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The design started out as an eevation angle
trackable 1 n? spherica mirror hung from a
tripod. Thiswasrdatively easy to ray trace,
producing good images of the convergence of
reflected rays onto the cook pot, as shown in
Fig.l.

This design was discarded as too complicated
and flimsy, due to the need for atripod to hold
both the cook pot and the spherical reflector, and ;
adot in the reflector for one leg of the tripod. Figure 1. Ray trace of incident solar rays
Also, it was felt thet tracking the mirror would be  reflected from spherica mirror in red onto cooking

too difficult and time consuming, detracting from  pot in black, 40 degree solar dtitude angle.
the desred amplicity of ardatively passve solar
cooker.

The next desgn was of a set of planar reflectors that
could be folded up for easier portahility. The su%gpﬂed

Ray Tilt:50 deg, Rays: 22 ,36.8232

N

Figure 2. Second geometry of solar
cooker cook pot, insulating glass
“greenhouse’, and black meta pot.

design was something like that shown in FHg.
2.
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Figure 3. Ray trace for solar dtitude angle of 50 degrees A sample ray trace of an embodiment of this
of the geometry shown in Fig. 2. isshownin Fg. 3. Itisseenthat ahigh
portion of the incident rays strike the pot. In
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Figure 4. Ray trace of the geometry shown in Fig. 2 for
solar angle of 65 degrees.

-.700001,-46.8231 cm 2001-06-07 12:31
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Figure5. Ray trace of solar cooker for solar dtitude angle
of 80 degrees.
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the X-direction the incident rays were
meade to illuminate an area just about the
width of the glass envelope.

Ray traces for 65 degree and 80 degree
solar dtitude angles are shown in Figures
4 and 5. For thewholerange afairly high
fraction of the incident rays are stopped by
the solar cooker. Note that this design
concentrates only in the plane shown.
Thereis no concentration in the X-
direction, perpendicular to the plane of the
page. Itisfet that thisreflector desgn, or
aminor variation of it, isamenable to
folding into a compact portable unit.

It would be desirable to see if some
verson of this basic design approach
could be made to provide higher
concentration, by picking up raysin the
X-direction for concentration as well.

At the 80° extreme angle, it is seen that
the concentration has been diminished
somewhat, Snce some of the rays incident
on the frontmost reflector facet missthe
pot dtogether. Perhaps by tilting this facet
more, this effect can be reduced, with only
modest loss of performance at the 50
degree angle.
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Solar irradiance is greatest at high sun angles, owning to the smaler atmospheric thickness trandted by
the rays, so this effect can partially compensate for thisloss. Thereis dso, however, adight reduction in
the solar ray acceptance area of this configuration. The direct norma width of the rays accepted by this
geometry is tabulated for angles ranging from 40 to 80 degrees.

Collection Efficiency

60.7, 36.8232
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Figure 6. Sideview of reflector, cook pot, greenhouse,
and ray trace. 1600 source rays, solar angle 40°.

Ray Tilt:40 deg, Rays:1600 35.7, 43. 6348

Next we look at the concepts of efficiency
and concentration ratio. Three different
figures of merit can be defined:

1. Concentration ratio is defined to be
theratio of the entrance aperture areato
the absorber area.

2. Effective concentration ratio.
Consdering flux losses, we could define
the effective concentration ratio as the
average irradiance on the absorber
divided by the average irradiance over the
entrance aperture.

3. Collection efficiency is the absorbed
flux on the recelver divided by the flux
entering the entrance aperture.

To be accurate in calculating these,
ASAP should be told to reduce the flux in
each ray upon reflection or transmission

D ASAP Basi

2001- 06-11 18: §7

Figure7. Top view of ray trace shown in Fig.6, without |h§0

Reflector acceptance width
= Solar angle, deg | Widthincm
40 74.3
50 73.7
|60 70.8
70 65.8
58.8

incident rays, showing only stray rays emerging.
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Ray Til t: 40 deg, Rays:1600

sora e DY the dppropriate vaue of the reflectance and
Ji transmittance. The transmittance through a
transparent medium is the combination of
interface transmittance and medium
transmittance. ASAP hasthe ahility to follow
multiple daughter rays at each ray split a an
interface, keeping track of the transmitted ray
NULER - ey moverstme
“{S\::{?\\‘\v = .2 /’/';, such rays when their flux leve fals below some

SO 5w e user-specified small value and another to stop
tracing after a specified number of surface

-.700001, -41.8231 cm ) ‘ ABasi C 6.6 2001-06-11 1%37 intersections.

Figure 8. Front view of solar cooker and rays not

absorbed by the cook pot. | don't have time for an advanced smulation, so
Raly_mm e, Rays: 1600 2wt @lﬁ will ignore any losses within the glass and will

keep only parent rays split 2 or fewer timesat an
interface, plusdl ther child rays. Thiswill provide a

degree of multiple reflection between inner and outer
— surfaces of the glass envelope. The smulations were

\ 0 — ] I done for pyrex glass having arefractive index of
\ \ — ] 1.474.
\\ l/
\ / | _ .
\\ A ' — / To show the basic performance of the design, atrace
@E%/ was done with 900 source rays and a solar angle of
Y N~ 7 40 degrees. Shown in Figs. 6 through 8 are aside
-‘27448>§,»14‘7931cm\ @ASAP Basi ¢ v6. 6 d 2001-06- 11 1837 Ray Tilt:40deg, Rays:1600
Figure 9. Profile of solar cooker showmg a FLUC | STERADIAN for Tot FLUK=25.6

projection of ray intersections with the cook pot.

47.9

view of the trace, atop view, and afront view.
Figure 6 shows the projection of al rays onto the
Y-Z plane. Figure 7 shows missed rays. The
incident rays are just the width of the glass g

D
eeﬁ':\\\b?{

envelope. Fig. 8 showsafront view of the pot and - W S0
reflector, with reflected rays superimposed on it. et mm S o as

XS
Fig. 9 shows aplot of the linear projection inthe z- @ s sasic 1.6 o 2000611 18:9
direction, onto avertica plane perpendicular to  Figure 10. Isometric plot of the flux per unit
this direction, of the positions of the rays absorbed solid angle impinging on the cook pot, projected
on the black pot. Superimposed in this*spot onto a plane perpendicular to the Z-axis.
diagram” isaprafile of the outer glass surface and

7))

)
/
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the black metd pot. Fig. 10 shows an isometric plot of the angular digtribution of the flux incident on
the cook pot, in angular coordinates. Flux per unit solid angle is plotted versus the angle in degrees
from the axis and around the axis. As expected with planar reflectors, the angular range of incident rays
on the pot is limited, even though from Fig. 9, it appears that they are well digtributed over the pot.

Concentration Ratio

Dividing the total absorbed flux by the incident flux gives the collection efficiency figure of merit for the
design, defined above and tabulated for the incidence angles shown in the previoustable. Thisis
tabulated below, along with the area of the entrance aperture. For comparison purposes, the projected
area of the cook pot from AutoCAD is approximately 42.6 cn.

If we divide the aperture area by the cook pot profile area the perfect concentration ratio would be
41> to 1 for the 50° case. However, many of the rays are not concentrated on the cook pot, and the
actua cook pot areaiislarger than its projected area. The concept of area concentration ratio breaks
down for this design.

Aperture areain cn? and flux efficiency

versus solar atitude angle

Solar Aperture Aperture | Flux

atitude | Heightcm | Area efficiency
cm?

40° 74.3 1782 25.6%

50° 73.6 1768 33.3%

60° 70.8 1699 33.8%

70° 65.8 1579 24%

80° 58.8 1411 15.6%

Assauming auniform irradiance E, over the effective entrance aperture A, the incoming flux would
thereforebe E, A. If theflux efficiency caculated by ASAP is0, then the absorbed flux will be

M=0EA,

with 0 and A given in the table above. For determining the effectiveness of this design for increasing
cooking temperatures, we need to compare the flux received by the pot with the reflector behind it to
the flux received by it without areflector. To do this caculation properly with ASAP, we would need
to illuminate the cook pot and greenhouse with rays only incident on it. The projected area of the
cooker varies with solar incident angle, however, so thisis not an easy cdculation to perform with
ASAP.
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If we assume, for the sake of approximate calculation that the profile area of the cooker is, say, 30%
larger than the projected area of the horizonta projection of the cook pot aone, or an areaof 1.33
times 42.66 or 56.7 cn?. So the cooker without reflector would receive a flux of approximately E,
56.7 c?. The true flux concentration ratio is therefore approximately the ratio of the actual absorbed
flux M given by the equation above, to 56.7 E,. Cdling thisflux concentration ratio C; we have

Ci=0A/56.7

Ray Tilt: 50 60.7,31.8232

Choosing 1700 cn¥ as arepresentative
vaue for the aperture area and the
corresponding vaue of 0.338 for 0 from
the table above, we arrive a an
goproximate flux concentration ratio for
this cooker of approximately 10to 1, a

very respectable vaue for this design. &

Lossesin ared system, imperfectionsin MMMMTTNIN
the mirror, scattering in the glass envelope, §\\§\\ \ s
and other factors are likely to reduce the \\\

effective flux concentration substantidly.
However, this 10:1 figure encourages \ il
further work with this design, and a | \ //
possible mock up withit. z G o ponc '

-.700001,-51.8231 cm

.6 2001-06-11 21:44

Figure 11. Ray trace of solar cooker with extended and

The concentration can further beimproved e inglined front reflector facet. Sun angle 50°.
by adding sde reflectors, gathering flux

from the Sde and directing it onto the cook pot. My feding isthat thisis best done with amock up
rather than through further time-consuming ray tracing.

Resizing the Reflector

Thereis a problem with the current design. The collection areais much smaller a anomina 1700 cn?
than the desired 1 n? = 10,000 cn.

If we extend the front and back reflectors to intercept substantialy more flux, much of the newly
intercepted flux misses the target atogether. So the reflector was redesigned from scratch, in an
attempt to increase the Sze of dl four reflectors, to intercept more flux from the sun without having
excessve numbers of rays miss the target.

I mproved Reflector
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In an attempt to improve on the design, the front reflector facet was extended and tilted more. A ray
trace result for thisis shown in Fig.11 for a50° sun angle and in Fig. 12 for an 80° angle. Inthefirst
case, the ASAP-calculated collection efficiency is 38%, with an aperture height of 65.2 cm and an
aperture area of 1565 cn?. At the 80° angle, these figures turned out to be 17.7%, 64.3 cm, and 1543
cn?, respectively, indicating some improvement in performance at both sun angles,

An AutoCAD drawing of the resulting design is shown in Fig. 13 in cross-section. In order to pick up
additiona flux from the side, two additiond mirrors were also added. Inclined at 20 degrees from the
verticd, they should admit solar radiation and reflect it toward the target area over more than atwo-
hour period. (The Earth turns 15 degrees each hour, so vignetting of the pot by the side mirrors will not
occur when the sun iswithin alittle more than an hour away from central incidence on the cooker.)

There was insufficient time to try and design the front, back, and side reflectors so that they come

Ray Tilt:80 deg, Rays: 225 60.7, 31. 8232
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Figure 13. Profile of cooking pot and glass envelope and front and back reflectors.
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together at the edges of the sde mirrors. Thereisa wy_1iic:so seg. Ry e o 101,69, 4783
bit of agap, therefore, at the edges of the sde \'} /
mirrors. Thus the gpparent flux efficiency islower l'
with this design. However, it does direct more \ '“ |
solar flux onto the cook pot. A side view, showing ‘:,!} r
the sde reflectorsis shown in Fig. 14, dong with some 1i|| |

\

rays scattered out of the beam and some more that
missed the cook pot.

A ray trace of thisdesgnisshownin Fig. 14. An
agorithm was developed to determine the
coordinates of aset of launched rays which, when - 5% 560, 4762 cn
tilted to the right angle and launched will just fill the Figure 14. Front view of cooker, with 20° side
front and back mirrors and the sde mirrors. In Fig. Mirrors.

14, it appears that some rays are passing through
the reflector, but they are, in redity, missng the
Sdereflectors at the front and back. Figure 15
shows aside view of aray trace for raysincident at
asolar dtitude angle of 50°. The rays apparently
passing through the back reflector are in fact
passing by it on theleft and right Sdes. Thisdesign
can be refined by widening the front and back
reflectors at their tops, out to the same 20° angle of
tilt of the Sdereflectors. Thiswould catch most of
the missing rays shown in Fg. 15. v

2001-06-15 17:09

101,54.6708

Z
-.999998, - 84.2857 c¢m

Figure 15. Sideview of solar cooker ray trace,
" raysincident at 50° solar dtitude angle.

{0 AP Easic vé 6

Fig. 16 shows an isometric plot of the angular
digtribution of solar flux over the metal cooking pot
We see that using the larger mirrors and adding the -

sde mirrors, the flux is digtributed over awider range LU STERADAN for Tot FLUC L5, T
of angles, giving better coverage of the pot and less
chance of ahot spot. The angular didribution in this
view roughly corresponds to the flux digtribution over
the gpproximately hemispherica pot bottom.

For the sun at 80°, the front mirror comes more into
play. A ray tracefor thisangleisshown in Fg. 17.
Fig. 18 shows the corresponding isometric plot.
Though the flux digtribution has shifted, it gtill coversa
relaively large angular range of the cook pot. Fig. 19
shows a spot diagram of ray intersections with the
cook pot, projected onto the X-Z plane, for the 50°

ﬁl ASAP Basic v 6.6 2001-06-15 17:09
Figure 16. Isometric plot of the angular
digtribution of rays arriving on the cook pot
surface.
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Figure 17. Sideview of ray trace for solar dtitude
angle of 80°.
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Figure 19. Spot diagram showing projections of
ray intersections with cook pot onto the Y-X
plane. Solar angle 50°.

Fig. 19 gives some confidence that the rays are

digributed fairly uniformly over the outdde and insde
of the metd pot for this sun angle. For the 80° angle,

Fig. 20 shows similar uniformity. Spot projections
onto the Y-Z plane are Smilarly uniformin
gppearance. A spot diagram for the 50° angle
projected onto the X-Z planeis shown in Fg. 21.

Improved Flux Collection Assessment

To asess the magnitude of any increasesin flux on

the cook pot resulting from the larger reflector

101, 54. 6708

- sunangle.

2001-06-15 17:42
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Figure 18. Isometric plot of angular
ay di Strid?gméa‘y)sf} of raysilluminating the metal cook

t:80 deg, 21.4431,14. 781

pot for asolafii%?f 80°. 7
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Figure 20. Spot diagram for solar dtitude angle
of 80°. Ray intersections are moderately

uniformly distributed in this perspective view.

2001-06-15 17:58

Ray Tilt:50 deg, Rays: 6400 13,0123, 17.727

-

X

_
2001-06-15 105

&0 AS'APiBasi ¢ 6.6
Figure 21. Spot diagram for ray intersections
with cooking pot, projected onto the X-Z plane.

A
-13.0123,-17.7269 ¢m

FSEC Solar Cooker Report

Page 9



aperture area, severd ray traces were performed, for angles of 50, 60, 70 and 80 degrees. In each
case, atotd of 10,000 rays was launched. In order to estimate the flux in watts received by the
cooking pot, FSEC program SUNSPEC was run for the conservative case of a southeastern U.S.
summer atmosphere and solar dtitude angles of 50, 60, 70, and 80 degrees. This was then multiplied
by the aperture areain ? and the flux collection efficiency to yield the esimated absorbed flux. The
results are tabulated below. In an effort to improve the performance at 80 degrees sun angle, the front
reflector was doubled in areg, by extending it to the left. Thelast linein the table shows the results for
the 80° case. The 50° case was unchanged because the raysincident at this angle are pardlel to the
front mirror and are unaffected by itsSze. One can see that the total solar flux absorbed by the black
meta cooking pot ranges from a peak of 106 watts for the 60 degree angle of incidence to 44.5 waits
at the 80° one.

Ray trace results for solar cooker design without and with larger front mirror at 80° sun angle

Solar Irradiance, | Rayset Rayset Theoretical area | Flux collection Absorbed

Altitude,® W/m? height, cm | areg, concentration efficiency, % flux, W
cm?

50 587.9 100 8086 11.4 17.2 81.8

60 633.6 101.9 8160 11.5 16.7 86.4

70 663.3 99.8 7987 11.3 12.1 64

80 678.0 94.6 7571 10.7 6.6 33.7

80, front 678.0 125 9973 14.1 7.82 52.9

mirror 2X

It is clear that the extended front mirror helps performance a high sun angle.

Conddering the large sizes of dl the mirrors except the smal one a the bottom and back of the
cooker—the one connecting the horizontal bottom reflector to the vertica back reflector—we wonder
if thisreflector isredly needed. It adds to the complexity of the reflector set. A case was run with this
mirror eliminated, with the horizonta bottom mirror connecting to the vertica back mirror directly, at
ground levd.

Solar cooker performance without inclined back reflector

Sun angle, degrees Fux collection efficiency Absorbed flux on the pot
50 14.6% 69.6 W
60 10.9% 56.4 W
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70 6.57% 34.8W
80 1.75% 9.0WwW

The reaults for the first four cases in the previous table above are shown in the table above,
Clearly the tilted back reflector is needed, especidly for high solar dtitude angles.

An dternate reflector design was considered and discarded. 1t is described in the next section.

Cube Corner Reflector

A paper by Nahar', describes a double reflector hot box
solar oven, having areflector design that appears of interest
here. In the Nahar design, two vertica mirrors at right
angles to each other reflect solar radiation down onto a
honeycomb insulated transparent glazing over an insulated
oven box. All radiation to the box enters from the top
through this glazing. Only the two mirrors provide extra
solar flux into the insulated gperture.

This design suggests an dternative reflector arrangement for
the FSEC colar cooker. In this case athird reflector would
be added, at right angles to the previous two, producing a
set of mirrors called in optics a“cube corner” reflector.

Figure 22. Cube corner reflector solar
cooker design concept.

Such areflector is shown schemdticaly in Figure 22. Without the cooking pot init, the reflector has the
property that within arange of incident angles, every ray entering the reflector is trandated laterdly and
then reflected back out in adirection paralel but opposite to the one followed by theincident ray. In
miniature this design is part of many retro-reflecting materids, such asthose used to mark lane edgesin
roadways.

If an absorbing object were to be placed near the vertex of the cube corner reflector, much as shownin
Fig. 22, perhaps some concentration might be obtained. It is anticipated that with a proper geometry
the pot can be positioned to intercept most of the incident rays before they can be reflected back out of
the cube corner.
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Such areflector design should be easy to
fold for storage and transport. Figure 23
shows ray trace results for a cube corner
reflector design. With thisdesign it isvery
difficult to make the grid of incident rays
illuminate only the reflectors, so much of
the incident flux misses them completely in
this smulation, forcing the gpparent
efficiency to be lower than what it should
be.

60.6, 41. 743

The design is especidly inefficient at the
80° solar dtitude angle, snce the back
reflectors hardly come into play and the
bottom reflector sends most of the
incident rays from around the cook pot
back up to the sky. This could be
avoided by tilting the cube corner
reflector, but the design does not appear to have much promise for this application.

-.599996, - 41. 6309 cm l : ; T 2001-06-11 21:56
Figure 23. Ray trace for a50° solar dtitude angle with the
cook pot and greenhouse placed in a cube corner reflector.
Flux capture efficiency is low, around 3%.

Because of the problemsinherent in thisdesign, it is not congdered an acceptable dternative to the
horizontally faceted reflector design described previoudly.

Condlusions

The 2-D faceted design described first gppears promising. | like the idea of setting the back mirror
verticaly, 10 degrees higher than the rays incident at the 80 degree highest angle specified for the
design, the highest noon sun dtitude planned or expected. Setting the front mirror a an angle just & the
lowest solar dtitude angle of 50° aso seems to produce good results, a and in between these two
angular limits. The back mirror does most of the work at low sun angle and the front and back tilted
ones a high sun angle.

To enhance the design, or to reduce the size of the front and back mirrors for the same totd solar flux,
sde mirrors were added. They were tilted outward by 20 degrees, to capture additiona solar flux on
the side and redirect it onto the sides of the cook pot. They would not have to be atached to the other
reflectors on any side but the bottom, or they could be separate mirrors, attached to the others when
the cooker isfolded out for use. Leaving smal gaps between these sde mirrors and the front and back
mirrors probably reduce performance somewhat. Not having to connect them anywhere but at the
bottom facilitates easy assembly and disassembly. Better performance could be achieved by
integrating the side mirrors better into the front, back, and tilted ones. Some thought will have to be
gpplied to the means of stabilizing these mirrors, of folding them for storage, and holding them at the
proper anglein use,
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The cooker design may be good for some uses without the side mirrors. If so, thiswould reduce the
price of the cooker and make it more compact. If the Sde mirrors prove necessary to produce higher
temperatures, they could be sold as additiona cost add-ons.

The loss of flux absorbed by the cook pot at high solar dtitudes may not be that much of a problem.
Presuming that cooking starts a couple of hours before solar noon, the cooker will have been brought
up to temperature by the time the sun is high and the flux received around noon should be sufficient to
maintain cooking temperatures.

The remainder of the design needs to be done in the experimenta phase. For testing the optica and
thermd performance, one can purchase rdatively thin mirrored acrylic sheets and cut them to the
desired dimensons. Brevard Glass Company can order this mirror materid in 1/4" and 1/8"
thicknesses. The former would provide most rigidity but the latter would provide lessweight. The
reflectivity might not be optimum and their costs might be too high for the find market, but their siffness
and optica qudity should make them good for seeing where the solar beam goes for avariety of sun
angles, and for preiminary tests of the temperatures achievable with thisbasic design. If aspecific
design appears good with these mirrors, then less expensive, more reflective substitute materias could
be sought.

Wooden or metal blocks can be dotted to accept the acrylic mirrors, holding them to each other at the
required angles without the need for hinges and dlowing for easy disassembly. Severd different such
blocks could be fabricated for testing purposes, providing different angles between the mirrors. Severa
different mirrors could aso be fabricated, to enadle quick testing with a variety of configurations.

When the design matures, a set of mirrors can be attached by hinges, with stops to set their anglesto
each other when folded out, and this arrangement could be tested for practicdity, portability, and
expected durability.
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