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Introduction

Thetask isto create amodd for the cooker’ s primary mirror, cooking pot with hemispherica bottom,
and trangparent cover, and then to use computerized ray tracing software ASAP from Breault Research
Organization to determine the effectiveness of the basic opticad desgn. Thisincludes a sengtivity
andysis of the consequences of changes in the angle of the sun, position of the pot relative to the
primary, and other factors, on the concentration of rays on the pot, on the distribution of solar heeting
over the pot surface, and on the optical losses and their mechanisms.

The optical design provided was of a 1 n? concentrating spherica mirror adjusted by hand every hour
or S0 to point the mirror toward the sun, keeping reflected sun rays on the cooking pot, suspended on a
tripod near the focus of the mirror.

Geometry Simulated

Initidly it was assumed that the cooking pot will be composed of a hemispherical bottom and a
cylindricd top with the following dimensions.

Hemisphereradius=7.5cm
Hemisphere diameter = 15 cm
Cylinder radius=7.5cm
Cylinder height =4 cm

The primary mirror is chosen to be spherical. Other figures can be tested | ater.

Mirror disk radius=56.5 cm

Mirror disk diameter = 113.0 cm

Mirror disk area=Br? = B (.565 m)? = 1.0 n? = 10,000 cn¥
Mirror radius of curvature = 200 cm

Mirror gpproximate foca length = 100 cm

The center of the pot is set initidly to be 90 cm from the mirror, a 10 cm displacement in the Z-
direction, toward the mirror, from the gpproximate focal point.

ASAP was st up to default with the above dimensions, and, for the time being, a perfect reflectance of
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1.0 for the mirror and a perfect absorptance of 1.0 for the pot. The*inr” file which sends commands to
ASAP was st up to prompt for thetilt angle of the pot relative to the spherical mirror. It was easier to
tilt the pot than rotate the mirror and the smulated solar source to different solar dtitude angles, but
opticaly they are equivdent. Thetilt angle shown in subsequent plotsis the zenith angle of the mirror
axis, the angle of this axis from straight up.

Senditivity Analysis

The current inr file has an option for pogitioning the pot dong the Z-axis, the axis through the center of
and normd to the primary mirror. It is positioned a distance Z (cm) from the zero or origin of the
coordinate system, located a exactly 100 cm from the vertex of the mirror, precisdy haf the mirror's
radius of curvature, the nomina foca point of the mirror. This pogtioning of the pot is measured from
the origin along the Z axis to the center of curvature of the pot bottom. The pot is then rotated about a
line pardld to the X-axis through the center of curvature of the pot bottom. The geometry and
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Figure 1. Illudration of the output of an ASAP ray trace. Incident rays (in blue) from the left are
reflected from spherical mirror (in red) on the right and converge onto a black absorbing cooking pot
(in black) near the origin of the coordinate syssem. As shown here, the pot is 10 cm to theright of the
origin, which is dso the approximate focd point for the mirror.
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coordinate sysem isshown in Fig. 1. This drawing was output from ASAP and then annotated in
Word Perfect Presentations.

Incident rays, currently shown as absolutely parald, are incident from the Ieft upon the spherica mirror
to the right, are reflected from this mirror back to the left and onto the bottom and side of the cooking
pat, the axis of which points toward the zenith. Theinr file, when run in ASAP, prompts for four
parameters:

1. The displacement Zpot of the pot toward the mirror.

2. Thetilt of the pot from the axis of the mirror, around an axis through the center of curvature of the
pot’ s bottom.

3. Whether the ray trace isto be performed with rlatively few rays, as shown in Fig. 1, to enable visud
observation of the ray trgectories, or with alarge number of them to improve the smoothness and
accuracy of the computed flux distribution incident on the pot.

4. Whether the ray trace isto be performed with aregular grid of pardld rays on arectangular, equaly
gpaced grid, or with asolar smulator. The latter emits rays randomly from a disk smulating the solar
disk a the focus of alarge parabolic mirror. The rays from this emitting disk are quasi-collimated by
the mirror and sent relatively pardld to the Z-axis onto the primary mirror of the solar cooker. The
emitting disk at the focus of the parabolais made to be of such asizethat itsrays, after reflection from
the parabola, will spread over a hdf degree diameter conical solid angle, thereby smulating the spread
of rays from the haf degree diameter solar disk.

5. Whether the primary mirror of the cooker is spherica or paraboloida. The latter wasincluded
because some have suggested that a paraboloida mirror would be superior.
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Figure 5. High resolution isometric plot of the irradiance on the
bottom of the cooking pot, projected onto a plane perpendicular to
the axis of the cylindrical Sde of the pot.
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Figure 6. High resolution contour plot of irradiance over cooking pot bottom
with sun a the zenith.
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Figure7. A pot tilt of forty degreesis shown in profile view. Clearly dl reflected rays hit the pot,
though afraction impinge on the cylindrica side.
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1 From the plots shown in Figures 1
through 6, it appearsthat the 10 cm
location isfairly close to the optimum.
We'll seethe effect of rotating the
current pot design and then we'll see
how changes in the pot’s z-axis location
affect the outcome, in this case looking
only at the ray trace profile plots.
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Figure 8. Profileray tracefor tilt angle of 80 degrees.
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Figure 9. Spot diagram for pot tilted to 80 degrees, showing raysentering ~ &Ylindrical sidefrom 4
the top of the pot and being absorbed inside. cmto 5 or 6 cm should

solve this problem, if
indeed it isaproblem. (The food would be expected to intercept the rays before they are focused and
the trangparent top of the pot could easily be given aroughened surface, producing scattering and more
even digribution of rays entering the pot through it.) The spot diagram of Fig. 9 showsthe
concentration of rays after traveling over the lip of the pot and impinging on the opposite Side insde the
pot.

Solar Simulator

In order to illuminate the system with rays not perfectly pardld but more representative of those
emanating from the whole solar disk having an angular diameter of 0.5 deg, a solar smulator was
congtructed, congsting of asmal emitting disk, emitting its raysto the lft, a the focus of a paraboloida
mirror reflecting these rays to the right toward the solar cooker. A ray trace and profile plot of this
arrangement is shown in Fg. 10.

Hemispherical Map of Pot Irradiance

The isotropic and contour plots of irradiance on the pot bottom given above show an gpparent but
artificid concentrating of the flux around the edges of the pot. Thisisan artifact of the projection of flux
vaues from the hemispherica surface onto a plane perpendicular to the Z-axis. The spot diagrams
illugtrate that ray intersections gpproximately uniformly distributed over a hemispherica surface, upon
linear projection onto a plane will have nonuniform digribution. ASAP offers another way of visudizing
flux digtributions that may be more appropriate. Since the bottom is sphericd, if we andyze the flux
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Figure 10. Ray trace and profile plot of solar cooker illuminated with rays from a solar smulator.
The smulator congsts of asmal emitting disk near the center of the plot, sending its rays to the left
onto amirror having the shape of a paraboloid of revolution. Thedisk is at the foca plane of the
mirror, S0 the reflected rays propageating to the right are quasi-collimated. Their angular spread is set
by the sze of the emitting disk and the focd length of the parabola to match the 0.5 degree angular
spread of rays from the solar disk.

digtribution as a function of the angles from and around the z-axis, the result will provide an
gpproximate map of the true flux digtribution over the hemispherica bottom.

The remaining intengty plotsin this report were obtained in this manner. They give the angular
digribution of flux in the rays incident upon the pot. Thisis not necessarily the same asthe spatid
irradiance distribution over the pot surface, unless there is a one-to-one mapping of the directions and
gpatial postions of the rays over the pot surface. From the ray trace profile plots to be shown
subsequently, this mapping is gpproximately correct, but not perfect. To get more accurate mapping
will require considerable more work, work consdered unnecessary at this stage.

Resetting the Geometry

Preparatory to performing a number of ray traces and in order to ensure that the pot has a capacity
closeto aliter by volume, the pot was dightly resized, and the length of the cylindrical section was
extended to help prevent the sun’ s rays from entering the interior. With these and other changes, the
dimensionsfor the remaining ray trace andyses are given below.

Primary mirror: Section of a spherical reflector, approximatdy 1 n.
IfBR2=1 R?=1/B =0.3183. R=0.56 m, 56 cm, 560 mm
Diameter D=112mor 112 cm
Radius gpproximatdy 2L, so focus distance . L
Let2L =200cm, soL =100 cm
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Pot size: 1 liter desired
Diameter d, height h, tilt **, distance L from mirror vertex
Ifd=12cm,r=6cm,h=8cm, then Vg, =4/3Br®=904 cm’/ 2 =452 c?’.
Vo =Br*h=628
Vit = Vo + Vi = 1,080 cm?® = 1.08 liter, close to desired.

Sun straight up, areaiintercepted by pot = Br2 = B(36) = 113 cn?

Areaintercepted by mirror = 1 n? Pot-to-mirror arearatio = 0.113 or 11.3%.
Concentration ratio averaged over whole pot bottom, sun straight up = 8.84.

Pot location: 8 cm toward mirror from focus et L, call it Zpot =L - 8 cm.

Geometric efficiency is defined to be theratio of flux recelved by the pot to the tota flux contained in dl
the rays from the source, without losses due to reflection, scattering, or absorption. If dl the rays
launched terminate on the pot, the geometric efficiency would be 100%. Commands were added to
theinr file to caculate the geometric efficiency for each ray trace. The calculated vaues ranged from
98.83% to 99.96% for dl the cases run, indicating efficient optical design, with the pot capturing nearly
al the rays reflected from the primary mirror.

Ray Trace Results

A series of ray traces were performed, with varying inputs, to test the sensitivity of the optical system to
avaiety of changes. Firgt the Z-position of the blackened pot was set at 4 cm from the best focus
position, causing the pot to intercept converging rays from the mirror before they reach the focus. The
zenith angle was set to zero. Then ray traces were performed with few (31,428) versus many
(196,364) rays launched, with a spherica primary mirror and a paraboloida one, and with asolar
amulator versusasmple grid of precisdy pardld rays.

Even inthefew rays casg, if every ray were shown in the praofile plots, they would be completdly filled
from so many rays. ASAP has an option, however, for plotting only afraction of the rays actudly
launched and used for the caculations. The ray trace results for these four comparison cases are
shownin Figs. 11, 12, 13 and 14. The process of sampling the rays launched in aregularly spaced
grid, asillugrated in Fig. 1, in the case of many rays means that only selected rays are plotted, and
these do not fal on aregular grid but appear to be randomly distributed spatidly. These and all
remaining Figures are placed at the end of this report.

The corresponding isometric and contour plots are shown in Figs. 15, 16, 17, and 18 and in Figs. 19,
20, 21 and 22, respectively. It appearsthat the parabolic mirror case shown in Fig. 13 produces a
larger spread of the rays reaching the pot bottom. However, looking at the isometric and contour plots
for this case, there appears to be little difference in the angular spread of the flux in dl four cases.
Because of this, future smulations are done either with the case of many rays or with few, and with the
grid of rays option, and a sphericd reflector.
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Figures 23 through 25 show profile plots for the pot tilt angle going to 40, 60, and 80 degrees. Aslong
asthe rays are received by the pot surface, the isometric and contour plots should be the same for al
these, since they plot the angular variation, not the spetial variation over the pot surface. We must infer
the patid digtribution of flux from the profile plots. To verify this concluson, the contour plots
corresponding to Figs. 23 through 25 are shown in Figures 26 through 28.

Figures 23 through 25 and 29 through 36 show trace profile results for displacements of 4, 6, and 8 cm
and for tilt angles of 0, 40, 60, and 80 degrees. It isseenthat in adl casesdl rays from the mirror are
intercepted by the cooking pot, with the exception of the 80 degree case and an 8 cm displacement.

It is clear from these figures that, while the rays nearly dl reach the pot and are spread over a
moderately large area of it, there is still considerable concentration near the optical axis. In an atempt
to spread the rays over alarger area, without losing any by missing the cooking pot, the mirror radius
was shortened, kegping the same aperture area of approximately 1 n.

The result is shown in Fig. 37, where the previoudy 200 cm radius of curvature has been shortened to
100 cm, making the focd length agpproximately 50 cm. As can be seen from the profile plot of Fig. 37,
the rays are soread over awider area of the pot bottom. To seeif any rays miss the pot at the
maximum angle of 80 degrees, another trace was performed and the isometric and contour plots were
also created. These results are shown in Figures 38, 39, and 40.

Though the new digtribution retains the fairly steep drop-off of flux at the edges of the digtribution, the
centra portion is now broader and more congtant, with adight dip in the irradiance on axis. Having the
pesk solar heating occur in aring around the center of the distribution should result in more even hegting
and less chance for food burning at a hot spot.

These results indicate the importance of choosing ametd for the pot having high laterad conductivity,
better to spread the heat from the solar focus over the pot surface.

We end up with the following dimensions for the solar cooker design:

Mirror spherica with radius of curvature 100 cm and gpproximate focd length of 50 cm.

Mirror diameter 112 cm for amirror area of 0.9852 n.

Spherica bottom cooking pot with 12 cm diameter, 6 cm radius, 44 cm from the mirror vertex to the
center of curvature of the bottom.

Pot sde cylindrica with diameter 12 cm and height 8 cm.

Pot volume gpproximatdly 1 liter.

Glazing and strut losses

The glazing used to admit solar radiation while reducing conductive, convective, and radiative |osses of
heet from the pot will introduce some losses of incident solar flux, due to reflection, scattering, and
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deviation of the rays from striking the pot, but with agood design these losses should be dight. The
shadowing action of the support struts likewise will reduce efficiency dightly. The magnitudes of these
losses should not be difficult to estimate. Determining the geometrical area of the mirror obscured by
the struts should yield aloss factor, the fraction of mirror area obscured. The transmittance of the
glazing materid should provide a second loss factor. |If the glazing geometry is such that rays from the
mirror gpproaching the cooking pot are incident on the glazing over arange of angles of incidence, then
the tranamittance of the materid done will be insufficient for estimating losses from this source.
Additiond ray tracing can be used to assess the magnitudes of these losses if the geometry of the
glazing is known precisaly and the refractive index, absorptance, and scattering coefficient of the glazing
materia are provided.
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Figure 11. Ray trace profile plot for the case of Figure 12. Ray trace profile for many rays,
few rays, pardld grid of incident rays, and a pardld grid of incident rays, and spherical
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Figure 13. Ray trace profile for few rays, o P )

Figure 14 Ray trace profile for few rays, solar
smulator and spherica mirror.

pardld grid, and parabolic mirror.
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Figure 15. Isometric plot of ray flux @ _ s e
versus polar angles. Few rays, pardld Figure 16. Isometric plot for many rays,
grid and spherical mirror pardle grid and spherica mirror.
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Figure 17. Isometric plot for few rays,

parabolic mirror, and grid of rays.
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Figure 19. Contour plot of rays on cooking
pot for few rays case, spherica mirror, and
grid of rays as source.
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Figure 21. Contour plot for few raysk,
paraboloida mirror, grid source.
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Figure 20. Contour plot for many rays case,
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Figure 22. Contour plot for many rays,
gpherical mirror, and solar smulator.
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Flglj_re 23. Ray trace profilefor 4 cm
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Figure 27. Contour plot for 4 cm, 60 degree

tilt, spherica mirror, many rays, grid source.
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Frgure 24. Ray trace profilefor 4 cm
displacement and tilt angle 60 degrees.
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Figure 26. Contour plot for 4 cm, 40 degree tllt
gpherica mirror, grid source.
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Figure 28. Contour plot for 4 cm, 80 degree
tilt, gohericad mirror, many rays.
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Figure 33. Ray trace profilefor 8 om Figure34. Ray trace profilefor 8 cm
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Figure 37. Ray trace profile for 6 cm displacement, tilt angle 0, and 50 cm focd length.
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Figure 38. Ray trace profile plot of 200 cm radius mirror and pot tilted at 80 degrees. Mirror area
Isstill gpproximately 1 sg. m.
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Figure 39. Contour plot of the flux digtribution for the
system shown in Fg. 35.
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Figure 40. Isometric plot of flux digtribution
for the systlem shown in Fig. 35.
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