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INTRODUCTION 

Th e  urgency for ener gy independence in the Uni t e d  States is 

unprece dent e d  in its history . The· demand fo r ene rgy i s  reflected in 

r i s ing fuel c o s t s  wh i ch a f fe c t s  ever y  s e gment of the economy. Among 

the most se ve rely a f fe c te
.
d s e c tors is  the agr iculture industry, whose 

foss il fue l  c ons umption is crucial to i t s  e ffic ient produc t ion of food 

and fiber. 

S o l a r , one of s eve ral alternative energy sources be ing developed 

natio�wide, has unique po s s ibilit ie s  in the U . S .  ag r ic ultura l sys te m .  

Large areas are available for locating col le ct or units , and the energy 

re quir ement s on the farm are low as compared with th� available 

radi a t ior. fal ling on the area ( 11 ) . Drying of ·harvested crops and space 

heating of f arm buildings c an e f f i c ient ly utilize low quality h e at whi c h  

c an be generated with s imp le , inexpens i ve , solar e qu i pment . Conse quen tly , 

the agricult ure in d u s try ha s e xc ell ent opportun itie s t o  develop 

widespread appli cat i on of s o l ar ene rgy sys tems . 

At least three serious problems exis t in the deve l opmen t. of a 

s uc c e s s ful  agr ic ultural s olar sys tem . Fi�st, t he seasonal variability of 

s olar radia t ion , in the Great Plains re gion, i s  s uc h  that when the de man d 

for ene rgy on the farm peaks dur i ng the f a l l  and winter, the amount of 

ava ilab le radiation is at i t s  lowe s t level . Second, thermal energy 

collection ceases durin g n i gh ttime hours when the coldest t�mperatures 

o c c ur . The th ird probl e m  is the design and construction of an economical 

and re i i ab le system t ha t  can be nsed for more than one a p p l ication to 

inc re ase its ann u al utilization. 



• ,  

A concent rat or sys tem c an be used to in ten s i fy low l eve l s o lar 

radi at ion ont o a sma l l c o l l e c tor  and thereby ach i eve th e require d  

tempe rature r ange f o r  agricul tura l app l i c a t i ons . A the rma l energy 

s t orage uni t c an be used to al low nigh t t ime de l ive ry o f  ene rgy c o l l e c ted  

during the  day.  Final ly , by produc ing·a i r  tempe ratures th a t  are 

c ompat ib l e  wi t h  both grain drying and preheat ing o f  ven t i l a t i on air , a 

s ing le s y s tem c an be  u t i l i ze d  for a greater  number o f  day s  during the 

ye ar. 

2 

A s o lar energy intens i fie r-the rn:ia l  e nergy s t or age ( SE I -TES ) s yste m  

was des i gne d t o  incorporate a l l  three o f  the s e  a s pe c t s  and t o  enh ance the 

fe a s ib i l i ty o f  s o l ar energy for agricul tura l u s e .  A unique l o c a t i on for 

the the rma l ene rgy st orage uni t  . in the s y s tem was inc lude d in the de s ign 

to  re duce heat lo s s es and improve per formance� 

To inve s t i gate th e fe a s ibi l i ty o f  the mu l t iple-us e  SEI-TES syst e m ,  

res earch was conduc ted wi th t he f o l lowing ob j e c c ive s : 

1. Te s t  the SEI-TE S  for preheating swine hous e ven t i lat i on a ir 

unde r actual  o pe rat ing c ond i t i ons . 

2. Eva luate the per formance and operat ing charac t eri s t i c s  o f  the 

SEI -TES sys t e m. 
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LITERATURE REVIEW 

S o l a r  Ava i l ab i l i t y 

Acc o rd i ng to  Lof ( 1 9 60 ) , " In compari s on with prac t i c a l ly all of 

our c onvent ional s ource s ,  s olar ene rgy i s  charac t eriz e d  by i mmense 

quant i ty , unive r s a l  avai lab i l ity , ve ry l ow concen t r a t i on ,  and ext reme 

var i ab i l i ty " . Be fore the s un 's ray s re ach the atmo s phere , the intens i t y  

o f  rad i a tion i s  e s s en t i a l ly. cons t an t . S a t e l lit e s  and h i gh aircraft  have 

me asured the s o l ar c ons t ant at 1 . 353 kW/m2 . This ext ra t e r re s t r i al 

rad i a t ion i s  7 %  u l t rav i o l e t , 4 7 %  v i s ib le , and 46%  in frared wi th 

wave length s  mos t ly le s s  than th ree mic r ome ters.  The amoun t of �ad iat i on 

th at reach e s  the ground var i e s  from a lmos t none under h eavy c loud c over 

t o  approxima t e l y  8 5  t o  9 5 %  o f  the so lar con s t an t  under ve ry c l ear ski e s .  

S o l a r  rad i a t ion o n  t h e  ground cons i s t s  o f  a d i f fu�e c omponent th a t
.
h as 

been s c a t t e re d  by mo lecules  and part i c u l a t e  matter in the atmo sph e re and ,  

wh e>  the atmosph e re i s  c l ear enough , a beam component that is unchanged 

in i t s  d i re c tion o f  propagati on from the s un , Du f fie  and Be ckman (1 9 76) .  

A l t hough s o l ar ene rgy i s  unive r s ally rece ived , i t s q •Jant i ti es vary 

c on s ide r ab l f .  I n  the far northe rn  and s outhern l at i t udes , the annua l  

inpu t i s  l e s s  th an one - f ourth o f  th at  rece ived in a sunny t e mpe rate  zone.  

Be s ide s l a t i tude fac t ors , a tmo sph e r i c  c ond i t i ons may redu c e  t he annual, 

ave r age , ava i l ab l e ra diat ion by subs t ant i a l  percent age s . Typic al , 

annua l ,  ave rage , radi a t ion in t e ns it ie s  in very sunn y cl imates are around 

2 2 . 7  MJ/m2 -day . Th e average s for the Unite d  S t ate s and London are around 

1 7 .0 and 10 . 2  MJ/m2 -day , re s pe c t ive ly. Liu and Jordan (1963) s t ated th at 

the v ar i ati on of th e l oca l c limat e and the v a l ue of t he at mo s ph e re 



cl earne s s  ind e x  ( kt ) i s  s o  l arge from one loc a l i ty t o  ano the r  that 

lat i tude is a re lat ive ly un impor tant fac tor to cons ider in s o lar

co l l e c t i on appl i cat ion . It is c l ear from th e s e  s ta t emen t s  th a t  the 

loc a l i ty o f  e a ch po tent i a l  s o l ar appl i c a t i on s h ou l d  be ana lyzed for i t s  

ava i l ab i l i t y  o f  s o l a r  energy . 

4 

Ac c or d ing t o  Lof ( 1 960 ) ,  a Texas o i l we l l  on a qua r t e r  s ect i on o f  

l and ( 0 . 6 5 km2 ) wou l d  h ave t o  produce c rude o i l a t  a pe rpe tua l rate o f  

2 500 barre l s  (40 0  k l ) pe r day t o  have an energy ou t pu t  e qu a l  t o  the 

inc i dence o f  s o l a r  rad i at ion on tha t ·qua r t e r  s e ct i on . Bue low ( 1 962 ) 

s t at e d , howeve r ,  that  on c l oudy days the d i f fu s e  r ad i a t i on has l i t t le 

heat ing e f fe ct , s in c e  the incoming energy i s  only about 1 0 %  o f  th at on a 

sunny day .  

Th e l ow c oncen t r at i on o f  s olar rad i at i on i s  o n e  major drawb ack i n  

u t i l i z ing s o l a r  ene rgy . I t  has  a maximum inte ns i ty o f  on ly  about 

1 1 00 W/m2 an d ,  in a sunny climate , an ave rage of on ly abou t 630 W/m2. 

S ince  a c o mme rc i al heat  exch ange r would s e ldom b e  o"pe r a t e d  a t  he a t  

t rans fer ra t e s  b e l ow s eve ral kW , large sur fac e s  mus t  be us ed f o r  the 

recove ry o f  appre ci able quan t i t i e s  o f  ene rgy . One o th e r  s e r i ous drawback 

1s i t s  inte rmi t tent  nature , But ler  and Troeger ( 1 9 7 8 )  and Lof (19 60 )� 

In add i t i on t o  the re gu l ar and pre d i c t ab le va r i ab i l it y  from day t o  n i gh t ,  

there i s  f l u c t ua t i on due t o  c l oudine s s .  Sea s on a l  var i ab i l i ty i s  als o 

supe r impo s e d  on the s e  o ther  f luctuat i ons . The u s e · o f  s o lar ene�gy mus t , 

th e re fore,  d e pend upon the e xi s t ence o f  ( a ) no re quirement fo r cont inuous 

ene r gy s u ppl y , or (b )  supplement ary ene rgy ava i l abil i ty wh en s o lar ene rgy 

i s  unava i l ab l e ,  or  (c ) the ava i lab i l ity o f  s o me form o f  ene rgy s torage . 



F l at -P l ate Co l le c t ors 

When an ob j e c t  is exposed  to so lar rad i a t ion , i t s  tempera ture 

inc·rea s e s  un t i l  i t s  hea t l o s s e s  become equal to i ts h e a t  gains . The 

l o s s e s  de pend on the emi s s ion o f  rad iat ion by the h e a t e d  ma te r i a l, the 

movement o f  the s urround ing co lder air , and the the rma l c onduc t iv i ty o f  

the mate r i a l s  i n  c on t a c t  wi th i t . The ga ins depend o n  th e i ntens i ty o f  

so lar rad i a t i on and the abs orpt iv ity o f  so l ar rad i a t i on by i t s  surface , 

Danie ls  ( 1 964). 

The s o l ar c o l lec tor is the e s s en�i a l  i tem o f  e qu i pmen t  wh ich 

t rans forms s o l ar rad i an t  ene rgy t o  s ome other u s e ful energy form , Duf f ie 

and Be ckman ( 1 974) , The ene rgy t rans fer i s  from a d i s tan t  s ource o f  

rad i an t  ene rgy to  a f luid . So lar c o l l e c tors are c onvenien t ly c l ass i fied 

as fo cus ing c o l l e c tors and f lat-pl at�  c o l l e ct o r s ,  wh i ch d o  �o t foc�s .  

s 

The focus ing c o ll e c tors  c an use  on ly the d i re c t  r ad i a t ion bu t c an produce 

mu ch h i gh e r  temperature s ,  Dan ie l s  ( 1 964) .  For f l a t -p l at e c o l lectors the 

area ab s o rb ing so lar radiat ion is the same as the are a in tercept ing s o l ar 

rad i a t ion . The s e  c o l le c tors c an be des igned for appl i c at ions requiring 

ene rgy d e l ivery a t  moderate temperatur e s , up to pe rha ps 100 C above 

amb ient temper at ure . The f l a t -plate c o l le c tor u t i l i z e s  b o th d i f fuse  and 

beam s o l ar radiat ion , Kre i th and Kre ider ( 1 978 ) . 

Var ious de s igns  o f  f la t -pl a te col l e c tors e xi s t ,  but  f l a t-plate 

co l le c tors  are pr in c i pa l l y  composed o f  a b l ackene d pla te for ab sorbing 

s o lar energy , one or more t rans parent c over pl a t e s ,  insu lat i on for 

reduc ing th e h ea t  l o s s  through the back , suppor t ing members , and 

prov i s i on f or c i r cu l a t ing e i ther l i quid  through tub e s  in good the rmal 

c ontact w i th the bl ackened pl ate or a i r  over th e e n t ire abs orber pla t e  



for the removal o f  th e ab sorbe d s o l ar ·energy , Liu and Jordan ( 196 3 ) . 

The impor tant  par ts o f  a bas ic , f l at-pl a te , s o l ar c o l lec tor are 

shoWn in Figure 1. The "b l a ck" ab sorb ing s ur face conver t s  the radi ant 

energy to h ea( wh ich i s  t rans fe rred to th e · col l e c to r  fluid . The 

tran s parent c ove r s  reduce convec t ion and radiation l o s s e s  t o  the 

atmo s phe re . The back insul at ion re duces conduc t i on l o s s e s  as the 

geome t ry o f  the sys tem permi t s , Duf f ie and Be ckman ( 1 9 74) . Accordi ng to 

Ph i l l i ps (1965), the increase  in fluid temperature , as  i t  pas s e s  through 

the co l le c tor , i s  inf luenced primar i ly by the inten s i t y  o f  s o l ar ene rgy 

s tr iking the c o l lec tor sur f ace , and the fl uid f low r ate th rough the 

coll ec t o r . 

;TRANSPARENT OIRECT I COVERS SOLAR 
RADIATION 

\ DIFFUSE OOLARj 

___ LIZ�- ____ _ 

ABSORBING � 
SURFACE 

Figure 1. Ba s ic f l at-pl a t� s o lar c o l lec tor . 

INSULATION 

TUBE 

Du f f ie and Beckman ( 1 9 74) pre s ented a c o mprehens ive s tudy of  th e 

the r ma l  pe r fo rmanc e  o f  f l a t-pl ate col lectors . The re lat ionsh ips 

importan t  in c o l le c tor ana ly s i s  are the bas i c f la t - plate energy ba l an ce 

equat ion , the co l l e c t ion e ff i c iency , the ove rall h e at t ransfer 

coe f fic i ent , 
.
the c o l lec tor e f f ic iency fac tor , th e t empe ra ture 

6 
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di s t ribut ion in the flow dire c t ion , th e col lec tor h e a t  remova l fac tor , 

the mean pl ate  tempe ra ture , the e f fe c t ive t ransmi t t ance-ab s orptance 

product  and the f low fac tor . Unde r a s te ady s tate  cond i t i on ,  the rate of 

u s e ful ene rgy co l le c t ion is  th e di f ference be tween the rate at whi ch 

s o l ar ene rgy is  ab s orbe d  and the rate of heat l os s , Liu and Jordan (1963). 

According t o  Liu and Jordan (1963); t he f la t -p l a t e  c o l l e c tor i s  the 

s imple s t  an d one o f  the mo s t  e f fe c t ive means o f  co l le c t ing s o l ar energy 

for u s e  in s ys tems th at  require thermal ene rgy a t  comparat ive ly low 

t emperature s .  The a dvantage s of  flat�plate c o l l e c t or s  inc lude the 

fo l lowing : (1) no comp l i cated me chani sms for fo l lowing the app arent· 

diurna l mo t ion o f  the s un i s  needed for operat ion , ( 2 )  cons t ruc t ion i s · 

s imp l e  and co s t  i s  low ,  and (3) d i f fus e a s  we l l  a s  d i re c t  s o l ar radiation 

i s  co l le c t ed .  

F l a t -p l ate co l l e ct ors have been u s e d  t o  h e a t  f l ui ds such a s  water , 

wa te r p lus an ant i free ze add i t ive , or gas e s  s u c h  a s  a i r , ASHRAE (1978). 

On com�aring s o l ar water  and air heaters , C l o s e  (1963) s tated that the 

mos t obv i ous di f fe rence is the mode o f  heat  t rans f e r  between the 

ab sorber p late  and the heated f luid.  In wat er h e a t e r s , the abs orbed 

ene rgy is t rans fe rre d  to th e water tub e s  by conduc t i on . Thi s ne ce s s i-· 

ta te s  an ab sorber plate o f  h igh therma l  conduc t iv i t y ,  and t here fore , 

copper i s  gene ral ly pre ferred . Coppe r water tubes al s o  demons trate good 

corros ion re s i s tance . In the s o lar air  heater,  whe re the a i r s tre am can 

be in cont act wi th the enti re ab s orb ing sur fac e , t he p l a t e  conduc t ivity 

become s  le s s  impor tant . Corros ion o f  the ab sorber .p la t e  i s  a l s o  a 

s e condary cons ideration an d ligh t-gauge s tee l or a l uminum are pos s ible 

p l a te ma t e ri a l s . Hence , a s o l ar air heater appe ars to be inherent ly 



cheaper than a water heater. Close (1963) gave the main factors 

determining the thermal efficiency of a solar air heater as the 

following: 

1. Collector geometry; the length and . aspect ratio. 
2 .  Mass rate of airflow through the heater. 
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3. Spectral reflectance-transmittance properties of the transparent 
cover. 

4 .  Spectral reflectance properties of the absorber plate. 
5 .  Barriers to �atural convection of stagnant air between the 

absorber plate and the air stream. 
6. Heat-transfer coefficient between the absorber plate and the 

air stream. 
7. Collector insulation. 
8. Amount of incident solar radiation. 

'Flat-plate collectors have been built in a wide variety of designs 

from many different materials, ASHRAE (1978). For example, more than 

100  patents were issued in Japa� during a single decade for solar hot-

water heaters, most involving some sort of flat-plate or the optic�l 

equivalent thereof, Meinel and Meinel (1977). However, according to the 

literature, there are several basic design criteria that the engineer 

must consider. 

;}__ The glass cover provides thermal protection for the absorber and 

keeps rain and dirt from the blackened surface, Meinel and Meinei (1977). 

It can transmit as much as 90% of the shortwave solar radiation, while 

virtually none of the longwave radiation emitted by the absorber plate 

can be transmitted outward, ASHRAE (1978). Plastic films and sheets also 

possess high shortwave transmittance, but because most usable varieties 

also possess transmission bands in the middle of the thermal radiation 

spectrum, longwave transmittances may be as high as 0 . 40 .  Plastics are 

also generally limited in the temperatures which can be tolerated without 

deteriorating or undergoing dimensional changes. Only a few can withstand 



the sun's u l trav i o l e t  radiat ion for l ong periods o f  t ime . Breakage due 
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to h ai l s tone s , the rma l expans ion, or vandal ism c an b e  minimized by the use 

of ·t empered g l a s s , wh ich is  much s tronger than window g l a s s . 

Danie l s  ( 1964 ) s ta t ed tha t , at a giv en t emperature , an opt imum 

number o f  c over p l a t e s  provide the mos t  hea t a t  the  l owe s t  cos t .  It 

invo lves  the gain caused by decrease in heat los s e s , the l o s s  caused by 

re f l e c t ion and ab sorpt ion by the " transparent"  cover p l ate s , and the cos t 

of mat er i a l s  and cons truct ion . Us ual l y , one or two c overs are used . 

The l o s s  o f  heat  by radiat ion increas e s  as the fourth power o f  the 

ab s o l ut e  t emperatur e . The re fore , rad iat ion l o s s e s  b ecome s er ious at high 

temp eratur e s , Daniel s (1964) . Radiat ion l o s s e s  c an b e  r e duced by us ing 

s e le c t ive sur faces  on the ab sorber p la t e , Me inel and Meine l (19 7 7). 

Wi l l iams (1975 ) repor t e d  on  t e s t s  which indicated t ha t  col lec to r  

per formanc e improved s ignif i cantly wh en a s e l ec t ive coa t ing was app l ied 

to the ab sorb er p la t e . Such coat ings e f f ec t ively ab s o rb the sun ' s  

inc i dent energy, but ret ard reradiat ion of infrared h e a t , and.thus a l low 

t he co l l ec t ing s ur face t o  reach a higher equ i l ib ri um temperature . For a 

38 C t emperature dif ference between the outer g l as s and abs orb er , the 

co l l e ct ion e f f ic iency incre as ed from 35 to 55% when a s e l ec t ive sur face 

was added . Howe ver,  the co s t  of the co l lector was a l s o increas ed, and 

there fore , no maj or change in cos t e f f e c t ivene s s  o ccurred.  

Ac cording to Meine l  and Me ine l ( 19 77) , s el e c t iv e  coa t ings can neve r  

at t a in t h e  h i gh level s  o f  ab sorptanc e , wh ich a r e  pos s ib l e  wi th non-s elec

tive coa t ing s . Thi s l imi tat ion occurs b e cause the s o l ar s pectrum extends 

into the therma l infrared with s igni fi c ant amount s  o f  energy in the 3 t o  

4 µm reg ion. On s e l e c t ive ab s orb ing surface s , the t rans i t ion from 
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abs orptive t o  re f l e c t ive occur s in the region between 1 . 5  and 3.0 µm. 

S ince i t  i s  une conomi cal to construct .a large surfac e on a movable 

frame , a c o l le ctor orient at ion wh1ch will g ive the be s t  r e s u l t s  should be 

cho s en , Bue l o w  ( 1 962 ) .  According to Becke � and Boyd (1961) , the opt imum 

ti l t  ang le f o r  a st at ionary s o l ar c o l lec tor depends on the l at i tude and 

the s e as onal demand. The dai ly , total inc ident radiat ion upon a sur face 

wi l l  be  a maximum if a s ou th-fac ing sur face  i s  t i l te d  so that the sun ' s 

ray s are perpendicu l ar to i t  at s o l ar noon . Conve c tion los s e s  are also 

af fec ted by col lec tor t i l t . Me ine l and Me ine l ( 1 977) st at ed that the 

convect ion l o s s  of a vert ical s ur f ace  is 80 % th at of a hor izontal 

sur f ace . In winte ·r i t  is recommended thf:it f l a t-p l at e  co l l ectors be  

t i l t e d  at the ang l e  o f  lat i tude .Plus 15° and in summer at  the  angl e  of  

lat i tude minus 1 5°, Dani el s (1964). Ac cording to · Danie l s , t i l ted f l at

pl at e c o l l e c t ors w i t 4  transparent  covers c an ach ieve temperatures o f  

bo il ing wate r  i n  good sunny weather,  but it  i s  di f f i cu l t  t o  produce 

temper atur e s  h igher th an th is  and not easy to obtain temperatures above 

70 to 90 C .. 

Buelow (1962) reported that it i s  no t e conomical ly feasib l e  to 

des ign a co l le c tor  for a cons t ant air temper ature r i s e  throughout the 

day . For grain dryi ng in par t icular , low temper atur e r i s e s  shou ld b e  

us ed b e c au s e  the heat l o s s e s  from the c o l l ec t o r s  are l e s s , the cos t o f  

cons t ruct ion i s  le s s , �nd the co l lec tor sur f ac e  ar e a  needed i s  comp ar able  

t o  the roof  area o f  the  bu i lding required to hou s e  the  crop  be ing dr ied . 

Bue l ow and Boyd (1 957) developed a gener al equat ion which showed that the 

temperature r i s e  o f  the air p as sing through the co l l ec tor is decreas ed 

when the en t ering air temper ature is  inc rea s ed and the ou t s ide air 



temperature r emains the s ame. For this reason , co l l e c tor e f f ic iency is  

the highe s t when t he incoming a ir t emperature i s  e qual  t o  or les s than 

the amb i en t  t emperature . It was conc luded that when only a part of  a 

g iven a ir s upp ly i s  t o  be hea ted , i t  i s  preferab l e  t o  he a t  t he cooler 

port ion . For  e xampl e , i t  i s  more e f f i c ient t o  hea t  the ou ts ide a ir 

enter ing a barn in winter then i t  1 s  to recir cu l a t e  the ins ide air 

through t he c o l lec tor and force ou t s ide a ir d ir ec t l y  into the bui l d ing. 
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Esmay ( 19 77) s ta ted that t he vel o c i ty o f  the a ir over the co l l ec tor 

plate  s ho ul d be near t he turbulent f low range for t he mos t  e f f ic ient heat 

tran s rer . Cl o s e  (1963) indi cat�d t hat increasing t he a ir veloc i ty 

through a s o l ar hea t e r  resu l t s  in higher co l l e c t ion e f f ic i enc ies , but 

also in inc re as ed fan oper a t ing �o s t s . Ac cord ing to  Bue l ow (1962), the 

f low o f  a ir t hrough t he s o lar hea ter should be rel a t ive l y  �nimpeded so 

t ha t  larger fan capac i t ie s  are no t r equired when t he s o l ar hea t ing 

fea tur e  i s  added to an unheated a ir drying s y s t em .  A l imi t o f  about 

. 2 5  c m  of wat e r  pre s s ure drop t hrough t he s o l ar hea t er woul d  �ee t  thi s  

. requirement . Howeve r , the a ir vel o c i ty through the s o l ar heater mus t  be 

hig h  enough t o  g iv e  r e l a t ively good convect i on coe f f ic ients  and a chieve 

reasonab le  e f f i c ienc ie s .· 

For l ow to ·moderat e t e mpera tur e app l i c at i on ,  s o l ar c o l le c tor ducts 

of  not l onger than 7.6 m are cont emp l a t ed , due t o  the exc e s s ive 

t empera ture incr e a s e  and cons equent drop in e f f i ci en c y  whenever the a i r  

make s a l ong pas s a c r o s s  the a bsorber p l at e , C l o s e (1963 ) .  Esmay (1977 )  

a l s o  c onclud ed that t he l eng th of  run o f  a ir over the c o l l e c tor  plate 

shou ld be a s  s hor t a s  prac t ic a l  to incre a s e  e f f ic i ency o f  heat  trans f er . 

Anot her des i gn c ons iderat ion i s  the col lecto r  area , whi c h ,  according to 



Duffie and Beckman (1976), is a major variable and is central to the 

fraction of the heating load to be carried by solar energy and, 

ultimately, cost. 
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Many variations of flat-plate collectors exist. One unconventional 

design involved matrix surface collectors. Akyurt and Selcuk (1973) 

experimented with a solar fruit �nd vegetable drier using a glass

covered, flat-plate collector with a 10  cm thick pillow of steel chips 

(absorptivity = .9 7 )  encased in chicken wire and painted black. The 

entering air traversed the packed pillow thereby cooling it. The low 

matrix surface temperatures decreased collector heat losses, and 

consequently, increased efficiencies. Maximum tempe!ature rises of so·c 

were achieved. 

Conventional designs for flat-plate collectors have always followed 

the pattern of exposing one side to the sun and insulating the other 

side. However, Souka ( 1 9 65 )  reported on a double exposure flat-plate 

collector, which was designed to absorb heat from the back as well as the 

f�ont, with the usual insulation being omitted from the back • .  A flat 

reflector was used to reflect solar·radiation onto the back of the 

collector. The peaK energy collection was increased by 48% , as compared 

with a conventional flat-plate collector. 

Hall (1 9 6 8 )  also reported on a system which omitted the insulation on 

the back of the absorbero In this particular case, the collector was 

incorporated into a roof and ventilation air was drawn through it. At a 

24.4 c temperature rise, the calculated heat gain would have been over 

1 02 . 5  kW from a 2 1 2  m2 roof. About 15 , 20 0  kJ of heat lost per hour 

through the ceiling was picked up an<l returned to the building through 
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the ventilation system. Consequently, the daytime heat loss through the 

roof was considered insignificant. 

The roof of a building may be used to incorporate or support a flat

plate collector. Phillips ( 1 9 65 ) reported that a metal roof of a coffee

drying shed was used as a' solar radiation collector at the University of 

Puerto Rico. Air was circulated beneath the roof. During the middle 

hours of a normal day, the air temperature would increase from 28 to 43 C 

in the solar collector with an airflow of about 1 3 , 390  m3/hr. The 

additional cost of construction neces�ary to provide a solar heat 

collector in the roof was more than that recovered by reduced operating 

costs during the first two seasons of operation. 

Hall ( 1 9 7 4) concluded that � swine house, solar heating system is 

possible with any type of floor or any pen arrangement. Air can eyen be 

exhausted below slotted floors, if desired. Either negative or positive 

pressure ventilation can be used. There- mus.t be continuous air movement 

during cold weather to avoid condensation on the .solar collector unless 

some type of anti-back draft device is incorporated into the system. 

1bere are many possible designs for solar air heaters, ith 

variations of both materials and configurations. These in turn lead to a 

variety of costs and collection efficiencies, Close ( 19 6 3 ) . The 

engineering challenge is to discover the most cost-effective solar 

process for a given application, calculate its true cost, compare it with 

alternative energy sources, and finally build it to meet its 

expectations, Kreith and Kreider ( 1 9 7 8 ) . 

34�1174 SOUTH DAKOTA STATE U !VE SITY LIBRARY 
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Sola.r Concentrator Systems 

Conc·entration of solar radiation becomes necessary when high 

temperatures are desired, or when the cost of the absorber is much higher 

than the cost of mirrors. According to Rabl ( 19 7 6 ) , the heat losses from 

a collector are proportional to the absorber area and, hence, inversely 

proportional to the concentration . . Intimately related to the concentra

tion ratio is the acceptance angle, i. e., the angular range over which 

radiation is accepted without moving all or part of the collectors. 

Williams ( 1 9 75) stated that concentrators may be used to produce 

temper.a.ture-s· in. exces-s· of 15 0 C for efficient electrical power generation, 

for industrial and agricultural drying, and for other applications 

whe·re high temperature heat is required. 

Meinel and Meinel ( 1 9 77) indicated that the optics important in 

solar energy are generally of two types: the Fresnel lens and the con

cave mir.rm�·. Solar op·tical systems differ from general optical systems 

in that cost.s limit: the optical element to simple surfaces and the need 

for concentration requires that the aperture-to-focal length ratio be as 

large as pos·sihle. Solar energy optics usually involve conf·gurations 

which serve merely to collect or redirect the sun's rays. Williams 

( 1 9 7 5 ) indicated that for high concentration the ideal form of the 

concentrator, from an optical standpoint, is parabolic. To achieve this 

high concentration, however, the reflector must be steered to remain 

directed toward the sun, and the heat exchanger must remain located at 

its focus. This has prompted researchers such as Tabor and Zeimer ( 1 9 6 2 ) 

to investigate possibilities of producing static.nary mirror-type 

collectors. with the following characteristics: low cost, accurate 
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o p t ic a l  sh ape , h i gh rigid ity, protected mirror surface, and easy 

trans por t ab i l i ty . Tabor and Zeimer (19 6 2 ) re ached the d i s appo int ing 

conc lus i on that the maximum pos s ible conc entrat ion w i th a s t at ionary 

co l le c tor was three . 

Wil l iams ( 1 9 7 5 ) described a sim�e type o f  concen t rat ing collector, 

which uses a parabolic cylinder re flector to concentrate solar radi ation 

onto a collect ing pipe with in a quartz or pyrex enve l ope. The p ipe can 

be coated wit h  a selective coating to retard infrared emis s ion, and the 

transparent tube surrounding the pipe· can be evacuated to reduce 

convective heat losses . The reflector was automatically adjus ted dur ing 

the day to keep sun!A.&b-�_. JP,�M§�.�L ... on .. _tb.e ,.Q.l!.ec�2r. Whereas, the 
.__.,. ............ ,__,,,_ .,.�,,. 91���� ........ �ncentrator has a-�ature range of 540 � ;-��. 

---
parabolic cyl inder has a range of 260 t o  650 C. The actual tempe ra ture 

obtained would de pend on the opt ical performance of th e reflector, the 

accuracy of th e tracking device, and the absorption e ff i c i ency o f  the 

rece iver . 
Concentrating devices  h ave been uti lized in many variat ions to 

produce an intense distribu t ion of solar radiation over a small area. 

Howeve r ,  s uch devices h ave only rare ly been us ed  in comb inat ion wi th the 

si mple flat-plate collector, McDaniels and Lownder ( 1 9 75 ) . Since a 

reflector is inhe ren tly cheaper to  cons truct and maintain th an a 

conventional col lector, substant ia l cost reductions are anti cipated for 

a combined s y s tem .  Seasonal tracking o f  the sun, i f  des i red , is eas i ly 

accomplished with a ligh twe igh t reflector, Seitel (1975). Accor ing to 

McDanie ls and Lownder ( 1 97 5 ) , succe ss was ach i eved at the s o l ar home of 

Henry Mathew in CooD Bay , Oragon utilizing a refl ec tor and flat-plate 
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collector combinat ion . Preliminary results ind icated a consi derable 

improvement over that expected from a simple fla t-plate collector. It 

was· concluded that for typical winter opera ting condi tions, the 

enhancement in rece ived solar rad iat ion with the re flector-collector 

combinat ion was about 1.4 to 1.7. 

Se i tel (1 975) indicated that specular re flect ors are pre ferable t o  
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diffuse re flect ors, and, in a south-facing ge ome try, should be used with 

collectors elongated in the e ast-west d irect ion to minimize edge e ffects. 

Abernathy (1 979) observed during periods o f  high t hin cloudiness that 

direct normal insolat i on declines more than tha t  which was originally 

ant icipated .  Any decrease in this type of solar intensi ty appeared to be 

highly de trimental to collector performance. 

S torage Systems 

Because available solar energy is intermit tent, i t  must be stored 

or use d to produce some o the� product which can be store d, i f  solar 

energy is to  signi f icantly help solve energy problems, Butler and Traeger 

(1978) . A thermal energy storage uni t  is normally designed to accumulate 

solar energy when it is obt ain�ble and to  make it available to meet 

energy needs a t  o ther t imes, Duff ie and Beckman ( 1 976) . Kre i th and 

Kre i der ( 1 97 8) concluded that although thermal storage represents extra 

cost and addi tional complexity in solar-thermal systems, it  is almost 

always required to  bu f fer the fluctuations of energy collect ion and 

! demand in a solar system. The thermal capacit ance e ffect is needed to 
l J ma tch fluctuating energy collect ion to  energy demands, which tend to be 

l more uni form on a temporal baSis. 
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S ome applica t i ons h ave been reported wh ich use liquid storage units . 

Meador e t  al . ( 1 9 7 9 ) used water as a heat  st orage m� d ium in a solar 

system tha t provided heat  for baby. pigs .  It  was s tored i n  two 4 . 480 m3, 

steel tanks th at were insulated with 1 5 0  mm of urethane foam insulation .  

The t anks were buried in a bed of gravel t o  conserve heat and to provide 

drainage . Energy storage at the Willard so lar facili ty was accomplished 

with a strat ified hot oi l tank, Abernathy ( 1 9 7 9 ) . I t  was est imated that 

the efficiency of the energy storage system was about 90%, with most of 

the hea t loss due to  expand ing warm o i l  into the overflow system. The 

1 0 %  l oss was based on a 24-hour opera t i on .  Krei th and Kre ider ( 19 7 8 ) 

recommended tha t a typical U value of about . 2 -S W/m2-K should. be used for 

liquid storage tanks utilized for spac e  heat ing and / or cooling . For 

particle bed st orage used in space heating systems, U values of about 

twice those for liquid storage were recommended. 

But ler and Traeger ( 1 9 7 8 )  concluded that  wat er is a very pract ical 

st orage med ium for domest ic wa ter heating or when liquid is used for 

collecting and distribut ing the hea t . For space heat ing and crop drying 

appl icat ions, however, rock has the advantage of not requiring a heat 

exchanger . Mueh ling ( 1 9 7 9 )  indicated that rock is also consi derably 

less expensive than water . Holmes et al . ( 1 9 7 8 b ) s t ated that many 

agricu l tural applications, e . g . , space heating of l ivestock shelters , 

require heat ing at  night and during cloudy periods when solar in solatiqn 
--

is unavailab le . Accord ing to Muehling ( 1 9 7 9 ), the maj ori ty of 

agricultura l so lar app l ications have inc l uded at tempts to  prehea t the 

ven tila t ion a ir as it enters the build ing . Without a method of heat 

sto r age, the tot a l  amount o f  heat availab le through such .... a system is 
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limi ted becaus e the sun shine s  during only a part of e ach day . 

There fore, a t tempts  have been made to add s corage uni ts  to heate d-air 

solar collectors . Jordan e t a l . ( 1 9 7 9 ) also report e d  tha t  air- type solar 

sys tems are b ecoming more popular in animal shelters such as swine 

hous ing. Dat a  from an air-type system showed that th e rock s torage as 

a "delay line " improved overall �nergy e f f iciency of the s y s t em, 

Sokh ansanj e t  al . ( 1 9 7 9 ) .  I t  wa s concluded th at  the s avings resulting 

from a "delay line " , wh ich sh i ft s  da ily h igh temperature s to cooler 

periods a t  night, are more th an that .from a solar collector wi thout any 

s t orage . 

Jon e s  and Bundy ( 1 9 7 9 )  experimented wi th ·us ing �oncre te bl�cks 

integra ted into a mas s ive collector wall to s tore thermal energy. It 

was obs erved th at the wall was sign ificant ly warming the incoming 

vent i lat ion air up to 18 hours a fter las t sunligh t , and th e peak gain 

out of the baf fle inle t occurred one to two hours late r  than pe �k 

temper �ture r i s e  a t  th e collector surface . 

Butler and Troeger ( 1 9 78 )  s tated th at a l though rock doe s  not hold as 

much heat as e i ther wa ter or ph ase change ma terials , i t  doe s h ave 

s everal advantage s in c rop dry ing applicat ions . The coll ectors can be 

more cheaply cons�ruc__5,; d ,  problems of freezing and corros i on are l imi ted, 
� �...._ ... � .... 

damage due to le aks is minimal and the storage tank or bin i s  le s s  
- -�-

.,,.__,..--� -------------

expensive. Louver e t  al. ( 1 9 7 9 ) reported that  drying experi ent s have 

shown tha t  ene rgy s tored in 3 . 4 kg of l ime s tone rock, when he ated to an 

average temperature of 1 0 7  C, is suf ficient to dry · o . 454 kg of grain 

from 2 5  to 15% moi s ture content . 



Baird and Waters ( 1 9 7 8 )  concluded from greenhouse studies that the 

s torage capacity s hould be approximately equal to the energy collected 

during one day .  Present day solar economics make i t  impractical to 

s tore heat for a longer period of time . 

According to Duffie and Beckman ( 1 9 7 6 ), a well-designed pebble bed 

has good heat trans fer between air and pebbles, a
_ 
low heat loss rate, 
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and a high degree of temperature stratification . It was als o  s t ated that 

mech anica l energy for pumping can be an item o f  s ignificant cost, and 

care is required in designing for minimum pressure drops. Baird et al . 

( 1 9 7 7 ) . 
sugges ted that the use of larger rocks will result in l ess 

pressure loss, but that when large rocks are us ed, there is more concern 

with the time lag in trans ferring heat to and from the rocks, due to the 

l arge temperature gradients produced .  

According to Kreith and Kreider ( 1 9 7 8 ) , the geometric shape of 

particle s torage beds is a compromise of heat-transfer and press ure-drop 

requirements. Decreasing the length of the flow path will lower the 

press ure drop for a given volume of storage. However 9 for f low path s that 

are very short, the fluid residence time in the bed is not long enough to 

permit effective heat transfer . A convenient way to determine the length 

of a rock bed with air as the working fluid is to require that the length 

be greate r than that required to transfer more than 9 0 %  of the energy 

contained in the working fluid to the storage medium. Es hle an et al. 

( 1 97 7 )  developed a numerical model that gave results which, according to 

the authors ,  should enable further development of guidelines for the 

analysis and des ign of rock beds for storage and release of heat . 

Included in the model is a method for determining the bed convective heat 

'\ 
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transfer coeffic ients . 

Agricultural S olar Applicat ions 

S olar energy can be ut ilized by three te chnologi c al processes : 

( 1 )  heliochemi c al, ( 2 )  heli oelectri cal, and ( 3 )  heliothermal . The 

heli ochemi c al process, which occurs na turally in agr iculture, ma intains 

life on this plane t through pho tos ynthesis by produc ing food and 

�onver t ing co2 to o2 . The second process, through the us e of 

pho tovol t a i c  conver ters, provides power for spacecraft and i s  already 

proving to be useful for many terrestrial appl i c a t ions . However, 

feasib il i ty fo r i ts use in agri culture remains in the future . The third 

process, wh i ch includes this research, can be used to provi de . much of the 

thermal energy needed for domestic water heating and for space heating 

and cooling, ASHRAE ( 1 9 7 8 ) . Powe r generat ion c an also be accomplished 

th rough the use of thermal cycles . Dur ing the 1 96 0 ' s, suppor t for so lar 

ene rgy research in the Uni ted S taLes was essent ially nonexistent, Esmay 

( 1 9 7 8 ) . As convent ional energy resources become more expensive , however, 

signifi can t  changes in U . S .  agri culture will take place, Piment al et al . 

( 1 9 7 3 ) . S ince large enough areas are available for collectors and 

st orage uni ts, and since tempera tures requi red for drying produ c t s  and 

for vent ilat ing livestock buildings are lower than in oth e r  applications , 

the agriculture industry has many oppor tunit ies t o  use heliothermal 

processes, Becker and Boyd ( 1 9 6 1 ) .  

In a properly insulated and operated farrowing building, about 2 /3  

of the t o t al winter heat requi rement i s  needed t o  ra ise the temperature 

of th e cold, incom ing ven t ila t i on air, Murphy et al . ( 1 9 7 7 ) . Much of the 
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energy requ i red for hea t ing confinement swine housing i s  used to 

ma in tain tempe ra tures that  can also be ach ieved wi th s olar sys tems , 

Vaugh an et a l . ( 1 9 7 6 ) . Solar he a t  can be used t o  supply low qua l i ty 

energy f or prehea t ing vent ilat ion air for livestock build ings, wh ich may 

include cal f  nursery bui ldings, poultry brood ing hous e s, or the �ursery 

phase o f  swine product ion, Murphy et al . ( 1 9 7 7 ) . S ince any amount o f  

temperature r i s e  would b e  use ful t o  preheat ven t ilat ion air , less 

expensive ma t eri als and construct ion me th ods may be used for solar 

collectors, Jones and Bundy ( 1 9 7 9 ) . Preheat ing vent ilat ion air with 

energy collected from solar radiation will increase the moi s ture 

carrying capab ili ty of the air thereby lowering the humi d i ty and 

improving environmen tal c ond i t ions wi th in livest ock con finement 

bui l dings, Yexley ( 1 9 7 7 ) . �farmer "preheated" air a t  the room inlet 

would also h ave les s  t endency to fall to the floor than d irect, col d  

outside air a n d  therefore may be eas ier to distribute and mix with the 

interi or room a ir, Jones and Bundy ( 1 9 79 ) .  

Resi d en t i al solar app l ica t ions use recirculat ion o f  air through the 

co llector .  However, using recirculat i on wi th animal s h e l ters can create 

a problem becaus e o f · dus t and pat�ogenic bacteria dispersed in the 

a ir ,  Sokh ansanj et al. ( 1 9 79 ) . · For example , Holmes ( 19 78 a )  had conc luded, 

from e xperience wi th s o lar assis ted heat pumps for livestock h ousing, 

th at air fi l tra t i on is a de finite necessity in heat transfer devices u�ed 

1n an imal housing uni t s . 

During 1 97 7, a study o f  a s olar energy intensi f i er-therma l nergy 

storage s ys tem was conducted at South Dakota  S t ate Un ivers i ty to 

evaluate th e system ' s  per formance characteri s t ics an<l e f fect ivenes s for 



sp ace h e a t ing .  Compar isons o f  bui lding energy consumpt ion we re made 

be tween a space h e ated convent ional ly and a . space heated with both 
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sol ar and convent ional energy sources under actua l c l imat ic cond i t ions 

during wi nter in South Dakota, Julson ( 1 9 7 7 ) .  Th e  system collected 41% 

of the energy available on a hori zontal  sur face or an equiv alent o f  106 

l i ters of propane during th e 28-day study. Convent iona l energy usages of 

2 3 7 7  and 9 1 9  MJ were me asure d  in th e e lec trica l ly heated space and the 

so lar and e l ectrica l l y  hea ted space of the bui l d ing , respect ively . It 

was concluded th at the solar ene rgy i�tensifie r-thennal energy storage 

sys tem funct ione d satisfactor i ly as a means o f  supplement ing s pace 

h ea t ing. 

Yexley ( 1 9 7 7 )  repor ted on a . study conducted a t  the Grain Terminal 

Associ a t i on Feed Division ' s  mode rn, l ivestock , research faci l i ty located 

approxima te ly four mi les west of S ioux Fa l ls , South Dako t a. It was 

conc luded th at the l ow-tempera ture .rise, bare -p l a te solar collector 

constructed on the ver t ical south wa l l  of a be e f  conf inement bui lding 

prov i ded s i gn i f ican t ly more heat  per uni t  of  area to the vent i la t ion air 

than did simi l ar sol ar col lectors constructed a long the roof s lope or 

along bo th the sidewall and roof slope . The s idewa l l  col lector was 

pred ict e d  to provide the equivalent of 8 6 2 9  MJ o f  e lectricity or 337 

l i ters of propane pe r h ea t ing season . I ts repayment per iod was 

ca lcul at e d  to be O_. 6 and 1 . 1  he ating seasons for e lectricity at  a rate 

of 7 . 2 ¢ /MJ and propane at a price of 7 . 9 ¢ / l i t e r, respect ive ly. 

Rese arch o f  solar energy air prehe aters at Kansas S t ate Unive rs ity 

sh owe d favorab le pe r formance in two f i e l d  demonstrat ions . The Kansas 

rese arche rs tested the pe rformance o f  a massive sol ar wal l  wh ich served 
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as an integrated collector-storage sys tem for a vent ilated  swine house 0 

A progress report gave results th at we re qui t e  favorabl e  for the solar 

assisted bu ild ings versus those convent iona lly h e ated . Using actua l and 

pro j ected  tax cre d i ts in Kansas, th e calculat e d  bre ak-even price was 

1 3 . 7 �  per liter o f  propane , Spillman et  al . ( 1 9 7 6 ) . 

Rese archers a t  Mich igan State University have designed and 

2 constructed a 36 6 m flat -pla te collector to provi d e  supplemental heat ing 

for a 5000-bird, laying hen, cage-type poultry house, Esmay ( 19 78 ) . It 

was use d  to dry poultry excre ta during th e months of August, September, 

and October, 1 9 7 7. The waste was dried to reduce i ts we ight, odor, and 

po llut ion potent ial, t o  make it e asier to handle, and t o  u t ilize the 

so lar colle ctor during more days . of  the year . The combinat i on in-house 

and solar-assiste d, tunnel drying succee de d  in removing a t  least 4 5 %  of 

the t o tal excre ta  water on a daily basi s . The collector system was us ed 

to heat  the poultry h ouse during the winter months of 1 9 7 7  and 1 97 8 .  

The collector i tself operated at . 38 . 5% e f f iciency f or a sunny day in 

August, 1 9 7 7 . The e f ficiency was de termined from the calculated energy 

s triking the collector plate and the heat energy delivere d to he drying 

t unnel, Esmay ( 1 9 7 8 )° . Rese arch conducted  a t  the Univers i ty o f  Ca lifornia 

at Davis demonstrated tha t  solar energy can be use d e f fectively in 

California f or the drying of cage -house poul try waste . A fossil fue 

savings o f  approximate ly 1 0 . 0  GJ/ day resulted wh en· drying the daily 

manure produc tion o f  24, 000 layers, DeBaerdemaeker and Hors field ( 19 76 ). 

The manure was dried in three days . 

In e ar l ier work Ha ll ( 1 9 6 8 ) reported th at three swine produc t i on 

buildings in western Illino i s  had ut i lize d a solar h e ating system for 



vent ilat i on . Fresh air was pulled in . directly under and perpend icular 

to the 7 . 6  cm corrugated steel roof ing in a 4. 1 cm air space, wh ich was 

the th ickness of the 4 . 1 cm x 8 . 9  cm purlins that  sup ported th e 

corrugated s teel roo fing . The turbulence created by moving the a ir 
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perpendicular to  the corruga t i ons helped collect thermal energy from the 

steel roofing . Air was drawn 1nt o  a central collecti on duct and an 

ins i de distribut ion duct wh ich extended nearly across the ent ire length 

of the building . 

Accordi ng to  Muehling 0 9 7 6 ) , · th� early, solar heated, h og 

build ings described by Hall were constructed in the fall of 1964 . 

Several such s olar hea ted swine buildings of s imilar design were 

con s tructed from 1 964 t o  1 96.8, but during these years, pow�r cos ts were 

low and th e so l ar design d i d  not become popular. 

The University o f  Missouri is conduct ing research to develop solar 

heating of wa ter for ·baby p ig environmental control . A 5 0  m2 collect or 
. 3 2 wi th two 4. 4 8  m storage tanks was installed a t  a cost of $ 20 . 00/m . 

Past the ini t ial test ing stages, the research is · now d irected toward 

developing an opt imum design of the system , Mea dor e t  al. ( 1  79 ) .  

McFa te ( 1 9 7 6 ) observed that substituti on o f  solar heat for 

conven t i onal s ources o f  energy used in swine confinement-type production 

facili ties h as potential because : ( 1 )  the facili t i es are normally ell 

insulated, ( 2 )  the energy use is at fixed loca t ions, ( 3 ) th e energy use 

pat terns are vari able at  ·specific ge ographic loca t i ons, and ( 4 )  sol ar 

energy ut ilizat ion will a ffect electrical energy demands and ove a l l  

costs. 
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Milking parlors use warm water for the opera t i on o f  prep st alls, 

udder wash ing, sinks and showers , and hot w� ter for pipe line and bulk 

tank sani tizing . Development o f  solar supplementat ion for these heat 

loads would be attract ive to th e agriculture industry , Hayden and 

Th ompson ( 1 9 77 ) . A full-scale solar heating system was opera ted at the 

US DA ' s milking parlor in Be l tsville, Md . and focused on the milking 

parlor ' s  high energy demands . He at recovery from the re frigerat ion 

condensers o f  th e bulk t ank cooling system was combined wi th energy 

received from roo f-mounted solar coll�ct ors to reduce the convent ional 

energy demand . The main storage tank was a 38, 000-li ter, underground, 

concrete silo insula t e d  with 8 cm o f  sprayed-on , ure th ane insulation 

applie d  externally in contact wi 1;h the soi L  An 8 cm th ick foam float 

insulated the wa ter surface and a fiberglass s ilo cap was used to 

preven t debris and people from falling into the tank . Mod i f ication of 

the milking parlor ' s  original , hot water plumbing were made to enhance 

th e e f fects of using solar · supplementat ion .  Th is involve d the 

connection o f  two e lectric water heaters in series, rather th an in the 

para i"le l mode , and using one for warm water and the other for hot water . 

According t o  Hayden and Thompson ( 1 9 77) , the comb inat ion o f  solar energy 

supplement a t i on and plumbing mod ificat ions resulted in a 5 8 %  reduct ion 

in th e electrical energy require d for hot /warm water heat ing . After two 

ye ars o f  opera tion , fur ther optimiza t i on and re finement o f  the system 

we re ne e ded for feasib ili ty. 

A cons i derable amoun t of recent study h as been conducted on solar 

he a t ing o f  greenhouses . Many technically feasible designs have been 

tested , including c onventional hydronic (wa ter-type ) systems , l ow-cos t 
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hydronic systems, and air-rock type ·systems, Ba ird and Wa ters { 19 78 ) . 

The e arliest experimental systems used convent ional components, wh ich 

were proven very uneconomical, but wh ich provided  an important core of  

d a ta for the ana lysis o f  opera ting ch aracterist i c s . In an a t t emp t to 

deve l op a m ore econom ical system, a study of low-cost hydronic systems 

was conducted as a j oint ef fort be tween the University · o f  Florida and 

Ru tger ' s  Universi ty . Sat isfact ory operat ion o f  the Ru tgers greenhouses 

has l e d  t o  a fu ll-scale, commercial installat i on sponsored by the U. S .  

De partments o f  Energy and Agricu l ture .at Kube Pak Garden Plants, Inc. , 

Al lentown, New Jersey . An air-type system wi th st orage was built and 

tested a t  the Agricultura l Research and Educa t i on Center at  Bradenton , . 

Florid a .  Opera t i on during the winter · o f  1 9 7 7 - 7 8  resulte d  in an 

est ima ted fuel savings o f  $ 300 over a 1 50-day h e a t ing se ason based on 

propane at 1 1 . 1 ¢ /liter, Baird and Waters ( 1 9 78 ) . S t a ton ( 19 78 )  reported 

the progress o f  an ERDA- funded project to demonstra te the feasib i l i ty of 

heat ing a commerci al greenh ouse using solar energy. The Ulery Greenhouse 

Company in Springfield, Oh io will use a 5 5 8  m2, hydronic, f lat -plate 

co l l ector system to h eat an 804 m2 greenhouse area . I t  i s  expected to 

provi de 60% of the total heat requ irement at  a cost o f  about $ 1 5 . 1 7 /GJ. 

Baird and Waters ( 1 9 7 8 )  concluded th at general accep tance o f  solar 

heating systems for greenhouses will be slow due t o  the h igh ini t ial 

inves tment, unc ert ainty about future energy costs, and some unanswered 

questions regard ing the e ffe c t  o f  new systems on various crops and 

management schemes . 

Acc ord ing to Me inel and Me ine l ( 1 9 7 7 ) , so l ar crop drying can be 

d ivided into two general categories, each wi th severa l sub divisions. 
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These two ca tegories  are ( 1 )  drying of gra ins and ( 2 )  drying of lea fy 

crops or crops of h igh mo isture . Bue low ( 1 9 6 2 ) st ated that a given rate 

of energy input can be used most e ffect ively for crop drying wh en the 

energy 1s use d  t o  ra ise the tempera ture o f  larger quant i t ies o f  air a 

few degrees , rather th an smaller quant i t ies o f  air to h igher tempera tures � 

Since drying can be accomplishe·d wi thout using h igh t emperature rises , 

ra ther simple and inexpensive so lar col lect ors may be used . Heated air 

from the collectors can be  app l ied d irect ly to the gra in drying process 

wi thout an interme d ia t e  energy-storag� fac ili ty . A succe ssful solar 

grain drying inst allat ion was report ed at the Univers i ty o f  Wisconsin at 

Mad ison where so l ar heat was ob tained from the ga lvanized roof o f  a metal 

building l ocat ed next  to a low-temperature drying b in .  After two years 

of drying , 5 8 %  of the cost of materi als for co l lect �ng s o l ar heat had 

been recovered in the form of savings in fuel costs,. Baumann et al . · 

( 1 975 L 

Early work a t  South Dakota  S tate Univers i ty by Pe terson ( 19 6 3 )  

consisted of three exper imental b ins , two o f  wh ich used solar energy 

co l lectors and one wh ich used electric resist ance hea t . Alth ough the 

resistance -heated  b in completed drying somewhat faster th an e i ther solar 

b in, it was learned th at results were more sat isfac t ory in the 

continuously-operated solar b in than in the hum i d istat -contro lled so ar 

b in . 

S iegel ( 1 9 7 8 ) conducted further solar gra in drying research at South 

Dako ta S t at e Univers i ty using a solar energy intens i fier system . 

Equivalent amounts of 1 1 1  and 1 2 6  l i ters o f  propane we re saved dur ing 14 

and 15 days , respect ive ly .  Calle ' ( 19 79 )  demonstra ted th at a s olar 
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ene rgy intens i f ie r-therma l ene rgy s t orage s y s tem is fea s ib l e  and can 

fun c t ion s a t i s fac tor i ly for low-temperature · b ay dry ing . During the day 

and n igh t ope ra t i on with a the rmal energy s torage un i t ,  energy provided 

to the b a l e s  was  s u f fic ient to doubl e  the drying rate as compared to a 

cont inuou s , amb ient a ir dry ing sys tem·. 

Baker  and Shove ( 1 9 7 7 )  i l lus trated s ever a l  operat ing s o lar 

co l l e c tor s  us e d  t o  dry c rops . The s y s t ems inc luded bare - p l a t e  col l e c t ors 

on b in s  and roo fs of bui ldings , cove red-p l a te c o l l e c tors  on b ins , wa l l s , 

and roo f s  o f  bui ldings , por t ab le col l ec tors , co l le c tors u t i l i z ing the 

comp l e t e  a t t i c  s pace o f  bui l d ings , s us pended-p l a t e  c o l l e c t ors on grain 

drying and s to r age bui ldings , and o ther "h ome made " �o l le c to r s . 

An array o f  6 72 a i r  co l l e c t ors at the Gold  K i s t  Soy fac i l i ty a t  
. 3 De ca tur , Al ab ama was used to temper the inl e t  a i r  t o  th ree 1 0 6  m /hr 

( 3000 b u /h r ) ,  con t inuou s - f low soybe an dryers . Guinn and Fish e r  ( 1 9 7 8 ) 

repor te d Pha s e  I · o f  the three-phase , ERDA s pons ored program wh i ch 

inc l ud� d the des i gn and computer s imu lat ion ana lys i s  o f  the s o lar dry ing 

expe r iment . An e c onomic a s s e s sment , us ing 1 9 7 7  p r i c e s , e s t ima ted tha t  

wi th ground - l eve l  c ons truc t ion o f  the col l e c t or array , the ins t a l l e d  cos t 

wou ld  be  $ 4 14 , 354 ( $ 340 , 2 6 /m2 ) ,  and the cos t per GJ woul d  be $ 1 5 . 26 .  

Comp l e t ion dat e  was e s t imated to be . May , 1 9 7 8 . 

Carne g i e  and Ni les  ( 1 9 7 8 )  repor ted ano th e r  E RDA s pons ored · 

demon s trat i on us ing s ol ar ene rgy to provide corrnnerc i a l  agr i c  l ture 

proce s s  h e at t o  the L & P rais in dehydrat i on f ac i l i ty in Fre sno , 

Ca l i forn i a . In the des ign and cons truc t i on ph a s e  repor t , the au thors 

e s t ab l i shed  the v i ab i l i ty of a 1 944 m2 s o l ar c o l l e c tor , a 354  m3 rock 

he at s torage and a heat  recove ry - sys tem c apab l e  o f  provid ing 70%  of  the 



h e a t  required by one tunnel o f  the dehydra t ion fac i l i ty . The ins t a l led  

s olar  s y s tem cos t was $ 1 7 6 . 4 3 /m2 . 

Some work h as been conducted to deve lop s o l a r  power s ys tems for 

pump ing irrigat ion wat e r . A me dium-tempe rature , s ol a r , the rma l  power 

f ac i l i ty h a s  been des igned and cons truct e d  at  Wi l l ard , New Mexi co . 

Abe rnathy ( 1 9 7 9 )  c onc luded in a report o f  the Wi l l ard  e xperiment tha t  

ava i l ab le e qu i pment to convert s o lar ene rgy t o  shaft  h or s epower is  very 

expens ive and p robab ly too corup lex £or the ave rage farmer t o  ope rate . 

I t  was s ta t e d , h oweve r , that the s o l a� power opt ion appeared to have 

potent ia l , but fur ther deve lopment o f  e quipment and s y s te�s wi l l  be 

requ ired be fore s o lar irrigat ion can be cons idered prac t ical . 
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Pho t ovol t a i c  devices  conve r� l igh t ( pho tons ) d ire c t ly t o  

e l ec t r i c ity . A comp l e te s o l ar pane l i s  current ly o n  the marke t that wi l l  

produce 1 9  vol t s  D C  a t  1 . 3 amps w i th peak noont ime radi a t ion ( 1  kW/m2 ) 

for a cos t o f  $ 42 0 _ Th i s  amount s  to approxima t e ly $ 1 7 , 00 0  per kW at 

pe ak C 3pac i ty for  th i s  1 2% s i l i con array . I f  the p ane l we re t o  be used  

cont inuou s l y  for 20  years  with no furth e r  co s ts enta i l e d , the 

e le c t ri c i ty produced wou l d  cos t near ly 1 3 . 9 � /MJ ,  a s  compared T�i th 1 ¢ /MJ ,  

wh ich was the average u t i l i ty r ate for dome s t i c  e le c t r i c i ty in 19 7 8 , 

ERDA ( 1 9 78) . 

At th i s  h i gh rate , the on ly e conomi c a l  app l i c a t i ons are in remo te 

l oc at i ons , s uch a s  bat te ry charge rs for mountain t op we ather s tat ions , 

rad i o  repe a t e r  s tat ions , fores t lookou t towers , warning l i gh t s for 

o f fshore s t ruc tures and channe l buoys , and cathod i c . c o rros i on inh ib i tors 

for p i pe l ines . Var i ous re s e arch and deve l opment ac t iv i t ie s  h ave been 

d i re c t ed  toward reduc ing the cos t o f  ph o t ovol t a i c  powe r s ource s . As much 
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as 9 0% o f  the funding for the se  programs ori ginat e s  from th e U . S .  

De partment o f  Ene rgy . Deve lopment o f  the us e o f  ph o t ovo l t a i c  ce l l s  for 

irriga t ion is be ing s tud ied and demons trated at an exper iment al farm 

near Me ad , Neb raska . The s o l ar array generate s approxima t e ly 25 kW o f  

e le c t r i c  power , wh i ch i s  s t ored i n  batteries  and u s ed to operate the 

pump for 12 h ours per day . The uni t  c an pump 3 7 50 l i ters  o f  water  per 

minu te from a r e s e rvo ir into i rrigat ion p ipes . O f f-peak e le c t r i c i ty 

dur ing the n i gh t  i s  used to pump wa ter from an irr igat i on we l l  t o  re f i l l  

the res e rvo i r . During the fa l l  and wi�ter month s , the ce l l s  c an be used 

to dry harve s ted corn , ERDA ( 19 7 7 ) . As previou s ly s t ated , photovol t a i c s  

are t o o  expens ive for agricu l tural app l i c at ions at t h i s  t ime . 

Dunn ( 1 9 7 6 )  s t·a t ed that o f  tl_le s everal a l t ernat ive energy 

techno logies , the us e o f  s o l ar energy for s pace h eat ing wi l l  h ave the 

ear l ie s t wides pread pub l ic expos ure . Th i s  is at t r ibuted t o : ( a ) the 

leve l and current s t atus of th e re spe c t ive te chno l o g i � s  of various 

a l t e rnate energy s ys tems , ( b ) the probab l e  degree of pub l i c  acceptance o f  

the b as i c  c once p t  o f  s o lar  energy u s age , and ( c ) the s igni f ic an t  

s t imu lu s  t o  n at i onwi de use  be ing provided by th e feder a l  s o l ar energy 

program ar. d l oc a l  e lectric  ut i l i t ie s . 

Mu l ti p l e -Use Sys tems 

Sp i l lman et a l . ( 1 979 ) ind i cated  that s ince the i n i t i a l  inves tment in 

a s o l ar c o l l ec t ion s y s t em i s  the ma in c o s t  oi owne r s h i p ,  the ore energy 

the s y s tem c an provide over i t s  l i fe t i�e , the more e conomi c a l  it becomes . 

Agricul ture h a s  a number of  potent ial  us e s . Pe l l e t ier ( 1 9 5 9 ) s t ated 

that the s e a s onal nature o f  us age with a cons equent l ow l oad fac tor on 



the col le c t ion device  makes  the economic a s pe c t s o f  s o lar h e a t  ut i l i

zat ion even mo re cri t ic a l  in agricu l ture than in the indus t r i a l  or  

dome s t ic f i e ld . Ext reme ly low cos t or mu l t i -us e port ab l e  devi ce s are 

prob ab ly the answe r  to th i s  prob lem .  

3 1  

There i s  a ye ar-round requi rement for warmed a ir b e c aus e a s o lar 

energy s y s t em th at  wi l l  heat air e f fic ient ly and e conomi c a l ly could be 

us ed on th e farm for drying hay and grain in th e s unnner and fa l l , and for 

s upp lying h e a t  to farm bui ldings in th e winter and s p r ing , Bue low and 

Boyd ( 1 95 7 ) . The Kan s as State Un ivers ity  research e r s  h ave sugge s ted that  

the  mas � ive wa l l  c o l lector  sys tem could be  u s e d  a l te rna t e ly to dry  grain 

dur ing the fal l and t o  cool  s unnner vent i lat ing a i r , S p i l lman e t  a l . 

( 1 9 7 9 ) . Th e  operat ing s cheme wou ld be  t o  cool the b lo cks a t  nigh t  with 

amb ient a i r  and then pul l  vent i la t ing air through the cooled b l ocks 

dur ing th e day . For grain dry ing , i t  would be  nece s� ary t o  l o c a t e  a bin 

ne ar enough to th e bui ld ing . Baker and Shove ( 1 9 7 7 ) repor ted that 

s eve ral  o f  the pre s ent s o l ar c o l lector ins t a l l a t i ons h ave l imited 

mu l t i p l e -us e c apab i l ity . Shop· areas inc luded in machine ry--s torage 

bu i ld ings are be ing h eated by c irculat ing s olar  h e ated a i r  under the 

concrete shop f loor and / or th rough the shop s pace . S o l ar c o l l e c tor 

surfaces on l ive s tock bui ldings c an provide heat t o  the anima l s  after 

corn drying is  comp l e te d . 

To provide f lexib i l i ty in mul t ip le s ys tems , h owever , it  i s  

ne c e s s ary t o  make a c o l l e ctor wh ich i s  portab le . Tabor  and Ze imer ( 1 962 ) 

bui l t  a por tab le focus ing c o l l e c tor  and s ta ted th at th e c o l lec tor sh ould 

not be s o  l arge th at i t  c annot be  hand l ed . A length o f  1 2  m i s  about the 

l onge s t  d imens ion th at  can be carried on norma l road veh ic le s . 
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Per formance Eva luation 

Acc ord ing t o  Bue low and Boyd ( 19 5 7 ) , the amoun t o f  t e s t ing required 

to c omp l e te ly de f ine the operat ing ch arac teris t i c s  o f  a s o lar energy 

s ys tem woul d  be  extens ive . And accord ing t o  Sokh an s anj  e t  al . ( 19 79 ) , 

the per formance evalua t i on o f  a s ol ar col lector  under fie l d  cond i t i ons i s  

o f  much deba t e . When de s ign ing s o l ar ene rgy sys t ems u s ing commerc i a l ly 

ava i l ab le s o la r  pane l s , performance da ta  provided by the manu fac turer 

are o ft en b a s e d  on resu l t s  of te s ts conduc ted under h igh ly favorab l e  

envi ronment a l  and operat ing condi tions .· In s i z ing th e co l l ec t or s  for a 

s pe c i f i c  agr i cu l tural app l icat ion , the des i gner mus t  know i t s  ac tual 

per formance  under average weath er  cond i t i on s . L i t e r at ure was c i ted 

wh i ch ind i ca t e d  that there is gen�ral l y  a d i f fe rence between the re s u l t s  

o f  s tandar d i zed t e s t s  and th at  o f  actual fie ld cond i t i on s , ASHRAE ( 1 9 7 7 ) .  

I t  was s t ated , h oweve r , that  the me thodology o f  eva lua t ing and reduc ing 

the s t andardized tes t data c an be ut i l ized for expe riment a l  f i e ld  data . 

The he a t  � rans fe r  in a s o l ar col lector  occurs th rough s imul t aneous 

radi a t ion , conve c t i on ,  and conduct ion .  The net rate of u s e fu l  heat 

ener gy co l l e c te d  per uni t  are a is th e di f fe rence be tween th e amount  o f  

ab s o rbed s o l ar energy and the heat los t a s  a re s u l t  o f  the co l l e c tor  

be ing hotter  th an its  s urround ings . I t  i s  di f f icult  t o  d i re c t ly 

evaluate the r a c e  o f  ene =gy co l le c t ion on an average d�i ly or  s e a s onal 

b as i s , b e c aus e of random weather f luc tuat ions , Gup t a  and Garg ( 1 9 6 7 ) . 

Liu and Jordan ( 1 9 6 3 )  s t res s ed the impo r tance o f  inc l cding thz long-te rm, 

average pe r formance , ins t ead o f  the in s tan taneous rate  o f  energy 

co l l e c t i on ,  s ince the l a t te r · i s  extreme ly vari ab le due t o  d i f fer ence s in 

c l oudine s s . 



Th e  mo s t  connnon ly us ed ch aract eris t i c  for rat ing the the rma l  

pe r formance o f  s o lar col lec tors is the therma l e ff i c i ency , taken as 

n = , Th oma s and Vaughan ( 19 78 ) , 
It Ac 
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wh ere n = e f f i c i ency , Qu = u s e ful heat co l le c t ion , I
t 

= t o t a l  inc ident 

radiat ion , and Ac = c o l lec tor area . Re fe rence 5 s p e c i fied  tha t  

e f fi ciency be bas e d  on th e gros s co l le c tor  are a , i . e . , ove ra l l  length 

t ime s wi dth . The pr imary purpose o f  e f f i c iency in te s t  re s u l t s  i s  to 

provide po tent ial us e rs with ac curate �n formation for comparing the 

pe rformance of d i f fe rent c o l lec tors and for th e de s_ ign ing of s o l ar 

s y s t ems . Th omas and Vaugh an ( 1 9 7 8 )  reported s tudi e s  wh i ch sh owed that 

th e ac tual environment should be  �ons i de red when e s t imat ing the c o l le.c t or 

e f f i c i ency . Us ing long-t erm , month ly , ave rage -day ·we ather data , the 

predi c t e d  e ff i c ienc ies  we re sub s t ant i a l l y  le s s  than tho s e  ob t a ined under 

te s t  cond it i on s . Wh i le e f fec t s  o f  indivi dual weather parame t ers  were 

not s e para te d , .th e comb ined e ffect o f  h igher wind s pe e d , h igh er fract ion 

o f  s c a t t e red  radiation , l ower 
·s o l ar i rradiat ion , a.nd l arge r . average 

inci dent angle s cont ributed to th e reduc tion in th e rma l  e f f i c i ency . 

Ha l l  ( 1 96 8 )  not e d  that the intens i ty o f  s o lar rad i at i on and the 

wind ve l o c i t y  appear t o  be  th e mo s t  import ant fac tors  in the amount o f  

h eat ga ine d from the s t e e l  roo fing wh ich was us ed as  a s o l ar c o l lector . 

S iege l ( 1 9 78 )  a l s o  sugge s ted  the re cord ing o f  wind · ve lo c i ty for us e in 

deve l oping the pred i c t ion e quations for ene rgy c o l l e c t ion .  



• 

34 

Economi c Pe rformance 

The re is an import an t  di f fe renc e between the techno�o g i c a l  

feas ib i li ty o f  ut i l iz ing s o lar energy proc e s s e s  and th e pros pe c t s  for 

immediate u s e  of th e s e  proc e s s e s , Kre ith and Kre ider ( 19 78 ) . In a free 

e conomy , th e c r i t e r i a  de t e rmining whe ther s o l a r  ene rgy or s ome o ther 

ene rgy s our ce wi l l  be used  i s  economi c compe t i t ivene s s . For a s o l ar 

heat ing s y s tem t o  be  at trac t ive to the producer , i t  mus t  b e  e conomic a l ly 

c'ompe t i t ive wi th o th e r  h e at ing sys tems pre sent ly in u s e  and the farmer 

mus t  be ab l e  t o  "manage " th e sys tem wi th minimum t ime and maint enance ,  

Yexley '( 1 9 7 7 ) and L·o f ( 1 9 60 ) . 

Du f fie and Beckman ( 1 9 7 6 ) s t ated that as fue l c o s t s  r i s e  and as  the 

s upp l ie s  of l ow-co s t  na tura l gas become increa s ingly d i f f i c u l t  to obt ain , 

s o la r  energy wi l l  be c ome more compe t i t ive , and opt imum fra c t ions o f  

annua l  loads t o  b e  c arried b y  s o lar  ene rgy wi l l  incre as e . As col lector 

and other  s o l ar ene rgy sys tem cos ts decre ase  a s  a re s u l t  o f  mas s  

produc t ion , b y  improved t e chnol ogy , or b y  users  "do ing i t  thems e lve s " , 

s imi l ar improvement s in the re l at ive economi c s  o f  s o l ar ene rgy w i l l  

oc cur . Kre i th and Kre ider ( 1 9 7 8 )  predicted th at  th e us e o f  s o lar energy 

wou l d  a l s o  be exp e c t e d  to have the e f fe c t  of reduc ing air  pol l u t i on ,  o f  

con s e rving s carce fo s s i l  fue l s  f o r  u s e  as pet roch emi c a l  f e e ds tocks , and 

of incre a s ing indus t rial  energy us age in th e s e c t o r s  prov i d ing mater · als 

for s o lar c o l l e c t or s . On a nat i onal macroeconomi c s c a le , s uch fac tors 

are qui t e  import an t . 

A s o l ar ene rgy ins t a l l ai i on appears to us e r s  a s  a huge addi t ional 

inve s tmen t  th a t  mus t  be paid be fore any bene fi t is der ive d from it. 

I f , howeve r ,  s o lar  energy is viewed as  a l ong-term inve s tment , then i t s  
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cos t c an be prora ted j us t l ike the cos t of oil and gas . Acc e p t ance o f 

th is view i s  nece s s ary t o  a s s e s s  th e cos t -e f fe c t ivene s s  o f  s o la r  energy , 

Kre i th and Kre ider ( 19 7 8 ) . Since the ini t i a l  cos t i s  l arge a s  compared 

to th e ope rat ing cos t ,  it  i s  important  to e s t imat e  th e l i fe o f  the 

s ys tem and th e v alue o f  fue l · s ave d ove r the per iod , Baird and Wat e rs 

( 1 9 78 ) .  He l l i ck s on ( 1 9 79 ) deve loped a means o f  eva luat �ng the 

cos t / pe r forman ce re lat ionsh ips for agri cu l tural s o l a r  c o l l e c t o rs . I t  was 

s ta t ed that  any cos t /performance evaluat ion should be condu c t e d  for a 

we l l -de fined s o l ar sys tem ,  ident i fied a c cording t o  the  type o f  

app l i c a tion and geograph i c  locat ion . Kre i th and Kre i der ( 19 7 8 ) 

ind i c a ted that i t  i s  rare ly cos t -e f fec t ive to provide a l l  the energy 

re quiremen t s  o f  a the rma l s y s t em by means o f  s o lar  ene rgy . . I f  th i s  were 

done , th e s y s tem would be required to be capab l e  of · providin g  100% o f  

the energy demand during the wors t s e t  o f  ope r a t ing c on d i t ion s  ever · 

expe c t e d  s uch a s  inc l ement weather , maximum demand , and no s unshine . 

A s o l ar sys t em with s u ch a low load fac tor  i s  une conom i c a l  and 

imprac t i c a l . The be s t  u s e  o f  s o l ar energy i s  i n  c onj un c t i on wi th 

convent iona l fue l ,  Ha l l  ( 1 9 7 4 ) . 

Kre ith and Kre ider ( 19 7 8 )  s tated that  l o c a l  and fede r a l  gove rnments 

c an provide tax incent ive s for the adopt ion of s ol ar s y s tems by 

e l iminat ing proper t y  t axe s , ini t iat ing s pe c i a l  tax credi t s , s ubs i d i z ing 

so lar equi pmen t  manu facture rs , o f fering low-intere s t  l oans , or  conduc t ing 

gran t programs for th e purch as e and ins tal lat i on of s o lar s y s t ems . 
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RE SEARCH FAC ILITIES AN D  PROCEDURE 

Genera l 

'Ih e de s i gn o f  the �u l t iple-use s o l ar ene rgy inten s i fi e r-thermal 

ene rgy s torage ( SE I-TES ) sys tem evolved from the app l ic a t ion o f  bas i c  

so lar de s i gn prin c i p l e s , th e c ons iderat ion o f  e conomic s ,  the previous 

re s earch and deve lopment o f  a s imilar mode l ,  and the s ub s e quent 

incorpora t ion of new ideas . The SEI-TES sys tem inc luded a c oncentra t ing , 

parabo l i c  re flec t or , a tr iangu lar-shaped col l e c tor , a the rma l ene rgy 

s torage uni t , and a duc t  for air  trans �ort . S imp l ic i ty o f  the components 

was emph a s iz e d  t o  reduce co s ts wh i le s t i l l  s a t is fy ing the needs o f  the 

farmer . Ma t e r i a l  avai lab i l i ty , e a s e  o f  cons t ruc t i on , and c onvenience 

were a l s o  c ons ide red in the de s ign .  

Re fl e c t or 

The cos t  per uni t  area o f  re f lec tor was l e s s  then that o f  the 

co l le c tor . ' The inve s tment required to rece ive the de s i red  amount of 

rad i a t ion wou l d , the re fore , dec rease  by inc rea s ing th e are a  of the 

re f le c tor and dec re as ing th e col lec tor area . The re f lect or wa s des i gned 

and c ons t ru c t e d  wi th a s pec i fi c  curvature , wh i ch c au s e d  it to  focus the 

dire c t  rays o f  th e s un onto th e north s ide o f  the co l l e c t or . The 

curva ture o f  th e re f lec tor was de termine d us ing the fo l lowing equa t i on s  

corr e � ponding with t h �  t e rms i l lus trated in Figure 2 ( 3 2 ) : 

� = 90  - E 
= a rc t an ( M/D )  

j� = 1 80 - El - e 
= r/2 

B = 9 0  - t - s 
v = 9 0  - B 
G = F ( t an B )  
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Mz = M1 ± G 
Dz = D1 ±. F 

where : E = s o l ar a l ti t ude 
K. = point on curve 
J = po in t on co l le ctor 
M = h o r i z ontal  dis t ance from point J t o  point K 
D = ver t ic a l  heigh t  of K above J 
v = ang l e  wi th horizontal 
G = change in M 
F = change in D 

The re f l e c tor area d ivided by the c o l l e c tor are a , i . e . , the concentrat ion 

ra t io , was 3 . 5 3 .  Based on the width o f  the focus ed  b and o f  l i gh t , 

Figure 9 ,  the s o l ar radiat ion was actual�y concentrated by a fac tor o f  at 

leas t l o . · 

G 

M 

- ----
- ---

J i s  at center o f  
c o l lector . 

Fi gure 2 .  Angle s used in determining the reflect or curvature .  

An aluminum� s o lar reflector sheet was u s e d  as  th e r e flec ting 

s ur face ( Append ix C ) . ine pol i shed a luminum ( . 3  nnn th i ck ) had a total 

re f le c t ance o f  87 . 6% wi th a spe cular to total re f l e c tanc e  rat io o f  . 9 6 3 . 

Coate d wi th a two t!rl.cron th ick , anod i c  fi lm oxide , the surface showed no 
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de teriora t ion after th e equivalent o f  one year ' s  radiat ion at the De s ert 

Sunsh ine Exposure Te s t s , Inc . at Phoenix , Ar i zona , And e r s on ( 1 9 7 8 ) .  

The surface had an ab ras ion re s i s tance o f  5 6  g /micron . 

Th e  aluminum s ur face was g lued onto 1 . 2 mm she e t  s tee l w i th an 

adhe s ive ( Appendix C ) . The s te e l  she e t s  were s po t  we lded t o  a support 

frame c ons i s t in g  of angle and channe l i ron . The 1 2 . 20 m x 3 . 0 5 m 

re flec tor was c on s t ructed in four s e c t ions , we igh ing 1 8 2  kg each , and was 

supported w i th n ine wooden pos ts ( 1 5 cm x 15 cm) , wh i ch we re b race d to 

wi th s tand 1 2 9  km/ h r  winds . A wooden beam ( 1 0 cm x 2 6  cm ) was b o l t e d  t o  

the s e  pos ts and e i gh t , 2 0  cm , s te e l  b racke t s  we re at t ache d  t o  i t . Th e s e  

bracke t s  s erve d as the re f le c t o  wh ich w a s  l o c a t ed 2 . 0 7  m above · 

the ground leve l . During e re flectors we r e  at t ached . 2 5 m 

too h igh by mis take . The prob lem was correc t e d  by ra i s ing the c o l le c t or 

accordingly with a grave l p ad .  

The c on cen tra tor was ro tated a long i t s  horizontal  eas t-we s t  axis t o  

track t � e  sun ' s ver t i c a l  mot ion and thus ma int a in i t s  f o c a l  poin t on the 

co l l e c tor , F igure 3 .  The t racking mech anism , Figure 1 1 , was powe r ed w i th 

a 10-wa t t  s ynchronous motor which turned at  one rev/min o A 6 0 : 1  s peed 

re duc e r  was ins t a l l e d  to a l low the 2 . 5  cm rot at ing sh a f t  to tu rn at one 

rev/h r .  The shaft t ransmit ted the power to a _g��� -�µ4 £h�iD _ $ys �em, 
·----·-- -- - . - -·· -

a t t ach e d  t o  a short pos t pos i t ioned d irec t ly beh ind e ach re flector , wh i ch 

fur th e r  reduc e d  the ro t a t ion to one revolut i on pe r s i x hours . A pipe 
___ _ ..\ 

connected to  an adj us t ab le ro ta t ing p in on the large gear t ransmit ted the 

mo t ion to the b o t tom o f  the re fle c tor . A t ime c lock cont ro l led  the 

ope ra t ion of the _ tracking sys tem , wh ich ro tated the bot tom o f th 

re fle c tor forward from 0 900 to 1 200 h and backward t o  th e s t ar t ing 
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pos i t ion from 1 30 0  to 1 60 0  h .  Figure · 3 shows the amount o f  movement  

needed to fo l l ow th e s un on January 2 1  at Brookings , South Dakot a  

(44° 1 8· ' 30 " l a t i tude , 96° 4 7 ' 30 " longi tude ) . S ince t h e  sun ' s  

hori zon t a l  mo t ion was not t racked , the concentrator was de s igned t o  be 

1 . 8 3 m longe r th an th e c o l l ec tor . The extra length a l lowe d concen trated 

ins o l at ion t o  be focus ed on th� ent i re north s i de of the c o l l e c tor dur ing 

four h ours be fore and a f ter s o lar noon . 

Co l le c t or -S torage Uni t  
( / 

l t 
; 

The co l le c t or-s torage un i t  was 9 . 76 m long and 1 . 2 2 m wide wi th the 
I 

s ide s t i l t e d  at 60° w i th the hor i z ontal � - Th e  h o r iz on t a l  

di s t ance s e parat ing i t  from the re flector was 1 . 0 2 m .  T o  s upport the 

we i gh t  o f  the rock s in th e TES uni t ;  the 7 . 6  cm �ons truc ted 

wi th . 9 1 and 2 . 6 6 mm s t ee l on the bottom and top , re s pec t ive ly , and wi th 

7 . 6  cm x 9 . 02 kg/� ch annel  i ron s upport s .  Fi fteen cen t ime ters o f  

'T·' 
f iberg l as s  ins u l ation were place d ins i de the p-lem:im to provide an 

approxima t e  th ermal re s i s t ance , R �  of 2 . 3  m2-C /W 4  Low- iron g l a s s  wa s 

ordered but  d i d  no t arrive unt i l  the re s earch was comple t ed .. 

Cons e quen t ly , -rempe re d window g l a s s  ( .  86 m x 1 .  9 3  m x 3 .  2 mm) was used 

Th e  0-l a s -s  -framewo rk , c on s i s t ing o f  a laminum w rap--around mi" l lwork ; a- s  

at t.acb.e.d to angle  i ron suppor t s  at  the t op and bot tom of th e c o l lec to-r , 

� , ·� The ab s orbe r  p la te con s i s ted o f  1 . 5 2 mm she e t  s t ee l painted  

wi th a l acque r -b a s e d , b l ack , ab s o rber f in i sh . ( abs -arpt 1 v 1 ty-= . 95 ) . 

Ba f f le s  we re a t t ach ed  t o  ch e abs orber t o  creat e add i t ional air  turbulence 

for be t t e r  heat tran s fe r,, F j gu::-e 9 .  Fi berglas s insu l a t ion ( 7 .  6 cm t h i ck ) 

was p l ace d d i re � t ly bene a th th e t op cove r , �i i ch was con s t ruc ted o f 
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Figure 3 .  Profile o f  the ao lar energy-int en s i f ier sys t em ,  January 2 1 0  
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North South 

Not e :  All dimen s ions are in cent imeters . 

Component Descript ion 

1 .  3 . 2  nun t empered window gla s s  cover 
2 . 1 . 5 2 mm s t eel ab sorber plate 
3 .  2 . 6 6 nun st eel 
4 . 7 . 6 cm f ib e rgla s s  insulat ion 
5 . 1 5 . 2 cm f ib ergla s s  in sulat ion 
6 . 7 t o  1 5  c� f ie l d  rocks 
7. 2 . 66 mm s t eel 
8 . . 9 1 mm s t eel 
9 . 5 cm x 10 cm boards la id f l at and spaced at 1 . 2 m t o  support 

collect or above the ground . 
1 0 .  7 . 6  cm x 9 . 02 kg /m chann el iron 
1 1 . angle iron support ( 2 . 5  cm x 2 . 5 cm x . 3 2 cm) 

Figure 4 . Sect ional view o f  c ol lec t or -s t orage unit . · 
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� . �m s t ee l . Approximately 6 7 00 kg ( approximat e ly 40% void s pace ) o f  

local ly ob t a ine d f ie ld ro ck , me asur ing about 7 t o  1 5  c m  i n  d i ame ter , 

w� p laced ins i de th e me t a l  co l le c tor "box" for th e rma l en�rgy 

s torage ( TES ) . 
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The c o l lec tor  uni t  was cons tructed in th ree s ec t i on s , wh i ch were 

connec ted  end to end at th e s i fe .  Rocks were adde d to the uni t  through 

th e opening at the top . The batt  insu lat ion was p laced on the rocks , the 

me t a l  t op cove r was a t t ache d , and the glas s was ins ta l le d . Al l the s eams 

we re s e a le d  with a s i l i cone -b as e cau lking compound » 

At l e a s t  two s pec ial  advantage s exi s ted in th i s  uni que c o l le c tor

s t orage con fi gura t ion . Firs t ,  th e c o l lec t or back h e at l o s s e s  dur ing the 

day b e c ame h e at ga ins to the TE S uni t . The air f l owing through the  TES 

removed h e a t  from the b ack s i de o f  the ab s orber p l a t e , wh i ch i s  u s ua l ly 

in s u l a t ed on on ent ional f la t - S�cond l y , ni gh t t ime 

h eat los s e s  from th e TE S through the ab sorber were c o l l e c ted  by the air 

be tween th e . p l a te and the g l as s  cover and rec ircul a t ed b ack into the 

s t orage un i t . C ont inuous movement o f  vent i lat ing air through the 

co l l e c tors a l l owed i t  to regain some o f  the ene rgy th a t  woul d  otherwi se 

h ave been l os t .  As th e air remove d heat from the  ab s orber p late , i t s 

sur face was coo l e d  wh ich reduced the rad i at ion h e a t  los s from the s t orage . 

Figure s 5 an d 6 i l lus tra te th e a i r f low paths . 

The c o l l e c tor  un it was de s i gned for a farrowing house  wi th an 

exh aus t - type ven t i l a t ion sys tem.  The TE S un i t  wa s p l a c e d  in th e p a thway 

of a i r moving int o the bui ld ing . S ince winter vent i l a t i on rates a r e  

re l a t ive ly l ow ,  on ly a sma l l  addit iona l pres sure drop would be im osed 

on th e  fan s norma l ly requ ired fo r vent i lat ion . 
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Duc twork and Fan 

F l exib l e , plas t i c , insulated (R = . 62 m2
-c/W) duc t  with a d i ame ter 

of  . 4 1  m , . t rans port� the air from the TES uni t  to the 

A met a l  t r ans it ion s ect ion was de� igned and cons �ru c t ed to convert the 

s i z e and shape of the air pas s ageway from the t r i angul ar TES uni t  to the 

c ircular duc t . E ight-cent imeter f ib erg las s insula t ion b a t t s  (R = 1 . 9  

m2-c/W ) and pl a s t ic were wrapped around the trans i t ion s e c·t ion El even 

me ters  o f  duc t wer e  needed to transpor t the air  from the one me ter 

trans i t ion s ec t ion t o  the ent er al l ey ins ide the building . A duct 
- ·-

support , Figure 8 ,  was us e d  for protec t ion and to  l i f t  the duc t for 

smooth entr ance through a w indow . Air was drawn through the s olar 

sys t em wi th a sma l l  cent r i fugal fan ins t a l l ed at the exhaus t  end of the 

duct . 

Ins trumen t a t ion 

Two mu l t i-point , s t r ip char t , pot ent iome t er recorders moni tored 

sys t em a ir temperatures wi th copper-cons tantan thermocoupl e s  p laced at 

the 24  locat ions shown in Figure 7 .  The recorders were oper a t ed for 15 

minu tes  every hour and wer e  control led with t ime c lo cks . Thermo coup les  

one and two gave fau l ty amb ient  readings , due to the  warm vent i l a t ion air 

from the bui ld ing . Amb ient t emperature read ings from the Agr icul tur a l  

Eng ineer ing wea ther s ta t ion ( located one km from the exper imental s i te ) 

were u sed for the data  ana lys is . Except for #2 1 , the o ther thermocouples 

per formed s a t is fa c tor ily throughout  the tes t . 

A ho t -wire anemometer was employed to measure air  vel o c i t ies . 

Measurement s  were taken at  1 . 9 3  m from the wes t  end o f  each c o l l e c tor , 
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at the s e am o f  the trans i t ion s ec t ion and the duc t , and a t  a pos i t ion on 

the duc t , located 2 . 44 m be fore the fan . A� Eppley pyranome t e r  was used 

to me as ure· the rad ia t ion s t riking a hori zontal  sur face on the roo f o f  the 

Agri cul tura l Enginee ring bui lding . 

Proce dure 

The swine h ou s e  he a t ing experiment -was located at the S ou th Dakota 

State Un ive rs i ty Swine Res earch Farm , one km north o f  Brookings , S ou th 

Dako ta . Th e  s o l ar s y s tem , Figure 8 ,  was tested unde r ac tual opera t ing 

condit ions from January 1 3  to February 2 8 , 1 9 7 9 . Al though the 

confinemen t barn u s e d  in th e s tudy had a capac i ty for 1 9 2  f in i sh ing hogs , 

the sys tem had been de s igned for a twenty s ow and l i t te r , farrowing 

hous e .  S ince th e Midwe s t  P l an Service recommends 34 m3/hr pe r s ow and 

li tter for minimum , c on tinuous vent i lat ion rate , the min imum a i r fl ow 

3 
required by the s y s t em would be 680 m /hr . There fore , two cond i t i on s  

were unique t o  the expe riment al t e s t ing o f  the sys tem .  F i r s t ,  che 

cons tant a i r f low p rovi ded by a fan was required to s imp l i fy the 

per fo rmance ana lys is . In a pract ical  app l ic a t i on , the e xi s t ing 

vent i lat i on fan s  would  draw the preheated a ir into th e bui l d ing and thus 

vary th e a i r fl ow r a te fre quen t ly . Als o ,  the vent i lat ion rate of the 

finishing bui l d ing wa s much gre ater than the rate for wh i ch the s y s t em 

was  de s igne d .  The re fore , a sma l l er f an was re quired t o  provi de th e 

de s i red air fl ow . S e condly , the warm air from the experimenta l  s o l ar 

uni t was s imply b l own into the envi ronment as a s pace hea ter would 

ope ra te .  In a pract i c a l  app l i cat ion , however , the warm a i r  wou ld h ave 

been di s t r ibu ted to the exi s t ing ven t i lat ion in le ts  o f  the bui lding t o  



ob tain the des ired a i r f low pat terns . 

Fi gure 8 .  F i e l d  t e s t ing o f  th e S E I -TE S s y s t em for sw ine b u i l din g  
h e a t in g : J anuary 14  t o  February 2 8 , 1979. 

A de l ay i n  th e r e t u rn of the h o t -wire anemome t e r  prob e s , s en t  to be 

re c a l ib r a te d , preven t e d  a i r f l ow me a s u reme n t s  un t i l  th e f i r s t we e k  o f  

48 

Fe b ruary . I t  w a s  th e n  d i s c ove r e d  t h a t  th e t o t a l  a i r f l ow r a t e  ( 2 60 m 3 /h r )  

th rough th e s y s t em was l e s s  th an th e min imum , win t e r  ven t i l a t i on ra t e . 

A l arge r f an was t h en i n s t a l l e d  on Feb r uary 1 0  and p r o du c e d  an a i r f l ow 

r a t e  o f  7 0 9  m3 / h r . Th e r a t io o f  n o r th c o l l e c t o r  a i r f l ow t o  t o t a l  a i r f l ow 

was . 6 1 7 .  S in c e  a sma l l e r  amoun t o f  s o l ar ene rgy was re c e ive d by th e 

s o u th s i d e , th e n o r th c o l l e c t o r  h ad b e e n  d e s igne d w i th a l a rge r a i r f l ow 

ch anne l and , c on s e q u en t l y , produ c e d  th e l arge r a i r f l ow r a t e . 
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A por tab le , h and-h e l d , thermocoup le re corde r was emp l oyed t o  ver i fy 

the col lector  tempe ra ture s recorded wi th the regular ins trument at ion .  

I t  was d i s.cove red through te s ts on January 2 3  and 2 4 , that  exc e s s ive 

co l lector temperature s  had been recorded . The expos ed the rmocoup l e s  on 

the c o l l e c t or h ad been ab s o rb ing the s o lar radiat ion , caus ing the s ensors 

to b e c ome warme r th an the air . Th i s  prob l em wa s a l l ev i ated  by s h i e lding 

the the rmoc oup l e s  wi th duct  tape on the g las s cove r s , Figure 9 .  

Th e re f le c tor and c o l l e c tor surface s accumulated fros t during the 

nigh t . The ear ly morning sun , howeve r ,  woulcl comp l e te ly me l t  the fros t 

bui l dup by 0 900 h s o lar t ime or  short ly therea fter , Figure 1 0 . 

A cons ide rab le amount  o f  ven t i lation exhaus t dus t s e t t l e d  ont o  the nor th 

co l lec tor g l as s and the re flector surfac e . On January 2 9 ,  the re f l e c tor 

was wa she d  and p l ywood she e t s  we re at tached to the bot t om of the pos ts , 

Figure 1 1 , to  de f l e c t  the exh aus t air upward beh ind the re f l e c tor . Th i s  

subs tan t i al ly reduced the dus t ac cumu la t ion .  The north co l le c tor  was 

wa sh e d  th ree t ime s and the s outh col l e c t or once during the s ix week te s t . 

To use th i s  s o lar s ys tem ,  a l ives tock bui l d ing coul d  be de s i gned wi th the 

exhaus t fans located  on the north s i de of the bui ld ing to e l imina t e  the 

prob l em ent i re ly o 

Se t t l ing o f  th e rocks in the TES uni t  cau s ed the abs orbe r  plate  t o  

bul ge outward . The north s e am be tween the se cond and th i rd s e c t ions o f  

the col lec t or wh ich h a d  been se aled wi th caulk ing· compound broke apart , 

as a re s u l t o f  the pre s s ure . The break was not iced on February 2 3 , wh i ch 

i�di ca ted that the sh ort c i rcuit in th e air flow path h ad piobab ly 

occurred l ate  in th e te s t  per iod . 



Fi gure 9 .  Con c e n t r a t e d  b and o f  s o l ar rad i at ion focus e d  on th e n o r t h  
c o l l e c t o r  by the concen t r a t o r . No t e  th e g l as s  c ove r 
f ramework , me t a l  t op cove r , and co l l e c t or b a f f l e s . 

Fi gure 1 0 . Fros t ac c umu l a t i on on re f l e c t or an d c o l l e c t o r  s u r f a c e s .  

Me l t in g  u s u a l l y was c omp l e t e d a t  a p pro x ima t e l y  0 900 h .  

5 0  



The o f f s e t  pin on the large gear of  the t racking me ch an i sm was 

adjus ted eve ry two week s to change the amoun t of re f l e c t or movement  as 

the diurnal var i a t i on of the s un ' s  pro f i l e  ang le ch anged . 

F i gu re 1 1 . T r a c k i n g  me c h an i s m  a n d  p l ywood sh e e t s  u s e d  t o  d e f l e c t  

v e n t i l a t i on e xh a u s t .  

A com p u t e r  p r o g r a m  wa s d e v e l o p e d  t o  c on v e r t  t h e r a w  d a t a  f r om 

Engl i sh t o  S I  u n i t s , A p p e n d i x  E ,  a n d  t o  p e r f o rm t h e  n e c e s s a r y  

comp u t a t i on s  f o r  t h e d a t a  an a l y s i s . Tempe r a t u r e  r i s e s , i n c i d e n t  
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r a d i a t i on v a l u e s , i n s t an t an e ou s  a n d  c umu l a t i ve e f f i c i e n c i e s , h e a t  f l ows , 

an d a p pr o p r i a t e  c ompu t e r  p l o t s  we re ob t a i n e d . S i n c e  t h e  conc e n t ra t or ! 

wa s l on ge r t h an t h e c o l l e c t o r , a po r t i on o f  t h e  f o c u s e d  s t r i p  o f  

ra d i a t i on d i d  n o t f a l l  on t h e  c o l l e c t o r .  Th e t o t a l  r a d i a t i on a n d  

e f f i c i e n c y  v a l ue s  we r e  b as e d  on t h e  e f fe c t i ve l e n g t h  o f  t h e  r e f l e c t o r 

( 9 . 5 4 m )  o r  th a t  wh i ch c on c e n t r a t e d  r a d i a t i o n  on t o  t h e  c o l l e c t o r . . ' 

Seve r a l  h ou r s  o f  mi s s i n g  d a t a , Appe n d i x  F ,  o c c u r r e d  d u e  t o  i n s t rume n t  

fa i l u re an d t o  t h e  i n ab i l i t y  o f  one re c o r d e r t o  me a s u re t emp e r a t u re s  

/ 



be low -1 7 . 8 C .  The re fore , th e various overall  pe r formance parame ters 

we re not b a s e d  on an equal  number o f  days . ·A s tep-wi s e , mu l t i p l e , 

re gre s s ion ana ly s i s  wa s used  to  ob tain sys tem per forman c e , predic t ion 

equat ions . 

5 2  
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RESULTS AND DI S CUS SION 

The s pe c i fi c  charac te r i s t i c s  and overa l l  per formance o f  the s o lar 

energy in ten s i fie r-th e rmal energy s torage · ( SE I-TE S ) , swine hous e  h e a t ing 

exper imen t are pre s ented . ·The d i s cus s ion of the expe r imenta l  re su l t s is 

organi zed under the fo l lowing topic head ings : ( 1 )  Th erma l Per formance 

for Te s t  No . 1,  ( 2 ) Therma l Per formance 'for Te s t  No . 2 ,  ( 3 )  S t a t i s t ic a l  

Analys i s , and ( 4 )  Ec onomi c Per formance . S ince the a i r fl ow rat e  used in 

Te s t  No . 1 wa s l owe r than the minimum winter vent i l at ion rate , the 

re su l t s  from Tes t No . 2 were ana lyzed more extens ive ly . 

Th erma l Per formance for Te s t  No . 1 

An a i r f low rate of  2 60 . 0  m3 /hr was used during Te s t  No . 1 ,  wi th 

north and s outh co l lec tor ai r f l ow rate s o f · 1 60 . 4  and 9 9 . 6  m3/hr , 

re s pec t ive l y . Th e tempe rature r i s e s  o f  the co l le c t� r  f lu i d  a t  s ix 

loca t i'ons , wh i ch are labe led S l , S2 , 53 , N l , N2 , and N3 in F i gure 7 ,  

we re inf luence d by t ime o f  day . The maximum , col lec tor t emperature 

rise s du r ing a v i rtual ly c loud l e s s  day , February 2 ,  were 8 9  and 6 1  C for 

th e nor th and south c o l l e ct ors , res pe c t ive ly , Figure 12 . The oc currence 

of  �ar ly morn ing c l oudine s s  on January 28 , Figure 1 3 ,  prevented the 

co l lec t or fluid from reach ing the temperature s  th at we re pos s ib le  on a 

to tal ly c lear day . The maximum , co l lec tor air temperature u s ua l ly 

occurre d a t  1 3 00 or 1 40 0  h .  Dur ing a per iod o f  1 1  days , the average , 

hourly , co l le c tor temperature r i s e s  we re cons iderab ly lower in the 

mo.ru ing than in th e a f ternoon , Figure 14 , wh ich produced a skew to the 

le f t  in the curve . Th i s wa s part i a l ly due to the heat  re qu i re d t o  warm 

the co l l e ctor mas s  to i t s  e qui l ibrium opera t ing temperature and to the 
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Figure 1 2. Collector air t emperature rise as influenced by t ime of day , 
February 2 ,  1 9 79 . 
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Figure 1 3 . Collect or air t emperature rise as in fluenced by t ime o f  day , 
January 2 8 , 1 9 7 9 .  
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ene rgy requ ired t o  me l t  the fros t that accumulated on the re f lec tor and 

co l le c t or surface s , Figure 10 . I t  was al s o . in fluenced by the TE S , wh i ch 

was located dire c t l y  beh ind the ab sorber p late . In the morning the coo l 

s t orage me d ium prov i ded a l arge temperature di fference be tween i t  and 

the abs orber p l a t e . Th i s  tempe rature d i f ferent ia l was the driving force 

for a sub s t ant i a l  amount of  heat trans fer from the back of the abs orber 

to the TES . Con s e quent ly , l e s s  heat wa s ava i l ab l e  to rais e  the 

temperature of  the a i r  as  i t  pas sed through the co l le c tor . As th e day 

progre s s ed with r i s ing s torage tempe rature s , ·the he at t r an s fer th rough 

the back of th e abs orber pl ate decreas ed , and th e col le c t o r  a ir 

tempera ture increased . 

Par t icularly dur ing the a fternoon , the col lec tor temper ature a t  

pos i t ion N 3  wa s fre quent ly le s s  th an the tempe rature a t  N2 . Th i s  

indicated tha t  a n e t  los s o f  h e a t  from the a i r  occurre d a s  i t  f l owed 

through the co l l e c tor from N2 to  N3 . An ins pect ion o f  th e s torage 

tempera tures , dur ing the s e  hours , reve a led coo ler tempe rature s a t  N3 

than at N2 . At pos it ion N2 , s torage temperatures beh ind the p l a t e  

frequen t ly became equal  to  or warmer than the col l e ctor  a i r  t empera ture s . 

Concurrent ly , at pos i t ion N3 , the s torage temperature became .much cooler 

than the co l le c t o r  temperature . Tii is  indicated th at cons iderab ly more 

�henna ! energy f l owe d through the back of the abs orber p la t e  during the 

las t th ird as compared to the midd le th ird of the co l le c to r  length . 

Amb ien t  and s t orage temperature s are p lotted  from 0900 h on January 

2 8 and February 2 to 0800 h of the succeeding day , Figure s 15 and 1 6 . 

The 24-hour per i ods cut across  two ca lender days , as  i t  was d e s irab le to 

obs erve fo l l owi· ng part icular days o f  s o lar ene rgy . input .  
sys tem re s ponse 
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Figure 1 4 .  Average collector t emperature rise as in fluenced by the 
t ime o f  day. Eleven days during period fro� January 2 5  to 
February 9 , 1 9 7 9 . 
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The maximum s to rage tempe ra ture rise on February 2 wa s 5 7 . 3  C and 

oc curre d at 1 600 h �  An average r i s e  o f  18 C above amb ient tempe rature 

was me asured in th e TES at 0800 h the next morning . Th i s  ind i c a t e d  that 

th e TE S fun c t i oned prope r ly s ince it de l ivered therma l ener gy th roughout 

the nigh t t ime hours . The rmocouple # 1 7  was th e firs t to inc r e a s e  in 

tempera ture and a l s o  th e firs t to de crease , Figures 15 and 1 6 . The t ime 

lag b e tween th e three s torage tempe rature curve s ,  i . e . , the t empe r a ture 

s tra t i f i c a t i on , ind icated  th at the charge and d i s ch ar ge of th e th e rmal 

s torage un i t  began a t  the air  inle t to the TES and te rminate d  a t  the 

exhaus t . 

The plot  of  t o t a l , ava i lab le ,  inc ident rad i a t i on versus the h ours 

from 0 900 to 1600 h ,  Figure s 17 and 18 , i l lus t rat e s  an approxima t e  be l l

shape d  curve . The p l o t t e d  va lues are the sums o f  inc ident s o lar 

radiat ion norma l t o  th e ref lec tor and the s outh col lector . The maximum 

inc i den t rad iat ion occurred at around so lar noon , when the s e  surface s  

we re nearly pe rpend icular to the beam rad iat ion o f  the s un ,  and woul d  

reach a value o f  1 1 5 t o  1 20 MJ/h r  o n  a c loud le s s  day . The s um o f  the 

nor th an d s outh c o l l e ctor  h eat gains i s  a l s o  p lot ted for the h ours o f  

s unsh ine dur ing th e s ame two d ays , Figures 1 7  and 1 8 . Th e  maximum , 

tota l , col le c t or h eat  gain o f  25 . 7  MJ /hr occurred at  1 30 0  h 9n 

February 2 .  The values  o f  heat co l lect ion were based on the a i r  

tempe ra ture me as u rement s a t  S3 and N3 . S ince the heat , wh i ch was 

trans fe rre d from th e back s i de of the ab sorber d id not f l ow pas t N3 and 

83 , the v alue s we re l e s s  th an the total amoun t of col l e c t e d  ·energy . 

No at temp t was made to de l ineate the quan t i ty of heat co l l e c t ed from the 

backs ide of  th e ab s orbe r . 
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Th e  hourly heat  c o l l ec t i on from the s torage uni t , Figure s 1 7  and 1 8 , 

plotted ove r a 24-h our t ime pe riod , showed that the TES was s t i l l  

providing over 6 MJ /hr a t  0 800 h on January 2 9  and February 3 .  The 

d i f fe rence o f  tot a l  c o l lec tor heat  gain and the heat  co l l e c te d  from the 

TES , i . e . , th e s torage ra te , is also  plot ted ove r  the s ame per iod o f  

t ime . Ne gat ive va lue s  indi cate s torage d i s charge . Howeve r , the 

calcu lat ed value s are on ly a rough es t imat e  o f  th e actua l  ch arge rate 

becaus e s ome o f  the the rma l ene rgy was rec i rcu lated in the c o l l e c tor 

airf low , because he a t  trans ferred dire c t l y . from the abs orb e r , and because 

gene ral heat los s e s  were not measured . 

Da i l y h eat gains we re o� tained through integra t i on o f  hou r ly heat · 

co llec t i on rates over 24-hour t ime per iods from 0900 to 0800 h .  Th i s  

time s pan w a s  us e d  b e c aus e the c o l lect i on o f  heat from the TES cont i nued 

in to th e early h ours  o f  the fo l l owing day . Figure 19 i l lus t ra t e s  the 

cumulat ive , incident , s o l ar rad iat ion energy wh ich was ava i lab lP. t o  the 

sys tem and the cumu l a t ive energy de l ivered from the uni t  during the 2 7  

days o f  th e te s t  period . A total o f  1 7 . 47 GJ o f  inc ident rad i at i on were 

ava i lab l e  and 3 . 4  GJ of thermal energy were de l ivered dur ing Tes t  No . l o  

Fi gure 20 i s a graph o f  cumulat ive us e ful heat versus the cumu l at ive ,  

avai lab le , inc ident radiat ion for the s ame 2 7  days of  the t es t . The 

s lope at any poin t on the curve indicates sys tem e f fic iency . Th e average 

s lope , i . e . ,  e f f i c i ency , fo r Tes t  No . 1 was . 195 . 

Th e da i ly th e rma l e f f i c ienc ie s ,  based on heat co l le c t e d  from 0 900 t o  

0800 h , versus d a i ly totals  of inc i dent radiat ion are i l lus trated in 

Figu re 2 1 .  · · ranged from a low of 4 . 6 % t o  a high o f  
Da i ly e f f i c ienc ies  

29% . A h igh l y s ign i f i can t , th ird de gree , po lynomial curve , f i t ted  by the 
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me thod o f  l e a s t s quares explained 75 . 1 % o f  th e variation i n  d a i ly 

e f f i c iency for the range in radiation from 285 to 925  MJ ( Append ix A-1 ) .  

Th e s ca t t e r  o f  th e p o ints , around the regre s s i on curve , was due to 

fac tors such as wind ve l oc i ty , d iurnal amb ient temperature change s , 

c lou dy we ath e r , and me asurement errors . The increa s e  in e f f i c iency 

va lue s , for the maj or part of th e range in radiat ion , occurred be caus e 

o f  the l ow frac t i on c f  dire c t  beam radiat ion during days w i th l ow ,  tota l , 

s o l ar radiat ion . L i t t le or no c loud c over occurred on d ay s  _w i th large 

t o t a l s  of ava i lab le s o lar radiat ion . There fore , as  the amount o f  dai ly 

avai lab le rad i a t ion increa s ed , the port ion wh ich was d i f fu s e  decreased , 

and the re f le c tor c oncentrated a gre ater percentage o f  the total 

radiat i on onto the n or th c o l l e c t or . The . negat ive s lope a t  the righ t  

s i de o f  th e curve indi cat�s  a de crease in e f fi c iency a s  d a i l y  rad i at ion 

amoun ts in crease on t o t a l ly c loudle s s  days . Hi gher c o l l e c t or 

tempera ture s woul d  increase h e at los s e s  and caus e l owe r e f fi c iency . 

A s imi lar phenomenon oc curred at  the left s ide o f  the curve a s  the amount 

o f  rad i at ion on t o t a l ly c l oudy days incre ased and c au s ed h ighe r  air 

tempe r a t ure s in the s ou th col lector . Bec aus e of th e s e  ch ange s in s lope , 

th e th ird-degree , polynomial regre s s ion appears reas onab l e . 

An improved coe f f i c ient o f  determination was obta ined in predi c t ing 

t�e dai ly de l ive red heat  as a func t ion of dai ly rad i at i on ,  Figure 2 2 . 

A h igh ly s i gni f ican t , th ird order , po l ymon ial curve , f i t t e d  by the 

me th od of l eas t s qu ares , exp lained 8 7 . 6 % of the variat i on in  da i ly 

de l ive red h eat for the range o f  rad iat ion from 285  to 9 2 5  MJ ( Appendix 

A-2 ) . The q uant i t i e s  of da i ly de l ive red he at ranged from 2 7 . 4  to 

243 . 4  MJ .  Th e  sh ape o f the regre s s i on curve wa s s imi lar t o  the e s t imate 



68 

o f  d a i ly e f f i c i en c y  in Fi gure 2 2 . 

Th e rma l Per forman c e  for Te s t  No . 2 

A vo l ume t r i c  a i r f low ra te of  709 m3 /h r was used  during Te s t  No . 2 ,  

wi th north and s outh co l l e c to r  a i r flow rate s o f  43 7 and . 2 7 1  m3 /h r ,  

re s pe c t ive ly . Th e  ins t a l la t ion o f  th e larger fan was the only a l teration 

o f  th e s y s tem from Tes t  No . 1 .  

Maximum tempe ra ture r i s e s  o f  40 . 8  and 28 . 3  C were recorded in the 

north an d s outh c o l l e c t ors  on the s omewhat cl�udy day o f  February 19 , 

Fi gu re 2 3 q T hre e cons e cu t ive c loud l e s s  d ays occurred on February 2 3, 24 

and 2 5 , Fi gure s 2 4 , 2 5  and 2 6 . Maximum temperature r i s e s  of 6 7 . 5  and 

4 1 . 4  C were re ach e d  in the north and s ou�h collec tors , re s p e c t ive ly . 

The maximum , ave rage , north and s outh co l lec tor tempe ratures for a per iod 

of 13 days were 3 1 . 6  and 23 . 1  C and occurred at 1400 h ,  Figure 2 7. The 

be l l -shaped t e mp e r a ture v ar ia t ion of  the air  in th e co l le c t o r  was skewed 

to th e l e f t  as in Te s t  No . 1 .  The sys tem warm-up pe riod in the morning 

again caus e d  the l onger l e f t  tai l o f  the curve . 

Alrill ien t  and s to rage tempe rature curve s  are p lo t te d  ver s u s  the 

24-hour ,  h ea t  de l ivery pe r iod for February 1 9 , 23 , 24 and 2 5 , Figu re s 

28 an d 2 9 . The maximum , s torage t e�p er ature r i s e  of  4 5  C ,  ab ove an 

amb ient air tempe rat ure o f  -10 C ,  oc curre d at 1 600 h on February 24. 

On · the s omewh a t  c loudy day o f February 1 9 , s torage tenpera ture r i s e s  

decreas e d  to  z e r o  a t  0 600 h the fol lowing morning . During the three, 

consecut ive , c le a r  days , howeve r ,  pos i t ive temp e rat u re d i f fe rence s in 

the TES we re mair� t a in t!d  unt i l  col lect ion of ene rgy began the next day . 

As de s crib e d in th e re s u lt s o f  Te s t  No . 1 ,  the hea ting an d coo l ing front 

J 
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progre s s e d  from th e in let  t o  th e exhaus t o f  the TES . Howeve r , the 

tempera ture s trat i fi c at ion was c le ar ly less  pronounced th an during Tes t  

No . 1 ,  due t o  the h igher a i r f low rate ( Compare Figure s 1 5  and 28 ) .  

7 5  

S ince th e rmocoup l e  #2 1 fai led , and s ince the temperature variat ion 

along the length o f  the TES ch anged cont inua l ly th rough out the 24-hour 

pe r i od , Figure s 2 8  and 2 9 , it was d i f f icult to quan t i t at ive ly ana lyze the 

s torage chara c t e ri s t i c s . It was re a lized , however ,  that if e qual amount s  

o f  th e rma l energy f lowe d pas t each temperature measurement l o c a t i on in 

the TES during s eve ral days o f  ope r at ion , the ·area be tween the s torage 

temper a ture curves · and the amb ient temperature curve should  h ave been 

equivalent for e ach point o f  measurement . Further , i f  the s e  are a s  were 

equal , then th e ave rage temperature di f fe rences wou l d  a l s o  h ave been 

equa l . Th e  ave rage s t orage temperature r ises for ten , 24-h ou r  periods 

we re p lo t te d , and sh owed an increase  in value from th e inl e t  to the · 

out le t o f  th e TE S ,  Fi gure 30 . The increas e in average t empe rature r i s e  

was prirnari iy c aus e d  by t h e  add i t ion o f  th erma l energy , during the d ay , 

to the TE S and from the back o f  the absorber p l at e . It  may h av e  a l s o  

been a f fe c t e d  by th e inc re as e d  a i r flow along the s ides o f  the TES , a s  

ob serve d i n  smoke t e s t s  a t  the inle t . S ince the th ermocoupl e s  were 

loca ted at th e cent e r  of th e TES , the t rue , average , a ir temper a ture 

wou ld pr obab ly h ave not been rec orded un t i l  more thorough mixing o f  the 

air oc c urred as it flowe d t oward th e exhaus t .  The s l igh t  decreas e  in 

average temperature r i s e  from #2 2 to #23 was a re s u l t  of heat  l o s s from 

the trans i t ion s e c t i on . 

The incident radiat ion value s and the s torage ch arge rate  were 

c alcu lat e d , as in Te s t  No . 1 ,  �n d had s imi lar characteris t i c s , F igure 3 1 . 
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The h e a t  de l ive ry r a te from the TES re ached a maximum o f  33 . 8  MJ /hr a t  

1 500 h o n  February 24 and re ta ined a pos i t ive value th roughout the 

nigh t t ime hours for th e three , i l lus trated , 24-hour periods . 

Figu re 32  i s  a graph o f  th e hourly average s o f  ava i l ab le inc ident 

ra d i a t ion and amb i ent tempe rature for 1 7  days , and o f  the hourly , 

ave rage , heat  de l ive ry rate for 1 5  days . .  The maximum rate  o f  heat  

de l ive ry oc curred approxima t e ly th ree hours a f te r  the  maximum inc ident 

rad i a t ion ava i l ab l e to th e sys tem.  The TES smoothe d  out the energy 

co l le c t i on rate and provided heat to the l ive s tock bui l ding for 

approximate ly 1 6  h ou rs . High e r  a i r f low rates would cause the s torage 

lag t ime t o  b e c ome sh or ter . 

80 

The po r t i ons o f  the direc t ,  beam s o l ar radiation wh i ch were inc i dent 

on th e s ou th co l le c t o r  and the c oncentrator were in f luenced by the t ime 

of day , Figure 3 3 . The se  hour ly ave rage s were compu.ted for a p e riod o f  

1 7  day s . The concen t ra t or  received s i gn i fi cant ly le s s  rad i at i on th an 

the s outh c o l l e c t o r  wh ich wa s t i lted 60 ° from the h or i zonta l . The SE! 

neve r faced d i re c t ly at the sun , as the s outh col lector d id at s o l ar 

noon ,  b ec au s e  it  t i l te d  s ligh t ly do�..mward to focus the sun ' s  r ay s  onto 

the nor th c o l l e c to r . Th e  hour ly cos ine factor of  the sur fac e s  i s  

determined from Figure 3 3  by divid ing the quan t i ty o f  radiat i on inc ident 

on th e re ce iv ing sur face by th e correspond ing quant ity of d i re c t  

radi at ion . 

Th · 
d · 1  heat ga in of  4 1 6  MJ wa s de live red on Februa ry 1 6  e maximum , a i  y • 

when 845 MJ o f  inc ident rad i a t i on we re avai l ab l e . The cumu l at ive tot a l s 

of avai lab le , inc ident , so lar rad i a t ion and col lected ene rgy are 

pres ent e d in Figure 3 4 .  The portions o f  th e curve s wi th a s t eep s lope 

• 
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ind i cated c lear d ays during wh i ch a large amount of hea t was col l e c t ed . 

Th i s  is  noted  e s pe c i a l ly for February 16  > .  2 3 , 24  and 2 5 . Th e tot a l  heat 

co l le c ted  during th e 1 6  d ays was 3 . 50 GJ a s  compared wi th 9 . 38 GJ of 

ava i l ab le s o la r  r a d iat ion . 

The cumu l a t ive  energy co l le c ted ve rsus the inc ident r a d i a t ion 

ava i lab le i s  shown in Figure 3 5 . Th e  thermal e f fic iency o f  the SEI-TE S  

s y s tem i s  de te rmined from the s l ope o f  th e curve . The ave rage s lo pe , 

i . e . , e ffic iency , was . 3 7 3  for Te s t  No . 2 .  

The ins t an t aneous col lector e ffic iency , as de fined on page 3 3 , was 

c a l culated as th e r a t i o  of hour ly col lector heat gain to h our l y  inc i dent 

radi a t i on on the re s pe c t ive length of re flec tor (north s ide ) · or 

c o l l e c t or ( s outh s i de ) . Th i s  ratio does not repre sent the . "t rue " 

col lec tor e f f i c iency for th e SE I -TE S  because of  the oc currence of  heat  

t rans fe r  through th e ab s orber pl ate . However ,  the  c a l cu l a t ions  d i d  

prov i de s ome us e fu l  informat ion . The ave rage ins tantaneous c o l lec t o r  

e f fic ienc ies  during 1 1  days from 0 900 to 1600 h were 5 7 . 1 ,  3 6 . 6 ,  28 . 0 ,  

42 . 4 ,  2 7 . 8  and 20 . 7% for th e S l � 52 , 5 3 , Nl , N2 , and N3 c o l l e c tor 

lengths , respec t ive l y . The average ins tantaneous e ff i c iency for the 

dua l  co l l e c tor s y s t em was 2 2 . 6 % .  The hourly , ins t ant aneous e f fi c iencies  

are  graphed for Feb ruary 1 9  and 2 3 , Figures 36  and 3 7 . I t  c an b e  s een in 

Figures 3 6  an d 3 7  th at as the length o f  coll ec t or increas e d , the heat 

col lec t i on e f f i c iency de creased . The port ion o f  length nea r  the 

co l le c tor exhaus t c0ntributed l i t t le to the ne t he a t  gain o f  the 

col l e c t or flui d . Th e  inlet s e c t ion o f  the co l le c tor , h oweve r , co l lec ted 

heat a t  much h igher e f fic iency . E f f ic iencies o f  100% or gre a t er we re 

cal cul ated . for th e S l  l ength dur ing th e late afternoon hours . The s e  h igh 

. .. · 
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va lue s of  e f fi c i ency we re c aused by the add i ti ona l ene rgy that  was 

trans fe rred from the TES and int o  th e colle ctor , via the abs orbe r plate . 

Figure 3 7  shows a s t e ady inc rease in Sl e f fic iency from 1 100 t o  1 600 h 

cor re s ponding t o  s t eadily increas ing temperature s at the exh aus t end of  

the TES . Figure 36  sh ows s imi lar ch arac te r i s ti c s  on a day  with s omewh a t  

l e s s  rad i a t i or. .  Th i s  e f fe c t  i s· one reas on why the ins tan t an�ous 

e f fic iency was le s s  r e l i ab le than the cumu l ative e f f i c iency in ana lyz ing 

th e sys t em ' s pe r formance . 

Th e  e f fe c t  o f  co l le c tor length on fluid temperature r i s e  i s  

i l lus trated i n  th e col lec tor tempe rature pro f i le , Figure 38 . During 

Te s t  No . 2 ,  68 and 87%  of th e total , north col le c t or tempe rature r i s e  

was ach ieve d  a fter  3 . 0 and 6 . 0 m ,  res pe c t ive ly . The corre s ponding 

pe rcentage s were 65 and 84% for th e s outh col l e c tor . The t emperatur e s  

i n  th e north c ol le c tor were approximate ly 1 . 35 t ime s h ighe r  than 

corres ponding t emperat ure s in th e s outh c o l lec tor . Due to the h i gh er 

ai rflow in the north c o l l e c tor , howeve r ,  the north s ide  h e a t  gain was 

about 2 . 2  t ime s that  of the s outh s ide . No at tempt wa s made to 

de termine the quan t i t i e s  of heat loss  through the glas s c ove rs  or o f  h e a t  

tran s fe rred to the T E S  from the b ack o f  the abs o rber p l a t e , but i t  was 

prob ab le tha t  b o th factors s ign i fican t ly influenced the shape of the 

pro fi le . 

To ob t a in a mo re appropriate va lue of  the SEI-TE S e ff i c i ency , it  was 

nece s s ary to  integra te the hour ly ,  us e ful heat collect i on and inc iden t  

radi at ion o ve r  t ime pe riods o f  2 4  hours from 0900 to 0800 h .  The da i ly 

the rma l f · · · th e dai· ly  totals  of  incident rad ia t ion for 
e f i c i enc i e s  ve rs us 

1 6 d ay s are i l lus t ra t e d  in Figure 39 . Th e dai ly e f fic i enc i e s  ranged from 
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1 1 . 8  t o  5 8 . 4% .  Th e  h i gh ly s i gni ficant , fourth degree , po lynomia l  curve 

acc ounted for 6 8 . 4% o f  the var iat ion 1n d�i ly e ffic iency ( Append i x  A-3 ) . 

I t  was noted from we ather c ondi t ion s  th at wind ve loc i t ie s  and hourl y  

vari a t i on in amb ient temperature accounted f o r  s ome o f  th e variat ion , but 

s t a t i s t i cal  analys i s  was not used  to ve ri fy other s i gn i f i c an t  e f fe c t s . 

The dai l y  de l ivere d  heat versus the dai ly inc i dent radi at i on for the 

s ame 16 days are i l lu s trated in Fi gure 40 . Th e dai ly heat  gain ranged 

from 6 2  to  4 1 6  MJ and the dai l y  rad i a t ion ranged from 2 0 9  t o  845 MJ .  

A h i gh ly s i gni f i c an t , fourth degree , polynomiai curve acc ounte d  for 8 5 . 4% 

o f  th e vari a t i on in dai ly he at ( Appendix A-4 ) . Th i s  i s  perhaps a more 

us e fu l  re l at ionsh i p , as c ompared to e ffic iency versus radiati on , s ince i t  

accoun ted f o r  an add i t ional 1 7 %  o f  th e var iation in t h e  d ep,e ndent variab l e . 

S t at i s t i cal Analys i s  

Mul t i p le , s t ep-wi s e , regre s s ion analys es were us e d  to  deve lop 

· l ine ar ,  s igni f i c ant pre d i c t ion eq : .at ions for the hour ly rate o f co l l e c tor 

h eat gain and ins tant aneous e f f i c iency as  func t ions of  hou r ly inc ident 

radiat ion . The s amp le s ize s we re 108 and 1 1 1  hours for Tes t  No . 1 and 

Te s t  No . 2 ,  r e s pe c t ive ly . Th e  fo l l owin g regre s s ion equa t i ons  were 

s i gn i f i can t a t  th e . 0 1 l eve l : 

Te s t  No � 1 R2 Te s t  No . 2 R2 

Qs -1 . 6 1  + 5 . 8 I . 6 86 Qs 
= - 1 . 48 + 7 . 9 ! . 6 8 8  = 

s s 

Q
n -9 . 6 5 + 10 . 8 1 . 7 1 1  Qn 

= -10 . 76 + 1 8 . 0I . 6 1 1  = 
n n 

E FF -1 . 2 20 . 9 ! . 4 16  EFF = 1 2 . 8  + 2 3 . 0 I . 2 8 3  = + s s s s 

- 7 . 4  + 1 1 . 6In 
. 5 68 EFF = -1 . 8 + 1 6 . 0 I . 34 6  EFF = n n n 

whe re : I = inc i dent r a d i at ion s t riking the . s outh ( s ) , or  north (n ) 

co l l e c to r , kW/m2 
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Q = north ( n ) or s outh ( s )  col lec tor ins tantaneous heat 
co l l e c t ion rate , MJ/h r . 

The ana lys i s  o f  varian ce t ab les  for these  and other s igni f i c ant 

re lat ionsh ips  are l i s ted i n  Appendix A.  

E c on omi c Pe r formance 

On November 1 9 , 1 9 7 9 , the · price  of propane gas was 12 . 68 ¢ / l i ter 

( 48¢ /ga l ) . At an LP h ea ter e ffic iency o f  65% , th e total heat co l le c ted 

93 

( 35 0 0  MJ ) during 1 6  days of Te s t  No . 2 was equiva lent to  228 . 8  l i ters of 

propane or an ave rage s avings o f  $ 1 . 88/day (4% s tate  tax inc luded ) .  

The maximum propane s av ings for a s ingle day was $ 3 . 5 8 on February 1 6 , 

1 97 9 . At a ra te  o f  . 90 ¢ /MJ ,  the average s avings o f  equivalent 

e le c t r ic a l  ene rgy was $ 2 . 05 /day ( 4% t ax inc luded) . 
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CONCLUS IONS 

The fo llowing conc lusions were reached as a result o f  th i s  study: 

1 .  Air temperatures reached maximums of 89 and 6 1  C for the no rth and 

south collec t ors during Test No . 1 and 6 7 . S  and 4 1 . 4  C for the 

north and south co llect ors during Test No . 2 . 

2 . Approximat ely 6 7  and 85 % o f  the collector temperat ure rise was 

achieved wit h the f irst 3 3  and 6 3 %  of  the collector l engths ,  

respect ively .  

3 .  Max imum storage t emperature rises were 5 7 . 3  and 4 5 . 0  C during 

Test No . 1 and Test No . 2 ,  respect ively, and occurred at 

approxima t ely 1 600 hours .  

4 . Trans ient t emperature dif ferent ials existed along the collect or 

wh ich caused a cons iderable amount of direct heat t ran sfer from the 

ab sorber t o  the thermal energy storage . 

5 .  The r ate o f  heat del ivery from the TES peaked at app roximat ely 

thre e hours  a f t e r  the maximum inc ident radiat ion . 

6 .  Totals o f  3 . 4  and 3 . 5  GJ o f  energy were collected for cumulat ive 

efficienc ies o f  1 9 . 5  and 3 7 . 3 % during Test No . 1 and T e st No . 2 ,  

res pec t ively . The nearly two fo ld increase i.n thermal e f f ic iency 

re sult ed from increa s ing t he total airflow by a factor o f  2 . 73 0  

The air fl ow in Test No .  1 wa s l e s s  than the minimum winter 

vent ilat ion rat e for a 2 0- sow farrowing house . 

7 D · 1 f f  i d f m 4 . 6  to 2 9 %  for Test No . 1 and from 
• ai y e icienc es range ro 

1 1 . 8 t o  5 8 . 4 % for Tes t No . 2 .  Highly s ignificant , third and fourth 

d . · equat ions . which accounted for 7 5 . 1  
degree po lynomial , pre ict 1on · 



and 68 . 4% of  t he var iat ion s ,  were developed t o  e st imat e the daily 

effic iency as a funct ion o f  daily incident radiat ion . 

8 .  Daily heat ga ins ranged from 2 7 . 4  to · 243 . 4  MJ for Test No . 1 and 

from 62 t o  4 16 for Test No . 2 �  Highly signif icant , third and 

fourth degree polynomial ,  pred ict ion equat ions , wh ich accounted 

for 8 7 . 6  and 85 . 4 % o f  the variat ions , were develop ed t o  est imat e 

the daily heat gain as a funct ion o f  daily inc ident rad iat ion $ 

9 . At t he current price o f  1 2 . 68¢ per l iter o f  propane , an average 

savings o f  $ 1 . 88/day ( sales tax included) was obtained during the 

second t es t . The savings of  equivalent electrical energy was 

$ 2 . 05 / day ( sales tax included) . 

10 . The performance o f  the SEI-TES syst em would further improve with 

higher minimum vent ilat ion rates . 
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SUMMARY 

Agri cult ural proces ses prov ide exc ellent opport un it i e s  for con-

t inuous a ir flow, l ow-t emperat ure appl i cat ions for solar ene r gy . Advan-

tages of an agri cultural so lar sys tem are obtained �y concent r at ing the 

solar ra d i at io n , by storfag the collect ed the rma l  energy , and by pro -

vid ing t.he c apab i l it y  for several app l icat ions . Some field d at a and 

p erformance informat ion have been col lected on mult ip le-u s e  solar 

en ergy int en s i f ie r  syst ems . To develop and imp rove the p er formance o f  

this t yp e  o f  sys t em, a n ew an d  un ique storage -c ol lect or con figurat ion 

was in corporat ed int o  the des ign of a so lar energy int en s i f ie r -t hermal 

energy st orage unit . Re search was conduct ed at the . S outh Dako t a  S t at e  

Unive r s ity Swine Research Farm t o  evaluat e the sys t em p er fo rmance 

charac t er i s t ics for preheat ing swine hou se vent ilat ion a ir .  

T emperature , airflow, and rad iat ion data were measured and 

recorded from Janua ry 14 to February 28 , 1 9 79 . On February 1 0 ,  the 

a irflow rat e was increased t o  the des ign ,  minimum , winter vent ilat ion 

rat e .  The data we re r educed and analyz ed to obt a in t emp erature r is e s , 

heat gain s ,  and e f f i c iencies for both a irflow rat es , and comparison s  o f  

the re sult s we re observed . Stat ist ical analyses were ut il i z ed t o  

develop s ign i f icant relat ionships t o  predict performance charac t er i s t ic s 

from c 1. ima t ic c ondit ions . 

Th Sav ino�s during the second test were 14 . 3 
e equ ivalent energy 

l i  8 kWh O f  ele�t ric ity per day as compared with 
t ers o f  propane or 60 . -

8 2 35 kWh O f  elect ricit y p er day for the f ir st 
• 2 lit ers o f  propane or 

t increased from 1 9 . 5 t o  3 7 . 3%  wit h  the est . The cumulat ive e f f ic iency 



increase in airflow desp it e the disadvantage of receiving 60 . 4  MJ les s  

radiat ion per day and thereby ut iliz ing �he. intensifie r  a decreased 

amount . 

9 7  



RECO��IENDATIONS FOR FUTURE RESEARCH 

Based on t he eva luat ion o f  the so lar energy intensi f ier-therm.al 

energy st orage system, t his aut hor o f fers · the following sugge s t ions 

for further improvement in the des ign and construct ion of the system .  

1 .  The last port ion o f  collector length cont ribut ed l itt le or nothing 

t o  the collect or t emperat ure rise . Therefore , it is necessary to  

decrea se t he length o f  the airflow path . 

2 .  It is il lust rat ed in Figure 33 that the radiat ion incident on the 

concent rat or was much less than on a surface perpend icular to the 
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sun ' s rays . The difference was caused by the fact that the reflec-

tor must face somewhat below the angle of the sun ' s  rays to focus 

onto the collector . It is , therefore , sugges ted to  opt imize the 

distance between the reflect 0� and the collector . 

3 . Sinc e the back of the abso rber plat e is at the same t emperature as 

the front an increased airflow across the backs ide would further ' 

increase t he removal rate of thermal energy. 

4 . Addit ional support is needed to  prevent the set t l ing o f  the rocks 

from bulging the absorber plat e .  

5 .  Insulat ion o f  the t op edge of the co llector is recommended to 

decrease heat losses by convect ion and conduct ion . 
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AP P E N D I X  A 

A N A L Y S I S  O F  VA R I AN C E  T A B L E S 



1 0 6 

Tab le A - 1 . Analy s i s  of  Vari ance for the Dai l� E f f i c �enc i e s  ( �d ) . o f  Te st  
No . 1 .  Inde pendent Variab le = Da i ly Inc iden t  Rad i a t ion ( S ) . 

Es t i mate : · Ed = 1 44 � . 7 7 6 84 ( S ) + l . 39 00445 ( 1 0 )
-3 s 2

- 7 . 5 2 5 9 7 6 6 5 5 ( 1 0 )
- 7

s
3 

R2 
= . 7 5 0  n = 2 7  days Ene rgy 1n MJ 

Source DF MS F 

Due to  S 3 1 2 96 . 0  4 3 2 . 0  2 3 . 1  ** 

Error 2 3  430 . 9  1 8 . 7 

Total  2 6  1 7 26 . 9 

** S i gn i f i c an t  at  the 1 %  leve l . 

Tab le A-2 . Ana lys i s  o f  Vari ance o f  Da i ly De l ive red Hea t  (Hd ) o f  Tes t  
No . 2 .  Independent Var iab le = Daily Inc ident Rad i a t ion ( S ) . 

Es t imat e : Hd = 74 7 -4 . 3 6 303 3 ( S ) +8 . 0 7 5 6 ( 10 )
-3

( s )
2

-4 . 3 3 1 2 6 6 ( 1 0 )
- 6

( s )
3 

R2 
= . 8 7 6 

Source DF 

Due to S 3 

'--
Error 2 3  

To t a l  2 6  

*J s · " f " th e 1 %  leve l  � i gni  i c an t  at 

n = 2 7  days Energy in MJ 

SS  MS F 

1 2 9 6 6 1 4 3 2 2 0  54 . 1 5  ** 

1 8 3 5 7 7 9 8 

1 480 1 8 



10 7 

Tab le A-3 . Analys i s  o f  Var iance for Dai ly E f fic ienc ies  ( E  ) o f  Te s t  
No . 2 .  Independent Var iab le = Dai ly Inc ident �ad i at i on ( S ) . 

E s t imate : Ed 
= -2 7 1 . 6+2 . 8 1 7 7 ( S ) -9 . 1 6 7 5 7 6 ( 10 ) -3 ( s ) 2+ 1 . 2 2 1 5 1 2 ( 10 ) -S ( S ) 3 

-5 . 6 5 56 9 5 ( 10 ) -9 ( s )4 

. 684 n = 16  days Energy in MJ 

Source DF SS MS F 

Due t o  S 4 20 7 7  5 1 9  5 . 95 ** 

Error 1 1  9 59 8 7  

To tal  15  3036 

** S i gni f ican t  at the 1% leve l . 

· Tab le A-4 . 

Es t imate : 

R2 
= . 854  

Source  

Due to S 

Error 

Tot al 

Analys i s  o f  Vari ance for Dai ly De l ivered Heat ( H  ) o f  Tes t  
No . 2 .  Independen t Var i ab le = Dai ly Incident Raai at ion { S ) .  

H
d 

= - 1 5 42 . 3+ 1 5 . 296 14 ( S ) -4 . 9 9443 ( 10 ) -2 ( s ) 2+6 . 7 2 846 3 ( 1 0 ) -S ( S ) 3 

-3 . 1 1 6862 ( 10 ) -8 ( s )4 

n = 1 6  days Energy in MJ 

DF SS  MS F 

4 246 1 59  6 1540 1 6 . 1 2  ** 

1 1  42006 381 9  

1 5  288 1 6 5  

* *  S ign i f i cant at  the 1 %  leve l . 



Tab l e  A- 5 . Ana l ys i s  o f  Variance for Ins t antaneous North Co l l e ctor 
E ff i c i ence s ( E . ) for Te s t . No . 2 .  Independent Var i ab l e = 
Inc i den t Radi at ion* ( In ) in W/m2 . 

E s t imate : E .  = - 1 .  7 8  + . 0 16483 ( In ) . 2 . 346 R = n = 1 1 1  
1. 

Source DF SS MS F 

108 

Due to  In 1 7685 7 685 5 7 . 7  ** 

E rror 109 14520 1 3 3  

Tot a l  1 10 2 220 5 

* Based  on g l a s s  transmi s s ivity  = . 80 ,  p l ate absorptivi ty = . 9 5 ,  c oncen
trator re f l e ct ivi ty = . 87 ,  beam/ total  radiat i on = . 80 and A /A = 3 . 5 3 .  r c 

**S i gn i f i c an t  at the 1 %  leve l 

Tab l e  A-6 . Analy s i s  of Variance of  Ins tantaneous South Co l le c tor 

E f fi c ienc i e s  (Ei ) for Tes t No . 2 .  Independent Variab le = 

In c iden t Radiat ion ( I ,) in W/m2 . 

E s t imate : E ·  = 1 2 . 82 + . 0 2 3 ( 15 ) R2 = . 283 n = 1 1 1  
1. 

Source DF SS MS F 

Due to I s  , 4062 4062 43  ** 
.&. 

Error 109 102 7 3  94 

Tot a l  1 10 14335 

* *  S ign i fi cant at  the 1%  leve l 



Tab le A- 7 .  Ana ly s i s  o f  Var iance o f  the Ins t antaneous He a t  Gain ( Qn ) 
in MJ /h r from the North Co l le c tor for Te s t  No . 2 .  
Independen t Var iab le = Inc iden t Rad i a t ion* , ( In ) in W/m2 . 

E s t ima t e : Qn = -1 0 . 764 + 0 . 18 ( 1 ) n R2 = . 6 1 1  n = 1 1 1  

S ource DF SS MS F 

1 0 9  

Due t o  In 1 69 7 69 7 1 70 . 9 ** 

E rror 1 0 9  444_ 4 

Tot a l  1 10 1 142 

* Bas e d  on g l a s s  t ransmi s s iv i t y  = . 80 ,  p l ate ab s orpt iv i ty = . 95 ,  concen
trator re f le c t iv i ty = . 87 , b e am/ t o t a l  radia t ion = . 80 and Ar /Ac = 3 . 5 3 . 

** S i gn i fican t  a t  the 1%  leve l 

Tab le A-8 . Ana ly s i s  o f  Variance o f  th e Ins t an t aneous Heat  Gain ( Q5 ) in 
MJ /h r from the Sou th Co l lec tor for Te s t  No . 2 .  Independent 
Var iab l e  = Incident Rad iat ion ( I5 ) in W/m2 . 

E s t ima t e : Q5 = - 1 . 47 9 5  + . 00792 ( 15 ) R
2 

= . 688 n = 1 1 1  

S ource DF S S  MS F 

Due t o  I s  1 38 . 6  38 . 6  240 . 7  ** 

E rror 109 1 7 . 5  . 2 

Tot a l  1 10 56 . 1  

** S ign i fi c an t  a t  the 1 %  leve l 



. .  

1 1 0  

Tab le A-9 . Ana lys i s  o f  Var i ance fo r Ins tan t aneous E f fic iency ( E i ) o f  
th e North Co l lec tor for Te s t  No . 2 Us ing a Powe r Regre s s i an . 
De penden t Variab le = ln (E i ) ·  Independent Var i ab le = 
ln ( ( Tc -Ta ) / In ) .  In = Ins tan t aneous Abs orb ed Radi a t i on . * 

Tc = Ave rage Co l le c tor Temperat�re . Ta = Amb ient Temperature . 

E s t imate : E .  = 1 1 5 2 . 9 ( ( Tc-Ta ) / I ) ·
8 79 

1 n R2 = . 95 8  n = 1 1 1  

Source DF SS  MS F 

Re gre s s ion 1 60 . 9  .. 60 . 9  2445 ** 

E rror 108 2 . 7 . 0 25  

Tot a l  109 63 . 6  

* See Tab le A-7 .  

** S i gn i fican t  a t  the 1 %  l eve l 

Tab le A- 1 0 . Ana ly s i s  o f  Vari ance for Ins t an taneous E f fi c iency , E i , o f  
the Sou th Co l le c tor for Te s t  No . 2 Us i ng a Powe r Re gre s s ion . 
De pendent Variab le = ln (E i ) .  Independent Var i ab le = 
ln ( ( T  -T ) / I ) .  I = Ins tantaneous Ab s orbed Rad i a t i on . 

E s t imate : 

Source 

Re gre s s ion 

E rror 

To t a l  

. c a s s 
Ta = Amb ien t Temperature . 

E .  = 90 6 . 9 ( ( T -T ) / I ) " 834 
1 c a s 

DF SS  

1 20 . 4  

1 0 9  . 76 

1 10 2 1 . l 

** Sign i fican t  at th e 1%  leve l  

R
2 

= . 9 64  n = 1 1 1  

MS F 

20 . 4  2 9 2 8  ** 

. 00 7  
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AP P E N D I X  B 

MATE R I AL C O S T S 

O F  T H E  E X P E R I ME N TAL S O L A R  S Y S TE M  



Table B-1 . Cost s of  the Reflector Materials 

Q�ant ity Descript ion 

3 7 . 1 8 m2 King-Lux aluminum 

7 Cold rolled sheet steel ( 1 . 22 rn x 3 . 049  m x 1 . 2  nnn) 

3 Cold .ro lled sheet steel ( 1 . 22 m x 3 . 149  m x 1 . 2 nnn) 

4 Tubing (20 cm x 5 cm x 3 . 2 mm x 6 . 1  m) 

2 Extra strength pipe (5 cm x 53 . 3  cm) 

6 Angle iron ( 3 . 1 8  cm x 3 . 1 8 cm x 6 . 4 mm x 6 . 1 m) 

2 Angle iron ( 3 . 1 8 cm x 3 . 1 8 cm x 4 . 8  mm x 6 . 1 m) 

9 Wooden posts ( 5  cm x 25 . 4  cm x 6 . 1 m) 

Brace boards :  

9 (5 cm x 1 5 . 2  cm x 3 . 05 m) 
2 ( 5  cm x 25 . 4  cm x 3 . 05 m) 
3 ( 5  cm x 25 . 4  cm x 6 . 1 m) 
2 (S  cm x 10 . 2  cm x 6 . 1 m) 
9 (5 cm x 1 0  cm x 1 . 52 m) 
4 (5  cm x 1 0  cm x 3 . 66 m) 

.White paint 

Nails 

Adhesive 

Unit Cost , $ Total Cost , $ 

22 . 048/m 2 8 1 9 . 76 

22 . 32 1 56 . 2 6  

24 . 1 1  72 . 33 

67 . 75 2 7 1 . 00 

38 . 6 1 77  . 2 1  

1 1 .  5 1  69 . 05 

8 . 88 1 7 . 76 

5 1 . 00 459 . 00 

6 . 1 5 56 . 35  
8 . 25 1 6 . 50 

16 . 50 49 . 50 
5 . 93 1 1 . 86 
1 . 49 1 3 . 4 1  
3 . 56 14 . 24 

2 . 95 

3 . 08 
..... 

2 . 00 ..... 
N 



Table B-1 . Cont inued . 

Quantity Descript ion 

Mounting brackets :  

1 Angle iron ( 3 . 18  cm x 3 . 18  cm x 6 . 4  mm x 6 . 1 m) 

1 Ext ra Strength Pipe ( . 61 mm x 7 . 6  mm) 

8 Bolt s 

8 Muffler Clamps (6 . 3  cm) 

Unit Cost , $ Total Cost , $ 

1 1 . 52 1 1 . 52 

1 0 . 1 2  1 0 . 1 2 

. 53 4 . 24 

. 57 4 . 56 

Total reflector costs----2 142 . 70 

..... 
t-' 
w 



Table B-2 . Cost s of  the Collector Materials 

Quant ity Descript ion Unit Cost , $ Total Cost , $ 

2 Hot rolled sheet steel ( 1 . 22 x 6 . 1 0 m x 1 . 52 mm) 4 � 9 7 9 ·. 9 3  

2 Hot rolled sheet steel ( 1 . 22 x 3 . 05 m x 2 . 6 6 mm) 42 . 07 84 . 1 4 

1 Hot rolled sheet steel ( 1 . 22 x 3 . 66 m x 2 . 66 nun) 64 . 89 64 . 89 

1 Hot rolled sheet steel ( 1 . 22 x 2 . 44  m x 1 . 2 1  mm) 1 8 . 03 1 8 . 03 

4 Hot rolled sheet steel ( 1 . 22 x 3 . 05 m x 1 . 52 mm) 23 . 2 7 93 . 08 

2 Hot rolled sheet steel ( 1 . 22 x 3 . 66 m x 1 . 52 nun) 2 7 . 92 5 5 . 84 

2 Hot rolled sheet steel ( 1 . 22 x 3 . 05 m x . 9 1 mm) 1 8 . 03 3 6 . 06 

1 Hot rolled sheet steel ( 1 . 2 2 x 3 . 66 m x . 9 1 mm) 2 1 . 04 2 1 .  04 

3 Hot rolled sheet steel ( . 35 x 3 . 25 m x 2 . 66 mm) 1 3 . 06 39 . 1 8 

Cutt ing charges:  

1 2  Angle iron ( 2 . 5  x 2 . 5  x . 32 cm x 6 . 1 m) 5 7 . 60 

1 Hot rolled flat iron ( . 96 cm x 2 . 5  cm x 6 . 1 m) 6 . J l 6 . 3 1 

5 Structural channel iron ( 7 . 6  cm x 9 . 02 kg/m x 6 . 1 m) 20 . 7 1 1 03 . 5 3 

Labor 9 . 50 

Freight 4 0 . 34 ........ 
........ 
. � 



Table B-2 . Continued . 

Quantity Descript ion 

8 Tempered glass ( . 864 x 1 . 93 m x 3 . 1 8 mm) 

2 Salvage tempered glass ( . 864 x 1 . 93 m x 4 . 76 m) 

1 

1 7  

3 . 1 7 m 

Alumax millwork wrap around 

Silicone base caulking compound 

Clear rubber caulk 

Ut ility boards (5 . 1  x 10 . 2  cm x 2 . 44 m) 

Gravel pad 

1 00 Stove bolts ( . 4 76 x 1 . 9 1 cm) 

1 10 kg Welding rod 

1 . 1  l iter Black absorber paint 

2 . 9 7 m 
2 Fiberglass  insulat ion ( 8 . 9  cm) 

1 1 . 9  m 
2 Fiberglass insulat ion ( 15 . 2  cm) 

Del ivery of f ield rock 

o2 and acetylene 

Unit Cost , $ 

28 . 50 

1 4 . 2 5  

5 . 2 9  

1 . 84 

3 1 4 1 . 1 5 /m 

. 2 3/kg 

4 . 4 9 liter 

2 . 1 3 m 2 

3 . 58 m 2 

Total Cost , $ 

228 . 00 

2 8 . 5 0  

2 4 . 2 4 

32 0 00 

5 . 2 9 

3 1 . 2 8 

24 . 00 

25 . 00 

4 . 94 

6 . 32 

42 . 60 

1 0 . 00 

30 . 00 

Total collector cost s----1 1 3 1 . 54 
I-' 
I-' 
\Jl 



. .  

Table B -3 .  Cost o f  Duct Mat erials 

Quant ity Descript ion 

1 Steel ( L 22 x 3. 05 m x . 9 1 nun) 

2 Norflex duct (40 . 6  cm x 3 . 05 m) 

2 Salvage flexib le duct (4 0 .  6 cm x 2 . 44 

Fiberglass insulat ion (60 -x 8 . 9 cm) 

3 Lumber ( 5  . 1  cm x 1 0 . 2  cm x 4 . 2 7  m) 

24 L�ber ( 2 . 5  cm x 10 . 2  cm x • 92 m) 

2 Per forat ed straps 

1 Wire roll ( 15 . 2  m) 

2 0  Lag screws 

3 Spray paint 

1 Roll o f  duct t ap e  

Uni t  Tot al 
Co st , $ Cost , 

18 . 03 1 8 . 03 

3 1 . 20 62 . 40 

m) 1 2 . 5 0  . 25 . 00 

9 . 4 8  

3 . 22 9 . 66 

. 76 1 8 . 24 

. 79 1 . 58 

. 35 . 35 

. 024 . 4 7 

1 . 5 7 4 .  7 1  

3 . 30 3 . 30 

Total duct co s t ----1 53 . 22 

1 1 6  

$ 

/ 



Table B-4 . Cost o f  Tracking Mechan ism 

Quantity 

1 

4 

8 

4 

4 

1 

8 

14 . 6 3 m 

2 pkg ' s 

1 1 . 3  m 

2 . 85 m 

1 

4 

1 

1 

12 

1 

2 

1 

1 8  

1 

Descript ion 

10-wat t  synchronous motor 

Pillow blocks 

2 bolt flange bearings 

1 3  tooth sprocket s 

78 t ooth sprocket s 

60 : 1  g ear reducer 

#40 riveted chain 

Hot rolled shaft ing (2 . 54 cm) 

Chain l inks 

P ipe ( 5 . 40 cm x 0 . 08 cm) 

Threaded rod 

T ime elock 

Wooden post s ( 1 2 . 7 cm x 1 5 . 2  cm x 
2 . 44 m) 

Extens ion cord wire 

Heat lamp 

Set screws 

3-wire receptacle 

Box connect o r  

3-wire male plug 

Bolts ( 35 . 6  cm x 1 . 2 7  cm) 

Flat washer ( 1 . 2 7 cm) 

Unit 
Cost , $ 

5 3 . 1 5 

6 . 1 3  

2 . 2 3  

5 . 548 

22 . 396  

6 . 2 0/m 

2 . 2 0/m 

1 . 22 

2 . 92 /m 

. 82 /m 

50 . 00 

1 5 . 20 

33 . 82 

1 . 36 

. 10 

. 93 

. 1 2 

. 8 1 

. 1 6 

. 6 1 

1 1 7 

Total 
Cost , $ 

5 3 . 1 5  

24 . 52 

1 7 . 84 

2 2 . 1 9 

89 . 5 8 

100 . 35 

75 . 60 

3 2 . 1 9  

2 . 44 

32 � 04 

2 . 33 

50 . 00 

60 . 80 

3 3 . 82 

1 . 3 6 

1 . 20 

. 9 3 

. 2 4 

. 8 1 

2 . 97 

. 6 1 



1 1 8 

Table B-4 . Cont inued . 

Unit Total 
Quantit y  Descript ion Cost , $ Cost , $ 

1 8  H ex  nut s ( 1 . 6 cm) . 1 5 2 . 76 

1 Ro ll o f  lock washers 1 . 86 1 . 86 

1 . 22 m Black p ipe (2 . 54 cm) 2 . 00 /m 2 . 44 

. 81 m Channel iron (7 . 6  cm x 2 . 3 kg) 3 . 80/m 3 . 08 

16 Lag screws ( . 64 x 6 . 35 cm) . 09 1 . 44 

4 Bolts ( 1 . 2 7 x 1 2 . 20 cm) . 1 8  ,. 72 

. 38 m Black p ipe ( 1 .  27 cm) 1 . 3 5 /m . 5 1 

Total tracking mechanism cost----6 1 7 . 78  



Table B-5 . Other Material Co st s 

Quant ity 

2 

1 

Descrip t ion 

Plywood CDX ( 1 . 2 2 m x 2 . 44 cm x 
• 95 cm) 

Fan 

Miscellaneous it ems 

Unit 
Cos t , $ 

1 0 . 40 

50 . 00 

1 1 9 

Total 
Cost , $ 

20 .. 80 

50 . 00 

2 6 . 40 

Total----9 7 . 2 0 



AP P E N D I X C 

RE F L E C T O R  S U R F A C E  S P E C I F I C AT I ON S  



Table C-1 . Re flector Sheet Specificat ions 

Supplier Kingst on Industries 

Product Name Kinglux Aluminum Solar 
Re flect or Sheet 

Mat erial High-purity aluminum 

Thicknes s • 3 mm -

Structure Non-clad 

Total Reflectance 

Specular to Total Reflect ance 
Rat io 

8 7 . 6% 

. 963 

1 2 1  

Coat ing Anodic f ilm oxide ( . 2  micron thick) 

Weatherability 

Abras i on Res istance 

Adhes ive 

No deteriorat ion aft er 1 s o . ooo 
langleys expo sure 

56 gimicron 

Goodyear Pliobond Adhesive 



. .  

A P P E N D I X  D 

D A I L Y  AMO U N T S  O F  A V A I L A B L E  S O L AR 

RA D I A T I ON AN D DE L I VE RE D  T H E RMAL E N E RGY 



1 2 3  

Tab le D- 1 . Te s t  No . 1 : · 24-h our pe riods from 0 900 to 0800 hours . 

Day Inc iden t Rad i a t i on Hea t  De livered Dai ly  E f f i c iency 
( MJ )  (MJ )  ( % )  

1 / 14 / 7 9  9 25 184 1 9 . 9  
1 / 15 / 79 580 6 5  1 1 . 2  
1 / 16 / 79 5 7 9 93  1 6 . 0  
1 / 1 7 / 7 9  82 1 1 70 20 . 7  
1 / 1 8 / 79 3 9 6  3 5  8 . 8  
1 / 19 / 7 9  547 36  6 . 5  
1 / 20 / 79 494 23 4 . 6  
1 / 2 1 / 79 489 42 8 . 5  
1 / 2 2 / 79 2 8 5  52  1 8 . 2  
1 / 2 3 / 79 885 2 1 1  2 3 . 8  
1 / 24/ 7 9  853 20 1 2 3 . 6  
1 / 2 5 / 7 9  5 66 73 1 2 . 9  
1 / 2 6 / 7 9  453 37  8 . 2 
1 / 2 7 / 79 526  46  8 . 8  
1 / 2 8 / 7 9 7 52 187  24 . 9  

1 / 2 9 / 7 9 850 2 38 2 8 . 0  

1 / 30 / 7 9 698  185  2 6 . 5  

1 / 3 1 / 7 9 645 1 32 20 . 5  

2'/ 1 / 79 489 2 7  5 . 6 

2 / 2 / 79 7 74 208 26 . 8  

2 / 3/ 79 7 59  203  2 6 . 8  

2 / 4 / 7 9  69 2 1 84 2 6 . 6  

2 / 5 / 79 702 86 1 2 . 2  

2 / 6 / 79 724 2 10 2 9 . 0  

2 / 7  / 7 9  60 1 108 1 7 . 9  

2 / 8 / 7 9  839 243 2 9 . 0  

? / 9 / 7 9  543 124 2 2 . 9  

To t al s  1 746 7 3403 1 9 . 5 ( ove ra l l )  



1 24 

Tab le D- 2 . Te s t  No . 2 :  24-hour pe riods from 0900  to 0800  h ours . 

Day Inc i den t Rad i a t i on Heat De l ive red Dai ly E f fic iency 
( MJ )  ( MJ ) ( % ) 

2 / 1 1 / 79 382 1 1 3 29 . 5  

2 / 1 2 / 79 6 2 6  1 6 1 2 5 . 8  

2 / 1 3 / 7 9  6 2 7  84 ' 1 3 . 4 

2 / 16 / 79 845 4 1 -6  4 9 . 2  

2 / 1 7 / 7 9  5 2 5  6 2  1 1 . 8  

2 / 1 8 / 79 7 2 2  285 3 9 . 5  

2 / 1 9 / 7 9  6 9 3  2 0 9  30 . 2  

2 / 20 / 79 36 7 9 9  2 7 . 0  

2 / 2 1 / 79 742  336 4.5 . 2 

2 / 2 2 / 79 2 0 9  39  1 8 . 6  

2 / 2 3 / 7 9  7 0 9  414 5 8 . 4  

2 / '::.4/ 7 9  7 70 4 1 2  5 3 . 5  

2 / 2 5 / 7 9 7 60 3 7 3  4 9 . 1  

2 / 2 6 / 7 9 6 3 3  2 7 5  4 3 . 5  
,' 

2 / 2 7 / 79 4 8 6  1 36 2 8 . 1  

2 / 2 8 / 7 9  2 8 7  86 2 9 . 9  

To t a l s  9 38 3  3500 3 7 . 3  ( overa l l ) 



°AP P E N D I X  E 

S I  T O  E N G L I S H  C ON V E R S I O N S  



. .  

To conve rt from 

l i ter 

m 

2 m 

3 m 

cm 

3 
m /h r 

kW 

MJ 

kg 

c 
2 . 

m -C/W 

k J/kg 

1 2 6  

S I  to  Eng l i sh Convers ions 

To Mu ltiply by 

gal . 2 6417  

ft 3 . 28 1  

ft2' 1 0 . 7 5 8  

f t
3 3 5 . 2 8.7 6  

in 2 . 54 

ft 3/min . 5885  

Btu/hr . 3414 . 42 6  

MB tu 1 0 5 5 . 06 

lb . 45 3 5 9 237  

F F= l .  8 ( C+32 ) 

hr-ft
2

-F/ Btu 5 . 6 7 5 3 5 5  

Btu / lb . 42 9 9 2 3  



A P P E N D I X  F 

. .  S O L A R R A D I AT I ON AN D T E M P E RAT URE D AT A  



T A S L  E F .  INC I DENT S OL AR R AD I A T I ON �E A S UR E D  G N  A HOR I ZONT AL SURFACE AND A I R  T EM P E R ATUR E S  MON I TOR ED A T  L OC A T I O N S  I N  F I GUR E 7 
- - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - -- - - - - - - - - - - - - -- - - - � - - - - - - - - - - - - - - - - - -·· - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

P YR A �OHE T � R  ( P YR ) R E A� l NG S ,  C AL / S Q-CM-M I N, 4 N O  T EM P E R AT UR E S ,  C ,  AT LOC A T ION N UMB ER 

- - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ·· -- - -- - - - - - - - - - - - - - - - - -- --·------ -- - - - - - - - - -- - -- - - -- - - - - - - - - - - - - - - - --- - - - - - - - - - - - - - - - -

C H  HF PY� ,\ Jll B 4 5 6 7 8 9 1 1  1 2 1 3  1 4 1 5 .  1 6 1 7  1 8  1 9  2 0 2 Z  2 1  l't 
C f. E a  J c; )  

- -- - - - -- - -- - - - - - - - - - - - - - - - - - - - - - - - - · - - - -- - - - - - - - - - - -- - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - -- - - - - - - - - - - - - - - - - - - -

l i  l 

l l  2 

l i  3 

1 1  " 
i. l 5 

1 1 t: 
l 4 1 
l l  e 
i. l 9 
1 1  1 0  

l l  1 1 
1 1  1 2  
l l  1 1  
l J  l .. 
1 1  1 5  

l l  It; 
l l  l 7  
l l l 8  
1 1  1 9  
l l  2 0  
1 1  2 1  

1 1  2 2 
l l  2 l  
l l  H 

1 2  l 
1 2  2 
l 2  ) 

' 1 2 " 
1 2  � 
1 2  t 
1 2 1 

1 2  8 
1 2  9 

1 2  1 0  
1 2  1 1 
1 2 1 2  
1 2  1 3  

1 2  1 4  
1 2  l 5. 
1 2  l h  
1 2 1 7 
1 2  1 8 
1 2  l �  
1 2  2 0  

1 2  2 1  

1 2  l l  
1 Z  Z J  

. l l  2 4  

- 1 1 . 1  - 1 1 . 4  - l l . 4  - l l . 4 - 1 1 . 1  - 1 1 . 1 - 1 1 . 1  - 1 1 . 9 - 1 1 . 9 - l i . 7  - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  - 1 1 . 4  - 1 1 . 1 - 1 1 . 1  - 1 0 . 8  - 1 0 . 0 - 1 0 . J  - � . 7  
- 1 1 . 1 - 1 1 . 1  - 1 1 . 4  - 1 1 . 1  - 1 1 . 9 - 1 1 . 9  - 1 1 . 9  - 1 1 . 9 - 1 1 . 9 - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  - 1 1 . 1 - 1 1 . 1  - 1 1 . 1  - 1 1 . 4  - 1 1 . 4  - 1 0 . 3  - i 0 . 1 - i 0 . 3  

- 1 1 . 1  - l l . 7  - l l . 7  - 1 1 . 1  - 1 1 . 1  - l l . 7  - 1 1 . 1  - 1 1 . 1 - 1 1 . 1  - 1 1 . ?  - 1 1 . � - 1 1 . � - 1 1 . 9  - l l . 7  - l l . 7  - 1 1 . 1  - 1 1 . 1  - l 0 . 6  - 1 0:- S� - l 0 . 6  
- 1 1 . 1 - u . 1  - 1 1 . 1  - 1 1 . 1  - 1 2 . 2  - 1 2 . 2  - 1 2 . 2  - u . 1  - u . r  - l l . 9 - l l . 9 - 1 1 . 9 - 1 1 . ?  • 1 1 . 1  - 1 1 . 1 - 1 1 . 1  - 11. . 1  - 1 1 . 1  - 1 1 . 1 \ . o . a  
- 1 2 . 2 - 1 2 . 2  - 1 2 . z  - 1 1 . 1 - 1 2 . 2  - 1 2 . z  - 1 2 . z - 1 2 . 2  - 1 2 . 2  - 1 1 . 9  - 1 1 . 9 - 1 1 . 9 - 1 1 � 9  - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  - 1 1 . 4 - l o . a  
- 1 2 . 2  - 1 2 . 2 - 1 2 . 2  - 1 1 . 1 - 1 1 . 9 - 1 1 . 9  - 1 1 . 9  - 1 2 . 5  - 1 2 . 5  - 1 1 . 9 - 1 2 . 2  - 1 1 . 9 - l L . 9  - 1 1 . 1  - 1 1 . 1 - 1 1 . 1 - 1 1 . 1  - 1 1 . 4  - 1 1 . � - 10'\0 

c . 0 2 - 1 1 . 1  - 1 1 . s - 1 1 . s - 1 1 . 1  - 1 2 . 2 - L 2 . 2 - 1 2 . 2  - 1 2 . 2 - 1 2 . 2  - 1 1 . 9 - 1 1 . 9 - 1 1 . 9 - 1 1 . 9 - 1 1 . 1 - 1 1 . 1 - 1 1 . 1  - 1 1 . 1  - 1 1 . 4 - 1 1 . 4 - 1 1 . L  

0 . 0 4  - 1 1 . 1  - 1 2 . 2 - 1 2 . 2  - li. . 7  - 1 2 . 2 - 1 2 . 2 - 1 2 . 2  - 1 2 . i - 1 2 . 2  - 1 2 . 2  - 1. 2 . 2  - 1 1 . 9 - 1 2 . 2  - ll . 9  - 1 1 . 9 - l l . 9 - 1 1 . <J - l l . 't - l l . 4  - 1 1 . 1
'

, 
0 . 1 1  - 1 1 . 1 - 1 l . r,  - 1 1 . q - 1 1 . 1  - 1 1 . q  - 1 1 . 9 - 1 1 . 9  - 1 2 . 2  - 1 2 . 2  - 1 1 . 4 - 1 1 . 4  - 1 0 . a - 1 0 . a - 1 1 . 1  - 1 1 . 9 - 1 1 . 1  - 1 1 . 1 - 1 1 . 1  - 1 1 . 1  - 1 1 . 1  

0 . 3 3  - 1 1 . 1  - off · '• - 8 . 9  - 8 . 9  - 8 .  l - 1 . 2  - 1 . 2  - 1 0 . 1  - 1 0 . 0  - q . 1 - 9 . 7 - 8 . 3  - 8 . 3 - 9 . 7 - 1 0 . 8  - 1 1 . 1  - 1 1 . 4 - 1 0 . a  - 1 0 . �  - 1 J . J  

C . H  - 1 1 . 7 - 1 . 2 - 5 . 6  - 5 . ti  - 5 . 0  - J . b  - 3 . 3 - 8 . 9  - o . 3  - 1 . 8 - 1 . 5  - 6 . l  - 6 .  l - 7 . 5  - 8 . 9 - 1 0 . 1 - 1 0 . 1 - 1 0 . 0 _.., . 4  -1:1 . 6  
o . s 1  - 1 1 . t  - 5 . E  - 1 . 9 - 3 . l - 5 . )  - l . l - 0 . 6  - 7 . 5  - 1 . z - 5 . 8 - 5 . 6  - 3 . 9  - l . 6  - 5 . 6  - 6 . 9  - 8 . 9  . - 8 . ?  -.8 . 6  - 8 . l - 1 . z  

0 . 3 8  - 1  l .  l - t .  l - 4 .  2 - 4 . 4  - J . 3  - 7. . 2  - 1 . 1  - 7 . 8  - 7 . 2  -6 . 7  - 6 . l -4 . 4  -4 . 4  - 4 . 2  - 4 . 7 - 6 . 9 - 1 . 2  - 1 . 1  - 6 . 1  - h . l 
c . u  - 1 1 . 1  - 1 . 2 - 6 .  l - 5  . 6  - 4 . 7 - 3 . q  - J . 9  - 8 . 9  - 0 . 3  - 7 . 5 - 1 . z -6 . l - 6 . \ - 4 . 4  - 3 . 9  - 5 . 6 - 5 . 8 - 6 . l - 6 .  l - ) . 3  
C . 1 7  - l l . 7 - 1 . 8 - 6  . 4  - t . l - 5 . 6  - 5 . 6 - s . o  -9 . 4  - B . 9 - u . 3 - a . 1 - 1 . 2  - 1 . 2 - 6 . l - 4 . 2  - 4 . 7 - 5 . J - 5 . � - 6 .  l - 5 . 6  
O . l C  - l Z . 2  - c; . 2  - 8 . 6  - e . 1 - 8 . l - B . l - 8 . l - 1 0 . 6  - 1 0 . 0 - 9 . 7 - 9 . 'e  -9 . 2 - 9 . 2  - 1 , a  - 5 . 0 - lt . 7 . - '5 . 0  - 5 .  6 - 6 . 't  - s . a  
0 . 04 - 1 � . 8  - 1 c . t - c; . 1 - 1 0 . 0  - 1 0 . 0  - l O . O - 1 0 . 0 - 1 1 . 4 - 1 1 . 1  - 1 1 . 1  - 1 0 . 6  • 10 . 8  - 1 0. B -9. 7 - 6 . 7 - 5 . 6  - 5 • 6  - s . o - 6 . 7  -6 . 7  
0 . 0 2  - 1 3 . � - 1 1 . 1 - 1 1 . 4  - 1 1 . 1 - 1 1 . 1  - 1 1 . 1 - 1 1 . 1 - · � . 5 - 1 1 . 9 - 1 2 . 2  - l l . 9  - 1 2 . 2  - 1 i . 2  - 1 1 . 1 - 8 . 3 -6. 7 - !> . It  - 6 . l - 7 . 2 - 1 . z  

- 1 1 . �  - 1 1 . c;  - 1 1 . 4 - 1 1 . 1  - 1 1 . 9  - 1 2 . 2  - 1 2 . 2  - l 2 . 2  - 1 2 . 2  - 6 . 7 - 1 . 8  - 1 . 8  
- 1 4 . 4  - 1 2 . 2  - 1 1 . 1  - 1 1 . c; - 1 2 . 2  - 1 2 . 2  - 1 2 . 2 - 1 2 . s  - 1 2 . s  - 7 . 8  - 6  • .} - P  • l 
- 1 s . o  - 1 2 . e  - 1 2 . e  - 1 2 . e  - 1 J . 1  - 1 J . 1  - 1 3 . 3  - 1 2 . a  - 1 2 . 8  - a .  6 - 9 . 2  -9 . 2  
- 1 5 . 6 - 1 � . 6  - l l . 6 - 1 1 . 3  • l l . 6  - 1 3 . 6 - l l . 6 - 1 3 . 3  - 1 3 . 3  - 1 3 . 3  - l l . 3  • l l . J  - l l . J - l l . l - 1 2 . 8  � l l . 7  - L l . l  - 9 . 4 - 9 . 7 - l O . O  

- 1 s . 6  - 1 s . c  - t s . o  - 1 3 . c; - t s . o - 1 5 . o - 1 4 . 2 - 1 5 . 0  - 1 s . o - 1 0 . 6  - 1 0 . s - 1 0 . 6  
- 1 6 . 1 - 1 4 . 1 - 1 4 . 4  - 1 4 . 4  - 1 s . o  - 1 5 . 0  - 1 5 . 0  - 1 4 . 1 - 1 4 . 7  i - 1 1 . 4 - l l . 4  - 1 1 . 4 

- 1 7 . 2  - 1 5 . C  - 1 5 . 0  - 1 � . 0  - l 5 . 6  - 1 5 . 6  - 1 5 . 6  - 1 5 . 3  - 1 5 . 3 - 1 2 . 2  - 1 2 . 2 - l l . 2  
- 1 1 . a  - i s . a  - 1 5 . 6 - 1 s . e - 1 6 . 4  - 1 0 . 4  - 1 0 . 4  - 1 6 . 4 - t 6 . 4  - 1 6 . l - l6 . l - 1 6 . l - l o . 1 - 1 5 . a  - 1 s . o - 1 4 .'2 - 1 3 . 9  - 1 2 . e  - 1 ; . a  � 1 2 . �  
- 1 1 . e  - 1 � . c; - 1 6 . q - 1 � . c;  - 1 1 . 2  - 1 1 . 2  - 1 1 . 2 - 1 6 . 9 - 16 .9 - 1 3 . 6  - 1 3 . 6  - 1 3 . 6  

- z c . t  - 1 4 . 4  - 1 4 . 't  - 1 4 . 7 
- 2 2  . 2  - 1 5 . 0  - 1 5 . 6  - 1 5 . 6  

- 2 � . ? - 2 2 . 2  - 1 9 . 7 - 1 1 . 2 - 1 1 . 2  - 1 6 . l - 1 6 . 7 - l b . 7  
c . 0 2  - 2 3 . l  - 1 1 . z  - 1 1 . s  - 1 1 . a 
o . 1 c - 2 3 . 3  - 1 1 . a  - 1 1. a - 1 1 . a  - 2 2 . 8  - 2 1 . 1  - 2 z . 2  - 2 1 . 4  - 23 . l  - 2 2 . 5  - 2 0 . 0 - � o . o - 1 8 . l - 1 8 . 9  - 1 A . 1  
o . z 1  - z 1 . 1  - 1 1 . a  - 1 1 . a  - 1 1 . e  - 1 a . 1 - 1 a . 1 - 1 6 . 4  - 1 1 . a  - 1 1 . a  - 1 1 . s - 1 9 . 2  - 1 s . 6  - 1 1 . 2  - 2 0 . 0  - 2 1 . 1  - z o . 6  - 2 0 . 3 - 1 1 . a  - t 1 . a  - 1 1 . a  

C . 4 4  - 1 8 . 9 - 1 1 . 7  - <; . It  - e .  l - 1 . z  - 3 . 6 - 3 . l - 1 0 . a  - 1 1 . 6 - 2 . a · 1 0 . 0  5 . 6 - 't . 4  - 8 . 3 - 1 6 . l - 1 8 . 3  - 1 '1 . 8 - 1 6 . 7  · - l 't . 4  - l l . l  
C . 6 4  - l 6 . 7 - 6 . 9  - 3  . 9  - 1 . 1  - 0 . 6  3 . 9 s . o  l . l  - 6 . )  8 . 9  - 2 . a  l B . 3 4 . 4  -0 . 6  - 1 0 . 0  - 1 3 . 9  - 1 3 . 3 - 1 3 . 9  
C . 6 7  - 1 6 .  7 - 6 . 7  - 3  . J  - 1 . 7  - o . 3 3 .  l 4 . 4  - 5 . J  - 8 . l  0 . 6 - 3 . l . 7 .  8 0 . 6  2 . 2  - 3 . 3 
O . S 5  - l t . 7 - 4 . 7  - 1 . 1  o . o l . 7 4 . 4  5 .  3 - 1 . 7  - 5 . 0 2 . 2  - 3 . 3  8 . 3  0 . 6  0 . 6  o . o  

J . H - 1 5 . 6  - 6 . 9 - 3  . 6  - 2 .  5 - 1 . 4  o . o 0 . 6 - 7 . 8 - 1  . 8  - 5 . 6  - s . o  - 2 . 8 - 3 . 3  1 . 1 2 . a 
0 . 4 5  - 1 ; . q  - 6 . 7  - 2·. 9 - 3 . 3  - z . 5 - 1 . 9  - 1 . 1 - 8 . 3  - 7 . 8  - 7 . 2 - 6 . l  - 5 . 0  - 5 . 0  - z . a 1 .  7 
c . z e  - t J . 9  - e . 1  - 6 . "  - t . l - 5 . 6  - 5 . 6 - 5 . 3 - l O . O  - 8 . 9 - 8 . 9 . - 8 . 3  - 7 . 8  - 1 . a  - 5 . 6  0 . 6  
0 . 1 1 . - 1 4 . <t  - 1 0 . c  - 8 . ) - a . t  . - a . 6  - 8 . 9  -8 . 9  - 1 1 . 1  - 1 0 . 0  - 1 0 . 6  - 1 0 . 0  - 1 0 . 6  - 1 0 . 6  - 8 . 3 - 2 . a 
o . oz - 1 4 . 4  - 1 1 . 4 - 1 0 . 3  - 1 0 . a  - 1 0 . a - 1 1 . 1 - 1 1 . 1  - 1 2 . s  - 1 1 . 1  - 1 2 . 2  - 1 2 . 2  - 1 2 . s  - 1 2 . a  - 1 1 . 1  - 6 . l 

- 1 1t . 4  - 1 1 . 1  - 1 1 . 1  - 1 1 . 4  - 1 1 . 9 - 1 2 . 2  - 1 2 . 2  - 1 2 . s  - 1 l . 2  - 1 z . a  - 1 2 . a  - 1 1 . 3  - 1 1 . 1  - 1 2 . 2  . - a . q  
- 1 5 . 0  - 1 2 . a  - 1 2 . 2  - 1 2 . s  - 1 2 . a - 1 1 . 1 - 1 1 . 1  � 1 1 . 6 - 1 J . 1  - 1 3 . 9  - 1 1 . 1 - 1 1 . 9  - 1 1 . 9  - 1 1 . 3  - 1 1 . 1 
- 1 s . o  - 1 3 . 3 - 1 3 . 1 - 1 3 . 6  - 11 . �  - 1 4 . 2 - 1 1t . 2  - 1 � . 2  - 1 3 • 9  - 1 1 . 1  - 1 1 . J  - 1 4 . 't  - 14 . 4  - 13 . 9 - 1 2 . z 

- 8 . 9  
- 4 . 4 
- 0 . 6  

1 .  l 
l .  7 
o . o 

- z . 2 
- 4 . 't  
- 1 . 2  
- 9 . 4 

- H . 3 - 1 0 . 0 
- 4 . 4 - 6 . 7 
- o .  6. - 3 . 3 

l .  1 - 1 . 9 
1 . 7  - 0 . 6 

0 . 6  - O . b  

- 1 . 7  - 1 . 1 
- 3 . 9  - z . 5  
- 6 . l - 3 . 9  

- 8 . 3 . - 5 . 6 
- 1 s . o  - 1 1 . t - 1 1 . 3 - 1 1 . 9 - 1 4 . 2 - 1 4. 4 - 1 4 . 4  - 1 4 . 2  - 1 1 . 9  - 1 4 . 4 - 1 4 . 4  - 1 4 . 4  - 1 4 . 4 - 14 . 4 - 1 1 . J - 1 1 . 1  - 1 0 . 6  - 7 .  !> 

- 9 . 4  - � . 6  

-6 . 'o  - 6 . l 
- <t . " - J . 9  
- 2 . s - 2 . 5  
- 2 . 2 - 1 . 7 
- l  . 9  - 1 . r  

- 2 . 2  - 2 . s  
- 3 . l - l . 6  

- 3 . 9  -4 . 7 

- 5 . )  - 5 . �  

-6 . 7  - 1 . z  
- 8 . l -a. 1 

- 1 � . � • 1 4 . l - 1 1 . 9  - 1 4 . 2  - 1 4 . 7  - 14 . l - 1 4 . 7  - � 4 .� - 1 4 .4 - l 't . 4 - 14 . 4 - l4 .� - 14 . 4  - l4 . 4  - 1 1 . 9  - 1 2 . 2 - 1 1 . 7  •9 . Z - 9 . 4  -9 . 7 
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1 5  2 3 - z a . 9  - 7. 6 . 7 - 2 6 . 7  - 2 1 . 2  - 2 7 . 8 - 2 7 . 8  - 26 . l - 2 3 . 9  - 2 2 . 8 
1 5  H - 2 8 . 9  - 2 1 . 2  - 2 1 . a  - 2 1 . a - 2 6 . 3  - 2 0 . 1  - 2 1 . 8  - 2 5 . 6  - 2 4 . 4  

1 6  1 - 1 0 . c  - 2 8 . 3  - 2 6 . 3 - 2 6 . 9  - 2 0 . 9  - 2 8 . 9  - 2 s . 1  - 2 6 . 7  - 2 6 . 1  

1 6  2 - � c . c  - ? 8 . 9  - 2 a . 9  - 2 9 . 4  - 2 9 . 4  - 3 o . o  - 2 a . 9  -2 1 . a· - 2 1 . 2  
l t  3 - 3 C . 6  - 7. 9 . 4  �3 0 . 0  - 1 0 . 0  - 3 o . o  - 3 0 . 0 - z q . 4  - 2 a . 3  - 2 1 . 8 

l 6  " - 3 1 . l  - � 0 . 6  - 3 0 . 6  - 30 . 0  - 3 1 . 1 - 3 0 . 6  - 3 0 . 6  - 2 9 . 4  - 2 9 . 4 

1 6  5 - 3 1 .  l - 3 1 . l  - 3 1 . l  - 3 1 . 1  - 3 1 . l  - 3 1 . 7  - 3 0 . 6  - 3 0 . 0  - 3 0 . 0  

u t - 3 1 . 7  - 3 2 . 2  - 3 2 . 2  - 1 i . 2 . - 1 2 . 2  - 3 2 . 2 - 3 1 . 7  - 3 0 . 6  - 3 0 . 6  

1 6 1 0 . 0 2 - 3 2 . 2  - 3 2 . 2  - 3 Z . 2  - 3 2 . 2  - 3 2 . l - 3 2 . 2  - 3 1 . 7  - 3 1 . 1 - 3 1 . 1  

1 6 8 J . o c; - H . 2  - 3 0 . 6  - 3 0 . 6  - 3 0 . 0  - 3 0 . 6 - 3 1 . l  - 3 2 . 2  - 3 1 . 7  - 3 1 . 7  

1 6 9 0 . 4 2  - � c . o  - 2 4 . 4  - 2 1 . 1  - 2 2 . 8  - 20 . 6  - 2 5 . 0 - 7. 9 . 4 - 1 0 . 6  - 1 0 . 6 
1 6  1 0  o . 5 �  - 2 1 . e  - c; . 4  - 5 . 0 - 8 . 3  - l . l - 1 6 . l - 2 3 . ) - 2 1 . 2  - 2 6 . t 

l t  l l C . 7 8  - 2 6 . l - 1 2 . 8 · - 9 . 4  - t . 1 - 6 . l - 0 . 6 1 . 1  -6 . 7  - 2 . e  0 . 6 3 . 9  0 . 6  1 0 . 6 - 4 . 4  - 1 5 . 0  - 2 0 . 6  - 1 9 . 4  - 1 4 . 4  - 1 5 . 3  

1 6  4 2  c . a e  - 2 4 . 't  - 5 . C  0 . 6  6 . 7  6 . 7 1 0 . 0  1 4 . 4  1 8 . 9  1 9  . 4  3 7 .  8 3 1 . l  3 5 . 0  4 6 . l 1 0 . 6  - 2 . a  - 1 0 . 6  - B . 3 - 1 1 . 7  - 5 . 0 - S . 6  

1 6  l J  c . a c; - z J . c;  - 1 . 1  5 . 0  1 3 .  3 1 2 . e l 't . " 2 0 . 6 2 5 . 0 2 6 . l 4 3 . 9  3 9 . 4  .4 0 . 0  54 . 4  2 0 . 6  1 0 . 6 1 .  7 4 . 4  - 2 . a 3 . 3  2 . 8  

l b  l it  o .  8 2  - 2 3 . c; l .  l 7 . 8  1 2 . 2 1 6 . l 1 5 . 6  2 2 . s  2 2 . a  2 8 . J  3 6 . 7 4 ., • 8 4 0 . 0  5 5 . 6  2 3 . q 2 0 . 0 1 2 . 2 1 5 . 6  6 . 7 1 1 . 1  a . q  

1 6  l 'i  0 . 6 t  - 2 J . S  - c . t.  7 . 8  1 0 . 0  l it . "  1 2 . a  1 9 .  It 1 8 . 3  2 2 . a 2 9 . 4  3 7 . 2 3 3 . 3  4 3 . 3  2 3 . ·J 2 5 . 6 2 0 . 6  2 3 . 3 n . q  1 1 . 2  1 3 . 3  

1 6 l t  0 . 4' '9  - 2 1 . c;  - 3 .  t; 3 . 9  " · "  8 . 9  5 . 6  u . 1  2 . 2  1 8 . 3  I 5 . 0  2 8 . 3  8 . 3  2 5 . 6 1 1  . a  2 5 . 0  .2 5 . 0  2 7 . 2 1 6 . 9 2 0 . 0  1 5 . 6  

f6 1 7  O . l 9 - z t: . l - e . c; - 1 . 1  - 2 . 8  l .  l - 3 . 9  o . 6  - 1 2 . a  - 5 . 3 - 1 0 � 6  - 1 .  7 - 9 . 't  - 2 . 2  lt . 4  2 0 . 0 2 4 . 4  2 7 .  2 2 0 . 6 1 5 . 0  1 3  . 9  

1 6  1 8  0 . 02 - 2 1 . e  - 1 t . 1  - 1 0 . 6  - 1 2 . 1  - 1 1 . 1  - 1 5 . 6  - 1 3 . 1  - 1 1 . e  - 1 s . o  - 1 1 . 2 - 1 1 . 9  - 1 1 . 2  - 1 6 . 1  - 9 . lt  1 0 . 0 2 0 . 0  2 2 . 2  1 8 . 9  1 0 . 6  9 . 4 

1 6  L 'i - 2 1 . e  - 2 0 . 0  - 1 1 . a  - 2 0 . 6 - 2 0 . 0  - 1 1 . l  - o . 6  1 2 . s 1 5 . 6  1 6 . l 8 . 1  6 . 7 

1 6  2 C  -2 8 . 3  · - 2 2 . 2  - 2 0 . 6  - 2 2 . s  - 2 2 . s - 2 1 � 1  - a . q  5 . 0  1 .  8 1 2 . 2 5 . 0  J . ) 
1 6  2 1  - 1 c . c - Z4 . lt  - 2 1 . 9 -2 5 . 6  - 2 5 . 6 - 2 3 . 9  • 1 6 . l - 3 . 9  o . o  1 . 2  l .  1 -0 . 6  
' " 2 Z  - 3 0 . 0  - 2 6 . 7  - 26 . 7  - 2 1 . 2 - 2 1 . a - 2 6 . 1  - 2 0 . 6 - 1 0 . 6 - 1 . 2  1 . 1  - 2 . 5 -4 . 7 
lfl 23 - 2 9 . 't  - 2 a . 1 - 2 a . 1  - 29 . 4  - 29 . 4  - 2 1 . a  - 2 1 . 9 - 1 6 . 1 - 1 1 . 9  -lt. 7 - 1 . z  -9 . 2  

....... 
v> 

1 6  2 4  -28 . 9  - � 8 .9 -28 ,9 -29 . lt  - 29 . lt - 2 8 .9 - Z6 . 7 -2 1 . 1 . • 1 8. 9  - 1 0 . 1 - 1 1 . " - l J . 1  0 
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C A't  .. R P Y  fl A fi' B  .. 5 6 1 8 9 l l  1 2  1 3  l 4  1 5  1 6  1 7  1 8  1 9  2 0  2 2  2 3  24 

l f E e  1 «; )  

- - - - - - - - - -- - - - - - - - - - - - - ------�---------- - - - - - ----------- - - - - - �- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

l 7  1 - 2 8 . 3  - 2 a . 9  - 2 6 . 9  - 2 a . s  - 2 a . 9  - 2 6 . 9  - 2 1 . 0  - 2 4 . 4  - 2 2 . a  - i 5. o  -1 5 . o  - 1 1a . 1  
l l  2 -2 1 . 8  - 2 8 . 9  - 2 8 . 9 - 2 8 . 9  - 2 8 . 9  - 2 8 . 9  - 2 8 . 3  - 2 6 . l - 2 > . 0  

1 7  1 - 2 1 . 2  - 2 a . 9  - 2 0 . 9  - 2 0 . 9  - 2 8 . 9 - 2 0 . 3  � 1 e . �  - 2 1 . z  - 2 6 . 1 

l 1  " - 2 t . l - 2 1 . 2  - 2 1 . z  - 2 1 . 2  - 2 1 . 2  - 2 1 . 0  - 2 8 . 3  - 2 1 . a  - 2 1 . 2  

l 7 5 - 2 4 . 4  - 2 6 . l - 2 6 . l  - 2 6 . l  - 2 6 . l - 2 6 . 7 - 7. 7 . 8  - 2 7 . 6  - 2 7 . 8 

1 1 6 - 2 3 . :! - 2 s • 0 - 2 5 • 0 - 2 5 • 0 -·2 5 • 0 - z 5 • 6 - 2 6 • 7 - 2 1  • 2 - 2 1  • 6 
1 1  1 O . O l  - 2 2 . 2  - 2 4 . 4  - 2 4 . 4  - 2 4 . 4  - 2 4 . 4  - 2 5 . 0  - 2 6 . l - 2 6 . 7 - � 6 . 7 

l l 8 o . c 1  - 2 i . 1  - 2 2 . 2  - 2 2 . 2  - 2 2 . 2  - 2 2 . 2  - 2 3 . 3  - 2 4 . 4  - 2 5 . 6  - 2 6 . l 

1 1  c; o . 2 4  - 2 c . c  - 1 � . 4  - l 8 . 9  - 1 8 . 3  - 1 7 . 6  - 2 0 . 0  - 2 2 . 2  - 2 3 . 9  - 2 4 . 4  
1 1  1 0  o . to «i  - 1 e . 3  - 1 6 . l - 1 6 . l - 1 4 . 4  - 1 4 . 4  - 1 6 . 7 - 1 9 . 4 - 2 1 . 1  - 2 2 . 2  

1 1  l l  o . 5 2 - 1 1 . 2  - 1 3 . 1  - 1 2 . 2  - 1 1 . 1  - 1 0 . e - 8 . 9  - 8 . 9  - 1 3 . 9 - 1 3 . 9 - 1 3 . 9  - 1 3 . 9  - 1 2 . 2  - 1 2 . 2  - 1 3 . 9  - 1 6 . l - 1 6 . 7 - l 6 . l - 1 7 . 8  - 1 7 . 8  - 1 7 . 2 

1 7  1 2  0 . 6 2  - 1 6 . l - 1 1 . 1  - c; . 4  - c; . "  - 6 .  3 - 6 . 7 - 6 . 7 - 1 2 . 2  - 1 2 s 2  - 1 1 . 7  - l l e l - 1 0 . 0  - 1 0 . 0  - l l . l  - 1 3 . 3  - 1 7 . 6 1 6'9 9 . l . - 1 6 . 4  - 1 6 . l - 1 4 . 4 

1 7 1 3  0 . 6 2  - l 'S . O - Ii . ?  - t . l - 5 . t  - 4 . lo  - 2 . a  - 2 . 2  - 9 . 4  - 9 . 4  - 1 . 2  - 1 . 2 - 5 . 0  - 4 . 4  - 8 . 3  - 10 . 6  - 1 3 . 3 - 1 3 . 3 - 1 3 . 9  - l l . 2  - 1 1 . 1  

1 1  l 4t 0 . 5 to  - 1 5 . 6 - l C . 6 - 9 . 4  - e .  9 - 1 . e - 6 . 7 - 6 . 7 - 1 1 . 1  - 1 1 . 1  - 1 1 . 1 - 1 0 . 0  - 9 . 4 - 9 . 4 - 7 . 2  - 1 . 0  - 1 1 . 1  - 1 1 . 1 - 1 1 . 1 - 1 0 . 6  - 1 v . v  
u 1 5  O . l E  - 1 � . t - l C . 6  - e  . 9  - 8 . 9  - 1 . e - 7 . 2  - 1 . z - 1 1 . 1 - 1 1 . 1  - 1 1 . 1 - 1 0 . 6 - 1 0 . 0  - 1 0 . 0 - 9 . 4  - 7 . 2 - 8 . 9  - c; . 4  - 1 0 . 0 - l v . O  -9 . 4  

1 1  1 6  0 . 2 6  - 1 s . 6  - 1 2 . 2 - 1 0 . 0  - 1 0 . t  - 1 0 . 3 - 1 0 . 0  - 1 0 . 0 - 1 1 . 1 - 1 2 . 8  - 1 2 . a  - 1 2 . 2  - 1 2 . 2  - 1 2 . 2  - 1 0 . 6  - 1 . 2  - 8 � )  - 8 . 3 - 9 . 4  - 1 0 . 0  - 9 . 4  

1 1 1 7 , . o a  - 1 6 . 1 - l l . 6  - 1 2 . 8  - 1 2 . e  - 1 2 . e  - 1 2 . a  - 1 2 . 8  - 1 4 . 4 - 1 4 . 4  - 1 4 . 4  - 1 4 . 4  - 1 4 . l  - 1 4 . 1 - 1 3 . 3 - 9 . 4 - 8 . 9  - 8 . 9  - q . z - 1 0 . 0  - 1 0 . 0  

l l  1 8  0 . 0 2  - 1 6 . l - 1 4 . 4 - 1 3 . 9  - 1 3 . 9  - 1 4 . 2  - 1 4 . 4  - 1 4 . 4  - 1 5 . o  - 1 4 . 4  - 1 5 . 6 - - 1 5 . 6  - 1 5 . 6 - 1 5 . 6  - 1 4 . 4  - 1 1 . 1 - 1 0 . 0  - 9 . 4  - 9 . 4  - 1 0 . 6  - 1 0 . J 

1 7  l ?  - 1 6 . l - 1 4 . 4  - 1 4 . 4  - 1 4 . 4 - 1 4 . 1 - 1 4 . 7 - 1 4 . 7 - 1 5 . 0 - 1 5 . o - 1 6 . l - 1 6 . 1  - 1 6 . l - 1 6 . l - 1 5 . o  - 1 1 . 3 - 1 1 . 1 - 1 1 . 1 - 1 0 . 0  - 1 0 . 8  - 1 0 . 0  
l 1 2 0  - 1 6 . 1  - 1 s . o  - 1 5 . o - 1 5 . 0  - 1 5 . o  - 1 5 . 3  - 1 5 . 1  - 1 5 . 1  - 1 s . 1  - 1 6 . 7  - 1 6 . 7  - 1 6 . 1  - 1 6 . 1 - l 6 . 1  - l 4 . 4  - 1 2 . ff - 1 2 . 8  - i o . 8  - 1 1 . 4 - 1 4 . z  

l 7  l l  - 1 6 . 1 - 1 s . 6  - 1 5 . 6 - 1 � . o  - 1 5 . 6  - 1 5 . 6  - 1 5 . 6  - 1 5 . 6  - 1 5 . 6  - 1 6 . 7 - 1 6 . 7 - 1 6 . 7  - 1 6 . 7 - 1 6 . l  - 1 5 . o  - 1 3 . 9  - 1 1 . 1  - 1 1 . 1  - 1 2 . 2 - 1 2 . 2  
1 1  2 2  - l t . l - 1 5 . 6  - 1 5 . 6 - 1 5 . t - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l - 1 5 . 6  - 1 6 . 7  - 1 6 . 7  - 1 6 . 7  - 1 6 . 7 - 1 6 . l - 1 6 . l - l 5 . 0  - 1 4 . 4  - l 2 . 8 - 1 2 . 8  - l Z . 8  

1 1 2 1  - l 6 . 7 - 1 5 . 6  - 1 5 . 6 - 1 5 . t  - 1 6 . 1 - 1 6 . 1 - 1 6 . 1 - 1 6 . l - 1 5 . 6  - 1 1 . 2  - 1 1 . z  - 1 1 . 2  - 1 1 . 2  - 1 6 . 7 - 1 6 . l - 1 5 . 6  - 1 5 . 6  - 1 2 . a - 1 2 . a - 1 2 . ,  

1 7  2 4  - 1 6 . 7 - 1 t . 1  - 1 5 . 6 - 1 � . e  - 1 6 . 1 - 1 6 . 1 - 1 6 . 1 - 1 5 . 6 - 1 6 . 1 - 1 6 . 7  - 1 & . 1  - 1 6 . 7  - 1 6 . 7 - 1 6 . 7  - 1 b . 1 - 1 0 . 1 - 1 6 . 1 - 1 4 . 4  - 1 4 . "  - 1 4 . 2  

1 8  l - 1 6 . 7 - 1 6 . l - 1 5 . 8  - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l  - 1 6 . l - i 6 . 7 - 1 6 . 7  - 1 6 . 7  - 1 6 . 7 - 1 6 . 7 - 1 6 . 7 - 1 6 . 7 - 1 6 . l - 1 5 . 0  - 1 5 . 6 - 1 4 . "  

l �  z - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l  - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . l - 1 6 . 7  - 1 6 . 7  - 1 6 . 7 - 1 6 . 7 - 1 6 . 7  - 1 6 . 7 - 1 6 . 7 - 1 6 . 7 - 1 5 . 3  - 1 5 . 6 - 1 5 . 0  

l "  ) - l t . l  - 1 6 . 4  - 1 6 . 4 - 1 6 . l - 1 6 . 4 - 1 6 . 4 - 1 6 . 4  - 1 6 . 4  - 1 6 . 4 - l 6 . 7 � 1 6 . 7 - 1 6 . 7  - 1 6 . 7 - 1 6 . 7  - 1 6 . 7  - 1 6 . 7 - 1 6 . 7 - 1 5 . 6  - 1 5 . 6  - 1 5 . 0  
1 8  " - 1 6 . 7  - 1 6 . 4  - 1 6 . 4 - 1 6 . l  - 1 6 . 4 - 1 6. 4  - 1 6 . "  - 1 6 . 4 - 1 6 . 4  - 1 7 . 2  - 1 7 . Z  - 1 7 . 2  - 1 7 . Z  - 1 6 . 9  - 1 6 . 9  - 1 6 . 9  - 1 6 . 9  - 1 5 . 6  � 1 5 . 6 ·  - 1 5 . 0  
1 8  5 - 1 6 . 7  - 1 6 . 4  - 1 6 . 4 - 1 6 . l - 1 & . 4  - 1 6 . 4  - 1 6 . 4  - 1 6 . 4  - 1 6 . 4  - 1 1 . 2  - 1 1 . 2  - 1 1 . 2  - 1 1 . 2  - 1 6 . 9  - 1 6 . 9  - 1 6 . 9  - 1 6 . 9  - 1 5 . 6  - 1 s . 6  - 1 s . o  

1 8  6 - 1 6 . 1 - 1 t . 4  - 1 6 . 4 - 1 6 . 1  - 1 6 . 4 - 1 6 . 4 - 1 6 . "  - 1 6 . 4  - 1 6 . 4  - 1 1 . 2  - 1 1 . z - 1 1 . 2 . - 1 1 . 2  - 1 1 . 2  - 1 1 . z  - 1 1 . 2  - 1 1 . 2  - 1 5 . 6  - 1 5 . 6  - 1 5 . o  
1 8  7 a . o z  - 1 6 . l - 1 6 . 4  - 1 6 . 4 - 1 6 . 1  - 1 6 . 4  - 1 6 . 4 - 1 6 . 4  - 1 6 . 4  - 1 6 . 4  - 1 1 . 2  - 1 1 . 2  - 1 1 . 2  - 1 1 . a  - 1 1 . 2  - 1 1 . 2 - 1 1 . z  - 1 1 . 2  - 1 5 . 6  - 1 5 . 6  - 1 5 . 0  

1 8  8 o . o "  - 1 t . 1  - 1 6 . 4  - 1 6 . 4 - 1 6 . l - 1 6 . 4  - 1 6 . 4 - 1 6 . 4  - 1 6 . 4 · - 1 6 . 4  - 1 6 . 7 - 1 6 . 7  - 1 6 . 7  - 1 6 . 7 - 1 6 . 7  - 1 6 . 7 - 1 6 . 7 - 1 1 . 2  - 1 5 . 6 - 1 5 . 6  - 1 s . o  

1 8  c; o . z e - 1 5 . 6  - 1 1 . 1  - 8 . 9  - e . 3  - 1 .  2 - 5 . 6 - 5 . 6  - 9 . lt  2 . 2  - 5 . 6  - 0 . 6  - 5 . 0  7 . 8  - 1 2 . 2  - 1 5 . 6 - 1 6 . l - 1 6 . l - 1 5 . 0  - l l . 9 - 1 1 . 1  

l d  1 0  o . s i;  - 1 1  • •  4 - 6 . l  - 2  . 2  - c . t  0 . 6  4 . 4  5 . 0  4 . 4  8 . 3  l 4  . 4  1 1 .  7 1 1 . 1  2 3 . 3  o . o  - 1 . 8 - 1 1 . 1  - 1 0 . 6  - 1 0 . 6 -6 . l  - 6 . 7  
1 8  1 1  0 . 6 E  - 1 3 . 9  - 3 .  3 l . l  � . e  4 . 4 1. 2 6 . 1 o . o  o . o  9 . 4  8 . 9  1 0 . 0  1 4 . 4  6 . 1 o . o  - 5 . 6  - 3 . 9 - 6 . l - 2 . 2  - 2 . 8  
1 8  1 2  0 . 1 �  - 1 2 . e  C . 6  6 . 1  7 . 2  9 . ..  1 1 . 7 1 3 . 9  1 3 . 9  1 . 2  1 5 . 6  l l .  7 1 8 . c;  2 0 . 6 1 1 . 1  6 . 7 l .  l 2 . 2  - 0 . 6 ) . ) 1 . 2  
1 6  1 3  c . 8 e  - 1 1 . 1  l .  l 1 . 2  7 . 8  l l . 7 1 2 .  2 1 5 . 0 8 . 9  5 . 6  1 2 . 8 1 2 . 8  1 6 . 7  1 8 . 9  1 5 . 6  1 2 . 8  7 . 8  8 . 9  5 . 0  6 . 3 6 . 7  

l d  1 4  0 . 6 t  - 1 1 . 1 2 . 2  6 . 1  1 . 8  1 0 . 0  1 0 . 6  1 2 . 8 6 . 1  4 . 4  5 . 0  1 . 8  8 . 3  1 0 . 6 1 1 .  7 1 5 . 0  1 1 . 7 1 2 .  8 8 . 9  8 . 9  8 . 3 
1 8  1 5  0 . 6 2  - 1 1 . 1  " · "  1 1 . 1 1 1 . 7 1 5 . 0  1 4 . 4 1 7 . 8  1 8 . 9  l 3 . 9  2 5 . 0  2 5 . 0  2 5 . 0  2 7 . 8 16 . 1  1 6 . 7 1 6 . l  l 7 . Z  1 3 . 9  1 5 . 6 l 3 . }  
1 8  1 6  o . n  - 1 1 . 1  2 .  2 7 . 8 7 .  e c; . 4  8 . 9  1 1 . 1 6 . 7  1 4 . 7 l 3 . 3  2 0 . 6  1 0 . 0  1 8 . 9  1 3 . 3  1 1 .  2 1 8 . 3 2 0 . 0 1 6 . 7 l 7  . 2  1 5 . 0 
1 8  1 7  0 . 1 6  - 1 2 . 2  - 3 . l 1 .  l C . 6  l .  1 0 . 6  1 . 7  - 4 . 4  - 2 . 2  - 3 . 9 o . 6  - 2 . a  - 0 . 6  4 . 4 20 . 0  t a . 3  2 0 . 0 1 7 . 2  1 3 . 3  1 2 . 8  
1 e  i. a  0 .02 - 1 3 . c; - 1 . 2 - It · "  - 5 . 6  - 5 .  0 - 6 . 7 - 6 .  l - 1 . a  - 1 . 2  - 8 . 3 - 6 . 7 - 8 . 3  - 8 . 3 - 3 . 9  8 . 3  1 4 . 4  1 6 .  l 1 6 . l 1 0 . 6  9 . 4  

1 8  1 9  - lit . "  - 8 . 3  - 6  . 1  - 7 . 8  - 1 .  2 - 9 . 4 - 8 . 9  - 9 . 4  - 8 . 9  - 1 0 . 6  - 9 . 4  ..- 1 1 . 1 - 1 1 . 1 - 8 . 9  1 .  1 1 0 . 0  l l .  l 1 3 . 3 8 . l 1 . 2 
1 8  2 0  - 1 5 . t  - c; . 4t  - 1 . a - 9 . 4  - 9 . lt  - 1 1 . 1 - 1 t . 1 - 1 1 . 1 - 1 0 . 6  - 1 1 . 1  - 1 1 . 1  - 1 z . a  - 1 2 . a - 1 1 . 1  - 3 . 9  " . " 6 . l 1 0 . 6  6 . 1  s . o  

1 8  2 1  - 1 5 . 6  - 1 1 . 1  - 9 . lt  - 1 1 . 1  - 1 1 . 1 - 1 2 . 2 - 1 2 . 2  - 1 2 . 2  - 1 1 . 1 - 1 1 . 3  - 1 2 . a  - 1 1 . 9  - 1 3 . 9  - 1 3 . 3  - 8 . 3  - 0 . 6 1 . 1  6 . 7  3 . } 2 . 2  
1 8  22 - 1 5 . 6  - 1 2 . 2 - 1 1 . 1  - 1 2 . 5 - 1 2 . a  - 1 3 . 9 -11 . 9  - 1 3 . 1  - 1 2 . a - 1 1t . 4  - 1 1t . 1t  - 1 s . o - 1 s . o  - 1 1 . 9  - 1 0 . 6 -4.ft - 2 . 8  l . l o . a  - 0 . 6  
1 8  2 1 - 1 6 . l  - 1 3 . 3  - 1 2 . a  - 1 3 . 3  - 1 1 . 9  - 1 4 . 4  - 14 . lt  - 1 1t . 2  - 1 1t . 2  - 1 s . o - 1 s . o  - 1 s . 6 - 1 5 . 6  - 1 5 . o  - 12 . a  -8 . 3  -6. 7 -a . 6  - 1 .  7 -1 . 1  
18 2 ft  - 16 � 7 - 1 3 . 9  - 11 . 9  - 1� . �  - 1 5 . 0  - 1 5 . 6  - 1 5 . 6  - 1 5 . 0  - lit .It • 16 . 1 - 1 6 . 1 - 1 6 . l - 1 6. l - 15 . 6  - 1 1 . 9 - 1 0 . 6  -9.4 -J . 9  -lt . 1  -S . 6  

..... 
\.,.\) 
....... 
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C A Y � �  P Y A  A " e  4 5 6 1 8 9 1 1  l l  1 3 14 1 5  1 6  1 7 1 8  1 9  20 2 Z  2 3  2 4  

( f E 8  1 'i . 
- - - - - - - -- -- - -- - - - - - - - - - - - - - - - - -- - - - - - - - - - - --- - - --- - -- - - -- - - - -- - - --- - - - - - -- - - - - - -- - - --- --- - --- - - - - - - -- - - - --- -- - - - - -- - - - -- - -- - -- - -- - - -
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