are 1-litre, 2-litres, 3-litres, 4-litres, 5-litres and 6-litres. During the
test, we measure the temperature of water by using the thermometer sensor (k-type 2-channels
thermometer). The temperature of water before the test is fixed around 25 degrees then the test
started by one liter putted inside the vessel. The thermal wire sensor adjusted inside the vessel for
reading the temperature. The measuring of temperature started from 5-seconds because the vessel
needs time to be heated. After finishing the measurements, the water will replace by 2-liters and

the previous process is repeated till 6-liters.
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Fig. 1: Parabolic solar cooker used in the experiment.

Table 1: Practical temperature measurements for different amounts of water.

Temperature (degree)
5min. | 8min. | 10 min. | 12 min. | 14 min. | 16 min. | 18 min. | 20 min.
1-liters 55 67 75 83 88 94 100 105
2-litres 52 58 64 72 80 87 93 99
3-litres 48 54 61 68 75 82 89 94
4-litres 43 49 56 65 72 79 85 92
5-litres 39 44 52 60 68 75 82 89
6-litres 34 39 45 52 61 68 76 84

4. Response surface methodology

Response surface methodology is a set of statistical and mathematical procedures that are

useful for the analyzing and modeling engineering problems. In this route, the main objective is

to optimize the response surface that is influenced by various process parameters. Response

surface methodology also helps in determining the relationship between the controllable input

parameters and the developed response surfaces [11]. The RSM design procedure is as follows:
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1) Defining the independent input variables and desired responses with the design
constraints.

2) Designing of experiments series for adequate & reliable measurement of the interest
response.

3) Developing a mathematical model of the 2™ order response surface with best fittings.

4) Finding the optimal set of experimental factors that offer a (max or min) value of response
(Maximum at this study).

5) Representing the direct & interactive effects of process factors through (2D and 3D) plots.

In the RSM, the quantitative form of response surface function stated as below:

Y = F(Xp Xgp oo e o X30) 4)

The main objective is for optimization of the Response (). It’s assumed that the independent
variables are continuous and controllable by the experiments with errors are negligible. It is
essential to get an appropriate approximation for a True-Functional Correlation between
independent-input variables and the output response. Commonly a 2" order model Eg. (5)

applied in RSM procedure [11].

k

Kk Kk k-1
Y =P +ZﬁiXi+Zﬁii Xi2+z Zﬁinin +E (5)
i=1 i1 = =)

Where;
[3: Coefficient of regression.
Y: Response.
K: Number of variables considered in each experiment.
Xi, Xj: Process variables.

E: Random error.

Higher values of coefficient of regression () specify a higher variable importance & vice-
versa. p-coefficients, which should be determined in 2" order model, are achieved by Least
Square Method. The analysis of regression & Analysis of Variance ANOVA were directed for
model fitting and to get statistically the significance of model terms. A software of DesignExpert
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ver. 9.0 was utilized for data analyzing, performing RSM and to get 2D & 3D response graphs.
Numerical optimization of input variables depending on the single response was achieved by
software (DesignExpert 9.0). In this study, the temperature of the working fluid is considered as
the performance characteristic (response) of parabolic solar cooker, maximize of temperature of
the working fluid leads to maximize efficiency of solar cooker, so, the desired goal
(maximization temperature of the working fluid) was utulized to achieve optimization of input

variables & the response.

The levels were specified for each parameter as given in the Table 2. Two process parameters
with low and high levels resulted in a total of 48 runs by RSM user defined design. The

observations are presented in Table 3 for further analysis and studies.

Table 2: Practical parameters and their levels.

Name Units Type | Std. Dev. | Low | High
X1: Amount of water | Liter Factor 0 1 6
X2: Time Minute Factor 0 5 20
Y: Temperature C Response | 1.85192 | 34 105

Table 3: Design layout of practical parameters and response of parabolic solar cooker.

Std | Run | Factor 1 | Factor 2 | Response Y
X1 X2
37 | 1 1 18 100
32| 2 2 16 87
48 | 3 6 20 84
40 | 4 4 18 85
21 | 5 3 12 68
1 6 1 5 55
13| 7 1 10 75
5 8 5 5 39
17 | 9 5 10 52
15 | 10 3 10 61
42 | 11 6 18 76
9 | 12 3 8 54
35 | 13 5 16 75
23 | 14 5 12 60
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Std | Run | Factor 1 | Factor 2 | Response Y
X1 X2
25 | 15 1 14 88
29 | 16 5 14 68
16 | 17 4 10 56
18 | 18 6 10 45
46 | 19 4 20 92
33 | 20 3 16 82
2 | 21 2 5 52
14 | 22 2 10 64
12 | 23 6 8 39
3 | 24 3 5 48
47 | 25 5 20 89
19 | 26 1 12 83
24 | 27 6 12 52
36 | 28 6 16 68
41 | 29 5 18 82
30 | 30 6 14 61
11 | 31 5 8 44
10 | 32 4 8 49
38 | 33 2 18 93
22 | 34 4 12 65
39 | 35 3 18 89
31| 36 1 16 94
4 | 37 4 5 43
26 | 38 2 14 80
8 | 39 2 8 58
28 | 40 4 14 72
43 | 41 1 20 105
34 | 42 4 16 79
45 | 43 3 20 94
44 | 44 2 20 99
27 | 45 3 14 75
20 | 46 2 12 72
6 | 47 6 5 34
7 | 48 1 8 67
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5. Results and Discussion

5.1 Practical Measurements

Fig. 2 displays the relation between the temperature of the cooking fluid (water) and time of
trial at different amounts of water. From this figure, it can be seen that the temperatures at five
minutes are (55, 52, 48, 43, 39, and 34 °C) at mass of water (1, 2, 3, 4, 5, and 6 liter),
respectively, these values are increased up to (105, 99, 94, 92, 89, and 84 °C) after 20 minutes.
At the case, the water starts to be evaporated after 90 °C. The spot of the concentrated light
spreaded by about 20cm on the vessel. At all cases, the relation of temperature is still
approximately linear with time, i.e. there is an increment in temperature with time. As
comparison all the cases, the increment in temperature is about (50, 47, 46, 49, 40, and 50) at
mass of water (1, 2, 3, 4, 5, and 6 liter), respectively, after 20 minutes. With increase the liters of
water up to 6 liters, the temperature difference is about (21 °C) after 20 minutes. Also, has to be
noted that the increase liters of water led to a slow rise in temperature during the time fixed in all
cases used, as is evident from the graph.
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Fig. 2: The relation between the temperature of cooking fluid and time of trial at different

amounts of water.
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From Table 1 and equations (1) and (3), we can calculated heating-power of a solar cooker
and the efficiency when solar radiation (1) is constant at 850 W/ m? and A is the area in m? (4 =
mr?). Figs. 3 and 4 show heating-power and efficiency of a solar cooker as a function of time at
different amounts of cooking fluid, respectively. From graphs, we noted that at constant solar
radiation the same manner for both relations. Higher values of heating-power and efficiency of a
solar cooker are obtained at mass of water (6 liter), i.e., increase of heating-power and efficiency
with increase the liters of water up to 6 liter. At constant amount of water, we noted that the
values of heating-power and efficiency of a solar cooker decrease with increase the time due to
the inverse relationship between heating-power and time (Eg. 2). With increase the liters of water

up to 6 liter, the value of efficiency of a solar cooker at 20 minutes is 38.7%.
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Fig. 3: Heating-power of a solar cooker as a function of the time.
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Fig. 4: Efficiency of a solar cooker as a function of the time.

5.2 Mathematical Modelling

ANOVA and regression analysis of the experimental results was conducted by (Design-
Expert 9.0 software). Estimated regression coefficients of the response surface quadratic model
(Eq. 3) are presented in Table 4. Table 5 shows the results of ANOVA analysis for quadratic
model. The corresponding values; coefficient of determination (R?), Coefficient of variation
(CV), adequate precision and PRESS values are evaluated to check the suitability of the model.
The value of R? is an indicative of fitting degree and can be termed as a ratio of model variation
to total variation. It can be observed that the model F-value of 921.89 indicates the model is
significant. There is only a (0.01%) chance that F-value this large can happen because noise. The
values of (Prob > F) less than 0.05 specify model terms are significant. The R? values are high
(>0.9) for the model of response. The predicted R? of 0.9875 is in reasonable agreement with the
adjusted R? of 0.9899, i.e. the difference is less than 0.2. The value of coefficient of variation
(CV) should be less than 10%, and was observed to be less than 3% for the model. This indicates
that model is adequate. Adequate Precision measures a signal to noise ratio. A ratio more than 4
is desired. The 114.359 ratio shows a satisfactory signal. This model can be used to navigate the

design space.
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Table 4: Estimated Coefficients for Response Surface Quadratic model (in actual terms).

Factor | Coefficient | df | Standard 95% ClI 95% ClI VIF
Estimate Error Low High
Intercept 50.02 1 2.64 44.68 55.35
A-X1 -6.51 1 0.87 -8.28 -4.75 31.22
B-X2 2.63 1 0.34 1.94 3.32 37.39
AB 0.047 1 0.033 -0.019 0.11 12.45
AN2 0.15 1 0.11 -0.064 0.37 23.97
B/2 0.023 1 0.013 | -2.394E-003 0.048 33.19
Table 5: ANOVA Table for Response Surface Quadratic model.
Source Sum of df Mean F Value p-value
Squares Square Prob > F
Model 15808.62 5 3161.72 921.89 < 0.0001 significant
A-X1 3296.72 1 3296.72 961.25 < 0.0001
B-X2 12430.49 1 12430.49 3624.46 <0.0001
AB 7.00 1 7.00 2.04 0.1606
AN2 6.88 1 6.88 201 0.1640
B/2 11.46 1 11.46 3.34 0.0747
Residual 144.04 42 3.43
Cor Total | 15952.67 | 47
Std. Dev. 1.85 R-Squared 0.9910
Mean 69.83 Adj R-Squared 0.9899
CV.% 2.65 Pred R-Squared 0.9875
PRESS 200.00 Adeq Precision 114.359

The regression equation of temperature of working fluid () relating to actual levels of input

parameters of parabolic solar cooker was found as (Eq. 6):

e
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Y =50.02—-651 X1+ 2.63* X2+ 0.047* X1 *+ X2+ 0.15* X172+ 0.023 x X2"2 (6)

Fig. 5 is a graph that checks the normality distribution of the residuals. In this figure,
experimental points are near the center cross line, which means the test follows the normal
distribution relatively well.
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Fig. 5: Normal Probability Plot of residuals.

A graph of the observed (actual) response values versus the predicted response values is
obtained using model equation Eq. (5), and presented in Fig. 6. Predicted values match with the
experimental data points, indicating a good model fit (R%) value for this model was found as
0.9910).
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Fig. 6: A graph of the actual response values vs. the predicted values.

Figs. 7 & 8 display the 2D and 3D response surface plots, these model graphs show the effects
on temperature of working fluid (Y) based on the input parameters of amount of water (A: X1),
time (B: X2).
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Fig. 7: 2D response surface graph showing the effect of input factors on temperature of working
fluid (A: X1: Mass of water; B: X2: Time; Y: Temperature).
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Fig. 8: 3D response surface graph showing the effect of input factors on temperature of working
fluid (A: X1: Mass of water; B: X2: Time; Y: Temperature).

5.3 Response Optimization

The numerical optimization finds a point that maximizes the desirability function, where
desirability is an objective function that ranges from zero outside of the limits to one at the goal.
In this work, response optimization is performed by desirability function where the main goal is
identified as maximizing of the temperature of the cooking fluid in parabolic solar cooker. The
target value of the response is selected as 125 °C. For the goal of maximum, the desirability will
be defined by the following formulas (Eq. 7), where desirability Curves for Goal are shown in
Fig. 9 [12]. To optimize the parabolic solar cooker, constraints for desirability function were
defined based on the temperature of cooking fluid with emphasis on the mass of water and time

parameters as presented in Table 6.
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Fig. 9: Desirability Curves for Goal is Maximum.

Table 6: Constrains in desirability function.

Lower | Upper | Lower | Upper
Name Goal Limit | Limit | Weight | Weight Importance
A: X1: Mass of water | is in range 1 6 1 1 3
B: X2: Time is in range 5 20 1 1 3
Y: Temperature maximize 34 125 1 1 3

The 2D and 3D response surfaces curves for the single response are plotted in Figs. 10 and
11. The final solutions of desirability function for the response optimization are given in Table 7.
As presented, a maximum desirability (selected) was equal to 0.7956 and the conditions to

achieve it were the amount of water of 1 liter and time of 20 minutes.
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Fig. 10: Contour plot for the effect of Mass of water and time on desirability function.
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Fig. 11: A three-dimensional Response surface plot for the effect of Mass of water and time on

desirability function.
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Table 7: Final solutions of desirability.

Run X1 X2 Y Desirability
1 1.000 20.000 106.402 0.796 Selected
2 2.000 20.000 101.278 0.739
3 3.000 20.000 96.458 0.686
4 4.000 20.000 91.941 0.637
5 5.000 20.000 87.728 0.590
6 6.000 20.000 83.818 0.547

6. Conclusions

In this work, based on experimental data, both of mathematical modeling and response
optimization have been done to estimate a mathematical model of cooking fluid temperature and
identify the optimum influential parameters using Design-Expert 9.0 software. The maximum
temperature was selected as the performance characteristic (quality target) of parabolic solar
cooker to get the greatest effectiveness; max efficiency. It is identified that the increase in the
liters of water up to 6 liters; the value of efficiency of a solar cooker at 20 minutes was 38.7%.
Experimental data of response are analyzed by desirability function, & optimal levels of input
variables have been recognized. A maximum desirability was equal to 0.7956 & the conditions to

attain it were the amount of water of one liter and time of 20 minutes.
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