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CCNSTRUCTION ANL THEST
O A SCLAR ¥FURNACL

INTRCLDUCTION

The sun is a2 eslestlal body which has been of
importance to man since his creaticn. Beslides the warmth
wizich the sun's radiant energy has supplied daily, the
radiant energy from the sun has also been respcnsible
for the foaessil fuels of which we are so dependent at
home and in industry.

The scurce of this radiant snergy, the sun, has
a surface temperature cof approximately 5000 dezrees
Kelvin, The amount of rediant energy which the earth
receives per sguare mile cf surface area from this
ultra-hizh temperature scurce is eguivaleat to about
55,000,000 horse power when the sun is directly overhead.

Methods are being devised for eccncmic utilization
cf a part of thils vast energy both tou conserve our
dwindling supply of natural fuels anéd against the day
when cur supply of natural fuels is depleted. A great
deal of work has been done toward develcpment of
processes utilizing sclar radiation both through none
concentration and conecentration cf the radiation; however
additional werk still remains to be done before economic
utilization is achieved.

It has come across the minds of many men that it
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should be possible, here on earth, to apprcach the ultrae-
high temperature cf the sun's surface and it 1ls toward
this end that means to ccncetrate the sun's radiation
have been devised thrcugh the use of lenses and mirrors,
As we are yearly advancing toward the use of higher
temperatures we must devise means tc evaluate materials
that may be used tc contain these ever mounting tempera-
tures, Besides investigating the hish temperature
properties of materials we are alsc interested in obtaine
ing super-pure materlals, Hven very slight amcunts of
impurities on the order of parts per million can greatly
affect the properties of materiels, Purification
techniques in current practice require extremely high
temperatures in order tc remcve all impurities, It is
primarily for these twc reascn that sclar furnaces are
being used,

A sclar furnace project was initiated here at
Jregon 3tate College to evaluate the feasibility of
concentrating the sun's radiant energy in crder to
produce & higzh temperature scurce ifor incorganie chemical
investigations, The specific prcject in mind was
purificaticn ¢f borcen by zcne refining, (i. e., partial
refining, bit by bit, tc a higher and higher purity by

alternately melting and freegzing the sample).



HISTCORY OF SOLAR FURNACES

It is gensraslly conceded that Archimedes, in 21F or 212
Be Co, was the first to attain elevated temperatures by
the use of soler radlation., He 1s reputed to have burned
the Roman fleet which blockaded Syracuse by concentrating
the sun's rays and focusing them on the ships (2, p.56;
8, pPp.157-158; 10, p.3)s Similerly, it is conceded that
Procus, in 615 A, D,, by the use of brass mirrors,
burned the fleet beseiging Constantinople (8, p.l1l58).
Another ssrly record reports the use of concentrated
redietion by the Athenians to light the sacred fircec of
Vests by means of e polished concave gold surface
(8, p.158)s 1In the 17th century an optician nsmed
Villete of Lyons, Frence constructed several solar
furnaces with pcllished iven mirrors. These solar
furnaces were used in France, Denmark, Persia and other
countries (1, pe53)e In 1695 Averani and Targioni, et
Florence, Italy, used a large burning glass to make a
diamond, previously considered unalterable, disappear
(8, pe158), A large number of lenses and concave mirrors
were made during this same vericd =nd a number of fusions
and ccmbustions'were studied (8, p.1E8), Around 1700,
Tschirnsus wes able to melt slate, chines, talc, end tile
with 2 0,97 meter diameter lsns (8, p.l1l58).

In the 18th century Buffon, superimposing the



images reflected from a numcer of small flat mirrors,
was able tc melt some metsls and kindle wood (1, p. 533
8y pPelb8)e

Lavoisier, in the 1770's, by arranging 2 lenses in
series was able to attain temperatures of abcut 3200°F.
The lenses were reputed tc be merely 2 pleces of glass
fiiled with wine (1, pebL3 2, pe56; 6, p.158).

The present era might be considered as having
begun with the construction of a small 2-lens, adjustable
meounting, enclosed sample sclar furnace by 3tcck and
Heyneman in the early 1900's (&, p.158).

In the 1920's the Zelss company at Jena, Germany
congtructed several sclar furnaces cf varicus confliura-
ticns (4, peYl5; 8, pel60). Carifcornia Institute of
Technology, in 1932, constructed a solar furnace using
only lenses and mirrcrs (4, p.915).

Since World war II several dcgen solar furnaces
have been constructed all over the world but principally
in France and the United 3tates. France has at least
t solsr furnaces inecluding cone at Bouzareah, Alziers.
References list more than twenty sclar furnaces in the

United States (6, Table II; &, p.l66).



GEOMETRICAL CONFIGURATICNS COF 3CIAR FURRACES

Up to the present time scler furnaces have been
constructed with a number of gecmetrical configurations
for mounting the reflectors. Some of these configurations
are deacribed below, |

The altazimuth mounting is the standard type of
mirror mounting used for military aearchiighté. It may
be seen in Figure 1 that elevation of the mirrocr is
achieved by rotation about the axis drawn through each
side of the mirror, while herizontal movement is effected
by a single pivot below, The thro§ piveots lie in a single
vertical plane (1, p.l2).

There are four pivot peints, all lying in the
same inclined plane, in the equatcrial mounting, As
shown in Figure 2, the uppor‘And lower pivots provide
horizontal movement while pivots at the midpoint of the
sides of the mirror provide variation in elevation
(1, peSh)e

Several arrangements are possible using a heliostat,
A heliostat is defined as a reflector which.tracks the sun
and reflects the sun's rays in a fixed direction., 1In
Figure 3«A the parabolie concentrator is mounted in a
vertical position with its axis horizontal, This is the
geometrical configuration to be found in the largest

sclar furnaces constructed to date or under construction.
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The parabolie coneentratcr in these lnstallaticns
consists of a large number of plane cor curved mirror
sezments (3, pelj 13, pe57)e The parabelic concentrator
may alsc be mounted in & hcrizontal pesition with its
axls vertical as shown in Figure 3-B and 3«C, In

Figzure 3-B the hellcostat is located directly belcw the
cencentrator (13, p.bl) wnile in Figure 3«C a plane mirror
is mounted below the concentrator at a L5 degree angle
and the helicstat reflects the sun's rays onto this 45
degree reflector whilch reflects te the concentrater (see
Figure li).

A gystem composed cf lenses and mirrors for ccn=-
centratiocn of the sun's rays is shown in Figure 5. This
was the first sclar furnace ccnstructed in the United
States. The sun's rays are refractec and partially cone
centrated by an initial group of lenses contc wmirrors
which reflect the rays thrcugh an almest hemispherically
arranged group of smaller lenses (L, pPe919).

For the Newtonian type of mcocunting as shown in
Fizure 6, the sun's rays implnge on a parabclical concen=-
trator reflecting to a flat plate which in turn reflects

tc a lens which provides the final concentration.

It is seen ln Figure 7 that the Cassegrainian
type of mcunting ceonsists of a two stage concentraticn,

the first stage being reflected f'rom a concave mirror



FIGURE L THE OREGON STATE COLLEGE <SCLAR FURNACE
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and the second stage being reflected from a convex
mirror tc the target which is lcocated behind the first
stage conceantrator (13, p.62).

The Straubel two-step mounting is & variation of
the Cassegrainian mcunting. It is seen in Figure 8 that
the rays reflected from the seccndary convex reflector

are parallel to each other. They then pas: through a
converging lens to the target (1, p.Sh).
A system consisting of several hundred three
ineh plane mirrors has been constructed. This system,
with its speclal mounting of each mirrcr has been
called "oriented flat plates".
The most popular configurations in the Uanited
States at the present time are the altazimuth mounting
and the heliostat mouanting, It is interestins toc note
that the‘majority of the sclar furnace installaticns in
the United States are utilizing surplus military searche
lights with a 60 inch cdiameter parabolic mirror, Also,
the helicstat mounting appears tc be galning favor so
that advantage may be teken of the staticnary paraboloid
and the [ixed fccal spot,
Table 1 contains data froc a number of solar

furnace installaticns,



TABLE 1

A Partial Survey cf Sclar Furnaces

Crganization A. D. Little, Inc. Arizona State Bureau of lines
College
Furnace location Cambridge, lMass, Tempe, Arizona Morgantown, W, Va,.

Furnace description
Main mirror

Mounting Altazimuth Fixed; axis horiz, Altazimuth
Mirror material Copper Copper Copper
Reflecting surface

material Stellite Aluminum Rhodium
Reflecting surface Front Front Front
Aperture 59.5 1in. 60 in. 60 in,
Focal length 25,6 in, 29,5 in, 26 in,
Rim angle 60° 15¢ 659
Thecretical image

dismeter 00236 in, 0.238 in.

Auxilisary mirrors
and lenses

No. of aux., mirrors None One None
No. of lenses None None Ncne
System Heliostat
Tracking Manual Phctotubes Manual
Maximum temperature
obtained 3300 K 2760 K
Maximum flux measured 300 cal/bmz/sec (est)
Ave. local solar ccnst. 1.3 al/cmz/min 1.1 cal/cm€/min
Reflectivity factor 75% (est.) 75% (heliostat)
Shadowing factor 96.4% 96% 85%
Source of informatiocon 6 6

€T



Organization

Furnace locatiocn
Furnace desecription
Main mirror
HMounting
¥irror material
Reflecting surface
material
Reflecting surface
Aperture
Feaal length
Rim angle
Thecretical image
diameter
Auxiliary mirrors
and lenses
Noes of aux, wmirrcrs
Ne. of lenses
System
Tracking
Max, temperature
cbtained
Maximum [lux measured
Ave, local sclar const,
Reflectivity factor
Shadowing factor
3curce of information

TABLE 1 (Continued)

Calif. Inst,
ol Tech,
Pasadena, Calilf,

Equatorial

0.50 in.

18
38

Astron, contrcl

3200 + 1003 Cou
170 cal/em“/sec

63,&»
6

Convair

San Tiego, Calif.

Altazimuth
Cocpper

Co=~lii allcy
Front

60 in.

25.5 in.
60°

0.2l in,.
Ncne
None
Manual
050° c,
29 cal/cm®/sec

1.3 cal/em=/min
57

Convair

Ft. worth, Texas
bquatorial
Aluminum

Same

Pront
120 1in,

31405 in,
820

0.32 mo
Hone
None

Astron, cocntrol.

2800° C. 2
139 cal/em“/sec

T



Organization

Furnace lccation
Furnace descripticn
Main mirror
FMcunting
Mirror material
Reflecting surface
material
Reflecting surface
Aperture
Focal length
Rim angle
Thecretical image
diameter
Auxiliary mirrors
and lenses
Noe of aux, mirrors
Noe. of lenses
System
Tracking
Haximum temperature
obtained
Maximum flux measured
Ave, lccal sclar conste
Reflectlivity factor
Shadcowing factor
Scurce of information

TABLE 1 (Continued)

. I. du Pont

de lemours

Wilmington, Del,

Altazimuth
Cecpper

Rhodium

Front
60 in.

Ncne

Manual

3000°C.

Fordham
University

New Ycrk, H., Y.

Altazimuth
Bronze

Stellite
Front
60 in.
25.5 in.

60,89
0.238 in.
Hone

None
Phototubes
3500°,

70% (meas.)
2?% (meas.)

Rennecott
Copper Corps.
Salt Lake City, Utah

Fixed; axis vert.
Copper

Rhedium
Front
60 in.
25.8 ino
60°

O.Eh in.

e

None
Helicstat
Phctotubes

2800°%.,

70% (est')
95% (app.)

St



Orzanizatiocn

Furnace locabtion
Furnace deseription
Main mirrcr
Mountlng
Mirror material
Reflecting surface
material
Reflecting surface
Aperture
Foecal length
Eim angle
Theoretical lmage
diameter
Auxiliary mirrcrs
and lenses
Noe. of mirrcrs
No. of lenses
System
Tracking
Maximum temperature
obtained
Maximum flux measured
Ave, lceal sclar ccnst,
Reflectivity factor
Shadowing factor
Scource cof infoemation

TABLE 1 (Continued)

dYassachusettis
Inst. of Tech,
Cambridge, lMass.

Special
Glass

3ilver
Haeck

3 in.

licne
Special

1.5 cal/cmz/min
60% (est.)

6

Naticnal Bureau
of Standards
washington, D, C.

Fixed; axis horiz.
Copper

Rhodl um
Pront
60 in.
26 in.
60°

0e25 in,

One

Helicstat
Phictotubes

3300%C.

Oregon 3tate
College
Corvallis, Ore,

Fixed; axis vert,
Copper

Ehedium
Front

62 in.

26 in. (app.)
600 éappo)

0e2L2 in. (app.)

2

None
Heliostat
Photocells

9%



Orzanization

Fuarnace location
F'urnace description
Main mirror
Mcunting
Mirror material
Reflecting surface
material
Reflecting surface
Aperture
Focal lengtch
Him angzle
Theoretical image
dlameter
Auxiliary mirrors
and lenses
Roe ¢f mirrcrs
Hoe. of lenses
System
Tracking
Max, temperature
obtained
Maximum flux measured
Ave. local sclar const,
Reflectivity factor
Shadowing factor
Scurce of information

TARLE 1 (Continued)

wuartermaster
E & I command
Nat iCk 2 Mlasse

Pixed; axis horiz,.
Glass

Aluminunm

¥Front

26 ft. x 28 It.
35.8 fh.

320

4 in.
Cne

Helliostat
Photoctubes

6

Stanford
Lkesearch Inst,
¥enlc Park, Callilf.

fixed; axis vert.
Copper

Rhodiwa
Front
60 in.
26 in.

0.25 in.
One

Hellostat
{4 phototubes

University of
Finnegota
Minneapolis, HMinne.

Altazimuth

Copper

Rhodium
Front
60 ine

None

Manual



Organizaticn

Furnace lccation
Furnace description
Main mirror
Mounting
Mirror material
Reflecting surface
material
Re{flecting surface
Aperture
Foeal length
Rim angle
Theoretical image
diameter
Auxilisery mirrcrs
and lenses
Nee of mirrors
¥oes of lenses
System
Tracking
Maximum temperature
obtained
Maximum flux measured
Ave, local sclar ccnst,
Rellectivity factcer
Shaccwing factor
Scurce cf informaeticn

TABLE 1 (Cecntinued)

University
of Delaware
Newark, Iel,.

Altazlimuth
Copper
Rhodium
Front

60 in.

26 iﬂo

60°

0.25 in.

Manual
3000°C, (epn.)
1.35 cal/em</min

6

WMC Prec. Works
& RHF Steel Prcd,.
Kansas Clty, Mo.

Lquatorial
Copper
Rhodlwum
Front

60 in.
26.3 in,

0.236 in,

Phototubes
3000°.,

86%
95%
5

CNRS

Mont Louls, France
Fixed; axis horisz.
3500 gless plates
Silver

Baclk

35.0 ft.
19.7 It

242 ine

Cne

Helicstat
Photocells

3000°C. (app.)

1.!{.3 (aaatmia h)
70% (assum.

L,8

8T



Organizaticn

Furnace lccation
Furnace description
Main mirror
Mounting
Mirror material
Feflecting surface
material
Reflecting surface
Aperture
Focal length
Rim angle
Theoretical image
diameter
Auxiliary mirrcrs
and lenses
Hoe of mirrcrs
Nc. of lenses
Systenm
Tracking
Maximun temperature
cbtalned
Maximunm flux measured
Ave, local sclar const,
Refleetivity factor
Shadowing factor
Source of informaticon

TABLE 1 (Continued)

C3RSAA

Bouzareah, Algziers

Equatorlial
Aluminum

Aluminum
Front

27.6 ft.
10.3 rt.

1.15 in.

3000°C.

1.43 (assuu. L)
80% (assumine L)

1.l

2zIss (1)

Jena, Germany

Fixed
Glass

Silver
Back

6.55 ft,
2.82 ft.

04315 in.

One (%)
Heliostat

5,8

61
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ADVANTAGES AND USES OF 3CLAR FURNACLS

wWhile a solar furnace has & maximum thecretically
obtainable temperature of about L0000 deprees Kelvin
(6, psl60) as cpposed to cother means of obtalning tempera=
tures up to tens of thousands of degrees, nevertheless,
the temperatures achievable appear rather high when
comparced with the few materials capable ¢f withstanding
even 3000 cezrees Kelvin. The sclar furnace thus is
capable of prcducing higzh temperatures, in controllable
atmespheres, [(ree from ccmbustion products, hested
furnace walls, and electric or magnetic fields, Furthere
mere, in scme of the geometrical arrangements, a sauple
being melted can serve as its ocwn receptacle thus
eliminating the necessity for ultrahish temperature
crucible materials and possible contamination, A sclar
furnace can deliver heat tc a surface at a rate
exceeding that found in rocket motors and even up teo
perhaps half ¢f the heat that is found in nose cones of
missiles ree-cnterin: the atmecsphere.

The intensity cf radiation ccncentrated and
ccnsequently the temperature cbtained may be controlled
by a dlaphragm or shutters (shades), a reflecting
eylinder, or by defocusling. Visual observations o¢f the
sample may be nade up teo the maximum tempecrature, On

the debit side is the fact that a sclar furnace may be
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used only during the day and 1s dependent on favorable
atmospheric ccndlitions.

Flelds of study are many and varied. A few of
these would include the followlng: studies of the
highetemperature chemistry and physics of netals, allecys,
refracteries, cermets, and ceramics for evaluation of
their properties tc help ascertaln practical uses of
these materials; preparation of speclal materials or
pure ;ubstances for evaluaticn of their properties or to

satisfy specific requirements.
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FACTURS TO Bi CUNSIDLREL IN 1Ho DWSIGN CF A SCLAR FURNACE

The many factors which should be considered when
designing a sclar furnace can be classifieé into six
general categcriess 1) type of furnace, 2) mounting and
tracking, 3) cpties, l}) materials and accuracy cf ccne
struction, 5) zeographical location, and 6) type of
target or use,

Although all of the factors which are ocutlined
below shculd be considered when desisning a sclar furnace
it may be fcund, as in the case ol the furnace frcm which
this thesis was prepared, that few alternat ives are

available 10 the furnace is tc be used for a particular

applicatiocn and a geographical location is stipulated.
TYPE OF PURKNACH

By type of furnace ls meant the method by whiech
the sun's rays are cappured and concentrated, There are
three main types ol concentrators: lenses and mirrors,
oriented flat plates, and parabolic or hemispherical
surfaces made up of a single reflecting surface cr
curved mirror segments.

The usual practice has been that ccncentrators
that track the sun have been of cne pleece construction
with very few exceptions., Where the concentrator is

staticnary 1t may be either one plece or composed of
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plane or curved mirror sezments. The practice has been
to use one plece parabolic concentrators up tc perhaps
ten feet in dlameter and tc use curved mirrcr segments
for larger dimensicns,.

With the exception cf curved mirror segments,
these types cof furnace have been discussed previously.
By curved mirror segnents 1s meant applying & mechanical
deformation, By applying pressure at carefully chesen
peints on the front and back of a mirror, it may be
deformed tc the curvature of a parabclold or hemisphere,

Thus, very large ccncentrators may be built up by
mounting a number of these curved mirrcr sezments

side by side.

MOUNTING AND TRACKING

The method by which the concentrator 1ls mounted
to fcllow the sun's path or the method by which the
sun's rays are reflected tc a fixed concentratcr are
found under the classifieaticn mounting and tracking.
These variocus types are where: 1) individual flateplate
mirror segments each track the sun and herizontally
reflect the rays which are superimpcsed on the target;
2) the entire concentrator follows the sun's path}

3) the ecnecentrator is fixed with its axis horizontal

and the sun's rays are reflected tc the concentrator by
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a heliostatj L) the concentrator is fixed with 1its

axis verticael and a helicstat 1s used; 5) the concentra-
tor 1s fixed with its axis vertical and mcunted over a
staticnary; plane reflector mcunted at 45> degrees into

which a helicstat reflects the sun's rays,

GPTICS

By cptics is meant the optical recmetry ol the
ccncentrater, The important varisbles of the concentra-
tor included in this grcup are: 1) aperture, the diameter
of the ccncentrator measured across the rim, 2) ratio
cf aperture to fceal lenzth (the distance from the
concentrator that the reflected rays converge tc a peint),
3) image or target diameter, the size of the image
formed at the focal point, lj) average target flux, the
heat received at the foesl point per unit area, and
5) unifermity of flux distribution at the target, the

variaticn ¢f heal from point to pcint in the target area.
MATERIALS AND ACCURACY CF CCONSTRUCTICHN

The materials to be used for reflecting and
cencentratineg the sun's rays must be ccnsidered inasmuch
a8 the reflectivity of materials varies, The first
consideration then 1s reflector materials., Kext is found

a factor which represents the accuracy of construction
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or the gecmetrical perfeciticn of the furnace as a whole,
This factcr is dencted by ¥ . Last is found an overall
eficiency factor, Lk, which is the ratic ol the actual
amount of energy concentrated to the amocunt of energy
which thecretically should have been ccncentrated., As
will be seen later this e¢fliclency factcr takes into
account all imperfectiocns and losses in the transmissicn
and concentration of the energy originally received at

the edge o the earth's atmosphere,
GEOGRAPHICAL LOCATIOR

When selecting the gecgraphical locaticn it is of
the utmost ilmportance to ccnsider both the total radiation
received at the proposed site and the amcunt of pcllutants
and water vapor usually found in the atmosphere, As will
be shown later, only a part of the total radiaticn is
utilizeble and this part is proportiocnal to the clarity
of the atmcsphere., While the amount of radiation which
is recelved increases as cne apprcaches the eqguator or
goes to higher altitudes, this advantage may be more than
cverecme by high humldity and haze in the atmcsphere.

For this reascn then,clarity of the atmeosphere is of
greater importance than the latitude or elevation of

the site.
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TYPE CF TARGET, OR USE

The maximum obtainable temperature 1s dependent
on the emissivity or absorptivity of the target and the
heat losses by convection and ccnduction; consequently,
the size, shape, and material of the target must be
considered. Cf consideration alsc is the desired use of
the furnace, 1. e. as a high temperature scurce or as a
production unit, tc determine the work space needed
and the type of mounting,

In the Oregon State College sclar furnace a
parabolic searchlight reflectcor was chosen for the
concentrator, This was mounted on the rcof of the
chemical englneering building. Consequently, the type
of furnace, optics, and lcecation were fixed, Further-
more, the parabolic reflecter, with its axis vertical,
was designed for mounting over a L5 degree angle plane
reflecter with a helicstat to track the sun. This
geometrical configuration allowed the sample being
melted to serve as its own receptacle. Back silvered
mirrcrs were to be useds As a consequence, the factors
mounting and tracking and reflector materials as well as
the reflectivity factor,”] ,, were fixed.

Those factors which limit the degree of concentra-
tion of energy and consequently the maximum attainable tem=-

perature are: 3) Optics, L) Materials and accuracy of
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construction, 5) Location, and 6) Type of target.,
These factors will be relsted to the actual soclar furnace

as constbtructed,
DISCUS3ION OF LOCATION

A long series of solar energy measurements has
given & value of approximately 1.95 calories/minute/square
centimeter cf surface normal to the sun's rays before
depletion by the atmosphere as the amount of radiaticn
receivec by the esarth from the sun, This quantity
is referred tc as the sclar constant anc 1t represents an
incidence of solar energy cn the esrth, when the sun is
directly overhead, of sbout 5,000,000 hersepower per
sgquere mile. Only a part o this insolaticnel energy
reaches the ground fer utilization with a sclar furnace.
It is estimated that 3% c¢f the incident insclaticnal
energy is reflected back to espace, T@is figure cof L3% is
referred to as the alkedc, drAreflectiva capacity, of the
earth, At the mosat, 1% is absorbed by the atmosphere,
The remaining L3% or more is absorbed by the earth's
surface, From this 1t can be calculated thet the
maximum theoretical solar raciation cbtainable on the
earth's surface is agproximabtely 80/ of 1.95 cal/min/sq.
cm. or 1l.68 cal/min/sq. em, Cbserved values of the

average local solar constant measured at various solar
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furnace installations in the United States are somewhat
lower, varyinc from l.5 cal/min/sqe cme down to 0.9
cal/min/sq. cme (6, Table II), This wide variation
is not especially due to differences in latitudes or
elevation but mainly to differences in the amount of
water vapor and dust in the atmcsphere,

The radiation which reaches the site cf the
sclar furnace is composed of two components, direct
radiation that can be concentrated with lenses and
mirrcrs and diffused radiastion that csannot be
coencentrated, The amcunt of the recdiation which is
diffused depends on the effects of gas mclecules, dust
particles and water vapcr in the atmoaphere, This diffue
slon varies with latitude, elevation, and weather. Thesse
effects are grcuped together in the atmcspheric trange
mission ccefllcient, m a? anc¢ the actual racdiaticn

received at the site that can be concentrated,pg, is

pa =M ap, Where pg is the solar ccnstant measured
above the atmcsphere (1.95 cal/min/sq. cm,).

Values c¢f the direct radiation received here at
Corvallis, Cregon were not fcund, however, it may be
assumed that they fall within the range of the other
sclar furnaces in the United States, Taking an average
figure of 1.25 csl/émz/min for p, zives a value form g
of about 0465,



(PTIcs DISCUSSICON

The heat flux delivered to the target is dependent
on twe classes ¢f optical facters, thecretical and
cperaticnal, Under the thecretical classificaticn sre
found the cptical ‘eometry variable of Lhe concentrator;

1) Aperture, T

2) Ratio of aperture t¢ fccal length, I/f

3) Imege diameter, d -

l}) Average heat flux at the image, D

5) Uniformity of flux distribution at the image

6) ufficiency at whiech the snergy received by

the ccncentratcr is concentrated, ©

The relaticnship betweon the diameter, d, cof the
sun imsge and the focal polnt, £, is

d =27 tan 16" = __L ___ 1
4% ban 107.3 (1)

= 26 in 0. in.
a4 =So7.3 - B in

Sun image refors tc the circular image fcrmed on
the foecal plane by the part of the mirrcr at the axis.
The relationshlp between the aperture ratio,

U/f, and the agimuthal cr rim angle, 8, is

L' ~Lhsine _ 8 .
T l+cos 8 L’t‘mz (2)

where D = dlameter of the parabolcid at the edge,

%% = 2,31 =, tan & and @ = 50°

"
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The power which is concentrated within the sun image is

P =T (ngp,) £2 sin 8 (3)

P = 895 watts

The heat flux per unit area in the sun image is

= — B (L)
7 (g2)

b b (MgP,) f2sin? o (5)
&

P = C NP, (6)

where C, the ccncentration ratio, is the ratlic of the
heat flux at the foecal point of a sclar furnace to the
actual heat flux recelved from the sun by the receiver

at ncrmal incidence after reflection both per unit area,

or,
¢ = L (7)
MaPo
2 2
i _ L £2 sin® 8
also; C h‘ Ez—- ( )
¢ = i) (26)% 510”8 = 16,1 x 207 sinf @ (9)
(0.242)
and p = L6.1 x 103 N gPe sin® @ (10)

p = 720 cal/cmz/sec
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LISCUSSICN OF MATLRIAL AND ACCUBACY OF CORSTRUCTICGN

Under the coperaticnal classifilcaticn are found
those facters which reduce the performance of the
furnace by the inefficlencles due to optical losses,
These are: 1) Reflectivity loss of the reflectors,

2) Shadcowing loss, 3) Gecmetrical imperfections.

Of the several alternatives for reflecting
surfaces, namely, poclished metals and front or back
plated glass, back silvered glass is by far the more
economlical feor plane reflectors and large parabolie
concentrators, Ior smaller parabclic concentrators ( up

tc maybe ten feet in diameter) pclished metals are used,
The corroeosion proeblem assceiatec with polished metals and
front surfaced zlass 1s readily overcome cn back silvered
glass by an electrodepcsition of copper followed by a
coating of varnish, Ancther disadvantage c¢f poclished
metals 1s the dif iculty in obtaining a nearly perfect
plane surface for a reascnable cost. A gocd commercial
grade of plate glass mirror is sufficiently planer up to
about 20 inches square for a thickness of one-fcurth
ineh (1, pe63)e ©Cn the other hand pclished metals are
desirable for the smaller diameter parabolic reflectors
due to the advantages cover glass of strength and ease of

construction to the desired parabelic forme, In this
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case ol these advantages are of more ccnsequence than the
detrimental effects of corrosion.

Cnece the materials cf construeticn and the
pecmetrical configsuration are declded, the loss of
reflectivity is fixed, The only factors which will
alter tinis value of the reflectivity are dirty,
scratched, or corroded reflectors. It is cbvious that,
toc maintain the maximum transmission of radiant energy,
care should be exerclsed when cleaning the reflectors znd
in their protection against weathering,

A valus to represent the effect of the combinead
losses of reflectivity is desicnated™, and 1s called
the reflectivity efficiency factor., This value was
estimated to be about 0,70 for the sclar furnace
constructed by Kennecctt Copper Corporation (5, Table II1).
Tue to the similarity between these furnaces it will be
assumed that this value is essentially the same for the
present furnace,

The shadowing loss 1s due to the non-reflecting
portions of the reflectors or cbstructicns in the path
of the sun's rays; the mountings, spaces between mirrors,
the sample heclder and bracket, the sun tracking device,
and the temperature controlling device. Here again,
to achileve the maximum transmissicn of radiant energy,

it 1s desirable to keep these factors to a minimum,
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Once the sclar furnace iscompleted the shadowing loss
will be constant barring sny changes of the aforementioned
factors, The shadowing less factor is represented by
Nge This was estimated tc be about 0.85 for the present
furnace,

The gecmetrical perfection factor, Y , takes
intc account the deviaticn of the parabelic concentrator
from a true parabclcid and the deviation of any plane
reflecting surface from a true plane. For the
peometrical confisuration as used in the construction of
the preszent sclar furnace it was found by trial and error
that this factor was by far the most ecritical and its very
low apparent value, on the first adjustment of the
mirrors, was due almost entirely tc a lack of gocd
planearity in both plane reflectors, If a value of
3/6 inch is taken as the actual diameter of the sun's
image as obtained at the focus (this value was cbtained
on the last trial) and compared tc the calculated value
of 0.242 inches, then a geometrical perfection of
approximately 65f is indlcated. This ccmpares very
favorably with the values recorded (12, p.33), although
somewhat larger in val ue,

The final equatiocn which accounts for all of the
factors to be considered in the desizn of a sclar

furnaece is
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o
p = Lé6,1 x 1030?1‘ N g Ynapo sin™ 6 (11)

This equation may be revised by lntrocduclng an efficiency

factor, &, which is equal to N M Ny Ve (12)

2 g

thus; p = Lb6.1 x 103 E p, sin (13)

Pigure 9 raphically portrays the relationship
between heat flux, p, efiiciency, E, and rim angle, 6,
for a parabolic concentrator (12, pe35).

A point that should be kept In mind 1s the sharp
variatiocn in heat flux with distance from the focal point.
It has been shown (9, pe94«98) that moving above or
below the true focal peoint by a distance equal tc the
diameter of the sun image will reduce the flux received

to abcout L0,
HuAT FLUX UTILIZED BY THL TARGET

The actual temperature which a target 1s able to
attaln iz a function of the total heat input less the
variocous heat lossesa, The difference between heat input
and heat loss 1s known as the heat flux utillized by the
target, Heat is lcst by radiation, ecnduecticon, and
cenvection which are related tc the shape, size, and
material of the target,

For the proper desizn of a sclar furnace for
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a0 T l T
E=MaMaMaV
Po=0.033 cal/sec/cm?
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FIGURE 9 RELATIONSHIP BETWEEN
HEAT FLUX, RIM ANGLE, AND
EFFICIENCY FOR PARABOLIC
CONCENTRATORS, (I2, p.35).
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attalning a speclified temperature, it is necessary lo

determine the hea: flux required taking inte account

the heat losses. Alsc, the heat flux utilized by the

target is of interest when kncwlecge of the thecretical

and actual temperatures attalnable is desirable,

The Stefan-Boltzman equation (12, p.33),
p =0 T (14)

may be used tc estimate the temperature obtalnable with

a sclar furnace where:

g =
T =
p =

from

Stefan-Bocltzman constant 1,355 x 10712 eal/bme/sec°K
the temperature of the target, °K
6.1 x 103 71r g Y m aPo £in® 8 as calculated

the previcusly derived equation (11).
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CONSTRUCTION CF THE SOLAR FURNACE

After becoming aware of the cpportunity to
purchase a surplus military searchlight, a& preliminary
investigation of the feasibility cof constructing a sclar

furnace here at Oregon State College was made by a
seniocr student, Xen Bird, under the supervision of
Professcr Joseph Schulein, The results of this lnvestie-
zation were encouraging sc the searchlizht was acquired,

Lue tc the desire to use the sclar furnsce for
specisl rescarch projects, it was declded that the
most practlical utllizaticn of sclar energy wculd be
cbtained if the sun's rays were concentrated downward
which meant that the parabclic reflector wculd be mounted
horizontally, 1., e. with its axis vertical, and facing
downward, Uith this configuraetion a stationary focus
would be cbtained on the top of the sample and the
sample ccould serve as 1ts own receptacle for experiments
requiring melting, When the sample serves as its own
receptacle the necessity of using very high temperature
cruclble is eliminated as 1s the possibility of
introducing impurities,
The loglcal location was on the roof of the

chemical engineering building, so, from a conslideration

of the site available, the five foct diameter parabolie
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reflector was mounted cver a U5 degree staticnary
plane reflector which received reflected radiation from
a helliostat, This arrangement is shown in Figure L.

The geometrical configuration is shcwn in
Figure 10 and is identical tc that of the sclar furnace
constructed by Kenneectt Copper Corporation in Salt
Lake City, Utah, In the constructicn of that furnece
difficulty was experienced in maintaining planeness of
the mirrcrs cn the helicstat and attributed it to
flexing of the heliostat frame,of the mirrors,cr both.
Thelir mirrors were approximately L2 inches square. This
flexing and the resulting imprcper alignment c¢f the
mirrors was indicated by tails in the focal image and
by a change in shape ¢ the fccai image and movement of
the tails from hcur te hour,

The final design of the Orezon State Ccllege
staticnary plane and heliostat attempted tc correct for
planeness in the mirrors. The design was efflected by
ancther graduate student, Fred I, Fisher, and the
construction was done by Fred [, ["isher and the author with
advice from machinist Robert Mang cn mechanical details.,
In the construction of the present furnesce it was
attempted to eliminate these defects by making the
helicstat frame more rigid and by employing smaller

mirrors measuring 21 inches square or cne-fourth the
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size of those employed by Kennecctt Copper Corporation,
CCHCERTRATCR

The ccncentratcr was, cf course, the parabelie
reflector frem the surplus searchlight, The parabclie
reflector was made by electrodepcsitiocn cof copper on
a mold and had a diameter of Iive feet with a focal
length of 26 inches., The copper paraboloid waes polished
and plated with rhodium which has the neces:zary
properties of corrcsicn resistance and reflectivity,
The finished parabclcid was then mounted in an saluminum
housing for protecticn and to support the stresses of
mounting.

As shown in Flgure 10, the concentrator was
meunted with the focus about 3 feet above the midpoint
of the 45 degree staticnary reflector and on a
separate frame, 7This distance provided sufficient
clearance for woerking con the staticnary mirrors and for
the sample holder. The leys of the concentrater frame
were made of 3% inch steel pipe, the braces of 1j inch
steel pipe and the top cross members cof I inch steel
I-beams All parts were joined by welding. The

concentrator frame is pictured in Figzure 1ll.
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STATICRARY REFLLCTOR

The staticnary reflector was welded up in the
form of an inverted rccf truss using 14 inch steel
anzle iron, Concentric plpe sections were fashicned
into legs for leveling the frame., This frame is shown
in Figure 11,

From a consideration of the geometry cf the
installation it was ascertained that the heliocstat
should be seven feet square. This cculd be achicved
by emplcying 16 mirrors 21 inches square., Both the
stationary reflectcr and the heliostat were made the
same size in order tc use the same size mirrcrs,

Instead of the usual three point mirror mounting
for this type of plane reflector it was decided to try
a four point mounting in an attempt to decrease the
stress at the mounting points and the resultant
flexure of the mirror., Actually, it appeared during
trials of the mirror adjustment that this fcur point
mounting was not practical due to the impossibility of
adjustins the four mounting pcints intc the same plane
and colnelding this plane into cne single plane
containing all the mirrcrs, or at least adjusting each
mirror intc very slightly offset parallel planes.

This will be more fully discussed under "Adjustment of
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Mirrors", Holes were drilled in the four ccrners of
each mirror 1} inches frocm the side to receive 4 inech
stainless steel bolts., The location of the mounting
hcles in the mirrcrs fixed the lceation o¢f the mounting

pads which were welded on the fram where necessary,
HELICSTAT

As menticned previcusly, the framc c¢f the
helicstat was the same size as that of the staticnary
plane reflector except that on the helicstat the lower
edge ol the frame was cut off diagonally abocut 18 inches
from the corners to allow space for mounting cn the
pivets, This is shown in Figure 12, The axis ¢f the
pivots passes approximately thrcugh the lower edge of
the bottom row of mirrors. The supports for the pivots
were made from 6 inch I-beam and were 6 inches tall,
These supports were welded tc the 6 inch I-beam eross
member which was bclted tc the modified searchlizht
carriacze.

The bazse for the helicstat was made by slichtly
modifying the searchlight carrisge. This mcdification
consisted simply 1n cutting off one arm of the criginal
searchlizht yoke and cutting about six inches off the
other arm, This remaining arm then served as the bage

for the elevating mechanism which was centered c¢n the



FIGURE 12 HELIOSTAT FRAME



b5

back cf the freme.

A one inch diameter bronze screw 46 inches
long was fabricated and mounted in a special yoke at
the rear midpoint of the heliostat frame., This yoke
retained the screw and was mounted on bearings permitting
vertical mcvement of the screw to allow constant
alignment between both ends of the serew when raising
or lowering the heliostat, The bottom end consisted
of a similar arrangement except that a large nut was
fabricated and mounted in the bearings. The bronze
screw, turning through this fixed nut, raised or
lcwered the heliostat while being maintained in
alignment by the bearing mounted supports at each end.
Power was supplied by a § horsepower reversible motor
driving through reduction gears,

Movement in the horizontal or azimuthal plane was
supplied by a 1/6 horsepcwer motor through reducticn
gears tc the original traversing gear., A reversible
moter was nct needed here as the driving gear cculd be
disengaged and the helicstat turnec by hand,

The specifle movement of the heliostat during the
éay while tracking the sun might be mentioned here to
explain the cholce of one reversible motor and one
non-reversible motor, Starting in the morning the sun

is low in the sky. Since the angle of incidence of
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the rays equals the angle of reflection of the rays

the heliostat must be hizh to reflect tc the stationary
reflectcr, As the altitude of the sun increases the

anzle ol ineidence also increases, consequently, the
helicstat must be lowered tc increase the angle of
reflection toward the stationary reflector. Wwhen the

sun is at its zenith the helicstat is at its

minimun pcint. As the sun goes down in the afterncon

the heliostat must then move tack up which is the ccnverse
of the procedurs in the moerning. Frcm this it may be

seen that the bronze elevatin: screw on the helicstat

must work in two directions, screwing intc the fixed

nut in the morning and cut in the afterncon. Two
directions, hence a reversible motor. The helicstat,

in tracking the sun, traverses steadily from east to

west and the motor needs to functicn in one direction only
since the helicstat can be easily turned back to the

east by hand,

SUN TRACKING LEVICE

Two photocells were wired into the heliostat
motors' circuits to control the mcvement of the
heliostat, The window of each photocell was taped cvep
leaving a very small slit., By this means the photocell

cculd distinguish when the reflected rays from the sun
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were shining on it (see Figure 13). The ncrmal
operaticn of the photccell energized its exterior circuit
upon seeing "dark", i. e. lack of radiation.

One photocell was mounted at the midpoint of the
stationary reflector and ccntrolled the horizontal
movement of the helicostat. A black patch was placed at
the mldpcint of the heliostat (see Figure 14). This
photocell was wired tc actuate a normally copen relay
connected in the line to the heliostat traversing wmotor,
While the photocell saw "light", the reflected radiation
from the helicstat, the motor was "dead", As the sun
traversed from east tc west the shadow from the black
patech would fall on the phcteocell, actuating it,
closing the relay, and actuatin: the traversing motor,
Cnece the helicstat had turned sufficiently for the
photocell to see light it went "dead", thus cpening the
eircuit of the motor and stopping it,

The other photocell was mcunted facing dcwn at
the edue of the parabolic concentrater (see Figure 13).
This phctocell "saw" reflectsd radiation frcm the
bottom edge of the stationary reflector, or the lack of
reflected radiatiocn. Connected to the exterior ccntrol
circuit ¢f the photocell was a normally closed relay
which was wired lntc the cirecult to the elevating motor,.

As the altitude of the sun inereased in the mcrning the
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radiation would be reflected to the photocell, thus, in
effect, keeping it de-energized. Fut, since the photo-
cell was connected to a closed relay in the motor cire
cuit, the motor would function, lowering the heliostat,
until the photocell saw "dark". The photocell, being
energlzed, would open the relay and stop the motcer until
radlation would again ds-energize the photocell per-
mitting the relay to close. In the afternoon the
heliostat would have to be elevated, This was accom-
plished by laying cut a separate circuit with switches
and a normally open relay for reversing the process of
energizing the elevating motor. The only manual operation
of the tracking device came at the sun's zenith when the
switches were thrown to reverse the movement ¢f the
heliostat. The switches were connected so that all were
down when the heliostat was being lowered (morning

operation) and up when being raised (afternoon operation).
SAMPLE HOLDER

Although the permanent sample holder was not
completed, it will be briefly described. The original
electrode mounting bracket was retained to serve as the
mount for the sample holder. On this bracket will be
mounted the base of the sample holder with provision

for movement in any direction. Over the base will be
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fitted an inverted pyrex Jar for maintaining the desired
atmogsphere arcund the sample., This pyrex jar will be
sufficiently large so as to remaln always in an area
of slightly concentrated radiatlion. Fittings will be
prcvided on the sample holder base {or attaching vacuum

and gas lines,
ADJUSTHENT OF THS MIBRCORS

The mest tediocus pertion, and the only portion
requiring further modification, was the adjustment ol the
nirrcrs on both the helicstat and the staticnary L5
degree reflector, It was very difficult to achieve a
well defined circular fccal lmage that would held its
shape for any length of time. This difficulty was also
experienced by Kennecott Ccprer and Arizona State and
probably by etharsol

Turing the various stages of adjusting the mirrors
a8 6 inch square block cf silicon carbide was clamped to
two lengths of angle ircn and positioned at the foecal
peint ¢f the ccncentrater, In this manner the size
and shape of the sun image cculd be seen and the effect
of each adjustment cculd be ascertained,

l. Perscnal communication from W. M, Tuddenham, Kennecctt
Copper Corporation, Salt Lake City, Utah,
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FIRST STAGz OF ADJUSTMENT

In the first adjustment rubber shims were cemented
on the frames at the mounting points tc an approximate
planeness as meagsured with a wooden straight-edge., The
mirrcrs were placed in position and a final adjustment was
effected by placing thin metal shims between the
rubber pads aand the mirrors, Linear image continulty
was obtained acrces the jJoints but, as was disccvered
later, during the second stage of adjustment, there must
alsc be an equality of lmage size across the jcints.
Referringz to Figure 15, when mirrcrs AB and BC are
co-planer the image as seen across joint B is the same
size as when seen wholely in mirror AB cor BC. VWhen
gsides A and C are above B then the image as seen across
the joint B will be elongated., When sides A and C are bee-
low jeint B then the imaze as seen across B will be
shortened, The net result is that a falrly goeod image
linearity may be cobtained rather esslly but the mirrors
carnct be ccnsldered in zocod adjustment until the Image
size is equal acrcss the jcints, This first adjustment
gave a very difiuse fccus with talls extending in all
directions. In a test it took several seccnds te char
weod and & number of seconds to ignite wceode Shlmming
was conbinued with some improvement until it was

possible to melt steel nuts (approximately 1500° C) but
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the focuas was stlll dispersed and with tails,
SECOKD STAGE CF ALJUSTMENT

For the seccnd adjustment the rubber pads were
remcved and three=fcurths inch extericr grade plywood
was placed directly on the frames and drllled to
cerrespend tc the mounting holes in the mirrors. The
plywced was belted to the frame with the mirrcr mcunting
bolts and shirred behind to approximate planeness with
the wooden straight-edge. Then the bolts for cne
mirreor cnly were removed anc the mirrcr belted 1ln place.
This proeedure was repesated for the rest cf the mirrors
in turn until beth plane reflectors were completeds
It had been cbserved when testing the first adjustment
that a slight pressure exerted in the center of many of
the mirrcors pulled the tails in toward the central focal
pcint, sc, for the seecnd adjustment, corresponding
heles in the plywocd and center of the mirrcrs were
drilled and all the mirrcrs were pulled dewn slightly
in the center, Thils innovation was not very frultful
from an econcmical standpeint as several mirrors broke
through the center. This adjustment gave a socmewhat
better foeal spot, melting steel nuts rather readily,
but there was still toc much dispersion and too many

talls at the focus., Nc lmprovement was achieved by
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varying the tension of the mounting belts or by adding
or subtracting shimsg behind the plywcod. At this
pcint it was realized that an independent adjustment
for each mirrcor must be provided in order tc achieve
the eguality cf image size across the jcints which

was explalined in the first adjustment,
THIRD STAGE OF ADJUSTMENT

Since plywood was already cut to size and drilled
for mounting on the frames it was decided tc mount the
plyvcod independently, level it to the best planeness
achievable and then mount the mirrors with 1/16th inch
soft rubber washers between the plywocd and the mirrors,
Wcod screws and washers would be used on the corners
withcut belts., Thus, by varying the tension cf the
mirror mcunting belts and screws a slight adjustment
could be made cn any mirrer, It was not known just
how much, i{ any, the mirrcrs had sagied in the first
ad justment due tc their own weight and the methcd of
mounting and then when breakage ocecurred after drilling
holes in the centers of the mirras it was decided to cut
them into quarters., Actually, the smeller the mirror is
the more nearly it resembles a perfect plane and that is
Just where the difficulty lay, an inability to achieve

a nearly perfect plane¢ reflector. Needless tc say the
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mounting problem was magnified with feour times as many
mirrors, however, the ecuality of image size across
the joints could then be ascertained at noints only
one-nalf as far apart as oprevicusly., Thls would aid the
construction of a more nearly perfect place reflecting
surface,

Flathead bolts wers counter-sunk into the plywood
to affix the plywcod, independently of the mirrors,
to the frames. The plywcod was then shimmed out to
approximate planeness end & manuval sander wes then msde
for leveling off the high spots on the plywood. A4 three
foot steel straight-ecdge had been acquired and wass used
te ascertain that a variance of no more than about
ten-thousandths of an inch was achieved. 7The mirrcrs were
then mcunted as explained previcusly. Although the
plywood had been varnished it was found, when mounting the
mirrors, that the varletion between high and low spots
was increasing with time, sc thin shims also had to be
used in some places. A pood continuity of imace size
was obtained across the jeints and the {furnace was
tested after one-half of the mirrors had been mcunted cn
the helicstat and the stationary reflector. The results
of this test are amplified in the secticn "Test of the
Solar Furnace"., By the time the rest of the mirrors

had been mcunted, the plywocd had warped sufficlently
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so that a dispersed focal image was again cbtained.
It was realized before employin. the plywceod that it
did nct have the desired resistance tc weathering but
it was thought that a test of some significance cculd
be obtained if the mirrcrs cculd once be properly ade
justed, even if only for a few days. The method of
shir ing behind the mirrors was too tedicus to make any
further adjustment of the mirrcrs desirable. This
ehange in the focal image with a slight change in the
adjustment of the mirrcrs emphasizes Just how critical
the mirror adjustment is and the fact that mounting

devices must be imperviocus to weathering.
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Tu8T CF THs SCLAR FURNACE

As the adjustment ¢l the mirrors improved, the
tenperature at the focal point increased from abcut the
kindling pecint of wood to the melting point of steel
(+ 1500°C) and somewhat beyond., A more accurate
determination of the temperature was nct ccnsidered
because it was seen that the focal point was still not
well definsd, hcowever, it was attempted to melt boron
under a vacuum (m.p. at 1 atm, is 2050° C). 4 3 liter
florence flask was [itted to hold a small plece of boron

and receive a vacuum line, The boron got red hot but
did not appear to melt,

The only high teuperature test cf any consequence
was obtained on October 1, 1958 at abcocut 12 nocn,
One-half of the mirrors had been mounted ¢n the plywood
cn both the staticnary reflector and the heliostat and
were in very .cod adjustment as was ccrroborated by
the symetry and definition of the image. The day was
cnly fairly clear, there being sufficilent haze to
partially obscure the medium distant hills., The mirrors
had been cleaned previcusly but were dusty.

A well-defined image ol approximately 3/8 inech in
diameter was cbserved, A steel shim was placed in the

foecus and the resulting hcle winich was burned measured



59

slightly less than 3/8 inch in dismeter and was of a very
well-defined circular shape. Pyrometric cones were
placed 1n the fccus te estimate the temperature, Cone

# 33 representing 1745 degrees C. was fused several times
and was the highest indicated temperature cbtained

under the aforementioned test ccnditicns,

This test was very encouraging inasmuch as it was
the first time that a well-defined focal spot, withcut
tails, was obtained,

After mounting the rest of the mirrors it was
cbserved that warpage and grain swelling of the plywcod
had caused a dispersion at the focal point, Pyrometriec

ccnes indicated a temperature cf only 1820° cC.
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INTERPRETATION (F ThST REBSULTS

From the calculaticns demcnstrated in the
Appendiz and usin; the results of the test run involving
only one~half of the mirrcrs and making the following
agssumptions and estimates, an estimated cperating
temperature for the completed solar furnace will be
determined,

Referring to the formula for the efficlency, B,

E= o .my YN, (12)
corrected values will be substituted to estimatbte the
temperature cbtainable about the time cf the June
solstice (June 21).

7zr = the combined reflectivity coefficient of
all the reflecting surfaces, becth sets of mirrcrs and the
parabelic concentrator, This will be the same as the
test rune.

77s = the shadowing coefficient which accounts
for the non-reflecting porticns of the reflectors due
tc mounting, spaces between mirrcrs, sample holder and
bracket, and sun tracking device, This will be slightly
less due tc¢ the sample holder, say 90%.
Y = the coefficient of geometrical perfection.

This will be the same providing the mirrcrs are as well

ad justed as in the test,
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M g = the coefficient of transmissicn of the
atmogphere, This will be much greater due to clean
reflectors, clearer atmosphere,2 and the higher
elevation of the sun,

Due to lack of data on the direct radiation of the
sun for this general geozraphical area, an estimate will
have to be made for this mcest lmportant factcr, The
author feels that 1t may be conservatlively c¢stimated that
at least twice the intensity of direct radiaticn will
be received by the sclar furnace arcund June 21 cn a
clear day as during the October 1l test, This sstimate
is purely perscnal judgment and tries to take into
account the difference of dust and water vapor in the
atmosphere, clean reflectors, and the higher elevation
of the sun,

3ince cnly one~half of the mirrcrs were uszed as
well as approximately one-half of the parabelic concentra-
tor, then the intensity will be approximately doubled

with the utilization of all of the mirrors.

2e Turing the summer of 1958, the atmcsphere appeared
quite clear until the latter part cof July and later
when a constant haze was evident, This haze was
estimated to be of approximately the same intensity
as during the test.
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An equation for estimating the change of

efficisnecy to be expected at any cther time would be:
I -
E' = M.y Y n'y (srea intercepting radiation)

where the primes, ', represent the estimated chranges of

the values,.

Bt = (1) (0.,90) (1) (2) (2) = 3.6
From the Stefan-Bocltzman eguaticn, p =¢7Tu. and equation
(11), p = 46,1 x 2103 M. mg ¥ M gp, sin® @, it is seen
that this factor BE' taken tc the cne~fourth power will
be the corrsction coefficient by which the temperature
must be multiplied,

l;) 3.60 = 1,38
(1.38) (1745 + 273) = 2780° K
or approximately 2500°C.

This value is the estimated temperature which
the sclar furnace should reach on a clear day in June,
based on the results of the test run invelving one-half
of the mirrcrs.

This extrapclated temperature appears tc be very
ccnservative when it 1s remembered that the Kennecott
Copper Corporaticn in Salt Lake City, Utah, with a sclar
furnace of identical gecmetrical confisuration cbtained

2800 degrees C withcut achieving a perfect focus,.
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Ag an item oi interest, extrapclating for all the
mirrors and c¢slculating an expected temperature for Oc-

teber 1lj, one f'inds;

' = (1) (0.90) (1) (1) (2) = 1.8

r&}'ifﬁ' = 1,165

(1.,185) (1745 + 273) = 2390° K
or 2117° ¢.
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CONCLUSIONS

vhile there was some pessimism concerning the
feasibility cf a sclar furnace in this geographnical
lccation both before ccnstruction was commenced and
particularly when attempting tc adjust the mirrcrs it

must now be concluded that an operable sclar furnace
is very feasible lor suwmmer cperation.

A point that cannot be overly stressed is the
necessity fcr zood optical alignment of the mirrcrs,

It was disccvered that this point, mcere than any cther,
was the real key fcr cbtaining higzh temperatures,

Since the sclar furnace was originally constructed
to atiempt zone refining of elemental boron which melts
at 2050° ¢ and a driving force of several hundred
degrees is probably necessary , then, temperatures of
probably 2400° C or hisher are desirable. Consequently,
for work in this temperature range, the sclar furnace
would appear to have utilizable maximum periocd of use
of less than six monthe and mcre prcbably about fowr

months from aepproximately April 21 to August 21.
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RECOMIENDATIONS

It is recommended that the mirrors be remcunted
on springs with a provision fer front adjustment, Three
point suspension 1s preferable tc four point Lecause
the same securacy c¢f alignment can be achileved with one
less point of adjustment and there is less possibility
of producing undesirable stresses in the mirrors.

Figure 15 shows the additicnal holes necessary in the
mirrors and indicates two surgestions for spring mcunting

the mirrorse.
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SUMMARY (F CALCULATICNS
FCR THE C+8.Ce SCLAR FURNACL

= = r

daZﬁ.J.naO.Zh2 in.
107.3

(2) D & & 8in® - |; tan [-]
T J+¥cose bl

D =60 in, -2.31 . | tan &
£ 26 in, 2

8 = 60°
(3) P=m1 (MaPo) 12 gin2 o

(MaP o) will be taken as 1.25 cal/cma/min which
is approximately the average from cther sclar furnaces

in the United States.
P = (3,1416) (1.25) (262) (sin260°) (conversion factor)

P = 716 watts which is the total
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power, or heat flux, concentrated in the sun image

at the focal point,

(9) p = 6.1 x loiﬂhpo sin2 @

p = 720 cal/hm?/gec which is the maximum theoret-

ically obtainable heat flux per unit aréa at the focus,
(10) pwué.lx:loB/n, Mg Y Ma Po 8in2 8

N, the reflectivity efficiency factor, will be
taken as 0.70 which 1s the value estimated by Kennecott
Copper Corporation for an identical furnace. Values
fer other furnaces veried from 0,66 to 0,86 (6, Table 1I),

Mg, the shadowing loss factor, varied from 0,63
to 0.96L4 (6, Table II) with the majority 0.95 or higher,
It was felt that the value for the present sclar furnace
should be lower than for other similar furnaces due to
the smaller wmirrcrs, their mounting, the sample holder
and mounting, and the tracking device, Therefcre a
value of 0,85 will be assumed,

r} the geometric perfectiocn factor, has been
conservatively calculated (12, pe.33) for several
furnaces anc was found to vary from 0,066 to 0.54.
These are ccnservative values ilnasmuch as no shadowing
loss was assumed in making the calculations. Apprexi-

mating the shadowing lcss and recalculating zave maximum
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values of abcocut 0,60, It will be remembered that a

calculaticon for the present furnace based on the test
with one~half of the mirrors indicated a gecmetric
perfection of abcut 0,65, VZthen, will be conservatively
eatimated as 0,50 for the present caleculsbtion.

M aPos» the local sclar constant, was found to
avérage appreximately l.25 eal/bﬁ%hin (6, Table II)e
While it is felt that this value should be surpassed,
especlally about the time of the June solstice, it will
nevertheless be assuned as & lower value to continue the
presentation of a conservative estimate of the heat flux
obtainable for the present furnace. Assume this factor
18 1.0 eal/em®/min,

p = (4641 x 20%) (0.70) (0.85) (0.50) (1.0) (sin®60°)
p = 10300 cal/bm?/min = 172 cal/em®/sec

The variocus loss factors may be repregsnted by

(12) E=Mpumg g ¥V
By using the Stefan Beltzman eguation

(1) p=o mb
The temperature which the sclar furnace is estimated to
attain is 3360° K or 3087° ¢,

The results of the calculstions indicate that the
present furnace will attain temperatures correspending
to those of other furnaces.

It will be of interest to see what effect
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variations in the loss factors,Mp,Mgyg, and ¥
have on the cobtalnable temperature. For this purpose
Figure 9 will be used,

The rim angle for the present furnace is 60°,

Heat flux, p, will be calculated from the Stefan-Boltzman
equation by assuming temperatures, E will then be read
from Fizure 9 and factored to give representative values
for each loss factor component. Sinee values of the
atmospheric loss factor, g, are not as readily available
as the local sclar constant, 47ap°, the local sclar
constant value will be included for & comparison. These
results are given in Table 2.

From these calculatiocns it can be seen that the
efficlency may be as low as 0,062 and still allow the
achievement of approximately 21400o € which was considered
as about the lowest desirable temperature for melting

becron.
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2200
2,00
2500
2700
2800
2900
3000
3087
3200
3300
3400
3500

SEVEFRAL RELATICNSHIPS BETWEEN

cg'l '
cm™ min
50.4
68,7
80.0
105
120
| 136
155
172
196
219
245
272

0.045
0.067
0,070
04090
0.105
0.120
0.130
04150
0.170
0.190
0.215
04250

TABLE 2

My

0.60
0e63
0.65
0.65
0470
.70
0,70
0.70
0+70
0.70
0470
0.70

THE LO3S FACTCRS AND TuMPERATURE

N g

0.59
0460
0.58
0.6l
0.69
0.67
0.72
0485
0.85
0.80
0.84
0483

M a

0.361
O.412
0.412
0.46L
0.6l
0515
0.515
04515
06567
0.618
0.67

0.722

0.35
0.40
0.45
0ely7
0.50
0.50
0,50
0450
0.50
0455

0455
0‘60

M aPq

0.7
0.8
0.8
0.9
0.9
1.0
1.0
1.0
1.1
1.2
1.3
1.4

€L



