
A 

DESIGN OF SOLAR 
HOT WATER 

SYSTEMS 
FOR JAMAICA 

dA
 
i­

• -­ \.\\ \_N\ 



DESIGN OF SOLAR
 

HOT WATER SYSTEMS
 

FOR 
JAMAICA
 

Prepared for
 

Ministry of Mining and Energy 

2, St. Lucia Avenue 

Kingston, 5, Jamaica 

USAID/GOJ ENERGY ASSISTANCE PROJECT
 

Prepared By
 

Charles J. Cromer, P.E. 

May 23, 1983
 

'/
 



i 

TABLE OF CONTENTS
 

Page
 

INTRODUCTION 


MODULE 1: 
THE SOLAR RESOURCE:..........................i-I
 

The Nature Of Solar Radiation. 
 1-2
Radiation On A Horizontal Surface. 1-2
Liu and Jordan method. 
 1-4
Klein, Duffie, and Beckman method. 1-4
Radiation On A Tilted Surface. 
 1-7

Determination of KT 
 1-10
Historical data. 
 i-11

References (Module 1). 

List of symbols. 

1-14
 
1-15
Conversion factors. 
 1-16
Insolation tables 


Paper, 1-1 (Estimation by Rainfall) 
1-17
 
-51 

MODULE 2: 
SITING THE COLLECTOR ARRAY ........................ 
2-1

The Solar Window. 

Bennett Sun Angle Chart. 

2-2
 
2-4
Collector Or-ientation. 

2-8
 

MODULE 3: 
COLLECTOR TYPES AND CONSTRUCTION: ................. 3-1
Types Of Collectors. 

3-2


Flatpiate collectors. 
 3-4
Flatplate collector Materials. 
 3-7
High temperature collectors. 
 3-11
Heat Flow. 

3-13 

Conduction. 

3-13
Convection. 

3-13
Radiation. 

3-15
General Principles (flat plate). 3-16
Heat Losses From Collector. 
 3-17


Solar Energy Absorption. 3-20

Selective Surfaces. 


3-23
 

MODULE 4: 
TESTING OF COLLECTORS: ............................ 
4-1
 

ASHRAE Standard 93-77. 
 4-2
Heat Recovery Factor. 

Collector Temperature Patterns. 

4-4
 

Collector Efficiency. 
4-5
 
4-6
Collector characteristics. 
 4-7
Collector Performance Ratings. 4-11
The Incident Angle Modifier. 4-13


The cosine effect. 
 4-15
K for various collectors 
 4-17
Collector Time Constant 

References (Module 4) 

4-18
 
4-19
Paper 4-1 (Performance of Collector Type) 
 4-20
 

-a­



TABLE OF CONTENTS (CONTINUED)
 

MODULE 5: SIZING THE SOLAR ARRAY: ........................... 5-1
 
The Hot Water Load 5-2
 
Sizing The Tank 5-4
 
Finding Solar Panel Requirement 5-4
 
Sizing To Solar Fraction 5-5
 
F-Chart 5-5
 
Simplified Sizing Procedure 5-8
 
References (Module 5) 5-16
 

MODULE 6: TYPES OF SOLAR HOT WATER SYSTEMS: ................. 6-1
 
Thermosiphon 6-2
 
Forced Circulation 6-2
 
Integral Or Breadbox 6-5
 
Photovoltaic Circulated 6-6
 
Pumped With Heat Exchanger 6-7
 
Pumped Drainback 6-8
 
Pumped Draindown 6-10
 

MODULE 7: PLUMBING MULTIPLE TANKS: .......................... 7-1
 
Preheat, Series, Parallel 7-2
 
Thermosiphon Tank Assembly 7-5 
Pumped Tank Assembly 7-6
 

MODULE 8: TYPES OF CONTROLS AND CONTROLLERS: ................ 8-1 
Control Types 8-2 
Photovoltaic Control Sizing 8-5 
Paper 5-1 (PV Match With Circulating Pump) 8-8 
PV And Pump 1-V Charts 8-13 

MODULE 9: PLUMBING MULTIPLE COLLECTOR ARRAYS: ............... 9-1
 
Piping Large Arrays 9-2
 
Piping Between Collectors 9-7 
Col lector-To-Storage Runs 9-7 
Hangers And Supports 9-10
 
Forces On The Collector Array 9-13
 
Special Array Considerations For Thermosiphon Systems 9-15 
References(Module 9) 9-17 

-b­



TABLE OF CONTENTS (CONT.)
 

MODULE 10: SIZING THE PIPE AND CIRCULATION PUMP: ........... 
 10-1
 
Pumps 10-2
 

Flow rate through the collector 10-3
 
Pipe 10-4
 
Air Vents 
 10-6
 
Heat Exchangers 10-6 
Pressure/Temperature Relief Valves 10-6 
Insulation On Piping 10-7 
Special Piping Considerations For Thermosiphon 10-7 
Pump And Pipe Tables 10-11 
Paper 10-1 ( Collector Flowrate ) 10-17 

MODULE 11: SOLAR INSTRUMENTATION: ......................... 11-1
 
Advantages and Problems of Laboratory Monitoring 11-2
 
Advangages and Problems of Field Monitoring 11-3
 
Levels of Instrumentation 11-4
 
Instrumentation Diagram 11-6
 
Btu Meters 
 11-7 
References (Module 11) 11-12 

APPENDIX A: SOLAR SYSTEM SIZING FOR JAMAICA - F-chart: ..... A-i
 

APPENDIX B: A NOTE ON PIPE INSULATION: ..................... B-1
 

APPENDIX C: SIMPLIFIED SOLAR COLLECTOR TEST PROCEDURE: ..... D-1
 

-C­



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 of solar array needed to meet
 
the load. 4) Determine the size of storage needed to meet 
the
 
load. 5) Diagram the collector array, t*.nk location and piping
 
runs. 
 6) Size & select the pump(s) (for pumped systems) 7) Finish
 
..tailed drawings.
 

This manual places emphasis on the technical aspects of design

and engineering of solar hot water systems for Jamaica. More basic
 
installation information 
on solar systems is provided by the manual:
 
Solar 'dater Heater installation and Ooeration, C.J. Cromer, 1983,

which isthe text developed for use with 
a vocational level solar
 
installers training course. 
 This text isavailable through the
 
Ministry of Mining and Energy. 

The design engineer should be Knowledgeable of the information
 
provided in the above mentioned text, 
as well as the information
 
provided in this manual. Some of the information is common to 
both manuals, however this manual deals Qrimarily with the cal­
culation of the parameters needed foi' the selection of proper
system components. The completion 
 of step 7, the assembly of
 
these components into detailed drawings, also requires knowledge
of proper installation practices and techniques covered in the"installation and Operation" manual.
 



fIODULE 1: 
THE SOLAR RESOURCE
 

OBJECTIVE
 

The objective of this module is for 
the trainee 
to be able to
determine 
the radiation on a tilted collector surface by using

the charts and figures presented in this module.
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THE NATURE OF SOLAR ADIATION
 

The energy from the sun is derived from thermonuclear reactions
 

in its. core. This energy makes its way to the sun's exterior layers
 

from which it is radiated into interplanetary space. The radiation
 

consists of particulate radiation and electromagnetic radiation. The
 

particulate radiation consists of electrons and protons and is cornonly
 

referred to as the "solar wind". The electromagnetic radiation is
 

what is commonly referred to as "solar radiation" and it is this radia­

tion that partially penetrates the earth's atmosphere and is utilized
 

-in a sol.ar heating or cooling system. This solar radi'ation 'aries
 

inversely with _"istance from the sun. Since the earth's distance from
 

the sun varies by only about three percent during the course of the
 

year, the amount of solar radiation reaching the upper limits of the
 

earth's atmosohere is essentially 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 Stu per square foot per hour, 4871 kJ :er souare
 

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

(Re f. 1) 

The amount of radiation on a surface perpendicular to the solar
 

the from the sun i s essentially
radiation at mean distance of the earth 

constant, but the amount of solar radiation that reaches the surface of 

tne earth iiI vary with respect to latitude and time of year. It is 

necessary trat this "solar weather" be knon in order to design a solar
 

sys tem.
 



RADIATION ON A HORIZONTAL SURFACE
 

Hottel and ',lhiller (Ref. 2,3) first developed a comprehensive
 

approach to a generalized, long-term description of solar weather.
 
Using their "utilizability" methnd, it is possible to separate
 

the treatment of solar radiation data from the physical and
 

geometrical characteristics of a particular collector. it is
 
not sufficient, for purposes of oredicting 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 taken into account. This is accomplished
 
by using hourly radiation data for a particular location over
 
a pEriod of several years to establish a set of radiation dis­

tribution and S 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 calculation. 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.
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LIU AiD 'CRDAN !IETHOD
 

The -- curves of Hottel and '4hillier are site-soecific; a sEt of dis­

tribution and 
p-curves must te generated for each location usinc 
solar
 

radiation over a 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 welI by just two si .e-s:ecific parameters. 
H - monthly average daily total radiation on a horizontal
 

surface
 

KT 
 o
 
where H is the extraterrestrial daily radiati)n
0 on a horizontal surface,
 

calculated from the equations of solar geometry for the 16th day of each month. 

The term, T, introduced by Liu and Jordan, 
can be considered as a
 

cloudiness index" which, together qith H, characterizes the solar 

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

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

fluctuating weather. 
 In most cases, KT is found to lie in the range
 

from about 0.3 up to 0.75.
 

KT is of importance in characterizing a collector's performance,
 
because it Provides 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 found for theHo 16th day of each month. 
A more often used definition of KT was developed by Klein, Duffie, 

and Beckman at the Universty of Wisconsin. 



KL N-, DUFF E, AN0 3E'7- ME T !C0 

The Liu and Jordan approach has been modified by Klein, Duffie, and 

Beckman. (Ref. 6) In this approach, KT is defined as the ratio between 

the monthly average daily total radiation on a horizontal surface and 

the mean daily extraterrestrial radiation, Ho , where H may be calculated 

from the equation: 

1_ Ili t 4360 n 

l - Isc +0.033cos, 36( n 
.2n 

[cos ¢cos 5 sin Ss + sin sin6]dt 

where at = 1 month, Isc is the solar constant, is the latitude, 6 is 

the solar declination, and ws 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
 

plane, as shown on the sketch, the anount of radiation on a horizontal
 

1-5
 



~r-e D-. 3, en 	 are-" ,j,', ,'r., ,v q res :ec,t .
 " ''he :) /e.3r. 7;-,
is ill 	ustratea on the ske:cnes beloto 
 ee
 

Energy 

Intercepted Tilted CollectorHorizontal Energy 	
at 

Collector Intercepte d Tilt Angle sHorizontl
" 
 '- Sur face
 

.'."r--

ar h
 

(a) 	R a dia't ion on a Horiz
ont a l
Collector 	 a iacl l2 or t
 
(b) 	Radiaton On 
a ColleczorTft
Co~ 	 l c tarPe 

rpendicular to the

Radi'ation
 

The declination 
varies with time of year according 
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mate 	equation.
 

-:23.45 sin 
360 28	34 +n 
36 S"-" 3 (Degrees) 

where 	n is the day of the year (n= I for January 1).
 

The Sunset hour angle is given by:
 

Co 
 =s-tank 
can 5.
 
The average daily insolation 
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A TID SURFAAOIATIN O 

are made worldwide on 5, 
the radiation on the 

Radiation measurements 1,,ihen -; is known, 'hen 
earth in the horizontal plane.

surface of the 
R/Ho" For estimating purposes, values for 

surmay Oe cacu'ath by: T 

so'ar radi­snowing mean 
may be taken from contour maps(see 

Figure I-2) it may beHowever,,H 
these are not fully 

developed. 

For now,
 

ation, but in many areas 


possible to get a good estimate 
of ,T from other 

measured data. 


at the effect of tilt.
 lets look 

it
 
of flat-plate 

collectors, 

performance


determine the 

In order to ' 

daily radiation 
on a tilted surface, 

TgI where [ 
is defined
 

is required that the average 

R 

This may be expresed 
by HT z 

to that 
on a tilted urfrace 

be known. daily radiation
averageas the ratio of the 

for
several Methods

There are 

for each month.surfdce on a horizontal 

give slightly different resul's but do not 
?, afl of whichcalculating 

fiat-'Iate 

strongly affect the calculations 
of long-term performance 

of 

col lectors. 
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&rhe 7e' r e: iu 'ordan, is :o e.:resz PDrc,- D and 


+cos s Cos s 
. RD y ( 2)+o( 2 ) 

wnere 	0/H is ooained from:
 

2 -3-,H" 1.3903-4.0273 KT + 5.541 ' - 3.108 K.., 

Al so,
 

cos (?-s) cos 5 sin ws' + 's'sin (b-s) sin S 

cos t cos 5 sinWs +W sin sins 

where
 

s [arccos (-tan tan 6), arccos (-tan ( -s) tan 6]
 

in the above equations,
 

s is the collector- tilt angle from the horizontal
 

o is ground reflectance
 

is average daily diffuse radiation for each month
 

R is 	ratio of the average daily beam radiation on the
 
tilted surface to that on a horizontal surface
 
for each month.
 

..	 a func:ion of ,-K. ;hie important relationship
,Iotice D/H is This was 


developed by Liu and Jordan(ref 4).
 

i IO,. .. .. , _ 

_0 

0. a .K 

2 _-_________ _ ' 

: 
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CAlCulated 
Blue Hit Otrsvvatry 

Niex.Nc , Franc# 19 
HM 1singf or s . , nIa,ic 

<K -w Ooser, oa1-',. . 

f 1947. 1956) 

3.193fl1 
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9d? 951, 

-

06 ............ _- ..............­

0 
2 0 0.1 0.2 0.3 014 0.5 0.6 0.7 .0. 0.9 '.3 

h~ _ Monrriiv 3vo'de dasi tcoral ac-at.on 
H 0 xtralerreitrial daiiy -nso-aooni 
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Also notice that if an average reflectance value is assumed, the other 
variables re latitude, tilt and declination. Thus for a fixed latitude,
 

and given tilt, the relationship between KT and R can be found for each
 
month of the year. This has oeen done for you in Figures 1-8 through Figure
 

i-10. 

Since hT = R KT Ho we can determine monthly average HT values for
 
given tilts if 'we know K.
 

Tilt for Direct Normal Radiation at Solar Noon: 

A flat plate collector panel can be tilted such that it presehts a
 
normal surface to the snlar 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 sN at noon is a function of 

the declination angle and the laticude.
 

SN where 

latitude and is negative below the equator and positive above the
 
equator. As shown earlier, can be found by the equation:
 

23.45 sin 360 284 + n 

where n is the Julian date (Jan ist = 1, December 31st = 365). 

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

The following ,.-le provides the declination angle and direct
 

normal tilt angle for 180N latitude for the mid day of each month (16th). 
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,,TABLE OF DE.,LINATIO'0 S
 

Date Day of Year Declination, 18ON
 
(Degrees) Direct Normal
 

Tilt
 
Jan. 16 16 -21.10 39.1
 
Feb. 16 47 -12.95 
 30.95
 
lar. 16 75 - 2.42 20.42
 

ADr. 16 106 9.78 
 8.22
 

May 16 136 19.03 -1.03
 
June 16 167 
 23.35 -5.35
 
July 16 197 
 21.35 -3.35
 

Aug. 16 228 13.45 4.55
 

SeDt.16 259 
 1.81 16.19
 
Oc:. 15 289 -9.97 27.97
 
Nov. 16 320 -19.38 37.33
 
Dec. 16 350 -23.37 41.37
 

Determination of 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 KT at 9d% with a standard error in KT
 

of .018. (See Paper 1-1)
 

The o-quation is;
 

KT 0.659 - 0.000886 R
 

where R = rainfall measured in cm.
 

It is also fo,-nd cha& the annual 'KT is quite constant throughout the
 
year, probably because the moderate rainy season, with slightly higher
 

cloud cover, occurs during the summer when Ho is higher. Such a rela­

tionship provides a means by which insolation values may be estimated
 

for countries ii the Caribbean.
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The Climatology branch of the Jamaican Meteorological Scciety
 

found a good correlation (.32-.75)between rainfall and mean hours
 

of sunshine (Ref 7). Though hours of sunshine are not suitable to
 

provide amounts of radiation because the recorders may vary in their
 

minimum threshold that is considered sunlight (70 to 280 w/m2 ); never­

theless the good correlation supports the use of rainfall as a measure
 

of KT for Jamaica. (See Figure 1-10)
 

Figure 1-11 provides a contour map of Jamaica providing average
 

daily horizontal radiation calculated 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 insolation
 

using the rainfall method.
 

Historical Data:
 

The best method for calculdting the sunlight available on a
 

tilted plane is to use actual historical data. These are limited for
 

Jamaica. The only historical data available to the author at the
 

time of writing is provided as Table 1-a ,nrough 1-7 (Ref 8). It has
 

been suggested that the data for Norman Manley Airport and Bodles are
 

consistantly high due to problems with the data collection equipment.
 

Jamaica is in the process of developing a good base of insolation
 

data-both diffuse and direct components. When this becomes available,
 

the solar engineer is advised to adjust his calculations accordingly.
 

Examole:
 

Find the daily average radiation in December on a solar panel
 

sloped 200 to the south, located in Montego ay (lat 180 N).
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Solution 1:
 

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

380 cal/cm2 perday. Thus,
 

380 cal/cm 2 perday = 1.5081 Btu/cm2 perday 

4,00 Bu/ft- perday=, 

From Table 1-3 Ho = 2342 KT = 1400 .60

2343
 

=From Fiqure 1-7 ,R 1.28 thus 

HT =H R 
--

1792 Btu/ft
22 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. 

'K- .6£9 - (91.44 x 8.86 x 10- 4 ) 

KT = .6. - .231 = .578 

From Ficure 1-7 R = 1,273 

HT = ' K- 1.273 x 2343 x .578 
= ft2 

HT = 1721 Btu/ t.day 

Solutiorn 3:
 

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

MoBay, as 

"02, T- 1302 

;302,: 'sc. 2343 

Irom Ficure 1-7, R = .'263 

- - 2 202 x 265 : 167 



Solution -1: 

Using the same historical data from Table 1-6, interoolating
 
between 180 and 250 to 200:
 

(7 (1647 - 1573) + 1573 159
 

1-13
 



REFERENCES
 

I. 	 Duffie, J.A. and Beckman, W.A. , Solar Enercqy Thermal Processes,
 
Jorn Wiley and Sons, New York, New York, 74.
 

2. 	Ho.*tel, H.C. and 'Whillier,A., Evaluation of Flat-Plate Co 
 "lector
 
Performance. Transactions of the Conference on 
tne "!se of Solar 
:neriy: The Scientific Basis, II, Part 1, Section , 74-104 ('953). 

3. 	W hilier, A., Solar Energy Collection and Tts iiza3tion for House
 
Heating. D. Sc.-Thesis in ' chanical Engineerin-,-- ._. , Cambridge, 
,assacnuse'.s '1353). 

4. 	 Liu, 3.Y.H. and Jordan, R.C., "A Rational Procedure for Precict ing
 
a L ng-Ter7. verce Performance of Flat-Plate Collectors", Solar
 
Ene,.v , i. No o.2, 1963.

5. 	 Liu, 3. Y.H. and Jordan, R.C.,­

5 .L 	B. .a . . e interrelationsnip and Characteris­
tic Distribution of Direct, Diffuse and Total 
Solar Radiation."
 
Solar Energy, Vol. 4, o. 3, pp. 1-19, 1960. 

6. 	 Klein, S.A., 
Beckman, W.A., and Dufflie, J.A., "A Design Procedure
 
for Solar Heating Systems". Presented at the International Solar
 
Energy Society MIeeting, Los Angeles, California, July/August 1975.
 

7. 	The Climate of Jamaica, The Climatology Brench of thhe Jamaican
 
Meteorological Service, First E-ition, 1973. 

3. 	 George, K.; Kreider, J , and Nuney, A.; Desin, Cons ­1 
 n -ei
o s ruction and 
Ins'alla:ion '>Ianual for Solar W4ater Heating Systems in Jamaica and 
the West ndies; '!arci 1977; Ministry of Mmicninc and Natural Resources 
Kinqstons, Jamaica. 

9. 	 ol-r Hea-ina of Residential Buildings, U.S. Deartment of Commerce,
EConCmic DeveloPment .dinistration, October, 1977. 

!-14
 



LIST OF SY,OOLS 

Average daily diffuse radiation For a month 

iMnhiy average daily total radiation on a horizontal surface, 
atu/(day)( F2 ) 

H Extraterrestrial daily radiation on a horizontal surface for 
0 	 the l6th dav of the month, Btu/(dayI)(ft) 

F,	0 Montnly averaged value of extraterrestrial radiation on a 
0 horizontal surface, Btu/(day)(ft 2 ) 

Radiation on a tilted surface averaged over a day,

' 2tul(day)( ft) 

KT 	 Fraction of solar energy which penetrates through the earth's
 

atrn sphere cn daily average
 

n 	 Number of days from January 1 

R 	 Fraction of average daily radiation on tilted surface compared 
with a horizontal surface 

R0 Ratio of the average daily beam radiation on a tilted surface 
to that on a horizontal surface 

S Collector tilt angle from horizontal, degrees 

T Temperature, F 

t Time variable
 

ws Sunset hour angle, degrees from solar noon
 

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

Latitude angle, degrees (north plus)
 

Reflectivity of material or ground surface
 



"--- I-- ,A T R 

Enercv (radiant enerav)
 

=
From To J Ws kcal Wh BTU 
-
,s!2 .x 0 ,-6 -6
 

27 .8 x!0 947.8 x!0
238.8x2.0
2. 


kcal 4.184x!0" -. 1.162 3.96S
 
s 

3 -331
 - 2. 3.410
3.600x10 59.8x!0
Wih 


BTU 2.054x03 2"2.Ox 3 292.9 x2.0 3 1
 

- v
Eneruv dens iraiaton 

Jm 2 
- T2 i=cal cm 2 Wh m BTU ­

-23
 
2 2 . 41184x10 3 21.63 3,6867
 

23. -9x10 1 277 .8 x10 88..2 x110 6 

Mh 2 3.93x!0 3 3.60x:10 3 - 316.82 x10 

B'; _t 271.25x0 3 11.35x2. 3 3.12 

Power density (irradiance)
 

Frc lvmi~i 2 ~ -1 -2
 
Z- !: BTUmin ft BTU h ft
 

m .n 697.3 3.688 221. 2
 

Nm 1.434 x10 3 1 5.285x10 3 3-7.21xl0
 

STU .in -- 27722 0 189.2 1 59.97
 

3 4.5208x.10 3.152 16.68 x10 " 2
 

Exam, e -I 

To cover-e. multinl.v by 3.152, e .. 100 ST h-,­r,v. .
-2
 

_
is ecua '-c 315.2 .
 

1-16 

http:4.5208x.10


Table 1-2 

RUN )RUN
 

LATITUDE? 17. 5 LAT[ITUDE 17. 5
 

MONTH? J ANU ARY MONTH? FEBRUARY
 

3AILY RATES: BTU/SQ FT, (,soQ M) DAILY RATE:: 3TU/:.9 ;T, ( J)Q
 

2374.51 26.?134 2378.15 2S9897 2601.83 :9.52ss ) 2612.37 29.6479 

38.07 27.0342 2336.27 27.0819 2622.?9 29.7624 2 34,7' 29.3904 

J il 75 27.1327 ) 2395,5 27.1 66 )2644.6 7 30 ,0137 .J 
240C.52 27.2436 2405.1 27,3036 26'6.6 30,2641 )277 25 30.71 
41,36 27,666 2417.17 27.4325 2669.12 30.51S9 2700.43 30.6C3 

242 724 27,5014 1 2429,5$ 27.5731 27 1.9? 3 0 7 5 27 ,42 ( 0, 82 
24 6.13 427.6477 1 2442.95 27.725 2734.79 31.05 274670 2 31.1714 
2450 ( 27.051 ) 2457.29 27.3879 2758.27 31.3039 2770.01 31.4367 
2464.32 (27.9732 2472.57 23.0612 2781.76 (31.5702 27,3.3 31.733 I 
2480,54 2.1517 2483.73 28.2446 92805.33131 377 2317,14 31. 7 7 
2497.13 2 4 2f05.74 23.4376 2828.5 32.1059 2340.77 32.2379 
2514.54 C 29.5376) 
2 32.7 ( 23 142 . .44 2,74 a.75 

2523.55 1 28.63 1 
, ( 8. 0242. 1128.S505z 

2852.57 32.3731 
876.13 (32.6413J 

2364,6 
2 37.37 

32,5077 
32,7745 

255167 (2.7 39 ) 261.39 (2 .0673 289958 32.9073 2?11.24 4Z.0Z97 

571 .23 29.131525,154 29.4)14 ) 
Z iI..4 2 .411 --

MCNTHLY AILY AVERAGE 2466.48 

25S1.33 (29.2956A 

(27. ?922 

ONTHLY OAILY AVERAGE 2753.72 ) >2513 
READY 
E 

READY 

>RUN 

3RUN LATITUDE? 17. 5 

LATITUDE? 17. 5 MONTH? APRIL 
O TH? MAZRCH DAILY RATES: 
 BTU/SQ FT, (MJ/SQ M)
 

DAILY RATES: 3TU/SQ FT. ( JISQ M) 
3229.12 i 36.6474 1 32Z6.56 3.7317
 

2922.35 33,1715 2934.41 33.3027) 3243.,1 (36.814) 3250,38 36.8943
 

2945.?1 33.43!2 12957.34 33.5629) 3257.77 136.?725) 3264.48 37.0486
 

2968.6? 33.6918 2979.97 33.8197) 3271 ( 37.1226 ) 3277.34 (37.146
 

2991.16 33.9467 !002.26 34.0727) 3293.5 (37.2645) 3289.48 37,3324
 

3013.26 34.1976 ) 3024.16 34.3213 C 3295.28 37.3982 3300.7 (7,4617
 

3034,5 434.4443 3045,63 34.565 ) 3306.33 (d7.5236 3311.59 (7.583
 
3056.19 (4.6848 3066.63 34.9033 3316.67 37,4 ) 3321.57 37,63.6
 
307 .75 C34.7203 13037.12 (35,0353 ) 3326. 37,7503 :30.6 37,302 ) 

3097,17 35,149S 107.07 35.2622 1 3335,24 37,35185 3337,46 37,8995 
3[16,33 c5,373 3126.44 35.4821 ) 3343.51 37,9455 C 33(7. 3 7 
4135.7 C 3145.21 35.695 ) 3 : 
3154-75 C 3! 792 3163-14 Z5.9008 ) 33508 (31109) 3361.33 C3,1478 

3172.16 :6.000? 3130.31 36.0991 ( 336)',42 a.1829 3367.7 :a.2w 
,189.Z 3197.61 3370.18 38.2482) 272.,4 C3.2734
C 36.1954 1 36.2898) 


3205.76 (36.3822 3213.12 36.4726)
 

C 6.561 .
MONTHLY DAILY AVERAGE 3031.76 7 REAY 

3221.31'" I" MONTHLY DAIL AVERAGE 312.64 ) 37.57,2 1 

4. 

READY
 

http:13037.12
http:12957.34


Table 1-2 (Cont.) 

:,RU N >RUN 

LATiTU2 17. 5 LATITUDE? 17. 5 
MONTHI M A Y MONTH? J U N E 

DAILY RATEE: 3TU/S FT, (MJIEQ .) DAILY RATE: BTU/SQ F.T,(J/S M)
 

3375.36 39.307 3377.74 (38.334 3403.35 33.6247 034.325C 38.6235 

7 :9733.25236. 34303.71I12, 38 ) 3402.^5 33.6202 

!1384.11" 33.063 41335.98 N3.4275 34402.77 I302. 433.6115 ( 33.61j5 
3337,73 C .34'4 '339,37 38.66 ) 3402,4 13,6132 342.1 33.6105 

933019 30,4.34 3392.31 33,494 351.4 7 3A1075.01.57 3(.6044 

2333,62 3325I 3 ) 3374,5 33.5231 3401,2E 38.6012 353400.933.517 

"^5.9513.5407 . .523 1 3400, 38.5943 3400.36 :3.E902 
3397.? (32.5629 3393,74 38.5724 340C.04 33.5871 3399.71 133,5834 

3379T.5! 3.31 
3400.3 ( 3.5957 

3400.19 
311,3 

32a.Cze2 
33.6018 

33.3 
33:S.7 

33,:7? 
I 33.5717 

3?99,04 
3398.36 

32.5758 
33,563 

3401.E 372.071 13402.2 3.,6116 ) 3398,01 !3E.561397.66 132.5601 

3402,54 3402.32 33.mI37 1 3397.3 (32,61 33%3,5 i33.61533.5521 

,403.04 1 .621 3403,. 2D,6232 I 336.59 ) 5473 3 . :3,54",s 

340,35
3. .3 45 

33.6240 
33,626 1 

43 .43 133.25 5 
34,33.46 (32.626 1 

33?5.36 
3395.11 

3. 3 
1 33,5312 )337413 

25.47 3,5354 
1 32.5283 

34.2 42 88.22 

73TLP ALi AYE A 3 ,42 3 747 ) MONTHL( :AILY AVERAVE:-; .lE:.532 ) 

y READY 

"RUN )RUN 
ATIIUDE? 17 . 5 LATITUDE? 17. 5 
GNTX? JULY MONTH? AUGUST 

DAILY RATES: 3TU/5 FT, (MJ/S m) DAILY RATES: BTU/SQ FT, (NJ/S .) 

3394.34 23.5224 ) 3393.94 (38.5179 3368.32 (38.2271 3366,56 (38.2071)
 

3383.54 38,5133) 3393.12 ( 8.5086 3364.7 138.186) 3362.74 ( 38.1639
 

382,6 .5 33?2.25 3360,7 3358.53
3,5037 ) (38.4987) (?38.1405 ( 38,1161
 

33 3S,79 3?1.32 ( 3,84SI 38.0904 3353.89 38,0634 )
33,4 35 3356.27 

:330.52 33.525 3370,31 1 38.4766 3351.41 (33.0352 3342.3 "30056
 

3339.77 33, 4705 32 (33.4641 3346.03 137.747 34,23 137,9423
T 


32,2.61 3387.99 1 3340. 15 37.87438,45741 38.4503 
7 5344"! :386.64 33.4351 3333.1 37.-366 I 30.54 37.7g84 

2,91 3327,03 1 37. 753 3233 37.7171
32.38 


3284.33 1 2.40,3 3323.47 33,379 331=.53 37.174 3315,64 1 37.6293 1
 

,2.:337 :51.57 33,777 3311.55 27,5229 33:07.3l 3,134: 

.57 1 23.36621 3379.49 33.3537 3302.2 7.4349 ) 3298.37 37.4333 
; 7,35,309:4 77.14 -32.,272 4" "'
 378.5 (33.740V 371 3837)393. 67 (37.23739) 3258.2 37.32L47 

3.26,S 33.3127 3374.51 38.2974 3283.73 372677 1 :278.59 ( 37.2088 1 
2..9 33.812 3.71,58 33.2642 3273.24 737,1481 1 3267.73 I 37.0355 

. 6,Y35.07 3.41 71 MOTHLf DAiLY AVE AE 3325.06 37.7:,1; 

.EADY 

1-1A 

http:33:07.3l


Table 1-2 (Cont.) 

>RUN )RUN 
LAT:TUDE? 17. 5 LATITUDE? 17. 5 
1.NTH7 SEPTEMBER !ONTH? OCTOBER 

DAILY RATES: 3TUISQ T,(MJ/SQ 1) DAILY RATES: 3TUIS3 FT, (MJIEQ -1) 

3256.2 ( 36.47 3250.19 (36.9864 1 3006.06 3. :15 Z95.57 ) 33.?963 
3244.01 
3231.41 

( 36.8163 ) 
36.6702 

237.66 
3224.45 

36.7442 
36.5943 

1284.99 

2963.53 
33.377 
L!.6332 

297.31 (33.7554 
2752.68 1 33.51 1 

36.515 ,210-57 36.4Z68 2941,74 33.3859 1 2930.74 73.26! 
3203.37 '6.3552 116.01 76.2716 2919.66 33. 135: 1 208,52 33.0089 
318.49 1 3.AE62 3190.9 36.099 ) 2897.32 2.-318 286.08 1 32.7542 
3172.94 36.0098 1 3164.93 35.91S8 2974.79 32.626 2363.46 32.1575 
3.56.75 5.326 3148.41 35.7314 2852.1 32.3625 940.11 32.2393 
3139,92 ('35.635 3131.27 35.5368 2829.31 32.1099 217,39 31.9903 
3122.46 ( 3J.436? 13113.51 35.3353 2906.47 31.9507 2795.05 31.7211 
3L,4.4l (35.232 3095.17 35.1271 2783.64 31.5916 2772,.24 31.4622 
'085.78 35.0206 
3066.6 (34.30291 

3076.26 
3056.92 

34.9125 
34,6919 

2760.96 
2738.2 

31.3331 
31,0759 

2749,52 131.2043 
2726.93 30.948 

3046.9 134.5793) 
3026.71 C34;3502 1 

3036.86 
3016.44 

34.4654 
34,2336 

2715.71 
2693.44 

30.8206 
.70-5679 

2704.54 (0,6939 
2682.41 30.4427 

2671.45 I0.3184 
MONTHLY DAILY AVERAGE 3146.75 (35.7126) MONTHLY DAILY AVERAGE 2940 (32.2312 1 
READY READY 

)RUN 
LATITUDE? 17. 5 

/RUN 
LATITUDE? 17. 5 

MONTH? NOVEMBER MONTH? DECEMBER 

DAILY RATES: 3TU/EQ FT, (NJ/SQ f) DAILY RATES: 3TU/SQ FT, (CJ/SQM) 

2660.!8 30,195 2649.8 30.0726 2405.2 (27,2967 2399.98 27,2374 
2639.11 
2618.06 
2597.48 

(29.9513 
29.7125) 
29.4789 

2628.53 
2607.71 
2587.39 

29.8313) 
129.595 ) 
29.3643 

2395.02 27.1811 
2385.9 (27.0777) 
2377.87 26.9865 

2390.33 (27.1279 
2381.75 (27.0305 
2374.27 26.9456 

2577.43 29.2513 2567.62 29.1399 2370.94 1 26.9073 2367.9 26.8733 
1557.9 
2539.1 

1 29?0403 
(28.9163 

2548.45 
2529.93 

28,9224 
29.7122 

2365.14 
2360.48 

26.342 
126.7891 

2362,67 
238.59 

26.214 
26.7676 

2520.93 .29.61 I 2512.11 28.51 1 2356.98 26.7494 2355.66 26.7:44 
2503.48 129.Lz 2495.04 29.3162 2354.64 26.7229 2353.91 26.7146 
2486.S (9.2.27) 2478.76 28.1315 2J53.47 (26.7096 2:53.33 26. 70 
2470.33 29.042S 2463.31 27.9562 2353.18 26.7097 2353.3 26.714 
2455.92 (27.8727) 
2441.8 (27.7121 

2448.75 
2435.09 

27.7909 
27.6359 

2354,. 
2357.04 

26.1233 
26,7501 

2355.71 
2359.67 

2S,35 
26.7686 

21428.62 27.5625 2422.39 27.4918 2360.59 26.7903 2362.79 126.9154 
2416.41 (27.4239) 2410.68 27.3588 2365.29 (26.3437

2371.15" 26.9102 
23.08 16.3754 

MONTHLY DAILY AVERAGE 2523.34 (29.6374 MONTHLY DAILY 4VERAGE 2367.27 26.2662 
READY READY 

(? 



Table !-3 
Annual daily average 299-.92 Stu/ft 2 

LATITUDE? 1 8. o >RUN 
,GNTR? JANU ARY 
 LATITUDE- 18. 0
 

104iTH? FEBRUARY
 
DAILY RATES: :TU.SQ FT, (IjSQ )
 

DAILY RATE: 5TU/32 FT, C j,,2)
 
2350.51 26.67 
 17254.19 26,7178 

.2362.41.26.311 29, 4,5
3 6. 4 26.S6( 2371.74 2 .?17 1 .26c349
2613.34 9 q2602.42

2376.92 26.9746 2:32.1S 217.0354 
 29,7542 
 2635,5 1624.2
29,?109337.3 27,099!1 
 2393.8 27.1659 
 26 6,31 :c, 3:7 
 2658,:9 30,1677
29,32 27,235 2406.22 27.3083 9
 30,2979 2621.2 

2 L 2 , 27.3 3R ) ; 0,o :70 4.5
 

26o81. 30.429 C

2 17 .7,*c 2 92.,4 s 11 

2419.73 27,4621 7451426.93 27.5433 2434.32 27,6271 
 2716-32 30.3276 
 2728.16 :0.;617
2441.94 27,7136 
 2449.79 27.8027 
 2,40.05 11.,969 
 2751,98 C 322
2 5,.37 27.8944 
 2466.17 127.?97 
 9 3136221 
 775.g6 31.5044

2474,6 C 23,0253 2433.42 28.1843 
 27^7,3 31.0409 
 2300,02 31,7775
4€235 12.257 101,49 129393 ,,H 2812.0a 1 319143 22 4. 13 32.05i11
 
2510.2 2c,4;51
2¢
2530.01 2520231 22.6031
72520.31 23,
(29.6031 12 343.22 (32,3245


.2960.24 460
32,4609
" : ? 2972.23 32.597
2.9- 2?84.1? 31,73727 : .
.

2560.12 
 129.3548
 

2570,47 
 29,1724 

MONTHLY OAILY AYER:I3E 2443,66 27,73:2 
 MOXTHLY DAILY VERA 
 '7 5 $? :!.,0474
 

= y 
 '~nvUn
REA-DY .
 

>RUN
 
LATITUDE? 19 .0 
 )RUN

MONTH? MARZH 


LATITUDE? 18. 0
 

MONTM? APRIL
 
DAILY RATES: 3LTU/3 FT, fJ/SQ M)
 

DAILY RATES: TU!Q FT, (MJ/S

2907.99 C 33,0023 
 2919.82 33.1371

2931.52 (33,2706 
 2943.28 33.4034 
 3223.46 36,5832 
 3231.21 36.6711
2954.91 (33,5354 2966.47 33.6665 3238.77 136,7569 3246.16 36.6407
 
2977,94 33.7967 
 2999.32 f 33.9259 
 3253.36 f 36,9224 
 3260.38 37.0021
3000.61 134.0539 
 3011.79 (34.1809 
 3267.21 (37,0797 
 3273.87 37.1552
3022.38 134.3067 
 3033,85 34.4312 
 3280.33 37.2226 
 3286.62 37.2999
3044.7 34.5544 
 3055.44 34,6762 
 3292.72 37.3692 C328.65
ZN33 .066. 
 09.95 1 37.4364754
3066.05 34.79664 
 3076.52 34.?155 
 33039 37 7 
5646
306.27 C 35.0329 
 3097,08 3,1498 
 331!.33 37.6257 
 3320.53 37.6242
3107.14 35,263 
C Z3117,05 35.3755 C..3.. 137,7113 
 3330.41 C7.7969
312,.2 
 35, 63 3136,43 35,5954 
 33.0 C37.349C 
 3339.59 37.9011
3145.39 -. ,7 C~5, 
 35 
 ....93 C 37,323 
 334S.1 C 37,9976
3164.31 C 35.91 
 C 3173.23 C 36,0136 
 315.1 C 32,0:5 
 ( 067j
3132-.8 C 36.1"35 
 3190.7 36.2114 C 
 3359.63
31 99,16 C36 .3073 C32 C 38,1295 C 3363.15 C 38.1685
)7.44 C 36.4013 
 366 .52 ( 322" 1
.73. 13 ... ) 3 9 71 I 3 .2332!5.... 36.493. 7 7 8 2 3


3372,31 C 32 721 C 3375.73 C 38.3112 
09THLY DAILY AYEFAt 3071.23 C 34.555 C 

READY 
MONTH'.Y DAILY AERAEE 3311.37 137,5309 C 
READY
 

!-20/
 

http:72520.31
http:q2602.42
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Table 1-3 (Cont.) 

>RUN 	 >RUN 
LATITUDE? 18 .0
LATITUDE? 18 . 0 


S0NTH? MAY 
 MONTH? JUNE
 

\AILY RATES: 3TU/SQ FT, CJiS. 	 DAILY RATES: 3TU/SQ FT, )MJ/Sg .1) 

!412.46 '48.7281 3412.47 32.723t1
3Z78.51 8.!42 1 3Z81.15 38.3727 ) 

333,65 ( 3.402 I33.02 138.428 ) 3412.44 1 38.7273 3412.33 (3.7272
 

3338.26 ( 38.453 330.:3 :3.4775 	 3412.29 !8.7262 3412.18 33.7249
 

292.37 33.5001 334.24 (38.5213) 	 3412.04 8.1,7233 3411.37 (33.7214)
 
3396 	 3411.69 3.7193 11.48 !8,717
339654-2 }( g 97.64 38. 5599 

38.5935 3411.26 (33.7144 411.02 '!a.7117
339,17 ( 3.5773 3400.6 

3401.93 38.6035 3403.16 138.6225 3410.76 38.7088 3410.49 33.7057
 
3404.29 133-354 340534 33472 ) 3410.21 35.7025 3409.91 38.6992
 

3406.29 833.65a 3407,16 38.68) 	 3409.61 38.6957 3409.29 36721
 

3408.96 340S.63 33.6346
3407.96 33.677 	 3408.67 38.6851 38.6834 


3 3316988 33.6807 3407.93 782.1767
Z409-11I 33.6923 3409.38 	 3408.29 

3410.39 33.7046) 3410.33 33.7096 3407.57 33.6726 3407.2 (33. 63
 

3411.21 33,7139 ) 3411.54 3a.7176 3406.321 38.664 3406.43 (38.653
 

3411.31 33.7207 3412,03 38,7232 3406.03 (38.6551 3405.62 133.6!505
 

!412.2 38.7251 3412.33 38.7266 3405.2 4'8.6457 1 3404.77 1 38.6408
 

3412.41 (:3.7275
 
MONTHLY DAILY AVERAGE 3401.33 (38,6074) MONTHLY DAILY AVERAGE 3409.53 (33.68
54 1
 

READY 
 READY
 

>RUN
,RUN 
LATITUDE? 18. 0LATITUDE? 18 o 

MONTH? JULY MONTH? AUGUST
 

DAILY RATES: BTU/Q FT, (MJ/Q M) 	 DAILY RATES: BTU/SQ FT, (NJ/SQ M)
 

3403.87 38.6306 3373.93 38.2908 	 3371.95 38.2683
3404,33 38.6353 1 
3403.4 38.6252) 3402.91 38.6197 3369.87 38.2447 3367.69 38.,22 ) 

3402.4 38.6139) 3401.37 138.608 3365.41 (38.1941 3363.01 38.1669 

3401.33 38.6017) 3400.76 38.5953 3360.51 38.1385 3357.89 38.1088 

3400.16 (38.5885) 3399,54 8,!815 13355,16 :3.0778 3352.31 (3,04 54 
3346.22 (37.3764
3378.89 38.5741 3398.21 32.5664 3349.33 38.0116 


37.014)
3397.5 (32.5583) 3376.75 38.5498 3342.9( 37.9397 3339.62 

3395.?6 38.5408) 3395,13 33,5314 3336.12 137.3617 3332.48 37.3204 

374.26 3.5215 ) 3373.34 138.5111 I3328.7 (37,7775 3324.77 37.1329
 

Z392.37 C 8.00 3391.35 38,4886 3320.7 ( 37.6867 3316.48 37.638
 

3370.23 (33.4764 1 3339.15 (38.4635) 3312.11 37.5392 3307.59 (37,5379
 

3337.75 (31.45) 3386.7 138.4357 3302.91 37.4847 3298.07 37,4299
 

3293.07 	 3287.92 1.3('6
3,35.37 38.4206 ) 3333.39 33.4048 37.3732 

3277.11 37.172
3382.51 383.831 C 3380.96 38.3706 3292.6 ) 37.2543 


3379.33 38.3521 3377.62 Z 37.1279
38.3327 3271.47 3265.5 	 37.062)
 

3375.82 38.3123) 3259.67 36.3941
 
( 3;.7568
MDNTHLY DAILf AVERAGE 3373.3?33,513 ) 	 MONTHLY DAILY AVERAE 3326.33 


READY
READY 




Taole 1- (Cont.) 

-RUN 


7:Tu:; 18. 0 

WOLT 
 SEPTEMBER 


211LY A7T3: 31U/SQ FT, (MJ/SQ m) 


325, t6.K43 3247.21 36.9526 
3240. 3,7 ) 3234.06 36.7034 
..... .... 220.24 36.5466 

2 )23.016.46)3 3205.75 36.3021 
29.2"1 96 1470-53 36.2099 1 
2.74 3,12! 3174741 36.0302 
... ..~ . 3,. 

215.76 33.7467 13141.1 
39825 35.3431 

5, 43 

... 1 5, 3123.36 35.471 
2143,.. 35.3437 3104.9 35.2386 

S"i '5.1319 1 3096.04 15.02:5 
-­76.: ( 34.9136 3066.3 34,3021 

.c5; 463r 3046.42 1.34.5746 
2326,27 34. 437 3025.?4 ,3415 

5,4 ........ 3004.93 (34.103) 

TL Y
.- '"3FA..3139..3 ( 35,6313 I 
FE. y 

)RUN 


LT. UIE? 18 0 

MOSTH? I10OVEMBER 


3AILY RATES: 3TUISu FT, (MJ/SQ M) 

2641.17 ( 29.747 1 2630.2 29.8502 
2619.33 ( 27.7268 2608.56 29.6047 

2597.92 129.42333 2587.39 1293431 

3576.99 ( 2296 2566.73
2463 ) 29. 


255L.6 2i.015 2546.63 28,901w 

,'527.15 29 680',.
-- 1, 2571 2661 

.66 23573 I 2508.34 28.467: 
2499.2 23.635 1 2490.35 2.1 

3231,42 23.1 2 2472,1 1 23.0651 

2-4.5 37 9732 C 27 17
.3 


2442.44 27.7374; 240.71 27.?97 

2433.21 27.6(46 2425.93 (275321) 

243.2 ,,.4 .4,2.08 27.3743 

2405 22 239.2 1 27.2286 )
2.3003 


.
2392.13 27.127 .2387.32 27.0937 

0.4 TH L0A1 AYF.AE S5!6 1 397 1 
RE DYREADY 

iR UN
 

LAMITU E? 18., )
 
00NH? OCTOBER
 

DAILY RATcS: 3tU/N FT. (,JIS;
 

33.9319 2983.42 33. 1?2994.26 
2972.61 .... 296,51 
2950.6 3.,3 4 :171.6 C 33.6 

.. 7 .
 
956 .7 34 2 2.34651
 
2275 32 7174 ..
'5124 3>2­

5 2. 1294. 1 .
 
2B36,5 I 32,191(5 2224.26 32.0594
 

2913.21 1 31.272 1 2301..5 13,7943 
2789.88 ( 21,6 24 2772.23 I 31.5301 
2766.53 1 31. 377 1 2754.95 31.266 
2743.341 (31.1343 2731.77 31,0029 

2720.24 ( 30.:72 2708.75 30.7417 )
 
267.31 1 30.6(19 2685,94 30,4328)
 
2674.63-1 .544 2663.39 30.216?
 
2652.24 ( 0.10 3 )
 

ONTHLY DAILY AVERL2E 2:24.27 1 32.0527
 

READY
 

)RUN
 

LATITUDE? 18. 0
 
MOHTH? DECEMBER
 

DAILY RATES: BTU/59 FT, (MJl3N ) 

23L1.76 27.0306 2376.47 26.9706 )
 
2371.44 26.9135 2366.68 26.3595)
 
232.9 1 26.8035 2357.98 26.7607 1
 
234.04 (26.7161 I 2350.39 26,67461
 

2347.01 1 26.6:63 12343.73 1 26.60!3 1
 
.
341.13 126 .5695 , . 2 2 . 4
2338.62 12.4
2 1 , 6.51SS 2334.47 2. 191
 

23:6.4 2 1 233.4712.4 
2332.84 26.4754 2331.5 ( 264.603 1 

2330.46 1 4435 1 2329.72 2L,44 1 
2329.27 2.9CS 2 2 26,4 "o333 
2329.27 i 26.435 3329.72 26. 401
 

2320.47 36.4425 2331,5 26. 404
 
2332.3 3. 4. . (
24.4943 
2336.43 1 26.5i62 2332. 66 26.5415 
2341.19 .5, ",2 2344 ( 26.6022 I 
23471 26.624"'
 

0N: Y :"C'%3432Lf 3.93 

22
i1- /V t1*" 

http:12343.73
http:1?2994.26


Table I--

HISTORICAL SOLAR RADIATION* AkND TEApERU DATA 

NORIAN' MANLEY AIRPORT, KINGS' N, JAMAICA 

Month Surface Tilt Ambient 
.00 100 180 250 Temperature (IF) 

12 	 22 
JA1. .8251 2081 2248 23652 	 74.6 

FEB. 2016 2204 2314 2380 77.4 

MAR. 1969 2045 2071 2068 73.2 

APR. 2161 2149 2105 2041 78.6 

MAY 2223 2139 2040 1932 80.9 

JUN 2238 2120 1997 1869 8].9 

JUL. 2164 2067 1959 1845 84.5 

AUG. 21.97 21-56 2088 2005 84.4 

SEP. 1921 1961 1960 1936 81.9 

OCT. 1851 1q81 2051 2086 80.9 

NOV. 1729 1937 2070 2159 79.1 

DEC. 1759 2032 2214 2344 78.6 

Ann.ual 2004.4 
• 	 averace 2 
uni.ts are Btu/(day) (ft 2 

1 Historical data (1974-75) 

2Calculated frcn historical data by methods in Solar Energy for Heating
 
and Cooling of Buildings, ASHRAE, 1977. Foreground reflection of 
20% assumed.
 

1-23 



Table 1-5 

AM TDQXRATJRt DATAHISTORICAL SOLAR RADIATICl* 

BODLES, ST. CATIERrNE, J2.MCA
 

Ambient
ycnth Surface Tilt 
00 100 190 250 Temperature (*F) 

JA N. 18951 	 21712 2352 2. 24792 73, 

FEB. 2068 2265 2381 2451 72.1 

MAR. 2201 2294 2328 2328 73.8 

kp. 2256 2245 2198 2131 75.7 

.AY 2220 2136" 2037 1929 76.8 

JU4. 2279 2158 2031 1899 78.1 

1862 79.1JUL. 2186 2087 1978 

AUG. 2039 2002 1940 1865 79.0 

1901 77.7SEP. 1888 1926 1925 

CCT. 1987 21.34 2215 2257 76.6 

NOV. 1748 	 1960 2095 2186 76.6
 

2014 2333
DEC. 1737 2206 	 75.5
 

Units * are Btu/day) (ft	 2 

1HistoLical datz. (3.974-75) 

2Calculated frcxi historical data by methods in Solar Energy for Heating 

and Coolin of Buildins, ASHRAE, 1977. Foreground reflection of 
20% assumed. 
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Table 1-6 

HISTORICAL SOLAR RADIATIC'N* ANM TEhPERATjRE DATA 
SMITHFIELD, HANOVER, JAMAICA 

Month Surface Tilt Ambient
 
00 100 180 250 Temperature (0F)
 

JAN. 1313' 14602 1553" 16162 74.43
 

FEB. 1397 1498 1555 1586 74.5 

NAR. 1478 1525 15331539 75.1
 

APR. 1633 1625 1593 1548 76.9
 

MAY 1600 1549 1486 1417 78.1
 

JUN. 1604 1533 1457 1376 7,9.5
 

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 79M5
 

NOV. 1257 1381 1457 1307 
 78.5
 

DEC. 1302 1466 1573 1647 77.0
 

Annua ,,Ayerae 1454
 
Units -are Btu/(day) (ft
 

1Historical data (1974-75)
 

2Calculated from historical data by methods in Solar Energy for Heating 
and cooling of Buildings, ASHRAE, 1977. Foreground reflection of
 
20% assumed.
 

3Data for Montego Bay
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Table 1-7 

CD))FOR 180 NORTH LATITUDETILT FACTORS' 

Surface Tilt (Dec) 
180 250 . f.on-.10. 

JAN.A-.17 1. 28 1.36 

FEB. 1.12 1.18 1.22 

,AR. 1.05 1.07 1.07 

APR. 0.99 0.97 0.93 

WAy 0.95 0.89 83 

JUN. 0.93 0.86 0.7 

JUL. 0.94 0.87 0.80 

AUG. 0.98 0.94 0.89 

SEP. 1.03 1.03 1.02 

OCT. 1.10 1.15 1.18 

NOV. 1.16 1.26 1.33 

DEC. 1.19 1.32 1.40 

a tilted surface
of beam radiation on
S tilt factor is the ratio 
(See Chapter 2.)

to that on a horizontal surface. 
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Figure !-I
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ISOLATION IN PUERTO RICO 

A.M. LOOsz and K. G. Sodefittom
 
Center 4o( Energy and En% ronment Aesejr~ r
 

University 	of Puerto Pico
 

Mayaquez Puerto ARcO
 

',-TACT 


The zeograpricai and :emora distribution of 

elso!a n :he island :o
r-. Car, -ean oP ?uerto has 

cee', s:u 2) :nrou;n :ne .nalys:s : preore measure-
nents at sIx stes. Sign:ft an- .I-erences among the 
s:tes nave Deen u. C. A rea::velv uniform :5sribu-

7 0 r: c2cra .rsona:3n 'ur:ng tne year is a 
Dmmcn feature no: f und a t -1rste a::udes. A 

:mecorre'ataon : -en annua . nsolatlon and .re-
. -ipitat:o-as etesmned. S gn fican: differences in 

-he cerre~a::cn retuees da:,' o:fuse and riobal 1n-
so a at S:ewerenc-ere These:on :ne st:ea found. 
z:rre a: ns also 'fer -m those repor:ed at most 
cont'nen-al .;::es. 

.he uan:er to: ner,. arc -n ±ro nmen: Resear:n 
, '.ersi:'n..) 0f certo has oeene Ri c 

measuring nsolat ion a: d:fferen: locaciors :n h s 
Caribbean islnd for several years, The marnltude as 

well as the 0ogap1. al temporal and statistcal
 
distributton of Insolatlon in Fuerto Rico snould 
be 

-.plca. of other Zaribbean .slands and other tropical 

51:es. 


ceomraohv of Puer:o R-co 


Puerto Rico is the smallest and most eastward 
member o; the Greater Antilles. I: has an area of 8800 
sc km located approximately from IS' to :8.3"; latitude 
and ;rom 56* to 67*. longitude (1ig. I). The island 
nas a roughl, rectangular shape with a range of small 
mcuncains -:ypizal peak elevation 1000 m) running east-
West along its center, 

Pyg zd ras, 

l.s' --	 0--


__________Data 

0 

f j--

C abo 	 I 

1 .'. 

Fig. I Location 	of measurement Sites 


The mete-.rco'g. of Puerto pito 4s r_-her complex
 
when comparec *":n areas -.
' tner f :7.ar s :e. This 
is Dartic *arly :rue wi-n reg2ar C : rec:1atCn, 

e:: . .::e-'st:nczores t De :Cunc -::. 
:s area a nz-ng rcm a trin:ical rain forest 
(annual ran 'C :.) to se...-desert anua rain­
fall 30 =-), a reason s or the-e nr ze=gr'ohica: 
Variation; o n re ptat on are ,ine :onst.ancy o :e 
trade wincs ;rom -he east and nortneast and :he pres­
ence or :he TDuntain 7anges. The trade 4.nds rng 
';arm, nlotsturt laden 4:r fron :.e ocean, The ourtains 
force the mixture of th:s air :older, a:rzich d.:or a: 
:he h:h-1r e eVa:Cons and 'he resu:a.t precipitaton 
occurs there. - he air "raching :he southwestern Par: 
of the Islanc has lost Its Prec:pi:ac:on in :he moun­
tains and :here 	is 1i:-le rainfall in :hs region. 

.
The large variations In ra.nfa!l are :"'pia cf
 
the Zar bbean isancs and shoulc be :a,.en into tonsid­
eratlnon 1 the eatSato n or insolaton t :art cuar 
sites in :his reiin, 

Data Accuisiton 	xehodolozv
 

The :nstrumenation used by CEER -. its mezsure­
ments has consisted of PS? preciscon pyranometers ,
 
electronic integrators, digital printers and shadow
 
bands manufactured by Eppley Laboratories. integrated

insolaticn values are All
printed hcur!y, measurements
 
are made on a horlzontal plane.
 

Pyranometer calibration is :hecked cverv two years
 
by bringing all the instruments to the same location
 
and testing them side by side on an outdoor stand.
 
Integrator calibration is checked yearly using a refer­
ence voltage source.
 

The locations of the measuremen rtations are
 
shown in Fig, 1. Global insolation is measured at all
 
stations 
and diffuse at three sites, The measuremen:
 
dates are presented in Table 1.
 

Electric power outages cause gaps In the data
 
acquisition orocess. The :ntegrators nust be reset
 
manually before data cquIsitcion :an resume. Longer 
gaps are caused by iitezrator malf,nct:ons -hich re­
quire repair serv~lc in the United Stares. 

Analvsis Xe.hodclogy 

The results presented here are based only on re­
corded values ci insolation. The gaps in tie record 
were not filled in. 7n calculating a erade daIly Inso­
lattion, the average hourly values for each month were
 
calculated fIrst. This makes use of all the hourly data
 
available including :hose days which had a partial
 
record. Average .rsoat:on values for each locatIon
 
were found D/ averaging the twelve monthiy values. 
Only days .::n complete recoztas were used ir. calculat­
.ng the standard deviations of the dall.vInsolatIon 
distributions. 
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....... ,¢-'."**** 	 r z.ear. , * '. ; : - , - ,
* 	 re 
oas- n -s 7 	 :on - , i. r .. e ' I V 2 e e 

:hree s des. .!1 e.3r1 e aeC - t ha: a ag'e: re-

Tao e . presents :he values of 3vera a . !s- scs- gba 3.a, a otere s cives so~a .a..' sta 
".'a3ges.
.at--r, tessured 3t each location. 	 The value easJreo e .2av% :an 'hat at
 

Cab Rojo, :ne stat.n -i, 
 g hes: ,.'y average. 

are 30 of ocher.
These stations ,Ltnn <n eacn One

'easurerenC and Average
.s'.e 2. 	 rai1n Dates 


:his stud , '.,o ' s 7.c r:anc :oconclusion )f 

consider the .-,a;"K-scale ge-g-pnv :, Ca tbea. islands 

'aln orea :o le:erl:ne :he o ... .ns'. 

insolat;on measurements at neary sites. 

Insolacton on a Hori:oncal Plane 


S aclon :omoonenc Dates (MJ/n-) 
-er.cora I strbuc4on 

Global 	 Jan 76-Dec 81 16.0 
Jun 77-Dec 61 "J.9 The temporal sscrcbucor, of globa insolation 

.ayagez Diffuse 
during the year .s preserted in Table 2. "he results 

. Global Jun 78-Dec 81 L6.6 for Rio Piedras, Ponce and Mayag-ez (:he c-,,tes for 

Jul 78-Dec 81 7 vhlch the greatest r ,aca: f exists) have oeen 
P e::as Diffuse 


gvaphed in Fi;. 2.
 

Mar '9.3 

An incerestjng feature o: all :he graphs 'is the 

.acc chat the global inso:ac ion on a horizoncal piane 

?:n:a Global 78-Dec 81 


Global Jul 78-Jun 79 1.1 
racher uniformnl distributed during -he year. One 

ano Diffuse Jul 18-Jun 79 7.9 	 is 

of the reasons for this is :he relative un-formniy of 

18.6 the distribucion of excraterrestrial horizontal inso-
Manatf Global Sep 79-Feb 51 

lacion at tropical laccude5. This efzecc is shown in 

Apr SO-Dec 81 19.9 Fig. 3 where the distribution at 18 lattude is
=abo Rojo Global 

compared with that at 0' latitude. Al:hough there is 

The cities of Ponce and Cabo Rojo on the south- only a 20% difference in the annual averages of the two 

the island have :he highest average distributions, tc'e extraterrestrial insolatIon on a 
-estern part of by _19%
giobal :-nsolacion. They are followed by Manacf and 	 horizontal surface at 18* lacitcJie varies only 

° 


a hai, are the 	 The of during the year whnle :hat at 0 latI:ude varies Dywhizh :n northern coast. city 

RIc ?iedras, although only ten kiloraeers from the -50%. 

hills and receives ap-
Another effect h:ch enhances the unifor-ity of

:oasc, s on 	 :he edge of the 

oroxina:ely 10% less global Insolation than the coastal 


areas. 
 the horizontal insolatIon In Puerto Rco is :he exils­

tence of a rainy season which coincides roughly wIch 

the periods of nighest excr3cer.escrial Insolation.
The cicy of MayagiJez is on the western coast of 

Puerto Rico extends generally from 
:he Island. The weacher in May.agiJez exhibits a par- The rainy season in 


pronounced

:tlcular daily pattern with few variations. MornIngs 	 April to September. Al:hough It Is not as 

as in other parts of the world, It does Influence the 
are Isuaiiy sunny, afternoons are cloudy and the nights 


Average and Standard Deviation of Daily Global Insolat:on on a Rorizcncal Plane (,.in
 
Table 2. 


Station
 

Cabo Rojo caca~ o Manacf
Month aRo P.edras Ponce 

J,1 14.2 - 3.0 14.3 + 3.1 16.5 + 2.3 16.5 2., 16.0 - 2.0 15.2 - 2.6 

19.1 22.2 + 2.5 16.5 _ 5.5 
3.6 + 3.7 13.9 + 2.3 + 2.2
FEB 15.5 + 16.2 

18.0 + 21.5 3.4 22.2 + 2.5 19.0 + 5.9 	 21.1 5.2 
MAR 17.1 + 3.8 4.4 _ 

- 3.4 22.J - 5.6 
APR 18.0 - 4.6 17.5 + 5.3 21.7 + 4.2 L9.4 + 3.2 20.3 

15.3 + 5.8 19.2 5.2 23%.1 1 L6.6: 6.S 	 19.1 - 5.3 
yAY 17.1- 4.9 	 1.2 

_ .8 23.6 _ 2.9 16.3- 6.1 23.5 - 6.4 
JUN [17.6 + 3.5 1S.4. _ 5.2 20.0 

_2.7 .5 	_ 3.0 20.8 - 3.0 
JUL 16.5 + 3,4 20.3 5.0 22.4 + 3.3 22.3 

0.5 " 3.3 	 21.0 - 6.1 1.9.0 
AUG 17.2 + 3.5 18.9 + 5.7 22.0 + 4.1 

4.6 6.417.9 1 17.7

16.4 + 4.0 20.4 " 3.7 21.7 + 2.4

SEP 16.3 + 3.4 

" 	 + 5.63.A 18.9 - 2.9 1..0 - 5.9 17.4 
OCT 15.2 + 3.9 16.0 - 4.5 183.3 ­

" 

16.1 2.5 16.3 - 6.0

14.6 3.J 56.4 + 3.0 17.7 11.8
NOV 14.7 1 2.3 


-14,2 - 2.8 14.3 1.9 13.6 3.5 
DEC 13.1 - 21.6 3.0- 3.5 14.3 3.3 
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Fig. 3 Daily extraterrestrial insolation on 
a Fig. 5 Average hourly insolation on a horizontal
 
horizontal plane vs. month of the year 
 plane vs. h9ur of the day
 

ilstrlbut~on of !nsolac1cn. This is best 
demonstrated Statistical Distribution
,y Fig. 4'which ts a plot of average daily KT (ricio0 of
 

j1abel insolacion on a horizontal plane to exzraterres-
 The standaro deviations of the statistical distri­
:rial insolacion on a horizontal plane) vs. 
months of bucions of daily global insolation have been calculated
 
the year. 
 (Table 2). Although for some stations the results 
are
 

based on one year's record, some general trends are
 
The yearly distribution of horizontal insolation apparent. The higher insolation stations 
 (Ponce and
 

nas important implications in the design of optimized Cabo Rojo) tend 
 to have lover standard deviations.
 
solar energy collectors. One striking 
example of this (The low deviation values at Xayag3ez are apparently
 
,sa solar pond for an "idustrial a~pplcarion 
where a due to :he consistent weather pattern experienced


orizoncal collector is to be matched to a year-round there. See discussion above.) A: all stations the
 
-niform load. The size of the storage layer :or such a d.viaccns during the summer oor.ths are larger than
pond located in Puerto Rice can be made much snaller during thc winter months.
 
rhan for a similar system at a higher latitude. Even 
or solar collectors *hlch can oe tated there are 
,;ten esthetic and crs: advantages :o a hor.zonal , CFREA-:ON 3E7.ZEN N.LAT:ONSCA. AND ?R 0IN 
mount.
 

Measurecents of Insolacion levels are scarce
The distribution of insolation during the day can 
in
 

many parts of the world, particularly in the underde­
lso be important. Fig, 5 compares this distribution veloped nations. Many countries in the Caribbean 
fall 
.z: :he ci s of Pnce and Mayag-ez. t is clear :hat n :his category, in addition, as has been sho n

the difference In daily Insolation .or :hese two sites 
 above, insolacion levels :an vary appreciably -I:n
 
'ccurs during the noon to a!:ernoon hcurs, but Mayag~iez the small areas of :tropical islands so :hat, 
 even if 
eems to be a very special case in this regard. All of measurements are available at some sizes, they May not 
he other locations studied had roughly s:=ecrlcal be applicable to :ther regions vi:hin the same country.

-our'yIls:rlbutIons.
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Many ways have been proposed to estimate insola- I 

tion levels at a given loain These are based on F 
:he statistical correlation of Insolacion to ocher L
 
=ore commonl. measured meteorological variables such
 
cloud cover, Precipitation is an Incercsting possibi- .3
 
icy in this regard since accurate =easu-emencs of chis oOATq

variable are quite c: .n-on worldvide. .2 ...... 1IU PO .CRIPN I
 

- CCLLRRES-PE E'f, !N0 5L
 
This section presents the results of a study ur ."
 

the :elacionship be:een average annual insolation and ___
 

average annual rainfall in Puerto Rico. (Rainfall Is I 5 5 7 3

the only form of precipitacion in Puerto Rico) The< 

data poincs shown In Fig. 6 correspond to the Insola- Fig. S Daily vs. daily Y. Daca set includes
 
..on oeasured at the CEER stations vs. the raihfall three ci:ies.
 
measured at nearby sites. Annual ainfal data has
 
teen provided by the U.S. National Weaher Ser-vice.
 
Rainfall measurements were available at sites within - Although many different predic:ve correlations
 
'. all of the sratlona except Cabo 'oJo. Rainfall have been suggested for calculating the diffuse coopo­
data for a statlcn at Ensenada, 25 km to the east oI nenc, most include K, as a correlation 'iartable. Many

Cabo Rojo, was used for :his point. (Ensenada is on take this co be the only varIable. The diffuse compo­
:he southern 
coast and has weather very similar :o Cabo tent is predicted from the measureoent or estimation of
 
Rojo.) :nsolatlon values are presented 
in the form of the global Insolacion and from the correlatIon of K_ 
annual K_ in order co facilitate future comparison with vs. ' oi; diffuse insolation on a(ratio horizontal
 
s-_es outside ?uerto Rico. A linear fit to the data plane co global insolation on a horizontal plane).

;oincs yielded a correlacon coefficient of 94: with a This correlation is known to be far from perfect.
 
standard error in K. of 0.018. The equation for the There is usually a large scatter in the data. However,
 
straight line 
is: it has been suggested that the !on& term performance of
 

solar collectors is sensitive only to the average

KT " 0.659 - 0,000886 R correlation between these varIables (2).
 

where R is average annual rainfall measured in cm. Fig. 8,presents the results of the measurements of
 

daily KT and K at Mayagilez, Rio Piedras and Cata6o.
 
Based on this linear fit and a rainfall map, an Only days for %lich there were data during all hours of
 

insolation map of Puerto Rico has been prepared 
 the day were Included in this analysis. A shadow band 
(Fig. 7). correction factor was applied o the K. values. This 

facso.r depends on the monch of the vezr and the values 
.CORRELATION BETE;EN DIFFUSE AND GLOBAL INSOLATION 
 used were based on the manufacturer's recoa-mendacions
 

(4). The range of correction factors is .12 to 1.23.
 
In order to be able co predict the performance of 

solar collectors accurately, it is necessary co Know The individual days have been segregated into 
the partition of the global insolation Into Its. diffuse classes according to their value of K_ (Each class 
and direct components. This is especially :rue of con- corresponds to a K. Interval of 0.05) The data points 
cantrasing collectors (2). However, diffuse and direct represent the average K for each class vs. the K_ 
Lnsclation measurements require addicional equipment midpoint. Since :he dlstributlon of Indivlduil dail' 
which must be adjusted almost daily. These types of i<,s around the average is not necessarily symecrlcal,
ieasurements are much rarer than global insolation oea-7 .,,eerror bars (one standard deviation) have 'been
 
surenents. in the underdeveloped nations they are calculated independently for the dai.y KDs which are
 
almost non-exiscenc, Thus, a method must be found to above the average and for chose that are below the
 
oredi:: accurately the amount of diffuse radiation from average in each class. Those 
classes which contain 
the values f .ocher more commonly neasured variables. less than 30 days of data have not been plot:ed. 
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ua! :"les are puot:} separately. 


The i-es F g. , are reia i nsnIps ccrocnly 

usec in collector oerfzr=ance : 0'"lanIcns. The sol d 

line is :he 7ela:::snip 0e:erm:nAd by Collares-?ere:ra 

and Rao! 	 f:: eas:remencs a: :ive sites in 7he cont:-


nenca. 'OIte: E:a:cs all asove 30' lac::ude (3). This 

relat:cnship Is ;01:e similar Z: :Zat found iV Ruth and 

Chant ir Canada . The caste: line is :he relation-

sn:p e:ermne t. liu an! lc7:n f:t:: measure:ents ac 

Blue H.: 	, Iassacnuse::s (M:. ,.e original Liu and 


Jordan relationsh:p has ben Oanged sl.ihtly :o 


reflect the change in :he acce:ed value of the solar 


constant s:nze :963.) 


The dlfferences be:ween :he Puerto Rico data and 

:he results of ocher researchers depicted in Fig. 5 are 

statistically si.ifcanc. The large standard 

deviations are duc to :he large scatter of the data 

from ind:vidual :.ys. The statistical error in :he 

determination of the avera e :1s, however, is much 

s=aller (by at leas: a fac:,r o 5) than the standard 

deviations. 


The Collares-?erelra and bl relationship over-


estimates the diffuse zo=ponent measured in Puerto Rico 

a better
'ordan relationship provides
while :he tlu and 


estimate. However, it also overestimates the diffuse
 

for K, values between 0.3 and 0.5. The standard error 

for Che 	 comparison of the Collares-?erelra and Rabl 


relationship :o the Puerto Rico results is 0.12 while 


for the Liu and Jordan relationship I: is 0.05. (In 


calculating these errors the :ontributton of each class 

has been weighted iy :he number of days in it.) 


In order to study the reasons for :he differences 

between tne Pi.er:o Rico results and the Collares-

Pereira and Rabl relationship, :he Puerto Rico data 

have been analyzed for si:e dependence (Fig. 9). Sig-


nifican: differences have been found among the three
 

sites. The points for ?.o ?iedras fall between chose 


at Xayagiez (low) anc :hose at Ca:a~o (high). Although
 
none of :he stations reaches the Collares-Pereira and 

Rabl curve, Ca:aio approacnes ic and the data there 

lies above :he Liu and Jordan curve. 

The discrepancy between the Zollares-?ereira and 


Rabl correlation and :he liu and Jordan correlation may 


not be real (3). The first is based on pyrhellometer 

measurements and :he seccnd on measurements :ade with a 

pyranometer and shadow band. Liu and Jordan did no: 


-
7F 

=, ''O­

5-" 
0 D 

0 0 X 

"	 7 

Fig. 10 	 Daily K. vs. da. K . o shadcw tand 

cor:e,.7n has nee 3 p..ec to :he data. 

apply a shadow band zorrec:i ner :easureoents,
-o 


Thus, the diffuse soA:i= at 2ne S is actualy 

larger 	:har reported. Vn order o make a realistic
 

ccaparIson to the liu an! lorcan results, Fig. 10 has 

been prepared wi:h data to which no shadow band 

correction fact:ors have been applied. The :onclusion 
can be made that :me results from Mayaguez and Pence 

are, in fact, srgn:fcanly dIanere'y ::c: :nose I: 

Blue Hill and ij:feren: fro :nose a: :he n.s. stI:s 
7


studied by Clla es-ereira ard Ran! anc the Oanadiin
 

sites studied by Ruth and Chant. The relat:cnsnip a,
 

:aao, however, is closer to the relaticnships tound
 

at the 	continental si:es.
 

The results at Catano suggest ha: the differ­

ence in the relationships for Xayagie: and Rfo Pledras
 

vs. chose In the United States and Canada are not due
 

completely to a 'lacitude effect" although some lati­

:ude effect can not be ruled out. This is also sup­

ported by Straub, 3aylon and Smith's analysis of :ne 

Typical Mecereologlcal Year weather file and nine 

months of data from Seattle, Washington (7). These 

authors found the Coliares-Perelra and Rabl relation­

ship to overpred•ct F by approximately 0.07 in 
Seattle.
 

A possible explanation for the differences in the
 
results obtained at the different si:es is a dependence
 

of the shadow band blocking factor on the cloudiness
 

conditions. Such an effect has been reported by
 

Spencer and Near (3). These authors also point out
 
some disadvantages in the use of Integrated pyrheli­

ometer measurements to determine :he diffuse coopo­

nent. More accurate measurements, perhaps requiring a
 

pyranomecer with a shadow disc, are necessary to
 
determine the magnitude of a latitude effec:, if any,
 

on the KT,.K correlation.
D 


CONCLUSIONS
 

It is important :o consider the small-scale geOg­

raphy of Caribbean islands in order to tecerIne the
 

applicability of Insolation measurements at nearby
 
sites. Average annual precipitation can be correla:ed
 

to average annual insclation In Puerto UIco fair>
 

veil. This provides a way of es::ma:ing insolatio= at
 

sites where precipitaticn data are availaoie, Mre
 
accurate measurements of diffuse rad:at.on ate needed
 
:o determlne the marni:ude :f a lati:ude effec: cn the
 
daily K_. , ccrrelation.
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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:
 

Ifwe 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 path of the sun could be painted (projected) onto a domE, as
 
could the outline of surrounding houses and trees. The morning and
 
afternoon limits of useful solar collectioi, as determined ty the
 
three hours before solar noon and the thre. hours after solar noon
 
define the "solar window". 

Almost all of the useful 
sun that reaches the collector must
 
come through this window except for diffused radiation. If any
 
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 280N. The solar window changes for different latitudes.
 

March 21" " " 

Sun'S PathtDecembere 21 

'Sn'ondoPhado 

December21 Horizothe collector / 

between 1 p~m. , . .',_ . .ct au
 

Figure 2-1 
Solar Window 
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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 thie 
position of the sun in tne
 

sky for that date. The dotted lines give the position for the time of day.
 

For example, on February 23rd, at 10:12 A.M., th,? sun is 520 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 (180N) is valuable. If an 

obstruction is near your collector location, you can determine thE. altitude
 

of its top and 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 tu 
start at 1200 and end at 2000, and
 

we estimate its height to be about 400 from the proposed site, then its
 

shadow pattern is represented by the shaded part of Figure 3-9. We thatsee 


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 Januay 21st; 9:00 to 9:30 on 
November 3rd
 

and -ebruary 8th; and 9:00 to 9:15 on October 19th and February 23rd. 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.
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THE BENNETT SUN ANGLE CHART IS SIMPLY A PROJECTION
 

OF THE SKY COME 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 

200 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, s'ince 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 installation 

1.8 	 I 
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Figure 2-7 

Effect Of Facing Collector in a Direction Other than De South 
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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: ,O£LLECTOR TYPES -ND CONSTRUCTION 

grouped accordingTYPES OF COLLECTORS: Solar collectors are often 

medium- or high-temp2rature.to their thermal operating ranges: low-

pools
Low-temperature collectcrs are used for heating swimming 

and similar tasks (below 1001F). Medium-temperature collectors are 

to 200F).
used for tasks like heating buildings and heating water (up 

are used to drive absorption air 
High-temperature collectors 


steam, and melt materials without the danger ofconditioners, produce 

contamination (200°F to 5,000°F). Figure 3-, 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 

a focusing­fluid temperatures required--for very high temperatures, 

type (concentrating) collector is employed, which focuses the sun's rays 

onto a target or a receiver (see Figure 3-1). Burning paper with a 

is an example of this concept. The concentratingmagnifying lens 

and thus must foilow theradiationcollector uses only the direct (beam) 

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 

in areas, sunshine is diffuse and cannot 
system; also, many 

However, this diffuse radiation can be
be Used by a concentrator. 

a daily basis, in
absorbed effectively by a flat-plate collector. On 

more heat than a concentrating
Jamaica, a flat-plate collector will collect 

type, so the overall efficiency of the flat-plate is higher. Because of 

lower efficiencies and higher cost, concentrators are used only when 

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



Must follow sun 

A. Fresnel 

Lens Concentrator 

Must follow sun 

S. Evacuated Tube 
Collector
 

Fixed in position
 

C. Fully.Aiming Parabolic Concentrator 

Must follow suni! I 
0. Parabolic Trough Concentrator 

FIGURE 3-1 

High-Temperature Collectors 
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Flat - Plate Collectors: The most basic flat - plate collector, 

used for low temperature heating, consists of a black metal or plastic 

deck with flow passages to remove the zbsorbed 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 0 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 domestic water heating, the final desired temperature is between 

deck cannot deliver this temperature,1201F and 160 0 F. Since the bare 

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 h.as been sitting in th e 

sun. The greenhouse effect works in the following manner: First, 

radiation enters through the transparent glazinig, 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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Single or
 

Absorbi-r jBacking Insulation 

FIGURE 3-3 
20%,ueu o soarpwee Collector a:ir:Anatomyconditioning appliation."Th 

of domes tc water heating (1200-1600F). By using more expensive 

materials and double glazing, the temperature can be pushed as high as 

2000F, 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.
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On a flat plate ccllpctnr, the inlet shoul-' be at the bottom and 

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

water 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 and maximizes its 

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 to question. Wood is 

attractive from the standpoint of ease of fabrication and appearance. 

Cast concrete collector housings have been used extensively in 

Australia. They *'re inexpensive, easy to cast on a mass production 

basis, durable, but very difficult to ship E.nd install because of their 

weight. 

Insulating materials should possess high thermal resistance, be 

tolerant of temperatures up to 3501F to 4001F, and be as water-resistant 

as possible. Fiberglass should not be used as insulation since 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 CO2 -blown urethane sheets 

about 1-inch thick are often used for insulating flat-plate collectors. 

Transparent covers may be made of glass (preferably 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 

oreakage unless tempered is used. However, glass is optically transparent to
 

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

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 performance and durability, 

glass is better than the plastics. 

Eithe." 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 conductivity of commonly 

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

solder: 

Thermal Conductivity in 

Material Btu/hr-ft 2 . F- ft 

ABSORBER PLATE 	 Copper 217 

Aluminum 117 

Steel 26 

COMPONENTS OF SOLDER 	 Tin 36 

Lead 	 20 

Antimony 	 10 

SHEAR YIELD
 
STRENGTHS OF SCLDER 50% Tin-50% Lead: 80 psi (at 250'F)
 

95% Tin-5% Antimony: 250 psi (at 350'F) 
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R BeContinuous-soldered 

Two plates spot-welded 

FIGURE 3-4 
Absorber Plate Configurations 
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Copper, aluminum or steel may be used for heat absorbers, but 

both aluminum and steel passages 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 coatings 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 applied as organic paints by spraying, 

brushing, rolling, or as metallic 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-TEMPERATUR.E 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 ar2 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 
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both), but they capture almost no diffuse energy. Compound parabolic 

concentrators and evacuattd 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. 
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Heat Flov.: 

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

manual fall in the solar-thermal category. "Solar­examined in this 

that the sun's energy is first converted to thermal, orthermal" implies 

heat, energy. What becomes of that heat depends on how well the 

like transfer of coilectedsystem is designed. We would to most the 

heat energy to water in a solar water heater, but some energy will 

fates that caninevitably be lost, and here we look into the various 

befall thermal energy. 

a lot like electricalHeat conduction isConduction: 


conduction; it requires a temperature difference and a path through 

heat and electrical conduction properties of some material. The 

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 elec­

as a measure of the difficilty oftrifying!). We define resistance 

ofthermal resistance, R, as a propertyconduction and speak of 

materials, of conductors and insulators, of thermal paths in series and 

and
in parallel. See Figure 3-5 for illustrations of thermal conduction 

equations for resistance of compound paths. 

can and does take placeWhile conductionConvection: 

the flow of heat in fluids usuallyathrough a fluid (a liquid or gas), 


occurs through convection. In this process Lhe fluijd moves [rom one
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FIGURE 3-5 

Thermal Conduction in Plain and Composite Solids. 
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point to another, picking up !ieat and carrying it along. The gas or 

liquid also moves from warmer surfaces to cooler, serving as r.he 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--the heat 

itself causes the air movement. 

Radiation Heat radiates outward from any hot body, just' as 

radio waves radiate from an antenna. The heat flow depends on the 

temperature 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 still 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. 
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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 -relationship:
 

Qu = A [HT T - U (Tp - Ta)] 3.1 

where
 

Qu is useful energy delivered by collector, Btu/hour
 

A is total collector area, ft2
 c 

HT 	 is the solar energy received on the 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
 

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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Tp is average temperature of the upper surface of the absorber 
plate, 0F 

T is atmospheric temperature, OF.a 

A diagrammatic representation of the terms in this relationship is shown
 

in Figure 3-6.
 

HEAT LOSSES FROM COLLECTOR
 

In orcer that the performance of the collector can be as high as 
economically practical, the design and operating factors which can maximize
 

the value of HT Tac on the right hand side of the heat balance equation
 

and can minimize the value of *UL are s.elected. 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 If
recovery. a bare
 

metal plate serves as the collector, and with typical values of 2 to
 

10 Btu/hr.ft2 .°F for the coefficient of heat transfer to the atmosphere 

(UL), the rates of heat loss will 
be largeso that an absorber plate
 

temperature of 25 to 
50 degrees above atmospheric temperature would be
 

the maximum achievable under typical full 
solar radiation of 300 Btu/hr ft2
 .
 

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 useful delivery. 

To reduce the rate of heat loss occurring by radiation and convection, 

one or inore 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 thereduce heat loss coefficient, 

UL. This reduction is due to the suppression of convection losses by the
 
relatively stagnant air layer between the absorber plate and the glass, 
and
 

by interccpting the long-wave, thermal 
radiation emitted by the hot metal
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surface because glass is oPaque to the lonq-wave radia ,ion. The heat
 

loss coefficient can be reduced 
to 1 to 2 Btu/hr.ft2 .°F by the use
 

of one glass cover. Similar benefits can be realized 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 relaively stagnant air barriers 
to convection loss are
 

then present, as well as 
two surfaces impeding radiation loss. Coefficients
 

in the range of 0.7 Btu/hr.ft2 .OF are typically then obtained.
 

Radiation losses can be reduced by other techniques, such as by
 

reducing the radiation-emitting characteristics of the heat-absorbing
 

surface. This measure 
is discussed in the section pertaining to the 

solar radiation absorbing characteristics 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 tin
 

oxide or indium oxide deposited on the glass will 
reduce radiation loss
 

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. 
 It is advisable to use a high-temperature
 

insulation adjacent 
to the back side of the absorber plate layered with 
a
 

lower temperature insulation to 
provide the required resistance to heat
 

flow. The total 
R value of the insulation should be 
at least 10 for mkdium­

temperature flat-plate collectors.
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A transparent layer of thin plastic film can also suppress
 

radiation loss if interposed between the absorber plate and the
 

glass covar. 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 resiszance to damage by high
 

collector plate temperatures so this technique has not been -comnercially
 

utilized, but some of the newer films, like Dupont teflon may show promise.
 

The foregoing discussion has been concerned with methods for
 

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

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 temperaturedecreases.
 

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 dependent
 

largely on the way the collector is operated, that is, by the temperature
 

of the fluid being circulated 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,
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as outlined in Module 1. This climatic variable can be measured or 

derived from tables of averages, and if not already converted, can be
 

calculated for the proper collector position. 

The transmissivity of the glass, -, is a function 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 reflect about 15 

percent. Impurities in the glass, principally iron, result in some radiation 

absorption; typical glasses 1/8 inch in thickness absorb one five percentto 


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 t~ian 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 absorption loss dependent on glass quality. Assuming
 

2-percent absorption, an average transmissivity, T, 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 reflectivity of glass surfaces have been 

developed. Metallic films formed by vapor deposition are commonly used 

as lens coatings in photographic equipment. These interference layers 

are too costly for use in solar collectors. Another process involves a 

delicate etching of the glass surface by acid treatment, producing essen­

tially a slightly porous silica surface. Solar reflectivities -islow as 

1 to 2 percent can be obtained under "arefully controlled condicions. 

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 solar 

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 i.nfrared 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 pennanence. These surfaces must 

be capable of prolonged exposure to temperatures of 300 to 400 0F in 

double-glazed collectors, without appreciable deterioration or outgassing. 

In a recently developed solar collector, sheet steel coaced with black 

porcelain enamel (applied to the steel as a sprayed-on frit and fused 

to the surface in a furnace) is achieving successful 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 rombinations of
 

surfaces, however, are capable of absorbing solar radiation effectively,
 

while at the same time radiating heat at a 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 poor heat radiators, and since the thin oxide
 

coating is transpat,:;;o to such radiation, the combination is a poor
 

heat radiator. As a result, the radiation loss from this type of surface
 

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 "blazk'chrome". Nickel oxide coatings
 

have also been used, but they are less 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 absorptivities near 0.95 and thermal emmissivities near 0.1.
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TESTING OF COLLECTORS
MODULE 4: 


OBJECTIVE 

The objective of this module is 

the formulationsto introduce 

behind the Ashrae 93-77 test of 

solar collectors and for the
 

trainee to understand collector
 

and theperformance equations 

development of collector perfor­

mance ratings. 
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DbT.E 4: TESTING OF COLLECTORS: 

ASHRAE Standard 93-77
 

Standards 
for determining the performance of, 
1.major components of
 
heating and air condi coning systems , 
 2. components for use in process
 
and service iater heating; and 3. swimming pool heati., 
 components have
 
beeo in existence 
for many years. Prior 
to 1977 
no such standards
 

existed 
For the principal new component of solar systems, 
the solar
 
collector. Its 
need was perceived, and since most HVAC 
standards for
 
testing or rating the 
thermal performance of equipment have been developed
 
by ASHRAE, that organization began 
in 1975 to develoc 
a new standard for
 
testing collectors. 
 The standard was developed 
From a draft document
 
then available 
From the National Bureau of Standards. The resuiting
 
standard is ASHRAE Standard 93-77, 
"ethods 
 of Testing o Determine the
 
Thermal 
Performance of Solar Collectors," (Ref. 2) which 
is also known
 
as American National 
Standards 
Institute (ANSI) 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 ocher countries
 

as well.
 

In the early 1940's H. C. Hottell, Austin Whillier, and B. B.
 
Woertz researched the performance of solar collectors. 
 They showed that
 
the plot of absorber temperature minus 
the ambient temperature in whicn
 
the collector is located, divided by 
the rate of incoming 
solar irradiation,
 

was 
a parameter which could be plotted against collect~r efficiency in
 
converting the incoming solar energy to 
heat within the 
fluid passing
 

through 
the collector.
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T UL ( .1)-

iCcan see r teeutio 

a to/e,that if the numerical values of all the terms are kno,.n, the rate of 

useful heat recovery, Qu, can be calculated. :n addition to the desfgn 

characteristics of the collector discussed above, the three c-eration condi­

tions, solar radiation, average absorber-plate temperature, and ambient 

temperature, must be known. Wh'ith the exception of plate temerature, these 

terms can readily be measured or obtained from tables or charts. Absorber­

plate temperature, however, is seldom known, ncr can it Ie easily deter­

mined. Et is affected by the other collector operating conditions and, 

most critically, by the temperature of the fluid being supplied to the 

collector to be heated. 

In an operating system comprised of collector, storage, and hot '.ater 

Ic.ad the temperature of the fluid in storage can be measured. When a
 

system is being designed for a building, storage temperature can be 

calculated or assumed until confirmed. This fluid is supplied to the collector 

and strongly controls the absorber-plate temperature in Equation (-.1). In 

a typical liquid collector, average plate tem .eratures usually are 10 to 

20 degrees above inlet liquid temperature, and in air collectors- the 

temoeratu.re difference is 30 to 50 degrees. As a convenience, therefore, 

Equation (4J.3 can be modified by substituting inlet fluid temperacure for the 
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average plate tempe'rature, if a correction factor is applied to th.. 

resulting useful heat determination. The resulting equation is 

Qu = FRAc [HT a - UL (Ti - Ta)] (4.2) 

where-


T. is the temperature of the fluid entering the collector
*1 

"heat recovery factor", having a
FR is a correction factor or 

heat recoveryvalue between 0 and 1.0, such that the useful 

calculated by -quatio.i (4.1) is equal to that calculated by 

Equation C,._i) 

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 temperature 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 

the collector, and the heat transfer coefficient were so high that the 

temperature difference between the absorber surface and the fluid would be
 

negligible.
 

4-4
 



on the cnara:tri s"cs M c mo Ia e so a r : S .s. t.• 

demand of. the Dui Iding, FR, hoRaver, is affec:.ed oni by ,.e coli ec.or 

characteriscs : nd The fl uiJ Flo'w rat - throu h .he col a:cor. As indicated 

above, the numen-.l vale of- F, YouId te 1 if .e enze-in. flu i e e ra­
ture and .- ea, - " pe:er .. re .e th. 532-. 

-Z,-7; T;**.: .\ E .;:S%.T::, 

The be .:r I-:e heat transrer coefficien be t en Te :e 2 a and 

the fluio, t" moe nea r th e luid t r-- a T -Eature w rc-


cer a ,e at an' one position in The colleCtor, hence The..-I hih be 

th e value 0f r .>ilarly, T'e greater the fluid circulation rate, Te 

smale! r 'em .... .i...t. r',ilI be the e re chan c .m ne t o .. t.e 

closer ill be :e n'et fIuid tIemera"rr to the a,-rvgerge plae.e 

. a 

neater being suop ied with liquid at 130 degrees. Liquid leaves t.he 

ol.c..r a a 15 the e is 

tepe raue >so' tycical tc:mperatujre pa ttern in a solar 

ut egrees, colector-pia teperature abut 

10 degrees abo,,e the I iquid tempera ture throughout co~ 1etor andt-rIe 

the average plete temperature is about 150 degrees. If typical values 

of the collector oar .eersare substituted in Equations .'4.I ad (42), 

it ,ill be fo md that using 130 F a3 inlet fluid teMperature in equation (4.2) 

instead of "-0 0F as the averace olate temoera-ture in Equation (.1) would 

necessitate use of a heat recovery factor, F, of about 0.9 to ota in .e 

correct value of1u i - the coefficient oF he at tansfer oe ween th 

collector plate and the l iquid is lower, or if a lower fluid circulation 

rate is used, the value of FR would be slightly less. 
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COLLECTOR EFFICIENCY
 

Equation (4.2) may be rewritten as an efficiency of solar 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 A 
. Equation 

(4.3) is the result. 

Qu FR Ta - FRUL (T - T ) collector 

HTAc R HT efficiency (4.3) 

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

FR, r, a, and UL are nearly constant regardless of solar and temperature 

conditions. Assuming athat they are constant, Equation (113) represents 

straight line on a graph of efficiency versus a.a The characteristics
 

HT
 

* note: T i - Ta / HT is scmetiims called &e "fluid Parameter". 
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i ax is) t-- r i al ueverti c a eff e..c. e:u al the calaer of F, a and 

a "sloce" of the line, that is, the vert.ical scale chance dividd o' :d,,
 

hori zonral scale ch~ance-, equal t ), So if exDerimental data on 

collect.o:- hea tdeivery at various ter7era tjres and solar ccnd in.,ns are 
T.- T 

on a gra h,'i th effic ency as he ver tical axis and a
plotted 

as the horizonXa ;(i,4 s t h s strai'-c mine throu rh the data coints 

is a completce represen :a on of h,e coil cto .r formance over its 

entire operatfng range. here the line intersec",s the vertical axis 

corresponds to the fluid inlet temperature ocing the same as the ambient 

temperature, and collector efficiency is at its maximum. Where the 

Sin intersects the a axis ,collection efficiency is zero. This
 

situation corresPords to such a low radiation level or such a high tempera­

ture of the fluid suoly to the collector that heat losses are equal to
 

solar absorption and no useful he't is delivered from thc collector.
 

Typical Collector Character 'stics
 

Figure 4.2 shows efficiencies of several types of collectors 

correlated in this way. These lines are the reslts oF actual measurements 

Collectors 4 and 7 are seen to have the highest efficiencies, but final 

selection also depends on costs, durability, appearance, and so on. 

Collector - a"pears to have the best performrance ot all those compared in 

Figure 4.2 if normally operated at conditions represented by the left­

hand side of the graph, Such conditions are low oPerating temperatures 

or high solar radia, ion. ear t.e righ t-hand side of the arach, hovwever, 

collector 7 is rore efficient than colliector 4, ,,here high inlet 

collector temperatures or low solar radia.on prevail . It is evident that 

some collectors are better than others in some temperature and radiation 

ranges, whereas a reversal can occur at differen. conditions. 
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the oaran eterr someer collect--ors .ill prvite ,.ore " r,, y... ,thanwill 

o,.ners, and that at high values of the parameter, some collec'ors will 

cllect energy w.hile others wil' collect none at a , . 

Vau es for t re - -3 can be cal -- -- ferfo'-a- c eiua,-on , ate or var-cus 

.-oes of col le-tors and ilotted as a per-:om.ance curve Such a grou- or 

graphs is shc.n as Figure 4-3. 

Dr. Block ond J. Huggins from the Florida Solar Energy Center ,ave 

made suc n n v: sis of ge e r ic co1 lector tpes usIng actual collector 

test data .(See Parer 4-1, attached) The data provided in their Table 

3 are useful t-o a designer in doing general a;'a!sis of the po-en-Jl 

Ce rton.a.,nce o generic cro1 ector t,.-pe. 
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For Discussion, !ets use a good flat plate perfoance cu-e: 

. 76. 0 - 1".0 x (Ti - Tad / ! 

k-now, ,If we t"z -a" of the fluid .ara7.eter: ­rature (7T, a.'.ien -="="- .. o .n (r7), --e = e 
•~ ~ ~ ~ -~~~~~..- . ! , ) .t~ P s o. a t. .,,ez anind),'-'m t" and ins It I ).
 

tne _in! . :)Ec&e colector. -rom colle cr eficien v
 
•e can :ind heat ,u:put.
 

For example, say our Danel temperature is 122 0 F, z.bieF: is 81 0 F
 
a-d insolation is 1-4 Stu per square foot 
for the hour of 2:30 to 3:70. 
We will get a panel efficienc" of: 

1220 810
 
n = 76.0 61.0 x 76.0 
- 13.22 = S7.7S% 

Our collector converts 37.78 of t&e i-C.. 0, "L:.i n-I
 

water. Since .,'e we 144 in, We
kno, have 3tu, coming we know ge
 
144 x .5779 
 or S3.20 Btu's added to our hot .ater during that particular 
hour. ,e s:ecify conditions for ever." hour of the solr. da', we 
can add up t-e hourly contributions to get the heat orovided the 
oanei for thnat day. T",is is how therm:al perfomance ratings are fo=d. 

The Florida Solar -erv Center ias develoced a "Standard Da':" for 
such rat igs. The sa.e "Standard '-" is .sed in r " all ;orida's 

collector.: T.is day contains ten hours and totals to 1600 3zu/ft­

as follows 

"FLORIDA STANDARD DAY"
 

7:31 - 8:30 16 Stu 75oF 12:31 - 1:30 272 B:u 34OF 
8:31 - 9:30 80 Btu 77F 1:31 - 2:30 208 Btu 82F

9:31 - 10:30 176 Btu 81OF 2:31 - 3:30 144 6tu 8OF 

10:31 - 11:30 240 Btu 840F 3:31 
- 4:30 112 Btu 790?
 
11:31 - 12:30 304 Btu 360F 4:31 5:30 3tu 77OF- 48 


" I/
 



You may want to veri:y that the above panel's equatiL 4,e t 

following ten hourly Btu outputs at a panel temperature of 122 0 F 

(domestic hot water): 0, 32.0, 107.52, 158.08, 203.00, 182.40,
 

132.48, 83.20, 57.60, 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 9 panel or 32 square feet, its standard day
 

ft2
output is 32 x 968.96 Btu/ft2 day = 31,000 Btu/day. 

The standard day for Florida is calculated on a 1600 3tu/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 

1433 to 1702 along most of the populated area of Jamaica. (Some values 

are much lower up into the mountains). Tnese are horiz6ntal values, 

however, values for tilted panels (200) only Linprove annua performance
 

by about 4'). Th1is wculd indicate that the 1600 Btu/sq fcot perday 

value may be a little low for Jamaica but is nevertheless a good 

starti-a point for engineering evaluation ,til cocd actC*al insolation 

daza is obtained. ndeed, calculaticns dcne by S. Candra or the 

Florida Solar Ener-. on several hospital. systems in JLne of 

19SZ using the F-Ghart sLTulation technique, showed a close relaion­
zhiD be-e n the F-ida rating and the F-Chart predicted panel 

performance in Jamaica. 
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-... .. , - es- is-e ,-n .-,i=z ns c '; 

n o -. - - " - - - .- -, 

pla o 0: 
i CO I "5rc r 3 ng e ... crr a.4 o." a
 
cofle tor sr .: c ollector
-'c n e e o'e s o cli e 

O~lCt~,~scald..... 
 icnc ~ .-nles or ic-n,--


S . .. . .. . - . z­ .'e'- oa , n c c .h o 


rreo s s4.mply "or -al For col 
 ctrs n r' o r .e oL.ncs 

there is usu i 'lonl One t'me durin. any tay we, snSe s e:c
 

normal to 
them. For those periods when :hE sun is no. 
in "he normal
 

2osi0ion, various thr 
s -ac:an are
which 
 2ecuiar to the colle,-.or
 

which change the amount of 
 2 r,-- .a.
c 
 e era..
 

cover or surface of 
"e co Cor m a, rr ect ncr -2as oUnts 3f7
 

solar energy a-way from the collector as the 
incident angle increases;
 

some cortions of the collector may shade :he absorber from the sun;
 

ener'. 7ay :e ref cc-: 
 away by t.he absorber pla2 itse; and s0min om
 

cases more 
 so ,ar en.r .-ay be reflected onto the absorber as 
the incident 

angle increase. 

The ef;,ect of thse factors is to cnange the y-axis intercept of
 

the o ,e curv,es
pe r -m. b'y inser-.- te ""-17;......in 

CTt - Ta)
 
n = K(FRT, - F RuL T 
 (4.4)HT
 

Knowing the 
value of K, additional performance lines can be drawn
 

on the basic plot 
 as is shown in Fig.4-4. These added lines
 

Show the effilency o" the collector for dirferent values of 
K inserted
 
as a multiplier for the first tern of 'he eformance equato T


?I r ma c equat on. h .
 

second terW,
which deals only with 
the overall t'er al loss 
through
 

conduction and radiatIon, is not changed by inse
er.ion of t incidn t
 

angle modifier. 
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71-e Co i e - . -.- ' . 

S i l. -- - -: e r z . a5: t:-..rnee. _ . e , es .,:e 
rescect to the plane of the collector and its CLI r .... 
.os f!at plate collectors respond -y'-ecr l .. a'ev-r -e 

direction of i'ange in tin4 ... l-ce--c. All Ccolletors, emce 
those in trAcing 7c e:,perience E-' va-L 'ts, 
a..les in IZP.e or o0 laes. AS the incident anl-- ncreaes, 
amoi.- cf the rakittion intercepted, a-.d ... 4en. inc-n , 
Creases :n r -n"i- , - cosine of the in int-. .. .. " r .v as 
a result o t- g czearic e- I Ill-L' -o th i'n-Z - ': -. M . 

h.en oane.l are esze, at- other than nora! :4il, the c-ie 
tilt efecs, of 2, 'and cosine effect are ieasured ad pr eov the incident angle -cdi-e qain 

r.b...asr. tl.. factr e u to 

00 

canecf -eaTraiatioffon normal. 

Notice th-!at &.e mai u- angle a- :.,hich a collector car, reei\ve an 
energ:" is defined as: 

bo 
= Cos! b 

-This is also shc:n a the :ero Lntercept on Figure 4-6. 
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modif-s for exa:-es o: seve2ra" es 0 

Most at p1a Z collec ors show :-e nea - a -r - s s 2r 

their inc:dent le mcdifiers indicated by "h curves in Fig. -e 

assC r- lss c,',ers" , ar,,, f,,,e. " ut n' .2t,2..s fa .ess 


eh t .er e, .e may in
absc er .r coV .esui- . dif-eren.iv 

sh a cur'e. -:e -yses K, -:lle~c-or5 me, , .... . .......
 

of curves. 

Reference to Fig.4. sho,.,s that flp.t .ate coelectors .qi-n.ne or 

twao cover glasses should receive most of this di fjse insl ton, 

idd s c tors are usual1y ccns e .oe'-ece-ve natee­

insola,.ion exists. Flat plate concenrrating collectors ii,1-. su"fer ve.y
 

little loss in cerfor-mance drm
di ffuse ccmponen.s in tre oriZonta­

direction, since teey 'a h same ger rma-ce c!ure 7. 3s ce 

2-.glass cover- collectors. Hcwever, they may )e e;'e.-cted 'o lose the 

vertical portion of hemisoheric diffuse insolation, since ":,e incident 

angle modifier sho',n by the Concerntrat ing Fla, Plte (vertical) line is 

zero at angles of inciience above ISO. Concentrating .racking collectors 

will lose essentilly all the diffuse insoa'ion, since anirnle of
g 

acceptance is but a few .1egrees wide in the plane of their focus, An 

evacuated tube collector with the incident angle modifiler curve shown in 

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

but would have a mult.iplier of ,0 .-uneree ooti.2 .Jn.--difftSe 

C0: rndIoC.,cSa:se o_ '4- o K on t-e--a. per .::cc,e~fect ard 

:e s the hi:"dC" to direct raitos D / K fouLd in J.amaica,o'f= 

the auth.or suggests careful analysis be made before, Concenitra., 

... collectors are utilized in design of thermal sysstems,. 
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Block and Huggins (paper 4-11 also provide a measure of b
 
generic collectors. These range from .1"-_ to ,14 ard represent 
 a
 
e,,,.( = 84.30 to 82.90 respectively.- not much difference.
 

Notice from Figure 4-6 that for flat plate collectors, K remains
 

close to one until about 400 tilt. Since the available insolation 
at angles above 40°for a south facing collector tilted at latitude 
+150 is small, the effect of incident angle modifiers for typical flat
 

plate collectors on total daily per-foance cani be inored_ hen
 

comparisons are made. For this reason, and to keep 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 temperature to 
attain 63.. percent of its steady state value following a step change 
in the input. Most collectors will have relatively short tLme constants, 
such as one to three minutes, but in those collectors where the mass 
of the fluid is large cc nared to the area of the absorber surface 
such as a bread box heater tZL.e ccnstants as long as 30 to 40 

minutes :nay be experienced. 

The tLme constant is used as the insm tLme period over which 
temperat_,re and irradiance dat.a are ta<en to obtain the computed effi­

ciency values for the thennal perfonnance test. 

The tine constant can be useful information in defining a control 

system for a collector array which can avoid instability. 

4-18
 



References:
 

1. 	 ASHRAE, 1978 AnoIications Handbook, Chapter 58 

ASHRAE Standard 93-77, "Me thod or Testing to Oetermine t.he Thermal . 

Performance of 	Soiar Collectors", 1332 

3. 	 AS'-RAE, 1977 Handbook of Fundamentals, pp. 26.2 - 25.9
 

4. 	 ASHRAE, GRP-170, "Application of Solar Energy for Heating and
 

Cooling 	of Buildings"
 

and Jordan, R. C., "The [nterrelationship and
5. 	 Liu, B. Y. H., 

and Total SolarCharac:eristic Distribution of Oirect, Oiffuse, 

Radiation", Soiar Energy, 1Vol.4, No. 5, pp I - 19, Juiy 1960 

Solar Heating6. 	 NTIS, AL0/45356-2, Superior Heat Transfer Fluids for 

and Cooling Applications 

4-19
 



PAPER 4-1. 

THERMAL PERFORMiANCE OF FLAT PLATE SOLAR COLLECTORS 

BY GENERIC CLASSIFICATION* 

David L. Block James C. Huggins
 

FSEC-PF-22-82
 

*This paper was prepared 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 Center.
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::.a.?.::7anCe oL :at Zte 3 : . Lectors 
B...eere:e CIzas zatzn 

2y
 

James C. Mu gins
 
David L. 3loc1.
 

322i S:ate Roa ,3
 

Cape Ca nera, '
 

This 	paper p-!sents :Lrrns per t :an tht n.! te In:de: r 3.a.t ; s :'aie.-, 	 :adn.aie. 

crglazed. "at-Pli-e s& z ol It.:tors cacteo."Zt" ayv rt n h nitgtrtp ur r e 
9enei C lasst fa :or. ,e e-,at ions are iertvetj st3n. The -easure -tavrate .u I :n! I 

af ,.anaLysesr-'::e test Jata ,olectedspecific hei: and :.e deasured te.pcratu:enta ,xper 	 rtu e s'rcs 

tne past s :ears on tests of 2:' solar collecrors 

?ceormed 3c:r'ng :o AS..:.- 'j3- 7 pr:e:res a d 
1ea.inLo cer: ao ; 	 b' the ForL.a Solar E e: 'f t 

Center ( SE2). Presente ere are the s'ra c lie 

efficiency cur'.e's (tnercept ard slope vat1es) far 

etgr. sol]a cD!o1:t generi: CCass1 IcaLons bZseI on 

the ul=10er o f Cvers, teC 0c- 1'aeaC , andpLate 
the aDSorber plIte Coat n? used in *heir construettan, 
The ¢o o0r... .. ::e. 	 .. .r'.'es.r eLoped from a 

cornputer search to es:a Lzsh a ist s y geric y e 


an. then f.r:m statst::as eC'.''.at3:n of eachhosA-nr~C 

tostotg. Of the 27 	 teatsoeotars, 173 ':!s 

a t 	 SEC and !,O0 ere ts 

From tne geer,: i t e 
pcesented, a solar desoer 
ic tycpe of solar coIlIe:or 
ti!n and then c sre and 
th- seIe-,td s,'e5ti b.sed 
tdrinaL eff;CLency curVe. 

designer to a-e ec SLons 


3 3a e: labo1 tr es. 

a oefonanc e-
s able ta seLo:t a gene:-
far a : u.1 aarfL appI:ca­

eivtja:s :he perforance of 
on r de'.eLoped generic 

ThLs 	procedure alloys the 
on systen er raac and 

econoMLCs earl" In the des gn process and before 


select Ln a specific co1'1:jr manufacturer
 

,.NT.OUC,!ONabsorptance 

The solar coAecCor is the zrcoal and
com.nrent 


..t . L desi Zn' varia Le " a so a.r s yste n -- i scrtcal eI n oa ytm- ti 
the -ear:. of :he s1srem. In designing solar systems, 
osL designers first. se e:- a particular solar coV­

lecIor manufac.urer and then structure "he design 
around the selected manufacturer's collector. It 

would certainly be beneficial irC, insteAd, the de-

signer could base the r!ota s,.s:.em design upon the 

desired collector zharacert S LCS and hen, '.hen the 

design is complete, select the CoLeCtor manufac:urer 
on a competitive basis. 

The purpose of th is stud.' -as to pro.'ide doscrim-
inatory .es ign criteroa by deer meirng the elation--.

shLp Li teen :ule or hr al feolrmance and solar 

collector generic r assifcations. This relatIonsnip 

as oestahlnshel by a:alyzng ASHR.kE 93-77 solar col-

lector tcs. rcsu:kl for 270 colec.,rs in the solar 

collecto.r ccrtidication program at FSF.:. 

COI.1d2ICR Tf!'l.r.,L PeFyX.ACF 

The t .(.r1 pcr o: nanco af a soliar collector is 

eyia.td y lsatishn e C ollector's tnermal 
ef fic i cy ctur'.'t. tI: .!Ier-1.l ef icl ency curve .s 

obt lI eXJi~Lr 'unta I ,y!% itrtorm ing t ts ant a 
co lector .ta or-li tu Ltc List proce,..res lescrrited 

v ASIIP..\: SL, 1.larI ' - " h , ,ls of t I to 

Determine the ':iern-i; Porunnanrr of olar Catlectrs" 

(I). 
liit Lit 1 1.ruk,.l, rs . v 1o t or is t -st I.sL-,AS ' 

il iLt i ,I r,>.sr l '. VoL ,l,.,il:t.oI t l'h'Jnrnn.nt0s 

cello:tar is3hethe ins!an:a!eo~s ee:;C :. ecte: ': 

nt:yL!e 
ncidint :a.a:ton is the 

efficiency. Pefo rm ia cca 

vaer tempera:ures soppttes 

the collec"or. T.s U.i3du Cy 

The def.CLeic 7 curve is 

points by .a least squa s 

leisr
 

instaareo's :o'e::o: 
test a ovIeral
e .le 
dditinal daa o.r.s 

4er-e fr.n the aCa 
f of the dt .a ponts 

assumtn( CtthCC a first at* seCOr order 
curve. In :hts s.udy, he firsL ozre: 


cur've based on the ot - to:-- Liss 

cod is useC. effc e'-s rve 
!ollos: 

F (:a). - FRUL T(iar b) 

L 

'Vhere
 

efIctenc7
 
er::teno'
 

nal-yt cal
 

des is
es 

Collector nStantan -S na 
efficiency 

collector heat .al1ofa:ctr
FR 


(c) 	 effective transitta .ce­

product
 

hai~eotransr n ferf : L cseffi:;eto f~ ~UL b aeat losss 
(W/(mW/ C) or 

amb efficienc, 	flu.' i'artl-


I LnS of inLet fluid :pecature
 
minus ambient a,: t:emperature
 

divided by tncident radia:ton.
 

The coefficients F ( and FUL (Intercept and
 

slope of efficiency curve, r:spectively) are functions 

of the .ollector's gener, characteristics -- the 
materials, components and/or configuration used in the 

manufacture of the collector. Zich Co:e) o m¢anuac­

turer constructs each collector model '.ith a uni;ue 
combination of generic char3Cterstet:s. The AShA! 

93-77 tesLs thus produce, for each col ercor test­

combination of distinct coefficients FR l and
e 


(intercept and slope). 
The intercept and slope coeff Icents for ft 

plate collectors are, in leneral, a funct iin ow seven 

gener.c chara:'e rst;cs 6hcn are bet.'-..escrihde as 
fo lo.s
 

, umoer .of cover elates. The -a1ort ' of co eC­
cots certified in the FS' p rra hayc one Cover 

plate. Oouble glazen , %'o-cover piatrs are rorv 

commonly used in colder cli.ates 

2. 	 Cover olate material. The .ranspareln, C¢o 7 
plate maLerIals co ,ivtonIyuse ar!: 

0 sa.S,the most '.'idol' used i1azing a:. a: 't-rh 
Jr'i m:ls' , h': t I ' i' , Ii, tmnsr. tn n ri > .icr-[,;:;h hih transmittance ani lonA-tern JurabilaI y. 
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G4ss is fr1ile and he:ivy. Becaijse iron in 

g!ass reflects t,'e sun's CadIat.on, a Low iron 

content Lin g3 ss is desirable. The iron :ontent 
of glass was nor constdered in this study. 
Fiher reInforced. oast .c (FRP) the second most 
widely used ma ce rial . FRP 
is not as optically 
efficient. or as durable as 71ass but it is light-
weIg1hL and ess costly. 
7hin flLm -olas .ics wirn the trade na.es of 
Tedlar, ':yar,Teflon and Lexan. These have high 
transmittance qualities and are inexpensive. 
Hoever, thry do not retain heat very well and 
have a tenden:y to deteriorate under uLtra-vtolet 
exposure. 

3. 	 Absorber Plate Coating. Common coatings are: 

Selct'.ve su:f3ce coatings such black
as Chnrome, 
black nickeL and copper oxide whiscn have high 
absorptance and low emeiitance properties. Selec-
tive 	coatings are more expensive Can paint. 
 The 

infrared emissivity of these surfaces is below 


0.2. 

,oderatelv selective surface coatings, 
 special 

paints w1ich have moc.raely selective surface 
properties. The emiss. 'ity of these surfaces 


range from 0.2 to 0.7.
 
Flat black oaints, non-selective, high heat 

resistant paints that are inexpensive but which 

do not possess the emittance qualities of a 

selective surface. The emissivity of these 

surfaces range from 0.7 to 0.98. 


". Absorber material Tie. 
 Absorber -materials are 
copper, a luminum and stainless steel. These 
naterials may be used in combinations of tubes 
and fins, or integral tubes in plates.


5. 	 Absorber configuration. The absorber -nzy be 

configured with parallel pipes, series or serpen-

tine 	pipes, a parallel and series combinatton, or 


plate flOw. 

6. 	 =nclosure t;oe. The 	frame holdng the cotlector 


components may be 

leta1llIc 

7. 	 Insulation materials. 
used to keep heat fro)m 
sides of the collectoc 

combination of both. 


either metallc or non-

The insulation materials 
escaping from the back and 
are fiberglass, foam, or 3 

Presented in this p.,per are statistical mean and 

stndard deviation valuer of the coefficients F r 


.'
;,follwing

and F U, as a function of these collector charac'eris-

tics .i~hin generiC col'.ctor categories. 


FSSC 	 SOLAR COLLECTOR ?ROCR.'l 

The Florida Solar Energy Center (FSEC) has been 

setting 
standards for, testing, and certifying solar 

collectors since 
 1977 %.hen the Florida Legislature 

passed a statute (Florica Statutre 377.705) requiring 

these activities. In 1 80 the certification program 

became mandatory for jll collectors manufa:t ured 

and/or sold in the stte. 


The present certificaLion program uses .\SIIRAE 

93-77 aS the Lest m.etiod and 
foLlows the certifi:ation 
procedure developed by FSEC (2,3). This ccrtifi:aLiooi 
program i s also cquival vtL Lo the procediurcs :;c' by 
tne InterstaLte Solar Coordition Council (ISCC). The 
current s;i en'e of tests is is follows: 

I Rceeit g spsuCCtnn. 

. St(t 1prcsur t s t, 

3. 	 Thirty-day exposure te-L.ororLions.
 
4 .	 Th e r m .il sh u c k / '..iL r apr a yv e s ts. 
S. 	 Thterm., hc k/Cold friI I LSt . 

U. 	 Static re nLis tes. 

,. 	 Itnc1,ent anrge roodif1tr es1. (C.ASH R.AE 9]-77)
 
13. 	 Disassemoly and f.nal :nsection. 
The resulIs of" an FSEC certification are pub­

lished in severa l forms. A complete test report is 
issued by the testing laboratory for each test that is 
conducted. For eacn FSEC certification, a Summary 
Information Sheet Is puoLished cc give the consumer a 
brief description of the collectar, the thermal per­
formance equations, and a thermal performance rating.
 

From the inception of the certification program,
 
--SEC h!s certified 520 flat-plate collectors repre-

SentIng 1 manufacture rs. 0f tne 
520 collectors, 120
 
are no longer be.- manufactured thus, thert are 
400
 
current cer.IfiCt-.or,. 
 Of the 1-00 current certifica­
tions, 364 are for lazed collectors and 35 are for
 
unglazed collec:ors.
 

RESULTS
 

-this study addresses six years of test 
results on
glazed Collectors for which 
ASKiAO 93-77 test results 

are availab'le. Presented in Table 
I are the number of
collectors tested during each 
of the six years.
 

TABLE I. 3umber of Collectors Tested ?er Year
 

Year 
 Number of Glazed Collectsrs
 
1977 
 15
 
1973 
 52
 
1979 
 37
 
1980 
 68
 
1981 
 55
 
1982 
 43
 

Total 270
 

Of the 270 tested collectors, 170 were tested at FSEC
 
and 100 were tested by other testing laboratories.
 
The apparent discrepancy bet-een the 520 and 270
 

numbers can be accounted fo. 
 by tne fact that some
collectors are 
certi Led under more than one nanufac­
turer s nam- and many co1tctQr mccceI of diIfering 
surface ares:: are certified through a single collector 
test. The 270 total represents a lis:inrg af only the 
collectors on wnich an 
r.AS"RAE 93-,7 test was per­
formed. All evacuated tubular, unglazed, and triple­
glazed collectors -'ere excluded from the li sL.
 

In presentng these colle-trt and tests the
 
fol n gp en t in t s e 'eo
 

general comments are made:
 
The weather conditions under which the
 
ASHR.AE tests were performed -ere variable by
 

location 
 (Florida, Arizona, California,
etc.). Tests were 
done 	during all 
months

and day- of the year. All weather condi­
tions did prescribe to the limits of ASHRAE 
standards. 

- The collector tests repr:sent performance 
e.easurements made before exposure Lesting
 
and after exposure testing. Prior to :larch
 
1981, collector performance was determined
 
ty tests conducted only before exposure
 
testing. Af,.er March 193, collector per­
formance was determined b,. tests conducted 
after 30 day exposure. Both condiLiuns are
 
Lsei herein.
 
"1he collectors refpresent 
 those of -anufac­
turing companies both a,:.ve and Jef(unct, 
fromn smalt batkyard oelirations to large 

f is dnveh a L S K C . b e C as e I L o h a
 
ft is ir ivd thatWkl~oCLicc(isclitessbot


t caL a viicV .ad a rs. arch .ind .hve opinenl or a iza­

h o i 1. 	 I s 

nasij tiol. is uniguc i hiaviii test rrsuIt for sui'h aCollector t i-me constjnt *eerminatio test lariiimnn'r of" Collvctors. Thesc ini,ie quiLtfica­
(ASIRALLiu . m e tis Ludy p3-sshle.

;f. 'ns t vxlusjire theurmu. I per form ire tLos t .The sC.ly 
 te h ii pis rix i.ma L.eI urn and wns.-1ia I 
(,\SII.\F. 9 - 7) years ago wi.en 
 FSEC 	 started .a lroject to p1,.ise all 
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....... . .. .. .
 

s
e:rern sa.d'1=;Iueaahe r'e.Q ;A: (, 	 tn Four )Founei e~hn[e 


Prsete A~.Tand is)a 1to
3sa 	 3oeintthe tes so-ult us As c. reu t 'f Tb "v *o .':c
 

5ye ir wic h :hrer ieorm rc
 
' as . on in:. he (ss' a th.e pe.rf:srm equaions. 	 '. es 

e irstoanalysis. w s t c onstru t' a sig f en ri 
pu~ erlats to frer .scussio of measuremen ouserv AlA0 2-0 1lt .7 -!070 77,4 
 h te'lclmssie~Colcores accordin t te soreen colctos cait- M.The fis 	 ... " terrors 	 i lsuse u accua cy . Irc .ury..
riticsdescibe~d inootholl~eco heralNree P typeonthe frthi~ coln saow the nr ofp~colctr 

:hes inern' orcadery hn aowIrcol' is .listorChnLonl 	 I f-In~,.Sctoun,:: b 	 .ish 

a0 solc. 	L:,% elisigusofn1 offern.aeasue Sttoistical vaue for Ltit.erp 

t*orscaact esisu bunLaccracy orelarc n e Inercepteend slop eolum3 e hvaucs gvnar h 
te stad ableA ison an Utr. oaxmu a"nJ 

Thbiaiosp rced r ry e =. . . . . . . ... .....	 per 

LS aseaaels1" 0Inth ma, 

a cof A 
fh clctresl?. 

Sclndlrgs r r mb o oletosI 15 _~Then~C~~~ mlnimz vlues. To hc :ht.~ scater ntroue 

sar.ticalvss(r y tep sIep. comprisnanalhisas produced A combintiof s w1ithenlycoe p 	 Lne, and 

FPP capper 	 Lube and fn, !AtL blackcc ollector and 13 combinations with only two collec- thecsingle. cover, 
tors. Because more than half the .combinations had paint~ classiticstion were plotted -and act prcsertzd in 

only a singke collector, the results. froms using sevenl FiueI h ahdln erSt~ he mean .ncer­

generLc types vere not statistically Significant Ind cpadsle­
t adsoe
 

Vere not used. 

Table 3. Collector Intercept and Slope by Gfenerlc Type. 

INTERCEPT 	 SLOPE (6w/hr IF ISV1
GLAZING & A&SOReER 

COV ER MATL & ABSORBER. '%5*
 

T'L TYE COATING Mo.~ci.1 11IN
MEAN MAX MEAN MAX mIN 

1W -72 -140Single Class 	 Coppir Tubes Flat Blackc Paint 47 67,2 5.0 75.6 Sol -115 
and Fi 

Single Glass Coppir Tubi-i M.oderately 9 7:'.0 316 78.0 68.0 -112 11 -100 -.130 
J.; and Fins . . Selective 

Single Glass 	 Copper Tub-is Seleciys 58 71.7 3.3 81,4 62.0 483 11 -61 -124 
and Fins , Surface 

22 69.1 6.0 84.6 58.8 -116 12 -96 -138Single Glass 	 Copper Tubei Flat Black Paint 
and Aluminum
 
Fins
 

17 -71 -.120Single Glass 	 Copper Sheet Selective 6 70,5 5.1 77,4 652.0 -89 

Integal Tubes - Surface-


Flat Black Paint 26 5.5 70.5 53.0 -117 15 _a6 -147-61.9Single FRP 	 Copper Tubes, 
and Fins 

Q..14 10 -102 -132Single FRP 	 Cooper Tubes Flat Slack PWit II1 57.1 6.2 655 A8M 
and Aluminum
 

- Fins
 

Double Glass 	 Copper Tubes Flat Black Paint ,9 59.7 67 66 I 14A -84 9 -69 .-95 
Ind Fins .,> 

.* 7.- . ., 
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1o,It. G.1.1rc C11,,.tlcatlon of P2P C .. r. Fla.t 9l11 Punt, An Three 


11901 1. Plo, Of:oCo .ecor ny Cum-,,.t . 0 . tc.€nc, TABLE 4. N rumber of Collectors per generic TTpe for
the Generic Type. ssi!ica.LonS 

CO" r 1jb4.nd FPaAb~oo . Number of Collectors sumber of Total Number 

per Generic Type of C)olectors of Collectors 
Figure 2 presents a graphic compariscn of the 

effects of different absorber types used in single- 1 7 7 
glazed, glass-covered collectors vith selec:ive and 2 3 6
 
flat black paint surfaces. The comparison indicates 3 2 6 
,hat the absorber type is not a Major factor in the 4 0 0 
generic classification. Thus, the absorber type.vas 5 	 1 S 
eliminated from 	 the g.neric list which vas then re- 6 or above 6 246
duced to three charc:er-.stics -- the n !nber of 270 
covers, the cover plate material and the absorter 
coating. Note that the Kirkpatrick results are for 117 collec-

Table ' presents the results of the anal'sis for tors tested as part of the OOE test program and do not 
these three g-neric ty;.es separate the collectors by glazing materials as was 

The three generic tpes represented by Table 4 done for this study: the Kirkoatrick results onk' 
are the minl.mum accep~able if .he resu.lts are to be 	 consider the number of glazings and the absorber
 
meaningful. Table 5 presents a listing of the results coatifg.
 
for the three gener,,c types and for cases fiit,
fve or Table S presents the primary results of this
 
more collectors 
 per generic type. These results study. These results alloy a dcsigner to select the 
agreed veLl with thos: obtained by Kirkpatrick (6). thermal performance equation foDr a generLc type of 

Table 5. Collector Intercept, Slope Incident Angle Modifier by Generic Type. 

INTERCEPT SLO?E (Btu/hr F ili INCIDENT ANGLE MODIFIERGLAZIJG 8 

. .
 
MAT'L COATING co , MEAN ,,' MAX MIN MEAN I.,*A' MAX 


COVER ABSOH5R -s-. 	 . . 

MIN MEAN e MAX .IN 

Single Fiji Slack Paint 67 6 E4 6 -116 -7221 5.5 51.3 13 -140 -0.11 0.05 -0 02 -0.25 
Glass 

S.vnjlr .oderately Selective 14 71.4 4.6 78.0 59.7 -112 14 -9 -141 -0 13 0.06 -0.05 -0.23 
.Glas­

S.n,,le SeI &cti e 75 71.2 4. 1 a 62.0 -82 13 -61 -124 -0.14 0.10 -0 C-1 -0 23 
Glass 

S,ngle Plt Slack Pa,Int 44 60.O G.2 70,5 48.1 -1 17 15 -86 -157 -0.12 0,07 -0 05 -0.20 
FRP 

S'1i1.li Modaeral'ly ScIec'ive 6 59.G 6. 66.4 51.6 -115 14 -100 -130 -0.12 0.01 -0.10 -0.14 
FRP 

S.'.yle Selective 5 63.2 1.7 64.0 61.4 -73 7 -60 - 79 -0.14 0.01 -0 13 -0.15 
FRP 

O',i'le FE.i,0l.ctk P.iat 13 G1.9 6.7 706 44.4 -84 0 -69 -95 -0.11 0.06 -005 -0.20 
Glas 
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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
 

requi rement. 
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Nodule 5: SLZNIG THE SOLAR ARRAY 

The sizing procedure involves four steps:
 

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

The Hot Water Load: This is probably the hardest determination to
 

make without actual data that has measured gallons Per day usage.
 

For residential applications, J.J, ,lutch (Ref. 1) determined 

that for a iNew York hig" rise apartment, aporoximatei 20 U.S. 
gallons of hot ,,iater was used .per day per person. .l!urch has 

evelcped a ;rofile of caily usa'e byv ncur -suall' ro-rre to 
as the "Rand" profile. Research at tne FlEr'a o; rnerc' Center 

on S0 actuial hot water 3ystems., show hot ,. terdeman.d tt 'e t.uite 
variable, -arnging from 1. 1 a.4 rs to 1s.5 ,al'ons per day per 

:erson mn-nly average in the summer to 17.5 "to 23.6 gallons tet 

da/ Dr oe:son in te winter. Hot water use is quite inf,uercec 

by individual life style. in the U.S., 20 gallonsicay per person 
is typicaliy used as resientilal sizing load. For Florida, the 

figure is 1.7.5 gallons/day per person which would more nearly 
represent .:he load in Jamaica. Thouoh the actual load is reduced
 

in the sumter months, the sizing load is typically closer to the 

winter demand load because that is when the desire for hot water '­

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

For commercial applications, such as schools and hospitals 

there are typical figures available for the U.S. but these are 

probably too high for usage in Jamaica. Table 5-h (Ref. 2) gives 

such figur.s. 
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,-.- -- : -la:er emand Rates (Ref, ' 

Usage Type 
 Demand per Person 
L/day gal/day 

Retail store 
 2.8 0.75
 

Elementary School 
 5.7 1.5
 

Multi-family Residence 
 76. 20.
 

Single-family Residence 
 76. 20.
 

Office Building I3. 

The recommended aooroach to the design engineer in determinino 
load, is -o talk wi:n tnose wno will be using .he hot 'ater. 7n a 
hoszi.al -or example, one can find out how many beds and show,.ers 
are in the wars. Are all the patients re.uired to ta-e a daily 
shower? How many loads does the laundry do a day and what size? 

many-i, loads of dishes in the kitchen, how much for food prepa­
ration, etc? Such research on your own may be the only way a good 
estimate of load can be obtained without a previously established 

data base. 

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

require7 nt, :L, is: 

=QL L 3.3.-1 3 Cpw. (Td - Ts)( ). 

'here, 
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QL = service requirement in 3tu/day 
L = U.S. gallon/day use
 

Cpw= specific heat of water (usually assumed 1.0) 
Td = Water delivery 	temperature 

TS = water sLppiy temperature 

Sizino the Tank: 

Tank s"izes are usually available in nominal sizes and should
 
be insulated to R13. The appropriate storage size in gallons for
 
direct open loop solar systems is equal to the gallons of hot ,,iater 
used perday (gpd). 	 Smaller tanks may be grouped to provide, larger
 

storage sizes if necessary.
 

Sometimes the figure of 2.0 U.S. gallons/ft2 collector is used
 
to estimate storage. This value is appropriate for high 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.
 

Finding Solar Panel 	Reauirement: The heat requirement of the solar
 

to
panel, Qs, is equal the load devided by the system efficiency 

factor, us . 

-Qs QLs 	 (5.2) 

where ,isis expressed as a decimal efficiency representing tank
 

heat losses, pipe losses, etc.
 

For direct solar systems ps is typically around 65!' for poorly 
insulated zanks (R3) and 30% for well insulated tanks (R20). 

The solar load is then: 

Qs = L 8.3453 Cpw (TdIs - Ts ) 	 (5.3) 
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Example: Assume Cpw " 1.0, 

Td = 131F 

TC = 790F 
'Ps = .789 (good system)
 

then Qs = 550 L
 

where Qs is the average solar panel load in Btu/day and L is the 

average hot water usage in U.S. gal./day. 

for a family of 4, L = 70 gpd 

Qs =38,500 Btu/day 

Sizina to Solar Fraction:
 

It has been shown by earlier work done in 1977 (Ref. 2) that 

F-chart optimizes at very high solar fractions for Jamaica - close 

to 100%. The cosz of power has 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 

100,% of the load i ',he auxiliary heat is turned off. The only 

places where chis is not recom ende is in hospital operating The­

aters or places wvhere an occasional reducticn in hot water 

temperature could not be tolerated.
 

To size at a solar fraction, , 

QS = f x Qs (5.4) 

for a solar fraction of 85% in our example,
 

Qs= .85 x 38,500 Btu/day
 

Q; = 32,725 Btu/day
 

F-Chart
 

One of the most commonly used meth6ds for calculating system 

performance is the F-Chart method. This method provides an overall 

annual solar fraction for a system, i.e. the fraction of the load 
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provided by solar, with the remainder provided by backojp neat. 

"-chart is covered in much more detail in the appendix, however, 

there are some factors that need to be considered in its use for 

Jamaica. 

Figure 5-1 shows the schematic used by F-chart. If one uses 

a heat exchanger efficiency of 1.0, then all the Predicted panel 

outout aces into the tank as reoresented by Figure 5-2. 'n the 

F-cnarz representation, a preheat system is simulated. Losses from 

-he second tank, Qj'S, are simulated by ;dding -c th'e load ' L . For 

a single tank system, this heat loss from the second tank should 

be made zero and QLS should be the heat loss coefficient of the 

single tank (or total of tanks if circulating through more than one 

tank). 

This is ncw F-chart should be set up, however, -here are two 

additional major problems in using it. One is the .,eather infor­

mation needed. ,As already discussed in >.odule 1, this informaticn 
t
would need to be develoced for- tne Jamaic cl i -te an -er;ns 

several 'eather profiles would be needed for the S=e-era-e areas of 

the island.
 

Second I, F-chart predicts by solar fraction. Solar fraction 

has no mean:ng .ithout a backup element. As mentioned earlier, 

solar fraction is the raetio of solar heat to the total neat load. 

Since QS (heat loss from second tank) is added to the load bv the 

oroaram then:
 

QSf
Solar Fraction 

QL + Q'LS 

but since there is no second tank, ye assign:
 

Q'LS- 0 

,.ten 

QS- f QL (5.6) 

nhere Qs is the heat provided by solar.
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,ne technique is to pick a fixed setting - say 1000F, it does. not rake 

much difference what low temperature is selected. F-chart crovides the 

load, QL, and solar fraction, f. The heat Provided by the total solar 

system as if the hea er element were not turned on, can be calculated 

by equation (5.6).
 

Simplified .Sizing Procedure
 

The sizing procedure presented in :his document was developed b:
 

S. Chandra and modified b, g, Cromer by analyzing direct pumpe(
 

solar domestic hot water (DHW) systems with the TRNSY.
 

and F-CHART computer programs. Although thi
 

procedure was developed for pumped systems with on-oft differentia
 

temperature controLlers, it is also applicable to proportional flow, photo
 

voltaic, snap-switch, themosiphon and tLmer-controLled D-iW systems 

While the method car. be applied to indirect systems with heat ex 

changers, the results are less accur.te. 

The sizing procedure was developed primarily for single-family 

residential applications but may also he used for -izing commercial 

systems for condominiums and motels if the desired water temperature 

does not exceed 1400c.
 

We believe that systems sized according to this procedure will 

satisfy most consumers if quality system components are used 

and are installed correctly. The calculated savings should be Echieved 

if the system is used year-round; however, it should be noted that 

variations in assumed water use patterns, component performance and 

reLability, and installation workmanship may significantly affect actual 

dollar savings. 

S-s-C
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SAMPLE PROBLEM
 

A FAMILY OF FOUR USES LPG AT JS2,50/GAL 
TO HEAT THEIR HOT WATER. YOU HAVE A SOUTH' 

ROOF OF 4 it 12 PITCH, YOUR PANELS ARE 

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

DAY. 

SIZE THE SOLAR SYSTEM AND DETERMINE THE
 

MONTHLY SAVINGS.
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SIMPLIFIED SIZING PROCEDURE
 
FOR
 

SOLAR DO -ESTTC HOT ATER SYSTEMS
 

HOT WAT'R DEML.A and TA.k< SIZE. 

Stp I 	 Using Table 1, estimate daily hot water use 
(GALLONS) and select a nominal tank size _ _0 -gal/day 
(TxffK SIZE). GALLONS 

go gal 

TA5fK SIZE 

SL.:p 2 	 Calculate how much energy is needed (BTLUEED)
 
' to heat the water to 131'F. 

G0xBTUJNEED = GALLONS 

BTUfEED = 5,0 x q0 

,step 1) '38 5O Btu/day 
BT UrJrE ED 

COLLECTOR SIZ.IG
 

Step 3 	 Penalty factors that affect sizing must be 

det.-rmined. 
a.. Select the System Factor from Table 2. /' 

System Factor
 

b. 	Select the proper Tilt Factor / 
A"0
from Table 3. 


T.ilL Factor 

C. 	 Select the Orientation Factor
 
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
 

PENALTY = Az x Ax,o /,I0 /Z
 

PENALTY
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Calculate the energY requirements of the solar
 
Step 4 


the formula:system (BTUSOL.-AR) using 

PENALTY
= BTIUEED xBTUSOLAR Zo 
= 

1. Z)/x
BTUSOLA.R __ ZOO_ u/day 

'Step 2) (Step 3 BTUSOLA?, 

For the collector selected, record the
 
Steo S 

at the inter­
thermal performance racing 


in Btu/day(BTUJRATIG)mediate temperature 
(GROSSAR.EA)
 

and the gross collector area 

abel.
required
in square feet from the 


Thermal Performance Rating 
at the 

163_ 2- 0__ Btu/day
(Btu/day)TemperatureIntermediate i r /6 5Z-O BTURATING632" 

2ROSSftA
(ft2 )
Grosq Collector Area 
 GROSSkA 

needednu.ber of collectorstheEstimate 
using:
 

BTUSOL-R 
= BTURATING
NU'IBER 


)= (Steo 4 
N1 HBER 


(Step 5)
 

WIU1IBER 

Select the actual number of collectors
 Step 6 

is the nearest whole
 to be used. This 


5number 


NO.COLLECTORS
 

the collector array is:
 The total area of 


x GROSSAREA= NO.COLLECTORSTOTAL LAREA 

3 x a2.4=TOTAL AREA 

S-t-ep-7 (stepp )t -7Z 

TOTAL AREA
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TABLE 2. SYSTEM FACTORS
 

System Fac:orSystem Configuration 


Direct system wit h no heat exchanger.
 

Indirect system with a heat exchanger
 
1.3
between collector and storage tank. 

TILT FACTORS
TABLE 3. 


TILT FACTORS
COLLECTOR TILT 


Tilt 	 Roof Roof
 
?itch Tilt
 

1.120 	 0000 to 30 
1.06

30 to 70 1 in 12 4.90 
1.039.5070 to 120 2 in 12 
1.01in 14.00
120 to 160 3 12 

_-) 18.40
16- to 200 j 

1.0022.60
200 to 250 5 in 12 

1.02
6 in 12 26.60
250 to 300 

1.06
12 

.70
300 to 370 8 in 33

1.12


370 to 430 10 in 12 39.80 
1.20
45.00
430 to 500 12 in 12 

TABLE 4. ORIENTATION FACTORS
 

Orientation 	 Factor 
Collector Orientation 

South or nearly south 
C.15 

1.40 
Southeast or southwest 


or West
 East 
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Step 7 Based upon the actual number oE colLectors
 

to be used, compute the solar fraction
 
(SOLAR FR-ACTION):
 

O.COLLECT3ORS
1.0 x
SOLAR FRACTION 
 ~'lhER
 

8 ..
 
SOLAR FRACTION = 1. 6/B
 

(Step
 

SOLAR FRACTIO=
 

If the solar fraction (Step 7 ) is less
 
than .85 , the collec or arrav is under­

sized. Consider either adding another
 

collector or a different model/size collector.
 

TABLES AYD FIGUES
 

TABLE 1. HOT WATER DEMJSD and TAY< SIZE 

Average GALLONS and minimum T.kYK SIZE based upon nu-nber of people: 

Minimum TA.kK SIZE (Gallons)GALLONS 


40
 

Peoole 


20
1 


52
 

66
 

2 40 

55
3 


80
85
5 


100100
6 

120
115
7 


(Add 15 gallons per person for each additional person.)
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eD 3: Dererm~.~nc the back-0 factor: 

The backup factor represents the furnace e:.icienCy for tne acku3 

water heating sysTem (powered by electricity, gas or oil). It has a 

value of one for electricity, and is less than one for gas and oil, 4hich 

accounts ,or Dilot light and flue losses. Select the appropriate value 

-rom Taole 5: 

TASLE 5 BACKUP =ACTORS 

Backuo Factor
5ackuo Power 


1,/
I.00Electri c 1 

Gas or oil (standard)
 

Gas or oil iith electronic ignition 0.75 

or flue cas damper 

Gas or oH with electronic ignition and 0.85
 
flue gas daroer
 

Step 9. OeTermininQ the averace monthly savincs, M'ONTHLY SAVINGS: 

TJ Solar - backup factor x 30 = energy saved/rrnth in .ItS".u 

x___ Z-)Z-5~ 2,Z ro 

monthly savincs 

+ (0 30= 2- 2 m m 

Energy saved/ronth x conversion factor x cost/unit 

-2- 4 6htx /0,_ 2 3 x 7-5_ 

TABLE 9 FUEL COST CONVERSION FACi'ORS
 

Fuel Tyce and Conventional Cost Units Conversion Factor
 

293.00
Electricity in S/kwh 


7.14
Fuel oil in S/ al 


I0.00
Gas in 5/therm 

Propane or LPG in 5/gal 10.93 

46.34
Propane or LPG in S/LP-lb 
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It should be noted that The -cnthly costs of neating water without
 

a solar system can easi ly.be calculated Dy dividing The monthly savings
 

U(tONTHLY SAll IGS, Step 9) by the solar fraction (SOLAR F:ACT ICN, Sep 7).
 

Step 10. ?AYSA.K E I C:
 Calculatina the SI.P LE C 

The simple payback period is a rougn es7ima7e of The time it takes
 

for a solar system to pay for itself in energy cost savings. Although
 

not as accurate an indicator as some prefer, it is often -.sed and re­

quested.
 

To find the simple payback, multiply the mcnthly savings found in Step
 

9 by 12 to get the annual savings.
 

-onthly Savings x 12 = annual savings 

___#x/,2(/.75 
(steo 9) (annual savings)
 

Divide the cost of the system by the annual 

savings to get The payback in years. 

Cost of System + annual savings Simple payback 

(Step 10)
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MODULE 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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Thermosiphon. Figure : s a schematic -iagram Of 

thermosiphon -. stem. Cold water 'rom :he Zot'.om o the eievated 

storace tank flows to the lowest point in -he system (which is the 

bottom o "he solar heat collector). 

As it !s warmed it becomes less d.4ense and.,.s :ack up to a si-de 

port near, but not at, the top of the storage 'ank. -thank is 

about tw'o feet above the top of the collector, the system will ,-t back­

siphon at night. if back-siphoning were to occur, the warm water 

would be cooled during its passage through the dormant collector. 

The rmosiponing systems have no moving parts and are self.-reguiating 

in terms of flow 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,OCO pounds when fu,, of 

water, so special bracing m,ay be required for its support. Second, the 

large tank- should be attracti'vely housed, and it costs money to make an 

imitation ,chimney or a cupola for this purpose. Third, leaks in tanks 

mounted above living space can Present serious problems; drip pans 

ahd drain lines offer only limited protection if the homeowner alows 

them to become clogged with debris during the 10 or 15 years of useful 

tank life. 

,Forced Circulaton. Figure 5-2 shows the manner in which 

many modern solar water neaters are installed. The collectors are 

mounted on a south-facing roof and connected to a pump and storage 

tank through a series of pipes and control valves. A check valve 



80- to 100-Gallon Tank 

. , . Collector 

Isolation 

Valves 

Drain -- Or C i nrc o c k 

Flat.Plate 

/ 

Collector 

~ ~y ~~kZ5?fr~~$P.T 

~Tank Above 

Colbector 

Relief Valve 

, N 

-serpentine 

/ 

Y". 1" Copper Tube 
clampea and soldered 

to copper sheet in 

pattern 

Screen.Covered Drain Holes Collector 
Draincock 

FIGURE 6-1
 

Conceptual Diagram of a Thermosiphon System
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(gravity-, spring-, solenoid- or motor-operated) ,revens Ck ­

siphoning at night. A dual sensing thermostat, caled a differential 

controller, turns the pump or. when the water in the collector is warmer 

than that in the bottom of the storage tank. The electricitv.' to coperate 

the oumo and controller costs about a week tor residential 

installations. Forced-circulation systems may use potable water 3s a 

neat collector liquid (open systems) or may use a non-freezlng, 

non-corrosive liquid in a separate heat collector loop (closed system). 

(Thermosiphon systems which employ a closed coilector loop are rarely 

encountered.) 

rITEGPrRL OR "32EAD;X" S(S7:. :s 

iot *=-,.( to 


solar collector as well as a storage tank. The water tank is painted 

black or coated with a selective serface and placed in ,thesun, Since 

nightime losses are great, this type of system is very inefficient.
 

They are usually used as a"preheat" to a standard hot water heater.
 

Figure 6-3 shcws a breadbox encased in an insulated boxwit'h glazing,
 

A Ureadbox sys~a:. uses ,ater-e --,,Ic Ion s the 

, I Figure 6-3 
, , - ,A,o.A ,ES Breadbox Preheat
VA- , 


I,
 
I-. - 01I NVAL (:Cot IS 

Io '' - / 

'- . $- INSNLAEo 40 
0- ­



"hOtovo':i Cirzj!a~ .,a 2!r 

Circulation pumps for solar domesti: hot water systems
 
require a reliable electrical switchi.ig mechanism 
(controller) and electrioa. c-'e. -) utilize fully the 

availa:le oaneI heat. The controller has lono been ermed 
the weakest mechanism in solar domes'ic ho_ water hardware. 
In some areas, electrical o,;e is no: available or the 
suDply is not always reliable. Perhaos the best solurion :o 
these problems she o: (?V) tois use hotovcltaic panels 
convert sunlight to direct current 'hich drives a DC 

circuIating pump. iih output oroportional -ouower ?D 
insolation intensity, a variable flow pumping output is
 

produced which is proportional to absorber heat availability.
 

Flat Plate Thermal Collector 

Photovol taic 

To Collector [AlwP SPanel Cooling 

, otAi ~e Vent To 

Photovolaic Panel
 

Output Power Cable
 

i From Collector 
~0 

P otor PneolrStrgeYn 

Electric Back.,-up Element "" ]i I / 

http:switchi.ig


t i-==-n3 .i t e ePum3oed..d ri.cur ±Iat .. -t .....-- a -- n thth e S de insvat-" ,,m ictad F j:, 5--..
 

colieo~z: water is pumced thrcuCh a close pi,.e 
lcp with a heat exchange:
 

ccil n te stcaoe t-.a, Because collector water and dc, stic. water do
 

not minoce antifreeze solution can be added to the - - water o.
 

9--emcers:e oroeti'-or. S.ingie-waLl heat exchangers may be permited­

n ... antiF:e-a.ze i.sof a largely n r-coxic t,,-e:such as -.ropylene 

gco. Sarety regulations may call For use of a "doubLe-wall" heat exchanger 

wnic.. provides a double barier between antifreeze solution and potable 

water, wnen toxic antifreeze solutions are used. The closed collector
 

pipe loop must have an expansion tank and a separate pressure relief
 

valve in additon to the valve on the storage tank.
 

COU ECTOA .ARSAY COLLECTOR £XPAN$1N i'ANK 4 V: 

/ 'X RTURN K.,. 

/
 

COLO ,V-,T: 

/~"RAI .,T-.IA / IYS fA ~ 3 rE~ 
TS7R'INER T -A L',U,
 

VVA .WI
 

PUMPED DOMESTIC' EA71NG SYSTEM 
WITH HEAT EXCHANGER 

Because clected heat must be transferred through the heat exchanger, 
the 

collection Fluid must be hotter and thus this system is somewhat lpss 

efficient than one in which domestic water circulates throuqh the collector
 

directly. 
A check valve in the collector return prevents the migration of
 

heat 
from tank to collector by thermosiphon action on cold nights.
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.. . ­ "- ' ' - : nex: c ­
n - -. ,.×s za 

water s'stem . hich provides dcmes3ic hct iate7 during the day b,/ means of 

Solar enerqy or, a t night, by me.ns c7- =r, auxilary he2..:,. 

n ma'or
i ns
.* .... of this solor energy system are: a closed water- f_!ed 

solar loo a:bsoroin; heat en...Y from the sun by means of -c,*-cute 
erne:Cy is Sola CC _enSe oc ­solar collectcrrs; and a seaaate -ImestLi-o q~a;-e: -o thi;s heatl 0 which 

..........is .......,....tte. . A solar co l .immersed in a hot water tank, through 

which the solar loop water Js made to circulate by means of a circulator
 

pumo, heat s cit, 
waf-e s tored in Lhe ank to a maximum temperature of 145
 

de.rees Fahrenheit, 
 and thus provides domestic hot waLer for distributon. 

(For dwellings in which the circulating water
 

is oumoed 20 feet or more vertically from storage tc the solar col!:ctors,
 

two circulator pumps are required.) The circulat ­in water 4'sstored in a
 

i2-gallon resrvoir when the solar loop is inactive.
 

sufficient energy exists Fof heating the stored 'HaLer, the solar controller
 

star'ts the circuliatcr pump and the solar loop water heated by 
the sun is
 

forced through the solar co;l 
in the hot water tank which, in turn, raises
 
the temperature of the domestic hot water supply. When a reduction of
 

heating capability frcnm the roof-mounted solar collectors is sensed, the
 

circulator pump is shut down by the solar controller, and the solar loop
 

water drains back into the reservoir. This drainback feature permits the
 

use of city water, thus eliminating the need fo: harsh chemicals in the solar locP.
 

Two swing check valves are mounted in the system. One check valve, mounted 

in the return piping of the solar loop above the veservoir allows one-way 

venting of air 
From the tank during the solar loop drainback stage. The 

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 
V 



DRAINBACI( SYSTEM
 

1)MtA IN 0AC K 
TA tJ l 

SOL-All r~ 

'1 [)J1AIIACKIlOT r , 
WATERtI 

1 AA 

S c2PbfZSOLARI
COLL tECTO!15 -113WAL!
 

~ ~IJPP~'TO
" 
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ach ta"n< is pzct by asFety vv.At~e3uea~~~s
 

sa'~~~~ ~~ pe -'sve p.- -,'Ortuea, 

teMeOt.Ue ; 
ed Cr, t:eeho :,a " :te-ea ad i 1 z:esje:4o pFci:e-~e 

teczessuL:e adzres-r 7e!.x.f at - ?I5 .pso.~os z S:~'~
Fee
=-.-r 2-1e 

I-C: ~e: t~e z711e e: with a t em e a tu: ear-ge o cee zes torC Ej 
e-esIsmcunted in the soilar lozp fg: n-)n ut 

r'med Ci-7ult;on w;.th. Din-dawn--Fig i sho,^s aro ter mt:icc.r-

~or a~se7mbjj!1 c mp. an. for sol ar water IheatfQnh5 ySt , 

a~ai, ha pum ~c:coi~c~cr s-ate:, cuoes not~havea c::u~ti~ 

neat exclian-e:. Wi th this mIethod, the cc! .- r circuit is d.-ained of 

ter. A Aa: i "A1.1 

C 0j~ 'A7 

77sr 

PUM.PEO CIRZULA71N DOMESTIC 'NATER H-EA71NG -YS7=E.Ii WITH ORAIOOW.N 
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:istihen st r! drains, the motorized valve closes in the 

coll'ector $Qoply, Paeach ing its fully closed t va!ve t-spcsition, t.e 

an end swi:cn t. at t.i s the solenioids cf both t.a dumc valye and the 

aI .et va . ate: then drains Freely from the ccllector circuit
 

.­and out of the system. Typically, the amount oF water drained is not 

more than two or tn.-ee gal.ons including that in all pipInC 

The pressurized scurce ater is prevented ron 

.cwing to the coilector by means of the Protoriz-3d valve in 'he upply 

line an, the cne-way check valve i:n the return. 

'Whenever the absorber plate temperature rises to a ore-set dirference
 

-above stcra e, the motor.Z va4.ve beg-ins to open, the circulating pump 

restarts, 27d tie ~o valve and .i.r inlet valve close, As the 
collector, circuit reFills, 6-apped air is relie d th t 

-.vv -Ough '-"e auto
re 


a.ven..ando , o collector water is resumed. 
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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.
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>Iany insrallat ions may require several -anks orovid
7-o ne needeo ho:
 

Water storage. This often when
occurs the homeowner has a new standarc ho­

wa:er 
tank.z e does not ,an: to -give up, this ".an,< to be reolaced by a
 

r-er sol ar t nk ..... se 
4, still as many years o.: seful service. He :an 

be accommodated by adding a second smaller tank to brino t'he total volume up 

to the n~eded ,alons. 

There are three ways to connect multiple tanks: reheat, series, and 

parallel. The preheat mode. must usedbe wnen :ie back-up tank burns gas or 

oil. In t.his mode, t.he solar loop circulat.es through the preheat tank -)nly. 

The preheat tank wi 11 thus heat up during the day as the solar system, adds 

hea:.. Such a system is shown on Figure 7o(t. No.i cez ta :he soiar hoea ted 

water does not enter the back-up tank for use uniess .e -ser 'rno. water 

As a result., durin, low demand Periods, :.e bac..DuPe eme may /aveto come 

:n to reheat 7he back-uP tank because of stanc-b,/ heat losses, even when 

the,, is ,lenzy of solar hot water available. 

Fic:r.e al.so a preheat mod.e.shows ..... Bu: in this case, th:e baC -up
 

tank is elevated and a triermosi hon loop ( is connected to the 
lower solar
 

tank, 
 Now, if there is solar hedted watear that is hotter than the back-up tank, 

it will naturally rise and keep the back-un tank Filled iith ready hot. water, 

This configuration is the preferred one to use if preheat muzt be instnlled. 

A series connection is shown in Figure 7.1K3) ' that solarNozice the 

loop returns noC water to the back-up tank zhrougn a dip tube loc3ted about 

half-way down. The solar loop draws
tnan 
 from the bottom of the back-up tank 
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;x 1 A. Cold Water , 

B. Large Ptrneat Tank 
C. Tank Sensors 

tA ci. To Collector 

E. From Collector 

F. Small Backup Tank 

G. Backup Clecric Heater Element 

H. Hot Water Out 

I. Thermusipnon Loop 

F 

A}. Plumbing fog" Two-Tank System 

Mit Large Preheat and Small 

Backup TanK 

E 

H 

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

B) Plumbing To Fully Utiliz. 

Volume of Both Tanks 

the FIGURE 7-1 
Multiple Tank Connections 
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and enters t~he .top ). the seccnd sank. Finally, -- e .iater exi< ".he jo.)..-.-m 

of tlie second tank on its way -.o he 1ciec .or. n a series con Figura.ion 

the p,,mced water o- "he solar loop oasses zhouh all tanks, one rte 

other. This configuration is t.he Drefnrred -:3r 7,.tiole n s ona 

eumed system.
 

- oarallei type connection system "s s ion;, i ure -. 'enr 

connected in :arallel , the wqater of the solar boOp cra,,' Is out j- t.he bot.om 
of all tanks and to the collectors and then returns :.e op of all tanks. 

,his system should only be used on thermosiphon systems us-ing multiple tanks. 

For such a system, as each tank is closer to the water draw pein., it should 

D) z/,ea:ec so t.ha. natural zonvection ,.ill cause the hottest water to be 

*avail oie for use at all tme . 

Wrn usinc three or four tanks, combinations of these configurations 

.-i n- be used, For example, two pumped tan<s ma! be in series providing 

orenea, to an -levated thermosiphoning third back-tp tank. Research has not 

Deen conducted to date to say which of these multibie tank combinations is
 

0P t imum. 
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Module 8" Types of Controls and Controllers
 

Objectives
 

The objective of this module is for the 

trainee to understand the types of soldr 

control systems and their operations, and to 

be able to properly design a PV pump cir.u­

lation system to meet designated pumping 

requi rements. 
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MODULE 8: TYPES.--OF:CONTROLS,7AND.CONTROLLERS 

A control system usally "refers to the mechanism by which a pump is turned 

on or off. A thermosiphon'system uses the natural density difference between 

its heated and cooler'fluid to induce circulation. Though this provides a 

natural thermal control of" flow, it is not usually considered when the term 

"-ortrOi" is used. 

The _ :fllowi.ng areicontroh ,types--methods for control 1ing fl ui d flow in a 

oumpedsysemn: 

1I) manual 'on-off switch 

2.) time clock
 

3) flow thermostat 

4) aquastat
 

5) snao-switch
 

6) d,:,'erential 

7)aribefo Iif-Fer ntiai
 

8) p OtOvO lta,!cI 

While on m1bsmteods of controlling pumps is to use an 

off-on swctch.thep oo, em sthatthe sys"hem is tot automatic.) People are 

simply an unreliabieme'thdl for-sensing when the panel is hot and when it is 

not. Never trv to6it46t'uess aswitching system without knowing the temperatures. 

A more sophisticated method is the use of a prc-set thermostatic valve
 

in the collector's exit line, which can be set to allow water no cooler than
 

1200 F to exit the collector. A time clrck may be used with such a system, but
 

http:fllowi.ng


the pump must no-
 be subject to overload when the valve is closed. (.
 

magnetically-coupled pump is less subject 
to overload than a mechanically­

coupled pump.)
 

A time clock by itself can be used, but this method is far from optimum
 

because itwill 
lose heat during cloudy conditions.
 

An aquastat uses a bulb filled with somE type of fluid. 
 This bulb is
 

placed at 
the hot 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 lOv line to
 

the roof' and back to the pump. Such a llOv line 
is hazardous and should be
 

avoided if nossible. Also, such bulbs 
usually have a slow response time and,
 

as a result, aquastats are 
not the best choice, Aquastats also have a
 

mechanical 
switch that may degrade with weathering after several years.
 

Aquastat
 
'I 

snap-switch is similar to 
an aquastat in that it turns 
the pumP on and
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off at a fixed temperature. 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-voltage 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 transformer can be located by the pump out 

uf the weather. 

Both aquastats and snap-switch controls have one efficiency drawback. 

Since they are set to switch at a fixed temperature, say 110-120 degrees r, 

if the scla:r 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 temperatore. 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-sw.itch through a light-sensitive resistor. If sunlight is available, 

the snap-switch operates nornally. If no or low sunlight is present, there 

is high resistance through the light-sensitive resistor and the snap-switch 

cannot turn on the pump.
 

The differcntial thermostat receives signals from the sensors and uses 

this input to :ontrol the system. It is usually factory-set for high and 

low temperature differentials to maximize the amount of heat energy collected 

and stored and to minimize excessive cycling. This reduces wear on pumps and 

relays and minimizes the amount of power necessary to operate the solar DHW 

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 temperature difference between collector and storage and 

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

-




Proportional differential thermostats are available that can vary pump 

speeds a a function of the temperature differential between collector 

outlet and storage. Proportional controllers are not recommended for drain­

back or draindown systems becduse pumps may not receive enough power initially 

to fill the system at a reasonable rate. Be sure to use the size and type 

of wire specified by the manufacturer. 

Photovoltaic ,circulation Control
 

Circulation pumps for solar domestic hot wate
 - systems require a reliable
 

electrical switching mechanism (controller) and electrical power to utilize 

fully the available panel heat. The controller has long been termed the
 

weakest mechanism in solar domestic hot water hardware. in some areas, elect­

rical power isnot available or the supply is not always reliable. Perhaps
 

the best solution to these problems is the use of photovoltaic (PV) panels to
 

convert sunlight to direct curremt which drives a DC circulating pump., With 

PV Power output proportional to insolation intensity, a variable flow pumping
 

output is produced which is proportional to absorber heat availability.
 

The use of photovoltaics for circulation of solar hot water systems is 

an ideal application for Jamaica. The system eliminates the use of sensors 

and controller. The sun itself is th controller. Hot water will continue to
 

be collected even during power outage. The installation ismuch simpler than
 

the differential controller or ever. snap switch type of control. 
 The reliability
 

of such a control system ismuch better than conventional differential controls 

wnich are somewhat suspectible to damage by transients or surges. Finally the 

cost of electrical power, isquite high in Jamaica and its production requires 
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foreign currency, a balance of payments problem. When all things are considered
 

PY powered pumps should be the system utilized on pumped systems in Jamaica.
 

However, one cannot simply purc.hase a PI panel of x volt, y watt rating, 

hook it to a pump of x volt, y watt rating and expect the system'to pump 
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properly, much less double 
as a controller.
 

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

covered somewhat in Paper 8-1.
 

The overall process requires four steps:
 

1) Determine the pumping requirement of the solar system as covered in Module 

10. (Gpm and head at full sun) 

2) Select a OC pump that meets the pumping requirement in the "good" e*ficiency 

part of its fow curves as in Module 10. Buy the pump. 

3) With a variable voltage power supply hock the pump up and develop an I-V 

load curve for 1t, noting where the full sun requiremen: falls on the pumps 

T-V load curve. 

4) Using the PV panels '11,1 curves, design a PV panel configuration that wil 

match the P1 panel output to the pump IV load line, such that the pump
 

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

panel 100 to the East. 

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 photosensitive cutoff. 
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Sizing and Maitchkmg
 
a Phov©lak 

CkIcuIation Systarn 
with a $par Domestic 

Hot Water System 
FSEC-PF-29-83 

By:
Charles J. Cromer 

Florida Solar Energy Center 
300 State Road 401 

Cape Canaveral, Florida 32920 

This ppper was presented at the 
AMSE Solar Division Conference, 

April, 1983 in Orlando, Florida.
Views and opinions expressed here represent 

those of the author and not necessarily 
those of the Florida Solar Energy Center. 
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FIGURE 3 I-V Curve for Solec Internalional Inc. panel, model S3136 (20 wait) 

1300____ 
1913 w/m2 (289 Btu/hrft21200 __l__F ___-_i -- - _ 

~ 1 o10.,743 w/m 2 (236 Btuthrt 2 )- ___ 

" - " 

1000_0_ 

900 -__._ 

I March 12V 

Z 700 

499 w/m 2 (158 Btu/hr'.12 ) :, 

___ 

-

ELi 600 405 w/m 2 

So-o /n 

301w/ 

(128 Btu/hrt 2 

95 Btu/hrft2) , .. ... 

__--. a 
--­ 2-4Hrll 

2 V -

400 254 w/m 2 (81 Btu/hrft2 ). .. 

300 207 w/m 2 

900 VI:-­( 9-
(66 Btu/hrft2 )-}---­

-- _ _-.. . .. . .i_ ___' _\ N .. 

100 -- ' Indicates.8 pm @ .8 ft. head) -­

0 1 2 :3 4 5 6 7 8 9 -10 11 12 13 14 15 16 17 18 

VOLTAGE (v) 



___ 

--

__ 

__ __ 

FIGURE 4 I-V Curve for ARCO Soar Module, model M 1 (7watt) 
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ENGINEERING RELEASE 
BRUSHLESS DC CIRCULATOR PUMP 
THE HARTELL MAGNETIC DRIVE CIRCULATOR PUMP SERIES 
NOW INCL rES ELECTRONICALLY COMMUTATED, ULTRA HIGH 
EFFICIENCY, DC MOTORS, ENGINEERED TO OPERATE FROM 
LOW WATTAGE PHOTOVOLTAIC PANELS 

V V ~Th:.s brushless OC ::rcuiaror oumro has bEen 
engi;-eereol for photovoltaic povvered -ppli"cations; and is 
suitable for open or cioseo loop, water or fr=eeze piotected 
fluid systems. 

___*~-The ultra high efficiency motor is an electronicalIly 
commutated design and :s truly brusniess". The rotor 
positon sansing feedback electronic Iield switcnino S 
entirely so'ic ztate and over :oitaje Proticed. 

The -ual 0al; bearing motor and graphite bcaring 
impeller design ensures optimum reliablit ,efficiency, and 
long !ife. 

Brushiess UC Mvotor: Rotor Position Feedback;
 
Eectronically Ccmmutatec for High Efficiency, Cual
 

BBearig.
 

* Low Power S:art Uo. 

o Over Voltage Reguiator Protected. "
 
*Leak Proof MaJgnetic Orive Pump. with Low Friction
 

Carbon Graphite Pump Beariogs 
 V 
* 30,000 Hours Life Exoectancy. ,
 
, Engineerea for 200;F F!uid and 150 PSI System w "
 

Pressu res. 	 . -

* 	 Pump Models Availele L 
CP38.'I2HE I 2x 1 2 MPT Inline Pump Hd. 
CP.48.12HE 3.8 x 3.8 FPT Suction Pump Hd. 

­

-

a Pump Sy rrs Available .i
 

.2 .4 6 a 1.0 1.2 14 1.6 18 2.0 

CAPACITY (GALLONS PERMINUTE) 

HARTELL DIVISION MILTON ROY COMPANY 
70 INDUSTRIAL DRIVE, IVYLAND, PA. 18974 

215-322-0730 



CP 	 SERILS - BRUSFEYSS DC CIRCULATCR PUMP 

INSTRUCrIONS
 

7 KFORTT !,' 	 This umonr-4 
..~ ...T h.. h.. 
um- incor crates an electronicallv commutated motor.

The electronic components are susceptable to damage as a 
resul of overvoltage and/or reverie polarity. 

Yoltare supplied to the pump must be regulated to a maxijum of15 volts or used with Fhotovoltaic Modules of 7 	to 0 watts(maxiuum) with open circuit voltages not 
in 	excess of 2; volts.
 

Never connect the Pumt to solar modules arethat a.ready in
direct sunlight. (Co-er the modules while connecting the pump.)
 

RXs"CE
"i:Z 	

C:I W7 WA'T PA-I;M 

1. 	 Yount hctovol.ac nodule F sU7 an coer against s.l, _h-­

2. 	Cc'.nect ?Redwire of pumpv to
 
positive red terminal on
.'roue. 	 P.10G
 

.Connect black wire of pump
 
to negative black terminal
 
on 	 Module 4. I 

4
 .	 Remove cover from photo­
voltaic module. 
 80 	 GGPH 

.2 SUN 20 G?} 

FOTOR 1TCPS 

0 
CU 	 o ~ .Z ± 

VOLTS
 

HARTELL DIVISION, MILTON ROY COMPANY
 
70 INDUSTRIAL DRIVE, IVYLAND, PA. 18974 

215-322-0730 

http:hctovol.ac


CP SERIES DIRECT CURRENT
 

ENGINEERING RELEASE 
THE HARTELL MA*GNETIC DRIVE CIRCULATOR PUMP SERIES NOW INCLUDES 
D.C. MOTORS ENGINEERED TO OPERATE ON PHOTOVOLTAIC POWER IN 

SOLAR WATER HEATING SYSTEMS." 

DESIGN FEATURES 
Leak-Proof Magnetic Drive - No 
Mechanical Seals To Wear and/or 
Leak. 
High Efficiency, Permanent Magnet 
D.C. Motor-Cool Running Did Cast 
Bearings-Extramely Low Power Start. 
Low Friction, Maintenance Free 
Carbon Graphite Pump Bearing
Ensures Long TroLIble Free Life. 

Wide Variezy of Standard Pump Heads. 
Special Pump Heads Can Be Provided 
For Original Equipment Manufacturers. 

Designed for Easy Service-Tvwo 
Screws Remove Motor from Pump 

MAssembly. (No Need To Disturb 
MODEL CP-1i0 8-12 DC Fluid System) 

Engineered for 200 F Fluid and 
150 psi System Pressures. 

MAGNETIC 

\. DRIVE 

70 INDUST-RIAL\RIVE. IVYLAND. PA 374 NE 215-322.07,3,
 



51/64 (3/8 N P T)-- -=-7/ 16 - 3 3/8-6 , 

._7 ...._.....- . -,I , /T , ' I -0 

-. ,- - .,27/i 

c__ 

]MO(UNTINGl
 
",H----3-E7/S-- -- -"7-25/32
I -O-_S- N 

N,.1,DELS CP=I213-I2'_CC CP-I?.EB=24DC 

-2 -1 / 6 -- =, -2- 1:,/ 6 -­
1 /,- i, I MODELS AVAILABLE

7--G - -zz -, 

ST --- DIRECT CURRENT"-"-!/ - i,, uNOMINAL VOLTAGE7--F I . 

L PUMP CASING MiATERIAL' 
L-PUMP CAS!NG STYLE 

L MODEL DESIGNATION 

ccI ' XX Y PUMP CASING STYLE.MATERIAL 

- 3-10 8:-1/2" M.N.P.T. IN.L!NE ................... BRASS
 
-- / 12":-/8" F.N.P.T. END SUCTICN . BRASS 

*T -14 B;-5,/8 FLARE '15 IN*LINE.......... BRASS
1'N:-s" 5/16" BALL-COCK IN-LINE PLASTIC 

TVZ...ZZ NOMINAL VOLTAGE 

,_12:-0 to 14Volts--:--0 to 36Watts 
24:-4 tu 28 Volts--:--0 to 33W3tU 

IN-LINE PU,,tP CASINGS 
TYPICAL 12.VOL.T PUMP CURVE TYPICAL 24.VOLT PUMP CURVE 

, ..- --r 1 ! l .- __ L t ___ I 

I I ~3 

;., ! \ I I _ -I S 27, -- 27 

4 2 
Li I 2, 01__ '7 

. '! ! ' - S./f -, 

- 6 ­-1 

9~ 3 . 

2 \3 5 6 7 0 223 567 
FLOW G.PM. GP.M.M_FLOW 
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CP SERIES DIRECT CURRENT
 

CIRCULATOR PUMP
 

AL DEND TO 

ENGINEERING RELEASE
 

24 VCLT b0iT CAl BE USa. AS SHCJ!'. B---CW 
RANGE: 

O - 14 VOLTS 

0- ?WA-1.-S 

GI 5 

3 

0 0. 

02 3 

,IZON 'RCy Cc. rDv.- 70 INDBUST-~ R :;IVLANA 18974 PHiONE: 215..322-073C-A 



Module 9: Plumbing Multiple Collector Arrays
 

Objective
 

The objective of this modul2e 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 o; pressure drop through a collector array of a partic­

ular configti-ation is covered in Module 10, as is the calculation of pres­

sure drop througn the pioing.
 

This module deals with the ccrrect configuration layout of panels in
 

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

?iping ... Collector Arr-ys. One of the most common errors in
 

installation occurs in the piping of a collector array. If oiped incorrectly,
 

some panels will be starved of flow and will 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 large arrays uses
 

parallel, reverse return piping (Figure 9-1), which ensures a fairly 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
 

col lection. 

Under almost all conditions, reverse return piping is the best choice. 

It may require additional pipe, but such pipe quickly pays for itself in 

increased performance. 
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Balance Valve or Damper 

Header cr Manifold 

Avoid series connections and
 
4._ _. balance valves if possible.
 

Multiple Collector Piping Arrangements 
Figure 9-1 

If it is not possible to pipe the array in parallel with reverse 

return, flow-balancing 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 balancing valve is an inexpensive square-head cock. More
 

expensive, calibrated balancing valves are available for use in very
 

large arrays. Simple globe or gate valves have been used but 
 are
 

not recommended, because their sensitivity to 
changes in adjustment
 

and flow restriction caused by thermal expansion and contraction makes
 

accurate control difficult to attain.
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Collectors are usually connected in parallel. Parallel connecuons 

are shown in Fig. 9-2a ; series connections in Fig.-9-2b, In 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 

collector, are superior because those difficulties are avoided. 

' I 

Parallel 

II Y 

'Aries (note Orainaqe Problem) 

FIGURE 9-2 
Collector Connectdons 
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The path o.f fluid flow throuah aiy 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 evenly distributed. Frequently, plumbing in 

this fashion will require extra pipe, but improved collector performance 

compensates for the additional cost. 

F.
 

U
 

Feed a. Balanced ,low 

- - - -End.Cap
 

I II 

E ~ l u 
U M li 'l I! I b I'' 

R F 
P End Cao 

t. U nbalanced PlowFeed 

FIGURE 9-3 
Flow Balancing in Collector Groups 
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Groups of collectors at. different heigits should be piumbed in 

such a way chat they all receive water frcm the lowesr point n -the 

system and return it from the highest point. Fig. 9-4 ill.ustrates a 

properly plumbed system, and the dashed line indicates a tempting, but 

unsatisfactory, arrangement. If the return lines do not come from a 

comnnon height, flow through the panels will be uneven, causing .,.. 

reduction in performance. 

High
 

Point
 

.. il. / 

Return 

FIGURE 9-4 
Plumbing Collectors at Different Heights 
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Piping Between Collectors. AflouL Ll same amount of flow 

should pass through each collector. When it is necessary to divide the 

solar collecting panels into groups and connect the groups with pipe, 

care must be taken to ensure that all collectors recei'.'e the same flow. 

Most situations encountered can be satisfied usirg principles discussed 

in this section, but for extremely complicated cases itmay be desirable 

to calculate individual flow path pressure drop. (See' Module 10).
 

Flexible connectors from the array heaoer to rhe individuai
 

collectors should be avoided unless the installer has years of satis­

factory experience with a particular brand. A U.S. National Bure-u 

of Standards survey of lafge operational solar systems showed that all 

those using flexible hoses had experienced system failures because of 

hose degradation. Flexible hoses are not recomnen',e 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 soutce 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, allowances should be made for change in length. Horizontal "U"
 

bends are typically ,Jsed to absorb the changes in length produced by long
 

pipe runs. These should be included on the schematic by the design engi­

neer if needed.
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Taole 9-1 provides typical stress for constrained pioe.
 

rable 9-1
 

Thermal Streascs Resulting trom Total Constraint 
Temper. 

ature" Therr!itl Sresset., p!(96.89 - kPs) 
Chinge, Wrought Cast Bru.,.or 
F Ir Steel Iron Iron HLron e Cpper Aluminum 

20 39(X) .18( !428 2760 2980 2700 
40 IN00 I60 2356 5520 5960 5400 
60 11700 114WX 4284 86X, 940 8100 
so 15600 15200 5712 110.40 11920 I0,400 
100 19500 19000 7140 13800 14900 136WJ 

'For tempeflurei Ji o mn.2And 400 , (0and 204.4°C) 

Cast iron, for example, for a temperature change of 100o7 (35.5 0 C), 

a compressive strength of 7140 psi 
would be developed. If the pipe were
 

held straight, this 
stress would be handled easily, if however, the stress
 

were allowed to-cause a bending moment, then 
the pipe mi;ght fracture.
 

The values of stress found in Table 9-1 wE.re 
found by the equation:
 

F = aEA Lt
 

where F = force of constraint, lb
 

a = coefficient of linear expression, in/in
 

E = modulus of elasticity, psi
 

A = cross section area of metal in pipe
 

at = temperature change, deg F
 

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

Table 9-2
 

Phcst Properties for Determining 
Thermal Stress' 

Wrorg b Cut Zru. or ..np. Alum. 
Stil Iroo [too ronze pr InuM 

Ccafrcient of Liriear 
Expansion,a l0-6 6.3 6.8 5.95 9.83 9.3 13.3
 

.ModrsOf Elasticity,

4 
, psxiX0 30 28 12 14 16 I0 

Pradu o laE. psi.. 193 190 71.4 138 149 ' 135 
&rample: 'he cofflcient t expanson for seet - 0.0000065 in./in. and thetoc'usao (LS1lity - 30 000 000 ps. Thav:ore aE - 195psi (1344 kP&}.
*For tcmiratures beiwei, 32 "rd 400 F (0 and 204.4'C). Convei'lon fac. 

tors: kPa - psi x6.89;mm - in. x .,4. 



It is interesting to note thdt length does noc enter into the determina­

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

as a unit length function, and so is the expansion; therefore they cancel 

each other out. The realization that thermal stress is independent of 

length is important but is often overlooked. This concept explains the
 

feasibility of utilizing the 4 .,herent flchibility of pipe to take care 

of expansion. Regardless of the length of pipe between 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 = alt 

=where: a coefficient of linear expansion in/in
 

L = length 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 shcwn in Figure 9-5 can be calculated by the
 

equation:
 

L = 6.16Yoe 



where: L =length of U bend pipe, ft.
 

00= outside diameter of pipe, in
 

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

L-2A.8 
U bend witlh U Dend witli 

h1tings1 2 ftmngs 

Uwno
 OM U ond 

Mesurement of L on Vartous Pipe Bends 

Figure 9-5
 

Hangers and Supports
 

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

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

Table 9-3
 

Equadons for BEnding Stress and 
Dnecthri between Supports 

Typ, of 5uion Undlal Strcju, pal(kPa) Defnircdoa, In.(.-m) 
S Y 

0.75 WL2 
DQ 22.5 WI..

Y .0ends) 3 .Sinle soan (fret 

I El 

-LD43WConuinuoui line , S . 0. 
! Ef 

W- ttJ weight (pipe. fluid. and the like) Ib/rW(kgi'm) 
D - ouulidc Jiamter of pipe, in.(mm)o 


,.iigth
L - of span. ft 1m) 
Z - modulus of duticity, psi (kPaI
 
I - moment of Inertia, in.4 (mm4 )
 

- > [(D,)4 - (DI) 

D - inside diameter of pipe. in.(mm) 



Even with proper support spacing there will be some sagging; this can be 

determined by deflection, Y, above. In such a case, the supports should
 

be on a gradient to prevent air pockets. 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 of hanger
 

rods are given in Table 9-4. 

Table 9-4
 

Recommended ?aximum Spictng of 
Hongen and Minimum Hstvger Rod Size for S(et 

and Coopei?ipe' 

Nominal Pipe 1ilnimum Rod 
Size, In. Ma.Lnium Span, tt Diamert, in. 

(x -. 4 mm) (x 0.34 - m) (X 5.4 - mM) 

1 7 3/8 
1 1/2 9 3/8 

2 10 3/8 
3 12 1/2 

3 1/2 13 1/2 
4 14 5/8 
5 16 5/8 
6 17 3/4 
8 19 7/8 

10 22 7/8 
12 23 7/8 

4For 1/2 in. (12.7 mm) coppcr tube. 5 t (1.5 m) spacing of ha;ngers is 
recommendod. 

There are two types of supports: anchors and hangers. Anchors are 

used to guide the expansion or fix the pipe. They are needed 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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stresses. Tey are of the spring, roller, or rod type. Such a support 

bracket should be constructed so that an expanding pipe will slip in its 

collar rather than work the support bracket screws loose where tihey contact 

the roof or wall's outer surface yet maintain full support. Figire 9-6
 

shows one such pipe support bracket.
 

DJUSYS ERTI ALLY AND HORIZONTALLY 

• 	 SET BOLTS IN­

kLASTOMERIC SEALANT P 

FIGURE 4-6 
Pipe Support Bracket 
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Forces On The Collector Array
 

A mounted collector is not only exposed to sunlight and the rigors 

of ultravi6let light but also to wind forces. Possible hurricanes 

dictate that a collector and its mounting structure must be able to 

withstand intermittent loads from winds up to 130 miles per hour,which 

corresponds to a pressure of about 75 lbs. per square foot on a typical 

collector 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 panel thermal perfcrmance.
 

--- ,-,,,.
 

Suction on Wind 
Giazing 

Forre 

FIGURE 9-5
 
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 lifting load of 75 lbs/ft2 from wind forces. Typical stand­

off detail is shown in Figure 9-7.
 



- le!" 
-L -1/z I 

-TP 7y r ,gb A2louA17-Ipm? 7i9l-

FIGURE 9-7
 



Special .Array Considerations for Thermosiphon Syst'ems
 

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 level (i.e., within for or five inches from the
 

ground).
 

Mounting a collector array using 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 mo'inting detail when the ground is sloped. 

-
 hill
 

Mparallel 

/ Iih 

0.'A Z ' Achr ol 
I -i,I I -

FIGURE 9-8
 

Conceptual Drawing of a Ground.Mounted Collector 

On Sloping Hill
 



f..
rI.' . .......... 
.
. .
.. ... .
 . ...
'-; 

/ 
y 

I 

- -1 

,-- - "--._ 

II 

10 
-org .---

"K

L;!" / i i ,,-,j_____CDb -. 

I 



References:
 

1) H. Ten Bosch: Calculations of Machine Elements, Springer, Berlin, 

Germany 

2) Crocker and King: Pipin Handbook, 5th ed. McGraw-Hill Book Company 

NY, 1967 

3) 	ASHRAE HANDBOOK, American Society of Heating, Refrigerating and
 

Air Conditioning Engineers Inc. 1791 Tulhe Circke, N.E. Atlanta,
 

GA,30329; 1983
 

9-17
 



Module 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
 

PUMPS 

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 pcsi ive 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 loop, is the increase in
 

flow rate as the temperature of the fluid increases. This is due to
 

viscosity changes of the fluid and 
improves the collector efficiency at
 

high temperatures.
 

Pumps are rated according to the flow rate they 4ill provide when sub­

jected to a given head pressure. The head pressure is calculated by deter­

rnining the pressure drop in each component of a loop. For example,
 

consider che loop for pump(3) in Figure 10-1. 
 The pressure drop
 

consists of a 6p in the collectors, a Ap due to pipe friction, a Lp due 

to elbows, a Lp due to valves, a Ap due to 

the filter, and a Ap due to the ion getter. 
 in a loop that is kept
 

full, one does not include the bead pressure due to pumping the fluid
 

to a higher elevation. However, in 
a system that is drained, this head
 

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 the system 

design, can be completed. Typical pressure drops are on the order of 

.2lb/in 2 per collector panel. This can be related to 
feet of water by
 

the relation:
 

I ft H20 = 0.433 psi 

ln-2 



.Flow Kates Through Collectors. Standard flow rates, as defined by ASHRAE 

test, are as follows: For liquid type collectors ,0.02kg/(s.m 2), (14.71birn/ 

(hr.ft2 ). For air type collkctors, 0.01 m3/(s.m 2), (2 scfm/ft2). 

However requirements may exist to use different flow races in 

applying the collectors to a particular project. In some cases, collectors 

are used in series, and the solar energy collected will be different 

than for a single collector. 

If flow rate is increased, the temperature range through which the 

fluid is heated will )e less than with standard flow rates, whereas if 

the flow rate is decreased, the range will be increased. [t is also
 

.rue tnat for- an iFcreased Flow rate, the rate of he ic transfer betwen
 

;ne luid and the absorber will increase. Converselv if the flow rate
 

jecreased, the rate of heat rransfer will also decrcase. cr '.ear!y
 

ii colleccor.3, the chance in fluid temperature range has the major 

,2fect on rating and the change in heat trane;fer is d second order 

effect and can usually be neglected in calculating the difference in 

Derfor-mance. 

Peter Lunde in attached paper 10-) uses this concept to caiculate 

the effect of flow rate on perfornande using the testedASHRAE perfor­

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

*f i - Ta 

T
.705 - .689 

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

the flow is reduced to half of theASHRAE value (.03 gal/min per ft 2). 

A 700 square foot system would have a 21 gpm total flow rate requirement 
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based on the ASHRAE standard. However, very little performance reduction
 

is experienced at a 10.5 gpm total flow. 
 A similar result was obtainedl
 

by Culham and Saner (Ref 1) using purely simulated data. They found a
 

performance reduction of 5.2% when flow is reduced to (.015 gal/min.ft 2), 

half thE ASHRAE value. For Jamaica, with its high cost of power, the 

autnor recommends a flow of .020 gal/min per ft2 of panel as the flow 

rate design parameter for utility operated pumps arid no panel increase. 

The author recomends for P1 pumped systems, a flow of .915 gal/min per 

ft 2 panel area with an incriase 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 various sizes
 

of pipe at various flow rates. For example, at a flow rate of 15 qpm 

throuoh 1 1/4 inch copper pipe, che Ap is 5 feet of water per 100 feet 

of pipe Similar charts may be obtained for o.ther 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 6p for
 

the pipes.
 

Tore pressurq drop through the ion getter is so small that it 

can be ignored. However, the 6p through the filter, can be 
significant
 

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

in CSU Solar I the values range between those shown in Figure 10-4.
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After determining the individual pressure drops, the total A may 

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 

i tems. 

6 : 8.4 ft
APpipes Z (140 ft) 	 ftoH 20 

1 1 f
 

' 4 f 

Pel bows = (8 e w) (13 elbows) 6 ft10 H0> 

'valves (i valve 	 f )
( 
'Pht. exc. = 20.8 ft
 

Apcoll : 9.2 ft
 

Pfilter = 2.3 ft. 

A typical pump selection chart is shown in Figure 10-5. The 

pump should be selected to provide the desired flow rate with the Ap 

calculated.
 

Notice for this typical system, the pipe, pipe fittings and values
 

account for 57% of the pressure drop. The solar designer should cal­

culate the pressure drop using several sizes of pipe for each system and
 

do a cost trade-off between the additional cost of the pipe and the
 

reduced cost of pump and operating cost, or pump and PV panel.
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Air Vents: 

Sirce 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 metal 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 problem in Jamaica, and because of the high
 

cost and efficiency penalty of heat exchangers, use of only direct.open
 

loop systems is recommended.
 

Pressure/Temperature Relief 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 to properly pipe
 

the P&T valves on a ground mounted sustem such that they can discharge
 

safely.
 

10-6
 



Insulation of Piping:
 

The appendix co.itains 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 foot of exposed
 

piping.
 

Nevertheless, all piping at the top of the solar tank should be
 

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
 

is significant if not insulated and insulating here iswell worth the
 

high cost of insulation even though insulation is not recommended 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 throuch a thermosiphon is induced by temperature
 

related densities between the average temperature of panel water and the
 

average colder water temperature at the bottom of the tank. This dif­

ference in density and the heigth of the tank above the panel provides
 

the moving force for circulation. Using efficient measured flows typical
 

of thermosiphon systems (15 lb'n/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 size needed (such that resistance to flow is below
 

induced forces) can be determined for various 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 9m in
 

Collector main risers
 
Area and headers h=5' h=10' h=15' h20'
 

1 1/2' 1 1/4' 1 1/4' 1 1/4'
330 sa ft 10 9Pt 2' 

500 so ft 15 9pm 2' 2' 1 1/?' 1 12' 1 12'
 

670 so ft 20 Pm 2' 2' 2' 2' 2'
 
830 so ft 25 9pM 2 1/2' 2' 2' 2' 2'
 
1000 sa ft 30 SPM 2 1/2' 2 1/2' 2' 2' 2'
 

tank base above center of collector arrav, Values are

h = height of 

given for nominal ID smooth ialvanized Pipe,
 

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 is 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.
 

All piping must have a continuous upward slope to the tank of at
 

least 1 1/4' per foot (10 cm/meter). The greater 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 I 

Ap (psi) 

Fine Medium Coarse 

16 gpm 205 OF 

60% ethylene 2.10 0.70 0.35 

glycol 
(in water) 

5 gpm 87 0F 0.60 0.20 0.10 

pure water 
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FIGURE 10-5
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Paper 10-1, Solar Age, June 1982 

PETER J. LUNDE: PRACTICAL ENGINEERING 

Collector
 
Flowrate
 

T he correct collector fluid flowrate is 
not always the one recommended 

T by the manufacturer. Indeed, the 
solar theoretician-who properly wants to 
keep the collectors cool for minimum heatoss--recommend the maximum flow 

possible.The practical engineer, however, 
must balance the cost of a larger pump and 
additional pumping power against t 
value of increased thermal performance of 
the system. If electrical power is projected 
to become much more costly over the life 
of the system, a lower flowrate ha~n is 


usually specified may be desirable. 
To properly compare systems after 

changing the flowrate, we adjust the col-
lector area as necessaiy to restore the orig-
inal performance. 'e increase or de-
crease in area causes a corresponding 
change in capital costs. 

To do this we must quantitatively 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 F1 ra equal to 
0.705 and a slope of FR UI.equal to 0.689 
Btu/hr F ft2. Assume that water is to be 
used as the system heat transfer fluid. so 
the results apply directly. The design calls 
for 700 ft2 of collector area. 

The transmissivity-absorptvity (re) 
product is calculated (from the rnanufac. 
turer's data on glass and absorber surface) 
as -a = 0.901 x 0.95 = 0.856. Therefore. 
the inlet-based heat transfer factor (F't), 
which accounts for the flowrate. is F, = 
Flra + ra = 0.7G5 " 0.856 = 0.824. The 
actual collector heat loss coefficient is 

= =
then U1. FRUL Ft 0.689 - 0.824 
0.836 Btu/hr °F ft2. 

The inlet heat transfer factor can also be 
calculated theoretically from: 

Dr.PeterJ. Lunde isprsidentofNew Ener 
Resources. Inc., and p~rincipalof 3D Solar 
Programs He teaches at the Hartford 
Graduate Center andis the author ofthe text 
Solar Thermal Engineering. 
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n UrAf 2Wc/A, 
where W mass flowrate. c "specific 

=
heat, n plate fin efficiency. A, = gross 
collector area, and = fluid film hear 
transfer coefficient. The first two terms in 
the denominator are associated with the 
heat transfer from the plate to the luid. 
Only the third contains Wc/A,. the area­
normalized flow capacity rate. For the 
ASHR.. test results, this is15 Btulhr'F It'
 

To bring theory and experiment to. 
gether. we solve for the unknown terms in 

equation (I) and use experimental values 
to evaluate them: 

I_ UA) U,. 
- _
 

r1 UrA Fit2Wc/A,.
 
1 0.836 

= 
0- - 1.18
0.824 2 x 15 

We can now rewrite equation (1) for this 
collector as: 
ol(2)
 

Ft (2) 
1.186 + 0.836 

2WcA,
 

This equation can predict the effect of 
flowrate on system performance. 

Effect on capital cost 
Trie heat transfer factor Fit appeais in the 
Hottel-Whillier collector heat balance 
equation when it is written to use *he inlet 
collector fluid temperature (T,): 

q = F,,[r(rI-U,(T,-T,) (3) 

where T, = ambient temperature and I = 
incident solar radiation. System perfor­
mnce at any 'time is predicted by this 
equation. Even though we may n)tknow 
the values of all the variables in th! brack­
eus. it is clear that the performan:e is al. 
ways proportional to Fi. Therefo:e. if we 
change from its nominal value of 0.824 by 
halving the flow, by equation (2) the new 
value is: 



•	.0 Oeig o .,, 

5 55 " 0 '0 '' 0 2 20 35 4 45 

FLOW, GAL MIN 
nt.
 

,r I Pressure rise cnaracteristcs to.a iine ol centrilugai 2umos The u.oer tine s a 
IJUF 

Pumo using 600 Waas The micdle line reoresenis a "eno oumo witn ancminal 225 -Nall 
no cumc jsnq 95 Nartsalternative Ir3cower consumolnon The ;ower line ,san 

0.805
F.,= 

F3-. 85 

1.186 	 0.836 
2 x fi<5 ~in 

We are thus reduced to 0.805/0.824 = 97.7 

percent of the original thermal perfor-

mance. To keep tde same performance for 
en-a nominal 700 ft"system, it must be 

larged to 700/0.977 = 716 It2 , a 2.3 percent 

increase in collector area. Assuming acost 

of S35/t 4 , 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 c 


The performance curve- and electrical 
characteristics of three solar pumps are 
shown in Figure 1.The dashed line repre-
sents the system pressure drop. conserva-
tively assumed to be linear with flowrate. 

The design volumetric flow rate (V) can 
be calculated from the specified Wc/A,. 
15 Btuihr OF lt 

v 15 xBtu 
It
ft2hr; 


X hr 


lb'F~700 
'tBtu 2 

Btuand 


xgal 	 = 21 gal/min 

60 min 8.33 lb 

Ifthe flowrate is halved frm 21 gal/mm to 

fo1S gal/minthe system pressuredropfails 
from 16to8 ft of fluid head. permitting use 

of the smaller pump and savings of 130 
watts. By use of threshold level radiation 

tables at Hartord. Conn.. Iestimate that a 

hot water water system will operate 2800 

hours per year if the average annual 
s 	 . Therefore.threshold level is 4 Btu/hr It2 

the initial annual savings, if electctty 
costs. say. 8¢ per kWh. are: 

kW 	 29$00 	 130Wx2800hrx 
1000WkWh 

a system when fuel inflation. interest rate. 
takenand tax deductions for interest are 

into account. Combined with. perhaps. 575 
capital cost savings from using asmaller 

pump, a present value of($29 x 25) - $75 
the life of the system.= $800 saved over 

Since the investment to do this was only 

S560. the outlay is desirable. 
Another alternative, doubling the flow. 

might -Jso be considered. F, would in­

crease to 1/11.186 . 0.836/(2: .9' 2)1 

0.833, a 1.1 percent increase in perior­

mance. permitting a reduction of only 8 ft*4 

in area. This is a savings of only $280 in 
aresystem cost-..diminishing returns 


clearly setting in. Without redesign (if
the 

system piping to handle more flow, the 6WI 
watt pump that is needed would consume 
an added 375 watts, costing $0.08 x 375 :, 
280011000 = $84 per year, worth up to $8,4 

x 25 = $2.100 in life-cycle operating costs 
Even alter asystem redesign to the origmal 
pressure loss, the pump required (not 
shown) would consume about 200 extra 
watts. A flow increase is not called for. 

In the case examined, the manufac­
turer's recommended flow rate is too high 

should be reduced. This will not al­

ways be true. Lower electric power costs 

favor larger pumps: And there are other 

considerations. For instance, in acommer­
cial installation the electric powir used for 

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 of years. Such a 

tax policy decreases the value of electrical 
the use of traditionalsavings, favoring 

enery instead of renewable resources. 
beThe effects of pump sizing can 

evaluated in just a few minutes. It's another 

part of the practical engineering that lets 

design the most economical solar sys­

tems for our customers. 
us 

To evaluate the power costs, we must 
kno', the worth ol an annual energy say-
ings that is continued over the life of the 
system. Calculating this is beyond our 
present scope. but let us assume that SI 
saved annually is worth $25 over the life of 
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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. 
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MODULE 11: SOLAR INSTRUMENTATION 

For a number of years there have been significant 

differences of view concerning the relative merits of testing 

solar systems in the field vs. testing systems in the 

laboratory. There are many tasks which can be done more 

easily and more precisely in the laboratory while others 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 disadvancages of both field and 

laboratory monitoring. 

For most larger solar systems, the type of instrumentation and how 

it is to be installed is up to the designer/engineer and should be called 

out on the blueprints. As 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 delivery line is also desirable. Reference (1) contains detail 

infornation 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. 
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ADVANTAGES AND PROBLEMS OF LABORATORY MONITORING
 

o 	System configuration is pre-

cisely known and controllable 

(e.g. thermal capacitance of
 
piping). 


o 	Parameters and variables are 

more easily controlled. 

o 	Instruments may be more easily 

checked and recalibrated as
 
necessary. 


o 	 Results are often reproducible. 

o 	Component malfunction can be 

spotted early and corrected. 


o 	Data inaccuracies during 

acquisition are less likely, 


o 	 "Tinkering" with controls less 
likely, 

o 	Weather data may be more pre­
cisely evaluated.
 

o 	Easier validation of computer
 
models.
 

o 	Smaller samples can yield
 
acceptable accuracy.
 

o 	Results may not be representa­
tive of ctual conditions.
 

o 	Selected configuration may not
 
be representative of typical
 
systems.
 

o 	Typical test sequence unlikely
 
to duplicate actual. lifestyles.
 

o 	Real world conditions not under
 
under test.
 

o 	Common reasons for system
 
failure or under performance
 
may escape notice.
 

o 	Need to construct and assemble
 
the test system.
 

o 	Much less visibility for most
 
solar experiments.
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ADVANTAGES AND PROBLEMS OF FIELD MONITORING
 

ADVANTAGES 	 DI SADVANTAGES 

o 	 More difficult to install and
 o 	 Test systems usually already 

finance maintair proper instrumentation.
available - no need to 


Recalibration may be difficult.
and construct system. 


o 	 Test systems are ab initio, o Materially increases c of: 

. instrumentationrepresentative of the field. 

data collection 

. instrument calibrationo 	 Effects of common field instal-

. verification of data accuracylation practi4es are included 

within the results.
 

o 	 Increase in data retrieval prob­

o 	 Reports data based on actual lems.
 

operating conditions. Statis­
tically significant samples o Subject to owner induced distor­

yield real world results. tion of data.
 

o 	 Often requires access to private
o 	 Represents only way to test 


reliability of commercially property.
 

available components and sys­
o 	 Subject to distortions froimtems. 


change in occupancy.
 

o 	Provides real world cost
 
o 	 Cost of removing instrumentationinformation. 

must be included. 
o 	Results may be more accep­

table to system vendors and o 	 Proper placement of sensors more 
difficult than for laboratorymanufacturers. 

conditions.
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MONITORING OF ACTIVE SOLAR SYSTEMS
 
LEVELS OF INSTRUMENTATION
 

Level Objective Measurement Required Instrumentation Remarks 

0 Public 
Perception 
of Product 

Sample Opinions Opinion 
Surveys 
Interviews 

Surveys of 
Subjective 
Perceptions 

1 Is System 
Running? 

Pump, Blower, or 
Valve Position 

Indicator 

Indicator light 
Audible signal 

Qualitative 
Objective 

2 Performance Water Temperature 
Air Temperature 

Thermometers 
(Permanent or 

Portable) 

Primary 
Quantitative 

3 Performance Pump Operation 

Backup Operation 

Elapsed Time Meter Improving level 
of information 
concerning per­

formance 

4 Performance Energy 

Consumption and 
Working Fluid 

Flows 

Kwh meters 
Flow meters 

More sophisti­
cated measure­
ment devices 

5 Performance Temperature 
Measurements 

AT measurements Performance 
at peak hours 
(solar noon) 

6 Performance Integrated 

Measurements 
BTU Meters Relationship 

between accuracy, 

frequency of data 
and objectives 



Level Objective 

7 Performance 
Evaluate 
Impact 
Energy Use 
Profile 

8 Reliability 

Precise 
Performance 
Analysis 

MONITORING OF ACTIVE SOLAR SYSTEMS
 

LEVELS OF INSTRUMENTATION
 

Measurement Required Instrumentation 


Time of Use Recording Meters 

Kwh and Flow 


Solar and Backup
 

Component
 
System Reliability
 

Insolation PV cells or 

and Weather Data pyronometers 


Remarks
 

Impact of solar
 
on energy
 
backup
 

Tradeoffs of
 
accuracy and
 
cost
 



KWH METER LOAD PROFILE BTU METER
 
RECORDER
 

HOT 
PHONE TEMPERATURE 

0 BTU /GAL 

COI-D 

TEMPERATURE 

WATER T : -­ "i l Cz 

,ULTCOLD WATER INLET 

WASTE HEAT W!7:Iai 
RECOVERY UNIT 1-ill* 

R----- FLOW METEROR 'l, 

HOT WATERSOLAR HOT 
TANKWATER SYSTEMtI% 4 KJ 

OR .. .. t 
HEAT PUMP
 

WATER HEATE-


L-- L------------ OIT 

DHW MONITORING INSTRUMENTATION 



I 

BTU METER
 

INSTALLATION INSTRUCTIONS
 

OPERATING INSTRUCTIONS
 

INSTALLATION OF FLOW METER
 

Flow meters may be installed with the included fictings
 
in either a horizontal or vertical position. Flo'i meters
 

the same line in which the t~mperature
must be installed in 

sensors are installed.
 

Plastic flow meters must be installed in the co~d water
 
line or where temperature will never exceed 120 F.
 

Bronze flow meters may be installed where fluid temp­
eratures will not exceed 195 0F.
 

II TEMPERATURE SENSORS
 

Any! of the 	standard ,provided temperature sensors may be used. 
must be well insulated from ambient temperatures.The sensor 


Temperature sensors must be installed in line at the pointsi
 
between which heat transfer measurements are required. Two
 

typical systems are shown in Figures 11-2 and 11-3.
 

III ELECTRONIC BOX
 

than 100 ft.
The electronic box should be installed no further 

from the flow meter and temperature sensors. Greater distances
 
may affect the resistance values transmitted by the temperature
 
sensors. Standard electrizal practices should be used for the
 

high voltage (110 V.A.C.) power lines. Low voltage flow meter
 

and sensor wires should go zhrough the rubber grcmmet on the
 
side ot the box. The wiring of the box is shown in
 

Note that tne 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 i-1.
 

Pipe size change 	 Flow Meter
 

S5 Dia. 
S10 Da -

FICURE 11-1 
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1.ETER INSTALLATION (I20'F)COI.D ,ArER FLOh' 

BTUR 1 110 VAC 

METER 

Hot Water Outletold 'tder Inlet 

Cold Flow l lo Temperature 
Temperature Meter et raenSensor
atr
Sensor 


Figure 1.1-2Tank 

BTU METER 

cover of BTU Meter Box

See Installation Diagram on inside front 


HOT WATER FLOW' METER INSTALLATION (195°F) 

Outlet"Cocl" Fluid Inlet - [-- "H~ot" Fluid 

Cold Flow Hot 
Temperature Meter Temperature
 

Sensor Heat Senseor 

Source 
110VA
BTU 


Figure1 11-3 

BTU ME'rER
 

See Installation Diagram on inside front cover of BTU Meter Box
 

11-9
 



__ 

RS 805 BTU METER 
INSTALLATION DRAWING 

Figure 11-4 

0 WIPER S3 >-4X000 - 5__,- ]A 

PGALLONSOTIONAL) Ip5( BTUNO I 

NO
 GLLON
NC) I) IS_3__100___ 

0F WIPER.S 

NO GALLONS131 NC (OPTIONAL) 

O tOA SEE CALIBRATION INSTRUCTIONS 
(OPTIONAL) FOR CORRECT SETTING 

() RS 811 OPTION: BTU / SQ. FOOT 
SOLAR BTU METER 0 (, NOTE: FINAL MULTIPLIER WILL 

CHANGE WITH PROGRAM 
BOARD
INTEGRATOR 


BOARD
 

RS 811 (OPTIONAL) 
CPITIONAL 

--" Ji 
I RHO SIGMA 

11922 VALERIO ST. 
NORTH ICUYWOOO, CA. 91605 

SENSOR SENSOR FLOW SPARE
 

HIGH LOW B. IN IllSVAC 1COM) 


K9QQQQOJOI TB2 
I !___ _ 

BLACK 

115 VAC 60 HZ 5WWHITE 

z 
HIGHEST 
TEM_
 

SENSOR LOWEST
 

FOTEMP 
SENSOR


BLACK \ 

\-RS 1008 SERIAL. NO. DWG NO. 38-8050-8 

(OPTIONAL) 



RS805 
.PRODUCT INFORMATION BULLETIN 

RS805 BTU METER 

V~ 

4, NO 

Rho Sigma's. BTU meter, Model RS805, is a complete package for measuring 
and recording thermal energy consumption. Itis ideally suited for solar energy, heat 
recovery, systems monitoring and evaluation, and load shedding. 

* 	Digital readout display of BTUs consumed Optional features ava.ilable: 
* 	 Digital readout display of gallons of water 

uded * integration of available solar energy to 
* 	 High reliabilil'! solid-state circuits measure overall system performance 
* 	Compact housing, 4 x 8 x 12 inches * tarnperproo( inidicator to prevent 
* 	 Integrated circuitry for low power drain unmeasured energy consumption 
* 	Overall system accuracy, ± 1.78% of ,, temperature output to chart recorder con­

full scale version for plotting load profiles vs. time 
* 	Temperature sensors accurate to ± l°F * non-volatile LED readouts (back-up
 

from 32 to 21 2°F battery)
 
* 	 Flow meter accurate to within 1.5% from 

.25 to 30 gpm
 
,, No loss of data due to power failure
 

RHC SIGMA 11922 VALERIO STREET ° NORTH HOLLYWOOD, CA 91605 	 (213) 982-6800 

8S.805- I 	 11.1 !" (i 



The RS805 provides an economical, reliable means of *measuringenergy consumption (BTUs) in solar energy systems at the point
of use. I This is accomplished by comparing temperatures of the inlet fluid and the fluid at itsexit (generally from the storage tank);
multiplying the temperature difierential between these two points by the rale of flow, and integrating the result over time. This pro­
vides a reading of the BTUs consumed. 

Two outpul registers are provided; one shows the BTU reading and the other, using the flow rate data, shows total gallons of 
waler consumed. 

The RS805 obtains the data for these operations from the Ilow meter and two temperature sensors included in the RS805 
package. The following diagram shows the relationship of the BTU meter, flow meter, temperature sensors, and a typical solar 
energy system. 

COLLECTOR AREA 

HOT WATER 
Ill) OULlE7 

TEMPERATURE 

HOT WATER 
STORAGE TANK 

CONTROL
 

110 VACPUMP 
 !
 

RS&')5 FLOW METER ..
 

LOW VOLTAGE LINES II 

RSMO 
TEMPERATURE SENSOR T1 BTU METER 

CITY WATER INLET 

B TU - Bnutsn Thermal Un:t: Ihe amount el energy recuirood to raise the temperature of Ib ot water tOunderconalmons of stancard tempera. 
lure and pressure. 
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APPENDIX
 

A. SOLAR SYSTEM SIZING FOR JAMAICA - F-chart.
 

B. A NOTE ON PIPE INSULATION.
 

C. SIMPLIFIED SOLAR COLLECTOR TEST PROCEDURES.
 



APPENDIX A: 
 SOLAR SYSTLM SIZING FOR JAMAICA - F-chart:
 

F chart 	 4,0 wzs used to 
size the solar svstem, Table 1 lists the
 
Parameters used for siZing, The insolation 3nd ambient 
 temperature

data was from the World Meterologic3l Atlas and from the Barbados
 
hospital studv respectively. See Table 2 f,.r a sample output,
 

For siZing, it was assumed that the storage 
tank would be sized to
 
Provide two US s.allons of storage -er sauare feet of collector 3nd the 
Pump (or thermosiphon action) would Provide a collector flow rate of 
one gallon Per hour Per souara foot of collector, ,Except as noted,

all sailons refer to imperial gallons = 1.2 US gallons), Since backup

is not recommended, 1.5 US gal/sa ft of collector is the recommended
 
tank size, if it is also close to the hot water demznd in Aal. Per
 
dav, The remaining Parameters to be optiaizeid are collector 2zimuthy
 
tilt and area.
 

Collector 	Azimuth
 

Collectors should be oriented to £ 15 degrees of south, Ar 
orientatior of up to i 45 degrees ep-.t or west of south is acceptabl­
if collector area is incT:ased bv 15%. These recommendations are
 
based on Practical experience in Florida and 
 not from F chart 4.0
 
which is strictly valid onlv for south orientations. F ch!art 4,1 will
 
remove this restriction.
 

Collector 	Tilt
 

To determine the optimal 
collector tilt, collector areas of 5,)0 snd
 
700 souare feet 
were used 	and tilt angles varied from 0 to 40 1idrees.
 
The resulting optimums were identical 	for both collector sizes, Table
 
3 Presents the results for the 700 souare foot collector.
 

Table 3. 	Tilt optimization for 700 sauare foot
 
collector and a load of 833 gallons
 
Per day 

Solar Fractions
 
Tilt Monthly Monthl. Af Between
 
Angle 	 Annual Best/mo Worst/Mo bst wst Ma.
 

0 0.83 0.94/May 0.67/Jan 0.27
 
5 0,85 0,93/Mav 0,72/Jan 0.21
 

10 	 0.86 0.93/Apr 0.76,'Jan 0.17
 
15 	 0.87 0.93/Oct 0.30/Jan 0.13
 
20 0.87 0,94/Oct 0.33/Jan 0.11
 
25 0,87 0.95/Oct 0,81/Jun 0.14
 
30 	 0.86 0,95/Oct 0.78/Jun ).17
 
35 	 0.84 0,94/Oct 0,74/Jun 0.20
 
40 	 0.82 0,92/Oct 0.70/Jun 0.22 



The first thing to note is that the extreme insensitivitj of annual f 

to the tilt angle. This Points tc the ainimum tilt angle to minimiZe 
in the range of a 10 desree - 30structural support costs. vmk.ver 


degree tilt, there is a significant difference between t;+e best and
 

was
worst monthlv solar fractions. Although a uniform monthld load 


the loads are likelv to be higher in
used for the analvsis, in fact 


the winter months. For .his reason? we recomend a tilt angle around 25
 

increase the winter
degrees. A'ns higher tilt, although tending 	 to 

the higher wind losses? particularly
Performance, will be offset by if
 

line
the headers are e:*.ternal and uninsulated. The wind induced 


losses have not been considered in the F chart anal.si-,
 

For this studv, a tvpical Jamaican manufacturer's solar collector of
 

collector
moderate Performance was used (see 	 Table 1 for 

this analysis with 120
characteristics). An interesting outcome of 


degree F hot water deliverv temperature and 30 degree F cold water
 

inlet is that the FSEC intermediate temperature rating is an accurate
 

svstem outp'ut in the annual solar fr.ctior rsnge of 0.7
Predictor of 


to 0,8. The FSEC rating for this collector would have been 51?
 

The F chart 4,0 output is 502 for zn Brinul f of 0,3 nd

3tu/sf/dav, 


0..7, So use of the FSEC intermedia:te
533 Btu/sf/dav for' f = 

a rather accurate and easv .stimation
temperature rating would Permit 


of the syste. Performance.
 

Table 4 shows the simple Pavback for a series of collector sizes.
 

,avback. for Jamaican solar s =tems.
Table 4. Simple 

See Table I for thermal data. All ;'s 3re
 

Current Prices were obtained
jamaican $s. 


from Ministry of Mining and Energ ­

25 cents/Kwh = J$73.2/MMBtu . eff = 1,0
Electricity 

oil = ,j$1,58"'Imp, al = J$15,3/MMBtu @ eff = 0.6
 

LPG (Propane) = JS2.05/ImP. gal = J$24.4' MMBtu ? eff = 0.7
 

Hot water load = 833 gpd = 125.3 NMBtJ/yr
 

Coll. System
 
Simple Payback, Years
Area Cost 


Sa, Ft. 1000 J$ f LPG Elec Oil
 

10.4 49.6
100 20.0 0.21 31.2 

7.4 35.2200 25.0 0.37 22.1 


300 30.0 0.50 19.6 6.5 31,3
 
29.4
400 35.0 0.62 18,5 6.2 


6.14 29.4
500 40.0 0.71 18.5 

600 45.0 0.80 18.3 6,13 29.3
 

29.4
18.8 6.3 


800 55.0 0.94 19.2 6.4 30.6
 
700 50.0 0.87 


60.0 0.98 20.0 6.7 32.0
900 

1000 .O5.0 1.0 21.3 7.1 33 ?
 

1917
costs with solar: 3059 9172
Annual fuel 	 no 




Life cvcle costing results along with their as!;umPtions are Pre.sented
 
in Table 5. This was done using the TI-59 F chart Progr3M.
 

Table 5. 	Present Value of Life Cvcle Savings From Solar
 

Svstems
 

Assumptions are those listed in Table 4 Plus 
the following: 

Swstem life = 25 vr, 
Operation and maint, cost = %'Per vr. 
General inflation M 7% Per vr, 
Fuel inflation 1 per Vr.10% 

Discount rate z 7% per ir,
 
Salvage value = 0
 

Collector area dependent costs = J$50 Per sa,ft
 
Collector area independent costs = J$15,000
 
F chart assumes solar costs are additional to a
 
convential svstem which will bp used for backup
 

Coll. Svstem P.V, Of Life C'cle
 
Area Cost Area/ Savin9 From Solar(1000.S)
 
So, Ft. 1000 J$ Demand f LPG Elec Oil
 

100 20.0 112 0.21 -3.2 39.3 -11.3

200 25.0 .24 0.37 6.7 81.9
 

300 30.0 .36 0.50 13.8 115.3 -5.,2
 
400 35.0 .48 0,62 19.8 145.7 -3.7
 
500 40.0 s60 0,71 22.7 166.9 -4.1
 
600 45.0 .72 0.80 25.7 188.2 -4.6
 
700 50.0 .84 0,87 26.6 203.3 -6.3
 
800 55.0 .96 0.94 27.6 21805 -8.0
 
900 60.0 1.08 0.98 25.5 224.5 -11,6
 

1000 65.0 1.20 1,0 21.3 224.4 -16.5
 

Annual fuel costs with no solar 3059 9172 1917
 

The optimuri collector area to load in terms of .le ratio of sauare
 
feet of collector Per gallon of demand depends on the economic
 
criteria used. Table 6 Presents the results based on table 4 and 5
 
results.
 

Table 6. 	Optimum collector areas for different fuel
 

Fuel Tjpe
 
Criteria Gas (LPG) Elec Oil
 

Ma:4imize LCC saving 0.76 1108 0.48
 
Simple Pavback 0.72 0.72 0.72
 
(A sav/acost) 0,48 1.08 0.0
 

Recommended optimum for all sv+-ems 0.72 so ft/imp.gal load.
 



LCC (life cvcle cost) saving and simple Pavbacks are commonlyMa:,im,im 

use. criteria. In our view maximization of LCC saving is a toor 

it tends to too large a system. The simple Pavback. is rotcriteria and 

This is because in 5eneral
as bad a criteria as it might first seem. 

and the discount rate (for government) arethe fuel inflation rate 


to the general inflation rate. So the simple ;:.avb3c:y,
Pretty close 

usuallv closelv reflects the true Pavback if operation and maintenance 

costs are small.
 

The third criteria is Perhaps the best criteria. This i's marginal 

cost effectiveness, i.et, one evaluates whether the increase in LCC
 

the next larger sized array is greater than the cost.
savin.s for 

e.g. 	in table 5 we see that under the gas column that ircreasir the
 

-

to 500 sauare feetr increases LCC savings bv
collector a;-ea from 400 


onlv J$2Y900 while increasing costs bv J$S,000. Therefore the ofotimum
 

area is 400 souare feet or 0.48 sauare feet/gpd demand. Ageinst oil
 

no solar svstem is the best choice'
this criteria indicates that 


Of course this kind of cost benefit anal.dsis does not cccount for the
 

of solar ener: viz, increasing
social and environmental benefits 

balance payments 	 inflation,local Jobs, increased of and thus reduced 

etc, A true macro economic
less dependence on foreign technolo-d 


analvsis considering such factors will undoubtedlv favoi' solar ener ;'
 

for Jamaican hospitals against anv alternative fuel,
 

noted that this aralvsis was done for 3 low .erformin'A
It must be 

current U.S. collector-
 that use selective


collector when compared to 

Undoubted1v Jamaican te,:hnloj'.j illsurface and iron free g!ass, 

£--;Produce better collectors in the future. Also since first :os. 
3nd since these Iol-r
real barrier to installation of solar systems, 


systems will Probabllv be installed without a backup s.dstem and moiti! 
sL-tem
in cases where there is cuirrentlv no hot water; we recommend a 

with no backup and a minimum collector area of 0.7 souare feet,.': 
that in solar sVstems optimums are neverdemand. It must be remembered 


well defined. The major difficultv will be in estimatins- the demand.
 

be 	 budgets permit,
The collector area/gpd demand can increased as 


A note: F Chart 4,0 si~nificantlv over.redicts solar systam
 

Performance when compared to the TI-59 F chart Program. This is
 
the authors'


the Programs are different. From 

because the basis of two 

experience in comparing field Performance to predictions; it a.Ppeirs F 

chart 4,0 is a good Predictive tool and F chart 4.1 will be e-qn 

better as it will account for off south collectors and .,he hot water 

correlations will be improved.
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Table 1. Solar DHW Parameters Used In Sizing
 

..CLLECTOR PARAMETERS
 
C1. COLLECTOR ARE A .. .. .. .. o0.. . . . . .. . . /o 3, F"F2'- (varied) 
C2. FR-UL PRODUCT ............... ................ 1.0? FTU/H R-Fr.2- DEG
 
C3. FR-TAU-ALFHA (NORMAL INCIDENCE) ........... 05
 
r6. NUMBER OF COVERS .. ....................... * 0,

C7. INDEX OF REFRACTION ........... . ...... 1 5-

C8. EXTINCTION COEFFICIENT X LENGTH (KL) .......... 0.04
 
C9. INCIDENCE ANGLE MODIFIER CONSTANT........... 0.1
 
C10. COLLECTOR FLOW RATE * SPECIFIC HEAT/AREA .. 
 . 9.6? F1TI.*HR-[2-ir*c 
C12. COLLECTOR SLOPE. .O................. &........ . 0.0 DEGREES(varied) 
C13. COLLECTOR AZIMUTH .. ........................ . 0O 0 DEGREES 
C14. GROUND REFLECTANCE ............ . .......... . 0.20 

.TORAGE UNIT PARAMETERS 
SI. TANK CAPACITY/COLLECTOR AREA ................. 17.12 BTL.J,'IEO F-FT2 
S2. STORAGE UNIT HEIGHT/DIAMETER RATIO ............. 1.50 
S3. HEAT LOSS COEFFICIENT ................... ... 0.20 TI'iHR-F'2- :G 
S4. ENVIRONMENT TEMPERATURE (-1000 FOR TENV=TAME ..- 1000.00 DEIG F 
S5. HOT WArER AUXIL'IARY TANK UA .................... , 10.00 BTU.,'HR-.EG F 
S6. HOT WATER AUX rANK ENVIRONMENT TEMFERATURE ..... 80.00 DEG F
 

GAD FARAMETERS
 
L3. HOT WATER I.F'.E ........................... 
....... 1000,00 G,-LL]N.;.'IAY(US)

L4. HOT WATER SET TEM ERATURE ..................... 1.20.00C E13 F
 
L5. WATER MAINS TEMFERATURE ....... ,................ 80.00 DEG F
 

UXILIARY PARAMETERS 
A3. HOT WATER AUXILIARY FUEL (1=GAS,2=ELEC,3=OIL) . '2. 

A4, AUXILIARY WATER HEATER EFFICIENCY .............. 1.00 
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Table 2. Sample F Chart Output
 

S** FCHART ANALYSIS (VERSri]N 4.0) 

RUN FOR OF'TIMLUM TILT ANGLE WI H 700 Sc[.FT COL..I.ECTOR 

KINGSTON JAM LArI rF.IJiF 1a.0 

*** LOOP AND OFTImIZArION PARAMETERS ** 
25.00 DEGREFSC12. COLLECTOR SLOPE ................................ 


THERMAL FERFOfRMANCE
 

HT TA HWLOA QU OLOSS FDHW
 

(MMBTU)([iEG--F)(MMBTU) (MM8TLJ)(MMRTU)
 

JA 37.45 75.9 10.64 ) .55 

FE 35.19 75.9 9.61 9.59 

MA 40.71 75.9 10.64 11.t3 
AP 36,68 78.1 10.30 9.15 

HA 36.79 80.1 10.64 10.09 

JU 33.13 81.0 10.30 9.00 

JU 36.25 80.1 10.64 9.95 

AU 35.52 80.1 10.64 9.70 

SE 36.50 80.1 10.30 10.36 

OC 39.29 79.0 10.64 10.99 

NO 34.16 79.0 10.30 9.88 

DE 36.51 77..0 10.64 10.26 

YR 438.19 78.5 125.29 121.37 

1.i0 0.86 
1.05 0.92 
1.16 0.91 
1.03 0.88 
0.96 0.84 
0.93 0.81 
0.94 0.92 
0.?7 0.84 

0.98 0.98
 
1.12 0.95 
0.97 0.85
 
1.08 0.87 

12 .25 0.87 

PURCHASED ENERGY SUMMARY 

GAS ELECTRIC OIL TOTAL 

USE (HMBTU) 
COS T (S) 

0.00 
0.00 

16.29 
102.63 

0.00 
0.00 

16.29 
102.63 
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APPENDIX B: A NOTE ON PIPE INSULATION
 

In solar literature one inevitablv finds the recomendation of well
 
insulating the solar Piping. However in Jamaica, Pipe insulation must
 
be imported and is expensive.
 

On the basis of the following analvsis we recommend that solar system
 
Piping to Provide hot water for hospitals or residences in Jamaica
 
(and for that watter in the entire caribbean) mav not need to be
 
insulated if the Pipes are Protected from thE wind, P~inted black and
 
are exposed to sunlight. It will definitelv not be necessarv to
 
insulate the Piping at all if a galvari:e,: or alumin'm sheet 7ieti 
Pipe cover is painted black and installed over the pipe to cut down 
the wind induced convective loss. The basic reason For this 
conclusion is that with the Plentiful sunshine and warm ambient 
temperatures there is actuallv a heat lain into the fluid ?lowing in 
black sunlit solar Piping for low wind speeds. If the local windseed 
is hilh then there will be a heat loss, and that can be nullified L 3 

black sunlit Pipe cover or bv Providing an extra 40 souare foot or 
collector for everv 100 linear feet of uninsulated Piping. 

Analvsis
 

Case i) Pipe is insulated with 1/2' wall thickness closed
 
cell foam tvpe insulation. The insulation is Paint­
ed white on the outside for sunlight Protection of 
the insulation.
 

d 1 1/2' 
t 1/2' 
K (insulation) 

= 0.3
 
Btu in/
 
hr so ft degree F
 

The heat flj:. Per unit area of Piping is given b%' 

The denominator of the right hand side is the effective R val.ue of
 
insulation in cvlinarical geometr'd.
 

Substituting the values we obtain:
 

R 1,28 (2) 

For 100 feet of Piping the loss rate UA volue will be:
 
3-1 , 2
 



APPENDIX 	B: A NOTE ON PIPE INSULATION
 

In solar literature one inevitably finds the recomendation of well
 
insulating the solar Piping. However in Jamaica, PiPe insulation must
 
be imported and is expensive.
 

On the basis of the following analysis we recommend that solar system
 
Piping to Provide hot water for hospitals or residences in Jamaica
 
(and for that matter in the entire caribbean) mav not need to be
 
insulated if the pipes are Protected from thE wind, Painted black and
 
are exposed to sunlight. It will definitely not be necessar' to
 
insulate the PiPing at all if a galvani-ec or aliminum sheet metsi
 
PiPe cover is Painted black and installed over the Pipe to cut down
 
the wind induced convective loss. The basic reason for this
 
conclusion is that with the Plentiful sunshine and warm ambient
 
tesperatures there is actually a heat gain into the fluid flowir in
 
black sunlit solar Piping for low wind speeds. It the local winds.peed
 
is high then there will be a heat loss, and that can be nullified L' a
 
black sunlit PiPe cover or by Providing an extra 40 sauare foot of
 
collector for every 100 linear feet of uninsulated Piping.
 

Analysis
 

Case i) 	Pipe is insulated with 1/2' wall thickness closed
 
cell foam type insulation, The insulation is Paint­
ed white on the outside for sunlight Protection of
 
the insulation.
 

d 1 1/2' 
t = 1/2' 
K .(insulation) 

= 0.3
 
Btu in/
 
hr so ft degree F
 

The heat flu: Per 	unit area of Piping is given by:
 

a/(T -Ta) = / /Z " (I
 

The denominator of the right hand side is the effective R val.uje of
 
insulation in cylindrical geometr'd.
 

Substituting the values we obtain:
 

R = I.-IS 	 to# (2)
 

For 100 feet of Piping the loss rate UA valJe will be:
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UA = 100 x ir x 1.5/12 x 1/1.28 = 30.7 Btu/hr Per degree F 

Case ii) Bare black PiPe, which is sunlit. 

= 
0< = absorptance 0.9
 

h - heat transfer coefficient Per
 
unit surface area betweer,
 
pipe and ambient
 

H4 = Incident solar radiation
 

Tf 

the Pipe is sunlit over half of its circumference whileLet us assume 

the heat loss is over the entire circumference. Then 

a C absorbed solar energ v= H-A/2 
a =heat convected from the Pipe bv wind = hA (T.C-T) 

assuming Pipe surface is at fluid temperatore
 

a,.= net heat gain (or lost) into the fluid
 

In steadv state
 

or a /A -oN4 /2 - h (T - T ) 

under average operating conditions
Assume that 


H4 = 250 Btu/hr/sa, ft
 
-K= 09
 

= 
%9 80 degree F
 

We solve T, for aV'A 0
 

T+ H /2h T .+ 112.5/h
 

The h value for Pipes have been calculated from ASHRAE 3nd Eckert
 

shown below for various windspeeds alon- with the T,

Drake and are 


fluid will actJall' gain heat from the -ipe

value below which the 


rather than lose heat.
 

Tr indicates
Table Bi Analvsis of sunlit Pipe heat loss. 

heat.
that Pipe fluid below the value will gain

k 
Per degree F T4I (detree F)
Windspeed (mph) btu/so ft 


1.0 	 4 921Sstill air 

100.8
3,0 (tvpical of Protected 5.4 


area)
 
7.0 (tvpical exposed) 8.9 	 92.6
 

14 mph (verv windv) 13.5 	 98.3
 

It is thus seen that if the Piping is Protected from the wind 	 bj 
an 

runs or bv a black Protective cover there will not be 

careful Pipe 

100 degree 5.
loss for fluio temperatures around
appreciable heat 




However for a 120 degree F fluid temperature the losses at topical
 

exposed condition (7 mph wind) will be
 

tA = 0.9 ;, 250/2 - 8.9 (120-80) = -243,5 
or for he 40 delree F delta T, the heat loss coefficient is: 

a./A = -6.09 Btuh/Sa ft per degree F 

For 100 feet of 1 1/2' Piping (area = 39.2 sauare feet)t
 

The losses will be: 

UA = 240 Btuh/degree F 
about eight times the value of insulated Pipini, 

Therefore it is essential to follow the recommended Practice stated
 
earlier to reduce this loss. Another alternative, which mav be
 
feasible in some cases, will be to Provide a sauare foot of extra
 
collector area for everv souare foot of exPosed uninsulated Pipe
 
area# 
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APPENDIX C 

Collector Test Procedures
Sim].ifie Sol.ar 


the collector
A= Gross area of 


'H Inscat. n the collector plane 

o: cover plate
= Tranzmic-ttrnce 

c><=- Absorptance of the absorber 

inlet tempereture,,=-Collector 
tempT Collector absorber plate 

10 
of fluid through collector p- massflow, ct -acitance 


heat removal factor
F ,-Col.ector 

Collector instantaneous efficiency 

first order, under quasi zteady state conditions Then to the 


This is usually rewritten as
 

r -7&cp(-r-Tc 

need to be known for performance estimation 
The factors which 

are: 

a test method
test procedure describes
The ASH.A-E 93-77 


loop to determine collector
 using a closed fluid test 


expensive. Althoug

efficiency. While accurate, this method is 


expensive, it is recommended that Jamaica develop 
and main­

test loops; however, some
 two ASHRAE 93-77
tain one or 

be by

much simpler tests are suggested below which can used 

and collector manufacturers L:. r 
most government organizations 


of collector performan'ce
quick determination 


The FrUI test:
 
1)
Test Setup: (see figure 

needs a large
an open loop indoor test setup, it 

insulated tank containing about 130F 
water.
 



the tank always
A small circulating pump keeps the water in 


mixed with special mixing diffusers as shown. The
 

To simulate the night sky, a
collector is piped as shown. 


black cloth is placed one foot above the collector. The
 

flow rate is measured with a bucket and stop watch.
 

Test Pioazdure
 
run.
Water in the tank is heated up and mixing pump is 


The downstream gl'0bevalve is opened to desired flow rate.
 

Temperaturas a.ce 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 

From ej. FrUl can be determined since everything else is 

known. 

The Fr( )Test 

Test Setup (see figure 2)
 

Place collector outdoors under noon time sun with water
 

in it and both ends caooed with room for water expansion ir
 

that noon time sun will be
collector. Tilt collector so 


perpendicular to it.
 

Test Procedure
 
During noontime, say
Let collector cookin the sun. 


1 hour before to one hour after, monitor Tp,Ht and WS. 6 should
 

be below 10 mph for glazed collectors and should be
 

Wait until collector's
measured near the collector cover. 


panel temperature is stable.At that point the collector
 

efficiency iS zero and
is at stagnatio:. equilibrium ) 

,(rTThen TO-: 

has been determined from the 
and can be determined since Fr U 


night test.
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This test procedure will be also of great help in
 

determining collector reliability, because the tests can be
 

repeated after leiting 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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--

Black c.oth to simulate sky 

Stop .'atch
 

T Shut off valve 

Ti // Ta Tank on sca, _
SCollector
 

F
 atr 1.±o*%,,
 

j ed 
valve


Flow regulating ePressure reg. 

Use lab quality .1 F Thermometers Use s-d" 
to measure T.,T Use side 
Use long stes hich protrude-orted or 
into the collector. 

120 gallon
 
'insulated hots
 

a mixed
water tank w/ 

.
pump to keep ank: 

tank mixed. 

Figure I indoor Test stand for 
FR U L tests 

Stagnate collector with water in them
 
and ends capped with room for expansion
 
At stagnation T.=T 


yrn ePyranomet~er
 

-TH'!S Construct a fence
 
T. /-round test area 

to keep winds 

belo.' 5 mph 
Test stand vrth adjustable tilts 
so that collector is normal to 
noontiMe sun. 

Figure 2 Outdoor test stand for the FR < tests 
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