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Preface
 

The 
Training in Alternative Energy Technologies (TAET) program at the

University of Florida, 
ran 	for nearly five years--from late 1979 until June
1984. 
 The 	 training program was sponsored by the Office of Energy of the USAgency for International Development (USAID). The purpose of 	 the TAET program was 
to train technical personnel from the developing countries In
the theory and application of the renewable energy technologies: solar energy, hydropower, biomass energy, wind power, and geothermal energy. Atotal of 286 participants from 54 developing countries attended 
the nine

training session that were organized by the University.
 

The TAET curriculum designed meet
was 	 to the following specific

objectives:
 

1. 	To acquaint the participants with the alternative energy
 
technologies.
 

2. 	To provide the participants with sufficient knowledge 
to
 
a;sess the natural renewable energy resources of the
 
part-cipant's country and to determine the 
best possible

technological options to 
utilize these resources so that
 
the participant can provide input in establishing

realistic national alternative energy programs for the
 
participant's country.
 

3. 	To provide technically trained people with the knowledge

to 	 select among technological options and to identify
their most appropriate applications.
 

The 	 training program consisted of lectures, seminars, demonstrations,laboratory work, and field trips--activities designed to explain the theory,
illustrate the practice, demonstrate the operation and maintenance of the
alternative energy systems, and to provide detailed training for the program
participants.
 

As part of that effort, a number of technical notebooks and laboratorymanuals were written by che proyi-am faculty at the University of Florida.All of the written material arid other documentation was collected, andreorganized at the end of the training program in June 
1984. This manual
makes avail3ble most of the material solaron energy that was presented tothe 	TAET participants during the course of the training program.
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Basic Principles
 

Solar Constant
 

The solar constant 

surface 

is the intensity of solar radiation incident on arlor'111di to the sun's rays, outside the earth's atmosphere, at themean distance of the ea-th from the 
sun. 
 Because of the slightly elliptical
orbit of the earth, the solar constant is, in fact, not quiteis 2 constant; butit generally given as 1353 W/m. The s,,..ll variation in its value canbe approximated by the relationship
 

Gon = Gsc [l 
 + 0.033 .:os 360n/365] 
 (1) 
where Gon extraterrestrial radiation on a normal surface, W/m2Gsc = solar constanct (1353 W/m2)


n = 
 the day of the year
 

Solar Angles
 

The axis about which the earth rotates is tilted at an angle of 23.450to the plane of the elliptic. This tilted axis results in a continualvariation in the angle between the earth-sun line and the earth's equatorial
plane; this angle is called the solar declination, A. The angle changeswith the day of the year accordiny to the approximate relationship
 

A = 23.45 sin [360 x (284 + n)/365] 
 (2)
 
There is also a very small 
change from year to year, but this variation
 

may be neglected.
 

The position of the sun with respect to a point on theearth be surface ofcan defined thein terms of a number of angles. The coordinate systemand the nomenclature used 
here is shown below
 

sun
 

WI
 

/ N
 

L ~f
 

Figure 1. Zenith angle, slope, surface azimuth

angle, and solar azimuth angle for a tilted surface.
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In the discussion that now follows, the nomenclature listed below also
 
will be used.
 

L = latitude (north positive)
 

p = slope of a plane surface with respect to the horizontal
 

= surface azimuth; the angle subtended by the projection of the
normal to a plane surface onto the horizontal, and the local 
meridian. Deviations east of south are taken as negative, west
 
of south as positive; a southern projection has an azimuth angle
 
of zero.
 

= azimuth anglea s of the sun; the angle subtended by the projection 
of the sun's beam onto the horizontal plane and the local 
meridian; the same sign convention applies as for surface 
azimuth. 

s = hour angle; the angular displacement of the sun from the local 
meridian, morning negative, afternoon positive.
 

9 = angle of incidence; the angle between the beam radiation on a 
surface and the normal 
to that surface.
 

9z = zenith angle; the angle between the vertical (directly

overhead) and the sun's beam radiation.
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Angle of Incidence
 

The angle of incidence of the sun's radiation on a plane surface is the
angle subtended by the sun's beam and the normal 
to the surfdce. The angle
of incidence, 9, can be expressed in terms of the other solar angles 
as
 

cos 9 = 
sin A sin L cos 0 - sin A cos L sin a cos a 
+ cos A cos L cos 0 cos a 
+ cos A sin L sin 0 cos a cos 
+ cos A sin a sin a sin Q (3)
 

This equation simplifies considerably for some common situations; for
instance, if the surface faces 
south, then a = 0 and the last term drops

out. I
 

If the surface is horizontal, then a 
= 0, and the equation reduces to
 

cos 9 = 
sin A sin L + cos A cos L cos a 
 (4)
 

In this equation 9 is now equal 
 to the zenith angle oz.
equation 4 can From
also be found the sunrise and sunset angles--the angles when
the zenith angle of the sun is 900. =
With 9 = Oz 900, equation 4

reduces to
 

cos 0 = -tan A tan L (5)
 

which has two solutions of different sign. The 
negative angle is sunrise,
the positive angle is sunset.
 

Since the hour angle is equal to 150 
per hour each side of solar noon,
it follows thai the length of the day can be found from
 

h2- 2- j-,-h = (-tan A tan L) )2
(6)
 

where iissis the sunset hour angle found from Equation 5.
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Extraterrestrial Radiation
 

Estimates of daily and average levels of insolation at the surface of

the earth usually rely on correlations with extraterrestrial radiation. The
 
extraterrestrial radiation on a surface normal 
to the sun's ray is given by


2
rquation 1 and is close to the solar constant, Gsc, of 1353 W/m .
 
The extraterrestrial insnlation on a horizontal surface, Go, is given
 

by
 

Go = Gsc [ + 0.033 cos 360n/365] cos Gz W/m2 (7) 

where the zenith angle, Qz, is found from Equation 4. This equation can
be integrated over the period from sunrise to sunset 
(specified by the hour
 
angles sisr and isz found from Equation 5) to give the total daily

radiation on 
a horizontal surface outside the earth's atmosphere. This
 
figure, Ho , is given by
 

Ho = 24 x 3600Gsc [i + 0.033 cos(360 n/365)]
7T 

2ro2 si i ]J/m 2 (8•snLsn]j/2(8) x [cos L cos A sin s s+ 360--s360 

The daijy insolation, Ho, can be used to represent the 
mean daily

insolation, H for a particular month.
o , In this case, Ho is found from 
Equation 8 for a particular day in the month--the day that will give a value
for insolation closest to the mean of the daily values over the month. This

day is not always the middle of the month. The days to use for estimating

monthly mean daily extraterrestrial radiation are given below
 

Table I Day number for monthly means [1]
 

Month date day number (n)
 

January 17 17
 
February 16 47
 
March 16 
 75
 
April 15 
 105
 
May 15 
 135
 
June 11 
 162
 
July 
 17 198
 
August 16 
 228
 
September 15 
 258
 
October 
 15 288
 
November 14 
 318
 
December 10 
 334
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Example 1 

What is the mean daily radiation on a horizontal surface outside theearth's atmosphere, during the month of June, at 
a latitude of 300 South
 

Solution
 

From Table 1 the day number to use is 162; so from Equation 2, the
 
declination is given by
 

A = 23.45 sin [360 x (284 + 162)/365] = 23.0860
 

The sunset angle, ass, is found from Equation 5
 

cos ass = -tan (23.086) tan (-30) = 0.2461
 

so ass = 75.750
 

Then from Equation 8 we have
 

Ho 24 x 3600 x 1353 [1 
+ 0.033 cos(360 x 162/365)]
 

x [cos(-30) cos(23.086) sin(75.75) + 2sin(-30) sin(23.086)]
 
360 •si-3)sn3.8]
 

Ho = 18.50 MJ/m 2
 

Table 2, overleaf, gives monthly mean daily values of 
extraterrestrial

radiation for and
north south latitudes calculated using the procedure

indicated above.
 

http:sin(75.75


Table 2 
 Monthly Average Daily Extraterrestrial Radiation, Ho, MJ/m 2
 , for Gsc = 1353 W/m2
 

Average Daily Extraterrestrial Radiation 

Latitude Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
0 
-5 

-10 
-15 
-20 
-25 
-30 
-35 
-40 
-45 
-50 
-55 
-60 

3.5 
6.1 
9.1 

12.1 
15.1 
18.1 
21.1 
23.9 
26.7 
29.3 
31.7 
33.9 
35.9 
37.6 
39.1 
40.4 
41.4 
42.1 
42.5 
42.7 
42.7 
42.4 
41.9 
41.3 
40.6 

8.2 
11.2 
14.2 
17.2 
20.1 
22.8 
25.5 
27.9 
30.2 
32.3 
34.1 
35.7 
37.0 
38.1 
38.9 
39.4 
39.6 
39.6 
39.3 
38.7 
37.8 
36.7 
35.3 
33.8 
32.1 

16.7 
19.6 
22.3 
24.8 
27.2 
29.3 
31.2 
32.9 
34.4 
35.5 
36.4 
37.1 
37.4 
37.5 
37.3 
36.8 
36.0 
35.0 
33.7 
32.1 
30.3 
28.3 
26.1 
23.6 
21.0 

27.3 
29.3 
31.2 
32.9 
34.3 
35.5 
36.4 
37.1 
37.5 
37.6 
37.5 
37.1 
36.4 
35.4 
34.2 
32.7 
31.0 
29.0 
26.9 
24.5 
22.0 
19.4 
16.6 
13.7 
10.8 

36.3 
37.2 
38.1 
38.8 
39.3 
39.5 
39.6 
39.4 
38.9 
38.1 
37.1 
35.9 
34.4 
32.7 
30.7 
28.6 
26.3 
23.8 
21.2 
18.4 
15.6 
12.8 
9.9 
7.1 
4.4 

40.6 
40.8 
41.1 
41.3 
41.3 
41.1 
40.7 
40.0 
39.1 
38.0 
36.6 
35.0 
33.2 
31.1 
28.9 
26.5 
23.9 
21.3 
18.5 
15.7 
12.8 
9.9 
7.1 
4.5 
2.1 

38.4 
39.0 
39.6 
40.0 
40.2 
40.2 
40.0 
39.6 
38.9 
37.9 
36.7 
35.3 
33.6 
31.7 
29.6 
27.4 
24.9 
22.3 
19.7 
16.9 
14.0 
11.2 
8.3 
5.6 
3.1 

30.6 
32.2 
33.7 
35.0 
36.1 
36.9 
37.5 
37.8 
37.8 
37.6 
37.1 
36.3 
35.3 
34.1 
32.6 
30.8 
28.8 
26.7 
24.3 
21.8 
19.2 
165 
i3.6 
10.8 
7.9 

20.3 
22.9 
25.3 
27.5 
29.5 
31.3 
32.9 
34.2 
35.3 
36.1 
36.6 
36.8 
36.8 
36.5 
35.9 
35.0 
33.9 
32.5 
30.9 
29.0 
27.0 
24.7 
22.2 
19.6 
16.8 

10.7 
13.6 
16.6 
19.4 
22.1 
24.7 
27.1 
29.3 
31.3 
33.1 
34.6 
35.9 
36.9 
37.7 
38.1 
38.3 
38.2 
37.8 
37.2 
36.3 
35.1 
33.7 
32.0 
30.2 
28.1 

4.5 
7.2 

10.2 
13.2 
16.2 
19.1 
22.0 
24.8 
27.4 
29.8 
32.1 
34.1 
36.0 
37.5 
38.9 
39.9 
40.7 
41.3 
41.5 
41.5 
41.3 
40.8 
40.1 
39.2 
38.3 

2.3 
4.8 
7.6 

10.5 
13.6 
16.7 
19.7 
22.6 
25.5 
28.2 
30.8 
33.1 
35.3 
37.3 
39.0 
40.4 
41.7 
42.6 
43.3 
43.8 
44.0 
44.0 
43.8 
43.5 
43.2 
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Terrestrial Radiation
 

The monthly mean daily extraterrestrial insolation levels, Ho, 
can be
related to terrestrial levels, H, by the 
use 
of a monthly average clearness
index, Ks, whre KT is simply the ratio of the two monthly mean daily
values:
 

KT = H/Ho 
(9)
 

Values for the monthly average clearness index, 
K1-, are available
from many locations around the world. 
 Table 3 which follows gives values of
KT for many countries and locations throughout the world.
 

The monthly average clearness 
 index can also be reasonably well
correlated with the fraction of 
insolation which is diffuse. If Hd is the
mean monthly daily diffuse radiation, the ratio -d/H, i.e. the ratio of
diffuse to total 
radiation on a horizontal 
plane on the earth's surface, can

be found from TK as follows: 

Hd = 0.775 + 0.00653 (ss -90) 

- [0.505 + 0.00455 (.Qss - 90)] cos (125 KT - 103) (10)
 



TABLE 3 
 8
 
Values of monthly KT x 1000


STAT ION LAT L01NG ELEV JN 	 FEB AFPFR JUN AUGMAR flAY JUL SEF OCT NOV DEC 

ADEN 
ADE1 12 50N 45 O-E 4 573 607 627 656 624 592 562 597 618 66-6 6-2 

ALGERIA
 
ADRAR 27 521N 0 17/W25 716 708 73 	 706 699 2 66AIN SEFRA 	 716 665 666 65822 45"N 0 2:6'' 1072 693 	 694 690 700 687 702 704 701 702 67226 .OULEF I58111 051E 290 	 672 672700 	 681 697 693 689
BENI ABBES 30 08"N 2 i'W 702 668 

673 691 682 6'94 671 653 622498 690BISKRfA 	 690 666 656 666 664 661 62'9 61034 	 1'N 5 44E 124 6@2 619 611 590 59.7 -60962:1 6 599 584 
R39 

CHOTTECH :HERQUI " 0N 	 566 57434 1 0@'E 577 612 6 	 6'- 505 672- 622 638 624 66 54 - 719..COLOMB-BECHAR 3'1 3614 2 1 1 - 669 677 E72 	
663 5:.6 719 651 566-6 

60DJANET 24 33'N 9 29'E 677 719 
676 654 664 666 644 644 62. 625
 

DJELFA 
- 861 698 670 700 717 703 6.59 66? 620 675
34 41"14 3 15'E 160 	552 581 567 554 603 609 620EL GOLEA 3_0-35"N 	 627 624 566 564 5452 53'E 397 690 696 699 680 68? 686EL OIED 33 22"N 6 53'E 766 664 	

707 709 689 662 636 67070 790 806FORT 	 FLATTERS 28 06"N 6 49'E 381 680 
787 674 725 676 -987 71-6 "8 

OE POLIGNAC 26 2N :3 29 E 
693 678 672 678 671 710 705 6:-? 681 640FORT 	 E8,0566 	 674 690 694 680 668 684 703.'ERRYVILLE 	 704 692 6ri32 41"N 1 W1E 1205 558 603 587 586 61-GHARDAIA 	 620 621 625 630 58: 54k 55722 29"N 2 40'E 698527 700LAGHOUAT .72 48'N 2 52'E 	

697 697 697 694 715 711 672 67q C9 67,$767 89 594 582 584 602 601 621OUALLEN 	 613 601 565 ..8 56124 36 N I 14"E 24? 703 808 715 697OUARGLA -<I 57'N 	 681 681 68? -- 681 44 .'*1 685 --5 2C0'E 138 676 683 683 672 655 	 633-7 --- -659 648 RV' R2TAMANRASSET 22 42'N 5 0'E 1376TIMIMOUN 	 716 717 722 709 691 658 6::7 654 611 64. 654 67:329 15"N 0 14"E 284TOUGGOURT 	 704 710 715 699 69 6'9 70:2 69631 07'11 6 04'E 69 655 	 694 664 597 64.698 	 665 607 676 652 704 702 69i 644 617 631 

ANGOLA
 
DUNDO 474"5 20 0'E 745 470 472 53
LUANDA 	 482 584 578 520 476 4 9 490 4718 49'S 12." E 42 52.6 558 527 525 	 556 542 420 416 46 477 5LUSO 	 :11 08'S 19 09,'E I2 465 	 529 509 6, . 690C 729 741MALANGE 	 760 0n 571,50'9 -3' 	 SM 50716 22 E 151 489 543 515 509 614CAMEDES 15 02,S 12 02' E 44 5787 586 591 

664 S10 549 514 514 48:3 506
584 	 590 459 449 450 471 516 589 576 

ANTARCT ICA 
AMUNDSEN-SCOTT 90 00C5 2800 * , , .	 .BASE 	 ROI BAUDOUIIN 26'S . . .:. * .70 24 19'E 27 * 651 522 438 * 	 ­ * 571 	 619 627 66'9
B',FD 	STTION 
 S 20 0'W 1515 - *:HARCT 	 * : * 525 541
ELLSWORTH STATION 69 22'S 129 OLE 24,31 ,81 

-
-

1 
-	 7:5 

,
77 44'S 41 0114 43 * 	 612 754 :349* 578 .-.. 	 61?H;lLLETT STATION 72 18'S 170 19'E 5 * 449 384 383 * • , 

646 * , 
HALLEY BAY - 675 630 * 75 31'S 26 30 5"28 54336' * 
LITTLE AERICA V 	

550 * * , * 582 669 * ,75 S1'S
MAWSON 26 7611 --30 * 466 487 	 514 590 467 37'- 62 53"E 8 	 20 *643 	 584 524 614 769 5 98:32 "IIIRNY 	 746 697 68466 32'S 93 OV'E 37 729 768 679 595 571NORWAY STATION 	 * 564 694 77- '20 71270 305 2 32'W 58 * 614 564PIONERSKAJA 69 44"S 95 30'E 2700 	

513 * it 581 622 67 71,8 * 900 	 :330 518 978 - - 622SCOTT BASE 	 58:4 775 :34877 15'S 166 48'E 16 * 488 429 - -WILKES STATION 66 16'S 110 ]4'W 12 - 476 	
- ' 572 719 * 

- 266 	 333 985 412 507 529 576 545 576 
The 	data listed in this table are 
values of K, the ratio of the monthly mean
daily extraterrestrial radiation on a horizonfal surface to the terrestrial 
value.
The 	numbers should be divided by 1000 to obtain the correct value. 
 Where the .
is shown, data is Percent Possible Sunshine. 
The 	data is from Macomber .
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STATION LAT LONG ELEV JAN FEB MAR AFPR MAY JIN JUL AUG SEP OCT NOV DEC 

ARCTIC IOEAN (CON'T) 
ICE ISLAND T-- 82 08 'N 102 0'W 8 • • • , ,NP-6 * , * 602 , • ,82 18 'N1t2 08'E 642 • *• * • . * 451NP-?, • • ,'4c ' 242o"N * * •* , *] * 490 * * * 

ARGENTINA
 
ANDALGALA 
 277 6"S 66 284 1081 575 562 571 F87 494 450 564 616 645 678
ARGENTINE IS. 65 I5'S 64 16/W 466 258 

616 54810 459 413
BARILOCHE 421 • 704 570 540 598 518 55841 19'S 71 0i " 
BUJENOS AIRES 

826 591 507 569 412 382 262 265 4:36 534 545 576 62134 35'S 58 29'WN 25.S 622 599 '562 542 522 482 505 548 558 568 575 614CASTELAR 
 :4 26'S 58 401W 16 600 552 554 520 473 412 512CIPOLLETTI 558 571 594 584 57828 57'S" 67 59' N 265 666 659
COLONIA SARFMIENTO 

620 552 480 423 488 532 609 602 601 67445 25'S 69 84W 272 543_ 564 522 528 518 432 495 567 551 502
COMODOFO RIVADAVIA 45 47/S 61 
527 52867 30'N ­ 650 - 478 - - 329 4-8 537C'NCORDIA 501 632 60421 2-'S 58 02'W 23?622 632 587 - 451CORDOBA 244 450 508 542 607 632 6082'1 19'S 64 132"W 484 ­ - - - 509 429 281 469 652 516 548CORRIENTES 54527 2 '"S 58 49"T 52 598 581 570 549 535 52-17 524 550 565 566 590ESQUEL 57342 54'S 71 2141 568 585 579 500 479 40HUIIJCA RENANCO 409 422 495 559 577 552 56224 S'0 /S 64 22'14 182 612 625 610 556 470 588 527 528 561 598LA O.IUACA 612 61122 06'S 65 :6N 3458 - - 749 822 793 798LABOULAYE 06 841 876 871 825 79624 08'S 63 24'W 0 624 582 584 946 - 609612 ­ 640
LAS LAJAS 28 22'S 70 2' W 713 676 586 497 

644 628 627
674 629 44R 522 626 626 691549 618A2 T 604 75'W 120 - ­ . . 449 455
IS. 

260 466 457 469 53,LAURIE 48260 08'S 45 00'4 8 177 171 15t 181 145 165 211 274 312 211 178LORETO 196
27 21'S 55 30'W 162 575 546 587 589 458 471 448 462 585
443 525 556
MAR DEL PLATA 237 5,6'S, 57 35"1 19 624 601 493 - 265 522 538568 ­1AZARUCA 512 - ­32 25 S 59 24'W 4 658 569 483591 483
MENDOZA 394 474 499 625 687 613 63322 52'S 68 52" ',827 702 693 218 545 518 539 544 564
NEUGUEN 28 57'S 68 09W 70 599 539 479 
657 690 686 646 

444 411 315 289 545 616 490 520ORCADAS 54660 44'S 44 44'W 0 - - - ­-PASO DE LOS LIBRES 29 42'S 57 061- 617 556 
361 29 26966 594 
 568 545 518 557 575 528 572 580PATAGONES 52140 48S 62 5914 34 584 587 571 556 514PILRR 519 473 552 55-7 544 567 579
21 40'S 62 52', 328 617 579 545 553 485 441 521 572 594 618
P'OSADA 590 582
27 22S' 55 56"W 117 551 570 568 530 511PUELCHES 479 517 512 508 543 560 54528 08'S 65 66'W ­160 731 - - 447 282 228 456 512 614PUERTO MADRYN 647 68242 46'S 65 02'N 576 5588 572 542 521 641 552 539 557 566 550 279RAFAELE 
 21 15'S 61 30'14 120 431 440 390 32.2 256 266 427RESISTENCIA 261 E30 398 420 4227 '28'S 58 '29 49 469
528 465 3-,4_3 409 415 454 476 528
ROSARIO 523 51522 56$S 60 42'W :"22 594 589 57 52 6 509SAN CARLOS DE BAR LO 41 i9'S 71 1814 8'j5 54 

508 495 524 561 559 570 526615 57. 502 441 22e9 410 473 544SAN JUAN 31 26'S 68 -2"W 541 4 
576 60-4 55628 529 517 556 684 642 552 626 611 559SAN LUIZ 499
33 16'S 66 21'W 716 - - 525 436 453- 437 486 656 644SAN MIGUEL 663 732
34 33'S 58 42'W 529
27 515 
461 388 406 344 388 422 483 496
SANTA CRUZ 456 511
50 01'S 68 32"14 11 348 580 524 456 372
SANTIAGO DEL ESTERO 27 47'S 64 18'W 

368 280 * 516 552 508 4760 568 
558 548 521 582 490 548 570 553
TRELEW 550 580 563
42 14,5 63 i8' 2.9 676 582 483
609 589 236 345 492 526 515
TRES CRUCES 2-05S' 65 44W 4580 802 
572 555 


565 720 934 912 987 892 - 942 860 782TUCUMA'N 753
26 50'S 65 12'N 365 524
421 571 
 473 421 419 543 054 567 552 550 518
 

ATLANTIC OCEAN NORTH
 
A 
 62 O8N 33 00'W 6 256 488 266 327 414 248 z47 
433 - 154 335 -
I 
 59 88'N 19 00'W 6 355 281 428 
326 371 348 481 399 433 
278 356 261
J 
 52 38'N 28 80'W 
 6 251 - 419 - 187 481 446 481 359 342 258 292
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STATION LAT LONG ELEY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOY DEC
 

ATLANTIC OCEAN NORTH (CON'T) 

K 45 O0WN 16 00'W, 6 - 484 424 482 555 - - 600 525 442 - -

AUSTRALIA 

ALICE SPRINGS 22 4:S 12 52'E 546 642 65:._658 656 62a 645 664 718 713 661 637 631 
ASPENDALE 
BOX HILL 

38 C12'S 145 06'E 
27 48'S 145 08'E 

-
100 

6,3 
549 

598 
541 

514 
538 

565 
458 

470 
423 

472 
422 

496 
444 

489 
471 

469 
492 

517 
507 

491 
508 

566 
542 

BRISBANE 
DARWIN 
DRY CREEK S.A. 

27 28' 153 021E 
12 26'S 130 52E 
2345lS 128 35"E 

-
27 
4 

551 
464 
672 

550 
488 
648 

546 
541 
632 

549 
547 
717 

553 
6:2 
521 

549 
658 
526 

564 
675 
524 

567 
704 
559 

565 
653 
586 

566 
612 
565 

560 
563 
62 

554 
509 
62 

GUILDFORD 
GARBUTT 
MELBOURNE 
MOUNT STROMLO 
SYDNEY 
WILLIA"TOWN 

31 56S 115 57"E 
1 IS 146 46E 
37 49'S 144 5''E 
0 21"S 149 10'E 

52S 151 12'E 
49' 151 5E 

15 649 
4 511 

:5 625 
- 611 
42 428 
4 513 

652 
518 
592 
598 
527 
483 

637 
557 
423 
587 
527 
559 

562 
596 
519 
594 
529 
507 

526 
584 
529 
609 
522 
526 

529 
626 
528 
567 
542 
513 

542 
644 
521 
590 
559 
550 

581 
664 
507 
610 
572 
615 

602 
689 
520 
643 
554 
551 

615 
660 
522 
606 
551 
620 

636 
644 
479 
615 
540 
59' 

659 
623 
510 
616 
535 
527 

AUSTRIA 

GMUNDEN 
GRAFENHOF 
GUMPENSTEIN 
KLAGENFURT 
KRIPPENSTEIN 
LUNZ-AM-SEE 
MONICHKIRCHEN 
NEUSIEDLAM SEE 
OBERGUR L 

47 5N 13 47'E 425 :69 
47 19"N 12. 10'E 766 412 
47 30N 14 OWE ?10 38:8 
46 23'N 14 19'E 443 446 
47 32'N 12 41'E 2064 591 
47 50'N 15 0O'E 615 284 
47 22N 16 O2E 978 498 
47 57N 16 51E 116 365 
46 52 N 11 2"N 1950 409 

400 
584 
442 
505 
581 
391 
418 
284 
494 

421 
474 
483 
563 
551 
464 
464 
449 
563 

401 
481 
453 
452 
550 
284 
415 
452 
605 

453 
450 
493 
510 
510 
444 
469 
559 
523 

295 
3:69 
400 
424 
380 
299 
378 
421 
300 

406 
414 
420 
488 
288 
2.68 
415 
470 
456 

425 
412 
442 
485 
410 
395 
449 
508 
457 

453 
585 
441 
481 
506 
388 
446 
400 
448 

270 
489 
422 
429 
556 
402 
495 
294 
468 

725 
274 
317 
226 
520 
270 
395 
231 
259 

275 
351 
319 
271 
486 
241 
454 
281 
224 

OBERSIEBEN-BRUHN 
PERTISAUiACHENSEE 
RETZ 
SALZEURG 
SEMMERING 
SONBLI:K 
STEYR 
VIENNA 
YBBS-PEFSENBEUG 

48 46'N 16 43'E 150 
47 26'N 11 42'E 932 
48 46 N 15 58'E 243 
47 48" 13 O'E 437 
47 390" 15 50'E 995 
47 0.N 12 57'E 2106 
48 04N 14 35'E 209 
48 15'N 16 22E -
48 11'N 15 '3 228 

358 
475 
262 
295 
326 
594 
268 
292 
374 

330 
277 
347 
431 
59 

660 
292 
259 
383 

441 
516 
279 
446 
262 
621 
427 
398 
435 

428 
425 
402 
420 
286 
586 
463 
438 
482 

489 
430 
493 
452 
454 
561 
456 
472 
490 

421 425 
254 345 
445 432 
87" 296 

268 281 
461 421 
417 417 
461 472 
408 414 

477 
370 
459 
274 
422 
423 
457 
467 
448 

444 
424 
454 
434 
33 
561 
451 
581 
443 

279 
434 
679 
423 
450 
587 
285 
255 
277 

230 
329 
183 
260 
299 
527 
225 
273 
244 

242 
202 
211 
311 
242 
520 
240 
248 
227 

AZORES 

ANGRA 
CORVO 
FONTA DELGADA 

38 070N 
29 40"N 
37 45N 

27 02'14 
21 07h 
25 40'W 

92 
28 
26 

416 
442 
488 

431 
431 
497 

438 
469 
514 

498 
514 
507 

544 
536 
554 

582 
525 
520 

532 
562 
570 

546 
582 
610 

533 
559 
616 

499 
482 
586 

429 
415 
479 

432 
403 
488 

BELGIUM 

BRUSSEL-UCCLE 50 48'N 4 22'E 100 290 :'23 353 392 422 402 402 403 390 :44 277 241 

BOLIVIA 

LA PAZ 16 21'S 68 92'W 3658 425 457 519 556 658 756 611 542 611 612 552 516 
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STATION 
 LAT LONG ELE' JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

BRAZIL
 

ALEGRETE 
 29 47'S 55 47'N - 607 616 594 569 546 519 
536 559 552 573 680 608
RRACAJU 
 10 55'S 27 3'N, - 625 588 515 454 284 352 274 48 482 550 609 649
ARAXA 19 36'S 46 56'W - 425 533 519 539 598 552 569 667 501 477 501 371BAGE - 586 576 552 553 548 521 516 521
31 20'S 54 06'N 541 543 583 586
BARBACENA 
 21 IT'S 43 46'W - 464 
490 482 514 561 608 622 
592 472 453 418 377
BARRA CORDA 
 5 30'S 45 16% - 404 400 393 414 
 441 526 550 509 496 491 465 473BAURU 
 22 1'S 49 04N - 489 472 516 607 595 591 609
605 522 512 554 505
BELEI 
 1 28'S 48 29'W 518- 459 
456 495 576 652 682 
682 672 673 652 642
BELO HORIZONTE 
 19 56'S 43 5714 504 516 521 550 585 612 626 61 550 509 495 451BLUMENAU 
 26 55"S 49 04N - 470 489 511 479 460 477 434 437 398 430 433 458CABO FRIO 
 22 52"S 42 0'1N 488 516 517 514 
518 543 540 538 462 446 471 455
CAMP.INAS 22 K'S 47 05'41 558 558 565 584 602 599 613 600 564 568 563 544CAMPOS 21 45'S 41 20"N 480 515 479 493 523 529 545 528 444 422 441 4 7CAMF -SDE JORDAO 22 52'S 43 22N 438 442 478 
 472 518 543 558 569 487 457 440 405CANANEIA 25 01'S 47 56"W 5 502 477 446 446 426 448 449 421 342 374 462 453
CATALAO 18 10/s 47 57'N - 48 506 539 591 613 640 637 644 567 548 518 476
CAXIAS 4 52"S 43 22"-N 504 56 500 515 543 584 615 624 608 589 559 543
CAXIAS 29 10'S 51 12' 529- 520 
529 518 519 532 54C 534 521 525 539 531CORRENTES 
 9 06'S 36 21'% - 4 492 472 446 396 444 394 428 574 577 626 568CORUMBA 
 19 O'S 57 394N - 4115 411 415 424 435 429 448 449 422 419 424
CRUZ ALTA 28 28/S 53 37'W - 559 561 539 

413 
528 53 502 540 546 904 547 570 571
CUIABA 15 36'S 56 '36'N - 296 291 402 490 527 518 541 484 445 483 474 422
CURITIBA 
 25 26'S 49 16'N - 504 506 502 504 511 519 526 5-0 500 506 510 509
DIAMFANTINA 18 I'S 43 26N - 458 580 512 459 514 528 536 620 528 477 405 374
FLORINOPOLIS 
 27 36'S 48 ?4N - 512 523 545 521 
537 502 502 488 466 472 485 509
FORTALEZA 
 3 46'S 38 31'N - 565 520 500 489 
525 577 582 607 618 624 608 606
GOIANIA 
 16 40'S 49 15'N - 491 507 353 569 613 
 637 635 631 549 528 500 450
GOIAS H 565n 50 08 - 48: 486 512 552 591 628 595 
611 546 528 501 462GRAJAU 5 49'S 46 09'N 387- 366 
402 439 492 560 609 
569 530 474 482 456
GUANABARA OBS. 
 22 541S 43 10'N - 498 505 506 50 518 524 541 523 462 446 471 474
GUARAMIRANGA 4 16'5 39 0±"W - 468 426 389 40b 442 449 490 
 479 482 498 491 483
IGUTU 6 22'S 
39 18N - 550 523 524 
 545 581 537 604 623 612 609 595 577
ILHEUS 14 48'S 39 02'N - 590 565 543 544 555 
587 553 627 569 590 524 549
JUIZ DE FORA 21 46'S 43 21'N - 430 
452 444 466 474 511 
492 498 419 411 411 387
JOAD PESSO 7 06'S 34 520N - 589 586 568 561 562 554 558 579 591 596 601 593LAGES 
 27 49'S 50 20N - 521 508 511 492 502 490 528 537 49 522 529 524
LAGUNA 
 28 29'S 48 47"N 
 - 521 508 554 560 
613 601 554 520 525 497 546 541
LORENA 
 22 42"S 45 05N - 459 
473 470 485 500 485 
538 521 435 445 471 435
IACEIO 9 4"S 25 47"N - 602 581 569 568 562 557 560 564 572 595 594 594
MANAUS 3 08'S 60 02"N - 418 398 400 407 462 525 556 571 538 
513 473 446
NATAL 
 5 46'S 35 12% 
 - 538 580 556 553 562 566 570 592 610 621 621 605NITEROI HORTO BOTRtI 22 54'S 43 07N 478- 484 
 494 501 485 487 505 
523 449 446 450 445
OLINDA 8 01'S 24 51'W - 624 531 526 527 512 519 468 
568 620 616 600 625
OURO PRETO 20 23'S 
43 30N - 398 487 418 467 472 538 519 552 452 417 379 339
PAL..S 26 29'S 51 50W - 522 528 520 526 523 524 
569 557 519 530 540 526
PARANAGUR 25 31'S 4A 3i'W 453
- 455 
 502 479 503 545 477 
445 441 421 425 433
PASSO FWND)J 28 I6"S 52 25N - 550 540 53? 525 526 518 535 542 55 524 549 542PESQUERIA 
 8 24'S 26 46"W - 568 525 547 51 436 
474 479 557 631 684 631 629
PERTOPOLIS 22 31'S 43 I1'N 449- 410 
 469 484 514 538 536 
535 460 434 430 416PIRACICABA 21 43'S 47 38N - 489 541 681 556 553 617 648 677 566 538 546 471
POCOS DE CALDAS 21 47"S 46 2V'N ­ 407 478 495 561 557 531 
604 612 520 553 507 43
PORTO NACIONlAL 10 42'S 48 2'N - 50 482 493 539 615 645 645RIO GRANDE 32 02'S 52 06'N 

652 577 528 492 490 - 585 577 555 559 53:8 532 504 531 469 556 580 595SALVADLR 12 56'S 38 31'W - 616 
 582 536 569 521 579 553 6±8 603 616 575 583
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STATION LAT LONG ELEY JAN FEE: MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

BRAZIL (CON'T) 
SAN PAULO 22 3>5 46 38W - 467 484 461 491 474 514 476 466 490 481SANTA CRUZ 491 46322 565 43 22'N ­ 478 494 506 501 519 544 541 528 449 425 461 445SANTA MARIA 29 41'S 53 49'W - 548 552 531 522 506 495 512 505 497 526 545 559SANTAREI 2 45'S 54 42'W - 434 400 289 405 433 466 498 520 525 51 499 474SANTOS 
 22 56"S 46 20'W ­ 437 452 462 465 495 519 480 402
469 425 4:9 402
SAO LUIZ 2 3:2'S 44 18'W - 463 434 411 428 457 517 536SOURE 0 44'S 48 210W 

528 512 50 511 520 
- 548 472 456 493 582 657 674 7031 705 699 69 686TEREZIIJA 5 OS5S 42 49'W - 522 515 511 542 587 619 583 621655 599 588 5603
TERE-ZOPOLIS 22 27'S 42 56"N - 449 463 446 470 481 500 58 504 447 420
412 196
UAUPES 0 085'S 67 05'W - 454 473 456 426 437 442 462 499 500 484 434 461UBERABA 19 45'S 47 56",W 484 516 520 562 620URUGUAIANAI 592 636 615 549 521 526 48229 45'S 57 5'W - 587 595 569 553 546 519 557 558 552 52$' 580 502YASSOURAS 22 24'S 43 40'W ­ 459 484 481 484 51: 527 525 488 460 445 451 446VITORIA 20 19'S 40 19"W - 502 526 510 512 525 422 528 546 489 454 453 460 

BRITISH GUIANA 
GEORGETOWN 7 45'IJ 58 04'% ­ 495 512 498 504 470 469 513 526 555 528 521 480 
MAZARUNI 5 58N 59 371W - 433 421 427 416 452 442 451 427 419 427 437 455 

BIJLGARIA 
KARDJALI 41 39'N 25 22'E 221 279 446 392 282 - 436 418 462 447 290 270 206POLIANOYGRAD 42 31"N 26 51' E 196 484 626 504 522 592 557 607 683 612 555 461SOFIA OBS. 42 49'N 23 2W'E 520532 242 521 442 041 460 503 574 555 485 426 2:21 224SONNET STALIN 42 ilN 22 E 2925 335 524 550 491 4039 244 498429 481
TCHEFNI-VRAH 495 490 45042 34'N 23 17'E 2286 670 812 665 6032 539 522 669 664 617 71$' 650 632TCHIRPAN 42 12'N 25 20'E 170 425 626 529 484 598 569 642 647 601 575 474 296VARNA 43 12'N 27 55'E 51 429 520 458 420 447 475 488 594 554 * 365 388 

BUPMA 
RANGOON 17 138/N 96 0W'E 20 727 742 701 678 576 424 414 286 405 595 697 708 

CANADA 
AKLAYIK 68 14'N 125 00'1 9 * 612 719 697 622 482 422 386 31 441CHURCHILL 58 45'N 94 04'W 25 697 704 721 676 587 542 541 499 427 283 435 515DARTMOUTH 44 26'N 63 28'W 31 414 444 467 478 491 454DEPARTURE BAY 49 13'N 123 57-W - 359 270 

498 498 512 474 254 287 
418 429 560 220 640 597 457 438 260 -EDMONTON 53 14"N 112 31'W 676 551 611 640 582 570 522 556 512 516 513 529 497FORT SIMPSON 61 52N 121 21'W 129 534 524 615 622 536 534 497 502 451 431 309 291GOOSE BAY 53 19'N 60 25'W 44 424 548 591 524 492 427 442 412 436 271 275 441GUELPH 42 33' 813 16'W 220 475 475 51 472 495 529 570 520 512 461 267 384KAPUSKASING 49 25'N 82 28'% 229 5013 546 573 496 451 486 502 484 425 271 297 422KNOB LAKE 54 48'N 66 19% 512 414 518 658 602 451 438 281 418 366 326 264 429LETHBRIDGE 
 49 28'N 112 48'W 920 553 609 632 564 572 587 628 631 585 561 526 482MONCTON 46 67'N 64 41'W 76 374 455 499 491 477 454 488 485 462 441 247 281MONTREAL 
 45 38'N 73 37'W 
 123 398 495 542 514 
 509 494 520 519 459 413 207 226
MOOSONEE 
 51 16'N 80 39'W 10 498 529 589 541 449 
477 457 424 429 269 2109 427
NANAIMO 49 W0'N 123 O"N - 263 259 434 570 594 526 683NORMANDIN 590 461 444 289 29248 50N 72 32"W 127 
514 842 648 472 504 470 475 470 445 387 378 456OTTAWA 
 45 27N 75 27'W 98 519 562 568 518 528 563 568
RESOLUTE BAY 553 525 456 277 443
74 43'N 94 59W 64 * ** 766 * * * 412 397 443 * * 
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STATION 
 LAT LONG ELEV JAN FEE: MAR MAY
APR JUN 
 JUL AUG SEP OCT NOV DEC
 

CANArDA (CON'T) 

ST. JOHN'S WEST 47 21'N 52 471W 114 324 '40 425 420 436 434 458 428
406 372 270 324
SASKATOON 
 52 08"N 106 38%4 515 551 631 632 575 556 528 539 557 537 507 456 493
SUFFIELD 
 50 16%N 111 11'% 775 553 700 623605 582SUIIMMERLAND 546 634 65 521 498 517 53549 34'N 119 39%' 454 367 405 57?501 539 536 536 5:32 521 419 3; 320TORONTO 
 43 40'N 79 24'W 399116 430 478 470 515 524
VANCOUVER 546 506 496 441 :49 350
49 33% 123 30"0 
 - 349 300 247 460 515 48:3 570 482 398 372 255 298
WINNIPEG 
 49 54N 97 14'W 240 615 659 679 592 532
562 595 574 50? 454
482 504
 

CANTON ISLAND
 

CANTON ISLAND 
 2 46S 171 43'W 9 674 690 699
698 694 706 699 729
715 730 685 670
 

CAPE VERDI ISLANDS
 

IlNDELO 
 16 52%N 25 00'W 
 2 634 669 739 745
752 689 637 581 61?
629 612 582
 
PRAIA 14 54'N 23 31%' 27 666 686 746
733 703 
684 598 548 599 635 614 575 

CAROLINE ISLANDS
 
TRUK -7 23'N 151 54E 110 057 063 056 050058 056 155 050 053
056 058 04P 
'YAP 
 *9 0'N 138 7'E 35 056 065 067 061 058 056 042 048
041 055 855 056 

CENTRAL AFRICA 
BANGUI 
 4 22%N 18 34'E - 474 516 562 552 549 496 460 
 462 496 480
521 467
 

CEYLON
 
BATTICALOA 
 7 43N 81 42'E 3 558 607 622 605 
619 598 606 604 611 584 582 545
 
COLOMBO 
 6 54N 79 52"E 7 589 625 620 595 556
565 576 573 589 589
558 589
 

CHAD
 
FORT LAI'? 12 080rl 15 02'E 297 689 711 725 666
668 649 605 556 699
625 729 712
 

CHILE
 
ATACARMA DESERT 
 23 40'S 69 45"W 
 - 757 755 748 765 
 749 748 809 849 818 801 779 780
SANTIAGO 
 33 27'S 70 40"W 520 662 
708 652 473
607 432 455 473 608
478 591 669
 

CHINA
 

AIGUN 
 50 15% 127 29'E 131 529 595 
547 487 485 506 482 500 479 476 505 506
CHANGCHUN 
 43 52N 125 20'E 215 
53 562 543 519 506 504 497 502 514 521
521 515
CHEFO0 
 37 34'N 121 31'E 27 510 526 532 553 531 496
516 498 522 531 501 498
CHINCHOW 
 41 08%N 121 7'E 52 558 
559 548 531 513 504 496 494 530 515
537 551
CHINKIANG 
 32 10'N 119 40'E 
 12 362 411 397 442 
433 398 446 478 444 495 506 477
DARIEN 
 38 54"N 121 14"E 97 550 557 566 569 525 540 498 463 539 528
HANKOW 553 524
3 35'N 14 17'E 
 36 487 448 457 484 507 502 478 476
520 467 505 454
HARBIN 
 44 50%"126 8'E 145 580
559 536 511 497 498
564 505 499 507 587 510
HRLUN 
 49 13'N 11_9 44'E 619 539 598 509
552 516
KHINGAN 516 502 508 487 50/ 661 520
48 50'N 121 40'E 984 526 589 565 519 
 493 496 56
491 484 478 576
KOSHAN 556
48 04"N 125 52'E 223 543 571 538 502 515
492 498 492 493 519
LUSKAING 511 528
47 20%"123 56'E 147 560 582 476 511 501 05 
458 501 503 522 561 548
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STATION LAT LONG ELEY,,' JAN FEE: lIAR APR MAY JUN JUL AUG SEP OC:T NIV DEC: 

C:H INA ,:
CllN"T)
 

MANCHOULI 49 7511 117 26 E 641 552. ;6 575 524 495 506 4i: 490 674 5 447 5036MULDEN 41 4 1412224'E 42 544 F48 5-: 589 514 584 496 508 521 564 52?NA I-JUMATU 5-02'I 120 06 E - 27 -01 5.49 516 50 496 503 
501 

483 465 503 472 515SH3NHAI 1 171N 121 2',-:'E- 4 , 7 461 474 497 429 540 577 541 510: 476 464SUIIFENHO 44 22'N 121 0'"E 4 4.. 532 5f9 475 484 4938 492 481 521 497 497TAILEN 8 54'1 121 8'E 96 525 2- 521 5195 51 -528 52:3 524 49TIENTSIN 9 09'N 117 09 E - 5"53.0 532 515 506 9.1 518 521 528 0TSINAN 4:6 ­40 N 116 58'E 4 514 55 52 498 516 5,6 587 520 573-98TSINGTAIJ 36 04'1 1205 19'E 77 '44 5.49 525 509 527 514 54456 29 565 548 

COLOHE:I A 

BOGOTA 4 23' N 74 C15' 1,H256 , 4 ci7 469 42: 441 474 487 478 470 408 464 500 

CONGO 
ALEERTVILLE 
 5 53'S 29 IIE 79, 486 
BAMBESA 

527 5'22 527 672 642 644 588 612 527 471 5313 27N 2' 4-'E 621 4:33 - 506 507 S42 504 422. 465 496 524 554 9211BOENDE 0 1-:.'S 20 IE 270 467 489 476 500 480 494 429 455 500 471 4.50 424BUKAU 1"S 22 51"E 16:5 - 47 509 561 5175 551 520 427 58 437 481BLINIA-IAMPAPA :24N 20 1-E 122,5 516 549 544 575 528 515554 479 5724 507 .525 550C:OQUILHATVILLE 
 0 @2'N 1: 16"E :.'25441 4:39 497 498 502 460 424 429 466 472 47 459ELIZABETHVILLE-KARAV 11 2'S 27 2SE 1260 46-: 42.9 509 571 659 691 690 634 650 62@ 515 464GANDAJIKA 6 45 2 57"E 7"30:4:1 467 12 24 5:6 56:3. 5,42 502 501 505 512 517KHAMINA-BAKA 2 5iSE 105 459 415 524 615 721 6:34 701 597 557 512 508 477KINDU - E 475 - - 417 250 42 4 46259 421 405KIYAKA-FPLATEAU 5 16"'S 157 E ­72 4 58599 926 50 503: 477 506 501 476LEOPOLDYILLE 4 2 15 15' E 44v 422 464 49:3 505 466 422 N7 416 421 425 464 43LULUABOURG 9 ''' 670670 4:: ,:: 512 90 605 551 SM510 542. 522 515 486LcIRu "S,2":' :::,E
j,6:::i 
 5 0%25 2 523 497 492 520 496 52-'6 514 538 526RLIE:ONA nc9S 29 46"E 17,01 497 49S 5_'1 504 557 589 572 588 550 526 S13i 545SIMA'A "7'S 27 0cE" - ' ­- - 575 666- " 
..t 

662 6-40 606 551 451 461 451STANLEYVILLE Ci '14 25 11 E 415 4" 49 0'7 5 
' 

50?-164 11,, l" 45 n 17= 468 424 419 481 486 491,'ANGAtBI 0 49'N 29"E 9 46124 5U0 47:, 508::510 511 52:0 499 42::3 42 464 462 489 442 

CoANGO REPUBLI C 
BAAVILLE 4 IS'S 15 14'E 7 4479 4.6 509 472544 445 237 420 446 443 504 474 

I2ECHISLAA/AK IA 

BRATISLAVA 48 101ll 17 06'E 239 27 3" 429 

[,nKSAN', 

481 551 498 509 562 489 426 258 222.
50C27'N 14 18'E I5:3 2-'1 40C,5 441 494 52'5 518 461 498 508 374 "22821HURBANOVO 47 52'N 13 12'E 1i 492410 486 529 59- 544 529 576 529 488 H2 308LOMNICKY STIT 
 49 121N 20 1>"E 2b ,8 6,'? 646 662 594 526 452407 4238 527 596 576 57L1 5 417 49f 475 482 516 508 459 491 435 2NOWLHRDEC KRALOVE 50 .111415 5'E5
PODERSAII 50c12 N 12 24 E 20& 254 251 29? 2'98 450 489. 4284 973..49215 014 91 477441 402 209 "23 238PRAHA-KARLOY 510 04'1N 14 26.'E 2c4 -1 326SKALNATE PLESO 49 11'N 20 15'E 1" 2cR64 

9 44_ 468 455 428 455 446 329 215 28 0689 546:496 44425 39 414727 4750 

EQIJADOR 
AMBATO I 5SS 78 44'W2 621 295 22 25 0 44 206 209 279 274 488 4104227 
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STATION LAT LOIG ELE',' JllN FEE: IlP FiP ;Hr' AN1JJUL 0.1G SEP' OCT NOV DEC: 

ECOLIAFb,:C;N T., 

UITO I"0 17CS , 2I 2351 505 490L? 428 4-7 4 43?..5 04 449 467 434 

EL SALVADOR 
iSANSALVADOR 13 34'N e9 13"W 69:8 696 63'2 65 609 443: 5 66452''t 519 621 6':_8 7f"27 

FAL:.LA[J ISLANDS 

PORT STAtEY 51 42'S 5? 52" - 455 431 468 431 421 2,34 401 453 504 515 491 459 

FINLAND 
HELSINGFORS 68 10'N 24 517'E 40 250 353 45 443 456 430 474HELSINKI 60 12"N 24 55"E 305 

29? 25 9 105 23060 432 561 536 500 519 513 4'4 432 227 219 174JOKIONEN 60 4914 23 28'E 104 279 387 530 493 475 501 43? 441 415 266 190 221LUONETJARVI 62 2511 25 29'E 145 240 436 558 485 442 509 472 432 413 263 189 239SODANKYLA 67 22f26 29'E 130 823 472 52? 548459 * 481 419 344 325 200 * 

FORMOSA 
KOISHIN 22 00"N 120 45"E 22 538 554 505 499 500 520 405 32 475 472 48? 535KWARENKO 23 58N 121 _27"E 176 475 934 242 .97 472 601 571 58? 550 558 490 485SHINCHIKU 24 4811 120 58"E - 461 2.'69 291 473 484 62- 507 512 561 - -TAICHU 24 09'N 120 41"E ­- 461 474 363 435 432 429 464 417 489 486 468 446TAINAN 23 00N 120 2'E 13 649 623 496 495 52 2 520 425 435 532 590 590 672TAIPEI 25 02"N 121 21-E 23 27 223 -i 252 405 410 421 4.52 410 472 48822 45"N 121 09"E 10 524 468 416 426 514 6'1 599 52? 

416TAITO 
560 615 557 524 

FRANCE 
AGEN 44 10'N 0 40'E - 37'2 426 496 508 4835 504 560 550 494 459 277 302ALEN-ON 48 2511 0 05'E - 241 414 452 477, 482 475 501ANGERS 47 20"N 0 351 - 264 

493 424 427 252 295426 47 5.- 491 495 5_1 526 473 459 -7 69ANGCOLEIIE 45 401'N 0 O'E - 42:3 448 511 541 509 525 561 542 505 477 402 371AU XERPE 47 1511 2 25'E - 2' 4 493,22 501 505 541 525 487 456 266 2"18BAGNERES-DE-BIGrRPE 43 05 N 0 05'E - 417 434 470 440 419 4:4 455 45"7% 4_'.0 466 444BALIGE 57';47 5"IJ 0 05"W -. 265 427 461 552 491 495 51M 526 474 4:3E:ERGERAC 23 22544 5'N 0 30'E - 304 411 502 511 475 5@4 529 c17 44 446 :38 35'BESANNON 47 20'N 6 02' E - E C 7512 4. 8 9,525 552 57 502 479 :7 32 0BREST 48 -51" .4 C11 ­ 245 23'9 472 465 471 455 470 494 425 4293-.55LHATEAU-CHINON 34847 09'flN I E ­ 96 -94 492 497 479CHATEAU RC'X 46 SO"N 1 40 
495 5"1 500 471 476 397 316E - :89 415 43 4::2 46 495 S1 499 469 450 259 31049 25'J.LEPMONT-FD ­2 25 'E 264 460 499 496 472 49f6 544DIJn 47 20"N 5 02'E -

52± 4R3 487 408 42260 422 529 524 512 525 562 549 518 479 -67 20LA MOTHE-ACHARD 46 44'N 0 17"1 - 425 440 505 54 505 562 525 432 470 390 396LE MANS 48 C0VN 0 1'E 375- 20 432 54-1 492 495 5 . 4 4 380LE PUY 45 05. 50'E - 239 4635 . 512 49? 545LILE ''5 ' 59 551 520 490 42IHGES 04'14 -3 03E - 39848 5011 _ 7,_"l41 15E - 43 4-49 511 5 j9 4: 2 49, 54 5u 515LILLE 523 43240550 04"N 2: OYE - 380 412 
LYON 

4 -247 46- 466 461 450 414 426 3,08 33345 4511 4 SO'E - t5 3 52 541 51 545LUXEIIBOURG-V ILLE 49 2511 6 C'"E 
592 567 520 458 341 321 

- 322 276 464 470-3 477 4,.6 48.1 472 427 419 300 321MARSEILLE 43 2'11 5 2'E - 454 506 521 541 516 ",5 642 593 575 433 476 434MONTELIMAR 44 331N 4 47'E - 413 575 55 540 605573 664MONTPELLIER 609 599 524 442 28643 25"N 3 5O'E - 49: 557 556 5:1 560'6 62.5 704 .29 605 511 481 440 

http:4293-.55
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STATION LAT LONG ELEY JAN FEB MAR APR MAY JUN JUL AUG SEP ICT NOV DEC 

FRANCE t.C:1N'T') 

MONTPELLIER 42 15!1 2 50'E 2 445 - 28 516 5 663 570NAN4TES 47 1511 1 -5"',1- '::42' ....... 545 46 475, 42
 
- :9. 422 440 497 501 495 52'1 501 441 424 rr, 6.

NICE 42 42/11 7 18"E - 545 9 9', R5 6-7 671 662 567 4," 4-46b7 520 
NIMES 43 50"N 4 2V'E 499 52 142 56,-952: 615 64 60- 579 494 4: 44 
PARIS-ST.MAUR 48 49'N 2 C'E 50 -:.67 2 472 486 476 461 454 2:7" . lr I. ]28C. 4 5, 449 
PERPIGNAN 42 45'11 ,-C1 548 526 621 570 519 520 4.'2 50E =,o5, 551 565 580 
POITIERS 46 40"11 2 50'E - 2 49' 5r4 546 511 515 562 525 512... 491 .. 
REIMS 49 20N 4 02'E - 2'62 401 461 495 482 465 491 472 441 416 _,.3 15 
ROUEN 49 30' N 1 15"E - 20 275 444 482 472 466 481 460 426 295 . .1 
ST. QUENTIN 49 50'N 220E - C22280 429 471 451 445 461 43 412 299 204 -2N 
ST. RAPHAEL 42 25"N 6 50'E - 4-89 577 587 605 581 645 725 664 647 54:8 534 472 
STRASBOURG 48 401N 7 0"E - :47 290CJ454 42 49 506 522 518 451 452.­'1 1 
SUR SEINE 
TARARE 

48 48"N 
45 55,N 

0 0611 
4 25'E 

-
-

2,58
2.70 

422-
402 

429
480 

496 
490 

556 
477 

524 
515 

482 
561 

494 
522 

462 
507 

477 
460 

56 
-5 

2? 
.4 

TOULON 43 05'N 5 55'E - 513 571 567 590 520 645 714 651 620 542 527 4'9 
TOULOUSE 42. 40'1N 0 45'E - :96 465 524 5.18 495 504 559 560 524 492_ 42 6 
TOURS 
VICHY 

47 20 "N 
46 lO"N 

0 4,"E 
3 25E 

-
-

260 
.75 

422 
405 

476 
482 

527 
518 

4:'0 
499 

485 
525 

531 
561 

501 
545 ' 

472 
494 

457 
463 

74 
_ 

3',0 
-

44 20"N 2 25"E - 7ILLEFRANCHE-DE-POUE2.75 404 498 508 485 504 560 528 510 461 4 

GERMAN'' 

BOCHUM 51 29' N 7 12'E 118 205 258 7 256 3622±? 41 25 2.25 288 21 1.7 
BRAIINLAGE I1 -'7"E 262 425 7251 42' N - . 5.9 416 2:99 408 23 2..'3962-5"8 268 250 2C6j
E:RAUNSCHWEI G-VOLtENR 52..' 10 27'E 97 2,5 2'7. 420 423'4 459 455 447 422 47 2? 246 24718'N 
COLLM OBS. 51 1911 1: CA'E 247 226 427 4.9 422 461 506 426 469 505 263 248 251 
DRESOEN 51 07"N 12 41"E 271 ,06 .--.98 4235 441 441 4232 442 420C 292 270 265 
FICHTELEERG 50 26'14 12 57'E 1214 207 572 479 460 422 42.3: 421 412 524 426 218 268 
FREIEURG 48 01"11 7 5'E 285 7204 413 446 494 48-457 471 474 408 249 206 
GOTHA 50 5711 10 41'E 414 402 42 440 466 450 441 466 280 222 22 
GRIEFSNALE, 54 06 N 1222'E 22. 246 217 424 460C,509 525 492 492 448 3:85 257 22.-
HAMBURG-FUHLSBUTTEL 52, t1'10 10'E 14 217 255 405 449 462 429 42, 422 424 67 262: 250 
HANNOVER-LANGENHAGEN 52 2:3'N 9 42' E - 254 262 22 448 429 402 392 418 294 444 284 264 
HEILIGEN.A-r 54 0911 11 51E 21280 475, 566 525t; 487 456 519 415cc 218 240HOEFCHEN 51 06"1 25"0 ., 2539 q j7 '6'E - 29 _:3:-:{t412'90 40 5279 409 402 321T 175= 
HOHENPEISSENBERG 47 48'N 11 i'E 1005 498 512 525 472 479 456 467 502 494 485 414 428 
KARLSRUHE 49 01"N 8 25' E 120 -0 418 440 456 551 524 549 447 472 462 251 267 
KONIGSTEIN-TAUNUS 50 1111 8 29'E - 25 256 41 469 472 464 465 471 45.2 .97 1 225 
LEIc*ZIG 51 81N 12 28'E 146 259 249 387 428 494 479 452 462 479 2O 211 202 
LINDENBERG 52 1211 14 07'E 9, 260 237 305 402 452- 473 418 441 417 272 221 25 
MIUNCHEN-RIEM 48 08'N 11 42'E 528 474 491 488 476 500 471 482 490 460 459 264 257 
OBERSTDORF 47 24'N 17"E 241 5810 - .. 401 4 9 216 272 397 400 290 271 212 221 
POTSDAM 52 22'N 12 04'E 105 2,26 241 421 442 461 478 464 ­451 455 266 2.9 269
c-UICKEORN 22 44 N 9 53E 14 116 220 28r4 22 292 417 265:,MlFRERU.EN 49 1314 7 IE 2 92 g 2839 26 204 102 089 

AAR. E - 229 292 32 427 46.4 4230 425 445 416 2s55 ''244 
TRIER-PETRISBERG 49 45' 6 40' E 276 - 510 502 419 450 420 285 261 24'"276 
TUBINIGEN 48 2111 9 02.' E - 249 224 2o8 2i 280 272 287 280 24- 262 298 222:'-
WURZBURG-STE IN 49 48'N4 9 54'E 262 420 291 442 450 428 42 477 472 529 401 212 250 
W'K,.FOHR 54 42N : 25'E - 243287 436 520 512 460 423 4,50 460 400 210 2R 

GHANA 

ACCRA 5 36'N 0 lO' 65 445 509 543 559 558 461 432 427 473 542 558 
HO 6 00' 0 00" - 427 475 542 559 558 487 2A 2:17 431 499 592 540 

506 

http:MlFRERU.EN
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STATION LAT LONG ELEY JAN FEB MAR APR MAY JUN JUL AIJ SEP OCT NOV DEC: 

GHANA (CON'T) 
K'.UMASI 
 6 43"N I 16"W 287 292 
356 441 465 413
TAFO 6 00'N 0l 06" - 420 450 

38 254 206 278 355 371 328492 517 481 393 313 283 295 297TAKORADI 456 4554 52"N ± 46'W 4 437 509 552 551 499 402 432 376 474TAMALE 362 541 4819 25' N 0 53' W 183 600 582 570 580 565 552 505 463 499 569 623 602 

GiREECE 

ATHENS 3? 58 2 43'E 107 466 543 496 551 563548 591 564 532 477 432 45-


GREENLAND 
THULE 76 00'N 70 00W ­ , * 664 711 ** - - , 

GUINEA 

BOKE * 10 56'N 14 19' 11 69 067 074 078 075 068 047 030CONAKRY 020 039 854 059 062* 9 34' N 1- 37' N 46 141 056 066 057 042 029 016 013 027 144LABE * 04? 02811 19'N 12 18"11 1025 079 079 075 067 055 044 036 025 041 052 061 070 

HONG KONG 
HONG KONG 22 18'N 114 1O'E 65 528 449 382 367 417 438 506 441 443 623 621 566 

HUNGARY
 
BEKESCSABA 
 46 41'N 21 05'E 
 88 401 369 487 471 537 501 531 524
BUDAPEST 538 495 337 311
47 26'N 19 11'E 140 382 293 492 526 580 495
DEBRECEN 47 3'N 566 578 563 515 292 28021 28'E 113 384 357 524 506 610 568 590 595 597 544KALOCSA 381 32846 42'N18 59,E 108 428 401 507 535 608 522 583 581
KECSKEMET 594 534 331 -33946 54'N 19 46'E i6 398 409 507 511 533KEKESTETO 585 566 578 572 548 35747 52'N 2 01'E 991 413 502 364486 469 511581 562KESZTHELY 589 587 563 377 3346 46'N 17 14'E 143 426 425 560 643 631 
 541 602 619 608SISVARDA 548 328 33548 14'N14 22 C07E 114 212 348 527 548 494 492 489
MARTONVASAR 456 460 480 321 20447 21'N 18 49'E 150 409 410 575 528 63'2513 557 579 521 481PECS 284 28346 04'N 18 12'E 124 403 427 512 
 551 570 501 551 556 530 463 299 321SIOFOK 
 46 54'N 18 03"E 112 425 542SOPRON 432 571 617 533 620 59447 4111 16 5'E 234 .581 524 321 2931343 340 469 486 543 456 492 549SZEGED 490 486 268 28546 15' 20 W6"E83 354 389 479 466 497535 541TISZAORS 531 529 487 324 32047 32'N 20 50'E 99 389 3:46 501 482 556 495 537 534 542 
 5114 310 278 

ICELAND 
KEFLAVIK 64 @8'N 22 40'W ­ 238 375 449 491 431 56 463 526 434 312 424 704 
REYKJAVIK 
 64 081 21 54'W 56 371 410 405 
439 470 375 440 
 414 360 297 '60 
343
 

INDIA
 
ADARTAL 
 2; 05'N 79 56'E - 722 709 684 695 672 
526 445 571
ADUTHURAI 406 691 729 633
.101'N 79 32'E 
 - 658 692 724 667 670 634 577
AGRA 594 648 553 626 649
27 10'N 78 02'E - 592 574 569 568 551 
 507 482 525
AMEDABAD 473 572 586 56723 02"N 72 38'E - 738 738 721 740 715 642 488 439AKOLA 642 731 744 66820 45'N 77 W0'E - 751 740 
 720 714 606
729 460
ALLAHBAD 484 599 698 742 72325 28'N 81 52'E - 728 708 674 700 698 
 573 515 495 579
BABBUR 699 731 728
13 57'N 76 37'E 
 - 760 754 758 722 715 587 499 
534 584 746
591 697
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STATION LRT LONG ELEY JAdN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

BANGALORE 
BARODA 
BOMBAY 
CALCUTTA 
CALCUTTA/DU 
CHINSURA 
COII:ATORE 
DELHI 
DHARWAR 
HAGARI 
JAIPUR 
JALGRON 
JODHPUR 
JULLUNDAR 
KARJAT 
KODRIKANRL 
KOILPATTI 
LAE:RNDHE 
LAHORE 
MADRAS 
MADRAS 
NAGPUR 
NEW DELHI 
NIPHRD 
PATTRMBI 
PEDEGAON 
POONA 
POnERKHERA 
RRI.HUR 
S.KHARNAGAR 
SAMALKOT 
SHOLflPUR 

SURT 
TRIVANDRUM 
VIRANGAM 

DUM 

12 53N 775.. E -
22 15'N 72 15E -
1 56N 72 5'"E -
22 3'N 38 20'E -
22 29"N 88 271E 10 
22 52N 38 25"0 -
11 OWN 76 55"E -
23 40'N 77 15'E -
15 27.N 75 O0'E -
15 I0'N 77 04'E -
26 5'N 75 50 E -
21 02.'N 75 24'E -
26 18N 7. 01"E -
21 2.N 75 31'E -
18 5-N 72 10 
10 14'N 77 28'E -
9 12'N 77 5'E -

21 20"N 31 45'E -
21 5N 741E -
13 05"N 30 15'E -
13 11'N 80 1l'E 16 
21 O9N 79 07"E -
28 5N 77 12'E 210 
20 06'N 74 07'E -
10 48'N 76 12'E -
18 12N 74 i'E -
18 22N 73 51'E 559 
22 50'N 78 0'E -
16 12'H 77 12E -
18 29'N 77 45'E -
17 02N 82 1.E -
17 40-N 76 ONE -

.RI.AGAR34 05N 74 SWE 1593 
21 12"N 72 52"E -
3 29'0 76 58E 

23 O2N 72 O7'E 

INDIA (CON'T) 

706 707 731 688 66 
742 743 716 728 72? 
708 708 698 679 680 
630 602 607 594 577 

0 f3 604 579 579 
7"5 721 695 695 63. 
6059 2 712 66? 659 
693 686 671 663 666 
751 741 729 666 645 
7fl4 752 740 710 679 
736 726 723 715 710 
755 ,-0 722 726 729 
743 7-4 718 714 721 
t, 692 652 706 697 
79 75 722 722 723 
664 675 675 625 640 
:52 667 695 626 644 
744 704 674 659 664 
669 694 694 707 697 
708 721 719 .OA 663 
661 704 706 637 627 
741 717 69: 681 675 
676 752 728 6 3 687 
757 747 728 725 731 
726 716 700 667 660 
744 741 718 701 702 
735 771 729 735 718 
752 725 695 706 704 
746 748 722 711 665 
751 722 721 701 691 
742 730 701 700 673 
752 736 740 700 693 
456 296 439 520 595 
742 745 722 726 728 
63 709 670 558 603 
755 728 709 740 725 

51 
623 
494 
506 
482 
516 
544 
628 
461 
571 
590 
595 
706 
674 
526 
524 
587 
520 
664 
569 
540 
509 
624 
629 
477 
582 
571 
539 
524 
548 
543 
530 
571 
626 
464 
705 

446 
479 
421 
457 
450 
478 
486 
522 
296 
506 
471 
460 
556 
550 
410 
421 
562 
448 
571 
513 
481 
427 
416 
451 
464 
455 
436 
456 
503 
442 
523 
424 
648 
481 
462 
520 

512 
429 
407 
461 
475 
505 
53 
552 
443 
565 
484 
495 
523 
577 
407 
484 
576 
418 
632 
524 
508 
418 
531 
484 
516 
540 
441 
49 
553 
462 
486 
474 
598 
462 
544 
472 

525 
629 
536 
521 
462 
570 
637 
555 
529 
586 
645 
588 
655 
668 
547 
523 
658 
554 
694 
582 
608 
565 
582 
621 
64:3 
581 
551 
546 
553 
525 
520 
522 
652 
647 
555 
701 

549 669 699 
620 748 724 
659 724 721 
565 611 607 
508 635 6"0 
635 694 718 
589 599 676 
702 714 714 
574 722 747 
597 746 741 
727 728 71'3 
714 732 728 
721 745 726 
718 726 710 
646 734 726 
490 529 654 
557 625 655 
662: 705 709 
73:6 748 691 
536 643 6 7 
4.5 473 520 
662 723 .706 
697 730 684 
706 749 7:9 
576 676 715 
666 725 726 
626 678 636 
702 757 724 
641 720 727 
657 745 72 
621 697 724 
663 762 749 
651 646 224 
723 724 724 
58 540 686 
731 744 668 

INDONESIA 

DJAKARTA 

SOEMOBITO 
6 Il"S 106 50"E 

7 32'S 112 20'E 
8 397 

16 461 
416 

455 
445 

426 
469 

460 
482 

519 
492 

539 
520 

547 
531 

515 
520 

520 
467 

510 
437 

469 
411 

2:8 

BABOLSAR 
ESFAHAN 
KERMANSHAH 
rIESHHAD 
PAHLAVI 
SHIRAZ 
TEHERAN 

3 26 42"N 52 19'E -21 
* 22 27'N 51 40"E 1590 
* :4 19'N 47 07'E 1293 
*26 16'N 59 -,E 985 
*23 O5'N 46 17'E 1405 
* 29 36'N 52 22"E 1520 
*35 41N 51 19-E 1191 

043 
067 
071 
053 
024 
070 
065 

043 
072 
047 
059 
032 
(063 
050 

024 
075 
054 
028 
022 
07 
054 

I RAN 

075 024 
- 059 

074 057 
070 056 
050 -

069 070 
074 049 

054 
070 
061 
082 
047 
034 
072 

058 
082 
078 
086 
059 
082 
030 

043 
082 
(186 
084 
042 
030 
079 

034 
081 
093 
037 
028 
037 
082 

041 
087 
077 
075 
022 
090 
075 

044 0", 
070 061 
063 057 
054 044 
032 022 
07? 071 
066 062 



STAT ION 


YALENTIA 


DEAD SEA 
JEF:USALEM 
LO:, 


ALGHERO 

ANCONA 

BARI 

BOLOGNA 
E',OLZANO 
BRINDISI 

CAGLIARI 

CAMPO IMPER. 1. 
CAPO-PALINURO 

cozzo SPADARO 

OROTONE 

ETNA C.C.11. 

FIRENZE 

FOGGIA 
GENOVA 

,RAPPA M. 
MARSALA 

MESSINA 

MILANO) 

IIODENA 
MONTE CIMONE 
MONTE TEF:MINILLO 

APOLI 
NRP':LI ':1. U.N. 
OLBI% 
PLLA1NZA 

PANTELLERIA 

PESCARA 

PIANOISA 
PLN POSA',. 
FISA 

PRODI[,A 

ROMA CLMPINO 
SAN REMO 
_.S,,RI 
SFR'EDDI '. 
SIRACIUSA 
SORATTE M. 
STFYIS'8MLI 
TARANTO 

TORIl6 
TRIESTE 


UDINE 
USTICA 
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LAT LONG ELEY JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOY DEE
 

IRELAND
 

5 56"N 10 1511 14 407 378 411 505
486 479 402 410 403 353 330 243-

ISRAEL 

21 ±S4 35 25'E - 584 597 659638 673 716 720 716 ­ 678 620 58-3
31 46'N 35 15'E 789 610 614 622 680 712 752 750 749 732 698 620 588
32 00'N 34 54'E 40 580 668 681 676 7 . 73:9 722 713 701 684 628 635 

I TALY
 

40 33'N 8 17'E 40 472 420 433 475 565 
 575 655 581
618 483 379 37:
43 37'N 13 21'E 
105 299 386 375 472 513 516 562 533 
505 436 295 30±
4± 07'N 16 52"E 28 432 563 460 488 509 540 566 527 493 448 340

43 313 .38 346 461 518 488 534 504 

35644 3±'N 11 18'E 

479 423 279 28146 28'N 1 19'E .237 381 425 450 480 57 456 470 466 490 460 269 
 23740 39'N 17 57"E 21 455 515 422 455 508 53 564 540 523 483 387 41539 141N 9 03'E 12 416 422 456 494 549 580 61± 
 589 532 400
481 392
42 27"N 13 4'4"E 290 2162133 477 462 558 502 593 596 522 5±2 379 41340 011N 15 16'E 185 463 488
516 504
"1- 562 573 591 508 582 531 42 45836 41'N 15 09'E 46 - - - 677 572 656 675 
8 - , 4358665 578 - ­ 43339 00'N 17 05'E 154 428 502 430 443 556 551 573 583 520 471 3 7 41237 42'N 15 0W"E 1884 476 457 589 401 565 605 699 602 
 544 469 451 468
43 481N l 12'E 48 2,85 33,.2 365 483 545 557 574 545 487 411 30041 26'N 15 37'E 82 405 490 43 

262 
415 454 468 506 507 478 48 341 36844 24'N 8 58'E 98 345 365 382 440 444 493 55? 525 497 251459 32245 53'N 1 48' E 1776 517 547 633 677 489 441 520 495486 447 496 49227 49'N 12 27"'E 2 425 427 498 515 532 64 693 62:0 553 503 416 41138 12'N 15 ''E 54 440394 470'1- i " 477 544 576 613:1IfN...475 5 6r 584 52 48745 9 17E 22.4 47" -2 461 3:88L1 -21 329 -3, 470 534 503 525 481507 2-83 257 19144 29'N 10 44E 64 447 490 291 393 526 623575 565 55 525 314 35244 12"N ±0 42'E 2172: 5,99 - 409 - 504 414 478 4S9 4 242 28'N 12 5'"E 18::75 505 5±1 28± 337 444 

409 
42- 526 49-1 490 50 26-0 340 53 N 14 17"E 110 623 398 427 488 517 56 5256 4:-:7466 262 6.340 50-N 14 15'E 252:42 269 448 527 534 573 57± 561 487520 297 ­40 56'N 9 20'E 2 449 45d 432 460 5±1 519 567 540 5±2 418 7± 3:3845 55"N 3 3.'E 22 577 532 411 515 512 520 55± 499 511 382483 426.36491 11 57'E 254 4 2 428 424 445 474 477 502 486 469 41C 414 40312 26"N 14 13'E 16 417 492 -88 450 534 533 616 552 51± 445 31 k4942 _35N I0 06'E 17 445 449 4325 53:3 579 576 591 489 522 508 400 41445 56"N 7 42"E 2448 477 580 586 629 612 575 570 528 5f2 548 491 477
43 41N 10 24'E 11 469 452 3 480 530 508 542 53'0 537 429534 29040 45"N 14 02"E 80 416 400 407 2,96 489 504 518 475 431 440 355 2.5041 48 N 12 36'E 131 445 407452 462 516 551 578 557 511 492: 404 9543 49'N 7 50'E 113 455 484 452 526 563 531 584 550 537 520 414 42740 43'N 8 38'E 5±2 289 246 401 53 566 573 624 577 565 471 40635239 22'N 9 18'E 1043 290 201 378 466 576 70862± 670 521 420 343 32237 04"N 15 17'E 15 405 415 423 447 488 492 500 505 455 407 265 38042 15'N 12 30'E 660 2,55 276 439 6±5 620 687 665 625 576 488 416 36238 48'N 15 15'E 5 366 338 479 541 6'32 62- 646 575 508 462 365 35640 28'N 17 17"E 41 374 420 498 566 647 645 683 664 598 521 410 455
45 12'N 7 39"E 282 274 419 378 468 469 469 512 471 46 428 21 32945 --9'N 13 46'E 12 246 283 378 33%7 414 475 524 430 466 417 362 '33346 02N 13 li'E 92 4219 419 441 414 477 432 523 512 493 4:38 296 37938 42'N 13 I'E 259 484 518 492 498 562 565 548 576 542 444489 430 
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STAT ION LAT LONG ELE',? JAN FEB MAR APR iA'' JUN JLIL AUG SEP OCT NY!.,, DEC 

ITALY ,,COW'T) 

VENEZIA 45 2611 12 2"E 17 228:::""175 407 466 52.4 54 528 515 4921 456 -7 288VIESTE 41 5 N 16 11'E 67 292 2312 411 574 671 662 6.73 678 592 501 :6 412VIGNA DI VALLE 42 051N 12 12"E 270 '383 383282 496 584 610 654 612 540 477 -71 353 

JAPAN
 

ABASHI RI 44 01/N 144 17'E - 536 .*. 594 531 486 455 465 289 486 522 529 540AKITA 39 41 N 140 06"E 9 412 469 483 5@8 502 465 450 501 484 495 426 -70AItMORI 40 49WN 140 47'E 4' 467 496 529 496 491 470 459 490 473 520 455 418ASAHIKA1A 46'1 142 22' - 351 401 489 4.63 417 436 424 382 429 411 -48 348 
43 


ASH-ILR. 22 4' 13 31 'E 
 - 597 689 408 499 364 396 466 525 422 42-12 555 r,583ASOSAN 32 52'N 1.21.05'E - 400 483 42 422 297 214 377 379 363 464 504 472ESASHI 41 52, N 143 08'E ­ 31i 291 441 465 424 273 454 494 476 4< 381 259FI IUflI ''A 3 3 120 23' E 2 378 396 417 417 289 (38 358 488 386 458 463 41FIKUSHIMA 2? 45"N 140 28'E - 513 536 484 503 438 269 365 466 397 4513 490 55:HACHIJO-JIMA 2:3 06'N 139 47"E ­ 17 341 372 3 29 245 268 2,7_3441 407 13 261 366HACHINOHE 40 1332 141 322 - 498 459 422: 461 410 233 397 414 389 453 458 458HAKODATE 41 49'N 148 45'E ­ 63: 627 608 544 492 470 446 42:? 493 551 560 676HAMAEH 2:4 54 122 04'E 320 407 425 464 442 2"81 421 498 412 488 481 423HAMAMATSIJ 24 42'N 127 43'E - 544 426 436 404._53 279 9 294 4,2 013 763 427HIKONE 2.5 16-N 1276 15'E - 486 532 483 521 524 411 452 5113 469 499 571 496HIROSHIMA 34 '212 1:2 26'E - 497 533 474 484 441 464 43 501 425 512 058 544HOFU 34 03'N 1I 22' E .,512 572 497 587 448 282 434 543 485 581 62 631-5 3,1 127 58'EIIDA 482 512 537 589 488 464 403 .t3:0 519 442 450 488 529INHUNSHIRO 27 24'N 140 17'E - 599 639 603 517 555 472 512 552 487 5=,,38 522 548ISHIGAKI-JIIIA 24 20W-N 124 IO"E - 486 36; 361 2,58 415 95 456 466 588 501 518 457ISHIN-MAKI 28 23' N 141 18' E 5, 516 444 529q 419 '1 2 22 428 412 271 545 487IZUHAIA 34 12"N 129 13"E - 588 538 417 5G3 487 404 429 481 39 5.9 t24 c9K GSHIMA 21 24'W 11Ci 32: E 2r 458 
KOBE 

493 454 431 400 242 421.7 490 471 492: 525 52824 41"N 12:5 11"E 53 426 415 299 384 2:76 219 267 404 252 :82 409 41?KOCHI 2]3411 122 23'E ­ 562 557 469 471 38' 255 92 483 47 498 578 570K IMAMjTr 22 49'N 130 42.' E 33 449 459 464 430 411 253 _16 453 440 491 505 482KUISHIRO 43 59N 144 24'E - 576 598 579 594 527 495 464 427 512 6,2,.2621 622KUTCHAJ 42 54'N 1413 45E - 582 577 535 578 5324.'465 483 467 521 572 5.22 527"MAEBASHI 
 2:6 24"N i29 84"E - 555 458 464 379 43:7 293 274 440 418 492 562 627HAIZURU 5 28'1 135 2'E ­ 412 429 387 472 425 411 454 487 416 407 508 485MINAMI-DAITO-ZIMIA 5'N 12:i 14'E 15 29t 388C21 274 
MITO 

25 296 325 269 334 259 320 21 23536 23'N 140 28"E 29 532 4832 428 405 402 320 269 3.86MI'tAKn 39 39 N 141 58" . .. c 254 36: 427 58298561482 51 43.4 "5.61 I2 267 J'8 419 443 467 574 581MI't'AZAKI 31 55'N 121 25'E 595 578 47 452453 23,94 7.88 41S 52-'4c7 599 55160MIZUSAWA 39 08'N 141 '38'L - 457 494 454 463 432 266 279 407 426 453 45.:-: 432MORIOKA 29 42'N 141 113' E 77213 728, 642 601 495 455 478 486 510 586 641 643MURORAN 42 19N 143 59'E - 51, 584 579 621 521 4"" 482 465 496 586 573 569MUROTOMISAKI 
 33 15"N 124 11'E - 695 786 574 599 511 486 568 666 593 577 706 882NAGANO 36 48'N 138 12'E 418 533 537 533 510 488 432 450 494 435 471 518 524NAGASAKI 2 44"N 129 53E - 329 483 402 381 401 372 456 551 421 473 498 431NAGOYA 
 25 I'N 136 58'F - 583 617 522 526 436 39-8 427 466 432 474 
 612 611
NAZE 
 28 23'N 129 30'E - 329 
332 338 355 311 481 486 
461 466 390 251 2:6
NEMURO 43 38'N 145 35'E 
 26 556 585 547 493 458 
 411 387 399 425 498 525 540i
OBIHIRO 
 42 55'N 143 13'E - 576 688 5"195532 458 423 269 297 456 524 598 59'3OITA 33 14'N 121 37'E 5 525 481 464 443 419 364 402 452 
 428 471 487 520
OKI-DAITO-ZIMA 
 24 24"N 137 17'7 
 25 537 470 504 522 518 539 5513 547 526 499 49"9 
 480
ONAHAMA 
 36 57'N 143 54"E - 578 533 376 424 361 348 357 424 352 474 594OSAKA 
 34 39'N 135 32E 
 - 490 455 398 396 314 253 
 355 385 345 393 425 446
 



21 

-TAT ION LAT LONG ELEV JAN FEE: MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

JAPAN ,cONT' 
OSHI HA 34 46"N 129 22:'E - 286 496 417 2.88 2189 253 260 428 406 2.4? 418 415OWASH! 1'6 12'E - 510 42.: 428 399 7;8 2, 27624 14'N 429 272 424 416 4534" 57'N 141 '"E 58 402 400 224 260 352 292 242 255 22 -1z21SAGA 2215"N 1 0 18'E 

- -42 
- 5' 518 459 459 403 228 2:88 495 447 550 597 527'lu 592 604 484 528 617 551 626 624 540

1j N12 20'E - 488 538 547SATA 8 5"N 19 50"E - 26? 96 295 467 428 407 452 412 495 412 405 31SAPPORO 43 0'N 141 20'E 17 407 445 457
SENDAI 

451 436 415 404 485 428 426 41. 4138 16 1N140 54'E - 618 619 572 591 419514 412 495 460 523 619-H111ZU 4 N1322 5%8/E - 512.:547 439 424 292 328 283 491 459 465 564SHII.NO.SEK N120 56'E - 208 375 390 392 
606 

353 21? 348 459 274 44? 425 265SHIONO1ISAKI 3,3 271N 125 46'E - 560 598 482 480 418 2:94 449 542 489 443 556 685SHIPKAWA ?7 1?"N - 605140 12'E 597 482 540 41 " "3 337 413 400 28? 656TAL_,TSU 24 17/N 1'3 46'E - 414 250 278 287 268 
650 

429 401 440 - - ­ -TAKAHATS11 2<419'N 124 02:'E 9 496 498 479 465 452 390 426 485 421 426 442 462TATENO 26 0-'N ±40 08'E 6 599 529 522 515 514 448 48? 492 420 429 485 569TOHOKU INIV. 28 15'N 140 52"E 48 471 452 439 471 419 355 291 3-14 295 289 426 9TOK'YO S 41'1 1239 46"E 4 443 420 385 356 372 32?362 01 340 22? 2.9 42?T4 IE 22 27"'N 128 46"E - 2.70 3.15 356 238 ,. 3;25i
TPISHIMA -, 245 224 22925~ 28'89 463 4 4 7 _1: 8S 120 29'1 140 18'E '1 437 382 25C 36 299 326 296 441 482 452 2194 423TOTTORI 5*25 721N 134 11"E 17 2216 37 367 4lb410 4181.0 37374 2'4 2452452 481401 ',"14191 3292 4 365TO''AiMA 6 42'N 17 12'E - 37 434 420 448 472 32 296 473 412 260 426 37TSUKI.IUEISAN 36 13'N 140 06'E - 624 471 2-.. 377525 489 496 96 268 414 4235 515LIRUKAWA 42 I'N 142 47'E - 381 272 295 264 359 
622 

248 2.10 31 375 402 269 220ITSINOIIIYA 6 .'N 129 52'E 
WAKAMATSU 27 

120 619 569 518 474 454 258 270 415 2.93 438 522 59229 N 129 55E - 562 624 537 548 505 488 515 535 524 515 495 524 
WAKKANAI 45 25' N 141 411E - 256 392 495 479 410456 298 282 494 476 267 241,AKUSHIPIA 20 27'N 20 3'E - 311 34? 292 419 351 410 510 53 528 211 -:52 3529't'HMAGATA 28 15"N 140 21'E - 523 542 488506 45', 41? 440 520 467 458 487 479-ONAGO 5 26' N 122 2±'E 6 418 432 457 4r", 511 434 455 535 471. 515 499 442
 

KENYA
 

FORT ESSEX 00 42'S 36 42'E 2463 662 552 496
662 621 472 255 264 571 582 558 590I'ERICHO 
 o0 19"S 15 2'E 2042, 657 544 574MARIGAT 
666 662 554 503 496 520 501 5.30 61200 25'N 36 W8'E 1219 795 776 784 760
726 
 767 642 754 793 789 699 742Ml'lUGUGUA 81 12'S 27638'E 2073 595 585 557 499 457 490 42' 442 581 468 550 554NAIROBI 81 IS'S 36 45'E 1799 642 622665 560 510 509 410 439 529 552 555 608 

KOREA 

INHON 2? 12629'N 38'E 69 524 544 516 504 510 506 475 498 508 530 523 524
F:ANGNUING 37 45"N 128 54E 26 590 529 518
PUZAN 

505 473 455 465 498 558 516 527 52025 06'N 129 02'E 71 696 634 604 580 569 489 464 529 554 561 632 670
,.rONGYANG 2.9 o"N 125 49"E - 566 54? 544 522 500 485 454 455 503 530 526 530
SEOIL N7U4'N 86 526 517126 58'E 525 505 510 506 465 475 509 531 501. 498
301'W 128 37'E 61 804 726 619 580 540 488 46825 5231 491 514 603 628 744UNOGi1 42 19'N 1-0 24"E 88 5S8 579
WONSAN 

542 499 461 424 424 440 496 532 511 51529 11'N 127 26/E 25 59 570 52013 522 490 464 423 433 477 52 529 524''IGAMPO -3 5614 124 22'E 12 502 540 537 514 512 535 475 503 523 548 518 551 

LEBAN N
 
KSARA OBSEVATORY 33 49'N 35 52'E 927 486 562 580 628 
 679 737 741 722 709 642 558 481 



22
 

STATION LAT LONG ELEV JAN FEB MAR APR MAY JUN JUL AJG SEP OCT NOV DEC
 

MACAU
 
MACAU 
 22 12'N U23 33'E 65 445 280 337 49 441 482 564 561 558 635 642 579 

MADEIRA ISLANDS
 
FUNCHAL 
 32 38'N 16 54'W 58 531 521 571 564 571 537 578 583 599 566 489 543 
PORTO SANTO 33 Oi'N 16 83'W 45 548 527 
62 574 630 642 648 588 618 581 526 512 

MALIGASY 
TANANARIVE 
 18 54'S 47 32'E 1310 
528 539 564 617 638 624 631 682 697 683 645 585
 

MALAYA
 
SINGAPORE 
 i i9'N 183 49'E 36 432 428 428 422 427 456 389 363 59 520 408 473 

MALI 
GAO 617 603 61l 599 567 580 575 588 683 633 607

16 6'N 0 03'W 278 645 
TESSALIT 
 20 12'N 8 59'E 496 790 748 729 714 698 661 697 682 691 787 691 691
 

MALTA
 
QRENDI 35 58"N 14 26'E 235 
 549 511 623 594 654 689 712 726 649 604 520 556 

MARIANA ISLANDS
 
SAIPAN 
 5 4N 145 46'E 212 561 597 658 688 646 637 5W7 532 586 535 553 558WOLERI 7 22'N 243 55'E 2 545 Z571 611 582 584 584 525 502 498 538 546 571 

MARSHALL ISLANDS
 
JALUIT 
 o 5 55'N 169 39'E 2 056 068 048 848 051 858 051 058 056 049 050 048PONFAPE * 6 58'N 158 13'E 38 842 047 043 040 840 841 045 848 043 045 843 038 

MAURITANIA
 

ATAR 
 28 31'N 23 04'W 227 700 724 706 736 698 713 686 682 62. 644 649 680
FORT GOUROUD 22 4W'N 12 42'W 
297 732 785 719 740 726 
695 669 637 6W7 566 629 732
NEMA 16 37'N 7 16'W 269 634 
633 626 608 587 533 568
NgUAKCHOTT 18 07'N 15 56'W 
575 577 593 565 565


5 743 713 742 745 714 
 712 672 672 673 6-92681 693
PORT ETIENNE 20 56'N 
27 83'W 8 706 714 
 709 726 718 722 674 681 682 673 669 669
 

MEXICO
 
ALTOZOMONI 
 19 07'N 98 38'W 3975 
68 847 817 525 317 408 
 497 619 544 666 697 -
CHIHUAHUA 
 28 38'N 186 05'W 1430 342 563 
 390 343 412 387 339
CIUDAD UNIV. 19 20'N 99 2I"W 2268 

468 513 465 518 346
546 706 786 595 555 461 
461 518 583 502 557 594
TACUBAYA 
 19 24'N 99 06'W 2300 594 
623 633 578 531 5%4 455 
483 449 501 578 592
VERACRUZ 
 19 i2'N 96 08'W ±2 583 594 - ­ 643 664 541 626 616 654 630 657- 27 38'N 110 0011 - 672 687 688 683 688 682 649 658 685 762 678 631
- 27 38'N 187 @O'W - 672 687 688 683 688 651 649 658 685 719 678 631
-
 25 88"N 189 88'W - 562 583 582 586 584 584 527 558 553 611 560 517- 2 88'N 118 08'W - 57 578 584 583 629 621 583 615 582 6 585 527-
 28 81'N 106 00'W 
 - 582 594 594 568 578 
 555 569 572 550 575 568 541
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STATION LAT LONG ELEY JAN FEB MAR APR MAY JUN JUL AUG SEP '3CT NOV DEC" 

MEXICO (CON'T) 
20 O8'N 91 0WW - 535 594 594 524 527 494491 528 51 562 553 50817 20"N 93 00'W - 494 534 488 445 411444 446 441 405 445 487 482?17 576 554 567 574 543 57 59? 616 

O'N 100 00'1 - 624 618 594 56? 
0"N 118 @'W - 699 72138 681 724 729 687 687 686 723 71? 719 67'9 

MCNGOLIA 
ULAN-BATOR 
 47 51'N 106 45'E - 639 653 657 568 619 548 530 551 582553 538 558
 

MOZAMB IrIE 
BEIRA 
 19 08'S 34 08'E 
 7 566 516 629 640 
614 665 637 676 
60± 574 59352
LOURENCI MARQUEZ 25 58'S 32 36'E 59 
 572 593 610 639 672 69C8 669 555LUMBO 657 4::4 52.5 50615 08'S 40 07'E 10 559 534 571 635 640 660614 708 731 716 71$ 5:E:5 

NETHERLANDS
 
DE BILT 52 
 WE 42 -41322.N 414 428 466 462 432 48? 337WAGENINGEN 416 269 25652 08'N 5 36"E 20 305 306 392 424 444 425 392 -98 412 338 C-58 267 

NEW GUINEA 
EALIEM 
 4 04'S 138 57'E 1615 - - 607 627 626 659 625 629 547 659 629HOLLANDIR 570
2 34'S 140 29'E 99 455 474 509. 352 490 531 492 488
MERAUKE 495 489 485 472:
8 28'S 140 23'E 
 3 522 516 189 485 488 360 502RABLIAL 451 54? 542 558 4584 08'S 152 O8"E 
 6 517 583 529 516 592
565 528 556 548 53,4 518 486
 

NEW ZEALAND
 
INVERCARGILL 
 46 25'S 168 19'E 0 518 511 473 429 433 399 479 522NANDI 504 588 489 495
17 45'S 17? 27'E 16 658 612 541 556 
 599 646 657 652 644 640 616 689
,HAKEA 48 12'S 175 23'E 51 577 537 522 502 457 
 486 477 557
RAOUL ISLAND 528 531 535 544
29 15'S 177 55"W 49 590 545 565 532 566 478 535 520 562ELLINIGTON 553 596 65841 17'S 174 46'E 126 549 502 586 483 420 455 435 486 542 513 502WHENUAPAI 49436 47'S 174 39'E 31 532 501 509 515 461 478 478 483 523 483 511 501 

NIGER 
AGADEZ 16 051911 59'E 49 -57 742 701 711 684 684 687BILMA 674 705 734 752 7.918 4111 12 55.E 362 674NA 692 625 645 637 65,6 605 661 648 683 702 6691 4 E 222 698 742 724 671 662 750650 60r1 562 622 783 32 

NIGERIA
 
BENIN CITY 6 33"N 5 37'E 109 394 441 452 441 429 414ENUGI 6 281N 7 32'E 137 5,81 588 462 494 

339 330 367 43' 464 458 
IEAD-N 7 26'1 2 E 228 508 512 

496 567 408 378 419 453 516 528
486 481 445 4 L6IKEJA 6 -5'N 3 20'E 38 503 

481 273 342 385 521 519
571 565 559 501 454 422. 402 430 484ILORIN 607 528: 29N 4 35'E 287 586 601 556 545 530 635 460 429 419 504 593 5989 50,52'N 8 54"E 1286 
 639 620 581 558 521 520 482 462 499
KA[NA 568 648 655i0 Z611 7 27'E 646 627 628 596 579 568 546KANO 12 03'N 8 2;'E 476 628 589 

488 449 508 563 65 644
613 589 578 573 561 514MAIDUGURI ±1 51'*N 13 WE 354 653 636 588 

570 618 624 632
608 601 585 548 53M1AKURDI 570 629 659 6447 41'N 8 37'E 978 595 585 538 579 564 635 485 404 487 53 584 632 
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STAT]i N LAT LONG ELEV JAN FEE: MAR APR MAY JUN JUL AUG SEP OCT NO'/ DEC 

NIGERIA ,CON'T) 
MAMFE (Camaroon) 5 43'N 9 i7'E 152 470 503 461 439 457 406 368 245-74 427 449
MINNA 9 37'N 6 32'E 2608 lo 577 562 

4R7 
571 569 478 411 407 492 56" r44 6PORT HARCOURT 4.,t
4 51'N 7 0i"E 20 452 It 44 4 ]: :6 -:47 :59 36 2 '90452 4-7 440 4. 420 4:.'5SOKOTO 13 0liN 5 15'E 352 651 622 603 600! 575YOLA 602 526 513 571 62 . C43:649 14"N 12 28'E 175 62h6 60 570 50 576 552 516 497 592 r.'.42E 


NORWAY
 
BERGEN 60 24"N 5 19'E 44 ]01 201 507 38? 487 427 361 7:69 298 222 2:: 202BLINDERN *59 56N 10 44E - 022 231 040) 047 042 046 045 0144 035 C29 022 017BRONNOYSUND o 65'N 12l E 13:07 024 042 040 01i 032: 026 035 022 021GJERMUNDNES 020 006* 62 77'N 7 1O"E 51 019 040 083 02(4 026 035 028 22 0324 027 024GREEN HARBOR 7:3 00"N 14 cS"E - * 010 

, 442 515 : * , * 217 251 * .,HAUGASTOL * 60 21"N 7 2E 988 026 03 048 054 148 047? 040 036 016HRNSUND 031 029 0190 77 0'N 15 32 E 11 * * 00?@7 160 , . * 616 278 *,.IE':'IIK * •:0 5:3 12' N 8 05"E 15 .J%.I_ 0026 032 041 05215" . 517 04C4 057 049° 042 "2.. . 049 047 02.2c_ l 022LILLEHA11MER 
 * 61 06N 10 29E 22 F119 034 051 050 145 041 '38 02:8 026 022MURCHISCON BAY ?0 tN 18 15" 7 * 
026 01:: 

* 576 648 , * -"272 * 4:5L N5 S E 12 02.0 0: 038 044 045 045 frTROMSO 0l15 027 026 021 81369 29 11 STE 11:3 " 422 422 492 412 *TR.NDHEIM r 8 51 -v %Ij &0 62 '251 10 27'E 123: 016 023 040 025 029 0ULLENSYANG * 60 '@"20 6 40'E 98: 
36-;i0 02.2 026 01$, 015023 027 04? 048 044 042 04f " 0 037 022 021 017UTSIRA 0 59 18'N 4 53'E 56 0±7 02'? 037 046 044 044 0_' 1. 025 024 020 014 

PAKISTAN 
KARACHI 
 24 54N 67 8"E ­ 630 652 670 614 574 542 409 449 472MLILTFtN 605 A.4 t4230 12"N 71 26'E - 607 609 557 566590 579PESHAWAR 573 546 570 599 530 547l4 00'N 7121 E - '69 46....556 ..641 552 569 54 94 559QUETA 20 121 59 5 5555 59'5, :" 56566 57'E - 663 638 613 72680 750 729 747 725 754 64 55 

PALAU ISLAND
 
PALAU ISLAND 
 7 20'N 134 29'E - 507 499 520 515 481 492 442 467 476 479 471 545 

PANAMA
 

ALBROOK A.B. 
 8 39'N 79 24'W 6 505 572 596 554 390459 428 422 588 473
457 554
 

PERU
 
HUANCAYO 
 12 02'S 75 19'W 2312 705 552 645 669 736695 760 752 707 669
696 629
 

PHILIPPINES
 

QUEZON CITY 
 14 40'N 121 05'E - 429 389 510 
 575 505 477 2E89 484 407 451 484 511 

POLAND
 
BIALOWIEZA 
 52 42'N 23 51'E 200 346 
352 - 501 513 - 475 - 422BRWINDW - 207 22252 0811 20 43'E 96 308 250 
 440 526 490
507 424 431 458 256
429 296
DANZIG 
 54 23'N 18 27'E - 322 528 422 473 511 525 484 
483 466 287
GDYNIA 373 270
54 30N 18 36'E - 296 379 433 448 494 516 465 429
KFPROWY-WIERCH 451 766 3100 232
49 14'N 
 19 59'E 2007 517 405 
596 5"6 466 358 80 
 64 419 541 515 422
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STATION 
 LAT LONG ELEY JAN FEB MAR APR MAY JUN JLIL AUG SEP OCT NOY DEC 

POLAND (CON'T)
 

KOLOBRZEG 
 54 11'N 15 35"E 19 431 408 446 489 564 490519 506 495 394 268 361
SUWALKI 54 OWN 22 57'E 165 467 432 576 551 595 560 539 546 51± 447 282 366SZCZAWNO-ZDROJ 
 50 48"N 16 ±6"E 441 378424 420 414 475 41
475 469 429 412 305 405
SZRENICA 
 50 48'N 15 ±'E 1364 - ­ - 328 359 323 353 310 337 344 373 -WARSAW 52 19'N 28 59'E 1±3 326246 395 
 48 468 363 406 406 385 322 228 ±87WROCLAW 51 07"N 17 85'E 116 327 361 258 377 368 487 484 458 441 390 257 265
ZAKOPANE 
 49 17'N 19 58'E 486 45 508 468 426 365 - 35 491 484 482
498 387 

PORTUGAL 

BRAGANCA 41 49'N 6 46'W 725 427 558 499 617 620 672 744 691 622 600 573 422CALDAS DR SAUDE 4± 22'N 8 29'W 74 453
424 464 
567 584 622 649 578 524 564 488 439
COIMBRA 48 12' 8 25'W ±41 583 582 481 614 595592 627 618 591 618 565
EVuR 38 34%N 7 54'0 309 492 570 
509 

5 646 644 781 743 695 640 596 544 479FARO 37 01N T 55'W 14 550 626 599 70 721 763 769 746 
 715 652 569 555LISBOA 
 38 07N 9 O1'W 77 507 585 545 665652 698 743 710 613
11. ESTORIL 38 07'N 9 6W 
649 559 49031 559 563 590 676 673 7±0 751 695 658 629 603 5±0PENHAS DOURADAS 48 25N 7 33'W ±283 470 61± 5 2 624 646 701 784 722 672 634 564 492PORTO 
 41 08'N 8 36'W 96 435 523 509 655 664659 685 644 614 523
589 421
VENDAS NOVAS 
 38 07N 8 05'W 127 500 538 483 525603 668 706 671 603
619 457 357
 

PORT. GUINEA
 

BISSRU i1 52N 15 30'W 29 65 621 707 76 676 579 525 420 554 596 594 605
KANKRN ±0 23N 9 i8'E !77 625 614 596 568 561 558 508 483 523 586 595 60±SIGUIRI 
 11 26'N 9 10'W 362 
622 633 610 589 
 569 564 519 482 535 591 590 598
 

PORT. TINOR
 

DILl 8 06'S 125 06"E 3 530 52) 557 576 685
608 593 622 616 587
617 534
 

PUERTO RICO
 
SAN JURN 
 18 28'N 66 06'W 26 655 661 697 675 600 659 695 632 630 636 623 
 679
 

RHODESIA AND NYASALAND
 
BULAWAYO 
 20 09'S 28 37'E 1330 552 539 625 706
668 696 718 723 622
676 556 582
ZOVER 015 23'5 35 18'E - 039 036 038 053 054 
 047 046 064 061 065 050 036
 

SAMOA 
APIA * 13 48'S ±72 08'W 5 037 039 845 045 046
058 053 056 058 043
048 037
 

SAO TOME
 

ILHA DE 
 8 23'N 6 43'E 8 378 484 392 438 479
485 431 428 414 412
396 385
 

SENEGAL
 

DAKAR 
 14 43'N 17 26'W V7 563 594 
 631 629 594
6±8 583 424 476 550517 536
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STATION LRT LONG ELEV JAN FEB MRARAPR MAY JUN JUL AUG SEP OCT NOV DEC 

SIERRA LEONE (CON'T)
 

LUNGI 
 8 37'N 13 12'W s.6 499 508 546 510 473 48 36 386 426 568 513 535 

SPAIN
 

ALMERIR 37 00'4 2 30'W - 537 
568 590 692 586 595 614 611 589 570 539 514
BADAJOZ 39 0'N 7 00'W - 442 516 458 435 448 600 630 619 570 522 492 438LAS ROZAS 40 20'N 3 30'W - 449 540 53 582 56? 580 626 616 558 518 470 443
SRN PABLO 37 30'N 6 00N - 392 531 530 572 565 573 592 571 552 503 446 425 

SPANISH W. AFRICA
 

CABO JUBY 27 56'N ±2 55'W 6 585 583 574 570 
 550 506 491 529 540 564 544 539 

SUDAN 

EL-FASHER 
 12 37'N 25 20"E 730 620 639 636 574 582 573 570 
 595 609 625 632 605
JUBA 537 593 583 628 565 589 604 582 589
4 52' 31 37'E 457 557 553 522 

KHARTOWN 15 36'N 32 33'E 280 649 650 650 627 613 576 574 570 589 611 629 647PORT SUDAN 19 35'N 37 12'E 3 629 632 669 666 654 602 695 596 632 601 60$ 552TOZI 
 12 2'N 34 00'E 440 570 572 580 531 550 524 500 56 547 558 550 566WAD MEDANI 14 24'% 33 29'E 405 632 639 632 599 614 573 528 560 595 670 646 653: 

SWAN ISLAND 

SWAN ISLAND 17 24% 83 56'W 18 657 632 692 6:60 652 571 609 585 625 543 587 582 

SWEDEN 

EKEN 512 472 483 483 474 422 426 316 210 202.
59 50% 18 2.84 - 263 486 

FROSON 6: 12'h 14 29'E 264 283 595 589 541 543 515 
463 487 414 2K4 249 270HAADS 
 66 5N 20 57E - 267 400 409 264 350 496 51 409 269 248 ±71 829
KARLSTAD 
 59 22'0 12 28'E 47 362 456 509 448 527 567 485 476 460 226 208 246KIRUJA 67 48'N 29 24'E ­ * 550 584 615 499 * 429 421 295 2.55 278 .SAND'IKEN 
 60 37"t 
 16 48E - 255 419 445 488 533 472 494 450 428 329 256 254STOCKHOLM 
 59 21"N 17 5?'E 
 43 326 406 494 457 501 500 
 499 482 435 342 246 278
SVALOV 55 55'N 13 07'E 72 3098 299 438 440 475 517 44@ 430 493 390 215 147TE, 63 49%h 20 04"E - 367 468 480 488 
506 582 530 594 44± 2± 07 l17TORSLANDA 57 42%N 11 58'E 6 263 
324 431 474 490 549 449 
454 493 349 177 13?
ULTUNA 59 49'N 17 49"E - 325 476 566 474 467 464 429 449 209 284 275 2,:6VISE' 57 39% 20'E 4?1 . 243 398 492 530 561 582 498 480 474 326 183 161
 

SWITZERLAND 

BASLE 
 47 35%N 7 5"E 
37 299 486 285 437 55 457 - - 500 3±6 206 3±6AVOS 
 46 48 9 49'"E 0590 52 
 576 605 696 546 521 533 
51 520 5±8 498 512
GENEVE 46 I5'N 6 I'E - 019 032 047 052 052 057 964 061 054 040 922 0±4
HOCHSERFAIS 47 I'N 8 17'E 1817 
533 701 642 611 604 698 
 584 536 582 583 485 539
JUNGFRAUJOCH 45 22'N 7 58'E 3472 6±2 670 718 
 699 573 571 664 630 598 557 589 599
LOCRRNO-MONTL 46 1'N 8 48'E 379 506 542 532 498 479 534 
562 529 507 459 455 471
WEISSFLUHJOCH 46 50'N 9 48'E 2670 688 826 679 757 579 422 469 
439 639 583 610 628
ZURICH 
 47 23'N 8 33'E 
 - 309 358 443 472 444 
 520 513 491 463 331 295 284
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STATION LAT LONG ELEV JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC: 

THILAND 
BANGKOK 13 44'N 100 30'E 20 600 69 526 537 532 504 431 447 429 62ACHIANGMAI 469 628
18 47'N 98 59'E ­ 603 596 509 '550 547 478 395 503 522 578 6.3'.
NAKHON PHANOM 663
1? 30'N 104 40'E 42 656 5±1 503 507 518 381 372 469 592SONGKHLA 391 622 641
7 ±i'N 100 ZT"E 15 658 676 583 568 550 572 52'8 529 506 521
460 564
 

TRINIDAD
 
PORT-OF-SPAIN 
 10 38'N 61 24'W ­ 587 647 674 562 
5±8 503 507 58? 6±3 570 555 587 

TUNISIA
 
TUNIS-EL AOUINA 36 50'N 10 4'E 3 606 589 562 628 679 7?4
653 696 - 542 559 543
 

UGANDA
 
MOROTO 
 2 31'N 34 40'E 1372 716 672 660 642 674 676 559 644 793
664 687 691
 

UNION OF SOUTH AFRICA
 
ALEXANDER BAY 
 28 34S 16 32'E 21 72? 7±2 693 70? 687 684 662 697BLOEMFONTEIN 7±2 73 715 706
29 07'5 
 26 13'E 1422 635 617 609 663 658 695 710 734 716 670 685CAPETOWN 64533 54/S ±8 27'E 19 712 681 675 60? 527 586594 589 640 646 687 696
CAPETO4IN (WINGFIELD) 33 54'S 18 32'E I7 715 682 610682 63:2 602 567 bN 633DURBFN 29 50'S 31 02'E 5 475 507 

652 660 684 
544 557 574 624 
 595 575 474
KEETMANSHOOP 532 470 486
26 34/S 18 07'E 1066 723 707 675 724 73Z7 753 769 762 759 741 746 727KIMBERLY 28 48"S 24 46'E 1197 592 608 595 645MARION ISLAND 640 67± 676 724 711 693 664 65946 51'S 37 45"E 23 477 505 492 453 453
460 499 541 535 530MAUN 551 49?19 59"S 23 25'E 945 536 524 575 589 645 660 692 708 682PIETERSBURG 613 588 54722 52'S 29 27'E ±230 613 594 620 648 703 71? 658PORT ELIZABETH 33 59'S 25 36'E 61 594 

678 625 632 635 581630 592 563 583 622 622 6±9 603 58'PRETORIA 630 58925 45'S 28 14'E 1369 575 557 588 607 644 690ROODEPLART 686 711 650 605 587 55226 35'S 28 21'E 1189 514 606 606 641 676 696 705663 634SWAKOPMUND 615 613 55822 41'S 14 31'E - 603 585 619 601
609 643
UPINGTON 28 26'S 21 6'E 814 631 
552 631 607 641 656 620648 62± 641 672 731 701 705 678 652 649 6:7WINDHOEK WIlH O,22C.034'S 17 06'E 1217 638 609 680 71,615 149 8 7,7 r,740 69: , 68 ] ,63 E6 

U. S.S. R. 
ARALSJ YE MORE 46 41'N 61 40'E 62 609 625 
606 589 693696 614 62:4 660 551 447ARARAT PLAIN 451
40 II'N 44 24'E 
 - 534 485 481 560 654 693 706704 677
APKHFI-GLSK 694 512 434
64 30'N 40 42'E 4 247 350 512 574 414 473. 500 462 2723±1 216CAPE CHELYUSKIN 42277 43'N 104 1?'E 12 * * 595 672 * * ,CHETYREHSTOLBOVOY I * 356 462 * *70 37'N 162 24'E 30 * 612 668 702 630CHITA (TCHITA) * * 397 377 326 833 *52 03'N 113 29'E 671 547 629 631 600 559 519 461 
 4o4 498 51
DIXON ISLAID 521 457
73 30'N 80 24'E 
 17 * 756 594 726 * * *HAYES ISLAND 80 37'N 5883E 20 * 

416 247 440 * * 
* 565 509 * • * 276 879 *JAKUTSK 
 62 01'N 129 43'E 98 532 589 694 785 575 571 531
476 492
KAUNAS 482 483 48454 56'N 23 59'E 71 322 350 515 501471 503 496' 463 433 -52KHARBOROVSK 205 26±48 3I'N 35 07'E 86 605 651 590 482 497 458479 468 509 478 5-5 569KIEV 
 50 24'N 30 32'E 167 340 392 420 380KICHINEY 528 490 515 509 457 428 251 27349 0WN 28 51'E 98 425 455 471 468 555 542 611 570 528KOTELNYI ISLAND 540 298 38476 08'N 37 54'E ±0 * * 585 690 * * * * 327 -60 *KUIE:YCHEY *53 14'N 50 ±G'E 137 385 478 520 57-3 535 516 536 516 417 30LENIf.RhU 359 29259 57'N 30 42'E 71 293 271 529 467 472 5±8 527 464 -!.,2 24.65 257, 2121 
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STATION LAT LONG ELEV JAN FEB MAR APR MA'T' JUN JUL AUG SEP OCT n''v DEC. 

LI. S.S.R. (CON T) 

NOVOSIBIRSK 54 54'N :22 57'E 120f 516 554 594 502512 505 492 495 494 2232 -24. 290ODESSA 46 26"N -C 46'E 42 -58 29-49 460 462 577 57 598 579 525 -. ,51? - 28M'IN.1 62 16'N4 143 09E 748 624 686 752 740 60 510 496 56? 496 515 607 64?
nKH'' 59 22'N 14: 12"E 6 584 ':6 741 610 520 449 .5." 480 452 522 =1R6 sOLENEK 68 'N 112I 26"E 127 5:37, 664 697 578 * 419 364 42':,57:,,SK. 55 0 1N 72:22 'E 1210 518 524 5 54:3' '"564 521 485506 486 224 64 4PREOB:FPZHENIA ISLAND 74 40"N 112 5E -4 * 91-9 586 617 * * * 272 208 .02 • * SEjIF'LATINSK 50-,'N ::0 WlE 190 651 674 696 57 578 57) 574 567 626 486 488 524''E"LO'yI 56 44'N 61 04"E 290 445 471 615 570 501 491 496 482 415 301 22.8 269TASHKENT 41 20:9 18'E 47:' 294 422 425 485 56. 618 69 .6 526 ,. 45 6 467 402TBILISI 
 41 42'N 44 48"E 402 -89 466 406 499 514 52"'251,84 58'0 518 488 :5 :9'.'@TIKHAYA BAY 80 20'N 52 48'E 16 * - - * * * * 7-sr( - * * TIRULIKHANSK 65 47'N :-'7 28 56157"E 575 5923 685 569 497 510 479 293 .78 3' * UEDINENIA ISLAND 77 0"N 81'2= 14/E 17 * * 581 676 * * * * 288 27 * * VERKHYANSK 6? 2-'N 133 23'E 137 * 596 653 706 578 * 460 501 428 584 476 * VLADIVOSTOK 43 16'N 112 02'E 80 605 641 584 495 518 413 424 288 551 548 58? 555WELLEN 66 10'N 169 52"E 6 488 477 608 649 601 529 442 354 262 .352 22,9 97WRANGEL ISLAND 780 58'N 178 32'E 2 * 581 658 692 561 * * -59 211 288' T'2-SAKHALI1 46 57N 142 4]"E 22 556 641 595 524 498 422 402 414 46- 475 525 642 

UNITED ARAB REPUBLIC
 

GIZA 0 02"N 31 12'E 21 588 
 623 672 670 656 671 667 664 6-59 626 570 565 

UNITED KINGDOM
 

ABERP:RTH 
 52 08"N 4 2:4'W 115 53 363 423 457 
 521 589 431 454 471 ]O 300 309CAMBRIDGE 52 12"N 0 86'E 22 232:31 276 294 443 424 424 396 487 284 292 278ESKDALEMIR 55 19"N 3.12"N 246 406 297 355 410 433 371 279 368 285 252 275 264
GARSTON; WATFORD 51 42"N 8 2N:' 85 
 235 279.,322 372 294 383 375 2:67 267 280 228 215KEW OE:SER. 51 28"N 8 19"W 5 251 282 220 294 412_416 295 393 82 22 62 226
LERWICK OBSERV. 608 .N 1 11' W '2 254 383 382 404 415 42,--4 324 28218 301 286ROTHANSTED 51 4814 0 210W 128 312 344 374 408 429 425 286-06279"379-;6276 24 22' 43-/24-,272 4 

UNITED STATES
 

AK ADAK 51 5214 176 8' 5 293275 30t 386 255 325 1 17 229 268 257 26ANNETTE 55 12"N " 24121 4W 
 241 388 415 448 451 485 414 400 285 324 212 291BARROW 71 1"N 156 47'W 4 * 446 565 545 274 * * 348 218 285 256EETHEL 680 47'N 161 4811 46 380 466 514 511 459 422 2776 225 278 278 228 286E:ETTLES 66 55-1 151 21W 285 286 472 555 583 553 * 459 418 422 '76 286 * BIG DELTA 64 O0"N 145 44'1 388 363 484 562 559 526 495 474 463 451 294 353 156FAIRBANKS 64 49'N 147 52.W 128 315 471 552 544 51-, 486 454 425 427 373 28 056
GULKANA 62 09"N 145 27'W 481 268 472 555 568 514 489 472 462 445 421 36 229HOMER 59 28" 151 ]:' 22 299 451 508 521 496 486 465 427 415 412 376 299fUNEtLI 5'3. 25"N 22122"N 124 7 250 291 428 402 292 .71 249 225 284 280 228KING SALMON 58 71"N 156 39"1 15 451 494 527 500 464 423 402 374 404 427 416 392KODIAK 57 4514 152 20' 34 2 423 498 427e:32 491 424 408 411 299 421 268 220KTZEBUE 66 52'N 162 -8W 5 226 447 535 560 535 * 449 486 416 -85 225 008MC GRATH 62 58'N 155 27"1 103 250 457 524 524 476 441 405 279 8 2.359 225 212NOME 64 2811 165 26W 7 2721 459 509 528 507 487 416 276 402 281 268 046
SUMMIT 63 20'N 149 08'W 
 723 378 459 537 551 523 454 
 414 390 406 299 165 206
YAKUTAT 59 31'14 129 40"W 9 324 356 415 428 297 373 351 338 332 222: 287 233AL BIRMINGHAM 32 34'N 86 45'W 192 425 464 490 531 532 529 588 521 507 520 470 427
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STATION LAT LONG ELEV JAN FEB APRMAR MAY JUN JLt SEP NOVAUG OCT DEC 

UNITED STATES (CON'T)

MOBILE 30 41'N 88 15'W 67 495 528457 513MONTGOMERY 	 536 519 483 493 49232 18,N 86 24/W 62 425 472 545 545 

531 485 446 
AR FORT SMITH 499 544 517 526 505 520 485.5 20'1 94 22'W 141 474 499 508 549 579 	

445
518 574LITTLE ROCK 	 571 532 533 491 46934 44%4 92 14'W 81 457AZ PHOENIX 32 26N 	

494 504 515 553 580 570 565 535 480112 01"W 339 613 657 685 747 	
539 453

76? 756 693 676TUCSON 	 698 70122 07%, 110 561 779 632 692 	
628 600665 744,!NSLOW 	 765 755 658 657 680 67135 01"N 110 44'14 1488 622 658 68? 744 	
637 612

731 746YIUMA 	 657 650 61 -668 639 60822 40"N 114 36', 63 642 678 718 782CA ARCATA 	 762 777 689 703 ?09 68? 650 62?40 5904 124 06"W 69 418 468 479 531 
 524 536 506 492
BAKERSFIELD 	 507 468 
 411 409
25 25"N 119 03'W 150 498 551 619 673 720
CHINA LAKE 	 756 752 736 786 649 545 468:5 410 117 41'W 681 587 619 675 718DAGGETT 	 722 755 722 796 78434 520N 116 47'W 588 602 682 744 	
658 602 586622 728EL TORO 	 761 730 723 708 667223 481 117 44'W 116 572 	 617 593*594 610 612: 594 605FRESNO 	 663 652 606 584 564 56436 46'N 119 43', 100 440 524 619 678 714 750 752
LONG BEACH 33 49"N 118 	 741 714 652 535 41709'W 1 563 586 
611 616
LOS ANGELES 	 592 598 645 63532 56'? 118 24"I 	 594 573 554 55232 564 587 615 621 590 584 647 588 570MOUNT SHASTA 	 63041 190' 122 19'W 1093 450 502 589 	

556 555 
NEEDLES 3 46"N 114 37'W 270 322 423 

532 634 666 722 691 665 582 462 446554 711 922 719OAKLAND 27 44'N 122 12"W 	
843 833 69 476 262 :042 492 548 585 627 637 644 650 619
POINT MUGU 24 	 620 565 51007"% 119 070 4 592 622 	

489 
RED 	

568 622 579 566 586BLUFF 48 090 122 15'W 108 	
524 563:. 563 560 564436 506 635SACRAMENO 	 565 68? 711 748 71? 690 602 47638 21N 121 :0'W 8 427 509 593 702 	

428
657 725SAN DIEGO 	 753 729 699 622 498 42022 440N 117 10"W 9 572 596 610 613 570SAN FRANCISCO 	 574 614 621 594 582 569 5677 37'N 122 23"1, 5 534498 583SANTA MARIA 24 54'N 120 27'W 	
626 641 651 669 649 633 570 5O0 4:'72 527 609564 615 614 646 639 596SUNNYYALE 	 656 611 554 54437 25'N 122 84'W

CO COLORADO SPRINGS 3.8 4904 184 
12 507 546 593 632 655 672 683 664 637 578 518 49343'W 1881 645 643 633 614DEVER 39 	 635 649 619 624 647 647 60? 61845"? 104 52%4 1625 632 632 634 622 643 633
EAGLE 39 39'N 106 551W 	

617 636 642 632 587 6021985 565 682 621GRAND JUNCTION 29 07"N 108 32"% 1475 	
639 652 686 668 645 656 624 575 566580 616 655PIEBLO 	 637 687 711 690 674 677 64538 17"N 104 31" 1439 635 	 597 586 

CT HARTFORD 	 60 633 641 623 667 647 647 65141 56"N 72 41"0 55 394 426 421 	
641 603 605443 455 462 445CU GUANTANAMO 	 461BAY 19 54'N 75 89'W 	 441 436 35? 25116 597 61? 633 641DC IASHINGTON 	 594 568 606 597 579 56038 57"0 77 27'W 	 579 582 

DE WILMINGTON 	 88 417 447 468 480 496 520 509 499 494 47939 400" 75 360 24 	 420 382428 462 476 494 510490 515FL APALACHICOLA 	 500 490 4?? 427 40129 44"N .5 02'W 6 458 49? 532 599585 556DAYTONA BEACH 	 512 506 518 553 516 46629 IiN 81 03'W 12 507 530 555 564 504JACKSONVILLE 20 3O'N 81 42'W 9 494 522 554 	
585 589 503 496 508 507 489580 561 558 489MIAMI 	 524 50825 48"N 80 1604 	 499 504 4772 512 555540 570 530 481 486 496ORLANDO 28 323% 81 20"0 	

582 477 508 52136 520 537 563 588 571TALAHASSEE 	 511 510 500 508 51620 23'% 84 22'W 21 480 509 569 523 	
529 510528 555 493 583 537 473
506 509 
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STATION LAT LONG ELE'? JAN FEE: MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

LINITED STATES (CON'T) 

TALLAIHASSEE 	 30 '23"1 :34 2211, 5>'21 480 509 569 555 523 493 503 506 5-7 509 473TAI1PA 	 27 58,"N :"2 ...I, 3:5 ' 564 590 573 517 496 494 496 528 521 57WEST PALM BEACH 	 26 41.N 8 0611 6 495 514 543 	 553 530 479 505 496 467 471 491 501GA ATLANTA 73 3.N -42614 315 43 465 494 536 531 528 508 517 496 516 485 437AUG- TA1 -- 5' 45045 484 505 54,, 535 525 506 504 49C 522 500 4622-CON24N 39"14 110 450 479 5111 549 540 520 501 497 57 457518 528
SAVANNAH OR N 81 12'I1 16 45:-3 484 51z 531 510 5.=01555 	 4':8 469 510 496 464
111BARBERS POINT '1 19 N 158 04"11 10 550 547 555 582 584529 	 573 587 579 559 540 533
HILO 	 13 42 1N155 04 "I, 11 475 465 442 433 453 481 475 490 484473 	 446HONOLULU 21 '"N 157 55"W 5 517 533 539 544 566 	

450 
576 580 586 578 554 526 518LIHU 21 59"11 159 21"14W 501 498 	 _ 43545 490 493 529 535 5308 542 558 525 489IABURLINGTON 40 47'N 91 1"- 214 455 492 513 54? 584 569495 	 580 534 528 457 415DES MOINES. 	 41 '2"N 9 19 294 50 504470 527: 542 531 588 5"1 45 541 466 435MASON CITY 	 42 09"N 93 201, :7. 482 519 514 517 552 578 585 577 546 52 452 430SIOll" CITY 	 42 24'N 96 22'W 3.6 479 510, 508 534 553 581 595 579 547 53:7 470 438IDE:AISE 43 -414 116 134W 374 4.'2 578528 625 664 674 734 694 679 605 482 434LENISTON 	 46 2-'N 117 i1i'W 438 349 422 478 505 351 658 621 493542 	 584 257 334POCATELLO 	 42 55"N 11 23 '1 1265 465 54' 601 664 678 729619 	 70'5 6 5 630 514 457ILCHICAGO 41 47"N 87 190 451 4911 45'W 	 416 475 519 549 545 538 516 493 404 363MOLINE 	 41 27'N 90 ;1'W 181 43:2 478 477 -5391 ., 5 420490 509 544? 5-15 516 505K-.' 4 -25'SPRIGFIELD -9SON ::3 40'/l 187 441 483 475 502 574 576 559 520 450 405539 	 541

IN EVANSVILLE 38 031 87 '-W 118 404 440 464 490 513 543 538 53.3 512 510 42 3.81FORT WAYNE 	 41 00' N '5 12', 361-52 405 416 455 484 504 501 497 481 462 :58 322INDIANAPOLIS 	 19 44"NBO.IH 86 17"4, J72 430 48: 506 493END 	 246 41. 46] 511 509-- C.-N..	 475 .:,4 2.4?41 4"N : ' -:9,:1
. 39 391 425 467 500 525 519 521 492 25446- 207KS DD[GE CITY 27 4611 99 58" 787 596 615 646 631 606575 593 602 643" 612 555 553GOODLAND 9 1N101 42411 1124 584 53:'5 5:36 1.4 595 645" 649 6-2 608 612 561 562rOPEI:F 	 279 4"N '45 33'-1 270 517498 515 541 552 582 596 590 560 549 500 466WIT:HIT 3A 2-9N 97 25"W 408 543 560 581 586 621 623 587563 	 627 581 59 51'9KY LE2'INGTON1-0... -'2 1-1 Hi % 442 503:1:' 11221" 	84 3611 -. 417 4:3448 -. 520 518 ,,I:497497 4'"91:7146 	 9 518 412 7.718c
LOUISVI.LE 	 3-811N :5 441LA PATON RO.UGlliE "f't 1 lq"~ >;'286D149424 446 480 495 521 514 517 497 490 411 375"" '	 J2-
L4 477 502 525 535 503536 492 497 531 466 4-:1LAKENIEW~ O.RLEANISCHARLES 	 30:'" 7'rN 93 134 3"96 4499 476 
- 555

490 530 548 504 497 02 56 459 407JN 190. 15W1 2 451 512 51. - 45494 51 ; 555 564 557 511 515511 540 486 448SHREVEPRT32 2N 93. 49"1-1 79 444 426 50i 540 571,09 566 5. 576 550 494 454MIAEOST-N 42 221 71 2'0,H 5 400 429 441 448 471 497 491 466 484 459 2:67 ('76lID SALT IMARE -.9 11N 76 40'14 47 431 463: 477 490 5t4 510 494 479495 	 492 430 401
PATU2ENT RI'.ER 	 73 17"4 76 25'W,1 '14 432 464 478 504 508 519 508 501 496 481 446 415
ME ANGOR 44 4891 68 49 1 2 4 475 496 498 506 50 923 512: 499 461 3.80 401CARIBO.1 	 46 52'N 68 01W 190 443: 510 537 500 481 497 434 400465 	 452 3:24 373F'RTLAND 	 9'I1 19"I'' -- 4574 -3 17Cm" 19 402 429 430 446 468 466 125461 453 4399 33_-._ 6III ALPENA 45 04'N :'34 14 21' 347 407 -469 4:38 504 514 570 505 461 411 312 291DETROIT 	 42 25 N ,'o01"II 191 352 412 474 499 510 515 482 453474 	 494 349 321FLINT 	 42 .444-11W 233 392 4565,3' '2 4191 	 43K 496 504 489 463 434 321 296G, RAPIDS 5314 --42 -1 	 245 2399 444 480 511 535 537 527 4E.% 449 33:2. 297HOUGHTON4 	 47 1011 . 0-'II 229 262 -45 445 484 490 503 519 492 416STE. 	 234S I.L MARIE 4 t: 2 I1 ':4"2 	 393 262SAULT 	 2"1 4 q 2419 4:3 487 497 495 517 490 427 287 288 295TRAVERSE CIT' 	 44 441 :':.5" 192 371 486 506 537 463 3'W 292 454 52 512 413 271MINDULUTH 14 9 I1W 412 	 409 472 439 485 484 484 523 498 449 421 26 349INTERNATIONAL FAL 	4:2 92 2'14 .. :-'414 ...",-361 498 514 51 "t510 508 544 528c'-472 4 322 365MINNEAPOLIS-ST. P 44 531 92 12.W 255 441 501 502 499 527 554 537 473 389 377509 	 499ROCHESTER 	 4-.55- 92 30W 402 432 478 484 495 520483 	 526 526 491 467 3.84 374MO COLUMBIA 3:3 49"11 92 13/" 270 442 477 501481 542 572 592 579 5:4 524 452 413KANSAS CITY 	 39 1'N 94 4:'W 715 47:3: 495 495 520 541 589 5.5 527 482 455569 	 526 


http:LOUISVI.LE
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STArION LAT LONG ELE',' JRN FEE: iAP APR -l1MAt' JU.IL AUG SEP iT LE, 

UNITED, STATES O-IN T., '-CON T' 
SPRINGFIELD 71 14 N 9- 2?'N [-? 466R 434 4'.-" 5121 541 569 5 574 5:s 527 -74ST. LOUIS 44,2' 451N 9 2]'1,1 172 4:3:24 " :4U 491 514 5"7 C77 5IS JACKSOIN 461 41c2 1911 90 05 . IAI 4.6 4.:. 510 529 556 560 5.' 527 520 c25473 429MERIDIAN :2 20"1 :: 45" 94 421 472 494 524 :: 542 512 524 501 529 475 4t'IT BILLINGS 45 4X"N 108 '1"1 10:38 404 517 551 522 562 595 6>" ', 9b 357 47. 4;'4CT BANK 4:- 261112 221,1 117' 471 518 555 52:4 559 561DILLNV 647 R1: 9,< 524 462 45145 S 112 L 158: 505 560 5.,,,4 569 5,3-GLASGOW 56 7: 645 ,.07 5.7 492 4:648 1. ,N 106 511 700C 444 49f:8 5 :. 524 542 561 62':" 606GFEAT FALLS 4 291 111 561 51 45 4722"11,1116 40 519 562 529 546 57 65-: 626 5 547 454HELENA 422C46 I6"N CI w'W112 11: 8 4-6 494 5-S' 524 548 558 653. 621 5"7LEN ISTOWN 55 456, 4 047 03 N 109 271,1 1264 44' 491 56 511 522 564 646 614 564 529 449 441MILES. (IT' 46 26 N' 1(5 5211 ,:021 146 57. L11467.-W 471 517 542SS1.. 72 556 558 537 646 . - 583MISS'ULA 552 4 '746 55 N 114 05'h 972 4,-29 405 465 489 526 529 657 607 557NC ASHE ILLE -5 2611 :2 [22 , 661 462 4 - 507 55 513 510 472 :64 221 4 C O: -1c c" .1 4,.,250- 'o 4?8 41 IIPEHATTERS4 ., :',"511 491l45CA'E HATTERAS 23 16"N 75 22;',426 475 512 5 _ 56 5 523 ,9 51 45CHARLOTTE 45251'1 8 561-W 24 457 4:34 510 544 5232 528 si: 515HERRY POINT 22W 501 5204 4'7 46111 476 507 54 552574 52: 5112 496 504 515GREENSBORO 516 487:6 05"N 79 57 , 270 463 514494 542 527 526 52-2 517 506 514 495 466: ,AEIGH" 78 W 12 451 477 498 2 519. 512 497NI) BISMARCI: 46 4bN 

J 491 491 496 476 446 
46.1 100 45'W 502 490,544552HP4..5414 481414428 985r 515 545 564 616 605 554 52 447FARGO 44446 54'N 96 48"W 274 428 520 .,? 447498 521 541 546 598 589MINOT 5 5 50' 406 40648 16 11101 1- W 522 429 487 510NE 524 54:: 541 59 3::6 5:55 15 415 409GRAND ISLAND 40 58' 9:3 19"1 566 52;

NORTHI OMAHA 41 22'"I 96 01, 
572 525 566 571 612 621 604 57 56:3 512. 496404 10C 524 521 52 542 530590 5 0.A521NIORTH PLATTE 41 08' 11100 529 42 454411 :349 551 559 566 577 576 620 6:3 620 592 591 5-o 51

SCOTTSE:LUFF 41 5211 102 -2W 1206----, 5NH CONCORD 62 562 561 611 6442 12"N ;'1 2'1 105 401 426 449 626S 611 535 519 522429 461 466 4.0 45'9 4,2 421 "49113LAKEHURST -9J40 02'l 74 20'N 27" 425 450 462 482 4:4 4:.35 477 47. 467NEWARK 40 4211 74 10- 1 9 421 
471 417 _96457 467 4.: 489 491 492 479li1 ALE:UCIEROuE 437 472 410 91502N 106-7". 1619 642 666 682 714 72: 727: 697 636 697 6:: 643 rCLAYTON 26 27. 102 09: N 15159 :.. 7 6-I 9 r,: 664 6:,9 640 -46 651FARMINGTON 612 61:26 45 N 108 141 1677 t-z I2 691670 705 7-1 6'94 639 6' 6ROSWELL 675 6:, 60:3'2 2411 104 2,2 110: "6271 655 632 -82--7'"C, 6110,2 705 , . ... 61-'7,,g
72A 666 65561 1TRUTH OR CONSEQUE 22 14'N 1017 16,1 14:3:1 66o6 69R0 710 741 722

AR! 7 1 664 669 r74 675 661 640TUCUII :5 11 11102 -6"W 1221 ,40 645 662 r72 63664 658 656':' 6:9 616UNI 5 06TN 108 43'IJ 1965 ,25 644 6.52 635 710IN ELKO 716 6:4 6:..22 67C 6t 6"- 609'40 50'N 115 47"W 1547 541 598 61:3' 624 667 6'92 725 721 712-, 65,EL' 561 52429 17 N 114 52'W 196 605 621 661 662- 667 6:38 6:3: 639 716 1*.LAS VEGAS i65N 115 101N 664 
677 A _641. 631 748714 760 1762 7.25 7113 728LOVELOCK 694 640 :2240 04'11 1: 2'11 1190 Rh 9 

R-J 0 194W 1 1,7, J4 - 69;C 
.5 .5 624 597- -719729 7c52 779 17C757R:ENO 11 47"1.1 12,41 59,< , 6:3,1 714 9 - 1 4 579flflToNPA[. 0411 117 08'W 1652 729 7'9 754 744 741 6q 601 575646 632 717 726 742 764 "56 749 745WIIlNNEMUCCFA 712 647 6,240 54 N 117 48'1 1222 544 595 622 6538 64 7f 750C' 721 72''ICCA FLATS 2.6 5711 66 560 527116 02'I, 1 197 644 662 700 729 741 70IY ALBANY 42 451'11 172 481,' :3:9 2:90 

742 729 729 6:' .". R24421 420 4-52 457 7: 4-,4 41 45 426BIIGHAI1TON 42 1 11 29 275 59'"W 499 222 46 272 420 45., 460 465 447 42,4 401 200 275BUFFALO 42 5611 7 44'N 3201 226 2'39 447 465 4923 498 446HASSENA 476 411 "1. :72YOR ' f ;F'44 56.h N 74 52'1.N 62, 372 445NEWI (.01iPF 40R, 40 47", '> 14 5 1"" 9 465 472 486 492 472.. EN.YORK..(1 - 447 406 _14 >1540 471- 72..5 . 4---57' 2'92. 416 428 455 474 46:3 472 462 457 446 267NEW ',ORK (LGA, 40 46 N 72 54'14 24916 429 458 471 486RO:HESTER 490 49 49 4::2 472 408 294 
'PAL c 42 0711 77 40'1- 169 217 246 97-1 456 468 497 5,1111:.,RAHCU.ISE 42 07' 479 450 411 202 271'1176 07'14 124 22.5 

_--

254 
4 5 

291 451 460 4:36 492 474 409 
. 4 

OH AKRON-CANTON 452 :oo 27640 55'll :31 26-N 277 22-3 276 403 454 48 502 500 497 4:30CINCINNATI 29 14'N 84 40'W 271 ]66 406 
452 249 -7

421 461 502483 496 504 4:34 474 122 245 
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TAT I CiN LAT LONG ELE'7' JAN FEE: MlP APP MA'y JIN JUJL HU'G SEP OCT TIC' EEC 

UIITEE), STATES . COIN T.' CiN T) 
CLE'.'ELAN[, 41 24' N :"1 511 "45 1 2:o 45 433 504 5-12" 494 411 4 8- 29OIELS40, 0I' N 2 : 254 : 494 Q::40 49 476 496 4911 510- 47EAW.4., 1 :06 	 462, rfi5411 :4 U ­ 0 408 426 4C5 491 554 50 12 1 491TILEDO1-1fI-i:Li'¢~T1A CIT 41 '16 N ::4,]4:3W1- 1, -- 402 '=.i-.. 	

472 
211 : 4-4C.r 426496 1. 1:f 465 493 514 51:3 505 4:35 4t-4,21 . 

SO4116 N1 ::) 4W 2'1 0 32 : 9 436 470C'LAHOA Y 25 241N 	 4 6 4:61 8 452 4 u211 512 jI ­: w 797 5 . -(2 43 554 5511 3- 0 , " .595 -1 0 -'5 5" , 
9 44:: "TULA' 41 126N 95 54 12 6: 4:. 49,9 :1 N 6 5 25 4.:51'7 	 4OR ASTORIA 46 09"1 122: 5:N 7 21 74 404 440 47: 44 492 4-31 4:0 407NS. 41 5N 119 0-14 1271 4'6 498 527 564 	 ,59 62: 691 653 :-: 45 4;'IIE-FORD 42 22 N122 5 1 1 -- 4- 446 41 554 531 : 694 665 611 507 -; -1'NL'RTH BEND 4]3 25 N 124 15 1,1 5 : 440 467 516 542 545 592 5:: 2c 47,: - ' -PENDLETON 4.5 41 N 113.,1 W 456 -. 414c"~ 245j 482 524 566 537" 6744 6: 6..-I...._-. 60S 511 -:: 2
PORTLAND 45 "611212 :06 2-".72 41: 456 488 485 5,74 525 489 406 t24 *q='REDMOND 44 1614 121 091-1 940 452 498 525 579 608 625 687 656 625 5J42 451 4..:SALEM 44 55N 122, 01'1W 61 :16 327 431 475 59 506 602PA ALLENTOWN 40 	 565 529 42.4 3 .29" .5 26W 117 411 42:9 454 470 474 486 494 481 466 46C1 -4 ...ERIE 42 05 1 'A 11: 225 2? :46S. 1:0 76"=1- 0 :97 459 473 505 514 456104 L.I1 	 46C 4 5 54....- C)f40. 	 0 1 HA:RISBURG 40 EN 76 	 4P,.'W 106 410 4:3 452 469 47,S 494 494 481 474 459 0 ..."6PHII.ADELPHIA 9 5-: N 15'I75 9 421 447 460 475 480ITTSBURG 	 496 492 48' 477 467"4 04-C. N ':0 12 1,1 "- :' -..-,"-	 41. -9T4-3 	 6 42-:44 o
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STATION 
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STATION LHT LONG ELE' JAN FEB MAR APRPMAY JUN JUL AUG SEP OCT NOV DEC 

VIETNAM C'N" T) 

PHU-LEIN 20 4'"N 106 8"E 125 :05 2_4 284 474 492 492 - - - 505 45o 

WAKE ISLAND 
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Average 	Radiation on Tilted Surfaces
 

In order to 
 design 	 solar heating and cooling systems, and also
photovoltaic systems, it is necessary to estimate the average 
insolation
failing on a solar collector, or a photovoltaic panel, each month of theyear. This value, HT (the subscript indicating a tilted surface) can be
calculated as follows. 

The insolation striking a tilted surface 
 is the
components: the direct beam insolation from the sun, 
sum of three
 

the diffuse insolation
from the sky, and the reflected insolation from the area in front of thetilted surface. Each component can be calculated; the resulting equation

is
 

=HT (- - Rb + -d (1 + cos ) (1 - cos s) 	 (11) 
2 
 + 2
 

where R-b = 
ratio of the monthly average daily beam radiation on the tilted
 
surface to that on a horizontal surface
 

p = average reflectance of ground cover, usually taken as between 0.2
 
and 0.7 	(fresh snow gives the high value)
 

= 
the angle of tilt of the surface
 

Rb is found from the equation below, for surfaces sloped towards the
 
equator (i.e. with zero azimuth)
 

Rb = cos L* cos A sin QsT + (/180) asT sin L* sin A (12)
 
cos L cos A sin Qss + (n/180) iss sin L sin A
 

where QsT is the 
sunset hour angle (degrees) for the tilted 
surface, and
 
is calculated from
 

-
QsT = 	min [cos 1 (-tan L tan A), cos "1 (-tan L* tan A)] 
 (13)
 
Equations 12 and 13 apply to both 	 hemispheres as long as asL* is defined 

L* = L - a northern hemisphere

L* = L + a southern hemisphere 
 (14) 

The sequence of steps required to calculate the mean monthly daily
insolation on a tilted surface, HT, is given below.
 

Step 	 Variable Calculation 

0. 
 Given: 	 latitude: L
 
surface tilt: a
 
ground reflectance: p

clearness index: KT
 

1. A Knowing the month and its day number (Table 1), calculate
 
declination from Equation 2.
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2. 2ss Find the sunset hour angle from Equation 5.
 
3. Ho 
 Find the extraterrestrial 
 insolation 
on a horizontal
 

surface from Equation 8.
 

4. H 	 Find the terrestrial insolation a horizontalon 	 surface: 
H = Ho x KT 

5. Hd 	 Find the 
diffuse radiation on the horizontal surface
 
from Equation 10.
 

6. L* 	 Find the equivalent latitude from Equation 14.
 

7. QsT 	 Find hour for
the sunset angle the tilted surface
from Equation 13.
 

8. Rb 	 Find the ratio from Equation 12.
 

9. 	 HT Finally, calculate the monthly mean daily total
 
radiation on the tilted surface from Equation 11.
 

Example 2 

Determine the monthly mean daily insolation in Peshawar, Pakistan, 
on a
south-facing flat 	plate solar collector tilted upwards at an angle equal tothe latitude (34 	 O0'N), during April. Ground reflectance is estimated as
0.2.
 

Solution
 

Following the steps outlined above:
 

1. Find A. The 	 day number for April (Table 1) is n = 105 so the 
declination is given by
 

A = 23.45 sin [360 x (284 + 105)/365]
 
= 9.4150
 

2. Find _ss. The sunset hour angle is found from Equation 5. 

cos 0 = -tan (9.415) tan (34.0) -0.1118= 

Qss = 96.4'
 

3. Find Ho" The extraterrestrial insolation on horizontala 	 surface iscalculated using Equation 8; take Gsc as 2
1353 W/m .
 

H = 24 x 3600
T106 

x1353 [1 + 0.033 cos (360 x 105/365)] 

2w
 
x [cos (34) cos (9.415) sin (96.4) + 3-6O x 96.4 x sin 
(34) sin (9.415)]
 

- 35.69 MJ/m2 day
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4. 	Find -H. From Table 3, the clearness index, KT for Peshawar in April

is given as 0.569, so H is found from
 

=
H" = 7-o x TT 35.69 x 0.569 = 20.31 MJ/m 2 day
 

5. 	Find Hd. From Equation 10 we have:
 

= 0.775 + 0.00653 (96.4 - 90)H 	 - [0.505 + 0.00455 (96.4 - 90)] cos (115 x 0.569 - 103) 
- 0.393 

so Hd = 0.393 H = 0.393 x 20.31 = 7.98 MJ/m 2 day 

6. Find L*. For the northern hemisphere L* = L ­

so L* = 34 - 34 = 0.
 

7. 	Find 11,Ts- The sunset angle the
for collector is found from
 
Equation 13.
 

QsT = minimum of cos -1 (-tan 34 tan 9.415) 
= 96.40 
-1
or cos (-tan 0. tan 9.415) = 900
 

so sT = 900
 

8. 	Find R-h. This ratio follows from Equation 12
 

cos 0. cos 9.415 sin 90. + (n/180) x 90 sin 0. sin 9.415
Rb 	 = cos 	34. cos 9.415 sin 96.4 + (7r/180) 96.4 sin 34. sin 9.415
 
9. 	Find H. The last step is 
to find HT from Equation 11:
 

=
H T (20.31 - 7.98) x 1.02 + 7.98 (1 + cos 34.) 
+ 0.2 (1 - cos 34.)
 

or HT = 19.9 Mj/m 2 day
 

Calculations such as these, which 
are time-consuming and tedious to do
by hand, can be performed very rapidly on 
a small computer.
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HEAT TRANSFER 

The design and analysis of solar energy conversion systems requires an
understanding of the principal modes of heat transfer: 
 conduction, convec­tion, and radiation. In this 

and see 

set of notes we will examine these mechanisms
how they may be combined to facilitate the thermal analysis of solar
collectors and heat storage systems.
 

Conduction
 

Conduction is the only mode of heat transfer in opaque solid media.The rate of heat transfer is given by Fourier's law:
 

Q = -kA dT( 
dx 

where k is the thermal conductivity of the material, A is the area available
for heat transfer, and dT/dx is the temperature gradient. The negative sign
is required because dT/dx 
is itself negative since heat 
is transferred in
the direction of 
decreasing temperature. 
 If the thermal conductivity is
independent of temperature, equation 1 may be integrated directly to give
 

Q= kA AT (2)

AX 

where AT is the temperature difference and Ax is the thickness of thematerial through which heat is being conducted.
 

The units of thermal conductivity are Btu/hr ft 0 F or W/munits. The rate of K in S.I.heat transfer, Q, will then have units of Btu/hr orWatts (14). The following conversion factors apply.
 

I Btu/hr = 0.2931 Watts 
I Btu/hr ft 'F = 1.731 W/m K 

Example 1
 

The glass cover of a solar collector has an area of 80 square feet anda thickness of 5/16 inches. 
 The thermal conductivity of 
the glass is 0.5
Btu/hr ft°F. Determine the rate of heat transfer through the glass 
if the
outside surface temperature is 50'F and the inside surface temperature is at
750F. 

Solution: The temperature difference, AT, is 250F
 
also Ax = 5/16 inch
 

k = 0.5 Btu/hr ft 'F
 
A = 32 ft2
 

Hence from equation 2
 

Q = 0.5 x 32 x i75 - 501 x 12 = 15,360 Btu/hr
5/16
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For many substances k is, in fact, 	 a linear function of temperature in
which case the thermal conductivity should be evaluated at the mean tempera­
ture, i.e. at (TI + T2 )/2.
 

It is usual to determine conduction heat transfer rates by working in
 
terms of the total resistdnce to the transfer of heat. 
 One may then write:
 

Q - AToverall (3)
 
ER
 

where AToverall is the temperature difference between and
inner outer

surfaces and ER is the sum of the resistances to the transfer of heat. From

equation 2 it is clear that the resistances may be evaluated as
 

ER = z(&x/kA) 
 (4)
 

Example 2
 

The walls of a 	house are constructed as follows:
 

material thickness conductivity
 

outside 	 brick 0.1 m 0.7 W/m K 
insulation 0.2 0.065 Km 	 W/m

inside 	 plaster board 0.03 m 0.48 W/mn K 

If the temperature difference across the inside and outside surfaces is

20'C, determine the rate of heat transfer due to conduction if the total
 

2
wall area is 80 m .
 

The resistances are found as follows:
 

brick R = 0.1/0.7 X 80 = 0.00179 K/W
insulation R = 0.2/0065 X 80 = 0.03846 K/W
plaster board R = 0.03/0.48 X 80 = 0.00078 K/W 

so ER = 0.04103 K/W
 

The heat transfer is therefore 

Q = 20/0.04103 = 487.4 Watts
 

http:0.03/0.48
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The concept of a resistance to heat transfer is analogous to electrical
resistance in an electric circuit. 
 The wall structure of example 2 is an
example of resistances in series. 
 For some composite structures resistances
may be also in parallel. 
 For example, where there are two conductive routes
between two surfaces the network may be presented as:
 

R 2
 

TI 
 ITR
 

R 3 

The overall resistance to heat transfer would then be calculated as 

R2'
 
3
 

ER R3 + R4 
= RI +R+ 


This form of analysis may also be extended to cylinders or pipes where
the resistance to conductive heat transfer is given by
 

R = In (ro/r i )2TrkL 

where ri and arero the i,'ner and outer radii of the relevant surfaceand L is the length of the pipe. 
 The total conduction heat transfer is then
found, 
as before, from equation 3.
 

Two further terms appear in the literature. 
 The first is conductance, C,
which is simply the reciprocal of resistance, i.e.
 

C = I/R
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but which may be given for a specified thickness of material 
on a unit area
basis. 
 The second is the overall heat transfer coefficient, U, which is
simply the reciprocal 
of the sum of the resistances, i.e.
 

U = I/ER
 

but which may also be given on a unit area basis in which case equation 3 is
 
written as 

Q = UAAT (6)
 
Inall calculations it is important to closely examine the units of the
relevant data to ensure that the appropriate equation is being used and that
the calculation is dimensionally consistent.
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Convection
 

Heat transfer takes place between a solid surface and 
a fluid whenever
a temperature difference exists. 
 If the fluid is in laminar motion then
heat transfer is considered to take place largely by conduction. Even when
the bulk of the fluid is in turbulent motion, the layer immediately adjacent
to the wall is in laminar motion. 
 Where mixing of the fluid particles
occurs, the heat is transferred by convection. Convection may 
be either
forced or natural (free) convection depending on whether the fluid motion is
imposed or whether it occurs 
because of differences in density caused 
by
temperature changes. 
 A buffer layer exists 
between the laminar layer and
the turbulent bulk. In this 
intermediate region heat
the transfer is
characterized by both conduction and convection.
 

Since the laminar layer presents a much greater resistance to heat
transfer than either the buffer region 
or the turbulent bulk, most of the
temperature resistance 
occurs across the laminar layer. 
 The entire
resistance to 
heat transfer is, for practical purposes, regarded 
as being
concentrated in this thin layer. 
 Thus the conductance term for a fluid is
generally referred to as the film heat transfer coefficient.
 

The heat transfer brought about by convection is generally computed in
a 
manner analogous to heat transfer by conduction. That is, one may write
 

Q = hcAAT (7) 
where hc = convective heat transfer coefficient, often called a film
coefficient
 

A = area available for convective heat transfer
 

AT = temperature difference between the surface and the bulk of the fluid.
 

Convective heat transfer may 
also be treated within the framework of a
thermal resistance network in
a manner analogous to conduction. The thermal
resistance to convection is given by
 

Rc = (8) 

As an 
example, consider the heat transfer from the interior of a room
Ti through at
 a wall to the air outside at temperature To. Heat is first
transferred by free convection to the interior surface of the wall, 
then by
conduction through the wall 
to the exterior surface, and finally from
exterior surface 
to the air outside. There are, 
the
 

therefore, three resis­tances to the transfer of heat. 
 The total resistance R is given by:
 

R I x I
 
hciA kA hcoA
 

where hci, are
hco the inner and outer convective film coefficients,
x is the wall thickness, and 
k is the thermal conductivity of the wall
material. The overall 
heat transfer is simply:
 

Q = Ti - To
 

R
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Film Coefficients
 

Convective heat transfer film coefficients are generally determined
experimentally and many correlations have been reported in the literature.The data are generally structured in terms of five dimensionless numbers.
 
These are:
 

Nusselt number (Nu) = hL/k 
Reynolds number (Re) = puL/pj
 
Prandtl number (Pr) = PCp/A
 
Grasshof number (Gr) = goAT L3p2/11
2
 

Rayleigh number (Ra) = gOAT L3p2 Cp/11k 

where 	h = heat transfer coefficient
 
L = characteristic dimension
 
k = thermal conductivity
 
u = fluid velocity
 
p = fluid density
 

= viscosity 
Cp = specific heat (constant pressure) 
a = coefficient of expansion of the fluid 
AT = temperature difference 
g = acceleration due to gravity '9.81 m/s2 or 32.2 ft/s 2) 

All these terms are well 
defined except fir the characteristic dimension L.

This term will depend on the configuration of the system being examined.
For ideal gases a is equal to the reciprocal of absolute temperature, i.e. 

= I/T. This is a good enough approximation for air. 

In general, the Nusselt number, for convection, can be related to the other

dimensionless numbers by equations of the form:
 

Nu = C(RenPrm) forced convection
 
and Nu = C(GrnPrm) free convection
 

where 	 C, n, m are empirical constants which must be determined experimen..
tally. Once the Nusselt number has been determined for the system under
consideration, the film coefficient follows directly from
 

h = (Nu)k/L \9)
 

The following correlations are applicable for common system configura­
tions found in solar energy systems.
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1. 	Laminar Flow in Pipes and Ducts
 

Nu = 1.86 (Re.Pr.Dh)/ 3 10.14Z--)u~b )(10) 

applicable for Re.Pr.Dh/L > 10
 
and Re < 2100
Dh is the hydraulic diameter of the pipe or duct, given by 

Dh = 4 x flow areawetted perimeter 
 (11) 

Pb 	 is the viscosity at the bulk 
(mean) temperature of the fluid
this 	temperature for Pr also); (use
pw is the viscosity of the 
fluid at the
wall temperature.
 

also Nu = hDh/k
 
Re = pUDh/Pb
 

and L is the length of the pipe or duct.
 

If the conduit is short, i.e. L/Dh 	 < 60, Nu may be multiplied by a
factor equal to
 

1 + (Dh/L)0.7
 

2. 	Turbulent Flow in Pipes and Ducts
 

When the Reynolds number is above 6000 then fluid flow is fully turbu­lent and heat transfer is enhanced. The Nusselt number may be estimated as 

Nu = 0.023 Re8Pr/3 (b) 0 14 
12)
 

J1w
 
applicable for 
 Re > 	10,000 

0.7 < Pr < 7000
 

and properties based on bulk temperatures.
 

If the tube is short increase Nu by
 

1 + (Dh/L) 0,7
 

3. 	Turbulent Flow Between Flat Plates
 

One side heated:
 

8Nu = 0.0196 Re 0 1/33) 

where Re and Nu are based on the hydraulic diameter. 

http:Re.Pr.Dh
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4. 	Flow in a Helical Coil
 

For flow in a helical 
coil 	the value of the heat transfer coefficient
 
calculated for a straight tube should be multiplied by
 

I + 3.5 (tube diameter)
 
coil 	diameter"
 

5. Free 	Convection from Surfaces
 

a) Vertical surfaces, L vertical dimension, < 3 ft
 

"
Ra < 104, Nu = 1.36 Ra0 2 

104 < Ra < 1U9 , Nu = 0.59 Ra0"25 (14) 
Ra > 109, Nu = 0.13 Ra1/3 

b) 	Horizontal Cylinder, L diameter, < 8 ins
 

1 < Ra < 104 , Nu = 1.09 Ra0 "2
 

104 < Ra < 109, 
 Nu = 0.53 Ra0 " 2 5 (15) 
Ra > 109, Nu = 0.13 RaI / 3 

c) 	Horizontal Flat Surfaces
 

104 < Ra < 107 , Nu = 0.76 Ra0"25 (16)
107 < Ra < 1010 Nu = 0.15 RaI/3 

The characteristic length, L, is four times the area divided by the 
perimeter. 

d) Sphere, L = diameter 

Nu = 2 + 0.45 Ra0"25  (17)
 

Inall the above correlations fluid properties are to be evaluated at
 
temperature, 	Tf, where
 

Tf = 1/2 (surface temperature + ambient temperature)
 

6. Free 	Convection Between Two Parallel 
Surfaces
 

For air, the Nusselt number may be found as:
 

Nu 	 = I + 1.44 [1 - 1708/B]+ I - 1708 (sin 1.80)1.61
B 

+ [(B/5830)1/3 _ i]+ 
 (18)
 

http:1.80)1.61
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where the meaning of the + exponent is that only the positive values of the
term in the square brackets are to be used (i.e. use zero if the term is 
negative).
 

In equation (18) B 
= Ra cos a where Ra is the Rayleigh number andthe dngle between the surfaces and the horizontal. 
a is 

Ra is based on L = d,the distance between the plates. 
 Equation 18 is valid for a between zero 
and 750.
 

For inclinations between 750 
and 900 the recommended relation for air
 
is
 

Nu = max [ 1, 0.288 (A Ra sin 0)1/4, 0.039 (Ra sin 0)1/3] (19) 

The constant A in equation 19 is the aspect ratio of the air layer, defined
as the ratio of the thickness to the length along the layer measured along
either surface in the upslope direction.
 

7. Air Flow over a Flat Surface
 

The calculation of heat transfer coefficients for flat heated surfaces
exposed to wind does not appear to be well established. For smooth surfaces
 a rough approximation is given by the dimensional equations:
 

h = 4.5 + 2.9u ; h = W/m2 K u = m/sor h = 0.8 + 0.23u ; h = Btu/hr ft2°F , u = mph 
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Radiation
 

All heated bodies emit thermal electromagnetic radiation whose wave­
lengths and intensities are dependent upon the temperature of the body and
 
its optical characteristics.
 

Thermal radiation is usually considered to lie within that part of the
 
electromagnetic wave spectrum with a wavelength between 0.1 to 100 pin

(microns). Solar radiation has most of its energy in the range between 0.1
 
and 3 pm. The visible part of the spectrum is between about 0.4 - 0.7 pm.
 

It can be shown that the energy density at a given wavelength is
 
related to the monochromatic radiation emitted by a perfect radiator,
 
usually called a black body, according to the relation.
 

2
E C1 W/m .n (21)

EbX (eC2/xT - 1) A5
 

where CI = 3.7405 x 108 W. 1m4/m2
 

C2 = 1.43879 x 104 Vm.K
 

Eb is the monochromatic emissive power of a blackbody, defined as the
 
energy emitted by a perfect radiator per unit wavelength, at the specified

wavelength A, per unit area and per unit time at the specified temperature T
 
(in degrees Kelvin).
 

The total energy emitted by a blackbody can be obtained by integration
 
over all wavelengths:
 

9Eb = Eb~dx = 0T 4 W/m2 (22) 

0
 

where ,5is called the Stefan-Boltzmann constant and is equal 
to
 
2 K4
5.67 x 10-8 W/m .
 

It is also of interest to know the wavelength corresponding to the
 
maximum intensity of blackbody radiation. This may be determined from
 
Wien's displacement law:
 

Xmax T = 2897.8 pmi (23) 

For example, we can estimate the wavelength of the maximum intensity of the
 
radiation emitted from the human body.
 

Taking the body temperature as 98.4'F or 37'C, we have
 

max
A 372897.8+ 273 = 9.34 um
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Table '+ Fraction of Blackbodv Radiant
Energy Between Zero and). Tforeven increments 
of l.T 

AT,pm K fo-AT AT, im K A-rAT 

1000 0.0003 6200 0.7541 
1100 0.0(09 6300 0.7618 
1200 0.0021 6400 0.7692 
1300 0.0043 6500 0.7763 
1400 
1500 
1600 

0.0077 
0.0128 
0.0197 

6600 
67(0 
6800 

0.7831 
0.7897 
0.7961 

1700 0.0285 6900 0.8022 
1800 0.0393 7000 0.8080 
1900 0.0521 7100 0.8137 
2000 0.0667 7200 0.8191 
2100 0.0830 7300 0.8244 
2200 0.1009 7400 0.8295 
2300 0.1200 75(X) 0.8343 
2400 
2500 

0.1402 
0.1613 

7600 
7700 

0.8390 
0.8436 

2500 0.1831 7800 0.8479 
2700 
2800 

0.2053 
0.2279 

7900 
8000 

0.8521 
0.8562 

2900 0.2506 8100 0.8601 
3000 
3100 

0.2732 
0.2958 

821) 
8300 

0.8639 
0.8676 

3200 0.3181 8400 0.8711 
3300 0.3401 8500 0.8745 
3,100 0.3617 8600 0.8778 
3500 0.3829 8700 0.8810 
3600 0.4036 8800 0.884 I 
37(0 0.4238 8900 0.8871 
3800 0.4434 9000 0.8899 
3900 0.4624 9100 0.8927 
4000 0.4829 9200 0.8954 
4100 0.4987 9300 0.8980 
4200 
4300 

0.5160 
0.5327 

9400 
9500 

0.9(X)5 
0.9030 

4400 
4500 

0.5488 
0.5643 

96(W) 
9700 

0.9054 
0.9076 

4600 0.5793 9800 0.9099 
4700 
480) 

0.5937 
0.6075 

9900 
101 0 

0.9120 
0.9141 

4900 
5000 

0.6209 
0.6337 

1I() 
120W1) 

0.9318 
0.9450 

5100 0.6461 130(X) 0.9550 
520) 
5300 

0.6579 
0.6693 

140MX 
15000 

0.9628 
0.9689 

5400 0.6813 16(XX) 0.9737 
5500 
5600 

0.6909 
0.7010 

170X) 
180X)0 

0.9776 
0.9807 

57WX) 0.7107 19(X)O 0.9833 
5800 
5901) 
6000 

0.7201 
0.7291 
0.7378 

20(XX) 
300(X) 
4(X)O0 

0.9855 
0.9952 
0.9978 

6100 0.7461 500) 0.99,8 

From reference 3
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It is also useful to know what fraction of the total radiated energy is 
being emitted over a range of wavelengths. Table 4 shows the fraction of 
blackbody radiant energy emitted between zero and XT for increments of XT.
 

For example, we can determine the fraction of the sun's radiative energy 
output that lies within the visible part of the electromagnetic spectrum.
 
The temperature of the surface of the sun is about 6000 K. The visible part
 
of the EM spectrum lies approximately between 0.4 and 0.7 microns.
 

From Table 4 we have: 

,T = 0.7 x 6000 = 4200 f (<4200) = 0.516 
,T = 0.4 x 6000 = 2400 f (<2400) = 0.140 

Fraction between = 0.376
 

so about 38% of the sun's output is visible.
 

Absorptance, Emittance and Reflectance
 

The absorptance, a, is the fraction of incident light of a given wavelength
 
that is absorbed when light strikes an absorbing surface. The absorptance

of a surface is therefore a function of the wavelength intensity distri­
bution of the incident light.
 

The emittance, c, is the fraction of tte emittance of a perfect blackbody at
 
a given wavelength emitted by a heated surface.
 

When radiation strikes a body some is reflected, some absorbed, and if the 
material is translucent, some is transmitted. It is clear that
 

a+ T+r = 1 

a = fraction absorbed 
r = fraction transmitted (24) 
r = fraction reflected 

If a body is opaque then T = 0 

The reflection of radiation can be specular or diffuse. When the angle of 
incidence is equal to the angle of reflection, the reflection is called 
specular. If the reflected radiation is uniformly distributed in all 
direction it is said to be diffuse. A real surface exhibits both kinds of 
reflection. A highly polished surface approaches specular reflection, a 
rough surface generally reflects diffusely. 

At a particular wavelength, absorptance is equal to emittance. This
 
relationship is essentially Kirchhoff's law:
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For an opaque surface therefore
 

Lx = 1 - r, 

and = I - r.
 

The subscript A is important to note because, for most materials, a, E , and r vary significantly with wavelength 
over the range of interest in solar
 
energy systems. The few materials for which they do not vary with 
X aretermed gray bodies, and those with a = C = I for all wavelengths are termed
 
blackbodies.
 

Infrared Radiation Heat Transfer Between Gray Surfaces
 

The majority of heat-transfer problems in solar energy applications 
involve

radiation between two surfaces. For this situation and assuming:
 

1. The surfaces are gray and reflection is diffuse.
 

2. Surface temperatures are uniform.
 

The radiative heat transfer between the surfaces is given by
 

Q 2 1 1 - E12 (25) 

ElAl AIF 1 2 F2 A2 

where subscripts 1 and 2 refer to the two surfaces, E is the emittance, T is
absolute temperature (Kelvin), A is area, 
and F12 is the view factor.
 

For the special case of radiation between two large parallel plates (i.e. as
in flat-plate collectors) the areas Al and A2 are equal, 
and F12 is unity.

Equation 25 therefore reduces to:
 

Q 2 1 (26)
 

El E2 

Equation 26 also applies to radiation between two concentric long cylinders

forming an 
annulus when the diameter ratio approaches unity.
 

The second special case is for body a
a small (surface 1) surrounded by
large enclosure (surface 2). Under these conditions, the area ratio A1/A2
approaches zero, F12 is again unity, and equation 25 becomes
 

4
Q = EIA1 (T T4) (27)
2 1 
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The result is independent of the surface properties of the large enclosure
 
since virtually none of the radiation leaving the small 
object is reflected

back from the large enclosure. The large enclosure effectively absorbs all

radiation from the small 
body and thus acts like a black body. Equation 27
 
applies in the case of a flat plate radiating to the sky.
 

The sky can be considered as a black body at some equivalent sky tempera­
ture, Ts. The net radiation to 
a surface with emittance c and temperature
T is therefore found from
 

Q = cA a(Ts4 - T4) 
 (28)
 

Several relations have been proposed to relate Ts, for clear skies, to
other measured meteorological variables. One simple relation is:
 

Ts = 0.0552 Ta1.5 (29) 

where Ta is the local air temperature in degrees Kelvin.
 

It is possible to define heat transfer coefficients such that equations 26
 
and 27 reduce to simple form of equation 7. That is,we have
 

h = G+ T (

1/ cI + I/E2 -1 (T2 1T)(T 2 

2 + T1
2 ) (30) 

2or h = (3(T2 + T1 )(T 2 + T12) (31)
 

derived from equations 26 and 27 respectively.
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Radiation Transmission Through Covers
 

The transmittance, reflectance, and absorption of solar radiation by trans­lucent solar collector covers 
are functions 
of the incoming radiation, and
the thickness, refractive index, and extinction coefficient of the material.
Generally, the refractive index, 
n, and the extinction coefficient, K are
functions of 
the wavelength of the radiation. However, 
for glass these
properties may be taken as 
independent of wavelength.
 

Reflectance
 

For smooth surfaces the reflection of unpolarized radiation on passing from
a medium I with 
a refractive 
index nI to medium 2 with refractive index
 n2 is given by
 

r 
 sin 2 (02+ ) 
(32)
 

tan2 (02­tan2 (02 + 01) 33)(33) 

r(9 1) = 1/2 (rr = + r) (34) 

where 01 'and 02 theare angles of incidence and refraction as shown inFigure I.
 

Medium I /'t" 

Medium 2 

n
 

Figure I Angles or incidencc and refraction 
Sin mediahaving refractive indices n , nd nz. 13J 

Equation 30 represents the perpendicular component of unpolarized 
radiation
r. and equation 31 represents

radiation, 

the parallel component of unpolarized
r0 . Equation 32 then gives theradiation reflection of unpolarizedas the average of the two components. The angles E)1 and 82are related to the indices of refraction by Snell's law
 

n2 sin 02 

(35)
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Thus if the angle of incidence and refractive indices 
are known, equations

32 through 35 are sufficient to calculate the 
reflectance of the single

interface.
 

For radiation at normal 
incidence (01 = 02 = 0) equations 34 and 35 may be 
combined to yield 

r() =n Ir - r2 (36)
Ii nl + n2
 (3
 

Refractive indices for some common translucent materials are given below:
 

TABLE '5 Refractive Index for Various Substances in 
the Visible Range Based on Air 

Material Index of refraction 

Air 1.000 
Clean polycarbonate (PCO) 1.59
Diamond 2.42
Glass (solar collector type) 1.50-1.52 
Plexiglassr (polymethyl methacrylate, PMMA) 1.49 
Mylar (polyethylene terephthalate, PET) 1.64 
Quartz 1.54 
Tedlar' (polyvinyl fluoride, PVF) 1.45
Teflon (polyfluoroethylenepropylene, FEP) 1.34
Water-liquid 1.33 

solid 1.31 

Example 3
 

Calculate the reflectance of one surface of glass at normal 
incidence and at
600. The average index of refraction of glass for the solar spectrum is
 
1.526 (for air n = 1).
 

At normal incidence, equation 36 may be written for nI 
= 1 as
 

= (n- 1\2
r(O) 


or r(O) 
 = 1.526 = 0.0434 

At an incidence angle of 600, equation 35 gives 
the refraction angle 02 
as
 

0 = sin-1 (sin 60 = 34580
02 sn 1.526 )
 

http:1.50-1.52
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Then from 	equation 34 the reflectance is
 

r(60) 	 1Fsin 2 (34.58 - 60) + tan 2 (34.58 - 60)1
21sin2 (34.58 + 60) tan2 (34.58 + 60) 

- 1 (0.185 + 0.001) = 0.093 

Transmittance
 

For a single cover the average transmittance after reflection losses is
 
given by
 

Tr 2 + 	 (37) 

For a system of N covers, all of the same material, the average transmit­
tance after reflection losses are accounted for is given by
 

T _ r, + 1 r, 	 (38)
Tr 2 	 ++(2NM - 1)r + 2N - 1)r,J(3 

Example 4
 

Calculate 	the transmittance of two of nonabsorbing glass
covers 
 at normal
 
incidence 	and at 600.
 

At normal incidence the reflectance of one interface r(O) = 0.0434 (see
example 3). From equation 38 with r. = r,1 we have
 

Tr(0) : 11 -+ r(O)3r(O0 

- 1 - 0.0434 0.85 
1 + 3(0.0434) 

At a 600 incidence angle equations 32 and 33 give
 

r i = 0.185
 

r,, = 0.001
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and from equation 38 we then have
 

r(60) = [ 1 - 0.001 + 1 - 0.185 
2 1 + 3(0.001) 1 + 3(0.185) 

= 0.76 

Figure 2 below shows the 
effect 
of multiple glass nonabsorbing covers
overall transmittance. on
Table 6 lists the average refractive indices of some
 
common cover materials.
 

1.0 rw ­ - T-r .. . ..I. .. . .. . .. . 1 

0.8
 

." nNUMBER
OF
 

0.6 1COVERS 

U 

E 

Cc0.4 
0 
I­

0.2
 

0 20 40 60 80
 
Angle of incidence

Figure 2 Transmittance of I. 2,3. and 4nonabsorbing covers having an index of refraction of 
1.526. LB] 

Table 6. Average Refractive Index in-Solar Spectrum
of Some Cover Materials 1-

Average 

Cover Material Refractive Index 

Glass 1.526
Polymethyl methacrylate 1.49 
Polyvinylfluoride 1.45 
Polylluorinated ethylene propylene 1.34 
Polytetraluoroethylene 1.37 
Polycarbonate 1.60 
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Absorptance 

The absorption of radiation in translucent media is described by Bouguer'slaw, which leads to an estimate of absorptance as 

a = 1 - exp -KL (39)
 

where K is the extinction coefficient and L is the distance that the radia­
tion travels, i.e.
 

L = -covertlickness 
cos 02
 

The overall transmittance of a single cover is then given by
 

T = (1- a)T
r 
 (40)
 

and the reflectance r from the simple identity:
 

r = 1 - a - T 
 (41)
 

The extinction coefficients for some common transparent materials are listed
 
below.
 

TABLE 7. Extinction Coefficients for TransparentMaterials 143 
Polyvinyl fluoride (Tedtar) 1.4 cm' 
Fluorinated ethylene propylene (Teflon-)

Polyethylene terephtl" date (Mylar) 

0.59
 
2.05

Polyethylene 1.65 
Ordinary window glass -0.3 
White glass (<0.01% Fe 1 0 3 ) -0.04
HIeat-absorbing glass 1.3-2.7 

Example 5
 

Calculate the transmittance, reflectance, and absorptance of a single glass
cover 2.3 mm thick at an angle of 600. 
 The extinction coefficient of the
glass is 32 m-1.
 

Assuming for this glass n 
= 
1.526 then from Example 3 we have
 

02 = 34.580
 
r1 (60) = 0.185
 
ril (60) = 0.001
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then from equation 39
 

= 1 - exp (-32 X 0.0023/cos 34.58)
 
= 0.085
 

From equation 37 we have
 

r I/2 1 - 0.001 +1 - 0.185r + 0.001 1 + 0.185J 

= 0.843
 

It follows then that
 

T = (1 - 0.085) X 0.843 = 0.771
 

and r = 1 - 0.085 - 0.771 = 0.144 

Although equations 39, 40 and 41 were derived for a single cover they also
apply to identical multiple covers, except that Tr should now be evaluated
using equation 38 and the value of L used in euqation 39 should be equal to

the total cover system thickness.
 

Wavelength Variation of Transmission
 

Most transparent media transmit selectively. Transmittance is a function
of the wavelength of the incident radiation. Glass, the material 
most
commonly used as a cover material in solar collectors, may absorb little of
the solar energy spectrum if its Fe203 (iron oxide) content is low. Ifthe Fe203 content is high, it will absorb in the infrared portion ofthe solar spectrum. The transmittance of several glasses of varying iron 
content is shown in Figure 3. 

1.0 I I 

0.02% Fe2036 

0.10% Fe2O 3 • 

CU 
C 

0.5 ­
' 050 Fe2 O3
 

0.2 1.0 
 2.0 
 3.0
 
Wavelength, pm
 

Figure 3 Spectral trunsmittance: of 6 mm 
 thick glass %,ilhvarious iron oxide contents. 
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It is apparent that "water glass" (low iron) glass has the best trans­
mission; glasses with high Fe203 content have 
a greenish appearance and
 are relatively poor transmitters. Note that the transmission is not astrong function of wavelength in the solar spectrum except for the 
high
iron content glass. Glass becomes substantially opaque at wavelength

longer than 3 im and can be considered as opaque to longwave radiation

(i.e. thermal infrared). This useful characteristic is the principal
reason that glass is such an attractive material 
for covering flat-plate

solar collectors.
 

Plastics are generally more transparent than glass. Like glass, they
absorb in the untraviolet but they have variable transmittance in the
infrared depending on the thickness and the molecular bonds present in the
particular plastic. 
 Simple plastics like polyethylene have few absorption

bands at certain wavelengths.
 

The infrared absorption of plastics is important 
in collector behavior.

Glass being opaque to 
the thermal infrared, traps heat radiation. Some
plastics, being relatively transparent, allow thermal radiation to escape.
If plastic windows are used, the plastic must either be thick enough tc
absorb the thermal radiation or be instrinsically opaque to it. The trans­mittance - wavelength curves of a number of plastics of importance for 
solar energy collectors are shown below and overleaf. fJ
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In the transmittance curves, the thickness shown are typical for 
solar
 
collector systems. Plastic films are very thin and are used in tension for
 
window coverings. Their thinness tends 
to make them transparent, whereas
 
the thicker plastics used for rigid window coverings are thick enough to be
 
almost totally opaque in the thermal infrared. Plexiglas and Fiberglas are
 
more opaque than glass, but polycarbonate shows some transmission out to 6
 
microns.
 

Selective Surfaces
 

The problem of minimizing heat losses from a solar collector brings us
 
to an examination of the optical properties of the absorber surface and the
 
transparent windows. It is cleir that 
we want as much radiant energy from
 
the sun as possible to reach the absorber, while at the same time we wish to
 
reduce to a minimum the thermal infrared energy radiating from the hot parts

of the collector. Optical properties which vary widely from one 
spectral

region to another produce what is termed selectivity. Figure 4 below
 
illustrates the essential characteristics of selective surfaces.
 

727
0
C 327'C 

(a) Solar and UnTIR spectra W THERMAL 
.INFRARED
I- spc. 

94 

W SUN 

RFECTION CURVE
(b) Selective 
 )k REFLECTION 

absorbers WREGION 

-, --
T-

ABSORPTION
 

C. REGION 

(c) selective TRANSMISSION CURVE REFLECTION

transmitters Z IR\EGION

v-REFLECTION CURVE 

'.j TRANSMISSION 
REGION
 

0.3 0.5 1.0 2.0 5.0 10.0 20.0 
WAVELENGTH, pm 

Fig. 4.Three diagrams illustrating the basic physics of selective surfaces. The top diagram showsradiant energy curves for the sun and for ahot surfacc radiating mainly in the thermal infrared; themiddle diagram shows a typical curve for aselective absorber; the bottom diagram shows a typical 
curve for a selective transmitting surface. [V3 
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There are basically two types of selective surface of 
use in solar collec­
tors:
 

1) Selective absorbing surfaces, where the 
surface is black to sunlight,
making the transition from absorptive to reflective behavior in the region
between 1.5 and 3 microns. By Kirchoff's law a reflective surface is
a poor
emitter, the value of the emittance being c = I 
- r, where r is reflectivity
of the surface. 
 A highly selective surface is therefore 
one that has the
highest possible reflectance in the thermal 
 infrared. The measure of
selectivity 
is the ratio of the absorptance for sunlight divided by the
emittance for thermal 
infrared at the temperature of the projected use of
the selective surface. 
 This ratio, a/s , can therefore vary with tempera­ture, depending on 
the exact variations of both absorptance and emittance
 
with wavelength.
 

2) Selective transmitting surfaces, 
where the surface is transparent to
sunlight, making the transition from transmissive to reflective behavior in
the region between 1.5 and 3 microns. The function of such surfaces is to
let sunlight into a collector but to inhibit the loss 
of thermal infrared
 
from the absorber.
 

TABLE 8. Properties of Some Selected Plated Coating Systems0 

Durability 

Estimated 
Coatingb Breakdown Humidity-degradation manufacturedSubstrate as it temperature (OF) MIL STD 810B cost per ft' (U.S.) 

Black nickel on nickel Steel 0.95 0.07 >550 VariableBlack chrome on nickel 0.30Steel 0.95 0.09 >800 No effect 0.35-O.15Black chrome Steel 0.91 0.07 >800 Completely rusted 0.10
Copper 0.95 0.14 600 Little effect 0.10Galvanized steel 0.95 0.16 >800 Complete removalBlack copper Copper 0.88 0.10

0.15 600 Complete removalIron oxide 0.10Steel 0.85 0.08 800 Little effectManganese oxide 0.05Aluminum 0.70 0.08 
Organic overcoat on iron oxide Steel 0.90 0.16 

0.10 
Little effectOrganic overcoat on black chrome Steel 0.94 0.20 

0.15 
Little effect 0.15
 

aFrom U.S. Dept. of Commerce, "Optical Coatings for Flat Plate Solar Collectors," NTIS No. PB-252-383, Honeywell, Inc., 1975.
bBlack nickel coating plated over a nickel-steel substrate has the best selective properties (a-
= 0.95, it = 0.07) but degraded significantly during humiditytests. Black chrome plated on a nickel-steel substrate also had very good selective properties (&,= 0.95, i = 0.09) and also showed high resistance to
humidity. 4] 

http:0.35-O.15
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ANALYSIS OF FLAT PLATE COLLECTORS
 

Although solar energy is sometimes portrayed as a 'simple' technology,the thermal analysis of a solar collector is, in fact, quite complex. 
 Flat
plate collectors can be designed for applications requiring energy at moder­ate temperatures, up to about 100C. They absorb both beam and diffusesolar radiation, do not need to track the sun, and generally require little
 
maintenance.
 

Insolation IATa 

Useful eneroy, r 

Enery lost to the 
environment, QL 

Finure 1. Enerqn balance over collector. 

In the steady state, the heat balance over the collector may be written
 

Qu = IATU- QL (1) 
where Qu = useful energy transferred from the absorber plate to the 

working fluid. 

QL = 
heat losses from the collector.
 

I = 
incident solar radiation.
 

A = 
area of the collector.
 

T = overall transmittance of the collector covers. 

a = absorptance of the absorber surface. 



66
 

The instantaneous efficiency of the collectors TIwould then be defined 
as
 

= 	 Qu (2) 
IA 

In practice, this is not a 
useful parameter since it varies continually with
 
time. The average efficiency Tf is then:
 

k
Iudt 

JAIdt
 

In Equation (1) the heat losses from the collector QL can be written as a

function of the overall heat loss coefficient UL as follows:
 

QL = ULA(Tp - Ta) 	 (4) 

where Tp is the mean plate temperature and Ta is the ambient temperature.
Equation (1)becomes 

Qu = A[ITa- UL(Tp - Ta)] 	 (5) 

The problem here is that the temperature of the absorber plate Tp is
difficult to calculate or measure since it is a function of the collector 
design, the incident solar radiation, and the entering fluid conditions. 

To help in the thermal analysis of flat plate collectors, and to get around
the fact that the absorber plate temperature T in Equation (5) is not 
known, it is conventional practice to introduce ewo new variables into the
analysis. These variables are the Coliector Efficiency Factor and the Heat
 
Removal Factor.
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Collector Efficiency Factor
 
The collector efficiency factor F' is given by 
the following expression
 

S 
 1 

W"UL [ D + (/UL6)(W- D)F] CB DIhf
 

where 
 UL = 
W 

the collector overall heat loss coefficient.
= the distance between tubes centres on the absorber 
plate.D = the outside diameter of the tubes.F the fin efficiency.

CB 
 the bond conductance. 
Di = the inside diameter of the tubes.hf 
 the inside convective film coefficient for the


fluid. 
Figure 2 be:low may be used to estimate the fin efficiency, F,
be calculated directly from or it may
 

F = tanh [mW ­ D/2 

(
m W - 0)/2 

where 
 m = VUL/A 6 
(8)
 

where 
 6 = absorber plate thickness.
 
k = 
thermal conductivity of the plate.
 

1.0 

0.9 

0I. 

U.L 

0.6 
0 0.5 1.0 1.5 

(ULU IV-/)2 
k b 2-

Figure 2 Fin efliciency for tube aind sh~eet SoIlr cullectors. 3 
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The bond conductance, CB, can be 
estimated from a knowledge of the bond
thermal conductivity, k, the bond average thickness, 
 , and the bond width,B. On a per unit length basis
 

CB = kB (9)Y 

The bond conductance can be very important in accurately describing collec­tor performance. Simple wiring or clamping of the tubes to the absorberplate may result in a significant loss of performance.
 

The collector efficiency factor is essentially a constant for any collector
design and fluid flow rate.
 

Collector Heat Removal 
Factor
 

The collector heat removal factor, FR, may be determined from the follow­

ing expression.
 

FR = -(1- e I / C 
(10) 

where C is a dimensionless collector capacitance equal 
to
 

ULF'
 

n = fluid mass flow rate, per unit area kg/m 2
s
 
Cp = specific heat of the fluid, J/kg K
 
UL = overall heat loss coefficient, W/m2 K
 
F' = collector efficiency factor
 

It
now becomes possible to write a simple expression for the useful energy

collected by a flat plate collector.
 

=Qu FRA [ITa - UL(Tin -Ta)] 
(12)
 

This is a much more useful expression than Equation 5, since both T.
the inlet temperature of the fluid, and 
the ambient temperature,lya, 
are
usually known. heatThe removal factor, FR, may be computed oncebeen determined, and UL hasI-ra, the radiation striking the absorber plate, will

also be available.
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Example 1 

Calculate the collector efficiency factor, F', 
 and the collector heat
removal factor, FR, for the following system:
 

Overall loss coefficient 
 8 W/m2 K

Tube spacing 
 150 mm
Tube I.D. 
 10 mm

Plate thickness 
 0.5 mm
Plate conductivity 
 385 W/m K
Heat transfer coefficient inside tubes 2 K
300 W/m

Bond resistance 
 0

Flow rate 
 0.03 kg/s

Specific heat of water 
 4190 J/kg K
Dimension 
 1 X 2 m
 

Solution
 

Determine the fin efficiency, F, from Equations 7 and 8.
 

M = ( 8 1/2 6.45
385 X 5 X10-4 

F - tan h [6.45(0.15 - 0.01)/2]

6.45(0.15 - 0.01)/2 

= 0.937 

The collector efficiency factor, F', 
 is then given by Equation 6.
 

F' = 1/8

0.15[8(0.01 + 0.14 X 0.937) + X 0.01 X 300 

= 0.34 

To find the heat removal factor, FR, 
we 
first determine the dimensionless

capacitance, C, from Equation 11.
 

C = 0.03 X 4190 9

2 X 8X 0.84
 

so from Equation 10 

FR = 0.015 x 4190 [ 1 - exp (-1/9.35)]
 
8 

= 0.797 

http:0.15[8(0.01
http:6.45(0.15
http:6.45(0.15
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The Calculation of the Overall Loss Coefficient UL
 

A basic calculation 
is to determine 
the overall collector heat transfer
coefficient UL. 
 The thermal network for a two-cover flat plate collector

is shown overleaf in Figure 3. 
It is clear that
 

R = 1 
 (13)
hc2 + hr2 

R2= 1 
 (14)
hcl + hrl 

R3 = 1 
 (15)
hcp + hrp 

R4 = ax/k 
 (16)
 

R5= 1 
 (1)hcb + hrb 
an L= I + 1I18 

and UL = RI + R2 + R3 R4 + R5 (18) 

In some texts, a 'top loss' coefficient, Ut, and a 'back loss' coefficient

Ub are specified, where
 

Ut = R1 ++ R2 3 (19)(9 

1
Ub = 
R4 + R5 
 (20)
 

In general, it is possible to assume R5 is 
zero and all
that resistance
to heat flow is due to the insulation. However, it may also be 
necessary
to consider edge losses. 
 In a well designed system the edge loss should be
small. It is recommended that edge insulation should be about the samethickness as that on the back of the collector. 
 In this case edge losses
 can be included with the back loss to give
 

Ub = (1 + Ae/Ac) (21) 

where Ae is area of the edge. This formulation assumes R5 is zero andthat the back and edges are insulated in a similar manner. 
 Edge losses for
well cc-structed large collector arrays are usually negligible, but forsmall collectors the edge losses may be significant.
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. .
 

RI IhC2 1/hr 2 

.TI. cover 2 T2 

11h 6 i/hr, Ks 

TT 
, T,
 

etoiplfc
. 

cb 1/rb 

. 
ir . Thrml et o for atocvrflteaecllco,()i
 

T'. 

U,-

Figure 3. Thermal network for a two-cover flat-plate collector,terms of conduction, convection, (a) inand radiation resistances, (b) inresistances between plates, terms of(c) in terms of an overall heat transfer
coefficient. b]
 

hc = convective heat transfer coefficient
 
hr = 
 radiative heat transfer coefficient
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The procedure for determining the loss coefficient UL is an iterative
process. First, a guess 
is made of the unknown absorber plate and cover
temperatures. 
 This permits the calculation of the heat transfer coeffi­cients and therefore the resistances to heat transfer. The value of
then follows from Equation UL

18. The absorber plate temperature is then


recalculated from
 

Tp = Tin + ULFA(1 - FR) 	 (22)
 

A new temperature is then calculated for the first cover. 
 This cover temp­erature is used to find the next cover temperature and so on. For any two
adjacent covers, the new temperature of cover 2 can be expressed in 
terms of
 
cover 1 as
 

T2 = 	 T1 - Ut(Tp - Ta) (23)hcI + hrI
 

When the absorber plate temperature and the cover temperatures have been
recalculated, the overall loss coefficient, UL, is calculated once again.
This iterative procedure continues until calculated and estimated plate and
 
cover temperatures remain the same.
 

However, the calculation 
of UL depends on estimating the radiative and
convective heat transfer coefficients (hr and hc respectively) for the
heat transfer between the absorber plate and 
the first cover, between the
covers 	if there is more 
than one, and between the outer cover and the envi­ronment. The equations used to determine 
these coefficients are given

below.
 

A) PLATE TO COVER 

Radiation: hr = ( + T21) T I+/m2K (24) 

I/Ep 
+ i/E1 - 1 

where 	Tp = absorber plate temperature, K
 
TI = innermost cover temperature, K
 
Ep = absorber plate emittance
 
61 = cover emittance
 
a = Boltzmann's constant
 

= 5.67 X 10-8 W/m2K4
 

Convection: hc = k N 
 W/m2K (25)
 
d
 

where k = thermal conductivity of air, Wmi/K
 
d = distance between the surfaces
 
N = a dimensionless number (the Nusselt number)
 

which may be determined here as
 
N = I + 1.44 [1 - z]+[1 - z(sin 1.85) I'6] + [O.664z-1 /3 (26)-
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In this equation the meaning of 
the + exponent is that only the positive
values of the term in the square brackets are to be used, (i.e. 
a value of
zero is used if the term is negative).
 

Also 
 z 	 = 1708/R coso 

(27)
 

where 0 is the angle between the collector and the horizontal; R is another
dimensionless number, the Rayleigh number and is given by
 

R = gAT d3p2 Cp/ukT 
 (28)
 
and here g = acceleration due to gravity, 9.81 m/s
2
 

AT = temperature difference between the surface-
 K
d 	 = distance between the surfaces,m
 
p 	= density of air, kg/m 3
 
Cp = specific heat of air at constant pressure, I/kg K
 

= viscosity of air, kg/m.s
 
k = 
thermal conductivity of air, Wm/K

T = 
the 	average temperature of the air between the surfaces, K
 

B) 	COVER TO COVER
 

Radiation: 
 Same as Equation (24) except that the 
equation is now
applied to the two cover surfaces.
 

Convection: 
 Same as for the plate-to-cover situation.
 

C) 	OUTER COVER TO SKY
 

Radiation: 
 hr 	 = Eo(T2 + Ts)(T 2 + Ts) (29)
 

where E 
 = emittance of outer cover 
T2 = cover temperature, K
 
Ts 	 = sky temperature, K
 

= Boltzmann's constant
 
= -8
5.67 X 10 /m2K4
 

Convection: 
 hc = 4.5 + 2.9 u 
 W/m2K (30)

The calculation 
of 	heat transfer 
coefficients
exposed to wind is 	

for flat heated surfaces
not 	yet well established.
(30) is 	 For smooth surfaces Equation
a reasonable approximation. 
 The 	average wind speed, u, must be 
in
metres per second.
 



74
 

Example 2
 

Calculate the overall loss coefficient for a collector (single cover) with 
the following specifications:
 

Plate to cover spacing 25 mm
 
Plate emittance 
 0.95
 
Ambient air and sky temperature 100C (283 K)

Wind heat transfer coefficient 10 W/m2 K
 
Mean plate temperature 
 100 0C (373 K)

Collector tilt 
 450
 
Glass emittance 
 0.88
 
Back insulation thickness 
 50 mm
 
Insulation conductivity 
 0.045 W/m.K

Collector array dimensions 
 10 X 3 X 0.075 m
 

Solution
 

Estimate the cover temperature as 35C (308 K). In this example 
the absorber plate temperature has been specified.
 

A) PLATE TO COVER
 

Radiation: From Equation (24),
 

(TP2 + T 12 )(Tp + T1 ) 
rp U/E: 1/p1+ 1/1 - 1 

2 25.67 X IO-8 X (373 + 3082)(373 + 308)
1/0.95 + 1/0.88 - 1 

= 7.60 W/m2 K 

Convection: hcp = kN/d 
 where Equations 26, 27 and 28 are to
be used.
 

g AT d3p2Cp 
PkT 

from Table 1 at T - 100 + 35 = 67.5 0C 

2 

= 340.5 K 

p = 1.032 kg/n 3
 

Cp = 1.0084 X 103 J/kg K
 
1 = 2.0575 X 10- 5 kg/ms
 

k = 0.02931 W/m K
 
AT = 100 - 35 = 65 K
 
d = 0.025 m
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so R : 9.81 X 65 X 0.0253 X 1.0322 X 1008.4
 
2.0575 X 10- 5 X 0.02931 X 340.5
 

= 52110 

From Equation 27, Z = 1708/52110 X cos 450 = 0.0464 

and (sin 1.8 )1.6 = 0.98 

so N = 1 + 1.44 [1 - 0.0464][1 - 0.0464(0.98)] + [0.664(0.0464)
 -1/3 1]
 

= 3.159
 

Kence hcp = 3.159 X 0.02931 = 3.70 W/m2 K
 

0.025
 

B) COVER TO SKY
 

Radiation: hrl = Eac(T1 2 + Ts2 )(TI 
+ Ts)
 

= 
0.88 X 5.67 X 10-8(3082 + 2832)(308 + 283) 

= 5.16 W/m2 K 

Convection: 
 hcl = 10 W/m2 K (given)
 

so resistance, plate to cover 
 = 1
 
7.60 + 3.70 

= 0.0885 m2 K/W 

and resistance, cover to sky 
 5.16 +I
 

= 0.0660 m2 K/W
 

so Ut 
 0.0885 + 0.0660 6.47 W/m2 K 

This is the first estimate of the top loss coefficient. We now check the
first estimate of the cover temperature. From Equation 23
 

Ti = T- Ut(Tp - Ta)hcp + hrp 

= 100 - 6.47(100 - 10)
7.6 + 3.70 

= 48.5 0C 

http:0.0464(0.98
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The procedure now is to recompute all the film coefficients using this new
estimate of the cover temperature. We do not repeat the calculations here, 
but the results are: 

hrp = 8.03 W/m2 K 
h = 3.52 W/m2 K 
cp
 

hrl = 5.53 W/m2 K 
hcl = 10 W/m2 K as before 

1 1 -1so Ut = 8.03 + 3.52 + 5.53 + 10) 

= 6.62 W/m2K
 

The third estimate of the cover temperature, T1, is therefore
 

T1 = 100 6.62(100 - 10) 

8.03 + 3.52 
= 48.4 0C 

so the calculation is acceptable.
 

Once the top loss coefficient has been determined, the back loss coefficient
 
can be quickly found.
 

from Equation 21 Ub = (i + Ae) 

0.045 2(10 + 3) X 0.075
 

S Ub = 0.05 1[+0 X 3
 

2 K
= 0.96 W/m


so UL = Ut + Ub = 6.62 + 0.96
 

2 K
= 7.58 W/m


The charts overleaf give top loss coefficients for typical flat plate

collectors under a variety of environmental conditions.
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Minimizing Thermal Losses
 

Assuming the collector 
to be adequately insulated 
fincluding the edges),
there remain two principal modifications to further reduce heat losses from
the collector. 
 The first 
is to add additional
second is covers or glazings,
to incorporate a selective absorber plate. 
the
 

Figure 4 below shows
the effect on 
thermal losses of double glazing and selective surfaces.
cover temperatures and The
the heat flux by convection and radiation
for one and two glass are shown
covers 

plates. 

and for selective and non-selective absorber
Note that radiation between the 
inside surfaces
mode of heat transfer in the absence of 
is the dominant
 

a selective surface. 
 When a selec­tive surface having an emittance of 0.10 isused, convection is the dominant
heat transfer mode between 
the selective surface and the cover, but radia­tion is still the largest term between the two 
covers 
in the double-glazed

system.
 

596 W/m2 
 322 W/m2
 

qW"d=384 11R.d =212 ( qjd= 214 tq Rd 

( 
1 _ - = 48.4---

- - - -- T 31.4 
q \\-fq..\-\82 
 n= 

qc = 262 q Id = 60 

One cover 
 One cover

Plate emittance = 0.95 Plate emittance 0.1
 
Loss coefficient 
 6.6 W/m2K Loss coefficient = 3.6 W/m2K 

2
351 W/m2 219 W/m


qfi,,d 232 tn.d,= 119 

-- - T = 33.2 11- 24.4,'774,
-- ..( . = 80 FI.dq 139 

q o, =90 - T = 70.3T jn = 26 1 ..... 
 =--­,.,= 72,I - T=4= 50.8 

Two covers 
 Two covers

Plate emittance = 
0.95 Plate emittance = 0.I

Loss coefficient = 3.9 W/m2K 
 Loss ceefficient = 2.4 W/mK 

Figure 4. Data for flat plate collectors operating at 100'C withambient and sky temperatures of 100C, 
cover spacing of 25 mm, tilt
of 450, and a wind loss coefficient of 10 W/m K. [ref. 3]
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Energy Gain from Flat Plate Collectors
 

It is now possible to evaluate all 
the terms necessary to compute the
amount of useful energy delivered by a flat plate collector. This quantity,

Qu watts, is found from Equation 12, after FR and UL 
 have
mined in the manner illustrated by Examples been deter­

'1and 2. However, equation 12is time-dependent 
since I, the incident solar radiation, obviously varies
through the day. 
 In order to determine, therefore, the useful 
energy deli­vered by the collector and its mean efficiency.. it is necessary to compute
Qu for short time increments over the period of day. Thea procedure isillustrated by the following example.
 

Example 3
 

Calculate the daily useful gain and efficiency of a bank of 10 solar collec­tors installed in parallel. 
 The hourly radiation on the plane of the col­lector, I, and the hourly ambient temperature, Ta, are given in the tablebelow. 
 Assume that the combined Ta coefficient is 0.8 the overall loss
coefficient, UL 
 is 6.6 W/m2K, and the heat removal factor is 0.8. Each
collector is 2 m2 in area. 
 If the fluid inlet temperature is 40C and the
flow rate through each collector is 0.03 kg/s, what is the fluid temperature

rise and how does it vary during the day?
 

Time Ta 
 I
 
2
0C W/m


7 - 8 20 5.6 
8 - 9 24 119.4 
9 - 10 25 275.0 

10 - 11 28 
 788.9
 
11 - 12 
 31 833.3
 
12 - 1 33 
 913.8
 
1 - 2 
 31 866.7
 
2 - 3 30 644.4
 
3 - 4 
 29 336.1

4 - 5 26 13.9
 

4797.1 W hr/ 2
 
Solution
 

Vie wish to calculate the useful energy delivered from Equation 12 and
the mean efficiency from Equation 3. For each time increment we have:
 

Time I Ta UL(Tin - Ta) Qu/A

2 

W/m
W/m W/m2 2
 
7 - 8 
 4.5 132.0 
 0
8 - 9 95.5 
 105.6 
 0

9 - 10 220.0 99.0 96.8
10 - 11 631.1 
 79.2 
 441.5


11 - 12 666.6 59.4 
 485.8
12 - 1 731.0 46.2 
 547.8

1 - 2 693.4 59.4 507.2
2 - 3 515.5 66.0 
 359.6
3 - 4 268.9 72.6 
 157.0
 
4 - 5 11.1 92.4 
 0 

2595.7 Whr/m 2 
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the mean efficiency Qu/A

El
 

= 2595.7 = 0.54 

4797.1 

The energy delivery by the 20 m2 array over the day is
 

2595.7 X 20 X 3600 
= 186.9 MU
 

The temperature rise for the water will 
vary according to the period. 
The
smallest positive temperature rise is between 9 and 10; the highest between
 
12 and 1.
 

taking Cp = 4195 J/kg K
 

and = 
0.03 kg/s for each 2 m2 collector.
 

then AT ­

so from 9 - 10: 
 AT = 96.8 X 2 = 
0.03 X 4195
 

and from 12 - 1: AT = 547.8 X 2 = 8.7C
 
0.03 X 4195
 

Performance Characteristics
 

The performance characteristics of flat-plate collectors 
are often presented

graphically.
 

Since the instantaneous efficiency is given by
 

IA
 

and since Qu = FRA[ITa - UL(Tin - Ta)] 

the efficiency may be expressed as a function of the fluid inlet
 
temperature, Tin as
, 

I = -FRUL(Tin " Ta) + FRTa (31)

I
 

If n is plotted against (Tin - Ta)/I then a straight line results witha negative slope of FRUL. 
 The intercept the is equal
on abscissa 
 to
FR Ta. 
A number of typical plots are shown overleaf. 
 It is clear that, in
practice, there is considerable data 
scatter and that, moreover, the plots
are slightly non-linear. However, a straight 
line drawn through the data
points and intercepting the abscissa presents 
a very convenient indication
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of collector performance. 
 It will be necessary to calculate or estimate the
transmittance of the covers, T , and the absorptance of the collector plate
surface a. The intercept divided by the product, T 3C, gives the valueFR, the collector heat removal offactor. The slope of the line dividedFR then gives UL, the overall by
heat loss coefficient.
 

100 T I 

80
 
a 

60 

40
 

° a 

20 ­

0 0.02 0.04 0.06 0.08 0.10 
T, - M2C/W 

Experinetac l collector elliciency data measured for a type of liquid heating collector
with one cover and a slecuike absorber. Sixteen points are shown for each of live test sites. The curve
represents the theoretical characteristic derived fion 
points calculated for the test conditions. j] 
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SOLAR THERMAL SYSTEMS
 

Solar thermal systems designed 
to utilize solar radiation for heating
or cooling are generally composed of a number of basic 
subsystems. These
 
are:
 

1. Solar collector system
 
2. Thermal energy storage system

3. Fluid circulation system
 
4. Heat exchanger system
 
5. Control system
 

The solar collection part of the system has been examined in 
a previous
section. 
 In this set of notes we want to look at the remaining components
of a solar thermal system: 
 thermal energy storage, fluid circulation, heat
 
exhangers and control.
 

Thermal Energy Storage
 

Solar energy is a time-dependent 
 and variable resource. This
characteristic makes thermal 
energy storage virtually a mandatory component
of any solar thermal system. Thermal storage is used to dampen out 
diurnal
and meteorological variations 
in the level of insolation and provide a more
nearly constant heat source for the system load. 
 The optimal size of the
storage system depends on a number of considerations: the insolation and
meteorological characteristics of the area where the system is located, the
nature of the system load, and the economics of the total system.
 

Water is by far the most common thermal storage medium for solar
powered thermal 
systems requiring a temperature of less than 
1000C. Water
has a number of very attractive properties as a thermal storage medium. It
is cheap, non-toxic and non-flammable; it has 
a high specific heat, high
density and excellent transport properties.
 

For some applications heat storage in solid 
med is a possibility,
particularly when air is used 
to collect and transport thermal energy.
Solid-phase storage has a number of advantages:they generally permit larger
temperature variations 
and higher operating temperatures, they stratify
thermally, and they are durable and reliable -ystems. 
Table I shows thermal

properties for a numberof 
liquids and solids.
 

It is clear that on both 
a mass and a volumetric basis, water is an

excellent thermal storage medium.
 

An alternative method of thermal 
energy storage takes advantage of the
fact that a considerable 
amount of heat is absorbed or evolved during a
change of phase. A thermal energy 
storage system that uses solid-liquid
phase changes in the storage medium to 
store heat 
is called a phase-change
 
storage system.
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There are two kinds of 
 solid-liquid phase change storage 
systems.
The first 
is simple melting and freezing; the second involves the chemical
reaction between water salt
and hydrates. 
 When the hydrate is heated, the
salt dissolves in its water of 
crystallization and absorbs heat.
the anhydrate becomes On cooling
hydrated and crystallizes with 
the evolution of heat.
Table 2 gives the meltinq point and 
heat of fusion for a number of phase

change materials.
 

Although phase-change storage great
has potential, it suffers from a
lack of reliability and 
durability, particularly with hydrate
After many the 
salt systems.
cycles, rehydration (crystallization) phase 
change requires
progressively more subcooling before it takes place. 
 The isothermal behavior,
therefore, deteriorates. 
 In addition, 
since the phase change is not 
a true
melting, density differences 
 between component compounds may occur which
exacerbates the subcoolinq problem.
 

Table 1. Properties of Heat Storaqe Materials
 

Specific heat 
 Density Heat capacity
Material 
 kI/kq K kg/m 3 KJ/m3 K
 

Water 
 4.2 
 1000 
 4200
Isobutanol 
 3.0 
 808 
 2420
Propanol 
 2.5 
 800 
 2000
Scrap iron 
 0.50 
 7850 
 2748
Magnetite 
 0.75 
 5126 
 2691
Scrap aluminum 0.96 
 2723 
 1830
Concrete 
 1.13 
 2240 
 1772
Stone 
 0.88 
 2720 
 1676
Brick 
 0.84 
 2240 
 1317
 

Note: The volumetric heat capacity for the solid materials assumes 
a 30%
 

void fraction.
 

Table 2. Properties of Phase Change Materials
 

Meltinq point 
 Heat of fusion

Material 
 0C KJ/kq
 

Calcium chloride hexahydrate 168
Sodium carbonate decahydrate 
30 

33 
 267
Disodium phosphate dodecahydrate 279
40


Calcium nitrate tetrahydrate 153
47
Sodium sulfate decahydrate (Glauber's salt)

Sodium thiosulphate pentahydrate (STP) 

32 241
 
45 
 95
Naphthalene 
 80 
 149
Naphthol 
 95 
 163
laraffin 
 74 
 230
P-116 wax 
 47 
 209
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Water Storage Systems
 

Water is 
a good storage medium. A typical system is shown in Figure 1.
 

Qu Load L
 

Collector 
 Tank
 
at Losses QL
 
T
 

From load
 

Figure 1. Typical collector and storage system
 

For a 
well mixed tank of water it is not too difficult to accurately model the
system. 
An energy balance over the tank yields the equation
 
Ms~ dTsM
dT Qu " - L (I) 

where Ms= mass of water in storage, kg,
 
cp = specific heat of water, J/kgK,
Ts = temperature of stored water,
 
t = time,
 
Qu = heat added to the storage, Watts,

LL = heat lost from the system, Watts,

L = heat extracted by the-load, Watts.
 

Since the thermal losses, QL, 
can be expressed as a linear function of
temperature difference, - Ta*, whereTs Ta* is the ambient temperature
close to the storage system, Equation I can be rewritten as
 

MsC da= Qu 
- (UA) (T - Ta*) - L (2)
s p dt u s s a 

where (UA), is the loss coefficient for the storage system. 
 This term can be
readily estimated by determining conduction, convection, and radiation losses
from the storage tank. 
 The example below shows how this equation can be used
to estimate the storage temperature as a function of 
time by the use of a
simple numerical integration procedure.
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Example 1
 

A well-mixed water tank 
storage system containing 1,500 kg of water
has a loss coefficient of 11.1 W/K. The tank 
commences a 24 hour day at a
temperature of 45°C and is in a room at 20°C. Energy Qu is added andenergy L is extracted as indicated on an hourly basis below. 
 Calculate the
temperature of the tank over the 24-hour period using numerical integra­
tion.
 

Energy Added 
 Energy Extracted

Hour Qu, MJ/hr L, MJ/hr
 

1 
 12

2 
 12
 
3 
 11
 
4 
 11
5 ­ 13

6 _ 
 14
 
7 .
 18

8 ­ 21
 
9 
 21 
 20

10 
 41 
 20
11 
 60 
 18
 
12 
 75 
 16

13 
 77 
 14

14 
 68 
 14

15 
 48 
 13

16 
 25 
 18

17 2 22

18 _ 24
19 
 . 18
20 
 _ 
 20
 
21 
 _ 
 15

22 
 .
 11
 
23 
 _ 
 10
 
24 .
 9
 

Solution
 

The differential equation of Equation 2 can 
be approximately solved by

rewriting it as:
 

Ts+ = Ts + At [Qu - (UA) (Ts - Ta*) - L 

Mscp 

The starting temperature (Ts) of 20C is used to estimate the tank temp­erature Ts+ .after I hr, This calculated temperature then becomes thetank temperature, Ts, and 
 a new temperature Ta+ is estimated by
recursively applying the above equation. 
 Substituting the given constants
 
reduces the equation to:
 

Ts+ = Ts + At [Qu - 11.1 X 3600 (T - 20) -L]s 


1500 X 4190
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or Ts+ = Ts + At [Qu - 39,960 (Ts - 20) - L] 

6.285 X 106
 

The temperature profile may now be estimated as follows. 
 After one hour:
 

Ts = 45 + 1 [0 - 39,960 (45-20) - 12 X 106]
 

6.285 X 106
 

or Ts+ = 42.9 0C 

After 2 hours: 

Ts+ = 42.9 + 1 [0 - 39,960 (42.9 - 20) - 12 X 106] 

6.285 X 106
 

or Ts+ = 40.9 0C
 

This recursive procedure is continued through the 24 hour period to produce

the approximate time variation of the storage temperature. The calculated
 
temperatures are shown below.
 

Qu L TsHour MJ/hr MJ/hr °C
 

0 - 45
1 ­ 12 42.9

2 ­ 12 40.9
 
3 ­ 11 39.0

4 - 11 37.1 
5 ­ 13 35.0

6 - 14 32.6 
7 ­ 18 29.7

8 - 21 26.3 
9 21 20 26.4
 
10 41 
 20 29.7
 
11 60 
 18 36.3
 
12 75 
 16 45.6
 
13 77 14 
 55.5
 
14 68 
 14 63.8
 
15 48 13 69.1
 
16 25 
 18 69.9
 
17 2 
 22 66.4
 
18 
 - 24 62.3

19 . 18 59.2 
20 
 - 20 55.7

21 ­ 15 53.1
 
22 ­ 11 51.2
 
23 
 10
1 49.4
 
24 . 9 47.8 
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Equation 2 may be extended 

the 

by introducing the relationship between Qu,energy gain from the solar collector, the temperature of the storagesystem Ts, 
the insolation characteristics, and the collector overall loss
coefficient, UL. 
 We can write
 

Qu FRA [Ira - UL (Ts - Ta)] Watts ( ) 
where Fr = collector heat removal factor
 

A = collector area, m2
 

Ta = ambient temperature, °C
 
"= transmissivity of the collector covers
 
a= absorptance of the absorber.
 

If Qu is to be calculated from Equation 3 from hourly insolation andtemperature data, it should be recalled that it is the function of thesystem control devices to 
pump fluid through the collector loop only when
there is an energy gain. This 
occurs when the insolation has increased tothe point where ITa is greater than UL (Ts - Ta). 

Example 2
 

Determine the hourly performance of 
 the large solar heating

installation indicated below
 

Area of collectors 2
= 100 m

Storage volume 3
= 7.5 m

Collector overall loss coefficient = 5.2 W/m2K

Storage losses 
 = negligible
 

The heat removal factor, FR, is estimated as 0.8, Ta as 0.85. The loadover the period is constant at 25 kW. The insolation levels 
and ambient
temperatures 
are shown below. Assume the initial storage temperature is

700C. 

Time I (W/m) Ta (°C) 

8 
 157.6 
 20
 
9 
 516.9 
 24
 
10 
 740.7 
 25
 
11 
 870.0 
 28
 
12 
 914.1 
 31
 
13 
 870.0 
 33
 
14 
 740.7 
 32
 
15 
 516.9 
 31
 
16 
 157.6 
 29
 

Solution
 

The heat balance over the storage system, Equation 2, reduces to
 

7500 X 4190 dT = Q- 25,000 Watts
 

dt
 

where Qu = 80 [0.851 - 5.2 (Ts - Ta) ] Watts (4)
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The differential equation can be solved numerically by rewriting it 
as
+ 

Ts = T + At IQ 25,000]

31.43 X 10 
 u 

or for At = 1 hr = 3,600s 
T + = T + 1.145 X 10-4 EQ - 25,000] (5) 

The calculation proceeds as follows:
 

Time = 0800 hrs, I = 157.6 n2, Ta=200 C, Ts = 700C
 

From Equation 4 Qu = 80 [0.85 X 157.6 
- 5.2 X 50]
 
- 10,083 Watts
 

Therefore there is 
no energy gain from the collectors at this point. With 
Qu = 0, (no flow through the collectors) Equation 5 becomes 

T + T + 1.145 X l0-4 [-25,000] 

or T + 70 - 2.9 = 67.1C 
s
 

Time = 0900 hrs, I 516.9 W/rn2
 , Ta = 240C, Ts = 67.1oC 

From Equation 4 Qu = 80 [0.85 X 516.9 - 5.2 X 43.1] 
= 17,220 Watts 

From Equation 5 
 = 67.1 + 1.145 X l0-4 [17,220 - 25,000] 

T + = 66.2C s 
This calculation procedure 
can be continued in this 
manner to produce the
 
table shown below.
 

I Ta Qu L Ts 
Time W/m2 

_C KW KW °C 

8 
9 

10 
11 
12 
13 
14 
15 
16 

157.6 
516.9 
740.7 
870.0 
914.1 
870.0 
740.7 
516.9 
157.6 

20 
24 
25 
28 
31 
33 
33 
31 
29 

0 
17.2 
33.2 
42.9 
46.3 
43.1 
33.4 
17.0 
0 

25 
25 
25 
25 
25 
25 
25 
25 
25 

67.1 
66.2 
67.1 
69.1 
71.5 
73.6 
74.6 
73.7 
70.3 

5.48 kWh/m 233.1 KWh 225 KWh 



93
 

The data used in this example are realistic and show some interestingcharacteristics. 
 The mean collector efficiency can be estimated for thelOOm2 array as 

233.1 = 43% 
5.48 X 100
 

which is
on the low side. The low collector efficiency is due to the high
 
fluid temperatures at which the collector operates.
 

The energy collected over the course of the day is:
 

233.1 kWh = 839.2 MJ 

equivalent to 8.39 MJ/m 2 day 
or 739 Btu/ft2 day 

These figures are close to the convenient solar 'rule of thumb' for a flat 
plate collector: 

Energy collected = 700 - 1000 Btu/ft2 day 
= 8 - 11 MJ/m 2 day 

The other thermal characteristic indicated here is temperature swing. In
this example the storage temperature fluctuates between about 660 C and75
 variations
0C. These can be important depending on the load
characteristics. For example, if the solar thermal system is driving anabsorption chiller, temperatures of at least 600C will 
be required in the
generator of the chiller. 
 The coefficient of performance 
of the cooling
system will 
drop off sharply if such a temperature is not maintained. It
is therefore important that the thermal 
storage system is designed with the
load thermodynamic requirements inmind.
 

Design Guidelines
 

Computer simulations, experimental investigations, and a great deal of
practical experience have yielded 
some general guidelines for sizing flat

plate collectors and thermal 
storage systems.
 

The optimum storage size for an active solar thermal 
system will fall
in the range of 0.2 to 0.4 MJ/°C m2 , equivalent to 10-20 Btu/OF ft 2 .These ranges are for thermal capacity per unit area of collector, i.e.
 

0.2 < Mscp/A < 0.4 MJ/°C m2 

For water as the storage medium (C 
= 4190 J/kg K) these figures
produce the 
rule of thumb that thermal storage should be 45-90 litres/m 2
 
or 1.2 - 2.4 gal/ft 2 . 

Flow rates through forced-circulation systems are generally based on0.02 - 0.04 gpm/ft2 
 of collector, equivalent to 0.015 
 - 0.03

litre/m 2s.
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As we have previously mentioned, the collector array can be roughly
sized based on its ability to collect about 8-11 MJ/m 2 day or 700-1000 
Btu/ft 2 day. These design guidelines permit the rapid sizing of solar
 
thermal systems to drive a specified load. An approximate design based on
 
these rules of thumb provides a convenient and often quite accurate
 
starting point for more detailed analyses and simulations of system

performance. For example, consider again Example 2. Suppose we were told
 
the system load and asked to roughly size the solar collectors and thermal
 
storage requirements for the system. The load extracts an amount of energy
 
equal to
 

9 X 25 kWh X 3.6 MJ/kWh = 810 MJ/day
 

knowing the relatively high storage temperature requirements we would esti­
mate collector energy gain at the lower end of the 8-11 
MJ/m 2 day scale.
 
Estimating collector area as
 

810 MJ m2 day - 100 m2 collector
 
Ta-y -8MJ
 

Storage requirements would be about 75 litres/m 2 which gives us esti­an 

mated storagL volume of 7.5 cubic metres.
 

Stratified Storage
 

When heated fluid from the collector does not mix with the bulk of the
 
fluid 
in the storage system, the storage system is said to be stratified.
 
This phenomena is made fluids become dense
possible because most less 
 as
 
they become hotter. The incoming fluid therefore has a tendency to remain
 
at 
the top of the tank above the colder fluid below. If the fluid flowing

to the collector is taken from the bottom of the tank in 
a perfectly strat­
ified system the collector inlet temperature will remain constant until one
 
tank volume of fluid has passed through the collectors, at which time the
 
collector inlet temperature will show a step rise in temperature.
 

In practice, perfect thermal stratification is impossible since the

inlet fluid velocity always causes some local fluid mixing and also because
 
in mid to late afternoon, as insolation levels decrease, the tank inlet
 
water temperature may actually be 
less than the highest fluid temperatures

at the top of the tank. The fluid therefore descends into the body of the
 
tank again producing a degree of mixing.
 

With a well-mixed storage tank, on the other hand, the temperature of
 
the tank is uniform and will rise slowly throughout the day as the solar
 
collectors absorb solar energy. As the storage temperature rises, the
 
efficienry of the collectors decreases. 
 However, compensiting for this
 
disadvantaqe with well-mixed storage systems is the rather higher heat
 
transfer attained by using a more rapid flow rate than is consistent with
 
an attempt to maintain thermal stratification in the storage tank.
 

In practice, there is little to choose between the two desiqn concepts
for liquid systems. It is useful and convenient to take advantage of the
degree of stratification that always exists in any liquid thermal storage
tank in the absence of a stirring device or excessively high inlet flow 
rates. Hot fluid is added or withdrawn from the top of the tank, cold 
fluid cold fluid added or withdrawn from the bottom. 
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Rock 	Bed Storage
 

Rock bed storage units 
have 	been successfuly used 
to store heat for
many 	years. Hot 
air from solar collectors flows through 
a bed of pebbles
and 	heat is transferred from the 
air 	to the rocks.
storage unit at a temperature very close to 	
The air leaves the
 

the temperature
adjacent to the outlet plenum. 	
of the pebbles


This is the charging mode. To remove heat
from the storage system, the flow of air is reversed: cold air enters
cold 	end of the the
unit and is heated as it passes through
there can 	 the bed. Since
be no mixing of the storage media 
in a 	rock storage unit the
system 
is always thermally stratified when charged.
collectors always operate with the coolest 	
This means that the
 

available incolling air, which
helps to increase their efficiency. However, it should 
be noted that in
rock 	bed 
storage systems, unlike 
liquid storage systems, heat cannot be
ddded and removed from storage simultaneously. A typical
storage unit 	 rock bed thermal
is shown in Figure 2. in general, the air 
flow 	is downward
during charging, and upward 
during discharging. Although 
 it is not
essential 

losses 

that this flow pattern is adopted, such a design minimizes heat
to the ground since the bottom of 
the 	storage is at tne 
lowest
 
temperature.


Rock bed storage units have several advantages. They are inexpensive,
stable, and easy to 
construct; they not
will freeze or boil; they are
virtually maintenance free, aid

disadvantages include their 

they will last a long time. Their
incompatibility with 
hot 	fluid systems, their
relative 
large volume (approximately three 
times the volume of a water
system of equal thermal capacity), and possible problems 
with 	dust and
particle entrainment.
 

Thermal Stratification
 

One of the principal advantages of rock 
bed 	storage units is that,
properly designed, they exhibit 	 if
 
a high degree of thermal stratification.
The 	small size of 
the 	pebbles provides a large surface area heat
transfer so 	 for
that the average temperature of a particular rock 
is close to
local air temperature. 
 When hot air is Llown into the bed 
a well-defined
thermal wave moves through 
the 	bed in the direction of the air
Figure 3 shows typical bed temperature profiles during 	

flow.
 
the 	charging mode.
The 	 rock bed in this figure was initially at 21oC; the incoming air was65.50C. Note that 	 atthe outlet temperature of the airthe 	 initial bed remains constant attemperature of 210C until, at about 9 hours after chargingbegins, the leading edge of the thermal wave reaches the bottom of the bed.
In a real system charged with hot
temperature 	 air From a sola, collector, the
of the air entering


typically reaching a 	
the rock bed varies during the day,
maximum temperature around noon or soon 
after depending
on the location and configuration of the collector (and assuming
day). 	 a clear
During the afternoon the temperature of the air entering the rock bed
will 	be decreasing. The effect of 
this 	daily temperature variation
drive a temperature peak through the bed, 	

is to
 
a peak that continually flattens
as it moves down through the layers of rock. 
 This 	phenomenon can clearly be
seen in Figure 4 which 
 shows measured 
 time-lapsed cross-sectional
temperature profiles through 
a rock bed storage system over 
a 22-hour
 

period.
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TTLr 

Figure 2. Typical Rock Bed Thermal Storage Unit
 



97
 

Initial Bed Temperature Distribution: 21°C Uniform 
Air Inlet Temperature = 65.5 Constant 
Bed Operating Mode: Charging 
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Figure 3. Rock Bed Temperature Profiles During Charging. 
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The time required for 
a thermal wave to traverse a rock bed is
important to the performance of solar heating systems. 
 The rock bed size
and air flowrate should be selected so that the air 
returned to the
collector remains 
at the minimum temperature for most of the heat collection
period, thus maximizing the efficiency of 
the solar collector. The time
taken 
for the thermal wave to traverse the 
rock bed should not be longer
than the heat collection period since this would mean that 
a part of the bed
would remain unused. 
 The time taken, t, for the thermal wave to traverse

the rock bed can be estimated from
 

t = Lcs seconds 
 (6)
 
Vca
 

where 
 L = rock bed length in direction of flow, metres
 
cs = rock storage heat capacity MJ/m 3 K. 
ca = heat capacity of air, MJ/m K 
V = rock bed face velocity, m/s 

The heat capacity of a rock bed storage system is qenerally about 1.4
MJ/m 3 K. This figure assumes a typical 40% void fraction. The kind of
rock used does not markedly affect the heat capacitance of the storage

system.


If left undisturbed, a 
thermally stratified rock bed will progressively
destratify until the bed reaches 
a uniform temperature. This decay of the
thermocline is undesirable since it both 
raises the temperature of the air
flowing to the collectors during charging, thereby reducing 
 their
efficiency, and lowers the temperature of the air going to 
load during the
discharge cycle. 
However, the rate of thermal destratification is typically
quite slow. 
 It takes several days for an undisturbed rock bed to reach a
uniform temperature. Figure 5 shows rock 
bed temperature profiles 
as a
function of time. Reasonably good thermal stratification 
was maintained
for at least three days in this 
experiment. Thus, decay 
of thermal
stratification in rock bed storage units has only 
a minor effect on system
performance. Charging the bed from the bottom as 
opposed to the top also
has little impact on performance.
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Figure 5. Stratified Rock Bed Temperature Profiles 
- Variation with Time in Hours. 
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Sizing the Rock Bed
 

Studies suggest [5] 
that system performance improves 
as the rock bed
storage volume increases up to about 0.2 cubic metres of storage volume for
for each square metre 
of flat plate collector (m3/m2). Above this value
the performance 
of the system does not 
change markedly with additional
storage volume. 
 The volume of storage recommended for air systems 
is 0.15
to 0.3 m3/m2 (0.5 - .0 ft3/ft2 collector).
If storage sizes greater than this range are 
used, the performance of
the system may actually decrease because heat
will losses from the storage system
increase, and the temperature of the air going to the system load will

decrease.
 

To minimize heat losses and material costs, the shape of the rock bed
should be such that its surface area is minimal. However, in practice, rock
bed storage units are usually constructed as 
square or rectangular bins with
the air passing vertically through the pebbles
maximum depth of about 2.5 m 
as shown in Figure 2. A
is recommended to limit the 
pressure drop
through the bed. 
 For active solar systems, the flow rate of air through the
rock bed is determined by the collector area. 
 The design value is typically
0.01 m3/s per square metre of collector. Combined with 
the recommended
storage volume of 0.15 
- 0.3 m3/m2 , these figures indicate a flowrate of
0.03 - 0.07 m3/s per cubic metre of rock storage, with 0.0r m
rule-of-thumb. 3/s a good
For a bed depth of 1.5 to 2.5 metres, the bed face velocity
should be approximately 0.075 
to 0.1 m/s regardless of the size of the
 

storage system.

Rock bed storage systems 
with horizontal flow 
can be constructed if
vertical space is limited. However, 
horizontal flow rock beds 
are not
recommended because of problems with air flow distribution and channeling.
When the bed 
is loaded, smaller pebbles tend to 
move to the bottom of the
bed creating greater resistance to the horizontal flow of air 
through the
lower portion of 
the bed. The air therefore has a tendency 
to channel
through the upper part of the bed causing 
a loss in storage capacity and a
reduction in system performance. Attempts have been to
made ameliorate
these problems as shown in Figures 
6 and 7. Baffles 
can be installed
perpendicular to 
 the air flow or, alternatively, horizontal
impervious materials such sheets of
as plastic sheets can 
be used to encourage uniform
 

horizontal flow.
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Rock Bed Pressure Drop
 

The size of the pebbles or 
rocks used in the bed affects two important
design parameters. Decreasing the rock size increases 
the rate of heat
transfer but also increases the pressure drop across the bed. 
 The rock
diameter should be small 
enough 
to ensure that heat is conducted into the
centre of the rock fast as
as heat is transferred to the rock from the air
flow. For typical flow rates a rock 
 diameter of 25 mm or less 
 is

recommended.
 

Too high a pressure drop across the bed means 
high system electrical
 energy consumption, whereas 
too low a pressure drop makes uniform 
flow
distribution difficult. 
 A pressure drop of 30 to 
50 Pa a(.'oss the bed
considered acceptable (0.0044-0.0073 
is
 

psi, or 0.12-0.2 inches water).
Accurate prediction of rock bed pressurc drop, 
however, is never very
precise since it varies 
according to 
how the storage container is filled.
Differences in pressure drop of up 
to 20% have been measured in laboratory
tests of the same 
rocks in the same container [9]. The shape of the rocks
also has an 
effect on the bed pressure drop. Generally, one can distinguish

three varieties of rock bed fill:
 

(1) Round stones; obtained from grave i pits, no
 
sharp edges.


(2) Crushed stones; obtained by crushing round
 
stones, sharp and round edges.


(3) Crushed rock; obtained from quarries, no round
 
edqes - all sharp.
 

These varieties are 
screened. The grade classified as 'clear' is the
appropriate type for rock bed storaqe units since the clear grade has only a
 
narrow range of particle sizes [5].


Nine samples of different 
kinds of rocks and stones were tested
their pressure drop characteristics [9]. 
for
 

The results are shown in Fiqure 8.
The curves shown in this figure are for randomly packed beds and for clean,
washed rocks. Unwashed rocks can have twice the 
pressure drop of clean
 
rocks.
 

Fan Requirements
 

In order to select the size of fan required for the system, the
designer must determine the overall pjressure drop through the rock
bed-collector loop. 
 The total static pressure drop is the sum of the
 pressure drops through the rock bed, plenums, ducting and solar collectors.
The pressure drop through the solar collectors can usually be obtained from
the manufacturer. As a rule-of-thumb, fan power requirements will be

approximately 2.5 Watts per square metre of collector area.
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Figure 8. Plot of Rock Bed Pressure Drop Versus Face Velocity.
 

where P is static pressure loss (Pa)

L is rock bed length in the flow direction (m)

V is rock bed face velocity (m/s) (total flow rate
 

divided by bed cross-sectional area)
 

A 19 mm Rounds (clear)

B 

F 12.7 mn Rounds (clear)
19 mm Crushed Rock (clear) 
 G HL6 Crushed Rock

19 mm Crushed Stone (clear) H 
HL Crushed Rock
D HL4 Crushed Stone 
 I 9.5 mm Rounds (clear)


E HLI Crushed Stone
 

Note: Although this figure is an 
approximation based on a
 very limited sampling, it is entirely adequate for the
 purpose of ensuring a pressure drop that leads to a uniform 
flow. FS] 

C 
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Pump Selection
 

In 
an active solar hot water system a pump will 
be required to circu­late a fluid within the system. It is important that the pump selected for
this task is carefully chosen. 
 Pumps are selected by matching their per­formance curves with the pressure drop-flowrate characteristics of the sys­itself. A typical performance
tems curve for a small centrifugal pump is
shown below in Figure 9. The curve indicates that this pump will
to a maximum height of 8 feet, but at this point there is 
lift water
 

no flow. As the
head against which the pump 
is working falls, so 
the flowrate increases up
to a maximum of about 1300-1700 gallons per hour depending 
on the size of
the fittings. In actual operation, the pump will 
operate somewhere between
these two extremes at a point which depends on the system curve.
 

10 I I 1 I 

Teel Magnet Drive 
Hot Water Pump8 
No. IP761 

0 

U. 

4 

0. 

2 .75" 1.6" connections 

1.0" 1.25" 

0 
0 400 800 1200 1600 2000 2400 

Flow, GPH 
FIGURE 9 Prcssure-flow characteristic curve for a magnetic drive centri­
fugal pump. .J 
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To construct the system curve it is necessary to calculate the system
 
pressure drop at the design flowrate. The system curve then follows from
 
the relationship between flowrate and system pressure drop:
 

H 	 (7) 

where:
 

H = pressure drop or head, 
*Q= volumetric flow rate. 

A system curve is shown in Figure 10. Where the system curve inter­
sects the pump performance curve defines the operating point of the system.
 
A pump is therefore selected so the estimated operating point is at a system
 
flow rate close to the design value.
 

It should be noted that the system curve shown is for a closed-loop
 
system where the pump is required only to overcome fluid friction at the
 
design flowrate. In open-loop systems, the pump must also lift the fluid to
 
an elevation which will depend on the system configuration. The system 
curve will be displaced upwards on the graph by a head equal to the lift 
required of the pump. 

Figure 11 shows performance curves for several small pumps frequently
 
used in solar heating systems. This figure illustrates how the shape of the
 
performance curve can vary. Centrifugal pumps used in closed loop piping
 
circuits should be selected for a mid-curve operating condition, and should
 
have relatively flat performance curves. Pumps with a steep- curve charac­
teristic should not be used because they tend to limit system flow rates.
 

PUMP CURVE
 
NO.I 

wPOINT-PUMP 
w NO.I 

W PUMP CURVC
01 'OPERATINGx NO. 2 POINTPPUMP 

SYSTEM
 

CURVE 

FLOW IN GPM 

Fig 10. 	 Typical System Curve for a
 
Closed-Loop System. [Is]
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FIgwe 11 Example pump curves (25-64, 25-42, and 25.18 are 
Gmndfos; 898 is a Richdel pump). V 6] 

Parallel Pumping
 

Pumps are often used in parallel. For parallel operation, each pumpoperates at the same head and provides one half the system flowrate. The pump curve for parallel operation can be established by doubling the flow
rate of the single pump curve as shown in Figure 12. The operating pointfor both single and parallel operation can be determined by drawing in the
system curve as indicated in Figure 13. When only a single pump is inoperation the system flow rate is reduced, not by half, but by an amountdependent on both the characteristics 
of the pumps and the system. When
only a single pump is operating, the flowrate is higher than that througheach pump when they are 
operated together in parallel. When possible, the
 pumps should be selected to permit single-pump operation. This allowssingle-pump operation in the event one of the pumps fails.
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Pups in series
 

When pimps are placed in series, each pump provides one half the total
system pumping head at 
equal pumping rates. 
 The pump curve for pumps in
series can be constructed from the 
performance curve of 
a single pump by
doubling the head at each point of the curve as 
shown in Figure 14. Figure
15 shows the system curve drawn 
in and the system operating point. It
should be noted that each pump draws maximum power during the serie 
 opera­tion. During single-pump operation, the pump draws minimum power.
 

It should be emphasized that 
both parallel and series configurations
require close attention 
to pump and system characteristics
accurately determine the expected operating points. 
in order to
 

The use of safety fac­tors, the use of improper or inaccurate pressure drop charts, 
inadequate
pressure drop calculation, etc., 
may lead to inappropriate pump selection

and consequent operational difficulties.
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System Pressure Drop
 

In order to establish the system curve it is necessary to determine the
system pressure drop at the design flowrate. The volumetric flowrate isdetermined from heat transfer considerations, but the system pressure drop
will depend on 
fixing the diameter of the pipework and accounting for all
fittings, bends, and other equipment in the piping system. 
 The pipe diam­eter can be determined by observing some 
simple design criteria. The gen­eral range of pipe friction losses in hydronic systems 
is between I and 5
ft. of head per 100 ft. of pipe length. A value of 2.5 ft/100 ft. is a mean
value to which many systems are designed [10]. A further constraint isvelocity. 
 Closed loop hydronic systems are generally sized so that the
fluid velocity does not exceed 4 fps (1.2 m/s). Above this velocity thesystem becomes noisy and erosion can start to become a problem especially at

elbows.
 

It is also recommended that fluid velocity should not fall 
below 2 fps
(0.6 m/s). These limits on fluid velocity and pressure drop closely 
con­strain the selection of an appropriate pipe diameter. 
 The central area ofFigure 16 shows the region of permissible pipe sizes for a specified fluid
flow. 
 One would generally select the smallest available pipe diameter that

falls within this central region.
 

For valves, bends, functions, and other elements, pressure drop is
usually listed in elbow equivalents. The elbow equivalent is then used to
estimate an equivalent pipe length 
from Table 3. Elbow equivalents for
valves and fittings for iron and copper pipes are shown in Table 4. 

Table 3. Equivalent Length in Fee( of Pipe for 90-Deg Elbows 

Pipe SizeVeI.Fps 
V2 /4 1 1 V 1V2 2 2 V 3 3Vz 4 65 8 10 12 

1 1.2 1.7 2.2 3.0 4.53.5 5.42 1.4 1.9 2.5 3.3 3.9 
6.7 7.7 8.6 10.5 12.2 15.4 18.7 22.25.1 6.0 8.67.5 9.53 1.5 2.0 2.7 3.6 11.7 13.7 17.3 20.8 24.84.2 5.4 8.0

4 
6.4 9.2 10.2 12.5 14.6 18.4 22.3 26.51.5 2.1 2.8 4.43.7 5.6 6.7 8.3 9.6. 10.6 13.1 15.2 19.2 23.2 27.65 1.6 2.2 2.9 3.9 4.5 7.05.9 8.7 10.0 11.1 13.6 15.8 19.8 24.2 28.8 

6 1.7 2.3 3.0 4.0 4.7 
7 1.7 2.3 3.0 

6.0 7.2 8.9 10.3 11.4 14.0 16.3 20.5 24.9 29.64.1 4.8 7.46.2 9.1 10.5 11.7 14.3 16.7 21.08 1.7 2.4 3.1 4.2 4.9 6.3 25.5 30.37.5 9.3 10.8 11.9 14.6 17.1 21.5 26.1 31.09 1.8 2.4 3.2 4.3 5.0 7.76.4 9.5 11.0 12.2 14.9 17.4 21.9 26.6 31.610 1.8 2.5 3.2 4.3 5.1 6.5 7.8 9.7 11.2 12.4 15.2 17.7 22.2 27.0 32.0 

Table 4. Iron and Copper Elbow Equivalents 
Fitting lon Pipe Copper Tubing 

Elbow, 90-deg .......... 1.0 1.0 
Elbow, 45-deg .......... 0.7 0.7
Elbow, 90-deg long turn... 0.5 0.5Elbow, welded, X)-deg .... 0.5 0.5 

Reduced coupling ........ 0.4 
 0.4
Open return bend ........ l.0 1.0

Angle raUiator valve...... 2.0 3.0 
Radiator or convector .... 3.0 4.0 

Boiler or heater ......... 3.0 4.0
 
Open gate valve ......... 0.5 0.7
 
Open lo be valve ........ 12.0 
 17.0 
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Example 3
Determine the pressure drop for a 1-inch 	open gate valve and 20 ft. of1-inch type 	L copper pipe at 
a flow velocity of 2.5 fps.
 

Solution

From Table 4-, an open gate 	 valve is equivalent to 0.7 elbows. FromTable 3, a 1-inch elbow at 
2.5 fps fluid velocity is equivalent to 2.6 feet
of I inch pipe. Therefore, the gate valve is equivalent to 0.7 x 2.6 = 1.8 

feet of pipe. 

The pressure 	drop for the system is therefore based on 20 + 1.8 
= 21.8 feet
of 1-inch type L copper pipe. 
 From Figure 	17, the pressure drop at 2.5 fps
can be estimated as 
3 feet of water per 100 ft. of pipe. For 21.8 feet of

pipe the pressure drop would be
 

3 x 21.8 	= 0.65 ft H20 

= 0.28 psi 

The following rule of thumb is often used: the equivalent length of pipefor an elbow (in feet of pipe) is approximately twice the nominal pipediameter in inches.--TFFus, 
a 1-inch elbow is equivalent to 2 feet of 1-inch
pipe, a 4-incT7Tow is equivalent to 8 feet bf 4-inch pipe, etc.
 
Pressure drop through pipe tees varies 
with flow the
through 	 branch.
Pressure 
drops through the functions 
for tees of 	equal inlet and outlet
 
sizes are shown in Figure 19.
 

100 

04 

.0 ~ A 

3o 1 0 

4 	 A 
PECIrG OfWAT rLWNR00 CRLE-- RAC 

Notas: I. The chart is base'd on straight tees, that is. branches A. B. and C are 
the same size.

2. Pressure iota in desired circuit is obtained by selectng proper curve ac­cording to illustrations, 	 determining the flow at the circled branch, 	 andmultiplying the pressure toss for the same size elbow at the flow rate in the 
drcied brnch by the equivalent elbows indicated.3. When the size of an outlet is reduced the equivalent elbows shown in the
chart do not apply. Therefore, the maximum toss for any circuit for any flowwill not exceed 2 elbow equivalents at the maximum flow (gpmJ occurring in 
any branch of the tee.4. The top curve of thc chart is the average of 4 curves, one for each of the tee 
circuits illustrated. 

Fig.je Elbow Equivalents of Tees at 
Various Flow Conditions . 
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System Control and Configuration
 

The function of the control system is to 
control the solar thermal
 
system in such a way that the collection and storage of heat is accom­
plished as effectively as possible. The 
basic components of the control
 
system are the temperature sensors, the differential temperature control­
ler, and the output system. The differential controller starts the pump

whenever a temperature sensor on 
the absorber plate of the collector indi­
cates a temperature a few degrees higher than the temperature in the middle
 
or at the 
bottom of the storage tank. The controller turns the pump off

when the temperature differential 
falls below a preset level. Typical dif­
ferentials 
are 15'F (8'C) for turn on, 5'F (3'C) for turn off. It is
important that the collector sensor be mounted to a section of the absorber
 
where it is thermally buffered from the temperature drop caused hy the flow

through the collector when the pump is first switched on. 
 Otherwise, the
 
pump may cycle on-off for a considerable period of time. Temperature sen­
sors may also 
be used to monitor both freezing conditions and excessive
 
storage temperatures. In each case the control 
system is designed so that

the differential controller makes an appropriate response to the signals it
 
receives from the sensors.
 

The output system delivers the appropriate control voltages from the
differential controller to tne pumps, valves, fans, or dampers that control
 
the fluid circulation. 

A typical system configuration is shown in Figure 21. This is adrain-down system, which means 
that in the event of freezing conditions thL
 
system is designed to drain away to a sewer. 
 The vacuum breaker above the

collectors 
permits air to enter the system while draining. Horizontal
 

When
piping is avoided. the temperature rises sufficiently the solenoid
 
valves isolating the storage tank open, the dump valve and the
closes, 

system is refilled from the cold water supply. 
 The air vent on top of the
 
system allows air to escape as the collectors fill with water. This kind

of system is exposed to main line pressures and must be designed accord­
ingly. The biggest disadvantage with this design, however, is that drain­
age is dependent 
on the combined action of an electrical dump-valve and
differential controller. If either fail in freezing conditions the system

a
 

is likely to be damaged.
 

Figure 22 shows a similar system except that here the system drains

back into the storage tank. This configuration is called a drain-back
 
system. Whenever the circulation pump is off the 
fluid in the collectors

drains back into the storage tank. The storage tank is vented to permit

air to enter the system. Note that the collector loop is not exposed to

main supply pressure which would 
prevent the system from draining. The

collector return 
line must enter the storage tank above the fluid level 
in
 
order for the system to drain.
 

Figure 23 shows a typical closed-loop solar thermal system. Since the
 
collector loop is closed expansion tank
an 
 becomes necessary. If freezing

is a potential problem heat be a nix­the transfer fluid must water/glycol
ture or some other freeze resistant fluid. Figure 24 shows a similar 
closed-loop system, this time employing two tanks. 
 This system will return

cooler water to the collector thereby improving their efficiency. However,

thermal losses from storage will be greater.
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By far the simplest solar thermal system is the thermosyphon system.
 
Figure 25 shows a typical system. No control system is required. However,

the storage system must be at a higher elevation than the collectors. This
 
is often an impractical arrangement with large solar thermal systems.
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Solar Thermal Electric Systems
 

There are two basic techniques for converting the sun's radiation
electrical power: (1) direct 
into
 

conversion by transfer of the energy to
electrons of a solid--the photovoltaic 
the
 

effect; (2) conversion of the
radiation to heat which is then used to power a thermodynamic cycle fromwhich energy is extracted and converted 
to eictricity. In this section of
the text we I _, at systems designed to convert the sun's 
 energy to
electricity using the second approach.
 

Thermodynamic processes which source
use temperature differences to
produce work (shaft power) are 
limited in efficiency by what is known 
as the
Carnot efficiency. The efficiency 
of a heat engine converting thermal
energy to cannot the
work exceed Carnot efficiency, rlc, of the system

which is defined as
 

Thot - Tcold9c- -- ITho t 

Thot is the absolute temperature of the thermodynamic working
fluid at its highest level, and is the
Tcold absolute temperature of
the working fluid at its lowest level, at the point where heat is rejected
from the cycle.
 

It can be seen from this expression that the Carnot efficiency
increases with increasing source temperatures. 
 Actually it is temperature
difference which governs the efficiency 
 but in practice Tcold is
generally fixed by the temperature of the local cooling water. As an
example, consider a flat plate collector boiling a freon-type fluid used ina thermodynamic cycle producing 
work. If the fluid boils at 800 C and
cooling water is available at 300 C the absolute maximum efficiency of thecycle is (353 - 303)/353 = 0.14 or 14 percent. Since a real system isconsidered acceptable if it attains an efficiency of half the Car-not limit,a Rankine cycle process using flat plate collectors would only achieve athermodynamic efficiency of 
perhaps 7 percent. If the thermal and other
losses from the solar collector are included, the overall 
system efficiency,
i.e. insolation to mechanical work, will be only about 3 to 4 percent
assuming that the efficiency of the collector is about 50%.
 

If electricity is to be produced from sunlight using thermodynamicprocesses, it is therefore clearly advantageous to generate the highestpossible temperatures at the hot side of the cycle. Concentrating solarcollectors, or systems using reflectors to focus sunlight, are 
therefore
much more efficient at converting the 
sun's radiation to electricity than
flat plate collector systems.
 

Solar thermal electric 
systems that employ concentrating collectors

include the following design concepts.
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1. Central receiver ("power tower") systems (CRS) which are composed of afield of heliostats (mirrors) which are controlled to reflect incomingdirect solar rays to a common absorber (receiver) elevated above thefield by a central tower. 
 The energy, 
 in the form of heat, is
transferred from the absorber to a working fluid (steam, air, helium,sodium potassium eutectic 
or salts), which in turn 
is the source of heat
for a thermodynamic cycle (Rankine, Brayton, 
or combined Rankine/

Brayton) to convert 
the heat to electricity.
 

?. Line concentrators which are fields of distributed (discrete) parabolicconcentrating collectors which focus direct 
insolation upon a line with
single axis tracking and an open or 
cavity receiver or absorber. The
heat is transported from the array via the absorber pipeline and is
transferred to the working fluid of 
a Rankine power cycle.
 

3. Point concentrators 
 which are fields of distributed (discrete)
paraboloidal concentrating collectors which 
focus direct sun rays at a
point, with 
dual axis tracking

heat 

and a cavity receiver (absorber). Theis transported from the array in one concept via steam, oils, orchemical mixtures 
to a central Rankine 
power conversion system. An
alternate concept 
is to use individual power converters 
 (Brayton or
Stirling engines) for each collector module, to 
produce electricity, and
then transport electric current to 
the power conditioning facility, then
 
to the busbar.
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DISTRIBUTED COLLECTOR SYSTEMS 
 (DCS)
 

1. COOLIDGE
 

An experimental solar irrigation project sponsored by the U.S. DOE
and run by the University of Arizona has been in operation since 1980.
It provides electricity to pump 
water from three 91 m deep wells at
Coolidge, Arizona to irrigate cotton crops. 
 The power plant uses 2140
m2 of parabolic trough concentrating collectors 
to focus sunlight on
receiver tubes within 
 which circulates the primary circuit heat
transfer 
fluid: Caloria HT-43, a synthetic oil stable at high
temperatures. The 
 primary 
fluid vapourizes a low-boiling point
secondary fluid (toluene) that drives 
a Rankine-cycle turbine 
that
 
generates electricity.
 

Electrical power is fed into 
local electric-utility lines, from
which power is drawn as needed to pump about 5300 litres per minute
from the three wells, each of 
which requires about 
50 KW. Maximum
power output is rated 
as 175 KW of which approximately 25 KW is for
power plant pumps and motors. Figure 
I shows schematically the
elements of the system. 
 The Acurex collectors raise the temperature
of the Caloria HT-43 oil to around 2900C. 
The oil is then circulated
through a 30,000 gallon 
 (114 m3) thermal storage tank. A
disadvantage 
with this particular thermodynamic cycle is that the
pressure in the 
condenser is below atmospheric, thus raising the
possibiity of 
air leaking into the system. Toluene forms explosive

mixtures with air at low concentrations.
 

Turbine 

"' ~ Generator 

Vaporizer 

Oil Storage 

Tank
 

Toluene
 
Liquid
 

WaterP
 

Figure 1. Diagram of Coolidge Pumping System
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2. 	ALMERIA
 

As another example of a DCS system we 
look at 	the Small Solar
Power Systems Project (SSPS) initiated by the International Energy
Agency (IEA). 
 Supported 	and funded by eight European countries and the
U.S., the SSPS is part 
of the 	IEA Research and Develooment program
which is aimed 
at applying and demonstrating those 
new or 	improved
energy technologies that 
offer significant potential 
for 	contributing

to future energy needs.
 

The principal objective of the SSPS project is 
to examine in some
detail the feasibility of 
using solar radiation tu generate electric
power for possible application 
 either 	in established grids or in
communities 
 whose 	 geographical situation 
 renders conventional
electrical supply techniques difficult and costly. 
Evaluation is to be
performed with respect 
to two 	dissimilar enqineering approaches. A
solar farm or 
DCS 	using parabolic trough collectors is to be located
adjacent to a central receiver system (CRS) usinq a field of

heliost ts.
 

The cechnical and operational objectives are compare
to both
technological concepts, 
 based on the same design philosophy and
operated 	under the 
same environmental conditions. 
 The 	SSPS-DCS plant,
which has 
a rated 	 output of 500 KWe, utilizes the pilot-system
experience of Acurex 
in building irrigation plants 
in New Mexico and
Arizona, 	as as
well 	 of the German company M.A.N. in operating similar
systems 	in Spain, Mexico, and Australia. The plant has 
two 	collector
fields of approximately equal size (see Table 1). 
 One 	field ismade up
of 10 loops of fO collectors manufactured by Acurex; the 
other field
consists 	of I' jops of 6 collector modules developed by M.A.N. 
 Both
of these collector designs are line-focusing parabolic trough types.
 
The Acurex collector is arranged to track the sun 
in a single-axis
mode, the rotationdi 
axis being oriented in the east-west direction.
The 	M.A.N. collector modules employ two-axis 
tracking 	for orientation
in azimuth and elevation. Application 
of 	the two design concepts in
the same 	location offers the opportunity to compare life-cycle costs
versus 
annual energy output under realistic conditions.
 

The heat transfer and power conversion systems 
of the 	DCS have
been designed with three heat transfer loops.
 

1) The 	first loop takes low temperature oil, 
Caloria

HT-43 at 
225°C, from the bottom of a thermal storage
tank, circulates it through the collector fields, and
 returns it at a temperature of 295 0C to the top of the
 
storage tank.
 

2) In a 	second loop, a boiler takes the hot oil 
from the
storage 	tank, discharges the thermal energy to the
steam loop, and returns the oil 
to the thermal storage

tank.
 

3. 	The third loop circulates water through the boiler and
then expends the generated steam through 
a turbine

generating electricity. The low-enthalpy steam 
is

condensed and pumped back to the boiler.

Figure 2 shows a simplified diagram of the DCS process

flow.
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Table 1.SSPS Distributed Collector System-Performance Data D.3 

Design day 80,12:00 (equinox noon)

point: solar insolation 0,92 kW/m2
 
Collector 	 ACUREX collector, model 3001 2674 m 2 

fields: 	 60 groups in10 loops
 
MAN collector,
 
model 3/32, "HELIOMAN" 2688 m2
 

84 modules in 14 loops
 
total aperture area 5362 m2
 

concentration ratio ca. 40
 
land-use-factor (ACUREX/MAN) 0,27/0,32
 
heat transfer medium thermal-oil (HT-43)
collector inlet temperature 2250C 
collector outlet temperature 2950C 

Thermal 	 one-tank-thermocline, 
storage: 	 storage medium thermal-oil (HT-43)

capacity equivalent to 0,8 MWhe 
hot/cold temperature 295oC/2250c 

Steam 	 HT-43 inlet temperature 2951C 
generator: 	HT-43 outlet temperature 2250C 

steam outlet temperature 2850C 
steam pressure 25 bar 

Power solar insolation 4933 kW
 
(at design thermal 2580 kW
 
point): gross electric 577 kW
 

net electric 	 500 kW 
Efficiencies thermal/gross electric 22,4%
(at design thermal/net electric 19,4%
point): insolation/net electric 10,1% 

COLLECTOR STORAGE SYSTEM POWER CONVERSIONFIELDSI SYSTEM
 

ACUREX FIELD 

I STEA M ----- GENERATORG 
l STEAM

TURBINE
!MAKAN-
FIELD PUMPS 

BUFFER FCV rCONDENSE RI 

{MAN
 

I'ELD
 
I,­

2\& Simnplifie'd schietnatic diag'ram oJDCS pro css Jhow L.t.' 
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Fi:atkr . The parabolic-trough single-axis tracking collector by Acurex. _
 

C). .. ' 0.-:.__-* 


* The two-axis iracking concentrtor by M.A.N., in tew isition with faces down. 

7 
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CENTRAL RECEIVER SYSTEMS
 

Eight central receiver system experiments and pilot plants are now in
operation or under construction throughout the world, each with the output

power of one megawatt or more of thermal energy. Two of these systems are
 now operating in the United States and France, and six more--located in the
United States, France, Italy, Japan, and Spain--are under construction. All

told, they represent an investment of at least o250 million.
 

One of the first relatively large systems, 
a I HWt solar furnace con­structed by the French at Odeillo 
in the Pyreness Mountains, was converted

in the late 1970's to generate electricity for demonstration purposes.

this application, the thermal power was 

In
 
removed from the receiver by means


of a hot-oil heat-transfer loop to thermal 
storage, or directly to an oil­to-steam heat exchanger to operate a steam turbine coupled electric
to an 

generator.
 

As a solar furnace, the Odeillo plant develops temperatures up to
3,000°C without the need for direct flame-firing of test specimens 
or use
of heat-exchanger enclosures. Sixty-three heliostat mirrors, controlled by

computers, reflect the sun's radiation onto a parabolic mirror which in turn
 
concentrates the radiation on the fixed-focus area.
 

The Central 
Receiver Test Facility (CRTF) installed in 1977 at Sandia

National Laboratories in New Mexico is bed for components and
a test 

systems for the Barstow, California, pilot electric plant. 

sub-

Its sophisti­cated tower contains three test bays served an
by elevator. The field
consists of 222 heliostats which can focus five megawatts of thermal power


into a test bay.
 

The recently completed 
1OMWe Barstow steam plant is connected to the
Southern California Edison 
utility grid, and could potentially serve the
needs of a community of 6,000. 
 Its storage system is designed to provide 7
 
MWe for four hours.
 

A two-megawatt electric plant is under construction at Targasone,

Odeillo. Two towers will 

near
 
allow the testing of one receiver subsystem while


another subsystem is being installed or modified. Molten salt will be used
 
as 
the heat-transfer fluid and also as the thermal-storage material.
 

A third Spanish plant, a 1 MWe facility to be built at the Almeria
site, is receiving assistdnce from the United States 
in the use of newly­developed design methodologies and computer programs. All three plants are
 
expected to be operational by 1982.
 

Under Japan's Project Sunshine program, two pilot plants with different

design approaches have been constructed at Nio, Kagawa Prefecture,

Shikoku, 

on
 
one of Japan's major southern island. Capable of producing 1,000


kWe each, the two plants are now operational.
 

Figure 5 shows the basic components of a central receiver system.
 



FIGURE 5. 
CENTRAL RECEIVER SOLAR THERMAL POWER SYSTEM 

AUXI LIARY POWER 
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Source: ERDA, Central Receiver Solar Thermal Power System - Phase I, 10 MWe Pilot Plant, Washington, D. C.,
1976. 
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1. ALMERIA
 

The SPSS - CRS plant has a rated output of 500 kWe. Solar radiation is
concentrated about 450 times by a heliostat field with approximately 4000 m
of reflective surface. The Martin Marietta first-generation heliostatstrack the sun both in asimuth and elevation, with a maximum pointing errorof about 2 mrad whenever the wind speed is lps than 13 km/h. The field 	is
designed to survive wind speeds
2	 

of up to 144 km/h, seismic activities of0.6 m/s , 	and the impact of 20' mm hail 
at 20 m/s. Additional performance

data is indicated below in Table 2. 

Table 2. SSPS Central Receiver System-Performance Data L.I 

Design day 80,12:00 (equinox noon)

point: solar insolation 0,92 kW/m2
 
Heliostat total reflective surface area 2
4000 m

field: concentration ratio 
 450 

land-use-factor 0,22

Cavity heat transfer medium Sodium
receiver: 	 aperture size 9m2 

active heat transfer surface 16,9 m2 
inlet temperature 270oC 
outlet temperature 5300C 

Thermal 	 two-tank-system, storage medium Sodium 
storage: 	 capacity equivalent to 1,0 MWhe 

hot storage temperature 530IC 
cold storage temperature 275"C 

Steam 	 sodium inlet temperature 5250C 
generator: 	 sodium outlet temperature 2750C 

steam outlet temperature 510''C 
steam pressure 100 bar 

Power 	 solar insolation 3675 kW
(at design 	 thermal 2283 kW
point): 	 gross electric 600 kW 

net electric 517 kW 
Efficiencies thermal/gross electric 26,3%
(at design thermal/net electric 22,6%
point): 	 insolation/net electric 14, 1 



Transfer of thermal energy in the sodium cooled system is performed at
high temperature (530'C) and low pressure (4 bar). The incoming energy(2.7 MWt at the design point), which produces peak fluxes on the tube bundle
of the receiver of 0.63 MW/m 2 , is passed through a storage systemboiler. The third to theloop generates steam and delivers it to the turbines at510'C and 100 bar.
 

The German designed cavity-type receiver 
has a vertical octagonal
aperture of m29.7 . Sodium flows in six horizontal parallel tubes whichwind back and forth from the bottom to the top of the cavity. Sodium enters
the inlet header at 270 0 C at the bottom of the andpanel leaves the outletheader at 530% 
 near the top. The receiver is mounted on top of a 43 m highsteel tower with a concrete foundation.
 

A cold sodium vessel 
3 

and a hot sodium vessel, each having a volume70 m , provide storage for the CRS. 
of

Sodium enters 
the hot storage vessel
from the at isreceiver 530c, pumped to the helical-tube steam generator,then is returned to the cold sodium vessel 
at 275 0C. 
The power conversion
unit is a steam-driven five-piston motor coupled to a three-phase generator.The operating conditions of this unit are indicated below. 

Thermal input (steam) 
 2200 kWt

Inlet pressure 
 100 - 102 bar
Inlet temperature 
 500 - 520oC 
Back pressure 
 0.3 bar

Speed 
 1000 rpm

Motor 
 845 Hp
Gross output 600 kWe 
Net output 
 562 kWe
 
Efficiency (gross/thermal) 27.3 %
 
Efficiency (net/thermal) 25.5 %
 

HELIOSTAT SODIUM HEAT-TRANSFER POWER CONVERSIONFIEtD SYSTEM SYSTEM SYSTEM 

-I 

PUMP STEAM-2 MGTOR 
-- -r- -S T E A M / 

S N r' TGENEATORP 

RECEIVER " G.§Li 

IHOT STORAGE COOLING 
TOWER 

PUMP 

COLD STORAGE 

F, b. Simplified schematic diagram of CRS process flow .3 
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The 43-rneter-iegh receiver tower 
as seen from the ground, with aview ofthe back of rthe soium 
receiver. l.) 
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J 

The cavity-type sodium receiver of the CRS isshown mounted on the receivertower. In this photograph, the receiver doors are closed, showing a single
heliostat image. i.3 
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Closeup of tie CRS heliostat field shows the Martin Mariettafirst-generationl­
type helibstats, some of which are in the stowed position with the reflecting
surface facinlgdowvnward (foregrounid). [I.] 
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2. BARSTOW
 

A central receiver 
pilot plant capable of generating 10 MWe is in
operation near Barstow, California. This project is the first of its 
kind
in the U.S. and will 
be a pilot operation for judging the feasibility of
 
central receiver systems.
 

Seven major systems are involved in total plant operation: the collec­tor, receiver, thermal 
storage, master control, plant support, beam charac­terization, and electric power generating systems. 
 (The first six of these
make up the solar facility.) The heliostats of the collector system reflect
solar energy onto the receiver mounted on a 90.8 m (298 ft) 
tower. In the
receiver, water is boiled and converted to high-pressure steam (516C and
10.3 MPa; 
960OF and 1465 psia), which is then converted to electrical energy
by the turbie/generator. Any steam 
from the receiver in excess of the
 energy required (35.7 MWt) for the generation of 10 MWe net power to the
utility grid is diverted to thermal storage for 
use when output from the
receiver is under that needed for rated electrical power.
 

When the turbine 
operates directly on steam from the receiver, the
pilot plant's rated output is 10 MWe plus 
1.8 MWe parasitic loads (internal
plant loads). When operating from the thermal storage system alone (274C
and 2.7 MPa; 5250F and 385 psia), the net electrical output is 7 MWe.
Overall efficiency of the system ranges 
from 13.5% (full insolation day) to

11.1 % (full energy storage operation).
 

Collector System
 

The collector field, consisting of 1818 Martin 
Marietta sun-tracking
heliostats, has a total reflecting 2
area of 72,538 m (781,740 ft2 ) and
is divided into four quadrants. Each heliostat is made of 12 slightly con­cave mirror panels totaling 40 m2 (430 ft2) of mirrored surface that
focus the sun's rays on the receiver. The mirror assembly is mounted 
on a
geared drive unit for azimuth and elevation control.
 

There are a total of 1240 heliostats in the two northern quadrants and
578 heliostats in the two southern quadrants. In the southern quadrants,
the heliostats are focused on each of the 
 6 preheat panel, under optimumconditions. In the northern quadrants, the heliostats are focused on eachof the 18 boiler panels so that the heat is distributed over the length of 
the panels.
 

The collector control subsystem consists of a micro-processor in eachheliostat, a heliostat field controller for groups up to 32 heliostats, and a central computer called the heliostat array controller. The annual anddiurnal sun position information for pointing each heliostat 
are stored
within this control subsystem. The heliostats 
can be controlled indivi­dually or in groups 
in either manual or automatic modes. The heliostat
 
array controller is located 
in the plant control room and is functionally
tied into the master 
control system. The plant operator can control the
collector field through either the heliostat array controller or the master
 
control system.
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The heliostats are designed to operate in winds up to 36 mph and will
 
be stowed in a mirror-down position in higher winds. Design specifications

include survivability in a stowed position in winds up to 90 mph. 
 Several
 
heliostats have satisfactorily passed tests inwhich wind-induced structural
 
loads were simulated.
 

Receiver System 

The receiver system consists of a single-pass to superheat boiler with

external tubing, a tower, pumps, piping, wiring, and controls necessary to 
provide the required amount of steam to the turbine. can
Steam demand be

varied from the control room by the operator, or the receiver system can 
react to a demand from the electric power generating system up to the 
receiver's rated output.
 

The receiver is designed to produce 516 0C (960 0 F) steam at 10.3 MPa 
(1465 psia) at a flow rate of 112,140 lb/h. The receiver has 24 panels (6
preheat and 18 boiler), each approximately 0.9 m (3 ft) wide and 13.7 m
(45 ft) long. The panels are arranged in a cylindrical configuration with a
total surface area of 330 m2 (3252 ft2). Each panel consists of seventy
Incoloy 300 tubes through which 
water is pumped and boiled. The external
 
surface temperature of the receiver tubes at rated output will be approxi­
mately 621'C (1150'F). Each receiver tube is 0.69 (0.27 in.) insidecm 

diameter and 1.27 cm (0.5 in.) outside diameter. These boiler tubes are 
made with thick walls and special metal in order to withstand the effects of

diurnal cycling, wich can cause premature metal fatigue. In contrast to a
solar boiler, conventional boilers are kept heated even when steam and/or
electrical Indemand is low. a solar receiver, the heat source disappears
when the sun is obscured or not shining, and the boiler cools. When insola­
tion returns, the boiler is reheated.
 

Within each panel, all tubes are welded to the adjacent tubes for their
 
full length on the 
outside surface only. The receiver panel exterior is

painted with a special black paint ("Pyromark") to increase thermal energy
absorption. 
 The interior surface of the receiver panels is insulated.
 

The tower, 'iolding the receiver 90.8 m (298 ft) above the desert floor,

has a 7.6 mn(25 ft) deep footing and a 1500 ton concrete base. The tower is

equipped with a temporary crane for installation of the receiver panels.
The wide area 
of the tower beneath the receiver houses air-conditioned rooms
 
where the receiver computer controls and some of the beam characterization 
system are located. 

Thermal Storage System
 

The thermal storage system provides for storage of thermal energy to
 
extend the plant's electrical power generating capability into nighttime 
or

during periods of cloud cover. It also provides steam for keeping selected

portions of the plant warm during non-operating hours and for starting up
the plant the following day. Sealing steam is required in the turbine 
casing even when it is not running. Even though the primary source for this
 
turbine sealing steam is thermal storage, a small auxiliary electric boiler

is standing by in case the thermal storage system is depleted or not
 
operating.
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The storage tank is 13.7 m (45 ft) high, 19.8 m (65 ft) in diameter(inner), and built on 
a special lightweight, insulating concrete for reduc­ing heat loss to the ground. The walls are made of steel and 30.5 
cm (I ft)
of insulation and 
3 

the roof is aluminum plus 61 cm (2 ft) of insulation.The 3581 n (946,000 gal) capacity tank, filled with rock, sand and about908 m3 (240,000 gal) of thermal oil (Caloria HT 43), acts as a heat stor­
age vessel or unit.
 

Desuperheated steam from the receiver is routed through dual heatexchangers in which thermal 
storage oil is heated. The heated oil 
is pumped
back into the tank and thermal energy is transferred to the rock and sand.When fully charged, the temperature of the thermal 
storage mixture (oil,
rock, and sand) will be approximately 302'C (575'F). When discharging, the
heated oil 
is pumped through another heat exchanger to boil water. Steam at
274C (525'F) and 2.7 MPa 
(385 psia) can be delivered to the turbine at a
rate of 105,000 lb/h. The rated electrical capacity of the plant operating
on thermal 
storage energy is 28 megawatt-hours (28 MWe-h) net output, i.e.,
7 MWe power for 4 hours. After discharging, sufficient thermal 
energy will
be available for heating, sealing steam, and r.estarting the plant the next
 
day.
 

As do other plant systems, the thermal storage system has its 
own con­trols and also can be controlled both manually and automatically through the
 
master control system.
 

View of the tower with it' bo)iler re­
ceiver louttufi',d (it its apex..4 mant is 
standing beneath and to thet left ot the 
rceeiiverbehind the railing. U21 
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The 10 MWe Solar One Central Receiver System in
 
California. Over 1800 heliostats focus sunlight
 
onto the receiver.
 

-, -**,
 

J~" m . . . ' , , ' -'" ­. .. 
 ' " °-


The receiver under load. About 70 MW of enerqy is
 
focused on the absorber in the center of the field.
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The capital cost of the Barstow 10 MWe CRS plant is cstimated at 141Annual operating and maintenance costs are estimated as 
M$.
 

3.7 M$. Construc­tion took 5 years. 
 These data permit us to make an estimation of the cost
of the electricity that will be produced by the plant.
 

The capital cost of 141 M$ does not 
include interest charges
Construction costs on the loan.
are 141/5 = 
28.2 M$/yr for 5 years. We assume interest
is charged at 15% annually. 
 The total capital cost, including capital
charges, is therefore given by:
 

= (1+ 0.15)5 -_1x 
 28.2 = 190.14 M$
 
0.15
 

The capital recovery factor (CRF) for this debt, based on 
15% interest rate
and a 40 yr lifetime, would be:
 

CRF (0.15, 40) 
 = 0.15 
 0.15056
 
1 - (1 + 0.15)-40
 

So the amount paid annually in capital charges 
is 190.14 x 0.15056 = 28.63 
M$/yr.
 

Operation and maintenance costs 
are 3.7 M$/yr, so total annual costs may be
estimated as 32.33 M$/yr.
 

How much electricity will 
the plant produce? This to
is very difficult
estimate at this stage in the development and demonstration of CRS plants.
 
Data for California suggest that the direct insolation is about 3200 kWh/m 2
 per year. Using this 
fiqure and 2
the total heliostat 
area of 72,538 m ,
the gross insolation is about 232.12 x 106 kWh/yr.
 

The efficiency of the Almeria CRS plant is estimated as 
about 14% (insola­tion kWh to net electric kWhe). So an approximate estimate of net electric
output for the Barstow 10 MWe plant would be:
 

0.14 x 232.12 X 106 = 
32.5 x 106 kWhe/yr
 
Assuming that all 
routine maintenance is performed 
at night, so that the
daytime plant factor is 100%, the cost of electricity produced by the sys­tem is approximately:
 

32.33 x 106 $/yr 
 0.995 $/kWhe
 

32.5 x 106 kWhe/yr
 

or very nearly $1 per kWhe.
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FOREWORD 

This Standard has been prepared by a Committee drawn 
primarily from the membership of ASHRAE Technical 
Committee on Solar Energy Utilization, TC 6.7. The' 
Committee's objective was to formulate a test pro­
cedure whereby solar energy collectors can be tested 
both indoors and outdoors, to rate the collectors in ac­
cordance with their thermal performance, and to deter­
mine their time constant and the variation of their effi­
ciency with changes in the angle of incidence between 
the sun's direct rays and the normal to the collector 
aperture. 

Standard 93-77 is based upon the Interim Report 
NBSIR 74-635, prepared for the National Science Foun-
dation/Energy Research and Development Administra­
tion by James E. Hill and Tamami Kusuda of the Center 
for Building Technology, National Bureau of Stan­
dards. Following an organizational meeting at 
ASHRAE's Annual Meeting in Dallas in 1976, Commit­
tee 93 held many day-long sessions during which each 
section of NBSIR 74-635 was carefully reviewed. Task 
Groups formed by the Committee formulated revised 
versions of each section of the report, and added a con­
siderable amount of new material which provided for 
methods of indoor and outdoor testing, for determina­
tion of the collector time constant and the variaion of 
collector efficiency with changing angle of incidence. 
Instrumentation also received special attention. Provi­
sions for testing both concentrating and flat-plate col­
lectors are included. 
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NOMENCLATURE 
t, = anibient air temperature, °C(F)a,b = constants used in incident angle modifier i =equation, dimensionless 
t., 

average fluid temperature, 'C(F) 
= temperature ofA = cross-sectional area, 2 (ft) the transfer fluid leaving themA, = transparent frontal area for a flat-piate collector collector. 'C(F) 

or aperture 
t I.,..u,,,,,, = temperature of transfer fluidarea for a concentrating collector, leaving the

collector at the beginningm (ft') of a specified time 
= gross collector area, n-(ft2 ) period, 'C(F)A9 = ai of nozzle, l2(ft2 ) tfer . temperature of tie transfer fluid leaving theA, = absorbing area collector at a 'pecified time, 0C(F)of a flat-plate collector or the t, = temperature of the transferreceiving fluid entering thearea of a Loncentrating collector,in2(ft2 ) collector. 'C(F) 

b, = constant 
to average temperature of the absorbing surlace forused in incident angle modifierequation, dimensionless a flat-plate collector, 'C(F)

C, = effective r, = a ,erage temperature of the absorbing surface forheat capacity of the solar collector,
J/ 0C(fltuiF) a concentrating collector, 'C(F)


C, = At = temperature difference, 'C(F)
nozzle coefficient ofdischrge, dimensionless U= solar collector heat= specific heat of the transfer transfer loss coefficient,(ltu/(lbm F)) fluid, J/(kg.°C) W,'(rn. 0C) (Btu/ (hr ft2 . F))V, = velocity of theD,, = nozzle throat diameter, m(ft) 
air at the nozzle throat, r/s 

f' (ft/nin)= temperature factor 'or calculation of nozzle v,Reynolds number, dimensionless = specific volume of the air at the nozzle atF' standard barometric pressure,= rnl''kg dry airabsorber plate effiiency factor, dimensionle.sFr = solar collector heat removal (ft lbm dry air)factor, dimension- VI specific volume of air at the nozzle per unit massless 

I = solar irradiation, \V/m Blu/(h r 

of air-water vapor mixture, m',,'kg (ft (bin)
ft 2 ))
11) = w density, kg' n (Ibmi/t)direct solar irradiation component W/rn-2(Btui W,, = humidity ratio at(hr ft)) the nozzle, kg H,O,,kg dry air 
IN = direct normal solar irradiation, W/m-(ltu/(hr 

( lbn 14 0/ Ibm dry air)a = absorptance of the collector absorber surface forIt ))

Id = diffuse solar irradiation incident tupon 

solar radiation
 
tlie Faperture plane ofcollcctor, W/m'(itu/(hr f:)) 

= fraction of specularly reflected radiation front
I" = solar constant, I 353 W/ ni-(429.2 131, (hr 

the reflector or refracted radiation which isft)) intercepted by the solar collector absorbing1, = total solar irradiation incident upon the aperture surfaceplanc ofcollector, \V/n:( Ilu/( hr. ft-2))K = factor defined by equation (8.7), dimensionless y= collector-solar a/iinitt h, deg
K = 

0 = angle (if incidence between direct solar rays andincident angle modilier, ditnetIsioilCss 
LST tie nor mal to= the collector surface orlocal s andard time, decimal hours to tile 
LSTM = aperture, deglocal standard little meridian, degAST = = solar altitude angle, degapparent solar time, decitial hours
in air mass, dintensionless 

t4 
= solar azimuth angle, deg

= collector azimuthr angle, (measuredmass flow rate ol the transfer Iluid, kg/s from the 

Ibn/hr) south in the hori/onltl dlate).leg
= collector efficiency based ot gross collector area,= Reynolds n'niber, dimensionless 


pil = theoretical power retliuired 
 " to move tie transfer Afluid throughl tie collector, W(lhp) = avelength, y in
P,, = stpecular reflectanceabsolute pressure at the of the solar collector re­nozzle tIhroat, TlectorPa(lbf/in. 2 ) T tile, decimal hours or secondsP, = velocity pressure at tire no//Ic throat or tile static
pressure difference T transtuittiance of lie solar collector
across tie ito/,Ic, cover plate.

l'a(Ibf/in.-') dinensionless (f ito clner plate is used, r=1.0)(TOa). effectis e ran.s.litiLLLce-absorptaniceAp = product, di-Ap,, pressure drop across the collector, l'a(lbf,'in.-) iensionless= pressure drop across tlie nozile. Pa(Ibl/in. (ra),., = effective tranitsnituance-absorltianteQ,,, = measured air flow rate, ill '/i product atft '/tnin), standard air flow rate, in= nornial incidence,'s(ftttT,) . T, = tine at tie beginning and endqn = rate of useul of a test period,energy extraction from thecollector, W(Btu/hr) decimal hoiurs 
= collector tilt from tie horizontal, (eg 
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i. ILIlPOSE 

1.1 The purpose of this standard is to provide test 
methods f'or determining tile thernmal performance of 

solar energy collector modules (hereinafter called solar 
collectors) w,hich heat fluids for use in thermal systems. 

2. SCOPE. 

2.1. This standard applies to non-concentrating and 
concentrating solar collectors in which a fluid enters tile 
collector through a single inlet and leaves the collector 
through a single outlet. 

2.1.1 Collectors containing more than one inlet and 
more than otie outlet may be tested according to this 
standard provided that the external piping or ducting 
call be connected so as to provide effecti'ely a single in-
let and a single outlet. 

2.2 The heat transfer fluid (he1 einafter called the 
ransfer !1uid) may be either a liquid or a gas but not a 

mixture of tlie two phases. 

2.3 This standard contains methods for conducting 
tests outdoors under natural solar irradiation and for 
conducting tests indoors under simulated solar irradia-
lion. 

2.4 This standard pro, ides test methods and calcula-
lion procedures for determining steady state and quasi-
steady state t'herial per formrice, tie aid angular re-
sponse characteristics of solar collectors. 

2.5 This standard is not applicable to those collectors 
in which the thermal storage unit is an integral part of 
the collector to such an extent that the collection process 
and the storage process cannot be separated for the pir-
pose of making measurements off hese two pro~ces.ses. 

3. I)E.FINITIONS 

3.1 Absorber. The absorber is that part of the solar 
collector which receives tile incident radiation energy 
and transforms it into thermal energy. It lay possess a• 
Surface thiroughi which energy is tramisniited to lie 
transfer fitrid; however, the trarrsfer flitid itself" can be 
the absorber. 

3.2 AbsorberArea. The absorber area is tile total heat 
transfer area from which the absorbed solar irradiation 
heats the transfer fluid, or the area of the absorber 

eiediunm if both transfer fluid aid solid surfaces jointly 
perform the absorbing function. 

3.3 Air Mass. The air mass is tile ratio of tie mass of 
atmosphere il the acttal earth-sun path to the rrass 
\\hich would exist if tire sun were directly ,)\erlieLd at 
sea level. 

3.4 Angle of Incidence. The angle of incidence is the 
angle between tihe direct solar irradiation and tile nor-
niai to the aliertLire plane. 

4 

3.5 Aperture Area. The aperture area is tile maxilum 
projected area ofa solar collector through which te un­
concentrated solar radiant energy is admitted. 

3.6 AIr-a, (ross Collector. Gross collector area is tile 
inaxiLunil projected area of' the complete collector 
module inclUding integral mounting means. 
3.7 Cllector, Concetrating.'. A concentrating collcc­

tor is a solar collector which uses rcflectors, lenses or 
other optical elements to concentrate tie radiant enerv 
passing through tile aperture onto an absorber of which 
the sur face area is smaller than thi: aperture area. 

3.8 Collector, Flat-Plate. A flat-plate collector is a 
non-concentrating 	 solar collector in which the absorb­
ing surface is essentially planar. 

3.9 ConcentrationRatio. The concentration ratio of a 
coincentrating solar collector is the ratio of tile aperture 

area to tlie absorber area. 
3.10 Cover, Collector. The collector cover is tile 
material covering the aperture to provide thermal and 

en irotientalprotection. 
3.11 Irradiatior, hI.stantatteous. Instantaneous irrad­
iation is tle qtantity of solar radiation incident on a 
unit surface area in unit ttie, measured in W/ni'(Btti 

(hr' ft')). 
3.12 Irradiation, Integrated .I rera'e. TIre average in­
tegrated irradiation is the solar radiation incident on a 
unit sirface area during a specified tine period divided 

by t he duration olthat tirne period. 
3.13 Instantaneous lEfficiener. The instantaneous effi­
ciency of a solar collector is tile aliouiit of energy 
removed bv ie trarsfen lid per Lnit of gross collector 
rnoe ~ ieiase li e nto rs olcoarea during tle specified time period divided by the total 

solar radiation incident on the collector per unit area 
during tile same test period, Under sleadV state or qUasi­

seadyhsltae. 
3.14 PIrranometer. A pyrarionleter is a radiometer its­

ed to neasure tile otal solar radiation incident upon a 
surface per unit time per unit area. This energy includestr ietrda otleiifue;vrda oiai h 
file direct radiation, tile diffuse A;k radiation and tile 
tolar radiation reflected from the foreg round. 

3.15 Prlhelioneter.A pyrhelionecter is a radiometer 
used to measre tie direct radiation on a surface normal 
to tie sti' rays. 

3.16 Quasi-St'eadli State. (tiasi-,tai,d stare dcecribes 
the ,tate of the solar collector test when the flow rate 
aid nemperattire of the fluid eniering the collector are 
conrstanrt bti1 thit t'lulid teniperaitire changes tie to 
the norral claige in irradiation that occ.rs \ith tire 
for clear skv condit iois. 

3.17 Solar Collector. \ solar collector is a device 
designedII t ailsonb incident solar radiation aid r0 
traits1'er the energy to a fluid pashitg thIroughi it. 
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3.18 Standard .Air. Standard air is air weiting 1.2 
ku, 111'(0.075 lbil k''), and is equivalent in densitydry air at a temperature of' 21.10C (7OF') and 

to 
a

b:roiuetric pressureo l' 1.01 x 10' Pa(29.92 in. Hit). 
3.19 Standard Iharonetric Pressure. Standard 
barolci ric pressure is I .01 x<10' Pa (29.92 in. Hg). 
3.21) Tenveratture, .Inhient ,.tcr. Ambient air 
lelperattire is lie tenperat tire of tile air immediately
sIrrounding the solar collectors being tested. 
3.21 Time Constant. The time constant is tie timerequired for tie Iluid leaving a solar collector to attain 
63.21% of its steady stare %alue f*ollowing a step change
it irradiation or inlet fluid lemperature, 
3.22 Total Incident Irradiation. Total incident 
irradiation is tile total solar radiant energy incident 
upon a unit surface area during a specified time period,e::pressed in (W\Vhr)/rti(13ltu/ ft -) 

3.23 Trothafer Fluid, Ileat. The heat transfer flitid is
(ie meditm , such as air, water or other fluid, which 
passes through trie solar collc.tor and carries the ab-s\orbed ihernial energy asav f'ron tile collector, 

4.1 Solar collectors may be classi lied according to
their collecting chaiacteristics, tie way in which tie', are
mourned tic., stationary or stnir tracking) and tie type
Of ralliser fleIlid which Ihey elploy. 

4.1.1 Colltig C lar'cerisics. A nor-cOi-
ceriratinig or flat-plate collector is one in which tire solarradiation absorbing surface is essentially flat arnd in 
ss
iiclr tire aperture and the absorber are similar ill area
anrtd geumetry. A corccntrating collector is one whic
usually conttaiins rel'lctors or other optical tteants to
colcetlrale tie energy enterig tlrotilt tire aperture to
he itncident upon a heat absorber of sulrfacc area snialler 
Ihan IIie aprerr . 

4.1.2 Montinug. A solar collector call be itounted 
in a stationary position with a f'ixed azirlluth and tilt 

rle (riteastired frr tire htorizonrtal) or itritay be ad-

iustable its to tilt arnele to 
follow tie annual Chairges in 

,,,n:1riiiadecL,Iirurcinal orr; it may also be designed to
arid az.iinnuIh (ahta,'iiruth nriourtitg) or 

its appareilt 


track inl 
daily rot it)i abolll tile earth (polar or
citaorial ntoiretirtg), 


4.1.3 i'peo 'Flhid. \ collector nay use cither a lie-Ilid OF I as ats tIre t rarsller iDCditiIn. 
N.• R:QLIpI;~I.ENr 

.1 Solar collec(ors shall be tested in accordance syrtlI
lie provisions elfoIth in this Section and ill Section 8. 

5. I. I Ftecollector whose ltherlal perforiance is itbe tested it accordance wilIthis docurilent shall he pre-

ASI IRAE STANDAR 1)93-77 

conditlioned prior to initiation ol tile test. Pre­
conditioning ;hall consist of stagnation heat inoperational mode in a non­a dry condition for three days in
which the cumulative mean incident solar radiation 
measured in tile plane of the collector shall be not less
than 4722 (\(. hir)/(n 2 •day) ( 1500 l3tu,, (ft day)). The 
exposure angle shall be the angle of rest speci fied herein. 

5.1.2 Testing.'o full scale modules is preferred . The
size of'collector to be tested shall be large enough so that 
the performance characteristics determined will bedicate of (hose that would mctr when the collectorin-is 

parr of an ins talled system II Ilie collector is modular 
and the test is being dlone on otnc 1otlue, it should beMiOLCted and insulated in such a way that the back andedge losses will he characteristic of' those that will occur 
duriri operation on a strctire. 

5. i 1.3 For lteSts corrdlicied outdoor,, to determinethCrmal elfiicircy, the collector shall be mounted inlocation asuchr that there will be no significant energy
rflCctCd or reradiatcd onto [lie collector front surrou ­
ding btiildihgsorany other surf'aces in the vicinity of thetest stroad for [lie duration of (lie test(s). This require­
menit will he satistied if the .rorid and innediately ad­jacent l'oreground surfaces are diffuse reflectors with areflectance of less than 0.20. If signi ficant reflection call 
occur, pro ision shall be nLde to shield the collector b*
rite use of a lollref'lective shield. li addition, tie test
stand ,li:ll be located so that no shadow will be cast on­to tie collector by aty obsiruction at ary tinle duringtlie test period. 

5.1.4 For tests cOIdtrceLd oUtLdoor)s to0 deternirine
Iherrral Cf'iciCncyv, tie tests S1,all he coidUcted at tines 
ha llt- wet.' herCItCndliu, such that Ire integrated
.lC11ageCirraditiitrnIsll imsred ill tie plalle of' tie coilec­
[01' on ,periUre, rClpOrtCd, alltdLused for tire COrtlpttatlio

of i,, l;inraI..ou, Lllicicic 
 aluc, shall be to les I(hall
('3( \V In'(20t)0 1lt '(tr f'[). Sptecific i:radiatiort values
dial cart be cspei cld for clear sky' conlditiorts are sliot,.ii
il Fables .\ I Ilrou-h .\ taken 'ront Rct'enctc 1. More
 
,.lkIllalte eslirriate, can be 
 trade using tlie Fables itt con­

mcimorn .\5 (Clearness NittbersMilr (seecReference 2, p. 
- i,, 3) 

5.1.5 theFor tests corrtlricted to dletrtnlire therriial ec'fi­
ncicyV a Itnear-trorlal incidence conditions, tile orienta­lion ofttie collector ,1iall 
 be such that the incident angle(rticasurcd f'rore Chcilortal to tire collector Nurt'ace or

aperture) is les; ihan 30°ltiritng tlie perioddata ill wlhich testare beiing taken. Arngles o1' ircidCece may be esri­
itt,,matei f'ron 
 Fables A7 through .-\12 taken fronl Refer­ence 3. Nlore accuralte esitiales calt be iiade using tireplOce titres outlired iu Rel'erence 2, p. 26.3; Reference 
4, pp. 282-292; alld Reference 5,Chapter 58. 

5. 1.6 For tests conducted to determine thermal clii­
cieics at ilnincilent aIgleIioCdifier for a,flat plate collec­

5 

http:sliot,.ii
http:Pa(29.92
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tor, the air velocity across the collector surface shall be 
measured and recorded as part of the test data. The
elocit me.asuremrent shall be made in the immediate 

vicinity of the collector, at a height corresponding to the 
nid-height of the collector, and a,1a location where the 
velociiy sensor is not shielded from the wind and tile 
sensor does not cast a shadow on the collector during
le tests. Wind direction dUritg ach test hall also he 

determined and reported. 
5.1.7 For tests conducted outdoors to determine 

collector thermal efficiency, the range of ambient tern-
peratures for all reported test points comprising the effi-
ciercy curve shall be les,, tIan 30'C (54F). 

5.1.8 The transfer fluid used in the solar collector 
,hall have a known specific heat which varies by less 
than ).5% over the temperature range of the fluid dur-
ing a particular test period. The density of the transfer 
fluid shall also he known and it shall not vary by nore 
than 0.5% over a particular test period,
6. INSTRUMEN'ArION 

6.1 Solar Radialion Measurement 
6.1.1 A pyranorncter shall be used to measure the 

total short wave radiation from both the suti and the sky
and a pyrhelionieter shall be used to measure tile direct 
normal irradiation. The irtstrurnents shall have tie 
folluwing minimum characteristics, which are consistent 
with current practice and/or the requirements of a first 

class pyranometer or pyrheliometer as classified by the 
World Meteorological Organization (WMO) [,.16,8__ 

Siuninarn of Itrf ma oct5pec 

Sensitivil. 'labilily Itvnt ralore 

I , C111. 
PI hei nn'rier -0.4 1.0 

'If) 

±"ti 

1, htanbon :t . 1eer 1(.0 1.0 

6..1.1 Change of Response )ue to Varialion inA,.mient Temperature. The instruments shall be equip-
ped with a built-it temperature cotnpensat ion circuit 
and have a temperature sensitivity of less than ± I o over the range -20 to +40'C (-4 to + 104F). 

6.1.1.2 Variation in Spectral Response.

h'yrantometer and pyrlheliorneter errors caused by a 

departure fron tile required spectral response 
of the 

sensor shall iot exceed 
 - 2% over thk! ranle of interest. 
The WMO specification for a first class pyranonneter is 

0. 

6.1.1.3 Nonlinearily of RespoMe. Unless the 
pyranometer was supplied with i a calibration curve 
relating the output to tile irradiation, its response shall 
be \within ± 11176of being linear over the range of irradi-
ation existing during the tests. 

''"" 'ii,,h,,,.I.,I .i ecjre'c,,ij ,,I i, .., ,,, 

6 

6.1.1.4 Time Response of Pyranometer and 
Pyrheliorneter. The time constant of tilL pyranotneter,
defined as the time required for the instrument to 
achieve a reading of I - lie = 63.2% of its 'inal reading 
after a step change in irradiation, shall be less than 5 
seconds. Ihe tile constant for the pyrheliotneter shall 
be less than 25 seconds. 

6. 1.1.5 Variation of Response with Angle of In­

cidence. Ideally the response of the pyranometer is pro­
portional to tile cosine of the incident angle of the direct 
solar radiation and is constant at all azimuth angles.
The pyranometer's deviation from a true cosine 
response slall be less than + I1%for the incident angles 

encountered during the test(s). 
6.1.1.6 Precautions for Eftects of FIumiditv and 

Moisture. The pyranonieter shall be provided with a 
means of preventing accurnulation of moisture that may 
cOInden+;e on surfaces witlhin the instrument and affect 
its readin,. An instrument with a desiccator that can be
inspected is required. Tle ambient relative humiridity and 
condition of tile desiccator should be observed prior to 
and following any daily measurement sequence. 

6.1.2 The pyranometer shall be calibrated for solar 
response .,ithin 12 mionths preceding the collector test(s)
a-ainst another pyranorneter whose caiibrationi Uricer­
tailty relative to recognized measurement standards is 
known..\nv change of more than ± 1 over a year
period shall warrant tle use of' more frequent 
calibration or replacement of the instrument. 1 tite in­

fica fiit.lSfor Solar IHditlocers 
sptciral I.inearilv 

i.'l.T - W' 
)'" 1I.0 


-2.o 
 + 1.0 

Iirne ( osine 

('orsnani R ptolst)I). n10 
<25 

strunient is damaged in any significanit manner, it shall 
be recalibrated or replaced. 

6.1.3 When a pv;rhelioier is available, it may he 
Used it)deterinie the direct component of the itradia­tion incidetilon a tiltCd p ranoneter. ihe difftuse con­
p ay also be deteried by shading the lied 
p(mtllhnlea alllie direct irradihaion . (See Sectio 
8.3.2 and Rel r . thoioroirrtal. 8 t atti. ide,. .'ioInd 
teatures which Canl afect reCtdirts shall he rioted ari 
their l'fcctoil calibration ,hall be docuniented. 

6.2 "lenlperaitire Measurements 
6.2.1 Tempera tire ineasurencnts shall be made in 

accordance with ASh RAE Standard 41.1-74 191. 

6.2... Th'e arccutracy arid precision of Iheinistrinteitis 
including their associaled readott devices shall he 

AS-H R,\E STANDAR )3-77 



151
 

within the limits as follows: 

Instrument Instrument
___Acuracy Precision 

Temperature ±0.5C (±0.19F) ± 0.2C 0.36F) 

TemperatureDif;eren'e tO.I°C (±0.18F.) ±O. IC(_0.18F) 
*The ability of the instrumcent to indicate tie true value of themeasured quantity.
"Closeness of agreement among repeated measurements of the samephysical quantity. 

6.2.3 Temperaluri Difference Measurements 
Across the Solar Collector. The temperature difference
of the transfer flUid across the solar collector may be 
measured with one of the following [10]: 

a. A type T thermopile (See Section 7.2.5) 
b. Calibrated resistance thermometers connected inl Pa (0.01 in. H.,O) for air heating collectors and ±25 Patwo arms of a bridge circuit (recommended only when 

transfer fluid is a liquid). 
c. Precision thermometers. 
d. Calibrated thermistors. 
e. Calibrated matched type T thermocouples,

2.4
6.2.4 In no case should the smallest scale division of

the instrument or instrument system exceed 2 times thespecified precision. For example, if the specified preci-
sion is ±0.10C (±0.181), the smallest scale division 
shall tiot excced 0.2 0C (0.36F). 

6.2.5 The instruments shall be configured and used 
in 	accordance with Section 7 of this standard. 
6.3 Liquid Flow Me'jremnents 

6.3.1 The accuracy of the liquid flow ratemeasurement, using tile calibration if furnished, shall be 
equal to or better than + 1.00 of the measured vahle in 
mass units per unit time. 

6.4 Inlegralors and Recorders 

6.4.1 Strip chart recorders used shall have an curacy equal to or better than ± 0.5% 

ac-
of the full scale 

reading and have a time constant of I second or less. 
The peak signal indication shall be bctwveen 50 and 
1001110 of full scale. 

6.4.2 Electronic integrators used shall have an ac. 

valuecuracy equal to or better than _±10116 of the measutred 

6.4.3 The input itlpedancc of recorders shall be 

greater than 1000 times the impedance ofthe sensors. 


6.5 	 Air Flow Measurements 

\Vheni air is Uied as the transfer Iluid, the air flow rate 


shall be determined as described in Section 7, using
instrumentation for mixing and sampling as described in 
References 9 and II. 

6.6 Pressure Measurements 
6.6.1 Nozzle Throat Pressure. The pressure 
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measurement at the nozzle throat shall be made with 
instruments which shall permit measurements of 
pressure to within ± 2.0% of the absolute pressure andwhose smallest scale division shall not exceed 2 times the 
specified accuracy [12]. 

6.6.2 Air'Flow Measurements.The static pressure 
across the nozzle and the velocity pressure at the nozzlethroat shall be measured with manometers or pressuretransducers whidh have been calibrated and foundhave an accuracy to within ± 1.0% 

to 
of the reading. The 

smallest manometer scale division shall not exceed 2.017o 
of the reading [12]. 

6.6.3 Pressure Drop Across Collector. The static 
pressure drop across the solar collector shall be 
measured with a manometer having an accuracy of ±2.5 

(0.10 in. H,O) for liquid heating collectors. 

6.7 Time and Mass Measurements 
For calibration purposes, time measurements and 

mass measurements shall be made to 	an accuracy of± 0.20°0 [12]. 

6.8 	 Wind Velocity
The wind velocity shall be measured with an in­

struient and associated readout device that can 
determine the integrated average wind velocity for each 
test period to all accuracyof ± 0.8 m/s(± 1.8 mph). 

7. APPARATUSANi) METHOD OF TESTING
7.1 Liquid as Iie Transfer Fhtuid 

The test con figurations for testing solar collectors 
employing liquid as the transfer fluid are shown in 
Figures 1,2 and 3 which are representative rather than 
exact and are tot drawn to scale. Any of these con­
figurations is acceptable provided that the test condi­
tions specified herein are satisfied. When tle circulatingtransfer fluid is susceptible to evaporation losses as 
shown in Figure 3, care should be taken to minimize and 
to account for the evaporation losses. 

7.1.1 Solar Collector. The solar collector shall berigidlv mounted to the test rack at the Pt edetermined tilt 
angle (for stationary collectors) with backing (if-t	 re­q.ired) determined in accordance with lthe provisions of 
Section I 1.2. It is essential that the test rack, whether
 
fixed or movable, be unaffected by strong gusts of
 
wind.
 

7.1.2 Amhient Tern Theerat tire. ambient 
temperature sensor shall be housed in a well-ventilated 
instrunnentation shelter with its bottom 1.25 in (4.1 ft)
above t'e ground and wit 1hits door facing north, so that 
thethe stn's direct beam cannot fall upon the sensor whendoor is opened. The instrument shelter shall bepainted white outside and shall not be closer to any 
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ol's iuction than Ms ice the height of' he obstruction
itself (i.e., trees, fences, building, etc.) 1131. 

Addilional Temperalure Measurements. The
7.1.5 

ICtlperal ire ofItie iransl'er I'huid at each oftthe Iwo posi­7.1 .3 Sola r Radia lion. Ir r a dia tio n me a sur em e n t s pio n i te s ho r shea lltlsolh e e d i se e t f or t e 
shall be reported in terms of apparent solar time for i 
test site (see Appendix A).A pyranoneter pyralomtcrformeasrinf'or measuring th toal iradatinthe total irradiation 
and a suitable m0thod for determining the direct corn­ponent shall be utilized for all collector tests. Thepyranometer shall meet the requirements specified ilSection 6.1.1 and. shall be mounted such that its sensoris coplanar with the plane of the collector aperture. Itshall not cast a shadow onto the collector aperture at any time during the test period. The pyranoreter shall 
not be mounted so as to receive a percentage of ter-restrial radiation that is disproportionate with that
received by the collector. It is recommended that the 
pyranometer be mounted near the upper-half periphery
of the collector, and in the upper center of the collectorarray. The pyranometer should be oriented so that theemerging leads or the connector are located north of thereceiving surface (in the Northern Hemisphere), or areotherwise shaded to minimize solar heating of the elec-trical connections. 

A pylrheliotieter shall be uttilized to determine tledirect component of solar radiation when testing con -centratini collectors that do not accept di ffiU.se 
radiation, 


Care shtoid also be taken 
to minimize reflected andreradiated energy from the solar collector onto tile 

pyranomeier. Some 
 pyranometers are supplied withshields. Pyranometers not supplied with a shield may be
sisceptible to error due to reflect iots of radiation that
oriinate below, the plane oflthe sensor. 

Collectors that accept lifl'IsC radiation shall have tiledirect comtiposteitt Oif thle sofatr radiation dleierrtintd for 
eact data poit. This iie aslreterit can be rmiade utili-.
ing ilte shadintg.disk or the shade-band method usitngpratleter (s Secti .3.2). oever, a a 
mt hod inVOreS tile use of*a pyrheliotieter that mea-

7.1.4 Temperature Difference Measorements
Across tite Solar Collector. The temperature difference 
of tie transler fluid between entering and leaving tlesolar collector shall be measured in accordance with 
Sections 6.2.2 and 6..3. 

To minimize temperattire measurement error, each
probe shall he located as close as possible to the inlet oroutlet of the solar collector and shall be inserted into amixing device located as o,hown in Figures I, 2 adt 3. Iliaddition, tie piping between tIe Mixitng device and tiecollector shall be iastlated in such a manner that thecalculated heat loss or gain froti tile ambient air will not 
cause a temperature change for any test of mote than0.05 0C (0.09F) betwveen each mixing device and the col-

proriae sensors into the mimin deices (except for the 
case shre precision therneters are empoed to
dleterlile Ipc erattLre difference). Reference 9 should 
hb follow\ed in inakin., these measurements. 

7.1.6 iressure )rop Across lhe Solar Collector. The pressure drop across... the solar collector shall bemeasured using static pressure tap holes and either amanometer or a differential-pressure transducer. Theedges of 111C holes on tlie inside surface of the pipeshould be free of burrs and should be as small as prac­
tical and should not exceed 1.6 mm (1/16 in.) indiameter. The thickness of the pipe \wall should be 2.5
times the hole diameter. Provision shall be made for
determining the absolute pressure of ihe entering
transfer fluid [ 141. 

7.1.7 Reconditioning Apparatus. As shown inl Fig.1, the use of a closed-loop test facility requires that aieat exchanger be employed to cool the iransfer fluidand an adjustable in-line electrical resistance heater beused to control the inlet temperature to the prescribed
test values. This conibination of' equipment or itsequivalent shtall control lie temperature of the fluidenterinu tle collector to within ±0.5°C (±0.91-) at all
 
times during ihe tests.
 

A heat exchanger is also recoinmended when employ­ing an open-loop test facihity ,inihfr to Fig. 2 to cool the 
outlet liquid to utinint ize evaporation losses and thusniinize weiglhing errors in the gravimetric deterinita­
tion of mass Ilow rate. Figure 3 shows an open-loop
systent in which tie fliid is not ecircLulatcd. 

7.1.8 Additjomil EqtipIenf.718Adlma A ptip atd a mean.'qim~t.\pnpadama: 

of' adusting the flow rale of the transfer fluid siall beprosided at tle relative locations hown ill Fiuurcs 1,2
rcfcraepending upon ile es aralS desin, addii ontl throttle valve may be requirtd inpreceding ile line justtie solar collector for proper coittrol. Whentising tte open-loop configuration in Figures 2 and 3, athrottle valve should be used in the exit line as close aspossible to [lte collector. This valve is requited to con­

trol tie internal pressure (absoltie) of tie collector
When testin at inlet ceipera tires and/or at floss that 
restilt in boilitg. 

A storage tartk, expansion tank, air vent and a 
pressure relief' salve should be installed in the closed­loop test cotig!uration as sio\s n ill Fig. I to stabilize Ithefl)\%and allo\%tite trzrf'r fluid to expand and contract
freely in tile systetit. Dt pnding upon the desigti, all ex­patnsiotn tank and relief valve are sonielinie, iitserted
bet\seen tie ptip and tIte collector in ait open -loop test 
facility. 

.. i.. 
ltc 'Jr.ih beSo.atedheIot ili' I 
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Filters and a sight glass Should be installed within tile a pIa ratus to etnsure that fihe transfer fluid passittg
thnio h tile collector is free of contaminanits, including
air bubbles. 

7.2 	 Air as tlhe Transfer Fluid 
[he test confliguration for the solar collector 

emlploying air as the transfer fluid is shlo .ii,ll IFig. 4. 
[lie recolnmnided apparaitts onsistsonfigraiomnd apep 	 of' a closed-loup~ ratusconsistson a ceop-col guration. An oper-oop configuration is ar accep-
table altertiative provided that thle test conditionsspcilied herein can be satisfied. 

7.2.1 Solar Clletor (see SeCtion 7. 1.1 )7.2.8 7(ow 
7.2.2 Ambient remperature (see Section 7.1.2) 
7.2.3 Solar Radiation (see Section 7.1.3) 

7.2.4 Test Ducs 
Thecair outlet duct between the air flow measuring ap-

paratius and tle solar collector shall have tile samedimensions as the air inlet duct leading to the solar col-
lect or. 

7.2.5 Temperalure )iffterence M'e'casurement Across 
he Collector. If a thermopile is used to measure the dif-

ference between the outlet and the inlet temperatures,
the thermopile shall be frommade calibrated ther-
inocouple wire taken frotn a Single spool. Extension
wires to the recording device shall also be made from
that same spool. The wire diameter must be no larger
than 0.51 nmm(24AWG) and tile thermopile shall be
ahlricated as shown in Fig. 5. There Shall be a.mininumof six juICtions in tile air inlet test duct aiid six .Junctions 

in tile air outlet test duct. hese junctions shall be
localed at Ilie centlers of equal cross-sectional areas. 

) ruring .all tcs. the variation in tenlperattire at a
g'en cross Section of tile air inlet and air outlet test
ducts Shall be less than ,-0.5°C (+0.9F) at the location of
tle temperat ure sensors. The variation Shall be checked
prior to testing, utilizing inStrumentzation and pro-
.cedurcs outlined iii Reference 9. If the variation exceeds 
the abo, e limits, mixing desices shall be intalled to
achiee. this degree of tenperature uniformity. Refer-
ence II 	discusses tile positioning and perforniance of
,,c.eral types of air-mixers. [lic tenperat nrc sensors
,hiould be located as neat as possible to tie inlet atd
outlet of tile solar collector. The air inlet and air outlet

ducts Shall be insulated in such a mariner that the calcu-

Ited heat loss or t'ain to or fron tile ambient air w,'ould

ii Cathuse a) t1:mperattire change 
 for any test of oure
hw ().3'C (0.5) bet th e tiii perat tire mleasuring

locations aid tilie collector 


7.2.6 Tempratture Measurements. Sensors and
read-out devices meetirg tile accuracy requirements of
Section 6.2.2 Shall be used to measure ile temperature
at ilhe locations in tile air inlet and air outilet ducts 
slhIl in Fig. 4. Reference Q ,hould be followed in mak-
ing these leasur,.,ments. 
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7.2.7 )uct Pressure Measuremtenls. The Static 
pr.-sure drop across the solar collector shall be inca­
sured using a differential pressure measuring de ice a,
shos n in Figures 1-4 [I 2). Each side of this device Shall 
he coiected to four externally nanif'olded pressure 
taps on thc air inlet and air outlet ducts as showkn in Fie.
6. 'he presstre taps should consist of 6.4 nmi (I 14 in.) 
nipples soldered to the duct and centered over I nim(0.04 in.) diariewr holes. The edges of these holes oil theinside surfaces of the ducts should be free of burrs and 

ohrsraeirglrte 11other surface irregularities 1I41. 
Air Flow Measuring Apparalus. Where the airrate is sufficiently large, it shall be measured with 

the nozzle apparatus discussed in Section 7 of Reference 
12. As shown in Fig. 7 this apparatus consists basically 
of a receiving chamber, a discharge chamber and an airflow measuring nozzle. The distance frotthe nozzle 	 the center ofto 	tile side walls shall not be less than 1.5 
times the nozzle throat diameter, and the diffusion baf­les shall be installed in the receivitg chamber at 	 least 
1.5 nozzle throat diameters upstream of the nozzle and 
2.5 nozzle throat diameters downstrean of the nozzle. 
The apparatus should be designed so that the nozzle canbe easily changed and the nozzle used oti each test shall
be selected so that the throat velocity is between 15 ni/s
(2960 fpm) and 35 tn/s (6900 fptn). When nozzles are
constructed in accordance with Fig. 8 and installed in
accordance with this section of this standard, the
discharge coefficient may beassumed to be as follows: 

Rt 1noId Dlischarge 
Coef''icient 

--- _ __ 

20t.iliR)
5i,()I i.NX 

0.96 
0.97O0.98 

I5ttitHi 0.98 
2 ( ,i' -.l___l_____ (.99 . 

If the throat dianeter oflhe nozzle is0.13 ti15 in.) or
larger, the discharge coelfficient may be assumed to be
0.99. For nozzles smaller t hati0.05 i (2 il.)arid ws'herea 
more accurate discharge coefficiett than gier above is
desired, tile nozzle should be calibrated. The area ofthe 
niozzle ,hall be determinimed by leasturiit its diameter to 
an accuracy of' ±0. 2'o in tour places approximately 45
degrees apart around the nozzle in each of tso planes
through the nozzle throat, one at tie Outlet and the
other in tie straight section near tire radius [I 21. 

Where tlie nozzle apparatus is used, an exhaust
capable of providing tile desired flow 

fan 
rates through tie

solar collector shall be installed as shown in Figure 4. 
The dry and wet bulb temperatures of the air entering
tlie nozzle shall be measured in accordance witli
Reference 9. The velocity of the air passing through the
nozzle shall be determined by either measuring tlie
velocity head by means of a coimercially available 
pitot tube or by measuring the static pressure drop 
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across the nozzle with a differential pressure measuring 

device. 11' the latter method is used, one end of' the 
device shiall be connected to a static pressure tap located 
I'lush withIi the inner wall of the discharge chamber, or 
preferably, several taps in each chamber should be 
tmanifolded to a single device. 

Where the air .low is suticieNl th+tl irae llll so 
11011 C Coieonstctd and iistalle:d il iacC'co'rdantllCe with the 
reqtirements above \\ould have a throat dianeter of 
smaller than 0.)25 Ii (I in.). the above configur:tioti 
,hould not be used and (lie air +low measuring ap-
paralt us shown in Fig. 4 should consist of a calibrated 
flow .lenent where at least 10 pipe diameters of 
upstream anid do,\tistreatil pipe section ha\C been il-
cluded in the calibration.* 

7.2.9 Air Leakage. Air leakage shall be minim ized 
by taping and sealing all joints. Extreme cantion is need-
ed because small leakage rates can have signilicant et'-
lects oll test re.sullts. 

7.2.10 .Air-Re .'onliioning Apartlus. 'ie rccondi-
tii,i- alNlatiUshll co'trol tle dry bulb teimperat tire 
ol tile transl'er tit.diuim entering the solar collector to 
\,ithain z I.O°C ( ,F81:)of' the desired test ,alTies at all 
times during the tests. Its heating and cooling capacity 
shall be selccted so that tle dry bulb teitiperature of the 
air entering tile recoiditioning apparatus may be raised 
or lo\'Cred the required aniolint to Iiei the applicable 

test conditiot, inSection. 8. 

7.3 Indoor Testing Willi a Solar Simulator. 
A solar simulator may be used in lieu of outdoor 

testing to determine the steady state thermal per-
l'ormance of t lie solar collector under controlled condi-
ions of 'Wind aid am bieitl teiperat tire. Rel'reices 15. 

16, 17 describ'e tvpical simti lators Used lor tesit i collec­
ors. Solar sim ulators employed in the testing proctdure

shall have tile following characteristics. 

7/.3.1 Sectr-al Qalities. The simulator shall 
duplicate the spectrum of average North American ir-
radiation as closely as possible. This average is best 
represented by an air-mass 2 solar spectrumi 1151. Fle 
measured energy spectrumt shall not deviate f'rom the 
air-ma.ss 2 spectrum more than specifiedas in the
It llow ittg table:­

... . .ire 
It~ro \it\SirMass 2. t'ret' Dl'himiuntlesj~lil 

. . . . il'-l!rl il Build 0 S IIiml..i.r 
Ilit4 2. I'' 

1).4-07 44.4- II 

.l.ti 2,.(,
2-13 

I 1... ' .' 1' willeA III7 t l e 

18 


111addition,*the calculated 'olar absorptance, a, of 

tie spectrally selective surface described in Rel'erence 18 
irradiatcd by the simrIulat or shall not dift-er more than I 
percent from the vaIlue measured under air-nias, 2 

sunlighl. 
[he're shall not he a signilicant chanue in the 

,iilalor's enCrg.V spectruin 'or ariations in power 
outlplut. T'Ile calculaled solar absorpiafice of the above
 
Spec.ilied ,elective str lace [181 irradiald hw the
 
simulator, ,hall not change by more than I % for a
 
change in radiat ion flux from t0.45 to 0.75 of one Solar
 
Constati. *
 

7.3.2 Uil'ormily. rhe deparure froni unilorniitv
 
of"the illUiitliatiol of' the1 solar simulator beam over the
 
test plane (tile plane ofhth collector aperture) shall be
 

suL that tlie high and low irradiation values of the il-

Iur natedii platte shall not exceed 
_:I1% of tile average
 
illumittination.
 

7.3.3 Cllimalion. The collimation hiall be ,tich 

that 95%', of'the cne..rgy l put of tie ,imiulator is , ithin
 
a shtetndd angle of les,, than 12 dCree.., A collirnitlion
 
of' .rter thlan this is rIe(tlired ')rcoll.ctr, '\ilh coil­
cetiation ratios greater thati 2.' I 

7.3.4 Air Ioi. cronss ihe .. lleetor..A fan shall he
 
provided to cause a substantiallv uniiform air flow
 

produ(inlleant air velocity of at least 3.5li/epc (.6 
p1
 

iii ph). 
7.3.5 Simulator-Colleilor ('onfiguralion lactor. 

*The collector conficuration I'actor bet ween the solar 
sit ulator surt'ace and the solar collector shall not ex­
ceed 0.05. 
4 . P ) C RES AND (ONI P1 TA [)NM 

8. I (General
 
['he thermal performnace of he solar collector is
 
h;ermiined inpart by obtaittin!e vlulIes of instantaneous

feticietncy lor a combination of" .alue,, of incidetit 
ridiation, i etit llleratre, and h1l1C luid
 
adnpirat Lre,an hi, Uir c t.rireta ll ilet 
lie rte of"iIucidil solar radiation oml thit-

te ats fluing
 

msolar colhec­
[r as \%ell as the wne of enerev addition to le raisfer 
I'luid as it passes Ihotugh the collector, all under ,teadv 
tlate ogr qiiasi-'tid. tatNte Coldiliotis. Inl aldition, tests 

perl'orited 1t deterltine tIe time respolse
characteristics of' lile collector as, \\ell a, lm, it, stedy
stalt ther ial .'Ificieincv aries tle incidett\\ilth angle
I '\letsse lie. direct' betmi mltl ,.r.l ie.c..o[[.ll 


8.28 Basic Perl'rmtamite l'qumlions
8.2.1 Collectlor Thermal 1iKicienc). It has beenm 

sMhti anid iscuss a mtltber of u et',ligator,, [21, 

"I I' . " 
 1 f me 93.7"Ili 7lll 
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22, 23, 241 that the perlornmance of'a flat-plate solar col-lector operating under steady stale conditions can besuccessfully described by the Iollowing relationship: 
= q, '(r" - U1 (t,, - c.,)= . c1(t .- t,) (8.1) 

, A., 

A very similar equaton cali be 
 used to describe tilperformance of' concentrating collectors [241. Equation
(8.1) becomes modified as follows: 

l-(r'ok)Qr.- u, Al (t, - ta)= , c(t".-h")A, A A (8.2) 

To assist in obtaining detailed information about the 
performance of flat-plate collectors and to preclude thenecessity for determining the average temperature of tiereceiver surface, it has been com enient to introduce aparameter F, where: 

:, ac t c yu',,eht L'ed -alu-'.u!t-lr1!V,:in,,'rie ,,tt _ottcte.dhe ,..,ttireh"aftatpleoluttecturtf tat-plate cotteetor 
'trllacner.ctet l iI'et ihretdlemperature 

Introducing (his f'actor into Equation (8. I) results ill
1h 

F [1l,(Ta). - U1 (t,, - t,))= - c ft,.,-t,.,)
A, A (8.3) 

II'lie ,olar collector efficiencv isdefined as 

actual ,rli,,.'lil cnr ,coll.cted (8.3a)tlar .'nI.t:+ int-Ctdlt'i i'l, 

ia'h-'c1-Clp1cdt Ihi .ccl clor 

then tlie efficiency of the flat-plate collector is given by: 

(tl l) = t 1 , (1A,)F [=(A,, U1(ra.), ­ 1, J A, 1,-. (8.4) 

l'qtation (8.4) indicates that if' th ef'ficiecicy rj is plot-
ted against (,-t,),[,, :i straight line will result \hereIhe slope is equal to (A/.\,A)F U, and he y intercept is 
equal to (A'. )F (r).. , In reality, U, is not a cotl­slant hut rather a f'unction of tie le iperaitre of iecollector and of' lie anibicnt weather Inconditions. 

addition, the product (ra), 
 varies with tle incidetic angle
between tile sOillr beatll aid the cofllector. 

File )rocedures outlined in ihis docunmect t have hcenideveloped in an at ieni pt to control tie test conditions so 

that a well defined efficiency curve 
 c;r be obtainted 
with a nllillnl of s.'catter. ',.otlcht, 

Figure 9 Shows lypical test restlts taken front

Reference 25 for a double-glaed flat-plate collector
using air as he transfer f'luid, Fie tests, Mhich included 
two air oiw>\rates, were conducted outdoors. The higlcer

efl'iciences s',ere obtained with an 
air flow tale of' 0.015 

in 1i(s. in-) (3.0 clm, !'I) 
 and tile lower efficiencies were
obtained with act flowair rate of' 0.)1 ni't/(s. in)cli l't ). (2
 

Figure I0 \as taken 
 from Ref'erence 26 and is f'or a 
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flat -plate collector tested with a solar simulator using
water as the transfer fluid. 

An e.aliple of alln tudoor test for a water-hea tin 
flat-plate collector under quasi-steady state conditions isgiven in Fig. I117). 

Although' a straight-line representation of the effi­ciency curve will suffice for many flat-plate solar collec­
tors, some flat-plate collectors and most concentratingcollectors reqtfire the of a higher-order-fit,use 

i.e., a
second order polynorniinal, due to variation of UL withreceiver temperature. 

8.2.2 Collectordeternine the Time Conslant. It is necessary tolime response of tle solar collector in 
order to be able to evalate tle transient behavior of thecollector, and to select the proper lime intervals l'or thequasi-steady state or steady state efficiency tests. 

Whenever tratnsient conditions exist, the equalities
delined by Equations (8. 1),c (8.2) and (8.3) do not 
govern tlie thermtal performance of the collector sincepart of* the solar enerly absorbed is used for heating uptle colltClor aid ils cociponetICs.

The governing equation for lie transient behavior of 
a solar collector is:
aslrclei
 

C\ dt, F (w)-F 4
 UI (I ,-) - -L(t.cd I,R 
*kU' 

) 
(8..)A., dTtA3 
(8.5) 

I1(a) the solar radiation I , inlet fluid tem perature t,,oi bothI, and I, are suddenly 
ior 

changed acd held con­
1,1scant,and if' (b) (rO),., U1 , t.,, ti and cp can be con-

Siderd constant lor the transient period, and if M the 
rate of'chaige of' lhe frantfer fluid exit ternperalure withtime is relatd it) tie rate of change of transfer fluida%-rauetcmnleratc .\e IIil iie by: 

dt dt,. .)K 

where f'rom Rcl'erence 29, 

Kct I8 
.=I ,,A I(-87

acd where 

= ,ctujat 'ul'u l tnc t,'d hv tat-plt coltector
 
tselilt , .Fcoll'.tected it hliiene ,'l.tC -latiae
 

a.i w.e at the%c 

is rau.. fluid t..'ri tii, 

lhtin Eq tit 18.5) beio , cat sol'ed to give t he exittentperat tire of tle tratsfer fluid as a fuccion of tine: 
F,, 1,(TO), -F U (t,,-t,)-(c .A)( ,) t tp 

lA 

The qtanliy KC\,.,cn C, is kfio'\%i as tile citie con­
stant and is tile time required f'or the quicantity 0f' the 
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Tests conducted inside using a solar simulator1.22 m by 1.22 m liquid-heating collector 
insulation unspecified
aluminum absorber, black-nickel selective coating, a = 0.95 

80 	 ri = 0.0136 kg/(s.m 2)
 
to = 29 *C
> 	 tff i = 320 TO 97 0C 
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Fig. 10 Thermal Efficiency Curve for a Double-Glazed Flal-iPlale Liquid-Healing
Solar Collector wilh aSelective Coaling on (lie Absorber1261 
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left side of Equation (8.8) to change from 1.0 to 0.368,
where0.368=1/e. 

8.2.3 Collector Incident Angle Modifier. The Jfec-
tive transrnittance-absorptance factor (ra), can be 
replaced in the general equations (8.1), (8.2), (8.3) and 
(8.4) by the value at normal incidence, (Tr),.,,, provided 
another factor called the incident angle modifier K., is 
introduced [271. Equation (8.4) then becomes: 

n == (A./A,) F, [Ko,(Tr).n - U1. (th-- ] =- rh (t:E -tr.,
At (8) 

it can be shown that for a wvide variety of solar 
cc,lect :rs, ('ro) should vary with incident angle ac-

'ording to the general expression: 

(T)=a- _ (8.10)cos e 
Examples of this type of variation are shown in Fig. 12 
for three different flat-plate collectors [28]. Comparing 
Equations (8.9) and (8.10) 

b
Kr,, =a- cos (8.11) 

Solving the equation for K, and recognizing that 
(Ta),..,=a-b: 

b I 
a-b cos 

In terms of one constant, the incident angle modifier
K,, is: 

=Vb 
. ) (8.13) 

Figutre 13 shows the variation of K, with incident angle 

for the three solar collectors of Figure 12. Figure 14 
shows plots for K, as a function of ((I/cos0)-I),
verifying the applicability of the general form of 
equation (8.13). Reference [291 shows that equation
(8.13) has aso been found valid for al evacuated 

The significance of the incident angle todifier to the 
ie,,igocures o'tle hinintatte odiermao tiletci procedures outlined he is thatfrin the thertnal ef-

ticiency values are determined for the collector at or 
ear normal incidence conditions. Therefore, the y 

intercept of the efficiency curve is equal to 
A 

dAterine lie value of K, so that the performance of 
tie hrcanlbe predicte tinderth perfoangethe collector can be predicted t U,, at ea fide range ofof 

conditions and/or time of'day using E tuation (8.9). 
It is recognized that some collector designs may 

require tests at two different incident angles to account 
for non- symmetrical response to irradiation as solar 
a/imuth and altitude vary throughout the day. 
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8.3 TESTING IROCEDURE 
The first performance test to be conducted on tlhe 

solar collector is the deiermination of its time constant. 
The method for conducting this test is explained in Sec­
tion 8.3.1. After this is completed, a series of thermal 
efficiency tests is conducted as explained in Section 
8.3.2. Finally, the value of the collector incident angle
modifier is determined as a function of incident angle in 
accordance with Section 8.3.3. The incident angle modi­
fier test is not required for those flat-plate collectors forwhich the angular response characteristics are known; 
included in this category are single- and multiple-cov­
ered flat-plate collectors %ithout reflectors, honey­
combs, convection baffles, selective surfaces with direc­tional characteristics, etc. 

8.3.1 Experimental Determination of the Collector 
Time Constant. The testing of the solar collector todetermine its time constant can be done by one of two 
methods. 

Method (1) The inlet temperature of the transfer 
fltid, t,, is adjusted as closely as possible (preferably 
within +1°C(± 1.8 F)) to the ambient temperature 
while circulating the transfer fluid through the collector 
at the flow rate specified in Section 8.3.2 and maintain­
ing steady state or quasi- steady state conditions with an 
incident solar flux of greater than 790 W/m' (250
Btu/(hr ft)). The incident solar energy is then abruptly 
reduced to zero by either shielding the collector from the 
sun or shutting off the solar simulator. The former may
be accomplished most appropriatey by turning the col­
lector to the North (on a movable mount) and/or shad­ing with a white, opaque cover. The cover should be
suspended off the surface of the collector so that ambi­
ent air is allowed to pass over the collector as prior to 
the beginning of the transient test. The temperatures of 
the transfer fluid at tile inlet, t,.,, and outlet, t,., arecontitnuously monitored as a function of time until: 

<0.30 
ti.,, tr. 

Method (2) The collector is shielded from the assun 
specified above, or tested at night, or tested indoors 

without the use of a solar simulator. The inlet tempera­
tare of. the transfer fluid is maintained at 30'C (54F)above the ambient temperature, while circulating the 
transfer fluid through the collector at the flow rate spec­
ified in Section 8.3.2, for a period of time sufficient to 

establish a constant outlet te peratuLre, tA.a.After qui­
librium i, -cached, the inlet temperature, t is abruptly

-reducednear as possible to within ± I0C (asthe ambient 1.8F) oftemperature. The temperature .-f ihe 
transfer fluid at the inlet, t,., and outlet t,, are continu­
ouslv monitored as a function of time until: 

I" '' <0.30 
h . 
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[lor cither ilihod lhe actual lime constant is tile time -I peralure rise across the collector. However, a 'sripchartreuLIIred for tie tlallli t ((,..1 -t..)/(r .. nli.,)) to recorder with a recommended
changce from 	 chart speed of 30 cm,"ihr1 ( to 0.368. (12 ir./hr) or greater must alvkavs be used 1t tilonlitor 

81.3.2 E:erimtal IDelerminadion of lhe C2ollector Itile
output of the pyranofeter to ensure that (lie in-
Thermal Eff'iciency. The lesting oflihe solar collector to 'ident radiation has remained steady during thedCtermine its thermal efficien,, shall be conducted in 

test 
period. ligrires 15 and 16 show strip chart recordings ofsuch a way lia a governing efficiency curve frnrniorttal incidence is determined 	 incident solar radiation on a horizontal surface.cenorm ls d term forfor e collectori cide ncd ile col underecto Li der Whereas tle conditions of Fig.acceptable for obtaining efficiency valu~e.<.,test conditions described in Scctions 5. and 8. 	

15 would be perfectlythose of, Fig .At least ae alenrt bi*t

four different values of inlet fluid tenperature shall be 1 e stla of ie
 
used to obtain the values of A/I,. An acceptable The Surface of (he collector cover plte Of present) asdisiribution of inlet teniperatures for flat-plate collec- well as exposed envelopes of the pyranometer(s) andtors is to set tie At at I0,30, 50 and 7011t of'the stagna- pyrheliortieter (if 	 used) should be wiped clean and drytoil teiiperature rise obtained at the given conditions of prior to ilie tests. If local pollution or dust has formred asolar iniensity and ambient air renperat tire. 

A\tleast our data points s;hall be taken for each 	
deposit on the transparent surfaces, the wiping shouldhe carrieds out very gently, preferabiy after blowing off1 tle l o e m t r a"n or a t r w tig-t a ltl ,I most of' the loose material ol'after wyeting 	 i 

value ofl , 	 it a little, inltwo during the time period preceding solar order to prevent scratching Of the surface. This is non and two inlthe period following solar noon, tile
speciftic pcriods being choseti so that the data 

particularly important for the solar radiation measuringpoits instrunments since such abrasive action can appreciablyrepresent t -, totile+'smetrical solar noon. This latter alter tie original tr ns ission properties of the en­
rejiireieillt is made nay he present will 

so thliat iry transie elTlosings not hias tire test results 	 envelope. 
are used 	 Mlen they lhe Pran omeer(s) shall lie checked priorfor pps e.to 	 to testingdesign phrpo,,cs. File requireent for oh- see i fi lere is anly accr lllllJ l oliIIl data poiIIs euillyv divided 	 ,le v p r elchlla 	 between mornin tosling wthe iliie of t,ti i t! lClosed 	 ie ul at ion er vapor etWithin (lie glass cover. Fle rise of wet
anid afternoon is riot rliandatOr\ whenlresting,~ irir li pYranotneters (where moist tire is visible) shall not be
ailaiituth iiounr.'11Al test data shall le reported inad- allowed.diliotl 
 to tile tiLted curve (see Section 9) so that fin dtiif­fulence illelTiciencv due solely to tie olerat!7 In order to obtain StlfiCienly iWod steady state or
 
tc llperalrure lesel ot'tiecollector calt le discerned intile LlUiISi-Sildy ,,ta(l'olldiliMIS for Ih so lr collection
 
test repo~rt. cie -,hall bebe dete
ts rept. ['ireeThe curi iia ctahli,hedetliisred~ hV dill; process, tire traiisfer flrid StrOld lie circulated 	 throughindat tie collcctor at Ile appropriate inlet teniperattire levelpointIs 1rliarrpresNtI effiejitey' %.alieCS deterniie (I Iynirlegra.l rl tile dataii osct a tile period ecuall to( ilie 

urli il ie temlperature ia uerraied conistant l'ot ISlile
c,.otIl",lallrt,
deteniiiicd 
*rrd 	

ill aorldance ssiii Seeriorrs ~ilh.inutes prior to tie period in sshichs.4, or § rtrirrrcs. lI rcHIrCer 	 datai %%ill he takell. ila rge I[i in It8c.l3.rtLd e o t8\.4rhenIle.rl u i dei t lahr eier .. ill 	 ichffreicirc. sailC,,.
tnsrinu ri indoore siliultor. tie follost ir
 

to tire uie. ated alrle ofeier ,, 'r-
 ta"linlg procedure has ls l olnd suit itclolr v.IleilICU10 ICI %tite 1'CIC-L! Ohtirred 	 Tiremlitt tlie col- ratis"flr thILiICL:eltr to ohlt in irhC 	 I,, erreurird t1iroirgi tire Co1C0'iet at( lieefliCi cc\ saflure If thill test period.When ar indoor ,olrsimilitor is eIrplJoved llld truie inlet tettper atture chosenl lti rite test.is eshtabliseditled lo Io r ie After equilibtititit tetil. eat i lerire 
kl:01\-'ll
'' ditt itlSCillibe 1hineLt,
tCi\sll speciled is 

I (ltilla - ri,is dahos iot Iprlicable. tilll, 	I i tieLo l lidIll ihis ca,,, bIt,;:.hr by adjtirlIti e larntre) L'illdL radiatll' lOltaeli. A CIick Shouldd;a I1l\ lie Conidsleid as stead, state sshe ie e collec- etr;rd to eIrsureItu~~~~~~~ 	 idi loarli ci u ed i s H t 'lll. \,l m ni , e Illde it) 	 t aiettt 	 t el hlll tie luriell"IllC 11111 l itl it)\\ rate of [ihe Ir'allsfer f'luiditt otrtlet fell)rper;n tire dfoes [iot Ciratice- (ssuitlit tlie lurtirtsof IlieasItIrrIi'rIt 	 dIOes riot sarsV h\Mill a Iue ilimille (tile period. lIrstalrl1 r iio n l 1 1 ; lld111 Iei~ iIII 
Ialeotil dtill.[ tie 	

nh tin , "- arid int tie JicideltI11 Ihei ised to dLee illillir nlall- ldirieliol
issrae i is tesCli rote.lalie ltlSclfic encI 	 hd iIhll 110\\v I' t~'flislCu Ilulid [1hr01uVh IhL COIIh. 'coa1'itr iieIou-iisCItuiLC ih~i/ilill 111011111 isUsed for diall lie sliad rdj/Cetl iltoile Iltic 1'r ll idatpoints. 
Ire tests olUlside, h ileti nicliers l1specilied ahiose Illay Fhe CCOIIlillended \ iie Of 1 Idle i1 r Unli il'e;i
he r-CdtIi1:C'dfhC II riluICs Of 2 tile timlie col (Ill t.lalistIrelrlt ) ( tro-1.7llialHi n (IIri It1:)1I shterl"or ale t),(t2 
lie Coll tclo,It)tiCl ir I ,.1 	 l oI' k ( 	 or tl re testsi liquid is tIre 

tireI'1Cerf lancer.coiietiirIllconiducting ss~ 	 islheitests outside, care should lie taken IIar 0.0ire 	 -'m 1'')oleilu iiid a id 11.111 riis i' 2 l' of't0 etiISIte Itit ie incident 	 flui 1icilF )solar radiation is steadv for taitiril air \sherr tie Iraiter luid is air. ['or aireach tirrle itrierval durinig which aileliciellc value is t eia I coll rco s tisuch itue kilclitn ofiftltratecalcurlaed. E-ither eleCIroliic itiegrators or cOtiiiuous h r lituid as ire transfer fhiid pen sitrip ciart recorders niav be used t detLerniline tire ..
 
iriltgaretld sallies of incident solar radialiol aid reii- , 
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and a second test sequence using 0.03 m '/(s • l') (6
cfn, ft-) is recommended. I is recognized that in some 
cases 	 tile collector will have been designed for a Ilow 
rate intich dilerent 1han Speci liCd above. In such cases 
tlhe dsign fvow rate should ie used. 

In order to det rmire and report tie fraction of' ile 
incident solar radiation which is diffuse to: each ef-
ficiency value, tie use of boul a pyrlili,.meer and 
pyranorreter is preferred lit is required for those 
collectors that i not accept diffuse radiatio). Ill tlie
absence of a normal inleidence pyrheliotieer, iwo 
pyranonlelers may be used, one of which uses a shadiigband 181, or only a single pyranonleter may be used. 
When on ly a si igle pyranoilieter is used, its sensing
elenen shals be shaded froin Iredirct eam t tii 

prior to arid just following each tesiing period and tie
valueuf'tlie incident diffuse radiation determined. Tissae oi l I'bingidentaifs adi sk aetrmiced To ashall heacco lisedslender rod held usingt small disk atacedsoiii a direct line between the 
p'rairorneler aid tIe Still. lihe disk should be Lust laire.as 
ellotLil to shade tie sensiigli element alone. As ane
C\alrple ill Rel. 4, ihis is acconplishred hy a disk I001m11r1 dialCter arid held al t distance of onle Meterill 

rom tle sensing elernent ofh'te pyranoiueter. 
Ulth leadv it \itd clocily across tire collecltor asIlnCasuired per paiagra)lh 5.1.7 aird Section 6.8 shall he 

less Ihan 4.5 i/s (lI niph). 

8.3.3 I:Eperiinenlal I)efern ini o (of( llec'lor It-
cidenl .Angle Modifier for Slalionir (.olleehrs. l'ie 
testing of tihe solar 	collector to deternmine its incident 
allle 	n1iodi fier cart he done by One of IMO Methods.

Mfethod (I) This irrethind is applicable tor test irig
illd Ors sillg a olr silitil0or, or t1Lido0rs ulirii a 
rio\Able test rack so ihati lie oren imtiort of lire collector 
can libe rhitrarikv ,diltCdL ill respect 1o I11 dirCctiol.
of tie incident solar radialtioi. Four separate, clTici-ncysal is aire dtern in ted inri 	 ncrral itht.wi'oldire 

raccorance w t

Method described in Section 8.3.2. For each 
 dala ptilU,
the inlet Ieiperatuire of tile transfer fliid is controlled 
as closely as possible (prefera blv witlln - I I 1 .')) 

to ire aibienit air terniperature. rihe collector is oriented 

so lial tire average incderri anglCs between it ar1d 
 Ite 

direct solar radialinotlfor 
 tie I'our test condition, art' 

respect i\'ely, approirnately 0. 
 30, 45 and 61) dcgree~s.[ile foreuoi g valets are appropriate for Ctinvenitional 

flat-plal collectors. An least ote angle should be Lreter 

rirari lie acceptance illgle. for Coticeriratiig collector's. 


Alclho(/ (21 
 This rethod is applicAble for tesirili 

otulside ising a perianet., 
 test rck ssiere tire collector 
orientation cannot he arbitrarily aijusted viihiespeci c 
to tile direction Of tlre incident solar radiatlion11 (cCt,
for adjt illnrents in tilt). Si.x s palale etficiencv vaties 
are deterlined in general aCCordalcue %%illthC r1etirod 
described iii Section 8.3.2. [or each data ponit , tie inlet
lemperatUre of the transfer fluid is controlled, if 
possible, to within _+I°C ( 1.81:) olf tie arirbierit air 

lemperature. The efficiency values are determined in
three pairs, where each pair includes a ,alue of efficicn­
cy early in the day and a second valie late in tile day.
Fhe average incident angle between the collector and the 
solar beam for hoth data points i:, the sate. Tie el­
ficiency of the coiletor for the specific incident angle
shall be consid:red equal to tire akerage of tire tso
aluCs. As %%itih \Ieltrod (I), data should ,e collecLd l'or 

average incident angles of appro.ximately 0, 30, 45 and 
60 degrees. 
8.4 	 (C'oltioin tf Colleclor Time Co illali 

According to tihe definition of' lie constant given ill 
Section 8.2.2, it is tile time required for the he'ft-hand 

s de of cquatiort (8.8) to equal 0.368. Reuardless of 

\ hich e.\perinlerial melhod in Section 8.3.I is trsei, tlie 
incident solar radiation is equal to zero and tihe inrletfluid 	temrperature is ield su fficiently close to the am­

that 0 - th iriotritori tle eutring aid eit- fluid . ereore,I., 	 rI)peratures 
aa 	iictiri01tie et n e coltatitid tireiit Itiiclioll Of tlmle, [lie linile Conistantl is [ihe little 

re'tuired for: 
iL 0368 (8 14) 

t. -

If tire inlet fluid tetirperature cainnot he controlled to
eqll tlre aibierit air lertrperature within _.±C{ 1.81:), an estiinatc of tire (ApA )FrU productshould be mrade for tie collector ior lie coirditirns of
lie rest and the tile constant calculated ,is tIme time 

requird for: 

(A 'A, )FR Ut-,- , + hl ' n 
,-..308 0 t8. t15) 

.\)1:R U, I.-F, I,) + I t, .,, - 1) 
' 

8.5 	 ('onp lilin ohf C lle'lr rlernial I'Ai'ienirv 
For tire test interval for cach ef iciercy data poiit,

efficiency %leis Calculated usitgthe clUltion: 
ihe 

ei 
.,f t T
 

mt ct ( , 

,81. . . ............
 I.. t6) 

f 'I dT 

File qurarlitics iii aid c., ha ebeen taken out of' tire
 
irilt-er:iion in tire ItiLirreraior 
 since tile, relilaill essell­
tiallY collstantd tdriilrIre test. Note 
 Ihatl tire collector
 
aritsed for tile calcLlaliio is tot tile absorlii! sLi flace
 
.rrca hill ratller Ilhe ,rss colleclorlllea. For those

oll-'ciOmrs lhaitl do 
 nt accept dillilse radirlin., lie 

c)a should e dnlC I \ice: onice sstiCe I It tie
dt oriiiratarr I Citlatlionr (8.1) is tire t otal ianllon. I,
and once \\ er- it is only ite dilCct copiireirt,l). For
 
flal-plat collectors, , shall Ie ied.
 

Ai least si\lcC 
 dta points shaill be OtiainCd totrite
 
Slallisinietii LOf Ire efficierncy cure\, arid 
 il eqttltill 
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I'or tile curve shall be obtained Using the standard 
S technique of a least-squares 'i1.* In most cases, a linealor second order fit will suflice. The curve shall not be 

extrapolated beyond tile lits of data. 
8.6 (Coolp utalion o f1 C-ll.etor In i.d ll A ngle&6 (l'irnP Ii111 (I Cleur I edutIAgl 

Moidifier 
Regardless oF' which experinmental nctlhod in Section8.3.3 is used, 

ricieny of 
corresponding 

an,-le. Since 
ficiently close 
0, - t) z 0, 
efficiency, according to eqnation (8.9), is: 

K .7 (A .'/A )Fr (r ie), (8.17) 

Since (A.,/A, )Fr(Tr) ... %kill have already been ob-
mined as (ie Y-axis intercept of (lie efficiency curve 
deermined in accordance with Sections .3.2 and 8.5,
three different values of K, can be computed for tile 
different incident angles using equation (8.17). rhe 
value oF b,, may be (etertned using equalion (8.13) 
and the standard technique of a least-squares fit to arirst-order polynomial. Other methods oF cor relaion 
iay he used to describe an equation for (lie inucident 

angle modifier, 

1f tile inlet luid temperature catnot he controlled to 
equal t am bientile air lem perature within _.Ii8(I .81F), atl estimate of tile (A,/,\ I-rU, poduc !lonuld he made For [lie collector for [lie conditions of 
(ih lesI tlld ach value of K,, computed as: 

, , + (A .. \. III rUUable( , ­

three difTercnt values of the thermal el'-
lie collector shall be determined 
to three different values of incident 

tile inlet Iluid temperature ik held suf­
to tie anliient air temperatLure so thaN
!ie rela:ionsliip between K, and (he 

(,, 	",8.,at fhie hegit liilg o tihe testin1 

I'or those colle tors which cat i accept dil'fFuse
radiation, I in equation (8.18) should he ile totalirradiation. I, ; torthose collectors which caninot accept
dif'ttse radiation. I, should be used. 

Alterallelv. each dala. I0itIcana mteplot wvih (lhe cll iciencv curve 
S 	 1-Cl1)101ewithl file Clicotdtice wit h Secti ot ~ll V C; I.2lll8.;+3.2 l 
dra i\%il liroutli each poit parallel 
curve arid iilade to ittersect ile y axis. The alies of 
ile y intercept are tile efficiency valies that %ould ha,
rCsutlted had tile inlet 	

e 
fhid letnpeltlitp, hee, cotitrolled 

io ettal (lie aIbient irl ttiperatire. Ilherlfore. these 

,.llues, tan he tted.I ill COlljollCliOll \. ith CLlk.llom (8.17)to comptte the differet valies ol'K 

8.7 	 Comiltfl tioIjiitI Air Fli, Rate 
Fie air Iloss rate ilirougtlitile no/le is calculated by 

.w .ulh, m ll JIm l-	 oilumdt h i''€ 

he piotlied Oil file
deterli ed in ac-
, i.t l'lli[I I illc rve85 and a curve 
to (lie eF~icincyic 

the following etualions: 

Q, 1.41 (',, A, (p,v, ) (8.19) 

v, l1.t x (04v 'p,,(I + W. ) (8.20)" lie a.irl Ilow'rat e or standard air is ihen: 

= Q,,,/(l.2v,,) (8.21)
8.8 Compulaion of Notzle ReYHtIods Number 

The Reynolds number is calculated as follows: 

=Nk. , .) (8.22)
The temperatu re factor r, is as follows for air: 

. . .. .. . . . . .i . .F.. I. 

Io70( 
+-4.4 40 

+2.7 sO 
+37.8 100 

60., 0 
- 71.1 160 

-7 
2775 

5S125 
.40.125 
4"s25 

N.9 Coin pufal'ion ofTheorelical u1Imer Requirenenls
In Order to calc:tle tile iheoretical power required to 

move (le trats,:r fluid thrnugh tile solar colleclor. the 
followving eqttion shall be used: 

t = n.t lp"w (8.23)
9 DATA YO B H ORU) A I 	TusT REPOr 

9.1 Test Iata 
I lists tie iie:tst 'retents which are to be m ade 

dayLand duritQ tlie in­
dividual tests to obtlitl an l''icieicv da point. 

. 
l'able 2 ,,I1cil'ies flie dali and inilortlionll 1hat shall 

he ieptC led ill CtinIIL tile solar collector. 
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ABSTRACT 

The countries in the Caribbean region,
all of which are petroleum importers, receive
high annual insolation, especially on their 

coastal zones. Therefore, solar energy is
attractive alternative energy source. an


Due to
the lack of widespread computer availability
and expertise in simulation techniques, the

Caribbean region has a need for simplified

solar system design methods. Most of the pop-
ular methods for simplified design, such as
f-Chart and GFL, have been developed for space-heating applications in temperate and cold
regions. In the Caribbean region, however,
solar energy is applied for domestic and com-
mercial water heating and for air heating for 
crop drying purposes. 


In this study, conducted at 
the Center
for Energy and Environment Research (CEER) in
Puerto Rico, simplified'design methods are
developed specifically for domeshic and com-

mercial water heating and 
for air heating

aoolications for crop-drying in tropical
gions. re-
Constants are established and verifiedby detailed simulation programs previously
carried out by CEER researchers and bymodified
f-Chart comparison for three metropolitan 

locations in Puerto Rico
Mayaguez). (San Juan, Ponce,
Based on the solar data for each
of these locations, 
three systems are modeled: 
a solar water-heating system, (I) with and
(2) without a load heat exchanger, and (3) an.
air-based system. 
For the berefit of technology-
transfer programs in 
the region, the entire

algorithm to establish the constants has been
programmed on a micro-computer. Nomographs,
designated as 
PASO charts, were developed

from this. Their use 
is equivalent to utiliz-
ation of 
a single step tool for solar system

design for tropical climates 
for the typical 

systems 
in these zones.
 

A. INTRODUCTION 


The prediction of the amount of electric
energy and/or fuel oil which can be offset by

the solar system is of prime importance in 
a
solar system design. This information is
required in 
the initial planning stages of a
domestic or an 
industrial development or when 
a retrofit of an 
existing facility to solar
is being considered. 

* 

This information is
also useful to government planners for making
long-term economic forecasts and energy plans.
These forecasts are 
of particular importance

to Puerto Rico and to 
the nations of the

Caribbean because most of 
them import their 


entire energy supply in the form of petroleum. 
On the other hand, the Caribbean region
receives abundant sunshine throughout the
 year, and solar energy is an attractive 
alternative energy source.
 

Although many studies have been done on

questions of solar design, most of the work
has been devoted to studies of space heating

applications 
in cold climates. 
 In Puerto
Rico, however, there are no space heating

requirements. 
 The requirements that do exist
which can be answered in the short term bysolar energy are for hot water heating fordomestic and industrial use, and for airheating for industrial and agricultural use,and for air heating for industrial and agri­cultural applications such 
as crop drying.

In Puerto Rico and the Caribbean and in trop­ical regions other than on mainland USA, a
need exists for sipDlified design methods

which do not require large, expensive comput­ers and accompanying expertise for analysis

and design.
 

One of the first approaches to simpli­
fied design is the well-kno-wn method devel­oped by Klein et al 
(1) that has become known
 
as the f-Chart method.*
 

This original f-Chart method, however,

was based on space heating models which are
not appropriate to 
tropical regions. Modest
and Soderstrom 
(3) later designed detailed

simulation models for solar hot water systems
in tropical climates. 
These detailed simu­
lations showed that the 
f-Chart method, with
 some !nodi~ications, could be extended to
these applications within certain ranges of
design values. The f-Chart, though, tended
to over-estimate the solar contribution for
larger systems by as much as ten 
percent.
 

The reasons for 
these errors are two­fold. First, the space-heating problem has
certain characteristics which are different
 
from the water-heating problem, such as
profile. Secondly, the original 

load
 
f-Chart was
inflexible in 
that certain critical parameters
 

'The d-cha't 
mehod ru. p'ov~de the perteen­
age o6 the totaL monthtq energq toad which 
can be 6upptied by sotai ene4gq, known aa 
the
d-vatue, aa a 6unction o6 ce4tain dezign
pa/amete/t 
 and weatheA data. 
Thi6 much-u4ed

rnie:,od wa, ba4ed on 
a Atatiaticat cor4Ietation

o6 a taage numbeot o6 4urtao 
 T.RuSvS (2), a
detaited computer aimutation modet.
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such as 
desired water temperature and storage

volume could not be varied from their nominal 

assigned values 
or extended outside of a short 

range of'values. Nevertheless, this study
showed that the f-Chart method could be used

with precautions as 
a general guide to water

heating designs 
 in tropical climates. 


An expanded version of the 
f-Chart 

method was 
later developed by Beckman 
et al

(4). In this extension of the original f-
Chart, a design method was provided for
water heating only. 

hot 

Correction factors were


provided which allowed for changes 
in certain
design parameters such as storage mass,
required water temperature, air flow rate inair-based collectors 
and heat exchanger effi-

ciencies. 
This improved method, however, 

reintroduced 
some of the computational diffi­culty which the original method was attempt-

ing to reduce. Lameiro and Bendt 
(5) have
estimated that a complete 
set of calculations
for this method done on a hand calculator 

could take as 
long as four hours. Although
the method is available for programmable handcalculators or computers, it 
is not of great
use in the Caribbean which is 
below the lati-
tude fur which the software was developed,

In addition, computer use 
is not widespread

in this region. 


Lameiro (5) provided a breakthrouon in
computational simplicity in solar design when

he discovered a simple second order exponen-

tial fit 
to the f-Chart values.
known as This method,
the GFL method, allows calculations

by hand of f-values in about five minutes 

with accuracies of under 
two percent when
compared with the 
f-Chart. Unfortunately,

the GFL method, which 
is site specific, was
also based on spaceheating requirements and
did not address tropical regions, 


In this investigation, 
a method based on

the simplicity of the 
second order exponential
fit and correlated with the 
expanded version

of f-Chart, with appropriate modifications, 

is developed for %ropical regions.
resulting parameters are then used in 

The
 
the con-
struction of simple nomographs, herein named 


PASO Charts. These
simple design PASO Charts provide atool for various systems and 

locations. 


B. TECHNICAL DISCUSSION 


The principles of solar engineering are 

well documented in recently published texts
in this field. 
 The books by Duffie and Beck-
man (6), Kreider and Kreith 
(7), and Lunde (8)
among others, contain detailed engineering and 

mathematical analyses of 
the principal compo-

nents of solar energy systems. In actual sys­tems such components as 
the collectors, stor-

age tanks, heat exchangers, and associated
valves and tubing intereact with each other 

and with the environment in complex ways.

The exact solution to 
the coupled integro­differential equations which describe such a
system is not easily found. 
 To make matters 

more difficult, the forcing 
functions are not 

deterministic, but rather 
are random processes
which describe the insolation and other 

weather data. 
 Although the investigation of 

these equaticns remains 
an interesting
 

2
 

theoretical problem, the need of 
the designer

is for sound approximations which can 
be used
 
to design actual systems.
 

Due to the problems Dust mentioned, 
a
commonly used approach to solar systems analy­
is computer simulation.
sis With this method,
 

a specific design with all
nents, of its subcompo­can 
be modeled in 
the computer.
insolation and weather data measured at 
Actual
 
fixed


time intervals (usually hourly) is 
then fed
to the computer. 
 The computer simulation pro­gram will model the thermal and other 
physical

interactions between the various components

at discrete'-.time 
intervals and 
arrive at
approximate system operation profiles which
 can be used for extensive analysis and for

the design of an optimal system.
 

The degree of approximation to 
an actual
system can be quite high, depending on the
amount of detail which is introduced. The
TRNSYS simulation program developed at the
University of Wisconsin-Madison by Klein
 
et al (2) in 1973 is 
one of the best-known

solar simulation programs. 
 In addition to
the large data processing capacities required
for a detailed simulation program, a problem
inherent in 
these types of programs is that
 any change in a design parameter requires a
 
rerunning of the entire simulation.
very costly and out of This isthe question from a
design viewpoint for all but the most 
expen­
sive solar applications.
 

The f-Chart method was developed from
 many runs 
of TRNSYS in which design parame-"

ters were varied and statistical correlation
equations were obtained. 
 A detailed discus­sion of this method is found 
in Beckman (4).
The following is 
a summary of the~governing

equations involved in 
this method.
 

1. Hot Water Systems
 

For hot-water systems, the f-Chart

correlation equation is:
 

f 1.029 Y - 0.065 X - 0.245 Y' 
+ 0.0018 X + 0.0215 
 y, (11
 

where X and Y are 
dimensionless quantities

given by
 

X F'A UL (11.6 + 1.18 T
 
R L+ 3.86 T. 0
- 2.32 Ta) At/L (2)
 

and
 

Y FA S Fi')L, 
 {3}

R 

valid for 0 < Y < 3.0 
and 0 < X < 18.0.
 

The parameters 
in these equations
 
are defined as follows:
 

f = solar fraction (percent of
 
monthly load which can 
be sup­
plied by solar energy)
 

FR = collector heat removal factor
 
(dimensionless)
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collector
F ff ­ heat exchanger
effi ciency factor (dimensjoness 


A = collector area (M2) 


U = collector overall energy loss 

coefficient (W/M2
oc) 


T = desired water temperature (OC) 

Ti = water main temperature (OC) 

Ta= monthly, average ambient 
temperature (°C) 


one-month period, in seconds 
77 = Average value of the collector 


transmittance - absorbance pro-

duct. This 
can 	be taken as .93
(Ta) for mos;: flat plate 

collectors.
 

= 
average total monthly insolation
in the plane of the collector 

(GJ/M2) 


Correction factors are provided for
storage capacity and load heat exchanger siz-
ing 	as follows: 


Storage correction: (Vs/75)-25 (4)

where V is the storage volume per unit area
of collactor (lit (HzO)/M 2
 } and is valid for
37.5 < Vs < 300. 
 The storage correction fac-

tor multiplies the 
X variables, 


Load heat exchanger correction: 


0.39 + 0.65 exp. (-139/A), 
 (51 


where A = C (Cn/Qt) 

L 


and 	cL 
 load heat exchanger effectiveness, 


C minimum fluid capacitance

min rate (mC,)min in units of 


(W/ C) where n is the flow
rate and Cp the specific heat 

of the liouid, 


L = heat load expressed in units 

consistent with C 
 so as to
make A dimensionl s(W/OC)

in this case). The load heat 

exchanger correction factor 

multiplies the Y variable.
 

2. 	AirSystems
 

For air systems, the correlation 

equation is 


f = 	1.040 Y - .065 X - .159 Y2 

+.00187 
X2 	 - .0095 Y3 , (6} 

with X now defined as 


X - F AU L (100 - T ) At/L, (7) 

valid for 


0-Y<3.0, 
0 < 	X < 18.0. 


3 

Corrections 
are 	provided for pebble
bed 	storage mass and collector air flow rate
 

as follows:
 

Storaqe correction: (.25/Vs)', (8}
 
where V is the storage volume per unit area
 
of coll~ctor MJ/Mz and is valid for
 

0.125 < V < 1.0. 

Air flow rate correction: 
(M/10.1) .28, 

where M is 
air flow rate per unit area of
 
collector (lit/sec)/MZ and 
is valid for

5 < 	M < 20.
 

3. 	Modifications
 

Several modifications 
are 	required
for 	tropical applications. First, for 
freez­ing 	conditions, 
a collector heat exchanger is
used quite often. 
 This is unnecessary for
the 	tropics since freezing conditions 
never
exist at 
any 	time of the year. Therefore,

F was set 
to one. Second, there is 
a dif­ference between a closed-loop space heating

system in which the major losses are 
through

the walls of the building, and an open-loop
water heating system in which the water 
is
 
heated, used in 
a process, and discharged

outside the building. Therefore, in system
designs~where 
a load heat exchanger is used,
the value of C . /Q *sse to one and i is
thIau o 
 'L 	is settoneadAi
therefore set 5flal 
to C.. This ha$ the
exptcted effect of lowering the f-value by
much as 10%. 

as 
Third, as discussed in Modest
and 	Soderstrom (3), 
 the expected storage tank


losses should be added to the load. 
 In space
heating applications where 
the storage tank

is located inside the building, tank losses
 
are 	considered 
to be not true losses, since
they aid in heating the air. 
 In tropical
 
situations, however, the tank is usually

located outside the structure so that
 

ld Loss10

where Llosses (UA)tank 
 (11)
 

(Tt = Ta) At
 
an 
 a
is a good approximation. 
This can be compen­sated for in 
the GFL method at the load cal­

culation stage, 
as discussed later.
 

4. 	The GFL Method
 

This discussion follows Lameiro (5)
with appropriate tropical modifications. The
 
purpose of the GFL method is 
to find an expo­nential fit 
to the f-values for
design. 	 a given
As the collector area is 
increased,

the 	f-values will increase in 
an approxi­
mately proportional manner. 
However,
collector areas 	 as larger
are used, the rate of growth
 
of the f-values slows down. 
 There are two
reasons 
for 	this. 
 First, large collector
 

areas may collect excess energy during high
InsolaLion periods, causing 
"boil-off"
 
effects 
in the tank. Secondly, regardless of
the size of the collector area, there remains
 
the probability of 
a cloudy period of
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sufficient length 
to make the solar system
supply less than the required energy. The 

first reason is of more importance in trop-

ical regions than is 
the second because inso-

lation values 
are much less variable than in 

colder regions. Therefore, there is not as
much of a dampening effect at high f-values. 

This is borne out in the exponential curve 

fits found for the locations in Puerto Rico. 


The best fit found by Lameiro (5)
was 
a second order exponential function: 

f = l-exp (-RA - SA2) 
 {12} 


Typical errors in the use of this 

formula were ±2% for 0.0 < f < 
.9 and ± 1.5%
for 0.4 < f < .8. R and § are mathematically

derived FonsTants found by forcing the expo-

nential to pass through f = 
.5 and f = .75.
Any two such f-values may be used, however,

in this formulation the system design para-
meters are related to f through R and S.
change in a design parameter would cause a 

A 


change in R and S. 
This formulation is not
useful due to the large number of constants

required to describe different systems at

different locations. 
 A more efficient formu-
lation was found to be 


f = 1 - exp (-R Y - S y() 
 (13) 


where Y = FR (r[) A/L 


In this formulation R and S are, to 

a high degree of approximation, functions of
 
U /TM only. Furthermore, the variation of R
ahd S with UL/T= is very nearly quadratic.
 

The actual variables used in 
the GFL
method, the 
same used in this investigation, 

are:
 

= rFRTO j' rL00 A 114 


CX2R = A + BX + (15) 

FX2
S D + EX + (16) 


where 


X = (UL/Ta) - 8 f171 
L and (F T) are reference values 


to which t.e user gan Sefault if he does 
not
wish to consider values other than those used

in this analysis. 
A through F are constants
which are found by performing a multiple 

linear regression of R and S against values
 
of X.
 

C. RESULTS 


The aforementioned procedure, adapt,!d to 
tropical climates, was used to establish the
constants A through F in 
Equations 15 and 
16
for three different system designs. 
 These 

three designs 
are shown schematically in
Appenrlix A. System I is a water heating sys-
ten for non-potable water, suitable as a pre-
heater for domestic and commercial loads such 

as 
floor-washing and clothes-washing.
2s lr toshystemd1cexeptat a Syste

2 is similar to system 1 except that a heat
 
exchanger is used. Th s system can thus pro

vide potable water for domestic and commerci
 
loads such as dish-washing and food process­
ing. System 3 is an air-based system with
 
pebble storage. Such a system can provide

pre-heating of air which can be 
flown throug

drums for crop-drying and similar applica­tions. 'For each of these designs, 
a set of
constants 
was established for the following

locations in Puerto Rico:
 

O'San Juan (North Coast)
 

Ponce (South Coast)

Mayaguez (West Coast)
 

In establishing these constants, a mul­tiple linear regression technique was 
used.

For liquid-based systems, 
the coefficient of
multiple correlation was typically .99 which

signifies a nearly perfect degree of fit.
For air-based systems, this dropped to 
.77.
This drop is due to the smaller ranges of UL
and T= values found in 
air collectors which
allow for 
a larger variation in 
the regres­sion coefficients. Because of the more con­sistent climate conditions in the tropics,

the accuracies of this method against f-Cha.t
 
were even higher than those reported by
Lameiro for mainland United States cities.
 
Typical accuracies were under 1% for 
f-values
between 0.2 and 0.75, and 2% for f-values
 
under 0.9. A correlation chart of the two
method is found in Figure 1.
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The constants A through F used in 
Equa-

tions 	 To simpLtfy this procedure even further
15 and 16, are listed in Ampendix B.
The differences in climatic 
regions in Puerto
Rico are borne ou in these 	 a set of nomographs called PASO Charts'have
c 
 with been developed as
San Juan and Mayaguez appearing fairly simi-	

an aid in performing these
calculatiors. 
They will be discussed later.
lar and Ponce, 
in a much drier region, some-
 In addition, numerical examoles 
are included
what different. 
 to demonstrate both the calculation method

and the 'ASO Chart use.


The insolation data used to develop
these constants was t['e 
data base maintained 
 D. AUTOMATED DATA PROCESSING
at CEER. This includea four years of data
for San Juan and Ponce, and six years of data
for Mayaguez. 	 As ha.3 been mentioned earlier, the
The insolation data was 
trans- results o this method can be used for hand
formed from a hcrizontal surface to 
a surface 
 calculatiois.
tilted at latitude, which was 	 The establishment of the six
taken as 180
for.Puerto Rico. 	 constants of Equations 15 and 16,
The conversion method used 	 however,
require th,
was the well-known Liu-Jordan method in which 
services of a computer. In order 

the insolation is to enhance iuhe technology transfer programsfirst broken up into beam 
 between CEER and Puerto Rico and the Carib­and diffuse components. A discussion of thismethod is found in Liu (9). Modest and 
bean region, the entire process for determi-

Soderstrom nation of these constants was(3) discuss some sensitivity ques-	 automated and
 
tions concerning this methodology in tropical 

programmed on a microcomputer. The entire
 
regions, program run-time on an Apple II system with
floppy disc drive is approximately 30 minutes 
Calculation of per location and system design.the Solar Fraction 	 This involves
the running of five interconnected programs.


However, once the actual data is
The steps to be followed in using this 	 entered
 
aralytical method 	 interactively, the rest of the program flow.
are similar to those of the
GFL method and are 	 is totally automated and involves
as follows: 	 no operator
interaction. 
Therefore, someone 
not familiar
 

1. 	 with computers could easily run
From the collector efficiency curve, 	 this entire
method to establish the constants, assuming
specify the collector parameters: 
 that the insolation data was 
available.
 
FRT (dimensionlessl from the 
 E. PASO CHARTS
 
intercept and 


Appendix C contains a series of nomo-

FRUL (W/M12C) from the slope, 

graphs, herein called PASO Charts, which
allows the user a single-step solution,

graphically, to 
obtain a good estimate of the
2. 
Calculate the annual load required, f-value quickly. Each PASO ChE-t is site and
system specific.


L (GJ/yr). 	 The PASO Charcs included in
For liquid systems, 
 this report are
include the expected tank losses 	
for systems typically in use
in tropical climates but
given by Equation 11. 	 they may be applied
For the 
 to any location in the world as
designs used 	 long as
in this study, Equation 	 the


global insolation data is known.
11 reduces to
 
Example Procedure for the Use of PASO Charts
losses z 1.58 (UA)tank (GJ/yr) 
 (See Figure 2)


3. Select a collector area, A. 
 Given 
 A solar hot water system as
 
4. Calculate X and Y from 	 described by System I is 
located
in Ponce, Puerto Rico. 
 The total
 

load of the system is 600 GJ/yr
UL and the collector area is 200 M 2.
X = -- 8 (W/.2c) and 
 Collector parameters are as
 
follows:
 

Y= FR ir10001 M) FRa= 0.70;"I(F Ta)IVT1 A(2)
 
R 0 IL -IFR UJL 4.0 W/MZOC.0.75 for liquid
where (FRTa)o 
 collectors.


0.50 for air 
 Procedure: 
 The PASO Chart corresponding to
collectors. 
 System I is chosen and the solu­
5. 	Calculate R and S from 

tion worked directly on this
 
nomograph by the following steps:


R = A + BX + CX2 and 

I. One may either calculate the
ratio of the area/load or
S = D + EX + FX2 . enter the two variables in 

6. 	Calculate the f-value from 
the nomograph of lower left
 
hand corner and read the
 

f 	 corresponding value of area/
= - exp (-R Y - S Y2). 
load. 
 Both the vertical
 
(load) and horizontal (area)
 

5 
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scales 
may be multiplied

factor of 	 bya
10. Applying this
factor, 600 GJ/yr enters at 

4. 	Continue vertically until
 
intersecting with the horizon­60 and 200 m2 enters at 20.


At this intersection, follow tal line described in the. sec­
up the corresponding diagonal 

ond part of step 2. 
At that
 
line to the intersection of 	 intersection the value of f
is interpolated as
the {area/load) scale, which approxi­

mately .80.

in this example corresponds p
to 0.33. 
 To compare the results obtained by
previously described methods: 

the
 
f-Chart, modi­2. 
From this point, continue 

fied 	GFL and PASO Chart, a series of combina­
vertically upward until 

tions of systems, loads and collector para­metEers were run.
intersecting with the diago-	
Some examples of the results
 are tabulated in Table 1.
nal line corresponding 
to


FRTa 
= 0.70 and then 	move

horizontally to the right

intersecting with the
LOAD) F Ta 

(AREA/ 0scale at approxi-

mately 9 value of 0.23. 	 ' 


0 	 _-Re-	 -J ouenter the nomograph at 	 .the

right at that value and con-

W t A L A/L W t. . Z) , Urtinue on a horizontal line. i 200 600 .33 4 .7 .23 -2.3 .803 .806
3. 	 I 10C 600 .17 6 .7 .12 

.80
Enter the lower nomograph at 	 .6 .440 .441 .44P 2 200 60Cthe two values corresponding 2 

.33 4 .7 .23 -2.3 .730 .736 .71100 600 .17 6 .7 	 .40to the collector parameters 	 .12 .6 .380 .3813 200 600 .33F Ta = 0.70; 	 4 .5 .17 0 .800FRUL = 4.0. 	 .794 .so3 1oo 600 .17 6 	 .5 .09 4 .4111 .410 .41Fgllow the corresponding
diagonal line at 
the inter-

section of these values until 	

1 300 1000 .30 4 .7 .21 -2.3 .631 .638 .631 100 1000 .10 6 .7 .07 .6 .218 .214reaching the {(UL/Ta)-81 	 .22
H 2 300 1000 .j0 	 4 .7scale. L 	 .21 -2.3 .561 .567 .572 Io 1000 .10 6 	 .7 .07 .6 .181 .1E9 	 .183 200 600 .33 4 .5 .17 0 .660 .664 	.653 100 600 .17 6 .5 .08 4 .320 .316 .31
 

SOLAR SYSTEM PERFORANCE: 
1.0 10 	 1 300 1000 .30 4 .6 .10 -1.3 .559I0 SOACTIO LFOI : 	 .564 .55EM PETNL E1 11ACTIOMO[pTHE L OA 

1 100 1000 .10 5 .6 .06 2 .180 .169 .17
Compe"INT 	 p 2OLARENERGYASOASAST1itFU P&RAMET[RI 500 1000 50 4 	 .6 .30-CTOaOF 2 1000 -1.3 .677 	 .689 .683 200200 600 .20.33 6 	.6 .12 2 .273 .245 .254 .5 '.17 0 .687 fi60 .71
 
Given: System load is
ON .	 0., 3 100 600 .17 6 .5 .o0 4 .337 .33o600 GJ/yr and collec-	 .31
 

o* , 	 2 
T be . Conp W n o ScC.i Faac ion 'au£ bt#Va= tor area is 	200 m , -

Ou
collector parameters 	 ou Mkethod6; P-Poncc, 1f-Mayauc' RP-'o
Picdia,6.
are: FR=a
o0 	 o 

0.70 and
02 FRTJL - 4.0 watts/m 2_oC cy 

0.1 AN[Ai 	 F.0. 
1,.oI 	 CONCLUSIONS 

The graphical methodology of PASO Charts
c G. 
developed in 
this project provides the de­o SOLUTIONt 	 Signer a rapidqb ROYN7 	 method for both analysis anddesign. 
 One can very easily compare the per­

40 - C formance of the same solar system and com o­nents in various locations, given the PASO
400. Q Chart for 	each location.so ZPASO It is expected 	thatCharts may. be similarly developed for
other systems and it
0 02 authors to is the 	intent of thedo so in 
the future.
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ABSTRACT

This paper presents thermal performance equations 
 the collector, and 
the incident radiation. The flo,
for glazed flat-plate solar 
collectors categorized by 
 and the inlet water temperature
generic classification. 

rate are kept con-
The equations are derived stant. 
The measured flow rate multiplied by the fluic
from analyses of experimental test data collected for
the past six 

specific heat and the measured temperature rise across
years on tests of 270 
solar collectors 
 the collector is the instantaneous energy collected by
performed according 
to ASIIRUM 93-77 procedures and the collector. This quantity divided by the measured
leading to certification by the Florida Solar 
Energy incident 
radiation is the instantaneous
Center (FSEC). Presented collectorhere are the straight line efficiency. Performingefficiency curves (intercept and 
the test at several inletslope values) for water 
temperatures supplies additional data points.
eight solar collector generic classifications based on


the The efficiency curve is derived from the datanumber of covers, the cover plate material, and points by a least squares fit of the data pointsthe absorber plate coating used illtheir construction. assuming either a first or second order efficiencyThe collector efficiency curves were developed from a curve. In this study,
computer search to establish a list 
the first order efficiency
by generic type 
 curve based 
on the Ilottel-Whittier-Bliss
and then from a statistical evaluation of each generic 

analytical

model is used. This efficiency curve is described as
listing. 
 Of the 270 test collectors, 170 were tested 
 follows:
 

at FSEC and 100 were 
tested at other laboratories.

From the generic thermal performance equations il= FR (ta)e - FRUL (Ti-Tamb)presented, a solar designer is able 
to select a gener-
 e
ic type of solar collector for a particular applica­

tion and then to 
size and evaluate the performance of where
the selected system based 
on the developed generic 
 = collector instantaneous thermalthermal efficiency curve. This 
procedure allows the 
 efficiency
designer to make decisions on system performance andeconomics 
 early in the design process and before 
 =FR collector heat removal factor
selecting a specific collector manufacturer.
 

INTRODUCTION 
 (TN(a)= effective transmittance­
absorptance product
The solar collector is the 
crucial component and
critical design variable of a solar 
system -- it is = 
. the heart of system. 

UL heat transfer loss coefficientthe In designing solar systems, [W/(m 2-C) or Btu/(hr.ft:.OF)l
most designers first select 
a particular solar col-
 T T
lector manufacturer and then structure the design 
 (i'amb) = efficiency fluid variable consist­around the selected manufacturer's collector. Itwould certainly be beneficial 
I ing of inlet fluid temperatureif, instead, the de-

signer minus ambient air temperaturecould base the solar system design upon the divided by incident radiation.
desired coilector characteristics and then, when Lthe,esipn is complete, select the collector manufacturer The coefficients FR(Ta)e and FRUL (intercept andoila competitive basis. 
The purlmse of this study was to 

slope of efficiency curve, respectively) are functionsprovide discrim- of the collector's generic characteristics
inatory ,lestgn criteria by determining the relation-
-- the 

materials, components and/or configuration used in the
ship het~een collector thermal perlormance and solai manufacture ofcollector generic the collector. Each collector manufac­lrassitlcatzons. This relationship turer constructs each collector model withwa1s estahlashed by ,laaalyzng ASIIRAE 93-77 solar col-
a unique

combination of generic characteristics.lector test resailt.; for 270 col lectors rhe ASIIP,Ain the solar 93-77 testscollector certi thus produce, for each collector te,t, aLioa program it FSEC. combination of distinct coefficients r(ru)t and FHlL 
C aI.l.I;CTOR 'I'IIE 1glAI. :R FflleI,\Ni:I; (intercept and slope).The interceptr'hi, tht, rm.i l'riormai.e of a solar and slope coefficients forvol lector is plate collectors flat 
evaluatel ly Vs tal I i.l 

are, in general, a funct ion of sevent ie co I I vc tor's Lhe rm. I generic characteristics wlhich ire bri t iy described asefli c ell y Ctia'fe. 'lh, thm.rma I "lI Icit'icy ciirve Is follows:obta ineI ex t, r ame Lt. ll v ,y i r ormt ng tsts oi a 1. Nmilier of cover plates. 'he majority of collec­col lector aticrdi g tia the tt'it plro,'lurti-es dlescrihe 
ly ASII.E lStl,. rI 93-1T, " 1os .0 n"t Lii 

tors cert ifild in the FSEC program have one cover..

D't'imille tLi'lIi'rin.il 

to I la te. Double glazed, two-cover plates, are more
lert rhi ice ol Sul-ar Col lectors" 
(I. commonly used in colder climates. 

2. Coverplate naterial. The transparinrt coverfit t AIAF.E iro..hlurvs, .a Vollet tor is tisted plate materials commonlyunde r .i trvs trilid used are:set o a1( 11itLoilis. .viasuremint s Glass, the most widely used glazing material withar, m.al iol ie Il a rat,', th,. t-nml'.r-aiirv. ri:,e .acriass high transmittance and long-term durability. 

http:lIi'rin.il
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Glass is fragile and heavy. Because 	 9. Incident angle modifier test. (ASHRAE
iron in93-77)
glass retlects the suns radialion, ilow iron 10. Disassembly and
conte nit iI glass 	 final inspection.i dsi rbl . he 
 ir 	 o ote tThe results of an FSECof 	glass was not considered in this study.

Fiber reinforced plastic (FRP), 
 the second most 
widely used material. FRI' 	is not as optically

efficient or as 
durable as 
glass but it is light-

weight and less costly. 

Thin 	film plastics with trade
the names of 

Tedlar, 
ylar, Teflon and Lexan. These have high

transmittance qualities 
 and 	 are inexpensive.

however, they 
 to not retain heat very well 
and 

have 	 a tendency to deteriorate under ultra-violet 

exposure, 


3. 	 Absorber Plate Coating. 
 Common coatings are: 

Selective surface coatings 
such as black chrome,

black nickel and copper oxide which have high

absorptance and 
low emmitance properties. Selec-

tive 	coatings are more expensive than paint.
infrared emissivity of these surfaces The
is 	below

0.2. 

oderately selective surface coatings, 
 special 
paints which have moderately selective surface
properties. The 
emissivity of 
these surfaces 
range from 0.2 to 0.7. 
Flat black paints, non-selective, high heat 

resistant paints are
that 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. 


4. 	 Absorber material Type. 
 Absorber materials are 

copper, aluminum and stainless steel. These 

materials may be used in combinations of tubes 

and fins, or integral tubes in plates.


5. 	 Absorber confiuration. The absorber may be 

contigured with parallel pipes, series 
or serpen-

tine pipes, a parallel and series combination, or

plate flow, 


6. 	 Enclosure typ
 . 	 The frame holding the collector 

components may be 
 either metallic or non-


7. 	 Insulationm. terials. Tie 
insulation materials 

used to keep heat 
from escaping from the back and 

sides of the collector are fiberglass, foam, or a 


mPreseited 
in 	this pap.r are statistical nein and
Paardeseatin valus ofper stat, icmeaF ntistandardl ,leviatiol values
ant F U is a function of of the coefficients F (ta)
these collector characteriS-

tics wi~lin generic collector categories. 


FSF.C 	SOLAR COLLECTOR PROGRAM 
The Florida 

setting standards 
collectors siuce 
passed a st.itute 
these activi ties. 
liudami aiilaurv 

1lit, 	 pr sent 
ae es-17 n'tht
r')l-7 	 as th et,' t 

Solar 
Eiergy Center (FSEC) has been 

for, testing, and certifying solar 

1977 when 
the 	Florida l.egislature

(Florida Statute 
 77.705) requiring
li 1980 the certilicatLion progrim
for ll col loetors mLlhuictire, 

c1r9f Cat tn l,rogram uses ISIIR,\
,h ,Ifaond prlogr.tim cersestm th 	d in dlll l llclI~nAus Thi. cert l i Li,,ii 

prroitrv develo pedlbyv 'SL:C I!,3).Thiis ci rt ifit .1 tiionprogram is .1:o equiv.lent tt) ilit'proceidures set ytileliit,.rstate Sol.ir (:iordill.iLioll Cuin¢ii ll (ISCC).c rr nt 
.
 
. 

4. 

5. 

i. 

. 

Me 
se 	 i.ncv ll tesL :, t ; fo lows: 

t v iicn tit, itil,L.
 

ltiI .lrsur te ;t. 


lii'rm.Ll
shitok/w.gt'r 
5Pr.lV t 	 L:. 
rhrl'.,lshuk/crol I l 	Lst . 
St. il l rh r tic tsstf .
 
,~a~lc prsti
Collector t ie consta.nt ,hLori t IIii test 

l
1AS. 1)s-l~tsr)e th7e rml l m~n t
8 	 lsIAI	exp re theri I p'rhirmiie test. 
(ASIRAIiyears 


certification are pub­
lished 
in several forms. A complete test report is 
issued by the testing laboratory for each test 
that 	is

conducted. For 
each FSEC certification, a Summary

Information Sheet 
is published 
to 	give the consumer a
brief description of the collector, the 
thermal per­
formance equations, and a thermal 
performance rating.


From the inception of the certification program,

FSEC has 
certified 520 flat-plate collectors repre­
senting 145 manufacturers. Of the 520 collectors, 120
 
are no longer being manufactured, thus, there are 400
 
current certifications. 
 Of 	the 400 current certifica­
tions, 364 are for glazed 
collectors and 36 are for
 
unglazed collectors.
 

RESULTS
 

This 	study addresses six years of
glazed collectors 	 test results on
for which ASHRAE 93-77 test results
 
are available. Presented 
in Table 1 are the number of
 
collectors tested during each of the 
six years.
 

TABLE . Number of
 

Year 

1977 

1978 

1979 

1980 

1981 

1982 


T982 

Total 


Collectors Tested Per Year
 
Number of Glazed Collectors
 

15
 
52
 
37
 
68
 
55
 
43
 
47
 

270
 
Of the 270 tested collectors, 170 were tested at FSEC
 
and 100 were tested 
by other testing laboratories.
 
The apparent discrepancy between thi 520 and 
numbers can be accounted for by the fact that some
collectors are certified under more than one manufac­
turer's name and many collector models of differing 

surface areas
test. The are certified through a single collector
270 total represents

collectors on which a listing of only the
an 	ASIIRAE 93-77 test 
was per­
formed. All evacuated tubular, unglazed, and triple­

glazed collectors were excluded from the 
list.
 
In presenting 
these collectors 
and 	tests, the
"foliowing general cominents 
are made:
- The weather conditions under which the
 

ASIRAE tests
location were performed were variable
(Florida, 	 by
Arizona, 
 California,
 

etc.). 
 Tests were done during all monthsand 	 lays 
 of the year. All %.-ether condi­
ions id prescribe to the 
limits of ASIIRAE 

standards. 
- The collector tests represent performance


easurements made before exposure testing
and after exposure testing;. Prior to Narch 

181, collector perlormance was 	 determinedby tests conducted onl'y btefure exposuretestInlg. AfLer Marrbh 1981, col lIctor per­
fo rmanre was letermi neil by 	 Ltests condiictedliftcmr JO .ay exposure. BoLh co,!iltiuis are
is 	 lfherei xh. 

- Tle col lectors r'liresenti those of 
tiiriOg com patui, s both a LtlIve nd 
trotm small hIIlckvard olert iolns 

cororrtir lons.
 
It 	 is l'Iiviv.il tlh 	YSEC, 

llalnu ac­
le fun t , 

to large 

heca.use 
it 	 is bethstate .igi'iiv ,ill a rise r'h 	
a 

.llldihvitlvimenL org.iiiza­oli, 	 is IIII 1 IIIoii.s having test ritsltsl rg 	 i iii ei of lletturs hese fur stiih aiii i itit-
Litlls madhe this 	studly possible.The study heliai, iPlrtx mtnitely ,,hteand one-lialf 

ago uluen FSEtC started a prolect to place. all 

270 

http:l'Iiviv.il
http:consta.nt
http:lii'rm.Ll
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certified solar collector data ol the FSEC computer. The seven generic types were then reducedThi.; project was then accomplished by analyzing the four -- the number of cover plates, the cover plat
t 

tested collectors by generic classifications. When a material, the absorber coating and the absorber typeListing by generic type had been compiled, calcula- Table 2 presents a listing of the number of collector

tions were 	 made to determine the mean and standard for each generic type as a result of this analysis
deviation of the collector efficiency curve (intercept
 
and slope) and of Lhe collector incident angle modi­
fier. 
 TABLE 2. Number of Collectors per Generic Type
Before considering the results of this_ studv, a for the Four Generic Classifications
 
comsnent needs to be made concerning the accuraicy of
 
ASIIRAE test procedures. Tile results presented 
 here 	 Number of Collectors Number of Total 
are based on 
tile ASIIRAE 93-77 test procedures. Conse- per Generic-Type Generic Types Collectors
 
quently, errors in measurements built into the AISRAE 
procedures will also appear in the results presented. 
 1 	 37 37

The errors 	 associated with ASIIRAF test procedures have 2 9 18
been thoroughly discussed by Streed and Waksman 
(4) 3 
 5 15

and Lumsdaine (5). Streed and Waksman found an aver- 4 3 12 
age error of approximately ±2.4% of the measured 5 or above 8 188
 
value in the intercept obtained by a number of test 
laboratories under a wide range of conditions. The
variation in the slope of the performance equations The results of Table 2 show 46 generic types witl was found 	 to be ±8.4%. Reference is to only or twomade these one collectors. However, it is important
publications for further discussion of measurement to observe that 188 of the 270 collectors (70 percent;

errors and 	 the subsequent accuracy or inaccuracy of are represented by eight generic types.
the test results. 
 Presented in Table 3 is a list of the eight

The first analysis was to construct a listing of generic types in which there are five or -..,re collec­
collectors according to tile seven collector characte- tors. The first three columns specify the generic
ristics described in the Collector Thermal Performance type, the fourth column shows the numter of collectors
 
section. 
 in each category, and the final columns list the5
This produced a listing of 116 different ollec- statistical values for intercept aid slope. 
 Under the
tor characteristic combinations. The largest number intercept and slope columns, the values given are theof collectors in a separate list was 30, ant the mean, the standard deviation, and the maximum and
second largest number of collectors was 15. .The minimum values. To show tile scatter distribution of aanalysis also produced 74 comhl'; itions with only one particular generic type, the 26 collectors comprising
collector anti 18 combinations ',,l only two collec- the single cover, FRP, copper tube and fin, flat black 
tors. Because more than half Lhe combinations had paint classification were plotted and are presented inonly a single collector, tile results from using seven Figure 1. The dashed line represents the mean inter­
generic types were not statlstically significant and cept and slope. 
were not used. 

Table 3. Collector Intercept and Slope by Generic Type. 

GLAZING & ABSORBER 	 )INTERCEPT SLOPE (Btu/hr IF fZ

COVER MAT'L & ABSORBER ,,i.

MAT'L TYPE COATING Co=tc'fu, MEAN 'v '1A,'Uo MAX MIN MEAN 
 ,, MAX MIN 

Single Glass 	 Coppe. Tubes Flat Black Paint 47 67.2 5.0 75.6 56.2 -115 14 -72 -140 
and Fins 

Single Glass Copper Tubes Moderately 9 	 -13073.0 3.6 78.0 68.0 -112 11 -100 
and Fins Selective 

Single Glass 	 Copper Tubes Selective 58 71.7 3.3 81.4 62.0 -83 11 -61 -124
 
and Fins Surface
 

Single Glass 	 Copper Tubes Flat Black Paint 22 69.1 6.0 84.6 58.8 -116 12 -96 -138 
anl Alumninumi 
Fins 

Single Glass 	 Copper Sheet Selective 6 70.5 5.1 77 4 62.0 -89 17 -71 -120 
listegral SurtaceruhKes 

Sinqle FlP 	 Copper Tubes Flat Illack Paint 26 61.9 55 70.5 530 -117 15 -86 -147a I-ns1--14 

Single FRP Tlms 	 11Cn perihmli Flit Illack Pant 57.1 6.2 65.5 48.1 -114 10 -102 -132 
and Atiiiiiinuini 
Fins 

Double Glass 	 Coen tul s FIlit Illack Paint 9 59 7 6.7 66.1 444 -84 9 -69 -95

anid Fii~s
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solar collector .1nd to pertorm system s ndn l ­

lyIy . i 	 hLS Ll1 ~ . ,th 	 i . S SLln p-rtoIiilti s in o rmI 	 Oin,ssen perto l,anedecisions can made early in the ds proess, 	 adthe collector options can hieevaluaLed before a speci-fic manufacturer IN selected. 

Using the results tIf ribe I 5 
the effects of
different variables 
can he evaluated. Figure 3 shows
a comparison of stlective vs. 
moderately selective vs.flat black paint absorber surface for singe glasscover plate col lectors. As expected, the selectivesurface shows better performance. Figure 4 presents acomparison of glass vs. FRP 
cover plates and selective 


vs. non-selective 
slirtaces. As expected.selective surfaces 	 glass andperfom better. Finally, Figure 5shows a comparison of single vs double glazings forglass covered collectors. This result 

expected. 

i00 
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60 
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-plates, 
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90 

Noe0
Faof. gevI Ues 
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Figure s. Comparison ofAverage Elliclency Curves lorAbsorber Coalings and 
Glass Cover Plaice. 
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N IJ)NG REARKS
 

CONCLUDIN G EA
ResuIts have been presented uh ich give thermnalp r ae ce equations for fslt-pIaLe solar collectorsby generic classification. 
 The tin.a- classificatLion


considers the number of cover plates (either single ordlouble), 
 cover plate material (either gl.ss or fiber
reinforced plastic), ,n(dabsorber coating 
(selective,moderately selective or 
flat black paint). From these
results, 
 the mean, standa'd deviation, maximum 
ind
minimum values of the intercept and siope of
linear collector performance curve 	
the 

and of the incidentangle modifier are determined for each generic classi­
fication. 

The results are based entirely upon the pertor­mance analysis 
of 270 solar collectors tested ac­cording to ASIIRAE 93-77 procedures aiid 	 certified by 
the Florida Solar Energy Center. The results repre­sent six years 	 of FSEC collector testing activities.
 

Using the
designers generic thermal performance equations,can size and evaluate the performance of a 
solar 
system by generic collector type. 
 This proce­dure should lead to more 
efficient system desiga
more competitive 	 and
procurement 
of collectors. 
 Also,
these performance characteristics 
may be useful in
 
comparing collectors within the generic type or deter­

if a particular collector is better than aver­age for that generic type.
 
p Figures based 
on the derived results are alsopresented 
which compare 
selective 
vs. non-selective
 
surfaces, glass vs .
 fiber reinforced plastic cover
and single vs. 
double glazing.
 

I " _I 

. 
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ITITAI. t.Hi.SO FT i JaTUI 
00L 0 0,10.2 03 0,4O.Slot 0 Figure 2. Comparison of Aversg Ellicinecy Curves lorAbsorber Type andSsisct, and Non.Sietllvs Surlpce. end Gils Cover Pistil.
0 0.1 0.2 0.3 0.,4 0.5 

(TI-TA)II (F-HR.SO FT/0TU)Figure i. Pllof 2 
8CollectorEffliciencyCurvesandthe AveragElllencyCurve TABLE 4. Number of Collectors per Generic Typelot Generic Classiicalion oFfP Cover, Filal lack P int and forIthe te Three Gener c Type Classifi ations
 

Copper Tube and FinAbsorber. 

Number of Collectors 
 Number of 
 Total Number
 

Figure presents 
per Generic Type of Collectors of Collectors
2 a graphic comparison of the
effects of different absorber types in
used single-


glazed, glass-covered collectors with 
1 7 7selective and 


flat black paint surfaces. The comparison indicates 
2 3 6
 
3
that the absorber type i7 not 2 6
a major factor in the 4generic classification. 0 0Thus, the absorber type.was 


troll the generic list which was then 
5 5
eliminated 1 

re- 6 or above 6 
 246
duced to 
 three characteristics 
 -- the number of covers, the plate
cover 
 material and the absorber
coating. 

Note that the Kirkpatrick results
Table 4 presents the are for 117 collec­results of the analysis 
for tors tested
these three gener-ic types. 

as part of the DOE test program and do not
 
separate the collectors 
by glazing materials
The three generic types represented by Table 4 

as was 
are the nilnimulm .i-.Il)table if the results 

done for this study: the Kirkpatrick results onlyare to be cons iler the number of glazingsmeaningul. tible 5 presents 
and the absorber 

for thie three 
a listing of the results coating.generic types and 
for cases with five or 

more collectors per generic 
Table 5 presents the primary results of thistype. These 
 results 


agreed study. These results allow a designer towell with those ubtained by Kirkpatrick (6). 
select tie 

thermal performance equation 
for a generic type of
 

Table 5. Collector Intercept, Slope Incident Angle Modifier by Generic Type. 

GLAZING INTERCEPT SLOPE (Bu,hr*F flt INCIDENT ANGLE MODIFIERCOVER 
 ABSORBER 
 .u,,,,
MAr'L COATING , MEAN , MAX MIN -MEAN , MINMAX MEAN ' MAX MIN 

Sitiijle Flat Black Paint 81 676 5.6 84.6 51.3 -116 13 -72 -140 -0.11 0.05 -002 -0.25Glass 

Sinile Moderately Selective 14 71 4 16 780 59.7 -112 14 -89 -141 -0 13 0.06 -0.05 -023
Glass 

Sillille Selective 75 71 2 45 C 1.4 62.0 -82(;I.iii0 13 -61 -124 -014 010 -004 -023
4 0 -0 4 - 2
 

Siile Flit Bl.ck P.it 44 600 6 2 705 41 1 -117 15 -86 -157 -0.12 0.07 -005 -0.20FFill 

Sile Moderately Selective 1; 596 66 614 516 -115 14 -100 -130 -012 001 -010 -0.14FIP 

Sillilie Selective 5 632 1 7 649 61 4 -73 7 -66 79 -0.14 0.01 -0 13 -0.15 
FliP 
Duiillh Flit UI.Kk Paint 13 61 9 6.7 706 444 -84 9 -69Glass-9 -95 -0.11 0.06 -005 -0.20

0.1 O -00
G 02
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Performance of a Plastic Suspended Screen
 
Solar Air Heater
 

by
 

K. V. Chau, C. D. Baird, and L. 0. Bagnall*
 

Abstract:
 

A 104 m2inflated plastic air heater with black plastic sus­

pended screens as extra absorbing surfaces was tested and compared
 

against an air heater without the screens. There was a definite
 

improvement in collector performance with the addition of one or
 

two suspended screens. The increase in efficiency more than off­

sets the cost of the screens.
 

1. Introduction
 

In agriculture, there are many applications requiring heated
 

air at relatively low temperatures. Traditionally, the heat source
 

for these applications are usually natural gas or LP gas, but re­

cent concern regarding the availability of these non-renewable
 

energy sources has promoted new interests in the use of solar
 

energy for at least some of these applications.
 

Several investigations have evaluated the use of solar energy,
 

for crop drying (1,2,3). Collectors of different designs, with
 

flat or corrugated plates, with or without a plastic glazing have
 

been studied (4,5,6,7). It has also been shown that screens coulc!
 

serve as efficient absorbers (8).
 

The objective of this work is to develop a low-cost solar air
 

heater capable of moderate air temperature rises that can be used
 

'Assistant Professor, Associate Professor, Associate ProEessor,
 
Department of Agricultural Engineering, University of Florida,
 

Gainesville, Fl 32611.
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crop drying and other applications requiring heated air. The coll­

ector under investigation is basically a plastic flat plate collector,
 

with one of two black plastic screens suspended between the clear
 

plastic glazing material and the black plastic absorber. The sus­

pended plastic screens are woven mesh screens. Behind the black
 

plastic, there.is a layer of insulation-board to reduce heat losses.
 

The plastic mesh screen and the black plastic serve as the absorb­

ing, heat transfer surface The addition of the plastic mesh
 

screen increases the heat transfer area and the convective heat
 

transfer coefficient betwee.i the absorber and the air. 
Since the
 

heat transfer is increased, the temperature of the absorber is re­

duced and heat losses to the surroundings are consequently less.
 

Also, by operating at lower temperature, the useful life of the
 

plastic absorber is extended. This type of plastic collector should
 

be more efficient than the conventional plastic air heater, especi­

ally when relatively high temperature rises are needed. This coll­

ector is intended for use in solar grain drying; however, it can
 

also be adapted for any use requiring heated air.
 

2. Experimental Facilities
 

The Collector
 

The experimental solar collector was 3.66 m wide by 29.26 m long
 

(Fig. 1). It was constructed primarily from plastic materials and
 

wood. The collector floor was made of urethane insulation boards,
 

32 mm thick, with aluminum foil on both sides. The insulation
 
1.20 m
boards were supported by 3 mm x 10 mm boards spacedVaipart, and laid
 

on the ground. The collector was covered with 0.15 mm clear poly­

ethylene sheet. Between the black plastic and the clear plastic,
 

there were either one to two black polypropylene screens (greenhouse 

shade cloth) depending on the tests. 
 The sides of the collector were
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25 mm x 203 mm boards with an aluminum locking device for mount­

ing the clear plastic. The locking device was of the type commonly
 

used in plastic greenhouses and consisted of a fixed base rail
 

and an insert, that fitted inside the base rail to hold the plastic
 

in place. At each end of the collector, there was a metal plenum
 

to guide the air flow.
 

Originally-, the-collector was built so that it could be tilted
 

to collect more energy, but the-collector was later changed to lay
 

flat on the ground all the time. It was-felt that because of the
 

low latitude (290 N) of Gainesville, Florida, no significant gain
 

could be xpected by tilting the collector, and there would be
 

increased costs to make the collector sufficiently sturdy to with­

stand its own weight and the strong wind occasionally experienced
 

in Florida.
 

Instrumentation
 

The air was delivered at the inlet end of the collector by a
 

vaneaxial fan. A differential measuring flow element connected to
 

an electronic differential pressure indicator was used to measure
 

air flow rates throug:h the collector.
 

Two grids of shielded thermocouples measured the inlet and
 

outlet temperatures of the collector. The thermocouples at the
 

that the heat added by the
inlet were placed after the fan so 


fan did not enter in the calculation of the efficiency. Thermo­

couples were also placed at four stations along the length of the
 

collector to measure the temperatures of the black plastic, the
 

plastic screen, and the air stream. At each station, there were fol
 

the width of the collector for each of­thermocouples spaced across 


the temperatures measured; i.e.; four thermocouples under the blackjI
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plastic, four thermocouples woven into the plastic screen, and
 

four shielded thermocouples in the air stream 3 inches above the
 

collector floor.
 

Solar radiation was measured with a 72-junction thermopile
 

pyranometer and also with a mechanical pyranograph for quick
 

references. Ambient temperatures were recorded by a shielded
 

thermocouple placed in a weather shelter.
 

The thermocouples and pyranometer outputs were recorded by
 

a data acquisition system that scanned every five minutes and
 

recorded the data on magnetic tape.
 

3. Results and Discussion
 

Collector performance and grain drying tests were conducted
 

in June, September, October, November, December 1976, in late
 

May and early June 1971, and in April and May 1978. The range
 

of air flow rates tested was from 02.3 to 1.03 m3 min- m-2 of
 

collector surface. 
During this period, the collector was also
 

used to dry corn and soy bean in two 100-bushel bins. During all
 

tests, the collector was flat on the ground, with an East-West
 

orientation. Collector tests were conducted only during bright
 

and calm days to zeduce the effect of wind.
 

Collector with One Suspended Screen, 47% Shading
 

The term 47% shading indicates that the screen has 47%
 

opaque area and 53% open area. 
During the months of September,
 

October, November, and December 1976, the collector with one
 

suspended plastic screen (47% shading) was 
tested under various
 

air flow rates and solar radiation intensities.
 

In the evaluation of the performance of solar collectors,the
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following simplified energy balance equation is usually used:
 

Qc = aQ - U(T -T) (1)
 

where
 

Qc = useful energy collected
 

a = product of the transmissity of the glazing and the
 

absorptivity of the absorber plate
 

Qs = available solar energy falling on the collector
 

U = overall heat loss coefficient
 

T average fluid temperature in the collector
 

T = ambient temperature
a
 

T"e collector efficiency can be expressed as
 

QC U(T - aa (2) 
Qs 

QS 

If the collector efficiency is plotted against the normal-

T -T
 

ized temperature rise QS , one would get a straight lire,
 

the slope of which is equal to the overall heat loss coefficient
 

U, and the y-intercept is a, the product of the glazing trans­

missivity and the absorber plate absorptivity.
 

Figure 2 shows a plot of the collector efficiency versus
 

the normalized temperature rise. The equation for the straight
 

line of best fit is:
 

E = 0.46 - 15.04 cQSa (3)
 

with a correlation coefficient of 0.65 which is very low. The 

0 2 
temperatures are in C and the solar radiation Qs is in W/m
 

Then:e is quite a lot of scatter of the data points. Equation
 

(2) assumes that the collector efficiency is not affected by
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the fluid flow rate. But it was found that with the suspended 

plastic screen collector, the efficiency is definitely aff­

ected by the air flow rate, probably due to the change in the
 

heat 	transfer coefficient of the screen. 
To illustrate the
 

dominant effect of the air flow rate, all the data used in
 

Figure 2 were used to plot efficiency versus air flow rate
 

as shown in Figure 3. There is much less scattering of the
 

data 	points. 
 Using the least squares method, an equation re­

lating efficiency (E) and air flow rate (FR) 
was found to be: 

E =-0.384(FR): 0.733(FR) (4)
 

with a correlation coefficient of 0.93. 
 The air flow rate
 

is expressed in cubic meters per minute per square meter of
 

collector area.
 

Figure 3 shows that the efficiency definitely varies with
 

air flow rates. As the air flow rate is increased, first, the
 

operating temperature of the collector is decreased and heat
 

losses 
are thus reduced; secondly, the convective heat trans­

fer coefficient between the air and the plastic screen is in­

creased, making the heat transfer more efficient. Because
 

the back of the collector is insulated, most of the heat
 

losses are radiative losses from the absorber and some 
con­

vective losses through the clear plastic. Since radiative
 

losses are related to the 4th power of the absolute tempera­

ture of the absorber, the reduction of the absorber tempera­

ture 	is very significant.
 

In order to 
include the effect of radiation on the collector
 

efficiency, an empirical equation relating efficiency, air flow
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rate and radiation was determined:
 

E = -. 463(FR) 2+ 0.80(FR) - 3.5 	 05 (Qs) (5) 

2where Q 	 denotes the solar radiation in W/m. This equation

s 

shows that radiation has a very slight effect on efficiency.
 

The collector is a little more efficient at low radiation
 

rate because the operating,temperature.of the. collector is
 

lower and thus heat losses are lower.
 

Since the air temperature rise across the collector is of
 

special importance for design purposes,.the data were used to
 

find the relationship between the 	temperature rise TR, the
 

air flow 	rate FR and the radiation rate Q
 

TR = -24.76(FR) 2 + li.84(FR) +0.0476(QS) (6) 

As expected, it was also found that the collector efficiency
 

decreases later in the year because the collector was not tilt­

ed. For 	the early part of December 1976, the average efficiency
 

3 2
at 0.67 m min 1 m- was 28.7% as 	compared to an average of
 

31.7% during the October, November period.
 

Figure 4 shows typical temperature profiles along the leng­

th of the collector. The air stream temperature in Figure 4
 

is the air temperature at a level 	7.5 cm above the black plastic.
 

It is not the mixed average air stream temperature but it does
 

give an indication of the air temperature variation along the
 

length of the collector. Attempts were made to relate this
 

temperature with the mixed average air stream temperature by
 

experimentally determining the vertical air temperature profile
 

from the collector floor to the clear plastic but the results
 

were too inconsistent to be meaningful. The black plastic and the
 

http:temperature.of
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plastic screen temperatures are usually fairly close to each
 

other, with the black plastic temperature normally higher
 

than the screen temperature around solar noon, but the screen
 

temperature becomes higher than that of the black plastic
 

later in the afternoon. At noon, a larger percentage of
 

the incoming radiation is let through the screen openings
 

onto-the black plastic, and later in the afternoon when the
 

sun is low, the screen obstructs more of the incoming rad­

iation.
 

Comparison tests for Collectors With and Without the Suspended
 
Screen
 

All the efficiencies reported here are all-day average eff­

inciencies. Figure 5 shows the efficiencies of collectors
 

with and without the suspended plastic screen. The data were.
 

from the tests performed in late May and June 1977.
 

A more meaningful comparison between the tIJ;o types of
 

collectors can be made by comparing their performance as a
 

function of air temperature rise since the temperature rise
 

is the principal parameter in the 
use of air heaters. Figure
 

6 shows the efficiency versus temperature rise curves at two
 

radiation levels, 700 W/m 2 and 475 W/m 2 These curves
. are
 

constructed from the curves in Figure 5.
 

Figure 6 shows that the difference in efficiency be­

tween the two types of collectors is even larger than is in­

dicated in Figure 5. 
This is because the collector with the
 

suspended plastic screen, being more efficient, operates at
 

a higher air flow rate than the collector without the screen
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for any given temperature rise. The higher air flow rate in
 

turn increases the efficiency even more as indicated by Figure.
 

5. 
2
 

From Figure 6, at a radiation rate of 700 W/m and a 

temperature rise of 15 0C, the collector efficiency is 41% 

with the suspended screen and 30% without the screen. The 

efficiency is thus increased by 37% by the introduction of
 

the screen. In other words, without the plastic screen, the
 

collector has to be 37% larger to collect the same amount of
 

heat at these conditions.
 

Another advantage of the suspended plastic screen is that
 

it helps reduce the temperature of the black plastic. For
 

the same temperature rise, the peak temperature of the black
 

plastic was 10 0 C to 15 0 C lower if the plastic screen was in­

stalled. The reduced temperature for the black plasftc-memas
 

that it should have a longer useful life.
 

Collectors With Two Suspended Plastic Screens
 

In 1978, the same collector used during the previous two
 

years were fitted with 2 suspended plastic screens to evaluate
 

the effect of an additional screen on the collector efficiency.
 

The clear plastic was still 0.15 mm polyethylene; the screens 

were black polypropylene, spaced 50 mm apart. 

a.) Two susnended plastic screens, each with 75/, opening 

Results are presented in Figure 7. The collector eff­

iciency is very much affected by air flow rates as in previous
 

yeats when only one screen was used. However, there is marked
 

improvement in collector efficiency when two screens are used
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instead of one. For example, at an air flow rate of 0.75 m3
 

min m , the efficiency increases from 34% to 42%, a 24 per­

cent increase in efficiency when two suspended screens are
 

used instead of one. The additional screen increases the heat
 

collection and transfer area and increases air turbulence re­

sulting in a higher heat transfer rate.
 

b.) Two suspended plastic screens, a 75% open over a 53% open 
screen 

The only difference between this arrangement and the previous 

one is the amount of shading of the lower screen. Results are 

presented in Figure 8. Again, a two-screen arrangement gives a 

higher efficiency than a one-screen arrangement; however, by 

using a more dense lower screen (53% instead of 75% open) the 

collector efficiency does not appear to be affected. In fact, 

the two efficiency curves are almost identical as shown if Figure 8. 

Collector Cost 

The cost of the collector as described, excluding labour, 

instrumentation and fans is U.S. $10.80/m22 . The insulation boards 

account for 32% of the total material cost and the two metal plenums 

at both ends of the collector account for another 30%. The plenums 

were custom-made and were rather expensive compared to the rest 

of the collector. The plastic screen costs only U.S. $0.94/m 2 or 

about 9% of the total cost of materials; the clear and black plas­

tic cost U.S. $0.22/m2 . 

If insulation were not used and less expensive plenums were 

used, it would be possible to bring the cost down to around U.S. 

$5/m.2 Naturally, if insulation were not used, the temperature 

rise obtainable would be somewhat less and efficiency will decrease, 
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but probably by less than 5 percentage points (if not operating
 

under excessive temperature) since the ground provides some
 

insulation and thermal storage. Such a collector was built
 

(9) in 1978. The material cost (not including the fan) was
 

U.S. 4.95/m 2 and the efficiency ranged from 30 to 45% for 15 C
 

to 250 C temperature rise. All the costs listed above are 1978
 

prices. As of October 1979, these prices have increased by app­

roximately 22%, mostly due to the increase in lumber prices.
 

4. Conclusion
 

A plastic solar air heater with one of two suspended
 

plastic screens is more efficient than a collector without one.
 

It is also capable of higher air temperature rises and remains
 

quite efficient. For the same air temperature rise, the temp­

erature of the black absorber is also lower when the plastic
 

screen is installed, therefore extending the useful life of the
 

black plastic.
 

The collector performance is very dependent on air flow rate
 

During the Fall, the efficiency is 20% at an air flow rate of
 

0.33 m3 min-1 m-2 and 35% at 0.90 m m m for a collector
 

with one suspended plastic screen. Solar radiation has only a
 

very slight effect on efficiency; the collector is slightly more
 

efficient at lower radiation rates.
 

A collector with two suspended plastic screens is eve. more
 

efficient than a collector with only one suspended screen and
 

definitely much more efficient than a collector without a screen.
 

Since the plastic screen is fairly inexpensive (U.S. $0.94/m2 ), 

the increase n efficiency due to the screens is well worth the 
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extra cost.
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SUMMARY
 

Drying corn with heated air requires large amounts of energy. In

fact, it accounts for about 3/4 
of the direct energy used in corn pro­duction. Removing water from corn with heated air dryers requires any­where from 3000 to 7000 kilojoules per kilogram of water. 
The variation

is due to the type of dryers used, airflow rate, drying air temperature,

ambient conditions and grain condition. Generally speaking, the high­
temperature, high-speed dryers such as 
crossflow dryers are less energy
efficient than dryers that use low temperature, lo! airflow rate and a

deep grain bed such as a bin dryer. However, the latter type has some
disadvantages including lower capacity, slow drying rate making the grain

vulnerable to mold, and overdrying of the bottom layers. 
 Combination

drying, either dryeration or partial high temperature drying, will

increase energy use efficiency. When ambient temperature and humidity

are high, this method should be used with great caution. Solar drying
is technically feasible but still 
not economically competitive at this
 
time.
 

Drying grain is a very energy-intensive process. Energy is needed
to evaporate moisture in the grain, to run the blowers and various con­
veyors. 
 It has been estimated that the annual energy requirement for

drying corn is 5.9 1010 MJ, equivalent to about 2.3 million m
3 (612

million gallons) of LP gas (3). 
 Table 1 shows the approximate direct
 energy requirement per hectare of corn (6). 
 It can be seen that drying

makes up about 3/4 of the total direct energy input. However, artifi­
cial grain drying is a much needed operation. It allo:4s the farmer to
have more control over his farming operations and flexibility in the

scheduling of equipment and labor during the harvest season. 
 It will

permit harvest at the optimum time to obtain maximum yield and minimum

field losses. Figure 1 shows the allowable storage time for corn at

various temperatures and moisture contents. 
 The higher the moisture

and temperature, the shorter the storage time. 
This is why it is so
important to dry corn quickly after harvest in Florida where ambient
 
temperatures are high in the summer.
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Table 1 

Approximate Energy Requirements for Corn Per Hectare. 

Operation 	 Liters Gasoline
 

Moldboard plow ..... ............ 24.3
 
Disk (once over) ... .............. 8.4
 
Harrow .... ........... ..... 3.7
 
Plant ..... ................ ... 8.4
 
Spray ..................... 1.4
 
Anhydrous ammonia application . 15.0
 
Combine .... .............. ... 16.8
 
Transport .... .............. ... 3.7
 

Subtotal .... .................. 81.7 (= 2,735 MJ)
 

Orying. (13 percentage points of 
moisture removed - 6.3 tons/ha) . . 305 Z (LP gas) 

= 7,789 MJ 

TOTAL ENERGY REQUIRED ........ 10,524 MJ
 

Effects of Corn Moisture Content at Harvest
 

The moisture content at harvest has definite effects on the total 
heat requirement for drying and also on the corn yield. Many farmers 
do not appreciate the magnitude and the source of harvest losses. 
Figure 2 shows that dry matter accumulation is at its maximum when the 

moisture content is approximately 26% (4). Harvesting before or after 
this point constitutes a maturity loss. On the other hand, leaving 
the corn in the field to dry exposes the grain to insect, bird and
 

weather damages. In addition, machine losses (picker or combine) in­

crease as the moisture content decreases due to increased grain shat-


To minimize all these losses, corn has to be harvested when
.tering. 

its moisture content reaches approximately 26%. Hai-vesting early, at
 

30% instead of 26% moisture content, increases the heat requiremant
 
for 	drying by about 25%. 

Energy Requirement vs. Drying Air Temperature
 

From a temperature standpoint, most farm drying falls into one
 
of the following categories:
 

a) 	Natural air bin dryers. The drying potential c.omes from the 
ambient air and the fan heat. The fan heat adds approximately 
I- 1.50C to the air temperature. 

b) 	Low-temperature bin dryers. Typical drying air temperatures
 

are 	in the 15-320C range.
 

c) 	Medium-temperature bin dryers; 60-700C air temperature range.
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d) 	High-temperature dryers; 70C and higher. They include bin,
 
column, and concurrent flow dryers.
 

Natural air and low-temperature dryers are used only in areas where the
 
ar.;bient temperature and relative humidity are low. Practically all of
 
the dryers used in the Southeast are high-temperature dryers.
 

Table 2 shows the estimated energy required to evaporate one kilo­
gram of water from corn (9). It indicates that drying is more efficient
 

Table 2.
 

Approximate Energy Required in Kilojoules Per Kg of Water
 
Evaporated For Grain Dried at Different Operating Temperatures.*
 

Operating Moisture Content
 
Temperature 27% 
 25% 20%
 

38-49°C 	 3132 3482 3712
 

71-820C 	 4062 4062 4292
 

82-1040C 4062 4292 5103
 

* Based on ambient temperature of 160C. (Walker) 

at low temperatures than at high temperatures. However, it should be
 
pointed out quickly that the fuel inefficiency at high temperatures as
 
indicated by Table 2 is not due to the high temperature per se; it
 
merely reflects the inefficiency of the different drying systems oper­
ating at different temperatures. The lower drying temperatures are
 
associated with bin dryers which are very energy efficient, and the
 
higher temperatures are associated with the high-speed column dryers

which are less energy efficient. With high drying air temperatures,

the grain bed has to be thin (except for concurrent dryers) to reduce
 
overdrying of the grain layer that is first in contact with the drying

air. As a result, the discharged air still has a lot of drying poten­
tial left that is wasted unless the dryer has an air recirculation or
 
heat recovery feature.
 

For a given high-speed dryer, such as a crossflow dryer, decreasing

the air temperature will actually decrease the energy efficiency as
 
illustrated by Figure 3 (7). For a given airflow rate, the drying
 
energy required decreases when the drying air temperature increases.
 
Therefore, attempting to lower the operating temperature of a cross­
flow dryer to save energy will actually result in an increase in energy

consumption. It should be noted that increasing the operating tempera­
ture will increase the moisture differential in the grain mass and may

increase stress cracking.
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Drying Efficiency vs. Drying Techniques 

Table 3 shows the estimated performances of the various grain

drying techniques (1). W-ith presently available equipment, the effi­
ciency of fuel utilization tends to decrease as the drying rate in­
creases. Higher speed and higher temperature dryers are usually less
 
efficient for the reasons already given in the last section. 
 Comments
 
on the various drying techniques are also included in Table 3. The 
next section will be devoted to the discussion of some of the techniques 
that are relatively new or not well-understood. 

Combination Drying
 

Combinatioo drying is a process that uses two or more drying tech­
niques to remove moisture from the grain. The two most common combina­
tion drying systens are dryeration and partial high temperature drying.
 

Dryeration is a process in which the grain is removed from the
 
dryer when its moisture content is about 2 percentage points higher than
 
the desired moisture content. The hot grain is allowed to temper for
 
several hours in a separate bin. 
 Then it is cooled with an airflow rate
 
of about 0.5 m3/min-tonne. The final 2 percentage points of moisture
 
are removed during this cooling period.
 

Partial high temperature drying is similar to dryeration except

that the grain is removed from the high temperature dryer at a moisture
 
content of about 20% and transferred to a bin dryer where the remaining

moisture is removed. The advantage of combination drying lies in the
 
fact that this process allows the high-speed, high-tempurature dryer to
 
operate only in the high moisture range where it is most efficient while
 
leaving the drying at low moisture to a deep bin drying and cooling

process. Dryeration can save about 20-25% and the partial heat drying

can save up to 60% of the energy normally used in a crossflow dryer (2).

The amount of energy saved depends on the ambient conditions and other
 
factors.
 

Combination drying can result in better quality grain. 
 The tem­
pering and cooling phases allow the grain to be cooled slowly resulting

in a decrease in 
stress cracks in the grain. In a conventional crossflow
 
dryer, the grain is rapidly cooled during the last stage of the drying

process. 
This rapid cooling can impose great thermal stresses in the
 
kernels, causing them to crack.
 

Disadvantages of combination drying include the additional handling

of the corn, a much closer monitoring of the grain temperature and mois­
ture content, and the extra management of the slow drying phase. Under
 
high ambient temperature and humidity conditions, special caution should

be taken to make sure there is no molding of the top grain layer during

the slow drying phase.
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Concurrentflow Drying
 

In this process, the air and the grain move in the same direction.
 
The hot air that enters the dryer is in contact with the wettest grain,

and the air is rapidly cooled by the high rate of water evaporation

from the grain. Drying temiperatures of 150'C- 260"C can he used without
 
causing excessive temperature in the grain. Air introduced at 150C is
 
quickly cooled to 53C in travellinc 5- 7 cm into the corn at 25% wet
 
basis (8). The temperature of the corn kernel is even much lower at
 
this point because it has been exposed to the drying air for only a very

short time, and the high rate of water evaporation helps keep it cool.
 

The concurrentflow dryer is more energy efficient than a crossflow 
dryer as shown in Table 4 (2). There is also a reduction in stress
 
cracks and grain damage during subsequent handling because the grain
 
temperature is relatively low during drying.
 

Solar Drying
 

During the past few years, there have been renewed interests in

solar grain drying due to the dramatic rise of the cost of fossil fuels.

At the present time, the general consensus is that solar corn drying is
 
technically feasible but it is still 
not economically favorable. The
 
solar drying system is Used only during a short drying season each year,

therefore prolonging its payback period, unless some other uses can be
 
found for the solar collector during the rest of the year. Almost

always, a conventional 
backup system is needed to allow for periods of

inclement weather. This is particularly important in the Southeast
 
where the corn has to be dried to a safe moisture for storage in just
 
a few days to prevent spoilage.
 

A typical collector used for grain drying in Florida can be expected

LO colllL cbuut 5700 KJ/m 2-day. When comparing with LP gas at 13.2/

liter (50/gallon), 5700 KJ is orth 3 cents. This means that if the

solar drying system costs $10/m , the payback period is 333 drying days,
not counting the interest on the initial investment. 333 days may mean
5-15 seasons, depending on the amount of use each year. When interest 
on the initial investment and maintenance costs are taken into account,
the payback period will be even longer unless the cost of fossil fuels 
will rise dramatically. One also has to keep in mind that when the
 
price of fossil fuels goes up, so will 
the cost of the materials used
 
to make the collector. 
The above figure gives an indication on how much
 
one can afford to pay for a solar dryer. In order to compete success­
fully, thc solar grain dryer has to be very inexpensive. The Department
of Agricultural Engineering at the University of Florida is currently
developing a low-cost plastic collector that Rerforms well 
for grain

drying. The material cost is only about S4/m4, but it is still not
 
economically competitive. Collectors can be made to be more efficient
 
in trapping solar energy, but their cost will 
increase.
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Conditions of high ambient temperature and humidity in Florida
 
promote rapid mold growth and accelerate grain spoilage. The high

incidence of aflatoxin contamination is another special concern. Corn
 
has to be dried to a safe moisture level in a very short time. This

adds extra constraints to the success of solar grain drying since

collectors have to be made larger and operate at higher temperature to 
have the short drying time desired. Larger collectors mean higher

initial investment and operating at higher temperature means lower
 
collector efficiency.
 

Problems in the Rating of Grain Dryers
 

It is very difficult for farmers and elevator operators to make
 
the right choice when selecting dryers because dryer ratings are not
 
based on standardized tests. It is very difficult to compare the energy

efficiency of one dryer against another because so many factors affect

the performance rating. These factors include initial and final mois­
ture contents, grain temperature, physical properties of the grain,
resistance to air flow through the grain, and ambient conditions. Keener 
(5) reported the following findings. Based a 10-point moistureon
removal from 30% to 20%, a dryer would have 7.7% higher dryinga rate
than an equivalent one evaluated for 25-- 15% when using air at 72'C.
Different types of corn and hybrid varieties having different physical
characteristics affect the drying rate and drying efficiency by 15­
20%. Air flow resistance by the grain can have widely varying effects 
on drying rate and drying efficiency. When the grain is clean, the air­
flow rate and the drying rate are generally higher for a given fan size. 
However, the drying efficiency can either increase or decrease depending 
on the systems. 

Other Considerations
 

So far, discussions have been presented on 
the direct energy effi­
ciencies of various types of dryers and drying techniques. There are 
other factors to be considered. The direct energy savings have to be 
weighed against the initial cost of the dryers. Dryer capacity is
 
another factor. A drying technique that is energy efficient but requires

extra equipment, handling and management may not actually be energy effi­
cient from an overall energy standpoint. The extra equipment requires

some prior energy investment; the extra management and labor have their 
energy costs also. 

When selecting a dryer or a drying technique, one should be very
mindful of the local ambient conditions. A system that works well and
is very energy efficient at one location may not be efficient or even
work at another location with different, climatic conditions. 
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Table 3
 

Energy Efficiencies of Various Drying 	Techniques
 

Drying Technique Drying Efficiency* Comments
(ton/m 3 of LP gas)
 

1. 	Batch or continuous 43.8 High capacity, flexible, high
 
flow w'., cooling in kernel stress from fast drying
 
dryer (82C to 104C). and cooling, incomplete air
 

saturation.
 

2. 	Batch or continuous flow 54.5 Increased capital investment,
 
with dryeration+ (82'C two handlings to storage, 50 to
 
to 104 0C). 60% increase in throughout,
 

improved product quality.
 

3. 	Bin drying without stir- 62.0 Overdrying in bottom layers,
 
ring device (5.5C rise difficult to manage for optimum
 
with 55% relative humidity performance.
 
humidistat control.
 

4. 	Bin drying with stirring 62.0 Mechanical reliability may be a
 
device 	(38C to 60'C). problem, flexible in grain depth,
 

fast batch procedures.
 

5. 	Bin batch-drying cooling 62.0 Modest price, medium capacity,
 
in bin (49°C to 60°C). additional manual labor for
 

daily leveling and unloading.
 

6. 	Electric bin drying 51.9 Slow drying rate, increased
 
(IWC to 4°C rise), threat of mold, good grain
 

quality, limits on grain mois­
ture content.
 

7. 	Combination system, 5% 84.8 Same as technique 1 or 5, except
 
with batch or continuous- final drying (without heat) and
 
flow drying, 2% with cooling done in another bin;
 
dryeration, 3% with increase in potential for mold
 
aeration.++  	 during final drying.
 

8. 	Drying with ambient ---- Slow drying, grain must be below 
air 	(1C rise). 20% in moisture content, vulner­

able to mold, weather conditions
 
critical.
 

9. 	Solar heat drying Still in the developmental stage;
 
use as a supplemental source of
 
heat may become practical with
 
new technology.
 

(Continued next page) 
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Table 3 Continued. 

* 	 Based on drying 10 points (25% to 15% wb), 4875 KJ per Kg of water 
for high-temperature dyer, and 3482 KJ per Kg of water for bin 
drying systems. 

+ 	Dryeration response is 
a 	constant 2 points of drying, assuming a
 
kernel temperature of 49 to 600 C. 

++ Based on dryeration airflow of .i m3/ton min for 20 hr plus aera­
tion airflow of 0.6 m3/ton min for 30 days.
 

Adapted from Agricultural Engineering, May 1975.
 

Table 4.
 

Energy Consumption (J/tonne) for Several Systems
 
for Drying Grain to 15% wb.
 

Drying Batch-in Cross-
 Con- Dryera- Partial
 
From Bin flow current tion Heat
 

30% wb 1091.7 1232.6 979.7 1091.7 
 955.3
 
28 909.8 1032.7 830.7 909.8 749.2
 
26 749.2 868.4 682.3 720.9 570.3
 
24 606.5 682.3 545.9 
 553.8 393.9
 
22 454.9 516.4 415.3 382.1 228.8
 
20 321.1 363.9 291.7 228.8
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Fig. 1. Allowable storage time for shelled corn at various temperatures and moisture
 contents. 
 Data from USDA Grain Storage Research Lab., Ames, 
Iowa.
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Fig. 2. Relationship between moisture content and yield
 
(Johnson).
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Fig. 3. Heat energy requirements and moisture content 
differentials for a continuous crossflow dryer
(25-15' w.b., 30% cooling section, 100C and 
75% R.H. ambient conditions). (Iorey) 
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