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Abstract

As population pressures on remaining forest resources increase, women in developing 

countries are forced to spend more time gathering wood fuel for cooking. Solar cooker 

use has the potential to reduce this burden. There is a need to develop many different 

solar cooker designs, each suited to a particular climate and cuisine. However, there is 

not a good general understanding of the relationship between design variables and 

performance.

This dissertation addresses this problem by presenting a model that can predict cooking 

power based on three controlled parameters (solar intercept area, overall heat loss 

coefficient, and absorber plate thermal conductivity) and three uncontrolled variables 

(insolation, temperature difference, and load distribution). The model is a fundamental 

energy balance equation. Coefficients for each term in the model were determined by 

regression analysis of experimental data. The model was validated for commercially 

available solar cookers of both the box and concentrating types. The valid range of the 

model covers most of the feasible design space for family-sized solar cookers. The model 

can be used to find the combinations of intercept area and heat loss coefficient required to 

cook a given quantity of food in a given climate. It can also be used to estimate the 

cooking capacity of existing box-type and concentrating solar cookers.
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1 Introduction

The Need for Solar Cooking

The United Nations Food and Agricultural Organization's statistics indicate that 2.4 billion 

people will be facing fuel wood shortages by the year 2000 (Le Nir, 1990). Another way 

of expressing the statistic would be to say that in four years about half the people on earth 

will not be able to cook supper. An alternative to cooking with wood fuel is cooking with 

solar energy. The solar cooker shown in figure 1 is an example of low cost technology 

that makes it possible to cook with sunshine.
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Environmemtal

Reports concerning deforestation and related problems come from many locations around 

the world. Because of first-hand experience in Babati, Tanzania, only reports from that 

location are cited here. The information is considered representative of other areas in the 

two-thirds world where population pressures on wood fuel resources have created 

situations that are no longer sustainable.

According to the Worldwatch Institute, 92 % of the total energy used in Tanzania is 

provided by wood (Postel and Heise, 1988). Depending on wood for energy needs 

adversely impacts forest resources. Regarding deforestation, Barnes (1990) writes, "...in 

1980 Tanzanians had 777 km2 of forest per million people; by 2040 they will have only 15 

km2 per million people. .. By 2040 they will have only 2% of [the per capita forest 

resources that] they had in 1980."

Anderson and Fishwick (1984) estimate that the annual per capita consumption of fuel 

wood is 0.6m3 in urban areas and 0.8m3 or more in rural areas. Average annual fuelwood 

yields per hectare are a function of rainfall. For the Babati area, where rainfall is from 500 

to 1000 mm/year, the yield per hectare is 0.5 to 1.3 m3/ha/yr.

Larsson (1990), also working in the Babati district, studied the crop use of trees. He 

included information on fuel wood and charcoal use patterns and prices.
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“A small family of four to five using charcoal and cooking twice daily will . 
use around two sacks in a month. In Babati town there are approximately 
3,000 families of which, very roughly, 50 percent use charcoal and 50 
percent use fuelwood. These estimations give a yearly household 
consumption of 36,000 sacks [of charcoal] in Babati town alone.”

Newman and Ronnberg (1992) measured changes in land use in the Babati area of 

Northern Tanzania. Over three decades, they observed a 34% decrease in woodland area 

and a 72% decrease in hectares of bushland. Large new areas of soil erosion damage and 

sediment deposition were found.

Cooking with wood fuel contributes to deforestation. Deforestation contributes to 

desertification. Local rainfall decreases following the removal of tree cover. But the 

consequences could be more far-reaching. Deforestation has global effects including 

changes in the earth's atmosphere and climate.

Deforestation is contributing 25-35% of the global emission of carbon, as greenhouse 

gases, because the carbon tied up in trees is released during decomposition and 

combustion, and because there is subsequently less photosynthesis consuming atmospheric 

carbon (Houghton, 1990). In 1980, the ratio of tropical deforestation to reforestation was 

about 10:1.

In terms of the greenhouse effect and global warming, the contribution cooking fires make 

to the atmosphere is twice what their production of carbon dioxide alone would indicate.
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The low temperature, low oxygen conditions found in cooking fires result in the formation 

of carbon monoxide, methane, nitrogen dioxide and other gases which are from 5 to 280 

times more radiatively reactive than carbon dioxide. Methane, for example, is 23 times 

better at trapping infrared. The atmospheric half life of these gases is not well established, 

but carbon dioxide's is estimated to be between 150 and 200 years. Methane has a half 

life of about 7 years, at which point it reacts with oxygen to become carbon dioxide, and 

then begins its approximately 150 year half life (Kammen, 1994).

Approximately ninety percent of the energy used in developing countries is used for 

cooking. Roughly ninety percent of cooking energy is derived from wood (Postel and 

Heise, 1988). Applying solar energy to cooking has tremendous potential to alleviate the 

wood fuel crisis. But the potential benefits of solar cooking extend beyond reducing 

deforestation.

Public Health

Food and water borne pathogens is another problem found in developing countries that 

can be addressed by solar cookers. Water quality has long been a problem with 

approximately five million children per year dying from diarrheal diseases (Jansen, 1989). 

Boiling water for twenty minutes has been advocated, but few families can afford the fuel. 

Fortunately, it is possible to pasteurize drinking water with a solar cooker, as 

demonstrated by microbiologists Ciochetti and Metcalf (1984).
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The Machakos, Kenya study (Ewbank et al., 1986) illustrates a related problem addressed 

by solar cookers. Infant foods and water were sampled to determine the causes of 

diarrhea among children of weaning age (when mortality peaks). Only a low percentage 

of the drinking water sampled showed any sign of contamination. But, forty-four percent 

of infant foods showed severe contamination with K Coli, Salmonella sp., and Shigella, 

and twelve percent with Staphlococcus aureus. Therefore, contamination of infant foods 

probably causes much of the pediatric diarrhea found in Machakos. A solar cooker can be 

used to prepare infant foods at the same time that it is preparing food for the rest of the 

family. Food pasteurization in a solar cooker is just as effective as water pasteurization. 

This has the potential to reduce infant mortality caused by diarrheal diseases.

Pediatric bum injuries are another public health problem that solar cookers address. 

Mabogunje et al. (1987) write, "Socioeconomic factors contributing to [bum] injuries 

included the use of firewood for cooking at ground level..."

Ecomomk

Women interviewed in the Babati area of Northern Tanzania reported that they spend 

from 15 to 20 hours per week collecting fuelwood, with the burden increasing annually. 

Larsson (1990) reports a fifteen-fold increase in the cost of charcoal over twelve years. 

Charcoal is the primary fuel used for cooking in urban areas. It has been said that what is 

placed beneath the cooking pot costs more than what is placed within it.
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Solar cookers that have been investigated to date are of three basic classes. The earliest 

types to be disseminated on a global scale were concentrators such as the parabolic 

concentrator (Lof, 1963). The concentrating genre, which includes multi-faceted mirrors, 

ffenel mirrors, line focus and even non-imaging concentrators, depend primarily on 

enhancing the input of solar flux to reach operating power requirements. Typically they 

are not well insulated, they require frequent adjustment to track the sun, they heat up 

quickly, and can reach higher operating temperatures (critical for deep fat flying). 

Because reflectors primarily enhance direct beam radiation, uncontrolled events that 

reduce clearness (dust, smog, haze, and even distant volcanic eruptions) can reduce the 

performance of concentrating cookers. The impact of reduced clearness is magnified 

when a given direct irradiance threshold is required to achieve cooking temperatures 

(Michalsky et al., 1994).

The most common solar cooker is the box-type, which is supplanting the concentrator 

designs because it is more convenient to use. Ironically, the box-type is also the earliest, 

dating back over two centuries (de Saussure, 1784). This class of cooker depends on heat 

retention. The ovens are slower to heat up, but work well with diffuse radiation, wind, 

intermittent cloud cover, and low ambient temperatures. They are able to keep food at a 

biologically safe temperature for up to three hours past sunset (Funk, 1992). These 

devices may be enhanced by mirrors, but some have none (Funk and Larson, 1994).
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The third general category is the flat plate type. Less common and still relatively more 

expensive, these devices rely on a heat transfer fluid to carry thermal energy from the 

point of collection to the cooking vessels. They have the advantage of being suited to 

remote collection, useful for cooking applications where the chef prefers to remain 

indoors.

These distinctions between classes of cooker can get somewhat blurred. Habeebullah et 

al. (1995) introduce a hybrid by insulating the receiver of a concentrating cooker. The 

eight and sixteen mirror collector with octagonal pyramidal glazing (Erwin, 1978) and 

parabolic mirror with insulated oven are here classified as concentrating collectors. 

Trough or line focus cookers are also in this category. The three and four reflector units 

following Telkes (1959) such as currently being mass produced (Bums, 1996) are 

classified as box-type ovens. Several commercially available ovens were evaluated; more 

complete descriptions are in the validation section. The Jade Mountain Appropriate

Technology News catalogue offers several solar cookers. Prices are in US dollars for

winter 1996 (Troy, 1995):

Backpacker Solar Oven 
Kerr-Cole Solar Box Cooker 
Bums-Milwaukee Sun Oven 
Zomeworks Sunflash Solar Cooker 
Sam Erwin Solar Chef 
Larger Erwin Solar Chef

$ 44.00 
65.00

185.00
185.00
310.00
375.00

Despite the variation in approach (remote collection, concentrating, and box-type) the 

total potential design space is largely unexplored. Only a few devices stand like islands in
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a vast uncharted sea of possibility (Grupp, 1992). To systematically sound out the 

latitudes and longitudes of this design space without constructing numerous devices 

requires a very general model, with broad predictive capability. This was the quest of this 

research.

That the potential benefits attending solar cooking have been widely recognized is 

evidenced by the increasing body of scientific papers on the topic.

EsperimemtatBom

The European Committee for Solar Cooking Research has conducted an exhaustive 

comparative test of twenty-five solar cooking devices from eight countries (Grupp et al., 

1994). The three classes mentioned above were all represented and the results include 

comments, tracking frequency, and stagnation temperature as well as four heat-up times 

for water. Grupp (1991) earlier compiled an illustrated list of 160 diverse solar cooking 

devices. Mullick et al. (1987) and Saxena (1984) have also worked on comparative tests, 

proposing a method independent of climatic variables. Climatic independence was, 

unfortunately, not verifiable when replication of their method was attempted (Funk, 1994). 

Many new designs have found their way into the literature, scientific and patent. Some 

recent US patents include those by Leicht (1994), Lane (1993), Borgens et al. (1992),
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Tarcici (1992), and Videtto (1991). Refereed journals have published designs and 

accompanying test data by Gupta (1982), Mannan and Cheema (1982), Prakash et al. 

(1984), Tiwari and Yadav (1986), Khalifa et al. (1987) and Taha et al. (1988), though this 

list is hardly exhaustive.

Numerical Modeling

Habeebullah, Khalifa, and Olwi (1995) report concentrating solar cooker performance 

figures such as temperatures and heat rates for different wind speeds and loads in the case 

of insulated receiver chamber and bare pot type receivers. The device simulated is similar 

to one modeled earlier (Khalifa, et al., 1986). These models provide heat loss coefficients 

and test results, providing a check on the model developed during the course of this 

research. While the device simulated is representative of the concentrating class of solar 

cooker, it is not possible to apply these models to simulations of other types of solar 

cookers.

Das, Karmakar and Rao (1994) have done extensive work creating an accurate computer 

simulation of a solar box cooker. The model is for a cooker that has a square cooking 

chamber with horizontal glazing and one reflecting mirror. It accounts for one, two and 

four vessels sitting on a one mm thick aluminum absorber plate. Commenting on absorber 

plate temperature calculations, they mention that, “A rigorous evaluation of temperature 

profiles with time poses considerable mathematical difficulties. In fact, it requires the
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solution of a three-dimensional, unsteady-state heat conduction equation with time 

dependent radiation, convection, and conduction boundary conditions.” A brief 

description of the model included twenty-six heat transfer equations. This does not 

account for changes in plate material or geometry, and neglects interactions between wall 

surfaces. The inclusion of sloped glazing, additional reflectors, and other design 

modifications would require rewriting the model for those specific conditions. While 

helpful for making incremental improvements to that particular design, the model is not 

general enough to evaluate other designs.

Jubran and Alsaad (1991) present a parametric study of a box-type solar cooker, with 

provisions for changing the glazing quantity, pot size, and number of reflectors. They 

include reference to Khalifa, et al’s 1986 model, and compare box and concentrating 

cooker results. Unfortunately, the comparison is illustrative only. There is no unified 

model in the literature that permits evaluation of all three classes of solar cooker at one 

time. Studies to date have all been numerical, specific to one design.

Limitations off Numerkal Models

Numerical models remain unable to predict performance for devices of geometry differing 

from the particular one for which the model was written. With three classes of solar 

cookers to represent, at least three models have been required. The great variety of
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cookers within these three classes make it difficult for even three models to adequately 

explore the potential design space.

Many modeling factors are responsible, including transient fluid and surface temperatures, 

resulting in variations in fluid properties and boundary layers. Differing emissive and 

absorptive values and internal geometry complicate modeling of pot and cooker radiative 

interactions. The transient nature of inputs (diurnal as well as meteorological) and rapid 

fluctuations in temperature gradients in response to disturbances add uncertainty and 

complexity to a model that attempts to be general enough to represent several designs.

The complexity of heat transfer within a solar cooker requires complex theoretical models. 

This means development of a satisfactory model could consume as much resources as 

extensive experimentation. Even inputting data can be time consuming if the model is 

detailed enough to be accurate. Therefore, a model based on theoretical and experimental 

relationships was considered the most efficient means of attaining the objective.
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To develop a general model and related parametric response surface that would describe 

solar cooker design space by predicting cooking power based on influential parameters.

The Motive

Whereas 2.4 billion people face acute fuel wood shortages, human and environmental 

ecology could be improved by introducing alternatives to cooking with wood, few of the 

people who most need them can afford currently available solar cookers, much of the 

potential design space remains unexplored, and comparison between the three classes of 

ovens is difficult, therefore “to develop a general model and related parametric response 

surface that would describe solar cooker design space by predicting cooking power based 

on influential parameters” became a personal goal in the interest of service to humanity as 

well as a professional goal directing doctoral research.
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2 . Model BevelopimeEt

The energy available for cooking is the balance remaining after energy storage and heat 

losses are subtracted from energy entering the solar cooker. Application of the first law of 

thermodynamics (conservation of energy) and dimensional analysis provides the following 

model:

Pu= X<> + XjAjlr - X2UlA„ATu + X3ktdTa - Xft^CvAT, ± X5KAiIT (2.1)

Where the terms are:

A; Intercept area normal to beam radiation (m2).

A« Surface area of the unit (m2).

Cy Volumetric heat capacity of the absorber plate (J/m3C).

dTa Temperature gradient in the absorber plate (C/m).

ATt Time rate of change of absorber plate temperature (C/s).

AT„ Temperature difference between the pot contents and the environment (C).

It Insolation normal to plane of cooker aperture (including reflectors) (W/m2).

K Clearness index.

k Thermal conductivity of the absorber plate(W/mC).
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L3 Absorber plate volume (m3).

Pu Cooking power (W).

t Thickness of the absorber plate (m).

Ul Heat loss coefficient (W/m2C).

X0..X5 Constants of regression.

Only the first constant, X\, was assigned an expected value. This value, 0.15, is the 

efficiency of a solar cooker determined from earlier experiments (Funk, 1992).

The constant X2 reflects the dependence of heat loss coefficient on temperature 

differences. The heat loss coefficient can usually be approximated with a linear 

relationship when the temperature difference is less than 100 C because radiative heat 

transfer is small relative to forced convection. If X2 is other than unity, it indicates a 

discrepancy between heat loss measured in the wind tunnel and experienced in the field.

The constant X3 attempts to quantify the effect of internal heat transfer. It requires 

knowledge of thermal gradients within the absorber plate, information which is not 

available. This approach is also limited because it does not account for contact resistance. 

The largest problem is the interdependence of the internal heat transfer (absorber plate 

conductivity) and oven loading (pot quantity and mass of contents). Thermal conductivity 

has less influence on performance when the load is distributed (Funk and Larson, 1994).



27

Losses arising from internal thermal inertia are accounted for by the equation where the 

constant X4 adjusts for variation in mass and heat capacity of construction materials. The 

time rate of change of absorber temperature may not be known, but is probably similar to 

that of the fluid in the pots if there is no warm-up period. Judging thermal inertia to be 

small for the cookers tested, this parameter was expected to be small. It was dropped 

from the equation as a means of simplification, to reduce the number of parameters to the 

most significant ones and to contain the present experimentation to a feasible scope. Yet, 

thermal inertia is important in predicting performance of solar cookers incorporating 

thermal storage, and may be worth examining in future experimentation.

Finally, the relationship between clearness index (ratio of extraterrestrial to observed beam 

radiation) and concentration (ratio of intercept to aperture areas) may be significant 

because reflectors primarily make use of beam radiation. Diffuse radiation is a greater 

proportion of total radiation when the clearness index is low. Diffuse radiation is not 

effectively utilized by reflectors of imaging concentrators since it is impossible to focus a 

non-point source. The final constant, X5, attempts to quantify clearness index effects.
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Hottel- WilUer-Biiss Equation

The Hottel-Willier-Bliss (H-W-B) equation (Duffie and Beckman, 1991) estimates the 

useful energy gained by a fluid in a flat plate solar collector as a function of design and 

weather variables:

Qu = AcFr[S - Ul(T; - Ta)] (2.2)

Where the terms are defined as:

Ac Collector area, which influences both energy gain and loss.

Fr Effectiveness, a function of collector flow factor and plate efficiency;

Flow factor relates mean plate temperature to fluid inlet temperature. 

Plate efficiency relates heat transfer from absorber surface to fluid.

Qu Useful energy gain.

S Combines hourly mean insolation and transmittance-absorptance product (for

mean incidence angle during that hour).

Ta Ambient temperature.

Ti Inlet fluid temperature, often the only measured temperature in a flat plate

collector.

Ul Overall heat loss coefficient per collector surface area (includes top and bottom 

losses, and a term to correct for edge losses).
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This equation is for steady state conditions, with a constant flow of heat transfer fluid 

through the collector. There is no similar equation for batch collectors. Solar cooking 

normally is a batch process. A product at ambient temperature (the raw ingredients for a 

meal) is loaded at time zero. After the load has reached a higher temperature (generally 

82 C) and remains at that temperature for a long enough time to undergo various thermal- 

chemical transformations (cooking), the load is removed.

Fumk-Lairsoini Eqniatiom

The Hottel-Willier-Bliss equation neglects transient terms since the flat plate collector is 

assumed to operate under steady state conditions. H-W-B also neglects reflector- 

clearness interaction since flat plate collectors rarely have reflectors. Making similar 

simplifying assumptions, the useful power for cooking in a box-type or concentrating solar 

cooker as a function of design and weather variables can be estimated with the relation:

Pu = Xo + XjAIt - X2UL(Tf - Ta) + X3(ktR) (2.3)

Where the terms are:

A; Intercept area, here separated from heat loss (m2).

R Ratio of absorber plate area covered by pots to total absorber plate area (factor

describing loading, somewhat similar to H-W-B collector flow factor).
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Xo Constant of linear regression of experimental data over a limited range of

observations: the best fit line may not pass through the origin.

Xi Constant of linear regression to correct for transmittance-absorptance product and 

reflectance-concentration factor.

X2 Constant of linear regression to correct for difference between wind tunnel heat 

loss coefficient and heat loss coefficient in the environment.

X3 Constant of linear regression to correct for temperature gradients in absorber plate, 

including effect of contact resistance. Heat loss from the absorber plate surface 

increases with distance from the load and with decreasing thermal conductivity.

It Insolation normal to plane of cooker aperture (including reflectors) (W/m2). 

kt Product of absorber plate thermal conductivity and thickness (W/C).

Ul Overall heat loss coefficient (W/C).

The parameter R (the ratio of absorber plate area covered by pots to total absorber plate 

area) describes some of the differences observed due to load distribution, especially in 

box-type cookers (Funk and Larson, 1994). When the entire absorber plate is covered, its 

thermal conductivity is inconsequential. As the load becomes more concentrated in the 

cooker, the absorber plate begins to contribute energy to the pot contents and absorber 

plate thermal conductivity increases in importance. This interaction term does not satisfy 

dimensional analysis, but it helps to explain some of the variability in the data.
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The above equation, when integrated, appears more similar to the H-W-B equation:

Qu = Xo' + XVAiGr - X2 UL(Tf - Ta)t + X3*(ktR)t (2.4)

Where the terms are:

Ai Intercept area (normal to beam radiation), including reflectors (m2).

R Ratio of absorber plate covered to total areas (“fudge” factor describing loading, 

as this is a function of pot footprint area to absorber surface area).

Xo‘ Intercept (correction for linear approximation).

Xi‘ Correction for transmittance-absorptance product and reflectance-concentration 

term.

X2' Correction for heat loss coefficient.

X3‘ Correction for temperature gradients in absorber plate, including effect of contact 

resistance.

Gt Hourly solar energy normal to plane of cooker aperture (J/m2).

kt Product of absorber plate thermal conductivity and thickness (W/C).

Qu Useful energy gained by food (J).

t Time of integration (one hour).

Ta Hourly average ambient temperature (C).

Tf Hourly average temperature of fluid (food) in cooking pot (C).

Ul Overall wind tunnel measured heat loss coefficient (W/C).
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3 Expernimneinilt Bevelopinnierait

The functional purpose of a cooking device is to transfer thermal energy to food. The 

most important variable to measure is therefore not the device temperature, but the 

temperature of the food that it contains. Expressing the rate of change in temperature as 

power (in Watts) is a convenient way to compare various cookers.

Parameter Selection

Corotiroled Variables

Experience with solar cooker testing and modeling led to the following choices for 

controlled variables. Solar concentration and overall heat loss coefficient are the two 

primary parameters of interest, as these most clearly distinguish between the three classes 

of solar cooker. The third parameter, internal heat transfer efficiency, was included 

because of the results of an experiment conducted previously (Funk and Larson, 1994). In 

that test, the solar concentration varied only slightly and heat loss was nearly constant.

Yet, the response of the tested ovens varied significantly with the thermal conductivity of 

the absorber plate.
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.Uncontrolled Variables

The following uncontrolled variables were considered most significant in predicting the 

cooking power:

o Difference in Temperature, (AT), between cooker contents and ambient temperature, 

C. This variable, influencing heat loss, can be quantified with thermocouples, 

o Solar Clearness Index, (K). The ratio of measured total horizontal insolation with 

calculated extraterrestrial radiation.

o Solar Insolation, (It) , in Watts per square meter, measured with a radiation 

pyranometer in the plane of the cooker aperture.

° Solar Zenith Angle, (Z), in degrees. Incidence angle influences available radiation both 

by the sine of the angle (reducing intensity) and transmittance and reflectance losses, 

o Wind Velocity, (V), in meters per second. Also influencing heat loss, wind velocity 

was recorded using a cup anemometer.
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Figure 2. Central composite experimental design.

Experimental Design

The most efficient experimental design capable of indicating possible non-linear response 

surfaces is the central composite. The central composite design can be made to be 

orthogonal and rotatable, both desirable properties. Orthogonality minimizes the variance 

o f the regression coefficients. Rotatability provides equal precision o f estimation in any 

direction (Montgomery, 1991). These characteristics were realized by employing a central 

composite design with axial points ± 1.414 from the origin, and comer points ± 1 .0  from 

the origin, with four replicates on the center point, as illustrated in figure 2.



Rotatability is realized by having the axial points on the surface of the sphere containing 

the comer points. [At the conclusion of the experiment it was realized that the levels of 

the axial points for a three parameter design need to be + 1.682. The + 1.414 levels are 

for rotatability in two parameter experiments, where axial points lie on the circle 

containing the comer points. Because all three parameters were found to yield linear 

relationships, this did not adversely impact the results of this experiment ] Orthogonality 

was not strictly attained: four replicates at the center gave an indication of pure error. 

Nine are called for in a complete orthogonal central composite design, but four suffice to 

provide an economical estimate of experimental error (Askin, 1995).

Parameter Levels Selection

The investigated range of values for each parameter ideally will encompass the entire 

possible range of existing and potential solar cooker designs, so that extrapolation is 

unnecessary. Five levels were selected for analysis (in case a variable has a non-linear 

influence on response) using the central composite experiment design, ±1.414 

representing the extremes, with intermediate levels at ± 1.0 and at the origin. The end 

points were chosen to be the maximum and minimum levels practical for solar cooking 

devices. Once the endpoints are established, target values for the intermediate levels can 

be calculated. Since the analysis tool (JMP by SAS Institute, Inc.) can accommodate 

some parameter variability, accurate quantification of the levels was more important than
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actual attainment of the target levels. Actual levels also were influenced by pragmatism; 

the devices were constructed using inexpensive materials and methods.

The definitions of solar concentration are ambiguous. A definition suitable for one class of 

cooker is less applicable to another. As an example, aperture area over intercept area 

defines concentration well for box cookers, but concentrating cookers do not have an 

aperture. Intercept area to absorber surface area makes sense for concentrating devices, 

but not for flat plate units. Flat plate collector cookers have an absorber surface area 

much larger than the surface area of the pots inside. For these reasons, solar 

concentration was abandoned in favor of solar intercept area, as a measure of solar input.

The solar intercept area adequately represented the power available to a particular oven. 

Initially, it did not seem to make much difference to performance whether that device 

collected the power optically (mirrors as concentrator) or mechanically (heat transfer fluid 

in a flat plate unit). Later evidence suggested that flat plate units have a unique liability, as 

discussed in the results section.

Obtaining five levels for the intercept area appeared simple. Initially, compound parabolic 

concentrator (CPC) reflectors were investigated. A major complication arose: the highest 

level’s reflector would be of an unmanageable size— three meters (ten feet) high.
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•<--------------------------- 0.4 m -------------------------------- ►

Figure 3. Cross section of cookers used in the FLS trials. Type K 
thermocouple wires from each pot are connected in parallel._____

This calculation led to employing plane mirrors to increase the intercept area. With eight 

units (four center points and four axial points) set at the middle level, selecting a middle 

level value that was easy to construct became important. Four plane mirrors in a 

truncated pyramid resulted in an intercept area of 0.64 square meters (6.9 square feet). 

This was four times the area of the absorber plate and aperture.

The minimum intercept area, 0.16 square meters (1.7 square feet), was determined by the 

pot size, since pot size set the size o f the absorber plate and aperture. Figure 3 shows a 

section view o f the cooking chamber with pots inside. This same oven size and geometry
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was used for all prototypes. The aperture slope of 30° anticipated late summer testing. 

Actual trials were conducted late in the fall, resulting in a need to adjust all reflectors to an 

angle of 45° by adding a reflective support strip at the upper rear of each unit.

The upper limit for intercept area was too high to be achieved by truncated pyramid type 

reflectors, so a different design was used. Twelve plane mirrors, fixed at the appropriate 

angle and suspended from a cradle beneath the oven, projected light onto the exposed 

underside of the absorber plate. The cradle could swing as needed to track solar altitude 

angle changes, and the entire device rotated in the horizontal plane to track the hour angle. 

This cooking chamber was slightly modified in that the floor was cut away to expose the 

absorber plate to reflected radiation.

Lower intermediate levels of solar intercept area were obtained with a single plane mirror 

fixed vertically above the back wall of the cooking chamber. The mirror was slightly 

inclined to adjust the intercept area. Upper intermediate levels of solar intercept area were 

obtained with the addition of a second set of trapezoidal mirrors atop a set of mirrors 

similar to the mid level setup. Table 3.1 lists the intercept areas, ideal and realized, for the 

solar ovens. Actual intercept areas were within four percent of target values.
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TfflMe 3.1. Factor Level Settings for Solar Intercept Area.
Factor Level Solar Intercept Area Ratio (%)

Setting___________Ideal_____ ________Real_________ Ideal / Real
-1.414 0.160 0.155 1.032

-1 0.301 0.293 1.027
0 0.640 0.618 1.036
1 0.979 0.966 1.013

1.414 1.120 1.120 1.000

Internal heat transfer efficiency is defined here as the combined effect of two conflicting 

parameters; absorber plate thermal conductivity and absorber plate thermal inertia. 

Absorber plate thermal energy available is a function of absorber plate area and surface 

absorptance. Radiant solar energy absorbed on the absorber plate surface is converted to 

thermal energy. This thermal energy (in addition to solar energy absorbed directly on the 

pot surfaces) contributes to the cooking process if it is conducted to the pot contents, a 

function of plate thickness and thermal conductivity as well as pot to plate contact 

resistance. Increasing the plate thickness increases the thermal conductivity: but it also 

increases the thermal capacitance of the absorber plate. Some energy is diverted to raising 

the temperature of the absorber plate, and is no longer available to contribute to the 

cooking process. Energy not delivered to the cooking vessels is considered lost.

Thermal energy storage can be a desirable solar cooker feature. Some cultures and some 

families prefer to eat at night; thermal energy storage facilitates cooking after sunset. In



40

addition, energy storage may improve solar cooker performance during certain types of 

intermittent solar availability. The safest and least expensive form of energy storage is 

simple thermal storage (alternatives employ latent heat of crystallization). However, 

increasing the thermal inertia of a system reduces the instantaneous energy available. It 

also reduces the long term availability of energy through losses that occur during storage. 

There are other costs associated with energy storage in cookers besides reduced thermal 

performance; with portable units the additional weight may be undesirable.

Modeling of thermal inertia requires knowledge of several variables whose quantification 

is uncertain. Developing the energy balance equations so that they are both specific 

enough to be meaningful, and general enough to be predictive, is beyond the scope of this 

research. Furthermore, most of the promising solar cookers for international 

development and emergency relief applications do not have thermal storage. For these 

reasons, thermal inertia has not been included as a parameter in this experiment.

The original approach to quantification of internal heat transfer efficiency was empirical. 

The approach, though theoretically attractive, was impractical in application. It was 

theorized that the effects of thermal inertia and heat transfer could be combined and 

quantified in one unit of measure by calculating the percentage of available energy that 

was effectively delivered to the cooking vessel at the time that the losses were negligible 

(to rule out differences in overall heat loss coefficient). The proposed method was to 

measure the time rate of change of fluid temperature within the pots at the time that fluid
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temperature was equal to the ambient temperature. This value times the mass and specific 

heat of the fluid is the power (in Watts) that is effectively utilized. Dividing it by the 

intercepted solar radiation (in Watts) yields the percentage of available power effectively 

utilized. In practice, this quantity was not determinable with any repeatable consistency, 

even when factors such as the transmittance-absorptance product were taken into account.

This internal heat transfer coefficient parameter proved to be the most elusive of the three 

parameters. The following values for internal heat transfer were calculated as the product 

of heat transfer coefficient, k, and absorber plate thickness (thus given in units of W/C, 

lacking the length dimension m"1 normally associated with thermal conductivity measures).

Table 3.2. Factor Level Settings for Internal Heat Transfer CoeffirieimL
Material Thickness Thermal Heat Transfer FLS Ideal Ratio

Conductivity Coefficient Real/
(m) (W/mC) (W/C) Ideal

Collars on Pots 0.000635 238 0.25 * 1.414 1.00
Copper 0.000559 401 0.224 1 .213 1.05
Aluminum 0.000635 238 0.151 0 .125 1.21
Stainless Steel 0.000965 15 0.0145 -1 .037 0.391
Tempered
Hardboard

0.00318 0.15 0.000476 -1.414 1.00

* Value based on observed improvement resulting from reduced contact resistance.

The five levels of internal heat transfer were obtained by modifications to the 0.4 x 0.4 m 

(15x15 in.) absorber plate except for the case of the collared pots. The second level, 

copper absorber plate, was the only level with thermal grease between the pots and the 

absorber plate to reduce contact resistance. The thermal grease used (Honda brake shoe
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compound) contains silver filings. This grease has a greater thermal conductivity (k = 0.5 

to 1.0 W/mC) than the air (k = 0.03 W/mC) that it displaces (Kim, 1996), so the 

coefficient for copper may be higher than reported above.

As the ratios of real to ideal factor level settings indicates, these levels were not as close to 

the target levels as desired. The combination of being imprecise (not on target) and 

inaccurate (not well quantified) yielded uncertainty levels for internal heat transfer that are 

higher than uncertainties associated with the other two parameters.

Initial attempts to quantify heat loss coefficient in the environment were frustrated by 

inconsistent wind conditions and sky temperatures. Out-of-doors, it was not possible to 

attain steady state conditions and obtain repeatable results. Initial trials yielded only 

relative values for oven performance associated with insulation strategies. The relative 

performance values did assist with setting the five test levels. See Table 5.1 in the wind 

tunnel results section for heat loss coefficient factor level settings.
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4 Exp©rnm@rat§

Literature Review

The majority of published heat loss coefficients have been determined for flat plate solar 

collectors. The overall heat loss coefficient combines the radiative and convective losses. 

Natural or free convection is negligible with wind velocities above 0.3 m/s (Soltau, 1992). 

Soltau reports a longwave (radiative) coefficient of 5.0 W/m2K for uncovered solar 

collectors when the absorber emissivity is 0.90. Soltau found the convective portion 

ranged from 3 to 60 W/m2K depending on wind conditions. He observed a relationship 

between the coefficients and the wind speed that w as,"... linear with a good approach to 

accuracy." He also mentions the importance of conducting tests in turbulent flow 

conditions, indoors and out. Forced convection can be enhanced by 100% [due to 

variance in vector magnitude and direction out-of-doors] over wind tunnel studies where 

the oncoming flow is relatively undisturbed.

Molineaux et al. (1994) report a heat loss coefficient as a function of wind speed (for flat 

plate solar collectors) which is:

Ul = 10+ 5V (4.1)
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Where Ul, the heat loss coefficient in W/m2C was determined in a laboratory 15 cm above 

the unglazed absorber over wind velocities, V, of 1.5 to 3.5 m/s. Note that Ul accounts 

for both radiative and convective losses. A linear approximation is acceptable for radiative 

losses because the collectors operate at close to ambient temperatures (Soltau, 1992).

For an exposed pot over a parabolic concentrator solar cooker, Kumar et al. (1994) report 

two empirical relationships, with the following being preferred by them:

UL = -4.587 + 16.52V0-3209 + T(0.2023 + 0.0573V0'6436) -

0.1438[l-e(0-4092+0 04693VXT-90)] (4.2)

Here T is the pot water temperature in C. Unfortunately, ambient conditions for the 

experiment were not given. This rather complex equation suggests a precision that 

ignores the uncertainty normally associated with empirical heat transfer experiments. The 

log portion of the model attempts to model the non-liner increase in heat loss experienced 

as the water approaches boiling. Otherwise this relation is primarily linear. Wind has the 

strongest influence; pot temperature is also significant. The test was done with water as 

the test fluid, and with a fan blowing on the pot.

Wijeysundera and Iqbal (1991), while discussing the influence of plastic cover thickness 

on top loss coefficients for flat plate collectors, report the influence the wind convection 

loss coefficient has on the top loss. They also state emissivity of the absorber is extremely
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important. For an emissivity of 0.10, the top heat loss coefficient is almost constant over 

various film thicknesses, but it has a second order dependence when the emissivity is 0.95. 

This was not considered in the present paper, as all ovens had an acrylic glazing of 3.2 

mm. Had Teflon® film been employed, film thickness would have been considered. The 

heat loss coefficients that they report are cited here merely for comparison with the 

following calculations. Their reported top.loss was 4 to 5 W/m2C at wind convective loss 

coefficient values from 5 to 20 W/m2C for a double glazed system.

Wnmd Trommel Comstrmctiom

A wind tunnel, shown in figure 4, was constructed to provide a place for quantification of 

heat loss. The wind tunnel was built in a metal storage shed on the University of 

Arizona’s Campus Agricultural Center (the Campbell Avenue Farm). A 1.2 m (48 in.) 

diameter 0.75 kW (1 h.p.) fan was installed to simulate wind. Large corrugated 

cardboard boxes were used to construct the plenum. Doors in the plenum could be 

opened to moderate air flow through the test section. These doors also provided access to 

the test section for loading the ovens. Figure 5 is a plan view of the wind tunnel. A 0.6 X 

0.8 m (24 x 32 in.) platform 0.3 m (12 in.) above the floor positioned the ovens in the 

center of the tunnel, away from the boundary layer.
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Figure 4. Wind tunnel used to quantify overall heat loss coefficient.

Figure 5. Plan view of wind tunnel.
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The test section was constructed of 25 mm (1 in.) thick sheets of foil faced polyiso- 

cyanurate foam 1.2 x 2.4 m (4 x 8 ft.) so that the test section was 1.2 m wide and high, 

and 2.4 m long. The foam sheets were rigid enough to withstand the pressure differential, 

but could easily be cut to temporarily open sample ports for a pitot tube. The foil faces of 

the test section minimized radiative heat transfer. This may have been part of the reason 

that the heat loss coefficient measured out-of-doors differed from that measured in the 

wind tunnel.

The wind tunnel had an entrance bell constructed of corrugated cardboard followed by a 

pair of screens. Both helped to minimize perturbations in test section air flow. While 

these made the wind tunnel results more consistent and repeatable, they also served to 

make them less realistic. Fluctuations in magnitude and direction of airflow enhance 

convection heat transfer. These fluctuations found in natural wind were largely absent in 

the wind tunnel.

Wirnd Tnmmell Calibratnom

A cup anemometer (R. M. Young Wind Sentry 12102D) with photochopper pulse output 

(ten pulses per revolution) was mounted in the wind tunnel ahead of the oven stand. A 

pitot tube immediately above the center of the anemometer was used to calibrate it at 

higher velocities. Absolute station barometric pressure, temperature, and relative humidity 

were measured to correct for the air density. The difference between static and velocity
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pressure indicated momentum, which was translated to velocity with a Dwyer nomograph. 

Since pitot tubes work by measuring the difference between static and velocity pressure, 

and since velocity pressure becomes imperceptible below 1 m/s, low wind velocity 

calibration was accomplished by clocking the time it took for a cloud of colored chalk dust 

to pass from the screens to a band of light at the end of the test section, 2.4 m (8 ft.) away. 

The calibrated anemometer remained in the tunnel at all times.

Reynold’s number (the ratio of viscous to dynamic forces that gives an indication of 

turbulence) was calculated for the four test velocities. In all cases, the airflow was 

turbulent, even though it was well behaved. Had the airflow been laminar, heat loss 

coefficients would have been even lower, and even less representative of field conditions.

TaMe 4.1. Wiand Tnimmel Test Velocities and ReymoM’s Niambers.
Wind Speed (m/s) Reynold’s Number

.......... To............. .....................
2.0 1.7 xlO 5
1.0 8.4 xlO4
0.5 4.2 xlO 4
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Fabrncatiom of Prototype Solar Cookers

Eighteen solar cooker units were constructed primarily with cardboard from appliance 

boxes. The cooking chambers were lined with aluminum foil. The foil served to protect 

the box from water vapor and reduce thermal losses occurring through radiation heat 

transfer. Reflectors used to increase solar intercept area were constructed of cardboard 

lined with aluminized polyester film attached with rubber cement spray adhesive.

Heat Loss Coeffkiemt

The five levels of heat loss coefficient were attained by modifications as follows: mid level 

(8) units had two 32 mm (1.25 in.) diameter holes placed in the back and each side and 

had a single Acrylic glazing. Upper level units (4) had no holes. Lower level units (4) had 

no glazing. The lowest level unit (1) had no box. The highest level unit (1) box was made 

of 254 mm (one inch) foil faced polyisocyanurate foam board and had a single polyester 

film glazing.
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Figure 6. Collared pots used to attain highest level of internal heat transfer. 

Internal Heat Transfer 

The five levels of internal heat transfer were achieved by modifications to the 0.4 x 0.4 m 

(15 x 15 in.) absorber plate as follows: Mid level units (8) had sheets of0.635 mm (0.025 

in.) thick aluminum. Upper level units (4) had 0.5588 mm (0.022 in.) copper sheets, with 

thermal grease to reduce contact resistance. Lower level units (4) were 0.965 mm (0.038 

in.) sheets of stainless steel. The lowest level unit (1) had a 3.12 mm (0.125 in.) sheet of 

tempered hardboard. The highest level unit (1) had 0.635 mm (0.025 in.) thick aluminum 

collars measuring 190 mm (7. 5 in.) square, press fit around the midline of the pots and 

painted with a solar selective coating (Figure 6). These fins had substantially less contact 

resistance with the pots than the absorber plates used with the other four levels. 
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Intercept Area

The five levels o f solar intercept area were achieved by modifications as follows: Mid 

level units (8) had four single plane reflectors in a truncated pyramid (Figure 7). Upper 

level units (4) were the same as mid level units, with an additional four reflectors above 

the first set (Figure 8). Photograph o f upper level units (Figure 9) shows them on the 

rotating tables used for tracking the sun. Upper and lower levels o f solar intercept area 

were either glazed or unglazed, as shown in figure 10. Lower level units (4) had a single 

plane reflector at the rear (Figure 1 la). The lowest level unit (1) had no reflector at all 

(Figure 11b). The highest level unit (1) had a multi-faceted mirror suspended beneath the 

cooking chamber, projecting light onto the bottom of the absorber plate (Figure 12.)

0.4 m

Reflectors: 
Aluminized Mylar 
on Cardboard

Cooking Chamber: 
Aluminum Foil 
on Cardboard

F ig u re  7. M id d le  level for so lar  in tercep t area . A rea  o f  in tercep t is 0 .64  m 2.



r-0.8m --1 
Reflectors: 
Aluminized Mylar 
on Cardboard 

T 
0.38m 

Figure 8. Upper level of solar intercept area. 

Cooking Chamber: 
Aluminum Foil 
on Cardboard 

Figure 9. Photograph of upper level of solar intercept area. 
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Figure 10. Photograph of lower level of solar intercept area. 

0.4m 

(a) (b) 

Figure 11. Lower (a) and lowest (b) levels of solar intercept area. 
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The pots were in the same location in every solar oven throughout all trials. These same 

pots were also used in the validation trials. The four comer points trials and the first five 

empirical model trials (20, 21, 24, 25, and 31 October) used all four pots. For the 

remaining complete central composite trials and the validation trials the cookers had only 

three pots inside, the missing one being the pot with the Teflon® coating. Some of the 

cookers tested during the validation trials did not have room for three pots, in which case 

only one pot was used, one coated with black chalk board paint.

lEstramemtatiiomi - Temperature of water im pots

Each pot had a thermocouple (30 gauge type K) immersed in the pot fluid, held in place 

with adhesive backed aluminum foil. The junction was formed by stripping off 5 mm 

(0.25 in.) of the Teflon® insulation and twisting the wire tightly. Because type K wire is 

made of aluminum and chrome alloys, it does not corrode easily. As a precaution, all 

junctions were tested once during and once at the end of the experiments, and agreement 

was found to be within one degree. The thermocouples were checked with a hand-held 

temperature sensor (Cole-Parmer Digisense) and calibrated in hot and ice water baths.

By separate experiment, it was determined that placing the thermocouple junction at the 

center of the fluid mass would be sufficient to determine the temperature of the entire 

mass. Results from a preliminary trial (26 July 1995) are shown in figure 13. Extremely 

fine thermocouple wire (40 gauge) was used to minimize intrusion. The temperature



Mean Water Temperature = 57.56 C 

Figure 13. Distribution of temperature in cooking vessels. 

distribution in the fluid was limited to three degrees Centigrade, indicating that free 

convection was sufficient to minimize temperature gradients. More significantly, the 

temperature at the center of the pot was within a fraction of a degree of the mean 

temperature for the entire mass. Thus using one thermocouple with its junction at the 

center of the fluid mass to determine the average fluid temperature introduced less 

uncertainty than the thermocouples themselves, accurate to± 0.25 degrees Centigrade. 
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The thermocouple wires passed through the lids of the pots inside 100 mm (4 in.) lengths 

of 3 mm (one eighth in.) diameter nylon tubing. The tubing prevented cold working of 

the thermocouple wire where the temperature gradient was greatest, and helped somewhat 

to moderate the temperature gradient. The four 30 gauge Teflon® insulated thermocouple 

wires coming from each pot were wired in parallel to a one meter (39 in.) length of 20 

gauge polyvinyl chloride (PVC) insulated lead wire using crimp connectors. The 

thermocouple leads had type K connectors which connected to receptacles at each test 

location. Temperature measurement in parallel permitted finding the average of four pots 

through one datalogger channel. Had more channels been available, the pot temperatures 

could have been recorded separately to evaluate the influence of surface coating on 

thermal performance.

ImstrameiatatnoE - Umcomtrolled (Weather) Variables

An R.M. Young Co. model 12102D cup anemometer was used to sense wind speed 

during the trials. It had an excellent detection threshold, picking up a signal with as little 

as 10 cm (4 in.) of air moving past at speeds as low as 0.3 m/s (0.67 m p.h ). Readings 

from the anemometer in the environment were compared to data from an Arizona 

Meteorological Network (AzMet) meteorological station located 600 m (0.5 mi.) away.

In the wind tunnel, a pitot tube with inclined manometer was used for high velocity wind 

speed calibration; colored dust and a stop watch for lower velocity calibration. 

Environment and wind tunnel wind speed calibrations differed slightly, most likely due to 

inertia of the cups that affected readings in variable (out-of-doors) wind conditions.
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Solar radiation was measured with a Li-Cor Co. LI-200SA pyranometer sensor. The 

sensor was mounted on one of the rotating tables supporting cookers, in the intercept 

plane (45 degrees from zenith) so that it tracked the sun with the solar cookers. The 

pyranometer readings were compared to measurements by a similar sensor connected to a 

hand-held Li-Cor 189 Quantum/Radiometer/Photometer, and also to an Eppley model 50 

180° pyranometer. All three instruments had not been calibrated for some time (in fact, 

the Eppley 180° is no longer manufactured) but were within 10% of each other and of data 

from the AzMet meteorological station located nearby.

Imstramemtatiioini - Data Acquisitioini

The thermocouples were connected through extension grade type K thermocouple wire to 

a Campbell Scientific, Inc. AM-232 multiplexer located in an instrumentation trailer. The 

multiplexer scanned one ambient temperature and eighteen oven channels every six 

seconds. In the multiplexer housing, between the isothermal plate and the wire terminals, 

a 10TCRT thermistor sensed the reference temperature. Oven thermocouple voltages, the 

multiplexer reference temperature voltage, the current produced by the pyranometer, and 

the pulse count from the anemometer were recorded every six seconds by a Campbell 

Scientific, Inc. CR-10 data logger. The one minute average of these ten observations was 

stored in the data logger. A Toshiba Satellite T2100 laptop computer retrieved the data 

through an optically isolated interface for later analysis. A plan view of the test area is
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presented in figure 14. Ovens were placed on sheets of plywood. The three sheets in the 

middle of the test area rotated to track the sun. The table above them is 10 m (3 3 ft .) 

long. 

Laptop ------

Multiplexer ----

Ambient Temperature ----. 

Figure 14. Plan view of test area. 

CR-1 0 Datalogger 

~ Anemometer @3m 

e Connector for 
Thermocouple 
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Procedures

Solar oven loading and testing was similar in all trials. Water was weighed on an 

electronic balance (1,000 ± 5 g or 2.2 lb. mass), stored overnight in plastic milk jugs to 

obtain uniform temperatures, and placed in the pots before sunrise. The solar ovens were 

located on tables according to their size. Smaller solar ovens were faced away from the 

sun, the larger ones faced toward the sun but were shaded with covers until the start of the 

trial. The trials were not started until the sun had reached an altitude of at least thirty 

degrees. At that time, all the units were faced toward the sun or uncovered. All ovens 

were adjusted periodically throughout the trial (approximately every 15 minutes) to track 

the sun. Ovens were inspected for damage (reflectors and glazings occasionally came 

loose) and temperatures were monitored to catch failures early. Only one temperature 

reading caused a problem: a connector shorted out for about ten minutes.

Plots of the fluid temperature inside each oven were examined to find two observations for 

each day, typically an hour apart. The times were chosen so that the first observation 

would fall after the coolest oven had heated above ambient, and so that the second 

observation would be before the hottest oven had reached 95 C, to avoid errors caused by 

latent heat of vaporization. Uniform data recording times for all ovens assured similar 

weather variables, reducing the influence of errors that could be introduced by using the 

average of the preceding ten minutes. An alternative, making all oven observations at a
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specified temperature, was ruled out since some ovens did not get above 50 C, while 

others exceeded 98 C.

The wind speed and solar radiation data reported for each observation was the average of 

the wind and insolation values recorded for each one of the ten one-minute periods 

immediately prior to the observation. Because the data logger was averaging ten samples 

per minute, the values reported for each observation represented an average of one 

hundred samples.

The response was calculated using the change in temperature of the fluid in the oven 

during that same ten minute interval. The response (cooking power in Watts) was 

calculated as:

Pu = mCp(Tf - Tf_6oo)/600 (4.3)

where m is the total mass of water in the solar oven (kg), Cp its specific heat capacity 

(4,186 J/kgC), Tf the temperature of the fluid in the cooking vessel at the time of the 

observation (C), and T«oo the fluid temperature ten minutes (600 seconds) earlier.

Cooking temperature, assumed to be 82 C (180 f), was seldom attained by all units. Using 

cooking power for the response instead of time to reach cooking temperature made it 

possible to gather useful information even from units that did not reach 82 C.
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Figure 15. Photograph of the corner points trial.

Corner Points

Montgomery (1991) suggests sequentially building up larger experiments, so that not 

more than 25 percent of ones available resources are invested in the first experiment. 

Following his advice, solar ovens representing the comer points (factor levels set at ± 1.0) 

were built first. These eight units, the comer points o f the cube representing the central 

composite experimental design, encompassed the upper and lower factor levels for all 

three controlled parameters. This experimental design is a full factorial at two levels.

With but two observations in each plane, only linear responses can be quantified. This 

starting point afforded an opportunity to practice the methodology and prove the materials 

while gathering meaningful data. It was a chance to test the concept for the empirical
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model for only 40 percent of the investment in resources. Later, when the highest, lowest, 

and middle levels were added, the corner points experimental design became the central 

composite design described above. Figure 15 is a photograph of a comer points trial. 

Factor Level Settings Trials (Full Central Composite Experiment) 

The success of the comer points trials provided the necessary encouragement to proceed 

with the factor level settings (FLS) trials, the empirical trials used to build the model. 

Nine trials were conducted (20, 21, 24, 25, and 31 October, 24, 25, 27 and 28 November) 

with some variation in weather conditions. Figure 16 is a plot of ambient and pot fluid 

temperatures from a typical trial. The October trials were conducted with four 
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Figure 16. Plot of ambient and pot fluid temperatures for a typical FLS trial. 
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Figure 17. Photograph of typical FLS trial.

kilograms of water in each cooker, the November trials with three. Two observations 

were made on each day, typically an hour apart. The response (cooking power) was 

calculated as in equation (4.3) above. Figure 17 shows all eighteen ovens during a trial.
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Figure 18. Photograph of typical validation trial. 

Validation Trials 

The objective of the model developed from the FLS trials test data was to predict thermal 

performance for solar cookers given design parameter levels and weather variables. A 

general model is desired so that the performance of hybrids as well as all three classes 

(box-type, concentrating, and flat plate solar cookers) of solar cooker might be predicted. 

To test the model, the performance of sixteen solar cookers (several of which are 

commercially available) was recorded during various climatic conditions. As a control, 

ovens that were the center points in the FLS trials were also tested. Figure 18 shows a 

validation trial underway. 
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Description of Box-Type Solar Cookers Tested 

Control (Center Point) prototype from FLS trial.

The center points cookers were constructed with truncated pyramidal reflectors of 

aluminized polyester film, single acrylic glazing, vent holes in the foil lined corrugated 

cardboard box, and an aluminum absorber plate. They contained three pots (except on 21 

November).

Schneider’s Box Cooker

(Loaned by a private individual) This solar cooker is constructed of two layers of 5 cm (2 

in.) fiberglass sheeting so the walls are 10 cm (4 in.) thick. It has a single pane of glass 

covering the aperture, which can be removed to access the black interior. There are two 

plane reflectors outside (top and bottom) and a steel absorber plate inside. The aperture is 

sloped at sixty degrees (can be changed to thirty in the summer) which helps compensate 

for the modest interior volume.

Solco Research Prototype Box Cooker

(Loaned by a private company) The outer shell is thermal formed HOPE plastic, the inner 

case aluminum. The outer shell terminates in a flange which serves as the top deck, to 

which a fluted extrusion of clear polycarbonate glazing is attached with tape. The product 

lacked blackened interior surfaces, so an absorber plate was added. Insulation consists of 

fish paper and 3 mm (1/8 in.) of aluminized polyethylene bubblepack. The glazing slopes



Figure 19. Funk's research prototype box cooker. 

at twenty degrees from horizontal, and is slightly trapezoidal to fit the gently tapered 

walls. Price figures were unavailable. 

Funk Research Prototype Box Cooker 
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(Fabricated) Funk's research prototype is very similar to the simplified CPC box cooker, 

only it is constructed entirely of cardboard. The glazing angle was forty degrees, the inner 

case lined with aluminum foil. See figure 19. 
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Figure 20. Burns-Milwaukee Sun Oven box cooker.

Bums-Milwaukee Sun Oven Box Cooker

(Loaned by Photocomm) The Sun Oven is a thermal formed rectangular plastic outer 

shell and a blackened aluminum interior attach to a wood frame. A single pane of 

tempered glass provides access through the aperture, and seals against a high temperature 

neoprene gasket. Insulation is with 2.5 cm (1 in.) of fiberglass. Solar gain is enhanced by 

four polished aluminum reflectors in a truncated pyramid, following Maria Telkes (1959). 

A tray on gimbals allows the pots to remain level when the oven is tipped to face the sun. 

Tom Bums has successfully expended considerable effort to make this a durable and 

attractive product. Retail price is $175.00 (Bums, 1996). See figure 20.
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Figure 21. Funk's simplified CPC box cooker. 

Funk's Simplified CPC Box Cooker 

(Loaned by a private individual) Funk's simplified compound parabolic concentrator 

(CPC) cooker was built under contract for Solar Cookers International as a humidity 

resistant family cooker. The outer shell is made of corrugated plastic, the inner case of 

aluminum; the floor is blackened. The wood top deck is at a 30° angle. A wood frame 

holds two glazings of clear polyester film. It hinges on the top deck and seals against it 

with a simple labyrinth. The cooker has 9 em (3. 5 in.) fiberglass batting for insulation and 

no external reflectors. The back and front walls are sloped to function as internal 

reflectors. The retail price probably would be from $60.00 to $75.00, based on an 

estimated mass production wholesale price of $3 0. 00. See figure 21. 
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Figure 22. Funk's true CPC box cooker. 

Funk's True CPC Box Cooker 

(Fabricated) The true CPC cooker uses a compound parabolic concentrator to project 

radiation through a small aperture. The cooking chamber is insulated with one inch thick 

foil faced polyisocyanurate foam sheets. Access is through a door in the rear (Figure 22). 

This design recognizes that heat loss from the glazing is greater than from the walls, and 

that a small aperture can accept concentrated light energy equal to the unconcentrated 

energy entering a large aperture. The design also recognizes that convenience is important 

to many end users: a non-imaging concentrator minimizes tracking requirements. A 

disclosure document has been filed with the office of patents and trademarks. 
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Figure 23. Funk's through-the-wall solar box cooker.

Funk’s Through-the-Wall Solar Box Cooker

The through-the-wall oven was made for a straw-bale home in Cd. Obregon, Sonora, 

Mexico. It has the same interior materials and dimensions as the simplified CPC. The 

exterior is constructed of plywood. The outer glazing is fiber reinforced plastic (FRP); 

unfortunately it has yellowed with age, resulting in reduced transmittance. Access is 

provided by a hinged door on the back of the cooking chamber, which opens into the 

house. The chef reaches through the wall of the house to place pots in the sunny cooking 

chamber. Figure 23 shows the oven before it was installed in the kitchen wall.
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The Kerr-Cole Solar Box Cooker

(Purchased) The Kerr-Cole solar box cooker, the best selling solar cooker in North 

America, costs $65.00. This simple invention of Barbara Kerr’s is responsible in many 

ways for popularizing solar cooking. The rectangular inner and outer boxes are 

corrugated cardboard. Aluminum foil protects the inner box from moisture. A corrugated 

cardboard lid holds a glass pane which can be lifted off to access the cooking chamber.

The lid also supports a single plane aluminum foil on cardboard reflector which serves to 

protect the glazing during storage. Insulation is provided by 5 cm (2 in.) of crumpled 

newspaper. Adjustments to the reflector can be made with a prop stick and string. See 

figure 24.
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Figure 25. The SERVE solar box cooker.

SERVE Box Solar Cooker

(Fabricated) The SERVE solar cooker is produced by a Christian aid organization in 

Pakistan. Afghan refugees have purchased 8900 portable ovens and 5700 fixed ovens to 

date (Port, 1996). Many of these ovens are being carried back over the border as the 

refugees return. The SERVE solar cooker is similar to the simplified CPC oven (case, 

shell, insulation, top deck), but has a vertical back wall and all black interior. Access is 

through the glazing. The single plane reflector is a mirror (Magney, 1991), but the 

fabricated imitation employs aluminized polyester film on plywood. The price of the fixed 

ovens with user supplied mud brick is less than $US 18.00. See figure 25.
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Figure 26. Wareham's Sunstove box cooker.

Wareham’s Sunstove Box Cooker

(Loaned by a non-profit corporation) The South African Sunstove is shaped like a 

truncated pyramid. The outer shell is blow-molded HOPE plastic with a lip that is rolled 

inward, allowing the lithoplate aluminum inner case to snap fit under the lip. The lip 

serves as a top deck or seal with the single high-impact modified acrylic glazing, which is 

hinged with a strip of PVC, sloping at about 30 degrees. To make use of rectangular 

glazing, the cooker has a trapezoidal blackened floor (absorber plate). The sloped 

aluminum walls function as internal reflectors. Two identical units were received, one 

being modified before testing Retail price is $50.00 (Port, 1996). See figure 26.
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Figure 27. Parabolic mirror concentrating cooker.

Description of Concentrating-Type Solar Cookers Tested

The concentrating cookers tested included panel-type cookers; all were limited to one pot. 

Parabolic Mirror Concentrating Cooker

(Loaned by the Department of Nuclear and Energy Engineering) The parabolic mirror 

represents several commercially produced units that have been marketed in various 

countries at various times. The back-silvered 0.6 m (25 in.) diameter parabolic glass 

mirror is held by an easel so it can be adjusted to track the sun. Paper passed slowly 

through the focus point will burst into flames. Safety is a concern with this unit. The 

cooking pot is not insulated, so its temperature depends on wind speed. See figure 27.
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Figure 28. Erwin’s concentrating cooker.

Erwin’s Concentrating Cooker

(Loaned by a private individual) The Sam Erwin design reflects one design of Augustin 

Mouchot’s (1879), who had the French Foreign Legion using solar cookers in North 

Africa over a century ago (Butti and Berlin, 1980). There are eight trapezoidal mirrors in 

a fiberglass bowl nearly 84cm (33 in.) in diameter. The mirrors slope down to a glass 

pyramid (held together with silicone caulk, topped with a wood ball) which can be lifted 

off to access the cooking pot. The pot rests on an adjustable rack to compensate for the 

tilt required in tracking the sun. The rack sits on an anodized aluminum floor, with 2.5 cm 

(1 in.) of fiberglass insulation between it and the outer shell. A vent hole has been added 

after-market to reduce condensation on the glass. See figure 28.
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Figure 29. Funk's research panel cookers.

Funk’s Research Panel Cookers

(Fabricated) Funk’s panel cookers are an imitation of the design proposed by Bernard 

(1994). Both cookers have three vertical panels behind a single pot. One unit was made 

of extruded fluted HOPE plastic and uses aluminized polyester film for the reflective 

surface (Figure 29). The other unit is made of corrugated cardboard with aluminum foil 

for reflectance. The plastic unit has a bell formed of clear polyester film to reduce 

convective losses. The pot associated with the cardboard unit is placed in a polyester film 

oven baking bag. Heat loss coefficients are slightly different, favoring the plastic unit.

The cardboard reflectors warped, which increased the amount of solar radiation received 

on the pot surface. Similar units sell for $15.00 (Solar Cookers International, 1996).
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Figure 30. Schneider’s panel cooker.

Schneider’s Panel Cooker

(Loaned by a private individual) Schneider’s panel cooker consists of three chrome-plated 

steel equilateral triangles, 89 cm (35 in.) on the base, and eighty-four degrees at the apex. 

The panels sit in a five gallon bucket for easy angle adjustment during tracking. A dome is 

formed by a pair of glass mixing bowls, with a cork gasket providing the seal between the 

upper and lower bowl. See figure 30.
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Figure 31. Zomeworks Sunflash concentrating cooker.

Zomeworks Sunflash Concentrating Cooker

(Loaned by Photocomm, Inc., a retailer.) The Zomeworks Sunflash design is a well 

executed representation of a group of concentrating cookers, all of which have a pot at the 

focus of a parabolic concentrator. The Zomeworks model has a stand with three feet 

(including tent pegs for windy days) and a thumb screw adjustment for height and reflector 

angle. The reflector consists of twenty-four trapezoidal polished aluminum panels in a 

truncated parabola. A U-shaped bracket holds the sides of the reflector so it can track the 

sun. Another bracket standing through the hole formed by the reflector supports two 

glass bowls, which contain a blue enamel-on-steel pot. The Zomeworks cooker retail 

price is $185.00 by mail (not including shipping) and $189.00 in stores. See figure 31.
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Figure 32. Flat plate solar cooker.

Description of Flat Plate Solar Cooker Tested

(Loaned by the University of Arizona Department of Aerospace and Mechanical 

Engineering) This unit was a prize-winning senior design project, well analyzed, designed 

and constructed. It has patio glass glazing 0.91 x 2.66 m (36 x 105 in.) above a selective 

coated absorber plate. The absorber plate has heat transfer fins beneath it, in the updraft 

passage. This doubling of the surface area matches the heat carrying capacity of the fluid 

to its convective heat transfer thermal collection capability (Peck, 1995). The fins support
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a second plate, which serves to define the air passage and transfer heat to the down draft 

passage. Natural convection circulates cold air from the cooking chamber to the collector, 

where it is warmed, returning to heat 15 half-thick bricks as well as the pots. The back of 

the collector and the cooking chamber are insulated with polyisocyanurate and fiberglass 

sheeting, the latter on the inside to reduce the likelihood of overheating the foam. Access 

is provided through a door behind the cooking chamber; the design lends itself nicely to 

installation through the south wall of a kitchen. Cooking can be accomplished from inside 

the home, and the heat storage bricks extend the cooking opportunity window two or 

three hours beyond the time cooking may be done without thermal storage. See figure 32.

VaMdatiom Trials Procedures

Solar oven loading and testing was conducted similarly to the model development (FLS) 

trials. Water was weighed on an electronic balance (1,000 + 5 g or 2.2 lb.) and stored in 

plastic milk jugs. The smaller solar ovens had a capacity of just one pot, which was filled 

with one kilogram of water. The larger ovens held three kilograms of water equally 

divided among three pots. Thermocouples in the pots sensed fluid temperature at the 

center of mass. Since power was calculated based on the contained mass of water, small 

ovens did not have an unfair advantage. Similar to the previous FLS trials, validation 

trials were started after the sun had reached an altitude of at least thirty degrees. Ovens 

were adjusted periodically (approximately every 15 minutes) to track the sun. Sun, wind, 

and pot fluid temperatures were recorded with the same instrumentation and the same
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procedures as the earlier experiment. Figure 33 shows plots of fluid temperatures inside 

each oven from a typical validation trial.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mountain Standard Time

Figure 33. Plot of ambient and fluid temperatures for typical validation trial.
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§ Resunlts sumd BIscMssroim

Figure 34 shows the isopleths indicating the wind velocity profile in the test section 

immediately ahead of the solar oven. Velocity was measured with a pitot tube and 

inclined manometer at sixty-four points in a grid spacing of 0.15 m (6 in ). The average 

wind speed was 3.68 m/s (726 ft./min.). The world average wind speed is 5 m/s (Duffie 

and Beckman, 1991). The wind speed measured during outdoor empirical and validation 

trials was usually from 1 to 2 m/s. The attainable wind tunnel velocity range was from 0.5 

to 3.68 m/s, reasonable for these purposes. Lower velocities were attained either by using 

a smaller fan or by opening doors in the plenum to reduce air flow through the test 

section.

Figure 35 shows the diurnal temperature cycle experienced in the wind tunnel. There is a 

lag between the time the air begins to warm up or cool off and the response of the fluid in 

the pot inside the solar cooker. This delay is reflected by the two levels of temperature 

difference. A lower level is experienced during the approximately eight hours of daytime 

temperature increase. From sunset to sunrise, the air temperature in the metal shed 

decreases, and the difference between tunnel air and pot fluid temperature is greater. A 

twenty-four hour average can be calculated that represents the value that would be 

observed under steady-state conditions. Depending on the heat loss coefficient and



starting conditions, it took from one half to one hour to reach an approximate dynamic 

equilibrium. Consequently, wind tunnel tests typically were twenty-six hours, with data 

from the first two hours being discarded.
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Figure 34. Wind velocity contour plot in test section ahead of oven. Flow 
direction is toward the viewer.
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Figure 35. Diurnal temperature cycle in wind tunnel. The intermediate line 
is the temperature difference between the free stream air flowing past the 
oven and the immersion coil heated fluid contents of the pot inside the oven.

Heat Loss Coefficients

Figure 36 shows the plot of heat loss in Watts per degree Centigrade for the five levels of 

oven construction overall heat loss coefficient. Figure 37 is similar, except the heat loss 

coefficient is in Watts per square meter per degree Centigrade. Figure 37 also shows the 

comparison of observations with values computed using the linear regression model 

obtained for each cooker. The linear regression models of overall heat loss coefficient fit 

data above one meter per second. Most trials were conducted with wind speeds between 

one and two meters per second. Since overall heat loss coefficient is a function of wind 

speed, heat loss coefficients were calculated for the wind speed averaged over the ten 

minutes preceding the time of the observation. However, wind speed did not vary 

appreciably during the ten minutes preceding each observation.
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Figure 36. Heat loss (W/C) vs. wind velocity.
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Figure 37. Heat loss (W/m2C) vs. wind velocity. Lines are regression models 
that were used to find the heat loss coefficient during field experiments.
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Table 5.1 lists the linear regression model parameters obtained for each of the five levels 

of heat loss coefficient. Except for one slope value, the factor level regression lines are 

distributed rather evenly. The highest level of heat loss occurred from an exposed pot, the 

lowest from a box of 25mm (1 in.) thick foil faced polyisocyanurate foam board with a 

single glazing. The intermediate values were obtained with corrugated cardboard boxes 

lined inside with aluminum foil. The lower intermediate heat loss was from a glazed 

cooker, the higher intermediate heat loss from an unglazed cooker, and the center point 

from a glazed cooker having vent holes in the back and sides.

Table 5.1. Factor Level Settlings Corresponding to Regression Equation Parameters 
Describing Heat Loss Coefficient, Ul (W/C) as a Function of Wind Speed, V (m/s). 

Intercept___________________ _____________ Slope________________________
Level UL

Actual
UL
Ideal

Ratio of Ul 
values

Levels Actual Ideal Ratio

1.414 0.953 0.953 1 1.414 0.124 0.124 1
1 0.865 0.900 0.962 1 0.106 0.112 0.948
0 0.796 0.771 1.03 0 0.0908 0.0837 1.08
-T 0.681 0.643 1.06 -1 0.0385 0.0551 0.698
-1.414 0.590 0.590 1 -1.414 0.0433 0.0433 1

Discussion of Wind Tunnel Results

Comparing experimental results with published ones is difficult since there has been 

limited solar cooker thermal performance research. Results from concentrating-type solar 

cooker tests by Kumar et al. (1994) are summarized in Table 5.2.
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Investigations with flat plate solar collectors have produced a range of heat loss 

relationships which also may provide useful comparisons with solar cooker heat loss 

coefficients. Reported test conditions have varied. For example, Soltau (1992), working 

with unglazed flat pate collectors, was careful to find the average wind speed 0.1 m above 

the collector surface, outside of the local boundary layer. In Funk’s wind tunnel tests, 

wind speed was determined just ahead of the cookers, in a turbulent but homogenous wind 

field. Soltau’s results apply to the two uncovered cookers (upper intermediate and highest 

heat loss coefficient) and are compared with results from other investigators and with the 

experimental data in Table 5.2.

Convective heat loss coefficient relationships reported by others include:

h -  8.6V0-6/L0-4 (Mitchell, 1976)

h -  5.7 + 3.8V (Duffie and Beckman, 1991)

h = 8.6 + 2.7V (Test etal., 1981)

h = 9.3 V0'8 (Soltau, 1992)

Where h is the convective heat loss coefficient, L a characteristic length, and V the wind 

speed in m/s.

Reported overall heat loss coefficients, with 5 W/m2K added for radiation losses, are:

UL = 5 + 8.6V°-6/L0-4 (Mitchell, 1976)

Ul = 10.7 + 3.8V (Duffie and Beckman, 1980)
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UL= 13.6 + 2.7V (Test et al., 1981)

Ul = 13 + 2.6V (Green and Cruz Costa, 1988)

UL= 10.2 + 4.7 V (Soltau, 1992)

UL = -4.87 + 16.52V0-3209 + Tf(0.2023 + 0.0573V0"6436) (Kumar et al., 1994)

Where Ul is the overall heat loss coefficient (W/m2C), V the wind velocity (m/s) and Tf 

the temperature of the fluid in pot(s) in the solar cooker (C).

Table 5,2. Measured Overall Heat Loss Coefflciemt of Cookers with Pots Containing 
W ater and Oil Compared with Published Values.______________________________

w Mitchell Duffie & Test
0.45 18.38 12.41 14.77
1.25 29.69 15.45 16.85
2.38 41.31 19.73 19.78
4.15 55.73 26.46 24.39
4.15 Water instead of oil

Green Soltau Kumar Funk
14.17 12.31 19.58 12.60
16.25 16.07 25.89 13.84
19.18 21.37 31.39 15.59
23.79 29.70 37.50 18.34

33.27 24.00

The most relevant paper was by Kumar et al. (1994). They actually measured the overall 

heat loss coefficient of a cooking pot. Similarities between the two studies are: Both used 

black cooking pots of about the same size and shape. Both studies had the handicap of 

being artificially heated, by a single source, so the fluid temperature gradient varied with 

location from highest near the source to low on the sides of the pot and lowest on the lid 

surface. In a solar cooker, the highest temperature is on the outside surface of the pot, the 

lowest somewhere inside the pot contents. Thus, both studies probably underreport the 

heat loss that would be calculated from a trial conducted in sunlight. Differences between 

their study and this one are:
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1) Funk’s wind tunnel pulled quiescent air through the test section. In Kumar et al.'s 

study, a fan blew directly on the pot, yielding turbulence which enhanced convective heat 

transfer as much as 100 percent.

2) Funk’ s wind tunnel had walls of reflective foil, minimizing radiative heat transfer, 

while Kumar et al.’s experiment was in an open room.

3) Funk’s wind tunnel tests were primarily conducted with oil as the fluid inside the 

pot, not water. As the last row of Table 5.2 shows, the test fluid has a considerable effect. 

Oil has lower mass, specific heat capacity, and thermal conductivity. Compared with 

water, oil will transfer less heat by conduction and convection within the pot. Natural 

convection is strongly a function of the Rayleigh number, the product of the Grashof and 

Prandtl numbers. For oil and water, these dimensionless numbers and the corresponding 

heat transfer coefficient within the pot are listed in Table 5.3, where temperatures and 

dimensions are held constant. Note that the heat loss coefficient per unit length of 

immersion heating coil in oil is 34 percent of that in water.

4) The heating elements within the pots had different surface areas and orientations, 

which also affect natural convection within the pot.

5) In the Funk trials, the input power was constant while the temperature varied with 

ambient air conditions of the wind tunnel. In the study by Kumar et al. the temperature 

was held constant by varying power to the heating coil.

Table 5,3. Dimensionless Numbers Imtflmiencmg Heat Transfer (dia. = 0.01m).
Grashof, Gr Prandtl, Pr Rayleigh, Ra Heat Loss Coefficient, h

Oil 48.8 1050 5x104 112 W/mC per meter
W ater 1.33xl06 3.01x10' 4xl03 327 W/mC per meter



91

Temperature and weather data recorded by the data logger were input to Quattro Pro, a 

spread sheet computer program. Constants associated with each unit also were input to 

the spread sheet. Spread sheet data was transposed into columns and copied to JMP, a 

statistical analysis computer program by the SAS Institute, Inc. (1995). This software can 

be used to fit a regression model that is polynomial or linear, with parameters that are 

independent or that have interactions. It provides statistical measures of quality such as 

the adjusted R squared (to judge the model’s ability to explain the observed response) and 

t and f  probabilities (to judge the significance of individual parameters). The software is 

user friendly, presenting results graphically. Appendix A shows output from the IMP 

model fit for both the comer points and FLS trials.

A model which included all six terms found in equation 2.1 was fit first, then various terms 

were deleted. The first terms to be deleted were those with the highest probability of 

being statistically insignificant (the terms with the lowest t statistic absolute values). By 

trial and error deletion of various terms it was found that the model could be reduced to 

three parameters without appreciably reducing the regression coefficient.
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The model obtained from data for the eight comer point ovens for tests repeated over four 

consecutive days (64 observations) is:

Fu(W) = 30.9 + 0.140 Ajlr - 0.858 UtdlT +131 MR
f  ratio: (253) (13.4) (6.54) (5.1)

The adjusted R squared was 0.828.

This multiple linear regression problem is technically a type I problem (the experimenter 

chooses the values for the independent variables) so a regression coefficient, b, is more 

appropriate to quantify the fraction of variance in the response that can be accounted for 

by its regression on the independent variables. However, in type one problems, “it is 

formally correct and sometimes convenient to use the notation r and some of the 

associated formulas” (Crow et al., 1960) so hereafter correlation coefficient, R2, will be 

used instead of regression coefficient, b, in quantification of variance explained by the 

model.

The response Pu is the cooking power (W), A; the intercept area normal to beam radiation 

(m2), It the total insolation on a surface normal to beam radiation (W/m2), U l the area 

independent heat loss coefficient (W/C), dT the temperature difference between the pot 

contents and the environment (C), kt the product of the thermal conductivity of the 

absorber plate(W/mC) times the thickness of the absorber plate (m), and R, the ratio of 

absorber plate surface area covered by pots to total absorber plate surface area.
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Intuitively, the available power for cooking will be zero when pot contents are in 

equilibrium with the environment and insolation is zero. The presence of an intercept 

indicates that this model is regressed over a limited range of parametric values, and should 

not be used outside of that range.

The term associated with intercept area and insolation is very close to the expected value. 

It has the strongest influence on the response as indicated by the high f  ratio, a result 

which lends credence to the model.

The term associated with heat loss coefficient is less than one; the anticipated value is 

greater than one. Apparently this result was due to human error. Heat loss coefficient 

values were inadvertently transposed for a pair of ovens.

The fourth term, though least influential, is also statistically significant. Since four pots 

were tested during each trial the ratio of covered to total absorber plate surface area (R) 

was constant; thermal conductivity alone is responsible for the significance of this term. 

Because test results were reasonable and informative, and the testing procedures worked 

well, the ten remaining solar cookers (six axial point and four center point units) were 

constructed in accordance with the stated test plan.
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FLS Trials Results

Temperature and weather data recorded by the data logger were input to Quattro Pro, as 

with the comer points trial data. Constants associated with each unit (the parameters at 

the five test levels) were entered into the spread sheet, and the data was copied to JMP for 

model fitting. Model statistics are summarized in Table 5.4. The resulting model and 

relevant statistical information are detailed in Appendix A.

As with the above model, various terms were deleted starting with those with the least 

statistical significance. The model was reduced to the same three parameters without 

appreciably reducing the R squared value. The final model is:

Pu (Vy) — 24.0 + 0.167 Ajlx ° 1.72 TUlcIIT + 293 IktiR.
f  ratio: (686) (205) (44) (5.2)

The adjusted correlation coefficient (R2) was 0.690.

Table 5.4. JMP Model Statistics for Three Parameter Model.
Parameter Estimate

s
Confidence Interval

Term Estimate Std Error t Ratio Prob>|t| Lower 95% Upper 95%
Intercept 24.01 4.61 5.21 <.0001 14.9 33.1
Ajlx 0.167 0.00636 26.2 <0001 0.154 0.179
ULdT -1.72 0.120 -14.3 <0001 -1.95 -1.48
ktR 293 44.3 6.63 <0001 206 380
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Statistical Amalysns of Model

The regression equation developed with the three selected parameters can explain only 

sixty-nine percent of the variance in the observed response (cooking power). Dimensional 

analysis indicates the first two parameters (intercept area-insolation product and heat loss 

coefficient-temperature gradient product) are appropriate conservation of energy equation 

terms. The third parameter (absorber plate conductivity-thickness product times ratio of 

absorber plate shaded area to total area), does not directly fit a conservation of energy 

equation, but it is a useful approximation of a term that could not be quantified since 

absorber plate temperature gradients were not recorded. This third term had the least 

influence, but was a significant parameter. A fourth parameter that may be significant is 

thermal inertia of the interior of the cooking chamber. The FLS trials were unable to 

gauge thermal inertia influence; it was small and nearly constant from unit to unit.

The confidence interval for the insolation-intercept area (Air) term is small. The 

confidence interval for heat loss-temperature difference (Ui/iT) term is also modest. The 

absorber plate thickness-thermal conductivity product-shaded absorber plate ratio (ktR) 

term was more difficult to quantify; its ninety-five percent confidence interval covers a 

broader range. This suggested that the model may not suffer too much if the term were 

dropped. That same conclusion can be drawn from the plot of the effect leverage in 

appendix A, where the confidence interval for the ktR term almost contains the mean. 

Plots of the effect leverage for the other two terms had much steeper slopes.
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The presence of an intercept again indicates that this model is based on a limited range of 

parameter values and should not be used outside of the test range. This intercept is 

slightly less than that obtained from analysis of the comer points trial data. Insolation 

variability was greater over the nine days of the FLS experiment, but remained within the 

range of 800 to 1100 W/m2. For the purposes of modeling performance of different ovens 

under a given climate, this variability is acceptable.

The regression coefficient associated with intercept area and insolation, 0.167, is again 

close to the expected value. It has the strongest influence on the response as indicated by 

the high f  ratio. This term is the most influential term, yet it is also subject to the most 

variation. During the course of the trials, the intercept area of each individual unit 

remained constant, but resulting solar concentration went from atypically high to rather 

low. While still new, the reflectors had excellent specular characteristics. As their 

cardboard backing dried out and shrank, the attached reflective film wrinkled. Dust from 

the surrounding fields further reduced reflectance. Based on albedo measurements of fine 

Gila loam soils, the dust from the surrounding fields had a reflectance of from twenty-five 

to twenty-eight percent at angles of incidence similar to that experienced by reflectors on 

solar cookers (Fimbres, 1996).
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The regression coefficient associated with overall heat loss coefficient is 1.72, where the 

expected value was 1.0. This substantiated the anticipated problem of determining heat 

loss coefficient in a wind tunnel. It was noted earlier that forced convection out-of-doors 

where the flow is turbulent can be enhanced by 100 percent over wind tunnel studies 

where the oncoming flow is relatively undisturbed (Soltau, 1992). Both turbulence in the 

flow field around the oven and temperature distribution inside it are different in the wind 

tunnel and out-of-doors. In the wind tunnel, the fluid in the pot, heated with an immersion 

heater, is the hottest element. Out-of-doors, the lid of the pot, heated by the sun, is the 

hottest element; heat transfer measured from the lid of the pot is greater out-of-doors than 

would be predicted by calculating heat transfer based solely on pot contents fluid 

temperature.

The regression coefficient associated with internal heat transfer, 293, is large because the 

thermal conductivity times the thickness of an absorber plate (in meters) is small. The 

ratio of absorber plate surface area covered by pots to total absorber plate surface area 

was included in the internal heat transfer efficiency term because of results from an earlier 

experiment (Funk and Larson, 1994). While isolating parameters that influence thermal 

performance for one specific solar cooker design, where intercept area and heat loss 

coefficient were held constant, it was found that the most important parameter was 

thermal conductivity of the absorber plate. However, the absorber plate thermal 

conductivity was statistically significant only for cases where the entire three kilogram 

load was in one pot. Distributing the load among three pots reduced absorber plate
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conductivity influence. The reason for this observation becomes clear when an extreme 

case is considered. Were the absorber plate completely shaded, its thermal conductivity 

would be irrelevant. The ratio R determines what proportion of the absorber plate is 

shaded, and thus how much influence plate thermal conductivity will have. In the FLS 

trials, ovens contained three or four pots.

Two Parameter Model

A simplified regression model was developed which contained only two variables. The 

term with the least significance (ktR) was dropped from the above model, leaving just the 

two terms that pertain to the energy conservation equation (ATt, UtdT). Table 5.5 lists 

the statistical summary, analysis is detailed in appendix B. The simplified model is:

Pu (Vy) — 40.3 + 0.164 Ajlx - 1.62 TÛ dT
f  ratio: (589) (163) (5.3)

The adjusted correlation coefficient (R2) was 0.648.

Table 5.5. JIMP Model Statistics for Two Parameter Model.
Parameter Estimates Confidence Interval
Term Estimate Std Error t Ratio Prob>|t| Lower 95% Upper 95%
Intercept 40.3 4.15 9.72 <0001 32.2 48.5
A;Ix 0.164 0.00676 24.3 <.0001 0.151 0.177
ULdT -1.62 0.127 -12.8 <0001 -1.87 -1.37
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predicting the cooking power of actual cookers during the validation trials. The missing 

term, absorber conductivity-plate area ratio, was important in the validation trials because 

some of the solar cookers tested did not have an absorber plate at all, while others had 

very large absorber plates.

Thermal inertia and clearness index were not examined over a broad enough range during 

the FLS trials to conclude whether either parameter is inherently significant or not. In 

future research, it is recommended that these parameters be examined as well.
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Validation Trials Results

Dividing cooking power predicted by the model by cooking power measured in the 

validation trials yields a ratio providing a single measure of model effectiveness. This ratio 

was averaged for each trial and for each oven. The ratio of predicted to observed cooking 

power for the entire set of validation trials was 1.01, with an average variance over all the 

observations of 0.08.

The correlation coefficient (R2) for the model is 0.69. Therefore, when the predicted to 

observed cooking power ratio for a particular solar cooker was greater than 1.45 or less 

than 0.69, the model was considered invalid for that unit. The model was judged invalid 

for five of the sixteen solar cookers tested. The model was able to predict thermal 

performance for all of the box-type solar cookers tested. The regression model failed to 

accurately predict cooking power for panel cookers and the flat plate cooker. The failure 

is attributed to difficulty with quantification of intercept area of the panel cookers. For the 

flat plate cooker, two important assumptions, the assumption of negligible internal thermal 

capacitance and the assumption that heat loss is a function of pot temperature, were both 

false. On a case by case basis, the results are as follows:

Control (Center Points from Empirical Experiment)

The ratio of predicted to observed cooking power averaged over fifty-two observations 

was 1.31. While this could partially be due to weather, the difference is attributed to oven
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property changes. Reflective film degradation could account for much of the variability; 

the model assumed constant values. Heat loss, also assumed constant, suffered from some 

anomalies, for example glazings became detached from the cookers. The solar ovens used 

as controls during the model validation trials were the same units used during the FLS 

trials that led to the model. However, the ratio of 1.31 indicates that performance 

decreased 31 percent due to aging. This problem may be avoided by using materials other 

than corrugated cardboard, whose gradual shrinkage wrinkled the reflective film.

Bums-Milwaukee Sun Oven (Small Box)

The small Bums-Milwaukee Sun Oven was similar to the majority of solar cooker units 

from which the model was derived; it had four plane mirrors in a truncated pyramid 

pattern, an insulated cooking chamber, and a single glazing. The ratio of predicted to 

observed cooking power averaged over eight observations was 1.23. It is possible that the 

model overpredicts cooking power because this device had only one pot inside. The 

intercept area to pot surface area was large, but solar radiation was not well directed to 

the pot. The model fails to accurately account for conditions where absorber and pot 

surface area ratios are outside of the range tested in the FLS trials, since it did not account 

for internal optical efficiency. A possible cause of error is thermal inertia, as evidenced by 

the difference between the predicted to observed ratio at the beginning of each trial (1.57) 

and an hour later (0.89). A portion of the thermal energy stored in the interior mass
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of the cooker is returned to the system later in the day. The test variance associated with 

this unit was much higher than the variance associated with tests of other box cookers.

Bums-Milwaukee Sun Oven (Large Box)

The large Bums-Milwaukee Sun Oven was similar to the small Bums-Milwaukee unit, but 

held two pots in its larger cooking chamber. The ratio of predicted to observed cooking 

power based on two observations was 0.84. Unfortunately, this particular solar cooker 

was available for one day of testing only.

Funk’s “CPC” Box Cooker and Funk’s Research Prototype Box Cooker 

The ratios for the two units were 0.90 and 0.87 (over four and fourteen observations). 

Predicted cooking power was reasonably close to actual, and actual cooking power 

exceeded predicted cooking power. Similar performance of the two cookers is due to 

very similar designs. Both were double glazed. While the resulting improvement in heat 

loss coefficient was quantified in the wind tunnel, differences in glazing transmittance were 

not accounted for by the model. Predicted power was expected to exceed the cooking 

power observed during the trials; however, actual cooking power exceeded predicted 

cooking power. It is possible that the overall heat loss coefficient was overestimated; the 

model is more accurate when the difference between pot contents and ambient 

temperature is small.
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The aperture area compared to intercept area for this cooker was relatively small and heat 

loss coefficient also was small. The ratio of predicted to actual cooking power was 0.64 

over four observations, indicating the model does not do well in predicting this semi- 

concentrating design. When the model substantially underpredicts, and the design is 

substantially different from norms, there is a possibility that the novel design has 

characteristics that make it intrinsically better. This design, having a well insulated 

cooking chamber and a very small aperture through which a high density flux of solar 

radiation is focused, may be such a case.

Kerr-Cole Box Cooker

The Kerr-Cole Solar Box Cooker yielded a fourteen observation ratio of predicted to 

observed cooking power of 0.75, indicating that actual cooking power exceeded predicted 

cooking power. Again, it is possible that overall heat loss coefficient or its effect was 

overestimated; the model is more accurate when the temperature difference is small. It is 

also possible that the systematic error is due to thermal inertia effects, the inertia of this 

unit being greater than that of the units used in the empirical trials. A third difference 

between the FLS trials cookers and the Kerr-Cole cooker is this unit has more absorber 

plate surface area per pot than the FLS trials units. The consequences of this third 

difference are not clear. Performance was overpredicted for other ovens with large 

absorber plate surface areas.

Funk’s True CPC B o x  C ooker
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The ratio of predicted to observed cooking power averaged over four observations was 

1.08. Close prediction probably resulted because the temperature difference never 

exceeded twelve degrees. Most cases where the model prediction is greater than ten 

percent of actual cooking power are where the temperature difference between pot 

contents and ambient air exceeds twenty degrees. Quantification of heat loss coefficient is 

critical.

SERVE Box Solar Cooker

The ratio of predicted to actual cooking power from fourteen observations was 0.84 for 

the SERVE cooker. The large SERVE cooker (as with the Kerr-Cole model) had a large 

absorber plate surface area relative to pot surface area. Another ratio that may explain the 

difference between oven performance and that predicted by the model is the ratio of wall 

area (losses) to aperture area (gains). Solar cookers used in the ELS trials had large wall 

surface areas relative to their apertures, this oven did not. The SERVE solar cooker is 

less sensitive to tracking since it has only one plane mirror. This is a distinct advantage for 

unattended operation. The SERVE solar cooker is similar in size to the Solco prototype 

discussed below, but usually provided 50 percent more cooking power.

Solco Research Prototype Box Cooker

With a performance ratio of 1.34, this oven was a disappointment. The lower than 

predicted performance may be due to the glazing material (low transmittance), the wall

Schneider’s B o x  C ooker
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material (poorly insulated), the shape (low glazing angle resulted in high incidence angles, 

front wall shadowed part of the absorber), the seals (high infiltration losses) or some 

combination of the above. Some of these oven shortcomings, such as infiltration losses, 

were not accounted for by the model.

Wareham’s Sunstove Box Cooker

Two Sunstove ovens were tested, one as shipped from South Africa, and the second 

modified (at the manufacturer’s request) with an insulation layer of cardboard between the 

absorber plate and the floor of the oven. On one test day (10 December), there was no 

appreciable difference between the two ovens. On the next test day (12 December), there 

was an eight and a half percent difference. The resulting cooking power performance 

ratios were 0,71 and 0.67, with the lower ratio representing the better performance 

resulting from the modification. The improvement from adding insulation beneath the 

absorber plate was undetectable in the wind tunnel; temperature gradients experienced in 

sunlight could alter heat loss from the absorber.

Except for the true CPC box cooker and the modified Sunstove, the cooking power 

predictive model could predict cooking power with reasonable accuracy for all box type 

solar cookers. For the box-type units (including CPC and Sunstove), the model predicted 

to actual observed cooking power ratios averaged 1.07, with a variance of 0.07.
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Comcemtratnmg amd Panel Cooker Results 

Erwin’s Concentrating Cooker

Erwin’s concentrating cooker is a hybrid unit; it also has some box-like characteristics (the 

single pot is inside a glass pyramid, insulated only on the bottom). But the 1.18 ratio of 

predicted to measured cooking power probably reflects the lack of an absorber plate; the 

pot surface alone is unable to take advantage of the superior reflectance of the cooker’s 

glass mirrors. The intercept area, as with the panel cookers, is larger than the sum of the 

areas of the pot image in the eight mirrors. While this reduced actual performance, it also 

reduced tracking requirements.

Funk’s Research Panel Cookers

Both of these panel cookers follow a design by Roger Bernard (1994). One was 

constructed of cardboard and aluminum foil, the other was made of corrugated plastic 

with aluminized polyester film providing the reflectance. The specular reflectance of 

aluminized polyester film is greater than that of foiled cardboard (Funk, 1992). The 

cardboard cooker performed better, perhaps because the cardboard reflector warped 

inward, increasing solar concentration. A difficulty in modeling panel cookers is selecting 

a representative intercept area. Since the pot can vary in size, the amount of light 

intercepted likewise varies; the intercept area used in these calculations was the sum of the 

areas of each pot image in each reflector. The total reflector area was much larger than 

the sum of the areas of the pot images, minimizing tracking requirements.
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Cooking power ratios calculated for Schneider’s panel cooker were less sensitive to 

choice of intercept area value than the Funk panel cookers since it had less surplus 

reflector area. The Schneider panel cooker is more sensitive to solar location, and 

therefore requires more tracking. When intercept area was based on net pot image area, 

the predicted to observed cooking power ratio was 0.65. When reflector geometry was 

used to calculate the intercept area, the ratio was 1.49.

Two intercept areas were examined for the panel cookers (which includes the Schneider 

Panel Cooker). When intercept area was based on mirror area, predicted to observed 

cooking power ratios were high (1.79, 1.65). Calculating pot image area and multiplying 

by the number of reflectors that present this area to the sun yielded ratios that were quite 

low (0.22, 0.16). The model will be much more useful once research on panel cooker 

optics has determined what intercept area to use.

Zomeworks Sunflash Concentrating Cooker

Unlike panel cookers, concentrating models with parabolic dish reflectors, like the 

Zomeworks Sunflash, do not lend themselves to image area calculations. By default, the 

intercept area used for estimating performance of the Zomeworks solar cooker was based 

on the area of its 1m (39 in.) diameter multifaceted parabolic reflector. The model 

prediction was within five percent of observed power at lower temperatures, and started

Schneider’s Panel C ooker
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to overpredict as fluid temperatures approached boiling. The model does not account for 

latent heat of vaporization losses. Over four observations, the average ratio of predicted 

to observed cooking power was 1.56.

Parabolic Mirror

The Parabolic Mirror predicted to observed cooking power ratio was 0.97 based on only 

four observations with high variance. The primary disadvantage of the parabolic mirror 

was a lack of insulation. Pot temperatures were sensitive to wind speed. Convective 

losses quite easily exceed gains, on occasion limiting the stagnation temperature to less 

than 82 C (cooking). A commercially available concentrating unit called the SK-12 

overcomes this limitation because it has a very large solar intercept area.

Concentrating cooker performance could be predicted with the developed model, but less 

accurately than box cooker performance. For panel cookers, the usefulness of the model 

depended primarily on intercept area selection criteria. If the intercept area for panel 

cookers can be specified according to rational physical principles, then the model can 

accurately estimate cooking power. Performance prediction for hybrid solar cookers also 

depends on a better method for calculating intercept area.
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Flat Plate Solar Cooker Results

Flat plate collector heat loss is driven more by the temperature of the absorber plate (not 

recorded), than by the measured temperature of fluid in the cooking pot. Bricks, placed in 

the cooking chamber to store heat to provide night time cooking capability, made the 

model assumption of negligible thermal inertia invalid. Consequently, the flat plate 

cooker’s ratio of predicted to observed cooking powers was 2.00, indicating that only half 

as much energy reached the cooking vessels as would be expected based on the model.

The model is not useful for predicting performance of this third class of solar cooker 

without such modification as adding thermal inertia terms and accounting for heat loss 

from the collector surface. Currently the majority of cookers are portable box and 

concentrating cookers. In the future, should homeowners install flat plate solar cookers in 

large numbers, more serious attempts at modeling performance of these devices may be

warranted.
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6 HDnsomrom of ReseEts

An empirical model (equation 5.2) was developed to estimate the cooking power of a 

solar oven based on three design parameters and three uncontrolled variables. The model 

was validated for box-type and concentrating solar cookers by comparing experimental 

results from eighteen existing solar cookers with predictions made by the model. In 

general, the model compared well with field observations. A simplification of the model is 

also presented.

Plot of Model Predicted and Actual Temperature

Another assessment of the validity of the model was performed. The model was used to 

predict cooking power for the SERVE solar cooker on 16 March 1996 at the time a 

validation trial began. The model predicted cooking power was used to estimate the 

energy gain and final temperature of pot contents after fifteen minutes. The predicted pot 

fluid temperature, observed insolation and observed ambient temperature were used for 

the second iteration and so on for two hours. The resulting temperature history was 

plotted with the actual temperature measured in the SERVE solar cooker. The two 

curves are nearly identical, as shown in figure 38. The coefficients found in the empirical 

trials and the resulting energy balance equation appear to accurately describe observed 

phenomenon.
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Figure 38. Predicted and observed temperature for SERVE cooker on March 16th. 

Outlier Analysis 

For the FLS trials, one solar cooker, the highest intercept area oven, consistently exceeded 

its predicted cooking power. The most probable explanation for this higher performance 

is that light energy was converted to thermal energy on the bottom of the absorber plate, 

directly beneath the pot. Heat transfer to the fluid contents from the pot bottom is more 

efficient than from the lid, which does not directly contact the fluid. This conclusion alone 

merits further investigation, for the potential to improve performance appears significant. 

Absorber Plate Area 

One reason oven performance was sensitive to exposed absorber plate area in the FLS 

trials and not in the validation trials may be that the ovens used in the former trials were all 
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poorly insulated on the bottom. Only one layer of single corrugation cardboard separated 

the absorber plate from the plywood tables the cookers were sitting on. A second reason 

for high sensitivity to exposed absorber plate area is related to top loss; the top loss 

coefficient is a function of absorber plate temperature, which increases with distance from 

the pot.

Error Amalysns

The response, cooking power, is the product of mass, specific heat capacity, and change in 

temperature. Mass was determined with an electronic balance, and was within five grams. 

The specific heat capacity of water was assumed to be constant, but varied as much as 28 

J/KgC over the maximum temperature range experienced in a trial, from 12 to 98 C. The 

thermocouple junction has a reported accuracy of 0.25 C. Accuracy could be less because 

the cables were extension grade thermocouple wire, more economical, but manufactured 

to slightly less exacting standards. The error was calculated as:

X = {(1000/5)2 + (4186/28)2 + (10/0.5)2}0'5 = 0.0507 (6.1)

The dominant uncertainty is the variability in field conditions. This variability includes 

degradation of the reflective film and changes in weather. Modeling simplifications result 

in a three parameter regression model that is unable to explain thirty-one percent of the 

variability in the data, since the coefficient of determination is only 0.69.
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Respoms® Surface

Figure 39 shows a response surface plot for the most important parameters from the final 

model. This plot shows the information that was sought; it represents the attainment of 

the initial goal that inspired this research. The figure is a plot of the numerical model that 

can be used to predict cooking power based on intercept area and heat loss coefficient for 

two absorber plate thickness—thermal conductivity products. Figure 39 is representative 

of the cooking power response of most box cookers with a 0.635 mm (0.025 in.) thick 

black aluminum absorber plate. Figure 40 is representative of the response of most 

concentrating and panel cookers, where there is no absorber plate. The absorber plate 

slightly increases the quantity of thermal energy converted from solar radiation that is 

available to the contents of the cooking vessel. The diamonds and squares in the figures 

are data points from the validation trials. The squares indicate typical observations made 

near the beginning of a trial, with 900 W/m2 insolation and five degrees Centigrade 

temperature difference between the fluid inside the pot and the outside air. The diamonds 

are representative of observations from later in the trial, after insolation has reached 1000 

W/m2 and the temperature difference fifty degrees Centigrade.
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Figure 39. Response surface showing cooking power (W) as a function of the 
intercept area-insolation product (W) and the heat loss coefficient-temperature 
gradient product (W) for three pots on an aluminum absorber plate having a 
thickness-thermal conductivity product of 0.15 W/C (representative of most box 
cookers).

Note that the model predicts negative cooking power for two of the small concentrating 

cookers (the panel cookers) in the upper left hand quadrant of figure 40. This is not to 

imply that the cookers would be losing power; they simply would fail to reach a 

temperature that is 50 C greater than ambient. When results from trials with these ovens 

were examined, it was found that they reached boiling; a temperature gradient of 70 C. 

The reason the model appears to fail for these two units is because intercept area was 

calculated as pot image area times number of reflectors, seriously understating available 

energy. When heat loss coefficient and intercept area are chosen to minimize modeled to 

observed cooking power ratio variance (indicating strong correlation between the model
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Figure 40. Response surface showing cooking power (W) as a function of the 
intercept area-insolation product (W) and the heat loss coefficient-temperature 
gradient product (W) for no absorber plate (representative of most panel cookers).

and the observed data), the results are different. The intercept area for the plastic unit is 

0.2 m2, for the cardboard unit 0.275 m2. (The heat loss coefficients are 0.28 and 0.44 

respectively, which seems unrealistically low.) The two stars in figure 40 indicate these 

points. Predicted cooking power is in this case 35 watts, which agrees with test data for a 

temperature gradient of 70 C (observed near the end of the trial). The model can be 

applied to these devices if the correct parameter levels are used. For the panel cooker
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case, it is necessary to develop rational methodology for selecting an appropriate intercept 

area. Once this is accomplished, the model can be useful for both box and concentrating 

cookers.

The flat plate cooker does not appear on these charts because the model was unsuitable 

for predicting the performance of a remote collection cooker. In the case where heat is 

collected in one location and transferred by a fluid to cooking vessels at another location, 

the heat loss from the collector is not a function of pot content’s temperature. 

Additionally, the cooker tested in the validation trials had substantial thermal inertia, and 

the model assumes thermal inertia to be negligible.

Applkatiom: Cooking Time Estimates

The model that was developed and validated can be used to estimate cooking time. For 

the purpose of comparison of different units from different manufacturers, consumers will 

most likely gravitate to a single, meaningful qualitative measure. Cooking time would be 

the most useful indicator to someone shopping for a solar cooker. Unfortunately, the time 

required to cook something is highly variable. There are intrinsic characteristics that vary 

with food stuffs (beans take longer than rice) as well as factors like particle size and 

thermal conductivity (big chunks take longer than little pieces). Regardless of cooking 

time itself, the time to cook a meal depends upon the warm up time. Cooking occurs at 

82 C (180 F). Therefore, the relative time required to raise a mass of water from ambient
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to 82 C is a good indicator of the time one cooker will require to cook a standard load 

relative to another, given standard operating conditions.

Cooking time (based on warm-up time) can be derived from cooking power as estimated 

with this model. First, values for the uncontrolled variables (insolation, wind, temperature 

differential, and load) must be assumed. By way of illustration, two levels of three factors, 

load (kg), insolation (W/m2) and ambient temperature (C) were placed in a factorial array 

and the cooking times computed for ovens used in the validation trials (Appendix C). The 

“best” oven depended on insolation and ambient temperatures, as shown in Table 6.1.

Table 6.1. Qvem With Shortest Cooking Tame Under Various Conditioms.
Winner:
(minutes)

SERVE SERVE Tie 
111 55 49

Solco*
27

SERVE SERVE Solco* 
331 175 169

Solco*
97

Load (kg) 1 1 1 1 4 4 4 4
Insolation 600 600 1200 1200 600 600 1200 1200
Ambient Temp. 10 35 10 35 10 35 10 35
* As modified

These results were for a wind speed of 1 m/s. At higher wind speeds, the SERVE oven 

was always superior due to its better insulation. With over 330 minutes (five and a half 

hours) required to bring four kilograms to cooking temperature on a day with 600 W/m2 

insolation and 10 C (50 f) ambient temperature, it is fair to say the cookers are in this case 

overloaded. Low insolation limits cooking capacity of these ovens to two kilograms. An 

alternative to presenting the cooking time (a function of warm-up time and food type) for 

a given load would be to present the allowable load under given conditions. The
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consumer would be able to determine minimum allowable loads based on anticipated 

cooking requirements, and then select an oven capable of cooking that much. Smaller and 

less expensive ovens would be fairly compared with this method.
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7 Connclnnsnoim

The objective of this research was to develop a general model and related parametric 

response surface that would describe solar cooker design space by predicting cooking 

power based on influential parameters. The objective was realized by developing the 

fundamental energy balance equation for a solar cooker based on the first law of 

thermodynamics. Data was collected across the feasible range of design space from solar 

cookers having five levels of three parameters, following a central composite experimental 

design. Constants associated with each term in the energy balance equation were found by 

regression analysis. The resulting empirical model was validated by comparing 

observations from eighteen solar ovens with predictions based on the model. Where the 

tested solar cookers resembled ones used to determine model coefficients, predictions 

were closest. In the case of five dissimilar solar cookers, the model was unsatisfactory. 

Figure 41 illustrates the energy balance relationships common to most solar cookers, 

explaining why one general equation can represent a wide variety of prototypes. The 

validated model developed to predict cooking power is:

Pu = 24 + 0.167AiIT - 1,72ULdT + 293ktR (7.1)

Losses due to reflectance, transmittance, and absorptance are proportional to available 

energy, and included in the A|It term. Losses due to differences in temperature between
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Available Energy Losses due to imperfect:

Loss di 
ineffici 
interna 
heat trz

Losses due to 
temperature difference:

Radiation

Convection

Conduction

Cooking Power defined as Energy Storage in Pot, Other storage being neglected.

Figure 41. Energy balance in solar cooker.

the interior and the ambient include radiative, convective, and conductive losses, and are 

included in the L^dT term. The ktR term accounts for differences observed between 

cookers that have good and poor internal heat transfer characteristics. There is also a y- 

intercept; this constant allows the regression to better fit data in the observed range of 

values; it has no physical significance.

This research represents a first attempt to develop a general model for predicting solar 

cooker performance. The research objective, to obtain a model that could be used to 

predict thermal performance for all three classes of solar cooker was realized for two
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(box-type and concentrating) classes. A secondary goal was to lay a good foundation for 

more work in this field. This research has shown that the fiat plate or remote collection 

type of solar cooker requires inclusion of thermal inertia and separate collector heat loss 

terms. The box-type and concentrating type cookers lend themselves to a simple three 

parameter model. More investigation is required to accurately quantify the intercept area 

of panel cookers. Though it lacks the years of refinement reflected in the Hottel-Willier- 

Bliss equation (2.2), the model developed in this research is a good start toward a 

systematic understanding of solar cooker thermal performance.
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8 Recommeimdattnoinis for Fertlher Iimvestngatnora

Much of the above discussion points out areas where further research would be beneficial 

in furthering the body of knowledge from the emerging field of study that pertains to this 

important application of solar energy. There are parameters that were omitted that might 

be important, and applications where the model was inadequate.

Heat Loss Coefficnemt Standards

Empirical determination of heat transfer parameters such as the overall heat loss 

coefficient has always been very challenging experimentally. Accurate and repeatable 

results are elusive. The heat loss coefficients quantified in this experiment using this wind 

tunnel are unique to this apparatus. Future experiments with different equipment will 

likely result in different values for overall heat loss coefficient, and the model coefficient 

will need to be adjusted accordingly. It would be beneficial to have measurements made in 

a wind tunnel that has baffles upstream of the test section, to produce the high levels of 

velocity and directional variability found outdoors.

Thermal Inertia

In the interest of expanding the cooking “window of opportunity” some researchers have 

included thermal mass inside the cooking chamber. This adds a transient term to the
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model that would be handled better by time step modeling tools such as TRNSYS. 

Unfortunately, these numerical techniques require exact specification of geometry, among 

other things. The resulting models are never general. A more appealing survey of the 

potential design space might be accomplished by expanding the conservation of energy 

equation to include a storage term:

All the terms are the same as in equation 2.3 except for the last one. Here t is the elapsed 

time (time since cooker was exposed to sun, not necessarily since the load was added), 

and X4 and X5 are the intercept and slope of a linear approximation of the influence of 

thermal inertia on cooking power for a particular unit. The regression coefficients X4 and 

X5 could be determined experimentally, and most likely are functions of mass, specific heat 

capacity, and geometry as:

PU = Xo + XjAIt + X2UdT + X3(X4 + X5t) (8 .1)

X4 + X5t = f(m, Cp, x ...) (8.2)

Adding an expression like this to the model could considerably expand its applicability.
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Pot Quantity and Load Distribution

The FLS trials were conducted with either three or four pots in each unit. The validation 

trials were conducted with from one to four pots per solar cooker. This difference may 

have contributed to the poor prediction of concentrating cooker performance, as the 

concentrating cookers tended to be the ones with just a single pot. A more thorough 

investigation would include running the tests with various numbers of pots and various 

amounts of water in the pots. That could improve the predictive value of the third term 

(ktR) in the empirical model. This term is essentially an uncontrolled variable for most 

box cookers. Results from load distribution experiments may suggest better operating 

strategies for box cookers. Most concentrating cookers only hold one pot, so for them, 

load distribution experiments would not be feasible.

Surface Area Ratios

As with pot quantity, the empirical model was computed for a narrow range of pot surface 

area to absorber surface area ratios (0.426 to 0.576), as there were either three or four 

pots covering the absorber plates, and seventeen of eighteen ovens had identical absorber 

plate areas. The exception was the oven with the highest intercept area, where light was 

absorbed on the top and bottom surfaces, in a way doubling the effective absorber plate 

area. It could be interesting to examine the importance of surface area ratio. Other 

surface area ratios that were identical in the FLS trial regression, but that may influence 

the thermal performance of a solar cooker include:
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1. wall area to aperture or absorber area,

2. intercept area to aperture or absorber area, and

3. absorber to aperture area.

These questions are a lower priority for investigation; they can be explored in the product 

development stage following general parameter selection.

Panel Cooker Optics

As discussed earlier, the definition of intercept area for a panel cooker determines whether 

the model is accurate or unrealistic. In the absence of an absorber plate, it seemed 

reasonable to assume that the solar intercept area was equal to the sum of the pot image 

areas as seen directly and in each reflector panel. Unfortunately, this seriously under

predicted performance. Intercept area estimates of two to three times this value worked 

well with the model. Theoretical estimates with experimental support could yield the best 

definition of effective solar intercept area.

Flat Plate and Remote Collection Cookers

A growing market for solar cookers that have the advantages of remote collection and 

thermal storage will eventually support manufacture of such devices. Consumers will best 

be served by mass production of mature designs, designs benefiting from solid theoretical 

understanding of solar cooker heat transfer and from experimental optimization. Just as
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passive solar homes are treated differently than flat plate collectors, so the flat plate 

collector solar cooker requires different analysis than the other two classes. Flat plate or 

remote collection type of solar cookers require a model similar to (6.1) that includes 

thermal inertia and separate collector heat loss terms, or perhaps modeling by conventional 

numerical means, such as TRNSYS

Cooking Time

Cooking time can be derived from the power estimate obtained with this model. Levels 

for uncontrolled variables and load alter the relative cooking time for different cookers. 

Establishing the levels for these variables could be political as well as technical. The 

potential for contention is great, so trials need to be numerous and well documented.

Improved Solar Cookers

A motivation for developing the parametric cooking power model was to compare box 

and panel cookers, and predict performance of box cooker/panel cooker hybrid designs. 

Since the response surface was a plane (over the range of investigation) there were no 

surprises to point the way to a “super cooker.” Both box-type and concentrating-type 

solar cookers compare favorably from the standpoint of thermal performance; preference 

will be given based on other criteria such as cost, durability, and convenience.
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9 App©inidnc©§

Appendix A: IMP Model Statistics.

Source 
Lack of Fit 
Pure Error 
Total Error 
MaxRSq

Term Estimate
Intercept 24.00974
AiIT(W) 0.1665552
ULdT(W) -1.717172
Rkt 293.31115

Source
AiIT(W)
ULdT(W)
Rkt

Response: Cooking Power, Pu (W) 
Summary of Fit

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations

Lack of Fit
DF Sum of Squares 
316 255107.02

2 58.73
318 255165.74

0.9999

Parameter Estimates
Std Error t Ratio Prob>|t|
4.606192 5.21 <0001

0.00636 26.19 <0001
0.11986 -14.33 <0001

44.26883 6.63 <0001

Effect Test
Nparm DF Sum of Squares 

1 1 550230.05
1 1 164692.06
1 1 35225.43

0.692269
0.689366
28.32681
116.7083

322

Mean Square F Ratio 
807.301 27.4927
29.364 Prob>F

0.0357

Lower 95% Upper 95%
14.947151 33.072329
0.1540413 0.1790691
-1.952995 -1.48135
206.21314 380.40916

F Ratio Prob>F
685.7235 <0001
205.2473 <0001

43.8996 <0001

Response Surface
Coef AiIT(W) ULdT(W) Pu (W)
AiIT(W) 0 0 0.1665552
ULdT(W) ? 0 -1.717172
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Contour Plot of Cooking Power

50 -

1100700
Ai IT(W)

Whole-Model Test

-  150

P r e d i c t e dPu (W)

Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio

Model 3 574018.79 191340 238.4567
Error 318 255165.74 802 Prob>F

C Total 321 829184.54 < 0001
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Effects Leverage: AilT(W)

50 ~

1100 1300500 700 90
A i I T ( W )  L e v e r a g e

AilT Effect Test
Sum of Squares F Ratio DF Prob>F

550230.05 685.7235 1 < 0001

Effects Leverage ULdT(W)
3 5 0  “t

3 0 0  -

2 5 0  -

200  -

3  1 5 0  -

100  -

.• I.
50  -

ULdT(W) Leverage

ULdT Effect Test
Sum of Squares F Ratio DF Prob>F
164692.06 205.2473 1 < 0001
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ktR Effects Leverage

3 0 0  -

2 5 0  -

2 0 0  -

p  1 5 0  -

100  -

- 0 . 0 1  . 0 1
Rkt Leverage

Effect Test
Sum of Squares F Ratio DF Prob>F 

35225.430 43.8996 1 <0001
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Simplified Two Parameter Model

Response: Cooking Power, Pu (W)
Summary of Fit

RSquare 0.649787
RSquare Adj 0.647591
Root Mean Square Error 30.17146
Mean of Response 116.7083
Observations (or Sum Wgts) 322

Lack of Fit
Source DF Sum of Squares Mean Square F Ratio
Lack of Fit 317 290332.45 915.875 31.1902
Pure Error 2 58.73 29.364 Prob>F
Total Error 319 290391.18 0.0315
MaxRSq
0.9999

Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t| Lower 95% Upper 95%
Intercept 40.316698 4.147086 9.72 <0001 32.157489 48.475906
AiIT(W) 0.1641562 0.006764 24.27 <0001 0.1508492 0.1774633
ULdT(W) -1.620511 0.126716 -12.79 <0001 -1.86982 -1.371202

Effect Test
Source Nparm DF Sum of Squares F Ratio Prob>F
AiIT(W) 1 1 536231.38 589.0599 <0001
ULdT(W) 1 1 148878.12 163.5453 <0001

Response Surface
Coef AiIT(W) ULdT(W) Pu(W)
AiIT(W) 0 0 0.1641562
ULdT(W) ? 0 -1.620511
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Contour Plot of Cooking Power
Tuu

60 -

50 -

40 —

30 -

20  -

10  -

700
A i I T ( W )

1 1 0 0

Whole-Model Test

Z iso -

50 -

P r e d i c t e dPu (W)

Source DF
Model 2 
Error 319 

C Total

Analysis of Variance
Sum of Squares Mean Square F Ratio 

538793.36 269397 295.9372
290391.18 910 Prob>F

321 829184.54 <0001
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Effects Leverage: AilT(W)

CL 150 -

1 0 0  -

■50 -

1300500 700 90
A i I T ( W )  L e v e r a g e

1 1 0 0

Effect T est
Sum of Squares F Ratio DF Prob>F 

536231.38 589.0599 1 <0001

Effects Leverage: ULdT(W)

5  iso -

50 -

ULdT(W) L e v e r a g e

Effect Test
Sum of Squares F Ratio DF Prob>F 

148878.12 163.5453 1 <0001



Validation Results =24.0093 + 0.1665553”APS - 1.71717S*U*dT + 2936ktftR
Constants RATIO Date/K 21-Nov 0.23 22-Nov 0.23 5-Dec 0.73

Value Units 1.07 #Pots 4 4 3 3 3 3
0.17 Sun 977 879 991 1020 982 811

Control (Avg of 4 FLS oven Model 129.557 99.5478 131.599 110.629 104.322 57.5764
Ai 0.618 mA2 1.31 Actual 116.75 72.5 137 111.5 96 43.5
U 0.93 W/C 0.131 Ratio 1.11 1.37 0.96 0.99 1.09 1.32
kt 0.15 W/C dT 9.875 22.35 6.25 21.25 22.75 41
Burns-Milwaukee Sun Ove Model 78.8113 40.4768 84.1218 53.6555
Ai 0.305 mA2 1.23 Actual 64.1 48.7 53.2 66.6
U 0.75 W/C 0.197 Ratio 1.23 0.83 1.58 0.81
to 0.15 W/C dT 12.1 38 4.5 29.3
Funk’s “CPC” Box Cooker Model 110.647 87.3421 119.137 104.677
Ai 0.48 mA2 0.90 Actual 129 92.7 125 122
U 0.63 W/C 0.022 Ratio 0.86 0.94 0.95 0.86
to 0.15 W/C dT 11.3 25.6 -0.31 15.2
Funk Research Prototype Model 128.93 103.678 112.636 99.0514 94.4989 57.6771
Ai 0.48 mA2 0.87 Actual 162.1 105.8 122 115 110.3 65.1
U 0.63 W/C 0.011 Ratio 0.80 0.98 0.92 0.86 0.86 0.89
to 0.15 W/C dT -5.6 10.5 5.7 20.4 21.8 43.2
Kerr-Cole Box Cooker Model 115.708 90.2563 98.609 82.575 70.895 38.4903
Ai 0.36 mA2 0.75 Actual 120 100.5 110 113 93.1 51.5
U 0.75 W/C 0.044 Ratio 0.96 0.90 0.90 0.73 0.76 0.75
to 0.15 W/C dT -9.6 5.6 0.3 14.1 21.4 38.6
Setinsider's Box Cooker Model 113.194 92.1006 98.681 87.9643
Ai 0.368 mA2 1.08 Actual 100.7 82.6 94.2 86.4
U 0.68 W/C 0.003 Ratio 1.12 1.12 1.05 1.02
to 0.15 W/C dT -7.32 5.6 1.4 12.1
SE RVE Box Solar Cooker Model 120.871 92.7866 127.887 107.964 96.0955 53.0583
Ai 0.568 mA2 0.84 Actual 159.6 112.7 162 149 128.3 64.9
U 0.66 W/C 0.01 Ratio 0.76 0.82 0.79 0.72 0.75 0.82
kt 0.15 W/C dT 14.4 31 4.8 24.8 32.1 55.8
So co Research Prototype Model 134.599 108.019 136.171 122.128
Ai 0.605 mA2 1.34 Actual 118.6 75.9 111 103
U 0.76 W/C 0.031 Ratio 1.13 1.42 1.23 1.19
to 0.15 W/C dT 6.6 19.4 2.5 15.5
Wareham’s Sunstove Box Model
Ai 0.276 mA2 0.71 Actual
U 0.69 W/C 0.014 Ratio
to 0.1 W/C dT
Wareham’s Sunstove Box Model
Ai 0.276 mA2 0.67 Actual
U 0.68 W/C 0.007 Ratio
to 0.1 W/C dT
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=24.0093 ■> 0.1665553"AMS - 1.717175 10:45 11:45 10:45 11:45
Co RATIO Avg/ Date/ 10-Dec 0.78 12-Dec 0.78 15-Mar 16-Mar

Units #Pots 3 3 3 3 2 2 2 2
AverageA/a Sun 938 1008 913 1029

Control (FLS) Model 114.25 97.736 105.09 98.181 138.84 80.483 101.48 73.16
Ai 1.75 Actual 77 83.25 95.75 95.75 94.604 46.604 70.743 31.12
U 0.1803681 Ratio 1.48 1.17 1.10 1.03 1.47 1.73 1.43 2.35
kt W/C dT 13.7 28.55 17.825 29.625
Bums-Milwauk Model 62.111 36.947 76.682 59.135 40.182 2.4142 108.92 60.61
Ai 0.61 Actual 38.9 58.6 40.8 47.1 61.185 22.325 119.44 78.14
U 0.1242046 Ratio 1.60 0.63 1:88 1.26 0.66 0.11 0.91 0.78
kt W/C dT 19.5 41.8 7.2 25.4
Fyink’s TRUE “ Model 80.466 35.473 89.307 44.37
Ai 0.64 Actual 122.09 58.604 127.11 73.95
U 0.0023576 Ratio 0.66 0.61 0.70 0.60
kt W/C dT
Funk Research Model 80.488 70.722 93.418 87.979 80.481 43.288 87.363 43.57
Ai I 0.67 Actual 81.8 76.6 97.1 109 101.44 71.162 118.74 78.14
U 0.0119711 Ratio 0.98 0.92 0.96 0.81 0.79 0.61 0.74 0.56
kt W/C dT 31.5 45.7 17.7 31.3
Kerr-Cole Box Model 81.393 64.984 84.788 76.289 64.99 21.978 60.861 22.41
Ai 0.49 Actual 85 86 84.6 97.7 102 71.162 95.441 62.79
U 0.0313017 Ratio 0.96 0.76 1.00 0.78 0.64 0.31 0.64 0.36
kt W/C dT 11.2 27.2 7.4 19.4
Ba las’s Box C Model 90.429 50.713 92.392 48.2
Ai I 0.81 Actual 95.999 65.581 114.56 68.37
U 0.0099252 Ratio 0.94 0.77 0.81 0.70
kt fw/c dT
SE RVE Box Sol Model 105.99 87.222 108.49 99.295 95.79 59.699 102.08 64.18
Ai I 0.97 Actual 116.2 114.7 120.8 138.3 103.81 61.395 105.07 64.19
U 0.0010295 Ratio 0.91 0.76 0.90 0.72 0.92 0.97 0.97 1.00
kt [w/c dT 19.7 42.1 15.4 33.2
So co Reseairc Model 104.08 96.775 111.35 110.11
Ai #DIV/0! Actual 67.2 62 73.5 82.3
U #DIV/0! Ratio 1.55 1.56 1.51 1.34
kt W/C dT 23 34 15.5 25.4 Funk's"rhrough-the-wall
Wareham’s Su Model 54.52 41.86 67.352 60.006 76.933 43.38
Ai 0.82 Actual 76.2 73.3 78.9 88.1 84.697 59.86
U 0.0168764 Ratio 0.72 0.57 0.85 0.68 0.91 0.72
kt W/C dT 19.4 32.8 7.6 18.3
Wareham’s Su Model 53.101 41.489 65.731 57.401
Ai #DIV/0! Actual 73 70.3 86.2 94.8
U #DIV/0! Ratio 0.73 0.59 0.76 0.61
kt W/C dT 20.9 33.6 9.1 20.8
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PANEL /  CONCENTRATI Date/K 21-Nov 0.23 22-Nov 0.23 5-Dec 0.73
Erwin's CoraceratraSiinig Coo Model 110.85 61.6515 148.082 88.0808 60.6332 88.6462
Ad 0.827 mA2 1.18 Actual 90.7 42.6 129 108 78.8 85.2
U 0.77 W/C 0.142 Ratio 1.22 1.45 1.15 0.82 0.77 1.04
M 0 W/C dT 36.1 63.1 9.4 57.8 74.6 35.6
Funk’s Plastic Research Pa Model 44.1359 16.5833 56.6665 25.8236 21.3922 -23.011
Ai 0.157 mA2 0.51 Actual 57.3 30.6 52.3 57.1 55.7 23
U 0.77 W/C 0.534 Ratio 0.77 0.54 1.08 0.45 0.38 -1.00
kt 0 W/C dT 4.1 23 -5.1 18.8 21.4 51.6
Funk’s Cardboard Researc Model 45.0615 11.1621 56.0054 26.2203 7.3766 -28.564
Ai 0.157 mA2 0.44 Actual 65.4 41.6 55.3 63.7 47.8 16.7
U 0.77 W/C 0.591 Ratio 0.69 0.27 1.01 0.41 0.15 -1.71
kt 0 W/C dT 3.4 27.1 -4.6 18.5 32 55.8
Parabolic Mirror (Concentr Model
Ai mA2 0.97 Actual
U W/C 0.217 Ratio
kt 0 W/C dT
Sc insider's Panel Cooker Model 71.6281 43.5647 84.4582 59.4022
Ai 0.3422 mA2 1.49 Actual 42.1 28.7 55.6 48.7
U 0.77 w /c 0.04 Ratio 1.70 1.52 1.52 1.22
kt 0 w /c othr Ai dT 6.1 23.1 -3 17.2
Zomeworks Concentrating Model
Ai 0.7854 mA2 1.56 Actual
U 0.77 W/C 1.105 Ratio
kt 0 W/C 39 in. d dT

Flat Plate Solar Cooker Model 132.642 -19.455
Ai 1.4852 mA2 1.17 Actual 129.1 85.8
U 2.3 W/C 0.724 Ratio 1.03 -0.23
kt 0 W/C dT 34 61.8
Flat Plate Solar Cooker Model 237.733 171.564
Ai 1.4852 mA2 2.00 Actual 129.1 85.8
U 0.5 W/C 0.021 Ratio 1.84 2.00
kt 0 W/C dT 34 61.8

Observation Mean Ratio 1.03 1.01 1.10 0.84 0.83 0.51
Mean Delta Te 6.79 24.53 1.82 22.08 32.51 47.93

Day Mean Ratio 1.02 0.97 0.67
Mean Delta Temperatur 15.66 11.95 40.22

allday AM PM
Totals Mean 0.95 1.03 0.88

Mean 23.71 14.04 33.37
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i i
PANEL / CO Date/ 10-Dec 0.78 12-Dec 0.78

Erwin’s Gonce Model 107.73 71.619 104.15 73.189
Ai #DIV/0! Actual 52.3 58.6 84.7 85.8
U #DIV/0! Ratio 2.06 1.22 1.23 0.85
M W/C dT 34.4 69 34.5 70
Flunk’s Plastic Model 0.6727 -27.51 24.083 3.3167 41.728 29.801 47.358 35.2
Ai 1.23 Actual 42.2 37 41.7 46.7 42.697 20.232 41.86 26.16
U 0.0486496 Ratio 0.02 -0.74 0.58 0.07 0.98 1.47 1.13 1.35
kit W/C dT 36.2 58.9 18 36
Funk’s Cardbo Model 30.687 -9.926 24.083 0.9367 43.487 22.978 51.687 32.41
Ai 1.12 Actual 65.1 46.5 46 50.2 44.511 23.023 40.883 25.81
U 0.0248265 Ratio 0.47 -0.21 0.52 0.02 0.98 1.00 1.26 1.26
kt W/C dT 13.5 45.6 18 37.8
Parabolic Mirro Model 30.655 5.7126 41.835 15.64
Ai 0.97 Actual 30.697 17.372 29.023 14.16
U 0.2173844 Ratio 1.00 0.33 1.44 1.10
kt W/C dT
Setineider’s Pa Model
Ai #DIV/0! Actual
U #DIV/0! Ratio
kt W/C dT
Zomeworks Co Model 70.278 70.81
Ai 2.12 Actual 22.395 64.74
U 2.0897791 Ratio 3.14 1.09
kt 1.00 dT

Flat Plate Solar Model 132.42 60.083 231.29 193.24 164.57 63.215 145.02 23.38
Ai 1.42 Actual 119.5 113 108.4 133 62.93 65.302 83.162 65.58
u 0.9561667 Ratio 1.11 0.53 2.13 1.45 2.62 0.97 1.74 0.36
kt W/C dT 31.3 54 4.7 21.6
Flat Plate Solar Model 229.17 226.99 245.82 260.01
Ai #DIV/0! Actual 119.5 113 108.4 133
U #DIV/0! Ratio 1.92 2.01 2.27 1.95
M W/C dT 31.3 54 4.7 21.6

Mean Ratio 1.12 0.77 1.13 0.84
Mean Delta 1fempe 22.86 42.77 14.41 30.74
Mean Ratio 0.94 0.99
Mean Delta ‘remperature 32.81 22.57

1 .



comparison of cooking time for different uncont t(min)=(4186*L(kg)*82-Ta)/(P(W)*60)
Sun 600 1200 600 1200 600 1200 600 1200
T ambient dT=(98-Ta)/2 10 10 35 35 10 10 35 35
load (kg) =#Pots in Box-type 1 1 1 1 4 4 4 4
Control (Avg off 4  Empirical Ce SERV Solco Solco SERV Solco Solco
Ai 0.618 150 53 61 28 410 181 190 100
U 0.93 0.62 0.66 0.74 0.69 0.55 0.65 0.68 0.67
kt 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Bums-Milwauke® Stun Oven (Box)
Ai 0.305 377 115 111 55 696 338 292 174
U 0.75 1.56 1.44 1.34 1.33 0.93 1.21 1.04 1.17
w 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Funk’s “GPC” Box Cooker
Ai 0.48 131 58 63 33 374 197 195 114
U 0.63 0.54 0.73 0.76 0.80 0.50 0.70 0.70 0.76
kt 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Funk Research Prototype Box Cooker
Ai 0.48 131 58 63 33 374 197 195 114
U 0.63 0.54 0.73 0.76 0.80 0.50 0.70 0.70 0.76
to 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Kerr-Cole Box Cooker
Ai 0.36 267 92 94 46 585 286 260 152
U 0.75 1.10 1.15 1.13 1.13 0.78 1.02 0.93 1.02
to 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Schneider’s Box Cooker
Ai 0.368 210 83 85 44 509 263 242 144
U 0.68 0.87 1.04 1.03 1.06 0.68 0.94 0.87 0.97
kt 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
SERVE Box Solar Cooker
Ai 0.568 111 49 55 28 331 171 175 100
U 0.66 - 0.46 0.62 0.67 0.69 0.44 0.61 0.63 0.67
to 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Solco Research Prototype Box Cooker
Ai 0.605 118 49 56 27 345 169 176 97
U 0.76 0.49 0.61 0.67 0.67 0.46 0.60 0.63 0.65
to 0.15 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Wareham’s Sunstove Box Cooker
Ai 0.276 405 126 121 60 882 399 349 201
U 0.69 1.67 1.58 1.45 1.46 1.18 1.42 1.25 1.35
kt 0.1 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652
Wareham’s Sunstove Box Cooker-MdiFd
Ai 0.276 386 124 119 59 859 394 345 200
U 0.68 1.59 1.56 1.43 1.45 1.15 1.40 1.24 1.34
to 0.1 0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652



PANEL / CONCENTRATING COOKERS
Erwin’s Concentrating Cooker
Ao 0.827 85 35 43 21 340 142 174 83
U 0.77 0.35 0.45 0.52 0.50 0.46 0.50 0.62 0.56
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Funk’s Plastic Research Panel Cooker
Ai 0.2 188 108 100 62 753 430 401 249
U 0.28 0.78 1.36 1.21 1.52 1.01 1.53 1.44 1.67
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Funk’s Cardboard Research Panel Cooker
Ai 0.275 207 97 97 54 827 388 389 214
U 0.44 0.85 1.22 1.17 1.30 1.11 1.38 1.39 1.44
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Parabolic Mirror (Concentrating)
Ai 0.317 621 126 133 58 2485 505 533 233
U 0.77 2.56 1.59 1.61 1.42 3.33 1.80 1.91 1.56
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Schneider’s Panel Cooker
Ai 0.3422 474 112 121 53 1895 448 483 214
U 0.77 1.95 1.41 1.46 1.30 2.54 1.60 1.73 1.43

0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Zomeworks Concentrating Cooker
Ai 0.7854 91 38 46 22 366 151 184 87
U 0.77 0.38 0.47 0.55 0.53 0.49 0.54 0.66 0.59
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556

Flat Plate Solar Cooker
Ai 1.4852 166 28 41 14 664 112 165 58
U 2.3 0.68 0.35 0.50 0.35 0.89 0.40 0.59 0.39
kt 0 0.351 0.446 0.523 0.505 0.443 0.505 0.621 0.556
Flat Plate Solar Cooker
Ai 1.4852 35 17 22 11 142 69 86 44
U 0.5
kt 0

242 79 83 41 747 281 279 149
0.46 0.61 0.67 0.67 0.44 0.60 0.63 0.65

0.459 0.613 0.666 0.668 0.443 0.603 0.627 0.652



140

10 References

Anderson, D. and R. Fishwick. 1984. Fuel wood consumption and deforestation in African 
countries. World Bank Staff Working Papers No. 704. Washington, DC: World Bank.

Askin, R. 1995. Personal communication. Department of Systems and Industrial 
Engineering, The University of Arizona, Tucson.

Barnes, R.W.F. 1990. Deforestation trends in tropical Africa. African Journal o f Ecology 
28: 161-173.

Bernard, R. 1987. Le Soldi a Votre Table; Decouvrez la Cuisine Solaire. Lyon, France: 
Editions Silence.

Bernard, R. 1994. Maybe you don’t need a big cooker? Solar Cookers International 
Newsletter Winter-Spring 1994. Sacramento, CA: Solar Cookers International.

Best, M.H.M. 1992. US Patent No. 5,139,010. Solar Gourmet Corp., 10555 Greenacre 
Dr., Rancho Cucamonga, CA 91730-6722.

Borgens, E G., H.A. Borgens, M.H.M. Best and PTC. Janowski. 1992. Solar oven. US 
Patent No. 5,139,010. Solar Gourmet Corp., 10555 Greenacre Dr., Rancho Cucamonga, 
CA 91730-6722.

Bums, T. 1996. The Global Sun Oven. ed. R. Jacques. Coyote Computer Marketing, Inc. 
Bums-Milwaukee, Inc , 4010 West Douglas Ave., Milwaukee, W I53209. Online.
Internet. 23 Jan 1996. Available http://clever.net/coyote/global.htm.

Bums, T.J. and C.L. Bums. 1989. Solar oven. US Patent No. 4,848,320. Bums- 
Milwaukee, Inc., 4010 West Douglas Ave., Milwaukee, WI 53209.

Butti, K. and J. Perlin. 1980. A Golden Thread. Palo Alto: Cheshire Books.

Channiwala, S.A. and N.I. Doshi. 1989. Heat loss coefficients for box-type solar cookers. 
Solar Energy 42(6): 495-501.

Ciochetti, D A. and R.H. Metcalf. 1984. Pasteurization of naturally contaminated water 
with solar energy. Applied and Environmental Microbiology 47(2): 223-228.

Crow, E.L., F A. Davis and M.W. Maxfield. 1960. Statistics Manual. New York: Dover 
Publications, Inc.

http://clever.net/coyote/global.htm


141

Das, T.C.T., S. Karmakar and D P. Rao. 1994. Solar Box-Cooker: Part I—Modeling. 
Solar Energy 52(3): 265-272.

Das, T.C.T., S. Karmakar and D P. Rao. 1994. Solar Box-Cooker: Part II—Analysis and 
simulation. Solar Energy 52(3): 273-282.

de Saussure, H. 1784. A letter to the editors. Le Journal de Paris 108 (April 17): 475- 
478.

Duffie, J.A. and W.A. Beckman. 1991. Solar Engineering o f Thermal Processes. New 
York: John Wiley and Sons.

Ewbank, D., R. Henin and J Kekoule. 1986. An integration of demographic and 
epidemologic research on mortality in Kenya'm Determinants o f Mortality Change and 
Differentials in Developing Countries. United Nations Department of International 
Economic and Social Affairs. New York: United Nations.

Fimbres, A. 1996. Doctoral Dissertation. Soil Albedo in Relation to Soil Color, Moisture, 
and Roughness. University of Arizona, Tucson.

Funk, P.A. 1994. Unpublished research notes. Department of Agricultural and Biosystems 
Engineering, 403 Shantz, The University of Arizona, Tucson, AZ 85721.

Funk, P.A. and D.L. Larson. 1994. Design features influencing thermal performance of 
solar box cookers. International Winter Meeting o f the American Society o f Agricultural 
Engineers. Paper No. 94-6546. Atlanta, GA, 13-16 December.

Funk, P.A. 1992. Analysis of solar box cooker for mass production in East Africa. MS 
Thesis. University of Minnesota, Minneapolis.

Grupp, M. 1991. New Prospects in Solar Cooking. Lodeve, France: Synopsis.

Grupp, M. 1992. Advanced solar box & flat plate collector cookers. In Proc. World 
Conference on Solar Cooking, ed. E. Pejack, 87-95. Stockton, California, 19-20 June.

Grupp, M., T. Merkle and Maria Owen-Jones. 1994. Second International Solar Cooker 
Test. European Committee for Solar Cooker Research (ECSCR) % Synopsis, Route 
d’Olmet, F-34700 Lodeve, France.

Gupta, H.D. 1982. Design of a domestic solar cooker. In Proc. Solar India - 82, 6.001- 
6.004. New Dehli: National Solar Energy Convention.



142

Habeebullah, M.B., A.M. Khalifa, and I. Olwi. 1995. The oven receiver: an approach 
toward the revival of concentrating solar cookers. Solar Energy 54(4): 227-237.

Houghton, R.A. 1990. The global effects of tropical deforestation. Environmental Science 
and Technology 24(4): 414-422.

Jansen, F.K. 1989. Target Earth. Pasadena: Global Mapping International.
Jubran, B.A. and M.A. Alsaad. 1991. Parametric study of a box-type solar cooker. Energy 
Conservation Management 32(3): 223-234.

Kammen, D.M. 1994. Industrial and non-industrial anthropogenic inputs to the global 
biogeochemical cycles: implications for intertemporal environmental policy. Chemosphere 
29 (5): 1121-1133.

Khalifa, A.M.A., M.M. Taha, and M. Akyurt. 1986. On prediction of solar cooker 
performance and cooking in Pyrex pots. Solar and Wind Technology 3(1): 13-19.

Khalifa, A.M.A., M.M. Taha, and M. Akyurt. 1987. Design, simulation, and testing of a 
new concentrating type solar cooker. Solar Energy 38(2): 79-88.

Kim, SJ. 1995. Personal communication. Thermal Engineering Center, Storage Systems 
Division, International Business Machines Corp., 9000 S. Rita Rd., Tucson, AZ 85744

Kumar, S., T.C. Kandpal and S.C. Mullick. 1993. Effect of wind on the thermal 
performance of a parabolloid concentrator solar cooker. Renewable Energy 4(3): 333- 
337.

Kumar, S., T.C. Kandpal and S.C. Mullick. 1993. Heat losses from a paraboloid 
concentrator solar cooker: experimental investigations on effect of reflector orientation. 
Renewable Energy 3(8): 871-876.

Lane, B. 1993. Portable solar oven. US Patent No.5,195,504. 3675 N. Cnty. Cl. Dr. #208, 
North Miami Beach, FL 33180.

Larsson, U. 1990. Trees as cash crops, commercial value of trees and forests in Babati 
district. Sveriges Lantbruksuniversitet Working Paper No. 136. Uppsala, Sweden:
Swedish University of Agricultural Sciences International Rural Development Centre.

Le Mr, A. 1990. The sun in a box, Ceres 125. The FAO Review 22(8): 8-9.
Leicht, O H. 1994. Solar cooking panel apparatus. US Patent No.5,322,053. 99 
Woodland Ave,, Fords, NJ 08863-1721.



143

Lof, G. O. G., 1963. Recent investigations in the use of solar energy for cooking. Solar 
Energy 7(3): 125-133.

Mabogunje, O.A., M.S. Khwaja and J.H. Lawrie. 1987. Childhood bums in Zaria, Nigeria. 
Bums, Including Thermal Injury 13(4): 298-304.

Magney, G.K. 1991. Keys to successful solar cooking. In Proc. Biennial Congress o f the 
International Solar Energy Society, ed. M.E. Arden, S.M.A. Burley and M. Coleman, 
3707-3712. Denver, CO, 19-23 August.

Mannan, K.D. and L.S. Cheema. 1982. Design, development, and performance evaluation 
of a new solar cooker. In Proc. Solar India - 82, 6.005-6.014. New Delhi: National Solar 
Energy Convention.

Michalsky, J.J., R. Perez, R. Seals, and P. Ineichen. 1994. Degredation of solar 
concentrator performance in the aftermath of mount pinatubo. Solar Energy 52(2):205- 
213

Molineaux, B., B. Lachal, and O. Guisan. 1994. Thermal analysis of five unglazed solar 
collector systems for the heating of outdoor swimming pools. Solar Energy 53(1): 27-32.

Montgomery, DC. 1991. Design and Analysis o f Experiments. New York: John Wiley 
and Sons.

Mouchot, A. 1879. La Chaleur Solaire, 2nded., 142-143. Paris: Gauthier-Villars.

Mullick, S.C., T.C. Kandpal and A.K. Saxena. 1987. Thermal test procedure for box-type 
solar cookers. Solar Energy 39(4): 353-360.

Newman, P. and P. Ronnberg. 1992. Changes in land utilization within the last three 
decades in the Babati area. Sveriges Lantbruksuniversitet Working Paper No. 136. 
Uppsala, Sweden: Swedish University of Agricultural Sciences, International Rural 
Development Centre.

Peck, J. 1995. Personal communication. Department of Nuclear and Energy Engineering, 
The University of Arizona, Tucson.

Port, M. 1996. An update on solar cookers in Pakistan. Solar Spotlight 2(2): 3. Persons 
Helping People, 2213 Charles Avenue, St. Paul, MN 55114.

Postel S. and L. Heise. 1988. Reforesting the Earth. In State o f the World 1988, ed. L. 
Starke, 83-100. New York: W.W.Norton & Co.



144

Prakash, J., S.P. Sabberwal, R.S. Mishra and D P. Bhatia. 1984. A rural solar cooker. In 
Renewable Energy Sources: International Progress, Part A, ed. T.N. Veziroglu, 375-382. 
Amsterdam: Elsevier Science Publishers B.V.

SAS Institute, Inc. 1995. IMP Version 3.1. SAS Campus Drive, Cary, NC 27513.

Saxena, AK. 1984. Investigations and testing procedure o f box type solar cooker. M. 
Tech. Thesis. Centre of Energy Studies, India Institute of Technology, Delhi.

Solar Cookers International. 1996. Cook With Sunshine. 1724 11th Street, Sacramento, 
CA 95814. On-line. Internet. 23 Jan 1996. Available http://www.accessone.com/~sbcn/ 
contacts.htm

Soltau, H. 1992. Testing the thermal performance o f uncovered solar collectors. Solar 
Energy 49(4): 263-272.

Tarcici, A. 1992. Solar cooker with a parabolic reflector. US Patent No.5,090,399. 8 R. 
DesBugnons, Geneva, Switzerland, 1217.

Telkes, M. 1959. Solar cooking ovens. So/ar-Energy 3(1): 1-10.

Tiwari, G.N. and Y.P. Yadav. 1986. A new solar cooker design. Energy Conservation 
Management 26(l):41-42.

Troy, S. 1995/96. Appliances—Cooking. Jade Mountain Appropriate Technology News 
9(3): 15. PO Box 4616, Boulder, CO 80306-4616.

Videtto, D.W. 1991. Solar hot dog cooker. US Patent No.5,054,467. 420 N. Basque 
Ave., Fullerton, CA 92633.

Wijeysundera, N.E. and M. Iqbal. 1991. Effect of plastic cover thickness on top loss 
coefficient of flat-plate collectors. Solar Energy 46(2): 83-87.

http://www.accessone.com/~sbcn/

