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INTRODUCTION 

The U.S. agr i cu l tural system was devel oped with abundant suppl ies 

of low-cost energy which accoun ted for only a sma l l fract i on of the 

cost of supplyi ng fo od, fi ber, and wood products , Bender et al. (1975). 
Aro und 20 percent o f  the total energy used in the .U.S. is for produc

tion, process·ing, marketing, distribution, and utilization of food 

as a natural fiber, a nd fores t produc ts. As populat i on increases in 

the \'JOr1 d, the demand fo r t h ese pro .ducts wi 1 1  i n cre ase and hence 

agr i cu l tura l energy demands can be expected to increase. 

Energy used i n  food product i on has been i ncreas ing faster than 

in many o ther· se cto rs of the worl d economy . In 19i0, some of the 

large inputs o f  energy came from machinery (1,037,400 kcal); fuel 

(1 , 97 1,420 kca l ); dryi n g  ( 296 ,400 kca l ) and e l ectricity (7 65 ,700 kcai ) , 

Pimentel et al . (197 3 ) . Many of these energy outputs could be reduced 

by the use o f  so 1 a r e nergy. The maxi mum pctenti a 1 o f  so 1 a r. the tina 1 

energy systems to prov i de i ndus trial process heat wi ll be 633 quadril

lion Joules (0.6 quadrillion 8TU's) per year i n  1985, and 7 ,701 qua-· 

drill ion Joul es (7. 3 quadri l li o n BTU's ) per year in 2000. Solar 

energy wi l l be econo m i cally competitive with the projected costs o f  

conven t i onal fossi l fuels for appl i cat i ons havi ng a max imum required 

temperatur e  o f  287° C (550° F), Intertechnolo gy Co rpo ratio n Report 
(1977)c Many of the agricultural proce s s e s  requiring heat fall 

within this temperature l eve l .  

Di rec t appl ication of sol ar energy has l o ng been pract i ced fo r 

drying crops in the fie 1 d \t in the stack or windrow, o n  drying fl oars, 



and in ventilated sheds or cribs. However , the technical and economic 

feasibility of col lecting and utilizing solar energy a s  a heat source 

fo a drying sy�tem that is compatible with present day crop product i on, 

harvesting, hand1iny and storage systems has not  been adequately 

established .. 

Recent dev�lopments i n  hay harvesting equipment and l i mi ted labor 

availability have enco uraged hay producers to harvest hay in large 

2 

round bales. Although the hay i s  general ly field dried before it is 

baled, s ome new pieces of  equ i pment have a higher level of performance, 

if moisture levels . in the hay are higher than t hos e considered safe for 

storage, Ba ker and Shove (1978 ) .  Supp l emental heat in hay dryi ng was a 

major conc ern of many producers in the late 1940's. Solar energy was 

one of the suggested heat s ources , Davis ( 1947 ) ,  Davis and Barlow (1948) 
and Davis , Barl ow and Brown (1950). However , dryi ng techno l ogy combi ned 

wi th  l ower fuel costs for that period pl ac ed primary emp hasis on other 

energy sources. Present day energy realities have enhanced the appeal 

of low temperature drying. Low temperature dryi ng i s  not dependent on 

an increasingly uncerta i n  s upply of LP and natural gas, and appears 

wel l  suited for solar thenTia1 s uppl ementati on . Low air temperatures 

are desired, inexpen s i ve s ol ar collectors a re adequate, and constant 

temperatures are not required, Kranzler et al. (1975). 
Three major concerns in drying hay are the energy used , drying 

capacity and hay quali ty .  Energy used i n  dryi ng is currently receiving 

more attention because of the concern wi th energy supplies. 

The emphasis is on making more efficient use of ene rgy for dryi ng as 

w.e11 as reduc'ing the current reli ance on high-grade fuels. · A second 
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concern is drying ca pad ty or performance, and the third is hay 

qual i ty refl ected i n  cattl e output . A combi nation of solar energy and 

low tempe rature drying offers potentia l for answering the above concerns. 

Recent energy conditions have caused a reexaminat i on of  the use of 

solar energy for the dryi ng of agricultural crops . As a resul t, 

because of the great importance in deve l opi ng alt�rnate energy sources 

as substitutes for conventi onal  energy sources, research was conducted 

with the fol l owi ng objecti ves: 

1. Test a multi-use solar energy intensifier-thermal energy 

storage system us i n g  va ri ous drying systems for a l ow temperature hay 

drying application. 

2. Evaluate the thermal efficiency i n terms of useful energy 

collected for a solar energy i ntensifi er  used to provide s up p l emental 

.heat. to dry hay, under actual c l imat ic  cond i t i ons. 



LITERATURE REVIEW 

.B.g_ricultur('.1 Uses of Solar Energy 

Research in agricultural applications of solar energy include: 

solar grain drying, application of solar energy for the drying of 

crops other than grain, use of solar energy in heating livestock co�

finement systems, solar heating and cooling of greenhouses and rural 

residences, and solar energy in food processing, Altman (1977). 
Big round bales and rectangular sta� ks can be formed and trans

ported with greater capacity ( metric tons per hour ) than conventional 

4 

hay stacks, Baker and Shove (1978) . For better machine operation these 

packages are form ed at high moisture contents (35 percent w.b. ) . If 

these packages could be econom ically dried with the use of solar heated 

air, one-day hay hJrvesting might become a reality. Henry, Bledsoe and 

Eller (1977) tested a roof collector and a suspended plate collector for 

drying high-density large round bales. Results showed that. approximately 

five more percentage points of moisture were removed using the solar 

system s  as compared to conventional low te�perature drying. It was 

also reported that the efficiency of the roof collectors was 45.4 per-

cent, and for th� suspended plate collector it was 55. 5 percent. Th 

system was designed for a minim um air flow rate of 16 m
3

/mint1te, and 

63.5 mm of static pressure. Research on the use of an intP.grated solar 

to11ector-buiiding { covered plate collector on the south wall of a 

bui 1 ding) has s ho\'m tr.at this type of 1 ow cost, 1 ow tempera tu re rise 

soler system can provide an effective means of colJecting solar energy 

fc;r drying large round bales of hay, Baicer and Shove (1978). Such a 



sys te m ca n have a n  effici enc y tha t app r oach es 70 perce nt, when us ed 

wi th h i gh a i r flo w  ra tes and r elati vely lo w te mp era ture ris es . 

Inve s t i ga tions o n  us ing sup plemental hea t in mo w dryi ng o f  hay 

c o nd uc ted by Da v i s (1947) re vea led tha t, whe n us ing h e a ted air , the 

h ay was d ri ed from 59 pe rce nt to 20 perce nt moi s ture in 191 ho urs , 

wi th a i r flo w  rate s of 4.60 m
3

/mi n (162 cfm ) pe r s quare me ter of  

fl o or area. Brum (1947) e mp ha s i zed tha t although barn hay c uri ng 

has th e advantages o f  red uc i ng nutri ent lo s s  in the fi el d, �ed uci ng 

dus t and l ea f  s hatt eri ng d ue to fie ld c h opp ing a nd pneuma tic con

vey i ng, and red uc ing b lea chi ng in t he fi e ld by dew a nd rai n, i t  h a s  

not ove rcome the d i ffi c ul ti es e nco untered due to prolo nge d pe rio d s  

of cool, humid weathe r. Danie ls (1964) indi ca tes that i n  order to 

o bta in go od quality hay wi t h  Ear ly h arvest , fuel he ated  or s o lar 

he ated air sho uld be blo wn thr ough the s to r ed ha y .  It wa s a ls o  

reported that t he use of supp le menta l he at, whi l e th e e qui p me nt 

will be an added e xpe ns e, a pp ears to b e  th e o nly s ure wa y of 

maintaining h ay qua l ity rega rdle s s  of t he weather condit io ns. 

Investigat io ns conducte d by S tra it (1944) in d ryi ng hay with 

he at ed ai r, confirm t ha t  unde r co ndi tions o f  high a tmosp heric 

humi dity and re latively low tempera tures, d rying would often be 

extended be yond the permi tted t i me pe r iod . Therefore, the us e 

of h e ated a i r s ee ms to be a logical mear.s of i ns uring th at the 

dryi ng p e ri od wou l d not be e xc es s ively extended by wea ther c o nd i 

tions . Thus , s ola r drying a pp ea rs to ge a good  alterna t i ve 

sol ut io n .  

5 
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Henry, Bledsoe and Eller (1977) indi c ated that the air fl ow rate is 

the most important factor in designing and operating a low-temperature 

hay dryi ng system reg ardless of whether natural air, cont i n uous supple
mental heat, or sol ar supplementation is used. It was also indicated 

that, if the system is not designed for th� proper air flow rates, the 

addition of supplemental heat will increase the amount of spoilage and 

wi11 in many cases just warm the hay causing it. to spoil faster. Air 

flow rates of 6 m3 /min per square meter �f floor (20 cfm per ft2 of 

floor ) were reported by Weaver, Grimmell s and Lovvorn (1947). The 

resistance of bal ed alfalfa to air flow appears to be rel ated to the 

water-free density of the bale as modifie d by·certain fa.ctors. These 

factors may result from actual sh�inkage in volume of lea ves and stems 

and/or the respiration loss of dry matter during drying. 

Equations of air fl ow through a porous media were reported by 

Marchant (1976) and Brooker (1969). Values for the air fl ow resistance 

of large hay bales were calculated and used in prediction of the pres

sure-flow rel a tionship of such bales. A computer simulation was used 

to sol ve these equations in the three dimensiona l situations. This 

computer simulation appro ach was the one used by Brooker et al. (1974) 
as an alternative app roach in predicting the viability of solar energy 

as a. supplemental heat source in drying grain. Similar studies con

ducted by Misra and Keener (1978) have shown that raising the ambient 

air t��perature 2.2° C to 4.4° C (4° to 8° F) would satisfactorily 

facilitate the drying of Ohio's corn crop. These studies concluded 

that the use of the computer simulation approach could be applied to 

crops that obey the pressure-velocity relationships. 



One of the most '\li dely used and impo rtant appli cat i ons of solar 

energy is i n  the grain drying process. Numerous  reports ho.ve been 

publ i s hed, and as a res u l t ,  new methods and tec hn i ques are i n  a con

tinuous stage of devel opment .  Nearly a l l  �f the es t i mated 5 . 89 x 1010 

MJ/year ( 5 . 6  x 10
13 BTU/year ) ,  Bender et aL (1976), u s ed to  d ry corn 

in the Un i ted States i s  generated by burn i ng hi g h  quality fossil fuel s 

due to changi ng methods of  grain harvest i ng techniques , as wel l as the 

rapid i ncrease i n  gra i n  producti on .  

Mclendon and Allison (1978), Morey and  Cl o ud (1977) , Fo ster and 

Peart (1976) as well a s  other res·.archers have eval uated some of the 

bas i c  c haracter i sti c s  of  s e l ected so l a r  and sol ar assisted drying 

7 

sys tems . In add i t i on ,  numerous researchers, such as  Saienga, Hel l i ckson 

and Peterson (1977) evaluated the therma l performance and  d ryi ng c har

acter i st i c s  of a sol ar energy intens i fi e� sys tem. S uch  a system col 
l ected 74.6  percent of the energy avai l abl e on the hor i zon ta l , and its 

drying effici ency was suffi ci ent to doubl e the dryi n g  rate of a conven
tiona 1 ambient air dry i n g system. Research condu cted by Peterson and  

Hel l i cks on (1975) on the des i gn of  a l ow cost  so l ar coll ecto r mounted 

on the wal l o f  a ro und steel bin to p rovi de the necessary tempera ture 

ri se for low-temperature grain dryi ng appl i cat i on , showed that such 

collectors ca n s uppl y an appreci abl e amount of the energy needed for 

the dryi ng of shelled corn. 

Pearson and Sorenson (1977) reported that approxi ma te l y  78 mi l l  · on 

cub i c  feet of natura l  gas a re cons umed in Texas each year to dry 

peanuts . Wa 1 ton et  a 1. ( 1977) ind i cated that the recommended amount of 

suppl emental heat to dry burl ey tobacco i s  approx.imate1y 145,000 J/s-ha 



(200,000 BTU/hr-A). Dunn (1976) reported that tobacco producers have 

used as much as 2,800 liters/ha (300 gal/A ) of LP gas ·in the new, two 

tier, forced ventilation barns. Thus, the use of the solar drying 

supplementation was an alternative considered by various researchers. 

Investigations conducted by Troeger and Butler (1977) showed the 

feasibility of the use of solar energy in drying peanuts. It was also 

reported that the use of so1�r dry i ng systems could supply 50 to 60 

percent of the energy requirements for tf .e drying of this product. . 
Lambert and Vaughan (1978) used an integrated shed solar collector to 

dry peanuts. In addition , a matrix solar collector to dry peanuts was 

designed by Clary and Morgan (1977). A 30 to·40 percent fuel savings 

was reported by Huang nnd Bowers (1977) in a greenhouse bulk curing 

tobacco system with the use of solar energy. Similar results were 

\lbtai ned by Buttler ( 1978), who reported· that during the solar curing 

of tobacco fuel requirem�nts �ere reduced by 35  to 40 percent, and 

10 to 15 percent when the unit was used as a greenhouse. 

Solar energy can be utilized for a number of space heating types 

of applications corrmon to farm operations. Pelletier ( 1 959 ) indicated 

that heating of livestock confinement systems with solar energy is one 

of the most promising applications of solar energy. In livestock con

finement buildings a vast amount of the energy created in the buildings 

is lost through the ventilating air, which is used to remove the mois

ture from the building. Supplemental heat is often added to the con

finement buildings to maintain inside temperature within the range of  

animal comfort, t o  aid in maintaining moisture control and to allow a 

reduction in ventilation rate. 

8 
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Poul try productio n depends on a so u rce of energy for main tainin g a 

suitable environment al t emperat ure in confinement st ructures during at 

least part of the year in a1 1 regions in t he U . S .  R ee ce (1977) reported 

that heated struct ures, required abou t 1.95 x 1016 Jo ul es  (18.5 x 10
12 

BTU's} of energy per years and about 80 percent is p rovided by liquified 

petroleum (LPG). Drury (1976) referred to solar heat ing as a pr omising 

substitute for up to 50 percent of the LP gas ari d o the r fossil fuels 

used for poult ry brooder houses. 

Invest igat ions cond ucted by Reece (1977), showed that the t otal 

fuel consumption for the eight -week test with solar assistance was 

8.2 ga ll ons of LPG per 1000 chickens, which was 73 p e rc ent less t han a 

simil a r test without solar assistance. A flat-plate co ll � cto r area of 

6. 03  m
2 (65 ft2) per 1000 chickens and an energy storage unit containing 

water to be used at night, with a capacit y of 150 gallons per 1000 

chickens was used. Among the benefits cited by Urne r (1953) in the use 

of solar energy for ventilat ion of a poultry house are: increase in 

production, impro v ed hea 1th in birds, greater g rowth with 1 ess feed 

con sumptio n, reduction in labor and better cont rol of poultry d isease. 

Research co nd ucted by D eShaz er et al. (1976) on a swine growing 

finishing faci1 ity utilizing a fl at-· pla te collector built on the roof, 

indicated that a reduction of 25 percent of the heatin g requirement 

could be realized for a so l a r heating system without storage. It was 

a lso indicated t hat 6.12 x 107 Joules (5.8 x 10
4 

BTU's) per pig is 

required during wi nter periods, and the use of solar supplemental he t 

reduces the energy required to 1. 26 x 10
7 

Joules ( 1. 2 x 10
4 

BTU' s) per 

pig. 



Studies conducted by Hayden and Thompson (1Y77) in heating a 

mil king par1 or re vea 1 ed that 250 Kw-hrs were re covere d from 93 m2 

{1,001 ft
2

) flat plate solar collector system mounted on the roof. 

Efficie ncy of t his system was 55 percent, and a typi ca 1 io° 
C 

temperature i n creas e was noted . 

10 

Drying animal waste with solar energy appears to b e a good method 

for treating a nd handling livestock wastes . The feasibility of this 

m ethod was·reported by De Baerdemaeker (1�77), who i n di ca �ed that under 

spring weather co ndi tions in Southern California the fossil fuel savings 

were approximate ly 1.024 x 1013 
J (9.70 x 10

9 BTU's). A low cost solar 

air heater wa s constructed by Brown (1976) to ·dry manure from 80 percent 

moisture conte nt to a final 30 to 40 pe rcent moisture content. 

Solar Concentrator Systems 

A sol ar conce ntrator is a devi ce that focuse s or re fle cts ene rgy 

from a relatively large are a onto a re lative ly small area, H?llic kson 

(1977). Winston (1974) indicated that for most solar powe r applications 

it is necessary to conce ntrate the solar radiation by at le ast an orde r 

of magnitude to either achie ve high te mpe rature or as Rabl (1976) 

stated to reduce the cost of the syste m whe n the absorbe r cost is much 

higher than the co ncentra tor cost. Seitel (1975) indi cated that 

ref1ectors for flat plate absorbers are particularly ettractive 

alternatives when the collector is re strained to an unfavorable 

orientation. 

The acceptance angle according to Rab1 (1976) .is the angular range 

over which radiation i� accepted and then redirected to the .absorber. 
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Hellickson (1977) reported that the concentration ratio is the aperture 

area divided by the absorber area. Tabor a�d Zeimer (1962) concluded 
that the maximum possible concentration that could be achieved with a 

stationary collector was approximately three. This val u e was accepted 

by the solar energy community until 1974, when Winston (1974) reporte d 

on the ideal or Winston concentrator that co uld achieve a concentration 

ratio of about 10 without diurnal track in g. The �Jinston· concen trato r 

is de$igned so that all of the solar rays. entering the concentrator are 

received at the absorber. This type of concentrator actually acts as a 

radiant funnel. Al tho ugh high concentration ratios are achieved, large 

reflector areas are required . Rabl (1976), and the acceptance angle is 

relatively limited . 

The $tationary shell concentrator, Rabl (197€), is an adaptati on 

of the ideal con centrator � The output varies with the se ason , as do 

many heating and cooling loads. This shell concentrator consists of a 

single parabola with one axi s  par� ll el to one of the extreme rays and 

a focus at the absorber. Acceptance angles for thi s kind of concen 

trators are± 350, \·!hich allows seven -hour collection during all days, 

with a concentration ratio of 1.7 with normal incidence, but its con

centratibn ratio varies from zero to 3.4. 

A parabolic trough with a cy"�indrical absorber is another fonn of 

concentrator. Rab1 (1976) fo und that the maximum concentration ratio 

for th i s ccr�centratcr was one-quarter short of the ideal limit, defined 

by Rabl {1976) as the maximum concentration permitted by the second law 

of thermodynamics. Later in the study Rabl (1976} evaluated a compound 

parabolic concentrator (CPC). Results of this study showed that such a 
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concentrator has a co nce ntrati on o f  two to fou r  t i mes a s  h i g h a s  o the r 

concentrato rs , but requ i res  a l a rge refl ecti o n  a rea . Tempera ture r i s es 

of up to 500
° 

C ( 932° F )  were no ted . I f  the acceptance an gl e vari ed on 

the orde r o f  1 5
° 

to 20° , a c i rc u l ar p rofi l e  c o u l d p ro v i de b e tte r o ve ral l 

foc us i ng than a pa ra bol i c  pro fi l e .  Thi s  i s  exp l a i n ed i n  that a para bo l i c  

mi rror rap i d l y  l o ses  symme try wi th  res p ec t  to the i ncomi n g  beam , a s  the 

beam defl ects from t he para xi a l  po s i ti on ,  whereas a c i rc u l a r  p rofi l e  i s  

a l ways symmetri cal � Se i te l (1975 ) .  

I n  l arge i n s tal l ati ons i t  i s  o ften advantageous to u s e  a f i e l d o f  

Fresn e l  mi r rors , i . e . , a gro up of  mi rrors , Rah l  ( 1 976 ) , eac h o f  whi ch 

can be s epara te l y  mo ved tc d i rec t  l i g h t  to a common foc us .  Ne l s on e t  a l . 

( 1 97 5 )  found tha t  as a sea so n a l l y-adj u s ted con centra to r , t he l i ne a r  

Fresn e l  l en s  can g i ve a we i g h ted concen trat i on rati o  that c o u l d vary 

from 10 at noon to ze ro about fo ur ho u rs · on e i ther s i de o f  noon . I t  

was a l s o  repo rted that us i ng smal l er apertures and l onger focal l engths 

hel ps to i mprove th e effi c i ency .  

I n ves t i gat i on s  conducte d  by Ta bor and Zei mer (1962 ) , revealed that 

i n fl ated p l a st i c c i rcul a r  cyl i n ders , parti a l l y  me tal i zed a s  a r i g i d i zed 

refl e c tor , together wi t h  a tr i a n gul a r profi l e  recei ver a re e xpe c ted to 

have 40 percen t e ffi c i ency and a ra i se i n  tempera tu res up to 1 5 0° C 

(302° F ) . 

Tabor an d Zei me r  (1962 ) conducted s tud i e s  i n vo l v i ng s i de mi r ro rs 

to i ncrease the amou nt of ra d i at i o n  on a f'i xed , fl at -p l ate c o l l ec tor . 

Thes e s tud i e s  fo l l ow the res u l t of the S h uman sys tem wh i ch comp r i s es 

fl at mi rro rs o n  the north a n d  south s i de s  of a col i ector o r i ented i n  

a n  eas t-we s t  d i rect i on .  Studh � s  conducted by Sei tel ( 1 97 5 )  a n d  
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McDan i e l s e t  al. ( 1975 ) s howe d t ha t the c o l l ecto r ca n i nc re as e the li g ht 

gatheri n g  a bi l i t y by about 1. 4 to 1 . 7 w� th the u s e  of hori zonta l re fl ec 

tors on the s out h s i de of a vertica l f la t  pl a te col l ecto r .  Kre i th ( 1 975 )  

reported t hat th e co st o f  c0 ncen tra t i n g typt focus i n g  c o l l ectors s houl d 

be eval ua ted a g a i n s t  t he ben efi ts over the . u s efu l l i fe o f t he s y s tem . 

Col l ecto r Des i gn Con s ·i d e rat i ons ----- _ _,.,__ ----------· 

Duri n g  t he pas t ce ntur y , flat -p late col l ecto r s  h ave been c o n 

structed from ma ny d·i ffe rent mate r i a l s , and  in  a wi de va ri e ty o f  

des i gn s . These co l l ecto rs have been used to hea t water , wat e r  p l u s  a n  

anti - freeze a dd i ti ve s uc h  as ethyl ene glyco l ,  water p l u s refr i g e ra nts , 

fl uorin a te d  hydro c a rbo ns , a i r and other ga s es , Yel lo tt ( 1 974 ) . T he 

majo r  o bj e cti ve i n  des i gn i n g fl at p l a te col l ectors , a c cord i n g  to ASHRAE 

( 1 978 } , is to trans m i t a s  much rad i at i on �s po s si ble t hrough the g l azi ng , 

to l ose a s  little heat as p os s i ble upward to the atmosphere an d downwa rd 

thro ugh the ba c k  of the con ta i ner , a n d  to trans fer t he re t ai n ed he a t  to 

the trans p ort fl ui d .  The abso rban ce depends upon t h e  n atu re a n d  co l or 

of the coa ti ng a n d  upon the i n c i den t angl e . Peterson ( 19 7 7 )  

reported tha t  the b e s t  angl e fo r sol a r  co l l ecto rs i s  a bo u t  the l a ti tude 

p lus 2 0° . A 60 degree s l ope is better than a 30 deg re e s l o pe from 

Octo ber to December , a nd both are better t h an hor i zon ta l c o l l ecto r s  

fran Octo ber through Ma rch . Co l l ector or ien ta t i on norma l to the sun  1 s 

rays i s  not n e ce s s ary d ue to t he presence of s i gn i fi can t d i ffused 

ra di at i on , Buel mi ( 1962 ) . The energy co1 1 ect.ed i s  n o t  reduced not i ce 

a b ly fo r  ang ul ar c hanges  o f  1 5° to 40
° 

a\'taY from the opt i mum co1 1 ect i on 

angl e ,  McDan i el s et al . ( 1975 ) .  
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Sou ka (1965 ) , experimented with a doubl e exposure fl a t  p l a te col 

l ecto r  in which both s i d es of the  col l ector were exposed to s unl i g ht. 

Wh i l e  the south side �� =  rece i vi n g d i rect sola r i rrad i ation ,  the north 

s i de received the sun 1 s  beam indirectly with the us e of reflectors. 

Temperature
.
rises of 11° C (19.8° F )  at 0900 an d  38 . 5° C ( 69.3° F )  at 

1245 were reported. 

Stud i es conducted by Du ffi e  and Beckman (1974 ) indicated that th e 

sol a r  energy inc i dent on most buildings i �  more than adequate to meet 

14 

the energy requirements for heati ng and cool ing . . S hove ( 1978 ) s uggested 

that the integrati on of units to col l ect s o l ar ene rgy for farm� tead 

operat i on s  s hou l d be gi ven serious cons i dera t t o n  as existing bu i l d i n gs 

a re remodeled or n ew b u i l d i ngs pl anned . Research conducted by Lipper 

et al . ( 1978 )  on a sol ar  collector-storage wall for heati n g a n d  cool i ng 

of a farrowi n g house a n d  for dryi n g  corn ; s howed tha t it can be j usti

fi ed economically , when used for a farrowi n g  ho us e , and t ha t , th e com 

b i n ed use of th is  sol ar co l l ecto r- s tora g e , he at i n g - coo l i ng wal l shou l d  

prove to be nearl y ideal . Buel ow ( 1 962) reported t h a t  the overall des i gn 

of a sol ar en ergy col l ecto r  i s i nfluenced by the bui l d i ng orienta tion ,  

and shape and the i n te rnal  confi guration o f  the drying duct wo r k . I t  

was a l so i nd i c a ted that  it was possible to construct a sol ar heat i ng 

un it as an integral part of a bu i l d ing roof without great extra cost 

and w i th commonly avai l abl e bu i l ding material s. 

The effect of the cover on tube-type col l ectors wa s reported by 

Fos ter and Peart ( 1 976 ) . Da ta col l ected showed that add i ng the c l ea 
plastic cover over a s i ng l e e xp o s ed bl ac k  p l a s t i c  absorber t u b e  

increa s ed by 50 percent t he amo u n t  of ene rgy col l ected and re ta i ned i n  a 
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tube a p p roxi ma te l y  0 . 9 1  m ( 3  ft ) i n  d i ameter a n d  30 . 5 m ( 1 00 ft ) l o n g . 

When sele ct i ng ma teri al s for the use  i n  sol a r  sys tems for agr i cu l 

tura l  uses , i t  i s  often nece ssary to ma ke trade offs , e . g .  durabi l i ty vs . 

l ow cost ,  Sch l ag et al.  ( 1977) . I n  cons i deri ng the glaz i ng, the mos t  

important i tems to cons i der are the cos t ,  tran smi s s i vi ty ,  durabi l i ty 

and heat retenti on . G l ass  wi th  l ow i ron content has a rela ti ve l y h i g h  

transmi ttance for solar rad iat i on (ap p rox . 0 . 8 5  to 0 . 90 a t  normal 

inci dence ) an d i ts transmi ttance i s  essenti a l l y  zero for l ong  wave 

therma l radi at i on { 5 . 0 to 50 mi lli mi cron s ) emi tted by s un heated 

surfaces . 

Ul tra-v iolet radi at i on , wh i ch i s  a major t a use o f  degra da t i on , 

caus es p hotochemi ca l proces ses i n  cl ear p l as t i c s and the so l ar ra d i a t i on 

spectrum ban d  between 0 . 3 to 3 . 5 mi lli mi crons i s  detri mental to mos t  

pl asti c pol ymers . Fos ter  an d Peart ( 1976) reported tha t p l ast i c 

materi als are subj ect to dama ge from wi nd , i ce ,  s now , rodents and  farm 

animal s ,  ha i l ,  flyi ng gravel an d va ndal s .  I t  was a l so i n d i cated that  

pl ast i c  fi lms posse s s  h i gh  s hortwave transmi ttance , and may have lon g  

wave transmi ttances as  h i g h  a s  0 . 4 .  Pl ast i cs  may deteri o rate and undergo 

dimens i onal  c hanges due to h i g h  temperatures and the refore , may h a ve 

l i mi ted use .  I n  add i ti on to serv i ng  as  a heat-trap by a dmi tti ng 

s hortwave so l ar  rad i a ti on and reta i n i ng long wa ve therma l rad i a ti on , 

gl a z i n g s  also  reduce heat l oss  by convecti on, ASHRAE ( 1978 ) . Jordan 
( 1 967 )  i nd i c a ted tha t a two percen t red ucti on i n  transmi t ta n c e  due to 

dust bu i ldup  on the co vers was normal fer a seal ed sys tem wi t h  on l y  the 

outer cover expos ed . 

Stud i es con d u c ted by Hol ma n  ( 1 976 ) on spec i fi c  heat o f  var ious 
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abso rbe r  mate r i a ls , i ndicated t h e  foll owing a s  t he mo st e ffic i ent k i nds 

of a bs o rbers ( at  20° C ) : alumin um (0. 88 KJ/ kg° C ) , Copper ( 0 . 38 KJ/ k° C )  

and s te el ( 0 . 47 KJ/kg° C ) . Fo r the a i r  type co l lectors a 2 6  g a u g e cor

ru gated s heet metal ·i s common ly u s ed , Forbes ( 1 976 ) . La te r it wa s a i s o  

i nd i cated that goo d results can b e  o btain ed . wi th t he eq uivalent the rma l 

res i s ta n ce o f  R = 1 . 40 (m2 ° C/watt ) in s ulation b e hind th e p l a te and 

R = 0. 70 (m2 ° C/wa tt )  insulation a ro und the edges . F i be rgla s s  a n d  

polys tyre ne o f  2 . 54 cm ( 1  in ) thic kn e s s  are among t he mos t  common 

i ns ul ating mate r i al s u sed in s ola r sys tems .  

�ow-Temperature Drying 

Cost of co l l ecto� systems to provide hi g h  temp eratu res , 1 2 0° to 

180° C ( 248° to 356° F)  o r  49° to 82° C ( 120° to 180° F )  a re considera bly 

greater than fo r the l owe r tempe rature sy � terns , Fo s te r  and  Pea rt  ( 1 976 ) . 

Co l l ecto r efficienc i es a re red uced i n  hig h-temperatu re col l ecto rs unl es s  

meas ure s  a re ta ken t o  l i mit hea t los ses . Traege r  and Butl e r  . ( 1 977 ) 

reached s i mila r con c l u s i on s  and reported tha t min imizin g the tempera ture 

d i ffe rential betwee n  the abso rber plate and the a i r decreases l o s s es , 

wi t h  a cor respon d i n g  i n crea s e  i n  u seful e n e rgy ga i n . Fo s ter a n d  Pea rt 

( 1 976 ) i nd i ca.tcd th ut !:Olar ene rgy i s  ccns i dered mo re a pp l i cabl e to 

l ow-·temperature ,  in s tora ge d ryi n g sys tems than to h i g h- t empe ra t u re , 

hi gh- speed dryi n g  sys tf::!ms . Dan i e l s ( 1964 ) i nd i cated �hat t he remc v a l  

of mo i stu re fo r mo st a g ricultu ra l prod ucts req uired only  l o w  tempera t u re 

heati ng , which can be ra pidly s upplied by s ol a r  rad f at i on . I n  additi on ,  

Chau et al . ( 1 978 ) reported tha t  t he dry i n g  effici ency doe s n ot ta ke 

i nto account  the co l lecti on effi c i ency . Thus , a l ow-t emperatu re d r� i n g  
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application i s  a good ·alterna t i ve to be used. I t  was also reported that 

the drying effi ci ency i s  the ratio of actual amount  of water removed to 

the drying potenti al of t he heated a i r  go i ng through  the p roduct . 

Sol a. r  Energ�. Ava i �biJ.i!t 

The ava ilabi lity o f  sol ar  energy vari es througho ut the yea r ,  and 

depends on the locati on .  Sola r radiation i s  relatively low i n  i ntens ity ,  

rarely exceed i ng 3 . 40 . 
x 106 J/hr-m2 ( 300 BTU ' s/hr-ft2 ) ,  wh i c h ma ke s 

large col l ectors ne ces sary when l arge amounts of  energy a re requ i red . 

Solar rad iati on i s  i ntermittent and vari ations can differ about 4 0  per

cent from the monthly averages from year to year , and typ i cally vari es 

20 to 30 percent from s i te to s i te ,  Wi l l i ams ( 1977 ) .  

There are many factors whi ch affect the actua l  daily l evel s o f  

ava i lability of sol ar  energy . These incl ude : angl e of i ncidence o f  

the s un ' s  rays , extent and type o f  cloud cover, number o f  hours of 

daily s unshine and others . 

E� Stor� 

For a bout 50 percent of the hours of  the year , any g i ven l ocation 

i s  i n  dar kness , a. n d  some means of hea t  or energy storage must  be used 
i f  conti n uous o oera ti on i s  essent i al , as it i s  wi th most sol a r  heating 

I 

or  cool i n g  sys tems in resi dential and some agricul tural appl i cations , 

Ye 1 1 ott (1974 ) .  Eckhoff and Okos { 1977 )  define the therma l  storage 

device as a component in wh i ch energy i s  acce pted as heat from a trans 

fer fl uid an d i s  stored in the the rmal storage media us ua l l y as 

sens i bl e heat or the hea t of fusion of the medi a. 

Tel kes ( 1 975 ) used p ha s e  change materia l s  for neat s torage . 



Eck hoff and Okos  ( 1 977 ) u sed dry soi l for sens  i b 1 e heat s torage , S hort 

et al . ( 1977 } used a so l ar pond , and Smi th ( 1 976 ) u sed rocks as mean s 

for stor i ng  sol ar energy . 
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Two sys tems for stori ng  hea t in the q uanti t i e s  n eeded a re speci fi c 

heat sto rage a n d  heat-of-fusi on storage . Accord i ng to Ye l l o tt ( 1974 ) , 

the spec i fi c  hea t sto rage  i s  the mos t  wi de ly  u s ed sys tem , and  empl oys 

tan ks o f  wa ter or beds of rocks to store hea t by vi rtue of a change i n  

temperature . The spec i fi c  heat o f  wa ter � t  20° C ( 68° F )  i s  

4 . 1 79 KJ/ kg° C ( 1 . 0  BTU/ l b ° F )  and i ts dens i ty i s  997 . 4 kg/m3 

(62 . 4 l b/ft3 ) ,  so a s i n gl e c ubi c meter of water coul d s tore 23 , 250 KJ 

{ 624 BTU/ ft3 ) ,  i f  i ts temperature i s  ra i sed by· 18° C ( 32 . 4° F ) . Beds o f  

rock prov ide  a n  a 'l ternati ve means  o f  stori ng heat when a i r  i s  u s ed a s  

the tra n s fe r  fl u i d  and fan s  are ava i l abl e to o vercome the p res s u re drop 

requ i red to fo rce or draw the ·a i r through· the s torage , Ye l l ott  ( 1974· ) .  

The spec i f i c  heat of roc ks a n d  mos t other sol i d  materi a l s i s  c l ose  to 

0 . 838 KJ/ k g° C ( 0 . 2 BTU/ l b ° F )  and a cubi c meter of  sol i d  roc k ,  

we i g hing L 6  metri c tonr�es , has a heat capac i ty of 83 . 8  KJ/ kg  ° C 
( 20 BTtli l .b ° F ) . The bul k dens i ty for crus hed g l"ave 1 o r  sma 1 i  s tones  

ranges from 1400 to 1700 kg/m
3

> Duffi e and B e c kman ( 1 974 ) .  Du ffi e and 

Beckman ( 1 974 ) a l so  reported t h a t  roc k  has t h e  add i ti ona l  a dvantage of 

not req u ir i ng a h e a t  exchanger .  Dani e l s ( 1 962 ) noted that one c ub i c  
I \ 3 2 meter ha s o n l y  1 9 . 7 squa re me ters ( 1  ft has 6 ft ) of s u rface , b u t  the 

surface is  g reat l y  i ncreased i f  the materi a l  i s  used in the form of 

5 cm (2 in ) s p here s . 

Sch l ag et  al . ( 1977 ) reported that  i n  order to ach i eve a n  a ve ra ge 

rock tempera tvre c f  60° C ( 140° F )  wi th a i r  c i  rc u1 a t i  on , t he rock bed 
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th i cknes s s houl d be no more than 0 . 3  meters . Roc k bed s torage i s  u sed  

because i t  i s  an  e ffi c i en t  heat tran sfer dev i ce and the  a i r  q u i c k l y  

gi ves u p  i ts heat i n  fl owi ng through the l a byri nth i ne path , Ba l comb 

et a l . ( 1 975 ) . 

Extens i ve s tud i es perf9rmed by Tel kes .( 1 97 5 )  i n  heat-of- fus i on 

storage systems gi ves  a cl earer  understan di ng o f  the pos s i b i l i ti es o f  

v i rtua l ly a l l ava i l a bl e sal t hydrate s , beg i nni n g  wi th  the· fami l i a r  

" Gl auber ' s  Sa l t" ( Na2so4 · l OH2 o ) wh i c h  mel ts a n d  freezes a t  33° C 
(91 . 4° F )  wi t h  a heat o f  fus i on of  25 1 . 2 KJ/ kg ( 1 08 BTU/ l b ) . When 

mi xed wi th three to four percent  borax , whi ch  serves  a s  a n uc l eati ng  

agent ,  it  cos ts l es s  than  four cents per k i l ogram , an d i ts mel ti ng and 

freez ing  temperature i s  32° C (89° F ) . 

Hay Phy� 
Hay q ua l i ty i s  a combi nati on of chemi ca l, p hys i ca l  a nd  b i o l ogi ca l 

properti e s  that i n fl uence the i n ta ke , d i gest i on a nd uti l i za t i on of  the 

forage . Thi s further determi nes  the growth and  product i v i ty of  the 

an imal s co n s umi n g  the  forage . To produce a h i g h  qua l i ty forage  a t  
"' 
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l e as t two co nd i ti ons must  be  met : goo d  forage mus t  be h a rvested a n d  

mus t  be dri ed wi th a m i n i mum l os s  o f  nutri ents . S hepherd , e t  a l . ( 1954 ) . 

When the herbage  i s  cut , a s  by mowin g ,  there i s  a s u dden i nterrup

ti on of the transp i rati on stream . The s hutt i ng  o ff of  the wa ter s upp l y  

from the roots a n d  a conti nued evaporat i on from t h e  l ea f  s u rface l eads 

to wi l t i n g ,  dryi ng , and death . Dur i n g  d ry ing , some enzyme acti v i ty 

-cont i nues for a t ime and certa i n  nutri ents d imi n i s h  i n  qua l i ty .  The 

more rap i d  the dryi ng  the more q u i c kl y  enzyme acti vi ty cease.s and , i n  



gener�l , the sma l l er ihe los s  in n utriti ve v al ue . Undoubted l y  the 

s tage of mat u r i ty i s  a very i mportant fa ctor  i nfl uenc i ng the c hem i ca l 

compo s i t i on  o f  the fo ra g e , S u l l i van ( 197 3 ) .  

20 

Mineral  compos i ti on of hay by we i ght i nc l ude s : c a l c i um 0 . 4 1 per

cent , pho spho rus 0 . 1 2  percent , potas s i um 0 . 74 percent , magnesium 0 . 27  
percen t ,  i ron 0 . 012  percen t ,  copper 12 . 8  mg/ l b ,  a nd manganese 32 . 8  mg/ l b .  

Sul l i van ( 1 973 ) reported the fo l l owi ng  mean compositi on o f  the hay : 

Dry mu. tter  89 . 1 per�en t  

Crude prote i n  8 . 2 percen t  

As h 6 . 2  percen t 

Ether extract 2 . 8  percent · 

Crude fi ber 29 . 8 percent 

N-free extract 42 . 1  percent 

Shepherd et a l . ( 1954 ) reported tha t the rate of  dry i ng of the hay 

depends on the di fference between the vapor p ress ure exerted by the  

i n terna l water near  the s urface , and  the vapor p res s u re o f  the wa ter 

i n  the s urround in g a i r .  Factors  a ffecti ng  the vapor p re s s u res are the 

tempera ture , .the concentrati on of d i ssol ved s u bs tan ce s , the movement  o f  

the wa ter wi t h i n t h e  ti s s ues and ai r movemen t .  

Sul l i van ( 1973 ) i nd i cated that , dependi ng  on the tempera tures , 

l o s s e s  i n nutri ti ve val ue a re u s ua l ly  reduced by dryi ng a t  mode rate i y  

i ncreased temperatures . However , l o sses may be i n creas e d  a t  h i gher 

te.mperatures , parti cul arl y , the d i  ges t i  bi 1 i ty of carbohydra tes a n d  

protein may be l owered . Sl ow dryi ng with an opti mum temperatu re o f  

about 3 7° c { 98° f)  in  t he s un may cau s e  over 80 percent  d e s truc t i on i n  

carotene �  Sul l i van ( 1973 ) � Rap i d  dryi ng whether by r.atura l  or a r ti fi c i a l  
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means , q u i c k l y  i n a c t i vates the l i poxi d a s e  en zyme and wi t h  the a bs en ce 

o f  s un l i g ht ,  hea t dri ed fo ra ges are , a s  a rul e ,  muc h  hi gher  i n  c a ro tene 

than those  dri ed in t he fi e l d or  dri ed s l owl y un der  cove r ,  S tra ) t  ( 19 44 )  

an d S ul l i van ( 1 973 ) .  The c a rotene conten t i s  corre l a ted w i t h  the g reen 

co l o r ( c h l oro p hyl l ) o f  the herba ge . Hayhoe . an d J a c k s on ( 1 974 ) and 

S hephe rd e t  a l . ( 1 954 ) , repo rted tha t ra i n fa l l is  the mo s t  d e s t ru c t i ve 

fo rce on the q ua l i ty of hay and caro tene . Wa ter can remo ve a s  mu c h  a s  

2 0  t o  40 percent o f  t h e  d ry ma tter , 3 0  percent o f  the p h o s p h o ru s , 

65 pe rcen t o f  the p o ta s h , 20 p e rcent o f  the crude p ro te i n  a n d  35  p e r 

cent of  the n i tro gen free extra ct.  

Hay o f  2 5  percent mo i s ture wi l l  heat spontaneous l y  to a bo u t  45° C 

( 1 13° F )  an d become mo l dy ,  ma i n l y  wi th  as pergi l l us g l a ucus . We t ba l e s 
wi th mo re tha n 40 percent wa ter become very hot , 60 to 6 5° C ( 140 to 

14 9° F ) , a nd c o n ta i n e d  a n umber of thermo� hi l l i c fun gi . The res u l tan t  

ferme n ta t i on a cco un ts fo r t h e  l o s s  of s ugars an d fo r t h e  forma ti on o f  

vol a ti l e n i tro g e n o us ba ses whi ch  tended t o  ra i s e the P H . Mon ro e  e t  a l . 

( 1946 ) i n di ca ted that hay wi th mo re than 30 p ercent mo i s tu re wa s n o t  

s a fe for ordi na ry s to rage  a n d  m i g ht hea t to yi el d a c h a r re d  p ro d u c t  

l ower i n  di ges ti bi l i ty ,  parti c u l a r l y  i n  p ro te i n a n d  w i t h  l i t t l e c a ro tene . 

Da n i l e n ko a nd Val i g u ra ( 1 97 3 )  repo rted tha t a rt i fi c i a l l y  dri e d  hay 

l os t  h a rd l y  a ny p ro te i n a n d  had two o r  t h ree ti mes a s  muc h  c a rote n e  a s  

t h e  fi el d dri e d  hay . Energy retent i on from l ucerne wa s 7 76 kca l / day 

from fi el d d r i ed and 1 . 1 12  kca l /day from a rt i fi ci a l l y  d r i e d  mater i a l . 

The e ffec ti ve u t i l i z at i on of ME (me ta bo l i zabl e energy ) wa s 47 . 8  p e rce t 

an d 57 . 2 perc e n t , res pect i ve l y .  Di ges t i bi l i ty of hay d r i ed  wi th wa rm 

a i r  wa s abo u t  83 percen t , comp a red to 79 pe rcent for s i l a ge a n d  hay 
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dr ied o n  the g ro und , K i rc hges sne r and Pa l l auf ( 1 97 5 ) . Wi t h  h i g her 

temp er a ture dryi ng , d i ge s t i bi l i ty o f  prote i n  dropped by a bout e i g h t  per

cent . Ta bul ar data r·e po rted by Genzmer ( 1976 )  s howed that m i l k  p roduc-

t i on cos ts i ncrease wi t h  decrea s i ng hay q ua l i ty .  

The greater the vari a t i on i n  ve l oc i ty the more dryi ng a i r  may be 

wa sted by the uneven emergence of the d ·i started dry i n g  front . Dur i n g  

i n- s to ra ge o r  mow dryi ng the fa n u s ed for t h i s ·o pera t i  o n  s houl d be 
. ' 

cap a bl e o f  del i ve r i n g  2 60 1/s per Mg ( tonn� ) o f  hay a ga i n s t  s tat i c p re� 

s u res o f  25 . 4  to 50 . 8  mm of wa te r ,  ASHRAE  ( 1 978 ) .  I t  was a l s o  i nd i ca te d 

that dryi ng temperatu res o f  7 1 .  5° C ( 160 . 7° F )  a re effi c i ent  for hay o f  

4 5  percen t mo i s ture con tent and 128 kg/m
3 

o f  den s i ty .  
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RE SEARC H P ROCEDURE  

The sol ar ene rgy i n tens i f i e r  sys tem wa s des i gn e d wi th  a two - s i ded 

vert i c a l  co l l ector , a para bol i c trou g h  refl ector and  a t h e rmi l ene rgy 

s torag e ( TES ) uni t .  The des i gn of the sys tem emphas i zed t h e  u s e  o f  

general ly  a va i l a b l e ma teri a l s .  Al l the mater i a l s for t h e  co ns tru ct i on 

of the sys tem were obta i n ed l oca l l y  wi th th e excepti on of the pl a s t i c  

and fi bera l a s s  us ed fo r the co l l ector  covers , a n d  the re fl ec ti ve fi l m  

surface fo r the refl ec tors . 

The refl ec tor , F i gu re 1 ,  had a he i g h t  of 3 . 62 m ( 1 1 . 86 ft ) a n d  

\'/a s 1 1 . 00 m ( 36 ft ) l ong . It  was constructed  .i n  three s ect i ons , eac h 

3 . 65 m ( 1 2 f t ) · l ong , to a l l ow better hand l i ng du ri ng c on s truc ti on a n d  

eas i er focus i ng . The frame wa s 0 . 1 5  cm ( 16 ga u g e ) s hee t s te e i , a n d  

the refl ecti v� s urface cons i s te d  of a meta l i zed acryl i c  f i l m  w i t h  a 

pres stire type adhe s i ve ba c k i n g  that wa s a pp l i ed to the para bol i c  meta l 

s heet . The re fl ecti v i  ty of the f i 1 m wa s 80 to 90 p e rcen t for \va v c -

1 engths o f  0 . 3 to 2. 2 mi l l i mi cro n s . The parabol i c  s hape s e l ec ted for 

the refl ecto r ,  when u sed  wi th the p i vo t  poi n t  at  th e bottom requ i red a 

3 . 50 m ( 11. 5 ft ) s e gmen t o f  a 4 . 57 m ( 1 5 ft ) parabol i c c urve . The 

segme n t  u s ed was t ha t  p o r ti on  from 0 . 6 1  m (2 ft ) above t h e  d i r e c tri x 

to a po i n t 4 . 1 1  m ( 1 3 . 5  ft ) a bove the di rectr i x . This p ro v i ded a 

focal s tr i p on t he co l l ector s urfa ce from wi n te r  sol s ti ce through  

s umme r s o l s ti c e for the Broo k i ngs , S o u th Da ko ta , l a t i tude ( 44° 14 1 55 JI ) . 

The refl e ctor wa s e l eva te<l to t he p ro pe r  he i g h t  wi th  woo d e n  pos t s  

hav i ng concrete base foundat i ons , and  add i t i ona l s tru ctura l s u pp o rt 

was pro v i ded by 15 . 24 cm x 1 5 . 24 cm ( 6  i n  x 6 i n )  wooden po s ts . 
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The col l ector , Fi g u re 2 , had a nomi nal outs i de d i mens i on of 

0 . 76 m h i gh by 7 . 31 m 1 oo g  { 2 . 5 ft x 24 ft ) , and u s ed ai r as the heat 

trans fe r  fl u i d .  The col l ecto r  cover con s i sted of one l ayer o f  cl ear 

fi bergl ass . 64 nun ( 0 . 025 i n )  s eparated by a 2 . 0  cm { 3/4 i n }  i nsul ati ng 

ai r space from a s i n g l e l ayer of transparent , 76 mi crons ( 3  mi l ) ,  

pl asti c fi l m .  The fi bergl ass  h a d  a l i g ht transmi s s i on of 85 to 90 per

cent ,  and an i n s ul ati n g  q ual i ty 6 . 8  times greater than g l ass . The 

fi berg l ass  i s  s tabi l i zed aga i ns t  ul trav i ol et degrada t i on , and can wi th

stand temperatures of o ver 93 . 3° C { 200° F)  for extended peri o ds o f  

time . The abs orbe r was a 0 . 455 mm (26 gauge } corruga ted a l umi num s heet 

pa in ted wi th heat res i stant fl at bl ack enamel . · The col l ector frami ng 

reduced the to tal u sa bl e area to 8 . 43 m
2 

( 90 . 75 ft
2

} ,  76 . 6  percent of 

the total area . 

The track i n g  mecha n i sm was powered by a 10 watt synchronous moto r , 

rotati ng at one revol uti on per mi nute .  Th i s  was reduced u s i n g  a 60 : 1  

speed reducer to on e revol uti on pe r ho ur . A 2 . 54 cm ( 1  i n )  d i ameter 

s haft transmi tted the power from the speed reducer to both ends of the 

refl ector. A gear and  cha i n  system, l ocated at ea ch post , further 

reduced the rota ti on of the l a rge gear to one revol u t i on per s i x  ho urs . 

Movemen t and adj u s tment of the refl ector was accompl i s h ed by a ttach i ng 

a s haft from the refl ector to a connector on the r i m  of the l a rge gear , 

Fi g ure 1 .  

The pl en um , l ocated a t  the bottom of the co1 1 ectt r , was made of 

1 . 27 cm ( 1/2  i n )  p l ywood i n s ul ated i n s i de wi th 2 . 5  cm ( 1  i n )  of po l y

styrene wi th an R val u e  of 0 . 63 m2 · °C/watt ( 2 . 57 h · ft
2

· °F/ BTU ) e The 

p l enum var i ed from 1 5 . 20 cm ( 1/ 2  ft ) wi de o� each s i de of the col l ecto r  
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on t h e  end l ocated furthest  from the thermal ene rgy s torage  to  1 . 20 m 

(4 ft ) wi de on each s i d e  of  the col l ector nearest  the roc k  s torage 

u nit . Th i s  s hape  was an expans i on of the i dea used i n  a i r cond i t i on i ng 

duc ts i l l ustra ted i n  ASH RAE ( 1 978 ) , and was u sed to more even l y  d i s tr i 

. bute a i r  fl ow o ver  the enti re co l l ector s urface . The i nta ke and  

exhaust ends  of  th i s p l enum- c hamber were connected to the therma l 

storage uni t .  At  the exi t o f  the  col l ector a s huttered , s heet  meta l 

d uct transported a i r  to tho se  bal es  dri ed di rectl y wi th so l a r  hea ted 

a i r . 

The therma l energy sto rage ( TES ) un i t  was a rectang u l ar  wood

framed structure cons truc ted  wi th  5 . 0 c m  x 1 0 . 1 cm ( 2  i n  x 4 i n )  frames 

and 2 . 0  cm ( 3/4 i n )  p lywood cover i ng . The outs i de d i men s i ons of  the 

box were 1 . 90 m ( 6 . 2 ft ) wi de , 2 . 50 m ( 8 . 2 ft ) l ong , and 1 . 2 1 m (4 ft ) 
high . An an gl e i ron 3 . 1 7  cm x · 3 . 1 7  cm x 9 . 5 mm ( 1  1/4  i n  x 1 1/4 i n  

x 3/8 in ) s tructura l support was used hori zon tal l y  around the box . It 

was hel d i n  p l a ce by 3 . 1 7  mm ( 1 / 8  i n )  rods extend i ng thro ug h  the  box 

and l oca te d  0 . 60 m ( 2  ft ) on center  a l ong the l ength and 0 . 82 m ( 2 . 7  ft ) 

on cen ter a l ong  the wi dth to provi de extra structural s ta b i l i ty .  The 

s i des and top of the box were i ns u l ated with  7 . 6 0 cm ( 3  i n ) o f  poly

styren e ,  with  an R val ue of 1 . 90 m2 . 0c/wa tt ( 1 0 . 70 h · ft
2

· °F/BTU ) . The 

bottom had a p p rox i mate l y  the same i ns u l ati on val ue as  the s ·i des and the 

top.  The i n s ul at i on  on  t he s i des was covered wi th a l aye r o f  mason i te 

to minimi ze rock damage . The bottom of the box wa s covered wi th 36 , 

20 cm x 20 cm x 40 cm (8  i n  x 8 i n  x 1 6  i n )  concrete bl oc ks p l aced o n  

edge wi th the open i ng s  a l ong the l eng th of the  box .  These bl ocks  we re 
ry 

evenly spaced to provi de 0 . 6 3  m� ( 990 sq i n )  of tota l v oid space  and 
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were co vered wi th 1 . 2 7  cm ( 1/ 2  i n )  wi re mes h .  The roc k box conta i ned 

a pprox i ma tel y 3 . 05 m
3 

( 4  c u b i c yards ) ,  o f  ro c k  wei g h i ng 1 . 60 tonnes/m3 

( 100 l b/ ft
3 ) . The 3 . 80 cm ( 1  1/2  i n) d i amete r rocks were pla ced on 

to p of the wi re me s h  an d the box was then fil led to the l ower edge of 

the top d u c t .  

Ai r was c i r c u l ated i n  t h ree c i rcu i ts a s  t h e  heat tra n s fe r  med i um .  

The fi rs t c i rc u i t ,  was from the col l ecto r  i nto the roc k  storage u n i t 

(TES ) and then out to the 1 5 . 24 cm ( 6  i n )  i n  di amete r an d 4 m ( 1 3 . 1  ft ) 

l on g  s heet me ta l duc t .  Th i s  c i rc u i t mo ved the a i r to the ba l e s d r i ed 

u s i n g  TES du ri ng the dayt i me opera t i on. Th e secon d  c i rc u i t ,  ope rated 

· du r i n g  the n i g h t , wi th t h e  a i r  c i rcu l a t i ng fro� the ou tsi de to the 

bottom of the TES and then towa rd t he top, absorbi ng hea t f rom the 

roc ks that wa s released at the TES ba l es . The th i rd c i rc u i t , wa s from 

. the col l ector d i re c tl y  to the 1 5 . 24 cm ( 6  ·i n )  i n  d i ameter and 5 cm 

( 16 . 4 ft ) l ong s heet meta l d uct . Th i s  c i rcu i t  moved the a i r  to the 

ba l e s dr i ed d i rec tly wi th  sol ar  hea ted a i r  from 009 0 to 1900 ho u rs i n 

the secon d dry i ng tes t, and  from 1 000 to 2000 hours i n  the t h i rd 

dryi ng te s t .  The fi rst and second c i rcu i ts we re u s ed duri ng t h e  t h ree 

dry in g  te s ts , an d t he th i rd c i rc u i t was used onl y d u ri ng the second 

and t h i rd dry i ng tes ts . 

Ai r fl ow rates were me asu re d a t  a poi nt n ea r the ba l e s i n  the 

15 . 24 cm ( 6  i n) d i ame ter s he e t  me ta l ducts . A hot wi re anemome ter wa s 

u sed to mo n i tor the a i r  vel oc i ty u pstream o f  the fans a t  a po i n t 

before th e a i r wa s fo r c ed i nto ea c h  ba l e .  A s h u tte r i n  the shee t 

� tal  duct was use d to con tro l the a i r  fl ow.  Copper- con s tantan the rmo 

coup l es were l ocated a t  16  p o i n ts i n  the  sys tem , F i g u re 3 �  a n d  t h e  
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temperatu re s  we re recorded on a mul t i -po i n t ,  s tr i p c h a rt , pote n t i ome te r .  

The s o l a r  rad i a ti o n wa s mea s u red u s i n g  a n  Epp l y  pyranome te r ,  a n d  wa s 

reco rded o n  a s t r i p ch art recorde r .  Al l effi c i ency da ta we re ba s ed o n  

t h e  amo un t  of s o l a r  ene rgy a va i l a b l e o n  a hor i zon t a l  s u rfa c e . A 

manomete r was u s ed to record the s ta t i c pres s u re a t  var i ou s  po i n ts i n  

the system . Dur i n g  the thi rd d ryi ng tes t ,  a re s i s ta n ce - type hay 

moi sture detecto r wa s u s ed to te s t  the mo i s ture con ten t  i n  the hay . 
The mo i s tu re detector wa s used i n  paral l e l .wi t h  o ven-dr i ed �ay s ampl e s , 

al tho u g h  i ts ac c uracy wa s a ffec ted by the temperature and a i r p re s s ure 

w i t h i n the bal e .  A c omp e n s a t i n g  fa c tor had to be u se d  for mo s t  o f  the 

read i n gs .  The o ven-dry metho d , ASAE ( 1 978- 7 9 ) wa s u s e d  to d e te rm i n e  

th e mo i s tu re con ten t  of t he s amp l es o n  a we t ba s i s .  

The res ea rc h  was con d u c ted at the Agri c u l tu ra l E n g i nee r i ng 

Research Farm ,  approxi mate l y  1 1 . 3  km ( 7  mi l es )  s ou thwe s t  of  B roo k i n g s , 

So u th Da kota . Th ree d ry i n g  tes ts we re perfo rmed ; the fi r s t  from 

August 5 to 17 , 1 9 7 7 , t he s e cond  from J une 21  to 2 9 , 1 9 78 , and t he 

third from J u l y  28 to Augu s t  8 ,  1 9 7 8 .  

Cyl i ndr i ca l  ba l es 1 . 68 m ( 5 . 5 ft ) i n  d i ame te r and 1 . 52 m ( 5  ft ) 

hi gh were u sed t h ro u g h o ut a l l the te s t  pe r i o ds . We i g h t  o f  t h e s e  bal e s  

ranged from 600 kg to 7 5 0  k g  ( 1 322 l bs t o  1 6 5 3  l b s ) , wi t h  a n  a v e ra ge 

den s i ty o f  2 00 to 2 50 kg /m3 ( 1 2 . 50 to 1 5 . 7 7  l bs/ ft
3

) .  Acco rd i n g  to 

ASHRAE ( 1 978 ) , p hys i ca l  properti e s , i n c l u d i ng den s i ty ,  o f  t h e  hay 
/ 

depends mo s tl y  on t he i n i t i a l mo i st u re con te n t  a t  wh i ch hay i s  ba l ed .  

Brome- a l fa l fa hay , wi t h  5 0  percent a l fal fa by we i g ht wa s dr -i ed du r i ng 

the June , 1 978 , dry i ng te s t ,  and  brome - a l fa 1 fa wi t h  7 0  p e rc e n t  a l fa l fa 

by wei ght was d r i e d  d ur i n g  the Augu s t , 1977 , a nd J u l y  and Au gus t ,  1 9 78 , 

I 
I 
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d ry i ng tes ts . 

Dur i n g  the fi rst dryi n g  te s t  i n  Au g u s t , 1 9 77 , three cyl i n d r i ca l 

ba l es were dri ed ; two wi t h  s o l a r  heated a i r ,  and therma l e n e rgy s to ra ge 

s uppl emen t ( s o l ar-TES  ba l es ) ,  to offs et the . coo l ho u rs , a n d  the th i rd 

bal e wa s dri ed wi t h  amb i e n t  a i r  ( co n tro l ba l e ) . Fa n o pera t i on t i me 

for a l l t h e  b a l es was from 0800 to 1800 ho urs . Ai r fl ow ra te s o f  

1 0  m3/mi n (353  cfm )  we re s up p l i ed to eac h o f  the bal es . Two hay 

samp l e s  were o bta i ned a t  each  o f  the two l evel s i n  the b a l e .  The 

l ower l evel wa s l ocated a t  1/ 3 of the d i s tance from the base to the 

to o f  the bal e and the other at 2/3 the d i s ta n ce from t h e  ba $ e  to the 

to p of t he ba l e .  A v i ew o f  the hay dryi ng sys tem i s  s h own i n  F i gure 4 .  

The ba l es were pl a ced o n  a perforate d  2 . 43 m x 2 . 43 m ( 8  ft x 

8 ft ) p l atfo rms , 1 7 . 7  cm ( 7  i n )  thi c k .  The perfora te d a rea wa s 

. approxi ma te l y  equal  to o n e  t h i rd o f  the cros s - sect i ona l a re a  o f  the 

bal e ,  Fi g u re 5 .  

Duri ng the  s e cond  d ryi n g  test  i n  June , 1978 , fi ve cyl i nd r i ca l  

ba l es were d ri ed ; two wi th  d i rect so l a r hea ted a i r ( s o l a r  ba l e s ) ,  two 

w i t h  TES s uppl eme n t  ( TES ba l es ) , a n d  one wi th ambi e n t  a i r ( co n tro l 

bal e ) . A p l a n  vi ew of the  fac i l i ty i s  i l l s utra ted i n  Fi g u re 6 ,  a nd a 

gen era l v i ew o f  t he hay dryi n g  sys tem i s  s hown i n  F i gu re 7 .  Fan 

ope rat i on t i me for  the s o l a r bal e s  wa s from 0900 to 1900 ho u rs , a n d  

the fan op era t i o n t i me for t h e  TES bal es a nd control ba l e  wa s con t i n uo u s . 

Due to the pro bl ems encoun tered du r i n g the fi rst d ryi n g t e s t  i n  

Augus t ,  1977 , i n  tryi ng to force the a i r  u n i fo rml y t h ro u g h  the  ba l es 

the dryi n g  p l a tfo rms were repl aced wi th pe rfo rated p l a s ti c d u c ts tha t  

wer� l ocated i n  t he center o f  the ba l es , Fi g u re 8 .  These p l a s t i c  d uc ts 

) 



Fi gLtre 4 .  Large cyl i nd r i ca l ba l e s . dryi ng fac i l i ty :  Dryi r. g  Test  
No. 1 ,  Augus t ,  1 97 7 .  

F i gure 5 .  Cyl i n dr i ca l ba l e ,  a i rfl ow p a tte rn a n d dryi n g  p l a tform : 
Dryi ng Tes t  No . 1 ,  Au gus t ,  1 97 7 .  

) 
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were 1 . 0 m ( 3 . 28 ft ) l on g  an d 7 . 60 cm (3 i n )  i n  d i ameter and · were co n 

nected to a fl exi b l e pl a st i c tube 1 0 . 15  cm ( 4  i n ) i n  d i ameter and  

3. 04 c m  ( 10 ft ) l ong . Perforati ons a l ong the ri g i d p l ast i c duct  were 

l ocated to wi thi n 30 cm ( 1  ft ) from eac h �dge of  t he ba l e .  

Air fl ow rates o f  7 . 07 m3/mi n ( 250 cfm )  p e r  ba l e were s uppl i ed to 

each of  the ba l es . Mo i sture content was mon i to red  at  th ree  l evel s ;  at  

eac h of  the  quarter po i n ts from the g ro un d  to  the  top of the  bal e .  

During  the th i rd dry i n g  tes t i n  Ju iy  and Au gus t ,  1 978 , the  test 

was conducted in  the same ma nn e r  as  tQe second tes t wi th  the fol l owi n g  

excep ti ons : 1 )  a d i urna l  s i ngl e p l ane sol ar tracki n g  mechan i sm wa s 

used to better concentra te the sol ar  energy from the refl ector to the 

col l ector and 2 )  fan operat i on t i me at  the so l ar ba l es was from 1000 

to 2 000 hours to better correspond wi th the s un s h i ne duri ng  th i s  t i me 

of the year and to compensate for dayl i g ht t ime . 

I / 
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Large cy l i ndri ca l ba l es dryi ng fac i l i ty :  Dry i n g  Tes t  � o  .. 

Jun e ,  1 9 78 , a nd Dryi n g  Tes t  No .. 3 ,  J u l y  to August , 1 978 . 

Ai rfl ou sy� �':n :  ryi ng Tes t  No .. 2 ,  J une , 1 978 , a n d  Dryi nc  
Te st � .  3 �  J u l y to Au�us t ,  1 9 78 .  
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RESULTS AND D I SCUSS I ON 

Resul ts of thi s study i nc l ude  the refl ector-co l l ector eva l u a t i on , 

effecti veness  of var f ous  dryi ng sys terns and the o vera 1 1  sys tem effec

ti veness  for provi d i ng s upp l emen tal heat 
·far dryi n g  cyl i ndri ca l bal e s  

i n  a l ow temperatu re app l i ca ti on . The res u l ts wi l l  be presented under  

the fo l l owi n g  s ubhead �i ngs : Dryi ng  Tes t  No . 1 ; . Augus t  5 . to 17 , 1 977 , 

Dryi ng  Test No . 2 ;  June 2 1  to 29 , 1 978 ,  and  Dryi ng  tes t No .. 3 ;  Ju ly  28 

to Aug ust  8 ,  1978.  Temperature , sol ar rad i ati on and mo i s ture conten t 
-

da ta arc l i s ted i n  Appendi xes C and D .  

DRY I NG  TEST NO . 1 ;  AUGUST 5 TO 17 , 1977  

Sol ar  System Performance Characteri s ti cs 

The sys tem effi c i ency wa s eval u a ted i n  terms o f  11 u seful energy 

col l ected ll compared  to the so l a r  c:ne rgy ava i l a bl e  on  a hor i zo n ta l  

surface . The eva l uati on of the col l ecti on effi ci ency was bas ed on the 

nomi nal  s urface  area  of the refl ector  ( 3 . 65 m x 12  rn ,  1 2  ft x 36 ft ) ,  

and the total area of  the south s i de of the col l ector ( 1 . 22 m x 7 . 3 1  m ,  

4 ft x 24 ft ) .  
Average hourly effi c i enci es of  the system are p resented from 0900 

to 1 700 hours , F i g ure 9 .  The effi c i ency curve i ncreases from 18 . 5 per

cent at 0900 to 47 . 0 percent at  1700 hours . Thi s t rend was due to the 

thermal s torage uni t ,  wh i ch absorbed energy du ri ng  the ho ttes t hours 

of the day , and re i eased i t  when the col l ecto r ' s  tempera ture \·Ja s l owe r 

than the tempera t u re i n  the TES , consequently , the sys tem out l et  

temperature wa s h i g he r  1 a t e r  i n  the afternoon . 

The ave r a ge d i urna l and  nocturn a l  tempera ture curves fo r the 

I I I . 
I 
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col l ector o utl e t ,  a i r  enteri n g  the so l ar-TES ba l es , thermal s to ra ge un i t 

and ambi ent ai r a re i l l u strated i n  Fi g ure 10 .  The a ve rage  col l ecto r  

o utl et temperature , wa s t he h i g hest ,  43° C ,  ( 1 09° F ) a t  1 600 ho urs . 

Th i s  t i me correspon ded to the h i ghest amb·i ent  a i r tempera ture , 26° C 

( 79° F ) , and  i s  a con seq uence of the atmospheri c therma l l ag o f  the 

s un ' s  energy warmi n g  the s urface of the earth and the d i fference between 

so l ar ti me and dayl i g ht s tandard ti me ,  wh i ch was app roxi mate l y  1 . 5 

hou r s .  The h i ghe s t  temperature i n  the thermal s torage u ri i t  was 36° C 

{97° F )  at 1800 hou rs wi th  t he l owest· a t  18° C ( 64 . 4° F ) a t  0900 hours , 

wh i ch was eq ual to the amb ient  a i r  temperature . The temperature curves 

for the so l a r�TES ba l es and for the thermal energy s torage u n i t  a re 

q uite  s imi l a r from 0800 to 1800 ho urs . The d i fferences i n  these  two 

curves refl ect energy l os ses or  ga i ns i n  the ducts connec t i n g  the 

therma l energy s torage un i t  to the so l a r-TES ba l es . The temp era ture 

at  the top of the bal es wa s l owe r than ambi en t  temperatu re dur i ng .most  

of the dryi ng  peri od , espec i a l l y  duri ng the  dayl i ght  hou rs . Thi s i n  

add i ti on  to h i g h  rr� i s ture cond i ti ons ( de tecta bl e  by touch ) a t  the top 

of  the ba l es , i ndi ca ted that evaporat i ve cool i ng was occ u rr i n g , a nd  

mo i sture that was removed from the l ower part of the ba l es was be i n g  

rel ocated to the mi ddl e- top o f  the ba l e s .  

The maxi mum a verage temperature d i fferences between the col l ector 

outl et and i n l et ,  the i n l et and o utl et of the therma l energy s torage 

un i t and between the a i r  enter ing  the so l ar-TES bal es  and  the  amb i ent 

a i r we re 14 . 4° C ( 26° F ) , 1 2 . 7° C ( 23° F ) and 6 . 5° C ( 1 1 . 8° F ) , 

respec ti vely , F i gure 1 1 .  The maxi mum di fferences were o bserved at  

1500 hou rs . 
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The ene rgy prov i ded to the s9l ar-TES bal es a n d  t he so l ar energy 

ava i l a bl e  on a hori zonta l  surface are presented i n  Fi gure 1 2 .  The 

max i mum energy provi ded to the sol ar-TES bal es a ve raged 31 MJ ( 2 . 9 x 

104 BTU ' s ) . a nd occurred at  1500 ho urs . The correspon d i ng  max i mum 

average so l ar ene rgy was 85 MJ ( 8 . 1 x 104 . BTU ' s ) and  o ccurred at  

approximate ly 13 00 hours . Dur i ng the 12- day dryi ng  pe ri od , the sys tem 

p rov i ded 3 1 . 0  percent of the· so l ar  energy ava i l ab l e on a hori zon ta l  

surface to the bal e s .  A total of  2 , 577 . 6  MJ ( 2 . 44 x 1 06 · BTU ' s ) o f  

so l a r energy , eq u i va l en t  to 2 6 . 0 ga l l ons  of  L P  ga_s o r  7 1 5  Kw - hr o f  

e l ectr i c i ty ,  was col l ected and u �ed  i n  the dryi ng p roce s s . 

The fo l l owi ng  l i nea r  and s i gn i fi cant  re l ati onsh i p was deve l oped 

to pred i ct  the amo unt of energy provi ded ·to the so l ar -TES ba l es ba sed 

on the energy a va i l abl e on  a hor i zonta l  surface : 

Est = 2791  + 0 . 26Ea ( B - 1 )  

The in dependent vari ab l e accounted for 6 3 . 6 percent  o f  t he var i a ti on i n  

the energy re l e�sed , w i th a standard error of  es t i mate o f  0 . 0 18 .  

!:@1_ Dryi ng Characteri s t i es 

Dur i ng  t he 12 - day dryi ng  peri od , the avera ge mo i sture content  of  

the so l ar-TES ba l es was reduced from 57 . l percent  to  3 9 . 8 p e rcent , and  

the average mo i stu re content  of  the  con trol ba l e was reduced from 

32 . 1 percent to 28. 4 percent .  Tabul ar  data of  da i l y  energy and  moi s 

ture con tent of  the ba l es are presented i n  Append i x  C - 1 .  

The dryi ng  rates fo r the so l a r-TES bal es and contro l b a l e a re 

i l l us trated at  two l eve l s ,  1/3  and 2/3 the di stance from the bas e  to 

the top of the ba l es , F i gure 1 3 .  The faster dryi ng  rates n o ted i n  the 
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l ower porti ons of the bal es co i nc i de wi th the movemen t o f  the dryi ng  

front.  These faster dryi ng rates were more ev i dent in the l ower porti on 

of the sol ar-TES bal e s .  Mo i s ture content  i n  the ba l e s d i d  no t reac h  

2 0  percent� whi c h  i s  a l evel con s i dered to b e  safe for s torage , ASHRAE 

{ 1978 ) . S i nce mo i s tu re conten ts rema i ned
.
constant at  both l eve l s i n  

the con tro l ba l e  a nd at  the top l evel i n  the so l ar-TES ba l e s  a fter the 

14th day , t he test  was termi nated . 

The fol l owi ng s i gn i fi can t d i rect and l i near  rel at i on s hi ps we re 

deve l o ped for the dryi ng rates for the sol ar-TES ba l es and  the con trol 

ba l e ,  res pect i ve l y : 

Yst = 57 . 0 - 2 . 0X1 

Y c = 5 5 .  0 - 1 .  5X 1 

( B- 2 ) 

( B  .. 3) 
The coeffi c i ents o f  determi nati on and the s tandard errors  o f  est i ma te 

were 95 . 6 percent  and 0 . 1 3 , and 8 1 . 2  percent and 0 . 22 ,  respect ive ly , 

for the so l ar-TES ba l e s  and t he control bal e .  Fi g u re 1 4  i l
.l u stra tes 

these dry i ng rate re l ati on s h i ps for the so l ar-TES ba l e s and  control 

bal e .  An ana l ys i s  o f  vari ance of the s l opes o f  the a bove equati ons 

reveal ed that  the so l ar-TES dryi ng rate was no t s i gn i fi ca nt l y  fas ter 

than the control dry i n g  ra te . Th i s  may be at l ea st parti a l l y  attri 

but�d to the defi c i ency of  the dryi ng  pl atforms i n  tryi ng  to force the 

a i r  un i formly through  the ba l e s and to l ea ks in the a i r fl ow c i rcu i ts .  

Smoke tests i nd i cated tha t a i r l ea kage a t  the bottom o f  the  ba l e was 

excess i ve and more energy wa s l o st than was used for dryi n g . F i gure 5 

s hows the a i r fl ow pattern found  ac ros s  the b a l e s . 
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l ower porti ons of the ba l es co i nc i de wi th the movemen t o f  the dryi ng 

front.  These faster dryi ng rates were mo re evi dent in the l ower port i on 

o f  the sol ar-TES bal e s .  Mo i s ture content  i n  the ba l e s d i d  not  reach  

20  percent ,  whi c h  i s  a l evel con s i dered to  be safe for s torage , ASHRAE 

( 1 978 ) . S i nce mo i s tu re contents rema i ned ·constant at both l evel s i n  

the con trol ba l e  and a t  the top l evel i n  the sol ar-TES ba l e s  a fter the 

14th day , t he test  wa s termi nated . 

The tal l owi ng s i gn i fi can t d i rect  and l i nea r  rel a t i on s hi ps  were 

deve l o ped for the dryi ng rate s for the sol ar-TES ba l es and the c on trol 

ba l e ,  respecti ve ly : 

Yst = 57 . 0  - 2 . 0X1 

Y c = 55 . 0 - 1 .  5X  1 

( B- 2 ) 

( B- 3) 

The coeffi c i ents  o f  determi nati on and the standard erro rs o f  esti mate 

were 95 . 6 percent and 0 . 13 , and 81 . 2  percent and 0 . 22 ,  res p ec t i ve l y , 

for the so l ar-TES bal e s  and t he control bal e .  Fi g u re 1 4  i 1 J u stra tes  

these dry i ng rate re l ati ons h i ps  for the sol ar-TES . ba l es and con trol 

ba l e .  An ana lys i s  o f  vari ance of the s l opes o f  the  abo ve equati ons  

reveal ed t hat  the  so l ar-TES dryi ng rate was no t s i gn i fi cant l y fas ter  

than the  control dry i n g  ra te . Thi s may be at  l ea s t  parti a l l y  attri 

buted to the defi c i ency of the dryi ng  p l atforms i n  tryi ng  to force the  

a i r  un i formly t hroug h  the bal es  and to l eaks in  the a i r fl ow c i rcu i ts .  

Smoke tests  i n d i cated tha t a i r l eakage at  the bottom o f  the bal e was 

exces s i ve and more energy wa s l o st  than was used for dryi ng . F i g ure 5 

s hows the a i r fl ow pattern found  ac ro s s  the b a l es . 
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DRY I N G  TEST NO . 2 ;  JUNE 21  TO  29 , 1 978 

So l a.r System Performan ce Characteri st i cs  

The system effi c i ency wa s eva l uated i n  the same tenns as  in  Dry i ng 

Tes t  No . 1 ,  except for a decrease i n  the ·nomi na l  su rface  a rea  of  the 

co l l ector to 0 . 76 m x 7 . 3 1  m ( 2 . 5 ft x 24 . ft ) .  

Average hour ly  effi ci enc i e s  decrease  from 29 . 0  p e rcent a t  0900 

ho urs to 18 . 5  p ercen t at 17 00 hours and. then i ncrea se  to Z5 percen t  a t  

1800 hour� , Fi gure 9 .  C l i mati c cond i t i o�s  were l es s  fa v6 rab l e duri ng  

this  peri od and  smoke tests  i nd i catefr l eakage i n  the a i r  fl ow sys tems 

that was esti mated to be approximatel y 25 percent o f  the norma l a i r 

fl ow rate .  

The average di urnal an d nocturna l temperature curves  for the  col 

l ector  o utl et , a i r en teri ng  the sol ar ba l es and TES ba l e s , TES ) a nd  

amb ient a i r a re i l l ustrated i n  Fi gure 1 5 .  Temperature a t  the  s o l a r  

col l ector  o ut l et  a n d  of  the a i r  enteri ng the sol ar  ba l es were max i mum 

at 4 1° C ( 107° F )  at 1300 hours . Thes e c urves were e s sent i a l l y  para l l e l 

and the s l i g ht temperature d i fference was due to the hea t co l l ected  

al ong the c i rcu l a r  metal ducti ng l eadi ng to the  so l ar ba l es .  T he  

hi ghest TES temperature wa s 35° C ( 9 5° F )  a nd  occurred a t  1800 hou rs , 

and the l owes t  was at 24° C ( 75° F )  at  0800 ho urs .  The temp eratu re i n  

the TES was h i g he r  than the ambi ent temperatures except  from 0800 to 

1 300 hours , when the roc ks were be i n g  heated . Average temperature i n  

t he TES exceeded amb i ent temperature by 6° C U0 . 8° F) fo r mos t  o f  the  

day wi th the excep ti on of  that porti on of the  day when most  so l ar 

energy was bei ng col l ected .  The temperature of the a i r ente r i n g  the 

TES ba l es wa s hi g her  than the TES temperature from 0300 to  1600 ho u rs 
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DRY ING TEST NO . 2 ;  JUNE 2 1  TO 29 , 1 978 

Sol a.r Sys tem Performance Charac teri st i cs  

The syst em effi c i ency was eval uated in  the same tenns as  in  Dryi ng 

Tes t  No . 1 ., except for a decrease i n  t he .nomi na l  s u rface a rea o f  the 

co 1 1  ec tor to O .  7 6 m x 7.  3 1  m ( 2 .  5 ft x 2 4 · ft ) .. 

Average hour ly  effi ci enc i es decrease  from 29 . 0  p ercent a t  0900 

ho urs to 18 . 5 p ercen t at 170"0 hours and  then i ncreas e  to 2"5 percen t  a t  

1800 hour� , Fi gure 9 .  C l i ma t i c  cond i t i o�s  were l es s  fa vo rab l e duri ng  

t h i s  period and  smo ke test s  i nd i cated l eakage i n  the  a i r  fl ow sys tems 

that was esti mat ed to be approx ima tel y 25 percent of the norma l a i r  

fl ow rate .  

The average d i urnal an d nocturna l temperature curves for t h e  col 

l ector  outl et , a i r en teri ng  the sol ar ba l es and  TES ba l e s , TES , and  

amb ient  a i r a re i l l ustrated i n  Fi gure 1 5 .  Temperatu re a t  the  so l ar  

col l ector outl e t  and of  the a i r  enteri ng t he so l ar  ba l es were ma xi mum 

at 41° C ( 1 07° f ) a t  1300 hours . These curves were e s sen t i a l l y  p ara l l el 

and t he s l i ght  temperature d i fference was due to the hea t co l l ected 

al ong t he c i rcu l ar  metal ducti ng l ead i ng to  the so l ar ba l es .  The 

h i ghest  TES temperature wa s 35° C ( 95° F )  and  o ccurred a t  1800 ho urs , 

and the l owes t  was a t  24° C ( 75° F )  a t  0800 hours . The temperature i n  

the TES was hi g her  than t he ambi ent  temperatures except  from 0800 to  

1 300 hours , when the roc ks  were bei n g  heated . Avera ge temp erature i n  
. 0 
the TES exceeded ambi ent temperature by 6 C �0 . 8° F) fo r mos t  of  t he  

day wi th t he  except i on of  t hat  port i on of the  day when mos t  so l a r  

energy was bei ng col l ected .  The temperature o f  the a i r enteri n g  the 

TES ba l es wa s h i gher  than t he TES temperature from 0300 .t o  1600 ho u rs 

/ 
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Fi gure 15 . Average temperatu re at se l ected po i n ts  i n  the sys tem a s  
i nfl uenced by t i me o f  d ay :  Dryfo g Tes t  No . 2 ( a ) , J une , 
1978 , a n d  Dry i n g  Te s t  No . 3 ( b ) , J u l y  to Augus t ,  1978 . 



due to the energy ga i n  from the so l a r  col l ecto r  and the hea t  a bso rbed 

by the meta l duct i ng l ead i n g from the TES to the  ba l e s . 

48 

The maximum avera ge tempera ture d i ffe rences be tween the a i r  

enteri ng  the so l a r ba l es and the amb i en t  � i r ,  co l l ecto r  o u tl e t  and 

i nl et ,  TES outl e t  and i n l et ,  and between the a i r  enter i ng the TES ba les  

and the ambi ent a i r were 1 3° C ( 23 . 5° F } , 1 1 . 4° c ( 20 . 5° F ) , 9 . 5° c 
( 17° F)  and 5 . 3° C ( 9 . 5° F ) , respecti ve ly , F i gure 1 6 .  The maxi mum 

di fferences were observed at 1300 hour s .  The l ow a verage temperature 

d i fferences between the a i r  enteri ng  the TES ba l es and  the amb i ent  a i r  

co�pa red to the a verage temperature di fferences betwee n  the  TES i n l et 

and o utl et i s · expl a i ned i n  that not a l l the energy i s  used to dry the 

ba l es but some i s  reta i ned by the roc ks .  Al so , some heat i s  l os t  from 

the TES and from the a i rfl ow c i rcu i t connected to the TES ba l es ,  whi ch 

. reduces the amount  o f  energy provi ded to these ba l es . 

The energy p rov i ded to the so l a r bal es  and TES bal e s , energy 

stored by the TES , and so l ar energy ava i l abl e on a hori zonta l s u rface 

are presented in F i g ure 17 . The max i mum energy prov i ded to the so l a r  

bal es averaged 14 . 5  M J  ( 1  .. 37 x 104 BTU ' s ) and occurred at  approx ima te l y  

1300 hours . The energy s tored i n  the TES was the h i ghest a t  7 . 5 MJ 
( . 67 x io4 BTU ' s )  and  occurred at 1400 hours . The energy provi ded to 

the TES ba l es was the h i ghe st at 4 . 5 MJ ( 0 . 43 x 106 BTU ' s )  a nd  occurred 

at 1 300 hours , and  the l owest 2 . 0 MJ ( 0 . 19 x 104 BTU ' s )  a t  0800 hou rs . 

Dur i n g  the n i g ht , from 2000 to 0500 hours , the energy provi ded to the . 4 TES ba l e s  averaged  3 . 5 MJ ( 0 . 33  x 10 BTU ' s ) �  The max imum average 

so l ar energy was 1 10 MJ ( 1 0 . 4 x 10
4 BTU ' s ) and occurred at  approxi 

mate ly  1400 hours . The d i fference i n  the energy l eve l s  of  the energy 
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(a ) ,  J u n e , 1 9 78 , an d Dry i n g  Tes t No . 3 ( b ) ·, J u l y  to 

Augus t ,  1978 . 
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sto red i n  the TES a n d  the energy provi ded to the TES ba l es i s  due to 

the prev iou s ly  di scus sed , energy l os ses or ga i n s . Fi g u re 18 represents 

the cumul ati ve tota l s of  energy p rovi ded to the so l ar  ba l es and TES 

bal es , energy stored by the TES , and tota l  energy col l ected by the 

system. Dur in g the 9-day dryi n g  tes t ,  the sys tem . prov i ded 28 . 1 percent 

of the energy ava i l abl e on the hor i zonta l s urface to the ba l e s . A 

total of  1 , 7 92 . 8  MJ ( 1 . 69 x 106 BTU ' s )  .of  so l a·r energy ,
· 

eq u i va l ent  to 

18 ga 1 1  ons of LP gas or 498 Kw-h r  of el e'ctri  c i ty ,  was co l l e.cted and 

u se d  i n  the dry i n g  p rocess . 

The fol l owi ng  l i near and s i gn i fi cant rel ati on s h i p �as devel o ped 

to pred i ct the amount  of  energy provi ded to the so l ar  ba l es ba sed on 

the ene rgy a va i l a bl e on a hori zon ta l s urface , and the pred i ct i on o f  

the amount o f  energy prov id ed to the TES ba l es based o n  the a vera ge 

co l l ector tempera ture d i fferenti al  and energy ava i l a bl e  o n  a hor i zon tal  

s urface : 

E5 = 810 + O . l l Ea 

Et = 425 + 620X2 - 0 . 002 7Ea 

( B-7 . 1 )  

( B-8 . 1 )  

Sol ar energy on a hor i zonta l surface predi cted 69 . 1 p e rcent of t he 

vari ati on i n  the energy provi ded to the so l a r  bal es , a nd togethe r wi th  

the  average co l l ecto r  temperature d i fferent i a l  p redi cted  67 . 6  percent 

of the vari at ion  in the energy p rovi ded to the TES ba l es ,  wi th s tanda rd 

errors of est ,i ma te of O .  009 an d 47. 05 , respecti vely .  

� Dryj!!.9. Character i sti c s  

Duri ng  the 9-day dry i ng  peri od , mo i sture removal  at  t he bal es  was 

the fo l l owi ng : 38 . 8  percent to 2 1 . 3 percent at the s o l ar  ba l es ,  3 0 . 9 

percen t to 23 . 1 percent at the TES ba l es and 26 . 6 p ercent  to 24 . 5 percent 
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at the con trol bai e .  Tabul a r  data o f  da i ly energy and mo i sture con tent 

of the ba l e s a re pres en ted i n  Append i x  C-2 . 

The d ry i n g  rat e s  for the sol ar  ba l es and TES ba l es a re compared to 

the dryi ng  rate of the contro l ba l e  i n  F i gures 19  a nd 2 0 .  These 

dr�in g rate s are i l l u strated a t  two vol umes : 1 )  the . vol ume e nc l o sed by 

di s p l a c i n g  the a rea generated by 1/2 of the cyl i nder rad i us  a l ong  the 

axi s of the ba l e ,  and 2 )  the vol ume whi c h  is  the tota l vo l ume mi nus  the 

vol ume prev i ous l y  menti oned . Mo i st ure removed from the so lar  bal es , 

TES ba l es and contro l  ba l e i n  Vol ume - # 1 were 12 , 8 . 2 and  0 8 5 percentage 

pc : nts , respect i ve l y ,  an d i n  Vo l ume #2 were i4 , 8 and 3 . 5 percen tage 

po in ts , respecti vely .  Duri n g  days 2 4  and  26 , a s udden i ncrease of  the 

moi sture i n  t he ba l e s i s  noted as  a conseq uence of heavy ra i n fa l l 

recorded duri ng those days . 

The fo l l owi n g  s i gn i fi can t ,  d i rect and l i near  re l at i ons h i ps were 

devel oped for the dryi ng  rates of the sol ar  ba l es , TES ba l es and  

con trol bal e ,  respecti vel y : 

Ys = 32 . 6 - 1 . 2 1 X 1 

Yt = 32 . 2  - 0 . 98X1 

Ye = 28. 7 - 0 . 36X 1 

sol a r  ba l e  

TES bal e 

con trol ba l e  

( B -4 . 1 )  

( B - 5 . 1 )  

( B -6 . 1 }  

The coeffi c i ents of  determi nati on and the stan da rd erro rs o f  est ima te 

were 81 . 0  percent an d 0 . 22 ,  96 . 9  percent and 0 . 07 ,  and 3 6  p e rc e n t  and 

0. 18 , respec ti vel y , for the sol a r  ba l es , T E S  ba l es and control ba l e .  

Fi gure 2 1  i l l u strates these dry i n g  rate rel ati ons h i ps for the 

sol a r  bal es , TES bal es and control ba l e .  The s l o pes fo r the ba l e s  i n  

the same order as abo ve were de tenni ned to be - 1 . 2 1 , -0 . 98 · a n d  - 0 . 36  

percent w . b � , per day , re spect i vel y .  Thus it  was conc l uded that the  
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sol ar bal es and TES ba l es dri ed approximate ly  3 . 5 and  2 . 5 t i mes a s  

fas t ,  res pecti vel y ,  a s  d i d  the bal es wi th forced amb i ent  a i r .  

DRY I NG TEST NO . 3 ;  JULY 28 TO AUGUST 8 ,  1978 

Sol ar  System Performance Characteri st i cs 

Duri ng  th i s  peri o d ,  the test was conducted i n  the same manner  as  

i n  Dryi ng Test  No . 2 ,  except for the  add i ti on o f  the  s un -tracki ng  

mec han i sm and  the  c hange of  the fan o perati on t i me . of the  sol a r  bal es 

from 1000 to 2000 hours . 
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Average hourl y effi ci enci es i ncrease from 20 . 0 percent  at 1 000 to 

43 . 0 percent a t  1900 hours , F i gure 9 .  Better effi c i enci e s  were noted  

duri n g  thi s per iod  a s  compared to  test  peri od No . 2 ,  as  a res u l t of  

repai rs i n  t he  a i r  fl ow c i rcu i ts , whi ch  reduced the  amo unt  of hea t  

bei ng  l ost , a n d  l ower effi c i enc i es were · noted compared t o  tes t  per iod  

No . 1 ,  due  to  the  d i fference in  the sys tem cond i ti ons  i n  wh i ch the  l as t  

two tests were performed . 

The average d i urna l and nocturna l temperature cu rves for the col 

l ector outl et , a i r  enteri ng  the sol a r  ba l es and TES bal es , TES , a nd  

amb i en t  ai r a re i l l u strated i n  Fi gure 1 5 .  Curve s hape  and  d i s tr i but i on 

duri ng  t h i s  peri od a re s imi l ar to the ones obta i ned i n  Dryi ng  Test  

No . 2 ,  except that  s l i ghtly l ower temperatures were obta i ned .  

Temperatu re of the so l ar col l ector outl et and o f  the a i r  enter i n g  the 

· sol ar bal es were maxi mum at 39 . 0° C ( 102° F )  at  1300 hours . The 

h i ghest TES temperature was 34°C (93° F) and occurred at 1 800 hours , 

and the l owest was at 20 . 5° C ( 69° F )  at 0800 ho urs . Temperature i n  

the TES exceeded the ambi ent temperature by a° C ( 14° F )  for mos t  of  
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the day w ith the excepti on bei ng that port i on of  the day when mos t  

so l a r ene rgy wa s be i ng col l ected . Temperature of  the a i r e n teri ng  the 

TES bal es was the h i g hest at 34° C ( 93° F}  at 1400 hou rs and the 

l owest at 20° C ( 68° F )  at 0600 hours . The reason for the  d i fferences 

in  the temperature curves i s  the same as was presented i n  Dry i ng Tes t  

No . 2 .  

The maximum average temperature d i fferences between the a i r  

enter i n g  the sol ar  ba l es and the ambi ent ,  col l ector o utl et  ·a nd  i n l et ,  

TES outl et and  i nl et ,  and  between the a i r  enteri ng the TES ba l es and 

t he amb i ent a i r  we re 10 . 8° C ( 19 5° F ) , 9 . 2° . c ( 1 6 . 5° F ) , 6 . 8° c 

( 1 2 . 3° F )  and 6 . 2° C ( 1 1 . 2° F } , respect i vel y ,  F igure 1 6 .  The max imum 

di fferences were observed at 1300 ho urs . · The temperature d i fferenti a l  

curves fo r th i s  peri od were l ower than the ones  obta i ned  in  Dryi ng  

Test No . 2 except  for the  temperature d i fference curve of  the  a i r  

enter i ng the TES bal e s  and  ambi ent a i r ,  wh i ch i s  exp l a i n ed .a s  a 

probabl e consequence of  l ess  heat bei ng l ost  a l ong  the a i r  fl ow 

c i rc u i t  l eadi n g  to the TES ba l es .  

The energy prov ided to the so l ar ba l es and TES ba l es , energy 

stored by the TES , and  sol a r  energy ava i l a bl e  on a hor i zonta l s urface 

are presented in  F i g ure 17 . The max imum energy provi ded to the so l ar 

bal e s  averaged 1 2 . 5 MJ ( 1 . 18 x 104 BTU ' s )  and occurred at  approxi ma tel y  

1300 hours . The energy stored by the TES was the h i g hest  a t  6 MJ 

(0 . 56 x 104 BTU ' s )  a nd  occurred at 1300 hours , and the energy provi ded 

to the TES bal es  was the hi ghest at 5 MJ ( . 47 x 104 BTU ' s )  occurri ng 

at  approximate ly the same t i rre .  Duri ng the n i ght , from 2 000 to 0500 

hours , the energy provi ded to  the  TES bal es  a veraged 4 M J  ( 0 . 38 x 
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104- BTU ' s ) .  The co rrespond i ng maxi mum average so l ar ene rgy was 100 MJ 

{ 9 . 48 x 104 BTU ' s )  and  occurred a t  1300 hours . The energy c urves duri n g  

th i s  p eri od were l ower than the ones i n  Dryi ng Test  No . 2 ,  excep t  for 

the energy . curve at  the TES ba l es that wa·s s l i ght ly  h i g h e r .  Th i s may 

be attri buted to what wa s previ ous l y  d i scus sed , l es s  l ea kage  i n  the 

TES un i t and i n  the a i r fl ow c i rcu i t conducti ng to the se  ba l e s . 

Fi gure 18 represents the cumul at i ve total s of ene rgy p ro vi ded  to the 

so l ar bal es and  TES bal es , energy stored by the TES , a n d
.
tota l energy 

co l l ected by the sys tem. Dur i n g  the 1 1 -day dry i ng  tes t , the sys tem 

prov ided 30. 3 percent of the energy ava i l a bl e  on a hor i zonta l s urface 

to the ba l es . · A total of  2 , 378 MJ ( 2 . 25 x 106 BTU ' s ) of s o l ar  energy , 

eq u i va l ent to 24 . 6  ga l l ons  of  LP gas or  660 Kw- hr of e l ectr i c i ty ,  was 

co 1 1  ected and used i n  the dryi ng process_
. 

The fol l owi ng l i near  and  s i gn i fi can t rel a ti ons h i p  were deve l oped to 

pred i ct the amo un t  of energy provi ded to the sol ar  ba l es ba$ed on the 

energy ava i l a bl e on a hori zonta l  surface , and the pred i ct i on of the 

aroount  of energy provi ded to the TES ba l es based on the average col 

l ector temperature d i fferenti a l  and energy ava i l a bl e  on  a hori zonta l  

s urface : 

E5 = 2771  + 0 . 8Ea 

Et = 849 + 377X2 - O . Ol Ea 

{ B-7 . 2 )  

{ B-8 . 2 )  

. The sol a r  energy on a hori zonta l s urface predi cted 54 percent o f  the 

var iati on i n  the energy provi ded to the so l a r ba l es , a n d  together w · th 

the average co l l ector temperature d i fferen ti a l  62 percent o f  the vari a 

t i on i n  the energy prov i ded to the TES ba l es ,  wi th sta n da rd erro rs of  

estimate of  o . 007 and 4 3 . 4 ,  respecti vel y .  Equati ons that  cou l d expl a i n  



more of  the vari at i on i n  energy prov i ded by the sys tem , cou l d on ly  be 

devel oped at the expense of conta i n i ng many i ndependen t parameters , 

wh ich  coul d not be j ust i fi ed for practi cal u s e .  I n  add i t i on ,  these 

equati ons . cou l d on l y  be devel oped by us i ng groups o f  data wi th i n each 

data set , and not wi th t he enti re set of parameters . 

60 

Cons i deri ng  the so l ar i nsol ati on normal l y  ava i l a bl e to a hor i zon

ta l s urface from 0900 to 1900 hours on July 21 at  B rook i n gs , South  

Dakota , o f  5817  wa tts/m2 { 1842 BTU 1 s/ft2 ) ,  i t  i s  p red i c ted · that 

483 wa tts/m2 ( 1 52 . 6 BTU/ ft2 ) of  energy wi  1 1  be  prov i ded by the  sys tem , 

whi ch  i s  approx imate l y  0 . 64 gal l 0ns  of  LP gas per metr i c tonne  o f  hay 

or 1 7 . 31 Kw- hr per metr i c  tonne o f  hay .  

� Drying C haracteri st i cs 

Dur i ng  the 1 1 -day dryi ng  peri od mo i sture rew.ova l  from the bal es was 

the fo l l owi ng : 30. 4 percent  to 19 . 2  percent from the sol a r  ba l es was 32 . 1 

percent to 19 . 9  percen t from the TES bal es and 33 . 9 percent  to 26 . 5  per

cent from the contro l ba l e .  Ta b u l ar  data and dail y energy and  mo i s ture 

content of the bal es are presented i n  Append i x  C-3 . 

The dryi ng  rate s for the sol ar bal es and TES bal es  a re c ompa red 

to the dry i n g  rate of  the contro l  ba l e ,  i n  F i gures 19  and 2 0 .  Thes e  

dry i ng rates a re i l l u strated for two vol umes whi ch  a re t h e  same as  the 

ones u sed in Dry i n g  Test No . 2 .  Mo i sture removed from the so l ar  ba l es ,  

· TES ba l es and control ba l e  i n  Vol ume # 1  were 1 3 , 1 6  and  8 . 5 percentage 

po i nt� , respecti vely  and in Vol ume #2 were 9 . 3 ,  14 and 7 . 5 percen tag e  

po i n tes ,  respecti vely .  The sudden drop i n  moi sture con tent i n  the 

ba l es noted d ur i ng days 5 through  7 i nd i cates the d ryi ng  front has  been · 
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Cons i deri ng  the so l ar i nsol at i on normal l y  ava i l a bl e  to a hor i zon-

tal s urface from 0900 to 1900 hours on · J u ly  21 a t  Broo ki n gs , South  

Dakota , of  5817  watts/m2 { 1842 BTU. ' s/ft2 ) ,  i t  i s  p red i c ted  that 

483 wa tts/m2 ( 1 52 . 6  BTU/ft2 ) of  energy wi l l  be prov i ded by the system , 

whi ch  i s  approximate l y  0 . 64 gal l 0n s  of  LP gas per  metr i c tonne of hay 

or 1 7 . 31  Kw- hr per metr i c tonne o f  hay .  

� Drying Characteri st i cs 

Dur i ng  the 1 1 -day dryi ng  peri od mo·i sture ren:-0va l  from the ba l es �vas 

the fo l l owi ng : 30 . 4  percent to 19 . 2  percent from the s o l a r  ba l es was 32 . 1 

percent to 19 . 9  percen t from the TES ba l es an d 3 3 . 9 percen t to 26 . 5  per

cent from the con tro l ba l e .  Tabu l ar  data and  da i l y  energy and  mo i s ture 

content of  the bal es are presented i n  Append i x  C- 3 .  

The dryi ng rate s for the sol ar  bal es a n d  TES bal e s  a re compared  

to the  dryi ng  rate of  the control ba l e ,  i n  F i gures 1 9  and 20 . These 

dryi ng  rates a re i l l us trated for two vol umes whi ch  a re the same a s  t he 

ones u sed i n  Dry i n g  Test N_o .  2 .  Mo i sture removed from the so l ar  ba l e s , 

· TES ba l es and con trol ba l e  i n  Vol ume # 1  were 1 3 , 1 6  a n d  8 . 5 percentage 

po i nt� , respecti vel y  and i n  Vol ume #2 were 9 . 3 ,  14 and  7 . 5 percentage  

po i n tes , respecti vel y .  The  s udden drop in  moi sture c on tent  in  the 

ba l es noted d ur i ng days 5 through  7 i nd i cates the d ry i ng  front  has  been -
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moved o ut of  

Better dryi n g  rate s were observed for the TES ba l es a s  c ompared to 

the so l ar ba l e s and contro l  ba l e ,  thi s may be attri buted  to l es s  heat 

l os s  in  the a i r  fl ow c i rc u i t  l ead ing  to these  ba l es and better wea ther 

cond i t i ons , espec i a l l y  duri ng the n i ghts when l ower rel a ti ve humi d i ti es 

we re recorded . 

The fol l owi ng s i gn i fican t ,  d i rect and l i near rel a t i o ns h i ps were 

deve l o ped for the dryi ng  rates of the sol ar  bal es , TES ba l es and con 

trol bal e ,  respecti vel y :  

Ys = 35 . 4  - 1 . 2 J �1 sol ar  ba l es (B -4 . 2 )  

Yt = 36 . 3 1 . 43X1 TES ba l es (B -5 . 2 )  

Ye = 33 . 7 - 0 . 6lX1 control ba l e  { B - 6 . 2 )  

The coeffi c i en ts of  determi nat i on and the standard errors of es t imate 

were 8 1  percent and 0 . 18 , 88 . 2 percent and 0 . 17  and 91 . 2  p ercent and 

0 . 08 ,  respecti ve ly , fo r the sol ar  ba l es , TES ba l es and control ba l e .  

Fi gure 2 1  i l l ustrates the dryi ng  ra te rel ati ons hi ps for the s o l a r  

- ba l es ,  TES ba l es a n d  contro l bal e .  The dry i ng rate s l opes for the 

ba l es in the same order as above were determi ned to be - 1 . 2 1 ,  - 1 . 43 and 

-0 . 6 1  percent , w . b . ,  per day , respecti vely .  Thus , i t  was concl uded that 

the so l ar ba l es and TES ba l es dried approximatel y  2 . 0  and 2 . 5 t i mes a s  

fast , respect i vel y ,  a s  d i d the ba l es wi th  forced ambi ent  a i r .  

The ba l es were wei ghed before and after the tes t peri o d , and the 

fo l l owi n g  resu l ts were obta i ned ; the tota l wa ter removed from the so l ar 

bal es was 1 1 9  kg/metri c tonne of hay ( 240 l bs/U . S .  ton ) and  the total  
� 

water rerooved from the TES bal es was 132 kg/metri c tonne  o f  hay 

( 262 l b s/U . S .  ton ) .  
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COMPARI SON O F  RES ULTS OF  TH E DRY ING TESTS 

Duri ng the Dry i n g  Tes t No . 1 ,  h i ghe r hour ly  e ffi c i enci es \'Je re noted 

a s  compa red to Dry i n g  Tes ts No . 2 and 3 ,  F i gu re 7 .  Th i s  may be a ttr i 

buted pa rt i a l ly  to t he h i gher a i r fl ow r�tes and - t he l a rger co l l ector  

a rea u s ed d u r i n g  that per iod . The col l ector use d · du ri ng  that tes t  

peri od wa s t he one used by Sa i en ga , He l l i c kson  a.nd Peterson ( 1 97 7 ) i n  

te st i ng a sys tem wh i c h  was spec i fi ca l ly  des i gned a s  a non-track i ng  

un i t . La ter S i eg e l , He l l i c kson and  Verma ( 1 978 ) reduced th i s col l ector 
�· 

to 62 . 5  p erce11t of  the or i g i na l col l ector area but  ma i n ta i ned the same 

refl ector area and tested a s un-t ·, .. ac k i ng mechan i sm for a gra i n  dryi n g  

appl i ca t i o t1 .  F i gure 2 2  i l l u stra tes that the l argest amount  o f  energy 

a. s comp a red to the ene rgy ava i l ab  1 e on a hori zon ta 1 s urf ace  was pro 

vi ded d ur i n g  Dryi n g  Test No . 1 .  L i tt l e  .d i ffe re n c e  i s  noted i n  the 

c umu l a t i ve amount o f  energy prov i ded dur i ng the three dry i n g  peri ods , 

F i g ure 2 3 .  

Effi ci enc i es dur i n g  a l l test  peri ods were l ower than  o ri g i na l l y  

expec ted , but can b e  exp l a i ned a t  l east  parti a l l y i n  that  du r i ng a l l 

the dryi n g  pe ri ods  h i g h sun al ti tude angl es were encountered , and  that 

a gradua l deter i orati on o f  the co l l ector and  the rma l  s torage un i t  

caused s i gn i fi ca n t  ene rgy l ea kage . The a l umi n i zed refl ect i ve mater i a l 

attached to the stee 1 s heet bac ki ng of the refl ector  de te r i o rated over 

ti � .  Th i s  wa s apparently due to mo i s ture caus i ng the mate r i a l  to p e e l  

away from t h e  s teel , an d to the expans i on and contra ct i on of  the s t e e l 

wi th changes i n  amb i e nt temperature . Photographs  were ta ken o f  two , 

� � sect1" ons  o f  the re_t-l ecto rs that s howed t h e  wr i n kl e s o n e  sq uare r oo l· 

found on the refl e c t i ve s urface . The a rea s o f  the wri n kl es ,  bubbl e s  
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and crac ks were measured u s i n g  a p l an i meter and averaged approxi mate l y  

18. 6 percen t of  the tota l a rea . I f  these res u l ts a re extended to the 

total area of the refl ecto r ,  then approxi mately  8 1 . 4 percent  o f  the 

45 . 7  m2 (432 ft2 ) of refl ector area , or 40 . 10  m2 ( 3 51 . 6  ft2 ) was 

actua l l y  concen trati ng the i nc i dent sol ar  rad i at i on on the co l l ector . 

Transmi ttance of regu l ar s heet gl a ss was reported a s  ran g i n g  from 0 . 86 

to 0 . 9 1 , and the tra nsmi ttance ran ge of fi bergl ass  from 0 . 85 to 0 . 90 ,  

ASHRAE ( U78 ) . Thus , as s umi ng  the. p l ast i c  had a transmi ttance  o f  0 . 88 

or approximate l y  equal  to tha t of gl ass , and that the transmi ttance of  

the fi bergl as s was 0 . 875 , i t  i s  expected tha� on l y  62 . 0  percen t o f  the  

i nc i dent so l ar rad i ati on stri ki ng the  refl ectors was  reac h i n g  the  north 

s i de of the absorber surface .  The adverse weather cond i ti ons , e spe

ci a l ly ra i n ,  ca us ed j o i nts and  seams to . pu l l apart in  the wooden frame

work of the col l ector  and pl enum , expos i ng n umerous  s l i ts and  cra c ks 

through wh i ch heated a i r  coul d escape . Heat  transfe r  l o s s es thro ugh  

the  fi bergl ass , p l a st i c  and  ducti ng system a l so acco un ts for a reduc t i on 

i n  the effi c i en cy ,  and any dust or  contami nati on of  the col l ector 

covers or absorber s urface wou l d al so tend to reduce energy col l ected . 

System effecti veness  i n  col l ecti ng the sol a r  energy and  u ti l i z i n g  

thi s energy was refl ected i n  t h e  hay dryi ng performance . D.ur i n g  Dryi n g  

Test No . 1 ,  the so l ar-TES bal es were dri ed to an a verage mo i sture con

ten t o f  34 . 2  percent compared to 2 1  percent and 1 9  percen t  for the TES 

and sol a r  ba l es duri ng Dryi ng Test No . 2 and No . 3 .  Al t hough  h i gher 

effi c i enc i es i n  the energy col l ecti on were presen ted d uri n g  the Dry i n g  

Test No . 1 ,  fa i 1 ure of  the dryi ng p 1 a tforms to force the a ·i r through  

the bal es was dec i s i ve in  the  dry ing  performance . The  energy p rovi ded 
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to the  bal es  wa s s imi l a r dur i n g  Dryi ng  Tests No . 2 and No . 3 ,  b ut  more 

dry i ng days were req u i red for Dryi ng  Test  No . 3 as a conseq uence of 

u s i n g  h i g her dens i ty ba l es whi ch  offered mo re res i s tance to a i r  fl ow.  

Thi s effect i s  mo st noti ceabl e duri ng  the fi rst dryi ng  days , where the 

mo i sture conten t curves have a mi l d  s l ope . 

The rel ati onsh i p s  of  the average mo i s tu re content . of the  so l ar  

bal es and  TES ba l es to  the cumu l a t i ve energy pro v i ded by the sys tem are 

s hown i n  i·: i gure 24 . I n  both cases the curves s how a para l l e l trend , 

i ndi cat ing  that the amount of energy req u i red to dry the bal e s to a 

safe mo i sture content not only depends on th� amount of  energy pro v i ded 

by the system but al so on the i n i ti a l  mo i s ture con tent o f  the ba l es .  

F i g u re 2 5  shows the mo i s ture d i stri buti on i n  the ba l es dur i ng a 

three-day i nterva l ( Ju ly  3 1  and August � ,  1 978 ) .  A stati ona ry dryi n g  

front i s  not i ced a t  the bottom an d top o f  the bal es , and  removal  o f  

mo i sture i s  evi dent i n  the vol ume conta i ned i n  more than 1 / 2  o f  the 

rad i us of the ba l e .  Th i s  effect i s  more no ti cea bl e i n  the  so l ar  ba l es .  

As a cons equ ence of the mo i s ture d i stri but i ons  i n  the ba l es , a poss i bl e  

error in  the samp l i n g  procedure may have occurred d ue to the fact  that 

samp l es  were ta ken at three l evel s ;  two of whi c h  were a t  the more 

humi d po i nts ( top and bottom of the ba l e } , and the other one was at  

the m idd l e where i t  was much dri er . As a resul t ,  the average  mo i sture 

content i n  the ba l e  wa s u sua l ly h i gher , wh i l e  a s i zabl e s ec t i on o f  the 

bal e  wa s at a l ower mo i sture content . 

The dry ing  rate rel ati on s h i p s determi ned fo r the so l ar  bal es and 

T E S  bal es duri ng Dryi ng Te�ts N o .  2 a n d  3 s h owed . s i mi l a r  s l op es ,  

wh i ch  compared to the s l opes of the control  ba l e  gave the fol l owi ng 
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resu  1 ts ; the da i 1y. d ryi ng rates for the so 1 a r ba 1 es and  TES ba 1 es were 

3 . 5 to ·2 . s and 2 . 0 to 2 . 5 time s  as fast , respecti vel y , a s  were the da i l y  

dryi ng rates o f  the contro l ba l es .  

A two-way an a lys i s  of vari ance was 
·
performed to tes t the s i gn i fi 

cance between dryi ng treatments ( non -trac ki ng , trac ki n g , amb i ent  a i r )  

and the i n i t i a l  mo i s tu re content o f  the ba l es i n  the da i ly dryi n g  rates . 

For th i s  purpose ,  the i n i t i a l  mo i s ture content of  the ba l es wa s d i vi ded 

in two grou ps ; ba l es wi th mo i s ture content over  30 pe rcen t . and bel ow 

30 percen t .  Resu l ts of  thi s test s �6wed that the i n i t i a l  mo i s tu re con

ten t of the ba l es an d the dryi ng  trea tments .ha ve s i gn i fi can t effects 

on dryi ng rates . Resu l ts , us i n g  Tu key ' s  test for l ea st s i gn i fi cance 

di fference , i n d i ca ted tha t the sol ar-trac ki ng dryi n g  treatment  wa s 

s i gn i fi cant ly  better than the forced ambi ent a i r  dryi ng  trea tmen t  

and the non-tracking  system . 
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CONCLUS I ONS 

The fol 1 owi ng  concl us i on s  were reached - a s  a res ul t of thi s s tudy : 

1 .  After two years o f  operat i on o n  dryin g  cyl i n dri cal  ba l e s , the  u se  

o f  a so l ar  energy i n ten s i fi er-therma l energy storage system ha s  

been demons trated to be  feas i bl e  and can functi on sat i s factor i l y  

fo r a l ow temperature hay dryi ng appl i cati on .  

2 .  Dur i ng the  dayti me operati on o f  the  sys tem (10 hours ) , t he  energy 

provi ded to the d i rect sol a r  dr1 ed ba l es was s u ffi c i ent  to mo re 

than doubl e the dry i ng rate as compared to a conti n uous  ambi ent  

a i r dryi ng system. Dur i ng the  day and  n i ght operat i on u s i n g  a 

therma l  energy s torage un i t ,  the energy p rov i ded to the TES ba l es 

was s uffi c i ent to doubl e the dryi ng rate a s  compared to a cont i n uous 

ambi ent a i r . dry i.ng sys tem. 

3 .  The therma l effi ci ency of  the sys tem was eva l uated i n  te rms o f  

useful energy col l ected a s  compared to the energy ava i l a bl e on  the 

horizonta l  s urface . Al though the effi c i enc i es o bta i ned d uri ng  the 

test peri ods were l ower than expected , the sys tem p rov i ded  30 per

cent of  the so l ar energy , whi ch was s uffi c i ent  to  dry the ba l es to 

a safe mo i sture content . 

4 .  Al though i n  some cases res ul ts s howed that the dry i n g  ra tes  for the 

sol a r  bal es were s i mi l ar to the TES bal es , the u se  o f  the thermal  

storage un i t  doesn ' t  j usti fy the continuo us fan opera t i on compa red 

to the 10-hour fan operati on of the d i rect so l a r sys tem . Thu s , the 

di rect sol ar system wa s mere effi c i ent i n  el ectri c a l  u sage . 

5 .  Stat i s t i cal ana l ys i s  s howed the h i gh ly  s i gni fi cant  effect  of  
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i n i t ia l  mo i s t ure conten t o f  the bal es and t h e  s i gn i fi can t  effect of 

t h e  d ry i n g  trea tment on  t h e  d ryi n g  ra tes . Thu s , t h e  amo u n t  of · 

en ergy requ i red to d ry the ba l e  i s  h i g hl y  dependent on the i n i t i al 

mo i s ture content of the ba l e s , res u l t i n g i n  l on ge r  days o f  dry i n g  

when hi gher  den s i ty b a  1 e s  were u sed . · 

6 .  Ba l es wi t h  i n i t i a l  mo i s ture content o f  3 2  p e rc e n t  w . b .  req u i re a 

to ta 1 of 702 . 3 MJ per me tri c ton ne . of hay ( 6 .  07 x 105 STU I s/U . s .  

ton ) of  so l ar energy an d 10 days to' 0e dri ed to a safe · mo i s t ure 

conten t .  The  tota l amo unt  of w�ter removed per tonne of hay wa s 

125 . 5 kg ( 2 5 1 l b/U . S .  ton ) . 
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SUMMARY 

Agri cul tura l  crop dry i ng  prov i des numerous app l i ca t i ons where l ow 

to moderate so l ar temperature r i s es can provi de a l arge percen ta ge o f  

t h e  d rying  requ i remen ts , espec i al l y  i f  the sys tem character i st i c s  a l l ow 

en ergy to be s tored  and  uti l i zed duri ng peri ods  of  l imi ted i ns ol a t i on . 

Informa ti on o n  perfo rmance of  so  1 ar energy con.centra to
.
rs and t herma 1 

en e rgy s torage systems for agri cu l tural u ses i s  l i mi ted . for mos t  

cl i mat i c areas . Therefore , a study was conducted to tes t a n d  eva l uate 

the dryi ng  characteri sti cs  o f  a so l a r  energy i n tens i fi er-the rmal energy 

storage  sys tem for a l ow temperature hay dryi ng app l i cat i on . 

Three dryi ng test s  were performed under actua l  c l i mat i c cond i t i ons  

duri ng t he  s ummers of  1977 and 1 978 i n  Broo kings , S outh  Da kota . D u r i ng 

each dryi n g  test three dry i ng  methods  �/e re eva l uated : the fi rs t  u s i ng 

d i rect ly  so l ar heated a i r from the col l ector i n  a d i urna l  operat i on , 

the s econd used a therma l energy storage un i t  to offset the e ffects o f  

peri ods wi thout suns h i ne , a nd the th i rd a con ti n uou s  amb i en t a i r  d ryi ng  

metho d .  

Tempera tures wi th i n the system a n d  a t  po i n ts before t he a i r  wa s 

forced i n to the ba l es were mon i tored and  the hay was samp l ed a t  d i f

ferent l evel s ,  so that an e va l uati on  of  the energy prov i ded to t he 

ba l es a nd  dryi ng  rates cou l d  be determi ned and compared to the  con -

. t i n uous  amb i en t  a i r dryi ng  system . Therma l effi c i ency o f  the  so l ar 

system wa s eva l ua ted i n  terms of useful energy co l l ected a s  compared 

to the ene rgy ava i l abi e on t he hor i zon tal s urface . Al though  the sys tem 

effi c i enc i e s we re l ower t ha n expected , the overa l l e ffi c i ency obta i ned 
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duri ng  the  test  pe r icd5  wa s 30  percen t ,  whi ch wa s s uffi c i en t  to dry the 

ba l es to a safe mo i s ture content .  

Anal ys i s  o f  data i ndi cated tha t the 1 0  hou rs di urnal  operat i on o f  

the d i rect sol ar  dry i ng method and the �ont inuous op era t i on wi t h  the 

therma l ene rgy sto rage un i t >  coul d prov-I de s uffi c i en t  ene rgy to the 

ba l es to tri p l e and  doub l e  the dry i ng rates , respecti ve l y , a s  compared 

to a con ti nuo us amb i ent  a i r dryi ng system. The system p rov i ded s uffi 

c i ent energy , 702 . 3 MJ per metri c . tonne of hay ( 6 . 03 x 
.105 BTU ' s/ U . S .  

ton ) to dry the bal e to a safe mo i sture con tent i n  an  a ve ra ge o f 1 0  

da s ,  removi ng  an  average of 1 25 . 5 Kg of  water per metr i c  tonne  of  hay 

(25 1 l bs/U . S .  ton ) . 

S i gn i fi cant , l i near and d i rect rel ati onsh i ps  were deve l oped to 

predi ct the ene rgy provi ded to the bal es  based on the energy avai l a bl e 

. on the hori zonta l s urface . Stati st i ca l  ana lyses were performed to 

eval uate the d i fference i n  the dry i ng rates between each  dryi n g  sys tem , 

and rel at ions h i ps were deve l oped for each  o f  the dryi ng  methods to 

pred i ct the mo i sture remova l i n  a peri od of t ime . Add i t i onal  ana l yses  

i nd i cated tha t  the  i n i t i a l  mo i s ture content in  the  ba l es and  the dryi n g  

treatment used h a d  a s i gni fi cant effect o n  the da i 1y dry i n g  rates , 

res ul t i ng  i n  l onger days o f  dryi ng when h i g h  dens i ty ba l es were u sed . 
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L I ST OF SYMBOLS 

Ea = So l ar energy ava - n a bl e on the hori zonta l sur face , KJ 

Es = Energy pro v i ded to the so l ar  bal es , KJ 

Est = Energy provi ded to the so l ar-TES ba· l es , KJ 

Et = Energy p ro v i ded to the TES ba l es , KJ 

ta = Amb i ent tempera ture , oc 

te = Col l ector exi t  tempera ture , 0c 

t; = Col l ecto r i n l e t temperature ,
· 0� 

R = Thermal res i sta nce , m2 - 0c/watt 

X1 = Ti me ,  days 

X2 = { t ;  + te ) / 2  - ta , 0c 

Ye = Mo i sture conten t of the contro l  ba l e ,  percent  

Ys = Mo i sture c on tent of  the  sol ar  ba l e ,  percent 

Yst = Moi s ture conten t of  the so l ar-TES ba l e ,  percent  

Yt = Mo i s ture conten t of  the TES ba l e ,  percent 
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AP P EN D I X  B 

ANALYS I S  OF VAR I ANCE  TABL ES 



Tabl e  B- 1 .  Ana l ys i s of  Vari ance for the Energy Prov i ded to the  
Sol a r-TES Ba l e s :  Drying  Tes t  No . 1 ,  August , 1 977 . 

Source DF SS MS F 

Due to Energy Ava i l abl e 1 1 1258208665 . 00 1 1258208665 . 00 209 . 9** 

Er.ror 

Tota l  

1 18 645 1666597 . 00 

1 19  17709875262 . 00 

** Si gn ifi can t at 1 percent l evel . 

5467 5 140 . 00 

Tabl e B-2 . Ana l ys i s  of Vari ance for Mo i s ture Content  of  
Sol ar-TES Ba l es :  Dryi ng Tes t  No . 1 ,  Augu s t , 1 977 . 

SourGe DF  SS MS 

Due To Ti me Dryi ng  1 576 .. 91  5 76 . 9 1  

Error 10 26 . 56 2 . 65 
� 

To ta l  1 1  603 . 47 

** S i gni fi cant  at  1 percent l evel . 

Tabl e B-3 . Ana l ys i s  o f  Vari ance for Moi sture Con te nt o f  
Con trol Bal e :  Dryi ng Tes t No . 1 ,  Augus t , 1977 . 

F 

2 17 . 2** 

Source DF SS MS F 

82 

Due To Ti me Dryi n g  1 

10 

1 1  

322 . 54 

74 . 60 

397 . 15 

322 . 43 43 . 23** 

Error 7 . 46 

Total  

** S i gn i fi cant at  1 percent l eve l . 



Tabl e B -4 .  Ana l y s i s  o f  Va ri ance for Mo i s t ure Con ten t o f  Sol a r  Bal es 

So u rc e  

B-4 . 1 .  D ry i ng Tes t  No . 2 ,  June , 1 978 

OF SS MS F 

83 

Due To Ti me Dry i ng 

Error 

1 

7 

8 

89 . 27 

20 . 59 

109 . 87 

89 . 27 30 . 34** 

2 . 94 

To ta 1 

** S i gn i fi c a n t  a t  1 percent 1 e ve 1 . 

B-4 . 2 .  Dryi n g  Tes t No . 3 ,  J u l y  to Au gu s t ,  1 978 
--

Sou rce OF SS MS F 
-· 

Due To Ti me - Dryi n g  1 161 . 72 1 6 1 .  72 40. 86�* 

E rror 9 35 . 6 1 3 . 95 

To ta l 10 1 97 . 34 

** S i gn i fi cant at 1 percent l e ve l . 

Ta bl e B -5 . Ana l ys i s  o f  Va ri ance for Mo i s ture Con te n t  o f  T ES Bal es . 

B-5 . 1 .  Dryi n g  Te s t  No . 2 ,  Jun e , 1 978 
-----------------· 

So u rce DF SS  MS F 

Due To T i me Dryi ng 1 58 . 0 1 58 . 0 1 2 1 9 . 1** 

Error 7 1 . 85 0 . 26  

Tota l 8 5 9 . 87  

** S i g n i fi ca n t  at 1 percent l evel . 



B-5 . 2 .  Dryi ng Tes t  No . 3 ,  J u l y  to A u gu s t , 1 978 
-----

Sou rc e  DF SS MS F 

84 

Due To T i me Dryi n g  1 225 . 28 225 . 28 67 . 32** 

Error 9 30 . 1 1  3 .  34 

To ta l 10 255 . 40 

** S i gn i fi ca n t  a t  1 percent l ev e l . 

Ta bl e B- 6 .  Ana l y s i s  o f  Va ri ance for Mo i sture Con te n t  o f  Control  Ba l es 

B-6 . 1 .  Dry i ng Tes t  No . 2 ,  June , 1 978 

So urc e  

Due To T i me  Dry i ng 

Error 

Total 

DF 

1 

7 

8 

* S i gn i fi can t a t  5 percent l e ve l . 

SS 

8 . 00 

14 . 23 

.22 . 23 

MS 

8 . 00 

2 . 03 

F 

3 . 94* 

B-6 . 2 .  Dryi ng Te s t  No .  3 ,  J u l y  to .A.ugu st , 1 978 

Sou rce OF SS MS F 

Due To T i tre  Dry i n g  

Error 

Tota l 

1 

9 

10 

** S i gni fi ca n t  at  1 p erce n t  l evel . 

69.  04· 

6 . 68 

75 . 72 

69 .. 04 93 . 0 1** 

0 . 74 



Ta bl e B-7 .  Ana l ys i s  o f  Vari ance for t h e  E n e rgy Provi ded t o  
the So l ar Ba l es . 

B - 7 .  1 .  Dry"i ng Tes t No . 2 ,  June , 1 978 

Sou rc e  OF  SS MS - F 

Due To Energy Ava i l abl e 1 13996 12888 . 00 1 3996 12888 . 00 1 7 0 . 5** 

Error 76 623677703 . 00 8206285 . 00 

Tot a l 77 202 3290591 . 00 

** S i g n i fi cant  at  1 percen t  l evel . 

B-7 . 2 .  Dry i n g  Tes t  No . 3 ,  Ju ly  to August , 1 978 

So urce OF SS MS F 

Due To Energy Ava i l ab l e 1 

Error 1 16 

899145020 . 00 

767597502 . 00 

899 14502 0 . 00  1 3 5 . 8** 

66172 19 . 00 

Total 1 1 7  1666742523 . 00 

** S i g n i fi can t at  1 perce n t  l evel 

85 

· Ta bl e B-8 .  Ana l ys i s  of  Vari ance for the Energy Provi ded  t o  t h e  TES  Ba l es .  

B-8 . 1 .  Dry i ng Tes t  No . 2 ,  Jun e ,  1 978 

Source DF SS 

D u e  To Energy Ava i l a bl e 1 1 95992504 . 00 

Due To 
t ;  + te 

- Ta 1 32 1374 . 00 
2 

Erro r 75 935 15786 . 00 

To ta l 77 289829664 . 00 

** S i g n i fi ca n t  a t  1 p e rcent l evel . 

MS F 

195992504 . 00 1 57 . 18** 

32 1 374 . 00 0 . 25 

1246877 . 00  
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B-8 . 2 .  Dryi ng Tes t No . 3 ,  Ju ly  to Augus t , 1 978 

Source DF SS MS F 

Due To Energy Ava i l abl e 1 83450238 . 00 83450238 . 00 125 . 26** 

Due To 
t; + te -T 1 391 5014 1 . 00 39 15014 1 .  00 58 . 76** 

2 a 

Error li5  76613279 . 00 666202 . 00 

Tota l  1 1 7  19921 3659 . 00 

** Si gn i fi cant at 1 percent l evel . 



Tabl e B-9 . Anal ys i s  of Vari ance Tabi e to Test the D i fference i n  
S l opes o f  the Mo i s ture Content L i nes Betl�een the Sol ar-TES 
Ba l es and Contro l Ba l e :  Dryi ng Tes t  No . 1 ,  Augus t , 1977 . 

-

1 2 3 4 5 6 7 

"' 

r.Y2 ( r. XY�2 
Source of Vari at i on d .  f. r.x{.. r.XY d . f . 

r. x2 

W i th i n Sol ar-TES Bal es 1 1  650 3 , 31 5 . 1 5  24 , 979 . 0 1 1 6 , 908 . 0 1 

Wi th i n  Control Ba l e  2 5  1 , 638 7 , 400 . 2 5  

( Two Regre s s i ons ) 

Wi t h i n  Sol ar-TES + 36 2 , 288 10 , 7 1 5 . 4  
Control Bal es . 

Regres s i o n  
Co effi c i ents 

34 , 25 5 . 60 33 , 433 . 2  
50 , 34 1 . 2  

7 9 , 2 34 . 60 50 , 183 . A  

1 57 . 6  

. 

F 
= 1 57 . 6  x 32 = 

O 17  
28 . 893 . 3 • 

1 

2 

1 

8 

Res i dual 

8 , 070 . 9 

2 0 ,822 . 4  

28 , 8 93 . 3 

2 9  , 05 1 . 2 1  

9 

d . f . 

1 0  

2 4  

3 2  

3 3  

co ........ 



Ta bl a B- 10 . Two-Way Ana l ys i s  of Va ri ance to Te�t  the Effec ts o f  
Dryi ng Treatments and I n i t i a l  Mo i s t ure Con tent o f  the 
Bal es  on the Dry i n g R 3. tes : Dry i n g  Te s t  No . 2 ,  June , 
1978 , an d  Dry i n g Tes t  No . 3 ,  J u l y  to Augu s t , 1 978 . 

Sou rce 

Due to Trea tme nts ( non 
trac ki ng , trac k i ng , and 
ambi ent a i r ) 

OF 

2 

SS 

14 . 82 

MS F 

7 . 41 4 . 98* 

88 

Due To I n i t i al Mo i stu re 
Content ( >  30% , < 30% ) 

1 .55 . 1 7 5 5 . 1 7  3 7 . 97** 

Error 

Corrected Total 

6 

9 

* Si gn i fi cant a t  5 percent l eve l . 
** S i gn i f i cant at 1 pe rcent l evel . 

8 . 93  

78. 9 3  

1 . 48 
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APPEND I X  C 

DAI LY ENERGY AND MO I STURE CONTENT DATA 



Tabl e C- 1 . Cumul ati ve Total s for Energy Prov i ded to the Bal es , Stored i n  the TES and 
Energy Ava i l abl e ,  and Mo i sture Content of the Ba l es : August , 1977 ,  Dryi n g Test .  

Date Energy Energy Energy Mo i s t u re Content Mo i sture Content Effi c i ency 
Ava i l ab l e  Rel eased Stored ( So l ar-TES Bal es ) ( Control Ba l e )  ( Day ) 

( Pyranometer)  at So l ar- at TES �b w . b .  % w. b .  0/ 7o 
KJ TES Bal es KJ 

KJ 
. 

06-08-77 807 , 666 . 69 76 ,804 . 37 182 , 728 . 69 56 . 46 57 . 08 32 . 13 

07-08-77 1 , 572 ,884 . 32 145 , 046 . 06 344 , 855 . 63 5 3 . 75  54 . 36 30 . 1 0  

08-08-77 2 , 16 3 , 7 19 . 63 194 , 174 . 18 476 , 527 . 76 50 . 28 49 . 99 30 . 60 

09-08-77 2 , 72 4 , 72 6 .  44 258 , 468. 81 601 , 034 . 07 49 . 2 3 47 . 93 33 . 65 

10-08-77 3 , 204 , 27 8 . 19 417 , 138 . 05 609 , 606 . 95 46 . 2 5 47 . 4 5 34 . 87 

1 1-08-77 4 , 1 19 , 786 , 32 424 , 54 1 .  74 849 , 1 50 . 95 43 . 53 4 1 . 38 26 . 97 

12-08-77 5 , 012 , 349 . 38 469 , 837 . 12 1 , 047 , 107 . 01 4 1 .  5 1  4 1 . 54 30 . 28 

13-08 .... 77 5 , 881 , 967 . 38 608 , 590 . 18 1 , 202 , 068 . 01  4 1 . 14 40 . 21 30 . 67 

14-08-77 6 , 594 , 4 1 1 . 57  672 , 383 . 14 1 , 359 , 7 16 . 20 36 . 46 42 . 64 3 1 . 08 

15-08-77 6 , 704 , 547 . 82 7 12 , 190 . 42 1 , 384 , 796 . 6 1  40 . 09 39 . 47 58 . 92 

16 - 08 - 77 7 , 454 , 85 1 .  45 787 , 658. 80 1 , 54 1 , 549 . 17  34 . 04 4 1 . 3 1  30 . 95 

li--08-77 8 , 327 , 9 1 1 .  20 880 , 1 91 . 74 1 , 697 ,405 . 92 34 � 23 39 . 76 28 . 45 

"° 0 



Tabl e C-2. Cumu l ati ve Total s fo r Energy Provi ded to t he Ba l es , Stored in the TES �nd Energy 
Ava 1 1 a bl e ,  and Mo i sture Con tent of the Bal es : J une , 1978 , Dry i ng Te s t .  

-

Date Energy Ava i l abl e Energy Rel eased Energy Rel eased Ene rgy S tored Mo i s ture Mo i s tu re Mo i s ture E ff i c 1 ency 
( Pyranorne ter )  at So l a r Bal es at TES Ba l es at TES Content Con ten t Content ( Day ) 

KJ KJ KJ KJ ( Sol a r  Bal e s )  ( TES Ba l es )  ( Control Bal e )  % 
% w . b .  % w. b .  % w . b .  

2 1 -06-78 9 , 178. 03 6 1 5 . 95 1 1 ,483. 48 459 . 34 33 . 78 30 . 90 2 6 . 60 

22- 06-78 47 1 , 52 1 . 03 6 1 , 595 . 07 52 ,823 . 98 30 , 3 1 6 . 39 2 9 . 89 2 9 . 9 1  2 9 . 68 28. 59 

2 3-06-78 1 , 364 , 083 . 9 1  1 7 0 , 002 . 38 119 , 887 . 4 1  102 , 89 1 .  95 2 6 . 02 2 9 . 63 38 . 99 2 7 . 79 

24- 06- 78 1 , 892 . 967 . 66 237 , 7 56 . 94 170 ,87·l . 1 1 134 , 127 . 00 2 7 . 34 27 . 9 1 2 7 . 44 2 8 . 36 

25-0fi-78 2 , 858 , 954 . 85 386 ,200 . 94 262 ' 741 . 74  190 , 6 25 . 72 2 6 .  61 . 27 . 7 5 2 6 . 48 30 . 73 

26-06-78 3 , 84 7 , 887 . 10 520 , 4 78 . 1 9  3 7 2  , 064 . 12 242 , 53 1 .  05 2 5 . 09 2 T . 09 2 5 . 02 2 9 . 88 

27-06-78 4 , 854 , 028. 1 6  64 6 , 747 . 94 462 . 094 . 37 314 , 187 . 86 2 6 . 49 2 5 . 5 0 2 6 . 97 28. 62 

28-06-78 5 , 642 , 190. 97 7 2 1 , 2 7 7 .  94 512 , 5 1 1 .  75 352 , 772 . 35 2 2 . 53 2 3 . 6 7  2 6 . 86 2 1 . 64 

29-06-78 6 , 375 , 285 . 72 816 , 7 50 . 2 5  556 , 2 58 . 88 4 19 , 835 . 79 2 1 . 33 2 3 . 10 2 4 . 52 2 7 . 18 

"° 
t-• 



DatP. 

28-07 - 78 

29-07-78 

30-07-78 

3 1-07-78 

01- 08-78 

02- 08- 78 

03-08-78 

03-08-78 

05-08-78 

06-08-78 

07-08- 78 

Tabl e C-3.  Cumul ati ve Total s for Energy Provi �ed to the Ba l es , Stored in the TES and Energy Ava i l abl e .  
a.nd Moi sture Con tent of the Bal es : July 28 to August 8 ,  1 978 , Dryi n g  Tes t .  

Energy Ava 1 1  a bl e Ene rgy Rel eas ed Energy Rel eased Energy S tored · Mo i s ture Mo i sture Mo i s ture 
(Pyra nometer ) at Sol ar Bal es at TES Ba l es at TES Con tent Cori tent Content 

KJ KJ KJ KJ ( So l a r  Ba l es ) (TES Bal es ) (Con trol Bal e ) 
% w . b . % w. b .  % w. b .  

665 , 406 . 74 80 , 689. 44 4 7 , 31 1 . 93 50 , 52 7 . 32 3 0 . 4 4 32 . 09 3 3 . 98 

954 , 5 14 . 6 3 146 , 596 . 13 132 , 289. 62 65 , 685 . 50 3 3 . 10 33 . 88 30 . 84 

1 , 686 ,462 . 1 3  2 37 , 7 56 . 76 225 , 53 5 . 25 1 08 , 863 . 39 32 . 54 3 2 .  7-2 30 . 6 5 

2 , 2 92 , 2 1 1 . 82 307 , 97 5 . 14 3 1 5 , 56 5 . 50 139 , 63 9 . 1 1  3 1 . 87 3 1 . 57  30 . 45 

2 ,829 , 1 2 6 . 2 6  388 , 048. 64 406 ,05 5 . 1 3  1 80 , 52 0 . 30 30. 82 2 9 . 79 3 0 . 13  

3 ,4 68 , 1 4 6 . 32 462 , 5 78 . 64 500 , 2 1 9 . 5 1  2 1 2 ,674 . 03 28. 7 0  2 7 . 84 30. 37 

4 , 4 07 , 746 . 63 572 , 8 33 . 70 608 , 62 3 . 2 6  2 5 3 , 095 . 88 28 . 20 ' 2 6 . 83 2 9 . 50 

5 , 3 32 , 4 32 . 69 6 7 1 , 3 85 . 70 700 , 950 . 20 2 9 3 , 058 . 39 27 . 4 6 2 6 . 37 28 . 2 0 

6 , 1 03 , 386. 75 766 ,858 . 0 1  787 ; 76 5 . 20 328 ,427 . 5 1 2 5 . 72 2 5 . 59 2 7 . 45 

6 , 96 1 , 5 32 . 1 3  855 , 554 . 82 88 1 , 0 10 . 83 370 ,227 . 38 2 1 . 78 1 8. 45 2 6 . 78 

7 , 884 , 9 1 7 . 0 1 976 ,89 7 . 01 979 , 309 . 14 422 , 132 . 71 1 9 . 2 0  1 9 . 90 2 6 . 5 0  

Effi c1 en�y 
( Day ) 

% 

2 6 . 83 

57 . 4 3  

3 1 . 09 

3 1 . 54 

39 . 38 

3 1 . 4 3 

2 7 . 5 7  

24 . 95 

28 . 23 

2 6 . 07 

30. 74 

� N 
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AP PEN D I X  D 

I NC I DENT SOLAR RAD IAT I ON AND TEMPERATURE DATA 
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