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Introduction:

The engineering and design of a solar hot water system involves
seven major steps: 1) Determine the solar resource and location
for the array. 2) Determine the required hot water load for the
installation. 3) Determine the size or solar array needed to meet
the load. 4) Determine the size of storage needed to meet tie
load. 5) Diagram the collector array, tank location and piping
runs. 6) Size & select the pump(s) (for pumped svstems) 7) Finish
“2tailed drawings.

This manual places emphasis on the technical aspects of design
and engineering of solar hot water systems for Jamajica. More basic
installation information on sq1ar systems is provided by the manual:
Solar Water Heater Installation and Operation, C.J. Cromer, 1983,

which is the text developed for use with a vocationa] level solar
installers training course. This text is available through the
Ministry of Mining and tnergy.

The design engineer should be knowledgeable of the information
provided in the above menticned text, as well as the information
provided in this manual. Some of the information is common to
both manuals, however this manua] deals primarily with the cal-
culation of the parameters needed for the selection of proper
system components, The completion of step 7, the assembly of
these components inco detailed drawings, also requires knowledge
of proper installation practices and techniques covered in the
"Installation and Operation" manual.



MODULE 1: THE SOLAR RESOURCE

OBJECTIVE

The objective of this module is for the trainee to pe able to
determine the radiation on 4 tilted collector surface by using
the charts and figures Presented in thig module.
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The energy from the sun is derived from thermonuclear rezctions
in its.core. Thic energy makes its way to the sun's exterior layers
from which i+t is radiated into interplanetary space. The radiation
consists of particulate radiation and electromagnetic radiation. The
particulate radiation consists of electrons and protons and is commonly
referred to as the "solar wind". The electromagnetic radiation is
whét is commonly referred 20 as "solar radiation” and it is this radia-
tion that partially penetrates the earth's atmosphere and is utilized
‘in a solar heating or cooling system. This solar radiation varies
inversely with Zistance from the sun. Since the eartn's distance from
the sun varies by only about three percent during the course of the
year, the amount o7 solar radiation reaching the upper limits of the
earth's atmosohere is assentially constant. This is referred to as the
“solar constant" and is defined as the solar radiation received on a
unit area of surface per unit time perpendicular to the radiation at
the earth's mean distance from the sun. Recent measurements of the
solar constant have indicated that its value should be 1353 watts per

square meter (429 3ty per square foot per hour, 4871 kJ per sauare

meter per hour, or 1.940 calories per square centimeter per minute).
(Pef, 1)

The amount of radiation on a surface perpendicular to tne solar
radiation at the mean distance of the earth from the sun ig assentially
constant, but the amount of solar radiation that reaches the surface of
the earih ~ill vary with respect to latitude and time o7 year. It is

necassary tha:t this "solar weather" be known in order to design a solar

system. \



RADIATION ON A HORIZONTAL SURFACE

Hottel and Whiller (Ref, 2,3) first developed a comprehensive
appruach to a generalized, long-term description of solar weather.
Using their "utilizability" methknd, it is possible to semarate
the treatment of solar radiation data from the onysical and
gecmetrical characteristics of a particular collector. It is
not sufficient, for purposes of predicting detailed collector
performance, to use only long-term daily or monthly averages
of solar radiation. Hourly fluctuations of radiation about these
average values must be taksn into account. This is accomplisheg
by using hourly radiation data for a particular location over
a period of several years to establish a sat of radiation dis-

tributicn and 5 curves.

The @ or "utilizability function is of central importance
and accounts statistically for the effect of fluctuations in
solar weather on collector performance. By use of the utiliz-
ability function, account is taken of the fact that only a certain
average fraction of the incident radiation on a collector
can be "utilized", i.e., converted to usable heat at a given
collector plate temperature, etc.

Utilizability is inherently taken into account when collector
performance is calculated using these hourly radiation values as an
input parameter and the heat delivered in the form of hot
water as the output. The specific performance equation of the
collector must be used to do this calculatiun. This calcu-
lation and a discussion of panel performance is covered by
Modules 4 and 5. For now we will limit our discussion to the

determination of the monthly average daily total radiation.



LiJ AND JCROAN METHOD

The :-curves of Hottel and whillier are site-specific; a set of dis-
tribution and s-curves must te generated for each location using sclar
radiation over 3 three to five year period. Liu and Jordan (Ref. 4, 5)
showed that the long-term solar weather at any location can be charac-

terized surprisingly well by just two site-specific parameters:

H . monthly average daily total radiation on 2 horizontal
surtace
Ko = H/H
T / 0

where HO 1s the extraterrestrial daily radiation on a horizontal surface,

calculated from the equations of solar geometry for the 18th day of each month.
The term, E}, introduced by Liu and Jordan, can Se considered as a

"cloudiness index" which, together with H, charactarizes the solar

weather for a particular month. A large value of ?T indicates sunny

and rather uniform clear weather. A small value indicates cloudy, more

fluctuating weather. In most cases, ET is feund to lie in the range

from about 0.3 up to 0.75.

RT is of importance in cnaracterizing a collector's performance,
because it orovides a measure of direct to diffuse radiation which

in turn is used to estimate solar radiation on a tilted surface.
However, Liu and Jordan used?o found for the 16th day of each montn.
A more often used definition of 2} was developed by Klein, Duffie,
and deckman at the Universty of Wisconsin.



SLZiN, JQUFFIE, AND 3ECKMAN METHCD

The Liu and Jordan appraach has ceen modified by Xlein, Dufrfie, and
Beckman, (Ref. &) In this approach, ET is defined as the ratio between
the monthly avarage daily total radiation on a norizontal surfacs and

the mean daily extraterrestrial radiation, ﬁg, where HO may be calculated

from the equation:

L LY | 360 n
Hy = 5% O[ = L (1+0.033 cos(=z=))
(cos 3 cos ssinus +ws éﬁ% sin$sing]dt

where &t = 1 month, ISC is the solar constant, & is the latitude, & is

the solar declination, and we is the sunset hour angle. This is described

on the following sketch.

TO SUN

Since the spin axis of the earth is tilted relative to the ecliptic

nlane, as shown on the sketch, the amount of radiation on a horizontal

1-3



. - . LR
397302 37 1y ep LR AR

is i]lustrateo on the ska=cnes oelow:

Horizonrol
Surfagce
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lnrercepted -Collector //

Radiation on 4 Horizonta) (b) Radiation on 4 o
Collector

le
Perpendfcu?ar ‘0 the
Radiation

The declination varies with time of year dccording

0 the approxy-
Mate equation:

§ = 23.45 gip [35038%6}’1] (Degrees)
where n

1S the day of the year (n=1 fop January 1).

The Sunset hoyr angle jg¢ given by:

Cos ws = -tany tan s,

The dverage daily insolation 0N 3 horj

for a given month M3y be ca

latitudes for
-2, A Computer orog;

that win Calculate Ho



2ADIATION ON A TILTED SURFACE

RADIATIUR Y~ —=—

orldwide ¢n A, the radiation on the
When g {s known, tnen

Radiation neasurements are made W
surface of che earth in the nor\zontal plane.
1. may De calculated by: Ry = /H cor estimating ourposes, yalues fToOr

4 may be taken From contour maps(:ee Figure 1- 2) showing mean solar radi-

ation, but in many areas these are not fully developed. However, it may be

possible TO get a good estimate of ‘T from other measured data. For now,

lets look at the effect of tilt.

In order tO determine the performance of fFlat-plate collectors, it

ig required that the average daily radiation on 3 rilted suriace, ﬁT,

be known. 1nis mdy be expressed dY Hy - RA = RE Ho» where o i3 defined

as the ratio of the average daily radiation on 38 £ilted surface O that

on 3 horizonta\ qurface for each month. There are several metnods for

calculating 7, all of Which give slightly different resytts but do not
scrongly affect the calculations of long-term per formance of flar-plateé

collectors.

1-7
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wnere D/H is obteined from:

D/H = 1.3903-4.0273 ET + 5,561 X.° - 3.108 KT

Also,

. _Cos (»-s)cos s sinws' + ws' sin (3-5)sin$
D COS 5 C€OS 3 sinus-+ws sin s sin 3

prej

where

In the abowve equations,

s is the collactor tilt angle from the horizontal

o is ground reflectance

- [arccos (-tan s tans), arccos (-tan (-3) tané ]

D is average daily diffusa radiation for each month

Ry is ratio of the average daily beam radiation on the
tilted surface to that on a horizontal surface

for each month.

otice D/H is & function of K., This was the important relationship

Jeveloped by Liu and Jordan(ref 4),
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Also notice that if an average reflectance value is assumed, the other
varizbles are latizude, tilt and declination. Thus for a fixed latitude,
and given tilt, the re]étionship between QT and R can be found for 2ach
month of the year. This has oeen done for you in Figures 1-8 throuch Fiqure
1-10.

Since HT = R K7 QO we can determine monthly average Hy velues for

given tilts if we know K}.

Tilt for Direct Normal Radiation at Solar Noon:

A flat plate coliector panel can be tilted such that it presents a
normal surface to the solar noon direct beam radiation. Any tilt angle,
s, is defined as the included angle from the horizontal surface to the
plane of the collector. Direct normal tilt Sy at noon is a function of
the declination angle and the laticude.

Sy T where
= latitude and s negative below the equator and positive zbove the
equator. As shown earlier, can be found by the equation:

= 23.45 sin 360¢fﬂ§§—-— (degraes)
where n is the Julian date (Jan lst = 1, December 31st = 365).

Though direct normal does not always find the tilt for maximum
insolation, for areas with ?} above 0.35 the error is usually small.

The following Taile provides the declination angle and direct
normal tilt angle for 18°N latitude for the mid day of each month (16th).

1-9
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TABLZ OF StCLINATIONS

Date Day of Year Declination, = 180N
(Degrees) Direct Mormal

Tilt

Jan. 16 16 -21.10 39.1
Feb. 16 47 -12.95 30.95
Mar, 16 75 - 2.4 20. 42
Aor, 16 106 9.78 8.22
day 1o 136 19,03 -1.03
June 16 167 23.35 -5.35
July 16 197 21.35 -3.35
Aug. 18 228 13.45 4,55
Sent.16 259 1.81 16.19
Oct. 1% 289 -9.97 27.97
nov. 19 320 -19.38 37.38
dec. 15 350 -23.37 41.37

Determination o7 KT

Lopez and Soderstrom of the Center for Energy and Environment Research

at the Universty of Puerto Rico have developed a linear fit correlation
between annual rainfall and annual K% at 94% with a standard error in K}
of .018. (See Paper 1-1)

The zquation is;

KT = (0.6359 - 0.000886 R
where R = rainfall measured in cm.

[t is also found thac the annual ZT is quite constant throughoui the
year, probibly because the moderate rainy season, with slightly nigher
cloud cover, occurs during the summer when Hj is higner. Such a rela-
tionship provides a means by which insolation values may d>e estimated
for countries i1 the Caribbean,

4 ”3.



The Climatology branch of the Jamaican Metaorological Scciazy
found a good correlation [.32-.79) between rainfall and mean nours

of sunsnine (Ref 7). Though nours of sunsnine are not suitable to
provide amounts of radiation because the recorders may vary in their
minimum threshold that is considered sunlight (70 tc 280 w/mz); never-
theless the good correiation supports the use of rainfall as a measure
of 2} for Jamaica. (See Figure 1-10)

Figure 1-11 provides a contour map of Jamaica providing averace
daily norizontal rediation calculazed using the rainfall methcd and
mean 30 year rainfall values of 1931 thru 1960 (Ref. 7) (Figure 1-11).

Figure 1-12 through 1-24 provide annual and monthly rainfall
distributions that can be used to obtain monthly estimates of insclation

using the rainfall method.

Historical Data:

The best method for calculdating the sunlignt available on a
tilted plane is to use actual nistorical data. These are limitad for
Jamaica. The only nistorical data available to the author at tne
time of writing is provided as Table 1-4 tnrough 1-7 (Ref 8). It has
been suggested that the data for Norman Manley Airport and Bodles are
consistantly nigh due to oroblems with the data collection a2quipment.

Jamaica is in the process of developing a good base of insolation
data-both diffuse and direct components, When this becomes availabie,
the solar engineer is advised to adjust his calculations accordingly.

Example:

Find the daily average radiation in December on a solar panel
sloped 200 to the south, located in Montego  3ay (lat 189N).

1-11



Solution 1:

The contour map (Figure 1-5) provides the site receives just
under the 400 ca]/cm2 perday line - assume

330 ca1/cm2 perday. Thus,
380 cal/cm? perday = 1.3081 Btu/cm? oerday

-2 iy
1400 Btu/f<™ perday = H

—

o
[en]
O

From Tabtle 1-3 A = 2343 K1 = 5= = .50

[aN]
w
FaN
w

From Figure 1-7 R = 1,28 thus

- -

Hp = H R = 1792 3tu/ftl

per December day

on the sloped surface.

Solutior 2:

Figure 1-24 shows MoBay along the 3 inch contour.
3.0 in x 2.54 cm/in = 7.62 cm/mo

7.62 cm/mo x 12 mo/yr = 91.44 cm/yr.

~.

S = 655 - (91.¢4 x 8.86 x 107%)

1

Rp = 613 - 031 = .578

Hy = R Py Ko = 1,273 x 2343 x .578

Solution 3:

Historical data, Table 1-6 shows for Smithfield, not far from

MoBay, as



Solution 4:

Using the same nistorical data from Table 1-6,
between 13% and 259 to 20°;

—5— (1647 - 1573) + 1573 = 1594

interpolating

N\
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LIST OF STMBOLS

Average caily diffuse radiation for & month

r
. ?
[

Monthiy ave
i

ge daily total radiation on a horizontal surface,
Btu/{day) | )

txtraterrestrial daily radiation on a horizontal surface for
the 16th day of the month, Btu/(day:)(ft2)

Montnly averaged value of extraterrestrial radiation on a
horizontal surface, Btu/(day)(ft2)

Radiation on a tilted surface averaged over a day,
Btu/{day)(fed)

fraction of solar energy which penetrates through the earth's
atmosphere cn daily average

Number of days from January 1

Fraction of average daily radiation on tilted surface comparad
with a horizontal surface

Ratio of the average daily beam radiation on a tilted surface
to that on & norizontal surface

Collector tilt angle from horizontal, degrees
Temperature, °°F

Time variable

Sunset hour angle, degrees from solar noon .

Position of the sun relative to the equatorial plane at solar
ngcon, degrees

Latitude angls, degrees (north plus)

Reflectivity of material or ground surface
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Table 1-2

RUN ‘)RUN_-
LATITUE? 1 7. S LATITUGE® 17 . 5
ANTHY JANUARY ANTH? FEBRUARY

JAILY RATES) 3TW/SQ FT, (/S ™ CAILY RATES: 3TU/SQ 7T, (AJ/SQ 4

W37 29,3473
237450 § 25,248 ) 237815 { 25,9997 | oy g | e e
2132.07 ¢ 27,0342 ) 2136.27 ( 27.0819 ) 3545 L )’z; ' USRI N
LS (270327 ) 2395,5 (27,1983 ) ey ‘,b'ﬂ L B e
200,52 ( 27,2436 ! 205,31 (27,3036 1 ;Z§s°fz : :o';fsf | s
ay L R - I3 . v 7 . e v /
AR 2 SRCY I 2].4500 ] 2417.1/ ( 27.4-).5 ) 2711 9‘, ( )o 7775 ) ‘7_: 41 ( :O ?082 )
22028 1 20,5014 | H20.5¢ (27,5731 | ISR e e
~qT: T - - - - . 2100393 0 2744.5 9 i
2450 ( 27,3051 ) 257,29 ( 27,3879 ) ] ibapeli i
264,32 ( 27.9732) 270,57 (28,0812 ) v005. 53 ( 315377 ) ST 90
R - I 099 FIER-MY adlina Sl T
;;;B'f; f ,S fflf ! ::gf ;f : S :;;: ; 2928.95 ( 321059 ) 240,77 1 32,2339
SRR R RN weVy e 19 2 1254 35 ( I7.¢€
I04.54 (28,5378 ) 2521.55 ( 28,5398 ) f;?j-f? : jg-f:fi ; b L
83274 (23,741 ) 2542,11 ( 28,3505 ) f899.‘8 ( Eﬂ':o*s ) ;?11'2; C3sgmar
295187 (29,5589 ) 261,39 ( 29.9893 ) A FTER T R ety
2221'34 i f:'ifii ; EESL .95 NONTHLY DAILY AVERAGZ 27S3.%2 ( 31,2543
SONTHLY SATLY AVERAGE 2066.49 ( 27,7922 | READY
REALY
RUN
RUN WATITUOE? 17 . S
H?
LATITUOE? 17. S TONTH? APRIL
XNTH? MARCH
" - DALY RATES: 8TU/SQ FT, (AJ/SE ¥)
DAILY RATES! 3TU/SQ FT, (/S0 A) :
R 322912 § 38,8474 ) 3238.5 (307317
3 1960 § 3 ’
922,35 ( 351715 | 293441 (33,3027 | ST 388 ) e
2945.91 ( 33,4332 ) 2957.34 (33,5429 | 323,77 1 36,9723 ) T (o 1a
2953.89 ( 336918 ) 2979.97 (33,8197 ) J7L 37 1226 1269 48 (7 114
2391.16 ( 33,9467 ) 102,26 { 34,0727 | 32833 (37,249 | o
301326 ( 34,1978 ) 024,18 (34,3213 ) *395~;§ ( }z.:;az : Lt e
303495 ( 364433 ) 304553 (34,565 ) ORI b
30S6.19 ( 14,5848 ) 3066.83 ( 34,3033 ) 31657 S04 o jj'.6;°)
1074.95 ( 34,9203 | 2087.12 (35,0358 | 3280 37, e e
3097.17 (35,1496 | 110707 ( 35,2622 ) ifzg'“‘ : sl : o e
JL18.35 (35,373 ) 312644 (35,4820 | L a7 TS | 1f<;' A
35,3 (3535 ) 3145.20 (35,495 ) ;ff‘-“ ( jf’?‘lé b n
JUS435 (38 793 ) 316334 { 75,5008 | S e :;ZE'ji f :;';l,j
7205 1 16,0009 ) 3180.31 ( 36,0991 | . . ;g-ffg ; s S
89,3 1 36,1954 ) 197,41 1 36,2898 | 3370.18 € 38.2482 IR
120575 { 38,3822 ) J2U3.72 1 364728
0081 L T0sal ] ’ MONTHLY GAILY AVERAGE I312.84 ( 37,5952 )
MONTHLY 24ILY AYERAGE 3081.76 { 74.375 ) READY

READY
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e 1-2 {Cont.)

"RUN JRUN
LATITUIE? 1705 LATITUBE? 1 7.5

¥ONTH? MAY MOKTH? JUNE

JAILY RATZS: 3TW/SA AT, (My/SQ M) DAILY RATES: 5TU/SQ FY, iMJ/3G X

3375.36 { 38.307 ) 3377.74 (38,334 ) J303.35 (33,8247 ) J403.25 1 38,3235 )
137999 (35,3558 ) 3332, 11 1 23,3838 3311 (38,522 J402.95 4 35,5202
338400 (38,4083 ) 3135.99 ( 33,4275 402,77 (38,513 ) 402,55 € 33,5158
338773 1 18,4474 ) 359,37 1 33,445 ) J402,24 { 33,5132 ST, 1 35,5105 )
3390.89 (32,4810 339231« 38,4994 ) 3401.34 (22,5075 J401.37 ¢ 12,3044
1393.82 1 335143 ) 7194,54 ( 13,5280 ) J401,28 ( 38,5012 ) 5400.98 § 38,5978 )
365,95 ( 13,5407 3336.97 18,5521 ) 3300.38 { 33.5943 ) 3400, 36 ¢ 23,5908
3397, (33,5529 ) 333374 ( 18.5724 ) 3400, 04 (33,5371 ) 3399.71 ( 38,5334 )
339951 ¢ 8.5 3400.19 ( 33,533 ) 3379.38 (33,5796 ) 3399.04 (28,5733 )
T400.3 [ 253.5957 ) ST 1 23,5018 J393.7 L 38,3119 ) 3398,36 1 38,882 )
JIOLLE 1 R.A0TL) 3402,2 38,5118 3398.01 ( 22.5841 ) 133786 [ 18,5601 1
402,54 § 3305155 ) S402.82 § I8.a187)) 3397.3 ¢ ZB.3Ial ) I399.95 { 38,552 )
SA03.04  l5a2 3403,22 (13,5232 3398.5% (12,9479 1396.22 ( 38,5478
S RARR SR NN IEYY EO 340343 1 13,5255 ) 3395.36 1 33,5397 ) 1335045 (35,5354 )
483,045 6 35,225 ) 403,48 ( 18,825 ) 33FSLL 03505312 I3RLTT 1805248
T403.42 0 D3,50ES )

MONTRLY DAILY AVERASE 335,47 1 15,5347 ) BONTHLY JRILY AYZRAST 2399.:1 ( 28,5522 )

REA0Y READY

RUN )RUN
LATITUE? 17 .5 LATITUDE? 1 7.5
XONTH? JULyY HONTH? AUGUST

JALLY RATESD 3TW/S3 7T, (W73 ) DAILY RATESY 3TU/SQ@ FT, (MJ/22 M)

I 1038.5224 ) 3393.94 ( 38,5179 ) 3368,32 ( 38,2271 ) 3166,56 ( 38,2071 )
3393.54 1 38,5133 ) 3393.12 ( 38,5084 ) 3364.7 ( 38,184 ) 3362.74 ( 18,1639 )
3392,55 (18,5037 ) 3392.25 { 38,4987 ) 3350,59 ( 38,1005} 3398,33 ( 38,1161 )
I39LTY 03545838 ) 3391.32 ( 38,4881 ) 3356.27 ( 18.0904 ) 3353.89 « 35,0634 )
390,32 1 38,4825 ) 3390.31 { 38,4785 ) 3314 (38,0352 ) 348,83 (12,0086 )
3339.77 LI 4T85 ) 3339.7 € 33,4541 346,03 (37,9747 ) DIT2T 01T 230
TIERLL1 (38,4574 ) 1387.99 ( 18,4593 | 3340.25 1 77,7088 ) IS 0 37.8734 )
ITET.3T 003, 1439 ) I385.64 (38,4351 I333.31 (37,8365 ) 330,54 (37,7584 )
IIBS,I (33,4243 ) 333514 (33,418 ) 333703 1 37,7588 ) I32T38 L3N
PREE A SRR DEE Y 3383047 4 28,339 ) SILTE L ITLATA T3NS EE 37,8293
PRENANE IV BNCE VA 351,59 (2.7 IDTLLSS €37.5529 IOTLIL L 3T ENE
3330.57 1 23,3662 ) 3379.49 f 28,3537 ) 3302.92 € 174845 ) I298.37 ( ITLA3T L
3378.35 (38,3409 SITTL 138,272 293087 L 37,3799 ) S058.3 ( 37.3U4T
DREETEL S SV I 374,50 1 38,2974 ) 3283.78 (37,2477 ) 1278,59 ( 37,2082 )
2373049 33,2810 3371.58 ( 18,2542 % 203,24 0 37,0481 I287.73 1 37,0855 )
PV EPEE AR P LS B 3282.05 € 37000 )

MONTHLY SAILY AVERARZ 285,07 4 3 4T3 ) XONTHLY CAILY AVERASE 3325.06 ¢ 37.731¢1 )

3407 PEADY

1-18


http:33:07.3l

Table 1-2

‘RUN
LaTITU0E? 1 7.5
WNTH? SEPTEMBER

QALY RATES: 3TU/€Q 7T, (XJ/30 M)

356,27 ( 38,3347 290419 1 3403884
JTHL0L € 38,8143 1237.56 (34,7442 )
G0 36,8702 AT 135,594

JUTET L 18,5185 ) 3210,57 ( 34,4348 )

303,37 38,3832 9600 (38,2718
388,49 ( l& 1882 3180.8 ( 36.099 )
JUT2.94 1 38,0098 ) J164,93 ¢ 35,9188 )
TIS6.73 135,328 U484 ( 33,7114
3139,92 (735,835 ) I3 27 (35,5348 )
JIRT46 (38,4389 ) 3.9t (35,3383
o440 138,232 3093.17 ( 35.1271)
085,73 ( 35,0204 ) 3076,26 ( 34,9129
J086.5 (34,3029 ) 3036.92 { 34,8919 )
1046,9 1 34,9793 ) 3036.88 ( 34,4454 )
02T 34:3802 ) J018. 44 ( 34,2338 )
MONTHLY DAILY AVERABE 3146.75 ( 35,7124 )

READY

JRUN

LATITUDE? 1 7. S

A0NTH? NOVEMBER

QAILY RATES: 3TU/ZQ FT, (MJ/SQ M)
2560.58 ( 30,199 1 2649.8 { 30.0728 )
2839, 11 { 29.75913 ) 2628.53 ( 29.8313 )
2618.06 ( 29,7125 2607.71 ( 29.599
2597.48 ( 29,4789 ) 2387.39 t 29,3443 )
877,43 € 29.2513 ) 2567.82 ( 29,1399 )
1557.95 ( 29,0203 ) 234843 ( 23,9224 )
153901 1 28,3183 ) 2529.93 ( 28,7122 )
520093 29051 251210 28,31
2503.48 ( 29,4120 295,04 ( 29.3182 )
0488.3 ( 29,2227 278,78 ( 28.1313)
4790083 (29,042 L3 (27,9562 )
245592 | 27.8723 248,75 ( 27,7909 )
40,3 (27,7120 233,09 (27,8359
488,82 (27, 5025 422,39 27,4918 )
SAleA 2742 2410.38 ( 27,3388 )

MONTHLY DAILY AVERABE 2823.34 ( 28.8374)
AEADY

{Cont.)

\

'RUN
LATITUOE? L7, S

"0HTH? OCTOBER

OAILY RATES: 3TU/32 FT, (MJ/S@ M)

2005,06 (341158 )
2964.99 (33,3787 )
2963.33 € 33,5330
941074 1 33,3889 )
919,38 € 33.1383)
2997.32 ( 32.:31¢ )
874,79 ¢ 32,528 )
1852,1 { 32,3483 )
2929.31 (32,1999 )
2806.47 ( 31,5507 )
2783.84 ( 31,5916 )
}

2750.88 ( 31,3331
2738.2 ( 31,0759 )
TS 71 (30,8206 )
2693, 44 (30,5479 )
BT1A3 10,3184
MONTHLY DAILY AVERAGE

READY

'RUN
LATITUDE? 1 7.3

MNTH? DECEMBER

2340

1993.37
2974.31

DAILY RATES: 3TU/3a FT, (MJ/SQ M)

2405,2 ( 27,2947
2395.02 ( 27,1811 )
2385.9 ( 27,0777 )

2377.87 ( 26,9845 )
2370.94 ( 26,9079 )
263,14 (24,342 )

2360.48 1 26,7891 )
2336.98 [ 25,7494 )
2334.84 ( 28,7229 )
235347 ( 28,7098 )
2335.48 (26,7097 )
2354.88 1 26,7233 )
233704 ( 28,7501 )
2380, 57 ( 24,7503 )
2185.29 ( 25,3437
WETLLLS - 26,9402

NONTHLY JAILY AVERAGE 218

READY

7.2

2367.9 (

2517,39

33,0089
12,7342
4575 )

€4 Lo e et C
—— e D

L4 €4 ¢ 04 e
D O e -

<

27,2374 )
27,1219 )
27,0303 )
25,7458 )
5.8733 )

26,814 )

26,7076 )
25,7344 )
6,714 )
26,788 )

15,7048 )
25,735

25,7588 )
25,9154 )
25,3734 )

!
\/}



Annual

LN
LATITUIE? 18. 0

WNTH? JANUARY

JAILY RATES: 3TU/SQFT, 9/Se M)
2350.50 ( 24,578 ) 2154, 19
TS 628,780 2352, 41
386,74 (26,3574 ) 71,74
2I7L.32 0 25,3744 ) 233218
223,23 0270991 ) 23793.43
13$9.52 ¢ 27,2155 ) 2405.22
202,39 (27,1838 ) 2119.78
426,53 0 27,5433 2434, 32
244094 0 27,7138 ) 2449.79
USTL5T 127,854 ) 2488,17
274,55 ( 23,0553 ) 253,42
492,35 (26,2337 ) 2501, 48
2910.5 (25,4351 ) 2520, 31
2530.91 (29,7131 ) 533,38
1943.91 (25,319 ) 155012
ITOAT (29,1724 )

OKTHLY DAILY AVERASE 443,86 ( 27,7332 )

READY
JRUN
LATITUOEY 18. 0
XONTH? MAR S H
IAILY RATES: 3TU/5R FT, (rd/30 M)
2507.99 ( 33,6023 ) 2913.82
2931.58 ( 33,2704 ) 2943.28
954,91 ( 33,5354 2956, 47
977,54 (33,7987 ) 2939,32
000,80 (34,0539 ) 3011,79
1022,38 (34,3087 ) 303385
J044.7 (34,8544 3055, 44
3066.05 ( 34,7944 ) 3076.52
3085.87 ¢ 15,0229 ) 3097,08
0T 0 (15,323 ) 317,05
1125.32 ¢ 35,4243 ) 336,43
JNE.89 (1007 ) 315518
MU I 373,28
352,08 ( 36,1125
59,18 (38,3073 )

SAUSS L4932 )
NORTHLY DAILY AVERASE 071,23 { 34,5555 )
READY :

(
(
(
{
{
{
{
{
{
(
{
{
(

{
(

(
(
{
(
{
{
{
(
{
(
{
{
{

Table

26,7178 )
6 i
50317 )
3354 )
L1839

Lot T % T NG TN IS )

‘J\Jl

rl o3 rJ ry 1)

o~~~ ~a
o~
~
-~
—

29,3893 )
28,5031 )
238.8251)
29,3548 )

331311
33,4034 )
33,8465 )
73,9259 )
34,1809 )
34,4312
34,8762 )
34,9155 )
33,1498 )
35,3785 )

5.3954 )
33,5082 )
35,0136 )

3190,7 ( 38,2114 )
37440 36,4013

daily average

—
1

n)

O

G2 Stu/Te

JRUN
LATITUGE? 18. 0

YNTH? FEBRUARY

DAILY RATES 37U/53 F7, (M)ita M)

2320.93 1 I3 0918 259783 (29,4178
2302,42 1 25,5349 ) 2513.34 1 29,6589
2624.28 (23,7542 2623.54 ¢ 29,7408
258,31 10 2883.05 (30,1877
2569.55 (20,2979 2681.2 € 30.429
923§ C st J704.55 1 30,694
708032 (30,8278 ) 272818 30,9519

740,05 31.9%89 ) 2731,38 (31,2322
2763.95 ( 11,7832 ) 2775098 1 31,5004
2737.98 [ 30.00409 2800.02 ¢ 31,7775
812,08 313043 224,13 1 32,0511
2833.1. 0321879 ) 2348.22 (32,3258
260,24 (32,4609 ) 872.23 (32,597 )
2084,19 (32,7327 ) 2896, 10 (32,368 )
NOKTHLY DALY AVERASE 275,59 ( 31,0474 )

eEany

JRUN

LATITUDE? 1B8. O

KONTH? APRIL

DAILY RATES: 3TU/SR FT, (MJ/SQ M)

3223, 46 ( 36.5832 ) 323021 ( 38,4711
3238.77 (35,7589 ) SUbL L6 36,8407 )
3233.36 { 18,9224 ) 3260,38 ( 37,0021 )
3267.21 1 37,0797 ) 3273.87 (37,1552 )
3280.33 ( 37,229 ) 3286,62 ( 37,2999 )
3292,72 ( 37.3892 ) 3298.85 { 37,4384 )
330439 ( 37,5615 ) 3309.95 ( 17,5645 )
JAEII L 37,8257 9320.33 (37,6848 )
332,56 1 377418 ) 3330041 1 37,7949 )
333E.08 1 37,3439 3339.55 1 37,9011 )
334393 (37,8807 ) 3348.1 22,5978 )
AARIOR - S 3385.93 1 38,9847
3389.43 (38,1285 ) 3363.15 ( 38,1485 1
286,37 138,20¢7 ) 3389078 1 38, U432
372,30 013,781 ) 375,73 (38,3112

NOMTHLY DAILY AVERASE 3311.37 { 37.5309 )
READY


http:72520.31
http:q2602.42
http:17254.19

SRUN
LATITUCE? 18, O
MONTHY MAY
PAILY RATES:

3379.50 (18,1428
3333,85 ( 33,4012
3338.25 ( 28,4515
3392.37 ( 38,5001
3396 (33,5412 )

3399.17 1 33,9773
3401.93 ( 38.4085
1404.29 ( 33.8354
3406.29 ( 13,8531
407,96 { 123,477 )
3409.31 (38,6923
3410,39 1 33,7044
L2 (38,7139
SLL8L 1 38,7207
T412.2 (38,7251 )

<

@) ra 4 4
— e ~
.

37U/5Q 7T,

}
!
)
)

)
)
)
)

)
)
)
!

4241 1 33,7275 )

NOMTHLY DAILY AVERAGE 3401.23 ( 38,4074 )

READY

'RUN
LATITU0E? 18. 0
MONTH? JUL Y

DAILY RATES:

3404,33 ( 38,4353 )
3403.4 (38,4282 )
3402.4 ( 38,4139
3401.33 ( 38,8017 )
3400, 16 { 38,5885 )
3378.89 ( 18,5741 )
3397.5 ( 38,3583 )

3395.96 (38,5408 )
3394.26 1 33,5215 )
3392.37 (38,5001 )
3390.28 1 38,4754 )
3387.95 (33,43

3339.37 1 13,4206 )
3382.51 ( 18.3881 )
3379.33 1 38.35821 )
3375.82 ( 38,3123 )

MONTHLY 2AILT AVEZABE 339

READY

Bru/ia £1,

336 {38,515 )

Table 1-3 (Cont.)

(43rsq M)
SI8L.15 € 38,3727 )
1385.02 (38,428
3390.28 (18,4775 )
374,24 (38,5213 )
3397.84 (38,5599 )
3400.8 ( 38,3935 )
J403. 16 ( 33.4225 )
3405.34 ( 38,8472
340718 ( 38,668 )
3406.57 ( 18,5651 )
3409.38 ( 13.4598 )
3410.83 (38,7094 )
SHULSY 1 33,7108 )
412,03 (38,7232
JA12.33 (38,7256 )
mdrsca
3403.37 { 38,4304 )
402,91 ( 38,6197 )
3401.87 ( 18.508 )
3400.74 ( 38,3953 )
3399.34 ( 33.%813)
3398.,2' ( 38,5444 )
3375,75 { 38,5498 )
3393.13 € 38,8344 )
3393.34 (38,8011
337135 (38,4888 )
338915 ( 18,4833 )
3388.7 ( 38,4357 )
333,98 { 18,4048 )
3380.98 { 18.3706 )
3778 18,33

JRUN
LATITUDE? 18.0
HONTH? JUNE

DAILY RATES: 3TU/SQ FT, iNJ/ST M)

3412,46 (38,7281 ) IH2.47 (32,7281 )
412,044 1 38,7278 ) 342,33 € 38,7002
J412,29 (38,1282 ) T412.18 (33,7249 )
J412.04 { 28,7233 ) 410,37 87214 )
J411,89 (38,7193 ) L8 L I8 7LT
J410.25 (33,7144 401,02 € 28,7417 )
3410,76 { 18,7088 ) 410,49 ( 23,7037 )
J400.21 { 38,7025 ) 3409.91 ( 18,5992 )
3409.61 ( 38,4937 ) 3409,29 ( 13.48921 )
3408.96 ( 33,3634 ) 3408.a3 (33,3845 )
3408.29 ( 38,4307 ) 407,93 ( 38,8787 )
3407,57 ( 33.8726 1 3407.2 (38,3883 )
3406,82 ( 33.5a84 ) 3406,43 (18,8394 )
3406.03 ¢ 18.4331 ) 3405.82 ( 38,5803 )
3405.2 { 33,4457 J404,77 ( 33.5408 )
NONTHLY DALLY AVERASE 3409.53 ( 38,8734 )
READY
JRUN
LAT{TUDE? 18.0
XONTH? AUGUST
DALLY RATES: 3TU/SQ FT, (MJ/S2 NI
3373.93 ( 38,2908 ) 3371.95 { 38.2833 )
3369.87 ( 38,2447 ) 3367.69 (38,22 )
J385.41 (38,1941 ) 3263.01 ¢ 38,1649 )
3340.80 ( 38,1383 ) 3357.89 ( 38.1088 )
33585.16 { 28,0778 ) 3352.31 (38,0454 )
3349.33 (38,0116 ) 3346,22 € 37,9754 )
3342,9 € 37,3397 ) 3339.82 L 37,3004 )
3336.12 (37,3817 ) 1332,48 ( 37,9204 1
3328.7 € 37,1775 ) 324,77 (37,7329 )
3320.7 ( 37,3867 ) 3316.48 ( 37.5388 )
332000 (37,8892 ) 3307.59 { 37,5379
3302.91 ( 37,4847 ) 3298.07 [ 37,4297
3293.07 ( 37,3732 J287.92 ( 17,3148 )
3282.5 (37,2843 ) 7L L3192
JATL47 L 37,1279 ) 1245.55 ( 37,067 )

3259.47 ( 34,9941 )
MONTHLY DAILY AYERAGE 3325,88 ( 37,7538 )
READY



RUN

AT TUsE

18.0

YINIRY SEPTEMBER

fNeven,

JalLt

hIs RN

SRR I X M
QT 035,77
BRSNS
PSR- B D I F L
AT 89 )
N BRI R
183,83 i 8,579
THS. 78 13507487 )
MM B N E DA
PGS 018,341
S05S.55 IS 19 )
MIPERC IR R B IR
SEe ST T L339
2938 7 L hsI )
WSS T Ine

MINTHLY daily
crn

rEnlY

JRUN
LaTITUIE? 18. 0

MONTH? NOVEMBER

JRILY RATES: 37U/5Q
ALY 09,947
2819.33 1 29.7243 )
597,92 1 2904333 )
J376.99 1 29,2443
W6 L1018
RIS AR hA !
1708 12357
15902 (28,3435 )
HELAG 120
5458 1 31
AL ERE Y B T
R R B I TR O
KRR L RO O
403,52 1 27,3003 )
[T s

XONTHLY JAiLy
ZADY

pre]

£,

Cesiae meer . a
AVERRZE IS¢ 39

STU/SRFT, (2153 )

3241.21
3234,06
0.
3205.75
3190.53
N
1158.28
JHL 12
3123.36
304,99
3086.04
3066,33
3046,43
3025, 9
3604.93

33

(MJ/5Q X)

CH 4 Lt s 4

Taole 1-

38,8526
36,7034 |
36,5456
36,2821 )
36,2099 )
36,0302 )
35.3431 )
35,6486 )
)
)
}
)

15,4471
35,2384
0215
.3021
L3748 )
L3S
J103)

..

B e e . N

2630.2 { 29.8502 )

2608. 56
2537.39
234873
2546,43
252715
2908, 34
2499.25
U723t
2484.39
210,71
225,93
’412 08

§23.3307)

{
{
(
{
{
(
{
{
{
(
{
{

29,6047 )
29,3643}
29.129¢ )
28,9012 )
28,4897 )
28,4877
28,2518 )
25,0651 )
22,3776 )

]

(Cont.)

JRUN
ATITUGE?
MONTH? QC

DAILY RATCS:

8.0
TOBER

094,05 4 35,981
972,81 1 3307083
293046 (3l 454
2928,28 ( 33.23
2905,82 4 32,715 )
2882,75 € 32,7154
859,59 ( 22,4847 )
2936,5 (32,1915
913,20 0 39272
2789.88 ( 11.5524 )
2766,53 { 31,3779 |
QM35 0315
2720.24 { 30.872
697,30 (30,8019
2574,83 -1 20,3544
2652, 24 { 39,1003 )

AONTHLY DALY AvE3AcE

READY

RUN

LATITUDE? 1 8. O

HCHTH? DECEMBER

DAILY RATES:

2361.76
237144
232,19 {
2384,04 {
234701 (
23L13
336,412
231284 (
230,46 ¢
239,00 4
2329.27 i
230,47
2132.348 14
236,43

341,19

710
AOHTALY Do
READY

1.22

27,0306 )
26,9135 )
25,3085 )

Lf

3iU/Sd F I,

BTU/5Q £

(%)/38 %
293345 1 33,3598
251,55 0 Il
2939046 (13,25
216,37 (311048

850,22 1 22,3485 )
DI I, 5SS )
2943, 11 1321232
920,25 (32,6594
2301.55 1 31.7543 )
273,023 0 31,5300
2054.95 ( 31256 )
31T (31,0009 )
270875 ( 30.7417 )
2885.94 ( 30,4323 )
563,37 1 30,2259

324,27 { 32,0527

(/52 8
237647 { 26,9706 )
2345.48 ( 26,8595
2357.98 | 28,7407 )
2350.39 ( 28,8746 )
343,93 (28,5013 )
2138.62 25,540 )
I W LT
23319 1 28,4893 4
2329.72 1 2500 )
2329012 0 25,4333 )
ST 02000
MR I PT YR
JID0LS LB 45
2338.66 1 28, <415 )
2340028,5022

3,28 1 28.5937 )


http:12343.73
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Table 1-24

HISTORICAL SOLAR RADIATION* AND TEMPERATURE DATA
NORMAN MANLEY AIRPORT, KINGS' o, JAMAICA

Month Surface Tilt Ambient
Q° 10° 18¢ 25° ! Temperature (°7)

AN, 1825t 2081° 2248 2365° | 74.6
FES. 2016 2204 2314 2380 77.4
MAR. 1969 12045 2071 2068 73.2
APR. 2161 2149 2105 2041 78.6
MAY 2223 2139 2040 1932 80.9
JUN 2238 2120 1997 1869 81.9
JUL. 2164 2067 1959 1845 84.5
AUG. 21.97 2156 . 2088 2005 84.4
sep. 1923 1961 1960 1936 81.9
ocT. 1851 1081 2051 2086 80.9
NOV . 1729 1937 2670 2159 79.1
DEC. 1759 2032 2214 2344 78.6

Annual 2004 .4

* Rver
Uni%sag%e Bcu/(day)(fcz)

1Historical data (1974-75)

2 : A : .
Calculated fram historical data by methods in Solar Znergy for Heating
and Cooling of Buildings, ASHRAE, 1977. Foreground reflection of
20% assumed.
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Table 1-%

HISTORICAL SOLAR RADIATICEI* AND TEMPEZRATURE DATA
BODLES, ST. CATHRRINE, JAMAICA

“onth Surface Tilt Ambilent
0° 10° 13° 25° Temperature (°F)
san. | 1s9st 21712 2352° 2479% 73.1
cza. | 2068 2265 2381 2451 72.1
MAR. 2201 2294 2328 2328 73.8
AR, 2256 2245 2198 2131 75.7
MAY 2220 2136 2037 1929 - 76.8
JUN. 2279 2158 2031 1899 78.1
SUL. 2136 2087 1978 1862 79.1
AUG. 2039 2002 1940 1865 79.0
SEP. 1888 1926 1925 1901 77.7
oCT. 1987 2134 2215 2257 76.6
NOV . 1748 1960 2095 2186 76.6
DEC. 1737 2014 2206 2333 75.5

 dpale 2042 2
Units are Btu/ day) (£t°)

1 . ,
Historical dat: (1974-75)

2

Calculated fron historical data by methods in Solar Energy for Heating
ard Cooling of Buildings, ASHRAZ, 1977. Foreground reflection of

20% assumed.




Table 1-6

HISTORICAL SOLAR RADIATICN®* AND TEMPERATURE DATA
SMITHFIELD, HANOVER, JAMAICA

Month Surface Tilt Ambient
0° 10¢ 18° 25° Temperature (°F)

Jan. | 1313% 1460° 1553 16167 74.4°
FEB. 1397 1;98 1555 1586 74.5
MAR. 1478 1525 1539 1533 75.1
APR. 1633 1@25 1593 1548 76.9
MAY 1600 1549 1486 1417 78.1
JUN. 1604 1533 1457 1376 79.5
JUL. 1644 1580 1507 1429 80.1
AUG. 1486 1462 | 1422 1372 80.1
SEP. 1375 1397 1393 1374 79.9
oCT. 1361 1439 1479 1496 79.5
NOV., 1257 1381 1457 1507 78.5
DEC. | 1302 1466 1573 1647 77.0
\ Average 1954

Units are Btu/(day)(ftz)
1. ,
Historical data (1974-795)

2

Calculated from historical data by methods in Solar Energy for Heating
and cooling of Buildings, ASHRAE, 1977. Foreground reflection of

20% assumed.

3
Data for Montego Bay
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Table 1-7

TILT FACTORS* FOR 18° NORTH LATITUDE (RD)

Ssur face Tilt (D=g)

Montiy 10° 18° 25°
JaN 1.17 1.28 1.36
ro8 1.12 1.18 1.22
MAR 1.05 1.07 1.07
APR. 0.99 0.97 0.93
MAY 0.95 0.89 ;.83
SUN. 0.93 0.86 9.73
JUL. 0.94 0.87 0.80
AUG 0.98 0.94 0.89
SZP. 1,03 1.03 1.02
oCT. 1.10 1.15 1.18
NOV. 1,16 1.26 1.33
oEC 1.19 1.32 1.40

o tilt factor is the ratio of
to that on a horizontal surface.

peam radiation on a tilted surface
(See Chapter 2.)
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Figure

"THIS PROGRAM PROVIDES A

NEOUATION LEVEL A% DJEFISNED 3Y vLEIN,
t EREE CACNER, NOY, 1382

4) a3
mogn O
X I
- s
- X.

“eds

32918201 3K=013T=0 0820
L3
PRINTILATITUZE INAUT AT
FOINTIRCNTH L INPUT 403

b TR NG TIANUARY Y THEN 3={:g=7d
y, ¥OS="TEIRUARYY THEN 3272:8=39

19 M08='MARCH" THEN Z=80:%=90)

VFOMCSzARQILY THEN 3291182179

i7OXGS='NATY THEN S=[T1iC=15¢

I OMTS=YJUNETTEEN 5=152:82(8

PTONCS=JULYMTREN I=lEiEeln2
OOLF 8= 3USUSTITHEN 32210:18=040
DOIF NGSSUSTRTIMEERTHIN 3=74406:2273

PEoMIs=tA0TIEERITREN 23740804

R I ERR DR EERARS 1) BEEDH LN DA |

Forlse C3'THEN 32373022355

(P 3my THEN GRINTYPUZASE IPCLL THE FULL MCNTH SORRECTLY'!GOTQ
o FRINTUERINT'DAILY RATES: 5TU/SQ 57, (XJ/5Q@ M) *:PRINT
0 F9R 423 70 %
GUEIR j=L T2
TOIF U=l THEN CLI3IT=A2%,7 fLIE S0LTET=4L3TY
B OIK=II ATHSINGIOOHIZEARN) S50, 01745229)
T ANILATH I TSSO AT AN (DK, 21735305
9 OSEEATNULATER -0 I- e 57081857, 295779

LT ST SLISTH U+, YTTHEGS (A, 283273550

CEUISLATE LTSI TS IR, ) TSI 2 RS INISE,01745329)

EIEE LTSI IORSINCLATH, I TASIIT 4R INOIK A, 31745329)
S0 AUl FIEZHHD)
TYOUF =L THEN PRINT NOMELIE PRINTTIUHOM)',
GOAF J=z1 THEN 3=3E0 SL2E 21:=81+H0
S NEXT N

RINTIPRINT*MONTHLY QAILY AVERAGE™ 2/(E-S#l)"(*Q1/(E-5¢() )"

1-27

WFFIE, AND

ritidttbtridted

1-1

MONTHLY AVERAGE EXTRATARRESTRIAL
SECKNAN,

100



(]
o

4
[-t
-
2
N
‘.
¢
4
\'V
D ' f
o
c’ - .
7\.14 i . M;/ 0
— 1
‘_- PSP el
2 ! 5
\\\ -l_ i
NN -
, N i
¢ RN e | -
~~~~~~~~~ « MARCH L7 .
[ ; D/ ! :
J ’13,/1'__?- . Doily Maeans ot Total Snlovll tﬂ( .']
i i}fﬁ.. ! Rodiotion (Beam *DIffuee) ! ey Lot L] "
’ v-!-'f , ! Incident oa @ Horirontol c o ,(\'rjk . |
. Surfoce ., cal /cm® doy - K |
| e CEaN
RN
, REEE R -
- - -y —a "e e - -) w o

Figure 1-2

Daily radiation for March.
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Daily radiation for December.
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PAPER 1-1, From SOLAR EJG'HEETING-1933
0

roceedings o7 tne ASHME Solar Znergy Jivision
:1f.h Annual Conference, Orlande, “lorica USA
ISOLATION IN PUERTO RICO
A. M. Lopez and K. G. Soderstrom
Center Yor Energy ano €nvronment Researsr
University of Puerto Rico
Mayaguer Puerto Rico
A237PaC87 The metecrsicgy of Puert> Rlzd is rather cozpliex
when zompares wiin Stner areas i similar size. This
The 2ecgraprical  and  iemcora.  distridution of is parzicularly true witn regaras tc arecinizezicn.
‘asolatice in the Certboeaw . . Puerte 2122 has Siw distuine Sagee siie zores far de founc wiin:n
seen studiec arougn the precise measure- Lteoarea . ir a trosi fores:
ments L Significant Zifferences anong the (annual rainfall b 2 rain-
5 uniiora Zistridbu- fall 20 :my. mai 2 onical
il ‘ear is a variation n prez:ipitation are the Ionstancy of Ine
N uces, A trade wincs Irom the cast and nortneast and the opres-
H and pre- ence Of the mdountain ranges. The trade winds bring
-4 erences in “arm, moisture laden air froxm tfe scean., The =mourZains
< lobal (n- force the mixture of this air wizh colider, drier a:r as
sa.2 These the high2r elevaticns and the resultant precinitaticn
orr ac nost occurs there. The air ‘reaching the southwesiern par:
cont of the is! o ‘e {a the moun-
tains anc ceglon,
INTRo0UCTICN The large warfations n rainfall are zvptzal cof
the Caribbear {siands and shoulz Ye taren !‘nto consié-
The Center for ZInergy ana Iavironmen: Researzh grazisn 10 fhe 2siimation of dnsolation Lt zart.cular
(CZZR) 5! the University  2f Pueris Rizo has been sites in this region.
measuring insclation at diiferen: ccaticrs on fails
Caridbean f{sland for several vears. The ma; nitude as Data Accuisizion Methodslozv
well as :he geographical, cemporal and tatistical
distribuction of insolation in Puerzo Qico snould be The instrunentation used bv IZIZIR in Lts aecsure-
vpical of orher Caribbean {slands and other tropical ments has czonsisted of ?SP precision pvrancpesers,
slzes, electronic integrators, digi{ral o»rinters and shadow
bands nanufactured by Eppley Laboratories. integrated
Ceagranohy of Puyertc Rizc insolaticn values are printed hecurly. ALl seasurements

are made on a horizonzal plane.
Puerto Rico is the smallest and oost eastward

memder of the Greater Antilles. 1: has an area of 5800 Pyranomecer calitrac{on is zshecked cvery w0 vears
5¢ km located approximately from IS° zo .8.5%% latitude by bringing ali the instrumentc to :the same locatiocn
anc from 56% 5 K7°M longltude (Fig. 1). The fsland and testing them side by side on an outdoor stand.
ras a roughly 'e::argular shape with a range of small Integrator calibratlon {s checked yearly using a refer-
meuncains {tvpical peak elevation 1000 a) cunning east- ence voltage source,

west aiong i{s czanter.

.

The locations of <the measuremen: =<szations are
shovn in Fig, |. Global insolation is measured at all
stations and diffuse at three sites, The measuremen:
dates are presented {n Table |.

]

| . Electric powver outages cause gaps ir the data
* i v . N aa
- ‘IManatf]l? Ria ! acquisition orocess. The integrators nust be reset
1 i {ps ! fa acouis! - 1 .
MHYHQUEZ! ‘PIEdl'BS‘ manually befcre data 1c‘u.s.cion‘.‘an resume. Longe:

' 2aps are caused by integrator malfunciions which re-

VI 3K g quire repair servic: in the Unltec Staces.

Data Aralvsis Methodclogy

The resuits presented here are Sased only on re-

y corded values of insolation., 7The zapss in :he reccr:
e —— "L/\)\—J‘\o'/\f‘*'\/:/—_’.— vere act filled in. In calcuiating average dallv insc-
N l lation, cthe average hcucrly wvalues for each zonth were
calculated {irst. This makes use of all the nourly data

| available including :hose days which had a rartial

iCabo Rojo; .
C____L_J | . record. Average .nsclation wvalues for each locaticm

w o2

.30 ¥ $e.° ‘ ; 5 i : : ;
vere Jound D>y averaging the ctwelve amonthiv wvajues.
Only days with compiate recotds were used in zaiculas-
tag the standard ceviations of the daily insolation
Fig. ! Location 2 measuramen: sites distridburicns,

1-52 5@



AVTRASL nEILATIUN are claar. LN 4
infloenged 0y Lie
JesegraontiiL Juistributicon 29457 in .nis v surTound
. three sides. c is that
Tad.2 . oresent: tre values of 3verage :ailv inse- seives less gicgal insciatisnh tnan any J:':e-
laticn measurad ac 23ach location ' The vaiue Teasurad 4t vavagdez 13 115 less
Cabuv R0io, ine sifn the nighest 3
Tazle . 2asurement Jaces and Average Dally These sctacions trin )0 km ol each
fasolacion on 3 Hocrizoncal Plane conclusion of udy usoThat Lt is LT
zonsider the 3 -scale gesgragnv of Za:‘.:‘:es
sallv in order o 3 the zziizapilizw of
{nsolacjon measurements 3C neardv sites.
lcacion Zomponent Datas (¥1/m”)
Tempocal Diszriducian
wavaziie: Clobal Jan 76-Dec 31 15.0
nayague: Di{ffuse Jun 17-Dec 81 5.9 The czemporal #iscridution of globai insolation
. during the jyear is presenzad in Table 1. The results
Ale Global Jun 78-Dec 81 16.% for Rlo Pledras, ?Ponce and Mavagdez (the cities for
Jia2zcas Diiiuse Jul 78~-Dec 8l - Jhich che greacest amcunt of d3ca 2xists) nave Jeen
graphed in Fizg. 2.
Jonze Global Yar 78-Dec 81 9.3
An Incerescing feature 2f all ctrhe graphs {s the
110 Slodal Jul 78-Jun 79 18,1 facet thar che gzlsobal insoiaticn 2n 2 horizonctal »olane
e Difiuse Jul 78-Jun 79 7. is rather uniformly discributed during the vear. One
of the reasons for this i5 zhe relative uniformity of
Manat! Global Sep 79-feb 31 18.6 the discribucion of extraterrestrial horizontal inso-
lacion ac ctropical laticudes. This effezt is shovn in
Zabos R0jo Global Apr 30-Dec 8! 19.9 Flg. 3 where cthe distribucion ac 18° latleude s
compared with that ac 40° lacicude. Although cthere is
The citias of Poance and Cabo Rojo on the south- snly a3 20Y difference in the annval averages of the two
“estern part of che Lsland have the highest average discributions, the extraterrestrial tnsolacicn on a
glsmal :nsolation. They are folloved by Manac!{ and worizonctal surface at 18° lacitude wvaries only by +I9%
Zataf:, whizh are on cthe northern coast. The city of during the wvear wnile that ac 40° latfitude varles Dy
: Piedras, although only ten «kilcme-ers from cthe ~50%.
zsast, 5 on the edge of the hills and receilves ap-
scaxizately !0% less global insolacion than the coastal Another effect whichk enhances the uniforaity of
areas. the horizonctal insolation in Puerto Rico is the exis-
tence of a ralny season which coincides roughly wich
The city of Mayagliez {3 on the western coast of ehe perfods of nighest extracervestrial {asolacion.
tqe i{sland. The weacher in Hayaglez exhibits a par~- The ralny season in Juerca Rico exiends generally frveo
ticular daily pacttern with few varlactions, Mornings April fo September. although it {s not as proncunced
1re usually sunny, afternoons are cloudy and the nights as {a other parts of the world, ic does ‘nfluence cthe
Table 2. Average and Scandard Deviacion of Datly Global Insolation :zn a Horizencal Plane (\H/: )
Stacion .
; “onth Mayaglez R{o Pledras’ fonce Cabo Rojo Cactafio Manac!
JAN 6.2 « 3.0 14,8 + 3.1 16.5 + 2.3 6.5 = 2.9 16,0 = 2.9 15.2 = 1.6
FEB 15.5 + 3.6 16.2 + 3.7 13.9 + 2.8 19.1 + 2.2 22,2+ 2.3 16.5 = 5.5
MAR 17.1 + 3.8 18.0 + 4.4 21,5 + J.4 22,1 £ 2.5 19.0 = 5.3 1.7 2 5.2
APR 18.0 + 4.6 17.5 + 5.3 20,7 + 4.2 19.4 + 3.2 10.) = 3.5 22,9 = 5.6
MAY 17.1 = 4.9 15,3 + 5.8 19.2 + 5.2 2301 = 1.2 6.6 = 5.3 19.1 = 5.3
Juy 17.6 + 3.5 18,4 = 5.2 0.0 ~ 5.3 2.6 ¥ 2.9 16.3 = 5.1 23.5 = 6.4
JUL 16.5 + 3.4 20,3 + 5.0 22.4 + 3.3 2.3 = .33 0.3 3.0
AUG 7.2 # 3.5 18,9 + 5.7 22,0 * 5.l 0.5 = 3.3 21,0 = 5.1 19.0 = 4.8
SEP 16,3 + 3.4 6.4 + 4.0 20,4 = 3.7 217+ 2.4 17.9 » 4.5 17.7 + 6.4
ocT 15.2 + 3.9 16,0 + 4.5 18,3~ 3.3 i8.9 2.9 17,0 = 5.9 17.4 + 5.6
NOv 14,7 + 2.3 16,6 + 3.3 6.4 + 3.0 7.7 + 1.3 6.1 = 2.5 16.3 + 2.0
DEC 3.1 = 2.5 13.0 + 3.3 6.3 = 3.3 16,2 = 2.8 14.3 = 1.3 i3.6 = 1.3
~
1-53
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iistribution of !nsolacicn. This is Sest desonstrated
1y Fig, 4 vhich (s a plot of average daily (ractio of
slobal insolation on a horfzontal plane to extraterres-
irial insolation on a horizontal plane) vs. months of

the year,

The yearly distribution of hori:zonzal insolation
nas ioportant {mplications in cthe desizn of optizized
solar energy collectors. One striking example of this
s a solar pond for anm <industrial asplication where a
otizontal collecter {s o be matzhed 25 & vear-vound
-nifora load. The size of the storage layer for such a
pond located {n Puerto Rice zan be zade cuch smaller
rhan for a simflar syste= at a higher latitude., Zven
or solar colleczors which can e tilted there are

ften estheti{c and cos:t advanzages <> a4 horizonzal
sount.

The distribution of fnsolation during the day can
lso be izporzant. 7Tig., 5 compares this discribution
-3t the citles of Ponce and Mavaglie:, It {s clear that
the differsnce in dally fnsslation Zor :hese two sites
~czurs during the noon 2 afiermoon hcurs, but Mavaglez
eeds o Se a very speclal case f{n this regard, All of
ne other locations studled hnad roughly syemerrical
neurly diseridycions.,
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Staticstical Discribution

The standard deviations of the statistical discri-
butions of daily zlobal insolation have been zalculacted
(Table 2). Although for some stations the results are
based on one year's record, some general trends are
apparent. The higher {nsolation stations (Ponce and
{abo Rojo) ctend to have lower standard deviations.
(The low deviation values a: Mavagliez are apparently
due to the «consistent weather pattern experienced
theve, See discussfon above.) Az all stations che
cuviaticns during the summer nmonths are larger chan
during the wvinter azonths.

CORRELATION BEITWIEN INSOLATION AND PRECIPITATION

Measurecents of insolation levels are scarce in
zany paris of the world, particularly in the underde~
veloped nations, Many countries i{n the Caribbean fall
wn thls category, in addition, as has Dheer shown
above, insolation levels can wvary appreciabiy wizhin
tne soall areas of =zropical islands so zhat, even Lf
deasuresents are avallable at some sites, they =zav not
be applicable zo other reglons within tha saze country.
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Many wvavs have been proposed to estimate {nsola-
tion levels at a given locacion, These are based on
the statistical correlation of [(nsolation to other
30re coczonly zeasurad zeteorological variables such s
¢loud cover, Precipitacion {s an intercszing possibi.-
ity in chis regard since accurace measu-ezents of this
variable are quize :ommon worldwide,

This section presents che results of a study of
the tvelacionship bezween average annual {nsolation and
averdge annual rainfail {n Puerto ico. (Rainfall (s
the only {orm of precipitaction in Puerto Rico,) The
daza pofncts snown in Fig., $ correspond to zhe insola-
tion gJeasured at cthe CIER stations vs, cthe riinfall
seasured at naeardy sites. Annuwal rainfall dacta has
Seen previded Sy :the U.S. Nactlonal Weather Service,
Rainfall -measurements wvere available at sites within &

@ i ail of the srations except Cabo ‘ojo. Ratnfall
data for a staticn at Ensenada, 25 ko o che east of
Cebo Rojo, wvas used for :his poinc. Znsenada {s on
The southnern zoast and has weather very sioilar to Cabo
f0jo.) Insolation values are presenced {n the forz of
annual K in order to facilizata future comparison with
sites autside Puerss 2ico. A limear fic to che daca
soints vielded a correlacion coefficlent of 94X with a
standard error {n KT of 0.018. The equation for che
straight line {s: :

KT = 0.659 - 0.000886 R

where R is average anaual rainfall =zeasured {n cam.

3ased on this linear filt and a rainfall =2ap, an
insolation =Dap of Puerto Rico has been prepared
(Fig. 7).

.CORRELATION BETWEEN DIFFUSE AND GLOBAL INSOLATION

In order to be able o predict che performance of
soiar colleczors accurately, it is necessary to %nov
the partition of the gloval insolation incto Lis. diffuse
ind direc: components. This {s especially :rue of con-
ceantrating collectors (2), Hovever, diffuse and direct
insclacicn odeasurezents require aiditional equipment
<hich =ust be adjusced alzost dally. These tvpes of
measurements are zuch rarer than global Insolacion anea-
surezents, In the wunderdeveloped natlons cthey are
ilzosc non-existent, Thus, a nechod ausc Se found co
oreciczt accurately the azounct of di{ffuse radiacion fron
the values of acher z0re commonly neasured variables.
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three clzfes,

relationsg

Although many different predictive 4
for 1 use cocpo-
b

{ 4
have been suggested for calculacting the 4
neat, most include ¥, as a corvelaction wa le. Many
take this co be the 5nly warlable, The 4 use compo-
nent is predicted {roo the measurezent or estization of
the global insoli:ion and froo the czorrelacion of XK.
vs, X (ratio of diffuse !lnsolation on a horfzonctal
plane "to global insolacion on a1 hori:zontal plane).
This correlation (s “nown to bSe <far from perfec:,
There is usually a large scatcter {n zhe data, However,
{t has Seen suggested that the long tera perforzance of
solar collectors {s seasitive anly to the average
correlaction becween these variables (3),

Lo TS Y

Fig., 8: presents the rasulcs of the zeasurezents of
daily K_ and at Mayagiez, Rfo ?Pledras and Cacafio.

. Only days for vhich cthere were daca during all hours of

the day wvere included in this analysis. A shadov band
correction factor was applled to the X values. This
factor depends on the 3onth of che vear and the values
used were based on cthe nanufacturer's recommendations
(4)., The range of correction factors is (.12 co (.23,

The {ndividual days have been segregated {into
classes aczording o their value of X.. (Zach class
corresponds to a K. {nterval of 0.03) The data poiats
vepresent Che average KQ for each class vs, cthe ¥X_
ntdpoint., Since the distribucion of individusl daily
< s around the average i{s not necessarily symmetr!ical,
te error Vdars (one standard deviation) have ‘been
calculated <{ndependently for che dafly ¥ s «~hich are
above cthe average and for cthose that afe below the
average (n each class. Those classes which contaln
less chan 20 days of daca have not 2een plocted.
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The differenc

the resul:s of ot rese d
statistically significant. The lartge standaczd
duv‘a:ion are due to :he large scatzer of the darta
frem individual cavys. The statistical error in the
deteralnation of =:zhe averaze M_s, however, is zuch
szailer (by aw leas: a facior 35)5) than the standard
deviatlions.

The Collares-Pereita and Rabl relationship over-
estizates the 2!ffuse cocponent zeasured in Puerto Ric
wnile the Liu and Jordan relacionship provides a detter
escizate, However, it alsc overestinates the diffuse
for K. values between 0.} and 0.5, The scandard error
for the comparison of the Ccllares-Peretra and Rabl
relationship o the Puerto Rico results {s 0.12 while
for the Liu and Jerdan relationship fz is 0.05. (In

rors the zontributicn of each class
the nuzder of days in {t.)

calculacing these er
has been weighted Dy

In order to study the reasons for the differences
betveen <tne Puer:io Ri:z results and the Collares-
Pereira and Rabl relationship, :the Puerto Rico data
have been analyred for site dependence (Fig. 9). Sig-
nificant differences have Seen found among the three
s{tes. -The poinzs for Rfo Piedras fall between those
at Mayagiez (low) anc these at Catafio (high). Althouzgh
none of :ne stations teaches the Collares-Pereira and
Rabl curve, Cazafio approacnes it and the data there
lies above zhe Liu and Jordan curve, '

The Zollares-Pereira and

discrepancy be:“ee1 the
Radl correlation and :he Liu and Jordan zerrelaticn
not bde reai (3). The first is bSased on oyrnelionmeter
neasureszents and zhe secind on ceasurements cade with a
pyranoameter nd shadow band. viu and Jordan did not
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apply a shadow band zorrvecticn to Inelr zTeasurtements.
Thus, the ciffuse insolazion at 3Zlue HILL 13 acivall
larger than repcrted. Tn order 0 make a realls:iic
ccmparison o the Liu and Jorcan results, flg. 10 nas
teen prepared with data to which nc  shacow an
correcticn factors have been applied. The zonclusion
can Se zade that tne resu.ts from Mavaglez and Ponle
‘ : : se at

anad.\n
tiensnip At
fcund

The results at Catado suggest chat cthe differ-
ence in the relatianships for Mayagle: and R2fo Pledras
vs, those in the United 3tates and Caraca are not Jue
cozpletely fo a "latitude effec:” although some lati-
cude effect can net be ruled ouc. This s also sup~
porced by Straub, 3avlon and Seith's anmalysis of zine
Typlcal Metereologizal Year weather flle and nlne
months of data from Sea:tle, washington (7). These
authors found the Collares-Pere! an¢ PRabl relation-
ship ':o overpredict KD Sy pproximately C.07 iz
Seattle.

A possibie explanacion for che differences in the
results obtatned at the different sites Ls a dependence
of the shadow band blocking factor on the cloudiness
conditions, Such an e{fect has been reported by
Spencer and Near (8). These authors also point out
some disadvantages in the wuse of {incegrated pyrhell-
ometer measurements to deternine the diffuse compo-
nent. More accurate =zeasurenments, perthaps rvequiring a

pyranometer with a shadow disc, are necessary (o
deterzine the magnitude of a latitude effec:, (! any,
L d ‘ ~ -

on the &T’kD correlacion.
CONCLUSIONS

It s importan: %o consider the small-scale gecy-
raphy of Caribbean lislands in orier to 3detersine the
applicaniiic of insolation measurement at neardy
sites. Average annual precipization zan be correlated
to average annual insclacis in Puerte Rlzo falriv
well, This provides a way of estimazing insolat:ion a:
sites wherte oprecipitaticn Zaza are availadie, More
accurate neasurezents of diffuse raZiation are rneeled
to deterzine the magnitude of a latitude effect on the
daily HT. R: correlation,
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Many stucents Irom ine Un:iversitv of Puerto Rirco
nave partizipstes In the tedicus iador of z2ata process-
ing and in :the development of computer aralvsis pro-
3rans wJnose resu.ts nave deer presented here. In par-
ticular the authors would like o acknovledge :he
efforrs 3! Messyrs. Luis Clapoi, “ddle Marrero and
Hdusberto Vega., Jr. José Coldn of the Naticnal Weuiner
Service in Sarn Juan provided the rainfall data and naps
used {n the analvsis. Several instizucions have coop-

rated in  this worx by =maintaining peasuredent
s5tations. These are cthe Catholic University of Puerto
Rico, the 2acardi Corporatien, Roche Products, Inc.,
the Nestle-Lidby Co. and cthe .3, National Wildlife
Servize, This work has been supported in par: by the

V.S, Jdepariment of In2rgy.

‘. fwei, J.J., and Whizzore, J.L., "The Ecological
Life lones of Puerzo Rico and the U.5. Virgin Islands,"
Forest 3ervice Research ?Paper [TF-18, Dec. 1973,
institute of Tropical Forescry, U.S. Department of
Agriculture, Rflo ?iledras, Puerzo Rico.

2. Erdbs, D.G., Stauter, R.C., and Dufiie, J.A., "The
3asts and Iffects of Inaccuracies in Diffuse Radlation
Correlations,” ?Proceedings of the 1930 Annual Meeting
of A3/TSES, Vel. 3.2, 1330, pp. 1429-1632,

c o

llares-Perefra, 4., and Radl, A.,, "The Average
tion of Solar Radlation - Correlations Between
d Hezmispherizal and 3etwveen Dally aud Hourly
Values," Solar Znmevzy, Vol. 22, No.2, 1979,

"
LW I - U T, B T
woar Uy

hoen W
e

© ot .

3 o1 4=
[,

D e W
o I

e
— 0 o
o
re

"Instructions for the Operation and Matntenance of
the Zppley 5hadovw Band Scand,” 1976, Manual- by The
Eppley Laboratory, lac., Newport, Rhode Island,

5. Ruth, D.¥., and Chant, R.EZ., "The Relationship
of Diffuse Radlation to Total Radiation in Canada,"
Solar Enerzv, Yol. 18, No.2, 1976, pp. 153-154,

Liu, 8,Y.H., and Jordan, R.C., '"The Interrela-
ship and Characteriscic Discridbution of Direct,
use, and Total Solar Radtation," Solar Energv, Vol,
4, No.,l, 1960, pp. 1-9,

7. S§traub, D., 3aylon D., and Szith, 0., “Comparison
of Modeled and Typtcal Meceorologlical Year Diffuse,
Direc:, and Tilted Solar Radlation Values with Measured
Data in a Cloudy Climate: Seattle-Tacoma Data,"
Proceedings of the 1980 Annual Meeting of AS/ISES, Vol,
3.2, 1980, pp. 1420-1424,

8. Spencer, D.¥., and Near, R.J., "Comparison of
Theoretical ©Diffuse Shadov Band Corrections vith
Minucte by Minute Data," Proceedings of the 1981 snnual

Meeting of AS/ISES, VYol, 4.2, 1981, pp. 1SII-1515,




MODULE 2: SITING THE COLLECTOR ARRAY

OBJECTIVE

The objective of this module is for the trainee
to be able to determine from a particular site,
any affects of shading or orientation on a col-
lector array.
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MODULE 2:

SITING THE COLLECTOR ARRAY:

The Solar Window:

If we were to spend all year standing at a site and recording
the sun's path, we could chart its position on a sun path diagram.
The peth of the sun could be painted (projacted) contc a dome, as
could the outline of surrounding houses and trees. The morning and
afterroon 1imits of useful solar collection, as determined ty the
three hours before solar noon and the thre2 hours after solzr noon
define the "solar window".

Almost all of the usaful sun that reaches the collector must
come through this window except for diffusad radiation. If zny
of the surrounding houses, trees, etc. intrude into this "solar
window", the intrusion will cause a shadow on the collector. The
isometric drawing below illustrates the solar window for a latitude
of 28ON. The solar window changes for different latitudes.

Sun's Path

"Sun’s Path
March 21

House with
solar collector

Sun’s Path
December 21

These trees
cast a
< shadow on
the collector
between | p.m,
and 2 p.m, from
~-November 1
to about
February 15,

Figure 2-1
Solar Window



32° Latitude

Summer Altitude

Winter Aftitude

Figure 2-3

Sun Path Diagrams
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BENNETT SUN ANGLE CHART:

This chart provides a means by which we can determine the position
of the sun for any time of the year and time of day.

The curved lines with dates on them show the position of the sun in tne
sky for that date. The dotted lines give the position for the tine of day.
For example, on February 23rd, at 10:12 A.M., the sun is 52° high in the sky

(solar altitude) and its compass heading (solar azimuth) is 135 degrees, or

directly S.E. (see Figure 3-8).

A Bennett Sun Chart for your latitude (T8OH) is valuable. If an
opbstruction is near your collector location, you can determine the alitude
of its top &nd the azimuth of its two sides. By plotting these on the Bennett
Sun Chart, you can determine the amount of shading the obstruction will
produce during the year.

For example, if we have a building south of the proposed collector
location and we measure its azimuth to start at 120° and end at 2000, and
we estimate its height to be about 40° from the proposed site, then its
shadow pattern is represented by the shaded part of Figure 3-9. Ve see that
it would shade the collector solar window from 9:00 to 10:10 on December 22nd;
9:00 to 9:50 on November 22nd and January 21st; 9:00 to 9:30 on November 3rd
and ~ebruary 8th; and 9:00 to 9:15 on October 19th and February 22rd. Notice
this shading is worse during the winter months, just when we need solar the
most. We would lose about an hour of sunlight out of the 6-hour solar window
-during the two coldest winter months from this obstruction. As a result, if
a better location could not be found, the collector array should be sized up

by about 1/6th.



y

Y

THE BENNETT SUN ANGLE CHART IS SIMPLY A PROJECTION

OF THE SKY OOME SUN PATHS ONTO A FLAT SHEET.

Figure 2-4
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Collector Orientation. All collectors work best when facing
due south. If roof lines or other factors dictate different orientations,
a penalty will be paid, as shown in Figure 2-7. For example, for
20° east or west of due south we must increase the collector area to
1.06 times the size needed with due south orientation (dashed lines on
Figure 2-7 for the same energy output.

We have assumed that nothing shades the collector during any part
of the day. If tall trees, for example, shade a collector until 10 a.m.,
an orientation west of south would be optimum, since the afternoon sun
will provide the bulk of the energy collected each day. So the site

must be studied to he sure that specific solar insolation factors are

known in each instaliation .

YT T T T T T T

1.7 p—- o—

1.5“—' ey

1.4 }—

1.3~

Crientation Multiplication Factor

| | l [ | | L

0 10 20 30 40 50 60 70 80 90

QOrientation East or West of South, Degrees
Figure 2-7

Effect Of Facing Collector in a Direction Other than Due South



MODULE 3: Collector Types and Construction
Objective

The Objective of this Module is for the
trainee to become familiar with the

different types of solar collectors, and

to gain an understanding of the basic heat
balance equation governing collector operation.
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MODULE 3: <COLLECTGR TYPES AND CONSTRUCTION

TYPES OF COLLECTORS: Solar collectors are often grouped according

to their thérmal operating ranges: low- medium- or high-temparature.
Low-temperature collecters are used for heating swimming pools
and similar tasks (belew 100°F). Medium-temperature collectors are
used for tasks like heating buildings and heating water (up to 200°F).
High-temperature collectors are used tc drive absorption air
conditioners, produce steam, and melt materials without the danger of
contamination (200°F to 5,000°F). Figure 3-1 shows several types of

collectors in high-temperature categories.

The purpose of a solar collector is to
gather radiant energy from the sun and transfer it in the form of heat
to a fluid, usually water. The type of collector used depends upon the
fluid temperatures required--for very high temperatures, a focusing-
type (concentrating) collector is employed, which focuses the sun's rayvs
onto a target or a receiver (see Figure 3-1). Burning paper with a
magnifying lens is an 'example of this concept. The concentrating
collector uses only the direct (beam) radiation and thus must foilow the
sun across the sky by means of complicated tracking equipment that
must be relatively free of maintenance and able to withstand hurricane-

force winds. Tracking equipment substantially increases the price of a
system; also, in many areas, sunshine is diffuse and cannot
be used by a concentrator. However, this diffuse radiation can be
absorbed effectively by a flat-plate collector. On 3 daily basis, in
Jamaica, a flat-plate collector will collect more heat thaq a concentrating
type, so the overall efficiency of the flat-plate is higher. Because of

lower efficiencies and higher cost, concentrators are used only when

temperatures beyond the reach of a flat-plate collector are needed.



\

Must follow sun

)

A. Fresnel
Lens Concentrator

8., Evacuated Tube
Collector

Fixed in position

g

C. Fully-Aimihg Parabolic Concentrator

Ll =

D. Parabolic Trough Concentrator

FIGURE -3-1 .
High-Temperature Collectors
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Flat - Plate Collectors: The most basic flat - plate collector,

used for 1o‘w temperature heating, consists of a black metal or plastic
deck with flow passages to remove the ¢bsorbed heat (see Figure 3-2)

The amount of heat collected depends on the temperature of the fluid
with respect to the ambient air temperature--the hotter the fluid the
more difficult it is to add heat. The maximum temperature available
from this type of collector is about 110°F; however, the fluid ’low rate
usually is very high, and the collector remains at about ambient
temperature, where it operates at highest efficiency.

In dcmestic water heating, the final desired temperature is between
120°F and 160°F. Since the bare deck cannot deliver this temperature,
a necessary alternative is to build a metal deck into a well-insulated
box with a transparent cover (glazing), which not only allows solar
radiation in but keeps the wind from removing heat and thus cooling
the plate. 'The addition of glazing to the collector also causes what is

known as the greenhouse effect--an example is the almost unbearable

heat felt when getting into a closed car that hus been sitting in t.h.'e
sun. The greenhouse effect works in the following manner: First,
radiation enters through the transparent glazing, where most of it is
absorbed as heat by the metal deck. Next, the deck gives off much of
the heat as long-wavelength radiation, called infrared-radiation, which
is trapped inside because the glazing material is opaque to such wave-

lengths.(See Figure 3-3)

Flat-plate collectors have many uses today, depending on the
temperature requirement. Unglazed collectors heat pools and operate
well at up to 30°F above ambient temperature. By glazing and

insulating the plate, the maximum temperature is increased to the range
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Collector Anatomy

of domestic water heating (120°-160°F). By using more expensive
materials and double glazing, the temperature can be pushed as high as
200°F, useful for solar-powered air conditioning applications. The
collector cost generally rises with higher output temperature
requirements.

A collector's operating efficiency is dependent on insolation and
the temperature of its fluid. As the fluid becomes hotter, adding heat

to it becomes difficult, and the heat losses through the collector box

increase.



dn a flat plate ccllectar, the inlet shoul” be at the bottom and

the outlet at the top so that the natural intarnal convection of the heated

watar tends to assist fluid movement.
Plastic collectors should be made of materials compounded with

ultraviolet light inhibitors to retard degradation by constant exposure
to sunlight. Fortunately, carbon black accomplishes this to a major
degree and, at the same time, darkens the plastic anci maximizes ils
effectiveness as a solar collector.

Transparent plastic films used to cover trickle collectors cannot, of
course, contain carbon black. Mylar, tedlar, some teflon films, and
other specifically-compounded transparent plastics are available for solar

applications. Some are guaranteed for many years.

FLAT-PLATE COLLECTOR MATERIALS. The protective housing for a

flat-plate collector may be made of metal, heat-tolerant plastic, treated
wood, or even concrete formulated with vermiculite.

Metal housings should be isolated from thermal contact with the
heat absorber plate. They are durable, attractive, strong, and may be .
built by well-established fabrication methods.

Plastic housings may be made in any shape or color. They are
relatively light and offer some insulation to the heat collector. However,

care must be taken in the selection of the plastic resin itself lest it
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outgas at the stagnation temperatures which may develop in sunny

weather if fluid flow through the collector is interrupted. The plastic

must not soften at high temperatures.

In warm, moist climates only treated or rot-resistant lumber (cedar,
cypress) should be used for wood housing, and even then, the long-
term integrity of the structure may be subject lo question. Wood is
attractive from the standpoint of ease of fabrication and appearance.

Cast concrete collector housings have been used extensively in
Australia. They =2re inexpensive, easy to cast on a mass production
bc';sis, durable, but very difficult to ship and install because of their
weight.

Insulating materials should .possess hich thermal resistance, be
tolerant of temperatures up to 350°F to 400°F, and be as water-resistant
as possible. Fiberglass should not be used as insulation sinca wet
weather causes it to absorb moisture and lose its insulation value.

Many manufacturers design their housings with
screened 3/8-inch holes along the lower edges to drain any water which
enters the box to escape. Isocyanurate and COZ-blown urethane sheets
about 1-inch thick are often used for insulating flat-plate collectors.

Transparen.t covers may be made of glass (preferzbly of low iron
content), cast plastic sheets or flexible plastic films. Glass Is heavy
and hard to keep watertight at the edges, and it is very subject to
breakage unless tempered is used. However, glass is optically transparent to

sunlight and opaque to heat reradiated by the absorber plate, and it

y——-

weathers better than the transparent plastics.

Several plastics have been specially formulated for use in solar

applications. They are lightweight, easy to install, nearly as good as
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glass optically, and cost about the same. For pertormance and durability,

glass is better than the plastics.

Either glass or transparent plastic covers should be installed in
such a way as to withstand severe wind loads as prescribed in local
regulations . |

Figure 3-4 shows several configurations used for absorber plates.
Because tubes are expensive and sheet metal is relatively inexpensive,

as little tubing as possible is used. It is very important to have a

good thermal bond between the sheet metal absorber plate and the fluid

transport passages. This may be accomplished by incorporating the
tube in the sheet (Roll-Bond is an example); by soldering or brazing
the tube to the sheet; or by clamping the tube to a grooved sheet and
applying thermally~conductive adhesive to the area of contact.

The following tables give the thermal conductvity of commonly

used absorber plate materials and the yield strengths of two types of

solder:
Thermal Conductivity in
Material Btu/hr-ft2°F-ft
ABSORBER PLATE Copper 217
Aluminum o117
Steel 26
COMPONENTS OF SOLDER Tin 36
Lead 20
Antimony 10
SHEAR YIELD
STRENGTHS OF SC.LDER 50% Tin-50% Lead: go psi (at 250°F)

95% Tin-5% Antimony: 250 psi (at 350°F)
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Tube-In-Strip

Two plates spot-welded

FIGURE -3-4
Absorber Plate Configurations

Clamged

Solder

Continuous-soldered



Copper, aluminum or steel may be used for heat absorbers, but
both aluminum and steel passag'es must be protected from corrosion.
Closed collector loops which contain corrosion-inhibited heat collector
fluids can be used to protect aluminum and steel passages.

When dissimilar metals are used in tube and deck combinations,
they must be studied for galvanic corrosion and thermal incompatibility
problems.

Black ccatings for heat decks may be classified according to how
they are applied or according to whether they are optically selective or
nonselective. Most coatings are appllied as organic -paints by spraying,
brushing, rolling, or as metall‘ic compounds by electrolytic deposition.

Nonselective coatings absorb more than 90 percent of the solar

energy they receive, and they reradiate the same amount, but at longer

wavelengths. In contrast, selective coatings also absorb about 90

percent of the solar radiation, but reradiate as little as 5 percent.
Selective coatings are considerably the more expensive. Either may be

applied to copper, steel or aluminum decks.

HIGH-TEMPERATURE COLLECTORS. The five broad categories into

which high-temperature collectors fall are: parabolic or cylindrical

troughs ; compound parabolic concentrators;

evacuated tubes; lenses; and paraboloids.
High-temperature collectors are less cost-effective for

building heating, water heating and pool heating than arz medium- and

low-temperature collectors. They are used for solar air conditioning

and for the production of steam. As mentioned previously, most

concentrating collectors track the sun on a daily or seasonal basis (or



both), but they capture almost no diffuse energy. Compound parabolic
concentrators and evacuated tube collectors need not. track the sun,
and they do capture both direct and diffuse energy. At the present

time, high-temperature collectors are quite expensive.



Heat rlow
There are many ways to harness the sun's energy., but most

examined in this manual fall in the snlar-thermal category. "Solar-
thermal” implies that the sun's energy is first converted to thermal, or
heat, energy. What becomes of that heat depends on how well the
system is designed. We would like to transfer most of the coilected
heat energy to water in a solar water heater, but some energy will
inevitably be lost, and here we look into the various fates thal can

pefall thermal energy.

Conduction: Heat conduction is a lot like electrical
conduction; it requires a temperature difference and a path through
some material. The heat and electrical conduction propertiés of
materials are usually similar--metals conduct both well; most plastics do
not. Short, wide paths conduct more heat than long, narrow paths.
The rate of heat flow depends upon the difference in temperature from
one end of the path to the other. ‘
The similarity to electrical conduction is striking (if not eléc-
trifying!). We define resistance as a measure of the difficulty of
conduction and speak of thermal resistance, R, as a properly of
materials, of conductors and insulators, of thermal paths in series and

in parallel. See Figure3-5 for illustrations of thermal conduction and

equations for resistance of compound paths.

Convection: While conduction can and does take place
through a fluid (a liquid or a gas), the flow of heat in fluids usually

occurs through convection. In this process the tluid moves from one
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Thermal Conduction in Plain and Composite Solids.

3-1¢ //



point to another, picking up aeat and carrying it along. The gas or
liquid also moves from warmer surfaces to cooler, serving as the medium
of heat transfer. There is a thin film of conduction at the surface
between the solid and the fluid, and from there on heat flow will
depend strongly on the fluid and its speed of flow.

An air-cooled engine, for example, throws off most of its extra
heat by convection. Heat" from combustion
travels by conduction to the surface of fins and from the fins out by
convection in the air. The air moves past the fins by the motion of the
vehicle in most motorcycles, or by a fan in many air-cooled car engines.
Convecticn also occurs when heated air rises by its buoyancy--rhe heat

itself causes the air movement.

kadiation Heat radiates outward from any hot body, just as
radio waves radiate from an antenna. The heat flow depends on the
temberature of surrounding surfaces, no matter how distant. A solar
collector is normally warmer than its surroundings and will radiate heat
away from its absorber plate. A fireplace in a stil! room will radiate
heat to the person standing nearby. In solar systems, radiation must
be considered, 'although its control is not as simple as control cf

conductive and convective flow.



GENERAL PRINCIPLES

A solar collector is a device for converting the energy insolar
radiation to heat in a fluid. This conversion is accomplished by absorbing
the solar radidtion on a broad, thin metal surface which is in contact with
a stream of liquid or gas. Absorption of solar energy causes the temperature
of the metal surface to rise so that the temperature of the fluid increases
as it moves past the surface.

Under steady conditions, the useful heat delivered by the solar collector
is equal to the energy absorbed in the metal surface minus the heat losses
from that surface directly and indirectly to the surroundings. This

principle can be stated in the .relatijonship:

Q =A [HT ta - U

u c n -Ta)J 3.1

L ( p

where

Qu is useful energy delivered by collector, Btu/hour

AC is total collector area, ft2

HT is the solar energy received on tne upper surface of the
sloping collector structure, Btu/hr'ft2 of tilted surface

T is fraction of the incoming solar radiation which reaches the
absorbing surface, no dimensions

a is fraction of the solar energy reaching the surface which is
absorbed, absorptivity, no dimensions

UL is the overall heat loss coefficient, Btu, transferred to the

surroundings per hour/ft2 of exposed collector surface per degree
difference between average collector surface temperature and

the surrounding air temperature
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Tb is average temperature of the upper surtace of the absorber

0

plate, °F

Ta is atmospheric temperature, OF,
A diagrammatic representation-of the terms in this relationship is shown

in Figure 3-6.

HEAT LOSSES FROM COLLECTOR

In oruer that the performance of the collector can be as high as

economically practical, the design and operating factors which can maximize

the value of Hy ta on the right hand side of the heat balance eguation
and can minimize the value of .U are selected. In other words,

the greater the energy absorption in the metal surface and the lower the heat
loss from that surface, the higher will be the useful recovery. If a bare
metal plate serves as the collector, and with typical values of 2 to

10 Btu/hr-ftz-oF for the coefficient of heat transfer to the atmosphere

(UL)’ the rates of heat loss will be large,so that an absorber plite
temperature of 25 to 50 degrees above atmospheric temperature would be

the maximum achievable under typical full solar radiation of 300 Btu/hr-ftz.
Under these conditions no useful heat would be delivered from the collector
because the heat loss would be equal to the solar heat absorbed, leaving
nothing for.usefu1 delivery,

To reduce the rate of heat loss occurring bty radiation and convection,
one or more transparent surfaces, such as glass, can be placed above the metal
surface. The glass will transmit as much as 90 percent of the solar
radiation striking it, and it will greatly reduce the heat loss coefficient,

U This reduction is due to the suppression of convection losses by the

L
relatively stagnant air layer between the absorber plate and the glass, and

oy intercepting the long-wave, thermal radiation emitted by the hot metal
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surface because glass is opaque to the long-wave radiacion. The heat

2.9 by the use

loss coefficient can be reduced to 1 to 2 Btu/hr.f*
of one glass cover. Similar benefits can be realizad by use of certain
transparent plastic materials.

Further reduction in the heat-loss coefficient can be realized by
using a second transparent surface with an air space between the two
surfaces. Two relaiively stagnant air barriers to convection loss are
then present, as well as two surfaces impeding radiation loss. Coefficients

Z'OF are typically then obtained.

in the range of 0.7 Btu/hr.ft

Radiation losses can be reduced by other techniques, such as by
reducing the radiation-emitting characteristics of the neat-absorbing
surface. This measure is discussed in the section-bertaining to the
solar radiation absorbing characperistics of the surface. Thermal
radiation emitted by the absorber plate may also be reduced by reflecting
it downward from the lower glass cover by employing an infrared-reflecting
coating on the glass. An optically transparent, very thin layer of tiq .
oxide or indium oxide deposited on the glass will reduce radiation 1055
by reflecting it back to the absorber plate. This coating absorbs a
small fraction of the solar radiation, however, so the reduced thermal
loss is largely offset by reduced solar energy input to the absor »r
plate and it is very expensive.

Significant losses can occur from the side and ba.. of the collector
unless insulation is used. [t is advisable to use a hiQh-temperaturé
insulation adjacent to the back side of the absorber plate layered with a
lower temperaturg insulation to provide the required resistance to heat
flow. The total R value of the insulation should be at least 10 for medium-

temperature flat-piata collectors.
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A transparent layer of tnin p]astic film can also suppress
radiation loss if {nterposed between the absorber plate and the
glass cover. Convection loss suppression also can be achieved, leading
to improvement of overall efficiency. Low- to moderate-priced plastic
film dces not appear to have sufficient resistance to damage by high
collector plate temperatures so this technique has not been -commercially
utilized, but some of the newer films, like Dupont teflon may Show promise.
The foregoing discussion has been concerned with methods for

reducing U, , the heat loss coefficient, to the lowest practical level.

L
By so doing, the total heat loss is minimized and collector efficiency is
increased. It is evident from Equation {3.1) that losses also decrease

as the difference between plate temperature and air temperature decreases._
The ambient {outside) air temperature is an uncontrollable factor, of course,
but the fact that it varies with time and with geographic location means

that collector efficiency will also be dependent upon these factors. It

is clear, also, that a collector will be more efficient at lower plate
temperatures than at high temperatures. But plate temperature is depéﬁdent
largely on the way the collector is operated, that is, by the temperature

of the fluid being circh]ated in contact with the plate, the rate of fluid
circulation, and the type of fluid. Fluid temperature depends on conditions

elsewhere in the system, whereas the other factors depend on the collector

design and the operating conditions.

SOLAR ENERGY ABSORPTION

In Equation (3.1), the first term is the solar energy absorbed in
the absorbing surface, which depends upon the solar energy incident on the

tilted surface of the collector and is affected by cullector orientation,

3-20

2



as outlined in Module 1. This climatic variable can be measured or
cerived from tables of averages, and if not already converted, can be
calculated for the proper collector position.

The transmissivity of the glass, 7, is a functioh of the quality of
the glass and the angle at which the solar radiation reaches the glass.

At normal incidence (solar beam perpendicular to the glass surface),

one sheet of ordinary window glass reflects about 8 percent of the solar
radiation. Two sheets of glass with air space between’ref]ect about 15
percent. I[mpurities in the glass, principally iron, result in some radiation
absorption; typical glasses 1/8 inch in thickness abéorb one to five percent
per sheet. Glass with reasonably low iron content may absorb about

2 percent per sheet, so at normal incidence, the tdtal transmission of

2 sheets of glass can be approximately 80 percent. The value of t is,
therefore, 0.8.

Because the beam radiation from the sun strikes the collector at an
angle which varies throughout the day, as well as seasonally, a weighted
mean transmissivity is somewhat lower tihan this normal-incidence value.
Precise calculations can be made, but a satisfactory approximation for a
single-glazed collector can be based on a 10-percent average reflection
loss and a suitable absorptionvloss dependent on glass quality. Assuming
2-percent absorption, an average transmissivity, v, could be about 0.88.

In a double-glazed collector, an effective transmission coefficient of
0.78 could be used with good quality glass.

If plastics are used for.the transparent surfaces, transmission
coefficients could be appreciably different, depending upon the character-
istics of the plastics. Some have transmissivities moderately.higher than

glass, whereas others show lower values.
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Methods for reducing the ref]ectivity‘of glass surfaces have been
developed. Metallic films fdrmed by vapor deposition are commonly used
as lens coatings in photographic equipment. These interference layers
are too costly for use in solar collectors. Zfnother process involves 5
delicate etching of the glass surface by acid treatment, producing essen-
tially a slightly porous silica surface. Solar reflectivities as low as
1 to 2 percent can be obtained under :arefully controlled conditions.
Total transmissivity of a single-glazed collector can thereby be increased
to values above 95 percent. The cost-effectiveness of this substantial
improvement in performance has yet to be established.

The solar absorptivity of the radiation-receiving surface, a, is
dependent on the optical property of the materials exposed to sclar
radiation. Surfaces which appear black to the eye have high absorptivity
for the visible portion of the solar spectrum, and usually also are good
absorbers for the infrared portion of the solar radiation. Carbon black,
numerous metal oxides, and most black paints have absorptivities above
0.95, that is, they absorb 95 percent of the solar radiation reaching the
surface. The remainder of the solar radiation is reflected upwards through
the glazing. The overa'’ efficiency of the collector is strongly dependent
on the absorptivity of this surface.

The most common types of absorber surfaces are heat-resistant
black paints, usually applied by spraying, followed by curing with
heat to eliminate solvents and to secure permanence. These surfaces must
be capable of prolonged exposure to temperatures of 300 to 400 °F in
double-glazed collectors, without appreciable deterioration or outgassing.
In 2 recently developed solar collector, sheet steel coated with black
porcelain enamel (applied to the steel as a sprayed-on frit and fused

.

to the surface in a furnace) is achieving duccessfuyl application.
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SELECTIVE SURFACES

Most surfaces that are good absorbers for solar radiation are also
good radiators of heat. If, for example, a surface has an absorptivity
of 0.95 for solar radiation, it will normally radiate heat at a rate
about 95 percent of that of a "perfect" radiator. Certain combinations of
surfaces, however, are capable of absorbing solar radiation effectively,
while at the same time radiating heat at 2@ low rate. These combinations
are known as selective surfaces. Most selective surfaces are composed
of a very thin black metallic oxide on a bright metal base. The black
oxide coating is thick enough to act as a good solar absorber, with an
absorptivity as high as 0.95, but it is essentially transparent to long-
wave thermal radiation emitted by an object at a temperature of several
hundred degrees F. Since bright metals have low emissivity for thermal
radiation, that is, are podr heat radiators, and since the thin oxide
coating is transparen:. to such radiation, the combination is a poor
heat radiator. As d result, the radiation loss from this type of surfgce
is considerably lower than from a conventional, non-selective surface.\
Thus, the overall heat loss coefficient, UL’ has a lower value when this
type surface is used.

The most successful and stable selective surface developed to date
is made by electroplating a layer of nickel on the absorber plate, then
electrodepositing an extremely thin layer of chromium oxide on the nickel

substrate. Such a technique is called "blagk’ chrome". Mickel oxide coatings
have also been used, but they are 1ess resistant to damage from moisture.
Coatings of copper oxide on bright copper and nickel have similar properties,
but temperature stability is limited: The most effective selective surfaces
have solar absorp*ivities near 0.95 and thermal emmissivities near 0.1.
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MODULE 4: TESTING OF COLLECTORS
OBJECTIVE

The objective of this module is
to introduce the formulations
behind the Ashrae 93-77 test of
solar collectors and for the
trainee to understand collector
performance squations and the
development of collector perfor-
mance ratings.
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MODULE 4: TESTING OF COLLECTORS:

ASHRAE Standard 93-77

Standards for determining the performance of , l.major components of
heating and air conditioning systems , 2. components for use in orocess

and servicas water heating, and 3. gwiﬁwing pool heati., | components have
beea in axiscence for many years. Prior to 1977 no such standards

existed for Che principal new component of solar systams, the solar
collector. lts need was perceived, and since most HVAC standards for
testing or rating tne thermal performance of equipment have been developed
Oy ASHRAE, that organization began in 1975 to develop a new standard for
testing collactors. The standard was developed from a draft document

then available from the ﬂationa] Bureau of Standards. Tha resuiting
standard is ASHRAZ Standard 93-77, "Methods of Testing to Determine the
Thermal Performance of Solar Collectors," (Ref. 2) which is also Known

as American MNational Standards Instituté (ANST) Standard 8198.1-77.

Since it was issued, Standard 93-77 has become the basis for most performance

testing of solar collectors in the United States, and many other countries

as well,

[n the early 1940's H. C. Hottell, Austin Whillier, and 8. 8,
Qoertz researched the performance of solar collectors. They showed that
the plot of absorber temperature minus the amdbient temperature in whicn
the coilector js located, divided by the rate of incoming solar irradiation,
W45 a parameter which could be plotted against collector efficiency in
converting the incoming solar energy to heat within the fluid passing

through the collector, V}
4.2 N



*

i

CI72, that if the numerical valuas of all the terms ars known, th2 rate of

userul heat recovery, Q,» can be calculatad. [n addizion o the cesign
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charactaristics of the collactor discussad adove, th2 thre2 of
tions, solar radiaﬁion, average absorter-plate temperature, and ambient
temperature must b2 known. With the exception of plats tem;efature, thase
terms can readily be rmeasured or odbtained from tablas or charts. Absorber-
plate temperature, however, is saldem known, ncr can 1% te 225ily detar-
mined. It is affectad by the other collector operating conditions and,
most critically, by the temparaturs of the fluid being supplied to the
ollector to be hzatad.
In an operating system comprised of collactor, storage, and kot water

load|  the temperaturz of the fluid in storage can be measurad. When a
svstem is being designed for a building, storage temperature can e
calculated or assumed until confirmed. This fluid {s supplied to the collector
and strongly controls ;he absorber-plate temperature in Equation (4.1), In
a tynical liquid co]]ector, average plate temperatures usually are 10 to
20 cdegrees atcve intet liquid temperature, and in air collectors; the

emperature diffsrence is 30 to 50 degrees. As a convenience, therefors,

Equation (+.1) can bz modified by substituting inlet fluid temperacturs for the

4-3


http:temoeratu.re

average plate temperature, if a correction factor is applied to tha2

resulting useful heat determination. The resulting equation is

Qu = FRAC [HT ta - UL (Ti - Ta)] | (4.2)
where"
T. is the temperatureof the fluid entaring the collector
i
F is a correction factor or "heat recovery factor”, having a

value between Q and 1.0, such that the useful heat recovery
calculated by fquation (4.1) is equal to that calculated by

Ecuation (L.1).

Ashrae Standard 93-77 uses the modified heat balance equation of (4.2).

HEAT RECOVERY FACTOR

The heat recovery factor, FR’ can be'interpreted as the ratio of the
heat actually recovered to that which would be recovered if the collector
plate‘were operating at a temyerature equal to that of the entering fluid.
This temperature equality would theoretically be possible if the fluid
were circulated at such a high rate through the collector that there would
be a negligible rise in the temperature of the fluid passing through
tne collector, and the heat transfer coefficient were so high that the
temperature difference between the absorber surface and the fluid would be

negligible.
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As indicatad
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Charactaristics »nd thz fluid flow rate through ths ¢
above, the numaricil valuz of F, would be 1.2 17 the 2ntoring fluic tempara-"

tur2 anc tha average plate tzmperatur2 war2 tha sare,
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SLLEO TR ToMPIRATURE 2ATTZANS

the vaiue of Fa Similarly, the greater tnz fluid circulation rats, thne

smaller {11 be the tempe2rature chancge

cioser will be zhe wnlet 7luid temparaturs S0 the zvarage plaze
temparature,  Figure 4.1 snows a tyoical temperature pattern in a solar
hzater being suoplied witn 1iguid at 130 degrees. Ligquid izaves in2

collector & atout 120 degre2s, the collector-piacte tfemperatura s agout

peratura throughout thz collecior, and
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the average nlate temperature is about 150 degrees. i typical values

(D

of the collector naran2iars are substituted in tquations [4.1) and (d4.2),

it will be found that using 130 °F a3 inlet {luid t2mperatur2in Squation (4.2)

oz 3ta temperature in Zquation (4.1) would

instead of 130 as the averz2c2 p
necessitate use of a heat recovery factor, F,, of ahout 0.9 to odtain the
corract value of Q3 . [If the coafficient of heat trinsier netween (n2

&

u
collactor plate and the liguid is lowar, or if 3 lowar fluid circulaticn

rate is usaed, the value of FQ would be slightly less.
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oF Figure 4-1
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COLLECTOR EFFICIENCY

tquation (4.2) may be rewritten as an efficiency of soiar collection,
that is, the ratio of useful heat delivery divided by the total solar
radiation, by dividing both sides of the equation by HT and by AC. Equation

(4.3) is the result.

. Q <Ti - Ta) _ collactor

u_ = Fpore - Folp * efficiency (4.3)

For a given collector operating at a constant fluid circulation rate, A

FR’ T, a, and UL are nearly constant regardless of.solar and temperature

conditions. Assuming that they are constant, Equation (11.3) represents a
3

straight 1ine on a graph of efficiency versus Ti B Ta . The characteristics
\\)
*note: Ty - T, / Hp is scmetimes called the '"fluid Parameter’.
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norizsntal scale chancs, 2qual 22 \-rQJL). So if axserimental Z22%3 on
collactor neat dalivery at varicus tarperaturas 3nd solar ccnd

i ., . iy o , , i a
plotted on a graph,witn efficiancy 35 th2 vertical axis and —/—
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as the norizon ina through the data ooints
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1s a complete rapreseniaiion ofF the ¢ narformance ovar its

entire operating renga. Where ihz line intersects the vertical axis
corresponds to the fluid inlet temperature 52ing the same as the arbient
temperature, and collector effizizncy is at its maximum. Where the

line intarsects the horizont2l axis, collaection efficiency is zero. This
situation corresgonds ta such 3 low radiaticn level or such a hignh tempera-
ture of tha fluid supply to the collector that heat lossas are equal to

solar adbsarption and no usaful heit is celiverad from the collector.

Typical collsctor Charactar’'stics

Figure 4.2 shows efficisncies of several types of collectors
correlated in this way. Thase lines are the rasults of actual measurements.
Collectors 4 and 7 are seen to have the highest efficiencies, but final
selection also denends on costs, durability, appearance, and so on.
Collector 4 appears to have the best per?ormance of all *those compared in
Figure 4.2 if normally operated at conditions represented by the left-
hand‘side of the graph. Shch conditions are low orerating temperatures
or high solar radiaticn, ilear the right-hand side of th2 aragh, however,
collector 7 is more efiicien: than collector 4, wnere nign inlat
collector temperatures or low solar radiation prevail. [t is evidenl that

some collectors ara better than others in some temperature and radiation

ranges, whareas a ravarsal can occur at diffarenc conditicns.
4-7 A

L

WA


http:radia.on

Yo

Solar Coliector Efficiency,
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Figure 4-2 - Solar Collector Efficiency



A graph such as that in Ficure 3-2 for 2 per-ticuizr 221i2070r, wnzn
comparad wizh others o7 similar fyse,can 2 us2d for sziazting syitzdiz
ecuioment, Collecior manufacturers usually provics such datz,

Gf agual value ara Zacendable data on tha quancitias :2' and :q;
Lnowledce of tnos2 two factors is e2quivalent o having th2 grachical
ralationshin. Tabiz contains this information “or th2 szm2
collectors sncwn in Figuré
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See Paper 4-1, attachad). The data provided in their Taple

5 are uselful to a designer in doing general analysis of the potsntial

DerIormance oI genarlc collactor tipe.
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Solar Enersy Collected/Solar Enerczy onto Collecto

M.

1. Liquid type, unglazed
2. Trickle type, single glass cover

o

. Alr tyre, single glass cover, selecilve absorber

i, Liquid type, piastlc cover, nnonselective absorber

§~ 5. Liquid type, oingle glasa ¢éover, nnonselective cover
\\\\ 6. Liquid type, single glaecs cover, selective absorber
6 7. Liquid type, double glass cover, selective absorber
0.6 | .
8. Liquid type, plastic lense cover, tracking concentrating
10 9. Liquld type, evacuated tube type
N 10. Flat Plate concentrating oollector (don-imaging),
0.4 4 S . N single-glazed, Helective alizorber
\ e
\ ~
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FIGURE 4-3
Performance of a Variety of Collectors.



Chliscter Perifosrmance Ratings
For Discussion, l2ts us2 a good flat plate performance cuma!
= "& - - 3 T
n=76.0 - 54.0x (T3 T) /I
If we kncw the varishlss of the fluid parateter: Panel tampa-
rature (7;), ambisnt terraraturs ’Ta , and insolation (I}, we can
find the 2rficiency 28 the collisctor. Frem collectsor aZficiengy,
v can Iind n2at suipuz.
s tura is 1229F  amhient is §1CE
For example, say our panel terperature is 1229F, ambient is §iCF,
= 7.3 33
and insolation is 144 3tu per square fcot for the hour of 2:30 to 3:30.
e will get a panel efficiency of
1229 - 3i0
n=:96.0- 640 x = 76.0 - 18.22 = 57.78%
144

> ! —pr e i v 1l ;i mas
weierT. Since we Xnow we have 144 3tu coming in, we Know w2 got
1 4 - atq e :~1"s’];
144 x .3778 or 85.20 Btu's added to our hot watsr during that particular
hour. If we sgecify conditions Zor every hour of ths solar day, we

: : - el N as wvgemyes dad Wy ot
can add up the hourly contridbutions to gzet the heat provided bv the
panel for that dav. Tnis is how thermal perfomnance ratings are found.
: e}

-~ 3 P LI ey
Tne Floricda Solar Znergy Center has daveloped a "Standerd Dav' for
™

collectors., This day contains ten hours and totals to

"FLORIDA STANDARD DAY"

EEQLLI. .I i:a Sour

h—i
b3
v

7:31 - 3:30 15 5eu 7509 12:31 -
8:31 9:30 80 Btu 770F 1:31 -

1 272
2
9:31 10:30 176 Btu 810F 2:31 - 3
4
3

2038

30 340F
30

30 144

30

30

g20r
gLor
790fF
770F

o

{

10:31 11:30 240 Btu 84°F 3:31 -
11:31 12:30 304 Btu 860¢ 4:31 -

112
48

[

C 1t cr ¢r ¢1
[t

woowooow
“

2-11 l7



You may want to verify that the szbove panel's equaticn gives the

following ten hourly Btu outputs at a panel temperature of 122°F
(domestic hot water): 0, 32.0, 107.52, 158.08, 208.00, 182.40,
152.48, 85.20, 57.6C, 7.68. The sum of the ten hourly outputs is
968.96 Btu/ft2 per day. This is its Dhw performance rating per square
foot. Since this is a 4 x 8 panel or 32 square feet, its standard day
output is 32 ft’ x 968.96 Btu/ft’ day = 31,000 Btu/day.

The standard day for Florida is calculated on a 1600 Btu/sq ft
per day total. This is high for Florida as it represents a good clear
solar day in Miami.

Figure 1-11 shows average annual insolation values ranging from
+35 to 1702 along most of the populated area of Jamaica. (Some values

are much lower up into the mowntains). These are horizéntal values,

however, values Zor tilted panels (20°) only improve awnual performance

&

by about 45. This weculd indicate that the 1600 Btu/sq fcot perday

value may be a little lcw for Jamaica but ‘is neverthalsss a gcod
starting point for enginesring evaluaticn until good actial insolation
data is obtained. Indeed, calculaticns dere by S. Chandra of the

Florida Solar Energy Cintsr on several hospital systems in Jung of
1982 using the F-Chart simulation technique, showed a clese relacion-
ship betwesn the Florida rating and the F-Chart Predictad panel

rerformance in Jamaica.
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N2 [nzizzat irzta tesidis. *3OI0% 5. I03iTiIn Izzicts o on-:
R2ariy ~fint inzle 233iticn divactly dn feaas 5f T2 oIsileCiar, 17 wnizn
iincicions the Ashrae 23-77 tast is done, varizticas -cour in
~12ERCUAT 37 2nargy fraasTarrzd 19 the fiuic in tha caliactar. Tha2
Tronzal 25s5itian 37 ns sun on 2 lias teawn at ?f'%e; JuTwird Trim o tns
plan2 of 1 7laz coliaciar or 1fong the raflacior axis of & tracking

~nzias of incicanza

372 TBIIUC2T 33 2 I2darcura Srimothis rormal fncidence angiz, usuzily
rafarrad to 35 sizoly ‘rormal.t Sor collaciors fia rizid or ficaz mounacs,
thare is usually only cne time Guring 2ny day when th2 sun is acac:ly
normal to tham. For those periods when the sun is not in the nornal

2osition, various things nasten which ara naculiar o :tha coliaczrtor
“hich chenge %h2 amcunt ofF tharma) Tnargy 2ccegiad, for o2xamzla, tha2

=dver or surizce of tha collacior ma
501ar enargy awzy frem the collectar as zhe incident angle incraizsas;

scme oortions of the collector may shade the idsorser frem the sun;

(4.4

Snowing the value of X, additional narisrmance linas can 5e drawn

b

3

on the basiz olot as is snhown in Fig,i-4. These acdcad linas

cy of tha collector for diffarent values 3f € insartag

wr
- }
o
X
cr
5
34}
(453
-
-1
(Y
{L
|

3s a multipliar for tha First term of :the D2 Tha

-
-1
o
2
=3
o
3
O
D
[
42
[
[&Y]
cr
O
)

second term, which deals only with the overall tharmal loss through

conduction and radiation, is not changed 5y insartion of ths incidant

angis medifi /
gie modifiar, 4-13 \CQ\
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T, Solar Energy Collecied/Sclar Enexgy onto Collecto

0 — ' - , °c.n?/y
0 0.02 0.04 0.06 0.08 010 0.12 6. 14 0.16 0.18 0.)20
8— 1 - ) 4 . 1 i-- 1 s R ) , N ,
0.5 - 1.0 on .
, (ty - ta)/I OF-hr-£t2/1

= FIGURE 4-4  Collector Performance at Different Incident Angles.
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iz Vaeises Toilaciies. Fiz. 433 is oz o2ist of The inzifent anzls
modif ars for axemsles of savaral tyoas of coilacicrs

¥Most flac plate colliaciors shcw tne janeral charzctaristics Tor
their incidant argla medifiars indicased 2y inhz curves in Fig., i-3 1lzhellad
"1 Glacs Caover” or "2 3lass Covers”, SuToany caviatisns from Tiatnass an

=l -1
Y- ' - - , - 3o IRP-S-N ~
sithar tnz 3psgrsar siara o the cavar may rasult inoa diffarentiyv
CNPEU B R - oo ~iiima A]SSapmans =urmas
shagad curve shar 1ys2s of Ioilzziors may nave TUILT LYTTAranl Lf5ES

Referenca to Fig.430shows that flat plate coileciors wizh oane or

two cover glasses should recaivea most of this 4iffyse insalation, 2ng
indasd such collaciors ar2 usually considarad 1o racaive wnatavar 2i77us2

insolation axists. Flaz plate concantrating collaciors will su
littla loss in sarformanca from diffuse cempenanis in tn2 ndrizontal
diraction, since =
2-glass cover collectors. Haowaver, they may 22 2x22cted 20 lose tha

vaertical portion of hemispheric diffuse insolazion, since zha incidant
angle modifier shown by the Concantrazing Flat Plaza (vz

Zero 3% angles of incidence abava 359, Concantrating fracking collaciors

L

will lose essentially all the diffuse insoiation, sinc2 tnair angle of

A

acceptance is but a faw degreac wide in th2 plane of thair focus. An

evacuated tubs colleczor with the incident angle modifier curve shown in

Fig. 6 would have a modifier of 0.57 under hemispheric diffuse conditions,

but would have 3 multipliar of 1.gs -under optimum minima diffuse angie
conditicrs. Dlecanse of the effect of K on thermal persrance, and
vecause ¢ w2 nirk diffuse to dirsct raitos D/ H found in Jamaica,
ne author sug
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Block and Huggins (paper 4-1) also provide & measure of bo
r

generic collectors. These range from .11 to .14 and renresent a
=] S b

Hy
[¢/]
L
()
o}
@]
()}

Byax = 84.3° to 82.9° respectively - not much dif

Notice from Figure 4-6 that for flat plate collectors, K remains
close to one wntil about 40° tilt. Since the availabls insolation
at angles above 40%for a south facing collector tilted at latitude
+159 is small, the effect of incident angle modifiers for typical flat
plate collectors cn total daily performance can be ignorad whe
comparisons are made. For this reason, and to Xeep things as simple
as possible, K is not usually utilized in calculating standard day

performance ratings for flat plate collectors.

Collector Time Constant

This is the time required for the outlet fluid temperaturs to
attain 63.2 percent of its steady state value following a step change
in the input. »ost collectors will have relatively short time constants,
such as one to three minutes, but in those collsctors where the mass
or the fluid is large ccmpared to the area of the absorber surface
such as a bread box heatar time constants as long as 30 to 40

minutes may de experiencec.

The time censtant is used as the minizum time period over which
temperature and irradiance data are taken to obtain the computad effi-

ciency values for the thermal performance test.

The time constant can be useful information in defining a control
system £31 a collector array which can avoid instability.
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PAPER 4-1

THERMAL PERFORMANCE OF FLAT PLATE SOLAR COLLECTORS
BY GENERIC CLASSIFICATION®

David L. Block James C. Huggins

FSEC-PF-22-82

*This paper was prapared for presentation at the
ASME Convention in Orlando, Florida, April 1983.
Views and opinions expressed here represent those
of the authors and not necessarily those of the
Florida Solar Energy Centar.

4-20 \\\\

State University System of Florida



Jamzs C.

Oavid

ABSTRACT

ThAis paper prisents thermal pariocmanze 2quatioaas
for glazsed Slat-plynz salac collaitors catsagorsizes Sy
genecrt classtiizazian Tha equations are derivad
{vom analyses of euparimenzal fast dats collected Jos
the past sic ye2ars cu tests of 273 solar collszioes
periormed accccding s ASARAI 53-77 procedurss and
l2adiang %o cersifizazion v the Flocrida Solar Znzcyy
Centec (F320) Prasented Ner: ar: the stiraight line
eificiency curves (iatzrcept and slope wvaluzs) for
213nt solsr coilacior genecic classificatinas Sesed an
the aumcer 9f covars, tne cover plate matecrial, and
the adsceder plate c:n:xwg used Ln their consiruct:ion.
The rcollsacior a ~ere Javeloped {rom a
¢omputer searcn Lo es5%a l s\ a list by zenz2ric ype
and then from oy statistizaloeviluation of each genscic
Listing Qi =h2 277 test collectars, 170 w2c2 nasia
1L TSEC and 180 were zesiad 3t othar ladacazorizs

From the gzereric thermal p2:formance equatioas
presented, 3 solar designer (s adle o selact g é:ne:-
tc type of solar colieciae far 3 oarc L:LIJ izolica-
tion aad thean te size 3ad 2valaazs the performancse of
the seleczed svstem Sased da the dcve.oped ienecic
thermal effizieacy c¢urva.  This procedure allews che
designer to nase l2cisions on system pecisrmance and
2conomiss  early 1a the Jdasign process and Sefors
seleceing 2 sp2cific zallzcior manuiactucer.
[NTROCUCTION

The solar zcollector {s the zrucial cempacant aad
Sritical design variasle 5! a1 solac sysiem -- (%t is
the heary sf the systan In designing solac sysienms,
most desizrers [irst sslezt 3 particulac sol:. col-
lector manuizczur2r and than streciure the desizn
around the salaciad manufacturae's coliector. [e
wauld cectainly be YSeneficial f, instead, the de-
signec could base the solar svstam desizn upon zthe
doesired ¢ollector chacacterisiics and thea, when the
design is compiete, select the collector manufaciurer
on 3 competitive bausis.

The purpose of this study was %9 pravide discrim-

inatacry Jdesign criteriy by determining the r2lation-
ship between colizcior tNermul cecfscmancs and solac
collector generic classifications. This ce2latiansalp
was cstablished by aunalyziag ASARAZ 93-77 solar col-
lector test resulis for 270 collectars (a the solac
collector certilication progeam at FSEC.

COLLECTCOR THEEMAL PLAFCRNANCE

The: theemul peceiormince of 3 soiac coailector is
evaluatsd by stadlishing Lhe golleutor's taermal
efliciency curve. heothernal ceifictency curve s
obtetned experimentaliy Ny poerfoerming  tesds  on a
collectar avceordinug to Lthe test procedures Jdescribed
by ASHRAE Stamdaed 23-770 "Methads ol Testing  te
Determine the Vhermad Portocnance of solar Cotlecturs”
(1.

[ Lhe ASHRAE proveduees, v vallettor 1s teseod
under a0 prescethed  sel ol comditions Medsarenenls
Jre made o the tlow rate, the temperalote rose acrass

4-21

t

o

Huzgins
3lack

an-
fast
e 4 171053
the 1nstanzangdus en 2Cu2 T
the collector 3 quintily d the a2asscd
tnctdzat s the 4
efficiency, cming tos 1
vilar temperatur:s supplies
The efficizucy cucve is dazived fcom the <ala
points by 3 least squaréds fi1i of cthe data painls
assuming =2ither a2 first or second order efficieancy
curve. {a this study, the ficst ocdz2r efiiziency
cucve based on ih2 ottel-Whiztiss-2liss anatytical
s
zod2l (s used. Th:us eff::x:ncy curve 1s described as
£allavs:
T,-T
- - 1 A}
n = FR (ta) - FRUL (i ?mb,
i
vhere
n = collector instantanaous thzrmal
efficiency
t"':l = collector heat remeval facior
;
(ta) = effective tramsaittange-
absorptance praluct
UL = heat traasfer loss
(W/ (@?:°C) ocr 3tu/(
T.-7 .
(*i{ 'amb) = efficiency {lu:d vz"sbl‘ 1easise
[ ing of inlet fluid tenparature
ainus ambileal air :e:pe.:Lur:
divided by incident radiat.on.
The coefficients Fo(ta) and F,U (1nzercept and

slope of efficiency curve, zespectivély) are functians
of the collector's geaeri. characteristics =- tle
matarials, componeants and/or configuration used 1a the

manufacturs of the collector. Zach caileaeior minuiac-
tucer coanstructs each colizctor model «ith a4 wuaigue
combination of generic chacracterist:ds. The ASH

93-77 tests thus pcacuce, [oc each collecior test, 2
combination of Jdistinct coefficiants FR(:J)e and ?RHL

(inteccept and slope).

The intarcept and slope coeffigizats for flat
plate collectors ace, in zenecal, 2 functian 3f seven
22neric charasiesistics <hica dce drie Sl lestrined 1s
foilows:

i. Number of caver slatas Th: majority of cavlec-

tars cersified in Lhe FSEC grajram Rave one lover

plate. Double glazed, two-cover piates, 3f2 morw
commoaly used in colder climates
2. Cover olote material. The transparent  Sover

plate materials commonly csed are:

Glass, the most ~=idely used glazing Matvrial =ity
high rinsmittance and  long-tern Jurnbxln:y.

/

e

\Y%
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standard deviation

setlling
colleccors
passed a
these
became
and/or sold

Glass is frigile and heavy. Jecause 1i1con in
gl3ss creflects the sun’'s radiation, a lov irea
content 1n 3i3ss is desiradle. The iron contant

of glass was noc considered in this study.,

Tiher revafcrced plastic (FRP), the second most
videly wused macerial. FRP 1s not as aptically
efficient or as ducable as plass but it is light-
~verght and less costly.

Thia (ulm olastics wita the
Tedlar, Mylar, Teflon and Lexan. These have nigh
transmittance qualities and are inexpensive.
lowever, thry do a0t cetain heat very well and
Nave a tend2n:y to deteriorate under ultcra-wiol=t
exposure.

Absorber Plate Coating. Common coatings are:
Selective sucfiace coatings such as black chrome,

trade names of

olack aickel and copper oxide which have high
sbsocpeance and lov emmitunce properties. Selac-
tive costings are more expensive chan 2aint. The
infrared emissivity of these surfaces is below
0.2.

Hoderately selective surface coatings, special
paints wvhich have modarately selective surface
properties. The emissiity of chese surfaces
range from 0.2 to 0.7.

Flat black paints, aoan-selective, high heat

cesistant paints that are inexpensive but which
do not possess the emittance qualities of 1
selective surface. The emissivity of ‘these
surfaces range from 9.7 to 0.98,

Absorber material Twae. Absorber materials are
¢spper, aluminum  and stataless steel. These
materials may te used ia ceombinations of tubes
and fins, or integral tubes in plates. :
Adsorber confizuration. The absorber may e

configuced vith parallel pipes, series or serpen-
Line pipes, 2 parallel and series combinazion, or
place flow.

Eaclosure tvpe. The frame holding the collecrzor
=L :05UTE (YDe ;
components may be either metallic or non-

metallic,

[nsulacion materials. The insulation matereials
used Lo keep heat fcom escaping from the Sack and
sides of the collectar are fibecglass, foam, oc s
combination of both.

Presented in this paper are statistical mean and

values of the c¢oefficients F_(ta]

F.U, as 3 function of these ¢ollector characteris<
“ilhin geasric collector categories.

SOLAR COLLECTOR PROGCRAM

The Florida Solar Enerzy Center (FSEC) has been

standards for, testing, and cecrtifying solar
siace 1977 «hen che Flocida Legislature

stacute (Flocica Statute 377.705) cequiring

activities. In 1780 the certification program
mandatocy for all collectors manufa:tured

tn the state.

The preseat cectification ASHRAZ

progeam uses

93-77 as the test method and follows the certifizacion
procedure developed by FSEC (2,1).
program is
tne {oteestate Solar Coordination Council (1SCC).
currcent

This certifization
ict by
The

also equivalent ts the proceditecs
serquence of tests is us [ollows:

L. Recerving taspectian,

Stutv pressure Lesec.

Thirty-day cxpesure test.

Theemal shuck/vater speay tests,
Thermal shock/cold (ifl test.

Static pressure Lest.
Collector time conastant
(ASHRAE 73-71)
R. I'ast expusure
(ASHRAE 93-77)

(O Ry

~ C W

deteemination test

thermal  peclormance  Leost.

4-22

3. lacident  angle  modifiar  lest. (ASHRAE
33-77)
19. Oisassemoly 3nd final :iasgeczioa.
The results of an FSEC certification are pub-
lished in several forms. A complete test report is

issued by the testing luboratory for each test that is
coanductead. for each FSEC certificatian, a Summary
[nfocmation Sheet is puolished te give the consumer a
beief description of the collactor, the fthermal per-
formaice equations, and 3 thermal perisrmance ratiag.

From the incsptica of the certificazien program,
FSEC hos certified 520 flat-plate collectors repre-
senting 143 naaufacturers. Of tas 520 callaciocs, 120
are no longer be.~z manufactyred, thus, thers are 400
current certificatiors. Of the 400 curr=snt certifica-
ttons, 364 ace for 3lazed collsctors and 35 are for
unglazed collectors.

RESULTS

This study addresses six years of test results on
glazed collectors for which ASHPAE 93-77 cest results
are available. Presented in Table | ace the number of
colleczors tested ducing each of the six yeacs,

TABLE 1. Number of Collectors Tested Per Year
Year Number of Glazed Collectoars
19717 15
1378 52
1979 . 37
1980 68
1981 55
1982 43
Toeal 270
0f the 270 zested collectors, 170 were tested 2t FSEC
and {00 were tesced by other testing ladoratories.
The apparent discrepancy YSestween the 520 and 270
numbers can be accounted £ar by tne fac:t that some
collectors are certiiied under moce than cne manufac-
turer's nam= and many collectur mocels of drifaring

surface areau acres certified through 3 singie collector

test. The 270 toctal represents i listiag 2f only the
collectors on wvaich an ASHRAAE 93-77 test wvas per-
formed. All evacuated tudular, unglazed, and triple-

glazed collectors were excluded fram cthe list.

In presenting these collector: and tests, the
folloving general comnents ace nade:
- The weather c¢»aditions wuader which the

ASHRAE tests were perfocmed were varishle by
location (Florida, Acizona, California,
etc.). Tests were done during all months
ind day+t of the year. All wveather condi-
tions did prescribe to the limits of ASHRAE
standarcds.

- The collector rtests
reasurements made beflore
and after exposure testing.

reprrseal performance
exposure Llesting
Prior to March

1981, collector perfarmance was determined
ty tests conducted only before exposuce
testing. Afrer Harch 198!, collector peor-
formance was Jetermined bv tests rsonducted

after 30 day exposure. Both conditiuns are

used herein.

- The calleciars repcesent those of manufac-
Lucing companies bolh active and defunce,
from small buckvaed oaperations to  large
corporations.,

fv is belicved that FSEC, because it 1s hoth g

state agency aml 3 reseacch amdl development organiza-
tion, is untgue in having test results for such g
larcge waber of vollectors. These uoique gqualefica-
Liuns made this study passible.

The study began approximately one and one-half

vears ago ~hen FSEC started o4 project to place a1}

18
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AVERAGE VALUES
t0 Intercept 3 §1.9°
Slope 3 17
w
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i
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£
=
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(TITANI (F-HA.SQ FT/BTU)
Figure 1. Plotal 34 Coilector Efticiency Curves and the Aversge Utticlency Curve
lot the Genenc Clasnlication of FRP Caver, Fiat 9lacx Prnl and
Cooper Tube snd Fin Abuorder.
figure 2 presents a graphic comparisca of the
effects of differsnt absorber types used in singie-
glazed, glass-covered collactors with seleczive and

The compzarisen indicites
15 not a major factor in the
generic classification. Thus, the 3bsorber tvpe. wvas
elininated from the guneric list which vas then re-
duced to <thres charcctecistics the number of
covers, the cover plite material and the absorder
coating.
Table 4 presents the
these three generic iypes.
The three generic types represented by Table 4
are the ainimum accepiable {f the results are to be
meaningful. Tadble 5 presents a listing of the results
for the three generic types and for cases wits five or
more collectors per generic type. These results
agreed well with thos: obtained by Kirkpatcick (6).

flat black paint surfaces.
that cthe absarber type

results of the analvsis for

EFIICIENCY ~\ ASHAAE

1} memoer Q1 Coviontory Unee
ler 4e0t4qo Ymovy

! Cooowr T40os eag Foam (341

Covont [utws sat diormmnum Finy 1)

e
Covom Sneeie it taleg: s Tumes (§)
“r‘ Copper Tutws snag
Ay fray (2])
“ Co. oot Tubes ane finy (o)) oy
; N
» = \ i Semeaney
{ i Sereae
nr
Copwes 1hows o tmegens Putes i1y R
i RS \
0~ b [Aeees wrd iaregia Puaes (1] >\ :---Io-u--
Ll
L] L . s
3 21 21 33 [ K] LR}
(T TAKI (F.AR.$Q FT. gty
Figure 1, Camparivonatl Arerage E'ficlency Curves tar ADigroer Type ana
for Selective and Non-Setactive Surtaces 4nd Glass Caver Ptates,
TABLE 4. Number of Collectors per Seaecic Type for

the Three Generic Type Classificatians
Number of Collectors  Number of .Total Number
pec Generic Type of Collacrocs of Collactors

t 7 7
2 3 6
3 2 6
& 0 0
5 ! 5
6 ocr above 6 246

210

Note that the Kirkpatrick results are for 117 collec-
tors tested as part of the DOE test program and do not

separate the collectors by glazing materials as was
done for this study: the Kirkpatrick results only
consider the number of glazings and the absorder
coating. o

Table 5 presents the primary cesults of this
study. These results allow a designer to select the

thermal pecrformance equation for a1 generic tvpe of
g k

Table 5. Collector Intercep!, Slope Incidenl Angle Modilier by Generic Type.

INTERCEPT SLOPE ({Buw/he °F (1) INCIDENT ANGLE MOQODIFIER
GLAZING &
COVER ABSORE IR s .
MAT'L COATING covucrom | MEAN  (OWDRO0 MAX  MIN | MEAN [100000  MAX  MIN | MEAN 1149820 Max  aN
Single Flat 8lack Paint 21 876 5.5 246 51.3 -116 13 -72 =140 -0.11 0.05 -002 -0.29
Glass
Single Moderately Selective 14 71 1€ 780 59.7 -112 14 -89 -141 -013 0086 -205 -0.23
.Glass -
Single Selective 75 1.2 45 €14 62.0 -82 13 -51 - 124 <014 010 -3C4 -022
Glass
Singie Fiat Black 2t 14 60.0 6.2 70.5 481 =117 15 =36 -157 -0.12 007 -005 -0.20
FRP
Sivyle Mouerately Sclecive 59.G6 6.6 G6.d 51.% -115 14 -100 -130 -0.12 001 =010 -0.14
FRP
Suvgle Selective 5 6.2 1.7 G649 61.4 -73 7 - 60 -79 -0.1¢ 0.0 -013 -0.1%
FRP
Qoulsle Flat Black Pamnt 13 61.3 6.7 7006 44 .4 -84 9 ~-69 -9 -0.11 006 -005 -0.20
Glan
|
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Module 5: Sizing the Solar Array
Objective

The objective of this module is
for the trainee to be able to
size a solar system tank and
array to meet a hot water load
requirement.

5-1
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THE SOLAR ARRAY
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The sizing procsdure involves four stenps:

1) Determine the hot water load or average daily demand.
2) Size the tank based on the daily load.

3) Determine heat needed for solar to mee: damand.

4) Size solar to meet a designated fraction of demand.
|

The Hot Water Load: Tnis is probably the nardest detarmination to

make without actual data that nas measured g¢allons cer day usage.

For residential apolications, J.J. Mutch (Ref. 1) determined
that for a New York nigh rise apartment, agoroximately 20 U.S.
gailons of not wataer was usad per day per ~ osrscn.  Mutch nas
cevelcped a grofile of caily usage by ncur - usually referred <o
as the "Rand" profile, Research at tne Flarida Sotar

on 30 actual hot watar 3systams, snow not water demand %o 22 cuits

EaN

variable, ~znging from 1l.d ga’llzns to 13,5 galions per day 2er

w

person meontniy average in the summer to 17.5 <0 23.6 qalions zer

day per cerson in tnhe winter. Hot water use is gquite influarceug

by individual 1ife style. In tne U.S., 20 gallons/cay rer De
0

—
-
l

is typically used as residential sizing load. or Fl
Tigure is 17.5 gallons/day per person wnich would more nearly
represant :he load in Jamaica. Though the actual load is reduced
in the sumner months, the sizing load is typically closer to the
winter demand load because that is when the desire for nhot water i:

the greatest, and that is when it is harder to do without.

For commercial applications, such as schools and hospitals
there are typical figures eavailable for the U.S. but these are
probably too hign for usage in Jamaica. Table 3-1 (Raf. 2) gives
such figuras.,

5-2
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TA3LI 3.1 fzcroximate Sarvics Hot-Water lamend Ratas [3e?, 2)
Usage Type Cemand per Person
t/day gal/day
Retail store 2.8 0.75
Elementary School 5.7 1.5
Multi-fanily Residence 76, 20,
Single-family Residence 76, 20,
Office Building 1L, 3.

ne recommenced aporoach to the design enginaer in datermining

102d, i3 =0 talk wizn those wno will be using the hot watsr. In a
nossital For example, one can find out how many 0ecs and snowers
are in tne wards. Are all the patients resuirad <o take 3 caily

snower? How many loads does tha leundry do & day and what siza?
dow many loads of dishes in the kitchen, how much for food prepe-
raticn, etc? Such research on your own may be the only way a good

3

“r

)

imatz of load can ba obtained without a previously established
cas

[T ]

«r

dard i e,

O

Once load L, in U.S. gallons per day is established, the heat

requirament, oy is:
Q=L 338453 ¢y, (Tq - Ts) (5.1)

unere,


http:hoszi.al

Q
L = U.S. gallon/day use

service reguirement in 3tu/day

Cow= specific neat of water {usually assumed 1.0)
Tq = Water delivery temperature

Te = water supply temperature

Sizing the Tank:

Tank sizas are usuldlly available in nominal sizes and should
be insulated to R13. The appropriate storage size in gallons fer
direct open ioop solar systems is equai to the gallons of not wiater
used perday (gpd). Smaller tanks may be groused %o provide. larger
storage sizas 17 necessary.

Sometimes the fFigure ¢f 2.0 U.S. gaHons/ft2 collector is used
to estimate storage. Tnis value is appropriate for hign output flat
plate collectors (800 Btu/ft perday) and may over size the tank for
the less exotic collectors used in Jamaica. For this reason, the
author prefers sizing the tank to the gpd demand.

rinding Solar Panel Reauirement: The heat requirement of the solar

panel, Q:, 1s equal to the load devided by the systam efficiency

ractor, e
QL
Q. = ~— (5.2)
S ps

where 1. ic expressed as a decimal efficiency representing tank
neat losses, pipe losses, etc.

ror direct solar systems He is typically around 65% for poorly
(

insulated tanks (R3) and 305 for well insulated tanks (R20).

The solar load is then:

8.3453

o =L

pr (Td = Ts) (S.3>

(81}
1
=N



Example: Assume Cp, = 1.0,
Tqg = 1310F
T = 79°F
.789 (good system)

=
.
u

then Q; = 350 L

cr
o
[4M]

where Qg is the average solar panel Toad in Btu/day and L is
average not water usage in U.S. gal./day.
for a family of 4, L = 70 gpd
Q. = 38,500 Btu/day

Sizing to Solar Fraction:

[t has been shcwn by earlier work done in 1977 (Ref. 2) that
F-chart ontimizes at very high solar fractions for Jamaica - close
to 100%. Tne cost of power nas continued to rise since that time,
the author therefore recommends sizing at 100%, with a minimum of
85%. Remember that a solar system sized at 100% will only provide
1005 of the load if the auxillary neat is turned off.  The only
slaces where this is not recommendad is in nhospital operating tne-
aters or nlaces wnare an accasicpnal  reducticn in hot water
temperature could not pe tolerated.

-

To size at a solar fraction, f,
Qg =T x Qg (5.4)

for a solar fraction of 85% in our example,

Qs
Qf = 32,725 8tu/day

.85 x 38,500 Btu/day

F-Chart

One of tne most commonly used methods for calculating system
performance is the F-Chart method. Tnis method provides an overall

et
annual solar fraction for a system, i.e. the fraction of the load
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provided 2y solar, witn the remainder proviced by dackud nezt,
f-chart is covered in much more cetail in the appendix, nowaver,
there are some factors that nead to be considered in its use Tor
Jamaica.

Figure 5-1 shows th2 scnaematic used by F-chart. I one uses
a neat axchanger efticiesncy of 1.0, then all the predictad panal
output goes into tha tfank as reoresentsd bv Figurs 3-2. In the
F-cnart reprasentation, a prehear system is simulated. Losses from
the second tank, Qfg, 2re simulated by atding ¢ the load 3
a single tanrk systzm, tnis nez2t loss from the second tank s
be made zero and Qg shouid de the heat loss coefficient of the
single tank (or total of tanks if circulating through more tnan one

kank),

This is ncw r-chart shouid 22 set up, Nowaver, thers are WO

additional major problems in using it. OCne is the weatner infor-

mation needed. As already discussed in Modula 1, this informaticn
would n22d to be developed for the Jamaic2 ciirmzis and perhaos,
several weather profiles would b2 needed Tor the sspsrats are2as or

the island.

3

Secondiy, F-chart oredicts by solar fraction. Soiar fraction
er

—a

L
fu

r

n

nas no meaning without a backup element. As mantioned
solar fraction is the ratio of solar heat to the total neat load.
Since Qs (heat loss from second tank) i3 added Lo the load bv the

oroaram then:

Q;

Solar Fraction f

D

but since there is no second tank, we 3ss:

C)'LS = (

n.

W

then:

Qs=1f. QL (5.6)

wnere Qs is the neat orovided by solar. 5
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o pick a Fixed satiing - say 100° does. not faka

O
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much difference what low temparature is selecied. F-chart grovides the

o~

load, Q, and solar fraction, f. The h2at provided by the total solar

-~

system as if the heatar 2lement were not turned on, can be calculatad

\
I

by equation (5.6

Simplifiad Sizing Procadure

~oad
2

The sizing procedurs preseniad in this document was devezlop

S. Chandra and modified by C. Cromer by 2analyzing dirsct pumpe
solar domestic hot water (DHW) systems with the TRNSY!
and F-CHART computer programs. .’—\lthoug.h thi
oprocedure was developed for pumped systams with on-off differentia
temperature controllers, it is also applicable te proportionalvf‘.ow, photo
voltaic, snap-switch, thermosipnhon and timer-controiled DHW sysiems

While the method can be applied to indirsct systems with heal ex

changers, the results are less accuraie.

The sizing procedure was developed primarily for singlzs-family
residential applications but may also he used f{or .izing commercial
svstems for condominiums and motels if the desired water temperature
does not exceed 140°F.

'We believe that syécemS sized according to this procedure il
saciéfy most consumers if quality system componen':s are used
and are installed correctly. The calculated savings should be cchieved
if the system is used year-round; however, it should be noted that
variations in assumed wate: use patterns, component performance and

reliability, and installation workmanship may significantly affect actual
P Yy

dolar savings.

¢
\V7
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SAMPLE PROBLEM

A FAMILY OF FOUR USES LPG AT U32.50/GAL

TO HEAT THEIR HOT WATER, YOU HAVE A SOUTH'
ROOF OF 4 IN 12 PITCH, YOUR PANELS ARE

3 FT, X 8 FT, AND DELIVER 680 BTU/SQ FT PER
DAY,

SI1ZE THE SOLAR SYSTEM AND DETERMINE THE
MONTHLY SAYINGS,

i

—



Sch 2

Step 3

SIMPLIFIED SIZING PROCZDURE
FOR
SOLAR DOHESTIC HOT WATEZR SYSTEM

HOT WATER DEMAND and TANY SIZE

Usiqg Table |, estimate daily hot water use
(GALLONS) and select a nominal tank size 7ZC> gal/day
(TANK SIZE). GALLONS

éE?CD gal

TANK SIZE

Calculate how much 2nergy is needed (BTUNEED)
to heat the water to 131°F.

BTUNEED = 530.x GALLONS
BTWWEED = 550 x  ‘#0
\step I‘) 38 /\{bO Bru/day

BTUNEED

COLLECTOR SIZING

Penalty factors that affect sizing must Dde

detz2rmined.
a. Select the System ractor from Table 2. /-Z

System ractor

b. Select the proper Tilt Factor
from Table 3. /c %

Tile Faczor
c. Select the Orientation Factor / 0
from Table 4. ‘

Orientation Factor

Calculate the overall penalty factor
(PENALTY) for the combination of all
three individual effects:

PENALTY = System Factor x Tilt Factor x
Orientation Factor
eevarty = 42« [0« [i0 _

/. Z

PENALTY

5-10
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Step ¢

_Step 5

Step 6

Calculate the energy requirements of the solar

system (BTUSOLAR) using the fo

BTUSOLAR = BTUNEED x

BTUSOLAR = 38,500 «x
(Step 2 )

For the collector selected,
thermal performance rating at the iater-
mediate cemperature (BTURATI
and the gross collector area
in square fest from the required

Thermal Performance Ratin
Iatermediate Temperature

650X 24 = /6220

PENALTY

/.2
(Step 3 )

Gross Collector Area (£c2)

Estimate the number of collectors needed

usiag:

BTUSOLAR .

n

NUMBER RTURATING
46,200

(Step &)
/6432

(Step 5)

NUMBER

Select the actual number of colle
to be used. This is the nearest whole

number

The total area of the coll

TOTAL AREA = 4O.COLLECTORS x GROSSAREA

i

TOTAL AREA

24

5-11

g at the
(Btu/day)

rmula:

recard tae

NG) in Btu/day
(GROSSAREA)

ctors

ector arcay

)

3 x
iStepB_j' (Step ?

46,200  peu/day
BTUSOLAR

/é,32—0 Btu/day
BTURATING

2.4 £

GROSSAREA

cr
(B

2.8/

WUHMBER

3

NO.COLLECTORS

7Z fr?

TOTAL AREA
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16°
20°
25°
30°
37°
43°

70

12°
16°
20°
25°
30°
37°
43°
50°

TABLE 2.

Systam Configuration

SYSTEM FACTORS

Direct system with no heat exchanger.

Indirect system with 2 heat exchanger
betwean collector and storage tank.

TABLE 3. TILT TACTORS

COLLECTOR TILT

Roof
2itch

0
1 ia 12
2 1ia 12
3 in 12

<5 ia 122

5 in 12
6 1ia 12
8 in 12
10 ia 12
12 in 12

Collector Orientation

South or nearly south
Southeast oz southwest
Fast or West

Roof
Tilt

14,
13.
22.
26.
33.
39.
4S.

TABLE

System Fac:or

=

1.3

TILT FACTORS

1.20

4. ORIENTATION FACTORS

Orientation Factor

C i.OO S———
1.15
1.40



Step 7 Based upon the actual aumder of collectors
to be used, compute the salar Iraction
(SOLAR FRACTION):

1.0 x NO.COLLZCTORS
NUHBER

SOLAR FRACTION

<
1.0 « (Stens 3

2.8/
(Steps5 )

SOLAR FRACTION

.06

SOLAR FRACTION

If the solar fraction (Step 7 ) is less

thaa ,85 , the collector array is undez-
sized. Coansider either adding another
collector or a different modal/size collector.

TABLES AND ZIGURE

TABLE 1. HOT WATER DEMAND and TANX SIZZ

Average GALLONS and minimum TANX SIZE based upoan number of people:

Minimum TANX SIZE (Gallons)

People ~ GALLONS
1 20
2 40
3 55
—> )
5 85
3 100
7 115

(Add 15 gallons per person for each additional person.)

5-13

40
52
66
80
100

120
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A2 backup facror reprasents the furnzce aiticiercy for tne dackud
Water n2ating system (powered by slectricity, gas or oil), 1T hes a
valus of one for alac*ricity, and is l2ss than one for gas ang oil, «hizh
accounts for oilot light and flue lcsses. Selact thea appropriate value

from Tacla 3:
TASLE 5 3ACKUP FACTORS
Sackuo Power Sackup Facror
lectricity .00
Gas or oil (standard) 0.65
Gas or 2il with elactronic ignition 0.75

or flue gas camper

Gas or oii wivh alactronic ignition and 0.85

2
tlue gas damoar

\

Step 9. DNatarmining the average monthly savings, MONTHLY SAVINGS:

/ééSZ,o X2= 45,960

TU Solar * backup factor x 20

Energy saved/month yx convarsion facver X cos*/unit = monthly savings

2.20 My /0,93 «¥2.50 “4’5‘&/,75

energy saved/month in MM3tu

2,259,692 = 2.26 MMBh

n

TASLE 9 FUEL COST CONVERSIQON FACIORS

Fgel Tyse and Conventional Cost Units Conversicn Factor
Electricity in §/kwh 293,00
Fuel oit in §/gal 7.14
Gas in §/therm 10.00
Propana or LPG in 3/gal 10.93
Propane or LPG in $/LP-Id 46, 34

5- s
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T should b2 noted that th2 month!y costs of nheating watar without
a solar system can 2asily be calculated oy dividing The monThly savings

-~

(MONTHLY SAVINGS, S*ep 9) by the solar frzcticn (S0LAR FRACTICN, Step 7).

3]

(]

S+2n 1Q. Calcule*ing the SIMPLE PAYZACK PZRICO:

The simpla payback period is 2 rough 2svimave of The Time it takes

for a solar systam fo pay for itself in snergy cost sevings. AlThouch
not as accuraTtes a2n indicator as some orefer, it is oftan usad 2nd re-
questad,

To find ths simple payback, multiply the monihly savings found in Step

9 by 12 to gat the annual savings.

I

Monthly Savings x 12 = annual savings

61.75 xi12-%74/,00

(step 9) (annual savings)

Divide the cost of the system by the annual

savings to get the payback in years.

Cost of System + annual savings = Simpl2 payback

\5’3800 : ﬂ74/.oo 5,/ s

(Step [Q)
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MOOULE 6: Types of Solar Hot Water Systems
Objective

The objective of this module is for the
trainee to become familiar with the types
and attributes of Solar Hot Water Systems
installed throughout the world and reviewed
in the Solar literature.
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0

Thermosiphon. Figure 5-° 5 a schematic diagram of

thermosiphon <t stem. Cold water irom :he DBotism of ine elevated
s:orace rtank flows to the lowest point in the sysizm (which is the

hottom of the solar heat collector).

As it s warmed it becomes less desnse and lows Sack up o0 2 side
port near, but not at, the top of tha sterage ank. I
about ©wo fa2r above the top of the collector, the sysizm will n3t back-
siphon at night. If back-siphoning were to occur, the warm water
would be cooled during its passage through the dormant collector.
Thermosiphoning systems have no moving paris and are self-reguiating

in terms of {low rate.

~he elevated tank presents problems if it is mounted on a roof or in an
attic. First, a 100-gallon tank weighs about 1,000 pounds when fuu of
water, so special bracing may be requiresd for its support. Second, the

large tank should be attractively housed, and it costs money [0 make an

imitaticn chimnezy or a cupola for this purpose. Third, leaks in tanks
mountad abowve living space can present serious problems; rip pans
ahd drain lines offer only limited protection if tre .homeowner ailows
them to baccme clogged with debris during the 10 or 15 vears of useful

tank life.

Forced Circulation. figurs §-2  shows the manner in which
many modern solar water haaters are instalied. The collectors are
mounted on a south-facing roof and connected fc 2 pump and storage

.

tank through a series of pipes and controi valves. A check wvalve
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{gravity-, spring-, solenoid-. or motor-cperaied; graveals Dac«-
siphoning at.night. A dual sensing thermostat, cailed a differasnitial
controller, turns the pump on when the water in the collector is warmer
than that in the bottom of the storage tank. The =2lactricity to cperate
the pump and controller costs aboul 53¢ a weaX f{for residential
installations. Forced-circulation systems may use potable water 3s a
neat collector liquid (open systems) or may use a non-fre2zing,
non-corrosive liquid in a separate heat collector loop (closed system).

(Thermosiphon systems which employ a closed coliector lcop are rarely

encountered.)

[NTEGRAL OR "3RZASESX" SYSTIS

A uraadbox systeEn usas oie AT water tzak o Tuaction 23 the
solar collector as well as a storage tank. The water tank is paintad
black or coated with a selective serface and olaced in tha sun, Since
nightime losses are great, this type of system is very inefficiant.

They are usually used as a'preneat” to a standard not watar naater.
a

- r..—) ' . A f . . .
Figura 9-2 shews a breadbox encased in an insulataed box with glazing
;?/ WOl waT(n
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solar domesti: hot water systems

Circulation pumps for

require a reliable elactrical switching mechanismn
(controrlecr) and =electrical p2owsr £ utilize fully the
availanle panel heat. The controller has long 2een termad
tne weakest nechanism in solar domestic hot water hardware.
In some areas, electrical vowez is no:t available or the
supply is not always reliable. Perhaps tne Bdest soluzion zo
these roblems is =he usa of zhokiovclecaic (2Y) panels =92
convecrt sunlight to direct «current which drives 2 DC
circulating pump. Wwith 2V powsar ouktput proportional 9
.nsolation intensity, a wvariable flow pumping output is
oroduced which is proportional to absorder heat availability.

Photovoltaic
Panel

Air Vent To
Allow PV
Panel Cooling

Cold Water
To Collector

Photovoliaic Pansl J

Qutput Power Cable
J Hot Water

Hot Out
\ 4 From Collector

[

Electric Back~up Element *~

OC Motor Pump VY- L | Soiar Storage Tank

v
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Oe addad to the zollzatar water.for
low-temzersture orotection. Single-wall heat 2xchangars may be permitted

22 such as zrogylene

rr

"2 antifreeze is of a largely non-toxis
sivcol. Safesty regulations may call for use of 2 "dousliz-wall' heat exchanger
wnlch provides a ceouble barrier batween antifreszs soluticn and potable

, wnen foxic znti losed collector
e

pipe loop must Rave an expansicn tank and a3 separate pressure relie!

valve in additon to the valve on the storage tank,

DRI L §
NEEIR: / l
I
1
Do, 5%‘.*49 ,, ‘
'*-'- & s darmetsarcmend (0.0 WiTIR
s E gy o 'StORAGE WITH MAKE-UP
ig. 5-4 TRAINEA  Gare W INTERNAL HEAT
13- 0 vALYE TXCHANGER

T PRESSURE R:LIZH.
. VALVE
COLLECTOA ARRAY CoLLicrgn  EXPANSION TANK |
A% \ —

Lz
ASTURN \

NTIA PITISUSE AILiES

/' - "'AL"'E

! ST 'ATIR

PUMPED DOMESTIC VATER HEATING SYSTEM WITH HEAT SXCHANGER

8acause collected heat must be transferred through the heat exchanger, the

gliection fluid must b2 hotter and thus this system is scmawhat lass

0

efiicient than cne in which cdomestic water circulates through the collector

dir=ctly. A check valve in the collector return prevents tre migraticn of

neat from tank to collector by thermosiphon action on cold nights.
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rsiem wnlich provides domastic hct w~ater during thz day by means of

fhe major porticms of “Ais solar €nergy system ars a closed waktar-fillag
sslsr lscp for ahsorbing heat ensngy from the sun Oy mezns of rocf-incuntad

which the solar loop wazter is made to circulste by meens of & circulator

pump, h2ats ciiy waler stored in the tank to a maximun cenparature of 13595

hrenheit, and thus provides domestic hot water for distributian.
(For dwellings in which the circulating water

2l

(43

w

'is pumped 20 feet or mere vertically from storsge to the r colleactors,

is stored in a

(D
cr

ry

two circulatos pumps are required.) Th circulating wate

12-gallon reservoir when the solar loop is inactive,

L7 sufficient energy exists fof heating the stored ~water, the solar controller
staris the circulater pump and the solar loop wabar heated by the sun is

Forced through the solar ccil in the kot wabter tamk which, in turn, raises

of the cumestic hot water sugply. When a reduction of

.

he temperatur

r

heating capability frem the roof-mounted solar collactors is sensed, the
circulator pump is shut down by the solar controller, and the solar leop
water drains back into the reservoir, This drainback feature permikts the

use of city water, thus eliminating the nsed for harsh chemicals in the solar loca.

Two swing check valves are mountsd in the system, One check valve, mounted
in the raturn piping of the solzr loop above the reservoir allaws one-way
venting of air from the tank during the solar laop drainback stage. Ths
second check valve, mounted in the city water supply line to the tempering ,

valve prevents heat loss due to temperature differences between the top and
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Wnen this  :ystenm  drains, the motarized valvz closes in the
coliector suoply. PRaaching its fully closed pesition, ihe valve trins
an end swilch that %cizs the solengids of both the dumg valve and the

&

air Iinlet vaive, Water then drains freely from the ccllactor circuit

end cukt of the system, vpically, the amount of wakter drained is nct

mare than two or tnres gallons including that inm all piping.

The pressurized scurce waher is prevented from
iowing to the collacizr by means of the notorized valve in the supply

line and the cne-way ctheck valve in the return.

Wherever the absorber plate temperature rises to a pre-set difference
above storage, the moltsrized valve begins to open, the circulating pump
restarcs, and the dumo valve ard zi: inlet valve close, As the

collector circuit refills, trapped z2ir is re

[S)Y
]
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Module 7: Plumbing Multiple Tanks

Objective

The objective of this module is for

the trainee to understand the con-
cepts behind multiple tank plumbing
connections.

7-1



MOOULE 70 PLUMBING MULTISLI TaNKS

dany installations may require sevaral :2nks o orovide the needes Ro:
g2, This occurs ofien when the homeowner nhas a new standare ho-

Water tin«. fe does not want 9 give up this zank o S2 renlaced by 2

nere are three ways to connect multipie tanks: Sreneat, series, and
parailel. The preheat mode must be used wnen :he dack-up tank burns gas or
oii. In this mode, the solar loop circulazes through the prehezt tank anly,

The oreheat tank will thus heat up during the day as the solar system adds

next. Such 2 system is shown on Figure 7-

tn

w2i2r does not entar the back-up tank for use unjess <ps usar 2riws hot watar,
As 2 resule, during low demand periods, the sack-up 2lamens may ra/e to come
0 L0 reheat the back-up tank htecausa of stand-by hezt losses, avan when

tners s plenty of solar hot water availabla.

Figure 7-10%, also shows a preneat mede. 3ut in this case, the Sack-up

o
D

&3

tank is alevatad and a thermosizhon Toon (1) is connected *0 *he lowor solar
tank. Now, if there is solar hedted water that is hotter than the back-up tank,
it will naturally rise and keer the back-up tank filled with ready hot water.
This configuration 15 the preferred ocne to use if preheat must be inszallad.

A series connection is shown in Figure 7-1(3). Nguica that the solar
100p returns not watar o the back-up tank througn a2 dip tubz located about

half-way down. The solar loop than draws from the bottom of the back-up tank

~1
1]
AS )
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A} Plumbing for Two-Tank System
Witk Large Preheat ang Small
Backup Tank

e
\?MC D

8} Plumbing To Fuily Utilize the
Volume of 8oth Tanks

~1J

»

I o nmoQoOom)>

. Cold "Watar !n

. Large Preneat Tanx

. Tank Sensars

. To Collector

. From Cullector

., Small Backup Tank

. Backup Slectric Haater Element
. Hot Water Qut

Thermosipnon Loop

C) Two-Tank System Plumbing
With an Elevated Backup Tank

FIGURE 7-1
Multiple Tank Connections




and entars the LoD 27 the s2cend tank.

of the second tank an its way <0 the coilector, in a sarias configuration,

Stner. This confiquration is <the orefarred set-us for multinle t3inks an 3
Jumped sysiem.

4 2arallel type connaction systam 5 shown in Tigurs 7-2.  Wren
canneciad in zarallzl |, the watar of the solar [20p trave

LR

of ail tanks and to the collactors and then returas <2 tne top of a1l tanks.

'
‘

nis system should only ba used on thermosiphon systems using multiple tanks.

Or such 2 system, as =2ach tank is clioser to the watar draw peint, it snhould

az2d so that natural convechion will cause the hottest water to be

dnen using three or four tanks, combinations of these configurations
=i3nt 22 ysed. For example, two pumped fanxs mas be in serias Sroviding

orgnezt to an 2lsvatad thermosiphoning tnird back-up tenk.

asearch has not
Je2n conducted to date to say which of these multible tank combinaticns is

sotimum,

~1
[ )
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Module 8: Types of Controls and Controllers
Objectives

The objective of this module is for the
traines to understand the types of solar
control systems and their operations, and to
be able to properly design a PV pump circu-
lation system to meet designated pumping
requirements.



MOODULE 8: TYPES-OF: CONTROLSZANDZCONTROLLERS

A control-system;uSUaiﬂy“refers to the mechanism by which 2 pump is turned
on or off. A thermosiphon’system uses the natural density difference between
its heated and éboler“f]Uid»to induce circulation. Though this provides a
natural thermal control.of Tlow, it iz not usually considered wren the term
"controi” is usad.

Thie folTowing areicantrol types--methods for controlling fluid flow in a
pumpadisys tem:

1) -manual-on-off switch

2) time clock

3) flow thermostat,

4) aquastat

5) snap-switch

6)} diﬁferentiaT

7Y variablesflowidifferential

8) pnotovoltarc:

Whileropezototheusimplestimethods of controlling pumps is to use an

of f-on switchi therproblembisithatithe system is not automatic. People are

not. Never try tosoltguess a switching system without knowing the temperatures.
A more sopnisticated methcd is the use of a preset thermostatic valve
in the collactoris exit line, which can be set to allow water no cooler than

120%F to exit the coilector. A time clock may be used with such a system, but

X3
1
[ 2N
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the pump must not Ge subisct to overload when the valve is closed. (A
magnetically-coupled pump is Tess subject to overload than a mechanically-
coupled pump.)

A time clock by itself can be used, but this method is far From optimum
vecause it will lose heat during cloudy conditions.

AN aguastat uses a bulb filled with scme type of fluid. This zuld is
placed at the ho* water outlet of the panel or on the collector itself. As
the bulb heats up, the liquid expands and throws a relay that turns on the
pump.  Usually this type of control requires running the pump's 110v line to
the roof and back to the pump. Such a 110v line i; hazardous and should be
avoided if nossible. Also, such bulbs usually have a slow response time and,
ds a result, aquastats are not the hLest choice, Aquastats alsc have a

mechanical switch that may degrade with weathering after several years.

Aquastat

A snap-switch is similar to an aquastat in that it turns the pump on and

- 9



off at a fixed ‘emperature. A small sensor ~witch is placed on the panel or
on the panel outlet pipe. Low voltage (coming from a transformer) is switched
by the sensor and throws a high-veltage relay that switches the pump. Snap-
switches are sealed from the weather and have fast response time to tempera-
ture changes. Also, the relay and transtormer can be located by the pump out
of the weather,

Both aguastats and snap-switch controls have one efficiency drawback.
Since they are set to switch at a fixed temperature, say 110-120 degrees F,
if the sclar~ system has filled the tank up during the day with water hotter
“than the switching temperature, they will continue to run- the pump until the
entire tank is cooled to the set-point temperature. Coupling a timer with an
aquastat or snap-Switch helps reduce this late afternoon loss of heat.
Another alternative used on snap-switch systems is to run the voltage of the
snap-swjfch through a 'ight-sensitive resistor. If suniight is available,
the snap-switch operates noimally. If no or low sunlight 1S present, there
is high resistance through the light-sensitive resistor and the snap-switch
cannot turn on the pump.

The differential thermostat receives signals from the sensors and uses
this input to control the system. It is usually factory-set for high and
low termperature differantials to maximize the amount of heat energy collected
and storad and to minimize excessive ¢ycling., This reduces wear on pumps and
relays and minimizes the amount of power necessary to operate the solar DHH
system. Most differential thermostats are of the on-off type; the pump is
either full on or off. Typically, the system comes on when there is a 10 to
18 degree F positive température difference between collector and storage and-

shuts down when there is a 3 degree F temperature difference.

\{y



Proportional differential thermostats are available that can vary pump
speeds as a function of the temperature differential between collector
outiet and sterage. Proportional controllers are not recommended for drain-
back or draindown systems because pumps may not receive enough power initially
to fill the system at a reasonable rate. B8e sure té use the size and type

of wire specified by the manufacturer,
Y

Pnotovoltaic Circulation Control

Circulation pumps for solar demestic hot wate~ systems require a reliable
electrical switching mecnanism (controller) and electrical power to utilize
fully the avaiiable panel neat. The controller has leng been termed the
weakest mechanism in solar domestic hot water hardware. In some areas, elect-
rical power i3 not available or the supply is not always reliable. Pernaps
the best solution to these problems is the use of photovoltaic (PY) panels to
convert sunlight to direct current which drives a DC circulating pump. With

PY nower output proporticnal to insolation intensity, a variabie flow pumping

output is produced which is proportional to absorber heat availability.

The use of pnotovoltaics for circulation of solar hot water systems is
an ideal appiication for Jamaica. The system eliminates the use of sensars
and controiler. Tha sun itself is thz centroller. Hot water will continue to
be collected even during power outage. The installation is much'simpler than
the diffarential controller or ever snap switch type of control. The reliability
0f such a control system is much better than conventional differential controls
wnich are scmewhat suspectible to damage by transiants or surges. Finally the

cost cf electrical power, is guite high in Jamaica and its producticn requires

8-5
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FIGURE 8-2

foreign currency, a balance of payments problem. When all things are considerad

PV powered pumps should be the system utilized on pumped systems in Jamzica.

However, one caanot simply purchase a PV panel of x volt, y watt rating,

hook it to a pump of x volt, y watt rating and expect the system' to pump

2-6 \f\



procerly, much less doubla as z contraiier.

.The author has made a study of such systems, and the matching process is

covered somewhat in Paper 8-1.

3!

Tne overall process requires four steps:

Determine the pumping requirement of the solar system as covered in Module
10. (Gpm and head at full sun)

Select a OC pump that mees the pumping regquirement in the "gocd" e“ficiency
part of iﬁs fow curves as in Module 10. Buv tne pump.

Witnh a veriable voltage pawer supply hock the pump up and develop an [-V
load curve Tor it, noting where the full sun requirement fails on the pumps
[-% load curve.

Using the PV panels IV curves, design a PV panel contiquration that will
match the PY panel output to the pump [V load line, such that the pump

starts at .2 suns and stops at .3 suns. This may require tilting the PV

the East,

t
(@]

panel 10°

Such a PV matched system is ideal for Jamaica where freeze protection is

not needed. As a second choice, the author recommends a snap switch control

system with a pnotosensitive cutoff.



Paper §-1

S ——
T e

Sizing and Matching
a Photovoltaic
Circulation System
with a Solar Domesiic
Fot Walter System

FSEC-PF-29-83

By:
Charles J. Cromer

Florida Solar Energy Center
300 State Road 401
Cape Canav_eral, Florida 32920

This paper was presented at the

AMSE Solar Division Conference,

Aprll, 1983 in Orlande, Florida.

Views and opinions expressed here represent
those of the author and not necessarily

those of the Florica Solar Energy Center.
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CURRENT (ma)

FIGURE 3 I-V Curve for Solec International Inc. panel, model S3136 (20 watl)
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ENGINEERING RELEASE
BRUSHLESS DG CGIRCULATOR PUMP

THE HARTELL MAGNETIC DRIVE CIRCULATOR PUMP SERIES
NOW INCLJDES ELECTRONICALLY COMMUTATED, ULTRA HIGH
EFFICIENCY, DC MOTORS, ENGINEERED TO OPERATE FROM

|
|
l
‘
i
'
i
I

This brushizss OC  circuiator oume has been
angineered far pnaotovaltaic powered :ipplications: and s
suitable far open or ciosed laop, water ar fraeze protectad
fluig systams,

The ultra hugh 2fficiency mator is an electronically
commutated design and s truly “brusnizss”’. The rotor
position sansing faedback 2lactromic field switching s
entirgly 501ic state snd ver voltage pratacled.

The Zual 2ali dearing motar and graphite baaring
impelier design ensures optimum reliability, efficiency, and

,J\_:-.' tang life.
ﬁ
“'—i- ol

Vol TN

Eiectronically Ccmmutated for High Efficizncy, Oual
3ail Bearing.

e Low Power S:art Up.

¢ Qver Vottage Reguiator Protected.

¢ L2ak Procf Magnanc Orive Pump with Low Friction
Carhan Graphite Pump Bearings

30,000 Hours Life Zxoactancy.

Engineered for 200°F Fluid and 150 PSI System
Srassuras.

!
i
!
|
|
i
J
i * 3rushiess OC Moror: Raotor Position  Feedback:
!
!
|
}
1
|

Pump Models Available
CP-38-1ZHE 1 2x! 2 MPT Inline Pump Hd.
CP3B-1ZHE 3.8x3.8 FPT Suction Pump Hd.

Pump Sysizms Available

DISCHARGE PRESSURE (FEET)

d 2. 4 8 8 10 12 14 15 13 23
CAPACITY ICALLONS FER MINUTE)

HARTELL DIVISION MILTON ROY COMPANY

70 INDUSTRIAL DRIVE, IVYLAND, PA. 13974 .
215-3220730 \“\V.
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CP SERIES - BRUSHKLIS3 DC

result of overvolta

Ng

INSTRUCTIONS

CIRCULATCR PUMP

This pump incorperates an electronically commutated motor,
The electronic components

are susceptable to damage as a

ge and/or reverse polarity,

Yoltage supplied to the pump must be regulated to a maximum
15 volts or used with Fh
(Faximum) with open cire

Never c¢onnect the bl

direct sunlignt,

SNSTALLATICH INZTRUCTICNS

TCx FECILVCLTAIC MODULE

<
~ .

l.

NI

-~ . e

¥ourt chetovoliazic module
anc cover against sunlight,

Connect Redwire of pump to
positive red terminal on
mocule,

Connsct black wire of puzmp
to negative black terminal
on nodule.

Kemove cover from photo=-
voltaic module,

otovoitaic Modules of 7 to 40 watts
uit voltages not in excess of 22 volts,

ump to solar moduies that are already in

of

(Cover the modules while connecting the pump.)

AVPERES

PIRFCRMANCT WITH 7 WADT BANTL
|
.2 SUN 2 \
.6 SUN e— 100 [PH \\
—Z 17 N
f= | 80 GPE T \ \\
N
b SUN / €0 |GPR \ \\
= —_
/;F-LC ST -~N“\\ \ \
.2 SUN 15 20 GPH
g < JXe RO ﬂ\ .
MOTOR dTCEs S l\\
|
_J ! |, \ J-
P C P .(.D 10 [«
VOLTS

70 INDUSTRIAL DRIVE, IVYLAND, PA. 18974

215-322-0730

a.on

HARTELL DIVISION, MILTON ROY COMPANY

g<)
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CP SERIES DIRECT CURRENT

ENGINEERING RELEASE

THE'HARTELL MAGNETIC DRIVE CIRCULATOR PUMP SERIES NOW INCLUDES
O0.C. MOTORS ENGINEERED TO OPERATE ON PHOTOVOLTAIC POWER IN
SOLAR WATER HEATING SYSTEMS.

DESIGN FEATURES

Leak-Proof Magnetic Drive - No
Mechanical 3Seals To Wear and/or
l.eak.

High Efficiency, Permanent Magnet
D.C. Motor—Cool Running Die Cast
Bearings—Extremely LLow Power Start.

Low Friction, Maintenance Free
Carbon  Graphite Pump Bearing
Ensures Long Trouble Free Life.

Wide Variety of Standard Pumg Heads.
Special Purnp Heads Can Be Provided
For Original Equipment Manufacturers. —

Designed for EKasy Service—=Two
Screws Remove Motor from Pump
Assembly. (No Need To Disturb
Fluid System)

Engineered for 200°F Fluid and —
150 psi System Pressures.

A
Lo [ L MAGNET]

A
N
~

$
\

~

\ ‘\‘\___ Bg NS ~
70 INDUSTRIAL\ERIVE. IVYLAND. PA 74 ;ij’NE 215-322-073.
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CP SERIES DIRECT CURRENT

CIRCULATOR PUMP

ACDENDOM TO

"ENGINEERING RELEASE

24 VCLT UNIT CAN BE USID AS SHCWhN 3ZLCW

RANGZ:
0 - 1% VCLTS
C « 7 WATTS
IT.
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c 0
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MILICN RCY CO. - HARDZILL DIV, « 70 INDUSTRIAL LDRIVE, IVYLAND,PA. 18974 PHONE: 215-322-C7%C



Module 8: Plumbing Multiple Collector Arrays
Objective

The objective of this modile is for the trainee
to obtain a working knowledge of reverse return
piping design and of calculating hanger and U
bend location.
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Module 9: PLUMBING MULTIPLE COLLECTOR ARRAYS

The calculation of pressure droo through a collector array of a partic-
.ular configuration is covered in Module 10, as is the calculation of pres-

sure drop througn the piping.

This module deals with the correct configuration layout of pznels in -

an array and the proper calculation of hanger and U bend location.

?iping Large Ceollector Arrays. One of the most common errors in
installation ¢ccurs in the piping of a collector array. 1[¥ piped incorrectly,
some panels will be starved of rlow and wiil not contribute tc the energy
gain.' With their hign cost per square foot, all collectors should function at
their peak efficiency, and simple piping errors can cripple the performance
of a very costly system.

The easiest method of piping to assure proper flow in 16rge arrays uses
parallel, reverse return piping (Figure 9-1), which ensures a tairly uniform
flow in the array. A parallel connection without reverse return leads to
non-uniform flow throughout the collector array and results in reduced heat
collection.

linder almost all conditions, reverse return piping is the best choice.
It may require additiona} pipe, but such pipe quickly pays for itself in

increased performance.
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Balance Valve or Damper

'r'ﬁ”ﬁ‘* | g £ g

m[m] njx

k

I N [ /F_L

,_.<
-

g

_1_ J ] J : Heador or Manifoid

~ N . B ' i
| Meader or Mamif Avoid series connections and
- Ty el ) balance valves if possible.

- !

Multiple Collector Piping Arrangements
Figure 9-1

[f it is not possible to pipe the array in parallel with reverse
return, f]ow-ba]éncing valves should oe used. This makes it possible
to restrict the flow in channels of highest flow, thereby equalizing
the flow rate over the entire array.

A balancirg valve is an inexpensive square-head cock. More
expensive, calibrated balancing valves are available for use in very
large arrays. Simple gTobe or gate valves have been used but are
not recommended, because their sensitivity to changes in adjustment
and flow rastriction caused by thermal expansion and contraction makes

accurate control difficult to attain.
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Collectors are usually connected in parallel. Parallel connections
are shown in Fig. 9-2a ;  series connections in Fig.-9-2h, (n the
series arrangement, water passes through one collector and then
through the next, increasing the pressure required to maintain
adequate flow as well as causing some of the collectors to operate at
higher, less efficient temperatures. Parallel connections, in which the
water is returned directly back to the tank after passing thrcugh one

collectar, are superior because those difficulties are avoided.

e T

il 1 il

Parallel

Series (ncte Crainage Problem)

FIGURE 9-2
Collector Cannecrtions



The path of fluid flow throuah any collector should be
approximately the same length. Fig. 9-3a illustrates the preferred
arrangement, and *ig, 9-3b shows a common, but less efficient,
connection where water is short-circuited through the first collector,
and those at the end are starved for flow, causing their performance to
drop. In Fig. 9-3 a the length of the water path is the same for all
collectors, so the flow is svenly distributed., Frequently, plumbing in
this fashion wiil require extra pipe, but improved collector performance

compensates for the additional cost.

ZouC My &

'\_

ZDC M

“~ ‘=
2 T =2 = . |
| Hinn i iHien T
i ﬂ' | " | |
‘ .v"'d\r, I \' ,' Ve 4 I 'JL~ W JJ |
it i (T H !T‘ p e r HH ‘
!i | ] - T i |
AR e LA I
F - 5
ot / 3. Balanced Flow
Fead

& . End~§ao'
i T e |
| {, (I L
a | ﬁﬂ i
i (R 1
’ T\ K D. Unbal;::m Flow K e
Feed
FIGURE 5-2

Flow Baiancing in Collector Groups
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Groups of collectors at different heigats should be piumbed 1in
such a way that they all receive water frcm the lowest point in -the
system and return it from the highest point. rfig. 9-4 illustrates a
properiy plumbed systerh, and the dashed line indicates a tempting, but
unsatisfectory, arrangement. If the return lines dc not comme from a
common neight, flow through the panels will be uneven, causing a

reduction in performance.

FIGURE 9-4
Plurnbing Collectors at Different Heights
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Piping Betwsen Collectors. ADouL uie same amount of flow

should pass through each collector. When it is ‘neces.sary to divide the
solar coliacting panéls into groups and conhect rhe groups with ripe,
care must be taken to ensure that all collectors receive the same flow.
Most situations encountered can be satisfied using principles discussed

in this section, but for extremely complicated cases it mayv be desirable

to calculate individual flow path nressure drop. (See:Module 10).
Flexible 'connectors from the array header to the individuai

colleétors should be avoided unless the installer has years of satis-

factory experience with a particular brand. A U.S. National Bureau

of Standards survey of large operational solar systems showed that all

those using flexible hoses had experienced system failures because of

hose degradation. Flexible hoses are not recommended for .systems’

which are subject to city water pressure.

Collector-To-Storage Runs

Piping from tank to collectors should be as short as possible
because it is a major source of heat loss. [If the collectors must be

mounted relatively far from storage, the installer should consider using

larger pipe because of high pressure drops associated with longer runs
(see Module 10).

Because pipe expands and contracts considerably as its temperature
varies, ailowances should be made for change in length. Horizontal "U"
bends are typically used.to absorb the changes in length praduced by long
pipe runs. These should be included on the schematic by the design engi-

neer if needad.
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Table 9-1 provides typical stress for constrained pioe.

Table 9-1
Thermal Stresses Resulting trom Total Constraint
Temper-
slure® Therrauf Stresses, oyt (x 6.89 = kPa)
Chunge, Weought  Cast  Bruxs or
FDey  Steel lrun lrun Bronze Cuopper  Aluminum
0 3900 3800 1428 2760 19K0 2700
49 TR0 600 2356 $520 5960 $400
60 11700 11306 <4284 228G 3940 8100
30 15600 15200 $TI2 1 11920 10500
100 19500 19000 7140 13M00 14900 1330

*For temperatures detween 32 and 400 £ (0 and 204.4°C)

Cast iron, for example, for a temperature change of 10097 (55.5%¢),
a compressive strength of 7140 psi would be developed. If the pipe were
held straight, this stress would be handied rasily, if nhowever, the stress

were allowad tJ -cause a bending moment, then the pipe might fracture.

The values of stress found in Table 9-1 were found by the equation:

F = aEA At
where F = force of constraint, 1b
a = coefficiént of linear expression, in/in
E = modulus of elasticity, psi
A = cross section area of metal in pipe
AT = temperature chanqe, deg F

Values A and E are given in Table 9-2 for various pipe materials:

Table 9-2

Pliysical Properties for Determining
Thermai Stress®

Wrorght Cast Brassor Tope  Alum.
Steel [roa lros  Broaze  per Inym

o —

Ceaefficient of Liniear

Expansion, g x |107¢ 4.5 4.3 5.93 9.83 9.3 13.5
Maodulus of Elasuaizy,

E pix ot 10 28 12 14 16 10
Product of a£, psi 195 190 .4 138 149 ° {3

Evample: * he cosfficient of expansion for steet = 0.0000063 in./ir. and the
moatzlug of elasticity = 30 000 000 psi. Therslore af » 193 psi (1144 kPa),

*For temperatures betweers 32 :nd 400 F {0 and 204.4°C). Convertion fac.
tors: kPa = psi x 6,89, mm =~ in. x 25.4,

9.3



[t is interesting to note that length does not enter into the determina-

tion of the force of constraint. Tnis is because elasticity forcas stress

as a unit lenyth function, and so is the expansion; therefore they cancel
each other out. The realization that thermal strecs is independent of
length is important but is often overlooked. This concept explains the
feasibility of utilizing the ‘:herent fle<ibility of pipe to take care
of expansion. Regardless of the length of pipe petween anchors, it is
possible to provide for the expansion by putting the force of expansion

into the pipe as internal stress.

Five methods generally used to compansate for pipe expansion are:
1) packless expansion joints (like rubber bellows joints), 2) slip joint
with packing, 3) flexible ball joint - this is a special fitting placed
at a bending moment location, 4) allowing the flexibility of the pipe to
absorb the stress of expansion through a U bend, and 5) allowing the
compression strength of the pipe itself to absorb the stre:;. Option #4
is the preferred choice for solar applications.

The expansion produced by a length of non-restrained pipe is:

e = alAt
where: a = coefficient of linear expansion in/in
L = langth of pipe run
At = temperature change

This is the deformation that must be absorbed by the U bend, The
length of the U bend, L, as shown in Figure 9-5 can be calculated by the

equation: .

L=26.16 V er



where: L = length of U bend nipe, ft.
0g= outside diameter of pipe, in

e = deformation to be absorbed, in (Ref. 1)

Ls2Ae8 ~IT
U pend with U tend with
4 nungs 2 hihings
~ N
L \\'L-'/
U bena Offset U oend

Mesazurement of L on Yarious Pip: Bends

Figure 9-5

Hangers and Supports

Typical bending and deflection equations are given in Table 9-3 so

that supports can be prooerly sized, and if necessary, pitched.

Table 9-3

Equadons [or Bending Stress and
Deflection between Supports

Type of Supgort Bending Stress, pal (kPa) Deflecdoa, in. (am)
S Y
0.73 LD, 2.5 Wit
Single span ([ree ends) 3 @ ———l y -
! £
0.5 wLiD, 05 WL
Continuout line , S Y
! &t

W = (o1e] weight (pipe, Muid, and thetike} ib/ 0t (kg/m)
D, = outside diameter of pipe, in. (mm)

L = length of span, {t{m)

£ = modulus of elasticity, psi (kPa)

! » moment of inentia, in.* (min*)

" N
/- ; [(D,)‘ -(o,)‘]

Dy = inside diameter of pipe, in. (mm)




Even with proger support spacing there wiil be some sagging; this can be
determined by defiection, Y, above. In such a case, the supports should
be on a gradient to prevent air packzts. This calculation is desirable
with pumped systems but is of necessity with thermosiphon systems where
a gradient must be maintained throughout the piping and system. Both the
recommended maximum spacing of hangers'and the minimum diameter 6f hanger

rods are given in Table 9-4.

Table 9-4

Recommended ! {aximam Spacing of
Bangers and Minimum Henger Rod Size for Steed
and Copper Pipe!

Nominai Pipe Minimum Rod
Size, in. Mesiniam Span, [t Diameter, in.
(x 1£.4 = mm) (x 0.3048 = m) (x 25.4 = mrn)

| 7 /8

1172 9 /8

2 10 /8

] 12 172

3 13 172

4 14 §/8

b1 16 3/8

6 17 /4

8 19 7/8

10 po3 7/8

12 23 /3

tFar 1/2 in. (12.7 mm) copper tube, § t (1.5 m) spacing of hangers is
recommended,

There are twe types of supports: anchors and hangers. Anchors are
used to guide the expansion or fix the pipe. They are neeced to take the
stress out of the line and translate the stresses to the foundation. In
that way, all stress can be taken out of the line before it can be trans-
ferred to such equipment as boilers or pumps. By means of solid anchors,
the anchors can be used to divide the piping into isolated sections that

cannot transmit the stresses to other sections.

Hangers are used to support the piping and take out the bending
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siresses. Tiey are of the spring, roller, or rod type. Such a support
bracket should be constructed so that an exparding pipe will slip in its
collar rather than work the support bracket screws loose where they contact
the roof or wall's outer surface yet maintain full support. Figire 9-6

shows one such pipe support bracket.

FIGURE 9-6
Pipe Support Bracket

9-12
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Forces On The Collector Array

A mounted collector is not only exposed te sunlight and the rigors
of ultraviglet light but also to wind forces. Possible hurricanes
dictate that a collector and its mourting structure must be able to
withstand intermittent loads from winds up to 130 miles per hour,which
corresponds to i pressure of about 75 1bs. per square foot on a typical
collactor mounted with a standoff (see Figure 9-6). Such winds may
also cause vibrational fatique in mounting brackets and bolts as well

as lead to lower pansl thermal perfcrmance.

Suction on
Glazing

\\i @

}5

.

%”,\ i \\5\\\\ / \\/// ',-—=:—/ ff EI/S‘\\\Ie-//(/ //_// ——ml Q/ N
\22553335422H“;;;;Egggﬁj;;E{AZ/Z§;4¢\u\ :==§§gxdéf§§§%i?£é§w7E;QS\

el

FIGURE 6-¢6
Conceptual Drawing of Wind Loading

Standard engineering load calculations can be used to calculate the
bracket sizes and bolts necessary for a particular array design. The
fluid filled load on structures needs to be calculated as well as the
distributed 1ifting load of 75 1bs/ft2 from wind forces. Typical stand-

off detail is shown in Figure 9-7.
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Speciai Array Considerations for Thermosiphon Systems

Thermosiphon systems must be installed such that all piping provides
a continuous slope from the collectors to the tank. The collectors used
in the array should be ground mounted where possible and mounted flush
to the sloping ground Tevel (i.e., within for or five inches from the
ground).

Mounting a colliactor array uging the natural slope of a hill is an
excellent way to reduce wind effects and loads, provide collector tilt

and provide for the sloped piping needed in thermosiphon systems. Figure

9-8 shows a mounting detail when the ground is sloped.
s Qp

Ol (@) Corrosion-Resistant

FIGURE 9-8

Conceptual Drawing of a Ground-Mounted Collector
dn Sloping KiN
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Moduie 10: Sizing the Pipe and Circulation Pump

Objective

The objective of this module is for the trainee
to be able to select subsystems for a solar hot
water system such as pipe, pump, filters and
heat exchangers.
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Module 10: Sizing the Pipe and Circulation Pump

PUNPS

The pumps must be selected to provide the required design flow rates.
The pumps should be centrifugal type with direct coupled motors. Centrif-
ugal pumps provide two advantages over the pcsivive displacement style pump.
Centrifugal pumps offer a safety feature in that they will pump only a small
amount above rated pressure if the fluid loop should be blocked. Thus, such
an occurrence.would neither damage the pump ncr burst a fluid line. A
second advantage, particularly on the collector luop, is the inzrease in
Tlow rate as the temperature of the fluid increases. This is due to
viscosity changes of the fluid and improves the conllector efficiency a;
high temperatures.

Pumps are rated according to the flow rate they will provids when sub-
Jected to 2 given head pressure. The head pressufe is calculatad by deter-
mining the pressure drop in each component of a loop. For examdle,
consider the loop for pump(3) in Figure 10-1. The pressure drop
consists of a ap in the colilectors, a ap due to pcipe friction, a ap due
to elbows, a ap due to valves, a ap due to
the fiiter, and a ap due to the ion getter. In a Jcop that ic kept
full, one does'not include the head pressure due fo pumping the fluid
to 2 higher elevation. However, in a system that is drained, this heéd
would have to be included.

The pressure drop through the collectors will represent a major
drop in the system. This will have to be provided by the collector
manufacturer or otherwise determined experimentally before thé system
design can be completed. Typical pressure drops are on the order of
2 1b/1‘n2 per collector panel. This can be related to feet of water by
the relation:

1 ft HZO = 0.433 psi

1N-?



JFlow Kates Through Collactors. Standard flow rates, as defined by ASHRAE

test, are as follows: For liquid type co11ectors,O.OZkg/(s.mZ), (14.77bm/

(hr.ftz). For air type collzctors, 0.01 m3/(s.m2), (2 scfm/ftz).

However resquirements may exist to use different flow rates in
applying the collectors to a particular project, In some cases, collectors
are used in series, and the solar energy collected will be difrerent
than for a single collector.

[f flow rate is increased, the temperature range :hrough which the
fluid is heated will be less than with standard flow rates, whareas if
the flow rate is decressed, the range will be increased. [t is also
true that for an inéreaSEG.Flow rate, the rate of healt transier betwean
sne flyid and the absorber will increase. Convarsely if the flow rate
©3 Jdecreasad, the rate of heat transier will also decrgase.  Fer nearly
1i1 collectors, the change in rluid temperature range nas the major
2rfect on rating and the change in heat tranafer is ¢ second order
effect and can usually be neglected in calculating the difference in

nerfarmance,

Peter Lunde in attached paper 10-1 uses this concept tc caiculate
the effect of fiow rate on performance using the tested ASHRAE perfor-

mance curve for the calculation. For a typical good flat plate collector:

n=.705 - ,589 ———-

—

Lund found the effect on flow to be a 2.3% reduction in efficiency when

the flow is reduced to half of the ASHRAE value (.03 gal/min per ftz).

A 700 square foot system would have a 21 gpm total flow rate requirement
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based on the ASHRAE standard. rowever, very little performance reduction
s experienced at a 10.5 gpm total flow. A similar result was obtainex
by Cilhem and Saner (Ref 1) using purely simulated data. They found a
performence reduction of 5.2% when flow is reduced to (.015 ga]/min.ftz),
half the ASHRAE value. For Jamaica, with its nigh cost of powar, the
autnor recommends a flow of .020 gal/min der ft2 of panel as the flow
rate design parameter for utility uperated pumps and no panel increase.
The author récommends for PY pumped systems, a flow of .015 gal/min per

2

ft™ panel area with an incr2ase in panel size of 2.5%.

The pressure drop through a collector is a fuction of flow rate

and this function should be obtained from the manufacturer.

PIPE

The pressure drop through copper pipes can be determined by
referring to Figure 10-2 which gives pressure drop in variogs sizes
of pipe at various flow rates. For example, at a flow rate of 15 gpm
through 1 1/4 inch copper pipe, the Ap is 5 feet of wate: per 100 feet
of pipe Simiiar charts may be obtained for other types of pipe.

The ap through elbows, valves, and tees may be determined by
referring to Figure 10-3 or by simply adding about 50% to the ap for
the pipes.

The pressure drop through the ion getter is so small that it
can be ignored. However, the ap through the filter can be significant

and should be obtained from the manufacturer. In the case of the filter

in C3U Solar [ the values range between those shown in Figure 10-4.
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http:gal/min.ft

After determining the individual pressure drops, the total 4, may

p
be determined in order to select a pump. For example, in a system with
1000 sq ft of collector area the total pressure drop in the loop was

found to be about 27 feet of water. This was made up of the following

items.

3]

ap

Yines (140 ft) (5 ft ”20\ - 8.4 ft

—To07 7t/

7’

] ft
T <8 ‘aTBBw—> (13 elbows) <6 ft H,0 > 6.24 ft

7100 ft
- ft .
MPyatves ° <1 valve> (12 valves) < ; :tOHZS > = 0.72 ft
Apht, eXC. = 20.8 ft
ApcoH = 9,2 ft
L"‘pf"'i]ter = 2.3 ft.

A typical pump selection chart is shown in Fiqure 10-5. The
pump should be seleccted to provide the desired flow rate with the Ap

galculated.

Notice for this typical system, the pipe. pipe fittings and values
account for 57% of the pressure drop. The sotar designer should cal-
culate the pressure drop using several sizes of pipe for each system and
do a cost trade-off between the additional ccst of the pipe and the

reduced cost of pump and operating cost, or pump and PV panel.

10-3
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Air Vents:

Sirnce it is virtually impossible to keep air out of a solar system,
it is absolutely essential that air vents be included in the system design.
The air vents and valves should be made of the same material as the plumb-
ing that they connect to in order not to add to the corrosion problem

if metel pipes are used.

Heat Exchangers:

The use of a heat exchanger in a solar system typically doubles the
pressure drop through the system. The engineer/designer must size the
heat exchanger and then calculate the pressure drop through it. There
are a number of sources that provide this engineering information. Since
there is no freeze protection prob]em in Jamaica, and because of the high
cost and efficiency penalty of heat exchangers, use of only direct.open

Toop systems is recommended.

Pressure/Temperature Reliaf Valves:

Pressure/temperature relief valves should be placed on the hot side
of the array with no less than one valve for each five panels. The exit
port of these valves must have a bluw pipe on them and the pipe must be
at least 50 cm in length. The pipe exit should be oriented in such a
way as to prevent scaulding of any persons who may be near the collector
array if a'valve were to discharge. When such.valves discharge, they
do so with steam under much force so care must be taken tc properly pipe
the P&T valves on a ground mounted sustem such that they can discharge

safely.
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[rnsulation of Piping:

The appendix coatains an analysis of pipe insulation for Jamaica.
If piping is not insulated, then an additional square foot of collector
area would have to be added to the array for each square fcot of exposed
piping.

Nevertheless, all piping at the top of the solar tank should ba
insulated for a distance of three feet from the tank. This includes
hot water supply lines, cold water inlet lines that may enter the top of
the tank, and the tank P&T valve and fittings. Heat loss from this area
s significant if not insulated and insulating here is well worth the
high cost of insulation even though insulation is notlrecommended for

array and connecting pipes -because of its high cost.

Special Piping Considerations for Thermosiphon Systems:

Pipe size in thermosiphon systems is of critical importance since
the movement of water through a thermosiphon is induced by temperature
related densities between the average temperature of panel water and the
average colder water temperéture at the bottom of the tank. This dif-
ference in density and the heigth of the tank above tha panel provides
the moving force for circulation. Using efficient measured flows typical
of thermosiphon systems (15 Tbm/hr/ft sq) and assuming the header to
riser distances are under 100 feet in length (50 feet for each leg) then
the proper pipe siie needed (such that resistance to tlow is below
induced forces) can be determined for vairious collector array sizes and
tank heights above the array. This data is given in the Figure 10-8

below:
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Figure 10-8 Minimum Header-Riser Pipe Sizing

needed dgpm in
Collector main risers

Area and headers h=5’' h=10"’ Q=15’ h=20'  h=25'
330 sa ft 10 dpn 2 1 172" 1 174" 1 174 1 /4
500 sa ft 15 dgrm 2° 2! 1 1/2* 1 1/2 11/2¢
670 sa ft 20 dgem 2! 2t 2: 2: 3: .
830 sa ft 25 dem 2 1/2 2! 2 2' :.
1000 sa ft 30 grn 2172 2 172" 2 2 2
n = height of tank base above center of callector array, Values are

4iven for roasinal ID smooth dalvanized rire.

Use of smaller pipe for headers and risers in these larger systems than
shown in Figure 10-8 could result in significant loss of performance.
Also piping from tank to collectors should be as short as possible
because it 15 a major source of heat loss. If collectors have
parallel flow passageways, they must be mounted with these passageways
running vertically. The low flow pressures in thermosiphon systems
require that water tubes be a minimum 3/4 inch inside diameter (ID)

within the panels used.

A1l piping must have a continuous upward slope to the tank of at
least 1 1/4' per foot (10 cm/meter). The graater the piping slope the
better the performance. No piping can be allowed that sags to create

a negative slope for the fluid flow, as this retards natural circulation.
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Figure 10-4 Pressure Drops through Filter
in CSU Solar |
ap (psi)
Fine Medium Coarse
16 gpm 205 Of
60% eth)”ene 2.10 0.70 0'35
glycol
(in water)

0
5 gpm 87 °F 0.60 0.20 0.10
pure water
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FIGURE 10-86

FRICTION LOSS . . . PLASTIC PIPE
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3 JL] 13 3 g1 (R 295 2.0¢
Y 55 LS Y5 725 AT 220 5.58 2.41
3 .72 1.68 Y Iy 525 240 6.09 2.83
10} R 1750 55 LS 9:55 260 6.5%5 3.30
12 557 353 3% 513 57 280 7.06 3.80
< 3,38 232 36 361 T3 300 7.57 4.30
16 J.43 3.70 T3 5.08 153 320 8.07 4.80
.18 3.86 4.53 130 5% Ta.4 340 8.58 5.30
20 L) - 5.5% 360 9.08. 5.80
§g 5.6 8.20 380 9.59 6.70
6,43 11.00 400 10.1 6.90
PIPL : :
33 | 7.51 14.00 S12L% g reger 440 11.1 B.4
e v s 480 12.1 9.6
Friction (He1d) Loss for Iy T3 Y 500 12.6 10.2
insert Adapters and insert Couplings I bi] X 550 13.9 2.1
For every ten (10) Ins.irt Adaptars used add 114° k3 13 500 1.1 14.0
the number of feat indicated In column A" TiA? 34 X3 650 16.4 ! 16.5
to total lsngth of pipa. i a4 70 700 17.6 I 8.8
For every tan (10) Inscrt Couphings used add 3, gg 3?
the number of feet indicated n column "B . 7T : T3 7% Fretion iost charty by courtesy of Carton

to total length of pipe,

Products Corporstion, Aurora, Onio.
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FIGURE 10-7

Usetful Tables ... for Sizing and
Selecting Sta-Rite Pumps

STAZRITE
CONVYERSION TABLE .., POUNDS PRESSURE ... FEET OF HEAD
POUNDS FELT POQUNDS FELT POUNDS FCET
PACSSURL QOFf HLAD PALSSURL OF HEAD PRESSURE OF HEAD
1 2.3 13 30.0 39 103 9
2 T 462 14 323 50 1155
k| JER] i3 Ja 7 B TI7 0
3 33a 16 37 50 T38 6
T 1.6 17 35 t3 7331
Z 133 T8 3.5 o) 617
7 T T6.2 — 1% i35 7S 753
E] | 18.5 20 6.2 30 184 4
5 ' 353 75 177 3% L
10 ] 23.) 30 69 3 30 207 9
11 | 25.4 35 a0 3 3% 2l9.4
3 T ™7 10 323 T3¢ ' 7310
CONYERSION TABLE...INCHES MERCURY ... FEET OF WATER
INCHES FEET INCHES FEET INCHES | FEET
MERCURY OF WATER MERCURY OFf WATER MERCURY | QF WATELR
1 1.13 11 {2.46 21 | 23.79
H 727 T3 135.80 33 ’ 7493
3 3.40 [} 14.73 23 T 26 C6
4 4.53 14 15.86 24 ! 2719
3 57 15 7 00 75 ] 7833
[ 6.80 _ 16 18,13 26 j 29 46
7 7.93 V7 19.26 27 | 30 59
] 3.08 T8 7519 23 : 3172
3 10,20 5 TR 73 | 32.3%
) 1 11,33 70 7756 13 g 3399
FRICTION LOSS TABLE ... STANDARD STEEL PIPE
e ! vee | ) RS 2 2wt ¢ 3 ! 4
GPM 4 (X} . e . (X . ee . . . e . e L) 3 i . ' ‘e GPM
VEL.| FRIC. | YEL. [ FRIC. | YEL. | FRIC.| YEL, | FRIC. | YEL. [rmc. VEL. | FRIC. | VEL. |FRIC. | VEL. |FRIC. |VEL. | FRIC.
s 63 (4.1 20103 [13] 32] 11 9] 8] S | ! ! 5
10 |10.5 1500 160 1375 |37 1it6 |22 [T 18] 1> 3 ] 6 1 ¢ ! L ! 10
18 3 1802 | 56 1280 |32 63123130 {14 S |10 ¢4 5 | i 15
20 171 360 | 74 1420 ] 43 (112 [32] 2 12015 4{ 141 8 3 2 1 06| 20
25 77 1626 ] 5S4 1170 138 80 (¢4 Ul 9]l 71 61 03] 25
30 T T 7891 | 64 1260 | ¢7 | 11.2 |3 33 20 1eli g 7 137 30
15 T8 1320 | 55182 [33 e 24 ] 18 158 / 3 18] 35
40 35 1401 [ 64 190 |38 87 2l 24 ]V 3§ F10, 2| 40
43 36 1506 | 71 1241 43 ] 65 30 29 11910 12 i8] 45
50 106 [6l0 | 73 1290 ¢8| 83 33 [ 35 {2213 13 i 50
60 73 106 | 941400 | 57 (118 | 40 |50 26| 19 15 %] 60
/0 T T 66 156 47 | 56 |31 ] 25 [ 18 §7] 70
a0 e 884 | 76 |03 ] 353 8¢ (353320 73] 80 -
90 16 1252 | 60 |05 |40 ¢1 [ 23] 107] 90
0 T 1127 1 4¢] 33 (2857 v2 71 1loo -
t?g FR'.CT'ON LOSSES.'N E'TT'NGS 132 ;;o 33 51 150 ] 60 | 23] 14110
155 Equivalent Langth of Straight Pipe, Feet RN SRR RN T
130 Size PO YT BET NEVER FYCH BF S B L AL 12¢ 1501 ] 8§87 07 [958 ] 81 11313 1971130 )
140 || "Gata Vaive (Full Ooen) |0.6 | 0.7 ] 0.9] 1.2]| 1.3] 1.6] 2.0[ 2.7 94 1240 161 g 138l g 140
};0 Eibow, 90° 36145 53] 6717586011131 {?? g; i ?g {2 ‘J’ i f i : :;’2 -
330 Elbow, 45%° 0.7 | 0.9 1.4] 1.8 2.: j: l;.: l:? T T T 50 T ) 360
778 Tn(Stmgn’t Theu) 1.8]2514 3.3 4.? 3. . . . ST 120 e ST 225
330 Tee (Thru Side) 4.3 ) 5.4 6.7| 8.3 |10.0 \2.1_ 17,1 |21.2 103 0 T3 TE 350
TFET] _Swing Check Vaivu 8.1 [ a9 {11.2413.1[15.2{19.1]27.138.2 TR R NEREE
300 130 {380 [ 75| 90300
~1%0 57160 | 3811835
400 : 0.1 7160 400
450 1311901 450
500 1261200 ['s00,
335G WO (2901550 |,
€20 | 150 {138 | 600 .4
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Collector
Flowrate

‘he correct collector fluid flowrate is
Tnot always the one recommended

by the manulacturer. Indeed, the
solar theoretician—who properly wants to
keep the coilectors cool for minimum heat
loss—recommends the maximum flow
possible, The practical engineer, however,
must balance the cost of a larger pump and
additional pumping power against the
value of increased thermal performance of
the system. [f electrical power is projected
to become much more costly over the life
ol the system, a lower flowrate than is
usually specified may be desirable.

To properly compare systems alter
changing the {lowrate, we adjust the col-
lector area as necessary to restore the orig-
inal performance. The increase or de-
crease in area causes a corresponding
change in capital costs.

To do this we must gquantitatively pre-
dict the way flowrate affects array perfor-
mance.

The effect of flowrate on
performance

Suppose the manufacturer's ASHRAE 93-77
collector test, which is usually run with
water, gives an intercept Fyra equal to
0.705 and a slope of FyU,. equal to 0.689
Btwhr °F 112, Assume that water is to be
used as the system heat transler fluid, so
the results apply directly. The design calls
for 700 (12 of collector area.

The transmissivily-absorptivity (ra)
product is calculated (from the manufac-
turer’s data on glass and absorber surface)
as ra = 0901 x 095 = 0.856. Therefore,
the inlet-based heat transler factor (F),
which accounts for the flowrate, is F, =
Fura + 7a = 0.7065 = 0856 = 0.824. The
actual collector. heat loss coefficient is
then U, = FpU, = Fy = 0.685 = 0824 =
0.836 Btu/hr °F ft2.

The inlet heat transfer factor can also be
calculated theoretically {rom:

Dr. Peter J. Lunde i president of New Energy
Resources, Inc., and principal of 30 Solar
Programs. He teaches at the Hartford
Graduate Center and is the author of the text
Solar Thermal Engineering.

JUNE 1982 - 10-16

Pt
1 UA,, U
n U(A( 2WC/A.

where W = mass llowrate, ¢ - “specilic
heat, n = plate fin efficiency, A, = yross
collector area, and , = fluid film hear
transfer coelficient. The first two terms in
the denominator are associated with the
heat transfer {rom the plate to the !uid.
Only the third contains Wc/A,, the area-
normalized (low capacity rate. For the
ASHRAE test results, this is 15 Btu/hr °F {t4,

To bring theory and experiment to-
gether, we solve for the unknown lerms in
equation (1) and use experimental values
to evaluate them:

(l*%):l.— U
n U Fu 2Wc/A,
=L 086
0824 2x 15

We can now rewrite equation (1) for this
collector as:

Fl( =_-_—l—_— (2)
11gs + 0836

IWC/A,

This equation can predict the eifect of
flowrate on system performance.

Effect on capital cost

Tne heat transfer factor F,, appeats in the
Hottel-Whillier collector heat balance
equation when it is written to use ‘he iniet
collector fluid temperature (T,):

q= Fu lT(Yl'Ul(T(T,) (3)

where T, = ambient temperature and | =
incident solar radiation. System perfor-
mance at any 'ltime is predicted by this
equation. Even though we may not know
the values of all the variables in th= brack-
ets, it is clear that the performance is al-
ways proporiional to Fy. Therefore. if we
change from its nominal value of 1.824 by
halving the (low, by equation (2) the new
value is:
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F, = ! = 0.805
0.536

2x 15«3

We are thus reduced to 0.805/0.824 = 97.7
percent of the original thermal perior-
mance. To keep tive same performance (or
a nominal 700 (t* system, it must be en-
larged to 700/0.977 = 716 ft®,a 23 percent
increase in collector area. Assuming a cosl
of $35/it* this means 16 x $35 = $560
additional investment. That must be paid
back by the savings in pump capital cost
and pumping power or the flow shouldn’t
be reduced.

Effect on system operating cost
The performance curves and electrical
characteristics of three solar pumps are
shown in Figure 1. The dashed line repre-
sents the system pressure drop, conserva-
lively assumed to be linear with Nowrate.

The design volumetric flow rate (V) can
be calculated from the specilied Wc/A, =
15 Blu/hr °F It

v =_'AS Btu x b °F % 700 {2

he'F (1?2 1 B
x pr 2l =2 gai/min
60 min 833 b

If the lowrate is halved from 21 gal/min to
105 gal/min, the system pressure drop falls
from 16108 [t of luid head, permitting use
of the smaller pump and savings of 130
watts. By use of threshold level radiation
tables at Hartford, Conn.. | estimate that a
hot water water system will operate 2800
hours per year il the average annual
threshold level is 45 Btu/hr [t2. Therefore.
the initial annual savings. il electricity
costs. say, 8¢ per kWh, are:

$0.08, 190 w x 2800 hr x XY = 529
KWh 1000W

To evaluate the power costs, we must
kno- / the worth ol an annual energy sav-
ings that is continued over the life of the
system. Calculating this is beyond our
present scope. but let us assume that $1
saved annually is worth $25 over the life of

a system when fuel inflation. interest rate.
and tax deductions lor interest are taken
into account. Combined with, perhaps. 575
in capital cost savings [rom usirg a smailer
pump. a present value of ($29 x 25) - §75
= $800 saved over the lile of the system.
Since the investment to do this was only
$560. the outlay is desirabie.

Another alternative, doubling the flow.
might alsc be considered. Fi would in-
crease to 1/(1.186 + 0836/(2x15~-2) -
0823, a 1.l percent increase in perfor-
mance, permitting a reduction of only 8 ft*
in area. This is a savings of only $280 in
system cost—diminishing returns are
clearly setting in. Without redesign ol the
system piping to handle more flow, the 60X
walt pump that is needed would consume
an added 375 watts, costing $0.08 x 375 ~
2800/1000 = $84 per year, worth up to $34
x 25 = $2.100 in lile-cycle operating costs
Even aiter a system redesign to the original
pressure loss, the pump required (not
shown) would consume about 200 extra
watts. A [low increase is not called for.

In the case examined. the manulac-
turer's recommended flow rate 1s too high
and should be reduced. This will not al-
ways be true. Lower electric power costs
lavor larger pumps. And there are other
considerations. For instance, in a commer-
cial installation the electric powar used {nr
the larger pump is tax deductible. but the
extra area needed to compensate for a
smaller pump must be capitalized and de-
preciated over a number ol years. Such a
tax policy decreases the value ol electrical
savings, lavoring the use ol traditionai
energy instead of renewable resources.

The elfects ol pump sizing can be
evaluated in just a few minutes. [t's another
part of the practical engineering that lets
us design the most economical solar sys-
tems for our customers.

References:

Lunde. P.J. Solar Thermal Engineenny, Chapters §
and 12. John Wiley & Sons. New York (1980).
Lunde, PJ, “New Heat Transler Factors lor Alat
Plate Solar Collectors.” Solar Eneryy 27. 109114
(1981).
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MODULE 11 INSTRUMENTATION
OBJECTIVE

The objective of this module

is for the trainee to consider
the trades-offs between field and
laboratory testing as well as
become familiar with the common
instruments used in simplified
field testing.

W
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MODULE 11: SOLAR INSTRUMENTATION

For a number of years there "have been significant
differances of view concarning the relative merits of testing
éolar systems in the field wvs. testing systems in the
laboratory. There are many tasks whica can be done more
easily and more precisely in the laboratory while othears are
best done in the field. The decision as to which kind of
program is best is contingent on the primary objectives for
the specific case under consideration. Given below are some
of the advantages and disadvanctages of both field and

laboratory monitering.

For most larger solar systems, the type of instrumentation and how

it is to be installed is up to the desianer/engineer and should be called

out on the blueprints. 4s a minimum, major systems should have dial ..
reading thermometers installed in the fluid flow stream leading to the
collectors and returning to the tank. A dial reading thermometer on the
hot water deiivery line is also desirable. Reference (1) contains detail
inforination on the installation, use and maintenence of measurement
equipment commonly used in the solar field. This module will deal with
some of the positive and negative aspects of field monitoring to assist
the designer/engineer in the determination of instrumentation need and

requirements.

11-2



ADVANTAGES AND PROBLEMS OF LABORATORY MONITORING

Advantages

System configuration is pre-
cisely known and controllable
(e.g. thermal capacitance of

piping) .

Parameters and variables are
more easily controlled.

Instruments may be more easily
checked and recalibrated as
necessary.

Results are often reproducible.

Component malfunction can be
spotted early and corrected.

Data inaccuracies during
acquisition are less likely.

"Tinkering" with controls less
likely.

Weather data may be more pre-
cisely evaluated.

Easier validation of computer
models.

Smaller samples can yield
acceptable accuracy.

11-3

Risadvantages

Resuits-may not be representa-
tive ol actual conditions.

Selected configuration may not
be representative of typical
systems. -

Typical test sequence unlikely.
to duplicate actual. lifestyles.

Real world conditions not under
under test.

Common reasons for system
failure or under performance
may escape notice.

Need to construct and assemble
the test system.

Much less visibility for most
solar experiments.



ADVANTAGES AND PROBLEMS OF FIELD MONITORING

ADVANTAGES

Test systems usually already
available - no need to finance
and construct system.

Test systems are ab initio,
representacive of the field.

Effects of common field instal-
lation practi~es are included
within the results.

Reports data based on actual
operating conditions. Statis-
tically significant samples
yield real world results.

Represents only way to test
reliability of commercially
available components and sys-
tems.

Provides real world cost

information.

Results may be more accep-
table to system vendors and
manufacturers.
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RISADYVANTAGES

More difficult to install and
maintain proper instrumentation.
Recalibration may be difficult.

Materially increases c¢ost of:
instrumentation
data collection
instrument calibration
. verification of data accuracy

Increase in data retrieval prob-
lems.

Subject to owner induced distor-
tion of data.

Often requires access to private
property.

Subject to distortions fromn
change in occupancy.

[
Cost of removing instrumentation
must be included.

Proper placement of sensors more
difficult than for laboratory
conditions.
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Level

Objective

Public
Perception
of Product

Is System
Running?

Performance

Performance

Performance

Performance

Performance

MONITORING OF ACTIVE SOLAR SYSTEMS
LEVELS OF INSTRUMENTATION

Measurement Required

Sample Opinions

Pump, Blower, or
Valve Position
Indicator

Water Temperature
Air Temperature

Pump Operation

Backup Operation

Energy
Consumption and
Working Fluid
Flows

Temperature
Measurements

Integrated
Measurements

Instrumentation

Opinion
Surveys
Interviews

Indicator light
Audible signal

Thermometers
(Permanent or
Portable)

Elapsed Time Meter

Kwh meters
Flow meters

AT measurements

BTU Meters

Remarks

Surveys of
Subjective
Perceptions

Qualitative
Objective

Primary
Quantitative

Improving level
of information
concerning per-
formance

More sophisti-
cated measure-
ment devices

Performance
at peak hours
(solar noon)

Relationship

between accuracy,
frequency of data
and objectives ’
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Level

Objective

Performance
Evaluate
Impact
Energy Use
Profile

Reliability

Precise
Performance
Analysis

MONITORING OF ACTIVE SOLAR SYSTEMS
LEVELS OF INSTRUMENTATION

Measurement Required

Time of Use

Solar and Backup

Component
System Reliability

Insolation
and Weather Data

Instrumentation

Recording Meters
Kwh and Flow

PV cells or
pyronometers

Remarks

Impact of solar
on energy
backup

Tradeoffs of
.accuracy ana
cost
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KWH METER LOAD PRCOFILE  BTU METER
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% COLD
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HOT SENSOR
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OUTLET COLD WATER INLET
'
STE HEAT s
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OR := FLOW METER
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SOLARHOT 1, ; HOT WATER
WATER SYSTEM17} ' TANK
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HEAT PUMP

-
]
]
]
[
)
|
3
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BTU METER
INSTALLATION INSTRUCTIONS

OPERATING INSTRUCTIONS

I INSTALLATION OF FLOW METER

Flow meters may be installed with the included fittings

in either a horizontal or vertical position. Flowv meters
must be installed in the same line in which the t:mperature
sensors are installed.

Plastic flow meters must be installed in the co&d water
line or where temperature will never exceed 1207F.

Bronze flow meters may be ingtalled where fluid tamp-
eratures will not exceea 1957F,

Il TEMPERATURE SENSORS

Anv of the standard ,provided temperature sensors may be used.
The sensor must be well insulated from ambient temperatures.
Temperature sensors must be installed in line at the poiats
between which heat transfer measurements are required. Two
typical systems are shown in Figures 11-2 and 11-3.

III ELECTRONIC BOX

The electronic box should be installed no further than 100 ft.
from the flow meter and temperature sensors. Greater distances
may affect the resistance values transmitted by the temperature
sensors. Standard electrical practices should be used for the
high voltage (110 V.A.C.) power lines. Low voltage flow nmeter
and sensor wires should go through the rubber gremmet on the
side of the box. The wiring of the box is shown in

Note that the electronic housing is not designed for outdoor
use, and must be properly enclosed if this is desired.

IV FLOW METER PLUMBING

For maximum accuracy, the pipe size should match flow meter
opening for 10 diameters before the meter and S diameters
following. See Figure 1l1-1.

Pipe size change Flow Meter
or bends
TN e ———— ] 2
@ / —— \/ 1 i\——"—"“"‘
| ~ | 5 pia..
. 10 Dia. | - .

FI4URE 11-1°
11-8 v,



cOLD WATER FLON METER INSTALLATION (120°F)

BTU 110 VAC
METER

old Nater Inlct:q%}qif:}— ‘ r F— fHlot Water Qutlet

tiot
Cold Flow
Temperature Meter ng;r gzﬁggEAture
Sensor Storage
Tank Figure 11-2
BTU METER

See Installation Diagram on inside front cover of BTU Meter Box

HOT WATER FLOW METER INSTALLATION (IQSOF)

VAC
BTU 110 VA
METER
-]
" 1 i o {,E\ - "Hot" Fluid Qutlet
Coc FIPId Inlet ]| \_/ ]] lr
Cold Flow Hot
Temperczture Meten Temperature
Sensor Heat Sensor
Source
Figurs 11-3
BTU METER

See Installation pjagram on inside front cover of BTU Meter Box
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RS 805 BTU METER

‘RS 1008 SERIAL NO.

(OPTIONAL)

o INSTALLATION DRAWING
Figure 11-4
el [=0]
~]
‘BTIONAL BTU
£ L L 53 @ X 1000 GALLONS®
;«@ WIPER <[] BTU Lz33s) @5e738
3 g 2 (OPVIONAL) ~
(D| no 8
= @ NC =
- ™~
- @ WIPER = 0
B i1 S
: @ NO <] GALLONS
2 -l (OPTIONAL)
) Dl ne = o
R1 S Q
(D SEE CALIBRATION INSTRUCTIONS
(OPTIONAL) FOR CORRECT SETTING
@ RS 811 OPTION: BTU/ $Q. FOOT
BTU METER o) (39 NOTE: FINAL MULTIPLIER WILL
SOLAR BOARD §n CHANGE WITH PROGRAM
INTEGRATOR |
BOARD
RS 811 (OPTIONAL)
CPITIONAL
-+ J1
RHO SIGMA
el 11922 VALERIO ST,
A NORTH HOLLYWOQD, CA. 91605
SPARE :
| SENSOR | SENSOR FLOW
| HIGH LOW | 8- | IN |com 115 VAC
i Al
ol0|0|0|0|o]ololo[@]
|
BLACK
s e
S WHITE 115VAC 60 HZ 5W
[ T
(. S
ped
HIGHEST
. TEMP V &
S5ENSOR LOWEST
N\ TEMP 0og e}
. SENSOR
BLACK| |\
\
R OWG NO. 38-8050-8



. RS805

e e —

Digital readout dispiay of BTUs consumed
Digital readout display of gallons of water
used

—

Rho Sigma’'s BTU meter, Model RS80S, is a complete package for measuring
and recording thermal energy consumption. It is ideally suited for solar energy, heat
recovery, systems monitoring and evaluation, and load shedding.

COptional featuras availabla:

* integration of available solar energy 10
maasure overall system performancs

* High reliability solid-state circuits
¢ Compact housing, ¢ x 8 x 12 inches ¢ tampemroof indicator to prevent
¢ Integrated circuilry for low pavear drain unmeasured enargy consumption
o Overall system accuracy +1.78% of v tempaerature output lo chart recorder con-
full scale varsion for plotting ioad profiles vs. time
s Temperature sansors accurale 10 +10F ¢ non-volatile LED readouts (back-up
from 32 to 212°F battery)
* Flow meter accurate to within 1,5% from
.2510 30 gpm
¢ No loss of data due 1o powaer failure
RHC SIGMA 11922 VALERIO STREET + NORTH HOLLYWQOD, CA 91605 {(213) 982-6800
AS-808-1 1111



The RS80S provides an econornical, reliable mears of measuring energy consumption (BTUs) in solar energy systems at the point
of use.! Thisis accompiished by comparing temperatures of the iniet fluid and the uid at its exit (generally from the storage tank);
multiplying the temperature diierential between these two points by the rate ol flow, and integrating the rasult over time. This pro-
vides a reading of the BTUs consumed.

Two oulpul registers are provided; one shows the BTU reading and the cther, using the llow rate data, shows total gallons of
waler consumed.

The RS805 obtains the data lor these operations irom the flow meter and two lemperature sensors included in the RS805

package. The following diagram shows the relationship of the BTU meter, tlow mater, temperatura sensors, and a typical solar
energy system.

COLLECTOR AREA

’ HOT WATER
(if l_! f S oumLeT
. ~ TEMPERATURE

SENSOR T

‘ HOT WATER

STORAGE TANK

CONTROL

—{
=
- 110 VAC
PUMP
‘ ' . .
o=
RS815 FLOW METER P ol

N

(@

=

LOW VOLTAGE LINES

AN RS805

TEMPERATURE SENSOR T, BTU METER

tssmtnd

!

—

| N

CITY WATER INLET

’BTU = Briish Thermal Un:t; the amount ol energy requirad 10 raise the temparature of 1 b of water 1°F under conditions of standard tempera-
lure and pressure.
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APPENDIX

SOLAR SYSTEM SIZING FOR JAMAICA - ?—chart.
A NOTE ON PIPE INSULATION.
SIMPLIFIED SOLAR COLLECTOR TEST PROCEDURES.



APPENDIX Al

F chart 4,0
rarameters used for sizing,
data from World

hospital study reserectively.

For

sizing;

SOLAR SYSTEM SIZING FOR JAMAICA - F-chart:

it

to size the solar sustem,
The insolation 3nd

Table 1 liste the

anbient tearerature
Yeterologicsl Atlas and from the Barbsdos
See Table 2 fur 3 sample guteut,

3ssumed that the storsde tank would be sized 4o

rrovide twa US gallons of storade »er sauare feat of collector 3nd Lhe
thermosirhon 3ction) would eprovide 3 collector flow rate ot
one dgallon per hour eer sauare foot of collectar,
1,2 US 23llons), 3ince beckur

PURP

all

tank

it

83ilons refer to imperial 493llons
is not recammendeds 1.9 US dal/sa ft of collector is
is also close to the hot water demand in dgalc sor
collector azimuti,

d3¥, The remainind epsrameters to be oertimized are
tilt and ares,

Collector Azimuth

Collectors

should be

oriented

15 dedrees

vExcert 35 roted

the reconmended

A

of south, A

orientation of ur to : 49 dedrees erst or west of south is accoertsbl:
it collactor

which

Collector Tilt

incercased by 152,
based on epractical exeerience in Floridas 3nd
is strictly valid only for south orientations, F chart 4,1 will
remove this restriction.

not

These recommerdations are
trom F chart 4.0

To determine the ortimal collector tilts collector arras of 939 3n4d
700 sauzre faet were used and tilt andles varied from O 1o 40 dadgr22¢,
ooth collector sizes, Tahle
3 presents the results for the 700 sauare foot collector,

The resultind ortiaums were identical for

Tilt
Andle

0
3
10
13

2

25
30
35
40

Table 3,

Tilt optimization for 700 sauare fgot
collector and 3 load or 833 4gallons
Solar Fractions
Monthly Monthly
Annual Best/mo Worst/Mo
0.83 0.94/May 0.87/J3n
0.89% 0,93/May 0472/ Jan
0.86 0.93/A4er 0.748/Jsn
0.87 0,93/0ct 0,80/Jan
0,87 0.,94/0ct 0,33/Jsan
0.87 0,95/0ct 0.81/Jun
.84 0,95/0ct 0+78/Jun
0,84 0:94/0ct 074/ Jun
0082 Oo??./UCt 0.70/Jun

Af Between
0st § wst mo.

0.27
0.21
D.17
0,13
0.11
.14
3017
0.20

n,22
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The first thing to note is that the extreme insensitivity of annugl f
to the tilt asngle. This points tc the minimum tilt sndle to nminimize
structursl support costs. iaaver in the rande of 3 10 dedree - 30
dedgree tilts there is a3 significant difference between tie best and
worst a@monthly solar fractioms. Although a uniform monthly load was
uysed for the analuysiss in fact the loads are likely to be nhigher in
the winter months. For vhis reasans we recomend 3 tilt sndle around 25
degrees. Ans higher tilt, aslthough tending to increase the winter
perfornances will be offset by the hidher wind losses: particularly if
the headers are external smd uninsulated, The wind induc2d line

losses have not hbeen considered in the F chart snalusic,

For this studyr a tuyeical Jamaican manufacturer’s solar collector a7
aoderats performance was usad (see Table 1 for collector
characteristics)., Anm interesting outcome of this 3nalysis with 120
dedree F hot water delivery iemperature 3nd 30 dedree F cold water
inlat is that the FSEC intermeciate temeerature rating ic an accuyrate
sredictor of system outrut in the snnual solar fracticm rande of 0.7
to 0.8, The FSEC rating for this collector would have nDdeen 519
Jtu/st/day., The F chart 4.0 outeut is 502 fPor :n 3nnusl £ of 2.3 :and
533 Btu/sf/day for ¢ = 0.7, So wuse af the FSEC intermedicts
temperature ratind would permit 3 rather accurate and essy 235timation
ot the systes rerformance.

Table 4 shows the simple Pa3uback for 3 series o? coliector sizes.,

Table 4. Simple »33gback for Jamaican soiar sw-tenms.
See Table ! for thermal data. All 3’5 3re
Jamaican $‘s. Current rrices were optained
from Ministry of Mining and Enerde.

Electricity = 25 cents/Kuh = J873.2/MMBRtu € of? = 1,0

0il = J$1,58/Iap, d9al = J$15.3/MMBtu @ eff = 0.5
LPG (Propane) = J$2,05/Imp, 93l = J$24.4/HMBLy 2 eff = 0.7

Hot water load = 833 dpd = 125.3 4MBtu/vr

Coll, System

Ares Cost Siarle Paubachk, Tear:

Sa, Ft. 1000 J$ f PG Elec il
100 20.90 0.21 31,2 10.4 49.¢
200 25,0 0,37 22, 7.4 3.2
300 30,0 0,50 19.6 5.5 31.3
300 35.0 0.42 18,5 §,2 29.4
500 40.0 .71 18,3 .14 29.4
500 45,0 0.80 - 18.3 5,13 29.3
700 50,0 0.87 18.8 4,3 29.4
300 535.0 0.94 19,2 .4 30,5
200 40,9 0.98 20.0 6.7 32,
19000 $3.0 1.0 21.3 7.1 33.°9

Annual fuel costs with no solar: 3059 7172 1917

vl//\



Life cycle costingd results along with their assumptions are ~resented
in Table 5. This was done usind the TI-59 F chart Pprogran.

- Table S§. Present Value of Life Cycle Savings From Solar
Suystems

Assumptiaons are those listed in Table 4 »lus
the following:

System life = 25 4r,
Qreration and maint. cost = 1 rer ur,
General inflstion ° a 7% mer 4r,
Fuel inflatian = 10%Z mer yr,
Discount rate = 77 eer 4r,
Salvade value = 0 :
Collector area daerendent costs = J330 rer sa.ft
Collector 3rea inderendent costs = J$15,000

F chart assumes salar costs are 3additional to 3
convential suystes which will be wused for bachus

Coll, Systana P.Ve Of Life Cucle
Area Cost Area/ Savingds From Solar(1000J%)
Sa,» Ft. 1000 Js Demand ? LPG Elec 0il
100 20.0 V12 0,21 -3.2 19,3 -11.3
200 25.0 W24 0.3?7 8.7 81,9 =73
300 J0.0 v 34 0.50 13.8 115.3 -3.2
400 3500 048 ) 0062 1908 14507 ’307
500 4000 .60 0071 2207 166v9 ";01
600 ‘;500 072 0080 2507 18802 -4,4
700 50.0 o84 0087 :606 203.3 "'503
800 35.0 v 94 0,94 2746 218.5 -8.0
200 0.0 1.08 0.98 29549 224.5 -11.¢
1900 3.0 1.2 1.0 21.3 224.4 -14.,3
Annual fuel costs with no solar 3059 9172 1917

The ortimun collector ares to load in terms of .ne ratio of s3sauare
faet of collector rer dallon of demand desends on thne economin
criteria used, Tsble 4 eresents the results based on table 4 and 3§
results,

Table 4, Optimum collector areas for different fuel

Fuel Tyre
Criteria Gas (LPG) Elec gil
Maximize LCC saving 0.94 1.08 0.48
Siamele Paybach 0.72 2,72 2,72
(Asav/ Acost) v 0,48 1,08 Q.

Recommended ortimum for 3ll suytems = 0,72 sa ?t/iar.da3l load.

/]/l [/
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Maximum LCC (life cycle cost) saving and simele rp3ybacks are commonlsy
use” criteris. In our view maximization of LCC ssving is a8 =oor
criteria and it tends to too larde 3 system. The simele zsvback is not
as bad 3 criteria as it might first seem. This is because in <eneral
the fuel inflation rate and the discount rate (for dovernment’) are
pretty close to the deneral inflation rate. So the simele F3vbschk
usually closely reflects the true epayback if orerstion and maintenance
costs are small.

The third criteria is eerhaes the best criteria. This is aarginal
cost effectivenesss i.e,r one evaluates whether the increase i LCC
savindgs for the next larder sived array ic dreater than tqe cost.
e.4., in table S we see that under the das column that irrcreasing  the
collector area from 400 to 500 sauare feet: increases CC savinds bv
only J$2,900 while increasing costs by J$5,000, Therefore the ortinum
area is 400 sauare feet or 0.48 sauare feet/drd demand. Adeinst ail
this cpriteria indicates that no solar suystem is tne best choice!

0f course this kind of cost benefit analwsis does not sccount for the
social and environmental benefits of solar enerdsy wiz, increasing
local Jobss increased balance of rasments 3nd %hus raduced inflation:
less dependence on foreidn techmologs etc, A rye macro  economio
analysis considerind such fsctors will undoubtedly favor solar 2nerzy
for Jamaican hospitals adainst any alternative fuel,

It =aust be noted that this analvusis was dorne for 3 low zerforming
collector when compared to current U.S. collectorz ithat use salective
siyrface 3nd iran free dlass, Undoubtedly Jamaican technolody «ill
eroduce better collectors in the future, Also since first Zost

real barrier to installation of solar systemss 3nd sinc2 these
systems will probablly be installed without 23 bschkur sistam and

in cases where there is currently no hot wateri we recammend 3

Wwith no backup and 3 ainimum collector area of 0.7 sausre fe
demand., It must be remembered that in solar systams ot imums 3r2 nave
well defined., The mador difficulty will be in estimating the demsarnd,

(oI
[ I
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The collector area/drd demand can be increased 3s buddets rpermit,

A note! F Chart 4,0 significantly overeredicts sglar system
parforaance when compared to the TI-39 F chart rroZram. Thig i3
hecause the basis of the two =rograms are different. From the authors’

experience in comearind field performance to eredictionst it sprezrs F
chart 4.0 is a g00d mredictive toal and F chart 4,! will bLe =von
better as it will sccount far off south collectors and Yhe hot water
correlations will be imeproved, -



Table 1. Solar DHW Parameters Used In $izinj

~CLLECTOR FARAMETERS

Cl. COLLECTOR AREA . iviverirtnnronnesonencenisanssss 700,00 FT2 (varied)
20 FR=UL FRODUCT s et e n e v nenansonnonnsentonsonsenens 1.02 BTU/HR-FT2-DEG
C3o FR"TAU"ALF'HA (NOF\'HAL INCIDENCE) L R O I T T S T I SR I 0055
L6 NUMEBER OF COUERS s tv v ennrnnsseersoonnnsonaesonss 1.00
C7. INDEX OF REFRACTION it it i vmnonninnnoennnnonnnn 1.53%
C8. EXTINCTION COEFFICIENT X LENGTH (KLY et vuonsnis 0.04
C?. INCIDENCE ANGLE MODIFIER CONSTANT vt ev v vnenn 0.15
C10. COLLECTOR FLOW RATE X SPECIFIC HEAT/AREA. « ... P67 BTU/HR=FT2=UFG
C12, COLLECTOR SLOFE vt vt onsonoonsonnnnsusnnsnnensns 0.0 DEGREES (varied)
C13. COLLECTOR AZIMUTH v v vntnnonsonnoeenonsonsennns 0.00 [NEGREES
Cl4. GROUND REFLECTANCE vt vuvnvrontnnooesenesesnesnns 0.29

.TORAGE UNIT FARAMETERS
S1. TANK CAFACITY/COLLECTOR AREA ...osvuvenersoneens  17.12 BRTUSDEG F-FT2

S2, STORAGE UNIT HEIGHT/DIAMETER RATIO vivvvevevinss 1.50
53' HEAT L‘OSS COEFFICIENT LI I R Y T R RN A DK DT I I DR DAY Y NN X I D Y R TN B I Y o.:-’ H’]‘IJ//}.iﬁ‘nF.-]‘:-['t-..ls

S4. ENVIRONMENT TEMPERATURE (-1000 FOR TENV=TAME) ..-1000.00 [REG F
SS. HOT WATER AUXILIARY TANK UA v rvrerranrsroossvos 10.00 EBTU/HR-DED F
Sé. HOT WATER AUX TANK ENVIRONMENT TEMFERATURE +.... 80.00 DEG F

OALl FARAMETERS
L3- HOT UATEF\' l}';E L I I O R I I I T T T R S I T SR Y ST ST B S B 1000-00 GII"'L,_(JN(;"I!;‘!*(US)

L4, HOT WATER SET TEMFERATURE + vt vvrnreneresassss 120,00 UEG F
Ls. UATER HAINS ].EHF‘ERATLJRE LI I Y I B A I A I T I D I I D 2 T O R R B B R ) ) 8000(‘-’ DE..G r:

UXILIARY PARAMETERS

A3. HOT WATER AUXILIARY FUEL (1=GAS,»2=ELEC,3=0IL) .. 2.
A4, AUXILIARY WATER HEATER EFFICIENCY v evenvooraas 1.90
?
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Table 2, Sample F Chart Qutput

KEEXKKX FCHART ANALYSIS (VERGTOM 6.0)  K¥ X&XEXKXXXKKKKKX
RUN FOR OFTIMUM TILT ANGLE WITH 700 SO.FT COLLECTOR

KINGSTON .JAHM LATITUDFE 18.0

Xxxx LOOP AND OFTIMIZATION FARAMETERS XXxx -
Cl:' COLLECTOR SLOF‘E I I N T R R T T T S S B Y S IO BN S N I N S A 25000 DEGREFS

THERMAL FERFORMANCE

HT TA HWLOALD QU QLOSS FDHUW

(MMETU) (DEG--F ) (MMETW) (HMBTLY (MRETY)
JA 37.45 75.° 10.464 L3038 1.10 0.86
FE 35.19 5.9 2,61 9.5 1.05 0.92
HA 40.71 75.9 10.64 11.13 1.16 ©.91
AF 34648 78.1 10.30 ?.85 1.03 0.88
HA 36.79 g80.1 10.464 10.09 0.%4 0.84
Ju 33.13 81,0 10.30 ?.00 0.88 2.81
Ju 36.25 80.1 10.64 .95 0.%24 0.82
AU 35.352 80.1 10.64 ?.70 0.?7 0.84
SE 36.50 80.1 10,30 10.36 0.98 0.88
oc 39.29 79.0 10.64 10.99 1.12 0.95
NO 34.16 79.0 10.30 %?.88 0,77 0.83
LE 36,51 77.0 10.64 10.26 1.08 0.87
YR 438.1°9 78.5 129.29 121.37 12.25 0.87

FURCHASED ENERGY SUMMARY

GAS ELECTRIC oIl TOTAL
USE (HMBTU) 0.00 16.29 .00 16.29
CasT ($) 0.00 102.63 0.00 102.63
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APPENDIX B! A NOTE ON FIPE INSULATION

In solar literature one 1inevitably finds the recomendation ar well
insulatind the solar eriring, However in Jamaicar mire insulation amust
be imported and is expensive.

On the basis of the following analysis we recommend Lhat salar systen
piring to ~raovide hot water for hospitals or residences in Jamaics
(and faor that watter in the entire caribbean) may not need to be
insuylated if the epires are eprotected from the wind, printed black and
are exrosed to sunlight. It will definitely not be necessarz to
insulate the riring at 3ll if 3 dalvanizec or 3luminum sheet met:zi
pire cover is rainted black 3nd installed over the rire to cut down
the wind 1induced convective loss, The basic reason far this
conclusion is that with the »elantiful sunshine and wara 3mbient
teaperatures there is actually 3 heat 23in into the fluid flowing in
black sunlit salar riring for low wind seeeds, If the local windcreed
is hidh then there will be a heat losss and tha*t can be nullifisd by 3
black sunlit rire cover or by mproviding an extra 40 sauare foot aof

collector for every 100 linear feet of uninsulated 7iring,

Analysis

Case i) Pirse is insulated with 1/2' w3ll thickness clgsed
cell foas tuee insulation, The insulation is raint-
ed white on the outside for sunlight »rotection of
the insulation.

. /

1 t/2°
1/72°

(insulation)
2 0,3 /
Btu in/ T © T

hr sa ft dedree F o

X o O
—~ i M

The heat fluix eer unit area of eirind is diven o0v!

win Ty = 1 )
Tl /O‘/Qk 2(1+284)"

The denominator of the right hand side is the effective R v3lue of
insulation in cylindrical deocmetry,

Substituting the values we obtain!

[£%]

R = 1,2 vee o

For 100 feet of PiPind the loss rate UA vslue will be!
8-1
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APPENDIX B: A NOTE ON FIPE INSULATION

In solar literature one inevitably finds the recomendation ar well
insulating the soclar eriring, However in Jamaicar rire insulation oust
be imported and is expensive.

On the basis of the followingd 3analysis we recaommend that solar systenm
Pipina toa ~rovide hot w3ter for hoseitals or residences in Jamaicas
(and faor that matter in the entire caribbean) may not rieed to oe
insulated {f the epires are protected from the windr p3inted hlack and
are exreased to sunlight. It will definitely not be necessare to
insulate the ~riring at 31l if 3 dalvanizes aor 3luminum sheet metsi
pire cover is rainted black 3nd installed over the rire to cut doun
the wind induced convective laoss, The basic resson for this
conclusion is that with the »rlentiful sunshine and wara ambient
teareratures there is actually a heat d43in into the fluid flowing in
black sunlit solar riring for low wind sepeeds., I? the local windcreed
is high then there will be 3 heat losss and that can be nullifisd by 3
black sunlit rPire cover or by mraoviding an extra 40 sauare foot of
collector faor every 100 linear feet of uninsulated »iring,

Analysis

Case i) Pire is insulated with 1/2° wall thickness closed
cell foaa tyere insulation, The insulstion is rpaint-
ed white on the outside for sunlight 2rotection of
the insulation.,

/

1 1/2°
1/72°

.{insuylatian)
2 0.3 /
Btu in/ T ¥ T

Ar sa ft dedree F s

!
t
¢

The heat fluyx per unit area of eirind is diven oy

B
/(TF T‘L) //9,./2k L(H-Z%) (1)

The denominator of the right hand side is the effective R value of
insulation in cyiindrical deometrwy,

Substituting the values we ahtain:
R =1,2 vee (2D

For 100 feet of ~ipind the loss rate UA value will be!
B-1

O~
Y



UA = 100 % T x 1.5/12 % 1/1.28 = 30.7 BRtu/hr zer dedree F

Case ii) Bare black rires which is sunlit,

o« = zbsoretarce = 0.9
h = heat transfer coefficient rer
unit surface area between 1‘

pire and anmbient

Incident solar radiation & -y &
s ge

He

Let wus assume the epirae is sunlit over nalf of its circumference while
the heat loss is over the entire circumfarence. Then
a, = 3bsorbed solar enerdy = HeA/2
a_ = heat convected from the #ire by wind = hAa (T, =T, )
sesuming pipe surface is at fluid temrerature
ay = net heat g3in (or lost) into the fluid

In steady state

a, * 0,0

+

or e?/ﬁ =od~i‘_/2 - h (T; -T._)

Assume that under averade orerating conditions

H¢ = 250 Btus/hr/sa. fi
ot = 009
T. = 80 degree F

Ne solve T, for o}/ =0
T, = To totHy/2h = Tat 112.3/h

The h value for rpires have been calculated fron ASHRAE 3nd Ecka2rt 1
Drake and are shown below for various windszeeds along with the Tg
value below which the fluid will setuslle dain heat from ‘the =ipe
rather than lose heat.

Table B1 Analysis of sunlit eize heat loss. Ty indicates
that pipe fluid below the value will dain nest.

Windsreed (meh) tu/sa Pt Peb' dedree F T4'(de3ree F)

still air 1.0 192,38

3.0 (typical of eprotected 544 100.3
area)

7,0 (typical exrosed) - 8.9 92,45

14 mph {(very windy) 13.9 88,2

It is thus seen that if the 7iring is protectad from the wind by

careful »ire runs or by s black Arotective cover there will not be an
appreciable heat loss for fluia temperatures around 100 degree T,



However for 3 120 dedree F fluid temrersture the losses st tvricsal
evrosed condition (7 meh wind) will be

Q/A = 0,9 3 250/2 ~ 8.9 (120-80) = -243.9
or for the 40 dedree F delts T» the heat loss coefficient is.
a’/A = 4,09 Btuh/Sa ft per dedree F

For 100 feet of L 1/2' eirpingd {(area = JI9.,2 sauare feet):

The lossas will be!
UA = 240 Btuh/dedree F
about eight times the value o? insulated riring,

Therefore it is essential to follow the recommended =sractice sisted
earlier to reduce this loss. Another 3lternatives which may be
feasible in some casesr will be to provide 3 sauare foat aof oextra
collector 3rea for every sauare foot of 2xrased wuninsulated »ien
area,

B-3



APPENDIX C

Simplified Selar Collector Test Procedures

&
"]
(r

A= Grosc arca of the collzctor
Hiv Tncolatiecn cn tne collector plane
© = Transmittance of cover plate
o4 = Absorptance of the absorber
;
P.= Collcctor inlet tempereture
Toz Collector abscrber plate temp
kC - massflowycnpacitance of fiuid through collector
F %::Collecto: heat removal factor
m = Collector instantaneous efficiency

Then to tne first order, under quasi steady state conditions
’ — . /" L.
/)’)’)CF (10—7‘_) - F;,ALH{;T“/ — U_Z(T‘:‘Ta)j (1)

This is usually rewritten as

47'2 ”ACPWE'7r) - F;?« - E;Qr(TC‘7§) ~--C1)

AHg e
The factors which need to be known for performance estimation

are:

Fi;?k% and Fi,q(

The ASHRAE 93-77 test procedure describes a test method

using a closed fluid test lcop to determine collector

efficiency. While accurate, this method is expensive. Althougﬁ
axpensive, it is recommended that Jamaica develop and main-
tain one or twc ASHRAE 93-77 test loops; however, some

much simpler tests are suggested below which cap be used by

LA

most government orgznizations and collector manufacturers Lt

quick determination of collector performance
The F_U, test:
r-l
Tast Setup: (see filgure 1)
2n open loop incdoor test setub: it needs a large v
3

insulated tank containing about 130°F water.



A small circulating pump keeps the water in the tank always
mixed with special mixing diffusers as shown. The
collector is piped as shown. To simulate the night sky, a
black clota is.placed one foot above the collector. The
f1ow rate is measured with a bucket and stop watch.

Test Procedure
Water in the tank is neated up and mixing pump is run.

The downstream globevalve is opened to cesired flow rate.

Temperatur2s ace monitored, until steady state is achieved

which should not take longer than 30 minutes. Since H_ = 0,
’ (™)

the outlet will be cooler than inlet and

e, (To=To) = FU (Ti-Ta) - @)

From ¢1.3 F_ Uy .an be determined since everything else is

known.

The Fr('c “),n:est :

Test Setup (see figure 2)
Place collector outdoors under noon tlme sun with water

in it and both ends cappved with room for water expansion ir

collector. Tilt collector so that noon time sun will be

perpendicular to it.

Test Procedure
Let collector cookin the sun. During noontime, say

i hour before to one hour after, monitor Tp,Ht and WS. V8 should

be below 10 mph for glazed collectors and should be
measured near the collector cover. Wait until collector's
panel temperature is stable, At that point the collector

ié at stagnation: eguilibrium , efficiency i% zero and

F R A% = F U, (Tp‘Ta>

men FOX = FU, (T,-Ta )/
and can be determined since FrUl has been determined from the

nigiht test.
Cc-2
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This test prorcedure will be also of great help in
determining collector reliability, because the tests can be

‘repeated after letting the collector stagnate for 30-

45 days and retesting to see if there is any thermal degradetion.

Moreover multiple collector arrays can be tested also.
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Blacl cloth to simulate sity e

Stop watch

Snut off valve éié
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i m — a Tank on sca e
C{,z/’”/ Collector to meagure _
. water ILOW R
nswlated ——
FAERhE
Flow regulating Va%if Pressure res./Valve
r O— O sy
Use lab qua_lty . 17F Thermometers T———
to measure T, ‘ G Use side
Use ;ong suems Qhﬁch protrude F::D " I™-_. ported or
into the collector, : | ring
| v s s
120 gallon : _d%f:3:er “2
‘insulated hot | L AserIe
water tank w/ | _ 1 ;& mixe
pump to keep »——é::z cans
tank mixed. o i
Figure 1 Indoor Test stand for
Fo U tests

Stagnate collector with water in them
and ends capped Wluh rocm for expansion _
At stag nation T q

O o)
Pyranometer
s 1)
e—£ WS + + o
D Construct a fence
T, \ arounc test area
L to keep winds

below 5 mph

s .+ ettt &

TrRsT utand vith addustable tilts
so that collector is normal to
noontime sun,

Figure 2 Outdoor test stand for the Fp T¥< tects



