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PREFACE

Future generations will almost certainly be forced to utilize
solar radiation to supply some of their energy requirements.

To be able to predict the temperature that objects will
achieve when heated by solar energy would seem both desirable and a
necessary prerequisite to intelligent utilization of this energy. In
the field of direct solar energy utilization there are three natural
classifications: (1) No concentration, which is characterized typically
by black plates under glass, in which the state of knowledge is well-
developed; (2) Medium concentration, characterized typically by
singly-curved mirrors, in which there is literally no information;

(3) High concentration, characterized by solar furnaces, in which the
mirrors are typically formed from doubly-curved surfaces, which is in
a state of knowledge between that of (1) and (2). This dissertation
attempts to fill in some of the gaps in knowledge in the medium
concentration area.

The author wishes to gratefully acknowledge the aid of those
who contributed to the completion of this thesis. Acknowledgment is
given to Mr. E. B. Shand of the Corning Glass Works, who gave infor-
mation on the properties of pyrex glass. I wish also to thank the
Doctoral Committee which aided in defining the subject matter that this
thesis was to investigate, Mr. Norman Foster of the United States
Weather Bureau, who took time from his duties to calibrate the
pyrheliometer at the United States Bureau of Standards in Washington,
D. C., and Mr. Dan Boehm for his advice and aid in machining parts of
the pyrheliometer and the concentrator. Special thanks are due my wife,
Nancy, for the typing of the original draft of the thesis.
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INTRODUCTION

Solar concentrators have an ancient heritage. According to
the literature they have been in use for over two thousand years. In
the past it was sufficient to know that it was possible, by shaping
certain metals in a prescribed manner, to heat and indeed to melt most
existing materials.

It is conceivable that in the future we may be forced to
utilize some of the sun's energy to replace, at least in part, some of
our energy requirements now supplied by our dwindling supply of fossile
fuels. However, efficient utilization of this energy must be preceded
by investigation and research into the temperatures that can be attained
by a target placed at the focus of a solar concentrator.

The field of solar energy utilization has three natural sub-
divisions. The first subdivision is that of no concentration, typified
by flat plate absorbers. The field has been well investigated and the
theory, as developed by H. C. Hottel and B. B. Woertz is well sub-
stantiated by numerous investigators. The second category concerns
medium concentration which has an ideal upper limit of concentration
of approximately 215 times. This category is represented by the para-
bolic cylinder. No theory exists for this category. The third subdivi-
sion is that of high concentration and is typified in use by the solar
furnaces. These are usually paraboloids of revolution that are in theory
capable of concentrating radiation some 46,100 times under ideal con-
ditions. The best work to date in this area is an analysis "Theoretical

Considerations On the Performance Considerations of Solar Furnaces" by

-1-
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E. Loh, P. Duwez, N. Hiester, and T. Tietz. This report is concerned
with the calculation of the heat flux and the maximum temperature db;
tainable at the focus, and ignores convection.

In this investigation, which was concerned with the second
category under steady state conditions, a theoretical equation was
proposed that relates the time rate of energy additlon per unit area
to the time rate of energy loss per unit area for a flat plate placed
at the focus of a parabolic cylinder. The solution of this equation
determined the temperature of the plate. The validity of the equation
was checked experimentally by heating a plate in the focus of a concen-
trator and measuring the temperature rise of the plate above the sur-
roundings under various conditions and comparing this temperature rise
to the theoretical value.

It was quickly apparent that, with a target exposed to air,
the convectlon losses due to winds were excessive; thus, it seemed a
good idea to cover the target with a thin hollow glass cylinder. To
further reduce the losses, the space between the plate and the sur-
rounding glass cylinder was evacuated. A theoretical equation was
developed to predict the temperature of a flat plate for various time
rates of energy input per unit area to the plate. To determine a plate
temperature from this equation, two other equations were proposed, one
that predicts the temperature of the outside surface of the thin hollow
glass cylinder, and one that predicts the temperature of the inside
surface of the thin hollow glass cylinder. All three equations were
checked by comparing the predicted temperature rise to the actual

temperature rise obtained during tests.
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A theoreticél equation was also developed for the case of a
cylindrical target surrounded by a thin hollow glass cylinder in which
the intervening space was air. As in the previous cases, the temperature
rise of the cylindrical plate predicted by the theory was checked experi-
mentally.

To give a comparison between having air in the space between
the target and the surrounding thin hollow glass cylinder or having a
vacuum, an experimental test was made for a flat plate using different
time rates of energy input per unit area for both cases.

A test was conducted with a flat plate as a target subjected
to various total radiation rateé in (Btu/hr fta) when the target was
covered by no glass cylinder, one glass cylinder, two glass cylinders
and, finally, three glass cylinders. This experiment indicatéd the

advantage of using glass cylinders to obtain high equilibrium tempera-

tures.



FLAT PLATE THEORY

General Equation

The differential equation of an object heated by radiation

assuming infinite conductivity and zero conduction loss by supports is:

Q = cm%g + Ay [TP-TO] + crepAI; [T%-T§}+ Q, (1)

Under steady state conditions dT/d@ = 0, and if the time rate of energy

utilization is zero @Q,=0 , Equation (l) reduces to the following form:

Q, = hAp [ﬂp-TO] + cepAp [T%-Tg] (2)

If Equation (2) is divided by the plate area AP , the following

equation results:

%= h [TP-T] + 0, [T%-Tg] (3)

The right hand term of Equation (#) is equal to the time rate of energy

loss per unit area or

%ﬁ= h [Tp-TO] + 0ep [TP—TQ] (&)

and therefore:

% _ %
Ap By (5)

The time rate of energy addition to the plate is equal to the sum

of the sun and sky components as measured by a pyrheliometer, so

Qg = Qg + Qgk (6)

I



Fach component travels to the plate by a direct path from the sun or
sky or by an indirect path from the sun or sky to the mirror and then

to the plate. Therefore:

Qg = Qsq * Qi *+ Qxa + ki (7)

The direct component as shown by Hottel(l) is a function of the time
rate of radiation per unit area from the sun, the area receiving radi-

ation and an absorbtivity factor of the plate for this radiation; thus:

Qsq = Hghpn Qgn (8)

The indirect component from the sun is a function of the time rate of
radiation per unit area from the sun, the area of the mirror normal to
this radiation, the fraction of the mirror exposed, the reflectivity
of the mirror, and the absorbtivity of the plate for this radiation,

thus:

Q., = A CRo, (9)
si s nm si

The sky components together represent less than l% of the time rate
of radiation per unit area to the plate when using a fully exposed
mirror. It is fortunate that this is so because it is virtually im-
possible to state accurately the sky contribution to the plate. How-
ever, we may look at the limiting values of this contribution and then
make a reasonable estimate.

If a perfectly reflecting mirror were placed in back of the
plate so that the sky could see only sky or mirror, the contribution for

this idealized case would be a function of the product of the time rate

(1) Hoyt C. Hottel and B. B. Woertz, "The Performance of Flat Plate
Solar Heat Collectors," Transactions American Society of Mechanical
Engineers, 1942, vol. 64, pp. 91-10%.




of sky radiation per unit area, the total area of the plate, and the

absorbtivity of the plate for this radiation, or

Urd + ki = HexPplsk (10)

In terms of the normal area of the plate this becomes

Uka T YUkt = HskApnask = K;; = 8 HskApnask (11)

However, actually the sky radiation is brightest near the sun, the direc-
tion in which it is determined, and diminishes in every direction from
the sun. In addition, the back side of the plate has for its view only
a small fraction that is mirror, that is its view factor of the mirror

is less than unity. Also, the radiation from the sky via the mirror is
diminished by the,amount of radiation absorbed by the mirror. Thus,

the contribution of the sky lies between these extremes:

~
0< std + sti 2? 2 HskApnO%k (12)

On substitution of Qg, for Qg the sky contribution will be allowed

for by

Qskd * Aski = HskfpnOskn (13)

Summing the contributions
Ay = HghppQgp + HgApnCROgs + HgpApnQskn . (14)
Dividing Equation (14) by Ay

Qa _ HoApOgy + HgAppCROgy + HskAanska (15)
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Substitution in Equation (5) results in

HgA + HsAnmCROsi + HgkApnQ
gt JealToes TR L [ + e o JCTS

Equation (16) may be rearranged to yield

1
_ Th 1 [HsApnasn + HgAyCROg; + HskApno‘skn] o ] b
=% * o5 A h [p'To (17)
Subtracting To from each side gives
by 1 ||HsPpnOsn * HgAnpCROgi + HskApnaskw
T -TO'= T + gE A. J -
1Y S P D
(18)

1
h [TP-TO]] i T,

Using the results of Equation (15) in Equation (18)
b Q
Y P . ]
T,-T, _/;S " 5 I:K_p - [1p-Tg)| - T, (19)

Equations (18) and (19) relate the temperature rise of the

plate above the surroundings, in terms of the variables pertinent to
a solar concentrator. Equation (18) can be applied to any parabolic

' 1
cylindrical mirror, for any value of Anm'/Apn equal to or less than

the value determined by the following equation developed in the appendix:

n [l _ n2 _n tan g]
o - Apm' Apn + App < 16 2 2 (20)
T Ay T Apn 22

[0 n
2 tan 5 (1 + I.6)
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Experimental Verification (Flat Plate #1)

The validity of Equation (16) to predict the steady state
temperature attained in a solar concentrator will be determined by
comparing the theoretical temperature rise Tp‘To s, to the actual

temperature rise for a given plate in a controlled experiment.

Equation (16) states

HSAPnOtsn + HSAI]mCRaSi + HskA‘pn =N [TP_TO] + gep [T%-Tls'.] (16)
Ap
or
Qa Qg
B _ 2k (5)
Ap Ap

The right hand equation may be put as

O

Y

K; =h [TP-TO] + o€y [T%-Tg] (%)
or

Q Q Q

B
where

Qe

% =h [Tp'TO] (22)
and

= = oy [15-]

Since‘ep = .%

Qr _ T o (b



or
xr T S
.2;= L1661 [(fga)LL - (%5)4] (25)

In evaluating h of Equation (22), two boundary conditions
are assumed. A least loss condition 1s assumed for no wind (natural
convection), and a maximum loss is assumed to occur with a wind velocity
of four miles per hour.

Taking the case of natural convection first, in the laminar
range, Jakob's correlation for vertical planes, horizontal and vertical
cylinders, a block and a sphere is used to calculate h in range of

Ngp - Npp = 10% to 103
The equation(z) states

Ny = -555(NGTNPr>E (26)
or

ke gBel> A T 11?

b= .55 () —%H (27)

For convenience, Equation (27) is put in the following form:

1 1 |
= Coath = ¢, [1p-T] B (28)

where e ngL3 % N %
G =55 T Sz &) (29)

Table I gives the steps in evaluating Ca for film temperatures
from 0-600°F. The values obtained are plotted in Figure 1. This graph
enables one to determine h from Equation (28) when Tp and To are known,

since the film temperature Tp = — 5 — Wwill be known, and C, can

then be determined from Figure 1.

(2) Max Jakob, Heat Transfer, John Wiley & Sons, Inc., New York, 1949,
vol. I, p. 530.
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To arrive at values of h for forced convection, H. Reiher's

equation as stated in Jakob's Heat Transfer, Volume I, is used. This

equation is for forced convection perpendicular to flat plates for

Reynold's numbers from 4000-15000. The equation(3) states

- 731 -
Ny, = +205 N[ (30)
or
ke VD -T31
h=.2055 () =G (31)

where D is equal to the diameter of a circular tube of equal exposed
surface as the plate.

Equation (31) is solved for film temperatures from 0°-600°F
in Table II. The results are plotted in Figure 1. With the aid of the

graph, the forced, convection coefficient can be determined when T

D
and T, are known, since the film temperature will be known also
o - TE + Ty
= 2

At the same time that Equation (22) is solved for the least
loss and maximum loss conditions, Equation (23) is solved for the least
loss and maximum loss conditions. It may reasonably be assumed that
the sky temperature [TS] is equal to or less than the temperature of
the air [TO] . Data from the University of California indicates that
on a clear night the effective temperature of the sky may run as low as
L20°R. It is assumed for the daytime conditions that TS = TO = 520°R
for the least loss condition and that Tg = 490°R for the maximum loss
condition. The temperature [TS] includes the influence of the sky,

earth, mirror and the sun (the target has an extremely small view of

the sun).

(3) 1Ipid, p. 560, 562.



To evaluate the time rate of energy addition per unit area

of plate, Equation (15) must be evaluated.

gg - HsApnaén + HgAppCRaogy + Hsképnaskn

Ap Ap (15)

where the following values apply

523 Lé1

5, =
Ogp = .98
232 = 17.492
o = .91
R =.70
Oy~ -9

Thus
Qg
K; = Hy(L461)(.98) + Hg(17.492)c(.70)(.961) + Hgy (. 461)(.98)
(32)
or
%
R - U518 Hy + 11.76 CH + 04518 Hyy (33)

The total time rate or radiation per unit area is equal to
the sum of the sun contribution plus the sky contribution and may be

expressed as

Hp = Hy + Hgy (34)

or

Hy = Hp - Hgy (35)
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From data obtained during the experimental verification

Hp - Hgy 6
HS= HT XHTN-9HT (3)

and
Hp - Hyg
B = —g— x Hp 1 Hyp (37)

The substitution of Equation (36) and Equation (37) into

Equation (33) results in

%— = .ho66 Hy + 10.59 HC  +  .04518 Hy (38)
(sun direct) + (sun indirect) + (sky)
or
Qa
K - (4518 + 10.59¢] Hy (39)

and thus, since Q;/Ap = Qﬂ/AP

T, 4 Ty b
[.h518 + 10. 590] Hp = h [TP-TO] + 1661 [(-l-gb-) -(335) ] (ko)
or
Q Tp 4 Tg &
= _ D 8
A " h [TP-TO] + .1661 [(m) -(1o0) } (41)
Equation (40) can be rearranged to yield

i

Ty 4
T, = 100 ﬁfsé'ﬁ) + ‘i%ﬁ [[.4518+1o.590] Hp-h [TP-TO]] (42)

or using the results of Equation (41)
I

Tq 4
T, = 100 /(E%B) + "1%'@ [%‘; -h [TP-TO]] (43)
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Subtracting T, from both sides of Equation (13)

I

Tp-To = 100 / (%)h e {% - h [TP-TO]] A (k)

or

-

- 2yt L 4518 [ (b
TP-TO = 100 m) + TSN 451 +lO.59C] HT - h TP-TO] - TO 5)

In Teble IIT, using the assumptions that T = 520°R, that
there is natural convection, and that Ty = T, for minimum loss conditions,
Equation (44) is solved for nine assumed plate temperatures. These temp-
erature rises of the plate above the surroundings are plotted against
Qa/Ap in Figure 2 as the lower solid line which shows the theoretical
temperature rise of the plate under various Qa/Ap inputs to the plate
for conditions of natural convection.

In Table IV, using the assumptions that T, = 520°R, that there
is forced convection (wind 4 m.p.h.), and that T, = ﬁ90°R for maximum
loss conditions, Equation (45) is solved for Qa/Ap for nine assumed
plate temperatures. These temperature rises above the surroundings are
plotted against Qa/Ap in Figure 2 as the upper solid line which shows
the theoretical temperature rise of the plate under various Qa/Ap
inputs to the plate under conditions of forced convection.

The experimental verification is made during the test runs by
using Equation (39) to transfer pyrheliometer readings into Qa/Ap
values, and recording the actual temperature rise of the plate above

the surroundings. The steps are shown in Table V. The temperature



b

rises of the plate TP-TO are plotted against Qa/Ap in Figure 2 to

show contrast with the theoretical values that appear as solid lines.
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OUTSIDE SURFACE OF THIN HOLLOW
GLASS CYLINDER SURROUNDING TARGET

General Equation

For steady state conditions with no time rate of energy
utilization, the time rate of energy absorbed per unit area equals the

time rate of energy loss per unit area or

Q Q
) 1)
glo glo

Where
Uy T]+ce 7, Hoph (2)
Aglo - [ glo™ o ~glo [ glo “'s ]

The time rate of energy addition is the sum of four factors

and is stated as

Qg = Qg + Qi + Qskd * 9ski (3)

The sun direct component [Qsd} is a function of the time rate
of direct sun radiation per unit area, the transmission factor through
the glass, the area of the target that receives radiation, and the
absorbtivity of the target for radiation. Under the assumptions that
the target for radiation within the glass cylinder is a flat plate and
that the time rate of energy loss by the plate is equal to the time
rate of energy loss by the outside surface of the glass cylinder the

sun direct component is

Qsq = HsTrsdTasiAan%d ()

The sun indirect component [Qsi]is a function of the time

rate of direct sun radiation per unit area, the area of the mirror

-22-
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normal to the radiation, the fraction of the mirror exposed, the
reflectivity of the mirror, the transmission factor of the glass, and

the absorbtivity of the target for this radiation, and can be stated

Qgi = HgCApmRTrgiTagi®si (5)

The sky components are treated together. If the glass
cylinder and target were placed in front of a perfectly reflecting
mirror so that the combination could see only mirror or sky, the time
rate of energy added from these two sources would be a function of the
product of the time rate of energy addition from the sky, the trans-
mission coefficient through the glass, the area of the target, and the

absorbtivity of the target for sky radiation; thus

Qskd + Qgki = HskTrskTaskApQsk (6)

For the same reasons advanced in the case of the flat plate, the

actual contribution from both components is

0 < Qgxg * Qgki < HgkTrskTaskfpUsk (7)
It is assumed that approximately this can be expressed as:

Qgkd + Qski = HskTrskTaskBApnOskn (8)
Thus summing up the contributions:
Q = HsTrgdTasalpnsd * HeCAnmRTrsi1Tagi®%i * HskTrekTaskApnOskn (9)
Or, when divided by the outside area of the cylinder

%, - HsTrsdTasdApna%d + HsCAntTrsiTasioéi + HskTrskTaskAan%kn (lO)




)

- Substituting in Equation (1) results in

HsTrsdTasdAanSd + HyCAyyRTygi Tagi%y1 + EBkTrskTaskApnoékn _
T =

glo

(11)
h [Tglo'To] + 0&10 [Tgloh'T:]

Equation (11) may be rewritten as

T _ . 1 [HsTrsdTasdApnasd + HCApRTrg1Tagi®si +
glo s %10 Aglo

(12)

1

HskTrskTaskApnQskn

Subtracting T, from both sides yields
L

Tglo-To = | Above - Ty (13)

Using the results of Equation (10) in Equation (13) gives

4
Iy 1 Qg
Tgloo = [Ts * e, [Aglo - h [Tglo-To]] - T, (14)

Equation (13) and Equation (14) are the theoretical equations
relating the temperature rise of the outside surface of a thin glass
cylinder surrounding a plate target in terms of factors that pertain to

a solar concentrator.



temperature rise of the surface above the air temperature

Experimental Verification (Flat Plate #2)
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Equation (lh) will be checked by calculating the theoretical

Tglo

-T,

under - given Qa/Aglo values and comparing the theoretical temperature

rise to that obtained in experiment.

sum of a convection loss and a radiation loss term

where

and

which for

The equation concerning losses states

Qy
Aglo

hooh
h [Tglo‘To] + O&lo [Tglo'Ts]

(2)

The time rate of energy loss per unit cylinder area 1s the

bk

O 8 | &

Aglo Aglo Aglo

A (A

Aglo - [ glo” o]

e

I = %glo [Tglo'Ts]
glo

the glass cylinder with €glo = .925 becomes

A

A

glo

s
Aglo

. Tl
AT3 x .95 [(lgo°>“-<
‘ ThThj\
glo S
.1600 [(556*) -(Iaa

TS
100

d

(18)

(19)
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and

Q
Aglo -

To1o 4 T
h [Tglo-To] + .1600 [(-ig—ég) ~(

=
100

)ﬂ (2a)

As in the case of the flat plate, Equation (13) will be

evaluated for a least loss condition (natural convection) and a maximum

loss condition (4% m.p.h.).

McAdams recommends in the region of laminar flow

[10lL < Ngplpp < 109] the following eqpation(&) for natural convection:

1

N = ’59(NGTNPr)E

or
ke gBfLIA Thpy 1
h =.59 1~ ( P )H
o v £

This equation is put in the following form:

ke (3 5
59 T (A T)

h =
where
gprlt
M = fHPr
v2
f

(20)

(e1)

(22)

Equation (22) is in turn put in the following form:

1 1
h = C,A ™ = CC(TglO—TO)E
where

1
ke T

Ce = -59 ¢ (uL?)

(4) W. H. McAdams, Heat Transmission, McGraw-Hill
New York, 1954, p. 172.

(2k)

(25)

Book Co.,
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Equation (25) is solved to obtain Cc for film temperatures
Tglo + To
Te == 5 from 0° to 600°F. The steps are shown in Table VI

and the values of C, resulting are plotted in Figure 3 against film
temperature. By means of this graph h can be found for any film tempera-
ture with the aid of Equation (24).

In the forced convection range, for flow of air normal to
single cylinders in the range of Reynold's numbers from L000-40,000,
the recommended McAdams equation(5) is

Ny = 174 (N )-618 (26)

or

Ke (VDglo).618

h = .174
glo Ve

5 = C3 (27)

Equation (27) is solved to obtain Cq for film temperatures from 0° to
600°F and the steps are shown in Table VII. The values of Cy obtained
are plotted in Figure 3 against film temperature.

Dealing with the time rate of energy addition per unit area,

Equation (10) states

Qo  _ HyTrsdTasdbpnfa + HsCAnmRTrs1Tasi%i +
Aglo
& Aglo
(10)
HokTrskTaskApn@skn
Aglo

Dietz has shown that up to an angle of incidence of 50° the

overall transmittance [TrTé] is barely changed; for this reason,

(5) 1Ibid, p. 260.
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normal incidence factors will be used.(6> For Equation (lO) the

following values hold for this experiment:

A
T = .0657
glo
Trsd ® Trsi & Trek & Tr = +93
Tasd ~ Tasi ® Task »& Tg © .98
Qgq = .98
Qgi = 961
Ugiep = -9
A
T = 1.969
glo
R =.70

Therefore,

iZlo = HS(.93)(.98)(.O657)(.98) + Hsc(l-969)(-70)(-93)(.98)(.961) N

(28)
By (-0657)(.93)(.98)(.98)
or
o osees 8c 868 (
Ao .05868 Hg + 1.208CHg + .005868 Hy) 29)

(6) Alvert G. H.‘Dietz, "Diathermanous Materials and Properties of
Surfaces," Space Heating with Solar Energy, Proceedings of a
Course-Symposium of Massachusetts Institute of Technology, 195k,

p. 4o.
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Since Hg ~ .9Hp and Hgy ~ .1Hy, Equation (29) simplifies to

Qq
= |.05868 + 1.0870 C| H (30
[y 05 0 ¢ )
and
QW
= (l)
Aglo Aglo
thus
T T
[.05868 +1.0870 c] Hy = h [Tglo-To] + .1600 [(Ingo)h-(fg’—o)h] (31)

Equation (31) can be rearranged to give
I

_ Ts b 1
Tglo = 100 / (355) * —TEo0 [[.05868+1.o87oc] Hp -

(32)
h [Tglo'To]]
Subtracting TO from each side yields
N
Tg10-To = 100 / Above - T, (33)

or utilizing Equation (30)

L
3 Tg b 1 Qq,
Tg10-To = 100 ﬁloo) + 250 [Aglo -h [TglO-TO]] -1, (34)

Equation (34) was solved for Qa/Aglo values for the least loss

conditions by assuming Ty = T = 520°R and assuming natural convection
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for various assumed Tg1o values. The steps are shown in Table VIIL.
Equation (33) was solved for Qa/Aglo values for maximum loss conditions
by assuming T, = 520°R, Tg = 490°R and assuming a wind velocity of

4 m.p.h. The steps are shown in Table IX.

The theoretical values of Qa/Aglo are plotted for the least
loss and maximum loss against the temperature rise [Tglo"To] as solid
lines in Figure k4.

The verification of Equation (34) is made by using Equation (30)
to transfer Hp readings into Qa/Aglo values and recording the actual
temperature rise of the outside surface of the glass cylinder. The
steps are shown in Table X. The actual temperature rises of the outside
surface [Tglo'To] are plotted vs. Qa/Aglo as circles in Figure 4 to
show comparison with the theoretical values that are shown as solid

lines.
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INSIDE SURFACE OF THIN HOLLOW GLASS
CYLINDER SURROUNDING TARGET

General Equation

In proposing a theoretical equation to predict the inside
surface temperature of a glass cylinder covering a target to be heated
by radiation, it is assumed that the time rate of energy absorbed by
the glass cylinder in the steady state equals the time rate of energy
received and lost by the plate, and the time rate of energy loss by the

inside as well as the outside surface of the cylinder, or

(Qa)p = (@g), = @gg1s = Qg1 (1)

The heat transfer loss per unit length through a cylindrical

shell of infinite length is

Qp 2T
Dg11
If Ayo = MDg1g (assuming adiabatic ends) then
A _ _ 2 LK AT _ 2Ky [Tgli‘Tglo]
Bglo  ™Dglo  MDglo 1n Dglg Dglo 11 Dgio (3)
Dg11 g1t

Thus, to determine the inside surface temperature of the
glass, one solves the following equation for previously derived, assuming

a flat plate target.

)
T _ .j/Tu 1 [HsTrsdTasdApnaéd + HoCAppRTrgi Tagi®si +
glo ~ +

HskTrskTaskApnQskn [ ]]
- h |Tey4=T
Aglo glo™+o
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Then utilizing the following equation for steady state

@ _ %
Aglo Aglo

and since

Qe HsTrsdTasdApnOsd + HsCApmR T pgiTagifsi +
Aglo Aglo

HgkTrskTask®pnPskn
Aglo

By substituting the results of Equation (3) and Equation (6) in

Equation (5) one obtains

HsTrsdTasdApna%d + HSCAntTrsiTasioéi + HskTrskTaskApnaskn =

Aglo

(1)

2 Ky [Tgli'Tglo]
D

1o

D 1n
glo Dg1i

This equation can then be solved for Tgli when Tglo from Equation (%)
is known.

Equation (7) can be put in an alternate form:

To14 ={HsTrsdTasdApnaéd + HCApyRTrs1 Tagi%1 +

Aglo

D
HskTrskTaskAan%kn} Dg1o 1n —glo

Aglo Dg11 *+ Tglo

2 Ky,
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Subtracting T, from both sides ylelds

Dg1o
Tgli'To = [Above] Dg1o 1n Dzli + Tg10-To (9)

2 Ky

Equation (9) expresses the theoretical temperature difference between
the inside surface of the thin hollow glass cylinder and the surroundings
when the target is a flat plate where the temperature of the outside

surface is given by Equation (4).

Experimental Verification (Flat Plate #2)

The equation to be evaluated for experimental verification

when the target is a flat plate inside a glass cylinder is

HsTrsdTasdfpn®sd + HsCAnmRTrsiTasi%i + HskTrekTaskApnlskn =
A

glo
(7)

2 Ky [Tgli'Tglo]

b 1, &k

glo anli

Using the flat plate previously designated, Equation (7) becomes

2Ky [Tgli‘Tglo]

[.05868 + 1.0870 c] Hp 5 (10)
glo
Dg1o 12 Dy
or, since
Qq, Qﬂ
_ (5)
Aglo Aglo
where

T [.05868 +1.0870 c] Hy (11)
(o}

& |&
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and
Qz - 2 Ky [Tgli'Tglo] (3)
Aglo . 1 Dglo
=
glo Dgli
therefore:

@ 2Ky [Tgli'Tglo]

D
glo glo
Dglo 1n D

gli

The following values pertain to Equation (12):

Ky = .677% Btu ft/hr £t2°F
D10 = h/12 £t
Dg1y = 3.75/12 Tt
. Qg
Bglo - 62.97 [Tgli'Tglo] (13)

Equation (13) can be written

g,
Aglo

= 62.97 [(Tgli—TO) - (Tglo-To)] | (1)
Substitution of the results of Equation (14) and Equation (11) in
Equation (5) results in

[.05868 + 1.0870 c] Hp = 62.97 [(Tgli—To) - (Tglo-To)] (15)

Equation (15) can be rearranged to

1
Tg11-To = R [.05868 + 1.0870 c] Hp + (Tg10-To) (16)

or, using the result of Equation (5)

_ 1 % .
Te11-To = B2.97 Aglo + (Tglo'To) (17)



T

Where Tglo‘To is determined from
L

Q.

L 1
Tglo"To = / TS + 500 [:'A—g-'i—o- -h [TglO'TOﬂ - Tg (18)

Equation (18) can be evaluated for any Q,/A

glo for this glass cylinder

by use of Figure k.

Equation (17) was solved for the theoretical temperature rise
of the inside surface of the glass by assuming various Qa/Aglo values
and determining the temperature rise of the glass [Tglo‘To] for the
least loss conditions previously mentioned by using Figure L, A
series of computations are shown in Table XI.

Equation (17) was solved for the theoretical temperature
rise of the inside surface of the glass for the maximum loss conditions
by using Figure 4 to determine [Tglo'To] for various assumed values
of Qa/AglO' A gseries of these computations appear in Table XII.

The theoretical [Tgli'To] values for the least loss and
maximum loss conditions are plotted against Qa/Aglo values as solid
lines in Figure 5.

The experimental verification is made by using Equation (ll)
to transfer HT values obtained in the test to Qa/Aglo values, and also
recording the actual temperature rise of the inside surface of the glass
cylinder above the surroundings [Tgli'Té]' The stéps are shown in
Table XIII. The temperature rises of the inside surface {Tgli“To] are
plotted vs. Qa/Aglo as circles in Figure 5 to show agreement with the

theoretical values that appear as two solid black lines.
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FIAT PLATE UNDER A THIN HOLLOW
GLASS CYLINDER IN VACUUM

General Equation

In the steady state condition

% Yy
A

P
The equation for Q, previously developed is

Qg = HsTrsdTasdbpnOsd + HsCAnnRTrsiTasiOsi + HskTrskTaskApnOskn (2)

When Equation (2) is divided by A,

gg _ H5TrsaTasdfpn®sd * BsCAnmRTrsi Tasi®si *
Ap - A
) P
(3)
Hsk TrskTaskApnOskn
A
b

Since there is no air for convection loss, the right hand of
Equation (1) is concerned only with radiation loss and so

Qz )
R, = OFafe [Tg - Ta1t] (1)
Thus substituting the results of Equation (3) and Equation (4) into
Equation (l) results in

HsTrsdTasdApnOsd + HeCAnmRTrsiTasi®si + HskTrskTaskApnOskn

T -

oF F [T%-Tglil*}

-b7-
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Equation (5) can be rearranged to yield

L
Ip = .//Tgliu + HyTrsaTasdfpn@sd + HsCAnmRTrsiTasiOsi + HskTrskTaskApnQskn
oF ¥,
& (6)
Subtracting To from each side
I
Tp-To = [ Above - T, (7)
Where Tgli is obtained from the equation

Tg1y = [HsTrsdTasdAan%d + HsCAnpRTrsiTagiOsi + HskTrskTaskAanskn]

Aglo

(8)
Dg1o
Dgli

e Ky

Dg1o 1n + Ty

and where Tglo is obtained from equation

T = \//Th " {HsTrsdTasdéan%d + HsCAnpRTrg i Tagi1Qsy +
1o =
g0 Ueglo Aglo

HskTrsk TaskApnQskn
Aglo

-n [Tg]_o-TOH

The limiting value to apply to the above equations is
[ 12 n tan g]
Anm' _ Apn+Anm n l-Ig- -5 )

C = = = (lO)
A AP 2
tr n o ne.2
2 tan §(l + Ig)

The ratio is developed in the appendix.
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Experimental Verification

The equation to be evaluated is

HsTrsdTasdApnaéd + HSCAntTrsiTésia%i + HskTrskTaskAan%kn
T =
b

oFyFe [T%-Tgli”]

The left side may be obtained from previous calculations by multiplying
numerator and denominator by Aglo’ thus

HsTrsdTasdApnOsd '+ HsCAnmRTrsiTasiOsi + HskTrskTaskApnOskn X Aglo _

Aglo AP

oF,Fe [T%-Tgliu] o)

a

Substituting the results of Equation (2) in Equation (11) and utilizing

the fact that Aglo/Ap = T7.107, the following equation results:

7.107 AQ? = oFsFe [T%-Tgli“] (12)
glo

From a previous development concerning the thin hollow glass cylinder

&

= .05868 Hy + 1.208 CHg + .005868 Hg (13)

|

glo
Substitution of the equality in Equation (13) in Equation (12) results
in

7.107 [.05868 Hg + 1.208 CH, + .005868 Hsk] =

o F,F, [T%-Tgli“] | (14)
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or

M17 Hy + 8.58 CHg + .OMLT Hgy = oFgFe [T%-Tglil‘]

and since Hg ~ .9 Hp, and Hgg ~ .1 Hp

.376 Hp + 7.726 CHp + .0376 Hy

il

oF,Fe [T;-Tgliu]

Collecting terms this becomes

17 Hp + 7.726 CHp = oFgFe [T%-Tgli“]

which, put in terms of steady state conditions, is

Sl
1L

where
R 417 Hp + 7.726 C
— =, + 7.72
A, T Hyp

The time rate of energy loss per unit area 1is:

L _ b u]

=l ©

Substitution of this result in Equation (1) yields

%i = UFaFe[T%-Tgliu]

(18)

(20)

In this case Fy = 1, and Fy is evaluated at a mean between that of a

body that is small compared to its surroundings and a body that is

large compared to its surroundings F, = .925
Qq T, L4 T L
I P\ _(-8li
Ap 1600 [<lOO> (lOO ) ]

(21)
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Recalling the assumption that Qg to the plate equals Q to the outside

surface of the thin hollow glass cylinder

Qa Qa A'glo 3
I Sh, %A " r107g
P glo e glo
or
Q
r— = .1h07 bl
glo fp
Utilizing Equation (18) and Equation (21) in Equation (1) yields
T 4 T .u}
= Dy _(eli
[.lm + 7.726 c] Hp = .1600 [( oo) (100 )

or utilizing the results of Equations (18) and (21)

Q T, 4 Ty b
= = .1600 |(-R.) -(Ztil) ]
Ay 100" 100

or, in terms of plate temperature

I
Taih 1 [%
T, =100 [ (355°) + 7100 A,

Subtracting T, from both sides yields
L

Tgp1 L Qg
_ gli 1 a
Tp-To = 100 /(100 )+ Tz00 [Ap] - To

which in alternate form is

in

T,-Ty = 100

] (Tgli>l+ . [.m + 7.726 C

100 .1600 ]HT " To
Tgli may be determined from

1 Qg
T . _T = —_— T —T
gli~“o " gz g7 * Aglo ( glo o)

(22)

(27)
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and where
N
_ | 1 Qg
Tglo™o™ | s * 71600 B, " " TeloTo]| - T, (29)
The theoretical temperature rise of the plate [TP—TO] using

Equation (26) can be calculated by assuming various Qa/Ap values under
the assumptions T, = 520°R, that Qa/Aglo can be determined from
Equation (23) and that Tg14 can be determined for minimum loss and for
maximum loss conditions from Figure 5. The graph represents the solu-
tion of Equation (28), which in turn is based on Equation (29).

Tabulated values in the solution of Equation (26) are shown
in Table XIV for least loss conditions and in Table XV for maximum loss
conditions. The values of [TP-TO]‘VS. Q,a/Ap for each loss condition
are plotted as solid lines in Figure 6.

The theoretical verification of the predicted temperature
rise comes by using Equation (18) to transfer Hp values to Qa/Ap under
test conditions and recording the actual temperature rise of the plate.
A series of test results are shown in Table XVI. The temperature rise

{Tp'To] is plotted vs. Qa/Ap as circles in Figure 6 to show comparison

with theory.
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CYLINDER UNDER GLASS IN AIR

General Equation

In the steady state condition

Sa _ Q4
Acy - Acy (l)

The time rate of energy addition is the sum of four factors

Qg = Qgq + Qg1 * Qgkg * Qi (2)

The direct sun component is given by

Qsd = HsTrsaTasdfeyn®sa (3)

and the sun's indirect component is

. Qgi = HgCRApmTrgiTasiOsi (L)

The sky cqntributibn is approximated by

Ara * ki ~ TskTrekTaskPeynPskn (5)

Summing all contributions and dividing by Acy

Qa  HsTrsdTasdfeyn0sd + HsCRAnmTrsiTasiOsi +

Hsk Trek Task®cyn®skn (6)

Acy

The left side of Equation (1) can be expressed as the sum of the time
rate of radiation and convection loss per unit area
Q - Qr + Qc

Acy Acy Acy

(7)
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The time rate of radiation loss per unit area can be expressed as

Q . (8)
X -= cFaFe[Tcyn"Tglih]
Acy

The time rate of conveection loss per unit area can be expressed
as Beckman did for annular spaces by putting the time rate of energy loss
per foot of annylys in the form of the conduction equation through cy-

7).

lindrical annulus(

_ 2nk, [Tcy - Tgli]
Dgli (9)

HIgD

In

Multiplying by L and dividing by Acy’ the following is obtained:

_ ek, [Tcy i Tgli] (10)
Dg1i
Doy

>lgo

&y Acy 1n

where K. is an equivalent conductivity that accounts for both convection

and conduction heat exchange. Thus

Q FaFe [Tcyu - Tglih] + 2nKe [TCY B Tgli]
oy Dg1i (11)

cy Acy In T_
cy

Substituting Equation (11) and Equation (6) in Equation (1) gives

HyTrgdTagdAeynsd + HsCRAnmTrsiTasiOsi * HskTrskTask cyndskn

Bey

GFaFe [Tcyu - Tgliu] + 2]'[LKC [Tcy - Tgli]

A Dg11
cy 1ln Dcy

(12)

(7) Jakob, Heat Transfer, pp. 539-542.
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Equation (12) may be rearranged in the following form:

Tcy =
L
N//‘Tglih +‘3F§F€ BsTrsqTasdfeyn®d * HeCRhmTre1Tasi%i +
Boy
Hex Trek TaskAcynOskn _ 2nlKe [Tcy - Tglii\ (13)
A Dyt
el Acy 1n 5%;‘

Subtracting Ty from both sides

Tcy - TO = h. / Above —TO (l)-l‘)

An alternate form of Equation (14) is

Tey = To = %/[Tg114 L {Qa _ B | Tey - Té}éﬁ‘ T, (15)

oFaFe Acy Aey 1n ggli
c

y

Where T

g1i is determined from

Tg1i = (HéTrsdTasdAcynasd + HsCRAmnTre1 Tagi®si +

L A-glo
Tagkh 1n J8lo
Hek Trsk TaskfAeynOskn Dg1o 1In 2—
lo
g 2 Kp
And Tglc is determined from the equation

I
- L 1
Tg10 = ‘/[Ts * ®EgTo [HéTrsdTasdAcynasd +
Aglo

HsCRAYn TreiTasiOsi + HékTrskTaskAcynaskn - h [Tglo - Toﬂ (17)

A'glo
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The limiting value of A to be used with Equation (13) or (1k4) is

determined from

o o Aom'_ Acyn + Amm < n (18)
Agr ey 2 sin @ (1 + p2)
z 16

This equation is derived in the appendix.,

Experimental Verification

The equation to be evaluated is

HyTrgdTasdfeynsd T HsCRAmMTrsiTasif%i * HskTrskTaskfcyn®skn =

.
FoFe [Tcy“ - Tglih] + enlke [TcyD‘,Tglﬁ (12)
11
Aey 1n Dg,
cy

The left side of Fquation (12) is

Qa = HsTrgdTagdheyn®sd+ HsCRAmTrs1TasiOsi + HskTrskTaskAcyndskn
Bey Aoy

(6)

where the following values apply:
Hy = .9 Hy
Trsd ~ Trei ~ Trgk = 9D

Tasd ~ Tagi ~ Tagk ~ .98

Ogq = 9
asi = u98
Ogkn = +92
Beyn _

5 = 25T

cy



-61-

A
f; = 9.95%
R = .70
Hgg = -1 Hp
%: = (-9 Bp)(.95)(.98)(.2574) (.95) +
cy
(.9 Br)(.70)(9.953)(c)(.95)(.98)(.98) +
(o1 Hp)(.93)(.98) (L2574) (. 95) (19)
%zy = .2006 Hp + 5.601 CHp + .02229 Hp (20)
% = .2229 Hp + 5.601 CHy (21)
Aoy

The time rate of energy loss per unit area may be expressed as

the sum of two components

2 - = 4 = (7)

in which the radiation component is

Qr
A_cy = oF Fe [Tcyl* - Tglih] (8)
where
Fa = l
Fe = .25
0 = 173 x lO‘“8 Btu
hr £t° ogl
_%E =173 x 1 x .25 [(Tcy)”- (Tgli)u] (22)
cy T00 100
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thus

= =, o .
- 1600 {@%) i (%é},)h} @)

The convection loss term is

Eg _ 2nlKe [Tcy - Tgli] (10)
Acy Dg11
‘ Aey In P
J cy

The term K. is an equivalent conductivity and is defined for
a given diameter ratio across an annulus as by means of a special Nusselt

No.

Mgy = Ko = ¢ (Mg )" (24)
Kp

For a diameter ratio of Dgli _ 1.714 Equation (24)(8) is

Dey

K .258

.K_; - L0685 (Nayp) (25)
or

Ko = 0685 Ke (igyr) 2> (26)
which can be put as

3 .258
- 8P x D A 2

Ke = .0685 Kr (sz_ x Dey T) (27)
Equation (27) may be expressed for convenience as

K. = .0685 K¢ (N Dcy5 A T)-2%8 (28)
where

Ne = g;Bf

£ v%gm (29)

(8) 1bid,
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Equation (28) may in turn be written

K, = 0o (& T)250 (30)

il

where

1}

o 5)0258

L0685 Ke (NeDey (31)
Equation (31) is solved for Ce with film temperatures ranging
from 0° to 600°F in seven increments. The steps are in Table XVII., The
results of this table are plotted in Figure 7. This plot enables Cg to
be determined when the film temperature is known and consequently Equation
(30) can be solved for K, when the A T between the cylinder at the focus
and the inside of the glass cylindrical cover is known.
With XK, determined, insertion of the following values in Equa-

tion (10) will yield:

L = 4271 £t

D N
Iéii = 1.7k

cy
Aoy = 2968 £t
Qe 2n x .heTl Ko [Tey - Te1i)
= = Toy - T
Ay = ,2968 1n 1.71k4 = 16.70 Ke [ cy gli] (32)

Insertion of the results of Equation (32) and Equation (23) in

Equation (7) yields
L i

Q _ Teyy - Toli

T, .1600 [(i66> (B | + 6.8 K [Tcy - Tgli} (33)
Since

Qs, Qﬂ

Toy = Toy (1)
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I

L
Q T g
o [0 ] 2260 [ ] o

Substitution of the results of Equation (21) yields

L2229 + 506010] Hp = .1600 [<Tcy>” - (Tgli)h} +
100 100

16.78 [Tcy - Tgli] (35)
or
) b
q/(EG_) Y =% [,2229 + 5.6010] Hp
16.78 Ko [Tcy - Tglil} (36)

Subtracting To from both sides gives

I
Tey - To = 100 / Above -To (37)

or, in alternate form,

7o 1= 100 [ TeritL 1 )
T / G w2 [ ]

cy
(28)
Where Tg1i 1s determined from
Tg1i - To = [ Qa Dglo 1n glo (Talo - To) (39)
— Dg1d glo = -o
2 Kp
or
Q
T 15 - T = { a } 1L+ (Ty10 - To) (ko)
gli o) Tglo| ©2.97 glo 0
and Tg1o can be determined from
N
Ty (4 Q
Ty1o - To = 100 s\t 1 a_ -h [T - T ] _
glo = 7o / (00 1500 [Aglo glo °} To
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.It has been assumed that

Thus
Qa ='Qa Acy = .20 Q'a
Tolo ey “Tglo T By )

Equation (38) can be solved for the theoretical temperature
rise of the cylinder by assuming a value of [Tcy - To] . With Equation
(43), %ﬂ—— can be determined and thus Tgyi can be determined from Figure

glo

5, which is a plotted solution of Equation (40). The Toy 18 estimated

and then [Tcy - To] is calculated by means of Equation (38). This is
a trial procedure that is continued until the estimated Tcy equals the
calculated Tey. This procedure includes determining K. at the film

temperature [Tf = Téy + Tgli].
2

A series of steps in the selution of Equation (38) are shown
in Teble XVIII for minimum loss conditions. And in Table XIX for maxi-
mum loss conditions. The solutions [Tcy - TQ] in Table XVIII and Table

. Q
XIX are plotted against % in Figure 8 as two solid lines.

The experimental verification comes from using Equation (21)
to translate Hp values as determined by a pyrheliometer into ﬁi—-values.
cy
- Table XX sheows a series of Hp values, equiValentAgﬁ_, and the measured
cy

temperature rise of the cylinder [Tcy - To] above the surrounding

temperature. The experimental temperature rises [Tcy“v TO] are plotted

VS, %E_ in Figure 8 as circles to show contrast with the theoretical
cy

temperature rise above the surroundings of the cylinder.
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ADDITIONAIL EXPERIMENTAL DATA

Effect of Replacing Air in Space Between Target and
Surrounding Thin Holleow Glass Cylinder by a Vacuum

The experimental data for a flat plate heated in a vacuum has
already been tabled in Table XVI. The results of this experiment are
plotted against %%m Figure 9.

Under the assumption that the air put in the space where a
vacuum existed in the aforementioned test, the equation previously devel-
oped tgvevaiuate the time rate of energy additien per unit area to the

plate which for Plate II is

%% = JM1TOHp + 7.T26CHp (1)

Duringﬂthé test, pyrheliometer readings were changed to Hp
values and by means of Equation (1) were converted to %%_vaers; A series
of these steps are shown in Table XXI as well as the temperature rise
of the plate above the surroundings [$p - To]ﬁ, These temperature rises
are plotted againstv%% in Figure 9., With both curves plotted, Figure 9

shows the advantage of having a vacuum in the space between the target

and the surrounding hollow glass cylinder.

Effect of Target Shape

To determine the effect afwtarget shape on the temperature
rise [TT - Tg] above the surroundings, the results of Table XXI for a
flat plate heated within a hellew glass cylinder having air in the in-

tervening space were plotted in Figure 8 which shows the theeretical

-T2-
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and experimental température rise of a cylinder heated within a hollow
glass cylinder also having air in the intervening space. The experi-
/mental results for a cylinder are plotted with small cirecles while the
results for the plate are plotted with circles having a single bar.

Effect of Placing Hollow Glass
Cylinders Around the Target

A flat plate placed at the focus of the concentrator was
tested for temperature rises of the plate under conditions of having
0, 1, 2 and then 3 glass covers surrounding the target. Table XXII
shows the results of the test. Figure 10 shows a plot of the tempera-

ture rise of the plate vs. pyrheliometer readings.
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Figure 10. Plot of Pyrheliometer Readings vs. (T, - T,)
for Flat Plate No. 3, Using 0,1,2 or 3 Glasses.
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SUMMARY

1. The steady state temperature rise above amblent temperature of a
flat plate target placed at the focus ef a parabolic solar concen-

“trator can be determined frem the equation

L
- Ty = /;s I, [HsApnG‘sn + HohACROs1 o
Tep

T

P
Ap
1A
HskbpnOskn _ [TP ) T@] T
bp

This equation can be used to the upper limit imposed by the smallest

target that will receive all the reflected radiation. This limit is

[l-.n2 n tan a]

C_Anm Amﬂ+Ap__ _ 162 2
App Apn ‘ [*] n22

2, The steady state temperature rise above amblent temperature of a
flat plate target placed at the focus when the target is covered
by a thin hellow glass cylinder which has the space between the
target and the glass cylinder evacuated can be determined from the
equation

T - T = b )-l- . HsTrsdTasdApnasd +
poe FaFelp

HyCA BT pg 1Tasi%1 * H’sk:_"‘rsk"’askApnaskn

- To
oFaFelp
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where Tgli is determined from

HyTrsdTasdfpn®sd + HsCAnmRTrsiTasiOsi +
Agle

Tgl1 = [

Dglo

| D
Hek TrskTaskipnOskn | 810 1 pr + Tglo
Agle 2Km

and where Tg1g is determined from the equation

) _
Tyl = / Ts)* ! [HsfrsdTasdApnasd + Hsvc%mRTrs'iTasigs_i +

%glo Aglo

K TpskT e ,
HekTrek vaskAjpn. 'skn . h [Tglo - T@]
Agl@

The upper limiting value t¢ apply to the above equation is

[ljnz__q tan g]
¢-lm Pmthm "L T6TF 3
Ber Fpn ' 22
2tan & (1 + =)

- B 16

The steady staLte temperature rise above ambient temperature of a

eylindrical target placed at the focus when the target is covered

by a thin hellow glass cylinder, in which the space between the

target and the glass cylinder is air, can be determined from the

follewing equation:
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)
m L 1 HyTpeaTasaleyn@sd +

D
Acy 1 B
; Acy In ey

HSCRAanrsiTasiasi + EoxTrekTagkPoyn@skn - 271Ke [Tcy - Tgli]}

-Tg

where Tg1i is determined from

Tg11 = [HsTrsdTas'dAgYnasd + HsCRApnTrgi Tagiflsl +

Aglo
glo
Dg1g In oo + Tglg
HgkTrskT ask%yn@s_kn] glo = Toy ™ "glo
 Agle 2 Kp

and where Tglg is determined from the equatien

b R
T - o4 L Hs’rrs__d'rasdAc_yn@sd .
gle 5 " ge R P
glo glo

HSCRAanr‘siTa‘sﬂsi + HgkTrgkTaskfcyn®skn < h [Tgl;g - T-g]:l
Aglo

The equation may be used up to the limit of the width of the image that

will  fall on the smallest cylinder and can be determined from the

equation
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The geometry bf the tafget is not significant when comparing a
flat plate and a cylindrical target under conditions of the séme
time rate of energy input per unit area, when both are contained
under a thin hollow glass cylinder.

Evacuation of the space between a target and a surrounding thin
hollow glass cylinder results in a significant temperature rise
for the same time rate of energy input per unit area above the
temperature attained when air is left in the space.

The placing of one thin hollow glass cylinder over a flat plate
target results in a very significant increase in temperature of
the target for the same radiation rate over the temperature

attained by a target exposed to the wind. The placing of two

and three thin hollow glass covers results in further slight

increases in temperature over the temperature attained using

one glass cover under the same rate of radiation.



EQUIPMENT

Pyrheliomeﬁer

The intensity of solar radiation in Btu/hr £t2 was evaluated
by a pyrheliometer. The pyrheliometer shown in Plate II is similar te
the thermoelectric pyrheliometer described by H. H., Kimball and H., E.
Hobbs in an article "A New Form of Thermoelectric Recording Pyrheliom-
eter."(9) This pyrheliometer is similar to the Eppley Pyrheliometer,
which was built according to the specifications of the U. S. Weather
Bureau., These specifications incorporate the principal features of an
experimental model built by Kimball and Hobbs invl925.

The heart of the pyrheliometer is shown in Figure 12 thermo-
pile details. Thi3 heart consists of a thermopile of 36 thermocouples
connected in series and made of iron-constantan thermocouples. The
junctions are mounted so that the (1,3,5...) Junctions maintain thermal
contact with the inner ring but are electrically insulated from the |
ring: the (2,%,6...) Jjunctions maintéin thermal contact with the outer
ring and are%éi;;trically insulated from the ring, Beth rings have an
area of 2.07 square inches. The inner ring is painted black in order
to have a high absorbtivity for solar radiation, and the outer ring is
palnted white in order to have a much lower absorbtivity for solar

- radiation. The two colors have approximately the same emissivities at

(9) H. H. Kiﬁbail and H. E. Hobbs, "A New Form of Thermoelectric Re-
cording Pyrheliometer," Monthly Weather Review, Vol. 51, Ne. 5,
W. B. No. 806, May 1923, pp. 239-2L2. "

-82.
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Plate I. Views of Solar Concentrator.

Flgure ¢
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Plate II. Pyrheliometer

Plate III. Target Assembly #2, #1, #3.
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Incoming Rodiotion

Glass Dome

Pivot

Figufe 11. Solar Pyrheliometer.
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Thermopile

Leads

Bottom View

White Ring Black Ring

Top View

Figure 12. Thermopile Details.
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room temperature, so fhat when receiving radiation from a hot source
such as the sun, the black ring heats up to a different equilibrium
temperature than the white ring. The temperature difference produces
an e.m.f. of from 8 to 10 millivolts under bright sunlight.

The remaining parts shown in Figure 11 of the pyrheliometer
are for convenlence, or to ald constancy of readings. The glass hemi-
sphere 1s placed over the riﬁgs_tavkeep,the wind from directly cooling
the rings. The diameter of the cover was made over twice the dlameter
of the largest ring so that "the caustic curve caused by reflection of
‘light from its internal surface does not fall on either of the rings;"(lo)

The pyrheliometer is pivoted to permit readings to be made
with the ring surface normal te the sun's rays. |

.The pyrhéliometer was calibrated at the United States Bureau
of Standards in the Bureau's 9-foot standard illumination sphere. The
-calibratian was done by Mr. Norman Foster, instrumental engineer of the
United States Weather Bureau in Washington, D.C. The pyrhellometer
develpps 5.60 millivolts per gram calerie per minute centimeter? at
85°F, According to Mr. Foster, the calibration is within 1% of the true
value.,

The pyrheliemeter 1s used in the folleowing way. The ring
surfaces are placed normal to the sun's radiation and a reading is
' made after equilibrium is reached. This-reading'when,multiplied by

the constant of the instrument is the total radiation in Btu/hr ft2,

(10) Tbid.
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The sky or diffuse radiation is obtained by shading the rings with a
disk that Just shadows the rings from the sun. When equilibrium is
reachéd, this reading when multiplied by the instrument constant is
the sky radiation in Btu/hr fta. By subfracting the sky radiation
from the total radiation, the direct sun radistion in Btu/hr £t2 is

determined.

Solar Concentrator

The solar concentrator is a device that convergés the radia-
tion received on a large area to a smaller one. The solar concentrator
in this experiment accomplished the cbnverging by haviﬁg a polished
aiuminum mirror formed in the shape of a parabolic cylinder. A solar
concentrator of this type must perform the following functions: support
_ itself, allow for aiming at the sun, be able to track the sun in its
eagt-west movement across the sky, provide the shape for the mirror,
and finally, hold the target and target assembly in & position fixed
with reference to the mirror., In order to explain this solar concen-
trator more fully, the discussieg has been divided into four categories:

framework, aiming and tracking, mirror shape, and target assemblies.

F?amewprk

The entire apparatus rests on a semi-flexible webbed base made
of arc-welded 1" x 1" x 1/8" angle. At the south end of the base, as:
shown in Figure 13, two plates are welded to the base that together with
pairs of nuts, bolts, ané weshers form pivot "C", At the north end of
the base, in Figure 13, two smaller plates are welded to the base. These

allow the two slide rods to pivot as frame "B" is rotated about pivot "C",
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Target Assembly

Slide Rod
Guide & Set

Target Support

Frame A"

Mirror Assembly

Pivot "A" Assembly

Latitude
Declination

3 RPM Motor

Pivot "B" Assembly

// 4 [4 7 /7 7 7 7 7 7 7
Slide Rod Pivot , Pivot "C"

Motor Mount Frame

Figure 13. Solar Parabolic Concentrator.
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The two slide rods which pivot about the slide rod pivot allow
adjustments to be made in the angle that frame "B" mekes with the hori-
zon. When the angle is correct, it can be maintained by tightening a
setscrew in each of the two slide rod guides.

Freme "B" pivots sbout pivot 'C", It supports frame "A" through
pivot "B" mssembly, The frame is made of 1" x 1" x 1/8" arc-welded anglé.
At either end two sets of two plates are welded, At the lower end the
plates form the bearing surface with the two bolts through pivot "C".

At the upper end the two plates provide, with two bolts, the means for
attaching the slide rod guides to frame "B". Proceedingvtoward.the
focus are the pivot "B" assemblies,

Each pivot "B" assembly consists of an 8" x 8" x 1/2" bearing |
plate arc-welded to frame "B", and a similar plate welded to frame "A".
Between the bearing plates, & bearing of 6" diameter and 1/2" thick is
placed. The assembly is held together by a 3/4" x 4" semi-finished nut
and bolt, This bolt prcvides.the axis of rotation and & locking device,
since by tightening the nut, the pivot assembly will lock by friction.

Pivoting ebout pivot "B" is frame "A", This pivot allows
frame "A" to have the correct hour angle té the sun and allows the motor
to rotate the mirror sbout pivot "A" for small deflections, Frame "A"

is made of arc-welded 1" x 1" x 1/8" angle. It holds the motor mount
| ffame, end toward the target it positions the piﬁot "A" mssemblies.
Each pivot "A" assembly is identical to the pivot "B" assembly and
provides the axis for the motor to turn the mirror assembly and target

assembly independent of the rest of the solar concentrator.
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The mirror assembly that pivots about pivot "A" consists of
1" x 1" x 1/8" angle arc-welded into a box shape of dimensions 96" x 20" x
14", The mirror form, which is made of marine plywood 1" thick and 96"
long, is cut to the shape of the parabola y = 15/2504 xg. The form was
undercut the thickness of the metal in the direction of the axis of
symmetry to give the correct shape to the outer metal surface. The
mirror is a piece of 10 gage aluminum sheet 96" long and 12" ﬁide.

This gives a mirror diameter (aperture) of 85.2" and a focal length of
38.4". The relative aperture (n) is 2.22 (n = D/f) where D is the
diameter and f is the focal length.

The target support consists of two sets of two angles arc-
welded so as to have a slot. There is one set fo each side of the mirror
assembly aiming in the direction of the axis of symmetry of each edge
parabola.' The slot permits the target assembly to be moved in and out

of the region of intense radiation.

" Aiming and Tracking

In order to follow the sun across the sky, two types of
apparent motion of the sun must be allowed for. The first is the north-
south march of the sun. It is given by (8) called declination, which

is the angluar distance measured from the equator to the sun along the

(11)

hour circle through the sun. This motion on an hourly basis is

insignificant. It varies from 59 seconds of arc per hour at the equinoxes

(12)

to approximately O seconds per hour at the solstices. This means that

(11) Harry Bouchard, Surveying (Scranton, International Textbook Co.,
1947), pp. 4ho-Lh1,

(12) W. and L. E. Gurley, 1958 Gurley Ephemeris (Gurley Engineering
Instruments, Troy, N.Y., 1958), pp. 41-53.
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the declinetion cen bé allowed for once & day and then forgotten.

The other, more significant motion, is the apparent east-west
motion of 15° per hour. This motion is accomplished by placing a 3 rpm
. motor, which turns the mirror assembly about pivot "A" (see Figure 13);
at & distance of 344" from the center line of the pivots "A" and "B".
This motor is attached through a flexible coupling of .r'ubber to a ..
1/4-20 NC=2 x ll"\thre_a.d. For small deflections on either side of the
starting position, of Figure 13, the mirror assembly and focus turn at
a rate of 15° per hour% About six inches of screw are used, which allows
a run 6f 40 minutes before resetting.

To follow the sun exactly, the rotation should be around an
axis parsllel to the earth's axis of rotation. To establish this axis
at any latitude req;ifes that from & north-south horizontal line, an gngle
equal to the latitude (I) must be made from north horizon toward the zenith.,
In addition, to insuré thet the sun's rays are perpendicular to the mirror,
an angle equal to the declination (B)Nmuét be made from the axis of rota-
tion end this requires an axis at right angles to the axis of rotation;
Since this would add to the weight and complexity of the concentrator,
the extra axis was omitted and the apparatus was set on the angle that
aimed it directly at the sun. On the worst day for this method at the
solstices at noon there would be a 1°48' error after one hour in tracking
 the sun due to rotation of the mirror at an anglé of 23°27' to the correct
axis., At the equinoxes the error is 0 since the & is 0. Since the runs
were all of 20 to 30 minutes duration, this dées not appear to be & serious

drawback.
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Mirror Shape

It has long been known that a two-dimensional parabola will
reflect through its point focus all rays from infinity that are aprallel
to the parsbola's axis of symmetry. Similarly, a parabolic cylinder in
three-dimensional space will reflect fhrough its line focus all rays from
infinity that are parallel to the parabolic cyiinder's plane of symmetry.
In comparing the cylinder and parabbloid for_concentration, the parabo-
loid is superior since if two mirrors, a parsbolic cylinder, and a para-
boloid of revolution have the same relative aperture, the concentrating
power of the paraboloid is the square of that of the cylinder.(’®) How-
ever, on the basis of fabrication, the cylinder has some adyantage, since
it is singly curved and a thin sheet of metal will adapt to its shape
Withaut distortiQn;/Whereas the parasboloid of revolution must be deformed

by pressure when made from & plene sheet.,

A parsbolic cylinder was built. The equation of the surface used

was
_ A 2 _1 2 '
J = 7305 % TuEX
y = inches from vertex of parabola in the direction of the plane of

symmetry

x = inches from vertex of parsbols &t right angles to the plane of
symmetry
f = focal length, inches

2304
Ix15

the sperture (D) is 85.2 inches, the relative aperture (n)(n = D/f) is

This persbola has & focal length of 7==— = 38.4 inches. Since

2,22 and has an ideal image on a flat plate of .884 inches. In the actual

test all the targets used were larger than the minimum image size,

(13) Naﬁhan Robinsen, "Solar Machines," Proceedings of the World Symposium
on Applied Solar Energy (Menlo Park, Stanford Research Institute,
1956), pp. ¥8-19.




Target Assembly

There were three typesvof target assemblies used in the tests.
The target assembly provides: & means of attaching the target to the
rest of the concentrator, an envelope around the target, and finally the
target itself.

Target assembly no, 1 was a preliminary apparatus. It consisted
of a steel cylindef 5-1/8" lbng and 2-3/16" in diemeter with closed ends
and painted with a flat black paint. The target guide (see Figure 15)
wes of wood. Three iron-constantan thermocouples were placed within the
surface éf-the cylinder 120° apart. The target was surrounded by a
plexiglass cylinder, 10" long and 5-9/16" in dismeter and 3/8" thick,
which hed the ends closed with stepped plexiglass plugs. Each step of
the plug was 3/8" thick, These plugs were provided with threaded holes
to allow for attaching to the target support. During the first test,
the target reached & temperature of sbout 500°F, but the plexiglass began
to soften and to change shape, so the assembly was discarded,

‘Target assembly no, 2 (see Figure 16) consisted éf a pyrex
cylinder 10" long, 4" in diemeter, and 1/8" thick. The pyrex cylinder
was closed on either end by a square steel plate 5" x 5" x 1/4", This
plate was grooved to allow for inserting the pyrex cylinder; Sealing wax
was put around the groove circumference on both plateé to make the assembly
vacuum tight. A fitting was inserted in one plate to permit a vacuum pump
ta'eyacuate-the target assembly. Four asbestos spacers were placed within
the pyrex cylinder to position the target and reduce heat loss through the

ends. There were three targets used in this assembly, These were positioned
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by gcrewing in the position screw on either side of the focus, The three
targets in order of testing were: A flat steel plate 5-1/32" long x
2-3/4" wide x 1/8" thick and equipped with four thermoccuples; & steel
cylinder 5-1/8" long x 2-3/16" in diameter with closed ends and with three
~ thermocouples; and 90° steel angle 5-1/8" x 1-17/32" x 1/8" with four
thermocouples., The targets were blackened by placing them in an oxy-
acetylene flame that was burning with insufficient oxygen.

In addition to the thermocouples in the targets, one thermocouple
was positioned in the region midway between the target and the glass cylin-
der, Also, one thermocouple wes placed touching the inside of the glass
cylinder and one thermﬁc@qple was placed touching the outside of the glass
cylinder., The thermocouple exit tube through one plate was filled with
sealing wax to insure the assembly was vacuum tight. The assembly was
held together by brass cempressien studs that were bolted to the target
assembly slides, and these In turn were belted to the target supports.

‘Target assembly no, 3 (see Figure 17) was used to test the
effect of additional glass covers. It consisted of three pyrex cylinders
of 4", 3 1/2" and 3" in dismeter and lengths of 6 1/2", 6" and 5 1/2"
respectively. Each was 1/8" thick. The target vas a flat plate L 1/2"
long and 2-3/16" wide and 1/8" thick and blackened by an oxygen-deficient

oxy-acetylene flame} The pyrex cylinders wererﬁasiticned on concentric
asbegtos disks that were attached to an aluminum'backed.square asbestos
plate that was 6" x 6" x 1/8", The assembly was attached to the target
’suyp@rt by four support studs. Thermocouples were placed in the target,

in the alr between the target and the smallest diameter pyrex cylinder,
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end in the air spaces between the three cylinders. In addition, thermo-
couples were placed touching the inside and oqutside of every cylinder.

None of the thermocouples are shown in Figure 17.



APPENDIX

Tdeal Maximum Concentration Ratio
For a solar concentrator with a perfect mirfor aimed at the
sun, the time rate of radiation in Btu/hr falling on the mirror equals
the time rate of radiation in Btu/hr reaching the target area.

Qn = Qt (1)
This could be written as

Qm - Qt
%' X Anmt = -.-A:E'; X A-tr (2)

Rearranging yields

Qtr
Qp = éﬂE' = concentration = C (3)
Am' Mgy |

Thus the concentra%ion ratio C is equal to the time rate of radiation
per unit area of target receiving radiation divided by the time rate of

radiation per unit of normal mirror area.

Maximum Concentratioh for Flat Plate Target
(Approximation for small n)

. Under the assumption that all rays from the sun hit the mirror
very near the mirror axis of symmetry, an approximate meximum concentration

ratio can be developed as follows. The concentration is

o - Ao N w

" Ry

For a target and mirror of length L Equation (1) is

C= = 2 | | (2)
a
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Where d is the least width of a flat plate that will just contain all of

the sun's image. From the figure it is seen that

4
tan @ = 2 (3)
2 f
or
d = of tan & (k)
2
Thus Equation (2) becomes
D
2f tan 2
2
The relative aperture n of a mirror is defined by
D
n = = 6
- | (6)
Thus the concentration becomes
n
¢ =
2tan & (7)
2
Since the sun subtends an angle of a ~ 32' Equation (7) becomes
C = 107.53n , (8)

This equation gives approximate answers that are good only
for small n, and gives the maximum concentration obtainable for a target
that uses all of the energy falling on the mirror.

Maximum Concentration for a Cylindrical Target
(Exact for all n)

The concentration is determined by'thé widest solar image that
falls on the target cylinder at the focus. The largest image comes from
the extreme edge of the mirror; thus if the mirror and target have a length
of L

App DxL D

C = _—— = =
Aty 7d 'L nd.! (1)
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The equation of the mirror parabola is

x'? = hfy

(2)

For conditions at the edge of the mirror that determine the cylinder

diameter of the target D = 2x, or

D2
(m)” = bty
Qr
0
Ypm = T6F © 16

From the figure it is seen

dl
a 2
sins = —
2 Em
Qr
, o
a' = 24ysin 3

However, 4y at the extreme section of the mirror is equal to

_ |
Iy =/x§l + (£-y,)2 =/Dr (£-y,)?

Ay =\/[hfym + 2 - 2fyy + ym?
2

b= (E ) = (£ + B =20+ )

Thus the concentration becomes

D D _ D
C =747 =% Igoin 0  n2f (1+n2)sin @
.2 6 2
n

"~ 2n(1+n2)sin @
16 2

(3)

(10)

(11)
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or

_ 107.53 .
¢ ) (12)
16

To find the n for maximum concentration, take the derivative of C with

respect to n and set it equal to O

o= An
| (l+§§) (13)
1
%% =0=A [-1(n)(1+%§)“2(2n)+(1+%§)"1} (1%)
0= -2n2 n2
36" "6 (15)
(l+n2)2
.16
or
2ne ne
6 "1t 18
ne = 16
n=+14 (16)

The -4 has no significance; thus, the maximum concentration
obtainable for a mirror with a cylindrical target that recelves all of
the radiation from a mirror has an n of 4. Thus, the maximum concentra-

tion of any mirror with a ecylindrical target is

o o L07:53 x b 215.06

T (1 + 42) X
16

(17)
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Maximum Concentration for a Flat Plate Target -
Approximation for Medium n

The conecentration is determined by the widest solar image
that falls on the target at the focus. As in the case of a cylindrical
target, the largest image comes from the extreme edge of the mirror;

thus, if the mirror and target have a length of L
Atr = d.“XL = dn (l>

In the figure, 7; is an angle of 89°4k' and 7, is an angle

of 90°16'. If 7, and 7, can be approximated by 90°, then from the figure

we get ar
cosB = g =" (2)
2

The eoncentration becomes

D
on the mirror surface
X2 = Uy : ()
or when at the position that gives the largest image
D
_D2  mD (6)
m T T6F < 16

" In dealing with £
£2 = x2 + (fsy)2 = bfy + f2 - 2fy + y2 (7)

L = P+y | (8)
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At the largest image

ne
by = f(l + E) (9)
Also ar
a 2
tan§ = (lO)
and
. o
d_m =2 fytan 5 (ll)
Bn for largest image is determined at the edge of the mirror
nD n2
oy _ 5 OT)
COSBy = —= = ——p- = —=5 (12)
n F(1+E 1
) ( -]-_-5) ( +j_6)
Therefore
o 2
D o
C = ne\ (97 X —(—];j-z—)- (
2f (L+7g) tan 5 (l+£l-2-) 13)
16
Thus, the approximate cancentration for a flat plate is given by
n ( n?
— 3 = ‘ (1%)

= ~
2(1%)1:&11 %- (1477)

To find the maximum concentration possible, take the derivative of C

with respect to n and set it equal to 0; thus

ac 1 (1-22) (-2) (1422) 3 (2n), (1+02)2(1-302
a5=°=m[n B VR R 'f‘a)] (15)

2
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or Ln? 2 2 2
- (15 (1) (13 (
0=" 5 o (16)
1. 0%\3
(1+7z)
0= - hn hnlf - 3n° n:E_ 3nh
-i-g-+-é-§6+l, E—-‘*‘Ig—@z _ (17)
ot~ 96n° + 256 = 0 (18)

It follows then

2 = 16(3 + /é> (29)

n=+5h Sij—é ' (20)

Thréwing aside answers giving minus relative apertures

Y

n=1t/:/—'8— (21)

n=1.65, 9.64 : (22)

or

The n of 9.64 gives a minus concentrition and dropping this solution

one obtains the optimum n to be

n = 1-65 (23)
Putting this n in Equation (14) one obtains
1.65 16 © 1

C =2tan @ X 2 = o
: 1.6 =
5 (l+_l%2) 2’r,e:«>»r12
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Maximum Concentration for a Flat Plate Target -
Exact Derivation for All n

The concentration is determined by the widest solar image
that falls on the target at the focus. As in previous cases, the
largest image eomes from the extreme edge of the mirror. However, the
envelope of all solar images is formed by the light that travels along
the angle B + a/z , since these rays form a longer image on a flat target

placed perpendicular to the axis of symmetry. Thus, it is seen from

the figure
C = in_lgl = .'EL_. = 2— (l)
' Atr a'xy, a"
but at the edge of the mirror
W
* P— + d-}il d;;ll

oy - _
tan(Byt 3) = T = Ble) T 5y

and

D .
tanB = m 7 (3)
therefore

d"l'l' = 2(f-yp) [tan(_sm + -g) - tanﬁm] (%)
and the concentration becomes

D
© % 2ty [tanlay +3) - tanpy] (5)

at the edge of the mirror

o = by, (6)
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and 5
Xm Dp 1 D2 D |
v, =5 - G XF=TF =15 (7)
Thus
»

, - _ ».nfD _ ,
(£-y,) = f-r = P = f(l—%) (8)

Substitution in Equation (5) ylelds

D

C = 5

2r(1-27) tan(By + g-) - tang,

This may be written
n

2
n 41
2(1-1-6) [tanﬁm + tan_ 2

1 - tanBy tan %

¢ =
(10)

S tanﬁmi\
or

c= n [lftanﬁmtan g]

_ (11)
2
E(I-EI%) [tanﬁm + tan % - tan, + tarZpytan g:l

This in turn may be written

o [1-tanpgten 8]

) 2tan %(1-?%) [l+tan26m]

c= 1 [l-tantan 2—]




-110-

From the figure it is seen 2
o (1- L2

cos“By =T/ T\2 T (14 B5)2
m (,@m) (l -]—_6)

and

or . «

ntané—
n(l-ng){l - n ]

16 2(;—13)

2tan g(lme)2
2 16

Qr

This may be written as

107.53 n [l=n2 - __n ]
16 130,12

C =

(l+n2)2
16

(14)

(18)
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To find the best concentration possible for any mirror having
a flat plate target in Equation (18), set the derivative of C with

respect to n equal to O

A[n-n3 - ng]
16 LA

= | | (19)
('1'+n2)2
16
1

Let A = pygp @
ac 3 2\ (o) (14n2) 3 (on 2\-2 2 .
& -5 =4 |(n-n° - n®)(~2)(140%) 7" (2n)+(1+n=) "= (1-3n° - 2 J (20
R e L I
B (n-n3 - 02)(-bn)+(1+02)(1-302 - 2n)

___ 18 TA 16 1 16 A (21)

(]_+112)3
16

which redueces to

nlL n3 6o 2n

P56t K T "Mt LTO (22)
ar
by B g 128m L, g (23)
A A
The pertinent optimum n is
n e~ 1.645 : (2k)

This is seen to differ only a little from the approximate

solution.
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——J ‘-d
-+
= | - Figure 18. Ideal Maximum Concentration Rgtio
(Approximation for small n).
|

Figure 19. Maximum Concentration Ratio for a Cylindrical
Target (Exact for all n).
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Figure 20. Maximum Concentration Ratio for
— S s Flat Plate Target (Approximation
for medium n).
\

Figure 21. Maximum Concentration Ratio for a Flat Plate
Target (Exact for all n).
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NOMENCLATURE (Mirror)

Area of mirror normal to radiation without target, ft2
Area of target receilving radiatioﬁ, £t2

Concentration, dimensionless

Diameter of mirror, ft

Ideal diameter of image at the focus, ft

Dismeter of image at the focus formed by radiation from the
mirror falling on a plane normal to the radiation, £t

Diameter of solar image formed by rays coming from the mirror
approaching a flat plate in the focus at an angle of B, ft

Half diameter of solar image formed by rays coming from the
mirror approaching a flat plate at the focus between the
angleofﬁandﬁ+9‘2., ft

Focal length of mirror, ft

Length of mirror, ft.

Distance from any point on mirror to focus, ft

Subscript denoting meximum (y, maximm y)

Relative aperture (n =‘%), dimensionless

. Rate of radiation falling on mirror, Btu/hr

Rate of radiation falling on target, Btu/hr

Coordinate of mirror in direction of dismeter, ft

Coordinate of mirror in direction of axis of symmetry, ft

Angle subtended by diemeter of sun«~l52‘minutes

Angle of incidence of ray to the normal of the mirror surface

Supplementary angle to the angle of incidence of a solar |
image emanating from the mirror surface measured at the

extremity of solar image from a plane normal to the angle B

Declination
-115-
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