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AGRICULTURAL PROGRAMS I N  SOLAR ENERGY 
d\n - 

:+ . Landy B. Altman 
.I 

The U.S. a g r i c u l t u r a l  system. was developed wibh abundant s u p p l i e s  of low- 
c o s t  energy which accounted f o r  on ly  a smal l  f r a c t i o n  of t h e  c o s t  of 
supplying food, f i b e r ,  and wood products,. Demands f o r  energy a r e  r a p i d l y  
o u t s t r i p p i n g  ' supply,  and we can 'expect  energy c o s t s  and a v a i l a b i l i t y  t.d be 
s i g n i f i c a n t  f a c t o r s  i n  t h e  f u t u r e .  

About 20 percent  of t h e  t o t a l  energy u s e d . i n  t h e  United S t a t e s  is  r e l a t e d  
t o  t h e  product ion, '  p rocess ing ,  marketing, d i s t r i b u t k o n ,  and u t i l i z a t i o n  
of food, n a t u r a l  f i b e r ,  and f o r e s t  products .  A s  p 'opulation i n c r e a s e s  
bothrhere a t  home and abroad, t h e  demand f o r  t h e s e  products  w i l l  i nc rease  
and hence increase,  t h e  demand f o r  energy. 

A coulprehensive and balaaced a g r i c u l t u r a l  energy r e sea rch ,  development, 
and demonstration program i s  e s s e n t i a l  t o  a s s u r e  t h e  e f f i c i e n t  u se  of t h e  
20 percent  of t h e  Nation 's  energy consumption used i n  t h e  food system. ' 
Such a program would inc lude  t h e  development and  adoption of new energy- 
e f f i c i e n t  technologies ;  t h e  s u b s t i t u t i o n  of n o n c r i t i c a l  ' f u e l s  and energy 
sources  f o r  o i l  and gas; and t h e  p r o t e c t i o n  o f - t h e  environment from t h e  
e f f e c t s  of  energy development and use. 

The Congress e s t a b l i s h e d  t h e  Energy Research and Development Administra- 
t i o n ,  ERDA, t o  t h e  be l ead  Federa l  agency r e spons ib l e  f o r  energy r e sea rch ,  
development, and demonstration. ~ e f  o r e  ERDA was formed i n  January 1975, 
t h e  National  Science Foundat j on had l ead  r e s p o n s i b i l i t y .  f o r  s o l a r  energy 
r e sea rch .  Representa t ives  of NSF arranged f o r  t h e  Department of  Agricul- 
t u r e  and t h e  A g r i c u l t u r a l  Research Serv ice  t o  manage r e sea rch  on a g r i c u l -  
t u r a l  a p p l i c a t i o n s  of s o l a r  energy wi th  funds passed through t o  ARS from 
NSF. Respons ib i l i t y  f o r  t h i s  r e s e a r c h  was passed from NSF t o  ERDA when 
ERDA was e s t ab l i shed .  

The s o l a r  energy program was subdivided i n t o  f iv 'e  r e sea rch  a r e a s ,  and a 
t e n t a t i v e  a l l o c a t i o n  of funds was ma'de t o  each a rea .  P r i n c i p a l  i n v e s t i -  
g a t o r s  f o r  each a r e a  were s e l e c t e d ,  proposa ls  were s o l i c i t e d ,  and peer  
pane ls  s e l e c t e d ' t h e  b e s t  p roposa ls  f o r  funding. Table' 1 shows t h e  f i v e  
r e s e a r c h  a r e a s  and t h e  number of p r o j e c t s  funded i n  each a r e a .  

I :  

9 .. . . . I . .  
. . 

' ~ n e r ~ ~  Research coord ina tor ,  USDA, ARS, B e l t s v i l l e ,  Maryland 



Table 1 Research on A g r i c u l t u r a l  Appl ica t ions  of ~ o l i r  Energy 

Research Ar'ea Number of P r o j e c t s  

So la r  Grain Drying 15 

.Applicat ions of So la r  Energy f o r  t h e  
Drying of Peanuts ,  Forages,  and 
To b.acco 

Use of Solar  Energy i n  Livestock 
Product i o n  

So la r  Heating and Cooling of Green- 
houses and Rural  Residences 

So la r  Energy i n  Food Processing 6 
To ta l  . 50 

Of t h e  above p r o j e c t s ,  33 a r e  a t  SAES, 11 i n  ARS l a l o r a t s r i e s ,  3 i n  unives- 
s i t y  l a b o r a t o r i e s ,  and 3 i n  i n d u s t r y  l a b o r a t o r i e s .  

Wind energy i s  considered s o l a r  i n  o r i g i n .  ERDA has  passed through t o  
ARS funds t o  support  r e sea rch  on wind energy f o r  5arm and remote i n s t a l l a -  
t i o n s .  Research is  underway on wind energy f o r  space hea t ing ,  i r r i g a t i o n  
pumping, r e f r i g e r a t i o n ,  and a g r i c u l t u r a l  processing.  

Research on t h e  use of a g r i c u l t u r a l  and f o r e s t  r e s i d u e s  f o r  t h e  product ion 
of energy is  a l s o  a  p a r t  of t h e  s o l a r  energy program. ERDA has  provided 
funds f o r  an ARS s tudy  of t h e  gene ra t ion  of methane i n  a  d i g e s t o r  used i n  
t h e  process ing  of manure f o r  re feeding  t o  c a t t l e .  They a r e  a l s o  funding 
o t h e r  s t u d i e s  on t h e  use  of a g r i c u l t u r a l  and f o r e s t  wastes  i n  t h e  produc- 
tfnn of energy and chemicals.  

A f i l m  on a g r i c u l t u r a l  uses  of s o l a r  .energy i s  i n  t h e  process  of produc- 
t i o n  by t h e  USDA Film Product ion Unit .  It g ives  a  quick  overview of t h e  
r e sea rch  on a g r i c u l t u r a l  a p p l i c a t i o n s  of s o l a r  energy and should s e t  t h e  
s t a g e  f o r  t h e  s o l a r  g r a i n  dry ing  conference. 



OVERVIEW'OF SOLAR GRAIN DRYING RESEARCH - FIELD TESTS 
. . 

~ e o r g e  H. ~ o s t e r '  

D i r ec t  a p p l i c a t i o n  of s o l a r  energy has long  been p rac t i ced  f o r  d ry ing  
c rops  i n  t h e  f i e l d ,  i n  t h e  s t a c k  o r  windrow, on d ry ing  f l o o r s ,  and i n  
v e n t i l a t e d  sheds o r  c r i b s .  However, t h e  t e c h n i c a l  and economic fea-  
s i b i l i t y  of c o l l e c t i n g  and u t i l i z i n g  s o l a r  energy a s  a h e a t  source  i n  
a dry ing  system t h a t  would be compatible w i t h  p re sen t  day c rop  product ion ,  
ha rves t i ng ,  handl ing and s t o r a g e  systems has  no t  been adequate ly  e s t ab -  
l i s h e d .  

Funding of r e s e a r c h  f o r  s o l a r  g r a i n  dry ing  was i n i t i a t e d  by t h e  Nat iona l  
Science Foundation i n  l a t e  1974 i n  response t o  t h e , 1 9 7 3 f u e l  c r i s i s  and 
a s  a p a r t  of t h e  U.S. e f f o r t  toward energy s e l f - s u f f i c i e n c y .  Program 
sponsorship was assumed by t h e  U.S. Energy Research and Development Ad- 
m i n i s t r a t i o n  (ERDA) i n  January 1975. The A g r i c u l t u r a l  Research Serv ice  
ARS has  been managing t h e  r e sea rch  program wi th  t h e  help of t h e  Coopera- 
t i v e  S t a t e  Research Serv ice .  Both a r e  agenc i e s  . of . t h e  U.S. Department of 
Agr i cu l tu re .  

. . 

THE RESEARCH PROGRAM . 

Proof of concept tests were s t a r t e d  l a t e  i n  1974 a_t seven S t a t e  a g r i c u l -  
t u r a l  experiment s t a t i o n s  and two ARS l o c a t i o n s .  I n  May 1975, s o l a r  r i c e  
d ry ing  work was added, a long wi th  a program of computer s imu la t i on  re- 
search  t h a t  w i l l  be d i scussed  i n  a s e p a r a t e  p r e s e n t a t i o n .  

. " ~ u n d i n g  l e v e l ,  type  of t e s t s  and p a r t i c i p a n t s  were a s  fo l lows:  

1974-75 Phase I - Proof of Concept .Tests  
. Funded September 1.974 - $150,000 

7 S t a t e  a g r i c u l t u r a l  experiment s t a t i o n s  
2 ARS l o c a t i o n s  

' Phase I1 ,- Simulat ion S tud ie s ,  P l u s  Rice Drying . 

Funded May 1975 - $150,000.  
4 S t a t e  a g r i c u l t u r a l  experiment s t a t i a n s  . 

(3  same a s  i n  Phase I )  
2 ARS l o c a t i o n s  ( 1  same a s  i n  Phase I )  

' ~ ~ r i c u l t u r a l  Engineer and Research Leader,  U.S.. Grain Marketing Research 
Center ,  ARS-USDA, Manhattan, Kansas and P r i n c i p a l  I n v e s t i g a t o r ,  So l a r  
Grain Drying Program. 



1975-76 Proof of Concept T e s t s ,  P lus  Simulat ion 
Funded September 1975 - $300,000 

8 S t a t e  a g r i c u l t u r a l  experiment s t a t i o n s  
(5 i n  1975 program) 

1 consu l t i ng  f i rm  
4  ARS 1oc.atj.ons (3 same a s  i n  1975 program) 

Cur ren t ly ,  s o l a r  g r a i n  dry ing  r e sea rch  i s  being conducted a t  15  l o c a t i o n s ,  
c o n s i s t i n g  of 11 S t a t e  a g r i c u l t u r a l  experiment s t a t i o n s  and 4  ARS loca-  
t i o n s ,  a t  a  funding l e v e l  of $530,000, a s  fo l lows:  

Solar  Grain Drying Program--1976-77 
Date funded - J u l y  1 9 ,  1976 
Number of p r o j e c t s  funded - 15 

P r o j e c t  Locat ions 

S t a t e  A g r i c u l t u r a l  Experiment S tae ions  
Colorado Kansas 
F l o r i d a  Kentucky 
I l l i n o i s  ~ i s s o 1 . k ;  
Indiana  Nebraska 
Iowa Ohio 

South Dakota 

A g r i c u l t u r a l  Research Serv ice  (USDA) Locat ions 
W. L a f a y e t t e ,  Indiana 
Ames, Iowa 
Manhattan, Kansas 
Beaumont, Texas 

The i n i t i a l  approach t o  s o l a r  g r a i n  dry ing  was t o  c o l l e c t  and u t i l i z e  
s o l a r  energy a s  a  supplemental hea t  source f o r  low-temperature dry ing  of 
g r a i n  i n  s to rage .  Solar  energy w a s  used a lone  o r  i n  combination wi th  
e l e c t r i c  h e a t .  Resu l t s  of drying t e s t s  i n  which only s o l a r  energy was 
used were compared wi th  r e s u l t s  of n a t u r a l  a i r  d ry ing  o r  dry ing  wi th  
e l e c t r i c  h e a t .  

The c u r r e n t  s o l a r  g r a i n  dry ing  r e sea rch  program c o n s i s t s  o f :  
(1) F i e ld  dry ing  t e s t s  t h a t  have a  demonst ra t iona l  a s  w e l l  a s  a  

r e sea rch  o b j e c t i v e .  
(2) Evaluat ion of g r a i n  s t i r r i n g  dev ices  a s  an a i d  t o  in-s torage  

s o l a r  dry ing .  
(3)  Design, development, and t e s t i n g  of low-cost s o l a r  c o l l e c t o r s  

s u i t a b l e  f o r  g r a i n  dry ing .  
(4) Development and t e s t i n g  of systems f o r  s to rage  of s o l a r  

energy. 
(5) Development and f e a s i b i l i t y  s t u d i e s  of a l t e r n a t e  uses  f o r  

s o l a r  c o l l e c t i o n  systems t h a t  a r e  used f o r  g r a i n  dry ing .  
(6) Development and t e s t i n g  of concen t r a t ing  type  s o l a r  c o l l e c t o r s  

and t h e i r  eva lua t ion  f o r  high-temperature dry ing .  



(7) Economic a n a l y s i s  of c u r r e n t  so la r -dry ing  concepts .  
(8) Mathematical modeling of s o l a r  c o l l e c t o r s  and s o l a r  dry ing  

systems. 

Each of t h e  e i g h t  r e sea rch  program segments i s  t r e a t e d  s e p a r a t e l y  i n  t h i s  
conference program, except  f o r  t h e  eva lua t ion  of s o l a r  drying through 
f i e l d  t e s t i n g  and demonstrat ion.  Therefore ,  I w i l l  conf ine  my remarks t o  
a b r i e f  r e p o r t  on t h e  f i e l d  dry ing  s t u d i e s .  

FIELD TESTS--RESULTS AND PROGRESS 

Eighteen s o l a r - a s s i s t e d  dry ing  t e s t s  were conducted wi th  t h e  1974 crop 
a t  e i g h t  l o c a t i o n s  i n  t h e  North Cen t r a l  reg ion  of t h e  United S t a t e s .  One 
t e s t  was wi th  soybeans, two were wi th  g r a i n  sorghum, and 15  were wi th  
s h e l l e d  corn .  The t e s t s  were t y p i c a l  of low-temperature, in -s torage  
dry ing ,  a l though i n  one t e s t  cond i t i ons  were s i m i l a r  t o  those  of batch- 
in-bin dry ing .  Tes t s  were. continued a t  s i x  l o c a t i o n s  i n  1975 and e i g h t  
l o c a t i o n s  i n  1976. 

A l l  of t h e  g r a i n  i n  t h e  s o l a r  drying t e s t s  was s u c c e s s f u l l y  d r i e d  t o  
s a f e  s t o r a g e  moisture l e v e l s  without  s i g n i f i c a n t  spo i l age .  However., i n  
some tests supplemental e l e c t r i c  hea t  was used i n  a d d i t i o n  t o  s o l a r  
energy. Drying r a t e s  wi th  s o l a r  systems were adequate  f o r  prevent ing  
spo i l age  and were i n  t h e  range of those  used f o r  t y p i c a l  low-temperature 
drying--faster  than  wi th  n a t u r a l  a i r  d ry ing  and usua l ly  a  l i t t l e  slower 
than wi th  t y p i c a l  low-temperature hea t  dry ing  systems. 

F i n a l  grain moisture l eve l s  were lower i n  s o l a r  t e s t s  than  i n  n a t u r a l -  
a i r  t e s t s  and gene ra l ly  h igher  than  i n  t e s t s  wi th  continuous h e a t  added. 
I n  1974 a t  t h e  U.S. Grain Marketing Research Center (USGMRC) i n  Manhattan, 
Kansas, so l a r -d r i ed  corn  averaged 13.2 percent  moisture,  and corn d r i e d  
w i t h  n a t u r a l  a i r  averaged 14.4 percent  mois ture  a f t e r  20 days of dry ing  
a t  2.5 and 2.8 cfm/bu (2.7 and 3.0 m3/min-tonne). S imi la r  r e s u l t s  were 
obtained i n  sorghum dry ing  t e s t s  i n  1975 (Fig.  1 ) .  The average mois ture  
content  of t h e  sorghum reached 15 percent  i n  2-4 days l e s s  t ime i n  s o l a r  
t e s t s  than  i n  n a t u r a l  a i r  d ry ing  t e s t s .  More important ,  t h e  maximum 
g r a i n  moisture content  a t  t h e  end of t h e  s o l a r  t e s t  was n e a r l y  14 .5  per- 
cen t  when t h e  moisture content  of t h e  top  l a y e r  of sorghum i n  t h e  n a t u r a l  
a i r  t e s t  was above 17 pe rcen t .  An i n f l a t e d  p l a s t i c  tube-type s o l a r  
c o l l e c t o r  w i th  an a r e a  of about 300 f t 2  (28 m2) was used. 

E f f i c i ency  a t  which t h e  s e n s i b l e  h e a t  i n  t h e  dr'ying a i r  was used t o  re-  
move mois ture  from g r a i n  was c a l c u l a t e d  f o r  t h e  t e s t s  conducted a t  t h e  
USGMRC. The u t i l i z a t i o n  e f f i c i e n c y 1  of t h e  s e n s i b l e  h e a t ,  n a t u r a l  p l u s  
s o l a r ,  was equal  t o  o r  a  l i t t l e  higher  than  t h a t  i n  t h e  n a t u r a l  a i r  t e s t s  
without  s o l a r  h e a t .  However, t h e  h e a t  u t i l i z a t i o n  e f f i c i e n c y  among 
d i f f e r e n t  t e s t s  va r i ed  from 14 t o  46 pe rcen t ,  a  wide range and somewhat 

' u t i l i z a t i o n  e f f i c i e n c y  i s  def ined  a s  t h e  hea t  u t i l i z e d  f o r  removing 
moisture from the  g r a i n  d iv ided  by t h e  s e n s i b l e  hea t  a v a i l a b l e  i n  t h e  
dry ing  a i r .  



lower than  a n t i c i p a t e d .  About 20 percent  of t h e  t o t a l  h e a t  a v a i l a b l e  f o r  
d ry ing  was 'from s o l a r  c o l l e c t o r s .  The o t h e r  80 percent  was s e n s i b l e  hea t  
i n  t h e  a i r  p l u s  h e a t  from energy suppl ied  by t h e  f a n  motor. 

Minor g r a i n  q u a l i t y  d e t e r i o r a t i o n  was i nd i ca t ed  by mold growth i n  some 
t e s t s  conducted a t  t h e  USGMRC. D e t e r i o r a t i o n  was g e n e r a l l y  confined t o  
t h e  su r f ace  g r a i n  t h a t  was l a s t  t o  d ry .  I n  one t e s t  w i t h  co rn ,  PeniciZ- 
Zium growth was s l i g h t l y  g r e a t e r  i n  t h e  s o l a r  d r i e d  g r a i n  than i n  t h a t  
d r i e d  wi th  n a t u r a l  a i r .  The percentage  of k e r n e l s  invaded by PeniciZZiwn 
i nc reased  from 10  pe rcen t  i n i t i a l l y  t o  60-80 percent  a f t e r  2 weeks i n  t h e  
upper t h i r d  of t h e  g r a i n  near  t h e  c e n t e r  of t h e  b in .  Asyery.iZZus 
ochraceus appeared i n  moderate amounts and Al ternur ia  i nc reased  bu t  d i d  
no t  reach  l e v e l s  considered important  t o  t h e  s t o r a g e  c a p a b i l i t y  of t h e  
g r a i n .  There was no measurable mold a c t i v i t y  i n  drying tests wi th  sorghum 
and no measurable d r y  ma t t e r  l o s s  i n  any tests. 

I n  Ind iana  i n  1975, w i th  an a i r £  low r a t e  of 2  cfm/bu (2.2 m3/min-tonne), 
corn  i n i t i a l l y  a t  24 percent  averaged 16 percent  mois ture  con ten t  a f t e r  
24 days i n  t h e  s o l a r  b i n .  With a  1 0 ' ~  (5.6OC) temperature  r i s e  added 
cont inuous ly  by an e l e c t r i c  h e a t e r  i n  a  companion t e s t ,  t h e  corn  averaged 
14 .6  percenr  mois ture  a1Ler 1 6  days. 

I n  t h e  Ind iana  t es t ,  t h e  amount of s o l a r  energy c o l l e c t e d  by two 1,000. f t 2  
(93 m2) u n i t s  rep laced  e l e c t r i c  energy c o s t i n g  about 5  c e n t s  per  bushel  
($1.90/tonne) i n  low-temperature, e l e c t r i c  d ry ing .  The s o l a r  c o l l e c t o r  
investment r ep re sen t ed  about $1.50 per  bushe l  ($57/ tonne) .  

I n  Iowa, a  250 f t 2  (23.2 m2) f l a t - p l a t e  c o l l e c t o r  suppl ied  18  percent  of 
t h e  dry ing  energy,  and t h e  c o s t  of d ry ing  3,440 bu (90.5 tonnes)  of corn  
w i t h  t h e  energy s o  suppl ied  was 2 c e n t s  pe r  bushel  ($0.76/tonne) less than 
t h a t  f o r  low-temperature dry ing  w i t h  e l e c t r i c  h e a t .  I n  South Dakota t e s t s ,  
26 percent  less e l e c t r i c a l  energy was used i n  t h e  s o l a r  b i n  than  i n  t h e  
check b i n  i n  1974, and 55 percent  less was used i n  1975. Corn was d r i e d  
from about 20 percent  t o  about 1 4  pe rcen t  mois ture .  

I n  Ohio, tests were conducted wi th  a  system t h a t  approached batch-in- 
b i n  dry ing .  Depending on t h e  amount of g r a i n  placed i n  t h e  b i n ,  t h e  
a i r f l o w  ranged from 4 t o  11 cfm/bu (4.3 t o  11.84 m3/min-tonne). Drying 
t i m e  va r i ed  from 100 t o  700 hours .  From 1 t o  4 f t 2  of  c o l l e c t o r  a r e a  
was used f o r  each bushe l  d r i e d  (3.5 t o  14 .1  m2/tonne) . 
The c o s t  e f f e c t i v e n e s s  of s o l a r  energy a t  1974-76 energy p r i c e s  and 
a v a i l a b i l i t y  has  n o t  been outs tanding .  A s  energy c o s t s  go up and co l l ec -  
t o r  des igns  a r e  r e f i n e d  t o  reduce c o s t s  per  u n i t  of hea t  c o l l e c t e d ,  t h e  
c o s t  of s o l a r  energy r e l a t i v e  t o  t h a t  of o t h e r  f u e l s  w i l l  improve. 
N a t u r a l l y ,  s o l a r  c o l l e c t o r s  a r e  more expensive i n  t h e i r  developmental 
s t a g e ,  and LP gas  and e l e c t r i c a l  energy c o s t s  a r e  r e l a t i v e l y  low i n  t h e  
Midwest. 

The use  of s o l a r  energy a s  a  source  of supplemental hea t  f o r  in -s torage  
g r a i n  dry ing  shows promise of e a r l y  adopt ion  i n  t he  more humid a r e a s  of 



t h e  United S t a t e s .  Supplemental hea t  i s  needed t o  lower t h e  humidity of 
ambient a i r  i n  o rde r  t h a t  dry ing  can proceed t o  moisture l e v e l s  s a f e  f o r  
s to rage .  A s  f u e l  i nc reases  i n  p r i c e  o r  becomes unava i l ab l e  f o r  g r a i n  
dry ing ,  s o l a r  energy should provide a v i a b l e  a l t e r n a t i v e  source  of hea t .  

OTHER REPORTS ON SOLAR GRAIN DRYING 

Agr i cu l tu re  Information B u l l e t i n  No. 4 0 1 , . e n t i t l e d  "Solar Grain Drying - 
Progress  and .Po ten t i a1 , "  w a s  publ ished i n  1976 by t h e  A g r i c u l t u r a l  Re- 
s ea rch  Serv ice ,  U.S.. Department of  Agr i cu l tu re ,  and is  a v a i l a b l e  i n  s i n g l e  
cop ie s  from t h e  Of f i ce  of Communication, U.S. Department of Agr i cu l tu re ,  
Washington, D .C . 20250. This  p u b l i c a t i o n  and s e v e r a l  o the r  t e c h n i c a l  
papers  and r e p o r t s  t h a t  a r e  based on r e c e n t  r e sea rch  i n  s o l a r  g r a i n  dry ing  
a r e  included i n  t h e  r e f e rences .  
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DRYING "TIME - DAYS 

Figure  1. Typica l  moisture r educ t ion  p a t t e r n s  i n  sorghum d r i e d  wi th  
n a t u r a l  and solar-heated a i r .  



SIMULATION OF SOLAR CORN DRYING IN THE MIDWEST 

By Robert M. Peartl 

INTRODUCTION 

This paper reports the result of a one-year project by five groups 
working in this area. They are led by George H. Foster, U.S. Grain 
Marketing Research Center, USDA, ARS, Manhattan, Kansas; Dr. T.L. Thomp- 
son, Dept. of Agricultural Engineering, University of Nebraska, Lincoln, 
Nebraska; Dr. R. Vance Morey, Department of Agricultural Engineering, 
University of Minnesota, St. Paul, Minnesota; Dr. Harold M. Keener, 
Dept. of Agricultural Engineering, Ohio Agricultural Research and Devel- 
opement Center, Wooster, Ohio, and myself at Purdue University. More 
details are available in the final reports of each of these projeets . 
available from the leaders when the reports are reviewed and cleared 
by ERDA. 

BACKGROUND ON SIMULATION OF CORN DRYING 

Early in the current work on solar grain drying, we felt thaL it would 
be worthwhile to utilize simulations to evaluate the feasibility of 
solar grain drying.in comparison with current methods and to get some 
idea of the most feasible designs for solar grain drying systems in the 
midwest; The advantages of simulation are several. The primary ad- 
vantage is that with adequate weather data and a reasonably valid model, 
many years of "experience" can be obtained in a relative short time. In 
addition, many different drying designs can be tested in this same 
short time and at much lower cost than setting up individual tests which 
can only be run in full scale during the corn harvest season once each 
year. 

Many factors cause drying results for a solar system to vary from one 
year to the next. The first variable during the season is the planting 
date and variety, both under some control by the farmer, and next is the 
corn growing season itself which can determine whether the crop matures 
early or late. Once the crop is mature, the weather during the field 
dry-down period which brings the kernal moisture content from a range 
of 35 to 30% at maturity down to the desired 24 to 26% at harvest time 
can vary greatly, thus affecting harvest date. Lastly then the temp- 
erature and relative humidity of the ambient air during the drying 
period are very important to the drying process, and of course the in- 
coming solar radiation is very important to the results of solar drying. 

In addition to these weather variables that can make the same variety 
planted on the same date dry much differently in one year than in 
another, the design of the drying system also can cause great variations 
in results. The majority of the current work in solar corn drying has 
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been i n  t h e  low temperature range and under deep-bed b i n  dry ing  con- 
d i t i o n s .  Within t h i s  gene ra l  a r e a ,  t h e r e  a r e  s t i l l  wide v a r i a t i o n s  
i n  system design v a r i a b l e s ,  mainly t h e  a i r  flow r a t e  through t h e  corn 
and t h a t  through t h e  c o l l e c t o r  and t h e  s o l a r  c o l l e c t o r  s i z e  r e l a t i v e  
t o  t h e  amount of corn. Another design v a r i a b l e  i s  t h e  hea t  s t o r a g e  
c a p a b i l i t y  of t h e  system, and t h i s  f a c t o r  has  no t  y e t  been explored 
wi th  s imula t ion .  Some dry ing  test r e s u l t s  have suggested t h a t  hea t  
s t o r a g e  inc reases  t h e  e f f e c t i v e n e s s  of u t i l i z a t i o n  of t h e  s o l a r  energy 
t h a t  i s  c o l l e c t e d  dur ing  t h e  day. 

The major processes  involved i n  t h e  g r a i n  dry ing  system-have been 
modeled, s o  t h e  development of s o l a r  corn dry ing  s imula t ion  systems 
began wi th  cons iderable  va luab le  background m a t e r i a l .  

Mathematical models t h a t  s imula te  g r a i n  dry ing  processes  have been 
proposed by a  number of i n v e s t i g a t o r s  (1 ,  2 ,  3 ,  10,  11, 5) .  Models 
t h a t  r ep re sen t  high-temperature,  high-speed dry ing  a r e  based on equa- 
t i o n s  express ing  t h e  drying r a t e  of a  def ined  but  u sua l ly  t h i n  l a y e r  
of g ra in .  I n  low temperature dry ing ,  t h e  method considered b e s t  
adapted t o  t h e  a p p l i c a t i o n  of s o l a r  energy t o  crop dry ing ,  dry ing  equa- 
t i o n s  a r e  more d i f f i c u l t  t o  u se  because of t h e  f l u c t u a t i n g  temperature 
and humidity of t he  drying a i r .  Flood, Sabbah, e t  a l .  (5) developed 
a  low temperature dry ing  model based on th in- layer  dry ing  equat ions  
developed from l abora to ry  t e s t s  by Sabbah (8) i n  t h e  temperature range 
of 36-70 deg. F. They a l s o  developed a  model of t h e  d a t a  of S t e e l e  
and Saul  (9) t o  eva lua t e  t he  s a f e  s t o r a g e  l i f e  of t h e  corn dur ing  slow- 
dry ing .  

When low temperature a i r  is  moved through deep beds of g r a i n  a t  r e l a -  
t i v e l y  low a i r  v e l o c i t i e s  i t  can be assumed t o  approach temperature 
and moisture equ i l i b r ium wi th  t h e  g r a i n .  The equ i l i b r ium approach t o  
modeling low temperature dry ing  systems was f i r s t  suggested by Bloome 
and Shove.-,(3) and f u r t h e r  developed by Thompson (10).  Thompson a l s o  
added a  p r e d i c t i o n  of d e t e r i o r a t i o n  expressed a s  dry  ma t t e r  decomposi- 
t i o n  based on empi r i ca l  d a t a  from S t e e l e  ( 9 ) .  

SIMULATION MODELS FOR SOLAR CORN DRYING 

The s imula t ions  i n  thes,e cu r r en t  s t u d i e s - u s e  models t h a t .  a r e  bas i ' ca l ly  
of t h e  equi l ibr ium type ,  t h e  t h i n  l a y e r  dry ing  equat ion ,  o r  a  combina.- 
t i o n .  Under h igher  a i r  flow r a t e s ,  and wi th  g r e a t e r  d i f f e r e n c e s  between 
t h e  g r a i n  moisture content  and t h e  equi l ibr ium moisture content  of t h e  
a i r ,  t h e  a i r  and t h e  g r a i n  a r e  l e s s  l i k e l y  t o  reach equ i l i b r ium i n  t h e  
t ime s t e p  used i n  t h e  s imu la t ion ,  and t h e  dry'ing equat ion model i s  more 
appropr i a t e .  A t  lower a i r  f lows,  t h e  assumption of cons tan t  a i r  s t a t e  
through t h e  l a y e r  i s  not  met a s  w e l l ,  t h e  t h i n  l a y e r  drying models a r e  
more l i k e l y  t o  over-predict  t h e  amount of dry ing  t h a t  w i l l . a c t u a l l y  
occur ,  and t h e  equ i l i b r ium model i s  b e t t e r .  The t h i n  l a y e r  model used 
i n  t h e  Purdue work was modified by a  check of t h e  equ i l i b r ium cond i t i ons  
of t h e  a i r  exhaust ing from each l a y e r ,  s o  i t  i s  e s s e n t i a l l y  a  combina- 
t i o n  method. Keener a t  Ohio t e s t e d  four  d i f f e r e n t  models us ing  v a r i o u s  



forms of t h e  dry ing  equat ion  and wi th  an equi l ibr ium check i n  a t  l e a s t  
one. Morey a t  Minnesota modified Thompson's o r i g i n a l  model by adding 
a  t h i n  l a y e r  equat ion  t o  check cond i t i ons  when t h e  equ i l i b r ium assump- 
t i o n  over-predicted dry ing  r a t e .  H e  used Thompson's equ i l i b r ium model 
f o r  t h e  rewet t ing  case ,  bu t  used a d i f f e r e n t  equ i l i b r ium r e l a t i v e  
humidity equat ion  f o r  we t t i ng  than  f o r  dry ing  t o  account f o r  hys t e re s i s .  
Fos t e r  at Manhattan, Kansas, used Thompson's equ i l i b r ium model w i th  and 
wi thout  providing f o r  h y s t e r e s i s  and he a l s o  modified t h e  Thompson model 
by us ing  che equ i l i b r iumequa t ionsby  Chung and P fos t  ( 4 ) ,  by c o r r e c t i n g  
t h e  psychrometr ic  d a t a  f o r  barometr ic  p re s su re  d i f f e r e n c e s  due t o  l o c a l  
a l t i t u d e ,  and by accounting f o r  shr inkage  dur ing  drying f o r  b e t t e r  com- 
p a r i s o n  wi th  a c t u a l  samples probed a t  constant  depth i n t e r v a l s .  

CORN MATURITY 

A t  Purdue, we included t h e  e f f e c t  of t h e  growing season on t h e  date' of 
corn  ma tu r i t y ,  s o  a unique ha rves t  d a t e  was ca l cu la t ed  f o r  each year  
and d e s i r e d  s t a r t i n g  mois ture  content .  The method used was t h e  modified 
growing degree-day c a l c u l a t i o n  of Newman and co l leagues  ( 6 ) ,  which 
accumulates t h e  amount by whiek t h e  d a i l y  average temperature exceeds 
10  C (50 F.) .  The method uoco h a l f  t h c  oum of t h e  maximum and minimum 
temperature a s  t h e  average,  bu t  modi f ies  t h e  minimum t o  n o t  a l low i t  t o  
be below 10 C (50 l?) and t h e  maximum may n o t  be above 30C (86 F.). Matur- 
i t y  d a t e s  d i f f e r i n g  by 5 weeks between y e a r s  were found. Constant f i e l d  
dry ing  r a t e s  of 112% w.b. per  day above 26% and 113% p e r  day below 26% 
were used t o  determine ha rves t  d a t e s  a f t e r  ma tu r i t y ,  and dry ing  was 
s t a r t e d  on t h a t  day. 

VALIDATION OF MODELS 

These dry ing  models have been reasonably well-val idated.  When eva lua t ing  
t h e  r e s u l t s  of t h e  computer s imu la t ion  compared wi th  t h e  d a t a  from an 
a c t u a l  b in ,  s e v e r a l  cons ide ra t ions  must be borne i n  mind. The measured 
r e s u l t s  a r e  taken from an a c t u a l  farm s i z e  b i n  of g r a i n  being d r i e d  and 
t h e r e  is  always some v a r i a t i o n  i n  t h e  a i r  flow i n  va r ious  p a r t s  of t h e  
b i n  and thus  i n  t h e  moisture content  a t  t h e  same l e v e l  throughout t h e  
b in .  Also, a probe i s  used t o  o b t a i n  a  sample from va r ious  depths  i n  t h e  
b i n ,  and these-samples  cannot be considered t o  be obtained e x a c t l y  a t  t h e  
measured l e v e l .  Thus t h e  measured d a t a  must be considered t o  have some 
exper imenta l  e r r o r  r e l a t e d  t o  t h e  sampling procedure and normal v a r i a t i o n s  
w i t h i n  a farm s i z e  b in .  An appa ren t ly  l a r g e  v a r i a t i o n  can be obtained between 
s imula ted  and measured moisture content  a t  a  given l e v e l  i f  t h e  dry ing  f r o n t  
is  ve ry  near  t h a t  l e v e l  i n  t h e  b in .  I f  t h e  s imula t ion  c a l c u l a t e s  movement 
of t h e  drying f r o n t  a t  a  s l i g h t l y  f a s t e r  o r  s lower r a t e  than t h e  a c t u a l  
d ry ing  f r o n t  moves, t h e  mois ture  content  a t  a  given p o i n t  below t h e  a c t u a l  
d ry ing  f r o n t  w i l l  be  s e v e r a l  percentage p o i n t s  d i f f e r e n t  than  t h e  measured 
moi s tu re  content  even though t h e  o v e r a l l  p r o f i l e  from top  t o  bottom of t h e  
b i n  of measured vs .  s imulated moisture content  w i l l  be reasonably c lose .  
Morey a t  Minnesota compared s imu la t ions  w i t h  a c t u a l  measurements i n  two 
dry ing  b i n s  i n  t h e  f a l l  of 1975, one supplemented with, s o l a r  hea t  and one 



ambient a i r  d ry ing  b in .  Figure 1 is a p l o t  of t h e  s imulated mois ture  
content  vs .  measured p o i n t s ,  showing t h e  s imula t ion  us ing  a  24-hour t ime 
increment and a  one-hour t ime increment.  The ambient a i r  b i n  showed 
s i m i l a r  agreement. 

Keener a t  Ohio compared and v a l i d a t e d  f o u r  d i f f e r e n t  dry ing  models. 
These included 1 )  t h e  o r i g i n a l  log  model (Moisture Ra t io  = e-k t ) ,  H u k i l l ' s  
o r i g i n a l  dry ing  equat ion  appl ied  t o  a  deep bed, 2) a  modified Michigan 
S t a t e  Un ive r s i t y  model us ing  t h r e e  d i f f e r e n t  sets of t h i n  l a y e r  dry ing  
equat ions  depending upon t h e  temperature range, 3)  t h e  same model wi th  
a  d i f f e r e n t  dry ing  o r  mois ture  t r a n s f e r  equa t ion ,  and 4) a  model us ing  
a drying equat ion  w i t h  t h e  assumption t h a t  t h e  k e r n e l  i s  a  "2-lump" 
ob jec t  and t h e  dry ing  equat ion  i s  t h e  sum of t h e  dry ing  r a t e s  from each 
of t h e  two lumps. A t y p i c a l  r e s u l t  i s  shown i n  Figure 2 f o r  t h e  drying 
s imula t ion  using t h e  mois ture  t r a n s f e r  equat ion  developed by Sabbah ( 7 ) .  

F6s t e r  a t  Kansas t e s t e d  v a r i o u s  modi f ica t ions  of t h e  Thompson model 
a g a i n s t  a c t u a l  dry ing  tests. Figure 3 shows t h e  p l o t  of s imulated 
and measured moisture content  a t  two time pe r iods  throughout a  depth 
of 100 inches  i n  one of t h e  drying t e s t s .  The fo l lowing  conclusions 
from t h e  Kansas r e p o r t  by Fos t e r  g i v e  a ,good  summary of t h a t  work. 

"1) It appears  t h a t  wi th  t h e  a i r  flow r a t e  used - 2.5  t o  4.5 cfmlbu - 
t h e  equ i l i b r ium assumption used i n  t h e  Thompson model o v e r s t a t e s  t h e  
dry ing  r a t e  and conf ines  drying t o  a  zone o r  l e v e l  i n  t h e  g r a i n  of much 
l e s s  t h i ckness  than  occurs  i n  a c t u a l  p r a c t i c e .  This  i n  e f f e c t  means 
t h a t  t h e  model p r e d i c t s  more e f f i c i e n t  dry ing  than  i s  observed i n  
a c t u a l  p r a c t i c e  when dry ing  n e a r s  completion and the  amount of n n d r i e d  
g r a i n  diminishes.  Therefore ,  t h e  model should be improved by us ing  a  
mois ture  t r a n s f e r  model t h a t  would d e s c r i b e  t h e  dry ing  r a t e  a t  t h e  
temperature.  and humidity condi t ions  p r e v a i l i n g  during a  given time 
i n t e r v a l . "  

"2) There a r e  two major problems i n  comparing t h e  dry ing  p red ic t ed  by 
a  mathematical model w i th  t h a t  observed exper imenta l ly .  F i r s t ,  t h e  
model assumes uniform p rogres s  of t h e  drying f r o n t  through t h e  c ros s  
s e c t i o n  of t h e  g r a i n  bulk ,  and secondly,  t h e  dry ing  r a t e  i s  very  de- 
pendent on a i r  flow r a t e ,  which is  d i f f i c u l t  t o  measure accu ra t e ly .  
Because of s eg rega t ion  and accumulation of f i n e  and broken m a t e r i a l  
under t h e  spout  when b i n s  a r e  f i l l e d  wi th  g r a i n  f o r  dry ing ,  a i r  flow 
is no t  normally uniform over t h e  c ross -sec t ion  of t h e  g r a i n .  This  no t  
only makes measurement of a i r  flow d i f f i c u l t  i n  experimental  i n s t a l -  
l a t i o n s ,  i t  causes d i f f i c u l t y  i n  l o c a t i n g  g r a i n  moisture measuring 
p o i n t s  t h a t  provide an average mois ture  r e p r e s e n t a t i v e  of  t h e  c ross -  
s e c t i o n  of t h e  g r a i n  bulk." 

"3) The Thompson model appears  t o  perform adequately f o r  a s se s s ing  t h e  
r e l a t i v e  f e a s i b i l i t y  of b in  dry ing  of g r a i n  wi th  s o l a r  energy i n  v a r i o u s  
l o c a t i o n s  i n  t h e  United S ta t e s . "  



A t  Purdue, s imula t ion  r e s u l t s  were compared wi th  measured r e s u l t s  i n  a  
b i n  of about 2500 bu., 18-f t .  i n  d iameter ,  12 f t .  deep wi th  an  a i r  flow 
of about 2 cfm pe r  bu. Resu l t s  f o r  two d i f f e r e n t  t imes dur ing  t h e  dry- 
i n g  per iod  and a t  t h e  end of t h e  t e s t  a r e  shown i n  F igures  4,  5  and 6 .  
A l l  of t h e  s imu la t ions  a t  t h e  va r ious  l o c a t i o n s  showed r e s u l t s  t h a t  
converged c l o s e r  t o  t h e  measured r e s u l t s  a s  t h e  end of t h e  dry ing  time 
was reached. 

An i n d i c a t i o n  of t h e  v a l i d i t y  of t h e  spo i l age  s imu la t ion  used i n  a l l  
t h i s  work was obta ined  i n  ~ o s t e r ' s  work i n  Kansas. Mold counrs of 
samples were run  i n  Kansas and i n  Indiana ,  but  drying r e s u l t s  were so  
succes s fu l  t h a t  s i g n i f i c a n t  mold i n c r e a s e s  were noted i n  only one t e s t  
i n  Kansas. There t h e  model p red ic t ed  0.5% d ry  ma t t e r  l o s s  a f t e r  32 
days,  and t h e  mold c o u ~ l t s  i n  t h e  corn being s imulated showed a marked 
increase  between 25 and 35 days i n  t h e  dry ing  t e s t .  

RESULTS AND PRELIMINARY RECOMMENDATIONS 

Thompson a t  Nebraska d id  a  l a r g e  s e r i e s  of s imula t ion  runs  covering 
loca t ior i s  chroughuuL Llle North Ccntrol  robion and with an average.  of 
18 y e a r s  ol: weatller data pc r  l o c a t i o n  u t i l i z i n g  n a t u r a l  a i r  dry ing ,  
s o l a r  supplemented dry ing  and cons t an t  low l e v e l  e l e c t r i c  hea t  dry ing .  
H i s  r e s u l t s  were s t a t e d  i n  terms of t h e  minimum a i r  f low requi red  t o  
complete drying be fo re  spo i l age  occurred i n  t h e  upper l a y e r s .  Figure 
7 shows r e s u l t s  f o r  n a t u r a l  a i r  d ry ing  f o r  t h e  twelve l o c a t i o n s .  For 
any given l o c a t i o n ,  t h e  a i r  flow i n d i c a t e d  by t h e  1.0 p r o b a b i l i t y  
l e v e l  i s  the  a i r  flow r a t e  requi red  f o r  t h e  worst d ry ing  y e a r ,  t h a t  is 
t h e  h ighes t  a i r  flow requirement.  Di f fe rences  i n  t h e  e f f e c t  of s o l a r  
dry ing  a t  va r ious  l o c a t i o n s  i n  t h e  mid-west a r e  shown by Figures  8 
and Figure 9. F igure  8 shows t h a t  f o r  Indiana ( Ind ianapo l i s  weather 
d a t a )  a  r e l a t i v e l y  low l e v e l  of s o l a r  hea t  added (5.5 degree .C pe r  
4183 J per  cm2 per  day) (5 degrees F pe r  500 Langleys per  day) would 
r e s u l t  i n  a  g r e a t l y  reduced a i r ' f l o w  requirement ,  whi le  i n  Nebraska, . 
where d r i e r  a i r ,  and perhaps coo le r  a i r  p r e v a i l s  dur ing  t h e  dry ing  , 

season ,  t he  s o l a r  supplementation reduces t h e  a i r  f low requirements 
very  l i t t l e .  

These r e s u l t s  of ~hompson ' s  agree  wi th  t h e  r e s u l t s  of Morey i n  MinnesuLa, 
who found t h a t  t h e  average 2 t o  2.5 degrees  F temperature r i s e  per  day 
obtained by s o l a r  hea t  could be rep laced  by an increased  a i r  flow r a t e  
of approximately lo%,  u t i l i z i n g  n a t u r a l  a i r .  The Minnesota r e s u l t s  
i n d i c a t e  an i n t e r e s t i n g  c o s t  r a t i o  f o r  determining t h e  economic f e a s i -  
b i l i t y  of s o l a r  h e a t  dry ing  compared wi th  n a t u r a l  a i r  drying of corn 
s t a r t i n g  a t  22% mois ture  i n  S t .  Cloud, Minn. A 40% e f f i c i e n t  s o l a r  
c o l l e c t o r  wi th  a  10-year l i f e  and a  cos t  pe r  square  f o o t  of 12 t i m e s  
t h e  c o s t  per  k i lowa t t  hour f o r  e l e c t r i c a l  energy w i l l  g ive  equal  
dry ing  r e s u l t s  a t  an  equal  o v e r a l l  cos t  i nc lud ing  t h e  f i x e d  c o s t  of t h e  
c o l l e c t o r .  This  assumes 10% i n t e r e s t  charges and cons tan t  energy c o s t  
over t h e  10-year per iod .  



The Purdue work e s t i m a t i n g d a t e  of ma tu r i t y  showed t h e  need t o  cons ider  
t h i s  v a r i a t i o n  i n  f u t u r e  s t u d i e s .  Simulat ions of fu l l - season  v a r i e t y  
corn ma tu r i t y  d a t e s  f o r  c e n t r a l  Ind iana  f o r  a May 12 p l a n t i n g  d a t e  were 
run f o r  t h e  24 yea r s  1952-75. Drying-s imula t ions  were not  run f o r  a l l  
t h e s e  y e a r s  due t o  l a c k  of s o l a r  r a d i a t i o n  d a t a ,  but  ma tu r i t y  d a t e s  
v a r i e d  from Sept .  15 t o  Oct. 27 as shown i n  Table 1. 

Table 1. Maturi ty  d a t e s  f o r  fu l l - season  corn p lan ted  on May 12 i n  
c e n t r a l  Ind iana ,  1952-1975. (3  yea r s  no t  mature before  f r o s t . )  

W e e k o f M a t u r i t y :  9/15 9/22 9/29 1016 10113 10120 10/27 - - - - - - -  
No. of Years: 2  4  4  7  2  1 1  

Table 2.. SUNDRY Simulat ion r e s u l t s  f o r  2  cfm/bu., .5  sq .  f t .  c o l l e c t o r  
(50% e f f . ) / b u . ,  s t a r t i n g  moisture 26%, dry ing  u n t i l  w e t t e s t  
l a y e r  < 18%, p l a n t i n g  fu l l - season  corn 5/17, c e n t r a l  Indiana.  

Year S t a r t e d  Time Energy Cost @ 3c/kwh Top Layer 
Drying . Required Dry Matter  Loss,  % 

1973 10125 9  da. 17 h r .  1 . 7 ~ 1 b u .  . l l  

1975 10122 8  da. 1 . 5 ~ / b u .  .19 

Var i a t ion  i n  dry ing  r e s u l t s  can be seen  i n  Table 2,  where 1973, 1974 
and 1975 a r e  compared us ing  one s o l a r  dry ing  des ign .  A s o l a r  dry ing  
system t h a t  worked w e l l  i n  1973 might have been marginal  and r i s k y  i n  
1974, a s  a  d ry  ma t t e r  l o s s  of 0.5% i n  the  top  l a y e r  is  considered 
n o t i c e a b l e  spo i l age .  
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SOLAR SUPPLEMENTED BIN 
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Figure 1. Moisture profile for the solar supplemented bin, measured and simulated. 
. 
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Figure 2. Simulated and measured corn moisture contents, Ohio. 
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Figure 3 ,  Simulated and observed corn moisture profi-les, U.S.  rain Marketing Research Center, 

Manhattan, Kansas. 
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Central  Region ' (1.1'~ eeirl,erat~.~re r i s e  frcm the fan motor,  24L corn and an 
OcLobcrr 3.5 harvest were assumed),. 



"C 
83 4 /cm2 -day 

. . 

INDilAMA 
. . 6CT 15 

.. 24% ' ,  

' c fmibu  . 

MINIMUM AlRFLOLY RATE DELIVERED, rn3/min - tonne . ' . , 
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corri harvested October '15 at Indimapo3 -is, Indiana. 
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SOLAR ENERGY AVAILABILITY 

F. H. Buelow 1 

This paper is a review of the information tha t  has been developed on the 
ava i lab i l i ty  of so lar  energy, especially as it applies to  grain drying 
systems. Most of the published information available on the subject i s  
of a general nature. Solar energy applicakions reportcd are  usually those 
which require energy over the en t i r e  winter o r  a l l  year around. An 
attempt i s  made here t o  s o r t  out appropriate information fo r  grain drying 
applications, and then add procedures tha t  may be the most helpful i n  the 
use of the information fo r  research, design and planning ac t iv i t i e s .  

2 2 
The standard value of the so lar  constant (1353 W/m , 428 Btu/hr f t  ) may 
be considered as the basic parameter i n  developing information on avail- 
a b i l i t y  of so lar  energy. However, it i s  of l i t t l e  prac t ica l  value because 
of the variable attenuation of the ear th ' s  atmosphere, the changes i n  
angle of incidence on any fixed f l a t  p l a t e  col lector ,  and the diffusions 
and reflections tha t  may occur a t  a specif ic  location and col lector  , 

orientation. For these reasons most of the approaches t o  determination 
of sn lar  energy avai lab i l i ty  are  based on actual data tha t  have been 
gathered by researchers f o r  spec i f ic  purposes, ojc by the vd~ious  govcrn- 
mental meteorological agencies throughout the U.. S. a ~ l d  the world, 

MEASUREMENTS AND INSTRUMENTS 

It  seems appropriate t o  begin a discussion of so lar  energy ava i lab i l i ty  
by reviewing the most accurate means of determining energy levels a t  a 
given location -- t ha t  of d i r ec t  measurement. For research and demon- 
s t r a t ions  involving so lar  col lectors ,  d i r ec t ,  on-site, measurements are 
the only means of obtaining the necessary data with the accuracy required 

a f o r  drawing valid conclusions. 

The usual procedure i s  t o  measure ,the t o t a l  radiation impinging on a 
horizontal surface per uni t  time and area. The instrument used fo r  t h i s  
measurement i s  the pyranometer. I t  may be connected t o  integrators ,  
recorders, o r  indicators t o  give the researcher the data i n  the form needed 
fo r  processing. I t  should be noted tha t  the data from the usual research 
ins t a l l a t ion  cannot be expected t o  be be t t e r  than +5% accuracy. With 
frequent calibration, the accuracy may be increased t o  t 2 % .  

For some si tuat ions the pyranometer may be placed a t  an incl ine t o  
simulate the orientation of a col lector  and, thereby measure the energy 
f a l l i n g  on the collector.  Under these circumstances i t  i s  important tha t  
the instrument and the col lector  both "see" the same d i r ec t ,  diffuse and 
reflected radiations.  There i s  a poss ib i l i ty  tha t  the instrument calibration 
may vary with incl inat ion and so  should be used and calibrated as recommended 
by the manufacturer fo r  these s i tuat ions.  

'chairman, Agricultural Engineering Department, 
University of Wisconsin-Madison 



The a c t u a l  measurement of s o l a r  energy a t  every loca t ion  t h a t  a  c o l i e c t o r  
may be used i s  no t  p r a c t i c a l ,  e spec ia l ly  when designing s o l a r  g r a i n  drying 
systems f o r  farm use. The designer needs t o  know how much s o l a r  energy 
w i l l  be ava i l ab le  a t  c e r t a i n  times i n  the  f u t u r e  a t  c e r t a i n  loca t ions .  
Since atmospheric condit ions a r e  no t  h ighly  p red ic tab le ,  even f o r  a  few . 
days i n t o  the  f u t u r e ,  it i s  necessary t o  r e l y  on c l ima ta log ica l  d a t a  from 
nearby weather s t a t i o n s  and develop the  probable s o l a r  energy a v a i l a b i l i t i e s  
from them. The determination of c o l l e c t o r  o r i e n t a t i o n  and s i z e  a r e  both 
dependent on t h i s  type of information. 

ANGLES OF INCIDENCE 

Equations g iv ing the  angle of incidence of d i r e c t  s o l a r  r ad ia t ion  on a 
plane su r face  have been published i n  Benford and Bock ( I ) ,  Buelow (21, 
and Duffie and Beckman ( 4 ) .  The genera l  equation i s :  

Cos 8 = s i n  6 s i n  + cos s 

- s i n  6 cos + s i n  s cos y 

+ cos 6 cos 9 cos s cos w 

+ cos 6 s i n  s i n  s cos y cos w 

+ cos 6 s i n  s s i n  y s i n  w 

where 

+ = l a t i t u d e  (north p o s i t i v e )  

6 = dec l ina t ion  ( i - e ,  the  angnlar  p o s i t i o n  of t h e  suit a L  s u l a r  
noon wi th  r e spec t  t o  the  plarie of the  equator)  (north p o s i t i v e )  

s = t h e  angle between the  hor izon ta l  and the    lane (i .e.  the  s lope)  

y = t he  su r face  azimuth angle,  i . e .  t he  devia t ion  of the  normal 
t o  t h e  su r face  from the  prime meridian, the  zero p o i n t  being 
due south ,  e a s t  p o s i t i v e  and west negative 

0 
w = hour angle,  s o l a r  noon being zero,  and each hour equal l ing  15 

of longitude,  with mornings negative and afternoons p o s i t i v e  

8 = .the angle of  incidence of beam radia t ion , ,measured between t h e  
beam and the  normal t o  the  plane . .  

, . . . . .  . . 

The dec l ina t ion  may be deteirmined by the  equation given by Cooper ( 3 ) :  
. . .  

6 = 23.45 s i n  0.9863 (284 .+ n) . . . . $2 

where n i s  t h e  day of  the  year  and t h e  angles a r e  i n  degrees. 



Equation (1) is  s impl i f i ed  f o r  south fac ing c o l l e c t o r s ,  s ince  t h e  azimuth 
angle,  y ,  i s  zero ,  and, the re fo re ,  t h e  equation becomes: 

cos 8 = s i n  6 s i n  4 cos s 

- s i n  6 cos 4 s i n  s 

+ cos 6 cos 0  cos s cos w 

+ cos 6 s i n  4 s i n  s cos w 

0 
For v e r t i c a l  su r faces ,  t h e  s lope ,  s ,  is  90 and so:  

cos 0 = - s i n  6 cos 4 cos y 

+ cos 6 s i n  4 cos y cos w 

+ cos 6 s i n  y s i n  d 

Note .Llid,t a t  s o l a r  noon f o r  a south fac ing c o l l e c t o r  

6 = ( j - $ + s  (5) 

Although these  equations could be used t o  determine t h e  s o l a r  c o l l e c t o r  angle 
t h a t  would have t h e  incoming r a d i a t i o n  perpendicular  t o  t h e  p lane  of the 
c o l l e c t o r  a t  a given time and loca t ion ,  t h i s  p,rocedure would no t  necessar i ly  
g ive  t h e  maximum t o t a l  energy i n p u t  f o r  a given app l i ca t ion .  

One means of determining the  optimum s lope  i s  t o  use equations given i n  
Duffie and Beckman (4) which g ive  t h e  r a t i o  of t o t a l  r a d i a t i o n  on a t i l t e d  
surface  t o  t h a t  on a hor izon ta l  surface .  The equations may be programmed 
i n t o  a computer, and then combined with appropr ia te  hourly weather da ta  t o  
g ive  energy a v a i l a b i l i t y  a t  various su r face  o r i e n t a t i o n s .  This method 
includes cons idera t ion  of beam, d i f f u s e  and r e f l e c t e d  rad ia t ion .  

Another means of obta in ing a value f o r  optimum c o l l e c t o r  s lope  t h a t  does not  
r equ i re  a computer i s  given by Buelow (2) . By i n t e g r a t i n g  equation (1) from 
s u n r i s e  t o  sunse t  an equation i s  obtained t h a t  gives a parameter,  P, f o r  
evaluat ing  t h e  t o t a l  d a i l y  d i r e c t  s o l a r  energy f a l l i n g  on a f ixed  p lane .  
Some values of P given by the  equation f o r  various l a t i t u d e s ,  c o l l e c t o r  
o r i e n t a t i o n s ,  and times of  the  year  a r e  shown i n  t a b l e s  i n  Appendix I of 
t h i s  paper. By f ind ing  the  maximum value of  P f o r  a given l a t i t u d e  and 
time of year i n  t h e  t a b l e s ,  the  optimum c o l l e c t o r  s lope  w i l l  be ind ica ted .  
For example, a t  a loca t ion  of 40° l a t i t u d e ,  the  b e s t  an l e  f o r  a south a fac ing surface  on October 16 (6 = -10 from Eq. 2) i s  55 . 
SOLAR RADIATION DATA 

. . 
One approach f o r  p red ic t ing  s o l a r  energy a v a i l a b i l i t y  a t  a given loca t ion  

' w i t h  a given c o l l e c t o r  o r i e n t a t i o n  i s  t o  begin with c l ima ta log ica l  d a t a  
ava i l ab le  froin the Environmental Data Service ,  National Cl imat ic 'Center ,  
National Oceanic and Atmospheric ~ d m i n i s t r a t i o n ,  Ashevil le ,  N. C .  28801. 



The da ta  i s  ava i l ab le  on punch cards and tape.  This da ta  from some 88 
repor t ing  s t a t i o n s  i n  the  U.  S. gives s o l a r  energy f a l l i n g  on a hor izon ta l  
surface  each hour o r  each day, i n  some cases s i n c e  1952. ~ n o t h ' e r  source 
of r ad ia t ion  d a t a  i s  by Lof, Duf f i e  and Smith (5) and gives average' d a i l y  
r ad ia t ion  on hor izon ta l  surfaces  a s  monthly averages. Over 100 s takions  i n  
the  U. S. a r e  l i s t e d .  Some of t h e i r  values a r e  l i s t e d  i n  Appendix 11. 

ESTIMATING SOLAR AVAILABILITY 

The value f o r  average d a i l y  r a d i a t i o n  on a non-horizontal su r face  may be  
est imated by using t h e  r a t i o  of  parameters f o r  hor i zon ta l  su r faces  and 
non-horizontal s 'urfaces given by Buelow (2) some of which appear i n  
Appendix I of t h i s  paper: 

d a i l y  r a d i a t i o n  on s loping su r face  = 'sloping su r face  

da i ly  r a d i a t i o n  on hor izonta l  su r face  Ph,rizontal surface 
(6) 

For example, t o  es t imate  t h e  average d a i l y  r a d i a t i o n  on a su r face  with a 
0 

55 s lope  fac ing south near  Indianapol is ,  Indiana,  on October 16,  one 
would f i n d  i n  ~ ' d f  e t  a l .  (5) Appendix 11, t h a t  t h e  average d a i l  r a d i a t i o n  on 
the  hor izon ta l  su r face  i n  October i n  Indianapol is  i s  293 c a l / d  day. The 
t a b l e  i n  Appendix I f o r  40° l a t i t u d e ,  on October 16 ( 6  =-lo0) shows a 

0 
parameter P f o r  hor i zon ta l  surfaces  of 1.175 and f o r  55 south fac ing 
surfaces  of 2.009. So t h e  est imated d a i l y  s o l a r  r a d i a t i o n  would b q *  
293 x 2.009/1.175 = 501 cal/cm2 day. This procedure f o r  es t imat ing  s o l a r  
energy a v a i l a b i l i t y  assumes t h a t  t h e  d i r e c t  r a d i a t i o n  i s  constant  from 
sunr i se  t o  s u n s e t ,  and t .ha t  all incoming r a d i a t i o n  i s  p d r a l l e l  t o  t h e  
sun ' s  rays (no r e f l e c t i o n s  o r  d i f f r a c t i o n ) .  Therefore, s i g n i f i c a n t  
devia t ions  from the  es t imates  may occur,  and drying system designs should 
be developed accordingly. 

The parameters,  P, given i n  Appendix I may.also be used t o  determine 
t o t a l  d a i l y  s o l a r  energy f a l l i n g  on an inc l ined  surface  i f  it i s  assumed 
t h a t . t h e  s o l a r  r a d i a t i o n  i n t e n s i t y  i s  a t  a  known constant  value from sun- 
r i s e  t o  sunset .  The equation f o r  t h i s  es t imate  is  

where H = d i r e c t  s o l a r  energy f a l l i n g  on a surface ,  
k~/m2 day 

I = i n t e n s i t y  of s o l a r  r a d i a t i o n  on a surface  
perpendicular  t o  t h e  sun ' s  rays ,  ~ / m 2  

Equations (1) , (3) , (4) and (5) may be used t o  f i n d  t h e  i n t e n s i t y  of  s o l a r  
r ad ia t ion  on a su r face  a t  any 'given time by f i r s t  so lv ing one of these  
equations f o r  cos 8 and then using t h e  equation 

It = I cos 8 (8) 

where I = i n t e n s i t y  of s o l a r  r a d i a t i o n  on a t i l t e d  surface ,  W/m 
2 

t 



A l l  methods of es t imat ion  have t h e i r  shortcomings, b u t  do g ive  values t h a t  
a r e  va luable  f o r  t h e  design and evaluat ion  of s o l a r  g r a i n  drying systems. 
I n  genera l ,  t he  more d e t a i l e d  t h e  a c t u a l  da ta  on s o l a r  energy is ,  t h e  
b e t t e r  w i l l  be t h e  es t imates .  However, t h e  time and computer c o s t s  w i l l  
a l s o  be g r e a t e r .  
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APPENDIX I 
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P a r a m e t e r s ,  P ,  for  s o u t h - f a c i n g  s u r f a c e s  
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Latitude = 35" 
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Data from ~ g f  , D p f f i e  and  Smith (5) .  
Average t o t a l  r a d i a t i o n  on a 
h o r i z o n t a l  s u r f a c e ,  c a l o r i e s / c m  2 

L o c a t i o n  

A m e s ,  Ia.  

Bismarck, N.D. 

L a t i t u d e  s. Oct  . - Nov . - 
42O 0 2 '  36 7 2 74 187 

46O 46 '  3 82 273 1 6 1  

 levela and, Ohio 41° 24'  3 76 263 141  

Columbia, Mo. 38O 58 '  448 324 222 

Columbus , Ohio 

Dodge C i t y ,  Kansas 37O 46 '  493 3 80 280 

I I n d i a n a p o l i s ,  Ind .  39O 4 4 (  405 293 176 

Lemont, Ill. 

L i n c o l n ,  N e b .  
. . 

Madison, W i s  . 
Manhattan,  Kansas . 39O 1 2 '  392 29 3 215 

North Omaha, N e b .  41° 22 '  396 294 1 9  8 

I Put-in-Bay , Ohio 41° 39 '  399 295 157 

Rapid C i t y ,  S.D. 44O 0 2 '  430 314 . 205 

S t .  Cloud, Minn. 45O 35 '  



SOLAR ENERGY COLLECTORS FOR DRYING GRAIN 

Gene C. Shove 
1 

COVERED PLATE COLLECTORS 

F l a t  p l a t e  s o l a r  energy c o l l e c t o r s  u t i l i z i n g  a i r  a s  t h e  medium f o r  
t r a n s p o r t i n g  hea t  a r e  i d e a l l y  s u i t e d  t o  g r a i n  dry ing  s i n c e  g r a i n  
dry ing  u t i l i z e s  l a r g e  volumes of a i r  and l a r g e  a r e a s  of f l a t  sur -  
f a c e s  a r e  r e a d i l y  a v a i l a b l e  on many farm bu i ld ings .  F l a t  p l a t e  
s o l a r  c o l l e c t o r s  a r e  s imple i n  des ign  and cons t ruc t ion  s i n c e  t h e  
f l a t  p l a t e  c o l l e c t o r  c o n s i s t s  p r imar i ly  of a  f l a t  alate f o r  absorb- 
i n g  t h e  energy and a  cover  of f l a t  c l e a r  m a t e r i a l  (Fig. 1 ) .  The 
c l e a r  cover m a t e r i a l  r e a d i l y  t r ansmi t s  r a d i a t i o n  from t h e  sun, 
however, i t  i s  e s s e n t i a l l y  opaque t o  t h e  longer  wave l eng th  energy 
emi t ted  from t h e  absorber  p l a t e  a f t e r  i t  is  rece ived .  When a i r  is  
moved over t h e  absorber  p l a t e  through t h e  space  c rea t ed  by ' t h e  c l e a r  
cover ,  t h e  temperature of t h e  air  i s  increased .  This  s o l a r  heated 
a i r  can then  b e  used i n  a process  r e q u i r i n g  hea ted  a i r ,  f o r  example, 
g r a i n  drying.  

BARE PLATE COLLECTOKS 

Although covered p l a t e  c o l l e c t o r s  a r e  more e f f i c i e n t  than  b a r e  p l a t e  
c o l l e c t o r s ,  b a r e  p l a t e  c o l l e c t o r s  may have an  a p p l i c a t i o n  i n  some 
g r a i n  dry ing  s i t u a t i o n s .  A b a r e  p l a t e  c o l l e c t o r  is very  s i m i l a r  t o  
a covered p l a t e  c o l l e c t o r  except  t h e  cover is  omit ted (Fig. 2 ) .  When 
t h e  cover is omit ted,  some means must be provided f o r  moving a i r  a long  
t h e  back s i d e  of t h e  b a r e  absorber  p l a t e .  This  i s  usua l ly  accomplished 
by us ing  some m a t e r i a l  having an i n s u l a t i o n  va lue  back of t h e  p l a t e  
t o  c r e a t e  an  a i r  space.  A i r  moved a long  t h e  back s i d e  of t h e  p l a t e  
i s  heated by convection. Energy emi t ted  from t h e  f a c e  of t h e  ba re  
p l a t e  i s  lost s i n c e  i t  r e r a d i a t e s  t o  t h e  atmosphere. Wind blowing 
a c r o s s  t h e  f a c e  of a  b a r e  p l a t e  c o l l e c t o r  a l s o  dimfnishes t h e  energy 
c o l l e c t e d  a s  compared t o  a  covered p l a t e  c o l l e c t o r .  

Although b a r e  p l a t e  c o l l e c t o r s  a r e  n o t  very  e f f i c i e n t ,  t h e i r  construc-  
t i o n  r e q u i r e s  a  minimum of r e l a t i v e l y  inexpensive m a t e r i a l s .  A b a r e  
p l a t e  c o l l e c t o r  can be  i n s t a l l e d  on t h e  s i d e  of a g r a i n  b i n  by bvfld-  
i ng  a  secondary w a l l  around t h e  b i n  and p a h t i n g  i t  black.  This  sec- 
ondary wa l l  becomes t h e  b l ack  energy absorbing s u r f a c e  and when t h e  
a i r  moved by t h e  dry ing  f a n  i s  pu l l ed  behind t h i s  w a l l  some of t h e  
sun ' s  energy w i l l  be t r a n s f e r r e d  t o  t h e  a i r .  

COLLECTORS INCORPORATED INTO BUILDINGS 

Perhaps a  more l o g i c a l  use  of a  b a r e  p l a t e  c o l l e c t o r  i s  t h e  adap ta t ion  
of t h e  roof and/or  w a l l  of a  bu i ld ing  t o  s e r v e  a s  a f l a t  bane p l a t e  
s o l a r  energy c o l l e c t o r .  A chamber f o r  moving a i r  a long  t h e  backside 

'professor  of A g r i c u l t u r a l  Engineering, Un ive r s i t y  of I l l i n o i s , .  Urbana, 
~ l l i n o i s  
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of a  w a l l  o r  a long t h e  underside of a  roof can be  c rea t ed  by t h e  in -  
s t a l l a t i o n  of a  m a t e r i a l  t o  c r e a t e  a space f o r  d i r e c t i n g  a i r  a long  
these  meta l  su r f aces .  For maximum e f f i c i e n c y  t h e  roof and/or w a l l  
should be of a  dark  c o l o r ,  p re fe rab ly  b lack .  

Since covered p l a t e  s o l a r : c d l l e c t o r s  ..are more e f f i c i e n t  than  ba re  
p l a t e  c o l l e c t o r s ,  it  may be  more d e s i r a b l e  t o  i nco rpora t e  a  covered 
p l a t e  c o l l e c t o r  i n t o  t h e  roof and/or  w a l l  of a  bu i ld ing .  Clear  
corrugated f i b e r g l a s s  can be used a s  t h e  e x t e r n a l  roof and w a l l  mat- 
e r i a l s ,  placed over a  b lack  absorbing. s u r f a c e  (Fig. 3 ) .  A i r  i s  then  
moved through t h e  space c rea t ed  by t h e  c l e a r  f i b e r g l a s s  and t h e  
b lack  energy absorbing sur face .  Incorpora t ing  a  c o l l e c t o r  i n t o  t h e  
roof and/or  w a l l  of a  bu i ld ing  r e q u i r e s  a  minimal change i n  t h e  bui ld-  
i n g ' s  design and cons t ruc t ion  s i n c e  t h e  c o l l e c t o r  becomes a  p a r t  of 
t h e  roof and/or  wa l l .  

So la r  c o l l e c t o r s  can be placed on t h e  s i d e  w a l l  of g r a i n  dry ing  b.ins 
by p a i n t i n g  t h e  b i n  w a l l  b lack ,  cs a c t  a s  t h e  absorbing su r f ace ,  and 
i n s t a l l i n g  a  secondary w a l l  of c l e a r  f i b e r g l a s s  around t h e  p o r t i o n  
of t h e  b i n  which the . sun  r a y s  s t r i k e .  General ly ,  more than  one h a l f  
of t h e  circumference of a  b i n  can se rve  a s  a  s o l a r  c o l l e c t o r ;  however, 
only a  p o r t i o n  of t h e  t o t a l  c o l l e c t o r  s u r f a c e  a r e a  i s  e f f e c t i v e  a t  any 
given time. However, throughout t h e  day t h e  e f f e c t i v e  a r e a  remains 
e s s e n t i a l l y  cons t an t  a s  t h e  sun moves from e a s t  t o  west.  Although 
such a  c o l l e c t o r  is curved around t h e  b i n ,  it w i l l  f unc t ion  e s s e n t i a l l y  
a s  a  f l a t  p l a t e  c o l l e c t o r .  

Roof and wa l l  c o l l e c t o r s  have e s s e n t i a l l y  t h e  same c h a r a c t e r i s t i c s  a s  
any f l a t  p l a t e  s o l a r  energy c o l l e c t o r .  They c o l l e c t  both t h e  heam and 
d l f f u s e  r a d i a t i o n .  They a r e  mechanically s imple,  i n  t h i s  ca se  a c t u a l l y  
becoming a  p a r t  of t h e  bu i ld ing ,  and consequently r e q u i r e  l i t t l e  main- 
tenance. Since a  bu i ld ing  roof o r  wa l l  cannot be  moved, t h e  c o l l e c t o r  
has  t h e  disadvantage of being mounted i n  a s t a t i o n a r y  p o s i t i o n  which 
prevents  any t r ack ing  of t h e  sun. 

SUSPENDED PLATE COLLECTOR 

Another con f igu ra t ion  of a  f l a t  p l a t e  c o l l e c t o r  i s  t h e  suspended p l a t e  
c o l l e c t o r  (Fig. 4 ) .  Since air  i s  moved a long  both  s i d e s  of t h e  sus- 
pended absorber  p l a t e ,  t h e s e  c o l l e c t o r s  a r e  more e f f i c i e n t  than c o l l e c t -  
o r s  i n  which t h e  a i r  i s  moved along only one s i d e  of t h e  absorber  p l a t e .  
A suspended p l a t e  c o l l e c t o r  r e q u i r e s  some a d d i t i o n a l  m a t e r i a l - a n d  i s  
s l i g h t l y  more complicated; however, suspended p l a t e  c o l l e c t o r s  may have 
some a p p l i c a t i o n  t o  g r a i n  drying.  Walls and r o o f s  of bu i ld ings  could 
be cons t ruc ted  a s  suspended p l a t e  c o l l e c t o r s  wi thout  much d i f f i c u l t y .  
The c o l l e c t o r  chosen f o r  a  p a r t i c u l a r  b u i l d i n g  w i l l  depend somewhat on 
t h e  des ign  of t h e  bu i ld ing  and t h e  a d d i t i o n a l  c o s t  requi red  t o  c o n s t r u c t  
t he  wa l l  o r  roof a s  a s o l a r  c o l l e c t o r .  



EFFICIENCY 

The e f f i c i e n c y  of a  s o l a r  c o l l e c t o r  can be r e l a t e d  t o  t h e  temperature 
r i s e  of t h e  a i r  pass ing  through t h e  c o l l e c t o r .  A s  t h e  mass flow r a t e  
through a c o l l e c t o r  i nc reases ,  t h e  temperature r i s e  through t h e  co l l ec -  
t o r  decreases  and temperature d i f f e r e n t i a l s  tend t o  be minimized. Min- 
imizing t h e  temperature d i f f e r e n t i a l  between t h e  absorber  p l a t e  and t h e  
a i r  decreases  l o s s e s ,  w i t h  a  corresponding i n c r e a s e  i n  t h e  u s e f u l  
energy ga in .  The mass f low r a t e  i n  c o l l e c t u r s  app l i ed  t o  g r a i n  dry ing  
can  be  h igher  than  i n  many o t h e r  a p p l i c a t i o n s  because of t h e  l a r g e  vol-  
ume of a i r  used i n  gra5n drying.  I f  excess ive  f r i c t i o n a l  l o s s e s  can 
be avoided, a l l  t h e  a i r  moved by t h e  dry ing  f a n  can be pu l l ed  through 
t h e  c o l l e c t o r .  I n  some i n s t a l l a t i o n s  t h i s  w i l l  no t  be  p o s s i b l e  because 
f r i c t i o n a l  l o s s e s  w i l l  become excess ive  and cause a  s i g n i f i c a n t  de- 
c r e a s e  i n  t h e  amount of a i r  suppl ied  t o  t h e  dry ing  b i n ,  I n  such s i t n -  
a t i o n s ,  i t  w i l l  be  necessary  t o  va lve  only a  p o r t i o n  of t h e  f a n  a i r  
d e l i v e r y  through t h e  c o l l e c t o r .  Even s o ,  l a r g e  volumes of a i r  w i l l  be 
involved and h igh  f low r a t e s  can be  maintained i n  t h e  c o l l e c t o r .  

Some measure of the prrLormance of a s o l a r  c o l l e c t o r  m i l s t  be made t o  
determine whether o r  no t  i t  is  c o s t  e f f e c t i v e .  One measure of per- 
formance i s  t o  compute a  c o l l e c t o r  e f f i c i e n c y  a s  t h e  r a t i o  of t h e  use- 
f u l  energy g a i n  t o  t h e  i n c i d e n t  s o l a r  energy. Such a  computation can 
be  made f o r  s o l a r  g r a i n  drying a p p l i c a t i o n s  by determining t h e  a i r f l o w  
and t h e  temperature r i s e  of t h e  a i r .  This  information a l lows  t h e  de t e r -  
mina t ion  of t h e  u s e f u l  ga in ,  t h a t  is ,  t h e  energy imparted t o  t h e  a i r .  
A pyranometer can be  used a t  t h e  s i t e  t o  measure t h e  i n c i d e n t  s o l a r  
energy. 

SUMMARY 

There a r e  numerous conf igu ra t ions  of s o l a r  energy c o l l e c t u r s ,  f o r  example, 
c o l l e c t o r s  can be designed t o  concen t r a t e  energy t o  ob ra in  very  h igh  
temperatures .  High temperatures  a r e  a p p r o p r i a t e  f o r  some dry ing  methods; 
however, i t  appears  t h a t  s o l a r  energy w i l l  be  f i r s t  app l i ed  t o  dry ing  
methods not  r e q u i r i n g  h igh  temperature r i s e s .  The requirement of a  small  
temperature r i s e  over  a n  extended per iod  of t ime i s  very  s u i t a b l e  t o  
t h e  a p p l i c a t i o n  of s o l a r  energy. Therefore i t  appears  low temperature 
s o l a r  drying may become an  accepted p r a c t i c e .  
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Fig. 2. Bare.plate solar energy co+Lectar. 



Fig. 3. Covered plate solar collector incorporated into the roof 
and wall of a farm building. 
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Fig. 4. Suspended plate solar energy collector. 



SOLAR COLLECT03 OFIIENTATION 

William H. Peterson 1 

In designing so l a r  co l lec to rs ,  i t  i s  important t o  know what surface 
or ienta t ions  wil l  receive the most s o l a r  energy. Since ce r ta in  sur- 
face o r ien ta t ions  appear repeatedly i n  standard building prac t ices ,  
i t  i s  of i n t e r e s t  t o  know the  amounts of so l a r  energy received on 
those surfaces. Although the  posit ion of the  sun changes hourly, 
da i ly ,  and seasonally, i t s  movements a re  repeated annually, and from 
avai lable  char ts  and tab les  (1 )  i t  i s  possible t o  predic t  the  amount 
of so l a r  radiat ion received on a surface i n  a  given time, on a c lea r  
day. 

BASIC CONS1 DERATIONS 

Figure 1 shows the  pattern of the  e a r t h ' s  movement around the  sun. 
The e a r t h ' s  axis  always points i n  the  same direct ion (toward Po la r i s ,  
the  north s t a r )  b u t  it i s  inclined a t  23 degrees 27 minutes away from 
the axis  of i t s  o r b i t  around the sun. When it i s  summer i n  the  
Northern Hemisphere, the  e a r t h ' s  axis  i s  t i l t e d  toward the sun; in 
winter i t  is t i l t e d  away from the  sun. Our location i s  indicated by 
the X's. I t  i s  evident t h a t  the  sun will  be h i g h  in the  sky a t  noon 
a t  point X in the  summer, and qu i t e  low i n  the  sky a t  t h i s  point  a t  
noon i n  winter. A so l a r  co l lec to r  lying f l a t  on the ground will  
obviously receive much more so l a r  radiat ion i n  summer than i n  winter. 

SOLAR ALTITUDE 

The s o l a r  a l t i t u d e  i s  the  number of degrees above the  horizon a t  which 
the sun appears t o  be. Figure 2 shows the  so l a r  a l t i t u d e  a t  noon fo r  
d i f f e r en t  dates a t  40 degrees North, about the location of t h i s  meeting. 

Also represented a re  so l a r  co l lec to rs  w i t h  d i f f e r en t  amounts of t i 1  t 
(from horizontal ) . The 90-degree t i  1 t represents the  usual ver t i ca l  , 
south-faci'ng wall. Sixty degrees i s  a common t i l t ,  angle f o r  so l a r  col- 
l e c to r s  f o r  house heating, and would be qu i t e  good f o r  crop drying i f  
a  surface a t  t h i s  angle i s  available.  The 14-degree slope i s  shown 
because i t  i s  the  same a s  the  3/12 roof pitch t ha t  i s  qu i te  common in 
construction of u t i l i t y  buildings. 

'~xtension Agricultural Engineer, South Dakota State 
University, Brookings, South Dakota 



The solar  a l t i tudes  shown are  for  40 degrees north la t i tude ,  b u t  can 
be adjusted for  different  la t i tudes.  For instance, i f  your la t i tude  
i s  45 degrees north, subtract 5 degrees from each of the angles given. 

The more nearly perpendicular the sun's rays are t o  the surface, the 
greater the intensi ty .  An angle tha t  i s  30 degrees away from perpen- . 
dicular resu l t s  i n  intensi ty  of 86 percent as much as i f  the angle 
were zero degrees, or perpendicular. If  the angle i s  60 degrees away. 
from perpendicular, intensi ty  i s  half asmuch. Also, as the angle 
increases, more sunlight i s  reflected. Beyond a,n angle of 60 degrees, 
absorbance of solar  radiation drops rapidly, and i s  more severe fo r  
glass than for  f l a t  black paint. (1) 

In Figure 2 ,  i t  i s  evident that  the best, angle for  a solar  collector i n  
the months of November and December i s  60 degrees ( th i s  would be t rue 
also for  January and February). 

SURFACES T O  RF ONSIDERED 

Although the charts indicate tha t ,  for  the f a l l  months of October and 
November, the best angle for  a so lar  col lector  i s  about the la t i tude  
plus 20degrees (60 degrees for  ,40 degrees North la t i tude)  i t  might 
be cheaper to  build a solar  col lector  on an existing surface, even i f  
i t  i s  not a t  the best angle. 

Figure 3 shows some surfaces t o  be considered. A horizontal surface 
i s  available on the ground, 30 and 60 degree slopes a re  possible, 
though not common on farm buildings. A vertical  wall i s  available on 
many buildings, and the vertical cylinder i s  the common shape of round 
grain bins. 

SOLAR ENERGY CHART FOR 40 DEGREES NORTH 

Fi gure 4, taken from ASHRAE Tab1 es (1) and (2) ,, gives. the amounts of 
solar  energy available on a c lear  day a t  40 degrees North la t i tude  on 
surfaces w i t h  d i fferent  orientations.  I t  is about r i g h t  for  central 
Indiana, I1 1 inois , and Ohio, northern Missouri and t'he Kansas-Nebraska 
border. (This chart can be considered almost a "mirror image" of the 
r e s t  of the year,  so you could write "Jan. " under Nov., "F'eb." under 
Oct. and so on. Values duri'ng the winter months are  s l ight ly  be t te r  
than would be indicated by t h i s . )  

The top l ine  shows the solar  energy available on a surface arranged t o  
automatically "track the sun." I t  i s  interest ing to  see tha t  i t  i s  
only s l ight ly  bet ter  during the months of October and November than the 
next-best surface, which i s  one t i l t e d  60 degrees up from horizontal, 
facing south. The amount of energy s t r ik ing  the stationary col lector ,  
t i l t e d  a t  60 degrees i s  about 85 percent as much as tha t  s t r iking the 
"tracking" collector,  so t h i s  gives an idea of how much m i g h t  be gained 
by the extra supporting s t ructure and mechanism required. 



The 60-degree slope is  better than the 30-degree slope from October 
through December, and both are bet ter  than a horizontal collector 
beginning i n  August. A vertical wall is  bet ter  than a horizontal 
collector beginning i n  October, and is better than a 30-degree slope 
beginning i n  November. The values for  a 14-degree (3/12 pitch) slope 
are about half way between those for  the 30-degree slope and horizon- 
t a l  col lector .  

Also shown on the lower right-hand part  of the chart is the solar  
energy on a solar  collector wrapped two-thirds of the way around a 
vertical cylinder, such as  a round grain b in .  The reason for  the 
two-thirds wrap i s  tha t  this is  a l l  t ha t  will receive sunshine i n  the 
f a l l .  The chart is based on the square footage of collector required, 
rather than on the part on which the sun shines. Part of i t  will be 
shaded a t  a1 1 times. T h i s  was not calculated for  e a r l i e r  i n  the year 
than September because the sun r i ses  and se ts  i n  a more northerly 
position. Values i n  the lower-left are  for  a full  wrap-around cylin- 
drical solar  collector.  They are lower on the chart because 50 per- 
cent more collector area is  required, and the values are  per square 
foot of collector.  Total heat available is probably nearly the same 
for  a given round b i n ,  b u t  more collector is required t o  col lect  it.  . ::.. . 

, - .. 
SOLAR ENERGY CHART FOR 48 DEGREES NORTH LATITUDE a . 

Figure 5 gives the same information as Figure 4,  b u t  for  48 degrees 
north la t i tude,  which would be about r i g h t  for  North Dakota and nor- 
thern Minnesota. Note tha t  the values group more closely together . , ,' li. . 
durfng the . f a l1  months than on the other chart ,  except for  the horizon- . . ?.. 

t a l  collector. Thirty-eight degree and 58 degree slopes were used - . a? 

because they are 1 isted' on the charts in reference (1). I . I  

Note tha t  the vertical 2/3 wrap-around cylinder collector i s  about the 
same as a horizontal collector on October 21, and bet ter  thereafter.  

WHAT DOES IT MEAN? 

The charts t e l l  only the amount of solar  energy s t r i k i n g  a square foot 
of given collector on a clear  day. They provide meani-ngful comparisons 
if  the cost is about the same, per square foot,  and there i s  plenty of - 
surface area available on wh.ich to  mount the collector.  I f  your 
la t i tude is  considerably different ,  you need a different  chart. 

The "best" surfaces m i g h t  not always be the ones to  use. A "poorer" 
surface m i g h t  be used because i t  is readily available, or  because there 
is not enough "better" surface t o  provide enough heat. A shallow roof, 
i n  addition t o  a wall, might  be used, fo r  instance. 

Be csreful about "scaling up" solar  systems. Larger structures,  both 
round and rectangular, have less  solar  energy s t r i k i n g  them per bushel 
of capacity than do smaller ones. Calculations and comparisons should 
be made on designs being considered. 
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Table 1 

S o l a r  Energy I n c i d e n t  On Surfaces Wi th  
D i f f e r e n t  Or ien ta t i ons ,  400 N. L a t i t u d e  

Btu/day - Sq. F t .  

Aug. 

2916 

2244 

2299 

2354 

1894 

978 

686 

1090 

* 

J u l y  

3062 

2534 

2471 

2409 

1728 

702 

66 2 

1163 

- 

Tracking,,  

1 

Hor i zon ta l  

I 

15O Slope 
(Ave. Hor iz .  & 30') 

30° S l  ope 

60' Slope 

V e r t i c a l  Wall 

Cy l i nde r  
Area = H x D x 2 

V e r t i c a l  Cy l i nde r  
Area = H x D x 3 

East o r  West 
V e r t i c a l  Wall 

June 

3100 . 

2648 

2541 

2434 

t 

1670 

610 

67 0 

1200 

Sept. 

2708 

1788 

1999 

2210 

2074 

1416 

1075 

920 

Oct. 

2454 

1348 

1808 

1962 

.2074 

1654 

1058 

694 

---,-_-,____ 

Nov. 

2128 

942 

1289 

1636 

1908 

1686 

974.22 

504 

Dec . 
1978 

7 02 

1131 

1480 

1796 

1646 

925 

430 



Table 2 

So la r  Energy I n c i d e n t  On Surfaces With 
D i f f e r e n t  Or ien ta t i ons ,  48O N. L a t i t u d e  

Btu/day - Sq.  F t .  

. . 

Track ing 

Hor izon ta l  

. . 

38' ~l ope 

. . 

58' S l  ope 

V e r t i c a l  Wall . . 

213 Cy l i nde r  
A = H x D x 2  

V e r t i c a l  Cyl i 'nder 
A = H x D x 3  

East o r  West 
V e r t i c a l  Wall , 

' A U ~ .  2 1  

2898 

2086 " 

2300 

, . .  

. 2046 ' 

1208 

736 

. '1074 

June 2 1  

3312 

2626 

2420 . 

,1950 

,874 

761 ' 

1284 . 

Sept. . 2 1  

2568 

. 1522 -' 

2102 " 

- 2070 

1546 . * . 

1087' 

848 

, J u l y  21  

3158 

2474 ..- 

.. . 

2386 

. 
! - 

19.74 

. 956 . 

. , 

- .  

744 . 

1219 

Nov. 2 1  

1668 , 
# .  , 

596 

. . .  

1336 

'1518 ' 

1442 . 
" 3  

, . 

. 190 
. . . 

. 358 

, 1 '  

Oct. 21  

2154. . ,  

" .. 1022 . 

. . 

' 1774; ' 

. .  . 

1890 . 

1626 ; 
. . . 

974 
6 .  

556 . 

. . 

Dec: 21  

. 1444 

446-- 

. 

. . 1136 

1326' 

. 1304 

696. 

. 274 

. . 



SOLAR COLLECTOR PERFORMANCE 

Gerald L. Kl ine  
1 

INTRODUCTION 

S o l a r  energy c o l l e c t o r s  of va r ious  types  were i n v e s t i g a t e d  f o r  use  i n  
dry ing  g r a i n ,  The performance of 9 d i f f e r e n t  s o l a r  c o l l e c t o r s  i s  
r epor t ed  f o r  t h i s  conference.  

SOLAR COLLECTOR TESTS 

P i l o t  s c a l e  c o l l e c t o r s  s u i t a b l e  f o r  low temperature g r a i n  dry ing  were 
designed and cons t ruc t ed ,  Figure 1. The c o l l e c t o r s  were of t h e  f l a t -  
p l a t e  t y p e  wi th  a i r  a s  t he  hea t  exchange medium, A l l  c o l l e c t o r s  were 
30 f e e t  i n  l eng th  and 3 f e e t  i n  width o r  diameter  f o r  an e f f e c t i v e  
absorber  a r e a  of  90 square  f e e t .  During t h e  t e s t s ,  t h e  c o l l e c t o r s  
were i n  f i xed  p o s i t i o n ,  south  f ac ing ,  and e l eva t ed  t o  t h e  optimum ang le ,  
except  t h e  semi-c i rcu lar  shaped c o l l e c t o r  which had a  h o r i z o n t a l  
absorber  su r f ace .  

Tes t s  were conducted dur ing  the  f a l l  a n d ' s p r i n g  g r a i n  dry ing  seasons 
t o  measure t h e  amount of energy t h a t  could be  c o l l e c t e d  by the  d i f f e r e n t  
types  of c o l l e c t o r s .  For t h e  comparative t e s t s ,  t h e  s o l a r  c o l l e c t o r s  
were opera ted  s imul taneous ly  and a i r f l o w  r a t e s  were i d e n t i c a l .  The 
temperature r i s e  of a  known quan t i t y  of a i r  was measured t o  determine 
t h e  energy c o l l e c t e d  and t h e  e f f i c i e n c y  of t h e  c o l l e c t o r s .  Incoming 
s o l a r  i n s o l a t i o n  was measured by pyranometer. Wind speed and d i r e c t i o n  
and o t h e r  weather f a c t o r s  were recorded.  A d a t a  a c q u i s i t i o n  system, 
inc lud ing  microprocessor c o n t r o l ,  recorded d a t a  a t  six-minute i n t e r v a l s .  

SOLAR COLLECTORS 

Three of t he  s o l a r  c o l l e c t o r s  were of t h e  air-supported type  us ing  
polye thylene  f i lm .  For t e s t  purposes,  t h e  air-supported type  c o l l e c t o r s  
were modified so  t h e  polye thylene  f i l m  was supported by welded wire  mesh. 
A i r  was pu l l ed  through t h e s e  c o l l e c t o r s  r a t h e r  than  us ing  a i r  under 
p r e s s u r e  so  t h a t  accu ra t e  measurement of  t h e  a i r  temperature r i s e  could 
b e  obtained.  One of t h e  polye thylene  f i l m  c o l l e c t o r s  was a  ba re  p l a t e  
type  made up of a  c i r c u l a r  tube  of b l ack  polyethylene.  The second 
c o l l e c t o r  was a  c i r c u l a r  tube of c l e a r  po lye thylene  wi th  b lack  polye thylene  
a c r o s s  t h e  d iameter  of t h e  tube a s  t h e  absorber  su r f ace .  The t h i r d  
c o l l e c t o r  was semi-c i rcu lar  i n  shape wi th  c l e a r  po lye thylene  a s  t h e  cover 
p l a t e  and a  h o r i z o n t a l  absorber  of b lack  polye thylene  on the  ground. 

' ~ ~ r i c u l t u r a l  Engineer,  USDA, ARS , NCR, 1owa' S t a t e  T h i v e r s i t y  , Ames, I A  



Three other  so l a r  co l lec tors  were of r i g i d  frame construction and 
t r iangular  i n  shape. One was a bare p l a t e  co l lec tor  u t i l i z i n g  corrugated 
metal roofing as the  absorber surface and simulating the  use of the roof 
of a building a s  a so la r  col lector .  The other two t r iangular  shaped 
co l lec tors  used plywood painted black a s  the  absorber surface. The 
cover p l a t e  f o r  one co l lec tor  was c l ea r  plexiglass  and the  other was 
corrugated f iberg lass  s imilar  t o  t h a t  used i n  greenhouses. 

The remaining three  s o l a r  co l lec tors  were of the  f la t -p la te  type, 
rectangular i n  shape and incorporating suspended absorber pla tes .  
One co l lec tor  incorporated a g lass  cover p la te ,  corrugated metal roofing 
a s  the  absorber, and insu la t ion  and plywood f o r  the  back p l a t e  and sides.  
The second co l lec tor  incorporated corrugated f iberg lass  a s  the  cover p l a t e ,  
deep grooved formed metal a s  the absorber, and insulat ion and plywood 
f o r  the  back p l a t e  and s ides .  The t h i r d  co l lec tor  incorporated c l ea r  
polyethylene f i lm a s  the  cover p la te ,  black polyethylene f i lm a s  t he  
absorber, and plywood a s  the back p l a t e  and sides.  

COLLECTOR PERFORMANCE 

The pi lot -scale  col lector  test r e s u l t s  a r e  i l l u s t r a t e d  by the  example 
f o r  a noon hour, Figure 2 ,  and fo r  a f u l l  day of operation, Figure 3. 
The examples a r e  f o r  operation on a sunny day. 

The pi lot -scale  co l lec tor  t e s t  r e s u l t s  a r e  summarized fo r  noon hour 
operation, Figure 4, and f o r  f u l l  day operation, Figure 5. Noon-hour 
co l lec tor  e f f ic ienc ies  ranged from 14 t o  83%. Lowest e f f i c i enc i e s  were 
observed fo r  bare co l lec tors  (without cover p la te ) .  Highest e f f i c i e n c i e s  
were observed f o r  suspended p l a t e  co l lec tors  with insulated back p la tes .  

Full-day co l lec tor  e f f ic ienc ies  ranged from 12 t o  62%. For t he  high 
performance co l lec tors ,  energy col lected f o r  grain drying on sunny days 
approximated 1500 BTU per day per square foot of co l lec tor  surface area ,  

..Figure 1. The pi lot -scale  so l a r  co l lec tors  with the  instrument shack i n  
the center. 
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Figure 2.  An example of solar collector performance for a noon hour. 
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Figure 4. Solar collector performance for noon hour operation. 
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Figure  5. So la r  c o l l e c t o r  perforulance f o r  f u l l  day opera t ion .  



PLASTIC FILM SOLAR COLLECTORS FOR GRAIN DRYING* 

H. M. Keener, M. A. Sabbah, G. E.  Mey'er, W. I;. R o l l e r  
1 

I n  r e c e n t  yea r s  cons ide rab l e  improvement has  been achieved i n  t h e  dura- 
b i l i t y  of p l a s t i c  m a t e r i a l s  exposed t o  u l t r a v i o l e t  r a d i a t i o n .  The exper-. 
imenta l  use  of t h e s e  m a t e r i a l s  ha s  shown t h e i r  p o t e n t i a l  f o r  use  i n  s o l a r  
h e a t '  c ' o l l e c ~ o r s  .' This  r e p o r t  d i s c u s s e s  t h e  c h a r a c t e r i s t i c s  of p l a s t i c  

" 

f ' i l m . s o l a r  c o l l e c t o r s  and t h e i r  p o t e n t i a l  f o r  heat ing '  a i r  i n  g r a i n  drying. 
systems.  

c h a r a c t e r i s t i c s  of P l a s t i c  Films 'used i n  ~ o l a ' r '  Col le-ctors  

Many type's of p l a s t i c  f i lms  a r e  a v a i l a b l e  f o r  use a s  coverings and absor- 
b e r s  i n  s o l a r  c o l l e c t o r s .  The phys i ca l  c h a r a c t e r i s t i c s  of p l a s t i c  f i lms  
which enhance t h e i r  u se  i n  s o l a r  c o l l e c t o r s  a r e :  

1 )  l i gh twe igh t  - a  s p e c i f i c  g r a v i t y  a s  low a s  0 .91  compared t o  
about 2.72 f o r  g l a s s ,  

. - 

2) £ l e x i b i l i t y  - h igh iy  e l a s t i c  and exceed=ngly s t r u n g  wllic1-1 enables  
easy f a b r i c a t i o n  of va r ious  shaped collectors, 

3) h igh  r a d i a t i o n  t r a n s m i s s i v i t y  - c l e a r  p l a s t i c  f i l m s ,  such a s  
po lye thylene ,  have s o l a r  t r ansmi t t ance  a s  h igh  a s  0 .93 compared 
t o  about 0.9 f o r  c l e a r  g l a s s ,  and 

4) h igh  a b s o r p t i v i t y  - opaque. f i l m s  have .  a b s p r p t i v i t y  near  '1. 

Some disdavantages of us ing  p l a s t i c  f i l m s  i n  s o l a r  c o l l e c t o r s  a r e :  

1 )  long wave r a d i a t i o n  t r a n s m i s s i v i t y ,  

2) aging e f f e c t s  a s s o c i a t e d  wi th  u l t r a v i o l e t  r a d i a t i o n ,  and 

3) f r a g i l i t y  ( s u b j e c t  t o  s l a s h i n g  o r  t e a r i n g ) .  

When c e r t a i n  p l a s t i c  f i l m s  a r e  used t o  cover s o l a r  c o l l e c t o r s ,  t h e  upaa;d 
h e a t  l o s s e s  a r e  g r e a t e r  than w i t h  g l a s s  because t h e  p l a s t i c s  t r ansmi t  
most of t h e  long-wave r a d i a t i o n ,  wh i l e  g lass .  i s  a lmos topaque  t o  long-wave 
r a d i a t i o n .  However, g e n e r a l i z a t i o n  is not  pos s ib l e .  s i n c e  d i f f e r e n t  plas-  
t i c  f i l m s  have d i f f e r e n t  t r a n s m i s s i v i t i e s  t o  long-wave r a d i a t i o n .  For ex- 
ayp le ,  commercial c l e a r  po lye thylene  h a s  a  thermal  t r ansmi t t ance  of about 
0 .71  compared t o  0.12 f o r  t h e  c l e a r  po lyvinyl  and 0.044 f o r , t h e  g l a s s .  

Newer p l a s t i c  f i l m s  a r e  be ing  developed which minimize some of t h e  pro- 
blems mentioned. Some commercially a v a i l a b l e  f i lms  and t h e i r  s p e c i f i c  pro- 
p e r t i e s  a r e  l i s t e d  i n  Table  1. Of t h e s e  f i l m s , , W  s t a b i l i z e d  polye thylene  

. * 

*This paper was approved f o r  p u b l i c a t i o n  a s  Jou rna l  A r t i c l e  No. 14-77 of 
t h e  Ohio A g r i c u l t u r a l  Research and Development Center .  The r e sea rch  was 
suppor ted  by Energy Research and Development Adminis t ra t ion .  

1 
A s s i s t a n t  P ro fe s so r ,  Post-Dr. Research Assoc ia te ,  Post-Dr. Research 

..'. 

Associa te ,  and P ro fe s so r ,  ~ g r i c u l t u r a l  Engineering Department , Ohio 
A g r i c u l t u r a l  Research and Development Center ,  Wooster, Ohio. 
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1 TABLE -1. P l a s t i c  Films and T h e i r  P r o p e r t i e s .  , 

Average ' 

S o l a r  , Thermal D u r a b i l i t y  
. . 

Type Transmi t t ance  Transmi t t ance  ,(mo .-) . Comments 

. . 
P o l y e t h y l e n e  . . 

Clear 0 .93  0 .71  ' 10 ( 6  m i l )  . ' Has h i g h  the rmal  l o s s e s  ; 
UV s t a b i l i z e d  0 .88 . 0 . 7 1  1 8  ' ( 6  m i l )  S p l i t s  a t  f o l d s  ; s h o r t  > i f  e  

o f  1-2 y e a r s ;  low i n  c o s t  
b e i n g  .22-.43 $/m2 f o r  
4-6 m i l ,  r e s p e c t i v e l y .  

P o l y v i n y l  

.C lea r  0 .91 0.12 48 (12 m i l )  Sof t and p l i a b l e ;  tendency 
' t o  b e  e l e c t r o - s t a t i c  and 

Haze 0.89 . 0.12 may c o l l e c t ,  d u s t ;  l i f e  of 
. . 2,-5 y r s .  f o r  W s t a b i l i z e d ;  

c o s t  1.1-2.2 $/m2 f o r  8-12 
m i l ,  , r e s p e c t i v e l y .  

. . 

P o l y v i n y l f l o u r i d e  g e n e r a l l y  used a s  s u r f a c e  c o a t i n g  High i n  c o s t  
( ~ e d l a r ~ )  

. . . . 

G l a s s  0.90 0.04 u p  t o  400 7.00 $/m2 
. . 

Adapted from - DunCan ' h  Walker (19 73) Greenhouse Covering,  U n i v e r s i t y  of Kentucky. 

R e g i s t e r e d  by E.  I. Dupoi~t ~ e ~ e m o ~ r s  and Company, Wilmington, Delaware 19898. 



f i l m ,  has  seen t h e  most use because of i t s  low c o s t .  However, i t  has  a  
very s h o r t  l i f e  of less than 2 yea r s  under continuous use and probably 
no more than 4 yea r s  under i n t e r m i t t e n t  use (e .g .  dur ing  September, OC- 
t obe r  and November each y e a r ) .  

Design of P las t ic -F i lm S o l a r  Co l l ec to r s  Used i n  Grain Drying 

Various des igns  of p l a s t i c - f i l m  s o l a r  c o l l e c t o r s  have been used i n  g r a i n  
d ry ing  r e sea rch  and a r e  i l l u s t r a t e d  i n  F igure  1. Some of t h e s e  p l a s t i c  
s o l a r  c o l l e c t o r s  were f a b r i c a t e d  l o c a l l y  wh i l e  o t h e r s  have been a v a i l -  
a b l e  commercially. Almost a l l  of t h e  commercial ones a r e  portabl,e,  to- 
t a l l y  made of p l a s t i c  f i l m s  (4-10 m i l ,  o r  0.1-0.25 mm) and a r e  a i r  sup- 
po r t ed  f o r  easy handl ing  and s t o r i n g .  A i r  supported f i lms  have a  h ighe r  
r e s i s t a n c e  t o  t e a r i n g  dur ing  windy cond i t i ons  than a  ' l imp '  f i l m  suppor- 
t ed  by a s t e e l  o r  wood trame. PIOSL UI:  lie l o c a l l y  d e s i g n ~ d  and f ab r i ca -  
t ed  ones use p l a s t i c  f i l m s  f o r  covering and a  meta l  p l a t e  f o r  t h e  absor- 
be r .  The meta l  absorber  i s  usua l ly  f i x e d  i n  p o s i t i o n .  

The c o l l e c r o r s  i l l u s t r a t e d  by F jgures  l a  and l b  were developed commer- 
e l a l l y . " '  Thc c o l l e c t o r  shown by F igure  l a  c o n s i s t s  of t h r e e  l a y e r s  of 
p l a s t i c  and i s  r e f e r r e d  t o  a s  a  curved-cover, bicurved-absorber (CCCA). 
The top  l a y e r  is  c l e a r ,  t h e  middle l a y e r  is  t r a n s l u c e n t ,  and t h e  bottom 
l a y e r  (near  t h e  ground) is  opaque. The middle l a y e r  func t ions  p a r t i a l l y  
a s  an absorber  and p a r t i a l l y  a s  a  second cover.  Both middle l a y e r  and 
bottom l a y e r  form t h e  absorber .  The a i r - i n f l a t a b l e  s o l a r  c o l l e c t o r  shown 
i n  F igure  l c  and t h e  frame-supported, t r i a n g u l a r  s t y l e  shown i n  F igure  I d  
u t i l i z e  a  f l a t - p l a t e  p l a s t i c  absorber  (near  t h e  ground) and a  c l e a r  p las -  
t i c  cover.  

I n f l a t a b l e  tube-shaped s o l a r  c o l l e c t o r s  a r e  i l l u s t r a t e d  i n  F igure  l e  and 
I f .  They a r e  made by p l ac ing  a  b l ack  p l a s t i c  tube  i n s i d e  a  s l i g h t l y  l a r -  
g e r  c l e a r  p l a s t i c  tube.  The i n s i d e  tube  is a l i gned  wi th  t h e  o u t s i d e  t ube  
e i t h e r  c o n c e n t r i c a l l y  o r  e c c e n t r i c a l l y .  Both tubes  a r e  i n f l a t e d  w i t h  
fo rced  a i r  a t  t h e  i n l e t  end. 

F igure  2 shows an  example of a  l o c a l l y  f a b r i c a t e d  s o l a r  c o l l e c t o r  used i n  
Iowa. The cover is  made of c l e a r  p l a s t i c  suppor ted  with bowed wood s l a t s ,  
t h e  absorber  is b l ack  p l a s t i c ,  and t h e  c o l l e c t o r  back is plywood. 

E f f e c t  of C o l l e c t o r  Shape and Curvature  

The performance of any c o l l e c t o r  is dependent on i t s  des ign ,  shape and 
curva ture .  The cover f o r  an a i r  supported p l a s t i c  f i l m  has  a  cu rva tu re  
a s s o c i a t e d  w i th  i t ,  which a f f e c t s  t h e  amount of i n c i d e n t  r a d i a t i o n  i n t e r -  
cepted by t h e  c o l l e c t o r .  I n  a d d i t i o n ,  t h e  shape and p o s i t i o n  of t h e  ab- 
so rbe r  a f f e c t s  how much r a d i a t i o n  coming through t h e  cover is absorbed. 

* Trademark Soloron - Mfg. by So la r  Energy Products  Co., Avon Lake, Ohio. 



la .  Curved cover, 
bi curved absorber 

1 b .  Curved cover, 
tubular absorber 

Ic. Curved cover, 
f l a t  absorber 

Id. Triangular l e .  Concentric tubular 1 f. Eccentric tubular 

Figure 1. Styles of Plastic F i l m  Solar Collectors Used in  Grain Drying - 
A - absorber, C - cover. 



iigure 2.  Curved cover f l a t  absorber solar collector. Collector consists 
of a clear polyethylene cover, suspended black polyethylene ab- 
sorber, and a 114-inch plywood back. Collector is t i l t e d  SO0 
toward the south. Photo courtesy of Iowa State University- 



The e f f e c t  of t h e  degree of curva ture  of t h e  c l e a r  cover on the  i n c i -  
dent  d i r e c t  beam r a d i a t i o n  s t r i k i n g  t h e  absorber  was s t u d i e d  a n a l y t i c a l l y  
by Meyer e t  a l .  (1976). R e s u l t s . o f  t h i s  s tudy  ind ica t ed  t h a t  t h e  r a d i u s  
of curva ture  has an  e f f e c t  on t h e  r a d i a t i o n  s t r i k i n g  t h e  absorber .  There 
is  a l s o  a n  i n t e r a c t i o n  e f f e c t  between t h e  r a d i u s ,  t h e  t i l t  ang le  of t he  
c o l l e c t o r  and t h e  time of t h e  year .  F igure  3 shows an example of t h e  re-  
s u l t s  obtained f o r  Wooster, Ohio (41' North l a t i t u d e ) .  For a  non- t i l t ed ,  
CCFA c o l l e c t o r ,  ' (Figure l c ) ,  o r i en t ed  e a s t  and wes t ,  t h e  r ad ius  of cover 
curva ture  has only minimal e f f e c t  on energy s t r i k i n g  t h e  absorber  during. 
October. I n  September, t h e  l a r g e r  r ad ius  ( f l a t t e r  p r o f i l e )  r e s u l t s  i n  
l e s s  r e f l e c t i o n  l o s s e s ,  wh i l e  i n  November, more. For a  CCFA c o l l e c t o r  
t i l t e d  a t  t h e  opt imal  ang le  ( .87 r ad ians  o r  50 degrees)* a  l a r g e  r ad ius  
of curva ture  reduced r e f l e c t e d  energy l o s s e s  i n  t h e  f a l l .  Thus, t i l t i n g  
t h e  c o l l e c t o r  a t  t h e  opt imal  ang le  and keeping t h e  cover a s  f l a t  a s  pos- 
s i b l e  r e s u l t s  i n  t h e  g r e a t e s t  i n t e r c e p t i o n  of d i r e c t  beam r a d i a t i o n .  

S imi la r  a n a l y s i s  of t h e  e c c e n t r i c  t ubu la r  c o l l e c t o r ,  F igure  I f ,  o r i e n t e d  
e a s t  and w e s t ,  i n d i c a t e d  t h a t  t h e  r a d i a t i o n  coming through t h e  cover and 
s t r i k i n g  t h e  absorber  i s  not  a s  s e n s i t i v e  t o  t ime of year  a s  t h e  non- t i l -  
t ed  CCFA c o l l e c t o r  s y s  tem (Figure 4) .  However , comparison of t he  d a i l y  
i n s o l a t i o n  i n c i d e n t  t o  absorber ,  between t h e  CCFA and the  tubu la r  eccen- 
t r i c  c o l l e c t o r s ,  assuming s i m i l a r  a r eas  f o r  absorbers  and f o r  covers  of 
t he  two c o l l e c t o r s  i n d i c a t e s  t h e  CCFA c o l l e c t o r  r e s u l t s  i n  b e t t e r  i n t e r -  
cep t ion  of r a d i a t i o n  a t  a l l  sun angles .  The d i f f e r e n c e  was maximum a t  
high sun angles  and minimum a t  low sun angles .  

For a  f i x e d  absorber  r a d i u s  of a  t ubu la r  c o l l e c t o r ,  t h e  r a t i o  of t h e  cover 
r ad ius  t o  t h a t  of t h e  absorber  has  a  s i g n i f i c a n t  e f f e c t  'on t h e  amount of 
r a d i a t i o n  s t r i k i n g  the  absorber .  The l a r g e r  t h e  r a t i o  of cover r ad ius  t o  
absorbe'r r a d i u s ,  t h e  h igher  t h e  i n c i d e n t  r a d i a t i o n  t o  t h e  absorber  (F igure  5 ) .  

P l a s t i c  So la r  Co l l ec to r  Performance 

The performance of CCCA s o l a r  c o l l e c t o r s  (F igure  l a )  has  been s t u d i e d  ex- 
per imenta l ly  i n  I l l i n o i s ,  Ind iana ,  Minnesota ( ~ o r e y ,  e t  a l .  1976),  and 
Ohio  e eyer e t  a l .  1975).  It has a l s o  been s t u d i e d  a n a l y t i c a l l y  using com- 
pu te r  s imu la t ion  techniques (Meyer, e t  a l .  1976).  

The c o l l e c t o r  is  made of 10 m i l  W s t a b i l i z e d  p l a s t i c ;  top c l e a r ,  mid- 
d l e  t r a n s l u c e n t  w i th  an a b s o r p t i v i t y  hea r  0 .8  and the  bottom l a y e r  opaque. 
It is  3..6 m wide and 25 m long (11.7 f t .  x  82 f t  .) . The c o l l e c t o r  was 
designed s o  t h a t  about 80 p e r  cent  of t h e  a i r  flow r a t e  moves through t h e  
lower pa th  (between t h e  middle and bottom l a y e r s )  and about 20 per  cent  moves 
through the:upper pa th  (between t h e  c l e a r  t op  l a y e r  and t h e  middle l a y e r ) .  

*The optimum t 5 l t  angle  is defined,  a s  t h e  angle  Wl2- Bmax, :where Bmax 
is t h e  maximum s o l a r  a l t i t u d e  angle  occurr ing  a t  s o l a r  noon.. 
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Figure 4 .  T o t a l  Daily I n s o l a t i o n  Inc iden t  t o  Absorber of Two Col lec tor  
Shapes wi th  Equivalent Cover and Absorber Areas. 
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Pioreover, t h e  r a t i o  between t h e  lower pa th  and t h e  upper pa th  c r o s s  sec- 
t i o n a l  a r e a s  is  about 0.2.  Therefore ,  t h e  r a t i o  between t h e  a i r  velo- 
c i t i e s  through t h e  upper pa th  and t h e  lower pa th  is  about  0.04. Consi- 
der ing  t h e  r a d i a t i o n  t r a n s m i s s i v i t y  and t h e  v e l o c i t y  r a t i o ,  almost a l l  
t h e  u s e f u l  h e a t  gained by t h e  c o l l e c t o r  is  t r a n s f e r r e d  by t h e  a i r  i n  t h e  
lower pa th .  

Parameters sltudied exper imenta l ly  over a  3-year pe r iod  f o r  t h i s  co l l ec -  
t o r  were a i r  f low r a t e s ,  o r i e n t a t i o n  of t h e  c o l l e c t o r ,  t h e  use of thermal  
i n s u l a t i o n  between the  c o l l e c t o r  and t h e  s o i l  and c o l l e c t o r  l 5 f e .  Re- 
s u l t s  of s t u d i e s  i n d i c a t e  t h a t :  

1 )  dur ing  l a t e  October and November, t h e  n o n - t i l t e d  curved-cover, b i -  
curved-absorber c o l l e c t o r  o r i e n t e d  i n  an east-west  d i r e c t i o n  re- 
s u l t e d  i n  a  h ighe r  c o l l e c t i o n  e f f i c i e n c y  than one o r i e n t e d  i n  a  
south-north d i r ec t i on* ,  

2) i n s u l a t i o n  of t h e  c o l l e c t o r  from t h e  s o i l  s u r f a c e  r e s u l t e d  i n  a  
h ighe r  temperature  rise dur ing  t h e  midday, b u t  d i d  n o t  improve 
t h e  o v e r a l l  c o l l e c t o r  performance when i n t e g r a t e d  over  s e v e r a l  
weeks, 

3) an  un insu l a t ed  c o l l e c t o r  can have l a r g e  r a t e s  of h e a t  exchange 
wi th  t h e  s o i l .  During pe r iods  of h igh  i n s o l a t i o n ,  h e a t  w i l l  b e  
d i s s i p a t e d  t o  t he  ground whereas during pe r iods  of low inso- 
l a t i o n  heat may b e  recovered 1 t . u ~  Lht! s o i l ,  

4) when s o i l  temperature  is above a i r  temperature  (such a s  i n  Sep- 
tember-December) t h e  un insu la ted  c o l l e c t o r  ha s  a  s l i g h t  advantage 
over  t h e  i n s u l a t e d  c o l l e c t o r  when t o t a l  h e a t  ou tput  is  cons idered ,  
and 

5)  c o l l e c t o r  l i f e  was about 20 months under cont inuous ope ra t i on .  

A summary of a c t u a l  c o l l e c t o r  performance is given i n  Table  2. Computer 
s imu la t i on  of t h i s  s o l a r  c o l l e c t o r  has  been accomplished (Meyer, e t  a l .  
1976) and r e s u l t s  f o r  v a r i o u s  a i r  flow r a t e s  a r e  given i n  Table  3. 

3  3  Reducing a i r  f low through t h e  c o l l e c t o r  from 1.04 m /s t o  0.47 m / s  re- 
duced h e a t  c o l l e c t e d  by 20% i n  October based on s imu la t i on  r e s u l t s .  The 
amount of s o l a r  energy c o l l e c t e d  wi th  t h i s  c o l l e c t o r  averaged nea r  350 M J /  
day f o r  October and 250 MJ/day f o r  November. This  is approximately 1.66 
MJ/day p e r  m2 of absorber  a r ea  (double l a y e r ) .  

Experimental s t u d i e s  on e c c e n t r i c  t ubu la r  s o l a r  c o l l e c t o r s  (F igure  l e )  
were done a t  Manhattan, Kansas (Converse, e t  a l .  1976).  The b l ack  absor- 
b ing  tubes  were .43 and .96 m i n  diameter  wh i l e  t h e  c l e a r  o u t e r  tubes  

* Col l ec t i on  e f f i c i e n c y  = q u a n t i t y  of h e a t  c o l l e c t e d  pe r  u n i t  a r e a  ex- 
pressed a s  a  percentage  of t h e  s o l a r  energy a v a i l a b l e .  



TABLE 2. Experimental Performance of Curved-Cover, ~ i c u r v e d - ~ b s o r b e r ~  So la r  Co l l ec to r  a t  
Wooster, Ohio 

Average b  Average 
A i r  Flow So la r  Heat Average 

Rate Tes t  Per iod  Radiat ion Gained Eff .  Temp. R i s e  

a  - Trademark Soloron - mfg. by S o l a r  Energy Products  Co., Avon Lake, Ohio.' 
b  - Based on i n c i d e n t  r a d i a t i o n  on a f l a t  h o r i z o n t a l  c o l l e c t o r .  Absorber dimensions 3.7m x 24.4m. 
c  - S o i l  temperatures  r i s i n g  during October and November 1974. F a l l i n g  i n  1975. 
d  - Col l ec to r  o r i e n t e d  north-south, wh i l e  i n  a l l  o t h e r  tests t h e  c o l l e c t o r  was o r i e n t e d  east-west.  
e.- C o l l e c t o r  i n s u l a t e d  from ground wi th  25 mm beaded styrofoam. 



TABLE 3. Simulated Co l l ec to r  Output Versus A i r  Flow ~ a t e s ~ ' ~  

A i r  Flow Max. Absorber Max. A i r  Avg. ~ i r '  HeatC Co l l ec t ion  
Rate Temperature Temp. Rise Temp. Rise  'Col lected Ef f i c i ency  

a - For Soloron a i r  supported p l a s t i c  c o l l e c t o r ,  mounted i n  e a s t - w e s t . o r i e n t a t i o n  of p r i n c i p l e  
. a x i s ,  f l a t  h o r i z o n t a l  ( t i l t  angle  = 0) and i n s u l a t e d  from s o i l  s u r f a c e  wi th  25 mm th ickness  

of beaded s ty ro f  oam. 
Co l l ec to r  dimensions 3.7m x 24.4m. 

b - Input  a i r  temperatures  and t o t a l  i n s u l a t i o n  va lues  based on October 7, 1975 a t  Wooster, Ohio; 
Avg. d a i l y  i n l e t  temperature = 15.7C, avg. d a i l y  s o i l  temperature = 12.2C, t o t a l  a v a i l a b l e  
i n s o l a t i o n  = 1424.4 M J .  Wind run = 100.4 Km per  day. 

c - 24-hour ope ra t ion  

Ref: Meyer, e t  a l .  1976. 



w e r e  - 5 1  and .93 m Co l l ec to r  length  was 30.5 m and a i r  flow was ap- 
3 proximately 0.59 m /s f o r  both c o l l e c t o r s .  Resu l t s  of t e s t  d a t a  f o r  

t h e  t u b u l a r  s o l a r  c o l l e c t o r  a r e '  given i n  Table 4. 

The amount of s o l a r  energy c o l l e c t e d  i n  e i g h t  t e s t s  by these  c o l l e c t o r s  
averaged 144 MJ/day. Output f o r  t h e  .86 m diameter  c o l l e c t o r  averaged 
about 1.67 ~ J / d a y  pe r  m2 of absorber  a rea .  

Another p l a s t i c  c o l l e c t o r  which is commercially a v a i l a b l e  has a  c l e a r  
po lye thylene  cover over  a  t r i a n g u l a r ,  w i r e  frame with b l a c k  polyethy- 
l e n e  f i l m  . as  t h e  absorber  forming , t h e  f l o o r  (F igure  I d ) .  A i r  is  drawn 
through t h e  c o l l e c t o r  and heated on i ts  way t o  t h e  f an  on t h e  drying 
b i n .  This  c o l l e c t o r  .des ign  has been used on farms i n  Iowa. 

Opera t iona l  exper ience  wi th  p l a s t i c  f i l m  c o l l e c t o r s  suggest  problems wi th  
snow loads  co l l aps ing  c o l l e c t o r s ,  s t r e s s  cracking 06 covers dur ing  be- 
low-freezing weather ,  and mechanical damage occurr ing  t o  covers  b,ecause 
of man o r  b e a s t .  This  was e s p e c i a l l y  t r u e  of t h e  semi-c i rcu lar  co l lec-  
t o r .  Based on f i e l d  r e s u l t s ,  p l a s t i c  f i l m  s o l a r  c o l l e c t o r s  would b e  oper- 
a t i o n a l  only u n t i l  about December 1 f o r  most of t h e  Midwest. Over t h e  
f i r s t  15  months of continuous use i n  Ohio, t h e  c o l l e c t o r s  were r e l a t i v e -  
l y  maintenance f r e e  (except ions were a burned-out f a n  motor and vandalism 
t o  t h e  c o l l e c t o r  cover  of one u n i t ) .  However, s i n c e  then,  maintenance has  
become a  problem wi th  t h e  major concern be ing  keeping t h e  o u t e r  cover 
i n t a c t  on the  c o l l e c t o r .  Minnesota noted improvement i n  c o l l e c t o r  e f f i -  
c iency when t h e  c o l l e c t o r  was loca t ed  next  t o  a  s t r u c t u r e  which would a c t  
a s  a  r e f l e c t o r .  

Cost Benef i t  Ra t io  of P l a s t i c  S o l a r  Co l l ec to r s :  

The c o s t  of us ing  a  s o l a r  c o l l e c t o r  inc ludes  f i x e d  cos t  p lus  ope ra t ing  ex- 
penses.  Cost d a t a  r epo r t ed  by workers a t  Kansas f o r  t h e  c i r c u l a r  co l lec-  
t o r s  i s  about 3.77 $/m2. The c o s t  of t h e  CCCA c o l l e c t o r  (c.ommercially 
made) i n  1974 was about  17.22 $/m2 p l u s  cos t  of t h e  f an  t o  ope ra t e  t h e  
system. Cost d a t a  of t h e  p l a s t i c  f i l m  a lone  ranges from under . 4 3  $/m2 of 
f i l m  a r e a  f o r  6  m i l  W s t a b i l i z e d  polye thylene  f i l m  up t o  3.23 $/m2 f o r  12  
m i l  v i n y l  wi th  a 1 m i l  t e d l a r *  coa t ing .  The power t o  ope ra t e  t h e  system 
v a r i e s  depending on a i r  flow r a t e s  used, t h e  s t y l e  and the  dimensions of t he  
c o l l e c t o r .  ' 

Calcu la t ion  of t h e  c o s t  of h e a t  energy output  from a  s o l a r  c o l l e c t o r  is 
g iven  by 

0 

* Trade name of t h e  E. I. Dupont DeNemours and Company, Wilmington, 
. . Delaware 19898. 



where c  = c o s t  of energy, $/MJ 
9 

Cs = c o s t  of  system, f u n c t i o n  of  P, $ 

rs = annual  r a t e  charge a g a i n s t  investment 

cp = c o s t  of energy i n p u t ,  $/MJ 

P  = energy i n p u t  p e r  h r . ,  MJ/hr 

c1  = c o s t  of  l a b o r ,  ' $ / h r  

WI = l abo r  r equ i r ed  per  hour of ope ra t i on ,  man-hourslhr 

Eo = energy ou tpu t ,  f u n c t i o n  of P, MJ/hr 

T  = l i f e  of  system, h r  

Based upon f i e l d  d a t a  a  10 m i l  v i n y l  UV s t a b i l i z e d  p l a s t i c  f i l m  co l l ec -  . J a .< 

t i o n  system could b e  expected t o  l a s t  over  e i g h t  seasons  i f  pu t  up a t  r 

t h e  end of September and removed a t  t h e  end of November. This  would re- 
p re sen t  a  t o t a l  expected l i f e  of about 11500 hours .  For t h e  i n s t a l l a t i o n  
and removal of a  p l a s t i c  s o l a r  c o l l e c t o r  of about  90 m2 between 10 and 20 
man hours  could b e  expected p e r  u n i t  p e r  season  (assumed 15 man hniirs) . 
Annual charge aga inc t  investluent co cover c o s t  such a s  insurance ,  i n t e r -  
est and r e p a i r s  is assumed t o  be  12% of t h e  investment  p e r  season,  o r  
96% of t h e  c o l l e c t o r  c o s t  over  i ts  l i f e t i m e .  

S u b s t i t u t i o n  of t h e s e  va lues  i n  equat ion 1 gives  

~ s ' i n g  computer s imu la t i on ,  h e a t  ou tput  j ~ ~ d t  ve r sus  energy inpu t  IP d t  
2  was eva lua t ed  f o r  a  90.1 m c o l l e c t o r  and is g iven  i n  F igure  6. R e s u l t s  

i n d i c a t e  t h a t  s o l a r  energy c o l l e c t i o n  f o r  t h e  system approaches a  maxi- 
mum a t  about  57 ~ J / d a y  i n p u t  ( a i r  f low r a t e ,  1.42 m3/s). 

L e t t i n g  Cs = A + (175 + 75 HPfan), i n  which A is t h e  c o s t  of t h e  co l l ec -  
t o r ,  t h e  c o s t  of  t h e  h e a t  ou tput  is g iven  by 

T 

1.96A + 343 + 147 HPfan + cp P d t  + 120cl 



a  
TABLE 4 .  Experimental Performance of Eccen t r i c  Tubular Solar  Co1le.ctor a t  Manhattan, Kansas. 

Absorber Tube ~ v g .  s o l a r b  Avg. Heat Avg. Temp. 
Diameter Rat io  Test  Radiat ion Gained Eff .  Rise 

m Ri/Ro Period MJ/day MJ/day % C 

a - Ref: Converse, Fos ter  and Sauer,  1976. 

b  - Calculated on b a s i s  of f l a t  s o l a r  c o l l e c t o r  t i l t e d  a t  opt imal  angle  toward t h e  sun, length  of c o l l e c t o r  
30.5 meter. A i r  flow r a t e  was approximately 0.59 m 3 / s ;  o r i e n t a t i o n  of c o l l e c t o r s  was east-west. 
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So lu t ions  of  t h i s  equa t ion  a r e  given i n  Table  5  f o r  va r ious  va lues  of 
A ,  assuming e l e c t r i c a l  power c o s t  4c/kwh ( l . l l c / M J ) .  Minimum c o s t  of 
h e a t  when A = 0  would be  0 . 5 5 i / ~ ~  which is equ iva l en t  t o  about  5 3 ~ / g a l  
f o r  propane. A p l o t  of  minimum h e a t  energy c o s t  from t h e  s o l a r  col-  
l e c t o r  ve r sus  c o l l e c t o r  c o s t  is given i n  F igure  7. The breakeven p o i n t  
when e l e c t r i c a l  power cos t  4 ~ / k w h  is a  c o l l e c t o r  c o s t  of $420 (4.66 $/m2) . 
Using an e l e c t r i c a l  power c o s t  of 8 ~ / k w h ,  t h e  breakeven p o i n t  i n c r e a s e s  
t o  a  va lue  of $1300 (14.43 $/m2). The 1976 e l e c t r i c a l  power c o s t  range 
a s  h igh  a s  4 .5~ Ikwh  i n  Ohio w h i l e  propane cos t  was about  43c/gal  (0.45clMJ). 
Based on t h e  c u r r e n t  c o s t  of propane (and ignor ing  equipment c o s t  f o r  
us ing  propane) i t  would remain as t h e  lowest  c o s t  sou rce  of h e a t  f o r  g r a i n  
d ~ y  ing .  

CLOSURE : 

The use of p l a s t i c  i-ilm c o l l e c r o r s  Iur.  g r a i n  dry ing  i n  f u t u r e  yea r s  ap- 
pea r s  f e a s i b l e  when one cons ide r s  Ll~a t  1 )  as much as 1000 m2 n r  more of 
c o l l e c t o r  a r ea  is r equ i r ed  pe r  dry ing  i n s t a l l a t i o n ,  and 2) t h e  l i f e  of 
p l a s t i c  f i l m  c o l l e c t o r s  could be  doubled a t  l i t t l e  c o s t  through des ign  
mod i f i ca t i ons  and management p r a c t i c e s .  

Keener, e t  a l .  (1975) r epo r t ed  t h e  use of s o l a r  hea ted  a i r  f o r  batch. 
g r a i n  dry ing  and has  proposed a  system des ign  f o r  handl ing  40,000 bushe ls  
of g r a i n  using p l a s t i c  f i l m  c o l l e c t o r s .  F igure  8 is an example of such a  
system using 1080 m 2 ,  ( .27 a c r e s )  of c o l l e c t o r  a r e a .  Using p l a s t i c  f i l m  
c o l l e c t o r s  of CCCA type  o r  e c c e n t r i c  t u b u l a r  type  f o r  t h i s  system al lows 
t h e  g r a i n  ope ra to r  t o  b u i l d  h i s  g r a i n  drying system i n  t h e  most f avo rab l e  
l o c a t i o n ,  doesn ' t  p l a c e  a heat  load  on a  f i x e d  s t r u c t u r e  (such a s  machin- 
e r y  shed) during summer months, and minimizes duc t  work needed t o  convey 
a i r  from the  c o l l e c t o r ( s )  t o  d rye r  fan .  A l l  of t h e s e  f a c t o r s  can l e a d  
t o  low ope ra t i ng  c o s t  because of e f f i c i e n t  flow of g r a i n  and a i r  i n t o  and 
ou t  of t h e  g r a i n  handl ing  systems.  

To improve t h e  l i f e  of p l a s t i c  f i l m  s o l a r  c o l l e c t o r s  and reduce t h e f r  cosL 
t h e  fo l lowing  recommendations a r e  made: 

1 )  main ta in  i n  sod t h e  a r e a  ad j acen t  t o  t h e  g r a i n  b i n s  where t h e  so- 
l a r  c o l l e c t o r s  w i l l  b e  i n s t a l l e d .  This  a l lows hardware f o r  secur-  
i n g  c o l l e c t o r s  t o  remain i n  p l a c e  thus minimizing s e t u p  time f o r  
c o l l e c t o r s  each y e a r  wh i l e  a t  t h e  same time provid ing  a  s u r f a c e  
s u i t a b l e  f o r  c o l l e c t o r s  t o  l i e  on wi thout  f e a r  of damage. 

2) do not  use i n s u l a t i o n  under p l a s t i c  f i l m  s o l a r  c o l l e c t o r s  which 
a r e  i n  con tac t  w i th  ground, 

3) c o l l e c t o r s  should b e  made of v i n y l  s o  t h a t  they can b e  fo lded  
wi thout  damaging f i l m .  I n i t i a l  c o s t  w i l l  be  h i g h e r ,  b u t  improved 
performance o f f s e t s  c o s t .  



4) use  c o l l e c t o r s  only dur ing  . l a t e  September, October and November. 
Removal of c o l l e c t o r s  a t  end of November and p u t t i n g  i n  s t o r a g e  
u n t i l  fo l lowing  f a l l  d ry ing  s ea son  can i n c r e a s e  l i f e  of c o l l e c -  
t o r s  from two y e a r s  ( f u l l  exposure) t o  over  e i g h t  y e a r s ,  and 

5) des ign  c o l l e c t o r  such t h a t  o u t e r  cover can b e  r ep l aced  a t  end 
of i ts u s e f u l  l i f e .  

R e s u l t s  of s t u d i e s  t o  d a t e  sugges t  t h a t  only o u t e r  cover  would have, de- 
t e r i o r a t e d  a t  end of e i g h t  seasons .  Thus, making t h e  o u t e r  cover  re- 
p l a c e a b l e  would i n c r e a s e  t o t a l  l i f e  of c o l l e c t o r  system w i t h  l i t t l e  in-  
c r e a s e  i n  system maintenance c o s t .  



TABLE 5. Cost of Heat Energy from a  S o l a r  c o l l e c t o r 1  

C o l l e c t o r  Cost ,  $ / u n i t  
A i r  Energy 

Flow Input  3  Output 0  400 800 1600 
I I 

m3/ s . MJ / day 

.47 2.10 

. 71  7.08 

.94 16.. 79 

2  1 - Rased on 90 .1  m s e m i c i r c u l a r  c o l l e c t o r  l oca t ed  a t  Wooster, Ohio. 
Operated only dur ing  months October - November. 

M J  / day 

248 

2  88 

31 8  

2  - Upper p r a c t i c a l  l i m i t  on a i r  flow r a t e  assuming c o l l e c t o r  cannot s t a n d  more 
than  1 i n  H20 p re s su re .  

C/MJ 

.603 1.261 1.919 

.548 1.116 1.683 

.545 1.059 1.574 

3  - Assumes e l e c t r i c a l  c o s t  of 4~ /kwh  - (no te :  1 kwh = . 3 . 6  M J ;  1 M J  = 948 BTU). 
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Figu re  8. S o l a r  ba t ch  g r a i n  dry ing  system - minimum dry ing  capac i t y  800 bushe ls lday  
of corn.  Drying corn from 252 t o  15% mois ture  (w.b.) ,  s t o r a g e  capac i t y  
40,000 bushe ls .  
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BIN SIDZdALL COLLECTORS 

William H. Peterson 1 

B i n  sidewall ' so lar  collectors deserve serious consideration for  use 
i n  crop drying because: 

1. They a re  l ike ly  to  be l e s s  costly to  build than free-standing 
separate col lectors  of optimum slope, since a structure i s  
generally already available on which to  mount the collector.  

2. They are  out of the way and do not take space out of often- 
crowded farmsteads as  would separate solar  collector structures.  

3. They can be made to  work on both rectangular and round bins. 
4. A south-facing vertical  col lector  i s  l ike ly  t o  receive more solar  

energy per square foot on a clear  day i n  the f a l l  than most 
typical roof slopes or a horizontal surface i n  the midwest. 

5. They of fer  the opportunity of increasing solar  energy by addition 
of a re f lec tor  la id  on the ground. (But i f  t h i s  i s  done, p o i n t  
No. 2 above i s  compromised.) 

Of course, sidewall col lectors  do require spacing from any shading 
s t ructure t o  the south of 2 t o  2% times the height of the s t ructure;  
more to  the southeast and southwest i s  desirable. Also, i f  doors or 
windows are  desired i n  the col lector  area, there a re  problems to  solve. 

FIRST "WRAP-AROUND SOLAR COLLECTOR" BIN 

In 1973, Myron Pedersen, who farms near Arlington, South Dakota, 
expressed an in t e res t  i n  using solar  heat i n  his 3000-bushel low- 
temperature drying b i n .  Kingsbury Electric Cgo.perative, his power 
supplier, offered to  furnish materials, and East.River Electric Power 
Cooperative recruited a "work, crew" t o  build the solar  collector.  

The solar  col lector  was constructed by mounting wood strips on 2 '  
centers,  b u i l t  up from three layers of 1" by 2" wood s t r i p s  mounted 
horizontal l y  around the southern two-thirds of the bin, mounting a1 umi - 
num sheets over the s t r i p s  (they were used o f f se t  press-plates, reason- 
ably priced) painting the sheets black, and mounting three more layers 
of wood s t r i p s  and stretching a sheet of c lear  polyethylene over the top. 
T h i s  formed the channels to  bring a i r  around the bin, on both sides of 
the black sheet,  and into a tunnel on the northeast side of the bin. 

l ~ x t e n s i o n  -4gr icul tura l  Engineer, South Dakota S t a t e  
Univers i ty ,  b o o k i n g s ,  South Dakota 



sheet because i t  was low i n  cost, although we 
l a s t  more than one season. This b i n  is shown i n  

should note here that we had considerable difficulty i n  bending the 
" by 2" pine s t r ips  around the 18-foot diameter b i n  without breaking 
hem. By a number of means, such as soaking them w i t h  water and 
otching the backsides w i t h  a saw, we were able to get them mounted, 
u t  it became evident that  a "better way" should be devised. 

he solar collector produced about a 10 degree temperature r ise a t  
f the 7% hp drying fan, which was about the same 
roduced by the 19.2 kilowatt e lec t r ic  heater. 
om October 23 to  November 20, to  dry 2800 bushels 
20 percent to 14 percent moisture. The e lect r ic  

T. heater was not used. Energy used was 4794 kilowatt-hours, or 1.7 
kilowatt-hours per bushel. Temperature and relative humidity were 

3, , 
J ' near normal for South Dakota du r ing  the drying period. k 
@ One of the di f f icul t ies  wi th  t h i s  solar collector was the sagging of 

the polyethylene between the supporting strips. This restricted a i r -  
flow and increased the pressure drop, which was measured a t  about 3/4 
inch of water when the b i n  was f i l l ed  w i t h  shelled corn. 

In 1974, the polyethylene cover having deteriorated beyond useful ness , 
Myron Pedersen replaced i t  w i t h  f l a t  fiberglass sheets, of the type 
sold by mail -order catal og houses for greenhouse use. The performance 
of the solar collector was as good as it had been w i t h  the polyethylene 
sheet. This b i n  is shown i n  Figure 2. The sagging and pressure drops 
experienced w i t h  the polyethylene cover were much improved, w i t h  
pressure drop through the collector of under % inch of water. 

I t  was suspected that the collector might  be "leaking" a i r  i n  a t  the 
overlaps of the vertically-mounted 4-foot wide fiberglass sheets, bu t  
a i r  velocity measurements a t  inlets  and outlets indicated that not 
more than 15 percent of the airflow was contributed through leakag 

In 1974 and 1975 we were able to  secure data from a low-temperature 
drying b i n  on the Converse farm nearby which was identical to  the 
Pedersen b in ,  except for the solar collector. This provided us with a 
comparison, or "control" w i t h  which we could make comparisons of 
energy efficiency. In 1974 the solar bin used 26 percent less ene 
for drying,  on a per-bushel , per point of moisture basis, and i n  1 
i t  used 55 percent less energy. The apparent saving was $106 w i t h  
e lectr ici ty a t  1.75dlkwh. The 1974 season was considerably more 
favorable for  drying than normal; some farmers dried w i t h  natural a i r 4  

season was more near-normal , b u t  s t i l l  more favorable for 
The data are summarized i n  Tables 1 and 2. 



Figure 1. Myron Pedersen solar drying bin, 1973. 

Figure 2.  Myron Pedersen solar drying bin, 1974. 
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Table 1. Comparison of Selected Data, Pedersen Solar Bin and 
Converse Control Bin. 1974 

Pedersen Converse 
I n i t i a l  : Solar Bin Control Bin 

Ave. Moist. 

Oct. 23 

Ave. Moist. Content 
Moist. Removed - Pts. 
Bus he1 s 
KWH-Fan 
KWH-Heater 
KWH-Total 
KWH-Bu. (35.24 1. ) 
KWH/Bu. -Point 

BTU/Lb. Water Removed 

12.77 
5.39 

2950 (103 cu.MJ 
1964 

0 
1964 
0.665 
0.123 
(26% Less) 
635 (352 cal/gm) 

Weather Conditions , Departure From Normal 

Temperature 9.5 F 11.3 F 
Relative humidity -15.6% -15.9% 
% possible sunshine 22.3% 19.2 



Table 2, Comparison of Selected Data, Pedersen Solar Bin, Converse 
Control Bin, and Redfield Solar Bin. 1975 

Star t ing  Date 
Finishing Date 
I n i t i a l  Moisture 
Final Moisture 
Moisture Removed, Points 
Bus he1 s 
KWH-Fan 
KWH-Heater 
KWH-TO t a l  
KWH/Bu. 
KWH/Bu. -Point 
BTU/LB. Water Removed 

Pedersen Converse Redfield 
Solar Control Solar 

Oct. 14 
Nov. 10 

22.05 
13.6 
8.45 

3053 

4869 
0 

4869 

1.59 
0.1887 

930 

Oct. 21 
Nov. 17* 

20.0 
15.78 
4.22 

3053 
3474 
2014 
5488 

1.79 
0.424 

2081 

Weather Condi t tons ,  Departure From Normal 
For October - November 

Temperature 
Relative Humidity 
% Possible Sunshine 

Nov. 3 
Nov. 24 

22.2% 
14.9 
7.3 

1000 
1757 
621 

2378 
2.37 
0.32 

1570 

* Corn was not dr ied t o  desired moisture on this date,  but drying was 
discontinued due t o  cold weather. 



REDFIELD 5-COLLECTOR BIN 

In the fall  of 1974, w i t h  the asststance of ERDA funds managed through 
USDA, we constructed five different types of solar collectors on a b i n  
located a t  the University farm near Redfield, South Dakota, to make 
comparisons. This b in  holds 1000 bushels, use$ a 3 hp fan and an 
8-kil w a t t  electric heater. 

Instead of trying to bend the wood strips around the b in ,  we had them 
prefabricated to the proper curvature by a manufacturer of laminated 
wooden rafters. This was much more satfsfactory than the method we 
had used before, 

The top call ector i s  a suspended-sheet type, pol yethylane-covered, 
1 i ke Myron Pedersen 's, the second Qne %s the same, except i t  i s  
covered w i t h  corrugated clear fibe,rgTass, the th4rd one is a bare- 
sheet cof lector; made from used press-plates .and hand-corrugated In a 
sheet metal.. bvake, the fourth one-awn i s  bare-sheet type, of corru- 
gated a1 uminum roofing , and the botam collector i s  a bare-sheet type 
of corrugated .steel rooftng. The tii-n i s '  shawn tn Figure 3. Perfor- 
mance is d e ~ c r i  bed i n  Tab1 e 3 . 
Collecting of t&amture data i n  1974 and 1975 on this bin convinced 
us that, while the bare-sheet collectors may not be more efficient 
than those w i t h  transparent covers,in the situation *here we were 
using them they were almost as good, and d id  offer advantages i n  cost 
and probable l ife.  Data on the Redfield solar b i n  i s  compared w i t h  
the Pedersen b i n  and the "control" b i n  i n  Table 2. I t  should be noted 
t h a t  drying a t  Redfield was done la ter  it1 the year, and electric heat 
was needed to get the corn dry enough, so more energy was used. A 
full report was made by Peterson and Hellickson (1). 

PROTOTYPE SOLAR BIN 

In the fal l  of 1976, w i t h  the help of funds from the Federal Energy 
Administration through the State Office of Energy Pol icy, the Southeast 
Experiment farm corporation, and a number of other cooperators, a 
prototype commerci a1 ly-buil t solar @rying bih whs constructed a t  the 
SDSU Southeast Experiment Farm, Beresford, South Dakota (Figure 4). 

Thjs project has two objectives; one i s  t o  inform farm operators i n  the 
area about methods of drying w i t h  less energy, and the other i s  to 
stimulate a manufacturer to  actually produce, for sale, a solar drying 
b i n  so that farm operators who want t o  use one will have a place: to 
buy it. ( I t  should be remembered that bin-drying d i d  not become comnon- 
place u h t i  1 manufactwers offered a "package" drying bin.  ) 

This b in  has a capacfty of 5000 bushels, uses a 10 hp Sukup centrifugal 
fan, and has a 20-kilowatt electric heater. The solar collector i s  
corrugated steel , w i t h  a bl ack co-polymer plastic coating, factory- 
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,# f@i gure 3. Redfiel d 5-col l ector solar drying bin, 1974. 
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figure 4, #nu'iact"r<d 'brototypi solar drying bin, SMU 
Southeast Ex eriment Farm, (near Beresford, 

- . -- South Dgkota 1976. -- P 
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Table 3. Performance o f  F i ve  Types o f  S.01 a r  Co l lec tors ,  Red f ie ld  B in  
[Measured a t  noon, October 29, 1974, with 8 f e e t  o f  she1 1 ed 
corn i n  b i n )  

Col 1 ec to r *  Temp. Rise A i r f l o w  Heat Output E f f i c i ency  
DeQ. F. C FM BTU/HR 

A-next t o  b i n  12.1 
A-next t o  p l a s . t i c  16.1 

B-next t o  b i n  9.0 
B-next t o  p l a s t i c  11.5 

112 1983.5 
TOTAL 4898.3 

7 7 974.0 
TOTAL . 4409.3 

Co l l ec to r  types: 
A - suspended-sheet, polyethylene covered 
B - suspended-sheet, corrugated c l e a r  f i b e r g l a s s  cover . '  

C - bare-sheet, hand-corrugated from used press-plates 
D - bare-sheet, corrugated aluminum r o o f i n g  
E - bare-sheet, corrugated, galvanized s t e e l  r o o f i n  . (Values f o r  E 9 m$y havc bccn in f l ucnecd  b y . l o c a t i o n  ncx t  t o  p enum of warmed a i r .  

I n  1975, w i t h  i n s i d e  w a l l  insu la ted,  values were q u i t e  c lose t o  
t h a t  o f  D.) 



applied, which i t  is hoped will be both cheaper and more long-lived 
than the usual flat-black paint. This idea was advanced by the 
manufacturer, Sioux Steel Company of Sioux Falls,  South Dakota, and 
reflectance tes t ing  of a sample indicated tha t  i t  absorbed solar  
radiation as well as flat-black paint. 

I t  was no small job to  locate high-moisture corn in draught-stricken 
South Dakota (no corn for  grain was harvested on the University farm 
where the bin i s  lcoated) b u t  1300 bushels was located and "borrowed" 
from a neighbor and dried in the solar  b i n .  

Using no heat other than solar ,  the 1300 bushels were dried down from 
20% percent t o  14% percent moisture in f ive days of continuous fan 
operation, from November 17-22. Energy used was 117.0 KWH, or  0.9 KWH 
per bushel. 

With the bin one-fourth f i l l e d ,  the solar  energy provided a 5 degree 
temperature r i s e  a t  noon i n  the airstream. The 10 hp  fan adds another 
2 degrees. Temperature r i s e  should be higher with a fu l l  bin, when 
airflow will be less .  ( I t  should be noted that  as you increase the 
diameter of a b i n ,  you increase bushel capacity fas te r  than you 
increase collector area. Doubling the diameter would increase capacity 
four times while doubling the col lector  area. Less temperature r i s e  
i s  expected on larger  diameter bins.)  Efficiency of the solar col- 
lector  was calculated a t  66 percent. Pressure loss through the col- 
lector  i s  an acceptable % inch of water. All solar  collector parts 
are galvanized s teel  except the black coating. The bin i s  now com- 
mercially available,  though not in quantity production, from the 
Sioux Steel Company, Sioux Fa1 1 s ,  South Dakota. 

I would 1 i ke to  mention two applications of wall-mounted solar  collec- 
tors  on rectangular buildings, l e s t  I give the impression that  they 
f i t  only on round structur'es. 

A hog finishing house a t  the GTA research unit ,  near E l l i s ,  South 
Dakota, has a bare-sheet col lector  mounted on the south wall and 
south-sloped roof, which i s  used t o  preheat the incoming ventilation 
a i r .  Mylo Hellickson, SDSU, i s  project director.  

A machine shed addition near Bloomington, I l l i n o i s ,  has 1400 square 
f ee t  of fiberglass-covered solar  collector mounted on the south wall 
and south roof slope. Th.is i s  used t o  provide up t o  7 degrees F. 
temperature r i s e  on the a i r  for  two 10 kw drying fans. Coert D. Smit 
and Gene C. Shove di,rected th i s  ins ta l la t ion .  

WHAT MAKES THEM WORK? 

I t  i s  probably logical to  attempt some explanation of how our resul ts  
can indicate suc'h good efficiency for  bare-sheet col lectors .  (They are 
actually more e f f i c i en t  th.an the pl astic-covered ones on the Redfiel d 
b i n .  ) 



Firs t ,  i t  should be noted tha t  with most transparent materials, some- 
thing l ike  80 t o  85 percent of the so lar  ene,rgy actually, gets through 
the cover to  the black. sheet. Wi.th a bare-sheet, 100 percent s t r ikes  
the black abs.orber so it has an advantage i n  tha t  respect. Also, 
most transparent covers are somewhat glossy, and r e f l ec t  more energy 
when sunlight s t r ikes  them a t  an angle, than does a flat-black 
surface. 

Second, we have paid close attention to  a i r  velocities when designing 
solar collectors,  generally aiming for  1000 fee t  per minute (1000 cfm 
per square foot of crossection a'rea). The amount of heat t ransfer  
from a surface to  an airstream is  i n  d i rec t  proportion t o  the velocity 
of the airstream. Sobel and Buelow (2 )  show a substantial increase 
i n  efficiency w i t h  higher a i r  velocities.  

I n  the Redfield b i n  a i r  velocities i n  the bare-sheet collectors were 
higher, and temperature r i ses  were lower, both of which improve 
efficiency. I t  appears tha t  the a i r  velocity should be as high as 
you can allow without excessive pressure loss. A tradeoff i s  
necessary. 

I am not saying tha t  bare-sheet collectors are "better" than those 
w i t h  transparent covers; jus t  tha t  in our area i t  appears tha t  lower 
cost and longer l i f e  offset  whatever sacr i f ice  i n  efficiency exis ts .  
Where highe'r temperature r i ses  are  important, a more cost ly ,  shorter- 
1 ived c'ol lector  may we1 1 be jus t i f ied .  

HOW CAN WE MAKE THEM BETTER? 

There i s  not enough information available about low-cost air-heater 
solar  collectors sui table  for crop-drying. We should be able to  pre- 
d ic t  more closely the performance of a given solar collector design, 
particularly w i t h  d ifferent  a i r  velocities.  

We should also examine some innovative designs tha t  we know could be 
fabricated readily. We need th i s  information i n  order to  evaluate the 
tradeoffs 'necessary between efficiency and cost. 

Figure 5a i 11 ustrates the "punched-tab" solar  absorber patented by 
Iowa State University for  house heating. The tabs provide more contact 
with the airstream, increase turbulence, and improve efficiency. 
Sunlight penetrates the holes l e f t  by punching out the tabs,  so the \ 

backside also becomes a solar  absorber, and another surface to  conduct 
heat to  the airstream. Could a low-cost version of something similar 
to  th i s  be used for  crop-drying, even i n  a bare-sheet design? 

Figure 5b shows a vee-corrugated absorber w i t h  airflow parallel  t o  the 
vees. This one i s  a "sawtooth" design, intended for  vertical-wall 
mounting. The vees provide more area for  heat t ransfer  from the 
absorber to  the a i r  stream. Vees w i t h  45 degree angles will provide 



2% times as much surface area. This may not take more actual metal; 
the corrugations add stiffness. .  The vees perform another useful 
functi'on'; they force sunlight t o  undergo a t  l eas t  two reflections 
before i t  can escape. No surface i s  'a perfect absorber, and they 
become poorer as they age or become dusty. The extra reflections 
are  i l lus t ra ted  i n  Figure 5c. Forcing two reflections in t h i s  way 
will convert a surface of 80 percent absorbance t o  96 percent 
absorbance. This has been described by Tabor (3).  

CONCLUSION 

I would 1 i ke' to  compare the solar  collectors I have described with 
Henry Ford's Model "T" car.  Hopefully, we have something tha t  will 
work, and i s  affordable, b u t  we do have room for  many refinements. 
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BUILDING ROOF AND WALL COLLECTORS 

Marvin D.  Ha l l  
1 

The use  of s o l a r  c o l l e c t o r s  a s  primary hea t  sources  has  been slow i n  
developing.. This  slow development has  been based on two reasons.: 
(1) fuel  (gas,  o i l  and e l e c t r i c )  has  been a v a i l a b l e  i n  most a r e a s  
and i s  s t i l l  f a i r l y  cheap; t h e r e f o r e ,  t h e  economic advantages have 
been ques t ionab le ,  and ( 2 )  s o l a r  energy i s  v a r i a b l e ;  t h e r e f o r e ,  a  
h e a t  s t o r a g e  system i s  needed. My approach t o  c o l l e c t i n g  and u t i l -  
i z i n g  s o l a r  energy is  t o  keep c o l l e c t i n g  c o s t s  low by inco rpora t ing  
t h e  c o l l e c t o r . . a s  p a r t  of t h e  bu i ld ing  s t r u c t u r e  and t o  u s e  low temp- 
e r a t u r e  s o l a r  energy on farmstead a p p l i c a t i o n s  where i t  can e a s i l y  
be adopted such as :  (1) l i v e s t o c k  v e n t i l a t i o n  systems, and ( 2 )  crop 
d r y i n g .  A i r  seems t o  be  the  most p r a c t i c a l  method of t r . ansfer t%ng hea t  
f o r  a g r i c u l t u r a l  u se  a s  a i r  i s  needed f o r  crop dry ing  and lkvcsfock  shelLei. 
v e n t i l a t i o n  systems. No, .or very  l i t t l e  e f f o r t  has  been made t o  mod- 
i f y  s tandard  bu i ld ing  des igns  o r  shapes f o r  maximum s o l a r  o r i e n t a t i o n .  

BmE PLATE COLLEC'IOKS 

Building r o o f s  and w a l l s  become ba re  p l a t e  c o l l e c t o r s  when p rov i s ion  
i s  made t o  move a i r  a long  t h e  back s i d e  of galvanized s t e e l  o r  co lor -  
ed s t e e l  roo f ing  and wa l l  s h e e t s  (Fig.1) .  The important f a c t o r  w i th  
t h i s  type of c o l l e c t o r  i s  t o  main ta in  a  minimum a i r  v e l o c i t y  of 500 
f t / m i n  and a  maximum of l e s s  than  1500 f t /min .  P re s su re  drop through 
t h e  c o l l e c t o r  should be kept below 118 inch  water column f o r  l i v e s t o c k  
s h e l t e r  hea t ing  and l e s s  than 112 inch  water column f o r  g r a i n  drying 
systems. When t h e  wa l l  o r  roof  c o l l e c t o r  i s  t o  be used f o r  g r a i n  
dry ing  only ,  i t  i s  not  necessary t o  i n s u l a t e  below t h e  c o l l e c t o r  a r ea .  
The hea t  t r a n s f e r  r a t e  i s  s o  h igh  wi th  the  high a i r f l o w  t h a t  hea t  l o s s  
i s  minimal. 

COVERED PLATE COLLECTORS 

Clear  f i b e r g l a s s  i s  becoming popular as a  cover f o r  covered p l a t e  wa l l  
and roof c o l l e c t o r s  (Fig.  2 ) .  There a r e  s e v e r a l  grades of t h i s  mater- 
i a l  on the  market. F ibe rg l a s s  roo f ing  panels  used have been of marer- 
i a l  weighing 5  oz / sq  f t  wi th  a  t e d l a r  coa t ing  on t h e  e x t e r i o r .  This  
m a t e r i a l  u s u a l l y  c a r r i e s  a  20 year  guarantee  when used f o r  greenhouses,  
bu t  manufacturers  a r e  unwi l l ing  a t  t h i s  t ime t o  guarantee  performance 
when used a s  cover p l a t e s  f o r  s o l a r  c o l l e c t o r s .  F ibe rg l a s s  bu i ld ing  
r o o f s  and w a l l s  have n o t  been i n  u se  long enough t o  eva lua t e  l i f e  and 
d u r a b i l i t y .  

l ~ r e a  A g r i c u l t u r a l  Engineer, Cooperative Extension Serv ice ,  Region 3 ,  
Unive r s i ty  of I l l i n o i s ,  Macomb, I l l i n o i s  



STORAGE 

Most s o l a r  g r a i n  dry ing  and l i v e s t o c k  s h e l t e r  hea t ing  systems a r e  op- 
e r a t i n g  without  hea t  s t o r age .  However, some machTne sheds t h a t  incor -  

- p o r a t e  an i n s u l a t e d  shop have used t h e  conc re t e  f i o o r  w i t h  a  1 t o  2  f t  
rock bed below the.  f l o o r  f o r  hea t  s t o r age .  ~ h i s ' c o n c e p t  seems t o  be 
working ve ry  we l l  and is  low i n  c o s t  t o  bu i ld .  

SUMMARY 

The u t i l i z a t i o n  of low temperature  s o l a r  hea t  seems t o  be a  very  prac- 
t i c a l  and economical p r a c t i c e  f o r  l i v e s t o c k  s h e l t e r  v e n t i l a t i o n  and 

' 

g r a i n  drying.  1f  t h e  c o l l e c t o r  can be incorpora ted  i n  a  new o r  e x i s t -  
i n g  bu i ld ing  where i t  can f u n c t i o n  a s  a  w a l l  o r  r o o f ,  i t  p u t s  t h e  s o l a r  
hea t ing  a spec t  of t h e  system on  a  very  sound economical b a s e .  The 
fo l lowing  p recau t ions  should be  taken:  

(1) V e n t i l a t e  t h e  a t t i c  o r  t h e  a i r  chamber dur ing  summer months 
t o  avoid h igh  temperature  build-ups , 

(2) Use f i b e r g l a s s  s e a l e r  o r  cau lk ing  compound t o  s e a l  a l l  j o i n t s  
and l a p s ,  

( 3 )  Avoid h igh  nega t ive  o r  p o s i t i v e  p r e s s u r e s  i n  d u c t s ,  w a l l  o r  
roof c a v i t i e s  (112 inch  water  column f o r  g r a i n  dry ing  and 
118 inch  water column f o r  1 i v e s t o c k : s h e l t e r  v e n t i l d t i o n ) ,  

( 4 )  I n s u l a t e  and s e a l  below t h e  a i r  c a v i t y  on any bu i ld ing  t h a t  
i s  going t o  u s e  t h e  hea t  i n  t h a t  p a r t i c v l a r  s t r u c t u r e ,  

(5) B e  s u r e  m a t e r i a l  used f o r  roo f ing  and s idewal l s .  ;is w e l l  
n a i l e d ,  i. e. , i f  c l e a r  f i b e r g l a s s  is  used,  s e l f  ' d r i l l i n g  
screws a r e  advisabZe i n s t e a d  of n a i l s ,  

(6 )  I f  s t e e l  i s  used a s  a  bare. p l a t e  c o l l e c t o r  u se  a  da rk  
co lo r  (b lack ,  green o r  r e d ) .  ~ a l v a n i z e d  s t e e l  is  a l s o  
accep tab l e  and improves w i th  age,  

(7)  I f  c l e a r  f i b e r g l a s s  roo f ing  i s  used,  be  s u r e  t h e  r n a t e r i a l -  
i s  c l e a r ,  co lored  f i b e r g l a s s  i s  n o t  accep tab l e ,  a n d  

(8) B e  s u r e  t o  s c r een  a l l  a i r  i n l e t s  t o  roof and w a l l  c a v i t i e s  
t o  prevent  b i r d s  and roden t s  from e n t e r i n g  (114 inch  mesh 
hardware c l o t h  works very  w e l l  f o r  t h i s  purpose) .  



BEAM RADIATION 
f 

STEEL ROOFING 2" x '4" ROOF PURLINS . 

OR SPACER STRIP 

0 UT 

DUCT OR GRAIN 
DRYING BIN 

( I F  INSIDE AREA 
IS TO BE HEATED) 

Fig .  1. Bare p l a t e  s o l a r  energy c o l l e c t o r  cons t ruc t ed  a s  an i n t e g r a l  
p a r t  of a  b u i l d i n g  roo f .  

BEAM RADIATION. 

CEILING USED AS 

CLEAR FIBERGLASS 
SOUTH ROOF SLOPE 

AND SOUTH WALL 

BECOMES AIR 
CHAMBER 

AIR INLET J 

F i g .  2.  Typica l  shape of machine sheds and l i v e s t o c k  b u i l d i n g s  u t i l i z -  
i ng  c l e a r  f i b e r g l a s s  a s  a  covered p l a t e  s o l a r  energy c o l l e c t o r .  



GRAIN STORAGE COLLECTOR COMBINATIONS 

1 Ralph Lipper and J .  C. Welker 2 

The concept of using solar energy as supplemental heat for  grain drying 
i s  a t t rac t ive  since a uniform or controlled heat supply i s  not essential  
and low a i r  temperature increases can be tolerated. With low temperature 
increases, reasonable eff ic iencies  can be obtained from relat ively simple, 
low-cost solar  collectors.  A t  Kansas State  University, we demonstrated 
as early as 1960 that  adding a solar collector to  a natural a i r  grain 
drying system can reduce drying time and e l ec t r i c  energy required for  
fan power. However, we concluded that  the fundamental shortcomings of 
attempting to  use solar energy simply as a d i rec t  subst i tute  fo r  fuel 
b u r n i n g  or e l ec t r i c  heaters i n  conventional deep-bed drying systems would 
preclude the i r  widespread adoption by farmers, a t  l eas t  in Kansas. .We 
have learned nothing u p  t o  th i s  time t o  a l t e r  that  conclusi.on. 

In Kansas, the ambient a i r  usually has a re la t ive  humidity low enough to  
reduce grain to  the desired moisture content any time tha t  the sun shines. 
Adding heat a t  those times overdries grain where the a i r  enters.  Over- 
drying has limited potential as a form of heat storage. B u t  our t e s t s  
always resulted i n  overdrying of the lower grain layer with upflow a i r  
even w i t h  24-hour fan operation. So the solar energy collected was poorly 
ut i l ized on the crucial last-to-dry, top layer. Adding a solar  col lector  
to  a conventional in-storage drying system to  reduce grain deterioration 
that  will take place one or  two years out of ten i n  the upper few fee t  
of grain i n  the b i n  i s  unlikely to  be cost effect ive with any of the 
collectors we have known to  be tested. 

Addition of s t i r r ing  devices could a1 leviate  the problems of overdrying 
and poor u t i l iza t ion  of solar  energy. B u t  tha t  ca l l s  for ' invest ing another 
$1200 or more tha t  must be charged against tha t  small volume of grain 
which may not dry rapidly enough once or twice i n  a decade. 

Performance of conventional natural a i  r and 1 ow-temperature dryers in 
Kansas could be improved more by increasing a i r  flow rates when the sun 
shines than by heating the a i r  a few more degrees w i t h  solar  energy. B u t  
the high energy cost for  moving a i r  a t  high veloci t ies  through deep bins 
i s  limiting. Use of shallow grain beds raises the l imit  on a i r  flow rates .  
B u t  shallow beds i n  re lat ively small f l a t  storages have the disadvantages 
of h i g h  investment per bushel stored and high labor requirement for  un-  
loading. For those reasons, we attempted t o  work with a system tha t  we 
thought might be developed into low cost f l a t  storage for  shallow-bed 
drying. The system would also present a relat ively large surface area 
to  the sun fo r  each u n i t  of volume stored. 

'~ rofessor  of Agricultural Engineering, Kansas State University, Manhattan, 
Kansas 

'~esearch ~ s s i  s t an t ,  Department of Agricultural Engi'neeri ng, Kansas State  
Uni versi ty,  Manhattan, Kansas . . 



Our hope and o b j e c t i v e  as we attempted t o  conceptual ize systems was t o  
f o r c e  ourselves, and perhaps others, ou t  of what we regard as a dead-end 
approach o f  a t t a c h i n g  var ious k inds of c o l l e c t o r s  t o  convent ional  d ry ing  
sys terns. 

THE SYSTEMS TESTED 

We a l ready  owned a 30' x  40' f i be rg lass  r e i n f o r c e d  p l a s t i c ,  a i r - i n f l a t e d  
s t r u c t u r e .  So la r  t ransmi t tance o f  t he  wh i te  f a b r i c  was about 60%. It 
was r i g i d  enough when i n f l a t e d  t o  a s t a t i c  pressure o f  one i n c h  o f  water 
t o  w i ths tand h igh  wind v e l o c i t i e s .  I n  t h e  summer o f  1976 we tes ted  i t  
f o r  s t reng th  up t o  4 inches of s t a t i c  pressure. As shown i n  F igure  1, 
i t  had a low rec tangu lar  dome p r o f i l e .  The t o p  o f  t he  dome was about 
10 f e e t  above ground l e v e l .  

We used corrugated p l a s t i c  d r a i n  t i l e  w i t h  open area enlarged t o  10 
percent  o f  t h e  sur face area f o r  a i r  ducts on t h e  f l o o r .  The f l e x i b l e  
ducts were spaced 2 f e e t  apar t  and placed on top  o f  a 1.5 m i l  tarpaper 
ground cover. Ear th  was mounded over  t he  t i l e  around t h e  ground l i n e  
o f  t h e  b u i l d i n g  t o  p rov ide  an a i r  seal and drainage away from the  b u i l d i n g  
w a l l .  The b u i l d i n g  was erected over t h e  ducts and the  f l o o r  area was 
d i v i d e d  i n t o  6 bins, F igure 2 .  

It was necessary and des i rab le  t o  d i v i d e  the  f l o o r  area i n t o  b ins  r a t h e r  
than t o  1 eave i t as one 1 arge b in ,  s ince  a i r  f l o w  was t o  be downward 
through the gra in .  The space between t h e  g r a i n  sur face and b u i l d i n g  r o o f  
was t h e  i n l e t  a i r  plenum. Thus, any s o l a r  r a d i a t i o n  captured on o r  
under t h e  roof  would warm a i r  be fore  i t  entered t h e  g ra in .  But, if the  
top  l a y e r  o f  g r a i n  were d r i e d  t o  a moisture content  lower than e q u i l i b r i u m  
w i t h  en te r i ng  a i r  and new,. we t te r  g r a i n  were spread on top  of i t, no 
mois ture  would be removed from the  system u n t i l  t h e  d r i e d  g r a i n  had been 
re-wet t o  e q u i l i b r i u m  w i t h  sa tura ted  a i r .  D i v i d i n g  the  f l o o r  area i n t o  
b i n s  made i t  possib le,  by f i l l i n g  one b i n  a t  a t ime, t o  avo id  t h e  r e -  
w e t t i n g  problem, I n  add i t i on ,  i t  added f l e x i b i l i t y  t o  opera t ion  of t he  
sys tem. 

The f i r s t  g r a i n  t o  be harvested cou ld  be placed i n  one b i n  and t h e  a i r  
o u t l e t s  from a l l  o the r  b i n s ' c o u l d  be closed. That would d i r e c t  a l l  t he  
a i r  and a l l  t h e  s o l a r  energy a v a i l a b l e  t o  t h e  one b in .  Rapid i n i t i a l  
d r y i n g  i n  t h a t  b i n  would pro long t h e  t ime a v a i l a b l e  f o r  complet ion of 
d ry ing .  The a v a i l a b l e  d ry ing  energy cou ld  then be d i v e r t e d  t o  o the r  
b i n s  as the  harves t  progressed. Any b i n  t h a t  was d ry  enough t o  warrant  
de lay  i n  f u r t h e r  d ry ing  could be p u t  on "hold"  by t h r o t t l i n g  the  a i r  
o u t l e t s  w h i l e  d r y i n g  capac i ty  was d i r e c t e d  t o  t h a t  g r a i n  most i n  need 
o f  r a p i d  i n i t i a l  moisture reduct ion .  

A s leeve through the  p l a s t i c  dome above each b i n  prov ided means f o r  i n -  
s e r t i n g  an auger f o r  emptying. Manual moving o f  g r a i n  t o  the  auger i n l e t  
was reduced by the  f l e x i b l e  na ture  o f  t h e  sleeve and b i n  r o o f .  That 
permi t t e d  1 i m i  t e d  maneuvering o f  t he  auger i n l e t  p o s i t i o n .  



The idea fo r  another k i n d  of p l a s t i c  f a b r i c  s torage was der ived from a 
1000-bushel re in fo rced k r a f t  paper g r a i n  storage bag t h a t  was being 
marketed by a reg iona l  farm cooperat ive a t  a c lose-out  p r i c e  l e s s  than 
$100, see F igure  3. We had a s i m i l a r  bag b u i l t  f rom 24-mil ,  laminated, 
dark green p l a s t i c  w i t h  a t e n s i l  s t reng th  o f  700 pounds per  i n c h  o f  w id th  
and added a c l e a r  p l a s t i c  dome top, F igure  1. A c l e a r  f i b e r g l a s s  r e i n f o r c e d  
p l a s t i c  c o l l e c t o r  cover was sewed t o  the  b i n  w a l l  t o  make a s o l a r  c o l l e c t o r  
ou t  o f  two- th i rds  o f  t h e  b i n  w a l l  area. A i r  f rom the  fan  was de l i ve red  
t o  the  space between the  b i n  wa l l  and the c l e a r  c o l l e c t o r  cover, then 
through holes i n  t he  upper b i n  w a l l  i n t o  the  volume between . t he  g r a i n  
sur face and the  dome. S t a t i c  pressure f o r  moving a i r  downward through 
the  g r a i n  prov ided pressure t o  support t he  dome. Corrugated p l a s t i c  
d r a i n  t i l e  w i t h  the  enlarged openings prot ruded through sleeves i n  the  
b i n  w a l l  a t  ground l e v e l .  They were l a i d  i n  a r a d i a l  p a t t e r n  on t h e  
p l a s t i c  b i n  f l o o r  f o r  a i r  exhaust ducts. The "bag" was 15 f e e t  i n  d ia -  
meter w i t h  6 - foo t  s ide  wa l l s .  The s t r u c t u r e  was centered over  a cone 
shaped p i t  i n  the  e a r t h  t h a t  was 2.5 f e e t  deep and 3.5 f e e t  i n  diameter. 
A l a r g e r  p i t  would have al lowed more g r a i n  t o  f l o w  t o  the  center  by g r a v i t y  
dur ing  emptying, b u t .  we wanted t o  t e s t  t h e  concept t ha t ,  by c l o s i n g  off 
t h e  exhaust ducts, enough l i f t  cou ld  be prov ided by s t a t i c  pressure under 
t h e  dome t o  l i f t  and deform the  s ide  w a l l s  enough t o  move g r a i n  o f f  t he  
annular r i n g  between the  p i t  and s i d e  w a l l .  

Since a i r  f low was downward and re -we t t i ng  :of g r a i n  cou ld  be a problem, 
i f  f i l l i n g  was resumed a f t e r  a pe r iod  o f  dry ing,  s i z e  o f  t h e  bag was 
l i m i t e d  by the  amount o f  g r a i n  t h a t  might  be harvested i n  one of two 
days. S t r u c t u r a l  cons idera t ions  a l s o  l i m i t e d  s i z e  o f  t he  bag. 

RESULTS 

The 30' x 40'  f l a t  s torage was erected i n  l a t e  summer on a s i t e  prov ided 
by the  Morr ison Grain Company a t  Sal ina, Kansas. We had an agreement 
w i t h  Mor r ison 's  t o  supply g r a i n  f o r  t e s t s  and i t s  subs id ia ry ,  Thermo-Flex 
Inc.,  t o  f a b r i c a t e  and modi fy  the  p l a s t i c  s t ruc tu res .  Thermo-Flex has 
b u i l t  many a i r - i n f l a t e d  and o the r  types o f  p l a s t i c  s t ruc tu res ,  she l te rs ,  
and g r a i n  covers. 

Loading p a r t  o f  t he  s t r u c t u r e  t o  the  design depth o f  4 f e e t  w i t h  d r y  
g r a i n  showed t h a t  t he  s ide  w a l l s  would ho ld  t h e i r  shape aga ins t  t h e  g r a i n  
pressure as l ong  as the  s t a t i c  pressure i n s i d e  the  b u i l d i n g  was maintained. 
However, when pressure i n s i d e  the  b u i l d i n g  was reduced by people moving 
through the  personnel e n t r y  s l o t ,  t h e  w a l l s  slumped outward. We erected 
2 - foo t  h igh  plywood s idewal ls  ou ts ide  the  b u i l d i n g  t o  support g r a i n  
pressure aga ins t  the  lower w a l l .  The b u i l d i n g  had a p l a s t i c  f l a p  2 fee t  
wide a t  t he  ground l i n e  t h a t  l a y  on the  ground i n s i d e  the  b u i l d i n g  f o r  
an a i r  seal .  D i f f i c u l t y  was encountered i n  achiev ing a good a i r  seal 
where t h e  f l a p  rode over the  a i r  ducts. That problem could be a l l e v i a t e d  
by simple design changes. 

Previous experience over several months had shown t h a t ,  w i t h  a l l  a i r  ou t -  
1 e t s  seal ed, a one-quarter horsepower c e n t r i f u g a l  f an  would prov ide  f o r  



a i r  leakage and maintain adequate s t a t i c  pressure inside the structure.  
B u t ,  we made a modification that  ultimately caused f a i lu re  of the buildings. 
The personnel entry s l o t  was covered by a hanging f lap and held against 
the s l o t  by pressure inside the building. We moved i t  from ground level 
t o  a position above the nearly vertical  portion of the end wall, so we 
could enter above the grain surface. The resu l t  was f a i lu re  t o  se l f -  
close a f t e r  periods of reduced inside pressure. Each of several brief 
power fa i lures  caused the building to  collapse. W i t h  no responsible 
person in the immediate vicini ty ,  high winds tore  the unsupported 
s t ructure beyond repair. 

We did not place wet grain i n  the structure fo r  drying before i t  fai led.  
We have no doubt tha t ,  except for  our mistakes, the system would have 
performed sa t i s fac tor i ly  as a drier'. We feel tha t  some form of the 
overall concept might have u t i l i t y  where there is  frequent need for  
temporary storage. The building i t s e l f ,  i f  i t  were to  be placed over a 
permanent slab with ducts and ground anchors already i n  place, would 
take two men less  than two hours to  erect.  Buildings of the type we 
used can be supplied for  about $1.50 per square foot of area covered. 

We d r i e d  850 bust~els of sorghum grain from to 18.6 w .  h. in the bag with 
p las t ic  dome. The grain holding bag i t s e l f  performed we1 1 .  The rein- 
forced clear  p las t ic  col lector  cover on the side wall became torn a t  
s t r e s s  points along the sewed seams under s t a t i c  pressures as high as 
4.0 inches. The round p las t ic  drain t i l e  used for  a i r  ducts took an 
oblong shape under the weight of 6 fee t  of grain, b u t  we could detect no 
impairment of i t s  function. The dome did not provide enough l i f t  t o  
move grain into the shallow auger p i t .  The cost,  exclusive of fan and 
motor, was about $1050. Our conclusion i s  t ha t  the cost i s  l ike ly  t o  
be too h i g h  fo r  temporary storage and the need to  keep i t  inflated even 
with a low horsepower fan, plus i t s  vulnerability to  damage, precludes 
i t s  use for long term storage. 



Figure .l . Solar grain drying bag with -plasttc drain ti1 e used 
for ducts in foreground. Fl at-storage-col lector background. 

Figure 2. Floor plan of flat-storage-col lector. 



Figure 3. Kraft  paper bag used for 1000-bushel grain storage. 

Figure 4. Inside of grain bag during unloading with vert ical  auger 
showing 5 o f  the 12 radia l  a i r  ducts. 



Figure 5. Inside of f l a t  storage showing air ducts and one bin 
partition. 

Figure 6 .  Outside of f l a t  storage showing air  ducts and plywood 
wall support. 



B. F. Parker, 0. J. Zoewer, Jr., and G. M, White 1 

In the Southeast, grain drying; without r i sk  of spoilage requires a 
fas te r  r a te  of CtrpSng than in  the Midwest due ta-higher ambient temper- 
atures during the Balveot season. Therefsre, the S o a $ h m  cgn not 
depend upon low temperature drying methods such a s  thos& in the upper 
Midwest. The foc;using solar  collector i s ,mique  i n  th9C it ean collect  
solar  energy at tenperatolres of 25OF Ibr -re; thus, it f s  tecbaically 
possible t o  use solar  energy t o  heat air fo r  high temperature grain 
drying. 

A s w l e  examhation of sun-track- types of focusing eo2lmtors 
shows that w5th . rws~psb le  size uaitri energy collected during the 
grain harvesting season is Sasuffident  for  drying large quantities of 
grain. Therefore, it Ls mseut ia l  t o  provide a heat storage bit. 
Heating the storage -dim t o  a relat ively high temperature w i l l  signi- 
f icantly reduce the qwntf ty  uZ starage v ~ 1 ~ ' r ~ q ~ i r e d  t o  titore a 
given quantity o f ,  heat. ' 

I I 

FOCUSING COLLECTORS 

 he' tracking type focusing collector has several stringent requirements 
for  eff icient  operation: 

1. A rktir~rr arechanika a d  control for  co~tinuous adjustment to 
follow t M  sun 

2. @ accurate surface fo r  foctiaing the rays of the sun 
3. A hlgh refect ivi ty o r  hi& transreiissivity of the footssing 

systeln 
4- kbaorpt.1,dty and low heat loss  from the high temperature 

rolar energy absorber. 

Two years ago each of these problems seemed t o  be of major importance. 
Since the '  time, however, very significant advances have been made i n  
several areas. For example, control syst- (bcludipg sensing devices) 
for  continuously a-g of a collector toward the suq are & on the 
market for  approxitnateZy $156. Several oranufacturers are  marketing 
focusing collectors system Sncluding accumee surfaces. :me reflec- 
t i v i t y  of focusing mrfaces have been improved froat approximately 70% 
t o  85% and one company has successfully vtrcwm deposited silver on a 
teflon film t o  provide a ref lec t iv i ty  of 95%. These sirnif icant  advan- 
ces a re  eacouragiag. 

'~rofessor  , bssista$r: &cteqsion Frofeerwr , and Associate Professor , Agri- 
cul tural  fEegigearing pkpitrtrraest, Unfwrsity of Kentucky, Lexington, Ken- 
tucky 



MANUFACTURERS' 0F.FOCUSING COLLECTORS r- TRACKING TYPES 

Several of the .manufacturers of focusing collectors are as follows*: 

Sunpower Systems, Tempe, Arizona 
Hexcel Corporation, Scottsdale, Arizona 
Northrup Inc., Hutchins, Texas 
Albuquerque Western Industry, Albuquerque, New Mexico 
Solar Tek, San Diego, California 
Scientific-Atlanta, Inc., Atlanta, Georgia 
Better Builders Association, Bonsall, California 
Brown Manufacturing Company, Oklahoma City, Oklahoma 
Me1 Kiser and Associates, Tucson, Arizona 
Nordam, Tusla, Oklahoma 

The Northrup collector utilizes a fresnel lens to focus solar radiation 
onto a line. Each collector is approximately one foot wide and 10 feet 
long. A liquid is circulated through a pipe to absorb the energy. These 
units complete with tracking presently sell for $32.00 per square foot. 

Hexcel, Supower, Solar Tek andAlbuquerque Industries manufacture a cylin- 
drical parabola for reflecting the solar radiation onto a pipe. The 
most interesting development in these collectors has been the drastic 
reduction in prices. .Solar Tek and Sunpower offer a thousand square foot 
system for $12.00 per square foot within their state. This is about the 
same cost as a high quality flat plate collector. 

COLLECTOR-STORAGE CONCEPT FOR GRAIN DRYING 

The focusing collector-storage concept for grain drying is based on the 
premise that solar energy can be collected over a period of several months, 
say during August and September and stored in heat storage compartments 
until needed for drying grains. Each compartment should be of sufficient 
size to store enough energy to dry the grain harvested in one day. The 
heat discharged from each compartment should initially be approximately 
250F dropping to near lOOF by the end of the drying period. 

The two most common storage media are water and rock, the rock' being 
either crushed or river gravel. Since it is desired to heat the medium 
above 250F, the use of.water would require a pressure vessel for storage. 
The cost of such a storage vessel on a large scale was determined to be 
prohibitive; therefore, only crushed rock storage is considered in this 
paper. 

Assuming a rock bed of approximately 1,000 cubic yards it is estimated 
that 1,300 to 1,600 square feet of focusing solar collector area would be 
required to charge it over a 60 day period. If the rock were heated to 

* 
This list of manufacturers is not inclusive and does not imply endorse- 
ment of the collectors by the authors. 



250F and then cooled down to 100F, 6.4 bushels of grain could be dried 
from 25% to 15.5% moisture per cubic yard of stone with a conventional 
high temperature drying system. That is, 6,400 bushels of grain could 
be dried with the energy stored in the 1,000 cubic yard rock storage. 
However, if it were suitable to remove only one half of the water at 
high temperature and to use low temperature drying for the remaining 
water, then the quantity of grain that could be dried would double. 

FARMSTEAD ENERGY SYSTEM 

It is noted that even with a large crushed rock storage, relatively 
modest quantities of grain can be dried with such a system. Use 
for grain drying could be justified only for very high fuel cost. 
Economics will probably demand that the collector-storage system at 
the farmstead be utilized at other times of the year for heating and 
cooling the residence, greenhouses, animal siielcers and rtir 1arn1 
shop. For farmsteads which have large energy demands in these build- 
ings, much larger rock beds might be constructed. It should be noted 
that the larger the rock bed, the less heat loss per unit of heat 
storcd, thic being a significant ad van tag^ nf large storage units. 

COLLECTOR DEVELOPMENT AT THE UNIVERSITY OF KENTUCKY 

Agricultural Engineers at the University of Kentucky have developed 
a unique design for a solar absorber which is particularly suitable 
to heating air to high temperatures. This unit employs one or two 
concentric glass pipes on the focal line of a cylinderical parabolic 
reflector with 20 to 30 longitudinal thin aluminum fins located in 
the smaller glass pipe. These fins serve to concentrate the solar 
energy focused on the glass pipe and to absorb it as well as serve 
as heat transfer surfaces for heating the air. One design has a 
collector aperature of approximately 42 sq ft with 77 sq ft of alurni- 
num fin area to serve as heat transfer surface within a 4 inch glass 
pipe. This large surface area is particularly important in view of 
the fact that heat transmission coefficients from surfaces to air 
are very low compared to the coefficients for transferring heat from 
surfaces to a liquid. Although water might be used in this collec- 
tor air has been employed since the heat can be directly scored with- 
out resorting to a pressure vessel. 

SUMMARY 

The technology of focusing collectors has advanced rapidly during 
the past two years. It appears that focusing collectors can now be 
manufactured to track the sun at approximately the cost of the high 
quality flat plate collectors. It is expected that more maintenance 
would be required to maintain the reflectivity of the focusing sur- 
faces as well as the mechanical system for tracking the sun. However, 
the size of the storage unit to store a given quantity of energy can 



be reduced by usfng high. temperatures, and the high temperatures 
have the potential ability .to operate. an absorptioi air conditioning 
system as well as. to dry. grain and heat buildings. 

Drying grain safely in the southeast requires rapid moisture removal 
using relatfvely high temperature drying systems. Several problems 
must be overcome before high temperature solar drying will become 
practfcal. Development of efficient systems for storing heat energy, 
as well as continued collector development, need immediate attention. 



NON-TRACKING SOLAR CONCENTRATORS 

Mylo A. Hel l ickson 
1 

INTRODUCTION 

S o l a r  concen t r a to r s  provide  one op t ion  f o r  c o l l e c t i o n  of s o l a r  energy 
f o r  a g r i c u l t u r a l  d ry ing  and space  h e a t i n g  a p p l i c a t i o n s .  A s o l a r  con- 
c e n t r a t o r  i s  a device  t h a t  focuses o r  r e f l e c t s  energy from a r e l a t i v e l y  
l a r g e  a r e a  onto a  r e l a t i v e l y  small area .  So la r  concen t r a to r s  a r e  
p a r t i c u l a r l y  adaptable  t o  s i t u a t i o n s  r equ i r ing  h ighe r  temperature 
r i s e s  and i n  circumstances where c o l l e c t o r  o r  absorber  c o s t  i s  h igh  
i n  comparison t o  r e f l e c t o r  c o s t .  Heat l o s s  from s o l a r  systems i s  
roughly p ropor t iona l  t o  s u r f a c e  a r e a  and t h e r e f o r e  i s  i n v e r s e l y  re -  
l a t e d  t o  concen t r a t ion  r a t i o  ( a p e r t u r e  a r e a . d i v i d e d  by absorber  a r e a ) .  
Consequently, h igher  concen t r a t ions  s e r v e  a s  one means of i nc reas ing  
o v e r a l l  system e f f i c i e n c y .  

H i s t o r i c a l l y ,  a p p l i c a t i o n s  of s o l a r  energy f o r  a g r i c u l t u r a l  d ry ing  
and h e a t i n g  a p p l i c a t i o n s  have involved low-cost, low-temperature 
rise systems t h a t  a r e  o f t e n  i n t e g r a t e d  i n t o  e x i s t l ~ l g  farmstead s t r u c t u r e s ,  
Ce r t a in ly  t h e s e  systems o f f e r  p o t e n t i a l  f o r  energy sav ings ,  b u t  i t  is  . 

important  t h a t  a  v a r i e t y  of a l t e r n a t e  systems, inc luding  s o l a r  con- 
c e n t r a t o r s  be  inves t iga t ed .  These i n v e s t i g a t i o n s  should n o t  on ly  be 
involved wi th  t h e  p o t e n t i a l ,  e f f i c i e n c y  and performance of t h e  s o l a r  
systems, b u t . a l s o  should inc lude  cons ide ra t ion  of t h e  dry ing  o r  hea t ing  
processes .  

For i n s t ance ,  i t  is  p o s s i b l e  t h a t  new dry ing  techniques can be  developed 
t h a t  b e t t e r  match t h e  physiology of t h e  product and i t s  requirements  
f o r  s t o r a g e  wi th  t h e  d i f f u s e  n a t u r e  of t h e  s o l a r  energy being used i n  
t h e  dry ing  ope ra t ion .  Bas i ca l ly ,  i t  i s  important t o  remember t h a t  
many cu r ren t  d ry ing  techniques  have been developed f o r  hea t ing  systems 
us ing  a  f u e l  of h igh  energy dens i ty .  Therefore,  a g r i c u l t u r a l  appl i -  
c a t i o n s  of  s o l a r  energy would appear t o  t ake  t h e  shape of  a  "double- 
edged sword," involv ing  both a g r i c u l t u r a l  and energy imp l i ca t ions .  

It i s  t h e  purpose Of c h i s  paper t o  presruL i i lformation on o o l a r  con- 
c e n t r a t o r s .  This  m a t e r i a l  w i l l  be  r e s t r i c t e d  t o  non-tracking s o l a r  
concen t r a to r s  so  a s  t o  b e t t e r  i n t e g r a t e  w i t h  o t h e r  m a t e r i a l  included 
i n  t h e s e  proceedings. The primary advantage a s soc i a t ed  w i t h  non- 
t r a c k i n g  s o l a r  concen t r a to r s  is  t h e  s i m p l i c i t y  obta ined  i n  conparison 
t o  t r a c k i n g  s o l a r  concen t r a to r s .  The main disadvantage i s  t h e  reduct ion  
i n  concen t r a t ion  r a t i o  t h a t  can be  achieved. Tabor (11) concluded 
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t h a t  t h e  maximum p o s s i b l e  concen t r a t ion  t h a t  could be achieved w i t h  
a  s t a t i o n a r y  c o l l e c t o r  was approximately th ree .  This  va lue  was accepted 
by t h e  s o l a r  energy community u n t i l  1974 when Winston (13) r epo r t ed  
on t h e  i d e a l  o r  Winston concen t r a to r  t h a t  could achieve  a  concen t r a t ion  
r a t i o  of about t e n  wi thout  d i u r n a l  t r ack ing .  It i s  worth no t ing  t h a t  
t h e  Winston concent ra tor  is  i d e n t i c a l  i n  shape t o  t h e  i n d i v i d u a l  eye- 
cups of the 'horse-shoe c r a b .  and t h a t  t h e  French phi losopher  and 
mathematicion Descartes  had prepared i d e n t i c a l l y  shaped drawings i n  
t h e  e a r l y  1600's .  This type  of concen t r a to r  and o t h e r s ,  i nc lud ing  one 
being t e s t e d  by t h e  Department of Agr i cu l tu ra l  Engineering, South 
Dakota S t a t e  Univers i ty ,  w i l l  be  d iscussed  i n  t h e  fol lowing s e c t i o n .  

TRACKING SOLAR CONCENTRATORS 

Rela t ionships  between s o l a r  e l e v a t i o n ,  acceptance ang le  ' ( t h e  angular  
range over  which r a d i a t i o n  is  accepted without  moving t h e  c o l l e c t o r ) .  
days from s a l s t i c e  and hours  of s o l a r  energy a r e  presented  i n  F igure  I.. 
The do t t ed  l i n e  i n d i c a t e s  t h a t  a  s t a t i o n a r y  s o l a r  concen t r a to r  would 
c o l l e c t  energy f o r  a t  l e a s t  seven hours  on a l l  days of t h e  yea r .  How- 
e v e r ,  t h e  concen t r a t ion  r a t i o  a s s o c i a t e d  wi th  t h i s  acceptance a n g l e  i s  
q u i t e  low. This problem can be  a t  l e a s t  p a r t i a l l y  reso lved  by p e r i o d i c  
adjustment of t h e  s o l a r  concent ra tor .  This  concept s e e m s . t o . f i t  w e l i '  
wi th  a g r i c u l t u r a l  requirements s i n c e  i t  can be a  r e l a t i v e l y  s imple 
procedure and t h e  personnel  r equ i r ed  f o r  performing t h i s  t a s k  a r e  
normally a v a i l a b l e .  

. . 

The i d e a l  o r  Winston concen t r a to r ,  Winston (13) ,  i s  i l l u s t r a t e d  i n .  
F igure  2. The term i d e a l  does no t  imply t h a t  i t  is t h e  u l t i m a t e  i n  
s o l a r  conen t r a to r  and i s  used t o  i n d i c a t e  t h a t  a l l  of t h e  s o l a r  rays 
e n t e r i n g  t h e  concent ra tor  a r e  rece ived  a t  t h e  absorber .  This  type  
of concen t r a to r  a c t u a l l y  a c t s  a s  a  r a d i a t i o n  funnel .  Although h igh  
concen t r a t ion  r a t i o s  a r e  achieved w i t h  t h e  Winston concen t r a to r ,  a 
l a r g e  r e f l e c t o r  a r e a  is  r equ i r ed ,  Rabl ( 5 ) ,  and t h e  acceptance ang le  
is  r e l a t i v e l y  l imi t ed .  Typica l ly ,  low acceptance angles  a r e  a s s o c i a t e d  
w i t h  h igh  concen t r a t ion  r a t i o s .  

b b l .  (5) presented  s e v e r a l  v a r i a t i o n s  of  ' the i d e a l  concen t r a to r  (F igure  
3 N o m l  ope ra t ion  of t h e  i d e a l  concen t r a to r  would . requi re  a d j u s t -  
ment about every 3 o r  4" days. ' 

The s t a t i o n a r y  "sea She l l "  concen t r a to r ,  Rabl ( 6 ) ,  i s  an  a .dapta t ian  of 
t h e  i d e a l  concen t r a to r ,  F igure  4. One advantage of t h i s  system, as 
i l l u s t r a t e d ,  i s  t h a t  t h e  output  v a r i e s  w i t h  season a s  do many h e a t i n g  
and cool ing  loads.  The s e a  s h e l l  concent ra tor  c o n s i s t s  of a s i n g l e  
paso.lola w i th  one a x i s  p a r a l l e l  t o  one of t h e  extreme r ays  and a  focus  
a t  t h e  absorber .  F igure  4 i l l u s t r a t e s  such a concent ra tor  w i t h  f36O 
acceptance angles ,  which a l low a 7-hour c o l l e c t i o n  time on a l l  days. 
The concent ra t ion  r a t i o  is  1.7 wi th  normal inc idence ,  bu t  v a r i e s  from. 
zero  t o  3.4. Temperatures of up t o  100°C can be achieved w i t h  s e l e c t i v e  
absorber  su r f aces .  



A s t a t i o n a r y  r e f l e c t o r  t r a c k i n g  absorber  (SRTA) s o l a r  c o l l e c t o r  system 
was presented  by Steward and K r e i t h  (9), Figure  5. This  c o n s i s t s  of  
a segment of  a  s p h e r i c a l  mir ror  t h a t  remains s t a t i o n a r y  and a  l i n e a r  
t r a c k i n g  absorber  t h a t  r o t a t e s  about a  v e r t i c a l  a x i s ,  Although r e l a t i v e l y  
s imple  i n  des ign  and p r i n c i p l e  i t  does a l low f o r  h igh  concen t r a t ion  
r a t i o s .  

Nelson, Evans and Bansal (4) r epo r t ed  a  weighted concent ra t ion  r a t i o ,  
t h e  product of c o l l e c t i o n  e f f i c i e n c y  and geometric a r e a  r a t i o ,  of f i v e  
and a  c o l l e c t i o n  e f f i c i e n c y ,  t h e  r a t i o  of  t h e  i r r a d i a n c e  a t  t h e  absorber  
t o  i r r a d i a n c e  a t  t h e  f i r s t  concen t r a to r  s u r f a c e ,  of 52% us ing  a l i n e a r ,  
non-tracking F resne l  l e n s .  The concen t r a to r ,  Figure 6, was o r i e n t e d  
east-west and performed equa l ly  w e l l  for t h e  a l t e r n a t e  focus p o s i t i o n s  
shown. 

The f l a t  p l a t e  c o l l e c t o r  i s  one of t h e  most common types  of  s o l a r  
c o l l e c t o r s .  The output  of f l a t  p l a t e  s o l a r  c o l l e c t o r s  can be increased  
by us ing  m i r r o r s  a long t h e  top  and/or  bottom of t h e  c o l l e c t o r s  a s  is  
shown i n  F igure  7. This  then  beconles an ellhaaced f l a t  p l a t e  c n l l e c t o r  
and i s  o f t e n  r e f e r r e d  t o  a s  t h e  Shuman system, Tabor ( l l ) ,  when t h e  X 
c o l l e c t o r  has  an east-west o r i e n t a t i o n .  The mi r ro r  e f f e c t  is 1 + Rz, 
where R is  t h e  m i r r o r  r e f l e c t i v i t y ,  X is t h e  e f f e c t i v e  mi r ro r  wid th  
and C i s  t h e  c o l l e c t o r  width, F igure  7. Normally t h i s  system has  
hinged mi r ro r s  and r e q u i r e s  a  tilt adjustment approximately on a  weekly 
b a s i s .  One of t h e  major problems w i t h  t h i s  system is t h e  peaky n a t u r e  
of t h e  output .  That is, h igh  output  around noon and low ou tpu t  i n  t h e  

- e a r l y  morning and l a t e  af ternoon.  This  problem can b e  reduced by us ing  
a  noon-reversing mi r ro r  system, Tabor ( l l ) ,  as i l l u s t r a t e d  f o r  t h e  e a s t -  
west o r i e n t e d  c o l l e c t o r  i n  F igure  8. Major disadvantages of t h i s  system 
inc lude  t h e  need t o  move t h e  mir ror  from t h e  west t o  t h e  e a s t  end of t h e  
c o l l e c t o r  a t  noon and t h e  d i f f i c u l t y  i n  l i n i n g  t h e  c o l l e c t o r s  up end-to- 
end. 

Souka and Safwat (8) presented  a procedure fo r  determining t h e  optimum 
ang le  of tilt f o r  mi r ro r s  on c o l l e c t o r s  and Tabor (10) d iscussed  t h e  
r e l a t i o n s h i p s  between t h e  EWV (East-West V e r t i c a l ) ,  season and t i m e  and 
t h e  in f luence  of acceptance angle  on s t a t i o n a r y  mi r ro r  systems. McDaniels, 
e t  a l .  (3)  published information on energy c o l l e c t i o n  ve r sus  r e f l e c t o r  -- 
and c o l l e c t o r  o r i e n t a t i o n s ,  l a t i t u d e  and sun hour away from noon f o r  
mi r ro r  enhanced f l a t  p l a t e  c o l l e c t o r  systems. S e i t e l  (7) r epo r t ed  t h a t  
r e f l e c t o r s  f o r  f l a t  p l a t e  absorbers  a r e  a p a r t i c u l a r l y  a t t r a c t i v e  a l t e r n -  
a t i v e  when t h e  c o l l e c t o r  i s  r e s t r a i n e d  t o  an unfavorable  o r i e n t a t i o n .  

The use of an  i n f l a t e d  cy l inde r  focuss ing  c o l l e c t o r  was r epo r t ed  by Tabor 
and Zeimer (12) ,  and t h i s  concept was later used by Ha ta r i a  and Horse f i e ld  
(1) i n  s t u d i e s  conducted i n  Ca l i fo rn i a .  F igu re .9 .p rov ides  end views of 
cy l inde r s  t h a t  have been cons t ruc t ed  wi th  t r anspa ren t  and a  r e f l e c t o r  



s e c t i o n s .  Deta i led  s t u d i e s  by Tabor and Ziemer (12) i nd ica t ed  t h e  
c o l l e c t o r  should have a  t r i a n g u l a r  con f igu ra t ion  and a l s o  ind ica t ed  an 
improved performance i f  s i d e  mi r ro r s  a r e  added. These s t u d i e s  a l s o  
ind ica t ed  t h a t  a  concen t r a t ion  r a t i o  of about t h r e e  could be achieved 
w i t h  seasona l  adjustments  i n  c o l l e c t o r  o r i e n t a t i o n .  One of t h e  major 
advantages of t h i s  system is t h a t  t h e  u n i t  is  e a s i l y  moved t o  a l t e r n a t e  
l oca t ions .  

The a d d i t i o n  of " so l a r  wings" t o  t h e  wrap around s o l a r  c o l l e c t o r s  s t u d i e d  
on s e v e r a l  convent ional  dry ing  b i n s ,  F igure  10 ,  provides  another  means 
of i nc reas ing  window a r e a  and temperature r i s e .  It is  p o s s i b l e  t o  reduce 
c o s t  p e r  u n i t  of e f f e c t i v e  c o l l e c t o r  a r e a  us ing  t h i s  technique,  bu t  space  
l i m i t a t i o n s  i n  t h e  s t o r a g e  a r e a  may be a c r i t i c a l  f a c t o r .  

S DSU SOLAR ENERGY- IMTENSIFIEK 

A s o l a r  ene rgy - in t ens i f i e r  system f o r  crop dry ing  and a g r i c u l t u r a l  space 
hea t ing  a p p l i c a t i o n s  i s  being s tud ied  a t  t h e  South Dakota S t a t e  Univers i ty ,  
A g r i c u l t u r a l  Engineering Department. Cross-sect ional  and top  views of 
t h i s  system a r e  provided i n  F igures  11 and 12. The s o l a r  c o l l e c t o r  
c o n s i s t s  of an east-west o r i e n t e d ,  blackened, corrugated absorber  wi th  
two t r anspa ren t  covers  on ' bo th  t h e  n o r t h  and south  s ides .  Air f lows ,  1000 
cfm, over  t h e  c o l l e c t o r  a long i t s  e n t i r e  24-foot l e n g t h  w i t h  a i r  e n t e r i n g  
a long  t h e  lower sou th  s i d e  of  t h e  4-foot h igh  c o l l e c t o r .  A12-foot  h igh ,  
36-foot long  r e f l e c t o r  is loca t ed  no r th '  of t h e  c o l l e c t o r  and r e f l e c t s  
i n c i d e n t  r a y s  onto t h e  n o r t h  s i d e  of the c o l l ~ , c t o r .  The r c f l c c t s r  i s  
p a r a b o l i c  i n  shape, i s  hinged a t  t h e  bottom t o  a l low f o r  p e r i o d i c ,  tilt 
adjustment and was cons t ruc ted  wi th  a  s t e e l  frame and masonite covered 
wi th  an  adhes ive  backed aluminum wi th  a  r e f l e c t i v i t y  of about 0.85. The 
r e f l e c t o r  w a s  made longer  than  t h e  c o l l e c t o r  t o  a l low f u l l  use of  t h e  
absorber  s u r f a c e  without  d i u r n a l  t racking .  A h o r i z o n t a l  o r  nea r ly  
h o r i z o n t a l  r e f l e c t o r  nea r  t h e  ground on t h e  south  s i d e  of t h e  c o l l e c t o r  
is  t o  be added t o  i nc rease  t h e  concent ra t ion  r a t i o  t o  approximately f i v e .  
Future  p l ans  inc lude  modi f ica t ion  of t h i s  system by t h e  a d d i t i o n  of a  
r e c i r c u l a t i n g  a i r  plenum and a  thermal energy s t o r a g e  f o r  use i n  a g r i -  
c u l t u r a l  space  hea t ing  a p p l i c a t i o n s .  

Severa l  types  of s o l a r  concen t r a to r s  have been presented  and l i m i t e d  
performance c h a r a c t e r i s t i c s  have been d iscussed .  I n  reviewing s o l a r  
concen t r a to r  r e sea rch  i t  i s  important t o  remember t h a t  most s t u d i e s  have 
involved use  of s o l a r  concen t r a to r s  f o r  h igh  temperature a p p l i c a t i o n s .  
The requirements of  h igh  temperature have increased  t h e  complexity of 
many of t h e s e  systems. For a g r i c u l t u r a l  a p p l i c a t i o n s ,  where personnel  
a r e  a v a i l a b l e  t o  p e r i o d i c a l l y  a d j u s t  focus,  g r e a t e r  s i m p l i c i t y  i s  
poss ib l e ,  Therefore,  increased  r e sea rch  on a p p l i c a t i o n  of s o l a r  con- 
c e n t r a t o r s  t o  a g r i c u l t u r a l  a p p l i c a t i o n s  i s  encouraged. 

The fol lowing gene ra l  concen t r a to r  c h a r a c t e r i s t i c s  were suggested by 
Winston (13) as being of primary importance i'n t h e  eva lua t ion  of s o l a r  



concen t r a to r  system performance: 1. Concentrat ion Rat io,  2. Acceptance 
Angle, 3. S e n s i t i v i t y  t o  Mirror  E r ro r s ,  4. Average Number of Re f l ec t ions  
and 5. S i z e  of Re f l ec to r  Area. Aid i n  eva lua t ion  of  s o l a r  concen t r a to r  
des ign  may a l s o  be obta ined  from a pub l i ca t ion  by LZf and Duff ie  (2 ) .  
This  manuscript i nc ludes  a  series of g raph ica l  r e l a t i o n s h i p s  t h a t  
e s t a b l i s h  r e f l e c t o r  a r e a  r a t i o s  f o r  maximum h e a t  d e l i v e r y  f o r  pa rabo l i c  
concen t r a to r s ,  These r e l a t i o n s h i p s  a r e  based on i n c i d e n t  r a d i a t i o n  
i n t e n s i t y ,  o p t i c a l  p r o p e r t i e s  and thermal  l o s s  rate. 
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Figure 1 .  R e l a t i o n s h i p  Between So lar  E l e v a t i o n  and Days from S o l s t i c e  
on Hours o f  C o l l e c t i o n  Time f o r  a S ta t ionary  S o l a r  C o l l e c t o r .  



Figure 2 , .  The Ideal or Winston Concentrator. 



F i g u r e  3 .  V a r i a t i o n s  o f  t h e  I d e a l  Concentrat0 .r .  
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Figure 11. Profile of the SDSU Solar Energy-Intensifier system. 
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WHERE DOES SOLAR GRAIN DRYING FIT? 

T. L. Thompson and R. 0.  P i e r c e  1 

How much b e n e f i t  can be obta ined  from s o l a r  energy f o r  g ra in  drying? 
Under what cond i t i ons  w i l l  s o l a r  g ra in  dry ing  b e n e f i t  my ope ra t ion?  

I 

Where is  s o l a r  g ra in  dry ing  app l i cab le?  What a i r f l o w  r a t e  should I use? 
What a r e  t h e  l i m i t a t i o n s  of s o l a r  g r a i n  drying? These a r e  a  few of t h e  1 
ques t ions  t h a t  have been r a i s e d  concerning t h e  a p p l i c a t i o n  of us ing  s o l a r  
energy f o r  t h e  dry ing  of g ra in .  

Low temperature g r a i n  dry ing  systems seem b e s t  adapted t o  t ake  advantage 
of t h e  r e l a t i v e l y  slow r a t e  a t  which s o l a r  energy can be co l l ec t ed .  Pas t  
research  has  no t  def ined  t o t a l  system requirements  f o r  n a t u r a l  a i r  g ra in  
dry ing  o r  determined t h e  e f f e c t  of us ing  small amount of  continuous h e a t  
supplementation. An understanding of n a t u r a l  a i r  g ra in  dry ing  i s  neces- 
s a r y  t o  proper ly  eva lua t e  p o s s i b l e  advantages of us.ing s o l a r  energy i n  
g ra in  drying.  

The g ra in  drying performances presented  i n  t h i s  paper  were based upon 
t h e  r e s u l t s  from a d e t a i l e d  computer s imula t ion  s tudy  (1) .  Use of a  com- 
p u t e r  s imula t ion  model ( 3 )  allowed us  t o  p r e d i c t  d ry ing  r e s u l t s  f o r  t e n  
yea r s  of t e s t s  a t  each of t h e  s t a t e s  i n  t h e  North Cen t r a l  Region of t h e  
United S t a t e s .  

The b a s i c  dry ing  system s tud ied  cons i s t ed  of a  g ra in  b i n  equipped wi th  a 
f u l l  pe r fo ra t ed  f l o o r ,  a  f an ,  and e i t h e r  a  h e a t e r  t o  provide continuous 
supplemental h e a t  o r  a  s o l a r  c o l l e c t o r  designed f o r  t h e  drying b in .  Using 
t h i s  s e tup ,  drying t e s t s  ( s imula t ion  runs) were f i r s t  made f o r  t h e  f a l l  
of 1974 a t  Lincoln, Nebraska us ing  24% moisture g r a i n  harves ted  on 
October 15. Figure 1 shows t h e  average moisture content  i n  t h e  b i n  a s  
t h e  g ra in  is  d r i e d  f o r  t h e  per iod  from October 15  t o  December 9 wi th  an 
a i r f l o w  r a t e  of 1 cfmlbu. The f i g u r e  a l s o  shows s i m i l a r  r e s u l t s  us ing  
a i r f l o w  r a t e s  of 2  and 3 cfmlbu. The g ra in  is  d r i e d  out f a s t e r  a t  t h e ,  
h ighe r  a i r f l o w  r a t e s .  From t h i s  graph, i t  i s  ha rd  t o  determine which air- 
flow r a t e  does t h e  b e s t  job of  dry ing  and how much a i r f l o w  is  a c t u a l l y  
r equ i r ed  f o r  t h i s  s i t u a t i o n .  To determine t h i s  a i r f l o w  requirement we 
a l s o  need t o  cons ider  t h e  q u a l i t y  of  t h e  g ra in  dur ing  dry ing ,  p a r t i c u l a r l y  
wi th  regard  t o  s p o i l a g e  of t h e  g r a i n  a t  high moisture contents .  Figure 2 
p r e s e n t s  a  p r e d i c t i o n  of g ra in  spo i l age  us ing  a  percent  dry ma t t e r  decom- 
p o s i t i o n  (% DM) va lue  c a l c u l a t e d  from a l lowable  s t o r a g e  t imes f o r  corn ( 2 , 3 ) .  
A s  a  r u l e  of thumb, t h e  dry ma t t e r  decomposition should be below one-half ' , 
percent .  For t h e  dry ing  s i t u a t i o n  represented  i n  Figures  1 and 2 ,  about 
1.7 cfmlbu would be needed t o  dry t h e  g ra in  whi le  keeping spo i l age  a t  an 
al lowable l e v e l .  

These r e s u l t s  a r e  f o r  g ra in  harves ted  a t  24% on October 15 ,  1974 a t  Lincoln,  
Nebraska. How would t h i s  system perform i n  1975? In  1976? Year-to-year 
v a r i a t i o n  i n  weather i s  a  major f a c t o r  i n  n a t u r a l  a i r  g r a i n  drying.  

' ~ r o f e s s o r  of A g r i c u l t u r a l  Engineering and Agr i cu l tu ra l  Engineer,  
Univers i ty  of Nebraska-Lincoln 
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Figure 1. Drying Resul t s  w i th  3 a i r f l o w  r a t e s  for 24% corn harves ted  October 15 
a t  Lincoln,  Nebraska. 
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~ i ~ u r e ~ ' 2 .  Effect of airflow rate on dry matter decomposition (24% corn, October 15 
harvest date, Lincoln, Nebraska, Fal l  1974). 
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Figure 3 shows t h e  minimum a i r f l o w  r a t e s  r equ i r ed  a t  Lincoln f o r  each 
of t he  yea r s  from 1960 t h r u  1974. These r e s u l t s  i n d i c a t e  a  wide v a r i -  
a t i o n  i n  t he  amount of a i r f l o w  needed from one year  t o  t h e  next .  Much 
h i g h e r  a i r f l o w  r a t e s  were r equ i r ed  f o r  t h e  yea r s  wi th  unseasonable warm 
temperatures  dur ing  t h e  f a l l  d ry ing  per iod ,  1963 and 1971. These r e s u l t s  
show t h a t  it i s  very important t o  s tudy  system performance over many 
y e a r s  t o  determine t h e  worst p o s s i b l e  condi t ions .  A system which ope ra t e s  
s u c c e s s f u l l y  f o r  n i n e  y e a r s  may f a i l  i n  t h e  t en th .  General ly ,  we do no t  
l i k e  t o  make a i r f l o w  recommendations based on r e s u l t s  from l e s s  than t e n  
y e a r s  of a c t u a l  weather da ta .  

A more convenient manner of p re sen t ing  t h e s e  minimum a i r f l o w  r e s u l t s  i s  
shown i n  Figure 4. These r e s u l t s  a r e  t h e  same a s  those  presented  i n  
Figure 3 ,  but  w i th  t h e  a i r f l o w  r a t e s  p l o t t e d  i n  i nc reas ing  order .  This  
e s s e n t i a l l y  changes t h e  p l o t  of  yea r s  (Y a x i s )  i n t o  a  p r o b a b i l i t y  a x i s .  
From t h i s  graph we can e a s i l y  determine t h e  a i r f l o w  r a t e  needed f o r  suc- 
c e s s f u l  ope ra t ion  t en  yea r s  out  of t e n ,  n i n e  yea r s  ou t  of t en ,  o r  f o r  
whichever p r o b a b i l i t y  of success  we would l i k e  t o  design.  A s  an example, 
t h e  do t t ed  l i n e  shows t h a t  2 .3  cfmlbu i s  requi red  f o r  succes s fu l  opera- 
t i o n  n i n e  yea r s  out  of t e n  f o r  t h i s  p a r t i c u l a r  s i t u a t i o n  (24% moisture 
corn harves ted  October 15 i n  ~ e b r a s k a ) .  We should po in t  ou t  t h a t  t h i s  
va lue  i s  the  a i r f l o w  r a t e  "delivered". There i s  no s a f e t y  f a c t o r  included 
i n  t h i s  a i r f l o w  r a t e  and t h e  r e s u l t s  do no t  r ep re sen t  t h e  a i r f l o w  r a t e  
designed f o r  bu t  t h a t  a c t u a l l y  d e l i v e r e d  t o  t h e  b in .  

How much can a i r f l o w  requirements  be reduced by adding supplemental h e a t  
t o  t h e  dry ing  a i r ?  The e f f e c t s  of fou r  l e v e l s  of supplemental h e a t  on 
minimum a i r f l o w  requirements  a r e  shown i n  Figure 5. The curve l abe l ed  
O°F r e p r e s e n t s  a  s u c t i o n  type a i r f l o w  system and i n d i c a t e s  what a i r f l o w  
r a t e s  would be  r equ i r ed  i f  no supplemental h e a t  i s  added. The 2 ' ~  curve 
r e p r e s e n t s  a  p o s i t i v e  a i r f l o w  system where t h e  2 ' ~  temperature r i s e  can 
t y p i c a l l y  be obta ined  by p u l l i n g  t h e  a i r  over t h e  f an  motor. The two 
curves  on t h e  l e f t  r ep re sen t  systems p i ck ing  up 2 ' ~  of h e a t  from t h e  fan 
motor p l u s  an  a d d i t i o n a l  3  and 6OF from a continuous h e a t  source such a s  
an e l e c t r i c a l  hea t e r .  There is  very l i t t l e  d i f f e r e n c e  i n  t h e  a i r f l o w  
requirements  f o r  t h e  systems p ick ing  up a t  l e a s t  2°F of supplemental hea t .  
This  does no t  mean t h a t  t h e r e  a r e  no b e n e f i t s  from adding supplemental 
hea t .  It does mean t h a t  t h e  a d d i t i o n  of supplemental h e a t  (over  t h a t  pro- 
vided by t h e  f an  motor) does n o t  s i g n i f i c a n t l y  reduce a i r f l o w  requirements .  

A s i m i l a r  s e t  of r e s u l t s  a r e  presented  i n  Figure 6 f o r  systems where sup- 
plemental  h e a t  was provided by p u l l i n g  t h e  a i r  over  t h e  fan  motor ( 2 ' ~ )  
and us ing  va r ious  l e v e l s  of s o l a r  supplementation. Dai ly r a d i a t i o n  d a t a  
were used t o  determine t h e  amount of s o l a r  supplemental h e a t  ( temperature 
r i s e  of t he  dry ing  a i r )  t h a t  was provided by t h e  s o l a r  c o l l e c t o r  f o r  each 
day. I n  very  genera l  terms, t h e  f i v e  l e v e l s  of s o l a r  supplementation 
shown (when o p e r a t i n g  a t  2  cfm/bu) a r e  represented  by zero ,  one-fourth,  
one-half ,  th ree- four ths  and one square f o o t  ofi c o l l e c t o r  p e r  bushe l  of 
g r a i n  i n  t he  b in .  General ly ,  t hese  r e s u l t s  show t h a t  t h e  a i r f l o w  requi re -  
ments cannot be reduced by us ing  s o l a r  supplementation t o  h e a t  t h e  dry- 
Zng a i r .  
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F i g u r e  3. Year-to-year v a r i a t i o n s  i n  t h e  a i r f l o w  r a t e  r e q u i r e d  t o  d r y  24% c o r n ,  h a r v e s t e d  
October  15 a t  L inco ln ,  Nebraska,  w i t h  l e s s  than  .5 p e r c e n t  d r y  m a t t e r  decomposit ion 
(a 2 ' ~  t empera tu re  r i s e  from t h e  fan motor was assumed). 
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MINIMUM AIRFLOW RATE DELIVERED, cfrn/bu 

Figure 4. Minimum a i r f l o w  requ i r ed  t o  dry 24% corn,  ha rves t ed  October 15 a t  Lincoln,  
Nebraska, expressed.  on a p r o b a b i l i t y  bas  is. ( a    OF temperature r i s e  from 
t h e  fan motor was assumed). 
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Figure 5 .  Effec t  of var ious  l e v e l s  of continuous hez t  on the  a i r f low requi red  t o  dry 24% 
corn harvested October 1 5 ' a t  Lincoln, Nebraska. 





I n  more t e c h n i c a l  terms,  t h e  s o l a r  c o l l e c t o r  c o e f f i c i e n t s  shown on t h i s  
graph were s e l e c t e d  t o  r ep re sen t  a  c o l l e c t o r  s i z e  capable of provid ing  
a  given temperature r i s e  pe r  u n i t  of r a d i a t i o n  received.  This  c o e f f i -  
c i e n t .  was def ined  a s  t h e  "average 24 hour temperature r i s e  t h a t  a  s o l a r  

:'. c o l l e c t o r  w i l l  produce when r ece iv ing  1000 l ang leys  of s o l a r  r a d i a t i o n  
per  day". This  d e f i n i t i o n  makes t h e  c o e f f i c i e n t  independent of a i r f l o w  
r a t e  and c o l l e c t o r  e f f i c i e n c y .  For example, assuming a  s o l a r  c o l l e c t o r  
c o e f f i c i e n t  of 10 and s o l a r  i n s o l a t i o n  of 300 langleys lday ,  t h e  24 hour 
average . temperature would be c a l c u l a t e d  a s  lO(300) 11000 o r  3OF. 

One advantage of adding supplemental h e a t  i s  t h a t  t h e  t ime requi red  t o  
dry t h e  g ra in  i s  reduced. F igure  7  shows t h e  da t e  dry ing  was completed 
us ing  t h e  minimum a i r f l o w  r a t e s  f o r  each year .  These r e s u l t s  c l e a r l y  
i n d i c a t e  t h a t  when we add supplemental h e a t  (above t h e  2OF obta ined  by 
p u l l i n g  t h e  a i r  over  t h e  fan  motor) t h e  p r o b a b i l i t y  of  completing dry ing  
i n  t h e  f a l l  is  much g r e a t e r  than when no supplemental h e a t  i s  added. 

What i s  t h e  e f f e c t  of i n i t i a l  moisture content  on a i r f l o w  requirements? 
F igure  8 shows t h a t  a i r f l o w  r a t e s  need t o  be inc reased  when t h e  ha rves t  
moisture content  is increased .  A s  a  rough r u l e  of thumb, f o r  each 2% 
inc rease  i n  moisture content  t h e  a i r f l o w  r a t e  should be doubled. Like- 
wise,  f o r  each 2% decrease  i n  moisture content  t h e  a i r f l o w  r a t e  can be 
halved. But t h i s  is only t r u e  down t o  about .75 cfmlbu. There may be 
problems when ope ra t ing  a t  t h e  low a i r f l o w  r a t e s  i n d i c a t e d  f o r  t h e  lower 
i n i t i a l  moisture contents .  For a i r f l o w  r a t e s  below .75 cfmlbu, t h e r e  is  
gene ra l ly  not  enough a i r  volume t o  e f f e c t i v e l y  remove moisture from t h e  
g ra in  and i t  should be considered t o  be an a e r a t i o n  o r  ho ld ing  a i r f l o w  
r a t e .  

The above r e s u l t s  a r e  only  a p p l i c a b l e  f o r  Lincoln,  Nebraska condi t ions .  
A s i m i l a r  s e r i e s  of  t e s t s  ( s imula t ion  runs)  were made f o r  one l o c a t i o n  
i n  each s t a t e  i n  t h e  North Cen t r a l  Region. Table 1 lists each of t h e s e  
l o c a t i o n s  and a l s o  i n d i c a t e s  t h e  yea r s  of weather  and r a d i a t i o n  d a t a  t h a t  
were used f o r  t h i s  s tudy .  These l o c a t i o n s  were s e l e c t e d  t o  r ep re sen t  t h e  
g ra in  dry ing  a r e a s  of  each s t a t e ,  bu t  were l i m i t e d  t o  some e x t e n t  by t h e  
a v a i l a b i l i t y  of r a d i a t i o n  and weather  da ta .  The s imu la t ion  r e s u l t s  f o r  
most l o c a t i o n s  were s i m i l a r  t o  those  shown above f o r  Lincoln.  It was 

:. . gene ra l ly  concluded t h a t  a i r f l o w  r a t e s  could no t  be s i g n i f i c a n t l y  reduced 
by adding continuous o r  s o l a r  supplemental h e a t  (above t h e  2OF from t h e  
fan). The only except ion  t o  t h i s  conclusion was f o r  Indiana and Ohio 
condi t ions .  Minimum a i r f l o w  r e s u l t s  u s ing  Ind ianapo l i s  weather  i npu t s  
wi th  f o u r  l e v e l s  of continuous supplemental h e a t  are shown i n  Figure 9 .  
The a i r f lows  r equ i r ed  wi th  2OF of h e a t  from t h e  fan a r e  cons iderably  
h ighe r  than  t h e  a i r f l o w s  r equ i r ed  i f  an a d d i t i o n a l  3OF of continuous 
supplemental hea t  is  added. S i m i l a r  r e s u l t s  were noted  f o r  Ohio. These 
h ighe r  a i r f l o w  requirements were probably due t o  t h e  warmer h ighe r  humid- 
i t y  condi t ions  i n  t hese  two s t a t e s .  

A comparison of  t h e  minimum a i r f l o w  r a t e s  ac ros s  t h e  North Cen t r a l  region 
i s  shown i n  Figure 10. These a i r f l o w  r a t e s  were determined f o r  a  system 
ope ra t ing  wi th  no supplemental h e a t  o t h e r  than  t h e  2OF from t h e  fan motor. 
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harves ted  October 15 a t  Lincoln,'  Nebraska can be d r i e d  us ing  t h e  minimum 
a i r f l o w  r a t e s .  
. . .  . . 
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Figure 8 .  E f f e c t  of h a r v e s t  moisture  content  on t h e  a i r f l o w  r a t e  r equ i r ed  t o  
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dry corn harves ted  October 15 a t  Lincoln,  Nebraska. 



Table 1. Sumnary of North CentraI  Region d a t a  a u a i r a b i l i t y  
and i o c a t i o n s  s e l e c t e d  f o r  t h i s  s tudy.  

S t a t e  

North Dakota 

South ~ a k o t a  

Nebraska. 

Kansas 

Minnesota 

Iowa 

Missouri 

Wisconsin 

I l l i n o i s  

Indiana 

Michigan 

Temperature Data 

Locat ion  Avai lable  

Bismarck 194-8-73 

Huron 1940-74 

Lincoln . 1954-75 

Dodge Ci ty  1948-73 

St. Cloud 1948- 71 

Des Mcines 1945-72 

Co 1 umh i a 1945-72 

Madison 1948-73 

C h i c a g o / o t ~ a r e  1959-73 

Ind ianapo l i s  1952-60, 
1965-72 

Lansing 1949-5 3, 
1959-73 

Radiat ion Data 

Locat ion Available 1 

Bismarck 1950-69 

Brookings 196 1-74 

Omaha 1957-69 

Dodge Ci ty  1952-69 

S t .  Cloud 1954-69 

Ames . 1959-69 

Columbia 19L 4-69 

Madison 1952-61, 
196 3-69 

Lemon t 1957-69 

Indianapol i s  1951-69 

E. Lansing 1953-69 

F a l l  Per iods  
Use& 

Ohio Mans f i e l d  1963-67, Wooster 196 3- 74 1 9 6 3 6 7 ,  1969-73 
1969-73 

The r a d i a t i o n  d a t a  may no t  be complete f o r  t h e  pe r iod  ind ica te= .  : 



MINIMUM AIRFLOW RATE* DELIVERED, cf.m/bu 

Figure 9. E f f ec t  o'f va r ious  l e v e l s  of continuous h e a t  o n .  t h e  a i r f l o w  require-d -to dry 
24% corn harves ted  October 15 a t  Ind i anapo l i s ,  Indiana. 
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MI,NIMUM AIRFLOW RATE DELIVERED, cfm/bu 
Figure 10. Predccted a i r f low requirements f o r  the  various loca t ions  ac ross  the  North 

Central  Region ( 2 ' ~  temperature r i s e  from the  fan motor, 24% corn and an 
October 15 harves t  were assumed). 



It is  ha rd  t o  v i s u a l i z e  t h e  r e l a t i o n s h i p  between a i r f l o w  requirements f o r  
t h e  va r ious  s t a t e s  represented  on t h i s  .graph. These r e s u l t s  a r e  summa- 
r i z e d  i n  Figure 11 by cons ider ing  only  t h e  a i r f l o w  requirements f o r  t h e  
next  t o  worst year .  This  p l o t  shows how minimum a i r f l o w  requirements  
i nc rease  a s  you move from t h e  n o r t h  western s e c t i o n  of t he  reg ion  (North 
Dakota) down t o  t h e  h ighe r  temperature and humidity a r e a s  of Indiana and 

- Ohio. Airf low requirements ranged from 1 t o  3 cfm/bu ac ros s  t h e  region.  

Drying t imes a l s o  v a r i e d  widely a c r o s s  t h e  region.  Figure 12 compares 
t h e  dry da t e s  f o r  t he  va r ious  l o c a t i o n s  us ing  t h e  minimum a i r f l o w  r a t e s  
requi red  f o r  each year .  Bas i ca l ly ,  t h i s  shows t h a t  dry ing  is  slower f o r  
t h e  coo le r  and/or  more humid c l imates  and gene ra l ly  not  completed u n t i l  
l a t e  s p r i n g  o r  e a r l y  summer. For t h e  southern  s t a t e s  of  t h e  reg ion ,  dry- 
i n g  is  t y p i c a l l y  completed i n  t h e  f a l l .  The in t e rmed ia t e  corn b e l t  s t a t e s  
can gene ra l ly  expect  t o  complete dry ing  i n  t h e  f a l l  approximately 50% of  
t h e  time. The p r o b a b i l i t y  of completing dry ing  i n  t h e  f a l l  is  inc reased  
wi th  t h e  a d d i t i o n  of supplemental h e a t .  

A t  t h i s  po in t ,  i t  should be emphasized t h a t  t h e  a i r f l o w  r a t e  i s  t h e  most 
' important f a c t o r  i n  designing and ope ra t ing  low temperature g ra in  dry ing  

systems r e g a r d l e s s  of whether n a t u r a l  a i r ,  continuous supplemental h e a t  
o r  s o l a r  supplementat ion is used. I n  most cases ,  i f  a system i s  n o t  
designed f o r  t h e  proper  a i r f l o w  r a t e  t h e  a d d i t i o n  of supplemental h e a t  
w i l l  i nc rease  t h e  amount of spoi lage .  O r  s t a t i n g  i t  another  way, t h e  
a d d i t i o n a l  h e a t  w i l l  many t imes j u s t  warm t h e  g ra in  s o  t h a t  i t  s p o i l s  -- ------ 
f a s t e r ,  i f  t h e r e  is  n o t  enough a i r f low.  ---- - - 

The r e s u l t s  presented  above can be used t o  design a system which w i l l  
'work', bu t  do n o t  i n d i c a t e  t h e  most energy e f f i c i e n t  method of dry ing  
t h e  g ra in .  The r e s u l t s  shown above were wi th  continuous fan ope ra t ion  
u n t i l  a l l  of t h e  g r a i n  w a s  d r i e d  below 15% moisture.  Some of t h e  dry ing  
experiments were n o t  completed u n t i l  t h e  fo l lowing  sp r ing .  Considerable 
energy savings  a r e  p o s s i b l e  i f  t h e  fan  i s  opera ted  i n t e r m i t t e n t l y  dur ing  
t h e  win te r  months when drying p o t e n t i a l  is  low. 

We approached t h i s  problem by p l o t t i n g  t h e  average temperature cond i t i ons  
and the  equ i l i b r ium moisture con ten t s  f o r  each two week pe r iod  thoughout 
t h e  year .  An oversimpl . i f ied '  p l o t  of t h e s e  r e s u l t s  f o r  c e n t r a l  Iowa i s  
shown i n  Figure 13. A per iod  of very low temperatures  and h igh  e q u i l i b -  
rium moisture con ten t s  is  i n d i c a t e d  from approximately t h e  f i r s t  of 
December u n t i l  t h e  middle of  March. Consequently, we s t u d i e d  a fan  oper- 
a t i n g  schedule of 1 )  running t h e  f an  cont inuously u n t i l  December 1, 
2) ope ra t ing  i t  f o r  two hours  p e r  day dur ing  t h e  w i n t e r  months t o  e q u a l i z e  
temperatures  w i t h i n  t h e  b i n  and t o  prevent  t h e  development of h o t  s p o t s  
and 3) beginning t h e  middle of March, ope ra t ing  t h e  fan  cont inuously when 
temperatures  a r e  above 5 5 ' ~  and cont inuing  t h i s  p r a c t i c e  u n t i l  t h e  g ra in  
w a s  d r i ed .  

A wide range of g ra in  d ry ing  cond i t i ons  were s t u d i e d  f o r  c e n t r a l  Iowa con- 
d i t i o n s  t o  a i d  i n  e v a l u a t i n g  t h e  b e n e f i t s  of us ing  continuous o r  s o l a r  
energy f o r  corn drying.  A summary of  dry ing  r e s u l t s  u s ing  weather  d a t a  
i n p u t s  from 1959-69 a r e  shown i n  Table 2. These r e s u l t s  a r e  f o r  22% corn 



Figure 11. Minimum a i r f l o w  r a t e s  r equ i red  f o r  s u c c e s s f u l  drying 9 y e a r s  ou t  of  1 C  
assuming 2r% corn h a r v e s t  October 15 f o r  each of t h e  North Cen t ra l  Region 
s t a t e s .  ( A  2 ' ~  temperature r i s e  from t h e  fan  motor was assumed.) 
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Figure 12. P red ic t ed  d r  d a t e s  f o r  t he  var ious  l o c a t i o n s  a c r o s s  t he  North Cen t r a l  Region 4: assuming a 2 F temperature r i s e  from t h e  f a n ,  24% corn and an October 15 ha rves t .  
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Figure 13. Average temperature condi t ions  and equ i l i b r ium moisture con ten t s  for c e n t r a l  
Iowa. 



Table 2. A summary of p red ic t ed .d ry ing  r e s u l t s  f o r  a ten-year 
per iod  a t  .Des  Moines, Iowa. Simulation runs were made 
wi th  an a i r f l o w  rate of 1 . 3  cfm/bu, 22% corn and an 
October 15 ha rves t  da te .  

Natura l  Air (2OF) 

Condition Minimum . Average Maximum 

I F i n a l  Moisture, % w.b. 11.5 13.4 14.5 

% Dry Matter Decomposition - 

Fan Hours 

Dry Date . . 

Continuous Heat ('2 + 3 ' ~ )  

Condition . Minimum Average Maximum 

F ina l  Moisture, % w.b. 12.2 13.0 14.0 

% Dry Matter Decomposition .174 .307 .619 

Fan Hours. 696 864 1032 

Heater  IIours 696 864 1032 

Dry Date . 11/11 11/25 

1 So la r  Drying (2OF + Sola r  ) 

Condition Minimum Average Maximum 
. .  , 

Fina l  Moisture, % w.b. 9.7 13.0 14.2 

I % Dry Matter  Decompostion 1 7 2  . . ..314 . .. .618 

Fan Hours 

Dry Date 

Using a s o l a r  c o l l e c t o r  c o e f f i c i e n t  of 1 0 ~ ~ / 1 0 0 0  langleys/day 



ha rves t ed  on October 15 and d r i e d  wi th  an a i r f l o w  r a t e  of 1 . 3  cfm/bu. 
This  a i r f l o w  r a t e  was s e l e c t e d  (from a graph s i m i l a r  t o  Figure 5)  t o  
a l low f o r  s u c c e s s f u l  dry ing  n i n e  yea r s  out  of t e n ,  assuming a 2 ' ~  temper- 
a t u r e  rise from t h e  fan  motor. D i r ec t  comparisons between t h e  d i f f e r e n t  
systems a r e  d i f f i c u l t  because of t h e  number of f a c t o r s  involved. Costs 
were c a l c u l a t e d  f o r  each  of t h e s e  f a c t o r s  and u s e d . a s  a  common b a s i s  of 
comparison between t h e  systems. The t o t a l  d ry ing  c o s t  inc luded  f i x e d  
c o s t s  f o r  t h e  b in  and equipment, energy c o s t s  f o r  upe ra t ing  t h e  f an  and 
provid ing  cont inuous supplemental h e a t ,  t h e  c o s t  of a  s o l a r  c o l l e c t o r  
and pena l ty  c o s t s  f o r  overdrying and excess ive  s p o i l i n g  of t h e  gra in .  

The f an  energy requirements  and f i x e d  c o s t s  f o r  equipment a r e  very  
dependent upon t h e  s p e c i f i c  d r y e r  con f igu ra t ion  used. The r e s u l t s  from 
any cos t  comparison a r e  a l s o  g r e a t l y  inf luenced  by t h e  c o s t s  ass igned  
f o r  each f a c t o r .  F igures  14 ,  15 and 16 show d ry ing  c o s t s  f o r  a  24 f o o t  
diameter  b i n  hold ing  6000 bushe l s  of corn. The fan  ope ra t ing  c o s t s  
(@$O.O3/kW-hr) can be c a l c u l a t e d  knowing t h e  s i z e  of t h e  fan  r equ i r ed  
f o r  t h i s  s p e c i f i c  s i t u a t i o n  (9 HP) and t h e  hours  of f a n  opera t ion .  Heat 
energy c o s t s  a r e  dependent upon t h e  d e s i r e d  temperature r i s e  ( h e a t e r  
s i z e )  and hours  of h e a t e r  ope ra t ion .  Overdrying c o s t s  were c a l c u l a t e d  
us ing  the  average f i n a l  moisture content  t o  determine t h e  weight l o s s  
below 15.5% w.b.. The spo i l age  pena l ty  c o s t s  were based on an a r b i t r a r y  
exponen t i a l l y  i n c r e a s i n g  func t ion  wi th  a  r a p i d l y  i n c r e a s i n g  pena l ty  f o r  
f i n a l  dry ma t t e r  decomposition above one-half percent .  A g ra in  p r i c e  of 
$2.80/bu was used i n  c a l c u l a t i n g  overdry ing  and s p o i l a g e  p e n a l t i e s .  

Drying c o s t s  f o r  t h e  system opera ted  wi th  no supplemental. h e a t  a r e  pre- 
s en ted  i n  Figure 14. A comparison of  t h e  o v e r a l l  d ry ing  c o s t s  f o r  t h e  
i n d i v i d u a l  yea r s  i n d i c a t e s  a  50% i n c r e a s e  i n  c o s t s  from t h e  lowest t o  
t h e  h ighes t  va lues .  This  year-to-year v a r i a t i o n  was l a r g e l y  dependent 
on t h e  da t e  by which dry ing  was completed. 

A s i m i l a r  s e t  o f .  d ry ing  c o s t s  f o r  t h e  system opera ted  wi th  ~ O E '  of con- 
t i nuous  h e a t  a r e  presented  i n  F igure  15. Although t h e r e  was an o v e r a l l  
reduct ion  i n  f an  energy and s p o i l a g e  c o s t s ,  t h e  average dry ing  c o s t s  were 
inc reased  due t o  h ighe r  overdrying c o s t s  and t h e  a d d i t i o n  of h e a t  energy 
c o s t s .  Comparing t h e  r e s u l t s  from Figures  14 and 15 ,  t h e  year-to-year 
dry ing  c o s t s  a r e  more uniform f o r  rhe system upera led  wiCh supplemental 
hea t .  This  comparison a l s o  shows t h a t  t h e  a d d i t i o n  of supplemental hea t  
d i d  n o t  cause an inc rease  i n  drying c o s t s  f o r  every year .  For example, 
d ry ing  c o s t s  f o r  1959 were reduced from 26 t o  23 ~ / b u  wi th  t h e  a d d i t i o n  
of continuous h e a t .  It was t y p i c a l  of t h e s e  r e s u l t s  t h a t  n e i t h e r  of t he  
d ry ing  s t r a t e g i e s  proved s u p e r i o r  f o r  each of t h e  t e n  y e a r s  s tud ied .  

2  F igure  16 p re sen t s  dry ing  c o s t s  u s ing  a  s o l a r  c o l l e c t o r  of .18 f t  /bu 
(assuming a 50% e f f i c i e n c y )  i n s t e a d  of a  continuous h e a t  source. Although 
t h e  genera l ized  dry ing  r e s u l t s  (Table 2) were approximately t h e  same f o r  
t h e  s o l a r  and continuous h e a t  t e s t s ,  t he  average dry ing  c o s t s  are con- 
s i d e r a b l y  h ighe r  f o r  t h e  s o l a r  supplemented system. The major f a c t o r  
i n c r e a s i n g  t h e s e  c o s t s  over  those  shown i n  F igures  14 and 15 was t h e  cos t  
o f  t h e  s o l a r  c o l l e c t o r .  This  c o l l e c t o r  c o s t s  (10.8 ~ / b u )  was based upon 
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Figure 14. P red ic t ed  dry ing  c o s t s  f o r  c e n t r a l  Iowa f o r  1959 th ru .  1969, 
assuming 22% corn harves ted  October 15 and d r i e d  wi th  
1 .3  cfmlbu. A 2 ' ~  temperature r i s e  from t h e  fan was 
assumed. 
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Figure 15. P red ic t ed  dry ing  c o s t s  f o r  c e n t r a l  Iowa f o r  1959 t h r u  
1969, assuming 22% corn harves ted  October 15 and d r i e d  . . . 
wi th  a i r  hea ted  by 3 ' ~  .of .continuous h e a t  ( i n  addi t i 'on . . 
t o  t h e  A OF froin . the fan)  and de l ive red  a t  t h e  r a t e  of . . . . 

1 . 3  cfmlbu. 141 
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Figure  16. P red ic t ed  dry ing  c o s t s  f o r  c e n t r a l  Iowa f o r  1959 t h r u .  
, . 1969, assuming 22% corn ha rves t ed  October 15 and d r i e d  

wi th  s o l a r  hea ted  a i r  ( 1 0 ~ ~ / 1 0 0 0  langleys lday)  and 
de l ive red  at t h e  r a t e  of 1.'3 cfmlbu. 

... , 



2 
an i n i t i a l  c o s t  of $1 .50/ f t  , a t h r e e  yea r  l i f e  and a t e n  percent  i n t e r -  
est r a t e .  Co l l ec to r  drying c o s t s  f o r  o t h e r  i n i t i a l  c o l l e c t o r  c o s t s  and 
economic l i f e s  a r e  shown i n  Table 3. 

It is important  t o  remember t h a t  t h e s e  c o s t  f i g u r e s  were c a l c u l a t e d  f o r  
a s p e c i f i c  dry ing  s i t u a t i o n  i n  c e n t r a l  Iowa. Fan energy c o s t s  and f i x e d  
c o s t s  p e r  bushe l  w i l l  be a f f e c t e d  by changing t h e  b i n  con f igu ra t ion  o r  
vary ing  t h e  number of  bushe ls  of g ra in  h e l d  i n  t h e  b in .  The e f f e c t  on 
dry ing  cos t  of vary ing  t h e  amount' of g ra in  d r i e d  i n  a 24 f o o t  diameter  b in  
i s  shown i n  Figure 17. Drying c o s t s  vary  widely f o r  c a p a c i t i e s  ranging  
from 3000 - 10000 bushels .  A t  low c a p a c i t i e s ,  d ry ing  c o s t s  a r e  h igh  
because t h e  f i x e d  c o s t  p e r  bushe l  i s  h igh  a s  t h e  g ra in  depth is  inc reased ,  
fan  horsepower requirements i nc rease  exponen t i a l l y ,  which cause a cor res -  
ponding i n c r e a s e  i n  dry ing  c o s t .  

Drying performance, and t h e r e f o r e  dry ing  c o s t ,  i s  a f f e c t e d  by ha rves t  
d a t e  and i n i t i a l  moisture content .  Addi t iona l  dry ing  t e s t s  were made " for  
October 1 and November 1 ha rves t  da t e s  w i th  an i n i t i a l  moisture content  
of  22% w.b.. These t e s t s  were repea ted  f o r  a system designed t o  dry 24% 
corn wi th  2 .3  cfmlbu. Average drying c o s t s  . (using t h e  same c o s t s  a s  
above) c a l c u l a t e d  from t h e s e  r e s u l t s  a r e  p re sen ted  i n  Table 4 .  The dry- 
i n g  c o s t s  a r e  cons iderably  h ighe r  when dry ing  24% corn. Drying c o s t s  

0' were g e n e r a l l y  lowest  when no supplemental h e a t  ,was added (above t h e  2 F, 
from t h e  fan  motor) ,  b u t  t h e r e  were some s i t u a t i o n s  where they  were lower 
by adding 3 ' ~  of continuous h e a t .  

T o t a l  c o s t s  f o r  t h e  s o l a r  dry ing  systems were much h i g h e r  due t o  c o s t  o f  
t he  c o l l e c t o r .  There is  a need f o r  t h e  development of c o l l e c t o r s  w i t b  . 
lower i n i t i a l  c o s t s  and longe r  l i v e s .  The economic p i c t u r e  could he. dras-  
t i c a l l y  a l t e r e d  by r a p i d l y  inc reas ing  f u e l .  c o s t s  and supply problems. 
From t h e  Iowa r e s u l t s  presented  i n  Tables  3 and 4, i t  appears  t h a t  i n  
some in s t ances  t h e  s o l a r  dry ing  system would be competi t ive wi th  t h e  3OF 
continuous h e a t  s y s t e m . i f  c o l l e c t o r  c o s t s  could be  reduced t o  6 ~ / b u  o r  
i f  e l e c t r i c a l  r a t e s  increased  t o  $.lOlkW-hr. 

. . CON CLUS IONS 

Se lec t ion  of an a i r f l o w  r a t e  is t h e  most important f a c t o r  i n  'designing a 
low temperature drying.  system. A s imu la t ion  model was used t o  determine 
t h e  minimum a i r f l o w  r a t e s  r equ i r ed  f o r  low temperature drying i n  t h e  North 
Cen t r a l  Region of t h e  United S t a t e s .  Ten years  of a c t u a l  weather d a t a  
were used i n  t h e  s imula t ion  model f o r  one l o c a t i o n  i n  each .of  t h e  North 
Cen t r a l  s t a t e s .  The r e s u l t s  i n d i c a t e d  t h a t :  

1 )  For a given l o c a t i o n ,  t h e r e  is almost always 1 o r  2 years  ou t  of 10 
t h a t  r e q u i r e  a cons iderable  h ighe r  a i r f l o w  r a t e  than t h e  o t h e r  years .  
This  i nc rease  is  caused by unseasonably warmer temperatures  du r ing  
t h e  i n i t i a l  d ry ing  period.  

2) General ly ,  t he  minimum a i r f l o w  r a t e  r equ i r ed  is  no t  s i g n i f i c a n t l y  
reduced by adding supplemental h e a t  above t h e  approximate 2 ' ~  temper- 
a t u r e  r i s e  t h a t  can be obta ined  by p u l l i n g  t h e  a i r  over  t h e  fan.motor .  



The except ions  were c e n t r a l  Ind iana  and Ohio where an a d d i t i o n a l  3 ' ~  
d i d  reduce t h e  r equ i r ed  a i r f l o w  r a t e .  . . 

3) Across t h e  region,  t h e  r equ i r ed  a i r f l o w  r a t e s  increased  from t h e  coo l  
, d r y  reg ion  of North Dakota t o  t h e  warmer high humidity r eg ions  of 

c e n t r a l  Indiana and Ohio. 

4 )  Across t h e  region,  t h e  t ime r equ i r ed  f o r  t h e  g ra in  t o  dry  increased  
from the  southern  t o  t h e  no r the rn  a r e a s  of t h e  region.  

Resu l t s  f o r  a s p e c i f i c  dry ing  system i n  c e n t r a l  Iowa, us ing  a fan man- 
agement procedure t o  reduce f an  energy requirements ,  i n d i c a t e d  t h e  fo l -  
lowing : 

1 )  Drying time was more p r e d i c t a b l e  by adding some supplemental hea t .  

2 )  Energy requirements were gexierally luwest f o r  a o l a r  oupplement~d 
systems and h ighes t  f o r  systems us ing  cont inuous h e a t .  

3) Overdrying w a s  more of a problem when supplemental h e a t  was added. 

4 )  Percent dry  matter decomposition w a s  decreased by adding supple- 
mental h e a t  o r  h a r v e s t i n g  a t  lower moisture contents .  

5 )  Overa l l  d ry ing  c o s t s  were h i g h e s t  w i th  t h e  s o l a r  supplemented systems. 

S i m i l a r . s t u d i e s  a r e  i n  t h e  p roces s  of  being made f o r  t h e  vary ing  condi- 
t i o n s  over t h e  North Cent ra l  reg ion .  



2 Table 3. Effect  of i n i t i a l  c o l l e c t o r  cos t  ( $ / f t  ) and economic 
l i f e  on c o l l e c t o r  drying c o s t s .  These .cos t  f i g u r e s  
a r e  based upon a 1097 f t 2  c o l l e c t o r  which w i l l  .pro- , 

vide 1 0 ~ ~ / 1 0 0 0  langley/day with an a i r f low r a t e  of 
1 . 3  cfm/bu (6000 bushels  assumed). 

. . .  

Col lec to r  Cost Economic L i fe  (Years) 

( $ / f t 2 )  - . I  - 2 . - 3 '  5 10. - - 15 - 2 0 - 
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Figure 17. E f f e c t  of  g r a i n  depth ( i n  a  24 foo t  diameter  b in )  on t h e  average dry ing  

cos t  for f o u r  low temperature  g ra in  d ry ing  systems. 



Table 4. E f f e c t  of ha rves t  d a t e  and va r ious  l e v e l s  of  supplemental 
h e a t  (continuous and s o l a r )  on t h e  average dry ing  c o s t s  

I f o r  Des Moines, Iowa condi t ions .  

I 
I ** 

Average Cost (10 y e a r s ) ,  c lbu  

I 22% corn, 1 . 3  cfmlbu 

Supplemental . Temperature 
. , Heat ~ i s e *  Harvest Date 

Source 10101 10115 11/01 

Ambient 

Cone inuous 

Continuous 

S o l a r  SC F 10 34.0 32.6 34.1 

** Average Cost (10 y e a r s ) ,  ~ / b u  
. . 

24% corn, 2 .3 cfmlbu 

Supplemental Temperature 
. H e a t  use* Harvest Date 

Source 10101 10115 ' .11/01 

Ambient 2 ' ~  37.7 41.8 ' 43..1 

Continuous 2 + 3 ' ~  43.0 . 36.6 40.0 

Continuous 2 + 6OF 45.6 43.1 41.4 

* 
A l l  runs inc lude  a 2 ' ~  temperature r i s e  from p u l l i n g  t h e  a i r  
over t h e  fan  motor. 

** 
A l l  c o s t s  a r e  based on t h e  same c o s t s  and assumptions used f o r  
Figures 14,  15 and 16. 
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ROLE OF THE COOPERATIVE EXTENSION SERVICE 

Marvin D. H a l l  
1 

The Cooperative Extension Serv ice  i s  t h e  l i n k  between t h e  producer 
and t h e  r e s u l t s  of a g r i c u l t u r a l  research .  I t h i n k  our  r o l e  should 
be t o  i n s t i g a t e  some app l i ed  r e s e a r c h  p r o j e c t s  on t h e  farm. When- 
ever  p o s s i b l e  t h e s e  p r o j e c t s  should involve  f u l l  s c a l e  systems. 
Farmers have always been innovat ive ,  some more than  o t h e r s ,  and 
I s e e  our r o l e  i s  t o  g ive  a s  much engineer ing  he lp  a s  p o s s i b l e  t o  
people who a r e  innovat ive  and want t o  go ahead and do th ings  a 
l i t t l e  b i t  d i f f e r e n t .  We a l s o  need t o  g ive  t h e  same type  of 
s e r v i c e  t o  a g r i c u l t u r e - r e l a t e d  bus inesses ,  manufacturers ,  and r e l a t e d  
i n d u s t r i e s  t h a t  want t o  do some r e sea rch  work i n  f i e l d  t e s t i n g  o r  
t r y  new products  o r  equipment. I a l s o  s e e  our  r o l e  a s  a backstop 
t o  producers o r  i n d u s t r y  people where we may have a l i t t l e  e x p e r t i s e  
and can h e l p  on i n d i v i d u a l  problems. For example, a bu i ld ing  
c o n t r a c t o r  may have a ques t ion  on conc re t e  s p e c i f i c a t i o n s  o r  on 
s t r u c t u r a l  design.  He should be a b l e  t o  p ick  up t h e  te lephone,  c a l l  
us ,  d i s c u s s  t h e  problem, and hopefu l ly  we can h e l p  him make a 
dec i s ion  a s  i t  r e l a t e s  t o  a p a r t i c u l a r  job. O r  a farmer,  o r  anyone 
e l s e  who has  a p a r t i c u l a r  ques t ion ,  should have acces s  t o  ex tens ion  
s p e c i a l i s t s  t o  h e l p  s o l v e  immediate a s  we l l  a s  long range problems. 

Over t h e  yea r s  I ' v e  worked wi th  many farmers  and I ' v e  no t i ced  a few 
c h a r a c t e r i s t i c s .  Some farmers  a r e  b e t t e r  than  o t h e r s ,  of course ,  
j u s t  a s  some extens ion  people a r e  b e t t e r  than  o t h e r s .    ow ever, 
I can think of two c h o r a c t c r i o t i c o  of farmere who a r e  good producers  
t h a t  c h a r a c t e r i z e  them more than  anything e l s e .  The good farmer,  a s  
I would c l a s s i f y  a good farmer,  is  t r y i n g  t o  be number one, always 
looking f o r  a b e t t e r  way t o  do something -- never q u i t e  s a t i s f i e d .  
Regardless  of what he does,  he'd l i k e  t o  do i t  a l i t t l e  b i t  b e t t e r .  
I t h i n k  t h i s  is  good, and I t h i n k  we ought t o  promote t h i s  a t t i t u d e  
a s  much a s  poss ib l e ,  no t  on ly  i n  a g r i c u l t u r e ,  bu t  i n  every th ing  e l s e .  
The second c h a r a c t e r i s t i c  I n o t i c e  i s  t h a t  t h e  succes s fu l  farmer 'seems 
t o  pay a l i t t l e  more a t t e n t i o n  t o  d e t a i l ,  i n  f a c t ,  s t r i c t  a t t e n t i o n  
t o  d e t a i l .  I f  I had t o  l i s t  two c h a r a c t e r i s t i c s  of t h e  succes s fu l  
farm producer,  those  a r e  t h e  two: never q u i t e  s a t i s f i e d  and paying 
a l i t t l e  more a t t e n t i o n  t o  d e t a i l s  than  h i s  neighbor does. 

The a p p l i c a t i o n  of s o l a r  energy t o  a g r i c u l t u r e  i s  being t r i e d  by t h e  
innovators  -- t h e  good producers .  We must g ive  them a l l  t h e  he lp  we 
can. Thei r  exper iences  w i l l  be  very  va luab le  i n  t h e  development of 
p r a c t i c a l ,  economical s o l a r  systems f o r  a g r i c u l t u r a l  product ion.  

l ~ r e a  A g r i c u l t u r a l  Engineer,  I l l i n o i s  Cooperative Extension Serv ice ,  
Region 3 ,  Macomb, I l l i n o i s  



EXPERIENCES WITH SOLAR GRAIN DRYING 

Dan A. Ponder 1 

I grow about 450 acres of corn and 100 acres of soybeans. Prior to 
1972 I dried the corn in two 4,400 bushel bins equipped with stirring 
machines and then transferred it to 25,000 bushels of permanent storage. 
I've run the operation by myself with some part time help. Four or five 
different people usually help us through the fall, at least for a short 
period of time. For me this ruled out a batch dryer with a continuous 
flow of heat that might need adjustment because I couldn't trust the 
temporary help to operate the dryer. However, it often meant long, tfr- 
ing days for me. I'd be out in the combine all day and then come in at 
night and climb in and out of each of the drying bins three or four 
times to shovel wet corn. I'd use stirring machines and one of them might 
foul up a bit. I don't know if you've ever skinned-the-car climbing up 
on one of those things -- that gets a little wearing, too. Also, I was 
climbing in and out of the bins checking grain moisture to determine 
when to transfer the corn to permanent storage. When you're transferring 
grain you can't combine, so I would try to transfer grain at 4:00 o'clock 
in the morning. I am reminded of what Bruce McKenzie, extension agricul- 
tural engineer at Purdue Universityksaid of this operation, "Each year 
you get one year older and two years tireder." Boy I was there! Just 
about that time I heard about low temperature grain drying -- a system 
of bin drying utilizing small temperature rises. I got hold of the 
University of Illinois agricultural engineers to help me set up some 
low temperature drying. This method of drying came as close to satis- 
fying what I was after as I could find. I think it1sSthe easiest, 
cheapest and simplest system that I've heard of. I know a lot of farmers 
who harvest 4,000 bushels in a day and store it in low temperature drying 
bins. Use of larger machines, more acreage, higher yields, etc., often 
leads to changes. Let me give you an idea of how much low temperature 
drying has helped me. Before I switched over I was just sore, stiff and 
tired; but since.1 switched in the past four years I haven't yelled at 
my wife or kicked 'my dog once. 

. 

Since this low temperature drying requires a very small amount of heat, 
maybe three or four degrees of exera hear: in addirion r:o,two or three 
degrees from the fan, it has worked out,very well for solar energy. 

In the fall of 1974 1,cooperated with the University engineers and tried 
an air inflated plastic bag solar energy collector to provide heat for 
one of my low temperature drying bins. We collected enough solar energy 
for low temperature drying of-corn but the plastic bag collector had some 
problems. The plastic material is vulnerable to damage from high winds, 
snow, extremely cold temperatures, and animals, including small children 
who see it as a bouncy place to play. Watching over and repairing an air 
inflated plastic bag takes valuable time away from the busy harvest season. 

'cash Grain Farmer, Tuscola, Illinois 



In  1975 the University engineers suggested the construction of a more 
permanent solar  col lector  on the s ide  wall of one of my bins. The bin 
wall was painted black and a secondary wall of c lear ,  corrugated f iber-  
glass  was bu i l t  on the south s ide (Fig. 1). The 10 hp centrifugal dry- 
ing fan was enclosed with f iberglass  so that  a i r  was pulled over the  
black painted bin w a l l  before it was forced in to  the plenum and up 
through the grain. The 27 f t  diameter, 18 f t  high bin provided about 
800 sq f t  of so lar  col lector  surface. Of course, because of the circu- 
l a r  shape of the bin only about one half of t h i s  area is exposed t o  the  
sun a t  any given time. I f e e l  tha t  t h i s  col lector  did provide the ne- 
cessary heat fo r  low temperature drying of approximately 9,000 bushels 
i n  t h i s  bin during each of the years 1975 and 1976. 

What about the future? It appears t o  me I w i l l  not need purchased 
energy, except e l ec t r i ca l  energy to  power the fan, t o  dry corn i n  the  
bin now equipped with a solar  collector.  The collector should require 
a minimum of maintenance and I believe so lar  energy has a "bright" 
future for  low temperature grain drying. 

Fig. 1. Clear corrugated f iberglass  placed around a black 
painted grain bin creates a covered-plate solar  
energy collector to  paovide heat fo r  low tempera- 
ture  drying. 



EXPERIENCES W ~ T H  SOLAR GRAIN DRYING AND SHOP HEATING 

Randy simsl 

My fa ther ,  uncle and I raise around 430 acres  of corn, 200 acres  of wheat, 
and about 300 t o  350 acres  of soybeans each year. W e  were i n  the  process 
of planning a farm machine shed f o r  addi t ional  machinery stclrage and aak- 
ed Marvin Hall, area extension agr icu l tura l  engineer, t o  help us  loca te  
t h e  building. W e  a r e  very for tunate  i n  having Marvin H a l l  i n  our area  and 
I want t o  give him c red i t  f o r  designing and helping us  with the operation 
of our so l a r  machine shed. After we decided we needed the machine shed, 
Manrin H a l l  suggeeted we put a p l a s t i c  o r  f iberg lass  roof on it t o  co l lec t  
so l a r  energy f o r  drying grain. W e  f i r s t  thought he was kidding, but a f t e r  
we talked about it we were ready t o  go. 

As t h e  cmsrruc t ion  got s ta r ted ,  Marvin a l so  suggested w e  use eolar  heat 
t o  heat t he  shop we were building i n  one end of t he  machine shed. So we 
got a pump t o  c i r c u l a t e  a water-antifreeze mixture through p l a s t i c  pipe 
on the  roof and through i ron  pipe embedded i n  the concrete f l oo r  of the  
shop. The idea being t h a t  the  concrete s l ab  would be a radiator .  Sorry 
t o  report  there  doesn't aeem ra be a l o t  u1 heat i n  the  concrete f loor  
during tfie winter bad we have a couple of prablema t o  work out. I'm 
convinced the  energy is there ,  and I ' m  convinced we can get it  t o  wofk. 
One of t he  black p l a s t i c  pipes that worked f fne  i n  the w i n t e r ,  crumbled 
during summer when it got over 200 F. W e  had a l o t  of leaks and had t o  
replace t h e  pipes. I don't b e l i m e  we've got enough pipes back up i n  the  
roof t o  generate su f f i c i en t  heat f o r  the  concrete floor.  

BUILDING CONSTRUCTION . - 

The machine shed ir  bas ica l ly  a pole building with an eave height of  14 f t .  
Ihor  s i ze s  and locations a r e  designed t o  a c c d a t e  t h e  needs of modern 
farm equipment. The building dfntensions are 50 f t  by 100 f t  (Fig. 1) .  One 
end of the  building i s  part i t ioned t o  provide a heated ehop area 32 f t  by 
50 f t  with an overhead door t o  t h e  outs ide and s l i d ing  doors i n  the part-  
i t i o n  w a l l .  The ins ide  daarr allow .pachinery t o  b e  moved linto t he  shop 
area without going outside i n  bad vbutker. An of f i ce ,  cheyical .storage 
room, t o i l e t  and sfnk are located in one corner of the  shop. 

Heat fo r  t he  shop arm$ is Srrrroided by 1400 f t 'of 3/4 inch blaclr, p l a s t i c  
pipe on the  south rue  of the  machine shed roof. This pipe is connected 
t o  1/2 inch black i ron  pipe located 2 f t  on centers i n  the  shop flclar. 
The or ig ina l  design -&led f o r  two pumps t o  circulelte watgr thr-qugh the 
pipe system. One pump t o  c i r c u l a t e  water through the roof pipes and'water 
heater,  and a second pump t o  c i r cu l a t e  water thrcpugh the  f l b o r  pipes and 
t h e  water heater. There is a l so  a fan in the  s h p  w a l l  t o  bring in f resh  
a i r  and heat when it is needed and is avai lable  (Figs, 2 and 3). The con- 
t r o l s  f o r  the water pumps and the  shop fan a r e  described i n  Fig. 4. 

kanagar ,  Sims ' Farms, Liberty, I l l i n o i s  



SOLAR COLLECTOR 

A i r  i s  pu l l ed  t h e  f u l l  l e n g t h  of t h e  bu i ld ing  beneath t h e  f i b e r g l a s s  roof-  
i ng  from t h e  west t o  t h e  e a s t  end where i t  i s  c o l l e c t e d  i n  a cross-duct  
and pu l l ed  down t h e  w a l l  t o  a 3 f t  d iameter  s t e e l  c u l v e r t  t h a t  c a r r i e s  i t  
t o  t h e  g r a i n  b ins .  The duc t  should be s i z e d  t o  keep a i r  v e l o c i t y  below 
1,000 f t /min  t o  avoid exces s ive  p re s su re  l o s s  which would reduce t h e  out-  
put  of t h e  fan .  Systems should be  planned s o  t h a t  p a r t  of t h e  a i r  t o  
t h e  dry ing  f an  can be b led  i n t o  t h e  f a n  a t  t h e  f a n  i f  excess ive  nega t ive  
p re s su res  a r e  encountered. 

The bu i ld ing  i s  s t i l l  considered experimental  i n  mamy ways. The l i f e  
expectancy of f i b e r g l a s s  roo f ing  used a s  a s o l a r  c o l l e c t o r  is s t 5 1 1  un- 
known; however, i t  looks  very  good t o  da te .  We have found t h a t  t h e  mater- 
i a l  used behind t h e  c o l l e c t o r  needs t o  be  a b l e  t o  wi ths tand  temperatures  
exceeding 200 F and s t i l l  main ta in  s t r e n g t h  and shape. The dua l  pump 
system did  n o t  func t ion  proper ly  and t h e  water  h e a t e r  element burned out  
dur ing  t h e  win ter .  Af t e r  one pump was disconnected and f l o o r  p i p e s  hooked 
d i r e c t l y  t o  roof p ipes ,  t h e  system funct ioned much b e t t e r .  Fur ther  s tudy  
is  necessary  on a c losed  loop-dual pump system i f  cons tan t  f l o o r  temper- 
a t u r e  is requi red .  

SOLAR DRYING 

The two 3,300 bushe l  b i n s  were f i l l e d  i n  t h e  f a l l  of 1975 and d r i e d  t o  
s a f e  s t o r a g e  l e v e l s .  There w a s  no hea t  used o t h e r  than  t h e  s o l a r  roof 
of t h e  machine shed. The dry ing  f a n  de l ive red  approximately 7,000 cfm 
and t h e  temperature ga in  over  o u t s i d e  a i r  during mid-day hours  v a r i e d  
from a low of 5 F t o  a h igh  of 30 P ,  w i t h  a n  average temperature rise 
from 10 t o  20 F a t  mid-day. With a 5 F temperature r i s e  t h e  approximate 
s o l a r  hea t  ga in  was 37,800 Btu/hr  and 226,800 ~ t u / h r  w i t h  a 3 0 . F  temper- 
a t u r e  r i s e .  For t h e  e n t i r e  roof of about 5,200 s q  f t  t h i s  computes t o  
a s o l a r  h e a t  ga in  from approximately 7 Btu/hr  s q  f t  t o  42 Btu/hr sq f t .  
Assuming an  average temperature rise of 20 F , . t h e  average hea t  g a i n  
would be 151,200 Btu/hr  o r  29 Btu/hr  s q  f t .  

My es t imated  c o s t  of s o l a r  dry ing  6,500 bushe ls  of corn i n  t h e  f a l l  of 
1975 was 1.2$/bu based on t h e  ope ra t ion  of a 5 hp f a n  f o r  21 days. The 
c o s t  of dry ing  us ing  LP gas and a 10 hp f a n  on a b i n  equipped wi th  a 
s t i r r i n g  machine was 4 ~ / b u .  These c o s t  f i g u r e s  do no t  i nc lude  deprecia-  
t i o n ,  insurance ,  e t c . ,  bu t  r e l a t e  only t o  ope ra t ing  c o s t s .  

The q u a l i t y  of t h e  g r a i n  coming ou t  of ou r  s o l a r  dry ing  system is exce l l -  
e n t  compared t o  our  f a s t e r ,  gas  heated dry ing  system. The s o l a r  d r i ed  
c o m  does not  break  up dur ing  handl ing;  and, a l though I do n0.t have doc- 
umented f a c t s  on q u a l i t y  d i f f e r e n c e ,  I s u r e  do l i k e  t o  feed t h e  s o l a r  
d r i e d  corn. I t ' s  c l eane r ,  e a s i e r  t o  work wi th ,  and I t h i n k  it should' be  
more paPatab le  t o  t h e  l i v e s t o c k .  

SHOP HEATING 
To hea t  t h e  shop wi th  s o l a r  heated a i r  we i n s t a l l e d  a v a r i a b l e  speed f a n  
i n  t h e  w a l l  duct  t o  p u l l  a i r  through t h e  roof c o l l e c t o r .  The v a r i a b l e  



speed a l lows  us  t o  slow down t h e  f a n  t o  prevent  d r a f t s  i f  t h e  incoming 
a 5 r  is  cold bu t  s t i l l  a  few degrees  above t h e  shop temperature: A s  
t h e  s o l a r  c o l l e c t o r  c r e a t e s  h ighe r  temperature  r i s e s ,  we can i n c r e a s e  
t h e  a i r f l o w .  I t ' s  not  uncommon t o  g e t  50 t o  60 F rises on sunny wint- 
er days.  The f a n  t o  p u l l  s o l a r  heated a i r  from t h e  roof r e a l l y  works 
t o  warm t h e  shop. 

SUMMARY 

A t  t h i s  t i m e  i t  looks  v e r y  promising and p r a c t i c a l  t o  adapt  o l d  bu i ld-  
i n g s  o r  t o  i n c o r p o r a t e  s o l a r  energy c o l l e c t o r s  i n t o  new c o n s t r u c t i o n  
t o  c o l l e c t  s o l a r  energy t o  d ry  g r a i n .  Heating a  shop i s  a  good f r i n g e  
b e n e f i t  and w i l l  h e lp  j u s t i f y  t h e  c o s t  of t h e  c o l l e c t o r  (Table 1) .  
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Fig .  2 .  Cross s e c t i o n  of a machine s t o r a g e  bu i l6 ing  wi th  s o l a r  c o l l e c t o r  
incorpora ted  i n t o  t h e  roo f .  
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Fig .  3 .  Layout of  i r o n  p i p e s  embedded i n  c o n c r e t e  shop f l o o r  f o r  c i r c u l a t i n g  a s o l a r  heat.ed 
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Fig.  4.  Cont ro l s  f o r  pumps and shop f a n  i n s t a l l e d  i n  a  machine s t o r a g e  bu i ldzng  having a s o l a r  c o l l e c t o r  r oo f .  



Table 1. Cost of Inco rpo ra t i ng  Approximately 5,200 Sq F t  of Covered 
P l a t e  So la r  Energy C o l l e c t o r  I n t o  t h e  Roof of a 50 x 100 
F t  Machine Shed on t h e  Sims Farm i n  1975 

I n s u l a t i o n  Board $478.80 

, Pipe,  Black I r o n  and P l a s t i c  759.41. 

Corrugated P ipe  and Elbow 

Concrete f o r  Drop Boxes 

Sand 

' Fan 70.00 

Hot Water Heater and P ipe  F i t t i n g s  175.25 

B a r r e l s  and Sheet Metal 45.74 

Pl~mps, Cont ro ls ,  and \!iring ( ~ s t i m a t e d )  450: 00 

Addi t iona l  Labor Costs  (Estimated) 2500.00 

S u b t o t a l  $5431.24 

Cost of P l a s t i c  Roof, Na i l s ,  Washers, $2674.30 
and Caulking (covered approximately 
5,200 sq f t  of roo f ,  p l u s  112 sq  f t  
of s ide-wal l  w i t h  approximately 
800 sq  f t  l e f t  ove r . )  

T o t a l  $8 105.54 



EXPERIENCES WITH SOLAR GRAIN DRYING AND LIVESTOCK SHELTER HEATING 

D a r r e l l  Lasswel l  
1  

My farm l ies  about  35 m i l e s  n o r t h e a s t  of P e r o i a ,  I l l i n o i s  i n  M a r s h a l l  
coun ty  i n  n o r t h  c e n t r a l  I l l i n o i s .  I n  1976 we s t a r t e d  a  complete  new 
f a r m s t e a d ,  which i n c l u d e d  a  g r a i n  h a n d l i n g  c e n t e r  and a f a r r o w  t o  f i n -  
i s h  l i v e s t o c k  f a c i l i t y .  I would l i k e  t o  acknowledge Marvin H a l l  w i t h  
t h e  Coopera t ive  Ex tens ion  S e r v i c e  a s  t h e  e n g i n e e r  who he lped  u s  p l a n  
t h e  fa rms tead  and we a r e  u s i n g  iiis p l a n s  f o r  t h e  swine f a c i l i t y .  

CONSTRUCTION 

The swine b u i l d i n g  is  44 f t  wide and 184 f t  l o n g  w i t h  t h e  d a r k  g r e e n  
metal roof  used a s  a b a r e  p l a t e  s o l a r  energy  c o l l e c t o r .  There  a r e  
32 fa r rowing  c r a t e s  i n  t h e  fa r rowing  s e c t i o n  and 20 pens  i n  t h e  nur-  
s e r y  s e c t i o n  of t h e  b u i l d i n g  e a c h  c a p a b l e  o f  h o l d i n g  two t o  t h r e e  
sows and l i t te rs .  There  is  a c o n c r e t e  s la t  t h a t  h a s  a  h o t  w a t e r  p i p e  
embedded i n  i t  f o r  supp lementa l  h e a t  i n  t h e  f a r r o w i n g  and n u r s e r y  sec -  
t i o n s .  The f i n i s h i n g  s e c t i o n  is  approx imate ly  100 f t  l o n g  w i t h  24 
f i n i s h i n g  pens  c a p a b l e  o f  h o l d i n g  around 25 market weight  hogs. We 
sometimes r e f e r  t o  such  a  b u i l d i n g  a s  a  "womb t o  tomb" b u i l d i n g  'sface 
baby p i g s  a r e  born a t  o n e  end of t h e  b u i l d i n g  and go t o  t h e i r  tomb 
( t o  market f o r  s l a u g h t e r )  o u t  t h e  o t h e r  end.  A complete  feed  hand- 
l i n g  and p r o c e s s i n g  system a l l o w s  me t o  mix my own v i t a m i n s  and a n t i -  
b i o t i c s  t o g e t h e r  w i t h  o t h e r  f e e d  g r a i n s  th rough  a n  a u t o m a t i c  g r i n d i n g  
m i l l .  Feed i s  purchased i n  20 t o n  l o a d s  and handled th rough  a n  e l e -  
v a t o r  l e g  and o t h e r  conveyors .  

SOLAR VENTILATION SYSTEM 

The v e n t i l a t i o n  a i r  f o r  t h e  b u i l d i n g  i s  p u l l e d  a l o n g  t h e  undernea th  
s i d e  of t h e  d a r k  color id  roof  b e f o r e  i t  is  i n t r o d u c e d  i n t o  t h e  b u i l d -  
i n g  i n  an  a t t e m p t  t o  o .bta in  some s o l a r  h e a t i n g  o f  t h e  a i r .  The s o l a r  
a i r  chamber was c r e a t e d  by l a y i n g  8 / 1 0  i n c h  u r e t h a n e  foam i n s u l a t i o n  
b o a r d s  on t h e  t o p  of 2  x 4  i n c h  p u r l i n s  on edge runn ing  t h e  l e n g t h  of 
t h e  b u i l d i n g .  The u r e t h a n e  boards  have a  v i n y l  c o a t i n g  on one s i d e  and 
aluminum f o i l  on t h e  o t h e r  s i d e .  On t o p  of t h e  i n s u l a t i o n  boards  2  x 
2  i n c h  wood members were  p l a c e d  t o  s u p p o r t  t h e  d a r k  c o l o r e d  metal roof  
s h e e t s .  When t h e  v e n t i l a t i n g  f a n s  c a l l  f o r  a i r ,  a i r  is p u l l e d  i n  under 
t h e  roof  overhang,  up undernea th  t h e  d a r k  c o l o r e d  s t e e l  and above t h e  
i n s u l a t i o n .  The s o l a r  h e a t e d  a i r  is  c o l l e c t e d  i n  a  c e n t r a l  chamber 
and d i s t r i b u t e d  from t h e  c e n t e r  of t h e  b u i l d i n g  by 3 f t  x 4  f t  d u c t s  
t h a t  r u n  from t h e  c e n t e r  of t h e  b u i l d i n g .  A i r  i s  blown i n t o  t h e  area 
where t h e  an imals  are, down th rough  t h e  f l o o r  s la ts ,  i n t o  t h e  e i g h t  
f o o t  manure p i t ,  and e x i t s  th rough  v e n t s  i n  t h e  s i d e  of t h e  c o n c r e t e  
w a l l  o f  t h e  b u i l d i n g .  

l ~ r a i n  and Swine Producer ,  Washburn, I l l i n o i s  



SOLAR DRYING SYSTEM 

To c o l l e c t  s o l a r  energy f o r  d ry ing  g r a i n ,  a i r  moved by t h e  dry ing  
f a n s  i s  channeled through t h e  e n t i r e  l e n g t h  of t h e  duc t  i n  t h e  
bu i ld ing .  A t  one end of t h e  b u i l d i n g  t h e  a i r  i s  ducted down i n t o  
t h e  ground where i t  e n t e r s  a  3  f t  d iameter  c u l v e r t .  The underground 
cu lver t . : ex tends  t o  two 36 f t  diameter  g r a i n  dry ing  b i n s  -- a  t o t a l  
l e n g t h  of 110 f t .  A t  each b i n  a  smal l  house, enc los ing  a  20 hp 
c e n t r i f u g a l  f a n  sits over a  s l o t  i n  t h e  c u l v e r t .  A s l i d i n g  door 
i n  t h e  s i d e  of each house provides  a  means f o r  r e g u l a t i n g  a i r f l o w  
through t h e  s o l a r  roof of t h e  swine bu i ld ing .  With bo th  s l i d e  
doors  c lo sed ,  supposedly a l l  t h e  a i r  moved by t h e  two f ans ,  approx- 
imately 36,000 cfm, would be moved through t h e  s o l a r  a i r  chamber i n  
t h e  roof of t h e  bu i ld ing .  

We put  t h e  f i r s t  g r a i n  i n  one of  t h e  36 f t  b i n s  t h e  f i r s t  of October,  
about 3,000 bushe ls  a t  22% mois ture  con ten t .  The f i r s t  t h ing  t h a t  
happened was t h e  c e n t r i f u g a l  f a n  co l l apsed  t h e  v e n t i l a t i o n  duc t s .  
This  was no t  t oo  damaging s i n c e  w e  could g e t  i n s i d e  t h e  duc t s  and 
push them back i n t o  p l a c e  w i t h  some plywood s t r i p s .  The a i r  was then 
ad jus t ed  t o  g e t  more a i r  from t h e  o u t s i d e  i n t o  t h e  f a n  and less through 
t h e  bu i ld ing  roof .  The f a n  r a n  approximately 8 days during very  good 
weather:, t h e  l a s t  good weather we had i n  1976, a s  f a r  a s  g r a i n  dry ing  was 
concerned. S ince  I was very  busy t r y i n g  t o  complete t h e  e l e c t r i c a l  
w i r ing  i n  t h e  bu i ld ing ,  t h e  feed  handl ing system, g e t t i n g  t h e  g r a i n  
i n  and o u t ,  I have no d a t a  on t h e  dry ing  of t h i s  3,000 bushe ls  of corn.  
I n  e i g h t  days t h e  corn was d r i e d  t o  15.5% mois ture .  The f a n  was shu t  
o f f  and i f  wasn't  u n t i l  t h e  l a t t e r  p a r t  of October t h a t  w e  go t  back 
t o  ha rves t i ng  corn on t h i s  farm and p u t t i n g  i t  into t h e  dry ing  bino.  
A t  t h i s  t ime we put  9,000 bushe ls  of 22% mois ture  corn on top  of t h e  
p rev ious ly  d r i e d  3,000 bushe ls  and s t a r t e d  t h e  fan .  Everything seemed 
t o  be  working w e l l  f o r  s e v e r a l  days and w e  w e r e ' g e t t i n g  a  5  t o  10F 
degree  temperature  rise above t h e  o u t s i d e  a i r ,  vary ing  wi th  t h e  t ime  
of day and amount of sunshine.  

About t h e  1st of November we put  some g r a i n  i n  t h e  second b i n  and 
s t a r t e d  t h e  f a n  then  no t i ced  w e  were p u l l i n g  some a i r  through t h e  
swine b u i l d i n g  i n  a  r e v e r s e  d i r e c t i o n  i n  r e l a t i o n  t o  t h e  r e g u l a r  vent-  
i l a t i o n  system. I t a k e  f u l l  r e s p o n s i b i l i t y  f o r  no t  completing some of 
t h e  ca rpen t ry  work i n s i d e  t h e  v e n t i l a t i o n  d u c t s  t o  prevent  t h i s  re- 
v e r s e  f low of a i r  through t h e  v e n t s  a long t h e  s i d e  of t h e  bu i ld ing .  
This  r e v e r s e  f low of coo l  o r  co ld  a i r  p r e s e n t s  problems f o r  our  hogs. 
We had about 600 head i n  t h e  f i n i s h i n g  end a t  t h e  t i m e  and s i n c e  t h e  . 
hogs a r e  important  -- t h a t ' s  what t h e  b u i l d i n g  was b u i l t  f o r  -- we 
stopped t h e  s o l a r  d ry ing  of g r a i n .  

I have been up i n t o  t h e  v e n t i l a t i o n  d u c t s ,  inspec ted  t h e  problems and 
be next  ha rves t i ng  season w i l l  have every th ing  i n  working o rde r .  I am 
v e r y  o p t i m i s t i c  about s o l a r  g r a i n  dry ing  us ing  t h e  roof of t h e  swine 
bu i ld ing  a s  a  c o l l e c t o r .  I am even more o p t i m i s t i c  about dry ing  g r a i n  
than I am about hea t ing  t h e  hog b u i l d i n g  i t s e l f .  



1 / 2 1  POTENTIAL APPLICATION OF SOLAR ENERGY TO COMBINATIOW- 
(HIGH-LOW) TEMPERATURE DRYING 

3  / R. Vance Morey and Harold A. Cloud- 

INTRODUCTION 

Three major concerns in drying are energy use, drying capacity and grain 
quality. Energy use in drying is currently receiving much attention 
because of the national concern with energy supplies and availability. 
The emphasis is on making more efficient use of energy for drying as well, 
as reducing the current reliance on high-grade fuels such as propane and 
natural gas. A second concern is drying capacity or performance. 
Although this concern has been listed second it is probably the first 
priority in designing or developing drying systems since a system must 
first meet the demands on capacity and performance if it is to be 
successful. The need to obtain increased drying capacity has influenced 
the development of high-temperature dryers which in many cases are less 
efficient than other systems. The third concern is grain quall~y wllich 
has always been a factor for consideration in drying systen~ design but 
has not always received high priority because of the lack of economic 
incentives to develop improved quality. However, continuing concern with 
the susceptibility to breakage of grain dried in high-temperature dryers 
makes this a factor to be considered. 

Combination high-temperature, low-temperature drying offers potential 
for answering the above concerns (Cloud et al., 2 ) .  The purpose of this 
paper is to present information on energy uge for combination drying, and 
to evaluate the reduction in energy required in the low-temperature 
drying phase by using supplemental solar heat in addition to ambient air. 
These evaluations are made for three locations: St. Cloud, Minnesota; 
Des Moines, Iowa; and Indianapolis, Indiana. 

11 Journal Series Paper No. 9802 of the Minnesota Agricultural - 
Experiment Station. 

2/ Research reported in this paper was partially supported by a grant - 
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Figure 1. Schematic diagram of combination drying system. 

DESCRIPTION OF COMBINATION DRYING SYSTEM 

In a combination system, grain is partially dried in a high-temperature 
(160-2400F) dryer which uses propane or natural gas fuel for heat energy. 
Following the initial phase grain is discharged hot to the drying bin, 
slowly cooled to efficiently recover sensible heat in the corn and then 
dried with ambient air or low-temperature air (air heated to 2-7OF). 
Low-temperature drying in the low moisture range takes advantage of the 
drying capacity in the ambient air and is, therefore, generally efficient. 
A schematic diagram of the combination method is shown in Figure 1. 

At moisture contents above 22-24% w.b., decreased allowed storage times 
dictate shorter drying times which reduce the performance and energy 
efficiency of low-temperature systems. Allowable storage times for 
shelled corn as a function of grain moisture content and grain temperature 
are indicated in Table 1. As the moisture content increases, allowable 
storage time significantly decreases. Temperature also has a significant 
effect on allowable storage time as indicated by the data. If. low- 
temperature drying can take place at'reduced temperatures, allowable 
storage time is significantly increased. 

Based on the information on allowable storage time and estimated drying 
times for average weather conditions, recommendations for minimum airflow 
rates for low-temperature drying have been developed; These recommenda- 
tions inc1ude:l - 1 112 cfm per bushel for 22% moisture content corn; 



Table 1. Allowable storage time for shelled corn.l/ 
1 ,  
Corn 
Tetnp . 
OF 

Moisture Content 
15% 18% 20% 22% 24% 26% 28% 

3 5 1174 242 120 7 1 48 3 5 28 ' 
4 0 879 18 1 90 53 36 26 2 1 
15 0 492 101  50 3 0 20 15 12 
%P 275 5 7 28 17 11 8 6 

I /  Based on 0.5% dry matter decomposition (Steel et al., 9). - 
I 

2-3 cfm per bushel for 24% moisture content corn and 3-4 cfm per bushel 
for 26% moisture content corn. These minimum airflow rates depend on a 
humber of conditions including location. Minimum airflow rates will be 
discussed in more detail later in the paper. 

ks airf low rates increase, fan horsepower requirements increase 
'signif irant-Iy. Estimated fan horsepower requirements for a 10,000 bushel 
bin at various airflow rates and depths'of fill are illustrated in Table 
2. These data indicate that depth of fill must be severely restricted 
at higher airflow rates to maintain reasonable levels of fan horsepower. 
Combination drying guarantees moisture contents of 22% or less into the 
bin which the table indicates can be handled at reasonable depths of fill 
with a reasonable fan horsepower. 

By reducing the amount of moisture removed in the high-temperature dryer, 
Bnergy requirements supplied by propane or natural gas are significantly 
reduced. In addition moisture removal in the higher moisture content 
range is more efficient. Since grain is discharged from a high- 
temperature dryer at higher moisture contents, capacity of the dryer is 
significantly increased, often by a factor of 3-4 times. Grain is dis- 
charged hot from the high-temperature dryer to provide an additional 
increase in high-temperature capacity and some additional efficiency in 
moisture removal during cooling. Experience has shown that grain can be 
cooled, dried, and stored in one bin withuu~ cul~cleusation problcm3 if the 
drying fan is turned on as soon as the grain is emptied into the bin 
(Morey, et al., 7).  

using high-temperature drying at the upper moisture content levels and 
then completing drying with low-temperature methods leads to improved 
grain quality. Gustafson et al. (3) found that high-temperature drying' 
'to approximately 22% w.b. followed by cooling and low-temperature drying 
to the final moisture content greatly reduced susceptibility to breakage 
compared to conventional high-temperature drying to 15 112% moisture 
content. Therefore, it appears that the desirable grain quality charac- 
teristics obtained with low-temperature drying can be obtained using com- 
bination methods if low-temperature drying is used below 21-22% moisture 
c$ritsnt. 



Table 2. ' Brake horsepower pe r  10,000 bushelsand t o t a l  temperature rise d a t a  f o r  s e v e r a l  a i r f l o w  and depth 
combinat ions.  

Depth, f t  . ' ! :  

8 12 ' 16 20 2 4 28 
1 1 / 11 11 1 I 2 1 

hp-' ~emp$'  h&' Temp./ hp- Tempi-?.' hp- Temp .A1 hp-- Temp .-?.I hp- Temp.- 
Rise  Rise  

OF OF 

Rise  Rise  R i se  Rise  
OF OF OF 0 F 

11 Brake horsepower per  10,000 bushe ls  based. on i s ~ ~  ~ 2 7 2  (1) x 1..5 and a f a n  e f f i c i e n c y  of 50%. - 

21 Assuming-an 85% e f f i c i e n c y  f o r  t h e  f an  motor (878 wa t t s  per  brake hp).  '57.5% of t h i s  t o t a l  appears  a s  - 
a temperature rise i n  t h e  plenum. 

I 



The potential advantages for combination drying can be summarized as 
follows : 

1. Reduction in the amount of propane or natural gas required for 
heat energy in the high-temperature dryer. 

2. Reduction in total energy requirements (heat energy plus 
electrical). Although electrical energy requirements are 
increased, most of this use comes in the Fall (October and 
November) and in the Spring (March and April) which are between 
the seasonal air conditioning and heating peaks in the corn 
belt. 

3. Increaseddryingcapacity for the high-temperature dryer which 
would allow for off-peak operation or a smaller dryer to main- 
tain the same total capacity. 

4. Improved grain quality due to slow cooling and low-temperature 
drying at the lower grain moisture contents. 

5. F l e x i b l e  system that can dry high-moisture content grain under 
adverse. weather conditions without delaying harvest. 

6. Concept can be implemented in the near term using existing 
technology (i.e., equipment required is already being utilized 
in other types of drying systems and much of it may already be 
in place in many farm drying systems). 

A major question that remains is the importance of supplemental heat in 
low-temperature drying. In most systems the energy supplied to the 
drying fan and motor is utilized for heating the drying air. In most 
cases this amounts to a Z°F temperature rise or more. The effect of an 
additional 2-4OF of supplemental heat supplied either by constant source 
electric or propane, or by solar energy is questionable. The addition of 
supplemental solar heat will lead to a luwer final moisture content in 
most cases. In some cases this results in over-drying of the grain 
which is not desirable. In other cases the desired final moisture con- 
tent can be obtained with ambient air plus energy from the fan by drying 
in the Spring when weather c ~ r ~ l l l ~ i o l l s  provide lower eqi~rllihri.um moisture 
contekts. 

Another question is the effect of supplemental heat, constant source or 
solar, on the minimum airflow required to dry within the .allowable stor- 
age time. Pierce and Thompson (8) have shown that in most locations 
supplemental heat does not significantly reduce the minimum airflow 
requirement for drying. Fan energy requirements for the low-temperature 
drying appear to be somewhat reduced by supplemental solar energy; how- 
ever, the amount varies depending on the location. 



Table 3. Energy data used in estimating high-temperature dryer energy 
requirements .L/ 

Discharge Moisture ~tu/lb of water 
Content, % w.b. Heat (Propane or nat. gas) Electric 

11 Based on experimental (Morey et al., 6) and simulation (Morey et al., - 
4) results. 

ANALYSIS OF COMBINATION DRYING PERFORMANCE 

Energy use estimates for the high-temperature dryer are based on 
experimental and simulation results from a crossflow dryer operating in 
the 200 to 220°~ range at 75 cfmlbu airflow rate (Table 3). High- 
temperature dryer performance is assumed to be the same for all locations. 

Low-temperature comparisons are based on simulation results from a model 
developed by Thompson (10) and modified by Morey et al. (6). The model 
predicts moisture changes and dry matter decomposition (from which. 
allowable storage time can be determined) in response to changes in 
weather data. The model was validated with data from two field scale 
drying tests, one with supplemental solar heat. The validation results 
showed that the model was suitable for predicting grain moisture content 
changes (Morey et al., 6). The dry matter decomposition component of the 
model could u o ~  be directly validated with the field data. However, the 
model predicted that the grain in the top of each of the bins used in the 
field tests approached the 0.5% dry matter decomposition which is associ- 
ated with the maximum allowable storage time. Visual inspection of the 
grain from the tops of these bins indicated that the allowable storage 
time had been exhausted. Although not a complete validation, at least 
this information indicates that the model adequately predicted deteriora- 
tion levels in this case. 

Daily average dry bulb and wet bulb temperatures for each location are 
used in simulating low-temperature drying performance. Total daily 
solar radiation incident on a horizontal surface is used to predict 
energy provided by solar collectors. Sixteen, ten and'fourteen years of 
data are available for St. Cloud, Des Moines and Indianapolis, respectively. 

Operating policies and assumptions related to the low-temperature drying 
are listed below: 

1. Low-temperature drying starts on October 15 at a specified 
moisture content after the grain has been cooled. 



2 . .  Drying i s  simulated u n t i l  t h e  average g r a i n  mois ture  content  i n  
t h e  b i n  is  l e s s  than  14% and t h e  top  l a y e r  i s  l e s s  than  15 112%. 
Dry m a t t e r  decomposition comparisons a r e  based on reaching  t h i s  
f i n a l  l e v e l  of moisture.  The top  l a y e r  i s  def ined  a s  t h e  g r a i n  
i n  t h e  upper 10% of.  t h e  b i n  i n  a l l  comparisons t h a t  fol low.  

3.  The f a n  is  opera ted  cont inuously u n t i l  t h e  f i n a l  mols ture  
con ten t  is reached o r  t h e  fan  i s  shut-off  a t  t h e  end of t h e  F a l l .  
season.  I f  d ry ing  is  n o t  completed i n  t h e  F a l l  t h e  f a n  i s  
r e s t a r t e d  on March 16 and opera ted  cont inuous ly  u n t i l  t h e  f i n a l  
mois ture  content  i s  reached. Two cond i t i ons  can s h u t  o f f  t h e  
f an  i n  t h e  F a l l :  

a )  a f t e r  December 1 when t h e  top l a y e r  of g r a i n  is  l e s s  than  
19% w.b. and t h e  g r a i n  temperature i s  l e s s  than  2 5 O ~ ,  o r  

0 
b) a f t e r  January 1 when t h e  t o p  l a y e r  is  l e s s  than  25 F 

independent of moisture con ten t .  

4.  Energy comparisons a r e  based on t h e  hours  of ope ra t ion  u n t i l  t h e  
f i r s t  occurrence of an average. mois ture  content  l e s s  than  15.5% 
wi th  t h e  top  l e s s  than 182. 

0 
5. A t o t a l  temperature r i s e  of 2 F is assumed t o  be suppl ied  by t h e  

dry ing  f a n  f o r  a l l  a i r f l o w  r a t e s .  The corresponding g r a i n  depth  
and f an  power requirements  can be found from Table 2 f o r  t h e  
s p e c i f i e d  a i r f l o w  r a t e  and 2OF temperature r i s e .  Based on a 
combined f an  and motor e f f i c i e n c y  of 42.5%, 1.15 degrees of t h e  
temperature r i s e  i s  added i n  t h e  plenum and t h e  remaining 0.85 
degrees  which i s  a r e s u l t  of f r i c t i o n  energy i n  t h e  g r a i n  i s  
d iv ided  uniformly and added t o  t h e  a i r  i n  each l a y e r .  

6. Supplemental s o l a r  h e a t  is  added i n  some a p p l i c a t i o n s .  The 
temperature r i s e  r e s u l t i n g  fsnm s o l a r  r a d i a t i o n  i s  s p e c i f i e d  i n  
terms of a s o l a r  c o e f f i c i e n t  a s  def ined  by P i e r c e  and 
Thompson (8) . 

Simulated d r y  ma t t e r  decomposition r e s u l t s  us ing  t h e  16 yea r s  of weather  
d a t a  f o r  S t .  Cloud a r e  i nd ica t ed  i n  Figure 2 f o r  t h e  ca se  of October 15 
s t a r t i n g  d a t e ,  1 cfmlbu a i r f l o w  r a t e ,  22% w.b. i n i t i a l  moisture con ten t ,  
20F from t h e  f a n  and no supplemental hea t .  The t h r e e  b e s t  and t h r e e  
worst  yea r s  based on d ry  ma t t e r  decomposition of t h e  top  l a y e r  a r e  
presented .  I n  two of t hose  yea r s  dry ma t t e r  decomposition exceeded 0.5% 
i n  t h e  top  l a y e r  by t h e  f i n a l  s topping  da t e .  

For each yea r  i t  can be seen  t h a t  t h e  g r e a t e s t  r a t e  of  d ry  ma t t e r  
decomposition occurs  i n  t h e  F a l l .  I n  a l l  c a ses  t h e  r a t e  is  g r e a t e r  during 
the  l a s t  h a l f  of October than i t  is  i n  November. This  i s  due t o  t h e  
h igher  temperatures  occurr ing  i n  October. F a l l  shutdown d a t e s  a r e  i nd i -  
ca ted  f o r  each year .  A t  t h i s  t i m e  t h e  g r a i n  i s  below 25OF. Deter iora t ion  
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Figure 2. Top layer dry matter decomposition for three best and three worst 
years out of 16 (1 cfm/bu, 22% initial M.C., Oct. 15 start, no 
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Figure 3. Top layer dry matter decomposition for two worst years out of 16 
for three starting dates (1 cfm/bu, 22% initial M,C,, no supple- 
mental heat, 2'~ total temperature rise from fan, St. Cloud, MN) . 



continues at a low rate depending on the moisture content. At startup 
on March 16 drying continues and the rate of deterioration increases 
somewhat due to the 'higher grain temperatures. 

Dry matter decomposition results for systems with no supplemental heat 
and three starting dates are compared in Figure 3. The two worst years 
for each starting date are plotted. These results show that for the 
October 15 start most of the dry matter decomposition occurs in the Fall. 
For October 31  and November 15 starting dates, half or more of the dry 
matter decomposition occurs in the Winter and following Spring. By 
October 31 ambient temperatures are low enough so that the rate of dry, 
matter decomposition is greatly reduced for the remainder of the Fall. 

Dry matter decomposition results for the October 15 starting date with 
no heat and solar coefficients of 10 and 20 are plotted for the two worst 
years in Figure 4. A solar coefficient of 10 corresponds to 0.18 sq.ft./bu 
of horizontal collector area at an efficiency of 40% and a 1 cfm/bu 
airflow rate. For these same conditions a solar coefficient of 20 
corresponds to 0.36 sq.ft./bu of horizontal collector area. The aver- 
age temperature rise due to supplemental heat varies each year because 
of the variation in the amouuL of solar radiatinn. The results show that 
supplemental solar heat causes slightly greater dry matter decomposition 
in the Fall than no heat. However, the additional drying time required 
in the Spring for the no heat system causes the dry matter decomposition 
to surpass that of the solar heated systems. In both years the final 
differences between the no heat and supplemental solar heated cases are 
small. 

Preceding results have illustrated the performance of low-temperature 
systems under various operating conditions for St. Cloud. To compare 
energy requirements for combination drying systems at different loca- 
tions, it is necessary to compare the low-temperature component on an 
equal dry matter decomposition basis. In the comparisons that follow, 
minimum airflows will be selected for low-temperature drying which pro- 
duce 0.5% dry matter decompositions for the top layer in the worst or 
second year. The time required to accumulate 0.5% dry matter decomposi- 
tion is considered to be the allowable safe storage time. 

The relationship between airflow rate and moisture cullLent for the warst. 
and second worst year for St. Cloud is shown in Figure 5. At the higher 
moisture contents the minimum airflows based on the second worst year 
are substantially less than required to meet the allowable storage 
criteria in the worst year. At the lower moisture contents the differ- 
ence in airflows based on the two criteria is much less. The effect of 
supplemental solar heat on the minimum airflow requirements is shown at 
the lower airflow range. These results indicate that supplemental heat 
reduces the minimum airflow requirements by approximately 10% at these 
airflow levels. 
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Energy and performance comparisons for combination drying for St. Cloud, 
Des Moines and Indianapolis are shown in Table 4. High-temperature 
drying starting at 28% moisture content is followed by low-temperature 
drying starting at 22% moisture content. Airflow ratesfor the low- 
temperature component are adjusted to yield 0.5% dry matter decomposition 
in the second worst year for each location. In the worst year it may be 
necessary to draw grain from the top of the bin and dry it in the high- 
temperature dryer to prevent excessive deterioration. Comparisons are 
shown using both ambient air and solar supplemental heat for the 
low-temperature component of combination drying. Conventional high- 
temperature drying results are included in the first column for 
comparison. The results show that combination drying reduces heat energy 
requirements for the high-temperature dryer from 23,400 Btu per bushel 
to 8,200 Btu per bushel at all locations. Electrical energy requirements 
for the low-temperature fan vary due to the different weather conditions 
at each Inratinn. In all cases energy requirements for the low-temperature 
phase of combination drying are less-f2lr the solar supplemented L ~ ~ ~ I I I  for 
the ambient air drying. However, in most cases these additional energy 
savings are small compared to the significant savings obtained when 
low-temperature drying is used in combination with high-temperature drying. 

In all cases the mirifmum airllow rate required to reach the dry matter 
decomposition criteria is less when solar supplementation is used (Table 
4). Minimum airflow rates are greatest for Indianapolis where higher 
ambient air drying temperatures and humidities occur in the Fall leading 
to more rapid spoilage. Minimum airflow rates are lowest for St. Cloud 
because of the lower ambient air temperatures, and therefore, lower 
spoilage rates during the drying season. Horsepower and grain depths 
are adjusted to yield the constant 2OF temperature rise over the fan as 
the airflows vary in each situation. For the conditions assumed, a 20F 
temperature rise from the fan corresponds to a static pressure of 2.35 
inches of water through the grain mass. 

Conditions when the bin reaches 15 112% average mofsture content and 182 
on the top are also included in Table 4. Hours of fan operation are less 
for the supplemental solar heat than for the ambient air low-temperature 
drying. More over-drying is incurred with the combination solar systems 
than with the combination ambient air systems. 

Data for the final stop criteria, when the average moisture content of 
the grain is less than 14% and the top of the bin is less than 15 1/2%, 
are also shown (Table 4). In many cases the final stop is not reached 
until the Spring. Dry matter decompositions at the final stop for the 
top layer are presented for the average, worst and second worst years. 
For the worst year the dry matter decomposition is greater than 0.5% and 
for the average year the dry matter decomposition ranges from 0.35 to0.4%. 

Results are also presented for total low-temperature drying from 28% for 
St. Cloud in Table 4. The stipulation of   OF total temperature rise 
from the fan means that the depth of fill is limited in this case to 



Table 4. Energy and pql;formance comparisons for combination drying (change to low-temp. 

St. Cloud Des Msines - Indianapolis 
High- Comb. Comb. Low- Comb. Comb. Comb. Comb. 
Temp. Amb. Solar Temp. . Amb. Solar Amb . Solar 

Energy input, 1000 Btu/bu 

High-temp. heat2/ 23.4 8.2 8.2 -- 8.2 8.2 8.2 . 8.2 
-Electric (fans)- . 0.4 4.1 3.0 6.1 2.6 2.1 3.9 2.5 

Operating characteristics 

Initial M.C., X w.b. 28 28 28 28 .28 ' 28 ' 28 28 
Initial M.C. low- 

temp, % w.b. -- 22 22 ..28 .22 22 .22 :22 
Airflow rate, cfm/bu -- 1.10 0.98 5.5 1.32 1.17 1.54 1.33 
Supplemental heat, 0~21 -- None 2.3 None None 2.2 None 2.3 
hp per 10,000 bu -- 8.4 7.3 40.7 9.8 8.7 11.4 9.8 
Grain depth, ft. - 15.4 16.0 5.8 14.4 15.1 13.1 14.4 

Conditions when bin 
reaches 15 1/2% 
ave., 18% top 

Average date: Fall - 11/29(5) 11/28(8) '10/28(14) 11/14(9) 11/15(10) 11/12(10) 11/12(13) 
(no. of years) Spring - 4/6(11) 3/21(8) 3/30(2) 3/30(1) - 4/1(4) 4/1(1) 
Ave. year M.C., %w.b. 15.5 15.4 15.2 14.8 14.8 14.1 15.0 14.5 
Xre. of fan operation -- 1613 1307 499 775 861 1117 802 

Conditions when bin 
reaches 14% ave.. 
15 1/29: top 

-- -- 
Average date: Fall -- 10/29(7) 1 1 1 9 4  1 1 / 2 1 9  11/10(4) 11/12(6) 
(no. of years) Spring - 4/18(16) 4/5(16) 4/8(9) 4/14(6) 3/30(1) 4/13(10) 4/3(8) 
Ave. year M.C.. % w.b. -- 13.8 13.8 13.7 13.7 13.6 13.6 13.2 
Hre. of fan np~retion - 2118 1794 1160 1663 998 1826 1589 

Dry mater decomposition 
top layer, 931 

Average year -- 0.35 0.36 0.36 0.37 0.38 0.41 0.40 
Woret year - 0.57 0.59 1.01 0.62 0.62 0.54 0.57 
Second worst year - 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

11 October 15 start, 2 ' ~  from the fan. All systems yield same dry matter decomposition in second - 
' w r s t  year. There are 16, 10 and 14 years for St. Cloud, Des Moines, and Indianapolis, 
respectively. 

21- High-temperature fan plus low-temperature fan'ass'dng 85% motor efficiency and fan hours to - 
dry to 15 1/22 average, 18% top. 

3/ Supplemental solar heat based on a solar coefficient of 10 as defined by Pierce and - 
Thompson (8) .. 

41  Dry matter decomposition at final stop (14% ave., 15 1 /2  % top). - 



5.8 feet with a 40-horsepower fan requirement for 10,000 bushels. The 
The minimum airflow rate required is 5.5 cfm per bushel for ambient air 
drying. The total energy requirement for this system is quite low, 
indicating that total low-temperature drying with ambient air can be 
efficient and can accomplish the desired results if grain depths are 
restricted. The 5.8 foot depth corresponds to a bin diameter of approxi- 
mately 53 feet for 10,000 bushels. This along with the high horsepower 
requirement makes the feasibility of such systems questionable at this 
time. 

Energy and performance comparisons are included in Table 5 for the case 
where the airflow rate is held constant for the low-temperature drying 
at 1 cfm per bushel yielding a 16 foot grain depth and 7.3 horsepower 
per 10,000 bushels. The initial moisture content for low-temperature 
drying is adjusted to insure that the system reaches 0.5% dry matter 
decomposition in the  rup layer in thc oosond wnrst year. In all cases, 
the addition of supplemental solar heat provides for a slightly increased 
moisture content at the changeover from high-temperature to low- 
temperature drying to yield the same dry matter decomposition. The 
moisturc content at changeover is greatest for the St. Cloud location 
and lowest f n r  the Indianapolis location. 

An economic analysis of the energy savings due to supplemental solar heat 
low-temperature drying, compared to ambient air low-temperature drying 
is included in Table 6. Electrical and propane energy savings are 
included for the conditions shown in Tables 4and5. Estimates of collec- 
tor area required to deliver this heat are used to develop annual cost 
and first cost comparisons for collectors. In these comparisons the 
following assumptions are made; 

1. No additional energy is requir-ed to move air through the 
collectors. 

2. Differences in horsepower requirements and bin depths for the 
. ambient and so1a.r supplemented systems are neglected or assumed 

not to be significant for the cost comparisons. . 

3. All comparisons are based on solar energy collected on a 
horizontal surface with a 40% collection efficiency. 

4. Current energy prices as listed in the table are assumed. 

5. An annual cost for the collectors of 20% of first cost is used. 
The capital recovery cost for a collector of 10-year life at. . 
10% interest is 16.3% of the first cost. This leaves 3.7% for 
annual energy and maintenance costs. 

The results indicate that the collector costs that can be justified for 
supplemental solar energy are small, ranging from 1 5 ~  to 4 0 ~  per square 
foot of collector. This estimate is based on a horizontal collector 



Table 5. Energy and performance comparisons for combination drying (1 cfmlbu .lo"-temp.). 1' 
St. Cloud Des Moines Indianapolis 

High- Comb. Comb. Comb. Comb. Comb. Comb. ' 

Temp. Amb . Solar . Amb. . Solar Amb. . -Solar 

Energy input, lOOO.Btu/bu 

High-temp. heat 23.4 8.6 8.1 9.7 8.6 10.5 9.7 
Electric (fans)z/ 0.4 3.9 3.0 2.4 2.3 3.5 2.6 

Operating characteristics 

Initial M.C., % w.b. ' 28 28 28 28 28 28 
. . 

28 
Initial M.C. low- 
temp., % w.b. --- 21.7 .22.1 21.2 21.7 20.7 21.1 

Airflow rate, cfmlbu --- 1 1 1 1 1 .1 
Supplemental heat, OF?/ --- None 2.3 None 2.0 . None 2.2 
hp per 10.000 bu -- 7.3 7.3 7.3 7.3 7.3. 7.3 
Grain depth, f t - 16 16 16 16 16 16 

Oonditiulls when bin 
reaches 15% ave., 
18% top 

Average date: Fall -- 11/30(2) 11/28(9) 11J23(9) 11/19(10) 11/20(7) 11/18(1'2)' 
(no. of years) Spring --- 4/5(14) 3/22(7) 3/30(11) --- 4/2(7) 3/31(2) 
Ave. year of M.C., % w. b. 15.5 15.4 15.2 14.8 14.2 15.1 14.7 
Hrs. of fan operation --- 1725 1289 1038 886 1495 1092 

Conditions when biii 
reaches 14% ave., 
15 112% top 

Average date: Fall --- --- --- 11/29(4) 11/26(8) 11120(3) 11/19(5) 
(no. of years) Spring -- 4/5(6) 4/6(2) 4/15(6) 4/6(2) 4/25(11) 4/5(9) 
Ave. year of M.C., % w.b. -- 13.8 13.8 13.7 13.5 13.5 13.3 
Hro. of fan oprratiun --- 2207 1779 1793 1265 2277 1786 ' 

Dry matter deco position 
top layer, ~ 3 7  

Average year --- 0.35 0.35 0.36 0.38 0.42 0.40 
Worst year - 0.56 0.59 0.56 0.65 0.67 0.53 
Second worst year -- 0.50 0.50 0.50 ' 0.50 0.50 0.50 

11 October 15 start, 2'~ from the fan. All eystems yield same dry matter decomposition. in - 
second worst year. There are 16. 10 and 14 years for St. Cloud, Des.Moines. Indianapolis, 
respectively. 

21 High-temperature fan plus low-temperature fan assuming 85% motor efficiency and fan hours - 
to dry to 15 112% average, 18% top. 

31 Supplemental solar heat based on a solar coefficient of 10 as defined by Pierce and - 
Thompson (8). 

4/ Dry. matter decomposition at final stop (14% ave., 15 112% .top). - 
. G 



Table 6. Economic comparison for combination, low-temperature ambient versus combination, low-temperature 
solar drying. 

Location 
1 / Propane Savings-- 7 / 61 First- Electric saving$' Annual FuelA/ ~ollectoz' Annual- 

1000 ~tu/bu ~al/bz/ 1000 B ~ U / ~ U  icWh/bt2/ Savings, ~/bu. Area, Cost , Cost, 
Sq.ft./bu $/ft2 $/ft2 

Change to Low-Temperature 

at 22%, adjust airflow 

St. Cloud 

Des Moines 

Indianapolis 

1 cfm/bu, adjust M.C. 
I-' 
4 
ol St. Cloud 0.5 0.005 0.9 0.26 1.3 0.18 0.069 0.35 

Des Moines 1.1 0.012 0.1 0.03 0.6 0.18 0.033 0.17 

Indianapolis 0.8 0.009 0.9 0.26 1.4 0.18 0.078 0.39 

1/ Energy savings due to using supplemental solar heat on the low temperature phase versus ambient air. - 
21 91,600 Btu/gal propane. 

31 3,413 ~tu/k~h. - 
41 Based on $0.40/gal of propzne and $O.O4/kWh electric. - 
5/ Assumes 40% collection efficiency for a horizontal surface. - 
61 Annual value of fuel savings per sq. ft. of collector area. - 
7 /  First cost that can be justified for a collector based on the assumption that annual cost savings are 20% - 

of the first-cost of the collector. 



surface of 40% efficiency. If the collector were oriented at an optimum 
angle to the sun and the effzciency were increased to the 50% range the 
same amount of energy could be captured with approximately half of the 
surface area. This would allow a cost of double that estimated, or 30C 
to 80C per square foot. However, orienting the collector at an optimum 
angle and increasing the efficiency would probably lead to increased 
collector costs in most cases. Where low cost collectors can be 
developed, possibly as part of the structure in new buildings, these 
values may be near the economic break-even point. 

This economic analysis has attempted to compare only the primary energy 
cost effects. As indicated, differences in equipment requirements such 
as fan horsepower and bin depths are ignored. In many cases these cost 
differences will be small or nonexistent. Also, some.additiona1 energy 
will be required to move air through the flat plate collectors resulting 
in additional energy,input and energy cost. If collectors are effi- 
ciently designed this amount may be minimal. However, indications from 
recent experimental work indicate that collector energy inputs can be 
significant (e.g. Morey et al., 5). 

SUMMARY AND CONCLUSIONS 

Potential energy savings by using combination high-temperature, 
low-temperature drying have been evaluated. Results have been presented 
which show the additional energy savings that can be obtained in the. 
low-temperature component by adding supplemental solar heat to low- 
temperature ambient drying. Based on these results, several general 
conclusions can be.drawn: 

1. Combination high-temperature, low-temperature drying 
significantly reduces propane or natural gas energy requirements 
for drying corn. 

2. Although electrical energy requirements (measured at the point 
of use) are increased using combination methods, total energy 
use for drying corn is significantly decreased. 

3. Additional energy savings obtained with solar supplementation 
of ambient air for the low-temperature phase are modest compared 
to the significant savings which occur when low-temperature 
drying is used in combination with high-temperature drying. 
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MULTIPLE USE SOLAR HEAT 

COLLECTION AND STORAGE SYSTEM FOR GRAIN DRYING 

2 
Ralph W. ~ansenl and Charles C. Smith 

I 
A disadvantage in utilizing solar equipment for grain drying is the re- 
latively short period of the year during which the equipment is operated. 
As a result, the cost effectiveness is poor, due to the large portion of 
the year that the equipment remains idle. To extend the utilization of 
the solar collection and storage equipment beyond grain drying, a project 
was established at Colorado State University to investigate the multiple 
use concept for the solar collection and storage facilities. By utilizing 
the equipment for different applications, its use can be extended through- 
out the year. Therefore, the initial investment can be increased to pro- 
vide more efficient, more durable equipment, utilized for several pur- 
poses, and maintain a. reasonable cost per heat unit. An ideal situation 
would be to establish a constant demand to utilize the energy from the 
collection equipment on a year-round basis. 

A farm lends itself well to the multiple use concept. Possible appli- 
cations include grain drying,'forage drying, space heating for homes, 
farrowing houses, calf and poultry houses, machine shops, water heating 
for domestic or dairy use and, possibly, space cooling for homes or 
livestock buildings. 

Each application will have variations in its demand for energy. Each 
alternative must be investigated individually as well as collectively to 
deternine the possibilities for solar application of the multiple use 
system. Some of the objectives of this project include establishing 
requirements and relationships between various applications and the 
solar heat collection and storage facilities. Design criteria can 
then be developed for agricultural applications based on climatic and 
economic considerations. Existing references are being utilized to 
establish space and water heating energy requirements for particular 
applications ( 5 ) .  As an example, Christianson and Hellickson (2) re- 
cently reported on simulation and optimization of energy requirements 
for livestock housing. They have developed a computer program which 
takes into account humidity, wind, temperature and insulation require- 
ments or constraints for space heating of agricultural buildings. This 
program may be utilized in the future to generate design tables for 
various applications utilizing solar energy as the heat source. 

'~ssociate Professor , Department of Agricultural and Chemical Engineering, 
Colorado State University, Fort Collins. 

'~esearch Associate, Solar Energy Applications Laboratory, Coloradc 
State University, Fort Collins. 



The concept of a seasonal application of so la r  energy resources f o r  
a multiple use system is i l l u s t r a t e d  i n  Figure 1, showing how various 
types of agr icu l tura l  operations might u t i l i z e  so la r  heat during 
d i f f e r en t  seasons. 

CSU SOLAR GRAIN DRYING PROJECT 

The so la r  grain  drying f a c i l i t i e s  a t  Colorado S ta te  University were de- 
signed a s  a demonstration-research scale  model of a so la r  col lect ion,  
drying and heat storage system fo r  low-temperature grain  drying. A 
low-temperature drying system was selected since it is eas i ly  adapted 
t o  exis t ing storage f a c i l i t i e s  and combines more harmoniously with the 
multiple use aspect. The un i t  was constructed on a scale t o  provide 
ac tua l  operational charac te r i s t ics  while keeping cos t s  t o  reasonable 
levels .  

The system consis ts  of a conventional, comerc ia l ly  available air-type, 
f la t -p la te  col lector  with a 2ouble g lass  cover. A centr i fugal  fan 
powered by a one-third horsepower motor draws the heated a i r  from the 
col lector .  The a i r  control  system determines the mode of operation, 
depending on drying oonditions. Assuming heat i s  b ~ i n g  cnllected,  the 
oyotcm i c  i n  the co l lec tor  mode. T h i s  is determined by t he  t e ~ p e r a t u r e  
difference between the col lector  and ambient sensors, providing fo r  a 
flour, a s  i l l u s t r a t e d  i n  Figure2A. A i r  w i l l  flow t o  the plenum i n  the 
lower pa r t  of the  bin through the perforate< f loor  and up through the 
grain  mass. 

The top of the  bin i s  sealed t o  provide f o r  col lect ing the a i r  a f t e r  it 
passes through the grain  and d i rec t ing  it by the air-handler t o  the rock 
bed heat storage. 

The system w i l l  remain i n  the  col lector  mode u n t i l  the  temperature d i f -  
ference f a l l s  below the "col lector  lou~" se t t ing .  When the col lector  
temperature f a l l s  below the lob? se t t i ng ,  it shuts of f  the system. Then, 
i f  the  difference between the storage sensor temperature and the ambient 
sensor temperature i s  greater  than the  s e t t i ng  for  the  storage high, the 
mode w i l l  be sh i f ted  t o  storage,  a s  i l l u s t r a t e d  i n  Figure 2C. It w i l l  
remain i n  t h i s  mode u n t i l  the temperature difference f a l l s  below the 
storage low se t t i ng  o r  u n t i l  a temperature di t ference Between t h e  cul- 
l ec to r  sensor and the ambient sensor is  greater  than the col lector  high 
set t ing.  This shows t h a t  the  system i s  biased towards the co l lec tor ,  
meaning the col lector  mode w i l l  take precedence whenever the  difference 
between the col lector  and mbien t  sensors is  greater  than the col lector  
high set t ing.  

The rock bed storage, during reverse flow, was used t o  provide an ex- 
tension of the  drying operation. This was accomplished by u t i l i z ing  
the surplus heat from the dryer un i t  during daytime operation. When 
weather and grain conditions a r e  su i tab le ,  some surplus heat can be col- 
lected and u t i l i zed  during nighttime operation. In addit ion,  it was 
expected t h a t  the  reverse flow kiculd provide more uniform drying through 



Figure 1. Representation of Farmstead Seasonal Demands for Heat Energy 
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the grain mass by equalizing some of the overdrying at the bottom of 
the bin where the air enters during daytime or collector mode operation. 
At night in the reverse flow or storage mode, some drying will be ac- 
complished in the upper layers from the combination of heat storage 
from the rock bed and the bottom overdried layers which serve to fur- 
ther drj? and heat the incoming cooler night air. 

DRYING TESTS 

As soon as corn harvest began, the bin was filled with wet corn - 

(October 26). Approximately 125 bushels of corn provided 64-foot 
depth in the drying bin. The initial moisture content was 24+% wet 
basis. In 16 days it was 2ried to an averaae of 15% wet basis as 
shown in Figure 3. hn airflow rate of 3 cfm per bushel was provided. 
This resulted in an average air temperature rise from the collectors 
of 150F above ambient. 'Typical temperatures for a 24-hour period are 
illustrated in Figure 4. After the air passed. through the grain, the 
temperature of the drying air was reduced to approximately amhient 
temperature, therefore, providing limited heat for storage in the rock 
bin. Daytime temperatures were still fairly warm so even daytime am- 
bient temperatures in the.rock bed did provide some heat storage to 
provide better nighttime dryins temperatures than could be obtained 
from direct use of ambient air. 

The second filling of corn was begun on November 15. An airflow rate 
of 2 cfm per bushel was used for this dryinq run. An average tem- 
perature increase of approximately 1 5 O ~  was obtained from the col- 
lectors with this airflow rate as shown by Figure 5. 

This batch of corn was put in the dryer at 26% wet basis and dried to 
15% wet basis in 21 days. Again, the heat storage facility did not 
realize any significant temperature gain above mbient during the 
day but was still of some benefit during the colder, nighttime tem- 
peratures, as illustrated by the temperature curves on Figure 5. 

Overdrying of the lower layers of corn was again experienced. Some 
moisture was transferred back to the overdried layers during the night- 
time operation with some drying of the upper layer of corn during the 
night, but moisture conditions were not.unifo'm throughout the depth. 

~kditional heat could be collected for storage in the rock bin by 
adding collector area. The present system provides~approximately 
.56. square feet of collector area per bushel of dryer capacity. It 
wou1d"appear that this is probably as high a ratio of collector area 
to dryer capacity as would be practical from the investment standpoint. 
Multiple use applications will help spread the cost and some adjustment 
might be appropriate depending on individual circumstances. 
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WATER HEATING EXPERIMENTS 

An alternate use suqqested for the solar collectors was heating of 
dairy wash water. Water heating tests were made using an air-to-water 
heat exchanger (Figure 6) . 
The counterflow heat exchanger was designed for the 70 square foot col- 
lector area and used an insulated 30-gallon storage tank. An airflow 
rate of 140 cfm (2 cfm/ft2 of collector) was used for the initial tests. 
Water flow could be varied depending on the temperature gain desired. 

For test purposes, the operation of the water heating system was manual 
with the exception of an electronic flow valve that stopped air and 
water flow when the storage tank was filled with hot water. A Sow- 
temperature, shut-off thermostat could be coupled with the system to 
prevent operation when the collector ai.r temperature is lower than the 
stored water Lenlperature. 

Figure 7 illustrates the temperature increases at various flow rates for 
a typical day's operation. These tests were made with the air from 
the heat exchanger exhausted to the atmosphere. The efficiency of the 
system could be improved if the air from the heat exchanger could be 
recirculated to the collectors. 

The system operates most efficiently with a temperature gain of 
approximately 30°. Adequate heating could be provided for applications 
such as wash water for prep stalls and, in other cases, serve as a 
preheater for a conventional water ' heating system. Higher temperature 
increases could be obtained with some sacrifice in efficiency and with 
additional solar collection area. 

Water heating for dairy use represents an ideal application for solar 
energy since the demand.is nearly constant the year-round. 

OTHER APPLICATIONS 

Solar energy can be utilized for a number of space heating types of 
applications common to farm operations. These include, for example, 
heating farrowing houses, calf barns, brooder houses, home heating, 
farm shops and similar applications. . . .  

Space cooling, although not used extensively on the farm, would.provide 
an application for summertime utilization of the solar equipment. In 
addition to home cooling, it might be utilized for some livestock build- 
ings in some areas. 

Solar heat can provide the energy for an absorption cooling system. 
However, the system requires relatively high temperatures and involves 
a rather sophisticated design. The solar operated absorption cooling 
system is best adapted to a liquid solar heat collection and storage 
system. 
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An alternative better adapted to the air collection and rock storage 
system could utilize nocturnal cooling. This is restricted to locations 
where cool, nighttime temperatures are available for cooling the storage 
bin at night and then utilizing the cooling capacity of the storage 
during the daytime. 

SOLAR ENERGY COLLECTION AND DISTRIBUTION 

Multiple use of solar collection and storaqe facilities would present 
problems in distribution of the heat to points of application. Two 
basic approaches could be utilized. They are: 

1. A central collection and storage facility with distribution 
ducts to points of use. 

2 .  Portable collectors moved to point of use. 

The most efficient system would probably be provided by a central solar 
facility serving as the hub of a farmstead operation with applications 
located in close proxinity. An installet.j.on of this type would be 
limited to planning new facilities and not readily adaptable to existing 
buildings. 

To accommodate use at existing buildings, portable collection equipment 
would be more practical. 'It would, however, limit the multiple use 
of the heat storage facilities and require that this part of the system 
be provided at each location. 

The technology and hardware are available to provide the components of 
the distribution system including the ducts, insulation, blowers, 
thermostatic controls, air direction Zampers and similar equipment 
needed. Economic considerations are the limiting factors. 

This study on the utilization of solar energy has been based on spread- 
ing the investment for equipment over several applications since it is 
common to each use. If the same equipment can be used for applications 
occurring during different times of the year, the cost effectiveness is 
improved. By determining the requirements of various applications, a 
multiple use system can be designed based on a reasonably well balanced 
load the year-round. 

Conditions will vary locally, necessitating an evaluation of data on 
climatic conditions, building requirements, solar heat collection 
potentials and other factors very similar to other design requirements 
for any building. 

Figure 8 illustrates schematically the layout of an agricultural pro- 
duction system that might be developed around a central solar heat col- 
lection facility. Our objective will be to provide the design criteria 
to provide compatible components for the system. 
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BIN-DRY ING WITH STIRRING: RICE 

ABSTRACT 

Solar heat aided deep-bed r ice  drying by reducing drying time and elec- 
t r i ca l  energy consumption fo r  fan operation compared with unheated a i r -  
'drying. A small reduction in milling yield was noted in r ice  samples 
from dryers using solar  heated a i r  compared with unheated air-dried sam- 
ples. The use of a s t i r r i n g  auger did not. change the amount of milling 
yield reduction. The range of moisture contents of r ice  samples taken 
as a dryer was unloaded was about the same for  samples from a dryer 
equipped with a s t i r r i n g  auger and solar collector as for  samples from 
a ~ d r y e r  w i t h  a: solar  collector,  but without a s t i r r i n g  auger. S t i r r ing  
augers provided uniform moisture contents of r ice  a t  different  1 ocations 
in dryers and eliminated well defined drying zones. 

INTRODUCTION 

Solar heat i s  most readily available a t  the time of day whenL supplemen- 
ta l  heat f o r  in-bin r ice  drying i s  neither needed nor desirable, based 
on recomnendations for  using supplemental heat by Sorenson and Crane ( 2 ) .  
They recommended tha,t supplemental heat ( the amount of heat required to  
increase ambient a i r  temperature by 10" to  12" F )  be used only during 
pro1 onged periods of high (above 75%) re la t ive  humidity. A t  times when 
solar  heat can be collected, the re la t ive  humidity of ambient a i r  gener- 
a l l y  i s  a t  65% or lower and in a sui table  conditi.on fo r  drying r ice  to  a 
marketable level of 12.5% moisture content. Additional heat, whether 
froth a gas burner, e l ec t r i c  element, or so lar  collector,  will increase 
the difference i n  moisture content between r ice  near the a i r  i n l e t  
(usually a perforated metal f loor )  and r ice  near the a i r  ou t le t  by the 
time r ice  i n  the l a t t e r  location i s  dried t o  12.5% moisture content. 
Additional heat a lso may create s t r e s s  cracks or "checking" within r ice  
kernels that  d.ry too 'rapidly. Checked kernels are  apt to  break when 
they are milled. A method of protecting r ice  from long exposure to  
solar  heated a i r  i s  t o  move the r ice  a t  frequent intervals from one 
location t o  another within a b i n .  This can be accomplished w i t h  a ver- 
t i ca l  s t i r r i n g  auger which picks u p  materi a1 from near the floor and 
deposits i t  on the upper surface. 

B i n  dryers, both w i t h  and without s t i r r i n g  augers, were used in t e s t s  to 
determine the effects  of solar-heated a i r  on drying ra te ,  milling quality 
and electr ical  energy requirements. A dryer equipped with both a solar  
col lector  and a s t i r r i n g  auger and another dryer using unheated a i r  
wi thout a s t i r r i n g  auger were operated i n  1975. These two dryers 

u ~ ~ r i c u l  tural  Engineer, Agricultural Research Service, U.  S. Depart- 
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and two others were tested in 1976. One of the additional dryers had 
a solar  col lector ,  b u t  no s t i r r i n g  auger; the other had a s t i r r i n g  
auger, b u t  no solar  collector.  The solar  r ice  drying t e s t  faci 1 i  ty i s  
shown in Figure 1. 

P4ATERIALS AND PlETHODS 

The dryers were 9-f t  diameter, corrugated s teel  tanks having a wall 
height of approximately 11 f t .  A perforated s teel  floor.was instal led 
a t  a level of 1.5 f t  above the base. The nominal capacity fo r  drying 
a t  an 8 f t  depth was 195 cwt of r ice .  Centrifugal fans with backward 
curved, 15-in. diameter wheels provided a i r  delivery ra te  of 1080 cfm 
against 2.5 in. of s t a t i c  pressure (5.5 cfm/cwt in an 8 f t  depth of 
r i ce ) .  A 1%. h p  e l e c t r i c  motor powered each fan. 

The vertical  s t i r r i n g  augers were especially bu i l t  for  9-ft  diameter 
drying bins because production models are bu i l t  only for  larger bins. 
Rotation of the 2-in. diameter vertical  auger, powered by a 1% h p  
motor, caused r ice  near the f loor  to  be elevated, then deposited near 
the surface. Each alrger was supported on a carriage which moved back 
and forth along a horizontal tube having spiral  f l ightiny. The horizon- 
tal  tube was coupled to  a 1 rpm, reversible gear motor. Counterclock- 
wise rotation of the gear motor and tube (as viewed from above) moved 
the carriage toward the bin wall and caused counterclockwise displace- 
ment of the tube in relation to  a track around the bin wall. When the 
carriage reached a point about 6 inches from the wall, a reversing 
switch changed the direction of rotation of the gear motor moving the 
carriage towards the center of the bin. While the carriage moved in 
th is  direction, the horizontal tube remained stationary in relation to  
the bin wall. Another reversing switch was operated when the carriage 
arrived a t  the center of the dryer. The time for  a complete counter- 
clockwise movement of the horizontal tube around a 9- f t  diameter dryer 
was approximately 2 hours. Since the horizontal tube started from a 
different  point on the track following each complete revolution around 
the dryer, the vertical  auger came into contact with nearly a l l  r ice  in 
the dryer duri ng an operating peri od of several ' hours. 

The absorbers of solar  collectors were sheets of corrugated s teel  roof- 
ing painted f l a t  black. These sheets formed the surface of a tunnel 4 
f t  wide, 48 f t  long and 6 in. deep. A 3-in. thickness of glass wool 
insulation covered the plywood floor. In 1975, the absorber was 
covered with 6 mil, c lear  polyethylene sheet. A small fan inflated the 
polyethylene sheet and created a movement of heated a i r  towards the 
intake of the dryer fan. Clear, corrugated, fiberglass sheets were 
used as covers for  absorbers in 1975, Since th i s  material was f a i r l y  
r igid,  a solar  collector could be connected to  the suction side of the 
dryer fan in order to eliminate the small fan previously used for  in f l a t -  
ing a polyethylene cover and fo r  moving a i r  through a solar  collector.  
In 1976, t e s t s  were r u n  both with and without the small fan. The solar  
collectors were oriented in a north-south direction with a s l igh t  



i n c l  i n a t i o n  towards the  south. 

Time swi tches, thermos t a t s  and humi d i  s t a t s  were used i n  var ious combi - 
nat ions  t o  c o n t r o l  the  operat ion o f  fan  and s t i r r i n g  auger motors. I n  
the 1975 t e s t ,  the s t i r r i n g  auger ran  cont inuously ,  b u t  i n  1976, the  
s t i r r i n g  augers were operated by a t ime swi tch  from 0800 t o  1700 CST 

' d a i l y .  So la r  c o l l e c t o r  fans were operated between sunr ise  and sunset 
by means of another t ime switch. The fans attached t o  each dryer  were 
operated cont inuously  u n t i l  r i c e  near the  top  sur face was d r i e d  t o  
below 16% moisture content.  A f t e r  t h i s  time, each o f  these fans was 
c o n t r o l l e d  by a humid is ta t  f o r  opera t ion  whenever ambient a i r  r e l a t i v e  
humid i ty  was 65% o r  lower. I n  add i t i on ,  the fans moving solar-heated 
a i r  were actuated by a thermostat so t h a t  operat ion occurred whenever 
solar-heated a i r  was a t  a temperature o f  95" F o r  h igher .  

Energy requirements were est imated i n  1975 based on the t o t a l  t ime o f  
operat ion o f  each e l e c t r i c  motor and a shor t - te rm hookup o f  a watt-hour 
meter t o  each motor. I n  1976, a k i lowat t -hour  meter was i n s t a l l e d  on 
each d rye r  and the t o t a l  e l e c t r i c  consumption o f  a l l  motors used a t  a 
p a r t i c u l a r  d ryer  was recorded. 

Rice samples were taken a t  r e g u l a r  i n t e r v a l s  as each dryer  was loaded 
and again as a d rye r  was unloaded. I n d i v i d u a l  samples were tes ted  f o r  
moisture content,  then a l l  samples from a p a r t i c u l a r  operat ion were 
.blended t o  make up a composite sample f o r  a m i l l i n g  y i e l d  t e s t .  Com- 
p o s i t e  samples taken as a d rye r  was loaded were d r i e d  t o  12% moisture 
content  us ing  unheated a i r  i n  a cond i t i on ing  room. These samples.are 
i d e n t i f i e d  as " c o n t r o l "  samples i n  m i l l i n g  y i e l d  data. Samples f o r  
moisture t e s t s  were taken a t  d a i l y  i n t e r v a l s  fronr the top, center  and 
bottom o f  dryers. 

Temperature observat ions were made a t  i r r e g u l a r  i n t e r v a l s  i n  1975, b u t  
temperatures were recorded a t  hou r l y  i n t e r v a l s  i n  1976 by thermocouple 
j unc t i ons  placed a t  var ious l o c a t i o n s  and connected t o  a record ing  
potent iometer.  These l oca t i ons  i nc l  uded the  plenum chamber o f  each 
dryer  and the  i n t a k e  and exhaust a i r  stream o f  s o l a r  c o l l e c t o r s .  The 
maximum temperature r i s e  noted i n  a plenum chamber due t o  heat from a 
s o l a r  c o l l e c t o r  was 18" F. The average plenum chamber temperature r i s e  
du r ing  10-hr d a i l y  c o l l e c t i n g  per iods throughout several days o f  a dry- 
i n g  opera t ion  was approximately 10" F. 

A i r  f low r a t e s  were computed from a i r  v e l o c i t y  measurements as the ex- 
haust a i r  passed through the  top.openings of dryers. The top  openings 
were measured t o  determine t h e i r  cross-sect ional  area. S t a t i c  pressures 
i n  plenum chambers and depth o f  f i l l  o f  dryers were noted i n  order  t o  
p rov ide  another est imate o f  a i r  f l o w  r a t e s  by use o f  a graph publ ished 
by Shedd (1).  Using e i t h e r  method o f  computing a i r  f l o w  ra tes ,  the a i r  
f l o w  r a t e  was somewhat h igher  than 1080 cfm i n  Dryers 3 and 4 w i t h  s t i r -  
r i n g  augers and l ess  than t h i s  amount i n  Dryers 1 and 2 w i thou t  s t i r r i n g  
augers. The h igher  ra tes  o f  a i r  f l o w  i n  Dryers 3 and 4 may have been 



due i n  p a r t  t o  a  reduc t ion  i n  res i s tance  o f  r i c e  t o  a i r  f l o w  because o f  
s t i r r i n g  a c t i o n  b u t  having a  depth o f  f i l l  l e s s  than 8  f t  might  account 
f o r  the h igher  a i r  f l ow  ra tes .  

E f f e c t s  o f  s o l a r  heat:  Table 1  shows t h a t  d r y i n g  t ime was s h o r t e r  f o r  
each b i n  of r i c e  having a  s o l a r  heat  d r y i n g  treatment,  compared w i t h  
r i c e  of the same v a r i e t y  and i n i t i a l  moisture content,  loaded i n t o  a  
dryer  a t  the same time, b u t  d r i e d  w i t h  unheated a i r .  The sho r te r  dry- 
i ng times reduced e l e c t r i c a l  energy consumption i n  1976 tes ts .  Contin- 
uous opera t ion  o f  the  s t i r r i n g  auger i n  the  1975 t e s t  caused greater  
e l e c t r i c a l  energy consumption f o r  r i c e  d r i e d  w i t h  s o l a r  heat  compared 
w i t h  unheated a i r - d r i e d  r i c e .  

M i l l l n g  y i e l d  data i n  Table I indicates t h d l  u s i r ~ g  I ieat from s o l a r  
co l  l e c t o r s  f o r  f a s t e r  d r y i n g  general l y  r e s u l t e d  i n  reduced m i  11 i ng 
y i e l d s  when d rye r -d r i ed  samples a re  compared w i t h  c o n t r o l  samples o r  
w i t h  unheated a i r - d r i e d  samples from another dryer .  However, the  maxi- 
Illunl tabu la ted  d i f f c r c n c e  i s  o n l y  1  -6% .wh.nl~! kernel  s of m i  1  l e d  r'ice and 
the average d i f f e r e n c e  i s  less .  The advantages qained from f a s t e r  dry-  
i n g  inc lude market ing a  batch o f  r i c e  sooner and d ry ing  o ther  batches 
i n  t he  same dryer .  These advantages can more than o f f s e t  the l oss  from 
a  smal l  drop i n  m i l l i n g  y i e l d .  

E f f e c t s  of s t i r r i n g  augers: Rice samples from the  top, center  and bottom 
o f  dryers w i t h  s t i r r i n g  augers seldom were more than 1  percentage p o i n t  
d i f f e r e n t  i n  moisture content.  A d i f f e r e n c e  o f  6 percentage po in ts ,  and 
more, commonly was noted between the  top  and bottom sa,mples' from a  d rye r  
w i t h o u t  a  s t i r r i n g  auger. Uniform moisture content  d i s t r i b u t i o n  reduces 
the hazard o f  qua1 i t y  l o s s  due t o  s p o i l i n g  t h a t  may resu l ' t  when r i c e  a t  
t he  top  of t he  d rye r  remains a t  an excessively  h igh  moisture content  t oo  
long. 

Mo is tu re  t e s t s  of samples taken a t  r e g u l a r  i n t e r v a l s  as the dryers were 
unloaded i n d i c a t e d  about the same range o f  values regardless o f  whether 
r i c e  had been s t i r r e d  o r  remained s ta t i ona ry .  Moistures rang ing  from 11.7 
t o  10.8% were noted i n  r i c e  samples f rom Dryer- 3, us ing  both s o l a r  heat 
and a  s t i r r i n g  auger; moistures ranging from 12.0 t o  11.2% were noted i n  
samples from Dryer 1  us ing  s o l a r  heat  b u t  no s t i r r i n g  auger. 

It i s  no t  c l e a r  from data l i s t e d  i n  Table 1  whether o r  n o t  the use o f  
s t i r r i n g  augers e i t h e r  a ided f a s t e r  d r y i n g  o r  reduced damage ,to m i l l i n g  
y i e l d ;  however, data f o r  Dryer 1  i n d i c a t e s  t h a t  s o l a r  r i c e  d ry ing  can 
be c a r r i e d  ou t  success fu l l y  w i t h o u t  s t i r r i n g  augers i f  an a i r  f l ow  r a t e  
o f  5.6 cfm/cwt i s  provided, i n i t i a l  moisture content  o f  r i c e  i s  l ess  than 
20%, the  depth of f i l l  i s  l i m i t e d  t o  8  f t  and d a i l y  average temperature 
r i s e  i s  no more than 10" F. 
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CONCLUSIONS: * & - *Y,,r 
' v A*,. 

If . . 
1. Use of s o l a r  reduced the  elapsed time kr dryi  ng compared with 

unheated-ai r drying. 

2. Use of s o l a r  hea t  reduced the  e l e c t r i c a l  energy requirement f o r  fan 
- operat ion compared with unheated-air drying. 

3, ' Use of s t i r r i n g  augers provided uniform moisture content  d i s t r i  bu- 
. t i on  throughout drying bins and el iminated we1 1 defined drying 

- zones. 

4. * 'Solar  rice drying can be c a r r i e d  out successful ly  without a s t i r r i n g  
auger if  t h e  depth of f i l l  i s  l imi ted  t o  8 f t ;  moisture content  is 
1 imited t o  20%; air temperature rise is 1 i m i  t ed  t o  10" F and an a i r -  
flow r a t e  of 5.5 cfm/cwt is provided. 
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Figure 1. Solar rice drying test installation in 1975. Shown fm left to right: 
Bin 1, with a solar collector and no stirrlng auger; 3in 2,  wiahout - a solar collector or stirring auger; Bin 3,  with both a solar collector 
and a stirring auger; Bin 4, with a stirriig auger but no solar collector. 



TABLE 1 Effec t  of s o l a r  heat  and s t i r r i n g  c f  r i c e . i n  bin dryers  on drying time, e lec t r ic .a l  energy 
used and mi 1 l i n g  y i e l d  

Fan Elec- .. , 
' Treatment Elapsed oper- t r i  ca l  Mi 11 i ng Y i e l  
Solar  S t i r -  S t a r t i n g  Moisture .Content Fi 11 drying a t ion  energy Con- Dryer- 

Variety Dryer heat  r ing  date I n i t i a l  - Firial depth time time used t r o l  dr ied  
No. Yo o f t: days hrs kwh $ % 0 

Bluebelle  3 Yes Y e s .  08/23/75 16.6 11.4 7.5 16 117 326 60.1 59.3 

Bluebelle 2 No No 08/22/75 15.2 11.8 7.0 3 1 213 275 60.0 59.6 

Label l e  1 Yes No 08/19/76 19.6 12.0 7.8 15 206 221 61.5 61,5 

Label l e  2 No No 08/19/76 19.6 12.0 8.3 20 259 326 61,5 63.0 

Label 1 e 3 Yes Yes 08/18/76 16.0 - 12.0 7.2 10 139 231 60,2 60,3 

Label l e  4 No yes2/ 08/17/76 16.0 1 2 . 0  7.1 19 246 321 60.2 60.3 

Lebonnet 3 Yes Yes + 09/09;76 17.8 11.5 7.1 16 218 292 57,O 55.7 

Brazos 3 Yes Y e s .  09/29/76 1?.5 12.2 7.0 13 217 281 - 62,7 61.1 

Brazos 4 No Yes 09/29/76 17.5 12.2 . 6.7 20 278 377 62.7 61.7 

L1whole kernels  of milled r i c e  

l ~ e c a b s e  of breakdowns, s t i r r i n g  auger operated only 7 days; 



STIRRING OF CORN FOR SOLAR HEATED I N - B I N  DRYING 

Robert M. P e a r t  
1 

A v e r t i c a l  s t i r r i n g  auger  was used i n  1975 and 1976 i n  s o l a r  drying t e s t s  
w i th  corn  i n  an 18-foot diameter  b in  wi th  g r a i n  depths of about 10 f e e t .  
The u n i t  was manufactured by Sukup Manufacturing and had a  s i n g l e  v e r t i -  
c a l  auger wi th  a  1 .5  HP motor on a  v e r t i c a l  auger and a  .25 HP motor 
on t h e  hor izont .a l  s h a f t  which caused r o t a t i o n  around t h e  b i n  a s  w e l l  a s  
a  back and f o r t h  motion along t h e  r ad ius .  

EFFECT ON MOISTURE DISTRIBUTION 

I n  t h e  1976 dry ing  t e s t ,  moisture con,tents were taken p e r i o d i c a l l y  i n  t h e  
s t i r r e d  and t h e  u n s t i r r e d  b i n s ,  and they  a r e  shown i n  F igures  1 and 2. 
Notice t h a t  t h e  s t i r r e d  b i n  exh ib i t ed  very  uniform moisture con ten t s  ex- 
cept  i n  t h e  bottom one foo t  l a y e r  which was no t  a f f e c t e d  much by t h e  
s t i r r i n g  auger.  I n  t h e  u n s t i r r e d  b i n ,  t h e  t y p i c a l  dry ing  f r o n t  and dry- 
i n g  zone a r e  shown. 

EFFECT ON A I R  FLOW 

A i r  f low measurements were made ac ros s  t h e  t o p  s u r f a c e  of t h e  b in  and i n  
t h e  a i r  duc t ,  and t h e s e  were compared wi th  a i r  flow through t h e  duct  i n  a  
s i m i l a r  b in  t h a t  was u n s t i r r e d .  Both b i n s  used a  5  HP c e n t r i f u g a l  fan.  
Because of g r e a t e r  s u c t i o n  p re s su re  due t o  a  h o r i z o n t a l  duct added t o  t h e  
i n t a k e  of t h e  s o l a r  hea ted  a i r  f a n ,  t h e  t o t a l  p re s su re  drop ac ros s  t h e  
5  HP c e n t r i f u g a l  f an  was equal  i n  both b ins .  However, t h e  a i r  flow was 
a l s o  equal  through both b i n s  of corn even though t h e  p re s su re  drop ac ros s  
t h e  10-foot depth of s t i r r e d  corn was about 73% (2.2 inches of water  v s .  
3.0) of t he  p re s su re  drop ac ros s  t h e  u n s t i r r e d  depth. A i r  f low measure- 
ments a t  t h e  top s u r f a c e  of t h e  corn showed i r r e g u l a r  v a r i a t i o n s  probably 
due t o  t h c  d i s t r i b u t i o n  of f i n e s  and v a r i a b i l i t y  of hulk dens i ty  due t o  
t h e  s t i r r i n g  p a t t e r n .  

We gene ra l ly  concluded t h a t  t h e  s t i r r i n g  auger  i n c r e a s e s  a i r  flow i n  about 
t h e  same propor t ion  a s  would t h e  a d d i t i o n a l  horsepower requi red  by t h e  
s t i r r i n g  auger  i f  app l i ed  t o  t h e  fan  i n  an u n s t i r r e d  b in .  

EFFECT ON ALLOWABLE DRYING TIME 

Our experience i n d i c a t e d  t h a t  t h e  s t i r r i n g  auger  i n c r e a s e s  t h e  t ime allow- 
a b l e  t o  complete t h e  dry ing  process  i n  a  deep b in .  A hypo the t i ca l  ex- 
ample w i l l  show how t h i s  i s  poss ib l e .  For easy c a l c u l a t i o n s ,  we w i l l  
assume cons tan t  60°F (15.6 C) a i r  pass ing  through t h e  top  l a y e r  i n  t h e  
b in .  We w i l l  assume t h a t  dry ing  proceeds from a  beginning mois ture  con- 
t e n t  of 26% down t o  an average of 18% a t  t h e  r a t e  of 1 percentage po in t  
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pe r  day. I n  t h e  s t i r r e d  b i n  we w i l l  assume t h a t  t h e  e n t i r e  b i n  has  a 
uniform mois ture  content ,  whi le  i n  t h e  u n s t i r r e d  b i n  we w i l l  assume t h a t  
t h e  top  l a y e r  s t a y s  a t  26% mois ture  u n t i l  t h e  f i n a l  day of drying.  

A check of t h e  d a t a  of Saul  and S t e e l e  a s  publ i shed  by Shove shows t h a t  
t h e  26% corn  a t  6 0 ° ~  has  a  s t o r a g e  l i f e  of 7  days. Our assumption of 
e i g h t  days f o r  dry ing  would put  t h e  u n s t i r r e d  b i n  a t  t h e  l i m i t  of t ime 
f o r  112% dry  ma t t e r  l o s s .  

Now l e t  u s  c a l c u l a t e  t h e  s t o r a g e  l i f e  used i n  t h e  s t i r r e d  s i t u a t i o n .  We 
w i l l  do t h i s  be making ca1.culat ions every two days,  assuming t h a t  t h e  
e n t i r e  b i n  s t a y s  a t  26% f o r  t h e  f i r s t  two days, 24% f o r  t h e  next  two 
days, e t c .  Af t e r  two days a t  26%, 217 o r  28.6% of t h e  a l lowable  s t o r a g e  
l i f e  (2 112% dry  ma t t e r  l o s s )  i s  used. A t  24% and 60°, t h e  t o t a l  allow- 
a b l e  s t o r a g e  l i f e  is  10 days,  s o ' t h e  next  two days uses  up 2/10 o r  20% 
of t h e  al lowable s t o r a g e  l i f e ,  a  t o t a l  of 48.6% a f t e r  4  days . .  A t  22%, t h e  
al lowable s t o r a g e  l i f e  i s  15 days,  and 2 days a t  ,22% equals.. 13.3% of t h e  
s t o r a g e  l i f e .  Likewise, 2  days a t  20% uses  2/25 o r  8% o f ' t h e  s t o r a g e  
l i f e .  A t o t a l  of 70% of t h e  al lowable s t o r a g e  l i f e  i s  used wi th  t h e  
s t i r r i n g  procedure,  assuming t h e  same o v e r a l l  d ry ing  r a t e .  Thus, t h e  
u n s t i r r e d  s i t u a t i o n  u t i l i z e s  100% of t h e  a l lowable  s t o r a g e  l i f e ,  whi le  
t h e  s t i r r i n g  would use  only 70% of t h e  al lowable s t o r a g e  l i f e .  



~ i ~ r e  1. U n s t i r r e d  b i n  m o i s t u r e  p r c f i l e s .  



F i g u r e  2.  S t i r r e d  b i n  m o i s t u r e  p r o f i l e s .  



SOTJAR ENERGY - HEAT PUMP LOW TEMPERATURE GRAIN DRYING 
' 1. 

David W. Morrison and Gene C. Shove 
2 

INTRODUCTION 

Since  a g r i c u l t u r a l  p roduct ion  consumes l a r g e  q u a n t i t i e s  of petroleum 
based f u e l s  and p roduc t s ,  energy conse rva t ion  becomes i n c r e a s i n g l y  more 
important  a s  petroleum s u p p l i e s  d imin ish  and become more c o s t l y .  Agricul- 
t u r a l  crop dry ing ,  p a r t i c u l a r l y  t h e  dry ing  o f  corn ,  i s  a  process  poten- 
t i a l l y  w e l l  s u i t e d  t o  t h e  employment of energy conse rva t ion  p r a c t i c e s .  
Wilson (1976) e s t i m a t e s  t h a t  an equ iva l en t  of 629 m i l l i o n  g a l l o n s  of LP 
gas  a r e  used annual ly  i n  t h e  United S t a t e s  t o  d ry  s h e l l e d  corn ;  t hus  t b c r c  
i s  t h e  p o t e n t i a l  f o r  sav ing  a  l a r g e  amount o r  petroleum based f u e l s  i f  
o t h e r  energy sou rces  can be e f f e c t i v e l y  used t o  d r y  corn.  

An energy e f f i c i e n t  d ry ing  method developed i n  r e c e n t  yea r s  i s  t h e  low 
tempera ture  system. Low temp'erature dry ing  u t i l i z e s  a i r  temperatures  
on ly  s l i g h t l y  above ambient w i t h  s u f f i c i e n t  a i r f l o w  t o  d ry  g r a i n  be fo re  
any d e t e r i o r a t i o n  t a k e s  p l ace .  Supplemental hea t  must o r d i n a r i l y  be  
added t o  t h e  ambient a i r  t o  r a i s e  t h e  a i r  temperature  a  few degrees  t o  
a l l ow  corn  t o  be  d r i e d  t o  a  s a f e  mois ture  con ten t .  The supplemental 
hea t  i s  u s u a l l y  supp l i ed  by e l e c t r i c  r e s i s t a n c e  h e a t i n g ,  t hus  use  of 
petroleum based f u e l s  f o r  hea t ing  i s  e l imina ted .  I f  a l t e r n a t i v e  hea t  
sou rces  could be  u t i l i z e d ,  a  s i g n i f i c a n t  s av ings  i n  e l e c t r i c a l  energy 
could a l s o  be  r e a l i z e d .  

Recently a  cons ide rab l e  amount of  r e s e a r c h  has  been performed on t h e  
a p p l i c a b i l i t y  of s o l a r  energy a s  a  hea t  source  f o r  low temperature  dry- 
ing .  I n v e s t i g a t i o n s  have shown t h a t  s o l a r  energy i s  a  f e a s i b l e  hea t  
sou rce  dur ing  t h e  s u n l i t  p o r t i o n  of t h e  day, but  e l e c t r i c a l  r e s i s t a n c e  
hea t  may be  r equ i r ed  dur ing  n i g h t  t i m e  and pe r iods  oi€ low i n s o l a t i o n .  

I 

E l e c t r i c a l  hea t  pumps have been used as a  replacement f o r  r e s i s t a n c e  
hea t ing  i n  low temperature  dry ing .  Because of t h e  c o e f f i c i e n t  of per-  
formance of a  hea t  pump, i t  i s  p o s s i b l e  t o  ge t  from 2 t o  4 k i l owa t t  hours  
of hea t  energy f o r  every  k i l o w a t t  of e l e c t r i c a l  energy consumed a t  t yp i -  
c a l  ambient a i r  cond i t i ons  p re sen t  dur ing  t h e  corn  d ry ing  season.  Thus, 
when r e s i s t a n c e  h e a t i n g  is  rep laced  by a  hea t  pump, e l e c t r i c a l  energy re -  
quirements  can be  s u b s t a n t i a l l y  reduced. 

It appears  f e a s i b l e  t h a t  s o l a r  energy supplemented by a  hea t  pump 
could provide a  f a i r l y  cons t an t  hea t  source.  A cons t an t  d ry ing  poten- 
t i a l  could be maintained by us ing  a  s o l a r  c o l l e c t o r  a s  a  hea t  source  dur- 
i n g  pe r iods  of h igh  i n s o l a t i o n  and by augmenting t h e  c o l l e c t o r  w i th  a  hea t  
pump dur ing  n i g h t  hours  and p e r i o d s  of low i n s o l a t i o n .  By e f f e c t i v e l y  com- 
b in ing  t h e  two, s i g n i f i c a n t  energy sav ings  could be  r e a l i z e d .  

' ~ e s e a r c h  A s s i s t a n t ,  ~ g r i c u l t u r a l  Engineer ing,  Un ive r s i t y  of I l l i n o i s ,  
Urbana, I l l i n o i s  

'professor  of A g r i c u l t u r a l  Engineer ing,  Un ive r s i t y  of I l l i n o i s ,  Urbana 
I l l i n o i s  



THE EXPERIMENT 

The i n v e s t i g a t i o n  was performed d u r i n g  t h e  f a l l  o f  1975 and t h e  f a l l  o f  
1976 a t  t h e  U n i v e r s i t y  of I l l i n o i s  A g r i c u l t u r a l  Engineer ing  Research Farm 
n e a r  Urbana, I l l i n o i s .  Two d i f f e r e n t  sys tems were  s t u d i e d  d u r i n g  t h e  
I n v e s t i g a t i o n .  . 

1975 SYSTEM -- The g r a i n  d r y i n g  system c o n s i s t e d  of a  211 m3 (6000 b u ) ,  
7.32 m (24 f t )  d iamete r  b i n  equipped w i t h  a 7.46 kw (10 h  ) c e n t r i f u g a l  5 d r y i n g  f a n .  Drying h e a t  was provided by a  8.92 m2 (96 f t  ) s o l a r  c o l l e c t o r  
and a  17.58 kw (60,000 B t u / h r )  h e a t  pump. 

The s o l a r  c o l l e c t o r  used i n  t h i s  s t u d y  was a  p o r t a b l e  commercial u n i t  
manufactured by So la r -Ai re  Company (F ig .  1 ) .  It w a s  a  wheel mounted 
f l a t  p l a t e  c o l l e c t o r  t h a t  could  be  t i l t e d  t o  t h e  optimum c o l l e c t i n g  
o r i e n t a t i o n .  The a b s o r b i n g  s u r f a c e  of t h e  c o l l e c t o r  was composed of 
c l o s e l y  spaced b l a c k  a l u m i n u ~ l ~  c u p s .  The  c o l l e c t o r  had two fiberglass 
cover  s h e e t s  t o  r e d u c e  c o n v e c t i v e  h e a t  l o s s e s  th rough  t h e  c o l l e c t o r  f a c e ,  
and i t  was i n s u l a t e d  t o  d e c r e a s e  c o n d u c t i v e  h e a t  l o s s e s  th rough  t h e  
c o l l e c t o r  s i d e s  and back. An a i r f l o w  r a t e  of 0.1,65 m3/sec (350 cfm) was 
s u p p l i e d  by a  s m a l l  e l e c t r i c  blower mounted on  t$e c o l l e c t o r .  The s o l a r  
warmed .a i r  e x i t e d  t h e  . c o l l e c t o r  th rough  a 20.32 .cm ( 8  i n )  d iamete r  f l e x -  

/ 
i b l e  exhaust  t u b e  (Fig .  2 ) .  During t h e  e n t i r e / d r y i n g  exper iment  t h e  
c o l l e c t o r  was o r i e n t e d  t o  t h e  s o u t h  w i t h  a  s l d p e  of 60 d e g r e e s .  

, ' 
The h e a t  pump used i n  t h e  sys tem was a 17.58 kw (60,000 B t u / h r )  General  
E l e c t r i c  s i n g l e  package a i r - t o - a i r  u n i t  c u r r e n t l y  a v a i l a b l e  f o r  home 
h e a t i n g  a p p l i c a t i o n  (F ig .  2 ) .  - 

The h e a t  pump and c o l l e c t o r  were combined i n  a n  a t t e m p t  t o  p r o v i d e  a  
r e a s o n a b l y  c o n s t a n t  d r y i n g  p o t e n t i a l  of 3  C (5 .4  F) by u s i n g  s o l a r  energy 
t o  h e a t  t h e  d r y i n g  a i r  d u r i n g  s u n s h i n e  h o u r s  and t h e  h e a t  pump d u r i n g  
t h e  n i g h t  and p e r i o d s  of low i n s o l a t i o n .  T h i s  c o n s t a n t  p o t e n t i a l  was . , 
c o n t r o l l e d  by a d i f f e r e n t i a l  t h e r m o s t a t ,  a  t h e r m o s t a t  t h a t  f u n c t i o n s  on 
t e m p e r a t u r e  d i f f e r e n t i a l  d e t e c t i o n  between two s e n s i n g  p o i n t s .  When t h e  
s o l a r  c o l l e c t o r  could  p r o v i d e  enough sokan h e a t  t o  c r e a t e  a 3  t o  4  C 
(5.4 t o  7.2 F) t e m p e r a t u r e  d i f f e r e n t i a l  between t h e  b i n  plenum and ambient 
a i r ,  t h e  h e a t  pump power c i r c u i t  was h e l d  i n  a n  open p o s i t i o n  by t h e  thermo- 
s ta t .  When s o l a r  h e a t i n g  was i n s u f f i c i e n t  t o  supp ly  a t  l e a s t  a  1 C (1 .8  F) 
d i f f e r e n t i a l ,  t h e  t h e r m o s t a t  would c l o s e  t h e  h e a t  pump power c i r c u i t  t o  
p r o v i d e  a d d i t i o n a l  h e a t .  

1975 RESULTS -- The d r y i n g  p e r i o g  r a n  34 days  from October 21 t o  Nov- 
ember 24. During t h i s  t i m e  211 m (6000 bu) of s h e l l e d  c o r n  were  d r i e d  
from an  i n i t i a l  m o i s t u r e  c o n t e n t  o f  20.7% t o  a  f i n a l  m o i s t u r e  c o n t e n t  of 
15.2% (wb). 

Data t a k e n  on November 22, a  sunny day,  was used t o  e v a l u a t e  c o l l e c t o r  ' 

performance (Tab le  1 ) .  On t h i s  day,  a peak t empera tu re  rise of 26.7 " C  
(48.1 F) occur red  a t  1:00 p.m. The average  t empera tu re  r i s e  over  t h e  
s u n l i t  p o r t i o n  o$ t h e  day  was 18.2 C (32.7 F ) ,  w i t h , a  t o t a l  energy c o l -  
l e c t i o n  of 33.21 kWh (113,000 Btu) .  



T a b l e - 1 .  C o l l e c t o r  Performance f o r  November 22,  1975 

.Tempera tu re  R i s e  Energy C o l l e c t o r  
Time Through C o l l e c t o r ,  C C o l l e c t e d ,  W E f f i c i e n c y ,  - -- % 

T o t a l  D a i l y  Energy C o l l e c t e d  -- 33.21 kwh 
T o t a l  D a i l y  C o l l e c t o r  E f f i c i e n c y  -- 57 % 

The d r y i n g  p o t e n L l a l  creared when t h e  s o l a r  h e a t e d  a i r  was mixed w i t h  t h e  
t o t a l  volume of a i r  moved by t h e  d r y i n g  f a n  (4 - 4 8  m3/sec (9500 cfm)) was 
a  maximum of 1 C ( 1 . 8  F) d u r i n g  t h e  peak c o l l e c t i n g  hours  of 10:OO a.m. 
t o  2:00 p.m. Another 1 C t o  2 C ( 1 . 8  F  t o  3 .6  F) of d r y i n g  p o t e n t i a l  was 
c r e a t e d  from t h e  t u r b u l e n t  mechanical a c t i o n  of t h e  f a n  moving t h e  a i r ;  
t h u s  t h e  t o t a l  d r y i n g  p o t e n t i a l  c r e a t e d  by t h e  f a n  and c o l l e c t o r  was 2  C 
t o  3  C ( 3 . 6  F  t o  5.4 F) d u r i n g  t h e  pr ime c o l l e c t i n g  h o u r s  on a  sunny day. 
The average  d r y i n g  p o t e n t i a l  c r e a t e d  by t h e  c o l l e c t o r  over  t h e  s u n l i t  
p o r t i o n  o f  t h e  day  determined by a n  energy b a l a n c e  between t h e  c o l l e c t o r  
and f a n  a i r f l o w  was 0.67 C (1 .2  F) f o r  t h e  c l o u d l e s s  day of November 22; 
t h u s  t h e  a c t u a l  d r y i n g  p o t e n t i a l  c r e a t e d  by t h e  c o l l e c t o r  was r e l a t i v e l y  
s m a l l .  

During t h e  d r y i n g  p e r i o d  t h e  h e a t  pump o p e r a t e d  327.6 h o u r s  o r  approx- 
imate ly  40% of  t h e  t ime .  The s o l a r  c o l l e c t o r  d i d  n o t  produce a  s u f f i -  
c i e n t l y  l a r g e  enough d r y i n g  p o t e n t i a l  f o r  t h e  d i f f e r e n t i a l  t h e r m o s t a t  t o  
e f f e c t i v e l y  s e n s e ;  hence the  amnlint nf so la r  Qnergy c o l l c c t c d  had l i t t l e  
i n f l u e n c e  on t h e  h e a t  pump o p e r a t i o n .  Because of t h i s ,  t h e  t h e r m o s t a t  
was s e t  t o  o p e r a t e  t h e  h e a t  pump i n  a c y c l i c  f a s h i o n .  

The h e a t  pump had a n  a v e r a g e  c o e f f i c i e n t  of performance of 2 . 3  between 
ambient a i r  c o n d i t i o n s  of 0  C (32 F) and 10 C (50 F ) .  The h e a t  pump had 
a measured a i r f l o w  of 1.06 m3/sec (2250 cfm) and a n  e l e c t r i c a l  i n p u t  power 
of 7 .2  kW; t h u s  i t s  a v e r a g e  h e a t  o u t p u t  was 16.6 kW (56,300 ~ t u / h r ) .  
T h i s  h e a t  o u t p u t  c r e a t e d  an  approximate  d r y i n g  p o t e n t i a l  of 3  C (5 .4  F ) .  
When added t o  t h e  p o t e n t i a l  c r e a t e d  by t h e  d r y i n g  f a n ,  a  t o t a l  d r y i n g  po- 
t e n t i a l  o f  4  C t o  5  C (7.2 t o  9  F) was a v a i l a b l e  f o r  d ry ing .  

The e l e c t r i c a l  energy usage  f o r  t h e  1975 exper iment  inc luded  6629 kwh by 
' t h e  d r y i n g  f a n  and 2359 kwh by t h e  h e a t  pump f o r  a  t o t a l  of 8988 k l h .  
Energy usage  by t h e  s m a l l  blower on t h e  c o l l e c t o r  was d i s r e g a r d e d .  I n  



terms of m o i s t u r e  removed from t h e  c o r n  t h e  energy usage  was 7.75 
k W h / ~ n ~ / ~ o i n t  of m o i s t u r e  removed (0.273 kWh/bu/point of m o i s t u r e  removed) 
o r  0.885 kWh/kg of  wa te r  removed (0.388 kWh/lb of w a t e r  removed). 

1976 SYSTEM -- The same 211 m3 (6000 bu) b i n ,  7.46 kN (10 hp) c e n t r i f u g a l  
d r y i n g  f a n ,  and t h e  17.58 kW (60,000 B t u / h r )  h e a t  pump used i n  1975 were 
used f o r  t h e  1976 d r y i n g  exper iment .  To i n c r e a s e  t h e  q u a n t i t y  of s o l a r  
energy a v a i l a b l e  f o r  d r y i n g ,  two new l a r g e r  c o l l e c t o r s  were c o n s t r u c t e d .  

The c o l l e c t o r s  c o n s t r u c t e d  f o r  t h e  1976 s t u d y  were a covered p l a t e  and 
a '  b a r e  p l a t e  c o l l e c t o r  (F ig .  3 ) .  Each c o l l e c t o r  had 26.76 m2 (288 f t 2 )  of 
c o l l e c t i n g  a r e a  and b o t h  were o r i e n t e d  t o  t h e  s o u t h  w i t h  a  c o l l e c t o r  
f a c e  s l o p e  of 60 d e g r e e s .  

The cover  s h e e t  f o r  t h e  covered p l a t e  c o l l e c t o r  was c l e a r ,  co r rugaeed ,  
Tedlar-coated f i b e r g l a s s .  The a b s o r b i n g  s u r f a c e  of t h e  c o l l e c t o r  con- 
s i s t e d  of b lack-pa in ted  1.27 cm (112 i n )  t h i c k  plywood. A i r  e n t e r e d  t h e  
c o l l e c t o r  a t  t h e  t o p ,  was h e a t e d  a s  i t  was drawn between t h e  a b s o r b e r  p l a t e  
and t h e  cover  s h e e t ,  and was d i s c h a r g e d  th rough  a  .610 (2  f t )  d i a m e t e r  
d u c t  i n  t h e  c o l l e c t o r  back.  

The b a r e  p l a t e  c o l l e c t o r  was i d e n t i c a l  t o  t h e  covered p l a t e  c o l l e c t o r  w i t h  
t h e  e x c e p t i o n  t h a t  t h e  f i b e r g l a s s  cover  s h e e t  was r e p l a c e d  w i t h  b lack-  
p a i n t e d  c o r r u g a t e d  s t e e l  r o o f i n g  s h e e t s .  The r o o f i n g  s h e e t s  f u n c t i o n e d  
a s  t h e  s o l a r  a b s o r b i n g  s u r f a c e  w i t h  a i r  be ing  h e a t e d  c o n v e c t i v e l y  from 
t h e  s o l a r  warmed r o o f i n g  s h e e t s  as i t  was drawn between t h e  r o o f i n g  s h e e t s  
and t h e  plywood. 

Both of t h e  c o l l e c t o r s  and t h e  h e a t  piimp were ductod t o  o plywood duc t i i lg  
box (F ig .  4)  connected t o  t h e  c e n t r i f u g a l ,  d r y i n g  f a n  s o  t h a t  a l l  t h e  a i r -  
f low th rough  t h e  c o l l e c t o r s  was p rov ided  by t h e  d r y i n g  f a n .  

The mode of o p e r a t i o n  f o r  t h e  1976 exper iment  was a l t e r e d  somewhat over  
t h a t  used i n  1975. Because of problems encountered from t h e  u s e  o f  a  
d i f f e r e n t i a l  t h e r m o s t a t  i n  c o n t r o l l i n g  h e a t  pump o p e r a t i o n ,  t h e  u s e  of 
t h e  t h e r m o s t a t  was d i s c o n t i n u e d  i n  1976 and t h e  h e a t  pump o p e r a t i o n  was 
r e g u l a t e d  by a  t ime  c lock .  S o l a r  energy was used e x c l u s i v e l y  f o r  p rov id-  
i n g  d r y i n g  h e a t  d u r i n g  t h e  dayt ime,  and t h e  t ime  c l o c k  o p e r a t c d  t h e  h e a t  
pump t c n  h o u r s  d u r i n g  tlie n i g h t  t o  p r o v i d e  a  d r y i n g  p o t e n t i a l  f o r  n i g h t -  
t ime  d r y i n g .  

197'6 RESULTS -- The g r a i n  d r y i n g  p e r i o d  r a n  33  days  from October 15 t o  
November 17. During t h e  p e r i o d  201 m3 (5700 bu) of s h e l l e d  c o r n  were 
d r i e d  from a n  i n i t i a l  m o i s t u r e  c o n t e n t  of 22.3% t o  a  f i n a l  m o i s t u r e  c o n t e n t  
of 15.0% (wb). 

Data t a k e n  on November 7 ,  a  sunny day was used t o  e v a l u a t e  c o l l e c t o r  
per lurmance (Table  2 ) .  On t h i s  day ,  a peak t e m p e r a t u r e  r i s e  of 8 .4  C 
(15.1  F) o c c u r r e d  through t h e  covered p l a t e  c o l l e c t o r  and a  peak r i s e  
of 6 .4  C (11.5 F) occur red  th rough  t h e  b a r e  p l a t e  c o l l e c t o r .  The a v e r -  
a g e  t e m p e r a t u r e  r ise over  t h e  s u n l i t  p o r t i o n  of t h e  day was 5 . 6  C (10.1  F) 
th rough  t h e  covered p l a t e  c o l l e c t o r  and 3 .9  C ( 7 . 0  F) th rough  t h e  b a r e  
p l a t e  c o l l e c t o r .  An a i r f l o w  rate of  1.952 m3/sec (4200 cfm) was measured 
th rough  t h e  exhaus t  d u c t s  o f  each c o l l e c t o r .  A t o t a l  d a i l y  energy of 
121.7 kh% (415,300 Btu) was c o l l e c t e d  by t h e  covered p l a t e  c o l l e c t o r  



and 84.3 kWh (287,600 Btu) was c o l l e c t e d  by t h e  ba re  p l a t e  c o l l e c t o r ,  
r e s u l t i n g  i n  a  t o t a l  d a i l y  e f f i c i e n c y  of 70.9% f o r  t h e  covered p l a t e  
c o l l e c t o r  and 49.1% f o r  t h e  ba re  p l a t e  c o l l e c t o r .  This  c o l l e c t o r  hea t  
c r e a t e d  an average dry ing  p o t e n t i a l  of 3.6 C (6 .5  F) over  t h e  s u n l i t  
p o r t i o n  of t h e  day. With t h e  a d d i t i o n  of t h e  1  C (1.8 F) p o t e n t i a l  
de l i ve red  by t h e  mechanical a c t i o n  of t h e  dry ing  f an ,  t h e  average po- 
t e n t i a l  a v a i l a b l e  f o r  d ry ing  was 4.6 C (8 .3  F ) .  

Tah1.e 2. C o l l e c t o r  Performance f o r  November 7 ,  1976 

Covered P l a t e  C o l l e c t o r  Bare P l a t e  .Col lec tor  
Temperature Energy Temperature Energy 

Time R i s e ,  C Col l ec t ed ,  W Rise ,  C Coil-ected, W 

T o t a l  Dai ly  Energy Col lec ted  (Covered P l a t e  CoZlector) -- 121.71 kWh 
T o t a l  Dai ly  Energy Col lec ted  (Bare P l a t e  Co l l ec to r )  -- 84.30 k1dh 
T o t a l  Dai ly  E f f i c i ency  (Covered P l a t e  C o l l e c t o r )  -- 70.9% 
T o t a l  Dai ly  E f f i c i ency  (Bare P l a t e  Co l l ec to r )  -- 49.1% 

Because of t h e  l a r g e  amount?.of h e a t  energy made available by t h e  c o l l e c t -  
o r s  f o r  d ry ing ,  t h e  hea t  pump was only opera ted  10 n i g h t s  f o r  10 hours  
each n igh t  dur ing  t h e  middle  of t h e  d ry ing  season.  The performance 
c h a r a c t e r i s t i c s  and a i r f l o w  r a t e s  of t h e  hea t  pump w e r e  t h e  same i n  t h e  
1976 experilllent a s  i n  t h e  1375 i n v e s t i g a t i o n .  

The e l e c t r i c a l  energy usage f o r  t h e  1976 experiment included 5970 kWh 
by t h e  d ry ing  f a n  and 720 kWh by t h e  hea t  pump f o r  a  t o t a l  of 6690 kWh. 
I n  te  s of mois ture  removed from t h e  corn  t h e  energy usage was 4.57 5" kWh/m / p o i n t  of mois ture  removed (0.161 kWh/bu/point of mois ture  r e -  
moved) o r  0.494 kWh/kg of water  removed (0.224 kWh/lb of water  removed). 

SUMMARY 

The s o l a r  c o l l e c t o r  -- hea t  pump combination e f f e c t i v e l y  reduced t h e  
e l e c t r i c a l  energy requirements  f o r  t h e  low temperabure dry ing  of s h e l l e d  

3  c o r n  from t h e  accepted v a l u e  of 8 .51 kWh/m /po in t  of mois ture  removed 
(0.3 kWh/bu/point of mo i s tu re  removed) (Shove, 1976). The 8.92 m2 (96 f t 2 )  
p o r t a b l e  c o l l e c t o r  used i n  1975 was t oo  smal l  t o  be  e f f e c t i v e l y  used on 
a  211 m3 (6,000 bu) b i n  equipped w i t h  a  7.46 kW (10 hp) f an ;  t hus  t h e  
energy r educ t ion  was smal l  f o r  t h e  1975 i n v e s t i g a t i o n .  But t h e  1976 co l -  
l e c t o r s  a long  w i t h  t h e  hea t  pump provided a  s u f f i c i e n t  amount of hea t  
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energy t o  almost halve t h e  e l e c t r i c a l  consumption required f o r  low temp- 
e r a t u r e  drying. 
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SOTAR-ASSISTED HEAT PUMP FOR LOW-TEMPERATURE CORN DRYIN- 

Michael E. Anderson and Carl J. Bern 
1 

The heat pump is a device capable of t ransferr ing heat from one place 
t o  another in  a refr igerant  fluid.. Heat punps a r e  beingused t o  heat 
drying air  i n  low-temperature corn-drytng systems, Wilma (4). Utiliz- 
a t ion  of a so lar  energy input can, under cer ta in  cotrditlons, improve 
the energy u t l l l z a t i u p  efficiency of the haat pump. This papee reports 
on f i e l d  tests of a low*tenmperatur~ cnrn-dry%$% syqteln, using a sofar- 
ass i s ted  heat pump. 
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HEAT PUMP OPERATION 

Heat pumps f o r  home use can t ransfer  heat from the a i r  within the house 
t o  the  a i r  outside the house f o r  summer cooling and, a f t e r  appropriate 
changes i n  refr igerant  valve posit ion,  can t ransfer  heat from outside 
a i r  t o  a i r  within the house fo r  winter heating. Figure 1 i l l u s t r a t e s  
operation of a heat pump fo r  a heating application. I n  t h i s  heating 
mode of operation, the indoor heat-exchanger c o i l  i s  the condenser, and 
the outdoor heat exchanger is the evaporator i n  the  refr igerant  cycle. 
The Coefficient of Performance (COP) of the  heat pump is the  r a t i o  of 
the  energy input in to  the  compressor: t o  theenergyoutput from the con- 
denser. A heat pump operating a t  COP of 3.0 is, then, delivering 3 
un i t s  of energy (heat) from the condenser f o r  every un i t  of energy 
( e l ec t r i c i t y )  delivered t o  the  compressor. I f  the  input a i r  temperature 
t o  the  condenser is held constant, the  COP increases with increasing 
evaporator a i r  temperature. The heat pump output a l so  is increased i n  
t h i s  same manner, a s  seen i n  Figure 2, General E lec t r ic  (1). 

I f  t he  input air stream t o  the heat pump evaporator is heated by a so l a r  
co l lec tor ,  the  COP of the  heat pump w i l l  be increased. A portable so l a r  
col lector ,  i n  combination with a package-system heat pump of fe rs  a 
poten t ia l  f o r  e l e c t r i c a l  energy s>vings over e lectr ical- res is tance heat 
o r  a heat pump alone. Such a system can be used f o r  low-temperature 
grain drying, a s  w e l l  a s  for  home o r  farm building heating applications. 

DRYING EXPERIMENTS FOR FALL 1976 

Two 3300-bu (87-tonne), 18-ft. ( 5 . 5 4  diameter grain  bins w e r e  f i l l e d  
with corn and low-temperature d r i e  . One bin was aquApped with a 
24,000-BTu/hr (7034-w) GE model BG e C024A, Figure 2, package-system heat 
pump i n  combination with two suspended-plate so la r  cql lectors .  The heat 
pump delivered heated a i r  i n t o  the f ow of the  g ra idd ry ing  fan. A 
second (control) b in  used 2.4kW of e res is tance heat and w a s  
used a s  a comparison f o r  energy and bin '  used a 5-HP (3.7-.2iW), 
24-in. (0.61-m), axial-flow fan. -- 
Figure 3 shows the experimental apparatus. The two so l a r  col lectors  
were designed and b u i l t  by using c r i t e r i a  from pilot-model solar-col- 
l ec to r  r e su l t s ,  Kline (3): 

TYPE 

DESIGN TEMPERATURE RISE (max) 

DESIGN AIRFLOW 

DESIGN EFFICIENCY (overall)  

MOUNTING ANGLE 

ABSORBER SURFACE AREA 

CROSS-SECTIONAL AREA 

COST OF MATERIALS 

CONSTRUCTION TIME 

- COVERED, SUSPENDED PLATE 

- 20°C (36°F) 

- 25.5 m3/min (900 cfm) 

- SOX 

- 45" FROM HORIZONTAL 

- 23.8 m2 (256 f t 2 )  
2 - 0.26 m2 (2.83 f t  ) 

- $40/m2 ($3. 67/ft2) 

- 3.9 (0.36) manhours/m2 ( f t2 )  



Figure 1. . ~eatlng Mode of the Heat Pump, KEHLER (2) 
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Figure 2. Heating Capacity vs Outdoor M r  Temperature. 
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Figure 3. Experimental Apparatue. 



Each solar collector was constructed with a rectangular cross section, 
4 ft. (1.2 m) wide by 32 ft. (9.6 m) long. The collectors used 1.5-in. 
(3.8-cm) nominal urethane insulation glued on 0.25-in. (0.64-cm) wood- 
chip board for side and bottom walls. Corrugated metal roofing painted 
with a zinc primer and then flat black paint was used as the suspended 
absorber surface. The corrugations are perpendicular to the air flow. 
Clear corrugated fiberglass (greenhouse glass) was used as a cover 
plate. The fiberglass is 0.04. in. (0.01 mm) thick with corrugations 
that run parallel to the air flow. 

The two collectors were mounted on an east-west line and joined to the 
intake'(evaporat0r coil) of the heat pump. The evaporator fan pro- 
vides the means to move the air through the collectors and through the 
evaporator coil. 

Farh callecg~r was mounted on one side with hinges to a skid frame 
constructed by 4 x 4's and 2 x 6's. Hinged 2 x 4's uu the other aide 
of the frame were used to prop and position the collector to the de- 
sired mounting angle. This enables the collector to be adjustable to 
an optimum angle for collection of solar energy any time of the year. 
The collector cau be folded down for trenfiport on the skid frame. Each 
collector mid skid framr: oplit into twn 16-ft. (4.8-m) long sections 
for ease of transport. Clothesline wire was looped through holes 
drilled in the ends of the 4 x 4's for towing by tractor and chain. 
The 4 x 4 skid frame permits transportation around the farm. 

TESTING PROCEDURE 

Filling the bins began Oct. 6, 1976 and was completed on Oct. 7, 1976. 
During drying, a data-acquisition system monitored and recorded temp- 
eratures of the solar-collector output air, the heater output air, the 
bin -input air, the heat pump output air, and the aimbient air. The 
solar radiatfon intensity was monitored by a solar pyranometer and re- 
corded by the data acquisition system. Watthour rwters were used to 
measure electrical energy input to the electric heater, the heat pump, 
and each of the drylng fans. 

Drying progressed until corn at the top of the bin was 15% wet basis. 
The grain condition is summarized in Table 1. 

OPERATION SCHEDULE 

Matching the output of the electrical resistance heater and expected 
output of the heat pump, the following schedule of operation was used: 



OPERATION SCHEDULE 

SOLAR-ASS ISTED- 
CONTROL BIN HEAT-PUMP BIN 

DRYER FAN continuous continuous 

HEATER (2.4 kW) continuous 

HEAT PUMP AND SOLAR 8:30 A.M. to 5:30 P.M. 
COLLECTOR 

Figure 4 shows a typical sunny day of output versus time of day for the 
solar-assisted-heat-pump system. The average ambient temperature from 
8:30 to 5:30 was 53°F (11.8"C). The peak output from the solar collector 
was 27,800-Btulhr (8.2 kW). Peak output from the heat pump was 53,000- 
Btu/hr (15.7 .kW). (The heat pump is rated at 24,000-Btulhr (7 kW) with 
70°F air entering the evaporator and 45°F air entering the condenser. 
See Fig. 2) 

ENERGY 

Some figures on the electrica1,energy consumed in both bins are shown in 
Table 2. The solar-assisted-heat-pump used about 15% less electrical 
energy per bushel to dry corn than did the control bin. The drying fan 
consumed a larger portion of the total electrical energy in the solar- 
assisted-heat-pump bin than in the control bin. 

SOLAR COLLECTOR COSTS 

Construction costs for the collectors which were built at Iowa State 
University were: 

Materials : $3671100 ft2 

CONCLUSION 

The solar-assisted-heat-pump system performed according to theory. The 
solar collectors increased the COP (and thus the output) of the heat 
pump at a given outside air temperature. 

The solar-assisted heat pump system required less electrical energy to 
dry the grain than did the control bin. This also means that the elec- 
trical bill for grain dried with this solar-assisted-heat-pump system 



would be less than the bill for the same grain'dried in a system like 
the control bin. Substantially less electrical energy was required in 
the solar-assisted-heat-pump system to remove a unit mass of water from 
the grain. 

Currently, more analysis is being performed on the effectiveness of the 
solar-assisted-heat-pump system as compared to a heat pump alone. Heat 
pump performance at various condenser and evaporator operating air temp- 
eratures is being investigated for our information in'the General Elec- 
tric Research Center in Tyler, Texas. 



Table 1 Grain Condition 

CONTROL BIN SOLAR-ASSISTED- 
(2.4 kW Electric) HEAT-PUMP BIN 

WET GRAIN QUANTITY 85 tonne (3335 bu) 91 tonne (3586 bu) 

AVG. INITIAL MOISTURE 24.3% 
CONTENT (w . b . ) 

AVG. FINAL MOISTURE 13.4% 12.8% 
CONTENT (w . b . ) 

FINAL TEST WEIGHT 60.5 lbs/bu 59.5 lbs/bu 

FINAL GRADE No. 1 Yel-low No. 1 Yellow 

TIME TO DRY ; 
day's 

AIRFLOW RATE; 1.4 (1.3) 
3 m /min-tonne (cfmlbu) 

Table 2 Electrical Energy Usage 

CONTROL BIN SOLAK-ASS ISTEU- 
(2.4 kW Electric) . HEAT-PUMP BIN 

TOTAL ELECTRICAL ENERGY $2.40/tonne $2.03/tonne 
COST* 

($0.06l'/bu) ($0.052/bu) 

$/tonne - % point re- 0.22 (0.0056) 0.18(0.0049) 
moved ($/bu-%) 

kWhr/tonne - % point re- 85.5(0.199) 72.3(0.175) 
moved (kWhr/bu-%) 

Btu/lb H20 removed 
(k-J/kg) 

PERCENT OF TOTAL ELEC- 
TRICAL ENERGY CONSUMED 

FAN 74% 
HEATER 2 6% 
HEAT PUMP -- 
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Col lector Output 
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Figure 4. Solar collector and heat pump energy output vs. time. 
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A SOLAR POND COLLECTOR AND HEAT STORAGE DEVICE 

Ted H. Shor t ,  Warren L. R o l l e r ,  P h i l l i p  C.  Badger 1 

A s o l a r  pond is  be ing  s t u d i e d  a s  a, s o l a r  c o l l e c t o r  and p o t e n t i a l  s t o r a g e  
system along wi th  t h e  a p p r o p r i a t e  equipment t o  move h e a t  from t h e  pond t o  
a  greenhouse. The pond was designed t o  meet a l l  of t h e  win te r  h e a t  requi re -  
ments of a 186m2 (2000 f t 2 )  t h r e e  bedroom home o r  a  98m2 (1000 f t 2 )  green- 
house i n  Wooster, Ohio. This  system could a l s o  be  a p p l i c a b l e  f o r  process  
h e a t i n g  such a s  g r a i n  drying.  

Natura l  s o l a r  ponds were f i r s t  discovered i n  t h e  e a r l y  1900's  i n  Hungary 
a s  noted by Kalecsinsky (1902). Temperatures up t o  80°C (176'~)  have been 
rrcurded. I L  is thcar i~cd  t h a t  ouah ponds are fed hy s a l t w a t e r  springs 
whi l e  f r e s h  ra inwater  p e r i o d i c a l l y  f l u s h e s  o f f  t h e  su r f ace .  The r e s u l t  i s  
a s t a b l e  pond of s o l a r  hea ted  b r i n e  a t  t he  bottom which is too  dense t o  
c i r c u l a t e  t o  t h e  s u r f a c e  and cool .  More r e c e n t l y ,  r e sea rche r s  b e l i e v e  t h a t  
a warm l ake  i n  An ta rc t i ca  is a s o l a r  pond r a t h e r  than a  prev ious ly  assumed 
ho t  s p r i n g  l a k e  (Angino, 1964).  Tabor (1963) has  probably done some ul: L11e 
most ex t ens ive  work t o  d a t e  t o  make t h e  s o l a r  pond econornlcally u se fu l  for 
power genera t ion  i n  I s r a e l .  I s r a e l  is  i n  a  h igh  r a d i a t i o n  a r e a  and t h e  Dead 
Sea is  a good b r i n e  source .  Tabor was a b l e  t o  achieve  sma l l  pond tempera- 
t u r e s  up t o  30°C (194OF), b u t  had numerous t e c h n i c a l  problems wi th  l a r g e  
ponds. One l a r g e  pond i n  a  marsh a r e a  was destroyed by mud bulges  and gas 
bubbles  be ing  generated a s  t h e  pond warmed. A p l a s t i c  l i n e r  was subsequent ly 
i n s t a l l e d ,  b u t  t h e  same bubble a c t i o n  l i f t e d  the  l i n e r  i n  va r ious  a r e a s  and 
caused seve re  mixing of t he  pond. There were a l s o  ted ious  problems i n  estab-  
l i s h i n g  t h e  pond concen t r a t ion  g r a d i e n t s  and t h e  r e sea rch  was e s s e n t i a l l y  
s topped.  Rabl and Nie lsen  (1975) have s tud ied  t h e  s o l a r  pond a s  a  s o l u t i o n  
t o  space  h e a t i n g  of res idences  i n  Ohio and s i m i l a r  a r eas .  Rabl c a l c u l a t e d  
t h a t  a  pond equal  i n  volume t o  a  w e l l  i n s u l a t e d  t h r e e  bedroom home could meet 
a l l  of t he  win te r  space  h e a t  requirements of t h a t  home. Nielsen (1975) fu r -  
t h e r  developed a  unique s a l t  g r ad ien t  es tab l i shment  procedure us ing  a  smal l  
pool  and l abo ra to ry  models. 

Based on Rabl and Nie l sen ' s  work, a  f u l l - s c a l e  experimental  s o l a r  pond was 
cons t ruc t ed  ad jacen t  t o  t h e  Department of A g r i c u l t u r a l  Engineering greenhouse 
a t  t h e  Ohio A g r i c u l t u r a l  Research and Development Center (F igure  1 ) .  

DESIGN AND ESTABLISHMENT OF THE SOLAR POND 

The OARDC pond is  3.6 meters  deep, 8.5 meters wide and 18 .3  meters  long (12 
i t .  x 28 i t .  x 60 f t . ) .  The pond w a l l s  a r e  pos t  and plywood cons t ruc t ion  
wi th  a sand bottom. Two 30 m i l  chlor inated-polyethylene l i n e r s  w i th  a  nylon 
sc r im  were f a b r i c a t e d  t o  f i t  t he  p i t  and con ta in  the  b r i n e .  The s i d e  wa l l s  

l ~ e d  H. Shor t ,  Assoc ia te  P ro fe s so r ,  Warren L. Ro l l e r ,  P ro fe s so r  and P h i l l i p  
C .  Badger, Research Assoc ia te ,  Department of A g r i c u l t u r a l  Engineering, 
Ohio A g r i c u l t u r a l  Research and Development Center ,  Wooster, Ohio 44691. 



were i n s u l a t e d  and t h e  bottom is  expected t o  become i n s u l a t e d  a s  t h e  warm 
pond d r i e s  ou t  t h e  surrounding s o i l .  

The pond w a l l s  were designed t o  accommodate a s t anda rd  " c l e a r  span" p l a s t i c  
covered greenhouse. The p i p e  frame f o r  t h e  cover  i s  shown i n  F igure  2.  
This  a i r - i n f l a t e d  double p l a s t i c  cover was i n s t a l l e d  over  t h e  p i p e  frame 
t o  1 )  he lp  i n s u l a t e  t h e  pond, 2) minimize d i r t  and t r a s h  contamination, 3) 
q u i e t  t h e  s u r f a c e  t o  reduce l i g h t  s c a t t e r  and g rad ien t  mixing, and 4) r a i s e  
t h e  humidity above t h e  water  s u r f a c e  t o  c o n t r o l  evaporat ion.  A r e f l e c t o r  
was designed f o r  t h e  i n s i d e  no r th  greenhouse w a l l  t o  i n c r e a s e  t h e  e f f e c t i v e  
c o l l e c t i o n  a r e a  of t h e  pond. 

A 1 . 8  m (6 f t . )  convec t ive  zone of approximately 20% s a l t  (sodium ch lo r ide )  
was e s t a b l i s h e d  i n  t h e  bottom h a l f  of t h e  pond. The top h a l f  has  a concen- 
t r a t i o n  g rad ien t  t h a t  v a r i e s  from 20% a t  t he  1 . 8  m (6 f t . )  depth t o  zero a t  
t h e  su r f ace .  This  top  s e c t i o n  is non-convective (no c i r c u l a t i o n  occurs)  
s i n c e  the  f l u i d  dens i ty  i n c r e a s e s  from t h e  s u r f a c e  t o  t h e  mid-depth of t h e  
pond. 

The s a l t  concent ra t ion  g rad ien t  was e s t a b l i s h e d  according t o  a technique 
developed by Nielsen (1975). The pond was f i l l e d  t o  t h e  three-qbar te r  
l e v e l  wi th  a 20% s o l u t i o n .  Fresh water  was c a r e f u l l y  d i s t r i b u t e d  over a 
f l o a t i n g  s h e e t  of plywood u n t i l  t h e  pond was f u l l .  The s i z e a b l e  d e n s i t y '  
d i f f e r e n c e  of t h e  f reshwater  and concentrated b r i n e  r e s u l t e d  i n  two d i s t i n c t  
s e c t i o n s  wi th  l i t t l e  mixing. A pump wi th  two i n l e t s  was then  used t o  
e x t r a c t  equal  amounts of f l u i d  from each s e c t i o n .  The pump mixed the  20% 
s o l u t i o n  w i t h  t h e  f reshwater  t o  g e t  a 10% s o l u t i o n .  The 10% s o l u t i o n  was 
i n j e c t e d  between t h e  o r i g i n a l  s e c t i o n s  c r e a t i n g  a new concen t r a t ion  zone 
occupying one- th i rd  of Lht! top h a l f  of t h e  pond. Subsequently,  t h e  t h r e e  
(0%, lo%,  20%) zones were used t o  form f i v e  zones (0%, 5%, lo%, 15%, and 
20%) and the  5 zones were used t o  form n ine  f i n a l  zones. The n i n e  f i n a l  

.zones were approximately 20 cm ( 8  i n . )  t h i c k  which was sma l l  enough f o r  a 
p e r f e c t  g rad ien t  t o  even tua l ly  form by d i f f u s i o n  and mixing. 

RADIATION COLLECTION AND HEAT STORAGE 

The s o l a r  pond is hea ted  by s o l a r  r a d i a t i o n  pass ing  through t h e  s a l t w a t e r  
t o  t h e  b l ack  l i n e r  ho ld ing  t h e  l i q u i d .  A s  t h e  b l ack  l i n e r  temperature 
i n c r e a s e s ,  h e a t  is t r a n s f e r r e d  t o  t h e  20% b r i n e  i n  t h e  bottom h a l f  of t h e  
pond. The hea ted  20% b r i n e  r i s e s  no h igher  than t h e  bottom l a y e r  of t he  
g rad ien t  and coo le r  20% b r i n e  moves down t o  r ep l ace  i t .  The upper non- 
convect ive reg ion  is  n e a r l y  t r anspa ren t  t o  incoming u l t r a - v i o l e t  and v i s i b l e  
r a d i a t i o n  and n e a r l y  opaque t o  incoming inf ra - red  and outgoing long-wave 
r e - r ad ia t ion .  One meter (39.5 i n )  of non-convective water  is a good insu la-  
t o r  wi th  a conduct iv i ty  equ iva l en t  t o  approximately 6 cm (2.4 i n )  of s tyro-  
foam. Since t h e  w a l l s  a r e  a l s o  i n s u l a t e d ,  l o s s e s  a r e  reduced s i g n i f i c a n t l y .  



A major advantage of t h e  s o l a r  pond is t h a t  both summer and win te r  rad ia-  
t i o n  can be c o l l e c t e d  and s t o r e d  f o r  l a t e r  use.  Af t e r  a  f u l l  summer's 
r a d i a t i o n ,  t h e  pond temperature throughout t h e  bottom h a l f  could conceiv- 
ab ly  approach b o i l i n g .  The l i m i t a t i o n  of t h e  OARDC pond is  800C ( 1 8 0 0 ~ )  
t o  main ta in  l i n e r  s t a b i l i t y .  This  upper temperature l i m i t  may b e  cont ro l -  
l e d  wi th  d ischarge  h e a t  exchangers o r  by covering t h e  pond wi th  an 
opaque f i lm.  

RESULTS 

S a l t  concent ra t ion  p r o f i l e s  f o r  t h r e e  per iods  s i n c e  cons t ruc t ion  can b e  
seen  i n  F igure  3. The J u l y  23, 1975, p r o f i l e  was taken soon a f t e r  t h e  
g rad ien t  was e s t a b l i s h e d .  A number of l o c a t i o n s  of cons tan t  concen t r a t ion  
i l l u s t r a t e  t h e  n a t u r e  of t h e  s tepwise  g rad ien t .  The h o r i z o n t a l  p o r t i o n s  
nf t h e  curves a r e  e s s e n t i a l l y  convect ive zones. By September 3,  1975, t h e  
s tepwise  g rad ien t  had d i f fused  i n t o  a  n e a r l y  p e r f e c t  g rad ien t  i n  t h c  top 
h a l f  of t h e  pond. A s t r o n g  g rad ien t  between t h e  depths of 40 and 200 cm 
s t i l l  e x i s t e d  on January 22, 1976. However, s a l t  d i f f u s i o n  and wind induced 
mixing had formed a convect ive zone a t  t h e  su r f ace .  The b r i n e  depth had 
been reduced by s u r f a c e  e v a p o r a t i u ~ ~  aud a smal l  l e a k  i n  t h e  pond bottom 
t h a t  was r epa i r ed  i n  March, 1976. 

The g rad ien t  has  r equ i r ed  l i t t l e  maintenance s i n c e  es tab l i shment .  S a l t  
d i f f u s e s  very s lowly from the  more concentrated b r i n e  a t  t he  bottom t o  t h e  
l e s s  concent ra ted  b r i n e  a t  t h e  top.  The d i f f u s i o n  r a t e  i n  t h e  OARDC pond 
has  been c a l c u l a t e d  t o  b e  726 kg (1600 l b . )  p e r  yea r .  For maintenance, 
b r i n e  is. f lushed  o f f  t h e  s u r f a c e  and f reshwater  added approximately every 
s i x  months. This  maintenance technique has been most s u c c e s s f u l  wi th  a  
cover over  t h e  pond. Wind can sometimes keep t h e  s u r f a c e  mixed more than 
des i r ed .  

The temperature p r o f i l e  on t h r e e  d i f f e r e n t  d a t e s  can be seen  on Figure  4. 
The maximum temperature of t h e  pond has  beeri 45.5OC (1140F) on September 
16,  1975. This  maximum was below t h e  d e s i r e d  820C (180°F) and may have 
r e s u l t e d  from h e a t  l o s t  i n  drying o u t  t h e  s o i l  under and around ' the pond. 
Actual  c o l l e c t i o n  e f f i c i e n c i e s  and va r ious  modes of h e a t  l o s s  a r e  
r ece iv ing  f u r t h e r  eva lua t ion  t o  exp la in  t h e  temperature responses.  It should 
be  noted t h a t  t h e  temperature p r o f i l e  is very s i m i l a r  t o  t h e  concen t r a t ion  
p r o f i l e  e s p e c i a l l y  a f t e r  per iods  of cloudy weather.  

The changes' i n  maximum pond temperature can b e  seen  i n  F igure  5 . i n  r e l a t i o n  
t o  weekly r a d i a t i o n  and average o u t s i d e  temperature.  The pond temperature 
d id  n o t  f l u c t u a t e  a s  much a s  t h e  r a d i a t i o n  and o u t s i d e  a i r  temperatures ,  
b u t  each f a c t o r  had a  s i m i l a r  t r end  l i n e .  The pond temperature i n  l a t e  
August was l i m i t e d  by reduced r a d i a t i o n  and a  polyethylene f i l m  put  on the  
s u r f a c e  t o  keep o u t  d e b r i s  and d i r t  from cons t ruc t ion  work n e a t  t h e  s i t e .  
Much d e b r i s  and a l g a e  growth c o l l e c t e d  on t h e  f i l m  s u r f a c e  and t h e  pond 
temperature remained cons tan t .  The average pond temperature had been gain- 
ing  approximately 0 . 5 O ~    OF) per  day p r i o r  t o  covering.  The pond w a s  
subsequent ly covered wi th  a  greenhouse s t r u c t u r e  i n  November, 19 75, r e s u l t -  
i ng  i n  a  r educ t ion  i n  pond temperature f l u c t u a t i o n s .  The o v e r a l l  e f f e c t  of 
t h e  greenhouse is  be ing  s tud ied .  



I 
The s o i l  ' temperature below t h e  pond was monitored i n  r e l a t i o n  t o  t h e  
bottdm pond water  temperature and a r e f@rence  s o i l  temperature equiva- 
l e n t  i n  depth t o  t h e  pond bottom (Figure  6 ) .  I n  t h e  f i r s t  yea r  of oper- 
a t i o n ,  t h e  s o i l  be,neath t h e  l i n e r  was n o t  heated enough t o  dry ou t  and 
was h ighly  a f f e c t e d  by t h e  pond temperature.  Cooling occurred i n  a l l  
measured l o c a t i o n s  a s  t h e  average o u t s i h e  a i r  temperature decreased. 
There should be  l e s s  cool ing  under t h e  pond i n  f u t u r e  y e a r s ,  however, i f  
t h e  pond func t ions  a s  planned. 

There a r e  s t i l l  numerous ques t ions  t o  be  answered concerning t h e  f e a s i -  
b i l i t y  of t h e  s o l a r  pond a s  a h e a t  s t o r a g e  device.  The f i r s t  r e a l  t e s t  
of h e a t  e x t r a c t i o n  is planned f o r  1977. Pond s t a b i l i t y  a t  h igh  temper- 
a t u r e s  w i l l  b e  t e s t e d  and eva lua ted .  I f  a l l  c o l l e c t i o n  and h e a t  t r a n s f e r  
processes  prove f e a s i b l e ,  pond cons t ruc t ion  i n t e g r i t y  may become one of 
t he  most c r i t i c a l  f a c t o r s .  S o l a r  ponds must be leakproof o r  be construc-  
t ed  t o  handle  l eaks  t h a t  may occur a t  any time. Any l e a k s  r e s u l t '  i n  t h e  
pond l o s i n g  both h o t  b r i n e  and dry s o i l  i n s u l a t i o n .  Likewise, l eak ing  
b r i n e  may s e r i o u s l y  contaminate surrounding water  sources  and s o i l s .  'Cur- 
r e n t l y ,  almost a l l  ponds o r  pools  l e a k  o r  can b e  expected t o  l e a k  a t  some 
time. There a r e  no c o n s i s t e n t l y  e f f e c t i v e  ways of i d e n t i f y i n g  and patch- 
ing  b r i n e  source  l eaks  wi thout  d ra in ing  t h e  pond. Such problems, however, 
may be  solved wi th  new l i n e r  technology. 

Other problems observed i n  cons t ruc t ing  and ope ra t ing  open ponds a re :  L) 
wind w i l l  cause s u r f a c e  mixing, 2) r a i n  water  must be  removed a f t e r  s torms 
and water  must b e  added t o  make up evapora t ive  l o s s e s  and 3) o rgan ic  d e b r i s  
such a s  leaves  w i l l  g e t  blown i n t o  t h e  pond. Leaves a r e  buoyant a t  
approximately 75 c m  (30 i n )  below t h e  su r f ace .  These l eaves  can i n t e r -  
f e r e  wi th  l i g h t  t ransmiss ion  f o r  t h r e e  t o  fou r   month^ be fo re  s i n k i n g  t o  
t h e  bottom. 

Much more is y e t  t o  b e  learned  about  s o l a r  ponds. The p o t e n t i a l  is exc i t -  
i ng  - t h e  unant ic ipa ted  problems a r e  f r u s t r a t i n g  and o f t e n  c o s t l y .  The n e t  
r e s u l t  w i l l  hopefu l ly  b e  an accep tab le  and economical s o l u t i o n  t o  t h e  
c o l l e c t i o n ,  s t o r a g e  and u t i l i z a t i o n  of s o l a r  energy f o r  process  o r  space  
hea t ing .  
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Figure 1. The solar pond is shown to the right of the two-module Agricultural Engineering greenhouse. 
Heat from the pond will be discharged in the covered and nearest greenhouse module. The 
adjacent module will be covered and hested conventionally. 
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Pigure 3 .  Solar  pond concentrat ion p r o f i l e s  f o r  th ree  d i f f e r e n t  da tes  a f t e r  pond establishment. 
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Figure 4. Solar pond temperature profiles for three different dates after pond establishment. 
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WEEKLY AVER AGE: 

A POND BOTTOM TEMPERATURE 

SOIL TEMPERATURE, 15 CM ( 6.) BELOW .LINER 

a SOlL TEMPERATURE, 81 CM,(32') BELOW LINER 

a SOlL TEMPERATURE, REFERENCE R R  POND BOTTOM 
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Figure  6 .  The r e l a t i o n s h i p  of s o i l  temperatures below t h e  pond to  a r e fe rence  s o i l  t=mperature 
a t  t h e  same depth as t he  pond bottom. 
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THERMAL STORAGE I N  GRAIN DRYING 

Steven R. Eckhoff and Mar t in  R. Okos 
1 

Technological  advancements i n  t h e  l a s t  twenty yea r s  have brought about many 
changes i n  accepted farming p r a c t i c e s .  One of t h e  most n o t i c e a b l e  has  been t h e  
change from e a r  corn ha rves t  and s t o r a g e  t o  s l le l led  corn methods. Although t h e  
a r t i f i c i a l  d ry ing  a s s o c i a t e d  wi th  s h e l l e d  corn  ha rves t  r e q u i r e s  l a r g e  amounts 
of energy, t h e  o v e r a l l  ha rves t  is a  more e f f i c i e n t  one. Ear corn occupies  
twice  t h e  s t o r a g e  space f o r  t h e  same amount of g r a i n ,  n a t u r a l l y  v e n t i l a t e d  c r i b s  
a r e  open t o  roden t s ,  t h e  ha rves t  and handl ing equipment used is b u l k i e r  and more 
expensive, and t h e  system has  h igher  f i e l d  l o s se s .  I n  a d d i t i o n ,  e a r  corn harves t -  
i n g  is  more weather dependent, s i n c e  g r e a t e r  emphasis is  placed on f i e l d  dry ing .  

The energy sho r t age  our  country is  exper ienc ing  has  shown t h a t  t h e  p r e s e n t l y  
accepted high temperature  dry ing  a s soc i a t ed  wi th  s h e l l e d  corn  handl ing may qu ick ly  
become obsole te .  Note t h a t  t h i s  obsolescence i s  n o t  due t o  advancing technology, 
a s  was t h e  ca se  wi th  e a r  corn ha rves t i ng ,  but  r a t h e r  is a  r e s u l t  of dwindling 
f u e l  r e se rves .  A s  a  consequence t h e r e  has  been much i n v e s t i g a t i o n  i n t o  t h e  
f e a s i b i l i t y  of n a t u r a l  a i r  and s o l a r  supplemented g r a i n  dry ing  procedures  a s  a 
low energy replacement f o r  high temperature  dry ing .  Research work has  s h o h  
t h a t  d ry ing  wi th  n a t u r a l  a i r  and s o l a r  heated a i r  i s  p r a c t i c a l  i n  t h e  Midwest 
(1 ,2) ,but  t h a t  i t  has  an i nhe ren t  problem i n  t h e  u n p r e d i c t a b i l i t y  of t h e  ambient 
a i r  temperature  and of t h e  d i r e c t  s o l a r  r a d i a t i o n  a v a i l a b l e  dur ing  t h e  dry ing  
per iod .  

The a b i l i t y  of a  c rop  dry ing  system t o  work s a t i s f a c t o r i l y  i n  a l l  s i t u a t i o n s  
without  spo i l age  is  important .  Natura l  o r  s o l a r  g r a i n  dry ing  cannot be s a t i s -  
f a c t o r y  f o r  j u s t  9  ou t  of 1 0  yea r s  o r  even 19 ou t  of 20 y e a r s ;  i t  must be 
s a t i s f a c t o r y  every year .  This  is necessary  because i t  is  imposs ib le  t o  d e t e r -  
mine t h e  year  when t h e  system w i l l  f a i l  u n t i l  t h e  g r a i n  has  a l r e a d y  reached 
a  c r i t i c a l  s i t u a t i o n  demanding h igh  temperature  drying.  Fuel might be a v a i l a b l e  
f o r  a  few d r y e r s  i n  such an emergency but  t h e  demand would be t oo  g r e a t  t o  supply 
a  l a r g e  a r e a  on such s h o r t  n o t i c e .  

Technology f o r  n a t u r a l  a i r  and s o l a r  g r a i n  dry ing  systems must be developed t o  
. a  l e v e l  which e l i m i n a t e s  t h e  need f o r  a  backup dry ing  ,system and is a s  r e l i a b l e  

a s  t h e  e x i s t i n g  h igh  temperature  systems. The purpose of t h i s  paper is  
t o  i n v e s t i g a t e  how thermal  energy s t o r a g e  can be used f o r  in-bin g r a i n  dry ing  
t o  enhance t h e  dry ing  confidence. 

I THERMAL STORAGE I N  DRYING 

There a r e  two concepts  f o r  u t i l i z i n g  thermal s t o r a g e  i n  s o l a r  g r a i n  drying:  
long term and s h o r t  t e r m  s to r age .  Long term thermal s t o r a g e  would make a v a i l a b l e  
i n  t h e  f a l l  s o l a r  energy from t h e  summer. Such a  s t o r a g e  f a c i l i t y  would be 
charged dur ing  t h e  summer by means of s o l a r  c o l l e c t o r s  ope ra t i ng  a t  low a i r  f low 
r a t e s  and high temperatures .  The s t o r e d  energy could then be used i n  t h e  f a l l  
a s  needed f o r  drying.  

' ~ r a d u a t e  A s s i s t a n t  and A s s i s t a n t  P ro fe s so r ,  A g r i c u l t u r a l  Engineering Depart- 
ment, Purdue Un ive r s i t y ,  W. La faye t t e ,  Indiana.  



A long term s t o r a g e  f a c i l i t y  would by i ts  n a t u r e  be very l a r g e  and hold a  l a r g e  
amount of hea t .  The a c t u a l  amount of s t o r a g e  m a t e r i a l  needed would depend on 
t h e  p a r t i c u l a r  m a t e r i a l  used and t h e  s i z e  of t h e  a s s o c i a t e d  g r a i n  dry ing  f a c i l i t y .  
One c h a r a c t e r i s t i c  of long term s t o r a g e  is t h a t  t h e  s t o r a g e  temperature can be 
much h ighe r  than t h e  normal e f f i c i e n t  ope ra t ing  temperature of a  s o l a r  c o l l e c t o r .  
Concentrat ing c o l l e c t o r s  could charge t h e  s t o r a g e  t o  even h igher  temperatures .  
High temperatures  a r e  advantageous f o r  s p e c i f i c  h e a t  s t o r a g e  m a t e r i a l s  s i n c e  t h e  
s t o r a g e  volume needed decreases  as t h e  charging temperature i nc reases .  

The i n i t i a l  c o s t  of a  long term s t o r a g e  f a c i l i t y  might a t  f i r s t  appear pro- 
h i b i t i v e ,  but such a  l a r g e  s t o r a g e  system a l lows  much f l e x i b i l i t y  when considered 
a s  p a r t  of a  t o t a l  farmstead s o l a r  u t i l i z a t i o n  system. Other p o s s i b l e  uses  f o r  
s o l a r  energy on t h e  farm such a s  hea t ing  l i v e s t o c k  v e n ? i l a t i o n  a ir ,  space hea t ing  
f o r  shop and home, and water  hea t ing ,  he lp  spread t h e  c o s t  over  more ope ra t ions  
and time. The s t o r a g e  device  could be a  l a r g e  c e n t r a l  f a c i l i t y  hea ted  by s o l a r  
c o l l e c t o r s  from each 'of  t h e  s e p a r a t e  a p p l i c a t i o n s  o r  s e v e r a l  sma l l e r  s t o r a g e  
f a c i l i t i e s  could be used i f  a l l  w e r e  a v a i l a b l e  f o r  use  during g r a i n  drying.  

A l t e r n a t i v e l y ,  a  thermal s t o r a g e  device  could be used f o r  s h o r t  term s to rage .  
Shor t  term s t o r a g e  would s t o r e  h e a t  normally a v a i l a b l e  only  during t h e  day f o r  
use  a t  n igh t .  There a r e  many d i f f e r e n t  modes of ope ra t ion  for a s h o r t  term 
s t o r a g e  system, but un le s s  a  second s o l a r  c o l l e c t o r  is used t o  hea t  t h e  s t o r a g e  
dur ing  t h e  day, on ly  a  minimal ga in  i n  t o t a l  energy would be a v a i l a b l e  f o r  drying 
g r a i n .  This  ga in  would be due t o  t h e  temperature d i f f e r e n c e  between t h e  average 
daytime ambient a i r  and t h e  average n i g h t  t ime ambient a i r ,  but  t h e  d i f f e r e n c e  
is  u s u a l l y  small .  According t o  t h e  Purdue Climatology Department, t h e  average 
temperature d i f f e r e n c e  between t h e  d a i l y  high and t h e  d a i l y  low f o r  October and 
November i n  West La faye t t e ,  Indiana is  only  about 20 '~ .  The average temperature 
d i f f e r e n c e  f o r  t h e  day would be on t h e  o r d e r  of only 10°F. Such a  low tempera- 
t u r e  d i f f e r e n t i a l  would r e q u i r e  a  very l a r g e  s t o r a g e  volume t o  s t o r e  an  apprec- 
i a b l e  amount of energy. 

Some re sea rche r s  f e e l  t h a t  damping t h e  temperature f l u n c t u a t i o n  between day and 
n i g h t  o f f e r s  an advantage i n  prevent ing rewet t ing  of t h e  g r a i n  dur ing  t h e  n i g h t .  
This  may be a  v a l i d  use  f o r  thermal s t o r a g e  but  t h e  same r e s u l t  may poss ib ly  
be accomplished more inexpens ive ly  with t h e  use of a t imer  t o  t u r n  t h e  b in  fan  
o f f  in t h e  evening. Xoderation of t h e  temperature v a r i a t i o n  a l s o  appears  t o  
make poor u se .o f  t h e  c o l l e c t e d  s o l a r  energy. The s p e c i f i c  hea t  of a i r  i s  f a i r l y  
cons t an t  over t h e  t y p i c a l  range of ambient a i r  temperatures  s o  t h a t  t h e  en tha lpy  
change i n  t h e  a i r  when it  i s  r a i s e d  f r o m . 4 5 ' ~  t o  55OF is n e a r l y  equ iva l en t  t o  
t h e  en tha lpy  change when t h e  a i r  is r a i s e d  from 70°F t o  80°F. It can be seen 
from a psychrometric c h a r t  t h a t  whi le  t h e  change i n  e n t h a l p i e s  a r e  equ iva l en t ,  
t h e  dry ing  p o t e n t i a l  of t h e  warmer a i r  i s  twenty percent  g r e a t e r .  This would 
i n d i c a t e  t h a t  i t  is more e f f i c i e n t  t o  use  t h e  c o l l e c t e d  s o l a r  energy dur ing  
t h e  day than a t  n i g h t  when t h e  ambient a i r  temperature is lower. 

Of t h e  two uses  f o r  thermal  s t o r a g e  i n  drying,  long term s t o r a g e  seems t o  be 
t h e  most p r a c t i c a l  choice.  Long term s t o r a g e  o f f e r s  independence from t h e  
day t o  dpy weather problems t h a t  could h inde r  t h e  e f f e c t i v e  use of a  s h o r t  
term s to rage .  J u s t  t h e  assurance  t h a t  t h e r e  is  h e a t  a v a i l a b l e  f o r  dry ing  
be fo re  t h e  g r a i n  is harves ted  g i v e s  t h e  farmer a  b e t t e r  oppor tuni ty  t o  make 
good management dec is ions .  



SOIL STORAGE 

The thought of us ing  s o i l  a s  a  hea t  s t o r a g e  medium is  noth ing  new. During 
t h e  e a r l y  work wi th  hea t  pumps i n  t h e  1940's  and 19501s,  s o i l  was cons ider -  
ed a  p o s s i b l e  hea t  source  f o r  t h e  evapora tor  c o i l  s i n c e  t h e  n a t u r a l  d i u r n a l  
c y c l e  would add h e a t  back i n t o  t he  s o i l  (3 ,4 ,5) .  A major problem a r o s e  wi th  
t h i s  use when ground water ,  which flows from warm a r e a s  t o  coo l  a r e a s ,  caused 
t h e  hea t  t r a n s f e r  p ipes  t o  f r e e z e ,  p revent ing  s u f f i c i e n t  hea t  t r a n s f e r .  This  
f r e e z i n g  problem prevented f u r t h e r  c&s ide ra t i on  of  s o i l  a s  a  s t o r a g e  medium. 

The oppos i t e  problem occured when r e s e a r c h e r s  proposed us ing  waste h e a t  from 
process ing  and power p l a n t s  t o  hea t  nearby farm land  (6,7). The r e sea rche r s  
found t h a t  when hea t  was app l i ed ,  ground water  would flow away from t h e  hea t  
t r a n s f e r  p ipes  bur ied  i n  t h e  s o i l .  A s  can be seen from Figure  1, thermocon- 
d u c t i v i t y  and hea t  capac i ty  decrease  r a p i d l y  a s  t h e  s o i l  mo i s tu re  decreases .  The 
r e s u l t  was t h a t  very  l i t t l e  hea t  was t r a n s f e r r e d  when t h e  s o i l  d r i e d  ou t .  

More r e c e n t l y ,  r e sea rch  has  been done a t  Corne l l  Un ive r s i t y  us ing  s o i l  s t o r a g e  
i n  connect ion wi th  s o l a r  greenhouse h e a t i n g  (8,9) .  - Thei r  experiment used s i x  
18-inch d iameter  s teel  condu i t s  bu r i ed  s i x  f e e t  on c e n t e r  under a  f o r t y  f o o t  
long greenhouse. Once aga in ,  t h e  major problem was l ack  of s u f f i c i e n t  hea t  
t r a n s f e r  due t o  dry ing  of t h e  s o i l  around t h e  condui t s .  

Other than t h e  dry ing  problem, s o i l  appears  t o  be a  promising long  term s t o r a g e  
medium f o r  s o l a r  energy u t i l i z a t i o n .  S o i l  has  s u f f i c i e n t  hea t  capac i ty  and 
thermoconduct ivi ty  provided adequate  water  i s  p re sen t .  S o i l  is a l s o  r e a d i l y  
a v a i l a b l e  and u t i l i z a t i o n  of s o i l  l o c a t e d  beneath b u i l d i n g s  o r  f eed  l o t s  would 
no t  r e q u i r e  a d d i t i o n a l  space.  Any hea t  l o s s e s  from a s t o r a g e  system under a  
b u i l d i n g  would n o t  be l o s t ,  bu t  r a t h e r  "recaptured" i n  t h e  bu i ld ing .  

A p o s s i b l e  s o l u t i o n  t o  t h e  p ipe  dry ing  problem i n  t h e  s o i l  i s  p r e s e n t l y  being 
i n v e s t i g a t e d  a t  Purdue ( 1 0 , l l ) .  The proposed system would prevent  any mo i s tu re  
migra t ion  away from t h e  hea t  t r a n s f e r  s u r f a c e  by encas ing  t h e  s t o r a g e  s o i l  mass 
w i th in  an impermeable membrane such a s  a  commercially a v a i l a b l e  pond l i n e r .  
The s o i l  would be s a t u r a t e d  wi th  water ,  p rovid ing  good con tac t  wi th  t h e  h e a t  
t r a n s f e r  p ipes .  The p ipes ,  unper fora ted  f o u r  i nch  p l a s t i c  d ra inage  t i l e ,  w i l l  
be placed i n  an a r r a y  w i th in  t h e  s o i l  mass, a s  shown i n  F igure  2. 

A f i n i t e - d i f f e r e n c e  hea t  t r a n s f e r  model f o r  t h e  s o i l  s t o r a g e  has  been developed 
t o  determine t h e  important  parameters  and necessary  dimensions f o r  adequate  thermal  
s t o r a g e  i n  s o i l .  The modified Saul 'yev i t e r a t i v e  procedure was u t i l i z e d  t o  g i v e  
a numerical  s o l u t i o n  t o  t h e  d i f f e r e n t i a l  equa t ions  governing uns teady-s ta te  
hea t  t r a n s f e r .  The program c a l c u l a t e s  t h e  hea t  t r a n s f e r r e d  by convect ion from 
t h e  a i r  i n  one p ipe  t o  t h e  surrounding s o i l .  The s o i l  mass is assumed t o  have 
i n s u l a t e d  boundaries.  Heat flow i n  t h e  a x i a l  d i r e c t i o n  is ignored but t h e  l e n g t h  
of t h e  p ipe  is d iv ided  i n t o  segments and an i t e r a t i v e  energy balance is used 
t o  c a l c u l a t e  t h e  a i r  temperature  i n  t h e  p i p e  a s  a  func t ion  of l ength .  

The computer model was used t o  determine t h e  most economical p ipe  spac ing  f o r  
a long term s o i l  s t o r a g e  system. Three d i f f e r e n t  des ign  assumptions were .used 
t o  eva lua t e  t h e  most s u i t a b l e  spacing:  a  cons t an t  s i z e  s t o r a g e  mass, a cons t an t  
number of h e a t  t r a n s f e r  p ipes ,  and a l l  spac ings  of t h e  p ipe  g iv ing  an equi-  
v a l e n t  h e a t  ou tput .  The s t o r a g e  was considered t o  be f u l l y  charged a t  1 5 0 ° ~  a t .  
t h e  s t a r t  of t h e  t e s t  and t h e  i n l e t  a i r  ass igned  a  cons t an t  va lue  of 70°F. 



A 120 hour d ischarg ing  t ime w a s  chosen t o  r ep re sen t  a s u i t a b l e  t ime of opera t ion  
f o r  use  w i t h  g r a i n  drying. The o t h e r  phys i ca l  parameters s e l e c t e d  f o r  t h e  com- 
p u t e r  runs  were: 

A i r  d e n s i t y  = 0.0667 lbm/f t3  

A i r  v i s c o s i t y  = 0.045 lbm/ft-hr 

A i r  thermoconduct ivi ty  = 0.0157 Btu/f t-hr-OF .,". 
A i r  h e a t  capac i ty  = 0.24 Btu/lbm-OF 

S o i l  thermoconductivity = .80 Btu/ft-hr-"F 

S o i l  h e a t  capac i ty  = 36.8 Btu/f t3-OI?  

S o i l  d e n s i t y  = 100 lbm/ft3 

S o i l  bed l eng th  = 50 f t  

S o i l  bed diameter  = va r i ed  from 12 inches  t o  96 inches  

T i l e  diameter  = 4 inches  

A i r  flow r a t e  = 100 CFM/tile 

~ i t h ' t h e  assumption t h a t  t h e  volume of s t o r a g e  m a t e r i a l  is t h e  same f o r  a l l  
p ipe  spacing,  t h e  encasing l i n e r  and escavat ion  c o s t s  become cons t an t  f o r  a l l  
p ipe  spacings.  The only c o s t  which can vary is t h e  c o s t  of t h e  t i l e .  The r e s u l t  
of vary ing  t h e  p ipe  spacing is  t a b u l a t e d  i n  Table 1 and g raph ica l ly  represented  
i n  F igure  3. Even though t h e  t o t a l  energy output  decreases  wi th  t h e  i n c r e a s e  
i n  spac ing ,  t he  c o s t  per  Btu decreases  due t o  t h e  a d d i t i o n a l  energy per  p ipe  
t r a n s f e r r e d  a t  t h e  l a r g e r  p ipe  spacing.  

Another method of comparing t i l e  spac ings  is t o  a l low t h e  s i z e  of t h e  s t o r a g e  
t o  change and t o  have an equa l  number of p ipes  f o r  a l l  p ipe  spacings.  In  t h i s  
manner t h e  a i r  flow through each system and t h e  t i l e  c o s t s  a r e  both he ld  con- 
s t a n t  whi le  t h e  excavat ion and l i n e r  c o s t s  vary  wi th  d i f f e r e n t  spacings.  The 
s t o r a g e  bed conf igu ra t ion  v a r i e s  f o r  each spacing but  a wfdth t o  depth  r a t i o  
of 2 : l  and a cons tan t  50 f o o t  l eng th  can be assumed f o r  des ign  uniformity.  
A max-imum p r a c t i c a l  design depth of 20 f e e t  should a l s o  be used. 

Table 2 g ives  a t a b u l a t i o n  of t h e  r e s u l t s  of t h e  a n a l y s i s  which a r e  shown 
g r a p h i c a l l y  on f i g u r e s  4, 5 ,  and 6. The c o s t  pe r  Btu was b a s i c a l l y  cons t an t  
f o r  t h e  spac ings  from 12 inches t o  28  inches  wi th  a s l i g h t  minimum a t  t h e  28 inch  
spacing.  Some of t h e  v a r i a b i l i t y  i n  c o s t  is due t o  t h e  change i n  t h e  designed 
bed s i z e s .  

Probably t h e  most f e a s i b l e  assumption f o r  comparing t h e  v a r i e d  p ipe  spac ings  
i s  equa l  Btu output  over  t h e  d i scha rge  time. This assumption a l lows  f o r  t he  
v a r i a t i o n  i n  t h e  number of p ipes  as w e l l  a s  t h e  bed s i z e .  The bed configura-  
t i o n  w a s  based upon t h e  same c r i t e r i a  descr ibed  above. Table 3 and Figure  7 
g ive  t h e  r e s u l t s  of t h i s  comparison. 

The r e s u l t s  i n d i c a t e  t h a t  a t i l e  spac ing  of 28 inches  on c e n t e r  is t h e  most 
economical f o r  a long term s t o r a g e  device.  However, changes i n  t h e  r e l a t i v e  
c o s t  of t h e  m a t e r i a l s  used o r  changes i n  some of t h e  phys i ca l  parameters  may 
change t h e  optimum pipe  spacing. 



ROCK STORAGE 

The use  of rocks t o  s t o r e  h e a t  has  worked very w e l l  with s o l a r  energy systems 
(20,21,22,18). While rock has a h e a t  capac i ty  t h a t  i s  only about one - f i f t h  
t h a t  of water  i t  has  many c h a r a c t e r i s t i c s  t h a t  lend i t s e l f  t o  use wi th  a i r  
hea t ing  systems. In  t h e  proper  con f igu ra t ion  a rock s t o r a g e  system can d e l i v e r  
l a r g e  amounts of hea t  wi th  a very  low p res su re  drop through t h e  bed. The f a c t  
t h a t  t h e  p a r t i c u l a t e  n a t u r e  of rocks forms i ts  own flow pa th  and r e q u i r e s  no 
a d d i t i o n a l  hea t  t r a n s f e r  s u r f a c e  i s  a l s o  an advantage, a s  is  t h e i r  low c o s t  and 
high a v a i l a b i l i t y .  

The des ign  c h a r a c t e r i s t i c s  of rock s t o r a g e  has  been i n v e s t i g a t e d  by many 
r e sea rche r s  (12,13,15,17,19) and information concerning t h e  proper  design 
of a rock s t o r a g e  system is a v a i l a b l e .  Because of t h i s ,  an a p p r o p r i a t e l y  designed 
s t o r a g e  system based upon t h e  r e f e rences  w a s  s e l e c t e d  and used f o r  an economic 
comparison between a s o i l  s t o r a g e  system and a rock s t o r a g e  system. s i n c e  a 
4 x 107 Btu s o i l  s t o r a g e  system was used ' t h e  rock s t o r a g e  system w i l l  need t o  
be comparably s i z e d .  A s t o r a g e  system of 40 f t  x 20 f t  c ros s - sec t iona l  a r e a  
and 32 f t  long was chosen. 

A s imu la t ion  model based upon t h e  energy balance a n a l y s i s  of Piumma (14) was 
used t o  a s s u r e  t h a t  app ropr i a t e  h e a t  ou tput  was a v a i l a b l e  from t h i s  s i z e  s t o r a g e  
system. An a i r  flow rate equal  t o  t h a t  through t h e  28 inch  spaced s o i l  s to rage  
system was used t o  ensure  a c l o s e  comparison between t h e  systems. Other phys i ca l  
parameters chosen were: 

Rock diameter  = 2 inches 

Rock d e n s i t y  = 144 lbm/f t3  

Rock h e a t  capac i ty  = .2 Btu/lbm-OF 

Rock void space  = .4 

The a i r  t o  rock h e a t  t r a n s f e r  c o e f f i c i e n t  (h)  was c a l c u l a t e d  from an  equat ion 
empi r i ca l ly  der ived  by ~ b ' f  (16). 

The computer r e s u l t s  show t h a t  a s u f f i c i e n t  amount of hea t  was discharged from 
t h e  s t o r a g e  over  t h e  120 hour per iod .  I n  f a c t ,  a l a r g e  percentage of t h e  hea t  
was t r a n s f e r r e d  out  a f t e r  only 60 hours. The e x c e l l e n t  hea t  t r a n s f e r  and quick 
response a r e  c h a r a c t e r i s t i c  of rock s t o r a g e  systems. 

The conta in ing  s t r u c t u r e  f o r  a r o c k , s t o r a g e  system of t h i s  s i z e  could be a l a r g e  
i n s u l a t e d  conc re t e  s t r u c t u r e  above ground al though i t  would c o s t  n e a r l y  t h r e e  
d o l l a r s  per  square  f o o t  t o  bu i ld .  A more inexpensive p o s s i b i l i t y  would be t o  
put  t h e  rocks  i n  t h e  s o i l .  The s o i l  would supply t h e  s t r u c t u r a l  suppor t  needed 
and a pond l i n e r  s i m i l a r  t o  t h e  one used f o r  s o i l  s t o r a g e  could be used t o  pre- 

. . 
vent  water  from enter fng .  

EmN0MI.C COMPARISON 

The i n i t i a l  cons t ruc t ion  cos t s ;  excluding l abo r ,  f o r  a rock s t o r a g e  system and . 

a s o i l  s torage 'syis tem of equal  Bfu output  (40 'mi l l ion  Btu) can.:be d i r e c t l y  com- 
pared as below: 



S O l X  ROCK 

quan t i ty  c o s t  quant i ty  c o s t  
. , . . 

Storage 633 tons  $ 0.00 1280 tons $ 6400.00 

Liner  

Excavation 633 tons  1280 tons 

To ta l  c o s t  - $1453 .OO - . $ 7822.00 

~ o s  t11000 Btu - 3 . 6 ~  - 2 0 ~  

There is a need f o r  the  u t i l i z a t i o n  of thermal s to rage  with s o l a r  supplemented 
and n a t u r a l  a i r  g r a i n  drying. Thermal s to rage  can increase  the  confidence of 
such low temperature drying procedures t o  s a t i s f a c t o r i l y  replace  the  e x i s t i n g  
high temperature drying techniques. Focus should be given t o  the  development 
of long term s to rage  systems which a r e  low i n  cos t  and f i t  t he  requirements 
f o r  g ra in  drying. P a r t i c u l a r  a t t e n t i o n  should be given t o  the  use of an 
encased s a t u r a t e d  s o i l  thermal s to rage  system because of the  inexpensive mate r i a l s  
needed f o r  construct ion.  Research is needed which w i l l  g ive  experimental and 
a n a l y t i c a l  r e s u l t s  of t h e  f e a s i b i l i t y  of such a system f o r  use with g ra in  drying. 



VOL. FRACTION O F  WATER 
VOL. FRACTION OF AIR IN DRY SOIL. 'FIGURE 1 



- .  SOIL STORAGE 
FIGURE 2 



TABLE 1 

EQUAL STORAGE VOLUME - 50 f t .  x 20 f t .  x 10 f t .  

No. of Pipe Cost 120 hrs. 80 hrs.  40 hrs.  
Spacing Pipes @ $ . l 5 / f t  Total BTUs Out $ / BTU* Total BTUs Out $/BTU Total BTUs Out 

- $/BTU 

. *  - 
* $/BTU i s  figured .only upon the variable t i l e  cost .  



COST V.S. PIPE SPACING FOR A CONSTANT STORAGE BED SIZE AT SEVERAL DISCHARGE TIMES 

HRS 

HRS 

HRS 

PIPE 'SPACING I N  INCHES 

FIGURE 3 .  



TABLE 2 

EQUAL NUMBER OF PIPES - 200 PIPES 

Pipe Excavation , Surf ace Total 
Spacing Cost Area Liner Cost Btu 

(inches) Bed Size  "Olqe ( f t  @ $l.OO/ton ( f t 2 )  ,@ $.21/ft? Output Total Cost . $/BTU 
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BTU COST F O R  DIFFERENT PIPE S P A C I N G  

1 I 1 I 1 1 1 I 1 1 
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FIGURE 6 



TABLE 3 

EQUAL BTU OUTPUT - 4 X 107 BTU'S 

Pipe Excavation Liner 
Spacing No. of Pipe Cost Volume Cost Surf ace Cost 
(inches) BTUIPipe . Pipes @ $ .15/f t Bed Size (ft3) @ $l.OO/ton ~rea(ft~) $.21/ft? Total Cost $/BTU 



EQUIVALENT BTU OUTPUT- 4x10' BTU AT 120 HOURS 

COST 

PIPE SPACING I N  INCHES 
FIGURE 7 
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HEAT STORAGE I N  PHASE CHANGE MATERIALS FOR SOLAR GRAIN DRYING 

Calvin D. ~ a c c r a c k e n l  

The idea ,  s c i e n t i f i c  b a s i s  and experimental t e s t i n g  of c e r t a i n  phase 
change m a t e r i a l s  (PCM1s) f o r  u s e  i n  s o l a r  hea t  s t o r a g e  was pioneered by 
D r .  Maria Telkes ove r  t h e  p a s t  t h i r t y  years  and has been ex tens ive ly  re -  
p o r t e d  by  h e r  i n  t h e  l i t e r a t u r e .  I t  has  n o t  been u n t i l  f a i r l y  
r e c e n t l y ,  however, t h a t  a l l  o f  the  known problems have been overcome, 
t h a t  a house i n s t a l l a t i o n  has opera ted  s u c c e s s f u l l y  f o r  s e v e r a l  years ,  
and t h a t  engineered product ion designs have been developed which have low 
c o s t  and a r e  adaptable  t o  r l~u l t i p l e  uses  i n  t h e  marketplace. 

The two PCM1s most p r a c t i c a l  f o r  and adaptable  t o  s o l a r  use and capable 
of  c u t t i n g  t h e  t o t a l  volume r equ i r ed  compared t o  rocks o r  water  by a 
f a c t o r  o f  5 o r  more a r e  sodium s u l f a t e  decahydrate ( 9 0 ' ~ )  and sodium 
t h i o s u l f a t e  pentahydra te  (118OF). Both o f  them without  p rope r  a d d i t i v e s  
w i l l  Subcool and straLiLy with s o l i d s  s c t t l i n g  t o  t h e  bottom c a u s i n g  
chemical change. 

While a nuc lea t ing  agent e l imina t ing  subcooling had been found f o r  
P C M - ~ O , ~ , ~ , ~ ~  none has been found f o r  PCM-118. Also both o f  thein were 
s u b j e c t  t o  s t r a t i f i c a t i o n  ( s e t t l i n g  ou t )  which reduced performance. 
PCM-118 would n o t  b e  harmed by s t r a t i f i c a t i o n  s o  long a s  t h e  v e r t i c a l  
dimension of  t h e  s a l t  r e s e r v o i r  was n o t  over  1 1/411. 

In October 1976 p a t e n t  3,986,969 was i ssued  t o  D r .  Telkes d i s c l o s i n g  a 
p r a c t i c a l  method o f  mixing a t h i x o t r o p i c  agent ,  a t t a p u l g i t e  c lay ,  t o  form 
a g e l  which p reven t s  s e t t l i n g  out  i n  both s a l t s .  S h o r t l y  another  pa t en t  
w i l l  i s s u e  t o  h e r ,  bo th  ass igned  t o  t h e  Univers i ty  o f  Delaware, d i s c l o s i n g  
a nuc lea t ing  device  f o r  Pa.!-118 which holds  s a l t  i n  c r y s t a l  for111 2 5 ' ~  o r  
more above t h e  mel t ing  po in t .  This device  has been used i n  t h e  S o l a r  One 
house a t  t h e  Un ive r s i t y  o f  Delaware and has opera ted  r e l i a b l y  dur ing  
many cyc les  s i n c e  1973. 

The t h i r d  low cos t  s a l t ,  t r i sodium phosphate dodecahydrate wi th  a d d i t i v e s  
(150°F), was developed by t h e  w r i t e r  i n  1957 t o  provide cons tan t  temper- 
a t u r e  shipping con ta ine r s  f o r  c e r t a i n  s e n s i t i v e  mechanisms such a s  t h e  
guidance system on t h e  P o l a r i s  mi s s i l e .  This  bus iness ,  o r i g i n a l l y  t r ade -  
named T r a n s i t  -Heat, passed through seve ra l  hands b u t  i s  s t i  11 manufactured 
under t h e  name Trans-Temp and has been t e c h n i c a l l y  f u l l y  r e l i a b l e .  

l ~ r e s i d e n t  o f  Calmac Manufacturing Corporat ion,  Box 710, Englewood, New 
J e r s e y  



My company, Calmac Manufacturing Corporation developed and patented13 a 
f reez ing mat f o r  an i c e  skat ing  r ink ,  known a s  ICEMAT , i n  which a bundle 
of 64 small f l e x i b l e  p l a s t i c  tubes a r e  spaced i n  a 4 f t .  wide mat with 
p a i r s  o f  tubes co-extruded. By temperature averaging between the  two 
tubes of t h e  p a i r ,  s ince  they a r e  connected a t  one end with a U-bend, a 
constant hea t  t r a n s f e r  can take  p lace  over the  e n t i r e  r ink  even though t h e  
i n  and out  temperatures may vary by 12OF.. 

This same p r i n c i p l e  has been found t o  be of  advantage both i n  t h e  con- 
s t r u c t i o n  of a mat-type s o l a r  c o l l e c t o r  and i n  heat  exchange t o  PCM1s. A 
b r i n e  flow i c e  r ink  and a s o l a r  c o l l e c t o r  have s i m i l a r  hea t  exchange r a t e s ,  
around 1 Btu pe r  hour pe r  square inch. Considering t h a t  i c e  r inks  have 
mostly gone p l a s t i c ,  t h e r e  i s  l i t t l e  j u s t i f i c a t i o n  f o r  t h e  use  of copper 
o r  aluminum absorber p l a t e s  i n  s o l a r  c o l l e c t o r s  s ince  the lower con- 
d u c t i v i t y  can be more than made up f o r  by increas ing the  a r e a  (pu t t ing  t h e  
tubes c l o s e r  together) .  'ihe SUNMAT s o l a r  c o l l e c t o r ,  using EDPM rubber 
elastomer good t o  400°F,, c a r r i e s  a high e f f i c i ency  and yet  cuts  t h e  cos t  
p e r  square foo t  by a f a c t o r  of  4. 

By r o l l i n g  up an ICEMAT g r i d  with a spacer  mater ia l  i n t o  a s p i r a l  and put -  
t i n g  it i n t o  a cy l indr i ca l  open-top p l a s t i c  tank and f i l l i n g  t h e  tank with 
PCM, a m i f o r m  heat  exchange i s  crea ted  throughout t.he e n t i r e  mass o f  t h e  
PCM so t h a t  a l l  p a r t s  of  it f reeze  and melt a t  t h e  same time. See Fig. 1. 
Thus expansion and contrac t ion  forces  due t o  volume change during fus ion 
a r e  avoided even when i c e  i s  frozen. S t a i n l e s s  s t e e l  U-bends and clamps 
a r e  used. along with p l a s t i c  headers. I t  i s  important t h a t  no more than 
one type of metal be  i n  contac t  with t h e  s a l t  and t h a t  should be s t a i n l e s s  
t o  prevent corrosion from d i s s i m i l a r  metals.  

This  device i s  designed f o r  l i q u i d  t o  be used as t h e  heat  t r a n s f e r  f l u i d  
r a t h e r  than a i r .  The low temperatures associa ted  with s o l a r  work requ i re  
l a rge  a i r .volumes  and ducts .  Unless the  s t r u c t u r e  is  c a r e f u l l y  designed 
t o  allow very shor t  ducts ,  t h e  bulky s i z e  of  t h e  a i r  passages w i l l  e a t  up 
t h e  space savings of t h e  PCM1s.  

In s o l a r  gra in  drying it. i s  f e l t  t h a t  t h e r e  i s  only a l imi ted  market f o r  
a s o l a r  g r a i n  dryer  by i t s e l f  because it is  used f o r  such a small p a r t  
of  a year. However, a machine shed, f o r  which l i k e  c l o s e t s  i n  a house 
t h e r e  i s  always a need, equipped with a s o l a r  c o l l e c t i n g  roof and south 
wall,  could provide water heat ing,  shop heat ing,  grain'  drying, fodder 
drying, l ives tock  heat ing,  and even house heat ing.  This is only p r a c t i c a l  
'with a l i q u i d  system. Buried insu la ted  p l a s t i c  tubing and an a i r  c o i l  
before  the  g ra in  dryer  fan would allow a blending of  outs ide  a i r  and 
heated a i r  i n  any proport ion.  

Thermal s torage  a t  89 o r  90°F would be s u i t a b l e  f o r  a l l  these  appl ica t ions  
provided radiant  f l o o r  heat ing  is  used. Again the  tubing mat, with wooden 
l a t h  f i l l e r  s t r i p s  between t h e  tubes and covered with linoleum, t i l e ,  
carpet  o r  even concrete,  makes a very comfortable he.ating system with only 
8S°F l iquid .  



For gra in  drying it might be most p r a c t i c a l  t o  supply s o l a r  hea t  from 
s torage  only when the' sun i s  not  out and use ambient a i r  alone on sunny 
days. 

For app l i ca t ions  r equ i r ing  s torage  temperatures under 89" a s e r i e s  of 
o the r  s a l t s  g iv ing e u t e c t i c  mixtures may be added t o  t h e  sodium s u l f a t e  
t o  lower the  melting po in t .  These include potassium n i t r a t e ,  sodium 
chlor ide  and ammonium chlor ide  as described i n  t h e  pa tent  on t h e  thixo- 
t r o p i c  agent above. Melting po in t s  down t o  40°F may be achieved. 

The cos t  of t h e  Sunmat c o l l e c t o r  g r i d  including headers and f i t t i n g s  runs 
around $1.50 p e r  square foot .  I t  should be mounted on top  of the  roof 
running lengthwise s o  a s  t o  use a s  few headers and U-bends as  possible.  
Other ma te r i a l s  purchased l o c a l l y  may run t o  .another $1.00 o r  so. Heat- 
Bank s torage  u n i t s  run from $1.00 t o  $2.50 per  1,000 Btu's depending on 
the  s i z e  of  the  i n s t a l l a t i o n .  Radiant f l o o r  mats may run $. 75 per  square 
foo t  no t  including covering. 

By using the  sun a l l  year  long t h e  investment becomes very p r a c t i c a l  with 
paybacks of f i v e  years  o r  so'. When financed by long term mortgages and 
with various t a x  c r e d i t s  applicab,le,  it can make you money from t h e  s t a r t ,  
save na t iona l  energy, g ive  you protec t ion  against  shor t  ages, dry your 
gra in  on time, and give you a new bui ld ing i n  t h e  bargain. 
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SOLAR DRYING OF WHEAT 

John R. Barret t , Jr . l and Jay B. s tevens2 

Harvest of high-moisture wheat followed by low-temperature in-bin drying can 
potentially benefit a grower who needs to 1) improve the quality of grain 
and reduce harvest losses, 2) harvest between rains in inclement weather, 
3) better.utilize.equipment and labor over a longer harvest period, and/or 
4) 'plant a second soybean crop up to 7 days earlier than would be possible 
without in-bin drying. 

~lthough some Midwest farmers routinely artificially dry wheat rather than 
letting it dry naturally in their fields, drying is not a normal practice 
in the Midwest, as it is in some parts of Canada and the USSR where ex- 
cessive moisture at harvest is a major problem. 

RE SEARCH 

During the summers of 1975 and 1976, research was conducted by ARS, USDA, 
and Purdue University to compare in-bin drying of wheat using solar heated 
air with drying using unheated air. Investigations were jointly sponsored 
by ERDA, ARS-USDA, .and. the Purdue Agricultural Experiment Station through 
the Departments of Agricultural Engineering and Agronomy. 

Wheat was combined by cooperating farmers in late June 1976 to fill two 
18-foot diameter bins with approxin?ately 1700 bu. of 21-23% grain each. 
Depth.was limited to about 7 feet, which is less than for drying of corn. 
This reduction is caused by the grraler iesistance of wheat to air flow. 
The fans supplied 2-2.5 cfm air flow per bushel. 

One bin was dried with solar heated air from 2 horizontal suspended-plate 
inflated plastic '(pvc) collectors and the other with unheated air. The 
maximum increase of temperature of heated air was 290F. Field dry-down, 
grain quality, and harvest, environmental, and in-bin drying conditions 
were monitored. 

OBSERVATIONS, RESULTS, AND DISCUSSION 

'Prior research has shown that input drying air temperatures should be held 
below 1400F to avoid damage to milling quality, and below 110° (better yet 
100°F) for seed wheat, and that at least 2 cfm air flow per bushel is re- 
quired on a continuous basis. The following are observations, results, and 
discussion of our research on in-bin wheat drying. 
1. Using present-day combines, wheat can be harvested with up to 24% 

moisture content. In the 20-24% range heat is needed initially to 
eliminate the high potential for spoilage at summer temperatures when 

1 Agricultural Engineer,.ARS, USDA, and Assistant Professor, Department of 
'Agricultural Engineering, Purdue University, West Lafayette, IN 47907 

2 Graduate Instructor, Department of Agricultural Engineering, Purdue 
University, West Lafayette, IN 47907 
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grain mass temperatures are 85-95 F. 
There are only 7-10 days to reduce the moisture content of the grain 
above the drying front to less than 18%. It is questionable that this 
can be reliably accomplished year after year with unheated air. 
Past recommendations that drying with unheated air is adequate are based 
on the assumption that initial moisture content is no higher than 19%. 
The usual methods for moisture determinations are not reliable in the 
20-30% range. Also, few of us are experienced in determining by obser- 
vation the moisture content of wheat above the 18-20% range. 
Solar heating of air for low-temperature in-bin wheat drying is adequate 
and acceptable for wheat harvested with up to 24% moisture if grain depths 
in the bins are limited to allow fans to maintain at least 2 cfm air flow 
per bushel. Fans should be run continuously to cool the grain during 
evening hours. 
When unheated air drying is done, i.e. starting with grain of LOSS than 
19% moisture, fans should be run continuously until the grain is down 
to 14.5 to 15%. At this point, the nighttime rewetting can easily off- 
set drying done during the day. Additional drying may be accomplished 
by operating the fan only during the daytime until the upper layer of 
grain io at thc desired 13 to 13.5% rallge. Soon afterwards, the fan 
should be operated 1 or 2 d ~ y  nights to coul Ll~e graln heaced by the 
warm daytime temperatures. 
Wheat quality and tests weights can be increased frequently from /I2 to 
/I1 grade, and harvest losses significantly reduced with early, high- 
moisture harvest and low temperature drying. 
Better management of labor, equipment, and facilities can be a benefit 
of wheat drying. 
In-bin drying can make possible up to 7 days earlier second-crop plant- 
ing of soybeans at a time when soil moisture conditions are critical for 
germination of soybean seed. Earlier planting can increase yield 112 
bushel per acre per day. 
Mold and fungi presence and development determinations made from field 
and bin samples showed that no problems developed with the solar dried 
wheat; none of the traditional toxin producing organisms were found. 
Some mold growth, including penicillium, occurred in the upper levels 
of the wheat dried with unheated air. 
Solar drying of wheat should only be considered if faci1.itie.s and snlar 
collectors are already available for corn drying, space heating or 
farmstead systems heating. 

RESEARCH IN PROGRESS 

The potential benefits of utilizing solar energy to dry wheat are continuing 
to be evaluated. Technology is being developed to assist with decision- 
making based on how wheat harvest, drying, and weather interact to influence 
the production efficiency and potential for success of double-cropping of 
wheat and soybeans. A weather based wheat drying simulation model is being 
developed and validated. 



EXPERIENCE WITH A "BIN-BIB1'SOLAR COLLECTOR 

Ralph ~ i ~ ~ e r '  and J. C. Welker 2 

I n  the f a l l  o f  1976, we t r i e d  a d i f f e r e n t  k ind o f  bin-wall solar co l lec to r  
that, w i th  modification,might be of in te res t  t o  those wishing t o  combine 
the use of so lar  energy w i th  natural a i r  o r  low temperature grain drying. 
It was an enclosed envelope o r  "pi l low" wi th  i t s  f r o n t  side made from 
nylon reinforced c lear  p l a s t i c  f i l m  and i t s  back side from black f i l m .  
That envelope was strapped around the south two-thirds o f  a 14-foot 
diameter steel  bin. Five nylon straps, l i k e  aprong str ings, went the 
r e s t  o f  the way around the b i n  and were t i e d  t o  secure the "bin-bib" i n  
place. The fan discharged i n t o  the space between the two f i lms. An 
opening i n  the black p l a s t i c  was aligned wi th  the b i n  wal l  opening tha t  
l ed  t o  the under-floor plenum. 

' ~ a l ~ h  Lipper, Professor o f  Agr icul tural  Engineering, Kansas State Universi ty , 
Manhattan, Kansas. 

'J. C. We1 ker, Research Assistant, Agr icul tural  Engineering Department, 
Kansas State University, Manhattan, Kansas. 



One thousand bushels o f  sorghum grain loaded a t  25.8 percent moisture 
(w.b.) between September 24 and 28 were dr ied wi th 1.7 cfm per bushel. 
Average moisture content reached 15.8 with the surface a t  16.6 percent 
on November 8. The plan included a check b in  using natural a i r ,  but 
the grain mi sture was down t o  17.3 percent by the time f i 11 ing was 
completed a f te r  harvest delays on October 2. 

We encountered two problems. Rats chewed holes i n  the p las t i c  t o  main- 
t a i n  t he i r  accustomed access t o  the under-floor plenum. Hoop stresses 
caused pu l l  i ng  o f  the clear p las t i c  a t  sewed seams wi th the col lector  
under pressure. We l a t e r  sewed nylon straps t o  the co l l  ector to  forn 
a i r  channels and divide up the area over which a i r  pressure acted t o  
produce the stresses. Another solution might be t o  adapt t o  a two-fan 
system as has been done wi th other cot lec tor  conf igurat i~ns. 

This col lector  could be l a i d  on a roof, on the ground, o r  strapped t o  a 
convenient bui lding wall i f  any o f  those a1 ternatives presented a better 
surface t o  the sun than a round b i n  wall. Time t o  mount the col 1 ector 
on t h i s  b in  wall was one hour per man. Them-Flex, Inc. o f  Salina, 
Kansas, estimated that  they could s c l l  collectors l i k e  t h i s  one f o r  $1 .OO 
per square foot of area covered. 



I FEASIBILITY STUDY OF IN-BIN CORN DRYING 

I IN MISSOURI 

USING SOLAR ENERGY 
1 F. W. Bakker-Arkema , D. B. ~rooker~, and M. G. Roth 3 

ABSTRACT 

. . 

The feasibility of in-bin corn drying using solar energy was investigated 

by conducting an in-depth simulation study in Missouri. The main conclusions 

are that in Missouri: 

1. .Solar drying and low temperature (natural air) drying are equally 

feasible at the same airflow and initial moisture content values. 

2. Solar drying reduces the hours of fan operation. However, the 

KWH or BTU savings are minimal. 

3 .  ~ n e r ~ ~  savings from solar corn dry.ing are not sufficient to justify 

the use of solar collectors. 

IF. W. Bakker-Arkema, Professor of Agricultyral Engineering, Michigan 

State University, East Lansing, Michigan 

2 D. B. Brooker, Professor of Agricultural Engineering, University of 
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List  of Symbols 

specific heat, BTU/lb-E 

3 thin layer function, l b / f t  -hr 

airflow rate,  lb/hr- f t  2 

2 convective heat transfer coefficient,  BTU/hr f t  h' 

absolute humidity, lb/lb 

latent  heat of vaporization, BTU/lb 

moisture content, dry basis (decimal) 

time, hr  

1' temperature and a i r  temperarure, F 

x depth, f t  

P dry weight product density, l b / f t  3 

8 product temperature, F 

a i r  

product 

water vapor 

liquid water 



Introduction 

A considerable amount of energy is required for the a r t i f i c i a l  drying 

of cereal grains. In the midwestern s ta tes  of the U.S. the energy i s  usually 

supplied by the fossi l  fuels propane and natural gas. Due to the ever 

decreasing availability of these products, new energy sources or different 

drying methods are needed for  drying grains. Solar energy may become the new 

source, natural/low temperature drying the new method. The diffuse nature of 

solar energy precludes the use of high temperature dryers. A low temperature 

deep bin drying system seems most l ikely to  be technically and economically 

feasible. 

The general objective of th i s  study was to assess the feas ibi l i ty  of in- 

bin solar corn drying i n  the s ta te  of Missouri. A computer simulation 

model was developed for  predicting the drying behavior of the grain under 

different drying conditions. Specific objectives of the project included: 

1. Development and testing of a solar in-bin drying model. 

2. Evaluation of the effect on in-bin solar drying of (a) starting date, 

(b) collector size, (c) collector efficiency, (d) airflow, (e) i n i t i a l  

moisture content, and (f) grain depth. 

3. Comparison of natural a i r  and solar heated a i r  drying. 

11. In-Bin Solar Drying Simulation 

2.1  Introduction 

Most applications of solar energy to  grain drying u t i l i z e  low a i r -  

flow rates applied for a period of a month or more. This approach is 

adopted because of the relatively limited amount of energy that is  

available from a solar collector during the f a l l  months of the year. 

The MSU Fixed Bed Dryer Model (Bakker-Arkema e t  a l . ,  1974) 

i s  unsuitable for such applications because the execution time of the 

computer program increases drastically as the in le t  airflow is reduced. 

To simulate 30 days of storage a t  an airflow of 1 cfm/bu would require 

approximately 30 hours of computer time using th is  model. 

The new model described here accomplishes the same. simulation in 

approximately 3 minutes and requires less computer memory. ' A 

comparison of the two models showed agreement to  three decimal places 

for most variables. To achieve the increased execution speed the basic 

fixed bed equations were modified and a new solution technique was 

employed to solve the equations. 

261 
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2.2 Mathematical Model 

The basic equations describing heat and mass transfer i n  a in- 

bin fixed bed dryer are (Brooker a t  a l . ,  1974) : 

A f irst-order explici t  f i n i t e  difference solution of these 

equations requires that  Ax be varied proportionately t o  airflow, ga, 

to  assure s tabi l i ty .  A t  low airflows Ax must be small and the 

execution time of the program increases correspondingly. The physical 

interpretation of th i s  behavior is that as ga decreases, the a i r  

and grain temperatures become nearly equal. 

The difference between the a i r  and grain temperatures provides 

the driving force for  the convective heat transfer, as shown by 

the t e r n  on the right hand side i n  eqns. 2 . 1  and 2.2. The relat ive 

error  in the temperature difference increases as the magnitude of 

the difference decreases. To offset the loss in accuracy, each 

temperature rus t  be computed i n  double precision a t  low airflows. 

A t  the low airflow rates used for  solar drying, the difference 

between the a i r  and grain temperatures is  unmeasurable. To obtain 

a more eff icient  solar drying simulation model, the heat and mass 

transfer equations are rewritten i n  terms of a single temperature 

variable as the a i r  temperature and the grain temperature are 

assumed t o  be equal. Then by adding eqns. 2 . 1  and 2.2 and replacing 

8 by T the resulting equation is obtained: 



By rearranging and collecting terms, eqn. 2.5 can be written 

in terms of the derivatives of the s ta te  variables T, H, and M: 

Eqn. 2.6 can be simplified by writing aM/at in t e r n  of aH/ax. 

By combining eqns. 2.3 and 2.4 and substituting into eqn. 2.6, the 

following equations are obtained for  in-bin solar drying a t  low airflows: 

Simulating Condensation 

Eqns. 2.7-2.9 contain no provision for  simulating condensation 

and rewetting. Any water in the system r u t  exist in  the a i r  humidity, 

H, or be contained in the grain moisture content, M. To accurately model '% 

condensation, equations describing rewetting and redrying are necessary. f 

A new variable, W, can then be added t o  the system t o  account for  any 

condensed water on the grain. This approach has been used successfully 

by Lerew and Bakker-Arkee (1976) to  model condensation during recondi- 

tioning of potatoes. 

The model developed here uses a simplified technique, i n  which any 

condensed water i s  restored to  the moisture content of the grain. Lacking 

a thin-layer equation which can model wetting the redrying, th is  approach 

seems to  be the best possible. 

I f  the relative humidity exceeds 100% during the solution of the 

fixed bed equations, H must be adjusted to  obtain a feasible relative 

humidity. Any change in H also affects the mass and energy balances of 

the system and requires that T and M be re-evaluated. To assure that 

eqns. 2.7-2.9 are sat isf ied,  the new values of T,  H, and M should 

be computed along a l ine of constant enthalpy start ing with eqn. 2.5. 



111. Results 

3.1 Output Format 

The moisture contents (dry and wet basis, %), the humidities (absolute 
0 and relative, decimal), the air-grain temperatures ( F), the corn equilibrium 

moisture contents (dry basis, %) and the dry matter losses (%) at the different 

bin-depths are printed out for a particular drying time. In addition, the 
0 2 

ambient air temperature ( F), the insolation (BTU/ft hr), the average dry and 

wet basis moisture contents (%), the total radiation since the start of 

drying (BTU), the average dry matter loss (%) and the total amount of water 

evaporated (lb) are printed. 

3.2 Required Weather Data 

Averaging the weather data inputs for the in-bin solar grain drying 

simulation model over a 24-hour period has two advantagos: (1) saving 

of computer time and (2) greater availability of weather data for different 

locations. In this part of the study the question was posed if the averaging 

of weather parameters over different periods adequately represents the cyclic 

behavior of solar radiation. One, six, twelve and twenty-four hour averages 

of the weather parameters were used as input values for ten years of Missouri 

weather. 

The principle results of the study on averaging weather data input for 

in-bin solar grain drying simulations are: 

1. the absolute errors in the simulation rcsults for moisture 

content and dry matter loss due to averaging weather data 

over a 24-hour period are small; 

2 .  the moisture content and dry matter loss are slightly under- 

estimated using averaged weather data because of the nonlinear 

effects of dry bulb temperature, dew point temperature and solar 

radiation on the drying process; 

3.  the use of hourly weather input data or values averaged over a 

12-hour period recommended for solar drying simulations. 

3.3 Simulation 

In order to effectively investigate the effect of solar energy utilization 

on in-bin drying, an arbitrary standard was selected for each of the drying 

input conditions. Table 1 lists the conditions chosen. The simulations were 

continued until the maximum moisture content in the bin reached 15.5% w.b. 



The solar drying process was interrupted if by January 1 the minimum temperature 

in the bin had become less than 28'~; drying was restarted by March 1. In the 
0 simulations it was assumed that the fan adds 2 F to the temperature of the air. 

Table 2 lists the simulated average moisture content, the average dry 

matter loss, the dry matter loss at the 12-foot level, the total radiation 

per square foot of collector and the time required by the top layer in the 

bin to reach a MC of 15.5%. 

The figures in Table 2 illustrate that the in-bin solar dyring system 

suc<essfully dries the corn eight out of ten years. Thus the probability 

of success is 0.8. Only in 1949 and 1954 did thecorn mold (DMl2 is larger 

than 0.5) . 

3.4 Effect of Starting Date 

The starting date of the in-bin solar corn drying process greatly 

affects the drying results. Table 3 shows that a later start usually 

improves the chance for success. As drying is postponed, the dry matter 

losses decrease substantially not withstanding the longer period required 

for the drying process. The explanation for this phenomenon is that the rate 

of dry matter decomposition (and thus the molding) is very much influenced 

by temperature. Since the ambient temperatures are higher earlier in the 

drying season, the corn will mold more rapidly despite a usually faster 

drying rate. 

3.5 Effect of Collector Size and Efficiency 

The effect of collector size and collector efficiency is illustrated 

in Tables 4 and 5 and in Figures 1, 2 and 3. As is evident from the data 

presented, the drying rates increase with an increase of collector size and 

efficiency. There is relatively little difference Tn the dry matter losses 

of the corn within the range of collector sizes and efficiencies investigated 

(Figure 3). However, larger collectors with higher efficiencies result in 

decreased fan operation. 

In evaluating the effect of collector size and efficiency it should be 

clear that doubling collector size is equivalent to doubling the collector 

efficiency. This should be kept in mind in evaluating the results presented 
, . 

in tables of this report. 



3.6 Ef fec t  of I n i t i a l  Corn Moisture Content 

Table 6 i n d i c a t e s  t h a t  t h e  i n i t i a l  corn moisture content  i s  an important 

parameter i n  the  p o s s i b l e  success of  in-b in  s o l a r  drying.  In  an average 

f a l l  t h e  i n i t i a l  moisture content  can not  be much above 22 percent .  In  a  ' 

favorable  year  corn a t  26% can be s o l a r  d r i ed .  The maximum moisture content  

of  corn t o  be s o l a r  d r i e d  i n  a  wet and cloudy f a l l  i s  about 20-21 percent  a s  

long a s  the  a i r f l o w  r a t e  i s  i n  t h e  2.0-2.5 cfm/bu range. 

The l i m i t a t i o n  of  a  maximum mois t~ l re  content  of  only s l i g h t l y  over 20 ' 

percent  means t h a t  high temperature drying o r  t h e  use of t h e  h igher  a i r f lows  

be requi red  f o r  much of  the  corn p resen t ly  harves ted  i r i  t he  Midwest. P a r t i a l  

dry ing  a t  high temperatures could be followed by lower temperature s o l a r  o r  

n a t u r a l  a i r  drying.  

3.7 E f f e c t  of Bin Depth 

Table 7 i l l u s t r a t e s  the  e f f e c t  of  b in  depth upon the  drying behavior 

o f ' t h e  b in .  The d a t a  show t h a t  a s  long a s  t h e  a i r f low r a t e  and the c o l l e c t o r  

s i z e  p e r  u n i t  of  volume o f  g ra in  a r e  cons tant ,  the  drying . . behavior i s  not  

a f f e c t e d  by b i n  depth. Thus, a s  long a s  i n  t h e  design the  a i r f low r a t e  and t h e  

c o l l e c t o r  s i z e  a r e  based on a per  bushel b a s i s ,  r e s u l t s  obtained f o r  a  10 

f o o t  deep b i n  a r e  equa l ly  v a l i d  f o r  a  16 foo t  deep u n i t .  

3.8 E f f e c t  o f  Airflow 

Airflow i s  a c r i t i c a l  parameter i n  in-b in  s o l a r  g ra in  drying.  Table 8 

i l l u s t r a t e s  t h i s  f a c t  f o r  s i x  flow r a t e s .  The drying r a t e s  a t  high a i r f lows  

a r e  higher ,  t h e  dry  mat ter  l o s s e s  lower than a t  low a i r f lows .  

For Missouri a i r f low r a t e s  f o r  in-b in  s o l a r  and nun-solar (na tu ra l  a i r )  

corn drying systems should be a t  l e a s t  2.0 cfm/bu and p re fe rab ly  2.5 cfm/bu 

t o  insu re  minimum gra in  q u a l i t y  d e t e r i o r a t i o n .  

. . .  3 . 9  Effec t  of So la r  Energy 

Table 9 makes a  comparison between s o l a r  and non-solar ,  i n -b in  corn drying 

f o r  a  number of d i f f e r e n t  s t a r t i n g  da tes  of  drying i n  ~ o l u m b i a ,  Missouri.  

Figures 4 and 5 dep ic t  t he  dry mat ter  l o s s  f o r  both cases.  

' A  c lose  s tudy of  t h e  da ta  i n  Table 9 i n d i c a t e s  t h a t  although s o l a r  drying 

decreases t h e  ary ing  time, t h e ' d r y  mat ter  l o s s e s  (and, thus  t h e , r a t e  of mold 

development) a r e  not  decreased m a t e r i a l l y  by adding a s o l a r  c o l l e c t o r  t o  a  

corn b in .  I n  o the r  words, low temperature drying without t h e  use  of s o l a r  
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energy is as effective as solar drying. ,Non-solar (low temperature) drying 

requires longer drying times and therefore ,more electrical energy for 

operating the drying fan. However, the savings in terms of BTU/bu are small, 

especially at the later starting dates of drying. 

IV. SUMMARY 

A non-equilibrium inode for simulating in-bin solar grain drying has 

been presented. Theemode1 has been used to predict the drying rates and 

dry matter losses of shelled corn using weather data for Columbia, Missouri 

and (to a limited extent) Lansing, Michigan. The effect of weather data 

averaging, start of drying date, collector size and efficiency, airflow, 

initial corn moisture content and bed depth on the performance of the in-bin 

solar drying system was investigated. In addition, the solar in-bin drying 

system was compared to the equivalent natural air drying system. 

The following conclusions should be drawn: 

1. The MSU solar in-bin drying model adequately predicts the solar 

and natural air drying behavior of shelled corn. . 
2. The use of 24-hour average weather conditions as input parameters 

to the solar model is acceptable although 1-hour or 12-hour averaged 

values are recommended. 

3 .  Due to varying weather conditions there is a significant difference 

fro year to year in the drying rate of corn dried in solar in-bin '7 
dryers. Therefore the optimum design requirements will be different 

from year to year. 

4. Solar drying has a better chance for success when started later 

in the fall. 

5. The maximum safe initial moisture content for corn in Missouri 

for a solar in-bin drying system is approximately 21 percent as 

long as the airflow is not above the 2.0-2.5 cfm/bu range. 

6 .  Airflow rate is the most critical parameter in the successful 

design of in-bin solar grain drying. The correct value depends 

. on,the initial moisture content, the expected weather conditions 

and the collector design. For Missouri an airflow rate of at 

least 2.0 cfm/bu (better yet, 2.5 cfm/bu) is recommended with a 

maxim-ym initial moisture content of about 21%. 



7 .  Larger collectors with higher efficiencies reduce the period of 

fan operation but not necessarily result in a decrease of dry 

matter losses (or mold development). 

8. If design of an in-bin solar drying system is based on an airflow 

per bushel and collector size per bushel, the corn depth in the 

bin is immaterial. 

9. In-bin solar drying results in more frequent over-drying of the 

bottom layers than is the case with natural ai:r drying. 
I 

10. ~he.quality of the corn dricd in a solar system is similar to 

that dried with natural air. The energy requirements of a solar' 

drier are reduced due to less fan operation but the encrgy savings 

are not sufficient to justify solar collektors. 
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Table 1. Standard drying conditions for in-bin solar corn drying simulations. 

Initial moisture content 22 .O% w.b. 

Airflow rate 2.0 cfm/bu 

Bin depth 12.0 ft 

Collector area 0.7 f t2 /bu  

Collector efficiency 40.0% 

Starting date 

Weather parameter input 

Location 

Solar constant* 

October 1 

hour1.y 

Columbia, Missouri 

19.9 

* The solar constant (SC) is defined by the following relationship (Thompson, 1976) 
2 

sc = 
(collector area, ft ) (collector eff, %) 

(airflow, cfmlbu) (0.703) . 



Table 2 .  Comparison of  in-bin so l a r  corn drying f o r  d i f fe ren t  years in 
Columbia, Missouri. Drying conditions a re  l i s t e d  in Table 1. 

Year 
Time 
h r  - 

I 
I 

1946 1.16 2 76 12.3 0.08 0.18 

1947 1.32 312 12.6 0.14 0.32 
I 

1948 1.55 420 13.3 0.10. 0.18 

1949 1.42 4 i1  12.9 0.29 0.58 

1950 1.42 377 14.1 0.16 0.27 

1951 1.39 360 12.9 0.20 0.34 

1952 1.28 2 76 11.8 .0.05 0.08 

1953 1.31 300 12.4 0.09 0.18 

1954 1.50 456 12.3 0.27 0.54 . .,. 
1' 

1955 1.56 456 12.2 0.19 0.34 
.. . 

' . .. 

NOTE: rad - radiation received during the p e r i . d  of t h e  l i s t c d  

, time - time since s t a r t ,  of drying; average b in  moisture content has. 

decreased below 15.0% and themoisture content at  the top of 

the b in  has decreased t o  15.5%. 

Kav - average moisture content i n  the bin 

DMav - average dry matter loss  i n  the b in  

DMl2 - dry matter loss  a t  the top of the bin 

. - - . - , . 
- p~ -- 



Table 3 .  Comparison o f  in -b in  s o l a r  corn drying f o r . d i f f e r e n t  s t a r t i n g  dates 
of drying i n  -Columbia, Missouri.  Drying condi t ions  (except s t a r t i n g  
date)  a r e  l i s t e d  i n  Table 1. 

S t a r t i n g  Rad x. 10' Time 
MC. I%$z Date ~ T l J / f t ~  h r  %w€? % % - 

DMav 

. . 
1949 Sept  1 1.80 449 13.9 0.22 0.43 

Sept  15 1.63 341 12.7 0.20 0.34 
O c t  .15 0.42 647 13.9 0.14 0.24 

1951 Sept  1 1.49 388 13.1 0.33 0.64 

Sept  15 1.57 324 12.9 0.15 0.30 
Oct 15 1.33 574 14.0 0.12 0.20 . ,. 

1952 Sept  1 1.43 2 70 12.1 0.16 0.36 

Sept  15 1.44 287 11.9 0.13 0.24 

Oct 15 1.27 287 11.1 0.04 0.07 



Table 4 .  Comparison of in-bin solar  corn drying for  different collector 
s izes i n  Columbia, Missouri. Drying conditions are l i s t e d  i n  
Table 1. 

Collector 
ft2/bu 

~ a d x  l q 5  Time 
BTU/ f t - h r  

Table 5 -  Comparison of in-bin solar  corn drying for  different collector 
efficiencies i n  Columbia, Missouri.. Drying conditions are l i s t e d  
in '  Table 1. . 

4 

Collector e f f  Rad x 19' 
% BTU/ft 

Time 
h r  



Table 6. Corrqjarison of in-bin solar  corn drying. for  different i n i t i a l  
moisture contents in Columbia, Missouri. Drying conditions are 
l i s t ed  i n  Table 1. 

I n i t i a l  MC Rad x 10' Time 
BTU/ f t 2  hr  

%v 
%wb 

%v m12 
%wb - - % - % 



Table 7 .  . Comparison of in-bin solar corn drying for  different bin depths 
i n  Columbia, Missouri. Drying ,conditions are l i s t ed  in Table 1. 

Bed depth 
f t  

Rad x l o 5  
~Tu/ f t2  

Time 
hr - 



Table 8.  Comparison o f  i n - b i n  s o l a r  and non-solar  corn  dry ing  f o r  d i f f e r e n t  
a i r f l o w  rates i n  1951 i n  Columbia, Missouri.  Drying condi t ions  
are l i s t e d  in Table 1 (except f o r  s o l a r  c o l l e c t o r  = 0.175 f t2 /bu)  . 

Airflow rate Rad x 19' Time 
cfin/bu 

Mc 
BTU/ f t 

DM 
h r  - - - %Wgv %av 9 2  % - 

0.5 1 .13  1848 13.5 0.74 
N.S. 2873 15.1 

1.49 
0.77 1.39 

1.0 0.74 1032 14.7 
N.S. 

0.39 
1320 

0.72 
14.9 U. 42 U.74 

1 .5  0.56 666 14.7 U .  29 
N.S. 780 15.1 

0.51 
0.30 0.53 

2.0 0.46 504 13.9 0.23 
N.S. 588 14.8 

0.39 
0.24 0.40 

2.5 0.39 413 14.1 0.20 
N.S. 456 14.5 . 

0.33 
0.20 0.33 

3.0 0.35 . 359 14.0 0.17 
N.S. 39 3 14.2 

0.28 
0.18 0.29 



Table 9. Comparison of  in-bin s o l a r  and non-solar (N.S.) drying f o r  different 
s t a r t i n g  dates in Colmibia, Missouri. Drying conditions are 
l i s t e d  in Table 1. 

Star t ing  
Date 

Sept 1 

Sept 15 

O c t  1 

Rad x 105 
~ w / f t 2  

N.S. (1949) 
1.80 (1949) 
N.S. (1951) 
1.49 (1951) 
N.S. (1952) 
1.43 (1952) 

N.S. (1949) 
1.42 (1949) 
N.S. (1951) 
1.39 (1951) 
N.S. (1952) 
1.28 (1952) 

N.S. (1949) 
0.42 (1949) 
N.S. (1951) 
1.33 (1951) 
N.S. (1952) 
1.27 (1952) 

Time 
hr  

N.S. (1949) 696 13.9 0.08 0.15 - - - - - - - - - - - - - - - - - 
N.S. (1951) 887 14.0 0.06 0.11 
1.44 (1951) 664 13.9 0.05 0.10 
N.S. (1952) 475 13.8 0.05 0.09 
1.05 (1952) . 372 13.1 0.05 0.08 



Fig. 1. Average moisture mtent during in-bin solar corn 
drying at standard caditions with three different 
collector s iws . , . 
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Fig. 2. Moisture content at top of the bin during in-bin 
solar corn drying at standard conditions with 
three collector sizes. 
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Fig. 3 . -  Dry matter IQSS at .the tap of the bin during in-bin 
solar corn dry- tit s w n d  canditkas w i t h  .three 
collector sizes. 
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Fig. 4 .  Dry matter loss at the taps of the bin during 
in-bin solar and nm-solar (natural air) corn 
drying at standard conditions in 1951. 
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Fig. 5, Dry- matter loss at the top of the bin during 
in-bin solar and non-solar (natural air) corn 
drying at standard conditions in 1952. 
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